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Based on our current understanding of cell biology and strong supporting evidence from 
previous experiences, different types of human stem cell populations are capable of undergoing 

differentiation or trans-differentiation into functionally and biologically active cells for 
use in therapeutic purposes. So far, progress regarding the use of both in vitro and in vivo 

regenerative medicine models already offers hope for the application of different types of stem 
cells as a powerful new therapeutic option to treat different diseases that were previously 

considered to be untreatable. Remarkable achievements in cell biology resulting in the isolation 
and characterization of various stem cells and progenitor cells has increased the expectation 

for the development of a new approach to the treatment of genetic and developmental human 
diseases. Due to the fact that currently stem cells and umbilical cord banks are so strictly 
defined and available, it seems that this mission is investigationally more practical than in 

the past. On the other hand, studies performed on stem cells, targeting their conversion into 
functionally mature tissue, are not necessarily seeking to result in the clinical application of the 
differentiated cells; In fact, still one of the important goals of these studies is to get acquainted 

with the natural process of development of mature cells from their immature progenitors 
during the embryonic period onwards, which can produce valuable results as knowledge of 

the developmental processes during embryogenesis. For example, the cellular and molecular 
mechanisms leading to mature and adult cells developmental abnormalities are relatively 

unknown. This lack of understanding stems from the lack of a good model system to study 
cell development and differentiation. Hence, the knowledge reached through these studies 
can prove to be a breakthrough in preventing developmental disorders. Meanwhile, many 
researchers conduct these studies to understand the molecular and cellular basis of cancer 

development. The fact that cancer is one of the leading causes of death throughout the world, 
highlights the importance of these researches in the fields of biology and medicine.
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Preface 
 

Recently,  the  field  of  stem  cells  and  its  biological  and  medical  applications  has 
attracted  a  remarkable  attention,  interest  and  accordingly  funds.  These  cells  are  a 
source  of  great  hope  for  clinical  applications  in  regenerative  medicine,  for 
pharmaceutical  industry  and  even  for  genetic  studies.  There  are  expanding world‐
wide efforts to discover more about stem cells and to understand how they transform 
into specialized human tissues. The topic is so expanding that every day the scientific 
community  is  bombarded  with  information  on  remarkable  advances  and 
achievements.   

Although because of diversity and complexity of the topic and also limitations of open 
access publishing, the current book could not cover all aspects of stem cell research, I 
hope  that  the  readers  enjoy  the  book  greatly  and  find  it  informative,  practical  and 
educational in the presented discussions. The book was broken to three parts: section 
one as an introduction, section two as an overview on clinical experiences of stem cell 
researches, and section three for the review on some of the recent advances and also 
perspectives in stem cell technology. 

I would  like  to  convey my  respects  and  thanks  to  the  authors  for  their  efforts  and 
contribution. Collaboration has always been important in academic environment. I am 
very happy  to  see  that  the book and  chapters are  the  result of  fruitful  international 
collaboration  involving more  than  110  leading  scientists  and  investigators  from  all 
over the world, from east to west. I hope the stem cell book will encourage continued 
close cooperation and collaboration among its authors. 

Best regards, 
Ali Gholamrezanezhad, MD, FEBNM 

Research Institute for Nuclear Medicine, 
Tehran University of Medical Sciences, Tehran, Iran 

The Russell H. Morgan Department of Radiology and Radiological Science, 
Johns Hopkins University, Baltimore, US 
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3Regen Biotech Company, Beijing 
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5UCLA Center for Excellence in Pancreatic Diseases, Los Angeles, CA 
6Department of Medicine, VA Greater Los Angeles Health Care System, Los Angeles, CA 

1,2,3PR. China 
4,5,6USA 

1. Introduction 
Stem cells are a group of cells in our bodies, with capacity to self-renew and differentiate to 
various types of cells, thus to construct tissues and organs. In science, it is still a challenge to 
understand how a fertilized egg to develop germ layers and various types of cells, which 
further develop to multiple tissues and organs with different biological functions. In the 
battle to fight against diseases, stem cells present potencies to repair tissues by cell therapy 
and tissue regeneration. The study of stem cells turns to be a major frontier in 21 century 
biology and medicine.  
There are many types of stem cells, differing in their degree of differentiation and ability 
to self-renewing. Gametes cells (eggs or sperms) are stem cells they will develop to a 
whole body with various tissues after fertilizing. Embryonic cells derived from the part of 
a human embryo or fetus, are stem cells also with full potential to differentiation. Adult 
stem cells are partially differentiated cells found among specialized (differentiated) cells 
in a tissue or organ. Based on current researches, adult stem cells appear to have a more 
restricted ability of producing different cell types and self-renewing compared with 
embryonic stem cells.  
Cancer stem cells are a sub-group of cancer cells that respond the escaping of cancer 
chemotherapy and the relapse of tumors. This concept has a great impact on the strategy of 
cancer chemotherapy and anti-cancer drug design. The new understanding of stem cell has 
been applied to treat leukemia (induced differentiation) and bone/blood cancer (bone 
marrow transplants) for many years and has achieved great success. 
In the medicine applications, the induced pluripotent stem cells (iPS) reveal a special 
significance, as they can be induced to derive from many adult tissues or organs by 
treatment of protein factors. Their features can be similar to the natural embryo stem cells. 
They provide the source for stem cells without an ethnic conflict.  
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2. Stem cells 
Stem cells are certain biological cells found in all multicellular organisms. They are in small 
portion in body mass, but can divide through mitosis and differentiate into diverse 
specialized cell types and can self renew to produce more stem cells. Different types of stem 
cells vary in their degree of plasticity, or developmental versatility. Stem cells can be 
classified according to their plasticity and sources. 
 

Classification Characteristics 
Sources/types Embryonic 

stem cells 
are pluripotent stem cells derived from the inner cell 
mass of the blastocyst, an early-stage embryo.  

Adult stem 
cells  
 

Endodermal Origin: Pulmonary Epithelial SCs, 
Gastrointestinal Tract SCs, Pancreatic SCs, Hepatic Oval 
Cells, Mammary and Prostatic Gland SCs, Ovarian and 
Testicular SCs  
Mesodermal Origin: Hematopoietic SCs, Mesenchymal 
Stroma SCs, Mesenchymal SCs, mesenchymal precursor 
SCs, multipotent adult progenitor cells, bone marrow 
SCs, Fetal somatic SCs, Unrestricted Somatic SCs, 
Cardiac SCs, Satellite cells of muscle  
Ectodermal Origin : Neural SCs，Skin SCs，Ocular SCs  

Cancer stem 
cells 

have been identified in almost all caner/tumor, such as  
Acute Myeloid leukemic SCs (CD34+/CD38-),  Brain 
tumor SCs (CD133+), Breast cancer SCs (CD44+/CD24- ), 
Multiple Myeloma SCs (CD138+), Colon cancer SCs 
(CD133+), Liver cancer SCs (CD133+), Pancreatic cancer 
SCs (CD44+/CD24+), Lung cancer SCs (CD133+), Ovary 
cancer SCs (CD44+/CD117+), Prostate cancer SCs ( 
CD133+/CD44+), Melanoma SCs 
(CD4+/CD25+/FoxP3+), Gastric cancer SCs (CD44+). 

Induced 
pluripotent 
stem cells 

a type of pluripotent stem s artificially derived from a 
non-pluripotent cell, typically an adult somatic cell, by 
inducing a "forced" expression of specific genes. 

Cell potency Totipotent 
cells 

Zygote, Spore, Morula; It has the potential to give rise 
to any and all human cells, such as brain, liver, blood or 
heart cells. It can even give rise to an entire functional 
organism. 

Pluripotent 
cells 

Embryonic stem cell, Callus; They can give rise to all 
tissue types, but cannot give rise to an entire organism. 

Multipotent 
cells  

Progenitor cell, such as hematopoietic stem cell and 
mesenchymal stem cell; They give rise to a limited 
range of cells within a tissue type. 

Unipotent 
cells 

Precursor cell 

Table 1. Classification of stem cells (SCs) 
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2.1 Embryonic stem cells 
Human embryos consist of 50–150 cells when they reach the blastocyst stage, 4-5 days post 
fertilization. Embryonic stem cells (ES cells) are derived from the inner cell mass of the 
blastocyst. They present two distinctive properties: they are able to differentiate into all 
derivatives of three primary germ layers (pluripotency), and they are capable of 
propagating themselves indefinitely, under defined conditions (Ying & Chambers, 2003).  
Dr. Evans first published a technique for culturing the mouse embryos in the uterus and 
derivation of ES cells from these embryos (Evans & Kaufman, 1981). Dr. Martin 
demonstrated that embryos could be cultured in vitro and ES cells could be derived from 
these embryos (Martin, 1981). In 1998, a research team led by James Thomson reported the 
success of isolating and growing human embryonic stem cells in cell culture (Thomason, et 
al., 2000).  
The studies of gene expression in these SE cells have identified many proteins associated 
with the "stemness" phenotype and can serve as markers for ES cells. After several decades 
of investigates, a list of SE-specific markers has been established (The National Institutes of 
Health resource for stem cell research)，such as 5T4, Nanog, ABCG2, Oct-3/4, Alkaline 
Phosphatase/ALPL, Oct-4A, E-Cadherin, Podocalyxin, CCR4, Rex-1/ZFP42, CD9, SCF R/c-
kit, CD30/TNFRSF8, sFRP-2, CDX2, Smad2, Chorionic Gonadotropin, lpha Chain (alpha 
HCG), Smad2/3, Cripto, SOX2, DPPA4, SPARC/Osteonectin, DPPA5/ESG1, SSEA-1, ESGP, 
SSEA-3, FGF-4, SSEA-4, GCNF/NR6A1, STAT3, GDF-3, SUZ12, Integrin alpha 6/CD49f, 
TBX2, Integrin alpha 6 beta 4, TBX3, Integrin beta 1/CD29, TBX5, KLF5, TEX19, Lefty, 
THAP11, Lefty-1, TRA-1-60(R), Lefty-A, TROP-2, LIN-28, UTF1, LIN-41, ZIC3, c-Myc etc.  
The potential to generate virtually any differentiated cell type from embryonic stem cells 
(ESCs) offers the possibility to establish new models of mammalian development and to 
create new sources of cells for regenerative medicine and genetic disease and toxicology 
tests in vitro (Aznar, et al., 2011). To realize this potential, it is essential to be able to control 
ESC differentiation and to direct the development of these cells along specific pathways. 
Current embryology has led to the identification of new multipotential progenitors for the 
hematopoietic, neural, and cardiovascular lineages and to the development of protocols for 
the efficient generation of a broad spectrum of cell types including hematopoietic cells, 
cardiomyocytes, oligodendrocytes, dopamine neurons, and immature pancreatic β cells 
(Murry & Keller, 2008). Today, the most challenges are to devise and optimize effective 
protocols to induce differentiation of the ES cells into functional adult cells, and to 
demonstrate the functional utility of these cells, both in vitro and in preclinical models of 
human disease. For example，effective protocols are expected not only to promote ES cells 
differentiation into hepatocytes, but also to induce hepatic functions such as albumin 
secretion, indocyanine green uptake and release, glycogen storage and p450 metabolism. 
Several recent protocols are efficient to produce high-purity (70%) hepatocytes in cultures, 
when these are transplanted into mice with acute liver injury, the human ES cells derived 
endoderm is capable to differentiate into hepatocytes and repopulated the damaged liver 
(Agarwal, et al., 2008). However, due to the difficulty in controlling of proliferation and 
differential potential, and the most controversial issue on ethical concerns, the applications 
of human ES cells are currently limited in vitro and in animal studies.  
On January 23, 2009, Phase I clinical trials for transplantation of oligodendrocytes (a cell 
type of the brain and spinal cord) derived from human ES cells into spinal cord-injured 
individuals received approval from the U.S. Food and Drug Administration (FDA), marking 
it the world's first human ES cell human trial (CNN.com, 2009). The study leading to this 
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2. Stem cells 
Stem cells are certain biological cells found in all multicellular organisms. They are in small 
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Multipotent 
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Progenitor cell, such as hematopoietic stem cell and 
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scientific advancement was conducted by Hans Keirstead and his colleagues at the 
University of California, Irvine and supported by Geron Corporation of Menlo Park, CA. In 
October 2010 researchers enrolled and administered ESCs to the first patient at Shepherd 
Center in Atlanta (Vergano, 2010). 
During the rapid development of medicine application of EC cells, safety is always a big 
concerning. The major concern is the risk of teratoma and other cancers as a side effect of ES 
cell applications, as their possibility to form tumors such as teratoma (Martin, 1981). The 
main strategy to enhance the safety of ESC for potential clinical use is to differentiate the 
ESC into specific cell types (e.g. neurons, muscle, liver cells) that have reduced or eliminated 
ability to cause tumors. Following differentiation, the cells are subjected to sorting by flow 
cytometry for further purification. While ESC are predicted to be inherently safer than iPS 
cells because they are not genetically modified with genes such as c-Myc that are linked to 
cancer. Nonetheless ESC express very high levels of the iPS inducing genes and these genes 
including Myc are essential for ESC self-renewal and pluripotency (Varlakhanova, et al., 
2010), and potential strategies to improve safety by eliminating Myc expression are unlikely 
to preserve the cells' "stemness". 

2.2 Embryonic germ stem cells  
Embryonic germ (EG) cells are derived cells from primordial germline cells (PGCs) in early 
development. EG cells share many of the characteristics of human ES cells, but differ in 
significant ways. Human EG cells are derived from the primordial germ cells, which occur 
in a specific part of the embryo/fetus called the gonadal ridge, and which normally develop 
into mature gametes (eggs and sperm). 
PGCs are mainly isolated from fetal tissue in a narrowed time window (Chapman, et al., 
1999). These isolated cells are subsequently allowed to grow and divide in vitro. After one to 
three weeks in vitro, the human PGCs had formed dense, multilayered colonies of cells that 
resembled mouse ES or EG cells. Cells in these colonies expressed SSEA-1, SSEA-3, SSEA-4, 
TRA1–60, TRA-1–81, and alkaline phosphotase. A small, variable percentage (1 to 20 %) of 
the PGC-derived cell colonies spontaneously formed embryoid bodies. The growth medium 
for embryoid body cultures lacked LIF, bFGF, and forskolin (Roach, et al., 1993).  
The range of cell types in the human PGC-derived embryoid bodies included derivatives of 
all three embryonic germ layers-endoderm, mesoderm, and ectoderm-based on the 
appearance of the cells and the surface markers they expressed. This result was interpreted 
to mean that the PGC-derived cells were pluripotent, however, it was not possible to 
demonstrate pluripotency in vivo by generating the formation of teratomas in mice 
(Shamblott, et al., 2001).  

2.3 Fetal stem cells 
Fetal stem cells are primitive cell types found in the organs of fetuses. Fetal stem cells are 
capable to differentiate into two types of stem cells: pluripotent stem cells and 
hematopoietic stem cells. Neural crest stem cells, fetal hematopoietic stem cells and 
pancreatic islet progenitors have been isolated in the fetuses (Beattie, et al., 1997). Fetal 
blood, placenta and umbilical cord are rich sources of fetal hematopoietic stem cells.  
Human fetal stem cells have been used by many people including children and adults 
suffering from many of mankind’s most devastating diseases (Sei, et al., 2009). Fetal neural 
stem cells found in the fetal brain were shown to differentiate into both neurons and glial 
cells (Villa, et al., 2000). Human fetal liver progenitor cells have shown enormous 
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proliferation and differentiation capacity to generate mature hepatocytes after 
transplantation in immunodeficient animals (Soto-Guitierrez, et al., 2009). Suzuki et al. 
showed that a single cell in the c-Met+CD49f- lowc-Kit-CD45-Ter119- fraction from mid-
gestational fetal liver has the capacity for self-renewal in vitro and for bipotential 
differentiation, indicating that this defined fraction contains hepatic stem cells (Suzuki, et 
al., 2002). Hepatic stem/progenitor cells can be enriched in mouse fetal hepatic cells based 
on several cell surface markers, including c-Met, Dlk, E-cadherin, and Liv2. Rat Dlk cells 
isolated from mid-gestational fetal liver exhibit characteristics expected for hepatic 
stem/progenitor cells. Thus, fetal liver cells may be suitable for overcoming the limitations 
in engraftment and to allow a functional correction of the disease phenotype (Khan, et al., 
2010), as well as in use of artificial liver devices.  
Hematopoietic cells are fetal stem cells in the umbilical cord after the birth of a baby. The 
only potential of these cells are to produce blood cells (Lee, et al., 2010). However, in current 
medicine practice, they are quite effective in treating blood diseases such as leukemia and 
anemia. It is a mature medical service today to store the frozen umbilical cord blood of a 
new born baby, and to use for leukemia, anemia and other predispositions if needed in 
future (Navarrete & Contreras, 2009). 
The tissue rejection problems for fetal cell’s application similar to those encountered in 
kidney and heart transplants may limit the usefulness of fetal stem cells. Further research to 
overcome this barrier is a hot topic in this field.  

2.4 Bone Marrow (BM) stem cells 
Adult BM mainly comprises two populations of precursor cells, hematopoietic stem cells 
(HSCs) and marrow stromal cells (MSCs) (Lagasse, et al., 2000). HSC and MSC are both 
multipotent stem cells. HSCs are present in circulating blood and umbilical cord blood 
(UCB) and are able to sustain production of all blood cells throughout life. MSCs can be 
isolated from several other tissues, including adipose tissue, placenta, amniotic fluid, UCB 
and fetal tissues are able to differentiate into osteocytes, adipocytes, chondrocytes, smooth 
muscle cells and haematopoietic supportive stroma (Herzog, et al., 2003; Yagi, et al., 2010).  
Human HSCs have been defined with respect to staining for Lin, CD34, CD38, CD43, 
CD45RO, CD45RA, CD59, CD90, CD109, CD117, CD133, CD166, and HLA DR (human). In 
addition, metabolic markers/dyes such as rhodamine123 (which stains mitochondria), 
Hoechst33342 (which identifies MDR type drug efflux activity), Pyronin-Y (which stains 
RNA), and BAAA (indicative of Aldehyde dehydrogenase enzyme activity) have been 
described.  The positive markers useful for MSC identification are CD106, CD105, CD73, 
CD29, CD44, and Sca-1 (Domen, et al., 2006).  
Bone marrow transplantation (BMT) and peripheral blood stem cell transplantation (PBSCT) 
are the current clinical procedures to restore stem cells that have been destroyed by high 
doses of chemotherapy and/or radiation therapy. The isolation of a large number of potent 
HSC/MSC sets the basis of new methods for tissue regeneration and cell therapy (Körbling 
& Freireich, 2011). Nevertheless, the procedure of BM extraction is traumatic and the 
amount of material extracted is limited. Therefore, exploring new sources and isolation 
techniques for obtaining such cells is of great interest.  

2.5 Adult stem cells 
Adult stem cells are any stem cells taken from mature tissue. Because of the stage of 
development of these cells, they have limited potential compared to the stem cells derived 
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proliferation and differentiation capacity to generate mature hepatocytes after 
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showed that a single cell in the c-Met+CD49f- lowc-Kit-CD45-Ter119- fraction from mid-
gestational fetal liver has the capacity for self-renewal in vitro and for bipotential 
differentiation, indicating that this defined fraction contains hepatic stem cells (Suzuki, et 
al., 2002). Hepatic stem/progenitor cells can be enriched in mouse fetal hepatic cells based 
on several cell surface markers, including c-Met, Dlk, E-cadherin, and Liv2. Rat Dlk cells 
isolated from mid-gestational fetal liver exhibit characteristics expected for hepatic 
stem/progenitor cells. Thus, fetal liver cells may be suitable for overcoming the limitations 
in engraftment and to allow a functional correction of the disease phenotype (Khan, et al., 
2010), as well as in use of artificial liver devices.  
Hematopoietic cells are fetal stem cells in the umbilical cord after the birth of a baby. The 
only potential of these cells are to produce blood cells (Lee, et al., 2010). However, in current 
medicine practice, they are quite effective in treating blood diseases such as leukemia and 
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2.4 Bone Marrow (BM) stem cells 
Adult BM mainly comprises two populations of precursor cells, hematopoietic stem cells 
(HSCs) and marrow stromal cells (MSCs) (Lagasse, et al., 2000). HSC and MSC are both 
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(UCB) and are able to sustain production of all blood cells throughout life. MSCs can be 
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are the current clinical procedures to restore stem cells that have been destroyed by high 
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Adult stem cells are any stem cells taken from mature tissue. Because of the stage of 
development of these cells, they have limited potential compared to the stem cells derived 
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from embryos and fetuses (Robinson, 2001). Most adult stem cells are lineage-restricted 
(multipotent) and are generally referred to by their tissue origin (mesenchymal stem cell, 
adipose-derived stem cell, endothelial stem cell, dental pulp stem cell, etc.) (Barrilleaux, et 
al., 2006; Gimble, et al., 2007). They play important roles on local tissue repair and 
regeneration.  
The application of adult stem cells in research and therapy is not as controversial as 
embryonic stem cells, because the production of adult stem cells does not require the 
destruction of an embryo. Additionally, because in some instances adult stem cells can be 
obtained from the intended recipient (an autograft), the risk of tissue rejection is essentially 
non-existent in these situations. Consequently, more USA government funding is being 
provided for adult stem cell research (US Department of Health and Human Services, 2004). 

2.6 Hepatic stem cells 
Liver transplantation is the primary treatment for various end-stage hepatic diseases, but is 
hindered by the source of donor organs and by complications associated with tissue 
rejection and immunosuppression. Thus, the regenerative capabilities of adult hepatocytes, 
liver progenitors and stem cells are being studied with great interest.  
Adult hepatocytes remain a low mitotic rate during periods of tissue homeostasis. However, 
extensive documents have been established of these mature hepatic cells to re-enter the cell 
cycle and to restore damaged parenchyma through both cell hypertrophy and hyperplasia 
following acute hepatic parenchymal loss when surgical resection or hepatotoxin. Under 
these circumstances, liver mass is restored primarily through the activation of hepatocytes 
(Fausto, et al., 2006), suggesting mature hepatocytes could serve their own physiologic 
precursors (Koniaris, et al., 2003). As evidence, the isolated adult hepatocytes have been 
showed suitable for the treatment of liver diseases in both animal and human livers. After 
transplantation of primary adult hepatocytes into Gunn rat, an animal model for UDP-
glucuronosyl transferase (UGT1A1) deficiency (Crigler-Najjar syndrome type I), the high 
bilirubin level is markedly reduced (Matas, et al., 1976). This view is also supported by the 
current clinical practice of that the hepatocyte transplantation can cure or alleviate 
congenital metabolic diseases of the liver (Sokal, et al., 2003).  
Liver oval cell, a blast-like cell and with the capability of self renewing and multipotent 
differentiation, is considered as the liver-specific stem cell. It can be identified only in the 
setting of chronic liver injury, when resident hepatocytes are unable to enter the cell cycle to 
restore liver mass. (Newsome, et al., 2004; Shafritz, et al., 2006). In multiple independent 
studies, these liver oval cells have been shown to present molecular markers of adult 
hepatocytes (albumin, cytokeratins 8 and 18), bile duct cells (cytokeratins 7 and 19, OV-6, 
A6), fetal hepatoblasts (AFP), and haematopoietic stem cells (Thy -1, Sca-1, c-kit). A recent 
study provides direct evidence that active Wnt/β-catenin signaling occurs preferentially 
during the transit amplifying of oval cell population and β-catenin clearly localizes to 
proliferating oval cells (Sekine, et al., 2007). Although it is not clear yet whether such a cell 
mass expanding in vitro is sufficient enough for clinical applications and its possible risk on 
carcinogenesis, oval cells isolated from the liver represent a promising source for cell-based 
therapy.  
Human fetal liver progenitor cells have shown enormous proliferation and differentiation 
capacity to generate mature hepatocytes after transplantation in immunodeficient animals 
(Dan, et al., 2006). Hepatic stem/progenitor cells are enriched in mouse fetal hepatic cell 
fraction, identified with several cell surface markers including c-Met, Dlk, E-cadherin, and 
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Liv2. A single cell in the c-Met+CD49f- lowc-Kit-CD45-Ter119- fraction from mid-gestational 
fetal liver revealed the capacity of self-renewal in vitro and bipotential differentiation, 
indicating the containing of hepatic stem cells in this defined fraction, while the hepatic 
progenitor cells lack the capacity of self-renewal. As an in vitro cultivation protocol of fetal 
hepatic stem cells has been established, the fetal liver cells may be promised for the hepatic 
cell amount in engraftment and the functional correction of the disease phenotype (Khan, et 
al., 2010), which should be better over the artificial liver devices.  
Extra hepatic stem cells have been demonstrated to be involved in liver regeneration too in 
mice and rats studies (Herzog, et al., 2003). For example, cells from multiple extra hepatic 
tissues (including BM, umbilical cord and umbilical cord blood (UCB), and amniotic fluid) 
may differentiate into hepatic cells with some or many hepatic features, and some of them 
have shown the ability of liver repopulation in vivo. Remarkable trans-differentiation of HSCs 
to hepatocyte-like cells has been described, mainly in animals with BM/HSC transplantations 
followed by induction of liver damage. Lagasse et al demonstrated that highly purified HSCs 
repopulated not only the haematopoietic system, but also the livers with hereditary 
tyrosinaemia, rescuing these animals from liver failure (Lagasse, et al., 2000). The published 
reports have suggested that MSCs may differentiate into hepatocyte-like cells both in vitro and 
in vivo. The cellular mechanism of trans-differentiation of MSCs to hepatocyte-like cells in 
vivo might be due to cell-fusion, while other reports suggested cell-autonomous trans-
differentiation (Alvarez-Dolado, et al., 2003; Vassilopoulos & Russell, 2003).  

2.7 Pancreatic stem cells  
Pancreatic islet transplantation has demonstrated an efficient way to achieve the long-term 
insulin independence for the patients suffering from diabetes mellitus type 1. However, 
because of limited availability of islet tissue, new sources of insulin producing cells that are 
responsive to glucose are required. Development of pancreatic beta-cell lines from rodent or 
human origin has progressed slowly in recent years. To date, the best candidate sources for 
adult pancreatic stem or progenitor cells are: duct cells, exocrine tissue, nestin-positive islet-
derived progenitor cells, neurogenin-3-positive cells, pancreas-derived multi-potent 
precursors; and mature β-cells.  
The first report to describe in vitro generated insulin-producing islet-like clusters was based 
on the expansion of mouse pancreatic duct cells (Gupta, et al., 1999). Afterwards, Bonner-
Weir et al (Bonner, 2000) generated the same type of insulin-producing islet-like clusters 
from cultivated islet buds developed from human pancreatic duct cells in vitro. Our 
previous study also provided evidence of that GLP-1 is able to induce pancreatic ductal cells 
with the expression of IDX-1 to differentiate into insulin producing cells (Hui H, 2001), and 
is able to stimulate glucose-derived de novo fatty acid synthesis and chain elongation 
during cell differentiation and insulin release (Bullota A，2003). These data indicated 
pancreatic ductal cells are potential tissue source for insulin-producing islet cells. However, 
at this time, the expansion capacity of these cultivated cells is still limited, and protocols for 
in vitro amplification need further optimization for a sufficient number of fully 
differentiated cells to allow a successful transplantation.  
A recent genetic lineage study (Dor, et al., 2004) claimed the replication success of pre-
existing β-cells and that turned to be the dominant pathway for the formation of new β-cells 
in adult mice. Another similar study (Seaberg, et al., 2004) also showed a cloned isolation of 
multi-potential precursor cells from mouse adult pancreas called pancreas-derived multi-
potent precursors. These precursor cells arise from single islet and duct cells. 
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The generation of insulin-producing cells from pancreatic exocrine tissue has recently been 
reported (Baeyens, et al., 2005). Both exocrine and endocrine pancreatic originate from a 
domain of the foregut endoderm, which expresses the pancreatic duodenal homeobox factor 
(Pdx-1) at early developmental stages. The inactivation of this gene leads to a non-pancreatic 
phenotype, demonstrating its major role in both exocrine and endocrine pancreatic 
development. In addition, signaling induced by soluble factors is a prerequisite to pancreatic 
lineage specification and triggers the emergence of pancreatic precursors expressing Pdx-1. 
Moreover, as Baeyens et al (ibid.) indicated, there were data suggesting the existence in vivo 
of acinar-islet transitional cells and the "spontaneous" trans-differentiation of acinar cells to 
insulin-expressing cells. Altogether, these may suggest that a population of acinar cells, in 
the presence of certain soluble factors, is competent to adopt an endocrine fate.  
Some reports suggest that pancreatic precursor cells express nestin (Zulewski,2001), an 
intermediate filament protein that is a marker of neural stem cells. These nestin-positive 
islet-derived progenitor cells also express insulin, glucagon, and Pdx-1 as well as low with 
levels of insulin secretion. However, other studies suggest that nestin expression is not 
related to pancreatic precursor identity.  
Recent data indicate that Ngn-3-positive cells are endocrine progenitors both in the adult 
pancreas and in the embryo and that Ngn-3 expression is not seen outside the islets (Gu, et 
al., 2002). Nevertheless, low levels of Ngn-3 expression within a population of duct cells are 
not excluded by these studies. 
Pancreatic stem cells (PSCs) have the potential to differentiate into all three germ layers. 
Major markers present on the surface of PSCs include Oct-4, Nestin, and c-kit. DCAMKL-1 
is a novel putative stem/progenitor marker, can be used to isolate normal pancreatic 
stem/progenitors, and potentially regenerate pancreatic tissues.  

2.8 Eye stem cells 
Human cornea is transparent and clear for vision. Unique to other human organs, there is no 
blood vessels to provide nutrition in corneas. It is the corneal stem cell existing in the nearby 
limbus ring, differentiate and move to the center of corneas to renew the transparent and 
clear cornea around every four months. Stem cells in human cornea play a unique and 
significant role to maintain the corneal function.  
Human corneal stem cells locate on cornea limbus, which is between the colored and white 
part of the eye (where it joints the sclera). During homeostasis and following injury to the 
corneal epithelium, the limbal corneal stem cells divide to produce daughter transient 
amplifying cells that proliferate, migrate onto the central cornea and become terminally 
differentiated to replace the lost cells (Moore JE, 2002). When a stem cell divides, each new 
daughter cell has the potential to either remain a stem cell or become a differentiated corneal 
cell. The microenvironment within the corneal basement membrane is expected the primary 
factor responsible for the corneal terminal differentiation (Daniels JT, 2001). However, in the 
case of limbal stem cell deficiency, either due to injury or diseases, it is unable for the 
corneal ocular repairing and regeneration. In certain corneal disorder such as Keratoconus, 
some stem cell markers, such as CD34, p63, were reported significantly decreased from 
normal to keratoconus corneas (Daniels JT, 2001). It is speculated that many corneal 
disorders such as in keratoconus, anirdia and alkali burns are likely associated with the 
corneal stem cell deficiency.  
Cornea transplantation is widely used to treat certain corneal diseases such as keratoconus. 
Due to the limited source of donated corneas, corneal stem cells are explored, instead of 
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corneal buttons. In a pioneering test on cornea damage patients, stem cells were taken from 
the biopsied limbus tissue, grew into healthy corneal tissue in a little over two weeks, and 
the healthy tissue was then grafted onto the damaged eye. In the study of 112 patients 
between 1998 and 2006, 77% of patients had a successful first or second graft. While the 
opaque cornea became clear again, the vision restored. As human cornea is the most tolerant 
organ to accept xenograft, the corneal stem cells might be among the first large scale 
produced stem cells for medical application. 
Another frontier of stem cell applications in human eyes is the aged-related macular 
degeneration (AMD). Macular degeneration is a retinal degenerative disease which causes 
progressive loss of central vision. The risk of developing macular degeneration increases 
with age. This disease most often affects people over fifties, and is the most common cause 
of blindness in the elderly. The impact of AMD on patients includes, but not limits, vision 
impairment, difficulty with daily activities, increased risk of falls, more depression and 
emotional distress.  It affects the quality of life for millions of elderly individuals worldwide 
(Pulido JS, 2006). It is not only a health challenge, but also a severe social problem across the 
world, no mater your ethnic group and gender. 
The macula is the central portion of the retina responsible for perceiving fine visual detail. 
Light sensing cells in the macula, known as photoreceptors, convert light into electrical 
impulses and then transfer these impulses to the brain via the optic nerve. Central vision 
loss from macular degeneration occurs when photoreceptor cells in the macula degenerate. 
During the stem cell treatment, macular patients are treated by implanting autologous (from 
selves) stem cells behind the eye via retrobulbar injection under local anesthesia. These re-
injected stem cells have the potential to transform into multiple types of cells and are 
capable of regenerating damaged tissue. Stem cell treatment is so far the most promising 
approach to restore the vision from AMD among many strategies. 

2.9 Cancer stem cell 
Cancer stem cells theory is a finding on stem cell biology and an application of stem cell 
features on cancer studies. Cancer stem cells are those stem cells in tumor mass. They 
specifically are with the ability to give rise to all cell types found in a cancer sample. 
According to the hypothesis, the original tumor is developed and formed from these cancer 
stem cells by self-renewal and differentiation into multiple cell types. Cancer stem cell 
population consists of only a small potion of tumor mass (around 0.1-1% of total mass) and 
can be distinguished from the other cells in tumor mass by special cell surface antigens 
(such as CD34+). Both stem cells and cancer stem cells share the characters of stemness, the 
capacity of differentiation, the multi-potential differentiation (Gupta PB, 2009). However, 
the unique character of cancer stem cells, different from normal stem cells, is the growth out 
of control. They, or their descendants, lost the behavior of “contact inhibition of growth”, 
the most important character of a non-cancer cell.  
During conventional cancer chemotherapies, the differentiated or differentiating cells are 
likely to be killed while the cancer stem cells, due to their stemness and inactivity, could 
remain untouched, therefore to escape from chemotherapies. It is believed they serve as 
“cancer seeds” and respond to the cancer relapse and metastasis by rising new tumors. 
Based on the concept of cancer stem cells, it is beneficial to include an induction of the 
cancer stem cell differentiation during chemotherapies (Perkel JM, 2010). This will be 
expected to increase the efficacy of chemotherapies and improve the survival rate of cancer 
patients.  
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2.9.1 Identify cancer stem cell in various types of cancers 
The existence of cancer stem cells has been debated for many years until the first conclusive 
evidence was published in 1997 in Nature Medicine. Bonnet and Dick (Bonnet D, 1997) 
isolated a subpopulation of acute myeloid leukemic cells that express a specific surface 
antigen CD34, but lacks the antigen CD38. The authors established that the subpopulation, 
CD34+/CD38-, is capable of initiating tumors in NOD/SCID mice that is histologically 
similar to the donor. Later, Blair A et al reported a similar but slightly different cancer stem 
cell phenotype of CD34+/CD71-/HLA-/DR- in acute myeloid leukemic cells (Takaishi S, 
1998). 
Evidence also comes from the rational of histology, the tissue structure of tumors. Many 
tumors are very heterogeneous and contain multiple types of cells. These multiple types of 
cells are believed to be developed from single cells (or a cluster of cells), rather than 
assembled by multiple cells. If the descendants of these multiple types of cells come from a 
same ascendant, this implies that the ancestor must have the capacity to generate multiple 
cell types. In other words, it possessed multi-differential potentials, the fundamental 
character of stem cells (Bonnet D, 1997).  
 
 

Tumor type Surface antigens Year reported Reference 

Acute Myeloid leukemic CD34+/CD38- 1997 Bonnet D, 1997 

Brain tumor CD133+ 2003 Singh SK, 2003 

Breast cancer CD44+/CD24- 2003 Al-Hajj M, 2003 

Multiple Myeloma CD138+ 2004 Matsui W, 2004 

Colon cancer CD133+ 2007 O'Brien CA, 2007 

Liver cancer CD133+ 2007 Ma S, 2007 

Pancreatic cancer CD44+/CD24+ 2007 Li C, 2007 

Lung cancer CD133+ 2008 Eramo A, 2008 

Ovary cancer CD44+/CD117+ 2008 Zhang S, 2008 

Prostate cancer CD133+/CD44+ 2008 Maitland NJ, 2008 

Melanoma CD4+/CD25+/FoxP3+ 2008 Schatton T, 2008 

Gastric cancer CD44+ 2009 Takaishi S, 2009 

 
 
 

Table 2. Reported cancer stem cell and their surface antigens 
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The existence of leukemic stem cells prompted further studies in this field. Cancer stem cells 
have been reported in more and more other cancer types. Followed the Acute Myeloid 
leukemic stem cells (CD34+/CD38-), cancer stem cells have also been identified in several 
solid human tumors respectively.  
As cancer stem cells have been identified in various organ origin cancers, it is widely 
accepted that cancer stem cell is a general format and fundamental concept in all cancers (or 
tumors). 

2.9.2 The origin of cancer stem cells 
Where the cancer stem cell comes from? The origin of cancer stem cells is still a hot topic of 
discussion and argument. Several camps regarding the issue have formed within the 
scientific community, and it is likely that the correct answer is not limited in one, depending 
on the tumor types and their developments. Up to date, there is not yet an experimental 
model has been established to demonstrate a tumor formation in lab, as cancer stem cells are 
usually isolated from end-stage of tumors rather than the initial stage to tumors. Therefore, 
describing a cancer stem cell as the cell of origin is often an inaccurate claim, and as 
hypothesis. 
As cancer stem cells share the features of stem cells and of cancer cells, it is not wonder that 
some researchers believe they are the results of cell mutants from developing stem cells, 
including progenitor cells, adult stem cells, and the most likely from stem cell niche 
populations during development. The rational behind is that these developing stem 
populations are mutated and then expand such that the mutation is shared by many of the 
descendants of the mutated stem cell. These daughter stem cells are then much easier to 
becoming tumors, and because of the large amount of cells, there is more chance of a 
mutation that can cause cancer (Wang ZY, 2000). Adult stem cells are with extremely long 
lifespan to accumulate mutants that drives cancer initiation. Thus, adult stem cells have also 
advantages on the logical backing of the theory of tumor formation. 
It has also been proposed that the cancer stem cells are mutants from cancer cells after 
obtaining the stem cell-like features. De-differentiation is a reasonable hypothesis, which 
assumes these cells acquire stem cell like characteristics by reverse-differentiation from 
cancer cells. This is a potential alternative to any specific cell of origin, as it suggests that any 
cell might become a cancer stem cell.  
The tumor hierarchy is another model to propose the origin of cancer stem cells. The main 
point of this model claims that a tumor is a heterogeneous population of mutant cells with 
various stages of stem cells. In this model, the tumor is made up of several types of stem 
cells, some stem cell lines will be more thrive than other cell lines, as they adapt to the 
specific environments. Within the tumor hierarchy model, it would be extremely difficult to 
pinpoint the cancer stem cell's origin. It is important to bear in mind that, due to the 
heterogeneous nature of cancers, it is possible that any individual cancer could come from 
an alternative origin. 

2.9.3 The impact of cancer stem cell concept on cancer therapy 
The concept of cancer stem cell has a great impact on the strategy of chemotherapy and 
cancer treatments. The classic view of cancer is that the tumor cell (and its progeny) arises 
from the progressive accumulation of mutations over time, giving it growth advantage over 
its neighbors. It also implies that all cells in a tumor have more or less an equivalent capacity 
to form another tumor - relapse or metastasis. Under the classic view of cancer, the anti-
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2.9.3 The impact of cancer stem cell concept on cancer therapy 
The concept of cancer stem cell has a great impact on the strategy of chemotherapy and 
cancer treatments. The classic view of cancer is that the tumor cell (and its progeny) arises 
from the progressive accumulation of mutations over time, giving it growth advantage over 
its neighbors. It also implies that all cells in a tumor have more or less an equivalent capacity 
to form another tumor - relapse or metastasis. Under the classic view of cancer, the anti-
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cancer drugs are designed to target rapid growth cells. However in CSC model, tumor cells 
have somehow been reprogrammed to be “stem-like”, and thus grow slower than 
surrounding cells. It also implies that only CSCs have the ability to propagate new tumors. 
According to CSC model, the traditional therapies that target the bulk tumor are to some 
extent pointless, as the resulting shrinkage may look good on a CT scan, but the disease 
itself can still recur (Perkel JM, 2010). 
Relapse and metastasis are major challenges in current cancer treatments. During the cancer 
chemotherapies, the cancer (or tumor) mass is initially shrink, but barely cleared up. After a 
while, they usually come back (relapse) with some new drug resistance features developed. 
It is believed the cancer stem cells serve as “cancer seeds” with stemness and inactivity 
features, which help them to escape from chemotherapy and survive from drug attack. They 
are responding to the cancer relapse. Based on this concept of CSC, it is beneficial to include 
an induction of the cancer stem cell differentiation before and during chemotherapies. This 
will be expected to increase the efficacy of chemotherapies and improve the survival rate of 
cancer patients. This induced differentiation strategy has achieved significant efficacy on 
blood cancer treatment, such as children’s acute promyelocytic leukaemia (APL). A group of 
pioneer scientists in China used Arsenic and retinoic acid to induce children’s APL and have 
achieved “a complete remission in 92 - 95% of patients with this disease” (Wang ZY, 2000). 
However in solid tumors, the differentiation inducers and chemotherapeutic agents are 
difficult to penetrate into the inside of solid tumors. How to improve this penetration is still 
a big challenge for pharmaceutical researchers.  

3. Induced pluripotent stem cells 
Induced pluripotent stem cells (Thomson, et al., 1998), commonly abbreviated as iPS cells 
or iPSCs are a type of pluripotent stem cell artificially derived from a non-pluripotent cell, 
typically an adult somatic cell, by inducing a "forced" expression of specific genes. 
Induced Pluripotent Stem Cells are similar to natural pluripotent stem cells, such as 
embryonic stem (ES) cells, in many respects, such as the expression of certain stem cell 
genes and proteins, chromatin methylation patterns, doubling time, embryoid body 
formation, teratoma formation, viable chimera formation, and potency and 
differentiability, but the full extent of their relation to natural pluripotent stem cells is still 
being assessed (Ying, et al., 2003). 
iPSCs were first introduced in 2006 from mouse cells and in 2007 from human cells. This has 
been cited as an important advance in stem cell research, as it may allow researchers to 
obtain pluripotent stem cells, which are important in research and potentially have 
therapeutic uses, without the controversialuse of embryos. They also avoid the issue of 
graft-versus-host disease and immune rejection unlike embryonic stem cells because they 
are derived entirely from the patient. 
Depending on the methods used, reprogramming of adult cells to obtain iPSCs may pose 
significant risks that could limit its use in humans. For example, if viruses are used to 
genomically alter the cells, the expression of cancer-causing genes or oncogenes may 
potentially be triggered. In February 2008, ground-breaking findings published in the 
journal Cell, scientists announced the discovery of a technique that could remove oncogenes 
after the induction of pluripotency, thereby increasing the potential use of iPS cells in 
human diseases (Evans & Kaufman, 1998). In April 2009, it was demonstrated that 
generation of iPS cells is possible without any genetic alteration of the adult cell: a repeated 
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treatment of the cells with certain proteins channeled into the cells via poly-arginine anchors 
was sufficient to induce pluripotency (Martin, 1981). The acronym given for those iPSCs is 
piPSCs (protein-induced pluripotent stem cells). 
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1. Introduction 
Regenerative medicine can be defined as the process of restoring diseased or damaged 
tissue by replacing it with biological substitutes and this issue represents one of the main 
concerns of medicine. Stem cells are likely to be used in the future for cardiac, neurologic, 
hepatic, orthopaedic and other applications. The stem cell populations have proved to be 
highly proliferative lately as isolated from a variety of embryonic, foetal and adult tissues. 
Their increased capacity to self-renew and to unlimitedly differentiate into derivates of all 
germ layers in vitro and in vivo have rendered embryonic stem cells (ESCs) the main 
concern of tissue engineering research and regenerative medicine (Hyslop et al., 2005). 
However these cell lines originate from the inner cell mass of human blastocysts. Thus, the 
relation of ESCs to the human blastocyst will always stir ethical, moral and emotional 
debate over their use in research. Moreover, besides these ethical and political issues, 
another drawback concerning their clinical application is their lack of accessibility, 
technique difficulties in purification and manipulation as well as the risk for teratoma 
development (Fan et al., 2011). Consequently, though ESC therapy has just come into 
attention and there still are unknowns, its success might result in it being followed by 
alternative stem cell therapies (Rogers & Casper, 2004).  
Adult stem cells (ASCs) originate in a mature organism, including the brain, fat, skin, 
kidney, peripheral blood and bone marrow and they contribute to maintaining and 
repairing tissue that contain them. The adult-derived stem cells are also believed to have the 
ability to differentiate into tissues different from their tissue of origin (Krause et al., 2001; 
Jiang et al, 2002). Different from ESCs, ASCs can be easily harvested from various tissues, 
such as skin (Riekstina et al., 2008 as cited in Fan et al., 2011), bone marrow (BM) (Gastens et 
al., 2007 as cited in Fan et al., 2011) and adipose (Keiser et al., 2007 as cited in Fan et al., 
2011), and might be employed in the clinical treatment of disorders of vulnerable vital 
organs. ASCs have the advantage that allows for small samples of tissues or even the 
patient’s own cells to be used for implantation, avoiding problems of tissue rejection. 
Moreover, adult cells do not involve the typical ethical issues of embryonic research. In spite 
of these advantages, they are not the first choice and this is because of several reasons such 
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as their limited numbers, diminished growth and differential capacities age-dependent as 
well as invasive harvesting procedures (Roobrouck et al., 2008). 
Compared to the extensive research on ESCs and ASCs, fetal stem cells have only recently 
come into attention (Fan et al., 2011). The transplant of fetal tissue has recently become a 
research therapy for chronic degenerative disease such as Parkinson’s disease and insulin-
dependent diabetes mellitus (DM). However, this method is widely opposed as fetal tissue 
originates from elective abortion (Rogers & Casper, 2004). However, the following two 
distinct sources have lately generated putative stem cells: the fetus proper (including fetal 
bone marrow (Chang et al., 2006 as cited in Fan et al., 2011), lung (Fan et al., 2005 as cited in 
Fan et al, 2011), spleen, liver (In’t Anker et al., 2003 as cited in Fan et al., 2011), pancreas (Hu 
et al., 2003 as cited in Fan et al., 2011) and peripheral blood (Yu et al., 2004 as cited in Fan et 
al., 2011) and the supportive extra-embryonic structures (such as umbilical cord blood (Lu et 
al., 2005 as cited in Fan et al., 2011), umbilical cord (UC) (Fan et al. 2005 as cited in Fan et al., 
2011), amniotic fluid (AF) (Mareschi et al., 2009 as cited in Fan et al., 2011), placenta (In’t 
Anker et al., 2004 as cited in Fan et al., 2011)  and amnion (Bilic et al., 2008 as cited in Fan et 
al., 2011), respectively.  
New efficient stem cells sources would have to exhibit a similary potential to that of ESCs 
and to be highly proliferative or at least easy to harvest in large numbers. Out of these, the 
preferred ones are the BM-derived stem cells or UC-derived stem cells. There are two main 
cell types within the BM: mesenchymal, which are highly proliferative and show a 
propensity for multi-lineage differentiation (Rogers & Casper, 2004) and haematopoietic, 
also promising as multipotential stem cell (Kakinuma, 2003; Hao, 2003 as cited in Rogers & 
Casper, 2004). As mesenchymal cells and blood cells are likely to become potential 
alternatives to ESCs in some clinical situations, umbilical cord blood (UCB) and peripheral 
blood (PB) have started to be more and more regarded as sources of bone-marrow-like stem 
cells due to their easy  harvesting compared to bone marrow (Rogers & Casper, 2004) Cord 
blood is already considered an important source for stem cells, mainly because, different 
from BM, there is no need for a perfect human leucocyte antigen (HLA) match, there is a 
lower risk of graft versus host disease (GVHD) with UCB transplantation than with BM 
transplantation and because UCB has more haematopoietic stem cells per volume than 
peripheral blood or bone marrow (Rogers & Casper, 2004; Barker & Wagner, 2003).  
Consequently, the proliferation, the easy harvesting procedure, the advantages over 
embryonic and adults counterparts and no serious ethical issues are the main points that 
recommend the human cord blood (CB) as the most valuable solution against other stem cell 
sources, as detailed below.  

2. The human umbilical cord: A source of stem cells 
UCB has been widely considered an important stem cell source, because of its many pluses 
as compared with other stem cell sources. CB usually comes as a second choice after 
matched BM or PB but in the case of children suffering from leukaemia it represents the 
main stem cell source for transplant.  (Stanevsky et al., 2009). Moreover, CB is also viewed as 
a primary stem cell source due to annual global human birth rate of more than 100 million a 
year. CB is easily and safely collected by CB banks and preserved as future therapeutic 
genetic material (Arien-Zakay et al., 2010). CB has been more and more considered as good 
alternative for embryonic stem cells lately (Figure 1 A), also because it has proved to contain 
populations of multipotent stem cells which are able to differentiate into a variety of cell 
types, including epithelial, endothelial, myotubes and neural [Harris & Rogers, 2007).  
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The human UC, a connecting tissue of extraembryonic origin, connects the fetus to the 
placenta. Developed during the fifth week of embryogenesis it reaches a final length of 
approximately 60–65 cm and a weight of about 40 g, and has a mean diameter of 1.5 cm in 
normal pregnancies. UC usually comprises two arteries and a vein, all immersed within a 
tissue that interconnects vessels- the so-called Wharton’s jelly (WJ) and enclosed by a simple 
amniotic epithelium. WJ is a mucoid connective tissue abounding in proteoglycans and 
hyaluronic acid (HA), insulating and protecting umbilical vessels from torsion, 
compression, or bending. It is made of embedded stromal cells (Figure 1B). It thus assures a 
constant blood flow between fetus and placenta. (Fan et al., 2011; Malgieri et al., 2010). The 
blood remaining in the umbilical vein after birth is rich in hematopoetic stem and progenitor 
cells, and has been a successful alternative allogeneic donor source in the cure of a variety of 
pediatric genetic, hematologic, immunologic, and oncologic disorders (Broxmeyer et al., 
1989; Gluckman et al., 1997; Han et al., 2003, Kim et al., 2002 as cited in Malgieri at al., 2010). 
Moreover, fresh cord blood is rich in non-hematopoietic stem cells, and also contains 
endothelial cells, mesenchymal stem cells (MSCs) and unrestricted somatic stem cells 
(USCC) (Kogler et al., 2004, 2006; Sensken et al., 2007; Greschat et al., 2008 as cited in 
Malgieri at al., 2010). 
 

 
Fig. 1. Umbilical cord: cross section. (A)Localization of mesenchymal stromal cells. (B) 
Structure of umbilical cord wich contains two arteries and one vein surrounded by 
Wharton`s jelly and amniotic epithelium. 

MSCs are refined as multipotent, undifferentiated cells that can self renew, regenerate 
mesenchymal tissues and blood cells and differentiate into several cell types such as 
chondrocyte, adipocyte, osteocyte, osteoblast, myocyte, cardiomyocyte, neuron-like cell as 
well as into insulin-producing cells (Jiang et al., 2002; Mareschi et al., 2006). There is not 
surprise, then, that they are the focus of regenerative medicine and tissue engineering 
(Arien-Zakay et al.,2010). Despite the fact that BM has been considered the main available 
source of MSCs (Pittenger et al., 1999), it is not always acceptable to use BM –derived cells 
because of the high degree of viral exposure, the significantly decreasing cell number and 
the proliferative/differentiation capacity along with age. Additionally, BM sampling 
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The human UC, a connecting tissue of extraembryonic origin, connects the fetus to the 
placenta. Developed during the fifth week of embryogenesis it reaches a final length of 
approximately 60–65 cm and a weight of about 40 g, and has a mean diameter of 1.5 cm in 
normal pregnancies. UC usually comprises two arteries and a vein, all immersed within a 
tissue that interconnects vessels- the so-called Wharton’s jelly (WJ) and enclosed by a simple 
amniotic epithelium. WJ is a mucoid connective tissue abounding in proteoglycans and 
hyaluronic acid (HA), insulating and protecting umbilical vessels from torsion, 
compression, or bending. It is made of embedded stromal cells (Figure 1B). It thus assures a 
constant blood flow between fetus and placenta. (Fan et al., 2011; Malgieri et al., 2010). The 
blood remaining in the umbilical vein after birth is rich in hematopoetic stem and progenitor 
cells, and has been a successful alternative allogeneic donor source in the cure of a variety of 
pediatric genetic, hematologic, immunologic, and oncologic disorders (Broxmeyer et al., 
1989; Gluckman et al., 1997; Han et al., 2003, Kim et al., 2002 as cited in Malgieri at al., 2010). 
Moreover, fresh cord blood is rich in non-hematopoietic stem cells, and also contains 
endothelial cells, mesenchymal stem cells (MSCs) and unrestricted somatic stem cells 
(USCC) (Kogler et al., 2004, 2006; Sensken et al., 2007; Greschat et al., 2008 as cited in 
Malgieri at al., 2010). 
 

 
Fig. 1. Umbilical cord: cross section. (A)Localization of mesenchymal stromal cells. (B) 
Structure of umbilical cord wich contains two arteries and one vein surrounded by 
Wharton`s jelly and amniotic epithelium. 

MSCs are refined as multipotent, undifferentiated cells that can self renew, regenerate 
mesenchymal tissues and blood cells and differentiate into several cell types such as 
chondrocyte, adipocyte, osteocyte, osteoblast, myocyte, cardiomyocyte, neuron-like cell as 
well as into insulin-producing cells (Jiang et al., 2002; Mareschi et al., 2006). There is not 
surprise, then, that they are the focus of regenerative medicine and tissue engineering 
(Arien-Zakay et al.,2010). Despite the fact that BM has been considered the main available 
source of MSCs (Pittenger et al., 1999), it is not always acceptable to use BM –derived cells 
because of the high degree of viral exposure, the significantly decreasing cell number and 
the proliferative/differentiation capacity along with age. Additionally, BM sampling 
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involves a painfully invasive procedure. Therefore, it is of utmost clinical importance in so 
far as the easy accessibility and the reduced morbidity are concerned to try to identify 
alternative sources of MSCs (Malgieri et al., 2010). Anyway, Mitchell et al. (Mitchell et al., 
2003) successfully isolated the matrix cells from porcine and human umbilical cord by 
explants’ culture only in 2003 and, in it was only in the same year that Romanov et al. 
(Romanov et al., 2003) managed to isolate mesenchymal like cells from sub-endothelial layer 
of human umbilical cord vein. Consequently, it is only since 2003 that the umbilical cord-
derived MSCs have started to be extensively researched (Fan et al., 2003). Human UC blood-
derived mesenchymal stem cells (hUCB-MSCs) exhibit ability similar to that of BM-MSCs 
for multi-lineage differentiation (Gang et al., 2004).            
Consequently, UCB has proved a legitimate source for haematopoietic stem cell 
transplantation. Moreover, the development of research and scientific understanding of 
hUCB-MSCs will show that they are a really fascinating source to be used in stem cell 
therapy.  

3. Isolation of MSCs from the umbilical cord 
In recent years, several investigators published protocols for isolating MSCs from the UC 
tissue. These protocols have been developed and adapted based on the region of the cord 
from where the cells are harvested. Schematic illustration of harvesting protocols is given in 
Figure 2. 
 

 
Fig. 2. Schematic illustration of various protocols used to isolate mesenchymal stem cells 
from the umbilical cord tissue. 

The first step in the isolation procedure is represented by the removal of umbilical artery 
and vein followed by the splitting of the cord into smaller segments which are subsequently 
enzymatically digested (Weiss et al., 2006). Another techniques involve isolation methods 
without enzymatic digestions or removal of vessels (La Roca et al., 2009). Several methods 
were also described for the isolation of the cells from the perivascular tissue or the 
subendothelium of the umbilical vein (Covas et al., 2003).  
Currently, the most used protocol is without enzymatic digestion in an explant culture 
approach without removal of umbilical vessels in order to isolate MSC-like cells from the 
whole UC tissue.  
At the beginning, the blood from the umbilical vessels is removed by flushing phosphate 
buffered saline (PBS) through the artery and vein using a sterile syringe coupled to a small 
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tube. The next step is represented by the preservation of UC in a PBS medium enriched with 
5g L-1 glucose, 50 ugmL-1 gentamicin, 2.5 ugmL-1 amphotericin B, 100 U.mL-1 penicillin, and 
100 ugmL-1 streptomycin with the purpose of reducing the risk of contaminations. Then, the 
UC is serially cut first into 10-15 cm long segments and then into 0.5-0.8 cm3 large pieces. 
During the isolation procedure, transfer medium is used to keep the cord and the minced 
pieces moist. Finally, the small pieces are transferred to 25 cm3 flaks and incubated in a 
humidified atmosphere with 5% CO2 in a MEM supplemented with 15% of human serum 
and 50 ugm-1 gentamicin at 37°C which is changed every 48 hours. After 12 days, groups of 
adherent cells from single tissue pieces are observed. At this stage, the UC tissue is removed 
and the adherent cells are harvested by enzymatic treatment. The cell suspension is then 
centrifuged at 100 g for 10 min and the cells are resuspended in MEM supplemented with 
10% human serum and 50 mgmL-1 gentamicin and subcultured at a density of 4000 cells 
cm~2. These culture conditions have demonstrated to support an optimal growth of the cells 
(Wobus et al., 2006).  
Commonly, the isolated cells exhibited a high proliferation potential. For at least 20 
population doublings, the cells can be expanded without loss of proliferative activity and 
viability (Figure 3). After approximately 50 population doublings the process of replicative 
senescence becomes common. At this point, UC-derived cells could be efficiently 
cryopreserved and revitalized in a cryo-medium containing 80% human serum, 10% culture 
medium, and 10 % DMSO.  
 

 
Fig. 3. Isolation of mesenchymal stem cells from umbilical cord: adherent growing 
monolayer of fibroblast-shaped cells after 21st days of culture (Magnification: A-10X, B-40X). 

Depending on the isolation procedures, stem cells characteristics such as proliferation, 
differentiation potential and immunologic properties may be altered. 

4. Characterization of UCSC 
The evaluation of the nature of UCB HSC has demonstrated a higher proportion of primitive 
hematopoietic progenitors in UCB, with superior in vitro proliferative responses and in vivo 
engraftment capacity as compared to adult BM (Lewis et al., 2000; Wynter et al., 1999 as 
cited in Barker & Wagner, 2003) or PB (Barker & Wagner, 2003; Goldberg et al., 2007). Single 
UCB units can reconstitute entire lympho-hematopoietic systems in adults patients 
(Laughlin et al., 2001). In addition, UCB seems more tolerant of HLA mismatches, with less 
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GVHD. These unique biological features are further sustained by the fact that human UCB 
transplantation (UCBT) recipients show reliable myeloid and lymphoid hematopoietic 
reconstitution after myeloablative conditioning with greater than one log lesser nucleated 
cell (NC) dose than is used in BM transplantation (BMT). 
Another unique characteristic of UCB is the reduced alloreactive response as compared with 
that seen with BMT, which is not fully explained. The median CD3+ cell dose of 
8×106 kg−1 in UCB units makes it similar to a BM graft after modest T cell depletion (TCD). 
Such a T cell dose is fully capable of inducing significant GVHD, particularly in the setting 
of HLA mismatch. Therefore, reduced T cell number is insufficient to explain the relatively 
low incidence of severe GVHD with 1–2 antigen-mismatched UCBT. A more likely 
explanation is the functional differences reported with UCB lymphoid cells. These include 
higher levels of CD4+CD45RA+ cells, lower inflammatory cytokine production and 
responses, lower alloantigen and mitogen-specific T cell proliferation, a polyclonal T cell 
receptor repertoire, increased susceptibility to tolerance induction, and differences in NK 
cell and dendritic cell biology (Barker &Wagner, 2003; Canque et al., 2000). 
In recent years, much excitement has been associated with studies that have suggested UCB 
does represent a source of multi-potent stem cells that could be used for generation of non-
hematopoietic tissues. MSCs were isolated from the mononuclear cell fraction of CB using 
various criteria, including adherence to the surface of the culture medium, negative 
expression of hematopoietic markers such as CD34, CD133, CD45, CD14, and positive 
expression of mesenchymal markers such as CD90, CD105, CD73 (Flynn et al., 2007). The 
isolated UCB-MSCs were shown to differentiate into a wide range of cell types including 
bone, cartilage, cardiomyocytes, neural among others. Pre-clinical studies also revealed that 
MSCs from CB support ex vivo expansion and differentiation of haematopoietic 
stem/progenitor cells from CB. These MSCs improved the haematopoietic cells engrafted in 
non-obese diabetic/severe combined immune-deficient (NOD/SCID) mice (Huang et al., 
2007). It is worth mentioning that there is no fully identified unique phenotype for MSCs 
derived from CB, as well as for MSCs from all other origins. This prevents reproducible 
isolation of MSC precursors with predictable potential for development, and their isolation 
and characterisation rely primarily on their ability to adhere to plastic and their ability to 
expand (Arien-Zakay et al., 2010). In the culture, the morphology of hUCB-MSCs 
demonstrates a typical MSCs immunophenothypic markers and fibroblastoid morphology. 
The absence of endothelial CD31 and leukocyte surface markers supports the involvement 
of UCB-MSCs as mesenchymal progenitors. Very important, as it was already mentioned, 
hUCB-MSCs are devoid of hematopoietic and endothelial markers such as CD14, CD28, 
CD31, CD33, CD34, CD45, CD56, CD133, HLA-DR, and for graft versus host disease CD80, 
CD86, CD40, which show that they are suitable for transplantation (Malgieri et al., 2010). 
The comparison between hUCB-MSCs and BM-MSCs showed that hUCB-MSCs share most 
of their immunophenotype with BM-MSCs, including a cluster of differentiating markers, 
neural markers and extracellular adhesion molecules as well as the cell cycle status, the 
adipogenic and osteogenic differentiation capacity and finally the cytokines and 
hematopoietic supportive function (Malgieri et al., 2010). Despite this, recent studies noted 
that there are still several differences between them. Firstly, the fibroblast colony-forming 
units (CFUF) frequency was significantly higher in UCB derived nucleated cells than in BM 
derived nucleated cells, which practically indicated a higher frequency of MSCs in the 
nucleated cells of UCB than in those of BM. Secondly, the proliferation analysis revealed 
that hUCB-MSCs have a faster population doubling time, as compared to BM-MSCs, that 
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not change after 30 passages. UCB-MSCs also had a higher proliferative capacity of in 
comparison with BM-MSCs indicating that hUCB-MSCs may be a novel alternative source 
of human MSCs for clinical applications (Malgieri et al., 2010). Furthermore, Lu et al. (2006) 
noted the absence of HLA-DR expression on hUCB-MSCs and low expression of HLA-ABC, 
known as a hurdle for allogenic cell therapies, which may favour the use of hUCB-MSCs for 
allogenic cell therapy.  
In a still growing set of experiments, another population of CB stroma cells was isolated, 
using the CD45 negative expression and the adherence abilities. These cells were termed 
unrestricted somatic stem cells (USSCs) (Kogler, 2004, 2006). They were reported to 
differentiate in vitro into osteoblasts, chondrocytes, adipocytes and neural progenitors as 
well as in vivo into bone, cartilage, haematopoietic cells and neural and heart tissue (Kim et 
al., 2005; Kogler et al., 2004). Furthermore, it was even suggested that because USSCs can 
easily be committed towards the mesenchymal cell lineage, they may represent an early 
mesodermal progenitor of MSC (Arien-Zakay et al. 2010). 

5. In vitro differentiation potential of UCSC 
5.1 Differential potential into osteogenic, chondrogenic and adipogenic lineages 
HUCB-MSCs hold tremendous promise for tissue engineering and regenerative medicine as 
exposed to appropriate conditions and various factors they can differentiate in vitro along 
several cell lineages (Figure 4) of three germ layers such as the chondrocyte, osteoblast, 
adipocyte, myocyte, cardiomyocyte, endothelium, neuronal, astrocyte, oligodendrocyte 
pancreatic , hepatocyte lineages and others (as further detailed below) (Fan et al., 2011). 
Several researches reported that certain stimuli direct CB-derived MSCs and USSCs to 
differentiate into osteoblasts (Jager et al., 2007 as cited in Arien-Zakay et al., 2010; Kogler et 
al., 2006; Lee et al., 2004 as cited in Arien-Zakay et al., 2010). A recent study comparing the 
cell-mediated remodeling of three-dimensional collagen I/III gels during osteogenic 
differentiation of BM-MSCs and hUCB-MSCs showed that both cell types display all 
features needed for effective bone fracture healing (Schneider et al., 2010). On the contrary, 
comparing the the chondrogenic potential of hBM-MSCS and hUCB-MSCs it was noted that 
hUCB-MSC group had 3-times as much collagen as the hBM-MSC group, which supports 
the former may be a more desirable option for fibro-cartilage tissue engineering (Wang et 
al., 2009 as cited in Fan et al., 2011).  Furthermore, the cell differentiation into chondrocytes 
was significantly augmented by bone-morphogenetic protein (BMP)-4, a mesodermal factor 
known to promote chondrogenesis. Additionally, the successful transformation of hUC 
stroma-derived stem cells into mature adipocytes supports their therapy for esthetic 
purposes (Karahuseyinoglu et al., 2008 as cited in Fan et al., 2011).      

5.2 Differential potential into cardiomyocytes  
Attempts to transdifferentiate CB-MSCs towards cardiomyocytes have yielded different 
results. 5-azacytidine, a chemical analogue of the cytosine nucleoside in the DNA and RNA 
helix, is currently employed to initiate myogenic differentiation. In spite of the fact that 
some researches successfully transformed Wharton’s jelly derived hUC-MSCs into 
cardiomyocytes by 5-azacytidine or cardiomyocyte-conditioned medium and noted a slight 
spontaneous beating (Pereira et al., 2008; Wang et al., 2004 as cited in Fan et al., 2011), others 
failed to generate cardiomyocyte-like cells from hUC-MSCs, either spontaneously or after 
treatment with 5-azacytidine (Martin-Rendon et al., 2008). For instance, Roura et al. (2010) 
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failed to transdifferentiate CB-MSCs towards cardiomyocytes in vitro-the cells did not 
express cardiomyocyte-specific proteins or presence of calcium rhythmic oscillations or 
potential-dependent fluorescence emission after various protocols, including addition of 
chemicals (5-azacytidine and dimethyl sulphoxide), growth factors, Wnt signaling activators 
and direct contact with neonatal rat cardiomyocytes. Similarly, in other studies there wasn’t’ 
any evidence for neocardiomyocyte formation after systemic delivery of CB-mononuclear 
cells, or direct intramyocardial delivery of CB-133+  cardiac membrane cells, suggesting that 
there is a limitation in the potential for differentiation of unmodified CB-derived stem cells 
into cardiomyocytes (Murry et al., 2004). However, MSCs isolated from 
endothelial/subendothelial layers of the human umbilical cord veins have been proved to 
have the potential of transdifferentiating into cardiomyocyte-like cells with typical 
ultrastructure and sarcomers as well as expression of several cardiac-specific genes (Kadivar 
et al., 2006). Further studies are warranted to reduce the discrepancy between these research 
papers. However, they suggest that hUC-MSCs can be chemically transformed into 
cardiomyocytes and considered as a source of cells for cellular cardiomyoplasty. 
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5.3 Differential potential into endothelial cells  
Searching for sources with higher availability of endothelial progenitor cells, (Wu et al. 2007) 
cultured hUC-MSCs in an endothelial differentiation medium containing vascular 
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) hUC-MSCs 
differentiated into endothelial cells as demonstrated by acetylated low-density lipoprotein 
incorporation and expression of endothelial-specific proteins, such as platelet/endothelial 
cell adhesion molecule (PECAM) and cd34 (Wu et al., 2007). In comparison of endothelial 
differentiation of hUC-MSCs and BM-MSCs, some researches noted that hUC-MSCs had 
higher proliferate potential, higher expression of the endothelial-specific markers after 
induction and significantly higher total tubule length, diameter and area in angiogenesis 
assay than those of differentiated BM-MSCs (Chen et al., 2009).  
Current studies have addressed the differentiation capacity of CD133 hematopoietic stem 
cell (HSC), a subset of UCB HSC. In particular, Peichev et al. (2000) have shown that cells 
isolated from CB expressing both CD34 and VEGFR2 (KDR) also expressed CD133. CD133 
was not expressed on mature endothelial cells. The investigators further characterized these 
cells by illustrating their ability to migrate and differentiate into mature endothelial cells 
(Peichev et al., 2000). A subsequent study also demonstrated the differentiation of CB-
derived CD34+ CD133+ cells into endothelial phenotype in vitro (Pesce et al., 2003). 

5.4 Differential potential into neural cells 
During the past decade, numerous in vitro studies have demonstrated the generation of 
neuronal cells from various CB-derived populations. For instance, embryonic stem (ES)-like 
cell population from CB were found to possess neuroglial progenitor morphology and 
primitive neuroglia cell markers (Mcguckin et al., 2004). Chen et al. (2005) detected positive 
expression for antigens typical of brain tissue in other adherent cell subpopulation from CB. 
CB-derived populations purified by antigen expression were also shown to differentiate into 
a neural phenotype. CB-CD133 positive cells (Jang et al., 2004 as cited in Arien-Zakay et al., 
2010) or CD34− CD45− non-haematopoietic stem cells (Habich et al., 2006 as cited in Arien-
Zakay et al., 2010) differentiated into neuronal and glial cells that expressed neuronal and 
astrocyte-specific markers. Moreover, the full range of neural differentiation ability of the 
CB-CD45+ multipotential stem cells was demonstrated by the achievement of positive 
phenotypic and functional markers for dopaminergic neurons, oligodendrocytes and 
astrocytes (Rogers et al., 2007). 
For others, the differentiation potency of hUC-MSCs into neural lineage has attracted 
extensive attention. The pioneering study in the neuronal induction of hUC-MSCs was 
accomplished by Mitchell et al. (2004) using a relatively complex and multi-step neuronal 
induction procedure  previously defined (Mitchell et al., 2004; Woodbury et al., 2000 as cited 
in Fan et al., 2011). In another experiment, hUC-MSCs began to express neuron-specific 
proteins and exhibit retraction of cell body, elaboration of processes, and clustering of cells 
after three days’ induction with neuronal conditioned medium (NCM). Glutamate invoking 
inward current was found in the transformed cells between the 9th and 12th days, which 
suggested that the induced cells differentiated into mature neurons in the post mitosis phase 
at this stage (Fu et al., 2004). Using a three-step neural induction protocol 60% of the 
neuroglial cells transformed from hUC-MSCs were stained positive for microtubule-
associated protein (MAP-2) and 32% stained positive for GFAP. Moreover, some of them 
expressed TuJ-1, synaptophysin and γ-aminobutyric acid (GABA). Expression of neuronal 
markers, such as neuron-specific nuclear protein (NeuN) and MAP2, by induced hUC-MSCs 
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failed to transdifferentiate CB-MSCs towards cardiomyocytes in vitro-the cells did not 
express cardiomyocyte-specific proteins or presence of calcium rhythmic oscillations or 
potential-dependent fluorescence emission after various protocols, including addition of 
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and direct contact with neonatal rat cardiomyocytes. Similarly, in other studies there wasn’t’ 
any evidence for neocardiomyocyte formation after systemic delivery of CB-mononuclear 
cells, or direct intramyocardial delivery of CB-133+  cardiac membrane cells, suggesting that 
there is a limitation in the potential for differentiation of unmodified CB-derived stem cells 
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endothelial/subendothelial layers of the human umbilical cord veins have been proved to 
have the potential of transdifferentiating into cardiomyocyte-like cells with typical 
ultrastructure and sarcomers as well as expression of several cardiac-specific genes (Kadivar 
et al., 2006). Further studies are warranted to reduce the discrepancy between these research 
papers. However, they suggest that hUC-MSCs can be chemically transformed into 
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For others, the differentiation potency of hUC-MSCs into neural lineage has attracted 
extensive attention. The pioneering study in the neuronal induction of hUC-MSCs was 
accomplished by Mitchell et al. (2004) using a relatively complex and multi-step neuronal 
induction procedure  previously defined (Mitchell et al., 2004; Woodbury et al., 2000 as cited 
in Fan et al., 2011). In another experiment, hUC-MSCs began to express neuron-specific 
proteins and exhibit retraction of cell body, elaboration of processes, and clustering of cells 
after three days’ induction with neuronal conditioned medium (NCM). Glutamate invoking 
inward current was found in the transformed cells between the 9th and 12th days, which 
suggested that the induced cells differentiated into mature neurons in the post mitosis phase 
at this stage (Fu et al., 2004). Using a three-step neural induction protocol 60% of the 
neuroglial cells transformed from hUC-MSCs were stained positive for microtubule-
associated protein (MAP-2) and 32% stained positive for GFAP. Moreover, some of them 
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markers, such as neuron-specific nuclear protein (NeuN) and MAP2, by induced hUC-MSCs 
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were also observed by other investigators. More specifically, other investigators observed 
that induction with protocol similar to Woodbury et al. (2000) resulted in a lower number of 
cells expressing markers for early neural progenitors (i.e., nestin), however, a greater 
number of cells expressed a mature neural marker for catecholaminergic cells - tyrosine 
hydroxylase (TH) (Ding et al. 2007; Kadam et al., 2009; Weiss et al., 2006 as cited in Fan et al., 
2011). In addition, Fu et al. (2004) also succeeded in transforming hUC-MSCs into 
dopaminergic neurons in vitro through stepwise culture in NCM, sonic hedgehog, and FGF-
8. These dopaminergic neurons were shown to express the rate-limiting catecholaminergic 
synthesizing enzyme, tyrosine hydroxylase and to release dopamine into the medium (Fu et 
al. 2006).   

5.5 Differential potential into hepatocyte-like cells 
Cirrhosis is a consequence of chronic hepatic injury characterized by replacement of liver 
tissue by fibrosis and scar tissue, with no effective therapy currently available. Recent 
developments in stem cell technology have struggled for identifying novel candidate 
sources of liver cells to be used for regenerative purpose. Instead of ESCs with ethical 
debates and safety concern, fetal or adult liver cells encumbered by organ availability, BM-
MSCs plagued with decreased expansion and differentiation capacities in advanced ages 
(Roobrouck et al., 2008), Campard et al. (2008) demonstrated that in vitro expanded UC-
MSCs constitutively expressed markers of hepatic lineage and genes of enzymes involved in 
hepatic metabolism after three steps of full term hepatogenic induction. However, absence 
of some hepatic markers in differentiating UC-MSCs, such as HepPar1 or HNF-4, implied 
that their differentiation did not reach the level of mature hepatocytes (Campard et al., 
2008). A simple one-step induction protocol with hepatocytic growth factor (HGF) and 
fibroblast growth factor-4 (FGF-4) was also proved to be effective in transforming hUC-
MSCs into hepatocyte-like cells expressing the hepatocyte-specific markers albumin (ALB), 
human α-fetoprotein (AFP) and cytokeratin 18 (CK-18) (Zhang et al., 2009 as cited in Fan et 
al.,2011). Further research showed that differentiated hUC-MSCs could store glycogen and 
uptake LDL (Zhang et al., 2009 as cited in Fan et al., 2011). Very recently, UCB derived HSC 
were also induced to hepatocyte like cells under a 2-step protocol with the combination of 
the same two growth factors-HGF and FGF-4. Hepatocyte like cells were observed at the 
end of the protocol (days 14). These differentiated cells were observed to show high 
expression of genes related to hepatocytes (tryptophan 2, 3-dioxygenase [TO], glucose 6-
phosphate [G6P], CK 18, ALB and AFP (Sellamuthu et al., 2011). In addition, the 
differentiated functional hepatocyte-like cells may still retain their low immunogenicity in 
vitro (Zhao et al., 2009), which facilitate the allotransplantation to replace the diseased liver 
cells.  

5.6 Differential potential into skeletal muscles 
The first successful myogenic transformation of a subset of CD105(+)/CD31(-)/KDR(-) cells 
from WJ of UC into elongated, multinucleated cells expressing of Myf5 and MyoD in vitro 
was reported by Conconi et al.(2006).  

5.7 Differential potential into Islet-like clusters 
In the study by Wang et al. (2010) hMSCs from umbilical cord stroma were induced to 
differentiate into insulin-producing cells using differentiation medium. Pancreatic beta-cell 
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development-related genes were expressed in the differentiated insulin-producing cells. 
Differentiated cells' C-peptide release in vitro increased after glucose challenge (Wang et al., 
2010). Another recently published research also showed that WJ- derived hUC-MSCs may 
serve as a promising alternative cell source of transplantable islet-like clusters (Chao et al., 
2008 as cited in Fan et al., 2011). Besides differentiating fresh human UCB into insulin-
secreting cells, Phuc et al. (2011) showed that also MSCs derived from banked cord blood 
(cryopreserved for 1 year) can be differentiated into functional pancreatic islet-like cells in 
vitro. Having in mind their advantages including large potential donor pool, rapid 
availability, low risk of rejection and no risk of discomfort for the donor, hUC-MSCs might 
become an excellent candidate in β-cell replacement therapy of diabetes mellitus. 

6. Immune properties of MSCs and in vivo applications 
Besides their multi-lineage differentiation potential, UC-derived MSCs have been shown to 
have immune suppressive action on lymphocyte proliferation through alloantigen and 
mitogens such as phytohemagglutinin and to reduce the level of proinflammatory cytokines 
such as interferon-y (IFN-y) and tumor necrosis factor-a (TNF-a). These immune-privileged 
and immune-modulator properties, recommend them as ideal candidates for cell-based 
therapies. They fail to induce proliferation of allogeneic lymphocytes in vitro and do not 
induce an immune response when used in allogenic mismatched animal experimental 
models (Devine et al., 2003). Furthermore, they have regulatory effects on several cells of the 
immune system (e.g., T, B, dendritic, and natural killer cells) (DiNicola et al., 2002), prolong 
skin graft survival (Bartholomew et al., 2002) and have been used in clinical applications to 
reduce acute and chronic GVHD (Ringden et al., 2006). It has been demonstrated that UCB-
MSCs can suppress not only the function of mature dendritic cells but also increase the 
portion of regulatory T cells (LeBlanc et al., 2004). This regulation of immune response by 
MSCs is mediated by soluble factors and cell to cell contact mechanisms. Co-culture 
experiments showed that UCMSCs did not induce any proliferation of resting immune cells 
and also suppressed the purified T cells or activated human peripheral blood mononuclear 
cells. 

7. In vivo applications of UCSC 
7.1 Ischemic vascular disease 
7.1.1 Myocardial infarction 
In spite of the fact that the treatment of cardiovascular disease and myocardial infarction has 
benefited over the past 15 years from advances in pharmacologic and intravascular 
intervention to include placement of drug-eluting stents and interventional re-
vascularization, this condition is till associated with significant morbidity and mortality. 
Furthermore, the fact that there still aren't eligible donors for heart transplant candidates, 
combined with the limited ability of endogenous cardiomyocytes to divide and repair 
infarcted myocardium has encouraged the use of stem cell transplantation as adjuvant 
therapy for cardiovascular disease (Abbott & Giordano, 2003; Ramakrisham et al., 2003 as 
cited in Goldberg et al., 2007).  
Both small clinical trials in humans and animal studies employing cellular therapies have 
produced data suggesting the efficacious nature of this modality lately. However, as far as 
patient-derived (adult marrow or mobilized peripheral blood) stem cells are concerned 
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development-related genes were expressed in the differentiated insulin-producing cells. 
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2008 as cited in Fan et al., 2011). Besides differentiating fresh human UCB into insulin-
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portion of regulatory T cells (LeBlanc et al., 2004). This regulation of immune response by 
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vascularization, this condition is till associated with significant morbidity and mortality. 
Furthermore, the fact that there still aren't eligible donors for heart transplant candidates, 
combined with the limited ability of endogenous cardiomyocytes to divide and repair 
infarcted myocardium has encouraged the use of stem cell transplantation as adjuvant 
therapy for cardiovascular disease (Abbott & Giordano, 2003; Ramakrisham et al., 2003 as 
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there are distinct disadvantages for their routine clinical application including the need to 
subject the patient to stem cell or large volume BM collection at a time of active 
cardiovascular disease and the needed time for cell culturing for some type of these cells 
(Goldberg et al., 2007). In addition, there is data suggesting that in patients either at high 
risk for future cardiovascular disease events or who have documented coronary disease, the 
body’s endogenous stem cell supply and marrow response may be inadequate, as 
circulating endothelial progenitor cells isolated from patients with increased cardiovascular 
risk and compared to those isolated from healthy subjects are reduced in number and 
demonstrate increased degeneration in vitro (Goldberg et al., 2007; Hill et al., 2003).  
Additional cellular sources such as embryonic and fetal cardiomyocytes have been studied 
as a means to improve the failing myocardium (Ramakrisham et al., 2003 as cited in 
Goldberg et al., 2007). However, besides ethical consideration and possible immune 
rejection, which are common to both lines, there are other several limitations such as the 
potential for malignant transformation and for malignant arrhythmias with respect to 
embryonic stem cells (Abbott & Giordano, 2003; Ramakrisham et al., 2003 as cited in 
Goldberg et al., 2007) as well as limited availability and sensitivity to ischemia of fetal 
cardiomyocytes (Etzion et al., 2001; Ramakrisham et al., 2003 as cited in Goldberg et al., 
2007) that may preclude their clinical application, encouraging consequent search for other 
sources of stem cells.  
Encouraging results were obtained increasingly from in vivo animal trials using CB stem 
cells to rejuvenate infracted myocardium, enhance healing and improve ventricular 
function. It was shown that the human CB mononuclear cells administered into the infracted 
border progressively improved the function of the left ventricle and reduced the size of 
infarction in rats with induced acute myocardial infarction (AMI) (Henning et al., 2004). 
Furthermore, Ma et al., (2005) who experimented with NOD/SCID mice with induced AMI, 
reported migration of CB mononuclear cells to the heart in 50% of the mice. The size of the 
infarct zone thus decreased and collagen deposition, as well as increased capillary density 
were detected, but no myogenesis. Further studies directed towards the ability of UCB 
CD34+ to improve cardiac function in a model of coronary ischemia were carried out by 
Hirata et al. (2005). In these experiments, AMI was induced in conditioned male Wistar rats 
and CB-derived CD34+ cells were injected into the peri-infarct zone. 4 weeks after 
transplantation, reduction of the left ventricular dilation and improvement of the cardiac 
function were reported. Moreover, intramyocardial CB cells survived, localized around the 
vessels of the ischaemic myocardium and capillary density was increased, but only about 
1% of the injected cells were incorporated into the myocardium vessels of the rat, indicating 
that the angiogenic factors released by these cells account for the angiogenesis (Hirata et al., 
2005). Similarly, significantly improved cardiac function, markedly increased capillary and 
arteriole density, and notably decreased apoptotic cells were reported by Wu et al. (2007), 
who investigated the therapeutic potential of hUC-MSCs in a rat myocardial infarction 
model. Moreover, it seems that some of transplanted cells managed to live in the infracted 
myocardium, gathered around arterioles and spread in capillary networks. Noteworthy is 
the fact that some of them exhibited cardiac troponin-T, von Willebrand factor, and smooth 
muscle actin, proving that the damaged myocardium regenerated by cardiomyocytic, 
endothelial, and smooth muscle differentiation of hUC-MSCs in the infracted myocardium 
(Wu et al., 2007). A specific subset of CB- CD34+ cells, the CD34+ KDR+ cell fraction was 
suggested as the factor for angiogenesis and improvement of cardiac function for both 
treatment with mononuclear cells and CD34+ cells (Botta et al., 2004). In a study by Botta et 

 
Human Cord Blood-Derived Stem Cells in Transplantation and Regenerative Medicine 

 

33 

al. (2004), the myocardium of a NOD/SCID mouse was injected with the CD34+ /KDR+ 
double selected fraction, isolated from UCB, immediately after the ligation of the left 
anterior descending artery (LAD). Apoptosis was impaired in this cell population versus 
CD34+ /KDR- cells in extended culture (up to 22 days). The release of VEGF from the 
CD34+ /KDR+ cells is thought to provide an autocrine mechanism for survival. The left 
ventricular end-diastolic pressure decreased as well as the infarct size in the transplanted 
group for a period up 5 months after AMI induction. The treatment with this cell type also 
determined more angiogenesis compared with mononuclear cells or CD34+ (Botta et al., 
2004). Moreover, immunostaining for human nuclei showed localization of human cells 
within cardiomyocytes. However, it was not clear whether the transplanted cells had fused, 
overlapped with or differentiated into cardiomyocytes (Botta et al., 2004; Goldberg et al., 
2007). Similar results were reported by Leor et al. (2006), using another immature CB subset, 
CD133+. CB cells were infused into athymic nude rats with ligated coronary arteries and 
one month after infusion CB cells had migrated, colonized and survived in the infracted 
myocardium, being identified near the vessel walls and in the left ventricular cavity. 
Functionally, the left ventricular fractional shortening improved and the anterior wall 
thickness diminished (Leor et al., 2006). Ma et al. (2006) reported a comparison of CD133+ 
expressing cells from UCB and BM in an AMI model. Selected UCB CD133+ cells were 
injected into injured myocardium of NOD/SCID mice and 4 weeks later the analysis 
illustrated an approximate 30% absolute mortality reduction in UCB CD133+ -treated 
animals versus control. Further histological analysis focusing on capillary density produced 
a 25% increase in this number in cell treated animals versus controls (Ma et al., 2006). In a 
large animal study, Kim et al. (2005) used a porcine model with chronically occluded LAD 
and injected CB USSCs directly into the infracted tissue. The grafted cells were detected in 
the tissue 4 weeks later, the perfusion and wall motion of the infracted area improved 
whereas the scar thickness decreased (Kim et al., 2005). Overall, these studies suggest a 
positive effect of a variety of different UCB-derived cell types including cells expressing 
CD34 and CD133. There are significantly larger numbers of hemangioblasts in UCB which 
have the same efficacy as that of the BM stem cells. After cell transplantation the ejection 
fraction and hemodynamics showed cardiac function improvement. It seems that ex vivo 
long-term cultures do not to affect their ability to increase cardiac function post-infarction 
(Goldberg et al., 2007).  

7.1.2 Buerger’s disease 
MSCs from CB were also proposed for the treatment of hind limb ischemia. In a pre-clinical 
study, ischemia was induced in the hind limb of athymic nude mice by femoral artery 
ligation and human UCB-derived MSCs were transplanted into the ischemic area. Up to 60% 
of the hind limbs were saved in the femoral artery-ligated animals and the human UCB-
derived MSCs were detected by in situ hybridization in the arterial walls of the ischemic 
hind limb in the treated group (Kim et al., 2006). Buerger's disease, also known as 
thromboangiitis obliterans, is a nonatherosclerotic, inflammatory, vaso-occlusive disease, 
characterized as a panangiitis of medium and small blood vessels, including both arteries 
and adjacent veins, especially of the distal extremities (the feet and the hands). No curative 
medication or surgery for this disease has been discovered so far. The efficacy of CB-derived 
MSCs was verified in the treatment of limb ischemia and pain in a clinical case study of 
Buerger’s disease (Kim et al., 2006). HLA-matched human UCB-derived MSCs were 
transplanted into four men with Buerger's disease who had already failed previous medical 
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there are distinct disadvantages for their routine clinical application including the need to 
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Goldberg et al., 2007) as well as limited availability and sensitivity to ischemia of fetal 
cardiomyocytes (Etzion et al., 2001; Ramakrisham et al., 2003 as cited in Goldberg et al., 
2007) that may preclude their clinical application, encouraging consequent search for other 
sources of stem cells.  
Encouraging results were obtained increasingly from in vivo animal trials using CB stem 
cells to rejuvenate infracted myocardium, enhance healing and improve ventricular 
function. It was shown that the human CB mononuclear cells administered into the infracted 
border progressively improved the function of the left ventricle and reduced the size of 
infarction in rats with induced acute myocardial infarction (AMI) (Henning et al., 2004). 
Furthermore, Ma et al., (2005) who experimented with NOD/SCID mice with induced AMI, 
reported migration of CB mononuclear cells to the heart in 50% of the mice. The size of the 
infarct zone thus decreased and collagen deposition, as well as increased capillary density 
were detected, but no myogenesis. Further studies directed towards the ability of UCB 
CD34+ to improve cardiac function in a model of coronary ischemia were carried out by 
Hirata et al. (2005). In these experiments, AMI was induced in conditioned male Wistar rats 
and CB-derived CD34+ cells were injected into the peri-infarct zone. 4 weeks after 
transplantation, reduction of the left ventricular dilation and improvement of the cardiac 
function were reported. Moreover, intramyocardial CB cells survived, localized around the 
vessels of the ischaemic myocardium and capillary density was increased, but only about 
1% of the injected cells were incorporated into the myocardium vessels of the rat, indicating 
that the angiogenic factors released by these cells account for the angiogenesis (Hirata et al., 
2005). Similarly, significantly improved cardiac function, markedly increased capillary and 
arteriole density, and notably decreased apoptotic cells were reported by Wu et al. (2007), 
who investigated the therapeutic potential of hUC-MSCs in a rat myocardial infarction 
model. Moreover, it seems that some of transplanted cells managed to live in the infracted 
myocardium, gathered around arterioles and spread in capillary networks. Noteworthy is 
the fact that some of them exhibited cardiac troponin-T, von Willebrand factor, and smooth 
muscle actin, proving that the damaged myocardium regenerated by cardiomyocytic, 
endothelial, and smooth muscle differentiation of hUC-MSCs in the infracted myocardium 
(Wu et al., 2007). A specific subset of CB- CD34+ cells, the CD34+ KDR+ cell fraction was 
suggested as the factor for angiogenesis and improvement of cardiac function for both 
treatment with mononuclear cells and CD34+ cells (Botta et al., 2004). In a study by Botta et 
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al. (2004), the myocardium of a NOD/SCID mouse was injected with the CD34+ /KDR+ 
double selected fraction, isolated from UCB, immediately after the ligation of the left 
anterior descending artery (LAD). Apoptosis was impaired in this cell population versus 
CD34+ /KDR- cells in extended culture (up to 22 days). The release of VEGF from the 
CD34+ /KDR+ cells is thought to provide an autocrine mechanism for survival. The left 
ventricular end-diastolic pressure decreased as well as the infarct size in the transplanted 
group for a period up 5 months after AMI induction. The treatment with this cell type also 
determined more angiogenesis compared with mononuclear cells or CD34+ (Botta et al., 
2004). Moreover, immunostaining for human nuclei showed localization of human cells 
within cardiomyocytes. However, it was not clear whether the transplanted cells had fused, 
overlapped with or differentiated into cardiomyocytes (Botta et al., 2004; Goldberg et al., 
2007). Similar results were reported by Leor et al. (2006), using another immature CB subset, 
CD133+. CB cells were infused into athymic nude rats with ligated coronary arteries and 
one month after infusion CB cells had migrated, colonized and survived in the infracted 
myocardium, being identified near the vessel walls and in the left ventricular cavity. 
Functionally, the left ventricular fractional shortening improved and the anterior wall 
thickness diminished (Leor et al., 2006). Ma et al. (2006) reported a comparison of CD133+ 
expressing cells from UCB and BM in an AMI model. Selected UCB CD133+ cells were 
injected into injured myocardium of NOD/SCID mice and 4 weeks later the analysis 
illustrated an approximate 30% absolute mortality reduction in UCB CD133+ -treated 
animals versus control. Further histological analysis focusing on capillary density produced 
a 25% increase in this number in cell treated animals versus controls (Ma et al., 2006). In a 
large animal study, Kim et al. (2005) used a porcine model with chronically occluded LAD 
and injected CB USSCs directly into the infracted tissue. The grafted cells were detected in 
the tissue 4 weeks later, the perfusion and wall motion of the infracted area improved 
whereas the scar thickness decreased (Kim et al., 2005). Overall, these studies suggest a 
positive effect of a variety of different UCB-derived cell types including cells expressing 
CD34 and CD133. There are significantly larger numbers of hemangioblasts in UCB which 
have the same efficacy as that of the BM stem cells. After cell transplantation the ejection 
fraction and hemodynamics showed cardiac function improvement. It seems that ex vivo 
long-term cultures do not to affect their ability to increase cardiac function post-infarction 
(Goldberg et al., 2007).  

7.1.2 Buerger’s disease 
MSCs from CB were also proposed for the treatment of hind limb ischemia. In a pre-clinical 
study, ischemia was induced in the hind limb of athymic nude mice by femoral artery 
ligation and human UCB-derived MSCs were transplanted into the ischemic area. Up to 60% 
of the hind limbs were saved in the femoral artery-ligated animals and the human UCB-
derived MSCs were detected by in situ hybridization in the arterial walls of the ischemic 
hind limb in the treated group (Kim et al., 2006). Buerger's disease, also known as 
thromboangiitis obliterans, is a nonatherosclerotic, inflammatory, vaso-occlusive disease, 
characterized as a panangiitis of medium and small blood vessels, including both arteries 
and adjacent veins, especially of the distal extremities (the feet and the hands). No curative 
medication or surgery for this disease has been discovered so far. The efficacy of CB-derived 
MSCs was verified in the treatment of limb ischemia and pain in a clinical case study of 
Buerger’s disease (Kim et al., 2006). HLA-matched human UCB-derived MSCs were 
transplanted into four men with Buerger's disease who had already failed previous medical 
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and surgical therapies. As a result, ischemic rest pain suddenly disappeared from their 
affected extremities, the necrotic skin lesions were healed, the number and size of digital 
capillaries increased and peripheral circulation improved (Kim et al., 2006), indicating that 
human UCB-derived MSC transplantation may be a new and useful therapeutic tool for 
Buerger's disease and similar ischemic diseases.  

7.2 Metabolic diseases 
7.2.1 Diabetes mellitus 
In 2000 there were 150 million people in the world affected by diabetes mellitus (DM) and 
this number is estimated to double in 2025 (Zimmet et al., 2001 as cited in Fan et al., 2011). 
Moreover, in the US there are approximately, 15000 youth newly diagnosed with type 1 DM 
every year (Malgieri et al., 2010). Type 1 DM is the outcome of a cell-mediated autoimmune 
attack against pancreatic β-cells and the autoimmune response precedes the clinical 
diagnosis. When hyperglycaemia appears the autoimmune process is significantly advanced 
due to the fact that 70-80 % of the β-cell mass has been already damaged when the disease 
started (Couri & Voltarelli, 2008 as cited in Arien-Zakay et al., 2010). Therefore, besides tight 
control of blood glucose, self blood glucose monitoring and patient education, which have a 
significant role in the prevention of the development and retard the progression of chronic 
complication, β-cell mass preservation and/or increase are important targets in 
management of type 1 DM. Additionally, the replacement of a patient’s islets is the only 
treatment of type 1 DM that achieves an insulin-independent, constant normoglycaemic 
state and avoids hypoglycaemic episodes ( Bretzel et al., 1993 as cited in Fan et al., 2011). 
Recently, efforts have focused on the use of both autologous and allogenic stem cells as 
sources of new islets, and perhaps more surprisingly, as potential sources of safe and 
effective immunomodulation (Limbert et al., 2008). In vitro and in vivo studies have shown 
that hUCB-derived stem cells and CB-derived MSCs can differentiate into insulin-secreting 
β-cells (Reddi et al., 2010) expressing pancreatic β-cell markers and synthesizing and 
secreting functional islet proteins ( Gao et al., 2008; Parech et al., 2009 as cited in Arien-
Zakay et al., 2010). In the study by Wang et al. (2010) hMSCs from umbilical cord stroma 
were induced to differentiate into insulin-producing cells using differentiation medium. 
Pancreatic beta-cell development-related genes were expressed in the differentiated insulin-
producing cells. Differentiated cells' C-peptide release in vitro increased after glucose 
challenge. Further, in vivo glucose tolerance tests showed that blood sugar levels decreased 
following cells' transplantation into nonobese diabetic (NOD) mice (Wang et al., 2010). 
Another recently published research also showed that WJ- derived hUC-MSCs may be a 
promising source of cells of transplantable islet-like clusters (Chao et al., 2008 as cited in Fan 
et al., 2011). Besides differentiating fresh human UCB into insulin-secreting cells, Phuc et al. 
(2011) showed that also MSCs derived from banked cord blood (cryopreserved for 1 year) 
can be differentiated into functional pancreatic islet-like cells in vitro. These results suggest 
that if human MSCs, especially MSCs from banked cord blood of diabetes patients 
themselves can be isolated, proliferated, differentiated into functional pancreatic islet-like 
cells, and transplanted back into them (autologous transplantation), their high-proliferation 
potency and rejection avoidance will provide one promising therapy for diabetes (Phuc et 
al., 2011). Recent reports evidenced also that WJ derived-MSCs possess immunomodulatory 
activities (acting on both innate and acquired immunity effectors) which should reduce the 
immunogenicity of transplanted cells, thus decreasing rejection. Moreover it has been 
proposed that MSC administration should be used to alleviate the autoimmune processes 
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which lead to the destruction of beta cells (Anzalone et al., 2010). Besides reducing blood 
glucose levels and increasing survival in mouse models of type 1 and type 2 DM (Ende et 
al., 2004 as cited in Arien-Zakay et al., 2010), CB cell infusion was also proved to improve 
renal abnormalities and neuropathy caused by DM, suggesting a regenerative action in renal 
parenchyma and nerves (Ende et al. 2004; Naruse et al., 2005 as cited in Arien-Zakay et al., 
2010). Autologous hUCB-MSCs are currently being evaluated in a clinical trial to treat type 1 
DM in children (Haller et al., 2008). Moreover, autologous CB infusion in subjects with type 
1 DM has been proved not only safe but also efficient by Haller et al. One-year follow-up 
suggest that autologous CB transfusion is safe and provides some slowing of the loss of 
endogenous insulin production in the treated children. However, the lack of significant 
adverse events associated with the study seems to have been the most important result. 
Nevertheless, we need broader randomized studies as well as 2-year post-infusion follow-
up of this cohort to establish whether autologous CB-based approaches can be employed to 
decrease the endogenous insulin production in children with type 1 DM. This current study 
is still recruiting children with newly diagnosed type 1 DM, who also have their own CB 
deposited in a CB bank, for phase II trials. Consequently, the treatment of auto-immune 
type 1 and 2 DM may greatly benefit from the two positive effects of CB, namely its 
regenerative abilities and immunomodulatory function (Arien-Zakay et al., 2010).  

7.2.2 Hurler syndrome 
The mucopolysaccharidoses (MPSs) are inherited metabolic disorders (IMDs) caused by 
single-gene defects leading to progressive cellular accumulation of glycosaminoglycans 
(GAGs) and damage to multiple organs, including the central nervous, musculoskeletal or 
cardiorespiratory systems. Hurler syndrome, the most severe form, is the prototypical 
model. At present, while available for some conditions, exogenous enzyme replacement 
therapy is unable to correct cognitive and central nervous system disease because of its 
inability to cross the blood-brain barrier. In contrast, allogeneic HSC transplantation (HSCT) 
allows donor-derived, enzyme-producing cells to migrate to the brain and other organs to 
provide permanent enzyme therapy and thus help somatic organs, improve neurocognitive 
function and quality of life, and prolong survival, particularly when performed early in the 
course of the disease. HSCT may also mediate non-hematopoietic cell regeneration or repair. 
Bone marrow has been the graft source in the past. However, in the last 5 years many 
patients have been treated with unrelated donor (URD) UCBT, allowing rapid and increased 
access to transplantation with favorable outcomes (Prasad & Kurtzberg, 2010 a, 2010 b). 
Sustaining this, CB transplantations led to improved neurocognitive performance and 
decreased somatic features of Hurler’s syndrome (Staba et al., 2004 as cited in Arien-Zakay 
et al., 2010) and therefore it might be considered as a preferred source of cells for treatment 
of this disease, as recently suggested after risk factor analysis of patients from the European 
Group for Blood and Marrow Transplantation (EBMT) ( Boelens et al., 2007, 2009].    

7.3 Heart valve replacement 
Currently used replacements in cardiovascular surgery are made of foreign materials with 
well known disadvantages such as thrombo-embolic complications, infections, loss of 
functional and biological properties, and others. (Breymann et al., 2006). Tissue engineering 
of viable, autologous cardiovascular constructs with the potential to grow, repair, and 
remodel represents a promising new concept for cardiac surgery, especially for pediatric 
patients with congenital cardiac defects. Currently, vascular myofibroblast cells (VC) 
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and surgical therapies. As a result, ischemic rest pain suddenly disappeared from their 
affected extremities, the necrotic skin lesions were healed, the number and size of digital 
capillaries increased and peripheral circulation improved (Kim et al., 2006), indicating that 
human UCB-derived MSC transplantation may be a new and useful therapeutic tool for 
Buerger's disease and similar ischemic diseases.  

7.2 Metabolic diseases 
7.2.1 Diabetes mellitus 
In 2000 there were 150 million people in the world affected by diabetes mellitus (DM) and 
this number is estimated to double in 2025 (Zimmet et al., 2001 as cited in Fan et al., 2011). 
Moreover, in the US there are approximately, 15000 youth newly diagnosed with type 1 DM 
every year (Malgieri et al., 2010). Type 1 DM is the outcome of a cell-mediated autoimmune 
attack against pancreatic β-cells and the autoimmune response precedes the clinical 
diagnosis. When hyperglycaemia appears the autoimmune process is significantly advanced 
due to the fact that 70-80 % of the β-cell mass has been already damaged when the disease 
started (Couri & Voltarelli, 2008 as cited in Arien-Zakay et al., 2010). Therefore, besides tight 
control of blood glucose, self blood glucose monitoring and patient education, which have a 
significant role in the prevention of the development and retard the progression of chronic 
complication, β-cell mass preservation and/or increase are important targets in 
management of type 1 DM. Additionally, the replacement of a patient’s islets is the only 
treatment of type 1 DM that achieves an insulin-independent, constant normoglycaemic 
state and avoids hypoglycaemic episodes ( Bretzel et al., 1993 as cited in Fan et al., 2011). 
Recently, efforts have focused on the use of both autologous and allogenic stem cells as 
sources of new islets, and perhaps more surprisingly, as potential sources of safe and 
effective immunomodulation (Limbert et al., 2008). In vitro and in vivo studies have shown 
that hUCB-derived stem cells and CB-derived MSCs can differentiate into insulin-secreting 
β-cells (Reddi et al., 2010) expressing pancreatic β-cell markers and synthesizing and 
secreting functional islet proteins ( Gao et al., 2008; Parech et al., 2009 as cited in Arien-
Zakay et al., 2010). In the study by Wang et al. (2010) hMSCs from umbilical cord stroma 
were induced to differentiate into insulin-producing cells using differentiation medium. 
Pancreatic beta-cell development-related genes were expressed in the differentiated insulin-
producing cells. Differentiated cells' C-peptide release in vitro increased after glucose 
challenge. Further, in vivo glucose tolerance tests showed that blood sugar levels decreased 
following cells' transplantation into nonobese diabetic (NOD) mice (Wang et al., 2010). 
Another recently published research also showed that WJ- derived hUC-MSCs may be a 
promising source of cells of transplantable islet-like clusters (Chao et al., 2008 as cited in Fan 
et al., 2011). Besides differentiating fresh human UCB into insulin-secreting cells, Phuc et al. 
(2011) showed that also MSCs derived from banked cord blood (cryopreserved for 1 year) 
can be differentiated into functional pancreatic islet-like cells in vitro. These results suggest 
that if human MSCs, especially MSCs from banked cord blood of diabetes patients 
themselves can be isolated, proliferated, differentiated into functional pancreatic islet-like 
cells, and transplanted back into them (autologous transplantation), their high-proliferation 
potency and rejection avoidance will provide one promising therapy for diabetes (Phuc et 
al., 2011). Recent reports evidenced also that WJ derived-MSCs possess immunomodulatory 
activities (acting on both innate and acquired immunity effectors) which should reduce the 
immunogenicity of transplanted cells, thus decreasing rejection. Moreover it has been 
proposed that MSC administration should be used to alleviate the autoimmune processes 
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which lead to the destruction of beta cells (Anzalone et al., 2010). Besides reducing blood 
glucose levels and increasing survival in mouse models of type 1 and type 2 DM (Ende et 
al., 2004 as cited in Arien-Zakay et al., 2010), CB cell infusion was also proved to improve 
renal abnormalities and neuropathy caused by DM, suggesting a regenerative action in renal 
parenchyma and nerves (Ende et al. 2004; Naruse et al., 2005 as cited in Arien-Zakay et al., 
2010). Autologous hUCB-MSCs are currently being evaluated in a clinical trial to treat type 1 
DM in children (Haller et al., 2008). Moreover, autologous CB infusion in subjects with type 
1 DM has been proved not only safe but also efficient by Haller et al. One-year follow-up 
suggest that autologous CB transfusion is safe and provides some slowing of the loss of 
endogenous insulin production in the treated children. However, the lack of significant 
adverse events associated with the study seems to have been the most important result. 
Nevertheless, we need broader randomized studies as well as 2-year post-infusion follow-
up of this cohort to establish whether autologous CB-based approaches can be employed to 
decrease the endogenous insulin production in children with type 1 DM. This current study 
is still recruiting children with newly diagnosed type 1 DM, who also have their own CB 
deposited in a CB bank, for phase II trials. Consequently, the treatment of auto-immune 
type 1 and 2 DM may greatly benefit from the two positive effects of CB, namely its 
regenerative abilities and immunomodulatory function (Arien-Zakay et al., 2010).  

7.2.2 Hurler syndrome 
The mucopolysaccharidoses (MPSs) are inherited metabolic disorders (IMDs) caused by 
single-gene defects leading to progressive cellular accumulation of glycosaminoglycans 
(GAGs) and damage to multiple organs, including the central nervous, musculoskeletal or 
cardiorespiratory systems. Hurler syndrome, the most severe form, is the prototypical 
model. At present, while available for some conditions, exogenous enzyme replacement 
therapy is unable to correct cognitive and central nervous system disease because of its 
inability to cross the blood-brain barrier. In contrast, allogeneic HSC transplantation (HSCT) 
allows donor-derived, enzyme-producing cells to migrate to the brain and other organs to 
provide permanent enzyme therapy and thus help somatic organs, improve neurocognitive 
function and quality of life, and prolong survival, particularly when performed early in the 
course of the disease. HSCT may also mediate non-hematopoietic cell regeneration or repair. 
Bone marrow has been the graft source in the past. However, in the last 5 years many 
patients have been treated with unrelated donor (URD) UCBT, allowing rapid and increased 
access to transplantation with favorable outcomes (Prasad & Kurtzberg, 2010 a, 2010 b). 
Sustaining this, CB transplantations led to improved neurocognitive performance and 
decreased somatic features of Hurler’s syndrome (Staba et al., 2004 as cited in Arien-Zakay 
et al., 2010) and therefore it might be considered as a preferred source of cells for treatment 
of this disease, as recently suggested after risk factor analysis of patients from the European 
Group for Blood and Marrow Transplantation (EBMT) ( Boelens et al., 2007, 2009].    

7.3 Heart valve replacement 
Currently used replacements in cardiovascular surgery are made of foreign materials with 
well known disadvantages such as thrombo-embolic complications, infections, loss of 
functional and biological properties, and others. (Breymann et al., 2006). Tissue engineering 
of viable, autologous cardiovascular constructs with the potential to grow, repair, and 
remodel represents a promising new concept for cardiac surgery, especially for pediatric 
patients with congenital cardiac defects. Currently, vascular myofibroblast cells (VC) 
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represent an established cell source for the construction of cardiovascular tissue. Cell 
isolation requires the invasive harvesting of venous or arterial vessel segments before 
scaffold seeding, a technique that may not be preferable, particularly in pediatric patients. 
(Kadner et al., 2002). It has been increasingly shown that, considering their excellent growth 
properties and tissue formation with biomechanical properties approaching native tissue in 
vitro, hUC cells seem to represent a promising alternative autologous cell source for 
cardiovascular tissue engineering, offering the additional benefits of using juvenile cells and 
avoiding the invasive harvesting of intact vascular structure (Breymann et al., 2006). 
Hoerstrup et al. (2002) successfully constructed living, autologous pulmonary artery 
conduits tissue with hUC cells (Hoerstrup et al., 2002 as cited in Fan et al., 2011), while 
another group published their successful attempt in tissue engineering of autologous human 
heart valves using cryopreserved vascular umbilical cord cells (Sodian et al., 2006). These 
results show that establishing autologous human cell banks for pediatric patients diagnosed 
intrauterinely with congenital defects and likely to need heart valve replacement in the early 
years of life is of utmost importance (Sodian et al., 2006). Thus, tissue engineering of 
autologous heart valves with the potential to grow and to remodel is likely to become a 
fructuous idea. Sustaining these observations, more recently, the same authors described the 
successful use of cryopreserved umbilical cord blood-derived CD133(+) cells as a single cell 
source for the tissue engineering of viable human heart valves (Sodian et al., 2006).  

7.4 Neurological disorders 
7.4.1 Stroke 
Ischemic stroke with its immediate neurological injury due to interruption of blood flow to 
the brain, is a medical emergency of utmost severity: it can trigger severe functional defects 
in the brain, permanent neurological damage, complications and even death. If it is not 
quickly diagnosed and treated, it can turn the patient into a huge social and economic 
burden. The treatment of the stroke has been under constant research by several novel 
neuron-restorative approaches and it has become the main target for stem cell therapy. In 
this respect, a variety of stem cells are currently being studied in this research for best 
implant resource (Fan et al., 2011). 
The ability and safety of CB and derived cell populations to protect against neurological 
deficits was proved in vivo in a variety of injuries models. The first evidence of a therapeutic 
effect of hUCB came from an experiment where rat was used for middle cerebral artery (MCA) 
occlusion to induce ischemia. Intravenous administration of hUCB resulted in improved 
behavioral deficits after stroke in rats (Sanberg et al., 2005). In another recently study the 
researchers examined the effects of hUCB-MSCs in canine thromboembolic brain model 
(Chung et al., 2009). Cerebral ischemia was induced through occlusion of the MCA by injecting 
thrombus emboli into 10 beagles. Infarct volume decreased 1 day after hUCB- MSCs were 
transplanted through the basilar artery in canine cerebral ischemia whereas infarct volume 
was increased in the control groups (Chung et al., 2009). Transplanted hUCB-MSCs were 
differentiated into neurons and astrocytes in and around endothelial cells and expressed 
neuroprotective factors, such as brain-derived neurotrophic factor (BDNF) and VEGF, at 4 wk 
transplantation. Additionally, Jeong et al. reported that transplantation of hUCB- MSCs into 
contralateral regions of injured rat brain at 7 day after injury resulted in significant behavioral 
improvement and that PKH26-labelled hUCB- MSCs differentiated into neural cells at the 
injured site 4 wk after transplantation (Jeong et al., 2006 as cited in Kim et al., 2010). Similarly, 
Chen et al. (2001) demonstrated in a medial carotid artery occlusion model of stroke that upon 
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CB intravenous administration, many of the physical and behavioral deficits associated with 
this disease were improved (Chen et al., 2001 as cited in Arien-Zakay et al., 2010). These 
observations were further supported by other groups, monitoring the dependency of the 
conferred beneficial effects in the CB cell dose (Vendrame et al., 2004 as cited in Arien-Zakay et 
al., 2010) and the timing of transplantation after injury (Newcomb et al., 2006 as cited in Arien-
Zakay et al., 2010). As mechanisms, the observed beneficial effects afforded by CB therapies 
were suggested to include reduced inflammation (Vendrame et al., 2006 as cited in Arien-
Zakay et al., 2010), apoptotic protection and a combination of trophic actions and nerve fibre 
reorganization (Xiao et al., 2005 as cited in Arien-Zakay et al., 2010). This observation is 
suggested to be mediated via the release of growth and repair factors triggered by anoxia 
(Newman et al., 2006 as cited in Arien-Zakay et al., 2010) as was explored by Arien-Zakay et al. 
(2009) in vitro, who showed that CB-derived progenitors confer protection towards an insulted 
neuron by a mechanism involving the release of antioxidants and neurotrophic and angiogenic 
factors (Arien-Zakay et al., 2009). In another experiment approximately 1*106 clonally 
expanded hUCB-MSCs were transplanted into the cortex of MCA occlusion rat models. 
Consequently, significant improved neurological function as well as considerably increased 
cortical neuronal activity was observed. The transplanted hUCB-MSCs migrated towards the 
ischemic boundary zone and differentiated into glial, neuronal, doublecortin+, CXCR4+ and 
vascular endothelial cells. Moreover, hUCB-MSCs transplantation promoted the formation of 
new vessels to increase local cortical blood flow in the hemispheric and significantly increased 
expression of neurotrophic factors (Ding et al., 2006 as cited in Fan et al., 2011). It was 
hypothesized that modulation by stem cell-derived macrophage/microglial interactions and 
increased β1-integrin expression might enhance the angiogenic architecture as well as 
plasticity of the ischemic brain after the implantation of hUCB-MSCs (Ding et al., 2006 as cited 
in Fan et al., 2011). Koh et al. also noted improved neurobehavioral function, reduced infarct 
volume and increased nestin-positive endogenous stem cells in the hippocampus after 
transplantation of 6*105 hUCB-MSCs into the damaged hemisphere of immunosuppressed 
ischemic stroke rats (Koh et al., 2008 as cited in Fan et al., 2011), but only few transplanted 
MSCs expressed detectable levels of neuron-specific markers. The authors believed that 
improvement in behavioral function might be connected to the neuroprotective effects of 
hUCB-MSCs which resulted in increase of endogenous neurogenesis and reduction of infarct 
volume rather than the formation of new networks between host neurons and the implanted 
hUCB-MSCs (Koh et al., 2008 as cited in Fan et al., 2011). In agreement with these results, other 
investigators also observed that transplanted hUCB-MSCs survived for at least 5 weeks in the 
ischemic brain, significantly reduced injury volume and neurological functional deficits of the 
subjected rats, widely incorporated into cerebral vasculature with partly differentiation into 
endothelail cells, and substantially increased vascular density in ipsilateral hemisphere of 
stroke. It seems that angiogenesis can thus mediate the mechanism for neurological functional 
recovery after hUCB-MSCs transplantation (Liao et al., 2009 as cited in Fan et al., 2011) and 
that transplantation of hUCB-MSCs can be useful in clinical trials for ischemia. However, there 
are serious issues involved, such as the route of transplantation, type of injected cells (hUCB vs 
hUCB-MSCs) and timing of transplanatation when using stem cell therapy with hUCB-MSCs.            

7.4.2 Spinal cord injuries 
The consequences of spinal cord injury (SCI), one of the major disabilities which clinical 
rehabilitation settings face, are: loss of neurons, degeneration of axons, formation of glial 
scar, and severe functional impairment (Hu et al., 2010). It also involves many negative 
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represent an established cell source for the construction of cardiovascular tissue. Cell 
isolation requires the invasive harvesting of venous or arterial vessel segments before 
scaffold seeding, a technique that may not be preferable, particularly in pediatric patients. 
(Kadner et al., 2002). It has been increasingly shown that, considering their excellent growth 
properties and tissue formation with biomechanical properties approaching native tissue in 
vitro, hUC cells seem to represent a promising alternative autologous cell source for 
cardiovascular tissue engineering, offering the additional benefits of using juvenile cells and 
avoiding the invasive harvesting of intact vascular structure (Breymann et al., 2006). 
Hoerstrup et al. (2002) successfully constructed living, autologous pulmonary artery 
conduits tissue with hUC cells (Hoerstrup et al., 2002 as cited in Fan et al., 2011), while 
another group published their successful attempt in tissue engineering of autologous human 
heart valves using cryopreserved vascular umbilical cord cells (Sodian et al., 2006). These 
results show that establishing autologous human cell banks for pediatric patients diagnosed 
intrauterinely with congenital defects and likely to need heart valve replacement in the early 
years of life is of utmost importance (Sodian et al., 2006). Thus, tissue engineering of 
autologous heart valves with the potential to grow and to remodel is likely to become a 
fructuous idea. Sustaining these observations, more recently, the same authors described the 
successful use of cryopreserved umbilical cord blood-derived CD133(+) cells as a single cell 
source for the tissue engineering of viable human heart valves (Sodian et al., 2006).  

7.4 Neurological disorders 
7.4.1 Stroke 
Ischemic stroke with its immediate neurological injury due to interruption of blood flow to 
the brain, is a medical emergency of utmost severity: it can trigger severe functional defects 
in the brain, permanent neurological damage, complications and even death. If it is not 
quickly diagnosed and treated, it can turn the patient into a huge social and economic 
burden. The treatment of the stroke has been under constant research by several novel 
neuron-restorative approaches and it has become the main target for stem cell therapy. In 
this respect, a variety of stem cells are currently being studied in this research for best 
implant resource (Fan et al., 2011). 
The ability and safety of CB and derived cell populations to protect against neurological 
deficits was proved in vivo in a variety of injuries models. The first evidence of a therapeutic 
effect of hUCB came from an experiment where rat was used for middle cerebral artery (MCA) 
occlusion to induce ischemia. Intravenous administration of hUCB resulted in improved 
behavioral deficits after stroke in rats (Sanberg et al., 2005). In another recently study the 
researchers examined the effects of hUCB-MSCs in canine thromboembolic brain model 
(Chung et al., 2009). Cerebral ischemia was induced through occlusion of the MCA by injecting 
thrombus emboli into 10 beagles. Infarct volume decreased 1 day after hUCB- MSCs were 
transplanted through the basilar artery in canine cerebral ischemia whereas infarct volume 
was increased in the control groups (Chung et al., 2009). Transplanted hUCB-MSCs were 
differentiated into neurons and astrocytes in and around endothelial cells and expressed 
neuroprotective factors, such as brain-derived neurotrophic factor (BDNF) and VEGF, at 4 wk 
transplantation. Additionally, Jeong et al. reported that transplantation of hUCB- MSCs into 
contralateral regions of injured rat brain at 7 day after injury resulted in significant behavioral 
improvement and that PKH26-labelled hUCB- MSCs differentiated into neural cells at the 
injured site 4 wk after transplantation (Jeong et al., 2006 as cited in Kim et al., 2010). Similarly, 
Chen et al. (2001) demonstrated in a medial carotid artery occlusion model of stroke that upon 
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CB intravenous administration, many of the physical and behavioral deficits associated with 
this disease were improved (Chen et al., 2001 as cited in Arien-Zakay et al., 2010). These 
observations were further supported by other groups, monitoring the dependency of the 
conferred beneficial effects in the CB cell dose (Vendrame et al., 2004 as cited in Arien-Zakay et 
al., 2010) and the timing of transplantation after injury (Newcomb et al., 2006 as cited in Arien-
Zakay et al., 2010). As mechanisms, the observed beneficial effects afforded by CB therapies 
were suggested to include reduced inflammation (Vendrame et al., 2006 as cited in Arien-
Zakay et al., 2010), apoptotic protection and a combination of trophic actions and nerve fibre 
reorganization (Xiao et al., 2005 as cited in Arien-Zakay et al., 2010). This observation is 
suggested to be mediated via the release of growth and repair factors triggered by anoxia 
(Newman et al., 2006 as cited in Arien-Zakay et al., 2010) as was explored by Arien-Zakay et al. 
(2009) in vitro, who showed that CB-derived progenitors confer protection towards an insulted 
neuron by a mechanism involving the release of antioxidants and neurotrophic and angiogenic 
factors (Arien-Zakay et al., 2009). In another experiment approximately 1*106 clonally 
expanded hUCB-MSCs were transplanted into the cortex of MCA occlusion rat models. 
Consequently, significant improved neurological function as well as considerably increased 
cortical neuronal activity was observed. The transplanted hUCB-MSCs migrated towards the 
ischemic boundary zone and differentiated into glial, neuronal, doublecortin+, CXCR4+ and 
vascular endothelial cells. Moreover, hUCB-MSCs transplantation promoted the formation of 
new vessels to increase local cortical blood flow in the hemispheric and significantly increased 
expression of neurotrophic factors (Ding et al., 2006 as cited in Fan et al., 2011). It was 
hypothesized that modulation by stem cell-derived macrophage/microglial interactions and 
increased β1-integrin expression might enhance the angiogenic architecture as well as 
plasticity of the ischemic brain after the implantation of hUCB-MSCs (Ding et al., 2006 as cited 
in Fan et al., 2011). Koh et al. also noted improved neurobehavioral function, reduced infarct 
volume and increased nestin-positive endogenous stem cells in the hippocampus after 
transplantation of 6*105 hUCB-MSCs into the damaged hemisphere of immunosuppressed 
ischemic stroke rats (Koh et al., 2008 as cited in Fan et al., 2011), but only few transplanted 
MSCs expressed detectable levels of neuron-specific markers. The authors believed that 
improvement in behavioral function might be connected to the neuroprotective effects of 
hUCB-MSCs which resulted in increase of endogenous neurogenesis and reduction of infarct 
volume rather than the formation of new networks between host neurons and the implanted 
hUCB-MSCs (Koh et al., 2008 as cited in Fan et al., 2011). In agreement with these results, other 
investigators also observed that transplanted hUCB-MSCs survived for at least 5 weeks in the 
ischemic brain, significantly reduced injury volume and neurological functional deficits of the 
subjected rats, widely incorporated into cerebral vasculature with partly differentiation into 
endothelail cells, and substantially increased vascular density in ipsilateral hemisphere of 
stroke. It seems that angiogenesis can thus mediate the mechanism for neurological functional 
recovery after hUCB-MSCs transplantation (Liao et al., 2009 as cited in Fan et al., 2011) and 
that transplantation of hUCB-MSCs can be useful in clinical trials for ischemia. However, there 
are serious issues involved, such as the route of transplantation, type of injected cells (hUCB vs 
hUCB-MSCs) and timing of transplanatation when using stem cell therapy with hUCB-MSCs.            

7.4.2 Spinal cord injuries 
The consequences of spinal cord injury (SCI), one of the major disabilities which clinical 
rehabilitation settings face, are: loss of neurons, degeneration of axons, formation of glial 
scar, and severe functional impairment (Hu et al., 2010). It also involves many negative 
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factors in that the patients suffer from motor and sensory impairments as well as many 
other complications during their lifetimes. The restoration of damaged spinal cords has been 
under many clinical trials during the last two decades but the pharmacological therapies 
used in clinical settings are few and have limited effects on the regeneration, recovery speed, 
or retraining of the spinal cord (Hyun & Kim, 2010). Due to their ability to differentiate into 
neural cell lines replacing non functional tissue, stem cells have attracted the interest of 
researches. Efforts have been made to establish new synapses and provide a conducive 
environment. This involved grafting cells from autologous and fetal sources; including 
embryonic or adult stem cells, Schwann cells, genetically modified fibroblasts, bone stromal 
cells, and olfactory ensheathing cells and combinations/ variants thereof (Sobani et al., 2010) 
as well as umbilical cord blood cells (Zhao et al., 2004 as cited in Fan et al., 2011). The 
potential of transplanted CB and derived populations for the treatment of SCI is under 
investigation because of their advantages in comparison with other stem cell sources. It was 
reported that the result of the transplantation of both CB whole fraction and derived CD34 
cells was the localization of these cells around the site of injury and improved functional 
recovery (Nishio et al., 2006; Saporta et al., 2003 as cited in Arien-Zakay et al., 2010). 
Furthermore, the transplantation of hCB in a spinal cord-injured female patient was 
associated with improved sensory perception and mobility, both morphologically and 
functionally and regeneration of the spinal cord at the injured site and some of the cauda 
equine below it, as shown by computed tomography (CT) and magnetic resonance imaging 
(MRI) (Kang et al., 2005 as cited in Arien-Zakay et al., 2010). Kuh et al. studied the effects of 
transplanted HUCBs ± BDNF on moderate degree spinal cord injured rats. The HUCBs 
transplanted group improved, more than the control group at every week after 
transplantation, and also, the BDNF enabled an improvement of the Basso, Beattie and 
Bresnahan (BBB) locomotion scores since the 1 week after its application. 8 weeks after 
transplantation, the HUCBs with BDNF transplanted group had more greatly improved BBB 
scores, than the other groups.  Additionally, the transplanted HUCBs were differentiated 
into various neural cells. The HUCBs and BDNF each have individual positive effects on 
axonal regeneration. The HUCBs can differentiate into neural cells and induce motor 
function improvement in the cord injured rat models. Especially, the BDNF has effectiveness 
for neurological function improvement due to axonal regeneration in the early cord injury 
stage. The authors concluded that the HUCBs and BDNF have recovery effects of a 
moderate degree for cord injured rats (Kuh et al., 2005). Phase I/II clinical trials are in 
progress in the China Spinal Cord Injury Network (http://www.clinicaltrials.gov), aiming 
to determine the feasibility, safety, efficacy and optimal dose of CB mononuclear cell 
transplantation as a method to treat patients with chronic SCI (Arien-Zakay et al., 2010). Due 
to their high ability to differentiate into nerve like cells hUCB-MSCs hold great promise as 
tools for understanding development and as therapeutic agents for spinal cord injury. 
Transplantation of hUCB-MSCs into the injured spinal cord may have the following 
functions-: compensation for demyelination; removal of inhibition; promotion of axonal 
regeneration; direction of axons to appropriate targets and lost cells replacement  (Malgieri 
et al., 2010). A promising research reported by Yang et al. (Yang et al., 2008 as cited in Fan et 
al., 2011) provided evidence that transplantation of WJ-derived hUC-MSCs was an effective 
strategy to promote the regeneration of corticospinal fibers and locomotor recovery after 
spinal cord transaction in the rat. The results were as follows: several weeks after 
transplantation of hUC-MSCs, significant improvements in locomotion and fewer astrocytes 
in the lesion site, activated microglia in rostral and caudal stumps of the lesion as well as 

 
Human Cord Blood-Derived Stem Cells in Transplantation and Regenerative Medicine 

 

39 

increased numbers of regenerated axons in the corticospinal tract and neurofilament –
positive fibers around the lesion site were observed as compared with the control group 
(Yang et al., 2008 as cited in Fan et al., 2011). Moreover, transplanted hUC-MSCs survived as 
long as 16 weeks, migrated from the implantation site for about 1.5 mm in the caudal 
direction of the rostrocaudal axis and produced large amounts of human neutrophil-
activating protein-2, neurotrophin-3 ( NT-3), bFGF and VEGF receptor 3 in the host spinal 
cord, which may help spinal cord repair (Yang et al., 2008 as cited in Fan et al., 2011). The 
regeneration of several corticospinal axons after transplantation of hUC-MSCs is likely to be 
sustained by the release of more cytokines or growth factors from the undifferentiated stem 
cells rather than differentiation of these cells into neuronal or glial cells. The authors also 
believe that the implanted hUC-MSCs are able to modulate the activities of microglia and 
reactive astrocytes (Yang et al., 2008 as cited in Fan et al., 2011). In tight connection with this, 
Zhang et al. (2009) noted that in the case of WJ cells-derived neurospheres transplanted in 
combination with BDNF into transected spinal cord rats, the number of survivor grafted 
cells was very small while BBB scores and axonal regeneration significantly increased and 
reduced cavitations were noticed. These results might be explained through the axonal 
regeneration and neuroprotective action activated by the grafted cells (Zhang et al., 2009 as 
cited in Fan et al., 2011). In another recent study, the treatment with hUC-MSCs proved to 
facilitate functional recovery of hindlimb locomotor function after traumatic spinal cord 
injury in rats, at 5 wks after transplantation. This recovery was accompanied by increased 
length of neurofilament-positive fibers and increased numbers of growth cone-like 
structures around the lesion site. Transplanted hUC-MSCs survived, migrated over short 
distances, and produced large amounts of glial cell line-derived neurotrophic factor and 
neurotrophin-3 in the host spinal cord. There were fewer reactive astrocytes in both the 
rostral and caudal stumps of the spinal cord in the hUC-MSCs group than in the control 
group (Hu et al., 2010). Mesenchymal stem cells can also differentiate into Schwann-like 
cells. Yan-Wu et al. (2011) induced hUC-MSCs in vitro into neurospheres constituted by 
neural stem-like cells, and further into cells bearing strong morphological, phenotypic and 
functional resemblances with Schwann-like cells. These HUMSC-derived Schwann-like cells, 
after grafting into the injured area of the rats' SCI, had a partial therapeutic effect in terms of 
improving the motor function. Furthermore, significant improvement in rats treated by 
Schwann-like cell grafting combined with NT-3 administration was demonstrated in the 
behavioral test as compared with that in animal models received the cell grafting only, 
suggesting that this combined administration may represent a new strategy of stem cell 
therapy for spinal cord injury (Yan-Wu et al., 2011). Taking into account these encouraging 
pre-clinical and clinical trials, reporting improvement of neurological deficits together with 
the increasing amount of data on the differentiation of CB-populations into a variety of 
neuronal phenotypes it may be assumed that CB will become an important factor for 
treatment of neurological illnesses.  

7.4.3 Parkinson’s disease 
Several studies also investigated the CB therapeutic potential in neurodegenerative diseases, 
including Parkinson’s disease (PD), Alzheimer’s disease and amyotrophic lateral sclerosis. 
PD is a neurodegenerative disorder characterized by the progressive loss of striatal 
dopaminergic function. To date, a variety of stem cells have been explored to find a 
promising therapy for this unsatisfactorily treated disease in clinical settings (Yasuhara & 
Date, 2007 as cited in Fan et al., 2011). Fu et al. (2006) showed that in vitro  hUC-derived 
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factors in that the patients suffer from motor and sensory impairments as well as many 
other complications during their lifetimes. The restoration of damaged spinal cords has been 
under many clinical trials during the last two decades but the pharmacological therapies 
used in clinical settings are few and have limited effects on the regeneration, recovery speed, 
or retraining of the spinal cord (Hyun & Kim, 2010). Due to their ability to differentiate into 
neural cell lines replacing non functional tissue, stem cells have attracted the interest of 
researches. Efforts have been made to establish new synapses and provide a conducive 
environment. This involved grafting cells from autologous and fetal sources; including 
embryonic or adult stem cells, Schwann cells, genetically modified fibroblasts, bone stromal 
cells, and olfactory ensheathing cells and combinations/ variants thereof (Sobani et al., 2010) 
as well as umbilical cord blood cells (Zhao et al., 2004 as cited in Fan et al., 2011). The 
potential of transplanted CB and derived populations for the treatment of SCI is under 
investigation because of their advantages in comparison with other stem cell sources. It was 
reported that the result of the transplantation of both CB whole fraction and derived CD34 
cells was the localization of these cells around the site of injury and improved functional 
recovery (Nishio et al., 2006; Saporta et al., 2003 as cited in Arien-Zakay et al., 2010). 
Furthermore, the transplantation of hCB in a spinal cord-injured female patient was 
associated with improved sensory perception and mobility, both morphologically and 
functionally and regeneration of the spinal cord at the injured site and some of the cauda 
equine below it, as shown by computed tomography (CT) and magnetic resonance imaging 
(MRI) (Kang et al., 2005 as cited in Arien-Zakay et al., 2010). Kuh et al. studied the effects of 
transplanted HUCBs ± BDNF on moderate degree spinal cord injured rats. The HUCBs 
transplanted group improved, more than the control group at every week after 
transplantation, and also, the BDNF enabled an improvement of the Basso, Beattie and 
Bresnahan (BBB) locomotion scores since the 1 week after its application. 8 weeks after 
transplantation, the HUCBs with BDNF transplanted group had more greatly improved BBB 
scores, than the other groups.  Additionally, the transplanted HUCBs were differentiated 
into various neural cells. The HUCBs and BDNF each have individual positive effects on 
axonal regeneration. The HUCBs can differentiate into neural cells and induce motor 
function improvement in the cord injured rat models. Especially, the BDNF has effectiveness 
for neurological function improvement due to axonal regeneration in the early cord injury 
stage. The authors concluded that the HUCBs and BDNF have recovery effects of a 
moderate degree for cord injured rats (Kuh et al., 2005). Phase I/II clinical trials are in 
progress in the China Spinal Cord Injury Network (http://www.clinicaltrials.gov), aiming 
to determine the feasibility, safety, efficacy and optimal dose of CB mononuclear cell 
transplantation as a method to treat patients with chronic SCI (Arien-Zakay et al., 2010). Due 
to their high ability to differentiate into nerve like cells hUCB-MSCs hold great promise as 
tools for understanding development and as therapeutic agents for spinal cord injury. 
Transplantation of hUCB-MSCs into the injured spinal cord may have the following 
functions-: compensation for demyelination; removal of inhibition; promotion of axonal 
regeneration; direction of axons to appropriate targets and lost cells replacement  (Malgieri 
et al., 2010). A promising research reported by Yang et al. (Yang et al., 2008 as cited in Fan et 
al., 2011) provided evidence that transplantation of WJ-derived hUC-MSCs was an effective 
strategy to promote the regeneration of corticospinal fibers and locomotor recovery after 
spinal cord transaction in the rat. The results were as follows: several weeks after 
transplantation of hUC-MSCs, significant improvements in locomotion and fewer astrocytes 
in the lesion site, activated microglia in rostral and caudal stumps of the lesion as well as 
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increased numbers of regenerated axons in the corticospinal tract and neurofilament –
positive fibers around the lesion site were observed as compared with the control group 
(Yang et al., 2008 as cited in Fan et al., 2011). Moreover, transplanted hUC-MSCs survived as 
long as 16 weeks, migrated from the implantation site for about 1.5 mm in the caudal 
direction of the rostrocaudal axis and produced large amounts of human neutrophil-
activating protein-2, neurotrophin-3 ( NT-3), bFGF and VEGF receptor 3 in the host spinal 
cord, which may help spinal cord repair (Yang et al., 2008 as cited in Fan et al., 2011). The 
regeneration of several corticospinal axons after transplantation of hUC-MSCs is likely to be 
sustained by the release of more cytokines or growth factors from the undifferentiated stem 
cells rather than differentiation of these cells into neuronal or glial cells. The authors also 
believe that the implanted hUC-MSCs are able to modulate the activities of microglia and 
reactive astrocytes (Yang et al., 2008 as cited in Fan et al., 2011). In tight connection with this, 
Zhang et al. (2009) noted that in the case of WJ cells-derived neurospheres transplanted in 
combination with BDNF into transected spinal cord rats, the number of survivor grafted 
cells was very small while BBB scores and axonal regeneration significantly increased and 
reduced cavitations were noticed. These results might be explained through the axonal 
regeneration and neuroprotective action activated by the grafted cells (Zhang et al., 2009 as 
cited in Fan et al., 2011). In another recent study, the treatment with hUC-MSCs proved to 
facilitate functional recovery of hindlimb locomotor function after traumatic spinal cord 
injury in rats, at 5 wks after transplantation. This recovery was accompanied by increased 
length of neurofilament-positive fibers and increased numbers of growth cone-like 
structures around the lesion site. Transplanted hUC-MSCs survived, migrated over short 
distances, and produced large amounts of glial cell line-derived neurotrophic factor and 
neurotrophin-3 in the host spinal cord. There were fewer reactive astrocytes in both the 
rostral and caudal stumps of the spinal cord in the hUC-MSCs group than in the control 
group (Hu et al., 2010). Mesenchymal stem cells can also differentiate into Schwann-like 
cells. Yan-Wu et al. (2011) induced hUC-MSCs in vitro into neurospheres constituted by 
neural stem-like cells, and further into cells bearing strong morphological, phenotypic and 
functional resemblances with Schwann-like cells. These HUMSC-derived Schwann-like cells, 
after grafting into the injured area of the rats' SCI, had a partial therapeutic effect in terms of 
improving the motor function. Furthermore, significant improvement in rats treated by 
Schwann-like cell grafting combined with NT-3 administration was demonstrated in the 
behavioral test as compared with that in animal models received the cell grafting only, 
suggesting that this combined administration may represent a new strategy of stem cell 
therapy for spinal cord injury (Yan-Wu et al., 2011). Taking into account these encouraging 
pre-clinical and clinical trials, reporting improvement of neurological deficits together with 
the increasing amount of data on the differentiation of CB-populations into a variety of 
neuronal phenotypes it may be assumed that CB will become an important factor for 
treatment of neurological illnesses.  

7.4.3 Parkinson’s disease 
Several studies also investigated the CB therapeutic potential in neurodegenerative diseases, 
including Parkinson’s disease (PD), Alzheimer’s disease and amyotrophic lateral sclerosis. 
PD is a neurodegenerative disorder characterized by the progressive loss of striatal 
dopaminergic function. To date, a variety of stem cells have been explored to find a 
promising therapy for this unsatisfactorily treated disease in clinical settings (Yasuhara & 
Date, 2007 as cited in Fan et al., 2011). Fu et al. (2006) showed that in vitro  hUC-derived 
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MSCs transformed into dopaminergic neurons expressing the rate-limiting 
catecholaminergic synthesizing enzyme, thyrosine hydroxylase and releasing dopamine into 
the medium (Fu et al., 2006). Transplantation of these dopaminergic neurons into the 
striatum of Parkinsonian rats could partially relieve the lesion-induced amphetamine-
evoked rotation, indicating an amelioration of motor deficits. Similar results were 
demonstrated by Weiss et al. (2006), who also treated rat models affected by PD with hUC-
MSCs. The transplantation of approximately 1,000 undifferentiated  hUC-MSCs into 
striatum of hemiparkinsonian rats without immune suppression produced an amelioration 
in apomorphine-induced rotations in the pilot test without evidence of formation of brain 
tumors as well as a frank host immune rejection response. The hUC-MSCs produced 
significant amounts of glial cell line-derived neurotrophic factor (GDNF), one of the most 
potent trophic factors for dopaminergic  neurons and FGF (Weiss et al., 2006 as cited in 
Arien-Zakay et al., 2010). More importantly, the TH-positive DA neurons in the substantia 
nigra (SN) and ventral tegmental area (VTA) showed a valid correlation between the 
number of cells and the number of apomorphine-induced rotations. Therefore, the 
behavioral recovery of PD model animals may contribute to rescue of the degenerating DA 
neurons in the SN and VTA (Weiss et al., 2006 as cited in Arien-Zakay et al., 2010). It 
appears that Li et al. (2010) are the first who described the induction of human umbilical 
vein mesenchymal stem cells (HUVMSCs) into dopaminergic-like cells. In their study, 
HUVMSCs were induced in vitro into neurospheres constituted by neural stem-like cells, 
and further into cells bearing strong morphological, phenotypic and functional 
resemblances with dopaminergic-like cells. These HUVMSC-derived dopaminergic-like 
cells, after grafting into the brain of a rat model of PD, showed a partial therapeutic effect in 
terms of the behavioral improvement. Moreover, nerve growth factor (NGF) administration 
significantly promoted the survival of the grafted cells in the host brain and enhanced the 
content of dopaminergic in the local brain tissue and behavioral test demonstrated a 
significant improvement of the motor function of the PD rats after dopaminergic-like cell 
grafting with NGF administration as compared with that of rats receiving the cell grafting 
only, which might indicate this combination as a good and new strategy of stem cell therapy 
for PD (Li et al., 2010).          

7.4.4 Amyotrophic Lateral Sclerosis (ALS) 
Stem-cell transplantation is an attractive strategy for neurological diseases and early 
successes in animal models of neurodegnerative disease generated optimism about restoring 
function or delaying degeneration in human beings (Silani et al., 2004). Considering the lack 
of effective drug treatments for amyotrophic lateral sclerosis (ALS), and compelling 
preclinical data, stem-cell research has highlighted this disease as a candidate for stem-cell 
treatment. In a mouse model of ALS, CB cells transplantation resulted with delayed disease 
progression and improved survival of diseased mice, while the transplanted cells survived 
10-12 weeks after infusion entering regions of motor neuron degeneration in the brain and 
spinal cord (Garbuzova-Davis et al., 2003 as cited in Arien-Zakay et al., 2010), as monitored 
according to transplanted cell dose (Garbuzova-Davis et al., 2008 as cited in Arien-Zakay et 
al., 2010). ALS may also benefit from combined gene/stem-cell approaches. In the study by 
Rizvanov et al. (2011), mononuclear fraction of hUCBCs were transfected by electroporation 
with dual plasmid constructs, simultaneously expressing VEGF(165) and human fibroblast 
growth factor 2 (FGF(2)) (pBud-VEGF-FGF(2)). These genetically modified hUCBCs were 
injected retro-orbitally into presymptomatic ALS transgenic animal models ((G)93(A) mice). 
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The report results demonstrated that genetically naïve hUCBCs may differentiate into 
endothelial (CD34+) and microglial (iba1+) cells; however when over-expressing VEGF-
FGF(2), hUCBCs transform into astrocytes (S100+). Autocrine regulation of VEGF and 
FGF(2) on hUCBCs, signal molecules from dying motor neurons in spinal cord, as well as 
self-differentiating potential may provide a unique microenvironment for the 
transformation of hUCBCs into astrocytes that eventually serve as a source of growth factors 
to increase the survive potential of surrounding cells in the diseased regions (Rizvanov et 
al., 2011).  

7.4.5 Alzheimer’s disease 
Alzheimer's disease (AD) is a proeminent neurodegenerative disease, marked clinically by 
insidious dementia.  The neuropathological hallmarks of AD include the presence of 
extracellular amyloid-beta peptide (Abeta) in the form of amyloid plaques in the brain 
parenchyma and neuronal loss. The mechanism associated with neuronal death by amyloid 
plaques is unclear but oxidative stress, glial activation and inflammatory changes have been 
implicated (Lee et al., 2010a, 2010b). The umbilical cord blood stem cells have been studied 
also in AD and they were shown to markedly diminish the beta-amyloid plaques and 
associated astrocytosis in an AD mouse model (Nikolic et al., 2008 as cited in Arien-Zakay et 
al., 2010). In addition, two very recent studies have demonstrated that hUCB-MSCs can be 
an efficient potential therapeutic agent in AD.  Therefore, transplanted  hUCB-MSC  into 
amyloid precursor protein (APP) and presenilin1 (PS1) double-transgenic mice significantly 
improved spatial learning and memory decline and dramatically reduced amyloid-beta 
peptide (Abeta) deposition, beta-secretase 1 (BACE-1) levels and tau hyperphosphorylation. 
Interestingly, these effects were associated with reversal of disease-associated microglial 
neuroinflammation, as evidenced by decreased microglia-induced proinflammatory 
cytokines, elevated alternatively activated microglia, and increased anti-inflammatory 
cytokines. These results lead us to suggest that hUCB-MSC produced their sustained 
neuroprotective effect by inducing a feed-forward loop involving alternative activation of 
microglial neuroinflammation, thereby ameliorating disease pathophysiology and reversing 
the cognitive decline associated with Abeta deposition in AD mice (Lee et al., 2010 a). 
Moreover, the same authors examined in vitro the potential impact of hUCB-MSCs 
treatment on neuronal loss using a paradigm of cultured hippocampal neurons treated with 
Abeta, confirming that hUCB-MSCs co-culture reduced the hippocampal apoptosis induced 
by Abeta treatment. Furthermore, in an acute AD mouse model to directly test the efficacy 
of hUCB-MSCs treatment on AD-related cognitive and neuropathological outcomes, they 
shown that markers of glial activation, oxidative stress and apoptosis levels were decreased 
in AD mouse brain. Interestingly, hUCB-MSCs treated AD mice demonstrated cognitive 
rescue with restoration of learning/memory function (Lee et al., 2010 b). 

7.4.6 Infantile cerebral paresis and other cerebral impairments 
Traumatic brain injury is also a potential target for treatment using CB cells as it was first 
described by Lu et al. (2002) in a rat model. The transplanted cells migrated into the site of 
brain lesion and a decrease of neurological damage was documented (Lu et al. 2002 as cited 
in Arien-Zakay et al., 2010).  Moreover, brain damage around birth may trigger lifelong 
neurodevelopmental deficits and cerebral palsy is estimated to affect 10 000 infants 
annually. Brain damage of the hypoxic-ischemic kind around birth is also treatable with CB 
cells. Using brain-damaged neonatal rats, Meyer et al. (2006) observed that the neurological 
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MSCs transformed into dopaminergic neurons expressing the rate-limiting 
catecholaminergic synthesizing enzyme, thyrosine hydroxylase and releasing dopamine into 
the medium (Fu et al., 2006). Transplantation of these dopaminergic neurons into the 
striatum of Parkinsonian rats could partially relieve the lesion-induced amphetamine-
evoked rotation, indicating an amelioration of motor deficits. Similar results were 
demonstrated by Weiss et al. (2006), who also treated rat models affected by PD with hUC-
MSCs. The transplantation of approximately 1,000 undifferentiated  hUC-MSCs into 
striatum of hemiparkinsonian rats without immune suppression produced an amelioration 
in apomorphine-induced rotations in the pilot test without evidence of formation of brain 
tumors as well as a frank host immune rejection response. The hUC-MSCs produced 
significant amounts of glial cell line-derived neurotrophic factor (GDNF), one of the most 
potent trophic factors for dopaminergic  neurons and FGF (Weiss et al., 2006 as cited in 
Arien-Zakay et al., 2010). More importantly, the TH-positive DA neurons in the substantia 
nigra (SN) and ventral tegmental area (VTA) showed a valid correlation between the 
number of cells and the number of apomorphine-induced rotations. Therefore, the 
behavioral recovery of PD model animals may contribute to rescue of the degenerating DA 
neurons in the SN and VTA (Weiss et al., 2006 as cited in Arien-Zakay et al., 2010). It 
appears that Li et al. (2010) are the first who described the induction of human umbilical 
vein mesenchymal stem cells (HUVMSCs) into dopaminergic-like cells. In their study, 
HUVMSCs were induced in vitro into neurospheres constituted by neural stem-like cells, 
and further into cells bearing strong morphological, phenotypic and functional 
resemblances with dopaminergic-like cells. These HUVMSC-derived dopaminergic-like 
cells, after grafting into the brain of a rat model of PD, showed a partial therapeutic effect in 
terms of the behavioral improvement. Moreover, nerve growth factor (NGF) administration 
significantly promoted the survival of the grafted cells in the host brain and enhanced the 
content of dopaminergic in the local brain tissue and behavioral test demonstrated a 
significant improvement of the motor function of the PD rats after dopaminergic-like cell 
grafting with NGF administration as compared with that of rats receiving the cell grafting 
only, which might indicate this combination as a good and new strategy of stem cell therapy 
for PD (Li et al., 2010).          

7.4.4 Amyotrophic Lateral Sclerosis (ALS) 
Stem-cell transplantation is an attractive strategy for neurological diseases and early 
successes in animal models of neurodegnerative disease generated optimism about restoring 
function or delaying degeneration in human beings (Silani et al., 2004). Considering the lack 
of effective drug treatments for amyotrophic lateral sclerosis (ALS), and compelling 
preclinical data, stem-cell research has highlighted this disease as a candidate for stem-cell 
treatment. In a mouse model of ALS, CB cells transplantation resulted with delayed disease 
progression and improved survival of diseased mice, while the transplanted cells survived 
10-12 weeks after infusion entering regions of motor neuron degeneration in the brain and 
spinal cord (Garbuzova-Davis et al., 2003 as cited in Arien-Zakay et al., 2010), as monitored 
according to transplanted cell dose (Garbuzova-Davis et al., 2008 as cited in Arien-Zakay et 
al., 2010). ALS may also benefit from combined gene/stem-cell approaches. In the study by 
Rizvanov et al. (2011), mononuclear fraction of hUCBCs were transfected by electroporation 
with dual plasmid constructs, simultaneously expressing VEGF(165) and human fibroblast 
growth factor 2 (FGF(2)) (pBud-VEGF-FGF(2)). These genetically modified hUCBCs were 
injected retro-orbitally into presymptomatic ALS transgenic animal models ((G)93(A) mice). 
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The report results demonstrated that genetically naïve hUCBCs may differentiate into 
endothelial (CD34+) and microglial (iba1+) cells; however when over-expressing VEGF-
FGF(2), hUCBCs transform into astrocytes (S100+). Autocrine regulation of VEGF and 
FGF(2) on hUCBCs, signal molecules from dying motor neurons in spinal cord, as well as 
self-differentiating potential may provide a unique microenvironment for the 
transformation of hUCBCs into astrocytes that eventually serve as a source of growth factors 
to increase the survive potential of surrounding cells in the diseased regions (Rizvanov et 
al., 2011).  

7.4.5 Alzheimer’s disease 
Alzheimer's disease (AD) is a proeminent neurodegenerative disease, marked clinically by 
insidious dementia.  The neuropathological hallmarks of AD include the presence of 
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described by Lu et al. (2002) in a rat model. The transplanted cells migrated into the site of 
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effects of cerebral palsy were corrected- spastic paresis was largely alleviated and CB 
mononuclear cells were incorporated in the lesion brain area without obvious signs of 
transdifferentiation (Meyer et al., 2006 as cited in Arien-Zakay et al., 2010). The feasibility of 
CB collection, preparation and autologous infusion in babies born with signs of brain injury 
is now being tested in a pilot study conducted by Duke University 
(http://www.clinicaltrials.gov) (Arien-Zakay et al., 2010).     

7.5 Hemoglobinopathies. Fanconi anemia 
Allogeneic stem cell transplantation is the only curative option for patients with hereditary 
bone marrow failure syndromes. But because nearly two-thirds of patients requiring HSCT 
will not have a suitable related donor, the applicability of HSCT to larger numbers of 
patients has been augmented with the increasing availability of unrelated donors. Presently, 
alternative HSC sources include unrelated donor (URD) bone marrow (BM) or peripheral 
blood stem cells (PBSC) and unrelated donor umbilical cord blood (UCB). While URD BM 
and PBSC transplants have a proven track record of success, the search process takes 3-4 
months, which is often longer than patients with high risk disease can wait. Despite nearly 
13 million registered volunteer donors worldwide, nearly half of patients still do not have a 
closely HLA-matched donor. The applicability of HSCT markedly expanded with the 
introduction of UCBT, particularly for racial and ethnic minorities (Smith & Wagner, 2009). 
The first related donor UCBT was performed in 1988 (Gluckman et al., 1989 as cited in 
Barker & Wagner, 2003) and the first URD UCBT in 1993. Since those first reports, it has 
become clear that UCB is a safe and effective source of HSC for transplant. Moreover, the 
demonstration that hematopoiesis could be reliably reconstituted after myeloablative 
conditioning prompted the development of repositories of banked, HLA-typed UCB. With 
approximately 350,000 units banked worldwide (http://www.bmdw.org), the addition of 
UCB to the available stem cell sources makes it possible for nearly everyone who requires an 
HSCT to have a suitable donor available (Smith & Wagner, 2009). Sustaining this, a very 
recent multicenter, retrospective study, based on data reported to the Eurocord Registry 
about patients with hereditary bone marrow failure syndrome (other than Fanconi anemia) 
who underwent umbilical cord blood transplantation showed that related UCBT is 
associated with excellent outcomes while increasing cell dose and better HLA matching 
might provide better results in unrelated UCBT (Bizzeto et al., 2011).  
Fanconi anemia (FA) is a rare autosomal recessive disease characterized by excessive 
chromosomal breakage, congenital abnormalities, progressive bone marrow failure and a 
predisposition to leukemia and epithelial malignancies (Smith AR & Wagner JE, 2009). The 
hematopoietic stem cell transplantation is the only curative treatment of this disease 
(Bielorai et al., 2004).  
The first CB transplant was performed in 1988 in a patient with Fanconi anemia. The donor 
was his HLA-identical sister who was known by pre-natal diagnosis to be HLA identical 
and not affected by the Fanconi mutation. To date, there have been no formal comparisons 
between the alternative donor sources. As with hemoglobinopathies, URD transplant 
remains the gold standard until retrospective or prospective comparative trials can be 
performed. However, for patients who do not have an HLA-matched donor or who cannot 
wait the time it takes to complete a donor search, UCB is a reasonable alternative (Smith & 
Wagner, 2009). 
More comparative studies are needed before definitive conclusions can be made in 
nonmalignant diseases, but the available data indicate UCB as a feasible alternative HSC 
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source in most patient populations. In general, though, 8/8 HLA-matched BM remains the 
‘gold standard’ for alternative donor HSCT, but UCB should be considered a reasonable 
option in those that do not have such a donor available and for those in whom the time to 
transplant is critical, such that waiting for an URD BM would not be in the best interest of 
the patient. Current practice has been to select the UCB unit that is 0-2 HLA antigen-
mismatched with the patient with the highest cell dose. Further efforts focused on 
increasing the number, HLA diversity and quality of stored UCB units as well as addressing 
cell dose limitations using strategies, such as double UCB transplant and ex vivo expansion 
of a single unit are needed to continue to advance the field of UCBT (Barker & Wagner, 
2003; Smith &Wagner, 2009). 

7.6 Hematological malignancies 
Hematological malignancy is the most common indication for allogeneic HSCT in both 
children and adults. The choice of HSC source depends on both patient and disease 
characteristics and the urgency of the transplant. Because of the rapid availability of units, 
UCB is a particularly attractive option (Smith & Wagner, 2009). 

7.6.1 In children 
Infant leukemia is a particularly challenging form of leukemia to treat and the decision of 
whether to treat with intensive chemotherapy or to proceed with URD transplant when a 
suitable related donor is not available is a difficult one. 
On behalf of the Center for International Blood and Marrow Research (CIBMTR), Eapen et 
al. (2007) recently reported the outcomes of 785 children with acute leukemia comparing 
outcomes in recipients of UCB (n=503) and URD BM (n=282). The most notable finding was 
that UCB compared favorably to the ‘gold standard’ of 8/8 allele-matched unrelated BM. In 
fact, the 5-year leukemia-free survival (LFS) was similar after 8/8 matched unrelated BM 
(MUBM), mismatched unrelated bone marrow (MMUBM) and mismatched UCB (MMUCB) 
with higher survival in recipients of matched UCB (MUCB). The incidence of acute and 
chronic GVHD was similar between the groups. While treatment-related mortality (TRM) 
was higher after two-antigen MMUCB, a lower risk of relapse resulted in comparable 
survival outcomes for this cohort. This research was unique in that UCB was compared to 
the present day standard of allele-level HLA-matched BM donors. These findings support 
the use of HLA-matched or -mismatched UCB in children with high risk acute leukemia 
who need transplantation. (Eapen et al 2007 as cited in Smith &Wagner, 2009). 

7.6.2 In adults 
In contrast to the outcomes in children, HSCT in adults is typically associated with higher 
risks of GVHD, infections, delayed immune reconstitution and increased TRM, partly 
related to a higher likelihood of comorbidities at the time of transplant. In contrast to 
children, use of UCB in adults has been more restricted due to cell dose limitations. The 
safety and feasibility of UCBT in adults with hematological malignancies was first reported 
in 2004 (Laughlin et al., 2004; Rocha et al., 2004 as cited in Smith &Wagner, 2009). 
The outcomes in 1240 adults (148 UCB, 243 MUBM, 111 MMUBM, 518 matched PBSC 
MPBSC and 210 mismatched PBSC MMPBSC) were examined and the results were 
published recently in an abstract on behalf of the CIBMTR (Eapen et al., 2008 as cited in 
Smith &Wagner, 2009). Contrary to the previous data (Laughlin et al., 2004; Rocha et al, 2004 
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associated with excellent outcomes while increasing cell dose and better HLA matching 
might provide better results in unrelated UCBT (Bizzeto et al., 2011).  
Fanconi anemia (FA) is a rare autosomal recessive disease characterized by excessive 
chromosomal breakage, congenital abnormalities, progressive bone marrow failure and a 
predisposition to leukemia and epithelial malignancies (Smith AR & Wagner JE, 2009). The 
hematopoietic stem cell transplantation is the only curative treatment of this disease 
(Bielorai et al., 2004).  
The first CB transplant was performed in 1988 in a patient with Fanconi anemia. The donor 
was his HLA-identical sister who was known by pre-natal diagnosis to be HLA identical 
and not affected by the Fanconi mutation. To date, there have been no formal comparisons 
between the alternative donor sources. As with hemoglobinopathies, URD transplant 
remains the gold standard until retrospective or prospective comparative trials can be 
performed. However, for patients who do not have an HLA-matched donor or who cannot 
wait the time it takes to complete a donor search, UCB is a reasonable alternative (Smith & 
Wagner, 2009). 
More comparative studies are needed before definitive conclusions can be made in 
nonmalignant diseases, but the available data indicate UCB as a feasible alternative HSC 
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source in most patient populations. In general, though, 8/8 HLA-matched BM remains the 
‘gold standard’ for alternative donor HSCT, but UCB should be considered a reasonable 
option in those that do not have such a donor available and for those in whom the time to 
transplant is critical, such that waiting for an URD BM would not be in the best interest of 
the patient. Current practice has been to select the UCB unit that is 0-2 HLA antigen-
mismatched with the patient with the highest cell dose. Further efforts focused on 
increasing the number, HLA diversity and quality of stored UCB units as well as addressing 
cell dose limitations using strategies, such as double UCB transplant and ex vivo expansion 
of a single unit are needed to continue to advance the field of UCBT (Barker & Wagner, 
2003; Smith &Wagner, 2009). 

7.6 Hematological malignancies 
Hematological malignancy is the most common indication for allogeneic HSCT in both 
children and adults. The choice of HSC source depends on both patient and disease 
characteristics and the urgency of the transplant. Because of the rapid availability of units, 
UCB is a particularly attractive option (Smith & Wagner, 2009). 

7.6.1 In children 
Infant leukemia is a particularly challenging form of leukemia to treat and the decision of 
whether to treat with intensive chemotherapy or to proceed with URD transplant when a 
suitable related donor is not available is a difficult one. 
On behalf of the Center for International Blood and Marrow Research (CIBMTR), Eapen et 
al. (2007) recently reported the outcomes of 785 children with acute leukemia comparing 
outcomes in recipients of UCB (n=503) and URD BM (n=282). The most notable finding was 
that UCB compared favorably to the ‘gold standard’ of 8/8 allele-matched unrelated BM. In 
fact, the 5-year leukemia-free survival (LFS) was similar after 8/8 matched unrelated BM 
(MUBM), mismatched unrelated bone marrow (MMUBM) and mismatched UCB (MMUCB) 
with higher survival in recipients of matched UCB (MUCB). The incidence of acute and 
chronic GVHD was similar between the groups. While treatment-related mortality (TRM) 
was higher after two-antigen MMUCB, a lower risk of relapse resulted in comparable 
survival outcomes for this cohort. This research was unique in that UCB was compared to 
the present day standard of allele-level HLA-matched BM donors. These findings support 
the use of HLA-matched or -mismatched UCB in children with high risk acute leukemia 
who need transplantation. (Eapen et al 2007 as cited in Smith &Wagner, 2009). 

7.6.2 In adults 
In contrast to the outcomes in children, HSCT in adults is typically associated with higher 
risks of GVHD, infections, delayed immune reconstitution and increased TRM, partly 
related to a higher likelihood of comorbidities at the time of transplant. In contrast to 
children, use of UCB in adults has been more restricted due to cell dose limitations. The 
safety and feasibility of UCBT in adults with hematological malignancies was first reported 
in 2004 (Laughlin et al., 2004; Rocha et al., 2004 as cited in Smith &Wagner, 2009). 
The outcomes in 1240 adults (148 UCB, 243 MUBM, 111 MMUBM, 518 matched PBSC 
MPBSC and 210 mismatched PBSC MMPBSC) were examined and the results were 
published recently in an abstract on behalf of the CIBMTR (Eapen et al., 2008 as cited in 
Smith &Wagner, 2009). Contrary to the previous data (Laughlin et al., 2004; Rocha et al, 2004 



  
Stem Cells in Clinic and Research 

 

44

as cited in Smith & Wagner, 2009), all unrelated donor BM and PBSC grafts were matched at 
allele level for HLA-A, -B, -C, and –DRB1. In this analysis, TRM was lower and LFS higher 
when MUBM and MPBSC were used as compared to the other sources, suggesting that 
these graft sources are preferred when available and time permits. However, partially HLA-
matched UCB with an adequate cell dose (≥ 2.5 × 107 nucleated cells/kg) is a suitable 
alternative when an HLA-matched URD is not available or when the transplant is urgent 
(Eapen et al., 2008 as cited in Smith &Wagner, 2009). 
Analyzing a more genetically heterogeneous group of patients, Kumar et al. (2008) also 
showed superior outcomes in UCB recipients relative to those transplanted with other 
sources of HSC. Patients receiving UCB had the lowest TRM and highest 3-year LFS (61% 
vs. 27%, 13% and 14% in the matched related donor, matched unrelated donor (MURD) and 
mismatched unrelated donor (MMURD) groups, respectively). Taken together, these results 
at least advocate for continued investigations into the use of UCB as an alternative stem cell 
source for the treatment of adults with hematological malignancy (Kumar et al., 2008 as 
cited in Smith & Wagner, 2009). 
In summary, these retrospective studies suggest for children, the first line HSC source 
would be a 6/6 MUCB provided that the cell dose is adequate. The probability of finding a 
6/6 MUCB, however, is low (~10%). However, results in recipients of 8/8 MUBM and 5/6 
MMUCB and 4/6 MMUCB are similar, suggesting that any of these options are reasonable. 
In this case, the decision must be individualized and based on the urgency of the transplant 
and potential need for future donor lymphocyte infusion (DLI). However, it is clear that 
with UCB, TRM increases with each degree of HLA-mismatch, so higher cell doses are 
needed with more HLA disparity. In addition, PBSC or BM is often a more realistic HSC 
option in adults due to cell dose limitations. Therefore, in adults, cell dose limitations with 
UCB units give the advantage to HLA matched BM and PBSC. For all patients, if an 8/8 
MUBM is not available, no one source stands out. UCB has the advantage of rapid 
availability while BM and PBSC have the advantage of availability of DLI (Smith & Wagner, 
2009). 

7.7 Liver diseases 
Liver cell transplantation is a promising technique for the treatment of metabolic liver 
disease, liver fibrosis and other end stage liver diseases. In vivo investigations showed that 
in carbon tetrachloride (CCl4)-induced cirrhosis in a rat model, hUCB-MSCs infusion 
demonstrated inhibition of TGF-β, collagen type I and α-smooth –muscle-actin (α-SMA) 
expression as well as expression of hepatocyte-specific markers human ALB and AFP in 
injured liver (Jung et al., 2009), which indicated they might become an alternative source for 
liver-directed cell therapies (Campard et al., 2008). Several weeks after transplantation into 
the lesion livers of CCl4-induced liver fibrosis rats, significant reduction in liver fibrosis 
with lower levels of serum glutamic oxaloacetic transaminase, glutamic pyruvate 
transaminase, α-SMA and TGF-β in the liver was observed. Moreover, up-regulated 
expression of hepatic mesenchymal epithelial transition factor-phosphorylated type (Met-P) 
and hepatocyte growth factor was also found (Tsai et al., 2009 as cited in Fan et al., 2011). 
The engrafted hUCB-MSCs did not differentiate into hepatocytes expressing human ALB or 
AFP but secrete a variety of bioactive cytokines, including human cutaneous T cell-
attracting chemokine, leukemia inhibitory factor, and prolactin, which may benefit the 
restoration of liver function and promotion of regeneration (Tsai et al., 2009 as cited in Fan 
et al., 2011). Similar data were noted by Yan et al. (2009). In similar CCl-4 –injured mouse 
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hepatic injury, hUCB-MSCs were discovered to express tryptophan 2, 3-dioxygenase, 
human AFP, CK18, α-SMA after administration into the damaged livers. Transplanted 
hUCB-MSCs could reduce hepatocyte denaturation, inhibit hepatocyte apoptosis, diminish 
serum aminotransferases and facilitate hepatocyte proliferation (Yan et al., 2009 as cited in 
Fan et al., 2011).       
Lin et al. (2010)  tested  the use of WJ stem cells (WJSCs) in treating chemically induced liver 
fibrosis via intraperitoneal injection of thioacetamide. They noticed that transplanted cells 
were distributed in the fibrotic area and around blood vessels, and hepatic recovery was 
accelerated. Serum prothrombin time significantly recovered, and serum albumin also 
improved at 21 days posttransplantation whereas collagen accumulation also decreased at 
14 days. Thus, human WJSCs promoted recovery after chronic liver damage. Moreover, 
transplanted WJSCs produced albumin, hepatocyte growth factor (HGF), and 
metalloproteinase (MMP) after transplantation to chemically injured liver, indicating that 
WJSC may help to decrease liver collagen and thus may be useful for treating liver fibrosis 
(Lin et al.,  2010).  According to all these results, hUCB-MSCs could be useful in liver 
therapy. It should not be forgotten that liver contains endogenous abundant progenitor cells 
for recovery of liver damage. Therefore, it is currently difficult to determine which stem 
/progenitor cell populations are best for liver disease therapy (Kim et al., 2010).  

7.8 Lung diseases  
Progression of acute respiratory distress syndrome is documented by loss of lung tissue as a 
result of inflammation and fibrosis. The role of term human UC cells derived from WJ with 
a phenotype consistent with MSCs was tested in the treatment of a bleomycin-induced 
mouse model of lung injury. Injected MSCs were located in the lung 2 weeks later only in 
areas of inflammation and fibrosis but not in healthy lung tissue. The administration of 
MSCs decreased inflammation, inhibited the expression of TGF-beta, IFN-gamma, and the 
proinflammatory cytokines macrophage migratory inhibitory factor and TNF-α and reduced 
collagen concentration in the lung. MSCs also increased matrix metalloproteinase-2 levels 
and reduced their endogenous inhibitors, tissue inhibitors of matrix metalloproteinases, 
favoring a pro-degradative milieu following collagen deposition. Notably, injected human 
lung fibroblasts did not influence either collagen or matrix metalloproteinase levels in the 
lung. The results of this study suggest that MSCs participate in anti-fibrosis in lung injury 
and may increase lung repair if used to treat acute respiratory distress syndrome (Moodley 
et al., 2009). Others examined whether intratracheal or intraperitoneal transplantation of 
human UCB-derived MSCs can attenuate hyperoxia-induced lung injury in 
immunocompetent newborn rats. Wild-type rats were randomly exposed to 95% oxygen or 
air from birth and in the transplantation groups, a single dose of PKH26-labeled human 
UCB-derived MSCs was administered either intratracheally (2 x 106 cells) or 
intraperitoneally (5 x 105) cells) at postnatal day 5. The harvested lungs were examined after 
10 days and two abilities of hUCB-MSCs, immune modulation and differentiation potential 
towards the respiratory epithelium were assessed. Despite one fourth dosage of MSCs, 
significantly more PKH26-labeled donor cells were recovered with intratracheal 
administration than with intraperitoneal administration both during normoxia and 
hyperoxia. The hyperoxia-induced impaired alveolarization and increased level of TNF-
alpha and TGF-beta mRNA, alpha-SMA protein, and collagen were significantly alleviated 
only with intratracheal MSCs transplantation whereas the hyperoxia-induced increase in the 
number of TUNEL-positive cells, myeloperoixdase activity, and the level of IL-6 mRNA 
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hepatic injury, hUCB-MSCs were discovered to express tryptophan 2, 3-dioxygenase, 
human AFP, CK18, α-SMA after administration into the damaged livers. Transplanted 
hUCB-MSCs could reduce hepatocyte denaturation, inhibit hepatocyte apoptosis, diminish 
serum aminotransferases and facilitate hepatocyte proliferation (Yan et al., 2009 as cited in 
Fan et al., 2011).       
Lin et al. (2010)  tested  the use of WJ stem cells (WJSCs) in treating chemically induced liver 
fibrosis via intraperitoneal injection of thioacetamide. They noticed that transplanted cells 
were distributed in the fibrotic area and around blood vessels, and hepatic recovery was 
accelerated. Serum prothrombin time significantly recovered, and serum albumin also 
improved at 21 days posttransplantation whereas collagen accumulation also decreased at 
14 days. Thus, human WJSCs promoted recovery after chronic liver damage. Moreover, 
transplanted WJSCs produced albumin, hepatocyte growth factor (HGF), and 
metalloproteinase (MMP) after transplantation to chemically injured liver, indicating that 
WJSC may help to decrease liver collagen and thus may be useful for treating liver fibrosis 
(Lin et al.,  2010).  According to all these results, hUCB-MSCs could be useful in liver 
therapy. It should not be forgotten that liver contains endogenous abundant progenitor cells 
for recovery of liver damage. Therefore, it is currently difficult to determine which stem 
/progenitor cell populations are best for liver disease therapy (Kim et al., 2010).  

7.8 Lung diseases  
Progression of acute respiratory distress syndrome is documented by loss of lung tissue as a 
result of inflammation and fibrosis. The role of term human UC cells derived from WJ with 
a phenotype consistent with MSCs was tested in the treatment of a bleomycin-induced 
mouse model of lung injury. Injected MSCs were located in the lung 2 weeks later only in 
areas of inflammation and fibrosis but not in healthy lung tissue. The administration of 
MSCs decreased inflammation, inhibited the expression of TGF-beta, IFN-gamma, and the 
proinflammatory cytokines macrophage migratory inhibitory factor and TNF-α and reduced 
collagen concentration in the lung. MSCs also increased matrix metalloproteinase-2 levels 
and reduced their endogenous inhibitors, tissue inhibitors of matrix metalloproteinases, 
favoring a pro-degradative milieu following collagen deposition. Notably, injected human 
lung fibroblasts did not influence either collagen or matrix metalloproteinase levels in the 
lung. The results of this study suggest that MSCs participate in anti-fibrosis in lung injury 
and may increase lung repair if used to treat acute respiratory distress syndrome (Moodley 
et al., 2009). Others examined whether intratracheal or intraperitoneal transplantation of 
human UCB-derived MSCs can attenuate hyperoxia-induced lung injury in 
immunocompetent newborn rats. Wild-type rats were randomly exposed to 95% oxygen or 
air from birth and in the transplantation groups, a single dose of PKH26-labeled human 
UCB-derived MSCs was administered either intratracheally (2 x 106 cells) or 
intraperitoneally (5 x 105) cells) at postnatal day 5. The harvested lungs were examined after 
10 days and two abilities of hUCB-MSCs, immune modulation and differentiation potential 
towards the respiratory epithelium were assessed. Despite one fourth dosage of MSCs, 
significantly more PKH26-labeled donor cells were recovered with intratracheal 
administration than with intraperitoneal administration both during normoxia and 
hyperoxia. The hyperoxia-induced impaired alveolarization and increased level of TNF-
alpha and TGF-beta mRNA, alpha-SMA protein, and collagen were significantly alleviated 
only with intratracheal MSCs transplantation whereas the hyperoxia-induced increase in the 
number of TUNEL-positive cells, myeloperoixdase activity, and the level of IL-6 mRNA 
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were significantly attenuated with both intratracheal and intraperitoneal MSCs 
transplantation. As MSCs differentiated into respiratory epithelium in vitro and a few 
PKH26-positive donor cells were colocalized with pro surfactant protein C in the damaged 
lungs, hUCB-MSCs could be employed in cell therapy via both anti-inflammation and 
regeneration in hypoxia induced lung injury, representing a possible candidate for the new 
therapeutic modality for the hyperoxia-induced neonatal lung diseases, such as clinical 
bronchopulmonary dysplasia (Chang et al., 2009; Malgieri et al., 2010).  

7.9 Cartilage regeneration 
Mature articular cartilage is vulnerable to injuries and disease processes that cause 
irreversible tissue damage because of its limited capacity for self-repair. UCB is a source of 
MSCs which can give rise to cells of different lineages, including cartilage or bone (Mara et 
al., 2010). In fact hUCB-MSCs have much higher chondrogenic differentiation potentials 
which might lead to regeneration of damaged cartilage. In addition to this chondrogenic 
differentiation potential of MSCs, recent advances in our understanding of the regeneration 
mechanism for cartilage defects have demonstrated that MSCs also show potent 
immunosuppression and anti-inflammatory effects ( Di Nicola et al., 2002; Hao et al., 2009, 
Oh et al., 2008, Wang et al., 2009 as cited in Kim et al., 2010). These properties might be due 
in part to some specific secreted cytokines and growth factors, suggesting that chondrogenic 
differentiation and paracrine actions might be involved in replacement of damaged cartilage 
tissues and stimulation of the regeneration process (Kim et al., 2010). Wang et al. (2009) 
conducted for the first time a 6-week study comparing the differentiation potential of 
hBMSCs and hUCMSCs towards condrocytes in a three-dimensional (3D) scaffold. They 
concluded that hUCMSCs may be a desirable option for use as a mesenchymal cell source 
for fibrocartilage tissue engineering, based on abundant type I collagen and aggrecan 
production of hUCMSCs in a 3D matrix. Anyway, the authors stated that further 
investigation are warranted in order to find the signals that best promote also type II 
collagen production of hUCMSCs for hyaline cartilage engineering (Wang et al., 2009). 
Similar, a very recent study demonstrated that functionally, CB-MSC could be more readily 
induced to differentiate into chondrocytes than could BM-MSC and adipose tissue-MSC 
(AT-MSC). Moreover, CB-MSC showed immunosuppressive activity equal to that of BM-
MSC and AT-MSC, indicating CB a practical source of MSC for cell therapy and 
regenerative medicine through the use of the well established CB banking system (Zhang et 
al., 2011). Another attempt to differentiate cells from UCB into chondrocytes with insulin-
like growth factor 1 (IGF-1) and transforming growth factor-ss3 (TGF-ss3) showed that TGF-
ss3 used in micromass culture is the best growth factor for promoting the proliferation and 
differentiation of mesenchymal cells from UCB during chondrogenesis. The western blot 
analysis revealed that after 3 weeks, the expression of type II collagen was greater in 
micromass culture with TGF-ss3 (Mara et al., 2010).  
Two representative common diseases of cartilage degeneration include osteoarthritis and 
rheumatoid arthritis. Rheumatoid arthritis (RA) is a T-cell-mediated systemic autoimmune 
disease that primarily attacks synovial joints, leading to articular destruction and functional 
disability. The study by Liu et al. (2010) is the first report of the UC-MSCs use in the 
treatment of RA. The potential immunosuppressive effects of human UC-MSCs in RA were 
evaluated, too. Both the actions of UC-MSCs on the responses of fibroblast-like synoviocytes 
(FLSs) and T cells in RA patients and the possible molecular mechanism mediating this 
immunosuppressive effect of UC-MSCs and the therapeutic effects of systemic infusion of 
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human UC-MSCs on collagen-induced arthritis (CIA) in a mouse model were explored. 
They demonstrated that UC-MSCs exerted a profound inhibitory effect on the proliferation, 
invasive behavior and inflammatory responses of FLSs, suppressed T cell activation in vitro 
and induced the generation of regular T cells (Tregs). More importantly, in mice, systemic 
infusion of UC-MSCs significantly reduced the severity of CIA, strongly suggesting that UC-
MSCs might be a therapeutic strategy in RA. In addition, the immunosuppressive activitiy 
of UC-MSCs could be prolonged by the participation of Tregs (Liu et al., 2010). Despite 
growing evidence, the molecular mechanisms underlying cartilage repair and regeneration 
by hUCB-MSCs remain not settled. Therefore, extensive studies of hUCB-MSCs therapeutic 
mechanisms are required for an understanding of their regenerative potential and for 
efficient and safe clinical application. Supported by the clinical trial phase I/II results 
(NCT01041001), adult stem cell therapy using hUCB-MSCs for cartilage degenerative 
disease might be a promising alternative to previous treatments (Kim et al., 2010).       

 7.10 Gene therapy 
Retroviral mediated gene transfer has been shown to be an efficient method for introducing 
genetic sequences into mammalian cells (Bernstein et al., 1985; Friedmann et al., 1989 as 
cited in Lu et al., 1996) and gene replacement therapy has been proposed for many single 
gene disorders (Lu et al., 1996). Adeno-associated viruses (AAV) can also be used as a 
vehicle for gene transfer. MSCs are amenable to be genetically modified, which makes them 
become a promising platform for cell and gene therapy and broadens their potential 
therapeutic applications in several fields, including improvement engraftment following 
stem cell transplantation and acceleration of hematopoietic reconstitution, treatment of 
severe graft-versus-host disease, utilization in targeting tumors and delivering anti-cancer 
molecules as well as cellular vehicle for protein-supplement gene therapy (Fritz & 
Jorgensen, 2008; Kumar et al., 2008 as cited in Fan et al., 2011). The strategy that uses 
therapeutic gene-transfected hUCMSCs as cellular vehicles for targeted biologic agent 
delivery has solved the problem of short half-life or excessive toxicity of biological agent(s) 
in vivo. Administration of hUC-MSCs expressing interferon-β with (Rachakatla et al., 2008 
as cited in Fan et al., 2011) or without 5-fluorouracil (Rachakatla et al., 2007 as cited in Fan et 
al., 2011) was found to target to experimentally developed lung tumors and significantly 
reduce the tumor burden. Furthermore, the co-culture  of a small numbe of IFN-beta gene-
transfected hUCMSCs (IFN-beta-hUCMSCs) with the human bronchioloalveolar carcinoma 
cell lines H358 or SW1573 significantly inhibited growth of both types of carcinoma cell 
lines, whereas systemic administration of IFN-beta-hUCMSCs markedly attenuated growth 
of orthotopic H358 bronchioloalveolar carcinoma xenografts in SCID mice by increasing 
apoptosis. These results clearly indicate that IFN-beta-hUCMSCs caused cell death of 
bronchioloalveolar carcinoma cells through IFN-beta production, thereby attenuating tumor 
growth in vivo, suggesting that IFN-beta-hUCMSCs are a powerful anti-cancer 
cytotherapeutic tool for bronchioloalveolar carcinoma (Matsuzuka et al., 2010). HUC-MSCs 
modified to express BDNF were also found to improve neurological function and increase 
NSE-positive cells while decrease GFAP-positive cells and number of apoptosis cells after 
being delivered into the edge of lesion in athymic mice brain injury model (Zhang et al., 
2009 as cited in Fan et al., 2011). In addition hUC-MSCs can be genetically modified to 
express biologically active human factor IX and serve as an efficient drug delivery vehicle 
for somatic gene therapy of hemophilia B (Chen et al., 2009 as cited in Fan et al., 2011). hUC-
MSCs might have a migratory capacity toward glioma cells and therefore can also serve as a 
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vector for gene therapy against brain tumors. Soluble factors including chemokines or 
growth factors expressed and released by glioma cells mediate the tropism of MSCs for 
gliomas. In the study by Park et al. (2011) the overexpression of the stromal cell-derived 
factor-1α (SDF-1α) receptor, chemokine receptor 4 (CXCR4), on hUCB-MSCs resulted in 
enhanced migratory capacity of MSCs toward gliomas. Furthermore, CXCR4 transfected 
hUCB-MSCs (hMSCs-CXCR4) showed a stronger migration capacity toward glioma cells in 
vitro compared with control MSCs, and also exhibited enhanced migration to glioma cells in 
an intracranial human malignant glioma xenograft model. These results indicate that SDF-
1α/CXCR4 could be involved in recruitment of hUCB-MSCs to glioma cells and that 
overexpression of CXCR4 may be a useful tool for stem cell-based glioma therapy (Park et 
al., 2011). It has also been suggested that the genetic alteration of stem cells can function as a 
mechanism which could deliver specific gene products to parts of tissue ischemia to boost 
the repair process (Byun et al., 2001; Melo et al., 2004; Yi et al., 2006 as cited in Goldberg et 
al., 2007) and it was shown to be associated with restored physiological functions after AMI 
(Chen et al., 2005 as cited in Arien-Zakay et al., 2010). In preclinical studies, UCB CD34+ 
transfected with VEGF or Ang-1 have been shown to enhance the process of tissue repair in 
a murine LAD ligation model (Goldberg et al., 2007) and UCB MNCs modified to express 
VEGF have demonstrated their efficiency in a hindlimb model of chronic ischemia (Ikeda et 
al., 2004 as cited in Goldberg et al., 2007).  Additionally, autologous CB CD 34+ transduced 
with human adenosine deaminase (ADA) gene were infused in children with ADA 
deficiency (Kohn et al., 1995 as cited in Lu et al., 1996).     

8. Cord blood stem cells transplantation: Advantages and disadvantages 
The UCB as a source of human stem cells has proved to be highly advantageous as 
compared to peripheral blood and bone marrow. UCB has more hematopoietic stem cells 
per volume than PB and BM (Rogers & Casper, 2004) and the immature hematopoietic stem 
cells and progenitor cells from cord blood seem to be of good quality (Lu et al., 1996). Stem 
cells remain in the placenta and umbilical cord after delivery and an average of 120 ml of 
blood can be collected without risking the health of either the mother or the baby (Rogers & 
Casper, 2004). Cord blood harvesting is thus simple, easy, painless and non-invasive for the 
donor, contrary to BM aspiration and consequently there are more potential donors than for 
BM (Malgieri et al., 2010). Moreover, the procedure does not involve ethical and technical 
issues (Wu et al., 2009 as cited in Malgieri et al., 2010). Different from BM transplants which 
require general anaesthesia and surgical transfer of the donor marrow to the recipient, UCB 
stem cell transplantation is a simple intravenous infusion of the hematopoietic stem cells, 
which find their way to the BM for engraftment (Rogers & Casper, 2004). Moreover, due to 
the fact that cord blood units are priory stored in public and private UCB banks (Malgieri et 
al., 2010) they are quickly available, an advantage which is crucial to high-risk patients with 
unstable disease (Barker et al., 2002 as cited in Barker & Wagner, 2003), whereas BM has to 
be collected from the donor just before transplantation and there is always the risk of last 
minute consent refusal (Malgieri et al., 2010). Successful transplantation require allogeneic 
grafts matching most, if not all, of the six to ten major HLA antigens between host and 
donor (Malgieri et al., 2010). The majority of the CB transplantations have been performed to 
treat patients with malignant and non-malignant diseases (Ballen et al., 2001 as cited in 
Rogers & Casper, 2004) and many of these originated from sibling donors with partial or 
complete HLA matching. The incidence of acute GVHD has been lower than the expected 
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rate in a pediatric population who received transplants with BM. Interestingly, acute GVHD 
has not been related to the degree of HLA matching, thus proving that the use of cord blood 
itself is responsible for the lowered risk (Gluckman et al., 2001; Yu et al., 2001 as cited in 
Rogers & Casper, 2004). Consequently, the HLA type does not have to be a perfect match for 
allogeneic cord blood transplantation because the possibility that these cells induce 
immunological reactions is lower than in the case of BM cells (Malgieri et al., 2010). For a 
given HLA match, the risk of GVHD is lower with UCBT than with BMT, thus allowing 
UCBT with 1-2 antigen HLA-mismatched (Barker & Wagner, 2003). The UCB reduced graft-
versus-host reactivity when compared with adult-derived marrow grafts can be explained 
through the relative immune immaturity of the newborn cells (MSCs and hematopoietic 
stem cells) (Malgieri et al., 2010). In this way, the donor poll could be extended and patients 
belonging to ethnic minorities could be better represented on BM donor registries. 
Moreover, UCB does not imply risk for the donor or donor attrition and has the advantage 
of lower cytomegalovirus (CMV) transmission.   
The major disadvantage of UCB is the limited cell dose, which is of particular relevance to 
the application of UCB transplants to adults (Rogers & Casper, 2004). Moreover, while 
processing, testing and freezing the collected CB in a cord blood bank, there is usually a 10-
20% loss from the initial blood volume and cell dose (Stanevsky et al., 2009). Moreover, there 
is an increased risk of contamination with any cell culture manipulation (Malgieri et al., 
2010) and it appears that MSCs from UCB have lower success rate of isolation if compared 
with MSCs from BM (63% vs 100% ) (Kern et al., 2006 as cited in Malgieri et al., 2010). The 
less experience, the present insufficient standardization of each steps between different 
banks, as well as inadequate storage policy, may lead to an even greater cell loss. Given that 
some of the CB transplants are performed with cell dose near the engraftment threshold, 
modest loss of potency of a product may have a major impact on clinical outcome. Indeed, 
delayed engraftment due to low cell dose represents one of the main disadvantages and the 
main restriction of cord blood transplants (Stanevski et al., 2009). However, several 
strategies- such as improved collection techniques and more efficient cell processing and 
cryopreservation methods are developing in order to overcome these obstacles and obtain 
successful engraftment of adults as well as children. Other limitations include the potential 
risk of genetic disease transmission and lack of donor recall for collection of stem cells or 
donor lymphocytes in the URD setting (Barker & Wagner, 2003).  

9. Cord blood banking 
Currently, there is a huge interest in establishing and developing cord blood banks. 
Worldwide, more than 400,000 cord blood grafts are available in more than 50 cord blood 
banks. The cord blood collections are managed by cord blood bank networks named 
Netcord (www.netcord.org), international registries for outcome data collection named 
Eurocord (www.eurocord.org) and CIBMTR www.cibmtr.org. Eurocord is an international 
registry developed by the European Blood and Marrow Transplant group (EBMT), which 
includes more than 190 transplant centers in 36 countries all performing cord blood 
transplants. Eurocord is collaborating with EBMT and Netcord banks to gather clinical 
information and monitor all patients transplanted in or outside Europe with Netcord units. 
The Netcord group was established in 1998 to provide good practice in umbilical cord blood 
storage, facilitate donor search, improve the quality of the grafts, standardize excellence 
criteria on an international scale and importantly, to establish procedures for bank 
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accreditation in collaboration with FACT (Foundation on Accreditation in Cell Therapy). All 
the practical aspects of cord blood banking, such as mother informed consent, collection 
techniques, labelling and identification, infectious disease and genetic disease testing, HLA 
typing, methodology of cell processing, cryopreservation, transportation and release have 
been extensively published. All these aspects are detailed in the last version of the Netcord-
FACT Standards (www.factwebsite.org). 
Currently, there are increasing numbers of international exchanges of cord blood units. 
Profit entities such as private banks, store directed donations collected by obstetricians from 
babies born into families who intend to use the cord blood for the baby from whom it came 
(autologous donation) or for another family member in need of future transplantation 
therapy. 

10. Future perspectives 
The differentiation potential of UCMSC makes them the perfect candidate for a wide range 
of clinical applications. UC-derived MSCs showed to be multipotent and their 
differentiation abilities does not seem to be restricted to the mesodermal lineages, since the 
cells could be successfully induced to neurones, pancreatic and liver cells. Latest evidences 
suggest, that UC-MSC populations contain a subset of primitive cells. Therefore, the 
identification and characterization of these sub-populations in the future is of decisive 
importance. Another issue of great clinical importance is the question of whether the 
differentiation potential of the isolated populations is dependent on their location in the UC-
tissue. Recently, MSCs markers were developed and may be helpful in this matter. 
Additionally, first in vitro and in vivo animal studies showed immune-privileged and 
immune-modulatory properties of UC-derived MSCs. Due to immune-modulatory 
properties low levels of rejection were observed in all reports of in vitro transplantation 
experiments and good results in tissue engraftments were noted. Therefore further studies 
and clinical trials will clarify whether the in vivo properties of UC-derived MSCs after 
transplantation exhibits same effects. 
One of the ambitious aims of regenerative medicine is the engineering of tissue in vitro. Few 
but very promising applications of UC-derived MSCs have been reported in this field. 
Biopolymer scaffolds, mechanical strain approaches, or 3D bioreactors for tissue generation, 
which were successfully applied with MSCs from other sources will be of great clinical 
interest in the future. 
In the effort to overcome incurable diseases, it may only be a question of time until UC-
derived MSCs will be successfully used for clinical and tissue engineering applications. 
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1. Introduction 
Bone marrow is a complex tissue containing hematopoietic cell progenitors and their 
progeny integrated within a connective-tissue network of mesenchymal-derived cells 
known as the stroma (1). The stroma cells, or Mesenchymal stem cells (MSCs), are multi-
potent progenitor cells that constitute a minute proportion of the bone marrow, represented 
as a rare population of cells that makes up 0.001 to 0.01% of the total nucleated cells. They  
represent 10-fold less abundance than the haematopoietic stem cells (2), which contributes to 
the organization of the microenvironment supporting the differentiation of hematopoietic 
cells (3). MSC are present in tissues of young, as well as, adult individuals (4, 5), including 
the adipose tissue, umbilical cord blood, amniotic fluid and even peripheral blood (1, 6-8). 
MSCs were characterized over thirty years ago as fibroblast-like cells with adhesive 
properties in culture (9, 10). The term MSC has become the predominant term in the 
literature since the early 90s (11), after which their research field has grown rapidly due to 
the promising therapeutic potential, resulting in an increased frequency of clinical trials in 
the new millennium at an explosive rate.  
As data accumulated, there was a need to establish a consensus on the proper definition 
of the MSCs. The International Society for Cellular Therapy has recommended the 
minimum criteria for defining multi-potent human MSCs (12, 13). The criteria included: 
(i) cells being adherent to plastic under standard culture conditions; (ii) MSC being 
positive for the expression of CD105, CD73 and CD90 and negative for expression of the 
haematopoietic cell surface markers CD34, CD45, CD11a, CD19 or CD79a, CD14 or CD11b 
and histocompatibility locus antigen (HLA)-DR; (iii) under a specific stimulus, MSC 
differentiate into osteocytes, adipocytes and chondrocytes in vitro. These criteria 
presented properties to purify MSC and to enable their expansion by several-fold in-vitro, 
without losing their differentiation capacity. When plated at low density, MSCs form 
small colonies, called colony-forming units of fibroblasts (CFU-f), and which correspond 
to the progenitors that can differentiate into one of the mesenchymal cell lineages (14, 15). 
It has been reported lately that MSCs are able to differentiate into both mesenchymal, as 
well as, non-mesenchymal cell lineages, such as adipocytes, osteoblasts, chondrocytes, 
tenocytes, skeletal myocytes, neurones and cells of the visceral mesoderm, both in vitro 
and in vivo (16, 17). 
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All cells have half-lives and their natural expiration must be matched by their replacement; 
MSCs, by proliferating and differentiating, can be the proposed source of these new 
replacement cells as characterized in their differentiation capacity. This replacement 
hypothesis mimics the known sequence of events involved in the turnover and maintenance 
of blood cells that are formed from haematopoietic stem cells (HSCs) (18). Unlike HSCs, 
MSCs can be culture-expanded ex vivo in up to 40 or 50 cell doublings without 
differentiation (19). A dramatic decrease in MSC per nucleated marrow cell can be observed 
when the results are grouped by decade, thus showing a 100-fold decrease from birth to old 
age. Being pericytes present in all vascularized tissues, the local availability of MSC 
decreases substantially as the vascular density decreases by one or two orders of magnitude 
with age (20). In recent years, the discovery of MSCs with properties similar, but not 
identical, to BM-MSCs has been demonstrated in the stromal fraction of the connective 
tissue from several organs, including adipose tissue, trabecular bone, derma, liver and 
muscle (21-24). It is important to note that the origin of MSCs might determine their fate and 
functional characteristics (25). Studies of human bone marrow have revealed that about one-
third of the MSC clones are able to acquire phenotypes of pre-adipocytes, osteocytes and 
chondrocytes (16). This is in concordance with data showing that 30% of the clones from 
bone marrow have been found to exhibit a trilineage differentiation potential, whereas the 
remainder display a bi-lineage (osteo-chondro) or uni-lineage (osteo) potential (26). 
Moreover, MSC populations derived from adipose tissue and derma present a 
heterogeneous differentiation potential; indeed, only 1.4% of single cells obtained from 
adipose-derived adult stem cell (ADAS) populations were tri-potent, the others being bi-
potent or unipotent (27).  

2. Effect of Mesenchymal Stem Cells on Immune cells 
Mesenchymal Stem Cells have been shown to possess immunomodulatory characteristics, as 
described through the inhibition of T-cell proliferation in vitro (28-30). These observations 
have triggered a huge interest in the immunomodulatory effects of MSCs. The in vitro 
studies have been complemented in vivo, where both confirmed the immunosuppressive 
effect of MSC. MSC activating stimuli in vitro, appears to include the secretion of cytokines 
and the interaction with other immune cells in the presence of proinflammatory cytokines 
(Fig 1) (31). Primarily, the in vivo effect has been originally shown in a baboon model, in 
which infusion of ex vivo–expanded matched donor or third-party MSCs delayed the time to 
rejection of histo-incompatible skin grafts (29). The delay indicated a potential role for MSC 
in the prevention and treatment of graft-versus-host disease (GVHD) in ASCT, in organ 
transplantation to prevent rejection, and in autoimmune disorders. Recently, MSCs were 
used to successfully treat a 9-year-old boy with severe treatment-resistant acute GVHD, 
further confirming the potent immunosuppressive effect in humans (32). The 
immunosuppressive potential has no immunologic restriction, whether the MSCs are 
autologous with the stimulatory or the responder lymphocytes or the MSCs are derived 
from a third party. The degree of MSC suppression is dose dependent, where high doses of 
MSC are inhibitory, whereas low doses enhance lymphocyte proliferation in MLCs (33). 
Broadly, MSC modulate cytokine production by the dendritic and T cell subsets DC/Th1 
and DC/Th2 (34), block the antigen presenting cell (APC) maturation and activation (35), 
and increase the proportion of CD4+CD25+ regulatory cells in a mixed lymphocyte reaction 
(36).  
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Fig. 1. Potential mechanisms of the MSC interactions with immune cells. Mesenchymal 
stem cells (MSCs) can inhibit both the proliferation and cytotoxicity of resting natural killer 
(NK) cells, as well as, their cytokine production by releasing prostaglandin E2 (PGE2), 
indoleamine 2,3-dioxygenase (IDO) and soluble HLA-G5 (sHLA-G5). Killing of MSCs by 
cytokine-activated NK cells involves the engagement of cell-surface receptors (Thick blue 
line) expressed by NK cells with its ligands expressed on MSCs. MSCs inhibit the 
differentiation of monocytes to immature myeloid dendritic cells (DCs), bias mature DCs to 
an immature DC state, inhibit tumour-necrosis factor (TNF) production by DCs and increase 
interleukin-10 (IL-10) production by plasmacytoid DCs (pDCs). MSC-derived PGE2 is 
involved in all of these effects. Immature DCs are susceptible to activated NK cell-mediated 
lysis. MSC Direct inhibition of CD4+ T-cell function depends on their release of several 
soluble molecules, including PGE2, IDO, transforming growth factor-β1 (TGFβ1), 
hepatocyte growth factor (HGF), inducible nitric-oxide synthase (iNOS) and haem-
oxygenase-1 (HO1). MSC inhibition of CD8+ T-cell cytotoxicity and the differentiation of 
regulatory T cells mediated directly by MSCs are related to the release of sHLA-G5 by 
MSCs. In addition, the upregulation of IL-10 production by pDCs results in the increased 
generation of regulatory T cells through an indirect mechanism. MSC-driven inhibition of B-
cell function seems to depend on soluble factors and cell–cell contact. Finally, MSCs dampen 
the respiratory burst and delay the spontaneous apoptosis of neutrophils by constitutively 
releasing IL-6. 
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3. Immunomodulatory effect of mesenchymal stem cells in innate immunity 
Dendritic cells have the elementary role of antigen presentation to naïve T cells upon 
maturation, which in turn induce the proinflammatory cytokines. Immature DCs acquire the 
expression of co-stimulatory molecules and upregulate expression of MHC-I and II, as well 
as, other cell-surface markers (CD11c and CD83). Mesenchymal stem cells have profound 
effect on the development of DC, where in the presence of MSC, the percentage of DC with 
conventional phenotype is reduced, while that of plasmacytoid DC is increased, therefore 
biasing the immune system toward Th2 and away from Th1 responses in a PGE-2 
dependent mechanism (37). Furthermore, MSCs inhibit the up-regulation of CD1a, CD40, 
CD80, CD86, and HLA-DR during DC differentiation and prevent an increase of CD40, 
CD86, and CD83 expression during DC maturation (38). When mature DCs are incubated 
with MSCs they have a decreased cell-surface expression of MHC class II molecules, CD11c, 
CD83 and co-stimulatory molecules, as well as, decreased interleukin-12 (Il-12) production, 
thereby impairing the antigen-presenting function of the DCs (Fig 1) (39, 40). MSCs can also 
decrease the pro-inflammatory potential of DCs by inhibiting their production of tumour-
necrosis factor α (TNF-α) (40). Furthermore, plasmacytoid DCs (pDCs), which are 
specialized cells for the production of high levels of type-I IFN in response to microbial 
stimuli, upregulate production of the anti-inflammatory cytokine IL-10 after incubation with 
MSCs (34). These observations indicate a potent anti-inflammatory and immunoregulatory 
effect for MSC in vitro and potentially in vivo. 
Natural killer (NK) cells are key effector cells of the innate immunity in anti-viral and anti-
tumor immune responses through their Granzyme B mediated cytotoxicity and the 
production of pro-inflammatory cytokines (41). NK-mediated target cell lysis results from 
an antigen-ligand interaction realized by activating NK-cell receptors, and associated with 
reduced or absent MHC-I expression by the target cell (42). MSCs can inhibit the cytotoxic 
activity of resting NK cells by down-regulating expression of NKp30 and natural-killer 
group 2, member D (NKG2D), which are activating receptors involved in NK-cell activation 
and target-cell killing (Fig 1) (43). Resting NK cells proliferate and acquire strong cytotoxic 
activity when cultured with IL-2 or IL-15, but when incubated with MSC in the presence of 
these cytokines, resting NK-cell, as well as, pre-activated NK cell proliferation and IFN-γ 
production are almost completely abrogated (44, 45). It is worth noting that although the 
susceptibility of NK cells to MSC mediated inhibition is potent, the pre-activated NK cells 
showed more resistance to the immunosuppressive effect of MSC compared to resting NK 
cells (43). The susceptibility of human MSCs to NK-cell-mediated cytotoxicity depends on 
the low level of cell-surface expression of MHC class I molecules by MSCs and the 
expression of several ligands, that are recognized by activating NK-cell receptors. 
Autologous and allogeneic MSC were susceptible to lysis by NK cells (43), where NK cell-
mediated lysis was inversely correlated with the expression of HLA class I on MSC (46). 
Incubation of MSCs with IFN-γ partially protected them from NK-cell-mediated 
cytotoxicity, through the up-regulation of expression of MHC-I molecules on MSCs (43). 
Taken together, a possible dynamic interaction between NK cells and MSC in vivo exists, 
where the latter partially inhibit activated MSC, without compromising their ability to kill 
MSC, reflecting on an interaction tightly regulated by IFN-γ concentration. 
Neutrophils play a major role in innate immunity during the course of bacterial infections, 
where they are activated to kill foreign infectious agents and accordingly undergo a 
respiratory burst. MSCs have been shown to dampen the respiratory burst and to delay the 
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spontaneous apoptosis of resting and activated neutrophils through an IL-6-dependent 
mechanism (47). MSC had no effect on neutrophil phagocytosis, expression of adhesion 
molecules, and chemotaxis in response to IL-8, f-MLP, or C5a (47). Stimulation with bacterial 
endotoxin induces chemokine receptor expression and mobility of MSCs, which secrete 
large amounts of inflammatory cytokines and recruit neutrophils in an IL-8 and MIF-
dependent manner. Recruited and activated neutrophils showed a prolonged lifespan, an 
increased expression of inflammatory chemokines, and an enhanced responsiveness toward 
subsequent challenge with LPS, which suggest a role for MSCs in the early phases of 
pathogen challenge, when classical immune cells have not been recruited yet (48). 
Furthermore, MSC have shown the capability to mediate the preservation of resting 
neutrophils, a phenomenon that might be important in those anatomical sites, where large 
numbers of mature and functional neutrophils are stored, such as the bone marrow and 
lungs (49). 

4. Immunomodulatory effect of mesenchymal stem cells in adaptive immunity 
T-cells are major players of the adaptive immune response. After T-cell receptor (TCR) 
engagement, T cells proliferate and undergo numerous effector functions, including 
cytokine release and, in the case of CD8+ T cells (CTL), cytotoxicity. Abundant reports have 
shown that T-cell proliferation stimulated with polyclonal mitogens, allogeneic cells or 
specific antigen is inhibited by MSCs (28, 29, 50-56). The observation that MSCs can reduce T 
cell proliferation in vitro is mirrored by the in vivo finding through infusions of hMSCs that 
control GVHD following bone marrow transplantation. Nevertheless, there is no 
demonstrable correlation between the measured effects of MSCs in vitro and their counter 
effect in vivo due to the lack of universality of methodology correlating the in vitro findings 
with the in vivo therapeutic potential.  
MSC inhibition of T-cell proliferation is not MHC restricted, since it can be mediated by both 
autologous and allogeneic MSCs and depends on the arrest of T-cells in the G0/G1 phase of 
the cell cycle (55, 57). Thus, MSCs do not promote T-cell apoptosis, but instead maintain T 
cell survival upon subjection to overstimulation through the TCR and upon commitment to 
undergo CD95–CD95-ligand-dependent activation-induced cell death (57). MSC effects on T 
cell proliferation in vitro appear to have both contact-dependent and contact-independent 
components (58). Inhibition of T-cell proliferation by MSCs leads to decreased IFN-γ 
secretion in vitro and in vivo associated with increased IL-4 production by T helper 2 (TH2) 
cells (34, 59). Taken together, there is an implication for a shift from a pro-inflammatory 
state characterized by IFN-γ secretion to an anti-inflammatory state characterized by IL-4 
secretion (Fig 1). An imperative role for effector T-cell is the MHC restricted killing of 
virally-infected or of allogeneic cells mediated via CD8+ CTLs, and which is down-regulated 
by MSC (60).  
Regulatory T cells (Tregs), a subpopulation of T cells, are vital to keep the immune system in 
check, help avoid immune-mediated pathology and contain unrestricted expansion of 
effector T-cell populations, which results in maintaining homeostasis and tolerance to self 
antigens. Tregs are currently identified by co-expression of CD4 and CD25, expression of the 
transcription factor FoxP3, production of regulatory cytokines IL-10 and TGF-β, and ability 
to suppress proliferation of activated CD4+CD25+ T cells in co-culture experiments. 
Differential expression of CD127 (α-chain of the IL-7 receptor) enable flow cytometry-based 
separation of human Tregs from CD127+ non-regulatory T-cells (61). MSCs have been 
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3. Immunomodulatory effect of mesenchymal stem cells in innate immunity 
Dendritic cells have the elementary role of antigen presentation to naïve T cells upon 
maturation, which in turn induce the proinflammatory cytokines. Immature DCs acquire the 
expression of co-stimulatory molecules and upregulate expression of MHC-I and II, as well 
as, other cell-surface markers (CD11c and CD83). Mesenchymal stem cells have profound 
effect on the development of DC, where in the presence of MSC, the percentage of DC with 
conventional phenotype is reduced, while that of plasmacytoid DC is increased, therefore 
biasing the immune system toward Th2 and away from Th1 responses in a PGE-2 
dependent mechanism (37). Furthermore, MSCs inhibit the up-regulation of CD1a, CD40, 
CD80, CD86, and HLA-DR during DC differentiation and prevent an increase of CD40, 
CD86, and CD83 expression during DC maturation (38). When mature DCs are incubated 
with MSCs they have a decreased cell-surface expression of MHC class II molecules, CD11c, 
CD83 and co-stimulatory molecules, as well as, decreased interleukin-12 (Il-12) production, 
thereby impairing the antigen-presenting function of the DCs (Fig 1) (39, 40). MSCs can also 
decrease the pro-inflammatory potential of DCs by inhibiting their production of tumour-
necrosis factor α (TNF-α) (40). Furthermore, plasmacytoid DCs (pDCs), which are 
specialized cells for the production of high levels of type-I IFN in response to microbial 
stimuli, upregulate production of the anti-inflammatory cytokine IL-10 after incubation with 
MSCs (34). These observations indicate a potent anti-inflammatory and immunoregulatory 
effect for MSC in vitro and potentially in vivo. 
Natural killer (NK) cells are key effector cells of the innate immunity in anti-viral and anti-
tumor immune responses through their Granzyme B mediated cytotoxicity and the 
production of pro-inflammatory cytokines (41). NK-mediated target cell lysis results from 
an antigen-ligand interaction realized by activating NK-cell receptors, and associated with 
reduced or absent MHC-I expression by the target cell (42). MSCs can inhibit the cytotoxic 
activity of resting NK cells by down-regulating expression of NKp30 and natural-killer 
group 2, member D (NKG2D), which are activating receptors involved in NK-cell activation 
and target-cell killing (Fig 1) (43). Resting NK cells proliferate and acquire strong cytotoxic 
activity when cultured with IL-2 or IL-15, but when incubated with MSC in the presence of 
these cytokines, resting NK-cell, as well as, pre-activated NK cell proliferation and IFN-γ 
production are almost completely abrogated (44, 45). It is worth noting that although the 
susceptibility of NK cells to MSC mediated inhibition is potent, the pre-activated NK cells 
showed more resistance to the immunosuppressive effect of MSC compared to resting NK 
cells (43). The susceptibility of human MSCs to NK-cell-mediated cytotoxicity depends on 
the low level of cell-surface expression of MHC class I molecules by MSCs and the 
expression of several ligands, that are recognized by activating NK-cell receptors. 
Autologous and allogeneic MSC were susceptible to lysis by NK cells (43), where NK cell-
mediated lysis was inversely correlated with the expression of HLA class I on MSC (46). 
Incubation of MSCs with IFN-γ partially protected them from NK-cell-mediated 
cytotoxicity, through the up-regulation of expression of MHC-I molecules on MSCs (43). 
Taken together, a possible dynamic interaction between NK cells and MSC in vivo exists, 
where the latter partially inhibit activated MSC, without compromising their ability to kill 
MSC, reflecting on an interaction tightly regulated by IFN-γ concentration. 
Neutrophils play a major role in innate immunity during the course of bacterial infections, 
where they are activated to kill foreign infectious agents and accordingly undergo a 
respiratory burst. MSCs have been shown to dampen the respiratory burst and to delay the 
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spontaneous apoptosis of resting and activated neutrophils through an IL-6-dependent 
mechanism (47). MSC had no effect on neutrophil phagocytosis, expression of adhesion 
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pathogen challenge, when classical immune cells have not been recruited yet (48). 
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cells (34, 59). Taken together, there is an implication for a shift from a pro-inflammatory 
state characterized by IFN-γ secretion to an anti-inflammatory state characterized by IL-4 
secretion (Fig 1). An imperative role for effector T-cell is the MHC restricted killing of 
virally-infected or of allogeneic cells mediated via CD8+ CTLs, and which is down-regulated 
by MSC (60).  
Regulatory T cells (Tregs), a subpopulation of T cells, are vital to keep the immune system in 
check, help avoid immune-mediated pathology and contain unrestricted expansion of 
effector T-cell populations, which results in maintaining homeostasis and tolerance to self 
antigens. Tregs are currently identified by co-expression of CD4 and CD25, expression of the 
transcription factor FoxP3, production of regulatory cytokines IL-10 and TGF-β, and ability 
to suppress proliferation of activated CD4+CD25+ T cells in co-culture experiments. 
Differential expression of CD127 (α-chain of the IL-7 receptor) enable flow cytometry-based 
separation of human Tregs from CD127+ non-regulatory T-cells (61). MSCs have been 
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reported to induce the production of IL-10 by pDCs, which, in turn, trigger the generation of 
regulatory T cells (Fig 1) (34, 40). Furthermore, Tregs secrete TGF-β and when used in vitro, 
TGF-β in combination with IL-2 directs the differentiation of T-cells into Tregs, while Tregs 
suppress the proliferation of TCR-dependent proliferation of effector CD25null or CD25low T-
cells in a non-autologous fashion. Also TGF-β alters angiogenesis following injury in 
experiments using MSC (62). In addition, after co-culture with antigen-specific T-cells, MSCs 
can directly induce the proliferation of regulatory T-cells through release of the 
immunomodulatory HLA-G isoform HLA-G5 (Fig 1) (63). Taken together, MSCs can 
modulate the intensity of an immune response by inhibiting antigen-specific T-cell 
proliferation and cytotoxicity and promoting the generation of regulatory T-cells.  
Antibody producing B-cells constitute the second main cell type involved in adaptive 
immunity. Interactions between MSCs and B-cells have produced controversial results 
attributable to the inconsistent experimental conditions used (31, 55, 64). Initial reports on 
mice suggested that MSC exercise a dampening effect on the proliferation of B-cells (64), 
which is in concordance with most published works to date (31, 55, 64). Furthermore, MSCs 
can also inhibit B-cell differentiation and constitutive expression of chemokine receptors via 
the release of soluble factors and cell-cell contact mediated possibly by the Programmed Cell 
Death 1 (PD-1) and its ligand (31, 64). The addition of MSCs, at the beginning of a mixed 
lymphocyte reaction (MLC), considerably inhibited immunoglobulin production in 
standard MLC, irrespective of the MSC dose employed, which suggests that third-party 
MSC are able to suppress allo-specific antibody production, consequently, overcoming a 
positive cross-match in sensitized transplant recipients (65). However, other in vitro studies 
have shown that MSCs could support the survival, proliferation and differentiation to 
antibody-secreting cells of B-cells from normal individuals and from pediatric patients with 
systemic lupus erythematosus (66, 67). A major mechanism of B-cell suppression was hMSC 
production of soluble factors, as indicated by transwell experiments, where hMSCs inhibited 
B-cell differentiation shown as significant impairment of IgM, IgG, and IgA production. 
CXCR4, CXCR5, and CCR7 B-cell expression, as well as chemotaxis to CXCL12, the CXCR4 
ligand, and CXCL13, the CXCR5 ligand, were significantly down-regulated by hMSCs, 
suggesting that these cells affect chemotactic properties of B-cells (Fig 1). B-cell 
costimulatory molecule expression and cytokine production were unaffected by hMSCs (64). 
Regardless of the controversial in vitro effects, B-cell response is mainly a T-cell dependent 
mechanism, and thus its outcome is significantly influenced by the MSC-mediated 
inhibition of T-cell functions. More recently, Corcione et al have shown that systemic 
administration of MSCs to mice affected by experimental autoimmune encephalomyelitis 
(EAE), a prototypical disease mediated by self-reactive T cells, results in striking disease 
amelioration mediated by the induction of peripheral tolerance (52). In addition, it has been 
shown that tolerance induction by MSCs may occur also through the inhibition of dendritic-
cell maturation and function (34, 35), thus suggesting that activated T cells are not the only 
targets of MSCs. 
Low concentrations of IFN-γ upregulate the expression of MHC-II molecules by MSCs, 
which indicates that they could act as antigen presenting cells (APCs) early in an immune 
response, when the level of IFN-γ are low (68, 69). However, this process of MHC-II 
expression by MSCs, along with the potential APC characteristics, was reversed as IFN-γ 
concentrations increased. These observations could suggest that MSCs function as 
conditional APC in the early phase of an immune response, while later switch into an 
immunosuppressive function (68). Since bone marrow might be a site for the induction of T-

 
Mesenchymal Stem Cells: Immunology and Therapeutic Benefits? 

 

65 

cell responses to blood-borne antigens (70), and since MSC are derived from the stromal 
progenitor cells that reside in the bone marrow, therefore, MSC express a yet unidentified 
role in the control of the immune response physiology of the bone marrow. Dendritic cells 
are the main APC for T-cell responses, and MSC-mediated suppression of DC maturation 
would prohibit efficient antigen presentation and thus, the clonal expansion of T-cells. 
Direct interactions of MSCs with T-cells in vivo could lead to the arrest of T-cell proliferation, 
inhibition of CTL-mediated cytotoxicity and generation of CD4+ regulatory T-cells. As a 
consequence, impaired CD4+ T-cell activation would translate into defective T-cell help for 
B-cell proliferation and differentiation to antibody-secreting cells. 
The hMSCs express few to none of the B7-1/B7-2 (CD80/CD86) costimulatory–type 
molecules; this appears to contribute, at least in part, to their immune privilege 
characteristic. Mechanisms that lead to immune tolerance rely on interrelated pathways that 
involve complex cross talk and cross regulation of T-cells and APCs by one another. Both 
soluble mediators and modulation exerted via complex networks of cytokines and 
costimulatory molecules appear to play a role in MSC regulation of T cells, and these 
mechanisms invoke both contact-dependent and -independent pathways. 
Although many of the studies use MSC-conditioned medium, both contact-dependent and -
independent mechanisms are probably invoked in the therapeutic use of MSCs (20, 71). In 
addition to cytokines, the network of costimulatory molecules is hypothesized to play a 
prominent role in modulating tolerance and inflammation. MSCs down-regulate the 
expression of costimulatory molecules (30, 72, 73). The discovery of new functions for B7 
family members, together with the identification of additional B7 and CD28 family 
members, is revealing new ways in which the B7:CD28 family may regulate T-cell activation 
and tolerance. Not only do CD80/86:CD28 interactions promote initial T-cell activation, they 
also regulate self-tolerance by supporting CD4+CD25+ Treg homeostasis (74-76). Cytotoxic 
T-lymphocyte antigen 4 (CTLA-4) can exert inhibitory effects in both B7-1/B7-2–dependent 
and –independent fashions. B7-1 and B7-2 can signal bi-directionally through engaging 
CD28 and CTLA-4 on T cells and by delivering signals into B7-expressing cells (77). The B7 
family members—inducible co-stimulator (ICOS) ligand, PD-L1 (B7-H1), PD-L2 (B7-DC), 
B7-H3, and B7-H4 (B7x/B7-S1)—are expressed on professional APC cells, while B7-H4 and 
B7-H1 are expressed on hMSCs and on cells within non-lymphoid organs. These 
observations may provide a new means for regulating T-cell activation and tolerance in 
peripheral tissues (31, 71, 78). ICOS and PD-1 are expressed upon T-cell-induction, and they 
regulate previously activated T-cells (79). Both the ICOS:ICOSL pathway and the PD-1:PD-
L1/PD-L2 pathway play a critical role in regulating T-cell activation and tolerance (79). 
There is consensus that both CTLA-4 and PD-1 inhibit T-cell and B-cell activation and may 
play a crucial role in peripheral tolerance (79, 80). Both CTLA-4 and PD-1 functions are 
associated with Rheumatoid Arthritis (RA) and other autoimmune diseases. PD-1 is over 
expressed on CD4+ T cells in the synovial fluid of RA patients (81). Whether or not these 
costimulatory molecules are critical mediators of MSC-mediated immune suppression 
and/or tolerance in vivo is still under current investigation. 

5. Mesenchymal Stem Cells escape the immune system in vitro 
Studies have shown that MSCs escape the immune system, and this makes them a 
potential therapeutic tool for various transplantation procedures. MSCs express 
intermediate levels of HLA major histocompatibility complex (MHC) class I molecules 
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reported to induce the production of IL-10 by pDCs, which, in turn, trigger the generation of 
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which is in concordance with most published works to date (31, 55, 64). Furthermore, MSCs 
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suggesting that these cells affect chemotactic properties of B-cells (Fig 1). B-cell 
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associated with Rheumatoid Arthritis (RA) and other autoimmune diseases. PD-1 is over 
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(16, 50, 82, 83), while they do not express HLA class II antigens of the cell surface. 
However, HLA class II is readily detectable by Western blot on whole-cell lysates of 
unstimulated adult MSCs, thus suggesting that MSCs contain intracellular deposits of 
HLA class II allo-antigens (83). Cell-surface expression can be induced by treatment of the 
cells with IFN-γ for 1 or 2 days. Unlike adult MSCs, the fetal liver– derived cells have no 
intracellular nor cell surface HLA class II expression (84), but incubation with IFN-γ 
initiated their intracellular expression followed by surface expression. Differentiation of 
MSCs into their mesodermal lineages of bone, cartilage, or adipose tissue, both in adult 
and fetal MSCs continued to express HLA-I, but not class II (84). Undifferentiated MSCs 
in vitro fail to elicit a proliferative response from allogeneic lymphocytes, thus suggesting 
that the cells are not inherently immunogenic (28, 30, 50). When pre-cultured with IFN-γ 
for full HLA class II expression, MSCs still escape recognition by allo-reactive T-cells, (83, 
84) as is the case with MSCs differentiated adipocytes, osteoblasts, and chondrocytes. 
Limited in vivo data demonstrate the persistence of allogeneic MSCs into 
immunocompetent hosts after transplantation. In one patient treated with MSCs, DNA of 
donor MSC could not be detected in any organ at autopsy few weeks after the infusion, 
while in another patient receiving MSCs from two donors, the donor DNA from both 
donors was detected in lymph node and colon, the target organs of GVHD, within weeks 
after infusion (85). Data from our lab indicated that MSC were undetectable after two 
weeks in an allogeneic system (86). Therefore, the question of whether MSCs are 
recognized by an intact allogeneic immune system in vivo remains open, although the in 
vitro data support the theory that MSCs escape the immune system. MSCs do not express 
FAS ligand or costimulatory molecules, such as B7-1, B7-2, CD40, or CD40L (50). When 
costimulation is inadequate, T-cell proliferation can be induced by the addition of 
exogenous costimulation. However, MSCs differ from other cell types, and no T-cell 
proliferation can be observed when they are cultured with HLA-mismatched lymphocytes 
in the presence of a CD28-stimulating antibody (50). However, in agreement with the in 
vitro data, infusion or implantation of allogeneic and MHC-mismatched MSCs into 
baboons has been well tolerated (87-89). Unique immunologic properties of MSCs were 
also suggested by the fact that engraftment of human MSCs occurred after intra-uterine 
transplantation into sheep, even when the transplantation was performed after the fetuses 
became immunocompetent (90). MSC mainly fail to activate T-cells and show to be targets 
for CD8+ T cell-cytotoxicity, althought controversial (60). Phyto-hemagglutinin (PHA) 
blasts, generated to react against a specific donor, will lyse chromium-labeled 
mononuclear cells from that individual but it will not lyse MSCs derived from the same 
donor. Furthermore, killer cell inhibitory receptor (KIR ligand)–mismatched natural killer 
cells do not lyse MSCs (60). Thus, MSCs, although incompatible at the MHC, tend to 
escape the immune system. 
Although MSCs are transplantable across allogeneic barriers, a delayed type 
hypersensitivity reaction can lead to rejection in xenogenic models of human MSCs injected 
into immunocompetent rats (91). In this study, MSCs were identified in the heart muscle of 
severe compromised immune deficiency rats, in contrast to that of immunocompetent rats. 
In the latter group, peripheral blood lymphocytes proliferated after re-stimulation with 
human MSCs in vitro, thus suggesting cellular immunization. Such a proliferative response 
in vitro has not been detected in humans treated with intravenous (IV) infusion of allogeneic 
MSCs (Le Blanc and Ringdén, unpublished data, 2004). 
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6. Mechanisms of immunosuppression by Mesenchymal Stem Cells 
Several studies have acknowledged the immunosuppressive activities of MSCs, but the 
underlying mechanisms are far from being fully characterized. The initial step in the 
interaction between MSCs and their target cells involves cell–cell contact mediated by 
adhesion molecules, in concordance with studies showing the dependence of T-cell 
proliferation on the engagement of PD-1 by its ligand (31). Several soluble 
immunosuppressive factors, either produced constitutively by MSCs or released following 
cross-talk with target cells have been reported, including nitric oxide and indoleamine 2,3-
dioxygenase (IDO), which are only released by MSC after IFN-γ stimulation with target cells 
(92, 93), and thus not in a constitutive manner. IDO induces the depletion of tryptophan 
from the local environment, which is an essential amino acid for lymphocyte proliferation. 
MSC-derived IDO was reported as a requirement to inhibit the proliferation of IFN-γ-
producing TH1 cells (92) and together with prostaglandin E2 (PGE-2) to block NK-cell 
activity (Fig 1) (44). In addition, IFN-γ, alone or in combination with TNF-α, IL-1α or IL-1β, 
stimulates the production of chemokines by mouse MSCs that attract T-cells and stimulate 
the production of inducible nitric-oxide synthase (iNOS), which in turn inhibits T-cell 
activation through the production of nitric oxide (56). It is worth noting that MSCs from 
IFN-γ receptor (IFN-γ-R1) deficient mice do not have immunosuppressive activity, which 
highlights the vital role of IFN-γ in the immunosuppressive function of MSC (56). 
Additional soluble factors, such as transforming growth factor-β1 (TGF-β1), hepatocyte 
growth factor (HGF), IL-10, PGE-2, haem-oxygenase-1 (HO1), IL-6 and soluble HLA-G5, are 
constitutively produced by MSCs (28, 34, 51, 63, 94) or secreted in response to cytokines 
released by target cells upon interacting with MSC. TNF-α and IFN-γ have been shown to 
stimulate the production of PGE-2 by MSCs above constitutive level (34). Furthermore, IL-6 
was shown to dampen the respiratory burst and to delay the apoptosis of human 
neutrophils by inducing phosphorylation of the transcription factor signal transducer and 
activator of transcription 3 (47), and to inhibit the differentiation of bone-marrow progenitor 
cells into DCs (95).  
The failure to reverse suppression, when neutralizing antibodies against IL-10, TGF-β and 
IGF were added to MLR reactions does point to the possibility that MSC may secrete as yet 
uncharacterized immunosuppressive factors (93). Galectin-1 and Galectin-3, newly 
characterized lectins, are constitutively expressed and secreted by human bone marrow 
MSC. Inhibition of galectin-1 and galectin-3 gene expression with small interfering RNAs 
abrogated the suppressive effect of MSC on allogeneic T-cells (Fig 1) (96). The restoration of 
T-cell proliferation in the presence of β- lactose indicates that the carbohydrate-recognition 
domain of galectins is responsible for the immunosuppression of T-cells and highlights an 
extracellular mechanism of action for the MSC-secreted galectins. In this respect, the 
inhibition of T-cell proliferation could result from either direct effects of galectin-1 and 
galectin-3 on T cells and/or through a direct or an indirect on effect on dendritic cells (97).   
HLA-G5 represents another important molecule involved in MSC mediated regulation of 
the immune response, where its production has been shown to suppress T-cell proliferation, 
as well as NK-cell and T-cell cytotoxicity, while promoting the generation of Tregs (63, 98). 
HLA-G protein expression is constitutive and the level is not modified upon stimulation by 
allogeneic lymphocytes in MSC/MLR. HLA-G5 is detected on MSCs by real-time reverse-
phase polymerase chain reaction, immune-fluorescence, flow cytometry and enzyme-linked 
immunosorbent assay in the supernatant (99). Cell contact between MSCs and activated T-
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(16, 50, 82, 83), while they do not express HLA class II antigens of the cell surface. 
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HLA class II allo-antigens (83). Cell-surface expression can be induced by treatment of the 
cells with IFN-γ for 1 or 2 days. Unlike adult MSCs, the fetal liver– derived cells have no 
intracellular nor cell surface HLA class II expression (84), but incubation with IFN-γ 
initiated their intracellular expression followed by surface expression. Differentiation of 
MSCs into their mesodermal lineages of bone, cartilage, or adipose tissue, both in adult 
and fetal MSCs continued to express HLA-I, but not class II (84). Undifferentiated MSCs 
in vitro fail to elicit a proliferative response from allogeneic lymphocytes, thus suggesting 
that the cells are not inherently immunogenic (28, 30, 50). When pre-cultured with IFN-γ 
for full HLA class II expression, MSCs still escape recognition by allo-reactive T-cells, (83, 
84) as is the case with MSCs differentiated adipocytes, osteoblasts, and chondrocytes. 
Limited in vivo data demonstrate the persistence of allogeneic MSCs into 
immunocompetent hosts after transplantation. In one patient treated with MSCs, DNA of 
donor MSC could not be detected in any organ at autopsy few weeks after the infusion, 
while in another patient receiving MSCs from two donors, the donor DNA from both 
donors was detected in lymph node and colon, the target organs of GVHD, within weeks 
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6. Mechanisms of immunosuppression by Mesenchymal Stem Cells 
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cells induces IL-10 production, which, in turn, stimulates the release of soluble HLA-G5 by 
MSCs (63).  It is worth nothing that none of these molecules have an exclusive role and that 
MSC-mediated immune-regulation is a redundant system that is mediated by several 
molecules. 

7. Mesenchymal Stem Cells in response to injury 
One important characteristic of hMSCs is their ability to suppress inflammation resulting 
from injury, as well as, resulting from allogeneic solid organ transplants, and autoimmune 
disease. Consistent with in vitro studies, murine allogeneic MSCs are effective cellular 
therapy models in the treatment of murine models of human disease (52, 100-102). Several 
studies have documented the substantial clinical improvements observed in animal models, 
when MSC were systemically introduced as a therapy in mouse models of multiple sclerosis 
(102, 103), inflammatory bowel disease (104-106), infarct, stroke, and other neurologic 
diseases (107, 108), as well as diabetes (109). These findings strongly suggest that xenogeneic 
hMSCs are not immunologically recognized by various immunocompetent mouse models of 
disease and are able to home to sites of inflammation. However, the mechanisms behind the 
immunosuppressive actions at the site of inflammation and its association with the homing 
activity have not yet been completely elucidated.  
Nitric Oxide (NO) mediate its effect partly through phosphorylation of Stat-5, which results 
in suppression of T- cell proliferation, partly through the inhibition of NO synthase or the 
inhibition of prostaglandin synthesis. This reveals the MSC-dependent effects on 
proliferation. Although indoleamine-2, 3-dioxygenase (IDO) has been hypothesized to be 
critical in mediating the effect of NO, neutralizing IDO by using a blocking antibody did not 
interfere with NO’s suppressive effects (93, 110).  
Within an in vivo setting, injury, inflammation, and/or foreign cells can lead to T-cell 
activation, which results in those T-cells producing proinflammatory cytokines including, 
but not limited to, TNF-α, IFN-γ, IL-1α, and IL-1β. Combinations of cytokines may also 
induce cell production of chemokines, some of which bind to CXCR3-R expressing cells 
(including T cells) that co-localize with MSCs. MSCs then produce NO, which inhibits Stat-5 
phosphorylation, thereby leading to cell-cycle arrest (and thus halting T cell proliferation) 
(Fig 1) (110). In addition, iNOS appears to be important in mouse MSC in vivo effects. MSCs 
from mice that lack iNOS (or IFN-γR1) are unable to suppress GVHD. In contrast to mouse 
MSCs that use NO in mediating their immune-suppressive effect, hMSCs and MSCs from 
non-human primates appear to mediate their immune-suppressive effects via IDO (56). 
There is some controversy about whether the effect of IDO results from local depletion of 
tryptophan, or from the accumulation of tryptophan metabolites (which is suggested by 
data showing that use of a tryptophan antagonist, 1-methyl-L tryptophan, restored allo-
reactivity that would otherwise have been suppressed by MSCs). In addition to its effect on 
the JAK-STAT pathway, NO may also influence mitogen activated protein kinase and 
nuclear factor κB, which would cause a reduction in the gene expression of proinflammatory 
cytokines. 

8. Mesenchymal Stem Cell clinical applications  
The clinical experience with and the safety of MSCs is of utmost interest for their wide 
therapeutic applications. The pioneering in vivo studies with MSC focused on the 
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engraftment facilitation for the haematopoietic stem cells (111). Further work also focused 
on the regenerative functions of MSC in terms of functional repair of damaged tissues (112). 
Hypoimmunogenicity of MSC provided a critical advantage in their use for clinical and 
therapeutic purposes in vitro (50), followed by pre-clinical studies (29) and reaching the 
human clinical studies (32) with the use of allogeneic donors. Allogeneic MSC have proved 
to be an option with major advantages in clinical use, since the use of autologous MSC is 
hindered by the limited time frame for clonal expansion and the costly in vitro proliferation. 
However, some sub-acute conditions, such as autoimmune diseases, might allow the use of 
autologous MSCs and their culture in vitro. It is worth noting that some reports have 
recently challenged the belief that allogeneic MSCs are poorly immunogenic (113, 114), 
indicating that in some cases an autologous MSC source could be advantageous. Recent 
reports have shown that MSCs from patients with autoimmune disease have a normal 
capability to support hematopoiesis,  (115) and to exercise immunomodulatory functions 
(116), and to show a normal phenotypic characteristics (117).  
The perspective role of adult stem cells in degenerative disease conditions, where there is 
progressive tissue damage and an inability to repair, possibly due to the depletion of stem 
cell populations or functional alteration, has been considered. In cases of osteoarthritis, a 
disease of the joints where there is progressive and irreversible loss of cartilage 
characterized by changes in the underlying bone, Murphy et al showed that the proliferative 
capacity of the MSC was substantially reduced, and this was independent of the harvest site 
from patients with end-stage OA undergoing joint replacement surgery (118). In this study 
the marrow samples were harvested both from the site of surgery (either the hip or the 
knee) and also from the iliac crest. These effects were apparently disease-related, and not 
age-related. However, the data suggest that susceptibility to OA and perhaps other 
degenerative diseases may be due to the reduced mobilization or proliferation of stem cells. 
In addition, successfully recruited cells may have a limited capacity to differentiate, leading 
to defective tissue repair. Alternatively, the altered stem cell activity may be in response to 
the elevated levels of inflammatory cytokines seen in OA, which was confirmed by several 
other investigators (119, 120). 
Similarly, the functional impairment of the anti-proliferative effect of MSCs derived from 
patients with aplastic anaemia (121) or multiple myeloma (122) might be resulting from an 
intrinsic abnormality in the microenvironment of the bone marrow, which is consistent with 
the possible use of autologous MSC for therapeutic purposes.  
With the knowledge of the homing capacity of MSC and their capacity to engraft into the 
recipient’s bone after systemic administration, MSCs have been utilized to treat children 
with severe osteogenesis imperfecta, leading to improved parameters of increased growth 
velocity and total body mineral content associated with fewer fractures (123). Systemic 
infusion of allogeneic MSCs also led to encouraging bone marrow recovery in patients with 
tumors following chemotherapy (123). The immunosuppressive effect of infused MSCs has 
been successfully shown in acute, severe graft-versus-host disease (GvHD) (32). The 
probable effect of MSC was the inhibition of donor T-cell reactivity to histocompatibility 
antigens of the recipient tissue. Currently, there is no successful therapy for steroid-
refractory acute GVHD. The possible role of MSCs in this context is therefore of potential 
interest. Le Blanc et al reported a case of grade IV acute GVHD of the gut and liver in a 
patient who had undergone ASCT with cells from an unrelated female donor (32). The 
patient was unresponsive to all types of immunosuppression drugs. When the patient was 
infused with 2x 106 MSCs per kilogram from his HLA-haploidentical mother, his GVHD 
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responded with a decline in bilirubin and normalization of stools. After the MSC infusion, 
DNA analysis of his bone marrow showed the presence of minimal residual disease (124). 
When immunosuppression was discontinued, the patient again developed severe acute 
GVHD, with its associated symptoms within a few weeks. 
Modulation of host allo-reactivity led to accelerated bone-marrow recovery in patients co-
transplanted with MSCs and haplo-identical HSCs (125). Clinical trials are being conducted 
on the immunomodulatory potential of MSCs in the treatment of Crohn’s disease, with the 
potential for those cells to contribute to the regeneration of gastrointestinal epithelial cells 
(126).   
As described previously, MSCs are characterized by their hypoimmunogenicity. In 2000, 
data from several research groups demonstrated long-term allo-MSC engraftment in a 
variety of non-cardiac tissues in the absence of immunosuppression (88, 90). On the basis of 
these observations, investigators began to look into the possibility of allo-MSCs engraftment 
into affected myocardium in rats, and later in swine, where allo-MSCs were found to readily 
engraft in necrotic myocardium and favorably alter ventricular function (2). The allo-MSC 
engraftment occurred without evidence of immunologic rejection or lymphocytic infiltration 
in the absence of assisted immunosuppressive therapy emphasizing some of the apparent 
advantages of these cells over other cell populations for cellular cardiomyoplasty. The 
immunologically privileged status of MSCs was also observed in xenogeneic setting, where 
Saito et al injected MSC intravenously from C57BL/6 mice into immunocompetent adult 
Lewis rats (127). When these animals were later subjected to MIs, murine MSCs could be 
identified in the region of necrosis, and these cells expressed muscle specific proteins not 
present before coronary ligation.  

9. Animal models 
Consistent with results from in vitro studies, murine allogeneic MSCs are effective in the 
treatment of murine models of human disease (52, 103, 128). Several studies have reported 
clinical improvements in mouse models of multiple sclerosis and amyotrophic lateral 
sclerosis, inflammatory bowel disease, stroke, diabetes, infarct and GVHD using I.V. 
injected xenogeneic hMSCs rather than allogeneic MSCs (108, 109). A major advantage in 
using hMSCs in mouse models of human disease is that the possibility of gathering 
mechanistic data through measuring biomarkers from body fluids or using noninvasive 
imaging technology, which may prove to be an advantage in clinical studies when applied 
on humans.  
In experiments designed to study the trafficking of hMSCs, investigators used mouse 
models of severe erosive polyarthritis characterized by an altered transgene allele that 
results in chronic over-expression of TNF-α and which resemble human RA patients (60, 72).  
The motive behind utilizing these mice models was to investigate similarities in MSC 
homing with mouse models of chronic asthma and acute lung injury. Injected hMSC 
revealed a reduction in ankle arthritis parameters associated with decrease appendage 
related erythema, possibly due to the MSC localization to ankle joints as revealed by 
bioluminescence (129). Similar observations for inducing tolerance were made using 
adipose-derived MSC, where Treg were induced in RA PBMC and in mouse models of 
arthritis (36, 130). Furthermore, studies of rheumatoid arthritis T-cells showed a down-
regulation of effector response using adipose-derived MSCs (131). Variations in this 
potential described by the capability of MSCs to down-regulate collagen-induced arthritis, 
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and in the ability to induce Tregs, depend on the source of MSC (mouse vs. human) and its 
characteristics (primary isolate of MSC line), which reflect on difference in function 
compared to primary expanded MSC (132). Other studies reported that in the collagen-
induced model of arthritis, mice infused with MSCs have increased numbers of CD4+CD25+ 
cells that express FoxP3 and thus reveal a Treg phenotype (20). Recent data on collagen-
induced arthritis model, where murine MSCs did not reveal therapeutic benefits against 
arthritis in vivo, but did show anti-proliferative effect in vitro suggest that there is no 
appropriate in vitro measures that can be accurately extrapolated into a potential therapeutic 
utility of MSCs in vivo, and that mouse MSCs show difference in functional characteristics to 
hMSC in terms of immunoregulatory capacity (133).  
MSC’s immunological properties appeared to have potential therapeutic advantages in 
other forms of autoimmune diseases, especially in type 1 diabetes. In NOD mouse model, 
several physiological defects that aim to maintain peripheral and central tolerance 
contribute to the development of autoimmune diabetes. These defects are summed up as a 
combination of immune cell dysfunction (including T-cell, NK cells, B-cells, and dendritic 
cells), associated with the presence of inflammatory cytokine milieu (134). MSCs possess 
specific immunomodulatory properties capable of halting autoimmunity through 
immunomodulation processes described in this chapter. The processes might be through a 
direct effect via the presentation of differential levels of negative costimulatory molecules 
and the secretion of regulatory cytokines that affect regulatory T-cells/autoreactive T-cells. 
Furthermore, MSCs could modulate the immunological dysregulation observed in antibody 
producing B-cells and cytotoxic NK cells. Dendritic cells have been shown to be defective in 
NOD mice characterized by higher levels of costimulation with a potential capability to shift 
to a TH-1 type of immune response. 
In an experimental mouse model of diabetes induced by streptozotocin, it was observed that 
MSCs promoted the endogenous repair of pancreatic islets and renal glomeruli (109). 
Similarly, co-infusion of MSCs and bone-marrow cells inhibited the proliferation of β-cell-
specific T-cells isolated from the pancreas of diabetic mice and restored insulin and glucose 
levels through the induction of recipient-derived pancreatic β-cell regeneration in the 
absence of trans-differentiation of MSCs (135). These studies show that the in vivo 
administration of MSCs is clinically efficacious through the modulation of pathogenic β- 
and T-cell responses and through potent bystander effects on the target tissue. 
The timing of MSC infusion seems to be a critical parameter in their therapeutic efficacy. In 
the EAE mouse model of multiple sclerosis, MSC systematically injected at disease onset 
ameliorated myelin oligodendrocyte glycoprotein (MOG)-induced EAE and further 
decreased the infiltration T-cells, B-cells and macrophages into the central nervous system 
(CNS). Furthermore, T cells isolated from the lymph nodes of MSC-treated mice did not 
proliferate after in vitro re-challenge with MOG peptide, which is an indication of the 
induction of T-cell anergy (52). Systematic injection of MSCs was found to inhibit the in vivo 
production of pathogenic plp-specific antibodies and to suppress the encephalitogenic 
potential of plp-specific T cells in passive-transfer experiments. In this model, the MSCs 
migrated to the lymphoid organs, as well as, to the inflamed CNS, where they exercised a 
protective effect on the neuronal axons in situ (135, 136). In these studies, the therapeutic 
effect of MSCs depended on the release of anti-apoptotic, anti-inflammatory and trophic 
molecules, as occurred in the case of stroke in rats (137), and, possibly, on the recruitment of 
local progenitors and their subsequent induction to differentiate into neural cells (138). As 
trophic effect, the MSCs appeared to favor oligo-dendrogenisis by neural precursor cells 
(139). 
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identified in the region of necrosis, and these cells expressed muscle specific proteins not 
present before coronary ligation.  

9. Animal models 
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injected xenogeneic hMSCs rather than allogeneic MSCs (108, 109). A major advantage in 
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mechanistic data through measuring biomarkers from body fluids or using noninvasive 
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In experiments designed to study the trafficking of hMSCs, investigators used mouse 
models of severe erosive polyarthritis characterized by an altered transgene allele that 
results in chronic over-expression of TNF-α and which resemble human RA patients (60, 72).  
The motive behind utilizing these mice models was to investigate similarities in MSC 
homing with mouse models of chronic asthma and acute lung injury. Injected hMSC 
revealed a reduction in ankle arthritis parameters associated with decrease appendage 
related erythema, possibly due to the MSC localization to ankle joints as revealed by 
bioluminescence (129). Similar observations for inducing tolerance were made using 
adipose-derived MSC, where Treg were induced in RA PBMC and in mouse models of 
arthritis (36, 130). Furthermore, studies of rheumatoid arthritis T-cells showed a down-
regulation of effector response using adipose-derived MSCs (131). Variations in this 
potential described by the capability of MSCs to down-regulate collagen-induced arthritis, 
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and in the ability to induce Tregs, depend on the source of MSC (mouse vs. human) and its 
characteristics (primary isolate of MSC line), which reflect on difference in function 
compared to primary expanded MSC (132). Other studies reported that in the collagen-
induced model of arthritis, mice infused with MSCs have increased numbers of CD4+CD25+ 
cells that express FoxP3 and thus reveal a Treg phenotype (20). Recent data on collagen-
induced arthritis model, where murine MSCs did not reveal therapeutic benefits against 
arthritis in vivo, but did show anti-proliferative effect in vitro suggest that there is no 
appropriate in vitro measures that can be accurately extrapolated into a potential therapeutic 
utility of MSCs in vivo, and that mouse MSCs show difference in functional characteristics to 
hMSC in terms of immunoregulatory capacity (133).  
MSC’s immunological properties appeared to have potential therapeutic advantages in 
other forms of autoimmune diseases, especially in type 1 diabetes. In NOD mouse model, 
several physiological defects that aim to maintain peripheral and central tolerance 
contribute to the development of autoimmune diabetes. These defects are summed up as a 
combination of immune cell dysfunction (including T-cell, NK cells, B-cells, and dendritic 
cells), associated with the presence of inflammatory cytokine milieu (134). MSCs possess 
specific immunomodulatory properties capable of halting autoimmunity through 
immunomodulation processes described in this chapter. The processes might be through a 
direct effect via the presentation of differential levels of negative costimulatory molecules 
and the secretion of regulatory cytokines that affect regulatory T-cells/autoreactive T-cells. 
Furthermore, MSCs could modulate the immunological dysregulation observed in antibody 
producing B-cells and cytotoxic NK cells. Dendritic cells have been shown to be defective in 
NOD mice characterized by higher levels of costimulation with a potential capability to shift 
to a TH-1 type of immune response. 
In an experimental mouse model of diabetes induced by streptozotocin, it was observed that 
MSCs promoted the endogenous repair of pancreatic islets and renal glomeruli (109). 
Similarly, co-infusion of MSCs and bone-marrow cells inhibited the proliferation of β-cell-
specific T-cells isolated from the pancreas of diabetic mice and restored insulin and glucose 
levels through the induction of recipient-derived pancreatic β-cell regeneration in the 
absence of trans-differentiation of MSCs (135). These studies show that the in vivo 
administration of MSCs is clinically efficacious through the modulation of pathogenic β- 
and T-cell responses and through potent bystander effects on the target tissue. 
The timing of MSC infusion seems to be a critical parameter in their therapeutic efficacy. In 
the EAE mouse model of multiple sclerosis, MSC systematically injected at disease onset 
ameliorated myelin oligodendrocyte glycoprotein (MOG)-induced EAE and further 
decreased the infiltration T-cells, B-cells and macrophages into the central nervous system 
(CNS). Furthermore, T cells isolated from the lymph nodes of MSC-treated mice did not 
proliferate after in vitro re-challenge with MOG peptide, which is an indication of the 
induction of T-cell anergy (52). Systematic injection of MSCs was found to inhibit the in vivo 
production of pathogenic plp-specific antibodies and to suppress the encephalitogenic 
potential of plp-specific T cells in passive-transfer experiments. In this model, the MSCs 
migrated to the lymphoid organs, as well as, to the inflamed CNS, where they exercised a 
protective effect on the neuronal axons in situ (135, 136). In these studies, the therapeutic 
effect of MSCs depended on the release of anti-apoptotic, anti-inflammatory and trophic 
molecules, as occurred in the case of stroke in rats (137), and, possibly, on the recruitment of 
local progenitors and their subsequent induction to differentiate into neural cells (138). As 
trophic effect, the MSCs appeared to favor oligo-dendrogenisis by neural precursor cells 
(139). 
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Several other studies have provided insights into the effects of MSCs mediated by cytokines. 
In a model of acute renal failure, the administration of MSCs increased the recovery of renal 
function through the inhibition of production of proinflammatory cytokines, such as Il-1β, 
TNF and IFNγ, and through an anti-apoptotic effect on target cells (140). Along the same 
line, the anti-inflammatory activity of MSCs was revealed in a mouse model of lung fibrosis, 
where they inhibited the effects of IL-1α-producing T cells and TNF-producing 
macrophages through the release of IL-1 receptor antagonist (IL-1RA) (141). The release of 
trophic factors such as the WNT-associated molecule secreted frizzled-related protein 2 
(SFRp2), which leads to the rescue of ischemic cardiomyocytes and the restoration of 
ventricular functions represent another important function for MSC (142). 
With all the promising therapeutic potential of MSC, there seems to be a growing concern 
about their association with tumors. The immunoregulatory and anti-proliferative effects of 
MSCs led to several studies investigating the inhibitory effect of MSCs on tumor growth. 
Inhibition or, more frequently, stimulation of tumor-cell proliferation in vitro and/or tumor 
growth in vivo by MSCs has been reported (143-145). The heterogeneous nature of the MSC 
populations and the different experimental tumor models used, contribute to the effect of 
tumors on MSC in which the microenvironment generated by tumors influence the behavior 
of MSCs (146). Two main mechanisms are probably involved in the enhancement of tumor 
growth by MSCs. First, the cell-to-cell cross-talk between MSCs and tumor cells contribute 
to tumor progression, thus integrating within the tumor stroma (147), and second, the 
suppressive effects of MSCs on the immune system of tumor-bearing hosts might facilitate 
tumorigenesis, as shown for the inhibition of melanoma rejection, possibly mediated by 
regulatory CD8+ T cells (144). Irrespective of the possible interactions between cancer cells, 
immune cells and MSCs, the potential risk of stimulating the growth cancer by MSCs must 
be considered. 

10. Conclusion 
As a whole, the data accumulated from preclinical and clinical data indicate that bone 
marrow-derived MSCs have, in addition to their therapeutic purposes in regenerative 
medicine, effects that can result from other characteristics, such as their anti-proliferative 
and anti-inflammatory properties. The immuno suppressive activity of MSCs provides 
means for inducing peripheral tolerance following systemic injection mediated through the 
inhibition of cell division, thereby preventing their responsiveness to antigenic triggers 
while maintaining them in a quiescent state. In addition, the clinical efficacy of MSCs in 
different experimental model seems to occur almost only during the acute phase of disease 
associated with limited trans-differentiation, which indicates that the therapeutic 
effectiveness of MSCs relies heavily on their ability to modify microenvironments. These 
modifications occur through the release of anti-inflammatory cytokines, and anti-apoptotic 
and trophic molecules that promote the repair and protection of damaged tissues, as well as, 
maintain the integrity of the immune cells.  
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1. Introduction 
Mesenchymal stem cells’ field has flourished lately. It is undoubted that MSC have the 
ability to repair several damaged tissues. Multipotent mesenchymal stromal cells (MSC) can 
be isolated and efficiently expanded from almost every single body tissue and has the ability 
of self-renewal and differentiation into various mesodermal cell lineages. MSC can provide 
effective treatments for a wide range of diseases and posses several applications in 
regenerative medicine such as tissue repair and gene delivery. In fact, relevant data have 
been generated in animal models of human diseases and some clinical trials are even being 
started. However, little is known about how MSC can repair. It is suggested that the MSC 
has pleiotropic actions releasing pro-survival factors to cytoprotective microvesicles. In this 
chapter, we will review and discuss the main conjectures on the mechanisms of action of 
MSC in animal and human contexts. 

2. Mesenchymal Stem Cells (MSC) biology: concept, terminology, sources, cell 
phenotype, gene profile and senescence  
The so called “stem cell” called “stem cell” is the cell that by definition has two main 
properties: 1) Asymmetric division and 2) Differentiation capacity. Not all cells in our body 
follow these two properties. 
In this sense, there are two main cells: embryonic stem cells and adult stem cells. For the 
purpose of this chapter, we will focus on adult stem cells.  
The existence of adult stem cell is now well accepted. Tissue repair after injury and also the 
continuous homeostatic self renewal of some tissue consolidate this idea (1).  
In 1970, Friendstein and collaborators described for the first time that bone marrow 
harbours not only hematopoetic stem cells (HSC), but also other type of cell that has 
clonogenic properties in vitro, characterizing these cells by their property to form fibroblast 
colonies in the primary passage in culture (CFU-F: colony-forming unit fibroblastic)(2). Later 
on, therapeutic approaches were approaches were achieved by using these cells in bone 
disorders (3, 4). 
Years later, Caplan and co-workers named these cells as mesenchymal stem cells (MSC) (5, 
6). In 1999, Pittenger et al demonstrated that these cells are multipotent stem cells with 
potential to differentiate into other cells from mesenchymal tissues (7).   
Others sources of mesenchymal stem cells have been described since then. MSC are not only 
found at bone marrow. Adipose tissue has also been demonstrated as a potential niche (8). 
In addition, dental pulp (9), limbus (10), amniotic membrane (11) amniotic fluid (12), kidney 
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clonogenic properties in vitro, characterizing these cells by their property to form fibroblast 
colonies in the primary passage in culture (CFU-F: colony-forming unit fibroblastic)(2). Later 
on, therapeutic approaches were approaches were achieved by using these cells in bone 
disorders (3, 4). 
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6). In 1999, Pittenger et al demonstrated that these cells are multipotent stem cells with 
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(13) and several other organs may harbor mesenchymal stem cell populations. In culture, all 
these cells posses a fibroblast-like phenotype and share similarities in their 
immunophenotype and differentiation assays.  
Once it was seen that, several organs and tissue have MSC, the name needed to be 
standardized. In 2005, the International Society of Stem Cell Research (ISSCR) termed these 
cells as multipotent mesenchymal stromal cells for fibroblast-like plastic adherent cells 
isolated  from any organ (14). And if this cell follows the minimal criteria of stem cell, so this 
cell can be called mesenchymal stem cell. There are three main criteria in order to determine 
the indentity of MSC: 1) must have adherence to plastic;  2) expression of CD105, CD73 and 
CD90, and lack of expression of CD45, CD34, CD14 or CD11b, CD79alpha or CD19 and 
HLA-DR surface molecules; 3) must have differentiation potential (15). More recently, 
Caplan has suggested, due to its properties; to again rename MSC to “Medicinal Signaling  
Cells” because of its main mechanism of action (16). 
Despite this phenotype similarity, gene profile among all these cells may be different. A 
molecular signature of markers of stem lineage markers and genes regulating 
developmental and regenerative processes is more elucidative (17). Peroni et al, in a detailed 
work, demonstrated that MSC from bone marrow have an identical molecular profile when 
compared to MSC from adipose tissue. Nevertheless, a difference in some genes expression 
may happen with culture conditions (17). However, some authors suggest that the site of 
origin of MSC leads to the expression of specific genes pathways. A comparative study of 
MSC from bone marrow and MSC from umbilical cord from Panepucci et al showed that 
there are some gene that are more expressed in one cell than another. For instance, genes 
related to antimicrobial activity and osteogenesis are more expressed in MSC from bone 
marrow; and genes related to matrix remodeling and angiogenesis are more expressed in 
MSC from umbilical cord (18). Proteome analysis of MSC also demonstrated a full list of 
proteins expressed by MSC as described by Park et al (19). 
In fact, MSC population is not spread all over the organ. To maintain its properties, stem 
cells are located at niches. Niche is an environment defined by extracellular matrix and 
others cells that secrete several factors to maintain stem cells under its undifferentiated state 
and quiescence, since adult stem cells are highly sensitive to external signals (20-22).  Thus, 
if the niche is not well regulated, for instance in a pathologic state, stem cells may not react 
as expected: to repair and maintain homeostasis. Moreover, a problem in this delicate 
balance between stem cells and its niche may also lead to cancer (23). 
The niche per se is very important; however stem cell stability is also necessary.  DNA 
damage in melanocyte stem cells induce premature differentiation, leading to apoptosis and 
senescence (24). Regarding that cellular aging may be due to DNA alterations; this is 
probably an explanation for the inverse correlation between age and adult stem cell 
population and its functionality (25). 
Despite all efforts, the potential niche for adult stem cell in vivo has not yet been defined. A 
perisvascular niche is one possible place (26, 27). Some authors support the idea that 
mesenchymal stem cells are located throughout the body as pericytes, since it is related to 
tissue homeostasis and blood vessels stabilization (27). In this sense, da Silva Meirelles et al 
showed the direct correlation between the quantity of blood vessel and stem cells (28). 

3. MSC therapy and its ability to repair several diseases 
As previously written, all tissues per se have the capacity of homeostasis maintenance. 
However, after an injury, this process is somehow disturbed by inflammation or by 
extracellular matrix disruption, not allowing proper stem cell action.  
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Thus, in a way to assist the repair process, several works have focused on the administration 
of exogenous stem cells. Surprisingly, the administration of adult stem cell in several 
experimental diseases have showed to improve in its clinical outcome and moreover 
amelioration of tissue architecture.  
However, the mechanism of action that leads to this improvement is not well defined. 
Fusion of dying cells with MSC, differentiation of MSC to other cell types or paracrine 
action, by secretion of several bioactive factors are the main mechanism of action suggested. 
New mechanisms have also been suggested with the knowledge of microRNA. These topics 
will be better explained in the next sections. 

3.1 Animals models of human diseases: kidney, heart, CNS, liver, lung and pancreas 
The main experimental models treated with mesenchymal stem cells are summarized in the 
next table (Table I). 
 
 Experimental 

Model 
Cell 

(amount/way/time) 

Mechanism of Action 
suggested for better 
outcome of injury 

Reference 

Kidney 

Acute Kidney Injury 

Rat MSC, 2x105 cell/rat, 
e.v., 6h after ischemia-
reperfusion injury 

Immunomodulation 
 (29) 

Microvesicles from 
human MSC, 15 
µg/animal, e.v., 3 days 
after glycerol 
administration 

mRNA and microRNA 
carried by 
microvesicles 

(30) 

MSC, 1x105 cell/mouse, 
intra-arterially, 30 min 
after inschemia-
reperfusion injury 

Paracrine action – 
VEGF, HGF, IGF-1 
secretion 

(31) 

Chronic Kidney 
Injury (remnant 
model) 

Rat MSC, 2x105 cell/rat, 
e.v., 2nd week after 5/6 
remnant model every 
other week until 8th 
week. 

Immunomodulation 
and paracrine action (32) 

Rat MSC, 1x105 cell/rat, 
e.v., 1 week after 5/6 
nephrotomy 

MSC engraftment and 
paracrine action (33) 

Chronic Kidney 
Injury (unilateral 
ureteral obstruction) 

Human MSC, 1x106 
cell/rat, intra-arterially, 
after ureter obstruction 

Immunomodulation (34) 

Glomerulonephritis 

Rat MSC, 2x106 
cell/rat, intra-arterially, 
2 days after Thy1.1 
administration 

Early results: paracrine 
effect 
Long-term results: 
maldifferentiation of 
MSC to adipocytes 

(35) 
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Thus, in a way to assist the repair process, several works have focused on the administration 
of exogenous stem cells. Surprisingly, the administration of adult stem cell in several 
experimental diseases have showed to improve in its clinical outcome and moreover 
amelioration of tissue architecture.  
However, the mechanism of action that leads to this improvement is not well defined. 
Fusion of dying cells with MSC, differentiation of MSC to other cell types or paracrine 
action, by secretion of several bioactive factors are the main mechanism of action suggested. 
New mechanisms have also been suggested with the knowledge of microRNA. These topics 
will be better explained in the next sections. 

3.1 Animals models of human diseases: kidney, heart, CNS, liver, lung and pancreas 
The main experimental models treated with mesenchymal stem cells are summarized in the 
next table (Table I). 
 
 Experimental 

Model 
Cell 

(amount/way/time) 

Mechanism of Action 
suggested for better 
outcome of injury 

Reference 

Kidney 

Acute Kidney Injury 

Rat MSC, 2x105 cell/rat, 
e.v., 6h after ischemia-
reperfusion injury 

Immunomodulation 
 (29) 

Microvesicles from 
human MSC, 15 
µg/animal, e.v., 3 days 
after glycerol 
administration 

mRNA and microRNA 
carried by 
microvesicles 

(30) 

MSC, 1x105 cell/mouse, 
intra-arterially, 30 min 
after inschemia-
reperfusion injury 

Paracrine action – 
VEGF, HGF, IGF-1 
secretion 

(31) 

Chronic Kidney 
Injury (remnant 
model) 

Rat MSC, 2x105 cell/rat, 
e.v., 2nd week after 5/6 
remnant model every 
other week until 8th 
week. 

Immunomodulation 
and paracrine action (32) 

Rat MSC, 1x105 cell/rat, 
e.v., 1 week after 5/6 
nephrotomy 

MSC engraftment and 
paracrine action (33) 

Chronic Kidney 
Injury (unilateral 
ureteral obstruction) 

Human MSC, 1x106 
cell/rat, intra-arterially, 
after ureter obstruction 

Immunomodulation (34) 

Glomerulonephritis 

Rat MSC, 2x106 
cell/rat, intra-arterially, 
2 days after Thy1.1 
administration 

Early results: paracrine 
effect 
Long-term results: 
maldifferentiation of 
MSC to adipocytes 

(35) 
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 Experimental 
Model 

Cell 
(amount/way/time) 

Mechanism of Action 
suggested for better 
outcome of injury 

Reference 

Heart Myocarcial infarct 
model 

Swine MSC, 6x107

cell/swine, in situ at 
infracted area, two 
weeks after artery 
occlusion 

Engraftment at 
myocardium (36) 

   

CNS 

Spinal cord injury 
Human MSC, 1.5x105 
cell/rat, injury in situ, 
at time of surgery 

Immunomodulation 
and engraftment (37) 

Parkinson model 
Rat MSC, 1.106 cell/rat, 
intranasally, 3 days post 
surgery. 

Immunomodulation, 
anti-apoptotic effect 
and engraftment 

(38) 

   

Liver Liver Fibrosis (CCl4) 

Rat MSC, 3x106 
cell/rat, e.v., 42 days 
after CCl4 
administration 

Paracrine and anti-
apoptotic effect (39) 

   

Lung 

Acute Lung Injury 
(LPS) 

Mouse MSC, 1x105

cell/mouse, e.v., 2h 
after the first LPS 
inhalation 

Immunomodulation (40) 

Chronic Lung Injury 
(Bleomycin) 

Mouse MSC, 2.5x105

cell/mouse, e.v., 7 days 
after bleomycin 
administration.  

Engraftment, 
immunomodulation (41) 

   

Pancreas 
Diabetes 
Autoimmune 
(NOD animal) 

Mouse MSC, 1x105

cell/mouse, i.p. or e.v., 
NOD mice at 4 weeks 
old. 

Immunomodulation (42) 

Table I. Some pre-clinical data on MSC therapy 

3.2 Human trials with MSC 
Pre-clinical studies have stimulated human clinical trials. Searching for “adult stem cell” at 
Clinicalstrials.gov, nearly 3300 studies were found. Within these studies, 1530 are recruiting 
patients. Some of these clinical trials are related in Table II. 
These numbers are alarming. The real mechanism of action of MSC, as well as the long-term 
studies are not yet clarified. Despite it, others issues still hold doubts such as the amount of 
cells, site of injection, which cell is the best for each illness, which is the level of cell survival 
and engraftment, etc. These questions should be answered before clinical trials are started.  
However, completed clinical trials have demonstrated efficient amelioration on clinical 
outcomes. MSC therapy has been focused on graft versus host diseases (GvHD) (43), limb 
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ischemia (44), acute kidney injury (45), lung injury (46), myocardial infarction (47), etc. 
Safety and efficacy will be discussed next in this article. How MSC leads to this better 
clinical outcome, despite which disease is it, is described below.  
 

Study Condition Status 
Evaluation of Circulating Levels of 
Adult Stem Cells in the Peripheral 

Blood of Patients With Acute 
Decompensated Heart Failure and 

Following Stabilization, in 
Comparison With Healthy 
Volunteers NCT01027403 

Heart Failure Recruiting 

Adult Stem Cell Therapy in Liver 
Insufficiency NCT00147043 Liver Cirrhosis Completed 

Safety Study of Adult Stem Cells to 
Treat Patients With Severe Leg 
Artery Disease NCT00913900 

Critical Limb Ischemia Recruiting 

Long-term Safety and Efficacy of 
Adipose-derived Stem Cells to Treat 
Complex Perianal Fistulas in Patients 

Participating in the FATT-1 
Randomized Controlled Trial 

NCT01020825 

Complex Perianal Fistula Recruiting 

Evaluation of PROCHYMAL[tm] 
Adult Human Stem Cells for 

Treatment-resistant Moderate-to-
severe Crohn's Disease 

NCT00482092 

Crohn's Disease Recruiting 

Autologous Mesenchymal Stem 
Cells From Adipose Tissue in 

Patients With Secondary Progressive 
Multiple Sclerosis NCT01056471 

Multiple Sclerosis Recruiting 

Mesenchymal Stem Cell Infusion as 
Prevention for Graft Rejection and 

Graft-Versus-Host Disease 
NCT00504803 

Hematological Malignancies Recruiting 

Intravenous Stem Cells After 
Ischemic Stroke NCT00875654 Stroke Recruiting 

Induction Therapy With Autologous 
Mesenchymal Stem Cells for Kidney 

Allografts NCT00658073 
Renal Transplant Rejection Completed 

 

Table II. Some clinical trials ongoing 
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4. MSC mechanisms of action  
4.1 Differentiation  
Before talking about differentiation it is important to consider the two categories into which 
stem cells can be classied (according to their developmental status): embryonic and adult 
(postnatal). Each represents a diverse differentiation potential status and a different potential 
application. Embryonic stem are pluripotent cells isolated from the inner cells mass of 
blastocysts, and are capable of giving rise to cells found in all three germ layers of the embryo. 
They are considered to have the greatest range of differentiation potential. On the other hand, 
adult stem cells have the capacity renew tissue after trauma, disease, or aging. These cells are 
found in different scales of quantity and potentiality (uni-, di-, tri-, and multi-potent), and their 
differentiation status is related to cell plasticity, where cells of one type give rise to cells of 
another type, however closely related (cell exibility) (48). Mesechymal stem cells are adult 
stem cells with reduced differentiation capacity and higher plasticity capacity. 
The differentiation and plasticity characteristics mentioned above exemplify the flexibility of 
MSC. It is well known that mesenchymal cells can shift from one differentiation pathway to 
another under modied external conditions, and can shift from quiescence to a proliferative 
state or that MSC differentiation can be reversed at least up to a certain stage (49, 50). MSCs 
have also been reported to differentiate into various epithelial cell types after systemic 
administration in vivo. Studies have shown that after bleomycin exposure, MSC lung 
engraftment was enhanced showing a small percentage of MSC localized to areas of lung 
injury. In addition, MSC also differentiated into type I pneumocytes (51) or assumed 
phenotypic characteristics of all major cell types in lung including fibroblasts, type I and 
type II epithelial cells, and myofibroblasts (52). MSCs have also been shown to differentiate 
into retinal pigment epithelial cells (53), skin epithelial cells (54) and tubular epithelial cells 
in kidney (55). 
Different techniques have been used for MSC differentiation: use of biological and 
pharmacological reagents (56-59); mechanical cues (60-62) and external mechanical and 
electrical forces (63-66). Both mechanical and electrical stimulation have been applied 
separately and combined with soluble factors to facilitate MSC differentiation (67).  
The criteria for differentiation need to be rigorously dened. It appears difficult to ascertain 
about differentiation process. Some markers are specific for certain cells; however they do 
not have functional relation.  In addition these markers are not unique to characterize a 
specific cell. Delorme et al have found that MSC express cytoskeletal proteins usually 
expressed in neural stem cells (nestin), hepatocytes (cytokeratin-8 and -18), biliary cells 
(cytokeratin-19), and sarcomeric muscle (troponins, a-C-actin), without the expression of 
proneural or neuronal, prohepatocytic, or myogenic key transcription factors (68). Although 
cytoskeletal markers remain adequate indicators of a differentiation pathways, there are 
numerous exceptions to the rule, such as the expression of cytokeratin-18 in vascular smooth 
muscle cells in the synthetic phase and other similar misleading expression factors as 
reported by Montzka (69). 
Some of the observed differentiations may also result from reprogramming. Dezawa and 
colleagues have shown that rodent and human bone marrow MSC can be reprogrammed 
into cells with skeletal muscle potential after specic treatment comprising rst cytokines 
and then gene transfer of the notch intracellular domain (70). 
Differentiation induction can be also marked by the decline of one factor at the expense of 
the other, like runt-related transcription factor-2 (RUNX2) downregulation and peroxisome 
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proliferator-activated receptor-g (PPARγ) upregulation in the adipogenic condition, which 
remains to be tested at the single cell level (71). 
It has been shown that MSC of various species  may undergo myogenic differentiation 
(72, 73). In a mouse model of myocardial infarction it has been seen that MSCs are capable 
of engrafting in the site of injury and differentiating into cardiomyocyte-like cells 
expressing typical cardiomyocyte markers (74). Another study showed that in mice 
undergoing cisplatin-mediated acute renal failure, systemic injection of MSCs resulted in 
accumulation of MSC in the kidney and differentiation into tubular epithelial cells that 
exhibited the characteristic brush border of the proximal tubule cells (55). Besides, there 
have been a number of reports suggesting that MSC differentiate into epidermal 
keratinocytes and endothelial cells in vivo (75, 76).  In vivo, adipose-derived  MSC can 
migrate through the hemato-encephalic barrier after adhesion to the endothelium (77), 
and they can differentiate into neuroglial lineages after intraventricular in utero injection 
in rats (78). However, in humans there is no evidence concerning the neural regenerative 
potential of MSC. 
MSC obtained from different tissue sources show some differences regarding differentiation 
potential and gene expression proles. Thus, it has become clear that the microenviroment 
in which MSCs are transplanted, growth factors and local cellular interactions, play a 
pivotal role in determining both MSC biology (survival, proliferation, and specic 
differentiation) and eventually a clinical measurable improvement.  

4.2 Fusion  
Cell fusion is a process that has an important biological role in the development, physiology 
and disease of multicellular organisms. For example, we have the zygote formation and 
organogenesis of various tissues, such as placenta, bone and skeletal muscle. There are 
different types of cell fusion: homotypic and heterotypic cell fusion. Homotypic fusion 
happens between cells of the same type; like fusion between myoblasts for the formation 
and growth of multinuclear myofibres and multinucleated cells during chronic 
inflammatory conditions. In a heterotypic cell fusion, which describes the fusion between 
cells of different lineages, we have stem cells, where in specific adult stem cells can be used 
for clinical therapy by introducing a nuclei or functional genes in aged or degenerating cells 
(79). Recent reports have indicated that stem cells can fuse with differentiated cells in a 
range of tissues, including the brain, kidney, heart, lung and liver.  
It’s known that inammation promotes migration and inltration of bone marrow-derived 
stem cells to sites of tissue injury. Moreover, inflammation also increases the frequency of 
stem cell fusion. In the brain, chronic inammation cen cause an increase in spontaneous 
fusion events through the increase of cytokine levels, by activating immune cells or by 
damaging the blood brain barrier leading to increased permeability (80, 81). Mechanistically, 
it is important to note that lipid bilayer membranes do not spontaneously fuse,  and  that  
fusion  between  membranes involves  a  highly  intricate  choreography  of  lipids  and  
proteins.  Alterations in the cell membrane that are likely to occur during chronic 
inflammation and the concomitant production of a variety of cytokines may predispose 
certain cells to fusion events.  
Scolding et al hypothesized that endogenous factors associated with inammation, such 
as tumour necrosis factor (TNF)-alpha and interferon (IFN)-gamma, may also directly 
activate stem cells and Purkinje cells to promote fusion. They demonstrated that fusion 
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between MSCs and cerebellar neurons can occur spontaneously in vitro, associated with a 
markedly higher incidence of the inflammatory mediators such as TNF-alpha and IFN-
gamma. The same group, has shown that human bone marrow-derived MSC also exhibit 
this potentially reparative action in vivo, fusing with Purkinje cells in the rodent 
cerebellum. These function events are also increased in the neuroinflammatory 
environment of experimental autoimmune encephalomyelitis (EAE), with no apparent 
loss in Purkinje cell numbers (82). 
To confirm this, previous reports have demonstrated fusion between rodent haematopoietic 
stem cells and rodent Purkinje cells, with increased levels occurring in the context of central 
nervous system (CNS) or systemic inammation (80). In another CNS study, Bae et al 
demonstrated that bone marrow-derived MSC/Purkinje neuron fusion-like events develop 
into electrically active neurons with functional synaptic formation in the cerebellum of mice 
with neurodegeneration. Thus, MSCs may be able to integrate into the CNS and contribute 
to the essential properties of mature neurons (83). 
Alvarez-Buylla et al used a simple method based on Cre/lox recombination to detect cell 
fusion events, demonstrated that bone-marrow-derived cells (BMDCs) fuse spontaneously 
with neural progenitors in vitro. Furthermore, bone marrow transplantation demonstrates 
that BMDCs fuse in vivo with hepatocytes in liver, Purkinje neurons in the brain and cardiac 
muscle in the heart, resulting in the formation of multinucleated cells, suggesting that 
genetic material derived from BMDCs contribute through cell fusion to the survival and 
function of these cells (84).  
Adnan and colleagues have show that BMDCs can fuse with a long-lived progenitor or 
intestinal stem cell population of gamma-irradiated damaged intestinal epithelium and can 
also fuse with tumor epithelium. Fusion of BMDCs with progenitors or stem cells may play 
an important role in the regeneration of damaged tissue, and the observation that BMDCs 
can fuse with tumor epithelium is an important finding  also, since  the study of this event 
will enhance the understanding of the biology of tumorigenesis and may provide a novel 
strategy for the development of anticancer therapies (85). 
Other clear beneficial effects of heterotypic cell fusion of BMDCs with other cells types have 
been demonstrated in a mouse model of a lethal liver disease in which the enzyme 
fumarylacetoacetate hydrolase is absent, and a large numbers of wild-type BMDCs fused 
with mutant liver cells corrected the metabolic deficiency and ameliorated the disease 
phenotype (86). 
These studies demonstrate that stem cells are able to fuse with cells of different tissues. 
However, additional studies in animal models will be required to determine whether this 
fusion can be used in reparative cell therapy. 

4.3 Paracrine factors 
Although there are many ways through which stem cells may ameliorate injury, the main 
mechanism is considered is through paracrine and endocrine functions.  Today, a wide 
range of cytokines and factors are known to be involved in the beneficial interaction 
between MSC and other cells. 

4.3.1 Immunomodulation 
Among all theories regarding the paracrine action for MSCs, by far the most explored and 
discussed by research is immunomodulation. Considering the inflammatory nature of most 
injuries, studies have indicated that the predominant role of MSCs in resolving tissue 
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damage relies on toning down inflammation in specific sites of injury. While there are many 
factors suggested by literature, the main and most frequently pointed out factors and 
regulated immune cells are discussed ahead. 

Monocytes/Macrophages 

Since macrophages are one of the main cells responsible for cytokine production in injury 
sites, these cells are main focus points when immunomodulation is considered. Recent 
studies have indicated an important role in mesenchymal stem cell monocyte and 
macrophage immunomodulation. Maggini et al. amongst others have demonstrated that 
MSCs inhibit macrophage pro-inflammatory cytokine production, i.e. TNF-a, IL-6 and IFN-g 
(87-89). MSC also stimulate anti-inflammatory cytokine, IL-10 and IL-12p40 production (87, 
88). This way, immune cell activation and the local inflammatory process is contained, 
reducing tissue damage.  MSC also enhance apoptotic cell phagocytosis which is important 
in clearing injury sites. In addition, these cells inhibit monocyte derived dendritic cell 
differentiation (90). These effects seem to be due mainly to MSC-derived PGE2 secretion, 
which has direct effects on macrophage activation. 

Dendritic Cells 

Dendritic cells (DCs) have essential roles in antigen presentation and lymphocyte profile 
modulation. MSC are capable of inhibiting DC maturation through cell to cell contact and 
PDGE2 and IL-6 production, as seen through downregulated expression of CD1a, IL-12p70, 
MHC class II molecules, CD80 and CD86 (91, 92).  As T cells depend importantly on antigen 
presenting cells to become activated, dendritc cell modulation is considered a possible 
mechanism for T lymphocyte tolerance induction. In addition, MSC treatment also impacts 
DC migration, as seen in reduced CCR7 expression and reduced migration in response to 
CCL19 (92). Also, mature type 1 DCs decrease TNF-a production and type 2 DCs increase 
IL-10 expression which may also induce Th2 profile lymphocytes (93).  

T Lymphocytes 

Research has shown that T lymphocyte modulation has an important role in the therapeutic 
character of MSC. For starters, in a disease setting, a considerable percentage of exogenous 
MSCs tend to accumulate in the spleen and lymph nodes, in particular around immune cells 
such as DCs, T and B lymphocytes, suggesting cell-specific interaction (94). MSCs  are not 
considered to display important allogenic properties, being immune-privileged, due to low 
HLA -DR and costimulatory molecule expression and its basic immunomodulatory 
properties, although a full consensus does not exist towards the degree in which this 
happens (95, 96). In vitro, MSC inhibit phytohemagglutinin mitogen-induced and mixed 
lymphocyte reaction allo-antigen driven T cell proliferation (97-99). This is done by both 
cell-to-cell contact and humoral factors in specific, secreting IDO and Galectin-1. These stem 
cells also decrease TNF-a and IFN-g T cell production and raise IL-10 secretion, possibly 
mediated by IDO, PGE2 and B7-H amongst other molecules (100-102). MSCs also induce 
Th2 type lymphocyte and T regulatory cell differentiation through, HLA-G5 and other 
molecules (103-105). 

B lymphocytes 

Although many works have associated MSC and T lymphocyte regulation, few have 
indicated a direct role in B lymphocyte function, and many published studies are 
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between MSCs and cerebellar neurons can occur spontaneously in vitro, associated with a 
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damage relies on toning down inflammation in specific sites of injury. While there are many 
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character of MSC. For starters, in a disease setting, a considerable percentage of exogenous 
MSCs tend to accumulate in the spleen and lymph nodes, in particular around immune cells 
such as DCs, T and B lymphocytes, suggesting cell-specific interaction (94). MSCs  are not 
considered to display important allogenic properties, being immune-privileged, due to low 
HLA -DR and costimulatory molecule expression and its basic immunomodulatory 
properties, although a full consensus does not exist towards the degree in which this 
happens (95, 96). In vitro, MSC inhibit phytohemagglutinin mitogen-induced and mixed 
lymphocyte reaction allo-antigen driven T cell proliferation (97-99). This is done by both 
cell-to-cell contact and humoral factors in specific, secreting IDO and Galectin-1. These stem 
cells also decrease TNF-a and IFN-g T cell production and raise IL-10 secretion, possibly 
mediated by IDO, PGE2 and B7-H amongst other molecules (100-102). MSCs also induce 
Th2 type lymphocyte and T regulatory cell differentiation through, HLA-G5 and other 
molecules (103-105). 

B lymphocytes 

Although many works have associated MSC and T lymphocyte regulation, few have 
indicated a direct role in B lymphocyte function, and many published studies are 
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controversial. Yanfei et al have shown that B lymphocytes have decreased proliferation and 
antibody production when cultivated with MSC regulated allogenic DCs (106). In addition, 
other studies suggest that MSC directly inhibit B lymphocyte plasma cell differentiation 
through humoral factors (107, 108). On the other hand, other studies indicate that 
mesenchymal stem cells induce B-cell proliferation and differentiation into plasmocytes, 
when stimulated with a Toll-like receptor 9 agonist (109). These different results are 
probably due to the different stimuli used and its detailed effect on B cell outcome is still to 
be discovered. 

NK / iNKT Cells 

Little information is still known on MSC-mediated NK / invariant natural killer T Cells 
(iNKT) in comparison to other cell types. Studies demonstrate that MSCs inhibit NK and 
iNKT cell activation and IFN-g production by secretion of mediators as HLA-G5 and PGE2 
respectively (110, 111). It is also important to mention that NK cells induce MSC lysis, 
probably due to low HLA class I molecule expression (112, 113). Also, important 
consideration needs to be given to MSC effects on the immune system in regards to tumor 
surveillance, due to NK cell inhibition (114). 

4.3.2 Angiogenic factors  
Angiogenic support provided by MSC can be considered one more supportive effect, since 
the re-establishment of blood supply is fundamental for recovery of damaged tissues. The 
pro-angiogenic effect of MSC have been demonstrated in several studies in vitro and in vivo 
(115-118). 
It is known that MSCs express and secrete Stromal cell-derived factors 1 (SDF-1), vascular 
endothelial growth factor (VEGF), and other cytokines important for angiogenesis (Basic 
Fibroblast Growth Factor (bFGF); Matrix metalloproteinases (MMPs). VEGF has been identied 
as a key component in the development of blood vessels, but VEGF alone may be 
insufcient to achieve functional and mature development of the vasculature. VEGF-
induced vessels are often leaky and do not connect appropriately to the existing vasculature 
(119, 120). SDF-1 activity is essential for endothelial cell survival, vascular branching and 
pericyte recruitment (121). Interestingly, SDF-1a is not only a mobilization signal capable of 
recruiting CXCR4- positive progenitor cells into hypoxic tissues but also a retention signal 
for angiocompentent bone marrow-derived stem cells. It also recruits pericytes and smooth 
muscle cells to stabilize and mature newly formed blood vessels (122, 123). Thus, SDF-1 has 
been shown to augment neovascularization by the acceleration of endothelial progenitor cell 
(EPC) recruitment into ischemic foci (122, 124). In addition, VEGF is one of the powerful 
angiogenic cytokines that can also mobilize EPCs from bone marrow and inhibit EPC 
apoptosis (125). In the mouse ischemic hind limb model, VEGF-A-mediated angiogenesis 
partly depends on the activation of the SDF-1—CXCR4 pathway (124). Taken together, the 
chemokine SDF-1 likely plays a pivotal role in ASC-mediated angiogenesis (126). 
Interestingly, studies have demonstrated that mesenchymal stem cells have the same 
angiogenesis property. Shintani et al demonstrated that implantation of autologous bone 
marrow mononuclear cells into ischemic skeletal muscles successfully augmented 
angiogenesis and collateral vessel formation in both animal studies and human trials (127-
129). The same group found that implantation of ASC signicantly augmented 
angiogenesis in a mouse model of hind limb ischemia, by release chemokines such as 
SDF-1 (126). Kim et al. demonstrated in a preliminary clinical trial that implantation of 
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human cord blood-derived mesenchymal stem cells enhanced angiogenesis and collateral 
vessel formation in human cases with Buerger’s disease (130). Kamihata and colleagues 
have reported that bone marrow mononuclear cells that survived engrafting can 
synthesize angiogenic factors such as VEGF, bFGF, and angiopoietin-1 to induce 
angiogenesis in the ischemic myocardium (128). 
In summary, engrafting MSC in clinical therapy has a benecial effect, which may be 
attributable to paracrine action. MSC secrete a number of angiogenic factors and stem cell 
homing factor that are able to re-establishment of blood supply, being this fundamental for 
the recovery of damaged tissues. 

4.3.4 Anti-apoptotic factors  
An important role in MSC-mediated protection is its inhibition of tissue apoptosis and 
augmentation of tissue turnover. Studies show that MSC are capable of inhibiting apoptosis 
in kidney, liver and brain injuries (30, 131-133). Recent evidence shows that this is done 
through increasing prosurvival factors as Akt expression in injured cells (55), BDNF and 
growth factors as IGF, VEGF and HGF expression which inhibit apoptosis and stimulate cell 
proliferation (134, 135). Together, this dynamic permits high cell turn-over, renewing 
damaged cells and decreasing excessive cell death, thus restoring normal tissue physiology.  

4.3.5 Anti-oxidative factors 
It is well known that MSC mediate tissue repair through paracrine mechanisms. Besides 
mediating directly in the inflammatory process, some studies have suggested that MSC also 
posses anti-oxidative characteristics. MSC have been observed to produce many anti-
oxidative mediators such as IGF, PDGF, superoxide dismutase (SOD), HGF and IL-6 (136-
139). MSC-conditioned media has also been seen to contain these anti-oxidative factors 
including G-CSF, GM-CSF and IL-12, as reviewed by Kim et al (140). In addition, evidence 
has supported that MSC and its conditioned media respectively decrease oxidative damage 
in culture when fibroblast cells are exposed to oxidative damage-inducing environments 
such as UVB (141) or tert-butyl hydroperoxide (tbOOH) (142).  
In addition, research indicates that MSC posses not only considerable ability to support 
oxidative stress by producing anti-oxidative mediators, but may actually be stimulated by 
hipoxia-induced ROS (reactive oxigen species). During oxidative stress, MSC seem to have 
increased proliferation and migration mediated by the Akt and Erk pathways and platelet-
derived growth factor receptor-β (PDGFR- β) phosphorylation (143, 144). This however is still 
controversial. Other studies indicate that oxidative stress correlates with MSC senescence (145, 
146). These different results may be consequent to different ROS inductors, and consequently, 
different levels of ROS production and enviromental contributing factors envolved. 

4.4 Microvesicles and miRNA  
The paracrine action of MSC is now well accepted. In this sense, administration of conditioned 
medium of stem cell in an animal model of kidney injury has demonstrated to improve in 
clinical parameter outcomes correlated with decreased apoptosis and  ameliorated histological 
parameters. Despite the bioactive molecules secreted by MSC, Bruno et al have showed that 
inside the conditioned medium also there are some microvesicules.  
These microvesicles (MVs) are circular membranes fragments that shed from the cell surface 
membrane carrying protein and lipids from the membranes of the cells from which they 
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have reported that bone marrow mononuclear cells that survived engrafting can 
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In summary, engrafting MSC in clinical therapy has a benecial effect, which may be 
attributable to paracrine action. MSC secrete a number of angiogenic factors and stem cell 
homing factor that are able to re-establishment of blood supply, being this fundamental for 
the recovery of damaged tissues. 

4.3.4 Anti-apoptotic factors  
An important role in MSC-mediated protection is its inhibition of tissue apoptosis and 
augmentation of tissue turnover. Studies show that MSC are capable of inhibiting apoptosis 
in kidney, liver and brain injuries (30, 131-133). Recent evidence shows that this is done 
through increasing prosurvival factors as Akt expression in injured cells (55), BDNF and 
growth factors as IGF, VEGF and HGF expression which inhibit apoptosis and stimulate cell 
proliferation (134, 135). Together, this dynamic permits high cell turn-over, renewing 
damaged cells and decreasing excessive cell death, thus restoring normal tissue physiology.  

4.3.5 Anti-oxidative factors 
It is well known that MSC mediate tissue repair through paracrine mechanisms. Besides 
mediating directly in the inflammatory process, some studies have suggested that MSC also 
posses anti-oxidative characteristics. MSC have been observed to produce many anti-
oxidative mediators such as IGF, PDGF, superoxide dismutase (SOD), HGF and IL-6 (136-
139). MSC-conditioned media has also been seen to contain these anti-oxidative factors 
including G-CSF, GM-CSF and IL-12, as reviewed by Kim et al (140). In addition, evidence 
has supported that MSC and its conditioned media respectively decrease oxidative damage 
in culture when fibroblast cells are exposed to oxidative damage-inducing environments 
such as UVB (141) or tert-butyl hydroperoxide (tbOOH) (142).  
In addition, research indicates that MSC posses not only considerable ability to support 
oxidative stress by producing anti-oxidative mediators, but may actually be stimulated by 
hipoxia-induced ROS (reactive oxigen species). During oxidative stress, MSC seem to have 
increased proliferation and migration mediated by the Akt and Erk pathways and platelet-
derived growth factor receptor-β (PDGFR- β) phosphorylation (143, 144). This however is still 
controversial. Other studies indicate that oxidative stress correlates with MSC senescence (145, 
146). These different results may be consequent to different ROS inductors, and consequently, 
different levels of ROS production and enviromental contributing factors envolved. 

4.4 Microvesicles and miRNA  
The paracrine action of MSC is now well accepted. In this sense, administration of conditioned 
medium of stem cell in an animal model of kidney injury has demonstrated to improve in 
clinical parameter outcomes correlated with decreased apoptosis and  ameliorated histological 
parameters. Despite the bioactive molecules secreted by MSC, Bruno et al have showed that 
inside the conditioned medium also there are some microvesicules.  
These microvesicles (MVs) are circular membranes fragments that shed from the cell surface 
membrane carrying protein and lipids from the membranes of the cells from which they 
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originate. Besides this, MVs may also carry mRNA and microRNA stablishing a 
communication between one cell and another (147). Shedding of microvesicles is a 
physiologic process, however some stress conditions lead to an increase in the number of 
MV shed (148). 
Camussi’s group has described that mesenchymal stem  cells are able to shed microvesicles, 
and moreover, these MVs carry mRNA and microRNA leading to amelioration of acute and 
chronic experimental models of renal injury, accelerating regeneration of hepatectomized 
rats and activating endothelial cells (30, 149-151). 

5. Long term aspects of MSC therapy: cancer, immunosuppression or 
maldifferentiation?  
The majority of pre-clinical and clinical studies, which are going on, are incipient. They 
analyzed the results of treatment in few months or years, not allowing long-term analysis. In 
these early results, MSC therapy has not shown adverse effects, being designated safe by FDA 
(152). Thus it is difficult to tell if MSC treatment per se may lead to cancer. Nevertheless, 
several studies have showed that MSC after infusion do not engraft in any tissue, emphasizing 
the paracrine mechanism of action (152). However, if the treatment is continuous or the MSC 
administration is repeated, MSC can be found in the injured tissue (32). When MSC is 
engrafted or even when there is an in situ administration, MSC may maldifferentiate. In a 
model of glomerulonephritis, MSC maldifferentiate to adipose cells in the kidney (35). In situ 
administration of human autologous stem cell therapy in a patient with lupus nephritis has 
induced angiomyeloproliferative lesions at the sites of injection and hematuria (153). 
All bioactive molecules secreted by MSC are prone to stimulate cancer cells to proliferate 
and migrate. Some works correlate MSC to suppression of tumor growth, others to 
supporting it. Several questions may be related to its discrepancy: animal host, timing of 
injection of MSC, differences in tumor models, etc (154). In addition, MSC may differentiate 
to tumor associated fibroblast (TAF), cells that support tumor growth (155). Thus, MSC 
therapy should exclude patients with cancer family history.  
Also, the immunossupression level of MSC therapy cannot be controlled. Once MSC are 
injected endovenously, immunossupression is achieved. MSC therapy may compromise the 
host’s defense against infections agents (156).  

6. Final considerations 
Many advances have been made in the field of mesenchymal stem cells. Nowadays much is 
known about what the MSC is and how is the mechanism of action. Currently, existing 
therapies administered exogenous MSC to treat several diseases. Perhaps, a deeper 
knowledge on endogenous stem cells may bring advances on cell therapy. To activate 
endogenous stem cells, via stimulation of the niche is an interesting therapeutic perspective. 
In addition, try to understand what happens to this endogenous stem cell in pathological 
state is one of the highlights to be discovered.  
In the conventional therapy - administration of exogenous MSC - many issues are yet to be 
solved: amount of injected MSC, the best route of administration, the culture conditions 
which are not standardized with the use of materials of animal origin, which is the best 
source for these cells, etc.  In conclusion, the field of MSC is very fruitful and still requires to 
be further studied.  
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1. Introduction 
The future use of stem cell-based therapeutic applications in regenerative medicine is 
regarded as promising. In addition to autologous and allogeneic transplantation procedures, 
various innovative methods have been designed to generate patient-histocompatible stem 
cells from which lineage-specific cell progenies could be obtained (reviewed in Nehlin & 
Barington, 2009). Immunological aspects of the transplanted cells as well as the recipient 
need to be considered in order to predict the outcome of clinical cell therapies. 
Undifferentiated stem cells show initially a low degree of immunogenicity leading to weak 
immune responses when introduced into non-histocompatible hosts. In addition, stem cells 
possess immune-modulating properties that confer the capacity to withstand a cytotoxic 
response in a foreign host. The nature and significance of these strategies will be described 
in detail along this chapter. 
Many valuable contributions dealing with immunogenicity and immunological tolerance 
have been possible by means of mouse embryonic and multipotent stem cells. However, this 
overview will explore in-depth the immunological features and clinical uses of two types of 
human stem cells, embryonic stem cells (Figure 1) and multipotent mesenchymal stem cells 
(Figure 2 & 3) that allow them to be considered in transplantation procedures. 

2. Basic principles of antigen presentation, the adaptive immune response 
and immune histocompatibility 
The highly polymorphic classical “Major Histocompatibility Complex” (MHC) class I 
protein family consists of extracellular, membrane spanning, alpha chains HLA-A, -B, and -
C (Human leukocyte antigens) acting as ligands for T-lymphocyte receptors (TcR) expressed 
on T lymphocytes, the killer-immunoglobulin-like receptors (KIR) on Natural Killer (NK) 
cells and for certain members of the leukocyte immunoglobulin-like receptor (LILR / ILT / 
LIR) family. The non-classical MHC class I protein family include less polymorphic HLA 
members such as HLA-E, HLA-F, HLA-G, HLA-K and HLA-L (Li & Raghavan, 2010). 
A major function of HLA molecules is presentation of intracellularly produced self and non-
self peptides. During intracellular infection, pathogen-derived (non-self) peptides are 
presented by virtually all nucleated cells in the body to TcR of cytotoxic CD8+ T 
lymphocytes leading to killing of infected cells. Endogenous (self) peptides are also 
presented, but usually T cells with specificities to self-peptides are eliminated in the thymus. 
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immune responses when introduced into non-histocompatible hosts. In addition, stem cells 
possess immune-modulating properties that confer the capacity to withstand a cytotoxic 
response in a foreign host. The nature and significance of these strategies will be described 
in detail along this chapter. 
Many valuable contributions dealing with immunogenicity and immunological tolerance 
have been possible by means of mouse embryonic and multipotent stem cells. However, this 
overview will explore in-depth the immunological features and clinical uses of two types of 
human stem cells, embryonic stem cells (Figure 1) and multipotent mesenchymal stem cells 
(Figure 2 & 3) that allow them to be considered in transplantation procedures. 

2. Basic principles of antigen presentation, the adaptive immune response 
and immune histocompatibility 
The highly polymorphic classical “Major Histocompatibility Complex” (MHC) class I 
protein family consists of extracellular, membrane spanning, alpha chains HLA-A, -B, and -
C (Human leukocyte antigens) acting as ligands for T-lymphocyte receptors (TcR) expressed 
on T lymphocytes, the killer-immunoglobulin-like receptors (KIR) on Natural Killer (NK) 
cells and for certain members of the leukocyte immunoglobulin-like receptor (LILR / ILT / 
LIR) family. The non-classical MHC class I protein family include less polymorphic HLA 
members such as HLA-E, HLA-F, HLA-G, HLA-K and HLA-L (Li & Raghavan, 2010). 
A major function of HLA molecules is presentation of intracellularly produced self and non-
self peptides. During intracellular infection, pathogen-derived (non-self) peptides are 
presented by virtually all nucleated cells in the body to TcR of cytotoxic CD8+ T 
lymphocytes leading to killing of infected cells. Endogenous (self) peptides are also 
presented, but usually T cells with specificities to self-peptides are eliminated in the thymus. 
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The introduction of allogeneic stem cell-derived tissues into an immunocompetent recipient 
is likely to result in T-cell-mediated rejection by either of two mechanisms. One is indirect 
allorecognition, where polymorphic donor-derived peptides are presented for recipient T 
cells, and the other is direct allorecognition, where polymorphic variants of donor MHC are 
recognized by recipient T cells. The latter is by far the strongest and because MHC is 
extremely polymorphic, this mechanism constitutes a major hurdle for allogeneic stem cell 
transplantation (Afzali et al., 2008; Gökmen et al. 2008; Hornick, 2006; Ingulli, 2010). 
T-cell activation is dependent on binding of antigen-presenting MHC class I (signal 1) and 
non-antigen-specific co-stimulatory molecules CD40, CD80 and CD86 expressed by donor 
cells to their ligands on T cells (signal 2)(Jenkins, 1994). Presentation of peptides by MHC 
class I to TcR in the absence of co-stimulation induces anergy or apoptosis of T cells, 
abortive proliferation or tolerance-inducing immunoregulation (Ford & Larsen, 2009; Pearl 
et al., 2011). 
Two types of T cells, cytotoxic and regulatory, have been implicated in immune responses in 
general and in relation to stem cell transplantation. Cytotoxic or cytolytic T cells (CTL or TC) 
are activated T lymphocytes (usually CD8 positive) that can induce the killing of target cells, 
be it infected or allogeneic cells. CTL can induce apoptosis of targets cells by two 
independent mechanisms: release of cytotoxins such as perforin, granzymes and granulysin, 
or by binding of FasL (CD95L) to Fas (CD95) molecules expressed on the target cell (Brown, 
2010). 
Regulatory T cells (Treg) comprise several specialized subsets of T cells that are able to 
control immune responses and promote and maintain immune tolerance in an antigen-
specific way. Presence of Treg has been associated with tolerance whereas their deficiency or 
defective function has been correlated with autoimmunity in many experimental models 
(Roncarolo et al., 2011). 
The degree of histocompatibility at the HLA-locus can be determined by serologic or 
genomic tissue typing. In case of discrepancy for HLA class II antigens, the resulting 
incompatibility may be measured through Mixed Lymphocyte Reactions (MLR). Peripheral 
blood mononuclear cells (PBMC) from two different individuals (HLA mismatched 
allogeneic setting) are co-cultured for 4-6 days. One of the cell populations (stimulators) is 
irradiated to avoid its proliferation. The non-irradiated cells (responders) will start 
proliferating due to direct allorecognition, and this is measured through uptake of 3H-
(tritiated) thymidine. Suppression of T cell proliferation is often measured by adding 
unmodified or modified stem cells to the MLR (Aggarwal & Pittenger, 2005; Le Blanc et al., 
2003a; Wonderlich et al., 2006).  
MHC class II molecules and co-stimulatory molecules are primarily expressed on 
professional antigen-presenting cells (APC) such as B cells, monocytes and dendritic cells. 
MHC class II consists of three classes of HLA-II antigens: HLA-DP, -DQ and -DR presenting 
peptide antigens derived from extracellular proteins to CD4+ T helper cells to elicit an 
immune response. Because MHC class II expression is cell-type specific and mainly 
restricted to thymic epithelial cells and bone marrow-derived antigen presenting cells it is 
not expected to be a problem in many stem cell applications (Handunnetthi et al., 2010). 
Natural killer (NK) cells participate in the innate immune response as they are capable of 
killing tumor cells and virally-infected cells. NK cells express a large number of cell surface 
receptors named Killer-cell Immunoglobulin-like Receptors (KIR) and NKG2 (CD94) that 
have classical and non-classical class I antigens as their ligands , respectively, and deliver 
either activating or inhibitory signals. The relative balance of these signals regulates NK cell 
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activity (Orr & Lanier, 2010) and absence of HLA class-I expression therefore may lead to 
killing by NK cells. This is of relevance for stem cell therapy because some stem cells lack 
classical HLA class I expression all together and because more differentiated cells may fail to 
express alleles recognized by the NK cells of the recipient. 
Organ transplantation is a routine therapeutic strategy for patients with end-stage organ 
failure (Newell, 2011) and bone marrow-derived hematopoietic stem cells are used to treat 
several hematopoietic malignancies and rare immunodeficiencies (Nehlin & Barington, 
2009). Clinical experience through more than three decades with these treatments clearly 
demonstrates the relevance of both T cells and NK cells in transplantation.  Allogeneic 
transplantation of organs often results in the development of either a) graft-versus-host-
disease (GvHD) or b) immune rejection. GvHD is a condition where donor cells within a 
transplant launch an immune reaction against the recipient cells (Menendez et al., 2005; 
Shlomchik, 2007). The host can also build an acute and/or chronic rejection against antigens 
perceived as non-self by the recipient’s immune system leading to destruction of the graft. 
Those antigens can belong to MHC, minor histocompatibility complex (mHC) or AB0 blood 
groups (Bradley et al., 2002; Charron et al. 2009; Feng et al., 2008; Shlomchik, 2007; Spencer 
et al., 2010). 

3. Immunological tolerance at the fetal-maternal interface 
A classical example of immune tolerance is found during pregnancy. The maternal immune 
system allows for the successful development of a semi-allograft consisting of a fetus and a 
placenta that express both maternal (self) and paternal (non-self) antigens. Cytotoxic 
adaptive immune responses are diminished, bypassed, or even abrogated (Leber et al., 
2010). Immunological processes such as innate immunity remain intact to continue to 
provide host defense against infection and to interact with fetal tissues to promote 
successful placentation and pregnancy. 
The trophoblasts are the cells that form the outer layer of the blastocyst, that develop into a 
large part of the placenta, and have a crucial role in the implantation of the developing 
embryo by interactions with the decidua, the lining of the maternal uterus containing 
endometrial stromal cells. The placenta and fetal trophoblast cells are directly exposed to 
maternal blood and tissues. The trophoblast layer protects the inner cell mass (ICM) from 
attack by cytotoxic components of the maternal immune system dedicated to destroying 
foreign tissues. The inner cell mass consists of a group of cells inside the primordial embryo 
that will eventually develop into defined fetal structures (Mor & Abrahams, 2009). 
In humans, trophoblast cells differentiate from the trophoblast shell that surrounds the post-
implantation embryo into two main lineages, villous trophoblast and extravillous 
trophoblast. Primary villous trophoblast cells do not express β2-microglobulin or any HLA 
class I or HLA class II molecules,  whereas extravillous trophoblast cells express HLA-C, 
HLA-G and HLA-E, but not HLA-A, HLA-B or HLA-DR molecules in a normal pregnancy. 
Villous trophoblasts are in contact with the systemic immune system, whereas extravillous 
trophoblasts interact with the local mucosal immune cells. When extravillous trophoblasts 
were exposed to interferon-gamma (IFN-γ), a pro-inflammatory cytokine, they could not 
induce the expression of HLA-A, -B, -DR or up-regulate significantly HLA-G (Apps et al., 
2009). A comprehensive overview of MHC expression at the fetal-maternal interface was 
recently reported (Tilburgs et al., 2010). 
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2010). 
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defective function has been correlated with autoimmunity in many experimental models 
(Roncarolo et al., 2011). 
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incompatibility may be measured through Mixed Lymphocyte Reactions (MLR). Peripheral 
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allogeneic setting) are co-cultured for 4-6 days. One of the cell populations (stimulators) is 
irradiated to avoid its proliferation. The non-irradiated cells (responders) will start 
proliferating due to direct allorecognition, and this is measured through uptake of 3H-
(tritiated) thymidine. Suppression of T cell proliferation is often measured by adding 
unmodified or modified stem cells to the MLR (Aggarwal & Pittenger, 2005; Le Blanc et al., 
2003a; Wonderlich et al., 2006).  
MHC class II molecules and co-stimulatory molecules are primarily expressed on 
professional antigen-presenting cells (APC) such as B cells, monocytes and dendritic cells. 
MHC class II consists of three classes of HLA-II antigens: HLA-DP, -DQ and -DR presenting 
peptide antigens derived from extracellular proteins to CD4+ T helper cells to elicit an 
immune response. Because MHC class II expression is cell-type specific and mainly 
restricted to thymic epithelial cells and bone marrow-derived antigen presenting cells it is 
not expected to be a problem in many stem cell applications (Handunnetthi et al., 2010). 
Natural killer (NK) cells participate in the innate immune response as they are capable of 
killing tumor cells and virally-infected cells. NK cells express a large number of cell surface 
receptors named Killer-cell Immunoglobulin-like Receptors (KIR) and NKG2 (CD94) that 
have classical and non-classical class I antigens as their ligands , respectively, and deliver 
either activating or inhibitory signals. The relative balance of these signals regulates NK cell 
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activity (Orr & Lanier, 2010) and absence of HLA class-I expression therefore may lead to 
killing by NK cells. This is of relevance for stem cell therapy because some stem cells lack 
classical HLA class I expression all together and because more differentiated cells may fail to 
express alleles recognized by the NK cells of the recipient. 
Organ transplantation is a routine therapeutic strategy for patients with end-stage organ 
failure (Newell, 2011) and bone marrow-derived hematopoietic stem cells are used to treat 
several hematopoietic malignancies and rare immunodeficiencies (Nehlin & Barington, 
2009). Clinical experience through more than three decades with these treatments clearly 
demonstrates the relevance of both T cells and NK cells in transplantation.  Allogeneic 
transplantation of organs often results in the development of either a) graft-versus-host-
disease (GvHD) or b) immune rejection. GvHD is a condition where donor cells within a 
transplant launch an immune reaction against the recipient cells (Menendez et al., 2005; 
Shlomchik, 2007). The host can also build an acute and/or chronic rejection against antigens 
perceived as non-self by the recipient’s immune system leading to destruction of the graft. 
Those antigens can belong to MHC, minor histocompatibility complex (mHC) or AB0 blood 
groups (Bradley et al., 2002; Charron et al. 2009; Feng et al., 2008; Shlomchik, 2007; Spencer 
et al., 2010). 

3. Immunological tolerance at the fetal-maternal interface 
A classical example of immune tolerance is found during pregnancy. The maternal immune 
system allows for the successful development of a semi-allograft consisting of a fetus and a 
placenta that express both maternal (self) and paternal (non-self) antigens. Cytotoxic 
adaptive immune responses are diminished, bypassed, or even abrogated (Leber et al., 
2010). Immunological processes such as innate immunity remain intact to continue to 
provide host defense against infection and to interact with fetal tissues to promote 
successful placentation and pregnancy. 
The trophoblasts are the cells that form the outer layer of the blastocyst, that develop into a 
large part of the placenta, and have a crucial role in the implantation of the developing 
embryo by interactions with the decidua, the lining of the maternal uterus containing 
endometrial stromal cells. The placenta and fetal trophoblast cells are directly exposed to 
maternal blood and tissues. The trophoblast layer protects the inner cell mass (ICM) from 
attack by cytotoxic components of the maternal immune system dedicated to destroying 
foreign tissues. The inner cell mass consists of a group of cells inside the primordial embryo 
that will eventually develop into defined fetal structures (Mor & Abrahams, 2009). 
In humans, trophoblast cells differentiate from the trophoblast shell that surrounds the post-
implantation embryo into two main lineages, villous trophoblast and extravillous 
trophoblast. Primary villous trophoblast cells do not express β2-microglobulin or any HLA 
class I or HLA class II molecules,  whereas extravillous trophoblast cells express HLA-C, 
HLA-G and HLA-E, but not HLA-A, HLA-B or HLA-DR molecules in a normal pregnancy. 
Villous trophoblasts are in contact with the systemic immune system, whereas extravillous 
trophoblasts interact with the local mucosal immune cells. When extravillous trophoblasts 
were exposed to interferon-gamma (IFN-γ), a pro-inflammatory cytokine, they could not 
induce the expression of HLA-A, -B, -DR or up-regulate significantly HLA-G (Apps et al., 
2009). A comprehensive overview of MHC expression at the fetal-maternal interface was 
recently reported (Tilburgs et al., 2010). 
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Human embryonic tissues possess a range of proteins and mechanisms that efficiently 
counteract and prevent maternal cytotoxic T cell attack and thereby provide protection and 
immune privilege to the fetus (Clark, 2005; Fändrich, 2002; Mor & Abrahams, 2009; Parhar et 
al. 1989; Petroff & Perchellet, 2010; Rebmann et al., 2010; Rizzo et al., 2011a; Verloes et al., 
2011). 
Knowledge of the immunological tolerance mechanisms taking place at the feto-maternal 
interface in mouse and rat models have contributed to extend such findings to human cells. 
Attention has focused on a group of pluripotent stem cells known as human embryonic 
stem cells (hESC), derived from the ICM of 6-8 days pre-implantation blastocysts obtained 
from in vitro fertilization procedures (Thomson et al., 1998), because they could potentially 
be used in cell therapy and regenerative medicine (Figure 1; Nehlin & Barington, 2009). 
However, the use of hESC may be limited by immunological incompatibility between the 
donor and the recipient as explained in the next sections. 

4. Immunogenicity of human embryonic, multipotent and reprogrammed 
stem cells 
4.1 General considerations 
Ever since the development of the techniques that allowed researchers to establish 
blastocyst-derived hESC, there has been a great deal of interest in their potential use in 
regenerative medicine (Thomson et al., 1998). To satisfy clinical requirements, a number of 
matters need to be addressed including 1) the precise control of differentiation towards the 
tissue or cell-type of choice without remnant undifferentiated hESC; 2) safety issues 
pertaining the risk of  transplanting undifferentiated hESC cells that could result in teratoma 
formation, the possible presence of genetic modifications as a result of ex-vivo culture, and 
immunogenicity concerns (see below); 3) the development of xenogeneic-free culture 
conditions and 4) potential ethical conflicts (Nehlin & Barington, 2009; section 6.1).  
In-depth studies of the molecules and mechanisms responsible for the low grade of 
immunogenicity and allograft tolerance of cultured hESC in non-histocompatible recipients 
have been relatively few compared with bone marrow stem cell studies (section 4.3). The 
immune-privileged status of hESC resembles the tolerance properties exhibited by the 
developing embryo in the feto-maternal interface (section 3; English & Wood, 2011; 
Grinnemo et al., 2008a; Menendez et al., 2005). In comparison, multipotent stem cells such as 
bone marrow stromal cells still retain immune-privileged properties even after further 
differentiation (Le Blanc & Pittenger, 2005).  
 

 
Fig. 1. Early differentiation of hESC 
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Phase contrast photographs of hESC KMEB2 (Harkness et al., 2010) growing on feeder-free 
Matrigel in an undifferentiated state (day 0), followed by differentiation towards embryoid 
body formation at days 1, 5 and 20 (left to right panels). Magnification: 100x 
Traditionally, hESC have been isolated from the ICM of the blastocyst stage of the early 
developing embryo (Thomson et al., 1998). Also, in recent years, donor-specific hESC were 
obtained from single blastomeres at the 8-cell stage of embryogenesis or generated by 
somatic cell nuclear transfer (SCNT). Pluripotent stem cells with features resembling the 
hESC state have been generated by parthenogenetic activation of unfertilized oocytes and 
genetic reprogramming (Jopling et al. 2011; Nehlin & Barington, 2009; Yamanaka & Blau, 
2010). The immunological aspects regarding hESC and hESC-like pluripotent stem cells are 
addressed below. 

4.2 MHC class I expression in human embryonic stem cells, early stem cell 
progenitors and induced pluripotent stem cells 
4.2.1 Expression studies 
Immunogenicity concerns focus on the presentation of antigens and expression of MHC 
class I proteins, as well as expression of molecules that make hESC potential targets of 
cytotoxic responses by T and NK cells. 
Almost all cellular studies dealing with HLA class I expression have relied on a single 
antibody (W6/32) targeting simultaneously HLA-A, -B, -C and cross-reacting with HLA-E 
and –F (Uchanska-Ziegler & Ziegler, 2007). Indirect immunofluorescence assays showed 
that human pre-implanted embryos expressed neither HLA class I, II antigens nor β2-
microglobulin (Desoye et al., 1988). However, a later study using immunocytochemistry 
showed expression of HLA-G and MHC class I (Jurisicova et al., 1996). The status of 
expression of several immunogenicity markers on the surface of several hESC lines was later 
semi-quantified by flow cytometry: MHC class I proteins were expressed at very low levels, 
and increased moderately upon in vitro or in vivo differentiation. However, no cell surface 
staining of HLA-G or MHC class II was apparent in undifferentiated or differentiated hESC.  
Treatment of hESC in vitro with IFN-γ, a cytokine secreted during the course of an immune 
response, resulted in high-level expression of MHC class I (Drukker et al., 2002; Grinnemo et 
al., 2006). Another study showed that hESC express both MHC class I and β2-microglobulin 
at low levels on the cell surface regardless of using mouse feeder cells or feeder-free 
cultures. Upon IFN-γ stimulation, both MHC class I and β2-microglobulin were strongly up-
regulated and this effect was considerably enhanced after cells had been pre-treated with 
retinoic acid, a differentiation stimulator (Draper et al., 2002). 
The low rate of MHC class I expression was explained by the low expression of components 
of the antigen-processing machinery (APM) such as β2-microglobulin and tapasin, without 
detectable expression of TAP1, TAP2, LMP2, and LMP7 (Cabrera et al., 2007; Suarez-Alvarez 
et al., 2010). 
Few studies exist where human MHC class I expression is followed during the 
differentiation process. Recently, an extensive study showed that hESC-derived embryoid 
bodies displayed significantly higher expression of HLA-B, HLA-E,–F and β2-microglobulin 
compared to the undifferentiated cells. Expression of NK cell receptor NKG2D ligands 
(MICA, MICB) was evident in all undifferentiated pluripotent stem cells lines analyzed, and 
their expression was maintained after differentiation. MHC expression was subject to 
epigenetic control in hESC. It was shown that methylation of histone H3K9me3 repressed 
the tapasin gene in undifferentiated cells whilst HLA-B and β2m acquired the histone 



 
Stem Cells in Clinic and Research 108 

Human embryonic tissues possess a range of proteins and mechanisms that efficiently 
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al. 1989; Petroff & Perchellet, 2010; Rebmann et al., 2010; Rizzo et al., 2011a; Verloes et al., 
2011). 
Knowledge of the immunological tolerance mechanisms taking place at the feto-maternal 
interface in mouse and rat models have contributed to extend such findings to human cells. 
Attention has focused on a group of pluripotent stem cells known as human embryonic 
stem cells (hESC), derived from the ICM of 6-8 days pre-implantation blastocysts obtained 
from in vitro fertilization procedures (Thomson et al., 1998), because they could potentially 
be used in cell therapy and regenerative medicine (Figure 1; Nehlin & Barington, 2009). 
However, the use of hESC may be limited by immunological incompatibility between the 
donor and the recipient as explained in the next sections. 

4. Immunogenicity of human embryonic, multipotent and reprogrammed 
stem cells 
4.1 General considerations 
Ever since the development of the techniques that allowed researchers to establish 
blastocyst-derived hESC, there has been a great deal of interest in their potential use in 
regenerative medicine (Thomson et al., 1998). To satisfy clinical requirements, a number of 
matters need to be addressed including 1) the precise control of differentiation towards the 
tissue or cell-type of choice without remnant undifferentiated hESC; 2) safety issues 
pertaining the risk of  transplanting undifferentiated hESC cells that could result in teratoma 
formation, the possible presence of genetic modifications as a result of ex-vivo culture, and 
immunogenicity concerns (see below); 3) the development of xenogeneic-free culture 
conditions and 4) potential ethical conflicts (Nehlin & Barington, 2009; section 6.1).  
In-depth studies of the molecules and mechanisms responsible for the low grade of 
immunogenicity and allograft tolerance of cultured hESC in non-histocompatible recipients 
have been relatively few compared with bone marrow stem cell studies (section 4.3). The 
immune-privileged status of hESC resembles the tolerance properties exhibited by the 
developing embryo in the feto-maternal interface (section 3; English & Wood, 2011; 
Grinnemo et al., 2008a; Menendez et al., 2005). In comparison, multipotent stem cells such as 
bone marrow stromal cells still retain immune-privileged properties even after further 
differentiation (Le Blanc & Pittenger, 2005).  
 

 
Fig. 1. Early differentiation of hESC 

 
Immunogenicity and Immune-Modulating Properties of Human Stem Cells 109 

Phase contrast photographs of hESC KMEB2 (Harkness et al., 2010) growing on feeder-free 
Matrigel in an undifferentiated state (day 0), followed by differentiation towards embryoid 
body formation at days 1, 5 and 20 (left to right panels). Magnification: 100x 
Traditionally, hESC have been isolated from the ICM of the blastocyst stage of the early 
developing embryo (Thomson et al., 1998). Also, in recent years, donor-specific hESC were 
obtained from single blastomeres at the 8-cell stage of embryogenesis or generated by 
somatic cell nuclear transfer (SCNT). Pluripotent stem cells with features resembling the 
hESC state have been generated by parthenogenetic activation of unfertilized oocytes and 
genetic reprogramming (Jopling et al. 2011; Nehlin & Barington, 2009; Yamanaka & Blau, 
2010). The immunological aspects regarding hESC and hESC-like pluripotent stem cells are 
addressed below. 
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progenitors and induced pluripotent stem cells 
4.2.1 Expression studies 
Immunogenicity concerns focus on the presentation of antigens and expression of MHC 
class I proteins, as well as expression of molecules that make hESC potential targets of 
cytotoxic responses by T and NK cells. 
Almost all cellular studies dealing with HLA class I expression have relied on a single 
antibody (W6/32) targeting simultaneously HLA-A, -B, -C and cross-reacting with HLA-E 
and –F (Uchanska-Ziegler & Ziegler, 2007). Indirect immunofluorescence assays showed 
that human pre-implanted embryos expressed neither HLA class I, II antigens nor β2-
microglobulin (Desoye et al., 1988). However, a later study using immunocytochemistry 
showed expression of HLA-G and MHC class I (Jurisicova et al., 1996). The status of 
expression of several immunogenicity markers on the surface of several hESC lines was later 
semi-quantified by flow cytometry: MHC class I proteins were expressed at very low levels, 
and increased moderately upon in vitro or in vivo differentiation. However, no cell surface 
staining of HLA-G or MHC class II was apparent in undifferentiated or differentiated hESC.  
Treatment of hESC in vitro with IFN-γ, a cytokine secreted during the course of an immune 
response, resulted in high-level expression of MHC class I (Drukker et al., 2002; Grinnemo et 
al., 2006). Another study showed that hESC express both MHC class I and β2-microglobulin 
at low levels on the cell surface regardless of using mouse feeder cells or feeder-free 
cultures. Upon IFN-γ stimulation, both MHC class I and β2-microglobulin were strongly up-
regulated and this effect was considerably enhanced after cells had been pre-treated with 
retinoic acid, a differentiation stimulator (Draper et al., 2002). 
The low rate of MHC class I expression was explained by the low expression of components 
of the antigen-processing machinery (APM) such as β2-microglobulin and tapasin, without 
detectable expression of TAP1, TAP2, LMP2, and LMP7 (Cabrera et al., 2007; Suarez-Alvarez 
et al., 2010). 
Few studies exist where human MHC class I expression is followed during the 
differentiation process. Recently, an extensive study showed that hESC-derived embryoid 
bodies displayed significantly higher expression of HLA-B, HLA-E,–F and β2-microglobulin 
compared to the undifferentiated cells. Expression of NK cell receptor NKG2D ligands 
(MICA, MICB) was evident in all undifferentiated pluripotent stem cells lines analyzed, and 
their expression was maintained after differentiation. MHC expression was subject to 
epigenetic control in hESC. It was shown that methylation of histone H3K9me3 repressed 
the tapasin gene in undifferentiated cells whilst HLA-B and β2m acquired the histone 
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H3K4me3 modification during the differentiation to embryoid bodies. Absence of HLA-DR 
and HLA-G expression was regulated by DNA methylation (Suarez-Alvarez et al., 2010). 
The expression of the HLA-A allele A*02 was found to be moderate in hemangioblasts or 
hematoendothelial precursors derived from hESC cell line H9, that exist transiently in early 
embryonic development, and express markers of immature hematopoietic and endothelial 
cells (CD31, CD34, VE-cadherin, Flt-1) and mature differentiated cells (CD45, CD33, CD146). 
However, HLA-A02* expression increased dramatically as cells were differentiated into 
endothelial or hematopoietic stem cells (Basak et al., 2009). Differential regulation of HLA-
A,-B,-C alleles in multipotent stem cells has been revealed (Isa et al., 2010; section 4.3) and 
similar findings have been evaluated in embryonic and early hematopoietic precursors 
(Sabir et al., in preparation). 
hESC can not only be obtained from the inner cell mass of day 5-6 developing embryos, or 
earlier, but can also be generated by SCNT, parthenogenesis, or by reprogramming adult 
somatic cells to generate inducible pluripotent stem cells (iPS cells; Jopling et al., 2011; 
Nehlin & Barington, 2009; Yamanaka & Blau, 2010). Parthenote-derived hESC show 
equivalent phenotypes to hESC in the undifferentiated state and can differentiate as 
demanded, but no data on the expression of molecules conferring immunogenicity is yet 
known (Harness et al., 2011), and is also unknown for SCNT-derived hESC.  
Reprogrammed iPS cells resemble hESC in many ways, with their capacity of self-renewal, 
and pluripotency state. One of their main features is that they can be obtained from 
essentially any somatic, fully differentiated adult cells and converted to pseudo-hESC from 
which one can derive cells and tissues that are genetically compatible with the donor of the 
original cells. Such strategy, although seemingly expensive, could represent a favorable 
method to avoid any kind of immunological rejection. Thus, exponential interest in 
generating such cells has led to characterize the expression of various immunogenicity-
associated molecules. Of particular interest, HLA-B, -C, -E, and β2-microglobulin mRNA 
levels were reduced in iPS cells compared to parental fibroblasts, whereas HLA-A, -G and 
MHC class II expression was absent. The mRNA levels of APM components TAP-1, TPN, 
LMP2 and RFX5 plummeted during the reprogramming process to iPS (Suarez-Alvarez et 
al., 2010). 
However, a recent report showed that expression of MHC class I in iPS cells by flow 
cytometry is slightly higher in reprogrammed undifferentiated hESC than in ICM-derived 
hESC (Pearl et al., 2011). It is unclear if such difference would account for immunological 
discordance taking into account that iPS cells are expected to be histocompatible since the 
donor and recipient of iPS cells is the same individual. A drawback is represented by the 
genetic tools used to reprogram somatic cells to iPS cells, because they could raise 
immunogenicity concerns (Nehlin & Barington, 2009; Yamanaka & Blau, 2010). 

4.2.2 Cellular and immunological studies 
hESC underwent minimal killings when incubated with NK cells. NK cytotoxicity is 
mediated by engagement of NK lysis receptors, NKp30, NKp44, NKp46, and CD16. All of 
their ligands, except the NKp44 ligand, were absent on hESC and were not induced after 
IFN-γ treatment (Drukker et al., 2002). 
Undifferentiated hESC were shown to possess immune-privileged characteristics and when 
transplanted into immune-competent mice, they did not elicit an immune response. 
Moreover, the inhibitory effect of hESC on alloreactive T cells was mediated by direct cell 
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membrane interactions rather than by secreted factors. Even slightly differentiated hESC-
derived progenitors within cell aggregates known as embryoid bodies (Figure 1), did not 
induce proliferation of allogeneic T cells (Li et al., 2004). In contrast, a more recent study 
found that cellular extracts from hESC could indeed retain the immunoregulatory properties 
of intact cells e.g. inhibiting the function and maturation of monocyte-derived dendritic cells 
(Mohib et al., 2010).  
In xenotransplantation and allotransplantation settings, when hESC were transplanted into 
various strains of immunocompetent mice and monitored during one month, the cells were 
totally eliminated (Drukker et al., 2006). In contrast, when a hESC-derived graft was 
transplanted into immune deficient mice lacking T, B or NK cells, it was found that T-cell 
deficient animals failed to reject the hESC-derived graft.  The lack of NK cells or B cells did 
not interfere with vigorous hESC rejection, indicating that T cells play a pivotal role in hESC 
immune rejection. MHC class I molecules were expressed at low levels while MHC class II, 
and co-stimulatory proteins CD80 and CD86 were not expressed. The low 
immunostimulatory capacity of hESC was verified by transplanting undifferentiated or 
differentiated hESC into a mouse model, in which mice were pre-conditioned to carry 
PBMC from human origin. After one month, only a minute alloresponse was observed while 
control adult grafts were totally rejected. If MHC class I expression was induced, an increase 
in the alloresponse took place. These findings suggested that the use of 
immunosuppressants could be reduced in the case of hESC-derived transplants compared to 
solid organ transplantions (Drukker et al., 2006).  
hESC-derived cells were found to be capable of long-term hematopoietic engraftment when 
transplanted into non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice 
(Tian et al., 2006). hESC were shown to be immunologically inert when transplanted into the 
myocardium of immunocompetent mice and did not inhibit immune responses judged by an 
increase in lymphocyte infiltration with positive histological staining for CD11b, CD3, CD4 
and CD8 during direct or indirect antigen presentation, and they were acutely rejected in a 
xenogeneic setting (Grinnemo et al., 2006), similar to previous findings (Drukker et al., 2006). 
The earlier interpretations that hESC are immune privileged were contradicted by a new 
study whereby the fate of transplanted hESC were traced by bioluminescent imaging in 
immune-competent host mice. Graft infiltration by host immune cells occurred within 5 
days, and already after 10 days, there was no evidence of hESC left. When hESC were 
transplanted into immune-deficient (NOD/SCID) host mice, the transplants expanded in 
number after only 10 days and teratoma formation was evident at 42 days. Rejection was 
demonstrated to be mediated predominantly by CD4+T cells and it was delayed when 
immunosuppressive therapies commonly used in the clinic were applied, such as tacrolimus 
and sirolimus (Swijnenburg et al., 2008).  
Individual hESC may survive allotransplantation due to low immunogenicity compared to 
mature, adult cells, thereby escaping from NK cell- or T cell-mediated cytotoxicity. 
However, during differentiation MHC class I expression often increases and the presence of 
certain cytokines such as interferons may strongly induce its expression. In such cases, 
antigen disparities between donor hESC and recipient cells will lead to rejection, unless 
prevented (section 6.1). Alloreactive T cells are the major effectors of graft rejection and 
these cells usually prevent the generation of teratomas in immunocompetent animals 
injected with allogeneic ESC. 
Recently, the immunogenicity of inducible pluripotent stem (iPS) cells was examined in the 
mouse model. In contrast to derivatives of mouse embryonic stem cells, abnormal gene 
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membrane interactions rather than by secreted factors. Even slightly differentiated hESC-
derived progenitors within cell aggregates known as embryoid bodies (Figure 1), did not 
induce proliferation of allogeneic T cells (Li et al., 2004). In contrast, a more recent study 
found that cellular extracts from hESC could indeed retain the immunoregulatory properties 
of intact cells e.g. inhibiting the function and maturation of monocyte-derived dendritic cells 
(Mohib et al., 2010).  
In xenotransplantation and allotransplantation settings, when hESC were transplanted into 
various strains of immunocompetent mice and monitored during one month, the cells were 
totally eliminated (Drukker et al., 2006). In contrast, when a hESC-derived graft was 
transplanted into immune deficient mice lacking T, B or NK cells, it was found that T-cell 
deficient animals failed to reject the hESC-derived graft.  The lack of NK cells or B cells did 
not interfere with vigorous hESC rejection, indicating that T cells play a pivotal role in hESC 
immune rejection. MHC class I molecules were expressed at low levels while MHC class II, 
and co-stimulatory proteins CD80 and CD86 were not expressed. The low 
immunostimulatory capacity of hESC was verified by transplanting undifferentiated or 
differentiated hESC into a mouse model, in which mice were pre-conditioned to carry 
PBMC from human origin. After one month, only a minute alloresponse was observed while 
control adult grafts were totally rejected. If MHC class I expression was induced, an increase 
in the alloresponse took place. These findings suggested that the use of 
immunosuppressants could be reduced in the case of hESC-derived transplants compared to 
solid organ transplantions (Drukker et al., 2006).  
hESC-derived cells were found to be capable of long-term hematopoietic engraftment when 
transplanted into non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice 
(Tian et al., 2006). hESC were shown to be immunologically inert when transplanted into the 
myocardium of immunocompetent mice and did not inhibit immune responses judged by an 
increase in lymphocyte infiltration with positive histological staining for CD11b, CD3, CD4 
and CD8 during direct or indirect antigen presentation, and they were acutely rejected in a 
xenogeneic setting (Grinnemo et al., 2006), similar to previous findings (Drukker et al., 2006). 
The earlier interpretations that hESC are immune privileged were contradicted by a new 
study whereby the fate of transplanted hESC were traced by bioluminescent imaging in 
immune-competent host mice. Graft infiltration by host immune cells occurred within 5 
days, and already after 10 days, there was no evidence of hESC left. When hESC were 
transplanted into immune-deficient (NOD/SCID) host mice, the transplants expanded in 
number after only 10 days and teratoma formation was evident at 42 days. Rejection was 
demonstrated to be mediated predominantly by CD4+T cells and it was delayed when 
immunosuppressive therapies commonly used in the clinic were applied, such as tacrolimus 
and sirolimus (Swijnenburg et al., 2008).  
Individual hESC may survive allotransplantation due to low immunogenicity compared to 
mature, adult cells, thereby escaping from NK cell- or T cell-mediated cytotoxicity. 
However, during differentiation MHC class I expression often increases and the presence of 
certain cytokines such as interferons may strongly induce its expression. In such cases, 
antigen disparities between donor hESC and recipient cells will lead to rejection, unless 
prevented (section 6.1). Alloreactive T cells are the major effectors of graft rejection and 
these cells usually prevent the generation of teratomas in immunocompetent animals 
injected with allogeneic ESC. 
Recently, the immunogenicity of inducible pluripotent stem (iPS) cells was examined in the 
mouse model. In contrast to derivatives of mouse embryonic stem cells, abnormal gene 
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expression in some cells differentiated from iPSC could induce T-cell-dependent immune 
responses in syngeneic recipients. Therefore, the immunogenicity of patient-specific iPS cells 
should be evaluated before any clinic application of these autologous cells into the patients 
(Zhao et al., 2011). 
One of the factors used in reprogramming procedures towards generating iPS cells is OCT4, 
a transcription factor that plays a key role in the pluripotency program. Most healthy 
individuals harbor OCT4-specific CD4+ memory T cells indicating a lack of immune 
tolerance to this antigen (Dhodapkar et al., 2010). 

4.3 MHC class I expression in human multipotent mesenchymal stem cells 
Human mesenchymal stem cells (hMSC) are multipotent stem cells with a fibroblast-like 
morphology and the capacity to self-renew in vivo that are distributed across virtually every 
tissue in the body. The “potency” of such cells is not restricted to skeletal tissues (bone, 
cartilage, fibrous tissue, fat, and myelosupportive stroma) but also includes non-skeletal 
mesodermal derivatives such as heart, endothelial cells and striated muscle. In contrast, 
osteogenic, stromal, or skeletal stem cells are multipotent CD146+ cells found in the bone 
marrow stroma that can differentiate into bone, cartilage, fibrous tissue, adipose tissue, and 
myelosupportive stroma but not to skeletal muscle, other mesoderm-derived tissues, and 
non-mesodermally derived tissues (Figure 2; Bianco et al., 2010; Nombela-Arrieta et al., 
2011). 
 

 
Fig. 2. Phase contrast photograph of a human bone marrow-derived stromal cell (hMSC). 
Magnification: 100x 

Recently, CD146 expression was shown to differentiate between perivascular versus 
endosteal localization of non-hematopoietic bone marrow stem cell populations and this 
localization correlated with CD146 being expressed during normal oxygen conditions 
(normoxia) and absent during hypoxia (Tormin et al., 2011).  
hMSC are an attractive source of stem cells for use in tissue engineering such as bone 
regeneration and cartilage repair, due to their differentiation capacity, their relative 
availability and their immune privilege properties (section 6.2; Niemeyer et al., 2006; 
Nombela-Arrieta et al., 2011). 
An early study described the presence of various immunologically relevant markers such as 
neutral endopeptidase CD10, aminopeptidase CD13, neural cell adhesion molecule CD56, a 
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typical NK cell marker, and MHC class I in hMSC isolated from fetal, mature, and geriatric 
individuals (Young et al. 1999). In another study, hMSC isolated from the bone marrow 
stroma were also shown to constitutively express MHC class I and even lymphocyte 
function-associated antigen (LFA)-3 antigens whereas MHC class II and intercellular 
adhesion molecule (ICAM)-1 antigens were only expressed upon IFN-γ treatment and CD80, 
CD86, or CD40 co-stimulatory molecules were not expressed at all. Moreover, hMSC failed 
to stimulate allogeneic PBMC or T-cell proliferation in mixed lymphocyte reactions (Tse et 
al., 2003).   
In yet another study, undifferentiated hMSC were shown to express significant levels of 
MHC class I expression and no MHC class II expression, and when hMSC were 
differentiated into adipocytes, osteoblasts, and chondrocytes, they were shown to express 
lower levels of MHC class I, but still not MHC class II. Both undifferentiated hMSC and 
differentiated hMSC were not immunogenic as they did not stimulate allogeneic 
lymphocytes in co-culture experiments. Upon IFN-γ treatment, MHC class II expression 
increased dramatically in hMSC, but despite this, the inhibitory effect on lymphocyte 
alloreactivity persisted (Le Blanc et al., 2003b). Several terminally differentiated cell types 
like neurons, hepatocytes, skeletal and cardiac muscle cells failed to constitutively express 
HLA class I (Fleming et al., 1981). 
hMSC can process and present HLA class I-restricted viral or tumor antigens to specific CTL 
with a limited efficiency, likely because of some defects in APM components such as lack of 
expression of LMP7, LMP10, and ERp57. However, they are protected from CTL-mediated 
lysis through a mechanism that is partly sHLA-G-dependent (see section 5.2.2.3; Morandi et 
al., 2008). 
While hESC and the inner cell mass in blastocysts have been shown to express very low 
levels of HLA class I, lineage-committed stem cells like mesenchymal stem cells (MSC) have 
a much higher expression similar to that of lymphocytes. Constitutive expression of HLA 
class I is largely restricted to cells of the lymphoid organs, the epithelia and the lining of 
small vessels. HLA-A, -B- and -C are equally expressed in blood leukocytes and regulated 
primarily at the level of transcription through promoter elements that are conserved among 
the HLA genes. Using quantitative multicolour flow cytometry and allele-specific antibodies 
targeting classical MHC class I on muscle satellite cells, bone marrow stromal cells and 
adipose-derived stem cells, as well as in PBMC, we found high cell-surface expression of 
HLA-A whereas HLA-B and -C alleles were strongly down-regulated. IFN-γ stimulation of 
stem cells during 48-72h was required to induce full HLA-B protein expression. The major 
contributor to repression of HLA-B and -C in stem cells during basal, non-induced 
conditions may be a post-transcriptional mechanism leading to translational attenuation in 
stem cells. Since different HLA alleles have variable affinities for intracellularly-generated 
peptides, the lack of HLA-B and -C expression can influence antigen presentation and the 
resulting immune response (Isa et al., 2010). 

5. Immune-modulating properties 
5.1 Immune-modulating properties of human embryonic stem cells 
As explained previously in section 3, embryonic tissues are endowed with powerful 
immune-protecting mechanisms. However, relatively little is known about molecules 
expressed by hESC of the ICM exerting immune tolerance functions, especially considering 
that such intrinsic hESC properties could perhaps be used in regenerative transplantation 
protocols. 
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typical NK cell marker, and MHC class I in hMSC isolated from fetal, mature, and geriatric 
individuals (Young et al. 1999). In another study, hMSC isolated from the bone marrow 
stroma were also shown to constitutively express MHC class I and even lymphocyte 
function-associated antigen (LFA)-3 antigens whereas MHC class II and intercellular 
adhesion molecule (ICAM)-1 antigens were only expressed upon IFN-γ treatment and CD80, 
CD86, or CD40 co-stimulatory molecules were not expressed at all. Moreover, hMSC failed 
to stimulate allogeneic PBMC or T-cell proliferation in mixed lymphocyte reactions (Tse et 
al., 2003).   
In yet another study, undifferentiated hMSC were shown to express significant levels of 
MHC class I expression and no MHC class II expression, and when hMSC were 
differentiated into adipocytes, osteoblasts, and chondrocytes, they were shown to express 
lower levels of MHC class I, but still not MHC class II. Both undifferentiated hMSC and 
differentiated hMSC were not immunogenic as they did not stimulate allogeneic 
lymphocytes in co-culture experiments. Upon IFN-γ treatment, MHC class II expression 
increased dramatically in hMSC, but despite this, the inhibitory effect on lymphocyte 
alloreactivity persisted (Le Blanc et al., 2003b). Several terminally differentiated cell types 
like neurons, hepatocytes, skeletal and cardiac muscle cells failed to constitutively express 
HLA class I (Fleming et al., 1981). 
hMSC can process and present HLA class I-restricted viral or tumor antigens to specific CTL 
with a limited efficiency, likely because of some defects in APM components such as lack of 
expression of LMP7, LMP10, and ERp57. However, they are protected from CTL-mediated 
lysis through a mechanism that is partly sHLA-G-dependent (see section 5.2.2.3; Morandi et 
al., 2008). 
While hESC and the inner cell mass in blastocysts have been shown to express very low 
levels of HLA class I, lineage-committed stem cells like mesenchymal stem cells (MSC) have 
a much higher expression similar to that of lymphocytes. Constitutive expression of HLA 
class I is largely restricted to cells of the lymphoid organs, the epithelia and the lining of 
small vessels. HLA-A, -B- and -C are equally expressed in blood leukocytes and regulated 
primarily at the level of transcription through promoter elements that are conserved among 
the HLA genes. Using quantitative multicolour flow cytometry and allele-specific antibodies 
targeting classical MHC class I on muscle satellite cells, bone marrow stromal cells and 
adipose-derived stem cells, as well as in PBMC, we found high cell-surface expression of 
HLA-A whereas HLA-B and -C alleles were strongly down-regulated. IFN-γ stimulation of 
stem cells during 48-72h was required to induce full HLA-B protein expression. The major 
contributor to repression of HLA-B and -C in stem cells during basal, non-induced 
conditions may be a post-transcriptional mechanism leading to translational attenuation in 
stem cells. Since different HLA alleles have variable affinities for intracellularly-generated 
peptides, the lack of HLA-B and -C expression can influence antigen presentation and the 
resulting immune response (Isa et al., 2010). 

5. Immune-modulating properties 
5.1 Immune-modulating properties of human embryonic stem cells 
As explained previously in section 3, embryonic tissues are endowed with powerful 
immune-protecting mechanisms. However, relatively little is known about molecules 
expressed by hESC of the ICM exerting immune tolerance functions, especially considering 
that such intrinsic hESC properties could perhaps be used in regenerative transplantation 
protocols. 
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hESC have limited antigen presentation capacity because of low MHC class I cell surface 
expression levels and the complete lack of MHC class II molecules and co-stimulatory 
molecules (Drukker et al., 2006; Grinnemo et al., 2006).  
Among known immune tolerance molecules (section 5.2), ICM-derived hESC expressed the 
tolerogenic HLA-G molecule at the mRNA and protein levels, but it underwent down-
regulation in ICM cells during blastocyst growth (Rizzo et al., 2011a; Verloes et al., 2011). 
Several immune-modulating proteins found in hMSC are also expressed in hESC (section 
5.2; Nehlin et al., Isa et al.; Sabir et al., in preparation). 

5.2 Immune-modulating properties of human mesenchymal stem cells 
hMSC are capable of down-regulating allogeneic immune responses by a number of 
strategies that are illustrated in Figure 3. These strategies will be explained in detail below. 
Immunosuppression by MSC is species-specific, indicating that the valuable contributions 
from mouse studies in this area cannot necessarily be extrapolated to the human scenario 
(Ren et al. 2009). Thus, here we will explore the most relevant findings in the field of hMSC-
mediated immunosuppression that have recently gained much attention. 
 

 

 
Fig. 3. Illustration depicting the main immune-modulating properties of human 
mesenchymal stem cells. 

hMSC exhibit potent immune-modulating properties which could be useful in numerous 
clinical applications (section 6.2; Barry et al., 2005; English et al., 2010; Hoogduijn et al., 2010; 
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Le Blanc & Pittenger, 2005; Nauta & Fibbe, 2007; Rasmusson, 2006; Siegel et al., 2009; 
Sotiropoulou & Papamichail, et al., 2007; Trento & Dazzi, 2010). The immunomodulatory 
properties of MSC derived from adult human tissues including bone marrow (BM), adipose 
tissues (AT), umbilical cord blood (CB), and cord Wharton's jelly (WJ) were shown to be 
comparable (Yoo et al., 2009; Najar et al., 2010). CD4+ and CD8+ T-lymphocytes were 
equally targeted by hMSC of different origins, and the effects included prevention of 
lymphocyte activation as well as the suppression of T-cell proliferation regardless of the 
stimuli used to activate the lymphocytes (Najar et al., 2010). 
Many different pathways mediating hMSC immunotolerance have been suggested such as 
suppression of T and B cell proliferation both by cell-mediated and soluble factors (Siegel et 
al., 2009; Uccelli et al., 2008). 
Multiple cell-cell interactions and the secretion of soluble factors determine the grade of 
immunomodulatory capacity by hMSC. Adapted from Aggarwal & Pittenger 2005; Barry et 
al. 2005; Le Blanc & Ringden, 2007;  Nasef et al., 2008; Nauta & Fibbe, 2007; Nemeth et al., 
2009; Rasmusson, 2006; Uccelli et al. 2008, and many references in the text. 

5.2.1 Origins of the hMSC immunosuppression: cell-cell interactions 
Multiple interactions take place between hMSC and cells of the innate and adaptive immune 
system (Uccelli et al., 2008; Shi et al. 2011). The co-culture of hMSC with purified blood 
subpopulations in mixed lymphocyte reactions (MLR)(see section 3) has yielded valuable 
information as regards to hMSC-mediated immuno-modulatory mechanisms of action. 
Several studies have explored the effect of hMSC on T cell populations. An early report 
indicated that hMSC were capable of inhibiting allogeneic T cell responses in vitro 
(Klyushnenkova et al., 1998). Autologous or allogeneic hMSC strongly suppressed T-
lymphocyte proliferation, without induction of apoptosis, by both cellular as well as non-
specific mitogenic stimuli and was likely due to the production of soluble factors (Di Nicola 
et al., 2002). 
An in-depth analysis was later carried out by Rasmusson et al., 2003, where it was shown 
that hMSC inhibit T cells in the early activating phase of the allograft reaction, but not in the 
effector phase. When hMSC were added early in the MLR, they inhibited cytotoxicity, 
presumably by preventing the formation of active CTL. When MSC were added on day 3 to 
the 6-day MLR, little effect on cytotoxicity was observed, indicating that hMSC did not 
appear to inhibit activated CTL and even NK cells (Rasmusson et al., 2003). 
Proliferation of allogeneic CD3+ T cell populations was suppressed by hMSC, in a dose-
dependent, genetically unrestricted manner, regardless of being pre-treated or not with IFN-
γ (Klyushnenkova et al., 2005). hMSC suppressed the proliferation of both CD4+ and CD8+ 
T lymphocytes, as well as of NK cells. The suppressive activity of hMSC was not only cell-
contact dependent but required further the presence of IFN-γ produced by activated T cells 
and NK cells (Krampera et al., 2006; Pradier et al., 2011).  
hMSC altered as well the cytokine secretion profile of naive and effector T cells: T helper 1 
(Th1) and 2 (Th2), and NK cells to induce a more anti-inflammatory or tolerant phenotype, 
increased the proportion of Treg and decreased the secretion of IFN-γ from NK cells induced 
by IL-2 (Aggarwal & Pittenger, 2005).  
hMSC inhibited T-cell proliferation triggered either by allogeneic, mitogenic or antigen-
specific stimuli. Interestingly, hMSC inhibited T-cell proliferation by inducing apoptosis 
once T cells were CD3-mitogenically activated, but had no effect on resting T cells (Plumas 
et al., 2005). hMSC were able to inhibit proliferation of not only resting thymocytes but also 
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dividing thymocytes cultured in the absence of trophic factors. hMSC could support T cell 
survival in a quiescent G0 state without inducing apoptosis, but T cells still regained their 
activation capacity once immunosuppression was not longer present. These results 
suggested that hMSC are endowed with the intrinsic capacity of promoting survival of T 
cells in a resting state. The protective effect of hMSC targets mainly the “death receptor” 
pathway of apoptosis, as suggested by the down-regulation of Fas receptor and Fas ligand 
on TCR activated T cells (Benvenuto et al., 2007). 
hMSC were shown to target T-cell proliferation but not their effector function (cytotoxicity). 
This could be explained by inducing T cells to the G0/G1 cell cycle phase, in part through 
inhibition of cyclin D expression and up-regulation of p27kip1 (Giuliani et al., 2011; 
Ramasamy et al., 2008; Siegel et al., 2009). According to a recent study, T cell inhibition by 
hMSC was not due to the soluble HLA-G5 isoform, but to the surface expression of HLA-G1, 
as shown by the need of cell-cell contact and by the use of neutralizing anti-HLA-G 
antibodies (Giuliani et al., 2011; section 5.2.2.3). 
hMSC down-regulated alloantigen-induced lymphocyte expansion, especially that of 
CD8+T cells and of NK lymphocytes, decreased in a dose-dependent manner alloantigen-
specific cytotoxic capacity mediated by either CTL or NK cells and favoured the 
differentiation of regulatory/suppressive CD4+ T-cell subsets co-expressing CD25 and/or 
CTLA4.  More effective suppressive activity on MLR-induced T-cell activation was observed 
when hMSC were used as third-party, rather than autologous, with respect to MLR-
responder cells. These findings support the use of MSC to prevent immune complications 
related to both hematopoietic stem cell and solid organ transplantation and to the theory 
that hMSC are universal suppressors of immune reactivity (Maccario et al., 2005; Spaggiari 
et al. 2009). 
Another report showed that the immunosuppressive effect of hMSC targets T cell 
proliferation of different subpopulations but their effector function or cytotoxicity was not 
affected in the presence of hMSC at different ratios (Ramasamy et al., 2008). 
The significance of the hMSC:T or hMSC:NK co-culture ratios has been investigated in MLR. 
At low concentrations, hMSC supported rather than inhibited mitogen-stimulated PBMC. 
Higher concentrations of hMSC not only suppressed alloreactive effector cells, but greatly 
reduced lymphocyte proliferation caused by potent T-cell mitogens, in autologous or 
allogeneic PBMC, meaning that the responses were independent of MHC (Le Blanc et al., 
2003a). Consistent with this early study, using purified CD3+ T cells only, hMSC were 
shown to allow T-cell proliferation at a lower MSC:T-cell ratio (1:40) whereas an optimal 
inhibitory effect was shown when the target (hMSC): effector (T cell) ratio was 1:4 or 1:8 
(Najar et al., 2009). 
IL-15–stimulated NK cells from 4-day co-culture with hMSC were tested in cytotoxicity 
assays. When the hMSC:NK cell ratio was low (up to 1:10), hMSC altered the phenotype of 
NK cells and suppressed their proliferation, cytokine secretion, and cytotoxic capacity 
against T-cell specific peptide-HLA class I-complexes presented on cancer cells 
(Sotiropoulou et al., 2006). Some of these effects required cell-to-cell contact, whereas others 
were mediated by soluble factors (see below), suggesting the existence of diverse 
mechanisms for MSC-mediated NK cell suppression. On the other hand, hMSC from HLA-
mismatched individuals are susceptible to lysis by activated NK cells (Selmani et al., 2009; 
Sotiropoulou et al., 2006). 
Ex vivo-isolated human NK cells become activated upon interaction with bone marrow 
stromal cells, releasing high amounts of IFN-γ and TNF-α cytokines. These effects depend 
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on the LFA1/ICAM1 interaction and the NKp30 receptor (Poggi et al., 2005). hMSC 
inhibited the surface expression of NKp30 and NKG2D activating NK receptors that are 
involved in NK-cell activation and target cell killing, and no cell surface expression of the 
NKp44 activating receptor (absent in resting NK cells and expressed upon cell activation) 
occurred in NK cells cultured with hMSC (Spaggiari et al., 2008). 
The effects of hMSC on monocytes and dendritic cells were also examined. hMSC could 
suppress CD14+ monocyte differentiation into dendritic cells (DC), the most potent antigen-
presenting cells (APC)(Jiang et al., 2005), as well as maturation of APC (Beyth et al., 2005) 
and altered the cytokine secretion profile of dendritic cells (Aggarwal & Pittenger, 2005). 
Mature DC treated with hMSC decreased expression of antigen-presenting and co-
stimulatory molecules, and down-regulated IL-12 secretion (Jiang et al., 2005). Similar 
results were shown where hMSC strongly inhibited the differentiation of alloantigen-
induced monocytes to immature dendritic cells (DC1)(Maccario et al., 2005). 
Allogeneic hMSC did not affect B lymphocyte proliferation during allo-stimulation with 
PBMC in mixed lymphocyte cultures at the the B-cell/hMSC ratio of 1:10 (Krampera et al., 
2006). However, another study reported that hMSC inhibited B-cell proliferation by 
induction of cell cycle arrest at the G0/G1 phase. The differences were likely due to the cell 
ratios used, where maximum inhibition of B-cell proliferation was observed at the B-
cell/hMSC ratio of 1:1, detected at a 1:2 ratio and non-measurable at 1:5 and 1:10 ratios. 
Also, hMSC inhibited B-cell differentiation because IgM, IgG, and IgA production was 
significantly impaired. CXCR4, CXCR5, and CCR7 B-cell expression, as well as chemotaxis 
to CXCL12, the CXCR4 ligand, and CXCL13, the CXCR5 ligand, were significantly down-
regulated by hMSC, suggesting that these cells affect the chemotactic properties of B cells. B-
cell co-stimulatory molecule expression and cytokine production were unaffected by hMSC 
(Corcione et al., 2006). hMSC were able to suppress allo-specific antibody production in 
vitro, and may therefore help overcome a positive cross-match in sensitized transplant 
recipients (Comoli et al., 2008). 
hMSC also inhibited invariant Natural Killer T (iNKT) and γδ T cell expansion from 
peripheral blood mononuclear cells. Such inhibition was neutralized by indomethacin, a 
non-steroid anti-inflammatory drug that inhibits the function of the prostaglandin E2 
molecule (see below, section 5.2.2). iNKT and γδ T have protective and regulatory immune 
functions in common because they are involved in defense against infectious organisms, 
tumor rejection, autoimmune disease pathogenesis, and maintenance of transplant tolerance 
(Prigione et al., 2009). 
hMSC have also been shown to influence human polymorphonuclear neutrophil (PMN) 
responses in co-culture experiments, exerting anti-apoptotic effects that sustained and 
amplified the functions of PMN in response to toll-like receptors TLR3- and TLR4-
triggering, that may consequently contribute to inflammatory disorders. The biological 
effects exerted on PMN by TLR3-activated bone marrow-derived hMSC are mediated by the 
combined action of interleukin 6, interferon-β (IFN-β), and granulocyte macrophage colony-
stimulating factor (GM-CSF), while those exerted by TLR4-activated BM-MSC mostly 
depend on GM-CSF (Cassatella et al., 2011). The key hMSC-derived soluble factor 
responsible for neutrophil protection from apoptosis was IL-6, (Raffaghello et al., 2008; see 
section 5.2.2.4). 
Finally, an interesting study showed that the Stro-1-enriched population of hMSC isolated 
from the bone marrow elicits a significantly (~10 times) more profound dose-dependent 
inhibition of lymphocyte proliferation in mixed lymphocyte reactions than hMSC in general, 
suggesting its use in allogeneic transplantation (Nasef et al., 2009). 
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on the LFA1/ICAM1 interaction and the NKp30 receptor (Poggi et al., 2005). hMSC 
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5.2.2 Origins of the hMSC immunosuppression: secreted factors 
Even though the presence of hMSC in mixed lymphocyte cultures elicits stronger 
immunosuppressive effects than only hMSC-free culture supernatants, evidence suggests 
that secreted factors released to the media might account for a significant part of the hMSC-
derived immunosuppression (Najar et al., 2009; Nasef et al., 2008a; Rasmusson et al. 2003). 
Soluble immunomodulatory factors such as indoleamine 2,3-dioxygenase (IDO), 
prostaglandin E2 (PGE2), sHLA-G, transforming growth factor (TGF-β), interleukins IL-1β, 
IL-6, IL-8, IL-10, IL-11, hepatocyte growth factor (HGF), IFN-γ, stromal cell-derived factor-1 
(SDF-1) are all secreted by hMSC (Di Nicola et al., 2002; Barry et al., 2005; Giuliani et al., 
2011; Najar et al., 2009; Nasef et al., 2008a; Wu et al., 2010). 
Secretion of pro-inflammatory and anti-inflammatory cytokines, chemokines, growth factors 
and prostaglandins by hMSC under resting and inflammatory conditions has been 
investigated (Hoogduijn et al., 2010; Wu et al., 2010). Exposure of hMSC to pro-
inflammatory cytokines such as IFN-γ, tumour necrosis factor (TNF)-α and interleukin (IL)-6 
enhances the immunosuppressive capacity of hMSC, suggesting that the use of pre-
conditioning to pro-inflammatory conditions, improve hMSC properties for clinical immune 
therapy (Crop et al., 2010; Ryan et al., 2007). 
Supernatants from hMSC exert suppression of T cell activity (Najar et al., 2009; Nasef et al., 
2008a), in contrast to what has been found in hESC, where cell-cell contact is essential for 
immune tolerance (Li et al., 2004). The mechanisms by which some of these factors produced 
by hMSC act upon the immune system will be briefly explained below: 
5.2.2.1 IDO 
hMSC express the kynurenine pathway (KP) which is the central route that accounts for the 
degradation of the essential amino acid tryptophan to kynurenine and subsequently 
nicotinamide adenine dinucleotide (NAD+). KP has roles in antimicrobial activity, 
modulation of immune responses and in the creation of a tryptophan-depleted milieu that 
promotes immunosuppression (Croitoru-Lamoury et al. 2011; Munn et al. 1998). The KP 
pathway’s first and rate limiting enzyme, indoleamine 2,3-dioxygenase (IDO), has two 
isoforms IDO1 and IDO2. hMSC-secreted IDO catabolizes tryptophan necessary for rapid T 
cell proliferation. IFN-γ induces the expression of IDO in hMSC, enabling them to inhibit T 
cell proliferation and modulate the function of major cell populations involved in both the 
innate and adaptive immune systems, including APC, NK cells, T- and B-cells (Djouad et al., 
2007; Meisel et al., 2004; Uccelli et al., 2008). IDO inhibits the proliferation of activated T and 
NK cells (Krampera et al., 2006; Spaggiari et al., 2008). Also, IFN-γ-induced IDO activation in 
hMSC leads to their impaired proliferation and an alteration of their differentiation capacity 
(Croitoru-Lamoury et al., 2011). 
When IDO inhibitors were used, however, it was shown that proliferation of PBMC was not 
restored in mixed lymphocyte cultures with hMSC. Insulin-like growth factor (IGF)–binding 
proteins were shown to contribute to the inhibitory mechanism of hMSC on PBMC 
proliferation, and this effect was independent of IFNγR1 signaling and IDO expression 
(Gieseke et al., 2007). 
The mechanism of how MSC-mediated immunosuppression varies among different species 
has been investigated by Ren et al. (2009). Immunosuppression by hMSC is mediated by 
IDO whereas mouse MSC (mMSC) utilize nitric oxide under the same culture conditions. 
When the expression of IDO and inducible nitric oxide synthase (iNOS) were examined in 
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hMSC and mMSC after stimulation with the pro-inflammatory cytokine IFN-γ in 
combination with TNFα, IL-1α, or IL-1β, it was shown that hMSC expressed extremely high 
levels of IDO, and very low levels of iNOS, whereas mMSC expressed abundant iNOS and 
very little IDO. Chemokines induced by IFN-γ and TNF-α also were released by MSC of 
mouse or human origin for optimal immunosuppression to attract immune cells to the 
vicinity, including T cells, which express the chemokine receptor CXCR3 (Ren et al., 2009). 
Toll-like receptors (TLR) expressed on bone marrow-derived hMSC enhanced their 
immunosuppressive phenotype independent of IFN-γ, due to the production of 
immunosuppressive kynurenines by IDO1. Induction of IDO1 by TLR involved an autocrine 
IFN-β signaling loop, which was dependent on protein kinase R (PKR), but independent of 
IFN-γ (Opitz et al., 2009). 
5.2.2.2 PGE2 
Prostaglandin E2 (PGE2) is, like all prostaglandins, a 20-carbon oxygenated lipid-signaling 
molecule, with pro-inflammatory functions, involved in producing swelling, redness and 
pain. Prostaglandin synthesis begins with the release of arachidonic acid from 
phospholipids by phospholipase A2, and arachidonic acid is then oxygenated by 
cyclooxygenase (COX) enzymes (COX1 and COX2) expressed by hMSC to form 
prostaglandin H2 (PGH2), from which PGE2 and other prostaglandins are formed by 
specific enzymes. In the case of PGE2, they are known as PGE2 synthase enzymes: 
microsomal PGE2 synthases 1 and 2 (mPGES1 and mPGES2) and cytosolic PGES (cPGES). 
PGE2 plays a role in many immune functions, including the activation of B lymphocytes and 
the induction of Treg cells. PGE2 inhibition by indomethacin partially restored the 
proliferation of T cells in presence of MSC from human or murine origin (Aggarwal & 
Pittenger, 2005). In the clinic, the production of PGE2 has been targeted with inhibitors of 
COX-2 function to treat a range of painful and inflammatory conditions. 
PGE2 can be produced by many cells and influence the function of a wide array of immune 
cells, including T cells, B cells, NK cells, macrophages and dendritic cells. Inhibition of PGE2 
synthesis by COX inhibitors restored to a great extent in vitro T cell proliferation, while 
blocking other known hMSC-secreted inhibitors did not have the same effect. hMSC 
inhibited activated T cells proliferation and pro-inflammatory cytokines production. Thus, 
PGE2 appears to be a dominant secreted molecule involved in hMSC-induced suppression 
of an in vitro alloresponse (Yañez et al., 2010) and hMSC-mediated blocking of monocyte-
derived DC maturation (Spaggiari et al., 2009).  Also, PGE2 and IDO represent key 
mediators of the hMSC-induced inhibition of NK cells (Spaggiari et al., 2008). 
When hMSC were co-cultured with DC, high levels of PGE2 were detected. PGE2 blockade 
with indomethacin allowed maturation of plasmocytoid-DC but not myeloid-DC, and 
allowed T lymphocyte proliferation but did not restore pro-inflammatory cytokine secretion 
(Yañez et al., 2010). 
hMSC reduced the expression of MHC class II, CD40, and CD86 co-stimulatory molecules 
on mature DC, which was responsible for a decrease in T-cell proliferation. The 
differentiation of bone marrow progenitors into DC was partly inhibited when cultured 
with conditioned supernatants from hMSC, and this effect was associated, at least in part 
with the secretion of IL-6 from hMSC. Suppression of T-lymphocyte activation was partially 
counteracted by anti-IL-6 but no enhanced effects were found by IL-6 and PGE2 together 
suggesting that PGE2 may act through the induction ofg IL-6 secretion (Djouad et al., 2007). 
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hMSC and mMSC after stimulation with the pro-inflammatory cytokine IFN-γ in 
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very little IDO. Chemokines induced by IFN-γ and TNF-α also were released by MSC of 
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vicinity, including T cells, which express the chemokine receptor CXCR3 (Ren et al., 2009). 
Toll-like receptors (TLR) expressed on bone marrow-derived hMSC enhanced their 
immunosuppressive phenotype independent of IFN-γ, due to the production of 
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IFN-β signaling loop, which was dependent on protein kinase R (PKR), but independent of 
IFN-γ (Opitz et al., 2009). 
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Prostaglandin E2 (PGE2) is, like all prostaglandins, a 20-carbon oxygenated lipid-signaling 
molecule, with pro-inflammatory functions, involved in producing swelling, redness and 
pain. Prostaglandin synthesis begins with the release of arachidonic acid from 
phospholipids by phospholipase A2, and arachidonic acid is then oxygenated by 
cyclooxygenase (COX) enzymes (COX1 and COX2) expressed by hMSC to form 
prostaglandin H2 (PGH2), from which PGE2 and other prostaglandins are formed by 
specific enzymes. In the case of PGE2, they are known as PGE2 synthase enzymes: 
microsomal PGE2 synthases 1 and 2 (mPGES1 and mPGES2) and cytosolic PGES (cPGES). 
PGE2 plays a role in many immune functions, including the activation of B lymphocytes and 
the induction of Treg cells. PGE2 inhibition by indomethacin partially restored the 
proliferation of T cells in presence of MSC from human or murine origin (Aggarwal & 
Pittenger, 2005). In the clinic, the production of PGE2 has been targeted with inhibitors of 
COX-2 function to treat a range of painful and inflammatory conditions. 
PGE2 can be produced by many cells and influence the function of a wide array of immune 
cells, including T cells, B cells, NK cells, macrophages and dendritic cells. Inhibition of PGE2 
synthesis by COX inhibitors restored to a great extent in vitro T cell proliferation, while 
blocking other known hMSC-secreted inhibitors did not have the same effect. hMSC 
inhibited activated T cells proliferation and pro-inflammatory cytokines production. Thus, 
PGE2 appears to be a dominant secreted molecule involved in hMSC-induced suppression 
of an in vitro alloresponse (Yañez et al., 2010) and hMSC-mediated blocking of monocyte-
derived DC maturation (Spaggiari et al., 2009).  Also, PGE2 and IDO represent key 
mediators of the hMSC-induced inhibition of NK cells (Spaggiari et al., 2008). 
When hMSC were co-cultured with DC, high levels of PGE2 were detected. PGE2 blockade 
with indomethacin allowed maturation of plasmocytoid-DC but not myeloid-DC, and 
allowed T lymphocyte proliferation but did not restore pro-inflammatory cytokine secretion 
(Yañez et al., 2010). 
hMSC reduced the expression of MHC class II, CD40, and CD86 co-stimulatory molecules 
on mature DC, which was responsible for a decrease in T-cell proliferation. The 
differentiation of bone marrow progenitors into DC was partly inhibited when cultured 
with conditioned supernatants from hMSC, and this effect was associated, at least in part 
with the secretion of IL-6 from hMSC. Suppression of T-lymphocyte activation was partially 
counteracted by anti-IL-6 but no enhanced effects were found by IL-6 and PGE2 together 
suggesting that PGE2 may act through the induction ofg IL-6 secretion (Djouad et al., 2007). 
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When mast cells (MC) are co-cultured with mMSC to allow cell-to-cell contact, mMSC 
suppressed mast cells degranulation, pro-inflammatory cytokine production, chemokinesis 
and chemotaxis. These inhibitory effects were dependent on up-regulation of COX2 in 
mMSC and were facilitated through the activation of EP4 receptors on MC. Whether a 
similar mechanism applies to hMSC remains to be investigated (Brown et al., 2011). 
5.2.2.3 HLA-G and LIF 
HLA-G is a non-classical MHC class I molecule, which is expressed in both membrane-
bound and soluble isoforms. HLA-G expression is also claimed to be associated with 
embryo implantation, the protection of the allogeneic fetus from the maternal immune 
system, and placentation (section 3; Rebmann et al., 2010; Rizzo et al., 2011a). 
HLA-G protein expression was found to be constitutive in hMSC and the level was not 
modified upon stimulation by allogenic lymphocytes in hMSC-mixed lymphocyte reaction 
assay (Nasef et al. 2007). Furthermore, hMSC secrete the soluble isoform HLA-G5 (sHLA-
G5), which inhibits NK cell-mediated cytotoxicity and IFN-γ secretion and suppresses 
allogeneic T cell proliferation and expansion of CD4+CD25highFOXP3+ Treg cells (Morandi 
et al., 2008; Selmani et al., 2009). A summary of HLA-G functions was recently presented 
(Menier et al., 2010). The HLA-G1 isoform, not the sHLA-G5 form, has recently been found 
to be crucial for the inhibition of T-cell proliferation (Giuliani et al., 2011). 
Leukemia inhibitory factor (LIF) is a secreted glycoprotein cytokine that can inhibit the 
proliferation of myeloid leukemic cell lines and has several functions in hematopoietic 
expansion of bone marrow progenitors, pregnancy and in the humoral and cellular immune 
response. LIF and HLA-G expression in hMSC-mixed lymphocyte reactions is coordinated. 
When LIF was inhibited by a neutralizing antibody, HLA-G was not expressed (Nasef et al., 
2008b). 

5.2.2.4 Cytokines and chemokines 
An early study showed that when hMSC were prevented from cell-cell contacts in transwell 
experiments, T-lymphocyte proliferation was significantly reduced. Soluble factors such as 
TGF-β1 and hepatocyte growth factor (HGF) were proposed as mediators of T-cell 
suppression (Di Nicola et al., 2002). 
Among the secreted pro-inflammatory and anti-inflammatory cytokines, chemokines and 
prostaglandins characterized in hMSC supernatants under resting conditions is worth 
mentioning ICAM-1, IL-6, IL-8, CCL-2 and TIMP-2 (Wu et al. 2010). IFN-γ, or type II 
interferon, is a cytokine that is critical for innate and adaptive immunity against viral and 
intracellular bacterial infections and for tumor control. IFN-γ is not itself produced by 
hMSC, but originates from activated T and NK cells (Hoogduijn et al., 2010). IFN-γ is also 
known to play an important role in the induction of immune-modulatory molecules such as 
IDO (Krampera et al., 2006; see above). IFN-γ inhibited proliferation and altered human and 
mouse MSC neural, adipocytic and osteocytic differentiation via the activation of IDO 
(section 5.2.1; Croitoru-Lamoury et al., 2011). 
Upon activation, CTL produce cytokines important for their effector functions such as IFN-γ 
and TNF-α. Incubation with peptide pulsed hMSC did not lead to any detectable induction 
of IFN-γ and TNF-α secretion by specific CTLs (Rasmusson et al., 2007). 
TGF-β1 secreted by hMSC is an immunosuppressive factor capable of inhibiting NK-cell 
proliferation, cytotoxicity, and cytokine production and of downregulating the expression of 
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activating receptors 2B4 and NKG2D in NK cells. PGE2 and TGF-β1 had an additive 
inhibitory effect on NK-cell proliferation (Sotiropoulou et al., 2006). 

5.2.2.5 Galectins and Sema-3A 

Galectins are a family of β-galactoside binding proteins that bind not only to glycan 
structures expressed by host cells but can recognize β-galactoside carbohydrates on many 
pathogens. Galectins are considered as soluble pathogen recognition receptors. Within the 
immune system, galectins are expressed by virtually all immune cells, either constitutively 
or in an inducible fashion (Sioud et al., 2010; Sioud, 2011). Galectins-1 and -3 have been 
found to be main regulators of hMSC immunosuppressive function, and are constitutively 
expressed and secreted by human bone marrow MSC. Interfering RNAs abrogated their 
suppressive effect on allogeneic CD4+ and CD8+ T cells (Gieseke et al., 2010; Sioud et al., 
2010; 2011). hMSC derived galectin-1 significantly modulated the release of cytokines 
involved in GvHD and autoimmunity, such as TNF-α, IFN-γ, IL-2 and IL-10. hMSC promote 
a shift from a pro-inflammatory Th1 toward a more anti-inflammatory Th2 T-cell response 
(Gieseke et al., 2010). 
Galectin-1 is a homodimeric galactose-binding lectin with a single carbohydrate-recognition 
domain that binds to the neuropilin-1 receptor (NP-1) expressed on T cells.  The main ligand 
of NP-1 is semaphorin-3A (Sema-3A) that arrests T cells in the G0/G1 phase. Galectin-1 and 
semaphorin-3A (Sema-3A) are two soluble factors highly expressed by hMSC capable to 
inhibit T-cell proliferation through neuropilin-1 (NP-1). Blocking the interaction to NP-1 
abolished hMSC immunosuppression (Lepelletier et al., 2010). 

5.2.2.6 PD-1 ligands 
One of the well known co-stimulatory pathways is the programmed death (PD-1) pathway, 
which plays an important role in delivering inhibitory signals that regulate T cell activation, 
immune tolerance and immune-mediated tissue damage. PD-1 receptor expression is 
inducible on T cells, NK cells and activated monocytes. PD-1 interacts with the two ligands; 
PD-L1 (B7-H1; also called CD274) and PD-L2 (B7-DC also called CD273) which are 
transmembrane glycoproteins belonging to the B7 IgG superfamily (Keir et al. 2008; Petroff 
& Perchellet, 2010). The interaction leads to signalling via PD-1 receptor and deactivation of 
the immune cells such as T, B, NK, DC and macrophages, etc. While PD-L1 is widely 
expressed on low quantities in many cell types including trophoblasts, PD-L2 is more 
restricted to the myeloid cell types such as monocytes, DC and macrophages (Francisco et 
al., 2010; Petroff & Perchellet, 2010). hMSC express both PD-L1 and PD-L2 as well as several 
splice variants but their precise role in the induction of immune tolerance remains to be 
defined (Isa et al., in preparation). IFN-γ plays a critical role in triggering the 
immunosuppresion by mouse MSC through the up-regulation of PD-L1 (Sheng et al. 2008). 
Interestingly, the PD-L ligands may play a critical role in maintaining tolerance to the 
developing fetus (Petroff & Perchellet, 2010). 

5.2.2.7 CD200 
CD200 is a transmembrane glycoprotein involved in immune-modulation, such as graft 
rejection, autoimmune diseases, spontaneous fetal loss, inflammatory disorders and 
malignancy. The interaction of CD200 and CD200R on T cells results in inhibition of de-
granulation and cytokine production which mediate immune regulation through a direct 
and/or indirect action on activated T-cells via DC (Gorczynski, 2005).  CD200 is expressed in 
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When mast cells (MC) are co-cultured with mMSC to allow cell-to-cell contact, mMSC 
suppressed mast cells degranulation, pro-inflammatory cytokine production, chemokinesis 
and chemotaxis. These inhibitory effects were dependent on up-regulation of COX2 in 
mMSC and were facilitated through the activation of EP4 receptors on MC. Whether a 
similar mechanism applies to hMSC remains to be investigated (Brown et al., 2011). 
5.2.2.3 HLA-G and LIF 
HLA-G is a non-classical MHC class I molecule, which is expressed in both membrane-
bound and soluble isoforms. HLA-G expression is also claimed to be associated with 
embryo implantation, the protection of the allogeneic fetus from the maternal immune 
system, and placentation (section 3; Rebmann et al., 2010; Rizzo et al., 2011a). 
HLA-G protein expression was found to be constitutive in hMSC and the level was not 
modified upon stimulation by allogenic lymphocytes in hMSC-mixed lymphocyte reaction 
assay (Nasef et al. 2007). Furthermore, hMSC secrete the soluble isoform HLA-G5 (sHLA-
G5), which inhibits NK cell-mediated cytotoxicity and IFN-γ secretion and suppresses 
allogeneic T cell proliferation and expansion of CD4+CD25highFOXP3+ Treg cells (Morandi 
et al., 2008; Selmani et al., 2009). A summary of HLA-G functions was recently presented 
(Menier et al., 2010). The HLA-G1 isoform, not the sHLA-G5 form, has recently been found 
to be crucial for the inhibition of T-cell proliferation (Giuliani et al., 2011). 
Leukemia inhibitory factor (LIF) is a secreted glycoprotein cytokine that can inhibit the 
proliferation of myeloid leukemic cell lines and has several functions in hematopoietic 
expansion of bone marrow progenitors, pregnancy and in the humoral and cellular immune 
response. LIF and HLA-G expression in hMSC-mixed lymphocyte reactions is coordinated. 
When LIF was inhibited by a neutralizing antibody, HLA-G was not expressed (Nasef et al., 
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5.2.2.4 Cytokines and chemokines 
An early study showed that when hMSC were prevented from cell-cell contacts in transwell 
experiments, T-lymphocyte proliferation was significantly reduced. Soluble factors such as 
TGF-β1 and hepatocyte growth factor (HGF) were proposed as mediators of T-cell 
suppression (Di Nicola et al., 2002). 
Among the secreted pro-inflammatory and anti-inflammatory cytokines, chemokines and 
prostaglandins characterized in hMSC supernatants under resting conditions is worth 
mentioning ICAM-1, IL-6, IL-8, CCL-2 and TIMP-2 (Wu et al. 2010). IFN-γ, or type II 
interferon, is a cytokine that is critical for innate and adaptive immunity against viral and 
intracellular bacterial infections and for tumor control. IFN-γ is not itself produced by 
hMSC, but originates from activated T and NK cells (Hoogduijn et al., 2010). IFN-γ is also 
known to play an important role in the induction of immune-modulatory molecules such as 
IDO (Krampera et al., 2006; see above). IFN-γ inhibited proliferation and altered human and 
mouse MSC neural, adipocytic and osteocytic differentiation via the activation of IDO 
(section 5.2.1; Croitoru-Lamoury et al., 2011). 
Upon activation, CTL produce cytokines important for their effector functions such as IFN-γ 
and TNF-α. Incubation with peptide pulsed hMSC did not lead to any detectable induction 
of IFN-γ and TNF-α secretion by specific CTLs (Rasmusson et al., 2007). 
TGF-β1 secreted by hMSC is an immunosuppressive factor capable of inhibiting NK-cell 
proliferation, cytotoxicity, and cytokine production and of downregulating the expression of 
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activating receptors 2B4 and NKG2D in NK cells. PGE2 and TGF-β1 had an additive 
inhibitory effect on NK-cell proliferation (Sotiropoulou et al., 2006). 
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of NP-1 is semaphorin-3A (Sema-3A) that arrests T cells in the G0/G1 phase. Galectin-1 and 
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which plays an important role in delivering inhibitory signals that regulate T cell activation, 
immune tolerance and immune-mediated tissue damage. PD-1 receptor expression is 
inducible on T cells, NK cells and activated monocytes. PD-1 interacts with the two ligands; 
PD-L1 (B7-H1; also called CD274) and PD-L2 (B7-DC also called CD273) which are 
transmembrane glycoproteins belonging to the B7 IgG superfamily (Keir et al. 2008; Petroff 
& Perchellet, 2010). The interaction leads to signalling via PD-1 receptor and deactivation of 
the immune cells such as T, B, NK, DC and macrophages, etc. While PD-L1 is widely 
expressed on low quantities in many cell types including trophoblasts, PD-L2 is more 
restricted to the myeloid cell types such as monocytes, DC and macrophages (Francisco et 
al., 2010; Petroff & Perchellet, 2010). hMSC express both PD-L1 and PD-L2 as well as several 
splice variants but their precise role in the induction of immune tolerance remains to be 
defined (Isa et al., in preparation). IFN-γ plays a critical role in triggering the 
immunosuppresion by mouse MSC through the up-regulation of PD-L1 (Sheng et al. 2008). 
Interestingly, the PD-L ligands may play a critical role in maintaining tolerance to the 
developing fetus (Petroff & Perchellet, 2010). 

5.2.2.7 CD200 
CD200 is a transmembrane glycoprotein involved in immune-modulation, such as graft 
rejection, autoimmune diseases, spontaneous fetal loss, inflammatory disorders and 
malignancy. The interaction of CD200 and CD200R on T cells results in inhibition of de-
granulation and cytokine production which mediate immune regulation through a direct 
and/or indirect action on activated T-cells via DC (Gorczynski, 2005).  CD200 is expressed in 
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hMSC suggesting that it might exert immune suppressive effects on T cells (Delorme et al., 
2008; Larsen et al., in preparation). 
5.2.2.8 Factor H 
hMSC constitutively secrete factor H, which potently inhibits complement activation, and its 
production is increased by pro-inflammatory cytokines, but suppressed by IDO and PGE2 
inhibitors. Factor H is the primary fluid phase complement regulator and it is mainly 
produced by hepatocytes in the liver. Complement is a pivotal part of the innate immunity 
whose primary roles are fighting infection and clearing out immune complexes. Excessive 
complement activation can lead to e.g. graft rejection (Tu et al. 2010). 
5.2.2.9 Serpins 
Serpins are a large family of proteins that control proteolytic cascades or have other 
cellular functions such as storage, hormone carrier proteins or tumor suppression. Serpins 
that inhibit the cytolytic enzyme granzyme B are expressed in the cytoplasm and nuclei of 
CTL and in cells of immunoprivileged sites, such as the placenta, testis, ovaries, and 
brain. In the mouse, one serpin known as serine protease inhibitor 6 (SPI6) is required to 
protect CTL from granzyme B-mediated death and facilitates the survival of virally 
infected cells and tumors. SPI6 helped mouse MSC to escape from host immune attack (El 
Haddad et al., 2011). The human orthologue of SPI6 is serpin B9 or PI-9/CAP-3, the only 
known intracellular inhibitor of granzyme B. PI-9 is expressed in many human cell types, 
but also in cancer cell lines where PI-9 is thought to protect them from granzyme B attack 
(Rousalova et al. 2010). The presence and potential role of PI-9 in hMSC remains to be 
investigated. 
5.2.2.10 Nitric oxide 
An important secreted factor that participates in suppression of T-cell proliferation is nitric 
oxide (NO) mediated by NO inhibition of transcription factor Stat5 phosphorylation.  NO is 
produced by NO synthases (NOS), of which there are 3 subtypes: inducible NOS (iNOS), 
endothelial NOS, and neuronal NO. In the presence of a direct interaction between T cells 
and mouse MSC, there was a high level of NO production accompanied by a strong 
suppression of T-cell proliferation. The presence of T cells induced the expression of iNOS in 
mouse MSC (Sato et al., 2007). hMSC also express iNOS but at lower levels than in mouse 
MSC (Ren et al., 2009). 
5.2.2.11 Heme-oxygenase 1 
Heme oxygenases (HO) are rate-limiting intracellular enzymes that degrade heme to 
biliverdin, carbon monoxide, and free divalent iron. The stress inducible form, HO-1, has 
been described as an immunosuppressive molecule and mediator of the IL-10 anti-
inflammatory cytokine. hMSC inhibited allogeneic PBMC proliferation by 60% in MLR 
experiments and HO-1 inhibition with SnPP completely abolished the immunosuppressive 
effect of hMSC (Chabannes et al., 2007). hMSC were shown to induce, in a HO-1–
dependent fashion, formation of IL-10+ Treg 1 and transforming growth factor-β+ Th3 Treg-
subsets in alloreactive and TCR-activated lymphocytes, and IL-10 production. HO-1 was 
down-regulated by soluble factors produced in the MLR and its functions were replaced 
by molecules such as COX-2. Two of HO-1 metabolic products, the heavy-chain ferritin 
and bilirubin, have been linked to Treg activation and expansion (Mougiakakos et al., 
2011). 
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6. Strategies leading to control of immunogenicity and immunotolerance of 
stem cells as means to overcome immune host responses in non-
histocompatible transplantations 
The first successful clinical organ transplantation was performed by Joseph E. Murray in 
1954 between identical monozygotic and did not require immunosuppression (Murray et al., 
2001). Successful transplantations between genetically diverse individuals require 
immunosuppression to suppress rejection by the recipient’s immune system. In spite of 
improved immunosuppressants (see below, section 7), chronic rejection is still the leading 
cause of graft failure and happens in >50% of solid organ transplants within 10 years 
(Orlando et al., 2011a).  During the first year after transplantation, the survival rates of the 
grafts are well above 90%, but the long-term survival of the graft is compromised (Li & 
Yang, 2009; Meier-Kriesche et al., 2004). Thus, immunological tolerance does not establish in 
practice. 
Acute rejection usually manifests around the time of engraftment and the incidence ranges 
between 20 and 70%, depending on the extent of histocompatibility mismatches, the age of 
the recipient and the intensity of preparative regimens, while chronic rejection resembles 
autoimmune disorders and involves B-cell dysregulation (Busca, 2011). 
Creation of custom-made bioengineered organs, where the cellular component is exquisitely 
autologous and have an internal vascular network will theoretically overcome the two major 
hurdles in transplantation, namely the shortage of organs and the toxicity deriving from 
lifelong immunosuppression. Advances in transplantation of custom-made organs have 
been described (Orlando et al., 2011b). The uses of hESC and hMSC in regenerative 
therapies will be described in section 6.1. 

6.1 Uses of human embryonic stem cells in clinical practice 
Adult stem cells have a limited lifespan and cannot be expanded endlessly to satisfy the 
numbers needed in clinical practice (Mason & Dunnill, 2009; Nehlin & Barington, 2009; 
Rayment & Williams, 2010). The earliest achievement regarding the isolation and culture of 
hESC from blastocysts (Thomson et al., 1998) suggested that their future use in regenerative 
medicine was possible.  
However, despite their low immunogenicity, hESC are still immunogenic and 
immunosuppression or tolerance induction is needed for sustained engraftment in 
allogeneic transplantation protocols. Therefore, the focus of many laboratories has been to 
try to defeat potential immunological barriers against hESC. Immunogenicity concerns 
represents a challenge of future stem cell therapy approaches (Drukker, 2004; Drukker & 
Benvenisty, 2004; Chidgey et al., 2008; Charron et al., 2009; Fairchild et al., 2004; 2007).  
Ideally, the use of self stem cells would be the most encouraging path but many technical 
issues need to be solved before it can be brought to clinical practice (Ahrlund-Richter et al., 
2009; Bongso et al., 2008; Chidgey et al., 2008; Ginty et al., 2011, Nehlin & Barington, 2009; 
Yamanaka & Blau, 2010). Several strategies involved in sustaining antigen-specific tolerance 
through interplay between Treg and DC could prolong acceptance of hESC-derived tissues 
with minimal use of immunosuppressants (Lui et al., 2009; Lui et al., 2010). However, given 
the promise of induced pluripotency (Yamanaka & Blau, 2010), stem cell transplantation 
tolerance protocols may well be displaced (Fairchild, 2009). 
Clinical immunotolerance could be achieved by a) mixed hematopoietic chimaerism or b) 
co-stimulatory blockade. Mixed chimerism involves ablation of the host immune system, 
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hMSC suggesting that it might exert immune suppressive effects on T cells (Delorme et al., 
2008; Larsen et al., in preparation). 
5.2.2.8 Factor H 
hMSC constitutively secrete factor H, which potently inhibits complement activation, and its 
production is increased by pro-inflammatory cytokines, but suppressed by IDO and PGE2 
inhibitors. Factor H is the primary fluid phase complement regulator and it is mainly 
produced by hepatocytes in the liver. Complement is a pivotal part of the innate immunity 
whose primary roles are fighting infection and clearing out immune complexes. Excessive 
complement activation can lead to e.g. graft rejection (Tu et al. 2010). 
5.2.2.9 Serpins 
Serpins are a large family of proteins that control proteolytic cascades or have other 
cellular functions such as storage, hormone carrier proteins or tumor suppression. Serpins 
that inhibit the cytolytic enzyme granzyme B are expressed in the cytoplasm and nuclei of 
CTL and in cells of immunoprivileged sites, such as the placenta, testis, ovaries, and 
brain. In the mouse, one serpin known as serine protease inhibitor 6 (SPI6) is required to 
protect CTL from granzyme B-mediated death and facilitates the survival of virally 
infected cells and tumors. SPI6 helped mouse MSC to escape from host immune attack (El 
Haddad et al., 2011). The human orthologue of SPI6 is serpin B9 or PI-9/CAP-3, the only 
known intracellular inhibitor of granzyme B. PI-9 is expressed in many human cell types, 
but also in cancer cell lines where PI-9 is thought to protect them from granzyme B attack 
(Rousalova et al. 2010). The presence and potential role of PI-9 in hMSC remains to be 
investigated. 
5.2.2.10 Nitric oxide 
An important secreted factor that participates in suppression of T-cell proliferation is nitric 
oxide (NO) mediated by NO inhibition of transcription factor Stat5 phosphorylation.  NO is 
produced by NO synthases (NOS), of which there are 3 subtypes: inducible NOS (iNOS), 
endothelial NOS, and neuronal NO. In the presence of a direct interaction between T cells 
and mouse MSC, there was a high level of NO production accompanied by a strong 
suppression of T-cell proliferation. The presence of T cells induced the expression of iNOS in 
mouse MSC (Sato et al., 2007). hMSC also express iNOS but at lower levels than in mouse 
MSC (Ren et al., 2009). 
5.2.2.11 Heme-oxygenase 1 
Heme oxygenases (HO) are rate-limiting intracellular enzymes that degrade heme to 
biliverdin, carbon monoxide, and free divalent iron. The stress inducible form, HO-1, has 
been described as an immunosuppressive molecule and mediator of the IL-10 anti-
inflammatory cytokine. hMSC inhibited allogeneic PBMC proliferation by 60% in MLR 
experiments and HO-1 inhibition with SnPP completely abolished the immunosuppressive 
effect of hMSC (Chabannes et al., 2007). hMSC were shown to induce, in a HO-1–
dependent fashion, formation of IL-10+ Treg 1 and transforming growth factor-β+ Th3 Treg-
subsets in alloreactive and TCR-activated lymphocytes, and IL-10 production. HO-1 was 
down-regulated by soluble factors produced in the MLR and its functions were replaced 
by molecules such as COX-2. Two of HO-1 metabolic products, the heavy-chain ferritin 
and bilirubin, have been linked to Treg activation and expansion (Mougiakakos et al., 
2011). 

 
Immunogenicity and Immune-Modulating Properties of Human Stem Cells 123 

6. Strategies leading to control of immunogenicity and immunotolerance of 
stem cells as means to overcome immune host responses in non-
histocompatible transplantations 
The first successful clinical organ transplantation was performed by Joseph E. Murray in 
1954 between identical monozygotic and did not require immunosuppression (Murray et al., 
2001). Successful transplantations between genetically diverse individuals require 
immunosuppression to suppress rejection by the recipient’s immune system. In spite of 
improved immunosuppressants (see below, section 7), chronic rejection is still the leading 
cause of graft failure and happens in >50% of solid organ transplants within 10 years 
(Orlando et al., 2011a).  During the first year after transplantation, the survival rates of the 
grafts are well above 90%, but the long-term survival of the graft is compromised (Li & 
Yang, 2009; Meier-Kriesche et al., 2004). Thus, immunological tolerance does not establish in 
practice. 
Acute rejection usually manifests around the time of engraftment and the incidence ranges 
between 20 and 70%, depending on the extent of histocompatibility mismatches, the age of 
the recipient and the intensity of preparative regimens, while chronic rejection resembles 
autoimmune disorders and involves B-cell dysregulation (Busca, 2011). 
Creation of custom-made bioengineered organs, where the cellular component is exquisitely 
autologous and have an internal vascular network will theoretically overcome the two major 
hurdles in transplantation, namely the shortage of organs and the toxicity deriving from 
lifelong immunosuppression. Advances in transplantation of custom-made organs have 
been described (Orlando et al., 2011b). The uses of hESC and hMSC in regenerative 
therapies will be described in section 6.1. 

6.1 Uses of human embryonic stem cells in clinical practice 
Adult stem cells have a limited lifespan and cannot be expanded endlessly to satisfy the 
numbers needed in clinical practice (Mason & Dunnill, 2009; Nehlin & Barington, 2009; 
Rayment & Williams, 2010). The earliest achievement regarding the isolation and culture of 
hESC from blastocysts (Thomson et al., 1998) suggested that their future use in regenerative 
medicine was possible.  
However, despite their low immunogenicity, hESC are still immunogenic and 
immunosuppression or tolerance induction is needed for sustained engraftment in 
allogeneic transplantation protocols. Therefore, the focus of many laboratories has been to 
try to defeat potential immunological barriers against hESC. Immunogenicity concerns 
represents a challenge of future stem cell therapy approaches (Drukker, 2004; Drukker & 
Benvenisty, 2004; Chidgey et al., 2008; Charron et al., 2009; Fairchild et al., 2004; 2007).  
Ideally, the use of self stem cells would be the most encouraging path but many technical 
issues need to be solved before it can be brought to clinical practice (Ahrlund-Richter et al., 
2009; Bongso et al., 2008; Chidgey et al., 2008; Ginty et al., 2011, Nehlin & Barington, 2009; 
Yamanaka & Blau, 2010). Several strategies involved in sustaining antigen-specific tolerance 
through interplay between Treg and DC could prolong acceptance of hESC-derived tissues 
with minimal use of immunosuppressants (Lui et al., 2009; Lui et al., 2010). However, given 
the promise of induced pluripotency (Yamanaka & Blau, 2010), stem cell transplantation 
tolerance protocols may well be displaced (Fairchild, 2009). 
Clinical immunotolerance could be achieved by a) mixed hematopoietic chimaerism or b) 
co-stimulatory blockade. Mixed chimerism involves ablation of the host immune system, 
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followed by its reconstitution with a mixture of host and donor T cell-depleted bone 
marrow. Reconstitution of the host immune system allows new emerging T cells to perceive 
the transplanted bone marrow cells as being “self”, while donor-reactive T cells are 
eliminated in the thymus or differentiate into Treg, leading to chimaeric hosts with both 
donor and self blood cells. The host needs no immunosuppression as it has become tolerant 
to the donor tissue (Ilstad & Sachs, 1984). The use of this approach has unfortunately been 
hampered by the toxic side effects inherent to conventional bone marrow transplantation 
protocols, the ablative regimen used and the use of immunosuppresants to avoid rejection 
and graft-versus-host disease (Pilat & Wekerle, 2010). 
Approaches to facilitate immune tolerance by manipulation of transplantable hESC have 
been conceived previously such as development of a universal hESC line blocking HLA 
expression, somatic cell nuclear transfer (SCNT) and creation of a HLA genotyped hESC cell 
bank. Advantages and disadvantages have been discussed in detail (Boyd & Fairchild, 2010; 
Bradley et al., 2002; Cabrera et al. 2006; Chidgey et al. 2008; Drukker, 2008; Nehlin & 
Barington, 2009; O’Rourke et al. 2008). 
A promising approach to achieve tolerance is to block co-stimulation during allogeneic 
transplantation. Co-stimulation blockade with anti-CD40L/anti-LFA-1 and CTLA4Ig 
blocking antibodies to induce tolerance to hESC transplanted into testicle, an immune-
privileged environment, and heart was examined in immunocompetent and severe 
combined immunodeficient (SCID) mice. hESC injected into the testis of SCID mice and 
costimulation blockade treated C57BL/6 mice developed into teratoma in all animals, and 
were surrounded by CD4+CD25+Foxp3+ T cells, inducing tolerance to the grafts, while in 
the control treated mice, no surviving hESC were found. Thus, co-stimulation blockade 
induced tolerance to hESC in the immune-privileged environment of the testis (Grinnemo et 
al., 2008). 
When hESC treated with co-stimulation blockade were transplanted into the hearts of SCID 
mice, hESC developed teratoma-like formations, whereas immune-competent mice 
exhibited loss of all hESC cells by 1-2 months due to lymphocytic infiltrates. However, if the 
co-stimulation blockade was repeated ~3 weeks after the initial transplantation, some 
surviving hESC-derived cells could be monitored 2 months later. Isolation of Treg from 
intramyocardial transplanted recipients treated with co-stimulation blockade demonstrated 
specificity toward undifferentiated hESC and down-regulated naive T-cell activation toward 
hESC. hESC-specific Treg developed to hESC transplanted to the heart. Thus, transplantation 
success in co-stimulation blockade treated mice was similar to that seen in SCID mice 
(Grinnemo et al. 2008b). 
Recently, a successful co-stimulatory blockade protocol was created, by simultaneous 
blocking of CTLA-4, CD40L and IRF-1 using blocking antibodies during a short period of 6 
days. Experimental mice were transplanted with e.g. transgenic human iPS or hESC, and 
their fate was examined using bio-imaging. The donor cells were able to survive and grow, 
and after 54 days, there was no evidence of rejection (Pearl et al., 2011). This finding 
suggested that allogeneic hESC transplantation with a brief co-stimulation blockade of 
leukocyte co-stimulatory pathways could be feasible. Unfortunately, the long-term effects of 
such procedures with respect to the risk of infections are not yet known. 
The idea of creating a cell bank composed of donor HLA-typed hESC lines representing 
different haplotypes matching those of a large population that would help to reduce the risk 
of graft rejection and satisfy unmet clinical needs was envisioned (Taylor et al. 2005). 
However, a perfect 6/6 match between donor and recipient in terms of classical MHC class I 
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HLA-A,-B and –C alleles would not be enough to prevent rejection. Allograft survival is 
inversely correlated with the degree of mismatch between the donor’s and the recipient’s 
MHC antigens. The ideal transplant that carries lessened risk of rejection is the one where a 
perfect 12/12 match is ensured, whereby in addition to identical HLA-A,-B,-C between 
donor and recipient, also identical MHC class II proteins HLA-DR, -DP, and –DQ are sought 
(Loiseau et al. 2007). It appears unrealistic to build a stem cell bank of the required 
magnitude in order to match all HLA genotypes world wide. Also, even minor 
histocompatibility antigens may pose a risk (Bradley et al., 2002; Charron et al. 2009; Feng et 
al., 2008; Shlomchik, 2007; Spencer et al., 2010). 
To assess if hMSC could be used to induce tolerance to co-transplanted hESC, ligation-
induced myocardial infarction was performed in immunocompetent rats and 3 weeks later 
the hearts were injected with either hMSC, hESC or both. Co-transplantation of hESCs and 
hMSC provided better preservation of left ventricle function compared with single-cell 
treatment alone. The lack of clear evidence for an immunosuppressive or tolerogenic action 
of hMSC suggested that the benefits observed were mediated by synergistic trophic effects 
that enhanced repair of injured host tissue (Puymirat et al. 2009). 
hESC could also be used in therapies to inhibit tumor progression. Supernatants from hESC 
have been shown to reduce the clonogenicity and tumorigenesis, as well as to increase 
apoptosis in aggressive cancer lines (Postovit et al., 2008). 
The  world’s first clinical trial involving the use of hESC-derived cells is ongoing. A cell line 
known as GRNOPC1 contains hESC-derived oligodendrocyte progenitor cells that have 
demonstrated remyelinating and nerve growth stimulating properties leading to restoration 
of function in animal models of acute spinal cord injury. A phase I study has been initiated 
to assess safety and tolerability in a paralyzed patient with spinal cord injury. Each 
transplant recipient will be immune-suppressed from the time of injection with low-dose 
tacrolimus for 46 days, at which time the immune suppression will be tapered and 
withdrawn at 60 days (www.geron.com/GRNOPC1Trial/). 

6.2 Uses of human mesenchymal stem cells in clinical practice 
The first published human clinical study reporting positive results with hMSC was in a 
young boy with acute lymphoblastic leukemia in third remission that had received a 
transplant of blood stem cells from an HLA-A, HLA-B, HLA-DR1 identical, unrelated, 
female donor, but after 70 days, developed grade IV GvHD unresponsive to conventional 
therapy. Transplantation of his mother’s hMSC exerted such a strong immunosuppressive 
effect in vivo that the patient made a remarkable recovery (Le Blanc et al., 2004). 
After this successful case, the profound inmuno-modulatory and anti-inflammatory effects 
of hMSC have been exploited for clinical applications in a number of clinical trials to treat 
diseases such as hematological malignancies, autoimmune diseases such as Crohn’s, type 1 
diabetes, rheumatoid arthritis, systemic lupus erythematosus, neurodegenerative diseases 
such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis and  multiple 
sclerosis, In addition, hMSC are included in prospective studies to prevent GvHD, treat 
refractory GvHD, cancer, stroke, acute myocardial infarction, critical limb ischemia, acute 
tubular necrosis, and use in plastic surgery, bone and cartilage tissue engineering, wound 
healing, dental pulp regeneration, heart transplantation, insulin-dependent diabetes 
mellitus, etc. (Abdi et al., 2008; Aggarwal & Pittenger, 2005; Dazzi et al., 2007; Doeppner & 
Hermann, 2010; Kan et al., 2007; Le Blanc & Ringden, 2007; Niemeyer et al., 2006; Sasportas 
et al., 2009; Sato et al., 2010; Singer & Caplan, 2011; Trento & Dazzi, 2010; Tögel & 
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followed by its reconstitution with a mixture of host and donor T cell-depleted bone 
marrow. Reconstitution of the host immune system allows new emerging T cells to perceive 
the transplanted bone marrow cells as being “self”, while donor-reactive T cells are 
eliminated in the thymus or differentiate into Treg, leading to chimaeric hosts with both 
donor and self blood cells. The host needs no immunosuppression as it has become tolerant 
to the donor tissue (Ilstad & Sachs, 1984). The use of this approach has unfortunately been 
hampered by the toxic side effects inherent to conventional bone marrow transplantation 
protocols, the ablative regimen used and the use of immunosuppresants to avoid rejection 
and graft-versus-host disease (Pilat & Wekerle, 2010). 
Approaches to facilitate immune tolerance by manipulation of transplantable hESC have 
been conceived previously such as development of a universal hESC line blocking HLA 
expression, somatic cell nuclear transfer (SCNT) and creation of a HLA genotyped hESC cell 
bank. Advantages and disadvantages have been discussed in detail (Boyd & Fairchild, 2010; 
Bradley et al., 2002; Cabrera et al. 2006; Chidgey et al. 2008; Drukker, 2008; Nehlin & 
Barington, 2009; O’Rourke et al. 2008). 
A promising approach to achieve tolerance is to block co-stimulation during allogeneic 
transplantation. Co-stimulation blockade with anti-CD40L/anti-LFA-1 and CTLA4Ig 
blocking antibodies to induce tolerance to hESC transplanted into testicle, an immune-
privileged environment, and heart was examined in immunocompetent and severe 
combined immunodeficient (SCID) mice. hESC injected into the testis of SCID mice and 
costimulation blockade treated C57BL/6 mice developed into teratoma in all animals, and 
were surrounded by CD4+CD25+Foxp3+ T cells, inducing tolerance to the grafts, while in 
the control treated mice, no surviving hESC were found. Thus, co-stimulation blockade 
induced tolerance to hESC in the immune-privileged environment of the testis (Grinnemo et 
al., 2008). 
When hESC treated with co-stimulation blockade were transplanted into the hearts of SCID 
mice, hESC developed teratoma-like formations, whereas immune-competent mice 
exhibited loss of all hESC cells by 1-2 months due to lymphocytic infiltrates. However, if the 
co-stimulation blockade was repeated ~3 weeks after the initial transplantation, some 
surviving hESC-derived cells could be monitored 2 months later. Isolation of Treg from 
intramyocardial transplanted recipients treated with co-stimulation blockade demonstrated 
specificity toward undifferentiated hESC and down-regulated naive T-cell activation toward 
hESC. hESC-specific Treg developed to hESC transplanted to the heart. Thus, transplantation 
success in co-stimulation blockade treated mice was similar to that seen in SCID mice 
(Grinnemo et al. 2008b). 
Recently, a successful co-stimulatory blockade protocol was created, by simultaneous 
blocking of CTLA-4, CD40L and IRF-1 using blocking antibodies during a short period of 6 
days. Experimental mice were transplanted with e.g. transgenic human iPS or hESC, and 
their fate was examined using bio-imaging. The donor cells were able to survive and grow, 
and after 54 days, there was no evidence of rejection (Pearl et al., 2011). This finding 
suggested that allogeneic hESC transplantation with a brief co-stimulation blockade of 
leukocyte co-stimulatory pathways could be feasible. Unfortunately, the long-term effects of 
such procedures with respect to the risk of infections are not yet known. 
The idea of creating a cell bank composed of donor HLA-typed hESC lines representing 
different haplotypes matching those of a large population that would help to reduce the risk 
of graft rejection and satisfy unmet clinical needs was envisioned (Taylor et al. 2005). 
However, a perfect 6/6 match between donor and recipient in terms of classical MHC class I 
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HLA-A,-B and –C alleles would not be enough to prevent rejection. Allograft survival is 
inversely correlated with the degree of mismatch between the donor’s and the recipient’s 
MHC antigens. The ideal transplant that carries lessened risk of rejection is the one where a 
perfect 12/12 match is ensured, whereby in addition to identical HLA-A,-B,-C between 
donor and recipient, also identical MHC class II proteins HLA-DR, -DP, and –DQ are sought 
(Loiseau et al. 2007). It appears unrealistic to build a stem cell bank of the required 
magnitude in order to match all HLA genotypes world wide. Also, even minor 
histocompatibility antigens may pose a risk (Bradley et al., 2002; Charron et al. 2009; Feng et 
al., 2008; Shlomchik, 2007; Spencer et al., 2010). 
To assess if hMSC could be used to induce tolerance to co-transplanted hESC, ligation-
induced myocardial infarction was performed in immunocompetent rats and 3 weeks later 
the hearts were injected with either hMSC, hESC or both. Co-transplantation of hESCs and 
hMSC provided better preservation of left ventricle function compared with single-cell 
treatment alone. The lack of clear evidence for an immunosuppressive or tolerogenic action 
of hMSC suggested that the benefits observed were mediated by synergistic trophic effects 
that enhanced repair of injured host tissue (Puymirat et al. 2009). 
hESC could also be used in therapies to inhibit tumor progression. Supernatants from hESC 
have been shown to reduce the clonogenicity and tumorigenesis, as well as to increase 
apoptosis in aggressive cancer lines (Postovit et al., 2008). 
The  world’s first clinical trial involving the use of hESC-derived cells is ongoing. A cell line 
known as GRNOPC1 contains hESC-derived oligodendrocyte progenitor cells that have 
demonstrated remyelinating and nerve growth stimulating properties leading to restoration 
of function in animal models of acute spinal cord injury. A phase I study has been initiated 
to assess safety and tolerability in a paralyzed patient with spinal cord injury. Each 
transplant recipient will be immune-suppressed from the time of injection with low-dose 
tacrolimus for 46 days, at which time the immune suppression will be tapered and 
withdrawn at 60 days (www.geron.com/GRNOPC1Trial/). 

6.2 Uses of human mesenchymal stem cells in clinical practice 
The first published human clinical study reporting positive results with hMSC was in a 
young boy with acute lymphoblastic leukemia in third remission that had received a 
transplant of blood stem cells from an HLA-A, HLA-B, HLA-DR1 identical, unrelated, 
female donor, but after 70 days, developed grade IV GvHD unresponsive to conventional 
therapy. Transplantation of his mother’s hMSC exerted such a strong immunosuppressive 
effect in vivo that the patient made a remarkable recovery (Le Blanc et al., 2004). 
After this successful case, the profound inmuno-modulatory and anti-inflammatory effects 
of hMSC have been exploited for clinical applications in a number of clinical trials to treat 
diseases such as hematological malignancies, autoimmune diseases such as Crohn’s, type 1 
diabetes, rheumatoid arthritis, systemic lupus erythematosus, neurodegenerative diseases 
such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis and  multiple 
sclerosis, In addition, hMSC are included in prospective studies to prevent GvHD, treat 
refractory GvHD, cancer, stroke, acute myocardial infarction, critical limb ischemia, acute 
tubular necrosis, and use in plastic surgery, bone and cartilage tissue engineering, wound 
healing, dental pulp regeneration, heart transplantation, insulin-dependent diabetes 
mellitus, etc. (Abdi et al., 2008; Aggarwal & Pittenger, 2005; Dazzi et al., 2007; Doeppner & 
Hermann, 2010; Kan et al., 2007; Le Blanc & Ringden, 2007; Niemeyer et al., 2006; Sasportas 
et al., 2009; Sato et al., 2010; Singer & Caplan, 2011; Trento & Dazzi, 2010; Tögel & 
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Westenfelder, 2007; Vanikar et al., 2010; Wu et al., 2010). Several clinical trials where bone 
marrow hMSC have been used in the treatment of ischemic heart disease such as in clinical 
refractory angina, ischemic cardiomyopathy with left ventricular dysfunction, and end-stage 
heart failure have yielded promising results (Fuh & Brinton, 2009). Prochymal, a commercial 
hMSC line, underwent a successful clinical trial to treat myocardial infarction, giving 
insights into the preparation of hMSC (Hare et al., 2009). More recently, another study 
demonstrated that it was safe to treat patients with stable coronary artery disease, with 
autologous hMSC, showing significant improvement in left ventricular function, exercise 
capacity and clinical symptoms (Friis et al., 2011). 
A summary of pre-clinical models and clinical trials where in vitro expanded hMSC were 
used and where the biological properties of hMSC were explained in detail have recently 
been reported (English et al., 2010; Garcia-Gomez et al., 2010; Parekkadan & Milwid, 2010; 
Salem & Thiemermann, 2010; Shi et al., 2011; Singer & Caplan, 2011). hMSC supported 
engraftment and survival of unrelated human donor hematopoietic stem cells infused into 
sublethally irradiated NOD-SCID mice (Maitra et al. 2004). The biological effects of MSC in 
mouse and rat pre-clinical models of disease have also been reported (Uccelli et al., 2008). 
hMSC have the capacity to migrate (homing) and integrate into damaged tissues and 
provide immunomodulatory effects by paracrine (soluble factors) and/or cell-cell contact 
that is regulated by the inflammatory microenvironment. Local or systemic infusions are 
now being successfully used to co-transplant hMSC with other parenchymal cells, such as 
hepatocytes or islet cells, to enhance the engraftment and function of such cells in an 
immunoprotected fashion. These findings may extend future prospects of the clinical 
application of MSC into broader applications (Uccelli et al., 2008; Yagi et al. 2010). After in 
vivo administration, MSC induce peripheral tolerance and migrate to injured tissues, where 
they can inhibit the release of pro-inflammatory cytokines and promote the survival of 
damaged cells (Uccelli et al. 2008). 
hMSC are easily isolated from bone marrow, fat and other tissues, and are readily 
propagated in vitro. Transplanted/injected MSC have been shown to migrate to a variety of 
organs and tissues, but they preferentially undergo homing to sites of inflammation and 
pathology for tissue remodeling and repair. Transplanted allogeneic MSC can be detected in 
recipients at extended time points, indicating a lack of immune recognition and clearance 
(Singer & Caplan, 2011). Because tumor microenvironments also appear to be a target of 
hMSC homing, there are various controversies surrounding these interactions regarding 
clinical outcomes (Kidd et al., 2008). hMSC have been used to secrete recombinant cytokine 
tumor necrosis factor apoptosis ligand (TRAIL) to induce apoptosis of glioma cells in vivo 
(Sasportas et al., 2009). Another study has shown that hMSC exhibit innate anti-tumor 
effects against human pancreatic carcinoma cells implantated in SCID mice and can serve as 
delivery vehicles for IFN-β for the treatment of pancreatic cancer (Kidd et al., 2010). Also of 
great concern is the potential tumorigenicity of hMSC. Although malignant transformation 
of primary hMSC has not been noted to date in clinical trials using hMSC, expansion in vitro 
for extended periods of time could confer the risk of chromosomal instability and malignant 
transformation as was reported for mMSC (Tolar et al., 2007). 
The strong immunosuppressive activity of MSC has been exploited to attempt treating 
GvHD (Dazzi & Marelli-Berg, 2008). The clinical experience with hMSC for the treatment of 
GvHD is encouraging but incomplete. Results of clinical trials utilizing hMSC for the 
treatment of acute and chronic GvHD have been summarized (Kebriaei & Robinson, 2011). 
Longer follow-ups of current clinical trials are necessary to determine whether any long-
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term unwanted effects are associated with the use of hMSC to treat GvHD (Kebriaei & 
Robinson, 2011). 
Clinical trials involving hMSC for the treatment of GvHD have been recently described 
(Sato et al. 2010). Infusion of hMSC expanded in vitro, irrespective of the donor, might be 
effective therapy for patients with steroid-resistant, acute GvHD (Le Blanc et al., 2008).  
hMSC appear capable of suppressing acute GvHD without increasing systemic infections 
(Sato et al., 2010). Donor hMSC significantly inhibited the proliferation of alloactivated 
recipient T cells before and after kidney transplantation suggesting that the application of 
hMSC in solid organ transplantation may facilitate graft acceptance and function (Crop et 
al., 2009). 
Steroid-refractory GvHD may also be treated with hMSC infusions but hMSC have been 
almost impossible to detect after infusion when administered in vivo, and thus little is 
known regarding their migration, their mechanism of action, or their persistence (Paczesny 
et al., 2009). Advances in the immune reconstitution after hematopoietic stem cell 
transplantation (HSCT), a widely used method in cancer treatment have been reviewed 
elsewhere (Cavazzana-Calvo et al., 2009). One trial example involved co-transplantation of 
ex vivo-expanded donor hMSC with CD34+ cells from a relative in children with a 
hematological malignancy, leading to a reduced risk of graft failure in haploidentical 
hematopietic stem cell- transplant recipients (Ball et al., 2007). However, relapse of the 
underlying disease, GvHD, or severe opportunistic infections, account for the majority of 
deaths following HSCT. Approaches such as immune reconstitution,  withdrawal of the 
immunosuppression, chemotherapy or novel drugs with or without donor lymphocyte 
infusions, and even second allogeneic stem cell transplantation are considered (Kröger, 
2011; Seggewiss & Einsele, 2010). Cellular therapy including adoptive transfer of ex vivo–
expanded immunomodulatory cells such as Treg cells, NK/Treg cells, donor-derived NK cells, 
and hMSC and adoptive transfer of allogeneic T cells specific for viral or tumor antigens 
appears promising to improve immune reconstitution after transplantation (Peters et al., 
2009; Seggewiss & Einsele, 2010). 
Immune responses against hMSC has also been studied in a kidney transplant setting. 
Donor hMSC and kidney recipient immune cells (PBMC) isolated at various time points 
after kidney transplantation were used in MLR assays. Donor hMSC significantly inhibited 
cytotoxic effector cells of the recipients isolated before transplantation. Allogeneic hMSC 
were susceptible to lysis by cytotoxic CD8+ T-cells and NK cells, while autologous hMSC 
were lysed by NK cells only. NK cell-mediated lysis was inversely correlated with the 
expression of HLA class I on MSC. PBMC isolated 3, 6 and 12 months after donor kidney 
transplantation showed increasing lysing ability against donor hMSC. Even 12 months after 
kidney transplantation, CD8+ T cell-mediated lysis of donor hMSC persisted, indicating that 
there was no evidence for desensitization against donor hMSC. Therefore, controlling the 
immunogenicity conferred by the HLA expression status, the survival over time of hMSC 
and avoidance of lysis by cytotoxic immune cells are important for the efficacy of MSC 
therapy in organ transplantation (Crop et al., 2009; Crop et al., 2011). 
Treatment with allogeneic hMSC or the conditioned medium restored alveolar epithelial 
fluid transport and lung fluid balance in an ex-vivo perfused human lung preparation 
injured by E. coli endotoxin, and keratinocyte growth factor played a crucial role in this 
effect (Lee et al., 2009). 
Also, the use of inducible Treg or T regulatory type 1 cells are promising  candidates for stem 
cell therapy because of their immunomodulatory activities such as ability to secrete 
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Westenfelder, 2007; Vanikar et al., 2010; Wu et al., 2010). Several clinical trials where bone 
marrow hMSC have been used in the treatment of ischemic heart disease such as in clinical 
refractory angina, ischemic cardiomyopathy with left ventricular dysfunction, and end-stage 
heart failure have yielded promising results (Fuh & Brinton, 2009). Prochymal, a commercial 
hMSC line, underwent a successful clinical trial to treat myocardial infarction, giving 
insights into the preparation of hMSC (Hare et al., 2009). More recently, another study 
demonstrated that it was safe to treat patients with stable coronary artery disease, with 
autologous hMSC, showing significant improvement in left ventricular function, exercise 
capacity and clinical symptoms (Friis et al., 2011). 
A summary of pre-clinical models and clinical trials where in vitro expanded hMSC were 
used and where the biological properties of hMSC were explained in detail have recently 
been reported (English et al., 2010; Garcia-Gomez et al., 2010; Parekkadan & Milwid, 2010; 
Salem & Thiemermann, 2010; Shi et al., 2011; Singer & Caplan, 2011). hMSC supported 
engraftment and survival of unrelated human donor hematopoietic stem cells infused into 
sublethally irradiated NOD-SCID mice (Maitra et al. 2004). The biological effects of MSC in 
mouse and rat pre-clinical models of disease have also been reported (Uccelli et al., 2008). 
hMSC have the capacity to migrate (homing) and integrate into damaged tissues and 
provide immunomodulatory effects by paracrine (soluble factors) and/or cell-cell contact 
that is regulated by the inflammatory microenvironment. Local or systemic infusions are 
now being successfully used to co-transplant hMSC with other parenchymal cells, such as 
hepatocytes or islet cells, to enhance the engraftment and function of such cells in an 
immunoprotected fashion. These findings may extend future prospects of the clinical 
application of MSC into broader applications (Uccelli et al., 2008; Yagi et al. 2010). After in 
vivo administration, MSC induce peripheral tolerance and migrate to injured tissues, where 
they can inhibit the release of pro-inflammatory cytokines and promote the survival of 
damaged cells (Uccelli et al. 2008). 
hMSC are easily isolated from bone marrow, fat and other tissues, and are readily 
propagated in vitro. Transplanted/injected MSC have been shown to migrate to a variety of 
organs and tissues, but they preferentially undergo homing to sites of inflammation and 
pathology for tissue remodeling and repair. Transplanted allogeneic MSC can be detected in 
recipients at extended time points, indicating a lack of immune recognition and clearance 
(Singer & Caplan, 2011). Because tumor microenvironments also appear to be a target of 
hMSC homing, there are various controversies surrounding these interactions regarding 
clinical outcomes (Kidd et al., 2008). hMSC have been used to secrete recombinant cytokine 
tumor necrosis factor apoptosis ligand (TRAIL) to induce apoptosis of glioma cells in vivo 
(Sasportas et al., 2009). Another study has shown that hMSC exhibit innate anti-tumor 
effects against human pancreatic carcinoma cells implantated in SCID mice and can serve as 
delivery vehicles for IFN-β for the treatment of pancreatic cancer (Kidd et al., 2010). Also of 
great concern is the potential tumorigenicity of hMSC. Although malignant transformation 
of primary hMSC has not been noted to date in clinical trials using hMSC, expansion in vitro 
for extended periods of time could confer the risk of chromosomal instability and malignant 
transformation as was reported for mMSC (Tolar et al., 2007). 
The strong immunosuppressive activity of MSC has been exploited to attempt treating 
GvHD (Dazzi & Marelli-Berg, 2008). The clinical experience with hMSC for the treatment of 
GvHD is encouraging but incomplete. Results of clinical trials utilizing hMSC for the 
treatment of acute and chronic GvHD have been summarized (Kebriaei & Robinson, 2011). 
Longer follow-ups of current clinical trials are necessary to determine whether any long-
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term unwanted effects are associated with the use of hMSC to treat GvHD (Kebriaei & 
Robinson, 2011). 
Clinical trials involving hMSC for the treatment of GvHD have been recently described 
(Sato et al. 2010). Infusion of hMSC expanded in vitro, irrespective of the donor, might be 
effective therapy for patients with steroid-resistant, acute GvHD (Le Blanc et al., 2008).  
hMSC appear capable of suppressing acute GvHD without increasing systemic infections 
(Sato et al., 2010). Donor hMSC significantly inhibited the proliferation of alloactivated 
recipient T cells before and after kidney transplantation suggesting that the application of 
hMSC in solid organ transplantation may facilitate graft acceptance and function (Crop et 
al., 2009). 
Steroid-refractory GvHD may also be treated with hMSC infusions but hMSC have been 
almost impossible to detect after infusion when administered in vivo, and thus little is 
known regarding their migration, their mechanism of action, or their persistence (Paczesny 
et al., 2009). Advances in the immune reconstitution after hematopoietic stem cell 
transplantation (HSCT), a widely used method in cancer treatment have been reviewed 
elsewhere (Cavazzana-Calvo et al., 2009). One trial example involved co-transplantation of 
ex vivo-expanded donor hMSC with CD34+ cells from a relative in children with a 
hematological malignancy, leading to a reduced risk of graft failure in haploidentical 
hematopietic stem cell- transplant recipients (Ball et al., 2007). However, relapse of the 
underlying disease, GvHD, or severe opportunistic infections, account for the majority of 
deaths following HSCT. Approaches such as immune reconstitution,  withdrawal of the 
immunosuppression, chemotherapy or novel drugs with or without donor lymphocyte 
infusions, and even second allogeneic stem cell transplantation are considered (Kröger, 
2011; Seggewiss & Einsele, 2010). Cellular therapy including adoptive transfer of ex vivo–
expanded immunomodulatory cells such as Treg cells, NK/Treg cells, donor-derived NK cells, 
and hMSC and adoptive transfer of allogeneic T cells specific for viral or tumor antigens 
appears promising to improve immune reconstitution after transplantation (Peters et al., 
2009; Seggewiss & Einsele, 2010). 
Immune responses against hMSC has also been studied in a kidney transplant setting. 
Donor hMSC and kidney recipient immune cells (PBMC) isolated at various time points 
after kidney transplantation were used in MLR assays. Donor hMSC significantly inhibited 
cytotoxic effector cells of the recipients isolated before transplantation. Allogeneic hMSC 
were susceptible to lysis by cytotoxic CD8+ T-cells and NK cells, while autologous hMSC 
were lysed by NK cells only. NK cell-mediated lysis was inversely correlated with the 
expression of HLA class I on MSC. PBMC isolated 3, 6 and 12 months after donor kidney 
transplantation showed increasing lysing ability against donor hMSC. Even 12 months after 
kidney transplantation, CD8+ T cell-mediated lysis of donor hMSC persisted, indicating that 
there was no evidence for desensitization against donor hMSC. Therefore, controlling the 
immunogenicity conferred by the HLA expression status, the survival over time of hMSC 
and avoidance of lysis by cytotoxic immune cells are important for the efficacy of MSC 
therapy in organ transplantation (Crop et al., 2009; Crop et al., 2011). 
Treatment with allogeneic hMSC or the conditioned medium restored alveolar epithelial 
fluid transport and lung fluid balance in an ex-vivo perfused human lung preparation 
injured by E. coli endotoxin, and keratinocyte growth factor played a crucial role in this 
effect (Lee et al., 2009). 
Also, the use of inducible Treg or T regulatory type 1 cells are promising  candidates for stem 
cell therapy because of their immunomodulatory activities such as ability to secrete 



 
Stem Cells in Clinic and Research 128 

suppressive cytokines and cell-to-cell contact-dependent killing of target myeloid cells 
mediated by granzyme B and perforin. Such properties are helpful not only to inhibit GvHD 
after allogeneic hematopoietic stem cell transplantation, but also in other transplantation 
settings, or to re-establish tolerance in autoimmune or allergic diseases (Peters et al., 2009; 
Roncarolo et al., 2011). 
Although shown in a mouse sepsis model, it was found that injections of bone marrow 
mMSC protected cells from damage in affected vital organs and had reduced vascular 
permeability, one of the deadliest consequences of sepsis. The therapeutic effect was 
mediated by reprogramming of the macrophage after direct contact with MSC, resulting in 
macrophage-dependent production of IL-10 and lower expression of TNFα and IL-6. PGE2 
from MSC after activation of Toll-like receptor 4 by bacterial lipopolysaccharide (LPS) was 
responsible for the reprogramming (Nemeth et al., 2009). Also shown in a mouse model 
very recently, it was found that intramyocardial delivery of c-kit+ bone marrow cells after 
myocardial infarction induces endogenous progenitor-derived cardiomyocyte renewal and 
improves ventricular function, an effect not observed with MSC (Loffredo et al., 2011). 
Recently, methods have been developed to identify hMSC with the highest 
immunosuppressive capacity based on soluble HLA-G production (HLA-G5) in IL-10-
treated bone marrow hMSC. A decreased positivity for CD90 is associated with loss of 
immunosuppressive capacity (Rizzo et al., 2011b). 
Pre-clinical screening before allogeneic stem cell therapy is possible if isolated hMSC can 
undergo a cytotoxicity assay by means of mixed lymphocyte cultures and the subsequent 
measurement of their proliferation potential (Koppula et al., 2009). 
hESC-derived hMSC demonstrated having immunosuppressive effects towards T and NK 
cells, similar to natural hMSC suggesting another origin from which hMSC can be obtained 
for therapy (Yen et al., 2009). As mentioned previously, the possibility of reprogramming 
self-cells into hESC from which one could develop the cell type and numbers needed for a 
given therapy, would be an ideal situation.  
Many challenges need to be assessed in the future as regards the characterization and 
quantities of stem cells necessary for regenerative medicine which may vary by several orders 
of magnitude depending on the conditions to treat and their needs among the millions of 
people afflicted worldwide by a number of degenerative illnesses. Follow-up studies to 
understand the long-term in vivo effects of allogeneic transplantations are needed (Mason & 
Dunnill, 2009; Rayment & Williams, 2010). Also, optimization of the growth conditions to 
preserve hMSC immunomodulatory properties are merited (Samuelsson et al., 2009). 
Although hMSC exhibit immune privileges as explained above, allogeneic hMSC infused 
intravenously into the host without immunosuppression or chemotherapeutic conditioning 
may still lead to adverse effects that require treatment. The purpose of deliberately induced 
immunosuppression in a host recipient is to prevent rejection during transplantation of non-
histocompatible (allogeneic) cells, tissues or organs, and to treat GvHD. However, the use of 
immunosuppresants increases the vulnerability of the individual to opportunistic infections, 
nephrotoxicity, cancer and even accelerated aging (Li & Yang, 2009; Nehlin and Barington, 
2009). Several families of immunosuppressants have been developed such as 
glucocorticoids, cytostatics, therapeutic monoclonal antibodies, and many others (Duncan & 
Wilkes, 2005). In the case of allogeneic hematopoietic stem cell transplants, even though 
response rates were reported to be more than 60%, long-term survival still remains sub-
optimal, mainly due to the detrimental side effects of infectious complications, progressive 
GvHD and relapse due to the underlying malignancy (Busca, 2011). 
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7. Conclusion 
hESC are pluripotent stem cells with low immunogenicity and  immune-modulating 
properties conferred by molecules intrinsic to the cells themselves, but also found secreted 
in the microenvironment. Many studies remain to ascertain the role of the various 
components acting upon immune system cells in allogeneic settings. This is especially 
merited if off-shelf cell lines from hESC banks will be used in the future.  
In-depth immunological characterization of iPS cells is required to envision their use in 
auto-transplantation protocols and clinical trials to reveal if any potential incompatibility 
might arise as a result of the reprogramming process.  Reprogrammed cells (iPS) will offer 
great clinical advantages once potential hurdles are fully sorted out. 
Multipotent stem cells such as hMSC are endowed with multiple immune-regulatory 
properties acting on different cells of the immune system that protect them from cytotoxic 
effects. The regulation and quantification of the hMSC-dependent immune-suppression 
properties both in vitro and in vivo in long-term transplantation studies await further 
analyses. The therapeutic uses of hMSC are becoming widespread in a number of clinical 
conditions, but its place in future medicine still needs to be clarified. 
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suppressive cytokines and cell-to-cell contact-dependent killing of target myeloid cells 
mediated by granzyme B and perforin. Such properties are helpful not only to inhibit GvHD 
after allogeneic hematopoietic stem cell transplantation, but also in other transplantation 
settings, or to re-establish tolerance in autoimmune or allergic diseases (Peters et al., 2009; 
Roncarolo et al., 2011). 
Although shown in a mouse sepsis model, it was found that injections of bone marrow 
mMSC protected cells from damage in affected vital organs and had reduced vascular 
permeability, one of the deadliest consequences of sepsis. The therapeutic effect was 
mediated by reprogramming of the macrophage after direct contact with MSC, resulting in 
macrophage-dependent production of IL-10 and lower expression of TNFα and IL-6. PGE2 
from MSC after activation of Toll-like receptor 4 by bacterial lipopolysaccharide (LPS) was 
responsible for the reprogramming (Nemeth et al., 2009). Also shown in a mouse model 
very recently, it was found that intramyocardial delivery of c-kit+ bone marrow cells after 
myocardial infarction induces endogenous progenitor-derived cardiomyocyte renewal and 
improves ventricular function, an effect not observed with MSC (Loffredo et al., 2011). 
Recently, methods have been developed to identify hMSC with the highest 
immunosuppressive capacity based on soluble HLA-G production (HLA-G5) in IL-10-
treated bone marrow hMSC. A decreased positivity for CD90 is associated with loss of 
immunosuppressive capacity (Rizzo et al., 2011b). 
Pre-clinical screening before allogeneic stem cell therapy is possible if isolated hMSC can 
undergo a cytotoxicity assay by means of mixed lymphocyte cultures and the subsequent 
measurement of their proliferation potential (Koppula et al., 2009). 
hESC-derived hMSC demonstrated having immunosuppressive effects towards T and NK 
cells, similar to natural hMSC suggesting another origin from which hMSC can be obtained 
for therapy (Yen et al., 2009). As mentioned previously, the possibility of reprogramming 
self-cells into hESC from which one could develop the cell type and numbers needed for a 
given therapy, would be an ideal situation.  
Many challenges need to be assessed in the future as regards the characterization and 
quantities of stem cells necessary for regenerative medicine which may vary by several orders 
of magnitude depending on the conditions to treat and their needs among the millions of 
people afflicted worldwide by a number of degenerative illnesses. Follow-up studies to 
understand the long-term in vivo effects of allogeneic transplantations are needed (Mason & 
Dunnill, 2009; Rayment & Williams, 2010). Also, optimization of the growth conditions to 
preserve hMSC immunomodulatory properties are merited (Samuelsson et al., 2009). 
Although hMSC exhibit immune privileges as explained above, allogeneic hMSC infused 
intravenously into the host without immunosuppression or chemotherapeutic conditioning 
may still lead to adverse effects that require treatment. The purpose of deliberately induced 
immunosuppression in a host recipient is to prevent rejection during transplantation of non-
histocompatible (allogeneic) cells, tissues or organs, and to treat GvHD. However, the use of 
immunosuppresants increases the vulnerability of the individual to opportunistic infections, 
nephrotoxicity, cancer and even accelerated aging (Li & Yang, 2009; Nehlin and Barington, 
2009). Several families of immunosuppressants have been developed such as 
glucocorticoids, cytostatics, therapeutic monoclonal antibodies, and many others (Duncan & 
Wilkes, 2005). In the case of allogeneic hematopoietic stem cell transplants, even though 
response rates were reported to be more than 60%, long-term survival still remains sub-
optimal, mainly due to the detrimental side effects of infectious complications, progressive 
GvHD and relapse due to the underlying malignancy (Busca, 2011). 
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7. Conclusion 
hESC are pluripotent stem cells with low immunogenicity and  immune-modulating 
properties conferred by molecules intrinsic to the cells themselves, but also found secreted 
in the microenvironment. Many studies remain to ascertain the role of the various 
components acting upon immune system cells in allogeneic settings. This is especially 
merited if off-shelf cell lines from hESC banks will be used in the future.  
In-depth immunological characterization of iPS cells is required to envision their use in 
auto-transplantation protocols and clinical trials to reveal if any potential incompatibility 
might arise as a result of the reprogramming process.  Reprogrammed cells (iPS) will offer 
great clinical advantages once potential hurdles are fully sorted out. 
Multipotent stem cells such as hMSC are endowed with multiple immune-regulatory 
properties acting on different cells of the immune system that protect them from cytotoxic 
effects. The regulation and quantification of the hMSC-dependent immune-suppression 
properties both in vitro and in vivo in long-term transplantation studies await further 
analyses. The therapeutic uses of hMSC are becoming widespread in a number of clinical 
conditions, but its place in future medicine still needs to be clarified. 
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1. Introduction 
With the continuous increase of world population, intensified industrial activities, and 
aggravating environmental pollution, biodiversity is severely endangered to an 
unprecedented extent. Animal resources, a basis of agriculture and the whole society closely 
related to living and production, supply human beings with meat, eggs, milk, furs, medicinal 
materials, products for athletic and ornamental purposes, etc. In most developed countries, 
massive feeding is restricted within a limited number of high yield breeds or crossbreeds for 
an intensified operating system of animal husbandry, virtually reducing the variety of local 
animal breeds. In the meanwhile, despite the existence of enormous animal genetic resources, 
the lack of efficient preservation strategies and blind introduction of exotic breeds for 
hybridization have significantly compromised the diversity. As a result, only a few high-yield 
breeds and hybrids are made more widespread, and gradually supersede indigenous breeds, 
therefore leading to a shrunken genetic resource pool, progressive narrowing of genetic 
variation and subsequent crisis of genetic treasures. Nowadays, the livestock and poultry 
breeds are disappearing at the speed of 1 to 2 per week, so it’s definitely far-reaching to 
explore an efficient and reasonable preservation method for the development of animal 
husbandry, utilization of animal resources and ecological balance.  
As evolution has it, livestock and poultry breeds, the best narration of human labour, diet, 
religion and customs, is culturally a tangible carrier of civilization vicissitudes (Zhang, 
2003). Those animal breeds with precious genome, physiological characteristics, disease 
resistance, adaptability, and so forth, serve as ideal research models. Moreover, the animal 
biodiversity provides abundant original materials for the thremmatologists, create infinite 
selection possibilities, reduce the risks and challenge of animal husbandry, and enhance its 
interior tenacity and exterior opportunities, thereby enabling people to handle 
environmental and marketing changes, and invigorating its long term development.  
China has the most abundant genetic resources of livestock and poultry, featuring balanced 
breed range and characteristic distinction. Some genetic and phenotypic properties par 
excellence, such as adaptability, hardiness, fecundity, etc., are essentially the outcome of 
thousands-of-year interaction between natural environment and artificial breeding. 
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According to the statistics from Food and Agriculture Organization (FAO), among the 3019 
breeds of livestock and poultry all around the world, one third is located in Asia, of which 
china accounts for a half.  
A survey of genetic resources and the assessment of “Chinese Committee of Livestock and 
Poultry Evaluation” in 2001 reported that the animal genetic resources of China involve 
chicken (Gallus gallus), duck (Anseriformes Anatidae), goose (Anser cygnoides orientalis), 
sandpiper (Scolopacidae), cattle (Bos taurus), sheep (Ovis aries), goat (Capra hircus), pig (Suidae), 
ferret-polecat (Mustela Pulourius Furot), raccoon dog (Nyctereutes procyonoides), horse (Equus 
caballus), red deer (Cervus elaphus), sika deer (Cervus nippon) bactrian camel (Camelus 
bactrianus), etc., which, altogether amount to some 20 species, 576 breeds (426 indigenous 
breeds, 73 fostered ones and 77 introduced ones) (Liu et al., 2004). However, in these years, the 
genetic resources are shrinking considerably due to the brunt of the massive introduction of 
high yield breeds. Data in the 70’s and 80’s suggested that within China, 10 indigenous breeds 
are disappearing, 8 are on the edge of extinction, and 20 are decreasing rapidly. Furthermore, a 
recent research suggested that more than 50% of local breed populations are extremely 
reduced, and that a large number of the rest are severely endangered (Ma et al., 2001).  
In containing the huge loss of animal genetic resources, the preservation procedure has 
become a very concern of more and more researchers. The most important is to protect 
existential genetic materials from adulterating and extinction in a comprehensive and 
proper manner, which virtually means to preserve available genetic resources as integrated 
as possible, no matter whether there are application potentials from current perspective. For 
the preservation of population genome, there are optional forms, e.g. individuals, organs, 
semen, embryos, cell strains, genomic libraries, and cDNA libraries. It’s noteworthy that the 
above-mentioned methods all have their defects, so appropriate strategies should be devised 
to fit in with specific species. A new preservation protocol using stem cells, is both novel 
and complementary to the existing multi-approach tactics, and thus will become a major 
technique in a long term. With the strenuous efforts scientists have ever made, preservation 
media of semen, embryos, cell strains, genomic libraries and natural reserves are primarily 
shaped. In contrast, preservation via stem cells is still lacking, which apparently has its 
distinguished advantages.  
Stem cells can be categorized into embryonic stem cells (ESCs) and adult stem cells (ASCs) 
by origins. ESCs derived from inner cell mass have totipotency and continuous self-
renewal ability, and therefore are widely believed as the stem cells with the most 
therapeutic and research values. ASCs are ubiquitous in almost every organ of adult 
animals, to maintain the structural and functional homeostasis. The applications of ESCs 
in clinical therapies are open to doubt, mainly for ethnic reasons, propelling people to 
resort to the more applicable ASCs. Emerging evidence on the plasticity of ASCs and the 
presence of multipotent stem cells in adult tissues deepened the comprehension of their 
developmental repertoire.  
For the preservation of animal genetic resources, stem cells, by virtue of their potent self-
renewal ability, can provide a large amount of serviceable cells with relatively small 
volume. Meanwhile, the plasticity of stem cells confers them more advantages in 
applications, for instance, in nuclear transfer. Stem cell cryopreservation is not only an 
efficient and safe strategy for the maintenance of animal genetic resources, but also 
promising to show scientific values in other fields of research.  
This chapter will introduce the preservation of animal genetic resources in terms of animal 
cells and its applications by detailed experimental description.  
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2. Isolation, in vitro culture and identification of stem cell lines 
Preservation of animal genetic resources in terms of stem cells is essentially to store as many 
purified cells as possible, which impose strict criteria on the in vitro culture and 
identification of stem cells with various origins. Therefore, it plays a crucial role in the entire 
technical system to fulfil efficient and high quality culture and purification.  

2.1 In vitro culture 
2.1.1 Sampling 
Stem cells are widely distributed in a variety of tissues and organs, thus it is of great 
importance to pinpoint and dissect the parts where the most stem cells populated. For 
instance, ESCs is located precisely in inner cell mass, while adult neural stem cells mainly 
reside in subventricular zone and hippocampal dentate gyrus. In addition, sterile operation 
and quick isolation are items of very concern as well, e.g. proper sterilization during 
sampling, hypothermal transportation, etc.  

2.1.2 Isolation 
Stem cells are unhomogenously distributed in vivo, which requires a lot to isolate as pure 
stem cells as possible using various available methods. Strategies for stem cell isolation of 
common types are as listed in Table 1 (except specially indicated otherwise, all the methods 
are primarily for avian species):  

2.1.3 In vitro cell culture 
Primary culture is the first step of cells into ex vivo environment. The time of this phase is 
contingent upon the adaptability of different stem cells, which, in turn, is just the basis for 
further purification. When primary cells grow to a certain density, leading to contact 
inhibition, along comes subculture process. During all this progress, most stem cells have 
got used to new circumstances, and go on rapid proliferation, reentering proliferation –
inhibition -proliferation cycles.  
Because of the distinctive characteristics, each type of stem cells needs specific factors in its 
niche, e.g. epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), glutamine, 
etc. In addition, feeder layer is necessary for successful culture of PGCs.  

2.1.4 Cryopreservation 
The purpose of in vitro stem cell culture is to conserve animal genetic resources, for which 
cyropreservation is optimal at cell level. Repetitive tests confirmed that cryonics of stem 
cells don’t differ from those of somatic cells. However, for the preciousness of stem cells, 
serum concentration is elevated to an appropriate extent, which is to say, the cryogenic 
media  are composed of 50% basic media, 40% serum and 10% cryoprotectant (DMSO), 
fundamentally capable of ensuring the viability of resuscitated cells.  

2.2 Identification 
Stem cells preserved as genetic resources should be subjected to evaluation of at least two 
major respects. One is assessment of general biological characteristics. The other is about 
stem cell properties in terms of specific markers, self renewal and plasticity.  
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According to the statistics from Food and Agriculture Organization (FAO), among the 3019 
breeds of livestock and poultry all around the world, one third is located in Asia, of which 
china accounts for a half.  
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caballus), red deer (Cervus elaphus), sika deer (Cervus nippon) bactrian camel (Camelus 
bactrianus), etc., which, altogether amount to some 20 species, 576 breeds (426 indigenous 
breeds, 73 fostered ones and 77 introduced ones) (Liu et al., 2004). However, in these years, the 
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existential genetic materials from adulterating and extinction in a comprehensive and 
proper manner, which virtually means to preserve available genetic resources as integrated 
as possible, no matter whether there are application potentials from current perspective. For 
the preservation of population genome, there are optional forms, e.g. individuals, organs, 
semen, embryos, cell strains, genomic libraries, and cDNA libraries. It’s noteworthy that the 
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and complementary to the existing multi-approach tactics, and thus will become a major 
technique in a long term. With the strenuous efforts scientists have ever made, preservation 
media of semen, embryos, cell strains, genomic libraries and natural reserves are primarily 
shaped. In contrast, preservation via stem cells is still lacking, which apparently has its 
distinguished advantages.  
Stem cells can be categorized into embryonic stem cells (ESCs) and adult stem cells (ASCs) 
by origins. ESCs derived from inner cell mass have totipotency and continuous self-
renewal ability, and therefore are widely believed as the stem cells with the most 
therapeutic and research values. ASCs are ubiquitous in almost every organ of adult 
animals, to maintain the structural and functional homeostasis. The applications of ESCs 
in clinical therapies are open to doubt, mainly for ethnic reasons, propelling people to 
resort to the more applicable ASCs. Emerging evidence on the plasticity of ASCs and the 
presence of multipotent stem cells in adult tissues deepened the comprehension of their 
developmental repertoire.  
For the preservation of animal genetic resources, stem cells, by virtue of their potent self-
renewal ability, can provide a large amount of serviceable cells with relatively small 
volume. Meanwhile, the plasticity of stem cells confers them more advantages in 
applications, for instance, in nuclear transfer. Stem cell cryopreservation is not only an 
efficient and safe strategy for the maintenance of animal genetic resources, but also 
promising to show scientific values in other fields of research.  
This chapter will introduce the preservation of animal genetic resources in terms of animal 
cells and its applications by detailed experimental description.  
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Cell type Isolation 
methods Protocols 

Bone marrow 
mesenchymal 
stem cells 
(MSCs) 

Total blood 
adherent 
method 

Bone marrow was suspended into 10 ml serum-free L-DMEM 
medium containing 100 IU/ml penicillin and 100 μg/ml 
streptomycin using syringe, and then was pipetted into cell 
suspension with 4# needle gently. The cell suspension was 
centrifuged at 1000 rpm for 10 min, the top fat impurities were 
removed. The bottom cells were harvested and washed twice 
using serum-free L-DMEM medium, resuspended with 
complete medium, and subsequently plated into a culture 
flask with 10 ml complete medium.  

Density 
gradient 
centrifugation 
method 

Bone marrow single cell suspension was prepared as above, 
and gently added into a 10 ml centrifuge tube with 
isovolumic, 1.073 g/ml percoll solution underneath. Then the 
nebulous white ring on the interface of percoll and cell 
suspension was pipetted out and washed twice using L-
DMEM and centrifuged for 5 min at 1 000 rpm. After 
counting, these cells were plated into flasks at 2 × 105/cm2, 
and cultured at 37 ºC, 5% CO2.  

Primordial 
germ cells 
(PGCs) 

Trypsinization 
method 

PGCs were retrieved from the embryonic gonads incubated at 
38 ºC and 60% humidity for 5.5 days. After rinsing 3 times 
with PBS to remove residual yolk, gonadal tissues were 
collected carefully with sharp tweezers under a microsurgery 
microscope, and then dissociated in 0.25% trypsin-0.02% 
EDTA at room temperature (RT) for 5 min. After inactivation 
of the trypsin-EDTA with DMEM containing 15% FBS, the 
cells were harvested by centrifugation (Zhang, 2003). These 
cells were plated into flasks at 2 × 105/cm2, and cultured at 
37 ºC, 5% CO2. 

Adipose 
derived stem 
cells (ADSCs) 

Collagenase 
method 

Adipose tissues were separated from subcutaneous tissues of 
abdomen and inguinal fat pads of 1-day newborns. All the 
operation steps were conducted under aseptic condition. The 
tissues were washed 3 times with PBS containing 100 IU/mL 
penicillin/streptomycin to remove connective tissue 
membrane and capillaries. The tissues were chopped into 
small pieces, and digested with 0.1% (m/v) type I collagenase 
at 37 ºC for 1 hr. Enzymatic digestion was then neutralized 
with DMEM (Gibco, USA) supplemented with 10% (v/v) FBS 
(Biochrom, Germany). The suspension was filtered with 74-
μm-mesh sieve, and centrifuged at 300g for 10 min. Then the 
pellet was resuspended with complete medium containing 
DMEM/F-12 Ham’s (Gibco), 10% (v/v) FBS (Biochrom), 10 
ng/ml bFGF (Peprotech, USA), 2 mM L-glutamine, 1% B-27 
(m/v) (Gibco) and 100 IU/mL penicillin/streptomycin. The 
cell suspension was plated and incubated at 37 ºC with 5% 
CO2.  
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Cell type Isolation 
methods Protocols 

Skeletal 
muscle 
satellite cells 
(SCs) 

Collagenase 
method 

Skeletal muscles were isolated from embryos and chopped 
into pieces using ophthalmic scissors. The comminuted tissues 
were disaggregated by combinatorial digestion with 0.1% 
collagenase I for 30 min and 0.25% trypsin for 1 h. Then add 
DMEM medium containing 20% FBS to terminate reaction. 
The cell suspension was centrifuged at 1,500 rpm for 8 min 
with the supernatant discarded, whereafter the cells were 
resuspended with complete medium(DMEM/F12 +20% FBS+ 
2.5 ng/ml bFGF) and plated into flasks. Cells were cultured in 
5% CO2 incubator at 37 ºC for 2h, and then plate the cell 
suspension to petri dishes, to continue culturing at 37 ºC, in 
5% CO2 (Qu et al., 1998).  

Neural stem 
cells (NSCs) 

Mechanical 
isolation 

Embryonic brains were isolated and rinsed 3 times and then 
placed in precooled normal saline water. The dorsal 
ventricular ridges of the brain were isolated, rinsed, and 
transferred to complete neural stem cell media 1:1 
DMEM/F12 (Gibco, Carlsbad, CA), 2% B27 supplement 
(Gibco), 20 ng/mL of EGF and bFGF (PeproTech, Rocky Hill, 
NJ), 100 IU/ml penicillin/streptomycin, cleaved into 1.0 mm3 
pieces, and pipetted repeatedly to prepare a homogeneous 
monoblast suspension, which was subsequently filtered 
through 400- and 800-mesh sieves in order. The entire 
operation was performed under a low temperature to protect 
the cortex tissues. The cells were plated in flasks at a 
concentration of 2 × 105 cells/mL and were cultured in a 
humidified incubator with 5% CO2 at 37 ºC.  

Table 1. Isolation methods of several types of stem cells 

General biological characteristics include hereditary stability (karyotyping), growth 
dynamics (growth curve), microbial detection, cross-contamination detection, viabilty before 
and after cryopreservation and the expression of exogenous genes. As for stem cell nature, 
specific markers are detected via immunofluorescence and immunochemistry, RT-PCR 
assay, Western blotting, etc. Self-renewal is evaluated using clonogenic assay. To verify the 
plasticity, the stem cells are induced for multi-lineage differentiation, which are then 
identified functionally. The fundamental principles will be introduced in detail in the 
following paragraphs.  

2.2.1 Growth dynamics 
Following Bai's method (2010), the stem cells were plated in 24-well plates at a concentration 
of 1×104 cells/well and cultured for 9 days (Bai et al., 2010). The cell concentration was 
counted using hematometer and then recorded from 3 wells per day until the plateau phase 
was reached. The growth curve was plotted and the population doubling time (PDT) was 
calculated accordingly. The formula is as follows: 

PDT=(t-t0) lg2/ (lgNt-lgN0) 
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germ cells 
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with PBS to remove residual yolk, gonadal tissues were 
collected carefully with sharp tweezers under a microsurgery 
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EDTA at room temperature (RT) for 5 min. After inactivation 
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methods Protocols 
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Embryonic brains were isolated and rinsed 3 times and then 
placed in precooled normal saline water. The dorsal 
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operation was performed under a low temperature to protect 
the cortex tissues. The cells were plated in flasks at a 
concentration of 2 × 105 cells/mL and were cultured in a 
humidified incubator with 5% CO2 at 37 ºC.  

Table 1. Isolation methods of several types of stem cells 

General biological characteristics include hereditary stability (karyotyping), growth 
dynamics (growth curve), microbial detection, cross-contamination detection, viabilty before 
and after cryopreservation and the expression of exogenous genes. As for stem cell nature, 
specific markers are detected via immunofluorescence and immunochemistry, RT-PCR 
assay, Western blotting, etc. Self-renewal is evaluated using clonogenic assay. To verify the 
plasticity, the stem cells are induced for multi-lineage differentiation, which are then 
identified functionally. The fundamental principles will be introduced in detail in the 
following paragraphs.  

2.2.1 Growth dynamics 
Following Bai's method (2010), the stem cells were plated in 24-well plates at a concentration 
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t0: the initiating time of culture; t: the end time of culture; N0: the cell numbers of initiating 
culture; Nt: the cell number of end culture. 

2.2.2 Microbial detection 
Detection of bacteria and fungi:  

The cells were cultured in DMEM containing 10% fetal bovine serum without antibiotics 
and tested for the presence of microbes 3 days after subculture according to the method of 
Doyle et al. (1990).  
Mycoplasma detection: 

The cells were cultured in medium free of antibiotics for at least one week and then fixed 
and stained with Hoechst 33258 according to Masover (1998) and Freshney’s method (2000). 
Results of DNA staining were confirmed by ELISA using the ELISA Mycoplasma Detection 
kit (Roche, Lewes, East Sussex, UK.), which can identify the four most common 
Mycoplasma species: M .arginini, M. hyorhinis, A .laidlawii, and M. orale.  
Virus detection:  

Routine examination for cytopathogenic effects using phase-contrast microscopy was 
performed according to Hay’s haemadsorption protocol (Hay, 1992).  

2.2.3 Cryopreservation and resuscitation 
Cells were cultured in fresh medium 24 h prior to cryopreservation to ensure sufficient 
nutrition and optimal cellular condition. The monoplast suspension was prepared by 
dissociating cells in 0.25% (m/v) Trypsin. The suspension was centrifuged at 1000rpm for 8 
min and the supernatant was discarded. Then, the cells were resuspended at a density of 
approximately 4×106/mL in freezing media of 10% dimethyl sulfoxide (DMSO), 40% FBS 
and 50% DMEM, and then subpackaged in cryovials which labeled the species, breeding, 
gender, date and serial numbers. The vials were placed at 4ºC for 20-30 min to enable the 
DMSO to reach equilibrium, and then placed in liquid nitrogen for long term storage (Ren et 
al., 2002). For resuscitation, they were placed in prewarmed water bath at 42 ºC. As soon as 
it was nearly thawed, the pellet and suspension were transferred into a sterile tube 
containing DMEM and centrifuged at 1000 rpm for 10 min to remove DMSO. The cells were 
then resuspended in fresh DMEM and plated onto petri dishes, and cultured in 5% CO2, 
37 ºC. Medium should be refreshed after 24 h (Ren et al., 2002; Freshney, 2000).  

2.2.4 Karyotyping 
Metaphase spreads were prepared from cells at exponential phase following treatment with 
0.1 µg/mL colcemid (Gibco/BRL). The cells were treated with a hypotonic solution 
(KCl/HEPES/EDTA) and harvested according to standard dissociation procedures. Slides 
of fixed cells were Giemsa banded to identify individual metaphase chromosomes. 
Representative chromosome sets were photographed and analyzed. The percent of diploid 
was counted from 100 cells. Karyotypes were processed following the protocol described in 
the Reading Conference report (Ford et al., 1980).  
These chromosomal parameters were calculated using the formulas: 

Arm ratio =long arm length (q) vs short arm length (p) 
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Centromere index =short arm length vs chromosomal length 

Relative length=single chromosomal length vs (total autosome lengths + X-chromosome 
length) 

2.2.5 Expression of exogenous genes 
According to the method described by Tsuchiya et al. (2002), the same quantity of the 
fluorescent protein vectors pEGFP-N3, pDsRed-N1 and pEYFP-N1 were transfected into the 
stem cells with Lipofectamine™ 2000 transfection reagent (Invitrogen Corp, Carlsbad, CA). 
The plasmid DNA (μg) to Lipofectamine 2000 (μl) ratio was 1:3. After 8 h, the cells were 
removed from non-serum medium and transferred to serum containing medium. Cell 
morphology was observed, and the cells were dyed with Trypan Blue to estimate the 
viability. The cells were observed after being transfected for 24 h, 48 h and 72 h, respectively, 
to estimate the transfection efficiency. Cell morphology was observed by confocal 
microscopy (Nikon TE-2000-E, Japan), and a comparative analysis of expression was made 
according to the intensity of the different fluorescent proteins in the cell nuclei and 
cytoplasm. For each individual experiment, images were captured from 10 visual fields, and 
confocal microscopy was used to measure the total and positive cell counts in each field to 
determine the transfection efficiency. The mean values were accordingly calculated. 
Multiple comparisons of the test data were made to analyze the statistical differences 
(Tsuchiya et al., 2002).  

2.2.6 Identification of characteristic markers 
Stem cells with various origins possess different markers, providing a major approach to 
identify their lineages (Table 2). Prior to cryopreservation, it is extremely necessary to find 
molecular evidence for their identity. These markers are generally detected by three 
commonly used assays, i.e. immunofluorescence, immunochemistry and RT-PCR.  
 

Cell types Markers 
BMSCs CD44, ICAM-1, SSEA-4 
PGCs SSEA-1, SSEA-4, TRA-1-60, TRA-1-81 

ADSCs CD29, CD44 , CD71, CD73 
SMSCs Pax7, Desmin, Myod 

nscs Nestin 

Table 2. Characteristic markers of some kinds of stem cells 

Immunofluorescence 

Surface markers of different passages of the stem cells were detected by 
immunofluorescence. Stem cells were fixed in 4% (m/v) paraformaldehyde (in PBS) for 15-
20 min, and then permeabilized for 20 min with methanol containing 0.1% Triton X-100 and 
0.3% hydrogen peroxide (H2O2) to eliminate endogenetic hydrogen peroxidise. Incubated in 
goat serum working solution for 30 min to block nonspecific binding, the cells were then 
incubated with primary antibodies at 4 ºC overnight, followed by incubation with secondary 
antibodies conjugated with FITC. For negative control, 0.01 mol/L PBS was used to replace 
primary antibodies. Fluorescence images were observed using confocal microscope (Nikon 
TE-2000-E, Japan). Ten non-overlapped visual fields (×100) were photographed randomly 
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t0: the initiating time of culture; t: the end time of culture; N0: the cell numbers of initiating 
culture; Nt: the cell number of end culture. 
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microscopy (Nikon TE-2000-E, Japan), and a comparative analysis of expression was made 
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cytoplasm. For each individual experiment, images were captured from 10 visual fields, and 
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2.2.6 Identification of characteristic markers 
Stem cells with various origins possess different markers, providing a major approach to 
identify their lineages (Table 2). Prior to cryopreservation, it is extremely necessary to find 
molecular evidence for their identity. These markers are generally detected by three 
commonly used assays, i.e. immunofluorescence, immunochemistry and RT-PCR.  
 

Cell types Markers 
BMSCs CD44, ICAM-1, SSEA-4 
PGCs SSEA-1, SSEA-4, TRA-1-60, TRA-1-81 

ADSCs CD29, CD44 , CD71, CD73 
SMSCs Pax7, Desmin, Myod 

nscs Nestin 

Table 2. Characteristic markers of some kinds of stem cells 

Immunofluorescence 

Surface markers of different passages of the stem cells were detected by 
immunofluorescence. Stem cells were fixed in 4% (m/v) paraformaldehyde (in PBS) for 15-
20 min, and then permeabilized for 20 min with methanol containing 0.1% Triton X-100 and 
0.3% hydrogen peroxide (H2O2) to eliminate endogenetic hydrogen peroxidise. Incubated in 
goat serum working solution for 30 min to block nonspecific binding, the cells were then 
incubated with primary antibodies at 4 ºC overnight, followed by incubation with secondary 
antibodies conjugated with FITC. For negative control, 0.01 mol/L PBS was used to replace 
primary antibodies. Fluorescence images were observed using confocal microscope (Nikon 
TE-2000-E, Japan). Ten non-overlapped visual fields (×100) were photographed randomly 
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from stem cells of different passages, then the percentage of positive cells to total count of 
stem cells was calculated and the results were formulated as mean±SD, and subjected to 
variance analysis using SPSS 10.0 software.  
 

Genes Primer Sequences Tm
(ºC)

Cycle 
No. Size (bp) 

CD29 F 5' GAACGGACAGATATGCAACGG 3'
R 5' TAGAACCAGCAGTCACCAACG 3' 60 30 300 

CD44 F 5' CATCGTTGCTGCCCTCCT 3'
R 5' ACCGCTACACTCCACTCTTCAT 3' 58 30 290 

CD71 F 5' CCCAGGCTTCCCTTCGT 3'
R 5' GGGCTCCAATCACAACATAC 3' 56 30 305 

CD73 F 5' AGTGCAAACATTAAGGGAAAA 3'
R 5' CCTCCAATAACAACATCCACTCCT 3' 58 30 310 

Collage type I F 5' AAGGATGGTCGCAATG 3'
R 5' GGTGGCTAAGTCTGAGGT 3' 48.5 30 310 

Osteopontin F 5' CAGAACAGCCGGACTTTC 3'
R 5' CTTGCTCGCCTTCACCAC 3' 51 30 227 

PPARγ F 5' CTGTCTGCGATGGATGAT 3'
R 5' AATAGGGAGGAGAAGGAG 3' 47.3 30 199 

Lipoproteinlipase 
(LPL) 

F 5' AGTGAAGTCAGGCGAAAC 3'
R 5' ACAAGGCACCACGATT 3' 48.7 30 477 

Desmin F 5' GGGCTTTCTCCTACCTGC 3'
R 5' GCTTCCTTGCCATCCTGT 3' 57 30 240 

MyoD1 F 5' GCTACTACACGGAATCACCA 3'
R 5' GGGCTCCACTGTCACTCA 3' 57 30 198 

GAPDH F 5' TAAAGGCGAGATGGTGAAAG 3'
R 5' ACGCTCCTGGAAGATAGTGAT 3' 53 30 244 

Table 3. Primers for RT-PCR assay 

RT-PCR assay 

RNA was extracted from cells of different passages using Trizol reagent (Invitrogen, USA). 
Template cDNA was prepared with reverse transcription system (Takara, China) and then 
amplified by PCR using specific primers listed in Table 3. The PCR products were visualized 
by 2% (m/v) agarose gel electrophoresis. 

2.2.7 Clonogenic assay 
Stem cells of different passages were plated in 24-well microplates at the density of 1×104 
cells per well, cultured for 7 d, and then counted for the numbers of colony-forming units 
(CFU) to calculate colony-forming rate, which is formulated as CFU number/ plating cell 
number ×100%. 

2.2.8 Induced differentiation and identification 
Induced differentiation 

Stem cells are characterized by the potentials to escape cell cycle and to differentiate into 
terminal cells upon exposure to inducing media. Therefore, their plasticity is one important 
aspect which is a constitutional factor to evaluate for the sake of genetic preservation. 
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Osteogenic differentiation 

The stem cells of 80% confluence were divided into two groups. The induction group was 
incubated in osteogenic media (β-sodium glycerophosphate, dexamethasone, vitamin C) 
containing osteoblasts. The control group were incubated in the same inducing medium 
without osteoblasts. Culture medium was changed every 3 days. Two weeks later, alkaline 
phosphatase levels were measured by the Gomori Ca-Co method. Three weeks later, 
Alizarin Red staining was used to detect calcium nodules. Four weeks later, Von Kossa’s 
method and tetracycline fluorescence labeling of calcium were used to determine calcium 
nodules (Li et al., 2009).  
Adipogenic differentiation 

Stem cells were plated and divided into 2 groups as above mentioned. When the cells grew 
to 50%-60% confluence, the induced group was incubated in adipogenic medium 
supplemented with dexamethasone (Sigma), isobutyl-methylxanthine (IBMX; Sigma), and 
insulin (Sigma), while the control group was still cultured in complete medium. After 3 
weeks, the two groups were stained with Oil Red O to assess intracellular lipid 
accumulation. The RNA from the two groups was extracted for further RT-PCR assay.  
Neurogenic differentiation 

The preparation of stem cells was the same as above mentioned. Stem cells in the induction 
group were induced with medium containing 20% fetal bovine serum and β -
mercaptoethanol (BME, Sigma, USA) for 24 h, washed thrice with PBS, and then induced 
with serum-free medium containing  dimethyl sulphoxide (DMSO, Sigma) and butylated 
hydroxyanisole (BHA, Sigma). Stem cells in the control group were incubated with normal 
culture medium. The neurogenic differentiation was then detected using 
immunofluorescence and observed under confocal microscope (Nikon TE-2000-E, Japan). 
Ten non-overlapped visual fields (×100) were randomized from induced cells, followed by 
the same data processing as previously mentioned. 
Cardiomyogenic differentiation 

Cells were plated and divided into 2 groups as above mentioned. The induced group was 
incubated in serum-free cardiomyogenic medium containing 5-Azacytidine (5-aza; Sigma) for 
24 h, and then the medium was replaced with normal culture medium. After 28 days, the cells 
were harvested and the RNA from the two groups was extracted for further RT-PCR assays.  

2.3 Case study 
The Animal Population Culture Collection of China (APCCC) has been making efforts to 
preserve animal genetic resources in terms of stem cells, which involve bone marrow 
mesenchymal stem cells (MSCs), primordial germ cells (PGCs), adipose derived stem cells 
(ADSCs), skeletal muscle satellite cells (SCs), neural stem cells (NSCs), etc. Now they will be 
exemplified one by one.  

2.3.1 Evaluation of general biological indices 
The stem cells with different origins display fusiform or round shapes and swirl-like or 
sphere-like patterns, and most of them have plump cytoplasm, one of the indications of 
good vitality (Fig. 1).  
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The growth curve of stem cells typically display typical “S” shapes, which are composed of 
latency phase, exponential growth phase and stationary phase, based on which PDT is 
calculated as a reflection of proliferative activity (Fig. 2). It’s also worth mentioning that 
there are slight differences among different passages.  
 
 

 
Fig. 1. Morphology of (A) duck bone marrow MSCs; (B) chicken PGCs; (C) duck NSPCs; (D) 
chicken ADSCs; (E) chicken skeletal muscle SCs.  

 
 

 
 

Fig. 2. Growth curves of (A) duck bone marrow MSCs of passages 1, 3 and 5; and (B) chicken 
ADSCs of passages 3, 5 and 9. The growth curve of the different passages of duck MSCs and 
chicken ADSCs display typical “S” shapes, which are composed of latency phase, 
exponential growth phase and stationary phase.  
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In a sharp contrast with infections by bacteria, fungi and yeasts (Fig. 3 B, C and D), 
characterized by turbidity, colony or hypha which can be observed by unaided eyes, the 
mycoplasma contamination (Fig. 3 F), usually undistinguishable, is only accompanied with 
slightly slower growth and increased cell fragmentation. As a result, Hoechst 33258 staining 
or molecular assays are required further. Therefore, all the stem cells are subjected to 
microbial detection prior to cryopreservation to ensure they are free of contamination (Fig.3 
A and E).  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

Fig. 3. Microbial detection of duck bone marrow MSCs. (A) normal bone marrow MSCs 
(40×); positive control infected by (B) bacteria (200×) and (C) fungi (200×); and (D) yeasts 
(200×); (E) bone marrow MSCs, mycoplasma negative (200×); (F)positive control infected by 
mycoplasma (400×).  
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Cells possess a characteristic chromosome number, shape and structure, which remain very 
stable in normal cells (Fig. 4). Therefore, karyotype analysis is a major method for 
distinguishing normal cells from mutants. The percentage of diploid cells tends to decrease 
with increasing passage number. However, the fact that the diploid proportion is normally 
higher than 90% warrants the hereditary stability.  
 
 
 
 

 
 
 
 
 
 

Fig. 4  Representative spreads at metaphase (left) and karyotypes (right) of (A) duck bone 
marrow MSCs, ZZ type (♂); (B) chicken PGCs, ZW type (♀). The chromosomal number of 
duck bone marrow MSCs is 78, consisting of 10 pairs of macrochromosomes and 29 pairs of 
microchromosomes, while that of chicken PGCs (2n=78) is composed of 9 pairs of 
macrochromosomes and about 30 pairs of microchromosomes.  
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Fluorescent genes, in light of their stable expression and species-independent efficiency, 
have long been used as markers to monitor the function and distribution target proteins in 
live cells and organisms (Heim, 1995). The expression levels of EGFP, EYFP, and DsRed1 are 
usually maximal at 48 h (Fig. 5). In addition, different fluorescent protein genes may have 
different transfection efficiency for the same cell line. As for most types of stem cells 
preserved, the transfection efficiencies of the yellow (pEYFP-N1) and red (pDsRed1-N1) 
fluorescent protein genes are significantly lower than those of the green fluorescent protein 
gene (pEGFP-N3).  

 

 
Fig. 5. The expression of (A, D) pEGFP-N3; (B, E) pEYFP-N1; and (C, F) pDsRed-N1 at 48 h 
in chicken PGCs. The expression of the three types of exogenous fluorescent genes is 
optimal at 48 h, and the transfected cells exhibit no obvious difference in morphology and 
proliferation compared with controls. The pEGFP-N3, pEYFP-N1, and pDsRed-N1 refer to 
plasmids encoding the green, yellow and red fluorescent genes, respectively. Scale bars: 10 
μm in A and D, 80 μm in B, C, E and F.  

 

 
Fig. 6. Surface marker expression of chicken bone marrow MSCs of passage 5 (100×). 
Chicken bone marrow MSCs express numerous surface markers including CD29, CD44 and 
CD90, but no hematopietic markers such as CD31, CD34 and CD45.  
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2.3.2 Stem cell characteristics 
Both the characteristic markers and the ability of multi-lineage differentiation are detected 
in this section, which are indicative of stem cell nature.  
Identification of characteristic markers 

The specific surface markers of stem cells were detected via immunofluorescence and RT-
PCR assay. The results of immunofluorescence staining and RT-PCR assay are as shown in 
Figs. 6- 9. 
 
 

 
 
 

Fig. 7. Identification of chicken skeletal muscle satellite cells. Chicken skeletal muscle 
satellite cells express Pax7 and MyoD in nucleus, and Desmin in cytoplasm (100×).  
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Fig. 8. Identification of colony formation in chicken PGCs of passage 3 with a set of 
antibodies recognizing specific cell surface antigens. Chicken PGCs express SSEA-1, SSEA-4, 
TRA-1-60 and TRA-1-81.  
 

 
Fig. 9. Surface markers of chicken ADSCs. (a) Immunofluorescence showed that CD29 and 
CD44 are positively expressed, while CD31 detection is negative. Scale bars=50 μm. (b) RT-
PCR analysis shows that the ADSCs express CD29, CD44, CD71 and CD73. In Panel (b), the 
lanes are in accordance to CD29, CD44, CD71 and CD73 from left to right. GAPDH in the 
lower picture serves as internal control. 
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Fig. 10. Colony-forming assay. Colony-forming units of P3, P5 and P9 ADSCs were counted, 
which indicated that colony-forming rates decreased but didn’t disappear with increasing 
passage number. (A), (B) and (C) are colonies of P3, P5 and P9 respectively, (D) is the bar 
chart of colony-forming rates for chicken ADSCs of different passages.  

Clonogenic assay 

The self-renewal of the stem cells was evaluated via clonogenic assay. Colony formation was 
observed 4 days after plating under the microscope. The colony-forming rates of chicken 
ADSCs were 23.61±0.14%, 20.54±0.31%, 20.37±0.46% for passages 3, 5 and 9 respectively, 
demonstrating their self-renewal ability (Fig. 10).  
Differentiation detection 

The multi-potency of stem cells is one of the most important prerequisites for autologous 
cell therapy. Therefore, different types of stem cells, e.g. bone marrow MSCs, ADSCs, PGCs, 
etc., were subjected to induced differentiation to assess the multi-lineage potentials.  
Osteogenic differentiation 

After incubation in osteogenic medium for about 15 days, morphological changes of the 
stem cells were obviously observed. The cells changed to tri-dimensional firstly, and then 
aggregated and formed mineralized nodules with increasing incubation time. Furthermore, 
the nodules were identified calcium positive. (Figs. 11-12)  
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Fig. 11. Identification of osteogenic differentiation of chicken bone marrow MSCs of passage 
5. (A) induction group at day 6 (100×); (B) osteogenesis at day 9 (100×); (C) osteogenesis at 
day 14; (D) alizarin red staining (100×) and (E) AKP identification with the Gomori Ca-Co’s 
method two weeks after osteogenic induction (100×); (F) Von Kossa staining positive four 
weeks after osteogenic induction, indicative of calcium deposition (100×); (G) phase, (H) 
fluorescence, and (I) merge of tetracycline labelling at day 21 post osteogenic induction.  
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Fig. 12. Osteogenic differentiation of chicken ADSCs. (a) After incubation in osteogenic 
medium for 14 days, the cells metamorphosed from fusiform to tridimensional shapes, and 
Alizarin Red staining was positive. The nodules became more and larger with prolonged 
inducing time. About 21 days later, the nodules were obviously observed following Alizarin 
Red staining. Cells cultured in complete medium were not influenced in morphology or 
stained by Alizarin Red. Scale bars=25 μm. (b) RT-PCR assay revealed the expression of 
osteoblast specific genes, including collage type I and osteopontin in the induced group 
after incubation for 14 days (Lane 2) and for 21 days (Lane 3); while these genes were not 
expressed in control (Lane 1).  
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Adipogenic differentiation 

Adipogenic differentiation of the stem cells can be evidenced by positive Oil Red O staining 
(Jing et al., 2007). After incubation in adipogenic medium for 3 weeks, the stem cells 
changed their morphology, and there were many lipid droplets in the cells. The number of 
droplets increased in a time dependent manner and tiny lipid droplets aggregated to form 
larger ones. In the control, cells cultured in complete medium all through the culture process 
were not stained by Oil Red O (Figs. 13-14).  
 
 
 
 
 
 

 
 
 
 

 
 
 
 

Fig. 13. Oil red-O staining and immunofluorescence of chicken bone marrow MSCs after 
adipogenic induction. Cells stained with Oil red-O post induction at (A) day 5; (B) day 7; 
and (C) day 21; the induced chicken bone marrow MSCs are FABP positive as revealed by 
immunofluorescence; (D) phase; (E) FABP+ (F) merge of FABP and DAPI.  
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Fig. 12. Osteogenic differentiation of chicken ADSCs. (a) After incubation in osteogenic 
medium for 14 days, the cells metamorphosed from fusiform to tridimensional shapes, and 
Alizarin Red staining was positive. The nodules became more and larger with prolonged 
inducing time. About 21 days later, the nodules were obviously observed following Alizarin 
Red staining. Cells cultured in complete medium were not influenced in morphology or 
stained by Alizarin Red. Scale bars=25 μm. (b) RT-PCR assay revealed the expression of 
osteoblast specific genes, including collage type I and osteopontin in the induced group 
after incubation for 14 days (Lane 2) and for 21 days (Lane 3); while these genes were not 
expressed in control (Lane 1).  

 
Stem Cell Culture Collection-Promising Strategy for AnimalGenetic Resource Preservation 

 

163 

Adipogenic differentiation 

Adipogenic differentiation of the stem cells can be evidenced by positive Oil Red O staining 
(Jing et al., 2007). After incubation in adipogenic medium for 3 weeks, the stem cells 
changed their morphology, and there were many lipid droplets in the cells. The number of 
droplets increased in a time dependent manner and tiny lipid droplets aggregated to form 
larger ones. In the control, cells cultured in complete medium all through the culture process 
were not stained by Oil Red O (Figs. 13-14).  
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Fig. 14. Adipogenic differentiation of the ADSCs. (a) After 3-week induction, ADSCs 
metamorphosed from fibroblast-like to oblate and formed many lipid droplets in cells. 
Along with the prolongation of inducing time, droplets increased and aggregated to form 
larger ones gradually. As for negative control, cells cultured in complete medium all 
through the culture process didn’t change in morphology and wasn’t stained by Oil Red O. 
Scale bars=25 μm. (b) the expression of adipocyte specific genes, including LPL and PPAR-γ, 
were detected using RT-PCR assay in induced group at day 21 (Lane 2) and day 28 (Lane 3), 
while these genes were not expressed in control (Lane 1).  

 
 

 
 

Fig. 15. Neural differentiation of chicken bone marrow MSCs (100×) treated for (A) 1 h; (B) 3 
h; and (C) 5 h.  
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Neurogenic differentiation 

Once the induction began, cell bodies of chicken bone marrow MSCs further contracted and 
became round, triangular or cone-shaped with multi-polar processes. Processes continued to 
ramify, displaying many branches, and growing cone-like dendrites. Some cells underwent 
a long process with evident varicosities, similar to the long axon of GolgiⅠneuron (Fig. 15). 
The expression of neural markers including Nestin, NSE and GFAP then became positive 
(Fig. 16).  
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 16. Immunofluorescence detection of Nestin, NSE and GFAP expression in chicken bone 
marrow MSCs of passage 3 post 6 h neurogenic induction.  
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Cardiomyogenic differentiation 

After incubation in cardiomyogenic medium, the cells polymerized to form myotubules, 
and the myotubules increased and fused to form fascicle as time passed by. Autopulse of the 
myotubes was observed after about 21 days. There were no obvious morphological changes 
in the control group (Fig. 17).  
 

 
Fig. 17. Cardiomyogenic differentiation of chicken ADSCs. (A) The cells polymerized to 
form myotubules after culture in cardiomyogenic medium for 19 days (arrow). Around day 
28, the myotubules increased and fused to form fascicles. There was no obvious 
metamorphosis in control. Scale bar=50 μm. (B) Myocyte specific genes, Desmin and 
MyoD1, were detected via RT-PCR assay after incubation in cardiomyogenic medium for 28 
days (Lane 2), while these genes were not detected in control (Lane 1).  

3. Conclusion 
Animal genetic resources are encountering a challenging moment, for which reason 
scientists are making every effort to store the genetic materials in a long term, so that they 
can be explored completely and appropriately, however valuable they may seem from 
current point of view.  
Researchers have been making every effort to preserve and to exploit animal genetic 
resources. At present, preservation in terms of individual animals, semen, embryos, 
genomic libraries and cDNA libraries are all alternative methods. However, myriads of 
practical problems exist on the following grounds: i) endangered species and breeds are 
incredibly diversified, making it unlikely for individual preservation; ii) some key 
techniques remain flawed, ruling out semen and embryos as an option; iii) confined by 
limited self-proliferation potential, mere genome DNA or organ preservation is insufficient 
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for long term utilization; iv) despite of the proliferative properties of genomic libraries and 
cDNA libraries, they are not the basic unit of life activities, moreover, their cellular function 
can only be embodied by transgenic techniques.  
Stem cells, due to their self-renewal ability and multi-lineage differentiation potentiality, 
have attracted extensive attention in medicine and biological sciences. Preservation of stem 
cells not only inherits the merits of somatic cell preservation, but also obtains extra 
advantages owing to their intrinsic characteristics.  
It’s worth mentioning that stem cells are far from being thoroughly investigated, especially 
for the ex vivo culture system. The development relies very much on daring and creative 
attempt, as well as repetitive testing. Fortunately, in Animal Population Culture Collection 
of China (APCCC), a series of stem cell lines from animal embryos and adults, such as 
primordial germ cells, bone marrow mesenchymal stem cells, neural stem cells, cardiac 
progenitor cells, endothelium progenitor cells, adipose stem cells and umbilical cord 
mesenchymal stem cells have been established and cyropreserved, which serve for the 
preservation of animal genetic resources after identification for their biological 
characteristics and multi-lineage differentiation potentials. Comprehensive assays, including 
morphology, microbial contamination, isozyme testing, karyotype, growth dynamics and 
surface antigen detection, are performed. After serial passage cell growth curves still display 
typical "S" types; microbial tests are all negative; isozyme patterns maintain specificity; and 
cells possess sound chromosome genetic stability. Exogenous genes are introduced into 
stem cells and get stable expression, testifying the cell lines have good performance at gene 
expression level. The identification results show that the established stem cell lines have 
stable and normal biological properties, meeting all the cell line quality control standards 
enacted by American Type Culture Collection (ATCC). Furthermore, the preserved cells 
retain good stem characteristics. Molecular markers are detected for the proof of their 
identity. Multi-germ-layer differentiation potential are tested, including the differentiation 
to ectoderm cells represented by neural cells, to mesoderm cells, e.g. the osteoblasts, 
adipocytes and cardiac muscle cells, and to endoderm cells, mainly epithelial cells.  
In this sense, the APCCC has established a set of technical system suitable for the 
preservation of animal genetic resources in terms of stem cells, which is promising in 
generalizing to all kinds of animal species, therefore effectively protecting genetic treasures 
shaped in millions of years.  
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MSCs Mesenchymal stem cells 
NSCs Neural stem cells 
NSPCs Neural stem and progenitor cells 
PDT Population doubling time 
PGCs Primordial germ cells 
SCs Satellite cells 
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1. Introduction 
Embryonic stem cells (ESCs) are pluripotent and self-renewing cells that are derived from 
the inner cell mass (ICM) of the developing blastocysts (Evans and Kaufman, 1981; Martin, 
1981). ESCs have the ability to maintain self-renewal and to differentiate into all types of 
cells. With respect to primates, ESCs were first established from the rhesus monkey (Macaca 
mulatta) (Thomson et al., 1995) and subsequently from humans (Thomson et al., 1998). 
Human ESCs are of particular interest because of their potential application to regenerative 
medicine and drug discovery. In addition, human ESCs may provide insights into human 
embryo development in culture. Therefore, identification of the molecular mechanisms that 
govern human ESC self-renewal, differentiation and proliferation is of considerable interest.  
A small number of genes, the so-called ”core transcription factors”, is thought to have a 
central role in the control of the stem cell state in concert with other genes including other 
transcription factors. The ESC state is largely governed by three core transcription factors, 
OCT4, SOX2, and NANOG. In the mouse, Oct4 and Nanog have a distinctive expression 
pattern in ESCs and during embryonic development, and genetic and molecular analyses 
have shown that both genes have essential roles for maintaining the stable pluripotent state 
(Chambers et al., 2003; Mitsui et al., 2003; Nichols et al., 1998; Niwa et al., 2000). By contrast, 
Sox2 is widely expressed during embryonic development and occurs not only in the inner 
cell mass and epiblast but also in neural tissues, extra embryonic ectoderm, gut endoderm, 
esophagus and trachea (Avilion et al., 2003; Williamson et al., 2006; Wood and Episkopou, 
1999). Indeed, SOX2 is required for development during the peri-implantation period, and 
is required for trophoblast formation and neural development (Avilion et al., 2003; 
Kelberman et al., 2006; Taranova et al., 2006). Oct4 acts as a heterodimer with Sox2 in mouse 
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is required for trophoblast formation and neural development (Avilion et al., 2003; 
Kelberman et al., 2006; Taranova et al., 2006). Oct4 acts as a heterodimer with Sox2 in mouse 
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ESCs; Sox2 assigns a position for key regulators for the maintenance of mouse ESCs with 
undifferentiated state (Ambrosetti et al., 2000; Avilion et al., 2003; Masui et al., 2007).  
Mouse ESCs have often been used as a model system for human ESCs. However, various 
differences are known to exist between the ESCs of the two species, including the molecular 
mechanisms for self-renewal. For example, the LIF/STAT3 pathway is involved in mouse ESC 
self-renewal (Niwa et al., 1998), but is dispensable in human ESCs (Daheron et al., 2004; 
Humphrey et al., 2004). Moreover, BMP4 signaling is required for the maintenance of self-
renewal in mouse ESCs grown in serum-free medium, and acts by inhibiting neural 
differentiation (Ying et al., 2003). However, the addition of BMP4 to human ESC culture 
promotes primitive endoderm or trophectoderm differentiation (Pera et al., 2004; Xu et al., 
2002). These inter-species differences have become a highly contentious issue following the 
establishment of a new type of pluripotent cell line called EpiSCs (Brons et al., 2007; Tesar et 
al., 2007). EpiSCs were first established by explanting late epiblast from mouse embryos; these 
explanted cells expressed the core transcription factors Oct4, Sox2 and Nanog. EpiSCs can 
differentiate into three germ layers but they are inefficient in generating chimeras, suggesting 
that they have a more limited developmental potential than ESCs. Interestingly, mouse EpiSCs 
and human ESCs have similar growth requirements and gene expression patterns, and both 
types of cells are distinguishable from mouse ESCs. It is unclear whether human ESCs are 
really a counterpart of mouse EpiSCs, since EpiSCs have not been extensively studied to date.  
Disregarding the issue of EpiSCs, mouse and human ESCs are believed to have similar 
molecular mechanisms for maintenance of the undifferentiated state. Chromatin 
immunoprecipitation (ChIP) assays combined with genome-wide location methodologies 
showed that in both human and mouse ESCs, OCT4, SOX2 and NANOG have common 
target sites within the regulatory regions of many genes. This is true of active, highly 
expressed genes, such as OCT4, SOX2 and NANOG themselves, and inactive genes, such as 
developmental regulators that maintain the pluripotent state (Boyer et al., 2005; Loh et al., 
2006). Downregulation of OCT4 in mouse and human ESCs induces trophectoderm 
differentiation (Babaie et al., 2007; Hay et al., 2004; Matin et al., 2004; Niwa et al., 2000; 
Zaehres et al., 2005). By contrast, overexpression of OCT4 induces ESCs to differentiate into 
endoderm or mesoderm cells (Niwa et al., 2000; Rodriguez et al., 2007). Reduction in 
expression of NANOG in mouse ESCs induces endoderm differentiation (Chambers et al., 
2003; Mitsui et al., 2003), while in human ESCs, it induces both endoderm and 
trophectoderm differentiation (Hyslop et al., 2005; Zaehres et al., 2005). Overexpression of 
NANOG promotes stabilization of an undifferentiated state in ESCs. Mouse ESCs can 
maintain an undifferentiated state in the absence of LIF (Chambers et al., 2003; Chambers et 
al., 2007; Mitsui et al., 2003). The human ESCs allows feeder-free growth or growth without 
conditioned medium from feeder cells (Darr et al., 2006). In mouse ESCs, repression of Sox2 
expression induces trophectoderm differentiation (Masui et al., 2007), whereas 
overexpression induces non-specific lineage differentiation, neuronal differentiation or 
massive cell death (Kopp et al., 2008; Mitsui et al., 2003; Zhao et al., 2004). Furthermore, 
Sox2-deficient mice are defective in the maintenance of ICM/epiblast and trophoblast 
development (Avilion et al., 2003), leading to the conclusion that SOX2 may have an 
important role in trophoblast development as well as in ESC maintenance. However, the 
role of SOX2 in human ESCs is not fully understood.  
Reprogramming of somatic cells into induced pluripotent stem (iPS) cells provides another 
approach to investigating the nature of the undifferentiated state in ESCs. Surprisingly, the 
overexpression of only four transcription factors, Oct4, Sox2, Klf4 and c-Myc, can convert 
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somatic fibroblasts to pluripotent cells that can contribute to the germline in chimeric mice, 
similarly to ESCs (Okita et al., 2007; Takahashi and Yamanaka, 2006; Wernig et al., 2007). 
Reprogramming can be induced not only by Oct4, Sox2, Klf4 and c-Myc but also by use of 
combinations including Nanog, Lin28 and other genes. Generally, overexpression of Sox2 is 
required unless the somatic cells already have endogenous Sox2 expression (Hanna et al., 
2010; Stadtfeld and Hochedlinger, 2010). Moreover, the level of SOX2 expression has a direct 
effect on the rate of direct reprogramming of somatic cells to iPSCs (Yamaguchi et al., 2011). 
These results provide further support for the assumption that SOX2 has a definitive role in 
the maintenance of ESCs.  
In this study, we investigated the role of SOX2 in human ESCs by manipulating the level of 
SOX2 expression. We show that depletion or overexpression of SOX2 in human ESCs 
induced trophectoderm differentiation. We further showed that overexpression of SOX2 
during human ESC differentiation promoted neural and glandular epithelium development.  

2. The role of SOX2 in maintaining pluripotency and differentiation of human 
ESCs 
2.1 The role of SOX2 in maintaining pluripotency of human ESCs 
2.1.1 Depletion of SOX2 in human ESCs induces trophectodermal and some 
endodermal differentiation 
To investigate the role of SOX2 in human ESCs, we used a small interfering RNA (siRNA) to 
knockdown gene expression. We first optimized the protocol by examining the effect of a 
previously described siRNA on OCT4 expression in the KhES1 cell line (Dharmacon ID D-
019591-05) (Babaie et al., 2007) (a detailed protocol is described in Adachi et al., 2010). This 
siRNA reduced OCT4 expression in our protocol as determined by quantitative real-time PCR 
(Q-PCR) (Figure 1A) and Western blotting (40-, 44-kDa signal, Figure 1B), indicating that this 
protocol was appropriate for the study. Next, we analyzed the levels of SOX2 expression in 
KhES1 cells transfected with a range of siRNAs, since selection of appropriate siRNA 
sequences was crucial to the study. Overall, we found that D-011778-01 siRNA (Dharmacon) 
was the most effective of the tested siRNAs.  A Q-PCR analysis indicated that D-011778-01 
siRNA reduced SOX2 mRNA expression to 25% of the control level (Fig. 1A). Western blotting 
confirmed a reduction in the level of SOX2 protein in the cells (34-kDa signal, Figure 1B). SOX2 
repression in human ESCs caused changes to cell morphology from 48 hours post-transfection. 
Cells with enlarged nuclei and a flattened morphology were present after 72 hours. These 
morphological changes were accompanied by a reduction in the SOX2 protein level as 
determined by immunohistochemistry (Fig. 1C). In addition, the cells showed downregulated 
expression of ESC-specific surface markers, anti-stage specific embryonic antigen (SSEA)-4, 
anti-tumor rejection antigens (TRA)-1-60 and TRA-1-81, and also upregulated expression of 
the differentiation marker SSEA-1 (Fig. 1D, and data not shown). These results indicate that 
SOX2 expression may be required for maintenance of human ESCs in a pluripotent state.   
As mentioned earlier, three core transcription genes, OCT4, SOX2 and NANOG, are thought 
to form an interconnected autoregulatory loop in human ESCs (Boyer et al., 2005; Loh et al., 
2006). In agreement with previous reports, OCT4 knockdown in human ESCs caused a 
decrease in both NANOG and SOX2 levels to 10-30% of the control level, indicating that 
OCT4 may regulate expression of these core transcription factors. In the KhES1 cells with 
knockdown of SOX2, the OCT4 transcript level was slightly decreased, while the NANOG 
level decreased to 60% of the control (Fig. 1A). When we examined another human ESC line, 
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ESCs; Sox2 assigns a position for key regulators for the maintenance of mouse ESCs with 
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renewal in mouse ESCs grown in serum-free medium, and acts by inhibiting neural 
differentiation (Ying et al., 2003). However, the addition of BMP4 to human ESC culture 
promotes primitive endoderm or trophectoderm differentiation (Pera et al., 2004; Xu et al., 
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development (Avilion et al., 2003), leading to the conclusion that SOX2 may have an 
important role in trophoblast development as well as in ESC maintenance. However, the 
role of SOX2 in human ESCs is not fully understood.  
Reprogramming of somatic cells into induced pluripotent stem (iPS) cells provides another 
approach to investigating the nature of the undifferentiated state in ESCs. Surprisingly, the 
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confirmed a reduction in the level of SOX2 protein in the cells (34-kDa signal, Figure 1B). SOX2 
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Cells with enlarged nuclei and a flattened morphology were present after 72 hours. These 
morphological changes were accompanied by a reduction in the SOX2 protein level as 
determined by immunohistochemistry (Fig. 1C). In addition, the cells showed downregulated 
expression of ESC-specific surface markers, anti-stage specific embryonic antigen (SSEA)-4, 
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the differentiation marker SSEA-1 (Fig. 1D, and data not shown). These results indicate that 
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As mentioned earlier, three core transcription genes, OCT4, SOX2 and NANOG, are thought 
to form an interconnected autoregulatory loop in human ESCs (Boyer et al., 2005; Loh et al., 
2006). In agreement with previous reports, OCT4 knockdown in human ESCs caused a 
decrease in both NANOG and SOX2 levels to 10-30% of the control level, indicating that 
OCT4 may regulate expression of these core transcription factors. In the KhES1 cells with 
knockdown of SOX2, the OCT4 transcript level was slightly decreased, while the NANOG 
level decreased to 60% of the control (Fig. 1A). When we examined another human ESC line, 
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HES-3, we found that D-011778-01 siRNA reduced SOX2 expression to 28% of the control. In 
this cell line, the OCT4 and NANOG transcript levels decreased to 60% and 55% of the 
control, respectively. These results indicate that SOX2 may play a role in regulating 
expression of NANOG and, perhaps, OCT4. Future studies using SOX2-deficient human 
ESCs should provide conclusive evidence on whether SOX2 regulates the expression of 
OCT4 and NANOG.  
Our data indicate that SOX2 expression is required to maintain human ESCs in an 
undifferentiated state, although the exact differentiation status of the cells was uncertain. 
Immunohistochemical analysis showed that the majority of SOX2 downregulated cells 
(98.5%, n = 200) were positive for the trophectodermal marker cytokeratin 8, and a small 
population of cells with downregulation of SOX2 were positive for the endodermal marker 
GATA6 (0.8%, n = 1,000) (Fig. 1E). We could not detect any increase in other linage markers 
including the ectodermal marker PAX6 and the mesodermal marker brachyury (T) homolog 
(K.A. and E.K., unpublished observation). Q-PCR showed that SOX2 knockdown in human 
ESCs resulted in upregulation of the trophectodermal markers EOMES, BMP4 and HAND1 
at 72 hours after transfection. Interestingly, CDX2 was not significantly upregulated (Fig. 
1F). Upregulation of trophectodermal markers, except CDX2, was also present at 48 hours 
after transfection. At this time point, GATA3 was upregulated (Fig 1G). GATA3 is a gene 
expressed in the trophectoderm; Gata3 directly regulates Cdx2 transcription via a conserved 
GATA motif at the intron 1 region of the Cdx2 locus in the mouse (Home et al., 2009). Thus, 
CDX2 shows an exceptional expression pattern compared to other early trophectodermal 
markers, possibly indicating that in these cells some other gene may be involved in its 
regulation. We also found that expression of the endodermal markers GATA6 and FOXA2 
was upregulated in cells with downregulation of SOX2 (Fig. 1F). Furthermore, expression of 
ectodermal and mesodermal markers in SOX2 siRNA transfected cells was not significantly 
altered relative to controls. However, we observed that the ectodermal marker OTX1 and 
the mesodermal marker VIM were upregulated. Thus, the results from assays of transcripts 
were consistent with the immunohistological observations. Taken together with similar 
results from the HES-3 cell line, we conclude that SOX2 expression maintains ESC 
pluripotency by suppressing trophectodermal and, to a lesser extent, endodermal 
differentiation.   
It was previously shown that reduction in SOX2 expression in human ESCs resulted in the 
loss of the undifferentiated state with an associated increase in the expression of 
trophectoderm lineage markers including CDX2 (Fong et al., 2008). However, in this study, 
human ESCs were cultured with mouse MEF feeder cells; consequently, it was not possible 
to exclude the possibility that the feeder cells also influenced the undifferentiated or 
differentiated state of the ESCs. In this study, we used a feeder-free culture system and were 
thus able to address directly the effect of SOX2 reduction on human ESCs. Our results 
without feeder cells showed that CDX2 was not upregulated in cells with suppressed 
expression of SOX2; this finding is consistent with previous results from ES cells of the Sox2 
null mouse (Masui et al., 2007). Furthermore, our results were the first to show that a 
reduction in SOX2 expression in human ESCs specifically caused differentiation of 
endoderm as well as trophectoderm. A lack of SOX2 has been found to induce 
differentiation into trophectoderm or extraembryonic endoderm cells from the 
ICM/epiblast lineage in mouse embryos (Avilion et al., 2003), consistent with our results in 
human ESCs. Thus, we believe that feeder cells may bias against the intrinsic lineage 
differentiation in human ESCs. Our analysis of human ESCs in a feeder cell-free culture 
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system identified new roles for SOX2. Clearly, this system could be also be used to 
investigate the role of other genes in human ESCs.  
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ESCs should provide conclusive evidence on whether SOX2 regulates the expression of 
OCT4 and NANOG.  
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population of cells with downregulation of SOX2 were positive for the endodermal marker 
GATA6 (0.8%, n = 1,000) (Fig. 1E). We could not detect any increase in other linage markers 
including the ectodermal marker PAX6 and the mesodermal marker brachyury (T) homolog 
(K.A. and E.K., unpublished observation). Q-PCR showed that SOX2 knockdown in human 
ESCs resulted in upregulation of the trophectodermal markers EOMES, BMP4 and HAND1 
at 72 hours after transfection. Interestingly, CDX2 was not significantly upregulated (Fig. 
1F). Upregulation of trophectodermal markers, except CDX2, was also present at 48 hours 
after transfection. At this time point, GATA3 was upregulated (Fig 1G). GATA3 is a gene 
expressed in the trophectoderm; Gata3 directly regulates Cdx2 transcription via a conserved 
GATA motif at the intron 1 region of the Cdx2 locus in the mouse (Home et al., 2009). Thus, 
CDX2 shows an exceptional expression pattern compared to other early trophectodermal 
markers, possibly indicating that in these cells some other gene may be involved in its 
regulation. We also found that expression of the endodermal markers GATA6 and FOXA2 
was upregulated in cells with downregulation of SOX2 (Fig. 1F). Furthermore, expression of 
ectodermal and mesodermal markers in SOX2 siRNA transfected cells was not significantly 
altered relative to controls. However, we observed that the ectodermal marker OTX1 and 
the mesodermal marker VIM were upregulated. Thus, the results from assays of transcripts 
were consistent with the immunohistological observations. Taken together with similar 
results from the HES-3 cell line, we conclude that SOX2 expression maintains ESC 
pluripotency by suppressing trophectodermal and, to a lesser extent, endodermal 
differentiation.   
It was previously shown that reduction in SOX2 expression in human ESCs resulted in the 
loss of the undifferentiated state with an associated increase in the expression of 
trophectoderm lineage markers including CDX2 (Fong et al., 2008). However, in this study, 
human ESCs were cultured with mouse MEF feeder cells; consequently, it was not possible 
to exclude the possibility that the feeder cells also influenced the undifferentiated or 
differentiated state of the ESCs. In this study, we used a feeder-free culture system and were 
thus able to address directly the effect of SOX2 reduction on human ESCs. Our results 
without feeder cells showed that CDX2 was not upregulated in cells with suppressed 
expression of SOX2; this finding is consistent with previous results from ES cells of the Sox2 
null mouse (Masui et al., 2007). Furthermore, our results were the first to show that a 
reduction in SOX2 expression in human ESCs specifically caused differentiation of 
endoderm as well as trophectoderm. A lack of SOX2 has been found to induce 
differentiation into trophectoderm or extraembryonic endoderm cells from the 
ICM/epiblast lineage in mouse embryos (Avilion et al., 2003), consistent with our results in 
human ESCs. Thus, we believe that feeder cells may bias against the intrinsic lineage 
differentiation in human ESCs. Our analysis of human ESCs in a feeder cell-free culture 
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Fig. 1. Depletion of SOX2 in human ESCs induces trophectodermal and some endodermal 
differentiation.  
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Transfection with SOX2 siRNA reduced SOX2 mRNA levels to approximately 25% of the 
negative control (Nega Control siRNA). OCT4 and NANOG mRNA levels also decreased. 
(B) Western blotting analysis of SOX2 protein levels at 72 hours after siRNA transfection. 
Both mouse and human SOX2 protein was detected as a 34 kDa band (indicated by arrow). 
Decreased levels of SOX2 protein was present in human ESCs after transfection with SOX2 
or OCT4 siRNAs. Lamin B1 and GAPDH was used as loading controls.  (C) Morphology of 
KhES1 cells 72 hours after transfection with either Nega Control siRNA or SOX2 siRNA. The 
level of SOX2 protein was confirmed by immunohistochemistry. (D) SOX2 knockdown cells 
showed downregulation of the ESC-specific surface marker SSEA-4 and upregulation of the 
differentiation marker SSEA-1. (E) Immunohistochemical detection of the trophectodermal 
marker cytokeratin 8 (98.5%, n = 200) and endodermal marker GATA6 (0.8%, n = 1,000) in 
SOX2-downregulated cells. (F, G) SOX2 knockdown in human ESCs resulted in 
upregulation of the trophectodermal markers EOMES, BMP4 and HAND1 (F, G) and 
endodermal markers GATA6 and FOXA2 (F).  The Q-PCR data (A, D) represent the means 
(white bar for Nega control siRNA, and gray bar for SOX2 siRNA) ± SEM relative to the 
negative control (=1.0). The assays were normalized to GAPDH. The transfection 
experiments were carried out three times in triplicate (n = 9) for KhES1 cells (A, E) and twice 
(n = 6) for HES-3 cells (A). Statistical significance of the results was assessed using the 
Student’s t-test. Scale bars = 100 mm (C, D, E).  Analyses were performed at 48 hours (G) or 
72 hours (others) after transfection. Abbreviations: GSC, goosecoid homeobox. This figure is 
modified from (Adachi et al., 2010).  

2.1.2 Overexpression of SOX2 in human ESCs induces trophectodermal 
differentiation 
We used a lipofection method to induce transient SOX2 overexpression in human ESCs and 
analyzed the effects with an RT-PCR analysis (Adachi et al., 2010). We monitored SOX2 
expression for 72 hours after transfection. SOX2 expression levels peaked at 24 hours post-
transfection and, thereafter, the levels decreased. An immunohistochemical analysis 
indicated that about 20% of the human ESCs overexpressed the SOX2 protein. When 
compared with wild type or mock transfected cells, SOX2 overexpressing cells showed 
significant upregulation of the early trophectodermal markers EOMES or CDX2, but not of 
later trophectodermal markers, such as BMP4 or the glycoprotein hormones alpha chain. By 
contrast, the expression patterns were not changed in the endodermal markers GATA6 and 
alpha-fetoprotein (AFP), the mesodermal markers goosecoid homeobox (GSC) and 
brachyury (T) homolog or the ectodermal markers PAX6, OTX1 and OTX2. Interestingly, we 
did not detect significant downregulation of the pluripotency markers OCT4 and NANOG. 
Thus, transient overexpression of SOX2 in human ESCs may induce expression of early 
trophectodermal genes, but this was not sufficient for re-specification of the cells into the 
trophectoderm lineage.  
In order to achieve constitutive overexpression of SOX2 in human ESCs, we used the Tet-
On/Off system of monkey ESCs and developed this for human ESCs (Adachi et al., 2006; 
Adachi et al., 2010). We isolated two independent cell lines (#14 and #27) that showed 
doxycycline (Dox)-induced SOX2 expression in a dose-dependent manner. Human ESCs, in 
general, are sensitive to chemicals and we found that high levels of Dox (more than 
2 mg/ml) had some detrimental effects on the survival of wild-type human ESCs (data not 
shown). Therefore, we used 1 mg/ml Dox in our experiments. Human ES clones #14 and 
#27 were morphologically indistinguishable from parental KhES1 ESCs when cultured 
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KhES1 cells 72 hours after transfection with either Nega Control siRNA or SOX2 siRNA. The 
level of SOX2 protein was confirmed by immunohistochemistry. (D) SOX2 knockdown cells 
showed downregulation of the ESC-specific surface marker SSEA-4 and upregulation of the 
differentiation marker SSEA-1. (E) Immunohistochemical detection of the trophectodermal 
marker cytokeratin 8 (98.5%, n = 200) and endodermal marker GATA6 (0.8%, n = 1,000) in 
SOX2-downregulated cells. (F, G) SOX2 knockdown in human ESCs resulted in 
upregulation of the trophectodermal markers EOMES, BMP4 and HAND1 (F, G) and 
endodermal markers GATA6 and FOXA2 (F).  The Q-PCR data (A, D) represent the means 
(white bar for Nega control siRNA, and gray bar for SOX2 siRNA) ± SEM relative to the 
negative control (=1.0). The assays were normalized to GAPDH. The transfection 
experiments were carried out three times in triplicate (n = 9) for KhES1 cells (A, E) and twice 
(n = 6) for HES-3 cells (A). Statistical significance of the results was assessed using the 
Student’s t-test. Scale bars = 100 mm (C, D, E).  Analyses were performed at 48 hours (G) or 
72 hours (others) after transfection. Abbreviations: GSC, goosecoid homeobox. This figure is 
modified from (Adachi et al., 2010).  

2.1.2 Overexpression of SOX2 in human ESCs induces trophectodermal 
differentiation 
We used a lipofection method to induce transient SOX2 overexpression in human ESCs and 
analyzed the effects with an RT-PCR analysis (Adachi et al., 2010). We monitored SOX2 
expression for 72 hours after transfection. SOX2 expression levels peaked at 24 hours post-
transfection and, thereafter, the levels decreased. An immunohistochemical analysis 
indicated that about 20% of the human ESCs overexpressed the SOX2 protein. When 
compared with wild type or mock transfected cells, SOX2 overexpressing cells showed 
significant upregulation of the early trophectodermal markers EOMES or CDX2, but not of 
later trophectodermal markers, such as BMP4 or the glycoprotein hormones alpha chain. By 
contrast, the expression patterns were not changed in the endodermal markers GATA6 and 
alpha-fetoprotein (AFP), the mesodermal markers goosecoid homeobox (GSC) and 
brachyury (T) homolog or the ectodermal markers PAX6, OTX1 and OTX2. Interestingly, we 
did not detect significant downregulation of the pluripotency markers OCT4 and NANOG. 
Thus, transient overexpression of SOX2 in human ESCs may induce expression of early 
trophectodermal genes, but this was not sufficient for re-specification of the cells into the 
trophectoderm lineage.  
In order to achieve constitutive overexpression of SOX2 in human ESCs, we used the Tet-
On/Off system of monkey ESCs and developed this for human ESCs (Adachi et al., 2006; 
Adachi et al., 2010). We isolated two independent cell lines (#14 and #27) that showed 
doxycycline (Dox)-induced SOX2 expression in a dose-dependent manner. Human ESCs, in 
general, are sensitive to chemicals and we found that high levels of Dox (more than 
2 mg/ml) had some detrimental effects on the survival of wild-type human ESCs (data not 
shown). Therefore, we used 1 mg/ml Dox in our experiments. Human ES clones #14 and 
#27 were morphologically indistinguishable from parental KhES1 ESCs when cultured 
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under standard human ESC culture conditions. The addition of 1 mg/ml Dox to the 
medium resulted in a two- to four-fold increase in SOX2 expression (as determined by Q-
PCR) on day 5. From day 3 of culture, 30-50% of the human ESC colonies displayed a 
flattened morphology in their middle. Moreover, SOX2 overexpression in human ESCs 
induced upregulation of the trophectodermal markers EOMES and CDX2, but not of other 
lineage markers as determined by semi-quantitative RT-PCR and Q-PCR analysis (data not 
shown). After day 5, immunohistochemical staining showed that SOX2 overexpression in 
human ESCs resulted in trophectoderm differentiation. Exposure to Dox increased SOX2 
expression (Figure 2A); however, the levels of expression of OCT4 and NANOG, which are 
essential for maintenance of the undifferentiated state, decreased in these cells (Figure 2B-
C). Furthermore, SOX2 overexpression in human ESCs upregulated the expression of a 
differentiation cell surface marker SSEA-1 (Figure 2D). This result further supports the 
notion that SOX2 overexpression induces differentiation in human ESCs. We found that 
there was a substantial increase in the expression of the trophectoderm marker cytokeratin 8 
(Figure 2E), but there were no significant increases in expression of the endoderm marker 
GATA6, the ectoderm marker PAX6 or the mesoderm marker brachyury (data not shown). 
Finally, we found that CDX2 expression could be detected in cells with the morphological 
appearance of trophectoderm, consistent with our Q-PCR results. Following a further 2 days 
induction (day 7), we found that the number of cells expressing CGα increase more than 10-
fold (Fig. 2G). Interestingly, immunohistochemical staining did not detect increases in other 
trophectodermal, placental lactogen positive cells among SOX2-overexpressing cells (data 
not shown).  
Taken together, our observations indicate that overexpression of SOX2 in human ESCs 
resulted in trophectodermal differentiation accompanied by increased CDX2 expression. On 
the basis of the decrease in expression of OCT4 and NANOG, the increase in expression of 
trophectoderm markers, and the absence of a significant increase in expression of other 
lineage markers, we concluded that overexpression of SOX2 in human ESCs causes 
trophectoderm differentiation.   
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Fig. 2. Overexpression of SOX2 in human ESCs induces trophectodermal differentiation.  
Immunohistochemical staining at day 5 (A-F) or day 7 (G) after induction of SOX2 
overexpression. (A) DOX induces increased SOX2 expression compared to control human 
ESCs. (B, C) Overexpression of SOX2 repressed expression of the core transcription factors 
OCT4 (B) and NANOG (C) in human ESCs. (D) SOX2 overexpression in human ESCs 
resulted in upregulation of the differentiation marker SSEA-1. (E-G) Immunohistochemical 
staining of trophectoderm for cytokeratin 8, CDX2 and CGA. (E) Increased cytokeratin 8 
expression was induced by SOX2 overexpression compared to control cells. (F) CDX2 was 
only detected in human ESCs overexpressing SOX2. (G) A few CGA positive cells were 
present in control samples, but a more than 10 fold increase in positive cells with stronger 
fluorescence was present after SOX2 overexpression. Scale bars = 100 mm. Abbreviations: 
Dox, doxycycline; -Dox, without Dox in the medium; +Dox, with Dox in the medium; CGA, 
glycoprotein hormones alpha chain. This figure is adapted from (Adachi et al., 2010).   

2.1.3 Expansion of CDX2 positive cells from SOX2-overexpressing human ESCs 
Our investigation demonstrated that overexpression of SOX2 induced trophectoderm 
differentiation, which was accompanied by an increase in CDX2 expression. Cdx2 is 
essential for the maintenance of trophoblast stem (TS) cells in the mouse (Niwa et al., 2005). 
Therefore, we speculated whether overexpression of SOX2 in human ESCs could induce TS-
like cells and/or expansion of trophoblast cells under mouse TS cell culture conditions. At 
day 4, human ESCs that had been induced by Dox to overexpress SOX2 started to change 
morphologically, to resemble trophoblast-like cells prior to flattening. The cells continued to 
proliferate, while retaining immunohistochemically positive staining for CDX2 (Figure 3A, 
B). On rare occasions, CDX2 positive cells were found in wild type or non-Dox induced 
human ESCs (Figure 3B).   
CDX2 positive cells were detected for 3 to 4 weeks after Dox induction. Most of the CDX2 
positive cells formed a glandular epithelium-like structure on the feeder cells (Figure 3C I). 
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Cells that were morphologically similar to mouse TS-like cells surrounded these structures, 
but CDX2 expression was weak or undetectable by immunohistochemistry in the majority of 
the cells (data not shown). A minority of the cells was CDX2 positive, and may represent 
candidate human TS cells (Figure 3C II). The numbers of other trophoblast cells that were 
positive for CGα immunohistochemical staining (data not shown) also greatly increased. 
Thus, under mouse TS cell culture conditions, overexpression of SOX2 in human ESCs 
resulted in an increase in the rate of differentiation of trophoblast cells. However, the 
majority of the trophoblast cells lost CDX2 expression, thereby preventing derivation of 
human TS cell lines. SOX2 overexpression was therefore not sufficient for maintenance of 
CDX2 expression in the TS-like cells. Instead, these culture conditions induced an increase in  
 

 
Fig. 3. Expansion of trophoblast and glandular epithelium cells from human ESCs by SOX2 
overexpression using the TS cell culture medium. 
(A) Initial morphological changes in trophoblast-like cells differentiating from human ESCs. 
Trophoblast-like cells were detectable at day 4 after induction of SOX2 overexpression. (B,C) 
Immunohistochemical staining for the trophectoderm marker CDX2. (B) CDX2 was only 
detected in human ESCs induced to overexpress SOX2. No CDX2 positive cells were present 
in parental cell lines or double transfected cell lines without Dox treatment. (C) CDX2 
positive cells were detected one month after Dox induction. (I) Glandular epithelium-like 
cells, (II) putative TS-like cells. Scale bars = 100 mm.  
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the number of CDX2 positive putative glandular epithelium-like cells, which showed more 
rapid proliferation than putative TS cells. Glandular differentiation did not occur only in 
response to SOX2 overexpression in human ESCs, suggesting that initiation of glandular 
epithelium differentiation is not related to SOX2 overexpression.   

2.2 Increased SOX2 expression in human ESCs induces differentiation of neural and 
glandular epithelium  
The teratoma formation assay has often been used to investigate the developmental 
potential of ESCs. We, therefore, used this assay to determine whether SOX2 overexpression 
in human ESCs enabled formation of trophoblastic tumors or caused them to develop into 
other tissues. To examine the effect of SOX2 overexpression during human ESC 
differentiation, we injected the double-transfected ES clones (lines #14 and #27) 
subcutaneously into the backs of SCID mice and monitored their differentiation with or 
without Dox treatment. Under this system, SOX2 should be an effective inducer of 
differentiation not only for human ESCs but also their differentiated descendants (Figure 
4A) Parental human ESC lines formed teratomas comprised of all three germ layers in the 
presence or absence of Dox treatment (Suemori et al., 2006; data not shown). Similarly, 
double-transfected ES clones formed teratomas comprised of all three germ layers in the 
absence of Dox treatment (Figure 4B, data not shown). However, after Dox treatment (i.e. 
SOX2 overexpression conditions), the double-transfected ES clones did not form teratomas 
like those observed in the absence of Dox. In this case, the teratomas were mainly comprised 
of neural epithelium and glandular epithelium (Figure 4C). We were unable to investigate 
how glandular epithelium differentiated from human ESCs. Glandular epithelium can 
differentiate from extraembryonic trophoblastic tissue and also the embryo proper, such as 
from gut or lung tissues, where SOX2 is expressed during development. Our results from 
use of the mouse TS cell culture protocol indicated that glandular epithelium could 
differentiate from human ESCs with or without SOX2 overexpression, and may suggest that 
SOX2 increases expansion of cell numbers rather than inducing initial differentiation.  
By contrast to culture of mouse ESCs, we had to remove differentiated colonies to enable 
continual culture of human ESCs. As described earlier, we did not detect any cells at day 5 
that were positive for the neuronal marker PAX6 among SOX2-overexpressing human ESCs. 
Two days later, PAX6-positive cells could be detected but only in the piled-up, embryoid 
body-like differentiated colonies formed by SOX2-overexpressing cells (K.A. and E.K., 
unpublished observation). We believe that SOX2 overexpression promoted expansion of 
PAX6-positive neural cells or neural progenitors rather than neuronal differentiation from 
human ESCs. In combination with our cell culture data, these observations indicated that 
overexpression of SOX2 enhanced specific-lineage development of neural and glandular 
epithelium in differentiating human ESCs.  

2.3 A putative model of SOX2 function in human ESCs 
We have shown that the regulated expression of SOX2 plays an important role in the 
maintenance of pluripotency in human ESCs. Decrease or increase of the level of SOX2 
expression resulted in human ESCs differentiating into the trophectodermal lineage. 
However, our results also suggest that trophectodermal differentiation may occur through 
different pathways. Although trophectoderm genes were upregulated in human ESCs with 
either repression or overexpression of SOX2, as determined by mRNA and protein studies, 
CDX2 expression was exceptional and seemed to alter in concert with the level of expression 
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of SOX2. Overexpression of either CDX2 or EOMES induces differentiation of mouse ESCs 
into the trophectoderm lineage (Niwa et al., 2005). OCT4 and SOX2 are known to interact 
physically and co-occupy many sites in ES cells, including those on the EOMES gene (Boyer 
et al., 2005). In our study, EOMES was significantly upregulated upon SOX2 repression in 
human ESCs, whereas CDX2 was not, suggesting that induction of EOMES by SOX2 
repression in human ESCs may be a key step in trophectodermal differentiation. In contrast, 
overexpression of SOX2 in human ESCs and activation of CDX2 expression may be key for 
trophectodermal differentiation. In this study, we found that SOX2 overexpression in 
human ESCs resulted in decreased expression of OCT4 and NANOG, leading to activation 
of trophectodermal genes. Indeed, OCT4 repression induces CDX2 and EOMES expression 
in human ESCs (Babaie et al., 2007; K.A. and E.K., unpublished data). It will be interesting to 
determine how SOX2 overexpression reduces stem cell related genes while, at the same  
 

 
Fig. 4. Induction of teratomas by transplantation of human ESCs overexpressing SOX2.  
(A) SOX2 overexpression was effective for both human ES cells and their descendants. (B) In 
the absence of Dox, human ESCs generated teratomas composed of all three germ layers. (C) 
SOX2 overexpressing ESCs induced by Dox in drinking water produced teratomas 
composed mainly of neuronal and glandular epithelium-like tissue. Scale bars = 100 mm.  
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time, increasing trophectodermal lineage genes. Elucidation of this process may provide 
novel insights into the gene regulatory networks for human ESC maintenance and 
differentiation. 

3. Conclusion 
In summary, the regulation of SOX2 expression is essential for maintaining the pluripotent 
state of human ESCs. Both SOX2 downregulation and upregulation caused trophectodermal 
differentiation. SOX2 overexpression also promoted neural and glandular epithelium 
tissues during human ESC differentiation as a late or secondary effect. Our results 
demonstrate that in human ESCs, SOX2 plays an important role in the maintenance of 
pluripotency and, possibly, trophoblast, neural and glandular epithelium development.   
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1. Introduction 
Stem cells are a rare population of cells that have the ability to self-renew (to replenish the 
stem cell pool) and to differentiate (to produce daughter cells that will perform the 
physiological functions of tissues and organs). Although stem cells exist in different tissues, 
organs, and developmental stages. However, stem cells differ to some degree with regard to 
their developmental potency; life span, and notably their potential for self-renewal and 
proliferation capacity. 
Stem cell self-renewal and differentiation is regulated by signaling pathways, transcription 
factors, and micro RNAs (miRNAs). Some key transcription factors directly regulate the 
expression of miRNAs in stem cells. Meanwhile, miRNAs target key transcription factors 
and either repress or induce their expression in stem cells to regulate self-renewal and 
differentiation. Thereby, the miRNA regulatory network and the signaling pathways cross-
talk to each other to orchestrate stem cell maintenance and cell fate decision. Dysregulation 
of core signaling pathways, transcription factors and miRNAs associated with normal stem 
cells can lead to carcinogenesis. Thus, understanding the regulation of normal stem cell is 
crucial for understanding the molecular mechanisms underline carcinogenesis. 
In this chapter, we review the characteristics and functions of miRNAs and cancer stem cells 
(CSCs), focusing on the roles of miRNAs in regulating CSCs. First, we provide an 
introduction to stem cells and CSCs. Then, we describe the signaling pathways that regulate 
stem cell self-renewal and differentiation. In particular, we review the Wnt/β-catenin, 
Hedgehog (HH), and Notch pathways. Next, we discuss the epithelial–mesenchymal 
transition (EMT), CSCs, and miRNAs that play roles in regulating stem cells. Finally, we 
summarize the current status and discuss future perspectives. 

2. Stem cells 
Depending on their differentiation potentials, human stem cells can be classified into 
totipotent, pluripotent, and multipotent (http://stemcells.nih.gov/info/scireport). 
Totipotent cells have the potential to form any of the differentiated cells in a living 
organism from a single cell. Thus, these cells have ability to form extraembryonic 
membranes and tissues; the embryo itself, and all postembryonic tissues and organs. At the 
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1. Introduction 
Stem cells are a rare population of cells that have the ability to self-renew (to replenish the 
stem cell pool) and to differentiate (to produce daughter cells that will perform the 
physiological functions of tissues and organs). Although stem cells exist in different tissues, 
organs, and developmental stages. However, stem cells differ to some degree with regard to 
their developmental potency; life span, and notably their potential for self-renewal and 
proliferation capacity. 
Stem cell self-renewal and differentiation is regulated by signaling pathways, transcription 
factors, and micro RNAs (miRNAs). Some key transcription factors directly regulate the 
expression of miRNAs in stem cells. Meanwhile, miRNAs target key transcription factors 
and either repress or induce their expression in stem cells to regulate self-renewal and 
differentiation. Thereby, the miRNA regulatory network and the signaling pathways cross-
talk to each other to orchestrate stem cell maintenance and cell fate decision. Dysregulation 
of core signaling pathways, transcription factors and miRNAs associated with normal stem 
cells can lead to carcinogenesis. Thus, understanding the regulation of normal stem cell is 
crucial for understanding the molecular mechanisms underline carcinogenesis. 
In this chapter, we review the characteristics and functions of miRNAs and cancer stem cells 
(CSCs), focusing on the roles of miRNAs in regulating CSCs. First, we provide an 
introduction to stem cells and CSCs. Then, we describe the signaling pathways that regulate 
stem cell self-renewal and differentiation. In particular, we review the Wnt/β-catenin, 
Hedgehog (HH), and Notch pathways. Next, we discuss the epithelial–mesenchymal 
transition (EMT), CSCs, and miRNAs that play roles in regulating stem cells. Finally, we 
summarize the current status and discuss future perspectives. 

2. Stem cells 
Depending on their differentiation potentials, human stem cells can be classified into 
totipotent, pluripotent, and multipotent (http://stemcells.nih.gov/info/scireport). 
Totipotent cells have the potential to form any of the differentiated cells in a living 
organism from a single cell. Thus, these cells have ability to form extraembryonic 
membranes and tissues; the embryo itself, and all postembryonic tissues and organs. At the 
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very early stage of embryo development, each cell in the blastomere is totipotent. 
Pluripotent cells can differentiate to form tissues of any of the three germ layers: ectoderm, 
endoderm, or mesoderm. However, a pluripotent cell cannot form an entire living organism. 
Embryonic stem cells (ESCs) are pluripotent stem cells derived from the inner cell mass of 
the human blastocyst. ESCs can differentiate into specialized cells, and have an unlimited 
capacity for self-renewal. Multipotent cells—adult stem cells—have a differentiation ability 
that is limited to a specific tissue- or organ. Tissue-specific adult stem cells are responsible 
for organogenesis; tissue maturation, repair and regeneration, and maintenance; and 
balancing the cellular turnover. To fulfill these responsibilities; first, an adult stem cell is an 
undifferentiated cell that is found in a differentiated tissue and has the capacity to become 
specialized to yield all of the cell types of the tissue from which it originated; second, a stem 
cell has capacity to self-renewal (Spradling et al., 2001). They can undergo two kinds of cell 
division: symmetric and asymmetric. In symmetric division, a stem cell divides into two 
identical daughter cells, which are both identical to the originating stem cell. This type of 
division is crucial for expanding the stem cell pool, most likely in very early embryonic 
development. In contrast, in asymmetric division, a stem cell divides into one daughter 
progenitor cell (also known as a precursor cell), which eventually differentiates into a 
mature cell, and one new stem cell, which is identical to the originating stem cell. This 
process maintains stem cell number, and this feature also distinguishes the stem cell self-
renewal from other proliferative processes. Normal adult stem cell can divide 
asymmetrically to maintain the population of stem cells and differentiated cells. The 
processes that regulate the balance between asymmetric and symmetric division of stem 
cells are unclear. 
A progenitor cell is a partially specialized cell that can divide and yield two specialized 
cells. Progenitor cells can be distinguished from adult stem cells as follows. When a stem cell 
divides, at least one of the two new cells is always identical to the originating stem cell and 
can replicate itself. In contrast, when a progenitor cell divides, it gives rise to two progenitor 
cells or two specialized cells, neither of which can replicate itself. Progenitor cells can 
replace cells that are damaged or dead, thereby maintaining the integrity and functions of a 
tissue or an organ such as the liver or the brain. Examples of stem and progenitor cells: 
• Hematopoietic stem cells (adult stem cells) from the bone marrow that give rise to 

erythrocytes, lymphocytes, plateles, monocytes, and granulocytes. 
• Mesenchymal stem cells (MSCs) are a subset of nonhematopoietic multipotent stem 

cells (adult stem cells) that are found primarily within the bone marrow and give rise to 
stromal cells; within the adipose tissue that give rise to adipocytes (Bieback et al., 2008; 
Digirolamo et al., 1999). MSCs have also been isolated from the umblical cord (fetal 
stem cells). Mesenchymal stem cells can self-renew and are defined as cells that 
differentiate into a variety of mesenchyme-derived cell types: fibroblasts, chondrocytes, 
osteoblasts, myoblasts, and neural stem cells; the latter cells have the potential to 
differentiate into neurons, astrocytes, and oligodendrocytes (Barry and Murphy, 2004; 
Halleux et al., 2001). 

• Epithelial stem cells (progenitor cells) that give rise to the various types of skin cells. 
• Muscle stem cells that give rise to differentiated muscle tissue. 
• Intestinal stem cells. 
On the other hand, accumulating data show that different stem cells have distinct potential to 
proliferate, and some adult stem cells from one tissue are capable of differentiating into the 
specialized cell types of another tissue (Herzog et al., 2003; Krause, 2002a). This phenomenon 
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is referred to as stem cell plasticity. For example, under specific experimental conditions, adult 
stem cells from bone marrow can differentiate into cells that resemble neurons (Herzog et al., 
2003; Krause, 2002a). Growing evidence indicates that, given the right environment 
(environmental niche), some adult stem cells are capable of being genetically reprogrammed to 
differentiate into tissues other than the ones from which they originated. 
Regardless of division type, stem cell self-renewal is especially important in tissues with 
high self-renewal capacity, such as the intestinal cells and bone marrow, and also in tissue 
repair after injury. Adult tissues that undergo turnover throughout life are maintained via a 
very small portion of cells—adult stem cells that live through the entire life span of an 
organism. These stem cells can maintain homeostasis even in mitotically inactive adult 
tissues, such as the brain (Bartlett, 1982; Ricci-Vitiani et al., 2008). Even though stem cells 
have an extensive capacity for self-renewal, in fact they remain quiescent most of the time 
and may undergo a limited number of self-renewing divisions in adult life (Cheshier et al., 
1999). This may be because, despite their proliferative capacity, stem cells often arrest at a 
G0-like cell cycle phase or checkpoint (Cheshier et al., 1999). In addition, the differentiation 
and self-renewal rates differ depending on the stem cell type (Ahn and Joyner, 2005; Hu et 
al., 2004).  
Adult stem cells are not easy to characterize. To date, adult stem cells have been characterize 
in vitro by using their differentiations patterns and cell surface markers. Stem cells have 
been identified in bone marrow, blood, the cornea and retina, the brain, skeletal muscle, 
dental pulp, liver, skin, the intestinal tract, pancreas, ovary, breast, lung, prostate and head 
and neck (http://stemcells.nih.gov/info/scireport). Thus, stem cells have been found in 
tissues that develop from all three embryonic germ layers.  

3. Signaling pathways in stem cells 
In both pluripotent and multipotent cells, self-renewal and cell fate decision are regulated 
by a complex set of factors and pathways. Each process: self-renewal and differentiation 
requires unique molecular programs specific to each pluripotent or multipotent cell. For 
example, in ESCs, self-renewal requires that the unique molecular program of the 
pluripotent state be maintained, whereas to differentiate into various lineages, ESCs must 
shift to alternative molecular programs that inhibit self-renewal and promote differentiation 
(Marson et al., 2008a). Understanding how cells switch between self-renewal and 
differentiation, and discovering which factors or signaling pathways control which daughter 
cell of an adult stem cell remains a stem cell and which undergoes differentiation, is crucial 
to understand the mechanism of tumorigenesis.  
Several “stemness” factors are required to ensure appropriate ESC behavior (pluripotency). 
A core network of factors, including transcription factors and RNA binding proteins (Oct4, 
Sox2, Nanog, Klf4, c-Myc, Tcf3, and Lin28), is involved in the circuits that regulate ESC 
pluripotency. (Marson et al., 2008a). Some of these regulatory factors are tissue or cancer 
specific; for example, Oct4 is expressed only in the inner cell mass of the embryo and not in 
the trophectoderm. Some of these key regulators of ESC identity, such as Oct4, Sox2, and 
Nanog are expressed only in specific human cancer types (Gidekel et al., 2003; Rodriguez-
Pinilla et al., 2007; Santagata et al., 2007). Thus, regulatory networks can determine classes of 
stem cells, such as ESCs, neural stem cells, or breast stem cells or other tissue specific stem 
cells (Muller et al., 2008). Sox2 and Nanog can also reprogram differentiated human cells 
into ESC-like induced pluripotent stem cells (Park et al., 2008; Wernig et al., 2007). 
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is referred to as stem cell plasticity. For example, under specific experimental conditions, adult 
stem cells from bone marrow can differentiate into cells that resemble neurons (Herzog et al., 
2003; Krause, 2002a). Growing evidence indicates that, given the right environment 
(environmental niche), some adult stem cells are capable of being genetically reprogrammed to 
differentiate into tissues other than the ones from which they originated. 
Regardless of division type, stem cell self-renewal is especially important in tissues with 
high self-renewal capacity, such as the intestinal cells and bone marrow, and also in tissue 
repair after injury. Adult tissues that undergo turnover throughout life are maintained via a 
very small portion of cells—adult stem cells that live through the entire life span of an 
organism. These stem cells can maintain homeostasis even in mitotically inactive adult 
tissues, such as the brain (Bartlett, 1982; Ricci-Vitiani et al., 2008). Even though stem cells 
have an extensive capacity for self-renewal, in fact they remain quiescent most of the time 
and may undergo a limited number of self-renewing divisions in adult life (Cheshier et al., 
1999). This may be because, despite their proliferative capacity, stem cells often arrest at a 
G0-like cell cycle phase or checkpoint (Cheshier et al., 1999). In addition, the differentiation 
and self-renewal rates differ depending on the stem cell type (Ahn and Joyner, 2005; Hu et 
al., 2004).  
Adult stem cells are not easy to characterize. To date, adult stem cells have been characterize 
in vitro by using their differentiations patterns and cell surface markers. Stem cells have 
been identified in bone marrow, blood, the cornea and retina, the brain, skeletal muscle, 
dental pulp, liver, skin, the intestinal tract, pancreas, ovary, breast, lung, prostate and head 
and neck (http://stemcells.nih.gov/info/scireport). Thus, stem cells have been found in 
tissues that develop from all three embryonic germ layers.  

3. Signaling pathways in stem cells 
In both pluripotent and multipotent cells, self-renewal and cell fate decision are regulated 
by a complex set of factors and pathways. Each process: self-renewal and differentiation 
requires unique molecular programs specific to each pluripotent or multipotent cell. For 
example, in ESCs, self-renewal requires that the unique molecular program of the 
pluripotent state be maintained, whereas to differentiate into various lineages, ESCs must 
shift to alternative molecular programs that inhibit self-renewal and promote differentiation 
(Marson et al., 2008a). Understanding how cells switch between self-renewal and 
differentiation, and discovering which factors or signaling pathways control which daughter 
cell of an adult stem cell remains a stem cell and which undergoes differentiation, is crucial 
to understand the mechanism of tumorigenesis.  
Several “stemness” factors are required to ensure appropriate ESC behavior (pluripotency). 
A core network of factors, including transcription factors and RNA binding proteins (Oct4, 
Sox2, Nanog, Klf4, c-Myc, Tcf3, and Lin28), is involved in the circuits that regulate ESC 
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specific; for example, Oct4 is expressed only in the inner cell mass of the embryo and not in 
the trophectoderm. Some of these key regulators of ESC identity, such as Oct4, Sox2, and 
Nanog are expressed only in specific human cancer types (Gidekel et al., 2003; Rodriguez-
Pinilla et al., 2007; Santagata et al., 2007). Thus, regulatory networks can determine classes of 
stem cells, such as ESCs, neural stem cells, or breast stem cells or other tissue specific stem 
cells (Muller et al., 2008). Sox2 and Nanog can also reprogram differentiated human cells 
into ESC-like induced pluripotent stem cells (Park et al., 2008; Wernig et al., 2007). 
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Pluripotency and the unlimited potential for self-renewal are the characteristics that 
distinguish ESCs from adult (tissue-specific) stem cells, which have more limited self-
renewal and tissue-specific differentiation potential. The common feature of stem cells (ESCs 
and adult stem cells) is self-renewal. Not surprisingly, the stem cell niche and signaling 
pathways such as Wnt/β-catenin, Notch, Hedgehog TGF-β, and Bmi-1 are involved in the 
regulation of normal self-renewal programs, the balance between self-renewal and 
differentiation (Dontu et al., 2004; Reya and Clevers, 2005; Schofield, 1978; Song et al., 2007; 
Taipale et al., 2002). Accumulating evidence indicates that  networks that balance proto-
oncogenes (promoting self-renewal) and tumor suppressors, which act as gatekeepers 
(limiting self-renewal) and caretakers (maintaining self-renewal) is also involved in tissue 
stem cell self-renewal programs (He et al., 2009). For example, the p53, PTEN, and INK4A 
pathways are involved in stem cell self-renewal (Armesilla-Diaz et al., 2009b; Cicalese et al., 
2009; Lowe and Sherr, 2003; Nagao et al., 2008; Zheng et al., 2008a) (Table 1). Therefore, it is 
not surprising that these transcription factors (PTEN, TP53 and INK4A) are deleted or 
mutated in multiple CSCs.  
 
Signaling 
pathway 

Type of stem or progenitor cell References 

Wnt/ 
β-catenin 

Hematopoietic stem cells 
Epidermal stem cells 
Gastrointestinal stem cells 
Neural stem cells 
Embryonic stem cells 
Dental pulp stem cells 

(Luis et al., 2009; Reya et al., 2003) 
(Zhu and Watt, 1999) 
(Brittan and Wright, 2002; He et al., 2004) 
(Kalani et al., 2008) 
(Melchior et al., 2008; Tam et al., 2008) 
(Scheller et al., 2008) 

Notch Gastrointestinal progenitor cells 
Mammary stem/progenitor cells 
Liver stem cells 
Muscle progenitor cells 
 
Hematopoietic stem cells 

(Fre et al., 2005) 
(Bouras et al., 2008; Dontu et al., 2004) 
(Zong et al., 2009) 
(Buas and Kadesch, 2010; Conboy et al., 
2003; Conboy and Rando, 2002) 
(Varnum-Finney et al., 2000) 

Hedgehog Hematopoietic stem cells 
Neural stem cells 
 
Mammary stem cells 

(Bhardwaj et al., 2001) 
(Palma et al., 2005; Wechsler-Reya and 
Scott, 1999) 
(Liu et al., 2006) 

Bmi-1 Mammary stem cells 
Hematopoietic stem cells 

(Liu et al., 2006) 
(Park et al., 2003) 

PTEN Neural stem cells (Groszer et al., 2006; Groszer et al., 2001; 
Nagao et al., 2008; Zheng et al., 2008a)  

p53 Mammary stem cells 
Neural stem cells 

(Cicalese et al., 2009) 
(Armesilla-Diaz et al., 2009a; Zheng et al., 
2008a) 

Table 1. Signaling pathways involved in stem cell self-renewal. 
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Moreover, signaling pathways cross-talk or interact with each other to regulate stem cell 
behavior. For example, hypoxia-inducible factor-1α and Notch signaling interact to regulate 
medulloblastoma precursor cell proliferation and differentiation (Pistollato et al., 2010). The 
Notch and EGFR pathways interact with each other to regulate the number of neural stem 
cells (NSCs) (Aguirre et al., 2010). Key pathways including Wnt, HH, Notch, and Bmi-1 and 
transcription factors including TP53 and PTEN are involved in the development of various 
organs during embryogenesis and in the regulation of self-renewal and differentiation in 
both normal adult stem cells (Molofsky et al., 2004), and CSCs such in normal adult SCs and 
CSCs in glioblastoma (Zheng et al., 2008b). Dysregulation of these core pathways (e.g. Wnt, 
HH, Notch) and transcription factors (TP53 and PTEN), which associated with normal stem 
cells is also plays a role in the cancer development (Zheng et al., 2008b). Here, we focus on 
the Wnt/β-catenin, HH, and Notch pathways.  

3.1 Wnt/β-catenin pathway 
Two kinds of Wnt signaling pathways exist: the canonical Wnt pathway, in which Wnt 
ligands signal through the stabilization of β-catenin, and the noncanonical Wnt pathway, 
which is β-catenin-independent. The canonical Wnt pathway is activated when Wnt ligands 
bind to cell surface receptors composed of a member of the Frizzled protein family and one 
of the co-receptors LRP5 and LRP6 and hyperphosphorylate the Dishevelled (Dsh) protein, 
thereby activating it. Activation of Dsh prevents the phosphorylation of β-catenin and 
inhibits the formation of β-catenin destruction complex (glycogen synthase kinase 3β [GSK-
3β], adenomatous polyposis coli [APC], casein kinase 1α [CK1α] and Axin) which leads to 
the stabilization of hypophosphorylated β-catenin and, thereby, to its translocation to the 
nucleus where it interacts with transcription factors (T cell factor/lymphoid enhancer factor 
[TCF/LEF]). Thus the β-catenin/TCF/LEF complex activates the transcription of target 
genes. In the absence of Wnt ligands, β-catenin destruction complex hyperphosporylates β-
catenin, thereby this complex (hyperphosphorylated β-catenin, APC, Axin, GSK-3β, and 
CK1α) is thus a target for ubiquitination and degradation by the proteasome (Schweizer and 
Varmus, 2003). 
The noncanonical Wnt signaling pathway requires Frizzled receptors and the proteoglycan 
co-receptor Knypek. In this pathway, Dsh localizes in the cell membrane and activates Rho 
through Daam1. Dsh induce cellular response by stimulating calcium flux and activating the 
calcium-sensitive kinases protein kinase C and calmodulin-dependent protein kinase II 
(Veeman et al., 2003).  
Wnt signaling has been studied intensively in embryonic development. The response of cells 
to the Wnt pathway is tissue-dependent. Wnt signaling is involved in many key 
developmental processes, such as cell survival, proliferation, inhibition of apoptosis, stem 
cell maintenance, differentiation, and cell fate decision, and in the development of a variety 
of organ systems, including the cardiovascular system, central nervous system, kidney, and 
lung (Ille and Sommer, 2005; Peifer, 2000; Vainio et al., 1999a; Vainio et al., 1999b; Wodarz 
and Nusse, 1998). For example, the canonical Wnt pathway plays a crucial role in the 
development of intestinal tissue by regulating the self-renewal, migration and proliferation 
of intestinal stem and progenitor cells, and tissue self-renewal in hair follicles and bone 
growth plates (Clevers, 2006). The Wnt pathway also interacts with other pathways to 
regulate stem cell processes. For example, bone morphogenetic protein (BMP) inhibits Wnt 
signaling to negatively regulate stem cell proliferation (He et al., 2004),  BMP signaling 
thereby represses de novo crypt formation and polyp growth, and mutations in BMP 
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(Veeman et al., 2003).  
Wnt signaling has been studied intensively in embryonic development. The response of cells 
to the Wnt pathway is tissue-dependent. Wnt signaling is involved in many key 
developmental processes, such as cell survival, proliferation, inhibition of apoptosis, stem 
cell maintenance, differentiation, and cell fate decision, and in the development of a variety 
of organ systems, including the cardiovascular system, central nervous system, kidney, and 
lung (Ille and Sommer, 2005; Peifer, 2000; Vainio et al., 1999a; Vainio et al., 1999b; Wodarz 
and Nusse, 1998). For example, the canonical Wnt pathway plays a crucial role in the 
development of intestinal tissue by regulating the self-renewal, migration and proliferation 
of intestinal stem and progenitor cells, and tissue self-renewal in hair follicles and bone 
growth plates (Clevers, 2006). The Wnt pathway also interacts with other pathways to 
regulate stem cell processes. For example, bone morphogenetic protein (BMP) inhibits Wnt 
signaling to negatively regulate stem cell proliferation (He et al., 2004),  BMP signaling 
thereby represses de novo crypt formation and polyp growth, and mutations in BMP 
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pathway genes lead to formation of crypts and generation of benign polyps (Reya and 
Clevers, 2005).  
In addition to biologic and developmental process, Wnt signaling is also involved in genetic 
processes. For example, APC has been shown to be involved in regulating mitotic spindle 
assembly, orientation of chromosomes during mitotic division, and chromosome 
segregation (Kaplan et al., 2001). Abnormalities in the orientation of chromosomes during 
mitotic division may contribute to numeric chromosomal aberrations in cancer cells (Peifer, 
2000).  

3.2 Hedgehog  pathway 
Three HH ligands have been identified—Sonic HH, Desert HH, and Indian HH (Cohen, 
2003). In the presence of ligands, these ligands bind to the transmembrane receptor Patched 
1 (Ptch 1), which inhibits Smothened (Smo). The binding of HH ligands relieves Smo 
inhibition, leading to activation of the Gli transcription factors Gli1 and Gli2 (activator) and 
Gli3 (suppressor). Activated Gli accumulates in the nucleus and controls the transcription of 
HH target genes. In the absence of HH ligands, Ptch1 inhibits Smo, and cannot activate Gli 
(Pasca di Magliano and Hebrok, 2003). The HH signaling pathway regulates cell 
proliferation through Cyclin D1 and FoxM1, apoptosis through Bcl-2, EMT through Snail 
and E-cadherin, and self-renewal through Bmi-1 (Kasper et al., 2009). Bmi-1 has been shown 
to be a key regulator of the self-renewal of NSCs and both normal and leukemic stem cells 
(Lessard and Sauvageau, 2003; Molofsky et al., 2003; Park et al., 2003). HH signaling has 
been shown to play a critical role in the development of many systems, including the limb, 
brain, spinal cord, thalamus, and teeth. The HH pathway is also important in cell 
proliferation, differentiation, and stem cell maintenance during embryogenesis (Ma et al., 
2002), and in the self-renewal and maintenance of NSCs (Ahn and Joyner, 2005; Lai et al., 
2003; Palma et al., 2005), mammary stem cells (Liu et al., 2006). 
Either aberration of genes in the HH signaling pathway or aberrant activation of HH 
signaling results in tumorigenesis. For example, germline mutations in Patch, which 
functions as a tumor suppressor has been found in basal cell carcinomas and Gorlin 
syndrome (Cohen, 2003). Activation of HH signaling is implicated in small cell lung cancer, 
digestive tract tumor, pancreatic carcinoma, breast cancer and prostate cancer (Karhadkar et 
al., 2004; Olsen et al., 2004).  

3.3 Notch pathway 
Members of the Notch gene family encode transmembrane receptors that are crucial for cell 
fate decision. Four Notch receptors (Notch1, Notch2, Notch3 and Notch4) and five ligands 
(Jagged-1 [JAG1] and JAG2, three Delta-like [DLL1, DLL2, and DLL4]) have been found. 
These receptors and ligands are expressed in different combinations in most cell types 
(Mumm and Kopan, 2000). After ligand binding, Notch receptors are activated via cleavages 
of ADAM metallopeptidase domain 17 (ADAM17) and presenilin-1, which result in the 
release and translocation of the Notch intracellular domain (NICD) to the nucleus and the 
activation of HES (Hes/E(spl) family) and HEY (Hesr/Hey family) families through 
interaction of NICD with sequence-binding protein (Mumm and Kopan, 2000). Notch 
signaling is crucial for arterial-venous differentiation, for self-renewal and differentiation in 
hematopoietic stem cells (Krause, 2002b), maintenance of the mammary stem cell population 
(Bouras et al., 2008), for adult neurogenesis (Androutsellis-Theotokis et al., 2006), and for the 
activity of myogenic muscle stem and progenitor cells (Buas and Kadesch, 2010; Conboy et 
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al., 2003; Conboy and Rando, 2002). Notch signaling is involved in the self-renewal process 
mostly in rapidly renewing tissues, such as the hematopoietic system (Mercher et al., 2008; 
Wu et al., 2007), the intestine, skin, highly proliferative ESCs, and the intestine, in which the 
epithelium is renewed every 4-5 days (Dontu et al., 2004). Notch and Wnt signaling 
cooperate to regulate self- renewal and cell fate in the adult intestine (Chiba, 2006; Fre et al., 
2005; Wang and Hou, 2010), and inhibition of Notch/γ–secretase induces proliferation in 
intestinal crypt cells and the formation of polyps (van Es et al., 2005). Adult epidermal stem 
cells reside in the epidermal basal layer and in the bulge region of the hair follicle (Ambler 
and Maatta, 2009). In addition to differentiation and self-renewal, the Notch pathway is also 
involved in other developmental processes, including EMT, proliferation, apoptosis, and cell 
adhesion during embryogenesis (Zong et al., 2009).  
EMT was originally defined as a cellular reorganization process that is essential for 
embryonic development. EMT results in a loss of cell to cell adhesive properties, a loss of 
cell polarity, and a gain of the invasive and migratory features of mesenchymal cells (Thiery 
et al., 2009). During embryogenesis, EMT leads progenitor/precursor cells to migrate to 
distant sites within the embryo to form new tissues (Shook and Keller, 2003). The EMT 
process is reversible. EMT also occurs during tumorigenesis; the process is similar to EMT 
during the embryogenesis, but instead of forming new tissue, it allows some CSCs to 
become metastatic while keeping the features of the original tissue. It is not surprising that, 
the same, or similar, core signaling pathways (Wnt, HH and Notch) that regulate stem cell 
self-renewal are also involve regulation of EMT together as are niche factors (Mani et al., 
2008; Vincan and Barker, 2008; Yang and Weinberg, 2008).  
The dysregulation of signaling pathways by mutations and/or by genomic and epigenetic 
aberrations, which are involved in the regulation of stem cell function as well as in EMTs 
during embryonic development may play a crucial role in the development of cancer. CSCs 
and normal stem cells use many of the same signaling pathways, such as Wnt, HH, and 
Notch, but the difference is CSC use dysregulated way of these signaling pathways (Takebe 
et al., 2010). Upto now, aberrant Notch signaling has been shown in multiple human cancers 
including hepatocellular carcinoma, hepatoblastoma, colorectal cancer, acute myeloid 
leukemia, chronic myeloid leukemia, multiple myeloma, gastric cancer, and Wilms’ tumor 
which also shows dysregulation of Wnt signaling (de La Coste et al., 1998; Kim et al., 2009; 
Koesters et al., 1999; Martin et al., 2010 ; Reya and Clevers, 2005) (Table 2). 

4. Cancer stem cells 
Normal stem cells and CSCs share several important properties, including the ability to self-
renew. The signaling pathways and transcription factors that are involved in the self-
renewal of normal stem cells have all been implicated in the development of cancers, but in 
CSCs the pathways are dysregulated and the factors are aberrantly expressed. CSCs can be 
distinguished from normal stem cells by the following. 
1. CSCs have the capacity for self-renewal like normal stem cells, but CSCs have a 

different self-renewal rate from normal stem cells. 
2. CSCs have the capacity to differentiate into cells of the specific tissue, but aberrantly 

(Singh et al., 2003). 
3. CSCs have the ability to develop tumor when transplanted into the proper 

environment. 
4. CSCs have the capacity for tumor metastasis. 
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pathway genes lead to formation of crypts and generation of benign polyps (Reya and 
Clevers, 2005).  
In addition to biologic and developmental process, Wnt signaling is also involved in genetic 
processes. For example, APC has been shown to be involved in regulating mitotic spindle 
assembly, orientation of chromosomes during mitotic division, and chromosome 
segregation (Kaplan et al., 2001). Abnormalities in the orientation of chromosomes during 
mitotic division may contribute to numeric chromosomal aberrations in cancer cells (Peifer, 
2000).  

3.2 Hedgehog  pathway 
Three HH ligands have been identified—Sonic HH, Desert HH, and Indian HH (Cohen, 
2003). In the presence of ligands, these ligands bind to the transmembrane receptor Patched 
1 (Ptch 1), which inhibits Smothened (Smo). The binding of HH ligands relieves Smo 
inhibition, leading to activation of the Gli transcription factors Gli1 and Gli2 (activator) and 
Gli3 (suppressor). Activated Gli accumulates in the nucleus and controls the transcription of 
HH target genes. In the absence of HH ligands, Ptch1 inhibits Smo, and cannot activate Gli 
(Pasca di Magliano and Hebrok, 2003). The HH signaling pathway regulates cell 
proliferation through Cyclin D1 and FoxM1, apoptosis through Bcl-2, EMT through Snail 
and E-cadherin, and self-renewal through Bmi-1 (Kasper et al., 2009). Bmi-1 has been shown 
to be a key regulator of the self-renewal of NSCs and both normal and leukemic stem cells 
(Lessard and Sauvageau, 2003; Molofsky et al., 2003; Park et al., 2003). HH signaling has 
been shown to play a critical role in the development of many systems, including the limb, 
brain, spinal cord, thalamus, and teeth. The HH pathway is also important in cell 
proliferation, differentiation, and stem cell maintenance during embryogenesis (Ma et al., 
2002), and in the self-renewal and maintenance of NSCs (Ahn and Joyner, 2005; Lai et al., 
2003; Palma et al., 2005), mammary stem cells (Liu et al., 2006). 
Either aberration of genes in the HH signaling pathway or aberrant activation of HH 
signaling results in tumorigenesis. For example, germline mutations in Patch, which 
functions as a tumor suppressor has been found in basal cell carcinomas and Gorlin 
syndrome (Cohen, 2003). Activation of HH signaling is implicated in small cell lung cancer, 
digestive tract tumor, pancreatic carcinoma, breast cancer and prostate cancer (Karhadkar et 
al., 2004; Olsen et al., 2004).  

3.3 Notch pathway 
Members of the Notch gene family encode transmembrane receptors that are crucial for cell 
fate decision. Four Notch receptors (Notch1, Notch2, Notch3 and Notch4) and five ligands 
(Jagged-1 [JAG1] and JAG2, three Delta-like [DLL1, DLL2, and DLL4]) have been found. 
These receptors and ligands are expressed in different combinations in most cell types 
(Mumm and Kopan, 2000). After ligand binding, Notch receptors are activated via cleavages 
of ADAM metallopeptidase domain 17 (ADAM17) and presenilin-1, which result in the 
release and translocation of the Notch intracellular domain (NICD) to the nucleus and the 
activation of HES (Hes/E(spl) family) and HEY (Hesr/Hey family) families through 
interaction of NICD with sequence-binding protein (Mumm and Kopan, 2000). Notch 
signaling is crucial for arterial-venous differentiation, for self-renewal and differentiation in 
hematopoietic stem cells (Krause, 2002b), maintenance of the mammary stem cell population 
(Bouras et al., 2008), for adult neurogenesis (Androutsellis-Theotokis et al., 2006), and for the 
activity of myogenic muscle stem and progenitor cells (Buas and Kadesch, 2010; Conboy et 
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al., 2003; Conboy and Rando, 2002). Notch signaling is involved in the self-renewal process 
mostly in rapidly renewing tissues, such as the hematopoietic system (Mercher et al., 2008; 
Wu et al., 2007), the intestine, skin, highly proliferative ESCs, and the intestine, in which the 
epithelium is renewed every 4-5 days (Dontu et al., 2004). Notch and Wnt signaling 
cooperate to regulate self- renewal and cell fate in the adult intestine (Chiba, 2006; Fre et al., 
2005; Wang and Hou, 2010), and inhibition of Notch/γ–secretase induces proliferation in 
intestinal crypt cells and the formation of polyps (van Es et al., 2005). Adult epidermal stem 
cells reside in the epidermal basal layer and in the bulge region of the hair follicle (Ambler 
and Maatta, 2009). In addition to differentiation and self-renewal, the Notch pathway is also 
involved in other developmental processes, including EMT, proliferation, apoptosis, and cell 
adhesion during embryogenesis (Zong et al., 2009).  
EMT was originally defined as a cellular reorganization process that is essential for 
embryonic development. EMT results in a loss of cell to cell adhesive properties, a loss of 
cell polarity, and a gain of the invasive and migratory features of mesenchymal cells (Thiery 
et al., 2009). During embryogenesis, EMT leads progenitor/precursor cells to migrate to 
distant sites within the embryo to form new tissues (Shook and Keller, 2003). The EMT 
process is reversible. EMT also occurs during tumorigenesis; the process is similar to EMT 
during the embryogenesis, but instead of forming new tissue, it allows some CSCs to 
become metastatic while keeping the features of the original tissue. It is not surprising that, 
the same, or similar, core signaling pathways (Wnt, HH and Notch) that regulate stem cell 
self-renewal are also involve regulation of EMT together as are niche factors (Mani et al., 
2008; Vincan and Barker, 2008; Yang and Weinberg, 2008).  
The dysregulation of signaling pathways by mutations and/or by genomic and epigenetic 
aberrations, which are involved in the regulation of stem cell function as well as in EMTs 
during embryonic development may play a crucial role in the development of cancer. CSCs 
and normal stem cells use many of the same signaling pathways, such as Wnt, HH, and 
Notch, but the difference is CSC use dysregulated way of these signaling pathways (Takebe 
et al., 2010). Upto now, aberrant Notch signaling has been shown in multiple human cancers 
including hepatocellular carcinoma, hepatoblastoma, colorectal cancer, acute myeloid 
leukemia, chronic myeloid leukemia, multiple myeloma, gastric cancer, and Wilms’ tumor 
which also shows dysregulation of Wnt signaling (de La Coste et al., 1998; Kim et al., 2009; 
Koesters et al., 1999; Martin et al., 2010 ; Reya and Clevers, 2005) (Table 2). 

4. Cancer stem cells 
Normal stem cells and CSCs share several important properties, including the ability to self-
renew. The signaling pathways and transcription factors that are involved in the self-
renewal of normal stem cells have all been implicated in the development of cancers, but in 
CSCs the pathways are dysregulated and the factors are aberrantly expressed. CSCs can be 
distinguished from normal stem cells by the following. 
1. CSCs have the capacity for self-renewal like normal stem cells, but CSCs have a 

different self-renewal rate from normal stem cells. 
2. CSCs have the capacity to differentiate into cells of the specific tissue, but aberrantly 

(Singh et al., 2003). 
3. CSCs have the ability to develop tumor when transplanted into the proper 

environment. 
4. CSCs have the capacity for tumor metastasis. 



 
Stem Cells in Clinic and Research 

 

192 

5. CSCs have the abilty to repopulate the tumor, causing relapse, and can become resistant 
to different therapeutic agents. 

6. CSCs are identified by characteristic cell surface markers. 
Aberrant activation of an individual signaling pathway or cross-talk between pathways may 
result in tissue-specific carcinogenesis (Sun et al., 2010). Thus, an understanding of the 
pathways that govern the self-renewal and cell fate decisions of normal stem cells, and how 
these pathways are dysregulated and which of them are dysregulated during 
carcinogenesis, is of utmost importance. In many cases, self-renewal regulators have 
surprisingly similar functions in CSCs and normal stem cells (Tables 1 and 2). For example, 
 

Signaling 
pathway Type of cancer References 

Wnt/ 
β-catenin 

Liver 
Breast 
Chronic myeloid leukemia 
Acute myeloid leukemia 
Colon 
Prostate 
Intestine 
Skin 

(Ma et al., 2007) 
(Korkaya et al., 2009) 
(Zhao et al., 2007) 
(Wang et al., 2010) 
(Polakis, 2000; Vermeulen et al.) 
(Bisson and Prowse, 2009; Shahi et al., 2011) 
(Fre et al., 2009) 
(Chan et al., 1999) 

Notch Liver 
Colon 
Breast 
Intestine 
Prostate 
T-cell leukemia 

(Ma et al., 2007) 
(Sikandar et al., 2010) 
(Bouras et al., 2008; Dontu et al., 2004) 
(Fre et al., 2009) 
(Shahi et al., 2011) 
(Aster et al., 2010) 

Hedgehog Liver 
Breast 
Pancreatic 
Glioblastoma 
Chronic myeloid leukemia 
Colon 
Multiple myeloma 
Medulloblastoma 
Basal cell carcinoma 

(Ma et al., 2007) 
(Liu et al., 2006) 
(Li et al., 2007) 
(Ingham, 2008) 
(Dierks et al., 2008; Zhao et al., 2009) 
(Varnat et al., 2009) 
(Peacock et al., 2007) 
(Berman et al., 2002) 
(Gailani and Bale, 1999) 

Bmi-1 Breast 
Head and neck squamous 
cell cancer 
Acute myeloid leukemia 

(Liu et al., 2006) 
(Prince et al., 2007) 
 
(Lessard and Sauvageau, 2003) 

PTEN Breast 
Glioblastoma 

(Korkaya et al., 2009) 
(Zheng et al., 2008b) 

Table 2. Signaling pathways that are involved in stem cell self-renewal and are dysregulated 
in cancer stem cells 
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the proto-oncogene Bmi-1 is required to maintain both the proliferative potential of 
leukemic stem cells (Lessard and Sauvageau, 2003) and the self-renewal potential of normal 
hematopoietic stem cells, mammary stem cells, and NSCs (Liu et al., 2006; Molofsky et al., 
2003; Park et al., 2003). Similarly, PTEN and TP53 are required for differentiation and to 
maintain self-renewal not only in normal NSCs but also in neoplastic stem cells of 
glioblastoma (Zheng et al., 2008a; Zheng et al., 2008b). Notch signaling is also required to 
maintain self-renewal in normal and glioma stem cells (Hu et al., 2011), and HH signaling is 
required not only for normal NSC maintenance but also for brain tumor cell proliferation 
(Balordi and Fishell, 2007). 
Whereas some key transcription factors share some of their target genes and participate in 
autologous feedback loops to control one another’s transcription, others directly regulate 
self-renewal. On the other hand, in addition to key transcription factors and RNA-binding 
proteins that regulate self-renewal, miRNAs are also involved in this complex regulatory 
network.  

5. miRNAs 
Small noncoding RNAs, which include miRNAs, are a new class of gene that do not code 
mRNA or protein but are post-transcriptional regulators of gene expression. This regulation 
generally occurs by binding of a small ( ~22-nucleotide-long) mature miRNA to mRNA via 
direct canonical base-pairing between nucleotides 2–8 at the 5′ end of the miRNA (the seed 
region) and the 3′ untranslated region (UTR) of the target mRNA (its complementary seed-
match sequence). Mature single-stranded miRNA is unwound by the helicase activity of 
Dicer and the RNA-induced silencing complex, resulting in the inhibition of translation, 
destabilization, and localization of target mRNA. miRNAs are not only post-transcriptional 
regulators of target genes but also play roles in establishing epigenetic programs (Filipowicz 
et al., 2008; Stefani and Slack, 2008). miRNAs are not translated into protein, rather, their 
function is to regulate gene expression by binding to other RNAs, particularly mRNA 
(Bartel, 2004) (Table 3). 
The first miRNAs were discovered in Caenorhabditis elegans when mutations in lin-4 (Lee et 
al., 1993) and let-7 (Reinhart et al., 2000) were found to result in defective stem cell 
maturation (Bartel, 2004). Since then, the miRNA field has been explored extensively and 
miRNAs have been found to be key regulators of many gene expression networks. In 
humans, thousands of miRNAs regulate thousands of mRNAs, and each miRNA targets 
and regulates hundreds of mRNAs to either induce their degradation or prevent their 
translation. Accumulating data have shown that miRNAs are involved in almost every 
biological process, and therefore dysregulation of miRNAs is involved in many human 
diseases, most notably cancer (Esquela-Kerscher and Slack, 2006; Yu et al., 2007) (Table 4). 
miRNAs play crucial roles as regulators of stem cell function, differentiation, and embryonic 
development (Filipowicz et al., 2008; Stefani and Slack, 2008), as well as act as oncogenes 
and tumor suppressor genes (Garzon et al., 2006). Recent discoveries have revealed that a 
complex regulatory network of miRNAs, transcription factors, and signaling pathways 
orchestrate cell-renewal and differentiation (Ferretti et al., 2008; Kato et al., 2009; Kennell et 
al., 2008; Marson et al., 2008b). The switch from pluripotent to lineage-specific cells is 
characterized by suppression of pluripotency by activation of expression of lineage-specific 
genes and repression of self-renewal genes in ESCs, and miRNAs are involved in the 
regulation of genetic programs. For example, miR-145 promotes the switch from the 
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5. CSCs have the abilty to repopulate the tumor, causing relapse, and can become resistant 
to different therapeutic agents. 

6. CSCs are identified by characteristic cell surface markers. 
Aberrant activation of an individual signaling pathway or cross-talk between pathways may 
result in tissue-specific carcinogenesis (Sun et al., 2010). Thus, an understanding of the 
pathways that govern the self-renewal and cell fate decisions of normal stem cells, and how 
these pathways are dysregulated and which of them are dysregulated during 
carcinogenesis, is of utmost importance. In many cases, self-renewal regulators have 
surprisingly similar functions in CSCs and normal stem cells (Tables 1 and 2). For example, 
 

Signaling 
pathway Type of cancer References 

Wnt/ 
β-catenin 

Liver 
Breast 
Chronic myeloid leukemia 
Acute myeloid leukemia 
Colon 
Prostate 
Intestine 
Skin 

(Ma et al., 2007) 
(Korkaya et al., 2009) 
(Zhao et al., 2007) 
(Wang et al., 2010) 
(Polakis, 2000; Vermeulen et al.) 
(Bisson and Prowse, 2009; Shahi et al., 2011) 
(Fre et al., 2009) 
(Chan et al., 1999) 

Notch Liver 
Colon 
Breast 
Intestine 
Prostate 
T-cell leukemia 

(Ma et al., 2007) 
(Sikandar et al., 2010) 
(Bouras et al., 2008; Dontu et al., 2004) 
(Fre et al., 2009) 
(Shahi et al., 2011) 
(Aster et al., 2010) 

Hedgehog Liver 
Breast 
Pancreatic 
Glioblastoma 
Chronic myeloid leukemia 
Colon 
Multiple myeloma 
Medulloblastoma 
Basal cell carcinoma 

(Ma et al., 2007) 
(Liu et al., 2006) 
(Li et al., 2007) 
(Ingham, 2008) 
(Dierks et al., 2008; Zhao et al., 2009) 
(Varnat et al., 2009) 
(Peacock et al., 2007) 
(Berman et al., 2002) 
(Gailani and Bale, 1999) 

Bmi-1 Breast 
Head and neck squamous 
cell cancer 
Acute myeloid leukemia 

(Liu et al., 2006) 
(Prince et al., 2007) 
 
(Lessard and Sauvageau, 2003) 

PTEN Breast 
Glioblastoma 

(Korkaya et al., 2009) 
(Zheng et al., 2008b) 

Table 2. Signaling pathways that are involved in stem cell self-renewal and are dysregulated 
in cancer stem cells 
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the proto-oncogene Bmi-1 is required to maintain both the proliferative potential of 
leukemic stem cells (Lessard and Sauvageau, 2003) and the self-renewal potential of normal 
hematopoietic stem cells, mammary stem cells, and NSCs (Liu et al., 2006; Molofsky et al., 
2003; Park et al., 2003). Similarly, PTEN and TP53 are required for differentiation and to 
maintain self-renewal not only in normal NSCs but also in neoplastic stem cells of 
glioblastoma (Zheng et al., 2008a; Zheng et al., 2008b). Notch signaling is also required to 
maintain self-renewal in normal and glioma stem cells (Hu et al., 2011), and HH signaling is 
required not only for normal NSC maintenance but also for brain tumor cell proliferation 
(Balordi and Fishell, 2007). 
Whereas some key transcription factors share some of their target genes and participate in 
autologous feedback loops to control one another’s transcription, others directly regulate 
self-renewal. On the other hand, in addition to key transcription factors and RNA-binding 
proteins that regulate self-renewal, miRNAs are also involved in this complex regulatory 
network.  

5. miRNAs 
Small noncoding RNAs, which include miRNAs, are a new class of gene that do not code 
mRNA or protein but are post-transcriptional regulators of gene expression. This regulation 
generally occurs by binding of a small ( ~22-nucleotide-long) mature miRNA to mRNA via 
direct canonical base-pairing between nucleotides 2–8 at the 5′ end of the miRNA (the seed 
region) and the 3′ untranslated region (UTR) of the target mRNA (its complementary seed-
match sequence). Mature single-stranded miRNA is unwound by the helicase activity of 
Dicer and the RNA-induced silencing complex, resulting in the inhibition of translation, 
destabilization, and localization of target mRNA. miRNAs are not only post-transcriptional 
regulators of target genes but also play roles in establishing epigenetic programs (Filipowicz 
et al., 2008; Stefani and Slack, 2008). miRNAs are not translated into protein, rather, their 
function is to regulate gene expression by binding to other RNAs, particularly mRNA 
(Bartel, 2004) (Table 3). 
The first miRNAs were discovered in Caenorhabditis elegans when mutations in lin-4 (Lee et 
al., 1993) and let-7 (Reinhart et al., 2000) were found to result in defective stem cell 
maturation (Bartel, 2004). Since then, the miRNA field has been explored extensively and 
miRNAs have been found to be key regulators of many gene expression networks. In 
humans, thousands of miRNAs regulate thousands of mRNAs, and each miRNA targets 
and regulates hundreds of mRNAs to either induce their degradation or prevent their 
translation. Accumulating data have shown that miRNAs are involved in almost every 
biological process, and therefore dysregulation of miRNAs is involved in many human 
diseases, most notably cancer (Esquela-Kerscher and Slack, 2006; Yu et al., 2007) (Table 4). 
miRNAs play crucial roles as regulators of stem cell function, differentiation, and embryonic 
development (Filipowicz et al., 2008; Stefani and Slack, 2008), as well as act as oncogenes 
and tumor suppressor genes (Garzon et al., 2006). Recent discoveries have revealed that a 
complex regulatory network of miRNAs, transcription factors, and signaling pathways 
orchestrate cell-renewal and differentiation (Ferretti et al., 2008; Kato et al., 2009; Kennell et 
al., 2008; Marson et al., 2008b). The switch from pluripotent to lineage-specific cells is 
characterized by suppression of pluripotency by activation of expression of lineage-specific 
genes and repression of self-renewal genes in ESCs, and miRNAs are involved in the 
regulation of genetic programs. For example, miR-145 promotes the switch from the 
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Target 
Effect 

(positive or 
negative) 

miRNA Biological 
process References 

I. Wnt signaling 

β-catenin – miR-200a Meningioma (Saydam et al., 2009) 
APC – miR-135a, miR-135b Colorectal cancer (Nagel et al., 2008) 

Wnt1  miR-34a, miR-21 Dendritic cell 
differentiation (Hashimi et al., 2009) 

II. Hedgehog signaling 

Smoothened 
(Smo) + 

miR-324-5p 
miR-125b 
miR-326 

Neural stem cell 
proliferation, 
medulloblastoma

(Ferretti et al., 2008) 

Gli1 + & – miR-324-5p 
Neural stem cell 
proliferation, 
medulloblastoma

(Ferretti et al., 2008) 

Dkk1 
Kremen2 
SFRP2 

+ miR-29 Osteoblast 
differentiation (Kapinas et al., 2010) 

III. Receptor tyrosine kinase signaling 

NRAS, KRAS – let-7 
Cancer stem cell 
differentiation, 
tumor formation

(Johnson et al., 2005) 

IV. Notch signaling 

HES1 – miR-159b-5p Medulloblastoma (Garzia et al., 2009) 

JAG1 – miR-34a, miR-21 Dendritic cell 
differentiation (Hashimi et al., 2009) 

JAG1 – miR-200 

Pancreatic 
adenocarcinoma
Basal-type breast 
cancer 

(Brabletz et al., 2011) 

Notch1 
JAG1 – miR-34a Cervical 

carcinoma (Pang et al., 2010) 

LATS + miR-372, miR-373 Testicular germ 
cell tumor (Voorhoeve et al., 2006) 

V. p53 signaling 

TP53 + miR-125b Apoptosis in the 
brain (Le et al., 2009) 
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Target 
Effect 

(positive or 
negative) 

miRNA Biological 
process References 

VI. PTEN signaling 

PTEN 
Bim 
Prkaa1 
PP2A 

– miR-19 
T-cell acute 
lymphoblastic 
leukemia 

(Mavrakis et al., 2010) 

PTEN – miR-21 Hepatocellular 
cancer (Meng et al., 2007) 

Table 3. MicroRNAs that regulate signaling pathways that determine properties of cancer 
stem cells 

pluripotent state to lineage-specific differentiation by supressing pluripotency factors (e.g., 
Klf4, Sox2, and Oct4) (Xu et al., 2009). Similarly, the switch from multipotent to lineage 
specific cells is marked by inhibition of self-renewal and proliferation and induction of cell 
fate decision. For example, miR-124 promotes neuronal differentiation by downregulating 
Sox9 in adult neural stem cells (Cheng et al., 2009). miRNAs that are involved in stem cell 
self-renewal and differentiation and thus regulate cell type specification and differentiation 
are summarized in Table 3. 
Recent reports indicate that miRNAs are central players in stem cell biology (Gangaraju and 
Lin, 2009), and may have a crucial role in future stem cell therapies. Each type of cell has a 
distinct miRNA signature. For example, Suh and colleagues reported the first miRNA 
signature in human ESCs and grouped those miRNAs into four classes; (1) miRNAs found 
to be specific to ESCs (miR-154, miR-200c, miR-368, miR-371, miR-372, and miR-373); (2) 
miRNAs found in both ESCs and their malignant counterpart, embryonal carcinoma cells 
(miR-302a, miR-302b, miR-302c, miR-302d, and miR-367); (3) miRNAs found to be rare in 
ESCs but abundant in HeLa and STO cells (let-7a, , miR-21, miR-29, miR-29b, miR-301, and 
miR-374); and (4) miRNAs found to be expressed in most of the cell lines tested (miR-16, 
miR-17-5p, miR-19b, miR-26a, miR-92, miR-103, miR-130a, and miR-222) (Suh et al., 2004). 
 

miRNA Type of cell Biological process References 
let-7 Breast cancer stem cells Self-renewal (Yu et al., 2007) 
let-7 Breast cancer stem cells Differentiation (Yu et al., 2007) 
let-7a-1 
let-7d 
let-7-f-1 

ESCs Pluripotency (Navarro et al., 2009) 

let-7a-2 
let-7a-3,  
let-7b 

ESCs Pluripotency (Navarro et al., 2009) 

miR-92a ESC Self-renewal and 
differentiation 

(Sengupta et al., 2009) 

miR-124 Adult neuronal stem 
cell 

Differentiation (Cheng et al., 2009) 
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Target 
Effect 

(positive or 
negative) 

miRNA Biological 
process References 

I. Wnt signaling 
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APC – miR-135a, miR-135b Colorectal cancer (Nagel et al., 2008) 

Wnt1  miR-34a, miR-21 Dendritic cell 
differentiation (Hashimi et al., 2009) 

II. Hedgehog signaling 

Smoothened 
(Smo) + 

miR-324-5p 
miR-125b 
miR-326 

Neural stem cell 
proliferation, 
medulloblastoma

(Ferretti et al., 2008) 

Gli1 + & – miR-324-5p 
Neural stem cell 
proliferation, 
medulloblastoma

(Ferretti et al., 2008) 

Dkk1 
Kremen2 
SFRP2 

+ miR-29 Osteoblast 
differentiation (Kapinas et al., 2010) 
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Pancreatic 
adenocarcinoma
Basal-type breast 
cancer 
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Notch1 
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brain (Le et al., 2009) 
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Target 
Effect 

(positive or 
negative) 

miRNA Biological 
process References 
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stem cells 
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Klf4, Sox2, and Oct4) (Xu et al., 2009). Similarly, the switch from multipotent to lineage 
specific cells is marked by inhibition of self-renewal and proliferation and induction of cell 
fate decision. For example, miR-124 promotes neuronal differentiation by downregulating 
Sox9 in adult neural stem cells (Cheng et al., 2009). miRNAs that are involved in stem cell 
self-renewal and differentiation and thus regulate cell type specification and differentiation 
are summarized in Table 3. 
Recent reports indicate that miRNAs are central players in stem cell biology (Gangaraju and 
Lin, 2009), and may have a crucial role in future stem cell therapies. Each type of cell has a 
distinct miRNA signature. For example, Suh and colleagues reported the first miRNA 
signature in human ESCs and grouped those miRNAs into four classes; (1) miRNAs found 
to be specific to ESCs (miR-154, miR-200c, miR-368, miR-371, miR-372, and miR-373); (2) 
miRNAs found in both ESCs and their malignant counterpart, embryonal carcinoma cells 
(miR-302a, miR-302b, miR-302c, miR-302d, and miR-367); (3) miRNAs found to be rare in 
ESCs but abundant in HeLa and STO cells (let-7a, , miR-21, miR-29, miR-29b, miR-301, and 
miR-374); and (4) miRNAs found to be expressed in most of the cell lines tested (miR-16, 
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miRNA Type of cell Biological process References 
let-7 Breast cancer stem cells Self-renewal (Yu et al., 2007) 
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let-7a-1 
let-7d 
let-7-f-1 
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let-7a-3,  
let-7b 
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miR-124 Adult neuronal stem 
cell 

Differentiation (Cheng et al., 2009) 
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miRNA Type of cell Biological process References 
miR-200 
miR-205 

ESCs Epithelial–
mesenchymal 
transition 

(Bracken et al., 2008; 
Gregory et al., 2008) 

miR-150 B cells Differentiation (Xiao et al., 2007) 
miR-1 Myoblasts Differentiation (Chen et al., 2006) 
miR-430 
miR-427 
miR-302 

ESCs Repress formation of 
ectoderm progenitor 
cells 

(Ivey and Srivastava, 
2010) 

miR-109 
miR-24 

ESCs Repress formation of 
endoderm progenitor 
cells 

(Ivey and Srivastava, 
2010) 

miR-122 
miR-192 

ESCs Promote formation of 
endoderm progenitor 
cells 

(Ivey and Srivastava, 
2010) 

miR-17-92 
miR-15a 
miR-16-1 
miR-21 

ESCs Self-renewal (Navarro et al., 2009) 

miR-199a Mesoderm progenitor 
cells 

Repress differentiation 
into chondrocytes 

(Ivey and Srivastava, 
2010) 

miR-296 
miR-2861 

Mesoderm progenitor 
cells 

Promote differentiation 
into osteoblasts 

(Ivey and Srivastava, 
2010) 

miR-214 
miR-206 
miR-1 
miR-26a 

Mesoderm progenitor 
cells 

Promote differentiation 
into skeletal muscle 
cells 

(Ivey and Srivastava, 
2010; Chen et al., 
2006) 

miR-133 
miR-221 
miR-222 

Mesoderm progenitor 
cells 

Repress differentiation 
into skeletal muscle 
cells 

(Ivey and Srivastava, 
2010) 

miR-1 
 

Mesoderm progenitor 
cells 

Promote differentiate 
into cardiac muscle 
cells 

(Ivey and Srivastava, 
2010) 

miR-133 Mesoderm progenitor 
cells 

Repress differentiation 
into cardiac muscle 
cells 

(Ivey and Srivastava, 
2010) 

miR-145 Neural crest stem cells Promote differentiation 
into smooth muscle 
cells 

(Ivey and Srivastava, 
2010) 

miR-203 Ectoderm progenitor 
cells 

Promote differentiation 
into keratinocytes 

(Ivey and Srivastava, 
2010) 

miR-9 
miR-124a 

Neural stem cells Promote differentiation 
into glial cells and 
neurons 

(Ivey and Srivastava, 
2010) 
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miRNA Type of cell Biological process References 
miR-223 
miR-181 

Hematopoietic 
progenitor cells 

Promote differentiation 
into lymphoid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-223 Hematopoietic 
progenitor cells 

Promote differentiation 
into myeloid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-146 
miR-128a 
miR-181a 

Hematopoietic 
progenitor cells 

Repress differentiation 
into lymphoid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-128a 
miR-181a 
miR-155 
miR-24a 
miR-17 

Hematopoietic 
progenitor cells 

Repress differentiation 
into myeloid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-150 Lymphoid progenitor 
cells 

Promote differentiation 
into T cells 

(Ivey and Srivastava, 
2010) 

miR-223 Myeloid progenitor 
cells 

Repress differentiation 
into granulocytes 

(Ivey and Srivastava, 
2010) 

miR-17-5p 
miR-20a 
miR-106a 

Myeloid progenitor 
cells 

Repress differentiation 
into monocytes 

(Ivey and Srivastava, 
2010) 

miR-150 
miR-155 
miR-221 
miR-222 

Myeloid progenitor 
cells 

Repress differentiation 
into red blood cells 

(Ivey and Srivastava, 
2010) 

miR-451 
miR-16 

Myeloid progenitor 
cells 

Promote differentiation 
into red blood cells 

(Ivey and Srivastava, 
2010) 

miR-355 Mesenchymal stem cells Repress proliferation 
and migration 

(Ivey and Srivastava, 
2010) 

miR-92a ESC Repress G1–S transition (Sengupta et al., 2009) 
miR-372 
miR-195 

ESC 
ESC 

Repress G1–S transition 
Repress G2–M 
transition 

(Qi et al., 2009) 

Table 4. miRNAs involved in self-renewal and differentiation processes in normal stem cells 
and cancer stem cells. 

Nanog, Oct4, and Sox2 have been found to be key regulators of ESC pluripotency. miR-134, 
miR-296, and miR-470 have been shown to modulate ESC pluripotency by regulating 
Nanog, Oct4, and Sox2, which are key regulators of ESC pluripotency (Tay et al., 2008). 
Recent studies have identified two groups of miRNAs: markers of pluripotency, which are 
expressed in the undifferentiated state (miR-200c, miR-371, miR-372, miR-302a, miR-320d, 
miR-373, miR-302c, miR-21, miR-222, miR-296, miR-494, and miR-367) and miRNAs that 
regulate the differentiation of cells into one of the different lineages (miR-17, miR-92, and 
miR-93, which are overexpressed in differentiated cells; and miR-154, miR-29a, miR-143, 
miR-29c, and let-7a, which are underexpressed in differentiated cells) (Lakshmipathy et al., 
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into skeletal muscle 
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(Ivey and Srivastava, 
2010; Chen et al., 
2006) 
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Mesoderm progenitor 
cells 
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into skeletal muscle 
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(Ivey and Srivastava, 
2010) 

miR-1 
 

Mesoderm progenitor 
cells 

Promote differentiate 
into cardiac muscle 
cells 

(Ivey and Srivastava, 
2010) 

miR-133 Mesoderm progenitor 
cells 
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into cardiac muscle 
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(Ivey and Srivastava, 
2010) 

miR-145 Neural crest stem cells Promote differentiation 
into smooth muscle 
cells 

(Ivey and Srivastava, 
2010) 

miR-203 Ectoderm progenitor 
cells 

Promote differentiation 
into keratinocytes 

(Ivey and Srivastava, 
2010) 
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into glial cells and 
neurons 

(Ivey and Srivastava, 
2010) 
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miRNA Type of cell Biological process References 
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progenitor cells 

Promote differentiation 
into lymphoid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-223 Hematopoietic 
progenitor cells 
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into myeloid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-146 
miR-128a 
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Hematopoietic 
progenitor cells 

Repress differentiation 
into lymphoid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-128a 
miR-181a 
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miR-24a 
miR-17 

Hematopoietic 
progenitor cells 
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into myeloid 
progenitor cells 

(Ivey and Srivastava, 
2010) 

miR-150 Lymphoid progenitor 
cells 

Promote differentiation 
into T cells 

(Ivey and Srivastava, 
2010) 

miR-223 Myeloid progenitor 
cells 

Repress differentiation 
into granulocytes 

(Ivey and Srivastava, 
2010) 

miR-17-5p 
miR-20a 
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Myeloid progenitor 
cells 

Repress differentiation 
into monocytes 

(Ivey and Srivastava, 
2010) 

miR-150 
miR-155 
miR-221 
miR-222 

Myeloid progenitor 
cells 

Repress differentiation 
into red blood cells 

(Ivey and Srivastava, 
2010) 

miR-451 
miR-16 

Myeloid progenitor 
cells 

Promote differentiation 
into red blood cells 

(Ivey and Srivastava, 
2010) 

miR-355 Mesenchymal stem cells Repress proliferation 
and migration 

(Ivey and Srivastava, 
2010) 

miR-92a ESC Repress G1–S transition (Sengupta et al., 2009) 
miR-372 
miR-195 

ESC 
ESC 

Repress G1–S transition 
Repress G2–M 
transition 

(Qi et al., 2009) 

Table 4. miRNAs involved in self-renewal and differentiation processes in normal stem cells 
and cancer stem cells. 

Nanog, Oct4, and Sox2 have been found to be key regulators of ESC pluripotency. miR-134, 
miR-296, and miR-470 have been shown to modulate ESC pluripotency by regulating 
Nanog, Oct4, and Sox2, which are key regulators of ESC pluripotency (Tay et al., 2008). 
Recent studies have identified two groups of miRNAs: markers of pluripotency, which are 
expressed in the undifferentiated state (miR-200c, miR-371, miR-372, miR-302a, miR-320d, 
miR-373, miR-302c, miR-21, miR-222, miR-296, miR-494, and miR-367) and miRNAs that 
regulate the differentiation of cells into one of the different lineages (miR-17, miR-92, and 
miR-93, which are overexpressed in differentiated cells; and miR-154, miR-29a, miR-143, 
miR-29c, and let-7a, which are underexpressed in differentiated cells) (Lakshmipathy et al., 
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2007). miR-302d and miR-372 target the transcription factors TRPS1 and KLF13 and the 
RNA binding protein MBNL2 to regulate ESC self-renewal (Li et al., 2009).  
miRNAs of the let-7 family (let-7a-1, let-7a-2, let-7a-3, let-7b, let-7c, let-7d, let-7e, let-7f-1, let-
7f-2, let-7g, let-7i and miR-98) are key regulators of self-renewal and proliferation and act as 
tumor suppressors. Numerous genes that promote the G1/S or G2/M transition, such as 
CDK6, CDC25A, and CCND2, are direct targets of let-7. Let-7 also negatively regulates 
oncogenes such as NRAS, KRAS, HMGA2, and c-Myc, and pluripotency-regulating genes 
such as Lin28 (Chivukula and Mendell, 2008). Let-7 modulates self-renewal by targeting 
HRAS and differentiation by targeting HMGA2 in breast cancer cells (Yu et al., 2007). 
Expression of the let-7 family of miRNAs has been found to be downregulated both in 
embryonic lung tissue and in lung tumors (Navarro et al., 2009), colon cancer (Akao et al., 
2006), and breast cancer (Iorio et al., 2005). Moreover, let-7 has been shown to be 
downregulated in ESCs and high during differentiation, in which LIN28 expression is high 
in ESC, but decreases during differentiation (Marson et al., 2008b). Let-7 and LIN28 form a 
tight feedback loop that is fundamental for stem cell self-renewal and differentiation 
(Gunaratne, 2009; Martinez and Gregory, 2010). miR-150 regulates differentiation by 
targeting c-Myb in B-cells (Xiao et al., 2007), while miR-1 regulates differentiation by 
targeting Mef2c in myoblasts (Chen et al., 2006). miRNAs regulate self-renewal in ESC by 
controlling the G1-S and G2-M transition. For example, miR-92a is a negative regulator of 
G1-S transition by targeting CDKN1C (Sengupta et al., 2009). miR-372 targets CDKN1A to 
negatively regulate G1-S transition, while miR-195 negatively regulates G2-M transition by 
targeting WEE1 in ESCs (Qi et al., 2009). miR-125b, miR-504, miR-25 and miR-30d directly 
target and negatively regulate TP53 (Kumar et al., 2011). 
The following miRNAs have been found to be key regulators of EMT: miR-200a, miR-200b, 
miR-200c, miR-141, and miR-429 (Gregory et al., 2008). The miR-200 family regulates EMT 
by targeting different genes. For example, miR-200b, miR-141 and miR-205 target ZEB2 
(Gregory et al., 2008), miR-141 and miR-155 targets TGF-β2 (Bracken et al., 2008; Burk et al., 
2008), miR-200a targets ZEB2 and CTNNB1 (Xia et al., 2010) to regulate EMT. In addition, 
miR-335 has been found to regulate differentiation, proliferation, and migration in 
mesenchymal stem cells (Tome et al., 2011).  

6. Conclusion 
In the past decade, tremendous progress has been made in discovering molecular 
mechanisms  (signaling pathways, transcription factors and miRNAs) that regulate stem 
cell self-renewal and differentiation, but many questions remain to be answered. For 
example, which factors and signaling pathways determine which daughter cell of an adult 
stem cell remains a stem cell and which undergoes differentiation. How do cells decide 
whether to self-renew? How do cells decide whether to migrate to develop organs during 
embryogenesis, and how do cells decide when that specific organogenesis process is 
complete? How do cells decide to stop proliferating? Which regulatory factors are 
involved in normal cell differentiation, and which factors are aberrantly expressed in 
cancer?   
New discoveries will add to our understanding of the balance between self-renewal and 
differentiation in normal stem cells and, therefore, provide new insights into development 
and progression of cancer, which may lead to the development of more effective molecular 
cancer therapies. Most current cancer therapeutic agents aim to kill cancer cells. These 
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therapeutic agents kill cancer cells as well as normal cells, but do not kill CSCs. A more 
effective approach to the treatment of cancer may be to use therapeutic agents that block 
self-renewal and that induce cell to complete differentiation instead of killing cells. Since 
miRNAs are key regulators in self-renewal and differentiation, thereby miRNAs can be used 
as potential therapeutic agents or targets. 
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2007). miR-302d and miR-372 target the transcription factors TRPS1 and KLF13 and the 
RNA binding protein MBNL2 to regulate ESC self-renewal (Li et al., 2009).  
miRNAs of the let-7 family (let-7a-1, let-7a-2, let-7a-3, let-7b, let-7c, let-7d, let-7e, let-7f-1, let-
7f-2, let-7g, let-7i and miR-98) are key regulators of self-renewal and proliferation and act as 
tumor suppressors. Numerous genes that promote the G1/S or G2/M transition, such as 
CDK6, CDC25A, and CCND2, are direct targets of let-7. Let-7 also negatively regulates 
oncogenes such as NRAS, KRAS, HMGA2, and c-Myc, and pluripotency-regulating genes 
such as Lin28 (Chivukula and Mendell, 2008). Let-7 modulates self-renewal by targeting 
HRAS and differentiation by targeting HMGA2 in breast cancer cells (Yu et al., 2007). 
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effective approach to the treatment of cancer may be to use therapeutic agents that block 
self-renewal and that induce cell to complete differentiation instead of killing cells. Since 
miRNAs are key regulators in self-renewal and differentiation, thereby miRNAs can be used 
as potential therapeutic agents or targets. 
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1. Introduction 
The heart is the first organ which becomes functional during embryonic development. 
During lifetime, it cannot rest or stop working without sacrificing the whole organism. 
Nobody would question that the heart is one of the most vital organs in the body. Severe 
diseases of the heart compromise the quality of life and often lead to premature death. 
Cardiovascular diseases are currently the number one killer around the world, and it seems 
likely that this will not change in the near future. It is therefore not a surprise that huge 
efforts are made to treat cardiac disease and more recently to repair damaged hearts. 
However, up to now, there is no causative and definitive cure for cardiovascular diseases 
although major therapeutic improvements were made. Yet, most therapeutic approaches 
tackle symptoms and not causes, which is in part due to the complex etiology of 
cardiovascular diseases (e.g. environmental, genetic, life style, physiological, etc. (Kullo & 
Cooper, 2010)). 
During the last halve of the century, the view predominated that the heart is essentially a 
post-mitotic organ, overthrowing previous assumptions, which reasoned that the heart is 
able to regenerate. The latter theory persisted from 1850 to the first quarter of the 20th 
century and was then replaced by the belief that remodelling events of the heart are solely 
based on growth rather than on proliferation of cardiomyocytes (Carvalho & de Carvalho, 
2010; Karsner et al., 1925). More recently, the view that cardiomyocytes cannot renew has 
been put into question. Piero Anversa’s group published a series of articles claiming that 
ongoing cell death of cardiomyocytes in the heart requires extensive replacement of 
cardiomyocytes. It is not surprising that this hypothesis stirred a lot of controversy (Anversa 
et al., 2007). One should not forget, however, that the concept of cardiomyocyte renewal is 
not completely new. A very low but nevertheless detectable level of cardiomyocyte cell cycle 
activity was reported in rodent studies almost 50 years ago (Soonpaa & Field, 1998). 
One of the major challenges in the field has been the detection of newly formed 
cardiomyocytes and/or the visualization of cell division events. This problem has been, at 
least partially, overcome by utilizing clever labelling schemes, which rely on the intentional or 
non-intentional labelling of the genetic material of cardiomyocytes. A study by Jonas Frisén 
and his colleagues (Bergmann et al., 2009) took advantage of the nuclear fall-out that was 
generated during nuclear bomb testing until 1963. The carbon-14 (C14) isotope that was 
released into the atmosphere was incorporated into plants and animals or diffused into the 
oceans to enter the food cycle and eventually “labelled” human beings. Using the C14 
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concentration in cardiomyocyte genomic DNA, Frisén’s group calculated the age of 
cardiomyocytes. The authors estimated that human cardiomyocytes renew at a rate of 1% per 
year at the age of 20, which declines to 0.45% at the age of 75. According to their calculation, 
fewer than 50% of cardiomyocytes are renewed during a normal life span of a human being. In 
2010, Anversa’s group reported a much higher rate of turnover using materials from cancer 
patients who received infusion of the radiosensitizer iododeoxyuridine (IdU) for therapeutic 
purposes. IdU is rapidly incorporated into cycling cells thereby setting up a pulse-and-chase 
“experiment” (similar to bromodeoxyuridine (BrdU)-labelling (DuFrain et al., 1984)). 
According to the IdU study, the turnover rate of cardiomyocytes is 22% per year (20% and 13% 
for fibroblasts and endothelial cells, respectively). The lifespan of cardiomyocytes was 
calculated to be ~4.5 years resulting in the claim that cardiomyocytes renew several times 
during a normal life span (Kajstura et al, 2010a). To further support their hypothesis, 
Anversa’s group published another report (Kajstura et al, 2010b), which demonstrated that the 
ageing human heart of women is more adoptive to cardiomyocyte loss than that of men 
(Olivetti et al., 1995). By counting cardiomyocytes and c-kit+ cardiac stem cells (CSCs) 
undergoing apoptosis, cellular senescence and proliferation, the authors concluded that from 
20 to 100 years of age, the entire cardiomyocyte compartment of women is replaced 15 times, 
whereas that of men is renewed 11 times. These numbers, which are provocatively high, are 
awaiting independent confirmation from other labs. 
At the first glance, results of the above mentioned 3 reports in human seem to contradict 
findings in mice published in 2007. By utilizing transgenic mice to trace the fate of adult 
cardiomyocytes based on alpha-MHC-driven GFP expression, Hsieh et al. (Hsieh et al., 
2007) observed cardiomyocyte turnover by stem or precursor cells after myocardial 
infarction or pressure overload. However, during normal ageing up to one year (which is 
equivalent to a 34-year-old human (Holaska, 2008)), the authors did not record a significant 
turnover of cardiomyocytes. Yet, a careful analysis of the published data reveals that 
labelling based on tamoxifen injections is not 100% (82.7 ± 1.7% in the above study), and 
there is a 1-2 percent fluctuation of labelled cells, which explain differences to the results by 
Bergmann et al. (Bergmann et al., 2009). 
Although the above mentioned studies in human cardiomyocyte turnover are intriguing 
and provide impressive results, some problems remain. Human cardiomyocytes initiate cell 
cycle activity in response to mechanical stress (e.g. hypertrophy) without nuclear or cell 
division (karyo- and cyto-kinesis, respectively) (Adler & Friedburg, 1986; Soonpaa & Field, 
1998), which might lead to an increase of the number of labelled cardiomyocytes. 
Surprisingly, there is no consensus in the literature regarding the number of nuclei in 
human cardiomyocytes. While murine cardiomyocytes are >90% binucleated (Liu et al., 
2010; Soonpaa et al., 1996), it has been reported that 74% of human cardiomyocytes are 
mononucleated, compared to 25.5% for bi-, 0.4% for tri- and 0.1% for tetranucleated cells 
(Olivetti et al., 1996). The calculations of Anversa’s group in recent publications relied 
mostly on those numbers (Kajstura et al, 2010a, 2010b). On the other hand, Frisén’s group 
argued that the bulk of human cardiomyocytes is not mononucleated. According to their 
calculations, the majority of cardiomyocyte nuclei from the human adult left ventricle has 
more than two complete sets of chromosomes, (i.e. 33.5, 55.8 and 10.7% are di-, tetra- and 
octa-ploid, respectively (Bergmann et al., 2011)). It should not be too difficult to resolve this 
discrepancy in the future. 
Given the findings discussed above, it seems safe to state that cardiomyocytes undergo a 
certain degree of renewal during the lifetime of a mammalian organism. The cellular source 
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of cardiomyocyte renewal, however, remains an open question. In principal, it is possible 
that new cardiomyocytes are generated from already existing cardiomyocytes, a principle 
that dominates embryonic heart development. Alternatively, different types of cardiac stem 
cells might generate new cardiomyocytes and other cell types following an endogenous 
program or inductive stimuli. To address these possibilities, it is required to utilize proper 
animal models since the required experimental manipulation is not applicable to human 
beings. Therefore, we will first survey the origin of cells in the heart and then pay special 
attention to putative cardiac stem cells (CSC) in the murine heart. 

2. Cell types in heart and their lineages 
Researchers from other fields often assume that the heart is mostly made up from 
cardiomyocytes, which is not true. The mouse heart is composed of ~56% cardiomyocytes, 
27% fibroblasts, 10% vascular smooth muscle cells and 7% endothelial cells (Banerjee et al., 
2007). Most likely, several other cell types are hidden within these principal groups awaiting 
further characterization. Interestingly, the distribution of cell types in the heart varies 
between different rodent species. Rat hearts contain only 26.4% cardiomyocytes, a number 
that is similar to human beings. The major cell type in rat and human hearts is the fibroblast 
(62.6%) (Banerjee et al., 2007; Nag, 1980). If we look at the composition of cell types in the 
heart, rats appear to be rather similar to humans (Rubart & Field, 2006). Moreover, there are 
several other reasons which added to the popularity of the rat as a cardiovascular model 
system compared to mice (Aitman et al., 2008). However, advanced genetic manipulation of 
rats was not possible so far (Cui et al., 2011; Tong et al., 2010) although the advent of zinc 
finger nucleases (Geurts et al., 2009) and rat ES cells (Buehr et al., 2008; Li et al., 2008) might 
change that picture in the future. Given that the composition of cell types differs greatly 
between human and mice, it might not be possible to translate all findings in mice directly 
to humans. Nevertheless, the advanced state of mouse genetics greatly facilitates analysis of 
CSCs.  

2.1 Cardiomyocytes 
Cardiomyocytes constitute the functionally most relevant part of the myocardium, which 
generates the necessary force enabling the heart to act as a pump. Although the view about 
cardiomyocyte turnover might have changed over the years, several studies carefully 
documented birth and growth of cardiomyocytes. For example, Loren Field's group 
(Soonpaa et al., 1996) reported that DNA synthesis in cardiomyocytes occurs in two distinct 
phases during the murine development. The first phase is associated with cardiomoycyte 
proliferation, which occurs during fetal life. The second phase follows after the cession of 
reduplication of cardiomyocytes (transition from the first phase takes place before day 10 
after birth). The feature of this phase is binucleation of cardiomyocytes due to a round of 
genomic duplication and karyokinesis without cytokinesis.  
Currently, the following four sources of cardiomyocyte renewal are considered (Parmacek & 
Epstein, 2009): 
1. Adult cardiomyocytes reentering the cell cycle and divide 
2. Bone-marrow-derived cardiac stem/progenitor cells 
3. Cells derived from the embryonic epicardium 
4. Cardiac stem/progenitor cells 
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Since a lack of sufficient number of cardiomyocytes can cause many forms of congenital and 
adult cardiovascular diseases, intensive research has been conducted to find a set of 
genes/proteins that might drive adult cardiomyocytes into cell cycle to regenerate 
cardiomyocytes (Rubart & Field, 2006). However, one needs to keep in mind that such 
approaches bear some inherent problems and that it is absolutely required to prevent 
uncontrolled proliferation. Since primary cardiac tumours are very rare (Devbhandari et al., 
2007), there must be an intrinsic, biological block, which prevents division of 
cardiomyocytes soon after birth. Studies by several laboratories revealed that it is rather 
difficult to overcome this block and to achieve controlled proliferation of adult 
cardiomyocytes (Ebelt et al., 2005, 2006, 2008a, 2008b). There is still hope, however, to utilize 
the remaining, low-level potential of cardiomyocytes to proliferate for therapeutic purposes.   
The second acclaimed source of cardiomyocyte renewal is bone-marrow-derived 
mesenchymal stem cells (BMSCs). Transdifferentiation of such cells has been fiercely 
debated over the years, which is well beyond the scope of this chapter. Interested readers 
might consult the excellent articles (Alaiti et al., 2010; Phinney & Prockop, 2007; Psaltis et al., 
2008), which cover this topic. The majority view in the field sees BMSCs as beneficial to treat 
patients suffering from acute myocardial infarction and ischemic heart failure (Chugh et al., 
2009). However, transdifferentiation of transplanted or injected BMSCs (fresh or cultured) 
are not very likely to contribute to the success of these therapies; instead, BMSCs secrete 
growth factors and cytokines that might enhance survival of surviving cardiomyocytes and 
stimulate endogenous repair mechanisms via activation of resident CSCs and other stem 
cells (Wen et al., 2010). Regarding the issue of transdifferentiation, an interesting study was 
conducted by Nern et al. (Nern et al., 2009). In this study, the authors employed a lineage 
tracing system based on the haematopoietic-specific promoter vav to monitor cell fusion 
events under physiological conditions to challenge transplantation studies using BMSCs. In 
the case of the heart, the authors found only a single LacZ-positive (the reporter gene from 
Rosa26 LacZ allele) cardiomyocyte in four hearts of non-irradiated healthy trasgenic mice 
(vav-iCre/Rosa26 LacZ). Therefore, it is unlikely that haematopoietic cells contribute to 
renewal of cardiomyocytes. Of course, one might argue that the labelled cells are different 
from BMSCs but current evidence does not support the view that BMSCs act as major 
players for the cardiomyocyte renewal. 
The third potential source of cardiomyocyte renewal is so-called “epicardially derived 
mesenchymal cells (EPDCs)” (Morabito et al., 2001). EPDCs are derived from a 
subpopulation of epicardial cells and were shown to differentiate into cardiac vessels, 
cardiomyocytes and connective tissue of heart (Limana et al., 2011). Some authors name 
these cells “cardiac stem cells” (Wessel & Pérez-Pomares, 2004) although several other cell 
populations, which reside within the myocardium have also been dubbed this way. A more 
comprehensive description of different population of putative cardiac stem cells is given 
below in Section 3.  

2.2 Smooth muscle cells 
Smooth muscle cells are highly plastic and might toggle between a contractile and synthetic 
phenotype in response to extracellular cues unlike their striated muscle cousins (cardiac and 
skeletal muscle cells) (Owens, 1995). In the heart, the tone of vascular smooth muscle cells 
regulates the diameter of blood vessels, blood pressure and blood flow (Rzucidlo et al., 
2007), which are integral to the function of the heart. Dysregulation of smooth muscle cells 
promote various diseases, including atherosclerosis, which results in over 55% of all deaths 
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in Western civilization (Owens et al., 2004). Therefore, significant efforts have been made to 
elucidate pathological mechanisms affecting vascular smooth muscle cells. Vascular 
progenitor cells (Kumar & Caplice, 2010) have been claimed to represent a potential source 
for the renewal of damaged or diseased smooth muscle cells. Since the major source of such 
progenitor cells are from vascular walls, which consists of endothelial cells, they will be 
discussed in the next subsection. 

2.3 Endothelial cells 
In arteries and arterioles, endothelial cells are closely associated with vascular smooth 
muscle cells while capillaries are devoid of smooth muscle cells (Ergün, 2011). Due to their 
importance, endothelial cells have been studied intensively and numerous excellent reviews 
are available. Here, we discuss briefly potential progenitor cells of the endothelium known 
as “vascular progenitor cells” or “endothelial progenitor cells (EPCs)”.  
The first report about EPCs in 1997 (Asahara et al., 1997) gave rise to numerous other studies. 
Most researchers relied on surface markers to identify EPCs, sort them and put them in culture 
to differentiate them in vitro to test their plasticity. Such studies resulted in lab-to-lab, 
equipment-to-equipment and reagent-to-reagent (e.g. antibodies) differences in the results, 
which lead to discussions of contaminations by other cell types (Prokopi et al., 2009). However, 
the therapeutic potential of EPCs appears relatively high. Numerous clinical trials have been 
conducted, which mostly reported beneficial effects (Kumar & Caplice, 2010).  
The most confusing issue about EPCs is the lack of defined marker and niches (Ergün, 2011; 
Psaltis et al., 2010). This lead to the claim that EPCs might belong to the haematopoietic 
lineage and share its niche and origin (Richardson & Yoder, 2011). The contribution of EPCs 
to neo-angiogenesis is controversial. Some reports describe a very strong contribution to the 
endothelium of different vessels whereas other studies demonstrated only a moderate if any 
contribution. A contribution of EPCs to parenchymal cells of the heart appears unlikely. 
Lineage tracing experiments using the haematopoietic-specific promoter vav did not 
indicate a contribution to cardiomyocytes (Nern et al., 2009) although it is possible that some 
EPCs are not derived from the haematopoietic lineage.  
Endothelial and smooth muscle cells are relatively plastic, which might allow them to 
acquire different fates after de-differentiation and re-differentiation including fibroblasts 
(Stintzing et al., 2009; Zeisberg et al., 2007). All these considerations make it difficult to judge 
the contributions of such EPCs to the renewal of myocardial cell types without a lineage 
tracing study using a clearly defined marker for EPCs, which is currently non-existing. 

2.4 Cardiac fibroblasts 
Cardiac fibroblasts comprise a rather heterogenous group of cells. Due to the absence of a 
single pathognomonic marker for fibroblasts, virtually all interstitial cells, which are not 
associated with vessels and which are not cardiomyocytes, are considered fibroblasts. The 
unusual phenotypic plasticity of fibroblasts does also raise the question whether they 
represent a single mature cell type or also comprise different types of precursor cells (Eyden, 
2004). This point becomes clearer when considering the morphology of primary BMSCs in 
culture, which are often described to have “fibroblast-like” morphology (Friedenstein et al., 
1976), an attribute that is also used to describe adult stem cells in culture (Rios & 
Williams,1990). CSCs, for example, show a very similar morphology, which makes it 
difficult to distinguish them from fibroblasts without additional molecular markers 
(Messina et al., 2004). By definition, CSCs should give rise to all the lineages in heart, 
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in Western civilization (Owens et al., 2004). Therefore, significant efforts have been made to 
elucidate pathological mechanisms affecting vascular smooth muscle cells. Vascular 
progenitor cells (Kumar & Caplice, 2010) have been claimed to represent a potential source 
for the renewal of damaged or diseased smooth muscle cells. Since the major source of such 
progenitor cells are from vascular walls, which consists of endothelial cells, they will be 
discussed in the next subsection. 
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Williams,1990). CSCs, for example, show a very similar morphology, which makes it 
difficult to distinguish them from fibroblasts without additional molecular markers 
(Messina et al., 2004). By definition, CSCs should give rise to all the lineages in heart, 
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including cardiac fibroblasts. It probably will remain a lasting challenge for some time to 
distinguish CSCs from fibroblasts and from intermediary cell types that have been 
generated from CSCs but not yet acquired a classical fibroblastic phenotype. 

3. Current status of cardiac stem cells 
When one speaks about CSCs, currently there are 6 schools (Table 1). 
 

Type of CSCs Other Markers References 

Sca1+ CSCs 
CD34-, CD45-, FLK1-, c-
kit+/-, GATA4+, NKX2-

5+/-, MEF2C+ 

(Oh et al., 2003; Forte et al., 2008; 
Matsuura et al., 2004; Rosenblatt-Velin et 
al., 2005; Tateishi et al., 2007; Wang et al., 

2006; Wu et al., 2006) 

c-kit+ CSCs 
CD34-, CD45-, Sca1+, 
GATA4+, NKX2-5+, 

MEF2C+ 

(Bearzi et al., 2007; Beltrami et al., 2003; 
Dawn et al., 2005; Linke et al., 2005; 

Miyamoto et al., 2010; Tillmanns et al., 
2008; Urbanek et al., 2003) 

Isl-1+ CSCs CD31-, Sca1-, c-kit-, 
GATA4+, NKX2-5+ (Laugwitz et al., 2005; Moretti et al., 2006) 

Side population 
(SP) cells 

CD34+, CD45+, 
ABCG2+, Sca1+, c-kit+, 

NKX2-5-, GATA4- 

(Martin et al., 2004; Liang et al., 2010; 
Oyama et al., 2007; Pfister et al., 2005) 

Cardiospheres 
CD34+, CD45+, 

ABCG2+, Sca1+, c-kit+, 
NKX2-5-, GATA4- 

(Messina et al., 2004; Andersen et al., 2009; 
Cheng et al., 2010; Davis et al., 2010; Smith 

et al., 2007; Tateishi et al., 2007) 
Cardiac 

mesangioblasts 
(EPCs) 

CD31+, CD34+, CD44+, 
CD45-, Sca1+, c-kit+ 

(Barbuti et al., 2010; Galvez et al., 2008; 
Gálvez et al., 2009) 

Table 1. List of resident CSCs 

Due to the importance of heart as a vital organ, several attempts have been made to 
characterize CSCs using various techniques. Numerous review articles were published 
covering the field of CSCs (Anversa et al., 2006; Bollini et al., 2011; Di Nardo et al., 2010; 
Musunuru et al., 2010; Tateishi et al., 2008). Considering the acclaimed types of CSCs, it 
seems that heart, once considered to be a post-mitotic organ, harbours the highest number of 
adult stem cells in the body. At present, it is not clear whether CSCs can be called “true” 
adult stem cells with a “true” multipotency (Ellison et al., 2010; Stamm et al., 2009). The 
concept of multipotent adult stem cells and progenitor cells (sometime classified as 
"transient-amplifying cells") (Bryder et al., 2006) is derived from the haematopoietic system 
and might not necessarily apply to CSCs.  
As described in previous chapters, postnatal cardiomyocytes are likely to be renewed 
throughout the life of a mammal. The cellular sources of postnatally emerging 
cardiomyocytes are probably CSCs although definitive evidence is missing. Similarly, CSCs 
appear to be situated within the heart and not in the bone marrow or other locations outside 
the heart although such a possibility has not been unequivocally ruled out. Recent findings 
of circulating EPCs and "very small embryonic-like stem cells (VSELs)" (Ratajczak et al., 
2009) renewed the debate about the origin of CSCs although the impact of such studies 
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seems limited. Virtually all studies devoted to “circulating” (“non-resident”) cells are based 
on ex vivo experiments. In such experiments, putative stem cells are isolated using 
antibodies against surface markers followed by transplantation into “hosts”. This procedure 
is similar to bone marrow transplantation experiments, which sometimes results in fusion of 
transplanted cells to host cells or uptake of marker proteins (e.g. GFP) by host cells (Nern et 
al., 2009). In contrast, no clear evidence exists that intercellular fusions occur under 
physiological conditions in the heart involving, for example, cardiomyocytes and 
endothelial cells. In fact, classical genetic lineage tracing experiments and injection of 
genetically labelled cells into mouse blastocyts argue against widespread cellular fusion 
events (Schulze et al., 2005).   

3.1 Lineage tracing 
The “gold standard” to define the origin of a particular set of cells is a “lineage tracing” 
experiment using a defined and established stem cell marker gene. Long-term lineage 
tracing experiments rely on model organisms using transgenic technology. To understand 
the theoretical basis of lineage tracing, one needs to distinguish between transient and 
permanent cell labelling. Transient labelling is based on knock-in of a reporter gene (e.g. 
GFP) into a gene of interest to visualize the current activity of a specific gene. This has been 
successfully applied to observe the contributions of c-kit+ cells to the revascularizing infarct 
regions of the myocardial infarcted heart by utilizing c-kit(BAC)-EGFP mice (Tallini et al., 
2009). Labelled cells in the infarct regions were not cardiomyocytes but endothelial and 
smooth muscle cells. Under normal physiological condition, the authors observed an 
increasing number of labelled cells in the heart up to postnatal day 2. Thereafter, the number 
declined, and the labelled cells were rarely observed in an adult heart. The authors 
concluded from these results that “c-kit expression in cardiomyocytes in the adult heart 
after injury does not identify cardiac myogenesis.” (Tallini et al., 2009). As one can easily 
imagine, this is due to the limitation of transient labelling, since labelled cells will loose the 
label upon differentiation.  
In contrast, a permanent labelling strategy, which directly targets the genetic material, can 
bypass problems that arise from changes in the transcriptional program. This can be done 
by utilizing mouse strains that carry a conditionally active Cre-recombinase and a Cre-
dependent reporter gene (Smedley et al., 2010). Some researchers use inducible systems (e.g. 
tamoxifen-inducible Mer-Cre-Mer system (Petrich et al., 2003)) or double transgenic mice 
(Cre-reporter) and triple transgenic mice based on tet-Cre system (Tang et al., 2008). 

3.2 A potential lineage tracing study to monitor contribution of CSCs to the 
myocardium 
A permanent labelling strategy to trace the fates of adult stem cells might utilize a tetracycline 
transactivator (tTA) placed under the control of stem cell marker gene as shown in Fig. 1. 
Preferably, such a system should be based on a “tet-off” design, in which the system is 
activated until doxycycline (DOX) is added (Gossen & Bujard, 1992; Urlinger et al., 2000). The 
opposite system is called “tet-on” (rtTA is used), which is claimed to allow a tight control 
(Stary et al., 2010). However, when tet-on system is used, DOX must be administered in the 
drinking water of mice, which can be rather expensive. In addition, DOX inhibits angiogenesis 
in mouse (Cox et al., 2010; Fainaru et al., 2008). In our lab, the DOX-treated murine hearts 
(1mg/ml in the drinking water) tend to be ~30% smaller compared to the age-matched 
untreated hearts (data not shown). Furthermore, DOX might also have effects on the 
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including cardiac fibroblasts. It probably will remain a lasting challenge for some time to 
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Musunuru et al., 2010; Tateishi et al., 2008). Considering the acclaimed types of CSCs, it 
seems that heart, once considered to be a post-mitotic organ, harbours the highest number of 
adult stem cells in the body. At present, it is not clear whether CSCs can be called “true” 
adult stem cells with a “true” multipotency (Ellison et al., 2010; Stamm et al., 2009). The 
concept of multipotent adult stem cells and progenitor cells (sometime classified as 
"transient-amplifying cells") (Bryder et al., 2006) is derived from the haematopoietic system 
and might not necessarily apply to CSCs.  
As described in previous chapters, postnatal cardiomyocytes are likely to be renewed 
throughout the life of a mammal. The cellular sources of postnatally emerging 
cardiomyocytes are probably CSCs although definitive evidence is missing. Similarly, CSCs 
appear to be situated within the heart and not in the bone marrow or other locations outside 
the heart although such a possibility has not been unequivocally ruled out. Recent findings 
of circulating EPCs and "very small embryonic-like stem cells (VSELs)" (Ratajczak et al., 
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seems limited. Virtually all studies devoted to “circulating” (“non-resident”) cells are based 
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is similar to bone marrow transplantation experiments, which sometimes results in fusion of 
transplanted cells to host cells or uptake of marker proteins (e.g. GFP) by host cells (Nern et 
al., 2009). In contrast, no clear evidence exists that intercellular fusions occur under 
physiological conditions in the heart involving, for example, cardiomyocytes and 
endothelial cells. In fact, classical genetic lineage tracing experiments and injection of 
genetically labelled cells into mouse blastocyts argue against widespread cellular fusion 
events (Schulze et al., 2005).   
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The “gold standard” to define the origin of a particular set of cells is a “lineage tracing” 
experiment using a defined and established stem cell marker gene. Long-term lineage 
tracing experiments rely on model organisms using transgenic technology. To understand 
the theoretical basis of lineage tracing, one needs to distinguish between transient and 
permanent cell labelling. Transient labelling is based on knock-in of a reporter gene (e.g. 
GFP) into a gene of interest to visualize the current activity of a specific gene. This has been 
successfully applied to observe the contributions of c-kit+ cells to the revascularizing infarct 
regions of the myocardial infarcted heart by utilizing c-kit(BAC)-EGFP mice (Tallini et al., 
2009). Labelled cells in the infarct regions were not cardiomyocytes but endothelial and 
smooth muscle cells. Under normal physiological condition, the authors observed an 
increasing number of labelled cells in the heart up to postnatal day 2. Thereafter, the number 
declined, and the labelled cells were rarely observed in an adult heart. The authors 
concluded from these results that “c-kit expression in cardiomyocytes in the adult heart 
after injury does not identify cardiac myogenesis.” (Tallini et al., 2009). As one can easily 
imagine, this is due to the limitation of transient labelling, since labelled cells will loose the 
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In contrast, a permanent labelling strategy, which directly targets the genetic material, can 
bypass problems that arise from changes in the transcriptional program. This can be done 
by utilizing mouse strains that carry a conditionally active Cre-recombinase and a Cre-
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Preferably, such a system should be based on a “tet-off” design, in which the system is 
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opposite system is called “tet-on” (rtTA is used), which is claimed to allow a tight control 
(Stary et al., 2010). However, when tet-on system is used, DOX must be administered in the 
drinking water of mice, which can be rather expensive. In addition, DOX inhibits angiogenesis 
in mouse (Cox et al., 2010; Fainaru et al., 2008). In our lab, the DOX-treated murine hearts 
(1mg/ml in the drinking water) tend to be ~30% smaller compared to the age-matched 
untreated hearts (data not shown). Furthermore, DOX might also have effects on the 
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attenuation of cardiac hypertrophy through the inhibition of matrix metalloproteases (Errami 
et al., 2008), which makes it difficult to challenge such mice by transverse aortic constriction 
(TAC) to observe the contribution of marked adult stem cells to regeneration and remodelling 
of hypertrophied hearts. Recent studies shows that DOX can suppresses doxorubicin-induced 
oxidative stress and cellular apoptosis in the murine heart (Lai et al., 2010), which is another 
cardiovascular disease model commonly used in the field of cardiovascular medicine. 
 

 
Fig. 1. Triple transgenic mouse model. 

To monitor the current expression of a stem cell marker gene, one might insert an additional 
reporter gene (e.g. GFP) into the genomic locus using an internal ribosomal entry site (IRES) 
element (Attal et al., 1999). Yet, fluorescent reporter gene will limit the number of 
fluorescent signals that can be used for further studies to identify the fates of adult stem 
cells. Furthermore, autofluorescence of the heart caused by lipofuscin, which is breakdown 
product of old red blood cells (Van de Lest et al., 1995) might obstruct detection of GFP 
signals, which might lead to misinterpretation of experimental results (Laflamme & Murry, 
2005). Therefore, the usage of such reporter genes must be considered carefully. 
When such a tTA mouse is created, it should be crossed with a mouse containing a 
tTA/rtTA responsive element (TRE), such as "Ptet-1" (Baron & Bujard, 2000). In the example 
shown in Fig. 1, a mouse line called “LC-1”, which ubiquitously expresses Cre-recombinase 
and luciferase gene in all tissues in an adult mouse upon induction, is shown (Schönig et al., 
2002). As shown by Schönig et al. (Schönig et al., 2002), this mouse line was used in the 
triple transgenic mouse system based on tet-Cre crossed to a reporter line as we propose 
here. Alternatively, Tet-O-Cre transgenic mice, which expresses Cre-recombinase in a TRE-
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dependent manner, might be used (Hsu et al., 2010; Le et al., 2008; Radomska et al., 2002; 
Tang et al., 2008). The offspring of this mating are called “tet-Cre mice”. 
Upon successful creation of tet-Cre mice, these mice should be crossed to a reporter line 
allowing permanent labelling of cells, which have express tTA. Labelling has to be permanent 
(i.e. based on genomic recombination) to identify derivatives of adult stem cells even after 
differentiation into mature cells (e.g. cardiomyocyte). Various reporter lines are available to 
achieve this goal. For example, the Rosa26-LacZ mouse (Soriano, 1999), which expresses β-
galactosidase from the Rosa26 locus; Z/AP mice (Lobe et al., 1999), which express β-
galactosidase before and human placental alkaline phosphatase (AP) after Cre-mediated 
recombination. Another option is the Z/EG mouse (Novak et al., 2000), which is similar to the 
Z/AP mouse, but expresses enhanced GFP instead of AP after Cre-recombinase mediated 
recombination. Progeny of labelled cells can be easily identified using various cell type specific 
markers in combination with the reporter system that has been chosen. 
Recent studies indicate that transgenes used to label distinct cell types are subject to gene 
silencing probably due to methylation, which will reduce the efficiency of Cre-mediated 
labelling (Long & Rossi, 2009). Therefore, it seems prudent to employ at least two different 
reporter lines. To allow clonal analysis of stem cell derivatives, future approaches will take 
advantage of reporter mice based on the “Brainbow” system. Up to 166 different colours can 
be generated in these mice by random, alternative use of variant loxP-sites creating 
combinations of different fluorescent proteins (OFP, M-RFP, M-YFP and M-CFP) (Livet et 
al., 2007). The original Brainbow mice are based on the Thy1 promoter, which restricted its 
usage to a certain tissues (primarily neuronal cells). Recently, Hans Clevers’s group 
modified the Brainbow system by integrating the Brainbow cassette into the Rosa26 locus. The 
resulting “R26R-Confetti” mice allow ubiquitous expression in numerous cell types (Snippert 
et al., 2010). R26R-Confetti mice allow random labelling of single adult stem cell with a 
unique colour. When labelled cells proliferate, the label will be inherited to daughter cells, 
and it will be possible to distinguish the progeny from that of other individual stem cells. 
When this strategy is employed to the heart, it should be possible to characterize the identity 
of adult stem cells, which gives rise to all three lineages of heart (namely, cardiomyocytes, 
endothelial cells and smooth muscle cells (Moretti et al., 2006)). Further profiling of such 
cells might facilitate identification of additional markers and effectors.  
The tracing system might be combined with different pathological conditions to explore 
effects of pathogenic stimuli on stem cells. For this purpose, we recently introduce a model 
to induce right ventricular hypertrophy through pulmonary artery clipping (PAC), which 
avoids detrimental right ventricular pressure overload, and thus allows long-term survival 
of operated mice (Kreymborg et al., 2010). Given that the origins of right ventricle and 
outflow tract are from the secondary heart field (Waldo et al, 2001; Verzi et al., 2005), our 
PAC model should primarily affect the regions of the secondary heart field so that the 
behaviour of descendents of Isl1-positive CSCs (Cai et al., 2003; Laugwitz et al., 2005) can be 
monitored. It is also possible to combine the tracing system with conditional knockout mice. 
Cre-mediated recombination in such quadruple transgenic mice will allow conditional 
inactivation of the gene of interest precisely in stem cell-derived, labelled cells.  

3.2 Adverse effects of stem cell therapy 
Stimulation of cardiac regeneration is one of the major goals for cardiovascular stem cell 
research. The use of ES cells poises several safety concerns  spurred by potential 
oncogenicity and immunogenicity. Moreover, the generation of ES cells from human 
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recombination. Another option is the Z/EG mouse (Novak et al., 2000), which is similar to the 
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oncogenicity and immunogenicity. Moreover, the generation of ES cells from human 
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preimplantation embryos has raised several ethical issues. The main problem with other cell 
types (e.g. BMSCs, skeletal myoblasts) is their limited ability to acquire a fully functional 
cardiomyocyte state (Haider et al, 2010). Beneficial effects from such cells might be limited 
to the secretion of cytokines, growth factors and other signaling molecules to provide 
paracrine and/or trophic effects. Both clinical and basic science studies have provided 
evidences that some types of cells are able to cause cardiac  arrhythmias in patients, 
although other studies revealed no harmful side-effects . In order to avoid mistakes that 
tainted gene therapy attempts, it is utmost importance to obtain an optimal control on all 
types of injected cells. In principal, it seems much safer (and more efficient) to manipulate 
resident CSCs to differentiate cell types in needs. Such activation of CSCs has been 
attempted in various studies through injection of growth factors (e.g. Hepatocyte Growth 
Factor and Insulin-Like Growth Factor-1 (Bocchi et al., 2011) avoiding potential side effects 
such as arrhythmias). However, it is clear that stimulated signalling pathways needs to be 
shut off once CSCs have differentiated. The generation of mouse reporter strains to monitor 
in vivo activation of CSCs would be very helpful. The tracing system that we proposed in 
the previous subsection should help in this respect  

4. Conclusion 
Recent findings have challenged the classical view of the heart as a post-mitotic organ. 
While replacement of cardiomyocytes and other specialized cells of the heart might be taken 
as granted, much more needs to be learned about the origin of cells that are instrumental for 
this process. A thorough analysis of resident CSCs in the heart but also of mature cells to 
contribute to the tissue rejuvenation is of outmost interest. Careful lineage tracing 
experiments are instrumental to achieve this goal. A potential approach for such an analysis 
was described in this chapter, which might yield definitive answers about the contribution 
of different CSCs. Lastly, we would like to answer the question that we asked in the title of 
this chapter: “Are we there yet?” Our answer is: “No, not yet. But soon, we might be closer.” 
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1. Introduction 
The incidence of heart failure (HF) after acute myocardial infarction (AMI) is around 10-40% 
during the hospital stay depending on its definition (Weir & McMurray, 2006; Cleland & 
Torabi, 2005). Also, another 10-20% of patients will develop heart failure symptoms during 
the next few months and years (Torabi et al., 2008). The mortality of patients with heart 
failure symptoms after AMI is very high and it reaches up to 50% in 5 years (Weir & 
McMurray, 2006; Fox et al, 2006). The left ventricle dilatation occurs in even 30% in patients 
reperfused successfully with primary angioplasty during six months follow-up (Bolognese 
el al, 2002) and the occurrence of dilatation is more pronounced in patients with lower 
baseline left ventricle ejection fraction (LVEF). The incidence of HF after AMI has increased, 
and mortality decreased over time with the better reperfusion therapy (Velagaleti et al, 
2008). According to these facts, it is extremely important to develop therapeutic modalities 
in order to prevent the remodeling of myocardium after infarction. The adult stem cell 
therapy is a relatively new and promising method of an infarcted heart healing and HF 
prevention.   
In the last two decades three important discoveries regarding different regenerative steps of 
damaged myocardium promoted the completely new era in the treatment of ischemic heart 
disease. First of all, several adult multipotent and pluripotent stem cells from different 
tissues may trans-differentiate in certain circumstances to cardiomyocytes or other needed 
cells, such as endothelial cells (Körbling M & Estrov Z, 2003; Müller et al, 2005). However, in 
vivo, this mechanism of heart regeneration seems to be negligible (Wagers et al, 2002; Murry 
et al, 2004), at least for the acute injury. The second is the fact that a significant number of 
cardiac cells are in the proliferative state in the areas of myocardium adjunction to infarction 
(Beltrami et al, 2001). The first source of these regenerative cells is very probably resident 
cardiac stem cells which are in the quiescent state out of injury, but in the time of infarction 
they proliferate and differentiate to cardiomyocytes, smooth muscle cells and endothelial 
cells (Bollini et al, 2011). And the third important discovery is that in the time of infarction, 
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myocardial ischemia initiates the eruption of cytokines, growth-factors and chemokines 
from the injured myocardium which promote mobilization of stem cells from other niches 
and their homing into the damaged myocardium (Frangogiannis, 2008). The most likely 
function of these cells in the ischemic myocardium are various paracrine effects which 
enable survival of severely damaged cardiomyocytes, promote differentiation and the 
proliferation of cardiac stem cells and participate in the creation of new blood vessels which 
all halted myocardial remodeling and the development of heart failure (Mirotsou et al, 
2011). 
The knowledge of these processes is very important because the regenerative therapy  
depends on artificial augmentation of some steps in order to make regenerative process 
more efficient. The most important steps are shown in figure one. Ischemic injury induces 
the hypoxia-inducible factor-alpha which in turns stimulates the expression of several 
growth factors and chemokines in the infracted heart (Dong et al, 2010). Those cytokines, 
especially stromal derived factor-1, interleukin-8 and vascular-endothelial growth factor 
promote mobilization of local and remote stem cells and enable engraftment of them into 
the damaged tissue (Figure 1).  
 

 
Fig. 1. Mobilization of stem cells by the cytokine and chemokine storm after myocardial 
infarction and potential paracrine effect of stem cells in the infracted heart and beneficial 
effect on cardiomyocytes survival, promotion of angiogenesis and inhibition of remodeling 
HIF-α – hypoxia inducible factor-alpha, IGF-1 – insulin-like growth factor – 1, HGF – 
hepatocyte growth factor, SDF-1alpha – stromal cell-derived factor 1 alpha, VEGF - vascular 
endothelial growth factor, G-CSF- granulocyte colony-stimulating factor, IL8 - interleukin 8, 
PTH - parathyroid hormone, MCP-1 – monocyte chemoattractant protein-1, KDR – receptor 
for VGEF, CXC4R – receptor for SDF-1, CXCR1/2 receptors for other chemokines, SFRP2 – 
signaling protein important for cardiomyocyte survival. 

Chemokine receptors (CXC-R1 and CXC4R), growth receptors (VGFR) and several selectins 
and integrins on stem cells are important for the successful homing of these cells in the 
ischemic myocardium (Chavakis et al, 2008). Expression of matrix metalloproteinases such 
as MMP-2, 9 and cathepsin by stem cells represent the final step of their transmigration into 
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the damaged tissue (Cheng et al, 2007; Huang et al, 2009). Several growth factors up-
regulated by ischemia (insulin growth factor-1, hepatocyte growth factor, fibroblast growth 
factor) enable the survival of these cells in the hostile environment (Frangogiannis, 2008).  
Paracrine effects of stem cells promote local cardiomyocytes survival, neovascularization, 
attenuate the remodeling and improve cardiac function. Among several niches of stem cell 
residency, myocardium itself, bone marrow and adipose tissue are probably the most 
important reservoir of this regenerative capacity. The advance age, large necrosis and 
enhanced inflammatory reaction decrease the stem cell mobilization after infarction (Turan 
et al, 2007).   

2. Important clinical trials on stem cell therapy in acute myocardial infarction 
Several clinical studies investigated the usage of bone marrow derived cells for the 
treatment of AMI. The most of them used autologous bone marrow derived mononuclear 
(MNC) cell suspensions with intracoronary delivery through the inflated balloon placed on 
the spot of previous stent placement (Abdel-Latif et al, 2007; Tongers et al, 2011).  The 
pioneering study of Strauer (Strauer et al, 2002), on 20 AMI was not randomized, but had 
the well matched control group that showed improved left ventricular systolic function and 
perfusion in the short and long-term follow-up. After that study several randomized studies 
were published with the conflicting results (Table 1). Transplantation of Progenitor Cells  
and Regeneration Enhancement in Acute Myocardial Infarction (TOPCARE study) 
compared bone marrow derived MNC and circulating progenitor cells (CPS) given 
intracoronary but without the control group (Schachinger et al, 2004). Both systolic function 
and viability improved in the similar way after 4 months follow-up. In the study of Chen et 
al (Chen et al, 2004) intracoronary injections of mesenchymal stem cells were used for the 
first time in humans, and with the sophisticated methodology they demonstrated that this 
method was safe, feasible and that it significantly improved global and regional left 
ventricle function. Interestingly, there was no trial with the use of MSC intracoronary 
after Chen’s study. In  BOO transfer  to enhance ST-elevation infarct regeneration 
(BOOST)  trial (Schafer et al, 2006) with magnetic resonance imaging (MRI) of left 
ventricle ejection fraction (LVEF) and volumes for follow-up, single dose of intracoronary 
bone marrow cell provided the accelerate improvement of systolic function (after 6 
months) with the late catch-up of the control group (after 18 months). In the study of 
Janssens et al, intracoronary transfer of bone marrow MNC was done 24 hours after 
primary percutaneous coronary intervention (PCI) and did improve only regional, but not 
the global left ventricle systolic function after 4 months by the MRI imaging (Jansenss et 
al, 2006). Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute 
Myocardial Infarction (REPAIR-AMI) trial (Schachinger et al, 2006a, 2006b) is the largest 
randomized trial that examined the intracoronary transfer of bone marrow derived MNC 
and it brought interesting results. For the first time one of the inclusion criteria for the 
participation in the study was the baseline LVEF measured at the time of primary PCI. 
The significant improvement of LVEF was detected in the cell therapy group compared to 
controls and it was more pronounced in patients with the baseline LVEF less than median 
(48.9%) and in those in whom cell transfer was performed later than the 4-post infarction 
day. The most important result of this trial was that the combined end point death and 
recurrence of myocardial infarction and rehospitalization for heart failure, was 
significantly reduced in the BMC group after two years follow-up (Assmus et al, 2010).  



 
 Stem Cells in Clinic and Research 

 

234 

myocardial ischemia initiates the eruption of cytokines, growth-factors and chemokines 
from the injured myocardium which promote mobilization of stem cells from other niches 
and their homing into the damaged myocardium (Frangogiannis, 2008). The most likely 
function of these cells in the ischemic myocardium are various paracrine effects which 
enable survival of severely damaged cardiomyocytes, promote differentiation and the 
proliferation of cardiac stem cells and participate in the creation of new blood vessels which 
all halted myocardial remodeling and the development of heart failure (Mirotsou et al, 
2011). 
The knowledge of these processes is very important because the regenerative therapy  
depends on artificial augmentation of some steps in order to make regenerative process 
more efficient. The most important steps are shown in figure one. Ischemic injury induces 
the hypoxia-inducible factor-alpha which in turns stimulates the expression of several 
growth factors and chemokines in the infracted heart (Dong et al, 2010). Those cytokines, 
especially stromal derived factor-1, interleukin-8 and vascular-endothelial growth factor 
promote mobilization of local and remote stem cells and enable engraftment of them into 
the damaged tissue (Figure 1).  
 

 
Fig. 1. Mobilization of stem cells by the cytokine and chemokine storm after myocardial 
infarction and potential paracrine effect of stem cells in the infracted heart and beneficial 
effect on cardiomyocytes survival, promotion of angiogenesis and inhibition of remodeling 
HIF-α – hypoxia inducible factor-alpha, IGF-1 – insulin-like growth factor – 1, HGF – 
hepatocyte growth factor, SDF-1alpha – stromal cell-derived factor 1 alpha, VEGF - vascular 
endothelial growth factor, G-CSF- granulocyte colony-stimulating factor, IL8 - interleukin 8, 
PTH - parathyroid hormone, MCP-1 – monocyte chemoattractant protein-1, KDR – receptor 
for VGEF, CXC4R – receptor for SDF-1, CXCR1/2 receptors for other chemokines, SFRP2 – 
signaling protein important for cardiomyocyte survival. 

Chemokine receptors (CXC-R1 and CXC4R), growth receptors (VGFR) and several selectins 
and integrins on stem cells are important for the successful homing of these cells in the 
ischemic myocardium (Chavakis et al, 2008). Expression of matrix metalloproteinases such 
as MMP-2, 9 and cathepsin by stem cells represent the final step of their transmigration into 

Stem Cell Therapy in Myocardial InfarctionClinical Point of View and the Results of the 
REANIMA Study (REgenerAtion of Myocardium with boNe Marrow Mononuclear Cells in… 

 

235 

the damaged tissue (Cheng et al, 2007; Huang et al, 2009). Several growth factors up-
regulated by ischemia (insulin growth factor-1, hepatocyte growth factor, fibroblast growth 
factor) enable the survival of these cells in the hostile environment (Frangogiannis, 2008).  
Paracrine effects of stem cells promote local cardiomyocytes survival, neovascularization, 
attenuate the remodeling and improve cardiac function. Among several niches of stem cell 
residency, myocardium itself, bone marrow and adipose tissue are probably the most 
important reservoir of this regenerative capacity. The advance age, large necrosis and 
enhanced inflammatory reaction decrease the stem cell mobilization after infarction (Turan 
et al, 2007).   

2. Important clinical trials on stem cell therapy in acute myocardial infarction 
Several clinical studies investigated the usage of bone marrow derived cells for the 
treatment of AMI. The most of them used autologous bone marrow derived mononuclear 
(MNC) cell suspensions with intracoronary delivery through the inflated balloon placed on 
the spot of previous stent placement (Abdel-Latif et al, 2007; Tongers et al, 2011).  The 
pioneering study of Strauer (Strauer et al, 2002), on 20 AMI was not randomized, but had 
the well matched control group that showed improved left ventricular systolic function and 
perfusion in the short and long-term follow-up. After that study several randomized studies 
were published with the conflicting results (Table 1). Transplantation of Progenitor Cells  
and Regeneration Enhancement in Acute Myocardial Infarction (TOPCARE study) 
compared bone marrow derived MNC and circulating progenitor cells (CPS) given 
intracoronary but without the control group (Schachinger et al, 2004). Both systolic function 
and viability improved in the similar way after 4 months follow-up. In the study of Chen et 
al (Chen et al, 2004) intracoronary injections of mesenchymal stem cells were used for the 
first time in humans, and with the sophisticated methodology they demonstrated that this 
method was safe, feasible and that it significantly improved global and regional left 
ventricle function. Interestingly, there was no trial with the use of MSC intracoronary 
after Chen’s study. In  BOO transfer  to enhance ST-elevation infarct regeneration 
(BOOST)  trial (Schafer et al, 2006) with magnetic resonance imaging (MRI) of left 
ventricle ejection fraction (LVEF) and volumes for follow-up, single dose of intracoronary 
bone marrow cell provided the accelerate improvement of systolic function (after 6 
months) with the late catch-up of the control group (after 18 months). In the study of 
Janssens et al, intracoronary transfer of bone marrow MNC was done 24 hours after 
primary percutaneous coronary intervention (PCI) and did improve only regional, but not 
the global left ventricle systolic function after 4 months by the MRI imaging (Jansenss et 
al, 2006). Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute 
Myocardial Infarction (REPAIR-AMI) trial (Schachinger et al, 2006a, 2006b) is the largest 
randomized trial that examined the intracoronary transfer of bone marrow derived MNC 
and it brought interesting results. For the first time one of the inclusion criteria for the 
participation in the study was the baseline LVEF measured at the time of primary PCI. 
The significant improvement of LVEF was detected in the cell therapy group compared to 
controls and it was more pronounced in patients with the baseline LVEF less than median 
(48.9%) and in those in whom cell transfer was performed later than the 4-post infarction 
day. The most important result of this trial was that the combined end point death and 
recurrence of myocardial infarction and rehospitalization for heart failure, was 
significantly reduced in the BMC group after two years follow-up (Assmus et al, 2010).  



 
 Stem Cells in Clinic and Research 

 

236 

Method of 
SC 

delivery 

Number of patients 
and type of cells 

N 

Timing 
(d) 

Bone marrow volume, 
method of cell 

preparation and the 
number of cells 

Criteria for 
patient 

selection 

The basic result 4-6 
months after 

STEMI 

I.C. short 
FU 

     

Strauer et 
al. 

10 BMMNC/10 C 5-9 40 ml, Ficoll, 2.8±2.2x107 
MNC 

First 
STEMI, 

pPCI 

ECHO, LVA, PET - 
EF, volumes, 
perfusion ↑ 

TOPCARE 29 BM-MNC/30 CPC 4-6 50 ml, Ficoll 
5±3x106 

CD34+/16±12x106CPC

First 
STEMI, 

pPCI 

ECHO, RVA, MRI – 
EF, volumes, 
perfusion↑ 

Chen 34 BM-MSC/35 C 8/16 
Harv/

deli 

60 ml, MSC culture 
8-10x109 MSC 

First 
STEMI, 

pPCI 

ECHO, PET – EF, 
volumes, 

perfusion↑ 
BOOST 30 BMC/30 C 5-7 120 ml, gelatin-

polysuccinate, 
9.5±6.3x106 CD34+ 

First 
STEMI, 

pPCI 

MRI - EF↑ at six but 
not at 18 months 

Jansens 
 

33 BMMNC/34 C 
 

1 130 ml, Ficoll, 
2.8±1.7x106 CD34+ 

First 
STEMI, 

pPCI 

ECHO, MRI - EF↔, 
regional function↑ 

REPEAR-
AMI 

101 BMMNC/103 C 3-6 
 

50 ml, Ficoll, 3.6±3.6x106 
CD34+ 

 

First 
STEMI, 
pPCI, 

EF≤45% 

LVA - EF↑ 
Comp hard end 

point↓ 

ASTAMI 
 

50 BMMNC/47 C 
 

4-7 
 

50 ml, Lymphoprep, 
0.7x106 CD34+ 

First 
STEMI, 
pPCI on 

LAD 

ECHO-EF, SPECT, 
MRI – EF and 

volumes↔ 

Meluzin 
 

22 HD-BMMNC/22 
LD-BMMNC/22 C 

5-9 
 

NS, Histopaque-buffy-
coat, HD-108 MNC, LD-

107 MNC 

First STEMI
pPCI 

ECHO, gSPECT - 
↑EF, ↓volumes, HD 

better 
REGENT 80 NS-BMMNC/80 

CD34+/CXC4R+BM
Cells/40 C* 

3-12 100-120 ml-selected cell 
group and 50-70 ml-

unselected group, 
Ficoll/selection 1.8x108 

cells/1.9x106 

CD34+CXCR4+ 

First 
STEMI, 

LAD-IRA, 
EF≤40% 

 

MRI – EF and 
volumes↔, EF and 

volumes↑ in pts 
with EF<37% 

(median) 
 

FINCELL 
 

40 BMMNC/40 C 
 

2-6 (after
PES 

stent) 

80 ml, Ficoll, 2.6±1.6x106 

CD34+ 
 

First 
STEMI, 

Fibrinolysis

ECHO, LVA - EF↑ 
IVUS - MLA↔ 

HEBE 
 

69 BMMNC/66 
PBMNC/ 

65 C 

3-8 
 

60 ml BM, 150-200 ml 
PB, Lymphoprep, 

4.0(2.1-6.5)x106 

CD34+/0.3(0.2-0.4)x106 

CD34+ 

First 
STEMI, 

pPCI 
 

MRI - EF, IS and 
regional function↔ 

 

I.C.long 
FU 

     

BALANCE 62 BMMNC/62 C 
 

5-10 
 

80-120 ml, Ficoll, 
6.1±3.9x107 BMC 

First 
STEMI, 

pPCI 

LVA, dECHO - EF↑, 
arrhythmias↓, 

mortality↓ 
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Method of 
SC 

delivery 

Number of patients 
and type of cells 

N 

Timing 
(d) 

Bone marrow volume, 
method of cell 

preparation and the 
number of cells 

Criteria for 
patient 

selection 

The basic result 4-6 
months after 

STEMI 

CAO 
 

41 BMMNC/46 C 
 

7 
 

40 ml, 
Lymphoprep,5x108MNC 

(1.8±0.6%CD34+) 

First 
STEMI, 
pPCI on 

LAD 

gSPECT - EF↑, 
viability↔ 

 

BOOST 5y 
 

27 BMMNC/26 C 
 

5-7 
 

120 ml, gelatin-
polysuccinae, 

9.5±6.3x106 CD34+ 

First 
STEMI, 

pPCI 

MRI – EF and 
volumes↔ 

Repeated  
I.C. 

     

Yao 12 S-i.c.BMMNC 
transfer/15 R-
i.c.BMMNC - 3 
months/12 C 

7 d and 
90 d 

90 ml, Ficoll, 1.9-2.1x108 
BMC in both groups 

and in repeat infusion 

First 
STEMI, EF 

20-39% 

MRI EF↑ highest in 
repeat cell group 

I.V.      
Hare 39 alloMSC (0.5 vs 

1.6 vs 5.0x106/kg) 
/21 C 

1-10 Single unrelated donor 
no HLA matched 

First 
STEMI, 

pPCI 

ECHO-EF antMI↑, 
MRI-EF↑ 

Endocardial      
MYSTAR 

 
30 EG/30 LG 

 
3-6 w vs.

3-4 m 
300 ml, COBE-vol. depl.
EG: 3.6x106 CD34+i.m. 
+23.2.4x106CD34+i.c. 

LG: 3.0.3x106 CD34+i.m. 
+22.5x106CD34+ i.c. 

First 
STEMI, 
pPCI, 

30-45%EF 
 

SPECT-EF↑ in both 
groups, no 

difference between 
groups 

 

SC- stem cells, I.C.- intracoronary, I.V. intravenously, FU- follow-up, BMC-Bone marrow cells, BM-
MNC – Bone marrow mononuclear cells, CPC-circulating progenitor cells, Bone marrow mesenchimal 
stem cells, HD-MMNC – higher dose of BMMNC-108, LD-BMMNC-lower dose BMMNC-107, PBMNC-
peripheral blood mononuclear cells, C-controls, PES- paclitaxel eluting stent, STEMI- ST elevation 
myocardial infarction, pPCI- primary percutaneous coronary intervention, antMI – anterior myocardial 
infarction,  LAD- left anterior descending, IA- infarction related artery,  EG – early group, LG – late 
group, dECHO- dobutamine echocardiography, gSPECT- gated single-photon emission computed 
tomography, PET- positron emission tomography, MRI- magnetic resonance imaging, LVA- left 
ventricle angiography, EMM- electro-mechanical-mapping,  IVUS- intravascular ultrasound, MLA- 
minimal lumen area, EF- ejection fraction. 

Table 1. Important clinical trials of stem cell therapy in acute myocardial infarction. 

Autologous Stem-Cell Transplantation in Acute Myocardial infarction trial (ASTAMI) also 
used some inclusion criteria for attention to recruit more severe seek patients (Lunde et al, 
2006). The inclusion criterion in this study, among the presence of the first STEMI, was the 
finding on coronarography with the culprit lesion on the proximal part of the left anterior 
descending artery (LAD). However, more than 25% of patients in both groups (cell group 
and control) had the TIMI-2/3 flow before the primary percutaneous coronary intervention 
(PCI) and the baseline mean LVEF measured by three methods (echocardiography, single 
photon computed tomography-SPECT and MRI) was greater than 40%, which means that 
this group did not represent the anterior STEMI realistically. This study showed no effects of 
cell therapy on global LVEF. The other probably important pitfall of this study was the late 
baseline MRI imaging, after 3 weeks of stem cell infusion which could have missed some 
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Method of 
SC 

delivery 

Number of patients 
and type of cells 

N 

Timing 
(d) 

Bone marrow volume, 
method of cell 

preparation and the 
number of cells 

Criteria for 
patient 

selection 

The basic result 4-6 
months after 

STEMI 

I.C. short 
FU 

     

Strauer et 
al. 

10 BMMNC/10 C 5-9 40 ml, Ficoll, 2.8±2.2x107 
MNC 

First 
STEMI, 

pPCI 

ECHO, LVA, PET - 
EF, volumes, 
perfusion ↑ 

TOPCARE 29 BM-MNC/30 CPC 4-6 50 ml, Ficoll 
5±3x106 

CD34+/16±12x106CPC

First 
STEMI, 

pPCI 

ECHO, RVA, MRI – 
EF, volumes, 
perfusion↑ 

Chen 34 BM-MSC/35 C 8/16 
Harv/

deli 

60 ml, MSC culture 
8-10x109 MSC 

First 
STEMI, 

pPCI 

ECHO, PET – EF, 
volumes, 

perfusion↑ 
BOOST 30 BMC/30 C 5-7 120 ml, gelatin-

polysuccinate, 
9.5±6.3x106 CD34+ 

First 
STEMI, 

pPCI 

MRI - EF↑ at six but 
not at 18 months 

Jansens 
 

33 BMMNC/34 C 
 

1 130 ml, Ficoll, 
2.8±1.7x106 CD34+ 

First 
STEMI, 

pPCI 

ECHO, MRI - EF↔, 
regional function↑ 

REPEAR-
AMI 

101 BMMNC/103 C 3-6 
 

50 ml, Ficoll, 3.6±3.6x106 
CD34+ 

 

First 
STEMI, 
pPCI, 

EF≤45% 

LVA - EF↑ 
Comp hard end 

point↓ 

ASTAMI 
 

50 BMMNC/47 C 
 

4-7 
 

50 ml, Lymphoprep, 
0.7x106 CD34+ 

First 
STEMI, 
pPCI on 

LAD 

ECHO-EF, SPECT, 
MRI – EF and 

volumes↔ 

Meluzin 
 

22 HD-BMMNC/22 
LD-BMMNC/22 C 

5-9 
 

NS, Histopaque-buffy-
coat, HD-108 MNC, LD-

107 MNC 

First STEMI
pPCI 

ECHO, gSPECT - 
↑EF, ↓volumes, HD 

better 
REGENT 80 NS-BMMNC/80 

CD34+/CXC4R+BM
Cells/40 C* 

3-12 100-120 ml-selected cell 
group and 50-70 ml-

unselected group, 
Ficoll/selection 1.8x108 

cells/1.9x106 

CD34+CXCR4+ 

First 
STEMI, 

LAD-IRA, 
EF≤40% 

 

MRI – EF and 
volumes↔, EF and 

volumes↑ in pts 
with EF<37% 

(median) 
 

FINCELL 
 

40 BMMNC/40 C 
 

2-6 (after
PES 

stent) 

80 ml, Ficoll, 2.6±1.6x106 

CD34+ 
 

First 
STEMI, 

Fibrinolysis

ECHO, LVA - EF↑ 
IVUS - MLA↔ 

HEBE 
 

69 BMMNC/66 
PBMNC/ 

65 C 

3-8 
 

60 ml BM, 150-200 ml 
PB, Lymphoprep, 

4.0(2.1-6.5)x106 

CD34+/0.3(0.2-0.4)x106 

CD34+ 

First 
STEMI, 

pPCI 
 

MRI - EF, IS and 
regional function↔ 

 

I.C.long 
FU 

     

BALANCE 62 BMMNC/62 C 
 

5-10 
 

80-120 ml, Ficoll, 
6.1±3.9x107 BMC 

First 
STEMI, 

pPCI 

LVA, dECHO - EF↑, 
arrhythmias↓, 

mortality↓ 
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Method of 
SC 

delivery 

Number of patients 
and type of cells 

N 

Timing 
(d) 

Bone marrow volume, 
method of cell 

preparation and the 
number of cells 

Criteria for 
patient 

selection 

The basic result 4-6 
months after 

STEMI 

CAO 
 

41 BMMNC/46 C 
 

7 
 

40 ml, 
Lymphoprep,5x108MNC 

(1.8±0.6%CD34+) 

First 
STEMI, 
pPCI on 

LAD 

gSPECT - EF↑, 
viability↔ 

 

BOOST 5y 
 

27 BMMNC/26 C 
 

5-7 
 

120 ml, gelatin-
polysuccinae, 

9.5±6.3x106 CD34+ 

First 
STEMI, 

pPCI 

MRI – EF and 
volumes↔ 

Repeated  
I.C. 

     

Yao 12 S-i.c.BMMNC 
transfer/15 R-
i.c.BMMNC - 3 
months/12 C 

7 d and 
90 d 

90 ml, Ficoll, 1.9-2.1x108 
BMC in both groups 

and in repeat infusion 

First 
STEMI, EF 

20-39% 

MRI EF↑ highest in 
repeat cell group 

I.V.      
Hare 39 alloMSC (0.5 vs 

1.6 vs 5.0x106/kg) 
/21 C 

1-10 Single unrelated donor 
no HLA matched 

First 
STEMI, 

pPCI 

ECHO-EF antMI↑, 
MRI-EF↑ 

Endocardial      
MYSTAR 

 
30 EG/30 LG 

 
3-6 w vs.

3-4 m 
300 ml, COBE-vol. depl.
EG: 3.6x106 CD34+i.m. 
+23.2.4x106CD34+i.c. 

LG: 3.0.3x106 CD34+i.m. 
+22.5x106CD34+ i.c. 

First 
STEMI, 
pPCI, 

30-45%EF 
 

SPECT-EF↑ in both 
groups, no 

difference between 
groups 

 

SC- stem cells, I.C.- intracoronary, I.V. intravenously, FU- follow-up, BMC-Bone marrow cells, BM-
MNC – Bone marrow mononuclear cells, CPC-circulating progenitor cells, Bone marrow mesenchimal 
stem cells, HD-MMNC – higher dose of BMMNC-108, LD-BMMNC-lower dose BMMNC-107, PBMNC-
peripheral blood mononuclear cells, C-controls, PES- paclitaxel eluting stent, STEMI- ST elevation 
myocardial infarction, pPCI- primary percutaneous coronary intervention, antMI – anterior myocardial 
infarction,  LAD- left anterior descending, IA- infarction related artery,  EG – early group, LG – late 
group, dECHO- dobutamine echocardiography, gSPECT- gated single-photon emission computed 
tomography, PET- positron emission tomography, MRI- magnetic resonance imaging, LVA- left 
ventricle angiography, EMM- electro-mechanical-mapping,  IVUS- intravascular ultrasound, MLA- 
minimal lumen area, EF- ejection fraction. 

Table 1. Important clinical trials of stem cell therapy in acute myocardial infarction. 

Autologous Stem-Cell Transplantation in Acute Myocardial infarction trial (ASTAMI) also 
used some inclusion criteria for attention to recruit more severe seek patients (Lunde et al, 
2006). The inclusion criterion in this study, among the presence of the first STEMI, was the 
finding on coronarography with the culprit lesion on the proximal part of the left anterior 
descending artery (LAD). However, more than 25% of patients in both groups (cell group 
and control) had the TIMI-2/3 flow before the primary percutaneous coronary intervention 
(PCI) and the baseline mean LVEF measured by three methods (echocardiography, single 
photon computed tomography-SPECT and MRI) was greater than 40%, which means that 
this group did not represent the anterior STEMI realistically. This study showed no effects of 
cell therapy on global LVEF. The other probably important pitfall of this study was the late 
baseline MRI imaging, after 3 weeks of stem cell infusion which could have missed some 
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early action of stem cells. Different protocols of bone marrow mononuclear cell preparation 
(for instance - Lymphoprep gradient media in ASTAMI and Ficoll in REPAIR-AMI) among 
the studies might be the reason for these discrepant results, but there are certain 
controversies about that issue (Seeger et al, 2007; Yeo et al, 2009).  Meluzin et al, addressed 
the question of “cell dosage” for the intracoronary infusion after STEMI in their study 
(Meluzin et al, 2006). Although some other studies did not found such relationship 
(TOPCARE, REGENT), improvement of regional LV function was “cell-dose” dependant in 
this study. Regeneration by Intracoronary Infusion of Selected Population of Stem Cell in 
Acute Myocardial Infarction (REGENT) trial (Tendera et al, 2009) is important for two 
reasons. The first is the patients’ selection, with the enrollment of patients with more severe 
LVEF impairment (LVEF≤40%) and the second is the immunomagnetic selection of bone 
marrow MNC for CD34+/CXC4R+ cells which represents the “selection” arm in this study. 
Unfortunately MRI follow-up was paired in only 59% of patients. Again, patients with 
baseline LVEF less than median had the significant improvement of LVEF after 6 months in 
both cell groups (selected and non-selected). However, the median baseline LVEF value in 
this study was 37%, meaning that a half of patients have had the baseline LVEF between 37-
40%, probably indicating the recruitment bias in this study. The FIN study of autologous 
bone marrow-derived stem CELLs in acute myocardial infarction (FINCELL) for the first 
time used intracoronary stem cell therapy a few days after successful thrombolysis (Huikuri 
et al, 2008). The intracoronary injections of bone marrow MNC were given immediately 
after percutaneous coronary intervention which was performed on the already opened 
infarct related artery. Intracoronary injections of stem cells in these patients were feasible 
and associated with the improvement of LVEF after 6-months. Meticulous assessment of 
arrhythmogenic potential of stem cells was done in this study using three non-invasive 
methods (Holter monitoring, microvolt T wave alternans and Signal-averaged 
electrocardiogram) having proved that intracoronary bone marrow cell therapy did not 
seriously aggravate arrhythmias. Intravascular ultrasound imaging performed in this study 
confirmed that cell therapy did not cause restenosis. The HEBE trial (Hirsch et al, 2010) 
investigated the influence of bone marrow compared to peripheral blood derived MNC 
intracoronary and controls to global and regional LV function measured by MRI. This 
relatively large trial resulted in neutral influence of cell therapy on LV performance after 6 
months. The relatively short ischemia time in this trial may explain the equal and significant 
recovery of LVEF in all three arms of this trial.  Besides, the baseline LVEF was above the 
40% (median=43.4%) pointing that the majority of patients in this study had good prognosis 
and no additional benefit of stem cell therapy should be expected. Indeed, there was a trend 
toward better results of stem cell therapy according to percent of the regional segment 
improvement in patients with baseline LVEF bellow the median value. The French study 
(Roncalli et al, 2010) was concentrated to the scintigraphy analysis of viability after 
intracoronary infusion of bone marrow derived MNC. Patients with more severe infarction 
(LVEF≤45%) were enrolled in this study. Bone marrow cells slightly improved viability in 
cell therapy group. This study also emphasized the negative impact of smoking on the 
improvement of viability during time.  
Only three trials published their long-term results of intracoronary bone marrow derived 
cell therapy in the acute phase of STEMI.  Strauer’s group, in their non-randomized, but well 
controlled study had showed that the benefit on intracoronary bone marrow derived MNC 
infusion after infarction for the myocardial performance sustained after 5 years and that 
even decreased the abnormal heart rate variability, late potentials and ectopic beats (Yousef 
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et al, 2009). And the most important, mortality of BMC-treated patients was significantly 
reduced in comparison with the control group. The long-term study of Chinese group (Cao 
et al, 2009), also indicated the persistent improvement of LVEF (over 4 years) in AMI 
patients treated with intracoronary bone marrow MNC compared to controls, but 
interestingly without significant improvement on viability. In BOOST trial (Meyer et al, 
2009) patients with more transmural extension of infarction appeared to benefit from BMC 
transfer throughout the five years.   
Most likely, single intracoronary cell infusion cannot bring enough stem cells into the 
infarction area for the sustained beneficial effect on the myocardial function. There is  
probably the saturation level of stem cell delivery in such short period of time which 
precludes their significant influence on myocardial regeneration in patients with very large 
myocardial necrosis. Yao’s group, in their relatively small study suggested that repeated 
intracoronary stem cell therapy, after 3-7 days from STEMI and again after 3 months may 
have an additional advantage in comparison to single early stem cell treatment (Yao et al, 
2009).  
The extraordinary trial comes from the Hare’s group, who for the first time used 
intravenous allogeneic mesenchymal stem cells infusion from the healthy unrelated bone 
marrow donor in patients with STEMI (Hare et al, 2009). Mesenchymal stem cells lack major 
histocompatibility complex and costimulatory cell-surface antigens which enable their 
allogeneic transfer and secret various anti-inflammatory cytokines promoting healing. They 
are also rich in the homing properties which allow intravenous application. This study 
performed detailed safety assessment including pulmonary function and computed 
tomography of chest abdomen and pelvis in the follow-up. Mesencymal stem cell therapy 
demonstrated reduced ventricular tachycardia, better pulmonary function and increase of 
LVEF in patients with anterior infarction compared to controls. 
Two trials examine the safety, feasibility and efficacy of trans-endocardial route of bone 
marrow derived MNC delivery using electromechanical mapping as the guidance (NOGA 
system) after AMI. MYSTAR trial (Gyöngyösi et al, 2009) compared early (3 weeks after 
AMI) and late (3 months after AMI) combined trans-endocardial and intracoronary bone 
marrow derived MNC. In both arms cell therapy achieved small but significant 
improvement of LVEF measured by g-SPECT. This study used a large number of CD34+ 
cells, and the majority of cells were given intracoronary. Unfortunately this study had no 
arms with intracoronary and trans-endocardial route of delivery separately and we do not 
know if the combined route of stem cell delivery has any synergistic effect. Krause et al, 
published their small, uncontrolled study with early trans-endocardial delivery of bone 
marrow MNC in AMI, and they proved its safety with the significant improvement of LVEF 
after six months (Krause et al, 2009).  
Several studies (Table 2) investigated the usage of granulocyte growth factor (G-CSF) for 
induction of longer and increased mobilization of stem cells during the first days of AMI 
(Valgimigli et al, 2008). The application of G-CSF for several days achieved the 10-30 times, 
increased of CD34+ cells number in peripheral blood (Ince et al, 2005; Valgimigli et al, 2005; 
Zohlnhöfer et al, 2006; Engelman et al, 2006; Ripa et al, 2006; Takano et al, 2007; Leone et al, 
2007). When we analyzed the results of these studies it seemed that very early start of G-CSF 
after STEMI (during the first day) and its application in patients with lower LVEF (lower 
than 40%) had a positive effect on systolic function (Ince et al, 2005; Takano et al, 2007; 
Leone et al, 2007). However, G-CSF had some potential prothrombotic and pro-
inflammatory effects (Le Blanc et al, 1999; Falanga et al, 1999) which could be deleterious for 
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early action of stem cells. Different protocols of bone marrow mononuclear cell preparation 
(for instance - Lymphoprep gradient media in ASTAMI and Ficoll in REPAIR-AMI) among 
the studies might be the reason for these discrepant results, but there are certain 
controversies about that issue (Seeger et al, 2007; Yeo et al, 2009).  Meluzin et al, addressed 
the question of “cell dosage” for the intracoronary infusion after STEMI in their study 
(Meluzin et al, 2006). Although some other studies did not found such relationship 
(TOPCARE, REGENT), improvement of regional LV function was “cell-dose” dependant in 
this study. Regeneration by Intracoronary Infusion of Selected Population of Stem Cell in 
Acute Myocardial Infarction (REGENT) trial (Tendera et al, 2009) is important for two 
reasons. The first is the patients’ selection, with the enrollment of patients with more severe 
LVEF impairment (LVEF≤40%) and the second is the immunomagnetic selection of bone 
marrow MNC for CD34+/CXC4R+ cells which represents the “selection” arm in this study. 
Unfortunately MRI follow-up was paired in only 59% of patients. Again, patients with 
baseline LVEF less than median had the significant improvement of LVEF after 6 months in 
both cell groups (selected and non-selected). However, the median baseline LVEF value in 
this study was 37%, meaning that a half of patients have had the baseline LVEF between 37-
40%, probably indicating the recruitment bias in this study. The FIN study of autologous 
bone marrow-derived stem CELLs in acute myocardial infarction (FINCELL) for the first 
time used intracoronary stem cell therapy a few days after successful thrombolysis (Huikuri 
et al, 2008). The intracoronary injections of bone marrow MNC were given immediately 
after percutaneous coronary intervention which was performed on the already opened 
infarct related artery. Intracoronary injections of stem cells in these patients were feasible 
and associated with the improvement of LVEF after 6-months. Meticulous assessment of 
arrhythmogenic potential of stem cells was done in this study using three non-invasive 
methods (Holter monitoring, microvolt T wave alternans and Signal-averaged 
electrocardiogram) having proved that intracoronary bone marrow cell therapy did not 
seriously aggravate arrhythmias. Intravascular ultrasound imaging performed in this study 
confirmed that cell therapy did not cause restenosis. The HEBE trial (Hirsch et al, 2010) 
investigated the influence of bone marrow compared to peripheral blood derived MNC 
intracoronary and controls to global and regional LV function measured by MRI. This 
relatively large trial resulted in neutral influence of cell therapy on LV performance after 6 
months. The relatively short ischemia time in this trial may explain the equal and significant 
recovery of LVEF in all three arms of this trial.  Besides, the baseline LVEF was above the 
40% (median=43.4%) pointing that the majority of patients in this study had good prognosis 
and no additional benefit of stem cell therapy should be expected. Indeed, there was a trend 
toward better results of stem cell therapy according to percent of the regional segment 
improvement in patients with baseline LVEF bellow the median value. The French study 
(Roncalli et al, 2010) was concentrated to the scintigraphy analysis of viability after 
intracoronary infusion of bone marrow derived MNC. Patients with more severe infarction 
(LVEF≤45%) were enrolled in this study. Bone marrow cells slightly improved viability in 
cell therapy group. This study also emphasized the negative impact of smoking on the 
improvement of viability during time.  
Only three trials published their long-term results of intracoronary bone marrow derived 
cell therapy in the acute phase of STEMI.  Strauer’s group, in their non-randomized, but well 
controlled study had showed that the benefit on intracoronary bone marrow derived MNC 
infusion after infarction for the myocardial performance sustained after 5 years and that 
even decreased the abnormal heart rate variability, late potentials and ectopic beats (Yousef 
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et al, 2009). And the most important, mortality of BMC-treated patients was significantly 
reduced in comparison with the control group. The long-term study of Chinese group (Cao 
et al, 2009), also indicated the persistent improvement of LVEF (over 4 years) in AMI 
patients treated with intracoronary bone marrow MNC compared to controls, but 
interestingly without significant improvement on viability. In BOOST trial (Meyer et al, 
2009) patients with more transmural extension of infarction appeared to benefit from BMC 
transfer throughout the five years.   
Most likely, single intracoronary cell infusion cannot bring enough stem cells into the 
infarction area for the sustained beneficial effect on the myocardial function. There is  
probably the saturation level of stem cell delivery in such short period of time which 
precludes their significant influence on myocardial regeneration in patients with very large 
myocardial necrosis. Yao’s group, in their relatively small study suggested that repeated 
intracoronary stem cell therapy, after 3-7 days from STEMI and again after 3 months may 
have an additional advantage in comparison to single early stem cell treatment (Yao et al, 
2009).  
The extraordinary trial comes from the Hare’s group, who for the first time used 
intravenous allogeneic mesenchymal stem cells infusion from the healthy unrelated bone 
marrow donor in patients with STEMI (Hare et al, 2009). Mesenchymal stem cells lack major 
histocompatibility complex and costimulatory cell-surface antigens which enable their 
allogeneic transfer and secret various anti-inflammatory cytokines promoting healing. They 
are also rich in the homing properties which allow intravenous application. This study 
performed detailed safety assessment including pulmonary function and computed 
tomography of chest abdomen and pelvis in the follow-up. Mesencymal stem cell therapy 
demonstrated reduced ventricular tachycardia, better pulmonary function and increase of 
LVEF in patients with anterior infarction compared to controls. 
Two trials examine the safety, feasibility and efficacy of trans-endocardial route of bone 
marrow derived MNC delivery using electromechanical mapping as the guidance (NOGA 
system) after AMI. MYSTAR trial (Gyöngyösi et al, 2009) compared early (3 weeks after 
AMI) and late (3 months after AMI) combined trans-endocardial and intracoronary bone 
marrow derived MNC. In both arms cell therapy achieved small but significant 
improvement of LVEF measured by g-SPECT. This study used a large number of CD34+ 
cells, and the majority of cells were given intracoronary. Unfortunately this study had no 
arms with intracoronary and trans-endocardial route of delivery separately and we do not 
know if the combined route of stem cell delivery has any synergistic effect. Krause et al, 
published their small, uncontrolled study with early trans-endocardial delivery of bone 
marrow MNC in AMI, and they proved its safety with the significant improvement of LVEF 
after six months (Krause et al, 2009).  
Several studies (Table 2) investigated the usage of granulocyte growth factor (G-CSF) for 
induction of longer and increased mobilization of stem cells during the first days of AMI 
(Valgimigli et al, 2008). The application of G-CSF for several days achieved the 10-30 times, 
increased of CD34+ cells number in peripheral blood (Ince et al, 2005; Valgimigli et al, 2005; 
Zohlnhöfer et al, 2006; Engelman et al, 2006; Ripa et al, 2006; Takano et al, 2007; Leone et al, 
2007). When we analyzed the results of these studies it seemed that very early start of G-CSF 
after STEMI (during the first day) and its application in patients with lower LVEF (lower 
than 40%) had a positive effect on systolic function (Ince et al, 2005; Takano et al, 2007; 
Leone et al, 2007). However, G-CSF had some potential prothrombotic and pro-
inflammatory effects (Le Blanc et al, 1999; Falanga et al, 1999) which could be deleterious for 
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patients with AMI, but it was not seen in the current published trials. Parathyroid hormone 
or its analogs may be an alternative drug for stem cell mobilization in this setting (Huber et 
al, 2010). 
 

Study The number of 
patients 

Time 
GCSF 

Duration of G-CSF 
therapy and dosage 

Patient 
selection 

Results of the 
study 

FIRSTLINE-
AMI 

25GCSF/10 C 
 

1.5 h-
pPCI 6d, 10 μg/kg/d s.c. 1st-AIM, 

pPCI 
ECHO-EF I 

WMSI↑, PET ↑ 
STEMMI 

 
39 GCSF/39C 

 
2 d 

 6d, 10 μg/kg/d s.c. 1st AIM, 
pPCI 

MRI wall thick, 
EF↔, 

G-CSF-STEMI 
 23 GCSF/21C 2 d 

 
5 d, 10 μg/kg/d sc 

 
1st AIM, 

pPCI 

MRI-EF, vol. 
and reg. 

function↔, 
perfusion↑ 

REVIVAL-2 
 58 GCSF/56C 5 d 

 5d, 10 μg/kg/d s.c. 
1st AIM- 

lysis, PCI 
5d 

SPECT IS ↔, 
MRI-EF↔ 

REGENERA 
 

14 GCSF/27C 
 

≥5 d 
 

5d,10 μg/kg/d s.c. 
 

1stant 
AIM 

EF<50% 

ECHO-EF, vol. 
and WMSI↑ 

TAKANO 22 GCSF/18C 1 d 5d,2.5 μg/kg/d s.c. 
1st ant 
AIM 
pPCI 

gSPECT-EF, vol. 
IS↑ 

Table 2. Important clinical trials used mobilization of stem cells to treat acute myocardial 
infarction.GCSF- Granulocyte colony-stimulating factor, AIM - ST elevation myocardial 
infarction, pPCI- primary percutaneous coronary intervention, dECHO- dobutamine 
echocardiography, EF- ejection fraction, WMSI- wall motion score index, EDV- end-diastolic 
volume, gSPECT- gated single-photon emission computed tomography, PET- positron 
emission tomography, MRI- magnetic resonance imaging 

3. Important clinical trials on stem cell therapy in chronic myocardial 
infarction 
The chronic myocardial infarction (CMI) represents a completely different environment 
for the stem cell therapy. The precise definition of chronic is not established, but it seems 
that it would be accepted that the chronic MI may be old at least 1-2 months after the 
necrotic event. Highly dynamic inflammatory reaction with cellular and cytokine storm is 
finished and slow fibrotic process replaces it (Frangogiannis, 2008). The abundance of 
chemokines, growth factors, adhesion molecules and other biologically active substances 
in the acute inflammatory phase of infarction not longer exist. Some parts of myocardium 
adjacent to infarction core due to long time of ischemia and because of partly damaged 
structure after the index event are alive but not capable for fully function. Those areas 
need revitalization with stem cells, but the question is whether the same cells are needed 
for the chronic IM as for the acute MI, and whether the same route of delivery would be 
equally efficient?  Very interested human pilot study of tracking the labeled circulating 
progenitor cells (CPC) with indium oxine (111 In-oxine) after intracoronary injections in 
patients with acute (<15 days), intermediate phase (15 days-1 year) and a late chronic 
stage of MI (>1 year), demonstrated that amount of progenitor cells retained in the 
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myocardium decreased progressively over the time (Schächinger et al, 2008) alludes the 
answer on the second question. Human trials comparing bone marrow derived MNC and 
peripheral blood progenitor cells (PBPC) exist at least for AMI patients with inconclusive and 
contradictory results on their regenerative capacity (Schächinger et al, 2004; Hirsch et al, 2010). 
However, those cells are very similar but the only difference is that bone marrow MNC cells 
have more primitive cell subpopulation then PBPC which are more commitment to 
endothelial lineage. The comparison of mesenchymal stem cells and hematopoietic CD34+ 
cells in animal model of myocardial infarction showed that mesenchymal stem cells were more 
potent for the healing of the heart (Arminan et al, 2010).  
 

Method 
of SC 

delivery 
Study 

Number of 
patients In groups 

Timing 
of SC 

therapy 
after  MI 

Bone marrow 
volume, the 

number of cells 

Selection 
of the 

patients 

The main results 
of the study 

I.C.  

TOPCA
RE-CHD 

28 BMMNC/24 
CPC/23 C >3 m 

50 ml BM, 270 m 
PB, Ficoll, 

2.0±1x106MNC/ 
22±11x106CPC 

Patent IRA 
 

LVA, MRI, PET - 
EF↑, regional 

function↑ - 
BMMNC 

STAR 191 BMMNC/200 
C 8.5±3.2 y 80-120 ml, Ficoll, 

6.6x107BMC 

Patent IRA 
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EF≤35% 

LVA, EF and 
regional 
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exercise 
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Mortality↓ 

MAGIC-
DES 

 

25 BMMNC-
AMI/25 AMI-C/ 

16 BMMNC-
CMI/16 CMI-C 

≤14 d, 
2±3 d- 

AIM/>1
4 d-CMI 
≈2 y 

GCSF s.c.10μg/kg 
3d, 4 d COBE-BCT, 
1.4x109 Leu, CD34- 

9.2±10.4% 

Patent IRA 
MRI-EF ↑ in AMI 

CPC group, in 
CMI ↔ 

I.C. vs. 
I.M.      

Ang et al 
 

21 BMMNC IC/ 21 
BMMNC IM/ 20 C >6 w 
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1.4x105 CD34+ 
I.M./2.4x105 
CD34+ I.C. 

Graftable 
infarct 
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EF and regional 
function↔ in all 

groups 

Epicardial  

Patel 
 

10 BMMNC/ 10 c 
 NS 

550 ml, Ficoll, 
immuno-magnetic 
sel. 22x106CD34+ 

Graftable 
infract 
area, 

EF≤35% 

ECHO, gSPECT 
– EF↑ 

Mocini 
 18 BMMNC/18 C 

Recent 
MI >4 w 
and < 6 

m 

50 ml, seeded with 
HES, 

centrifugation, 
3.7x109CD34+  

after CABG during 
arrest 

Graftable 
infract 
area, 

LVEF≥35% 
 

MRI – EF↑ and 
WMSI↓ 
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patients with AMI, but it was not seen in the current published trials. Parathyroid hormone 
or its analogs may be an alternative drug for stem cell mobilization in this setting (Huber et 
al, 2010). 
 

Study The number of 
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Time 
GCSF 

Duration of G-CSF 
therapy and dosage 
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selection 

Results of the 
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volume, gSPECT- gated single-photon emission computed tomography, PET- positron 
emission tomography, MRI- magnetic resonance imaging 

3. Important clinical trials on stem cell therapy in chronic myocardial 
infarction 
The chronic myocardial infarction (CMI) represents a completely different environment 
for the stem cell therapy. The precise definition of chronic is not established, but it seems 
that it would be accepted that the chronic MI may be old at least 1-2 months after the 
necrotic event. Highly dynamic inflammatory reaction with cellular and cytokine storm is 
finished and slow fibrotic process replaces it (Frangogiannis, 2008). The abundance of 
chemokines, growth factors, adhesion molecules and other biologically active substances 
in the acute inflammatory phase of infarction not longer exist. Some parts of myocardium 
adjacent to infarction core due to long time of ischemia and because of partly damaged 
structure after the index event are alive but not capable for fully function. Those areas 
need revitalization with stem cells, but the question is whether the same cells are needed 
for the chronic IM as for the acute MI, and whether the same route of delivery would be 
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progenitor cells (CPC) with indium oxine (111 In-oxine) after intracoronary injections in 
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stage of MI (>1 year), demonstrated that amount of progenitor cells retained in the 
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myocardium decreased progressively over the time (Schächinger et al, 2008) alludes the 
answer on the second question. Human trials comparing bone marrow derived MNC and 
peripheral blood progenitor cells (PBPC) exist at least for AMI patients with inconclusive and 
contradictory results on their regenerative capacity (Schächinger et al, 2004; Hirsch et al, 2010). 
However, those cells are very similar but the only difference is that bone marrow MNC cells 
have more primitive cell subpopulation then PBPC which are more commitment to 
endothelial lineage. The comparison of mesenchymal stem cells and hematopoietic CD34+ 
cells in animal model of myocardial infarction showed that mesenchymal stem cells were more 
potent for the healing of the heart (Arminan et al, 2010).  
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Hendrik
x 

10 BMMNC/10 C 
 

217±162 
d 
 

40 ml, 
Lymphoprep, 
60.2x106 BMC, 
CD34% 1.4±1.0 

Graftable 
infract 
area 

MRI - EF↔,, 
SPECT – 

viability ↔ 

Stamm 20 BMMNC/20 C 7-9 w 
 

90-250 ml, 
immune sel. 
133+/CD34+ 

6.0x106 

Graftable 
infract 
area 

ECHO EF↑, 
SPECT-viability↑ 

Zhao 
 

18 BMMNC/18 C 
 

18-21±17 
m 
 

30 ml, Ficoll, 
6.6x108 BMMNC 

Graftable 
infract 
area, 

EF<40% 

ECHO - EF↑, 
volumes↓, 

regional function 
↑, SPECT↑ 

MAGIC 30 HDMy/33 
LDMy/34 C 

>4 w 
 

10 g of tigh 
muscle, 3 w of 

culturing, HDMy-
800x106, LDMy-

400x106 

Graftable 
15%≥EF 
≤35% 

ECHO - EF↔, 
ESV↓ in HDMy 

group 

Endocardial      

Perin 14 BMMNC/7 C 
 

>3 m 
 

50 ml, Ficoll, 
5.7±6.1x104CD34+ 

Ineligible 
for revasc. 
EF<40% 

LVA - EF↑, EMM 
- viability↑ 

Pokusha
lov 

 

55 BMMNC/54 C 
 

>12 m, 
9±8 y 

 

NS, Ficoll, 
1.0±0.6x106CD34+ 

 

Ineligible 
for 

revasc.EF<
45% 

ECHO - EF↑, 
SPECT - 

viability↑, 
functional 

status↑,  6 min 
WT↑ 

SEISMIC 
 

26 My/14 C 
 

8 y IQR 
4-12 

 

10 g of tigh 
muscle, 2-3 w of 

culturing, My-100-
400x106 

Ischemic 
HF 

RNV-MUGA - 
EF↔, functional 

status trend↑ 
 

Ramshor
st 25 BMMNC/25 C NS 80 ml, Ficoll, 

40x106MNC 

Ineligible 
for revasc. 
EF<40% 

SPECT↑, MRI - 
EF↑ 

 
I.C.- intracoronary, I.M. intramyocardial- during CABG, BMC-Bone marrow cells, BM-MNC – Bone 
marrow mononuclear cells, CPC-circulating progenitor cells, EPC- endothelial progenitor cells, My- 
Myoblasts, HD- high dose, LD- low dose, Bone marrow mesenchymal stem cells, PB-peripheral blood, 
C-controls, IQR- interquartile range,  CABG- coronary artery bypass grafting, revac.- revascularization, 
HF- heart failure, dECHO- dobutamine echocardiography, gSPECT- gated single-photon emission 
computed tomography, PET- positron emission tomography, MRI- magnetic resonance imaging, RNV- 
radionuclide ventriculography, 6 min WT- six minutes walking test, LVA- left ventricle angiography, 
EMM- electro-mechanical-mapping,  IVUS- intravascular ultrasound, MLA- minimal lumen area, EF- 
ejection fraction. 
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Clinical trials of stem cell therapy in CMI (Table 3) are smaller and not so well conducted 
as trials of stem cell therapy in AMI (Sanz-Ruiz et al, 2010; Donndorf et al, 2011). 
According to coronary status we can divide patients with CMI in two groups, the first one 
eligible for revascularization of the infracted area and the second with no option of 
revascularization. We believe that it is very important to perform as complete as possible 
revascularization before the stem cell therapy and not to proceed to sophisticated stem 
cell trial in ischemic cardiomyopathy without knowing the coronary status of enrolled 
patients (C-CURE, NCT00810238). Again, the different modes of stem cells and methods 
of delivery might be necessary in those two groups. Based on some animal models 
(Hou et al, 2005) and on the logical assumption the direct intramyocardial (trans-
epicardial in patients who need surgical revascularization and trans-endocardial in 
patients who have no option of revascularization) route of stem cell delivery might be a 
preferred option.   
Transplantation of Progenitor Cells and Recovery of LV Function in Patients with Chronic 
Myocardial Infarction (TOPCARE-CHD) was the first randomized, cross-over study 
examining the role of intracoronary bone marrow stem cell therapy for CMI (Assmus et al, 
2006).  The transplantation of bone marrow derived MNC was associated with the modest 
but significant improvement of six-months LVEF (ΔLVEF=4.8% measured by MRI) and 
regional myocardial function. The improvement of the functional status assessed by the 
NYHA classification was also significant in the BMMNC group.  The second large, not 
randomized but well controlled study was Stem cell Transplantation in 191 patients with 
chronic heart failure - STAR-heart study (Strauer et al, 2010). 
The intracoronary injections of BMMNC had sustained (3 months – 5 years) beneficial effect 
on LV global and regional function, increased exercise capacity, improved functional 
capacity and reduced mortality compared to controls.  Myocardial Regeneration and 
Angiogenesis in Myocardial Infarction study (MAGIC-DES) compared the influence of 
intracoronary injections of G-CSF mobilized PBPC on LV performance between patients in 
AMI and CMI previously treated with drug-eluting stents (Kang et al, 2006). Only patients 
with AMI had improvement of LVEF after 6 months. The study of Ang, compared intra 
coronary (through the graft) and intramyocardial injection of bone marrow derived MNC 
and controls during CABG (Ang et al, 2006). Stress echocardiography did not reveal any 
improvement in viability in the akinetic segment. MRI follow-up was done in only one third 
of patients in this study.  
The first small study of application bone marrow derived MNC into the myocardium was 
the study of Hamano (Hamano et al, 2001). They injected bone marrow MNC into the non-
graftable area during the coronary artery bypass grafting (CABG) and found that the 
procedure was feasible, safe and that induced improvement of myocardial perfusion 
assessed by SPECT in 3/5 patients. The detailed description of patients was not presented.  
Patel conducted the first randomized trial with intramyocardial injections of enriched 
suspension of CD34+ cells during the off-pump CABG in patients with severe ischemic 
cardiomyopathy (Patel et al, 2005). Intramyocardial bone marrow derived MNC 
transplantation with off-pump CABG led to significant improvement of 6 months LVEF and 
functional status compared to patients treated with surgery only.   
In the randomized trial of Mocini injections of bone marrow MNC into the peri-infarcted 
and infracted region (only patients with recent infarction were included) after the CABG 
during the cardiac arrest was compared to CABG alone (Mocini et al, 2006). The patient 
cohorts had moderate LV systolic dysfunction (inclusion criteria was baseline EF>35%). 
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I.C.- intracoronary, I.M. intramyocardial- during CABG, BMC-Bone marrow cells, BM-MNC – Bone 
marrow mononuclear cells, CPC-circulating progenitor cells, EPC- endothelial progenitor cells, My- 
Myoblasts, HD- high dose, LD- low dose, Bone marrow mesenchymal stem cells, PB-peripheral blood, 
C-controls, IQR- interquartile range,  CABG- coronary artery bypass grafting, revac.- revascularization, 
HF- heart failure, dECHO- dobutamine echocardiography, gSPECT- gated single-photon emission 
computed tomography, PET- positron emission tomography, MRI- magnetic resonance imaging, RNV- 
radionuclide ventriculography, 6 min WT- six minutes walking test, LVA- left ventricle angiography, 
EMM- electro-mechanical-mapping,  IVUS- intravascular ultrasound, MLA- minimal lumen area, EF- 
ejection fraction. 
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Clinical trials of stem cell therapy in CMI (Table 3) are smaller and not so well conducted 
as trials of stem cell therapy in AMI (Sanz-Ruiz et al, 2010; Donndorf et al, 2011). 
According to coronary status we can divide patients with CMI in two groups, the first one 
eligible for revascularization of the infracted area and the second with no option of 
revascularization. We believe that it is very important to perform as complete as possible 
revascularization before the stem cell therapy and not to proceed to sophisticated stem 
cell trial in ischemic cardiomyopathy without knowing the coronary status of enrolled 
patients (C-CURE, NCT00810238). Again, the different modes of stem cells and methods 
of delivery might be necessary in those two groups. Based on some animal models 
(Hou et al, 2005) and on the logical assumption the direct intramyocardial (trans-
epicardial in patients who need surgical revascularization and trans-endocardial in 
patients who have no option of revascularization) route of stem cell delivery might be a 
preferred option.   
Transplantation of Progenitor Cells and Recovery of LV Function in Patients with Chronic 
Myocardial Infarction (TOPCARE-CHD) was the first randomized, cross-over study 
examining the role of intracoronary bone marrow stem cell therapy for CMI (Assmus et al, 
2006).  The transplantation of bone marrow derived MNC was associated with the modest 
but significant improvement of six-months LVEF (ΔLVEF=4.8% measured by MRI) and 
regional myocardial function. The improvement of the functional status assessed by the 
NYHA classification was also significant in the BMMNC group.  The second large, not 
randomized but well controlled study was Stem cell Transplantation in 191 patients with 
chronic heart failure - STAR-heart study (Strauer et al, 2010). 
The intracoronary injections of BMMNC had sustained (3 months – 5 years) beneficial effect 
on LV global and regional function, increased exercise capacity, improved functional 
capacity and reduced mortality compared to controls.  Myocardial Regeneration and 
Angiogenesis in Myocardial Infarction study (MAGIC-DES) compared the influence of 
intracoronary injections of G-CSF mobilized PBPC on LV performance between patients in 
AMI and CMI previously treated with drug-eluting stents (Kang et al, 2006). Only patients 
with AMI had improvement of LVEF after 6 months. The study of Ang, compared intra 
coronary (through the graft) and intramyocardial injection of bone marrow derived MNC 
and controls during CABG (Ang et al, 2006). Stress echocardiography did not reveal any 
improvement in viability in the akinetic segment. MRI follow-up was done in only one third 
of patients in this study.  
The first small study of application bone marrow derived MNC into the myocardium was 
the study of Hamano (Hamano et al, 2001). They injected bone marrow MNC into the non-
graftable area during the coronary artery bypass grafting (CABG) and found that the 
procedure was feasible, safe and that induced improvement of myocardial perfusion 
assessed by SPECT in 3/5 patients. The detailed description of patients was not presented.  
Patel conducted the first randomized trial with intramyocardial injections of enriched 
suspension of CD34+ cells during the off-pump CABG in patients with severe ischemic 
cardiomyopathy (Patel et al, 2005). Intramyocardial bone marrow derived MNC 
transplantation with off-pump CABG led to significant improvement of 6 months LVEF and 
functional status compared to patients treated with surgery only.   
In the randomized trial of Mocini injections of bone marrow MNC into the peri-infarcted 
and infracted region (only patients with recent infarction were included) after the CABG 
during the cardiac arrest was compared to CABG alone (Mocini et al, 2006). The patient 
cohorts had moderate LV systolic dysfunction (inclusion criteria was baseline EF>35%). 
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There was no increase of serious arrhythmias. Transplanted patients had significant 
improvement of EF and WMSI measured by MRI after 6 months compared to the controls. 
The relatively small randomized study of Hendrikx demonstrated only improvement of 
regional, but not the global systolic function by 6-months MRI follow-up with the bone 
marrow MNC myocardial injections after CABG (Hendikx et al, 2006). Interestingly the 
number of CD34+ cells injected was significantly higher in the responder group what 
implied the possible importance of cell dosing.  
The randomized study of Stamm, investigated the influence of more premature CD133+ cell 
myocardial injections after CABG on myocardial function and perfusion (Stamm et al, 2007).  
The significant improvement of EF and myocardial viability was detected after 6 months in 
the cell therapy group. Subgroup analysis showed that patients with the lower EF had the 
greater benefit for selected stem cell therapy. The injection of selected more premature cells 
was safe.  
The study of Zhao corroborated with the previous investigations, and verified the benefit of 
intramyocardial injections of MNC during CABG in patients with severe impaired EF post-
infarction on global and regional myocardial function and perfusion (Zhao et al, 2008).   
Very interesting non-randomized, case control study comes from Thailand’s group, who 
used thoracoscopic delivery of in-vitro expanded endothelial progenitors (EPC) isolated 
from the peripheral blood into the peri-infarction area (Arom et al, 2008). The subset of 
patients received combined EPC therapy with off-pump CABG. They enrolled patients with 
very severe ischemic heart disease and low basal EF (26±7%). EPC transplantation improved 
significantly LVEF even combined or not with CABG. This study is important because it gives 
a possible solution for very ill patients with chronic ischemic cardiomyopathy and with no 
option for revascularization. The procedure is minimally invasive, safe and might help. 
The clinical application of stem cell therapy had started with intra-myocardial injection of 
myoblasts. Menasche reported the first successful case on myoblast implantation during 
CABG and significant improvement of EF throughout 6 months (Menasche et al, 2001). 
Seven years later definitive results of Myoblast Autologous Grafting in Ischemic 
Cardiomyopathy (MAGIC) trial were published (Menasce et al, 2008).  The study had three 
arms, high and low-dose myoblast groups and a placebo group. Myoblasts were obtained 
from thigh biopsy and in vitro cultivation for three weeks. All patients received implantable 
cardioverter-defibrilator at the time of tight biopsy. Myoblasts were injected neighboring the 
akinetic segments. The modest increase of EF after 6 months was noticed in all groups 
equally. Nevertheless, patients who received high number of myoblasts had a significant 
decrease of end-systolic volume.   
Transmyocardial route of stem cell delivery guided with electro-mechanic mapping (NOGA 
system) represents an alternative option for the treatment of patients ineligible for 
conventional revascularization. Perin’s group conducted the pioneering, non-randomized 
but controlled study of trans-endocardial bone-narrow MNC injections using the 
electromechanical mapping (NOGA system) to guide cell injections into the viable but not 
mechanically functional myocardium (Perin et al, 2003). Patients treated with cell therapy 
had a greater increase of EF measured by RNA, reduction of reversible defect on SPECT and 
improved functional status after 2 and 4 months follow-up.   
Four relatively larger randomized studies with trans-endocardial application of bone 
marrow derived MNC or myoblasts have been recently published. Pokushalov’s group 
(Pokushalov et al, 2010) randomized patients with end-staged ischemic cardiomyopathy 
with chronic MI were assigned to trans-endocardial injections of bone marrow MNC and 
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the control group. Cell therapy provided the significant improvement in functional status, 
angina score, myocardial perfusion and global EF in comparison to control arm. Mortality 
also significantly decreased in cell therapy group (10.9% compared to 38.9%, p<0.001). 
The extremely valuable study comes from Ramshort group. They examined a role of 
trans-endocardial injections of bone marrow derived MNC into the electrically alive but 
functionally inactive myocardium in patients with severe, refractory angina and without 
additional option of revascularization (Ramshort et al, 2009). More than half number of 
patients had had previous MI in both cell therapy group and control group. Stress-
induced ischemia was reduced after 3 months and slight improvement of LVEF was 
demonstrated with cell therapy. This therapy also significantly improved the clinical 
status of patients.  
 Other two studies (SEISMIC and CAuSMIC) implanted cultured autologous myoblasts vie 
NOGA guiding system in patients with severe ischemic heart disease, previous infarction 
and chronic heart failure symptoms (Dib et al, 2009; Duckers et al, 2011). A high percentage 
of patients in both studies had previously ICD implanted. There was favorable safety with 
no difference between groups in arrhythmias and deaths. In both studies there was a 
functional improvement in myoblast groups, but SEISMIC study did not show any EF 
increase, and CAUSMIC sustained reduction of LV diameters.  
Two pilot trials with adipose derived stem cells (ADSC), one with intracoronary injections 
of ADSC in patients with STEMI (A Randomized Clinical Trial of Adipose-Derived Stem 
cells in the Treatment of Patients With ST-Elevation myocardial Infarction - The APOLLO 
Trial) and one with intra-myocardial injections of ADPC in patients with severe ischemic 
heart disease and illegible for revascularization (adipose-derived stem & Regenerative Cells 
In the Treatment of Patients With Non revascularizable ischemic Myocardium - The 
PRECISE Trial) showed feasibility, safety and initial promising results. 

4. Our experience 
Forty two patients enrolled in the REANIMA study (Regeneration of myocardium with 
bone marrow mononuclear cells in myocardial infarction) underwent the autologous, bone 
marrow derived stem cell therapy for myocardial infarction in our Institution (Military 
Medical Academy, Belgrade) in the period from February 2004 to September 2010. The Local 
Ethical Committee approved the study and the informed written consent was obtained from 
all participants. All patients reperfused successfully with primary percutaneous coronary 
intervention or by thrombolytic therapy (accelerated protocol with Actilyse, Boehringer-
Ingelheim) between 2-12 hours from the pain onset. 
Three groups were formed. Group I received intracoronary injection of bone marrow 
derived MNC on 6-12 day after MI; group II received intracoronary injection of bone 
marrow derived MNC in the chronic phase of infarction; and group III received bone 
marrow derived MNC intramyocardially during the CABG. The inclusion criteria for the 
first group were the presence of the first MI, age under 70 years, opened infarct related 
artery on the 5th day of infarction, LVEF≤40% on the 5th day, and the clinically stable patient.  
The inclusion criteria for the II group were age under 70, MI at least 2 months before stem 
cell therapy, clinically stable patient, and LVEF≤40%. Finally, the inclusion criteria for the III 
group were age under 70, indication for CABG, the graftable infarction related area, 
LVEF≤45%, and the clinically stable patient. The common exclusion criteria were the 
presence of the important comorbidities (systemic or cardiac).  
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There was no increase of serious arrhythmias. Transplanted patients had significant 
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In AMI group baseline echocardiography assessment was performed between 4-7 days. The 
LVEF was determined according to the Simpson’s rule, wall motion score index at rest and 
end-diastolic and end-systolic volume indices were measured. Examination was repeated in 
the sixth month after MI.  
Single-photon emission tomography (SPECT) with Technetium 99m-sestamibi was done 
between 4-7 day and in the 6th month. The infarction size (IS) of left ventricle (LV) was 
quantified by the commercial software (AutoQuant software, Cedars-Sinai QPS/QGS 
component of AutoQuant) as an area of LV (in percentage) with the uptake of tracer less 
than 50% of the maximal value.  
Twenty-four hour ECG Holter was done in all patients in the second month from cell therapy.  
The harvest of bone marrow was done in the morning of cell therapy. For intracoronary 
MNC delivery, between 250-350 ml of bone marrow was harvested under the general 
anesthesia with the multiple aspirations from the posterior iliac crests. After harvesting, cell 
suspension was filtered twice and processed with the COBE SPECTRA to reduce the 
number of red cells and platelets. The total final cell suspension volume was 150 ml, and the 
total cell number was between 10-50x109/μl. MNC represented 25-40% of these cells, and 
CD34+ cells were between 1.5-2.0% of it. Cell suspension was given through the diagnostic 
catheter deeply positioned in the LM. Boluses of 20 ml were given during 1 minute with 2 
minutes pauses apart from the injections. Transient ST segment elevation was noticed in 
every patient. A slight increase of troponin was detected in one patient in CMI and one in 
AMI group after the procedure with minimally prolonged chest pain.  
The bone marrow harvest (150 ml) for intramyocardial cell transfer was done under the 
general anesthesia immediately before the CABG. Cells were processed manually and after 
several filtration and centrifugation steps total volume of 15-20 ml was prepared. 
Preparation of cells was done during the operation, and cell injections of 20-30x0.3 ml per 
injection were performed after the end of operation during the cardiac arrest in the 
myocardial area adjacent to necrotic core.  The mean number of intramyocardial injected 
CD34+ cells was 2.2±1.1x106 cells. Time from the bone marrow harvest to MNC application 
was 3-4 hours in all three groups.   
 

Charcteristics 
Intracoronary 
BMMNC in 
AMI (N=19) 

Intracoronary 
BMMNC in CMI 

(N=9) 

Intramyocard.BM
MNC CMI-CABG 

(N=14) 
P 

Age - y±SD 50±11 50±12 54±11 NS 
Gender - n (%)     

Female 3 (15.8) 2 (22.2) 0 (0.0) NS 
Risk factors     

Diabetes – n (%) 2 (10.5) 1 (11.1) 3 (21.4) NS 
Hypertension – n (%) 8 (42.1) 3 (33.3) 7 (50.0) NS 

Active smoking – n (%) 13 (68.4) 5 (55.6) 5 (35.7) NS 
Hypercholesterolemia – n (%) 12 (63.2) 5 (55.6) 8 (57.1) NS 
Infarct related artery – n (%)     

LAD 18 (94.7) 9 (100.0) 11 (78.6) NS 
LCX 1 (5.3) - 1 (7.1)  
RCA - - 2 (14.3)  

Table 4. Baseline demographic data of study patients. BMMNC- bone marrow mononuclear 
cells, AMI- acute myocardial infarction, CMI- chronic myocardial infarction, CABG- 
coronary artery bypass grafting,  LAD- left anterior descending, Left circumflex artery, 
RCA- right coronary artery. 
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Baseline demographic characteristics of patients (Table 4) were similar throughout groups. 
Patients with CMI treated with intracoronary injections of bone marrow MNC had lower 
LVEF, larger end-diastolic and end-systolic volumes indices and larger infarction size at 
baseline and after 6 months.  
Left ventricle EF significantly increased in patients with intracoronary injections of bone 
marrow MNC after AMI (ΔLVEF=5.5±6.6%) and in patients treated with intramyocardial 
injections of bone marrow MNC (ΔLVEF=5.0± 4.2) and there was no change of LVEF in 
patients with intracoronary injections of bone marrow MNC in CMI (Figure 2). The 
infarction size was significantly reduced in patients with intracoronary injections of bone 
marrow MNC after AMI (ΔIS=6.2±5.0%) and in patients treated with intramyocardial 
injections of bone marrow MNC (ΔIS=4.9± 4.3) and there was no change of infarction size in 
patients with intracoronary injections of bone marrow MNC in CMI (Figure 2).  
 

End-points 
Intracoronary 

BMMNC in AMI
N=19 

Intracoronary 
BMMNCin CMI

N=9 

Intramyocardial 
BMMNC in CMI 
after CABG N=14 

P value 
between  3 

groups 
Baseline LVEF (%) 33.1±4.1 30.8±4.4 35.3±3.9 0.05 

6-m LVEF (%) 38.6±8.3 29.9±6.53 40.3±5.4 0.01 
ΔLVEF % 5.5±6.6 -0.9±2.7 5.0±4.2 0.01 

 P =0.002 P=0.354 P=0.001  
Baseline EDVCI ml/m2 68.2±11.3 90.8±29.3 70.3±22.5 0.02 

6-m EDVCI ml/m2 72.5±12.8 94.2±35.1 70.7±15.3 0.02 
ΔEDVCI ml/m2 -4.4±10.1 -3.5±12.4 -0.4±13.2 0.63 

 P=0.080 P=0.428 P=0.920  
Baseline ESVCI ml/m2 44.1±9.9 63.4±23.7 48.4±15.3 0.01 

6-m ESVCI ml/m2 44.5±11.0 65.3±30.3 42.1±10.9 0.01 
ΔESVCI ml/m2 -0.3±7.8 -1.9±9.6 6.3±11.0 0.07 

 P=0.852 P=0.575 P=0.050  
Baseline IS (%) 30.3±8.5 37.9±9.1 28.9±4.1 0.19 

6-m IS (%) 25.3±11.0 37.4±8.4 22.7±5.2 0.01 
ΔIS 4.9±4.3 0.4±1.4 6.2±5.0 0.02 

 P<0.001 P=0.377 P<0.001  

Table 5. Left ventricle ejection fraction (LVEF) and infarction size (IS) at baseline and after 6 
months. 

Although improved LVEF, intracoronary bone marrow MNC transfer in patients with AMI 
did not block remodeling of the left ventricle. There was a trend toward significant increase 
of LV end-diastolic volume index in those patients (Table 5). On the other side, patients 
treated with intramyocardial bone marrow MNC injections with CABG had a positive effect 
on end-systolic volume index which significantly decreased after 6 months. In patients with 
CMI, there were no significant changes of either LVEF, or volume indices, or IS after six 
months (Table 5). 
After six months of follow up, there were no deaths in any group (Table 6). Other important 
clinical event is showed in the table 6. We did not observe any significant arrhythmias on 24 



 
 Stem Cells in Clinic and Research 

 

246 
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end-diastolic and end-systolic volume indices were measured. Examination was repeated in 
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Single-photon emission tomography (SPECT) with Technetium 99m-sestamibi was done 
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Baseline demographic characteristics of patients (Table 4) were similar throughout groups. 
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marrow MNC after AMI (ΔLVEF=5.5±6.6%) and in patients treated with intramyocardial 
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clinical event is showed in the table 6. We did not observe any significant arrhythmias on 24 
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hours ECG Holter during the follow-up of six months. Patients with CABG and cell therapy 
were the most stable. Also, functional NYHA class in six months was lower in CABG plus 
cell therapy treated patients compared to other two groups.  
 
 

  
Fig. 2. Changes of LVEF and IS between 6-months and baseline measurements across the 
three groups. I.C. BMMNC-CMI- Intracoronary bone marrow mononuclear cells in chronic 
myocardial infarction; I.M.BMMNC-CABG- intramyocardial bone marrow mononuclear 
cells in chronic myocardial infarction after coronary artery bypass grafting; I.C.BMMNC 
AIM- intracoronary bone marrow mononuclear cells in acute myocardial infarction 

 

Major adverse cardiac 
events 

Intracoronary 
BMMNC in AMI 

(N=19) 

Intracoronary 
BMMNC in CMI 

(N=19) 

Intramyocardial 
BMMNC in CMI 

after CABG (N=14) 
Revascularization n (%) 4 (21.1) 1 (11.1) - 

Heart failure – n (%) 3 (15.8) 4 (44.4) 1 (7.1) 
NYHA class 6 months 1.58 1.14 1.89 

Table 6. Major cardiac adverse events after 6 month follow-up.BMMNC- bone marrow 
mononuclear cells, AMI - acute myocardial infarction, CMI - chronic myocardial infarction, 
CABG - coronary artery bypass grafting 

Our study is small and non-randomized, but nevertheless, suggests two important 
conclusions. The first is that bone marrow derived, native stem cells showed the 
improvement of the left ventricle function and a decrease of infarction size in both patients 
with AMI and CMI, and the second, direct intramyocardial delivery of bone marrow 
derived MNC is probably more efficient than intracoronary route of administration in 
patients with CMI. In our previous study (Obradovic et al, 2009a, 2009b) we compared 
function of LV and reduction of infarction size in patients with acute myocardial infarction 
treated with intracoronary bone marrow cell injections to well-matched control group and 
showed trend of improvement of LVEF and significant reduction in infarction size in cell 
therapy group. The improvement of LVEF by 5% in our trial of AMI patients is in 
accordance with the results of REPAIR AMI trial (Schachinger et al, 2006a, 2006b) and the 
result of meta-analysis of intracoronary bone marrow derived stem cell transplantation in 
AMI patients (Abdel-Latif et al, 2007).  
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The outcome of stem cell therapy depends on different factors. The proper selection of 
patients, timing and methodology of stem cell therapy is crucial for improvement. In AMI 
we have a reasonable assumption that patients with lower LVEF had increased benefit of 
bone marrow derived stem cell therapy. However, among larger trials with intracoronary 
bone marrow derived stem cell therapy for AMI, only REGENT trial (Tendera et al, 2009) 
have had the entrance criteria of LVEF<40%, but it has not been stated when and how LVEF 
was measured, because it is not equal if it is measured on admission, or 2-3 days after the 
reperfusion therapy, and it is difficult to explain how the median of LVEF in this study was 
37% with the such entrance criteria for LVEF. This implies some recruitment bias. The 
entrance echocardiogram in our study was performed on the 4-5 days after AMI to avoid 
myocardial stunning which is very pronounced in the first few days of AMI, and we suggest 
that entrance LV performance should be measured on the 3rd-4th day after AMI and not on 
admission or within the first 48 hours.  
But is there a lower border of infarction damage when the stem cell therapy has no 
benefit? In our study (Obradovic et al, 2009) we showed that patients with too large 
myocardial infarction (measured by the perfusion defect on SPECT and by the maximum 
serum lactate dehydrogenase activity during the acute phase of STEMI) have no benefit of 
single, intracoronary stem cell therapy. Those patients might need repeated stem cell 
injections like in Chinese study (Yao et al, 2009) with the repeated intracoronary bone 
marrow cell transplantation three months after the AMI with the similar cohort of patients 
as ours.   
It seems that intracoronary bone marrow stem cell therapy in early days of stem cell therapy 
also has no effect (Zhang et al, 2009), because the stem cells are injected in a very hostile, 
inflammatory, ischemic environment full of toxins. But, there are no randomized trials 
comparing stem cell therapy, for instance between 1-5 days to 6-12 days after infarction. 
Like in the most studies with intracoronary transplantation of stem cells in AMI, we injected 
cells intracoronary in the second week of infarction, not too soon from the initial event and 
not too late from it, to be in the burst of reparation process.   
However, MYSTAR trial (Gyöngyösi et al, 2009) demonstrated that stem cell therapy after 3 
weeks and 3 months had resulted in similar benefit on LV function. Having in mind that 
finding, our experience and previous reports we can only conclude that we do not know the 
proper timing for stem cell therapy after AMI.  
What kind of cells we need in AMI, and do we need another cell type or types for CMI? In 
our study we only use the filtration of bone marrow and concentration of their mononuclear 
cells. We suppose that different kind of cells and their interplay is important for the 
successful cell therapy in AMI. The immune selection of bone marrow stem cells without 
some in-vitro manipulation of cells is probably unnecessary, especially in AMI patients. 
What do we gain and what do we lose with this procedure? The same number of cells with 
certain phenotype would be given with, or without selection, and a selection procedure 
would for sure prolong the timing from the bone marrow harvest to its application and 
further damage. The preparation of cells is important, however, at least for patients with 
AMI it is more important to give appropriate number of viable and functioning cells and the 
duration of bone marrow processing should be short. In the REGENT trial, immune-
selection of CD-34+/CXC4R+ cells did not bring any advantage compared to un-selected 
bone marrow mononuclear cells.  
Again there is no clinical randomized trial comparing different methods of stem cell 
processing. Do we need mesenchymal stem cells for AMI or CMI patients? Very well 
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hours ECG Holter during the follow-up of six months. Patients with CABG and cell therapy 
were the most stable. Also, functional NYHA class in six months was lower in CABG plus 
cell therapy treated patients compared to other two groups.  
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AIM- intracoronary bone marrow mononuclear cells in acute myocardial infarction 

 

Major adverse cardiac 
events 

Intracoronary 
BMMNC in AMI 

(N=19) 

Intracoronary 
BMMNC in CMI 

(N=19) 

Intramyocardial 
BMMNC in CMI 

after CABG (N=14) 
Revascularization n (%) 4 (21.1) 1 (11.1) - 

Heart failure – n (%) 3 (15.8) 4 (44.4) 1 (7.1) 
NYHA class 6 months 1.58 1.14 1.89 

Table 6. Major cardiac adverse events after 6 month follow-up.BMMNC- bone marrow 
mononuclear cells, AMI - acute myocardial infarction, CMI - chronic myocardial infarction, 
CABG - coronary artery bypass grafting 

Our study is small and non-randomized, but nevertheless, suggests two important 
conclusions. The first is that bone marrow derived, native stem cells showed the 
improvement of the left ventricle function and a decrease of infarction size in both patients 
with AMI and CMI, and the second, direct intramyocardial delivery of bone marrow 
derived MNC is probably more efficient than intracoronary route of administration in 
patients with CMI. In our previous study (Obradovic et al, 2009a, 2009b) we compared 
function of LV and reduction of infarction size in patients with acute myocardial infarction 
treated with intracoronary bone marrow cell injections to well-matched control group and 
showed trend of improvement of LVEF and significant reduction in infarction size in cell 
therapy group. The improvement of LVEF by 5% in our trial of AMI patients is in 
accordance with the results of REPAIR AMI trial (Schachinger et al, 2006a, 2006b) and the 
result of meta-analysis of intracoronary bone marrow derived stem cell transplantation in 
AMI patients (Abdel-Latif et al, 2007).  
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The outcome of stem cell therapy depends on different factors. The proper selection of 
patients, timing and methodology of stem cell therapy is crucial for improvement. In AMI 
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have had the entrance criteria of LVEF<40%, but it has not been stated when and how LVEF 
was measured, because it is not equal if it is measured on admission, or 2-3 days after the 
reperfusion therapy, and it is difficult to explain how the median of LVEF in this study was 
37% with the such entrance criteria for LVEF. This implies some recruitment bias. The 
entrance echocardiogram in our study was performed on the 4-5 days after AMI to avoid 
myocardial stunning which is very pronounced in the first few days of AMI, and we suggest 
that entrance LV performance should be measured on the 3rd-4th day after AMI and not on 
admission or within the first 48 hours.  
But is there a lower border of infarction damage when the stem cell therapy has no 
benefit? In our study (Obradovic et al, 2009) we showed that patients with too large 
myocardial infarction (measured by the perfusion defect on SPECT and by the maximum 
serum lactate dehydrogenase activity during the acute phase of STEMI) have no benefit of 
single, intracoronary stem cell therapy. Those patients might need repeated stem cell 
injections like in Chinese study (Yao et al, 2009) with the repeated intracoronary bone 
marrow cell transplantation three months after the AMI with the similar cohort of patients 
as ours.   
It seems that intracoronary bone marrow stem cell therapy in early days of stem cell therapy 
also has no effect (Zhang et al, 2009), because the stem cells are injected in a very hostile, 
inflammatory, ischemic environment full of toxins. But, there are no randomized trials 
comparing stem cell therapy, for instance between 1-5 days to 6-12 days after infarction. 
Like in the most studies with intracoronary transplantation of stem cells in AMI, we injected 
cells intracoronary in the second week of infarction, not too soon from the initial event and 
not too late from it, to be in the burst of reparation process.   
However, MYSTAR trial (Gyöngyösi et al, 2009) demonstrated that stem cell therapy after 3 
weeks and 3 months had resulted in similar benefit on LV function. Having in mind that 
finding, our experience and previous reports we can only conclude that we do not know the 
proper timing for stem cell therapy after AMI.  
What kind of cells we need in AMI, and do we need another cell type or types for CMI? In 
our study we only use the filtration of bone marrow and concentration of their mononuclear 
cells. We suppose that different kind of cells and their interplay is important for the 
successful cell therapy in AMI. The immune selection of bone marrow stem cells without 
some in-vitro manipulation of cells is probably unnecessary, especially in AMI patients. 
What do we gain and what do we lose with this procedure? The same number of cells with 
certain phenotype would be given with, or without selection, and a selection procedure 
would for sure prolong the timing from the bone marrow harvest to its application and 
further damage. The preparation of cells is important, however, at least for patients with 
AMI it is more important to give appropriate number of viable and functioning cells and the 
duration of bone marrow processing should be short. In the REGENT trial, immune-
selection of CD-34+/CXC4R+ cells did not bring any advantage compared to un-selected 
bone marrow mononuclear cells.  
Again there is no clinical randomized trial comparing different methods of stem cell 
processing. Do we need mesenchymal stem cells for AMI or CMI patients? Very well 
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conducted study (Chen et al, 2004), with successful intracoronary implantation of 
mesenchymal stem cells in patients with AMI is almost neglected and those results are not 
challenged.  
The way of cell delivery is also a matter of controversy. For intracoronary delivery almost all 
studies have used the same method (Strauer et al, 2002) nevertheless, the animal model 
suggests that the injections of cells through the inflated balloon currently applied in clinical 
studies are not necessary for cell deposit (Tossios P, et al, 2008). So, our study also has 
showed that non-selective injections of bone marrow MNC into the left coronary artery 
proved to be efficient in improving the LVEF and diminishing the infarction size. There is 
no human trial addresses for that issue. There are also numerous tips and tricks for stem cell 
delivery that might be important. Strauer used albumin-microaggregates to ensure 
prolonged passage of stem cells through the infracted microcirculation, and dobutamine 
infusion (Strauer et al, 2010) to increase the demand of oxygen in myocardium and probably 
to enhance engratment of stem cells with such treatment. However, does the freshly 
infracted myocardium need such an ischemic push? We have noticed very clear ischemic 
changes on electrocardiography monitoring in every patient during the delivery of cell 
suspension.  
Intracoronary way of cell delivery is probably more suitable for the AMI patients because it 
enables homogenous spread of stem cells throughout the infracted microcirculation full of 
chemoattractants. On the other hand, a direct intramyocardial injection of stem cells in patients 
with CMI seems to be preferred mode of cell delivery. Some animal model and pilot human 
trial confirm this assumption (Hou et al, 2005; Schächinger et al, 2008). Our results have shown 
benefit of bone marrow derived stem cells given into the myocardium during CABG  
improving LVEF and myocardial perfusion which is in accordance with other studies of bone 
marrow derived stem cell therapy with CABG (Donndorf et al, 2011). On the other hand, our 
results have not shown any benefit of intracoronary transplantation of bone marrow stem cells 
in patients with CMI. There are only 2 published studies with intracoronary transplantation of 
bone marrow derived mononuclear cells in CMI and the both of them demonstrated 
improvement of LV performance after the procedure (Assmus et al, 2006; Strauer et al, 2009). 
The way of trans-balloon application of stem cells was used in both studies and on the 
contrary we used non-selective intracoronary implantation of stem cells. This distinction might 
have the different outcome between our and the mentioned studies and underlines the 
importance of ischemic preconditioning in this cohort of patients.  
Finaly, and probably the most important aspect of stem cell therapy is a clinical benefit. 
REPEAR-AMI (Schächinger et al, 2010), studies of Strauer’s group in AMI (Yousef et al, 2009) 
and CMI (Strauer et al, 2010) and the largest study with endocardial implantation of bone 
marrow derived stem cells in CMI (Pokushalov et al, 2010) have showed clear clinical benefit 
with hard end points during the relatively long period of follow-up. In our study, we have not 
a sufficient number of patients to show the difference of major adverse cardiac events in 
several groups of our patients. Nevertheless, there were no deaths during the 6 months follow-
up, and the number of patients with restenosis and symptomatic heart failure was low.  
When we take into account the benefit of stem cell therapy in the treatment of myocardial 
infarction one scenario is possible. Stem cells do not improve significantly global or even 
regional myocardial infarction after MI but do stabilize myocardium on the molecular level 
with the long-term clinically important benefits through yet unknown mechanisms.  
As you can easily realize, there are too many confounding, important factors. It is 
impossible to randomize all the possibilities. Logic is important but it does not mean that it 
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is always right. Clinical trials in stem cell therapy are being done too fast, and many trials 
did not meet the entrance criteria of sample size for the right statistical power. The 
European Task Force for stem cell therapy in cardiovascular diseases does not recommend 
the stem cell therapy in wider clinical practice and recommends large, placebo controlled 
trials (Bartunek et al, 2006). However, do we know enough to create the proper, large 
clinical trial for stem cell therapy? We believe that centrally coordinated, well-organized, 
small, always multicentric, pilot trials that address the various issues of stem cell therapy 
must precede the creation of a large randomized trial. 
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1. Introduction 
Recent advances in reperfusion strategies have dramatically reduced early mortality after 
acute myocardial infarction (AMI), but as a result there is a higher incidence of heart failure 
among survivors. Optimal medical therapy and device implantation can improve the 
prognosis and the quality of life of these patients. Nevertheless, mortality and 
rehospitalization rates are still high and entail an overwhelming cost. 
The field of cardiac cell therapy has emerged as a new alternative in this situation, and has 
made rapid progress. Its final goal is to repair the damaged myocardium and to restore 
cardiac function. Nevertheless, this goal is hindered by the massive loss of cardiomyocytes 
after an AMI (in the order of 1 billion cells) and because ischemic myocardium loses cellular 
and extracellular signals which guide stem cells to the cardiac lineage or to the secretion of 
paracrine factors (Wollert & Drexler, 2010).  
Studies evaluating this new approach during the last 15 years have overall succeeded to a 
greater or lesser extent, and evidence available so far is encouraging. Phase I and II 
randomized clinical trials (RCT) indicate that cell therapy is a safe treatment which can 
improve cardiac function after AMI and in the chronic phase of coronary artery disease 
(CAD). Trial results are not uniform, however, probably due 1) to a lack of standardization 
of cell isolation and delivery procedures, 2) to the absence of a universally accepted 
nomenclature, and 3) to the large number of stem cell types under investigation in different 
clinical settings. Nevertheless, these inconsistencies can be avoided or reduced if classical 
scientific methodology is followed. Although considered a relatively new field of research, 
stem cell experimentation must invariably walk on the path of the scientific method. Since 
Aristotle´s time, scientific method has been used as a way to ask and answer scientific 
questions by making observations and doing experiments. It includes a series of steps, i.e. 1) 
asking a question, 2) doing background research, 3) constructing a hypothesis, 4) testing the 
hypothesis by doing an experiment, 5) analyzing the data and drawing a conclusion, and 6) 
communicating the results. 
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In the case of stem cell therapy, RCT started questioning if there was a possibility of 
repairing the heart after different types of tissular damage. Background evidence has 
already demonstrated that this possibility exists through stem cell administration in several 
preclinical models of cardiomyopathy. Thus, the key points in the design of present and 
future RCT in humans are 1) to formulate an adequate hypothesis, 2) to select the ideal 
population, cell type and delivery method and 3) to develop a correct and precise protocol. 
These decisions must be made in the light of previous evidence and with a translational 
mentality, in which experimental/preclinical data should help to design new RCT. 
Inversely, results of human studies should transfer new questions and hypothesis to the 
laboratory/bench side.  

2. Types of stem cells in cardiovascular research. Preclinical background 
There are several types of stem cells which have been used with the aim of repairing 
damaged myocardium. Broadly speaking, stem cells can be subdivided into two large 
groups: embryonic and adult. 

2.1 Embryonic stem cells 
Embryonic stem cells (ESC) are present in the earliest stage of embryonic development – the 
blastocyst (this is the stage before the embryo is implanted into the uterine wall, one week 
after fertilization). ESC can divide indefinitely in vitro and are pluripotent: they are capable 
of generating any terminally differentiated cell in the human body that is derived from any 
one of the three embryonic germ layers (Perin & Silva 2006). 
Classic experimental studies have demonstrated cardiomyocyte obtention from ESC, with 
the same structural and functional properties as cardiomyocytes present in the cardiac 
muscle (Kehat et al., 2001), and showing even successful electromechanical coupling with 
host myocardium. After their transplantation into the infarcted myocardium, these cells can 
engraft and survive in the myocardial tissue network, providing an improvement in 
ventricular function in several small animal preclinical models (Klug et al., 1996; Min et al., 
2002). On the other hand, in chronic heart failure models, ESC have been proved to 
differentiate into new cardiomyocytes and also into endothelial and smooth muscle cells 
forming new blood vessels (Yamashita et al., 2000). 
Nevertheless, despite the enormous evidence available regarding ESC isolation, growth, 
differentiation and transplantation in animal models, there are several issues that have 
restricted their clinical applications in human RCT in most countries: ethical and legal 
considerations, limited numbers of cell lines, limited resources, the difficulty of obtaining 
autologous ESC, the need for immunosuppression in case of allogenic cells and the potential 
risk for tumorigenesis (Thomson et al., 1998).  

2.2 Adult stem cells 
Adult stem cells are intrinsic to specific tissues of the postnatal organism into which they are 
committed to differentiate. Theoretically, adult stem cells are capable of self-renewal, 
yielding mature differentiated cells which are: 1) integrated into a particular tissue and 2) 
capable of performing the specialized function of that tissue. Adult-tissue specific stem cells 
are present in organs with self-renewal capacity, including the liver, pancreas, skeletal 
muscle, skin and bone marrow. These are the most investigated cells in regenerative 
medicine and include different cellular types: 
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2.2.1 Skeletal myoblasts 
Skeletal myoblasts are satellite cells that remain in a quiescent stage between the basal 
lamina and the sarcolemma on the periphery of mature skeletal muscle fibers. They can be 
obtained from muscular biopsies and easily expanded in vitro (Murry et al., 1996; Taylor et 
al., 1998). This kind of stem cells has received considerable attention in the setting of chronic 
ischemic ventricular dysfunction, because these cells: 1) do not need a specific 
microenvironment to differentiate, 2) can be expanded without problems in undifferentiated 
stages, and 3) are highly resistant to ischemia and can multiply after injury. These cells are 
programmed to differentiate into myogenic lineages and, after their transplantation into 
scarred myocardium, they become myotubes and myocytes with the characteristics and 
function of skeletal muscle (Leobon et al., 2003; Pagani et al., 2003). In other words, 
transdifferentiation into cardiomyocytes, which was their first hoped mechanism of action, 
is an exceptional event rarely seen at the graft-host interface. Therefore, their benefitial effect 
is thought to be mediated through myocyte contraction, paracrine effects and by an increase 
in the infarcted wall resistance and stiffness, thus limiting ventricular dilatation and adverse 
remodeling. Safety concerns include basically the risk of ventricular arrhythmias observed 
in the first clinical trials, due to the absence of electromechanical coupling of the myoblasts 
with another cells or with host myocardium. As a consequence, in most of these protocols 
patients were treated at the same time with prophylactic implantable cardiac defibrillators 
and/or chronic amiodarone. Administration of skeletal myoblasts after certain culture 
conditions (with autologous human serum) could avoid this risk (Herreros et al., 2003).  

2.2.2 Bone marrow-derived cells 
The bone marrow is one of the most investigated sources of adult stem cells. It is a complex 
organ with a specific geometric organization and an intrincate system of cell-to-cell 
interaction and signaling, and it contains several cell subpopulations: 1) differentiated cells 
like stromal supporting mesenchymal cells, vascular cells, adipocytes, osteoblasts and 
osteocytes, and 2) progenitor cells. The most important subpopulation is the bone marrow 
mononuclear cell (BMMC) fraction, that includes mesenchymal stem cells (MSC), 
hematopoietic progenitor cells (HPC) and endothelial progenitor cells (EPC) (Shizuru et al., 
2005; Suva et al., 2004). It also contains more committed cell lineages, such as natural killers, 
T and B lymphocytes. However, after the finding that MSC and EPC represent, respectively, 
only 0.01% and 1-2% of the total amount of cells included in BMMC fraction, culture 
techniques have been developed to select a specific type of cell and to expand it to obtain 
solutions with higher numbers of cells. 
BMMC can be easily harvested, isolated, in vitro expanded and administered to the patient 
with several delivery devices. The plasticity of these cells has been demonstrated in classic 
preclinical studies, showing even transdifferentiation into mature cells from different 
germinal layers.  
It has been observed that BMMC contribute to the formation of new cardiomyocytes and 
endothelial cells in ischemic areas when injected after an AMI in animal models. In treated 
animals, an improvement of hemodynamic parameters was demonstrated (Jackson et al., 
2001; Orlic et al., 2001a).  
Regarding HPC, no real specific surface antigen has been described to identify these cells. 
The antigens CD34, CD133 and CD117 and the surface markers c-kit, Sca-1 and Thy-1 have 
been used to sort this subtype of BMMC. C-kit+ cells without hematopoietic markers (lin-) 
have been administered after AMI, with a noticeable increase in the number of 



 
Stem Cells in Clinic and Research 

 

260 

In the case of stem cell therapy, RCT started questioning if there was a possibility of 
repairing the heart after different types of tissular damage. Background evidence has 
already demonstrated that this possibility exists through stem cell administration in several 
preclinical models of cardiomyopathy. Thus, the key points in the design of present and 
future RCT in humans are 1) to formulate an adequate hypothesis, 2) to select the ideal 
population, cell type and delivery method and 3) to develop a correct and precise protocol. 
These decisions must be made in the light of previous evidence and with a translational 
mentality, in which experimental/preclinical data should help to design new RCT. 
Inversely, results of human studies should transfer new questions and hypothesis to the 
laboratory/bench side.  

2. Types of stem cells in cardiovascular research. Preclinical background 
There are several types of stem cells which have been used with the aim of repairing 
damaged myocardium. Broadly speaking, stem cells can be subdivided into two large 
groups: embryonic and adult. 

2.1 Embryonic stem cells 
Embryonic stem cells (ESC) are present in the earliest stage of embryonic development – the 
blastocyst (this is the stage before the embryo is implanted into the uterine wall, one week 
after fertilization). ESC can divide indefinitely in vitro and are pluripotent: they are capable 
of generating any terminally differentiated cell in the human body that is derived from any 
one of the three embryonic germ layers (Perin & Silva 2006). 
Classic experimental studies have demonstrated cardiomyocyte obtention from ESC, with 
the same structural and functional properties as cardiomyocytes present in the cardiac 
muscle (Kehat et al., 2001), and showing even successful electromechanical coupling with 
host myocardium. After their transplantation into the infarcted myocardium, these cells can 
engraft and survive in the myocardial tissue network, providing an improvement in 
ventricular function in several small animal preclinical models (Klug et al., 1996; Min et al., 
2002). On the other hand, in chronic heart failure models, ESC have been proved to 
differentiate into new cardiomyocytes and also into endothelial and smooth muscle cells 
forming new blood vessels (Yamashita et al., 2000). 
Nevertheless, despite the enormous evidence available regarding ESC isolation, growth, 
differentiation and transplantation in animal models, there are several issues that have 
restricted their clinical applications in human RCT in most countries: ethical and legal 
considerations, limited numbers of cell lines, limited resources, the difficulty of obtaining 
autologous ESC, the need for immunosuppression in case of allogenic cells and the potential 
risk for tumorigenesis (Thomson et al., 1998).  

2.2 Adult stem cells 
Adult stem cells are intrinsic to specific tissues of the postnatal organism into which they are 
committed to differentiate. Theoretically, adult stem cells are capable of self-renewal, 
yielding mature differentiated cells which are: 1) integrated into a particular tissue and 2) 
capable of performing the specialized function of that tissue. Adult-tissue specific stem cells 
are present in organs with self-renewal capacity, including the liver, pancreas, skeletal 
muscle, skin and bone marrow. These are the most investigated cells in regenerative 
medicine and include different cellular types: 

Randomized Clinical Trials in Stem Cell Therapy  
for the Heart - Old and New Types of Cells for Cardiovascular Repair 

 

261 

2.2.1 Skeletal myoblasts 
Skeletal myoblasts are satellite cells that remain in a quiescent stage between the basal 
lamina and the sarcolemma on the periphery of mature skeletal muscle fibers. They can be 
obtained from muscular biopsies and easily expanded in vitro (Murry et al., 1996; Taylor et 
al., 1998). This kind of stem cells has received considerable attention in the setting of chronic 
ischemic ventricular dysfunction, because these cells: 1) do not need a specific 
microenvironment to differentiate, 2) can be expanded without problems in undifferentiated 
stages, and 3) are highly resistant to ischemia and can multiply after injury. These cells are 
programmed to differentiate into myogenic lineages and, after their transplantation into 
scarred myocardium, they become myotubes and myocytes with the characteristics and 
function of skeletal muscle (Leobon et al., 2003; Pagani et al., 2003). In other words, 
transdifferentiation into cardiomyocytes, which was their first hoped mechanism of action, 
is an exceptional event rarely seen at the graft-host interface. Therefore, their benefitial effect 
is thought to be mediated through myocyte contraction, paracrine effects and by an increase 
in the infarcted wall resistance and stiffness, thus limiting ventricular dilatation and adverse 
remodeling. Safety concerns include basically the risk of ventricular arrhythmias observed 
in the first clinical trials, due to the absence of electromechanical coupling of the myoblasts 
with another cells or with host myocardium. As a consequence, in most of these protocols 
patients were treated at the same time with prophylactic implantable cardiac defibrillators 
and/or chronic amiodarone. Administration of skeletal myoblasts after certain culture 
conditions (with autologous human serum) could avoid this risk (Herreros et al., 2003).  

2.2.2 Bone marrow-derived cells 
The bone marrow is one of the most investigated sources of adult stem cells. It is a complex 
organ with a specific geometric organization and an intrincate system of cell-to-cell 
interaction and signaling, and it contains several cell subpopulations: 1) differentiated cells 
like stromal supporting mesenchymal cells, vascular cells, adipocytes, osteoblasts and 
osteocytes, and 2) progenitor cells. The most important subpopulation is the bone marrow 
mononuclear cell (BMMC) fraction, that includes mesenchymal stem cells (MSC), 
hematopoietic progenitor cells (HPC) and endothelial progenitor cells (EPC) (Shizuru et al., 
2005; Suva et al., 2004). It also contains more committed cell lineages, such as natural killers, 
T and B lymphocytes. However, after the finding that MSC and EPC represent, respectively, 
only 0.01% and 1-2% of the total amount of cells included in BMMC fraction, culture 
techniques have been developed to select a specific type of cell and to expand it to obtain 
solutions with higher numbers of cells. 
BMMC can be easily harvested, isolated, in vitro expanded and administered to the patient 
with several delivery devices. The plasticity of these cells has been demonstrated in classic 
preclinical studies, showing even transdifferentiation into mature cells from different 
germinal layers.  
It has been observed that BMMC contribute to the formation of new cardiomyocytes and 
endothelial cells in ischemic areas when injected after an AMI in animal models. In treated 
animals, an improvement of hemodynamic parameters was demonstrated (Jackson et al., 
2001; Orlic et al., 2001a).  
Regarding HPC, no real specific surface antigen has been described to identify these cells. 
The antigens CD34, CD133 and CD117 and the surface markers c-kit, Sca-1 and Thy-1 have 
been used to sort this subtype of BMMC. C-kit+ cells without hematopoietic markers (lin-) 
have been administered after AMI, with a noticeable increase in the number of 



 
Stem Cells in Clinic and Research 

 

262 

cardiomyocytes in the infarcted area, improvement of the ventricular function and survival 
benefits (Orlic et al., 2001b). However, other researchers have proved differentiation of these 
HPC into hematopoietic lineages and with the same results of reversing adverse remodeling 
and preventing post-infarction ventricular dysfunction (Balsam et al., 2004). Finally, 
improvements of myocardial perfusion, capillary density/collateral vessel formation and 
left ventricular ejection fraction have also been observed in other studies after HPC injection 
in AMI models, with a significant reduction of the infarct size (Kamihata et al., 2001).  
EPC were first defined as cells positive for both hematopoietic stem cell markers such as 
CD34 and endothelial marker proteins such as vascular endothelial growth factor receptor 2 
(VEGFR-2) or CD133. CD133 (also known as prominin or AC133) is expressed on HPC and 
on early stages of EPC, but is absent on mature EPC and monocyte cells. CD133+ cells 
promote angiogenesis in ischemic tissues, differentiating into adult endothelial cells and 
secreting angiogenic factors. The main drawback of CD133+ cells is their low number in the 
BMMC fraction (they represent less than 1% of the total population) and the impossibility of 
in vitro expansion. In fact, cytokine treatment with granulocyte colony-stimulating factor 
(G-CSF) is needed in order to mobilize a sufficient number of cells from the bone marrow 
(Virmani et al., 2006). 
EPC have similar phenotypic and functional characteristics to those shown by fetal 
angioblasts. Indeed, they arise from a common hemangioblast precursor in the adult bone 
marrow (Virmani et al., 2006). Endothelial cell lineage markers used to sort these cells 
include CD34, Flk-1, VE-cadherin, platelet-endothelial cell adhesion molecule 1 (PECAM-
1), von Willebrand factor (vWF) and E-selectin. Conversely to what happens with other 
stem cells, EPC have been proved to transdifferentiate into cardiomyocytes and smooth 
muscle cells in vivo. Besides, they increase capillary density after an AMI by means of 
angiogenesis and arteriogenesis mechanisms, reduce collagen deposits and cardiomyocyte 
apoptosis, and improve cardiac function (Kocher et al., 2001). Again, the ability to expand 
these cells is limited by their scarcity in peripheral blood. Furthermore, functional 
impairment of EPC has been observed in the elderly and in several pathologic conditions 
(i.e., diabetes mellitus). Recently, specific subpopulations of EPC have been described: 
CD14+/CD34- cells, which have shown very high plasticity (Yoon et al., 2005), and 
CD14+/CD34+ cells, which have been demonstrated to induce a paracrine response by 
releasing angiogenic growth factors.  
MSC are one of the most promising types of stem cells for cardiac repair. They have been 
isolated from the bone marrow stroma (although they can also be found around blood 
vessels, in muscle, skin and adipose tissue) and exhibit unique characteristics, such as a 
multipotent differentiaton potential capacity and the lack of surface markers. Indeed, they 
are CD34-, CD45- and CD133- cells that show an immunophenotype positive for adhesion 
proteins like CD29, CD44, CD71, CD90, CD105, CD106, CD117, CD120a, CD124, SH2, SH3 
and SH4 (Pittenger & Martin, 2004). This is the reason why MSC can be isolated after 
density centrifugation by means of their ability to adhere to culture plates. Purified 
human MSC have been shown to migrate and differentiate to a cardiomyocyte phenotype 
and to endothelial cells in both healthy and infarcted myocardium (Toma et al., 2002). In 
the former MSC express cardiac surface markers, and in the latter they improve wall 
motion and prevent the adverse remodeling process. One advantage of MSC is that they 
are considered to be immuneprivileged. Thus, allogenic MSC have been successfully 
transplanted into murine hearts without the need for immunosuppression (Zimmet & 
Hare, 2005).  
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2.2.3 Adipose-derived stem cells 
Recently, it has been shown that, besides committed adipogenic, endothelial and pluripotent 
vascular progenitor cells, the adipose tissue stroma contains multipotent adipose-derived 
stem cells (ADSC) (Sanz-Ruiz et al., 2009). These self-renewal cells possess high potentiality, 
and are capable of differentiating into myogenic, neural and cardiomyocytic lineages, in this 
last case showing even spontaneous beating. The phenotype of ADSC is similar to that of 
MSC (i.e., ADSC also express adhesion molecules in their surface) (Sanz-Ruiz et al., 2008). 
The similarities of both cell types in terms of potentiality and the fact that adipose tissue can 
be easily obtained in large amounts by means of a simple liposuction procedure, have 
pointed at the human adipose tissue as a novel promising alternative source of stem cells for 
cardiovascular repair that has shown encouraging results in the preclinical field (Fraser et 
al., 2004). In fact, in our center two first-in-man phase II randomized trials have been 
conducted with ADSC: with intracoronary administration after an AMI (APOLLO trial) and 
with transendocardial injection in “no-option” patients with advanced CAD (PRECISE trial).  

2.2.4 Resident cardiac stem cells 
A newly discovered population of resident cardiac stem cells (CSC) has been recently 
identified in the adult heart, which contributes to myocardial regeneration in animal models 
of AMI (Beltrami et al., 2003; Oh et al., 2003; Urbanek et al., 2003; Urbanek et al., 2005). These 
cells express surface markers such as c-kit, Sca-1 and Abcg2. However, the phenotypic 
characterization of this lineage is not definitely clear. Indeed, currently all CSC types are 
thought to be distinct from each other. In the adult human heart, these clusters of CSC have 
shown their capacity to differentiate into cardiomyocytes, to fuse with pre-existing 
cardiomyocytes and to differentiate also into smooth muscle and endothelial cells, 
providing both myocardial and vascular regeneration. A novel cardiac cell type has been 
identified using the transcription factor islet-1 (isl1). These isl1+ cells have been proposed 
even for pacemaker cell and conduction system repair (Laugwitz et al., 2005). Finally, CSC 
have been isolated and expanded for the first time from human myocardial biopsies, 
offering another new source of stem cells in cardiovascular regenerative medicine (Messina 
et al., 2004).  

2.2.5 Cord-blood derived stem cells 
The umbilical cord blood contains a high proportion of hematopoietic and mesenchymal 
stem cells, and in higher numbers than in peripheral blood or in the bone marrow. Also 
known as “somatic non-restricted stem cells”, these cells are negative for c-kit, CD34 and 
CD45, and can differentiate into cardiomyocytes. They have been administered after an AMI 
in animal models, improving ventricular perfusion and contractility, and reducing the 
infarct size (Ma et al., 2005). Nevertheless, cord-blood stem cells have not been used in 
clinical trials so far. 

2.3 Induced or “embryonic-like” stem cells 
At the end of 2007, two groups reported for the first time the generation of pluripotent stem 
cell lines derived from adult human cells (Takahashi et al., 2007; Yu et al., 2007). 
Differentiated adult somatic human cells were successfully reprogrammed into a 
pluripotent state by transduction of four defined transcription factors. The resulting 
induced-pluripotent stem cells (iPS) were proved to have the same morphological 
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cardiomyocytes in the infarcted area, improvement of the ventricular function and survival 
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characteristics, surface markers, proliferative capacity and potentiality as those known in 
ESC. In the first study (Takahashi et al., 2007), the factors Oct3/4, Sox2, Klf4 and c-Myc were 
transduced in human dermal fibroblasts, and in the second one (Yu et al., 2007), Oct4, Sox2, 
NANOG and LIN28 were induced in the same type of adult cells. These iPS can differentiate 
into any kind of cell from any of the three embryonic germ layers, but two safety concerns 
have arisen: 1) the risk of mutations after viral transfection, and 2) the risk of teratoma 
formation. In other words, although these studies have meant a revolution in the field of 
regenerative medicine, we still have a long way to cover before their application in human 
pathology. 

3. Host tissue and cell related issues. Understanding the ischemic 
myocardium 
The two main determiners of cardiovascular repair are stem cells and injured myocardial 
tissue in which these cells are delivered. Both play the central role that will establish the 
efficacy of the treatment, and knowledge of the molecular/cellular changes and interactions 
between them is crucial when designing new RCT.  
After AMI, if blood flow is not restored quickly, cell death and myocardial necrosis are 
definitive. This activates a complement cascade with free radical and cytokine generation 
that recruit leukocytes and initiate the inflammatory response. Inflammation, while 
potentially detrimental to surviving cardiomyocytes, is necessary to clear away the debris 
(clearance of necrotic cells) and orchestrate downstream healing events. Chronic 
inflammatory cells such as macrophages and mast cells secrete cytokines and growth 
factors, which in turn activate fibroblasts to proliferate and synthesize collagen, a major 
component of the scar that replaces cardiomyocyte loss. Neovascularization is also 
stimulated by the release of growth factors from the inflammatory cells. Scar remodeling 
may continue for months to years, depending on the extent of the initial ischemic event 
(Lindsey et al., 2003).  
Left ventricle (LV) remodeling, defined as post-AMI changes in wall structure, chamber 
geometry and pump function, is mainly caused by changes in extracellular matrix (ECM). 
Cardiac ECM not only supports and aligns cardiomyocytes, thereby preserving a 
fundamental mechanical relationship by which sarcomeric shortening is translated to 
muscle force contraction, but also has signaling functions. Indeed, ECM is a storage depot 
for growth factors, hormones and cytokines, and uses integrins to communicate with cells 
(Lindsey et al., 2003). All these functions are lost after myocardial ischemia due to the 
release from inflammatory and endogenous cells of matrix metalloproteinases (MMP) and 
cytokines. MMP degrade ECM, disengage integrins and stimulate reparative fibrosis. 
Cytokines like tumor necrosis factor α (TNF-α) and interleukins like IL-1 and IL-6 induce 
MMP synthesis and are related to the development of LV dysfunction, pulmonary edema, 
endothelial dysfunction and cardiomyocyte apoptosis (Dewald et al., 2004).  
These cellular and signaling processes that constitute the proliferative phase of infarct 
healing in the myocardium influence and determine the fate of implanted stem cells. 
Ischemic myocardium constitutes an inflammatory hostile environment for stem cells, 
which is devoid of nutrients and oxygen and lacks survival signals from the ECM and cell-
to-cell interactions. Indeed, only a small fraction of them survive in such adverse conditions. 
Nevertheless, some studies have shown that certain implanted stem cells may improve or 
counteract this situation. Intramyocardial transplantation of EPC after AMI induces 
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significant and sustained increase in angiogenic, antiapoptotic and chemoattractant factors, 
that are up-regulated in both transplanted and host cells (i.e., vascular endothelial growth 
factor-A [VEGF-A], fibroblast growth factor-2 [FGF-2], angiopoietin-1 [Ang-1], angiopoietin-
2 [Ang-2], placenta growth factor [PIGF], hepatocyte growth factor [HGF], insulin-like 
growth factor-1 [IGF-1], platelet-derived growth factor-B [PDGF-B] and stromal cell-derived 
factor-1 [SDF-1]) (Cho et al., 2007). These humoral factors provide an additional favorable 
milieu for neovascularization and repair or regeneration of ischemic myocardium. 
Furthermore, there is a cross-talk between the heart and the bone marrow mediated by 
humoral effects that may improve this therapeutic effect: it has been proved that EPC 
transplantation further mobilizes endogenous BMMC into peripheral circulation, recruiting 
them into the ischemic myocardium (Cho et al., 2007). 
Having these considerations in mind, new lines of research are being developed to improve 
cell survival rates in the ischemic myocardium, between them (Wollert & Drexler 2010): 
1. Preconditioning of the myocardium to retain a higher number of cells: low-energy 

shock waves, ultrasound-mediated destruction of microbubbles in the coronary 
circulation and extracorporeal shock wave treatment have proved to increase retention 
of EPC, BMMC and MSC. 

2. Activation or increase of chemotactic factors to attract cells to the damaged area: high 
mobility group box-1 (HMGB-1), SDF-1 or its receptor CXCR4, β2 integrin and 
endothelial nitric oxide synthase can be activated to increase the rate of homing of 
different types of stem cells (i.e., progenitor blood cells, EPC).      

Regarding stem cells administered to the myocardium, their functional activity is 
determined by age and cardiovascular risk factors. As a consequence, future phase II-III 
RCT will explore cell enhancement strategies intended to increase their therapeutic 
potential. Several strategies are currently under investigation (Wollert & Drexler 2010): 
1. Pretreatment of the patients with drugs to stimulate cell potenciality: statins, 

rosiglitazone and nitric oxide synthase enhancer AVE9488 can improve the migratory, 
invasive and neovascularization capacity of EPC. 

2. Strategies to prolong cell survival: between them, the use of a combination of growth 
factors to stimulate the expression of cardiomyocyte genes in MSC, the use of heat 
shock to increase the resistance of cells to external stressors and the pretreatment of 
ESC-derived cardiomyocytes with heat shock and a cocktail of survival factors, are 
being explored. 

3. Genetic modification of the cells prior to administration: overexpression of 
antiapoptotic genes or genetic manipulation to maintain cell´s functionality (i.e., 
capacity to secrete paracrine mediators, to connect with host myocardium or to 
differentiate into specialized cardiac cell types) can be achieved through genetic cell 
engineering. 

4. Combined injection of cells and biomaterials: BMMC encapsulation within scaffolds 
(epicardial patches) or peptide nanofibers represents another strategy that needs further 
investigation. 

4. Patient selection and delivery methods 
Patients with larger AMI or with severely depressed baseline left ventricular ejection 
fraction (LVEF) and stroke volumes, or those with transmural extent of the infarct seem to 
benefit the most after BMMC treatment (Wollert & Drexler 2010). Conversely, patients with 
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significant and sustained increase in angiogenic, antiapoptotic and chemoattractant factors, 
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microvascular obstruction may not respond to intracoronary infusion of cells. Therefore, 
patient selection before conducting a RCT must take into account the pathophysiologic basis 
of the disease and baseline characteristics of the patients. For instance, it is well known that 
age, cardiovascular risk factors and previous heart failure have a negative impact on the 
potentiality and functional capacity of most types of stem cells in cardiovascular research. 
On the other hand, exploration of new delivery methods is mandatory, due to the low rate 
of cell retention, engraftment and survival in the myocardium with the present routes of 
administration. New devices include transcoronary arterial injection into the perivascular 
space, improvements in transendocardial injection needle design and the fusion of different 
imaging techniques for a more precise delivery (i.e., X-ray/MRI suites used in conjunction 
with electroanatomic maps of the LV). 

5. Mechanisms of action 
Nowadays, it is believed that stem cell therapy could lead to successful cardiac regeneration 
or repair by any or a combination of three main general mechanisms (figure 1): 1) 
differentiation of the administered cells into all of the cellular constituents of the heart (i.e., 
cardiomyogenesis and vasculogenesis processes), or, less probably, fusion of the 
administered cells with those, 2) release of factors capable of paracrine signaling from the 
administered cells and 3) stimulation of endogenous repair by injected cells, through stem 
cell cardiac niches activation (Mazhari & Hare, 2007). 
 

Fig. 1. Proposed mechanisms of stem cell function after homing into the damaged heart. 
Note that differentiation processes and paracrine effects activate a cascade of events that 
interact actively to create new blood vessels and cardiomyocytes, with the final objective of 
functional cardiac repair. CSCs: cardiac stem cells. 

5.1 Cardiomyogenesis and vasculogenesis. 
While in the classic studies of the beginning of the decade (trans)differentiation of BMMC 
into cardiomyocytes, smooth muscle cells and endothelial cells was postulated as the main 
mechanism that might explain the cardiac recovery resulting from stem cell therapy, this 
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phenomenon has been demonstrated in low proportions in more recent studies. Regarding 
cellular fusion of administered cells with host myocardial ones, to date there is little 
evidence to support this hypothesis.   

5.2 Paracrine actions 
Given that differentiation debate is still ongoing and that the number of newly generated 
cardiomyocytes and blood vessels is too low to explain significant functional improvements, 
the paracrine hypothesis is now considered the most plausible. According to this idea, the 
functional benefits of stem cells might be related to secretion of soluble factors that, acting in 
a paracrine fashion, protect the heart, attenuate pathological LV remodeling, induce 
neovascularization and promote regeneration (Gnecchi et al., 2008). BMMC and MSC have 
been extensively studied and proved to produce and secrete a broad variety of cytokines, 
chemokines and growth factors, between them VEGF, FGF, HGF, IGF, adrenomedullin, 
thymosin β4 (TB4), SDF-1, PDGF and angiopoietin. These paracrine mediators are 
expressed/released in a temporal and spatial manner exerting different effects depending 
on the microenvironment after injury. In addition, these released factors may have autocrine 
actions on the biology of stem cells themselves (Gnecchi et al., 2008). 
The paracrine factors may influence adjacent cells and exert their actions via several 
mechanisms, including:  
1. Myocardial protection: MSC and BMMC in an ischemic environment release 

cytoprotective molecules that increase cardiomyocyte survival (VEGF, FGF, HGF, IGF-
1, TB4, SDF-1, PDGF and IL-1). 

2. Neovascularization: BMMC, MSC and EPC can give rise to vascular structures. The 
molecular processes leading to angiogenesis and arteriogenesis involve mediators such 
as nitric oxide, VEGF, SDF-1, FGF, HGF and angiopoietin. 

3. Cardiac remodeling: paracrine factors released by transplanted stem cells may alter the 
ECM (i.e., inhibiting cardiac fibroblast proliferation and types I and III collagen 
synthesis), resulting in more favorable post-AMI remodeling and strengthening of the 
infarct scar. Stem cells (MSC) may also produce molecules that limit local inflammation, 
thus reducing the remodeling process. 

4. Cardiac contractility and metabolism: it has been demonstrated that stem cell therapy 
limits infarct size and prevents LV dysfunction. On the other hand, MSC and BMMC 
secrete inotropic factors (i.e., IGF-1) that positively modulate cell contractility, and these 
cells attenuate the profound bioenergetic abnormalities found in the border zone of 
myocardial infarction. 

5. Cardiac regeneration: differentiation and cell fusion with native cardiomyocytes occur 
in very low rates after stem cell administration. Therefore, it is now believed that 
exogenous stem cell transplantation may activate resident CSC and/or stimulate 
cardiomyocyte replication via paracrine action. Factors secreted by BMMC, MSC and 
EPC, including HGF, SDF-1, VEGF and IGF-1, enhance proliferation, mobilization, 
differentiation, survival and function of CSC or even restoration of cardiac stem cell 
niches. 

5.3 Endogenous repair 
As we have seen, clonogenic and self-replicating endogenous CSC have been isolated and 
cultured from human hearts. These CSC – located in cardiac stem cell niches – have the 
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secrete inotropic factors (i.e., IGF-1) that positively modulate cell contractility, and these 
cells attenuate the profound bioenergetic abnormalities found in the border zone of 
myocardial infarction. 

5. Cardiac regeneration: differentiation and cell fusion with native cardiomyocytes occur 
in very low rates after stem cell administration. Therefore, it is now believed that 
exogenous stem cell transplantation may activate resident CSC and/or stimulate 
cardiomyocyte replication via paracrine action. Factors secreted by BMMC, MSC and 
EPC, including HGF, SDF-1, VEGF and IGF-1, enhance proliferation, mobilization, 
differentiation, survival and function of CSC or even restoration of cardiac stem cell 
niches. 

5.3 Endogenous repair 
As we have seen, clonogenic and self-replicating endogenous CSC have been isolated and 
cultured from human hearts. These CSC – located in cardiac stem cell niches – have the 
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capacity to differentiate into endothelial cells, smooth muscle myocytes and cardiomyocytes. 
Though insufficient for a complete repair of the myocardium after any kind of insult, these 
cells can be activated by extracardiac delivered cells. Thus, administered allogeneic MSC 
participate in maintaining stem cell niches, and through cell-to-cell interactions – apart from 
paracrine effects – may not only restore lost cellular constituents (differentiation) but also 
these niches with an ongoing and regulated self-replicating capacity (Mazhari & Hare, 2007). 

6. Clinical scenarios in stem cell therapy. Evidence available 
Stem cell therapy has accumulated growing evidence in different pathophysiological 
conditions in small and large animal models, but human research has been almost limited to 
CAD. In this chapter we will focus on the largest and most relevant randomized placebo-
controlled clinical trials in humans (tables 1 through 4). 
Natural history of CAD can be divided into acute (AMI) and chronic phases (chronic 
ischemic heart disease). In the latter stem cell therapy has been investigated in the subset of 
1) ischemic heart failure (ventricular dysfunction) and 2) chronic myocardial ischemia 
(refractory angina). 
In patients where restoration of contractile function is the clinical goal – such as those with 
end-stage ischemic heart failure or those early post-infarction – delivering cells with 
contractile potential may be of high priority. Under these conditions, naturally myogenic 
cells (i.e., skeletal myoblasts, cardiomyocytes or any progenitor cell driven down a muscle 
lineage) appear to be the first choice. However, on the one hand, formation of new 
myocardial mass has only been strictly established for ESC, and is a process that has been 
achieved in very few trials and in small percentages with adult stem cells. And on the other 
hand, most of the studies after AMI have used BMMC as an easily accessible source of adult 
stem and progenitor cells. 
In conditions where chronic ischemia prevails, the angiogenic potential of the cells seems a 
more reasonable approach. In this case, BMMC, EPC, vascular progenitor cells or blood-
derived multipotent adult progenitor cells and MSC may be better choices than myogenic 
precursors. 

6.1 Stem cell therapy after acute myocardial infarction 
Several trials have evaluated stem cell therapy after AMI, some with positive results and 
some with neutral ones. All of them used the intracoronary route, once the patency of the 
infarct-related artery was restored, and most of them with the mononuclear fraction of the 
bone marrow (table 1). Four main RCT have been published with positive findings so far. In 
the BOOST trial (Wollert et al., 2004), BMMC were proved to improve left ventricular 
contractility in the infarct border zone and global LVEF by 6%. However, only patients with 
larger infarcts showed maintained benefits in terms of LVEF at long follow-up (18 months). 
In the REPAIR-AMI trial (Schachinger et al., 2006), infusion of BMMC promoted an increase 
in LVEF of 2.8% at 12 months. The FINCELL trial (Huikuri et al., 2008) reported an 
improvement of 5% in LVEF after BMMC delivery. Finally, in the REGENT trial (Tendera et 
al., 2009), patients treated with BMMC and with CXCR4+/CD34+ BMMC showed an 
increase of 3% in LVEF which was not observed in the control group, but these differences 
were not significant between treated and control patients at 6-months follow-up. This trial 
was limited by imbalances in baseline LVEF and by incomplete follow-up. 
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Trial (year) n Cell type Cell 
count 

Days 
after 
AMI

Primary 
endpoint 

(follow-up) 
Comments 

Chen (2004) 69 MSC 9 x 109 18 Improved LVEF 
at 6m 

LVEF by 
echocardiography 

BOOST 
(2004) 

60 BMMC  2 x 109 6±1 Improved LVEF 
at 6m 

Effect diminished 
after 18/61m 

REPAIR-
AMI (2006) 

187 BMMC  2 x 108 3-6 Improved LVEF 
at 4m 

LVEF by 
ventriculography 

Janssens 
(2006) 

66 BMMC  2 x 108 1 No change LVEF 
at 4m 

Improved regional 
contractility and 
reduction in 
infarct size 

ASTAMI 
(2006) 

97 BMMC  7 x 107 6±1 No change LVEF 
at 6m 

LVEF ↑8% by 
SPECT,↑1% by 
MRI 

TCT-STAMI 
(2006) 

20 BMMC 4 x 107 1 Improved LVEF 
at 6m 

LVEF by 
echocardiography 

FINCELL 
(2008) 

77 BMMC  4 x 108 3 Improved LVEF 
at 6m 

LVEF by 
ventriculography 

Meluzin 
(2006) 

66 BMMC 1 x 107 

(low d) 
1 x 108 

(high d) 

7 Improved LVEF 
at 3m in high 
dose group 

LVEF by SPECT 

Penicka 
(2007) 

27 BMMC 3 x 109 9 No change LVEF 
at 4m 

LVEF by 
echocardiography 

HEBE (2008) 189 BMMC vs PBC  - 3-8 No changes in 
global or 
regional LV 
function 

Final results 
pending 

REGENT 
(2009) 

117 BMMC 
(unselected, 
CD34+/CXCR4+)

2 x 108 

(unsel), 
2 x 106  
(CD34+) 

3-12 Improved LVEF 
with both cell 
types 

LVEF by MRI (in 
117/200 patients) 

MSC: mesenchymal stem cells (bone marrow origin); BMMC: bone marrow mononuclear cells; PBC: 
peripheral blood cells; LVEF: left ventricular ejection fraction; LV: left ventricle; SPECT: single-photon 
emission computed tomography; MRI: magnetic resonance imaging. 

Table 1. Randomized clinical trials with stem cells in patients with acute myocardial 
infarction (intracoronary delivery). 

On the other hand, three RCT resulted in neutral findings. Janssens et al. (Janssens et al., 
2006) reported no changes in LVEF after BMMC infusion, but a reduction in the infarct 
volume and an improvement in regional contractility in the greatest transmural infarct cases 
were observed in treated patients. In the ASTAMI trial (Lunde et al., 2006) no significant 
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capacity to differentiate into endothelial cells, smooth muscle myocytes and cardiomyocytes. 
Though insufficient for a complete repair of the myocardium after any kind of insult, these 
cells can be activated by extracardiac delivered cells. Thus, administered allogeneic MSC 
participate in maintaining stem cell niches, and through cell-to-cell interactions – apart from 
paracrine effects – may not only restore lost cellular constituents (differentiation) but also 
these niches with an ongoing and regulated self-replicating capacity (Mazhari & Hare, 2007). 

6. Clinical scenarios in stem cell therapy. Evidence available 
Stem cell therapy has accumulated growing evidence in different pathophysiological 
conditions in small and large animal models, but human research has been almost limited to 
CAD. In this chapter we will focus on the largest and most relevant randomized placebo-
controlled clinical trials in humans (tables 1 through 4). 
Natural history of CAD can be divided into acute (AMI) and chronic phases (chronic 
ischemic heart disease). In the latter stem cell therapy has been investigated in the subset of 
1) ischemic heart failure (ventricular dysfunction) and 2) chronic myocardial ischemia 
(refractory angina). 
In patients where restoration of contractile function is the clinical goal – such as those with 
end-stage ischemic heart failure or those early post-infarction – delivering cells with 
contractile potential may be of high priority. Under these conditions, naturally myogenic 
cells (i.e., skeletal myoblasts, cardiomyocytes or any progenitor cell driven down a muscle 
lineage) appear to be the first choice. However, on the one hand, formation of new 
myocardial mass has only been strictly established for ESC, and is a process that has been 
achieved in very few trials and in small percentages with adult stem cells. And on the other 
hand, most of the studies after AMI have used BMMC as an easily accessible source of adult 
stem and progenitor cells. 
In conditions where chronic ischemia prevails, the angiogenic potential of the cells seems a 
more reasonable approach. In this case, BMMC, EPC, vascular progenitor cells or blood-
derived multipotent adult progenitor cells and MSC may be better choices than myogenic 
precursors. 

6.1 Stem cell therapy after acute myocardial infarction 
Several trials have evaluated stem cell therapy after AMI, some with positive results and 
some with neutral ones. All of them used the intracoronary route, once the patency of the 
infarct-related artery was restored, and most of them with the mononuclear fraction of the 
bone marrow (table 1). Four main RCT have been published with positive findings so far. In 
the BOOST trial (Wollert et al., 2004), BMMC were proved to improve left ventricular 
contractility in the infarct border zone and global LVEF by 6%. However, only patients with 
larger infarcts showed maintained benefits in terms of LVEF at long follow-up (18 months). 
In the REPAIR-AMI trial (Schachinger et al., 2006), infusion of BMMC promoted an increase 
in LVEF of 2.8% at 12 months. The FINCELL trial (Huikuri et al., 2008) reported an 
improvement of 5% in LVEF after BMMC delivery. Finally, in the REGENT trial (Tendera et 
al., 2009), patients treated with BMMC and with CXCR4+/CD34+ BMMC showed an 
increase of 3% in LVEF which was not observed in the control group, but these differences 
were not significant between treated and control patients at 6-months follow-up. This trial 
was limited by imbalances in baseline LVEF and by incomplete follow-up. 
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Trial (year) n Cell type Cell 
count 

Days 
after 
AMI

Primary 
endpoint 

(follow-up) 
Comments 

Chen (2004) 69 MSC 9 x 109 18 Improved LVEF 
at 6m 

LVEF by 
echocardiography 

BOOST 
(2004) 

60 BMMC  2 x 109 6±1 Improved LVEF 
at 6m 

Effect diminished 
after 18/61m 

REPAIR-
AMI (2006) 

187 BMMC  2 x 108 3-6 Improved LVEF 
at 4m 

LVEF by 
ventriculography 

Janssens 
(2006) 

66 BMMC  2 x 108 1 No change LVEF 
at 4m 

Improved regional 
contractility and 
reduction in 
infarct size 

ASTAMI 
(2006) 

97 BMMC  7 x 107 6±1 No change LVEF 
at 6m 

LVEF ↑8% by 
SPECT,↑1% by 
MRI 

TCT-STAMI 
(2006) 

20 BMMC 4 x 107 1 Improved LVEF 
at 6m 

LVEF by 
echocardiography 

FINCELL 
(2008) 

77 BMMC  4 x 108 3 Improved LVEF 
at 6m 

LVEF by 
ventriculography 

Meluzin 
(2006) 

66 BMMC 1 x 107 

(low d) 
1 x 108 

(high d) 

7 Improved LVEF 
at 3m in high 
dose group 

LVEF by SPECT 

Penicka 
(2007) 

27 BMMC 3 x 109 9 No change LVEF 
at 4m 

LVEF by 
echocardiography 

HEBE (2008) 189 BMMC vs PBC  - 3-8 No changes in 
global or 
regional LV 
function 

Final results 
pending 

REGENT 
(2009) 

117 BMMC 
(unselected, 
CD34+/CXCR4+)

2 x 108 

(unsel), 
2 x 106  
(CD34+) 

3-12 Improved LVEF 
with both cell 
types 

LVEF by MRI (in 
117/200 patients) 

MSC: mesenchymal stem cells (bone marrow origin); BMMC: bone marrow mononuclear cells; PBC: 
peripheral blood cells; LVEF: left ventricular ejection fraction; LV: left ventricle; SPECT: single-photon 
emission computed tomography; MRI: magnetic resonance imaging. 

Table 1. Randomized clinical trials with stem cells in patients with acute myocardial 
infarction (intracoronary delivery). 

On the other hand, three RCT resulted in neutral findings. Janssens et al. (Janssens et al., 
2006) reported no changes in LVEF after BMMC infusion, but a reduction in the infarct 
volume and an improvement in regional contractility in the greatest transmural infarct cases 
were observed in treated patients. In the ASTAMI trial (Lunde et al., 2006) no significant 
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effects on LVEF, LV volumes, or infarct size were observed after BMMC administration. The 
smaller number of cells and differences in the cell isolation protocol were invocated to 
explain these findings. Finally, in the HEBE trial (van der Laan et al., 2008), presented at the 
AHA Scientific Sessions in 2008, no changes in global or regional LV systolic function were 
reported after BMMC and mononuclear cells isolated from peripheral blood injection.   
So far, no safety concerns after BMMC intracoronary infusion have emerged. The risk of a 
higher rate of instent restenosis was not confirmed in the FINCELL trial (Huikuri et al., 
2008) and in two recent meta-analyses (Lipinski et al., 2007; Martin-Redon et al., 2008). 
Moreover, none of the trials reported an increased incidence of malignant arrhythmias with 
BMMC (Wollert & Drexler, 2010). 
Two trials have used MSC after AMI. The study by Chen et al. (Chen et al., 2004) 
demonstrated an improvement in LVEF and perfusion with intracoronary infusion of these 
cells, but these results have not been duplicated. Hare et al. (Hare et al., 2009) intravenously 
administered allogeneic MSC after an AMI with no higher rate of MACE and some benefits 
in terms of LVEF. 
New types of cells are also being explored, like ADSC (figure 2). No evidence is available to 
date, but the first-in-man RCT with intracoronary administration of freshly isolated ADSC 
after AMI (the APOLLO trial) has been recently completed.  
 

 
Fig. 2. Autologous adipose-derived mesenchymal stem cells during mitosis (left pannel) and 
growing in colonies in the 6th day of culture (magnification x 10, right pannel). These cells 
were expanded from the adipose tissue stroma-vascular fraction under good manufacturing 
practice (GMP) conditions in our Cell Production Unit (Hospital Gregorio Marañón, 
Madrid). 

Another approach for stem cell therapy after AMI is cell mobilization from the bone marrow 
with the administration of G-CSF. Several RCT have been published, but results have been 
somehow less encouraging (table 2). Only three trials have reported positive results. In the 
FIRSTLINE-AMI trial (Ince et al., 2005), the RIGENERA study (Leone et al., 2007) and in the 
study by Takano et al. (Takano et al., 2007), significant improvements in LVEF were 
observed. The rest of the trials showed negative findings. 
Finally, the MAGIC trials used a combination of G-CSF and intracoronary injection of 
peripheral blood progenitor cells. In the first trial no differences in LVEF were noted, and an 
increase in instent restenosis rate was observed (G-CSF administration before bare-metal 
stent implantation) (Kang et al., 2004). Then the investigators changed the design and used 
drug-eluting stents. In the MAGIC 3-DES trial, positive results in terms of LVEF were found 
after mobilization and intracoronary injection of isolated cells (Kang et al., 2006). 
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Trial (year) n Dose Timing 
after AMI Follow-up Comments 

Valgimigli 
(2005) 

20 5 µg/kg x 4 d 1 d No change LVEF 
at 6m 

LVEF by SPECT 

FIRSTLINE
-AMI (2005) 

50 10 µg/kg x 6 d 90 min Improved LVEF 
at 4m 

LVEF by 
echocardiography 

REVIVAL-2 
(2006) 

114 10 µg/kg x 5 d 5 d No change LVEF 
at 5m 

LVEF by MRI 

STEMMI 
(2006) 

78 10 µg/kg x 6 d 28 h No change LVEF 
at 6m 

LVEF by 
echocardiography 
and MRI 

G-CSF-
STEMI 
(2006) 

44 10 µg/kg x 5 d 35 h No change LVEF 
at 3m 

LVEF by MRI 

Ellis (2006) 18 5µg/kgx5d 
(low d), 
10µg/kgx5d 
(high d) 

< 30 h Improved LVEF 
at 30d 

LVEF by 
echocardiography 

RIGENERA 
(2007) 

41 10 µg/kg x 5 d 5 d Improved LVEF 
at 6m 

LVEF by 
echocardiography 

Takano 
(2007) 

40 2,5 µg/kg x 5 d 1 d Improved LVEF 
at 6m 

LVEF by SPECT 

MAGIC 
(2004)* 

27 10 µg/kg x 4 d; 
PBC: 1 x 109 

1 d No change LVEF 
at 6m 

LVEF by SPECT 

MAGIC 3-
DES (2006)* 

50 10 µg/kg x 3 d; 
PBC: 2 x 109 

1 d Improved LVEF 
at 6m 

LVEF by MRI 

Table 2. Randomized clinical trials with granulocyte colony-stimulating factor in patients 
with acute myocardial infarction (subcutaneous). *: MAGIC trials used a combination of 
indirect mobilization (G-CSF) and direct intracoronary injection of peripheral blood cells 
(PBC); LVEF: left ventricular ejection fraction; SPECT: single-photon emission computed 
tomography; MRI: magnetic resonance imaging. 

6.2 Stem cell therapy for chronic ischemic heart disease 
6.2.1 Ischemic heart failure 
Skeletal myoblasts and BMMC have been used in heart failure patients (table 3). The MAGIC 
trial (Menasche et al., 2008), with transepicardial injection of skeletal myoblasts during 
coronary artery bypass graft surgery, reported no changes in global or regional contractility. 
However, a reduction in LV end-diastolic and end-systolic volumes was observed in the high-
dose group. Moreover, a trend towards a higher incidence of ventricular arrhythmias was 
noted. Dib et al.(Dib et al., 2005) reported an improvement in LVEF and viability after 
myoblasts transendocardial injection, in contradiction with the SEISMIC trial (presented by 
Serruys at the 2008 ACC meeting) which showed no benefit of the same procedure at 6 
months.  
In the TOPCARE-CHD trial (Assmus et al., 2006), BMMC intracoronary delivery into the 
coronary artery supplying the most dyskinetic LV area showed an increase in LVEF of 2.9%, 
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effects on LVEF, LV volumes, or infarct size were observed after BMMC administration. The 
smaller number of cells and differences in the cell isolation protocol were invocated to 
explain these findings. Finally, in the HEBE trial (van der Laan et al., 2008), presented at the 
AHA Scientific Sessions in 2008, no changes in global or regional LV systolic function were 
reported after BMMC and mononuclear cells isolated from peripheral blood injection.   
So far, no safety concerns after BMMC intracoronary infusion have emerged. The risk of a 
higher rate of instent restenosis was not confirmed in the FINCELL trial (Huikuri et al., 
2008) and in two recent meta-analyses (Lipinski et al., 2007; Martin-Redon et al., 2008). 
Moreover, none of the trials reported an increased incidence of malignant arrhythmias with 
BMMC (Wollert & Drexler, 2010). 
Two trials have used MSC after AMI. The study by Chen et al. (Chen et al., 2004) 
demonstrated an improvement in LVEF and perfusion with intracoronary infusion of these 
cells, but these results have not been duplicated. Hare et al. (Hare et al., 2009) intravenously 
administered allogeneic MSC after an AMI with no higher rate of MACE and some benefits 
in terms of LVEF. 
New types of cells are also being explored, like ADSC (figure 2). No evidence is available to 
date, but the first-in-man RCT with intracoronary administration of freshly isolated ADSC 
after AMI (the APOLLO trial) has been recently completed.  
 

 
Fig. 2. Autologous adipose-derived mesenchymal stem cells during mitosis (left pannel) and 
growing in colonies in the 6th day of culture (magnification x 10, right pannel). These cells 
were expanded from the adipose tissue stroma-vascular fraction under good manufacturing 
practice (GMP) conditions in our Cell Production Unit (Hospital Gregorio Marañón, 
Madrid). 

Another approach for stem cell therapy after AMI is cell mobilization from the bone marrow 
with the administration of G-CSF. Several RCT have been published, but results have been 
somehow less encouraging (table 2). Only three trials have reported positive results. In the 
FIRSTLINE-AMI trial (Ince et al., 2005), the RIGENERA study (Leone et al., 2007) and in the 
study by Takano et al. (Takano et al., 2007), significant improvements in LVEF were 
observed. The rest of the trials showed negative findings. 
Finally, the MAGIC trials used a combination of G-CSF and intracoronary injection of 
peripheral blood progenitor cells. In the first trial no differences in LVEF were noted, and an 
increase in instent restenosis rate was observed (G-CSF administration before bare-metal 
stent implantation) (Kang et al., 2004). Then the investigators changed the design and used 
drug-eluting stents. In the MAGIC 3-DES trial, positive results in terms of LVEF were found 
after mobilization and intracoronary injection of isolated cells (Kang et al., 2006). 
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Trial (year) n Dose Timing 
after AMI Follow-up Comments 

Valgimigli 
(2005) 

20 5 µg/kg x 4 d 1 d No change LVEF 
at 6m 

LVEF by SPECT 

FIRSTLINE
-AMI (2005) 

50 10 µg/kg x 6 d 90 min Improved LVEF 
at 4m 

LVEF by 
echocardiography 

REVIVAL-2 
(2006) 

114 10 µg/kg x 5 d 5 d No change LVEF 
at 5m 

LVEF by MRI 

STEMMI 
(2006) 

78 10 µg/kg x 6 d 28 h No change LVEF 
at 6m 

LVEF by 
echocardiography 
and MRI 

G-CSF-
STEMI 
(2006) 

44 10 µg/kg x 5 d 35 h No change LVEF 
at 3m 

LVEF by MRI 

Ellis (2006) 18 5µg/kgx5d 
(low d), 
10µg/kgx5d 
(high d) 

< 30 h Improved LVEF 
at 30d 

LVEF by 
echocardiography 

RIGENERA 
(2007) 

41 10 µg/kg x 5 d 5 d Improved LVEF 
at 6m 

LVEF by 
echocardiography 

Takano 
(2007) 

40 2,5 µg/kg x 5 d 1 d Improved LVEF 
at 6m 

LVEF by SPECT 

MAGIC 
(2004)* 

27 10 µg/kg x 4 d; 
PBC: 1 x 109 

1 d No change LVEF 
at 6m 

LVEF by SPECT 

MAGIC 3-
DES (2006)* 

50 10 µg/kg x 3 d; 
PBC: 2 x 109 

1 d Improved LVEF 
at 6m 

LVEF by MRI 

Table 2. Randomized clinical trials with granulocyte colony-stimulating factor in patients 
with acute myocardial infarction (subcutaneous). *: MAGIC trials used a combination of 
indirect mobilization (G-CSF) and direct intracoronary injection of peripheral blood cells 
(PBC); LVEF: left ventricular ejection fraction; SPECT: single-photon emission computed 
tomography; MRI: magnetic resonance imaging. 

6.2 Stem cell therapy for chronic ischemic heart disease 
6.2.1 Ischemic heart failure 
Skeletal myoblasts and BMMC have been used in heart failure patients (table 3). The MAGIC 
trial (Menasche et al., 2008), with transepicardial injection of skeletal myoblasts during 
coronary artery bypass graft surgery, reported no changes in global or regional contractility. 
However, a reduction in LV end-diastolic and end-systolic volumes was observed in the high-
dose group. Moreover, a trend towards a higher incidence of ventricular arrhythmias was 
noted. Dib et al.(Dib et al., 2005) reported an improvement in LVEF and viability after 
myoblasts transendocardial injection, in contradiction with the SEISMIC trial (presented by 
Serruys at the 2008 ACC meeting) which showed no benefit of the same procedure at 6 
months.  
In the TOPCARE-CHD trial (Assmus et al., 2006), BMMC intracoronary delivery into the 
coronary artery supplying the most dyskinetic LV area showed an increase in LVEF of 2.9%, 
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whereas progenitor circulating cells infusion and controls did not show any positive change. 
No major adverse cardiac events (MACE) were reported in this trial. Another trial has been 
recently published with BMMC by the group of Strauer (the STAR-heart study) (Strauer et 
al., 2010). Although it lacks of a randomized design, this study represents the largest trial 
with BMMC in patients with severe LV dysfunction. Intracoronary transplantation 
improved haemodynamics at rest (including LVEF), exercise capacity, LV contractility and 
geometry (decrease in LV end-diastolic and end-systolic volumes, decrease in infarct size), 
and a remarkable reduction in mortality at 5-years follow-up was observed. 
 
Trial n Cell type Delivery Timing Primary 

endpoint 
Comments 

MAGIC 97 SM  epi  >4 weeks No change 
LVEF 

Reduction in 
LVEDV/LVESV 

Dib 23 SM endo >10 years Improved LVEF 
and viability 

- 

SEISMIC 47 SM endo chronic No change 
LVEF 

 

TOPCARE-
CHD 

58 BMMC vs 
CPC 

ic 81±72 
months 

Improved LVEF 
w/BMMC 

- 

STAR 391 BMMC vs 
controls 

ic 8.5±3.2 
years 

Improved 
LVEF, 
LVEDV/LVESV
, exercise 
capacity  

No randomized 
design. 
Reduction of 
infarct size and 
mortality 

Table 3. Randomized clinical trials in patients with chronic ischemic heart failure. SM: 
skeletal myoblasts; BMMC: bone marrow mononuclear cells; CPC: circulating progenitor 
cells; epi: transepicardial; endo: transendocardial; ic: intracoronary; LVEF: left ventricular 
ejection fraction; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-
systolic volume. 

6.2.2 Chronic myocardial ischemia 
Patients with advanced CAD and no further options of revascularization (“no-option” 
patients) have also been studied in stem cell therapy trials (table 4). Three RCT have been 
completed using the transendocardial route after electromechanical mapping of the LV, 
with BMMC or blood-derived progenitor cells. Losordo et al. (Losordo et al., 2007) studied 
peripheral CD34+ cells isolated after G-CSF injections. Angina frequency and exercise time 
were improved, but no clear effects on myocardial perfusion were observed. In the 
PROTECT-CAD trial (Tse et al., 2007), BMMC injections improved NYHA functional class, 
exercise time, LVEF, wall thickening and stress-induced perfusion defects. Finally, Van 
Ramshorst et al. (van Ramshorst et al., 2009) reported better LVEF, myocardial perfusion, 
angina functional class, exercise capacity and quality of life after BMMC administration.  
ADSC have also been studied in this type of patients. The PRECISE trial is a prospective, 
double blind, RCT that has randomised 27 patients with end-stage CAD not amenable for 
revascularization and with moderate-severe LV dysfunction to receive freshly isolated 
ADSC or placebo in a 3:1 ratio. The cells were delivered via transendocardial injections after 
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LV electromechanical mapping with the NOGA XPTM delivery system (BDS, Cordis 
Corporation, Johnson and Johnson) (figure 3), and results are still waiting for publication. 
 
Trial n Cell type Delivery Timing Primary 

endpoint 
Comments 

Losordo 24 CD34+ endo chronic Improved 
angina 
parameters 

No clear perfusion 
benefit 

PROTECT-
CAD 

28 BMMC endo chronic Improved 
angina 
parameters 

Improved LVEF 
and perfusion 

Van 
Ramshorst 

50 BMMC endo chronic Improved 
angina 
parameters 

Improved LVEF 
and perfusion 

Table 4. Randomized clinical trials in patients with chronic myocardial ischemia. BMMC: bone 
marrow mononuclear cells; endo: transendocardial; LVEF: left ventricular ejection fraction. 
 

 
Fig. 3. Electromechanical mapping of the left ventricle with the NOGA XP™ System (BDS, 
Cordis Corporation, Johnson and Johnson) from a patient enrolled in the PRECISE trial in 
our centre. Myocardial areas with low contractility (red means most akinetic areas) and 
impaired endocardial voltage (red means necrotic myocardium, green hibernating tissue) 
are identified as viable and targeted for cell injection (brown dots).  

7. Safety concerns of stem cell therapy 
As a novel therapy, stem cell therapy has raised several safety concerns, which are listed 
below: 
1. Arrhythmias: malignant arrhythmias can be induced 1) because transplanted cells do 

not engraft in a physiologic electromechanical way, forming functionally isolated 
clusters of cells, 2) because of intrinsic arrhythmogenicity of cells, 3) because 
reinervation of the myocardium, 4) due to local damage or edema after cell injection or 
5) because of the use of heterologous proteins in cell cultures. Ventricular arrhythmias 
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whereas progenitor circulating cells infusion and controls did not show any positive change. 
No major adverse cardiac events (MACE) were reported in this trial. Another trial has been 
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al., 2010). Although it lacks of a randomized design, this study represents the largest trial 
with BMMC in patients with severe LV dysfunction. Intracoronary transplantation 
improved haemodynamics at rest (including LVEF), exercise capacity, LV contractility and 
geometry (decrease in LV end-diastolic and end-systolic volumes, decrease in infarct size), 
and a remarkable reduction in mortality at 5-years follow-up was observed. 
 
Trial n Cell type Delivery Timing Primary 

endpoint 
Comments 

MAGIC 97 SM  epi  >4 weeks No change 
LVEF 

Reduction in 
LVEDV/LVESV 

Dib 23 SM endo >10 years Improved LVEF 
and viability 

- 

SEISMIC 47 SM endo chronic No change 
LVEF 

 

TOPCARE-
CHD 

58 BMMC vs 
CPC 

ic 81±72 
months 

Improved LVEF 
w/BMMC 

- 

STAR 391 BMMC vs 
controls 

ic 8.5±3.2 
years 

Improved 
LVEF, 
LVEDV/LVESV
, exercise 
capacity  

No randomized 
design. 
Reduction of 
infarct size and 
mortality 

Table 3. Randomized clinical trials in patients with chronic ischemic heart failure. SM: 
skeletal myoblasts; BMMC: bone marrow mononuclear cells; CPC: circulating progenitor 
cells; epi: transepicardial; endo: transendocardial; ic: intracoronary; LVEF: left ventricular 
ejection fraction; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-
systolic volume. 

6.2.2 Chronic myocardial ischemia 
Patients with advanced CAD and no further options of revascularization (“no-option” 
patients) have also been studied in stem cell therapy trials (table 4). Three RCT have been 
completed using the transendocardial route after electromechanical mapping of the LV, 
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exercise time, LVEF, wall thickening and stress-induced perfusion defects. Finally, Van 
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ADSC or placebo in a 3:1 ratio. The cells were delivered via transendocardial injections after 
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LV electromechanical mapping with the NOGA XPTM delivery system (BDS, Cordis 
Corporation, Johnson and Johnson) (figure 3), and results are still waiting for publication. 
 
Trial n Cell type Delivery Timing Primary 

endpoint 
Comments 

Losordo 24 CD34+ endo chronic Improved 
angina 
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PROTECT-
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Van 
Ramshorst 

50 BMMC endo chronic Improved 
angina 
parameters 

Improved LVEF 
and perfusion 

Table 4. Randomized clinical trials in patients with chronic myocardial ischemia. BMMC: bone 
marrow mononuclear cells; endo: transendocardial; LVEF: left ventricular ejection fraction. 
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have been reported specifically with skeletal myoblasts (Menasche et al., 2003; Siminiak 
et al., 2004; Dib N 2005) and with CD133+ cells (Bartunek et al., 2005), but without 
compromising the overall safety of this therapy. 

2. Restenosis: the only study that reported a higher incidence of restenosis used G-CSF 
four days before stent implantation (Kang et al., 2004), which was considered to be a 
non-adequate methodology. This risk has not been observed in further trials. 

3. Extracardiac engraftment: administered stem cells are located in the heart in low 
proportions, whereas kidneys, lungs and spleen receive the most of the cells. Local 
intramyocardial injections achieve higher retention rates in the heart. Nevertheless, 
clinical consequences of extracardiac engraftment are so far unknown or even benefitial. 

4. Accelerated atherogenesis: some studies have shown a high proportion of de novo 
lesions in non-treated coronary arteries (Bartunek et al., 2005), but this issue needs 
further evaluation. 

5. Microvascular obstruction: MSC have been proved to cause microinfarctions in canine 
models, but these findings have not been reproduced in human trials (Chen et al., 2004). 

6. Oncogenicity: plutipotent and ESC have the risk of inducing cardiac tumors, but this 
risk is reduced if cells are in culture for no more than 6 or 8 weeks.  

8. The consensus of the task force of the European society of cardiology for 
future trials 
The Task Force of the European Society of Cardiology on stem cells and repair of the heart 
was created in 2006 to investigate and regulate the role of progenitor/stem cell therapy in 
the treatment of cardiovascular disease. It was almost four years ago that this group of 
experts and opinion leaders stated the type of studies needed (Bartunek et al., 2006): 
1. Further large, double-blind, controlled RCT for the use of autologous BMMC in the 

treatment of AMI. The patient population should be all those presenting within 12 h of 
AMI and treated with immediate revascularization, be it primary angioplasty or 
fibrinolysis. 

2. Double-blind, controlled RCT for the use of autologous BMMC in the treatment of AMI 
in those patients presenting late (>12 h) or who fail to respond to therapy (candidates 
for ‘rescue’ angioplasty). Although these groups may represent a small proportion of all 
patients with AMI, their prognosis remains poor. 

3. Double-blind, controlled RCT for the use of autologous BMMC or skeletal myoblasts in 
the treatment of ischemic heart failure. At some stage, the role of autologous 
stem/progenitor cells in the treatment of cardiomyopathies (in particular, dilated 
cardiomyopathy) will need to be examined. 

4. A series of well-designed small studies to address safety or mechanism to test specific 
hypotheses (i.e., studies with labelled cells or to investigate paracrine or autocrine 
mechanisms). Such hypotheses would have arisen from basic science experiments. 

5. Studies to confirm the risk/benefit ratio of the use of cytokines alone (i.e., G-CSF) or in 
conjunction with stem/progenitor cell therapy. 

This Task Force also underlined the necessity for studies with hard clinical endpoints, 
MACE, subjective benefit and economic gain (Bartunek et al., 2006). Another key point is 
standardization, both in outcome measures and in the processing of cells (better achieved in 
specialized centers following GMP routines), in order to derive meaningful comparisons. 
Since these trials will need to include thousands of patients, they should be multicentre and 
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ideally pan-European. On the other hand, the Task Force stated that small uncontrolled 
trials with BMMC should be avoided, as they are unlikely to add anything new to the field. 

9. Next directions in stem cell therapy research.  
Finally, next directions of cardiac cell therapy include: 
1. The study of the array of bioactive molecules that are secreted by stem cells, which have 

been demonstrated to induce neovascularization, modulate inflammation, fibrogenesis, 
cardiac metabolism and contractility, increase cardiomyocyte proliferation and activate 
resident stem cells. The exhaustive analysis of this “secretomes” of BMMC, MSC or EPC 
would lead to a better understating of the mechanisms of action of the cells and to a 
hypothetical protein-based therapy (off-the-shelf, noninvasive, systemic and repetitive 
administration).  

2. The use of different sources of pluripotent stem cells, like ESC, spermatogonial stem 
cells and oocytes. A new era has been initiated with the possibility of reprogramming 
adult cells (skin fibroblasts) to a pluripotent state by retroviral transduction (iPS) 
(Takahashi et al., 2007; Yu et al., 2007). New retroviral vectors and even nonviral vectors 
have been developed to reduce the risk of mutagenesis, and genetic modification of 
cells with suicide genes have been proposed to reduce the risk of tumor formation. 

3. The creation of bioartificial hearts after a process of decelularization with detergents, 
obtention of the underlying extracellular matrix (cardiac architecture) and stem cell 
repopulation (Ott et al., 2008). The “acellular” heart can then be reseeded with cardiac 
stem cells or EPC, showing contractile activity in animal models. This new approach of 
tissue bioengineering has opened a fascinating era in cardiovascular medicine. 

10. Conclusion 
Although mixed results have emerged from the first stem cell therapy RCT in 
cardiovascular medicine, the overall data suggest that these procedures are feasible and safe 
in both acute and chronic scenarios of ischemic heart disease. After phase I-II RCT, it is clear 
that BMMC transfer after AMI has the potential to improve the recovery of LV systolic 
function beyond what can be achieved by current interventional and medical therapies. In 
chronic ischemic heart disease, skeletal myoblasts and BMMC have proved to improve 
myocardial perfusion and contractile performance. 
New types of cells (including ADSC and iPS), improvements in delivery and imaging 
methods, strategies to enhance cell potentiality or to improve the myocardial pro-
inflammatory microenvironment, and the creation of bioartificial hearts are the main new 
directions of research in the near future. Finally, large-scale, phase III, double-blind, 
controlled RCT performed under rigorous safety standards are being initiated to prove 
unequivocal clinical benefits, including improved survival. These trials will definitively 
establish the effectiveness of stem cell therapy in improving clinical outcomes, confirming 
the real potential of cardiac regenerative therapy. 
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have been reported specifically with skeletal myoblasts (Menasche et al., 2003; Siminiak 
et al., 2004; Dib N 2005) and with CD133+ cells (Bartunek et al., 2005), but without 
compromising the overall safety of this therapy. 

2. Restenosis: the only study that reported a higher incidence of restenosis used G-CSF 
four days before stent implantation (Kang et al., 2004), which was considered to be a 
non-adequate methodology. This risk has not been observed in further trials. 

3. Extracardiac engraftment: administered stem cells are located in the heart in low 
proportions, whereas kidneys, lungs and spleen receive the most of the cells. Local 
intramyocardial injections achieve higher retention rates in the heart. Nevertheless, 
clinical consequences of extracardiac engraftment are so far unknown or even benefitial. 

4. Accelerated atherogenesis: some studies have shown a high proportion of de novo 
lesions in non-treated coronary arteries (Bartunek et al., 2005), but this issue needs 
further evaluation. 

5. Microvascular obstruction: MSC have been proved to cause microinfarctions in canine 
models, but these findings have not been reproduced in human trials (Chen et al., 2004). 

6. Oncogenicity: plutipotent and ESC have the risk of inducing cardiac tumors, but this 
risk is reduced if cells are in culture for no more than 6 or 8 weeks.  

8. The consensus of the task force of the European society of cardiology for 
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The Task Force of the European Society of Cardiology on stem cells and repair of the heart 
was created in 2006 to investigate and regulate the role of progenitor/stem cell therapy in 
the treatment of cardiovascular disease. It was almost four years ago that this group of 
experts and opinion leaders stated the type of studies needed (Bartunek et al., 2006): 
1. Further large, double-blind, controlled RCT for the use of autologous BMMC in the 

treatment of AMI. The patient population should be all those presenting within 12 h of 
AMI and treated with immediate revascularization, be it primary angioplasty or 
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2. Double-blind, controlled RCT for the use of autologous BMMC in the treatment of AMI 
in those patients presenting late (>12 h) or who fail to respond to therapy (candidates 
for ‘rescue’ angioplasty). Although these groups may represent a small proportion of all 
patients with AMI, their prognosis remains poor. 

3. Double-blind, controlled RCT for the use of autologous BMMC or skeletal myoblasts in 
the treatment of ischemic heart failure. At some stage, the role of autologous 
stem/progenitor cells in the treatment of cardiomyopathies (in particular, dilated 
cardiomyopathy) will need to be examined. 

4. A series of well-designed small studies to address safety or mechanism to test specific 
hypotheses (i.e., studies with labelled cells or to investigate paracrine or autocrine 
mechanisms). Such hypotheses would have arisen from basic science experiments. 

5. Studies to confirm the risk/benefit ratio of the use of cytokines alone (i.e., G-CSF) or in 
conjunction with stem/progenitor cell therapy. 

This Task Force also underlined the necessity for studies with hard clinical endpoints, 
MACE, subjective benefit and economic gain (Bartunek et al., 2006). Another key point is 
standardization, both in outcome measures and in the processing of cells (better achieved in 
specialized centers following GMP routines), in order to derive meaningful comparisons. 
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ideally pan-European. On the other hand, the Task Force stated that small uncontrolled 
trials with BMMC should be avoided, as they are unlikely to add anything new to the field. 

9. Next directions in stem cell therapy research.  
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cardiac metabolism and contractility, increase cardiomyocyte proliferation and activate 
resident stem cells. The exhaustive analysis of this “secretomes” of BMMC, MSC or EPC 
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hypothetical protein-based therapy (off-the-shelf, noninvasive, systemic and repetitive 
administration).  
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(Takahashi et al., 2007; Yu et al., 2007). New retroviral vectors and even nonviral vectors 
have been developed to reduce the risk of mutagenesis, and genetic modification of 
cells with suicide genes have been proposed to reduce the risk of tumor formation. 

3. The creation of bioartificial hearts after a process of decelularization with detergents, 
obtention of the underlying extracellular matrix (cardiac architecture) and stem cell 
repopulation (Ott et al., 2008). The “acellular” heart can then be reseeded with cardiac 
stem cells or EPC, showing contractile activity in animal models. This new approach of 
tissue bioengineering has opened a fascinating era in cardiovascular medicine. 
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Although mixed results have emerged from the first stem cell therapy RCT in 
cardiovascular medicine, the overall data suggest that these procedures are feasible and safe 
in both acute and chronic scenarios of ischemic heart disease. After phase I-II RCT, it is clear 
that BMMC transfer after AMI has the potential to improve the recovery of LV systolic 
function beyond what can be achieved by current interventional and medical therapies. In 
chronic ischemic heart disease, skeletal myoblasts and BMMC have proved to improve 
myocardial perfusion and contractile performance. 
New types of cells (including ADSC and iPS), improvements in delivery and imaging 
methods, strategies to enhance cell potentiality or to improve the myocardial pro-
inflammatory microenvironment, and the creation of bioartificial hearts are the main new 
directions of research in the near future. Finally, large-scale, phase III, double-blind, 
controlled RCT performed under rigorous safety standards are being initiated to prove 
unequivocal clinical benefits, including improved survival. These trials will definitively 
establish the effectiveness of stem cell therapy in improving clinical outcomes, confirming 
the real potential of cardiac regenerative therapy. 
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1. Introduction 
Acute myocardial infarction (AMI) is a leading cause of death worldwide. (Wollert and 
Drexler, 2010) Despite improvements in survival rate after AMI with recent medical 
advances (Jackson, et al., 2001), the reduced heart function attributed to irreversible loss of 
viable cardiomyocytes remains a major clinical problem (Timmermans, et al., 2003). Typical 
MI results in large-scale loss of cardiac muscle, often a billion or more myocytes. (Laflamme 
and Murry, 2005) The loss of myocardial cell mass and the inability of remaining cells to 
adequately compensate through hypertrophic or hyperplastic responses result in the 
development of heart failure due to ventricular dysfunction (Jain, et al., 2005).  Endogenous 
repair mechanisms of the adult human heart are not sufficient for meaningful tissue 
regeneration, so muscle lost is replaced by non-contractile fibrotic scar tissue, initiating 
progressive heart failure (Laflamme, et al., 2007). Heart failure is the number one cause of 
hospitalization in US citizens over 65 of age and has a significant economic impact 
(Laflamme and Murry, 2005). Despite recent advances in treatment options, mortality 
remains unacceptably high (Ertl, et al., 1993, Pfeffer and Braunwald, 1990, Towbin and 
Bowles, 2002) with >50% of all patients succumbing within 5 years of the initial diagnosis of 
heart failure (Jain, et al., 2005). Improved medical and surgical treatments for patients after 
AMI have led to the decrease in early mortality, but as a result there of a higher incidence of 
heart feailure. (Wollert and Drexler, 2010) In some patients with advanced disease, cardiac 
transplantation may be an option, but due to organ shortage, its practical use is limited to 
end-stage heart failure.  
In the current clinical setting, early reperfusion by percutaneous coronary intervention (PCI) 
including intra-coronary stenting is the treatment of choice in the situation of acute MI 
(Topol, 2003). In patients with diffused coronary artery disease associated with severe 
ischemic cardiomyopathy, coronary artery bypass grafting (CABG) remains the optimal way 
of coronary revascularization, and is associated with improved survival and reduction of 
angina (Detre, et al., 1996, Pell, et al., 2004). Although surgical and catheter-based 
revascularization of ischemic myocardium can treat angina, reduce the risk of MI, and 
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1. Introduction 
Acute myocardial infarction (AMI) is a leading cause of death worldwide. (Wollert and 
Drexler, 2010) Despite improvements in survival rate after AMI with recent medical 
advances (Jackson, et al., 2001), the reduced heart function attributed to irreversible loss of 
viable cardiomyocytes remains a major clinical problem (Timmermans, et al., 2003). Typical 
MI results in large-scale loss of cardiac muscle, often a billion or more myocytes. (Laflamme 
and Murry, 2005) The loss of myocardial cell mass and the inability of remaining cells to 
adequately compensate through hypertrophic or hyperplastic responses result in the 
development of heart failure due to ventricular dysfunction (Jain, et al., 2005).  Endogenous 
repair mechanisms of the adult human heart are not sufficient for meaningful tissue 
regeneration, so muscle lost is replaced by non-contractile fibrotic scar tissue, initiating 
progressive heart failure (Laflamme, et al., 2007). Heart failure is the number one cause of 
hospitalization in US citizens over 65 of age and has a significant economic impact 
(Laflamme and Murry, 2005). Despite recent advances in treatment options, mortality 
remains unacceptably high (Ertl, et al., 1993, Pfeffer and Braunwald, 1990, Towbin and 
Bowles, 2002) with >50% of all patients succumbing within 5 years of the initial diagnosis of 
heart failure (Jain, et al., 2005). Improved medical and surgical treatments for patients after 
AMI have led to the decrease in early mortality, but as a result there of a higher incidence of 
heart feailure. (Wollert and Drexler, 2010) In some patients with advanced disease, cardiac 
transplantation may be an option, but due to organ shortage, its practical use is limited to 
end-stage heart failure.  
In the current clinical setting, early reperfusion by percutaneous coronary intervention (PCI) 
including intra-coronary stenting is the treatment of choice in the situation of acute MI 
(Topol, 2003). In patients with diffused coronary artery disease associated with severe 
ischemic cardiomyopathy, coronary artery bypass grafting (CABG) remains the optimal way 
of coronary revascularization, and is associated with improved survival and reduction of 
angina (Detre, et al., 1996, Pell, et al., 2004). Although surgical and catheter-based 
revascularization of ischemic myocardium can treat angina, reduce the risk of MI, and 
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improve cardiac function, the viability of severely ischemic myocardium, necrotic 
myocardium, or both cannot be restored. (Patel, et al., 2005) Current pharmacologic and 
interventional strategies are unsuccessful to regenerate dead myocardium and failed to 
address the clinical challenge caused by the early loss of cardiomyocytes (Charwat, et al., 
2008). Moreover, none of our current therapies addresses the underlying cause of the 
remodeling process, namely the damage to the cardiomyocytes and the vasculature in the 
ischemic tissue (Wollert, 2008). Therefore, new cardiovascular therapies must be elaborated 
to promote myocardial repair and regeneration, this “Holy Grail” represents a major 
challenge in the treatment of ischemic cardiovascular diseases. 

2. Stem cells for myocardial repair 
One approach to counteract the effects of myocardial dysfunction could be replacement of 
damaged contractile cells by healthy myocytes or progenitor cells with the potential of 
becoming new functional cardiomyocytes (Evans, et al., 2007).  There is growing evidence 
suggesting that heart muscle has the ability to regenerate through activation of cardiac 
resident stem cells (CSC), or through recruitment of progenitor stem cells population from 
other tissues, such as the bone marrow (BM) (Charwat, et al., 2008).  Cellular transplantation 
is a potential approach to improve healing of the ischemic heart, to repopulate the injured 
myocardium (Dowell, et al., 2003), to treat heart failure (Dowell, et al., 2003, Raeburn, et al., 
2002) and restore cardiac function (Hassink, et al., 2003, Orlic, et al., 2002). Experimental 
studies have shown that adult bone marrow stem cells (BMSC) are capable of differentiation 
(Blau, et al., 2001, Goodell, et al., 2001, Jackson, et al., 2002, Krause, et al., 2001), regeneration 
of infarcted myocardium, induction of myogenesis, as well as promotion of angiogenesis, 
ultimately leading to a better cardiac contractile performance (Dowell, et al., 2003, Kocher, et 
al., 2001, Orlic, et al., 2001, 2003, Orlic, et al., 2001, Orlic, et al., 2001, Shake, et al., 2002, 
Strauer, et al., 2002, Tomita, et al., 1999, Tomita, et al., 2002). A variety of embryonic and 
adult-derived cell types have been investigated for their capacity to mediate cardiac and 
vascular repair (Psaltis, et al., 2008). Nowadays, several cell candidates have been recently 
investigated for the treatment of ischemic cardiomyopathy such as fetal (Li, et al., 1997) and 
neonatal (Watanabe, et al., 1998) cardiomyocytes, embryonic stem cells (Min, et al., 2002, 
Min, et al., 2003), cardiac resident stem cells, skeletal myoblasts (Leor, et al., 1996, Menasche, 
et al., 2001, Menasche, et al., 2003, Murry, et al., 1996, Taylor, et al., 1998) and endothelial 
progenitor cells (Kawamoto and Losordo, 2008, Kawamoto, et al., 2003, Kocher, et al., 2001). 
The bone marrow is known to be an excellent reservoir for many adult stem cells and BMSC 
have been used to treat hematologic disorders for decades (Liao, et al., 2007).  Bone marrow, 
which is easily accessible, is presently the most frequent source of cells used for clinical 
cardiac repair (Dimmeler, et al., 2005, Kocher, et al., 2007). Bone marrow-derived cells 
contain a complex assortment of progenitor cells, including hematopoietic stem cells (HSC), 
side population (SP) cells, mesenchymal or stromal, stem cells (MSC), and multipotent adult 
progenitor cells (MAPC), a subset of MSC (Barbash, et al., 2003, Jackson, et al., 2001, Perin, et 
al., 2003, Strauer, et al., 2002, Toma, et al., 2002).  Other progenitor/stem cell populations 
investigated include (Kocher, et al., 2007): fat tissue-derived multipotent stem cells (Planat-
Benard, et al., 2004), multipotential cells from bone marrow (Jiang, et al., 2002),  skeletal 
muscle, somatic stem cells from placental cord blood (Kogler, et al., 2004), amniotic fluid-
derived stem cells (De Coppi, et al., 2007), circulating endothelial progenitor cells (EPC), and 
cardiac resident progenitor cells (CPC) are already predisposed to adopt a cardiomyocyte 
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phenotype (Beltrami, et al., 2003, Oh, et al., 2003). Positive results from animal studies have 
prompted several clinical trials to ascertain the safety, feasibility and efficacy of cell therapy.  
Despite the fact that the exact mechanisms underpinning stem cell therapy have not been 
yet elucidated and are still intensely debated, cell therapy has already been introduced into 
the clinical setting (Dowell, et al., 2003, Weisel, et al., 2004, Wollert and Drexler, 2005). 
Cell transplantation treatments are faced with many technical and practical issues, and are 
limited to autologous cells, which require bone marrow aspirations, muscle biopsies or 
blood sampling with cells sorting and/or culture. Moreover, they are unable to deliver large 
cell numbers that would survive the peri-transplantation period (Reinecke, et al., 1999, 
Shake, et al., 2002, Wollert and Drexler, 2005, Zhang, et al., 2001).  Over the past several 
years, a surge of experimental data from pre-clinical and clinical studies has emerged 
providing both a proof of concept and therapeutic promises for post-MI cardiac repair and 
regeneration using these cell therapies (Jain, et al., 2005). Despite all the excitement in stem 
cell research resulting from initial experimental data and preliminary clinical trials, many 
crucial questions regarding stem cells therapy still remain to be answered. The most 
important ones being what are the exact mechanisms underlying their beneficial effects, and 
which cell type is the most appropriate for clinical application? A major obstacle to the 
identification of the optimal cell therapy is that the fate of the implanted cells and the nature 
of their beneficial effects are ill defined (Evans, et al., 2007).  Moreover, a clear 
characterization of the cellular effects of stem cell transplantation is critical to avoid 
potentially adverse consequences and to improve the outcome (Evans, et al., 2007). A better 
understanding is fundamental for the development of new therapeutics, and to optimize 
stem cell applications in the treatment of ischemic cardiovascular diseases. 

3. Various cell candidates for cardiac repair 
A myriad of cell types have been tested experimentally, each of them being usually credited 
by its advocates of a high "regeneration" potential. This has led to a flurry of clinical trials 
entailing the use of skeletal myoblasts or bone marrow-derived cells either unfractionated or 
enriched in progenitor subpopulations. (Menasche, 2009) There is currently uncertainty as to 
which of the stem cell population is most potent in stimulating angiogenesis and cardiac 
repair. Theoretically, many stem and progenitor cell populations are potential candidates to 
be used for cardiac repair and to treat ischemic cardiomyopathy. Each cell type possesses its 
own profile of advantages, limitations and practicability issues (Wollert, 2008). It, appears 
that not "one cell fits all" but that the selection of the cell type should be tailored to the 
primary clinical indication. (Menasche, 2009) Studies comparing the regenerative capacity of 
distinct cell populations are scarce. (Wollert, 2008) As replacement therapy in humans, the 
estimates are that 108-109 cells might be needed to replace those lost after a moderate size 
AMI. Accordingly, an important issue in cell therapy is scalability and the ability to deliver a 
large amount of cells into the ischemic myocardium. It does not make sense to develop an 
"ideal" cell in a culture dish, if we remain unable to deliver it appropriately and to keep it 
alive, at least for a while, which requires to improve on the delivery techniques and to 
provide cells along with the vascular and extracellular matrix type of support necessary for 
their survival and patterning. (Menasche, 2009) Another issue which must be considered is 
autologous versus non-autologous source of donor cells. (Evans, et al., 2007) Autologous 
have the advantage of avoiding inflammatory response and immune rejection. However, to 
be useful for broad clinical application, cells must be readily available in sufficient number 
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or easily to harvest and isolate. Herein are some characteristics of the most commonly used 
adult stem cells for cardiac repair. 

3.1 Primary remuscularization by myogenic cells 
When contemplating how cell therapy might benefit the recently infarcted heart, perhaps 
the most obvious strategy is remuscularization, that is, the replacement of the necrotic 
myocardium with viable new muscle cells. (Laflamme, et al., 2007) Strong proof-of-principle 
data to support this approach were provided by studies in which committed 
cardiomyocytes from fetal (Li, et al., 1997) and neonatal (Watanabe, et al., 1998) sources 
were transplanted into murine or rat model of ischemic myocardium. The implanted 
myocytes formed stable intracardiac grafts and resulted in improvement in cardiac function. 
(Leor, et al., 1996, Li, et al., 1996) As expected for terminally differentiated cardiomyocytes, 
the implanted cells retained their contractile phenotype and expressed the necessary 
elements for intercellular electrical communication such as gap junction proteins. 
(Laflamme, et al., 2007) Another myogenic cell type, skeletal muscle satellite cells commonly 
referred to as skeletal myoblast has been extensively studied in animals and clinical trials. 
(Menasche, 2008, Menasche, et al., 2001, Menasche, et al., 2003, Murry, et al., 1996, Taylor, et 
al., 1998) Skeletal myoblasts have undergone extensive preclinical testing that has 
consistently demonstrated their ability to preserve postinfarct left ventricular function and 
to limit remodelling. (Menasche, 2008) Indeed, skeletal myoblasts, the progenitor cell that 
mediate normal regeneration of skeletal striated muscle, have a number of attractive 
properties for cardiac cell therapies, including relative resistance to ischemia, potentially 
autologous donor source from readily accessible muscle biopsies, paracrine effects by 
secretions of growth factors, and the capacity for tremendous in vitro expansion. (Dowell, et 
al., 2003, Laflamme, et al., 2007, Menasche, 2008, 2009) The primary disadvantage of skeletal 
myoblasts is simply that they differentiate into the wrong form of striated muscle, i.e. 
skeletal rather than cardiac, with the caveat of severe ventricular arrhythmias requiring the 
implantation of automatic implantable cardioverter-defibrillator (AICD) devices. 
(Laflamme, et al., 2007, Menasche, 2011, Menasche, et al., 2003)  

3.2 Hematopoietic stem cells (HSC) 
Commonly referred as bone marrow stem cells (BMSC), HSC constitute a small cell 
population of the bone marrow, perhaps as few as 1:10,000 bone marrow mononuclear cells. 
(Anversa, et al., 2004, Harrison, et al., 1988) HSC can be enriched using various technologies 
to high purity on the basis of surface markers (lineage-, c-kit+, Sca-1+, CD38high, CD34, or the 
more immature marker protein CD133) (Dimmeler and Zeiher, 2004, Orlic, et al., 2002). 
These cells represent the prototypic adult stem cell population. The ability of HSC to 
reconstitute the hematopoietic system of a myeloablated host led to the first clinical 
application of adult stem cells more than three decades ago. (Liao, et al., 2007) HSC can self-
renew and were shown to trans-differentiate into multiple lineages, including endothelial 
cells (Nygren, et al., 2004, Orlic, et al., 2002, Urbich and Dimmeler, 2004), and can contribute 
to the regeneration of a variety of non-hematopoietic lineages in multiple organs, including 
myocardium (Jackson, et al., 2001, Orlic, 2003, 2004). The interest in stem cells for cardiac 
regeneration started in 2001 with the observation of Orlic et al who injected Lin- ckit+ bone 
marrow-derived HSC that were able to repair acute MI in mice by transdifferentiating into 
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cardiomyocytes and vascular cells (Orlic, et al., 2001).  To date, the HSC appear to be the 
most versatile stem cells across all lineages, since adult somatic HSC may share a similar 
developmental plasticity commonly seen in embryonic stem cells (Anversa, et al., 2004). The 
use of hematopoietic progenitors stem cells appears to uniformly induce neovascularization 
that seems to be a prerequisite of the successful functional repair. HSC can be used to repair 
infarcted hearts by regenerating new cardiomyocytes and vascular endothelium in response 
to ischemic injury (Jackson, et al., 2001, Kocher, et al., 2001, Nygren, et al., 2004, Orlic, et al., 
2001).  

3.3 Circulating stem cells 
Endothelial progenitor cells (EPCs) are a heterogeneous group of endothelial cell (EC) 
precursors originating from the hematopoietic compartment of the bone marrow. (Asahara, 
et al., 1999) EPCs share many surface markers (hematopoietic markers CD133, CD34, 
vascular endothelial growth factor receptor-2 (Flk-1)) and biological properties with 
hematopoietic stem cell (HSC). (Asahara, et al., 1999, Gehling, et al., 2000, Shi, et al., 1998) 
EPCs are isolated from the bone marrow or from the peripheral circulation and expanded in 
vitro. (Liao, et al., 2007) After a few days in culture in endothelial cell medium 
supplemented with growth factors, EPC phenotype can be confirmed by direct fluorescent 
staining with 1,1’-dioctadecyl-3-3-3,3’-tetramethylindocarbocyanine (Dil)-labeled acetylated 
low-density lipoprotein (DiLDL) and fluorescein isocyanate (FITC)-labeled Ulex europaeus 
agglutinin-I (lectin). Dual stained cells positive for both DiLDL and lectin are considered 
EPC, see Fig. 1. EPCs are subdivided into “early”, and “late” also referred as outgrowth of 
EC (OECs). (Hur, et al., 2004, Smadja, et al., 2007, Yoon, et al., 2005) EPCs have the homing 
capacity to sites of active angiogenesis, where they participate in the repair of various 
tissues, including the heart. (Asahara, et al., 1999, Crosby, et al., 2000, Fujiyama, et al., 2003, 
Vasa, et al., 2001, Yoon, et al., 2005) Recent studies suggested that circulating EPC can home 
to site of tissue ischemia and injury, express endothelial antigens and play a significant role 
in new blood vessels formation and re-endothelialization (Asahara, et al., 1999, Crosby, et 
al., 2000, Fujiyama, et al., 2003, Vasa, et al., 2001). Normal adults have a small amount of 
circulating EPC in the peripheral blood (Choi, et al., 2004). In response to cytokine 
stimulation, ischemic insult, drugs, and under the influence of other pathological conditions, 
these cells are mobilized from the bone marrow (Asahara, et al., 1999, Choi, et al., 2004, 
Dimmeler, et al., 2001).  For example, numbers and angiogenic functions of EPC have been 
reported to be reduced in patients with risk factors for coronary artery disease (Vasa, et al., 
2001), 10, chronic renal failure (Choi, et al., 2004), older age (Scheubel, et al., 2003) and type II 
diabetics (Tepper, et al., 2002).  In contrast, limb ischemia (Asahara, et al., 1999), acute 
myocardial infarction (Shintani, et al., 2001) and HMG-CoA reductase inhibitors (statins) 
(Dimmeler, et al., 2001) were associated with increased EPC in the circulation and better 
angiogenic potential.  EPC accelerate re-endothelialization and improve vascular healing14.  
A reduction of their numbers and impaired function have been correlated with 
inflammatory states, adverse vascular events and death  (George, et al., 2003, Lambiase, et 
al., 2004, Ruel, et al., 2005). The exact mechanism of EPCs-mediated neovascularization is 
unknown, and possibly the EPCs differentiate into EC, or by paracrine mechanisms via 
growth factors secretion. (Smadja, et al., 2007) There are limits of the EPCs clinical 
application. (Choi, et al., 2004, Kawamoto and Asahara, 2007) Amount of available EPCs is 
restricted, so large blood sample is required for cell preparation.  
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application of adult stem cells more than three decades ago. (Liao, et al., 2007) HSC can self-
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cardiomyocytes and vascular cells (Orlic, et al., 2001).  To date, the HSC appear to be the 
most versatile stem cells across all lineages, since adult somatic HSC may share a similar 
developmental plasticity commonly seen in embryonic stem cells (Anversa, et al., 2004). The 
use of hematopoietic progenitors stem cells appears to uniformly induce neovascularization 
that seems to be a prerequisite of the successful functional repair. HSC can be used to repair 
infarcted hearts by regenerating new cardiomyocytes and vascular endothelium in response 
to ischemic injury (Jackson, et al., 2001, Kocher, et al., 2001, Nygren, et al., 2004, Orlic, et al., 
2001).  

3.3 Circulating stem cells 
Endothelial progenitor cells (EPCs) are a heterogeneous group of endothelial cell (EC) 
precursors originating from the hematopoietic compartment of the bone marrow. (Asahara, 
et al., 1999) EPCs share many surface markers (hematopoietic markers CD133, CD34, 
vascular endothelial growth factor receptor-2 (Flk-1)) and biological properties with 
hematopoietic stem cell (HSC). (Asahara, et al., 1999, Gehling, et al., 2000, Shi, et al., 1998) 
EPCs are isolated from the bone marrow or from the peripheral circulation and expanded in 
vitro. (Liao, et al., 2007) After a few days in culture in endothelial cell medium 
supplemented with growth factors, EPC phenotype can be confirmed by direct fluorescent 
staining with 1,1’-dioctadecyl-3-3-3,3’-tetramethylindocarbocyanine (Dil)-labeled acetylated 
low-density lipoprotein (DiLDL) and fluorescein isocyanate (FITC)-labeled Ulex europaeus 
agglutinin-I (lectin). Dual stained cells positive for both DiLDL and lectin are considered 
EPC, see Fig. 1. EPCs are subdivided into “early”, and “late” also referred as outgrowth of 
EC (OECs). (Hur, et al., 2004, Smadja, et al., 2007, Yoon, et al., 2005) EPCs have the homing 
capacity to sites of active angiogenesis, where they participate in the repair of various 
tissues, including the heart. (Asahara, et al., 1999, Crosby, et al., 2000, Fujiyama, et al., 2003, 
Vasa, et al., 2001, Yoon, et al., 2005) Recent studies suggested that circulating EPC can home 
to site of tissue ischemia and injury, express endothelial antigens and play a significant role 
in new blood vessels formation and re-endothelialization (Asahara, et al., 1999, Crosby, et 
al., 2000, Fujiyama, et al., 2003, Vasa, et al., 2001). Normal adults have a small amount of 
circulating EPC in the peripheral blood (Choi, et al., 2004). In response to cytokine 
stimulation, ischemic insult, drugs, and under the influence of other pathological conditions, 
these cells are mobilized from the bone marrow (Asahara, et al., 1999, Choi, et al., 2004, 
Dimmeler, et al., 2001).  For example, numbers and angiogenic functions of EPC have been 
reported to be reduced in patients with risk factors for coronary artery disease (Vasa, et al., 
2001), 10, chronic renal failure (Choi, et al., 2004), older age (Scheubel, et al., 2003) and type II 
diabetics (Tepper, et al., 2002).  In contrast, limb ischemia (Asahara, et al., 1999), acute 
myocardial infarction (Shintani, et al., 2001) and HMG-CoA reductase inhibitors (statins) 
(Dimmeler, et al., 2001) were associated with increased EPC in the circulation and better 
angiogenic potential.  EPC accelerate re-endothelialization and improve vascular healing14.  
A reduction of their numbers and impaired function have been correlated with 
inflammatory states, adverse vascular events and death  (George, et al., 2003, Lambiase, et 
al., 2004, Ruel, et al., 2005). The exact mechanism of EPCs-mediated neovascularization is 
unknown, and possibly the EPCs differentiate into EC, or by paracrine mechanisms via 
growth factors secretion. (Smadja, et al., 2007) There are limits of the EPCs clinical 
application. (Choi, et al., 2004, Kawamoto and Asahara, 2007) Amount of available EPCs is 
restricted, so large blood sample is required for cell preparation.  
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Fig. 1. Characterization of cultured EPC by direct fluorescent staining. A) Early EPC after a 
few days in culture, adherent cells are stained with (Dil)-labeled acetylated low-density 
lipoprotein (DiLDL, red) and B) Lectin staining is performed by incubation with fluorescein 
isocyanate (FITC, green)-labeled Ulex europaeus agglutinin-I. C) Nuclei are stained with 
Hoechst (blue) and typical merge image demonstrates dual stained cells positive for both 
DiLDL and lectin are considered EPC (Dimmeler, et al., 2001) (10X original magnification). 
After staining, samples are viewed with an inverted fluorescent microscope. D) After many 
days in culture some late EPC can adopt new phenotype from small spindle-like to large, 
round and flat cells characteristic of mature endothelial cells (10X original magnification). 
Dr Noiseux, unpublished data. 

3.4 Mesenchymal Stem Cells (MSC) 
Adult MSC are a population of stromal cells isolated from bone marrow-derived stem cells 
(BMSC) (Barbash, et al., 2003, Strauer, et al., 2002, Toma, et al., 2002).  MSC have been 
isolated from many species including humans, and are present at a concentration several 
fold lower than their hematopoietic counterparts.  MSC are present at a concentration 
several fold lower than their hematopoietic counterparts, representing approximatively 
0.001-0.01% of the total nucleated marrow cell population. (Jain, et al., 2005, Meirelles Lda 
and Nardi, 2003) MSC are separated from other cells in culture by their preferential 
attachment to plastic surfaces (Colter, et al., 2000, Colter, et al., 2001, Meirelles Lda and 
Nardi, 2003).  In their undifferentiated state, MSC do not express hematopoietic or 
endothelial cell surface markers (Annabi, et al., 2003, Colter, et al., 2000, Mangi, et al., 2003, 
Meirelles Lda and Nardi, 2003, Minguell, et al., 2001, Peister, et al., 2004) such as CD14, 
CD31, CD34, CD45, but may express CD-117 (c-kit) and the majority express CD29, CD44, 
CD90, and Sca-1 (Annabi, et al., 2003, Colter, et al., 2000, Mangi, et al., 2003, Meirelles Lda 
and Nardi, 2003, Minguell, et al., 2001, Peister, et al., 2004, Pittenger and Martin, 2004). MSC 
are identified by their specific antigens (SH2, SH3, SH4, STRO-1) and adhesion molecules 
(ALCAM, CD44). (Jain, et al., 2005) MSC are easily expandable in culture without losing 
their differentiation potential (Meirelles Lda and Nardi, 2003), and they constitute an 
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unlimited pool of transplantable cells, Fig. 2.  MSC fulfilled the stem cells criteria including 
self-renewing cell division and potential for differentiation (Verfaillie, et al., 2002). MSC are 
multipotent (Grove, et al., 2004), and can differentiate into multiple lineages (Grove, et al., 
2004, Mackay, et al., 1998, Meirelles Lda and Nardi, 2003, Pittenger, et al., 1999, Song and 
Tuan, 2004), including fibroblasts, osteoblasts (Liu, et al., 2001), chondroblasts and 
adipocytes.  Differentiation of MSC to cardiomyocyte-like cells has been observed in vitro 
under specific conditions (Makino, et al., 1999, Rangappa, et al., 2003, Tomita, et al., 1999), 
and in vivo after injection into the myocardium (Dai, et al., 2005, Saito, et al., 2002, Shake, et 
al., 2002, Toma, et al., 2002, Tomita, et al., 1999, Wang, et al., 2000). 
 

 
Fig. 2. A) MSC were retrovirally transduced to express GFP (Noiseux, et al., 2006), image 
under inverted fluorescent microscope. B) MSC were injected into ischemic heart in a mouse 
model of acute MI. GFP immunostaining (green) was used for tracking the implanted cells 
at 3 days post-MI, and cardiomyocytes were labeled in red by immunostaining for cardiac 
alpha-sarcomeric actin, and nuclei are identified by Hoechst staining (blue). C) MSC were 
stained in red by immonostaining for GFP 3 days after MI, demonstrating massive 
engraftment in the infarcted area. D) MSC were retrovirally transduced to express LacZ 
gene (nuclear localizating sequence), image under light microscope after X-gal staining 
demonstrating blue nuclei. E) Thick section of rat infarcted heart after X-gal staining 
demonstrating engraftment of MSC expressing LacZ (bleu) in the infarct border zone at the 
level of the papillary muscles. F) Same as in E, but in the apical segment of the left ventricle. 
10X original magnification in A and B, 20X original magnification in B and C. Dr Noiseux, 
unpublished data. 

MSC are known to secrete a wide spectrum of biologically active factors and 
angiogenic/arteriogenic cytokines (Heil, et al., 2004, Kamihata, et al., 2001, Kinnaird, et al., 
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unlimited pool of transplantable cells, Fig. 2.  MSC fulfilled the stem cells criteria including 
self-renewing cell division and potential for differentiation (Verfaillie, et al., 2002). MSC are 
multipotent (Grove, et al., 2004), and can differentiate into multiple lineages (Grove, et al., 
2004, Mackay, et al., 1998, Meirelles Lda and Nardi, 2003, Pittenger, et al., 1999, Song and 
Tuan, 2004), including fibroblasts, osteoblasts (Liu, et al., 2001), chondroblasts and 
adipocytes.  Differentiation of MSC to cardiomyocyte-like cells has been observed in vitro 
under specific conditions (Makino, et al., 1999, Rangappa, et al., 2003, Tomita, et al., 1999), 
and in vivo after injection into the myocardium (Dai, et al., 2005, Saito, et al., 2002, Shake, et 
al., 2002, Toma, et al., 2002, Tomita, et al., 1999, Wang, et al., 2000). 
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level of the papillary muscles. F) Same as in E, but in the apical segment of the left ventricle. 
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MSC are known to secrete a wide spectrum of biologically active factors and 
angiogenic/arteriogenic cytokines (Heil, et al., 2004, Kamihata, et al., 2001, Kinnaird, et al., 
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2004, Kinnaird, et al., 2004, Kinnaird, et al., 2004) that can be found in the culture-
conditioned medium (MSC-CM) (Heil, et al., 2004, Kamihata, et al., 2001, Kinnaird, et al., 
2004, Kinnaird, et al., 2004, Kinnaird, et al., 2004), see Fig. 3.  Under hypoxic culture 
conditions, the expression of several factors is significantly up-regulated (Gnecchi, et al., 
2005, Gnecchi, et al., 2006, Kinnaird, et al., 2004, Noiseux N, 2004, Noiseux N, 2004).  MSC 
implantation into the injured heart has been associated with improvement of cardiac 
performance and repair in animal studies and clinical trials. Because myocardial infarction 
leads to permanent loss of tissue with subsequent impaired function, the reports 
highlighting the capacity of MSC to differentiate into new cardiomyocytes have prompted 
new perspectives in the treatment of cardiovascular diseases using stem cell transplantation. 
Among adult stem cells, MSC possess unique properties that make them eligible for 
convenient and highly effective cell therapy (Jain, et al., 2005).  MSC are particularly suitable 
for cellular therapy because of their multipotency, low immunogenicity, amenability to ex 
vivo expansion, and genetic modification. However, a recent study by Vulliet et al. raised 
concerns with the use of MSC, and their findings showed acute myocardial ischemia and 
sub-acute myocardial micro-infarction following intra-coronary injection of MSC into 
ischemic dog hearts due to the formation of small capillary emboli (Vulliet, et al., 2004). 
 

 
Fig. 3. Human MSC express genes encoding several cytokines and growth factors that are 
released in the MSC-conditioned medium. Hypoxic culture condition alters the production 
of several factors. Protein arrays from RayBiotech inc. allow the detection of several proteins 
simultaneously. Dr Noiseux, unpublished data. 

3.5 Cardiac resident stem cells 
Recently identified by Hierlihy and colleagues in the adult heart, these cardiac stem cell-like 
populations were identified based on their specific ability to efflux Hoechst dye (Hierlihy, et 
al., 2002). These progenitor cells, expressing c-kit, are capable of differentiation into 
cardiomyocytes and/or vascular tissue. They are self-renewing, clonogenic, and multipotent 
(Bearzi, et al., 2007).  Recent studies have suggested that the heart has an inherent ability to 
replace its parenchymal cells continuously by these resident stem cells (Braun and Martire, 
2007). These observations suggest the capacity of adult myocardium to maintain 
physiological homeostasis, at least partially, through resident cardiac stem cells (Liao, et al., 
2007). The origin of these cardiac stem cells is unclear.  These cells could either constitute the 
remaining endogeneous cardiac stem cells dormant in the myocardium or alternatively, cells 
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that have homed to the heart from another organ (maybe the bone marrow) or in response 
from injury (Lyngbaek, et al., 2007).  These cells can be clonally expanded in vitro from an 
endomyocardial biopsy and be used for cardiac repair. 

4. Insights on mechanisms of action and fate of the implanted cells 
Over the last several years, there has been a surge of data detailing the use of cell-based 
therapies for post-MI treatment. Stem cells implantation has been shown to prevent 
deleterious remodeling and improve recovery of infarcted myocardium by cytoprotective 
effects, myogenesis and angiogenesis (Dai, et al., 2005, Davani, et al., 2003, Dowell, et al., 
2003, Kocher, et al., 2001, Mangi, et al., 2003, Min, et al., 2002, Orlic, et al., 2002, Orlic, et al., 
2001, 2003, Orlic, et al., 2001, Orlic, et al., 2001, Pittenger and Martin, 2004, Shake, et al., 2002, 
Strauer, et al., 2002, Tomita, et al., 1999, Tomita, et al., 2002, Wang, et al., 2001, Wollert and 
Drexler, 2005). The ultimate goal for cell therapy is the stem cell engraftment into the 
damaged heart and, ultimately, differentiation into new functional cardiomyocytes, vascular 
smooth muscle and endothelial cells. Although differentiation of stem cells into 
cardiomyocytes has been observed, there is much debate over the frequency of this 
phenomenon. Recent work has questioned the ability of stem cells to generate new 
cardiomyocytes. (Laflamme, et al., 2007, Murry, et al., 2004, Noiseux, et al., 2006) It remains 
unclear whether the beneficial effect results as a direct consequence of the transplanted cells 
participating and integrating in a functional syncytium with the host myocardium, or 
alternatively if the cells could benefit cardiac function without directly contributing to 
contraction (Dowell, et al., 2003). This indirect effect may be attributed to secretion of 
biologically active factors (Nguyen, et al., 2010) that could enhance the angiogenic process 
(Dowell, et al., 2003, Timmermans, et al., 2003), protect cardiomyocytes from apoptosis and 
induce proliferation, improve heart function with inotropic properties, or recruit resident 
cardiac stem cells (Wollert and Drexler, 2005). Implanted stem cells may also fuse with the 
native dysfunctional myocytes to augment function. (Noiseux, et al., 2006, Nygren, et al., 
2004, Ying, et al., 2002) Indeed, mechanistic underpinnings of stem cell therapy appear to be 
far more complex that formerly anticipated, such indirect effects are referred to paracrine 
action, Fig. 4. Interestingly, while only few groups have observed differentiation of BMSC 
into cardiomyocytes, most groups have reported a beneficial effect on post-MI remodeling 
and cardiac functional recovery (Liao, et al., 2007). As such, these data are certainly 
encouraging, given the improvement in objective measures such as infarct size and 
contractility. However, they are also disappointing, since they fail to demonstrate cardiac 
differentiation.  
The mechanisms by which stem cells can repair damaged myocardium or lead to 
improvement in cardiac function are still largely unknown.  However, the foremost 
apparent and proposed pathways are: a) direct or indirect improvement in 
neovascularization, i.e., vasculogenesis, angiogenesis and arteriogenesis; and b) 
differentiation/fusion into cardiomyocytes and formation of regenerated myocardial tissue 
(Kocher, et al., 2007). To which extent these different mechanisms of action are involved 
may critically depend on the cell type and the clinical setting, such as acute versus chronic 
ischemic injury (Kocher, et al., 2007).  For example, in patients presenting acute MI, stem cell 
transplantation is thought to significantly improve post-MI ventricular remodeling and 
function through enhanced neovascularization and reduced cardiomyocytes apoptosis, 
irrespective of long-term engraftment and trans-differentiation.  On the other hand, these  
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that have homed to the heart from another organ (maybe the bone marrow) or in response 
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 Stem Cells in Clinic and Research 

 

292 

 
Fig. 4. Working hypothesis for mechanism of stem cell transplantation for the treatment of 
ischemic cardiomyopathy. Stem and progenitor cell transplantation can have a favorable 
impact on tissue perfusion and contractile performance by promoting vascularization and 
myocytes formation. Improved vascularization may facilitate beneficial effects in the 
myocyte compartment. Adapted from  (Wollert and Drexler, 2005).  

later mechanisms may have little or no benefit in patients with long established scars, apart 
from the functional rescue of hibernating cardiomyocytes. Virtually all currently available 
mechanistic insights have come from pre-clinical studies in animal models, whereas the 
human experience is rather limited (Laflamme, et al., 2007). 

4.1 Stem cells (Trans)differentiation 
The foremost purpose of cell-based therapies remains the regeneration of lost cardiac cells 
via stem cells (trans)differentiation into new contractile cardiomyocytes. (Liao, et al., 2007) 
Crucial proof-of-principle data in support of this contention were provided by early animal 
studies with transplantation of fetal and neonatal cardiomyocytes following acute MI 
(Laflamme, et al., 2007). Implanted myocytes formed stable intra-cardiac grafts and resulted 
in improved left ventricular function (Jia, et al., 1997, Li, et al., 1996, Li, et al., 1997, Sakai, et 
al., 1999, Scorsin, et al., 2000). Skeletal muscle satellite cells (referred commonly as 
myoblasts) have also been exhaustively examined as candidate cells for cardiac repair. 
Unlike native cardiomyocytes which form an electrical syncytium via gap junction coupling, 
implanted myoblasts are isolated and do not contract in synchrony with the host 
myocardium (Leobon, et al., 2003). Embryonic stem cells (ESC) are unambiguously 
cardiogenic cell type, capable of differentiating into cells with ventricular, atrial and 
pacemaker/conduction system phenotypes (He, et al., 2003, Kehat, et al., 2001). 
Cardiomyocytes derived from ESC are able to form stable intra-cardiac implant, and 
provide functional benefit in murine experimental infarct models (Hodgson, et al., 2004, 
Singla, et al., 2006). 
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Orlic et al were among the first to demonstrate in a mice model of AMI that bone marrow 
could provide an extra-cardiac source of progenitor cells with the ability to differentiate into 
cardiomyocytes and restore cardiac function (Orlic, et al., 2001, Orlic, et al., 2001, Orlic, et al., 
2001). Studies in several species demonstrated that BMSC are stem cells found in various 
mesenchymal tissues, and precursors of peripheral tissue such as the heart muscle (Strauer 
and Kornowski, 2003). Cardiogenic potential has also been demonstrated for a surprisingly 
high number of adult progenitor cell types, including HSC, MSC, circulating EPC, resident 
cardiac progenitor cells, adipose-derived stem cells and others (Badorff, et al., 2003, 
Beltrami, et al., 2003, Laflamme, et al., 2007, Oh, et al., 2003, Planat-Benard, et al., 2004, 
Toma, et al., 2002). When BMSC are transplanted into an ischemic heart, they can express 
the cardiac specific markers troponin I and cardiac myosin, suggesting transformation into 
functional cardiomyocytes (Grigoropoulos and Mathur, 2006, Kajstura, et al., 2005, Yoon, et 
al., 2008).   
Using genetic markers (e.g., Y chromosome) and/or labeled fluorescent dyes (e.g., Green 
fluorescent protein GFP), many groups reported the transdifferentiation of bone marrow-
derived HSC into cardiomyocytes following implantation into ischemic heart (Jackson, et al., 
2001, Liao, et al., 2007, Orlic, et al., 2001, Orlic, et al., 2001). However, these early 
observations have been called into question by others, who failed to identify similar 
cardiomyocytes derived from implanted stem cells (Balsam, et al., 2004, Murry, et al., 2004).  
Further experimental studies addressing the capacity of transplanted BMSC to differentiate 
into the cardiomyogenic lineage yielded conflicting results (Anversa, et al., 2007, Dimmeler, 
et al., 2008, Murry, et al., 2004).   

4.2 Cellular fusion 
Despite the initially observation that implanted HSC could generate new cardiomyocytes in 
the infarcted heart, several groups have subsequently revisited this hypothesis of stem cells 
differentiation (Laflamme and Murry, 2005, Laflamme, et al., 2007, Murry, et al., 2004, 
Noiseux, et al., 2006). Using state-of-the-art techniques and genetic markers, it has been 
suggested that rarely cardiomyocytes would display lineage markers of the transplanted 
stem cells, but that myocardial cells were derived from the fusion of implanted stem cells 
with damaged host cardiomyocytes (Alvarez-Dolado, et al., 2003, Laflamme, et al., 2007, 
Murry, et al., 2004, Nygren, et al., 2004). Fusion of transplanted stem cells with resident 
cardiomyocytes has been offered as an alternative for the previous claims of 
transdifferentiation (Alvarez-Dolado, et al., 2003, Balsam, et al., 2004, Murry, et al., 2004, 
Noiseux, et al., 2006, Nygren, et al., 2004, Wollert, 2008).  Fused implanted cells may adopt 
phenotype of recipient cells, and without detailed genetic analysis, might be falsely 
interpreted as differentiation (Terada, et al., 2002). Fusion of BMSC with purkinje neurons, 
hepatocytes and cardiomyocytes has been reported by Alvarez-Dolado et al in 2003 
(Alvarez-Dolado, et al., 2003). Using different genetic markers to track the fate of 
transplanted cells, fusion with recipient cardiomyocytes has been also reported for 
peripheral blood CD34+ cells (Zhang, et al., 2004), hematopoietic stem cells (Murry, et al., 
2004, Nygren, et al., 2004), cardiac progenitor cells (Oh, et al., 2003), and skeletal muscle cells 
(Reinecke, et al., 2004). 
It is possible that many examples of putative stem cell plasticity reported in the literature 
are actually due to transplanted cells fusing with a different tissue type, followed by 
reprogramming of the donor and recipient cell genome (Vassilopoulos and Russell, 2003). 
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Fig. 4. Working hypothesis for mechanism of stem cell transplantation for the treatment of 
ischemic cardiomyopathy. Stem and progenitor cell transplantation can have a favorable 
impact on tissue perfusion and contractile performance by promoting vascularization and 
myocytes formation. Improved vascularization may facilitate beneficial effects in the 
myocyte compartment. Adapted from  (Wollert and Drexler, 2005).  
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in improved left ventricular function (Jia, et al., 1997, Li, et al., 1996, Li, et al., 1997, Sakai, et 
al., 1999, Scorsin, et al., 2000). Skeletal muscle satellite cells (referred commonly as 
myoblasts) have also been exhaustively examined as candidate cells for cardiac repair. 
Unlike native cardiomyocytes which form an electrical syncytium via gap junction coupling, 
implanted myoblasts are isolated and do not contract in synchrony with the host 
myocardium (Leobon, et al., 2003). Embryonic stem cells (ESC) are unambiguously 
cardiogenic cell type, capable of differentiating into cells with ventricular, atrial and 
pacemaker/conduction system phenotypes (He, et al., 2003, Kehat, et al., 2001). 
Cardiomyocytes derived from ESC are able to form stable intra-cardiac implant, and 
provide functional benefit in murine experimental infarct models (Hodgson, et al., 2004, 
Singla, et al., 2006). 
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It is possible that many examples of putative stem cell plasticity reported in the literature 
are actually due to transplanted cells fusing with a different tissue type, followed by 
reprogramming of the donor and recipient cell genome (Vassilopoulos and Russell, 2003). 
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To address the issue of cellular fusion, it is imperative to use a method that allows the 
tracking of the implanted cells, but also a genetic marker that can be triggered exclusively by 
fusion event. A well-validated technique suitable for this purpose relies on the use of 
Cre/LoxP system. Using a model of AMI in transgenic mice, we previously demonstrated 
that transplanted MSC could fuse with recipient cardiomyocytes in the infarcted area 
(Noiseux, et al., 2006). MSC from wild type C57BL/6 mice were retro-virally transduced to 
express GFP as reporter gene and Cre recombinase. These MSC were transplanted into 
infarcted hearts of histocompatible R26R mice (similar C57BL/6 genetic background). In 
these transgenic mice, a loxP-flanked stop sequence is present 5’ of the LacZ expression 
cassette to prevent transcriptional read-through until selective excision by Cre mediated 
recombination from implanted MSC (Soriano, 1999). Thus, the LacZ gene is expressed 
exclusively after a donor MSC expressing Cre fuses with a recipient cell from the R26R mice.  
Consequently, X-gal staining is used to detect cellular fusion events (Alvarez-Dolado, et al., 
2003, Nygren, et al., 2004) As early as 3 days following MSC injection into the ischemic 
heart, we observed cellular fusion with individual blue cells having typical cardiomyocyte 
morphology.  Interestingly, the majority of the fusion events with LacZ+ cells were detected 
within the infarct border zone, in areas with viable cardiomyocytes. 

4.3 Indirect and paracrine effects 
Despite the lack of significant myocardial regeneration by implanted stem cells through 
differentiation into new cardiomyocytes, numerous studies reported that cardiac function 
can be improved by cell therapy, suggesting further evidence for a non-myogenic pathway 
of cardiac repair (Laflamme, et al., 2007). Regardless of the mechanism responsible for the 
beneficial effects of stem cell therapy on post-MI, cardiac function improvement remains 
disproportionate to the degree of cardiomyogenic differentiation. (Liao, et al., 2007, Noiseux, 
et al., 2006) Indeed, the variable observations relating to cell transdifferentiation and fusion, 
as well as transient cell retention and survival in the ischemic heart (Noiseux, et al., 2006), 
have prompted a rethinking of the mechanisms that account for the functional benefits of 
cell therapy in cardiac repair (Psaltis, et al., 2008). It has been proposed that stem cell 
transplantation may improve myocardial function recovery predominantly by facilitating 
endogenous repair mechanisms, rather than through direct regeneration of lost 
cardiomyocytes and vascular cells. Thus, it is possible that implanted cells could secrete 
bioactive factors which may stimulate angiogenesis, suppress apoptosis of cardiomyocytes, 
increase efficiency of cardiomyocyte metabolism, improve inotropy of survival myocytes, 
modulate interstitial matrix composition and remodeling, and maybe even recruit cardiac 
resident stem cells (Gnecchi, et al., 2006, Kamihata, et al., 2001, Kinnaird, et al., 2004, 
Noiseux, et al., 2006, Wollert, 2008). The fact that it is possible to improve the heart’s 
function without remuscularizing the infarct is already known from numerous 
pharmacological studies, e.g. with beta–adrenergic blocker or angiotensin-converting 
enzyme inhibitors and this has resulted in a search for other potential mechanisms of action 
(Laflamme, et al., 2007).  
MSC are known to secrete a wide spectrum of biologically active factors, (Heil, et al., 2004, 
Kamihata, et al., 2001, Kinnaird, et al., 2004, Kinnaird, et al., 2004, Kinnaird, et al., 2004) and 
under hypoxic culture condition and serum starvation, conditions that mimic myocardial 
infarct, the expression of several factors is significantly up-regulated (Gnecchi, et al., 2005, 
Gnecchi, et al., 2006, Kinnaird, et al., 2004, Noiseux N, 2004, Noiseux N, 2004). These growth 
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factors and cytokines are released in the culture medium (MSC-conditioned medium, MSC-
CM), and can be concentrated and use therapeutically. We previously reported that 
transplantation of MSC into ischemic myocardium improved cardiac function recovery and 
repair as early as 72 hours, which is too early to be explained solely by myocardial 
regeneration from MSC (Gnecchi, et al., 2005, Gnecchi, et al., 2006, Noiseux, et al., 2006). 
Transplanted cells were found within the infarcted myocardium (detection of MSC by GFP 
immunoreactivity). Early massive engraftment was observed at 3 days, but the number of 
implanted MSC decreased significantly over time, and by 28 days post-MI very few cells 
remained. Since such an early recovery cannot be explained entirely by de novo myogenesis, 
we proposed that MSC could achieve cardioprotection by indirect effects, through paracrine 
mediators, rather than cardiac regeneration. Furthermore, to investigate how MSC could 
achieve protection of the ischemic myocardium by paracrine mediators and indirect effects, 
we demonstrated that MSC-CM reduced hypoxia-induced apoptosis, and also triggered 
vigorous spontaneous contraction of isolated hypoxic adult rat cardiomyocytes in vitro, 
suggesting the presence of anti-apoptotic and inotropic factors (Gnecchi, et al., 2006). 
Moreover, when injected directly into infarcted rat hearts, the MSC-CM limited infarct size 
as early as 72 hours and improved ventricular function (Gnecchi, et al., 2005, Gnecchi, et al., 
2006) at levels comparable to those observed following MSC transplantation. These 
remarkable data strongly support the concept that the effects observed after intramyocardial 
injection of MSC into infarcted hearts are to a great extent attributable to paracrine 
protection and indirect effects on ischemic myocardium. 
Recently, we investigated the effects of MSC-secreted growth factors on extent of early 
recovery from MI in a large animal pre-clinical model (Nguyen, et al., 2010).  Swine 
subjected to acute MI by temporary balloon occlusion of the left anterior descending 
coronary artery using percutaneous techniques received intra-coronary injection of either 
concentrated MSC-derived growth factors or control medium.  Treatment with MSC-
derived factors significantly reduced cardiac tropinin-T elevation, and improved 
echocardiographic parameters, including fractional area shortening, stroke volume, and 
cardiac output.  Quantitative evaluation of fibrosis by Verhoff staining revealed a reduction 
of the fibrotic area in the infracted zone at 7 days. Similarly, Masson’s trichrome staining 
revealed reduced myocardial damage as demonstrated by areas of relatively preserved 
myocardium in the infracted area.  TUNEL assay demonstrated less cardiomyocyte 
apoptosis. Protein array detected the presence of angiogenic (VEGF, endothelin, epiregulin), 
anti-apoptic (Galectin-3, Smad-5, sRFP-1), and anti-remodeling factors (TIMP). RT-PCR 
confirmed the expression of these factors. In summary, a single intra-coronary injection of 
concentrated biologically active factors secreted by MSC could achieve early protection of 
ischemic myocardium, improve cardiac repair, and partially preserve contractility.  MSC-
derived growth factors injection (rather than MSC themselves) should be evaluated as a 
novel therapy to treat ischemic heart disease, many practical and technical issues of cell 
therapy. 

4.4 Healing response, inflammation and tissue perfusion 
Following myocardial infarct, inflammation and cytokine production regulate myocytes 
survival/apoptosis, and trigger additional cellular responses, contributing to the healing 
and remodeling of the injured tissue, which may ultimately influence clinical outcome 
(Nian, et al., 2004). The immune system plays a crucial role during the acute phase of MI 
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To address the issue of cellular fusion, it is imperative to use a method that allows the 
tracking of the implanted cells, but also a genetic marker that can be triggered exclusively by 
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factors and cytokines are released in the culture medium (MSC-conditioned medium, MSC-
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concentrated biologically active factors secreted by MSC could achieve early protection of 
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derived growth factors injection (rather than MSC themselves) should be evaluated as a 
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and remodeling of the injured tissue, which may ultimately influence clinical outcome 
(Nian, et al., 2004). The immune system plays a crucial role during the acute phase of MI 
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and this constitutes a most appropriate timing where any immunomodulatory effects 
following stem cell implantation could exert their effects (Laflamme, et al., 2007). An 
adequate microenvironment supporting nutrient delivery and waste removal is necessary to 
sustain survival, growth and possibly differentiation of the transplanted cells (Timmermans, 
et al., 2003). Therefore, concurrent revascularization must keep pace with cell repopulation 
of the infarcted tissue (Luttun and Carmeliet, 2003). Transplanted cells may act in an 
indirect supportive role, optimizing the milieu for host vasculature and cells to respond to 
ischemia and healing. (Gnecchi, et al., 2005, Kinnaird, et al., 2004, Kinnaird, et al., 2004, 
Noiseux N, 2004) Normal growth and ultimate stem cell fate depend on engraftment in an 
appropriate “niche”.  Thus, it appears that the fate of stem cells is determined by the 
environment in which they are engrafted rather than by an intrinsically programmed fate, 
but the mechanisms explaining how the local milieu influences stem cell differentiation are 
yet to be characterized (Strauer and Kornowski, 2003).  Importantly, an angiogenic response 
has been observed in many studies following cell transplantation (Dowell, et al., 2003).  
Much attention has been focused on the direct consequence of cell-based therapy by the 
renewal of lost parenchymal cells, but restoration of the extra-cellular matrix and vascular 
supply are also important issues since both components are essential for structural and 
functional support of the surviving cardiomyocytes (Timmermans, et al., 2003) in the 
ischemic myocardium.  It is also important to consider other potential mechanisms by 
which transplanted cells could benefit cardiac function without directly contributing to 
systolic contraction. Blood vessel formation in the heart proceeds mainly through 2 
mechanisms: angiogenesis and arteriogenesis. Arteriogenesis is by far the most efficient 
adaptative mechanism for survival of ischemic organs because of its ability to conduct 
relatively large blood flow (Buschmann and Schaper, 1999).  Angiogenesis and 
arteriogenesis are complex processes sharing several common mechanisms of action, 
growth factors and cytokines dependency (Buschmann and Schaper, 1999).  Many of these 
cytokines act not only in a co-ordinated time- and concentration-dependent manner, but 
one cytokine may potentiate (or inhibit) the effect of another (Kinnaird, et al., 2004), and 
the complexity of the process of collateral formation has led to speculate that multiple 
factor strategies could be used therapeutically to modulate vessel formation (Kinnaird, et 
al., 2003). The recruitment of monocytes that differentiate into macrophages and produce 
abundant angiogenic growth factors such as VEGF, NO, monocyte chemoatractant 
protein-1 (MCP-1) and other cytokines, is also essential and ultimately leads to 
endothelial and smooth muscle cell proliferation, migration, vessel remodeling and extra-
cellular matrix synthesis.   
The observation that BMSC contain a subpopulation of endothelial progenitor cells with the 
potential for angiogenesis suggests that these cells may contribute to cardiac repair by 
enhancing the local blood supply in ischemic myocardium (Grigoropoulos and Mathur, 
2006). Some reports have suggested that MSC implantation into ischemic tissue promote 
collaterals development through paracrine mechanisms, but not through direct cell 
incorporation into growing vasculature (Dowell, et al., 2003, Fuchs, et al., 2001, Heil, et al., 
2004, Hirata, et al., 2003, Kamihata, et al., 2001, Kinnaird, et al., 2004, Kinnaird, et al., 2004, 
Kinnaird, et al., 2003, Kobayashi, et al., 2000, Li, et al., 2002, Mangi, et al., 2003, Strauer, et al., 
2002, Ziegelhoeffer, et al., 2004).  MSC express genes encoding a broad spectrum of 
cytokines with angiogenic properties including VEGF, HGF, FGF, MCP-1, PGF, IL-1 and IL-
6, SDF-1, MMP-9 (Kinnaird, et al., 2004, Kinnaird, et al., 2004, Timmermans, et al., 2003).  
These cytokines can be found in the media of cultured cells, and have all individually been 
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shown to have positive effects on experimental blood flow recovery (Buschmann, et al., 
2003, Heil, et al., 2004, Kinnaird, et al., 2004, Kinnaird, et al., 2004, Kinnaird, et al., 2004, 
Timmermans, et al., 2003).  Moreover, media collected from MSC cultures (MSC-derived 
conditioned medium, MSC-CM) promote in vitro proliferation and migration of endothelial 
cells (EC) and vascular smooth muscle cells (VSMC), and enhance in vivo collateral blood 
flow recovery when injected into ischemic hindlimb (Kinnaird, et al., 2004, Kinnaird, et al., 
2004, Timmermans, et al., 2003).  It is possible that neovascularization by cell therapy is 
leading to enhanced blood supply in the peri-infarct region and thereby promoting salvage 
of stunned, hibernating, or otherwise susceptible cardiomyocytes (Laflamme, et al., 2007). 
Controversy persists regarding the exact mechanisms through which cell transplantation 
may enhance repair and collateral development in ischemic tissue (Kinnaird, et al., 2004).  

5. Lessons from early clinical trials: feasibility, efficacy and safety  
Over the past few years, cell therapy has emerged as a potential new treatment of a variety 
of cardiac diseases, including AMI, refractory angina, and chronic heart failure. (Menasche, 
2009) A variety of cell types have been tested experimentally, each of them being usually 
recognized by its beneficial "regeneration" potential. This has led to a flurry of clinical trials 
entailing the use of skeletal myoblasts or bone marrow-derived cells either unfractionated or 
enriched in progenitor subpopulations. Following acute MI, the observation that 
mobilization of BMSC occurs naturally to heal the myocardium led several groups to 
investigate their potential for cardiac repair (Shintani, et al., 2001). In patients with recent 
MI, Strauer et al demonstrated that IC administration of unselected BMSC was safe and 
associated with improved cardiac performance (Strauer, et al., 2002). In the same way, 
Zeiher et al reported that IC administration of BM progenitors after MI improved cardiac 
performance and enhanced the myocardial perfusion of the infarcted myocardium up to 1 
year of follow-up (Assmus, et al., 2002, Britten, et al., 2003, Schachinger, et al., 2004). The 
landmark multi-center placebo-controlled REPAIR-AMI trial showed also a higher increase 
in the LVEF in the cell treated group compared to controls (Schachinger, et al., 2006), this 
effect was sustained up to 2 years and was associated with a significant reduction in the 
MACE rate (Assmus, et al., 2010). Recently, the FINCELL trial showed also that following 
acute MI, BMSC therapy significantly improved the LVEF recovery in treated patients as 
compared to controls (Huikuri, et al., 2008). Interestingly the randomized “BOOST” trial 
showed an improvement in the cardiac function following IC injection of autologous BMSC 
without adverse effect. Furthermore, this beneficial effect was sustained at 6 months 
(Wollert, et al., 2004) and 1 year of follow-up (Schaefer, et al., 2006), but not at 18 months15 
raising questions about the potential transient effect of heterogeneous cells on cardiac repair 
(Meyer, et al., 2006).  
Although many trials demonstrated a slight benefit on cardiac functional recovery, recent 
studies have yielded disparate results (Janssens, et al., 2006, Lunde, et al., 2006, Tendera, et 
al., 2009). In the randomized ASTAMI trial, the use of IC unselected BMSC following acute 
MI failed to demonstrate at 6 months any improvement in LVEF (Lunde, et al., 2006). 
Similarly, Janssens et al reported no significant difference in overall LVEF at 4 months, but 
showed a decreased infarct size and better regional function in cell-treated patients 
(Janssens, et al., 2006). Moreover, the REGENT acute MI trial failed to show any significant 
improvement in the LVEF, LVEDV and LVESV at 6 months in patients treated with 
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and this constitutes a most appropriate timing where any immunomodulatory effects 
following stem cell implantation could exert their effects (Laflamme, et al., 2007). An 
adequate microenvironment supporting nutrient delivery and waste removal is necessary to 
sustain survival, growth and possibly differentiation of the transplanted cells (Timmermans, 
et al., 2003). Therefore, concurrent revascularization must keep pace with cell repopulation 
of the infarcted tissue (Luttun and Carmeliet, 2003). Transplanted cells may act in an 
indirect supportive role, optimizing the milieu for host vasculature and cells to respond to 
ischemia and healing. (Gnecchi, et al., 2005, Kinnaird, et al., 2004, Kinnaird, et al., 2004, 
Noiseux N, 2004) Normal growth and ultimate stem cell fate depend on engraftment in an 
appropriate “niche”.  Thus, it appears that the fate of stem cells is determined by the 
environment in which they are engrafted rather than by an intrinsically programmed fate, 
but the mechanisms explaining how the local milieu influences stem cell differentiation are 
yet to be characterized (Strauer and Kornowski, 2003).  Importantly, an angiogenic response 
has been observed in many studies following cell transplantation (Dowell, et al., 2003).  
Much attention has been focused on the direct consequence of cell-based therapy by the 
renewal of lost parenchymal cells, but restoration of the extra-cellular matrix and vascular 
supply are also important issues since both components are essential for structural and 
functional support of the surviving cardiomyocytes (Timmermans, et al., 2003) in the 
ischemic myocardium.  It is also important to consider other potential mechanisms by 
which transplanted cells could benefit cardiac function without directly contributing to 
systolic contraction. Blood vessel formation in the heart proceeds mainly through 2 
mechanisms: angiogenesis and arteriogenesis. Arteriogenesis is by far the most efficient 
adaptative mechanism for survival of ischemic organs because of its ability to conduct 
relatively large blood flow (Buschmann and Schaper, 1999).  Angiogenesis and 
arteriogenesis are complex processes sharing several common mechanisms of action, 
growth factors and cytokines dependency (Buschmann and Schaper, 1999).  Many of these 
cytokines act not only in a co-ordinated time- and concentration-dependent manner, but 
one cytokine may potentiate (or inhibit) the effect of another (Kinnaird, et al., 2004), and 
the complexity of the process of collateral formation has led to speculate that multiple 
factor strategies could be used therapeutically to modulate vessel formation (Kinnaird, et 
al., 2003). The recruitment of monocytes that differentiate into macrophages and produce 
abundant angiogenic growth factors such as VEGF, NO, monocyte chemoatractant 
protein-1 (MCP-1) and other cytokines, is also essential and ultimately leads to 
endothelial and smooth muscle cell proliferation, migration, vessel remodeling and extra-
cellular matrix synthesis.   
The observation that BMSC contain a subpopulation of endothelial progenitor cells with the 
potential for angiogenesis suggests that these cells may contribute to cardiac repair by 
enhancing the local blood supply in ischemic myocardium (Grigoropoulos and Mathur, 
2006). Some reports have suggested that MSC implantation into ischemic tissue promote 
collaterals development through paracrine mechanisms, but not through direct cell 
incorporation into growing vasculature (Dowell, et al., 2003, Fuchs, et al., 2001, Heil, et al., 
2004, Hirata, et al., 2003, Kamihata, et al., 2001, Kinnaird, et al., 2004, Kinnaird, et al., 2004, 
Kinnaird, et al., 2003, Kobayashi, et al., 2000, Li, et al., 2002, Mangi, et al., 2003, Strauer, et al., 
2002, Ziegelhoeffer, et al., 2004).  MSC express genes encoding a broad spectrum of 
cytokines with angiogenic properties including VEGF, HGF, FGF, MCP-1, PGF, IL-1 and IL-
6, SDF-1, MMP-9 (Kinnaird, et al., 2004, Kinnaird, et al., 2004, Timmermans, et al., 2003).  
These cytokines can be found in the media of cultured cells, and have all individually been 
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shown to have positive effects on experimental blood flow recovery (Buschmann, et al., 
2003, Heil, et al., 2004, Kinnaird, et al., 2004, Kinnaird, et al., 2004, Kinnaird, et al., 2004, 
Timmermans, et al., 2003).  Moreover, media collected from MSC cultures (MSC-derived 
conditioned medium, MSC-CM) promote in vitro proliferation and migration of endothelial 
cells (EC) and vascular smooth muscle cells (VSMC), and enhance in vivo collateral blood 
flow recovery when injected into ischemic hindlimb (Kinnaird, et al., 2004, Kinnaird, et al., 
2004, Timmermans, et al., 2003).  It is possible that neovascularization by cell therapy is 
leading to enhanced blood supply in the peri-infarct region and thereby promoting salvage 
of stunned, hibernating, or otherwise susceptible cardiomyocytes (Laflamme, et al., 2007). 
Controversy persists regarding the exact mechanisms through which cell transplantation 
may enhance repair and collateral development in ischemic tissue (Kinnaird, et al., 2004).  

5. Lessons from early clinical trials: feasibility, efficacy and safety  
Over the past few years, cell therapy has emerged as a potential new treatment of a variety 
of cardiac diseases, including AMI, refractory angina, and chronic heart failure. (Menasche, 
2009) A variety of cell types have been tested experimentally, each of them being usually 
recognized by its beneficial "regeneration" potential. This has led to a flurry of clinical trials 
entailing the use of skeletal myoblasts or bone marrow-derived cells either unfractionated or 
enriched in progenitor subpopulations. Following acute MI, the observation that 
mobilization of BMSC occurs naturally to heal the myocardium led several groups to 
investigate their potential for cardiac repair (Shintani, et al., 2001). In patients with recent 
MI, Strauer et al demonstrated that IC administration of unselected BMSC was safe and 
associated with improved cardiac performance (Strauer, et al., 2002). In the same way, 
Zeiher et al reported that IC administration of BM progenitors after MI improved cardiac 
performance and enhanced the myocardial perfusion of the infarcted myocardium up to 1 
year of follow-up (Assmus, et al., 2002, Britten, et al., 2003, Schachinger, et al., 2004). The 
landmark multi-center placebo-controlled REPAIR-AMI trial showed also a higher increase 
in the LVEF in the cell treated group compared to controls (Schachinger, et al., 2006), this 
effect was sustained up to 2 years and was associated with a significant reduction in the 
MACE rate (Assmus, et al., 2010). Recently, the FINCELL trial showed also that following 
acute MI, BMSC therapy significantly improved the LVEF recovery in treated patients as 
compared to controls (Huikuri, et al., 2008). Interestingly the randomized “BOOST” trial 
showed an improvement in the cardiac function following IC injection of autologous BMSC 
without adverse effect. Furthermore, this beneficial effect was sustained at 6 months 
(Wollert, et al., 2004) and 1 year of follow-up (Schaefer, et al., 2006), but not at 18 months15 
raising questions about the potential transient effect of heterogeneous cells on cardiac repair 
(Meyer, et al., 2006).  
Although many trials demonstrated a slight benefit on cardiac functional recovery, recent 
studies have yielded disparate results (Janssens, et al., 2006, Lunde, et al., 2006, Tendera, et 
al., 2009). In the randomized ASTAMI trial, the use of IC unselected BMSC following acute 
MI failed to demonstrate at 6 months any improvement in LVEF (Lunde, et al., 2006). 
Similarly, Janssens et al reported no significant difference in overall LVEF at 4 months, but 
showed a decreased infarct size and better regional function in cell-treated patients 
(Janssens, et al., 2006). Moreover, the REGENT acute MI trial failed to show any significant 
improvement in the LVEF, LVEDV and LVESV at 6 months in patients treated with 
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unselected mononuclear cells or selected CD34+ CXCR4+ cells as compared to controls. 
Finally, Lunde et al (Lunde, et al., 2008) failed to show any improvement in the LV function 
in patients with anterior MI treated with BMSC. 
In the most recently published SCAMI (Wohrle, et al., 2010) (Stem Cell therapy in patients 
with Acute Myocardial Infarction) study which used serial MRI for assessing results in 42 
patients, of whom 29 were allocated to the treated arm), there was no either evidence for a 
positive effect of intracoronarily infused stem cells treatment versus placebo with regard to 
LVEF, volumes or infarct size. In this study, the centrifugation technique used for collecting 
mononuclear cells was similar to that used in the REPAIR-MI trial and a greater number of 
cells (381×106 versus 240×106 in REPAIR-MI) was injected at was has been identified as the 
optimal time point, i.e., at a median of 6.1 days after infarction, a noticeable difference 
between these two conflicting trials being the longer interval between symptom onset and 
revascularization in the SCAMI patients (14.3 hours versus 4.5 hours in REPAIRMI). 
However, a salient feature of the SCAMI protocol has been the rigorousness of the blinding 
since the control preparation consisted of autologous erythrocytes, which made the placebo 
syringes indistinguishable from those of the treated group), the design of the SCAMI trial 
strongly validates its conclusions. 
Put altogether, these data clearly show that the potential benefit of bone marrow-derived 
stem cell therapy shortly after AMI still remains conflicting and the major lesson drawn 
from this first wave of clinical studies is therefore that there is a real need for a large, 
adequately powered trial incorporating some of the key findings of the previous studies 
regarding cell preparation, dosing and timing of delivery and focusing on clinically relevant 
“hard” end points such as mortality, re-infarction and heart failure. Four recent meta-
analyses of BMC in the setting of acute MI incorporating 5, 10, 13, and 18 trials, helped to 
position results of individual trials into perspective (Abdel-Latif, et al., 2007, Hristov, et al., 
2006, Lipinski, et al., 2007, Martin-Rendon, et al., 2008). Overall, results of these randomized 
placebo-controlled trials and cohort studies are promising in that they demonstrate 
feasibility, safety, and a slight but positive improved LVEF of 3.66%, a reduced infarct scar 
size of -5.49% and a reduced LVESV volume of -4.80 ml (Abdel-Latif, et al., 2007). Thus, 
available evidence suggests that BMSC transplantation is associated with modest 
improvement in physiologic and anatomic parameters in patients with both acute MI and 
chronic ischemic cardiomyopathy, but above and beyond conventional therapy (Abdel-
Latif, et al., 2007) and could leads to significant and longstanding reduction in the mortality 
of patients after acute MI as demonstrated in the Balance study (Martin-Rendon, et al., 
2008). Therefore, therapy with stem cells appears to be safe, but well-designed double-
blinded and randomized studies are clearly needed to confirm promising findings from 
early studies.    
To date, fewer randomized trials of IC trans-catheter transplantation of BMSC have been 
performed in the setting of chronic coronary artery disease and chronic heart failure 
(Assmus, et al., 2007, Erbs, et al., 2005, Tse, et al., 2007). Nonetheless, the results are similar 
to those in patients with acute MI, showing an improvement in LV function, perfusion, and 
relief of angina pectoris (Losordo, et al., 2007, van Ramshorst, et al., 2009). Assmus et al. 
reported a registry of 121 consecutive patients with chronic ischemic heart disease treated 
with intracoronary infusion of BMC (Assmus, et al., 2007). Importantly, they demonstrated 
that infusion of high number of colony forming cells is associated with a significantly lower 
mortality during further follow-up (Assmus, et al., 2007). Recently, Strauer et al. (Strauer, et 
al., 2010) reported in patients with chronic ischemic cardiomyopathy treated with 
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intracoronary BMSC therapy a significant improvement in the LVEF with a significant 
decrease in long-term mortality as compared to the control group over 3 months to 5 years 
of follow-up. These 2 studies were not blinded and randomized, and either lacked or only 
had a matched cases control groups.  

5.1 What about safety? 
As often in medicine, the hype generated by the early uncontrolled and small-sized clinical 
trials has been dampened by the marginally successful outcomes of the subsequent, more 
rigorously conducted randomized trials. (Menasche, 2009) Although they may have failed or 
succeed to achieve their primary functional end points, these trials have been positive in the 
sense that they have allowed to identify a major key issue regarding the safety and 
feasibility of this therapy. Cardiac cell therapy is overall safe in surgical studies where cells 
have been injected with hand-held syringes directly in the myocardium, no bleeding 
complications have been reported. Catheter-based endocardial injections have been equally 
safe without an increased risk of re-infarction, stent thrombosis or in-stent restenosis  
(Zhang, et al., 2009). Although the use of the intramyocardial injection of myoblasts was 
associated with the occurrence of sustained ventricular arrhythmias  (Menasche, 2008), none 
of the trials testing the BMNC has reported an  increased incidence of malignant 
arrhythmias  (Menasche, 2011). Likewise, there has been no report of cell-derived tumor 
formation in the myocardium or elsewhere. This is clinically relevant as the longest follow-
up periods now span almost 10 years  (Menasche, 2009, Zhang, et al., 2009).  

5.2 What about used endpoints in the previous trials? 
So far, ejection fraction (EF) has usually been the gold standard for assessing outcomes in 
the first generation of clinical trials, regardless of the method on which its calculation was 
based (echocardiography, angiography, radionuclide imaging or magnetic resonance 
imaging which is likely the most reliable but may not be always possible because of a 
previously implanted ICD). There is mounting evidence that changes in EF may not be the 
most suited criteria for assessing the effects of cell therapy. Quantitative assessment of 
regional systolic function, such as echocardiographic strain rate, could be more sensitive 
than measuring global LVEF for the evaluation of cell therapy after AMI. (Wollert and 
Drexler, 2010) In trials exploring a new cell type in a limited number of patients, 
measurements in regional geometry and function with state of-the-art imaging modalities 
may be more useful than global assessments for establishing the proof of concept and 
providing mechanistic cues (Herbots, et al., 2009).   

5.3 Selected vs. unselected cells for myocardial transfer?  
There is currently uncertainty as to which of the stem cell population is most potent in 
stimulating angiogenesis and cardiac repair. Nevertheless, the use of hematopoietic 
progenitor stem cells appears to uniformly induce neovascularization that seems to be a 
prerequisite of the successful functional repair. The hematopoietic stem cells are 
characterized by the presence of the surface marker CD34. In addition, CD133 has been 
identified as a marker that is present on the stem cells that co-express not only CD34 but 
also other markers such as c-kit.  It is hypothesized that use of CD133+ cells may involve 
larger and more primitive group of stem cells than selection based only on the use of CD34+ 
marker. The use of non-homogenous or un-selected stem cells may contribute to the 
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unselected mononuclear cells or selected CD34+ CXCR4+ cells as compared to controls. 
Finally, Lunde et al (Lunde, et al., 2008) failed to show any improvement in the LV function 
in patients with anterior MI treated with BMSC. 
In the most recently published SCAMI (Wohrle, et al., 2010) (Stem Cell therapy in patients 
with Acute Myocardial Infarction) study which used serial MRI for assessing results in 42 
patients, of whom 29 were allocated to the treated arm), there was no either evidence for a 
positive effect of intracoronarily infused stem cells treatment versus placebo with regard to 
LVEF, volumes or infarct size. In this study, the centrifugation technique used for collecting 
mononuclear cells was similar to that used in the REPAIR-MI trial and a greater number of 
cells (381×106 versus 240×106 in REPAIR-MI) was injected at was has been identified as the 
optimal time point, i.e., at a median of 6.1 days after infarction, a noticeable difference 
between these two conflicting trials being the longer interval between symptom onset and 
revascularization in the SCAMI patients (14.3 hours versus 4.5 hours in REPAIRMI). 
However, a salient feature of the SCAMI protocol has been the rigorousness of the blinding 
since the control preparation consisted of autologous erythrocytes, which made the placebo 
syringes indistinguishable from those of the treated group), the design of the SCAMI trial 
strongly validates its conclusions. 
Put altogether, these data clearly show that the potential benefit of bone marrow-derived 
stem cell therapy shortly after AMI still remains conflicting and the major lesson drawn 
from this first wave of clinical studies is therefore that there is a real need for a large, 
adequately powered trial incorporating some of the key findings of the previous studies 
regarding cell preparation, dosing and timing of delivery and focusing on clinically relevant 
“hard” end points such as mortality, re-infarction and heart failure. Four recent meta-
analyses of BMC in the setting of acute MI incorporating 5, 10, 13, and 18 trials, helped to 
position results of individual trials into perspective (Abdel-Latif, et al., 2007, Hristov, et al., 
2006, Lipinski, et al., 2007, Martin-Rendon, et al., 2008). Overall, results of these randomized 
placebo-controlled trials and cohort studies are promising in that they demonstrate 
feasibility, safety, and a slight but positive improved LVEF of 3.66%, a reduced infarct scar 
size of -5.49% and a reduced LVESV volume of -4.80 ml (Abdel-Latif, et al., 2007). Thus, 
available evidence suggests that BMSC transplantation is associated with modest 
improvement in physiologic and anatomic parameters in patients with both acute MI and 
chronic ischemic cardiomyopathy, but above and beyond conventional therapy (Abdel-
Latif, et al., 2007) and could leads to significant and longstanding reduction in the mortality 
of patients after acute MI as demonstrated in the Balance study (Martin-Rendon, et al., 
2008). Therefore, therapy with stem cells appears to be safe, but well-designed double-
blinded and randomized studies are clearly needed to confirm promising findings from 
early studies.    
To date, fewer randomized trials of IC trans-catheter transplantation of BMSC have been 
performed in the setting of chronic coronary artery disease and chronic heart failure 
(Assmus, et al., 2007, Erbs, et al., 2005, Tse, et al., 2007). Nonetheless, the results are similar 
to those in patients with acute MI, showing an improvement in LV function, perfusion, and 
relief of angina pectoris (Losordo, et al., 2007, van Ramshorst, et al., 2009). Assmus et al. 
reported a registry of 121 consecutive patients with chronic ischemic heart disease treated 
with intracoronary infusion of BMC (Assmus, et al., 2007). Importantly, they demonstrated 
that infusion of high number of colony forming cells is associated with a significantly lower 
mortality during further follow-up (Assmus, et al., 2007). Recently, Strauer et al. (Strauer, et 
al., 2010) reported in patients with chronic ischemic cardiomyopathy treated with 
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intracoronary BMSC therapy a significant improvement in the LVEF with a significant 
decrease in long-term mortality as compared to the control group over 3 months to 5 years 
of follow-up. These 2 studies were not blinded and randomized, and either lacked or only 
had a matched cases control groups.  

5.1 What about safety? 
As often in medicine, the hype generated by the early uncontrolled and small-sized clinical 
trials has been dampened by the marginally successful outcomes of the subsequent, more 
rigorously conducted randomized trials. (Menasche, 2009) Although they may have failed or 
succeed to achieve their primary functional end points, these trials have been positive in the 
sense that they have allowed to identify a major key issue regarding the safety and 
feasibility of this therapy. Cardiac cell therapy is overall safe in surgical studies where cells 
have been injected with hand-held syringes directly in the myocardium, no bleeding 
complications have been reported. Catheter-based endocardial injections have been equally 
safe without an increased risk of re-infarction, stent thrombosis or in-stent restenosis  
(Zhang, et al., 2009). Although the use of the intramyocardial injection of myoblasts was 
associated with the occurrence of sustained ventricular arrhythmias  (Menasche, 2008), none 
of the trials testing the BMNC has reported an  increased incidence of malignant 
arrhythmias  (Menasche, 2011). Likewise, there has been no report of cell-derived tumor 
formation in the myocardium or elsewhere. This is clinically relevant as the longest follow-
up periods now span almost 10 years  (Menasche, 2009, Zhang, et al., 2009).  

5.2 What about used endpoints in the previous trials? 
So far, ejection fraction (EF) has usually been the gold standard for assessing outcomes in 
the first generation of clinical trials, regardless of the method on which its calculation was 
based (echocardiography, angiography, radionuclide imaging or magnetic resonance 
imaging which is likely the most reliable but may not be always possible because of a 
previously implanted ICD). There is mounting evidence that changes in EF may not be the 
most suited criteria for assessing the effects of cell therapy. Quantitative assessment of 
regional systolic function, such as echocardiographic strain rate, could be more sensitive 
than measuring global LVEF for the evaluation of cell therapy after AMI. (Wollert and 
Drexler, 2010) In trials exploring a new cell type in a limited number of patients, 
measurements in regional geometry and function with state of-the-art imaging modalities 
may be more useful than global assessments for establishing the proof of concept and 
providing mechanistic cues (Herbots, et al., 2009).   

5.3 Selected vs. unselected cells for myocardial transfer?  
There is currently uncertainty as to which of the stem cell population is most potent in 
stimulating angiogenesis and cardiac repair. Nevertheless, the use of hematopoietic 
progenitor stem cells appears to uniformly induce neovascularization that seems to be a 
prerequisite of the successful functional repair. The hematopoietic stem cells are 
characterized by the presence of the surface marker CD34. In addition, CD133 has been 
identified as a marker that is present on the stem cells that co-express not only CD34 but 
also other markers such as c-kit.  It is hypothesized that use of CD133+ cells may involve 
larger and more primitive group of stem cells than selection based only on the use of CD34+ 
marker. The use of non-homogenous or un-selected stem cells may contribute to the 
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regeneration of necrotic myocardium and blood vessels, but does not allow the 
characterization of optimal cell type for cardiac repair. Moreover, different cell types may 
compete for the engraftment in the injured myocardium (Rosenzweig, 2006). The group of 
Drexler showed that selected BMSC displayed a 7-fold higher retention in the infarcted 
myocardium, when compared to unfractionated and unselected BMSC (Hofmann, et al., 
2005). Furthermore, Stamm (Stamm, et al., 2003) used CD133+ cells for intramyocardial 
injections performed during an open-chest procedure, and observed an improvement in the 
tissue perfusion and LVEF during follow-up. Experimental studies demonstrated that 
selected, well-defined hematopoeitic stem cells contribute to cardiac repair of the acutely 
infarcted myocardium by inducing neovascularization, inhibition of apoptosis and 
cardiomyogenesis. Indeed, the hematopoietic CD133+ cells possess high engraftment, 
multipotent and angiogenic capacity, and appear to be valuable for cardiac repair in 
experimental myocardial infarction (Bhatia, 2001, Kuci, et al., 2003, Quirici, et al., 2001). 
Menasche showed in the situation of post-MI scars, transplantation of CD133+-derived 
BMSC improves cardiac function, and benefit was similar to that afforded by myogenic 
cells. (Agbulut, et al., 2004)  
Bartunek et al. tested in a phase I study the feasibility, safety and functional effects of 
intracoronary administration of selected CD133+ BMSC in patients with recent MI. 
(Bartunek, et al., 2005) They noted a significant increase of 7% in the LVEF in the treated 
group compared to 3% in controls at 4 months of follow-up. Importantly, they showed in 
cell-treated patients that improvement of the LV function was paralleled with increased 
myocardial perfusion and viability (Bartunek, et al., 2005). However, they noted in the 
treated patients an increase of coronary events with greater in-stent proliferation and larger 
luminal loss in the non-stented segments of the infarct-related artery that resulted in a 
significant decrease in pressure-derived FFR (Fractional Flow Reserve) (Mansour, et al., 
2006) mainly in early compared to late intracoronary CD133+ cells administration 
(Vanderheyden, et al., 2007). Yet, these data were obtained from retrospective analysis; they 
lack randomized controls and systematic use of intravascular ultrasound imaging to track 
changes in the vascular wall.  

5.4 The COMPARE-AMI trial 
Our group initiated the first Canadian clinical trial evaluating the intracoronary injection of 
autologous highly selected CD133+ bone marrow-derived stem cells in patients presenting 
acute MI treated by percutaneous intervention and intra-coronary stent implantation: the 
COMPARE-AMI trial (Mansour, et al., 2010, Mansour, et al., 2009). This is a randomized, 
double blind, placebo controlled study. We are investigating the safety, feasibility and 
efficacy, and the change in the coronary atherosclerotic burden progression in the treated 
artery, in addition to the change in LVEF measured by MRI. For more details on the study, 
please visit http://www.anzctr.org.au, study#ACTRN12609001045202. We published a 
preliminary safety analysis on the first twenty patients that were successfully randomized 
and treated in the COMPAREAMI trial. The mean age was 52.2±8.9 years with a 
predominance of males (90%); culprit lesion was located on the left anterior descending 
artery in 90%, and peak troponin and CKMB were 10.5±8.3 Ug/L and 341±260 U/L, 
respectively suggesting large infarct. (Mansour, et al., 2011) To date, there is no protocol-
related complication to report such as death, MI, stroke, or sustained ventricular 
arrhythmia. Re-PCI was necessary at 4 months of follow-up in three patients to treat bare-
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metal stent restenosis. These patients were asymptomatic; however, silent ischemia was 
documented in the target territory. Baseline fractional flow reserve (FFR) was significantly 
lower in the stented culprit artery compared to the non-culprit artery at baseline: 0.88±0.05 
vs 0.96±0.04, P<0.001. However, at 4 months of follow-up (n=20), no significant difference 
was found in the delta FFR compared to baseline in the culprit vs. non-culprit artery 
(−3.7%±5.4 vs −1.1%±4.6, respectively, P=0.148), suggesting no acceleration of the 
atherosclerosis by the treatment. Finally, at 4 months of follow-up, MRI assessment of the 
LVEF (n=18 patients) showed a significant improvement compared to baseline with LVEF 
51.1%±2.5 vs 41.2%±1.1, respectively (P<0.001;). This improvement was sustained at 12-
month followup (52.3% ± 2.0, P < .001 versus baseline, n = 13). Fig. 5. illustrates the 
procedure and typical results obtained in patients enrolled in our research protocol. 
 

 
Fig. 5. A) Selected CD133+ bone marrow-derived cells or placebo is injected intracoronary in 
patients participating to the COMPARE-AMI trial. B) Using a small catheter under 
fluoroscopic guidance, the cells or placebo are injected in the stented coronary artery. C) 
During injection, a balloon is occluding the coronary artery proximally. D) A representative 
left heart ventriculography showing a near complete recovery of cardiac function in a 54-
year-old man after his randomization in COMPARE-AMI trial. E) Technetium-99 m 
Sestamibi single-photon emission computed tomography (MIBI SPECT) scintigraphy 
looking at myocardial perfusion. The same patient as in D. A, B and C from Dr Noiseux and 
Dr Mansour, unpublished data. D and E, adapted from  (Mansour, et al., 2010). 

In conclusion, the findings of the present studies are as follows: i) BMC therapy after MI 
provide a faster improvement in systolic cardiac function, including LVEF, LVESV and 
LVEDV, compared with controls. These improvements were sustained after at least six 
months; ii) Statistically and clinically significant benefits were observed in the regional 
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regeneration of necrotic myocardium and blood vessels, but does not allow the 
characterization of optimal cell type for cardiac repair. Moreover, different cell types may 
compete for the engraftment in the injured myocardium (Rosenzweig, 2006). The group of 
Drexler showed that selected BMSC displayed a 7-fold higher retention in the infarcted 
myocardium, when compared to unfractionated and unselected BMSC (Hofmann, et al., 
2005). Furthermore, Stamm (Stamm, et al., 2003) used CD133+ cells for intramyocardial 
injections performed during an open-chest procedure, and observed an improvement in the 
tissue perfusion and LVEF during follow-up. Experimental studies demonstrated that 
selected, well-defined hematopoeitic stem cells contribute to cardiac repair of the acutely 
infarcted myocardium by inducing neovascularization, inhibition of apoptosis and 
cardiomyogenesis. Indeed, the hematopoietic CD133+ cells possess high engraftment, 
multipotent and angiogenic capacity, and appear to be valuable for cardiac repair in 
experimental myocardial infarction (Bhatia, 2001, Kuci, et al., 2003, Quirici, et al., 2001). 
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metal stent restenosis. These patients were asymptomatic; however, silent ischemia was 
documented in the target territory. Baseline fractional flow reserve (FFR) was significantly 
lower in the stented culprit artery compared to the non-culprit artery at baseline: 0.88±0.05 
vs 0.96±0.04, P<0.001. However, at 4 months of follow-up (n=20), no significant difference 
was found in the delta FFR compared to baseline in the culprit vs. non-culprit artery 
(−3.7%±5.4 vs −1.1%±4.6, respectively, P=0.148), suggesting no acceleration of the 
atherosclerosis by the treatment. Finally, at 4 months of follow-up, MRI assessment of the 
LVEF (n=18 patients) showed a significant improvement compared to baseline with LVEF 
51.1%±2.5 vs 41.2%±1.1, respectively (P<0.001;). This improvement was sustained at 12-
month followup (52.3% ± 2.0, P < .001 versus baseline, n = 13). Fig. 5. illustrates the 
procedure and typical results obtained in patients enrolled in our research protocol. 
 

 
Fig. 5. A) Selected CD133+ bone marrow-derived cells or placebo is injected intracoronary in 
patients participating to the COMPARE-AMI trial. B) Using a small catheter under 
fluoroscopic guidance, the cells or placebo are injected in the stented coronary artery. C) 
During injection, a balloon is occluding the coronary artery proximally. D) A representative 
left heart ventriculography showing a near complete recovery of cardiac function in a 54-
year-old man after his randomization in COMPARE-AMI trial. E) Technetium-99 m 
Sestamibi single-photon emission computed tomography (MIBI SPECT) scintigraphy 
looking at myocardial perfusion. The same patient as in D. A, B and C from Dr Noiseux and 
Dr Mansour, unpublished data. D and E, adapted from  (Mansour, et al., 2010). 

In conclusion, the findings of the present studies are as follows: i) BMC therapy after MI 
provide a faster improvement in systolic cardiac function, including LVEF, LVESV and 
LVEDV, compared with controls. These improvements were sustained after at least six 
months; ii) Statistically and clinically significant benefits were observed in the regional 
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cardiac anatomy, but these did not provide a physiological benefit; iii) In the baseline-
impaired LVEF subgroup, LVEF improved after BMC therapy compared with the control 
treatment; iv) BMC therapy was safe, but a reduction in cardiovascular events was not 
observed; v) Subgroup analyses suggested that cell infusion after AMI had a positive effect 
on LVEF. Cell infusion within 4-15 days with a higher number of CD34+ cells may have a 
beneficial impact on LVEF; and vi) Selected BMC are safe and may have a beneficial effect 
on the healing of the infarcted myocardium.   
Recently, we initiated a second study in our stem cell therapy program, looking at a 
different patient population presenting chronic ischemic cardiomyopathy associated with 
reduced LV function. IMPlantation of Autologous CD133+ sTem cells in patients undergoing 
coronary artery bypass grafting (CABG) surgery or IMPACT-CABG trial is a randomized, 
prospective, double blind, placebo-controlled phase II clinical trial designed a to assess the 
safety, feasibility and functional benefit of intramyocardial injection of autologous CD133+ 
BMSC as compared to placebo at the time of CABG surgery. The first 5 patients were treated 
in an open label fashion and received 10 millions autologous CD133+ cells with CABG. For 
more details, please visit http://clinicaltrials.gov, study #NCT01033617. To date, 7 patients 
were enrolled, and no protocol related complications were observed. Our preliminary work 
suggests the safety of CD133+ autologous cells for cardiac repair, and possibly beneficial 
effects on cardiac function are observed. 

5.5 IMPACT-CABG trial: case report, presentation of the first treated patient 
A 59 year-old male with angina at rest (CCS class 4) and congestive heart failure symptoms: 
dyspnea on slight exertion (NYHA functional class III) and edema of the lower extremities 
was referred for coronary artery bypass graft (CABG) surgery. He was an active smoker and 
known for hypertension, type II diabetes since 20 years treated with insulin and a slight 
chronic renal insufficiency (creatinine 134 umol/L, estimated glomerular filtration rate of 47 
ml/min/1.73m2). His coronary angiogram showed a left dominance system with 90% 
stenosis on the left anterior descending coronary artery (LAD), 80% on the first diagonal 
branch and 80% on the posterior descending artery (PDA). In addition, he was known to 
have a severe left ventricular (LV) dysfunction as assessed by left ventriculography (30%) 
and echocardiography (LVEF 35-40%). He consented to participate in the IMPACT-CABG 
study, a phase II clinical trial testing the safety and feasibility of selected CD133+ bone 
marrow stem cells. Pre-operative stress echocardiography and magnetic resonance imaging 
(MRI) depicted on the left ventricle necrosis of the apical segment with aneurysm, 
hypokinesia of mid and basal regions the antero-septal and antero-lateral segments, and 
akinesia of the infero-apical segments. On the morning of the surgery, the patient 
underwent bone marrow (BM) aspiration from the iliac crest under local anesthesia. Stem 
cells were prepared in the cell therapy laboratory and CD133+ cells were purified using the 
CliniMACS® CD133 Reagent System from Miltenyi Biotech Inc®. On the evening of the same 
day, the patient underwent CABG surgery and received the left internal thoracic artery on 
the LAD and a saphenous vein graft on the PDA. Immediately following distal anastomoses, 
autologous CD133+ cells (10 millions cells, 15 injection sites) were injected directly into the 
myocardium using a 26g needle in the anterior and lateral wall of the left ventricle (Figure 
6). The aortic cross-clamp time and the total cardiopulmonary bypass (CPB) time were 29 
minutes and 45 minutes respectively. The peri-operative course was uneventful without any 
in-hospital complication related to neither the research protocol nor the surgery. The patient 
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was discharged from the hospital after 7 days. At 6 months follow-up, the patient symptoms 
improved to NHYA class I and LVEF was increased to 60% assessed by echocardiography 
(Table 1). Regional motion also improved: contractility of the apical region enhanced 
significantly, and the left antero-septal segments were only slightly hypokinetic. The MRI 
study demonstrated a spectacular improvement of the perfusion in all territories with 
disappearance of the ischemia in the antero-apical and inferior territories and with mild 
 

 
Fig. 6. A) Bone marrow aspiration in the iliac crest in the IMPACT-CABG trial protocol. B) 
Bone marrow is transferred into a blood collection bag with heparin. C) After CD133+ stem 
cells isolation and selection using the CliniMACS system from Miltenyi Biotech© cells are 
transferred into 1.0 ml syringe for injection. D) Intra-operative injection of the CD133+ stem 
cells into the infarcted area and infarct border zone. Dr Noiseux, unpublished data. 
 

 Baseline 6 months post-CD133+ 
Echocardiography:   
LVEF bi plan % 41 60 
WMS  37 22 
WMSI 2.3 1.4 
 
MRI:   

LVEDV ml (ml/m2) 179 (107) 178 (106) 
LVESV ml (ml/m2) 111 (66) 94 (56) 
LVEF % 38 48 
LV mass gr  (gr/m2) 118 (70) 140 (83) 
Stroke volume ml 68 84

Table 1. Echocardiography and magnetic resonance imaging results at baseline and at 6 
months post CD133+ injections. LVEF: left ventricular ejection fraction; WMS: wall motion 
score; WMSI: wall motion score index (normal=1); LVEDV: left ventricular end diastolic 
volume; LVESV: left ventricular end systolic volume; MRI: magnetic resonance imaging. 
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chronic renal insufficiency (creatinine 134 umol/L, estimated glomerular filtration rate of 47 
ml/min/1.73m2). His coronary angiogram showed a left dominance system with 90% 
stenosis on the left anterior descending coronary artery (LAD), 80% on the first diagonal 
branch and 80% on the posterior descending artery (PDA). In addition, he was known to 
have a severe left ventricular (LV) dysfunction as assessed by left ventriculography (30%) 
and echocardiography (LVEF 35-40%). He consented to participate in the IMPACT-CABG 
study, a phase II clinical trial testing the safety and feasibility of selected CD133+ bone 
marrow stem cells. Pre-operative stress echocardiography and magnetic resonance imaging 
(MRI) depicted on the left ventricle necrosis of the apical segment with aneurysm, 
hypokinesia of mid and basal regions the antero-septal and antero-lateral segments, and 
akinesia of the infero-apical segments. On the morning of the surgery, the patient 
underwent bone marrow (BM) aspiration from the iliac crest under local anesthesia. Stem 
cells were prepared in the cell therapy laboratory and CD133+ cells were purified using the 
CliniMACS® CD133 Reagent System from Miltenyi Biotech Inc®. On the evening of the same 
day, the patient underwent CABG surgery and received the left internal thoracic artery on 
the LAD and a saphenous vein graft on the PDA. Immediately following distal anastomoses, 
autologous CD133+ cells (10 millions cells, 15 injection sites) were injected directly into the 
myocardium using a 26g needle in the anterior and lateral wall of the left ventricle (Figure 
6). The aortic cross-clamp time and the total cardiopulmonary bypass (CPB) time were 29 
minutes and 45 minutes respectively. The peri-operative course was uneventful without any 
in-hospital complication related to neither the research protocol nor the surgery. The patient 
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was discharged from the hospital after 7 days. At 6 months follow-up, the patient symptoms 
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(Table 1). Regional motion also improved: contractility of the apical region enhanced 
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disappearance of the ischemia in the antero-apical and inferior territories and with mild 
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Bone marrow is transferred into a blood collection bag with heparin. C) After CD133+ stem 
cells isolation and selection using the CliniMACS system from Miltenyi Biotech© cells are 
transferred into 1.0 ml syringe for injection. D) Intra-operative injection of the CD133+ stem 
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ischemia in the antero and inferoseptal basal segments. Moreover, the LV dilatation was 
reduced, with smaller volume and an increased myocardial mass. No arrhythmia was 
detected by 24 hrs Holter monitoring.   
We believe CD133+ stem cells to be amongst the most potent cells for myocardial repair. 
This work represents the first Canadian experience with CD133+ stem cells for the treatment 
of chronic ischemic cardiomyopathy. The remarkable and encouraging results from the fist 
patient support the continuation of IMPACT-CABG trial, and by randomization between 
CABG combined to stem cell versus CABG alone, this trial will prove the safety of the 
procedure and possibly the beneficial effects of the cellular therapy. This novel therapy may 
become an important therapeutical adjunct to conventional treatment for coronary artery 
diseases. 

6. Pitfalls and important issues on cell therapy 
Although great enthusiasm was created by the possibility of reconstituting the damaged 
heart by cell therapy, the exact mechanism is still unclear, and it is possible that findings 
supporting myocardial regeneration by stem cells differentiation possibly result form 
technical artifacts. Controversy exists surrounding the ability of BMSC to undergo 
transdifferentiation, as some techniques that have been used to demonstrate this 
phenomenon have been questioned (Grigoropoulos and Mathur, 2006).  Current failure to 
label the donor cells adequately and to follow them in vivo makes it very difficult to 
distinguish them from background tissue and could lead to misinterpretation (Hassink, et 
al., 2003).  Indeed, the use of GFP reporter gene is attractive because it is compatible with a 
variety of imaging techniques, but dead and dying cardiomyocytes have an autofluorescent 
spectrum that partially overlaps with that of GFP. (Burdon, et al., 2011) After injury, 
autofluorescence increases due to accumulated lipofuscin, blood-derived pigments, and 
other intrinsic fluors such as flavins and reduced nicotinamide adenine dinucleotide 
(NADH) (Laflamme and Murry, 2005).  Evidence for regeneration includes colocalization of 
GFP fluorescence from donor cells, with immunostaining for cardiomyocytes markers, 
including sarcomeric actin.  Thus, it is possible to misidentify a GFP positive cardiomyocyte 
as the result from a donor GFP positive cell.  
An important issue limiting cell therapy is the extensive cell death following transplantation 
into the ischemic heart.  The survival of implanted cells is often limited in the infarcted 
tissue (Koc and Gerson, 2003, Zhang, et al., 2001) and cell death is worsened by the hostile 
environment caused by the reduced blood flow, hypoxemia, inflammation and scarring in 
the ischemic myocardium.  Regardless of cell type, multiple studies suggest that more than 
90% of cells successfully delivered to the heart will die within one week (Laflamme and 
Murry, 2005, Noiseux, et al., 2006, Zhang, et al., 2001).  Most cells die within hours of 
transplantation because of interplay of ischemia, inflammation, and apoptosis. (Menasche, 
2009, Rosenzweig, 2006) Recent clinical trials yielded inconsistent data in cardiac function 
reporting mixed results. (Janssens, et al., 2006, Lunde, et al., 2006, Schachinger, et al., 2006) 
These conflicting data have re-ignited interest in the unresolved questions regarding the 
biology of candidate cells, and how to improve these cells for clinical therapy. Our group 
investigated the over-expression of anti-apoptotic proteins such as Akt, to improve the cell 
survival, but also the reparative effects of MSC therapy in an animal model of acute MI 
(Gnecchi, et al., 2005, Gnecchi, et al., 2006, Mangi, et al., 2003, Noiseux, et al., 2006).  We 
genetically engineered MSC to over-express the pro-survival gene Akt1 (Datta, et al., 1999, 
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Franke, et al., 2003, Franke, et al., 1997) (Akt-MSC).  Akt over-expression resulted in better 
protective and anti-apoptotic effects against ischemia in vitro, but also in vivo as shown by 
the reduction of the proportion of apoptotic cells following implantation into rat infarcted 
myocardium and increased cell retention.  Moreover, intra-cardiac injection of 5x106 Akt-
MSC inhibited the process of cardiac remodeling and resulted in normalization of cardiac 
function at 2 weeks, to a level indistinguishable from sham-operated animals (Mangi, et al., 
2003). Although improvements in cardiac function were also observed in other studies, 
complete recovery of LV function occurred only following transplantation of MSC over-
expressing Akt, and these results represent a new threshold in cardiac regeneration using 
cell therapy (Koc and Gerson, 2003). This cell-based therapy, combined with a gene-therapy 
approach, has the potential to address multiple issues in cell availability and scalability. 
A clear understanding of events stimulated by and consequent of transplant of various cell 
types is critical to avoid potentially adverse consequences. (Evans, et al., 2007) In particular, 
appropriate electrical and mechanical coupling in the myocardium is essential for optimal 
cardiac function and avoiding lethal arrhythmias such as observed with skeletal myoblasts. 
An additional issue of possible concern may be tumorigenesis. (Evans, et al., 2007) Recent 
experimental study demonstrated that engraftment of undifferentiated embryonic stem cells 
into the myocardium could result in tumor formation. (Cai, et al., 2007) 
The identification of the appropriate route for cell administration to the damaged heart is an 
essential prerequisite for successful tissue repair (Strauer and Kornowski, 2003). The goal of 
any cell delivery strategy is to transplant sufficient number of cells into the myocardial 
region of interest and to achieve maximum retention of cells within that area (Kocher, et al., 
2007). Furthermore, the success of cell delivery is determined by the local milieu since it will 
influence short-term cell survival, cell properties in regard to cell adhesion, transmigration 
through the vascular wall, and tissue invasion.   High cell concentrations within the area of 
interest and prevention of homing of transplanted cells into other organs are required, 
therefore targeted and regional administration of cells are preferred (Strauer and 
Kornowski, 2003). Cell homing, adhesion, transmigration through the vascular wall, and 
tissue invasion involves many complex steps. 
The most frequently used routes of cell delivery for ischemic cardiomyopathy are 
percutaneous intra-coronary injection, percutaneous endomyocardial using 3D-guiding 
systems, and direct intra-myocardial injection during open chest cardiac surgery procedure. 
Intra-coronary sinus or intravenous systemic deliveries have also been described, as well as 
stem cell mobilization following G-CSF treatment as described in the FIRSTLINE-AMI trial 
(Ince, et al., 2005)5. Intra-coronary infusion requires migration through the vessel wall into 
the ischemic heart tissue, which is helped by damaged and permeabilized endothelium as 
found after acute myocardial infarct. Cells like bone marrow-derived and blood-derived 
progenitor cells are known to extravasate and migrate efficiently into ischemic areas, 
whereas skeletal myoblasts do not (Kocher, et al., 2007). The intravenous route is the easiest, 
but the main disadvantage is that approximately only 3% of normal cardiac output will flow 
through the left ventricle via the coronary arteries, and is limited because of transpulmonary 
first-pass captation and sequestration (Strauer and Kornowski, 2003).  
The intra-coronary route has been used safely and effectively to achieve selective 
administration and higher first-pass delivery to the heart than systemic therapy (Psaltis, et 
al., 2008). However, there have been reports of micro-circulation obstruction following intra-
coronary infusion of satellite cells and MSC, resulting in embolic myocardial damage and 
sub-acute microinfarction (Vulliet, et al., 2004). Unlike intra-vascular infusion, direct intra-
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myocardial injection targets specific regions of myocardium without relying on the up-
regulation of inflammatory signals to assist transvascular cell migration and tissue invasion 
(Psaltis, et al., 2008).  Pre-clinical and clinical results suggest that direct MSC injection may 
result in less non-cardiac cell entrapment than intra-coronary or systemic intravenous 
infusion, along with better retention culminating in greater benefit for cardiac function 
recovery (Freyman, et al., 2006, Heldman and Hare, 2008, Perin, et al., 2008). An intra-
myocardial injection delivery approach appears specially well-suited for transplantation of 
larger and adherent cells (e.g. MSC) and particularly relevant to chronic myocardial diseases 
such as chronic ischemic cardiomyopathy or dilated failing heart (Psaltis, et al., 2008). After 
more than a decade since the beginning of cell therapy, no one has identified the technique 
for optimal administration of stem cell into the heart.  As a result, more than 90% of the cells 
delivered to the heart through a needle are lost to the circulation or leak out of the injection 
site (Laflamme and Murry, 2005).  Indeed, mechanical leakage and washout may account for 
a major proportion of cell loss after cell implantation (Kocher, et al., 2007). Experiments by 
Teng et al with microspheres revealed a retention rate of only 11% following direct intra-
myocardial injection in the beating porcine heart versus 67% in the non-beating heart 
illustrate the complexity of the approach (Teng, et al., 2006).  

7. Conclusion 
The initial hypothesis underpinning cell therapy was that new muscle cells would be 
generated in the injured myocardium, and this would restore cardiac function through 
systolic force generation (Laflamme, et al., 2007). Although the prospect of cardiac tissue 
regeneration provided an initial stimulus for cell-based therapies, subsequent experimental 
work has questioned the ability of stem cells to effectively regenerate cardiomyocytes 
(Murry, et al., 2004, Noiseux, et al., 2006). Unfortunately, hardly any clinical studies 
demonstrated convincing evidence for electrical or mechanical activation of engrafted cells 
within the infarct. There is currently uncertainty as to the optimal stem cell population to 
use clinically for cardiac repair. It appears that not “one cell fits all” but that the selection of 
the cell type should be tailored to the primary clinical indication and expected outcome 
(Menasche, 2009). Despite recent significant progress, answer to basic questions such as the 
best cell type has not been addressed so far. Different cell type may compete for the 
engraftment in the injured myocardium. The fact that numerous cell types and preparations 
can enhance myocardial repair, when none of these cells can even generate new 
cardiomyocytes, suggests that multiple mechanisms may be implicated.  Presently, the field 
of stem cell therapy in regenerative medicine has extremely limited insight about how any 
candidate cell or treatment may work (Laflamme, et al., 2007). Indeed, the mechanisms 
responsible for the improvement in cardiac function have not yet been elucidated, and 
clinical studies have suggested that only a small fraction of implanted cells survived in the 
heart (Rosenzweig, 2006).  This lack of mechanistic understanding has not prevented rapid 
clinical translation of cellular therapy, and numerous trials have been recently initiated.  
Recent randomized studies of cell therapy represent a milestone in this rapidly developing 
field, while serving as a cogent reminder that many important clinical and fundamental 
questions have yet to be addressed in carefully designed human studies (Rosenzweig, 2006). 
While stem cell therapy trials in cardiovascular disease are promptly progressing from 
bench to bedside, more extensive and vigorous basic science and clinical research are clearly 
needed to thoroughly investigate the therapeutic merits and potential adverse effects of 
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stem cell transplantation (Jain, et al., 2005). Over the past few years, several promising 
results have been reported, but many hurdles remain before cell therapy can actually be 
commonly applied to treat patients with damaged hearts (Smits, et al., 2005). With a better 
understanding of adult stem cell biology and of the underpinning mechanisms involved in 
myocardial repair, we may eventually harness the therapeutic potential of these unique cells 
to better fulfill the beneficial promise of regenerative medicine in future years to come. 
Nevertheless, it appears that the exact mechanism underlying stem cell therapy is far more 
complex that previously anticipated, but so far cardiac cell therapy is feasible and overall 
safe in the clinical arena. 
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1. Introduction 
Peripheral Arterial Disease (PAD) is a chronic occlusion of lower-extremity arteries distal to 
the aortic bifurcation [1, 2]. It affects 3%-12% in the general population and its frequency 
increases with age [1-3]. In the vast majority of patients, PAD is ascribable to atherosclerosis 
[1,2 ]. It is a progressive disease leading to severe haemodynamic compromise of the affected 
extremity and may be even limb threatening in the event of critical ischaemia [1-3]. Not only 
does PAD have a considerable unfavourable impact on the quality of life, but it also poses a 
tremendous economic burden on society [1-3] and is an ominous harbinger of high morbidity 
and mortality due to concomitant coronary artery disease and cerebrovascular disease [4-6]. 
Management of PAD may be divided into medical and surgical. The former includes risk 
factor modification and medical treatment [3, 5, 7, 8], while the latter comprises surgical 
revascularisation (bypass surgery, intraluminal angioplasty, endovascular surgery) [9-11]. 
Revascularisation may be divided into percutaneous transluminal angioplasty (PTA) and 
by-pass surgery [9, 10, 12, 13]. The former can restore adequate blood flow, while recurrence 
is infrequent and amputation rates are rare [9-11]. This technique yields favourable results 
in patients with critical limb ischaemia as well [9, 10]. By-pass graft surgery has also been 
extensively practised [12, 13]. Depending on the location of affected arteries, it may be 
performed to the femoral, popliteal or even distal arteries, such as the dorsalis pedis artery 
[12, 13]. 
However, vascular atherosclerotic lesions may diffusely affect several anatomical regions. 
This holds especially true for elderly and diabetic patients, who may, therefore, be poor 
candidates for surgical intervention [1, 14]. Regrettably, it may also apply to patients with 
critical limb ischaemia or those who have had prior revascularisation [1, 15]. Hence, there is 
an undeniable need to develop alternative therapeutic modalities to restore limb blood flow 
[1, 5, 15, 16]. This chapter reviews the progress achieved with autologous stem cell 
transplantation, an important innovation involving intramuscular and/or intra-arterial stem 
cell administration into the affected lower extremity [15-17].  

2. Stem cell therapy: Principles and cell types 
Stem cell therapy is based on administration of autologous stem cells, taken either from the 
bone marrow, from the peripheral blood or, more rarely, from adipose tissue [17-23]. 
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Human bone marrow contains stem cells with the potential for differentiation into a variety 
of tissues, including endothelium, liver, muscle, bone and skin [15-17, 22, 23]. Consequently, 
bone marrow-derived cells may differentiate into endothelial cells and also provide 
progenitor and/or stem cells to wounds during healing [15-17, 22, 23]. Importantly, the 
newly derived endothelial cells promote angiogenesis, i.e. new vessel formation (also called 
neovascularisation), by two mechanisms [15, 17, 24-26]. First, they get connected to each 
other and are organised into capillary tubes, thus forming the primary capillary plexus, 
which is further refined by remodelling [25, 26]. Secondly, they release growth factors 
promoting angiogenesis (also called angiogenic growth factors), mainly Vascular 
Endothelial Growth Factor (VEGF), Fibroblast Growth Factor (FGF), Hypoxia inducible 
factor-1a (HIF-1 a), Hepatocyte Growth Factor (HGF), Placental Growth Factor (PlGF), 
angiopoietin, Nerve Growth Factor (NGF), Developmental endothelial locus-1 (Del-1) and 
others [15, 24]. Similar efficacy appears to be also accomplished with peripheral blood stem 
cells and adipose tissue-derived stem cells [18-21, 23].  
Bone marrow-derived cells include autologous bone marrow-derived bone marrow stem cells 
(BMCs), bone marrow mononuclear cells (BMMNCs) and endothel progenitor cells (EPCs) [16, 
18-20, 22, 23]. Peripheral blood-derived cells include mononuclear cells (PBMNCs), 
polymorphonuclear leukocytes (PMNCs), erythroid colony-forming cells (ECFCs), circulating 
blood-derived progenitor cells (CPCs)  and EPC, while other cells mainly include 
mesenchymal stem cells (MSCs) and adipose tissue-derived cells (ADSCs) [16, 18-23].  

3. Pre-clinical studies 
Preclinical studies have evaluated a variety of stem cells from bone marrow, peripheral 
blood or other sources, using the ischaemic hindlimb model in the mouse, rat or rabbit. 
Experimental hindlimb ischaemia is achieved by surgical ligation of the superficial femoral 
and/or external iliac artery [15]. This unilateral hindlimb ischaemia has been widely used as 
a model of PAD, although it virtually equates to acute ischaemia, not entirely representative 
of chronic PAD [15]. Major studies are briefly described in this section. 

3.1 Bone marrow-derived stem cells 
In the mouse ischaemic hindlimb, Ziegelhoeffer et al. [27] investigated whether BMCs act by 
incorporation into vessels. They found a threefold increase of such cells around growing 
collateral arteries in the ischaemic vs. control limb. The authors concluded that BMCs do not 
promote vascular growth by incorporating into vessel walls but may function as supporting 
cells [27]. In another study, intravenous BMC administration was successful in improving 
blood flow as well as increasing capillary density and expression of the proliferation-
associated protein Ki-67 in mouse ischaemic hindlimbs [28]. Importantly, this beneficial effect 
was enhanced by concomitant metabolic vascular protection (1.0% vitamin E added to the 
chow and 0.05% vitamin C and 6% L-arginine added to the drinking water), suggesting an 
additive effect, attribitable in part to NO activation and reduced systemic oxidative stress [28].  
A further study provided evidence for increased neovascularisation with bone marrow-
derived cells. Takagi et al. [29] examined whether granulocyte-colony stimulating factor (G-
CSF) can enhance neovascularisation and collateral vessel formation induced by BMNC 
transplantation in the hindlimb ischaemia model. Administration of G-CSF significantly 
increased blood perfusion on Laser Doppler imaging (LDI), number of angiographically 
detectable collateral vessels, and capillary density [29]. Similarly, neovascularisation was 

 
Stem Cell Transplantation for theTreatment of Peripheral Arterial Disease 

 

327 

significantly increased in rats receiving BMNCs, as evidenced by angiographical findings 
and capillary density. The combination of G-CSF and BMNCs augmented 
neovascularisation in comparison to BMNCs alone, as manifested by angiographical 
findings and capillary density [29]. It was concluded that G-CSF and BMNCs combination 
could emerge as a helpful therapeutic approach to restore blood flow [29].  
Sica et al. [30] explored the effect of intravenous BMC administration and concurrent 
metabolic vascular protection (1.0% vitamin E, 0.05% vitamin C, and 6% L-arginine) in the 
ischaemic hindlimb of diabetic and non-diabetic mice. In both mice, BMC treatment 
increased blood flow and capillary density and decreased interstitial fibrosis [30]. This effect 
was amplified by metabolic vasculoprotective treatment. The latter had by itself no effect on 
capillary density, but could reduce interstitial fibrosis in non-diabetic mice [30].  
One year later, Jeon et al. [31] examined whether the angiogenic efficacy of a combination of 
two angiogenic strategies (EPC mobilization with G-CSF and BMMNC transplantation) is 
superior to either strategy alone in the mouse ischaemic hindlimb. Both treatments were 
efficacious in increasing microvessel density and expression of bFGF and VEGF [31]. 
Combination therapy accomplished more extensive expression of bFGF and VEGF than 
either form of single therapy [31].  
More recently, a study randomised ApoE knockout mice to receive either phosphate 
buffered saline (PBS) or intra-arterial BMCs [32]. Efficacy was assesed by LDI of the 
ischaemic limbs. It was demonstrated that BMCs significantly (p<0.05) increased blood flow 
recovery in ischaemic limbs, in comparison to saline (61.8±15% vs. 41.9±13.9%, respectively) 
[32]. Of note, it was revealed that BMCs differentiated not only into small blood vessels, but 
also into skeletal myofibres and supporting membranes [32]. The latter changes were 
associated with increased serum levels of VEGF, FGF-2, transforming growth factor beta 
(TGFbeta), interleukin 4 (IL-4), and tumour necrosis factor alpha (TNF-alpha). These 
workers proposed that the benefit of new skeletal muscle formation might be added to that 
of angiogenesis in long-standing lower extremity ischaemia [32].   

3.2 Stem cells from peripheral blood 
Asahara et al. [33] showed increased capillary density and augmented blood flow recovery 
following administration of heterologous, homologous and autologous EPCs in the mouse 
ischaemic hindlimb. Athymic nude rats with unilateral hindlimb ischaemia, were randomly 
assigned to intramuscular administration of PBMNCs plus platelets or PBMNCs plus 
platelets plus PMNs [34]. Blood perfusion, as evaluated by LDI, improved significantly 
(p<0.001) by 44% in rats receiving PBMNC plus platelets. There was a further significant 
(p<0.01) increase with the addition of PMNs. Density of newly formed capillaries was 
increased by PBMNCs plus platelets (3.5-fold increase) or platelets alone (2.4-fold increase), 
with a significant between-group difference (p<0.001), whereas PMNs exerted a significant 
(p<0.05) inhibitory role (32% inhibition) [34].  
Yoon et al. [35] utilised the synergistic effect of EPCs and outgrowth endothelial cells 
(OECs), both cultured from the peripheral blood. Each cell type alone succeeded in a 
significant (p<0.05) increase of new vessel formation in the mouse experimental model [35]. 
In vitro, there was a synergistic effect by mutual interaction through cytokines and matrix 
metalloproteinases (MMPs). In vivo, injection of both cell types resulted in significantly 
(p<0.05) more pronounced neovascularisation than either cell type alone [35].  
In another study, rats were randomly allocated to MSCs, MNCs, or vehicle infusion (control 
group) [36]. Significant improvement of hindlimb ischemia was observed both in rats 
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promoting angiogenesis (also called angiogenic growth factors), mainly Vascular 
Endothelial Growth Factor (VEGF), Fibroblast Growth Factor (FGF), Hypoxia inducible 
factor-1a (HIF-1 a), Hepatocyte Growth Factor (HGF), Placental Growth Factor (PlGF), 
angiopoietin, Nerve Growth Factor (NGF), Developmental endothelial locus-1 (Del-1) and 
others [15, 24]. Similar efficacy appears to be also accomplished with peripheral blood stem 
cells and adipose tissue-derived stem cells [18-21, 23].  
Bone marrow-derived cells include autologous bone marrow-derived bone marrow stem cells 
(BMCs), bone marrow mononuclear cells (BMMNCs) and endothel progenitor cells (EPCs) [16, 
18-20, 22, 23]. Peripheral blood-derived cells include mononuclear cells (PBMNCs), 
polymorphonuclear leukocytes (PMNCs), erythroid colony-forming cells (ECFCs), circulating 
blood-derived progenitor cells (CPCs)  and EPC, while other cells mainly include 
mesenchymal stem cells (MSCs) and adipose tissue-derived cells (ADSCs) [16, 18-23].  

3. Pre-clinical studies 
Preclinical studies have evaluated a variety of stem cells from bone marrow, peripheral 
blood or other sources, using the ischaemic hindlimb model in the mouse, rat or rabbit. 
Experimental hindlimb ischaemia is achieved by surgical ligation of the superficial femoral 
and/or external iliac artery [15]. This unilateral hindlimb ischaemia has been widely used as 
a model of PAD, although it virtually equates to acute ischaemia, not entirely representative 
of chronic PAD [15]. Major studies are briefly described in this section. 

3.1 Bone marrow-derived stem cells 
In the mouse ischaemic hindlimb, Ziegelhoeffer et al. [27] investigated whether BMCs act by 
incorporation into vessels. They found a threefold increase of such cells around growing 
collateral arteries in the ischaemic vs. control limb. The authors concluded that BMCs do not 
promote vascular growth by incorporating into vessel walls but may function as supporting 
cells [27]. In another study, intravenous BMC administration was successful in improving 
blood flow as well as increasing capillary density and expression of the proliferation-
associated protein Ki-67 in mouse ischaemic hindlimbs [28]. Importantly, this beneficial effect 
was enhanced by concomitant metabolic vascular protection (1.0% vitamin E added to the 
chow and 0.05% vitamin C and 6% L-arginine added to the drinking water), suggesting an 
additive effect, attribitable in part to NO activation and reduced systemic oxidative stress [28].  
A further study provided evidence for increased neovascularisation with bone marrow-
derived cells. Takagi et al. [29] examined whether granulocyte-colony stimulating factor (G-
CSF) can enhance neovascularisation and collateral vessel formation induced by BMNC 
transplantation in the hindlimb ischaemia model. Administration of G-CSF significantly 
increased blood perfusion on Laser Doppler imaging (LDI), number of angiographically 
detectable collateral vessels, and capillary density [29]. Similarly, neovascularisation was 
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significantly increased in rats receiving BMNCs, as evidenced by angiographical findings 
and capillary density. The combination of G-CSF and BMNCs augmented 
neovascularisation in comparison to BMNCs alone, as manifested by angiographical 
findings and capillary density [29]. It was concluded that G-CSF and BMNCs combination 
could emerge as a helpful therapeutic approach to restore blood flow [29].  
Sica et al. [30] explored the effect of intravenous BMC administration and concurrent 
metabolic vascular protection (1.0% vitamin E, 0.05% vitamin C, and 6% L-arginine) in the 
ischaemic hindlimb of diabetic and non-diabetic mice. In both mice, BMC treatment 
increased blood flow and capillary density and decreased interstitial fibrosis [30]. This effect 
was amplified by metabolic vasculoprotective treatment. The latter had by itself no effect on 
capillary density, but could reduce interstitial fibrosis in non-diabetic mice [30].  
One year later, Jeon et al. [31] examined whether the angiogenic efficacy of a combination of 
two angiogenic strategies (EPC mobilization with G-CSF and BMMNC transplantation) is 
superior to either strategy alone in the mouse ischaemic hindlimb. Both treatments were 
efficacious in increasing microvessel density and expression of bFGF and VEGF [31]. 
Combination therapy accomplished more extensive expression of bFGF and VEGF than 
either form of single therapy [31].  
More recently, a study randomised ApoE knockout mice to receive either phosphate 
buffered saline (PBS) or intra-arterial BMCs [32]. Efficacy was assesed by LDI of the 
ischaemic limbs. It was demonstrated that BMCs significantly (p<0.05) increased blood flow 
recovery in ischaemic limbs, in comparison to saline (61.8±15% vs. 41.9±13.9%, respectively) 
[32]. Of note, it was revealed that BMCs differentiated not only into small blood vessels, but 
also into skeletal myofibres and supporting membranes [32]. The latter changes were 
associated with increased serum levels of VEGF, FGF-2, transforming growth factor beta 
(TGFbeta), interleukin 4 (IL-4), and tumour necrosis factor alpha (TNF-alpha). These 
workers proposed that the benefit of new skeletal muscle formation might be added to that 
of angiogenesis in long-standing lower extremity ischaemia [32].   

3.2 Stem cells from peripheral blood 
Asahara et al. [33] showed increased capillary density and augmented blood flow recovery 
following administration of heterologous, homologous and autologous EPCs in the mouse 
ischaemic hindlimb. Athymic nude rats with unilateral hindlimb ischaemia, were randomly 
assigned to intramuscular administration of PBMNCs plus platelets or PBMNCs plus 
platelets plus PMNs [34]. Blood perfusion, as evaluated by LDI, improved significantly 
(p<0.001) by 44% in rats receiving PBMNC plus platelets. There was a further significant 
(p<0.01) increase with the addition of PMNs. Density of newly formed capillaries was 
increased by PBMNCs plus platelets (3.5-fold increase) or platelets alone (2.4-fold increase), 
with a significant between-group difference (p<0.001), whereas PMNs exerted a significant 
(p<0.05) inhibitory role (32% inhibition) [34].  
Yoon et al. [35] utilised the synergistic effect of EPCs and outgrowth endothelial cells 
(OECs), both cultured from the peripheral blood. Each cell type alone succeeded in a 
significant (p<0.05) increase of new vessel formation in the mouse experimental model [35]. 
In vitro, there was a synergistic effect by mutual interaction through cytokines and matrix 
metalloproteinases (MMPs). In vivo, injection of both cell types resulted in significantly 
(p<0.05) more pronounced neovascularisation than either cell type alone [35].  
In another study, rats were randomly allocated to MSCs, MNCs, or vehicle infusion (control 
group) [36]. Significant improvement of hindlimb ischemia was observed both in rats 
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receiving MNCs and in those treated with MSCs, as compared to the control group. LDI 
perfusion index was highest in the MSC group (0.81±0.08), followed by the MNC (0.69±0.1) 
and control group (0.57±0.06) [36]. Capillary density was significantly (p<0.01) increased 
with both treatments compared to controls. MSC treatment was significantly (p<0.01) more 
efficacious in increasing capillary density than MNC treatment [36]. The number of 
transplanted cell-derived endothelial cells was also highest in MSC rats. Finally, MSCs were 
significantly (p<0.05) more tolerant to apoptotic stimuli (serum starvation and hypoxia) in 
vitro than MNCs [36].  
Two further works confirmed the beneficial effect of EPCs from peripheral blood in 
hindlimb ischaemia of the mouse [37] and rat [38]. In the first study, EPCs improved 
histologically confirmed muscle healing, blood flow and vessel density [37]. These changes 
were associated with modulation of proangiogenic pathways: increased VEGF-A levels and 
sensitivity to VEGF family ligands, increased levels of monocyte chemotactic protein-1 
(MCP-1) [37]. In the second work, EPC treatment was combined with targeted 
extracorporeal shock wave application to facilitate their tissue recruitment [38]. Combined 
treatment achieved a significant (p<0.01) increase in the number of histologically confirmed 
vascular endothelial growth factor-positive endothelial cells per myocyte, as well as a 
significant (p<0.05) enhancement in EPC recruitment and homing [38]. Moreover, there was 
a significant (p<0.05) increase in relative blood flow recovery assessed by LDI [38]. 
Using an immunodeficient hindlimb ischemia model and LDI, Sasaki et al. [39] evaluated 
limb salvage rate and blood perfusion after intramuscular implantation of ECFCs, as 
compared to PBS treatment in the controls. Salvage rate and blood perfusion were 
increased by 38% (p<0.05) and 82.8% (p<0.01), respectively [39]. Vascular smooth muscle 
cell recruitment was also increased and the capillary density was 1.6-fold higher (p<0.05) 
than in the control group [39].  Finally, ECFCs were confirmed to supply angiogenic 
cytokines (VEGF and FGF-2), suggesting a possible novel strategy for therapeutic 
angiogenesis [39].  

3.3 Other stem cells 
A variety of other cells have also been investigated. Niagara et al. [40] studied the effect of 
rabbit autologous primary skeletal myoblasts on angiographically confirmed new vessel 
formation. Treatment induced a significant increase in neovascularisation (p<0.05) and 
capillary density (p<0.01) [40].  
Scientists from the Cardiovascular Research Institute in the Washington Hospital Center 
have experimented with MSCs in the mouse [41, 42]. They showed that these cells 
effectively increased VEGF and b-FGF levels, collateral blood flow and limb function [41, 
42]. At the same time, auto-amputation and muscle atrophy were reduced. Their data 
indicated the great importance of paracrine signaling and, additionally, showed that cell 
incorporation into vessels was not a prerequisite for their effects [41, 42].  
ADSCs represent another alternative. Cultured ADSCs from C57Bl/6 mouse inguinal 
adipose tissue were transplanted into the ischaemic mouse hindlimb and improved blood 
flow assessed by LDI and capillary density assessed by anti-CD31 immunostaining antibody 
[43]. The therapeutic effect appeared to be mainly achieved by their ability to secrete 
angiogenic growth factors: relatively high expression of HGF, VEGF, placental growth factor 
(PGF), and transforming growth factor beta (TGF)-β, as well as moderate expression of FGF-
2 and angiopoietin 1 were noted [43]. Moon et al. [21] have also shown that hADSC can 
improve blood flow (evidenced by LDI), even when transplanted relatively late, i.e. 7 days 
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post induction of ischaemia in mice. The therapeutic effect was related to the number of 
transplanted cells. Conditioned media from these cells increased proliferation of human 
aortic endothelial cells [21].  
More recently, Kim and collagues [44] have compared human adipose stromal cells 
(hADSC) with human bone marrow stromal cells (hBMSC) in a nude mice model of 
hindlimb ischaemia. The former showed superior recovery of blood flow and higher 
expression of matrix metalloproteinases (MMP3 and MMP9) than the latter, prompting 
further exploration of this therapeutic alternative [44].  

4. Clinical studies 
Clinical studies have evaluated stem cells taken from bone marrow, peripheral blood or 
other sources. These works differ substantially in number of patients recruited and 
endpoints used. Major studies are briefly described in this section (Tables 1, 2). 

4.1 Bone marrow-derived stem cells 
4.1.1 BMCs 
Esato et al. [45] administered BMCs in 8 selected patients with chronic lower extremity 
ischaemia (4 patients with PAD, 4 patients with thromboangiitis obliterans [TAO, Bürger’s 
disease]), in whom prior treatment had failed. Symptoms improved in 7/8 patients. 
Moreover, complete ulcer healing was achieved in 2/3 patients, and partial healing in the 3rd 
patient [45]. Temperature increase was documented in 2 patients and new collateral 
formation in 2 out of 3 patients who underwent angiography. 
Nizankowski et al. [46] delivered BMCs intramuscularly by repeated injections into the 
pedal and tibial regions in 10 patients suffering from chronic leg ischaemia staged Fontaine 
IV. Efficacy was assessed by LDI, transcutaneous oxygen pressure (TcPO2), ankle-brachial 
index (ABI), visual analogue pain scale, analgesic therapy requirement, ulceration area, 
angiography and scintigraphy. Improved blood flow was documented by LDI and elevation 
in TcPO2 [46]. Painful symptoms were relieved in the majority of patients, and only 3 
amputations were finally needed at 12-month follow-up. Treatment efficacy did not depend 
on the number of cells injected [46]. 
Another centre recruited 22 patients, who were divided into those with severe and those 
with moderate ischaemia [47]. Both patient groups received BMCs, the number of which 
was higher in those with severe ischaemia. Evaluation included improvement of pain, cold 
sensation and numbness, ABI, TcPO2, angiography, amputation rate, and foot ulcer healing. 
At 4 weeks, pain was alleviated in 90.0% in patients with severe and 16.7% with moderate 
ischaemia (p<0.01) [47]. The corresponding rates of relief in cold sensation were 90.5% and 
5.3% (p<0.01), while those in improved numbness were 62.5% and 9.1% (p<0.01) [47]. ABI 
was increased by 31.8% in subjects with severe ischaemia, but not in those with moderate 
ischaemia (p<0.01). The corresponding increments in TcPO2 were 94.4% and 11.1% (p<0.01) 
[47]. Angiography demonstrated new collateral vessel network in 100% of subjects with 
severe ischaemia but not in the presence of moderate ischaemia (p<0.01) [47]. Subjects with 
severe ischaemia exhibited 4.5% amputation rates and 75% rates improved ulcer healing. 
The corresponding rates in those with moderate ischaemia were 27.3% and 0% (p<0.05). 
Thus, it was concluded that efficacy was significantly superior with higher number of 
implanted cells [47].  
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receiving MNCs and in those treated with MSCs, as compared to the control group. LDI 
perfusion index was highest in the MSC group (0.81±0.08), followed by the MNC (0.69±0.1) 
and control group (0.57±0.06) [36]. Capillary density was significantly (p<0.01) increased 
with both treatments compared to controls. MSC treatment was significantly (p<0.01) more 
efficacious in increasing capillary density than MNC treatment [36]. The number of 
transplanted cell-derived endothelial cells was also highest in MSC rats. Finally, MSCs were 
significantly (p<0.05) more tolerant to apoptotic stimuli (serum starvation and hypoxia) in 
vitro than MNCs [36].  
Two further works confirmed the beneficial effect of EPCs from peripheral blood in 
hindlimb ischaemia of the mouse [37] and rat [38]. In the first study, EPCs improved 
histologically confirmed muscle healing, blood flow and vessel density [37]. These changes 
were associated with modulation of proangiogenic pathways: increased VEGF-A levels and 
sensitivity to VEGF family ligands, increased levels of monocyte chemotactic protein-1 
(MCP-1) [37]. In the second work, EPC treatment was combined with targeted 
extracorporeal shock wave application to facilitate their tissue recruitment [38]. Combined 
treatment achieved a significant (p<0.01) increase in the number of histologically confirmed 
vascular endothelial growth factor-positive endothelial cells per myocyte, as well as a 
significant (p<0.05) enhancement in EPC recruitment and homing [38]. Moreover, there was 
a significant (p<0.05) increase in relative blood flow recovery assessed by LDI [38]. 
Using an immunodeficient hindlimb ischemia model and LDI, Sasaki et al. [39] evaluated 
limb salvage rate and blood perfusion after intramuscular implantation of ECFCs, as 
compared to PBS treatment in the controls. Salvage rate and blood perfusion were 
increased by 38% (p<0.05) and 82.8% (p<0.01), respectively [39]. Vascular smooth muscle 
cell recruitment was also increased and the capillary density was 1.6-fold higher (p<0.05) 
than in the control group [39].  Finally, ECFCs were confirmed to supply angiogenic 
cytokines (VEGF and FGF-2), suggesting a possible novel strategy for therapeutic 
angiogenesis [39].  

3.3 Other stem cells 
A variety of other cells have also been investigated. Niagara et al. [40] studied the effect of 
rabbit autologous primary skeletal myoblasts on angiographically confirmed new vessel 
formation. Treatment induced a significant increase in neovascularisation (p<0.05) and 
capillary density (p<0.01) [40].  
Scientists from the Cardiovascular Research Institute in the Washington Hospital Center 
have experimented with MSCs in the mouse [41, 42]. They showed that these cells 
effectively increased VEGF and b-FGF levels, collateral blood flow and limb function [41, 
42]. At the same time, auto-amputation and muscle atrophy were reduced. Their data 
indicated the great importance of paracrine signaling and, additionally, showed that cell 
incorporation into vessels was not a prerequisite for their effects [41, 42].  
ADSCs represent another alternative. Cultured ADSCs from C57Bl/6 mouse inguinal 
adipose tissue were transplanted into the ischaemic mouse hindlimb and improved blood 
flow assessed by LDI and capillary density assessed by anti-CD31 immunostaining antibody 
[43]. The therapeutic effect appeared to be mainly achieved by their ability to secrete 
angiogenic growth factors: relatively high expression of HGF, VEGF, placental growth factor 
(PGF), and transforming growth factor beta (TGF)-β, as well as moderate expression of FGF-
2 and angiopoietin 1 were noted [43]. Moon et al. [21] have also shown that hADSC can 
improve blood flow (evidenced by LDI), even when transplanted relatively late, i.e. 7 days 
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post induction of ischaemia in mice. The therapeutic effect was related to the number of 
transplanted cells. Conditioned media from these cells increased proliferation of human 
aortic endothelial cells [21].  
More recently, Kim and collagues [44] have compared human adipose stromal cells 
(hADSC) with human bone marrow stromal cells (hBMSC) in a nude mice model of 
hindlimb ischaemia. The former showed superior recovery of blood flow and higher 
expression of matrix metalloproteinases (MMP3 and MMP9) than the latter, prompting 
further exploration of this therapeutic alternative [44].  

4. Clinical studies 
Clinical studies have evaluated stem cells taken from bone marrow, peripheral blood or 
other sources. These works differ substantially in number of patients recruited and 
endpoints used. Major studies are briefly described in this section (Tables 1, 2). 

4.1 Bone marrow-derived stem cells 
4.1.1 BMCs 
Esato et al. [45] administered BMCs in 8 selected patients with chronic lower extremity 
ischaemia (4 patients with PAD, 4 patients with thromboangiitis obliterans [TAO, Bürger’s 
disease]), in whom prior treatment had failed. Symptoms improved in 7/8 patients. 
Moreover, complete ulcer healing was achieved in 2/3 patients, and partial healing in the 3rd 
patient [45]. Temperature increase was documented in 2 patients and new collateral 
formation in 2 out of 3 patients who underwent angiography. 
Nizankowski et al. [46] delivered BMCs intramuscularly by repeated injections into the 
pedal and tibial regions in 10 patients suffering from chronic leg ischaemia staged Fontaine 
IV. Efficacy was assessed by LDI, transcutaneous oxygen pressure (TcPO2), ankle-brachial 
index (ABI), visual analogue pain scale, analgesic therapy requirement, ulceration area, 
angiography and scintigraphy. Improved blood flow was documented by LDI and elevation 
in TcPO2 [46]. Painful symptoms were relieved in the majority of patients, and only 3 
amputations were finally needed at 12-month follow-up. Treatment efficacy did not depend 
on the number of cells injected [46]. 
Another centre recruited 22 patients, who were divided into those with severe and those 
with moderate ischaemia [47]. Both patient groups received BMCs, the number of which 
was higher in those with severe ischaemia. Evaluation included improvement of pain, cold 
sensation and numbness, ABI, TcPO2, angiography, amputation rate, and foot ulcer healing. 
At 4 weeks, pain was alleviated in 90.0% in patients with severe and 16.7% with moderate 
ischaemia (p<0.01) [47]. The corresponding rates of relief in cold sensation were 90.5% and 
5.3% (p<0.01), while those in improved numbness were 62.5% and 9.1% (p<0.01) [47]. ABI 
was increased by 31.8% in subjects with severe ischaemia, but not in those with moderate 
ischaemia (p<0.01). The corresponding increments in TcPO2 were 94.4% and 11.1% (p<0.01) 
[47]. Angiography demonstrated new collateral vessel network in 100% of subjects with 
severe ischaemia but not in the presence of moderate ischaemia (p<0.01) [47]. Subjects with 
severe ischaemia exhibited 4.5% amputation rates and 75% rates improved ulcer healing. 
The corresponding rates in those with moderate ischaemia were 27.3% and 0% (p<0.05). 
Thus, it was concluded that efficacy was significantly superior with higher number of 
implanted cells [47].  
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In a small series of 5 patients with advanced PAD and foot ulcers, intramuscular 
(gastrocnemius muscle) BMC transplantation achieved substantial improvement in pain 
intensity and pain-free walking distance in all of them after 12 months [48]. Complete ulcer 
healing was achieved in 3 and partial healing in one patient [48]. There was a progressive 
improvement of ABI and TcPO2 over 12 months: at the end of this period, the average ABI 
rose from 0.41 to 0.83 (p<0.05) and the average TcPO2 from 18.8 to 37.5 mmHg [48]. Duplex 
ultrasonography showed improvement in one patient, while angiography detected new 
collaterals in 3 patients [48]. 
Eighteen patients with advanced PAD (staged Fontaine III/IV) were recruited in another 
long-term study with 18-month follow-up. The control group included 18 matched patients 
taking maximal drug therapy [49]. In the treatment arm, patients received BMCs in two 
intra-arterial doses and, concurrently, daily antioxidants and L-arginine. Among BMC-
treated patients, mean walking distance started to increase at 3 months and exhibited 
further improvement at 18 months (p<0.05) [49]. Significant (p<0.05) improvement in ABI 
was seen in 10/18 patients at 3 months and in 12/18 patients at 18 months [49]. Ischaemic 
ulcers improved in 13/18 patients after 6-12 months. Amputation rates were 13.3% (2/18) in 
BMC-treated patients and 55.6% (10/18) in controls (p=0.014) [49].  
A total of 37 patients suffering from PAD staged Fontaine IV with an ulcerated limb 
(including diabetic foot) receiving BMCs intramuscularly were recruited in a further trial 
[50]. Efficacy parameters included toe pressure, toe-pressure index (TBI), ABI, TcPO2, LDI, 
skin perfusion pressure, wound healing and amputation rates. Limb salvage was achieved 
in 30 patients (81%) and amputation rate was 19% (7 patients) [50]. In the limb salvage 
group, significant (p<0.05) improvements in toe pressure, TBI, LDI and TcPO2 were noted 
[50]. Significant (p<0.05) improvement in pain-free walking distance at treadmill testing was 
also shown in a study of 42 subjects with chronic PAD involving the femoropopliteal-tibial 
segment by intramuscular BMC administration [51].  
To evaluate the long-term efficacy of BMC transplantation in subjects with PAD without 
option for revascularisation or with unsuccessful revascularisation, the BONe Marrow 
Outcome Trial in Critical Limb Ischemia (BONMOT-CLI) was designed [52]. This is a 
double-blinded, 1:1 randomised, placebo-controlled multi-centre study enrolling patients 
from 4 German centres. Patients will be randomised to autologous BMCs (expected 45 
patients) injected at 40 sites into the ischaemic limb or sham bone marrow aspiration and 40 
saline injections [52]. The composite primary endpoint of major amputation or persisting 
critical limb ischaemia will be evaluated at 3 months. Subjects will be then followed up for 
up to two years. Secondary endpoints will include death, changes in perfusion, quality of 
life, pain-free walking distance, minor amputations, wound healing, collateral density and 
cancer incidence [52].  

4.1.2 BMMNCs 
In 2002, the Therapeutic Angiogenesis using Cell Transplantation (TACT) Study 
Investigators recruited 25 patients with unilateral leg ischaemia (group A), who received 
BMMNCs into the gastrocnemius muscle and saline into the less ischaemic limb, as well as 
22 patients with bilateral leg ischaemia (group B), who randomly received BMMNCs in one 
leg and peripheral blood-mononuclear cells in the other as a control [53]. Efficacy 
parameters included ABI, TcPO2 and rest pain. In group B, the BMMNC-treated limb 
exhibited significant increases in ABI, as compared to the contralateral limb, by 0.09 (CI 0.06-
0.11, p<0.0001), in TcPO2 by 13 mmHg (CI 9-17, p<0.0001) and in pain-free walking time by 
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1.2 min (CI 0.7-1.7, p=0.0001) [53]. Pain intensity was also reduced by -0.85 (-1.6 to -0.12, 
p=0.025) in comparison to the contralateral limb [53]. Similar improvements were seen in the 
BMMNC-treated vs. saline-treated extremity in group A. The new therapy was well 
tolerated. Two patients in group A died after myocardial infarction, but this was  unrelated 
to treatment [53]. 
Kirana et al. [54] described a 60-year old type 2 diabetic patient with infected gangrenous 
ulcers of the 3rd and 4th left toes. The patient has severe stenosis of anterior tibial, posterior 
tibial and dorsalis pedis arteries, leading to critical ischaemia. After amputation of the 
affected toes, he received intramuscular BMMNC transplantation. After 20 weeks, the stump 
had completely healed, and there were improvements in ABI, Laser Doppler reactive 
hyperaemia and TcPO2 [54]. 
Higashi et al. [55] studied the effect of BMMNCs in 7 patients with PAD. Treatment  
improved ABI (from 0.33±0.21 to 0.39±0.17, p=0.06), TcPO2 (from 28.4±11.5 to 36.6±5.2 mm 
Hg, p=0.03), and pain-free walking time (from 0.8±0.6 to 2.9±2.2 minutes, p=0.02) [55]. 
Moreover, it improved endothelial function, evaluated by blood flow in response to 
acetylcholine (from 19.3±6.8 to 29.6±7.1 mL/min per 100 mL, p=0.002) [55]. In the same year, 
two other small studies the efficacy of BMMNCs. The first work showed that these cells 
improved blood flow in 12 patients with PAD staged Fontaine IV [56]. Specifically, there 
was an increase in pain-free walking time (from 140±53 s to 451±74 s, p=0.034), ABI (from 
0.65±0.08 to 0.73±0.07, p=0.055) and perfusion index (proximal area from 1.32±0.10 to 
1.56±0.11, p=0.007) [56]. Perfusion scintigraphy could identify new collaterals after BMMNC 
transplantation [56]. The second work showed increased ABI (from 0.54±0.47 to 0.61±0.50, 
p<0.05) and TcPO2 (28.4±15.4 mmHg to 37.1±24.4 mmHg) following BMNNC 
transplantation in 8 patients with PAD [57].  
A group from the Heinrich Heine University of Düsseldorf, Germany has performed a series 
of small studies enquiring into the efficacy of BMMNCs. A 62-year old man with PAD 
staged Fontaine IIb received combined intra-arterial and intramuscular transplantation of 
BMMNCs [58]. After 10 weeks, there was a 7-fold improvement of walking distance, a 
greater than 50% increase of tissue oxygen saturation and a 24% increment of ABI on 
exercise [58]. Then, 10 patients received intra-arterial (into the common femoral artery) and 
intramuscular (into the muscles of the thigh and the lower leg) BMMNC transplantation 
[59]. After 2 months, pain-free walking distance increased significantly (p<0.05) in all 
patients. Moreover, significant (p<0.05) improvement of ABI, capillary-venous oxygen 
saturation and parameters of venous occlusion plethysmography were observed [59]. A 63-
year-old type 2 diabetic patient with severe intermittent claudication and a recalcitrant ulcer 
in the right hallux was treated with intra-arterial and intramuscular BMMNC 
transplantation [60]. At 8 weeks, the ulcer had healed completely. Six months later, there 
were significant (p<0.05) increments in the claudication-free walking distance by >100% and 
in resting blood flow on venous occlusion plethysmography by 23% [60]. The next study in 8 
patients with PAD staged Fontaine II or III demonstrated a significant (p<0.05) 3.7-fold 
increment in pain-free walking distance [61]. ABI on exercise (from 0.62±0.17 to 0.77±0.15, 
p=0.018), capillary-venous oxygen saturation (from 50±15 to 62±6%, p=0.027) and venous 
occlusion plethysmography (from 4.6±1.7 to 6.5±1.7 ml/100 ml tissue/min, p<0.05) 
exhibited significant improvements as well [61]. Finally, 13 subjects with chronic PAD 
staged Fontaine IIb received combined intra-arterial and intramuscular BMMNC 
transplantation [62]. After 2 months, the pain-free walking distance increased significantly 
by more than 300% (from 147±90 to 500±614 m, p=0.001). ABI rose, both at rest (from 
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In a small series of 5 patients with advanced PAD and foot ulcers, intramuscular 
(gastrocnemius muscle) BMC transplantation achieved substantial improvement in pain 
intensity and pain-free walking distance in all of them after 12 months [48]. Complete ulcer 
healing was achieved in 3 and partial healing in one patient [48]. There was a progressive 
improvement of ABI and TcPO2 over 12 months: at the end of this period, the average ABI 
rose from 0.41 to 0.83 (p<0.05) and the average TcPO2 from 18.8 to 37.5 mmHg [48]. Duplex 
ultrasonography showed improvement in one patient, while angiography detected new 
collaterals in 3 patients [48]. 
Eighteen patients with advanced PAD (staged Fontaine III/IV) were recruited in another 
long-term study with 18-month follow-up. The control group included 18 matched patients 
taking maximal drug therapy [49]. In the treatment arm, patients received BMCs in two 
intra-arterial doses and, concurrently, daily antioxidants and L-arginine. Among BMC-
treated patients, mean walking distance started to increase at 3 months and exhibited 
further improvement at 18 months (p<0.05) [49]. Significant (p<0.05) improvement in ABI 
was seen in 10/18 patients at 3 months and in 12/18 patients at 18 months [49]. Ischaemic 
ulcers improved in 13/18 patients after 6-12 months. Amputation rates were 13.3% (2/18) in 
BMC-treated patients and 55.6% (10/18) in controls (p=0.014) [49].  
A total of 37 patients suffering from PAD staged Fontaine IV with an ulcerated limb 
(including diabetic foot) receiving BMCs intramuscularly were recruited in a further trial 
[50]. Efficacy parameters included toe pressure, toe-pressure index (TBI), ABI, TcPO2, LDI, 
skin perfusion pressure, wound healing and amputation rates. Limb salvage was achieved 
in 30 patients (81%) and amputation rate was 19% (7 patients) [50]. In the limb salvage 
group, significant (p<0.05) improvements in toe pressure, TBI, LDI and TcPO2 were noted 
[50]. Significant (p<0.05) improvement in pain-free walking distance at treadmill testing was 
also shown in a study of 42 subjects with chronic PAD involving the femoropopliteal-tibial 
segment by intramuscular BMC administration [51].  
To evaluate the long-term efficacy of BMC transplantation in subjects with PAD without 
option for revascularisation or with unsuccessful revascularisation, the BONe Marrow 
Outcome Trial in Critical Limb Ischemia (BONMOT-CLI) was designed [52]. This is a 
double-blinded, 1:1 randomised, placebo-controlled multi-centre study enrolling patients 
from 4 German centres. Patients will be randomised to autologous BMCs (expected 45 
patients) injected at 40 sites into the ischaemic limb or sham bone marrow aspiration and 40 
saline injections [52]. The composite primary endpoint of major amputation or persisting 
critical limb ischaemia will be evaluated at 3 months. Subjects will be then followed up for 
up to two years. Secondary endpoints will include death, changes in perfusion, quality of 
life, pain-free walking distance, minor amputations, wound healing, collateral density and 
cancer incidence [52].  

4.1.2 BMMNCs 
In 2002, the Therapeutic Angiogenesis using Cell Transplantation (TACT) Study 
Investigators recruited 25 patients with unilateral leg ischaemia (group A), who received 
BMMNCs into the gastrocnemius muscle and saline into the less ischaemic limb, as well as 
22 patients with bilateral leg ischaemia (group B), who randomly received BMMNCs in one 
leg and peripheral blood-mononuclear cells in the other as a control [53]. Efficacy 
parameters included ABI, TcPO2 and rest pain. In group B, the BMMNC-treated limb 
exhibited significant increases in ABI, as compared to the contralateral limb, by 0.09 (CI 0.06-
0.11, p<0.0001), in TcPO2 by 13 mmHg (CI 9-17, p<0.0001) and in pain-free walking time by 
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1.2 min (CI 0.7-1.7, p=0.0001) [53]. Pain intensity was also reduced by -0.85 (-1.6 to -0.12, 
p=0.025) in comparison to the contralateral limb [53]. Similar improvements were seen in the 
BMMNC-treated vs. saline-treated extremity in group A. The new therapy was well 
tolerated. Two patients in group A died after myocardial infarction, but this was  unrelated 
to treatment [53]. 
Kirana et al. [54] described a 60-year old type 2 diabetic patient with infected gangrenous 
ulcers of the 3rd and 4th left toes. The patient has severe stenosis of anterior tibial, posterior 
tibial and dorsalis pedis arteries, leading to critical ischaemia. After amputation of the 
affected toes, he received intramuscular BMMNC transplantation. After 20 weeks, the stump 
had completely healed, and there were improvements in ABI, Laser Doppler reactive 
hyperaemia and TcPO2 [54]. 
Higashi et al. [55] studied the effect of BMMNCs in 7 patients with PAD. Treatment  
improved ABI (from 0.33±0.21 to 0.39±0.17, p=0.06), TcPO2 (from 28.4±11.5 to 36.6±5.2 mm 
Hg, p=0.03), and pain-free walking time (from 0.8±0.6 to 2.9±2.2 minutes, p=0.02) [55]. 
Moreover, it improved endothelial function, evaluated by blood flow in response to 
acetylcholine (from 19.3±6.8 to 29.6±7.1 mL/min per 100 mL, p=0.002) [55]. In the same year, 
two other small studies the efficacy of BMMNCs. The first work showed that these cells 
improved blood flow in 12 patients with PAD staged Fontaine IV [56]. Specifically, there 
was an increase in pain-free walking time (from 140±53 s to 451±74 s, p=0.034), ABI (from 
0.65±0.08 to 0.73±0.07, p=0.055) and perfusion index (proximal area from 1.32±0.10 to 
1.56±0.11, p=0.007) [56]. Perfusion scintigraphy could identify new collaterals after BMMNC 
transplantation [56]. The second work showed increased ABI (from 0.54±0.47 to 0.61±0.50, 
p<0.05) and TcPO2 (28.4±15.4 mmHg to 37.1±24.4 mmHg) following BMNNC 
transplantation in 8 patients with PAD [57].  
A group from the Heinrich Heine University of Düsseldorf, Germany has performed a series 
of small studies enquiring into the efficacy of BMMNCs. A 62-year old man with PAD 
staged Fontaine IIb received combined intra-arterial and intramuscular transplantation of 
BMMNCs [58]. After 10 weeks, there was a 7-fold improvement of walking distance, a 
greater than 50% increase of tissue oxygen saturation and a 24% increment of ABI on 
exercise [58]. Then, 10 patients received intra-arterial (into the common femoral artery) and 
intramuscular (into the muscles of the thigh and the lower leg) BMMNC transplantation 
[59]. After 2 months, pain-free walking distance increased significantly (p<0.05) in all 
patients. Moreover, significant (p<0.05) improvement of ABI, capillary-venous oxygen 
saturation and parameters of venous occlusion plethysmography were observed [59]. A 63-
year-old type 2 diabetic patient with severe intermittent claudication and a recalcitrant ulcer 
in the right hallux was treated with intra-arterial and intramuscular BMMNC 
transplantation [60]. At 8 weeks, the ulcer had healed completely. Six months later, there 
were significant (p<0.05) increments in the claudication-free walking distance by >100% and 
in resting blood flow on venous occlusion plethysmography by 23% [60]. The next study in 8 
patients with PAD staged Fontaine II or III demonstrated a significant (p<0.05) 3.7-fold 
increment in pain-free walking distance [61]. ABI on exercise (from 0.62±0.17 to 0.77±0.15, 
p=0.018), capillary-venous oxygen saturation (from 50±15 to 62±6%, p=0.027) and venous 
occlusion plethysmography (from 4.6±1.7 to 6.5±1.7 ml/100 ml tissue/min, p<0.05) 
exhibited significant improvements as well [61]. Finally, 13 subjects with chronic PAD 
staged Fontaine IIb received combined intra-arterial and intramuscular BMMNC 
transplantation [62]. After 2 months, the pain-free walking distance increased significantly 
by more than 300% (from 147±90 to 500±614 m, p=0.001). ABI rose, both at rest (from 
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0.66±0.18 to 0.80±0.15, p=0.003) and on exercise (from 0.64±0.19 to 0.76±0.16, p=0.006) [62]. 
The authors also found significant improvements in capillary-venous oxygen saturation 
(from 56±14 to 63±5, p=0.021) and venous occlusion plethysmography (from 2.1±0.7 to 
2.5±0.7, p=0.009). Importantly, beneficial effects were sustained at 13 months [62]. 
A4 mixed series of 35 patients (30 with ischaemic diabetic foot, 2 with PAD and 3 with TAO) 
received BMMNC transplantation after bone marrow mobilisation with GcSF [63]. Pain was 
entirely relieved in 94.7% and improved in 97.1% of patients [63]. Numbness was alleviated 
in 93.3% of patients. Claudication-free walking distance was prolonged in all subjects, while 
47.9% exhibited a significant (p<0.05) increase in ABI and 92.3% a significant (p<0.05) 
increase in TcPO2 [63]. Ulcer healing was accomplished in 9.1% and ulcer area reduction in 
27.3% [63]. Amputation rate was 6.3%. New collateral vessels were identified by 
angiography in 91.2%. Complications included transient fever and mild fatigue in one 
patient and acute myocardial infarction in one patient. The latter  occurred 7 days following 
transplantation and easily recovered with treatment [63].  
These authors then compared intramuscular (group A, n=16) with intra-arterial (group B, 
n=16) BMMNC injection [64]. Efficacy parameters included rest pain, coldness, ABI, 
intermittent claudication, TcPO2 and angiography. Treatment was equally efficacious in 
both groups [64]. Rest pain was improved in 76.5% of group A and in 93.3% of group B 
patients. Coldness improved in 100% of patients from both groups. ABI increased in 44.4% 
of group A and in 41.2% of group B patients [64]. Limb salvage was achieved in 83.3% of 
group A and in 94.1% of group B patients [64]. TcPO2 increased to ≥20 mmHg in 20 limbs, 
while a rich new collateral network was identified in 9/15 limbs which underwent 
angiography. There were 2 deaths from heart failure [64]. 
Longer data from this group have recently become available [65]. A total of 65 patients 
with PAD have received BMMNCs: 12 patients were transplanted 2-4 times and 53 
patients only once [65]. Mean follow-up was 21.5 months (range 8-56) [65]. In both 
treatment groups, coldness improved in all patients, while there were significant (p<0.05) 
increments in ABI and TcPO2. Overall efficacy was 70.8% and the recurrence rate was 
10.7%. Response duration was over 12 months in 91.3% of patients, over 24 months in 
52.2% and over 37 months in 26.1%. Efficacy was significantly (p<0.001) higher in subjects 
transplanted 2-4 times (100%) than in those transplanted once (64.2%) [65]. Mortality rate 
was 12.3%: 5 patients died of myocardial infarction and heart failure, and 3 died of 
cerebral infarction [65]. 
Twelve patients received BMMNC transplantation by two different techniques (either sorted 
on a blood cell separator or isolated by density gradient on Ficoll-Hypaque) [66]. Both 
modalities were equally effective in improving ABI at rest, oxygen saturation, pain-free 
walking time and rest pain intensity. Improvement was sustained at 24 weeks and limb 
salvage rate was 41.67% [66]. In another small series, 7 patients (3 with TAO and 4 with PAD 
undergoing haemodialysis) received mononuclear cell transplantation (BMMNC in 6, 
PBMNC in 1) into the gastrocnemius and quadriceps femoris muscles [67]. Patients with 
TAO exhibited improvements in painful symptoms, ABI, TcPO2 and thermography, while 
patients with PAD did not respond [67]. It was concluded that transplantation was more 
effective in TAO than in PAD, but this must be interpreted with caution, given the very 
small number of patients [67]. 
Van Tongeren et al. [68] compared combined intra-arterial plus intramuscular (n=12) to 
exclusive intramuscular (n=15)  BMMNC transplantation. Efficacy was assessed at 1, 6 and 
12 months by means of limb salvage, pain-free walking distance, ABI and pain scores [68]. 
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Both modalities were equally effective. Pain-free walking distance improved from 81±56 m 
to 257±126 m at 6 months (p=0.0002). Mean ABI increased by 23% after 6 months (p=0.01) 
and pain score was reduced up to 50% (p=0.001). Two patients in the combined treatment 
group vs. 7 patients in the intramuscular group (p=0.17) required amputation [68]. 
In the same year, the 3-year outcomes of the TACT (Therapeutic Angiogenesis using Cell 
Transplantation) follow-up study were published [69]. Primary endpoints comprised 
mortality and amputation-free interval. Median follow-up was 25.3 months (range 0.8-69.0 
months) and 3-year survival rates were 80% (CI 68-91) in PAD (n=74) and 100% in TAO 
(n=41). Amputation-free rates were 60% (CI 46-74) and 91% (CI 82-100), respectively [69]. At 
2 years, ABI and TcPO2 had not changed significantly, but there was a sustainable 
significant improvement in pain scale, ulcer size and pain-free walking distance [69]. 
Ten patients with end-stage PAD underwent 2 BMMNC transplantations, while 10 matched 
patients served as controls [70]. In the treatment arm, there was a significant (p<0.05) 
improvement in ABI, claudication-free walking distance and capillary density, which were 
maintained at 12 months [70]. Eight patients with critical limb ischaemia (CLI) and no 
alternative treatment option received BMMNC transplantation into the gastrocnemius 
muscle [71]. Pain, angiography and non-invasive vascular workup were evaluated. At 4 
months, pain was reduced in 5 patients. At 8 months, 5 patients could be evaluated and 
showed stability or insignificant improvement [71].  
Twenty-four patients with CLI received intra-arterial BMMNC transplantation [72]. After 12 
months, all patients survived and only 2 of them had undergone amputation. Ulcer healing 
rate was 78% and median Fontaine stage had improved from 3.5 to 2 (p<0.0001) [72]. 
Collateral vessel formation had improved by 1.13 and 1.3 points on a four-point 
semiquantitative scale in calf and foot, respectively (p<0.0001) [72]. Impressively, significant 
improvements were reported in all items of the SF-36 quality of life questionnaire [72].  
De Vriese et al. [73] included 16 very old patients (mean age 78±2 years) with CLI and 
substantial comorbidities (hypertension, smoking, diabetes, hypercholesterolaemia and 
uraemia), who underwent intramuscular BMMNC transplantation. TcPO2 improved from 
0.51±0.11 to 0.86±0.03 mm Hg (p<0.001) after 12 weeks, whereas ABI showed no significant 
change (0.42±0.15 vs. 0.59±0.1, p=0.23) [73]. On digital subtraction angiography, the number 
of collateral vessels increased by 0.89±0.86 (p=0.33), but capillary surface area on 
gastrocnemius muscle biopsy increased from 0.61±0.07% to 2.38±0.73% (p<0.05) [73]. Two 
patients died of gangrene, 3 patients were amputated and one patient required by-pass 
surgery. Two further patients died of unrelated causes [73]. Of note, symptomatic relief was 
mainly achieved in patients with less severe ischaemia [73]. Thus, despite some objective 
improvement in vascular parameters, BMMNC administration was only associated with 
very modest overall improvement in these high-risk patients. 
More recently, 51 patients with limb-threatening CLI facing risk of major amputation 
received BMMNCs intramuscularly [74]. This treatment was offered after unsuccessful or 
impossible revascularisation procedure and optimal medical therapy. Limb salvage was 
59% at 6 months and 53% at the end of the study (mean follow-up 411±261 days) [74]. At 6 
months, ABI increased from 0.33±0.18 to 0.46±0.15 (p=0.005) and TcPO2 increased from 
12±12 to 25±15 mmHg (p=0.001)  in patients with limb salvage, but not in those ultimately 
amputated [74]. The former were also downstaged from a mean Rutherford category of 4.9 
to 3.3 (p=0.0001). Wound area was reduced from 11.6±20 to 4.4±11 cm2. Median walking 
distance improved from 0 to 40 m, but only in those escaping amputation. Finally, analgesic 
requirement dropped by 62% [74].        
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0.66±0.18 to 0.80±0.15, p=0.003) and on exercise (from 0.64±0.19 to 0.76±0.16, p=0.006) [62]. 
The authors also found significant improvements in capillary-venous oxygen saturation 
(from 56±14 to 63±5, p=0.021) and venous occlusion plethysmography (from 2.1±0.7 to 
2.5±0.7, p=0.009). Importantly, beneficial effects were sustained at 13 months [62]. 
A4 mixed series of 35 patients (30 with ischaemic diabetic foot, 2 with PAD and 3 with TAO) 
received BMMNC transplantation after bone marrow mobilisation with GcSF [63]. Pain was 
entirely relieved in 94.7% and improved in 97.1% of patients [63]. Numbness was alleviated 
in 93.3% of patients. Claudication-free walking distance was prolonged in all subjects, while 
47.9% exhibited a significant (p<0.05) increase in ABI and 92.3% a significant (p<0.05) 
increase in TcPO2 [63]. Ulcer healing was accomplished in 9.1% and ulcer area reduction in 
27.3% [63]. Amputation rate was 6.3%. New collateral vessels were identified by 
angiography in 91.2%. Complications included transient fever and mild fatigue in one 
patient and acute myocardial infarction in one patient. The latter  occurred 7 days following 
transplantation and easily recovered with treatment [63].  
These authors then compared intramuscular (group A, n=16) with intra-arterial (group B, 
n=16) BMMNC injection [64]. Efficacy parameters included rest pain, coldness, ABI, 
intermittent claudication, TcPO2 and angiography. Treatment was equally efficacious in 
both groups [64]. Rest pain was improved in 76.5% of group A and in 93.3% of group B 
patients. Coldness improved in 100% of patients from both groups. ABI increased in 44.4% 
of group A and in 41.2% of group B patients [64]. Limb salvage was achieved in 83.3% of 
group A and in 94.1% of group B patients [64]. TcPO2 increased to ≥20 mmHg in 20 limbs, 
while a rich new collateral network was identified in 9/15 limbs which underwent 
angiography. There were 2 deaths from heart failure [64]. 
Longer data from this group have recently become available [65]. A total of 65 patients 
with PAD have received BMMNCs: 12 patients were transplanted 2-4 times and 53 
patients only once [65]. Mean follow-up was 21.5 months (range 8-56) [65]. In both 
treatment groups, coldness improved in all patients, while there were significant (p<0.05) 
increments in ABI and TcPO2. Overall efficacy was 70.8% and the recurrence rate was 
10.7%. Response duration was over 12 months in 91.3% of patients, over 24 months in 
52.2% and over 37 months in 26.1%. Efficacy was significantly (p<0.001) higher in subjects 
transplanted 2-4 times (100%) than in those transplanted once (64.2%) [65]. Mortality rate 
was 12.3%: 5 patients died of myocardial infarction and heart failure, and 3 died of 
cerebral infarction [65]. 
Twelve patients received BMMNC transplantation by two different techniques (either sorted 
on a blood cell separator or isolated by density gradient on Ficoll-Hypaque) [66]. Both 
modalities were equally effective in improving ABI at rest, oxygen saturation, pain-free 
walking time and rest pain intensity. Improvement was sustained at 24 weeks and limb 
salvage rate was 41.67% [66]. In another small series, 7 patients (3 with TAO and 4 with PAD 
undergoing haemodialysis) received mononuclear cell transplantation (BMMNC in 6, 
PBMNC in 1) into the gastrocnemius and quadriceps femoris muscles [67]. Patients with 
TAO exhibited improvements in painful symptoms, ABI, TcPO2 and thermography, while 
patients with PAD did not respond [67]. It was concluded that transplantation was more 
effective in TAO than in PAD, but this must be interpreted with caution, given the very 
small number of patients [67]. 
Van Tongeren et al. [68] compared combined intra-arterial plus intramuscular (n=12) to 
exclusive intramuscular (n=15)  BMMNC transplantation. Efficacy was assessed at 1, 6 and 
12 months by means of limb salvage, pain-free walking distance, ABI and pain scores [68]. 
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Both modalities were equally effective. Pain-free walking distance improved from 81±56 m 
to 257±126 m at 6 months (p=0.0002). Mean ABI increased by 23% after 6 months (p=0.01) 
and pain score was reduced up to 50% (p=0.001). Two patients in the combined treatment 
group vs. 7 patients in the intramuscular group (p=0.17) required amputation [68]. 
In the same year, the 3-year outcomes of the TACT (Therapeutic Angiogenesis using Cell 
Transplantation) follow-up study were published [69]. Primary endpoints comprised 
mortality and amputation-free interval. Median follow-up was 25.3 months (range 0.8-69.0 
months) and 3-year survival rates were 80% (CI 68-91) in PAD (n=74) and 100% in TAO 
(n=41). Amputation-free rates were 60% (CI 46-74) and 91% (CI 82-100), respectively [69]. At 
2 years, ABI and TcPO2 had not changed significantly, but there was a sustainable 
significant improvement in pain scale, ulcer size and pain-free walking distance [69]. 
Ten patients with end-stage PAD underwent 2 BMMNC transplantations, while 10 matched 
patients served as controls [70]. In the treatment arm, there was a significant (p<0.05) 
improvement in ABI, claudication-free walking distance and capillary density, which were 
maintained at 12 months [70]. Eight patients with critical limb ischaemia (CLI) and no 
alternative treatment option received BMMNC transplantation into the gastrocnemius 
muscle [71]. Pain, angiography and non-invasive vascular workup were evaluated. At 4 
months, pain was reduced in 5 patients. At 8 months, 5 patients could be evaluated and 
showed stability or insignificant improvement [71].  
Twenty-four patients with CLI received intra-arterial BMMNC transplantation [72]. After 12 
months, all patients survived and only 2 of them had undergone amputation. Ulcer healing 
rate was 78% and median Fontaine stage had improved from 3.5 to 2 (p<0.0001) [72]. 
Collateral vessel formation had improved by 1.13 and 1.3 points on a four-point 
semiquantitative scale in calf and foot, respectively (p<0.0001) [72]. Impressively, significant 
improvements were reported in all items of the SF-36 quality of life questionnaire [72].  
De Vriese et al. [73] included 16 very old patients (mean age 78±2 years) with CLI and 
substantial comorbidities (hypertension, smoking, diabetes, hypercholesterolaemia and 
uraemia), who underwent intramuscular BMMNC transplantation. TcPO2 improved from 
0.51±0.11 to 0.86±0.03 mm Hg (p<0.001) after 12 weeks, whereas ABI showed no significant 
change (0.42±0.15 vs. 0.59±0.1, p=0.23) [73]. On digital subtraction angiography, the number 
of collateral vessels increased by 0.89±0.86 (p=0.33), but capillary surface area on 
gastrocnemius muscle biopsy increased from 0.61±0.07% to 2.38±0.73% (p<0.05) [73]. Two 
patients died of gangrene, 3 patients were amputated and one patient required by-pass 
surgery. Two further patients died of unrelated causes [73]. Of note, symptomatic relief was 
mainly achieved in patients with less severe ischaemia [73]. Thus, despite some objective 
improvement in vascular parameters, BMMNC administration was only associated with 
very modest overall improvement in these high-risk patients. 
More recently, 51 patients with limb-threatening CLI facing risk of major amputation 
received BMMNCs intramuscularly [74]. This treatment was offered after unsuccessful or 
impossible revascularisation procedure and optimal medical therapy. Limb salvage was 
59% at 6 months and 53% at the end of the study (mean follow-up 411±261 days) [74]. At 6 
months, ABI increased from 0.33±0.18 to 0.46±0.15 (p=0.005) and TcPO2 increased from 
12±12 to 25±15 mmHg (p=0.001)  in patients with limb salvage, but not in those ultimately 
amputated [74]. The former were also downstaged from a mean Rutherford category of 4.9 
to 3.3 (p=0.0001). Wound area was reduced from 11.6±20 to 4.4±11 cm2. Median walking 
distance improved from 0 to 40 m, but only in those escaping amputation. Finally, analgesic 
requirement dropped by 62% [74].        
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A further work looked at the short-term results of dual intramuscular and intra-arterial 
autologous BMMNC transplantation in 9 patients facing the risk of lower-extremity 
amputation [75]. Eight patients had rest pain, 7 had diabetes mellitus and 8 recalcitrant 
ulcers. Efficacy parameters comprised ABI, rest pain, ulcer healing and amputation. The 
primary composite endpoint was defined as improved ABI, relief of rest pain, ulcer healing 
and absence of major amputations [75]. Overall success rate was 33.3% (3 patients), while 
success in at least one of the 4 components of the primary endpoint was noted in 5 
additional patients (55.6%) [75]. ABI exhibited a non-significant improvement by 0.12 
(dorsalis pedis artery) and 0.08 (posterior tibial artery). Three patients (33.3%) sustained 
major amputations. Those remaining free from amputations showed improvement in 
patient severity and could be downstaged by at least one level in Rutherford and Fontaine 
classifications at a mean follow-up of 7.8 months [75]. Complete ulcer healing was 
accomplished at 3 months in all ulcerated patients not needing amputation. These short-
term findings favoured BMMNC transplantation for limb salvage in patients with severe 
PAD, but it must be borne in mind that patient numbers were small [75].   
 

Authors Number of 
Patients Type of Cells Clinical outcomes 

Nizankowski et al. [46] 10 BMCs 

Improvement of 
symptoms, increased 

blood flow (LDI, 
TcPO2) 

Gu et al. [47] 22 BMCs 

Improvement of 
symptoms (pain, cold 
sensation), increase in 
ABI and TcPO2, new 

collateral vessels 

Napoli et al. [49] 18 BMCs 

Increase in ABI and 
walking distance, 

ulcer healing, 
reduction of 

amputation rates 

Procházka et al. [50] 37 BMCs 
Improvement in toe 

pressure, TBI, LDI and 
TcPO2 

Korymasov et al. [51] 42 BMCs Improvement in pain-
free walking distance 

Tateishi-Yuyama et al. 
[53] 25 BMMNCs vs. 

PBMNCs 
Increase in ABI, TcPO2 

and walking distance 

Higashi et al. [55] 7 BMMNCs 

Increase in ABI, 
TcPO2, endothelial 

function  and walking 
distance 

Miyamoto et al. [56] 12 BMMNCs 
Increase in ABI, 

perfusion index  and 
walking distance 
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Authors Number of 
Patients Type of Cells Clinical outcomes 

Bartsch et al. [62] 13 BMMNCs 

Long-term 
improvement in 

walking distance, ABI 
and oxygen saturation 

Gu et al. [63] 
35 (30 ischaemic 
diabetic foot, 2 
PAD, 3 TAO) 

BMMNCs 

Improvement in pain, 
numbness and 

walking distance, 
increase in ABI and 

TcPO2, ulcer healing, 
new collateral vessels 

Gu et al. [64] 32 BMMNCs 

Improvement in 
symptoms, ABI and 
TcPO2, limb salvage, 
new collateral vessels 

Gu et al. [65] 65 BMMNCs 

Long-term 
improvement in 

coldness, ABI and 
TcPO2, new collateral 

vessels 

Van Tongeren et al. [68] 27 BMMNCs 

Improvement in 
walking distance and 

ABI, reduced 
amputation rates 

Matoba et al. [69] 115 (74 PAD, 41 
TAO) BMMNCs 

Long-term 
improvement in pain 
scale, ulcer size and 
walking distance, 

reduced amputation 
rates 

Chochola et al. [72] 24 BMMNCs 

Ulcer healing, new 
collateral vessels, 

Fontaine 
downstaging, 

improved quality of 
life 

De Vriese et al. [73] 16 BMMNCs 

Increased capillary 
surface area on muscle 

biopsy, increase in 
TcPO2, insignificant 
increase in ABI and 
number of collateral 

vessels 

Amann et al. [74] 51 BMMNCs Limb salvage, increase 
in ABI and TcPO2, 

Table 1. Major clinical studies with bone marrow-derived stem cell therapy 
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A further work looked at the short-term results of dual intramuscular and intra-arterial 
autologous BMMNC transplantation in 9 patients facing the risk of lower-extremity 
amputation [75]. Eight patients had rest pain, 7 had diabetes mellitus and 8 recalcitrant 
ulcers. Efficacy parameters comprised ABI, rest pain, ulcer healing and amputation. The 
primary composite endpoint was defined as improved ABI, relief of rest pain, ulcer healing 
and absence of major amputations [75]. Overall success rate was 33.3% (3 patients), while 
success in at least one of the 4 components of the primary endpoint was noted in 5 
additional patients (55.6%) [75]. ABI exhibited a non-significant improvement by 0.12 
(dorsalis pedis artery) and 0.08 (posterior tibial artery). Three patients (33.3%) sustained 
major amputations. Those remaining free from amputations showed improvement in 
patient severity and could be downstaged by at least one level in Rutherford and Fontaine 
classifications at a mean follow-up of 7.8 months [75]. Complete ulcer healing was 
accomplished at 3 months in all ulcerated patients not needing amputation. These short-
term findings favoured BMMNC transplantation for limb salvage in patients with severe 
PAD, but it must be borne in mind that patient numbers were small [75].   
 

Authors Number of 
Patients Type of Cells Clinical outcomes 

Nizankowski et al. [46] 10 BMCs 

Improvement of 
symptoms, increased 

blood flow (LDI, 
TcPO2) 

Gu et al. [47] 22 BMCs 

Improvement of 
symptoms (pain, cold 
sensation), increase in 
ABI and TcPO2, new 

collateral vessels 

Napoli et al. [49] 18 BMCs 

Increase in ABI and 
walking distance, 

ulcer healing, 
reduction of 

amputation rates 

Procházka et al. [50] 37 BMCs 
Improvement in toe 

pressure, TBI, LDI and 
TcPO2 

Korymasov et al. [51] 42 BMCs Improvement in pain-
free walking distance 

Tateishi-Yuyama et al. 
[53] 25 BMMNCs vs. 

PBMNCs 
Increase in ABI, TcPO2 

and walking distance 

Higashi et al. [55] 7 BMMNCs 

Increase in ABI, 
TcPO2, endothelial 

function  and walking 
distance 

Miyamoto et al. [56] 12 BMMNCs 
Increase in ABI, 

perfusion index  and 
walking distance 
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Authors Number of 
Patients Type of Cells Clinical outcomes 

Bartsch et al. [62] 13 BMMNCs 

Long-term 
improvement in 

walking distance, ABI 
and oxygen saturation 

Gu et al. [63] 
35 (30 ischaemic 
diabetic foot, 2 
PAD, 3 TAO) 

BMMNCs 

Improvement in pain, 
numbness and 

walking distance, 
increase in ABI and 

TcPO2, ulcer healing, 
new collateral vessels 

Gu et al. [64] 32 BMMNCs 

Improvement in 
symptoms, ABI and 
TcPO2, limb salvage, 
new collateral vessels 

Gu et al. [65] 65 BMMNCs 

Long-term 
improvement in 

coldness, ABI and 
TcPO2, new collateral 

vessels 

Van Tongeren et al. [68] 27 BMMNCs 

Improvement in 
walking distance and 

ABI, reduced 
amputation rates 

Matoba et al. [69] 115 (74 PAD, 41 
TAO) BMMNCs 

Long-term 
improvement in pain 
scale, ulcer size and 
walking distance, 

reduced amputation 
rates 

Chochola et al. [72] 24 BMMNCs 

Ulcer healing, new 
collateral vessels, 

Fontaine 
downstaging, 

improved quality of 
life 

De Vriese et al. [73] 16 BMMNCs 

Increased capillary 
surface area on muscle 

biopsy, increase in 
TcPO2, insignificant 
increase in ABI and 
number of collateral 

vessels 

Amann et al. [74] 51 BMMNCs Limb salvage, increase 
in ABI and TcPO2, 

Table 1. Major clinical studies with bone marrow-derived stem cell therapy 
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Finally, in a phase I clinical trial, 10 patients with advanced PAD (Fontaine stages IIb to 
IV) received a cell product consisting of autologous BMMNCs and MSCs [76]. ABI 
improved significantly (from 0.34±0.19 to 0.69±0.18, p<0.002) at 2 months. Claudication-
free walking time increased significantly (p<0.05) by 3.48±1.72 folds  at 6 months [76]. 
Significant (p<0.05) improvements were also seen in 99mTc-TF perfusion scintigraphy 
scores and in quality of life scores at 6 months [76]. TcPO2 rose insignificantly (p=0.067) 
from 33±6 mm Hg to 46±10 mm Hg at 6 months, but angiographic score increased from 
0.90± 0.30 to 1.89±0.78 (p=0.002) [76]. 

4.2 Stem cells from peripheral blood 
4.2.1 PBMNCs 
The main cell population used is PBMNCs, with or without GcSF mobilisation. Inaba et al. 
[77] included 7 patients with PAD, who received GcSF subcutaneously for 5 days and then 
intramuscular PBMNC transplantation. Pain was relieved as early as at 3 days [77]. 
Maximum pain-free walking distance was increased by day 7. The heel ulcer completely 
healed in one patient. These improvements were sustained at 12 months. Improvements in 
ABI and angiographic findings were minor [77].  
Ishida et al. [78] examined the feasibility and safety of PBMNC administration after GcSF 
mobilisation in 6 patients (1 with PAD, 5 with TAO). A slight increase in ABI and ulcer area 
were seen in 4 and 3 patients, respectively [78]. Mean walking distance significantly 
increased from 203 m to 559 m (p=0.031) at 4 weeks and was sustainable for 24 weeks. There 
was also a significant improvement in physiological functioning, as evaluated by the SF-36 
questionnaire on quality of life [78]. No serious adverse events were noted.  
In 92 patients with CLI, intramuscular PBMNC administration after GcSF mobilisation was 
most effective for non-diabetic non-dialysis subjects in terms of averting amputations [79]. 
In those with diabetes and/or undergoing haemodialysis, treatment was efficacious for 
milder ischaemia (up to Fontaine stage III), but not for advanced disease (staged Fontaine 
IV) [79]. Indeed, most amputations (n=37) were carried out in Fontaine staged IV diabetic or 
dialysis patients. Characteristically, amputation rate was as high as 71% in Fontaine staged 
IV diabetic patients on haemodialysis [79]. Interestingly, serum VEGF levels increased in all 
patients (mean increase 176%), regardless of clinical outcome. 
In 15 patients with CLI, intramuscular PBMNC administration after GcSF mobilisation 
induced significant (p<0.05) increases in mean ABI (from 0.3 to 0.46), mean pain-free 
walking distance (from 0.15 to 0.72 km) and mean maximal walking distance (from 0.96 to 
2.13 km) at 12 months [80]. Moreover, 5/6 foot ulcers healed completely.  
Two studies compared PBMNC to BMMNC transplantation. Gu et al. [19] carried out this 
comparison in 42 patients with unilateral lower extremity ischaemia (28 with ischaemic 
diabetic foot, 8 with TAO and 6 patients with PAD). Each therapy was administered to 21 
patients. No difference was seen between the two groups [19]. All but one ulcers healed. At 
4 weeks, pain was relieved in 88.2% of patients in the BMMNc and in 89.5% of patients in 
the PBMNC group [19]. Cold sensation was relieved in 94.4% of BMMNC and 94.7% of 
PBMNC patients. Numbness was improved in 69.2% of BMMNC and 66.7% of PBMNC 
patients. ABI increased in 38.1% of BMMNC and 33.3% of PBMNC patients. TcPO2 increased 
in 85.7% of BMMNC and 90.5% of PBMNC patients. New collateral vessels were identified 
in  83.3% of BMMNC and 77.8% of PBMNC patients. Wound healing was noted in 60.0% of 
BMMNC and 66.7% of PBMNC patients, and amputation rate was 9.1% in each group. 
Follow-up was extended to a mean of 8 months (range 3-15) in 40 patients [19]. At the end of 
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follow-up, painful symptoms improved in 75.0% of BMMNC and 70.0% of PBMNC patients, 
ABI increased in 60.0% of BMMNC and 65.0% of PBMNC patients. TcPO2 increased in 80.0% 
of BMMNC and 75.0% of PBMNC patients. Finally, new collateral vessels were detected in 
90.0% of BMMNC and 84.6% of PBMNC patients [19].  
Similarly, 150 patients with PAD were randomised to PBMNC (n=76) or  BMMNC (n=74) 
and followed for 12 weeks [20]. In the PBMNC group, improvements in ABI (p<0.0001), skin 
temperature (p=0.028), and rest pain (p<0.0001) were significantly more pronounced in 
comparison to the BMNC group [20]. However, no between-group difference was found in 
terms of pain-free walking distance, TcPO2, ulcers, and amputation rates. Thus, while both 
treatment options were effective, PBMNC administration yielded higher overall efficacy 
[20].  
Finally, Zhang et al. [23] studied 15 patients (10 with PAD, 5 with TAO) suffering from 
severe ischaemia affecting the popliteal and distal arterial segment who could not be 
surgically revascularised. Four patients were Fontaine stage II, five patients were stage III, 
and six patients were stage IV. Three patients had diabetes mellitus and one had chronic 
renal failure [23]. All patients received PBMNCs intramuscularly. After two and 12 months, 
ABI, TcPO2, claudication-free walking distance and pain intensity improved significantly 
(p<0.005) [23]. A significant increase in new vessel formation was also evidenced by 
angiography at 24 weeks. No adverse vents were noted.  

4.2.2 Other stem cells 
Seven patients with CLI (Rutherford stages 4 or 5) were treated with an intra-arterial infusion 
of autologous CPCs isolated from peripheral blood following GcSF mobilisation [81]. After 12 
weeks, a 30-fold increase in pain-free walking distance from 6.4±12.5 to 195±196 m (p=0.016) 
was evident. At the same time, pain intensity was significantly reduced (from 8±1 to 2±2; 
p=0.001). There were also significant increments in ABI (from 0.48±0.09 to 0.64±0.11 p=0.001) 
and TcPO2 (from 15±10 to 35±9 mmHg, p=0.001) [81]. Moreover, a 5-fold increase in flow-
dependent vasodilation (from 0.9±0.3 to 5.0±1.4% p=0.016) and a 140% increase in 
adenosine-dependent flow reserve (from 3.6±1.3 to 4.9±1.7, p=0.004) in the superficial 
femoral artery were documented. Local or systemic adverse events were not seen [81].  
In 6 patients with CLI due to PAD involving the infrapopliteal segment, intramuscular 
injections of non-mobilised peripheral blood angiogenic cell precursors (NMPB-ACPs) were 
carried out [82]. Five patients showed significant improvement in blood flow (ABI, TcPO2) 
and 4 had complete healing of ulcers or amputation stumps. However, major amputation 
could finally not be avoided in 2 patients [82]. Obviously, more experience with this 
treatment is needed.  

5. Safety issues 
The vast majority of studies suggests that stem cell therapy for PAD is very safe. Local, 
injection-related side effects are, indeed, extremely rare. As regards systemic toxicity, there 
have been concerns with the use of GcSF, given that this growth factor has been reported to 
occasionally cause coronary ischaemia [83] or acute arterial thrombosis [84]. However, 
safety profiles of studies using GcSF have not been worse than those without GcSF.  
In some studies, deaths have been reported. These were mostly due to acute myocardial 
infarction [53, 65, 69] congestive heart failure [64, 65, 69] and stroke [65, 69], while 
perforation peritonitis [69], sepsis [69] and suicide [69] have been reported as exceptionally  
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Finally, in a phase I clinical trial, 10 patients with advanced PAD (Fontaine stages IIb to 
IV) received a cell product consisting of autologous BMMNCs and MSCs [76]. ABI 
improved significantly (from 0.34±0.19 to 0.69±0.18, p<0.002) at 2 months. Claudication-
free walking time increased significantly (p<0.05) by 3.48±1.72 folds  at 6 months [76]. 
Significant (p<0.05) improvements were also seen in 99mTc-TF perfusion scintigraphy 
scores and in quality of life scores at 6 months [76]. TcPO2 rose insignificantly (p=0.067) 
from 33±6 mm Hg to 46±10 mm Hg at 6 months, but angiographic score increased from 
0.90± 0.30 to 1.89±0.78 (p=0.002) [76]. 

4.2 Stem cells from peripheral blood 
4.2.1 PBMNCs 
The main cell population used is PBMNCs, with or without GcSF mobilisation. Inaba et al. 
[77] included 7 patients with PAD, who received GcSF subcutaneously for 5 days and then 
intramuscular PBMNC transplantation. Pain was relieved as early as at 3 days [77]. 
Maximum pain-free walking distance was increased by day 7. The heel ulcer completely 
healed in one patient. These improvements were sustained at 12 months. Improvements in 
ABI and angiographic findings were minor [77].  
Ishida et al. [78] examined the feasibility and safety of PBMNC administration after GcSF 
mobilisation in 6 patients (1 with PAD, 5 with TAO). A slight increase in ABI and ulcer area 
were seen in 4 and 3 patients, respectively [78]. Mean walking distance significantly 
increased from 203 m to 559 m (p=0.031) at 4 weeks and was sustainable for 24 weeks. There 
was also a significant improvement in physiological functioning, as evaluated by the SF-36 
questionnaire on quality of life [78]. No serious adverse events were noted.  
In 92 patients with CLI, intramuscular PBMNC administration after GcSF mobilisation was 
most effective for non-diabetic non-dialysis subjects in terms of averting amputations [79]. 
In those with diabetes and/or undergoing haemodialysis, treatment was efficacious for 
milder ischaemia (up to Fontaine stage III), but not for advanced disease (staged Fontaine 
IV) [79]. Indeed, most amputations (n=37) were carried out in Fontaine staged IV diabetic or 
dialysis patients. Characteristically, amputation rate was as high as 71% in Fontaine staged 
IV diabetic patients on haemodialysis [79]. Interestingly, serum VEGF levels increased in all 
patients (mean increase 176%), regardless of clinical outcome. 
In 15 patients with CLI, intramuscular PBMNC administration after GcSF mobilisation 
induced significant (p<0.05) increases in mean ABI (from 0.3 to 0.46), mean pain-free 
walking distance (from 0.15 to 0.72 km) and mean maximal walking distance (from 0.96 to 
2.13 km) at 12 months [80]. Moreover, 5/6 foot ulcers healed completely.  
Two studies compared PBMNC to BMMNC transplantation. Gu et al. [19] carried out this 
comparison in 42 patients with unilateral lower extremity ischaemia (28 with ischaemic 
diabetic foot, 8 with TAO and 6 patients with PAD). Each therapy was administered to 21 
patients. No difference was seen between the two groups [19]. All but one ulcers healed. At 
4 weeks, pain was relieved in 88.2% of patients in the BMMNc and in 89.5% of patients in 
the PBMNC group [19]. Cold sensation was relieved in 94.4% of BMMNC and 94.7% of 
PBMNC patients. Numbness was improved in 69.2% of BMMNC and 66.7% of PBMNC 
patients. ABI increased in 38.1% of BMMNC and 33.3% of PBMNC patients. TcPO2 increased 
in 85.7% of BMMNC and 90.5% of PBMNC patients. New collateral vessels were identified 
in  83.3% of BMMNC and 77.8% of PBMNC patients. Wound healing was noted in 60.0% of 
BMMNC and 66.7% of PBMNC patients, and amputation rate was 9.1% in each group. 
Follow-up was extended to a mean of 8 months (range 3-15) in 40 patients [19]. At the end of 
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follow-up, painful symptoms improved in 75.0% of BMMNC and 70.0% of PBMNC patients, 
ABI increased in 60.0% of BMMNC and 65.0% of PBMNC patients. TcPO2 increased in 80.0% 
of BMMNC and 75.0% of PBMNC patients. Finally, new collateral vessels were detected in 
90.0% of BMMNC and 84.6% of PBMNC patients [19].  
Similarly, 150 patients with PAD were randomised to PBMNC (n=76) or  BMMNC (n=74) 
and followed for 12 weeks [20]. In the PBMNC group, improvements in ABI (p<0.0001), skin 
temperature (p=0.028), and rest pain (p<0.0001) were significantly more pronounced in 
comparison to the BMNC group [20]. However, no between-group difference was found in 
terms of pain-free walking distance, TcPO2, ulcers, and amputation rates. Thus, while both 
treatment options were effective, PBMNC administration yielded higher overall efficacy 
[20].  
Finally, Zhang et al. [23] studied 15 patients (10 with PAD, 5 with TAO) suffering from 
severe ischaemia affecting the popliteal and distal arterial segment who could not be 
surgically revascularised. Four patients were Fontaine stage II, five patients were stage III, 
and six patients were stage IV. Three patients had diabetes mellitus and one had chronic 
renal failure [23]. All patients received PBMNCs intramuscularly. After two and 12 months, 
ABI, TcPO2, claudication-free walking distance and pain intensity improved significantly 
(p<0.005) [23]. A significant increase in new vessel formation was also evidenced by 
angiography at 24 weeks. No adverse vents were noted.  

4.2.2 Other stem cells 
Seven patients with CLI (Rutherford stages 4 or 5) were treated with an intra-arterial infusion 
of autologous CPCs isolated from peripheral blood following GcSF mobilisation [81]. After 12 
weeks, a 30-fold increase in pain-free walking distance from 6.4±12.5 to 195±196 m (p=0.016) 
was evident. At the same time, pain intensity was significantly reduced (from 8±1 to 2±2; 
p=0.001). There were also significant increments in ABI (from 0.48±0.09 to 0.64±0.11 p=0.001) 
and TcPO2 (from 15±10 to 35±9 mmHg, p=0.001) [81]. Moreover, a 5-fold increase in flow-
dependent vasodilation (from 0.9±0.3 to 5.0±1.4% p=0.016) and a 140% increase in 
adenosine-dependent flow reserve (from 3.6±1.3 to 4.9±1.7, p=0.004) in the superficial 
femoral artery were documented. Local or systemic adverse events were not seen [81].  
In 6 patients with CLI due to PAD involving the infrapopliteal segment, intramuscular 
injections of non-mobilised peripheral blood angiogenic cell precursors (NMPB-ACPs) were 
carried out [82]. Five patients showed significant improvement in blood flow (ABI, TcPO2) 
and 4 had complete healing of ulcers or amputation stumps. However, major amputation 
could finally not be avoided in 2 patients [82]. Obviously, more experience with this 
treatment is needed.  

5. Safety issues 
The vast majority of studies suggests that stem cell therapy for PAD is very safe. Local, 
injection-related side effects are, indeed, extremely rare. As regards systemic toxicity, there 
have been concerns with the use of GcSF, given that this growth factor has been reported to 
occasionally cause coronary ischaemia [83] or acute arterial thrombosis [84]. However, 
safety profiles of studies using GcSF have not been worse than those without GcSF.  
In some studies, deaths have been reported. These were mostly due to acute myocardial 
infarction [53, 65, 69] congestive heart failure [64, 65, 69] and stroke [65, 69], while 
perforation peritonitis [69], sepsis [69] and suicide [69] have been reported as exceptionally  
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Authors Number of 
Patients Type of Cells Clinical outcomes 

Inaba et al. [77] 7 PBMNCs, with or 
without GcSF 

Increased walking 
distance, minor 

improvements in ABI 
and angiographic 

findings 

Ishida et al. [78] 6 (1 PAD, 5 TAO) PBMNCs with 
GcSF 

Increase in walking 
distance, slight 

improvement in ABI 
and ulcer area 

Kawamura et al. [79] 92 PBMNCs with 
GcSF 

Reduced amputations, 
mostly in non-diabetic 
non-dialysis patients 

Zhang et al. [80] 15 PBMNCs 
Increased walking 

distance and ABI, ulcer 
healing 

Gu et al. [19] 
42 (28 ischaemic 
diabetic foot, 8 
TAO, 6 PAD) 

PBMNCs vs. 
BMMNCs 

Equal efficacy: ulcer 
healing, improvement 
of symptoms, increase 
in ABI and TcPO2, new 

collateral vessels 

Huang et al. [20] 150 PBMNCs vs. 
BMMNCs 

PBMNC 
administration: higher 

overall efficacy. 
Improvement in ABI, 
skin temperature, rest 

pain, walking distance, 
TcPO2, ulcers, and 

amputation rates (both 
treatments) 

Zhang et al. [23] 15 (10 PAD, 5 
TAO) PBMNCs 

Long-term 
improvement in ABI, 

TcPO2, walking 
distance and pain, new 

collateral vessels 

Lenk et al. [81] 7 CPCs with GcSF 

Reduced pain, increase 
in walking distance, 

ABI, TcPO2, flow-
dependent 

vasodilation and 
adenosine-dependent 

flow reserve 
 

Table 2. Major clinical studies with peripheral blood-derived stem cell therapy 
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rare causes. However, death events were never clearly related to stem cell therapy. 
Conversely, some of them could be characterised as clearly unrelated [53, 65]. Indeed, 
patients recruited in stem cell studies had severe or even limb-threatening vascular disease 
with considerable comorbidity. Such patients are generally a priori anticipated to suffer 
further vascular events, mainly in the coronary or cerebral arteries [1, 2, 4, 5]. Of note, in the 
study with the longest follow-up and most information on safety [69], mortality rate was 
14.9% in PAD and 0% in TAO. Thus, caution is needed before attributing this mortality to 
stem cell treatment, and more information is required. 
Serious adverse events have included acute myocardial infarction, stroke, post-surgery 
restenosis of coronary arteries, sepsis and peritonitis, while mild adverse events have 
included transient fever and myalgia [69]. Matoba et al. [69] have provided the most 
detailed and long-term data. Again, these adverse events were only observed in PAD and 
not in TAO, casting doubt on their relation to treatment. Regrettably, there was no control 
group to compare event rates. 
In summary, stem cell transplantation appears to be generally safe. Deaths and adverse 
events have never been unambiguously linked to treatment. Nonetheless, it should not 
escape our notice that patient series have been very small, some studies only presenting case 
series of up to 10 subjects [45, 46, 48, 54, 58-62, 75-78, 82]. Follow-up has also been relatively 
short, in most studies less than 1 year. More importantly, event rates could not be compared 
to a control group. Hence, additional data is eagerly awaited to confirm or refute this safety 
profile.  

6. Clinical implications 
Available evidence suggests that stem cell therapy should be considered for those patients 
with severe PAD who are poor candidates for revascularisation. The question then to ask 
would be: bone marrow-derived or peripheral blood-derived stem cells? Not to be 
underestimated, the latter is easier to perform and, theoretically, offers the incremental 
advantage that it might be repeated. Moreover, it does not appear to be inferior in efficacy, 
but more comparative data is required. At least as regards mononuclear cells, PBMNCs 
show comparable [19] or even superior [20] efficacy in comparison to BMMNCs. If 
comparable efficacy is generalised for all bone marrow-derived vs. peripheral blood-derived 
stem cells, then the individual decision may rest with the treating physician, depending on 
previous experience and availability issues. 
BMCs, BMMNCs and PBMNCs are the main cell types used [19, 20, 23, 29, 47, 50, 55, 56, 63-
65, 68, 69, 73, 74, 77, 78, 80, 81], and there is no clear superiority of one cell type over the 
others. Administration has been intramuscular into the ischaemic extremity in the vast 
majority of trials. Combined intra-arterial and intramuscular administration has also been 
used [58-60, 62]. Combined intra-arterial and intramuscular BMMNC transplantation has 
been shown to be equally effective to intramuscular transplantation [68]. Gu et al. [64] 
showed equal treatment efficacy for intra-arterial vs. intramuscular BMMNC 
transplantation. Arguably, intramuscular administration may, for the time being, constitute 
the route of choice, since it has been more extensively studied. 
The beneficial effect of stem cell therapy has been evaluated by diverse outcomes. These 
include alleviation of pain [19, 23, 46, 47, 51, 63, 69], increased walking distance [19, 20, 23, 
47, 51, 53, 55, 56, 63, 68, 69, 77, 78, 80], improved ABI and TcPO2 [19, 20, 23, 47, 53, 55, 56, 50, 
63, 68, 69, 73, 74, 77, 78, 80, 81], but also hard endpoints, notably ulcer healing [19, 20, 47, 49, 
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Authors Number of 
Patients Type of Cells Clinical outcomes 

Inaba et al. [77] 7 PBMNCs, with or 
without GcSF 

Increased walking 
distance, minor 

improvements in ABI 
and angiographic 

findings 

Ishida et al. [78] 6 (1 PAD, 5 TAO) PBMNCs with 
GcSF 

Increase in walking 
distance, slight 

improvement in ABI 
and ulcer area 

Kawamura et al. [79] 92 PBMNCs with 
GcSF 

Reduced amputations, 
mostly in non-diabetic 
non-dialysis patients 

Zhang et al. [80] 15 PBMNCs 
Increased walking 

distance and ABI, ulcer 
healing 

Gu et al. [19] 
42 (28 ischaemic 
diabetic foot, 8 
TAO, 6 PAD) 

PBMNCs vs. 
BMMNCs 

Equal efficacy: ulcer 
healing, improvement 
of symptoms, increase 
in ABI and TcPO2, new 

collateral vessels 

Huang et al. [20] 150 PBMNCs vs. 
BMMNCs 

PBMNC 
administration: higher 

overall efficacy. 
Improvement in ABI, 
skin temperature, rest 

pain, walking distance, 
TcPO2, ulcers, and 

amputation rates (both 
treatments) 

Zhang et al. [23] 15 (10 PAD, 5 
TAO) PBMNCs 

Long-term 
improvement in ABI, 

TcPO2, walking 
distance and pain, new 

collateral vessels 

Lenk et al. [81] 7 CPCs with GcSF 

Reduced pain, increase 
in walking distance, 

ABI, TcPO2, flow-
dependent 

vasodilation and 
adenosine-dependent 

flow reserve 
 

Table 2. Major clinical studies with peripheral blood-derived stem cell therapy 
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rare causes. However, death events were never clearly related to stem cell therapy. 
Conversely, some of them could be characterised as clearly unrelated [53, 65]. Indeed, 
patients recruited in stem cell studies had severe or even limb-threatening vascular disease 
with considerable comorbidity. Such patients are generally a priori anticipated to suffer 
further vascular events, mainly in the coronary or cerebral arteries [1, 2, 4, 5]. Of note, in the 
study with the longest follow-up and most information on safety [69], mortality rate was 
14.9% in PAD and 0% in TAO. Thus, caution is needed before attributing this mortality to 
stem cell treatment, and more information is required. 
Serious adverse events have included acute myocardial infarction, stroke, post-surgery 
restenosis of coronary arteries, sepsis and peritonitis, while mild adverse events have 
included transient fever and myalgia [69]. Matoba et al. [69] have provided the most 
detailed and long-term data. Again, these adverse events were only observed in PAD and 
not in TAO, casting doubt on their relation to treatment. Regrettably, there was no control 
group to compare event rates. 
In summary, stem cell transplantation appears to be generally safe. Deaths and adverse 
events have never been unambiguously linked to treatment. Nonetheless, it should not 
escape our notice that patient series have been very small, some studies only presenting case 
series of up to 10 subjects [45, 46, 48, 54, 58-62, 75-78, 82]. Follow-up has also been relatively 
short, in most studies less than 1 year. More importantly, event rates could not be compared 
to a control group. Hence, additional data is eagerly awaited to confirm or refute this safety 
profile.  

6. Clinical implications 
Available evidence suggests that stem cell therapy should be considered for those patients 
with severe PAD who are poor candidates for revascularisation. The question then to ask 
would be: bone marrow-derived or peripheral blood-derived stem cells? Not to be 
underestimated, the latter is easier to perform and, theoretically, offers the incremental 
advantage that it might be repeated. Moreover, it does not appear to be inferior in efficacy, 
but more comparative data is required. At least as regards mononuclear cells, PBMNCs 
show comparable [19] or even superior [20] efficacy in comparison to BMMNCs. If 
comparable efficacy is generalised for all bone marrow-derived vs. peripheral blood-derived 
stem cells, then the individual decision may rest with the treating physician, depending on 
previous experience and availability issues. 
BMCs, BMMNCs and PBMNCs are the main cell types used [19, 20, 23, 29, 47, 50, 55, 56, 63-
65, 68, 69, 73, 74, 77, 78, 80, 81], and there is no clear superiority of one cell type over the 
others. Administration has been intramuscular into the ischaemic extremity in the vast 
majority of trials. Combined intra-arterial and intramuscular administration has also been 
used [58-60, 62]. Combined intra-arterial and intramuscular BMMNC transplantation has 
been shown to be equally effective to intramuscular transplantation [68]. Gu et al. [64] 
showed equal treatment efficacy for intra-arterial vs. intramuscular BMMNC 
transplantation. Arguably, intramuscular administration may, for the time being, constitute 
the route of choice, since it has been more extensively studied. 
The beneficial effect of stem cell therapy has been evaluated by diverse outcomes. These 
include alleviation of pain [19, 23, 46, 47, 51, 63, 69], increased walking distance [19, 20, 23, 
47, 51, 53, 55, 56, 63, 68, 69, 77, 78, 80], improved ABI and TcPO2 [19, 20, 23, 47, 53, 55, 56, 50, 
63, 68, 69, 73, 74, 77, 78, 80, 81], but also hard endpoints, notably ulcer healing [19, 20, 47, 49, 
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63, 69, 74, 78, 80], quality of life [72] and limb salvage [20, 49, 68, 69, 79]. Moreover, new 
collateral vessels have been identified on angiography [19, 23, 47, 63, 65, 72, 73]. Thus, 
despite the variety of efficacy parameters in the individual works, it is true that studies 
converge to suggest an objectively demonstrable and clinically meaningful benefit.  
Importantly, however, long-term efficacy needs to be better studied as well. Indeed, follow-
up in most studies has been up to one year and few works have provided long-term data 
[23, 62, 65, 69]. Based on the latter, treatment-induced improvements in painful symptoms, 
walking distance and blood flow parameters (ABI, TcPO2) appear to be, at least in part, 
sustainable at 2-3 years [23, 62, 65, 69]. If long-term efficacy becomes finally established, the 
argument in favour of stem cell therapy for severe inoperable PAD will be strongly 
enhanced.  
Two further issues deserve careful consideration. First, safety profile appears, as already 
discussed, very good, but more information is needed. Ideally, we need a robust analysis 
balancing improvement in clinical outcomes to adverse event rates. In this context, it is 
extremely important to define the number needed to treat (NNT) and the number needed to 
harm (NNH) before attempting more widespread use of this treatment option. NNT and 
NNH could even vary, according to the type of patient population (e.g. PAD, CLI, TAO, 
acute CLI, elderly patients with substantial comorbidity and so on) [69]. However, this 
information is vital for clinical decisions outside randomised clinical trials. Secondly, stem 
cell therapy is an expensive treatment and its cost-effectiveness has not been determined. 
Thus, a detailed cost-benefit analysis is desirable.   
Last, but not least, stem cell therapy has hitherto only been explored as a salvage therapy in 
severe lower extremity ischaemia not responding to standardised treatment. Such approach 
has precluded comparison with revascularisation. Still, given the promising results in 
clinical benefits achieved with stem cell transplantation, it may be worthwhile to consider 
this therapeutic option earlier in the course of PAD, instead of reserving it for patients with 
no other choice. Earlier utilisation of stem cell therapy might thus yield even better results. 
Moreover, it might be combined with revascularisation, if both are used in the appropriate 
time frame. These are important aspects for future investigation.  

7. Conclusions 
Stem cell therapy is emerging as a promising treatment option for patients with PAD who 
are poor candidates for established treatment, including revascularisation and best medical 
therapy. There are two options, bone marrow-derived and peripheral blood-derived stem 
cells. Theoretically, transplantation of peripheral blood-derived stem cells offers the 
additional advantage that it can be repeated, but this potential has not been utilised. In the 
vast majority of cases, stem cell administration has been intramuscular into the ischaemic 
limb, but intra-arterial administration appears to be equally efficacious. The number of cells 
that need to be transplanted merits more precise study. Finally, while the new treatment 
appears generally safe, more data from larger patient series and longer follow-up are 
awaited for confirmation. 
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no other choice. Earlier utilisation of stem cell therapy might thus yield even better results. 
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additional advantage that it can be repeated, but this potential has not been utilised. In the 
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1. Introduction 
The neuromuscular disorders are a heterogeneous group of genetic diseases, causing a 
progressive loss of the motor ability. More than 30 genetically defined forms are recognized, 
and in the last decade, mutations in several genes have been reported, resulting in the 
deficiency or loss of function of different important muscle proteins. Biochemical and 
imunohistological analysis have localized these proteins in several compartments of the 
muscle fiber. The proteins dystrophin, sarcoglycans and dysferlin are sarcolemmal or peri-
sarcolemmal proteins, α2-laminin and collagen VI are extracellular matrix proteins, 
telethonin and actin are sarcomeric proteins, calpain 3 and FKRP are cytosolic enzymes, and 
emerin and lamin A/C are nuclear proteins (Vainzof et al., 2008).  
Defects in components of the dystrophin-glycoprotein complex (DGC) are known to be an 
important cause of different forms of muscular dystrophies (Ervasti & Campbell, 1993; 
Yoshida & Ozawa, 1990). The DGC is an oligomeric complex which connects the 
subsarcolemmal cytoskeleton to the extracellular matrix. The DGC consists of dystroglycan 
(α- and β-DG), sarcoglycan (α, β-, γ-, δ- and ε-SG) and syntrophin/dystrobrevin 
subcomplexes. The intracellular link of the DGC is the protein dystrophin, that plays an 
important structural role in muscle fibers. Mutations in the dystrophin gene cause the most 
common form of X-linked Duchenne muscular dystrophy (DMD) (Hoffman et al., 1987). 
Dystrophin binds its amino-terminal and rod domain to actin and with its carboxy terminal 
to the integral membrane protein β-DG. The sarcoglycan sub-complex is also linked to β-DG 
and includes α-SG, β-SG, γ-SG, and δ-SG, which are tightly associated and inserted into the 
membrane. Mutations in the genes coding the 4 SG proteins cause severe forms of limb-
girdle muscular dystrophies type LGMD2D, 2E, 2C and 2F, respectively. The peripheral 
membrane glycoprotein α-DG, a receptor for the heterotrimeric basement membrane 
protein laminin-2, binds to β-DG and so completes the connection from the inside to the 
outside of the cell (Straub & Campbell, 1997). Mutations in the LAMA2 gene, encoding the 
α2 chain of laminin-2, cause α2-laminin deficiency, and a severe form of congenital 
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Yoshida & Ozawa, 1990). The DGC is an oligomeric complex which connects the 
subsarcolemmal cytoskeleton to the extracellular matrix. The DGC consists of dystroglycan 
(α- and β-DG), sarcoglycan (α, β-, γ-, δ- and ε-SG) and syntrophin/dystrobrevin 
subcomplexes. The intracellular link of the DGC is the protein dystrophin, that plays an 
important structural role in muscle fibers. Mutations in the dystrophin gene cause the most 
common form of X-linked Duchenne muscular dystrophy (DMD) (Hoffman et al., 1987). 
Dystrophin binds its amino-terminal and rod domain to actin and with its carboxy terminal 
to the integral membrane protein β-DG. The sarcoglycan sub-complex is also linked to β-DG 
and includes α-SG, β-SG, γ-SG, and δ-SG, which are tightly associated and inserted into the 
membrane. Mutations in the genes coding the 4 SG proteins cause severe forms of limb-
girdle muscular dystrophies type LGMD2D, 2E, 2C and 2F, respectively. The peripheral 
membrane glycoprotein α-DG, a receptor for the heterotrimeric basement membrane 
protein laminin-2, binds to β-DG and so completes the connection from the inside to the 
outside of the cell (Straub & Campbell, 1997). Mutations in the LAMA2 gene, encoding the 
α2 chain of laminin-2, cause α2-laminin deficiency, and a severe form of congenital 
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muscular dystrophy (CMD1A) linked to chromosome 6q (Tomé et al., 1994). In addition, 
some forms of muscular dystrophy have recently been associated with genes encoding 
putative or known glycosyltransferases. Muscle protein analysis in these patients show a 
hypoglycoslation of α-dystroglycan and a consequent reduction of numerous ligands 
components of the extracellular matrix, such as laminin 2 (Muntoni et al., 2004). Other 
milder forms of muscular dystrophy are caused by mutations in genes coding the enzyme 
calpain 3 (LGMD2A), the sarcolemmal protein dysferlin (LGMD2B), and the sarcomeric 
protein telethonin (LGMD2G) (revision in Vainzof & Zatz, 2007).  
Several animal models, manifesting phenotypes observed in neuromuscular diseases have 
been identified in nature or generated in laboratory. These models generally present 
physiological alterations observed in human patients, and can be used as important tools for 
genetic, clinic and histopathological studies (Vainzof et al., 2008) 
The Dmdmdx mouse is the most widely used animal model for Duchenne muscular 
dystrophy (DMD). Although it is a good genetic and biochemical model, presenting total 
deficiency of the protein dystrophin in the muscle, this mouse is not useful for clinical trials, 
because of its very mild phenotype. The canine golden retriever MD model represents a 
more clinically similar model of DMD due to its larger size and significant muscle weakness.  
Autosomal recessive limb-girdle MD forms models include the SJL/J mice that develop a 
spontaneous myopathy resulting from a mutation in the Dysferlin gene, being a model for 
LGMD2B. For the human sarcoglycanopahties (SG), the BIO14.6 hamster is the spontaneous 
animal model for δ-SG deficiency, while some canine models with deficiency of SG proteins 
have also been identified. More recently, using the homologous recombination technique in 
embryonic stem cell, several mouse models have been developed with null mutations in 
each one of the 4 SG genes. All sarcoglycan-null animals display a progressive muscular 
dystrophy of variable severity, and share the property of a significant secondary reduction 
in the expression of the other members of the sarcoglycan subcomplex, and other 
components of the Dystrophin-glycoprotein complex.  
Mouse models for congenital MD include the Lama2dy/J (dystrophia-muscularis) mouse, and 
the allelic mutant Lama2dy2J/J mouse, both presenting significant reduction of α2-laminin in 
the muscle and a severe phenotype. The myodystrophy mouse (Largemyd), harbors a 
mutation in the glycosyltransferase Large, which leads to altered glycosylation of α-DG, and 
also a severe phenotype. 
The study of animal models for genetic diseases, in spite of the existence of differences in 
some phenotypes can provide important clues to the understanding of the pathogenesis of 
these disorders and are also very valuable for testing strategies for therapeutic approaches. 
In all forms of muscular dystrophies, in the early phase of the disease, there is a continuous 
process of degeneration and regeneration. The ability of adult skeletal muscle to regenerate 
has been attributed to the special properties of satellite cells. In mature skeletal muscle 
satellite cells are normally in a dormant state. Upon injury, many growth factors are secreted 
at the site of the lesion that recruits satellite cells, triggering the process of regeneration. In 
the progression of the dystrophic process, however, the endogenous satellite cell pool 
becomes exhausted and degenerated muscle fibers are replaced by fibrotic and adipose 
tissues, responsible for the observed muscle weakness. 
Therefore, stem cell therapy should be an ideal treatment for all forms of muscular 
dystrophies, in which the deficiency of a specific muscle protein leads to muscle 
degeneration. Stem cell transplantation would either prevent or break the cycles of 
degeneration and regeneration in the dystrophic process, by replacing the deficient protein 
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(Meng et al., 2011). The majority of the therapeutic trial under investigation are done using 
Duchenne muscular dystrophy as a model for, because it is the most common and severe 
mendelian form of muscular dystrophy. 

2. Stem cell therapy for muscular dystrophies  
The use of normal stem cells to rescue the effects associated with mutant tissue is a 
promising avenue of research. To correct the dystrophic phenotype healthy stem cells 
transplanted to the diseased muscles must first be attracted to the injured area, answer to 
the endogenous signals that stimulate muscle differentiation and, ultimately, fuse to 
dystrophic myofibers, or form new myotubes. Incorporated healthy nuclei would thus 
contribute to restore the normal levels of functional skeletal muscle proteins such as 
dystrophin.  
According to a recent revision by Meng et al. (2011), the ideal stem cell for treating DMD 
should fulfill several criteria, and should be able to: expandable in vivo, maintaining stem 
cell properties, be immune-competent, be systemically-delivered reaching all muscles of the 
body, survive, proliferate and migrate upon arrival within the host muscle, differentiate into 
muscle fibres, reconstitute the satellite cell pool with functional stem cells, be capable of 
expressing the missing protein, lead to improvement in muscle strength. 
The most appropriated type of stem cell for these therapies is still under investigation. 
Among adult stem cells, skeletal muscle satellite cells have been considered the only source 
of stem cells for post-natal muscle regeneration (Seale & Rudnicki, 2000). Other stem cells 
within the skeletal muscle have, however been identified, including muscle-derived stem 
cells, muscle side population cells, myogenic endothelial cells, and mesoangioblasts 
(pericytes) (Meng et al, 2011). Human skeletal muscle-derived pericytes have been shown to 
form muscle fibers, after intra-arterial transplantation in the dystrophin deficiency host mice 
(Dellavalle et al., 2007). However, in contrast, muscle-derived cells (mdcs), which are very 
similar to the pericytes, did not contribute to muscle regeneration after systemic delivery in 
mdx nu/nu host (Meng et al., 2011b). These findings illustrate the opinion of several authors 
suggesting that further work is necessary to prepare pure cell populations from skeletal 
muscle that maintain their phenotype in culture and make a robust contribution to skeletal 
muscle regeneration after systemic delivery in dystrophic mouse models (Meng et al., 
2011b) 
Among the other non-muscle stem cells, previous attempts at developing stem cell therapies 
for the treatment of DMD were performed using bone marrow and blood-derived stem 
cells, mesenchimal stem cells from other origins, and pluripotent stem cells. Bone marrow-
derived stem cells (BM) are a population of circulating cells with myogenic potential, 
present in the bone marrow, as already demonstrated as early as in the 1960s. Afterward, 
some authors confirmed that BM-derived cells can undergo myogenic differentiation and 
participate in muscle repair after injury, albeit at very low levels (Ferrari et al., 1998; Gussoni 
et al., 1999). Transplantation studies with BM cells injected into Dmdmdx mouse confirmed 
that these cells may persist in the musculature for long periods of time, and that they are 
able to express exogenous dystrophin protein. However, the amount of muscle generated 
after a BM transplant was still not therapeutically relevant, consisting of about 0.5% of 
regenerating fibers containing donor cells (Ferrari et al., 2002; Gussoni et al., 2002). 
Therefore, none of these experiments provide consistent data with the idea that transplanted 
BM cells can actually correct the dystrophic phenotype.  
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The study of animal models for genetic diseases, in spite of the existence of differences in 
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(Meng et al., 2011). The majority of the therapeutic trial under investigation are done using 
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Mesenchymal stem cells from other origins have been shown to regenerate muscle fibers, 
but at a very low efficiency, in mouse models. However, some therapeutic effects have been 
observed, such as by reducing inflammation in the dystrophin deficient muscle (Ichim et al., 
2010).  
Because of their pluripotency, much attention has been devoted to the potential applications 
of Embryonic Stem (ES) (Evans & Kaufman, 1981). However, to date, ES cells have not had a 
significant impact on the development of cell-based therapies to treat muscular dystrophy. 
While a few studies have been performed in Dmdmdx mice, mainly involving the 
transplantation of embryoid bodies co-cultured with dissociated skeletal muscle, no 
evidence of long-term regenerative capacity of transplanted cells has been observed 
(Bhagavati & Xu, 2005). In table 1, the published experiments to date are summarized.  
 

 
Table 1. Summary of experiments for testing the myogenesis potential of ESCs in NMD. 
Thus, stem cell therapies for muscle disorders are still in the early days. There are many 
outstanding questions such as the immunogenic capacity of stem cells, whether local or 
systemic injections are the best route of administration in the diseased tissue, whether there 
is an optimal amount of cells to be administered, or whether the regenerative growth factors 
present in the dystrophic muscle are sufficient to promote the survival and the fusion of 
these cells to the damaged muscle (Bradley et al., 2002; Mimeault et al., 2007).  
 
In order to answer at least some of the questions summarized above, we investigated the 
capacity of ES and EB cells to generate muscle in vivo, and to express the deficient protein 
dystrophin in the Dmdmdx mouse model for DMD. 

3. In vivo experiments with ES cells and potential therapies for NMD  
3.1 ES cell culture  
The embryonic stem cell line USP-1 derived from 129/Sv mice (Sukoyan et al., 2002) was 
cultivated as described (Rohwedel et al., 1994). Briefly, cells grew on irradiated mouse 
feeder layer on gelatin-coated flasks (Nunc) in DMEM (Gibco) supplemented with 10% fetal 
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bovine serum (Hyclone) and additives (Rohwedel et al., 1994). During the isolation and 
early stages of ES cell cultivation, the medium was supplemented with human recombinant 
leukemia inhibitory factor (hLIF) at 1000 units/ml (Chemicon) and was replaced every day. 
When reached the confluence (after 4 days in culture) these cells were trypsinized, and 
transferred to another culture flask (75 cm2) previously covered by a layer of mouse 
fibroblast feeders, plated at a density of 1.0 x 106 cells/cm2 for proliferation. For 
differentiation, aliquots of 20 µl cultivation medium containing 800 cells were placed on the 
lids of Petri dishes filled with PBS, based in protocols developed by Wobus et al. in 1988 
(2002), which are based in previous differentiation by embryoid body formation and 
posterior treatment with 1% DMSO (dimethyldisulfoxide). The ES cell aggregates 
(Embryoid Bodies - EB) were cultivated in hanging drops for 2 days and subsequently in 
suspension on bacteriological Petri dishes for additional 3 days in a specific skeletal muscle 
differentiation medium (proliferation medium with 1% DMSO, but no LIF). At day 5, EBs 
were plated separately onto gelatin-coated 24 well-microwell plates for morphological 
analysis. EB were dissociated before injection and ES cells were marked with red dye 
Vybrant® Dil cell-labeling solution (Invitrogen) to facilitate their tracking in injected 
muscles. This dye efficiently label live cells, and is diluted and disappears with cells 
proliferation and cellular death.  

3.2 Animals, immunosuppression and transplantation 
Four to six-week-old Dmdmdx mice recipients were obtained from our animal house, in 
Human Genome Research Center at University of São Paulo. The mice received routine 
required cares for good health, and all experiments were approved by the research ethics 
committee of the Biosciences Institute, University of São Paulo.  
For the transplantation experiments, the Dmdmdx mice were divided into groups according to 
cell treatment (Table 2). In the immunosuppressed group, the animals received a daily dose 
of 1 mg/kg FK506 (Tacrolimus, Sigma-Aldrich) intraperitoneal injections, from the day 
before stem cells injection until the time of euthanasia.  
Each animal was injected with 1.0 x 106 ES or EB cells into the gastrocnemius muscle, or 
through intravenous injections in the tail vein.  
Animals were euthanized using CO2 chamber 2 days, 1 week, 2 weeks, 4 weeks and 8 weeks 
post-transplantation, and muscles were analyzed for dystrophin expression, and 
identification of the presence of the injected stem cells.  

3.3 Tissue processing and dystrophin analysis 
Gastrocnemius muscles were dissected and collected from all mice and additionally, several 
other tissues such as tail, liver and spleen were collected from the mice injected systemically. 
Samples of the contra lateral muscles were also collected and used as controls in the 
intramuscular injected mice. All tissue were immediately frozen in liquid nitrogen. For 
histological analysis, frozen sections of 7 μm were prepared on slides using a cryostat (Zeiss, 
Jena, Germany). 
Cryosections were stained with hematoxilin and eosin or used for immunohistochemistry to 
evaluate the expression of the muscle proteins. In brief, they were incubated with 1:100 
diluted rabbit antibody anti-dystrophin AB 15277 (Abcam) and mouse antibody anti-fetal 
myosin NCL-MHCd (Novocastra). Cy3-conjugated anti-rabbit and anti-mouse (1:100) were 
used as secondary antibodies (Sigma-Aldrich). Samples were analyzed under fluorescence 
microscopy using appropriate filters for the fluorophore. 
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Treatment: ES cells 
 

 Administration via Euthanasia and analysis 
Nonimmunosuppressed mice   

Mdx 19 Local 2 days 
Mdx 20 Local 2 week 
Mdx 21 Local 4 weeks 
Mdx 22 Systemic 2 weeks 
Mdx 23 Systemic 4 weeks 

Immunosuppressed mice   
Mdx 10 Local 1 week 
Mdx 11 Local 2 weeks 
Mdx 12 Local 4 weeks 
Mdx 13 Systemic 1 week 
Mdx 14 Systemic 2 weeks 

 
Treatment: EB cells 

 
Immunosuppressed mice Administration via Euthanasia and analysis 

Mdx 15 Local 4 weeks 
Mdx 16 Local 8 weeks 
Mdx 17 Systemic 4 weeks 
Mdx 18 Systemic 8 weeks 

Table 2. Intramuscular and systemic injected Dmdmdx mice. 

Total proteins were extracted from muscle and other tissues, separated by 6% SDS-PAGE 
polyacrylamide gel electrophoresis and were transferred onto nitrocellulose membrane (GE 
Healthcare) for 60 min at 0.35A at 4ºC. Membranes were then pre-stained in 0.2% Ponceau S, 
to ensure protein transfer and equal loading of the lanes with protein. Membranes were 
blocked with 5% nonfat milk in PBS, 0.1% Tween 20 (PBS-T) for 1 h and subsequently 
incubated with mouse antibody directed against dystrophin VP-D508 (Vector). After an 
overnight period of incubation with the primary antibody, membranes were washed three 
times with PBS-T for 10 min. The blots were then reacted with alkaline phosphatase-
conjugated secondary antibody (1:1000) for 1 h at room temperature. The detection of 
protein was done using colorimetric reaction for the enzyme, using nitroblue tetrazolium 
and 5-bromo-4-chloro-3-indolyl phosphate as substrate (Vainzof et al., 1993). 
Data on the injected cells (ES or EB cells), immunosupression and detection of cells both 
through red dye presence and DNA analysis, as well as screening for dystrophin expression 
in all injected animals are summarized in Table 3. 
To check the ability of these cells to differentiate into new muscle fibers, and to express muscle 
proteins, we analyzed recipient muscles by immunohistochemistry using an anti-dystrophin 
antibody. The immunohistochemistry revealed no significant labeling, with only scattered 
fibers partially labeled, in a pattern observed also in non-injected Dmdmdx mice (Fig. 1). Western 
blot analysis confirmed the lack of dystrophin expression in all tested animals. 
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Local injections 
ES EB cells 

Analysis Detection Analysis Detection 
 time red dye DNA Dystrophin  time red dye DNA Dystrophin 

 Mdx 19 2 d +++ - -      
Nonimmunosuppressed mice Mdx 20 2 w - - -      
 Mdx 21 4 w - - -      
 Mdx 10 1 w +++ - - Mdx 15 4 w - - - 
Immunosuppressed mice Mdx 11 2 w ++ + - Mdx 16 8 w - - - 
 Mdx 12 4 w + - -      
 Systemic injections 
 ES EB cells 
 Analysis Detection Analysis Detection 
  time red dye DNA Dystrophin  time red dye DNA Dystrophin 
Nonimmunosuppressed mice Mdx 22 2 w - - -      
 Mdx 23 4 w - - -      
Immunosuppressed mice Mdx 13 1 w + (tail) - - Mdx 17 4 w - - - 

 Mdx 14 2 w + (tail) - - Mdx 18 8 w - - - 

 

Table 3. Results observed in the injected mice. 

 

 
 

Fig. 1. Dystrophin analyses in the injected and control muscles. (A) Dystrophin 
immunofluorescence and (B) Western blotting analysis showing the positive pattern of 
labeling in normal muscle of C57black mice and the absence dystrophin in 
immunosuppresed mice injected with ES (Mdx12 and Mdx14) and EB cells (Mdx 16 and 
Mdx 18). Cells were injected in the muscle in Mdx 12 and Mdx 16, and intra-venous in Mdx 
14 and Mdx 18. 
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3.4 ES and EB cells identification 
Genomic DNA was obtained from cells and muscle tissue of injected mice. Fragments of 
injected and not injected muscles were placed in an extraction solution (100mM Tris HCl pH 
8.5; 5mM EDTA, 0.2% SDS; 200mM NaCl), containing 2.5 μl proteinase K (10mg/ml). These 
samples were kept overnight in dry bath at 55°C. The samples were subjected to 
centrifugation of 1000g for 10 minutes, and added 500 μl isopropanol in the supernatant. 
After the new centrifugation of 13500g for 15 minutes, the DNA was precipitated in TE 
buffer (TRIS-EDTA). The PCR primers used were from the same region of the genome of 
mice, which produce products of different sizes due to the presence of polymorphic regions, 
referring to strains of 129/Sv mice and Dmdmdx mice [http://www.informatics.jax.org/ 
searches/probe.cgi?37495] for the identification of ES cells. PCR conditions were 95°C 5 
minutes, with 40 cycles of 95°C 1 minute, 55°C 1 minute and 72°C 1 minute. DNA fragments 
were separated by electrophoresis in 10% acrylamide gels and marked with ethidium 
bromide to its visualization under UV transillumination. 
As almost 100% of the injected ES and EB cells were previously labeled with a red 
fluorescent dye, we analyzed the presence of these marked cells in histological sections of 
the injected mice. We identified their presence for longer periods (after 1 week) only in the 
muscle of the ES injected mice (Table 3 and Fig. 2). This may mean that the ES remained in 
the injected place.  
 

 
Fig. 2. Identification of dye labbeling of ES and EB cells. Screening for the red-labeled ES and 
EB cells injected in the different Dmdmdx mice. Intramuscular injections (Mdx 15 and Mdx 10) 
and systemically-injected (Mdx 17 and Mdx 13), showing that only the ES cells were 
identified. 
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In the animals Mdx 10, 11 and 12 (local injections of ES cells, after 1, 2 and 4 weeks), we 
noticed an increase of the muscles in the leg, and the hematoxilin-eosin (H&E) staining 
showed an intense degeneration and presence of several types of undifferentiated cells (Fig. 
3). A histopathological examination of frozen sections identified the proliferation of various 
types of immature cells, suggesting the formation of a tumor, consistent with the embryonic 
nature of these cells. But we did not have clear evidences that it was teratoma. 
 
 
 

 
 

Fig. 3. Macroscopic and microscopic analyses of the muscle injected with ES cells. Analyses 
of the immunosuppressed Mdx 11, with local injections of ES cells, after 2 weeks post-
transplantation. A- A significant increase in the muscles of the injected leg was observed. B- 
Hematoxilin-eosin (H&E) staining showed the presence of several types of undifferentiated 
cells. C- Immunohistological reaction using anti-developmental myosin showed no positive 
evidence of the presence of new fibers.  

To check if the new generated tissue included differentiation into muscle fibers, we probed the 
same region described above with the antibodies against fetal myosin. However, there was no 
immunoreactivity for fetal myosin and no evidence of formation of new fibers (Fig. 3). 

3.4.1 ES cell quantification 
To investigate the presence and try to quantity of injected ES and EB cells in the muscle we 
used PCR analysis with specific primers to polymorphic markers of each cell strain. This 
method detected the presence of stem cells only in the muscle of Mdx 11 (Fig. 4A), who also 
showed an enlargement of the leg, with significant mass growth. 
The experiment revealed a 121 bp band corresponding to the molecular weight of Dmdmdx 
mice polymorphism, while a band of 142 bp is observed in the donor ES cells strain (line 4, 
Fig. 4A).  
To estimate the relative amount of the injected cells and verify their possible multiplication 
in vivo, we performed a standard curve with known concentrations of DNA from the two 
different mice strains (Fig. 4B). The ES cells strain was only detected starting with the 
concentration of 30%. In Mdx 11, the number of ES cells in the mice injected muscle were in 
a similar concentration of the limit of detection of 30% (Fig. 4A). No 142 bp band was 
observed in other mice, suggesting lower concentration of the injected ES and EB cells in 
these muscles. 



 
Stem Cells in Clinic and Research 354 

3.4 ES and EB cells identification 
Genomic DNA was obtained from cells and muscle tissue of injected mice. Fragments of 
injected and not injected muscles were placed in an extraction solution (100mM Tris HCl pH 
8.5; 5mM EDTA, 0.2% SDS; 200mM NaCl), containing 2.5 μl proteinase K (10mg/ml). These 
samples were kept overnight in dry bath at 55°C. The samples were subjected to 
centrifugation of 1000g for 10 minutes, and added 500 μl isopropanol in the supernatant. 
After the new centrifugation of 13500g for 15 minutes, the DNA was precipitated in TE 
buffer (TRIS-EDTA). The PCR primers used were from the same region of the genome of 
mice, which produce products of different sizes due to the presence of polymorphic regions, 
referring to strains of 129/Sv mice and Dmdmdx mice [http://www.informatics.jax.org/ 
searches/probe.cgi?37495] for the identification of ES cells. PCR conditions were 95°C 5 
minutes, with 40 cycles of 95°C 1 minute, 55°C 1 minute and 72°C 1 minute. DNA fragments 
were separated by electrophoresis in 10% acrylamide gels and marked with ethidium 
bromide to its visualization under UV transillumination. 
As almost 100% of the injected ES and EB cells were previously labeled with a red 
fluorescent dye, we analyzed the presence of these marked cells in histological sections of 
the injected mice. We identified their presence for longer periods (after 1 week) only in the 
muscle of the ES injected mice (Table 3 and Fig. 2). This may mean that the ES remained in 
the injected place.  
 

 
Fig. 2. Identification of dye labbeling of ES and EB cells. Screening for the red-labeled ES and 
EB cells injected in the different Dmdmdx mice. Intramuscular injections (Mdx 15 and Mdx 10) 
and systemically-injected (Mdx 17 and Mdx 13), showing that only the ES cells were 
identified. 

Myogenic Potential of Murine Embryonic 
Stem Cells in the Dmdmdx Mouse Model for Duchenne Muscular Dystrophy 355 

In the animals Mdx 10, 11 and 12 (local injections of ES cells, after 1, 2 and 4 weeks), we 
noticed an increase of the muscles in the leg, and the hematoxilin-eosin (H&E) staining 
showed an intense degeneration and presence of several types of undifferentiated cells (Fig. 
3). A histopathological examination of frozen sections identified the proliferation of various 
types of immature cells, suggesting the formation of a tumor, consistent with the embryonic 
nature of these cells. But we did not have clear evidences that it was teratoma. 
 
 
 

 
 

Fig. 3. Macroscopic and microscopic analyses of the muscle injected with ES cells. Analyses 
of the immunosuppressed Mdx 11, with local injections of ES cells, after 2 weeks post-
transplantation. A- A significant increase in the muscles of the injected leg was observed. B- 
Hematoxilin-eosin (H&E) staining showed the presence of several types of undifferentiated 
cells. C- Immunohistological reaction using anti-developmental myosin showed no positive 
evidence of the presence of new fibers.  

To check if the new generated tissue included differentiation into muscle fibers, we probed the 
same region described above with the antibodies against fetal myosin. However, there was no 
immunoreactivity for fetal myosin and no evidence of formation of new fibers (Fig. 3). 

3.4.1 ES cell quantification 
To investigate the presence and try to quantity of injected ES and EB cells in the muscle we 
used PCR analysis with specific primers to polymorphic markers of each cell strain. This 
method detected the presence of stem cells only in the muscle of Mdx 11 (Fig. 4A), who also 
showed an enlargement of the leg, with significant mass growth. 
The experiment revealed a 121 bp band corresponding to the molecular weight of Dmdmdx 
mice polymorphism, while a band of 142 bp is observed in the donor ES cells strain (line 4, 
Fig. 4A).  
To estimate the relative amount of the injected cells and verify their possible multiplication 
in vivo, we performed a standard curve with known concentrations of DNA from the two 
different mice strains (Fig. 4B). The ES cells strain was only detected starting with the 
concentration of 30%. In Mdx 11, the number of ES cells in the mice injected muscle were in 
a similar concentration of the limit of detection of 30% (Fig. 4A). No 142 bp band was 
observed in other mice, suggesting lower concentration of the injected ES and EB cells in 
these muscles. 
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Fig. 4. DNA screening for the ES and EB presence. (A) PCR reaction for polymorphic 
markers of C57Black (Dmdmdx strain) and 129/Sv (ES and EB cells) strains in the muscles from 
all injected animals (all immunosupressed). The band of 121 bp is from the Dmdmdx strain, 
while the band of 142 bp is from of the 129/Sv strain of the ES cells. In Mdx 11 both bands 
can be observed, indicating the presence of the ES cells in the injected muscles. (B) The same 
PCR reaction, in a standard curve with known concentrations of DNA from the two 
different mice strains, showing the identification of the ES cells starting in the concentration 
of 30%. 

4. Efficient stem cell therapies for dystrophic muscle  
Replacement therapies using stem cells are emerging as promising avenues for treatment of 
genetic diseases because the transplantation of healthy stem cells into affected individuals 
can potentially rescue defects and injuries.  
The identification of mesenchymal stem cells (MSCs) as a sub-population of fibroblast-like 
adherent cells in the BM opened new perspectives for therapies for the different forma of 
muscular dystrophies, since these cells were able to differentiate into several other lineages, 
producing in vitro skeletal muscle, in addition to osteoblasts, chondroblasts, and adipocytes 
(Friedenstein et al., 1966; Prockop, 1997). Very recently, we showed that hMSC were not 
rejected when transferred to SJL/J mice by systemic and repeated injections (Vieira et al., 
2008), while mMSC intramuscularly injected cells were eliminated after 2 days in the Dmdmdx 
mouse (Ayub-Guerrieri et al., 2009). The injected cells in the SJL/J mouse were able to fuse 
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with the host muscle cell and to express the exogenous protein. However, in this previous 
study, the number of cells and injections were significantly higher and the SJL/J mouse 
model for LGMD2B presents a milder phenotype with no active muscle degeneration. This 
suggests that either the number of injected cells must be higher, or dystrophin deficient 
dystrophic muscle probably constitutes an adverse environment for the newly introduced 
cells. Thus, the high degree of degeneration, sclerosis and fat infiltration, as well as 
inflammation and activation of cascades of degeneration/regeneration genes of advanced 
muscular dystrophy reduce the efficacy of cell delivery, and can result in their poor survival 
in the injected muscles and limit the effectiveness of replacement therapies with stem cells. 
A very recent study (Gargioli et al., 2008) corroborates this hypothesis. Modified tendon 
fibroblasts expressing angiogenic factors and metalloproteinases were injected in Dmdmdx 
mice and were able to restore the vascular network and reduce collagen deposition, 
allowing efficient cell therapy in aged dystrophic mice (Gargioli et al., 2008). Therefore, we 
suggest that efficient stem cell therapies for degenerated dystrophic muscle must include 
additional procedures to improve the general health of the diseased tissue before stem cells 
can be delivered and integrated.  
Here we show that undifferentiated ES cells hold a better promise of success of retention 
than differentiated EB cells, since after intramuscular injections, ES cells, but not EB cells, 
were found in the muscle of animals after 1, 2 and 4 weeks post-injections. Additionally, 
systemic injection of both ES and EB cells were not directed nor retained by the dystrophic 
muscles. Two other reports on the use of ES cells in the treatment of DMD showed evidence 
for engraftment (Bhagavati & Xu, 2005; Darabi et al., 2008). In the first study, the 
transplantation of EB co-cultured with dissociated skeletal muscle into mdx mice was 
limited to qualitative detection of donor-derived cells in recipient muscle. However, in the 
second study, authors showed that paraxial mesoderm is not generated efficiently during ES 
differentiation induced by conventional protocols, which may further explain our lack of 
success in integrating ES cells into dystrophic muscles (Darabi et al., 2008). 
A second important question relates to the extent to which stem cells are immunogenic, since 
the safe and successful clinical will be indirectly dependent on the strength of rejection 
reactions (Mimeault et al., 2007; Trounson 2006). The first studies on the immunologic 
properties of ES cells and their derivatives have suggested their ability to induce immunologic 
tolerance (Drukker et al., 2002; Bonde & Zavazava, 2006). Because of this, we investigated the 
myogenic potential of ES and EB cells when injected into muscle of immunosuppressed mdx 
mice. Our results showed that the non differentiated ES cells were retained, while pre-
differentiated EB cells were all eliminated. Although this could happen because of the non-
integration of the EB cells, this could also suggest that even with immunosupression, more 
differentiated cells may cause a stronger immunological response than undifferentiated ES 
cells, as also suggested by other group (Drukker et al., 2002). These data are in accordance with 
recent publication showing that hESCs were highly immunogenic, triggered both cellular and 
humoral-mediated pathways, and as a result, were rapidly rejected in xenogeneic hosts. These 
authors observed that combinations of immunosuppressive regimens are necessary for stem 
cell survival in vivo (Swijnenburg et al., 2008).  
Several reports have already described that, when injected sub-cutaneousely into severe 
combined immunodecient mice, undifferentiated ES cells will produce teratoma or 
teratocarcinoma, with derivatives of the three germ layers (Bradley et al., 2002; Mimeault et 
al., 2007; Reubinoff et al., 2000; Andrews et al., 2005; Wu et al., 2007). Here we observed an 
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with the host muscle cell and to express the exogenous protein. However, in this previous 
study, the number of cells and injections were significantly higher and the SJL/J mouse 
model for LGMD2B presents a milder phenotype with no active muscle degeneration. This 
suggests that either the number of injected cells must be higher, or dystrophin deficient 
dystrophic muscle probably constitutes an adverse environment for the newly introduced 
cells. Thus, the high degree of degeneration, sclerosis and fat infiltration, as well as 
inflammation and activation of cascades of degeneration/regeneration genes of advanced 
muscular dystrophy reduce the efficacy of cell delivery, and can result in their poor survival 
in the injected muscles and limit the effectiveness of replacement therapies with stem cells. 
A very recent study (Gargioli et al., 2008) corroborates this hypothesis. Modified tendon 
fibroblasts expressing angiogenic factors and metalloproteinases were injected in Dmdmdx 
mice and were able to restore the vascular network and reduce collagen deposition, 
allowing efficient cell therapy in aged dystrophic mice (Gargioli et al., 2008). Therefore, we 
suggest that efficient stem cell therapies for degenerated dystrophic muscle must include 
additional procedures to improve the general health of the diseased tissue before stem cells 
can be delivered and integrated.  
Here we show that undifferentiated ES cells hold a better promise of success of retention 
than differentiated EB cells, since after intramuscular injections, ES cells, but not EB cells, 
were found in the muscle of animals after 1, 2 and 4 weeks post-injections. Additionally, 
systemic injection of both ES and EB cells were not directed nor retained by the dystrophic 
muscles. Two other reports on the use of ES cells in the treatment of DMD showed evidence 
for engraftment (Bhagavati & Xu, 2005; Darabi et al., 2008). In the first study, the 
transplantation of EB co-cultured with dissociated skeletal muscle into mdx mice was 
limited to qualitative detection of donor-derived cells in recipient muscle. However, in the 
second study, authors showed that paraxial mesoderm is not generated efficiently during ES 
differentiation induced by conventional protocols, which may further explain our lack of 
success in integrating ES cells into dystrophic muscles (Darabi et al., 2008). 
A second important question relates to the extent to which stem cells are immunogenic, since 
the safe and successful clinical will be indirectly dependent on the strength of rejection 
reactions (Mimeault et al., 2007; Trounson 2006). The first studies on the immunologic 
properties of ES cells and their derivatives have suggested their ability to induce immunologic 
tolerance (Drukker et al., 2002; Bonde & Zavazava, 2006). Because of this, we investigated the 
myogenic potential of ES and EB cells when injected into muscle of immunosuppressed mdx 
mice. Our results showed that the non differentiated ES cells were retained, while pre-
differentiated EB cells were all eliminated. Although this could happen because of the non-
integration of the EB cells, this could also suggest that even with immunosupression, more 
differentiated cells may cause a stronger immunological response than undifferentiated ES 
cells, as also suggested by other group (Drukker et al., 2002). These data are in accordance with 
recent publication showing that hESCs were highly immunogenic, triggered both cellular and 
humoral-mediated pathways, and as a result, were rapidly rejected in xenogeneic hosts. These 
authors observed that combinations of immunosuppressive regimens are necessary for stem 
cell survival in vivo (Swijnenburg et al., 2008).  
Several reports have already described that, when injected sub-cutaneousely into severe 
combined immunodecient mice, undifferentiated ES cells will produce teratoma or 
teratocarcinoma, with derivatives of the three germ layers (Bradley et al., 2002; Mimeault et 
al., 2007; Reubinoff et al., 2000; Andrews et al., 2005; Wu et al., 2007). Here we observed an 
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increase of the leg of ES cells injected mice. Our histology findings suggest that the donor 
cells may have multiplied and have been embedded in the mice muscles, in a pattern similar 
to a teratoma. In one hand, the formation of tumor confirms the ability of these ES injected 
cells to multiplication in vivo. On the other hand, this new tissue had no muscle 
characteristics, since no dystrophin, nor developmental myosin positive fibers were 
identified. Ultimately, it is clear that the signaling environment of the severely dystrophic 
muscle was not able to induce the differentiation of stem cells into muscle cells.  
The use of single injections of stem cells for future therapies in children would have the 
significant benefit of being less invasive, and less traumatic from a clinical and 
immunological stand point. But, it also leads to a limitation in the number of injected cells, 
which can be insufficient to promote an appropriate restoration of the degenerated muscle. 
However, the finding of the injected ES cells in the recipient muscle, even using only one 
application of the same quantity of 106 cells, indicates that this number was sufficient for 
their retention in the injected muscle. Using polymorphic markers for the ES cell line we 
identified a concentration of at least 30% of these cells in the injected muscle. This result 
indicates that muscle enlargement observed in injected mice was caused by at least this 
amount of cells. In the other locally injected mice with leg enlargement, probably a lower 
amount of these cells were sufficient to promote the tumor, but this amount was not 
sufficient to allow its detection by our methodology. 

5. Conclusion 
Our results suggest that the dystrophic muscle is an adverse ambient for the homing and 
maintenance of injected stem cells, since when the “still pluripotent” stem cells were injected 
they formed tumors, and when the muscle pre-differentiated cells were injected they were 
cleared/migrated out of the tissue. Injected embryonic stem cells, therefore, must receive 
more or different stimulation from the dystrophic environment to differentiate or to fuse 
into muscle. Additional studies are necessary to increase the therapeutic potential of these 
cells in dystrophic murine models. 
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1. Introduction 
There are various sources of stem cells which are being studied for their potential in stem 
cell–based therapies for CNS diseases (Yu D & Silva, 2008):  

1.1 Embryonic stem cells 
Embryonic stem cells are pluripotent cells with indefinite self-renewal capabilities as well as 
the ability to differentiate into all cell types derived from the 3 embryonic germ layers (How 
Embryonic, 2010). Embryonic stem cells are favorable in the research community because 
they are relatively easy to isolate, can grow indefinitely, and have the potential to develop 

into any type of adult cell. 

1.2 Adult stem cells  
Adult stem cells (ASCs) play a critical role in tissue maintenance and repair (Stem Cell 
Basics, 2010). Research on adult stem cells began in the 1950s with the discovery of 
multipotent hematopoietic and mesenchymal stem cells in bone marrow, which can 
generate a number of tissues (Stem Cell Basics, 2010). Bone Marrow-Derived Mesenchymal 
Stem Cells can be expanded and differentiated in vitro using various media formulations 
and culture surface conditions to direct them to different cell lineages (Ho et al., 2006). 
BMSCs have the ability to migrate to areas of injury, even crossing the blood-brain barrier 
(Akiyama et al., 2002; Tang et al., 2007). Although the reproducibility of BMSC therapies 
needs to be thoroughly examined, these early experiments suggest that BMSCs can be 
administered intravenously to CNS targets. (Rice & Scolding, 2008) 

1.3 Neural stem cells 
The adult mammalian CNS contains NSCs which were first inferred from evidence of 
neuronal turnover in the olfactory bulb and hippocampus in the adult. (Altman & Das, 1965, 
1966). Neural stem cells are able to differentiate into neurons, astrocytes, oligodendrocytes 
and various forms of neural precursors (Flax et al.,1998;Gage,2000;Palmer et 
al.,1997;Takahashi et al.,1999;Weiss et al.,1996) .Moreover, in vivo delivery of these cells to 
animal models of neurodegenerative diseases was associated with varying degrees of 
functional recovery (Ourednik et al.,2002). Figure (1) (Lindvall & Kokaia., 2006) 
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Fig. 1. Application of stem cells for neurogical disorders. Steam cells would be isolated and 
transplanted to the diseased brain and spinal cord, either directly or after 
predifferentiation/genetic modification in culture to form specific types of neuron and glial 
cell, or cells producing neuroprotective molecules. In strategies relying on stimulation of the 
patient’s own repair mechanisms, endogenous stem cells would be recruited to areas of the 
adult brain and spinal cord affected by disease, where they would produce new neurons 
and glia (neurogenetic and gliogenic areas along lateral ventricle and central canal are 
shown in hatched red). Stem cells could provide clinical benefits by neuronal replacement, 
remyelination and neuroprotection. 

2. Strategies for using stem cells to treat neurological disorders  
These include strategies in which:  
i. Stem cells are transplanted within the brain, are infused by blood circulation (Figure 2); 

or delivered through bone marrow transplantation (BMT; Figure 2). 
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ii. Stem cells are stimulated by cytokines, or trophic and growth factors, into the brain in 
vivo; 

iii. Stem cells are engineered to correct the genetic defect (Figure 2), delivery of therapeutic 
agents.  

iv. Stem cells are combined with biomaterials (Figure 2).  
 http://www.discoverymedicine.com/Antonio-Orlacchio/ n.d 
 

 
Fig. 2. Stem cells replacement therapy for neurological diseases. Cartoon schematizes the 
different strategies for stem cell delivery in order to repair the degenerated tissue. 
http://www.discoverymedicine.com/Antonio-
Orlacchio/files/2010/06/discovery_medicine_orlacchio_no49_figure 

2.1 Cell replacement through transplantation of exogenous cells 
Transplantated donor cells into a host organism offer the chance to expand and manipulate 
cells in vitro. This method has proven successful in the haematopoietic system. Such  
method to be successful in the CNS the transplanted cells must (1) survive the 
transplantation; (2) migrate to the site of replacement; (3) differentiate into appropriate cell 
phenotype(s); and (4) make appropriate connections with the host tissue.  
The condition is further complicated during neurodegenerative disease, since the same 
factors that cause mature neurons to die (oxidative stress, accumulation of toxic protein 
aggregates, etc.), may also lead to cell death in transplanted cells. There are a number of 
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criteria for improving the opportunities for successful cell replacement using transplanted 
cells. Generally, selecting cells from the same region as the region to which the cells will be 
transplanted increases the transplantation success rate. (Tobi& Mahendra., 2005) 

2.2 Mobilization of endogenous stem cells 
A second therapeutic approach is the mobilization of endogenous cells to replace lost or 
damaged cells . The production of new neurons (neurogenesis) occurs at a very low rate in 
the adult brain, in two regions: the subventricular zone of the lateral ventricle, which 
produces new neurons of the olfactory bulb, and in the hippocampus. Neurogenesis can be 
stimulated in the adult brain by factors, including diet, exercise and modification of 
hormone levels. (Tobi& Mahendra., 2005) 
Moreover, neurogenesis can be stimulated in the adult brain by growth factors, such as 
epidermal growth factor (EGF) or basic fibroblast growth factor (bFGF).However, delivery 
of these factors is complicated, since growth factors are large molecules that cannot 
penetrate the blood–brain barrier when it is intact. Transfer of growth factors into the adult 
CNS can be accomplished through direct injection into the brain and/or the ventricles 
within the brain or through transplantation of cells genetically engineered to secrete growth 
factors into the surrounding environment. Additionally, growth factors can be used to 
protect endogenous NPCs neural progenitor cells from dying. (Tobi& Mahendra., 2005) 

2.3 Delivery of therapeutic agents 
Drug Delivery to the CNS is complicated by the blood–brain barrier, which prevents many 
large, hydrophilic molecules from entering the brain through the bloodstream. One 
potential use of NPCs neural progenitor cells is as delivery agents for pharmacological 
compounds . A large number of studies provides evidence that delivery of supportive 
factors can slow the degeneration process in several neurodegenerative diseases. Although 
this method has many problems, including controlling the survival rate of transplanted cells 
and controlling the rate of drug secretion, this is one path currently being explored for 
therapy using stem cells. (Tobi& Mahendra., 2005) 

2.4 Stem cells are combined with biomaterials  
Tissue engineering approach includes the transplantation of stem cells in combination with 
natural or synthetic biomaterials (Dawson et al., 2008). Verification came from data showing 
that chemical and biological modifications of biomaterials could directly influence stem cell 
behavior (e.g., change of substrate properties, nanopattern design, scaffold degradation rate) 
(Atala, 2009; Martino et al., 2009).  

3. Stem cells for different neurological disorders 
The use of stem cells in neurological diseases is much more complex than in other systems. 
Many challenges are unique to the nervous system are as follows: (a) The need to integrate 
into a sophisticated array of interconnected cells that extend over great distances; (b) The 
absence of developmental cues in adults that guided the establishment of neural networks 
during development, thus making regeneration more difficult; (c) The possibility in 
progressive or recurrent neurologic diseases that the transplanted cells may be attacked and 
injured (Potter et al, 2007) 
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3.1 Parkinson’s disease 
A widespread loss of dopamine neurons (DA) in the substantia nigra pars compacta and 
their terminals in the striatum occurs in Parkinson’s disease (PD) (Kish et al., 1988; Agid, 
1991). Many issues for the dopaminergic depletion associated with the disease have been 
suggested, including programmed cell death, viral infection, and environmental toxins. As 
an efficient treatment for PD, patients have been given L-dihydroxyphenyl alanine (L-
DOPA), a precursor of dopamine, but long-term administration of L-DOPA consequently 
produces side effects (Lang and Lozano, 1998 a, b). So, human fetal ventral mesencephalic 
tissues were transplanted of into the striatum of PD patients as a successful therapy for 
patients with advanced disease, since the late 1980s (Lindval et al., 1990; Olanow et al., 1996; 
Kordower et al, 1997; Dunnett and Bjorklund, 1999). This fetal tissue transplantation has 
serious problems associated with ethical and religious questions and logistics of acquiring 
fetal tissues (Hagell et al., 1999). To avoid these difficulties, utilization of neurons with a DA 
phenotype generated from ESCs, MSCs, or NSCs could serve as a practical and effective 
alternative for fetal brain tissues for transplantation. DA neurons were generated from 
mouse ESCs or mouse NSCs (Lee et al., 2000; Hagell & Brundin, 2002; J.H. Kim et al., 2002; 
T.E. Kim et al., 2003). Neural cells with a DA phenotype have been generated from monkey 
ESCs by coculturing with mouse bone marrow stromal cells (Takagi et al., 2005) and also 
from human NSCs derived from fetal brain (Redmond et al., 2007), and improvement was 
seen in MPTP lesioned monkeys following intrastriatal transplantation of these cells (Takagi 
et al., 2005; Redmond et al., 2007).  
NSCs which were transplanted in the brain attenuate anatomic or functional deficits 
associated with injury or disease in the CNS via cell replacement, release of specific 
neurotransmitters, and production of neurotrophic factors that protect injured neurons and 
promote neuronal growth. Recently, continuously dividing immortalized cell lines of 
human NSC have been generated from fetal human brain cell culture via a retroviral vector 
(Kim, 2004; Lee et al., 2007; Kim et al., 2008), and one of the immortalized NSC lines, 
induced functional improvement in a rat model of PD following transplantation into the 
striatum (Yasuhara et al., 2006). 

3.2 Alzheimer’s disease 
Alzheimer disease is characterized by degeneration and loss of neurons and synapses 
throughout the brain, particularly in the basal forebrain, amygdala, hippocampus, and 
cortical area. Cognitive function of patients progressively declines, and patients become 
demented and die prematurely (Coyle et al., 1983). No successful treatment is currently 
available except for acetylcholinesterase inhibitors, which augment cholinergic function, but 
this is not curative and is only a temporary measure.  
A recent study has reported that Nerve growth factor (NGF) prevents neuronal death and 
improves memeory in animal models of aging, excitotoxicity, and amyloid toxicity 
(Tuszynski, 2002), suggesting that NGF may be used for treating neuronal degeneration and 
cell death in AD. However, convey of NGF into the brain is not possible via peripheral 
administration; because of its size and polarity, NGF does not cross the blood–brain barrier. 
To avoid this difficulty, gene therapy approach could be adopted. By utilizing an ex vivo 
gene therapy approach (genetically modify cells), NGF can be given directly to the brain and 
diffuse for a distance of 2–5 mm (Tuszynski et al., 1990).  
Ex vivo NGF gene delivery was clinically tried in eight mild-AD patients, implanting 
autologous fibroblasts genetically modified to express human NGF into the forebrain. After 
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criteria for improving the opportunities for successful cell replacement using transplanted 
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stimulated in the adult brain by factors, including diet, exercise and modification of 
hormone levels. (Tobi& Mahendra., 2005) 
Moreover, neurogenesis can be stimulated in the adult brain by growth factors, such as 
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Many challenges are unique to the nervous system are as follows: (a) The need to integrate 
into a sophisticated array of interconnected cells that extend over great distances; (b) The 
absence of developmental cues in adults that guided the establishment of neural networks 
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3.1 Parkinson’s disease 
A widespread loss of dopamine neurons (DA) in the substantia nigra pars compacta and 
their terminals in the striatum occurs in Parkinson’s disease (PD) (Kish et al., 1988; Agid, 
1991). Many issues for the dopaminergic depletion associated with the disease have been 
suggested, including programmed cell death, viral infection, and environmental toxins. As 
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(Tuszynski, 2002), suggesting that NGF may be used for treating neuronal degeneration and 
cell death in AD. However, convey of NGF into the brain is not possible via peripheral 
administration; because of its size and polarity, NGF does not cross the blood–brain barrier. 
To avoid this difficulty, gene therapy approach could be adopted. By utilizing an ex vivo 
gene therapy approach (genetically modify cells), NGF can be given directly to the brain and 
diffuse for a distance of 2–5 mm (Tuszynski et al., 1990).  
Ex vivo NGF gene delivery was clinically tried in eight mild-AD patients, implanting 
autologous fibroblasts genetically modified to express human NGF into the forebrain. After 
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follow-up of 22 months in six subjects, long-term adverse effects were not found. PET scans 
showed significant increases in cortical fluorodeoxyglucose after treatment (Tuszynski et al., 
2005). Genetically modified stem cells could be used in place of fibroblasts to carry new 
genes for delivery of NGF to prevent degeneration of basal forebrain cholinergic neurons 
(Flax et al., 1998; Kim, 2004; Lee et al., 2007, Kang et al., 1993). 
A blood stem cell growth factor (granulocyte-colony stimulating factor (G-CSF) is routinely 
administered to cancer patients whose blood stem cells and white blood cells have been 
depleted following chemotherapy or radiation. the bone marrow was stimulated by G-CSF 
to produce more white blood cells needed to fight infection; and  is also used to enhance the 
stem cells circulating in the blood of donors before the cells are harvested for bone marrow 
transplants. (Pavlović et al., 2009; Lee et al., 2010) 
Advanced clinical trials are now investigating the effectiveness of G-CSF to treat stroke, and 
the compound was safe and well tolerated in early clinical studies of ischemic stroke 
patients. This growth factor could potentially provide a powerful new therapy for 
Alzheimer’s disease that may actually reverse disease, not just alleviate symptoms like 
currently available drugs(Ramos & Raj., 2009). The researchers showed that injections under 
the skin of filgrastim (Neupogen®) - one of three commercially available G-CSF compounds 
- mobilized blood stem cells in the bone marrow and neural stem cells within the brain and 
both of these actions led to improved memory and learning behavior in the Alzheimer’s 
mice on the basis of reactive microglia derived from stem cells that are destroying deposits 
of amyloid plaques in brain tissue. So far, a human growth factor that stimulates blood stem 
cells to proliferate in the bone marrow reverses memory impairment in mice genetically 
altered to develop Alzheimer’s disease (Ramos & Raj., 2009).  The G-CSF significantly 
reduced levels of the brain-clogging protein beta amyloid deposited in excess in the brains 
of the Alzheimer’s mice increased the production of new neurons and promoted nerve cell 
connections. 
Researchers at the Kyungpook National University in Daegu, South Korea, tested the 
potential therapeutic effects of bone marrow-derived MSCs in mice. The 2009 study was 
able to successfully confirm that BM-MSC transplantation accelerated the removal of 
amyloid-β plaques from the brains of acute AD mice, this study also showed that the BM-
MSCs can induce normally-quiescent microglia to clear out amyloid-β build-up (Lee et al., 
2009). The three professors who performed the 2009 study in Korea reported in early 2010 
that the decreased amyloid-β deposition was directly related to microglial activation (Lee et 
al., 2010). They also showed that the microglia ameliorate memory deficiencies in the AD 
mice. This finding was supported by a version of the Morris water maze test known as the 
hidden platform. Subjects which received PBS injections deteriorated as expected in their 
ability to learn and memorize the maze, while those treated with BM-MSCs displayed 
navigational patterns that resembled control subjects. Moreover, they reported that the MB-
MSC transplantation was able to reduce tau hyperphosphorylation (Lee et al., 2010).  

3.3 Huntington’s disease 
A neurodegenerative disorder (Huntington’s disease (HD) is characterized by involuntary 
choreiformic movements, cognitive impairment, and emotional disturbances (Greenmayre 
and Shoulson, 1994; Harper, 1996). In spite of identification of the HD gene and associated 
protein, the mechanisms involved in the pathogenesis of HD remain largely unknown.  
A recent research has documented improvements in motor and cognition performance in 
HD patients following fetal cell transplantation (Bachaud-Le´vi et al., 2000). This research 
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follows previous reports on experimental HD animals that positive effects of fetal striatal 
cell transplantation ameliorate neuronal dysfunction (Nakao and Itakura, 2000) and that 
striatal graft tissue could integrate and survive within the progressively degenerated 
striatum in a transgenic HD mouse model (Dunnett et al., 1998; Freeman et al., 2000). 
A restrictive factor in the transplantation of fetal striatal cells is the difficulty in supplying 
sufficient amounts of embryonic striatal tissue and the concomitant ethical issues associated 
with the use of human embryonic tissue. A perfect source of cell transplantation in HD 
would be NSCs, which could participate in normal CNS development and differentiate into 
regionally appropriate cell types in response to environmental factors. Prior studies have 
shown that NSCs isolated from embryonic or adult mammalian CNS can be propagated in 
vitro and subsequently implanted into the brain of animal models of human neurological 
disorders, including HD (Brustle and McKay, 1996; Flax et al., 1998; Gage, 2000; Temple, 
2001; Gottlieb, 2002; Lindvall and Kokaia, 2006).  
Genetically modified NSCs producing neurotrophic factors and transplantation of NSCs to 
replace degenerated neurons have been used to protect striatal neurons against excitotoxic 
insults (Bjorklund and Lindvall, 2000).  
Recently, human NSCs were injected intravenously to counteract neural degeneration in HD 
model rats and demonstrated functional recovery in grafted animals (Lee et al., 2005, 2006).  

3.4 Amyotrophic Lateral Sclerosis 
3.4.1 Introduction 
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by 
progressive dysfunction and degeneration of motor neurons occur not only in the spinal 
cord (lower motor neurons) but also in the cerebral cortex and brainstem (upper motor 
neurons). Muscle weakness progresses rapidly and death occurs within a few years. There 
are currently no effective treatments for ALS (Wolfson et al,2009). 
 The expectation for ALS patients is that stem cell transplantation will replace motor 
neurons, leading to the recovery of neuromuscular functions. Unfortunately, the expectation 
that stem cells will play such a regenerative role in patients with ALS is unrealistic because 
of the complexity of the task, a more realistic expectation for stem cells is that they play a 
supportive role in maintaining the viability of or extending the function of surviving motor 
neurons (Silani et al,2002). 
Inducing stem cells to differentiate into supporting cells, glia, or interneurons that might 
produce factors that would support motor neurons, or perhaps the stem cells themselves 
might produce such factors (Svendsen et al,2004) . 

3.4.2 Stem cells for treating ALS: current developments 
3.4.2.1-Neural stem cells (NSCs) is a challenging therapeutic strategy for treatment of ALS. 
To provide insight into the potential of the intravenous delivery of NSCs, Mitrecić, and his 
colleagues, (2010) evaluated the delivery of NSCs marked with green fluorescent protein to 
the central nervous system (CNS) via intravenous in an ALS model. Highly efficient  cell 
delivery to the CNS was found in symptomatic ALS (up to 13%), moderate in 
presymptomatic ALS (up to 6%), and was the lowest in wild animals (up to 0.3%). The study 
provides basic facts about the process occurring after NSCs leave the blood stream and enter 
the nervous tissue affected by inflammation or degeneration, which should help facilitate 
the planning of future bench-to-bedside translational projects. 
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patients. This growth factor could potentially provide a powerful new therapy for 
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currently available drugs(Ramos & Raj., 2009). The researchers showed that injections under 
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al., 2010). They also showed that the microglia ameliorate memory deficiencies in the AD 
mice. This finding was supported by a version of the Morris water maze test known as the 
hidden platform. Subjects which received PBS injections deteriorated as expected in their 
ability to learn and memorize the maze, while those treated with BM-MSCs displayed 
navigational patterns that resembled control subjects. Moreover, they reported that the MB-
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follows previous reports on experimental HD animals that positive effects of fetal striatal 
cell transplantation ameliorate neuronal dysfunction (Nakao and Itakura, 2000) and that 
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sufficient amounts of embryonic striatal tissue and the concomitant ethical issues associated 
with the use of human embryonic tissue. A perfect source of cell transplantation in HD 
would be NSCs, which could participate in normal CNS development and differentiate into 
regionally appropriate cell types in response to environmental factors. Prior studies have 
shown that NSCs isolated from embryonic or adult mammalian CNS can be propagated in 
vitro and subsequently implanted into the brain of animal models of human neurological 
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Genetically modified NSCs producing neurotrophic factors and transplantation of NSCs to 
replace degenerated neurons have been used to protect striatal neurons against excitotoxic 
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Recently, human NSCs were injected intravenously to counteract neural degeneration in HD 
model rats and demonstrated functional recovery in grafted animals (Lee et al., 2005, 2006).  
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by 
progressive dysfunction and degeneration of motor neurons occur not only in the spinal 
cord (lower motor neurons) but also in the cerebral cortex and brainstem (upper motor 
neurons). Muscle weakness progresses rapidly and death occurs within a few years. There 
are currently no effective treatments for ALS (Wolfson et al,2009). 
 The expectation for ALS patients is that stem cell transplantation will replace motor 
neurons, leading to the recovery of neuromuscular functions. Unfortunately, the expectation 
that stem cells will play such a regenerative role in patients with ALS is unrealistic because 
of the complexity of the task, a more realistic expectation for stem cells is that they play a 
supportive role in maintaining the viability of or extending the function of surviving motor 
neurons (Silani et al,2002). 
Inducing stem cells to differentiate into supporting cells, glia, or interneurons that might 
produce factors that would support motor neurons, or perhaps the stem cells themselves 
might produce such factors (Svendsen et al,2004) . 
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3.4.2.2-Haemopiotic stem cell : Preliminary trials with autologous hematopoietic stem cells 
have been reported in humans. In one, peripheral blood-purified CD34+ cells were injected 
intrathecally into 3 patients with ALS (Appel et al,2008, Janson et al 2001)) None reported 
side effects after 6-12 months, but no clinical efficacy was reported. In another, Deda and 
collaborators(2009) reported follow-up results one year after stem cell transplantation. The 
post-operative status of nine patients indicate a significant improvement in comparison to 
the pre-operative status, as confirmed by electroneuromyography. 
3.4.2.3-Mesenchymal bone marrow stem cell: are currently used as an alternative therapy in 
amyotrophic lateral sclerosis (ALS) patients. Cho, et al 2010 isolated BM-SCs from 11 ALS 
patients and characterized their potential secretory capacity of neurotrophic factors and they 
noticed that ALS-SCs have diminished capacity as trophic mediators and may have reduced 
beneficial effects in cell therapy& suggested that MSCs at early passages are more suitable 
for stem cell therapy in ALS patients because of their stability and more potent anti-
inflammatory and neuroprotective properties (Choi, et al,2010). 
Marzzini 2003 ,study the effect intraspinal transplantation of MSCs on 7 patients , Minor 
postoperative adverse events were transient, but muscle strength continued to decline. 
Three months later, however, the investigators reported a trend toward slowing of the 
decline in the proximal muscle groups of the lower limb in 4 patients and a mild increase in 
strength in 2 patients. The absence of placebo controls and longer follow-up preclude any 
inferences of efficacy from this study. Karussis and his collauge 2010, prove in phase I trial 
using intrathecal with or without intravenous MSCs in patients with ALS, Transplantation is  
clinically feasible and relatively safe procedure with stability of the mean Amyotrophic 
Lateral Sclerosis Functional Rating Scale [ALSFRS] score. 
3.4.2.4- Induced pluripotent stem cell: The generation of pluripotent stem cells from an 
individual patient would enable the large-scale production of the cell types affected by the 
patient's disease, using induced pluripotent stem (iPS) cells overcomes the ethical problems 
of using embryos. (John et al,2008) can  make  reprogramming of human fibroblasts  to 
induced pluripotent stem (iPS) cells from skin biopsy of an 82-year-old woman diagnosed 
with a familial form of amyotrophic lateral sclerosis (ALS). These patient-specific iPS cells 
possess properties of embryonic stem cells, they were successfully directed to differentiate 
into motor neurons, the cell type destroyed in ALS.  
These preliminary hope needs to be tempered with caution because of the early stages of 
stem cell research in general, and in ALS in particular. 

3.5 Spinal Muscular Atrophy 
Spinal muscular atrophies (SMA) present a heterogenic group of hereditary neurological 
diseases and one of the types of motor neuron disease.  It is a common “rare disorder”, 
affecting approximately 1 in 6000 babies born, to date no cure exists. The primary 
approaches to treating or curing SMA have now focused on two strategy options, the first, 
genetic therapy - manipulating the genetic material responsible for producing SMA. While 
the second is cellular replacement therapy - replacing dead or dying motor neurons. 
Stem cell strategies are presently under investigation, although significant preclinical work 
and methodological advances remain ahead before these approaches can become clinically 
relevant (Douglas et al; 2010). 
 The goal of transplantation is providing a pool of cells that are able to support endogenous 
neurons through delivery of neuroprotective factors and providing a replacement 
population for lost motor neurons. In Vitro Stem-cell-derived motor neurons have been 
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shown to grow axons and successfully form neuromuscular junctions (Gao et al;2007, 2005; 
Wichterle et al;2002), and stem cell transplants have lead to growth of axons and some 
recovery in paralyzed rats (Deshpande et al;2006; Harper et al; 2004). Induced pluripotent 
stem cells have been derived from patients with SMA and used to generate motor neurons 
that show selective deficits compared with wild-type motor neurons in culture (Ebert et 
al;2009).  
Spinal-cord-derived neural stem cells have been successfully transplanted into the mouse 
model of SMA, with a modest improvement of the clinical phenotype and generation of a 
viable population of motor neurons (Corti et al;2008). 
A subsequent study using pluripotent stem cells demonstrated similar successful stem cell 
engraftment and differentiation with improved survival and functional improvement in 
treated SMA Model compared with controls, demonstrating the therapeutic potential of this 
approach (Corti et al; 2010). 
Although these reports suggest the possibility of stem cell therapy, several challenges must 
be addressed before the successful implementation of stem cell therapy can be fully realized. 
For this strategy to be applicable, large numbers of stem cells need to be generated, to 
successfully populate the nervous system, properly differentiate into motor neurons and, 
critically, must successfully and correctly extend axons to and synapse upon muscle targets. 
It still remains unclear when this therapeutic strategy will become a practical approach in 
the treatment for SMA in the human population. 

3.6 Brain tumor 
Despite extensive surgical excision and radiotherapy and chemotherapy; malignant brain 
tumors such as glioblastoma multiforme remain virtually untreatable and lethal (Black and 
Loeffler, 1997). The opposition to treatment is associated with their exceptional migratory 
nature and ability to insinuate themselves seamlessly and extensively into normal brain 
tissue, often migrating great distances from the primary tumor masses(Dunn and Black, 
2003; Sanai et al., 2005). Medulloblastoma is the most common among childhood brain 
tumors and is incurable. Available treatments including radical surgical resection followed 
by radiation and chemotherapy have substantially improved the survival rate in this 
disease; however, it remains incurable in about one-third of patients (Packer et al., 1999). As 
well, in the case of recurrence, frequently associated with tumor dissemination and the main 
cause of death, therapeutic options are rarely available (Patrice et al., 1995; Graham et al., 
1997).  
The capability of human NSCs as an effective delivery system to target and disseminate 
therapeutic agents to medulloblastomas was demonstrated for the first time (Kim et al., 
2006). One of the causes for the recurrence of medulloblastoma in children after standard 
treatment is the inherent tendency of tumor cells to metastatize through cerebrospinal fluid, 
leading to leptomeningeal dissemination. Throughout the entire spinal cord, human NSC 
F3.CD cells were found to distribute diffusely to metastatic medulloblastoma cells after 
injection in the cisterna magna, and the CD gene in NSCs functioned effectively and killed 
tumor cells (Shimato et al., 2007). 

3.7 Temporal lobe epilepsy 
Current studies have shown that transplanted neurons can restore neurogenesis (Kuruba et 
al., 2009), and GABAergic neurons can reduce seizures (Alvarez-Dolado et al., 2006). 
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Moreover, one study has shown that a specific type of “stem cell,” transplanted into the 
dentate gyrus often matures into normal GCs, which could be used in a restorative manner 
if neurogenesis declines (Carpentino et al., 2008). Remarkably, these stem cells can lead to 
abnormal growths if a normal animal is used, but in an animal that has had seizures, the 
stem cells become GCs and tumors do not appear to develop (Carpentino et al., 2008). 
Infusion of neuropeptide Y may be a particularly effective strategy after such stem cell 
infusion, because it stimulates precursor division (Howell et al., 2003; Scharfman and Gray, 
2006;  2007) and reduces seizures (Noe et al., 2006). 
There are four distinct stem cell-based approaches for treating TLE. The first approach 
involves development of methods for inhibiting increased proliferation of hippocampal 
NSCs during the first few weeks following the SE. Addressing this issue is important in 
light of studies suggesting that epileptic seizures such as SE not only increase dentate 
neurogenesis but also lead to abnormal migration of newly born granule cells into the 
dentate, where they exhibit spontaneous epileptiform bursts and may contribute to the 
development of chronic epilepsy (Dashtipour et al., 2001; Parent et al., 2006).  
The second approach focuses on developing strategies that activate endogenous NSCs in the 
chronically epileptic hippocampus to produce a large number of new neurons including 
GABA-ergic interneurons. This approach has significance because studies in both TLE and 
animals models of TLE suggest that chronic TLE is associated with dramatically declined 
production of new neurons in the adult DG. Decreased neurogenesis during chronic 
epilepsy may contribute to the persistence of seizures possibly due to decreased addition of 
new GABA-ergic interneurons.  
The third strategy comprises rigorous analyses of the efficacy of grafts of NSCs placed into 
the hippocampus after the onset of chronic epilepsy for suppressing seizures and learning 
and memory deficits. This is because the initial results of stem cell grafting studies in TLE 
models reported (Shetty & Hattiangady.,2006, Acharya et al.,2007) are promising in terms of 
their short term survival and their effectiveness for reducing the frequency of seizures and  
findings of delivery of anticonvulsant compounds such as NPY, glial-derived neurotrophic 
factor, and adenosine is efficacious for reducing seizures in animal models of TLE (Noe et 
al., 2007; Li et al., 2007). 
A fourth approach would be a combination therapy comprising NSC cell transplants and 
cell or recombinant viral vector-based delivery of anticonvulsant compounds into the 
hippocampus during chronic epilepsy. This plan may be very efficient, as seizure control 
would likely be mediated by both GABA-ergic interneurons derived from NSC transplants 
and anti-convulsant compounds released by genetically engineered cells. (Shetty& 
Hattiangady., 2007) 

3.8 Lysosomal storage diseases 
Most affected babies by lysosomal storage diseases show a diffuse CNS involvement 
(Meikle et al., 1999). At present, no effective treatment is available for most of the lysosomal 
diseases, because the blood–brain barrier bars entry of enzyme preparations into the brain 
(Sly and Vogler, 2002). However, therapeutic levels of enzymes could be achieved in the 
brain of animal models of lysosomal diseases by direct inoculation of genetically engineered 
mouse (Snyder et al., 1995), fibroblasts (Taylor and Wolfe, 1997), or amniotic epithelial cells 
(Kosuga et al., 2001). In consideration of their widespread migratory ability, normal or 
genetically modified stem cells would allow widespread delivery of missing enzymes all 
over the brain. In a mouse model of mucopolysaccharidosis VII (MPS VII), a lysosomal 
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disease caused by a genetic defect in the activity of b-glucuronidase (b-gluc), genetically 
engineered mouse overexpressing b-gluc were transplanted into the cerebral ventricle and 
resulted in reduction of lysosomal storage in the mouse brain (Snyder et al., 1995). Similarly, 
the transplantation of (b-gluc) overexpressing human NSCs into MPS VII mice and human 
NSCs migrated extensively all over the brain, produced high levels of b-gluc enzyme, and 
cleared lysosomal storage in the neuronal cytoplasm (Meng et al., 2003). In an earlier study, 
immortalized human NSCs were transplanted in a mouse model of Tay-Sachs disease in 
which abnormal lysosomal storage of GM2 ganglioside is found in the brain, resulting from 
total absence of hexosaminidase enzyme activity. After transplantation of human NSCs, 
there was a clearance of storage in neuronal cytoplasm in Tay-Sachs model mice (Flax et al., 
1998). The results indicate that NSCs could serve as an excellent gene transfer vehicle for the 
treatment of diffuse CNS pathology in human lysosomal storage diseases, including Krabbe 
disease, Gaucher’s disease, metachromatic leukodystrophy, and adrenoleucodystrophy. 

3.9Multiple sclerosis  
3.9.1 Introduction  
MS is a chronic, demyelinating disease of the brain and spinal cord ,MS is heterogeneous 
disease, and so the degree of the disease can range from fairly benign to extremely 
debilitating and the stages of disease can range from only relapses to progressive (Weiner 
;2009) 
Unfortunately, the available treatments  (Immunomodulatory and immunosuppressive)are 
not curative, they can reduce CNS inflammation and may delay progression, but control of 
disease is unsatisfactory in many patients ,a logical treatment approach to enhance 
neuroprotective mechanisms and to induce neuroregeneration through  stem cell 
transplantation, stem cell therapy for MS can categorize to immune reconstruction or tissue 
reconstruction  (remylination),two distinct approaches can be considered to promote myelin 
repair, in one the endogenous myelin repair processes are stimulated through the delivery 
of growth factors, and in the second the repair process are augmented through the delivery 
of exogenous cells with myelination potential. Also, the effective treatment of MS requires 
modulation of the immune system, since demyelination is associated with specific 
immunological activation  (Karussis & Kassis; 2007 ) 
Several types of stem cells having the capacity for promoting myelin repair, as well as 
modulating the immune response, are potential candidates for MS therapy( Emily et 
al;2007). 

3.9.2 Stem Cells for treating MS: current developments 
3.9.2.1 Embryonic stem cells (ESCs) 

When transplanted in rodent models of induced demyelination, embryonic stem cells were 
shown able to differentiate into glial cells and re-ensheath demyelinated axons in vivo 
(Brustle etal,1999 ; McDonald et al;1999). Researchers have underlined that ESCs could be a 
“double-edged sword” since they may  cause the formation of a non-homologous implant 
and teratomas within the organ of transplantation (Brustle etal;1999, Deacon etal,1998;,Yanai 
et al;1995). 
3.9.2.2 Adult stem cells 

can be detected in both fetuses, and adults. They can be harvested from different tissues: 
adipose tissue (Gimble& Guilak ;2003), bone-marrow (hematopoietic-HSC (Wognum et 
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al;2003), mesenchymal-MSC (Pittenger,1999 ; Prockop etal;1997), CNS (neural stem cells-
NSC, neurospheres) , olfactory bulb (Roisen et al;2001) and others. Several studies suggested 
the neuroregenerative, the immunomodulatory potential of these adult stem cells (puissant 
etal;2005 ,Yu et al;2006). 
3.9.2.2.1 Adult neural stem cells (NSCs) 

In a study by Pluchino et al; 2003 it was shown that adult neural stem cells cultured and 
injected into EAE-mice—intravenously (iv) or intracerebroventricularly (icv), could migrate 
into the demyelinating CNS area and differentiate into mature brain cells. It was apparent in 
this study, that oligodendrocyte progenitors were especially increased, in this model. 
Clinically, EAE symptoms were strongly down-regulated in the transplanted animals. 
Despite these promising results,  NSC are still not considered the perfect stem cell 
population for cell replacement therapy and are associated with significant drawbacks. The 
difficulty is in culturing neurospheres from regions of the adult brain that do not normally 
undergo self-renewal (Shihabuddin etal;2000) neurosphere-derived cells do not necessarily 
behave as stem cells when transplanted back into the brain  and thus form a focus for 
immune rejection. 
3.9.2.2.2 Hematopoietic stem cells  

Autologous Hematopoietic stem cells (HSCT) was largely preferred to allogeneic 
transplantation because of the lower risk of severe toxicity (van Gelder & van Bekkum; 
1995). Briefly, patients with autoimmune diseases can be considered for HSCT if: (i) their 
disease is severe enough to cause an increased risk of mortality or advanced and irreversible 
disability; (ii) the disease has been unresponsive to conventional treatments, so, Fassas and 
his collaeuge; 2003 recommended practice points to AHSCT for MS patients 
(a) AHSCT seems to be the best anti-inflammatory treatment as evidenced in MRI scans. Its 
clinical value remains to be validated in controlled trials.(b) MS types characterized by 
neurodegenerative pathogenic components are unlikely to benefit from ASCT.(c) Good 
candidates are young patients with rapidly evolving RR-MS or ‘‘malignant’’ MS. Also, 
patients with SP-MS having EDSS scores below 6.5, evidence of inflammation in the CNS, 
and clinical worsening during the last year.(d)Intense conditioning or extensive T depletion 
increase the morbidity & mortality risk  
3.9.2.2.3 Mesenchymal stem cells (MSCs) 

initially isolated from bone marrow but are now shown to reside in almost every type of 
connective tissue (Da silva etal; 2006). The use of bone marrow derived MSC provides 
several advantages over conventional neuronal, embryonic and hematopoietic stem cells: (1) 
they can be obtained from the adult bone marrow; (2) they can be easily cultured and 
expanded in large numbers; (3) they can be injected autologously without the need of 
immunosuppressive means to risk for induction of malignancies, as compared to other types 
of stem cells  prevent rejection; and (4) they are less prone to genetic abnormalities during 
multiple in vitro passages these cells have been shown to have diff eren tiation capacities as 
well as paracrine eff ects via the secretion of growth factors, cytokines, antifi brotic or 
angiogenic mediators (Djouad et al ; 2009). A large body of studies also indicates that MSCs 
possess an immunosuppressive function both in vitro and in vivo (Karussis &  Kassis; 2008). 
How mesenchymal stem cells affect functional recovery in the damaged adult CNS is not 
well understood. Fig (3)  represent MSC Potential for Therapeutic Applications in 
autoimmune disorders 
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They have therefore been tested in the EAE ( Ren et al ;2009) MSCs were shown to decrease 
the clinical signs associated with demyelination when injected before or at the onset of the 
disease, thus demonstrating the therapeutic efficacy of MSCs (Zappia eta;l2005).  This effect 
was associated with immune suppression of effector T cells leading to IL-2 reversible T- cell 
anergy. Subsequently, it was reported that MSCs inhibited T-cell activation with reduced IL-
17 and TNFα levels via the secretion of CCL2 by MSCs (Rafie  et al;2009)The preclinical 
studies, .( Asano  et al; 2006, Draper etal,2004, Lee et al;2001). 
 

 
Fig. 3. The immunomodulatory effect of MSCs. (a) A number of soluble factors secreted by 
MSCs can suppress the activity of inflammatory immune cells. (b) This suppressive activity 
can be enhanced by the presence of pro-inflammatory cytokines secreted by immune cells 
such as IFN-g. (c) The proportion of regulatory T cells and levels of IL-10 production are 
increased by MSCs. MSCs induce a bias towards a Th2 response and upregulate the 
production of IL-4. The production of IFN-g by Th1 cells is reduced. MSCs suppress CD8   T 
cells prior to activation and reduce production of IL-5 and IFN-g. (d) MSCs can reduce the 
production of IFN-g by NK cells. (e) DC differentiation, maturation and antigen 
presentation is inhibited by MSCs. The production of pro-inflammatory cytokines is 
reduced while IL-10 production is upregulated. (f) At high concentrations MSCs inhibit 
proliferationof B-cells, reduce the levels of IgM, IgG and IgA and downregulate the 
expression of several cytokine receptors (Payne et al;2008) 

Together with the cumulative data from ongoing clinical trials with MSCs in various clinical 
conditions (reviewed by Giordano et al2007), provided the scientific basis for many (Karussis 
et al ;2010,Mohyeddin Bonab et al ;2007, Riordan  et al;2009). phase 1/2 pilot clinical trial 
using combined intrathecal and / or intravenous injection of bone marrow– derived 
autologous MSCs  which preliminary prove the feasibility and safety of this type of cell 
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therapy,in the form of early clinical stabilization or improvement in some of the patients 
which could be related to these immunomodulating effects and he possibility of 
neuroprotection and neuroregeneration through transdifferentiation of MSCs into cells of 
the neuronal or glial lineage, although Further controlled trials are warranted to evaluate 
the long term safety and the potential clinical efficacy of MSC transplantation.The current 
data indicate that MSCs represent a promising alternative strategy in the treatment of  MS 
however, Many questions remain to be addressed, about a better understanding of the 
underlying mechanisms of immuno suppression as well as satisfying safety concerns as 
regards the in vivo survival, formation of ectopic tissue and malignant transformation. 

3.10 Stroke 
3.10.1 Introduction 
Stoke is the third leading cause of death in the USA and can be caused by the occlusion of 
small vessels in the brain that resulting in subsequent neuronal death. This will trigger a 
cascade of events including a wide spread inflammatory response. Current therapies for 
ischemic insults include thrombolysis through treatment with tissue plasminogen activator 
(tPA). (Bliss etal;2010).Stem cell transplantation offers an exciting new therapeutic avenue 
for stroke not only to prevent damage, which has been the focus of conventional therapeutic 
strategies, but also to actually repair the injured brain in ischemic(Bliss et al., 2007) and 
hemorrhagic stroke (Andres et al., 2008). 

3.10.2 Theraputic time window for stem cell therapy in stroke patients 
The majority of pre-clinical studies transplanted the stem cells within the first 3 days after 
stroke and they have mostly used bone marrow- or blood-derived cells (Bliss et al., 2007; 
Locatelli et al., 2009). This time window is greater than the 3- to 6-h window required for t-
PA therapy, the only treatment for stroke that currently exists. Cell enhanced recovery has 
also been reported with sub-acute (1 week post-stroke) and chronic (3 weeks post-stroke) 
delivery of many cell types including neural cells (Borlongan et al., 1998; Chen et al., 
2001a,b; Daadi et al., 2008; Shen et al., 2007; Zhao et al., 2002). Comparison of the results to 
identify an optimum time for transplantation is difficult as the studies used different models 
of stroke, cell types, methods of cell delivery, and behavioral tests to assess efficacy. The 
optimum time for transplantation may be dependent on (a) the cell type used , (b) their 
mechanism of action. If the treatment strategy is focused on neuroprotective mechanisms, 
the acute delivery will be critical, however, if the cells transplanted were meant to enhance 
endogenous repair mechanisms(e.g. plasticity and angiogenesis), then sub-acute delivery 
would be essential as these events are more prevalent in the first few weeks after ischemia 
(Carmichael, 2006; Hayashi et al., 2003), (c) route of administration such as  intravascular 
transplantation may require early administration as the cells use inflammatory signals to 
home to the injured brain (Guzman et al., 2008; Park et al., 2009; Pluchino et al., 2005) and 
(d) location of infarction , the majority of pre-clinical studies show cell-enhanced recovery 
after striatal lesions (Bliss et al., 2007; Guzman et al., 2008; Hicks and Jolkkonen, 2009; 
Locatelli et al., 2009) although cell-induced improvements with cortical lesions are also 
reported (Hicks et al., 2009; Shyu et al., 2006; Zhao et al.,2002). However, not all studies find 
that cell therapy is effective (Hicks et al., 2008).As shown in table (1) that  the timing of 
transplantation affected the outcome of these trials is not clear, but they at least demonstrate 
that delivery of cells at different times is feasible. 

 
How do Mesenchymal Stem Cells Repair? 

 

377 

3.10.3 Ishemic versus haemorhagic stroke  
Ischemic and hemorrhagic strokes differ in their pathophysiology and mechanism of 
recovery (Xi et al., 2006). For example, there is no salvageable penumbra with intracerebral 
hemorrhage (ICH) unlike ischemic stroke (Qureshi et al., 1999), and patients with ICH do 
not suffer from reperfusion injury with its burst of free radical production (Kleinig and 
Vink, 2009). Toxic blood breakdown products like thrombin, hemoglobin, and iron 
additionally contribute to neuronal damage after ICH (Hua et al., 2007; Wang et al., 2002). 
Therefore, it is plausible that hemorrhagic and ischemic stroke may respond differently to 
cell therapy and should be tested separately in clinical trials (Andres et al., 2008; Wechsler et 
al., 2009).  
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Table 1. Current clinical cell transplantation trial for stroke 

3.10.4 Route of administration  
Many of the studies using systemic delivered cells find significant functional recovery with 
very few (Guzman et al., 2008; Hicks and Jolkkonen, 2009; Li et al., 2002; Vendrame et al., 
2004) or sometimes no cells (Borlongan et al., 2004) entering the brain. Modo et al. (2002) 
found equal functional recovery when cells were grafted in the ipsi- or contralesional 
hemispheres, the optimum route of human stem cell delivery has not been determined but 
will ultimately depend on the timing of delivery, the cell type used, and their mechanism of 
action.human bone marrow cells (HBMC), human umbilical cord blood cells (HUCBC), 
peripheral blood progenitor cells, and adipose tissue mesenchymal progenitor cells have all 
been reported to enhance recovery after stroke with intracerebral or intravascular delivery, 
and with acute (1 day), subacute (1 week), or chronic (1 month) delivery after stroke (Bliss et 
al., 2007, Guzman et al., 2008,Hicks &Jolkkonen;2009,Shen et al., 2007).The only clinical use 
of intravenous injection of ex vivo-cultured autologous MSCs for the treatment of stroke 
patients was reported by Bango, et,al, 2005. showed improvement in Neurological outcomes 
as determined by the Barthel index and modified Rankin score, Although this trial described 
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therapy,in the form of early clinical stabilization or improvement in some of the patients 
which could be related to these immunomodulating effects and he possibility of 
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that cell therapy is effective (Hicks et al., 2008).As shown in table (1) that  the timing of 
transplantation affected the outcome of these trials is not clear, but they at least demonstrate 
that delivery of cells at different times is feasible. 
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3.10.3 Ishemic versus haemorhagic stroke  
Ischemic and hemorrhagic strokes differ in their pathophysiology and mechanism of 
recovery (Xi et al., 2006). For example, there is no salvageable penumbra with intracerebral 
hemorrhage (ICH) unlike ischemic stroke (Qureshi et al., 1999), and patients with ICH do 
not suffer from reperfusion injury with its burst of free radical production (Kleinig and 
Vink, 2009). Toxic blood breakdown products like thrombin, hemoglobin, and iron 
additionally contribute to neuronal damage after ICH (Hua et al., 2007; Wang et al., 2002). 
Therefore, it is plausible that hemorrhagic and ischemic stroke may respond differently to 
cell therapy and should be tested separately in clinical trials (Andres et al., 2008; Wechsler et 
al., 2009).  
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the success and safety of intravenous injection of ex vivo-cultured autologous MSCs, but 
only five patients were treated with MSCs and therefore the results should be interpreted 
with caution. Furthermore, evidence that the intravenously injected MSCs were biologically 
active is indirect and based on a presumed improved functional recovery ( Dekeyser; 2005) 

3.10.5 Stem cells types for treating stroke: Current developments  
A variety of human cell types have been tested in experimental stroke ( Bliss et al., 2007): (1) 
neural stem/progenitor cells,(2) immortalized cell lines ,(3) hematopoietic/endothelial 
progenitors and stromal cells isolated from bone marrow, umbilical cord blood, peripheral 
blood, or adipose tissue. To become a useful therapeutic option, cells must show efficacy, 
have a large expansion capacity in culture to meet the eventual clinical demand.Cell 
transplantation has shown much promise in experimental models of stroke with a diverse 
array of cell types which reported to enhance functional recovery after ischemic ( Bliss et al., 
2007) and hemorrhagic stroke ( Andres et al., 2008). Such results led to early Phase I and II 
clinical trials using a cell line of immature neurons (hNT) derived from a human 
teratocarcinoma, fetal porcine cells, or autologous mesenchymal stem cells (MSCs). These 
studies focused on the safety and feasibility of cell transplantation therapy. No cell-related 
adverse effects were reported with the hNT (Kondziolka et al., 2005, 2000) and MSC 
transplants (Bang et al., 2005). However, 2 out of the 5 patients receiving the porcine cells 
developed either seizures or aggravation of motor deficits (Savitz et al., 2005); the value of 
the cell therapy to these adverse effects is unclear. 

3.10.5 Potential mechanisms of transplanted cell-mediated  stroke recovery 
3.10.5.1 Induction of neurogenesis  and synapses formation 

Human NPCs form synapses with host circuits (Ishibashi et al., 2004; Daadi et al., 2009a), 
However, only very few synapses are seen, and recovery occurred too early to be 
attributable to newly formed neuronal connections (Englund et al., 2002, Song et al., 2002). 
3.10.5.2 Neuroprotective mechanism 

Through secretion of trophic factors such as vascular endothelial growth factor (VEGF), 
fibroblast growth factor (FGF), glial cell-derived neurotrophic factor (GDNF), and brain-
derived neurotrophic factor (BDNF) that are likely to contribute for recovery (Kurozumi et 
al., 2005; Llado et al., 2004). Li and Chopp, 2009 suggested that MSCs regulate the levels of 
cell death through release of trophic factors as well as altering the gap junction coupling 
between astrocytes, this allows these cells to respond more effectively to control damage  
3.10.5.3 Immunomodulation and anti-inflammatory mechanism 

Intravenous injection of HUCB  or direct injection of human MSCs  into the hippocampus 
after global ischemia lead to  down regulate many inflammatory and immune response 
genes and shifted the balance from a pro- to anti-inflammatory response (Ohtaki et al., 
2008).  
3.10.5.4 Induction of Angiogenesis 

Increased vascularization in the penumbra within a few days after stroke correlates with 
improved neurological recovery in stroke patients (Krupinski et al., 1993; Senior, 2001) 
transplanted cell-induced blood vessel formation has been reported with BMSCs, NPCs, 
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HUCBCs and cells from human peripheral blood (Chen et al., 2003; Horie et al., 2008; Shen 
et al., 2006; Shyu et al., 2006; Taguchi et al., 2004). 
3.10.5.5 Activation of endogenous restorative processes 

Induction of host brain plasticity and increase in endogenous brain structural plasticity and 
motor remapping after ischemia is postulated to underlie the spontaneous recovery seen 
after stroke (Benowitz and Carmichael, 2010; Carmichael, 2006;2008), and cell 
transplantation may enhance these process. HUCBCs increased sprouting of nerve fibers 
from the contralateral to the ischemic hemisphere (Xiao et al., 2005), a similar phenomenon 
recorded with fetal-derived NPCs (Daadi et al., 2009b, Horie et al., 2009). these restorative 
process  not well understood but may signify a natural repair mechanism of the brain that 
could be enhanced by transplanted cells. MSC-treated rats demonstrated elevated 
oligodendrocyte precursors, which increased in concert with enhanced white matter areas 
(Taguchi et al., 2004,Li et al., 2005, 2006; Shen et al., 2006).and also Xin et al., 2010, suggest 
that MSCs may also locally increase the levels of tPA in astrocytes around the stroke lesion 
and that this increases neuroprotection and enhances neurite outgrowth. 
The pre-clinical evidence shows great promise for cell transplantation as a therapy for 
stroke. While we can be cautiously optimistic about the reality of such a therapy, many 
fundamental questions related to the optimal patient (including age, sex, etiology, anatomic 
location and size of infarct, and medical history), the most appropriate cell type, cell dose, 
the timing of surgery, the route and site of delivery, the need for immunosuppression, and 
mechanism of action remain to be answered.  

3.11 Cerebral palsy 
3.11.1 Introduction 
Cerebral palsy is a group of brain diseases which produce chronic motor disability in 
children, that affect children from all countries and all ethnic backgrounds. The causes are 
quite varied and range from damage to the brain during pregnancy, labor or shortly 
following birth and  due to the increased survival of very premature infants, the incidence of 
cerebral palsy may be increasing. While premature infants and term infants who have 
suffered neonatal hypoxic–ischaemic (HI) injury represent only a minority of the total 
cerebral palsy population,( Bartley & Carroll.,2003) Maximum repair and regeneration for 
cerebral palsy patients as listed by Filip et al. (2004) include:treatment of any infections, 
chemical toxicities, heavy metal poisoning, Oxygen therapies, Neuroprotective diet and 
therapies that include antioxidant and  endogenous stem cell/stress reduction program that 
continues to promote repair and regeneration  
The similar logistics of stem cell therapy in ischemic stroke also applies for the management 
of cerebral palsy,however, studies in this population are sparse (Mueller et al., 2005). 

3.11.2 Stem cell therapy for cerebral palsy: Current development 
3.11.2.1 Human neural stem cells (hNSCs) 

hNSCs replaced lost cells in a newborn mouse model of brain damage. Mice received brain 
parenchymal or intraventricular injections of hNSCs derived from embryonic germ (EG) 
cells. The stem cells migrated away from the injection site they can survive and disseminate 
into the lesioned areas, differentiate into neuronal and glial cells and replace lost neurons 
(Mueller et al ;2005) 
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the success and safety of intravenous injection of ex vivo-cultured autologous MSCs, but 
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transplants (Bang et al., 2005). However, 2 out of the 5 patients receiving the porcine cells 
developed either seizures or aggravation of motor deficits (Savitz et al., 2005); the value of 
the cell therapy to these adverse effects is unclear. 
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HUCBCs and cells from human peripheral blood (Chen et al., 2003; Horie et al., 2008; Shen 
et al., 2006; Shyu et al., 2006; Taguchi et al., 2004). 
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Induction of host brain plasticity and increase in endogenous brain structural plasticity and 
motor remapping after ischemia is postulated to underlie the spontaneous recovery seen 
after stroke (Benowitz and Carmichael, 2010; Carmichael, 2006;2008), and cell 
transplantation may enhance these process. HUCBCs increased sprouting of nerve fibers 
from the contralateral to the ischemic hemisphere (Xiao et al., 2005), a similar phenomenon 
recorded with fetal-derived NPCs (Daadi et al., 2009b, Horie et al., 2009). these restorative 
process  not well understood but may signify a natural repair mechanism of the brain that 
could be enhanced by transplanted cells. MSC-treated rats demonstrated elevated 
oligodendrocyte precursors, which increased in concert with enhanced white matter areas 
(Taguchi et al., 2004,Li et al., 2005, 2006; Shen et al., 2006).and also Xin et al., 2010, suggest 
that MSCs may also locally increase the levels of tPA in astrocytes around the stroke lesion 
and that this increases neuroprotection and enhances neurite outgrowth. 
The pre-clinical evidence shows great promise for cell transplantation as a therapy for 
stroke. While we can be cautiously optimistic about the reality of such a therapy, many 
fundamental questions related to the optimal patient (including age, sex, etiology, anatomic 
location and size of infarct, and medical history), the most appropriate cell type, cell dose, 
the timing of surgery, the route and site of delivery, the need for immunosuppression, and 
mechanism of action remain to be answered.  

3.11 Cerebral palsy 
3.11.1 Introduction 
Cerebral palsy is a group of brain diseases which produce chronic motor disability in 
children, that affect children from all countries and all ethnic backgrounds. The causes are 
quite varied and range from damage to the brain during pregnancy, labor or shortly 
following birth and  due to the increased survival of very premature infants, the incidence of 
cerebral palsy may be increasing. While premature infants and term infants who have 
suffered neonatal hypoxic–ischaemic (HI) injury represent only a minority of the total 
cerebral palsy population,( Bartley & Carroll.,2003) Maximum repair and regeneration for 
cerebral palsy patients as listed by Filip et al. (2004) include:treatment of any infections, 
chemical toxicities, heavy metal poisoning, Oxygen therapies, Neuroprotective diet and 
therapies that include antioxidant and  endogenous stem cell/stress reduction program that 
continues to promote repair and regeneration  
The similar logistics of stem cell therapy in ischemic stroke also applies for the management 
of cerebral palsy,however, studies in this population are sparse (Mueller et al., 2005). 

3.11.2 Stem cell therapy for cerebral palsy: Current development 
3.11.2.1 Human neural stem cells (hNSCs) 

hNSCs replaced lost cells in a newborn mouse model of brain damage. Mice received brain 
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cells. The stem cells migrated away from the injection site they can survive and disseminate 
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(Mueller et al ;2005) 



 
Stem Cells in Clinic and Research 

 

380 

3.11.2.2 Human umbilical cord stem cells (hUCSC) 

1.5 million CD34+/CD133 human umbilical cord stem cells had been injected subcutaneous 
in adipose tissue adjacent to the umbilicus. Patient with CP experienced clinically significant 
improvements in cognitive and motor skill function following this. What is intriguing is that 
many of these children began demonstrating benefit within the first day or so of receiving 
the injection. The children who demonstrated improvement were infants and toddlers 
(Singh and Roy, 2008).Clearly too little time elapsed to attribute these positive changes to 
hUCSC migration to the brain, engraftment and proliferation, however, these early onset 
clinically significant improvements become explicable when viewed as the end result of 
growth factor and neurotrophin activity. The hUCSC deposited in adipose tissue causes 
adipocytes to synthesize blood brain barrier disruptive TNF-alpha and NGF. This would be 
consistent with published laboratory and animal studies, and with the rapid improvements 
seen in the treated children (Singh and Roy, 2008, Payne, 2005).Medical College of Georgia 
researchers are conducting the first FDA-approved clinical trial to determine whether an 
infusion of stem cells from umbilical cord blood can improve the quality of life for children 
with cerebral palsy. The study will include 40 children age 2-12 whose parents have stored 
cord blood at the Cord Blood Registry in Tucson, Ariz (Medical College of  Georgia, 2010).. 
3.11.2.3.Mesenchymal Bone Marrow stem cells (MSCs) 

Padma, 2005 use an intra-arterial infusion of autologous bone marrow stem cells to patients 
with static encephalopathy including cerebral palsy, it was found that this procedure was 
feasible, safe and caused improve in  neurological functional outcome Chen et al; 
2010,proved that MSC transplanted  to animal model of Periventricular white matter injury 
(PVWMI) in preterm infants may have been neuroprotective and indirectly contributed to 
brain repair which proved by in vivo MRI demonstrated that labeled cells migrated away 
from the injection site toward lesioned areas in both hemispheres, confirmed by microscopy 
postmortem, but double-labeling studies found little evidence of differentiation into neural 
phenotypes. By expert opinion Carroll and Mays (2011), stem cells may be beneficial in 
acute injuries of the CNS the biology of stem cells is not well enough understood in chronic 
injuries or disorders such as cerebral palsy. More work is required at the basic level of stem 
cell biology, in the development of animal models, and finally in well-conceived clinical 
trials. 

3.12 Spinal cord injury 
3.12.1 Introduction 
Spinal cord injuries result in long-term functional deficits as a result of the failure of severed 
adult CNS neurons to regrow long distances, connect to their original targets, and restore 
circuitry. Several factors are thought to contribute to the lack of regeneration of spinal cord 
axons. These include a reduction in the intrinsic growth capacity of adult CNS projection 
neurons, the presence of inhibitory cues derived from damaged CNS myelin, and the 
formation of a glial scar by local astrocytes in response to inflammatory stimuli (Fitch and 
Silver;2008).There is no cure, and the most common current treatment — high-dose 
methylprednisolone — is of questionable value (Lindvall & Kokaia;2006).Multiple 
approaches will be required to generate functional recovery. This hypothesis has recently 
received strong support from the use of combinatorial therapies directed at intrinsic and 
environmental regulators of regeneration Cell-based therapy is currently one of the   
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promising approachs as many studies have shown improvement in sensory or motor 
function in the presence of various types of grafted stem cells or ex vivo pre-differentiated 
stem cells (Kadoya et al., 2009). 

3.12.2 Rationales for therapeutic use of stem cells for SCI include (figure 4) 
3.12.2.1 Replacement of damaged neurons and glial cells 

One possible effect of cell therapy is “replacement,” meaning that the grafted cells integrate 
into the host tissue and replace damaged or lost cells. Several studies have been performed 
using in vitro expanded neural stem/progenitor cells, which were then implanted into 
injured animal model for spinal cord. The cells survived and differentiated into neurons, 
astrocytes, and oligodendrocytes and had a positive effect on functional outcome ( Ogawa et 
al;2002,Okada et al; 2005) Similarly, MSCs can also differentiate into neuron-like cells and 
glia  which stained for the neural proteins (Azizi;1998, Brazelton ;2000,  Prockop ;1997, 
Woodbury;2000, Okano ;2005 , Mezey; 2000, Hofstetter et al;2002)  
3.12.2.2 Environmental change in the spinal cord that would encourage regeneration 

Create a more favorable environment for limiting damage and promoting regeneration, via 
immunoregulation (Aggarwal & Pittenger, 2005; Noel et al., 2007), expression of growth 
factors and cytokines (Song et al., 2004), improved vascularization, providing a permissive 
growth substrate, and/or suppressing cavity formation (Hofstetter et al., 2002).  Enhance 
remylination  and increase the survival of oligodendrocytes  Zhang et al; 2008. 
3.12.2.3- cell fusion: The implanted adult stem cells may even fuse with the endogenous 
stem cells of the spinal cord. Some experiments have shown that MSCs have the ability to 
fuse with a variety of cells( Alvarez-Dolad;2003 ,Terada et al; 2002). Other studies have 
shown that cell fusion does not exist or if it does, it is specific to the liver ( Newsome et 
al;2003). This concept should be tested within the framework of spinal cord injury in the 
future.However,the attendant risks of stem cell therapy for SCI—including tumor 
formation, or abnormal circuit formation leading to dysfunction—must be weighed against 
the potential benefits of this approach.  
 

 
Fig. 4. Possible ways adult stem cells improve recovery in the injured spinal cord (Sherri & 
Schultz,2005) 
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Fig. 4. Possible ways adult stem cells improve recovery in the injured spinal cord (Sherri & 
Schultz,2005) 
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3.12.3 Stem cell therapy of SCI: current development  
Cell-based therapy is currently a promising approach as many studies have shown 
improvement in sensory or motor function in the presence of various types of stem cells 
embryonic stem cells, Blesch  et al;2002 olfactory ensheathing glial cells, and Schwann cells 
(Lima;2006) The bone marrow also contains at least 2 discernable stem cell populations( 
Jiang et al;2002 , Mazurier  et al ;2003) 
3.12.3.1.Embryonic stem  (ES) cells 

Several studies have indicated that rodent ESC-derived neurons can survive, integrate and 
help restore function following transplantation into spinal cord injured rats (Finley et al., 
1996; Lang et al., 2004), Deshpande et al., 2006). Human ESCs have been directed to 
differentiate into multipotent neural precursors (Carpenter et al., 2001; Reubinoff et al., 
2001),and to high purity oligodendrocyte progenitors (Keirstead et al., 2005; Nistor et al., 
2005). embryonic and fetal neural stem cells demonstrated stability, sustainability, and 
expandability in long-term culture systems in order for them to be considered as a 
possibility in human application. However, serious ethical dilemmas, also lack the ease of 
accessibility and practicality limit the  routine clinical use (Reubinoff et al., 2001). 
3.12.3.2 Adult stem cells  

Unlike embryonal or fetal origin stem cells, using adult stem cells avoids ethical and moral 
problems as well as teratogenic and oncogenic risks, a variety of adult stem cells have been 
implanted in a rat model of spinal cord injury, ranging from olfactory ensheathing cells,and 
schwann cells (Lima etal;2010) cultured spinal cord stem cells, umbilical cord SC,  bone 
marrow derived stem cells, dermis derived stem cells ( Sahni & Kessler;2010) 
3.12.3.2.1 Human Neuronal stem cell (NSCs) 

NSCs have been preferred in SCI studies because NSCs have the definite ability to 
differentiate into functional neurons and glial cells after being transplanted in the injured 
spinal cord (Kim et al; 2007, Johnson et al; 2010. Mothe et al;2008) However, like embryonic 
stem cells, clinical application of adult NSCs, requires careful preclinical evaluation of their 
safety , efficacy,  purity of the neural cultures as well as there are bioethical issues to be 
considered (Daar et al;2004, Henon;2003, Riaz et al; 2002) 
3.12.3.2.2 Olfactory ensheathing glia cells (OEC’s) 

“OEC’s have been shown to penetrate the inhibitory glial scar at the injury site, and then 
migrate to their correct targets, restoring function. OEC’s could also provide an extracellular 
matrix and other types of neurotrophins to the injured neurons and neural differentiated 
adult stem cells, OECs are themselves not considered stem cells(Lima etal;2010). AS they are the 
patient’s own cells, there is no concern regarding rejection (Lima et al;2006).  
3.12.3.2.3 Human umbilical cord stem cells (hUCB) 

The hUCB cells are immune naïve and so they subsequently cause less graft rejection, GvHD 
and post-transplant infections (Knutsen & Wall;1999,Newcomb et al ; 2007, Tse & Laughlin; 
2005,) and they are able to differentiate into  neural lineage. Evidence has emerged 
suggesting alternative pathways of graft-mediated neural repair that involve neurotrophic 
effects. These effects are caused by the release of various growth factors that promote cell 
survival, angiogenesis and anti-inflammation, and this is all a side from a cell replacement 
mechanism (Park et al ; 2011), Willing  and his colleague (2003) prove that,  hUCB cells can 
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be administered by an intraarterial or intravenous route as well as by the direct intralesional 
approach. Intravenous injection of mononuclear hUCB cells was at least as effective and/or 
more effective at some points than direct  implantation. 
3.12.3.2.4 Mesenchymal stem cells (MSCs) 

Autologous bone marrow- derived stem cells are ideal candidates for treating SCI in 
emerging clinical studies, because there are no ethical obstacles to their use and the health 
risk for patients with SCI is rather small (Park et al; 2005). Numerous electrophysiological 
and histological preclinical studies have revealed  feasibility and beneficial potential of  
implantation of stem cells from bone marrow in animal models of SCI which showed, 
neuronal and axonal regeneration, astrocyte proliferation, remyelination, 
neovascularization, and functional improvement (Akiyama et al ;2002a,b, Chopp et al ;2000, 
Hofstetter et al;2002, Inoue et al;2003, Jendelova´et al;2004, Kalyani et al;1998, Saporta 
etal;2003, Sykova´& Jendelova´;2006 &2005, Sykova´ et al; 2005, Urdz´kova´et al;2006, Wu et 
al ;2003). These studies have also shown that the optimal therapeutic window for 
implantation in animal  models of SCI is 7–21 days after injury. As regard mode of cell 
delivery preclinical experiments in rats with SCI demonstrated that intravenously 
implanted human bone marrow-MSCs labeled in vitro with iron oxide nanoparticles and 
followed in vivo by magnetic resonance imaging (MRI), migrate, survive, and home only to 
the lesion site (Jendelova´et al;2004, Sykova´& Jendelova´;2005). All these data encourage 
scientists to initiate many nonrandomized phase I/II clinical studies  using autologousBM-
MSCs ,delivered to the patient by many routes ( Geffner et al ;2008) either implanted direct 
intralesional Park and colleagues 2005  or intra- arterially via a. vertebralis (i.e., close to the 
lesion site) (Sykova et al ;2006 )or  less invasive  which include intravenous, or Intrathecal 
(Bakshi et al ;2006 , Kishk, et,al2010) into patients with subacute (Park et al ;2005, 
Sykovaet,al2006) or chronic SCI (Sykova etal;2006 , Kishk, et al;2010 )at the cervical or 
thoracic level, the outcome from BMMC implantation in acute and  chronic patients is 
promising .however, the therapeutic window will play an important role in any type of SCI 
treatment. There seems to be a similar therapeutic window in humans as in animals, which 
is up to 3–4 weeks after SCI. Sykova and his colleague ;2006 suggest that administering the 
cells closer to the injury site, such as through the catheterization of a. vertebralis, or into the 
cerebrospinal fluid (Kishk et al; 2010,Ohata et al; 2004), or even intraspinally at the lesion 
border (Park et al; 2005), might be important for a better outcome. The observed partial 
recovery might be attributable to a “rescue effect,” a reduction in tissue loss from secondary 
injury processes, as well as to diminished glial scarring. MSCs may induce an allodynia-like 
response by producing intrathecal proinflammatory cytokines, especially interleukin-1, 
tumor necrosis factor, and interleukin-6 (. Chae etal; 2009). Neither Abrams et al;2009,  
Sykova et al;2006 or Geffner et al; 2008 reported central pain as a complication. The 
deployment of MSCs in patients with subacute or chronic traumatic SCI will need  longer 
follow-up, more studies that explore the best timing post injury , the dose and duration of 
MSC interventions, Objective assessment of the bladder and bowel function with 
urodynamic studies and anal sphincter EMG is necessary. Imaging of the lesions by MRI 
using particle-labeled MSCs could determine whether the cells reach the lesion. Future in 
vivo markers for neuronal regeneration or remyelination could give more insight into the 
mechanisms of any biological effects  (Dobkin 2010) 
Clinical studies are necessary , However, the question of which cell type is most beneficial 
for SCI treatment is still unresolved as what are the mechanisms underlying the beneficial 
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effect(s)  The therapeutic window, the implantation strategy, the method of administration, 
the number of cells, and the possible side effects can only be tested in human clinical trials 
guided by  Guidelines for trials of cellular therapies (Fawcett etal;2007) . 

4. Conclusion 
It is realistic to believe that stem cells will be used clinically, not as a cure-all but as part of a 
therapeutic armamentarium The key, however, will be in applying the right cell type to the 
right disease and conveying the right amount of expectation to the patient. Meticulous 
attention to the ethics and Collaboration between basic scientists, clinicians, industry 
partners, and funding bodies is required to translate the potential of cell therapy into a 
reality in a timely, but safe and effective manner . 
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1. Introduction 
The mature central nervous system (CNS) is probably the most complex structure known in 
nature.  This fact and the irreversibility of most forms of clinical brain damage are the basis 
for the long-held belief that the adult brain cannot restore itself and cannot be repaired. 
Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder 
characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta 
(SNPc) with a concomitant loss of the catecholamine called dopamine (DA), the 
neurotransmitter released at the axon terminals of the SNPc neurons that project to the 
striatum (caudate nucleus and putamen) (Fig.1). 
Historically, the therapy for PD is aimed at reinstalling proper stimulation of the dopamine 
receptors in striatum. The dramatic breakthrough was the introduction of L-DOPA 
treatment in 1969 (Cotzias et al., 1969).  L-DOPA, the precursor of dopamine, passes the 
blood-brain barrier (BBB) and is converted to dopamine, which becomes available for 
dopamine receptors in striatum, thereby improving the balance between excitatory and 
inhibitory influences in this brain region. Together with L-DOPA treatment, dopamine 
reuptake inhibitor, dopaminergic agonists and muscarinic antagonists also have a clinical 
effect. Despite this pharmacologic advance in treatment, there remains no cure for PD. 
Because PD is a neurodegenerative process and long term therapy is necessary, 
development of severe side effects such as dyskinesias (movement disorder), limits the 
usefulness of L-DOPA therapy over time and progressively becomes less effective; 
consequently, patients become more troubled by freezing or akinesias. In addition, L-DOPA 
will not only reach the striatum, but the entire CNS as well as the rest of the body, where it 
can develop unwanted side effects. 
Additionally, surgical treatment is being used to treat people with advanced PD for whom 
drug therapy is no longer sufficient. The more frequently employed techniques are 
thalamotomy, lesion of the internal globus pallidus or subthalamic nucleus and chronic 
implantation of electrodes for deep brain stimulation, amongst others. Even though there is 
a clinical recovery in PD patients after surgical therapy, as seen with pharmacological 
therapy, the progression of the disease cannot be avoided. Hence, the basic principle of 
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reuptake inhibitor, dopaminergic agonists and muscarinic antagonists also have a clinical 
effect. Despite this pharmacologic advance in treatment, there remains no cure for PD. 
Because PD is a neurodegenerative process and long term therapy is necessary, 
development of severe side effects such as dyskinesias (movement disorder), limits the 
usefulness of L-DOPA therapy over time and progressively becomes less effective; 
consequently, patients become more troubled by freezing or akinesias. In addition, L-DOPA 
will not only reach the striatum, but the entire CNS as well as the rest of the body, where it 
can develop unwanted side effects. 
Additionally, surgical treatment is being used to treat people with advanced PD for whom 
drug therapy is no longer sufficient. The more frequently employed techniques are 
thalamotomy, lesion of the internal globus pallidus or subthalamic nucleus and chronic 
implantation of electrodes for deep brain stimulation, amongst others. Even though there is 
a clinical recovery in PD patients after surgical therapy, as seen with pharmacological 
therapy, the progression of the disease cannot be avoided. Hence, the basic principle of 
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neural transplantation for PD is to provide DA from the graft in a stable fashion directly into 
the striatum where the intrinsic dopaminergic system has been degenerated (Fig.1). This 
procedure attracted the attention of the entire scientific community over the past decades. 
In this chapter we will describe the experimental work and clinical trials that provided the 
basis for the development of cell therapy in PD. Afterward, this chapter will depict the 
suitability and the therapeutic potential of stem cells from different origin that could be 
employed for regeneration therapy in human clinical trials. Finally, this chapter will discuss 
the current strategies for the assessment of tissue integration after grafting and our proposal 
of an alternative method for evaluating the effectiveness of the transplants in rodent models 
of PD. 
 
 

 
Fig. 1. Transplant therapy in a rodent model of PD.  Grafted cells are located in the 
denervated striatum of the 6-hydroxydopamine (6-OHDA) lesioned rat. 

2. The experimental approach in animal models of PD: the foundation of 
transplant therapy 
Even though PD is mostly idiopathic, it is well known that loss of a specific and highly 
specialized neuronal subpopulation underlie the process of the disease. The optimal tactic to 
evaluate the benefits and/or drawbacks of different treatments, devoid of using human 
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patients, is to develop an animal model that resembles the pathology observed in PD. To 
this point, animal models of PD are the best method to evaluate the success or failure of 
transplant therapy.  
Section 2 depicts the evolution of transplant research done in animal models. A summary of 
the trials can be found in Table 1. 

2.1 Animal models of PD 
The most commonly used PD model is the 6-OHDA unilateral lesioned rat. 6-OHDA is a 
specific neurotoxin for catecholaminergic neurons; uptake of 6-OHDA by these neurons is 
performed in a similar fashion to that for intrinsic catecholamines (Sachs & Jonsson, 1975). 
Because 6-OHDA is not able to cross the BBB, unilateral direct injection into the substantia 
nigra or into the medial forebrain bundle is sufficient to destroy >95% of the midbrain 
dopaminergic neurons. Unilateral lesioned rats will rotate contralaterally in response to DA 
agonists such as apomorphine, which is the result of the supersensitivity of striatal DA 
receptors in the lesioned side. On the opposite, unilateral lesioned rats will rotate 
ipsilaterally to the lesion in response to amphetamine. Circling behavior can be analyzed by 
gross visual observation, video recording or rotometer.   
Another neurotoxin commonly employed for the development of animal models of PD is 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). This toxin was discovered in young 
drug addicts who used illicit drugs contaminated with meperidine, causing symptoms very 
similar to idiopathic PD (Langston et al., 1983). Sensitivity to MPTP varies considerably 
among animal species.  Non-human primates are most sensitive in a manner similar to 
humans; mice, cats, and dogs are rather sensitive, whereas rats are resistant to MPTP (Kopin 
& Markey, 1988).  

2.2 Fetal substantia nigra transplants 
With the extensive variety of animal models of PD, experimental transplant therapy for PD 
swiftly began in the late 70’s; fetal substantia nigra was the initial choice for transplants, 
since fetal tissue was considered to have lower possibility of rejection from the 
host's immune system than adult cells. 
The firsts fetal substantia nigra experimental transplant performed in a PD model, reported 
a reduction of the motor abnormalities in a unilaterally DA-denervated rat (Björklund & 
Stenevi, 1979; Perlow et al., 1979). Since then, the technique has been improved in several 
ways and established that DA-containing grafts can alleviate some of the symptoms in 
different experimental models of PD, including mice and rats (Aguayo et al., 1984; Annett et 
al., 1994; Brundin et al., 1988; Di Porzio & Zuddas, 1992; Dunnett et al., 1981; Hefti et al., 1985; 
Herman et al., 1991; Zhu et al., 1992).  
Once the first experiments using fetal substantia nigra grafts in rodents were concluded and 
giving preliminary and promising results, the next rational step was to extrapolate these 
experiments to a higher member of the evolutionary chain, the non-human primates. 
Morihisa et al., were the first ones to explore the potential of this therapeutic approach, 
transplanting fetal substantia nigra into the denervated caudate nucleus of the rhesus 
monkey with unilateral lesion of the striatum secondary to 6-OHDA direct administration. 
For their surprise, under the specific conditions of their experiment, fetal substantia nigra 
graft did not survive in either of two animals tested. The complete loss of the transplanted 
dopaminergic graft could be due to an immunologic incompatibility; which placed the 
notion that the brain is an immunologically privileged site under inquiry and questioned the 
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patients, is to develop an animal model that resembles the pathology observed in PD. To 
this point, animal models of PD are the best method to evaluate the success or failure of 
transplant therapy.  
Section 2 depicts the evolution of transplant research done in animal models. A summary of 
the trials can be found in Table 1. 

2.1 Animal models of PD 
The most commonly used PD model is the 6-OHDA unilateral lesioned rat. 6-OHDA is a 
specific neurotoxin for catecholaminergic neurons; uptake of 6-OHDA by these neurons is 
performed in a similar fashion to that for intrinsic catecholamines (Sachs & Jonsson, 1975). 
Because 6-OHDA is not able to cross the BBB, unilateral direct injection into the substantia 
nigra or into the medial forebrain bundle is sufficient to destroy >95% of the midbrain 
dopaminergic neurons. Unilateral lesioned rats will rotate contralaterally in response to DA 
agonists such as apomorphine, which is the result of the supersensitivity of striatal DA 
receptors in the lesioned side. On the opposite, unilateral lesioned rats will rotate 
ipsilaterally to the lesion in response to amphetamine. Circling behavior can be analyzed by 
gross visual observation, video recording or rotometer.   
Another neurotoxin commonly employed for the development of animal models of PD is 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). This toxin was discovered in young 
drug addicts who used illicit drugs contaminated with meperidine, causing symptoms very 
similar to idiopathic PD (Langston et al., 1983). Sensitivity to MPTP varies considerably 
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since fetal tissue was considered to have lower possibility of rejection from the 
host's immune system than adult cells. 
The firsts fetal substantia nigra experimental transplant performed in a PD model, reported 
a reduction of the motor abnormalities in a unilaterally DA-denervated rat (Björklund & 
Stenevi, 1979; Perlow et al., 1979). Since then, the technique has been improved in several 
ways and established that DA-containing grafts can alleviate some of the symptoms in 
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Once the first experiments using fetal substantia nigra grafts in rodents were concluded and 
giving preliminary and promising results, the next rational step was to extrapolate these 
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Morihisa et al., were the first ones to explore the potential of this therapeutic approach, 
transplanting fetal substantia nigra into the denervated caudate nucleus of the rhesus 
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graft did not survive in either of two animals tested. The complete loss of the transplanted 
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notion that the brain is an immunologically privileged site under inquiry and questioned the 
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idea that rejection processes would be less severe inside the brain. In order to circumvent 
graft rejection, they employed grafts from autolog adrenal medulla tissue; of particular 
interest is that adrenal medulla tissue from four animals tested did survive (Morihisa et al., 
1984). Even though they did not report improvement after adrenal medullary chromaffin 
transplant, they were the pioneers in the usage of autologous transplants for PD treatment, 
one that took notoriety in the years to come. 

2.3 Sympathetic neuron transplants 
The potential therapeutic value of autologous transplants was also explored using 
sympathetic neurons for cell transplant in PD. Sympathetic ganglion cells mainly release 
noradrenaline whereas a minute amount of DA is also synthesized and secreted by a small 
subpopulation of the ganglion cells (Lyon et al., 1987). With this taken into consideration, 
autologous sympathetic neurons derived from the superior cervical ganglion were grafted 
in animal models of PD, monkey and rat. Tissue pieces of the sympathetic ganglion were 
grown in serum-free medium supplemented with nerve growth factor; short neurites were 
found to emanate from sympathetic ganglion tissue after 6 days in culture. These studies 
have revealed that sympathetic neuron autografts placed in the DA-denervated striatum 
survive and improve motor deficits such as drug induced circling behavior and hypokinetic 
disorders, seen in rodent and non-human primate models of PD (Itakura et al., 1988; Nakao 
et al., 1995). 

2.4 Human retinal pigment epithelial (hRPE) cells transplant 
With the arrival of new and more advanced cell culture procedures, innovative sources were 
available for the acquisition of alternative DA-producing cells. Amongst them, the hRPE cell 
was one of the most promising ones; the study of hRPE cells demonstrated that these cells 
express vesicular monoamine transporter and the D1 receptor. Moreover, hRPE cells secrete 
L-DOPA and small quantities of dopamine. This alternative graft was transplanted in a rat 
and monkey model of PD with significant improvement of circling behavior and motor task, 
respectively. Nevertheless, a thorough depiction of dopaminergic transplanted cell survival 
and function was not provided (Doudet et al., 2004; Subramanian et al., 2002).  

2.5 The dim truth about experimental transplant in animal models of PD 
Regardless of the improvement reported in these animal models of PD after transplant, 
several factors were not taken into account in order to make an adequate evaluation of the 
enhancement produced by the graft. Even though there is evidence of a decrease in circling 
behavior, the survival of DA-producing transplanted neurons is not fully described in many 
of the experiments, and for that reason, a correlation between neuronal graft survival and 
behavior improvement cannot be supported.  
With the purpose of making an un-doubtful conclusion that a functional recovery is clearly 
undergoing, a clear correlation between the extent and location of dopaminergic re-
innervation within the striatum and recovery of dopaminergic function should be done. The 
remission of circling behavior may relate to the fact that DA receptors on the denervated 
side are supersensitive and/or that striatum is normally supplied with a far greater 
innervation than is needed for minimal maintenance of function. It is also possible that a 
low number of neurons and terminals may increase their synthesis and turnover of DA to 
help compensate for the deficit. 
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Cell Source Donor Recipient Result 
Time 

period
TH neuron 

count Reference 
(after transplant) 

Fetal 19 days Nigra Rat 
6-OHDA 
unilateral 
lesion Rat 

Decrease in 33% of 
ipsilateral rotation 

(amphetamine) 

3.5 
months 300 neurons Björklund & 

Stenevi, 1979 

Fetal Nigra Rat 
6-OHDA 
unilateral 
lesion Rat 

Decrease in 70% of 
contralateral rotation 

(apomorphine) 

4 
weeks NA Perlow et al., 

1979 

Fetal 19 days Nigra Rat 
6-OHDA 

bilateral lesion 
Rat 

Decrease in 50% of 
spontaneous akinesia 20 days NA Dunnett et al., 

1981 

Fetal 16-17 days Nigra Rat 
6-OHDA 
unilateral 
lesion Rat 

Augmentation of DA 
fiber density 

10 
months NA Aguayo et al., 

1984 

Adrenal medulla 
autografts 

 

Rhesus 
macaque 

(non-
human 

primate) 

6-OHDA 
unilateral 

lesion 
Rhesus 

macaque 

NA 8 
months

150 
cathecolamine 

neurons 

Morihisa et 
al., 1984 

PC12 cells (rat adrenal 
medulla 

pheochromocytoma) 

Rat PC12 
cell culture

6-OHDA 
unilateral 
lesion Rat 

Decrease in 27% of 
ipsilateral rotation 

(amphetamine) 

2 
weeks NA Hefti et al., 

1985 

Superior cervical 
ganglia autografts 

Rhesus 
macaque 

(non-
human 

primate) 

MPTP lesion 
Rhesus 

macaque 

Increase of 60% of 
homovanillic acid 

content in cerebrospinal 
fluid. 

3 
months NA Itakura et al., 

1988 

Fetal 6.5-8 weeks Nigra Human 
6-OHDA 
unilateral 
lesion Rat  

Decrease in 94% of 
ipsilateral rotation 

(amphetamine) 

19 
weeks 1, 600 neurons Brundin et 

al., 1988 

Fetal 3 weeks Nigra Pig 
6-OHDA 
unilateral 
lesion Rat  

Abolishment of circling 
behavior 

(amphetamine) 

17 
weeks

Up to 12, 000 
neurons 

Huffaker et 
al., 1989 

Fetal 14 days Nigra Rat 
6-OHDA 
unilateral 
lesion Rat 

Decrease in 50% of 
contralateral rotation 

(apomorphine) 

9 
months 3, 400 neurons Herman et al., 

1991 

Fetal 12-13 days Nigra Mouse 
MPTP bilateral 

lesion 
Mouse 

NA 4 
months 2, 600 neurons Di Porzio & 

Zuddas, 1992 

Fetal 14 days Nigra 
expressing 

PKCβ1 cDNA (second 
messenger) 

Rat 
6-OHDA 
unilateral 
lesion Rat 

Decrease in 64% of 
ipsilateral rotation 

(amphetamine) 

8 
weeks NA Zhu et al., 

1992 

Fetal 13-16 days Nigra Rat 
6-OHDA 
unilateral 
lesion Rat 

Decrease in 70% of 
contralateral rotation. 

(apomorphine) 

3 
months NA Chung et al., 

1993 

Fetal 74 days Nigra 

Marmoset
(non-

human 
primate) 

6-OHDA 
unilateral 

lesion 
Marmoset 

Ipsilateral/contralateral 
rotations per minute 
ratio of 0.63 vs 5.15 of 

control lesion 

6 
months 1, 800 neurons Annett et al., 

1994 

Superior cervical 
ganglia 

(4-week-old culture) 
Rat 

6-OHDA 
unilateral 
lesion Rat 

Decrease in 40% of 
contralateral rotation 

(apomorphine) 

4 
weeks NA Nakao et al., 

1995. 

Fetal 14 days Nigra 
mixed with cultured 

bFGF-producing cells
Rat 

6-OHDA 
unilateral 
lesion Rat 

Total reversal of 
ipsilateral rotation 

(amphetamine) 

8 
weeks 2, 800 neurons 

 
Takayama et 

al., 1995 
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L-DOPA and small quantities of dopamine. This alternative graft was transplanted in a rat 
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respectively. Nevertheless, a thorough depiction of dopaminergic transplanted cell survival 
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enhancement produced by the graft. Even though there is evidence of a decrease in circling 
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Cell Source Donor Recipient Result 
Time 

period
TH neuron 

count Reference 
(after transplant) 

Engineered grafts 
Fetal 17 weeks retinal 

pigment epithelial 
cells attached to 

microcarriers 

Human 
6-OHDA 
unilateral 
lesion Rat 

Decrease in 50% of 
contralateral rotation 

(apomorphine) 

12 
weeks NA Subramanian 

et al., 2002 

Fetal retinal pigment 
epithelial cells 

attached to 
microcarriers 

Human 
MPTP lesion 

Rhesus 
macaque 

Improvement of 38% in 
motor tasks 

(personalized scale) 

8 
weeks NA Doudet et al., 

2004 

Table 1. Cell transplant therapy in animal models of PD. 

In spite of the methodological scarcity, these investigations gave the stepping stone towards 
a clinical approach in PD transplantation and supported the idea that it could be 
extrapolated to human clinical trials.   

3. Transplant therapy in PD patients: A leap forward to a potential successful 
treatment 
Transplantation of dopaminergic cells into the denervated striatum is an experimental 
approach that was brought to practice to overcome the disadvantages of medications used 
in the treatment of PD in an attempt to provide the brain with an unlimited source of DA 
synthesized by the grafted cells. On section 3 we depict the clinical trials that have been 
taking place until nowadays (Table 2). 
The results of the first human trials were published in 1980’s. More than 30 years ago, the 
major difficulty for performing a transplant was the shortage of dopaminergic cells suitable 
for transplant and cell-based manipulation techniques were not sophisticated enough at that 
time. The most logical selection was to employ autologus dopaminergic tissue. Several of 
the technical and ethical problems, and probably all of the immunologic difficulties, would 
be solved if catecholamine-producing cells from the patient’s own body were used; this 
reasoning led two independent groups (Backlund et al., 1985; Drucker-Colín et al., 1988) to 
investigate if adult adrenal medullary chromaffin cells were able to function as an 
alternative DA source for transplant. Because the systemic administration of L-DOPA or DA 
agonist has been successfully applied in the treatment of PD, the logical inference was to 
expect that adrenal medullary chromaffin cells might act as a chronic pump for delivering 
DA into the denervated striatum of PD patients. 
The first attempt to use autologus medullary chromaffin cell transplant in PD patients was 
done in Sweden (Backlund et al., 1985), though, the clinical improvement was over a period 
of one week and one of the patients developed a resistance to L-DOPA treatment.  
The first report of significant improvement of symptoms in PD patients after autologous 
medullary chromaffin cell transplant was done by our (Drucker-Colín) group in México 
(Drucker-Colin et al., 1988; Madrazo, 1987, 1988). Our team chose a microsurgical 
transcortical intraventricular approach and implanted autologous adrenal medulla directly 
into the unilateral caudate nucleus. Although the grafts were unilateral, the improvement 
was bilateral and symmetric. The direct contact with the caudate nucleus (without the use of 
a stainless-steel tissue holder that the Swedish group used), exposure to cerebrospinal fluid, 
and the shorter interval between adrenal dissection and transplantation almost certainly 
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made the difference. However, there were significant risks and disadvantages associated 
with autologous adrenal transplants; surgical time in a double operation is considered 
perilous for a PD patient (since most of them are over 60 years) and DA producing cells 
obtained from adrenal medulla might be not sufficient to compensate the neural DA deficit. 
These trials were a breakthrough result in the context of transplant therapy in 
neurodegenerative diseases; the notion that peripheral tissue would be able to survive and 
integrate within the host’s CNS as well as to induce clinical improvement was not 
considered to be possible before these studies. 
Given the promissory results obtained using adrenal chromaffin cells, which showed 
variability and technical difficulties; tissue from fetal substantia nigra became to be 
considered a better option as source of DA cells. Madrazo and Drucker-Colín performed the 
first transplant of fetal substantia nigra using tissue from cadaveric consent donation 
(Madrazo et al., 1988). The two transplanted patients showed an improvement of the UPDRS 
score at 8 weeks post-surgery. 
Some years later, in another attempt to improve autolog transplantation of adrenal 
medullary chromaffin cells, our group took advantage that cultured adrenal chromaffin cells 
differentiate into neurons in a higher rate when they are stimulated by a low frequency 
magnetic field (Drucker-Colín et al., 1999). This study proved that adult differentiated 
adrenal chromaffin cells can be successfully transplanted into the caudate nucleus of a 
patient with PD and substantially mitigate the clinical symptoms and reduce the intake of L-
DOPA medication (see reference video of pre and post-transplanted stages of the surgically 
treated patient). Postoperative clinical assessments revealed a significant amelioration of 
visuospatial deficits and a progressive fading of rigidity and akynesia, as well as an 
improvement in memory tasks; furthermore, a decrease in approximately 70% of L-DOPA 
intake to ameliorate parkinsonian symptoms was reported.  
In spite of the political controversy involving this pioneer studies, the clinical improvement 
obtained in some patients set off the interest of transplant therapy in PD patients around the 
world (Deacon et al., 1997; Freed 1990, 2001; Hirsch et al., 1990; Itakura et al., 1997; Kordower 
1995, 1996; Lindvall et al., 1990; Peterson et al., 1989; Sawle et al., 1992; Watts et al., 2003) (See 
table 2).  
However, the employment of human fetal dopaminergic neurons as a DA source for 
transplant is a complicated approach, due to its availability, which is imposed by ethical 
affairs; for this reason, they have been only employed in some human cases (Freed et al., 
1990; Hauser et al., 1999; Kordower et al., 1995; Lindvall, et al., 1990; Madrazo et al., 1988; 
Mendez et al., 2008; Sawle et al., 1992).  
All these initial trials were performed as “open label” (no placebo group as a control), which 
arose the debate regarding the inclusion of a control placebo group, which is envisaged in 
general as unethical. 
Freed’s group published in 2001 the first double-blind placebo trials using embryonic tissue. 
Their results were considered disappointing by some researchers and promising by others 
(Dunnet et al., 2001; Isacson et al., 2001). The controversy is based in the modest recovery 
observed in the grafted patients compared with the sham group; moreover, the serious 
dyskinetic side effects observed after several years of transplantation, places this procedure 
under a doubtful perception of acceptability. However, the fact they found improvement in 
subjects younger than 60 years, leads to consider better methodologically controlled 
approaches.  
One of the disadvantages in employing this cell source (fetal nigral tissue) is the variability 
of the results; improvements of parkinsonian symptoms occur in patients who received the 
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Cell Source Donor Recipient Result 
Time 

period
TH neuron 

count Reference 
(after transplant) 

Engineered grafts 
Fetal 17 weeks retinal 

pigment epithelial 
cells attached to 

microcarriers 

Human 
6-OHDA 
unilateral 
lesion Rat 

Decrease in 50% of 
contralateral rotation 

(apomorphine) 

12 
weeks NA Subramanian 

et al., 2002 

Fetal retinal pigment 
epithelial cells 

attached to 
microcarriers 

Human 
MPTP lesion 

Rhesus 
macaque 

Improvement of 38% in 
motor tasks 

(personalized scale) 

8 
weeks NA Doudet et al., 

2004 

Table 1. Cell transplant therapy in animal models of PD. 

In spite of the methodological scarcity, these investigations gave the stepping stone towards 
a clinical approach in PD transplantation and supported the idea that it could be 
extrapolated to human clinical trials.   
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in the treatment of PD in an attempt to provide the brain with an unlimited source of DA 
synthesized by the grafted cells. On section 3 we depict the clinical trials that have been 
taking place until nowadays (Table 2). 
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agonist has been successfully applied in the treatment of PD, the logical inference was to 
expect that adrenal medullary chromaffin cells might act as a chronic pump for delivering 
DA into the denervated striatum of PD patients. 
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The first report of significant improvement of symptoms in PD patients after autologous 
medullary chromaffin cell transplant was done by our (Drucker-Colín) group in México 
(Drucker-Colin et al., 1988; Madrazo, 1987, 1988). Our team chose a microsurgical 
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made the difference. However, there were significant risks and disadvantages associated 
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world (Deacon et al., 1997; Freed 1990, 2001; Hirsch et al., 1990; Itakura et al., 1997; Kordower 
1995, 1996; Lindvall et al., 1990; Peterson et al., 1989; Sawle et al., 1992; Watts et al., 2003) (See 
table 2).  
However, the employment of human fetal dopaminergic neurons as a DA source for 
transplant is a complicated approach, due to its availability, which is imposed by ethical 
affairs; for this reason, they have been only employed in some human cases (Freed et al., 
1990; Hauser et al., 1999; Kordower et al., 1995; Lindvall, et al., 1990; Madrazo et al., 1988; 
Mendez et al., 2008; Sawle et al., 1992).  
All these initial trials were performed as “open label” (no placebo group as a control), which 
arose the debate regarding the inclusion of a control placebo group, which is envisaged in 
general as unethical. 
Freed’s group published in 2001 the first double-blind placebo trials using embryonic tissue. 
Their results were considered disappointing by some researchers and promising by others 
(Dunnet et al., 2001; Isacson et al., 2001). The controversy is based in the modest recovery 
observed in the grafted patients compared with the sham group; moreover, the serious 
dyskinetic side effects observed after several years of transplantation, places this procedure 
under a doubtful perception of acceptability. However, the fact they found improvement in 
subjects younger than 60 years, leads to consider better methodologically controlled 
approaches.  
One of the disadvantages in employing this cell source (fetal nigral tissue) is the variability 
of the results; improvements of parkinsonian symptoms occur in patients who received the 
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largest amounts of fetal mesencephalic tissue (Hauser et al., 1999; Sawle et al., 1992), whereas 
in other cases, the transplanted cells did not survive for more than a few months and the 
patients usually return to preoperative state (Goetz et al., 1991; Hirsch et al., 1990). 
Additionally, to maintain the fetal tissue viable after transplantation, long-term 
immunosuppressive treatment is needed. Nonetheless, without a doubt the major limiting 
factor of this approach is the difficulty in obtaining a sufficient amount of human viable fetal 
tissue. 
Dejectedly, as has been observed in those studies, there are some patients that clearly 
demonstrate improvement and others that do not show any recovery; however, it is still not 
possible to unravel this mystery of selectivity. Whitin the possible mechanisms accounting 
for these changes, there is patient age, transplant technique, cell graft source and as the most 
probable candidate the immune system; which remains the most formidable barrier to 
transplantation as a routine medical treatment (Freed et al., 2004). The immune system has 
developed elaborate and effective mechanisms to combat foreign agents and we are now in 
pursuit of elucidating them.   
The successes of human to human organ transplantation, coupled with severe limitations in 
the availability of human organs, propelled research into the use of non-human organs in 
the 1990’s. The domesticated pig was the preferred donor at the time. In an audacious 
attempt to replace fetal tissue, surgery to transplant brain tissue from pig fetuses into the 
caudate-putamen of individuals diagnosed with PD was performed. They reported a clinical 
improvement of rigidity in a period of 7 months and that autoimmune processes did not 
become established in the patients (Deacon et al., 1997). Unfortunately, safety and efficacy 
have not yet been clearly demonstrated, and information is still preliminary to warrant this 
therapy. Current opinion is that the risk of transfer of a significant infectious microorganism 
from the pig to the human recipient of a xenograft is small and ethically acceptable if the 
transplant will be highly beneficial to the host. However, pig specific pathogens are 
considered to be of potential risk, thus, limiting the use of pig xenografts. Clinical 
xenotransplantation is becoming feasible and attractive as a routine therapy, nonetheless, 
some attention should be set on this matter. 
In another attempt to evade the host immune response after transplantation, human retinal 
pigment epithelial (hRPE) cells were taken into consideration. As mentioned previously, 
experimental studies suggested that RPE cells were a suitable cell type to serve as a potential 
enduring source of L-DOPA for implantation into the striatum of animal models of PD 
(Subramanian et al., 2002). These implants ameliorated the motor deficits in rodent and non-
human primate models of PD and immune suppression was not required even when 
transplants were made from one species to another (Doudet et al., 2004; Subramanian et al., 
2002).  
Those results were taken into account in a novel tissue engineering strategy; hRPE cells 
were attached to gelatin microcarriers (spheramineTM) and transplanted into the putamen 
contralateral to the more symptomatic side of patients with Parkinson disease (Watts et al., 
2003). They reported an average improvement of 48% in motor score 12 months after 
implantation evaluated through the Unified Parkinsons’s Disease Rating Scale (UPDRS) 
with the patient in the “off” state, which was sustained for 24 months. Improvement was 
also observed in activities of daily living, quality of life, and motor fluctuations. 
However, in a more recent work, a post-mortem study of a patient enrolled in a similar 
clinical trial reported that only 118 cells from the transplant endured (estimated 0.036% 
survival) and that clinical improvement was not observed (Farag et al., 2009). This 

 
Cell Therapy for Parkinson’s Disease:Failure or Success? 

 

409 

engineered tissue approach is still an emerging therapy alternative for PD and the existing 
body of literature is still inadequate to allow conclusions regarding this procedure. 
Concerns related to small sample sizes and a limited number of controlled trials are joined 
with a wide array of methodological issues with the procedure itself. We have no doubt that 
better procedures will arrive alongside the advances in tissue development. 
The leading inquiry raised by transplant therapy hitherto is the variability in functional 
recovery either in animal models and human patients. In human studies, this unevenness is 
not only seen between different trials, but also within groups of PD patients transplanted in 
the same assay. In order to attend such matters, a comprehensive clinical trial must be done, 
one that includes a meticulous analysis of patient selection (e.g., age, level of PD), 
knowledge of the number of DA neurons transplanted, type of surgery, follow up of the 
patient before surgery, monitoring of the clinical improvement after grafting, analysis of cell 
survival and neuron functionality. A successful cell therapy must settle advantages over 
current treatments for lessening motor symptoms in PD patients. Cell replacement should 
provide long-lasting, major improvements of mobility and no manifestation of dyskinesias 
without the need of further therapeutic interventions, an uneasy task that most likely will 
not be achieved by using solid fetal ventral midbrain grafts. This is suggested in the recent 
report from Mendez (Mendez et al., 2008), who transplanted fetal ventral midbrain as 
cellular suspension. The analysis did not reveal development of diskynesias in the 
transplanted PD subjects in a period spanning from 9 to 14 years; moreover, the postmortem 
analysis of the transplanted patients’ brains did not show any sign of degeneration (alpha 
synunclein, ubiquitin), and only a minimum of microglial reaction from the host was found. 
In contrast, in the two double blind placebo trials, where solid pieces of fetal midbrain tissue 
were used, severe microglial reaction was found and diskynesias were also observed (Freed 
et al., 2001; Olanow et al., 2003). Mendez’s results supports a new “hope” in medical 
treatment for PD patients based in stem cell tissue procedures, after the setback given by the 
report from Kordower of transplant analysis following 14 years after the procedure 
(Kordower et al., 2008), in which the postmortem tissue revealed that the grafted cells in the 
striatum were affected by a neurodegenerative mechanism, suggesting that the 
neurodegenerative process was not exclusive of the SNPc. Taken together, the present 
observations suggest that the methodological procedures and not the cell source, are directly 
involved in the limited success of transplant therapy that employs solid portion of fetal 
ventral tissue. 
Currently, there are various ongoing stem cell based clinical trials registered by the National 
Institutes of Health (NIH): (http://www.clinicaltrials.gov/ct2/results?term=transplant 
+parkinson), and new assessments are being developed by the Transeuro consortium (Allan 
et al., 2010) (http://www.transeuro.org.uk/index.html). The European group coordinated 
by Dr. Roger Barker is planning highly controlled studies in the near future (2012). 
Interestingly, the cells to be employed in these trials will be obtained from the midbrain of 
human fetuses, the same tissue we used the first time more than 3 decades ago. Again, as in 
past, the idea still creates controversy between those who concur with such methods and 
those who are unfavorable to it due to the limited success percentage (Holden, 2009).  
We expect that the new trails should provide better motor recovery to the ones observed in 
previous assays. Even though behavioral improvement is seen in experimental transplant 
trials, going from 30% to total reversal of circling behavior (Tables 1 and 3), the motor 
symptoms observed in grafted human subjects when analyzed by UPDRS do not surpass 
60% of clinical improvement (Table 2 and Dunnet et al., 2001). 
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largest amounts of fetal mesencephalic tissue (Hauser et al., 1999; Sawle et al., 1992), whereas 
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possible to unravel this mystery of selectivity. Whitin the possible mechanisms accounting 
for these changes, there is patient age, transplant technique, cell graft source and as the most 
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the 1990’s. The domesticated pig was the preferred donor at the time. In an audacious 
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caudate-putamen of individuals diagnosed with PD was performed. They reported a clinical 
improvement of rigidity in a period of 7 months and that autoimmune processes did not 
become established in the patients (Deacon et al., 1997). Unfortunately, safety and efficacy 
have not yet been clearly demonstrated, and information is still preliminary to warrant this 
therapy. Current opinion is that the risk of transfer of a significant infectious microorganism 
from the pig to the human recipient of a xenograft is small and ethically acceptable if the 
transplant will be highly beneficial to the host. However, pig specific pathogens are 
considered to be of potential risk, thus, limiting the use of pig xenografts. Clinical 
xenotransplantation is becoming feasible and attractive as a routine therapy, nonetheless, 
some attention should be set on this matter. 
In another attempt to evade the host immune response after transplantation, human retinal 
pigment epithelial (hRPE) cells were taken into consideration. As mentioned previously, 
experimental studies suggested that RPE cells were a suitable cell type to serve as a potential 
enduring source of L-DOPA for implantation into the striatum of animal models of PD 
(Subramanian et al., 2002). These implants ameliorated the motor deficits in rodent and non-
human primate models of PD and immune suppression was not required even when 
transplants were made from one species to another (Doudet et al., 2004; Subramanian et al., 
2002).  
Those results were taken into account in a novel tissue engineering strategy; hRPE cells 
were attached to gelatin microcarriers (spheramineTM) and transplanted into the putamen 
contralateral to the more symptomatic side of patients with Parkinson disease (Watts et al., 
2003). They reported an average improvement of 48% in motor score 12 months after 
implantation evaluated through the Unified Parkinsons’s Disease Rating Scale (UPDRS) 
with the patient in the “off” state, which was sustained for 24 months. Improvement was 
also observed in activities of daily living, quality of life, and motor fluctuations. 
However, in a more recent work, a post-mortem study of a patient enrolled in a similar 
clinical trial reported that only 118 cells from the transplant endured (estimated 0.036% 
survival) and that clinical improvement was not observed (Farag et al., 2009). This 
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engineered tissue approach is still an emerging therapy alternative for PD and the existing 
body of literature is still inadequate to allow conclusions regarding this procedure. 
Concerns related to small sample sizes and a limited number of controlled trials are joined 
with a wide array of methodological issues with the procedure itself. We have no doubt that 
better procedures will arrive alongside the advances in tissue development. 
The leading inquiry raised by transplant therapy hitherto is the variability in functional 
recovery either in animal models and human patients. In human studies, this unevenness is 
not only seen between different trials, but also within groups of PD patients transplanted in 
the same assay. In order to attend such matters, a comprehensive clinical trial must be done, 
one that includes a meticulous analysis of patient selection (e.g., age, level of PD), 
knowledge of the number of DA neurons transplanted, type of surgery, follow up of the 
patient before surgery, monitoring of the clinical improvement after grafting, analysis of cell 
survival and neuron functionality. A successful cell therapy must settle advantages over 
current treatments for lessening motor symptoms in PD patients. Cell replacement should 
provide long-lasting, major improvements of mobility and no manifestation of dyskinesias 
without the need of further therapeutic interventions, an uneasy task that most likely will 
not be achieved by using solid fetal ventral midbrain grafts. This is suggested in the recent 
report from Mendez (Mendez et al., 2008), who transplanted fetal ventral midbrain as 
cellular suspension. The analysis did not reveal development of diskynesias in the 
transplanted PD subjects in a period spanning from 9 to 14 years; moreover, the postmortem 
analysis of the transplanted patients’ brains did not show any sign of degeneration (alpha 
synunclein, ubiquitin), and only a minimum of microglial reaction from the host was found. 
In contrast, in the two double blind placebo trials, where solid pieces of fetal midbrain tissue 
were used, severe microglial reaction was found and diskynesias were also observed (Freed 
et al., 2001; Olanow et al., 2003). Mendez’s results supports a new “hope” in medical 
treatment for PD patients based in stem cell tissue procedures, after the setback given by the 
report from Kordower of transplant analysis following 14 years after the procedure 
(Kordower et al., 2008), in which the postmortem tissue revealed that the grafted cells in the 
striatum were affected by a neurodegenerative mechanism, suggesting that the 
neurodegenerative process was not exclusive of the SNPc. Taken together, the present 
observations suggest that the methodological procedures and not the cell source, are directly 
involved in the limited success of transplant therapy that employs solid portion of fetal 
ventral tissue. 
Currently, there are various ongoing stem cell based clinical trials registered by the National 
Institutes of Health (NIH): (http://www.clinicaltrials.gov/ct2/results?term=transplant 
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by Dr. Roger Barker is planning highly controlled studies in the near future (2012). 
Interestingly, the cells to be employed in these trials will be obtained from the midbrain of 
human fetuses, the same tissue we used the first time more than 3 decades ago. Again, as in 
past, the idea still creates controversy between those who concur with such methods and 
those who are unfavorable to it due to the limited success percentage (Holden, 2009).  
We expect that the new trails should provide better motor recovery to the ones observed in 
previous assays. Even though behavioral improvement is seen in experimental transplant 
trials, going from 30% to total reversal of circling behavior (Tables 1 and 3), the motor 
symptoms observed in grafted human subjects when analyzed by UPDRS do not surpass 
60% of clinical improvement (Table 2 and Dunnet et al., 2001). 
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Cell Source Donor Implant 
Zone Result 

Time 
period 

TH 
neuron 
count Reference 

(after transplant) 
Autologous adrenal 

medullary tissue Human Striatum 
(Putamen) 

Improvement of 
rigidity 1 week NA Backlund et al., 

1985 

Autologous adrenal 
medullary tissue Human Lateral 

Ventricle 

Disappearance of 
rigidity and 

akinesia 

5 
months NA Madrazo et al., 

1987 

Autologous adrenal 
medullary tissue Human Striatum 

(Caudate) 
Decrease in 50% 
of L-DOPA dose 1 year NA Drucker-Colín 

et al., 1988 

Autologous adrenal 
medullary tissue/fetal 
13 weeks substantia 

nigra tissue 

Human Lateral 
Ventricle 

Disappearance of 
rigidity and 

akinesia. 
Decrease in 70% 
of L-DOPA dose 

2 years NA Madrazo et al., 
1988 

Autologous adrenal 
medullary tissue Human Striatum 

(Putamen) 
Improvement of 

rigidity 
2 

weeks 
Necrotic 

tissue 
Peterson et al., 

1989 
Autologous adrenal 

medullary tissue Human Striatum 
(Caudate) None 4 

months 
Necrotic 

tissue 
Hirsch et al., 

1990 

Fetal 45-55 days Nigra 
tissue Human 

Striatum 
(Caudate 

and 
Putamen) 

Improvement of 
Hoehn –Yahr 

scale from 3.71 to 
2.5 

4 years N.A. Freed et al., 1990 

Fetal 8-9 weeks Nigra 
tissue Human Striatum 

(Caudate) 

Increase in 130% 
of [18F)-DOPA 
intake in PET 

scan. 
Increase of  
L-DOPA 

effectiveness 
from 2 to 14 

hours 

5 
months NA Lindvall et al., 

1990 

Autologous adrenal 
medullary tissue Human Striatum 

(Caudate) 

Clinical 
improvements of 

19% in UPDRS 
score 

2 years NA Goetz et al., 1991 

Autologous adrenal 
medullary tissue Human Striatum 

(Caudate) 
Decrease in 60% 
of L-DOPA dose 

18 
months NA López-Lozano et 

al., 1991 

Fetal 8-9 months 
Nigra tissue Human Striatum 

(Putamen) 

Increase in 200% 
of [18F)-DOPA 

intake. 
1 year NA Sawle et al., 1992 

Fetal 6.5-9 weeks 
Nigra tissue Human Striatum 

(Putamen) 

Improvement of 
UPDRS from 78 

to 49.5 

18 
months 

210, 000 
neurons 

Kordower et al., 
1995/1997 

Superior cervical 
ganglia autografts 
(stellate ganglion) 

Human Striatum 
(Putamen) 

Reduction of 33% 
in the time taken 
to perform motor 

task. 
No changes in 
UPDRS score 

3 years NA Itakura et al., 
1997 

Fetal 9 weeks Nigra 
tissue Pig 

Striatum 
(Caudate 

and 
Putamen) 

Improvement of 
rigidity 

7 
months NA Deacon et al., 

1997 

Adrenal medullary 
tissue differentiated 
to DA cells in 60Hz 

magnetic field 

Human Striatum 
(Caudate) 

Decrease in 70% 
of L-DOPA dose 

1 
month NA Drucker-Colín 

et al., 1999 
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Cell Source Donor Implant 
Zone Result 

Time 
period 

TH 
neuron 
count Reference 

(after transplant) 

Fetal 6-9 weeks Nigra 
tissue Human 

Substantia 
Nigra Pairs 
compacta 

Clinical 
improvements of 

32% in UPDRS 
score 

20 
months 

80, 000 
neurons 

Hauser et al., 
1999 

Fetal Nigra tissue Human Striatum 
(Putamen) 

Increase in 40% 
of [18F)-DOPA 
intake in PET 

scan. 
Clinical 

improvements of 
30% in UPDRS 

score. 

1 year 30, 000 
neurons Freed et al., 2001 

Fetal Nigra tissue Human Striatum 
(Putamen) 

Clinical 
improvements of 

15% in UPDRS 
score 

2 years NA Olanow et al., 
2003 

Suspended fetal 
ventral midbrain cells 

from 6-10 weeks 
Human Striatum 

(Putamen) 

Increase in 185% 
of [18F)-DOPA 
intake in PET 

scan. 
Clinical 

improvements of 
60% in UPDRS 

score 

1 year NA Mendez et al., 
2008 

Adult neural stem 
cells 

grown as 
neurospheres 

Human Striatum 
(Putamen) 

Increase in 30% 
of [18F)-dopa 
intake in PET 

scan. 
Clinical 

improvements of 
80% in UPDRS 

score 

1 year NA Lévesque et al., 
2009 

Autologous bone 
marrow-derived 

mesenchymal stem 
cells 

Human 
Sublateral 
ventricular 

zone 

Clinical 
improvements of 

22% in UPDRS 
score 

3 years NA Venkataramana 
et al., 2010 

Engineered grafts 
Retinal Pigment 
Epithelial cells 

attached to 
microcarriers 

Human Striatum 
(Putamen) 

Clinical 
improvements of 

48% in UPDRS 
score 

1 year NA Watts et al., 2003 

Retinal Pigment 
Epithelial cells 

attached to 
microcarriers 

Human Striatum 
(Putamen) None 6 

months 118 cells Farag et al., 2009 

Table 2. Cell and stem cell transplant therapy in patients with PD. 

4. Stem cell transplantation: Is it the idyllic approach? 
Early research gazed at ventral mesencephalic fetal dopaminergic tissue for transplantation 
in animal models of PD and PD patients with partial success. Nonetheless, while fetal 
primary tissue showed promise, the widespread clinical application of this approach is 
considered limited due to the matter of rejection and low cell survival. The search for 
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Cell Source Donor Implant 
Zone Result 

Time 
period 

TH 
neuron 
count Reference 

(after transplant) 
Autologous adrenal 

medullary tissue Human Striatum 
(Putamen) 

Improvement of 
rigidity 1 week NA Backlund et al., 

1985 

Autologous adrenal 
medullary tissue Human Lateral 

Ventricle 

Disappearance of 
rigidity and 

akinesia 

5 
months NA Madrazo et al., 

1987 

Autologous adrenal 
medullary tissue Human Striatum 

(Caudate) 
Decrease in 50% 
of L-DOPA dose 1 year NA Drucker-Colín 

et al., 1988 

Autologous adrenal 
medullary tissue/fetal 
13 weeks substantia 

nigra tissue 

Human Lateral 
Ventricle 

Disappearance of 
rigidity and 

akinesia. 
Decrease in 70% 
of L-DOPA dose 

2 years NA Madrazo et al., 
1988 

Autologous adrenal 
medullary tissue Human Striatum 

(Putamen) 
Improvement of 

rigidity 
2 

weeks 
Necrotic 

tissue 
Peterson et al., 

1989 
Autologous adrenal 

medullary tissue Human Striatum 
(Caudate) None 4 

months 
Necrotic 

tissue 
Hirsch et al., 

1990 

Fetal 45-55 days Nigra 
tissue Human 

Striatum 
(Caudate 

and 
Putamen) 

Improvement of 
Hoehn –Yahr 

scale from 3.71 to 
2.5 

4 years N.A. Freed et al., 1990 

Fetal 8-9 weeks Nigra 
tissue Human Striatum 

(Caudate) 

Increase in 130% 
of [18F)-DOPA 
intake in PET 

scan. 
Increase of  
L-DOPA 

effectiveness 
from 2 to 14 

hours 

5 
months NA Lindvall et al., 

1990 

Autologous adrenal 
medullary tissue Human Striatum 

(Caudate) 

Clinical 
improvements of 

19% in UPDRS 
score 
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Cell Source Donor Implant 
Zone Result 

Time 
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count Reference 
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Nigra Pairs 
compacta 
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80, 000 
neurons 
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Fetal Nigra tissue Human Striatum 
(Putamen) 

Increase in 40% 
of [18F)-DOPA 
intake in PET 

scan. 
Clinical 

improvements of 
30% in UPDRS 

score. 

1 year 30, 000 
neurons Freed et al., 2001 

Fetal Nigra tissue Human Striatum 
(Putamen) 

Clinical 
improvements of 

15% in UPDRS 
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2 years NA Olanow et al., 
2003 
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grown as 
neurospheres 
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Increase in 30% 
of [18F)-dopa 
intake in PET 
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marrow-derived 
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attached to 
microcarriers 
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Retinal Pigment 
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Table 2. Cell and stem cell transplant therapy in patients with PD. 

4. Stem cell transplantation: Is it the idyllic approach? 
Early research gazed at ventral mesencephalic fetal dopaminergic tissue for transplantation 
in animal models of PD and PD patients with partial success. Nonetheless, while fetal 
primary tissue showed promise, the widespread clinical application of this approach is 
considered limited due to the matter of rejection and low cell survival. The search for 
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alternative sources able to circumvent at least some of the problems inherent to fetal tissue is 
actually undergoing. 
Since the advent of stem cells, they have been proposed as potential candidates to generate 
dopaminergic mesencephalic neurons and replace the cell loss that takes place in PD. 
Stem cells are of an undifferentiated nature and possess an extend capacity to proliferate, as 
well they are capable to endow cells with the same sort of undifferentiated state. These cells 
are sorted in accordance to their intrinsic capacity to generate different cellular types, ability 
that diminishes throughout embryonic development.  
They are considered totipotent when they are able to originate any kind of embryonic or 
extra-embryonic cell (few days embryo) (Thomson & Odorico, 2000). Further in embryonic 
development, in the blastocyst stage, cells of the inner cell mass (ICM) have the potential to 
contribute to the three embryonic germinal layers, ectoderm, mesoderm and endoderm, and 
they are classified as pluripotent. Finally, when the embryo evolves to the gastrula stage, the 
ICM cells have already differentiated and compromised to a specific lineage, based on the 
elapsed time and location within the embryo. These cells are multipotent and they are 
present in the embryo as well as in the adult organism; an example is the neural stem cells 
(NSC) discussed below.  
We should classify stem cells in three broad groups: Adult neural stem cells (neural stem 
cells and mesenchymal), embryonic stem (ES) cells and the recently obtained induced 
pluripotent stem (iPS) cells. All of them have been considered in greater or lesser degree 
accordingly to their specific characteristics as a potential source of dopaminergic cells. With 
this wide diversity of cells available for transplant, the question directly arising is, “is there 
an idyllic stem cell to be employed as source of dopaminergic neurons?” said it in other 
way, “is there a cell capable of long-term survival, steady release of DA, integration into the 
host brain and therefore induce functional benefits without side effects?” In this section we 
will describe the properties and capacity of stem cells from different origin to become 
dopaminergic neurons, with the purpose of elucidating that question. Additionally, we will 
describe the results of the first stem cell transplant experiments performed in animal models 
of PD and the few trials implemented in humans. 

4.1 Adult neural stem cells  
Several studies indicated the existence of dividing cells in the CNS (Altman, 1969) but the 
discovery and isolation of a subtype of multipotent cells, the NSC, in specific regions of the 
mice adult brain (Reynolds & Weiss, 1992) and later in the human brain (Eriksson et al., 
1998) were the events that clearly revealed that the adult CNS posses an inherent plastic 
capability. This instigated the relentless pursue to replace the cellular loss that takes place in 
the CNS after injury or neurodegenerative diseases.  
NSC are self-renewing progenitors specified to give rise only nervous tissue-specific cell 
types, neurons, glia and oligodendroglia (Reynolds and Weiss, 1996). In adult rodent brain, 
the SVZ and the dentate gyrus of the hippocampus contain NSC population with permanent 
capacity of proliferation (Doetsch et al., 1999; Gage, 2000). These brain areas with potential to 
generate new neurons are defined as neurogenic niches. The advantage of containing an 
adult source of stem cells is the possibility of avoiding the use of human fetal tissue and 
embryonic derived stem cells for replacement therapy in neurodegenerative diseases. 

4.1.1 NSC from adult subventricular zone (SVZ) 
Neural stem cells from the SVZ move in chain migration along the rostral migratory stream 
(RMS) and differentiate into periglomerular interneurons at the olfactory bulb throughout 
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the rat lifespan (Doestch et al., 1999). The functional relevance of permanent replacement of 
periglomerular neurons in the rodent brain is attributed to the olfactory adjustment to odor 
changes in the environment.  
Noteworthy, stem cells in the SVZ are able to respond to adverse damage in the brain. An 
increase in proliferation is observed under traumatic conditions such as acute stroke 
(Arvidsson et al., 2002; Parent et al., 2002) or in chronic stroke after being stimulated by 
transforming growth factor alpha (TGFa) (Guerra et al., 2009). Conversely, in animal models 
of PD, decreased proliferation of the progenitors in the SVZ takes place (Hoglinger et al., 
2004). Interestingly, a simultaneous increase of Paired box gene 6 (Pax6) dopaminergic 
interneurons in the periglomerular layer is also occurring (Winner et al., 2006). The same 
increase of TH+ cells is observed in the olfactory bulb of postmortem tissue in PD patients 
(Huisman et al., 2004). 
The reasons to consider the adult multipotent progenitors of the SVZ as an option to 
regenerate the dopaminergic population in the affected striatum of PD patients are their 
commitment to differentiate into dopaminergic neurons in the olfactory bulb and that they 
remain responsive to different signals.  
However, it is well known that different set of transcription factors determine the correct 
dopaminergic fate in the olfactory bulb and SNPc. In the olfactory bulb, transcription factors 
such as the ETS transcription factor Er81 (Er81), Pax6 and Distal-less homeobox 2 (Dlx2), 
regulate the terminal differentiation of periglomerular dopaminergic neurons (Brill et al., 
2008; Cave and Baker 2009; Hack et al., 2005; Kohwi et al., 2005). Instead, the initial 
specification of dopaminergic mesencephalic neurons from the SNPc is regulated by the 
LIM homeobox transcription factor 1 (Lmx1a) and the homeobox transcription factor 1 
(Msx1) (Andersson et al., 2006). This evidence suggests that the neuroblasts arising from the 
SVZ do not develop into A9 dopaminergic neurons, the cells mainly affected in PD (German 
et al., 1992). Additionally, when NSC are expanded in culture as floating cellular aggregates 
in the neurospheres assay they mainly generate glial cells (Storch et al., 2004). Together, 
these results on animal models suggest that adult NSC arising from the SVZ should not be 
an optimal selection for cell therapy in PD. 

4.1.2 Neural stem cells-fetal derived transplants. 
Different protocols in vitro have been developed to generate dopaminergic neurons from 
NSC (for review see Deirborg et al., 2008). In spite the expansion process of NSC, it decreases 
their potential to differentiate into dopaminergic neurons (Ptak et al., 1995); in rats, it was 
demonstrated that fetal ventral mesencephalic (VM) precursor cells have the potential to 
proliferate and differentiate into dopaminergic neurons in culture when stimulated by the 
growth factor FGF-2 (Studer et al., 1998). An important fact involving the use of the 
expanded fetal neural stem cells is the low survival observed after grafting the lesioned 
striatum (around 3-5%), therefore, the improvement of behavioral deficits is not great 
compared to the one obtained with primary fetal cells (not amplified)  (Brundin et al., 1988). 
Even thought fetal neural stem cells are not the most adequate source for transplant, they 
could be considered a better option than NSC from the SVZ. 

4.1.3 Neural stem cells-adult derived transplant 
NSC from adult tissue have been employed in a relevant clinical trial, neural stem cell-
derived neurons were isolated from cortical and subcortical tissue and expanded in vitro for 
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alternative sources able to circumvent at least some of the problems inherent to fetal tissue is 
actually undergoing. 
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(NSC) discussed below.  
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accordingly to their specific characteristics as a potential source of dopaminergic cells. With 
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host brain and therefore induce functional benefits without side effects?” In this section we 
will describe the properties and capacity of stem cells from different origin to become 
dopaminergic neurons, with the purpose of elucidating that question. Additionally, we will 
describe the results of the first stem cell transplant experiments performed in animal models 
of PD and the few trials implemented in humans. 
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1998) were the events that clearly revealed that the adult CNS posses an inherent plastic 
capability. This instigated the relentless pursue to replace the cellular loss that takes place in 
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NSC are self-renewing progenitors specified to give rise only nervous tissue-specific cell 
types, neurons, glia and oligodendroglia (Reynolds and Weiss, 1996). In adult rodent brain, 
the SVZ and the dentate gyrus of the hippocampus contain NSC population with permanent 
capacity of proliferation (Doetsch et al., 1999; Gage, 2000). These brain areas with potential to 
generate new neurons are defined as neurogenic niches. The advantage of containing an 
adult source of stem cells is the possibility of avoiding the use of human fetal tissue and 
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Neural stem cells from the SVZ move in chain migration along the rostral migratory stream 
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the rat lifespan (Doestch et al., 1999). The functional relevance of permanent replacement of 
periglomerular neurons in the rodent brain is attributed to the olfactory adjustment to odor 
changes in the environment.  
Noteworthy, stem cells in the SVZ are able to respond to adverse damage in the brain. An 
increase in proliferation is observed under traumatic conditions such as acute stroke 
(Arvidsson et al., 2002; Parent et al., 2002) or in chronic stroke after being stimulated by 
transforming growth factor alpha (TGFa) (Guerra et al., 2009). Conversely, in animal models 
of PD, decreased proliferation of the progenitors in the SVZ takes place (Hoglinger et al., 
2004). Interestingly, a simultaneous increase of Paired box gene 6 (Pax6) dopaminergic 
interneurons in the periglomerular layer is also occurring (Winner et al., 2006). The same 
increase of TH+ cells is observed in the olfactory bulb of postmortem tissue in PD patients 
(Huisman et al., 2004). 
The reasons to consider the adult multipotent progenitors of the SVZ as an option to 
regenerate the dopaminergic population in the affected striatum of PD patients are their 
commitment to differentiate into dopaminergic neurons in the olfactory bulb and that they 
remain responsive to different signals.  
However, it is well known that different set of transcription factors determine the correct 
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such as the ETS transcription factor Er81 (Er81), Pax6 and Distal-less homeobox 2 (Dlx2), 
regulate the terminal differentiation of periglomerular dopaminergic neurons (Brill et al., 
2008; Cave and Baker 2009; Hack et al., 2005; Kohwi et al., 2005). Instead, the initial 
specification of dopaminergic mesencephalic neurons from the SNPc is regulated by the 
LIM homeobox transcription factor 1 (Lmx1a) and the homeobox transcription factor 1 
(Msx1) (Andersson et al., 2006). This evidence suggests that the neuroblasts arising from the 
SVZ do not develop into A9 dopaminergic neurons, the cells mainly affected in PD (German 
et al., 1992). Additionally, when NSC are expanded in culture as floating cellular aggregates 
in the neurospheres assay they mainly generate glial cells (Storch et al., 2004). Together, 
these results on animal models suggest that adult NSC arising from the SVZ should not be 
an optimal selection for cell therapy in PD. 

4.1.2 Neural stem cells-fetal derived transplants. 
Different protocols in vitro have been developed to generate dopaminergic neurons from 
NSC (for review see Deirborg et al., 2008). In spite the expansion process of NSC, it decreases 
their potential to differentiate into dopaminergic neurons (Ptak et al., 1995); in rats, it was 
demonstrated that fetal ventral mesencephalic (VM) precursor cells have the potential to 
proliferate and differentiate into dopaminergic neurons in culture when stimulated by the 
growth factor FGF-2 (Studer et al., 1998). An important fact involving the use of the 
expanded fetal neural stem cells is the low survival observed after grafting the lesioned 
striatum (around 3-5%), therefore, the improvement of behavioral deficits is not great 
compared to the one obtained with primary fetal cells (not amplified)  (Brundin et al., 1988). 
Even thought fetal neural stem cells are not the most adequate source for transplant, they 
could be considered a better option than NSC from the SVZ. 

4.1.3 Neural stem cells-adult derived transplant 
NSC from adult tissue have been employed in a relevant clinical trial, neural stem cell-
derived neurons were isolated from cortical and subcortical tissue and expanded in vitro for 
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several months. Nine months after harvesting, autologous cell suspensions containing 
differentiated dopaminergic and GABAergic neurons were microinjected unilaterally in a 
patient with advanced Parkinson’s disease. Over the next 3 years, the overall UPDRS 
improved by 80%. However, at five years post-operatively, clinical motor scores returned to 
baseline (Table 2) (Lévesque et al., 2009).   
Even though this result is not the most promising one, it laid the foundation for the 
development of autologous neural stem cell based therapy in PD patients and pointed out 
that this source represents another option for cell replacement therapy, avoiding the 
employment of embryonic tissue.  

4.1.4 Mesenchymal stem cells (MSCs) 
Efforts in employing non-fetal stem cells for transplant therapy in PD are also currently 
undergoing. Venkataramana et al. performed a unilateral transplantation of autologous bone 
marrow-derived mesenchymal stem cells (BM-MSCs). The BM-MSCs were transplanted into 
the sublateral ventricular zone by stereotaxic surgery. The transplanted patients showed a 
clinical improvement of 23% in their UPDRS score. Moreover, a subjective improvement 
was found in symptoms like facial expression, gait, and freezing episodes (Venkataramana 
et al., 2010). These results indicate that this new protocol seems to be safe, and no serious 
adverse events occurred after stem-cell transplantation in PD patients, additionally, no fetal 
tissue was needed to obtain human stem cells. However, more efforts should be done to 
improve these stem cell-based techniques in experimental models of PD before using them 
in PD patients. 
As far as we know, this is the last report of a clinical trial in PD patients. Taking this and all 
of the previous works done for transplant therapy in PD patients, we can state that the 
international quest for the best transplant therapy should not have been taken with such 
haste; a more detailed analysis of graft survival and long term clinical improvement are 
considered necessary. Relevant concerns prevail about methodology aspects, and also about 
the most debated complication of cell therapy in PD, the occurrence of post-operative graft-
induced dyskinesias in the majority of the clinical protocols. 

4.2 Embryonic stem cells: The most promising source of dopaminergic neurons 
The information described above shows that even thought fetal midbrain precursors have 
capacity to proliferate and differentiate into dopaminergic neurons, the efficiency of this 
process in culture is low, therefore, restricting their potential as donor tissue.  ES cells 
instead have the unique ability to self-renew indefinitely while maintaining the potential to 
give rise to all cell types in the human body. These two properties of ES cells make them 
gain a remarkable interest as promising tools for regenerative medicine, specially in PD 
transplant therapy. Another advantage that propelled the use of stem cells is that genetic 
manipulations has became easily practicable in the last few years. 
Nevertheless, currently there are three major aspects limiting the success of stem cell 
therapy; one being the low number of stem cells sources with the potential to differentiate 
into the mesencephalic dopaminergic phenotype; the limited survival of grafted cells 
transplanted in both animal models and humans; and the most important, the danger of 
teratomas.  
In this section, we summarize the different attempts to increase the number of stem cells 
using basically 3 different culture systems (feeder stromal cells, embryoid bodies and neural 
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rossetes) to induce differentiation towards a dopaminergic phenotype. Evaluation of 
survival, integration and function of ES-dopaminergic cells after transplantation in animal 
models of PD is also described. 

4.2.1 Mouse Embryonic stem (mES) cells 
In 2000, Kawasaki et al. performed the first grafted study of mice ES-dopaminergic derived 
cells into the mouse striatum that had been previously treated with 6-OHDA. The system 
used to derivate TH mesencephalic-type neurons consisted in culturing ES cells onto the 
bone marrow stromal cell line PA6, which they identified to have the feature (by unknown 
mechanism) of promoting specific dopaminergic differentiation. The number of TH neurons 
obtained by this co-culture method is significantly higher (~16% of the total cells) to the five 
stages protocol reported in the same year by Lee et  and collaborators (Lee et al., 2000). Two 
weeks after transplantation, 22% of the grafted TH-positive neurons survived and even 
though the improvement of rotational behavior after transplant was not analyzed, they 
confirmed that ES-dopaminergic cells are capable of being transplanted into a parkinsonian 
model and survive, which laid the interest to explore further possibilities for therapeutic 
application (Kawasaki et al., 2000).  
In continuance work, other research groups have been improving culture protocols in order 
to increase the number of dopaminergic neurons to be grafted. In 2002, the first transplant of 
mES cells took place, Kim et al. reported that ~78% of dopaminergic neurons could be 
derived from mES cells in vitro. The highest number of TH cells reported until now was 
promoted by the overexpression of the nuclear receptor related-1 (Nurr1), a transcription 
factor relevant in the induction of mesencephalic precursors into dopamine neurons (Wallen 
et al., 1999). Interestingly, a remarkable behavioral improvement after grafting was 
observed; the transplanted parkinsonian rats presented a total reversal of amphetamine-
induced rotational behavior 8 weeks after transplant (Kim et al., 2002). The behavioral 
enhancement correlates with the evaluated release of dopamine and functional synapses of 
the trasplanted cells. Additionally, no tumor formation was found.  
That same year, Bjorklund et al. followed an opposite transplant approach. The group 
grafted ES cells on embryoid body (EB) stage. It is important to mention that EBs are 
aggregated of cells with spherical shape that differentiate stochastically from ES cells under 
specific in vitro conditions, they have the inherent property of recapitulate embryonic 
development and were developed the first time by Lee in a 5 stage protocol (Lee et al., 2000). 
Rats transplanted with EB presented a decrease in 46% of amphetamine-induced rotation 9 
weeks after transplantation (Bjorklund et al., 2002). The reasoning of the improvement in the 
motor asymmetry is that the ES cell-derived neurons released dopamine in sufficient 
amount when they were stimulated by amphetamine. However, the number of TH+ 
neurons produced after grafting was not studied. They instead analyzed the functional 
activity of ES cells by PET imaging, finding high similarity to that observed in transplanted 
dopaminergic midbrain fetal neurons. Unfortunately, in contrast to the study realized by 
Kim et al., 25% of the animals developed tumors, a result expected given the fact that not all 
of the grafted cells were in a differentiated state. 
To improve the therapeutic potential of ES cells Barberi et al. implemented a faster and 
simpler culture method. Their protocol consisted in the induction of the differentiation of 
mice ES cells into dopaminergic neurons using the feeder stromal cell line (MS5). They 
found that nuclear transfer-derived ES dopaminergic neurons following this protocol and 
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transplantation into the striatum of parkinsonian mice provoked a decrease in 80% of 
circling behavior; additionally, some animals contained up to 40,000 transplanted TH+ 
neurons 8 weeks after transplant (Barberi et al., 2003). 
In another effort to obtain functional DA neurons derived from ES cells but without any 
genetic modification, Rodríguez-Gómez et al. generated CNS progenitor populations from 
mES cells that were later expanded and promoted to differentiate into dopaminergic 
neurons in the presence of mitogen and specific signaling molecules. Mitogen withdrawal 
from the growth medium was done after expressing Engrailed 1 (En1), Paired box gene 2 
(Pax2), and Orthodenticle homeobox 2 (Otx2) specific neuronal transcription factors, hence, 
achieving differentiation (Rodríguez-Gómez et al., 2007). They also described that in the 
grafted animals, PET imaging showed that the number of postsynaptic DA D2 receptors was 
normalized in the host striatum. Additionally, microdialysis in grafted animals displayed 
that dopaminergic transplanted neurons release was induced by depolarization and 
pharmacological stimulants. Their data suggest that ES cell-derived neurons release DA in a 
physiological manner and that reuptake postsynaptic responses remains after implantation. 
On the other hand, to optimize the procedure for generation of mesencephalic dopaminergic 
neurons from ES cells, Jönsson et al. elaborated a protocol to determine the optimal stage of 
development of cells used for grafting. By means of fluorescence-activated cell sorting 
procedures, they isolated DA precursors from mouse ventral mesencephalon in two defined 
stages of differentiation, at 10.5 and 12.5 embryonic days, when the dopaminergic 
mesencephalic neurons are arising. After transplantation into the striatum of 6-OHDA-
lesioned rats, the histological analysis showed that TH-expressing cells poorly survived 
sorting and transplantation; however, this study demonstrated that the differentiation state 
of the progenitors is important. The transplanted neuroblasts originate more TH+ cells 
when obtained from an early state of differentiation (Jönsson et al., 2009). These outcomes 
have inferences for recent efforts to develop well-characterized stem cell-derived 
mesencephalic DA progenitor cell preparations for future cell therapy. 
Even though the 6-OHDA lesioned rat is a great model of PD for analyzing ES cell 
transplant therapy, before considering preliminary transplantation trials in PD patients, 
experiments on non-human primates are quintessential. With this in mind, Takagi et al. 
generated neurospheres composed of neural progenitors from monkey ES cells cultured on 
PA6 stromal feeder cells and transplanted them into the putamen of MPTP lesioned 
monkeys. They reported a significant behavioral recovery and an average survival of 2,100 
TH+ transplanted neurons 14 weeks after transplantation; additionally, PET imaging 
revealed a 50% increase in 18F-fluorodopa uptake. This study demonstrated that the 
transplanted ES cells functioned as DA neurons and alleviated the motor symptoms in a 
parkinsonian non-human primate (Takagi et al., 2005); furthermore, they demonstrated that 
ES cell transplant therapy might be an appropriate treatment alternative to human PD 
patients.  

4.2.2 Human ES cells 
After Thomson isolated stem cells from human embryo (Thomson et al., 1998), the next 
boundary to overcome was to generate neural progenitors derived from human ES (hES) 
cells. In an innovating experiment, undifferentiated hES cells were plated on fresh 
mitotically inactivated feeders and cultured for 8 days to induce neural differentiation, these 
progenitors were transplanted into the striatum of parkinsonian rats. The grafts survived for 
at least 12 weeks, managed to differentiate in vivo to DA neurons and improved circling 
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behavior with a 45% reduction of amphetamine-induced ipsilateral rotation (Ben-Hur et al., 
2004). Induced dopaminergic differentiation from hES was shortly addressed by other 
groups with different culture approaches but with similar relatively successful outcomes 
(Brederlau et al., 2006; Chiba et al., 2008; Cho et al. 2008; Roy et al., 2006). 
Roy used a combined strategy to improve dopaminergic neuron amounts. Sonic hedgehog 
(Shh) and fibroblast growth factor 8 (FGF-8) were co-cultured with telomerase-
immortalized hES cells derived from human fetal midbrain astrocytes in order induce a 
dopaminergic neuronal fate. After achieving a high number of TH+ cells specific for the 
A9 dopaminergic lineage (colocalizing with the G protein–gated inwardly rectifying K+ 
channel, Girk2), they were transplanted into the striatum of 6-OHDA lesioned 
parkinsonian rats. The authors reported that the dopaminergic implants generated a 
significant, substantial and long-lasting restitution of motor function. Nonetheless, the 
grafts displayed increasing cores of undifferentiated mitotic neuroepithelial cells, which 
can turn tumorigenic (Roy et al., 2006). These data dictate the need for extreme caution in 
developing a clinical application of hES cell-derived grafts, given their potential for 
undifferentiated expansion, yet they also proved that TH+ neurons can be obtained 
and/or induced from a diverse source of cells. 
Chiba et al. followed a different method to improve hES cell transformation to 
phenotypically stable DA neurons. They blocked the effect of the neuronal differentiation 
promoter Noggin by means of the bone morphogenic protein (BMP) antagonist. With this 
strategy they found that BMP inhibitor Noggin increased production of DA neurons from 
hES cells differentiated on PA6 stromal cells. In addition, these DA neurons survived 
transplantation and led to behavioral improvement in parkinsonian rats 4 weeks after 
grafting (Chiba et al., 2008). These neurons derived from hES cells may not be suitable for 
eventual transplantation into PD patients (due to a triple trisomy created by continuous 
passaging), but with this work, they demonstrated that Noggin has a critical role for 
determining midbrain dopaminergic phenotype at an early stage in ES cell differentiation, 
which will be of great value for future research in dopaminergic cell engineering. 
The recent generation of dopaminergic mesencephalic neurons obtained from human ES 
cells by employing spherical neural masses (SNMs), also called neural rossete cells, is 
considered the protocol that allows to yield the higher number of dopaminergic neurons in 
cell culture (roughly 66%) (Cho et al., 2008). SNMs are columnar epitelial structures that 
represent a novel NSC type, distinct and more primitive than those previously characterized 
from other NSC stages (Elkabetz et al., 2008; Pankratz et al., 2007). NSC in neural rossetes 
mimic the neural plate stage and can be directed towards a dopaminergic mesencephalic 
lineage by employing the signaling molecules Shh and FGF-8 (Elkabetz et al., 2008; Cho et al., 
2008). However, whether the fully differentiated DA cells obtained from this novel protocol 
have an ameliorative effect on parkinsonian rodent models or PD patients still remains to be 
determined. Cho and collaborators decided to transplant cells originated from neural 
rossetes in the initial stage of dopaminergic neuronal specification into the lesioned striatum 
of parkinsonian rats in order to avoid a low survival rate. In this specific time point, 
approximately 50% of the cells were TH+ and immunohistochemical analysis demonstrated 
that only 2.7% of the grafted neurons were TH+ 12 weeks after transplantation. Despite this 
low cell number, a significant behavioral recovery was observed in 3 different motor 
behavioral tests. Although this stem cell source is promissory due to the high number of 
yield DA cells without the need of genetic modifications or employment of feeder cells; this 
technique stills needs to circumvent the problem of low survival ratio, which is generally 
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observed when terminal differentiated cells are grafted. Additionally, in order to generate 
an efficient long-term culture (30 to 40 days), experimented handling and dedicated efforts 
are required. These results also point out the necessity of better and rational procedures to 
direct cell specification to a desired phenotype in vitro.  
The bulk of results suggest ES cell transplantation is approaching the point of technical 
practicability toward clinical therapy for PD. hES cell transplantation has the potential to be 
considered one of the most promising therapies for PD treatment; however, this excitement 
is gradually fading as a result of political and ethical concerns. Amongst the limiting 
methodological factors, is the difficulty to maintain normal karyotype and to avoid tumor 
formation. Furthermore, the differentiation rate of ES cells towards a dopaminergic lineage 
is not high enough to obtain sufficient dopaminergic cells for transplantation.  

4.3 Induced pluripotent cells: The most recent breakthrough in stem cells field 
Induced pluripotent (iPS) cells are derived from somatic differentiated cells by 
overexpression of specific transcription factors, which induces cell reprogramming. They are 
fairly similar to ES cells in terms of self-renewal and pluripotency, which provides them 
with the potential to differentiate into any cell type in the organism.  
iPS cells were obtained for the first time in 2006 by Yamanaka´s group; they were acquired 
from embryonic and adult mouse fibroblasts reprogrammed to a pluripotent-like state by 
viral transduction of four transcription factors: Klf4, cMyc, Oct3/4 and Sox2. The obtained 
cells demonstrated to possess typical ES cells properties (Takahashi et al., 2006); however, 
they did not form effective fertile chimeras, meaning that the ability to transmit genotype 
through the germinal line was not achieved, this being one of the most important properties 
that defines a pluripotent cell. This was later rein-vindicated in 2007 in a parallel work by 
Jaenisch´s and Yamanaka´s groups, they successfully reprogrammed fibroblasts and 
obtained viable chimeras (Okita et al., 2007; Wernig et al., 2007); nonetheless, they 
emphasized that the transduction of c-Myc should be avoided in iPSC reprogramming, due 
to its tumorigenic capacity. 
At the end of 2007, and almost simultaneously, Takahashi and Yu were able to manufacture 
iPS cells from human dermal fibroblast. Takahashi enforced the expression of the same 
transcription factors employed in the previous study (Klf4, cMyc, Oct3/4, Sox2); while Yu et 
al., demonstrated that other two transcription factors, Nanog and LIN28 (besides Oct3/4, 
Sox2) were also relevant in cell reprogramming (Takahashi et al., 2007; Yu et al., 2007). One 
year later, iPS cells were derived from human fetal tissue, neonatal and adult somatic cells 
by employing the same combination of genes used by the pioneer team, they also reported 
that c-Myc only increases the efficiency of reprogrammation, but it is not essential for the 
establishment of a pluripotency state, suggesting that c-Myc could be nonessential for 
reprogrammation (Park et al., 2008). Taken together, these results reveal that iPS cells are an 
attractive resource for replacement therapy, given the fact that its use would overcome the 
technical and ethical difficulties of ES cells by avoiding the use of human embryos, 
circumventing transplant rejection and therefore avoiding the use of immune suppressants. 
However, concerns for the transduction of the oncogen c-Myc were still latent and attempts 
to remove it from the transcription factor cocktail were in progress.  
Later in the same year, it was demonstrated that c-Myc is absolutely expendable to obtain 
viable iPS cells, either from mice and human samples (Nakagawa et al., 2008). With the 
removal of this specific proto-oncogen, the possibility of tumor formation was reduced, and 
therefore, research on possible clinical applications achieved important notoriety. 
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iPS cell lines obtained from patients afflicted with different diseases have been developed 
with the purpose of investigating the therapeutic potential of autologous transplants, but 
also to offer an unprecedented opportunity to recapitulate pathological conditions in vitro 
(Gunaseeli et al., 2010; Park et al., 2008). Neurodegenerative diseases are particularly taken 
into consideration, since they are secondary to a relatively selective loss of neurons, for that 
reason, the quest for replacing the neuronal loss of a specific population employing iPS cells 
is currently undergoing in a similar way that occur for ES cells. 
The iPS cells neuronal differentiation in vitro assays have been successful and were 
achieved by employing established ES cell differentiation protocols. The first 
dopaminergic differentiation was obtained from neural precursors derived from mice iPS 
cells. These cells were grafted into the mice fetal encephalon (chimerical brain) and 
revealed a high capacity for migration, differentiation and integration within different 
brain areas. The iPS-derived dopaminergic neurons generated in this study were grafted 
in the 6-OHDA rat model of PD, such transplants improved significantly circling behavior 
stimulated by amphetamine (Wernig et al., 2008). However, it was reported that the 
presence of undifferentiated cells in the graft promoted tumor formation; this fact 
contributed to the idea that obtaining a purified population is essential for a satisfactory 
transplant outcome. 
It has been proved that pluripotent cell production can be obtained from patients suffering 
from other neurodegenerative disease. Dimos et al. developed iPS cells from patients with 
amyotrophic lateral sclerosis (ALS), which was effectively differentiated in vitro to 
motoneurons, the degenerated cells that are accountable for the development of ALS (Dimos 
et al., 2008). This corroborated that iPS cells patient-specified manufacture is a viable option 
and possess certain advantages over ES cells since iPS cells evade the ethical and 
methodological difficulties presented in ES cells production.  
A new study performed in 2009 widened the possibility of inducing patient-specified neural 
differentiation in vitro into iPS cells engineering. Jaenisch´s group managed to generate 
fibroblast-derived iPS cells from 5 idiophatic PD patients, with the advantage that once the 
cellular reprogrammation employing three transcription factors (Oct4, Klf4 y Sox2) was 
achieved, they were able to remove all viral vectors using Cre-recombinase (iPS cells factor-
free). These cells maintained all the properties of a pluripotent cell and were capable to 
induce neuronal differentiation towards a dopaminergic phenotype in vitro; additionally, 
they have the advantages of being a free viral transcription factor cell line and that overall 
gene expression patterns were more similar to ES cells than carrying-factor iPS cells (Soldner 
et al. 2009). 
Different approaches have been developed in order to analyze the latent benefits of human 
iPS cells in animal models of PD. Cai and collaborators employed a commercially available 
iPS cell line, the IMR90 clone 4, to induce its differentiation towards a mesencephalic 
dopaminergic lineage in culture. Once they achieved the dopaminergic phenotype, they 
were transplanted into the striatum of 6-OHDA unilateral lesioned rats. Six weeks after the 
transplant, they analyzed survival and integration of the transplanted cells within the host 
brain. They reported that several transplanted cells survived, but some of them expressed 
nestin and Ki67 which are expressed in dividing cells, such as tumoral cells (Cai et al., 2010). 
This work however, does not allow conclusions regarding physiological effects, since 
behavioral outcome was not analyzed.  



 
 Stem Cells in Clinic and Research 

 

418 

observed when terminal differentiated cells are grafted. Additionally, in order to generate 
an efficient long-term culture (30 to 40 days), experimented handling and dedicated efforts 
are required. These results also point out the necessity of better and rational procedures to 
direct cell specification to a desired phenotype in vitro.  
The bulk of results suggest ES cell transplantation is approaching the point of technical 
practicability toward clinical therapy for PD. hES cell transplantation has the potential to be 
considered one of the most promising therapies for PD treatment; however, this excitement 
is gradually fading as a result of political and ethical concerns. Amongst the limiting 
methodological factors, is the difficulty to maintain normal karyotype and to avoid tumor 
formation. Furthermore, the differentiation rate of ES cells towards a dopaminergic lineage 
is not high enough to obtain sufficient dopaminergic cells for transplantation.  

4.3 Induced pluripotent cells: The most recent breakthrough in stem cells field 
Induced pluripotent (iPS) cells are derived from somatic differentiated cells by 
overexpression of specific transcription factors, which induces cell reprogramming. They are 
fairly similar to ES cells in terms of self-renewal and pluripotency, which provides them 
with the potential to differentiate into any cell type in the organism.  
iPS cells were obtained for the first time in 2006 by Yamanaka´s group; they were acquired 
from embryonic and adult mouse fibroblasts reprogrammed to a pluripotent-like state by 
viral transduction of four transcription factors: Klf4, cMyc, Oct3/4 and Sox2. The obtained 
cells demonstrated to possess typical ES cells properties (Takahashi et al., 2006); however, 
they did not form effective fertile chimeras, meaning that the ability to transmit genotype 
through the germinal line was not achieved, this being one of the most important properties 
that defines a pluripotent cell. This was later rein-vindicated in 2007 in a parallel work by 
Jaenisch´s and Yamanaka´s groups, they successfully reprogrammed fibroblasts and 
obtained viable chimeras (Okita et al., 2007; Wernig et al., 2007); nonetheless, they 
emphasized that the transduction of c-Myc should be avoided in iPSC reprogramming, due 
to its tumorigenic capacity. 
At the end of 2007, and almost simultaneously, Takahashi and Yu were able to manufacture 
iPS cells from human dermal fibroblast. Takahashi enforced the expression of the same 
transcription factors employed in the previous study (Klf4, cMyc, Oct3/4, Sox2); while Yu et 
al., demonstrated that other two transcription factors, Nanog and LIN28 (besides Oct3/4, 
Sox2) were also relevant in cell reprogramming (Takahashi et al., 2007; Yu et al., 2007). One 
year later, iPS cells were derived from human fetal tissue, neonatal and adult somatic cells 
by employing the same combination of genes used by the pioneer team, they also reported 
that c-Myc only increases the efficiency of reprogrammation, but it is not essential for the 
establishment of a pluripotency state, suggesting that c-Myc could be nonessential for 
reprogrammation (Park et al., 2008). Taken together, these results reveal that iPS cells are an 
attractive resource for replacement therapy, given the fact that its use would overcome the 
technical and ethical difficulties of ES cells by avoiding the use of human embryos, 
circumventing transplant rejection and therefore avoiding the use of immune suppressants. 
However, concerns for the transduction of the oncogen c-Myc were still latent and attempts 
to remove it from the transcription factor cocktail were in progress.  
Later in the same year, it was demonstrated that c-Myc is absolutely expendable to obtain 
viable iPS cells, either from mice and human samples (Nakagawa et al., 2008). With the 
removal of this specific proto-oncogen, the possibility of tumor formation was reduced, and 
therefore, research on possible clinical applications achieved important notoriety. 

 
Cell Therapy for Parkinson’s Disease:Failure or Success? 

 

419 

iPS cell lines obtained from patients afflicted with different diseases have been developed 
with the purpose of investigating the therapeutic potential of autologous transplants, but 
also to offer an unprecedented opportunity to recapitulate pathological conditions in vitro 
(Gunaseeli et al., 2010; Park et al., 2008). Neurodegenerative diseases are particularly taken 
into consideration, since they are secondary to a relatively selective loss of neurons, for that 
reason, the quest for replacing the neuronal loss of a specific population employing iPS cells 
is currently undergoing in a similar way that occur for ES cells. 
The iPS cells neuronal differentiation in vitro assays have been successful and were 
achieved by employing established ES cell differentiation protocols. The first 
dopaminergic differentiation was obtained from neural precursors derived from mice iPS 
cells. These cells were grafted into the mice fetal encephalon (chimerical brain) and 
revealed a high capacity for migration, differentiation and integration within different 
brain areas. The iPS-derived dopaminergic neurons generated in this study were grafted 
in the 6-OHDA rat model of PD, such transplants improved significantly circling behavior 
stimulated by amphetamine (Wernig et al., 2008). However, it was reported that the 
presence of undifferentiated cells in the graft promoted tumor formation; this fact 
contributed to the idea that obtaining a purified population is essential for a satisfactory 
transplant outcome. 
It has been proved that pluripotent cell production can be obtained from patients suffering 
from other neurodegenerative disease. Dimos et al. developed iPS cells from patients with 
amyotrophic lateral sclerosis (ALS), which was effectively differentiated in vitro to 
motoneurons, the degenerated cells that are accountable for the development of ALS (Dimos 
et al., 2008). This corroborated that iPS cells patient-specified manufacture is a viable option 
and possess certain advantages over ES cells since iPS cells evade the ethical and 
methodological difficulties presented in ES cells production.  
A new study performed in 2009 widened the possibility of inducing patient-specified neural 
differentiation in vitro into iPS cells engineering. Jaenisch´s group managed to generate 
fibroblast-derived iPS cells from 5 idiophatic PD patients, with the advantage that once the 
cellular reprogrammation employing three transcription factors (Oct4, Klf4 y Sox2) was 
achieved, they were able to remove all viral vectors using Cre-recombinase (iPS cells factor-
free). These cells maintained all the properties of a pluripotent cell and were capable to 
induce neuronal differentiation towards a dopaminergic phenotype in vitro; additionally, 
they have the advantages of being a free viral transcription factor cell line and that overall 
gene expression patterns were more similar to ES cells than carrying-factor iPS cells (Soldner 
et al. 2009). 
Different approaches have been developed in order to analyze the latent benefits of human 
iPS cells in animal models of PD. Cai and collaborators employed a commercially available 
iPS cell line, the IMR90 clone 4, to induce its differentiation towards a mesencephalic 
dopaminergic lineage in culture. Once they achieved the dopaminergic phenotype, they 
were transplanted into the striatum of 6-OHDA unilateral lesioned rats. Six weeks after the 
transplant, they analyzed survival and integration of the transplanted cells within the host 
brain. They reported that several transplanted cells survived, but some of them expressed 
nestin and Ki67 which are expressed in dividing cells, such as tumoral cells (Cai et al., 2010). 
This work however, does not allow conclusions regarding physiological effects, since 
behavioral outcome was not analyzed.  



 
 Stem Cells in Clinic and Research 

 

420 

Later in that year, Hargus et al. employed dopaminergic neurons derived from factor-free 
iPS cells and transplanted them into the striatum of 6-OHDA unilateral lesioned rats; they 
later analyzed development, growth, survival and degeneration in an in vivo longitudinal 
study. They observed a high level of cell survival with no apparent degeneration; they also 
detected axonal outgrowth in different areas, this can be translated to a soaring capacity of 
the adult brain to keep axonal guidance instructions that allow the transplanted cells to 
integrate within the adult brain. In addition, a progressive reduction of motor asymmetry 
(about 70%) was observed in the transplanted animals over a period of sixteen weeks, 50% 
of the transplanted DA neurons were identified as SNPc mesencephalic cells and presence 
of tumoral cells was null (Hargus et al., 2010). However, synaptic function analysis and a 
longer examination of transplant survival still remain to be done. Besides, the improvement 
of motor asymmetry was similar to the one reported in other experimental trials that 
employed different cells, in that aspect, there is no greater advantage of iPS cells over ES 
cells.  
In 2010, reprogramming mice fibroblast directly into a neuronal phenotype directly to a 
pluripotency stage in vitro was achieved. A combination of 3 genes specifically expressed in 
neural tissue, Ascl1, Brn2 y Myt1l, was transduced by means of a lentiviral vector. These 
kind of cells were called induced neurons (iN), since they expressed neural proteins, 
generate action potentials and form functional synapses; most of these cells express an 
excitatory phenotype that was later confirmed by cortical neural markers and only a low 
number of these cells belong to the GABAergic phenotype (Vierbuchen et al., 2010). Yet, it 
still remains to be determined if iN can be derived from fibroblasts obtained from patients 
afflicted with a neurodegenerative disease, and which transcription factors must be 
overexpressed in order to induce different neuronal phenotypes. 
Regardless of all of the possibilities that iPS cells might offer, the uncertainty about the 
latency of tumor formation by being employed in experimental trials still remains. Albeit, 
better methods to induce reprogrammation are currently being developed, but even with 
viral vector removal, this possibility cannot be totally excluded. 
Additionally, recent results demonstrate that production of aberrant methylation sites are 
originated during the epigenomic reprogrammation of iPS cells. Methylation of human iPS 
cells was observed recurrently at different rates throughout the reprogrammation process. 
Furthermore, the variability of the methylated sites is often seen in iPS cell lines, which 
indicates that there are some regions more prone to insufficient or aberrant 
reprogrammation. These methylated sites are categorized as “hotspots” for incorrect 
epigenomic reprogrammation, this alteration is not a simple anomaly exclusive of the 
pluripotent state, it can also be transmitted through iPS cells differentiation (Lister et al., 
2011).  
So far, iPS cells cannot be employed as a feasible resource for cellular replacement therapy 
and further work needs to be developed before a clinical trial could take place; however, 
without a doubt, they possess great potential to be employed as tools for patient-specific 
disease modeling. 
Finally, if we were to choose the type of cell that would bestow the best results after 
transplantation, taking into consideration the information aforementioned; we believe that 
the most promising candidate today is the ES cell. In order to provide this personal opinion, 
we are leaving aside the ethical issues that embrace them, albeit this kind of concerns are of 
the outmost importance, they are out of the scope of this chapter.  
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Cell Source 
In vitro protocol 

for TH cells 
production 

Recipient Result 
Time 

period 
TH neuron 

count Reference 
(after transplant) 

Mouse Embryonic Stem Cells 

mES cells-
derived 

dopamine 
neurons 

ES cultured on 
PA6 stromal cell 

6-OHDA 
unilateral 

lesion Mouse 
N/A 2 

weeks 

13, 000 
(~22% of the 

original 
graft) 

Kawasaki 
et al., 2000 

mES cells (no 
differentiated) 

Embryoid body 
formation stage 

6-OHDA 
unilateral 
lesion Rat 

Decrease in 46% 
of ipsilateral 

rotation 
(amphetamine) 

9 
weeks NA Bjorklund 

et al., 2002 

mES cells-
derived 

dopamine 
neurons 

Genetically-
engineered to 
over express 

Nurr1 

 
6-OHDA 
bilateral 

lesion Rat 
 

Total reversal of 
ipsilateral 
rotation 

(amphetamine) 

8 
weeks 20, 000 Kim et al., 

2002 

ntES cell-
derived 

dopamine 
neurons 

Nuclear transfer-
derived ES 

(ntES). 
Coculture with 

stromal cells 

6-OHDA 
unilateral 

lesion Mouse 

Decrease in 80% 
of ipsilateral 

rotation 
(amphetamine) 

8 
weeks 

~22,000 
(some 

reaching 
40,000) 

Barberi et 
al., 2003 

mES cells-
derived 

dopamine 
neurons 

Mice transfected 
with GFP 

differentiated 
using 

5 stages protocol 

6-OHDA 
unilateral 

lesion Mouse 

Decrease in 50% 
of ipsilateral 

rotation 
(amphetamine) 

2 
weeks NA Nishimura 

et al., 2003 

mES cells-
derived 

dopamine 
neurons 

Differentiated 
using 

5 stages protocol 

6-OHDA 
unilateral 
lesion Rat 

Total reversal 
of ipsilateral 

rotation 
(amphetamine) 

Starting at 4 
weeks 

32 
weeks 

 
5, 000 

 

Rodriguez-
Gomez et 
al., 2007 

ntES cell-
derived from 
parkinsonian 

mice 

Nuclear transfer-
derived ES 

(ntES). 
Coculture with 

stromal cells 

6-OHDA 
unilateral 

lesion mouse 

Total reversal 
of ipsilateral 

rotation 
(amphetamine) 

10 
weeks 

Avg 8,784 ± 
4,293 cells in 

the group 
with better 

results 

Tabar et al., 
2008 

Mesencephalic 
DA neurons 

Ngn2-GFP mice 
Pitx3-GFP mice 

Nestin-GFP mice 
Sox2-GFP mice 

6-OHDA 
unilateral 
lesion Rat 

Total reversal 
of ipsilateral 

rotation 
(amphetamine) 

Starting at 3 
weeks 

6 
weeks 440 Jönsson et 

al., 2009 

Non-human primates Embryonic Stem Cells (monkey ES cells) 

Non-human 
primates ES 

cells 

Neural 
progenitors 
expanded as 

neurospheres. 
FGF2 addition 

MPTP 
bilateral 

lesion 
Cynomolgus 

monkeys 

Behavioral 
improvement in 

neurological 
score 

14 
weeks 

2, 100 per 
side 

Takagi et 
al., 2005 

Human Embryonic Stem cells 

hES cells 

Culture of hES 
cells enriched 
with neural 
progenitors 

6-OHDA 
unilateral 
lesion Rat 

Decrease in 45% 
of ipsilateral 

rotation 
(amphetamine) 

12 
weeks 

389 
(0.18% of the 

graft) 

Ben-Hur et 
al., 2004 
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Later in that year, Hargus et al. employed dopaminergic neurons derived from factor-free 
iPS cells and transplanted them into the striatum of 6-OHDA unilateral lesioned rats; they 
later analyzed development, growth, survival and degeneration in an in vivo longitudinal 
study. They observed a high level of cell survival with no apparent degeneration; they also 
detected axonal outgrowth in different areas, this can be translated to a soaring capacity of 
the adult brain to keep axonal guidance instructions that allow the transplanted cells to 
integrate within the adult brain. In addition, a progressive reduction of motor asymmetry 
(about 70%) was observed in the transplanted animals over a period of sixteen weeks, 50% 
of the transplanted DA neurons were identified as SNPc mesencephalic cells and presence 
of tumoral cells was null (Hargus et al., 2010). However, synaptic function analysis and a 
longer examination of transplant survival still remain to be done. Besides, the improvement 
of motor asymmetry was similar to the one reported in other experimental trials that 
employed different cells, in that aspect, there is no greater advantage of iPS cells over ES 
cells.  
In 2010, reprogramming mice fibroblast directly into a neuronal phenotype directly to a 
pluripotency stage in vitro was achieved. A combination of 3 genes specifically expressed in 
neural tissue, Ascl1, Brn2 y Myt1l, was transduced by means of a lentiviral vector. These 
kind of cells were called induced neurons (iN), since they expressed neural proteins, 
generate action potentials and form functional synapses; most of these cells express an 
excitatory phenotype that was later confirmed by cortical neural markers and only a low 
number of these cells belong to the GABAergic phenotype (Vierbuchen et al., 2010). Yet, it 
still remains to be determined if iN can be derived from fibroblasts obtained from patients 
afflicted with a neurodegenerative disease, and which transcription factors must be 
overexpressed in order to induce different neuronal phenotypes. 
Regardless of all of the possibilities that iPS cells might offer, the uncertainty about the 
latency of tumor formation by being employed in experimental trials still remains. Albeit, 
better methods to induce reprogrammation are currently being developed, but even with 
viral vector removal, this possibility cannot be totally excluded. 
Additionally, recent results demonstrate that production of aberrant methylation sites are 
originated during the epigenomic reprogrammation of iPS cells. Methylation of human iPS 
cells was observed recurrently at different rates throughout the reprogrammation process. 
Furthermore, the variability of the methylated sites is often seen in iPS cell lines, which 
indicates that there are some regions more prone to insufficient or aberrant 
reprogrammation. These methylated sites are categorized as “hotspots” for incorrect 
epigenomic reprogrammation, this alteration is not a simple anomaly exclusive of the 
pluripotent state, it can also be transmitted through iPS cells differentiation (Lister et al., 
2011).  
So far, iPS cells cannot be employed as a feasible resource for cellular replacement therapy 
and further work needs to be developed before a clinical trial could take place; however, 
without a doubt, they possess great potential to be employed as tools for patient-specific 
disease modeling. 
Finally, if we were to choose the type of cell that would bestow the best results after 
transplantation, taking into consideration the information aforementioned; we believe that 
the most promising candidate today is the ES cell. In order to provide this personal opinion, 
we are leaving aside the ethical issues that embrace them, albeit this kind of concerns are of 
the outmost importance, they are out of the scope of this chapter.  
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progenitors 
expanded as 

neurospheres. 
FGF2 addition 

MPTP 
bilateral 
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Cynomolgus 
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improvement in 

neurological 
score 

14 
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2, 100 per 
side 

Takagi et 
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Culture of hES 
cells enriched 
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progenitors 
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Cell Source 
In vitro protocol 

for TH cells 
production 

Recipient Result 
Time 

period 
TH neuron 

count Reference 
(after transplant) 

Decrease in 31% 
of contralateral 

rotation 
(apomorphine) 

hES cells-
derived 

dopamine 
neurons 

Culture on PA6 
cells (stromal 

cells) 

6-OHDA 
unilateral 
lesion Rat 

No 
improvement 

(amphetamine) 

13 
weeks 10-50 Brederlau 

et al., 2006 

hES cells-
derived 

dopamine 
neurons 

Cocultured with 
human 

telomerase-
immortalized 

midbrain 
astrocytes 

6-OHDA 
unilateral 
lesion Rat 

Total reversal 
of ipsilateral 

rotation 
(apomorphine) 

Since 6 
weeks 

26,000 per 
mm3 

 

Roy et al., 
2006 

hES cells-
derived 

dopamine 
neurons 

Generation of 
spherical neural 
masses (SNMs) 

(rossetes) 

6-OHDA 
unilateral 
lesion Rat 

Decrease in 
49.43% 

of contralateral 
rotation 

(apomorphine) 
Decrease in 

58.37% 
of ipsilateral 

rotation  
(amphetamine) 

12 
weeks 

10,700 
(2.7% of 

transplanted 
cells) 

Cho et al. 
2008 

Induced Pluripotent Stem cells 

iPS clone O9 
Reprogrammed 

fibroblasts 
(mouse) 

6-OHDA 
unilateral 
lesion Rat 

Decrease in 60% 
of ipsilateral 

rotation 
(amphetamine) 

8 
weeks 29, 000 Wernig et 

al., 2008 

iPS cells 
IMR90 clone 4 

Reprogrammed 
fibroblasts 
(human) 

6-OHDA 
unilateral 
lesion Rat 

Decline in 
rotation score 

6 
weeks NA Cai et al., 

2010 

iPS cells 
excisable virus 

Human PD 
(patients) 

6-OHDA 
unilateral 
lesion Rat 

Decrease in 70% 
of ipsilateral 

rotation 
(amphetamine) 

16 
weeks 

122 neurons 
per mm3 

Hargus et 
al., 2010 

Table 3. Stem cell therapy in animal models of PD. 

5. Evaluating the functional effectiveness of Stem Cell Therapy for PD 
One of the major difficulties in restoring the motor functionality in PD through transplant 
therapy is the correct integration of grafted cells into the nigrostriatal pathway; they are 
required to improve motor symptoms and circumvent the appearance of undesirable side 
effects, such as dyskinesia (Politis et al., 2010). Grafted cells should not only provide a DA 
source for the correct modulation of the basal ganglia, but also be able to integrate the 
nigrostriatal pathway and receive the regulatory input that allows compensatory 
mechanisms, such as feedback regulation. In addition, the complexity of the adult brain and 
the lack of a permissive environment to neuronal regeneration make it particularly 
complicated for even the best non-modified or engineered stem cell to integrate into 
the basal ganglia motor loop. 
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Cell grafts might be able to compensate the loss of modulatory inputs from the SNPc by 
forming local neural circuits within the striatum (Barker et al., 1999; Kreitzer et al., 2008; 
Lindvall et al., 2004). Ideally, these circuits should be capable to modulate basal ganglia 
pathways through interaction with D2 and the D1 dopamine receptors, as well as to be 
subject to feedback regulation in order to prevent variations of DA availability. 
In order to evaluate these neural circuits, the need of joined functional and behavioral tests 
to assess improvement is one of the main objectives. The use of positron emission 
tomography (PET) coupled to magnetic resonance imaging (MRI) techniques has 
diminished the gap between behavioral and functional data.  

5.1 MRI assessments 
Conventional MRI reveals brain structural changes as reductions in volume (atrophy) and 
alterations in water-proton relaxation T1 and T2 signals. Water normally flows along neural 
tracts in the brain. Diffusion-weighted or diffusion tensor MRI can be used to quantify loss 
of anisotropy (directionality) or increase in amplitude of water diffusion in order to 
demonstrate disruption of neural tracts.  
Conventional T1 and T2 weighted MRI show normal nigral structure in idiopathic PD and 
therefore is not diagnostically helpful. Volumetric T1 weighted MRI studies have also failed 
to detect a reduction in nigral volume in PD, possibly because of difficulties in accurately 
defining the border of the SNPc (Geng et al., 2006) and thus it would be the most 
appropriate technique for evaluating the survival of dopamine-derived transplants.  
MRI inversion recovery sequences can be designed to suppress either gray or white matter 
signal. Segmented inversion recovery ratio imaging generates ratio images of gray matter 
and white matter suppressed signal at a voxel level. With the segmented inversion recovery 
ratio approach, PD patients were reported to show a gradient of altered nigral signal that 
was absent in healthy controls (Hutchinson & Raff, 2000). Although the use of gray matter 
and white matter suppressing inversion recovery sequences can detect changes in nigral 
structures in PD, it is a complicated approach to implement and currently not 
sensitive enough to be of diagnostic value in transplant therapy.  
Regardless of the limitations previously mentioned, MRI is a non-invasive, real-time cellular 
imaging modality that has no radiation, and for these reasons, several attempts have been 
made in order to take advantage of these qualities. New MRI techniques currently employ 
magnetic labeling using superparamagnetic iron oxide particles (SPIOs) coupled to stem 
cells transplanted in the rat striatum with the purpose of assessing the survival time of 
transplanted tissue (Berman et al., 2011; Obenaus et al., 2011). Nevertheless, this innovative 
technique is only useful for quantifying cell survival and does not provide data to evaluate 
transplanted cell function.   

5.2 PET assessments 
Terminal dopa decarboxylase activity and dopamine turnover can be assessed using 
radioactive markers such as 6-[18F]-fluoro-L-DOPA (18F-DOPA), which could be helpful for 
the evaluation of PD progression in vivo (Brooks et al., 2008) and graft survival in 
transplanted PD patients (Mendez et al., 2002; Sawle et al., 1992). Early hemiparkinsonian 
patients show a bilateral reduced putamen dopaminergic terminal function. Clinical 
parkinsonism occurs when PD patients have lost 40%–50% of posterior putamen-dopamine 
terminal function (Morrish et al., 1995). Levels of 18F-dopa uptake in the putamen and DAT 
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Table 3. Stem cell therapy in animal models of PD. 
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source for the correct modulation of the basal ganglia, but also be able to integrate the 
nigrostriatal pathway and receive the regulatory input that allows compensatory 
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Cell grafts might be able to compensate the loss of modulatory inputs from the SNPc by 
forming local neural circuits within the striatum (Barker et al., 1999; Kreitzer et al., 2008; 
Lindvall et al., 2004). Ideally, these circuits should be capable to modulate basal ganglia 
pathways through interaction with D2 and the D1 dopamine receptors, as well as to be 
subject to feedback regulation in order to prevent variations of DA availability. 
In order to evaluate these neural circuits, the need of joined functional and behavioral tests 
to assess improvement is one of the main objectives. The use of positron emission 
tomography (PET) coupled to magnetic resonance imaging (MRI) techniques has 
diminished the gap between behavioral and functional data.  

5.1 MRI assessments 
Conventional MRI reveals brain structural changes as reductions in volume (atrophy) and 
alterations in water-proton relaxation T1 and T2 signals. Water normally flows along neural 
tracts in the brain. Diffusion-weighted or diffusion tensor MRI can be used to quantify loss 
of anisotropy (directionality) or increase in amplitude of water diffusion in order to 
demonstrate disruption of neural tracts.  
Conventional T1 and T2 weighted MRI show normal nigral structure in idiopathic PD and 
therefore is not diagnostically helpful. Volumetric T1 weighted MRI studies have also failed 
to detect a reduction in nigral volume in PD, possibly because of difficulties in accurately 
defining the border of the SNPc (Geng et al., 2006) and thus it would be the most 
appropriate technique for evaluating the survival of dopamine-derived transplants.  
MRI inversion recovery sequences can be designed to suppress either gray or white matter 
signal. Segmented inversion recovery ratio imaging generates ratio images of gray matter 
and white matter suppressed signal at a voxel level. With the segmented inversion recovery 
ratio approach, PD patients were reported to show a gradient of altered nigral signal that 
was absent in healthy controls (Hutchinson & Raff, 2000). Although the use of gray matter 
and white matter suppressing inversion recovery sequences can detect changes in nigral 
structures in PD, it is a complicated approach to implement and currently not 
sensitive enough to be of diagnostic value in transplant therapy.  
Regardless of the limitations previously mentioned, MRI is a non-invasive, real-time cellular 
imaging modality that has no radiation, and for these reasons, several attempts have been 
made in order to take advantage of these qualities. New MRI techniques currently employ 
magnetic labeling using superparamagnetic iron oxide particles (SPIOs) coupled to stem 
cells transplanted in the rat striatum with the purpose of assessing the survival time of 
transplanted tissue (Berman et al., 2011; Obenaus et al., 2011). Nevertheless, this innovative 
technique is only useful for quantifying cell survival and does not provide data to evaluate 
transplanted cell function.   

5.2 PET assessments 
Terminal dopa decarboxylase activity and dopamine turnover can be assessed using 
radioactive markers such as 6-[18F]-fluoro-L-DOPA (18F-DOPA), which could be helpful for 
the evaluation of PD progression in vivo (Brooks et al., 2008) and graft survival in 
transplanted PD patients (Mendez et al., 2002; Sawle et al., 1992). Early hemiparkinsonian 
patients show a bilateral reduced putamen dopaminergic terminal function. Clinical 
parkinsonism occurs when PD patients have lost 40%–50% of posterior putamen-dopamine 
terminal function (Morrish et al., 1995). Levels of 18F-dopa uptake in the putamen and DAT 
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binding correlate inversely with bradykinesia and rigidity of PD patients, and could be 
valuable for estimation of cell therapy functional recovery.  
However, this type of analysis has limitations; 18F-DOPA is not specific for evaluation of DA 
re-uptake in small animal PET scanning, which is an essential feature for the assessment of 
emergent cell therapy in animal models of PD. Other radiotracers of DAT binding, such as 
[11C]-(+)-α-dihydrotetrabenazine (11C-(+)DTBZ), have better specificity and spatial 
resolution when evaluating animal models of PD (Collantes et al., 2008) and could be used to 
examine the survival of DA neurons.  
Still, in order to correctly evaluate DA release, it is necessary to use radioactively labeled 
dopamine receptor antagonists, such as [11C]-raclopride, which can be displaced from DA 
receptors by DA released from nerve terminals located in situ or exposed to amphetamine 
(Piccini et al., 2000). 11C-raclopride PET is able to indirectly detect synaptic dopamine fluxes 
by monitoring changes in striatal D2 receptor availability (Laruelle, 2000). The higher the 
extracellular dopamine level, the lower the dopamine D2 site availability to the tracer. 
Animal microdialysis studies suggest that a 25% fall in putamen 11C-raclopride uptake after 
amphetamine equates to a 10-fold rise in synaptic dopamine levels (Breier et al., 1997). In PD 
patients, when given L-DOPA treatment, they show a fall in striatal 11C-raclopride binding; 
the response of bradykinesia and rigidity to L-DOPA in PD correlates with the resulting 
increases instriatal dopamine levels detected with 11C-raclopride PET (Pavese et al., 2006).  
By means of 18F-DOPA and [11C]-raclopride PET scans, it has been shown that grafted 
(human embryonic mesencephalic and fetal dopaminergic tissue) cells remain active and 
form connections with neurons residing in the host striatum when transplanted in human 
brains (Mendez et al., 2008; Piccini et al., 1999; Spencer et al., 1992). The major drawback is 
that the spatial resolution achieved with the current available PET scanners (2 × 10−3 m) is 
insufficient to evaluate single cell events, which can only be resolved with 100-fold higher 
resolutions (10–20 μm).   
So far, the information already described shows that current MRI and PET analysis have 
some limitations for a correct cell graft evaluation of survival and integration within the 
host, specifically at the cellular level.  

5.3 Microcircuits on brain slice preparations: the need for functional studies  
It is clear that better protocols for cell replacement therapy would benefit from a better 
understanding of normal basal ganglia circuit functions. One of us (Bargas’ group) designed 
a brain slice preparation in which individual cell activity can be observed and evaluated, 
using calcium-imaging techniques (Carrillo-Reid et al., 2008). When corticostriatal slices are 
loaded with a calcium-sensitive fluorescent dye, it is possible to analyze single-cell activity 
in a widespread area of the striatum. Additionally, it is possible to examine the activity of 
cell clusters that have an associated firing pattern (neural ensembles) and represent 
functional microcircuits within the striatum (Carrillo-Reid, 2008, 2009). Different cells within 
the striatum belong to different ensembles, and there are some cells that belong to most of 
the ensembles present in a given slice. These cells serve as central pattern generators (CPGs), 
which are considered to represent memory traces in the nervous system (Carrillo-Reid, 2008, 
2009; Grillner, 2005, 2006). CPG activity within the striatum might be related to the encoding 
of motor programs that are activated secondary to cortical stimulation.  In this regard, it is 
worth of notice that unstimulated corticostriatal slices mostly show silent cells, with some 
uncoordinated activity.  
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Ensemble activity is triggered by stimulation of cortical fibers or after exposure to 
glutamatergic agonist NMDA. These results suggest the existence of intrinsic microcircuits 
in the striatum, which could be the actual modulators of motor activity in this brain area.  
Thus, it would be necessary to determine if the segregated pathways represented by 
neurons expressing either the D1 or the D2 dopaminergic receptors, belong to distinct 
activity ensembles; this would be of major interest, since deregulation of the D1 receptor 
pathway has been proposed to be responsible for the dyskinesias observed in PD patients 
after prolonged exposure to L-DOPA (Dupre et al., 2008; Santini et al., 2008; Taylor et al., 
2005). Of particular interest would be to demonstrate if there is a difference between 
ensembles in the intact brain and those in the affected striatum of PD patients. 
We propose that the use of this brain slice preparation will allow us to study if transplanted 
dopaminergic cells can integrate into local microcircuits within the striatum, and if 
formation of new modulatory connections could compensate for the loss of the 
dopaminergic input from the SNPc and reestablish control of motor function. 

6. Conclusion 
This chapter highlights that although almost three decades have passed since the Backlund-
Lindvall and Drucker-Colín et al. work was published, transplant therapy for PD is still 
retained as a potential clinical approach; stem cell research is currently providing a more 
adequate source of cells. So far, the large body of evidence appears to validate the use of 
manipulated stem cells in the coming years. 
Although stem cell therapy shows promise, it is still in development, and even with a wide 
range of methods, currently there is no ideal scenario for clinical transplantation and 
perhaps it will not arrive in the near future. ES cell therapy still remains elusive and is 
burdened with social and logistical concerns. In contrast, iPS generation circumvents some 
previous limitations, since it does not require embryonic material. iPS cell technology might 
have a significant impact on regenerative medicine in the near future. 
In order for cell therapy to become a viable option of treatment, a pure source of 
dopaminergic neurons is essential. However, the poor survival of transplanted 
differentiated cells limits transplant therapy; ergo a pure population would not be the best 
option, since cell survival decreases after transplantation. Additionally, the combination 
with other cell populations could also be necessary for a successful transplant, given the fact 
that primary fetal cells that provide behavioral improvement are only ~20% of the total 
implanted cells.  
Finally, it should be particularly noted, that aside of a couple of studies, all report 
incomplete motor improvements. The search for the basis of this result is today still in its 
embryonic stage. As a final point, research with better surgical procedures that provides 
controlled assessments consequently will lead to a more clear understanding of the 
phenomena involved grafting in PD. 
In sum, despite several failures, we believe that cell replacement therapy has a viable future. 
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binding correlate inversely with bradykinesia and rigidity of PD patients, and could be 
valuable for estimation of cell therapy functional recovery.  
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amphetamine equates to a 10-fold rise in synaptic dopamine levels (Breier et al., 1997). In PD 
patients, when given L-DOPA treatment, they show a fall in striatal 11C-raclopride binding; 
the response of bradykinesia and rigidity to L-DOPA in PD correlates with the resulting 
increases instriatal dopamine levels detected with 11C-raclopride PET (Pavese et al., 2006).  
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understanding of normal basal ganglia circuit functions. One of us (Bargas’ group) designed 
a brain slice preparation in which individual cell activity can be observed and evaluated, 
using calcium-imaging techniques (Carrillo-Reid et al., 2008). When corticostriatal slices are 
loaded with a calcium-sensitive fluorescent dye, it is possible to analyze single-cell activity 
in a widespread area of the striatum. Additionally, it is possible to examine the activity of 
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We propose that the use of this brain slice preparation will allow us to study if transplanted 
dopaminergic cells can integrate into local microcircuits within the striatum, and if 
formation of new modulatory connections could compensate for the loss of the 
dopaminergic input from the SNPc and reestablish control of motor function. 

6. Conclusion 
This chapter highlights that although almost three decades have passed since the Backlund-
Lindvall and Drucker-Colín et al. work was published, transplant therapy for PD is still 
retained as a potential clinical approach; stem cell research is currently providing a more 
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In order for cell therapy to become a viable option of treatment, a pure source of 
dopaminergic neurons is essential. However, the poor survival of transplanted 
differentiated cells limits transplant therapy; ergo a pure population would not be the best 
option, since cell survival decreases after transplantation. Additionally, the combination 
with other cell populations could also be necessary for a successful transplant, given the fact 
that primary fetal cells that provide behavioral improvement are only ~20% of the total 
implanted cells.  
Finally, it should be particularly noted, that aside of a couple of studies, all report 
incomplete motor improvements. The search for the basis of this result is today still in its 
embryonic stage. As a final point, research with better surgical procedures that provides 
controlled assessments consequently will lead to a more clear understanding of the 
phenomena involved grafting in PD. 
In sum, despite several failures, we believe that cell replacement therapy has a viable future. 
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1. Introduction 
Neuromuscular disease is a very broad term that encompasses many diseases and aliments 
that either directly, via intrinsic muscle pathology, or indirectly, via nerve pathology, impair 
the functioning of the muscles. Neuromuscular diseases affect the muscles and/or their 
nervous control and lead to problems with movement. Many are genetic; sometimes, an 
immune system disorder can cause them. As they have no cure, the aim of clinical treatment 
is to improve symptoms, increase mobility and lengthen life. Some of them affect the 
anterior horn cell, and are classified as acquired (e.g. poliomyelitis) and hereditary (e.g. 
spinal muscular atrophy) diseases. SMA is a genetic disease that attacks nerve cells, called 
motor neurons, in the spinal cord. As a consequence of the lost of the neurons, muscles 
weakness becomes to be evident, affecting walking, crawling, breathing, swallowing and 
head and neck control. Neuropathies affect the peripheral nerve and are divided into 
demyelinating (e.g. leucodystrophies) and axonal (e.g. porphyria) diseases. Charcot-Marie-
Tooth (CMT) is the most frequent hereditary form among the neuropathies and it’s 
characterized by a wide range of symptoms so that CMT-1a is classified as demyelinating 
and CMT-2 as axonal (Marchesi & Pareyson, 2010). Defects in neuromuscular junctions 
cause infantile and non-infantile Botulism and Myasthenia Gravis (MG). MG is a antibody-
mediated autoimmune disorder of the neuromuscular junction (NMJ) (Drachman, 1994; 
Meriggioli & Sanders, 2009). In most cases, it is caused by pathogenic autoantibodies 
directed towards the skeletal muscle acetylcholine receptor (AChR) (Patrick & Lindstrom, 
1973) while in others, non-AChR components of the postsynaptic muscle endplate, such as 
the muscle-specific receptor tyrosine kinase (MUSK), might serve as targets for the 
autoimmune attack (Hoch et al., 2001). Although the precise origin of the autoimmune 
response in MG is not known, genetic predisposition and abnormalities of the thymus gland 
such as hyperplasia and neoplasia could have an important role in the onset of the disease  
(Berrih et al., 1984; Roxanis et al., 2001).  
Several diseases affect muscles: they are classified as acquired (e.g. dermatomyositis and 
polymyositis) and hereditary (e.g. myotonic disorders and myopaties) forms. Among the 
myopaties, muscular dystrophies are characterized by the primary wasting of skeletal 
muscle, caused by mutations in the proteins that form the link between the cytoskeleton and 
the basal lamina (Cossu & Sampaolesi, 2007). Mutations in the dystrophin gene cause severe 
form of hereditary muscular diseases; the most common are Duchenne Muscular Dystrophy 
(DMD) and Becker Muscular Dystrophy (BMD). DMD patients suffer for complete lack of 
dystrophin that causes progressive degeneration, muscle wasting and death into the 
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second/third decade of life. Beside, BMD patients show a very mild phenotype, often 
asymptomatic primarily due to the expression of shorter dystrophin mRNA transcripts that 
maintain the coding reading frame. DMD patients’ muscles show absence of dystrophin and 
presence of endomysial fibrosis, small fibers rounded and muscle fiber 
degeneration/regeneration. Untreated, boys with DMD become progressively weak during 
their childhood and stop ambulation at a mean age of 9 years, later with corticosteroid 
treatment (12/13 yrs). Proximal weakness affects symmetrically the lower (such as 
quadriceps and gluteus) before the upper extremities, with progression to the point of 
wheelchair dependence. Eventually distal lower and then upper limb weakness occurs. 
Weakness of neck flexors is often present at the beginning, and most patients with DMD 
have never been able to jump. Wrist and hand muscles are involved later, allowing the 
patients to keep their autonomy in transfers using a joystick to guide their wheelchair. 
Musculoskeletal contractures (ankle, knees and hips) and learning difficulties can 
complicate the clinical expression of the disease. Besides this weakness distribution in the 
same patient, a deep variability among patients does exist. They could express a mild 
phenotype, between Becker and Duchenne dystrophy, or a really severe form, with the loss 
of deambulation at 7-8 years. Confinement to a wheelchair is followed by the development 
of scoliosis, respiratory failure and cardiomyopathy. In 90% of people death is directly 
related to chronic respiratory insufficiency (Rideau et al., 1983). The identification and 
characterization of dystrophin gene led to the development of potential treatments for this 
disorder (Bertoni, 2008). Even if only corticosteroids were proven to be effective on DMD 
patient (Hyser and Mendell, 1988), different therapeutic approaches were attempted, as 
described in detail below (see section 7). 

2. Treatment for neuromuscular diseases: gene and cell therapy  
The identification and characterization of the genes whose mutations caused the most 
common neuromuscular diseases led to the development of potential treatments for those 
disorders. Gene therapy for neuromuscular disorders embraced several concepts, including 
replacing and repairing a defective gene or modifying or enhancing cellular performance, 
using gene that is not directly related to the underlying defect (Shavlakadze et al., 2004). As 
an example, the finding that DMD pathology was caused by mutations in the dystrophin 
gene allowed the rising of different therapeutic approaches including growth-modulating 
agents that increase muscle regeneration and delay muscle fibrosis (Tinsley et al., 1998), 
powerful antisense oligonucleotides with exon-skipping capacity (McClorey et al., 2006), 
anti-inflammatory or second-messenger signal-modulating agents that affect immune 
responses (Biggar et al., 2006), agents designed to suppress stop codon mutations (Hamed, 
2006). Viral and non-viral vectors were used to deliver the full-length - or restricted versions 
- of the dystrophin gene into stem cells; alternatively, specific antisense oligonucleotides 
were designed to mask the putative splicing sites of exons in the mutated region of the 
primary RNA transcript whose removal would re-establish a correct reading frame. In 
parallel, the biology of stem cells and their role in regeneration were the subject of intensive 
and extensive research in many laboratories around the world because of the promise of 
stem cells as therapeutic agents to regenerate tissues damaged by disease or injury (Fuchs 
and Segre, 2000; Weissman, 2000). This research constituted a significant part of the rapidly 
developing field of regenerative biology and medicine, and the combination of gene and cell 
therapy arose as one of the most suitable possibility to treat degenerative disorders. Several 
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works were published in which stem cell were genetically modified by ex vivo introduction 
of corrective genes and then transplanted in donor dystrophic animal models.  
Stem cells received much attention because of their potential use in cell-based therapies for 
human disease such as leukaemia (Owonikoko et al., 2007), Parkinson’s disease (Singh et al., 
2007), and neuromuscular disorders (Endo, 2007; Nowak and Davies, 2004). The main 
advantage of stem cells rather than the other cells of the body is that they can replenish their 
numbers for long periods through cell division and, they can produce a progeny that can 
differentiate into multiple cell lineages with specific functions (Bertoni, 2008). The candidate 
stem cell had to be easy to extract, maintaining the capacity of myogenic conversion when 
transplanted into the host muscle and also the survival and the subsequent migration from 
the site of injection to the compromise muscles of the body (Price et al., 2007). With the 
advent of more sensitive markers, stem cell populations suitable for clinical experiments 
were found to derive from multiple region of the body at various stage of development. 
Numerous studies showed that the regenerative capacity of stem cells resided in the 
environmental microniche and its regulation. This way, it could be important to better 
elucidate the molecular composition – cytokines, growth factors, cell adhesion molecules 
and extracellular matrix molecules - and interactions of the different microniches that 
regulate stem cell development (Stocum, 2001).  
Several groups published different works concerning adult stem cells such as muscle-
derived stem cells (Qu-Petersen et al., 2002), mesoangioblasts (Cossu and Bianco, 2003),  
blood- (Gavina et al., 2006) and muscle (Benchaouir et al., 2007)-derived CD133+ stem cells. 
Although some of them are able to migrate through the vasculature (Benchaouir et al., 2007; 
Galvez et al., 2006; Gavina et al., 2006) and efforts were done to increase their migratory 
ability (Lafreniere et al., 2006; Torrente et al., 2003a), poor results were obtained.  
Embryonic and adult stem cells differ significantly in regard to their differentiation potential 
and in vitro expansion capability. While adult stem cells constitute a reservoir for tissue 
regeneration throughout the adult life, they are tissue-specific and possess limited capacity 
to be expanded ex vivo. Embryonic Stem (ES) cells are derived from the inner cell mass of 
blastocyst embryos and, by definition, are capable of unlimited in vitro self-renewal and 
have the ability to differentiate into any cell type of the body (Darabi et al., 2008b). ES cells, 
together with recently identified iPS cells, are now broadly and extensively studied for their 
applications in clinical studies. 

3 Embryonic Stem Cells (ESCs) 
Embryonic stem cells are pluripotent cells derived from the early embryo that are 
characterized by the ability to proliferate over prolonged periods of culture remaining 
undifferentiated and maintaining a stable karyotype (Amit and Itskovitz-Eldor, 2002; 
Carpenter et al., 2003; Hoffman and Carpenter, 2005).  They are capable of differentiating 
into cells present in all 3 embryonic germ layers, namely ectoderm, mesoderm, and 
endoderm, and are characterized by self-renewal, immortality, and pluripotency (Strulovici 
et al., 2007). 

3.1 Methods for ESCs isolation 
hESCs are derived by microsurgical removal of cells from the inner cell mass of a blastocyst 
stage embryo (Fig. 1). The ES cells can be also obtained from single blastomeres. This 
technique creates ES cells from a single blastomere directly removed from the embryo 
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bypassing the ethical issue of embryo destruction (Klimanskaya et al., 2006). Although 
maintaining the viability of the embryo, it has to be determined whether embryonic stem 
cell lines derived from a single blastomere that does not compromise the embryo can be 
considered for clinical studies. Cell Nuclear Transfer (SCNT): Nuclear transfer, also referred 
to as nuclear cloning, denotes the introduction of a nucleus from an adult donor cell into an 
enucleated oocyte to generate a cloned embryo (Wilmut et al., 2002). 
 

 
Fig. 1. ESCs differentiation. Differentiation potentiality of human embryonic stem cell lines. 
Human embryonic stem cell pluripotency is evaluated by the ability of the cells to 
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3.1.2 Cell Nuclear Transfer (SCNT) 
Nuclear transfer, also referred to as nuclear cloning, denotes the introduction of a nucleus 
from an adult donor cell into an enucleated oocyte to generate a cloned embryo (Wilmut et 
al., 2002). The first application of this technique was in 1996 the creation of Dolly the sheep 
(Campbell et al., 1996). Transferred to the uterus of a female recipient, this embryo has the 
potential to grow into a clone of the adult donor cell, a process termed “reproductive 
cloning.” When explanted in culture, this embryo can give rise to embryonic stem cells that 
have the potential to become any or almost any type of cell present in the adult body. This 
process is also called “nuclear transplantation therapy” or “therapeutic cloning” because 
embryonic stem cells derived by nuclear transfer are genetically identical to the donor and 
thus potentially useful for therapeutic applications. It might substantially improve the 
treatment of neurodegenerative diseases, blood disorders, or diabetes, whose therapies are 
currently limited by the availability or immunocompatibility of tissue transplants 
(Hochedlinger and Jaenisch, 2003). Unfortunately, reproductive cloning is a largely 
inefficient and error-prone process that results in the failure of most clones during 
development due both to activation of inadequate pathways of early embryonic 
development (Solter, 2000) and suppression of pathway of differentiation (Rideout et al., 
2001). In contrast, reprogramming errors do not appear to interfere with therapeutic cloning, 
because the process appears to select for functional cells. Recent advances in the field of 
nuclear cloning showed that  most clones die early in gestation while cloned animals share 
abnormalities regardless of the type of donor cell or the species used, correlating with 
aberrant gene expression (Hochedlinger and Jaenisch, 2003).  Although experiments in 
animals showed that by SCNT it is possible to obtain primate ES cells (Byrne et al., 2007) and 
nuclear cloning combined with gene and cell therapy represents a valid strategy for treating 
genetic disorders (Rideout et al., 2002), the low efficiency of the technique, the difficulties in 
obtaining human eggs and the arising ethical problems are significant challenges to the 
widespread use of SCNT for the production of hESC. 

3.2 Characterization of ESCs 
Human embryonic stem cells (hESCs) were first derived from the inner cell mass (ICM) of 
the blastocyst stage (100–200 cells) of embryos generated by in vitro fertilization (Thomson et 
al., 1998), but methods have been developed to derive hESCs from the late morula stage (30–
40 cells) (Strelchenko et al., 2004), from arrested embryos (16–24 cells incapable of further 
development) (Zhang et al., 2006) and single blastomeres isolated from 8-cell embryos 
(Klimanskaya et al., 2006). Because hESCs have the potential to differentiate into normal 
tissues of all types, the ability to derive and maintain hESCs in culture gave rise to the 
possibility of having an unlimited supply of normal differentiated cells to engineer diseased 
tissues to regain normal function (Moon et al., 2006; Skottman et al., 2006).  
Nowadays, several studies demonstrating hESC differentiation into specific cell lineages use 
feeder layers of heterologous cells to maintain hESCs in culture and to signal the hESCs to 
differentiate into specific cell types (Conrad et al., 2008; Takahashi and Yamanaka, 2006). 
After transplantation into the recipient, the hESCs and their progeny could be exogenously 
controlled if they differentiated into malignant cells or if they otherwise grew and/or 
functioned in an unwanted lineage; if hESCs are to be useful in generating normal tissues 
for the treatment of human disease, the tissues to be transplanted must be compatible with 
the host such that the cells derived from the hESCs will not be recognized as “foreign” and 
rejected as would any transplanted tissue from an unrelated donor.  
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The first human stem cell line bank was opened in 2004 in the United Kingdom 
(http://www.ukstemcellbank.org.uk/). The National Institutes of Health registry 
(http://stemcells.nih.gov/research/registry/) has also archived a number of hESC lines 
and established criteria for demonstration of the pluripotency of these lines. Cells should be 
able to give rise to any cell lineage of the body and thus to form a teratoma (a tumour 
containing tissues from the 3 primary germ layers) after injection in an immune-suppressed 
animal and should be capable of unlimited self-renewal. A number of scientific/medical 
issues need to be addressed before stem cells can be considered safe for clinical applications.  
In fact for hESCs to be useful for therapy, technologies must be developed to provide them 
with the specific signals required to differentiate in a controlled lineage, to regulate and/or 
shut down the growth of hESCs and their progeny once they have been transferred to the 
recipient. Pluripotency is evidenced by the ability to form teratomas when transplanted in 
immunodeficient mice, the concern exists that these cells could form malignant tumours in 
their new host. One strategy for dealing with this problem is to select pure populations of 
more committed cells for transfer. Demonstrating genetic and epigenetic stability will 
therefore be important before these cells are used clinically. Moreover attention has to be 
focused on circumventing the host rejection of transplanted, non-autologous hESC-derived 
cells (Strulovici et al., 2007).  
Therefore, karyotypic abnormalities have been described in several hESC lines, although 
changes might be at least partially dependent on culture techniques (Mitalipova et al., 2005). 
In additional to biologic issues directly affecting the stem cell product, it is fundamental that 
controlled, standardized practices and procedures be followed to maintain the integrity, 
uniformity, of the human stem cell preparations. Because of stem cells are maintained and 
expanded in vitro before transplantation, culture conditions compatible with human 
administration must be used. Feeder cells and sera of animal origin have to be reduced and 
ideally avoided to reduce the potential risk of contamination by xenogeneic protein.  
Consequently, life-long immunosuppressive therapy, which can lead to infections and 
organ-based toxic side effects, such as nephropathy, might be required to prevent graft 
rejection (Brignier and Gewirtz, 2010). 

3.2.1 Expression markers 
Cell origins are often defined by one or more cell surface and or intracellular epitopes 
unique to that particular cell type. Stage-specific embryonic antigen (SSEA) markers are 
used to distinguish early stages of cell development, denoting pluripotency. These markers 
are globo-series glycolipids and are recognised by monoclonal antibodies. The SSEA-4 
epitope is the globo-series glycolipid GL7. It has been demonstrated that GL7 can react with 
antibodies to both SSEA-3 and SSEA-4 (Kannagi et al., 1983a; Kannagi et al., 1983b). Human 
ES cells will express SSEA-3 and -4 during pluripotency and only SSEA-1 upon 
differentiation (Andrews et al., 1996; Reubinoff et al., 2001; Thomson et al., 1998; Thomson 
and Marshall, 1998). The TRA-1-60 epitope adheres to a particular epitope of the 
proteoglycan and is sialidase sensitive, whereas antibody TRA-1-81 reacts with another 
unknown epitope of the same core proteoglycan molecule. Nanog is a NK-2-type 
homeodomain gene thought to encode a transcription factor that is critically involved in the 
self-renewal of stem cells. Thus, it may possibly act to repress genes necessary for 
differentiation and activate those involved in self-renewal. Lin and colleagues (Lin et al., 
2005) demonstrated that the tumour suppressor p53 binds to the promoter of Nanog. 
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Therefore, p53 can stimulate p53-dependent cell-cycle arrest and apoptosis when genetic 
integrity is not preserved. Oct-4, a POU-domain transcription factor, is highly expressed in ES 
cells (Niwa, 2001; Reubinoff et al., 2001; Thomson et al., 1998) and has been shown to be 
essential for maintaining pluripotency (Niwa, 2001). It has been reported that Oct-4 transcripts 
are nearly exclusively found in pluripotent cells in vivo and within culture. Oct-4 down-
regulation is observed in differentiating cells (Rosner et al., 1990). Not only is Oct-4 necessary 
for the maintenance of pluripotency, but its expression level governs three cell fates once 
differentiation occurs (Hay et al., 2004; Niwa et al., 2000). Several candidate genes have been 
reported as targets of Oct-4 based on stem cell expression patterns and immunoprecipitation, 
but few have been conclusively verified. Target genes of Oct4 include Rex-1, Lefty-1, 
PDGFalfaR and Utf-1, and those cooperating  with Oct4 include Sox2. In the ongoing search 
for the identification of pluripotent markers, Xu and colleagues have reported that the catalytic 
component of telomerase, telomerase reverse transcriptase or hTERT, is expressed in 
undifferentiated cells and down-regulated upon differentiation (Xu et al., 2001).  

3.3 Potentialities of ESCs 
ES-derived progenitors possess excellent self-renewal and regenerative potential, but the 
research on these cells is at the beginning. Recently, Jaenisch and collaborators published 
that the adult cells contain unipotent and multipotent stem cells such as haematopoietic 
stem cells even if totipotent and pluripotent cells are restricted to the early embryo (Jaenisch 
and Young, 2008). Although the decrease in developmental potential, the nuclei of most of 
adult cells maintain nuclear plasticity to reset to an embryonic state. It’s possible to enhance 
this process by exposing the oocyte to specific factors through nuclear transfer or the cells to 
pluripotent cell-specific factors by driving over-expression of defined transcription factors. 
However before the clinical applications of these cells, it’s needed to optimize the 
engraftment of hESCs and the development of a protocol to obtain similar populations of 
muscle precursors from human ES cells. ESCs are derived rather easily, and they can grow 
indefinitely in culture. Second, embryonic stem cells can be manipulated genetically by 
homologous recombination to correct a genetic defect (Rideout et al., 2001). Recently, Jiang 
and collaborators demonstrated pluripotency of mesenchymal stem cells derived from adult 
marrow, differentiating into cells of all three germ layers both in vitro and in vivo after 
being injected into blastocysts (Jiang et al., 2002). Unfortunately, they did not assess the 
ability of these cells in correcting a disease phenotype into both human or mouse animal 
models. Embryonic stem cells can become any type of cell through the use of specific culture 
conditions or genetic manipulation. To avoid the ethical and practical limitations of 
therapeutic cloning mentioned above, it would be useful to reprogram somatic cells directly 
into embryonic stem cells without the use of oocytes. For this reason, it’s necessary to deeply 
understand the role of several molecular factors in establishing and maintaining 
pluripotency, such as Oct-4 (Niwa et al., 2002). Oct-4 null embryos cannot form a 
pluripotent inner cell mass, consequently their development is arrested. To circumvent the 
need for human oocytes, it could be possible to modify the expression of Oct-4 and its 
related genes in somatic cells to reprogram their nuclei to an embryonic state.  

3.4 Drawbacks to clinic use of ESCs  
3.4.1 Host response to grafted tissue 
It is probable that ESCs will suffer from the same acute and chronic rejection problems that 
accompany other grafts and it is likely that this question will not be answered until these 
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cells are implanted into humans for the first time. Three methods have been proposed to 
avoid this problem. The first requires the use of somatic cell nuclear transfer (SCNT) 
techniques, as used to clone animals, to personalize ESCs. The nucleus of a somatic cell from 
the individual to be treated would be transferred into an enucleated donor oocyte, which 
would then be used to derive a blastocyst and subsequently isolate ESCs lines that would be 
genetically identical to the patient (Yang et al., 2007). In this case, any cell generated from 
the personalized ESC line should not be rejected. However, despite the claims of the South 
Korean Dr Hwang Woo-suk in 2005 that have subsequently been shown to be fraudulent, 
SCNT has not been successfully performed in human oocytes. It appears that the process is 
more complicated in humans than in animals where this technology has been used 
successfully in many species. The second method makes use of the capacity of ESCs to 
differentiate into multiple tissues and would involve replacing the recipients immune 
system with haematopoietic cells generated from the same ESC line as that used for tissue 
replacement. This technique has been used in solid organ transplants where patients have 
previously received bone marrow transplantation, and these patients did not require 
immune suppression (Helg et al., 1994). The third method used genetic manipulation to 
engineer ESCs in which MHC molecules or other immune effectors have been deleted 
(Hyslop et al., 2005). All these methods are under development. In addition to the immune 
response to the cells themselves, animal products are used to isolate ESCs in every methods, 
and it cause expression of animal proteins on the surface of the ES cells. This will also 
induce an immune response and a large amount of work is currently going into deriving 
and maintaining ESCs in total absence of these animal products and also undertaking these 
processes to the good manufacturing practice (GMP) standards required for clinical use. It is 
in the development of GMP protocols for the derivation and manipulation of ES cells.  

3.4.2 Cell proliferation and differentiation 
In addition to the problems connected with immune interactions, there are other important 
problems in providing a suitable number of cells for transplantation. The first problem is 
related to have the very large numbers of cells required for tissue replacement without 
tumour formation. As previously discussed, ES cells can form teratomas and therefore all 
undifferentiated cells will need to be removed from a graft. It is possible to circumvent this 
problem genetically modifying the cells by a suicide gene system. The expression of the 
suicide gene could be driven by the promoter of a gene such as Oct4 that is only expressed 
in undifferentiated cells; this technology has been used in gene therapy systems. Activation 
of the suicide gene by drug treatment of cell cultures would give rise to the death of the 
undifferentiated cells not affecting differentiating cells. Other methods include the 
expression of a genetic label such as the green fluorescent protein or a marker that enables 
cell sorting by FACS (Strulovici et al., 2007). In this case, cells could be selected using FACS 
for the surface markers expressed either excluding undifferentiated cells or positively 
selecting for the required differentiated cell type. Even if contaminating undifferentiated 
cells are removed, remain the problem due to the necessity to have a good number of 
mature cells able to form a robust graft and also maintaining the cells where they have to 
perform their therapeutically action. Differentiation protocols are being studying to generate 
very large number of cells (Joannides et al., 2007) and scaffolds able to keep the cells in place 
(Ferreira et al., 2007). Another aspect of tissue replacement that cannot be ignored is that few 
tissues are formed from a single uniform cell type. In order to regenerate a functional organ, 
it will be necessary to develop other structures such as vasculature and lymphatic drainage 
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systems as well as complex mixed cell populations (Caspi et al., 2007). These problems 
present a major challenge to tissue culture technology not only for ESCs but also for adult 
stem cells, and the development of new systems will be important in order to utilize ES cells 
to their maximum potential.  

3.4.3 Ethical implications to clinical use of ESCs 
The use of hESCs in medical research has focused much attention from many sectors of the 
public. Religious, historical, cultural, medical, and other points of view have contributed to a 
very vigorous and wide-ranging discourse over the use of these materials (Leist et al., 2008). 
Some consider research with hESCs to be inherently immoral because these individual’s 
believe that life begins with fertilization of the ovum, and the destruction of an embryo with 
the potential to develop into a viable human being is thought like an infanticide. For this 
reason, the American federal government severely restricted access and use of hESCs in 2001. 
These restrictions have now been largely overturned by the Obama administration. In contrast, 
proponents of this line of research insist that the potential benefits to human from this research 
mitigate such concerns. They also argue that hESCs are made from unwanted fertilized ovum 
that would likely be destroyed in any event. Stem cells created by means of nuclear transfer 
share the same ethical concerns. Furthermore, because these cells have the potential to 
generate a complete embryo, they also raise the even more highly charged possibility of 
cloning human beings, so-called reproductive cloning (Brignier and Gewirtz, 2010). Many 
organizations and countries have already banned reproductive cloning of human beings. 
Because this procedure can be used to generate stem cells for therapeutic purposes, in 
countries where this type of cloning is legal, such as Australia and the United Kingdom, the 
created embryos must be destroyed within 14 days. A human nucleus is transferred into an 
animal’s oocyte, creating a hybrid embryo that must be destroyed within 2 weeks and cannot 
be implanted. Clearly, creation of such tissues raises even more complex issues. Finally, the 
issue of financial compensation for embryo and gamete donors is also controversial, with 
guidelines for this problem being proposed by the International Society of Stem Cell Research 
(http://www.isscr.org/guidelines /index.htm). Everyone involved in the debate want very 
much to avoid the development of an underground black market in spare embryos ((Brignier 
and Gewirtz, 2010).  

3.4.4 Clinical applications of ESCs 
Among the important potential applications of gene therapy to hESCs is the correction of 
genetic diseases. Although many hereditary disorders can be targeted by gene therapy 
vectors alone, the combination of gene therapy and stem cell therapy may have added 
utility, where cells differentiated from hESCs would act as factories to produce therapeutic 
proteins or where a high proportion of corrected cells could be developed. In the case of 
circulating proteins (e.g., factor IX, factor VIII, von Willebrand factor, α1-antitrypsin), it may 
be possible to establish tissue reservoirs distant from the normal site of the secreted product 
(Mountford, 2008). The cells differentiated from hESCs can be delivered to a site accessible 
and receptive to transplantation, even if that tissue is not the normal site of production of 
the protein of interest. When the product is not secreted, the hESCs with their regulated 
genetic characteristics must be differentiated to the correct cell type (e.g., the cystic fibrosis 
transmembrane conductance regulator for cystic fibrosis or dystrophin for muscular 
dystrophy). Such proteins can exert their influence only at the appropriate site, and there is 
no known mechanism by which cells expressing the protein remote from the affected tissue 
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systems as well as complex mixed cell populations (Caspi et al., 2007). These problems 
present a major challenge to tissue culture technology not only for ESCs but also for adult 
stem cells, and the development of new systems will be important in order to utilize ES cells 
to their maximum potential.  

3.4.3 Ethical implications to clinical use of ESCs 
The use of hESCs in medical research has focused much attention from many sectors of the 
public. Religious, historical, cultural, medical, and other points of view have contributed to a 
very vigorous and wide-ranging discourse over the use of these materials (Leist et al., 2008). 
Some consider research with hESCs to be inherently immoral because these individual’s 
believe that life begins with fertilization of the ovum, and the destruction of an embryo with 
the potential to develop into a viable human being is thought like an infanticide. For this 
reason, the American federal government severely restricted access and use of hESCs in 2001. 
These restrictions have now been largely overturned by the Obama administration. In contrast, 
proponents of this line of research insist that the potential benefits to human from this research 
mitigate such concerns. They also argue that hESCs are made from unwanted fertilized ovum 
that would likely be destroyed in any event. Stem cells created by means of nuclear transfer 
share the same ethical concerns. Furthermore, because these cells have the potential to 
generate a complete embryo, they also raise the even more highly charged possibility of 
cloning human beings, so-called reproductive cloning (Brignier and Gewirtz, 2010). Many 
organizations and countries have already banned reproductive cloning of human beings. 
Because this procedure can be used to generate stem cells for therapeutic purposes, in 
countries where this type of cloning is legal, such as Australia and the United Kingdom, the 
created embryos must be destroyed within 14 days. A human nucleus is transferred into an 
animal’s oocyte, creating a hybrid embryo that must be destroyed within 2 weeks and cannot 
be implanted. Clearly, creation of such tissues raises even more complex issues. Finally, the 
issue of financial compensation for embryo and gamete donors is also controversial, with 
guidelines for this problem being proposed by the International Society of Stem Cell Research 
(http://www.isscr.org/guidelines /index.htm). Everyone involved in the debate want very 
much to avoid the development of an underground black market in spare embryos ((Brignier 
and Gewirtz, 2010).  

3.4.4 Clinical applications of ESCs 
Among the important potential applications of gene therapy to hESCs is the correction of 
genetic diseases. Although many hereditary disorders can be targeted by gene therapy 
vectors alone, the combination of gene therapy and stem cell therapy may have added 
utility, where cells differentiated from hESCs would act as factories to produce therapeutic 
proteins or where a high proportion of corrected cells could be developed. In the case of 
circulating proteins (e.g., factor IX, factor VIII, von Willebrand factor, α1-antitrypsin), it may 
be possible to establish tissue reservoirs distant from the normal site of the secreted product 
(Mountford, 2008). The cells differentiated from hESCs can be delivered to a site accessible 
and receptive to transplantation, even if that tissue is not the normal site of production of 
the protein of interest. When the product is not secreted, the hESCs with their regulated 
genetic characteristics must be differentiated to the correct cell type (e.g., the cystic fibrosis 
transmembrane conductance regulator for cystic fibrosis or dystrophin for muscular 
dystrophy). Such proteins can exert their influence only at the appropriate site, and there is 
no known mechanism by which cells expressing the protein remote from the affected tissue 
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could have a therapeutic effect. Additional drawbacks are to be solved in order to obtain the 
successful therapeutic application of gene-modified hESCs including whether the hESC 
themselves, or the expressed product, will be toxic or immunogenic in the recipient. If the 
recipient of the cells, never exposed to the protein before, as in deletion or nonsense 
mutants, can be showed an immune reaction against the protein, limiting the effectiveness 
of the therapy (Mountford, 2008). 
To develop hESC-based therapies, it is obvious that strategies capable of mitigating risks 
related to the therapeutic use of hESCs should be pursued the development of the therapies. 
These strategies might include several non–mutually exclusive  mechanism for ablating all 
genetically modified cells while sparing most endogenous cells. The introduction of a step in 
the development of the therapy at which a single genetically modified cell would be 
isolated, expanded, and characterized with respect to the location of the mutation would 
allow an analysis of the relative risk of the insertion site. Similar limiting dilution cloning 
strategies are now routinely performed during the original isolation of a stem cell line to 
ensure that only one karyotype is represented (Mountford, 2008). Progress in understanding 
how insertional mutagenesis can lead to uncontrolled growth of stem cells is an essential 
prerequisite for this analysis and is currently an active area of research. Genetic modification 
can be used to enhance our ability to conduct such an isolation step by adding a convenient 
ligand for cell isolation. Genetic modification is also potentially useful for solving the 
problem of uncontrolled cell growth. Incorporating the genes for an ablation strategy at the 
same time as the genes for the therapeutic strategy would give the best chance of ensuring 
that the safety mechanism will be present when and if needed. Initial applications of 
genetically modified hESCs are likely to occur where the risk/benefit ratio tilts in favour of 
benefit, as in fatal disorders for which there is no therapy. The risks of the hESC therapies 
will have to be understood and probably reduced to maintain an appropriate risk/benefit 
ratio before these technologies can be applied to diseases that are inherently less dangerous 
to the patient. Gene therapy should prove to be valuable in reducing the risks associated 
with making hESC therapy a reality (Mountford, 2008).  
In particular, the ability to generate cells with in vivo muscle regenerative potential in 
culture and systemically transfer them to recipients is an important step towards the 
therapeutic application of ES cell-derived cells. Unfortunately, it’s not still provided a 
reproducible method to generate ES-derived myogenic progenitors for skeletal muscle 
regeneration. An ES cell–based therapy would have many advantages: it could allow the 
transplantation of a more primitive cell with greater replicative potential and patient-
specific ES cells could be induced from adult somatic cells. Moreover, the derivation of an 
ES cell–derived myogenic population with proliferative and regenerative potential has not 
been accomplished. Only two papers described some evidences for engraftment on 
transplantation of an ES cell–derived population but they were limited to qualitative 
detection of donor derived cells in recipient muscle (Bhagavati and Xu, 2005; Kamochi et al., 
2006). The Pax3 ES cell–derived population exhibited good potential for skeletal muscle 
regeneration but several studies concerning their capacity of replenish satellite cells-niche 
are in progress (Darabi et al., 2008a). On the other hand there is enough optimism about the 
ESC-based therapies because of it may offer reliable and cost-effective therapeutic substitute 
for treatment of neuromuscular disorders as DMD or BMD. Moreover there are critical 
issues that need attention in case of ESC-based approaches. No enough knowledge there are 
about genetic and epigenetic stability of hESC lines over longer time periods and it’s not 
negligible the possible uncontrolled cell proliferation and reprogramming of ESCs in vitro. 
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The injection of these cells could probably generate an immune rejection needed an 
immunosuppressive therapy. Optimization of a generic differentiation protocol and its 
empirical testing with  a better understanding of the molecular processes governing ESC 
differentiation can guarantee the clinical use of these cells. In conclusion the success of the 
clinical application of adult or embryonic stem cells will be employed to a large-scale 
production of desired cell type with appropriate functionality, an optimal number of cells 
for transplant, a modification of less invasive delivery systems and a technique to label cells 
for transplant and subsequent tracking of cell fate. 

4. Induced Pluripotent Stem Cells (iPS)  
The major impediment to ES based therapies in humans involves the moral and ethical 
problems linked to the blastocyst destruction and oocyte donation necessary to generate 
patient-specific pluripotent stem cell lines. These limitations have encouraged researchers to 
understand the mechanisms regulating pluripotency and to experimentally determine its 
gene expression program. Recent works describe the derivation of ES-like iPS cells from 
adult mouse and human cells (Nakagawa et al., 2008; Takahashi et al., 2007; Yu et al., 2009) 
by introducing specific sets of genes encoding transcription factors expressed in 
undifferentiated ES cells to reprogram the adult cells. Although initial studies indicating 
these cells to share characteristics of ‘‘true’’ ES cells, more detailed work is needed to 
determine how closely they resemble ES cells. Like ESCs, iPS cells can differentiate into all 
adult cell types. Researchers now have the ability to create tissue-based models of human 
disease based on cells derived from individual patients. This technology has the potential to 
herald a new era of patient-specific, cell-based medicine; however, given the oncogenic 
potential of undifferentiated iPS cells due to the unsafe reintroduction of these genes 
(Takahashi and Yamanaka, 2006), the safety of these cells has to be tested accurately before 
attempting any therapies. It has been demonstrated that continuous over-expression of 
transcription factors, especially the c-myc oncogene, may be associated with tumorigenesis 
(Takahashi et al., 2007). Even if it was demonstrated that the promoters of these viral vectors 
can be silenced by endogenous gene expression during reprogramming, chimeric mice 
derived from iPS cells were showed to be more prone to tumour formation. Following 
ameliorations in iPS technology, Nakagawa and co-workers generated pluripotent stem cells 
without c-myc over-expression both from mouse and human fibroblasts, with lower 
efficiency (Nakagawa et al., 2008). In addition, chimeric mice created from these non-myc 
iPS cells do not form tumours at an elevated rate. Recently, Chuang et al. proposed the use 
of baculoviral systems as a new gene delivery vector for stem cell engineering, and in 
particular for transgenic expression in human ESCs (Chuang et al., 2007). These vectors can 
be used for large segments, more than 30 kb, that do not fit into adenoviral or lentiviral 
vectors and could limit the risk derived from the great immunogenicity of adenoviral 
vectors.  

4.1 Methods for reprogramming human fibroblasts into iPS cells  
4.1.1 Production of iPS cells using viral integration 
In 2006, Yamanaka et al. identified four transcription factors—Klf4, Sox2, Oct4, and c-Myc 
able to transform mouse fibroblasts in pluripotent clones through retroviral transduction. 
The clones were selected for their ability to reactivate the non essential Oct4 downstream 
target gene, Fbx15 (Takahashi and Yamanaka, 2006). This first-generation of 
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will have to be understood and probably reduced to maintain an appropriate risk/benefit 
ratio before these technologies can be applied to diseases that are inherently less dangerous 
to the patient. Gene therapy should prove to be valuable in reducing the risks associated 
with making hESC therapy a reality (Mountford, 2008).  
In particular, the ability to generate cells with in vivo muscle regenerative potential in 
culture and systemically transfer them to recipients is an important step towards the 
therapeutic application of ES cell-derived cells. Unfortunately, it’s not still provided a 
reproducible method to generate ES-derived myogenic progenitors for skeletal muscle 
regeneration. An ES cell–based therapy would have many advantages: it could allow the 
transplantation of a more primitive cell with greater replicative potential and patient-
specific ES cells could be induced from adult somatic cells. Moreover, the derivation of an 
ES cell–derived myogenic population with proliferative and regenerative potential has not 
been accomplished. Only two papers described some evidences for engraftment on 
transplantation of an ES cell–derived population but they were limited to qualitative 
detection of donor derived cells in recipient muscle (Bhagavati and Xu, 2005; Kamochi et al., 
2006). The Pax3 ES cell–derived population exhibited good potential for skeletal muscle 
regeneration but several studies concerning their capacity of replenish satellite cells-niche 
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ESC-based therapies because of it may offer reliable and cost-effective therapeutic substitute 
for treatment of neuromuscular disorders as DMD or BMD. Moreover there are critical 
issues that need attention in case of ESC-based approaches. No enough knowledge there are 
about genetic and epigenetic stability of hESC lines over longer time periods and it’s not 
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The injection of these cells could probably generate an immune rejection needed an 
immunosuppressive therapy. Optimization of a generic differentiation protocol and its 
empirical testing with  a better understanding of the molecular processes governing ESC 
differentiation can guarantee the clinical use of these cells. In conclusion the success of the 
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Fig. 2 Generation of iPS cells. Reprogramming of adult stem cells in iPS cells mediated by 
Oct-4, Klf4, Sox2 and c-Myc give raise to ES like cells with embryonic potential. 

iPS cells exhibited partial demethylation and reactivation of the canonical pluripotency 
governing genes Oct4 and Nanog. In 2007, fully pluripotent iPS cells were generated by 
increasing the stringency of the selection strategy and selecting for reactivation of the 
pluripotency regulators Oct4 and Nanog themselves (Maherali et al., 2007; Okita et al., 2007; 
Wernig et al., 2007). These new second-generation iPS cells had fully demethylated Oct4 and 
Nanog promoters. These cells could not form viable mice by tetraploid complementation; an 
assay in which ES or iPS cells are injected into tetraploid blastocysts, resulting in embryos 
derived entirely from the injected cells, while extraembryonic tissues are derived from the 
host blastocyst. It is controversial if this failure is due to effects of the randomly integrated 
retroviral vectors used for reprogramming or represents a more fundamental defect in the 
developmental potency of iPS cells. Pluripotent iPS cells could be identified on the basis of 
their morphology, eliminating the need for genetically modified reporter genes and 
permitting the isolation of iPS cells derived from human fibroblasts (Park et al., 2008; 
Takahashi et al., 2007; Yu et al., 2009). After the work of Yamanaka, Yu et al generated  iPS 
cells starting from a combination of Oct4, Sox2, Nanog, and LIN28. The finding that direct 
epigenetic reprogramming with different combinations of transcription factors can be 
applied to human cells represents the breaking of a species barrier that SCNT has yet to 
overcome. The therapeutic value of iPS cells is the presence of proviral integrations 
harboring known oncogenes, particularly c-Myc, as well as Oct4 and Klf4. c-Myc was 
dispensable for iPS generation from fibroblast target cells (although iPS formation occurred 
with reduced efficiency), and chimeric mice derived from three-factor iPS cells (Oct4, Sox2, 
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and Klf4) did not exhibit tumour formation while the cells derived from the first four-factors 
showed tumorigenic characteristics (Nakagawa et al., 2008; Wernig et al., 2007). Despite the 
non essential role of c-Myc in the reprogramming process, the potential for insertional 
mutagenesis and the oncogenic properties of the other reprogramming factors has 
prompted several groups to undertake direct epigenetic reprogramming approaches using 
either nonviral methods, or retrospectively eliminate proviral integrations after iPS cell 
generation.  

4.1.2 Production of iPS cells  without viral integration 
Different reasons have drive the researchers to evolve strategies for lentivirus-free iPS cell 
generation. First, the introduction of foreign DNA able to integrate in random positions in 
the genome represent a risk for cell physiology giving rise to an insertional mutagenesis. 
The foreign DNA could destroy reading frames of genes or influences gene regulation. 
Moreover silencing of lentiviral transgenes is incomplete in iPS cells leading to reactivation 
of lentiviral vectors (Wernig et al., 2007). In fact basal expression of lentiviral 
reprogramming factors is found even in fully reprogrammed cells (Hotta and Ellis, 2008; 
Pfannkuche et al.). Pfannkuche et al. demonstrated that in murine iPS cultures, there was 
different expression of viral Oct4 by three orders of magnitude between spontaneously 
differentiating iPS and stable subclones of the same origin (Pfannkuche et al.). From several 
studies, it is known that altered levels of pluripotency factors influence the fate of 
pluripotent cells. Overexpression of Oct4 seems to direct ES cells towards an endodermal 
fate (Niwa et al., 2000; Pesce and Scholer, 2001). More strikingly, elevated levels of Sox2 can 
alter the whole network of pluripotency factors and abolish maintenance of pluripotency 
(Kopp et al., 2008; Rizzino, 2009). The best strategy to eliminate reprogramming factors or to 
prevent integration of foreign transgenes for generation of iPS cells for therapeutic issues 
could be to employ techniques that are able to reprogram somatic cells without the use of 
any type of DNA. One possibility to achieve this aim is the use of cell-permeable 
transcription factors. The application of cell permeable proteins for direct reprogramming 
has been shown with human newborn fibroblasts, but, again, the efficiency of 
reprogramming appears low (Kim et al., 2009a). Kim and co-workers includes incubation 
with the cell permeable factors for 42 days with six passage steps during incubation. Even if 
the efficiency appears low, this study demonstrated for the first time that cell-permeable 
proteins can reprogram somatic cells. However, the long incubation time of 6 weeks in the 
presence of recombinant reprogramming factors in culture media, could be difficult. The 
application of cell-permeable reprogramming factors is a very promising approach that 
certainly justifies further investigation to achieve efficient, less time consuming 
reprogramming of cells from adult donors. Recent results suggest that a substantial amount 
of cell permeable reprogramming factors is enclosed in endosomes after cell uptake and 
might therefore be unavailable for reprogramming (Pan et al.). Another possibility to 
perform reprogramming is the introduction of RNA that can be transfected into cells. 
Transport of synthetic mRNAs to the nucleus is not necessary and, therefore, the 
transfection efficiency to deliver mRNA to the cytoplasm might be high. The stability of 
RNA limit the reprogramming efficiency and to obtain the right amount of protein 
translated it will be necessary several rounds of transfection to achieve reprogramming. A 
further strategy to induce pluripotency without the generation of stably transfected cells is 
the use of non integrating viruses. Adenoviral vectors were designed to express 
reprogramming factors and transport the coding sequence transiently into the target cells. 
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and Klf4) did not exhibit tumour formation while the cells derived from the first four-factors 
showed tumorigenic characteristics (Nakagawa et al., 2008; Wernig et al., 2007). Despite the 
non essential role of c-Myc in the reprogramming process, the potential for insertional 
mutagenesis and the oncogenic properties of the other reprogramming factors has 
prompted several groups to undertake direct epigenetic reprogramming approaches using 
either nonviral methods, or retrospectively eliminate proviral integrations after iPS cell 
generation.  

4.1.2 Production of iPS cells  without viral integration 
Different reasons have drive the researchers to evolve strategies for lentivirus-free iPS cell 
generation. First, the introduction of foreign DNA able to integrate in random positions in 
the genome represent a risk for cell physiology giving rise to an insertional mutagenesis. 
The foreign DNA could destroy reading frames of genes or influences gene regulation. 
Moreover silencing of lentiviral transgenes is incomplete in iPS cells leading to reactivation 
of lentiviral vectors (Wernig et al., 2007). In fact basal expression of lentiviral 
reprogramming factors is found even in fully reprogrammed cells (Hotta and Ellis, 2008; 
Pfannkuche et al.). Pfannkuche et al. demonstrated that in murine iPS cultures, there was 
different expression of viral Oct4 by three orders of magnitude between spontaneously 
differentiating iPS and stable subclones of the same origin (Pfannkuche et al.). From several 
studies, it is known that altered levels of pluripotency factors influence the fate of 
pluripotent cells. Overexpression of Oct4 seems to direct ES cells towards an endodermal 
fate (Niwa et al., 2000; Pesce and Scholer, 2001). More strikingly, elevated levels of Sox2 can 
alter the whole network of pluripotency factors and abolish maintenance of pluripotency 
(Kopp et al., 2008; Rizzino, 2009). The best strategy to eliminate reprogramming factors or to 
prevent integration of foreign transgenes for generation of iPS cells for therapeutic issues 
could be to employ techniques that are able to reprogram somatic cells without the use of 
any type of DNA. One possibility to achieve this aim is the use of cell-permeable 
transcription factors. The application of cell permeable proteins for direct reprogramming 
has been shown with human newborn fibroblasts, but, again, the efficiency of 
reprogramming appears low (Kim et al., 2009a). Kim and co-workers includes incubation 
with the cell permeable factors for 42 days with six passage steps during incubation. Even if 
the efficiency appears low, this study demonstrated for the first time that cell-permeable 
proteins can reprogram somatic cells. However, the long incubation time of 6 weeks in the 
presence of recombinant reprogramming factors in culture media, could be difficult. The 
application of cell-permeable reprogramming factors is a very promising approach that 
certainly justifies further investigation to achieve efficient, less time consuming 
reprogramming of cells from adult donors. Recent results suggest that a substantial amount 
of cell permeable reprogramming factors is enclosed in endosomes after cell uptake and 
might therefore be unavailable for reprogramming (Pan et al.). Another possibility to 
perform reprogramming is the introduction of RNA that can be transfected into cells. 
Transport of synthetic mRNAs to the nucleus is not necessary and, therefore, the 
transfection efficiency to deliver mRNA to the cytoplasm might be high. The stability of 
RNA limit the reprogramming efficiency and to obtain the right amount of protein 
translated it will be necessary several rounds of transfection to achieve reprogramming. A 
further strategy to induce pluripotency without the generation of stably transfected cells is 
the use of non integrating viruses. Adenoviral vectors were designed to express 
reprogramming factors and transport the coding sequence transiently into the target cells. 
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Application of the adenoviral approach on fetal human fibroblasts resulted in the generation 
of stable human iPS cells without viral integration. The human iPS cells form teratomas in 
vivo, which is the most stringent assay applicable to test their pluripotency (Zhou and Freed, 
2009). Adenoviral vectors could enhance the production of virus- free iPS cells but the use of 
viruses that are DNA-based still bears a residual risk of integration into the host genome. 
This might be overcome with an RNA-based virus to generate safe iPS cells without 
application of DNA based vectors.  
Another possible approach is the use of a single plasmid containing Oct4, Klf4, c-myc and 
Sox2 stably transfected into somatic cells for reprogramming. The plasmid expressed a 
single mRNA that codes for all four reprogramming factors and the red-fluorescent protein 
(RFP) in order to discriminate the transfected cells (Kaji et al., 2009). Different studies are 
also focused on the application of transposon-based systems. The application of the piggy-
BAC transposon allows delivery of reprogramming factors into cells of different organisms 
and stable integration of the reprogramming genes into the genome by action of the 
transposase enzyme transiently transfected in a plasmid, and it is able to catalyse the 
integration of the reprogramming factors (Woltjen et al., 2009). The whole cassette is flanked 
by inverted terminal repeats, which mediate insertion into the genome by the host-factor 
independent activity of a transposase. The principal advantage of the system is not only the 
higher efficiency to deliver reprogramming factors but also the possibility to remove the 
transgene. Expression of reprogramming factors from the transposon was controlled by a 
doxicyclin inducible promoter, in order to guarantee a temporal control of transcription 
factors.  

4.1.3 Generation of iPS cells with less than Yamanaka’s four factors  
Researchers are looking for solutions to reduce the number of factors needed for 
reprogramming. One of the reasons is to reprogram the cells using chemical compounds in 
order to standardize the procedure conditions, to control the response of each compound 
and to regulate the reprogramming factor expression. Another reason is that reduction of 
reprogramming factors to perhaps a single transgene could guarantee the understanding of 
mechanisms underlying reprogramming. Between the four factors used by Yamanaka, c-
myc has been thought to have the highest oncogenic potential. The three other factors were 
not associated with tumorigenesis. The role of Klf4 in carcinogenesis is ambiguous. It can act 
as a tumour suppressor gene, especially in gastrointestinal tumours, or as oncogene, in the 
development of breast carcinoma where it is involved in the early phase of malignant 
transformation (Rowland and Peeper, 2006). The first reduction to three factors Oct4, Sox2 
and Klf4 induced pluripotency in mouse and human fibroblasts (Nakagawa et al., 2008; 
Wernig et al., 2007) and other somatic cell types (Park et al., 2008). Moreover the generation 
of iPS cells was possible combinating Oct4, Sox2 and c-myc in the absence of Klf4. It was 
concluded that Oct4 and Sox2 in combination with either c-myc or Klf4 were sufficient (Park 
et al., 2008). Other researchers studied the use of another set of factors including Sox2, Oct4 
and the nuclear receptor Essrb, which could replace Klf4 for reprogramming (Feng et al., 
2009). However, the estimated reprogramming efficiency was ten times higher than in the 
original 4-factor approach in fibroblasts. Finally, reprogramming using only Oct4 in the 
absence of any other factor became possible in neural stem cells derived from adult mice 
(Kim et al., 2009b) and humans (Kim et al., 2009a). Another strategy is the substitution of 
single reprogramming factors by small molecules. For example c-myc or Klf4, could be 
substitute with valproic acid (VPA), thus making reprogramming of human fibroblasts 
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possible only by retroviral transduction of Oct4 and Sox2 (Huangfu et al., 2008), with a 200-
fold reduction of reprogramming efficiency compared to Oct4, Sox2 and Klf4 in combination 
with VPA. VPA acts as histone deacetylase inhibitor (Huangfu et al., 2008). Other authors 
utilized high-throughput assays to identify chemical factors which can substitute 
reprogramming genes. For example, Klf4 could be chemically substituted by the application 
of kenpaullone (Lyssiotis et al., 2009), and two other small molecules (BIX-01294 and 
Bayk8644) could enable reprogramming of embryonic fibroblasts with only Oct4 and Klf4.  

4.1.4 Enhancement of iPS production 
Due to the low efficiency of iPS production, different factors have been investigated in order 
to improve this procedure. Simultaneous transduction of c-myc, Oct4, Sox, Klf4, with Nanog 
and Lin28 increases efficiency dramatically (Liao et al., 2008). Other studies have shown that 
expression of p53 siRNA and UTF1 dramatically increases iPS colonies (Zhao et al., 2008). 
While p53 siRNA remarkably increases the number of iPS colonies, UTF1, a pluripotent 
marker and necessary for the maintenance of pluripotency in mES cells (Gaspar-Maia et al., 
2009). By affecting different pathways, these two factors together can synergize iPS 
generation (Zhao et al., 2008). Other pathways which have an impact on iPS cells formation 
include the TGFβ and the MEK-ERK pathway. The role of these pathways in cell survival 
has made them beneficial in reprogramming studies. Chemical inhibitors of the MEK 
pathway apparently inhibit the growth of non-iPS cells while increasing the growth rate in 
reprogrammed iPS cells. Suppressing MEK and TGFβ pathways concurrently with chemical 
compounds increases iPS amounts. This study showed that combined suppression of both 
pathways resulted in extensive amounts of iPS generation in comparison to individual 
inhibition of each pathway (Lin et al., 2009). Repression of the Ink4/Arf locus which is a 
regulator of the p53 p21 pathway has a positive effect on reprogramming. Different 
pluripotency genes are controlled by the expression of different micro RNAs expressed in 
the cell. For example, let-7 is one of the miRNAs which targets the 3’UTR and ORF’s of 
several pluripotency expressed genes including c-myc, Oct4, Sox2 and Nanog. Suppressing 
let-7 by antisense inhibitors improves iPS generation several fold in mouse embryonic 
fibroblasts (MEFs) (Melton et al. , 2010). Reduced oxygen levels favour the growth of 
haematopoietic stem cells and maintain ES cells in a pluripotent state. Induction of 
pluripotency in hypoxic conditions increases the number of iPS colonies and vitamin C 
elevates iPS reprogramming efficiency (Esteban et al. , 2010). The increase in iPS formation is 
not due to its antioxidant activity but vitamin C inhibits p53, thus facilitating the induction 
of iPS cells (Shi et al. , 2010). Vitamin C extends the life span of both iPS and MEF cells 
pointing at roles for vitamin C in anti-ageing. Composition of the iPS culture medium also 
defines the efficiency of iPS formation. The use of transcription factors together with 
different chemical agents can enhance iPS induction. This can result in the derivation of 
more pluripotent cells in a shorter time, making its application more convenient for clinical 
purposes in a not too far future.  

4.2 Clinical applications of  iPS 
Following the success of haematopoietic stem cell therapy in the treatment of 
haematological diseases, the potential application of cell based therapy has been extended to 
the treatment of other human diseases. In particular, different types of adult stem cells, 
including bone marrow, peripheral haematopoietic, and mesenchymal stem cells (MSC) 
have been evaluated in the treatment of different diseases ( Charwat et al., 2010; Siu et al., 



 
Stem Cells in Clinic and Research 

 

450 
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myc has been thought to have the highest oncogenic potential. The three other factors were 
not associated with tumorigenesis. The role of Klf4 in carcinogenesis is ambiguous. It can act 
as a tumour suppressor gene, especially in gastrointestinal tumours, or as oncogene, in the 
development of breast carcinoma where it is involved in the early phase of malignant 
transformation (Rowland and Peeper, 2006). The first reduction to three factors Oct4, Sox2 
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Wernig et al., 2007) and other somatic cell types (Park et al., 2008). Moreover the generation 
of iPS cells was possible combinating Oct4, Sox2 and c-myc in the absence of Klf4. It was 
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absence of any other factor became possible in neural stem cells derived from adult mice 
(Kim et al., 2009b) and humans (Kim et al., 2009a). Another strategy is the substitution of 
single reprogramming factors by small molecules. For example c-myc or Klf4, could be 
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possible only by retroviral transduction of Oct4 and Sox2 (Huangfu et al., 2008), with a 200-
fold reduction of reprogramming efficiency compared to Oct4, Sox2 and Klf4 in combination 
with VPA. VPA acts as histone deacetylase inhibitor (Huangfu et al., 2008). Other authors 
utilized high-throughput assays to identify chemical factors which can substitute 
reprogramming genes. For example, Klf4 could be chemically substituted by the application 
of kenpaullone (Lyssiotis et al., 2009), and two other small molecules (BIX-01294 and 
Bayk8644) could enable reprogramming of embryonic fibroblasts with only Oct4 and Klf4.  
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Due to the low efficiency of iPS production, different factors have been investigated in order 
to improve this procedure. Simultaneous transduction of c-myc, Oct4, Sox, Klf4, with Nanog 
and Lin28 increases efficiency dramatically (Liao et al., 2008). Other studies have shown that 
expression of p53 siRNA and UTF1 dramatically increases iPS colonies (Zhao et al., 2008). 
While p53 siRNA remarkably increases the number of iPS colonies, UTF1, a pluripotent 
marker and necessary for the maintenance of pluripotency in mES cells (Gaspar-Maia et al., 
2009). By affecting different pathways, these two factors together can synergize iPS 
generation (Zhao et al., 2008). Other pathways which have an impact on iPS cells formation 
include the TGFβ and the MEK-ERK pathway. The role of these pathways in cell survival 
has made them beneficial in reprogramming studies. Chemical inhibitors of the MEK 
pathway apparently inhibit the growth of non-iPS cells while increasing the growth rate in 
reprogrammed iPS cells. Suppressing MEK and TGFβ pathways concurrently with chemical 
compounds increases iPS amounts. This study showed that combined suppression of both 
pathways resulted in extensive amounts of iPS generation in comparison to individual 
inhibition of each pathway (Lin et al., 2009). Repression of the Ink4/Arf locus which is a 
regulator of the p53 p21 pathway has a positive effect on reprogramming. Different 
pluripotency genes are controlled by the expression of different micro RNAs expressed in 
the cell. For example, let-7 is one of the miRNAs which targets the 3’UTR and ORF’s of 
several pluripotency expressed genes including c-myc, Oct4, Sox2 and Nanog. Suppressing 
let-7 by antisense inhibitors improves iPS generation several fold in mouse embryonic 
fibroblasts (MEFs) (Melton et al. , 2010). Reduced oxygen levels favour the growth of 
haematopoietic stem cells and maintain ES cells in a pluripotent state. Induction of 
pluripotency in hypoxic conditions increases the number of iPS colonies and vitamin C 
elevates iPS reprogramming efficiency (Esteban et al. , 2010). The increase in iPS formation is 
not due to its antioxidant activity but vitamin C inhibits p53, thus facilitating the induction 
of iPS cells (Shi et al. , 2010). Vitamin C extends the life span of both iPS and MEF cells 
pointing at roles for vitamin C in anti-ageing. Composition of the iPS culture medium also 
defines the efficiency of iPS formation. The use of transcription factors together with 
different chemical agents can enhance iPS induction. This can result in the derivation of 
more pluripotent cells in a shorter time, making its application more convenient for clinical 
purposes in a not too far future.  

4.2 Clinical applications of  iPS 
Following the success of haematopoietic stem cell therapy in the treatment of 
haematological diseases, the potential application of cell based therapy has been extended to 
the treatment of other human diseases. In particular, different types of adult stem cells, 
including bone marrow, peripheral haematopoietic, and mesenchymal stem cells (MSC) 
have been evaluated in the treatment of different diseases ( Charwat et al., 2010; Siu et al., 
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2010). ESCs have been explored for tissue regeneration because of their ability to 
differentiate into various therapeutic relevant cell types in vitro (Murry and Keller, 2008). 
Despite this, there is limited progress in the use of ESCs for tissue regeneration in humans 
due to various technical, social and religious issues (Kiskinis and Eggan). The generation 
of patient-specific iPS cells has the advantage of avoiding many of the ethical concerns 
associated with the use of embryonic or foetal material, and have no risk of immune 
rejection. Currently, several therapeutic relevant cell types, including motor neuron 
(Dimos et al., 2008), hepatocytes (Song et al., 2009), pancreatic insulin producing cells 
(Zhang et al., 2006), haematopoietic cells (Hanna et al., 2007), retinal cells (Carr et al., 
2009), cardiomyocytes (Zwi et al., 2009) and MSCs (Lian et al., 2010), have been 
successfully derived from human iPS cells, and some of them have been tested to treat 
diseases in animal models. The use of iPS cells has thus been proposed as diagnostic and 
therapeutic tools for different haematological disorders (Ye et al., 2009). Nelson et al. 
(Nelson et al., 2009) reported the use of iPS cells for myocardial repair in animal models of 
acute myocardial infarction. There are several major challenges to overcome before iPS 
cell technology is applied in clinical practice. Now, current iPS cells are not “clinical 
grade”. Genome-integrating viral vectors used for reprogramming are known oncogenes, 
particularly c-Myc, Oct4 and Klf4, such that iPS cells thus generated are unlikely to be safe 
for clinical application. Nonetheless recent technological advances, including 
reprogramming without viral integration such as plasmids or direct reprogramming 
protein delivery assays can solve this problem (Kiskinis and  Eggan, 2010; Saha and 
Jaenisch, 2009). Despite the challenges in the therapeutic use of iPS cells, preclinical 
studies have provided the proof-of-concept that patient-specific iPS cells can provide an 
unlimited cell source to produce massive therapeutic cell types, such as cardiomyocytes 
and MSCs, and can be prepared in an “off the- shelf ” format for cell transplantation.  
Given the many potential risks of applying autologous iPS cell treatment to human 
subjects, iPS cell therapies may encounter strict regulatory restrictions. For instance, it 
took Geron Corporation more than 6 years to receive approval from the Food and Drug 
Administration (FDA) for its human ES cell-derived neuronal cell (GRNOPC1) therapies 
in terms of cell product safety and reliability. Recently, a second company has presented 
an investigational new drug for a phase I/II trial using human ES cell-derived retinal 
pigment epithelial (RPE) cells to treat patients with Stargardt’s Macular Dystrophy 
(SMD), one of the most common causes of juvenile blindness. The sponsoring company, 
Advanced Cell Technology (ACT), has performed years of testing to show that 
differentiated RPE cells can improve the visual performance of rats without adverse 
effects (e.g., teratomas) in hundreds of treated animals. Another issue that may hinder the 
clinical translation of iPS cell therapies is the economic feasibility of producing 
individualized iPS cell therapeutic products. The viability of a business model for patient-
specific iPS treatment is still unknown. It may well be the case that few if any 
pharmaceutical companies will be able to produce cost-effective individualized iPS cell 
products tailored for a single patient at a time. To be commercially feasible, these cells 
will need to be made in standardized, large-scale production, and the individual needs or 
profiles of patients will need to be easily assessed to allow matching and wide 
distribution (Sun et al., 2010). Several groups have also begun the generation of patient-
specific human iPS cell lines. Park et al. generated a library of patient-derived iPS lines 
from numerous disorders including Huntington’s disease, juvenile diabetes mellitus, 
Down syndrome, muscular dystrophy, and several others (Park et al., 2008). Of particular 
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interest are iPS cells derived  from neurodegenerative diseases (Dimos et al., 2008; Ebert et 
al., 2009). These iPS lines can be differentiated in vitro into the affected neuronal cell type, 
generating for the first time a model for idiopathic neurodegenerative disorders which 
can be screened in culture for the onset, cell autonomy, and contribution of environmental 
factors to the phenotype. Ultimately, if human neurodegenerative phenotypes can be 
recapitulated in iPS cell-derived culture models, these cells could be screened using 
chemical libraries to identify molecules that can arrest or even reverse the progression of 
these disorders.  

5. Similarities and differences between ES and iPS cells 
The comparison of iPS and ES cells revealed that these cells are very similar. The 
differentiation capacity of iPS cells seems to resemble that of ES cells; iPS derived somatic 
cells are comparable to those derived from ES cells. Several studies describe the derivation 
of a variety of cell types from murine and human iPS cells, among them cardiomyocytes, 
smooth muscle cells, hepatic cells and neurons with similar differentiation behaviour of iPS 
and ES cells. The transcriptome of iPS and ES cells was analyzed by Gene chip analysis; the 
results showed that these cells are very similar but they are not identical. Chin and co-
workers compared the expression pattern of different human ES and iPS cells; they analysed 
histone modifications and the expression of non-coding miRNAs in both type of cells and 
they constructed a fingerprint of iPS cells that distinguishes them from ES pluripotent cells 
(Pfannkuche et al., 2010). The comparison of the transcriptome of early and late passage iPS 
cells with ES cells revealed two datasets of differentially regulated genes. They identified a 
subset of 318 genes differentially expressed between human ES and iPS cells at any stage. 
The genes that are higher expressed in iPS cells were also found higher expressed in 
fibroblasts than in ES cells. The same conclusion is valid for genes that were expressed at a 
lower level in iPS than ES cells are usually also lower expressed in fibroblasts than ES cells. 
Together, these findings point at an imperfect reprogramming of a small set of genes. It is 
not known if there are implications of iPS fingerprint for the physiology of these cells. It is 
important determine the genes that are differentially regulated and that could influence the 
cellular physiology. It is likely that some of these gene functions are redundant with others 
that are not affected by incomplete reprogramming and, therefore, do not influence cell 
physiology (Pfannkuche et al., 2010).  
Beside genes that constitute a potential iPS cell fingerprint, there are varying gene sets that 
are differentially expressed in individual iPS cell lines. It will be interesting to see if 
properties of the ancestral cell types are transmitted to the iPS cell line generated. In this 
regard, partial reprogramming plays a role and one fascinating aspect to address is if partial 
reprogramming alters the differentiation capacity of a cell in a way that it potentially 
influences the fate decision of the partially reprogrammed iPS cells. The differences between 
iPS and ES cells could be an assays to measure the quality of iPS cells. Although it has been 
shown that the overall gene expression of iPS cells differs from normal ES cells, this 
comparison has never been made between cells from the same individual. Usually iPS cells 
are compared with those ES cells either derived from another species or from a different 
individual; raising concerns about whether these are informative approaches. It is clear, 
therefore, that iPS cells derived from the trophoblast of an embryo compared with ES cells 
derived from the inner cell mass of the same embryo would give a more explicit view of 
how distinct or similar these cells really are (Pfannkuche et al., 2010).  
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6. Adult stem cells versus ESC&iPS 
Although ESCs and iPS cells are now the most studied cells for clinical applications in 
neuromuscular diseases, different stem cells isolated from adult tissues was extensively used – 
and are still used – unfortunately with poor results. For several years after they were 
discovered, the satellite cell were considered as the only cells responsible for the growth and 
maintenance of skeletal muscle. With the improvements of  cell-isolation technology, a number 
of markers were described to identify muscular and non-muscular subpopulations able to 
actively participate in myogenesis (Meregalli et al., 2010). In the skeletal muscle, adult multi-
lineage progenitor cell populations were showed to have myogenic potential, such as muscle-
derived stem cells (MDSCs) and muscle-derived CD133+ progenitors. Moreover, it was also 
shown that non-muscular resident stem cells could participate in myogenesis (Krause et al., 
2001; Mezey et al., 2000; Pittenger et al., 1999; Prockop, 1997). In particular, a subpopulation of 
CD133+ cells was isolated form the blood, playing an important role in myogenic 
development (Torrente et al., 2003b) while mesoangioblasts were identified in the dorsal aorta 
of avian and mammalian species (Cossu and Bianco, 2003).  

6.1 Satellite cells  
Satellite cells are small progenitor cells that lie between the basement membrane and 
sarcolemma of individual muscle fibers: normally they are quiescent, consequently they 
cannot differentiate nor undergo cell division. Oxidative stress and specific stimuli form the 
environment can activate them, so that they differentiate, proliferate as skeletal myoblasts 
and activate myogenic differentiation to form new myofibers. Recently, Montarras and 
colleagues were able to directly isolate a pure population of satellite cells from diaphragm 
muscle of a Pax3-GFP knock-in mouse (Montarras et al., 2005). After FACS and gene 
expression analysis, they purified a predominantly quiescent population of satellite cells 
expressing Pax3, CD34 and Pax7. These cells were firstly injected into dystrophic dogs and 
restored dystrophin expression 3 weeks post-transplantation.  Transplanted into irradiated 
dystrophic mice, they also formed a small amount of the satellite cell pool that expressed 
both Pax7 and Pax3 (Montarras et al., 2005). If compared with the results obtained after the 
injection of human cells isolated from adult muscle, these cells showed an incredibly 
efficient level of muscular regeneration (Morgan et al., 1996). Since they were doubtless 
highly myogenic, satellite cells were not considered in a clinical point of view, because it 
was difficult to isolate them and above all to proliferate and expand them to obtain the right 
number for transplantation experiments. Moreover, the growth of freshly isolated satellite 
cells in vitro significantly reduced their in vivo myogenic potential.  

6.2 Muscle-derived stem cells (MDSCs) 
Muscle-derived stem cells (MDSCs) are a recently-identified subpopulation of cells that 
resides within skeletal muscle and possess the ability to self renew and to differentiate into 
other mesodermal cell types (Sarig et al., 2006; Tamaki et al., 2007). Furthermore, it’s known 
that these cells are distinct from satellite cells (Asakura and Rudnicki, 2002; Qu-Petersen et 
al., 2002) and that, when appropriately stimulated, they could preserve their myogenic 
potential in vitro even after differentiation into other lineages (Negroni et al., 2006). In the 
last years, different works assessed the capacity of MDSCs to differentiate and regenerate 
skeletal muscle when transplanted into animal models. Sca-1+CD34+ stem cells were 
purified from the muscle tissues of newborn mice, showing multipotency in vitro. 
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Moreover, after intra-arterial injection, these cells were able to interact and firmly adhere to 
endothelium in mdx muscles microcirculation and then participated in muscle regeneration 
(Torrente et al., 2003a). Qu-Petersen and collaborators isolated a MDSCs population Sca-
1+/-CD34+/-c-kit-CD45- and demonstrated that they displayed a better transplantation 
efficiency than satellite cells (Qu-Petersen et al., 2002). MDSCs were also identified in 
human muscle, expressing in proliferation the CD133 antigen and also desmin and α-SMA 
when cultured in myogenic conditions (Miraglia et al., 1997). Moreover, among human 
MDSCs, it was identified  a subpopulation of progenitor stem cells with neurogenic 
properties (Alessandri et al., 2004). According to these evidences, MDSCs are suitable for 
clinical perspectives as they are easy to proliferate, migrate through the vasculature, and are 
multipotent, although it could be necessary to better investigate their physiological location 
(Deasy et al., 2005; Deasy et al., 2001).  

6.3 Mesoangioblasts  
Mesoangioblasts are multipotent progenitors of mesodermal tissues, physically associated 
with the embryonic dorsal aorta in avian and mammalian species, expressing Flk-1, stem 
cell antigen 1, CD34 and various leukocyte molecules (Cossu and Bianco, 2003; Tagliafico et 
al., 2004). It was shown that mesoangioblasts treated with a lentiviral vector expressing 
human microdystrophin were able to produce dystrophin-positive myofibers after injection 
in animal model of DMD and ameliorated muscle function and mobility (Cossu and 
Sampaolesi, 2007; Sampaolesi et al., 2006). Furthermore, to improve their efficiency of 
muscle repair, mesoangioblasts were treated to increase their migration to skeletal muscle 
and to reduce unspecific trapping in the capillary filters of the body, such as liver and lung 
(Galvez et al., 2006).  

6.4 CD133+ stem cells  
A role for CD133 as a marker of stem cells with the capacity to engraft and differentiate to 
form functional non-haematopoietic adult lineages and contribute to disease amelioration 
via tissue regeneration emerged in the last years. Human CD133+ cells, isolated from 
peripheral blood and manipulated in vitro to undergo myogenesis, were shown to 
ameliorate disease via a direct contribution to muscular regeneration when transplanted 
into dystrophic mice (Torrente et al., 2004). In particular, they restored dystrophin 
expression and eventually regenerate the murine satellite cells pool after intramuscular 
and intra-arterial delivery. Human CD133+ cells colonized the mouse muscle and formed 
hybrid regenerated fibers expressing human dystrophin. Moreover, they were detected in 
several vessels near areas of regeneration, where they expressed human ve-cadherin and 
CD31 (Torrente et al., 2004). A CD133+ stem cell subpopulation was also identified in 
normal and dystrophic muscles. They were positive for CD45 antigen, indicating their 
hematopoietic commitment while the expression of Pax-7, Myf-5, MyoD, m-cadherin, 
MRF-4, and myogenin after 24 days of culture in the proliferation medium and their 
ability to differentiate into multinucleated myotubes expressing MyHCs suggested a 
myogenic commitment (Torrente et al., 2007). According to these data, CD133+ stem cells 
were considered as a possible tool in the treatment of degenerating diseases. Stamm and 
collaborators showed that transplanted BM-derived CD133+ cells improved function of 
infracted myocardium probably as a result of the amelioration in blood vessel formation 
(Stamm et al., 2003) while Torrente and co-workers demonstrated that intramuscular 
transplantation of muscle-derived CD133+ cells in DMD patients was a safe procedure 
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6. Adult stem cells versus ESC&iPS 
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of avian and mammalian species (Cossu and Bianco, 2003).  
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sarcolemma of individual muscle fibers: normally they are quiescent, consequently they 
cannot differentiate nor undergo cell division. Oxidative stress and specific stimuli form the 
environment can activate them, so that they differentiate, proliferate as skeletal myoblasts 
and activate myogenic differentiation to form new myofibers. Recently, Montarras and 
colleagues were able to directly isolate a pure population of satellite cells from diaphragm 
muscle of a Pax3-GFP knock-in mouse (Montarras et al., 2005). After FACS and gene 
expression analysis, they purified a predominantly quiescent population of satellite cells 
expressing Pax3, CD34 and Pax7. These cells were firstly injected into dystrophic dogs and 
restored dystrophin expression 3 weeks post-transplantation.  Transplanted into irradiated 
dystrophic mice, they also formed a small amount of the satellite cell pool that expressed 
both Pax7 and Pax3 (Montarras et al., 2005). If compared with the results obtained after the 
injection of human cells isolated from adult muscle, these cells showed an incredibly 
efficient level of muscular regeneration (Morgan et al., 1996). Since they were doubtless 
highly myogenic, satellite cells were not considered in a clinical point of view, because it 
was difficult to isolate them and above all to proliferate and expand them to obtain the right 
number for transplantation experiments. Moreover, the growth of freshly isolated satellite 
cells in vitro significantly reduced their in vivo myogenic potential.  

6.2 Muscle-derived stem cells (MDSCs) 
Muscle-derived stem cells (MDSCs) are a recently-identified subpopulation of cells that 
resides within skeletal muscle and possess the ability to self renew and to differentiate into 
other mesodermal cell types (Sarig et al., 2006; Tamaki et al., 2007). Furthermore, it’s known 
that these cells are distinct from satellite cells (Asakura and Rudnicki, 2002; Qu-Petersen et 
al., 2002) and that, when appropriately stimulated, they could preserve their myogenic 
potential in vitro even after differentiation into other lineages (Negroni et al., 2006). In the 
last years, different works assessed the capacity of MDSCs to differentiate and regenerate 
skeletal muscle when transplanted into animal models. Sca-1+CD34+ stem cells were 
purified from the muscle tissues of newborn mice, showing multipotency in vitro. 
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Moreover, after intra-arterial injection, these cells were able to interact and firmly adhere to 
endothelium in mdx muscles microcirculation and then participated in muscle regeneration 
(Torrente et al., 2003a). Qu-Petersen and collaborators isolated a MDSCs population Sca-
1+/-CD34+/-c-kit-CD45- and demonstrated that they displayed a better transplantation 
efficiency than satellite cells (Qu-Petersen et al., 2002). MDSCs were also identified in 
human muscle, expressing in proliferation the CD133 antigen and also desmin and α-SMA 
when cultured in myogenic conditions (Miraglia et al., 1997). Moreover, among human 
MDSCs, it was identified  a subpopulation of progenitor stem cells with neurogenic 
properties (Alessandri et al., 2004). According to these evidences, MDSCs are suitable for 
clinical perspectives as they are easy to proliferate, migrate through the vasculature, and are 
multipotent, although it could be necessary to better investigate their physiological location 
(Deasy et al., 2005; Deasy et al., 2001).  

6.3 Mesoangioblasts  
Mesoangioblasts are multipotent progenitors of mesodermal tissues, physically associated 
with the embryonic dorsal aorta in avian and mammalian species, expressing Flk-1, stem 
cell antigen 1, CD34 and various leukocyte molecules (Cossu and Bianco, 2003; Tagliafico et 
al., 2004). It was shown that mesoangioblasts treated with a lentiviral vector expressing 
human microdystrophin were able to produce dystrophin-positive myofibers after injection 
in animal model of DMD and ameliorated muscle function and mobility (Cossu and 
Sampaolesi, 2007; Sampaolesi et al., 2006). Furthermore, to improve their efficiency of 
muscle repair, mesoangioblasts were treated to increase their migration to skeletal muscle 
and to reduce unspecific trapping in the capillary filters of the body, such as liver and lung 
(Galvez et al., 2006).  

6.4 CD133+ stem cells  
A role for CD133 as a marker of stem cells with the capacity to engraft and differentiate to 
form functional non-haematopoietic adult lineages and contribute to disease amelioration 
via tissue regeneration emerged in the last years. Human CD133+ cells, isolated from 
peripheral blood and manipulated in vitro to undergo myogenesis, were shown to 
ameliorate disease via a direct contribution to muscular regeneration when transplanted 
into dystrophic mice (Torrente et al., 2004). In particular, they restored dystrophin 
expression and eventually regenerate the murine satellite cells pool after intramuscular 
and intra-arterial delivery. Human CD133+ cells colonized the mouse muscle and formed 
hybrid regenerated fibers expressing human dystrophin. Moreover, they were detected in 
several vessels near areas of regeneration, where they expressed human ve-cadherin and 
CD31 (Torrente et al., 2004). A CD133+ stem cell subpopulation was also identified in 
normal and dystrophic muscles. They were positive for CD45 antigen, indicating their 
hematopoietic commitment while the expression of Pax-7, Myf-5, MyoD, m-cadherin, 
MRF-4, and myogenin after 24 days of culture in the proliferation medium and their 
ability to differentiate into multinucleated myotubes expressing MyHCs suggested a 
myogenic commitment (Torrente et al., 2007). According to these data, CD133+ stem cells 
were considered as a possible tool in the treatment of degenerating diseases. Stamm and 
collaborators showed that transplanted BM-derived CD133+ cells improved function of 
infracted myocardium probably as a result of the amelioration in blood vessel formation 
(Stamm et al., 2003) while Torrente and co-workers demonstrated that intramuscular 
transplantation of muscle-derived CD133+ cells in DMD patients was a safe procedure 
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and feasible. DMD patients showed an increased number of capillaries per muscle fiber 
and expressed a change in the ratio of slow-to-fast myosin myofibers (Torrente et al., 
2007). Human dystrophic blood- and muscle-derived CD133+ expressed an exon-skipped 
version of human dystrophin after transduction with a lentivirus carrying a construct 
designed to skip exon 51 and participated in vivo in muscle regeneration (Benchaouir et 
al., 2007). This combination of cell- and gene-based approaches via the ex vivo 
introduction of corrective genes into dystrophic CD133+ cells permitted – in a clinical 
point of view- the use of patient’s own cells: autologous transplantation would reduce the 
risk of implant rejection.  

7. Therapeutic potential of adult and embryonic stem cells 
Several questions remain to be answered before any of the previously described cell 
preparations can be moved into clinical trials even if there has been great advance in the 
generation of cell populations showed in vivo myogenic potential. Based on their unique 
characteristics and in vivo skeletal muscle regeneration potential, adult stem cell 
populations discussed in this review are excellent clinical candidates. As shown before, 
mesoangioblasts (Cossu and Bianco, 2003) and blood derived CD133+ (Gavina et al., 2006) 
have the ability to migrate through the vasculature, most do not. Potential future methods to 
increase the migratory ability of stem cell population include the identification of cell 
surface markers like adhesion molecules (Torrente et al., 2003b) and appropriate growth 
factors (Horsley et al., 2003; Torrente et al., 2003b). Mesoangioblasts serve as a paradigm for 
widespread distribution, and after treatment with growth factors are able to correct 
efficiently the dystrophic phenotype. For now the intra-arterial injection of mesoangioblasts 
represent a hope for patients suffering from various muscular dystrophies. Satellite cells 
was one of the first cell types used in cell-based therapy of muscular dystrophy. Expanded 
satellite cells or myoblasts were isolated from wild-type mice and intramuscularly injected 
in dystrophic mdx mice (Conway et al., 1997; Tremblay et al., 1998); unfortunately it was 
demonstrated that myoblast transplantation is an inefficient technique because of the low 
efficiency of the dystrophin production in muscle fibers of DMD patients and no functional 
or clinical improvement in the children (Peault et al., 2007). In possible future clinical trials, 
adult stem cells purified from patients suffering for neuromuscular disorders could be ex 
vivo engineered and re-injected in the initial donor intra-arterially. The intra-arterial 
injections of the patient’s own stem cells transduced allow the distribution of the cells to the 
whole body musculature so that it could be possible to take care of severe-affected patients 
that have reduced mass body, as in DMD and BDM pathology (Brignier and Gewirtz, 2010). 
One of the most important problem to solve for future clinical application is the 
amelioration in safety procedures of gene’s modifications. One of the most reliable methods 
for gene therapy, fully utilized in DMD clinical approaches, seems to be the exon skipping 
mediated by AONs or molecules like PTC124. Ongoing phase I/II studies try to assess the 
efficacy and the safety of intramuscular administered morpholino oligomer directed against 
exon 51 (AVI-4658 PMO). Morpholinos can interfere with mRNA splicing processes by 
preventing the formation of the snRNP complex or by interfering with the binding sites for 
other regulatory proteins (Vetrini et al., 2006). They mediate the exclusion of exons from the 
mature mRNA as AONs. PTC124 was shown to partially restore dystrophin production in 
animals with DMD due to a nonsense mutation. The main purpose of a phase II study 
completed on May 2007 was to understand whether PTC124 can safely increase functional 
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dystrophin protein in the muscles of patients with DMD due to a nonsense mutations. This 
study demonstrated the safety and the efficacy of the PTC124 treatment; now three ongoing 
phase 2a and 2b studies are started in DMD and BMD patients (www.clinicaltrials.gov). 
A decade of studies in human ESCs has yielded remarkable progress and understanding in 
stem cell biology. The technical challenge of creating patient-specific ESCs, the ethical issues 
arising from the foetal origin of human ESCs and the potential risk of immune rejection 
make broad clinical application of this cell type difficult. Recent advances in human iPS cell 
technology can potentially circumvent these disadvantages: iPS cells thus provide an 
invaluable resource of cell types for modelling diseases, drug or toxicology screening, and 
patient-specific cell therapy. Significant challenges remain to be overcome before the full 
potential of human iPS cell technology can be realised. The utilization and practical 
application of ESC in cell replacement therapy are still in a preliminary stage and need more 
investigation and clinical trials before they can be accepted as ideal for the treatment of 
neuromuscular diseases. Nevertheless, the daily increase in experimental findings is 
reinforcing the hope that ESC will be a versatile source of renewable cells for application in 
cell replacement therapy (Brignier & Gewirtz, 2010). Therefore, there is enough optimism 
among the scientists that ESC-based therapies may offer reliable and cost-effective 
therapeutic substitute for treatment of severe degenerative disorders in the near future. 
Major objection to hES cell research is focused one ethical reasons. The core reason for 
objection to hES cell research is that it destroys human blastocysts or embryos, which means 
it destroys human lives and eventually violates human dignity because of the blastosysts 
have the same moral value as that of human beings or at least that blastocysts have the 
potential to develop into human beings (Jung, 2009). Accordingly, research with hESCs is 
increasing exponentially worldwide, particularly in the United States, where important 
limitations on research with such cells were overturned in 2009. Furthermore, the US Food 
and Drug Administration trial using hESC-based therapy in patients with spinal cord injury 
is now on-going. Nonetheless, a number of substantive scientific and ethical issues remain 
to be resolved before hESCs can enter the therapeutic mainstream. In the meantime, recent 
breakthroughs in generating iPSCs would obviate the need to solve the most vexing of these 
problems. In fact, it seems reasonable to hope that in the next few years many of the 
enabling issues relevant to iPSCs will be solved, allowing the field of regenerative medicine 
to deliver on its vast potential promise. Although it is difficult to predict the ultimate utility 
of stem cell–based therapy at this time, it is not difficult to conclude that this is an extremely 
important area of scientific research. Open discussions between political bodies and the 
various interest groups in the scientific, medical, and religious communities need to take 
place to address the concerns of each and to provide an ultimate solution that is clearly in 
the interest of humanity.  

8. Conclusions 
European Medicines Agency (EMEA) issued the guideline to replace the Points to Consider 
on the Manufacture and Quality Control of Human Somatic Cell Therapy Medicinal 
Products (CPMP/BWP/41450/98). In general, when a cell-based medicinal product (CBMP) 
enters the clinical development phase, the same requirements as for other medicinal 
products apply. The clinical development plan should include pharmacodynamic studies, 
pharmacokinetic studies, mechanism of action studies, dose finding studies and randomised 
clinical trials in accordance to the Directive 2001/20/EC and to the existing general 
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and feasible. DMD patients showed an increased number of capillaries per muscle fiber 
and expressed a change in the ratio of slow-to-fast myosin myofibers (Torrente et al., 
2007). Human dystrophic blood- and muscle-derived CD133+ expressed an exon-skipped 
version of human dystrophin after transduction with a lentivirus carrying a construct 
designed to skip exon 51 and participated in vivo in muscle regeneration (Benchaouir et 
al., 2007). This combination of cell- and gene-based approaches via the ex vivo 
introduction of corrective genes into dystrophic CD133+ cells permitted – in a clinical 
point of view- the use of patient’s own cells: autologous transplantation would reduce the 
risk of implant rejection.  

7. Therapeutic potential of adult and embryonic stem cells 
Several questions remain to be answered before any of the previously described cell 
preparations can be moved into clinical trials even if there has been great advance in the 
generation of cell populations showed in vivo myogenic potential. Based on their unique 
characteristics and in vivo skeletal muscle regeneration potential, adult stem cell 
populations discussed in this review are excellent clinical candidates. As shown before, 
mesoangioblasts (Cossu and Bianco, 2003) and blood derived CD133+ (Gavina et al., 2006) 
have the ability to migrate through the vasculature, most do not. Potential future methods to 
increase the migratory ability of stem cell population include the identification of cell 
surface markers like adhesion molecules (Torrente et al., 2003b) and appropriate growth 
factors (Horsley et al., 2003; Torrente et al., 2003b). Mesoangioblasts serve as a paradigm for 
widespread distribution, and after treatment with growth factors are able to correct 
efficiently the dystrophic phenotype. For now the intra-arterial injection of mesoangioblasts 
represent a hope for patients suffering from various muscular dystrophies. Satellite cells 
was one of the first cell types used in cell-based therapy of muscular dystrophy. Expanded 
satellite cells or myoblasts were isolated from wild-type mice and intramuscularly injected 
in dystrophic mdx mice (Conway et al., 1997; Tremblay et al., 1998); unfortunately it was 
demonstrated that myoblast transplantation is an inefficient technique because of the low 
efficiency of the dystrophin production in muscle fibers of DMD patients and no functional 
or clinical improvement in the children (Peault et al., 2007). In possible future clinical trials, 
adult stem cells purified from patients suffering for neuromuscular disorders could be ex 
vivo engineered and re-injected in the initial donor intra-arterially. The intra-arterial 
injections of the patient’s own stem cells transduced allow the distribution of the cells to the 
whole body musculature so that it could be possible to take care of severe-affected patients 
that have reduced mass body, as in DMD and BDM pathology (Brignier and Gewirtz, 2010). 
One of the most important problem to solve for future clinical application is the 
amelioration in safety procedures of gene’s modifications. One of the most reliable methods 
for gene therapy, fully utilized in DMD clinical approaches, seems to be the exon skipping 
mediated by AONs or molecules like PTC124. Ongoing phase I/II studies try to assess the 
efficacy and the safety of intramuscular administered morpholino oligomer directed against 
exon 51 (AVI-4658 PMO). Morpholinos can interfere with mRNA splicing processes by 
preventing the formation of the snRNP complex or by interfering with the binding sites for 
other regulatory proteins (Vetrini et al., 2006). They mediate the exclusion of exons from the 
mature mRNA as AONs. PTC124 was shown to partially restore dystrophin production in 
animals with DMD due to a nonsense mutation. The main purpose of a phase II study 
completed on May 2007 was to understand whether PTC124 can safely increase functional 

 
Stem Cell Therapy for Neuromuscular Diseases 

 

457 

dystrophin protein in the muscles of patients with DMD due to a nonsense mutations. This 
study demonstrated the safety and the efficacy of the PTC124 treatment; now three ongoing 
phase 2a and 2b studies are started in DMD and BMD patients (www.clinicaltrials.gov). 
A decade of studies in human ESCs has yielded remarkable progress and understanding in 
stem cell biology. The technical challenge of creating patient-specific ESCs, the ethical issues 
arising from the foetal origin of human ESCs and the potential risk of immune rejection 
make broad clinical application of this cell type difficult. Recent advances in human iPS cell 
technology can potentially circumvent these disadvantages: iPS cells thus provide an 
invaluable resource of cell types for modelling diseases, drug or toxicology screening, and 
patient-specific cell therapy. Significant challenges remain to be overcome before the full 
potential of human iPS cell technology can be realised. The utilization and practical 
application of ESC in cell replacement therapy are still in a preliminary stage and need more 
investigation and clinical trials before they can be accepted as ideal for the treatment of 
neuromuscular diseases. Nevertheless, the daily increase in experimental findings is 
reinforcing the hope that ESC will be a versatile source of renewable cells for application in 
cell replacement therapy (Brignier & Gewirtz, 2010). Therefore, there is enough optimism 
among the scientists that ESC-based therapies may offer reliable and cost-effective 
therapeutic substitute for treatment of severe degenerative disorders in the near future. 
Major objection to hES cell research is focused one ethical reasons. The core reason for 
objection to hES cell research is that it destroys human blastocysts or embryos, which means 
it destroys human lives and eventually violates human dignity because of the blastosysts 
have the same moral value as that of human beings or at least that blastocysts have the 
potential to develop into human beings (Jung, 2009). Accordingly, research with hESCs is 
increasing exponentially worldwide, particularly in the United States, where important 
limitations on research with such cells were overturned in 2009. Furthermore, the US Food 
and Drug Administration trial using hESC-based therapy in patients with spinal cord injury 
is now on-going. Nonetheless, a number of substantive scientific and ethical issues remain 
to be resolved before hESCs can enter the therapeutic mainstream. In the meantime, recent 
breakthroughs in generating iPSCs would obviate the need to solve the most vexing of these 
problems. In fact, it seems reasonable to hope that in the next few years many of the 
enabling issues relevant to iPSCs will be solved, allowing the field of regenerative medicine 
to deliver on its vast potential promise. Although it is difficult to predict the ultimate utility 
of stem cell–based therapy at this time, it is not difficult to conclude that this is an extremely 
important area of scientific research. Open discussions between political bodies and the 
various interest groups in the scientific, medical, and religious communities need to take 
place to address the concerns of each and to provide an ultimate solution that is clearly in 
the interest of humanity.  

8. Conclusions 
European Medicines Agency (EMEA) issued the guideline to replace the Points to Consider 
on the Manufacture and Quality Control of Human Somatic Cell Therapy Medicinal 
Products (CPMP/BWP/41450/98). In general, when a cell-based medicinal product (CBMP) 
enters the clinical development phase, the same requirements as for other medicinal 
products apply. The clinical development plan should include pharmacodynamic studies, 
pharmacokinetic studies, mechanism of action studies, dose finding studies and randomised 
clinical trials in accordance to the Directive 2001/20/EC and to the existing general 
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guidances and specific guidances for the condition evaluated. It takes into account the 
current legislation and the heterogeneity of human cell-based products, including 
combination products. A risk analysis approach can be used by the applicants to justify the 
development and evaluation plans and can be a basis for the preparation of a risk 
management plan. Special problems might be associated with the clinical development of 
human cell-based medicinal products. Guidance is therefore provided on the conduct of 
pharmacodynamic/pharmacokinetic studies, dose finding and clinical efficacy and safety 
studies. The guideline describes the special consideration that should be given to 
pharmacovigilance aspects and the risk management plan for these products. The active 
substance of a CBMP is composed of the engineered (manipulated) cells and/or tissues. 
When the cells in the active substance are genetically modified, the “Note for Guidance on 
the quality, preclinical and clinical aspects of gene transfer medicinal products” should be 
followed, which gives details on the quality control, characterisation and preclinical testing 
of gene transfer vectors. Cell populations which are transformed should be assayed for 
appropriate and reproducible expression of the newly acquired characteristics. Special 
attention should be paid to the level and length of expression and quality of the gene 
product(s) produced by the cells. As far as applicable and practicable, the new 
characteristics of the cells should be quantified and controlled. During in vitro cell culture, 
consideration should be given to ensure acceptable growth and manipulation of the isolated 
cells. The processing steps should be properly designed to preserve the integrity and control 
the function of the cells and their manipulation should be documented in detail and closely 
monitored according to specific process controls. Moreover, the duration of cell culture and 
maximum number of cell passages should be clearly specified and validated. The relevant 
genotypic and phenotypic characteristics of the primary cell cultures, of the established cell 
lines and the derived cell clones should be defined and their stability with respect to culture 
longevity determined. Consistency/repeatability of the cell culture process should be 
demonstrated and the culture conditions including the media and the duration should be 
optimised with respect to the intended clinical function of the cells. If genetically modified 
cells are used in the product, any additional proteins expressed from the vector, such as 
antibiotic resistance factors, selection markers, should be analysed to determine their 
presence in the product. Microassay for gene expression profile, flow cytometry and other 
different techniques allowed these expression studies. CBMP might require administration 
through specific surgical procedures, method of administration or the presence of 
concomitant treatments to obtain the intended therapeutic effect. The biological effects of 
CBMP are highly dependent on the in vivo environment, and may be influenced by the 
replacement process or the immune reaction either from the patient or from the cell-based 
product. These requirements coming from the clinical development should be taken into 
account for the final use of these products. Their standardisation and optimisation should be 
an integral part of the clinical development studies. Ahead of these considerations it’s not 
still provided a reproducible method to isolate ESCs even if an ES cell–based therapy would 
have many advantages: it could allow the transplantation of a more primitive cell with 
greater replicative potential and patient-specific ES cells could be induced from adult 
somatic cells. The development of several ESC-based technologies, such as genetic 
manipulation tools and their potential applications, could accelerate the use of these cells 
into clinical therapy, even if ethical, logistics and economics concerns need attention in case 
of ESC-based techniques. There are several major challenges to overcome before iPS cell 
technology is applied in clinical practice. First, current iPS cells are not “clinical grade”. 
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Genome-integrating viral vectors used for reprogramming are known oncogenes, 
particularly c-Myc, Oct4 and Klf4, such that iPS cells thus generated are unlikely to be safe 
for clinical application. Nonetheless recent technological advances, including 
reprogramming without viral integration such as plasmids or direct reprogramming protein 
delivery assays could solve this problem (Kiskinis and Eggan, 2010; Saha and Jaenisch, 
2009). Despite the challenges in the therapeutic use of iPS cells, preclinical studies provided 
the proof-of-concept that patient-specific iPS cells can provide an unlimited cell source to 
produce massive therapeutic cell types, such as cardiomyocytes and MSCs, and can be 
prepared in an “off the- shelf ” format for cell transplantation.  However given the many 
potential risks of applying autologous iPS cell treatment to human subjects, iPS cell 
therapies may encounter strict regulatory restrictions. 
At now in our opinion the most promising results in the treatment of neuromuscular 
disorders were obtained using adult stem cells because of many questions are needed to be 
answer regarding the ES and iPS cells. According to the results described, the most 
promising possibility for the therapy of muscular dystrophies is a combination of different 
approaches to obtain the beneficial impact of multiple strategies combined into a single 
approach, such as cellular therapy associated with gene therapy or pharmacological 
treatments. One of the most used approach is called autologous transfer in which patient’s 
own cells are genetically corrected in vitro with lentiviral vectors and then re-implanted to 
allow the re-expression of functional dystrophin protein. The ‘exon skipping’ approach is an 
alternative strategy for gene therapy and it is done through AONs that hybridize with the 
donor and/or acceptor sites of the mutated exon, causing its exclusion from the intact 
transcript. On the other side, the allogenic transfer implies that the cells isolated from an 
individual with functional dystrophin will be injected into the patient, allowing problems 
due to immunorejections or administration of specific immunosuppressive drugs. Several 
problems arose quickly, such as the low efficiency with which stem cells enter muscle via 
vasculature, the potential to enhance proliferation of stem cells in culture, the time required 
in culture for autologous cells prior to implantation back into the patient, the longevity of 
the transplanted muscle nuclei in vivo, the development of tumours as a consequence of 
hazardous integration of the provirus. In conclusion the success of the clinical application of 
adult or embryonic stem cells will be employed to a large-scale production of desired cell 
type with appropriate functionality, an optimal number of cells for transplant, a 
modification of less invasive delivery systems and a techniques to label cells for transplant 
and subsequent tracking of cell fate. 
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guidances and specific guidances for the condition evaluated. It takes into account the 
current legislation and the heterogeneity of human cell-based products, including 
combination products. A risk analysis approach can be used by the applicants to justify the 
development and evaluation plans and can be a basis for the preparation of a risk 
management plan. Special problems might be associated with the clinical development of 
human cell-based medicinal products. Guidance is therefore provided on the conduct of 
pharmacodynamic/pharmacokinetic studies, dose finding and clinical efficacy and safety 
studies. The guideline describes the special consideration that should be given to 
pharmacovigilance aspects and the risk management plan for these products. The active 
substance of a CBMP is composed of the engineered (manipulated) cells and/or tissues. 
When the cells in the active substance are genetically modified, the “Note for Guidance on 
the quality, preclinical and clinical aspects of gene transfer medicinal products” should be 
followed, which gives details on the quality control, characterisation and preclinical testing 
of gene transfer vectors. Cell populations which are transformed should be assayed for 
appropriate and reproducible expression of the newly acquired characteristics. Special 
attention should be paid to the level and length of expression and quality of the gene 
product(s) produced by the cells. As far as applicable and practicable, the new 
characteristics of the cells should be quantified and controlled. During in vitro cell culture, 
consideration should be given to ensure acceptable growth and manipulation of the isolated 
cells. The processing steps should be properly designed to preserve the integrity and control 
the function of the cells and their manipulation should be documented in detail and closely 
monitored according to specific process controls. Moreover, the duration of cell culture and 
maximum number of cell passages should be clearly specified and validated. The relevant 
genotypic and phenotypic characteristics of the primary cell cultures, of the established cell 
lines and the derived cell clones should be defined and their stability with respect to culture 
longevity determined. Consistency/repeatability of the cell culture process should be 
demonstrated and the culture conditions including the media and the duration should be 
optimised with respect to the intended clinical function of the cells. If genetically modified 
cells are used in the product, any additional proteins expressed from the vector, such as 
antibiotic resistance factors, selection markers, should be analysed to determine their 
presence in the product. Microassay for gene expression profile, flow cytometry and other 
different techniques allowed these expression studies. CBMP might require administration 
through specific surgical procedures, method of administration or the presence of 
concomitant treatments to obtain the intended therapeutic effect. The biological effects of 
CBMP are highly dependent on the in vivo environment, and may be influenced by the 
replacement process or the immune reaction either from the patient or from the cell-based 
product. These requirements coming from the clinical development should be taken into 
account for the final use of these products. Their standardisation and optimisation should be 
an integral part of the clinical development studies. Ahead of these considerations it’s not 
still provided a reproducible method to isolate ESCs even if an ES cell–based therapy would 
have many advantages: it could allow the transplantation of a more primitive cell with 
greater replicative potential and patient-specific ES cells could be induced from adult 
somatic cells. The development of several ESC-based technologies, such as genetic 
manipulation tools and their potential applications, could accelerate the use of these cells 
into clinical therapy, even if ethical, logistics and economics concerns need attention in case 
of ESC-based techniques. There are several major challenges to overcome before iPS cell 
technology is applied in clinical practice. First, current iPS cells are not “clinical grade”. 
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Genome-integrating viral vectors used for reprogramming are known oncogenes, 
particularly c-Myc, Oct4 and Klf4, such that iPS cells thus generated are unlikely to be safe 
for clinical application. Nonetheless recent technological advances, including 
reprogramming without viral integration such as plasmids or direct reprogramming protein 
delivery assays could solve this problem (Kiskinis and Eggan, 2010; Saha and Jaenisch, 
2009). Despite the challenges in the therapeutic use of iPS cells, preclinical studies provided 
the proof-of-concept that patient-specific iPS cells can provide an unlimited cell source to 
produce massive therapeutic cell types, such as cardiomyocytes and MSCs, and can be 
prepared in an “off the- shelf ” format for cell transplantation.  However given the many 
potential risks of applying autologous iPS cell treatment to human subjects, iPS cell 
therapies may encounter strict regulatory restrictions. 
At now in our opinion the most promising results in the treatment of neuromuscular 
disorders were obtained using adult stem cells because of many questions are needed to be 
answer regarding the ES and iPS cells. According to the results described, the most 
promising possibility for the therapy of muscular dystrophies is a combination of different 
approaches to obtain the beneficial impact of multiple strategies combined into a single 
approach, such as cellular therapy associated with gene therapy or pharmacological 
treatments. One of the most used approach is called autologous transfer in which patient’s 
own cells are genetically corrected in vitro with lentiviral vectors and then re-implanted to 
allow the re-expression of functional dystrophin protein. The ‘exon skipping’ approach is an 
alternative strategy for gene therapy and it is done through AONs that hybridize with the 
donor and/or acceptor sites of the mutated exon, causing its exclusion from the intact 
transcript. On the other side, the allogenic transfer implies that the cells isolated from an 
individual with functional dystrophin will be injected into the patient, allowing problems 
due to immunorejections or administration of specific immunosuppressive drugs. Several 
problems arose quickly, such as the low efficiency with which stem cells enter muscle via 
vasculature, the potential to enhance proliferation of stem cells in culture, the time required 
in culture for autologous cells prior to implantation back into the patient, the longevity of 
the transplanted muscle nuclei in vivo, the development of tumours as a consequence of 
hazardous integration of the provirus. In conclusion the success of the clinical application of 
adult or embryonic stem cells will be employed to a large-scale production of desired cell 
type with appropriate functionality, an optimal number of cells for transplant, a 
modification of less invasive delivery systems and a techniques to label cells for transplant 
and subsequent tracking of cell fate. 
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1. Introduction 
The liver is a vital organ essential for life of vertebrates and other animals and plays a 
variety of metabolic functions, including glycogen storage, detoxification, plasma protein 
synthesis, the production of biochemicals for digestion and other roles. In the normal liver, 
hepatocytes physiologically renewed at very slow tempo. However, when injured by acute 
damage or drug intoxications, dormant hepatocytes re-enter the cell cycle and hepatic 
progenitor cells (HPCs) or oval cells are also thought to differentiate into hepatocytes, 
resulting in restoration of the structure and functions of the liver parenchyma (1-2): thus the 
liver has regenerative capacity. In severely overwhelmed cases, mature hepatocytes seemed 
to be blocked their proliferation activity, but HPCs are thought to be profoundly activated 
and play an important role in compensation of liver function (3, 4). When liver injury and 
inflammation occur chronically, normal liver tissue is replaced by fibrosis, scare tissue, 
diffuse necrosis and regenerative nodules (5), thus resulting in an irreversible chronic 
inflammation loss of liver function at the final stage: liver cirrhosis (LC) (6, 7, 8, 9). 
Regardless of its underlying causes, the morphologic figures and complications caused by 
LC are similar and as disease progresses, complications develop. They include portal 
hypertension, varix, ascities, hepatic encephalopathy, idiopathic peritonitis and hepatic 
coma. The classification of LC is based on the etiology, such as alcoholics, post-hepatitic, 
biliary, cardiac, metabolic, inherited and drug induced cirrhosis. Incidence of the specific 
types of liver cirrhosis is different from area to areas. Alcoholic cirrhosis is the most 
common type in North America, Western Europe and South America. Abstinence from 
alcohol would prevent the complicating liver cirrhosis (10). One-fourth of the patients with 
repeated liver injuries and three fourth of post-hepatitic cirrhosis has the history of viral 
hepatitis (hepatitis B or hepatitis C). Post-hepatitic cirrhosis induced by those viruses is the 
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to be blocked their proliferation activity, but HPCs are thought to be profoundly activated 
and play an important role in compensation of liver function (3, 4). When liver injury and 
inflammation occur chronically, normal liver tissue is replaced by fibrosis, scare tissue, 
diffuse necrosis and regenerative nodules (5), thus resulting in an irreversible chronic 
inflammation loss of liver function at the final stage: liver cirrhosis (LC) (6, 7, 8, 9). 
Regardless of its underlying causes, the morphologic figures and complications caused by 
LC are similar and as disease progresses, complications develop. They include portal 
hypertension, varix, ascities, hepatic encephalopathy, idiopathic peritonitis and hepatic 
coma. The classification of LC is based on the etiology, such as alcoholics, post-hepatitic, 
biliary, cardiac, metabolic, inherited and drug induced cirrhosis. Incidence of the specific 
types of liver cirrhosis is different from area to areas. Alcoholic cirrhosis is the most 
common type in North America, Western Europe and South America. Abstinence from 
alcohol would prevent the complicating liver cirrhosis (10). One-fourth of the patients with 
repeated liver injuries and three fourth of post-hepatitic cirrhosis has the history of viral 
hepatitis (hepatitis B or hepatitis C). Post-hepatitic cirrhosis induced by those viruses is the 
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most common cirrhosis found in South Eastern Asia and China including Korea, and second 
most common in America and Western Europe. In America, over 20% of patients infected 
chronically with HCV for more than 20 years were reported to develop post-hepatitic cirrhosis 
(11). Biliary cirrhosis also occurs in association with injury of the biliary system or its 
prolonged impairment, which destroys liver parenchyme with progressive fibrosis. Billary, 
cardiac, metabolic, inherited and drug induced liver cirrhosis are much less common than 
alcoholic or posthepatitic cirrhosis (12). Avoidance of causative drugs, excessive protein intake 
and anti-infectious medicine were usually used as a first choice of treatment. Overall, about 
75% of patients have progression and die within 5 years after the findings of the disease. 
Immune system is also deeply involved in the magnitude of cirrhosis. For example, in some 
instances cirrhosis can cause immune system dysfunction, leading to high susceptibility to 
infections or in other cases, autoimmune responses caused by the immunologic damage to the 
liver causing inflammation and eventually scaring and cirrhosis.  
Until now, no simple hematologic diagnostic test for the LC has been developed (13). LC is 
diagnosed by clinical findings, such as chronic liver disease, reduced platelet count, 
esophageal varix, ascitis, portal hypertension symptoms, splenomegaly and changes in 
hematologic parameters (14). For the definite diagnosis, the liver biopsy is used, although 
invasive.  
LC is the common end feature of an excessive and persistent scaring resulted from 
secondary fibrotic tissue remodeling followed by liver injuries and is regarded as 
irreversible disease. 
In the rodents, both findings that carbon tetrachloride (CCl4) treatment and bile duct ligation 
injury were reported to induce fibrogenesis (15), and spontaneous recovery from once 
established liver fibrosis (16-17), suggest that the hepatic fibrosis is a dynamic bi-directional 
event, and highlighted that the liver fibrosis is potentially reversible by antifibrotic therapy (18). 
After hepatic injury, the hepatic stellate cells (HSCs), positioned in the center of the ongoing 
fibrogenesis of liver (19), are activated to proliferate and to produce contractile elements 
such as α smooth muscle actin (α-sma), a major determinant of sinusoidal portal 
hypertension (27), and collagens (mainly type I and III) (21). This process is most likely 
mediated through the stimulation of cytokines, such as transforming growth factor-β (TGF-
β), platelet-derived growth factor (PDGF), and endothelin (ET-1) (20), that are produced in a 
synergistic fashion of paracrine and autocrine from injured hepatic cells and inflammatory 
cells. The positive feedback loops between extracellular matrix and produced cytokines may 
also play an important roles in the acceleration of fibrosis ( 22). 
Among them, TGF-β1 is thought to be the most significant factor for HSCs, because it 
upregulates the expression of its receptor (23, 32), leading to raising the susceptibility to 
other mitogens such as PDGF, thrombin and angiotensin-II, etc. and eventually inducing 
proliferation of HSCs. It also accelerated the accumulation of HSCs in response to migration 
stimuli such as PDGF, vasoactive substance ET-1, and monocyte chemotatic protein (24). 
Extracellular matrix (ECM) modulates HSC functions by interacting it with PDGF, fibroblast 
growth factor (FGF), TGF-β, and matrix metalloproteinases (MMPs) that present in the space 
of Disse (25). Integrins expressed on HSCs play important roles in cell-matrix interactions 
for activation of latent TGF-β1 that modifies fibrogenesis.  
In contrast, basement membrane tends to suppress the proliferation activity of HSCs and 
their collagen synthesis (26). The cirrhotic liver overexpressed the ET-1 (28), a stimulant of 
nitric oxide production from HSCs and autocrine, that plays important roles for their own 
proliferation. HSCs also secrete neutrophil and monocyte chemoattractants, such as colony 
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stimulating factors (CSF), MCP-1, and IL-8 that amplify the hepatic inflammatory response 
(31). Matrix synthesis is highly dependent on TGF β-1 and liver cirrhosis is closely related 
with ECM alteration in quantity and quality. Hepatic fibrosis is enhanced by synthesis of the 
neomatrix with type-1 collagen and the neomatrix degradation is inhibited by TIMPs (tissue 
inhibitor of metalloproteinases, TIMPs) (33). Thus activated HSCs are responsible for 
hepatic fibrosis. TIMP-1 inhibits apoptosis of HSCs (33) and induced promotion of 
perpetuation in hepatic fibrosis (34). 
Prevention of the unnecessary medication is important for maintaining physiological 
conditions of the liver because it is very sensitive to medicines as well as microbial infection. 
The principle of treatment in LC is to remove such potential risk factors, and to correct the 
underlying invasive causes. Currently, treatments are focused on preventing complications 
such as ascites, esophageal varix and hepatic encephalopathy etc. Detection of serological 
changes at the early stage and regular follow up studies of those features are important for 
reducing the risky liver diseases such as LC. Usually, diet, bed rest, fluid restriction and 
diuretics, paracentesis and the liver transplantation are included in the treatment of the LC 
(35-36). For the treatment of decompensated LC, orthotopic liver transplantation is regarded 
as the only definitive therapeutic option (36). Several factors such as lack of available 
donors, combined with operative risks, complications associated with rejection, usage of 
immunosuppressive agents and cost-intensiveness make this strategy available to only a 
few people (37, 41). Those problems inherent in the liver transplantation have prompted the 
search for alternative therapeutic methods for intractable liver diseases (42). Due to these 
problems, many LC patients die from life-threatening complications at relatively early age. 
Recently, along with the development of regenerative medicine, the use of pluripotent stem 
cells are proposed for recovering from the disease states as an alternative therapy (38). Fetal 
liver derived stem cells transplanted showed some improvement for conservative 
management in the end stage liver diseases (39). In clinical cell therapy, highly enriched cell 
numbers and the high repopulation potential are essential (40). 
Liver cells obtained from the post-mortem have been also used for transplantation as the 
promising alternative (43-46). The liver cell transplantation is regarded as a less invasive, 
less expensive, and can alleviate the problem of organ shortage. Although there are some 
advantages in the liver cell transplantation over the orthotopic liver transplantation, long-
term observation seems to be important for the evaluation. 
Reversal of hepatic fibrosis and cirrhosis may be achieved by resolution of liver fibrosis, an 
increase of apoptosis of activated HSCs and collagenolysis (47). In the CCl4 rat model, the 
removal of CCl4 increased the apoptosis of HSCs: 50% decrease in cell numbers at 72 hours 
post-removal. And antifibrotic therapy with NO donor decreased the HSCs number to 50% 
at 18 hours after the treatment (48). Induction of HSCs apoptosis degraded the matrix and 
recovered from the liver fibrogenetic conditions by removing the source of fibrotic 
neomatrix and TIMPs. (49-50) Biliary fibrosis was reversed after decompression of the bile 
duct ligation (51). Apoptosis of HSCs induces pro-MMP-2 activation (52) suggesting matrix 
remodeling, because MMPs specifically degrade collagens and non-collagenous substrates 
in matrix. The matrix degradation seems a pivotal initial step in the processes of liver 
fibrosis resolution. The most important event is the action of the interstitial collagenases, 
MMP-1, which cleaves the collagen-1 molecule (53). Collagenase activity resulted from the 
gap between activated MMPs to TIMPs. Increase of TIMP-1 expression occurs in parallel 
with progressive fibrosis. Sustained TIMP-1 expression means the failure in degradation of 
fibrosis and there is intrinsic link between HSC apoptosis and matrix degradation (47). This 



 
Stem Cells in Clinic and Research 

 

470 

most common cirrhosis found in South Eastern Asia and China including Korea, and second 
most common in America and Western Europe. In America, over 20% of patients infected 
chronically with HCV for more than 20 years were reported to develop post-hepatitic cirrhosis 
(11). Biliary cirrhosis also occurs in association with injury of the biliary system or its 
prolonged impairment, which destroys liver parenchyme with progressive fibrosis. Billary, 
cardiac, metabolic, inherited and drug induced liver cirrhosis are much less common than 
alcoholic or posthepatitic cirrhosis (12). Avoidance of causative drugs, excessive protein intake 
and anti-infectious medicine were usually used as a first choice of treatment. Overall, about 
75% of patients have progression and die within 5 years after the findings of the disease. 
Immune system is also deeply involved in the magnitude of cirrhosis. For example, in some 
instances cirrhosis can cause immune system dysfunction, leading to high susceptibility to 
infections or in other cases, autoimmune responses caused by the immunologic damage to the 
liver causing inflammation and eventually scaring and cirrhosis.  
Until now, no simple hematologic diagnostic test for the LC has been developed (13). LC is 
diagnosed by clinical findings, such as chronic liver disease, reduced platelet count, 
esophageal varix, ascitis, portal hypertension symptoms, splenomegaly and changes in 
hematologic parameters (14). For the definite diagnosis, the liver biopsy is used, although 
invasive.  
LC is the common end feature of an excessive and persistent scaring resulted from 
secondary fibrotic tissue remodeling followed by liver injuries and is regarded as 
irreversible disease. 
In the rodents, both findings that carbon tetrachloride (CCl4) treatment and bile duct ligation 
injury were reported to induce fibrogenesis (15), and spontaneous recovery from once 
established liver fibrosis (16-17), suggest that the hepatic fibrosis is a dynamic bi-directional 
event, and highlighted that the liver fibrosis is potentially reversible by antifibrotic therapy (18). 
After hepatic injury, the hepatic stellate cells (HSCs), positioned in the center of the ongoing 
fibrogenesis of liver (19), are activated to proliferate and to produce contractile elements 
such as α smooth muscle actin (α-sma), a major determinant of sinusoidal portal 
hypertension (27), and collagens (mainly type I and III) (21). This process is most likely 
mediated through the stimulation of cytokines, such as transforming growth factor-β (TGF-
β), platelet-derived growth factor (PDGF), and endothelin (ET-1) (20), that are produced in a 
synergistic fashion of paracrine and autocrine from injured hepatic cells and inflammatory 
cells. The positive feedback loops between extracellular matrix and produced cytokines may 
also play an important roles in the acceleration of fibrosis ( 22). 
Among them, TGF-β1 is thought to be the most significant factor for HSCs, because it 
upregulates the expression of its receptor (23, 32), leading to raising the susceptibility to 
other mitogens such as PDGF, thrombin and angiotensin-II, etc. and eventually inducing 
proliferation of HSCs. It also accelerated the accumulation of HSCs in response to migration 
stimuli such as PDGF, vasoactive substance ET-1, and monocyte chemotatic protein (24). 
Extracellular matrix (ECM) modulates HSC functions by interacting it with PDGF, fibroblast 
growth factor (FGF), TGF-β, and matrix metalloproteinases (MMPs) that present in the space 
of Disse (25). Integrins expressed on HSCs play important roles in cell-matrix interactions 
for activation of latent TGF-β1 that modifies fibrogenesis.  
In contrast, basement membrane tends to suppress the proliferation activity of HSCs and 
their collagen synthesis (26). The cirrhotic liver overexpressed the ET-1 (28), a stimulant of 
nitric oxide production from HSCs and autocrine, that plays important roles for their own 
proliferation. HSCs also secrete neutrophil and monocyte chemoattractants, such as colony 

Treatment of the end Stage Liver Cirrhosis by 
Human Umbilical Cord Blood Stem Cells: Preliminary Results 

 

471 

stimulating factors (CSF), MCP-1, and IL-8 that amplify the hepatic inflammatory response 
(31). Matrix synthesis is highly dependent on TGF β-1 and liver cirrhosis is closely related 
with ECM alteration in quantity and quality. Hepatic fibrosis is enhanced by synthesis of the 
neomatrix with type-1 collagen and the neomatrix degradation is inhibited by TIMPs (tissue 
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suggests that the proteolysis facilitates the resolution and repair of the injured liver (54). The 
failure of degradation of fibrosis by collagenase impairs HSC apoptosis to induce the 
delaying or blocking the hepatocyte regenerative response (54). 
Recovery from the hepatic fibrosis has been reported in animal models after removal of 
CCl4, which is used for induction of acute hepatitis (55-61) and clinical patients (62-66). 
Hepatic fibrosis, induced by several toxins (57-59) or ligation of bile duct (60), was reversed 
after the removal of the causes. In human, reversal of the hepatic fibrosis was reported in 
patients with alcoholic liver disease, hemochromatosis and other liver diseases (62-64). 
Reversal of the posthepatitic cirrhosis was also noted after improvement from the hepatitis B 
infection (65). Moreover, posthepatitic cirrhosis due to hepatitis C infection responded to the 
interferon treatment. (66) 
Due to the limitation of the donor livers, the stem cell-based therapy has been suggested as a 
possible alternative therapy (67). Plasticity (trans-differentiation) and fusion activities 
inherent in stem cells are important for the development, regeneration and repair of liver 
organs (68-70, 72). The stem cells produce various humoral substances (cytokines, growth 
factors) and factors for homing or migration, also. Those characteristics of stem cells are also 
important for the therapy (71). Recently, mesenchymal stem cell (MSC) derived from 
umbilical cord (UC) is regarded as a promising form for cell therapy because of their easy 
accessibility, MSC is much primitive than other tissue sources and do not express the major 
histocompatibility complex (MHC) class II (HLA-DR) antigens (74). Previous studies have 
shown that  
UCMSC are still viable and not rejected at 4 months after xenografts, without the need for 
immune suppression, suggesting that they are a favorable cell source for transplantation 
(75-77). UCMSC are able to differentiate into adipocytes, osteocytes, chondrocytes (78,79), 
neurons (80,81), cardiomyocytes (78,82) and renal tubule epithelial cells (83) upon cultured 
in induction media. 
Initially, stem cell was isolated from bone marrow and characterized as plastic adherent 
fibroblastoid cell which has the capacity to generate some tissues (84). As study on stem cell 
has progressed, the stem cells were also found in the many other adult organs. The 
discovery of trans-differentiation potential (85) led us to use them in currently incurable or 
intractable diseases. Stem cells are used for two purposes: one is the trans-differentiation of 
stem cells into the specific cell types to replace the damaged or destroyed cells or tissues, 
and the other is the stimulation of the pre-existing native cellular repair mechanism in 
damaged organs, which may contain resident dormant stem cells. Currently, stem cell-based 
cell therapy is increasingly applied to the variety of diseases including cardiovascular issues 
(86), diabetes (87), musculoskeletal disorders (88), renal problems (89), impotence (90) and 
hepatic cirrhosis (91). Stem cells can also be used for cytokine producer. Stem and other 
cells, which are genetically engineered for the production of cytokines, are also used as a 
vehicle of cytokines for targeting injury or disease sites, such as cancer sites (92). Stem cells, 
in particular committed to hepatocytes, can also be used for screening of drug toxicity (93).  
Stem cells are classified into three, according to the differences in sources; embryonal stem 
cell (ESC), adult stem cell (ASC) and induced pluripotent stem (iPS) cell. ESC was 
developed by Thomson in Wisconsin (94). Fetal stem cells and amniotic stem cells may 
belong to this category. The differentiation potential of ESCs is great but the clinical use has 
been strictly limited due to the ethical problem and the tumorigenesis. The iPS cells were 
generated from mouse fibroblasts in 2006 by Yamanaka (95), with introduction of four 
genes; Oct 3/4, Sox2, c-Myc, and Klf 4. The potentiality of iPS cells seems appears to be 
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unlimited for clinical applications, but the bio-characterization of iPS cells has not 
established yet, although they are under intensive study. The origin of ASCs first discovered 
is bone marrows (BMSC), and then, the ASCs were discovered from the many mature 
organs (96-100). Among these, bone marrow, adipose tissues (ADSC) and umbilical cord 
blood (UCBSC) derived stem cells are currently available for cell-based clinical therapies. 
BMSCs were actively applied for the treatment of hematologic diseases, already. The 
spectrum of clinical application of BMSCs continues to expand with the time. UCBSCs are 
collected from venous blood of the cord, but the cell number collected is not great. The 
UCBSC was applied for Fanconi's anemia (101) in 1986 between siblings. UCBSC seems to 
contain the most immature form of ASCs that have few chances to contact with 
environmental antigens, immunologically immature (102). The UCBSCs do not raises any 
ethical concern at umbilical cord blood collection issues and collection can be processed 
without invasiveness for donors. The regenerative capabilities of UCBSC are similar to other 
types of ASC (103). Adipose tissue derived stem cell (ADSC) was first described by plastic 
surgeons (104). The procedure harvesting adipose tissue is a common work among plastic 
surgeons for cosmetic or regenerative purposes, although it is somewhat invasive. The 
processed lipoaspirated tissues harbor abundant multipotent stem cells, which have similar 
potential with BMSC or UCBSC (103). ADSCs are permitted for autologous cell-based 
therapy in many countries.  
The angiogenic, neurogenic and trans-differentiation potential of stem cells are the principal 
targets in stem cell based treatment (105-110). Vascular endothelial growth factor (VEGF), 
basic fibroblast growth factor (bFGF), platelet derived growth factor AB (PDGF-AB), 
transforming growth factor-β (TGF-β), and integrin β are stem cell angiogenic factors 
(111,112). Brain-derived neurotrophic factors, and neurotrophin-4/5 (NT4/5) (113,114) are 
stem cell neurotrophic factors. Reports on the effects of stem cells for improvement of 
vascular insufficiencies (115-118) and neuropathies (119-121) are accumulating these days.  
Liver cirrhosis has been thought to be an irreversible disease. However, recent studies on 
cirrhosis of animals and humans suggest that liver cirrhosis is a potentially reversible 
disease. Stem cells, which are of anti-fibrotic and trans-differential potential, raised the 
possibility of their??? use for the treatment of liver fibrosis and cirrhosis as an alternative 
treatment replacing for liver transplantation.  
In the present study we report our pre-clinical and clinical experiences of umbilical cord 
blood derived stem cell treatment for end stage liver cirrhosis, and discuss on the stem cell 
therapy in liver cirrhosis.  

2. Materials and methods 
2.1 Preclinical study 
For the evaluation of the stem cell effect, we prepared the rat liver cirrhosis model with 
carbon tetrachloride (CCl4). Male Sprague-Dawley rats (6weeks old, 180–-200g) were used. 
The rats were grouped into 3, one control group (A) and two experimental groups, CCl4 

treated group (B) and CCl4 treatment plus stem cell treated group (C). Cirrhosis was 
induced by intraperitoneal administration of CCl4 (4:1 olive oil) at a dose of 0.1 mL/100 g 
body weights, three times a week. The same volume of olive oil only was intraperitoneally 
infused for control. For cirrhosis induction, CCl4 was infused for 8 weeks. Human umbilical 
cord blood stem cells were infused at a dose of 1x106 cells in 0.2 mL through the tail vein, 
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suggests that the proteolysis facilitates the resolution and repair of the injured liver (54). The 
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unlimited for clinical applications, but the bio-characterization of iPS cells has not 
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and four weeks and one pathologist evaluated the pathologic changes of liver. For 
pathologic evaluation, sections of approximately 4 μm thick were made and stained with 
haematoxylin and eosin (H&E) staining for routine histology, and Masson’s trichrome (MT) 
staining for collagen. 

2.2 Clinical study  
Total 51 patients were participated in this treatment. The exclusion criteria for patient 
recruitment in stem cell treatment with liver cirrhosis were age limitation, over 70, and 
cancer. Among them, 46 patients (male 27 and 19 female) were classified as the Child-Pugh 
(CP) class C liver cirrhosis and 5 (four male and one female) were classified as the CP class 
B, finally, although they were classified as the class C from the other hospital, at the time of 
initiation. All participants are randomly involved in this treatment after reviewed the 
medical records of patients whose life expectancy were less than 6 months, evaluated by 
doctors in charge before involved in these treatments. 43 patients graduated from the 
college or upper rank school. The cause of cirrhosis was alcholic in 18 and posthepatitic in 
36. Although 17 had the heart problem, it was not definite whether cardiac problem was the 
solitary cause of the cirrhosis or not, except two. The common clinical complications for 
portal hypertension were varix (41) and ascitis (34). For all patients, the explanation was 
made on the treatments rationale and material, and informed consents were obtained. All 
patients understood the treatment and no body has the opinion on baseline studies (Table 
1). All participating patients were negative on cancer especially at baseline studies. They 
had specific conditions that could be related with liver cirrhosis and had the several 
complications induced from portal hypertension (Table 2).  
 

Imaging Ultrasound Exam. on Heart, Liver, Kidney 
CT on Abdomen  

Endoscopic Gastroscopy, Esophagoscopy 

Blood & Serology CBC, Serologic series 12 

Urine UA, Microscopic Examination 

Cancer Marker AFP, CEA 

Others VDRL, AIDS, Hepatitis B Ag/Ab, Hepatitis C AG/Ab., 
Electrolyte, C-reactive protein, ASO titer, EKG, ESR, RA factor 

Coagulation  PT (INR) 

Table 1. Base line studies. 

The human umbilical cord blood stem cells (hUCBSC) were supplied by Histostem Co. Ltd. 
(Seoul, Korea) that was permitted for clinical use from the Korean government (KFDA).  
The supplied stem cells were ABO, HLA-ABC, DR and sex matched for each patient, and 
the donor of each stem cell unit does not have any specific familial medical history. The 
stem cell markers of hUCBSCs were studies by flow cytometry. Total cell numbers that 
infused for each patient were around 1.5 x 107. hUCBSCs were infused percutaneous 
directly into liver parenchyma using needle under the ultrosonographic guide. All patients 
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were informed for usual life after one-day bed rest. Patients were followed every month 
from treatment at least for 6 times. At follow up check, patients were evaluated for 
prothrombin time, albumin, ascities and encephalopathy before and after each month from 
the stem cell therapy. Patients were evaluated for serological results, ascities and 
encephalopathy before and after each month from the stem cell therapy. The final survival 
was checked at November 30, 2010, 7 to 75 months from the initiation of the stem cell 
therapy. 
 
 

Conditions manifested 
at initial visit 

Positive Patients 
Number 

Negative 
Patients Number 

Alcohol Intoxication 18 33 
Hepatitis History 36 15 

Heart Problem 17 34 
GB Problem 0 51 

Varix 41 10 
Ascitis 34 17 

Hepatic 
encephalopathy 19 32 

Peritonitis 1 50 

Table 2. Patient condition at presentation. 

 

Study Items Normal Value Normal 
Patients 

Range of Measure value 

Patients Number 

Total Protein 6.3 - 8.2 g/dL 12 39 

Albumin 3.5 - 5.1 
g/dL 5 

1.0 - 2.0 2.1 - 3.0 >3.1 
17 26 3 

ALP 38 – 126 13 38 
sGOT 5 – 40 IU/L 2 49 

sGPT 5 – 35 IU/L 1 50 

Total Bilirubin 0.2 - 1.3 
mg/dL 14 

<2mg/dL 2-3mg/dL >3mg/dL 
18 16 3 

Direct 
Bilirubin 

0 - 0.3 
mg/dL 17 34 

PT (INR) <1.7 18 
<1.7 1.7 - 2.3 >2.3 
18 22 11 

Table 3. The results of serologic test before stem cell treatment. 
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3. Results 
3.1 Stem cells 
The flow cytometric results (Figure 1) of hUCBSCs were CD13(+), CD14(-), CD29(+), 
CD31(-), CD34(-), CD44(+), CD45(-), CD49e(+), CD54(+), CD90(+), CD106(-), AMSA(+), 
SH2(+), SH3(+), HLA-ABC(+) and HLA-DR(-).  
 
 
 

 

 

 

 

Treatment of the end Stage Liver Cirrhosis by 
Human Umbilical Cord Blood Stem Cells: Preliminary Results 

 

477 

 

 
Fig. 1. Flow cytometric findings of the surface markers in hUCBSCs. 

3.2 Preclinical  study 
The gross finding of the liver was examined (Figure 2) at 12 weeks after the starting the 
infusion of CCl4. Compared to the control which have normal hepatic configuration (A), the 
CCl4 infused rats (B) without stem cell treatment showed nodular surfaced distorted liver 
but CCl4 infusion with stem cell treatment rat (C) showed recovered from the distorted 
nodular liver but much distorted compared with control (A). 
The microscopic study (Figure 3), with haematoxylin and eosin (H&E) staining for routine 
histology and Masson’s trichrome (MT) staining for collagen, were done on liver section at 
1, 2 and 4 weeks after CCl4 injection for 8 weeks. The control group showed normal  
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Fig. 2. Gross findings of the liver at 12 weeks after initiation of the CCl4 intraperitoneal 
injections.  A is control, B is CCl4 intraperitoneal injection and C is CCl4 intraperitoneal 
injection plus hUCBSC treated rat. 
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architecture at all livers (A). At 1 week after CCl4 injection for 8 weeks, the experimental 
group showed the cirrhosis was induced in both without (B1) and with stem cell treatment 
group (C1), the fibrosis and deposition of collagen, separating liver parenchyma into large 
lobules. At 2 week after CCl4 injection for 8 weeks, there was definite difference between 
without stem cell treatment group and with stem cell group. The without stem cell 
treatment group (B2) showed increased septa composed of fibrosis and collagen. Compared 
to without stem cell group, with stem cell group (C2) showed reduced septa than first week 
after CCl4 injection for 8 weeks. At 4 week after CCl4 injection for 8 weeks, the without stem 
cell treatment group (B3) showed much increased septa composed of fibrosis and collagen 
and there is new fine septa were appeared within large lobules. In with stem cell treatment 
group (C3), the septa composed of fibrosis and collagen were reduced and the lobules are 
closely approximated each other. In these pathologic findings, experimental group without 
stem cell therapy induced the extensive fibrosis / cirrhosis and the fibrosis was progressed 
as the time passing (B). These CCl4 induced fibrosis / cirrhosis was proved by disruption of 
liver parenchyma architecture, extension of fibers, large fibrous septa formation, pseudolobe 
separation and collagen accumulation. These alterations were progressed and increased in 
fibrosis and collagen deposition with time passing. The histopathological findings 
confirmed that the cirrhosis was significantly reduced by stem cell infusion. 
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Fig. 3. Microscopic findings of the rat liver in control and experimental rats. A from control 
rat, B from CCl4 intraperitoneal injection only rat and C from CCl4 intraperitoneal injection 
with hUCBSC therapy rat. 1 at 9 week from CCl4 intraperitoneal injection, 2 at 10 weeks and 
3 at 12 weeks. 
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3.3 Clinical study 
The participants’ age ranged from 49 to 68 years old (mean 54.7 years). The mean age of the 
CP class C were 56.2 and class B were 48.9. After the stem cell therapy, there was no death 
within 6 months from the initiation of the stem cell therapy. There were 9 deaths from 7 
months within 12 months, 19 deaths from 13 months within 2 years, 13 deaths over 2 year 
within 3 years, 3 deaths over 3 years within 5 years. 7 are living now, from 11 to 75 months 
from stem cell therapy, and among them, two are living over 5 year. During the procedure 
(Figure 4), the bleeding from the liver was not remarkable. Clinically, ascitis was improved 
in 21 and 5 did not show any ascitis within 6 months. Among 5, 2 are alive more than 5 
years (Figure 5). In hepatic encephalopathy, all patients showed improvement in symptom. 
But there is no patient who lived more than 30 months. Serologic follow up check was done 
in all patients (Table 3 and 4). In serologic test, although there were some changes in the  
 
 

 
 
 

 
 
 

Fig. 4. Laparascopic view of percutaneous injection of the stem cells into liver. The needle is 
inserted into the nodular surfaced liver. 
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Fig. 5. CT findings from the patient who is living more than 5 years.  A is CT taken just 
before (Feb. 21, 2005) stem cell therapy and B is CT taken was after 5 months (July 23, 2005). 
The measured liver size was increased from 689.98 CC to 915.36 CC and hepatic density is 
lowered suggesting release of fibrosis. 
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results, it was impossible to get the uniform information in  trends of change. Among 39, 
those who had abnormal protein level, total protein level was normalized at 6, but among 
39, only 2 were normalized in albumin. In these 2, one had normalization of total protein 
level but one did not, meaning some difference in improvements among sub-group. 
 

Study Items Normal Value Normal 
Patients 

Range of Measure value 

Patients Number 

Total Protein 6.3 - 8.2 18(+6) 33(-6) 

Albumin 3.5 - 5.1 7(+2) 
1.0 - 2.0 2.1 - 3.0 >3.1 
12(-5) 25(-1) 7(+4) 

ALP 38 - 126 17(+4) 34(-4) 

sGOT M: 17 - 59 
F: 14 - 36 9(+7) 42(-7) 

sGPT M: 21 - 72 
F: 9 - 52 12(+11) 39(-11) 

Total Bilirubin 0.2 - 1.3 16((+2) 
<2mg/dL 2-3mg/dL >3mg/dL 

21(+3) 14(-2) 0(-3) 

Direct Bilirubin 0 - 0.3 18(+1) 33(-1) 

PT (INR) <1.7 23(+5) 
<1.7 1.7 - 2.3 >2.3 
23 22 6 

Table 4. Serologic test results at post stem cell treatment 6 months. 

4. Discussion  
Most of the chronic liver injuries, regardless of their causes, progress to liver fibrosis and 
eventually result in cirrhosis that is thought to be irreversible, and the liver cirrhosis (LC) 
results in impairment of the hepatic function becoming a massive health care burden 
worldwide. LC is induced by many different causes, such as chronic viral hepatitis, toxic 
damage including alcohol, parasitic disease, inborn errors of metabolism, and non-alcoholic 
fatty liver disease etc. The cause of LC has a wide geographic variation. Alcohol is the most 
common cause in western countries (122) and liver disease is the 5th most common cause of 
death in the United Kingdom (123.) Recent reports on pre-clinical and clinical studies 
suggested that LC could be reversible. HSCs activated upon liver injury are thought to be 
responsible for collagenogenesis and fibrosis in extracelluar matrix (124, 125). Modulation of 
HSC activity (126.), promotion of HSC apoptosis (127), blocking of matrix formation (128) or 
anti-proliferation measures on matrix fibrogenic and contractile response to HSC and 
degradation of established matrix (125,129) could be taken as potent strategies for reversal of 
LC. In addition to these strategies, stem cell therapy with multiple cytokine production and 
trans-differentiation potential would be a new option (130) for reversal of established LC.  
HSCs are responsible for the production of extracellular matrix at the center of LC. 
Therefore, the inhibition of the activation of HSCs (131-133) or promotion of HSC apoptosis 
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The measured liver size was increased from 689.98 CC to 915.36 CC and hepatic density is 
lowered suggesting release of fibrosis. 
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results, it was impossible to get the uniform information in  trends of change. Among 39, 
those who had abnormal protein level, total protein level was normalized at 6, but among 
39, only 2 were normalized in albumin. In these 2, one had normalization of total protein 
level but one did not, meaning some difference in improvements among sub-group. 
 

Study Items Normal Value Normal 
Patients 

Range of Measure value 

Patients Number 
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1.0 - 2.0 2.1 - 3.0 >3.1 
12(-5) 25(-1) 7(+4) 

ALP 38 - 126 17(+4) 34(-4) 

sGOT M: 17 - 59 
F: 14 - 36 9(+7) 42(-7) 

sGPT M: 21 - 72 
F: 9 - 52 12(+11) 39(-11) 

Total Bilirubin 0.2 - 1.3 16((+2) 
<2mg/dL 2-3mg/dL >3mg/dL 

21(+3) 14(-2) 0(-3) 

Direct Bilirubin 0 - 0.3 18(+1) 33(-1) 

PT (INR) <1.7 23(+5) 
<1.7 1.7 - 2.3 >2.3 
23 22 6 

Table 4. Serologic test results at post stem cell treatment 6 months. 

4. Discussion  
Most of the chronic liver injuries, regardless of their causes, progress to liver fibrosis and 
eventually result in cirrhosis that is thought to be irreversible, and the liver cirrhosis (LC) 
results in impairment of the hepatic function becoming a massive health care burden 
worldwide. LC is induced by many different causes, such as chronic viral hepatitis, toxic 
damage including alcohol, parasitic disease, inborn errors of metabolism, and non-alcoholic 
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degradation of established matrix (125,129) could be taken as potent strategies for reversal of 
LC. In addition to these strategies, stem cell therapy with multiple cytokine production and 
trans-differentiation potential would be a new option (130) for reversal of established LC.  
HSCs are responsible for the production of extracellular matrix at the center of LC. 
Therefore, the inhibition of the activation of HSCs (131-133) or promotion of HSC apoptosis 
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(134-135) would be an eradicating measure for fibrogenesis. The platelet-derived growth 
factor (PDGF) is the most potent mitogen for HSCs, thereby inhibitors against PDGF have 
been tried (136-138). For the patients whose fibrosis is progressing, the matrix formation 
blockers (139) or anti-proliferation measures to matrix fibrogenesis (140) would be another 
measure for the reduction of LC. HSCs contribute to portal hypertension through multiple 
mechanisms including collagen deposition, vasoconstriction, and regulation of sinusoidal 
structure. So, the reduction of contractile response to HSC (141) would be a measure 
reducing critical complications induced by portal hypertension. Increasing the degradation 
of established matrix (125,142,142) would be an ideal strategy for reversal of LC.  
Recently developed stem cell therapy (143-144) may be a promising strategy for LC, because 
we can expect them to trans-differentiate into hepatocytes and to stimulate the 
differentiation of hepatocytes from the dormant stem cells remaining in injured host liver 
and stem cells in bone marrow through cytokine production (145). BMSC, ADSC, and 
UCBSC are currently used for stem cells therapy. Unseparated bone marrow cells and 
purified BMSCs have been used for the treatment of the hematopoietic diseases for more 
than 50 years. Their application fields are expanding day by day. For advanced liver 
diseases such as cirrhosis, stem cell engraftment can be most promising strategy after the 
organ transplantation (146). In animals treated with CCl4 intraperitoneal infusion, the 
percentage of lin- Sca-1+ cells in the bone marrow and peripheral blood increases twofold at 
twenty-four hours later (147) and this increase peaks at day one in the bone marrow and day 
two in the peripheral blood (147). This finding suggests that bone stem cells started to 
proliferate and migrate to the periphery (147). Requirement of engraftment of stem cells into 
the patients with the severe liver diseases are increasing. For BMSC therapy, bone marrow 
aspiration is inevitable and bone marrow aspiration is a invasive procedure. Differentiation 
potential, and maximal life span of BMSC decrease with increasing age (148-149). In post-
hepatitic LC patients, the autologous BMSCs are not suitable for the treatment, because their 
proliferation capacity is restricted significantly in the tissue environment of end stage of the 
disease (150) 
ADSCs were relatively recently found. Their easy isolation (151) and high differentiation 
potential (152) may be attractive as alternative promising stem cells in place of BMSCs. In 
the meantime, UCBSCs has been used for several diseases.  UCBSCs have advantages over 
other types of stem cells, because umbilical cord blood (UCB) can be obtained without 
invasiveness or harm to donor. Cells from UCB have many advantages because of the 
immaturity of stem cells compared to other types. Moreover, UCBSCs provide no ethical 
barriers for basic and clinical applications (153-154). Recently, UCB banking for 
transplantation of haematopoietic stem cells is increasingly in many institutions (155) due to 
their easy availability and the ready on shelf system. All clinical papers are of autologous or 
allogenic stem cell therapy. Among the adult stem cells, UCBSCs are youngest stem cells 
and they had only few chances to contact with environmental antigens. UCBSCs have 
higher proliferative potential than BMSC and higher expression of the endothelial-specific 
markers following endothelial differentiation (156). 
When we decided to attempt to treat with UCBSCs for some diseases, we carefully consider 
suitable cell (origin) for target organs, cell numbers, route for administration, 
supplementation of growth factors and post-treatment cares. In spite of increasing 
requirement of stem cell treatment, the protocol for stem cell treatment has not established 
until now. Because the preparation of the stem cells for enough quantity that has the 
identical or similar biology is not easy, we should consider the measure to secure the 
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enough number of stem cells, culture or mixing of different donors. Although many trials 
with stem cell were done, most of them are autologous rather than allogenic. Basically, 
many diseases caused by different pathogenesis, it needs different treatment. In case of LC, 
bone marrow stem cells from liver cirrhotic caused by chronic hepatitis B infection showed 
significantly lower S-phase fractions and growth factor (IGF-1, PDGF α, PDGF β) receptor 
expression than normal people (157). It indicates that allogenic stem cell therapy is better 
than autologous in LC. We suppose that allogenic stem cell therapy would be reasonable in 
case of the hereditary or genetic disease. The number of stem cells in specific treatment has 
not decided yet, too. Moriya et al. (158) used 1x105 embryonal stem cells in animal study 
model (mice). Liu et al.(159) used 5x105 endothelial precusor cells in 150 g animal study 
model(rat). Yan et al. (160) infuse 3x106 hunman UCBSCs in mice. Although these reports 
are animal study, when we calculate the cell number in weight to weight (animal to human) 
base, the cell number for human treatment should be over 1x108 cells. But Mohamadnejad et 
al. (161) infused 31.73 x 106 autologous bone marrow mesenchymal stem cells for four liver 
cirrhotic patients via peripheral vein. So, the cell number for treatment of disease should be 
standardized according to the disease, although there should be many trials for 
standardization.  
In introduction part of this chapter, we mentioned on the characteristics of stem cells, 
homing or migration (someone uses ‘targeting’). Homing in stem cell biology means stem 
cell moving toward injury site along the some chemotactic signal (162). So, many animal 
experiments localized the targeted stem cells, which were infused via tail vein (260-164) or 
intraperitoneal infusion(165) and sometimes via specific route such as portal vein(166). And 
in case of cellular cardioplasty for myocardiac infarction model, several different infusion 
has been used, direct intracoronary (167), intravenous with homing(168) and mobilization 
with homing from bone marrow or peripheral blood(169). In cellular cardiomyoplasty, 
according to the cell delivery system, the results are different. Least effective method is 
mobilization from peripheral blood or bone marrow(170-171) and most effective method is 
intracoronary infusion (172-173). And in case of intravenous infusion, according to the blood 
flow, all blood in body has to pass the lung and some proportion of infused stem cells are 
trapped at the lung (174-175). Some are trapped at other organs(176).  
There are many growth factors which support or enhancing stem cell activities. The 
supplement of growth factors into stem cell culture media or coupled treatment of stem cell 
with growth factors was reported in vitro and in vivo, already. Supplement of growth 
factors in culture system has been done from long ago in culturing technique and sometimes 
essential job for culture, but the coupled clinical treatment of stem cell with growth factors 
(177-178) are in different conditions (177-178). Although we use the various growth factors 
for in vitro culture system, there are a few growth factors which are permitted to use for 
human from the health concerning governmental bureau. So, it is not easy to search the 
simultaneous application of the growth factor as an auxiliary measure for stem cell therapy 
(178-180). 
Post-treatment care are difficult to mention at present time because there is no report for 
large sized world wide data related on the stem cell treatment on specific disease until now. 
Although the data on the post-treatment care for better maintenance of end result of stem 
cell therapy are needed, it is not proposed yet. As in the material and method, we had the 
clinical treatment for end-stage LC whose survival was expected to be less than 6 months. 
The result showed that the all patients had improved survival although their initial life 
expectancy was based on the doctor's experiences. Other laboratory data had some 
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(134-135) would be an eradicating measure for fibrogenesis. The platelet-derived growth 
factor (PDGF) is the most potent mitogen for HSCs, thereby inhibitors against PDGF have 
been tried (136-138). For the patients whose fibrosis is progressing, the matrix formation 
blockers (139) or anti-proliferation measures to matrix fibrogenesis (140) would be another 
measure for the reduction of LC. HSCs contribute to portal hypertension through multiple 
mechanisms including collagen deposition, vasoconstriction, and regulation of sinusoidal 
structure. So, the reduction of contractile response to HSC (141) would be a measure 
reducing critical complications induced by portal hypertension. Increasing the degradation 
of established matrix (125,142,142) would be an ideal strategy for reversal of LC.  
Recently developed stem cell therapy (143-144) may be a promising strategy for LC, because 
we can expect them to trans-differentiate into hepatocytes and to stimulate the 
differentiation of hepatocytes from the dormant stem cells remaining in injured host liver 
and stem cells in bone marrow through cytokine production (145). BMSC, ADSC, and 
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disease (150) 
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immaturity of stem cells compared to other types. Moreover, UCBSCs provide no ethical 
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transplantation of haematopoietic stem cells is increasingly in many institutions (155) due to 
their easy availability and the ready on shelf system. All clinical papers are of autologous or 
allogenic stem cell therapy. Among the adult stem cells, UCBSCs are youngest stem cells 
and they had only few chances to contact with environmental antigens. UCBSCs have 
higher proliferative potential than BMSC and higher expression of the endothelial-specific 
markers following endothelial differentiation (156). 
When we decided to attempt to treat with UCBSCs for some diseases, we carefully consider 
suitable cell (origin) for target organs, cell numbers, route for administration, 
supplementation of growth factors and post-treatment cares. In spite of increasing 
requirement of stem cell treatment, the protocol for stem cell treatment has not established 
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enough number of stem cells, culture or mixing of different donors. Although many trials 
with stem cell were done, most of them are autologous rather than allogenic. Basically, 
many diseases caused by different pathogenesis, it needs different treatment. In case of LC, 
bone marrow stem cells from liver cirrhotic caused by chronic hepatitis B infection showed 
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expression than normal people (157). It indicates that allogenic stem cell therapy is better 
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model(rat). Yan et al. (160) infuse 3x106 hunman UCBSCs in mice. Although these reports 
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base, the cell number for human treatment should be over 1x108 cells. But Mohamadnejad et 
al. (161) infused 31.73 x 106 autologous bone marrow mesenchymal stem cells for four liver 
cirrhotic patients via peripheral vein. So, the cell number for treatment of disease should be 
standardized according to the disease, although there should be many trials for 
standardization.  
In introduction part of this chapter, we mentioned on the characteristics of stem cells, 
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cell moving toward injury site along the some chemotactic signal (162). So, many animal 
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intraperitoneal infusion(165) and sometimes via specific route such as portal vein(166). And 
in case of cellular cardioplasty for myocardiac infarction model, several different infusion 
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Post-treatment care are difficult to mention at present time because there is no report for 
large sized world wide data related on the stem cell treatment on specific disease until now. 
Although the data on the post-treatment care for better maintenance of end result of stem 
cell therapy are needed, it is not proposed yet. As in the material and method, we had the 
clinical treatment for end-stage LC whose survival was expected to be less than 6 months. 
The result showed that the all patients had improved survival although their initial life 
expectancy was based on the doctor's experiences. Other laboratory data had some 
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differences among patient to patient, but most of the patients who had the hepatic 
encephalopathy and more than half of the ascitic patient had the improved symptoms.  
In author's stem cell treatment for LC, we used umbilical cord blood stem cells (UCBSCs), 
only. UCBSCs produce and secrete various humoral factors (cytokine or growth 
factors)(261-262). They are stem cell factor (SCF), macrophage colony stimulating factor (M-
CSF), granulocyte macrophage colony stimulating factor (GM-CSF), vascular endothelial 
growth factor (VEGF), interleukin 1β (IL-1β), IL-6, IL-8, IL-11, IL-12, IL-15, stromal cell-
derived factor 1α (SDF-1α), hepatocyte growth factor (HGF), epitehlial cell-derived protein 
78 (ENA-78), Growth-related oncogene (GRO), oncostain M (OSM), monocyte 
chemoattractant protein-1 (MCP-1), fibroblast growth factor 4 (FGF-4), FGF-7, FGF-9, 
granulocyte chemotactic protein 2 (GCP-2), Insulin like growth factor (IGF), Insulin-like 
growth factor binding protein 1 (IGFBP-1), IGFBP-2, IGFBP-3, IGFBP-4, Interferon-gamma-
inducible protein 10 (IP-10), Leukemia inhibitory factor (LIF), migration inhibitory factor 
(MIF), macrophage inflammatory protein 3α (MIP-3alpha), osteoprotegerin, (OPG), 
pulmonary and activation-regulated chemokine (PARC), Placenta growth factor (PIGF), 
transforming growth factor β1(TGF-β1), TGF-β2, TGF-β3, tissue inhibitors of matrix 
metalloproteinases 1 (TIMP-1) and TIMP-2.  
Among these cytokines, some of them are favorable for antifibrosis and some are prone to 
enhance the fibrosis in liver. The results of balance between favorable and unfavorable 
effects among the various cytokines secreted from the UCBSC would predict treatment or 
aggravation of LC. Among above cytokines that UCBSCs secrete, HGF, IGF-1, IGFBP and 
interferon would be closely related with fibrolysis of liver but TGF-β1 and TIMP will 
promote hepatic fibrosis. Although the results of UCBSC treatment on LC patient showed 
much improvement on symptoms and liver function related laboratory data, we do not 
know the interaction between those cytokines, which has some antagonistic effects.  
We injected stem cells into liver parenchyme directly under the ultrasound guide. Total cell 
numbers were around 1.5 x 107 hUCBSCs in each patient. Until now, there are many trials 
with animal model of LC but no author has presented the proper cell number for stem cell 
treatment on LC. Around 1 x 106 cells were infused intravascularly in rat or mouse liver 
cirrhosis model and they showed improvement in hepatic functions. Although the most of 
patients in our treatment group showed favorable effects on LC after stem cell therapy, the 
role of cell number in LC treatment was not definite. We infused the stem cells directly into 
the target organ, liver, the cell number that authors used were much less than animal 
experiments. In spite of our small numbered stem cells, there was some improvement in 
data for hepatic function.  
As mentioned before, we infused the stem cells directly into the liver parenchyma. The 
infusion route would be closely related with results of the stem cell treatment. In systemic 
intravenous administration would be the easiest method in stem cell treatment but the 
trapping of stem cell by lung or some reticuloendothelial system, during circulation before 
homing, would lessen the treatment effects. Although there are several data related with 
homing after intravenous infusion of stem cells, it is unclear that how many portions of 
infused cells are homed. To increase the homed stem cells in target organ, some therapies 
try to infuse the stem cells via selective artery, although it is invasive. More invasive therapy 
would be the orthotopic infusion/transplantation of stem cells under direct of indirect 
visualization. Surgically exposed target lesion would be treated with high accuracy and 
possibly permit reduced numbered stem cell implantation with same effects. Modern 
developed imaging modalities enabled us target the lesions with very high accuracy with 
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less damage. The choice of the route for best effective targeting the lesion would be depend 
on the imaging modality and technique of operator. 
Average life expectancy of the LC patients chose randomly by authors is expected to no 
more than 6 months. After stem cell therapy, no body had gone within 6 month and two of 
51 patients survived more than 5 years. There would be many causes contributing to the 
improvement of patients' survival. Among them, the role of stem cell for improvement of 
survival and laboratory data should get attention. Although Kögler and Liu reported the 
various cytokines, which they detected from UCBSCs, there would be many unknown 
cytokines (humoral factors), which is secreted by the UCBSCs. We do not know the 
mechanisms that improved survival and laboratory data in liver function, but the HGF, INF 
and IGF and IGFBP would be closely related with fibrolysis and collagenolysis.  
Originally HGF has mitogenic, motogenic, morphogenic and anti-cell death activities (181), 
and identified and cloned as a mitogen protein for hepatocyte (182-183). HGF stimulates 
expression and activity of proteases involved in breakdown of ECM proteins, including 
urokinase-type plasminogen activator and matrix metalloproteinases. In LC, HGF suppress 
the proliferation while promoting apoptosis of α-SMA-positive cells in the liver, that 
histological resolution from liver cirrhosis.(181) Growth inhibition and promotion of 
apoptosis in portal myofibroblasts by HGF would be an ancillary resolution for liver 
fibrosis/cirrhosis.(184) Mesenchymal stem cells (MSCs) can prevent the development of 
liver fibrosis, and hepatocyte growth factor (HGF) can also attenuate liver cirrhosis. (185) 
HGF/MSCs significantly inhibit the formation of liver fibrosis in rats, while MSCs and HGF 
had synergistic effects in the process. The antifibrosis effect of HGF/MSCs may have 
contributed in modulating the activation and apoptosis of HSCs, elevating the rHGF 
expression level, and decreasing the TGF-beta 1 secretion of activated HSCs.(185). In CCl4-
induced liver cirrhosis rat model, hBMSCs treatment results were induced by two 
mechanisms that work together: the differentiation of transplanted hBMSCs into liver cells 
that are able to restore normal liver functions, and expression by production of MMP by 
hBMSCs which is involved in the repair of liver brosis. (186). 
In interferon, there are many subtypes but only a few of them are reported to be produced 
from the UCBSCs. Among them, interferon alpha (IFN-α) suppress the progression of 
hepatic fibrosis (187), and lowers fibrosis scores, tissue hydroxyproline levels, liver TIMP-1 
and elevate MMP-13 levels. IFN-α has role to increases HSC apoptosis, too(188). TIMP is the 
representative fibrosis favoring molecule and MMP is the representative molecule for 
fibrolysis. IFNγ have the hepatic protective effect by inhibition of adenosine A2A receptor 
function in hepatic stellate cells (191). Among those cytokines, M-CSF promotes the 
interferone production. 
Insulin-like growth factor-1 (IGF-1) and major portion of the circulating IGF-1 synthesized 
in the liver are hepatic origin in normal state, but in LC the plasma levels are diminished 
(190-191). When the deficient IGF-1 in LC was replaced by daily administration of 
recombinant IGF-1, it induces a significant improvement of liver function (192). In liver, the 
expression of IGF-1 receptor is poor (193-194) and it seems that IGF-I acts on 
nonparenchymal cells. IGF-1 improves the liver structures and function through the 
activation of tissue-repair mechanism at non-parenchyma. It seems that there is an 
amplification loop which are favoring the efficacy of the therapy because the IGF-1 
upregulate the IGF-1R in hepatic septa (195). In liver cirrhosis, the supplementation of IGF-1 
induces the antifibrogenic and hepatoprotective effects. (196) Aside from the antifibrogenic 
effects, patients treated with stem cell showed improved serum albumin and enzyme levels 
indicating liver functions and these results are supposed due to IGF effects.  
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promote hepatic fibrosis. Although the results of UCBSC treatment on LC patient showed 
much improvement on symptoms and liver function related laboratory data, we do not 
know the interaction between those cytokines, which has some antagonistic effects.  
We injected stem cells into liver parenchyme directly under the ultrasound guide. Total cell 
numbers were around 1.5 x 107 hUCBSCs in each patient. Until now, there are many trials 
with animal model of LC but no author has presented the proper cell number for stem cell 
treatment on LC. Around 1 x 106 cells were infused intravascularly in rat or mouse liver 
cirrhosis model and they showed improvement in hepatic functions. Although the most of 
patients in our treatment group showed favorable effects on LC after stem cell therapy, the 
role of cell number in LC treatment was not definite. We infused the stem cells directly into 
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experiments. In spite of our small numbered stem cells, there was some improvement in 
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intravenous administration would be the easiest method in stem cell treatment but the 
trapping of stem cell by lung or some reticuloendothelial system, during circulation before 
homing, would lessen the treatment effects. Although there are several data related with 
homing after intravenous infusion of stem cells, it is unclear that how many portions of 
infused cells are homed. To increase the homed stem cells in target organ, some therapies 
try to infuse the stem cells via selective artery, although it is invasive. More invasive therapy 
would be the orthotopic infusion/transplantation of stem cells under direct of indirect 
visualization. Surgically exposed target lesion would be treated with high accuracy and 
possibly permit reduced numbered stem cell implantation with same effects. Modern 
developed imaging modalities enabled us target the lesions with very high accuracy with 
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hBMSCs which is involved in the repair of liver brosis. (186). 
In interferon, there are many subtypes but only a few of them are reported to be produced 
from the UCBSCs. Among them, interferon alpha (IFN-α) suppress the progression of 
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function in hepatic stellate cells (191). Among those cytokines, M-CSF promotes the 
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in the liver are hepatic origin in normal state, but in LC the plasma levels are diminished 
(190-191). When the deficient IGF-1 in LC was replaced by daily administration of 
recombinant IGF-1, it induces a significant improvement of liver function (192). In liver, the 
expression of IGF-1 receptor is poor (193-194) and it seems that IGF-I acts on 
nonparenchymal cells. IGF-1 improves the liver structures and function through the 
activation of tissue-repair mechanism at non-parenchyma. It seems that there is an 
amplification loop which are favoring the efficacy of the therapy because the IGF-1 
upregulate the IGF-1R in hepatic septa (195). In liver cirrhosis, the supplementation of IGF-1 
induces the antifibrogenic and hepatoprotective effects. (196) Aside from the antifibrogenic 
effects, patients treated with stem cell showed improved serum albumin and enzyme levels 
indicating liver functions and these results are supposed due to IGF effects.  
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This discussion reviewed the mechanism that stem cell have favoring results related with 
LC. But it would not be the total mechanisms that explain the favoring effect of stem cells on 
LC. Among the above mentioned cytokines produced by UCBSCs, there are reports for 
characterization of cytokins, such as SDF-1(197) IL-8 (198) M-CSF (199), RANTES (200), MIP-
1α (201), IP-10 (202) and EGF (203), but the most of them are not directly related with 
improvement of LC.  
Until now, there are several clinical papers, around 10, on the results of autologous stem cell 
treatments, either autologous bone marrow derived stem cells or mobilized stem cells and fetal 
stem cell for the end stage liver cirrhotic patients. All of them are backing further clinical 
application of stem cell on liver cirrhosis. Most of the reports were related with the treatment 
with small number of patients, less than 10 patients, except for India (204). And the routes of 
stem cell infusion, aside from the mobilized hepatopoietic stem cells, are portal vein or hepatic 
artery with a few intravenous infusions. With these data, it is practically difficult to compare 
the superiority of the route of stem cell infusion due to small patient number in each case. 
Although there are common findings are improvement of hepatic conditions.  
In the clinical data that we introduced in this chapter, all patients were supposed to be gone 
within 6 months before they were involved in stem cell therapy, meaning terminal state LC 
patients. Two third in 51 had the ascitis and more than one third had the hepatic 
encephalopathy. After single stem cell therapy using UCBSC, most of the hepatic 
encephalopathy patients and more than two third of ascitic patients were improved in 
symptom or responded to medical therapy who were refractory to previous therapy. But other 
data for liver function, albumin, aminotransferases, bilirubin or prothrombin time has 
irregular responses. About half of patients of ascites who had the improved symptoms 
showed improved albumin values but difficult to pull out any reproducible protocol, requiring 
further study. Because we choose the patients randomly in loose exclusion criteria, it would be 
difficult to get the objectively reproducible data from our experience for base of any protocol 
in stem cell therapy. But we can get some idea of trends of stem cell therapy for LC, although 
we had a single treatment. The stem cell therapy improves the ascitis and hepatic 
encephalopathy definitely in some group of patient, although we do not characterized this 
group, yet. In case of hepatic encephalopathy, the most of patients showed objectively 
improved symptom but we do not presume the mechanism, too. At the point of patient 
survival, all patients survived more than 6 months, although it would be difficult to believe the 
patients’ initial life expectancy as the objective data. The patients' survival would not be 
related with liver function only but would be the summation of the various indexes of life 
signs. The most common side reaction that related with the stem cell treatment was pain, 
experiencing during stem cell infusion procedures. As mentioned before, much of the stem cell 
biology including producing cytokines has been proven already but it would be a tip of 
iceberg. We treated the patients who were regarded as the hopeless condition in point of 
survival improvement based on the reasonable solid animal study results of stem cell therapy, 
but they lack objective clinical efficacy aside from trend of stem cell therapy. So, to get the 
further acquisition of objective clinical effects and base on proper protocol, large multicenter 
trial on stem cell therapy for liver cirrhosis would be needed. 

5. Conclusion 
The conclusion of our review and experience is that there are lots of beneficial effects of stem 
cells on end stage liver cirrhosis and stem cell therapy serves for prolongation of the life and 
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improvement of quality of life. The analysis of author’s experience lacks objectivity. And if 
there is the more systemic multicenter large numbered study, we can make the proper 
guideline for stem cell therapy on liver cirrhosis. 
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1. Introduction 
Adult stem cells are a population of immature cells that have the capability of self renewal 
to provide the human body with a constant source of cells for maintaining healthy tissues or 
replacing those that are damaged.  Our present day scientific developments alongside 
clinical experiences have collectively consolidated our understanding of the signals that 
mediate stem cell lineage commitment and differentiation. From this, the concept of using 
adult stem cells to repopulate chronically diseased organs is now a feasible option for 
regenerative medicine.  
Whilst the use of human embryonic stem cells in the clinical setting has been 
overwhelmingly marred by its oncogenic potential as well as ethical concerns, the rate of 
progress in understanding the complex developmental plasticity of adult stem cells, in 
particular those derived from the bone marrow, has successfully allowed their use for 
translational research with unattached ethical issues. The pioneering use of bone marrow 
stem cells in the 1960s as a viable treatment option for leukaemia, myeloma and lymphoma 
has come a long way since then. Today we are able to use these stem cells to give rise to 
bone and cartilage (1) and to repair both cardiac and liver function (2, 3). Since a detailed 
review for each of these exciting developments is too broad for this chapter, we will mainly 
focus on the use of bone marrow derived stem cell for the treatment of chronic liver disease. 

2. Chronic liver disease 
Liver cirrhosis is the end stage of chronic liver disease and is associated with many serious 
systemic complications resulting from both liver failure and portal hypertension. This 
condition has a poor prognosis and is difficult to treat. In the UK alone as many as one in 
ten people have some form of liver disease where many die prematurely as a result (4). 
Liver disease is currently the fifth most common cause of mortality in the UK for both men 
and women and whilst the mortality rates for coronary heart disease, cancer, respiratory 
and cerebro-vascular diseases are falling, the death rates from all types of liver disease in 
England and Wales over the last 25 years showed over 150% increase in men and 100% in 
women (5). This significant upward trend clearly indicates a need to plan ahead for the 
health service. Worldwide, the common causes of liver fibrosis and cirrhosis include 
hepatitis B, hepatitis C and alcohol consumption. Other causes include immune mediated 
damage, genetic abnormalities, and non-alcoholic steatohepatitis which are mostly 
associated with diabetes and metabolic syndrome (6-8). 
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damage, genetic abnormalities, and non-alcoholic steatohepatitis which are mostly 
associated with diabetes and metabolic syndrome (6-8). 
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3. Cirrhosis 
Liver cirrhosis or fibrosis is a common progressive pathological lesion of chronic liver 
disease that occurs in response to various liver-damaging factors. Cirrhosis is defined as the 
histological development of regenerative nodules surrounded by fibrous bands which leads 
to portal hypertension; the development of hepatocellular carcinoma and end-stage liver 
disease. Over the past two decades the main cellular and molecular mechanisms of cirrhotic 
initiation and progression have been clearly defined. Various causative factors including 
hepatitis virus infection; ischemia; parasite infection; abnormal copper or iron load, all result 
in chronic inflammation which initially leads towards an excessive synthesis of the 
extracellular matrix (ECM). Activated hepatic stellate cells; injured or regenerated 
hepatocytes; Kupffer cells; sinusoidal cells and natural killer (NK) cells all produce 
cytokines and immunoreactive factors which exert various biological effects in an autocrine 
and paracrine manner to initiate fibrotic growth (9-12). 
The detailed understanding of the natural history and pathophysiology of cirrhosis has 
resulted in better management of its complications to improve the quality of life of patients. 
Whilst pharmacological treatments can halt progression to decompensated cirrhosis, 
orthotopic liver transplantation (OLT) still remains the only highly successful and curative 
option for end stage cirrhosis. Survival data from the United Network of Organ Sharing 
(UNOS) study in 2004 indicated a survival rate of only 61% at 8 year post transplantation  
(13). OLT cannot be sustained as the only option for advanced liver failure. The limited 
availability of organs for a constantly growing list of patients requiring transplant in 
addition to issues of compatibility and comorbid factors means that not everyone is eligible 
for transplantation. There is therefore is an unmet need to find a suitable alternative.  

4. Hepatocyte transplantation 
Hepatocyte transplantation has been identified as a promising alternative to OLT for certain 
liver-based metabolic disorders and acute liver failure. With the advantage of preserving the 
native liver, hepatocyte transplantation is less invasive and can be performed repeatedly to 
allow a higher chance for improved recovery in patients with acute liver failure (14-16). The 
mechanisms by which intraportally injected donor hepatocytes engraft into the host liver 
parenchyma involves cell migration within the liver sinusoids (17). These cells become 
trapped causing portal hypertension and ischemic–reperfusion (18, 19). This consequently 
initiates clearance by the innate immune system where the associated release of cytokines 
induces vascular permeability thus allowing surviving hepatocytes to translocate through 
the sinusoidal fenestrations and integrate into the liver parenchyma (20). Although the 
initial engraftment success of hepatocytes after transplantation is low, repeated hepatocyte 
transplantation in animal models have shown a sufficient increase in the number of 
engrafted cells to allow recovery from some metabolic defects (21). Isolation of hepatocytes 
is carried out from donor liver that are unused or not suitable for whole organ 
transplantation. Cells harvested from a single donor have the advantage of being used for 
multiple recipients in addition to being cryopreserved for use in emergency treatment of 
acute liver failure or  for repeat treatment of liver-based metabolic disorders (22-24).  To date 
hepatocyte transplantation has only been used to address single gene defects and some 
metabolic disorders where the risks associated with OLT are not justified or are aimed at 
avoiding or postponing liver transplantation. The most successful clinical outcomes of OLT 
have been in patients with metabolic disorders including those with urea cycle defects (23, 
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24); Crigler-Najjar syndrome type 1 (CN1) (25, 26); glycogen storage disease type 1 (27) and 
Factor VII deficiency (28). Although it was initially thought that transplantation of 
hepatocytes would be less immunogenic than whole organ transplantation, data from 
animal models demonstrated that the innate immune system clears a significant amount of 
hepatocyte irrespective of whether syngeneic or allogeneic cells are used (18).  As a result 
most transplant facilities use the same immunosupressive treatment as for liver 
transplantation (29). Since the clinical outcome following hepatocyte transplantation is still 
highly variable due to a multitude of factors including fibrotic damage to the liver which 
limits the proper engraftment of cells; the availability of the cells required to provided 
sufficient liver function over repeated infusion per patient, and often the very marginal 
quality of the cells isolated from donor liver, a new and readily available cell source must be 
identified. This strong demand has fuelled the interest in haematopoietic stem cells for 
treating acute liver failure. 

5. The developmental plasticity of adult stem cells 
It had previously been assumed that adult stem cells were lineage restricted, however the 
culmination of research over the past decade has now fully confirmed the remarkable 
developmental plasticity of human adult stem cells. The ability of adult bone marrow 
derived myogenic progenitors to participate in the regeneration of damaged skeletal muscle 
(30); ischemic myocardium (31-33); neurogenesis (34, 35) and  the conversion of adult neural 
stem cells back into hematopoietic cells (36), redefined the biology of development. It was 
now accepted that the original three germs layers were not necessarily vital for 
transdifferentiation to occur (37). This implied that adult stem cells could exhibit similar 
pluripotency as embryonic stem cells. 

6. Generation of hepatocytes by haematopoietic stem cells 
The demonstration that adult bone marrow stem cells could differentiate towards a hepatic 
lineage was made almost a decade ago. Two independent research groups showed that the 
adult rat bone marrow contains a subpopulation of cells (about 3%) co-expressing the 
haematopoietic stem cell markers (CD34+, c-Kit, Thy-1); α-fetoprotein (AFP) and c-met. When 
they cultured this crude extract of bone marrow with hepatocyte growth factor (HGF) and 
epidermal growth factor (EGF), they were able to detect the expression of albumin, a marker of 
fully differentiated hepatocyte (38, 39). Over the years further refinement of the in vitro culture 
conditions led to the differentiation of haematopoietic cells that expressed more mature liver 
specific transcription factors including human Hepatocyte nuclear factor-1α (HNF-1α); 
cytokeratin (CK8); CK19 and AFP (40, 41). Studies on human adult bone marrow similarly 
confirmed their capability of differentiating into liver like cells (42, 43) where numerous 
cytokines and growth factors were shown to be important for driving this differentiation 
under in vitro conditions (44-46). More interestingly was the discovery that exposing rat 
haematopoietic stem cells to injured liver tissues induced the expression of functional 
hepatocyte factors (CK18, albumin and transferrin) (47). This suggested that the liver micro-
environment alone was sufficient in providing the appropriate cues for inducing stem cell 
conversion towards the hepatic lineage.  Several human post-mortem studies confirmed this 
observation where the presence of bone marrow derived cells were found in the liver.  Theise 
et al., (2000) investigated archival autopsy and biopsy liver specimens from recipients of sex-
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environment alone was sufficient in providing the appropriate cues for inducing stem cell 
conversion towards the hepatic lineage.  Several human post-mortem studies confirmed this 
observation where the presence of bone marrow derived cells were found in the liver.  Theise 
et al., (2000) investigated archival autopsy and biopsy liver specimens from recipients of sex-
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mismatched therapeutic bone marrow transplantation and OLT (48). By immunohistochemical 
staining for CK8, CK18 and CK19, they identified hepatocytes and cholangiocytes of bone 
marrow origin as well as the detection of the Y-chromosome by fluorescent in situ 
hybridization (FISH). Using double staining analysis, they found a large number of engrafted 
hepatocytes (4%-43%) and cholangiocytes (4%-38%) - that were bone-marrow derived- 
replenishing the hepatic parenchyma. Despite a general variability of this observation amongst 
parallel studies (49, 50), the ultimate conclusion was that bone marrow derived 
haematopoietic stem cells were able to successfully engraft into the liver and gradually adopt 
a phenotype very similar to the hepatic lineage. 

7. Human studies 
Today, the most widely studied adult stem cells are derived from the hematopoietic lineage. 
Hematopoietic stem cells (HSCs) form part of the bone marrow compartment which 
constitutes a heterogenous population of mesenchymal stem cells; committed progenitor 
cells and non-circulating stromal cells. The identification of HSCs from the bone marrow 
compartment is largely based on the expression of cell surface markers. Detecting the cluster 
of differentiation, CD34 is generally used in human studies as a surrogate marker for  
progenitor stem cells although there also exists a subpopulation of more primitive HSCs 
which do not express CD34 (51, 52). Despite the numerous studies that have shown bone 
marrow stem cells can give rise to hepatocytes, their use as a therapeutic agent is still in its 
infancy. Many studies are still at a pilot stage requiring randomisation and controls, 
however those reported show interesting results that require conformation. The first clinical 
study was performed by a German group, am Esch et al., (2005), where three patients were 
infused with autologous CD133+ cells subsequent to portal vein embolisation of right liver 
segments (3). A computerised tomography (CT) scan for volume analysis of the left lateral 
segments showed a 2.5 fold increase in growth rate of the three patients when compared to 
the control group without bone marrow stem cell administration. Despite the small number 
of patients and the lack of adequately sized randomised control group, this data showcased 
the promising potential of bone marrow derived stem cells in enhancing liver regeneration. 
A year later, a parallel study was reported by Gordon et al., (2006) which included a phase I 
clinical trial on five patients with liver insufficiency (53). These patients were given 
granulocyte colony-stimulating factor (G-CSF) to mobilise their stem cells for collection by 
leukapheresis followed by purification of CD34+ expressing cells which were then injected 
into either the portal vein or hepatic artery. Three of the five patients showed improvement 
in serum bilirubin whereas four out of the five patients displayed significant increase in 
serum albumin.  Clinically, the procedure was well tolerated with no observed procedure-
related complications and the data concluded that there was a marked contribution of the 
stem cells towards regeneration of the damaged liver (53). In another independent study, 
Terai et al., (2006) enrolled nine patients with liver cirrhosis where they were injected with 
autologously derived bone marrow stem cells enriched for the expression of CD34+, CD45+ 
and c-kit+. These patients were followed for 24 weeks where they showed a significant 
improvement in serum albumin levels in addition to significantly improved Child-Pugh 
scores (54). A year later, Rajkumar et al., (2007) reported another small scale trial where 22 
patients with chronic liver disease (Child-Pugh scores B-C) were enrolled (55). 200ml to 
300ml of bone marrow aspirate were subjected to density gradient fractionation for isolation 
of CD34+ cells. These were then administered intravenously through the median cubital 
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vein. Liver function tests; ultrasound and CT scans were performed before, 4 weeks and 8 
weeks following cell infusion. 32% of the patients showed a drop in bilirubin levels; 67% of 
the patients showed an increase in serum albumin levels and 73% showed reduction in 
ascites. No patients from this study showed severe adverse effects following transfusion and 
the overall quality of life index was significantly improved in the majority (82%) (55). In 
2007, Mohamadnejad et al., (56, 57) performed two clinical studies in patients with 
decompensated liver cirrhosis. In the first study they treated four patients each with 31.73 x 
106 of  cultured autologous mesenchymal stem cells, infused through a peripheral vein. The 
Phase I study demonstrated no side effects and the quality of life of all four patients 
improved by the end of follow-up. Furthermore, the model for end-stage liver disease scores 
of two patients (patient 1 & patient 4) showed marked amelioration in their Child Pugh 
scores by the end of follow-up. In the second study, they treated four patients with 
autologous CD34+ cells isolated from the bone marrow, which was slowly infused through 
the hepatic artery of the patients. In two patients they observed mild albumin improvement, 
however, the health of two patients further deteriorated where one died of liver failure a 
few days after the transplantation. This trial was prematurely stopped due to the severity of 
the side effects where it was concluded that infusion of CD34+ stem cells through the hepatic 
artery was not safe in decompensated cirrhosis, but suggested that it may be beneficial to 
use alternative routes to transplant CD34+ cells. Having corroborated the use of bone 
marrow stem cells as a regenerative therapy and demonstrated their safety in patients with 
liver insufficiency, Pai et al.,(2008) conducted a prospective clinical efficacy study of 
expanded adult CD34+ stem cells infused into the hepatic artery in nine patients with 
alcoholic liver cirrhosis (ALC) to determine whether clinical benefit was conferred (58). The 
primary end point was to assess the safety of infusing autologous stem cells into the hepatic 
artery of these patients; the secondary end point was to assess the improvement in liver 
function through serological and biochemical analysis; and to determine whether there were 
any symptomatic improvements.  Following CD34+ stem cell infusion, CT scans showed 
normal enhancement in the liver parenchyma, with no evidence of focal liver lesions; 
additionally, duplex Doppler ultrasound scans showed normal flow in the portal veins and 
hepatic artery. To corroborate the safety and efficacy of improving liver function in patients 
with liver cirrhosis, Levicar et al., (2008) then reported the results from a long-term follow-
up (12-18 months) of patients with chronic liver disease injected with CD34+ enriched stem 
cells (59). During this time the patients were monitored for side effects, toxicity and changes 
in clinical, haematological and biochemical parameters. All the patients tolerated the 
treatment protocol without any complications or side effects related to the procedure. Four 
patients showed an initial improvement in serum bilirubin level, which was maintained for 
up to 6 months; whilst only a marginal increase in serum bilirubin was observed in three of 
the patients at 12 months. Only one patient showed an increase in serum bilirubin over 
slightly longer period of 18 months post-infusion. CT scans and serum AFP monitoring did 
not show any lesions or tumor formation in the patients. This successful study provided the 
basis for subsequent trials where more recently Li Nan et al., (2010) reported the clinical 
outcome of autologous CD34+ infusion in patients with hepatitis induced liver failure (60). 
Twenty seven patients with Child- Pugh C cirrhosis were enrolled of which 22 were positive 
for Hepatitis B and 5 were positive for Hepatitis C. 50ml to 120ml of bone marrow aspirate 
were subjected to a Percoll gradient for the isolation of myeloid stem cells. 20 of the patients 
received cell infusion via the hepatic portal vein whilst 7 patients were infused via the 
hepatic artery using the Seldinger percutaneous technique. The patients were closely 
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monitored for 3 months following transplantation where it was initially noticed that liver 
function tests decreased for 3 days. The authors attributed this with the contrast media used 
to perform arteriography. Since all the patients had Child- Pugh C cirrhosis, the contrast 
media may have aggravated liver injury. Despite this, the patients did subsequently show 
an improvement in liver function by 1 week of transplantation. The most significant 
recovery was seen at 3 months post procedure where total bilirubin and albumin levels were 
highest. Overall, an improved clinical outcome was observed in the majority of the patients 
where jaundice was resolved and ascites improved 3 months after therapy. From this cohort 
of patients, two died, one due to peritoneal cavity infection and liver failure, and the second 
from a massive hemorrhage of the upper alimentary tract. The latest clinical study on patients 
with end stage liver disease has been reported by Nikeghbalian et al., (2011) (61). Six patients 
were intraportally injected with autologous bone marrow-derived CD133+ cells. This arm of 
patients were compared with patients subjected short term infusion (6months) and long term 
infusion (12 months) of mononuclear cells. Liver function test was positive at 24 months of 
follow up in all the patients enrolled in this trial. Since there were no differences between the  
groups receiving MNC or CD133+ cell, this recent study has highlighted the versatility of   
bone marrow-derived progenitor mononuclear stem cells irrespective of the subpopulation of 
their cluster of differentiation markers. Furthermore this study also confirms their safe use to 
circumvent the need for liver transplantation in end stage liver disease. 
The culmination of clinical trials thus far mentioned have shown a trend towards decreased 
serum fibrosis markers and improvements in bilirubin, albumin and Child-Pugh scores 
following stem cell infusion. The past decade has marked an important progress for 
regenerative liver therapy; however the accumulated data is still in its infancy.  It is still not 
clear whether the route of infusion is important or whether mobilization of myeloid 
progenitor stem cells with G-CSF without leukapheresis is sufficient.  Until more is learnt 
about the mechanisms by which HSCs contribute to hepatocyte regeneration, and the 
mechanism of clinical benefit in the recipient patients; controversy will inevitably shadow 
this form of treatment. Some authors have proposed that the observed conversion of infused 
stem cell to hepatocytes is simply a byproduct of cell fusion with no true induction of 
transdifferentiation (59, 60). Others have suggested that instead of adopting a new lineage, 
the stem cells indirectly serve a regenerative capability by stimulating activation of tissue 
specific stem cells and by inducing the release of vascular endothelial growth factor (VEGF) 
thereby increasing the blood supply to the cells and aiding in repair of the damaged tissue 
(61, 62). There are reports that also suggest HSCs may act in a regenerative capacity simply 
by inducing the expression of the B-Cell leukemia/lymphoma-2 gene (Bcl-2) and 
interleuking-6 (IL-6) in a paracrine manner thus suppressing apoptosis and inflammation of 
the surrounding tissue (62-64). In addition to these uncertainties, the homing mechanism of 
infused adult stem cells to the liver also remains unclear. There are suggestions that 
chemokines similar to stroma derived factor 1 may be involved, however, this remains to be 
validated (65). Although the application of stem cell therapy will not be prevented despite 
an incomplete understanding of the mechanisms involved, a clearer picture will ultimately 
enable better tailoring of stem cell therapy to the disease in question.  

8. Current limitations  
For cell replacement therapy is still too early to demonstrate its long-term effectiveness or its 
improvement in survival rate and in the quality of life. This will undoubtedly have to be 
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evaluated by more randomised control studies in the future. A standardised protocol will 
need to be established for the most efficient route of delivering infused HSCs; for the 
efficient long term culture of HSCs; for the optimal cell density and repeated transplantation 
required to re-establish liver function. 

9. Future prospects  
Autologous bone marrow infusion for patients with chronic liver disease has been shown to 
improve liver function parameters in contrast to observations accompanied by abstinence 
from alcohol. The degree of effectiveness of this therapy will likely to vary among different 
patients. Although the mechanisms underlining adult stem cell plasticity is still far from 
being fully characterised, the general enthusiasm regarding its potential clinical implication 
is heightened by the numerous clinical trials currently underway. In hepatology, the data 
presented here provides hope that human adult stem cells could eventually be used in tissue 
replacement protocols for the treatment of inherited and acquired end-stage liver diseases. 
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1. Introduction 
Diabetes mellitus has recently manifested a global trend in increased prevalence and is now 
a major public health problem around the world including in developing countries, such as 
China and India. It currently affects approximately 200 million people, and this number is 
likely to increase to 400 million by 2030 (Lock and Tzanakakis, 2007). Approximately 10% of 
these cases will have type 1 diabetes mellitus (T1D), caused by absolute deficiency of 
insulin-producing β cells. Therefore, a cellular therapy is the best prospect for a cure of T1D, 
provided autoimmunity to β cells can be controlled and there is a sufficient supply of 
insulin-secreting β cells for transplantation. However, the poor availability of donor islets 
has severely restricted the broad clinical use of islet transplantation. The lack of sufficient 
donor islets is why much attention has recently been paid to stem cells as a renewable 
source of β cells.  
The term ‘stem cell’ was initially used in embryology in the late 19th century in the context of 
the origin of the blood system and gametes (Ramalho-Santos and Willenbring, 2007). Stem 
cells are undifferentiated cells that are capable of both self-renewal and giving rise to 
specialized functional cells. Depending on the developmental stages of their origin, stem 
cells can be divided into embryonic stem cells (derived from the inner cell mass of pre-
implanted embryos) (Evans and Kaufman, 1981; Martin, 1981); epiblast stem cells (derived 
from post-implanted epiblast-stage embryos) (Brons et al, 2007; Tesar et al, 2007); germline-
derived stem cells (derived from embryonic gonadial ridges or postnatal testes) (Shamblott 
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2008; Park et al, 2008) or adult stem cells (derived from postnatal tissues). Adult stem cells 
are a rare population in specific tissues but show powerful potential for regeneration. They 
can be further divided based on their tissue origin into a number of categories such as 
haematopoietic stem cells, neuronal stem cells, skin stem cells as well as mesenchymal stem 
cells. Unlike other tissue-specific stem cells, pancreatic stem cells (PSC) were proposed only 
relatively recently (Ramiya et al, 2000). However, despite intense research, the presence and 
origin of PSC are hotly debated. In order to understand the role and potential of PSC, better 
knowledge of pancreas development and function is required. In this review, we will 
particularly discuss several types of β-cell regeneration in physiological and 
pathophysiological conditions, and explore the mechanisms of regeneration of β cells. We 
hope that this will give readers a taste of this controversial but important area of research. 
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2. Pancreas development and physiology 
2.1 Embryology 
The pancreas is an organ derived from endoderm. The endoderm is one of the three 
primitive germ layers formed during the early embryonic stage known as gastrulation. 
Taking the mouse as an example, the pancreas originates from the thickened endodermal 
epithelium along the dorsal and ventral surfaces of the posterior foregut. These thickenings 
can be identified histologically at embryonic day (E) 9.0-9.5 (Pictet et al, 1972). Subsequently, 
these epithelia evaginate into the surrounding mesoderm-derived mesenchymal tissue and 
form dorsal and ventral pancreatic buds. These buds continue to expand, branch and fuse as 
a result of gut rotation that brings the buds together. The fused developing pancreas 
continues to proliferate, differentiate and, ultimately, develop into the mature pancreas. The 
adult pancreas consists of digestive enzyme-secreting exocrine tissue, digestive enzyme-
transporting ductal tissue and hormone-producing tissue located in the islets of Langerhans. 
In humans, the dorsal bud can be detected as early as 26 days postcoitum (dpc, an 
equivalent stage to E9.5 mouse embryos), but insulin-positive cells are not visible until 52 
dpc, approximately 2 weeks later than the equivalent stage seen in mice. The appearance of 
human insulin-positive cells precedes that of glucagon-positive cells at 8-10 weeks of 
development (Piper et al, 2004). All islet cells are detectable at the end of the first trimester 
in humans (Piper et al, 2004), but at later stages in mice (Herrera et al, 1991). These data 
indicate a human-mouse temporal difference in lineage development (Richardson et al, 
1997), and this is supported by differences in gene expression patterns during 
developmental and disease processes in these two species (Fougerousse et al, 2000). More 
reviews of human pancreas development can be found elsewhere (De Krijger et al, 1992; 
Lukinius et al, 1992; Polak et al, 2000). 

2.2 Pancreatic progenitors 
In the thickened DE epithelium along the dorsal and ventral surfaces of the posterior foregut 
at E9.0-9.5, there are a group of cells express a parahox homeobox transcription factor (TF) 
gene termed Pdx1 (pancreas and duodenum TF 1). This is essential for pancreas expansion 
but not for pancreas initiation in early development and β-cell function in adults (Ohneda et 
al, 2000; Gu et al, 2002). The specification and differentiation of the various lineages in the 
pancreas along with transcriptional regulation has been extensively studied and reviewed 
(Wilson et al, 2003; Jensen, 2004; Servitja and Ferrer, 2004; Habener et al, 2005; Murtaugh, 
2007; Best et al, 2008) and is briefly summarised in Figure 1.  
Genetic lineage tracing experiment demonstrated that Pdx1-expressing (Pdx1+) cells are 
multipotent pancreatic progenitors because they give rise to exocrine, endocrine and duct 
tissues in the pancreas (Gu et al, 2002). These cells are located at the tip of the branching 
pancreatic tree marked by Pdx1+Ptf1a+(pancreas transcription factor 1a) 
Cpa1+(carboxypeptidase 1) (Zhou et al, 2007). To provide cues whether these cells are 
proliferative, transcriptome profiling analysis was performed showing that when DE cells 
commit to Pdx1+ pancreatic progenitors there are at least 28 out of 69 (40.6%) cell-cycle and 
cell-proliferation genes up-regulated (Figure 2) (Jiang et al, 2010). 
Surprisingly, direct evidence of proliferation and self-renewal of these Pdx1+Ptf1a+Cpa1+ 
cells has not been produced. However, indirect evidence shows that these Pdx1+ cells may 
take up bromodeoxyuridine (BrdU), a thymidine analogue that may be incorporated into 
DNA during S-phase of the cell cycle, indicative of proliferation (Seymour et al, 2007). 
Unfortunately, due to the lack of a specific marker, this ability of purified Pdx1+ cells has not 
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been examined in vitro either. Development of technologies that allow the demonstration of 
Pdx1+ cells to self-renew in vitro and to specify all pancreatic lineages will be not only 
important for pancreas developmental biology, but also crucial for a future ESC-derived 
cellular therapy for T1D. To serve this purpose, there are two ways to obtain purified Pdx1+ 
cells: from embryos in vivo or from directed ESC culture in vitro. 
 

 
Fig. 1. Lineage development in the pancreas showing role of defined transcription factors. 
Progenitors within a defined domain of foregut endoderm express Tcf2 (T cell factor 2, also 
known as hepatocyte nuclear factor 1b, Hnf1b) and Hnf6 (also known as Onecut 1). Suppression 
of sonic hedgehog (Shh) signalling leads to the development of pancreatic progenitor cells, 
which are marked by expression of a number of transcription factors, especially Pdx1 
(pancreas and duodenum transcription factor 1, also known as Ipf1), pancreas transcription 
factor 1a (Ptf1a), Nkx2.2 (Nk family homeobox factor 2.2), Nkx61 and Hb9 [also known as 
motor neuron and pancreas homeobox 1 (Mnx1)]. The Sry-related HMG box transcription 
factor 9 (Sox9) and suppression of the Notch signalling activates an neurogenin-3 (Ngn3) 
which allows these pancreatic progenitors to commit to precursors of the endocrine islet 
lineages; these endocrine progenitors also express NeuroD (neural differentiation 1), IA1 
(insulinoma associated 1), Isl1 (Islet 1) and Pax6 (paired box factor 6). The endocrine progenitors 
then may differentiate into five types of islet cells [α, β, δ (somatostatin), PP (pancreatic 
polypeptide) and ε (ghrelin)]. For example, a group of MafB- (musculoaponeurotic 
fibrosarcoma oncogene family protein B), Pdx1-, Pax4- and Nkx2.2-expressing cells will give 
rise to mature insulin-secreting β cells, whereas cells that express Brn4 (the brain-specific 
POU-box factor) and Pax6 are destined to become glucagon-secreting α cells.  
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Fig. 2. Dynamic patterns of genes in Pdx1+ cells that regulate cell cycle and cell proliferation. 
Microarray datasets were generated from dissected definitive endodermal (DE) cells and 
purified Pdx1+ pancreas progenitors (Gu et al, 2004), followed by GenMapp analysis. Each 
box identifies a gene. The colour of each box in red or blue represents up- or down-
regulation of the gene compared to its expression in DE. The number on the right-hand side 
is up or down (-) regulation of gene expression in the Log2 scale. [more detail see (Jiang et al, 
2010)]. 

In humans, numerous PDX1+ cells can be easily detected in the pancreas between 8 and 21 
weeks of age (Lyttle et al, 2008; Jeon et al, 2009). The number of PDX1+ cells colocalized with 
insulin or somatostain is progressively increasing during this period of development (Lyttle 
et al, 2008). Unfortunately again, these studies did not provide data to show whether the 
PDX1+ cells are generated by self-renewal themselves or commitment from their 
progenitors. 

2.3 Islet progenitors 
At around E9.5 in mice, a small group of cells in the thickened DE epithelium begin to 
express the basic helix-loop-helix TF neurogenin 3 (Ngn3) (Gradwohl et al, 2000; Gu et al, 
2002; Xu et al, 2008). Accumulating evidence indicates that Ngn3-expressing (Ngn3+) cells in 
the pancreas are islet progenitors that give rise to all islet lineage cells because: (1) in Ngn3 
knockout mice, islet cells do not develop (Gradwohl et al, 2000); (2) gene lineage tracing 
shows that Ngn3+ cells give rise to all pancreatic endocrine cells (Gu et al, 2002); (3) in adult 
pancreas, Ngn3+ cells can be activated by partial duct ligation and (4) after injection into a 
foetal pancreas in vitro, purified Ngn3+ cells differentiate into all islet cell types (Xu et al, 
2008). Whereas mouse Ngn3 mRNA expression peaks around E15.5 (equivalent to weeks 7-8 
in humans), human NGN3 expression was low prior to 9 weeks, but from 9 weeks onward, 
its expression increased sharply and remained high untill 17 weeks (Jeon et al, 2009). 
Although a few studies showed that Ngn3+ cells were proliferative (Jensen et al, 2000; 
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Oliver-Krasinski et al, 2009), the recent genetic clonal analyses of mosaic analysis with 
double marker (MADM) demonstrated that Ngn3+ cells are quiescent and these cells give 
rise to a single islet cell type (Desgraz and Herrera, 2009). Consistent with this, a recent 
seminal study shows that the expression of Ngn3 inhibits proliferation by inducing cyclin-
dependent kinase inhibitor 1a (Cdkn1a) (Miyatsuka et al, 2011). Our recent study demonstrate 
that in addition to induction of Cdkn1a, numerous genes involved in cell-cycle and cell-
proliferation are down-regulated (95/127 or 74.8%) (Figure 3) (Jiang et al, 2010). Even 
though there is no literature reporting whether Ngn3+ cells proliferate in vitro, it is not likely 
that Ngn3+ cells are the so-called PSC. 
 
 

 
Fig. 3. Dynamic patterns of genes in Ngn3+ cells that regulate cell cycle and cell 
proliferation. Microarray datasets were generated from purified Pdx1+ pancreas progenitors 
and Ngn3+ islet progenitors (Gu et al, 2004), followed by GenMapp analysis. Each box 
identifies a gene. The colour of each box in red or blue represents up- or down-regulation of 
the gene compared to Pdx1+ cells. The number on the right-hand side is up or down (-) 
regulation of gene expression in the Log2 scale. [more detail see (Jiang et al, 2010)]. 

2.4 Physiology 
The islets are composed mainly of α, β, δ, ε and PP cells (Figure 1) that secrete glucagon, 
insulin, somatostatin, ghrelin and pancreatic polypeptide respectively (Jorgensen et al, 
2007). These hormones are generally responsible for the regulation of glucose homeostasis. 
For this function, there is a set of fine tuned paracrine interactions among these endocrine 
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cells which is summarized in Figure 4. In adult humans, there are 2,000–3,000 β cells/islet of 
Langerhans, with approximately 1 million islets scattered throughout the pancreas (Stefan et 
al, 1982). The β cells sense the fluctuation of blood glucose levels and secrete insulin in a 
manner dependent on the glucose concentration. Insulin regulates circulating blood glucose 
concentrations through its actions on peripheral tissues, such as to inhibit hepatic glucose 
release and stimulate glucose uptake and storage by skeletal muscle and adipocyte tissue. 
 

 
Fig. 4. Paracrine interactions between islet cells. 
Insulin secreted by β cells acts as a prime hormone of glucose homeostasis and inhibits 
glucagon secretion by α cells. Whereas glucagon activates insulin and somatostatin 
secretion, somatostatin secreted by δ cells and ghrelin by ε cells inhibit insulin secretion. 

3. Regeneration of β cells occurs physiologically and pathophysiologically 
β cells are indeed observed to be regenerated at least during pregnancy, partial 
pancreatectomy and obesity. These observations lead to the birth of the PSC concept 
(Bonner-Weir and Sharma, 2002). The existence of PSC is also inferred from the continued 
function of islets after transplantation (Ryan et al, 2002; Ryan et al, 2005). Since there is no 
convincing evidence of contribution of haematopoietic stem cells to islet cells (Wagers et al, 
2002) nor that β cells are long-lived (Bonner-Weir, 2000), the continued function of 
transplanted islets suggests that PSC reside inside the islets and/or the functional β cells are 
capable of self-renewal. 

3.1 Regeneration of β cells during pregnancy 
To cope with physiological demand, pancreatic β cells do regenerate during pregnancy in 
humans and experimental animals. For example, the uptake of BrdU increases 3-fold at E10 
and 10-fold at E14 in islets of pregnant rats (Parsons et al, 1992), providing indirect evidence 
that proliferation of islet cells contributes significantly to the increase of islet volume 
(Hellman, 1960; Van Assche, 1974). However, there only is a 2-fold increase in islet volume 
and a 3-fold increase in BrdU labelling at E15.5 maternal mouse islets (Karnik et al, 2007). 
This discrepancy may reflect a species difference in regeneration capacity or a difference in 
sensitivity of detection methods. During human pregnancy, both an increase in volume of 
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maternal islets and hyperplasia of ‘β’ cells have also been observed (Van Assche et al, 1978), 
but direct evidence of proliferation in these islets is still lacking. In rodents and humans, the 
proliferation of β cells during pregnancy may be stimulated by prolactin and placental 
lactogens (Nielsen et al, 1999). 
Recently, genetic studies provided molecular insights into how β-cell proliferation occurs 
during pregnancy. The pregnancy hormone prolactin suppresses the transcriptional co-
activator menin, encoded by the gene multiple endocrine neoplasia type 1 (MEN1), resulting in 
β-cell proliferation. This is demonstrated by experiments in which a short infusion of 
prolactin is sufficient to reduce menin expression and stimulate proliferation of mouse islet 
cells (Karnik et al, 2007). In addition, the pregnancy hormones prolactin and placental 
lactogen also induce expression of tryptophan hydroxylase 1 (Tph1), encoding the enzyme 
Tph1 essential for serotonin production, which induces BrdU incorporation into isolated 
islet cells (Kim et al, 2010). However, it is still unknown whether proliferation comes from 
functional β cells and/or from PSC within islets. Future research should be directed to 
recapitulate this effect in vitro with purified subpopulations of islet cells, from which novel 
stimuli and molecular pathways may be identified. Defining these pathways may establish a 
platform on which novel strategies can be developed for a cure of T1D. 

3.2 Regeneration of β cells during obesity 
β cells regenerate in response to pathological processes such as obesity. For example, up 
to 10-fold increase in β-cell mass has been observed in obese rodents, responding to their 
insulin resistance (Butler et al, 2003a). Double staining of pancreas sections from obese 
mice and humans can detect insulin-producing cells that express Ki-67, a marker strictly 
associated with cell proliferation (Butler et al, 2003a; Butler et al, 2003b), indicating that 
regeneration may occur in the islets. Again, the regeneration capacity seems to be 
significantly greater in mice than in humans, although the underlying mechanism is 
unclear yet. Studies of one obese mutant mouse line, termed Ay, showed that reduction of 
menin contributes to adaptive β-cell proliferation (Karnik et al, 2007). Taken together, 
these data suggest that a similar mechanism for β-cell regeneration may operate in 
physiological pregnancy and pathophysiological obesity in mice. It would be very 
interesting to determine whether this mechanism is also at work during human 
pregnancy or obesity. 

3.3 Regeneration of β cells after partial pancreatectomy 
Like many other organs in the body, islets do regenerate in response to injury, in this case, 
pancreatectomy. In rats 4 weeks after 90% pancreatectomy, for example, there is a 
regeneration to 27% and 45% of sham-operated pancreas and islet mass, respectively 
(Bonner-Weir and Sharma, 2002).  However, there are species differences in regeneration 
capacity. Even a 50% pancreatectomy in adult dogs would cause impaired fasting glucose in 
the short term (Matveyenko et al, 2006) and diabetes mellitus in the longer term (Stagner 
and Samols, 1991). Likewise, a 50% pancreatectomy in adult humans also leads to 
subsequent obesity and diabetes mellitus (Robertson et al, 2002). These studies again 
indicate that there is a difference between species in their capacity to mount islet 
regeneration: this is much more powerful in rodents than in larger mammals. Additional 
studies are needed to confirm this capacity difference and understand its underlying 
mechanism. Furthermore, it is less clear to what extent islet regeneration contributes to 
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cells which is summarized in Figure 4. In adult humans, there are 2,000–3,000 β cells/islet of 
Langerhans, with approximately 1 million islets scattered throughout the pancreas (Stefan et 
al, 1982). The β cells sense the fluctuation of blood glucose levels and secrete insulin in a 
manner dependent on the glucose concentration. Insulin regulates circulating blood glucose 
concentrations through its actions on peripheral tissues, such as to inhibit hepatic glucose 
release and stimulate glucose uptake and storage by skeletal muscle and adipocyte tissue. 
 

 
Fig. 4. Paracrine interactions between islet cells. 
Insulin secreted by β cells acts as a prime hormone of glucose homeostasis and inhibits 
glucagon secretion by α cells. Whereas glucagon activates insulin and somatostatin 
secretion, somatostatin secreted by δ cells and ghrelin by ε cells inhibit insulin secretion. 
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2002) nor that β cells are long-lived (Bonner-Weir, 2000), the continued function of 
transplanted islets suggests that PSC reside inside the islets and/or the functional β cells are 
capable of self-renewal. 
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maternal islets and hyperplasia of ‘β’ cells have also been observed (Van Assche et al, 1978), 
but direct evidence of proliferation in these islets is still lacking. In rodents and humans, the 
proliferation of β cells during pregnancy may be stimulated by prolactin and placental 
lactogens (Nielsen et al, 1999). 
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during pregnancy. The pregnancy hormone prolactin suppresses the transcriptional co-
activator menin, encoded by the gene multiple endocrine neoplasia type 1 (MEN1), resulting in 
β-cell proliferation. This is demonstrated by experiments in which a short infusion of 
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subsequent obesity and diabetes mellitus (Robertson et al, 2002). These studies again 
indicate that there is a difference between species in their capacity to mount islet 
regeneration: this is much more powerful in rodents than in larger mammals. Additional 
studies are needed to confirm this capacity difference and understand its underlying 
mechanism. Furthermore, it is less clear to what extent islet regeneration contributes to 
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maintain β-cell mass in adult humans from existing islet cells and how much is from cells of 
any other origins. This knowledge is critical for a viable strategy to promote β-cell 
regeneration both in vivo and in vitro. Additionally, it is unknown whether the PSC also 
contribute to this type of regeneration. In the following sections, we will examine several 
possible mechanisms that may lead to β-cell generation and regeneration. 

4. Evidence that β cells are generated from PSC 
In addition to the observations of long-term survival of transplanted islets mentioned above, 
substantial in vitro evidence has indicated that “pluripotent PSC” may be present in all three 
major pancreas compartments, i.e. the ductal epithelium (Cornelius et al, 1997; Ramiya et al, 
2000; Suzuki et al, 2002), islets, and acinar tissue (Zulewski et al, 2001; Seaberg et al, 2004). 
This evidence comes from studies of both rodent and human pancreas. For example, a 
potential PSC candidate has been purified by flow cytometry in the developing and adult 
mouse pancreas. These cells are identified by expression of the receptor for hepatocyte 
growth factor, c-Met, and absence of blood cell surface markers such as CD45, TER119, c-Kit, 
and Flk-1. These cells can differentiate into multiple pancreatic lineage cells from individual 
cells in vitro and give rise to pancreatic endocrine and acinar cells in vivo following 
transplantation (Suzuki et al, 2004). However, the in vivo localization and the molecular 
characteristics of these c-met expressing cells are largely unknown and clonogenesis at the 
single cell level has not been established. 

4.1 PSC may house in ductal epithelium 
Over the last several years, we investigated the differentiation and proliferation of foetal 
mouse pancreatic cells, believed to be a rich source for potential PSC. We first demonstrated 
in vitro that bone morphogenetic proteins-2, -4, -5 and -6, members of the transforming 
growth factor β superfamily, can promote the proliferation of pancreatic precursors and the 
development of pancreatic cystic epithelial colonies containing β cells (Jiang et al, 2002; Jiang 
and Harrison, 2005a), a process partially recapitulating an in vivo developmental stage. In 
addition, we also found that various isoforms of epidermal growth factors can stimulate 
colony formation (Jiang and Harrison, 2005b). These data indicate that extracellular 
signalling molecules, including various families of growth factors, modulate fate changes of 
pancreas precursor/stem cells. However, currently these colony-forming cells may at most 
be considered precursors because their self-renewal has not been demonstrated in vitro 
(F.X.J. unpublished observations). 
Recently, in vitro and in vivo experiments have indicated that PSC are localized to the ductal 
epithelium. Bonner-Weir and colleagues were the first to report that adult human pancreatic 
ductal epithelial cells can form islet-like clusters and differentiate into insulin-secreting β 
cells (Bonner-Weir et al, 2000). Ramiya and colleagues reported that transplantation of in 
vitro generated islet-like structures from mouse PSC in the ductal epithelium can reverse 
diabetes mellitus (Ramiya et al, 2000). Another set of experiments used cultures of 
“pancreatic ductal cell aggregates” that were left over from pancreas digests after 
purification of human islets for transplantation. From these cultures, fibroblast-like cells 
grew out; these have been termed “pancreatic mesenchymal stem cells (pMSC)”. These cells 
can undergo at least 12 passages and express a range of bone marrow-derived MSC markers 
including CD13, CD29, CD44, CD54, CD105, α6 integrin subunit (also known as CD49f) and 
Thy1 (also known as CD90). These pMSC can give rise to cells of at least two germ layer 
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origins including endoderm-derived cells, but not convincingly pancreatic lineage cells 
(Seeberger et al, 2006). In vivo, the large, small, and centrolobular ducts of the rat pancreas 
contain foci of cells that express the neural stem cell–specific marker, nestin, but do not 
express the ductal marker cytokeratin 19 (CK19) (Zulweski et al. 2001), suggestive of “islet 
progenitor” cells. 
However, all the above studies have used mixed cell populations and have failed to 
demonstrate clonogenesis. Using culture conditions suitable for generating neurospheres ex 
vivo, mouse pancreatic ductal cells gave rise to neurosphere-like structures that can 
subsequently be differentiated into several types of islet cells including β cells (Seaberg et al, 
2004). The molecular phenotype of progenitor cells for these islet cells remains unknown. 
On the other hand, after pancreatic duct ligation, numerous CK19+ ductal cells are 
regenerated and then Ngn3+ cells are observed, transplantation of the latter has further 
resulted in their differentiation into functional β cells (Xu et al, 2008), suggesting that the 
regeneration process may resemble that of embryonic pancreas development.  
These studies did not explore the immediate origin of Ngn3+ cells in adult pancreas and 
whether the cells that give rise to these Ngn3+ cells possess PSC features. Recently, the use 
of the in vivo genetic tracing Cre-loxP system has generated further knowledge in this 
regard. In these experiments, Cre expression was directed by the promoter of carbonic 
anhydrase II, a marker of mature ductal cells, resulting in the excision of the stop cassette 
(Rosa-loxP-stop-loxP-lacZ) in the transgenic Rosa26 (R26R) mice. Therefore β-
galactosidase activity is expressed in the cells that express Cre (ductal cells). At 4 weeks, 
β-galactosidase is detected in many ducts, patched acinar cells and 35-40% of islet cells 
(Bonner-Weir et al, 2008). These data provide direct evidence that adult ductal epithelial 
cells can give rise to islet cells, at least in mice. It is still unknown whether the carbonic 
anhydrase II-expressing cell population is homogenous or heterogenous, and whether this 
is a differentiation process from PSC or a transdifferentiation process from mature ductal 
cells. Anyway, these results should be repeated by independent laboratories and even in 
other experimental animals. 

4.2 PSC may reside in the islets 
Accumulated in vitro evidence suggests that a subpopulation of islet cells has PSC potential. 
A well-planned in vitro study found that a subset of unspecified cells in mouse islets and 
ducts named as pancreas-derived multipotent precursor cells give rise to neurosphere-like 
structures and subsequently could differentiate into islet β-like cells. This was a minor 
property, as most of these cells developed into neural lineage cells (Seaberg et al, 2004). The 
phenotype of these potential PSC cells was not defined. 
In rat and human islets, a distinct population of nestin+ cells that do not express the 
hormones insulin, glucagon, somatostatin or pancreatic polypeptide has been identified. 
When cultured in vitro, these cells proliferate extensively (∼8 months), give rise to cells that 
express liver and exocrine pancreas markers, such as α-fetoprotein and pancreatic amylase, 
and display a ductal/endocrine phenotype with expression of CK19, neural-specific cell 
adhesion molecule, insulin, glucagon, and PDX1. These nestin+ putative progenitor cells may 
therefore participate in the neogenesis of islet endocrine cells (Zulewski et al, 2001), 
mediated at least partially by glucagon-like peptide-1, an incretin hormone derived from 
processing proglucagon (Abraham et al, 2002). However, recent studies in vivo indicate that 
Nestin+ cells are mostly restricted in non-endodermal-derived cells (Lardon et al, 2002; 
Selander and Edlund, 2002). In addition, from donated adult human islets, outgrown 
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maintain β-cell mass in adult humans from existing islet cells and how much is from cells of 
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and Harrison, 2005a), a process partially recapitulating an in vivo developmental stage. In 
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progenitor” cells. 
However, all the above studies have used mixed cell populations and have failed to 
demonstrate clonogenesis. Using culture conditions suitable for generating neurospheres ex 
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regenerated and then Ngn3+ cells are observed, transplantation of the latter has further 
resulted in their differentiation into functional β cells (Xu et al, 2008), suggesting that the 
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whether the cells that give rise to these Ngn3+ cells possess PSC features. Recently, the use 
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regard. In these experiments, Cre expression was directed by the promoter of carbonic 
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(Rosa-loxP-stop-loxP-lacZ) in the transgenic Rosa26 (R26R) mice. Therefore β-
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fibroblast-like cells do not express hormones, but proliferate readily and give rise in vitro to 
hormone-expressing cell aggregates. However, these aggregates cannot be induced to 
become typical functional islet cells (Gershengorn et al, 2004). Furthermore, a rigorous 
genetic-based lineage tracing in mice under the control of Pdx1 or rat insulin promoter (RIP) 
demonstrated that neither PDX1- nor RIP-expressing cells contribute significantly to these 
fibroblast-like cells in vitro (Chase et al, 2007).  In contrast, human islet RIP-expressing cells 
could be dedifferentiated to fibroblast-like cells in which insulin expression was not 
detectable and proliferate in vitro up to 16 population doublings (Russ et al, 2008). Whether 
this discrepancy is due to species differences remains to be clarified. Because of its critical 
importance, such tracing experiments should be reproduced by independent research 
groups. Further investigations are required to resolve the inconsistent results from the 
current studies. 

4.3 PSC may locate in the exocrine tissue 
In the clinic, a large population of nonendocrine pancreatic acinar cells would be discarded 
after purification of islets from donated pancreas for transplantation. The possibility of 
making use of these cells has attracted significant interest in recent years. After co-
transplantation with foetal pancreatic cells under the kidney capsule of immunodeficient 
mice, these nonendocrine pancreatic epithelial cells have been shown to be capable of 
endocrine differentiation though without evidence of β-cell replication or cell fusion. These 
experiments suggest the existence of PSC or progenitor cells within the acinar compartment 
of the adult human pancreas (Hao et al, 2006). More recently, analysis using the Cre/loxP-
based tracing system demonstrated that amylase/elastase-expressing acinar cells can give 
rise to insulin-positive cells in a suspension culture (Minami et al, 2005). However, because 
clonal assay of these amylase/elastase-expressing cells and their intermediate steps have not 
been investigated, this study may simply reveal that mouse and rat pancreatic acinar cells 
are able to transdifferentiate into surrogate insulin-expressing cells (Baeyens et al, 2005; 
Minami et al, 2008). This possibility was further supported by a recent study which shows 
that mouse acinar cells can be directly re-programmed in vivo to β-like cells with just three 
transcription factor genes, namely, Pdx1, Ngn3 and MafA (Zhou et al, 2008). On the other 
hand, similar lineage tracing experiments in vivo demonstrate that after 70-80% 
pancreatectomy, pre-existing mouse pancreatic acinar cells do not contribute to regeneration 
of islet β cells (Desai et al, 2007). The contradiction of in vitro and in vivo findings requires 
further reconciliation. 

5. Evidence that islet β cells are capable of self-replication 
There are several pieces of strong evidence demonstrating that islet β cells act as 
functional “stem” cells to reproduce themselves. Using RIP-driven reporter genes to 
genetically trace the fate of functional insulin-secreting cells, Dor and colleagues (Dor et 
al, 2004) first revealed that adult mouse pancreatic β cells are duplicated by RIP-
expressing cells within the islets, either physiologically or after partial pancreatectomy. 
This study assumed that all RIP-expressing cells in adult islets are functional β cells and 
did not exclude the presence of PSC. Similarly, by using a transgenic model, in which the 
expression of diphtheria toxin was directed by RIP to β cells, diphtheria expression results 
in apoptosis of 70%-80% of β cells, destruction of islet architecture and, finally, diabetes 
mellitus. Withdrawal of diphtheria expression led to a significant regeneration of β-cell 
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mass and a spontaneous normalization of blood glucose levels and islet architecture. 
Simultaneously, RIP-based lineage tracing analysis indicated that the proliferation of 20-
30% surviving ‘β’ cells played a major role in this regeneration and in recovery of 
euglycemia (Nir et al, 2007). 
Using the more sophisticated MADM system in mice known as RIP-CreER; Rosa26GR/ 
Rosa26RG, each RIP-expressing clone has been demonstrated to consist of 5.1±5.4 or 8.2±6.9 
cells after one or two months of chase (Brennand et al, 2007). These RIP-expressing clones 
have been interpreted as further evidence of regeneration of functional β cells. An additional 
loss-of-function study following knockout of the Hnf4α (hepatocyte nuclear factor 4α) gene 
suggested that the β-cell regeneration may involve the Ras/Erk signalling cascade (Gupta et 
al, 2007) and ultimately be regulated by cycling modulators including cyclin D2 (Georgia 
and Bhushan, 2004). Taken together, further identification and characterization of the so-
called self-replicative or dedifferentiative RIP-expressing cells both in vivo and in vitro will 
be urgently needed because they may hold the key for a regenerative therapy for type 1 
diabetes mellitus. 
Again using thymidine-based lineage tracing, β cells were demonstrated to be produced 
within an islet by rare self-renewing cells with a slow replication-refractory period (Teta et 
al, 2007), although the identity of these unique cells and the length of their replication-
refractory period remain to be determined. The frequency of these self-renewal cells can be 
significantly increased after partial pancreatectomy or during pregnancy. Further studies 
should determine the molecular signature and biological potential of these replicating self-
renewal cells. Because of ethical issues, similar studies cannot be performed in human islet 
tissues, but such investigation should at least be repeated in larger mammals. 
Nevertheless, the β-cell population in the adult islets is in fact functionally heterogeneous 
(Heimberg et al, 1993; Pipeleers et al, 1994; Szabat et al, 2009). By using a dual fluorescence 
reporter mouse line, a few Ngn3+ cells in the developing pancreas have been observed to 
coexpress insulin (Hara et al, 2006). In humans a few NGN3+ cells in the foetal pancreas are 
also observed to coexpress insulin from 10 to 21 weeks of age (Lyttle et al, 2008). Consistent 
with these studies, the insulin gene expression has been detected from Pdx1+ progenitors 
through Ngn3+ cells during development to mature islet cells (Jiang et al, 2010) (Figure 5).  
An early study indicated that the RIP-expressing cells in the developing pancreas gave rise 
to other islet cell types in addition to β cells (Alpert et al, 1988). The CD105+CD37+CD90+ 
mesenchymal stromal cells present in adult human islets have been shown to express a low 
level of insulin mRNA (Davani et al, 2007). After considering all these studies, therefore, 
lineage tracing studies under the control of other mature β-cell specific transcription factor 
gene promoters such as Pdx1 or MafA should be performed. Just like the β-cell line Min6 
cells (Miyazaki et al, 1990), the glucose-responsive β cells in the islets may indeed duplicate 
themselves if the Pdx1- or MafA-expressing cells can be shown to be proliferative similar to 
the RIP-expressing cells. 

6. The identity of PSC is inconclusive 
Whereas investigation of β-cell duplication as a mechanism of islet regeneration has 
attracted great attention in recent years, much progress has been made to identify PSC. 
However, their identity is still not known. This is due, in addition to the knowledge gap 
that the signals required for late stage differentiation of functional β cells are largely 
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mass and a spontaneous normalization of blood glucose levels and islet architecture. 
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al, 2007), although the identity of these unique cells and the length of their replication-
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also observed to coexpress insulin from 10 to 21 weeks of age (Lyttle et al, 2008). Consistent 
with these studies, the insulin gene expression has been detected from Pdx1+ progenitors 
through Ngn3+ cells during development to mature islet cells (Jiang et al, 2010) (Figure 5).  
An early study indicated that the RIP-expressing cells in the developing pancreas gave rise 
to other islet cell types in addition to β cells (Alpert et al, 1988). The CD105+CD37+CD90+ 
mesenchymal stromal cells present in adult human islets have been shown to express a low 
level of insulin mRNA (Davani et al, 2007). After considering all these studies, therefore, 
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gene promoters such as Pdx1 or MafA should be performed. Just like the β-cell line Min6 
cells (Miyazaki et al, 1990), the glucose-responsive β cells in the islets may indeed duplicate 
themselves if the Pdx1- or MafA-expressing cells can be shown to be proliferative similar to 
the RIP-expressing cells. 

6. The identity of PSC is inconclusive 
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attracted great attention in recent years, much progress has been made to identify PSC. 
However, their identity is still not known. This is due, in addition to the knowledge gap 
that the signals required for late stage differentiation of functional β cells are largely 
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unknown, at least partially to lack of the following factors: specific cell surface markers to 
characterize and purify cells that may have PSC potential; a simple, effective and 
reproducible in vitro assay to examine self-renewal and differentiation potential of a 
purified cell population; in vivo functional assays to determine biological function for both 
experimental animals and humans. Finally, well-agreed general criteria for defining a PSC 
are required. 
 
 

 
 

Fig. 5. Insulin genes being continuously up-regulated from pancreas progenitors to mature 
islet cells.  
Microarray datasets were generated from dissected definitive endodermal (DE) cells, 
purified Pdx1+ pancreas progenitors, Ngn3+ islet progenitors and mature islet cells (ISL) 
(Gu et al, 2004). Bioinformatics algorithms for time-series datasets were used to calculate 
expression levels of insulin genes and other genes involved in post-translational 
modifications of insulin during the stages from Pdx1+ through Ngn3+ islet progenitors to 
ISL. [more detail see (Jiang et al, 2010)]. 

7. Future directions for PSC research 
We believe arguably that the successful establishment of in vitro culture and in vivo 
functional assay systems (Daniel et al, 1989; Dexter, 1989) facilitates the investigation of 

 
Pancreatic Stem Cells: Unresolved Business 

 

525 

haematopoietic stem cells and subsequently leads to the application in clinics as a stem cell 
therapy. Therefore our future work should reach a consensus that PSC at least satisfy the 
following criteria: (1) clonogenesis should be demonstrated at the level of single cells sorted 
by flow cytometry; (2) sorted single cells should self-renew in vitro; (3) clonogenic cells 
should give rise in vitro to more than one specialized cell lineage and (4) these cells should 
differentiate in vivo into several functional cell types after transplantation. In the future, the 
investigation of PSC should be particularly encouraged based on three considerations. First, 
differentiation of embryonic stem cells into insulin-expressing cells was initially exciting and 
promising, but safety consideration aside, the generation of functional β cells proves 
extremely difficult and progress has been far slower than originally expected. PSC and 
dedifferentiation or transdifferentiation of other cell types in the pancreas may therefore 
provide an alternative renewable source of surrogate β cells. Second, β-cell duplication 
theory was mostly established from rodent models. It cannot completely exclude the 
existence of PSC, and it assumed that all insulin-expressing cells in the adult islets are 
uniformly functional β cells, but in fact these cells are heterogeneous. Last, as there is a 
significant difference in regeneration capacity between rodent and human islets, it may be 
wise not to directly extrapolate regeneration data from rodents to humans. Unlike previous 
studies that were only performed on in vivo or in vitro experiments without targeting 
specific cell types, future PSC work may need to employ integrated approaches, for 
example, applying cell surface markers to target particular cell populations; examining in 
vitro their potential for self-renewal and clonogenesis, using genetic approaches to dissect 
molecular mechanisms of their phenotypic changes in vivo and finally to examine their 
lineage contribution and biological function. Performing such integrated research is likely 
beyond the capacity of most individual laboratories, and therefore requires multi-discipline, 
multi-laboratory and even multi-national collaborations including the participation of the 
pharmaceutical sector to generate a therapeutic grade of surrogate β cells for a replacement 
therapy to diabetes mellitus.   

8. Note to add 
On the eve of submission, an important study from Dr Derek van der Kooy’s laboratory 
sheds a shiny ray of new light on this inconclusive topic. By using state-of-art genetic 
lineage tracing techniques, Smukler and colleagues now provide conclusive evidence that 
the PSC cells (originally called as pancreas-derived multipotent precursor cells) in the adult 
pancreas were derived from the embryonic pancreatic lineage, but not from the neural crest, 
as previously supposed. The PSC cells express insulin, along with an array of markers 
typical of islet progenitors; are distinct from mature functional ells; and give rise to non-beta 
cells in vivo. In addition to mouse PSC cells, human PSC cells have also been identified. 
After transplantation to diabetic mice, both mouse and human PSC cells could ameliorate 
their diabetes mellitus (Smukler et al, 2011).  
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1. Introduction 
Diabetes is one of the most prevailing metabolic disorders worldwide.  The number of 
individuals suffering from diabetes is increasing significantly. There are two main types of 
diabetes; Type 1 Diabetes mellitus (T1D) and Type 2 Diabetes mellitus (T2D).  T1D results 
from autoimmune destruction of insulin-producing pancreatic beta-cells.  This results in a 
complete loss of insulin, a hormone that is essential for loading any excess circulating 
glucose into target organs.  Individuals with T1D therefore need daily injections of insulin 
so as to regulate their circulating blood glucose concentrations and survive with the disease.  
Although such lifelong insulin therapy supports glucose metabolism, patients often develop 
complications related to renal function, endothelial damage and retinopathy.  T1D usually 
develops in children or young adults.   T2D on the other hand results from insulin 
resistance, a condition in which insulin is not properly recognized by receptors on cell 
surface.  It is sometimes combined with an absolute insulin deficiency as eventually these 
patients loose their β cells and are then classified as type 2 diabetic individuals requiring 
insulin. It usually occurs in people over 40 years of age, but is also being observed at 
younger age.  A cure for diabetes came in with the demonstration to support insulin action 
and regain the patient’s quality of life by transplantation of cadaveric insulin-producing 
cells (Tzakis et al., 1990).  Such a therapy, which in practice includes whole pancreas 
transplantation or transplantation of the endocrine portion; the islet of Langerhans, has been 
carried out in several patients suffering from Diabetes.  In year 2000, the Edmonton group 
successfully demonstrated transplantation of cadaveric islets using a steroid-free 
immunosuppressive regimen, which was a major advance in the field.  The Edmonton 
Protocol involves isolating islets from a cadaveric donor pancreas using enzymatic 
digestion.  Islets from one to as many as three donors were transplanted in to each recipient.  
Cadaveric islets are infused into the patient's portal vein, and are then kept from being 
destroyed by the recipient's immune system through the use of two immunosuppressants, 
sirolimus and tacrolimus (Shapiro et al., 2000).  Several hundred people have received islet 
transplants since 2000.  By a year after transplantation, about 50 - 68% of patients were 
observed off insulin, but by five years after the procedure, less than 10% of total patients 
were seen to be free of daily insulin injections.  One of the major factors in success of these 
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younger age.  A cure for diabetes came in with the demonstration to support insulin action 
and regain the patient’s quality of life by transplantation of cadaveric insulin-producing 
cells (Tzakis et al., 1990).  Such a therapy, which in practice includes whole pancreas 
transplantation or transplantation of the endocrine portion; the islet of Langerhans, has been 
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successfully demonstrated transplantation of cadaveric islets using a steroid-free 
immunosuppressive regimen, which was a major advance in the field.  The Edmonton 
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digestion.  Islets from one to as many as three donors were transplanted in to each recipient.  
Cadaveric islets are infused into the patient's portal vein, and are then kept from being 
destroyed by the recipient's immune system through the use of two immunosuppressants, 
sirolimus and tacrolimus (Shapiro et al., 2000).  Several hundred people have received islet 
transplants since 2000.  By a year after transplantation, about 50 - 68% of patients were 
observed off insulin, but by five years after the procedure, less than 10% of total patients 
were seen to be free of daily insulin injections.  One of the major factors in success of these 



 
Stem Cells in Clinic and Research 534 

transplants has been the number of transplants / islet cell grafts received by these 
individuals.  For such a therapy to be available for several millions of people suffering from 
T1D it is necessary to identify other human cell sources that can be used for replacement 
therapy in diabetes.  
Several possible cell sources have been considered for obtaining insulin-producing cells. 
Our previous studies demonstrate that lineage committed stem cells such as pancreatic islet-
derived are better cell sources for treatment of diabetes.  We and others showed that 
progenitor cells generated from insulin-producing cells retain the active chromatin 
conformation of pancreatic or islet-specific lineage and hence can be differentiated into 
insulin-producing cells with better efficiency (Gershengorn et al., 2005; Gershengorn et al., 
2004; Joglekar and Hardikar; Joglekar et al., 2009a; Mutskov et al., 2007; Russ et al., 2008; 
Russ et al., 2009).  Apart from beta cells themselves, other pancreatic cell types (endocrine, 
acinar or ductal) are also demonstrated as potential candidate cell types (Baeyens et al., 
2005; Bonner-Weir et al., 2004; Lardon et al., 2004a; Lardon et al., 2004b).  Differentiation 
from human embryonic stem cells is also shown to generate insulin-producing cells 
(Blyszczuk et al., 2004). D’Amour et al illustrated this phenomenon (D'Amour et al., 2005; 
D'Amour et al., 2006) by recapitulating the normal sequence of embryonic developmental 
events that lead to beta-cell differentiation (Van Hoof et al., 2009).  It was demonstrated (Aoi 
et al., 2008; Nakagawa et al., 2008; Okita et al., 2007; Takahashi et al., 2007; Takahashi and 
Yamanaka, 2006) that forced expression of “reprogramming factors” (also known as the 
“Yamanaka factors”) allowed conversion of fibroblasts or somatic cells to an embryonic 
stem cell-like state.  These cells, referred to as induced pluripotent stem (iPS) cells are 
popular since they can be derived from adult somatic cells, including those from diabetic 
patients (Huangfu et al., 2008; Maehr et al., 2009), and could be potentially used for 
autologous transplantation in diabetes, if efficient differentiation is achieved.  Another study 
(Zhou et al., 2008; Zhou and Melton, 2008) also demonstrated that forced expression of 
pancreatic transcription factors (Pdx1, Ngn3 and MafA) induced insulin expression in 
exocrine pancreatic (acinar) cells.  We and others have also demonstrated (Bar et al., 2008; 
Joglekar et al., 2009a; Joglekar et al., 2009b; Russ et al., 2009) the role of several regulators in 
generation of islet-derived progenitors (via EMT) and their conversion to insulin-producing 
cells (via reverse-EMT or MET).  Mesenchymal stem cells obtained from non-endodermal 
tissues such as bone marrow, umbilical cord blood placenta, Wharton’s jelly, adipose tissue 
are also observed to differentiate to beta-like cells in vitro or in vivo (Chandra et al., 2009; 
Kadam et al.; Parekh et al., 2009; Phadnis et al.).  Although non-endodermal cells can be 
differentiated to insulin-producing cells in vitro, they are limited in their ability to efficiently 
transcribe insulin gene.    
Transdifferentiation, is a phenomenon that refers to differentiation of an already 
differentiated tissue to another differentiated cell type, possibly via de-differentiation and 
re-differentiation.  An example is the conversion of liver cells to pancreas (Ferber et al., 
2000).  More recently, we demonstrated evidence that human gallbladder epithelial cells 
contain pancreatic hormone-producing cells (Sahu et al., 2009a).  These observations are in 
line with similar observations made in mice (Coad et al., 2009).  Although the mechanisms 
that contribute to generation of hormone-producing cells in human gallbladder remain to be 
identified, these observations reveal that gallbladder epithelial cells can be a potentially 
important source of islet progenitors for cell replacement therapy in diabetes.  It is 
important to note that gallbladder and pancreas are next door neighbours during embryonic 
development (Figure 1).  In fact, the gallbladder develops from the ventral pancreatic bud.  
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Thus understanding the development of gallbladder-derived hormone-producing immature 
islet cells will help us in generating an alternate source of pancreatic stem cells for 
replacement therapy in diabetes.  In this chapter, we further emphasis on gallbladder and 
liver development and cells derived from these organs as potential candidates in cell 
replacement therapy for diabetes. 

2. Liver and gallbladder as cell sources to generate insulin producing cells 
Low yield and availability of transplantable islets from cadaveric pancreatic samples is a 
major concern in the field of cell replacement therapy for diabetes.  There is a wider search 
for cell sources with the potential to produce insulin at physiologically significant levels.  
Liver and gallbladder are next door neighbors to pancreas during embryonic development 
and share common expression territories for several transcription factors during embryonic 
development (Sahu et al., 2009b).  In this regard, the role of liver and especially gallbladder 
has come into picture recently.  During embryonic development, the development of 
pancreas begins with dorsal and ventral out-pouching of the gut tube.  Interestingly, the 
ventral pancreatic bud also gives rise to the gallbladder.  In this section we will discuss the 
developmental plans of liver and gallbladder in context of pancreas development.  

2.1 Liver function 
The liver is a large glandular organ that is well known due to its’ extensive regenerative 
capabilities as well as ability to trans-differentiate into pancreatic fate.  The liver is made up 
of hepatocytes with their basal surface facing the capillaries invading sinusoidal spaces.  The 
liver secretes bile through its apical surface into the canaliculi that join to form the biliary 
duct.  Biliary duct carries bile to gallbladder via hepatic duct.  The function of gallbladder is 
to concentrate and store bile, which is required for digestion of fats.  The adult rat liver 
consists of  60% hepatocytes while remaining mass consist of cholangiocytes, kuppfer cells, 
stellate cells and endothelial cells even those existing in sinusoidal spaces.  Although 
majority of liver parenchyma consists of hepatocytes, the interaction of hepatocytes with the 
non-parenchymal cells is important for normal liver function (Kmiec, 2001).  However, rats 
do not have a gallbladder while mice do.  Recently considerable amount of advances have 
been made in understanding the mechanisms that direct the development of bile duct. 
Although mechanisms involving gallbladder development have been less explored, studies 
from liver development have provided us with clues to understand the developmental 
biology of biliary duct and gallbladder.  

2.2 Embryonic development of the liver 
Liver development is a complex process involving fate decision, specification, proliferation 
and differentiation.  Development of liver begins with foregut development (involving 
Wnt/β-catenin and FGF4), hepatic induction (by FGFs and BMPs), hepatic morphogenesis 
(involving transition from a simple cuboidal to pseudostratified columnar epithelium) and 
hepatic bud growth and maturation (influenced by signals from developing blood vesels).  
With the help of molecular genetic tools, tissue explant cultures and molecular biological 
techniques, liver development has been well understood in mice (Zaret, 1998; Zaret, 2000; 
Zorn and Wells, 2007).  The liver primordium appears as a diverticulum in the ventral 
region of the anterior intestinal portal at 9.0, 10.5, and 21days of gestation in mouse, rat, and 
human embryos, respectively (Du Bois, 1963; Shiojiri et al., 1991). This part of the ventral 
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transplants has been the number of transplants / islet cell grafts received by these 
individuals.  For such a therapy to be available for several millions of people suffering from 
T1D it is necessary to identify other human cell sources that can be used for replacement 
therapy in diabetes.  
Several possible cell sources have been considered for obtaining insulin-producing cells. 
Our previous studies demonstrate that lineage committed stem cells such as pancreatic islet-
derived are better cell sources for treatment of diabetes.  We and others showed that 
progenitor cells generated from insulin-producing cells retain the active chromatin 
conformation of pancreatic or islet-specific lineage and hence can be differentiated into 
insulin-producing cells with better efficiency (Gershengorn et al., 2005; Gershengorn et al., 
2004; Joglekar and Hardikar; Joglekar et al., 2009a; Mutskov et al., 2007; Russ et al., 2008; 
Russ et al., 2009).  Apart from beta cells themselves, other pancreatic cell types (endocrine, 
acinar or ductal) are also demonstrated as potential candidate cell types (Baeyens et al., 
2005; Bonner-Weir et al., 2004; Lardon et al., 2004a; Lardon et al., 2004b).  Differentiation 
from human embryonic stem cells is also shown to generate insulin-producing cells 
(Blyszczuk et al., 2004). D’Amour et al illustrated this phenomenon (D'Amour et al., 2005; 
D'Amour et al., 2006) by recapitulating the normal sequence of embryonic developmental 
events that lead to beta-cell differentiation (Van Hoof et al., 2009).  It was demonstrated (Aoi 
et al., 2008; Nakagawa et al., 2008; Okita et al., 2007; Takahashi et al., 2007; Takahashi and 
Yamanaka, 2006) that forced expression of “reprogramming factors” (also known as the 
“Yamanaka factors”) allowed conversion of fibroblasts or somatic cells to an embryonic 
stem cell-like state.  These cells, referred to as induced pluripotent stem (iPS) cells are 
popular since they can be derived from adult somatic cells, including those from diabetic 
patients (Huangfu et al., 2008; Maehr et al., 2009), and could be potentially used for 
autologous transplantation in diabetes, if efficient differentiation is achieved.  Another study 
(Zhou et al., 2008; Zhou and Melton, 2008) also demonstrated that forced expression of 
pancreatic transcription factors (Pdx1, Ngn3 and MafA) induced insulin expression in 
exocrine pancreatic (acinar) cells.  We and others have also demonstrated (Bar et al., 2008; 
Joglekar et al., 2009a; Joglekar et al., 2009b; Russ et al., 2009) the role of several regulators in 
generation of islet-derived progenitors (via EMT) and their conversion to insulin-producing 
cells (via reverse-EMT or MET).  Mesenchymal stem cells obtained from non-endodermal 
tissues such as bone marrow, umbilical cord blood placenta, Wharton’s jelly, adipose tissue 
are also observed to differentiate to beta-like cells in vitro or in vivo (Chandra et al., 2009; 
Kadam et al.; Parekh et al., 2009; Phadnis et al.).  Although non-endodermal cells can be 
differentiated to insulin-producing cells in vitro, they are limited in their ability to efficiently 
transcribe insulin gene.    
Transdifferentiation, is a phenomenon that refers to differentiation of an already 
differentiated tissue to another differentiated cell type, possibly via de-differentiation and 
re-differentiation.  An example is the conversion of liver cells to pancreas (Ferber et al., 
2000).  More recently, we demonstrated evidence that human gallbladder epithelial cells 
contain pancreatic hormone-producing cells (Sahu et al., 2009a).  These observations are in 
line with similar observations made in mice (Coad et al., 2009).  Although the mechanisms 
that contribute to generation of hormone-producing cells in human gallbladder remain to be 
identified, these observations reveal that gallbladder epithelial cells can be a potentially 
important source of islet progenitors for cell replacement therapy in diabetes.  It is 
important to note that gallbladder and pancreas are next door neighbours during embryonic 
development (Figure 1).  In fact, the gallbladder develops from the ventral pancreatic bud.  
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major concern in the field of cell replacement therapy for diabetes.  There is a wider search 
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stellate cells and endothelial cells even those existing in sinusoidal spaces.  Although 
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non-parenchymal cells is important for normal liver function (Kmiec, 2001).  However, rats 
do not have a gallbladder while mice do.  Recently considerable amount of advances have 
been made in understanding the mechanisms that direct the development of bile duct. 
Although mechanisms involving gallbladder development have been less explored, studies 
from liver development have provided us with clues to understand the developmental 
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2.2 Embryonic development of the liver 
Liver development is a complex process involving fate decision, specification, proliferation 
and differentiation.  Development of liver begins with foregut development (involving 
Wnt/β-catenin and FGF4), hepatic induction (by FGFs and BMPs), hepatic morphogenesis 
(involving transition from a simple cuboidal to pseudostratified columnar epithelium) and 
hepatic bud growth and maturation (influenced by signals from developing blood vesels).  
With the help of molecular genetic tools, tissue explant cultures and molecular biological 
techniques, liver development has been well understood in mice (Zaret, 1998; Zaret, 2000; 
Zorn and Wells, 2007).  The liver primordium appears as a diverticulum in the ventral 
region of the anterior intestinal portal at 9.0, 10.5, and 21days of gestation in mouse, rat, and 
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Stem Cells in Clinic and Research 536 

foregut endoderm lies adjacent to heart and hence receives signals from cardiac mesoderm 
(Douarin, 1975; Fukuda-Taira, 1981; Fukuda, 1979).  As the development proceeds, liver 
primordium diverges into two portions in mouse and human embryos: the cranial and 
caudal lobe. The cranial diverticulum develops into the liver parenchyma and hepatic ducts 
while the caudal portion gives rise to gallbladder and the ventral pancreas (Shiojiri, 1997).  
At the early somite stage (14-20) or early stage of liver development i.e at embryonic day 
(e)9.5, the liver primordium is separated from septum transversum by basement membrane 
(Medlock and Haar, 1983).  As the liver bud grows this basement membrane is disrupted 
gradually and the pre-hepatic cells separate as layers from the foregut and migrate as cords 
into the surrounding septum transversum (Douarin, 1975; Medlock and Haar, 1983).  
Fibroblasts and stellate cells of liver are generated form septum transversum mesenchyme 
(STM).  Liver bud undergoes a period of accelerated growth between e10–15 to become the 
major hematopoietic organ, which is further colonized and vascularized by hematopoietic 
cells. 
The hepatoblasts are bi-potential cells that give rise to different types of cells including the 
biliary epithelial cells (BECs), intrahepatic bile ducts and hepatocytes depending on their 
distribution.  For example BECs are generated from hepatoblasts residing near portal vein 
while hepatocytes mainly originate from the hepatoblasts residing in the parenchyma.  BECs 
are also known as cholangiocytes and line the lumen of intrahepatic bile ducts (IHBD) 
(Lemaigre, 2003; Shiojiri, 1984).  The formation of biliary network, which connects to 
extrahepatic bile duct (EHBD) and maturation of hepatocytes is a gradual process that 
begins at e13 and continues after birth to achieve the characteristic tissue architecture. 

2.3 Endoderm formation 
The definitive endoderm emerges as a sheet of cells starting from the anterior end of the 
primitive streak during gastrulation.  The glandular and epithelial cells of lung, thyroid, 
pancreas, gastrointestinal and respiratory epithelium and of course the hepatocytes and the 
biliary epithelium originate from multipotent endoderm. Signaling by Nodal, a 
transforming growth factor beta (TGFβ) family growth factor initiates both endoderm and 
mesoderm formation in a concentration dependent manner.  Low nodal doses are seen to 
induce mesoderm while high dose induce endoderm (Shen, 2007; Zorn and Wells, 2007).  
Nodal  signaling stimulates core group of endoderm specific transcription factors including 
Sox17 (HMG domain DNA binding factor) and the fork head domain proteins Foxa1–3 
(hepatocyte nuclear factor or HNF 3α/β/γ) (Zorn and Wells, 2007), which in turn regulates 
the downstream genes committing cells to endodermal lineage. 

2.4 Endoderm patterning 
The cells that first emerge from the primitive streak give rise to the anterior part while those 
that arise later give rise to the posterior part (Lawson and Pedersen, 1987). Anterior 
endoderm development requires higher nodal signaling than the posterior endoderm.  It 
expresses Foxa2, as it is preferentially required for the formation of anterior definitive 
endoderm (Dufort et al., 1998; Zorn and Wells, 2007).  During the early somite stages of 
development, morphogenetic movement transforms the endoderm into an epithelial gut 
tube.  This epithelial gut tube is surrounded by mesoderm.  The mesoderm secretes several 
factors that regulate pattern formation along the epithelial gut tube along anterior- posterior 
(A-P) axis to form the foregut, midgut and hindgut regions.  These regions of endoderm are 
distinguishable by the expression of Hhex in foregut, Pancreatic and duodenal homeobox 1 
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(Pdx1) in midgut and Cdx in posterior endoderm or hindgut (Grapin-Botton, 2005; Moore-
Scott et al., 2007).  The foregut endoderm contains common precursors for liver, gallbladder 
and pancreas. Initially the regional identity is “plastic” as recombination of the early foregut 
endoderm with the posterior endoderm results into intestinal fate instead of liver and 
pancreas development (Gualdi et al., 1996; Horb and Slack, 2001; Kumar et al., 2003; Wells 
and Melton, 2000). 

2.5 Repression of Wnt/β-catenin and FGF4 is required for foregut development 
Overlapping spatiotemporal gradients of Wnt, fibroblast growth factor (FGF), bone 
morphogenetic proteins (BMP) and retinoic acid secreted from the adjacent mesoderm, 
patterns the endoderm to express regionally specific genes (Chen et al., 2004; Dessimoz et 
al., 2006; Kumar et al., 2003; Martin et al., 2005; McLin et al., 2007; Roberts et al., 1995; 
Stafford et al., 2004; Tiso et al., 2002). For the development of foregut endoderm, inhibition 
of Wnt and FGF4 signaling by Wnt antagonist like Sfrp5 (secreted by the foregut endoderm) 
is essential (Dessimoz et al., 2006; McLin et al., 2007; Wells and Melton, 2000).  Obviously the 
posterior endoderm depends on the secretion of Wnt and FGF4 by the posterior mesoderm.  
Experimentally it has been demonstrated that blocking the canonical Wnt effector β-catenin 
in the posterior endoderm of Xenopus embryos activates Hex expression and results in 
ectopic liver bud formation in intestine (McLin et al., 2007). 

2.6 Hepatic competence 
The foregut endoderm is the only competent candidate in vivo to generate liver and its 
establishment is the first step towards hepatogenesis (Douarin, 1975; Fukuda-Taira, 1981). 
This intrinsic property to develop into liver is due to expression of transcription factors 
including Foxa2, Gata4-6 and Hhex (or Hex).  These transcription factors have important 
role in early organogenesis.  Foxa and Gata have been shown to bind to enhancer element of 
albumin gene and enhances chromatin accessibility thereby increasing the competency of 
such liver specific genes to be transcribed (Bossard and Zaret, 1998; Bossard and Zaret, 2000; 
Gualdi et al., 1996).  Evidently, deletion of Foxa1 and Foxa 2 prevents induction of liver 
development in early foregut. 

2.7 Hepatic induction by cardiac mesoderm and STM 
At an early somite stage of 4-7, FGF signals from the cardiac mesoderm of developing heart 
and BMPs from the STM induces hepatic fate in the ventral foregut endoderm (Douarin, 
1975; Fukuda-Taira, 1981; Gualdi et al., 1996; Jung et al., 1999; Rossi et al., 2001).  This has 
been illustrated in mouse models where the mouse foregut explants isolated at 2-4 somite 
stage when cultured in the presence of cardiac mesoderm start expressing albumin after 1-2 
days.  However removal of cardiac mesoderm or blocking FGF signals inhibited liver 
induction (Calmont et al., 2006; Gualdi et al., 1996; Rossi et al., 2001).  It has also been 
illustrated that exogenous FGF1 and FGF2 can replace cardiac mesoderm and induce 
albumin expression in foregut endoderm explants.  However BMP signaling may act by 
maintaining Gata4/6 expression and is not sufficient for hepatic induction in the explants 
(Rossi et al., 2001).  Analysis of downstream signal transduction pathway of FGF signaling 
suggests that P13 kinase pathway promotes hepatic growth while MAP kinase pathway 
regulates hepatic gene expression (Calmont et al., 2006).  Although the target genes of FGF 
and BMP signal have not been revealed due to early embryonic lethality, it is predicted that 
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foregut endoderm lies adjacent to heart and hence receives signals from cardiac mesoderm 
(Douarin, 1975; Fukuda-Taira, 1981; Fukuda, 1979).  As the development proceeds, liver 
primordium diverges into two portions in mouse and human embryos: the cranial and 
caudal lobe. The cranial diverticulum develops into the liver parenchyma and hepatic ducts 
while the caudal portion gives rise to gallbladder and the ventral pancreas (Shiojiri, 1997).  
At the early somite stage (14-20) or early stage of liver development i.e at embryonic day 
(e)9.5, the liver primordium is separated from septum transversum by basement membrane 
(Medlock and Haar, 1983).  As the liver bud grows this basement membrane is disrupted 
gradually and the pre-hepatic cells separate as layers from the foregut and migrate as cords 
into the surrounding septum transversum (Douarin, 1975; Medlock and Haar, 1983).  
Fibroblasts and stellate cells of liver are generated form septum transversum mesenchyme 
(STM).  Liver bud undergoes a period of accelerated growth between e10–15 to become the 
major hematopoietic organ, which is further colonized and vascularized by hematopoietic 
cells. 
The hepatoblasts are bi-potential cells that give rise to different types of cells including the 
biliary epithelial cells (BECs), intrahepatic bile ducts and hepatocytes depending on their 
distribution.  For example BECs are generated from hepatoblasts residing near portal vein 
while hepatocytes mainly originate from the hepatoblasts residing in the parenchyma.  BECs 
are also known as cholangiocytes and line the lumen of intrahepatic bile ducts (IHBD) 
(Lemaigre, 2003; Shiojiri, 1984).  The formation of biliary network, which connects to 
extrahepatic bile duct (EHBD) and maturation of hepatocytes is a gradual process that 
begins at e13 and continues after birth to achieve the characteristic tissue architecture. 

2.3 Endoderm formation 
The definitive endoderm emerges as a sheet of cells starting from the anterior end of the 
primitive streak during gastrulation.  The glandular and epithelial cells of lung, thyroid, 
pancreas, gastrointestinal and respiratory epithelium and of course the hepatocytes and the 
biliary epithelium originate from multipotent endoderm. Signaling by Nodal, a 
transforming growth factor beta (TGFβ) family growth factor initiates both endoderm and 
mesoderm formation in a concentration dependent manner.  Low nodal doses are seen to 
induce mesoderm while high dose induce endoderm (Shen, 2007; Zorn and Wells, 2007).  
Nodal  signaling stimulates core group of endoderm specific transcription factors including 
Sox17 (HMG domain DNA binding factor) and the fork head domain proteins Foxa1–3 
(hepatocyte nuclear factor or HNF 3α/β/γ) (Zorn and Wells, 2007), which in turn regulates 
the downstream genes committing cells to endodermal lineage. 

2.4 Endoderm patterning 
The cells that first emerge from the primitive streak give rise to the anterior part while those 
that arise later give rise to the posterior part (Lawson and Pedersen, 1987). Anterior 
endoderm development requires higher nodal signaling than the posterior endoderm.  It 
expresses Foxa2, as it is preferentially required for the formation of anterior definitive 
endoderm (Dufort et al., 1998; Zorn and Wells, 2007).  During the early somite stages of 
development, morphogenetic movement transforms the endoderm into an epithelial gut 
tube.  This epithelial gut tube is surrounded by mesoderm.  The mesoderm secretes several 
factors that regulate pattern formation along the epithelial gut tube along anterior- posterior 
(A-P) axis to form the foregut, midgut and hindgut regions.  These regions of endoderm are 
distinguishable by the expression of Hhex in foregut, Pancreatic and duodenal homeobox 1 
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(Pdx1) in midgut and Cdx in posterior endoderm or hindgut (Grapin-Botton, 2005; Moore-
Scott et al., 2007).  The foregut endoderm contains common precursors for liver, gallbladder 
and pancreas. Initially the regional identity is “plastic” as recombination of the early foregut 
endoderm with the posterior endoderm results into intestinal fate instead of liver and 
pancreas development (Gualdi et al., 1996; Horb and Slack, 2001; Kumar et al., 2003; Wells 
and Melton, 2000). 

2.5 Repression of Wnt/β-catenin and FGF4 is required for foregut development 
Overlapping spatiotemporal gradients of Wnt, fibroblast growth factor (FGF), bone 
morphogenetic proteins (BMP) and retinoic acid secreted from the adjacent mesoderm, 
patterns the endoderm to express regionally specific genes (Chen et al., 2004; Dessimoz et 
al., 2006; Kumar et al., 2003; Martin et al., 2005; McLin et al., 2007; Roberts et al., 1995; 
Stafford et al., 2004; Tiso et al., 2002). For the development of foregut endoderm, inhibition 
of Wnt and FGF4 signaling by Wnt antagonist like Sfrp5 (secreted by the foregut endoderm) 
is essential (Dessimoz et al., 2006; McLin et al., 2007; Wells and Melton, 2000).  Obviously the 
posterior endoderm depends on the secretion of Wnt and FGF4 by the posterior mesoderm.  
Experimentally it has been demonstrated that blocking the canonical Wnt effector β-catenin 
in the posterior endoderm of Xenopus embryos activates Hex expression and results in 
ectopic liver bud formation in intestine (McLin et al., 2007). 

2.6 Hepatic competence 
The foregut endoderm is the only competent candidate in vivo to generate liver and its 
establishment is the first step towards hepatogenesis (Douarin, 1975; Fukuda-Taira, 1981). 
This intrinsic property to develop into liver is due to expression of transcription factors 
including Foxa2, Gata4-6 and Hhex (or Hex).  These transcription factors have important 
role in early organogenesis.  Foxa and Gata have been shown to bind to enhancer element of 
albumin gene and enhances chromatin accessibility thereby increasing the competency of 
such liver specific genes to be transcribed (Bossard and Zaret, 1998; Bossard and Zaret, 2000; 
Gualdi et al., 1996).  Evidently, deletion of Foxa1 and Foxa 2 prevents induction of liver 
development in early foregut. 

2.7 Hepatic induction by cardiac mesoderm and STM 
At an early somite stage of 4-7, FGF signals from the cardiac mesoderm of developing heart 
and BMPs from the STM induces hepatic fate in the ventral foregut endoderm (Douarin, 
1975; Fukuda-Taira, 1981; Gualdi et al., 1996; Jung et al., 1999; Rossi et al., 2001).  This has 
been illustrated in mouse models where the mouse foregut explants isolated at 2-4 somite 
stage when cultured in the presence of cardiac mesoderm start expressing albumin after 1-2 
days.  However removal of cardiac mesoderm or blocking FGF signals inhibited liver 
induction (Calmont et al., 2006; Gualdi et al., 1996; Rossi et al., 2001).  It has also been 
illustrated that exogenous FGF1 and FGF2 can replace cardiac mesoderm and induce 
albumin expression in foregut endoderm explants.  However BMP signaling may act by 
maintaining Gata4/6 expression and is not sufficient for hepatic induction in the explants 
(Rossi et al., 2001).  Analysis of downstream signal transduction pathway of FGF signaling 
suggests that P13 kinase pathway promotes hepatic growth while MAP kinase pathway 
regulates hepatic gene expression (Calmont et al., 2006).  Although the target genes of FGF 
and BMP signal have not been revealed due to early embryonic lethality, it is predicted that 
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they act cooperatively to regulate liver development.  Additionally, wnt2 and wnt2b are also 
expressed in the mouse lateral plate mesoderm at the time of hepatic induction but their role 
is yet to be determined.  Mouse explant studies have suggested that high, low and medium 
concentrations of FGFs are critical for segregation of different organs lung, liver and 
gallbladder respectively from a common progenitor cell.  It is not clear whether it is the 
proximity or the duration that the endoderm is in contact with the cardiac mesoderm that 
controls FGF doses.  Hhex, a homeobox protein regulates this process. It is responsible for 
the proliferation of foregut cells and the movement of epithelium in relation to the FGF-
secreting cardiac mesoderm during development (Bort et al., 2004). 

2.8 Endothelial cells signals in hepatogenesis 
At around e9.5 endothelial cells intersperse and form simple continuous vessels into the 
future parenchymal cells as it expands into septum transversum mesenchyme. As 
development proceeds, the morphology of the endothelial cells changes, becoming 
fenestrated and forming endothelial sheets that line the hepatic sinusoids (Bankston and 
Pino, 1980; Enzan et al., 1997).  The role of endothelial cells in hepatogenesis was illustrated 
by utilizing Flk-1-/-   mouse which lack mature endothelial cells or blood vessels (Shalaby et 
al., 1997; Shalaby et al., 1995).  In control mice, at an early stage, when liver starts 
developing, the endothelial cells are found between the hepatic bud and the septum 
transversum however Flk-1-/-   mice lack endothelial cells as expected. Comparison of control 
and Flk-1-/- embryos liver revealed that although hepatic specification occurred 
hepatogenesis failed and there were no signs of expansion or morphogenetic movement into 
the septum transversum. Flk expression is restricted to endothelial cells and not in STM and 
endoderm. Hence it was confirmed that endothelial cell signaling is a crucial aspect for 
normal hepatogenesis. 

2.9 Transcription factors and their roles in controlling hepatogenesis 
During embryonic development, hepatogenesis is defined by the precise timing and the 
location of tissue interactions and the signaling molecules involved therein. However the 
intracellular response to these signaling events explains the mechanisms through which the 
cells of endoderm actually adopt a hepatic fate. Large changes in gene expression patters 
accompany the differentiation of ventral endoderm towards hepatic phenotype. It is thus 
quite obvious that a lot of transcription factors are involved as gene regulation is tightly 
regulated by transcription factors (Cereghini, 1996; Duncan, 2000). Molecular biology and 
molecular genetics have been helpful in identifying a number of transcription factors that 
are crucial candidates to regulate various aspects of hepatogenesis. 

2.9.1 Transcription factors controlling hepatic competency  
Competency is described as the innate ability of a cell type to follow a developmental fate 
given appropriate inductive signals (Gilbert and MA., 2000; Waddington, 1940 ). The work 
of Gauldi et al suggests that both ventral and dorsal endoderm have the potential to express 
albumin gene (Gualdi et al., 1996).  However the laboratory of Ken Zaret have suggested a 
mechanism whereby Hnf3 (FoxA) and Gata4 could modulate competency intracellularly 
(Bossard and Zaret, 1998; Chaya et al., 2001; Cirillo et al., 2002; Gualdi et al., 1996; Shim et 
al., 1998). Extracts from e9.5 liver buds when used for in vivo foot printing analysis of 
Albumin enhancer revealed that several binding sites including Hnf3, Gata and Nf-1 sites 
were occupied.  However uncommitted cells from endoderm showed occupancy at Hnf3 
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and Gata sites only.  In addition, in vitro chromatin reconstitution assays elucidated that the 
binding of either Hnf3 or Gata4 resulted in the opening of compacted chromatin (Cirillo et 
al., 2002).  Thus Hnf3 and Gata were found responsible for remodeling of chromatin 
structure and hence were able to generate available receptive sites on them for the 
occupancy of transcriptional activators.  Supporting examples of this model is from the 
finding that Hnf3 can relieve the transcriptional repression of α-fetoprotein gene in 
transcription assays in vitro (Crowe et al., 1999).  A similar situation exists for the Gata factor 
as Gata 4 has been shown to bind the Albumin enhancer.  The expressions of these 
transcriptional activators are in turn controlled by inductive events. 

2.9.2 Role of Hex and Prox in early stages of liver development 
Hex (or Prh) encodes for divergent homeobox transcription factor known as 
hematopoietically-expressed homeobox protein. At an early head fold stage (pre-somite, 
e8.0), prior to the initiation of hepatogenesis, expression analysis of the Hex mRNA revealed 
that it is highly expressed throughout the ventral endoderm.  Expression within the ventral 
endoderm is restricted to two discrete areas that are future sites for liver and thyroid 
development by e8.5 or 10 somite stage (e8.5) (Keng et al., 1998; Thomas et al., 1998). Hence 
the early expression of Hex mRNA in ventral endoderm defines Hex as one of the earliest 
markers of liver development.  Role of Hex was discerned using Hex -/- embryos at e9.5 to 
10.5.  These embryos show thickening of the ventral foregut endoderm but the expansion 
and morphogenetic outgrowth of liver was undetectable in contrast to the control embryos.  
In situ hybridization studies on Hex -/- embryos revealed the absence of α-fetoprotein 
mRNA expression at e9.5 and e10.5.  In another study using RT-PCR, absence of albumin 
was reported in these mutants (Keng et al., 2000; Martinez Barbera et al., 2000).  Knockout 
studies have also revealed the role of Prox 1 in early stages of liver development.  Analysis 
of Prox1-/- embryo found that the liver of these mutant embryos were smaller than the wild 
types and although these mutants formed distinct liver lobes the hepatic parenchymal cells  
 

 
Fig. 1. The human liver, gallbladder and pancreas are next door neighbors during 
embryonic development.  The gallbladder actually develops from the ventral pancreatic bud 
and is in close proximity to the developing pancreas until the ventral pancreas rotates to 
fuse with the dorsal pancreatic bud.  We therefore believe that this close proximity and 
overlapping expression pattern of pancreatic transcription factors in the domain of 
developing gallbladder induces expression of endocrine pancreatic hormones in the 
gallbladder. 
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they act cooperatively to regulate liver development.  Additionally, wnt2 and wnt2b are also 
expressed in the mouse lateral plate mesoderm at the time of hepatic induction but their role 
is yet to be determined.  Mouse explant studies have suggested that high, low and medium 
concentrations of FGFs are critical for segregation of different organs lung, liver and 
gallbladder respectively from a common progenitor cell.  It is not clear whether it is the 
proximity or the duration that the endoderm is in contact with the cardiac mesoderm that 
controls FGF doses.  Hhex, a homeobox protein regulates this process. It is responsible for 
the proliferation of foregut cells and the movement of epithelium in relation to the FGF-
secreting cardiac mesoderm during development (Bort et al., 2004). 

2.8 Endothelial cells signals in hepatogenesis 
At around e9.5 endothelial cells intersperse and form simple continuous vessels into the 
future parenchymal cells as it expands into septum transversum mesenchyme. As 
development proceeds, the morphology of the endothelial cells changes, becoming 
fenestrated and forming endothelial sheets that line the hepatic sinusoids (Bankston and 
Pino, 1980; Enzan et al., 1997).  The role of endothelial cells in hepatogenesis was illustrated 
by utilizing Flk-1-/-   mouse which lack mature endothelial cells or blood vessels (Shalaby et 
al., 1997; Shalaby et al., 1995).  In control mice, at an early stage, when liver starts 
developing, the endothelial cells are found between the hepatic bud and the septum 
transversum however Flk-1-/-   mice lack endothelial cells as expected. Comparison of control 
and Flk-1-/- embryos liver revealed that although hepatic specification occurred 
hepatogenesis failed and there were no signs of expansion or morphogenetic movement into 
the septum transversum. Flk expression is restricted to endothelial cells and not in STM and 
endoderm. Hence it was confirmed that endothelial cell signaling is a crucial aspect for 
normal hepatogenesis. 

2.9 Transcription factors and their roles in controlling hepatogenesis 
During embryonic development, hepatogenesis is defined by the precise timing and the 
location of tissue interactions and the signaling molecules involved therein. However the 
intracellular response to these signaling events explains the mechanisms through which the 
cells of endoderm actually adopt a hepatic fate. Large changes in gene expression patters 
accompany the differentiation of ventral endoderm towards hepatic phenotype. It is thus 
quite obvious that a lot of transcription factors are involved as gene regulation is tightly 
regulated by transcription factors (Cereghini, 1996; Duncan, 2000). Molecular biology and 
molecular genetics have been helpful in identifying a number of transcription factors that 
are crucial candidates to regulate various aspects of hepatogenesis. 

2.9.1 Transcription factors controlling hepatic competency  
Competency is described as the innate ability of a cell type to follow a developmental fate 
given appropriate inductive signals (Gilbert and MA., 2000; Waddington, 1940 ). The work 
of Gauldi et al suggests that both ventral and dorsal endoderm have the potential to express 
albumin gene (Gualdi et al., 1996).  However the laboratory of Ken Zaret have suggested a 
mechanism whereby Hnf3 (FoxA) and Gata4 could modulate competency intracellularly 
(Bossard and Zaret, 1998; Chaya et al., 2001; Cirillo et al., 2002; Gualdi et al., 1996; Shim et 
al., 1998). Extracts from e9.5 liver buds when used for in vivo foot printing analysis of 
Albumin enhancer revealed that several binding sites including Hnf3, Gata and Nf-1 sites 
were occupied.  However uncommitted cells from endoderm showed occupancy at Hnf3 
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and Gata sites only.  In addition, in vitro chromatin reconstitution assays elucidated that the 
binding of either Hnf3 or Gata4 resulted in the opening of compacted chromatin (Cirillo et 
al., 2002).  Thus Hnf3 and Gata were found responsible for remodeling of chromatin 
structure and hence were able to generate available receptive sites on them for the 
occupancy of transcriptional activators.  Supporting examples of this model is from the 
finding that Hnf3 can relieve the transcriptional repression of α-fetoprotein gene in 
transcription assays in vitro (Crowe et al., 1999).  A similar situation exists for the Gata factor 
as Gata 4 has been shown to bind the Albumin enhancer.  The expressions of these 
transcriptional activators are in turn controlled by inductive events. 

2.9.2 Role of Hex and Prox in early stages of liver development 
Hex (or Prh) encodes for divergent homeobox transcription factor known as 
hematopoietically-expressed homeobox protein. At an early head fold stage (pre-somite, 
e8.0), prior to the initiation of hepatogenesis, expression analysis of the Hex mRNA revealed 
that it is highly expressed throughout the ventral endoderm.  Expression within the ventral 
endoderm is restricted to two discrete areas that are future sites for liver and thyroid 
development by e8.5 or 10 somite stage (e8.5) (Keng et al., 1998; Thomas et al., 1998). Hence 
the early expression of Hex mRNA in ventral endoderm defines Hex as one of the earliest 
markers of liver development.  Role of Hex was discerned using Hex -/- embryos at e9.5 to 
10.5.  These embryos show thickening of the ventral foregut endoderm but the expansion 
and morphogenetic outgrowth of liver was undetectable in contrast to the control embryos.  
In situ hybridization studies on Hex -/- embryos revealed the absence of α-fetoprotein 
mRNA expression at e9.5 and e10.5.  In another study using RT-PCR, absence of albumin 
was reported in these mutants (Keng et al., 2000; Martinez Barbera et al., 2000).  Knockout 
studies have also revealed the role of Prox 1 in early stages of liver development.  Analysis 
of Prox1-/- embryo found that the liver of these mutant embryos were smaller than the wild 
types and although these mutants formed distinct liver lobes the hepatic parenchymal cells  
 

 
Fig. 1. The human liver, gallbladder and pancreas are next door neighbors during 
embryonic development.  The gallbladder actually develops from the ventral pancreatic bud 
and is in close proximity to the developing pancreas until the ventral pancreas rotates to 
fuse with the dorsal pancreatic bud.  We therefore believe that this close proximity and 
overlapping expression pattern of pancreatic transcription factors in the domain of 
developing gallbladder induces expression of endocrine pancreatic hormones in the 
gallbladder. 
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were restricted to central rudiment (Sosa-Pineda et al., 2000).  These mutant embryos 
showed reduced number of hepatoblasts than control embryos.  These two characteristic of 
the mutant phenotype explains why these embryos failed to inhibit the mesenchymal 
portion of the liver.  At e10 Prox1-/- hepatoblasts mice failed to exhibit the delamination of 
hepatic chords into the septum transversum in contrast to control hepatoblasts which 
normally migrate as chords into the septum transversum. Although these mutants failed to 
expand and migrate, they were found positive for albumin and α-fetoprotein implying their 
specification toward hepatic fate (Sosa-Pineda et al., 2000).  In short, Prox 1 is dispensable 
for hepatic specification but it is required for morphogenic expansion of the liver 
primordium.  

2.9.3 Transcription factors in regulation of hepatocyte differentiation 
During 1980s enormous amount of work from several laboratories allowed the identification 
of the transcription factors that predominantly regulates the liver specific genes (Lai and 
Darnell, 1991; Sladek and Darnell, 1992). These transcription factors included Hnf1α and β , 
the c/EBP family, Hnf3α, β, and γ, Hnf4α, and more recently Hnf6 (Lai and Darnell, 1991; 
Lemaigre et al., 1996; Samadani and Costa, 1996; Sladek and Darnell, 1992). Knockout 
models for these factors have helped in studying the role of these factors in hepatic 
differentiation.  It was found that loss of a single factor generally has negligible effect.  For 
example disruption of either Hnf3α, Hnf3β or Hnf3γ in the liver does not affect hepatocyte 
differentiation, although moderate changes in expression of a subsets of hepatocyte genes 
have been described (Kaestner et al., 1998; Shih et al., 1999; Sund et al., 2000).  Functional 
redundancy could be the reason for this insignificant effect of disruption of single gene but 
its note worthy that disruption of Hnf3β  inhibits β-cell differentiation in pancreas although 
they express Hnf3α (Kaestner et al., 1998; Sund et al., 2000).  Noticeably disruption of some 
genes has serious effects in liver development.  For example the early liver development in 
c/EBPα−/−  embryos is normal although the neonates die from hypoglycemia due to failure of 
liver to accumulate glycogen.  In these mice, expression of glycogen synthase is disrupted 
and the bile canaliculi form abnormally (Wang et al., 1995). In addition hepatocyte 
proliferation was increased in the newborns c/EBPα−/−  liver.  This was supported by the fact 
that c/EBPα  inhibits cell proliferation by regulating S-phase-specific E2F–p107 complexes 
and by stabilisizing the cyclin dependent kinase inhibitor p21 (Harris et al., 2001; Timchenko 
et al., 1997; Timchenko et al., 1999). Hnf1α  mutants do not show significant effect on liver 
development, however mice lacking Hnf1α suffer from various different abnormalities 
depending on the targeted allele.  In one case, mice suffer from hepatic dysfunction, 
Phenylketonuria and renal Faconi’s syndrome, while a different gene targeting strategy 
generated mice that suffered from non-insulin-dependent diabetes mellitus (NIDDM) and 
Laron dwarfism.  Loss of function of phenylalanine hydroxylase (Pah) gene due to the 
inability of Hnf1α to facilitate modification of chromatin around the Pah promoter results 
Phenylketonuria (Pontoglio et al., 1996; Pontoglio et al., 1997). Hnf4α  mRNA was first 
detected in the primitive endoderm of the blastocyst at the time of implantation. 
Hnf4α expression was first detected in the liver bud at around 10 somite stage. Hnf4α 
expression was restricted to the ventral extraembryonic visceral endoderm which forms the 
endodermal portion of the yolk sac just before this developmental stage. Hnf4α  acts on the 
important effector in the hepatocyte development. Hnf4α positively regulates Hnf1α 
expression as evident by the presence of Hnf4α binding sites on the transcriptional 
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regulatory element of Hnf1α. Hnf4α slightly precedes the expression of Hnf1α in number of 
tissues in which both factors are expressed. Although hepatoblasts during liver 
development are relatively immature, they still initiate expression of genes that define 
mature hepatocyte phenotype. When the mRNA levels of such genes were compared 
between control and Hnf4α−/− livers it was found that the expression of 14 genes that have 
important roles in hepatocyte function were either undetectable in some cases or down-
regulated in others in the absence of Hnf4α (Li et al., 2000). These results have also been 
consistent with the adult hepatocytes that lack Hnf4α (Hayhurst et al., 2001). All of these 
studies strongly support the notion that Hnf4α is a central regulator of hepatocyte 
differentiation.  

2.10 Transcription factors in gallbladder and intrahepatic bile duct development 
The gallbladder and liver share several common transcription factors during embryonic 
development.  In developing mouse liver, HNF6 is expressed in hepatocytes and in the 
epithelial cells of both the intrahepatic and extrahepatic bile ducts (Landry et al., 1997; Rausa et 
al., 1997). Recent studies illustrate that Hnf6-/- mouse embryos fail to develop a gallbladder 
and exhibit severe abnormalities in both extrahepatic and intrahepatic bile ducts (IHBD), 
which is associated with diminished expression of the Hnf1β  transcription factor (Clotman et 
al., 2002; Jacquemin et al., 2000).  Thus Hnf6 is essential for regulating the expression of 
Hnf1β, which in turn plays important role in intrahepatic bile duct and gall bladder 
development. Foxf1 is another transcription factor involved in gallbladder development.  It is 
expressed in the embryonic gut mesoderm and septum transversum.  It participates in the 
mesenchymal-epithelial cell inductive signaling of the internal organs. Foxf1+/- mice show 
several developmental abnormalities in gallbladder, esophagus, lung and trachea which 
supports this hypothesis (Kalinichenko et al., 2001; Kalinichenko et al., 2002; Mahlapuu et al., 
2001). Foxf1+/- gallbladder fails to express vascular cell adhesion molecule-1, α5 integrin, and 
platelet-derived growth factor receptor α and hepatocyte growth factor genes required for 
mesenchymal epithelial cell induction (Kalinichenko et al., 2002).  Foxf1+/- gallbladder shows 
malformations in external smooth muscle cell layer, reduction in mesenchymal cell number 
and in some cases, lack of a discernible biliary epithelial cell layer (Kalinichenko et al., 2002).  
There is little information available regarding the development of gallbladder.  Present 
knowledge is gained based on a few knockout studies that are summarized in the table below.  
It suggests a need to generate more similar information for better understanding of molecular 
pathways regulating the development of hormone-producing cells in gallbladder. 
 

No. Gene name Phenotype Ref 
1 forkhead box F1a 

(Foxf1) 
Heterozygotes of Foxf1 knockout 
animals (haplosufficient) have 
severely abnormal and small gall 
bladder and they lack epithelial cell 
layer 

Kalinichenko et 
al, Journal of 
Biological 
Chemistry, 2002, 
227:12369-12374 

2 One cut domain 
family member 1 
(Onecut1/ Hnf6) 

Hnf6 null mice lack gall bladder.  
Extrahepatic as well as intrahepatic 
bile ducts are abnormally developed 

Clotman et al, 
Development, 
2002, 129:1819-
1828 
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were restricted to central rudiment (Sosa-Pineda et al., 2000).  These mutant embryos 
showed reduced number of hepatoblasts than control embryos.  These two characteristic of 
the mutant phenotype explains why these embryos failed to inhibit the mesenchymal 
portion of the liver.  At e10 Prox1-/- hepatoblasts mice failed to exhibit the delamination of 
hepatic chords into the septum transversum in contrast to control hepatoblasts which 
normally migrate as chords into the septum transversum. Although these mutants failed to 
expand and migrate, they were found positive for albumin and α-fetoprotein implying their 
specification toward hepatic fate (Sosa-Pineda et al., 2000).  In short, Prox 1 is dispensable 
for hepatic specification but it is required for morphogenic expansion of the liver 
primordium.  

2.9.3 Transcription factors in regulation of hepatocyte differentiation 
During 1980s enormous amount of work from several laboratories allowed the identification 
of the transcription factors that predominantly regulates the liver specific genes (Lai and 
Darnell, 1991; Sladek and Darnell, 1992). These transcription factors included Hnf1α and β , 
the c/EBP family, Hnf3α, β, and γ, Hnf4α, and more recently Hnf6 (Lai and Darnell, 1991; 
Lemaigre et al., 1996; Samadani and Costa, 1996; Sladek and Darnell, 1992). Knockout 
models for these factors have helped in studying the role of these factors in hepatic 
differentiation.  It was found that loss of a single factor generally has negligible effect.  For 
example disruption of either Hnf3α, Hnf3β or Hnf3γ in the liver does not affect hepatocyte 
differentiation, although moderate changes in expression of a subsets of hepatocyte genes 
have been described (Kaestner et al., 1998; Shih et al., 1999; Sund et al., 2000).  Functional 
redundancy could be the reason for this insignificant effect of disruption of single gene but 
its note worthy that disruption of Hnf3β  inhibits β-cell differentiation in pancreas although 
they express Hnf3α (Kaestner et al., 1998; Sund et al., 2000).  Noticeably disruption of some 
genes has serious effects in liver development.  For example the early liver development in 
c/EBPα−/−  embryos is normal although the neonates die from hypoglycemia due to failure of 
liver to accumulate glycogen.  In these mice, expression of glycogen synthase is disrupted 
and the bile canaliculi form abnormally (Wang et al., 1995). In addition hepatocyte 
proliferation was increased in the newborns c/EBPα−/−  liver.  This was supported by the fact 
that c/EBPα  inhibits cell proliferation by regulating S-phase-specific E2F–p107 complexes 
and by stabilisizing the cyclin dependent kinase inhibitor p21 (Harris et al., 2001; Timchenko 
et al., 1997; Timchenko et al., 1999). Hnf1α  mutants do not show significant effect on liver 
development, however mice lacking Hnf1α suffer from various different abnormalities 
depending on the targeted allele.  In one case, mice suffer from hepatic dysfunction, 
Phenylketonuria and renal Faconi’s syndrome, while a different gene targeting strategy 
generated mice that suffered from non-insulin-dependent diabetes mellitus (NIDDM) and 
Laron dwarfism.  Loss of function of phenylalanine hydroxylase (Pah) gene due to the 
inability of Hnf1α to facilitate modification of chromatin around the Pah promoter results 
Phenylketonuria (Pontoglio et al., 1996; Pontoglio et al., 1997). Hnf4α  mRNA was first 
detected in the primitive endoderm of the blastocyst at the time of implantation. 
Hnf4α expression was first detected in the liver bud at around 10 somite stage. Hnf4α 
expression was restricted to the ventral extraembryonic visceral endoderm which forms the 
endodermal portion of the yolk sac just before this developmental stage. Hnf4α  acts on the 
important effector in the hepatocyte development. Hnf4α positively regulates Hnf1α 
expression as evident by the presence of Hnf4α binding sites on the transcriptional 
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regulatory element of Hnf1α. Hnf4α slightly precedes the expression of Hnf1α in number of 
tissues in which both factors are expressed. Although hepatoblasts during liver 
development are relatively immature, they still initiate expression of genes that define 
mature hepatocyte phenotype. When the mRNA levels of such genes were compared 
between control and Hnf4α−/− livers it was found that the expression of 14 genes that have 
important roles in hepatocyte function were either undetectable in some cases or down-
regulated in others in the absence of Hnf4α (Li et al., 2000). These results have also been 
consistent with the adult hepatocytes that lack Hnf4α (Hayhurst et al., 2001). All of these 
studies strongly support the notion that Hnf4α is a central regulator of hepatocyte 
differentiation.  

2.10 Transcription factors in gallbladder and intrahepatic bile duct development 
The gallbladder and liver share several common transcription factors during embryonic 
development.  In developing mouse liver, HNF6 is expressed in hepatocytes and in the 
epithelial cells of both the intrahepatic and extrahepatic bile ducts (Landry et al., 1997; Rausa et 
al., 1997). Recent studies illustrate that Hnf6-/- mouse embryos fail to develop a gallbladder 
and exhibit severe abnormalities in both extrahepatic and intrahepatic bile ducts (IHBD), 
which is associated with diminished expression of the Hnf1β  transcription factor (Clotman et 
al., 2002; Jacquemin et al., 2000).  Thus Hnf6 is essential for regulating the expression of 
Hnf1β, which in turn plays important role in intrahepatic bile duct and gall bladder 
development. Foxf1 is another transcription factor involved in gallbladder development.  It is 
expressed in the embryonic gut mesoderm and septum transversum.  It participates in the 
mesenchymal-epithelial cell inductive signaling of the internal organs. Foxf1+/- mice show 
several developmental abnormalities in gallbladder, esophagus, lung and trachea which 
supports this hypothesis (Kalinichenko et al., 2001; Kalinichenko et al., 2002; Mahlapuu et al., 
2001). Foxf1+/- gallbladder fails to express vascular cell adhesion molecule-1, α5 integrin, and 
platelet-derived growth factor receptor α and hepatocyte growth factor genes required for 
mesenchymal epithelial cell induction (Kalinichenko et al., 2002).  Foxf1+/- gallbladder shows 
malformations in external smooth muscle cell layer, reduction in mesenchymal cell number 
and in some cases, lack of a discernible biliary epithelial cell layer (Kalinichenko et al., 2002).  
There is little information available regarding the development of gallbladder.  Present 
knowledge is gained based on a few knockout studies that are summarized in the table below.  
It suggests a need to generate more similar information for better understanding of molecular 
pathways regulating the development of hormone-producing cells in gallbladder. 
 

No. Gene name Phenotype Ref 
1 forkhead box F1a 

(Foxf1) 
Heterozygotes of Foxf1 knockout 
animals (haplosufficient) have 
severely abnormal and small gall 
bladder and they lack epithelial cell 
layer 

Kalinichenko et 
al, Journal of 
Biological 
Chemistry, 2002, 
227:12369-12374 

2 One cut domain 
family member 1 
(Onecut1/ Hnf6) 

Hnf6 null mice lack gall bladder.  
Extrahepatic as well as intrahepatic 
bile ducts are abnormally developed 

Clotman et al, 
Development, 
2002, 129:1819-
1828 
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No. Gene name Phenotype Ref 
3 Hairy and enhancer 

of split 1 (Hes 1) 
Hes1 knockout animals do not 
develop gall bladder and have 
severely reduced extrahepatic bile 
ducts.  Such mutant bile ducts 
express Ngn3 and ectopically 
differentiate into pancreatic exocrine 
and endocrine tissue 

Sumazaki et al, 
Nature Genetics, 
2004, 36:83-87 

4 Hematopoietically 
expressed 
homeobox (Hhex) 

Conditional deletion of Hhex in 
hepatic diverticulum is embryonic 
lethal and results in small, cystic 
liver.  Gall bladder and extrahepatic 
bile duct are absent.   Conditional 
deletion of Hhex in embryonic liver is 
not lethal, however it precipitates into 
irregular development leading to 
polycystic liver disease in adulthood  

Hunter et al, 
Developmental 
Biology, 2007, 
308:355-367 

5 Leucine-rich repeat-
containing G 
protein-coupled 
receptor 4 (LGR4) 

LGR4 hypomorphic embryos develop 
normal gall bladder bud at e10.25, 
however it does  not elongate in later 
stages of development.  Adult mouse 
completely lacks gall bladder and 
cystic duct.  Liver and pancreas are 
unaffected.  

Yamashita et al, 
Developmental 
Dynamics, 2009, 
238:993-1000 

6 Hepatocyte nuclear 
factor beta Hnf1β 
 
 
 

HNF1b deletion results into severe 
jaundice caused by abnormalities in 
intrahepatic bile ducts and 
gallbladder. It also leads to reduced 
expression of Organic Anion 
Transporting Polypeptide 1 or Oatp1, 
bile acid transporter and fatty acid 
dehydrogenase or Very long-chain 
acyl-CoA dehydrogenase VLCAD. 

Coffinier C et al, 
Development 
2002; 129:1829–
1838. 

7 Hlx -/- Expression of Hlx is seen in visceral 
mesenchyme of the developing liver, 
gallbladder, and gut. Hlx -/- embryos 
exhibit normal formation of the liver 
diverticulum and differentiation of 
hepatocytes , but the cells fail to 
proliferate and therefore develop  
into under-sized liver (3% of normal 
size). 

Hentsch B et al,  
Genes Dev 
1996;10:70-79. 

 

 

Table 1. Phenotypes of the knockout mouse models for the genes involved in gallbladder 
development. 
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3. Concluding remarks 
Liver, gallbladder and pancreas originate from nearby regions of endoderm and develop 
in close association with each other (Figure 1).  It is quite evident and exciting to note that 
these organs share several transcription factors (Sahu et al., 2009b).  The liver shares 
expression of genes such as Glut2 and glucokinase and as discussed earlier has the same 
embryological origin as ventral pancreas.  It is hence encouraging that the cells derived 
from organs outside pancreas can be useful in generating insulin producing cells for cell 
replacement therapy in diabetes.  It has been demonstrated that ectopic expression of 
Pdx1 in liver ameliorates type 1 diabetes through conversion of hepatocytes in to insulin-
producing cells (Ferber et al., 2000).  Precisely diabetic CAD-NOD mice treated with Ad-
CMV-PDX-1 became normoglycemic and maintained a stable body weight.  Ectopic PDX-
1 expression induced pancreatic gene expression and insulin production in the mice livers 
(Ferber et al., 2000).  Retrovirally immortalized human fetal liver progenitor cells when 
transduced using lentiviral vector containing PDX1 underwent successful differentiation 
into insulin-expressing cells. These cells showed responsiveness to glucose, exhibit a β-
cell-like phenotype and are able to restore euglycemia upon transplantation in diabetic 
mice (Zalzman et al., 2005; Zalzman et al., 2003).  Forced expression of Pdx1 is now 
known to induce conversion of human fetal liver cells to insulin-producing cells.  These 
modified cells express multiple beta cell specific genes. However, they also activated 
genes expressed in exocrine pancreas and continued expressing hepatic genes as well.  
Similarly expression of another beta cell transcription factor; NeuroD, in mouse liver cells 
in vivo resulted in reversal of hyperglycemia (Kojima et al., 2003).  This phenomenon was 
promoted by the presence of betacellulin.  Manipulation of the culture conditions (by 
using activin A in serum free medium for differentiation) of the Pdx1-expressing human 
fetal liver cells was shown to further promote the differentiation of these cells towards the 
beta-cell phenotype, as judged by insulin content and gene expression (Zalzman et al., 
2005; Zalzman et al., 2003).  All of the above studies involve genetic manipulation of stem 
/ propgenitor cells.  Such in vitro manipulated cells cannot be used for treatment of 
diabetes in humans.  It is therefore necessary to identify a source of human insulin-
producing or islet progenitor cells that can efficiently transcribe, translate and secrete 
insulin. 
At present, human cadaveric pancreas is the ultimate source of such insulin-producing 
cells for replacement therapy in diabetes.  Although this therapy has potential to cure 
diabetes, there is a significant scarcity in number of cadaveric pancreas available for 
transplantation (~30 “good” pancreas/year in Australia).  In contrast to this, there are 
several hundreds of gallbladders available every year from just one surgical team in 
Melbourne, Australia.  In other speciality GI centres, this number is over a thousand every 
year.  The level of insulin transcript seen in gallbladder is 1000-fold less (Ct value 22-26) 
than that observed in pancreas (Ct value 12-16).  This level of insulin gene expression is 
already significantly higher than any of the differentiated stem cells reported until now.  
Gallbladder cells naturally exhibit insulin expression higher that the differentiated stem 
cells and hence there is scope for enhancement of expression levels of insulin in 
gallbladder derived cells upon differentiation/maturation. Further research in 
understanding the maturation / expansion and differentiation of gallbladder-derived islet 
progenitor cells will help in providing alternative source for cell replacement therapy in 
diabetes.  
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No. Gene name Phenotype Ref 
3 Hairy and enhancer 

of split 1 (Hes 1) 
Hes1 knockout animals do not 
develop gall bladder and have 
severely reduced extrahepatic bile 
ducts.  Such mutant bile ducts 
express Ngn3 and ectopically 
differentiate into pancreatic exocrine 
and endocrine tissue 
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liver.  Gall bladder and extrahepatic 
bile duct are absent.   Conditional 
deletion of Hhex in embryonic liver is 
not lethal, however it precipitates into 
irregular development leading to 
polycystic liver disease in adulthood  
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containing G 
protein-coupled 
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LGR4 hypomorphic embryos develop 
normal gall bladder bud at e10.25, 
however it does  not elongate in later 
stages of development.  Adult mouse 
completely lacks gall bladder and 
cystic duct.  Liver and pancreas are 
unaffected.  

Yamashita et al, 
Developmental 
Dynamics, 2009, 
238:993-1000 

6 Hepatocyte nuclear 
factor beta Hnf1β 
 
 
 

HNF1b deletion results into severe 
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expression of Organic Anion 
Transporting Polypeptide 1 or Oatp1, 
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dehydrogenase or Very long-chain 
acyl-CoA dehydrogenase VLCAD. 
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7 Hlx -/- Expression of Hlx is seen in visceral 
mesenchyme of the developing liver, 
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exhibit normal formation of the liver 
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3. Concluding remarks 
Liver, gallbladder and pancreas originate from nearby regions of endoderm and develop 
in close association with each other (Figure 1).  It is quite evident and exciting to note that 
these organs share several transcription factors (Sahu et al., 2009b).  The liver shares 
expression of genes such as Glut2 and glucokinase and as discussed earlier has the same 
embryological origin as ventral pancreas.  It is hence encouraging that the cells derived 
from organs outside pancreas can be useful in generating insulin producing cells for cell 
replacement therapy in diabetes.  It has been demonstrated that ectopic expression of 
Pdx1 in liver ameliorates type 1 diabetes through conversion of hepatocytes in to insulin-
producing cells (Ferber et al., 2000).  Precisely diabetic CAD-NOD mice treated with Ad-
CMV-PDX-1 became normoglycemic and maintained a stable body weight.  Ectopic PDX-
1 expression induced pancreatic gene expression and insulin production in the mice livers 
(Ferber et al., 2000).  Retrovirally immortalized human fetal liver progenitor cells when 
transduced using lentiviral vector containing PDX1 underwent successful differentiation 
into insulin-expressing cells. These cells showed responsiveness to glucose, exhibit a β-
cell-like phenotype and are able to restore euglycemia upon transplantation in diabetic 
mice (Zalzman et al., 2005; Zalzman et al., 2003).  Forced expression of Pdx1 is now 
known to induce conversion of human fetal liver cells to insulin-producing cells.  These 
modified cells express multiple beta cell specific genes. However, they also activated 
genes expressed in exocrine pancreas and continued expressing hepatic genes as well.  
Similarly expression of another beta cell transcription factor; NeuroD, in mouse liver cells 
in vivo resulted in reversal of hyperglycemia (Kojima et al., 2003).  This phenomenon was 
promoted by the presence of betacellulin.  Manipulation of the culture conditions (by 
using activin A in serum free medium for differentiation) of the Pdx1-expressing human 
fetal liver cells was shown to further promote the differentiation of these cells towards the 
beta-cell phenotype, as judged by insulin content and gene expression (Zalzman et al., 
2005; Zalzman et al., 2003).  All of the above studies involve genetic manipulation of stem 
/ propgenitor cells.  Such in vitro manipulated cells cannot be used for treatment of 
diabetes in humans.  It is therefore necessary to identify a source of human insulin-
producing or islet progenitor cells that can efficiently transcribe, translate and secrete 
insulin. 
At present, human cadaveric pancreas is the ultimate source of such insulin-producing 
cells for replacement therapy in diabetes.  Although this therapy has potential to cure 
diabetes, there is a significant scarcity in number of cadaveric pancreas available for 
transplantation (~30 “good” pancreas/year in Australia).  In contrast to this, there are 
several hundreds of gallbladders available every year from just one surgical team in 
Melbourne, Australia.  In other speciality GI centres, this number is over a thousand every 
year.  The level of insulin transcript seen in gallbladder is 1000-fold less (Ct value 22-26) 
than that observed in pancreas (Ct value 12-16).  This level of insulin gene expression is 
already significantly higher than any of the differentiated stem cells reported until now.  
Gallbladder cells naturally exhibit insulin expression higher that the differentiated stem 
cells and hence there is scope for enhancement of expression levels of insulin in 
gallbladder derived cells upon differentiation/maturation. Further research in 
understanding the maturation / expansion and differentiation of gallbladder-derived islet 
progenitor cells will help in providing alternative source for cell replacement therapy in 
diabetes.  
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1. Introduction 
Diabetes mellitus is an endocrine disorder characterised by inadequate production or use of 
insulin, resulting in abnormally high blood glucose levels. High blood glucose leads to the 
formation of reactive advanced glycation end-products (Feldman et al., 1997), which are 
responsible for complications such as blindness, kidney failure, cardiovascular disease, 
stroke, neuropathy and vascular dysfunction. Diabetes mellitus is classified as either type 1 
or type 2. Type 1 diabetes mellitus (insulin-dependent diabetes mellitus) results from the 
autoimmune destruction of the pancreatic beta cells, whereas type 2 diabetes mellitus (non-
insulin-dependent diabetes mellitus) results from insulin resistance and impaired glucose 
tolerance.  
Approximately 7.8% (23.6 million people) of the US population has been diagnosed with 
diabetes mellitus, and another 57 million people are likely to develop diabetes mellitus in 
the coming years (American Diabetes Association, 2007). The number of people with 
diabetes mellitus is set to continue to rapidly increase between now and 2030, especially in 
developing countries. 
Over the last decade, a new form of treatment called islet transplantation therapy was 
thought to provide good patient outcomes; however, few islets are available for 
transplantation. Typically, the pooled islets isolated from two pancreases are enough to treat 
a single patient. Since the enormous potential of stem cells was discovered, it was hoped 
that they would provide the most effective treatment for diabetes mellitus. Over the past 
two decades, hundreds of studies have looked at the potential of stem cell therapy for 
treating diabetes mellitus. Successful stem cell therapy would eliminate the cause of the 
disease and lead to stable, long-term results; hence, the term “pancreatic regeneration” was 
coined. The hypothesis was that stem cells could regenerate the damaged pancreas. After 
careful consideration of the aetiology of diabetes mellitus, scientists have put forward two 
general treatment strategies: stem cell therapy to treat the autoimmune aspect of the disease, 
and stem cell therapy to treat the degenerative aspect of the disease. In this review, we focus 
on stem cell-based therapies aimed at islet regeneration through stem cell or insulin-
producing cell (IPC) transplantation. We will also discuss the latest strategies for treating 
both type 1 and type 2 diabetes mellitus using stem cell therapy, along with the (initially 
promising) results.  
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1. Introduction 
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Approximately 7.8% (23.6 million people) of the US population has been diagnosed with 
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the coming years (American Diabetes Association, 2007). The number of people with 
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Over the last decade, a new form of treatment called islet transplantation therapy was 
thought to provide good patient outcomes; however, few islets are available for 
transplantation. Typically, the pooled islets isolated from two pancreases are enough to treat 
a single patient. Since the enormous potential of stem cells was discovered, it was hoped 
that they would provide the most effective treatment for diabetes mellitus. Over the past 
two decades, hundreds of studies have looked at the potential of stem cell therapy for 
treating diabetes mellitus. Successful stem cell therapy would eliminate the cause of the 
disease and lead to stable, long-term results; hence, the term “pancreatic regeneration” was 
coined. The hypothesis was that stem cells could regenerate the damaged pancreas. After 
careful consideration of the aetiology of diabetes mellitus, scientists have put forward two 
general treatment strategies: stem cell therapy to treat the autoimmune aspect of the disease, 
and stem cell therapy to treat the degenerative aspect of the disease. In this review, we focus 
on stem cell-based therapies aimed at islet regeneration through stem cell or insulin-
producing cell (IPC) transplantation. We will also discuss the latest strategies for treating 
both type 1 and type 2 diabetes mellitus using stem cell therapy, along with the (initially 
promising) results.  
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2. Islet regeneration by cell replacement 
2.1 Stem cell sources  
Many different types of stem cells have been used in the research, testing and treatment of 
diabetes mellitus, including stem cells that can be used to regenerate pancreatic islets, e.g. 
embryonic stem cells, adult stem cells and infant stem cells (umbilical cord stem cells 
isolated from umbilical cord blood).  

2.1.1 Embryonic stem cells  
Human embryonic stem cells (ESCs) were first isolated at the University of Wisconsin-
Madison in 1998 by James Thomson (Thomson et al., 1998). These cells were established as 
immortal pluripotent cell lines that are still in existence today. The ESCs were derived from 
blastocysts donated by couples undergoing treatment for infertility using methodology 
developed 17 years earlier to obtain mouse ESCs. Briefly, the trophectoderm is first removed 
from the blastocyst by immunosurgery and the inner cell mass is plated onto a feeder layer 
of mouse embryonic broblasts (Trounson et al., 2001; 2002). However, cells can also be 
derived from early human embryos at the morula stage (Strelchenko et al. 2004) after the 
removal of the zona pellucida using an acidified solution, or by enzymatic digestion by 
pronase (Verlinsky et al., 2005). Nowadays, ESCs can be isolated from many different 
sources (Fig. 1). 
ESCs are pluripotent, which means that they can differentiate into any of the functional cells 
derived from the three germ layers, including beta cells or insulin-producing cells (IPCs). 
The differentiation of ESCs into IPCs is prerequisite for their use as a diabetes mellitus 
treatment, and may occur either in vivo (after transplantation) or in vitro (before 
transplantation). In vivo differentiation is based on micro environmental conditions at the 
graft site, whereas in vitro differentiation requires various external factors that induce the 
phenotypic changes required to produce IPCs. This means that diabetes mellitus can be 
treated either by direct transplantation of ESCs, or by indirect transplantation of IPCs that 
have been differentiated from ESCs. However, Naujok et al. (2009) showed that ESCs could 
modify gene expression and exhibit a phenotype similar to that of islet cells when 
transplanted into the pancreas only if they are first differentiated in vitro, and that in vitro 
differentiation is a prerequisite for successful in vivo differentiation (Naujok et al., 2009). 
Moreover, using ESCs for pancreatic regeneration carries with it the risk of tumour 
formation after transplantation. 
Therefore, the in vitro differentiation of ESCs into IPCs is necessary before they can be used 
to treat diabetes mellitus. Studies looking at the in vitro differentiation of ESCs into IPCs 
were first performed in 2001 using mouse cells (Lumelsky et al., 2001). However, the results 
could not be repeated in subsequent studies (Rajagopal et al., 2003; Hansson et al., 2004; 
Sipione et al., 2004). Researchers then developed a strategy for selecting ESCs expressing 
genes related to pancreatic cells (e.g. nestin), and successfully generated IPCs from these 
ESCs (Soria et al., 2000; Leon-Quinto et al., 2004). Other workers succeeded in creating IPCs 
from ESCs using gene transfer (Blyszczuk et al., 2003; Schroeder et al., 2006), or 
phosphoinositol-3 kinase inhibitors (Hori et al., 2002). The differentiation of ESCs into IPCs 
usually involves  differentiation into embryoid bodies. This relatively long process 
comprises two phases: the embryoid body stage (4–5 days) and the differentiation stage (30–
40 days). In 2005, Shi et al. decreased the time taken for this differentiation process to 15 
days (Shi et al., 2005). 
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Fig. 1. ESC sources. ESCs can be isolated from fresh, frozen, dead, excess and genetically 
deficient embryos, by parthenogenesis and somatic nucleus transfer, from biopsies, and 
from pluripotent stem cells obtained from adult tissues.  

In 2001, Assady et al. reported that IPCs could be generated by spontaneous differentiation 
of human ESCs. Although the IPC number and insulin content of these cells was low, this 
was the first proof-of-principle experiment indicating that human ESCs were a potential 
source of β-like cells. Recent reports from D'Amour et al. and Kroon et al. described the 
differentiation of pancreatic lineage cells from human ESCs in vitro. To date, many groups 
have reported the in vitro generation of IPCs from human ESCs (D'Amour et al., 2006; Jiang 
et al., 2007; Jiang et al., 2007).  

2.1.2 Induced pluripotent stem cells 
First created by Takahashi et al. (2007) and Yu et al. (2007), induced pluripotent stem cells 
(IPSCs) are a new source of embryonic-like stem cells, and are considered a technical 
breakthrough in stem cell research. IPSCs have several advantages over ESCs. One major 
advantage is that IPSCs can be created from any cell-type; thus, creating patient-specific 
stem cells (Park et al., 2008; Dimos et al., 2008). Similar to ESCs, IPSCs can differentiate into 
many different cell types, including neurons (Dimos et al., 2008; Chambers et al., 2008), heart 
muscle cells (Zhang et al., 2009) and insulin-secreting cells (Tateishi et al., 2008; Zhang et al., 
2009). 
IPSCs can be created from many different cell types via a simple process. First-generation 
IPSCs are obtained by transferring four genes (Oct-3/4, Sox-2, c-Myc and Klf4; Shinya 
Yamanaka et al., 2006) or Oct-3 / 4, Sox-2, Nanog and LIN28 into mice. Second-generation 
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Fig. 1. ESC sources. ESCs can be isolated from fresh, frozen, dead, excess and genetically 
deficient embryos, by parthenogenesis and somatic nucleus transfer, from biopsies, and 
from pluripotent stem cells obtained from adult tissues.  

In 2001, Assady et al. reported that IPCs could be generated by spontaneous differentiation 
of human ESCs. Although the IPC number and insulin content of these cells was low, this 
was the first proof-of-principle experiment indicating that human ESCs were a potential 
source of β-like cells. Recent reports from D'Amour et al. and Kroon et al. described the 
differentiation of pancreatic lineage cells from human ESCs in vitro. To date, many groups 
have reported the in vitro generation of IPCs from human ESCs (D'Amour et al., 2006; Jiang 
et al., 2007; Jiang et al., 2007).  

2.1.2 Induced pluripotent stem cells 
First created by Takahashi et al. (2007) and Yu et al. (2007), induced pluripotent stem cells 
(IPSCs) are a new source of embryonic-like stem cells, and are considered a technical 
breakthrough in stem cell research. IPSCs have several advantages over ESCs. One major 
advantage is that IPSCs can be created from any cell-type; thus, creating patient-specific 
stem cells (Park et al., 2008; Dimos et al., 2008). Similar to ESCs, IPSCs can differentiate into 
many different cell types, including neurons (Dimos et al., 2008; Chambers et al., 2008), heart 
muscle cells (Zhang et al., 2009) and insulin-secreting cells (Tateishi et al., 2008; Zhang et al., 
2009). 
IPSCs can be created from many different cell types via a simple process. First-generation 
IPSCs are obtained by transferring four genes (Oct-3/4, Sox-2, c-Myc and Klf4; Shinya 
Yamanaka et al., 2006) or Oct-3 / 4, Sox-2, Nanog and LIN28 into mice. Second-generation 
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IPSCs are derived using only Oct-3/4, Sox-2 and Klf4, because c-Myc is an oncogene 
(Nakagawa et al., 2008). Third-generation IPSCs are generated using only two genes, Oct-3/4 
and Sox-2, and the histone deacetylase inhibitor, valproic acid (VPA) (Danwei Huangfu et 
al., 2008). 
A recent study shows that IPSCs can be successfully created from adult fibroblasts derived 
from type 1 diabetic patients (Rene'Maehr et al., 2009). These cells were differentiated into 
IPCs and used to successfully treat diabetic rats (Alipio et al., 2010). 

2.1.3 Pancreatic stem cells 
A recent report by Harry Heimberg’s group (Heimberg et al., 2008) describes the existence 
of pancreatic stem cells in mice. In their most recent study, Heimberg's group ligated the 
ducts that secrete pancreatic enzymes in adult mice. The result was a doubling in the 
number of beta cells within two weeks. Also, the pancreases of the experimental animals 
began to produce more insulin; evidence that the newly generated beta cells were functional 
(Xu et al., 2008). Another research team showed that the production of new beta cells was 
dependent on the gene neurogenin 3 (Ngn3), which plays a role in the pancreas during 
embryonic development, and successfully isolated and established a murine pancreatic stem 
cell line (Noguchi et al., 2008; 2009).  
Human pancreatic stem cells have also been successfully differentiated into IPCs (Noguchi 
et al., 2010). Islet cells were isolated from the pancreases of human donors using the Ricordi 
technique modified by the Edmonton protocol. The isolated cells were then cultured in 
media specifically designed for mouse or human pancreatic embryonic stem cell culture. 
The cells were differentiated for 2 weeks in induction media containing exendin-4, 
nicotinamide, keratinocyte growth factor, PDX-1 protein, or protein BETA2/NeuroD. 
However, according to Davani et al. (2007), human islet precursor cells derived from human 
pancreases exhibit the properties of mesenchymal stem cells (MSCs) in that they adhere to 
plastic, express CD73, CD90 and CD105, and differentiate in vitro into adipocytes, 
chondrocytes, and osteocytes. Davani et al. also identified a rare population of 
CD105+/CD73+/CD90+ cells in adult human islets that express low levels of insulin mRNA 
(Davani et al., 2007). 

2.1.4 Mesenchymal stem cells 
MSCs are multipotent stem cells that can differentiate into a variety of cell types, such as 
osteoblasts (bone cells), chondrocytes (cartilage cells) and adipocytes (fat cells) (Anna et al., 
2008). This cell type was first discovered in 1924 by the cell morphologist Alexander A. 
Maximo, who described a type of cell within the mesenchyme that develops into various 
types of blood cell. Ernest A. McCulloch and James E. Till first revealed the clonal nature of 
marrow cells in 1963 (Becker et al., 1963; Siminovitch et al., 1963). Subsequently, ex vivo 
clonogenic assays were used to examine the potential of multipotent marrow cells 
(Friedenstein et al., 1974, 1976). In these assays, stromal cells or MSCs were used as colony-
forming unit-fibroblasts (CFU-f). The characteristics of MSCs are as follows: they adhere to 
culture vessels; they have a fibroblast-like shape; they express Stro-1, CD133, CD29, CD44, 
CD90, CD105 (SH2), SH3, SH4 (CD73), c-kit, CD71, and CD106; and they can differentiate 
into specialised cells, e.g. bone, cartilage and fat.  
MSCs have been isolated from many different tissues, including bone marrow (Oyajobi et 
al.. 1999; Majumdar et al., 2000; Prockop et al., 2001; Smith et al., 2004; Titorencu et al., 2007; 
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Wolfe et al., 2008; Gronthos and Zannettino et al., 2008; Phadnis et al., 2011; Bao et al., 2011), 
adipose tissue (Katz et al., 2005; Baptista et al., 2009; Caviggioli et al., 2009; Baer et al., 2010; 
Bruyn et al., 2010; Estes et al., 2010; Tucker, Bunnell, 2011), peripheral blood (Kassis et al., 
2006), umbilical cord blood (Erices et al., 2000; Rosada et al., 2003; Hutson et al., 2005; 
Reinisch et al., 2007; Bieback and Klüter et al., 2007; Perdikogianni et al., 2008; Zhang et al., 
2011), banked umbilical cord blood (Phuc et al., 2011), umbilical cords (Cutler et al., 2010; 
Farias et al., 2011), umbilical cord membranes (Deuse et al., 2010; Kita et al., 2010), umbilical 
cord veins  (Santos et al., 2010), Wharton's jelly from the umbilical cord (Zeddou  et al., 2010; 
Peng et al., 2011), placenta (Miao et al., 2006; Battula et al., 2007; Huang et al., 2009; Semenov 
et al., 2010; Pilz et al., 2011), decidua basalis (Macias et al., 2010; Lu et al., 2011), the 
ligamentum flavum (Chen et al., 2011), amniotic fluid (Feng et al., 2009; Choi et al., 2011, 
Shuang-Zhi et al., 2010), amniotic membrane (Chang et al., 2010; Marongiu et al., 2010), 
dental pulp (Agha-Hosseini et al., 2010; Karaöz et al., 2010; Yalvac et al., 2010; Spath et al., 
2010), chorionic villi from human placenta (Poloni et al., 2008), foetal membranes (Soncini et 
al., 2007), menstrual blood (Meng et al., 2007; Hida et al., 2008; Musina et al., 2008; 
Kyurkchiev et al., 2010), and breast milk (Patki et al., 2010) (Fig. 2).  
 

 
Fig. 2. Sources of MSCs. MSCs can be derived from several adult or infant tissues.  

MSCs have been successfully differentiated into IPCs in vitro and can reduce blood glucose 
levels in both animals and humans after transplantation. The in vitro differentiation of MSCs 
into IPCs requires certain substances combined with medium stress. Most successful 
protocols for the differentiation of MSCs into IPCs used nicotinamide and/or exendin-4 
inducers. Changes in the glucose concentration within the culture medium are necessary to 
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IPSCs are derived using only Oct-3/4, Sox-2 and Klf4, because c-Myc is an oncogene 
(Nakagawa et al., 2008). Third-generation IPSCs are generated using only two genes, Oct-3/4 
and Sox-2, and the histone deacetylase inhibitor, valproic acid (VPA) (Danwei Huangfu et 
al., 2008). 
A recent study shows that IPSCs can be successfully created from adult fibroblasts derived 
from type 1 diabetic patients (Rene'Maehr et al., 2009). These cells were differentiated into 
IPCs and used to successfully treat diabetic rats (Alipio et al., 2010). 

2.1.3 Pancreatic stem cells 
A recent report by Harry Heimberg’s group (Heimberg et al., 2008) describes the existence 
of pancreatic stem cells in mice. In their most recent study, Heimberg's group ligated the 
ducts that secrete pancreatic enzymes in adult mice. The result was a doubling in the 
number of beta cells within two weeks. Also, the pancreases of the experimental animals 
began to produce more insulin; evidence that the newly generated beta cells were functional 
(Xu et al., 2008). Another research team showed that the production of new beta cells was 
dependent on the gene neurogenin 3 (Ngn3), which plays a role in the pancreas during 
embryonic development, and successfully isolated and established a murine pancreatic stem 
cell line (Noguchi et al., 2008; 2009).  
Human pancreatic stem cells have also been successfully differentiated into IPCs (Noguchi 
et al., 2010). Islet cells were isolated from the pancreases of human donors using the Ricordi 
technique modified by the Edmonton protocol. The isolated cells were then cultured in 
media specifically designed for mouse or human pancreatic embryonic stem cell culture. 
The cells were differentiated for 2 weeks in induction media containing exendin-4, 
nicotinamide, keratinocyte growth factor, PDX-1 protein, or protein BETA2/NeuroD. 
However, according to Davani et al. (2007), human islet precursor cells derived from human 
pancreases exhibit the properties of mesenchymal stem cells (MSCs) in that they adhere to 
plastic, express CD73, CD90 and CD105, and differentiate in vitro into adipocytes, 
chondrocytes, and osteocytes. Davani et al. also identified a rare population of 
CD105+/CD73+/CD90+ cells in adult human islets that express low levels of insulin mRNA 
(Davani et al., 2007). 

2.1.4 Mesenchymal stem cells 
MSCs are multipotent stem cells that can differentiate into a variety of cell types, such as 
osteoblasts (bone cells), chondrocytes (cartilage cells) and adipocytes (fat cells) (Anna et al., 
2008). This cell type was first discovered in 1924 by the cell morphologist Alexander A. 
Maximo, who described a type of cell within the mesenchyme that develops into various 
types of blood cell. Ernest A. McCulloch and James E. Till first revealed the clonal nature of 
marrow cells in 1963 (Becker et al., 1963; Siminovitch et al., 1963). Subsequently, ex vivo 
clonogenic assays were used to examine the potential of multipotent marrow cells 
(Friedenstein et al., 1974, 1976). In these assays, stromal cells or MSCs were used as colony-
forming unit-fibroblasts (CFU-f). The characteristics of MSCs are as follows: they adhere to 
culture vessels; they have a fibroblast-like shape; they express Stro-1, CD133, CD29, CD44, 
CD90, CD105 (SH2), SH3, SH4 (CD73), c-kit, CD71, and CD106; and they can differentiate 
into specialised cells, e.g. bone, cartilage and fat.  
MSCs have been isolated from many different tissues, including bone marrow (Oyajobi et 
al.. 1999; Majumdar et al., 2000; Prockop et al., 2001; Smith et al., 2004; Titorencu et al., 2007; 
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Wolfe et al., 2008; Gronthos and Zannettino et al., 2008; Phadnis et al., 2011; Bao et al., 2011), 
adipose tissue (Katz et al., 2005; Baptista et al., 2009; Caviggioli et al., 2009; Baer et al., 2010; 
Bruyn et al., 2010; Estes et al., 2010; Tucker, Bunnell, 2011), peripheral blood (Kassis et al., 
2006), umbilical cord blood (Erices et al., 2000; Rosada et al., 2003; Hutson et al., 2005; 
Reinisch et al., 2007; Bieback and Klüter et al., 2007; Perdikogianni et al., 2008; Zhang et al., 
2011), banked umbilical cord blood (Phuc et al., 2011), umbilical cords (Cutler et al., 2010; 
Farias et al., 2011), umbilical cord membranes (Deuse et al., 2010; Kita et al., 2010), umbilical 
cord veins  (Santos et al., 2010), Wharton's jelly from the umbilical cord (Zeddou  et al., 2010; 
Peng et al., 2011), placenta (Miao et al., 2006; Battula et al., 2007; Huang et al., 2009; Semenov 
et al., 2010; Pilz et al., 2011), decidua basalis (Macias et al., 2010; Lu et al., 2011), the 
ligamentum flavum (Chen et al., 2011), amniotic fluid (Feng et al., 2009; Choi et al., 2011, 
Shuang-Zhi et al., 2010), amniotic membrane (Chang et al., 2010; Marongiu et al., 2010), 
dental pulp (Agha-Hosseini et al., 2010; Karaöz et al., 2010; Yalvac et al., 2010; Spath et al., 
2010), chorionic villi from human placenta (Poloni et al., 2008), foetal membranes (Soncini et 
al., 2007), menstrual blood (Meng et al., 2007; Hida et al., 2008; Musina et al., 2008; 
Kyurkchiev et al., 2010), and breast milk (Patki et al., 2010) (Fig. 2).  
 

 
Fig. 2. Sources of MSCs. MSCs can be derived from several adult or infant tissues.  

MSCs have been successfully differentiated into IPCs in vitro and can reduce blood glucose 
levels in both animals and humans after transplantation. The in vitro differentiation of MSCs 
into IPCs requires certain substances combined with medium stress. Most successful 
protocols for the differentiation of MSCs into IPCs used nicotinamide and/or exendin-4 
inducers. Changes in the glucose concentration within the culture medium are necessary to 
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trigger this process. MSCs are commonly cultured in low glucose medium to initiate 
differentiation before they can be induced to differentiate into IPCs by nicotinamide. In 
some studies, epidermal growth factor (EGF) was added to the culture medium during the 
IPC maturation phase in addition to nicotinamide. Currently, IPCs can be generated from 
MSCs obtained from human umbilical cord blood (Gao et al., 2008; Parekh et al., 2009; Wang 
et al., 2010), banked human umbilical cord blood (Phuc et al., 2011), placenta (Kadam et al., 
2010), bone marrow (Sun et al., 2007; Xie et al., 2009; Phadnis et al., 2011), menstrual blood 
(Li et al., 2010), amniotic fluid (Trovato et al., 2009), Wharton’s jelly (Chao et al., 2008; Wu et 
al., 2009), amnion (Kadam et al., 2010), and adipose tissue (Chandra et al., 2009). Other 
studies report the successful use of transgenesis to differentiate MSCs into IPCs, or up-
regulation of genes (mainly PDX-1 or betacellulin) related to signalling pathways that trigger 
this process (Karnieli et al., 2007; Li et al., 2007; Li et al., 2008; Hisanaga et al., 2008; Limbert 
and Seufert., 2009; Yuan  et al., 2010; Paz et al., 2011). Moreover, coating the tissue culture 
flasks with substrates such as fibronectin or laminin can also induce MSCs to differentiate 
into IPCS (Moriscot et al., 2005; Chang et al., 2008; Gao et al., 2008; Lin et al., 2010; Lin et al., 
2011).  

2.1.5 Other sources 
Recent reports suggest that pancreatic duct cells, liver cells, spleen cells, and other cell types 
have the ability to differentiate into islet cells. Although it is difficult to differentiate adult 
cells into insulin-producing pancreatic cells, some researchers have shown evidence of 
pancreatic duct regeneration in mouse models. When gastrin was injected into mice to 
induce acinar cells to differentiate into duct cells, these cells became a cellular substrate for 
the formation of new beta cells, similar to the effects seen in rats receiving glucose injections 
(Weir and Bonner-Weir et al., 2004).  
Liver cells originating from the endothelium may also be candidates for this specialised 
insulin-secreting role (Meivar-Levy et al., 2006). Yang et al. (2002) reported that exposure to 
high glucose concentrations caused oval cells in the liver to differentiate into cells with a 
phenotype similar to that of pancreatic islet cells (Yang et al., 2002). Another strategy 
involves the in vivo gene transfer of the pdx-1 gene into liver cells using an adenovirus vector 
to induce endogenous pdx-1 gene expression. Pdx-1, along with other beta cell genes, is 
associated with insulin secretion (Zalzman et al., 2005; Sapir et al., 2005; Shternhall-Ron et 
al., 2007; Aviv et al., 2009; Gefen-Halevi et al., 2010; Meivar-Levy and Ferber, 2010). Similar 
to pdx-1, betacellulin and neuro-D expression by liver cells yielded sufficient insulin-
producing cells in a streptozocin (STZ)-induced diabetic mouse model. These techniques not 
only induce liver cells to differentiate into beta cells, but also create new islets within the 
liver itself (Kojima et al., 2003). Other studies showed that human foetal liver cells 
transfected with telomerase and pdx-1 can produce insulin and release it into the body. These 
cells cured diabetes mellitus when transplanted into immuno-deficient diabetic mice.  
Fibroblasts are a relatively new source of islets and are easily isolated from skin. In a recent 
study, 61 single-cell-derived dermal fibroblast clones were established from human foreskin 
using a limiting dilution technique. These cells were able to differentiate into islet-like 
clusters when induced using pancreatic-inducing medium and several hormones, including 
insulin, glucagon and somatostatin, were detectable at both the mRNA and protein levels 
after induction. Moreover, transplantation of these islet-like clusters resulted in the release 
insulin in response to glucose in vitro (Bi et al. 2010).  
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2.2 Stem cell transplantation strategies 
2.2.1 Transplantation methods 
Transplantation of stem cells/IPCs to treat diabetes mellitus has been investigated in both 
animal models and humans. Many different types of stem cells have been tested using 
different methods. Cells can be grafted underneath the kidney capsule (Rackham et al., 2011; 
Figliuzzi et al., 2009; Ito et al., 2010; Lin et al., 2009; Kodama et al., 2009; Kodama et al., 2008; 
Zhang et al., 2010; Ohmura et al., 2010; Xiao et al., 2008; Berman et al., 2010), delivered via 
intra-peritoneal injection (Boroujeni et al., 2011; Chandra et al., 2009; Koya et al., 2008; Shao 
et al., 2011; Kadam et al., 2010; Phuc et al., 2011; Lin et al., 2009) or intra-portally (Shyu et al., 
2011; Trivedi et al., 2008; Li et al., 2010; Wu et al., 2007; Longoni et al., 2010; Itakura et al., 
2007), grafted into the liver (Chao et al., 2008; Zhu et al., 2009; Xu et al., 2007; Chen et al., 
2009; Wang et al., 2010) or injected into the tail vein (Dinarvand et al., 2010; Koblas et al., 
2009; Kajiyama et al., 2010; Jurewicz et al., 2010) (Fig. 3). However, there is little research 
comparing the efficiency of these methods. Chen et al. (2009) showed that transplantation of 
stem cells into the liver produces better results than transplantation into the renal capsule. 
Although diabetes mellitus is caused by destruction of the beta cells within the pancreatic 
islets, no studies have attempted transplantation directly into the pancreas. This is because 
the pancreas is very sensitive organ and is vulnerable to mechanical intervention. 
  

 
Fig. 3. Methods of stem cell/IPC transplantation. Stem cells or IPCs can be transplanted via 
the tail vein, intraperitoneally, under the kidney capsule, into the liver, or via the portal 
vein.  
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trigger this process. MSCs are commonly cultured in low glucose medium to initiate 
differentiation before they can be induced to differentiate into IPCs by nicotinamide. In 
some studies, epidermal growth factor (EGF) was added to the culture medium during the 
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(Li et al., 2010), amniotic fluid (Trovato et al., 2009), Wharton’s jelly (Chao et al., 2008; Wu et 
al., 2009), amnion (Kadam et al., 2010), and adipose tissue (Chandra et al., 2009). Other 
studies report the successful use of transgenesis to differentiate MSCs into IPCs, or up-
regulation of genes (mainly PDX-1 or betacellulin) related to signalling pathways that trigger 
this process (Karnieli et al., 2007; Li et al., 2007; Li et al., 2008; Hisanaga et al., 2008; Limbert 
and Seufert., 2009; Yuan  et al., 2010; Paz et al., 2011). Moreover, coating the tissue culture 
flasks with substrates such as fibronectin or laminin can also induce MSCs to differentiate 
into IPCS (Moriscot et al., 2005; Chang et al., 2008; Gao et al., 2008; Lin et al., 2010; Lin et al., 
2011).  

2.1.5 Other sources 
Recent reports suggest that pancreatic duct cells, liver cells, spleen cells, and other cell types 
have the ability to differentiate into islet cells. Although it is difficult to differentiate adult 
cells into insulin-producing pancreatic cells, some researchers have shown evidence of 
pancreatic duct regeneration in mouse models. When gastrin was injected into mice to 
induce acinar cells to differentiate into duct cells, these cells became a cellular substrate for 
the formation of new beta cells, similar to the effects seen in rats receiving glucose injections 
(Weir and Bonner-Weir et al., 2004).  
Liver cells originating from the endothelium may also be candidates for this specialised 
insulin-secreting role (Meivar-Levy et al., 2006). Yang et al. (2002) reported that exposure to 
high glucose concentrations caused oval cells in the liver to differentiate into cells with a 
phenotype similar to that of pancreatic islet cells (Yang et al., 2002). Another strategy 
involves the in vivo gene transfer of the pdx-1 gene into liver cells using an adenovirus vector 
to induce endogenous pdx-1 gene expression. Pdx-1, along with other beta cell genes, is 
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producing cells in a streptozocin (STZ)-induced diabetic mouse model. These techniques not 
only induce liver cells to differentiate into beta cells, but also create new islets within the 
liver itself (Kojima et al., 2003). Other studies showed that human foetal liver cells 
transfected with telomerase and pdx-1 can produce insulin and release it into the body. These 
cells cured diabetes mellitus when transplanted into immuno-deficient diabetic mice.  
Fibroblasts are a relatively new source of islets and are easily isolated from skin. In a recent 
study, 61 single-cell-derived dermal fibroblast clones were established from human foreskin 
using a limiting dilution technique. These cells were able to differentiate into islet-like 
clusters when induced using pancreatic-inducing medium and several hormones, including 
insulin, glucagon and somatostatin, were detectable at both the mRNA and protein levels 
after induction. Moreover, transplantation of these islet-like clusters resulted in the release 
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2.2.2 Stem cell transplantation 
Unlike IPC transplantation, the mechanisms underlying islet regeneration and the 
reductions in blood glucose levels seen in diabetic patients require further study. The main 
questions that need to be answered are: 1) what role do grafted stem cells play in the 
regeneration of pancreatic islets? 2) How will stem cells behave when grafted into the body 
rather than the pancreas? 
One type of stem cell that has been used to treat diabetes mellitus and investigated 
extensively in animal models is MSCs. Almost all research on MSC transplantation shows 
that in vitro or in vivo transplantation of MSCs results in a reduction of blood glucose levels, 
weight gain and increased longevity. However, MSCs can play multiple roles. Grafted stem 
cells can move into the pancreatic islets and differentiate into IPCs (Sorvi et al., 2005; Sordi, 
2009). In an in vitro model using MSCs derived from human bone marrow and pancreatic 
islets, Sorvi et al. (2005) demonstrated crosstalk between MSCs and pancreatic cells mediated 
by various chemokines and their receptors. A minority of BM-MSCs (2–25%) express 
chemokine receptors (CXC receptor 4 [CXCR4], CX3C receptor 1 [CX3CR1], CXCR6, CC 
chemokine receptor 1 [CCR1], and CCR7) and, accordingly, show chemotactic migration in 
response to chemokine CXC ligand 12 (CXCL12), CX3CL1, CXCL16, CC chemokine ligand 3 
(CCL3), and CCL19. These factors, released from the islets, were then able to attract MSCs. 
Moreover, MSCs were detected within the pancreatic islets of mice injected with green 
fluorescent protein (GFP)-positive MSCs (Sorvi et al., 2005). This result was subsequently 
confirmed in 2009 by Sordi, who hypothesised that the crosstalk between MSCs and 
pancreatic islets was driven by the CXCR4-CXCL12 and CX3CR1-CX3CL1 axes (Sordi, 2009). 
Movement of MSCs into the pancreas after transplantation was also confirmed by Lin et al. 
(2009) and Phadnis et al. (2011). Using bone marrow-derived MSC transplantation coupled 
with down-regulation of neurogenin 3 (Ngn3) induced by a recombinant lentivirus 
encoding two different small hairpin RNAs (shRNAs) for specific interference, they showed 
the successful engraftment of MSCs. In addition, they found that the endogenous pancreatic 
stem cells differentiated into IPCs and played a major role in reversing hyperglycaemia (Lin 
et al., 2009). However, there are  cases in which stem cells derived from human umbilical 
cord blood also move into the pancreas and differentiate into IPCs in immunocompromised 
diabetic animals without improving hyperglycaemia (Koblas et al., 2009). Hasegawa et al. 
(2007) used Nos3 (-/-) mice as a model of impaired bone marrow-derived cell mobilisation 
and showed that the hyperglycaemia-improving effects of bone marrow transplantation 
were inversely correlated with the severity of myelo-suppression and delays in peripheral 
white blood cell recovery. Thus, stem cell mobilisation is critical for bone marrow 
transplantation-induced beta cell regeneration after injury. Therefore, they suggested that, 
during bone marrow transplantation, grafted cells first move into the recipient’s bone 
marrow and, subsequently, into the injured periphery to regenerate the recipient’s 
pancreatic beta cells (Hasegawa et al., 2007). 
Another study showed that MSCs display immunomodulatory functions. MSCs prevented 
beta-cell destruction and development of diabetes mellitus by inducing regulatory T cells 
(Madec et al., 2009). Thus, MSC transplantation may prevent islet cell destruction by the 
immune system seen in type 1 diabetes mellitus and the pancreatic islets can be gradually 
restored. The result was a decrease in blood sugar levels and weight gain. While in a more 
recent study, it is said that MSCs protected islets from hypoxia/reoxygenation (H/R)-
induced injury by decreasing apoptosis and increasing the expression of HIF-1α, HO-1, and 
COX-2 mRNA. The MSCs induced the expression of anti-apoptotic genes, thereby 
enhancing resistance to H/R-induced apoptosis and dysfunction (Lu et al., 2010). 
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The use of ESCs for treating diabetes mellitus is limited because of high levels of tumour 
formation. So there were a few researches using the ESCs for treating diabetes mellitus. In 
one study, pancreatic cell ontogeny within ESCs transplanted into the renal capsule of STZ-
induced mice resulted in pancreatogenesis in situ or beta cell neogenesis. 
Immunohistochemistry was performed on excised pancreatic tissues using antibodies 
against stage- and lineage-specific pancreatic markers. Twenty-one days post-
transplantation, PDX-1+ pancreatic foci appeared in the renal capsule, which expressed 
exocrine enzymes (amylase) and endocrine hormones (insulin, glucagon, and somatostatin). 
These multi-hormonal endocrine cells, a characteristic of beta cell regeneration, suggested 
possible divergence from embryonic islet cell development (Kodama et al., 2008). In another 
study, Kodama et al. (2009) showed that transplanted ESCs could migrate into the injured 
pancreas. Cell tracing analysis showed that significant beta cell neogenesis occurred 2 to 3 
weeks after injury. Importantly, whereas pancreas-localised ESC or their derivatives were 
found adjacent to the sites of regeneration, neogenic pancreatic epithelia, including Ngn3+ 
cells, were endogenous. Transplantation efficiency was confirmed by enhanced endogenous 
regeneration and increased beta cell differentiation from endogenous progenitor cells 
(Kodama et al., 2009). 

2.2.3 Transplantation of differentiated stem cells 
Based on the successful transplantation of beta cells, or pancreatic islets, for the treatment of 
diabetes mellitus (Ris et al., 2011; Wahoff et al., 1995; 1996), transplantation of IPCs 
differentiated from stem cells is seen as a promising therapy for diabetic patients, particularly 
in light of the lack of tissue donors and the many side effects of insulin injections. Unlike stem 
cells, transplanted IPCs produce insulin directly. IPC transplantation using different grafting 
methods has been studied in mouse models. Routes of administration include the portal vein, 
intra-peritoneal injection, the liver, the tail vein, and the kidney capsule. IPCs, differentiated 
from bone marrow-derived MSCs, were successfully allografted into the portal vein in a rat 
model of diabetes mellitus. After transplantation, the IPCs migrated into the liver where 
they expressed islet hormones, resulting in reduced glucose levels between Days 6 and 20 
post-injection (Wu et al., 2007). Xenotransplantation of IPCs derived from fresh or banked 
human umbilical cord blood into diabetic mice also showed positive results. These IPCs, 
transplanted via the portal vein (Wang et al., 2010) or intraperitoneally (Phuc et al., 2011), 
reduced the blood glucose levels in diabetic mice. When IPCs were grafted into the portal 
vein, human C-peptides were detected in the mouse livers by immunohistochemistry (Wang 
et al., 2010). Similar to these results, xenotransplantation of IPCs differentiated from the 
Wharton’s jelly from human umbilical cords restored normoglycaemia, body weight and a 
normal glucose tolerance test, indicating that the cells are functional when grafted via the 
portal vein (Kadam et al., 2010) or liver (Chao et al., 2008).  
Zang et al. (2010) injected IPCs differentiated from human islet-derived progenitor cells 
under the renal capsule of immunodeficient mice. One month later, 19/28 mice transplanted 
with progenitor cells and 4/14 mice transplanted with IPCs produced human C-peptide that 
was detectable in the blood. This indicates that the in vivo environment further facilitates the 
maturation of progenitor cells. Moreover, 9/19 mice transplanted with progenitor cells, and 
2/4 mice transplanted with IPCs, secreted C-peptide in response to glucose (Zang et al., 
2010). Allotransplantation of IPCs differentiated from islet progenitor cells produced similar 
results (Shyu et al. 2011). In this study, progenitor cells cultured in matrigel differentiated 
into IPCs following transplantation into diabetic mice. 
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2.2.2 Stem cell transplantation 
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encoding two different small hairpin RNAs (shRNAs) for specific interference, they showed 
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cord blood also move into the pancreas and differentiate into IPCs in immunocompromised 
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(2007) used Nos3 (-/-) mice as a model of impaired bone marrow-derived cell mobilisation 
and showed that the hyperglycaemia-improving effects of bone marrow transplantation 
were inversely correlated with the severity of myelo-suppression and delays in peripheral 
white blood cell recovery. Thus, stem cell mobilisation is critical for bone marrow 
transplantation-induced beta cell regeneration after injury. Therefore, they suggested that, 
during bone marrow transplantation, grafted cells first move into the recipient’s bone 
marrow and, subsequently, into the injured periphery to regenerate the recipient’s 
pancreatic beta cells (Hasegawa et al., 2007). 
Another study showed that MSCs display immunomodulatory functions. MSCs prevented 
beta-cell destruction and development of diabetes mellitus by inducing regulatory T cells 
(Madec et al., 2009). Thus, MSC transplantation may prevent islet cell destruction by the 
immune system seen in type 1 diabetes mellitus and the pancreatic islets can be gradually 
restored. The result was a decrease in blood sugar levels and weight gain. While in a more 
recent study, it is said that MSCs protected islets from hypoxia/reoxygenation (H/R)-
induced injury by decreasing apoptosis and increasing the expression of HIF-1α, HO-1, and 
COX-2 mRNA. The MSCs induced the expression of anti-apoptotic genes, thereby 
enhancing resistance to H/R-induced apoptosis and dysfunction (Lu et al., 2010). 

 
Stem Cell Therapy for Islet Regeneration 

 

559 

The use of ESCs for treating diabetes mellitus is limited because of high levels of tumour 
formation. So there were a few researches using the ESCs for treating diabetes mellitus. In 
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pancreas. Cell tracing analysis showed that significant beta cell neogenesis occurred 2 to 3 
weeks after injury. Importantly, whereas pancreas-localised ESC or their derivatives were 
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regeneration and increased beta cell differentiation from endogenous progenitor cells 
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et al., 2010). Similar to these results, xenotransplantation of IPCs differentiated from the 
Wharton’s jelly from human umbilical cords restored normoglycaemia, body weight and a 
normal glucose tolerance test, indicating that the cells are functional when grafted via the 
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Zang et al. (2010) injected IPCs differentiated from human islet-derived progenitor cells 
under the renal capsule of immunodeficient mice. One month later, 19/28 mice transplanted 
with progenitor cells and 4/14 mice transplanted with IPCs produced human C-peptide that 
was detectable in the blood. This indicates that the in vivo environment further facilitates the 
maturation of progenitor cells. Moreover, 9/19 mice transplanted with progenitor cells, and 
2/4 mice transplanted with IPCs, secreted C-peptide in response to glucose (Zang et al., 
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ESCs were also differentiated into IPCs and used to treat diabetes mellitus in animal models. 
After transplantation, these cells did not induce teratoma formation in STZ-induced mice 
and treatment reduced blood glucose levels to almost normal levels (Kim et al., 2003). 
Another study indicated that ESCs could differentiate into IPCs; however, transplantation of 
these pancreatic progenitor clusters into STZ-induced mice failed to reverse the 
hyperglycaemic state. This indicates that ESCs can differentiate into pancreatic progenitor 
cells and commit to a pancreatic islet cell fate, but are unable to perform the normal 
functions of beta cells (Chen et al., 2008). While most studies have focused on experimental 
treatments using IPC transplantation, another study used liver cells (rather than IPCs) to 
treat diabetes mellitus. Hepatic cells were differentiated from bone marrow-derived MSCs. 
Transplantation of syngeneic hepatic cells into STZ-induced mice cured their diabetes 
mellitus. Treatment of mice with hyperglycaemia and islet cell destruction resulted in repair 
of the pancreatic islets. Blood glucose levels, intra-peritoneal glucose tolerance tests, and 
serum insulin levels recovered significantly in the treated group. In addition, both body 
weight and the number of islets were significantly increased (Dinarvand et al., 2010).  

2.2.4 Stem cell gene therapy 
Due to their properties of self-renewal and capacity for multipotent differentiation, stem 
cells are thought to be the best vector for delivering genes and therapeutic gene-coded 
proteins into the body. Gene transfer experiments that cause stem cells to differentiate into 
beta cells, or that transfer specific genes coding for insulin, have also been conducted in 
recent years. There are several possible reasons why the use of stem cell gene therapies can 
be used to treat diabetes mellitus. However, no study has compared the difference between 
IPCs produced by chemical induction and those derived from gene transfer. Some 
researchers hypothesise that the key is the genetic transfer of the signalling pathways 
related to differentiation from stem cells into IPCs, which will create IPCs more similar to 
stem cells in vivo. Others argue that genetic modifications, e.g. PDX-1, betacellulin, or Neuro-
D transfer, induce cells to differentiate into beta cells, while yet others suggest that the 
efficiency of IPC transplantation is low because IPCs are mature, specialised cells. For long-
term effectiveness, a source of insulin with a long-term regenerative capacity is needed. 
Early studies by Xu et al. (2007), looking at transferring insulin into MSCs, showed that the 
resulting MSCs did express human insulin. The body weight of diabetic mice treated with 
these MSCs increased by 6% within 6 weeks of treatment, and average blood glucose levels 
were 10.40 +/- 2.80 mmol/l (Day 7) and 6.50 +/- 0.89 mmol/l (Day 42), compared with 
26.80 +/- 2.49 mmol/l (Day 7) and 25.40 +/- 4.10 mmol/l (Day 42) in untreated animals (p < 
0.05). Experimental diabetes mellitus was effectively relieved for up to 6 weeks after 
intrahepatic transplantation of murine MSCs expressing human insulin (Xu et al., 2007). In 
other studies, STZ-treated mice transplanted with Pdx1-transduced adipose tissue-derived 
MSCs (Pdx1-MSCs) showed significant decreases in blood glucose levels and increased 
survival compared with control mice (Lin et al., 2009; Kajiyama et al., 2010). 

2.2.5 Transplantation of immuno-isolated IPCs 
Transplantation IPCs offers a potential cell replacement therapy for patients with type 1 
diabetes mellitus. However, because of the inadequate number of cells obtained from 
donors, other stem cell sources have drawn significant attention from many research 
groups. The efficacy of these approaches is limited because they typically necessitate the 
administration of immunosuppressive agents to prevent rejection of transplanted cells. The 
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use immunosuppressive drugs can have deleterious side effects, such as increased 
susceptibility to infection, liver and kidney damage, and an increased risk of cancer. In 
addition, immunosuppressive drugs may have unexpected effects on the transplanted 
tissues. For example, some reports have shown that cyclosporine can inhibit insulin 
secretion by pancreatic cells.  
Immuno-isolation is a promising technique that protects the implanted tissues from 
rejection. One of the most common immuno-isolation techniques is to encapsulate cells 
within a semi-permeable membrane, such as alginate, that physically protects the grafts 
from the host’s immune cells while simultaneously allowing nutrients and metabolic 
products to diffuse into or out of the capsule. To achieve this, the cells are encapsulated 
within a hydrogel or alginate membrane using gravity, electrostatic forces, or coaxial airflow 
to form the capsule. Allogeneic and xenogeneic transplantation of encapsulated islets of 
Langerhans restores normal blood glucose levels in mice (Dufrane et al., 2006; Fan et al., 
1990; Omer et al., 2003), dogs (Soon-Shiong et al., 1992a,b; 1993) and non-human primates 
(Sun et al., 1996) with diabetes mellitus induced by autoimmune diseases or chemical injury, 
without on the need for immunosuppressive agents. In most of these studies, 
transplantation was via intraperitoneal injection of islet cells. However, Dufrane et al. (2006) 
recently reported the generation of encapsulated porcine islets using a Ca-alginate material. 
These capsules were implanted under the kidney capsule of nondiabetic Cynomolgus 
monkeys. The implanted porcine islets survived for up to 6 months after implantation 
without immunosuppression, even in animals injected with porcine IgG. Moreover, C-
peptide was detected in 71% of the animals. After 135 and 180 days, the explanted capsules 
still synthesised insulin and responded to glucose stimulation (Dufrane et al., 2006).  
In another study, transplantation of alginate-encapsulated IPCs from an embryo-derived 
mouse embryo progenitor-derived insulin-producing-1 (MEPI-1) cell line lowered 
hyperglycaemia in immuno-competent, allogeneic diabetic mice. After transplantation, 
hyperglycaemia was reversed and was followed by a 2.5-month period of normal to 
moderate hypoglycaemia before relapse. Relapse occurred within 2 weeks in mice 
transplanted with non-encapsulated MEPI-1 cells. Blood glucose levels, insulin levels, and 
the results of an oral glucose tolerance test all correlated directly with the number of viable 
cells remaining in the capsules in the transplanted animals (Shao et al., 2011). Moreover, 
encapsulation of IPCs differentiated from amnion-derived MSCs, or adipose tissue-derived 
MSCs in polyurethane-polyvinyl pyrrolidone macrocapsules, or IPCs in calcium alginate, 
resulted in the restoration of normoglycaemia without immunorejection (Chandra  et al., 
2009; Kadam et al., 2010) in diabetic rats  

2.2.6 Co-transplantation of stem cells and IPCs 
Allogeneic islet/IPC transplantation is an efficient method for maintaining normal glucose 
levels and for the treatment of diabetes mellitus. However, limited sources of islets/IPCs, 
high rates of islet/IPC graft failure and the need for long-term immunosuppression are 
major obstacles to the widespread application of these therapies. To overcome these 
problems, co-transplantation of pancreatic islets/IPCs and adult stem cells is considered as a 
potential target for the near future. In fact, new results suggest that co-transplantation of 
stem/precursor cells, particularly MSCs, and islets/IPCs promotes tissue engraftment and 
beta cell/IPC survival. This theory proposes that stem cells also act as "feeder" cells for the 
islets, supporting graft protection, tissue revascularisation, and immune acceptance (Sordi et 
al., 2010).  
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ESCs were also differentiated into IPCs and used to treat diabetes mellitus in animal models. 
After transplantation, these cells did not induce teratoma formation in STZ-induced mice 
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efficiency of IPC transplantation is low because IPCs are mature, specialised cells. For long-
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use immunosuppressive drugs can have deleterious side effects, such as increased 
susceptibility to infection, liver and kidney damage, and an increased risk of cancer. In 
addition, immunosuppressive drugs may have unexpected effects on the transplanted 
tissues. For example, some reports have shown that cyclosporine can inhibit insulin 
secretion by pancreatic cells.  
Immuno-isolation is a promising technique that protects the implanted tissues from 
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without on the need for immunosuppressive agents. In most of these studies, 
transplantation was via intraperitoneal injection of islet cells. However, Dufrane et al. (2006) 
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monkeys. The implanted porcine islets survived for up to 6 months after implantation 
without immunosuppression, even in animals injected with porcine IgG. Moreover, C-
peptide was detected in 71% of the animals. After 135 and 180 days, the explanted capsules 
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mouse embryo progenitor-derived insulin-producing-1 (MEPI-1) cell line lowered 
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moderate hypoglycaemia before relapse. Relapse occurred within 2 weeks in mice 
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resulted in the restoration of normoglycaemia without immunorejection (Chandra  et al., 
2009; Kadam et al., 2010) in diabetic rats  
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Allogeneic islet/IPC transplantation is an efficient method for maintaining normal glucose 
levels and for the treatment of diabetes mellitus. However, limited sources of islets/IPCs, 
high rates of islet/IPC graft failure and the need for long-term immunosuppression are 
major obstacles to the widespread application of these therapies. To overcome these 
problems, co-transplantation of pancreatic islets/IPCs and adult stem cells is considered as a 
potential target for the near future. In fact, new results suggest that co-transplantation of 
stem/precursor cells, particularly MSCs, and islets/IPCs promotes tissue engraftment and 
beta cell/IPC survival. This theory proposes that stem cells also act as "feeder" cells for the 
islets, supporting graft protection, tissue revascularisation, and immune acceptance (Sordi et 
al., 2010).  
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Overcoming the loss of islet mass is important for successful islet transplantation. Adipose 
tissue-derived stem cells (ADSCs; referred to as MSCs by some authors) have angiogenic and 
anti-inflammatory properties. Co-transplantation of ADSCs and islets into mice promotes 
survival, improves insulin secretion by the graft, and reduces the islet mass required for 
treatment (Ohmura et al., 2010). In another study, MSCs derived from adipose tissue were 
differentiated into IPCs and co-transplanted with cultured bone marrow cells into 11 diabetic 
patients (7 male, 4 female; disease duration, 1–24 years; age range, 13–43 years). Their mean 
exogenous insulin requirements were 1.14 units/kg BW/day, the mean glycosylated 
haemoglobin (Hb1Ac) level was 8.47%, and the mean c-peptide level was 0.1 ng/mL. All the 
patients received successful transplants and the mean follow-up period was 23 months. The 
results showed a decreased mean exogenous insulin requirement of 0.63 units/kgBW/day, a 
reduced Hb1Ac of 7.39%, and raised serum c-peptide levels (0.38 ng/mL). The patients 
reported no diabetic ketoacidosis events and a mean weight gain of 2.5 kg on a normal 
vegetarian diet and physical activity (Vanikar et al., 2010). However, a previous report 
indicated that similar results were obtained with undifferentiated MSC-derived adipose tissue 
co-transplanted with cultured bone marrow. In this study, human adipose tissue-derived 
MSCs were transfused along with unfractionated cultured bone marrow into five 
insulinopenic diabetic patients (2 male, 3 female; age range, 14–28 years; disease duration,  0.6 
to 10 years) being treated with human insulin (14–70 U/d). The patients had postprandial 
blood sugar levels between 156 and 470 mg%, Hb1Ac levels of 6.8% to 9.9%, and c-peptide 
levels of 0.02 to 0.2 ng/mL. After successful transplantation, all patients showed a 30% to 50% 
reduction in their insulin requirements along with a 4–26-fold increase in serum c-peptide 
levels during a mean follow-up period of 2.9 months (Trivedi  et al., 2008).  
After transplantation, MSCs appear to play an immunomodulatory role, thereby promoting 
graft acceptance. In a cynomolgus monkey model, allogeneic MSCs were co-transplanted 
with islets intra-portally on postoperative Day 0 and intravenously with donor marrow on 
postoperative Days 5 and 11. Increased co-transplantation efficiency was associated with 
increased numbers of regulatory T-cells in the peripheral blood, indicating that co-
transplantation of MSCs and islets may be an important method of enhancing islet 
engraftment and, thereby, decreasing the number of islets required (Berman et al., 2010). Co-
transplantation may also downregulate the production of pro-inflammatory cytokines. 
These results also suggest that MSCs may prevent acute rejection and improve graft 
function after portal vein pancreatic islet transplantation (Longoni et al., 2010), or that they 
may induce haematopoietic chimerism and subsequent immune tolerance without causing 
graft-versus-host disease (Itakura et al., 2007). Moreover, MSC-stimulated graft 
vascularisation and improved islet graft function are both associated with co-transplanted 
islets (Figliuzzi et al. 2009; Ito et al. 2010). In addition, interleukin (IL)-6, IL-8, vascular 
endothelial growth factor-A, hepatocyte growth factor, and transforming growth factor-beta 
were detected at significant levels in MSC culture medium. These are trophic factors 
secreted by human MSCs that enhance the survival and function of the islets after 
transplantation (Park et al., 2010).  

3. Islet regeneration by immune correction  
There is increasing evidence suggesting that both autoimmune and autoinflammatory 
mechanisms are involved in the development of type 1 and type-2 diabetes mellitus. Type 1 
diabetes mellitus is currently treated with anti-inflammatory drugs and immunosuppressive 
and immunomodulatory agents. However, despite their profound effects on immune 
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responses, these drugs do not induce clinically significant remission in certain patients. In 
recent years, stem cells have come to be regarded as the best treatment for autoimmune 
disorders, including type 1 diabetes mellitus.  
In a phase 1/2 study of autologous non-myeloablative haematopoietic stem cell (HSC) 
transplantation, C-peptide levels were detected in 23 type 1 diabetes mellitus patients (age 
range, 13–31 years). During a 7–58 month follow-up (mean, 29.8 months; median, 30 
months), 20/23 patients with no previous history of ketoacidosis and not receiving 
corticosteroids were found to be insulin free. Twelve patients maintained normal blood 
glucose levels for up to 31 months (range, 14–52 months). Eight patients suffered a relapse 
and resumed insulin injections at a lower dose (0.1–0.3 IU/kg). No mortality was reported. 
Thus, C-peptide levels increased significantly and the majority of patients achieved insulin 
independence with good glycemic control (Couri  et al., 2009).   
In another study, bone marrow from gfp transgenic mice was isolated and transplanted into 
diabetic mice. Repair of diabetic islets was evidenced by a reduction in hyperglycaemia, an 
increase in the number of islets, and altered pancreatic histology. Transplanted cells in the 
recipient pancreases expressed CD34 (an HSC marker), but not insulin, PDX-1, Ngn3, Nkx2.2, 
Nkx6.1, Pax4, Pax6, or CD45. It was concluded that BM-derived cells, especially HSCs, were 
able to repair islets by stimulating the proliferation of beta cells and the differentiation of 
pancreatic stem cells; however, they could not differentiate into beta cells or IPCs (Gao et al., 
2008). Chamson-Reig et al. (2010) used a Vav-iCre double transgenic mouse model to 
investigate the use of HSC transplantation for the treatment of type 1 diabetes mellitus. Only 
haemopoietic lineage cells expressed the Vav1 gene promoter, evidenced by expression of a 
R26R-enhanced yellow fluorescent protein (YFP) reporter gene. Between postnatal Days 2 and 
4, mice were injected with either STZ or vehicle (control). Mice were sacrificed between Days 
10 and 130 and the pancreases examined by immunofluorescence microscopy. The results 
showed that approximately 30% of YFP-positive cells within the islets co-stained for the 
endothelial cell marker, CD31. The number of haemopoietic-derived cells and the proportion 
of CD31-positive cells significantly increased 21 and 40 days after STZ treatment respectively. 
This indicates that haemopoietic lineage cells promote intra-islet angiogenesis following beta 
cell loss due to STZ treatment, which supports a partial recovery of the islets (Chamson-Reig et 
al., 2010). Huang et al. (2010) demonstrated that the role of bone marrow transplantation was 
to supply a source of very small embryonic-like cells that exist in the bone marrow without the 
need for HSCs. The authors concluded that these very small embryonic-like cells mobilise to 
the injured pancreatic tissue and contribute to beta cell regeneration after bone marrow 
transplantation (Huang et al., 2010).  
The initial results of some studies investigating the treatment of type 2 diabetes mellitus 
show that transplantation of stem cells produces good results. Intra-bone marrow-bone 
marrow transplantation plus thymus transplantation can be used to treat type 2 diabetes 
mellitus by normalising the T cell imbalance. Recipient db/db mice showed increases in body 
weight, reduced blood glucose levels, and a reduction in plasma IL-6 and IL-1β levels 7 
weeks after transplantation. More importantly, treatment resulted in the restoration of 
normal CD4/CD8 ratios, increased plasma adiponectin levels, improved insulin sensitivity, 
and an increase in the number of insulin-producing cells. Furthermore, expression of 
pancreatic pAKT, pLKB1, pAMPK and HO-1 increased after transplantation. In short, this 
treatment normalises T cell subsets, and restores cytokine balance and insulin sensitivity in 
the db/db mouse model (Li et al. 2010).  
The results from some preclinical or clinical trials to treat type 1 and type 2 diabetes were 
summarized in Table 1.  
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Overcoming the loss of islet mass is important for successful islet transplantation. Adipose 
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increased numbers of regulatory T-cells in the peripheral blood, indicating that co-
transplantation of MSCs and islets may be an important method of enhancing islet 
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endothelial growth factor-A, hepatocyte growth factor, and transforming growth factor-beta 
were detected at significant levels in MSC culture medium. These are trophic factors 
secreted by human MSCs that enhance the survival and function of the islets after 
transplantation (Park et al., 2010).  
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responses, these drugs do not induce clinically significant remission in certain patients. In 
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diabetic mice. Repair of diabetic islets was evidenced by a reduction in hyperglycaemia, an 
increase in the number of islets, and altered pancreatic histology. Transplanted cells in the 
recipient pancreases expressed CD34 (an HSC marker), but not insulin, PDX-1, Ngn3, Nkx2.2, 
Nkx6.1, Pax4, Pax6, or CD45. It was concluded that BM-derived cells, especially HSCs, were 
able to repair islets by stimulating the proliferation of beta cells and the differentiation of 
pancreatic stem cells; however, they could not differentiate into beta cells or IPCs (Gao et al., 
2008). Chamson-Reig et al. (2010) used a Vav-iCre double transgenic mouse model to 
investigate the use of HSC transplantation for the treatment of type 1 diabetes mellitus. Only 
haemopoietic lineage cells expressed the Vav1 gene promoter, evidenced by expression of a 
R26R-enhanced yellow fluorescent protein (YFP) reporter gene. Between postnatal Days 2 and 
4, mice were injected with either STZ or vehicle (control). Mice were sacrificed between Days 
10 and 130 and the pancreases examined by immunofluorescence microscopy. The results 
showed that approximately 30% of YFP-positive cells within the islets co-stained for the 
endothelial cell marker, CD31. The number of haemopoietic-derived cells and the proportion 
of CD31-positive cells significantly increased 21 and 40 days after STZ treatment respectively. 
This indicates that haemopoietic lineage cells promote intra-islet angiogenesis following beta 
cell loss due to STZ treatment, which supports a partial recovery of the islets (Chamson-Reig et 
al., 2010). Huang et al. (2010) demonstrated that the role of bone marrow transplantation was 
to supply a source of very small embryonic-like cells that exist in the bone marrow without the 
need for HSCs. The authors concluded that these very small embryonic-like cells mobilise to 
the injured pancreatic tissue and contribute to beta cell regeneration after bone marrow 
transplantation (Huang et al., 2010).  
The initial results of some studies investigating the treatment of type 2 diabetes mellitus 
show that transplantation of stem cells produces good results. Intra-bone marrow-bone 
marrow transplantation plus thymus transplantation can be used to treat type 2 diabetes 
mellitus by normalising the T cell imbalance. Recipient db/db mice showed increases in body 
weight, reduced blood glucose levels, and a reduction in plasma IL-6 and IL-1β levels 7 
weeks after transplantation. More importantly, treatment resulted in the restoration of 
normal CD4/CD8 ratios, increased plasma adiponectin levels, improved insulin sensitivity, 
and an increase in the number of insulin-producing cells. Furthermore, expression of 
pancreatic pAKT, pLKB1, pAMPK and HO-1 increased after transplantation. In short, this 
treatment normalises T cell subsets, and restores cytokine balance and insulin sensitivity in 
the db/db mouse model (Li et al. 2010).  
The results from some preclinical or clinical trials to treat type 1 and type 2 diabetes were 
summarized in Table 1.  
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Table 1. The results of some preclinical and clinical experiment about treating diabetes type 
1 & 2 by stem cell/IPCs transplantation. 
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4. Conclusion 
Taking into account all the currently available results (Table 1), we can expect that diabetes 
mellitus will be successfully treated using stem cell therapy in the near future. However, 
questions regarding the survival of the cells after grafting and improvements in the vitality 
and maintenance of cellular function after transplantation remain to be answered. On the 
basis of evidence supporting the many advantages of bone marrow transplantation, 
umbilical cord blood transplantation, and HSC therapy for blood-related diseases, the 
strategy of HSC/BM/UCB may produce several positive results in the coming years and 
become the treatment of choice for both type 1 and type 2 diabetes mellitus. Although more 
difficult, ESCs or adult stem cell-derived IPC transplantation are also important treatments 
for diabetes mellitus, especially when HSCs are in short supply. 
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Taking into account all the currently available results (Table 1), we can expect that diabetes 
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questions regarding the survival of the cells after grafting and improvements in the vitality 
and maintenance of cellular function after transplantation remain to be answered. On the 
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1. Introduction 
The prevalence of diabetes mellitus is increasing to epidemic proportions worldwide. 
Diabetic foot ulceration can affect up to 25 percent of people with diabetes mellitus 
throughout their lives. The most significant complication of foot ulceration is lower limb 
amputation, which arises from pre-existing ulcers in the majority of cases.  Despite current 
clinical care protocols for ulcer treatment, there exists a high amputation rate. This presents 
a major burden for individual patients’ health and well-being in addition to significant 
financial cost for health care systems. There is an urgent need for new medicinal products to 
treat diabetic ulcers. Cell-based therapies offer a novel treatment strategy to augment 
diabetic wound healing, increase ulcer healing rate and prevent amputation.  The field of 
tissue engineering has developed commercially available skin substitutes for diabetic 
cutaneous wound repair. These products have incorporated somatic cells delivered in a 
bioengineered scaffold. However, having been available for the last decade, the majority 
have demonstrated only moderate clinical benefit in small clinical trials. In comparison, 
stem and progenitor cell therapy offer the potential for accelerated wound repair in addition 
to structural skin regeneration with functional recovery.  
Stem cells have the ability to self-renew and differentiate into other cell types and are classified 
into adult stem and progenitor cells, embryonic stem cells and induced pluripotent stem cells. 
The mechanisms of action of stem and progenitor cells are not fully elucidated but include 1) 
differentiation to specialised cells e.g. skin cells of the dermis and epidermis 2) acting by 
paracrine or autocrine effects through the secretion of trophic factors e.g. the production of 
soluble mediators for neo-angiogenesis and 3) immuno-modulatory functions. Much research 
endeavour is determining the benefit of stem cell treatment on diabetic cutaneous wound 
healing with encouraging results in animal models. Regenerative medicine and tissue 
engineering specialties are rapidly elucidating the mechanisms of action of stem cells and 
translating the results of in-vitro and in-vivo experiments to human clinical trials. The 
requirements for success will be patient safety, clinical efficacy and convenience of use. 
The focus of this chapter is to review the area of topical stem and progenitor cell therapy as 
a treatment for non-healing diabetic foot ulcers. It will focus on adult stem cells as these are 
nearer to use in human trials and do not pose the ethical constraints associated with the use 
of embryonic stem cells. Topical treatment with endothelial progenitor cell (EPC) and 
mesenchymal stem cell (MSC) therapy is presented in this review, and more specifically the 
delivery of these cells using biomaterial scaffolds. The currently available cell therapy 
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translating the results of in-vitro and in-vivo experiments to human clinical trials. The 
requirements for success will be patient safety, clinical efficacy and convenience of use. 
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a treatment for non-healing diabetic foot ulcers. It will focus on adult stem cells as these are 
nearer to use in human trials and do not pose the ethical constraints associated with the use 
of embryonic stem cells. Topical treatment with endothelial progenitor cell (EPC) and 
mesenchymal stem cell (MSC) therapy is presented in this review, and more specifically the 
delivery of these cells using biomaterial scaffolds. The currently available cell therapy 
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products for wound repair will be presented. The case for adopting stem and progenitor cell 
therapy in research and treatment of diabetic foot ulcers will be discussed. The benefits of 
biomaterials and functionalised scaffolds for mediating cell therapy to a wound will be 
described. For both endothelial progenitor cells and mesenchymal stem cells, the potential 
mechanisms of action will be discussed with reference to key pre-clinical and clinical 
studies. The chapter will also describe strategies to enhance the therapeutic potential of stem 
and progenitor cells for wound healing. These will include the employment of matri-cellular 
proteins i.e. proteins associated with the extracellular matrix that mediate diverse biological 
functions, gene therapy, conditioned media experiments and the delivery of several cell 
types. A section of the chapter will focus on translational of these advanced biological 
medicines to clinical trials. This includes issues regarding pre-clinical animal models, 
optimal cell source, safety and regulatory approval. Finally the chapter will highlight the 
potential of cell based therapies in other conditions causing cutaneous wounding, i.e burns, 
decubitus ulcers and other rare blistering conditions e.g. epidermolysis  bullosa.  

2. The biology of cutaneous wounds 
The repair of cutaneous wounds is a highly complex biological process.   After injury, 
multiple biological pathways immediately become activated and are synchronised to 
respond.(Gurtner et al., 2008) Adult wound healing occurs by tissue repair with consequent 
scarring. The goal of adult wound healing is to repair a skin defect, to ensure the restoration 
of a barrier and to regain tensile strength. There is involvement of several cell types, 
cytokines and extra-cellular matrix components. The physiological overlapping pathways 
that are required for optimal wound healing include haemostasis (which occurs 
immediately on wounding), inflammation with cell migration and proliferation (neutrophils 
initially and subsequently macrophages). The proliferation of fibroblasts results in extra-
cellular matrix deposition. Remodeling and wound contraction occur once closure of the 
wound takes place. Angiogenesis (growth of new blood vessels from pre-existing blood 
vessels) and re-epithelialisation are central processes in wound healing. This is a superficial 
description of wound healing and conveys the complexity of the process, but highlights the 
potential for disruption in a difficult to heal wound. (Breen et al., 2008 ;Harding er al., 2002) 
The physiological response to acute cutaneous wounds usually takes 3-14 days to complete. 
(Liu et al., 2008) Wound healing involves activation of keratinocytes, fibroblasts, endothelial 
cells, macrophages and platelets.(Brem et al., 2007) Figure I details the stages of normal 
cutaneous wound healing. 

2.1 Diabetic wound healing 
Delayed wound healing as occurs in diabetes mellitus results from dysregulation of the 
normal healings pathways. The diabetic wound is complex with contribution from infection, 
neuropathy and impaired vascular supply. There are many physiological defects in diabetic 
wounds. These include decreased or impaired growth factor production, angiogenic 
response, macrophage function, collagen accumulation, epidermal barrier function, quantity 
of granulation tissue, keratinocyte, fibroblast migration and proliferation and bone healing. 
There is an imbalance between the accumulation of extra-cellular matrix components and 
their re-modeling by matrix metallo-proteinases.(Brem et al. 2007) In addition fibroblasts 
from diabetic wounds become senescent and show a decreased proliferative response to 
growth factors.(Falanga et al., 2005) There is a chronic inflammatory environment associated 
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with diabetic wounds. This is associated with a persistent increase in pro-inflammatory 
cytokines by various immune and non-immune cells and it is hypothesized that this blunts 
the acute, focused cytokine response needed to progress through the normal phases of 
wound healing.(Pradhan et al., 2009) 
 

 
Fig. I. Stages of normal wound healing with predominant cell types involved at each stage 
of process. The wound healing spectrum is a continuum with overlapping phases.  

2.2 Angiogenesis and wound Healing 
The impaired vascular supply associated with diabetes leads to poor blood flow at the 
wound site impeding the optimal endogenous reparative response (Jeffcoate & Harding 
2003) Impaired angiogenesis is a feature of diabetic wounds. In addition neovascularisation, 
or the de novo formation of new blood vessels is critical for granulation tissue formation 
and tissue regeneration in wound healing. (Gurtner et al., 2008) The impaired angiogenic 
response that occurs in diabetes mellitus leads to hypoxia at the wound site. Temporary 
hypoxia is requisite for normal wound healing. In the non-diabetic situation, hypoxia leads 
to activation of the transcription factor complex HIF-1α (Hypoxia inducible factor-1α), 
which leads to transcription of multiple genes required for successful wound healing. With 
diabetes, hyperglycaemia affects the stability and activation of HIF-1α. This suppresses 
platelet-derived growth factor, vascular endothelial growth factor and transforming growth 
factor-β, which are required for angiogenesis, in vitro and in vivo wound healing.(Botusan 
et al., 2008) 

2.3 Wound repair versus regeneration 
Adult wound healing occurs by repair. Wound repair leads to scarring and results in 
decreased tensile strength of wounds. Skin regeneration is the regeneration of wounds with 
restoration of the normal function and anatomy of skin. In biology, foetal wound repair is a 
regenerative process, and some vertebrate species demonstrate successful tissue 
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products for wound repair will be presented. The case for adopting stem and progenitor cell 
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biomaterials and functionalised scaffolds for mediating cell therapy to a wound will be 
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from diabetic wounds become senescent and show a decreased proliferative response to 
growth factors.(Falanga et al., 2005) There is a chronic inflammatory environment associated 
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with diabetic wounds. This is associated with a persistent increase in pro-inflammatory 
cytokines by various immune and non-immune cells and it is hypothesized that this blunts 
the acute, focused cytokine response needed to progress through the normal phases of 
wound healing.(Pradhan et al., 2009) 
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to activation of the transcription factor complex HIF-1α (Hypoxia inducible factor-1α), 
which leads to transcription of multiple genes required for successful wound healing. With 
diabetes, hyperglycaemia affects the stability and activation of HIF-1α. This suppresses 
platelet-derived growth factor, vascular endothelial growth factor and transforming growth 
factor-β, which are required for angiogenesis, in vitro and in vivo wound healing.(Botusan 
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regeneration where the initial phase of wound repair is followed by perfect structural and 
functional regeneration of the organ. An example of this is Xenopus limb regeneration. The 
challenge for scientists is to produce tissue engineered products that exhibit extra-cellular 
matrix re-modeling characteristics seen in embryonic wound repair to produce functional 
and durable skin. (Metcalfe & Ferguson 2007) 

3. The case for novel topically applied stem and progenitor cell therapies  
3.1 Burden of diabetic ulceration 
There exists a growing global epidemic of diabetes mellitus. It is predicted that the prevalence 
of diabetes mellitus will be 4.4% of the global population or 366 million people by the year 
2030.(Wild et al., 2004) In 2010, the prevalence of diabetes in China was reported as 9.7%.(Yang 
et al., 2010) This will likely continue to increase based on the prevalence of obesity in 
populations. Foot ulcers can affect 12 to 25 percent of persons with diabetes mellitus 
throughout their lives.(Brem et al., 2006) Lower limb disease is the most common source of 
complications and hospitalisation in the diabetic population. (Boyko et al., 2006) Major lower 
limb amputations in patients with diabetes arise from preceding ulcers in 85% of cases. 
(Frykberg et al., 2006) The cost of treating diabetic foot ulcers creates a burden on healthcare 
resources. Boulton et al. reviewed the epidemiology and  cost of treating foot ulceration 
globally and one report estimated the cost of diabetic foot ulceration treatment including 
amputation at €10.9 billion  in the United States of America for the year 2001.(Boulton et al., 
2005) In addition to the cost to healthcare system budgets, for individual patients, the 
parameters of pain, social isolation, physical morbidity, restrictions in work capacity, and 
psychological well-being are negatively affected by leg ulceration.(Herber et al., 2007) 

3.2 Classification of diabetic ulcers 
Diabetic foot ulcers can be classified as ischaemic, neuropathic or neuro-ischaemic. The 
ability to heal ulcers is predicated on the restoration of an adequate blood supply. The 
typical angiographic pattern of ischaemic diabetic vasculopathy is occluded distal blood 
vessels. The optimal treatment of ischemic lower extremity ulcers is the restoration of blood 
flow.  This review paper focuses on treatment of neuropathic ulcers. Neuropathic ulcers 
develop due to distal sensory loss and consequent foot deformity. Ulceration develops at 
sites of excessive pressure predominantly under the first metatarsalphalangeal joint, in the 
majority due to unperceived trauma. Neuroischaemic ulcers are a combination of ischaemic 
and neuropathic ulcers.  

3.3 Current treatment strategies 
The management of the diabetic foot is complex requiring a multidisciplinary approach. A 
non-healing ulcer is an ulcer which has been present for > 8 weeks. Our group has reviewed 
the current standards of care required to investigate, treat and prevent diabetic foot 
ulceration and consequent amputation.(O'Loughlin et al.,2010) This manuscript highlights 
the benefit of routine examination and evaluation of the diabetic foot with identification of 
risk factors for ulceration. There are published risk stratification guidelines for diabetic foot 
ulceration based on the presence or absence of sensory loss, foot deformity and vascular 
insufficiency.(Boulton et al.,2008) The current standard care involves removal of pressure 
from the ulcer, restoration of blood flow if peripheral vascular disease is present, 
debridement of the ulcer and institution of antibiotic therapy to control infection. Topical 
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dressings, patient education, podiatry review, and orthotics are beneficial. A systematic 
review of the control arms of trials investigating novel treatments reported that for standard 
treatment of neuropathic diabetic ulcers, where blood supply had been adequate (as defined 
by a transcutaneous oxygen pressure of > 30 mmHg or an ankle-brachial index > 0.7), after 
20 weeks 31% of diabetic neuropathic ulcers were healed and at 12 weeks, 24% of 
neuropathic ulcers were completely healed.(Margolis et al., 1999)A protocol for the 
management of diabetic foot ulcers suggested treatment with growth factors and/or cellular 
therapy if wound healing is not is not observed after 2 weeks of standard therapy and a new 
epithelial layer has not formed.(Brem et al., 2004) 

3.4 Benefit of a cell-based therapy for non-healing diabetic ulcers 
It is evident that there is a critical clinical need to develop novel therapies for treatment of 
non-healing diabetic ulcers in order to prevent amputation and reduce the significant 
financial drain on healthcare budgets and burden on individuals health. The understanding 
of the patho-physiology of diabetic wound healing is important in the development of 
advanced wound healing treatments. It allows therapeutic targeting of the different phases 
of wound healing. Cell therapy may reverse the biological defects in diabetic wounds by 
acting as reservoirs for cell and growth factor production.  Gurtner et al. states that the 
ultimate solution to both under-healing and over-healing is likely to be administration of 
cells that retain the ability to elaborate the full complexity of biological signaling, together 
with the environmental cues that are needed to regulate the differentiation and proliferation 
of these cells (Gurtner et al., 2008) 

3.5 Limitations with current cell-based therapy 
To date clinical trials of topical cell based therapy for non-healing diabetic foot ulcers have 
yielded limited results. There are several reasons for this. One reason is methodological 
flaws in the clinical trials which have raised concerns over the validity of the results.  
Systematic reviews on skin replacement therapy have reported statistical benefit in wound 
healing endpoints. However there was a lack of information reported on safety, method of 
recruitment, randomization methods and blinding strategy for outcome assessments. There 
is a lack of power size calculations in some of the trials and little mention of dropouts in 
trial. The interventions did appear as safe as standard treatments. (Barber et al., 2008) It is 
felt that the deficiencies in clinical trials investigating skin replacement therapies for diabetic 
foot ulcers affect the conclusions of systematic reviews.(Blozik et al., 2008; Barber et al., 
2008;Teng et al., 2010) Further larger scale trials are required. 
However the lack of clinical success with these advanced medicinal products is most likely 
not solely due to the aforementioned flaws in trial design. The current somatic cell therapies 
do not address the underlying pathology in the diabetic wound i.e. chronic inflammation 
and impaired angiogenesis. An efficient blood supply is central to normal wound healing, 
and delayed or inefficient angiogenesis will prolong ulceration and increase the probability 
of amputation. The current cell treatments do not target angiogenesis (blood vessel 
formation from pre-existing blood vessels) or neo-vasculogenesis (de novo blood vessel 
formation). Somatic cells do not differentiate into other cell types of the dermis and 
epidermis.  The most frequently studied somatic cells include fibroblasts and keratinocytes. 
The employment of these cell treatments result in wound healing by repair and not by 
regeneration.  
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therapy if wound healing is not is not observed after 2 weeks of standard therapy and a new 
epithelial layer has not formed.(Brem et al., 2004) 
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It is evident that there is a critical clinical need to develop novel therapies for treatment of 
non-healing diabetic ulcers in order to prevent amputation and reduce the significant 
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of the patho-physiology of diabetic wound healing is important in the development of 
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of wound healing. Cell therapy may reverse the biological defects in diabetic wounds by 
acting as reservoirs for cell and growth factor production.  Gurtner et al. states that the 
ultimate solution to both under-healing and over-healing is likely to be administration of 
cells that retain the ability to elaborate the full complexity of biological signaling, together 
with the environmental cues that are needed to regulate the differentiation and proliferation 
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trial. The interventions did appear as safe as standard treatments. (Barber et al., 2008) It is 
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3.6 Potential superiority of treatment with stem and progenitor cells 
Endothelial progenitor cells are a newly described cell type involved in angiogenesis. They 
can migrate to a site of injury/ischaemia and play a central role in vascular maintenance, 
angiogenesis and neo-vascularisation. (Marrotte et al., 2010). Adult mesenchymal stem cell 
treatment holds promise as this cell type addresses the key wound impairments seen in non-
healing diabetic ulcers. They are immuno-modulatory and may create a more favourable 
inflammatory environment of the diabetic wound. They also promote angiogenesis by 
paracrine effects. Adult mesenchymal stem cells in diabetic wounds may in addition to 
beneficial paracrine activity, differentiate into other cell types e.g. epidermal keratincocytes, 
endothelial cells and pericytes in vivo.(Wu et al., 2007) In fact there is a growing body of 
evidence that the use of stem cells in wound healing in addition to augmenting wound 
repair, also promote skin regeneration and scarless wound healing.(Fu et al., 2009) 

4. Endothelial Progenitor Cells (EPCs) 
4.1 Background 
The discovery of putative EPCs by Ashara et al in 1997 (Asahara, et al., 1997) has 
illuminated the fields of vascular biology and diabetes related vascular dysfunction. For the 
first time, vasculogenesis or de novo blood vessel formation was determined to occur post-
natally, as previously it was assumed to occur only during embryogenesis. The delivery of 
EPCs to ischaemic sites in the body offers the possibility of successful treatment of diabetic 
vascular disease. Worldwide, research groups are testing the hypothesis that EPC therapy 
may treat peripheral vascular disease and prevent the progression of non-healing diabetic 
foot ulcers to amputation. These cells are suitable for autologous therapy without 
immunological rejection but this approach may be hindered due to disease associated cell 
dysfunction. 
EPC research is complicated by several issues. These include a lack of a standardised 
definition of the cell-type. The reports in the literature describe different identities, sources 
of isolation, culture methodologies and function. The cells maybe isolated from the 
peripheral blood, umbilical cord blood or bone marrow. They are referred to as progenitor 
cells or stem cells. In a comprehensive review, Hirschi et al. describe three different EPC 
types isolated from mononuclear cells.(Hirschi et al., 2008) This classification reflects the 
different cell types reported as EPCs. 
All three cell types are cultured in endothelial based media. The first cell type is named 
colony forming unit-Hill cells which arise from peripheral blood mononuclear cells which 
are non-adherent and give rise to a colony after 5 days in culture. The second cell type is a 
heterogenous collection of cells termed circulating angiogenic cells or early EPCs. These 
arise from mononuclear cells which are adherent to fibronectin or other matrix adhesion 
proteins  after 4-7 days. They do not form colonies and have a low proliferative  potential. 
They retain monocytic properties, secrete angiogenic factors and die after approximately 4 
weeks in culture.(Liew et al.,2008) The third cell type is the endothelial colony forming cell 
or late EPC. These cells are derived from  mononuclear cells that adhere to fibronectin and 
appear after 6-21 days. They display cobblestone morphology  and from blood vessels in 
vitro. They are highly proliferative. (Hirschi et al.,2008) The cells maybe further 
characterised by their ability to ingest acetylated low density lipoprotein and bind Ulex 
europaeusagglutinin 1 plant lectin. The different cell types may also be characterized by flow 
cytometry for surface immunophenotype. Late EPCs display markers CD 34, CD 133, 
VEGFR2, CD 31 and are negative for CD 45.  

 
Topical Stem and Progenitor Cell Therapyfor Diabetic Foot Ulcers 

 

585 

4.2 Benefit in wound healing 
Topical and systemic EPC therapy is beneficial in wound healing. The predominant 
mechanism is the augmentation of angiogenesis and neo-vascularisation.  Suh et al. 
reported that EPC therapy increased recruitment of monocytes and macrophages in 
addition to augmenting angiogenesis. (Suh et al., 2005) This highlights the benefit in early 
stages of wound healing. It is known that EPCs in wounds result in increased granulation 
tissue and wound closure. (Asai et al., 2006)It is intuitive that this is the case as a 
multitude of in vitro studies have shown the production of growth factors and cytokines 
from EPCs which are closely involved in wound healing. Table 1 presents the in vivo 
studies of EPC treatment for diabetic ulcers. These studies support the benefit of topical 
EPC therapy in diabetic wound healing. The mechanism is reported as via paracrine 
effect, direct incorporation in blood vessels and differentiation into endothelial cells. The 
field of topical EPC therapy is in the early stages with benefit demonstrated in these 
studies. Intramuscular EPC therapy has shown benefit in critical limb ischaemia. (Huang 
et al., 2005) Further research is required to determine the benefit of EPCs delivered in a 
biomaterial. In addition the standardisation of cell dose, definition of cell type and animal 
model is required. The use of human cells in immunocompromised animals are required 
to further elucidate therapeutic efficacy  

4.3 Mechanisms of actions 
4.3.1 Paracrine effect 
Early EPCs and Late EPCs may contribute to post-natal neovascularisation by secretion of 
angiogenic cytokines and growth factors. The secretome of EPCs contains cytokines and 
growth factors which stimulate wound healing by increasing proliferation, migration and 
cell survival of the different cell types required for wound healing i.e. keratinocytes, 
endothelial cells and fibroblasts. The conditioned media from EPC cultures revealed 
production of interleukin-8, Stromal-derived factor-1α, vascular endothelial growth factor, 
platelet-derived growth factor and monocyte chemo-attractant protein-1(Di Santo et 
al.,2009;Barcelos et al., 2009;Zhang et al.,2009) These cytokines are central to cutaneous 
wound healing. Extensive secretome analysis can be undertaken using mass spectrometry to 
determine novel factors involved in EPC biology.(Pula et al., 2009) 

4.3.2 Direct incorporation in blood vessels 
The second mechanism of action is the direct incorporation of EPCs into the growing 
blood vessel wall or the differentiation of these cells into mature endothelial cells. This 
mechanism is associated with late EPCs This mechanism has been shown in animal 
models and may not be as significant as the paracrine effect of cell therapy. (Di Santo et 
al., 2009) The comparison of EPC conditioned media as compared to EPC therapy alone 
for wound healing is important. The transplantation of conditioned media or identified 
therapeutic factors would allow for protein-based therapy. One study compared 
conditioned media from EPCs to EPC treatment alone in an animal model of cutaneous 
wound healing. Injection of EPC conditioned media alone into the same diabetic wound 
in mice promoted wound healing and increased neovascularization to a similar extent as 
achieved with EPC transplantation alone.(Kim et al., 2010) However Marrote et al. did not 
find similar therapeutic efficacy with less wound healing effect from EPC conditioned 
media.(Marrotte et al., 2010)  
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media.(Marrotte et al., 2010)  



 
Stem Cells in Clinic and Research 

 

586 

4.4 Impaired angiogenesis in diabetes due to EPC dysfunction 
It is known that EPCs are decreased in number and dysfunctional in people suffering from 
diabetes mellitus. The decrease in number of circulating EPCs in people with diabetes is still 
under investigation but defects in the SDF-1α/CXCR-4 pathway are becoming evident. 
(Tepper et al., 2010)There are defects in EPC recruitment to wound sites. This is due to 
decreased mobilisation from the bone marrow and decreased homing to cutaneous wounds. 
(Brem et al., 2007) With diabetes there is decreased EPC participation in neoangiogenesis 
and neovsacularisation. Studies show that there are defects in cell migration, adhesion and 
tube formation. (Tepper et al., 2002) There is also an increase in reactive oxygen species in  
EPCs isolated from diabetes patients leading to cellular dysfunction. There is a body of 
evidence indicating that diabetes mellitus related EPC cell dysfunction  represents a 
mechanism for impaired angiogenesis and impaired wound healing seen in diabetic 
patients.(Marrotte et al.,2010) The obstacle with autologus EPC therapy for diabetic 
complications is that there is a decreased number of cells available for transplantation. In 
addition, these autologous cells are dysfunctional. 

4.5 Strategies to increase EPC efficacy 
4.5.1 Topical delivery  
In normal healing EPCs are released into the circulation from the bone marrow in response 
to ischaemia and travel to sites of tissue injury and participate in angiogenesis. (Takahashi et 
al., 1999) Diabetes-related vascular dysfunction arises from impairments in EPC 
mobilisation and homing to sites of ischaemia and cutaneous wounds. This has been shown 
in animal models of diabetic wound healing. In mice with cutaneous wounds and 4 weeks 
of streptozocin induced hyperglycaemia, the levels of circulating EPCs were unchanged but 
the levels of bone marrow derived EPCs within the wound granulation tissue were 
decreased as compared to non-diabetic controls. The bone marrow derived EPCs from 
diabetic mice showed increased apoptosis and decreased proliferation in diabetic wound 
tissue as compared to non-diabetic controls. (Albiero et al., 2011) The topical delivery of cells 
to a wound would overcome this homing defect and in addition would allow for ex-vivo 
manipulation during the cell isolation process. This ex-vivo manipulation may restore the 
EPC functional defect and succeed in restoring diabetic wound healing to the non-diabetic 
phenotype. Systemic delivery of stem cell results in cells being taken from the circulation in 
the lungs, spleen and liver and not reaching the wound. (Sorrell & Caplan 2010) The high 
prevalence of peripheral vascular disease in people with disease also inhibits the 
intravascular delivery of cell to the affect foot ulcer.  The topical delivery of cells allows for 
concentrated doses of cells to be delivered to a skin wound and not become trapped in other 
sites in the body.  

4.5.2 Matricellular proteins: Osteopontin  
Osteopontin (OPN) is a matricellular protein and is involved in tissue repair and 
angiogenesis. These proteins modulate cell function by interacting with cell-surface 
receptors, proteases, hormones, and other bioeffector molecules, as well as with structural 
matrix proteins such as collagens (Bornstein, 2009) Decreased OPN is found in EPCs in 
diabetes mellitus. Dysfunction is reversed by exposure of EPCs to Osteopontin. (Vaughan 
EE, Liew A et al. 2011 In Press) Osteopontin is involved in angiogenesis. Osteopontin 
knockout mice have decreased myocardial angiogenesis in response to ischaemia and 
delayed recovery after hindlimb ischaemia. OPN is involved in wound healing. Wound 
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healing studies in osteopontin knockout mice show more residual debris and less matrix 
organisation than wildtype mice. (Scatena et al., 2007) OPN expression is associated with 
enhanced angiogenesis and collagenisation of the wound bed. Delay in diabetic wound 
healing may arise in part because of the low expression of OPN early in the wound bed 
after wounding, resulting in the reduced migration of immune cells to the site of injury 
leading to the accumulation of cell debris, decreased recruitment of endothelial cells, 
delayed angiogenesis and poor matrix organization. (Sharma et al., 2006)  

4.5.3 Biomaterials and encapsulated cells 
Adhesion to a substrate allows transplanted cell survival over even short time frames, and 
manipulation of major cellular processes (e.g., migration, proliferation, and 
differentiation) over longer time scales.(Mooney & Vanderburg 2008) Sufficient numbers 
of cells do not remain in place when applied to the wound surface.(Falanga, 2007). The 
use of biomaterials allows for more control in mediating delivery of cells to a wound. 
Current delivery options include injection of cells, delivery in extra-cellular matrix, 
delivery on a scaffold and delivery as part of a tissue engineering skin equivalents. 
(Sorrell & Caplan 2010) Silva et al. reported that delivery of EPCs using an alginate 
scaffold created a depot of endothelial progenitor cells which ensured sustained viability 
and function of cells in a mouse model of hind-limb ischaemia. This method was more 
successful than direct injection of cells alone. The vascular progenitor cells exit the 
biomaterial over time and repopulate damaged tissue and participate in the vascular 
network. (Silva et al., 2008) Cell encapsulation using biomaterials holds promise for both 
autologous and allogeneic cell therapy. The potential benefit of cell encapsulation with 
biomaterials includes sustained viability , the ability of the cell to avoid immune rejection, 
secrete therapeutic proteins and protect against mechanical stress(Orive et al., 
2003;Freimark et al., 2010) Encapsulation of adult mesenchymal stem cells permits cell 
survival, proliferation and differentiation.(Anderson et al., 2011) 

4.5.4 Co-culture, gene therapy and hyperoxia  
It is hypothesised that endothelial progenitor cells act as angiogenic support cells by their 
paracrine activity. Co-administration of EPCs with smooth muscle progenitor cells increased 
vessel density in a mouse model of hind-limb ischaemia to a greater degree than 
administration of either cell alone. (Foubert et al., 2008) Endothelial cells increase 
mesenchymal stem cell proliferation. (Saleh et al. 2010)  Gene therapy may rescue diabetic 
EPC dysfunction. Using an ex vivo gene transfer strategy, EPC cell cultures can serve as 
gene carriers and function as a temporal local production unit of de novo synthesized 
growth factors within the wound or skin replacement. (Dickens et al., 2010  )Increased 
reactive oxygen species and oxidative stress has been shown to give rise to the dysfunction 
of diabetic EPCs, leading to inhibition of cell proliferation, nitric oxide production, matrix 
metalloproteinase-9 activity and migration. Manganese superoxide dismutase gene therapy 
reverses this dysfunction restoring the cells ability to mediate angiogenesis and wound 
repair.(Marrotte et al., 2010) Hyperoxia increases nitric oxide mediated EPC activity. 
(Gallagher et al., 2007) The diabetes related dysfunction in hypoxia inducible factor -1α 
which reduces vascular endothelial growth factor production (required for EPC activity) can 
be reversed by topical wound administration of the iron chelating agent desferoxamine. 
(Thangarajah et al., 2010) 
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healing studies in osteopontin knockout mice show more residual debris and less matrix 
organisation than wildtype mice. (Scatena et al., 2007) OPN expression is associated with 
enhanced angiogenesis and collagenisation of the wound bed. Delay in diabetic wound 
healing may arise in part because of the low expression of OPN early in the wound bed 
after wounding, resulting in the reduced migration of immune cells to the site of injury 
leading to the accumulation of cell debris, decreased recruitment of endothelial cells, 
delayed angiogenesis and poor matrix organization. (Sharma et al., 2006)  

4.5.3 Biomaterials and encapsulated cells 
Adhesion to a substrate allows transplanted cell survival over even short time frames, and 
manipulation of major cellular processes (e.g., migration, proliferation, and 
differentiation) over longer time scales.(Mooney & Vanderburg 2008) Sufficient numbers 
of cells do not remain in place when applied to the wound surface.(Falanga, 2007). The 
use of biomaterials allows for more control in mediating delivery of cells to a wound. 
Current delivery options include injection of cells, delivery in extra-cellular matrix, 
delivery on a scaffold and delivery as part of a tissue engineering skin equivalents. 
(Sorrell & Caplan 2010) Silva et al. reported that delivery of EPCs using an alginate 
scaffold created a depot of endothelial progenitor cells which ensured sustained viability 
and function of cells in a mouse model of hind-limb ischaemia. This method was more 
successful than direct injection of cells alone. The vascular progenitor cells exit the 
biomaterial over time and repopulate damaged tissue and participate in the vascular 
network. (Silva et al., 2008) Cell encapsulation using biomaterials holds promise for both 
autologous and allogeneic cell therapy. The potential benefit of cell encapsulation with 
biomaterials includes sustained viability , the ability of the cell to avoid immune rejection, 
secrete therapeutic proteins and protect against mechanical stress(Orive et al., 
2003;Freimark et al., 2010) Encapsulation of adult mesenchymal stem cells permits cell 
survival, proliferation and differentiation.(Anderson et al., 2011) 

4.5.4 Co-culture, gene therapy and hyperoxia  
It is hypothesised that endothelial progenitor cells act as angiogenic support cells by their 
paracrine activity. Co-administration of EPCs with smooth muscle progenitor cells increased 
vessel density in a mouse model of hind-limb ischaemia to a greater degree than 
administration of either cell alone. (Foubert et al., 2008) Endothelial cells increase 
mesenchymal stem cell proliferation. (Saleh et al. 2010)  Gene therapy may rescue diabetic 
EPC dysfunction. Using an ex vivo gene transfer strategy, EPC cell cultures can serve as 
gene carriers and function as a temporal local production unit of de novo synthesized 
growth factors within the wound or skin replacement. (Dickens et al., 2010  )Increased 
reactive oxygen species and oxidative stress has been shown to give rise to the dysfunction 
of diabetic EPCs, leading to inhibition of cell proliferation, nitric oxide production, matrix 
metalloproteinase-9 activity and migration. Manganese superoxide dismutase gene therapy 
reverses this dysfunction restoring the cells ability to mediate angiogenesis and wound 
repair.(Marrotte et al., 2010) Hyperoxia increases nitric oxide mediated EPC activity. 
(Gallagher et al., 2007) The diabetes related dysfunction in hypoxia inducible factor -1α 
which reduces vascular endothelial growth factor production (required for EPC activity) can 
be reversed by topical wound administration of the iron chelating agent desferoxamine. 
(Thangarajah et al., 2010) 
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4.5.5 Increase number of EPCs 
Increasing EPC number for topical treatment increases the wound healing benefit of EPCs. 
(Marrotte et al., 2010) Granulocyte macrophage-colony stimulating factor (GM-CSF) 
increases monocyte derived peripheral blood EPCs. In-vitro animal studies reveal that 
proliferation of EPCs derived from the bone marrow can be accelerated by GM-CSF. (Wang 
et al., 2009) GM-CSF is routinely used in the patients receiving chemotherapy. It has been 
used in human clinical trials for investigation of autologous therapy in critical limb 
ischaemia. (Huang et al., 2005) In diabetic patients medications such as statins  and 
angiotensin-converting enzyme inhibitor therapy can increase EPC number. (Liew et al., 
2008) 
 
Wound Model EPC type Delivery Results Mechanism Ref. 

Diabetic 
immuno-

deficient mouse 
Ischemic ulcer 

Human fetal 
CD133+ 

progenitor 
cells 

Topical type 1 
collagen 

seeded with 
EPCs 

↑ wound closure
↑ angiogenesis 

Paracrine 
signalling 

{Barcelos, 
et al. 
2009} 

Diabetic Mouse 
Full thickness 

ulcer 

CD34+ EPCs Intradermal 
injection 

 

↑ wound closure.
↑epithelial 
coverage  ↑ 

vascularisation 

Not 
addressed 

{Sivan-
Loukiano
va et al., 

2003 } 
Diabetic Mouse 

full thickness 
ulcer 

bone marrow 
derived 

CD34+ EPCs

Intradermal 
injection 

 

↑vascularisation 
↑wound closure

Paracrine 
signalling 

(Stepanov
ic et al., 
2003) 

Diabetic 
immuno-

deficient mouse 
Full thickness 

ulcer 

Human 
umbilical 

cord blood 
EPCs 

Intradermal 
injection of 

EPCs 
and 

Topical EPC- 
CM 

↑angiogenesis 
↑ wound closure.

Conditioned 
media showed 
therapeutically 

equivalent effect

Paracrine 
signalling 

{Kim et 
al., 2010} 

Genetically 
Diabetic mouse 
full thickness 

ulcer 

Early EPCs Topical 
delivery of 
genetically 
modified 

EPCs 

↑wound closure 
↑angiogenesis 
↑ benefit with 

gene therapy and 
↑ cell dose 

Paracrine 
signaling 

EPCs present 
in capillaries 

(Marrotte, 
et al.) 

Diabetic mice 
full thickness 

cutaneous 
wounds 

Lineage 
Negative 

progenitor 
cells (EPCs) 

topically 
applied in a 

collagen 
scaffold 

↑Wound Closure
↑ Vascular 

density 

Differentiate 
into 

endothelial 
cells 

(Lin et al., 
2008) 

Human diabetic 
critical limb 

ischaemia and 
foot ulceration 

Autologous 
GM-CSF 

mobilized 
EPCs 

Intra-
muscular 
injections 

Ulcer healing, 
 

↑vessel 
density 

(Huang et 
al., 2005) 

Table I. Animal and human trials of EPC therapy for diabetic wounds 
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5. Mesenchymal Stem Cells (MSCs) 
MSCs are adult fibroblast-like cells that differentiate along multiple mesenchymal pathways 
when exposed to appropriate stimuli. They adhere to tissue culture plastic and express cell 
surface markers for CD 105, CD 73, CD 90, and fail to express cell surface markers for CD 45, 
CD 34, CD 14, CD 11b, CD 79a and CD 19.(Sorrell & Caplan 2010) MSCs were originally 
isolated from bone marrow by Friedenstein et al. in 1968.(Friedenstein et al., 1968) They may 
also be known as fibroblast colony forming units, marrow stromal cells,  multipotent adult 
progenitor cells, connective tissue progenitor cells or multipotent mesenchymal stromal 
cells. MSCs may be found in almost all postnatal organs and tissues, including adipose, 
periosteum, synovial membrane, synovial fluid, muscle, dermis, deciduous teeth, pericytes, 
trabecular bone, infrapatellar fat pad, articular cartilage and umbilical cord blood. (Si,  et al., 
2011) Stem cells located outside of the bone marrow are generally referred to as “tissue stem 
cells”. Tissue stem cells are located in sites called niches, which differ among various tissues 
e.g. a stem cell niche in the bulge area of hair follicles. (Cha & Falanga 2007) 

5.1 MSC treatment and wound healing  
The complex pathology of diabetic foot ulceration requires that novel treatments are 
developed. The factors which are central to ongoing ulceration include poor blood supply, 
inflammation and decreased functioning of resident wound healing cells. MSC treatment 
has been shown to augment angiogenesis, suppress inflammation and augment wound 
healing cell functions. The focus of this review is the topical application of MSCs directly to 
the wound. There have been animal and human studies showing benefit of MSC therapy in 
the treatment of cutaneous wounds. (Fu & Li 2009) Table 2 details the animal and human 
trials investigating topical MSC therapy in diabetic wounds. Topical MSC therapy is further 
advanced than EPC therapy. The in vivo studies in table 2 demonstrate that topical delivery 
of MSCs result in benefit in diabetic animal cutaneous wounds. It is clear that augmented 
wound repair occurs by differentiation of MSCs to cells with keratinocyte markers and 
paracrine mediated increases in angiogenesis and vessel density. Human studies although 
with a small number of patients have shown benefit with several treatments. Further 
evidence is required from human cells in immunocompromised animal models to assess 
wound healing response. Standardisation in wound healing endpoints in both human and 
animal studies will allow comparison of effect between MSCs and modified MSCs. More 
research is required on the benefit of cells delivered using biomaterials.   
Previous reports have investigated the benefit of topically applied fresh autologous bone 
marrow to wounds and have not been included in the table. In response to wounding and 
ischaemic conditions there is a mobilisation and homing of bone marrow MSCs to the 
wound. MSCs can undergo differentiation and act in a paracrine manner to reduce 
inflammation, stimulate angiogenesis and cause proliferation and migration of other cell 
types involved in wound healing. The MSC secretome is of central importance in realising 
the beneficial paracrine effects of the cells. 

5.2 MSC: Mechanisms of action  
5.2.1 Differentiation 
MSCs may differentiate into mesodermal tissue including osteocytes, chondrocytes and 
adipocytes. They can differentiate into several cell types including cardiomyocytes, vascular 
endothelial cells, neurons, hepatocytes and epithelial cells, making them a potential cell 
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4.5.5 Increase number of EPCs 
Increasing EPC number for topical treatment increases the wound healing benefit of EPCs. 
(Marrotte et al., 2010) Granulocyte macrophage-colony stimulating factor (GM-CSF) 
increases monocyte derived peripheral blood EPCs. In-vitro animal studies reveal that 
proliferation of EPCs derived from the bone marrow can be accelerated by GM-CSF. (Wang 
et al., 2009) GM-CSF is routinely used in the patients receiving chemotherapy. It has been 
used in human clinical trials for investigation of autologous therapy in critical limb 
ischaemia. (Huang et al., 2005) In diabetic patients medications such as statins  and 
angiotensin-converting enzyme inhibitor therapy can increase EPC number. (Liew et al., 
2008) 
 
Wound Model EPC type Delivery Results Mechanism Ref. 

Diabetic 
immuno-

deficient mouse 
Ischemic ulcer 

Human fetal 
CD133+ 

progenitor 
cells 

Topical type 1 
collagen 

seeded with 
EPCs 

↑ wound closure
↑ angiogenesis 

Paracrine 
signalling 

{Barcelos, 
et al. 
2009} 

Diabetic Mouse 
Full thickness 

ulcer 

CD34+ EPCs Intradermal 
injection 

 

↑ wound closure.
↑epithelial 
coverage  ↑ 

vascularisation 

Not 
addressed 

{Sivan-
Loukiano
va et al., 

2003 } 
Diabetic Mouse 

full thickness 
ulcer 

bone marrow 
derived 

CD34+ EPCs

Intradermal 
injection 

 

↑vascularisation 
↑wound closure

Paracrine 
signalling 

(Stepanov
ic et al., 
2003) 

Diabetic 
immuno-

deficient mouse 
Full thickness 

ulcer 

Human 
umbilical 

cord blood 
EPCs 

Intradermal 
injection of 

EPCs 
and 

Topical EPC- 
CM 

↑angiogenesis 
↑ wound closure.

Conditioned 
media showed 
therapeutically 

equivalent effect

Paracrine 
signalling 

{Kim et 
al., 2010} 

Genetically 
Diabetic mouse 
full thickness 

ulcer 

Early EPCs Topical 
delivery of 
genetically 
modified 

EPCs 

↑wound closure 
↑angiogenesis 
↑ benefit with 

gene therapy and 
↑ cell dose 

Paracrine 
signaling 

EPCs present 
in capillaries 

(Marrotte, 
et al.) 

Diabetic mice 
full thickness 

cutaneous 
wounds 

Lineage 
Negative 

progenitor 
cells (EPCs) 

topically 
applied in a 

collagen 
scaffold 

↑Wound Closure
↑ Vascular 

density 

Differentiate 
into 

endothelial 
cells 

(Lin et al., 
2008) 

Human diabetic 
critical limb 

ischaemia and 
foot ulceration 

Autologous 
GM-CSF 

mobilized 
EPCs 

Intra-
muscular 
injections 

Ulcer healing, 
 

↑vessel 
density 

(Huang et 
al., 2005) 

Table I. Animal and human trials of EPC therapy for diabetic wounds 
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The complex pathology of diabetic foot ulceration requires that novel treatments are 
developed. The factors which are central to ongoing ulceration include poor blood supply, 
inflammation and decreased functioning of resident wound healing cells. MSC treatment 
has been shown to augment angiogenesis, suppress inflammation and augment wound 
healing cell functions. The focus of this review is the topical application of MSCs directly to 
the wound. There have been animal and human studies showing benefit of MSC therapy in 
the treatment of cutaneous wounds. (Fu & Li 2009) Table 2 details the animal and human 
trials investigating topical MSC therapy in diabetic wounds. Topical MSC therapy is further 
advanced than EPC therapy. The in vivo studies in table 2 demonstrate that topical delivery 
of MSCs result in benefit in diabetic animal cutaneous wounds. It is clear that augmented 
wound repair occurs by differentiation of MSCs to cells with keratinocyte markers and 
paracrine mediated increases in angiogenesis and vessel density. Human studies although 
with a small number of patients have shown benefit with several treatments. Further 
evidence is required from human cells in immunocompromised animal models to assess 
wound healing response. Standardisation in wound healing endpoints in both human and 
animal studies will allow comparison of effect between MSCs and modified MSCs. More 
research is required on the benefit of cells delivered using biomaterials.   
Previous reports have investigated the benefit of topically applied fresh autologous bone 
marrow to wounds and have not been included in the table. In response to wounding and 
ischaemic conditions there is a mobilisation and homing of bone marrow MSCs to the 
wound. MSCs can undergo differentiation and act in a paracrine manner to reduce 
inflammation, stimulate angiogenesis and cause proliferation and migration of other cell 
types involved in wound healing. The MSC secretome is of central importance in realising 
the beneficial paracrine effects of the cells. 

5.2 MSC: Mechanisms of action  
5.2.1 Differentiation 
MSCs may differentiate into mesodermal tissue including osteocytes, chondrocytes and 
adipocytes. They can differentiate into several cell types including cardiomyocytes, vascular 
endothelial cells, neurons, hepatocytes and epithelial cells, making them a potential cell 
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based treatment for human disease.(Volarevic et al. 2011) Allogeneic green fluorescent 
protein labelled bone marrow-derived MSCs have been applied directly to and injected 
around a cutaneous wound. MSC treatment accelerated wound closure, with increased re-
epithelialisation, cellularity and angiogenesis. In the wound the MSCs expressed 
keratinocyte-specific protein keratin and formed glandular structures suggesting MSCs 
contribute to tissue regeneration by differentiating into keratinocytes.(Wu et al., 2007 ) MSCs 
differentiate into epidermal keratinocytes in vivo and in-vitro and also into skin 
appendages{Sasaki et al., 2008;Li et al., 2006).  

5.2.2 Migration/Homing of MSCs 
Bone marrow-derived MSCs contribute to cutaneous wound healing. The homing 
mechanisms are complex. Potential mechanisms include specific receptors or ligands 
undergoing up-regulation in response to injury. This not only facilitates trafficking, 
adhesion and infiltration of MScs but also provide MSCs with a specialised niche to support 
self-renewal and maintain pluripotency.(Si et al., 2011) MSCs  become arrested in blood 
vessels of injured or ischaemic  tissues and secrete a variety of growth factors and cytokines 
beneficial for wound healing.(Karp & Leng Teo 2009) 

5.2.3 Paracrine effects of MSCs 
MSCs act in a paracrine fashion to exert their beneficial effects. MSC-conditioned media 
medium augments wound repair with accelerated epithelialisation. (Wu et al, 2007) The 
analysis of MSC conditioned media revealed cytokines and growth factors required for 
wound healing. Vascular endothelial growth factor-a, Insulin like growth factor-1, 
epidermal growth factor, keratinocyte growth factor, angiopoietin-1, stromal derived factor-
1, macrophage inflammatory protein-1, alpha and beta erythropoietin were increased in 
MSC conditioned media when compared to dermal fibroblast conditioned media. Bone 
marrow-derived MSC conditioned medium attracts macrophages and endothelial 
progenitor cells to wounds.(Chen et al., 2008) MSC paracrine signaling has potential 
beneficial effects on angiogenesis, epithelialisation and fibro-proliferation during wound 
repair (Hocking & Gibran 2010) Wu et al. reported that BM-MSC treated diabetic wounds 
had increased capillary density, but the bone marrow-derived MSCs were not found in the 
new capillary structures. This paracrine effect was supported by analysis of the conditioned 
media which revealed high levels of VEGF-α and angiopoeitin-1 with increased endothelial 
tube formation. (Wu et al., 2007)  

5.2.4 Immunomodulation 
An important characteristic of MSCs is that they express low levels of major 
histocompatibility complex-I (MHC-I) molecules and do not express MHC-II molecules, CD 
80, CD 40 or CD 86 on their cell surface.(Zhang et al., 2010) This allows for allogeneic 
transplantation as MSCs. Human clinical trials have been conducted using allogeneic MSCs 
for the treatment of many conditions including graft-versus-host disease, type-1 diabetes, 
ischaemic heart disease, and neurological disorders e.g. stroke. MSCs possess 
immunosuppressive and anti-inflammatory properties in vitro and in vivo. They may 
suppress the proliferation and function of the innate and adaptive immune response and the  
immunomodulatory functions may occur by direct cell-cell contact or by paracrine 
means.(Zhang et al., 2010) Macrophages are a fundamental cell type in wound healing and 
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immunity. They can be classified as having a pro-inflammatory M1 phenotype or 
polarisation and an anti-inflammatory M2 or wound healing phenotype. MSCs are capable 
of eliciting M2 polarisation of macrophages which contributes to marked acceleration of 
wound healing (Zhang et al., 2010) 

5.3 Optimising MSC therapeutic effect 
The high proliferation capacity of MSCs mean that there is less dose limiting obstacles with 
MSC therapy.  The allogeneic treatment allows for an “off-the-shelf” product. This is possible 
as the cells maybe cryopreserved for use in the future. MSCs are amenable to ex-vivo 
manipulation by gene therapy to provide cellular protection in an ischaemic environment. 
(McGinley et al., 2011). Highly concentrated cell doses can be directly applied to the wound 
surface or adjacent to the wound and delivery can be mediated using biomaterials. (Sorrell & 
Caplan 2010) As is the case with EPCs, biomaterials ensure sustained viability of cells and cell 
encapsulation technology may protect cells from mechanical stress common in diabetic foot 
ulceration. (Anderson et al., 2011;Orive, et al. 2003) Table 2 summarises the published research, 
and includes studies showing the benefit of MSCs on wound healing. There is also a need to 
better understand the stem cell niche involved in diabetic cutaneous wounds.  This is required 
as this niche is the necessary microenvironment for controlling stem cell fate. Tissue 
engineering should provide both cells and adequately functionalised biomaterials in order to 
restore the elements of the stem cell niche. (Becerra et al., 2010)  
  
 

Wound MSC type Delivery Results Mechanism Ref. 
Diabetic 
Mouse 
ulcers 

Human 
chronic 
ulcers 

DFU, n=1 

Autologous
Bone 

Marrow-
Derived 
MSCs 

(BM-MSCs) 

Topical Fibrin 
spray 

↑ Wound 
Closure in mice 
and humans. No 
adverse events 

↑ elastin fibres 
in MSC treated 

wound 

(Falanga et 
al 2007) 

Human 
chronic 
ulcers 

DFU, n=2 

Autologous 
BM-MSCs 

Collagen sponge 
with silicone film

Healing of 
wounds in 18 of 

20 patients 

↑ fibrous, fat 
and vascular 

tissue 

(Yoshikaw
a et 

al.,2008) 

Human 
DFU, n=1 

Autologous 
BM-MSC 

Fresh Bone 
marrow isolate 

applied to wound 
then covered 
with collagen 
seeded with 

MSCs 

↓wound size 
with closing and 
healing of ulcer.

 

N/A (Vojtassak 
et al., 2006) 

Human 
chronic 
wounds 

DFU, n=6 
 

Autologous 
BM-MSCs + 

standard 
wound 

dressing 

MSCs injected in 
and around ulcer, 
and ulcer covered 

by dressing 

↓ ulcer size at 12 
weeks 

Increased 
inflammatory 

cells and 
capillary 

proliferation 

(Dash et 
al., 2009) 
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based treatment for human disease.(Volarevic et al. 2011) Allogeneic green fluorescent 
protein labelled bone marrow-derived MSCs have been applied directly to and injected 
around a cutaneous wound. MSC treatment accelerated wound closure, with increased re-
epithelialisation, cellularity and angiogenesis. In the wound the MSCs expressed 
keratinocyte-specific protein keratin and formed glandular structures suggesting MSCs 
contribute to tissue regeneration by differentiating into keratinocytes.(Wu et al., 2007 ) MSCs 
differentiate into epidermal keratinocytes in vivo and in-vitro and also into skin 
appendages{Sasaki et al., 2008;Li et al., 2006).  

5.2.2 Migration/Homing of MSCs 
Bone marrow-derived MSCs contribute to cutaneous wound healing. The homing 
mechanisms are complex. Potential mechanisms include specific receptors or ligands 
undergoing up-regulation in response to injury. This not only facilitates trafficking, 
adhesion and infiltration of MScs but also provide MSCs with a specialised niche to support 
self-renewal and maintain pluripotency.(Si et al., 2011) MSCs  become arrested in blood 
vessels of injured or ischaemic  tissues and secrete a variety of growth factors and cytokines 
beneficial for wound healing.(Karp & Leng Teo 2009) 

5.2.3 Paracrine effects of MSCs 
MSCs act in a paracrine fashion to exert their beneficial effects. MSC-conditioned media 
medium augments wound repair with accelerated epithelialisation. (Wu et al, 2007) The 
analysis of MSC conditioned media revealed cytokines and growth factors required for 
wound healing. Vascular endothelial growth factor-a, Insulin like growth factor-1, 
epidermal growth factor, keratinocyte growth factor, angiopoietin-1, stromal derived factor-
1, macrophage inflammatory protein-1, alpha and beta erythropoietin were increased in 
MSC conditioned media when compared to dermal fibroblast conditioned media. Bone 
marrow-derived MSC conditioned medium attracts macrophages and endothelial 
progenitor cells to wounds.(Chen et al., 2008) MSC paracrine signaling has potential 
beneficial effects on angiogenesis, epithelialisation and fibro-proliferation during wound 
repair (Hocking & Gibran 2010) Wu et al. reported that BM-MSC treated diabetic wounds 
had increased capillary density, but the bone marrow-derived MSCs were not found in the 
new capillary structures. This paracrine effect was supported by analysis of the conditioned 
media which revealed high levels of VEGF-α and angiopoeitin-1 with increased endothelial 
tube formation. (Wu et al., 2007)  

5.2.4 Immunomodulation 
An important characteristic of MSCs is that they express low levels of major 
histocompatibility complex-I (MHC-I) molecules and do not express MHC-II molecules, CD 
80, CD 40 or CD 86 on their cell surface.(Zhang et al., 2010) This allows for allogeneic 
transplantation as MSCs. Human clinical trials have been conducted using allogeneic MSCs 
for the treatment of many conditions including graft-versus-host disease, type-1 diabetes, 
ischaemic heart disease, and neurological disorders e.g. stroke. MSCs possess 
immunosuppressive and anti-inflammatory properties in vitro and in vivo. They may 
suppress the proliferation and function of the innate and adaptive immune response and the  
immunomodulatory functions may occur by direct cell-cell contact or by paracrine 
means.(Zhang et al., 2010) Macrophages are a fundamental cell type in wound healing and 
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immunity. They can be classified as having a pro-inflammatory M1 phenotype or 
polarisation and an anti-inflammatory M2 or wound healing phenotype. MSCs are capable 
of eliciting M2 polarisation of macrophages which contributes to marked acceleration of 
wound healing (Zhang et al., 2010) 

5.3 Optimising MSC therapeutic effect 
The high proliferation capacity of MSCs mean that there is less dose limiting obstacles with 
MSC therapy.  The allogeneic treatment allows for an “off-the-shelf” product. This is possible 
as the cells maybe cryopreserved for use in the future. MSCs are amenable to ex-vivo 
manipulation by gene therapy to provide cellular protection in an ischaemic environment. 
(McGinley et al., 2011). Highly concentrated cell doses can be directly applied to the wound 
surface or adjacent to the wound and delivery can be mediated using biomaterials. (Sorrell & 
Caplan 2010) As is the case with EPCs, biomaterials ensure sustained viability of cells and cell 
encapsulation technology may protect cells from mechanical stress common in diabetic foot 
ulceration. (Anderson et al., 2011;Orive, et al. 2003) Table 2 summarises the published research, 
and includes studies showing the benefit of MSCs on wound healing. There is also a need to 
better understand the stem cell niche involved in diabetic cutaneous wounds.  This is required 
as this niche is the necessary microenvironment for controlling stem cell fate. Tissue 
engineering should provide both cells and adequately functionalised biomaterials in order to 
restore the elements of the stem cell niche. (Becerra et al., 2010)  
  
 

Wound MSC type Delivery Results Mechanism Ref. 
Diabetic 
Mouse 
ulcers 

Human 
chronic 
ulcers 

DFU, n=1 

Autologous
Bone 

Marrow-
Derived 
MSCs 

(BM-MSCs) 

Topical Fibrin 
spray 

↑ Wound 
Closure in mice 
and humans. No 
adverse events 

↑ elastin fibres 
in MSC treated 

wound 

(Falanga et 
al 2007) 

Human 
chronic 
ulcers 

DFU, n=2 

Autologous 
BM-MSCs 

Collagen sponge 
with silicone film

Healing of 
wounds in 18 of 

20 patients 

↑ fibrous, fat 
and vascular 

tissue 

(Yoshikaw
a et 

al.,2008) 

Human 
DFU, n=1 

Autologous 
BM-MSC 

Fresh Bone 
marrow isolate 

applied to wound 
then covered 
with collagen 
seeded with 

MSCs 

↓wound size 
with closing and 
healing of ulcer.

 

N/A (Vojtassak 
et al., 2006) 

Human 
chronic 
wounds 

DFU, n=6 
 

Autologous 
BM-MSCs + 

standard 
wound 

dressing 

MSCs injected in 
and around ulcer, 
and ulcer covered 

by dressing 

↓ ulcer size at 12 
weeks 

Increased 
inflammatory 

cells and 
capillary 

proliferation 

(Dash et 
al., 2009) 
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Wound MSC type Delivery Results Mechanism Ref. 
Diabetic 
rats Full 
thickness 
wounds 

BM-MSCs 
transfected 

with 
hepatocyte 

growth factor

Direct injection to 
wound dermis 

Decreased 
wound healing 

time with 
adHGF MSCs 

↑blood vessels  
↓ collagen 
formation, 
↓ AGEs with 

AdHGF MSCs 

(Ha et al., 
2010) 

Diabetic 
mouse 

with full 
thickness 

ulcer 

Allogeneic 
BM-MSCs 

Topical 
application and 
injection around 

wound edge 

↑wound closure
↑epithelia 
↑cellularity 

↑angiogenesis 

Differentiate 
MSCs to 

keratinocytes 
Paracrine 

↑angiogenesis 

(Wu et al., 
2007) 

Diabetic 
mouse Full 
thickness 

ulcer 

ATSC over-
expressing 

SDF-1 

Topical cell 
application to 

wound 

↑ % wound 
closure 

↓epithelial gap,
↑ cellularity 

Differentiation 
and paracrine 

effect on 
wound cells 

(Di Rocco, 
et al. 2010) 

Diabetic 
Mouse Full 
thickness 

ulcer 

Diabetic 
MSCs co-
applied 

with14S,21R -
diHDHA 

Topical MSCs 
applied to wound 
bed and injected 
intra-dermally 

↑ epithelium 
↑ GT 

 

↑angiogenesis 
due to 

paracrine effect 

(Tian et al., 
2011) 

Diabetic  
mouse Full 
thickness 

Ulcer 

Umbilical 
cord-MSCs 

Topical MSCs or 
systemic  MSCs 

injection 

↓ wound size 
with topically 
applied MSCs 

TGF-β 
Paracrine effect 

(Tark et al., 
2010) 

Diabetic  
mouse 

Full 
thickness 

ulcer 

Autologous
ATSC 

Topical delivery 
using collagen 

scaffold 

↑GT 
↑epithelium 
↑ no, capillary 

 

Paracrine (Nambu et 
al., 2009) 

Diabetic 
Mouse 
ulcer 

Allogeneic
BM-MSCs 

Topical Delivery ↑epithelium 
↑ GT 

↑ blood vessels 

Paracrine (Javazon et 
al., 2007) 

DFU =  Diabetic Foot Ulcer, BM = Bone Marrow, AGE = Advanced Glycation Endproducts 
ATSC = Adispose Tissue-derived stromal cells, GT = Granulation Tissue 

Table II. Animal and human trial on Topical MSC treatment of diabetic wounds 

6. Biomaterial scaffolds for cell therapy in diabetic wound healing 
6.1 Benefit of cell delivery using scaffolds for cell therapy 
As explained above, a limitation of systemic delivery of stem cells is the poor engraftment 
efficiency to the target site, specifically to the wound. It is known that cell infusions e.g. into 
ischaemic muscle, typically result in > 90% of cells rapidly dying. (Silva et al., 2008)  
Therefore some of the failures experienced in clinical cell transplantation may directly arise 
from the manner of administration of the cells rather than a lack of intrinsic bioactivity of 
the cells. (Silva et al., 2008) The use of a matrix is vital to the integrity of cell maintenance 
and growth because cells are anchorage dependent and require an appropriate milieu of 

 
Topical Stem and Progenitor Cell Therapyfor Diabetic Foot Ulcers 

 

593 

mechanical strength, material support, controlled porosity and interconnected channelling 
(Yang et al., 2002)  

6.2 Determining the optimal biomaterial for topical treatment of diabetic wounds 
The goal of developing novel wound healing treatments is to reduce the time to complete 
wound closure and restore the barrier function of the skin. The ideal qualities of a skin 
substitute for diabetic ulcer wound repair is that it will be clinically effective, safe to the 
patient, inexpensive, easy to use, readily available, durable and  encourage cell-matrix 
interactions. The ideal biomaterial should support reconstruction of new tissues without 
inflammation. (Huang & Fu  2010) 
There is a multitude of biomaterials for wound treatments commercially available and 
undergoing research. They may have different physicochemical profiles with differing 
mechanical and degradation properties. They may be synthetic or natural. Natural 
biomaterials are generally considered more biocompatible and similar to the host extra-
cellular matrix. The drawback of synthetic biomaterials is their lack of cellular recognition 
signals. (Huang & Fu 2010) Skin substitutes can be classified based on 1. anatomical 
structure (dermal, epidermal, dermo-epidermal), 2. duration of cover (permanent, semi-
permenant, temporary), 3. type of biomaterial (biological: autologous, allogeneic, 
xenogeneic or synthetic: biodegradable, non-biodegradable), 4. skin substitute composition 
(cellular, acellluar) and 5. Where primary biomaterial loading with cellular components 
occurs(in vitro, in-vivo).(Shevchenko et al., 2010) There are techniques used for 
development of tissue engineered ulcer healing products. These include  1. Transplantation 
of cells without matrix or scaffold, 2. Transplantation of biomaterials alone or with the 
addition of proteins e.g. cytokines and 3. Transplantation of cells in a 3-D scaffold. (Jimenez 
and Jimenez 2004) 

6.3 Currently available cell-based biomaterial dressings for wound healing 
The focus of this chapter is on cell-based treatments using a 3-D scaffold.  There are several 
terms that encompass such skin substitutes i.e. tissue-engineered skin, tissue engineered 
skin constructs, skin substitute bioconstructs, bioengineered skin, living skin replacements 
and living skin equivilants. (Shevchenko et al., 2010) The gold standard skin replacement 
treatment for many conditions has been full-thickness skin grafting. There are inherent risks 
associated with autologous grafts e.g. donor site pain, scarring and infection or delayed 
healing and failure of graft at recipient site. The risks with non-autologous skin grafts 
include immune rejection and infection transmission.  (Wu et al., 2010) A disadvantage of 
the currently available cell-based topical therapies is that they do not address the lack of 
angiogenic properties of the skin substitute. This is important as the successful ability of a 
skin graft to take to an ulcer is an adequate vascular supply. Table III summarises some of 
the commercially available skin substitutes and the clinical indications for their use. Apligraf 
and Dermagraf are temporary treatments for non-healing diabetic ulcers.  These skin 
substitutes are biomaterials seeded with keratinocytes and/or fibroblasts. They are 
indicated as a topical treatment for non-healing diabetic ulcers in the USA.  

6.4 Collagen as a biomaterial 
Collagen is the major extra-cellular matrix protein of the dermal layer of the skin. It forms an 
intrinsic part of blood vessels and supports angiogenesis. It is a commonly used biomaterial 



 
Stem Cells in Clinic and Research 

 

592 

Wound MSC type Delivery Results Mechanism Ref. 
Diabetic 
rats Full 
thickness 
wounds 

BM-MSCs 
transfected 

with 
hepatocyte 

growth factor

Direct injection to 
wound dermis 

Decreased 
wound healing 

time with 
adHGF MSCs 

↑blood vessels  
↓ collagen 
formation, 
↓ AGEs with 

AdHGF MSCs 

(Ha et al., 
2010) 

Diabetic 
mouse 

with full 
thickness 

ulcer 

Allogeneic 
BM-MSCs 

Topical 
application and 
injection around 

wound edge 

↑wound closure
↑epithelia 
↑cellularity 

↑angiogenesis 

Differentiate 
MSCs to 

keratinocytes 
Paracrine 

↑angiogenesis 

(Wu et al., 
2007) 

Diabetic 
mouse Full 
thickness 

ulcer 

ATSC over-
expressing 

SDF-1 

Topical cell 
application to 

wound 

↑ % wound 
closure 

↓epithelial gap,
↑ cellularity 

Differentiation 
and paracrine 

effect on 
wound cells 

(Di Rocco, 
et al. 2010) 

Diabetic 
Mouse Full 
thickness 

ulcer 

Diabetic 
MSCs co-
applied 

with14S,21R -
diHDHA 

Topical MSCs 
applied to wound 
bed and injected 
intra-dermally 

↑ epithelium 
↑ GT 

 

↑angiogenesis 
due to 

paracrine effect 

(Tian et al., 
2011) 

Diabetic  
mouse Full 
thickness 

Ulcer 

Umbilical 
cord-MSCs 

Topical MSCs or 
systemic  MSCs 

injection 

↓ wound size 
with topically 
applied MSCs 

TGF-β 
Paracrine effect 

(Tark et al., 
2010) 

Diabetic  
mouse 

Full 
thickness 

ulcer 

Autologous
ATSC 

Topical delivery 
using collagen 

scaffold 

↑GT 
↑epithelium 
↑ no, capillary 

 

Paracrine (Nambu et 
al., 2009) 

Diabetic 
Mouse 
ulcer 

Allogeneic
BM-MSCs 

Topical Delivery ↑epithelium 
↑ GT 

↑ blood vessels 

Paracrine (Javazon et 
al., 2007) 

DFU =  Diabetic Foot Ulcer, BM = Bone Marrow, AGE = Advanced Glycation Endproducts 
ATSC = Adispose Tissue-derived stromal cells, GT = Granulation Tissue 

Table II. Animal and human trial on Topical MSC treatment of diabetic wounds 

6. Biomaterial scaffolds for cell therapy in diabetic wound healing 
6.1 Benefit of cell delivery using scaffolds for cell therapy 
As explained above, a limitation of systemic delivery of stem cells is the poor engraftment 
efficiency to the target site, specifically to the wound. It is known that cell infusions e.g. into 
ischaemic muscle, typically result in > 90% of cells rapidly dying. (Silva et al., 2008)  
Therefore some of the failures experienced in clinical cell transplantation may directly arise 
from the manner of administration of the cells rather than a lack of intrinsic bioactivity of 
the cells. (Silva et al., 2008) The use of a matrix is vital to the integrity of cell maintenance 
and growth because cells are anchorage dependent and require an appropriate milieu of 
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mechanical strength, material support, controlled porosity and interconnected channelling 
(Yang et al., 2002)  

6.2 Determining the optimal biomaterial for topical treatment of diabetic wounds 
The goal of developing novel wound healing treatments is to reduce the time to complete 
wound closure and restore the barrier function of the skin. The ideal qualities of a skin 
substitute for diabetic ulcer wound repair is that it will be clinically effective, safe to the 
patient, inexpensive, easy to use, readily available, durable and  encourage cell-matrix 
interactions. The ideal biomaterial should support reconstruction of new tissues without 
inflammation. (Huang & Fu  2010) 
There is a multitude of biomaterials for wound treatments commercially available and 
undergoing research. They may have different physicochemical profiles with differing 
mechanical and degradation properties. They may be synthetic or natural. Natural 
biomaterials are generally considered more biocompatible and similar to the host extra-
cellular matrix. The drawback of synthetic biomaterials is their lack of cellular recognition 
signals. (Huang & Fu 2010) Skin substitutes can be classified based on 1. anatomical 
structure (dermal, epidermal, dermo-epidermal), 2. duration of cover (permanent, semi-
permenant, temporary), 3. type of biomaterial (biological: autologous, allogeneic, 
xenogeneic or synthetic: biodegradable, non-biodegradable), 4. skin substitute composition 
(cellular, acellluar) and 5. Where primary biomaterial loading with cellular components 
occurs(in vitro, in-vivo).(Shevchenko et al., 2010) There are techniques used for 
development of tissue engineered ulcer healing products. These include  1. Transplantation 
of cells without matrix or scaffold, 2. Transplantation of biomaterials alone or with the 
addition of proteins e.g. cytokines and 3. Transplantation of cells in a 3-D scaffold. (Jimenez 
and Jimenez 2004) 

6.3 Currently available cell-based biomaterial dressings for wound healing 
The focus of this chapter is on cell-based treatments using a 3-D scaffold.  There are several 
terms that encompass such skin substitutes i.e. tissue-engineered skin, tissue engineered 
skin constructs, skin substitute bioconstructs, bioengineered skin, living skin replacements 
and living skin equivilants. (Shevchenko et al., 2010) The gold standard skin replacement 
treatment for many conditions has been full-thickness skin grafting. There are inherent risks 
associated with autologous grafts e.g. donor site pain, scarring and infection or delayed 
healing and failure of graft at recipient site. The risks with non-autologous skin grafts 
include immune rejection and infection transmission.  (Wu et al., 2010) A disadvantage of 
the currently available cell-based topical therapies is that they do not address the lack of 
angiogenic properties of the skin substitute. This is important as the successful ability of a 
skin graft to take to an ulcer is an adequate vascular supply. Table III summarises some of 
the commercially available skin substitutes and the clinical indications for their use. Apligraf 
and Dermagraf are temporary treatments for non-healing diabetic ulcers.  These skin 
substitutes are biomaterials seeded with keratinocytes and/or fibroblasts. They are 
indicated as a topical treatment for non-healing diabetic ulcers in the USA.  

6.4 Collagen as a biomaterial 
Collagen is the major extra-cellular matrix protein of the dermal layer of the skin. It forms an 
intrinsic part of blood vessels and supports angiogenesis. It is a commonly used biomaterial 
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for topical cell based wound dressings e.g Apligraf (Organogenesis). It displays low 
antigenicity with purification techniques available to eliminate the immunogenic telo-
peptides.(Huang & Fu 2010) Collagen is appropriate for temporary dressings as it is 
mechanically weak and undergoes degradation on implantation.(Huang & Fu 2010) It is 
possible to manipulate collagen by cross-linking and enhance its physico-chemical 
properties. There are widely used commercial collagen based dressings for diabetic foot 
ulcers (e.g Promogram, which contains oxidised regenerated cellulose by Johnson & 
Johnson). (Zhong et al., 2010) Integra (LifeSciences)  is a wound healing product consisting 
of bovine type 1 collagen cross-linked with chondroitin-6-sulphate which is bonded to a 
silicone membrane. It acts as a template for fibroblast migration and capillary growth in 
vivo. (Zhong et al., 2010) We have successfully seeded stem and progenitor cells in a 
collagen scaffold. Figure 2 is a scanning electron microscope image of EPCs and MSCs 
seeded in a collagen scaffold for 24 hours. 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

Fig. II. Scanning electron microscope of co-culture of mesenchymal stem cells and early 
endothelial progenitor cells in a type 1 bovine collagen scaffold.  
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Product Description Indication 
Apligraft /Graftskin 
Organogenesis 
Canton, MA, USA 

Allogeneic neonatal foreskin 
keratinocytes and fibroblasts 
seeded in a type 1 bovine 
collagen 

Diabetic foot ulcers 
venous leg ulcers Partial 
thickness burns 
Epidermolysis Bullosa  

Dermagraft 
Advanced Biohealing Inc 
Lojalla,  Ca, USA. 

Allogeneic neonatal 
fibroblasts seeded in a  
polyglycolic acid (Dexon) or 
polyglactin-9-10Vicryl 
scaffold. 

Full thickness DFU 
Epidermolysis Bullosa 

TissueTech Autograft 
system.  
Laserskin and Hyalograft 
Fidia Farmaceutical 
Abano Terme Italy 

Autologous fibroblasts and 
keratinocytes cultured on a 
hyaluronic acid laser 
perforated membrane 

DFU and Chronic 
wounds 

Epicel  
Genzyme Biosurgery 
Cambridge, MA, USA 

Autologous keratinocytes and 
xenogenic proliferation- 
arrested mouse fibroblasts in  
petroleum gauze dressing 

Full thickness burns 
burns taking >30% of 
body area  

Transcyte 
Advanced Biohealing Inc, 
Lojolla California 

Human allogeneic fibroblasts 
cultured on a nylon mesh 
pre-coated with collagen 

Burns 
Transparent dressing 

Orcel 
Ortec International 
New York ,NY USA 

Type 1 Bovine collagen 
seeded with allogeneic 
neonatal fibroblasts and 
keratinocytes 

donor sites for 
autografting, DFU  
Epidermolysis Bullosa 

Epidex 
Modex Therapeutics 
Luzanne 
Switzerland 

Cultured epidermal skin 
equivalent derived from 
keratinocyte precursors of 
human hair follicles  

Chronic Leg uclers 

Myskin 
Altrika  
Sheffield UK 

Autologous keratinocytes 
grown on a silicone layer 
with irradiated murine 
fibroblasts 

Non-healing wounds 
DFU, Burns, Pressure 
ulcers 

Bioseed-S 
BioTissue Technologies 
Freiburg, Germany 

Autologous keratinocytes 
resuspended in a fibrin 
sealant 

Venous leg ulcers 

Permaderm 
Regenicin 
www.regenicin.com 

Autologous keratinocytes and 
fibroblasts seeded on collagen 
biomaterial 

Burns 
Chronic Wounds 

DFU = Diabetic foot ulcers   
 

 

Table III. Sample of currently available Cell-Scaffold skin replacement therapies and their 
indications  
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for topical cell based wound dressings e.g Apligraf (Organogenesis). It displays low 
antigenicity with purification techniques available to eliminate the immunogenic telo-
peptides.(Huang & Fu 2010) Collagen is appropriate for temporary dressings as it is 
mechanically weak and undergoes degradation on implantation.(Huang & Fu 2010) It is 
possible to manipulate collagen by cross-linking and enhance its physico-chemical 
properties. There are widely used commercial collagen based dressings for diabetic foot 
ulcers (e.g Promogram, which contains oxidised regenerated cellulose by Johnson & 
Johnson). (Zhong et al., 2010) Integra (LifeSciences)  is a wound healing product consisting 
of bovine type 1 collagen cross-linked with chondroitin-6-sulphate which is bonded to a 
silicone membrane. It acts as a template for fibroblast migration and capillary growth in 
vivo. (Zhong et al., 2010) We have successfully seeded stem and progenitor cells in a 
collagen scaffold. Figure 2 is a scanning electron microscope image of EPCs and MSCs 
seeded in a collagen scaffold for 24 hours. 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

Fig. II. Scanning electron microscope of co-culture of mesenchymal stem cells and early 
endothelial progenitor cells in a type 1 bovine collagen scaffold.  
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Product Description Indication 
Apligraft /Graftskin 
Organogenesis 
Canton, MA, USA 

Allogeneic neonatal foreskin 
keratinocytes and fibroblasts 
seeded in a type 1 bovine 
collagen 

Diabetic foot ulcers 
venous leg ulcers Partial 
thickness burns 
Epidermolysis Bullosa  

Dermagraft 
Advanced Biohealing Inc 
Lojalla,  Ca, USA. 

Allogeneic neonatal 
fibroblasts seeded in a  
polyglycolic acid (Dexon) or 
polyglactin-9-10Vicryl 
scaffold. 

Full thickness DFU 
Epidermolysis Bullosa 

TissueTech Autograft 
system.  
Laserskin and Hyalograft 
Fidia Farmaceutical 
Abano Terme Italy 

Autologous fibroblasts and 
keratinocytes cultured on a 
hyaluronic acid laser 
perforated membrane 

DFU and Chronic 
wounds 

Epicel  
Genzyme Biosurgery 
Cambridge, MA, USA 

Autologous keratinocytes and 
xenogenic proliferation- 
arrested mouse fibroblasts in  
petroleum gauze dressing 

Full thickness burns 
burns taking >30% of 
body area  

Transcyte 
Advanced Biohealing Inc, 
Lojolla California 

Human allogeneic fibroblasts 
cultured on a nylon mesh 
pre-coated with collagen 

Burns 
Transparent dressing 

Orcel 
Ortec International 
New York ,NY USA 

Type 1 Bovine collagen 
seeded with allogeneic 
neonatal fibroblasts and 
keratinocytes 

donor sites for 
autografting, DFU  
Epidermolysis Bullosa 

Epidex 
Modex Therapeutics 
Luzanne 
Switzerland 

Cultured epidermal skin 
equivalent derived from 
keratinocyte precursors of 
human hair follicles  

Chronic Leg uclers 

Myskin 
Altrika  
Sheffield UK 

Autologous keratinocytes 
grown on a silicone layer 
with irradiated murine 
fibroblasts 

Non-healing wounds 
DFU, Burns, Pressure 
ulcers 

Bioseed-S 
BioTissue Technologies 
Freiburg, Germany 

Autologous keratinocytes 
resuspended in a fibrin 
sealant 

Venous leg ulcers 

Permaderm 
Regenicin 
www.regenicin.com 

Autologous keratinocytes and 
fibroblasts seeded on collagen 
biomaterial 
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Table III. Sample of currently available Cell-Scaffold skin replacement therapies and their 
indications  
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7. Translation to human therapy 
7.1 Safety and regulatory approval 
With any new cell-based therapy, it is mandatory to ensure safety for the patient. Any 
negative toxic side-effect of cell-based therapies would be a set back for the field of tissue 
engineering and regenerative medicine. In Europe, the European Medicines Agency (EMA) 
controls regulation and clinical trials of new cell based products. In North America, this 
process is under the remit of the Food and Drugs Administration (FDA). The EMA also 
advises on the development of stem cell products which are an example of an advanced 
therapy medicinal product (ATMP). In February 2011, the EMA published a document 
entitled “Reflection paper on stem cell-based medicinal products”, highlighting the current 
situation in the field of stem cell therapy. (EMA 2011)   Safety and clinical efficacy is first 
proven by scientifically robust methodology in pre-clinical studies. It is required that the 
product is produced and clinical trials carried out according to international standards. 
These standards include GLP (good lab practice), GMP (good manufacturing practice), and 
GCP (Good clinical Practice). There is a requirement for quality checks in the manufacturing 
process. This includes analysis of cell treatment batches to ensure cell quality, identity, 
viability and traceability of cells. The goal is a robust, stringently controlled production and 
manufacturing process.  

7.2 Preclinical animal models: choice of model and regulatory issues 
It is necessary to prove treatment efficacy in an animal model. An in vitro wound healing 
model is not sufficient to confirm treatment efficacy. The complexity of diabetic foot 
ulceration with its multi-factorial pathology cannot be realised in an animal model. There 
are over 10 different animal models of diabetic ulceration in the reported literature. There 
are inherent differences between animals and humans. These include cutaneous anatomy, 
vascular supply, duration of diabetes and the presence of other cardiovascular risk factors 
e.g. smoking. 
In addition there are a myriad of endpoints reported in animal wound healing studies. The 
most robust clinically relevant wound healing endpoints are percentage wound closure and 
time to complete healing. The myriad of new treatment modalities under investigation have 
effects on different phases of the wound healing spectrum. The pig has skin felt to be the 
most close to humans but these are large expensive animals. The genetically modified, leptin 
receptor deficient  diabetic mouse is widely used as a model of type 2 diabetes, but wound 
healing occurs by contraction in this model and does not reflect the human situation. The 
rabbit ear dermal ulcer model is a powerful model for examining re-epithelialisation and 
granulation tissue formation in an excisional wound. (Breen et al., 2008) A comprehensive 
review by Lammers et al. recommends a more systematic evaluation of tissue-engineered 
constructs in animal models to enhance the comparison of different constructs, accelerating 
the trajectory to application in human patients. (Lammers et al., 2010) 
The EMA provides advice on the animal models to use for translation of cell-based 
therapy to humans. The choice of the most relevant animal model should be determined 
by the specific safety aspect to be evaluated. It advises the use of human cells to be tested 
in proof of concept and safety studies. This methodology requires the use of immuno-
compromised models either genetically immuno-suppressed or treated with immuno-
suppressants.(EMA 2011) The persistence of cells and the functionality of the cells should 
be assessed. The potential of undifferentiated pluripotent stem cells to form tumours and 
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be genetically unstable due to ex-vivo manipulation requires this to be assessed in animal 
models. This is more likely with embryonic stem cells and pluripotent stem cells. Bio-
distribution of cells to other organs and ectopic tissue formation need to be investigated. 
Prior to first-in-man studies, there are guidelines published by the EMA to identify 
and mitigate risks. Dose finding studies, immunological, pharmacokinetic, pharmco-
dynamic and long term pharmaco-vigilant studies should be undertaken and planned. 
(EMA 2011) 
The use of biomaterials in conjunction with stem and progenitor cells is defined by the EMA 
as a ‘tissue-engineered product’ and falls under the term ATMP.(EU 2007) The experience 
with the development of allogeneic bi-layered skin has provided valuable information on 
the development of skin replacement therapy. Apligraf (Organogenesis), a living bi-layered 
skin substitute has received approval from FDA. It is described as a Class III medical device 
via premarket approval and meets requirements for a human cell, tissue, cellular and tissue-
based product. As the product is made from viable human skin cells, it cannot be terminally 
sterilized, but safety concerns have been addressed. These include risk of transmission of 
infection, immunogenicity, immunological graft rejection and tumour formation. As cells 
are derived from neonatal foreskin, maternal blood of the neonatal donor and the cell banks 
are thoroughly screened for infectious agents, pathogens and other contaminants.(EU 
2007;Wu et al., 2010)  

7.3 Structured diabetic foot care 
Stem and progenitor cell-based topical treatments will not be used in isolation to treat 
diabetic foot ulceration. Ideally, these advanced biological treatments will be part of a 
treatment algorithm, which would see the implementation of standard care prior to use of 
cell therapy. If the restoration of vascular supply, removal of pressure, control of infection 
and debridement of the wound does not succeed in ulcer healing, then the indication for 
cell based therapy would apply. There are analyses of factors associated with lack of 
healing with fibroblast dermal substitutes. An episode of infection during 12 weeks of 
treatment was associated with a 3.4 times increased risk of non-closure of a wound. (Wu 
et al., 2010) High bacterial load in the wound negatively affects wound healing with 
Dermagraft and Browne et al. recommend reducing the bacterial load with combination 
antibiotics prior to the application of skin substitutes. (Browne et al., 2001)  New 
treatment modalities are under investigation which may augment wound healing and 
reduce bacterial load. Plasma therapy may reduce bacterial burden and enhance wound 
healing. (Heinlin et al., 2010) 

7.4 Cost: Benefit analysis 
To ensure development of a successful topical cell based therapy, the product must have 
potential widespread use in the clinical arena. It must demonstrate clinical efficacy in 
clinical trials. In randomised controlled clinical trials the new product must show 
superiority both in comparison to standard care and to other market leaders in the field. It is 
expensive to conduct human clinical trials, therefore the product must demonstrate 
favourable health economics so as to be attractive to health care providers and industrial 
partners. To gain market access, manufacturers have to establish not only the efficacy of the 
product but also whether the product provides a cure at an acceptable cost per unit of health 
gain. (Langer et al., 2009) Several studies have investigated the cost-effectiveness of these 
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products. The results feature favourable cost-effectiveness ratios in selected patient groups 
with chronic wounds. The cost of the product and product development should be offset 
against the total cost of care of the patient with a non-healing diabetic foot ulcer. (Langer et 
al., 2009) There is a need for high quality clinical trials in this area. 

8. Cell-based therapies in other dermatological conditions  
MSCs and EPCs have the potential to treat other dermatological conditions apart from 
diabetic foot ulceration. As seen in table III there are several conditions which may be 
suitable for these therapies including chronic venous and pressure ulcers, burns and 
epidermolysis bullosa. The economic burden of chronic wounds is potentially the largest 
burden on healthcare systems. Stem and progenitor cells may be used as orphan 
medications for life-threatening or extremely rare debilitating conditions. These drugs are 
not developed by large pharmaceuticals and are not subject to the same regulatory process. 
An example of this is the blistering disorder epidermolysis bullosa. In addition research into 
basic stem cell biology will elucidate mechanisms of action of stem cells which may guide 
the development of future therapies. The development of successful skin regeneration and 
elucidation of key molecules and biological systems will allow for scar free repair and 
increased strength of healed wounds. There are further exciting developments in the field of 
stem and progenitor cell therapy for tissue regeneration.  Hair follicle biology is important 
for skin biology and epidermal haemostasis. There are resident stem cells in the bulge area 
of the hair follicle which are required for re-epithelialisation during wound healing. (Wu et 
al., 2011) They are a readily isolatable  source of adult stem cell suitable for autologous 
therapy.(Amoh et al., 2010)  

9. Conclusions 
This book chapter has reviewed the current state of Stem and Progenitor cell therapy for 
non-healing diabetic foot ulceration. The urgent clinical need for developing improved 
novel cell treatments is stressed. The scientific basis for potential success with topical stem 
and progenitor therapy is reviewed. The advantage of using biomaterials to mediate cell 
delivery is discussed. Further developments in tissue engineering will provide more 
intelligent biomaterials which ensure better viability and control of stem cell fate and 
function. The logistical hurdles to translation of bench-side discoveries are reviewed and 
information provided on accelerated development of these advanced medicinal products.   
The importance of translational science is being recognised as a key driver to the realisation 
of basic science discoveries for humans. There are strategic efforts to translate basic science 
to clinical benefit. This bench-to-bedside approach is the focus of government policies 
throughout the world with collaborations developing between pharmaceutical and 
biotechnology industries, academia and clinicians. The success of treatments will rely on 
clinical efficacy, safety, ease of use and cost-effectiveness. The potential to translate this 
technology to a variety of clinical dermatological disorders increases the attractiveness for 
industrial investment for further research and development of these products. A central 
component to the successful translation of this treatment will be the performance of robust 
randomised controlled trials.  Stem cell therapy is a new field encompassing both tissue 
engineering and regenerative medicine science and holds promise for the improved 
treatment of diseases which are suboptimally managed with current therapies. 
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1. Introduction 
Embryonic stem (ES) cells are derived from inner cell mass of blastocyst stage of fertilized eggs 
and remain undifferentiated in the presence of leukemia inhibitory factor (LIF) (Evans M.J & 
Kaufman M.H. (1981), Martin G.R. (1981).).  Depletion of LIF leads to ES cell to form 
embryoid body (EB) that can differentiate into several different lineage cells such as 
endodermal, mesodermal and ectodermal lineage cells.  Until now, ES cells have been induced 
to differentiate in vitro into several cell types such as hematopoietic cell (Nakano T.,et al. 
(1994), Nishikawa S.I.,et al. (1998), Palacios R.,et al. (1995).), pancreatic cell (Soria B.,et al. 
(2000).), neuronal cell (Brustle O.,et al. (1999), Scholer H.R.,et al. (1991).) and cardiomyocyte 
(Boheler K.R.,et al. (2002), Doetschman T.C.,et al. (1985), Klug M.G.,et al. (1996).).   
To be sure that ES cells are pluripotent, but mere transplantation of non-differentiated ES 
cells leads to teratomas as Yamamoto reported the teratoma formation after the 
transplantation of undifferentiated ES cells into retroperitoneum of nude mice (Yamamoto 
M.,et al. (2006).).  This is one of the main obstacles that limit the clinical application of ES cell 
transplantation therapy.  Therefore, it is essential to differentiate ES cells to some degree 
before transplantation.  But the information as to the directed differentiation of ES cells to 
kidney lineages are limited although spontaneous differentiation of ES cells to various cells 
is observed.  We have gathered pieces of information of the developmental biology and the 
differentiation conditions of several stem/progenitor cells to matured kidney. In this 
review, we focus on a dream of the generation of kidney from ES cells or stem/progenitor 
cells.   
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structure consisting of one nephron, retrogrades at the first stage of nephrogenesis.  Next, 
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1. Introduction 
Embryonic stem (ES) cells are derived from inner cell mass of blastocyst stage of fertilized eggs 
and remain undifferentiated in the presence of leukemia inhibitory factor (LIF) (Evans M.J & 
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transplantation of undifferentiated ES cells into retroperitoneum of nude mice (Yamamoto 
M.,et al. (2006).).  This is one of the main obstacles that limit the clinical application of ES cell 
transplantation therapy.  Therefore, it is essential to differentiate ES cells to some degree 
before transplantation.  But the information as to the directed differentiation of ES cells to 
kidney lineages are limited although spontaneous differentiation of ES cells to various cells 
is observed.  We have gathered pieces of information of the developmental biology and the 
differentiation conditions of several stem/progenitor cells to matured kidney. In this 
review, we focus on a dream of the generation of kidney from ES cells or stem/progenitor 
cells.   

2. Developmental biology of the kidney 
Mammalian kidney traces three successive stages during the development: pronephros, 
mesonephros and metanephros.  In mammals, pronephros, a rudimentary and temporary 
structure consisting of one nephron, retrogrades at the first stage of nephrogenesis.  Next, 
mesonephros arises as Wolffian duct from the intermediate mesoderm, elongates along the 
oral-caudal axis, and forms immature glomerular and tubular structures consisting of 
several dozens of nephrons.  However, both of the structures at this stage are not functional 
and then retrograde.  
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Metanephros develops from the caudal part of Wolffian duct and finally produces 
functional glomeruli and tubules as follows: A single ureteric bud emerges from the caudal 
part of the retrograding mesonephros and starts to branch.  Immature mesenchymal cells 
condense around the ureteric buds to form the metanephric blastema.  Cells around an each 
tip of the branching ureteric buds and another type of cells surrounding such cells are 
termed the metanephric mesenchyme and stromal cells, respectively.  The former 
metanephric mesenchymal cells differentiate through mesenchymal-to-epithelial 
transformation (MET) into various types of epithelial cells including visceral glomerular 
epithelial cells (podocytes), parietal glomerular epithelial cells, proximal tubular epithelial 
cells, and distal tubular epithelial cells, and develop into a cylindrical epithelial structure at 
an each tip of the ureteric buds.  At an end of the differentiating epithelial structures, 
podocytes and parietal glomerular epithelial cells interact with mesangial cells and 
fenestrated endothelial cells, and form globular networks of capillaries (glomeruli).  At the 
other end, the epithelial structures connect in a one-to-one manner to collecting ducts each 
of which is derived from one branch of the ureteric buds.  This whole structure is called the 
nephron, a unit to produce urine.  The final number of nephrons depends both on the 
number of branching of the ureteric buds and on the differentiation potentials of the 
metanephric mesenchyme independently.  In human, one kidney has one million nephrons. 
The interaction in a reciprocal and inductive manner between the metanephric mesenchyme 
and the ureteric bud plays an important role in the nephrogenesis.  A mouse or rat 
embryonic kidney further develops when placed in culture, but is not functional because 
vascular networks are not integrated.  In contrast, rat kidney rudiments at early stage of the 
development, which contain the metanephric mesenchyme and the ureteric bud, can form 
functional nephrons when it is transplanted in the omentum of other living animals 
(Hammerman M.R. (2004).).  These facts indicate that a set of the metanephric mesenchyme 
and the ureteric bud has the perfect intrinsic program to regulate immature cells, to recruit 
and integrate vascular components, and to form functional nephrons.   

3. Toward the regeneration of the kidney from ES cells 
3.1 Differentiation of rodent ES cells into renal lineage 
The kidney is a highly terminated and complex organ.  It needs to be formed so that the 
adjacent placement in three dimensions of several components of kidney cells are critical 
and only work when the placement is perfect unlike hematopoietic cells or insulin-secreting 
cells working as a cell itself.  In this section, we focus on the differentiation trials of murine 
ES cells into renal lineage.  Steenhard B.M. et al showed an integration of ES cells in 
metanephric kidney organ culture (Steenhard B.M.,et al. (2005).).  The authors microinjected 
murine ROSA26 ES cells that express ubiquitously β-galactosidase when cultured in the 
presence of LIF to suppress differentiation, into E12 or E13 metanephroi and kept them on 
organ culture system.  ES cell-derived, β-galactosidase-positive cells were found in epithelial 
structure resembling tubules and, on rare occasions, in structures resembling glomerular 
tufts.  By the analysis of electron microscopy, the ES cell-derived tubules were surrounded 
by basement membrane and had epithelial microvilli and junctional complexes.  Subset of 
these epithelial tubules expressed markers of Lotus tetragonolobus (LTA) and α1 Na+/K+ 
ATPase.  By infecting cytomegalovirus-promoter green fluorescent protein (GFP) 
adenovirus to ES cells before injection, injected ES cells were traced by GFP from 18h to 48h 
in cultured kidney, indicating that injected ES cells were definitely alive and functioning in 
the cultured kidney.   

 
Regeneration of the Kidney - Viewed from ES Cell 607 

Kobayashi T. et al reported that Wnt4-transformed mouse ES cells differentiated into renal 
tubular cell in vitro and in vivo.  The authors stably transformed Wnt4 cDNA to mouse ES 
cells (Wnt4-ES cells) and incubated them by hanging drop culture method (Kobayashi T.,et 
al. (2005).).  Hepatocyte growth factor (HGF) and activin-A enhanced the expression of 
aquaporin (AQP)2 in Wnt4-ES cells and induced tubular-like structure formation in three 
dimensional culture.  The authors confirmed that the addition of anti-Wnt4 antibody in the 
culture system downregulated the frequency of tubular-like structure formation.  When 
Wnt4-ES cells were transplanted in the renal cortex of four-week-old mouse, they also 
formed tubular-like structure in teratoma.  The authors showed that embryoid bodies from 
the Wnt4-ES cells had an ability to differentiate into renal tubular cells.  The most significant 
point is that Wnt4 expressing ES cells can be integrated into tubular cells in the adolescent (4 
week old) kidney microenvironment which would be less suitable for ES cells to 
differentiate than in the microenvironment of E12 or E13 of kidney adopted by Steenhard.  
Wnt4, HGF and activin-A may be promoting factors for the differentiation of ES cells to 
renal tubular cells.  
Kim D.et al reported that mouse ES cells can differentiate into renal epithelial cells with the 
combination of retinoic acid, activin-A and Bone morphogenetic protein (Bmp)-7 ( Kim D. & 
Dressler G.R. (2005).).  The authors showed that cultured ES cells can be induced to express 
markers specific for the intermediate mesoderm with the combination of these three 
nephrigenic growth factors.  They also showed that treated ES cells can contribute to tubular 
epithelial cells with almost 100% efficacy by injecting into developmental kidney rudiments.  
The injected Rosa 26 ES cells were traced by lac-Z staining and the tubular cells were 
confirmed morphologically by immunohistochemical staining with LTA and laminin.  The 
transplantation or injection of cells entails a contentious problem of cell fusion although the 
authors insist that the occurrence of cell fusion in their experiment is very rare.  
Investigation of karyotype would be ideal for the detailed analysis. 
Vigneau C. et al used mosue ES cell line with GFP knocked into the functional brachyury 
locus as well as lacZ in the ROSA26 locus (LacZ/brachyury/GFP) in selection and lineage 
tracing (Vigneau C.,et al. (2007).).  The authors firstly optimized the culture conditions using 
activin-A to give rise to maximal numbers of renal progenitors identified by expression of 
the combination of renal markers, cadherin11, WT1, Pax2 and Wnt4.  Then, they next 
enriched LacZ/brachyury/GFP+ cells by FACS and injected these cells into embryonic 
kidney explants in organ culture.  Five days after the injection, β-galactosidase positive cells 
were incorporated into blastema of the nephrogenic zone.  Even after the single injection 
into developing live newborn mouse kidneys, the LacZ/brachyury/GFP+ cells were stably 
integrated into proximal tubules with normal morphology and normal polarization of 
alkaline phosphatase and AQP1 for 7 months without teratoma formation.  These results 
suggest that differentiation of ES cells with activin-A and selection for brachyury expression 
lead to the isolation and purification of renal proximal tubular progenitor cells.   
Bruce S.J. et al reported that ES cells can be differentiated into renal lineage using BMP4 in 
vitro (Bruce S.J.,et al. (2007).).  With their induction culture system, the authors confirmed 
that gene expressions of WT1, Wnt4, GDNF, Nephrin, mineral corticoid receptor, 
podocalyxin, Wnt11, Pod1 or AQP1 were upregulated at later stage.   
Ross E.A. et al reported a study of ES cells showing an importance of scaffolds (Ross E.A.,et 
al. (2009).).  The authors firstly decellularized intact rat kidney in a fashion that retained the 
matrix and secondly seeded them with pluriopotent rat ES cells either through the artery or 
through the ureter.  The transplanted cells populated and proliferated within the 
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glomerular, vascular and tubular structures.  The cells lost their original embryonic 
appearance and expressed differentiated immunohistochemical markers.  But the cells that 
lost the contact with basement membrane matrix became apoptotic.  This study suggests the 
importance of extracellular matrix for the kidney regeneration to occur as a scaffold.   
Morizane R. et al reported that differentiation of murine ES ells and iPS cells into renal 
lineage in vitro (Morizane R.,et al. (2009).).  By hanging drop of murine ES cells, renal 
inducing factors were screened.  GDNF and BMP7 enhanced the expression of Pax2 and 
WT1, markers of metanephric mesenchyme.  Activin enhanced the expression of Pax-2 and 
KSP, suggesting activin enhanced the differentiation of ES cells into not only to mesoderm 
but also to tubular cells.  According to their analysis, it is difficult to promote ES cells to 
differentiate into podocyte, because no inducer was found to enhance the expression of 
nephrin.  To be sure, their analysis is based on in vitro marker analysis only and 
morphogenic or functional analyses are lacking, but several differentiation markers are 
investigated to compare the differentiation of ES cells and iPS cells.  The information is 
useful to understand the effects of cytokines or growth factors for the designated 
differentiation of ES cells. 
Sall1, a multi-zinc finger transcription factor which is expressed at metanephric 
mesenchyme, is involved in mouse kidney organogenesis because Sall1-deficient mouse 
show kidney agenesis or severe dysgenesis (Nishinakamura R.,et al. (2001).).  It is highly 
expressed in ES cells and, most recently, it was reported to regulate ES cell differentiation in 
accordance with Nanog (Karantzali E.,et al. (2010).).  Sall1 inhibits the ectodermal and 
mesodermal differentiation.  More specifically, the induction of the gastrulation markers T 
brachyury, Goosecoid, and Dkk1 and the neuroectodermal markers Otx2 and Hand1 was 
inhibited by Sall1 overexpression during embryoid differentiation.  In consideration of the 
fact that kidney is derived from intermediate mesoderm, switching off at an appropriate 
timing the signal Sall1 once positive at an early stage of development would be important 
for the kidney organogenesis.  
Luis M. et al reported a method to isolate renal stem cells from embryonic kidney not from 
ES cells (Lusis M.,et al. (2010).).  Metanephric mesenchyme of the developing kidney gives 
rise to various types of epithelial cells including visceral glomerular epithelial cells 
(podocytes), parietal glomerular epithelial cells, proximal tubular epithelial cells, and distal 
tubular epithelial cells.  It is regarded as progenitor population pool of the developing 
kidney.  But isolated metanephric mesenchyme does not self renew and requires 
immortalization for survival in culture.  The authors developed a method of isolation and 
sustained culture of long-term repopulating, clonal progenitors from mouse embryonic 
kidney (E12.5) as free floating nephrospheres just as neurosphere often observed in neural 
stem cell culture system.  These cells showed clonal self renewal for more than twenty 
passages when cultured with bFGF and thrombin, showed broad mesodermal multipotency, 
but held the expression of renal transcription factors such as Wt1, Sall1, Eya1, Six1, Six2, 
Osr1 and Hoxa11.  These cells’ capacity to contribute to developing embryonic kidney was 
limited, and nephrospheres did not display in vitro renal epithelial capacity.  Holding 
mesodermal multipotency but renal transcription markers means that nephrosphere would 
be a developmentally transient state between pluripotent ES cells and renal progenitors.  
The nephrospheres can be cultured from Sall1-positive and –negative fraction of embryonic 
kidney, which suggests that they were derived from metanephric mesenchyme as a whole.  
This renal stem cell population could be cultured from only embryonic kidney, not from 
postnatal kidney. 
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3.2 Differentiation of human ES cells into renal lineage 
As to the human cells, there are only a few reports of differentiation of ES cells to renal 
lineage.  The concomitant use of retinoic acid, activin-A, and BMP-4 or BMP-7 induced the 
directed differentiation of human ES cells to renal precursors when analyzed by 
differentiation marker (Batchelder C.A.,et al. (2009).).  As to the culture substrate, gelatin 
was reported to most closely recapitulate the directed developmental pattern of renal gene 
expression.  Human ES cells also have an ability to differentiate into WT-1 and renin-
expressing cells with the combination of several growth factors including either nerve 
growth factors (NGF) or HGF (Schuldiner M.,et al. (2000).).  Tarantal A.F. et al reported an 
imaging study of human ES cells (Tarantal A.F.,et al. (2011).).  The authors radiolabeled 
human ES cells expressing firefly luciferase, transplanted them to fetal monkey kidney at 
early second trimester under ultrasound guidance, and traced them by non-invasive 
imaging (positron emission tomography (PET) and bioluminescence imaging (BLI)).  
Transplanted cells were imaged in vivo and identified at the site of injection.  Lin et al 
reported an isolation method by flow cytometer of putative renal progenitor fraction of 
human ES cells (Lin S.A.,et al. (2010).).  The authors reduced serum concentration and feeder 
cell density to differentiate human ES cells in vitro for 14 days.  Then they fractioned the 
differentiated ES cells based on the expression marker CD24, podocalyxin and GCTM2.  
These cells upregulated the renal transcription factor, PAX2, LHX1 and WT1 compared to 
unfractionated ES cells.  Immunohistochemical analysis also confirmed these cells 
coexpressed nuclear factor WT1 and PAX2 protein.  Microarray analysis showed that the 
most differentially up-regulated genes in the fraction were associated with kidney 
development compared to other fractions.   

3.3 Lessons from animal cap study 
The differentiation conditions of murine or human ES cells to renal lineage are similar to the 
developmental biology in amphibians.  In amphibian eggs, the ectodermal cell mass of mid-
blastula embryos, what is celled “animal cap”, is similar to ES and iPS cells in mammals.  
When animal caps are treated with the combination of retinoic acid and activin-A, they 
differentiated into pronephric tubules (Osafune K.,et al. (2002).).  Using this in vitro system 
to generate pronephros, the marker gene expression for pronephric tubules were observed 
(Brennan H.C.,et al. (1999).) and the molecular mechanism underlying pronephros 
development was investigated.  These differentiation-inducing factors, retinoic acid and 
activin-A have been applied to directed differentiation trials of ES cells to renal lineage.   

3.4 ES cells and kidney stem/progenitor cells 
In consideration of these previous reports as to the differentiation of ES cells to renal 
lineage, the information is limited and we have to learn the microenvironment from 
signaling during the embryonic development as an early stage of differentiation and from 
transdifferentiation or conversion condition from other precursor and/or stem cells to the 
renal lineage as a late stage of development.  In general, stem/progenitor cells and the 
proper microenvironment are essential for the repair or regeneration of damaged tissue.  
The same is true to the ES cell for the directed differentiation.  A suitable microenvironment 
includes the presence of local cytokines as well as of extracellular matrix which can function 
as a scaffold and give rise to cytokines or growth factors around the stem/progenitor cell.  
Micro RNA coated with microvesicle which is discussed later would be added.   
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3.5 Lessons from the repair of kidney by non-ES cells 
In thinking of the natural development of ES cells into cells of the kidney, ES cells would 
develop into component cells of the kidney via renal stem/progenitor cells (pathway II in 
fig 1).  Or, ES cells may develop into component cells of the kidney without going through 
renal stem/progenitor cells (pathway I in fig 1).  But renal stem/progenitor cells can give 
rise to all component cells of the organ, developing ES cells into renal stem/progenitor cells 
would be the most efficient way to create component cells of the kidney.  We have focused 
on the renal stem/progenitor cell for the regeneration or repair, and ES cell is one of the 
promising candidates apart from the ethical problem.  Let us first overview the repair of 
kidney by the stem/progenitor cell other than ES cells, and then try to find out the clue to 
manipulate the ES cells to the renal lineage. 
As an extra-renal source of the kidney stem/progenitor cell, bone marrow cells or other cells 
(Wang Y.,et al. (2004).) have been investigated.  In the early 2000s, pluripotent bone marrow-
derived stem cells were thought to contribute to kidney repair.  Bone marrow comprises 
several cell types such as endothelial progenitor cells, hematopoietic stem cells (HSCs), and 
mesenchymal stromal cells (MSCs) which is often referred to as mesenchymal stem cells.  
Bone marrow-derived stem cells appeared to be able to replace damaged renal tissue by 
replacing mesangial cells (Imasawa T., et al. (2001), Ito T.,et al. (2001).), tubular epithelia 
cells (Poulsom R.,et al. (2001).), endothelial cells (Rookmaaker M.B.,et al. (2003).) and even 
podocytes (Prodromidi E.I., et al. (2006), Sugimoto H.,et al. (2006).).  But these researches 
were based on the transplantation method and the kidney specific marker analysis.  
Therefore, an event of cell fusion appears to represent a part of the engraftment of the 
recipient cells by the donor cells which was interpreted as transdifferentiation in the 
publication of that era.  In a strict meaning, the transdifferentiation is conversion from one 
cell lineage to another different lineage with conversion of cellular functions and markers 
and maintenance of a normal karyotype.  In studies of these periods, the concept of 
transdifferentiation was loosely defined and clear transdifferentiation was not demonstrated 
in many of the studies.  In thinking of the ES cell differentiation via extrarenal cells into 
renal lineage (pathway III or IV in Fig 1), these in vivo transplantation studies seem helpful, 
however, they should be interpreted with caution.  In vitro differentiation condition from 
extrarenal source into renal component cells (Suzuki A.,et al. (2004).) may be helpful in 
manipulating ES cells into renal lineage.  As to the cell fusion, Bonde S. et al recently 
reported an interesting research.  When bone marrow cells are cocultured with ES cells, the 
phenomenon of cell fusion occurs.  Almost all the hybrid cells had lost CD45 expression.  In 
short, after cell fusion, the ES cells can reprogram the cellular contents of somatic cells (bone 
marrow cells in this research) to adopt an ES cell phenotype.   
Bone marrow-derived pluripotent MSCs, but not HSCs have an ability to engraft to tubular 
epithelial cells in an experimental kidney injury model and to help to recover the lost renal 
function (Morigi M.,et al. (2004).).  It has recently been reported that kidney-derived MSC 
contribute to vasculogenesis, angiogenesis, and endothelial repair (Chen J.,et al. (2008).).  
This finding supports the possibility that MSC residing in kidney can participate in kidney 
repair or regeneration. 
But recent studies argue against the direct differentiation of bone marrow-derived stem cells 
or MSC into kidney.  The relatively small frequency of engraftment of bone marrow-derived 
cells (3-22%) means that most of the kidney component cells are composed of kidney 
resident cells.  Moreover the functional improvement in the recipient transplanted with 
stem/progenitor cells is not due to the existence of transplanted cell itself in the kidney.  For 
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example, after ischemia-reperfusion injury, recipients transplanted with MSC keep 
improved renal function in spite of the small percentage of engraftment by the donor cells.  
This may be due to the various cytokines secreted from transplanted MSC that organize an 
appropriate microenvironment for the kidney repair in autocrine and paracrine fashion.  To 
be sure, MSC secretes various cytokines such as VEGF, HGF and IGF-1 (Togel F.,et al. 
(2005).).  Injection of bone marrow-derived MSC into peritoneal cavity attenuated the 
cisplatin-induced renal failure without the engraftment of MSC in the kidney.  The 
conditioned media from culture of these stromal cells induced migration and proliferation 
of kidney-derived epithelial cells and significantly diminished cisplatin-induced proximal 
tubule cell death (Bi B.,et al. (2007).).  In considering the cell administration pathway, the 
finding from these two experiments indicates that it is the humoral factors, not cellular 
factors that contribute to the kidney repair or regeneration by MSC.   

3.6 Humoral factors important for the kidney repair or regeneration 
Then the next question is “what are the humoral factors important for the kidney repair or 
regeneration?”  Many factors have been proposed as candidates.  One candidate is various 
cytokines secreted by MSC.  There is a report indicating that administration of MSC to a rat 
model of ischemia-reperfusion-induced acute renal failure improved renal function, 
whereas administration of syngeneic fibroblasts did not.  MSC expressed more growth 
factors VEGF, HGF and IGF-1 than fibroblasts ( Togel F., et al (2005)).  Some of these factors 
are known to modulate kidney function or repair.  For example, VEGF attenuates 
glomerular inflammation and accelerates glomerular capillary repair (Shimizu A.,et al. 
(2004).).  HGF, an angiogenic growth factor, prevents epithelial cell death and enhances 
regeneration and remodeling of injured or fibrotic renal tissue ( Matsumoto K. & Nakamura 
T. (2001).).  The effect of these growth factors or cytokines is evaluated as individual effect.  
If these factors are mixed and administered at a time, or if the administration timing is 
sequential, the effect might be different and complicated.  Understanding the 
microenvironment in which the stem/progenitor cells is put in time and space in terms of 
cytokine expression would be firstly vital.  This is the point from protein expression level.   
Another humoral candidate factor would be RNA in microvesicle.  This is a newly proved 
communication system.  Microvesicles derived from MSC activate the proliferation of 
surviving renal tubular cells after injury by transferring mRNA (Bruno S.,et al. (2009).).  
Thus, MCS can repair the damaged tubuli by secreting microvesicles which function in a 
paracrine fashion.  This is a communication tool in nucleotide level whose regulation system 
is not well known.  Moreover, a microRNA are reported to mediate transforming growth 
factor-β1 autoregulation in renal glomerular mesangial cells (Kato M.,et al. (in press).).  Ho J. 
et al reported that the loss of microRNAs in nephron progenitors resulted in a premature 
depletion of the population during kidney development, and as a consequence, a marked 
decrease in nephron number, which was accompanied by the increased apoptosis and 
expression of the pro-apoptotic protein Bim (Ho J.,et al. (in press).).  Expression profiling in 
the embryonic kidney revealed several microRNAs (mmu-miR-10a, mmu-miR-17-5p and 
mmu-miR-106b) that are expressed in nephron progenitors and that are thought to target 
Bim transcript.  MicroRNA-mediated regulation of Bim expression affects nephron survival.  
The importance of RNA is not restricted to only nephrogenesis.  Recently, non-coding RNA 
has been emerging as key regulators of embryogenesis in general.  Transcription factors 
OCT4 and NR2F2 and microRNA miR-302 are linked in the regulatory circuitry that 
critically regulate both pluripotency and differentiation in human ES cells (Rosa A. & 
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example, after ischemia-reperfusion injury, recipients transplanted with MSC keep 
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cytokines secreted by MSC.  There is a report indicating that administration of MSC to a rat 
model of ischemia-reperfusion-induced acute renal failure improved renal function, 
whereas administration of syngeneic fibroblasts did not.  MSC expressed more growth 
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communication system.  Microvesicles derived from MSC activate the proliferation of 
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Brivanlou A.H. (2011).).  The understanding of the microenvironment in terms of nucleotide 
level, microRNA during embryogenesis including nephrogenensis is important and the 
research has just begun.   
Then, the last question would be “what are the cellular targets of these humoral factors?”  
The answer would be definitely the renal stem/progenitor cells including ES cells.  Many 
researchers have undertaken this challenging theme to get the clearly defined renal 
stem/progenitor cells.  Based on the characteristics of slow cycling property of 
stem/progenitor cells, the renal stem cell has been reported to exist as a label-retaining cell 
in renal papilla (Oliver J.A.,et al. (2004).) or tubular epithelial cells (Maeshima A.,et al. 
(2003).).  Bowman’s capsule (Sagrinati C.,et al. (2006).) and the S3 segment of the proximal 
tubules (Kitamura S.,et al. (2005).) have also been reported to contain renal stem/progenitor 
cells.  A fraction of CD133+ CD24+ cells within the population of parietal epithelial cells are 
reported to engraft to tubular cells (Sagrinati C. (2006).).  As markers of renal 
stem/progenitor cells are not clear, side population (SP) phenotype was adopted as a tool to 
investigate stem/progenitor cells in the kidney.  Under our experimental conditions, 
kidney-derived side population cells did not engraft to kidney component cells (Iwatani 
H.,et al. (2004).), while other researchers reported the cells differentiated into multiple 
lineages in vitro and the transplantation of these cells in vivo ameliorated the impaired renal 
function without apparent integration into kidney component cells (Challen G.A.,et al. 
(2006).).  Induction of ES cells into the above mentioned candidates of kidney 
stem/progenitor cells might be a target of the future study (pathway II-a in Fig 1). 

3.7 Epigenetic factors important for the kidney repair or regeneration 
A proliferative potential of the kidney is much lower than that of epithelial cells of the 
intestine.  The characteristics of kidney are also borne out by the incidence of malignant 
tumors, as the kidney is less likely to be the origin of a tumor than is the gastrointestinal 
tract.  The less proliferative potential of the kidney may be due to gene programming of its 
constituent cells.  More precisely, partial and programmed gene inactivation of genomic 
DNA that is controlled in time and space, may be involved in the regulation of kidney fate.  
Different gene expressions in different organs for all the same genome: this mysterious but 
important fact cannot be solved without the concept of organ specific gene activation or 
inactivation.  The system of epigenetic regulation could explain the concept.  Actually, the 
epigenetic regulations are thought to be important for developmental biology.  In terms of 
the renal progenitor cells, de Groh E.D. et al reported an interesting investigation (de Groh 
E.D.,et al. (2010).).  The authors found that the treatment with 4-(phenylthio)butanoic acid 
(PTBA), which functions as histone deacetylase (HDAC) inhibitor expanded the renal 
progenitor cells in zebrafish.  The PTBA-mediated expansion of renal progenitor cells was 
involved in retinoic acid signaling.  Finally, the authors suggest a mechanistic link between 
renal progenitor cells, HDAC and the retinoic acid signaling pathway, although the precise 
target of HDAC is not clarified.   
Aiden A.P. et al reported a comparison of genome-wide chromatin profiles of Wilms 
tumors, ES cells and normal kidney (Aiden A.P.,et al. (2010).).  Wilms tumor is a pediatric 
cancer, characterized by a triphasic histology that includes undifferentiated blastemal 
components and varying amounts of epithelial and stromal elements (Rivera M.N. & Haber 
D.A. (2005).).  The tumor can be associated with developmental abnormalities of 
nephrogenic rest and thought to be closely related to kidney organogenesis.  Wilms tumor 
exhibited active chromatin domains previously observed in ES cells in terms of epigenetic 
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state.  In the tumor cells, the domains often correspond to the genes that are critical for renal 
development and are expressed in renal stem cells.  Wilms tumor cells also expressed 
“embryonic” chromatin regulators and maintained stem cell-like p16 silencing.  It is 
suggested that Wilms tumor cells share transcriptional and epigenetic characteristics with 
normal renal stem cells  As the developmental biology of the kidney is closely related to 
epigenetic state, the investigation of the mechanism of the epigenetic regulation of 
pluripotent stem cells would be highlighted.   
In terms of the current difficulty in making many homogenous, high quality iPS cells 
available due to the lack of quality checking system, ES cell would be the best target for the 
development of the induction or differentiation conditions for pluripotent stem cells to the 
renal lineage.  ES cell study will strongly lead iPS cell study and make the iPS cell study 
more matured.   
 

 
Fig. 1. Possible pathways for ES cells to differentiate into renal lineage 
There may be several pathways for ES cells to differentiate into renal lineage.   
ES cells would develop into component cells of the kidney via renal stem/progenitor cells 
(pathway II-a and II-b). Or, ES cells may develop into component cells of the kidney without 
going through renal stem/progenitor cells (pathway I), although the differentiation 
condition into kidney from ES cell is not clarified yet.  Thick arrow (pathway II-a and II-b) 
would be the putative mainstream of ES cell differentiation.  Previous reports of pathway IV 
may be helpful in understanding pathway II-b.  
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1. Introduction 
Millions of people experience consequential tooth loss related to irretrievable damage of the 
periodontium caused by deep caries, severe periodontal diseases or irreversible trauma, 
resulting in a decreased quality of life. Hence, dental scientists have focused much attention 
on tissue engineering techniques in an effort to address this condition. The periodontium is 
composed mainly of two soft tissues and two hard tissues; the former includes the 
periodontal ligament (PDL) tissue and gingival tissue, and the latter includes alveolar bone 
and cementum covering the tooth root. In particular, PDL is a dynamic connective tissue 
that is subjected to continual adaptation to maintain tissue size and width, as well as 
structural integrity, including fibers and bone modeling. The main role of PDL is to anchor 
the tooth root to the alveolar bone socket tightly, cushioning mechanical load that proceeds 
from mastication. Thus, PDL tissue constitutes the bedrock of periodontium to determine 
the life-span of tooth. In this chapter, we describe the phenotypes of multipotent clonal 
human PDL progenitor/stem cell lines that we have recently established, and present a 
comparison with PDL stem cells (PDLSCs). 
PDLSCs represent typical properties of bone marrow-derived mesenchymal stem cells 
(BMMSCs). PDLSCs exhibit a self-renewing capacity and express cell surface markers similar 
to BMMSCs. PDLSCs also possess the multipotential to differentiate into various types of cells, 
such as osteoblast-like cells, adipocytes, chondrocytes and neurocytes, in vitro. Additionally, 
PDLSCs represent a distinctive potential to form cementum- and PDL-like tissues in vivo, 
suggesting that PDLSCs might belong to a unique population of somatic stem cells. 
Since a very small number of stem cells are included in PDL tissue, researchers have tried to 
establish immortalized PDL stem cell lines for the convenience and consistency of analyses. 
Recently, we succeeded in establishing two clonal human PDL cell lines with multipotential 
by transduction with Simian Virus (SV) 40 large T-antigen and human telomerase reverse 
transcriptase. These clonal cell lines exhibited unique characteristics: cell line 1-11 
demonstrated osteoblastic and adipocytic differentiation capabilities, and cell line 1-17 
exhibited the potential to differentiate into osteoblasts, adipocytes, chondrocytes and 
neurocytes. Flow cytometric analysis demonstrated that the percentage of cells expressing 
BMMSC markers was very high in both cell lines. On the other hand, cell line 1-17 expressed 
embryonic stem (ES) cell marker genes at higher levels, compared with cell line 1-11. 
Furthermore, both cell lines expressed PDL phenotype-related molecules at equivalent 
levels while BMMSCs showed little expression. When transplanted into PDL defects formed 
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in immunodeficient rats, cell line 1-11 homed on the surface of bone and cementum, and 
between bone and cementum, while cell line 1-17 was localized only between bone and 
cementum. Thus, we believe that both cell lines met the prerequisite for PDL stem cells, and 
furthermore, that the differentiation stage of cell line 1-17 may be more immature than that 
of cell line 1-11. 
Differential analyses between these two clones will allow us to further reveal the mechanism 
of differentiation of PDL stem cells, as well as to elucidate key signals to direct stem cells, 
including other MSCs, induced pluripotent stem (iPS) cells or ES cells, toward the PDL-
lineage. 

2. What is the origin of PDL? 
PDL tissue originates from cranial neural crest (CNC)-derived ectomesenchymal cells (Chai 
et al., 2000). Neural crest cells are multipotent cell populations derived from the dorsal 
surface of the neural tube and migrate extensively during early stages of embryogenesis 
(Bronner-Fraser, 1993). The neural crest is divided into four specific regions that include the 
CNC, trunk neural crest, vagal and sacral neural crest, and cardiac neural crest, depending 
on the crest cell potentials to develop into particular tissues. During craniofacial 
development, CNC cells migrate ventrolaterally and contribute significantly to the 
formation of mesenchymal structures in the head and neck (Le et al., 1993). When tooth 
development begins, the primitive oral epithelium thickens and proliferates into the 
underlying CNC-derived ectomesenchyme, promoting mesenchymal cellular condensation. 
The dental follicle (DF) derived from CNC (Chai et al., 2000) is a sac including these 
structures, namely the odontogenic organ during tooth germ development (Cho et al., 2000). 
DF cells differentiate into PDL cells and are also believed to contain the progenitor cells that 
differentiate into cementoblasts and osteoblasts (Ten Cate, 2008). Thus, the DF plays a 
crucial role in forming the PDL tissue, namely the fabrication of the periodontium. 

3. What are PDL tissues and what are their roles? 
PDL tissue is a major constituent of the periodontium, along with other components, such as 
gingival soft tissue, the cementum covering the tooth root and alveolar bone (Melcher, 
1984). PDL tissue is a dynamic soft connective tissue that is situated between the tooth root 
and the bone socket, and the width of PDL tissue ranges from 0.15 to 0.38 μm (Ten Cate, 
2008). PDL tissue is composed of heterogeneous cell populations, various fibers, non-
collagenous extracellular matrix (ECM) proteins, nerve fibers and blood vessels. PDL cell 
populations include fibroblasts, which are principal cells in PDL tissue (Berkovitz et al., 
1995; Beertsen et al., 1997), undifferentiated mesenchymal cells, epithelial cell rests of 
Malassez and endothelial cells. 
PDL cells not only produce collagen fibers and other ECM proteins, but have 
osteoblastic/cementoblastic properties (Roberts et al., 1982; McCulloch et al., 1991), such as 
high alkaline phosphatase (ALP) activity (Lekic et al., 1996) and the expression of osteoblast-
related genes, including Runt-related transcription factor-2 (Fujii et al., 2006), Osterix (Kato 
et al., 2005), bone sialoprotein (Lekic et al., 2001), osteopontin (Chutivongse et al., 2005), 
osteocalcin (Li et al., 2001) and periostin (Yamada et al., 2001). Additionally, PDL cells 
synthesize an osteoclastogenesis activator, receptor activator of NF-kappa B ligand (Kanzaki 
et al., 2001), as well as its inhibitor, osteoprotegerin (Wada et al., 2001; Hasegawa et al., 
2002), suggesting that these cells participate in alveolar bone metabolism. 
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The fibers in PDL tissues mainly comprise collagens and elastic system fibers. The 
predominant collagen in PDL tissue is type I collagen, and other collagens (types III, VI and 
XII) are also deposited in PDL tissue (Lukinmaa et al., 1992; MacNeil et al., 1998). The collagen 
fibers in PDL tissue form in definite and distinct bundles; the terminus of the principal 
collagen bundles insert into the cementum and alveolar bone, as known as Sharpey’s fibers. 
Oxytalan fibers, a member of the elastic system fibers, are present within PDL tissue (Beertsen 
et al., 1997). The fibers run vertically along the cementum surface of the apical root, forming a 
three-dimensional branching meshwork that surrounds the roots (Ten Cate, 2008). PDL tissue 
plays a crucial role in fixing the tooth to the alveolar bone socket through these three-
dimensional structures, which involve cushioning mechanical loads such as compressive and 
tensile forces that proceed from mastication, as well as adjusting occlusal forces depending on 
food hardness via sensory nerve perception in the PDL tissue. Thus, PDL tissue constitutes the 
bedrock of periodontium, which determines the life-span of tooth. 
Proteoglycans (PGs), including biglycan, CD44, decorin, fibromodulin, perlecan and 
versican are also present in PDL tissue as non-collagenous ECM proteins (Häkkinen et al., 
1993; Cheng et al., 1999). PGs are extracellular and cell surface-associated macromolecules 
that regulate cell adhesion, cell growth, matrix formation and bind growth factors. 

4. What causes PDL tissue loss? 
PDL tissue loss is caused mainly by the inflammatory or physical tissue destruction 
stimulated by severe periodontitis, deep caries reaching infrabony levels or irreversible 
trauma. Bacterial infection is essential for the initiation of periodontitis. One of the 
components of the cell wall of gram-negative anaerobic bacteria, lipopolysaccharide, which 
is a complex glycolipid (Lamont et al., 1998), promotes the expression of pro-inflammatory 
cytokines, such as interleukin-1 beta and tumor necrosis factor-alpha, in macrophages and 
PDL cells (Lindemann et al., 1988; Wada et al., 2004). These cytokines are reported not only 
to disturb the function of PDL cells (Quintero et al., 1995; Agarwal et al., 1998), but also to 
stimulate the production of matrix metalloproteases (MMPs), such as MMP-1, in PDL cells 
(Oyama et al., 2007; Xiang et al., 2009). MMP-1 is the major proteolytic enzyme that can 
cleave native type I and type III collagens, suggesting its aggressive contribution to the 
destruction of the PDL structure (Birkedal-Hansen, 1993). 

5. What is needed for the regeneration of PDL tissues? 
To create effective and practical therapies for the defects of PDL tissue, new approaches 
based on tissue engineering concepts have been developing. Tissue engineering, first 
described in the late 1980s, is an emerging interdisciplinary field in biomedical engineering. 
This concept aims to create or regenerate functional tissues through the use of an 
appropriate combination of three fundamental tools, namely signaling molecules, 
engineering scaffolds and cells, which together are also known as the tissue engineering 
triad (Langer & Vacanti, 1993). In addition to these triads, we think that blood supply and 
the innervation of peripheral nerves are requisites in PDL tissue regeneration. 

5.1 Signaling molecules 
Several growth factors have been reported to promote the regeneration of PDL tissue in 
vitro and in vivo. Growth factors are natural biological molecules that bind to cell-surface 
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in immunodeficient rats, cell line 1-11 homed on the surface of bone and cementum, and 
between bone and cementum, while cell line 1-17 was localized only between bone and 
cementum. Thus, we believe that both cell lines met the prerequisite for PDL stem cells, and 
furthermore, that the differentiation stage of cell line 1-17 may be more immature than that 
of cell line 1-11. 
Differential analyses between these two clones will allow us to further reveal the mechanism 
of differentiation of PDL stem cells, as well as to elucidate key signals to direct stem cells, 
including other MSCs, induced pluripotent stem (iPS) cells or ES cells, toward the PDL-
lineage. 

2. What is the origin of PDL? 
PDL tissue originates from cranial neural crest (CNC)-derived ectomesenchymal cells (Chai 
et al., 2000). Neural crest cells are multipotent cell populations derived from the dorsal 
surface of the neural tube and migrate extensively during early stages of embryogenesis 
(Bronner-Fraser, 1993). The neural crest is divided into four specific regions that include the 
CNC, trunk neural crest, vagal and sacral neural crest, and cardiac neural crest, depending 
on the crest cell potentials to develop into particular tissues. During craniofacial 
development, CNC cells migrate ventrolaterally and contribute significantly to the 
formation of mesenchymal structures in the head and neck (Le et al., 1993). When tooth 
development begins, the primitive oral epithelium thickens and proliferates into the 
underlying CNC-derived ectomesenchyme, promoting mesenchymal cellular condensation. 
The dental follicle (DF) derived from CNC (Chai et al., 2000) is a sac including these 
structures, namely the odontogenic organ during tooth germ development (Cho et al., 2000). 
DF cells differentiate into PDL cells and are also believed to contain the progenitor cells that 
differentiate into cementoblasts and osteoblasts (Ten Cate, 2008). Thus, the DF plays a 
crucial role in forming the PDL tissue, namely the fabrication of the periodontium. 

3. What are PDL tissues and what are their roles? 
PDL tissue is a major constituent of the periodontium, along with other components, such as 
gingival soft tissue, the cementum covering the tooth root and alveolar bone (Melcher, 
1984). PDL tissue is a dynamic soft connective tissue that is situated between the tooth root 
and the bone socket, and the width of PDL tissue ranges from 0.15 to 0.38 μm (Ten Cate, 
2008). PDL tissue is composed of heterogeneous cell populations, various fibers, non-
collagenous extracellular matrix (ECM) proteins, nerve fibers and blood vessels. PDL cell 
populations include fibroblasts, which are principal cells in PDL tissue (Berkovitz et al., 
1995; Beertsen et al., 1997), undifferentiated mesenchymal cells, epithelial cell rests of 
Malassez and endothelial cells. 
PDL cells not only produce collagen fibers and other ECM proteins, but have 
osteoblastic/cementoblastic properties (Roberts et al., 1982; McCulloch et al., 1991), such as 
high alkaline phosphatase (ALP) activity (Lekic et al., 1996) and the expression of osteoblast-
related genes, including Runt-related transcription factor-2 (Fujii et al., 2006), Osterix (Kato 
et al., 2005), bone sialoprotein (Lekic et al., 2001), osteopontin (Chutivongse et al., 2005), 
osteocalcin (Li et al., 2001) and periostin (Yamada et al., 2001). Additionally, PDL cells 
synthesize an osteoclastogenesis activator, receptor activator of NF-kappa B ligand (Kanzaki 
et al., 2001), as well as its inhibitor, osteoprotegerin (Wada et al., 2001; Hasegawa et al., 
2002), suggesting that these cells participate in alveolar bone metabolism. 

 
Periodontal Ligament Stem Cells 

 

621 

The fibers in PDL tissues mainly comprise collagens and elastic system fibers. The 
predominant collagen in PDL tissue is type I collagen, and other collagens (types III, VI and 
XII) are also deposited in PDL tissue (Lukinmaa et al., 1992; MacNeil et al., 1998). The collagen 
fibers in PDL tissue form in definite and distinct bundles; the terminus of the principal 
collagen bundles insert into the cementum and alveolar bone, as known as Sharpey’s fibers. 
Oxytalan fibers, a member of the elastic system fibers, are present within PDL tissue (Beertsen 
et al., 1997). The fibers run vertically along the cementum surface of the apical root, forming a 
three-dimensional branching meshwork that surrounds the roots (Ten Cate, 2008). PDL tissue 
plays a crucial role in fixing the tooth to the alveolar bone socket through these three-
dimensional structures, which involve cushioning mechanical loads such as compressive and 
tensile forces that proceed from mastication, as well as adjusting occlusal forces depending on 
food hardness via sensory nerve perception in the PDL tissue. Thus, PDL tissue constitutes the 
bedrock of periodontium, which determines the life-span of tooth. 
Proteoglycans (PGs), including biglycan, CD44, decorin, fibromodulin, perlecan and 
versican are also present in PDL tissue as non-collagenous ECM proteins (Häkkinen et al., 
1993; Cheng et al., 1999). PGs are extracellular and cell surface-associated macromolecules 
that regulate cell adhesion, cell growth, matrix formation and bind growth factors. 

4. What causes PDL tissue loss? 
PDL tissue loss is caused mainly by the inflammatory or physical tissue destruction 
stimulated by severe periodontitis, deep caries reaching infrabony levels or irreversible 
trauma. Bacterial infection is essential for the initiation of periodontitis. One of the 
components of the cell wall of gram-negative anaerobic bacteria, lipopolysaccharide, which 
is a complex glycolipid (Lamont et al., 1998), promotes the expression of pro-inflammatory 
cytokines, such as interleukin-1 beta and tumor necrosis factor-alpha, in macrophages and 
PDL cells (Lindemann et al., 1988; Wada et al., 2004). These cytokines are reported not only 
to disturb the function of PDL cells (Quintero et al., 1995; Agarwal et al., 1998), but also to 
stimulate the production of matrix metalloproteases (MMPs), such as MMP-1, in PDL cells 
(Oyama et al., 2007; Xiang et al., 2009). MMP-1 is the major proteolytic enzyme that can 
cleave native type I and type III collagens, suggesting its aggressive contribution to the 
destruction of the PDL structure (Birkedal-Hansen, 1993). 

5. What is needed for the regeneration of PDL tissues? 
To create effective and practical therapies for the defects of PDL tissue, new approaches 
based on tissue engineering concepts have been developing. Tissue engineering, first 
described in the late 1980s, is an emerging interdisciplinary field in biomedical engineering. 
This concept aims to create or regenerate functional tissues through the use of an 
appropriate combination of three fundamental tools, namely signaling molecules, 
engineering scaffolds and cells, which together are also known as the tissue engineering 
triad (Langer & Vacanti, 1993). In addition to these triads, we think that blood supply and 
the innervation of peripheral nerves are requisites in PDL tissue regeneration. 

5.1 Signaling molecules 
Several growth factors have been reported to promote the regeneration of PDL tissue in 
vitro and in vivo. Growth factors are natural biological molecules that bind to cell-surface 



 
Stem Cells in Clinic and Research 

 

622 

receptors and regulate key cellular activities during tissue repair, including cell 
proliferation, chemotaxis, differentiation and matrix synthesis (Chen et al., 2010a). 

5.1.1 Basic Fibroblast Growth Factor 
Basic fibroblast growth factor (bFGF) is a single-chain polypeptide mainly associated with 
mesoderm- and neuroectoderm-derived cells, and belongs to a member of the heparin-
binding growth factor family (Gospodarowicz et al., 1986). bFGF is involved in controlling 
cell proliferation, migration, differentiation and survival, and also has a role in angiogenesis 
(Savona et al., 1997). In PDL cells, bFGF has been shown to increase proliferation, the 
production of hyaluronan, heparan sulfate and osteopontin, and the expressions of MMP-1, 
MMP-3 and MMP-9 mRNA, while inhibiting the induction of ALP activity, mineralized 
nodule formation and the expressions of ALP, type I collagen, MMP-2 and tropoelastin 
mRNA (Takayama et al., 1997; Palmon et al., 2001; Shimabukuro et al., 2008; Terashima et 
al., 2008; Hakki et al., 2009). Additionally, the topical application of bFGF was shown to 
significantly induce PDL regeneration without ankylosis, root resorption and epithelial 
down-growth in an experimental alveolar bone defect model in dogs (Murakami et al., 
2003). Moreover, the regenerative effect of bFGF on PDL tissue in patients with periodontitis 
was confirmed in a randomized controlled phase II clinical trial and a multi-center 
randomized clinical trial (Kitamura et al., 2011). 

5.1.2 Transforming Growth Factor 
Transforming growth factor-β (TGF-β) consists of three 25-kDa homodimeric mammalian 
isoforms (β1, β2 and β3). TGF-β1 plays an important role in wound healing and repair 
through the induction of angiogenesis, the increase of ECM formation and the inhibition of 
inflammation and matrix degradation in mesenchymal cells (Ling & Robinson, 2002). In 
PDL cells, TGF-β1 has been reported to increase cell-surface proteoglycan genes such as 
syndecan-2 and betaglycan (Worapamorn et al., 2001), and has been reported to promote the 
synthesis of DNA, fibronectin, secreted protein acidic and rich in cytokine/osteonectin 
(SPARC), and connective tissue growth factor (CTGF) (Fujita et al., 2004; Takeuchi et al., 
2009). Previous reports have demonstrated the opposite effects of TGF-β1 on PDL cells: Si & 
Liu (2001) have shown a significant increase of ALP activity, while Brady et al. (1998) 
reported ALP suppression. Importantly, Fujii et al. (2010) reported the contrastive effects of 
TGF-β1 on primary PDL cells and a PDL stem/progenitor cell line: TGF-β1 promoted 
proliferation and showed no alternation of alpha-smooth muscle actin, type I collagen and 
fibrillin 1 mRNA expressions in primary PDL cells, whereas TGF-β1 suppressed 
proliferation and up-regulated these mRNA expressions in a PDL stem/progenitor cell line. 
These results suggest the dual effects of TGF-β1 on PDL cells depending on their 
differentiation stage. 

5.1.3 Bone Morphogenetic Protein 
Bone morphogenetic proteins (BMPs) and growth and differentiation factors (GDFs) 
together form a single family of cystine-knot cytokines in the TGF-β superfamily. A feature 
of the BMPs is their ability to induce bone formation and regulate morphogenetic activities 
in the development of various tissues. Many reports have demonstrated the promotion of 
alveolar bone and cementum regeneration by BMP-2 in several experimental periodontal 
defects (Kinoshita et al., 1997). Unfortunately, BMP-2 treatment did not induce the 
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formation of functional PDL structures, such as Sharpey's fibers, and sometimes elicited 
ankylosis (Selvig et al., 2002). Osteogenic protein-1 (OP-1/BMP-7) promoted ALP activity 
and osteocalcin expression in PDL cells (Dereka et al., 2009). Moreover, OP-1-treated PDL 
precursor cells increased proliferation (Rajshankar et al., 1998). In vivo assays with OP-1 
treatment have demonstrated the stimulation of osteogenesis, cementogenesis and new 
attachment formation in Class III furcation defects (Giannobile et al., 1998). BMP-12 has been 
reported to act as a signaling molecule during embryonic tendon, ligament and joint 
formation, and is reportedly involved in tendon and ligament healing (Wolfman et al., 1997). 
Wikesjö et al. (2004) demonstrated the promotion of new bone and cementum formation 
with BMP-12 treatment in supra-alveolar periodontal defects. Interestingly, they also 
showed that BMP-12 treatment induced to form functionally oriented PDL bridging the 
gaps between bone and cementum, whereas this was a rare observation in BMP-2 treatment. 
GDF-5, known as BMP-14, was reported to significantly induce formation of new bone, 
cementum and fibers along the root surface in one-wall intrabony defects without root 
resorption and ankylosis (Kim et al., 2009).  

5.1.4 Brain-Derived Neurotrophic Factor 
Brain-derived neurotrophic factor (BDNF) belongs to the second member of the 
neurotrophin family and is involved in differentiation, proliferation, survival, homeostasis 
and regeneration of central and peripheral neurons by binding to cell surface receptors TrkB 
and p75NTR (Ebendal, 1992). PDL cells have been reported to increase proliferation and the 
expressions of ALP and osteocalcin mRNA and osteopontin, BMP-2 and type I collagen 
synthesis through BDNF exposure (Tsuboi et al., 2001). Moreover, BDNF or BDNF/high-
molecular-weight-hyaluronic acid reportedly increased the formation of new alveolar bone, 
cementum, Sharpey's fiber-like connective tissues and blood capillary in Class III furcation 
defects in a dog model (Takeda et al., 2005; Takeda et al., 2011). 

5.1.5 Connective Tissue Growth Factor 
Connective tissue growth factor (CTGF) is a cysteine-rich, matrix-associated, and heparin-
binding protein that was originally discovered as a chemotactic and mitogenic factor for 
fibroblast-like cells in vitro (Bradham et al., 1991). After CTGF treatment, hMSCs revealed a 
typical fibroblastic phenotype and failed to show osteogenic or chondrogenic differentiation 
(Lee et al., 2006). CTGF stimulated proliferation, ALP, type I collagen, and periostin mRNA 
expression, ALP activity and collagen synthesis in PDL cells, while CTGF induced little 
change of osteopontin and osteocalcin mRNA expressions (Asano et al., 2005). 
Transplantation of CTGF-treated PDL progenitors exhibited an increase of type III collagen, 
biglycan and periostin mRNA expressions and enhanced the formation of PDL-like tissue, 
namely dense collagen fiber bundles with a high expression level of periostin in a mouse 
model (Dangaria et al., 2009).  

5.1.6 Wnt 
Wnts are a family of 19 secreted cysteine-rich glycoproteins that participate in embryonic 
development and adult homeostasis by regulating cellular proliferation, differentiation and 
apoptosis (Logan & Nusse, 2004). Wnt proteins transduce multiple signaling cascades 
including the canonical Wnt/β-catenin pathway, the Wnt/Ca2+ pathway and the 
Wnt/polarity pathway. Among those, canonical Wnt/β-catenin has been reported to 
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significantly induce PDL regeneration without ankylosis, root resorption and epithelial 
down-growth in an experimental alveolar bone defect model in dogs (Murakami et al., 
2003). Moreover, the regenerative effect of bFGF on PDL tissue in patients with periodontitis 
was confirmed in a randomized controlled phase II clinical trial and a multi-center 
randomized clinical trial (Kitamura et al., 2011). 

5.1.2 Transforming Growth Factor 
Transforming growth factor-β (TGF-β) consists of three 25-kDa homodimeric mammalian 
isoforms (β1, β2 and β3). TGF-β1 plays an important role in wound healing and repair 
through the induction of angiogenesis, the increase of ECM formation and the inhibition of 
inflammation and matrix degradation in mesenchymal cells (Ling & Robinson, 2002). In 
PDL cells, TGF-β1 has been reported to increase cell-surface proteoglycan genes such as 
syndecan-2 and betaglycan (Worapamorn et al., 2001), and has been reported to promote the 
synthesis of DNA, fibronectin, secreted protein acidic and rich in cytokine/osteonectin 
(SPARC), and connective tissue growth factor (CTGF) (Fujita et al., 2004; Takeuchi et al., 
2009). Previous reports have demonstrated the opposite effects of TGF-β1 on PDL cells: Si & 
Liu (2001) have shown a significant increase of ALP activity, while Brady et al. (1998) 
reported ALP suppression. Importantly, Fujii et al. (2010) reported the contrastive effects of 
TGF-β1 on primary PDL cells and a PDL stem/progenitor cell line: TGF-β1 promoted 
proliferation and showed no alternation of alpha-smooth muscle actin, type I collagen and 
fibrillin 1 mRNA expressions in primary PDL cells, whereas TGF-β1 suppressed 
proliferation and up-regulated these mRNA expressions in a PDL stem/progenitor cell line. 
These results suggest the dual effects of TGF-β1 on PDL cells depending on their 
differentiation stage. 

5.1.3 Bone Morphogenetic Protein 
Bone morphogenetic proteins (BMPs) and growth and differentiation factors (GDFs) 
together form a single family of cystine-knot cytokines in the TGF-β superfamily. A feature 
of the BMPs is their ability to induce bone formation and regulate morphogenetic activities 
in the development of various tissues. Many reports have demonstrated the promotion of 
alveolar bone and cementum regeneration by BMP-2 in several experimental periodontal 
defects (Kinoshita et al., 1997). Unfortunately, BMP-2 treatment did not induce the 
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formation of functional PDL structures, such as Sharpey's fibers, and sometimes elicited 
ankylosis (Selvig et al., 2002). Osteogenic protein-1 (OP-1/BMP-7) promoted ALP activity 
and osteocalcin expression in PDL cells (Dereka et al., 2009). Moreover, OP-1-treated PDL 
precursor cells increased proliferation (Rajshankar et al., 1998). In vivo assays with OP-1 
treatment have demonstrated the stimulation of osteogenesis, cementogenesis and new 
attachment formation in Class III furcation defects (Giannobile et al., 1998). BMP-12 has been 
reported to act as a signaling molecule during embryonic tendon, ligament and joint 
formation, and is reportedly involved in tendon and ligament healing (Wolfman et al., 1997). 
Wikesjö et al. (2004) demonstrated the promotion of new bone and cementum formation 
with BMP-12 treatment in supra-alveolar periodontal defects. Interestingly, they also 
showed that BMP-12 treatment induced to form functionally oriented PDL bridging the 
gaps between bone and cementum, whereas this was a rare observation in BMP-2 treatment. 
GDF-5, known as BMP-14, was reported to significantly induce formation of new bone, 
cementum and fibers along the root surface in one-wall intrabony defects without root 
resorption and ankylosis (Kim et al., 2009).  

5.1.4 Brain-Derived Neurotrophic Factor 
Brain-derived neurotrophic factor (BDNF) belongs to the second member of the 
neurotrophin family and is involved in differentiation, proliferation, survival, homeostasis 
and regeneration of central and peripheral neurons by binding to cell surface receptors TrkB 
and p75NTR (Ebendal, 1992). PDL cells have been reported to increase proliferation and the 
expressions of ALP and osteocalcin mRNA and osteopontin, BMP-2 and type I collagen 
synthesis through BDNF exposure (Tsuboi et al., 2001). Moreover, BDNF or BDNF/high-
molecular-weight-hyaluronic acid reportedly increased the formation of new alveolar bone, 
cementum, Sharpey's fiber-like connective tissues and blood capillary in Class III furcation 
defects in a dog model (Takeda et al., 2005; Takeda et al., 2011). 

5.1.5 Connective Tissue Growth Factor 
Connective tissue growth factor (CTGF) is a cysteine-rich, matrix-associated, and heparin-
binding protein that was originally discovered as a chemotactic and mitogenic factor for 
fibroblast-like cells in vitro (Bradham et al., 1991). After CTGF treatment, hMSCs revealed a 
typical fibroblastic phenotype and failed to show osteogenic or chondrogenic differentiation 
(Lee et al., 2006). CTGF stimulated proliferation, ALP, type I collagen, and periostin mRNA 
expression, ALP activity and collagen synthesis in PDL cells, while CTGF induced little 
change of osteopontin and osteocalcin mRNA expressions (Asano et al., 2005). 
Transplantation of CTGF-treated PDL progenitors exhibited an increase of type III collagen, 
biglycan and periostin mRNA expressions and enhanced the formation of PDL-like tissue, 
namely dense collagen fiber bundles with a high expression level of periostin in a mouse 
model (Dangaria et al., 2009).  

5.1.6 Wnt 
Wnts are a family of 19 secreted cysteine-rich glycoproteins that participate in embryonic 
development and adult homeostasis by regulating cellular proliferation, differentiation and 
apoptosis (Logan & Nusse, 2004). Wnt proteins transduce multiple signaling cascades 
including the canonical Wnt/β-catenin pathway, the Wnt/Ca2+ pathway and the 
Wnt/polarity pathway. Among those, canonical Wnt/β-catenin has been reported to 
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increase bone formation through the stimulation of osteoblast development and the 
inhibition of osteoblast and osteocyte apoptosis (Kato et al., 2002; Bodine et al., 2004). The 
canonical Wnt/β-catenin pathway has been shown to promote mineralized nodule 
formation, ALP activity and osteogenic transcription factor expression in PDL cells (Heo et 
al., 2010), while the pathway reportedly suppressed ALP activity and cementum function-
associated gene expression in cementoblasts (Sodek & Limeback, 1979). 

5.1.7 Platelet-Derived Growth Factor 
Platelet-derived growth factor (PDGF) is composed of two disulfide bounded polypeptide 
chains that are encoded by two different genes, PDGF-A and PDGF-B. In nature, PDGF can 
exist as a homodimer: PDGF-AA and PDGF-BB. PDGF-BB was reported to promote the 
proliferation, adhesion, type I collagen synthesis and migration of PDL cells (Belal et al., 
2006), as well as to enhance periodontal regeneration of Class III furcation defects in beagle 
dogs without significant ankylosis or root resorption (Cho et al., 1995). Moreover, PDGF-BB 
has been shown to stimulate a significant increase in the rate of clinical attachment level 
gain and bone defect fill, as well as to reduce gingival recession (Nevins et al., 2005). 

5.1.8 Enamel Matrix Derivative 
Porcine enamel matrix protein was reported to induce new bone and cementum formation 
in periodontal defects in monkeys (Hammarstrom, 1997). Since then, many in vivo and in 
vitro studies, as well as clinical trials, have revealed the progression of PDL regeneration in 
the use of enamel matrix derivative (EMD). EMD has been shown to promote the growth, 
proliferation, migration, adhesion and protein synthesis of PDL fibroblasts, osteoblasts and 
cementoblasts, as well as to regulate their bone-related gene expressions (Carinci et al., 
2006). Additionally, EMD has been shown to induce the production of several growth 
factors in PDL cells and osteoblasts (Mizutani et al., 2003; Heng et al., 2007). 

5.2 Scaffolds 
Scaffolds that have the capabilities of growth factor delivery, easy cellular infiltration and 
subsequent tissue integration become powerful tools for tissue engineering. PDL cells are 
subjected to a multitude of factors and microenvironments presented by local substrates and 
their surface conditions. There are two classes of scaffold biomaterials: natural materials and 
synthetic materials.  
Of the natural materials, collagens are ubiquitous interstitial proteins responsible for 
maintaining structural integrity and are rapidly synthesized and degraded in PDL tissue 
(Sodek & Limeback, 1979). Several reports have revealed the promotion of PDL regeneration 
using collagen gels incorporating BMP-2, as well as gelatin hydrogels containing bFGF 
(King et al., 1998; Nakahara et al., 2003).  
Chitosan is a deacetylated derivative of chitin, the second most abundant natural polymer 
found in the shells of crustaceans (Kim et al., 2008). Chitosan has been shown to increase 
type I collagen and ALP mRNA expressions in PDL cells, and chitosan scaffolds have been 
reported to induce the formation of new bone and cementum in one-wall intrabony defects 
(Yeo et al., 2005; Pang et al., 2005). Additionally, chitosan scaffolds that release growth 
factors such as PDGF or bFGF have been shown to accelerate PDL regeneration (Inanç et al., 
2007; Akman et al., 2010). 
Calcium hydroxyapatite is a main component of root cementum and alveolar bone. PDL 
cells cultured with nanoparticles of hydroxyapatite have been reported to significantly 
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increase proliferation and ALP activity (Sun et al., 2007), and porous hydroxyapatite 
scaffolds have induced pocket depth reduction and attachment gain in PDL tissue (Carraro, 
1988). Moreover, numerous hybrid calcium hydroxyapatite scaffolds, including 
nanohydroxyapatite/chitosan (Zhang et al., 2007), nanohydroxyapatite/collagen (Fukui et 
al., 2008) and hydroxyapatite/gelatin components (Rungsiyanont et al., 2011) have shown 
promise for PDL tissue regeneration. GEM 21S®, which consists of a combination of PDGF-
BB and β-tricalcium phosphate (TCP) matrix ranging in size from 250 to 1000 μm ("small β-
TCP"), has been used widely in the treatment of periodontitis. 
Synthetic polymers have also been used as scaffold materials for tissue engineering. In 
particular, polyesters such as polyglycolic acid (PGA), polylactic acid (PLA) and 
polylacticcoglycolic acid (PLGA) have been frequently used for PDL regeneration (Chen et 
al., 2010b). Moreover, several reports have demonstrated the utility of the combination of 
growth factors and synthetic polymers such as GDF-5/PLGA (Kwon et al., 2010). 
Interestingly, Chen et al. revealed that BMP-2-loaded pellets incorporated into glycidyl 
methacrylated dextran/gelatin scaffolds stimulated not only bone and cementum formation, 
but also PDL-like connective tissue regeneration (Chen et al., 2007). Implantation of TGF-β3 
in lyophilized Matrigel® scaffolds in baboon Class III furcation defects with minced 
fragments of rectus abdominis muscle reportedly induced responding stem cells to 
stimulate the formation of large amounts of alveolar bone with associated PDL fibers and 
newly formed cementum (Ripamonti et al., 2009). 

5.3 Cells 
The use of stem cells as primary cell sources is of enormous interest to clinicians and 
researchers for their great potential in tissue engineering applications. Sources of stem cells 
from human (Feng et al., 2010) and swine (Ding et al., 2010) PDL tissues are reported to be 
the most potent for PDL tissue regeneration, as well as canine (Kawaguchi et al., 2004) and 
human (Yamada et al., 2006) bone marrow and rat adipose-tissue (Tobita et al., 2008). Recent 
studies have attempted topical applications of stem cells combined with growth factors 
and/or scaffolds for PDL tissue regeneration. Indeed, the combination of platelet-rich 
plasma with growth factors, fibrin scaffolds and BMMSCs successfully regenerated PDL 
tissue in a clinical setting (Yamada et al., 2006). Adipose-derived stem cells mixed with 
platelet-rich plasma promoted PDL regeneration in rat PDL tissue defects (Tobita et al., 
2008). Moreover, the PDL cell population has been described to include stem/progenitor 
cells that have the possibility to repair destructed PDL tissues by recruiting their latent 
regenerative potential to differentiate into fibroblasts, osteoblasts or cementoblasts in 
response to their microenvironment (Melcher, 1976; McCulloch et al., 1987). Bovine derived 
bone substitute scaffolds mixed with fibrin were shown to represent high biological affinity 
and support for the growth, migration and differentiation of PDL stem cells (Trubiani et al., 
2008). Collagen scaffolds were shown to stimulate PDL stem/progenitor cells to attach, 
proliferate, exhibit a PDL spindle-like morphology and subsequently form PDL-like tissue 
(Luan et al., 2009). BMP-2 stimulation was shown to induce mineralized nodule formation of 
multipotent PDL cells, while bFGF stimulation elicited capillary-like structure formations 
(Shirai et al., 2009). Hydroxyapatite/tricalcium phosphate blocks, into which stem cells from 
root apical papilla were loaded, when furthermore coated with Gelfoam containing PDL 
stem cells and implanted into extracted sockets, developed PDL-like tissue around the 
blocks (Sonoyama et al., 2006). These results suggest the efficacy of therapeutic approaches 
based on tissue engineering triads in PDL tissue regeneration. 
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increase bone formation through the stimulation of osteoblast development and the 
inhibition of osteoblast and osteocyte apoptosis (Kato et al., 2002; Bodine et al., 2004). The 
canonical Wnt/β-catenin pathway has been shown to promote mineralized nodule 
formation, ALP activity and osteogenic transcription factor expression in PDL cells (Heo et 
al., 2010), while the pathway reportedly suppressed ALP activity and cementum function-
associated gene expression in cementoblasts (Sodek & Limeback, 1979). 

5.1.7 Platelet-Derived Growth Factor 
Platelet-derived growth factor (PDGF) is composed of two disulfide bounded polypeptide 
chains that are encoded by two different genes, PDGF-A and PDGF-B. In nature, PDGF can 
exist as a homodimer: PDGF-AA and PDGF-BB. PDGF-BB was reported to promote the 
proliferation, adhesion, type I collagen synthesis and migration of PDL cells (Belal et al., 
2006), as well as to enhance periodontal regeneration of Class III furcation defects in beagle 
dogs without significant ankylosis or root resorption (Cho et al., 1995). Moreover, PDGF-BB 
has been shown to stimulate a significant increase in the rate of clinical attachment level 
gain and bone defect fill, as well as to reduce gingival recession (Nevins et al., 2005). 

5.1.8 Enamel Matrix Derivative 
Porcine enamel matrix protein was reported to induce new bone and cementum formation 
in periodontal defects in monkeys (Hammarstrom, 1997). Since then, many in vivo and in 
vitro studies, as well as clinical trials, have revealed the progression of PDL regeneration in 
the use of enamel matrix derivative (EMD). EMD has been shown to promote the growth, 
proliferation, migration, adhesion and protein synthesis of PDL fibroblasts, osteoblasts and 
cementoblasts, as well as to regulate their bone-related gene expressions (Carinci et al., 
2006). Additionally, EMD has been shown to induce the production of several growth 
factors in PDL cells and osteoblasts (Mizutani et al., 2003; Heng et al., 2007). 

5.2 Scaffolds 
Scaffolds that have the capabilities of growth factor delivery, easy cellular infiltration and 
subsequent tissue integration become powerful tools for tissue engineering. PDL cells are 
subjected to a multitude of factors and microenvironments presented by local substrates and 
their surface conditions. There are two classes of scaffold biomaterials: natural materials and 
synthetic materials.  
Of the natural materials, collagens are ubiquitous interstitial proteins responsible for 
maintaining structural integrity and are rapidly synthesized and degraded in PDL tissue 
(Sodek & Limeback, 1979). Several reports have revealed the promotion of PDL regeneration 
using collagen gels incorporating BMP-2, as well as gelatin hydrogels containing bFGF 
(King et al., 1998; Nakahara et al., 2003).  
Chitosan is a deacetylated derivative of chitin, the second most abundant natural polymer 
found in the shells of crustaceans (Kim et al., 2008). Chitosan has been shown to increase 
type I collagen and ALP mRNA expressions in PDL cells, and chitosan scaffolds have been 
reported to induce the formation of new bone and cementum in one-wall intrabony defects 
(Yeo et al., 2005; Pang et al., 2005). Additionally, chitosan scaffolds that release growth 
factors such as PDGF or bFGF have been shown to accelerate PDL regeneration (Inanç et al., 
2007; Akman et al., 2010). 
Calcium hydroxyapatite is a main component of root cementum and alveolar bone. PDL 
cells cultured with nanoparticles of hydroxyapatite have been reported to significantly 
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increase proliferation and ALP activity (Sun et al., 2007), and porous hydroxyapatite 
scaffolds have induced pocket depth reduction and attachment gain in PDL tissue (Carraro, 
1988). Moreover, numerous hybrid calcium hydroxyapatite scaffolds, including 
nanohydroxyapatite/chitosan (Zhang et al., 2007), nanohydroxyapatite/collagen (Fukui et 
al., 2008) and hydroxyapatite/gelatin components (Rungsiyanont et al., 2011) have shown 
promise for PDL tissue regeneration. GEM 21S®, which consists of a combination of PDGF-
BB and β-tricalcium phosphate (TCP) matrix ranging in size from 250 to 1000 μm ("small β-
TCP"), has been used widely in the treatment of periodontitis. 
Synthetic polymers have also been used as scaffold materials for tissue engineering. In 
particular, polyesters such as polyglycolic acid (PGA), polylactic acid (PLA) and 
polylacticcoglycolic acid (PLGA) have been frequently used for PDL regeneration (Chen et 
al., 2010b). Moreover, several reports have demonstrated the utility of the combination of 
growth factors and synthetic polymers such as GDF-5/PLGA (Kwon et al., 2010). 
Interestingly, Chen et al. revealed that BMP-2-loaded pellets incorporated into glycidyl 
methacrylated dextran/gelatin scaffolds stimulated not only bone and cementum formation, 
but also PDL-like connective tissue regeneration (Chen et al., 2007). Implantation of TGF-β3 
in lyophilized Matrigel® scaffolds in baboon Class III furcation defects with minced 
fragments of rectus abdominis muscle reportedly induced responding stem cells to 
stimulate the formation of large amounts of alveolar bone with associated PDL fibers and 
newly formed cementum (Ripamonti et al., 2009). 

5.3 Cells 
The use of stem cells as primary cell sources is of enormous interest to clinicians and 
researchers for their great potential in tissue engineering applications. Sources of stem cells 
from human (Feng et al., 2010) and swine (Ding et al., 2010) PDL tissues are reported to be 
the most potent for PDL tissue regeneration, as well as canine (Kawaguchi et al., 2004) and 
human (Yamada et al., 2006) bone marrow and rat adipose-tissue (Tobita et al., 2008). Recent 
studies have attempted topical applications of stem cells combined with growth factors 
and/or scaffolds for PDL tissue regeneration. Indeed, the combination of platelet-rich 
plasma with growth factors, fibrin scaffolds and BMMSCs successfully regenerated PDL 
tissue in a clinical setting (Yamada et al., 2006). Adipose-derived stem cells mixed with 
platelet-rich plasma promoted PDL regeneration in rat PDL tissue defects (Tobita et al., 
2008). Moreover, the PDL cell population has been described to include stem/progenitor 
cells that have the possibility to repair destructed PDL tissues by recruiting their latent 
regenerative potential to differentiate into fibroblasts, osteoblasts or cementoblasts in 
response to their microenvironment (Melcher, 1976; McCulloch et al., 1987). Bovine derived 
bone substitute scaffolds mixed with fibrin were shown to represent high biological affinity 
and support for the growth, migration and differentiation of PDL stem cells (Trubiani et al., 
2008). Collagen scaffolds were shown to stimulate PDL stem/progenitor cells to attach, 
proliferate, exhibit a PDL spindle-like morphology and subsequently form PDL-like tissue 
(Luan et al., 2009). BMP-2 stimulation was shown to induce mineralized nodule formation of 
multipotent PDL cells, while bFGF stimulation elicited capillary-like structure formations 
(Shirai et al., 2009). Hydroxyapatite/tricalcium phosphate blocks, into which stem cells from 
root apical papilla were loaded, when furthermore coated with Gelfoam containing PDL 
stem cells and implanted into extracted sockets, developed PDL-like tissue around the 
blocks (Sonoyama et al., 2006). These results suggest the efficacy of therapeutic approaches 
based on tissue engineering triads in PDL tissue regeneration. 
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5.4 Blood supply 
PDL tissues are nourished from supraperiosteal arterioles along the surface of alveolar bone, 
vessels of the PDL region and arterioles from the interdental septum extending into the 
gingival and sulcus area (Egelberg, 1967). Therefore, the lack of sufficient blood supply may 
restrict PDL regeneration. bFGF is a potent mediator for angiogenesis and plays an essential 
role in the formation of new blood vessels, including the differentiation of angioblasts and 
the subsequent formation of vascular tubules (Savona et al., 1997). Moreover, a recent report 
showed that tissue engineered PDL constructs incorporating human umbilical vein 
endothelial cells in vitro induced the formation of capillary-like structures, ALP activity and 
collagen deposition within the constructs (Nagai et al., 2009) 

5.5 Innervation of peripheral nerves 
Diverse functions of the nervous system have been reported in peripheral tissues. Peripheral 
nerves regulate DNA synthesis and proliferation of abdominal cells (Kiba et al., 1996). 
Denervation has been shown to suppress osteoclast activities in vertebral and mandibular 
bone (Imai & Matsusue, 2002). Furthermore, alveolar nerve denervation leads to a reduction 
in the distribution of epithelial cell rests of Malassez (Yamashiro et al., 2000), resulting in a 
narrowing of the PDL width and dento-alveolar ankylosis (Fujiyama et al., 2004). 
Neuropeptides, such as substance P and calcitonin gene-related peptides that are released 
from axons of sensory neurons in PDL tissue (Jacobsen et al., 1998), have been shown to 
stimulate angiogenesis, bone remodeling (Hukkanen et al., 1993), fibroblast proliferation 
and collagen organization (Burssens et al., 2005). Therefore, the peripheral nervous system 
also plays important roles in homeostasis and the regeneration of PDL tissue. 

6. Characteristics of PDL stem cells 
A “stem cell” is capable of self-renewal and multi-lineage differentiation. In other words, 
stem cells possess the potential to propagate and generate additional stem cells, and can 
differentiate and commit to maturation along multiple lineages that produce a range of 
specialized cell types. Human mesenchymal stem cells (MSCs) were originally isolated in 
aspirates of adult bone marrow by their capacity to form clonogenic clusters of adherent 
fibroblast colony-forming units (Friedenstein et al., 1974). Additionally, they displayed the 
potential to undergo extensive proliferation and to differentiate into mesodermal lineage 
cells, such as adipocytes, chondrocytes and osteoblasts, both in vitro and after transfer in 
vivo (Pittenger et al., 1999). Human MSCs are also reported to exhibit endodermic and 
neuroectodermic differentiation potentials (Castro-Malaspina et al., 1980; Petersen et al., 
1999; Kopen et al., 1999; Gronthos & Simmons, 1995). In recent years, MSCs have been 
identified in various tissues throughout the human adult body including bone marrow, 
adipose tissue, placenta and muscle (Baroffio et al., 1996; Fukuchi et al., 2004; Pittenger et al., 
1999; Zannettino et al., 2008). 
It is considered that PDL tissue also harbors a small number of MSCs in niches that may be 
derived from DF cells, responsible for maintaining and regenerating periodontal tissue 
structure and function. The MSC population in PDL tissue has the potential to differentiate 
into fibroblasts, osteoblasts, and cementoblasts, which are critical cell populations to 
maintain and remodel periodontal tissue. In 2004, a multipotent PDL stem cell population, 
termed as PDLSC, was first isolated from the PDL tissue of extracted human third molar 
teeth (Seo et al., 2004). PDLSCs represent typical properties of MSCs, as well as unique 
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properties. PDLSCs exhibit the self-renewing capacity to generate clonogenic adherent cell 
colonies to tissue culture plastic and resemble fibroblasts in their spindle-like shapes in 
vitro. Several studies have reported that PDLSCs express cell surface markers, such as 
STRO-1 (putative stem cell marker), CD146 (perivascular cell marker), STRO-3 (tissue 
nonspecific ALP), CD13, CD29 (integrin β-1), CD44, CD90 (Thy-1), CD105 (endoglin), CD106 
(VCAM-1), and CD166 (ALCAM) (Nagatomo et al., 2006; Seo et al., 2004; Trubiani et al., 
2005; Wada et al., 2009), similar to BMMSCs (Shi & Gronthos 2003; Gronthos et al., 2007), as 
well as embryonic markers, including OCT-4, SSEA-1 and SSEA-4 (Trubiani et al., 2010). 
PDLSCs have so far been isolated from PDL heterogeneous cell populations using STRO-1 
and CD146 antibodies (Seo et al., 2004), although the percentage of STRO-1-positive cells in 
the PDL tissue is reportedly not to be very high (STRO-1 positive cells: 1.2-7.68%) 
(Nagatomo et al., 2006; Xu et al., 2009). Additionally, PDLSCs express a PDL marker, 
scleraxis, suggesting that PDLSCs may belong to a unique population of MSCs. 
PDLSCs also possess the multipotential to differentiate in vitro into various types of cells, 
such as osteoblasts, adipocytes and chondrocytes, similar to BMMSCs (Gay et al., 2007). In 
addition to a common multipotency with BMMSCs, PDLSCs represent a unique potential to 
form cementum and PDL-like tissues including Sharpey's fiber-like structure in vivo, when 
subcutaneously transplanted into the dorsal surfaces of immunocompromised mice with a 
hydroxyapatite or β-TCP carrier (Seo et al., 2004). Furthermore, human PDLSCs that were 
transplanted into surgically created defects at the periodontal area of mandibular molars in 
immunocompromised rats were integrated into the PDL tissue, resulting in homing on the 
surfaces of alveolar bone and tooth root (Seo, et al., 2004). Swine or canine PDLSCs have also 
been reported to regenerate PDL tissues when transplanted into surgically created 
periodontal defect areas in swine or canine models (Liu et al., 2008; Park et al., 2010). 
Immunomodulatory property is also known to be one of the characteristics of MSCs 
(Bartholomew et al., 2002). MSCs have been found to inhibit mixed lymphocyte reactions 
(MLR) and T-lymphocyte proliferation following mitogenic stimulation in vitro, despite 
expression of leucocyte antigen (HLA) major histocompatibility complex (MHC) 
(Bartholomew et al., 2002; Di Nicola et al., 2002), suggesting allogeneic BMMSC 
administration may be an appropriate stem cell therapy technique. Similarly, human and 
canine PDLSCs have been reported to possess the capacity to suppress immune responses 
and inflammatory reactions (Kim et al., 2010; Wada et al., 2009). It has been demonstrated 
that human PDLSCs inhibited peripheral blood mononuclear cell proliferation stimulated 
with mitogen or in MLR, and this inhibition was mediated by soluble factors including TGF-
β1, hepatocyte growth factor (HGF) and indoleamine 2, 3-dioxygenase (IDO), known to be 
induced by interferon-gamma (IFN-γ) (Wada et al., 2009). In a swine model with 
experimental periodontal bone defects, the transplantation of a sheet of allogenic PDLSCs 
reversed the periodontitis through the low immunogenicity and immunosuppressive 
function possessed by PDLSCs (Ding et al., 2010). 
In the first human trial report using ex-vivo-expanded primary PDL cells including PDLSCs, 
the cells were mixed with bone grafting material and transplanted into the intrabony defects 
of deep periodontal pockets of three patients. The results of the transplantations showed a 
significant improvement of periodontal diseases, suggesting that PDLSC transplantation 
could be a safe and promising treatment for clinical periodontitis (Feng et al., 2010). 
Furthermore, it has been reported that human PDLSCs recovered from cryopreserved 
human PDL tissue maintained normal PDLSC characteristics, including expression of 
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5.4 Blood supply 
PDL tissues are nourished from supraperiosteal arterioles along the surface of alveolar bone, 
vessels of the PDL region and arterioles from the interdental septum extending into the 
gingival and sulcus area (Egelberg, 1967). Therefore, the lack of sufficient blood supply may 
restrict PDL regeneration. bFGF is a potent mediator for angiogenesis and plays an essential 
role in the formation of new blood vessels, including the differentiation of angioblasts and 
the subsequent formation of vascular tubules (Savona et al., 1997). Moreover, a recent report 
showed that tissue engineered PDL constructs incorporating human umbilical vein 
endothelial cells in vitro induced the formation of capillary-like structures, ALP activity and 
collagen deposition within the constructs (Nagai et al., 2009) 

5.5 Innervation of peripheral nerves 
Diverse functions of the nervous system have been reported in peripheral tissues. Peripheral 
nerves regulate DNA synthesis and proliferation of abdominal cells (Kiba et al., 1996). 
Denervation has been shown to suppress osteoclast activities in vertebral and mandibular 
bone (Imai & Matsusue, 2002). Furthermore, alveolar nerve denervation leads to a reduction 
in the distribution of epithelial cell rests of Malassez (Yamashiro et al., 2000), resulting in a 
narrowing of the PDL width and dento-alveolar ankylosis (Fujiyama et al., 2004). 
Neuropeptides, such as substance P and calcitonin gene-related peptides that are released 
from axons of sensory neurons in PDL tissue (Jacobsen et al., 1998), have been shown to 
stimulate angiogenesis, bone remodeling (Hukkanen et al., 1993), fibroblast proliferation 
and collagen organization (Burssens et al., 2005). Therefore, the peripheral nervous system 
also plays important roles in homeostasis and the regeneration of PDL tissue. 

6. Characteristics of PDL stem cells 
A “stem cell” is capable of self-renewal and multi-lineage differentiation. In other words, 
stem cells possess the potential to propagate and generate additional stem cells, and can 
differentiate and commit to maturation along multiple lineages that produce a range of 
specialized cell types. Human mesenchymal stem cells (MSCs) were originally isolated in 
aspirates of adult bone marrow by their capacity to form clonogenic clusters of adherent 
fibroblast colony-forming units (Friedenstein et al., 1974). Additionally, they displayed the 
potential to undergo extensive proliferation and to differentiate into mesodermal lineage 
cells, such as adipocytes, chondrocytes and osteoblasts, both in vitro and after transfer in 
vivo (Pittenger et al., 1999). Human MSCs are also reported to exhibit endodermic and 
neuroectodermic differentiation potentials (Castro-Malaspina et al., 1980; Petersen et al., 
1999; Kopen et al., 1999; Gronthos & Simmons, 1995). In recent years, MSCs have been 
identified in various tissues throughout the human adult body including bone marrow, 
adipose tissue, placenta and muscle (Baroffio et al., 1996; Fukuchi et al., 2004; Pittenger et al., 
1999; Zannettino et al., 2008). 
It is considered that PDL tissue also harbors a small number of MSCs in niches that may be 
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properties. PDLSCs exhibit the self-renewing capacity to generate clonogenic adherent cell 
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nonspecific ALP), CD13, CD29 (integrin β-1), CD44, CD90 (Thy-1), CD105 (endoglin), CD106 
(VCAM-1), and CD166 (ALCAM) (Nagatomo et al., 2006; Seo et al., 2004; Trubiani et al., 
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(Bartholomew et al., 2002; Di Nicola et al., 2002), suggesting allogeneic BMMSC 
administration may be an appropriate stem cell therapy technique. Similarly, human and 
canine PDLSCs have been reported to possess the capacity to suppress immune responses 
and inflammatory reactions (Kim et al., 2010; Wada et al., 2009). It has been demonstrated 
that human PDLSCs inhibited peripheral blood mononuclear cell proliferation stimulated 
with mitogen or in MLR, and this inhibition was mediated by soluble factors including TGF-
β1, hepatocyte growth factor (HGF) and indoleamine 2, 3-dioxygenase (IDO), known to be 
induced by interferon-gamma (IFN-γ) (Wada et al., 2009). In a swine model with 
experimental periodontal bone defects, the transplantation of a sheet of allogenic PDLSCs 
reversed the periodontitis through the low immunogenicity and immunosuppressive 
function possessed by PDLSCs (Ding et al., 2010). 
In the first human trial report using ex-vivo-expanded primary PDL cells including PDLSCs, 
the cells were mixed with bone grafting material and transplanted into the intrabony defects 
of deep periodontal pockets of three patients. The results of the transplantations showed a 
significant improvement of periodontal diseases, suggesting that PDLSC transplantation 
could be a safe and promising treatment for clinical periodontitis (Feng et al., 2010). 
Furthermore, it has been reported that human PDLSCs recovered from cryopreserved 
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STRO-1, single-colony-strain generation, multipotency and cementum/PDL-like tissue 
generation, providing a possible and practical clinical approach for the utilization of 
PDLSCs isolated from frozen PDL tissues (Seo et al., 2005). 
These findings demonstrate that PDLSCs not only possess stem cell characteristics, 
including self-renewal, multipotency and immunomodulatory properties similar to 
BMMSCs, but also hold a unique potential to fabricate three-dimensional PDL tissue. 

7. PDL stem cell lines 
Because there are a small number of stem cells in PDL tissues, researchers have tried to 
establish immortalized PDL stem cell lines for the convenience and consistency of analyses. 
Several genes, such as SV 40 large T-antigen, human telomerase transcriptase, human 
papillomavirus 16-related E6E7, Bmi-1 and BMP4, have been transduced into mammalian 
PDL cells. As a consequence, clonal PDL cell lines derived from mice (Saito et al., 2002), 
swine (Ibi et al., 2007) and humans (Kamata et al., 2004; Fujita et al., 2005; Pi et al., 2007; Mi 
et al., 2011) have been developed. In addition, clonal cell lines from mouse dental follicle 
(DF) cells as a source of PDLSCs have also been reported (Saito et al., 2005; Luan et al., 2006). 
However, the multipotency in these cell lines has not been analyzed in detail. One group 
reported that the clonal swine PDL cell lines exhibited osteoblastic differentiation and the 
formation of tube-like structures (Shirai et al., 2009). Recently, our group succeeded in 
establishing two clonal human PDL cell lines with multipotency by transducing primary 
PDL cells with both SV 40 large T-antigen and human telomerase reverse transcriptase 
genes (Fujii et al., 2006; Fujii et al., 2008; Tomokiyo et al., 2008). These clonal cell lines had 
unique characteristics: Cell line 1-11 demonstrated osteoblastic and adipocytic 
differentiation (Fig. 1) (Fujii et al., 2008), and cell line 1-17 could differentiate into 
osteoblasts, chondrocytes, adipocytes and neurocytes (Fig. 2) (Tomokiyo et al., 2008).  
 
 

 
 
 

Fig. 1. Osteoblastic (a) and adiopocytic (b) differentiation of cell line 1-11. Cell line 1–11 was 
cultured for 4 weeks in osteoblastic induction medium. von Kossa-positive deposits (dark 
brown dots) were observed in (a). (b): Cell line 1–11 was cultured for 18 days in adipocytic 
induction medium. Oil red O-positive clusters (red) were observed. Bars: 150 μm. 

Flow cytometric analysis demonstrated that the percentage of cells expressing CD13, CD29, 
CD44, CD71, CD90, CD105, and CD166 was very high in both cell lines, while the number of 
cells expressing an endothelial marker, CD18 and a hematopoietic marker, CD34 was low 
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(data shown partially in Fig. 3). Lindroos et al. (2008) also reported the expressions of CD13, 
CD 29, CD44, CD90, CD105, and CD166 in human PDLSCs. Cell line 1-11 expressed other 
MSC markers, STRO-1 and CD146/MUC18, whereas cell line 1-17 contained STRO-1 only 
(data not shown), although these markers are also believed to be expressed in human and 
mouse PDLSCs (Seo et al., 2004; Xu et al., 2009). 
On the other hand, cell line 1-17 intensely expressed ES cell marker genes, OCT-4 and 
Nanog, whereas cell line 1-11 expressed these markers weakly (Fig. 4). However, these 
expressions were reduced when the cells were cultured in osteoblast induction medium 
(data not shown). Furthermore, both cell lines expressed neural crest (NC)-related genes, 
Nestin, p75NTR and Slug at almost equivalent levels. Based on these results, these cell lines 
were exactly derived from NC, and cell line 1-17 may be more immature than cell line 1-11. 
 
 
 
 

 
 

 
 

Fig. 2. Osteoblastic (a), adipocytic (b), chondrocytic (c), and neurocytic (d) differentiation of 
cell line 1–17. (a): Cell line 1–17 was cultured for 4 weeks in osteoblastic induction medium 
and then subjected to von Kossa staining. The von Kossa-positive calcified deposits (dark 
brown dots) were detected. (b): Cell line 1–17 was cultured for 18 days in adipocytic 
induction medium. Oil red O-positive clusters (red) were observed. (c): Cell line 1-17 was 
cultured for 4 weeks in chondrocytic induction medium and then subjected to Alcian blue 
staining. (d): Cell line 1-17 was cultured for 4 weeks in neurocytic induction medium and 
then subjected to immunocytochemical staining of human neurofilament (green). The 
extension of dendrite-like processes (arrows) was observed. Bars: 150 μm. 
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Fig. 2. Osteoblastic (a), adipocytic (b), chondrocytic (c), and neurocytic (d) differentiation of 
cell line 1–17. (a): Cell line 1–17 was cultured for 4 weeks in osteoblastic induction medium 
and then subjected to von Kossa staining. The von Kossa-positive calcified deposits (dark 
brown dots) were detected. (b): Cell line 1–17 was cultured for 18 days in adipocytic 
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Fig. 3. Flow cytometric analysis of cell line 1-11 with antibodies reactive to the stem cell-
related surface molecules CD29, CD44, CD71 and CD105, and the endothelial and 
hematopoietic surface molecules, CD18 and CD34, respectively. 

 

 
Fig. 4. Semi-quantitative RT-PCR analysis shows transcription levels of the ES cell-related 
pluripotency genes, OCT-4 and Nanog (a), and CNC-related genes, Nestin, p75NTR and 
Slug (b), in cell lines 1-11 and 1–17. 
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In addition, both cell lines expressed PDL phenotype-related genes, periostin and scleraxis 
(Yokoi et al., 2007), at almost equivalent levels while human MSCs showed little expression 
of the respective genes (Fig. 5a). Immunofluorescent data demonstrated the higher 
expression of periostin in cell line 1-17 compared with hMSCs (Fig. 5b). These data indicate 
that the cell lines are obviously PDL-committed cells, exhibiting the phenotypes of stem 
cells. 
 

 
Fig. 5. Semi-quantitative RT-PCR analysis concerning the transcription of the PDL-related 
genes, periostin and scleraxis in cell lines 1-11 and 1-17 and in hMSCs (a). 
Immunocytochemical analysis of the expression of periostin in cell line 1-17 and MSCs (b). 

When cell line 1-11 was subcutaneously transplanted with β-TCP into the dorsal side of 
immunodeficient mice for 8 weeks, the cells fabricated PDL-like tissue including Sharpey’s 
fiber-like structures (Fig. 6a), while cell line 1-17 did not exhibit such potential (data not 
shown). Furthermore, when transplanted into periodontal defects formed in 
immunodeficient rats for 3 weeks, cell line 1-11 homed on the surfaces of bone and root and 
between bone and root, namely within the ligament tissue, while cell line 1-17 was localized 
only within the ligament tissue (Fig. 6b, c). These observations were very similar to a 
previous report by Seo, et al. (2004). 
 

 
 

 
 

Fig.6. Trichrome staining of cell line 1-11 transplanted with β-TCP (*) into immunodeficient 
mice for 8 weeks (a). Sharpey’s fiber-like structures were observed (arrows). 
Immunolocalization of anti-human mitochondria-positive cells after transplantation of cell 
lines 1-11 (b) or 1-17 (c) into periodontal defects in immunodeficient rats. Immuno-positive 
cells were detected on the surface of bone (red arrows) and tooth root (black arrows) and 
within ligament tissue (yellow arrows). Bars: 50 μm. 
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The treatment of two cell lines by bFGF provided intriguing results concerning osteoblastic 
differentiation. Although both cell lines cultured in osteoblastic differentiation medium 
produced calcified deposits at almost equivalent volumes, bFGF provoked these 
productions in cell line 1-11, while inhibited the productions in cell line 1-17 almost 
completely (Fig. 7). 
 

 
Fig. 7. von Kossa staining of cell lines 1-11 (a, b) and 1-17 (c, d) treated with (b, d) or without 
(a, c) bFGF in osteoblastic differentiation medium. Dark brown dots show von Kossa-
positive calcified deposits. Bar: 200 μm. 

Thus, our results indicate that both cell lines met the prerequisite for PDL stem cells, and 
furthermore, that the differentiation stage of cell line 1-17 may be lower than that of cell line 
1-11, based on the differences of multipotency and phenotypes between the lines and the 
transplantation analyses. These differences may be related to the expression of CD146 or the 
responsiveness to bFGF. Therefore, we believe that there may be distinguishing factors in 
these cell lines that influence the direction of stem cell differentiation within the PDL tissues. 

8. Conclusions and future directions 
Both cell lines exhibited characteristics of PDLSCs and permitted the routine analyses 
associated with PDLSCs. Their phenotypes, however, were somewhat different from each 
other. We believe that PDLSCs originate from DF cells, which stay in a niche in the PDL 
tissue during and after its development, and that our established cell lines would signify the 
existence of stem cells at various differentiation stages in the PDL tissue (Fig. 8). A 
differential analysis between these two clones will allow us to further reveal the mechanism 
of PDLSC differentiation. These results will enable elucidation of signals that direct stem 
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cells including MSCs, iPS cells or ES cells toward PDL-lineage cells, as well as to identify the 
optimum signaling molecules and scaffolds for PDL regeneration. With the integration of 
these elements, the potential development of an efficient therapy for PDL regeneration is 
likely. 
 

 
Fig. 8. Schema explaining the differentiation stages of undifferentiated cells included in the 
PDL tissue. 
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1. Introduction 
The field of stem cell biology and regenerative medicine is rapidly moving toward 
translation to clinical application (Gholamrezanezhad, Bagheri et al. 2007; 
Gholamrezanezhad, Mirpour et al. 2011). Stem cells are able to perform restorative functions 
in patients with different disorders and hence stem cell therapy may be a potential 
alternative to some of the current modalities of treatment, such as organ transplantation. In 
fact, Cell transplantation therapy offers a means to stimulate tissue repair either by direct 
(graft-induced) or indirect (host-induced) tissue regeneration or angiogenesis (Kraitchman 
and Bulte 2009). During the past years, there has been enormous progress in understanding 
multipotent and pluripotent stem cells and their possible applications in clinical settings 
(Jang, Ye et al. 2011). After preliminary observations of the benefits of these cells in 
preclinical studies of different human disorders, the first clinical studies using bone-
marrow-derived stem cells were initiated (Kraitchman and Bulte 2008). At this instant, stem 
cell-based therapies have been explored to potentially regenerate healthy tissues and it is 
clear that they can be the source of regenerate cells for different disorders (Jang, Ye et al. 
2011). Although to-date numerous trials have been reported, yet there are remarkable 
debates on the efficacy of stem cell and the optimal treatment regime. 
Many aspects of stem cell biology and their behavior inside of the human body are still 
beyond our understanding. One of the main obstacles and barriers in front of clear 
perception of the fate of stem cells in human body is lack of a perfect and ideal tool of cell 
tracking in patients receiving stem cells of different origin. In fact, it has been challenging to 
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environments and aspects of their distribution, migration, engraftment, survival, 
proliferation, and differentiation often could not be sufficiently elucidated based on limited 
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imaging methods to follow or track the outcome of stem cells are highly required 
(Kraitchman and Bulte 2008; Jang, Ye et al. 2011; McColgan, Sharma et al. 2011), in order to 
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1. Introduction 
The field of stem cell biology and regenerative medicine is rapidly moving toward 
translation to clinical application (Gholamrezanezhad, Bagheri et al. 2007; 
Gholamrezanezhad, Mirpour et al. 2011). Stem cells are able to perform restorative functions 
in patients with different disorders and hence stem cell therapy may be a potential 
alternative to some of the current modalities of treatment, such as organ transplantation. In 
fact, Cell transplantation therapy offers a means to stimulate tissue repair either by direct 
(graft-induced) or indirect (host-induced) tissue regeneration or angiogenesis (Kraitchman 
and Bulte 2009). During the past years, there has been enormous progress in understanding 
multipotent and pluripotent stem cells and their possible applications in clinical settings 
(Jang, Ye et al. 2011). After preliminary observations of the benefits of these cells in 
preclinical studies of different human disorders, the first clinical studies using bone-
marrow-derived stem cells were initiated (Kraitchman and Bulte 2008). At this instant, stem 
cell-based therapies have been explored to potentially regenerate healthy tissues and it is 
clear that they can be the source of regenerate cells for different disorders (Jang, Ye et al. 
2011). Although to-date numerous trials have been reported, yet there are remarkable 
debates on the efficacy of stem cell and the optimal treatment regime. 
Many aspects of stem cell biology and their behavior inside of the human body are still 
beyond our understanding. One of the main obstacles and barriers in front of clear 
perception of the fate of stem cells in human body is lack of a perfect and ideal tool of cell 
tracking in patients receiving stem cells of different origin. In fact, it has been challenging to 
study developmental potentials of stem cells because they reside in complex cellular 
environments and aspects of their distribution, migration, engraftment, survival, 
proliferation, and differentiation often could not be sufficiently elucidated based on limited 
snapshot images of location or environment or molecular markers. Therefore, reliable 
imaging methods to follow or track the outcome of stem cells are highly required 
(Kraitchman and Bulte 2008; Jang, Ye et al. 2011; McColgan, Sharma et al. 2011), in order to 
confirm adequate homing of the injected cells to the target organ. The cell fate can be 
verified in animal models using histopathologic examination of tissue. However, in clinical 
settings and in human studies, noninvasive methods for assessment of cell survival and 
engraftment will be needed to assess therapeutic efficacy. Like detecting cells 
microscopically, cell labeling for noninvasive in vivo imaging relies on targeting contrast 
agents to stem cells to enhance their conspicuity relative to local tissue (Kraitchman and 
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Bulte 2009). Both short- and long-term monitoring of stem cells in cultures and in living 
organisms have benefited from recently developed imaging techniques which are applied to 
assess cell behavior and function. Confocal and multiphoton microscopy, time-lapse 
imaging technology, transfection with reporter genes and also noninvasive clinical imaging 
modalities have provided the opportunity to monitor cell behavior in the context of a living 
organism. In turn, the knowledge gained through these data has brought the understanding 
of stem cell behavior to a new stage (Jang, Ye et al. 2011).  
“Successful in vivo imaging requires that a contrast agent associated with a stem cell exert an 
"effect size" sufficient for detection by imaging hardware. Although the most attractive 
contrast agents for tracking are endogenous ones (ie, normal components of the stem cell), 
their effect size is extremely small” (Frangioni and Hajjar 2004). Frangioni et al described the 
8 characteristics of an ideal imaging technology for stem cell tracking, among them 
biocompatibility and safety of the exogenous contrast agent was the first, and foremost 
factor. No need for genetic modification or perturbation to the stem cells, single-cell 
detection at any anatomic location, quantification of cell number, minimal or no dilution 
with cell division, minimal or no transfer of contrast agent to nonstem cells, noninvasive 
imaging in the living subject over months to years, and no requirement for injectable 
contrast agent were the other characteristics (Frangioni and Hajjar 2004). Unfortunately 
most of these features are not fulfilled by the currently applied methods of clinical in vivo 
stem cell tracking for human trials or daily clinical practice. 
A. Techniques of Stem Cell Imaging  
Among the different methods examined in clinical settings, radioactive labeling with 
radiopharmaceuticals and magnetic resonance imaging (MRI) are the most widely used 
methods for tracking infused stem cells, and therefore will be described in more details. 
However, the current noninvasive imaging approaches for tracking stem cells in vivo include 
also imaging with quantum dots (QDs), and reporter genes. We will review all the current 
imaging modalities and evaluate their relative advantages versus disadvantages.  Because no 
single contrast agent/detector pair will satisfy all essential requirements of stem cell tracking 
in clinical settings, dual- and multimodality techniques, which combine the best features of 
each technology, have been recommended (Josephson, Kircher et al. 2002; Hill, Dick et al. 2003; 
Wickline and Lanza 2003; Doubrovin, Serganova et al. 2004; Frangioni and Hajjar 2004; Wu 
2007; Zhang and Wu 2007; Higuchi, Anton et al. 2009; Gera, Steinberg et al. 2010). 

2. Plain radiography and computed tomography 
Plain X ray radiography and computed tomography (CT) are the most readily available clinical 
imaging modalities with low cost. In order to obtain images with optimum quality on plain 
radiographs or CT and to render stem cells visible, contrast generation requires extremely high 
concentrations of high-density/high–atomic number materials (e.g. iodine, gadolinium, or 
metals). Such contrast is difficult to achieve in clinical settings, rendering these methods 
unlikely to play a direct role for stem cell tracking purposes (Frangioni and Hajjar 2004).  

3. Nanoparticle labeling 
Semiconductor quantum dots (QDs), as new class of fluorescent probes, has been applied in 
noninvasive imaging, using fluorescent semiconductor nanocrystals to detect membrane 
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molecules of interest (Jaiswal, Mattoussi et al. 2003; Lin, Xie et al. 2007; Zhang and Wu 2007; 
Lu, Xu et al. 2010; Pi, Zhang et al. 2010; Ramot, Steiner et al. 2010). Depending on the size 
and composition of these probes, they can be designed to emit different wavelengths of 
light, ranging from ultraviolet to nearly infrared. Although there are minimal experiences 
and published reports with their application for the purpose of in vivo stem cell tracking (Lu, 
Xu et al. 2010; Yukawa, Kagami et al. 2010), the photostability of QDs, as seen in their 
resistance to photobleaching and long-lasting fluorescence, suggest them as attractive tools 
for tracking stem cells in vivo (Lin, Xie et al. 2007; Zhang and Wu 2007). However, some 
concerns about the effects of QDs on stem cell proliferation and differentiation (Hsieh, Wang 
et al. 2006) and safety of this approach have been raised (Ramot, Steiner et al. 2010). 
Fortunately, recent evidences are negative regarding any adverse effect of QDs on viability, 
proliferation, and pluripotency of stem cells as compared with non-labeled control cells 
(Ruan, Shen et al. 2010; Rutten, Janes et al. 2010). Also some other obstacles, including the 
tendency for aggregation of QDs in the cytosol, impenetrability of QDs into cells, 
nonspecific binding to multiple molecules, and degradation or excretion of QDs must be 
overcome before QDs can realize their full potential in bioimaging and clinical settings 
(Zhang and Wu 2007; Pi, Zhang et al. 2010). Among different QDs suggested for the purpose 
of stem cell tracking, MNPs@SiO2(RITC) seems to be promising, as they offer advantages of 
photostability against ultraviolet light exposure, nontoxicity to human stem cells, do not 
affect the surface phenotype or morphology of human stem cells, and also have stable 
retention properties in stem cells in vitro. These results demonstrate that MNPs@SiO2(RITC) 
are biocompatible and useful tools for human MSC labeling and bioimaging. Moreover, 
MNPs@SiO2(RITC) have multimodal fluorescent and magnetic characteristics. Furthermore, 
Park et al using optical and magnetic resonance imaging, successfully detected a visible 
signal from labeled stem cells that were transplanted into mice (Park, Tae et al. 2010). 

4. Reporter gene labeling 
Reporter gene imaging has introduced as an exceptional tool to localize specific molecules of 
interest within living subjects (Higuchi, Anton et al. 2009; Kraitchman and Bulte 2009). The 
reporter gene of interest usually encodes a specific protein, which encompass the potential 
to interact with an imaging probe and generating signals captured and quantified by 
conventional imaging modalities, such as SPECT, PET, MRI, or an optical charge-coupled 
device (Zhang and Wu 2007). Although it has been noted that “these imaging techniques 
can be used to assess cell trafficking with methods that are easily translatable to humans” 
(Acton and Zhou 2005), several shortcoming (which are discussed later) should be overcome 
before reaching to clinical applications. 

5. Optical imaging 
Bioluminescence and fluorescence are two complementary optical imaging techniques 
which are used for stem cell tracking. Bioluminescence utilizes light generated by the 
enzyme luciferase to detect cells in vivo, the effectiveness of which has been confirmed in 
small animal models (Tang, Shah et al. 2003; Wang, Rosol et al. 2003; Wu, Chen et al. 2003; 
Cao, Wagers et al. 2004; Frangioni and Hajjar 2004; Min, Ahn et al. 2006; Bradbury, 
Panagiotakos et al. 2007; Min, Le et al. 2008; Reumers, Deroose et al. 2008; Zhang, Qiao et al. 
2011). Unfortunately, luciferase genes and other candidate substrates described to date 
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light, ranging from ultraviolet to nearly infrared. Although there are minimal experiences 
and published reports with their application for the purpose of in vivo stem cell tracking (Lu, 
Xu et al. 2010; Yukawa, Kagami et al. 2010), the photostability of QDs, as seen in their 
resistance to photobleaching and long-lasting fluorescence, suggest them as attractive tools 
for tracking stem cells in vivo (Lin, Xie et al. 2007; Zhang and Wu 2007). However, some 
concerns about the effects of QDs on stem cell proliferation and differentiation (Hsieh, Wang 
et al. 2006) and safety of this approach have been raised (Ramot, Steiner et al. 2010). 
Fortunately, recent evidences are negative regarding any adverse effect of QDs on viability, 
proliferation, and pluripotency of stem cells as compared with non-labeled control cells 
(Ruan, Shen et al. 2010; Rutten, Janes et al. 2010). Also some other obstacles, including the 
tendency for aggregation of QDs in the cytosol, impenetrability of QDs into cells, 
nonspecific binding to multiple molecules, and degradation or excretion of QDs must be 
overcome before QDs can realize their full potential in bioimaging and clinical settings 
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of stem cell tracking, MNPs@SiO2(RITC) seems to be promising, as they offer advantages of 
photostability against ultraviolet light exposure, nontoxicity to human stem cells, do not 
affect the surface phenotype or morphology of human stem cells, and also have stable 
retention properties in stem cells in vitro. These results demonstrate that MNPs@SiO2(RITC) 
are biocompatible and useful tools for human MSC labeling and bioimaging. Moreover, 
MNPs@SiO2(RITC) have multimodal fluorescent and magnetic characteristics. Furthermore, 
Park et al using optical and magnetic resonance imaging, successfully detected a visible 
signal from labeled stem cells that were transplanted into mice (Park, Tae et al. 2010). 

4. Reporter gene labeling 
Reporter gene imaging has introduced as an exceptional tool to localize specific molecules of 
interest within living subjects (Higuchi, Anton et al. 2009; Kraitchman and Bulte 2009). The 
reporter gene of interest usually encodes a specific protein, which encompass the potential 
to interact with an imaging probe and generating signals captured and quantified by 
conventional imaging modalities, such as SPECT, PET, MRI, or an optical charge-coupled 
device (Zhang and Wu 2007). Although it has been noted that “these imaging techniques 
can be used to assess cell trafficking with methods that are easily translatable to humans” 
(Acton and Zhou 2005), several shortcoming (which are discussed later) should be overcome 
before reaching to clinical applications. 

5. Optical imaging 
Bioluminescence and fluorescence are two complementary optical imaging techniques 
which are used for stem cell tracking. Bioluminescence utilizes light generated by the 
enzyme luciferase to detect cells in vivo, the effectiveness of which has been confirmed in 
small animal models (Tang, Shah et al. 2003; Wang, Rosol et al. 2003; Wu, Chen et al. 2003; 
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2011). Unfortunately, luciferase genes and other candidate substrates described to date 
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generate only visible light (spectrum: 400 to 700 nm), which has very high absorption and 
scatter in living tissue, precluding its application in animals larger than rats [6]. The need to 
stable expression of nonhuman genes and the injection of high concentrations of potentially 
immunogenic, nonhuman substrates, (e.g. luciferin and coelenterazine) are the other 
limitations of the technique. It is therefore unlikely that bioluminescence reaches clinical 
application [6]. 
Fluorescence imaging, another widely used technique of optical imaging, uses a fluorescent 
protein for in vivo imaging (eg, green fluorescent protein, small-molecule polymethines) or 
organic/inorganic hybrids (eg, quantum dots) (Frangioni and Hajjar 2004; Zhang and Wu 
2007). Near-infrared fluorescence imaging has decreased absorption and scatter of photons 
at 700 to 1000 nm, which is advantage of the technique over bioluminescence. However, 
similar to bioluminescence, near-infrared fluorescence imaging is limited to a shallow tissue 
depth (4-10 cm), even with tomographic imaging methods. Hence, clinical application of 
fluorescence imaging likely will be restricted to near-surface imaging, such as intraoperative 
procedures (Reynolds, Troy et al. 1999; Tepper-Wessels, Loeschinger et al. 2001; Nakayama, 
del Monte et al. 2002; Bonde, Maxwell et al. 2005; Sung, Hong et al. 2009; Polzer, Haasters et 
al. 2010). Similar to scintigraphic and MRI techniques of stem cell tracking, major 
disadvantages of fluorescence imaging are the dilution of the agent with each cell division 
and the possibility of uptake by non-stem cells following stem cell death (Frangioni and 
Hajjar 2004; Zhang and Wu 2007).  
Several studies have confirmed the effectiveness and practicability of reporter gene labeling 
with bioluminescence and fluorescence markers to track the distribution and engraftment of 
stem cells in animal experiments using optical imaging (Cao, Lin et al. 2006; Sheikh, Lin et 
al. 2007; Zhang and Wu 2007; Li, Suzuki et al. 2008). Although the signals generated by these 
techniques are more sensitive than those of other imaging modalities in small animals, their 
emissions can easily be scattered within deep tissues. Hence, this current inability to 
accurately determine cell depth is a major limitation (Zhang and Wu 2007). 

6. Ultrasound 
Regarding the wide availability and easy applicability of ultrasound and 
echocardiography, tracking by these techniques would be extremely convenient. In these 
techniques, contrast for echocardiography is generated by acoustic interfaces such as 
water/gas (eg, microbubbles, perfluorocarbons) (Frangioni and Hajjar 2004; Rodriguez-
Porcel, Gheysens et al. 2005). “Although a single unit of contrast is on the order of 0.25 to 
1 µm in diameter, the generated acoustic perturbation appears much larger” (Frangioni 
and Hajjar 2004). Therefore, theoretically ultrasound-based techniques have the potential 
to detect a single cell loaded with a single unit of contrast (Frangioni and Hajjar 2004; 
Klibanov, Rasche et al. 2004). However, techniques to intracellular ultrasound contrast 
labeling are not yet robust, and more importantly, their possible effects on cell function 
are not yet identified. Exactly similar to MRI and scintigraphic techniques of stem cell 
tracking, contrast agents are subject to dilution during cell division and transfer to non-
stem cells following leakage out of the cells or cell death. Another shortcoming of 
echogenic contrasts is the possibility of casting acoustic "shadow" below the first unit of 
contrast detected, which in conjunction with low spatial resolution of ultrasound and its 
inaccessibility in many anatomic sites, theoretically precludes precise quantification of cell 
number (Frangioni and Hajjar 2004).  

 
Clinical Stem Cell Imaging and In Vivo Tracking 

 

641 

7. Scintigraphic tracking 
Scintigraphic techniques represents the commonest method of human therapeutic cell 
tracking and are better suited for whole-body biodistribution studies, as compared with iron 
oxide labelling for MRI (Detante, Moisan et al. 2009; McColgan, Sharma et al. 2011).  
- SPECT (Single Photon Emission Computed Tomography)  
Two approaches for in vivo stem cell tracking by nuclear medicine technology (SPECT or 
PET) have been described: 1) direct loading with a radiotracer, and 2) enzymatic conversion 
and retention of a radioactive substrate or receptor-mediated binding (Frangioni and Hajjar 
2004).  
a. Direct loading: For direct loading, three well-established cell labeling 

radiopharmaceuticals are 18F-FDG (discussed in the section of PET), 99mTc-HMPAO and 
111In-Oxine, with short, intermediate and long half-lives, respectively. The time period 
during which radiolabeled cell distribution can be tracked scitigraphically is limited by 
the half life and decay of their label (Steindler 2007).  
i. 99mTc-HMPAO: Technetium (99mTc) exametazime is a radiopharmaceutical 

routinely used for the labeling of leucocytes to localize infections and inflammatory 
bowel diseases (Weldon, Joseph et al. 1995). Because of its short half life (almost 6 
hours) and its gamma ray energy well adapted to conventional gamma-cameras 
(thus ensuring high image quality), 99mTc-HMPAO is well suited for short tracking 
of stem cells in vivo (even better than 111In) (Meyerwittkopf, Bockisch et al. 1993; 
Detante, Moisan et al. 2009). As a lipophilic complex that is reduced into a 
hydrophilic complex by a glutathione-dependent mechanism following entrapment 
in cells, 99mTc-HMPAO provides a stable labeling marker for in vivo cell tracking  
(Neirinckx, Burke et al. 1988), and therefore it has been already used on different 
cell types to study cell biodistribution over periods of up to 24 hours (Detante, 
Moisan et al. 2009). 

ii. 111In-oxine: Indium-111 is an Auger electron emitter, which internalizes 
nonspecifically into both normal and malignant cells (Bindslev, Haack-Sorensen et 
al. 2006; Gholamrezanezhad, Mirpour et al. 2009). Thanks to the long half life of 
Indium-111, serial tracking of cells over 10 days using single photo electron 
computed tomography (SPECT) imaging is possible (Gholamrezanezhad, Mirpour 
et al. 2011). Given that Indium-111 oxine was approved for clinical application for 
labeling white blood cells to track sites of inflammation since more than 20 years 
ago (Lavender, Goldman et al. 1977; Kraitchman and Bulte 2009), it was an 
acceptable extension to label stem cells for noninvasive tracking of cells in human 
biodistribution studies (Lavender, Goldman et al. 1977; Gao, Dennis et al. 2001; 
Aicher, Brenner et al. 2003; Barkholt, Danielsson et al. 2003; Chin, Nakamoto et al. 
2003; Barkholt, Danielsson et al. 2004; Brenner, Aicher et al. 2004; Maskali, Tran et 
al. 2004; Maskali, Tran et al. 2005; Bindslev, Haack-Sorensen et al. 2006; Legrand, 
Cougnenc et al. 2007). Based on the Andersson et al. study, the decline of 
intracellular 111In concentration is most prominent during the first 6 hours post-
labeling and appears to remain stable thereafter (Andersson, ForssellAronsson et 
al. 1996). Hence, the radiotracer seems to be suitable for clinical imaging, regarding 
its in vivo stability. In our experience in patients with liver cirrhosis, we found no 
unexpected adverse events or complications during labeled stem cell infusion and 
within one month follow up period (Gholamrezanezhad, Mirpour et al. 2011). The 
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generate only visible light (spectrum: 400 to 700 nm), which has very high absorption and 
scatter in living tissue, precluding its application in animals larger than rats [6]. The need to 
stable expression of nonhuman genes and the injection of high concentrations of potentially 
immunogenic, nonhuman substrates, (e.g. luciferin and coelenterazine) are the other 
limitations of the technique. It is therefore unlikely that bioluminescence reaches clinical 
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6. Ultrasound 
Regarding the wide availability and easy applicability of ultrasound and 
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inaccessibility in many anatomic sites, theoretically precludes precise quantification of cell 
number (Frangioni and Hajjar 2004).  
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7. Scintigraphic tracking 
Scintigraphic techniques represents the commonest method of human therapeutic cell 
tracking and are better suited for whole-body biodistribution studies, as compared with iron 
oxide labelling for MRI (Detante, Moisan et al. 2009; McColgan, Sharma et al. 2011).  
- SPECT (Single Photon Emission Computed Tomography)  
Two approaches for in vivo stem cell tracking by nuclear medicine technology (SPECT or 
PET) have been described: 1) direct loading with a radiotracer, and 2) enzymatic conversion 
and retention of a radioactive substrate or receptor-mediated binding (Frangioni and Hajjar 
2004).  
a. Direct loading: For direct loading, three well-established cell labeling 

radiopharmaceuticals are 18F-FDG (discussed in the section of PET), 99mTc-HMPAO and 
111In-Oxine, with short, intermediate and long half-lives, respectively. The time period 
during which radiolabeled cell distribution can be tracked scitigraphically is limited by 
the half life and decay of their label (Steindler 2007).  
i. 99mTc-HMPAO: Technetium (99mTc) exametazime is a radiopharmaceutical 

routinely used for the labeling of leucocytes to localize infections and inflammatory 
bowel diseases (Weldon, Joseph et al. 1995). Because of its short half life (almost 6 
hours) and its gamma ray energy well adapted to conventional gamma-cameras 
(thus ensuring high image quality), 99mTc-HMPAO is well suited for short tracking 
of stem cells in vivo (even better than 111In) (Meyerwittkopf, Bockisch et al. 1993; 
Detante, Moisan et al. 2009). As a lipophilic complex that is reduced into a 
hydrophilic complex by a glutathione-dependent mechanism following entrapment 
in cells, 99mTc-HMPAO provides a stable labeling marker for in vivo cell tracking  
(Neirinckx, Burke et al. 1988), and therefore it has been already used on different 
cell types to study cell biodistribution over periods of up to 24 hours (Detante, 
Moisan et al. 2009). 

ii. 111In-oxine: Indium-111 is an Auger electron emitter, which internalizes 
nonspecifically into both normal and malignant cells (Bindslev, Haack-Sorensen et 
al. 2006; Gholamrezanezhad, Mirpour et al. 2009). Thanks to the long half life of 
Indium-111, serial tracking of cells over 10 days using single photo electron 
computed tomography (SPECT) imaging is possible (Gholamrezanezhad, Mirpour 
et al. 2011). Given that Indium-111 oxine was approved for clinical application for 
labeling white blood cells to track sites of inflammation since more than 20 years 
ago (Lavender, Goldman et al. 1977; Kraitchman and Bulte 2009), it was an 
acceptable extension to label stem cells for noninvasive tracking of cells in human 
biodistribution studies (Lavender, Goldman et al. 1977; Gao, Dennis et al. 2001; 
Aicher, Brenner et al. 2003; Barkholt, Danielsson et al. 2003; Chin, Nakamoto et al. 
2003; Barkholt, Danielsson et al. 2004; Brenner, Aicher et al. 2004; Maskali, Tran et 
al. 2004; Maskali, Tran et al. 2005; Bindslev, Haack-Sorensen et al. 2006; Legrand, 
Cougnenc et al. 2007). Based on the Andersson et al. study, the decline of 
intracellular 111In concentration is most prominent during the first 6 hours post-
labeling and appears to remain stable thereafter (Andersson, ForssellAronsson et 
al. 1996). Hence, the radiotracer seems to be suitable for clinical imaging, regarding 
its in vivo stability. In our experience in patients with liver cirrhosis, we found no 
unexpected adverse events or complications during labeled stem cell infusion and 
within one month follow up period (Gholamrezanezhad, Mirpour et al. 2011). The 
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cells can be visualized in vivo up to at least 10 days after initial infusion and it is 
possible to quantify and follow them using radio-labeling with 111Indium 
derivatives (Gholamrezanezhad, Mirpour et al. 2011). 

The main problem with application of 111Indium-labed chemicals for stem cell tracking is the 
concern about its cytotoxic effects on stem cells which will adversely affect their possible 
therapeutic potential for patients. As the first experiment on human stem cells, we designed 
a study to continuously pursue the effect of Indium-111 labeling on stem cell viability 
during the 2-week period of post-labeling. After culturing mesenchymal stem cells (MSCs), 
we divided the cells into six samples, each of which contained 1x106 MSCs. The first sample 
was considered as the control. The remaining five samples (samples 2-6) were labeled with 
the following doses of 111In-oxine, respectively: 0.76, 1.64, 3.48, 5.33, and 7.16 MBq/106 
MSCs. To evaluate the effects of 111In-oxine labeling on cellular viability and count, all 
samples were examined immediately after labeling (2 h) as well as 24, 48 h, and 5, 7, and 14 
days post-labeling (Gholamrezanezhad, Mirpour et al. 2009). Fortunately, no statistically 
significant relationship was found between labeling efficiency and administered dosage of 
radiopharmaceutical. In fact, the labeling efficiency showed no reduction with lower doses 
of the radiotracer applied to the incubation media. However, a significant inverse 
relationship was noted between radiotracer dose and viability of stem cells during the 2-
week period of follow-up. For example, with the specific activity of 4.98 MBq/106 MSCs, 
more than 80% of the cells lost their viability within 2 weeks of follow-up. The cytotoxicity 
feature with the lower doses was much less (between 20%–60%), but never was equal to 
zero. Hence, in our opinion, one of the main disadvantages inherent to 111In-oxine labeling 
of stem cells for the purpose of in vivo tracking is its time and dose dependent side effects. 
Although it has been shown that radio-labeling is one of the most sensitive methods for 
stem cell tracking, we recommended that the application of this tracking technique should 
be treated with great caution, and if necessary, as little of 111In-oxine as possible should be 
added to the cells (or only a limited fraction of the cells should be labeled) to minimize cell 
loss. Such a conclusion is also confirmed by other similar reported experiments (Correa, 
Mesquita et al. 2007). Hence, in our second experience to track stem cells after intravenous 
infusion to patients with liver cirrhosis [3], we just labeled 50% of the stem cells. Labeled 
cells were infused from one arm of patients and the non-labeled cells were infused from the 
opposite arm to reduce any possible adverse effects. Also the labeling dose was kept to the 
lowest possible, providing good-quality images [Fig. 1]. Such a concern also persists when 
using technetium derivatives, although with much less severity. In Detante et al experiment, 
99mTc labeling (even at low doses of 5 Bq/cell) induced a loss of stem cells’ ability to form 
colonies. However, they found no deleterious effect on cell proliferation with HMPAO alone 
and therefore they concluded that loss of stem cells’ proliferation seems to be due to the 
99mTechnetium. Although their results of flow cytometry with 7-AAD demonstrated a good 
cell viability over the 2 days of experiment, the authors emphasized that the alteration of the 
ability of radiolabeled stem cells to proliferate must be carefully considered, as it may alter 
their therapeutic benefit (Detante, Moisan et al. 2009). 
It also should be stated that although nuclear medicine techniques to track stem cells 
following injection or infusion to patients are highly helpful and lack some of the 
remarkable disadvantages inherent to other modalities (such as low sensitivity of MRI), they 
suffer from technique-specific shortcomings. These shortcomings seem to be more 
prominent when the technique is applied in clinical and in vivo settings. It is possible that 
stem cells labeled with radiotracers are phagocytosed by the reticuloendothelial cells. We  
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Fig 1. After I.V. infusion, the radioactivity was first observed to accumulate in the lungs, and 
gradually shifted to the liver and spleen. In this patient the initial hepatic accumulation of 
radioactivity was visualized at the second-hour images. Also, the early images (2h) 
demonstrated faint 111In activity in the spleen. During the following hours to days, the 
radioactivity became more prominent in the liver and spleen. 

cannot exclude the possibility that radionuclide signals are detected from the 
reticuloendothelial cells, which theoretically are able to phagocytize nonviable stem cells 
(for example, due to time-dependent cytotoxic effect of the 111In-oxine, after infusion, a 
limited portion of stem cells will lose viability (Gholamrezanezhad, Mirpour et al. 2009). In 
fact, no one can be sure that the observed radioactivity in vivo reveals the presence of viable 
stem cells in the organs having radioactivity. However, it should be emphasized that this 
limitation is not limited to scintigraphic tracking methods: MR tracking of stem or other 
cells has a critical flaw that the ferromagnetic particles do not represent viable cells in vivo. 
We simply do not know whether MR signals mean magnetic particles in the “live” cells or 
“already dead” cells or even particles in the engulfed/digested cells. While label 
detachment from the cell is a primary concern for direct labeling techniques, similar issues 
exist with reporter gene imaging, where the reporter gene product may still be present after 
the cell has died (Gilad, Winnard et al. 2007).  In other words, direct loading is problematic 
given the tradeoff between half-life and long-term exposure to inherently cytotoxic ionizing 
radiation and given the possibility of transfer of the radiolabel from stem cells to nonstem 
cells (Frangioni and Hajjar 2004).  
Technical consideration: Region of Interest (ROI) analysis is a simple tool to measure the 
percentage of cells homing to the target organ. Decay and background corrections and 
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cells can be visualized in vivo up to at least 10 days after initial infusion and it is 
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was considered as the control. The remaining five samples (samples 2-6) were labeled with 
the following doses of 111In-oxine, respectively: 0.76, 1.64, 3.48, 5.33, and 7.16 MBq/106 
MSCs. To evaluate the effects of 111In-oxine labeling on cellular viability and count, all 
samples were examined immediately after labeling (2 h) as well as 24, 48 h, and 5, 7, and 14 
days post-labeling (Gholamrezanezhad, Mirpour et al. 2009). Fortunately, no statistically 
significant relationship was found between labeling efficiency and administered dosage of 
radiopharmaceutical. In fact, the labeling efficiency showed no reduction with lower doses 
of the radiotracer applied to the incubation media. However, a significant inverse 
relationship was noted between radiotracer dose and viability of stem cells during the 2-
week period of follow-up. For example, with the specific activity of 4.98 MBq/106 MSCs, 
more than 80% of the cells lost their viability within 2 weeks of follow-up. The cytotoxicity 
feature with the lower doses was much less (between 20%–60%), but never was equal to 
zero. Hence, in our opinion, one of the main disadvantages inherent to 111In-oxine labeling 
of stem cells for the purpose of in vivo tracking is its time and dose dependent side effects. 
Although it has been shown that radio-labeling is one of the most sensitive methods for 
stem cell tracking, we recommended that the application of this tracking technique should 
be treated with great caution, and if necessary, as little of 111In-oxine as possible should be 
added to the cells (or only a limited fraction of the cells should be labeled) to minimize cell 
loss. Such a conclusion is also confirmed by other similar reported experiments (Correa, 
Mesquita et al. 2007). Hence, in our second experience to track stem cells after intravenous 
infusion to patients with liver cirrhosis [3], we just labeled 50% of the stem cells. Labeled 
cells were infused from one arm of patients and the non-labeled cells were infused from the 
opposite arm to reduce any possible adverse effects. Also the labeling dose was kept to the 
lowest possible, providing good-quality images [Fig. 1]. Such a concern also persists when 
using technetium derivatives, although with much less severity. In Detante et al experiment, 
99mTc labeling (even at low doses of 5 Bq/cell) induced a loss of stem cells’ ability to form 
colonies. However, they found no deleterious effect on cell proliferation with HMPAO alone 
and therefore they concluded that loss of stem cells’ proliferation seems to be due to the 
99mTechnetium. Although their results of flow cytometry with 7-AAD demonstrated a good 
cell viability over the 2 days of experiment, the authors emphasized that the alteration of the 
ability of radiolabeled stem cells to proliferate must be carefully considered, as it may alter 
their therapeutic benefit (Detante, Moisan et al. 2009). 
It also should be stated that although nuclear medicine techniques to track stem cells 
following injection or infusion to patients are highly helpful and lack some of the 
remarkable disadvantages inherent to other modalities (such as low sensitivity of MRI), they 
suffer from technique-specific shortcomings. These shortcomings seem to be more 
prominent when the technique is applied in clinical and in vivo settings. It is possible that 
stem cells labeled with radiotracers are phagocytosed by the reticuloendothelial cells. We  
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Fig 1. After I.V. infusion, the radioactivity was first observed to accumulate in the lungs, and 
gradually shifted to the liver and spleen. In this patient the initial hepatic accumulation of 
radioactivity was visualized at the second-hour images. Also, the early images (2h) 
demonstrated faint 111In activity in the spleen. During the following hours to days, the 
radioactivity became more prominent in the liver and spleen. 

cannot exclude the possibility that radionuclide signals are detected from the 
reticuloendothelial cells, which theoretically are able to phagocytize nonviable stem cells 
(for example, due to time-dependent cytotoxic effect of the 111In-oxine, after infusion, a 
limited portion of stem cells will lose viability (Gholamrezanezhad, Mirpour et al. 2009). In 
fact, no one can be sure that the observed radioactivity in vivo reveals the presence of viable 
stem cells in the organs having radioactivity. However, it should be emphasized that this 
limitation is not limited to scintigraphic tracking methods: MR tracking of stem or other 
cells has a critical flaw that the ferromagnetic particles do not represent viable cells in vivo. 
We simply do not know whether MR signals mean magnetic particles in the “live” cells or 
“already dead” cells or even particles in the engulfed/digested cells. While label 
detachment from the cell is a primary concern for direct labeling techniques, similar issues 
exist with reporter gene imaging, where the reporter gene product may still be present after 
the cell has died (Gilad, Winnard et al. 2007).  In other words, direct loading is problematic 
given the tradeoff between half-life and long-term exposure to inherently cytotoxic ionizing 
radiation and given the possibility of transfer of the radiolabel from stem cells to nonstem 
cells (Frangioni and Hajjar 2004).  
Technical consideration: Region of Interest (ROI) analysis is a simple tool to measure the 
percentage of cells homing to the target organ. Decay and background corrections and 
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geometric mean calculation are techniques to improve the reliability and accuracy of the 
data (Gholamrezanezhad, Mirpour et al. 2011). In animal studies, biodistribution analysis is 
possible, in which, organ, blood, and urine activities of labeled stem cells are expressed as 
count per minute (cpm), and then decay-correction to the time of injection, and 
normalization to the tissue weight (gram) and to the injected dose is done. Simply, these 
results can be expressed as percent of the injected dose per gram of sample weight (%ID/g) 
(Detante, Moisan et al. 2009). 
b. Enzymatic conversion/retention and Receptor-mediated targeting methods: 
As fully explained by Zhang et al, these methods have been applied with both scintigraphic 
[SPECT and PET studies] and MRI substrates  (Zhang and Wu 2007). Hence, the following 
features can be applied to both MRI and scintigraphic techniques: Receptor-mediated 
targeting needs stable expression of a receptor not found elsewhere throughout the body 
and intravenous injection of a labeling agent (Acton and Zhou 2005; Serganova and Blasberg 
2005; Shah 2005; Belmar, So et al. 2007; Zhang and Wu 2007; Roelants, Labar et al. 2008; 
Higuchi, Anton et al. 2009; Kraitchman and Bulte 2009; Nyolczas, Charwat et al. 2009; 
Pomper, Hammond et al. 2009). For example, inducible promoters can be employed to 
modulate the level of reporter and therapeutic gene expression. Sodium iodide symporter 
gene for reporter gene imaging by I-124-PET has been also suggested (Higuchi, Anton et al. 
2009). Tissue-specific promoters may also be employed as sensors of stem cell differentiation 
(Klug, Soonpaa et al. 1996; Zhang and Wu 2007). The noteworthy advantages of this 
technique are the ability to follow stem cells indefinitely after stable integration of the 
transgene, no marker dilution by cell division, and the ability to destroy stem cells by 
administration of a suicide drug specific for the enzyme. The disadvantages are the 
necessity to genetically manipulate stem cells ex vivo and intravenous administration of 
another dosage of labeling agent for each imaging session (Zhang and Wu 2007). Before 
reporter gene imaging can fully and safely be applied clinically, several problems must be 
solved, the main example of which are transfection stability, minimizing immunologic 
response and minimizing the potential interference of stem cell function and differentiation 
by vector transfection or transduction (Chung, Andersson et al. 2002; Li, Fehse et al. 2002; 
Jakobsson, Rosenqvist et al. 2004; Zhang and Wu 2007; Olmer, Haase et al. 2009; Tran, Lair 
et al. 2010).  
Receptor-mediated targeting, which is briefly described previously, requires stable 
expression of a receptor not found elsewhere throughout the body and intravenous injection 
of a labeling ligand of the receptor.  
- Positron Emission Tomography (PET) 
Due to its high spatial resolution and high sensitivity, PET can be considered a high-quality 
imaging tool for stem cell tracking (Kang, Kang et al. 2006). 18F-FDG has been considered a 
candidate radiotracer for labeling stem cells. As glucose uptake is a physiologic process, 
uptake by stem cells does not need any cellular modification and occurs in vitro in the same 
manner as in vivo without specific manipulation (Tamura, Unno et al. 2004). Few studies 
have indicated that stem cells labeled with 18F-FDG could be used to monitor cell homing 
into the target tissues and to track the biodistribution of the injected cells (Hertenstein, 
Wollert et al. 2004; Tamura, Unno et al. 2004; Wollert, Hofmann et al. 2004; Hofmann, 
Wollert et al. 2005).  
18F-FDG [2-deoxy-2-(18F)fluoro-D-glucose],  a glucose analog with the positron-emitting 
radioactive isotope fluorine-18 substituted for the normal hydroxyl group at the 2' position 
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in the glucose molecule, is the most widely used label for the purpose of stem cell tracking. 
The radioactivity elimination half-life of 110 minutes.  
Overall, PET has the advantage of the higher sensitivity than SPECT, which allows more 
accurate quantification of cell number (Frangioni and Hajjar 2004). Although both strategies 
mentioned above for SPECT stem cell tracking can be used for stem cell tracking with PET, 
the most advanced by far has been stated to be the stable integration of a mutant herpes 
simplex type 1 thymidine kinase (TK) into stem cells and periodic intravenous injection of 
the TK substrate 18FHBG (Wu, Chen et al. 2003; Frangioni and Hajjar 2004). The main 
advantage of the technique is its ability to track and quantify stem cells over the course of 
months; however disadvantages such as necessity of genetic manipulation of stem cells, an 
infrastructure for 18F chemistry, a PET scanner, and concerns about toxic effects of radiation 
exposure to the stem cells and subject (albeit it intermittent) should be kept in mind 
(Frangioni and Hajjar 2004).  
Also other shortcomings inherent to both SPECT and PET-based tracking of stem cells, 
which are comprehensively discussed by Frangioni and Hajjar, are: nonspecific uptake of 
the radiotracer by normal tissue, relatively low efficiency of collimated SPECT cameras, and 
photon attenuation by tissue (Frangioni and Hajjar 2004). Although tissue photon 
attenuation correction is currently employed very easily and brings the advantage of 
coregistering anatomic (CT) and physiologic (SPECT or PET) data, it can theoretically 
reduce sensitivity, and prevents accurate quantification of stem cell number (Chin, 
Nakamoto et al. 2003; Frangioni and Hajjar 2004) and also increases the radiation burden to 
the subject and also the cost.  

8. MRI 
MRI and magnetic resonance spectroscopy are common imaging modalities for in vivo stem 
cell tracking in both preclinical and clinical settings (Hoehn, Kustermann et al. 2002; Modo, 
Cash et al. 2002; van den Bos, Wagner et al. 2003; Kustermann, Roell et al. 2005; Crowder, 
Brant et al. 2006; Jansen, Shamblott et al. 2006; Au, Lam et al. 2007; Hsiao, Tai et al. 2007; 
Magnitsky, Walton et al. 2007; Partlow, Chen et al. 2007; Politi, Bacigaluppi et al. 2007; 
Suzuki, Cunningham et al. 2007; Dash, Chan et al. 2008; Himmelreich and Hoehn 2008; Kim 
and Song 2008; Terrovitis, Stuber et al. 2008; Wang, Wang et al. 2008; Wu, Hu et al. 2008; 
Kedzioreik, Ouwerkerk et al. 2009; Kim, Huh et al. 2009; Lythgoe 2009; Reekmans, 
Tambuyzer et al. 2009; Solanky, Chung et al. 2010; Tseng, Shih et al. 2010; Chien, Hsiao et al. 
2011). Extraordinary three dimensional and anatomic resolution and high safety profile are 
the main advantages. To be tracked in human body and the target organ, stem cells should 
be enriched with a contrast agent producing a sufficient positive or negative signal to 
distinguish them from the non-stem cell background (Zhang and Wu 2007). The three major 
techniques to label stem cells for the purpose of MRI tracking are: (1) non-specific direct cell 
labeling, (2) indirect specific (i.e., receptor-mediated) cell labeling, which is accomplished by 
complexing an MR-visible contrast with a ligand that binds to a stem cell-specific receptor; 
and (3) reporter gene probe labeling, which is transfection with a reporter gene that 
expresses either an enzyme or receptor that can be detected using MRI (Gilad, Winnard et 
al. 2007; Kraitchman and Bulte 2008). For MRI cell labeling, direct and receptor-based 
labeling have been most extensively used. MRI imaging techniques are also can be divided 
into two groups: those generating primarily T1 contrast and T2/T2* contrast (Frangioni and 
Hajjar 2004).  
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geometric mean calculation are techniques to improve the reliability and accuracy of the 
data (Gholamrezanezhad, Mirpour et al. 2011). In animal studies, biodistribution analysis is 
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count per minute (cpm), and then decay-correction to the time of injection, and 
normalization to the tissue weight (gram) and to the injected dose is done. Simply, these 
results can be expressed as percent of the injected dose per gram of sample weight (%ID/g) 
(Detante, Moisan et al. 2009). 
b. Enzymatic conversion/retention and Receptor-mediated targeting methods: 
As fully explained by Zhang et al, these methods have been applied with both scintigraphic 
[SPECT and PET studies] and MRI substrates  (Zhang and Wu 2007). Hence, the following 
features can be applied to both MRI and scintigraphic techniques: Receptor-mediated 
targeting needs stable expression of a receptor not found elsewhere throughout the body 
and intravenous injection of a labeling agent (Acton and Zhou 2005; Serganova and Blasberg 
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2009). Tissue-specific promoters may also be employed as sensors of stem cell differentiation 
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technique are the ability to follow stem cells indefinitely after stable integration of the 
transgene, no marker dilution by cell division, and the ability to destroy stem cells by 
administration of a suicide drug specific for the enzyme. The disadvantages are the 
necessity to genetically manipulate stem cells ex vivo and intravenous administration of 
another dosage of labeling agent for each imaging session (Zhang and Wu 2007). Before 
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Receptor-mediated targeting, which is briefly described previously, requires stable 
expression of a receptor not found elsewhere throughout the body and intravenous injection 
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- Positron Emission Tomography (PET) 
Due to its high spatial resolution and high sensitivity, PET can be considered a high-quality 
imaging tool for stem cell tracking (Kang, Kang et al. 2006). 18F-FDG has been considered a 
candidate radiotracer for labeling stem cells. As glucose uptake is a physiologic process, 
uptake by stem cells does not need any cellular modification and occurs in vitro in the same 
manner as in vivo without specific manipulation (Tamura, Unno et al. 2004). Few studies 
have indicated that stem cells labeled with 18F-FDG could be used to monitor cell homing 
into the target tissues and to track the biodistribution of the injected cells (Hertenstein, 
Wollert et al. 2004; Tamura, Unno et al. 2004; Wollert, Hofmann et al. 2004; Hofmann, 
Wollert et al. 2005).  
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in the glucose molecule, is the most widely used label for the purpose of stem cell tracking. 
The radioactivity elimination half-life of 110 minutes.  
Overall, PET has the advantage of the higher sensitivity than SPECT, which allows more 
accurate quantification of cell number (Frangioni and Hajjar 2004). Although both strategies 
mentioned above for SPECT stem cell tracking can be used for stem cell tracking with PET, 
the most advanced by far has been stated to be the stable integration of a mutant herpes 
simplex type 1 thymidine kinase (TK) into stem cells and periodic intravenous injection of 
the TK substrate 18FHBG (Wu, Chen et al. 2003; Frangioni and Hajjar 2004). The main 
advantage of the technique is its ability to track and quantify stem cells over the course of 
months; however disadvantages such as necessity of genetic manipulation of stem cells, an 
infrastructure for 18F chemistry, a PET scanner, and concerns about toxic effects of radiation 
exposure to the stem cells and subject (albeit it intermittent) should be kept in mind 
(Frangioni and Hajjar 2004).  
Also other shortcomings inherent to both SPECT and PET-based tracking of stem cells, 
which are comprehensively discussed by Frangioni and Hajjar, are: nonspecific uptake of 
the radiotracer by normal tissue, relatively low efficiency of collimated SPECT cameras, and 
photon attenuation by tissue (Frangioni and Hajjar 2004). Although tissue photon 
attenuation correction is currently employed very easily and brings the advantage of 
coregistering anatomic (CT) and physiologic (SPECT or PET) data, it can theoretically 
reduce sensitivity, and prevents accurate quantification of stem cell number (Chin, 
Nakamoto et al. 2003; Frangioni and Hajjar 2004) and also increases the radiation burden to 
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T1-weighted contrast agents are those that utilize the lanthanide gadolinium (Gd3+), loaded 
via pino/endocytosis into stem cells. The main problem is that Gd3+-based contrast requires 
50- to 500-µmol/L concentrations of low-molecular-weight Gd3+-containing molecules or 
attachment to bulky scaffolds (e.g. dendrimers and dextrans) to augment the T1 effect 
(Frangioni and Hajjar 2004). This methods permit stem cell tracking for up to 6 weeks (Bulte, 
Douglas et al. 2001; Bulte, Douglas et al. 2002; Modo, Cash et al. 2002; Frangioni and Hajjar 
2004). 
T2/T2* contrast is by far the most commonly applied technique of stem cell imaging using 
MRI. Since early 1990s, different superparamagnetic iron oxide nanoparticles and more 
recent formulations to improve cell loading (Tat peptides) have been used (Lewin, Carlesso 
et al. 2000; Daldrup-Link, Rudelius et al. 2003; Frank, Miller et al. 2003; Frangioni and Hajjar 
2004). Most of them are biocompatible, safe, and nontoxic, and some already have been 
approved by the FDA (Frangioni and Hajjar 2004). Because of the magnification effect at 
high field strengths, superparamagnetic nanoparticles can be used to track extremely small 
numbers of cells for up to several weeks.  
Previous studies have confirmed that stem cell traffic throughout the body can be 
noninvasively monitored in MRI by labeling cells with micrometer-sized iron oxide particles  
or superparamagnetic iron oxides (Mancardi, Saccardi et al. 2001; Saiz, Carreras et al. 2001; 
Daldrup-Link, Rudelius et al. 2003; Saiz, Blanco et al. 2004; Magnitsky, Watson et al. 2005; 
Cheung, Chow et al. 2006; Brekke, Williams et al. 2007; Roberts, Price et al. 2007; Suzuki, 
Yeung et al. 2007; Arbab and Frank 2008; Kraitchman and Bulte 2008; Kraitchman, Gilson et 
al. 2008; Kustermann, Himmelreich et al. 2008; Mani, Adler et al. 2008; Wang, Wang et al. 
2008; Chapon, Jackson et al. 2009; Sung, Hong et al. 2009; Yamada, Gurney et al. 2009; Yang, 
Liu et al. 2009; Drey, Ewert et al. 2010; Nohroudi, Arnhold et al. 2010; Flexman, Cross et al. 
2011; Jang, Ye et al. 2011; Liu, Wang et al. 2011). Yang et al have successfully tracked stem 
cells following administration to animals with myocardial infarction (MI) and showed that 
signal attenuation is observed at MI sites for the group of cases with MI (suggesting labeled 
cells accumulation), while no remarkable signal attenuation is observed for the sham group 
(Yang, Schumacher et al. 2011). Based on such observations, it seems that the 
ferromagnetically labeled stem cells could provide a tool to determine whether the stem 
cells reach the target organ and, if so, how long they remain there. Furthermore, tracking of 
labeled stem cells with MRI can be used to ensure appropriate cell delivery and homing and 
provide insight into the preferred sites of engraftment. From this information, application of 
individualized stem cell therapy will be possible, as the most appropriate dosage and timing 
of stem cell infusion can be determined to optimize the cell-based treatment based on the 
clinical characteristics of each individual patient (Kraitchman and Bulte 2008).  
Drawbacks of MRI 
An important limitation of MRI is that it may not distinguish iron-labeled cells from free 
iron particles. Transfer of iron oxide particles from originally labeled cells to macrophages 
can lead to false interpretation of MRI data, which imposes additional disadvantage for in 
vivo tracking of stem cells using MRI (Jang, Ye et al. 2011). Also, some authors claim that 
MRI tracking of stem cells suffers from low sensitivity (Boersma, Tromp et al. 2005; 
Kraitchman, Tatsumi et al. 2005). In fact, initial cell-labeling techniques were hampered by 
limited concentration of internalized contrast agent, which lead to the limited sensitivity of 
MRI to detect the labeled cells (Kraitchman, Tatsumi et al. 2005). To compensate for this 
limited sensitivity, experimental cell-tracking studies were performed using MR imagers 
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with very high magnetic field strengths of up to 14 Tesla (Weissleder, Cheng et al. 1997), 
which are not routinely available for clinical purposes. Schoepf et al. asserted that with 
clinical 1.5 Tesla MR and clinically applicable contrast agents, it is not feasible to trace the in 
vivo biodistribution of intravenously infused cells to more than one final target organ, or to 
depict the migration of the transplanted cells to several subsequent target organs over time 
(Schoepf, Marecos et al. 1998). Other disadvantages of MRI tracking of stem cells is the 
limited number of probes available (Boersma, Tromp et al. 2005) and concerns about toxic 
effects of MRI contrast agents on stem cells (Crabbe, Vandeputte et al. 2010; Nohroudi, 
Arnhold et al. 2010). It has been demonstrated that cell viability and migratory potential of 
stem cells are negatively correlated with incorporated magnetic particles, presumably due to 
interference with the actin cytoskeleton of the cells (Nohroudi, Arnhold et al. 2010). A 
significant limitation of MRI is that presence of some implantable devices, such as 
pacemakers and defibrillators, should be considered as contraindications to scanning. 
Although some authors suggest that patients with pacemakers can be scanned safely at 1.5 T 
(Martin, Coman et al. 2004), the role of MRI in clinical settings of stem cell tracking remains 
questionable, as patients with cardiac devices are undoubtedly major candidates of stem cell 
therapies, and cardiac MRI is not readily available at all institutions (Frangioni and Hajjar 
2004).  
B. In vivo experiences 
Regarding the difficulties and serious complications inherent to invasive techniques of 
administration or delivery of stem cells to the patients’ target organs, such as hemorrhage 
or contrast nephropathy following angiography, stem cell delivery and administration via 
intravenous infusion has been suggested (Detante, Moisan et al. 2009). However, there is a 
remarkable concern that following peripheral vein infusion of stem cells, many of cells 
may entrap in tissues other than the target organ, with no clinical benefit for the patient. 
Thus, there is a need to track stem cells after peripheral vein infusion, and to provide 
information about the bio-distribution of the cells delivered by such a route, in order to 
confirm adequate homing of the injected cells to the target organ (Gholamrezanezhad, 
Mirpour et al. 2011). Also these data are necessary to assess the risks of a systemic cell 
therapy (Detante, Moisan et al. 2009). Both animal (Gao, Dennis et al. 2001; Kraitchman, 
Tatsumi et al. 2005; Detante, Moisan et al. 2009) and human (Gholamrezanezhad, Mirpour 
et al. 2011) experiences have shown that after intravenous infusion, the labeled stem cells 
first accumulate in the lungs. Delivery by left ventricular cavity infusion results in 
drastically lower lung uptake and better uptake in the target tissue (Barbash, Chouraqui 
et al. 2003). During the following hours to days, the radioactivity gradually moves toward 
and increases in the liver and spleen. In fact, over the next 48 hours, significant 
proportions of cells escape from the lungs’ capillaries and migrate to systemic circulation. 
Such an increase in spleen and liver is in contrast with the overall activity reduction 
which is observed in all other organs and suggests that stem cells could be sequestered 
in the spleen and liver (Detante, Moisan et al. 2009; Gholamrezanezhad, Mirpour et al. 
2011).  
Future outlook and conclusion 
Although remarkable advances have been made in the development of clinically applicable 
stem cell tracking techniques, given the inherent limitations of currently available 
modalities, future investigation should focus on improving sensitivity and spatial 
resolution, while decreasing patient exclusion and study complexity and cost. 
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At this time, no imaging modality seems to be perfect in all aspects and each modality 
presents its own set of advantages and disadvantages. X-ray techniques (plain radiography 
and CT) suffer from inadequate contrast sensitivity for stem cell tracking in the clinical 
setting (Frangioni and Hajjar 2004). Ultrasound/echocardiography shortcomings are mainly 
due to their limited anatomic accessibility, resolution, and quantification, although they 
have the potential for single-cell detection (Frangioni and Hajjar 2004). MRI, although has 
the advantages of a safe profile and 3-dimensional capacity, has the lowest sensitivity (10–3 
to 10–5 mol/L), has  limited availability at some institutions and is contraindicated in 
patients with implantable devices (Wu 2007). Scintigraphic techniques have a fair sensitivity 
(10–8 to 10–9 mol/L), but are not suitable for long-term cell tracking in the case of labeling 
with short half life tracers (limited by the radioisotope decay) and concerns about cytotoxic 
effects limits the application of those radiopharmaceuticals with longer half life. Moreover, 
long-term tracking using scintigraphic techniques requires genetic manipulation of the stem 
cell, stable expression of a transgene, and multiple exposures to potentially hazardous 
ionizing radiation (Frangioni and Hajjar 2004). Solid-state nanotechnology modalities and 
reporter gene labeling, although far-flung at present, seem to be promising, as they could 
potentially provide noninvasive, real-time monitoring of anatomic location of single stem 
cells. However, concerns such as possible dispersals of QDs in the cytosol need to be 
resolved. Near-infrared fluorescence (10–9 to 10–12 mol/L) and bioluminescence (10–15 to 10–17 
mol/L) imaging techniques are the most sensitive among the available modalities, but both 
are constrained to a relatively shallow tissue depth, which limits their efficacy in clinical 
settings. In fact, they are most suitable for small animal studies and near-surface or 
histological applications (Frangioni and Hajjar 2004). Reporter gene imaging, though able to 
evaluate cell fate by assessing the viability and proliferation of the cells more accurately, will 
need to concerns about its safety (because of the genetic modification) should be resolved 
(Zhang and Wu 2007).  
Therefore, one should ask what biologic questions need to be addressed before selecting an 
appropriate imaging technique  (Zhang and Wu 2007). As it is well summarized by Zhang, 
if the exact location of cell homing must be identified, then MRI is the preferred method. If 
only the short-term biodistribution of transplanted cells is to be determined, then 
scintigraphic modalities are suitable. If knowledge of the long-term fate of transplanted 
stem cells is sought, then reporter gene imaging is best available technique (Zhang and Wu 
2007). As an alternative solution, multimodality imaging approaches with a tailored 
combination of two or more imaging techniques have been suggested, which may minimize 
the potential drawbacks of using each imaging modality alone and may provide the most 
ideal information profile for clinical applications (Zhang and Wu 2007; Higuchi, Anton et al. 
2009).  
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1. Introduction 
Patients with acute leukemia (AL) and hematologic stem cell transplant (HCT) recipients are 
at increased risk for the development of invasive fungal infections (IFI) due to prolonged 
neutropenia and severe immunosupression. The incidence of IFI in these patients has 
increased in recent years [1], which likely reflects changes in clinical practice including 
escalation of treatment intensity; more frequent use of unrelated, mismatched or alternative 
donors as stem cell source; rising number of multiple transplantations; and more frequent 
use of T-cell depleted grafts [2-3]. IFI are associated with high morbidity and mortality in 
the patients with AL and represent a leading cause of infectious mortality in allogeneic HCT 
(allo-HCT) recipients. Therefore, effective preventive strategies, accurate diagnostic 
techniques and optimal treatment approaches are required for an optimal management of 
high risk patients with AL and HCT recipients.  

2. Clinical syndromes 
Clinical symptoms of IFI are often non-specific, therefore a high index of suspicion in high 
risk patients is necessary for timely diagnosis and prompt treatment. Diagnosis of the IFI 
could be challenging, particularly in severely immunocompromised patients as a result of 
blunted inflammatory response due to profound neutropenia and altered T-cell function; 
hence, in such patients clinical and radiologic findings may be very subtle. In the case of 
clinical suspicion of IFI aggressive pursuit of a specific microbiologic diagnosis with early 
recognition and prompt initiation of antifungal therapy are the key components of 
optimizing treatment outcomes. The most common clinical signs are the symptoms of local 
or generalized inflammatory response, primarily persistent fever despite the use of broad 
spectrum antibiotics. Other symptoms significantly depend upon the involved anatomic site 
and causative pathogen.  For example, for mold pathogens, lungs and less commonly 
sinuses are involved; accordingly, the most common symptomatology include dyspnea, 
cough, atypical chest pain, hemoptysis, rash, facial pain, nasal congestion and visual 
symptoms such as periorbital pain, blurred vision and proptosis.  
Among numerous potential pathogens Candida and Aspergillus spp. are the major causative 
fungi leading to life-threatening infectious complications in AL and HCT recipients [4].  
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clinical suspicion of IFI aggressive pursuit of a specific microbiologic diagnosis with early 
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or generalized inflammatory response, primarily persistent fever despite the use of broad 
spectrum antibiotics. Other symptoms significantly depend upon the involved anatomic site 
and causative pathogen.  For example, for mold pathogens, lungs and less commonly 
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Invasive Candidasis 

Candida fungemia and invasive Candidasis (IC) often occur during breakdown of mucosal 
barriers because Candida spp. are ubiquitous colonizers of mucosal surfaces [5-6]. Skin was 
previously considered as major source for dissemination of Candida spp., however as it was 
recently demonstrated endogenous Candida spp. could frequently disseminate from a 
patient’s gastrointestinal tract [6]. IC occurs more frequently in patients with GVHD and is 
often associated with the presence of indwelling venous catheters, particularly if they are 
used for the administration of parental nutritional supplementation.  
The most common manifestation of IC is persistent and unexplained fever. In contrast to 
other fungal pathogens, Candida spp. are often identified in the blood by fungal blood 
cultures, but 50% of patients with autopsy-proven IC had no positive blood cultures isolated 
prior to death [7]. Hematogenous dissemination may lead to endophthalmitis, which is 
often associated with visual changes and pain [8]. The lesions of endophthalmitis are due to 
the inflammatory response to the Candida organisms, and thus cannot be seen in 
neutropenia; it most commonly occurs after neutrophil engraftment and frequently is 
associated with only subtle retinal lesions, which can be detected by indirect 
ophthalmoscopy. During hematogenous dissemination Candida spp. can invade the skin,  
joint, muscles and renal tubules, which clinically present as maculopapular skin lesions with 
a tendency to ulcerate, polyarthralgias, polymyalgias and azotemia [9].  Right upper 
abdominal discomfort, elevated transaminases, particularly alkaline phosphatase in the 
persistently febrile patents shortly after neutrophil recovery may indicate the presence of 
hepatosplenic candidiasis [10].  Disseminated Candida can cause central nervous system 
(CNS) syndromes, including meningitis and encephalitis. In HCT recipients who developed 
brain abscesses, Candida spp. accounted for 33% of all cases [11]. Very rarely Candida spp. can 
cause fungal endocarditis, which is the most serious manifestation of IC with symptoms 
similar to those of bacterial endocarditis. 

Mold infections  

Despite being ubiquitous, molds are unable to effectively invade tissues in 
immunocompetent individuals; thus, invasive mold infections (IMI) such as Aspergillosis, 
Zygomycosis, and Fusariosis almost exclusively develop in high-risk patients with 
prolonged neutropenia or in severely immunosuppressed patients [12-13].  Nosocomial IMI 
among patients with AL or HCT recipients  primarily develop as a result of spore 
transmission via inhalation or direct contact [14]. Opportunistic molds, particularly 
Aspergillus and Fusarium spp. can possibly disseminate by a contaminated water, therefore, 
water might be a potential source of IMI in the treatment facilities [15].  Aspergillus spp. 
account for the majority of mold fungal infections, primarily mold pneumonias. Zygomycetes 
are indentified in 10% to 20% of mold pneumonias, Scedosporium spp., Fusarium spp., and 
other molds are responsible for a very small percent of cases [16].   
In the case of invasive Aspergillosis (IA), when infection spreads beyond the respiratory 
tract, patients often develop signs of systemic inflammation and multiorgan failure. In such 
cases, hematogenous dissemination can lead to involvement of the eye, sinuses and 
abdominal organs; however Aspergillus spp. may involve virtually any organ including CNS.  
When involvement of the sinuses occurs, IA often clinically resembles Zygomycosis 
(mucormycosis) of the sinuses. Profoundly immunocompromized patients can occasionally 
develop gastrointestinal IA from swallowed organisms that subsequently invade the gut 
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mucosa, which can present with gastrointestinal bleeding or nonspecific signs of an acute 
abdomen and fever and might be confused with GVHD in allo-HCT recipients or 
neutropenic eneterocolitis in severely neutropenic patients [17-18].   A very serious 
complications occur when fungal invasion directly spreads to central nervous system 
involving various anatomic structures of the brain [19] or to ethmoid sinus with a farther 
advance to cavernous sinus [20]. Hematogenous dissemination to the brain can present as a 
clinical presentation of a cerebral infarction.  In HCT recipients with brain abscesses  
Aspergillus spp. were causative pathogens in 58% of cases and in the majority of cases brain 
abscess in these patients were associated with concomitant pulmonary disease [11]. 
Endocarditits is another serious complication of IA and primarily happens in patients with 
prosthetic heart valves or prolonged fungemia due to fungal colonolization of the central 
venous catheters [21]. Symptoms are similar to those of bacterial endocarditis: persistent 
fever and thromboembolic complication due to septic emboli. Blood cultures are usually 
negative, in contrast to classical bacterial endocarditis and diagnosis is usually made by 
demonstration of hyphae in the embolus with a subsequent culture of the organism. 
Prognosis of these patients is very poor despite an intensive medical and surgical treatment 
with a mortality approaching 100% [22]. Endophthalmitis and cutaneous septic lesions by 
Aspergillus spp. are similar in appearance to those caused by disseminated Candidasis.   
Zygomycetes typically enter through the sinuses, lung parenchyma, skin, and gastrointestinal 
tract with a tendency to disseminate in immunocompromised individuals and clinically 
resemble IA.  A distinctive feature of Zygomycetes is their propensity to invade blood vessels 
and cause thrombosis leading to subsequent necrosis of involved tissues.  
Paronychia is often caused by bacteria or yeasts; however, in severely immunocompromised 
recipients it can be caused by Fusarium spp. or other molds and lead to life-threatening IFI 
[16].   

2. Epidemiology 
Knowledge of the epidemiology of IFI is crucial for development of optimal prophylactic 
approaches and effective therapeutic strategies for patients with AL and HCT recipients. 
The epidemiology of IFI has changed significantly over the last two decades. Candida spp. 
were by far the most common causative fungi more than twenty years ago, however the 
incidence of IMI, particularly IA is increasing.  The apparent change may, in part, be due to 
control of Candida by fluconazole prophylaxis in high risk patients. 
After its peak in 1980’s when Candida spp. became the fourth-commonest cause of 
bloodstream infection in the USA [23], the epidemiology of IC dramatically changed. Before 
the widespread use of antifungal prophylaxis the incidence of IC in HCT recipients was as 
high as 25%, but after the introduction of fluconazole prophylaxis in high risk patients the 
incidence of IC has been steadily decreasing  [24]. This phenomenon is mostly caused by a 
reduction in incidence of C. albicans [25], whereas the incidence of azole resistant Candida 
spp. such as C. glabrata [26] and C. krusei [27] has risen. Analysis of multi-institutional 
surveys from Europe showed that between September 1997 and December 1999 in patients 
with hematological malignancies C. albicans was responsible for only 35% of cases of 
candidemia. The majority of cases were caused by non-albicans Candida spp, predominantly 
C. tropicalis and C. krusei in 24% and 12% of cases respectively [28].  Another retrospective 
study from a single center in Brazil showed that during a 9-year period (from 1995 to 2003) 
non-albicans Candida spp. were responsible for as high as 79% of all candidemia episodes in 
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patients with hematological malignancies [29]. Therefore, despite the fact that azole 
prophylaxis led to a significant reduction in the incidence of IC in high-risk patients, azole-
resistant species such as C. krusei or C. glabrata could be responsible for breakthrough 
infections [30-31]. 
The epidemiology of Aspergillus spp. in the US is also evolving. Similar to the changing 
incidence of Candida infections, it is likely that the prophylactic use of agents with anti-mold 
activity is responsible for a change in epidemiology of IA. Over the last 15 years the 
incidence of IA has tripled in allo-HCT recipients in one large transplant center [32]. If 
earlier epidemiologic data showed that around 90% of all IA cases were caused by A. 
fumigatus [32], the recent multicenter report demonstrated that in HCT recipients the 
proportion of IA caused by A. fumigatus has decreased to 56% with a relative increase in the  
incidence of other Aspergillus spp. including A. flavus, A. terreus, A. niger and A. versicolor 
[33].  
In recent years previously rare molds have been emerging as important pathogens in high 
risk patients. There is a rising incidence of  IFI caused by  Fusarium spp., Rhizopus spp., 
Scedosporium spp., although the absolute numbers of these infections are still relatively low 
[32].  In allo-HCT recipients the incidence of both Fusarium spp. and Rhizopus spp. infections 
doubled in the period 1985–1999 and was accounting for 18 % of all IMI [32]. It was noted 
that in some centers an increase in incidence of Zygomycosis infections occurred after the 
introduction of voriconazole for prophylaxis and treatment of IFI [34]. Although, data from 
25 US transplant centers over a 3-year period showed very low incidence of Zygomycetes 
(less than five cases per 1,000 transplants) with no increased incidence after introduction of 
voriconazole [35]. 

3. Risk factors 
Risk factors for IFIs in patients with leukemia and HCT recipients depend on both causative 
pathogens and host factors. Since the most common fungal pathogens are opportunitistic, 
they capable of causing life-threatening infections almost exclusively in immunosuppressed 
host and the IFI risk directly depends on the duration of neutropenia and severity of 
immunosuppression.  Patients with AL are considered high risk for IFI if prolonged (>7 
days duration) neutropenia (absolute neutrophil count <100 cells/mm3) following cytotoxic 
chemotherapy is anticipated and/or significant medical co-morbid conditions such as 
hypotension, pneumonia, new-onset abdominal pain, or neurologic changes are present. 
The same criteria apply for HCT recipients alongside with additional risk factors, mainly 
graft versus host disease (GVHD) and prolonged immunosuppressive therapy. In ASCT 
recipients significant alterations of humoral and cellular immunity typically resolve within 3 
months, therefore, for such patients the risk for IFI beyond that time is minimal. Immune 
reconstitution happens slower after allo-HCT and usually approaches normality by 1 year if 
GVHD does not develop. The occurrence of chronic GVHD significantly impairs immune 
reconstitution by requiring prolonged and often intensive immunosuppressive therapy. 
These patients remain at a high risk for IFI if chronic GVHD persists and requires 
continuing immunosuppressive therapy.   
Neutropenic patients with AL and HCT recipients are at a risk for IC, particularly in the 
absence of antifungal prophylaxis. The risk of IC in both AL patients and HCT recipients 
also depends on the duration of neutropenia, severity of  mucosal injury, and the presence 
of a central venous catheter [36]. Patients with neutropenia are also at risk for IMI, 

Invasive Fungal Infections in Patients with 
Acute Leukemia and Hematopoietic Stem Cell Transplant Recipients 

 

661 

particularly IA. The underlying disease itself and treatment intensity directly influence the 
risk of AI; patients with AML have the highest risk for IA with an incidence of 
approximately 20 times greater than that among patients with lymphoma and multiple 
myeloma [37]. The precise risk for IA in AML patients varies in different published series, 
however in most studies it ranges between 5 and 10%,  depending on the disease status, 
duration of neutropenia, and the types of anti-neoplastic agents used for a leukemia 
treatment [37-42], where patients undergoing chemotherapy for relapsed or refractory 
leukemia are at greatest risk, whereas patients undergoing an induction chemotherapy for a 
newly diagnosed leukemia are at a lower risk and those, who are receiving consolidation 
therapy are at  lowest risk. In HCT recipients the risk for IA significantly depends on the 
type of transplant (ASCT versus allo-HCT); conditioning regimen (myeloablative, non-
myeloablative, reduced intensity); stem cell graft source (related, unrelated, haploidentical, 
umbilical cord, HLA matched or mismatched, T-cell depleted); post-transplant interventions 
(salvage chemotherapy, prolonged treatment with glucocorticoids and anti-rejection 
medications); and the development of post-transplant complications, particularly GVHD 
[43-45].  Overall risk for IA is low in ASCT represents (1–2%) because there is only a brief 
period of immunosupression and neutropenia in these patients [46].  In allo-HCT recipients, 
the risk for IA is substantially higher with a trimodal incidence distribution [32, 47-48]. The 
first peak occurs during the pre-engraftment period where the main risk factor is prolonged 
neutropenia which is similar to neutropenic patients with leukemia who did not receive 
transplantation. The second peak occurs between 2 to 3 months after the allo-HCT in 
patients with acute GVHD being treated with corticosteroids. The third peak occurs after 
one year post-transplant in patients who continue to require systemic immunosupression 
for extensive chronic GVHD. Late onset (41–180 days) occurrences of IA were more common 
in recipient of mismatched or unrelated donor HCT; in patients who received T-cell 
depleted or CD34-selected stem cell products; in patients receiving corticosteroids; in 
patients with neutropenia, lymphopenia, GVHD, CMV disease; and in patients with 
respiratory virus infections. Other factors such as iron overload and a toll-like receptor 4 
polymorphism are recognized as independent risk factors for IA in HCT recipients [49-50].  
Among less frequent IMI, Zygomycosis tends to develop relatively late, usually after 90 
days post HSCT and is more commonly seen in patients with underlying MDS, chronic 
GVHD and patients receiving treatment of GVHD [32]. Alternatively, severe, but rare 
infections with Scedosporium spp, occurring early, usually in neutropenic AL patients and 
during the pre-engraftment period in HCT recipients [51]. 

4. Diagnostic approaches 
To improve outcomes of high risk patients with AL and HCT transplant recipients it is 
critical to establish the diagnosis of IFI early, but currently there is no single diagnostic 
method that has a sufficient sensitivity and specificity to determine IFI. Therefore, timely 
diagnosis of IFI should be made on the basis of a constellation of clinical signs, confirmatory 
imaging studies and laboratory findings.   

Imaging studies.  

Even minor abnormalities on chest radiographs (CXR) in high risk patients should prompt 
further investigation, which often includes computed tomography (CT) of the chest. When 
suspicion of invasive pulmonary Aspergillosis is high, it is very important to pursue CT 
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scanning of the chest, because CXR may be negative in up to 10% cases of invasive 
pulmonary Aspergillosis, whereas only 3% CT scans are falsely negative [52]. If possible, 
images need to be compared with prior ones to exclude over interpreting persistent 
abnormalities, which are not related to acute infection, such as scarring or other tissue 
changes caused by previous radiation or administration of chemotherapy. The pulmonary 
infiltrates due to IMI are generally nodular.   CT imaging findings that are more specific 
radiologic signs of IA are early on a “halo sign” when the central nodular area of fungal 
invasion is surrounded by a ground-glass appearing hemorrhage and a "crescent sign" may 
occur later as a result of necrosis and cavitation of lung tissue. In a large multicenter study, 
most patients with documented IA had one or more dense nodules and nearly two thirds 
had a halo sign [53]. The chest CT defines the extent of the disease process with a greater 
accuracy than CXR and can also be used repeatedly to monitor the response to therapy. 
Better visualization of lung tissue on CT scan also helps to define optimal sampling sites and 
to select the most appropriate invasive diagnostic procedure, such as with bronchoalveolar 
lavage with or without transbronchial biopsy, image guided needle biopsy, video-assisted 
thoracoscopic or open lung biopsy.  Importantly, during therapy lung infiltrates and clinical 
symptoms may appear or get worse with immune reconstitution and resolution of severe 
neutropenia when an inflammatory response develops at the site of tissue damage by an 
invasive fungal pathogen. It was demonstrated that initiation of therapy directed against 
Aspergillus when a halo sign has been identified resulted in significantly improved survival 
[54-55]. 

Laboratory approaches.  

Candida spp. are often detected in peripheral blood of patients with IC, however, blood 
cultures have a low sensitivity for the diagnosis, being negative in up to 50% of cases with 
autopsy-proven disseminated Candidiasis [56]. Blood cultures can also be positive for a 
variety of other fungal pathogens, but  blood cultures are practically never positive in the 
case of disseminated Aspergillosis or Zygomycosis [7]. 
Aspergillus was isolated from sputum in only 8% to 34%, and from BAL in 45% to 62% of 
patients with invasive Aspergillosis [57].  In case of pulmonary Zygomycosis, it is poorly 
isolated from sputum, with positive cultures <25% and the yield of BAL is not higher [58]. 
Fungal element identification in tissue of the presumed site of infection can be considered as 
a “gold standard” however, possibility of colonization of the respiratory secretions by 
environmental fungi may lead to over diagnosis. Tissue biopsies in the case of visceral 
fungal infections are frequently difficult to obtain due to critical condition of the patient and 
concomitant severe thrombocytopenia. If there is cutaneous involvement, punch biopsy of 
skin lesions are often required to establish the diagnosis. For a suspected fungal infection 
special stains for fungal organisms, such as the Gomori methenamine silver stain, are 
necessary because routine histologic stains may often not be sufficient to visualize the tissue 
invasion by fungi.  
Detection of yeasts or fungal elements (hyphae) in the tissue by microscopic examination 
should be followed by a subsequent culture to identify a specific organism, since 
morphology is not sufficiently specific. Aspergillus is characterized by narrow, septated 
hyphae with acute angle branching and, in comparison with other fungi, it grows relatively 
rapidly with a visible growth within 3 days if inoculum size is adequate. The hyphae of 
Fusarium in tissue resemble those of Aspergillus.  Zygomycetes characteristically are 
pauciseptate, wider, ribbon like in contrast to Aspergillus in tissue.  Positive cultures of tissue 
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of most molds, but especially Zygomycosis is challenging given the difficulty of extracting 
fungal elements from infected tissues [59] 
Because of numerous limitations related to culture techniques, adjunctive non-cultural 
methods such as galactomannan (GM) antigen, b-(1-3)-D glucan (BG) and PCR-based 
methods are now being implemented for a timely diagnosis of IFI, primarily IA, particularly 
when tissue sample is not obtained [60-63]. If PCR-based techniques are still considered 
investigational [63], the clinical value of serum GM and BG assays was confirmed in 
prospective trials. Both tests now are accepted as supplementary diagnostic tests for an early 
detection of common IFI in high risk patients. A positive GM test preceded the development 
of clinical symptoms of IFI in the majority of patients in studies [60]. The BG has high 
sensitivity and specificity with a capability to detect many clinically relevant fungal 
pathogens including Candida spp, Aspergillus spp, Pneumocystis spp, and Fusarium spp, but not 
Zygomycetes spp or Cryptococcus spp. [62, 64]. Its strength is the ability to detect a variety of 
the most common relevant fungal pathogens in AL and HCT patients; its weakness is its 
inability to determine which pathogen is present.  In patients with AML and MDS receiving 
chemotherapy the negative predictive value of BG approached 100%; a single positive test 
and two or more sequentially positive results had the specificity of 90% and > 95% 
respectively [64]. The role of BG assay in HCT recipients has not been well studied [65] and 
requires further investigation.  
The serum GM assay detects Aspergillus and Penicillium spp. (a rare pathogen in AL and 
HCT patients).  GM is a major component of Aspergillus cell walls and released during a 
rapid growth of hyphae. The serum GM assay can identify the presence of fungal growth in 
tissues during invasive infection and often quite early even before the development of any 
clinical signs, radiologic abnormalities or fungal growth in culture. Detection of GM antigen 
by ELISA in the serum has been widely retrospectively and prospectively studied with a 
wide range of reported sensitivities depending on the study population and definitions of 
the test positivity [60, 66-74] . The GM assay had only moderate accuracy in the patients 
with hematologic malignancies with a pooled specificity of 58-70% and sensitivity of 92-
95%, and in HCT recipients a pooled specificity of 65-86%- and sensitivity 65-82% [75]. The 
predictive accuracy of GM is negatively affected by a concomitant use of piperacillin-
tazobactam [76] and amoxicillin-clavulanate [77] due to the presence of GM in the antibiotic 
formulations, and a false positive GM signal may be detected up to 5 days after 
discontinuation of these medications. The use of antifungal prophylaxis with agents having 
anti-mold activity could be associated with  falsely negative GM tests [67]. False positivity of 
GM assay was also described in case of infection with Penicillium spp. [78] and Histoplasma 
capsulatum [79] because these microorganisms share cross reactive antigens.  
GM can also be detected in other body fluids during IA infection involving those fluids or 
adjacent tissues, including urine, CSF and bronchoalveolar lavage (BAL) [80-82]; however, 
clinical utility of the assay obtained from other sources than serum is under clinical 
investigation.  Preliminary data has suggested that detection of GM in BAL fluid [83] could 
be an reliable adjunct test with a specificity and sensitivity exceeding of those in BAL fungal 
culture [84-85] and some studies suggest BAL GM to be more sensitive than serum GM [86] 
PCR assays to detect and identify fungal pathogens are being developed and ongoing 
clinical testing, but not yet available for a commercial use [74]. Although development and 
clinical implementation of PCR assays for fungal species such as Aspergillus spp. holds an 
enormous promise, multiple obstacles, particularly widespread environmental fungal 
contamination and difficulties in DNA extraction, must be overcome before PCR-based 
techniques will be clinically useful [87-89]. 
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special stains for fungal organisms, such as the Gomori methenamine silver stain, are 
necessary because routine histologic stains may often not be sufficient to visualize the tissue 
invasion by fungi.  
Detection of yeasts or fungal elements (hyphae) in the tissue by microscopic examination 
should be followed by a subsequent culture to identify a specific organism, since 
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of most molds, but especially Zygomycosis is challenging given the difficulty of extracting 
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Because of numerous limitations related to culture techniques, adjunctive non-cultural 
methods such as galactomannan (GM) antigen, b-(1-3)-D glucan (BG) and PCR-based 
methods are now being implemented for a timely diagnosis of IFI, primarily IA, particularly 
when tissue sample is not obtained [60-63]. If PCR-based techniques are still considered 
investigational [63], the clinical value of serum GM and BG assays was confirmed in 
prospective trials. Both tests now are accepted as supplementary diagnostic tests for an early 
detection of common IFI in high risk patients. A positive GM test preceded the development 
of clinical symptoms of IFI in the majority of patients in studies [60]. The BG has high 
sensitivity and specificity with a capability to detect many clinically relevant fungal 
pathogens including Candida spp, Aspergillus spp, Pneumocystis spp, and Fusarium spp, but not 
Zygomycetes spp or Cryptococcus spp. [62, 64]. Its strength is the ability to detect a variety of 
the most common relevant fungal pathogens in AL and HCT patients; its weakness is its 
inability to determine which pathogen is present.  In patients with AML and MDS receiving 
chemotherapy the negative predictive value of BG approached 100%; a single positive test 
and two or more sequentially positive results had the specificity of 90% and > 95% 
respectively [64]. The role of BG assay in HCT recipients has not been well studied [65] and 
requires further investigation.  
The serum GM assay detects Aspergillus and Penicillium spp. (a rare pathogen in AL and 
HCT patients).  GM is a major component of Aspergillus cell walls and released during a 
rapid growth of hyphae. The serum GM assay can identify the presence of fungal growth in 
tissues during invasive infection and often quite early even before the development of any 
clinical signs, radiologic abnormalities or fungal growth in culture. Detection of GM antigen 
by ELISA in the serum has been widely retrospectively and prospectively studied with a 
wide range of reported sensitivities depending on the study population and definitions of 
the test positivity [60, 66-74] . The GM assay had only moderate accuracy in the patients 
with hematologic malignancies with a pooled specificity of 58-70% and sensitivity of 92-
95%, and in HCT recipients a pooled specificity of 65-86%- and sensitivity 65-82% [75]. The 
predictive accuracy of GM is negatively affected by a concomitant use of piperacillin-
tazobactam [76] and amoxicillin-clavulanate [77] due to the presence of GM in the antibiotic 
formulations, and a false positive GM signal may be detected up to 5 days after 
discontinuation of these medications. The use of antifungal prophylaxis with agents having 
anti-mold activity could be associated with  falsely negative GM tests [67]. False positivity of 
GM assay was also described in case of infection with Penicillium spp. [78] and Histoplasma 
capsulatum [79] because these microorganisms share cross reactive antigens.  
GM can also be detected in other body fluids during IA infection involving those fluids or 
adjacent tissues, including urine, CSF and bronchoalveolar lavage (BAL) [80-82]; however, 
clinical utility of the assay obtained from other sources than serum is under clinical 
investigation.  Preliminary data has suggested that detection of GM in BAL fluid [83] could 
be an reliable adjunct test with a specificity and sensitivity exceeding of those in BAL fungal 
culture [84-85] and some studies suggest BAL GM to be more sensitive than serum GM [86] 
PCR assays to detect and identify fungal pathogens are being developed and ongoing 
clinical testing, but not yet available for a commercial use [74]. Although development and 
clinical implementation of PCR assays for fungal species such as Aspergillus spp. holds an 
enormous promise, multiple obstacles, particularly widespread environmental fungal 
contamination and difficulties in DNA extraction, must be overcome before PCR-based 
techniques will be clinically useful [87-89]. 
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5. Treatment and prevention 
There are four common antifungal strategies used in current clinical practice to combat IFI.  
These include antifungal prophylaxis, empirical therapy, pre-emptive (or diagnostics-
driven) therapy and treatment of proven and probable IFI. 

Antifungal prophylaxis 

The goal of antifungal prophylaxis is to prevent IFI with an administration of the antifungal 
agent(s) in high risk patients.  Antifungal prophylaxis is a rapidly evolving field. 
Prophylaxis is considered clinically beneficial when the risk of a life-threatening IFI 
outweighs the risks of toxic effects and drug interactions, and the risk for emergence of drug 
resistance associated with the antifungal agent used. Optimally, antifungal prophylaxis 
should also be cost-effective. Therefore, the choice of empirical antifungal treatment is 
considered based on the prevalence of the most likely fungal pathogens, along with 
considerations about toxicities, resistance, and cost. 
The most widely used agent for IFI prophylaxis in patients with AL and HCT recipients is 
fluconazole, an agent with activity against most (but not all) Candida spp.. Prospective 
studies demonstrated reductions in IFI caused by yeast organisms when fluconazole was 
given prophylactically at the dose of 400 mg daily in allo- HCT and ASCT recipients [90-91]. 
In one trial prophylaxis with fluconazole resulted in a statistically significant reduction of 
IFI to 3% as compared to 16% in the placebo group [90].  Administration of fluconazole up 
to engraftment was able to effectively prevent IFI caused by Candida spp. with the exception 
of C. krusei. Although there was no difference in overall mortality in patients who received 
prophylaxis with fluconazole as compared to those who received placebo, infection related 
mortality was significantly reduced [90]. In another trial [91], patients who received 
fluconazole prophylaxis during the first 75 post-transplant demonstrated a statistically 
significant clinical benefit  with a reduction of IFI  from 18% to 7%, a decrease in infection-
related mortality from 22% to 12%, and improvement of overall mortality from 35% to 20% 
as compared to placebo group [91]. The enduring benefit of fluconazole prophylaxis in HCT 
recipients even beyond the time the drug was given was noted in a follow-up analysis of the 
Slavin study [92]. Based on such benefits fluconazole at a daily dose of 400 mg was widely 
accepted as a standard of care for IFI prophylaxis in high risk HCT recipients, endorsed by 
consensus guidelines [93];  however controversy remains regarding the optimal duration of 
prophylaxis and whether to stop it at the time of engraftment or continue until GVHD 
resolves and its treatment has ceased. It is also not completely clear if patient groups who at 
a lesser risk for a development of IC than recipients of myeloablative HCT, such as patients 
with AL, ASCT and non-ablative transplant recipients derive similar clinical benefit from 
fluconazole prophylaxis.  
Another widely studied agent for antifungal prophylaxis in high risk patients is 
itraconazole, which has activity against Aspergillus spp. in addition to Candida spp. [94]. 
Comparison of itraconazole to fluconazole as a long term prophylactic agent (until day 100 
or 180 post-transplant) in HCT recipients showed no difference in overall survival [95-96]; in 
one of the trials   a reduction in the incidence of IFI in itraconazole arm was noted [95] but 
not in the other [96]. Despite its attractive anti-mold activity, the lack of proven clinical 
advantage over fluconazole [96-98], suboptimal bioavailability [95], higher mortality rate 
[95-96] and a higher incidence of adverse events, particularly more renal and hepatic 
toxicities [96] associated with itraconazole administration make this agent suboptimal for 
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routine prophylaxis of IFI in high risk patients.  In a meta-analysis of itraconazole trials, an 
Aspergillus protective effect was noted in patients given a bioavailable daily dose of at least 
200 mg twice daily (typically seen when itraconazole is given as oral solution at a twice 
daily dose of 200mg per dose [94] .  
Voriconazole is a well-tolerated triazole with an extended-spectrum of activity including 
activity against Aspergillus spp.. A large multicenter, randomized trial compared 
voriconazole with fluconazole for prevention of IFI after myeloablative allo-HCT [99]. In 
that trial patients were randomized to receive antifungal prophylaxis with study drugs for 
100 days or for 180 days if patients were considered high risk. All patients were intensively 
monitored with twice weekly serum GM assays for initial 60 days, then at least weekly until 
day 100. In the case of positive GM or clinical signs suggestive of IFI patients were followed 
with radiographic studies and invasive diagnostic procedures for confirmation of IFI. 
Despite statistically non-significant trends to fewer IFI, particularly IA, and less frequent use 
of empiric antifungal therapy in voriconazole arm, the primary endpoint- fungal-free 
survival (alive and free from proven, probable, or presumptive IFI patients) at 6 months was 
similar in both groups. In addition, there was no difference in incidence of severe adverse 
events, relapse-free and overall survival at 6 months. Thus, prophylaxis with voriconazole 
did not improve 6-month fungal-free and overall survival as compared to fluconazole if 
intensive monitoring and a structured approach for empiric antifungal therapy were used 
[99]. Voriconazole is available in both intravenous and oral formulations, which allows its 
extended use to prolonged periods of high risks for the development of IFI. One of the major 
drawbacks of voriconazole is the lack of activity against Zygomycetes. Although multicenter 
studies with voriconazole [35, 99-100]  showed no increased incidence of IFI caused by 
Zygomycetes in patients received voriconazole prophylaxis,  there are single center 
retrospective case series suggesting an association of voriconazole use with more 
Zygomycoses.  Thus, this issue bears further scrutiny over time.  This is quite difficult 
because of the difficulty in culturing Zygomycetes in tissue. Echinocandins have a potential 
advantage over fluconazole given the broader spectrum of activity, in particular, against 
fluconazole resistant C. krusei or C. glabrata, and the anti-Aspergillus activity, although the 
latter has not yet been proved in clinical trials. A prospective comparison of micafungin to 
fluconazole for antifungal prophylaxis in neutropenic patients undergoing HCT showed 
compatible efficacy, safety profile, overall survival and reduced the need for empiric 
antifungal therapy in patients receiving micafungin [101]. The major disadvantage of 
micafungin use for a fungal prophylaxis is the need for intravenous administration and 
substantially greater cost; however this agent might be preferred over fluconazole in the 
centers with high prevalence of infections caused by non-albicans Candida spp.  
Posaconazole is a triazole with a broad spectrum of activity against both yeasts and molds. 
It is active against pathogens such as the Zygomycetes which are resistant to many widely 
used antifungal agents. Such a broad spectrum of activity makes this agent an attractive 
alternative to fluconazole for prophylaxis of IFI. Posaconazole is approved for prophylaxis 
in neutropenic patients with AML or MDS based on the results of randomized multicenter 
studies where it was shown to be superior to fluconazole or itraconazole in the prevention 
of IFI [102]. In that study prophylactic administration of posaconazole resulted in improved 
overall survival, although at the cost of higher incidence of serious adverse events 
attributable to study drug [102]. Since significant numbers of the patients in the 
posaconazole group were receiving chemotherapy there was a possibility that greater 
toxicity of the posaconazole may have resulted from a harmful interactions with 
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200 mg twice daily (typically seen when itraconazole is given as oral solution at a twice 
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Voriconazole is a well-tolerated triazole with an extended-spectrum of activity including 
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events, relapse-free and overall survival at 6 months. Thus, prophylaxis with voriconazole 
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[99]. Voriconazole is available in both intravenous and oral formulations, which allows its 
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It is active against pathogens such as the Zygomycetes which are resistant to many widely 
used antifungal agents. Such a broad spectrum of activity makes this agent an attractive 
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in neutropenic patients with AML or MDS based on the results of randomized multicenter 
studies where it was shown to be superior to fluconazole or itraconazole in the prevention 
of IFI [102]. In that study prophylactic administration of posaconazole resulted in improved 
overall survival, although at the cost of higher incidence of serious adverse events 
attributable to study drug [102]. Since significant numbers of the patients in the 
posaconazole group were receiving chemotherapy there was a possibility that greater 
toxicity of the posaconazole may have resulted from a harmful interactions with 
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chemotherapy agents. This has not been adequately studied.  In patients with GVHD 
posaconazole was similar to fluconazole in prevention of all types of IFI and, not 
surprisingly given its anti-mold activity, superior in reducing the incidence of IA and 
mortality related to fungal infections as compared to fluconazole [30]. Based on these results 
posaconazole was approved in the US for antifungal prophylaxis in high risks patients, 
however this agent has not been studied in the pre-engraftment phase of HCT.  
Development of extensive chronic GVHD significantly increases the risk of late IFI (more 
than 100 days post-transplant), predominantly IA, with a reported incidence as high as 
almost 40% in one series [103]. Therefore, anti-mold prophylaxis with posaconazole in 
patients with extensive chronic GVHD could be beneficial in these patients.  
Amphotericin B (AmpB) is not currently used for prophylaxis of IFI due to its excessive 
toxicity and infusion-related events. However, recently aerosolized AmpB was 
prospectively tested in patients with AL and allo-HCT recipients and led to reduction in the 
incidence of invasive pulmonary Aspergillosis; however administration of the drug was 
interrupted in a substantial proportion of patients (45%) due to cough during inhalation, 
weakness preventing the use the aerosol delivery system and technical problem with the 
aerosol delivery system. Moreover, aerosol dose and delivery device have not yet been 
determined, therefore further study is necessary before the clinical utility of this agent can 
be determined [104]. 
The risk for IFI is substantially lower in the majority of ASCT recipients as compared to allo-
HCT recipients.  These patients usually do not require routine anti-yeast prophylaxis.  
However, for high risk sub-populations of ASCT recipients such as patients with underlying 
hematological malignancies, history of prolonged neutropenia, significant mucosal damage, 
and treatment within fludarabine or 2-CDA within 6 months prior ASCT ant-yeast 
prophylaxis is recommended [15].  

Empirical treatment  

Empirical treatment is an initiation or modification of an existing antifungal treatment in 
high risk patients with persistent fever of unknown source unresponsive to antibacterial 
agents. Although, approximately one-third of neutropenic patients with cancer receive an 
antifungal drug due to persistent fever, only less than 5% of these patients subsequently 
demonstrate the presence of IFI [102, 105-107]. Therefore, initiation of empirical antifungal 
therapy solely on the basis of persistent fever can be legitimately questioned.   
The most common fungal pathogen in neutropenic patients is Candida.  Anti-yeast prophylaxis 
dramatically reduces the risk for IC.  However, in persistently febrile neutropenic patients not 
given antifungal prophylaxis IMI or fluconazole-resistant Candida infections represent the 
most common threats. Oral, non-absorbable antifungal drugs, such as oral AmpB, nystatin and 
clotrimazole troches are capable of reducing superficial colonization and control local mucosal 
candidiasis, but, surprisingly, do not reduce the risk for IC. 
There is not enough data for recommendations regarding a particular empirical antifungal 
agent for patients who are already receiving anti-mold prophylactic coverage, however 
changing treatment to a different class of intravenous anti-mold agent should be considered, 
given the possibility that breakthroughs of fungal infection could be caused by resistant 
organisms.  Another concern is that breakthrough IFI may be due to inadequately low 
serum levels of voriconazole or posaconazole when these agents administered orally 
because of the variability of blood levels after HCT [108-109].  
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For more than 30 years AmpB has been used for an empirical antifungal treatment, but with 
development of newer agents, its therapeutic role in the current management of fungal 
infections is minimal, due to excessive toxicity, particularly nephrotoxicity and infusion-
related events. Alternative  formulations of AmpB such as liposomal AmpB, AmpB colloidal 
dispersion, AmpB lipid complex; azoles with anti-mold activity such as itraconazole or 
voriconazole, and caspofungin are widely used because of better tolerability and reduced 
systemic toxicity, however there are no data that have demonstrated their superior efficacy 
to AmpB [105, 107, 110-112].  
Voriconazole is recognized by many experts as a suitable alternative to a liposomal AmpB 
as an empirical antifungal therapy in patients with neutropenia and persistent fever [106] 
and currently widely used for an empirical therapy for high risk patients, particularly for an 
empirical treatment of probable IMI.   

Pre-emptive therapy  

The need for  empirical antifungal therapy in febrile high risk patients have been questioned 
because of the very low percentage of such fevers that are actually due to IFI [42].  The 
advances in our ability for early detection of fungal infections have ushered in a new 
strategy, pre-emptive therapy.  Pre-emptive treatment refers to therapy of highly suspected 
IFI supported by the presence of clinical symptoms, radiological findings and/or adjunctive 
laboratory tests [54-55, 113].  
The feasibility of preemptive antifungal therapy in high risk patients with the use of serial 
GM testing and early CT scans was prospectively evaluated in 131 neutropenic episodes.  
All patients were given fluconazole prophylaxis to eliminate Candida as a possible cause of 
persistent fever.  Forty one of 117 episodes (35%) met the criteria for empirical therapy 
persistent or recurrent fevers [55]. Use of preemptive approach in such patients was 
associated with a 78% reduction (from 35% to 8%) of antifungal therapy without a 
compromise in identifying (and treating) IFI.  Indeed, early detection allowed for initiation 
of antifungal therapy earlier with the pre-emptive strategy.  The clinical utility of 
preemptive antifungal therapy was also evaluated in a prospective study, which included 
patients with AML receiving induction or consolidation therapy,  ASCT recipients and in 
other patients with prolonged neutropenia, however, allo-HCT recipients were excluded 
[114]. In that study, clinical symptoms, chest CT findings indicative of IFI, documented 
Aspergillus colonization or a positive GM were used to initiate a preemptive therapy with 
either AmpB or liposomal AmpB, depending on renal function.  Although there was no 
difference in overall mortality, probable or proven IFI were more commonly detected in 
preemptive treatment arm than in the empirical treatment one (13/143 vs. 4/150). An 
increase in IFI was seen only in the subset of patients who did not receive antifungal 
prophylaxis and the increase was due to an increased incidence of IC [114].  This 
emphasizes the need for anti-Candida prophylaxis, if the screening testing is designed 
primarily for detecting Aspergillus. 
In another study PCR-based preemptive antifungal therapy was compared with an 
empirical treatment with liposomal amphotericin B in patients after allo-HCT [113]. PCR-
based approach led to an increased use of anti-fungal therapy and reduced 30-day mortality, 
but there was no difference in the incidence of IFI or 100-day survival. 
These observations suggest that some of high risk neutropenic patients with persistent fever 
may not need an automatic empirical antifungal therapy if they receiving anti-yeast 
prophylaxis and closely monitored under certain specific conditions [114-117]. However, if 
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chemotherapy agents. This has not been adequately studied.  In patients with GVHD 
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weakness preventing the use the aerosol delivery system and technical problem with the 
aerosol delivery system. Moreover, aerosol dose and delivery device have not yet been 
determined, therefore further study is necessary before the clinical utility of this agent can 
be determined [104]. 
The risk for IFI is substantially lower in the majority of ASCT recipients as compared to allo-
HCT recipients.  These patients usually do not require routine anti-yeast prophylaxis.  
However, for high risk sub-populations of ASCT recipients such as patients with underlying 
hematological malignancies, history of prolonged neutropenia, significant mucosal damage, 
and treatment within fludarabine or 2-CDA within 6 months prior ASCT ant-yeast 
prophylaxis is recommended [15].  

Empirical treatment  

Empirical treatment is an initiation or modification of an existing antifungal treatment in 
high risk patients with persistent fever of unknown source unresponsive to antibacterial 
agents. Although, approximately one-third of neutropenic patients with cancer receive an 
antifungal drug due to persistent fever, only less than 5% of these patients subsequently 
demonstrate the presence of IFI [102, 105-107]. Therefore, initiation of empirical antifungal 
therapy solely on the basis of persistent fever can be legitimately questioned.   
The most common fungal pathogen in neutropenic patients is Candida.  Anti-yeast prophylaxis 
dramatically reduces the risk for IC.  However, in persistently febrile neutropenic patients not 
given antifungal prophylaxis IMI or fluconazole-resistant Candida infections represent the 
most common threats. Oral, non-absorbable antifungal drugs, such as oral AmpB, nystatin and 
clotrimazole troches are capable of reducing superficial colonization and control local mucosal 
candidiasis, but, surprisingly, do not reduce the risk for IC. 
There is not enough data for recommendations regarding a particular empirical antifungal 
agent for patients who are already receiving anti-mold prophylactic coverage, however 
changing treatment to a different class of intravenous anti-mold agent should be considered, 
given the possibility that breakthroughs of fungal infection could be caused by resistant 
organisms.  Another concern is that breakthrough IFI may be due to inadequately low 
serum levels of voriconazole or posaconazole when these agents administered orally 
because of the variability of blood levels after HCT [108-109].  
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laboratory, clinical or radiologic abnormality suggestive of probable fungal infection is 
identified, prompt initiation with of antifungal therapy with an agent that includes anti-
mold activity is needed.  
Despite being an attractive alternative, the preemptive approach is currently regarded as 
investigational by many and not widely accepted although its use is embraced and its 
promise is discussed in consensus guidelines [118] 
Treatment of established IFI 

Early recognition and treatment of invasive fungal infections in AL and HCT recipients are 
important clinical challenges. Early initiation is a key to optimizing treatment outcomes for 
both Candida and Aspergillus [119-121]. The European Organization for Research and 
Treatment of Cancer/Mycoses Study Group (EORTC-MSG) has proposed criteria to define 
proven or probable IFI [122]. New antifungal agents offer choices that in some cases are less 
toxic than older drugs and in other cases are more efficacious. Novel strategies that combine 
the new diagnostic tools with new drugs, are being evaluated to change our approaches to 
these deadly infections [123] 

Treatment of IC. 

Candidemia is associated with a high mortality, especially in patients with delayed 
treatment, therefore antifungal therapy in patients with IC should be started as soon as 
possible [119]. If a central venous catheter(s) is in place and suspected to be causative for IC, 
it should be removed.  Although AmpB was historically the preferred therapy with excellent 
activity against most Candida spp., lipid amphotericin formulations were just as effective 
with less toxicity.  Other agents are also effective treatment options.  Multiple studies, 
conducted mostly in non-neutropenic patients and patients with solid malignances, 
demonstrated a high efficacy of fluconazole in patients with candidemia  [119]. In patients 
with IC fluconazole was found to be  non-inferior and significantly better tolerated then 
AmpB [119] IC, but less effective than anidulafungin IC [124]. Although well tolerated, there 
are gaps in its spectrum of activity with C. krusei being intrinsically resistant and many 
strains of C. glabrata requiring higher fluconazaole concentrations for inhibition and some 
strains being outright resistant.  Despite the fact that anidulafungin was mainly studied in 
non-neutropenic patients, better efficacy [124] and emergence of fluconazole-resistant 
Candida spp. such as C. krusei or C. glabrata [125-126] make the echinocandins preferable 
choices for the initial treatment of IC in patients with AL and HCT recipients.  After the 
confirmation of susceptibility of Candida spp. to fluconazole clinically stable patients without 
prior azole exposure can be stitched to fluconazole. Initial preferred dose of fluconazole is 
800 mg a day with a subsequent reduction to 400 mg a day in clinically stable patients with 
resolved neutropenia [127]. In a large randomized study caspofungin showed compatible 
efficacy and significantly better side effects profile in comparison to AmpB in neutropenic 
patients with candidemia [128]. Given its good safety profile and efficacy against non-
albicans Candida spp. caspofungin is indicated in severely ill, clinically unstable neutropenic 
patients or patients with hepatosplenic Candidasis [129] 
Treatment of IMI 

Voriconazole is the preferred initial agent for the treatment of IA [130] . It is effective and 
well tolerated both as primary and salvage treatment [131]. A large randomized study 
showed a higher response and survival rate with fewer Aspergillus-related deaths and side 
effects with voriconazole compared to AmpB for primary therapy of IA [115]. 
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Although there is a very limited data regarding posaconazole activity as a first line agent in 
the treatment of IA as an initial agent of choice, substantial evidence supports its activity in 
the salvage setting after a failure of or intolerance to other antifungal treatments [132]. There 
are few data regarding clinical role of caspofungin as a first-line treatment for IA, but it is 
effective with a response up to 50% as a salvage agent in patients with IA who failed or 
intolerant to standard antifungal therapy [133]. The role of micafungin or anidulafungin for 
the treatment of IA has not been well studied but are active as salvage therapy.  
Efficacy and safety of AmpB lipid complex (ABLC) as first-line or second-line therapy was 
demonstrated in large numbers of patients with hematologic malignancy or HCT recipients 
[134]. Another study showed that one third of allo-HCT recipients with IA responded to 
ABLC, with a response of 41% and 21% when ABCL used as a first line treatment and in 
patients with GVHD respectively [135].  In both studies administration of ABLC had only 
minimal effects on renal function in the majority of patients.  Liposomal AmpB also has been 
shown to be effective as salvage therapy with fewer infusion related and renal toxicities.   
Two doses of liposomal AmpB were evaluated (10mg/day versus 3 mg/day) to determine 
the optimal dose for initial therapy.  Both doses had comparable response rates but the 10 
mg/day dose was associated with more renal toxicity [136] 
The treatment options for Zygomycosis are more limited and less well studied.  Patients 
with Zygomycosis showed a good response to high doses of liposomal AmpB (dose at least 
5 mg/kg) [59] or ABLC [137]. In the case of CNS or sinus involvement additional surgical 
resection of necrotic tissue in patients with Zygomycosis significantly appears to be 
associated with improved survival as compared to antifungal therapy alone [137-138]. 
Posaconazole is an effective agent with response rates of about 50–80% when uses as a 
salvage treatment in patients with Zygomycosis [139-140]. 

Therapeutic Drug Monitoring 

Therapeutic drug monitoring has not been found to be useful for the polyene and 
echinocandin classes of antifungal drugs.  However, the oral formulations of the extended 
spectrum triazoles have been found to have variability in blood concentrations and multiple 
drug interactions.  Multiple studies have explored whether these variations have clinical 
consequences in terms of efficacy. Itraconazole oral formulations have been seen to have 
variable bioavailability in multiple studies [141-145]. Higher doses appear to have greater 
antrifungal effects in both animals and humans [141, 145-148] .  Voriconazole , when taken 
orally also has been shown to havevariable bioavailability, especially in HCT recipients [149-
151].Voriconazole is metabolized in the liver via the cytochrome P450 dependent 
mechanism, predominantly by CYP2C19 isoenzyme which exhibits genetic polymorphism 
resulting in reduced drug metabolism in 15–20% patients of Asian descent, and 3–5% of 
Caucasians and Blacks [150]. Low voriconazole levels have been have been reported in 
patients with documented breakthrough infections, whereas super therapeutic levels may 
lead to hepatotoxicity and encephalopathy [150-151].  Less information is known about 
posaconazole, but it too has been shown to have variable bioavailability [152-156].   There is 
some suggestion that low levels may be associated with lower effectiveness [156-157]. 
Controversy remains regarding the use of routine monitoring of azole drug levels, however 
most experts agree that measurement of levels should be performed in patients with 
documented breakthrough infection or infections not responding to oral triazole therapy. A 
change to, or addition of, different class antifungal agent is recommended until the 
determination of the drug blood level. If drug level is found to be sub-therapeutic, resuming 
the drug at a higher dose should be considered.  
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Combination antifungal therapy 

Combination antifungal therapy may theoretically lead to better efficacy with shorter 
courses of therapy, reduced toxicity and emergence of resistance. However potential 
drawbacks of combination therapy might  include potential  antagonistic effects of the 
antifungal drugs used in combination, potential increase in toxicity, and greater cost may 
offset the potential value of this approach [158]. A randomized trial demonstrated that in 
non-neutropenic patients with candidemia due to species other than C. krusei combination 
therapy with fluconazole and AmpB resulted in a faster clearance of fungi from the 
bloodstream as compared to fluconazole alone [159].  Based on this result combination of 
fluconazole and AmpB could be recommended as an option for the treatment of IC [160], 
however the data regarding combination antifungal therapy for candidemia in neutropenic 
patients with leukemia and HCT recipients is lacking. Small retrospective studies showed 
better responses to the combination of caspofungin plus liposomal AmpB for primary IA 
infection [161] or for refractory pneumonia [162]. Another small retrospective study 
compared the voriconazole plus caspofungin combination to a single-agent voriconazole. In 
this study an improved 3-month survival in HCT recipients or patients receiving 
chemotherapy with IA who had failed primary therapy with the combination, but there was 
no difference in survival at 1 year [163].   Thus currently there is no data supporting a 
benefit of combination therapy in patients with IA.  

6. Conclusion 
Over the past two decades, significant progress has been made in the prophylaxis, diagnosis 
and treatment of IFI in patients with AL and HCT recipients. Introduction of newer 
antifungal agents, better supportive care and more effective diagnostic tools resulted to a 
considerable improvement of clinical outcomes for such high risk patients. However, 
despite advances in prevention and management of systemic fungal infections, IFI remain a 
significant clinical problem for AL patients and HCT recipients. Further progress should be 
made towards improvements in diagnostic techniques, development of novel antifungal 
drugs and introduction of immunotherapy approaches for high risk patients. Future efforts 
should also be focused on better understanding of fungal immunobiology and 
implementation of personalized therapy based on  immunologic, metabolic and genetic 
profiles of high risk patients.  
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Combination antifungal therapy 

Combination antifungal therapy may theoretically lead to better efficacy with shorter 
courses of therapy, reduced toxicity and emergence of resistance. However potential 
drawbacks of combination therapy might  include potential  antagonistic effects of the 
antifungal drugs used in combination, potential increase in toxicity, and greater cost may 
offset the potential value of this approach [158]. A randomized trial demonstrated that in 
non-neutropenic patients with candidemia due to species other than C. krusei combination 
therapy with fluconazole and AmpB resulted in a faster clearance of fungi from the 
bloodstream as compared to fluconazole alone [159].  Based on this result combination of 
fluconazole and AmpB could be recommended as an option for the treatment of IC [160], 
however the data regarding combination antifungal therapy for candidemia in neutropenic 
patients with leukemia and HCT recipients is lacking. Small retrospective studies showed 
better responses to the combination of caspofungin plus liposomal AmpB for primary IA 
infection [161] or for refractory pneumonia [162]. Another small retrospective study 
compared the voriconazole plus caspofungin combination to a single-agent voriconazole. In 
this study an improved 3-month survival in HCT recipients or patients receiving 
chemotherapy with IA who had failed primary therapy with the combination, but there was 
no difference in survival at 1 year [163].   Thus currently there is no data supporting a 
benefit of combination therapy in patients with IA.  

6. Conclusion 
Over the past two decades, significant progress has been made in the prophylaxis, diagnosis 
and treatment of IFI in patients with AL and HCT recipients. Introduction of newer 
antifungal agents, better supportive care and more effective diagnostic tools resulted to a 
considerable improvement of clinical outcomes for such high risk patients. However, 
despite advances in prevention and management of systemic fungal infections, IFI remain a 
significant clinical problem for AL patients and HCT recipients. Further progress should be 
made towards improvements in diagnostic techniques, development of novel antifungal 
drugs and introduction of immunotherapy approaches for high risk patients. Future efforts 
should also be focused on better understanding of fungal immunobiology and 
implementation of personalized therapy based on  immunologic, metabolic and genetic 
profiles of high risk patients.  
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1. Introduction 
Stem cell based tissue engineering therapies involve the administration of manipulated stem 
cell populations with the purpose of repairing and regenerating damaged or diseased tissue. 
Currently available methods of monitoring transplanted cells are quite limited. The 
monitoring of stem cell therapy outcomes requires the development of non-destructive 
strategies capable to identify the location, magnitude, and duration of cellular survival and 
fate. The recent development of imaging techniques offers great potential to address these 
critical issues by non-invasively tracking the fate of the transplanted cells. This chapter 
offers a focused presentation of some examples of the use of imaging techniques connected 
to the nanotechnological world in research areas related to stem cells. In particular, 
investigations concerning human stem cell treatment of Duchenne muscular dystrophy in 
animal models, cellular therapy to generate new myocardium in infarcted rat heart, 
bioscaffolds for cell proliferation driving to form bone tissue will be discussed. 
Tissue engineering and regenerative medicine represent an emerging research area that 
promises new therapeutic techniques for the repair and replacement of tissues and organs 
that have lost functions due to ageing, disease, damage, and congenital defects (Langer & 
Vacanti, 1999; Atala, 2005; Jones & Hench, 2003). Clinical applications have already begun to 
repair a wide variety of tissues, such as blood, skin, cornea, cartilage, and bone. 
Imaging techniques are playing an increasingly important role in the rigorous 
characterization of biomaterial properties and function. Sophisticated 2D imaging 
technologies have been developed to complement histological evaluation and probe 
complex biological events occurring at the interface between tissues and biomaterials 
(Boskey & Pleshko Camacho, 2007; Campbell & Kim, 2007). However, there is a clear need 
for high resolution 3D imaging technologies that reveal the spatial distribution of 
regenerated tissues forming in vitro and in vivo conditions. 
Moreover, for regeneration of vascularized tissues such as bone or muscle, the ability to 
quantify 3D vascular in-growth would be tremendously valuable, particularly for studies 
exploring the potential to enhance regeneration via therapeutic angiogenesis strategies 
(Silva & Mooney, 2007). The imaging modality that has been most extensively applied for 
this purpose, particularly for bone tissue engineering studies (Mastrogiacomo et al., 2004; 
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Komlev et al., 2006; Papadimitropoulos et al., 2007; Eniwumide et al., 2007), is high 
resolution X-ray computed tomography (CT). CT provides rapid reconstruction of 3D 
images and quantitative volumetric analysis of X-ray attenuating materials or tissues. In the 
perspective of clinical translation of stem cell research, it would be advantageous to develop 
new techniques to detect donor cells after transplantation to track their fate and thus better 
understand their role in regeneration of damaged and diseased tissues. 
Several groups have reported on successful labelling of mesenchymal pig (Hill et al., 2003) 
and mouse (Hoehn et al., 2002) embryonic stem cells with nanoparticles of iron oxide 
(SPIO). These particles are used as contrast agents for magnetic resonance imaging (MRI) 
(Arbab et al., 2003; Wang et al., 2001). It appears that cells that are able to incorporate SPIO 
intracellularly are readily detectable with MRI allowing in vivo tracking of such “tagged” 
cells (Bulte et al., 2002). MRI can provide a non-invasive and repeated three-dimensional 
visualization of transplanted “tagged” stem cells in organs, making it particularly attractive 
for imaging studies (Nuzzo et al., 2002).  
The aim of this Chapter is to present recent progress obtained by using innovative and non-
invasive imaging techniques, involving nanotechnologies in research areas related to stem 
cells. In particular, the authors will provide some examples of studies concerning human 
stem cell treatment of Duchenne muscular dystrophy in animal models, cellular therapy to 
generate new myocardium in infarcted rat heart, bioscaffolds for cell proliferation driving to 
form bone tissues. 
The interest will be focused on X-ray computed microtomography (micro-CT), that is an 
imaging technique similar to conventional CT systems usually employed in medical 
diagnostics but with the main difference that in micro-CT a spatial resolution in the order of 
a few hundred nanometers can be achieved (against about 0.5 mm in CT). On the other 
hand, of course, such a high spatial resolution can be obtained only for reduced size samples 
(a few mm3). In particular, by using synchrotron radiation, available at some European 
Large Scale Facilities like ESRF - Grenoble, PSI/SLS - Zurich, BESSY HZB - Berlin, 
HASYLAB - Hamburg and ELETTRA - Trieste, it is possible to couple high spatial resolution 
to high signal-to-noise ratio (Nuzzo et al., 2002; Salomé et al., 1999). Furthermore, with 
respect to conventional laboratory sources, the advantages of X-rays produced at 
synchrotron radiation sources also include a very high photon flux and a tunable-energy 
monochromatic beam with high coherency, in parallel beam geometry.  
In conclusion, the authors will evidence that non-destructive 3D imaging techniques, such 
as micro-CT, are increasingly providing a powerful set of quantitative tools to aid in the 
development and evaluation of porous biomaterials and new approaches to engineering 
tissues and organs. Emphasis will be given to the fact that the key advantage of micro-CT 
imaging is that this method, as well as MRI, may be applicable to monitoring the stem cell 
homing, after cell labelling with iron oxide nanoparticles. On the other hand, when working 
on biopsies of small sizes (few millimeters) or small animals, micro-CT has an appreciably 
higher spatial resolution as compared to magnetic resonance imaging, which, in turn, has 
the advantage to be applicable to human body. 
Micro-CT will be also shown to be a good technique for 3D studies of bioscaffolds for tissue 
engineering, also allowing the 3D visualization, as well as quantitative evaluations, of 
features very difficult to be detected by other imaging methods, such as the vascularization 
network in engineered bone tissue. 
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2. X-ray Microtomography: Outline of the technique  
A revolutionary discovery in the field of medical imaging occurred at the beginning of the 
1970s when the first equipment for X-rays Computed Tomography (CT) was developed. 
This method of imaging avoids several important limitations of conventional X-ray 
radiology. The impact of the CT technique has been revolutionary, enabling to view internal 
sample details with unprecedented precision and in a non-destructive way. Furthermore it 
achieves a contrast discrimination up to one thousand times better than conventional 
radiography (Claesson, 2001). 
Tomography refers to the cross-sectional imaging of an object from either transmission or 
reflection data collected by illuminating the object from many different directions (Kak & 
Slaney, 2001). Although the first application was in diagnostic medicine, there are indeed 
numerous nonmedical imaging applications. This methodology is applied to the mapping of 
underground resources via cross borehole imaging, to some specialized cases of cross-
sectional imaging for nondestructive testing, to the determination of the brightness 
distribution over a celestial sphere, to three-dimensional imaging with electron microscopy, 
etc. (Kak & Slaney, 2001). 
Fundamentally, tomography employs X-rays to form images of objects based on their 
attenuation coefficient. Tomographic imaging deals with reconstructing an image from its 
projections. 
The solution to the problem of how to reconstruct a function from such projections dates 
back to the paper published by Radon in 1917 and it was exploited with Hounsfield’s 
invention of the x-ray computed tomographic scanner for which the same Hounsfield 
received a Nobel prize in 1972.  
Given the enormous success of X-ray computed tomography, it is not surprising that in 
recent years much attention has been focused on extending this image formation technique 
to nuclear medicine and magnetic resonance, on one hand, and ultrasound and microwaves 
on the other (Kak & Slaney, 2001). 
Computed X-ray microtomography (micro-CT) is similar to conventional CT systems 
usually employed in medical diagnoses and industrial applied research. Unlike these 
systems, which typically have a maximum spatial resolution of about 0.5 mm, advanced 
micro-CT is capable of achieving a spatial resolution up to 0.1 microns (Weitkamp et al. 
2010), i.e. about three orders of magnitude lower. Such a high spatial resolution can be 
obtained only for samples of reduced size i.e. for dimensions in the range of a few cubic 
millimeters. Synchrotron Radiation allows achieving high spatial resolution images to be 
generated with high signal-to-noise ratio (Nuzzo et al., 2002; Salomé et al., 1999). Use of X-
rays delivered by Synchrotron Facilities has several advantages compared to X-rays 
produced by Laboratory or Industrial sources. These include: (i) a high photon flux which 
permits measurements at high spatial resolution; (ii) the X-ray source is tunable, thus 
allowing measurements at different energies; (iii) the X-ray radiation is monochromatic, 
which eliminates beam hardening effects; and (iv) parallel beam acquisition allows the use 
of exact tomographic reconstruction algorithms. In addition, Synchrotron Radiation allows 
acquisition of volumes at different energies and volume subtraction to enhance contrast. 
Because of this variability, it is possible to enables digital image processing of micro-CT data 
in order to maximize contrast between neighboring voxels in the image and to increase the 
range of attenuation values of the entire volume. This variability in materials and 
acquisition methods leads to a wide range of grayscale values (corresponding to different X-
ray absorption coefficients) within and among data sets (Ashbridge et al., 2003).  
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The spatial resolution of the CT image is dependent on the number of parallel beam 
projections and the number of data points in each projection. A larger data set means a more 
detailed description of the depicted object and hence more pixels and of smaller dimensions, 
i.e. better spatial resolution.  
An important issue is the choice of spatial resolution versus overall sample size. Ideally, the 
specimen should absorb about 90 % of the incident radiation along the most radio-opaque 
path to obtain the best signal to noise ratio in the reconstructed image. In a homogeneous 
sample, absorbing 90 % of the incident radiation, the quantity μ(λ)x (where λ is the X-ray 
wavelength, μ(λ) is the linear attenuation coefficient of the sample for this wavelength, and 
x is the sample thickness), should be approximately 2. To satisfy this condition the sample 
thickness and/or the X-ray energy should be optimized.  
In both three-dimensional (3D) conventional CT and micro-CT, hundreds of two-
dimensional (2D) projection radiographs of the specimen are taken at several different 
angles. The information contained in each radiograph is a projection of the absorption 
density distribution in the sample along the direction of X-ray beam onto the plane 
perpendicular to the direction of the X-ray beam propagation. If the sample is then imaged 
several times in different orientations, 3D (volume) information on the sample structure can 
be obtained by using computer algorithms. This process, referred to as “tomographic image 
reconstruction”, consists in solving an inverse problem to estimate an image from its line 
integrals on different directions, in 2D, and the problem is theoretically equivalent to the 
inversion of the Radon Transform of the image.  
In practice, there are two major classes of reconstruction algorithms that use fundamentally 
different approaches to accomplish this conversion (Paulus et al., 2000): (i) transform-based 
methods using analytic inversion formulae, and (ii) series expansion methods based on 
linear algebra. Fourier-transform-based algorithm is commonly used in micro-CT.  
An alternative approach to image reconstruction involves the use of iterative reconstruction 
algorithms. These algorithms start with an initial estimate of the 2D matrix of attenuation 
coefficients (Webb, 2003). By comparing the projections predicted from this initial estimate 
with those that are actually acquired, changes are made to the estimated matrix. This 
process is repeated for each projection in a first step, and, in a second step, also for the 
whole dataset until the residual error between the measured data and estimated matrix falls 
below a predesignated value. Iterative schemes are used relatively sparingly in standard CT 
scanning.  
3D renderings of the data obtained after the reconstruction may be made by electronically 
stacking up the slices. These 3D renderings may be also sectioned in arbitrary ways and 
could be planed, zoomed and rotated to better locate individual details. While the slice 
image and 3D renderings are very useful for making qualitative observations of an internal 
concrete structure, the real benefit is the quantitative information that can be extracted from 
the 3D data sets (Ohgughi et al., 1989).  
Different methods may be applied to extract quantitative architectural parameters from the 
tomographic images. In the field of bone research, different ways have been proposed to 
quantify bone micro-architecture. The 3D Mean Intercept Length (MIL) method may 
provide estimation of trabecular thickness and spacing, based on structural geometry 
assumptions, e.g. parallel plate model (Hildebrand & Ruegsegger, 1997a). However, using 
3D images, such assumptions can be avoided, allowing the achievement of new model-
independent quantitative parameters (Hildebrand & Ruegsegger, 1997b). Other methods, 
e.g. star volume distribution and star length distribution and applications of synchrotron 
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and conventional CT have been reviewed in (Wellington & Vinegar, 1987; Bonse & Busch, 
1999; Ketcham & Carlson, 2001). 

3. Synchrotron radiation microtomography for the ex-vivo and in-vivo 
evaluation of nanoparticle-labelled stem cell homing in muscular tissue  
In recent works (Torrente et al., 2004;  Gavina et al., 2006) it was shown that, after intra-
arterial delivery to murine dystrophic muscle, human blood-derived CD133+ cells localize 
under the basal lamina and express the satellite cells markers M-cadherin and Myf5, 
differentiating into human muscle fibers and causing a significant amelioration of skeletal 
muscle structure.  
The elucidation of the mechanisms involved in muscle homing of stem cells can aid in 
improving a potential therapy for muscular dystrophy based on the systemic delivery of 
such stem cells. 
Combining nanoparticle cell labelling (A.K.Gupta & M.Gupta, 2005; Reimer & Weissleder, 
1996) and X-ray synchrotron radiation micro-CT it is possible to provide detailed 
information on the stem cell migration in 3D, which are not attainable by traditional 
methods based on 2D techniques. In particular, micro-CT can give a relative local snapshot 
of the nanoparticle distribution (Brunke et al., 2005), with high spatial resolution images 
(from 10 μm to 1 μm) and high signal-to-noise ratio (Peyrin et al., 1998; Salomé et al., 1999). 
Synchrotron radiation microtomography can be used for investigating the capacity of 
human stem cells to repair muscle damage in Duchenne Muscular Dystrophy.  
In a first step, human blood-derived CD133+ cells were isolated from mononucleated cells 
collected by centrifugation (Ficoll-Hypaque; Pharmacia Biotech, Uppsala, Sweden) of 
several buffy coats, diluted 1:2 in RPMI 1640 medium (GIBCO, Invitrogen Life 
Technologies), incubated with CD133-phycoerythrin (CD133PE Miltenyi Biotech, Bergisch-
Gladbach, Germany), and sorted to obtain purified CD133+ cells.  
Stem cells were labelled with 250 μg/ml iron-oxide nanoparticles (Endorem) (Villa et al., 
2010). Endorem is a magnetic contrast agent, based on dextran-coated Fe3O4 nanoparticles, 
with an average size of 150 nm. Labelling was performed in RPMI 1640 medium enriched 
with 20 ng/ml epidermal growth factor (EGF) and 10 ng/ml basic fibroblastic growth factor 
(bFGF) for 24 h. The average iron oxide content was 177 pg /cell.  
The labelled CD133+ cells were injected into the femoral artery of scid/mdx mice. Different 
stem cell numbers (5x104, 1x105 and 5x105) were considered, at different times (0, 2, 12 and 
24 h) after injection.   
Ex-vivo and in-vivo measurements were carried out at the BM05 and ID19 beamlines, 
respectively, of the European Synchrotron Radiation Facility (ESRF) in Grenoble – France. 
For the ex-vivo experiment, at different times (up to 24 hours) after cell transplantation 
Tibialis Anterior (TA) biopsies (2x2x2 mm3) were isolated from injected legs to be studied by 
μ-CT (Torrente et al., 2006).  
The optimal conditions for the X-ray absorption contrast among the different phases 
contained in the samples under investigation was obtained by varying the X-ray energy 
values between 18 and 27 keV.  1000 projections were recorded from each sample over 180°, 
with an exposure time of 1 s per projection. The detection system (2048x2048 FreLoN CCD 
camera)  and the associated optics gave a pixel size of  1.65 μm, giving a field of view of 
about 3.3 x 3.3 x 3.3 mm3. TA biopsies (2x2x2 mm3) were isolated from injected legs and 
analyzed, for different numbers of initially injected cells (5x105, 1x105 and 5x104), as well as 
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different times after the injection (2, 12 and 24 h). In the in-vivo experiment, the living 
animals were anesthetized and the thigh region (about 7.5 mm height in total) of their left 
leg was exposed to the X-ray beam. X-ray beam energy was set to 24 keV; the pixel size was 
fixed at 7.5 μm, thus resulting in a field-of-view of 14.4 x 14.4 x 7.2 mm3 (2048 x 2048 x 1024 
voxels); 700 projections were collected with an acquisition time of  0.2 s/projection, giving a 
total radiation dose on the mouse of 40 - 45 Gy. Tomograms of the thigh region taken at 0 
(actually approx. 10 min.), 2, 13 and 24 hours after injection were taken, in 3 different 
consecutive regions-of-interest (ROI) along the direction “parallel” to the femur, for a total 
thickness of 5.4 mm. 

3.1  Ex-vivo experiments 
The labelled cells are visualized as red spots in the reconstructed 3D volumes (Figure 1). A 
more accurate observation of the spatial distribution of the particles can be obtained by 
"deleting" the other phases by software (Figure 2).  
The signal of labelled cells was clear at all concentrations greater than 5x104 cells. No 
difference in the location of stem cells was observed at different times after injection, and 
stem cells appear to be distributed along the vessels. 
The volume fraction of migrated labelled stem cells was calculated by counting their 
corresponding pixels (Figure 3).  
In order to make sure that the Endorem signal is actually associated to the labelled CD133+ 
stem cells, muscle biopsies from mice injected with unlabelled cells and with “naked” 
Endorem nanoparticles were analyzed. No detectable signal was found in muscles injected 
with unlabelled CD133+ cells, as well as no Endorem nanoparticles were observed within 
the skeletal muscle after intra-arterial injection. 
 

 
Fig. 1. 3D display showing the distribution of labelled stem cells ( 5x105 injected cells, 24 h 
after injection; red: labelled cells, green: vessels, blue: muscular tissue). 
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Fig. 2. 3D distribution of labelled stem cells (in red) within the muscle biopsies, 12 h after 
injection; A) 5x104, B) 1x105, C) 5x105 injected cells. 

 

 
Fig. 3. Volume fraction of labelled cells in the muscle biopsies, 12 h after injection. 
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3.2 In-vivo experiments 
The kinetics of the migration of stem cells into the muscular tissue was followed in the 
living mice, after injection of 5x105 cells. To this end, one should notice that: i) μ-CT can 
reconstruct only objects that stay in place during the data acquisition, so that the signal 
coming from Endorem-labelled cells can only be due to cells that have actually migrated 
into the tissue, and not to those remained in the blood stream inside the vessels; ii) the small 
movements of the anesthetized animals, essentially due to their heartbeat (~ 10 Hz), induces 
two oscillations of the tissue during the acquisition time of each projection (0.2 s). Therefore 
the beam “sees” an apparent size of the cell as big as twice the oscillation amplitude; on this 
basis, assuming an oscillation amplitude of 200-300 μm, a factor ~ 50 in the apparent 
(measured) volume fraction with respect to the real one can be estimated. 
Anyway, even though on a relative scale, the evaluation of the time evolution of this 
parameter is very important for the understanding of the migration kinetics. 
Figure 4 shows the 3D distribution of the labelled stem cells in the investigated ROI (thigh 
region), for different times after injection. 
 

 
Fig. 4. 3D distribution of labelled stem cells in the femur region of the living mice, at 
different times after injection of 5x105 cells. 

In order to put into evidence the stem cells only, other tissues were eliminated by software 
in the image; anyway the femur bone could not be  cancelled, as its absorption coefficient is 
similar to the Endorem one and the two corresponding peaks in the grey level histogram are 
superimposed. Therefore, the calculation of the apparent (in the sense described above) 
volume fraction of the stem cells was performed excluding the thigh region where the femur 
is present. The result for the calculated apparent volume fraction are shown in Figure 5, in 
which the most important feature evidenced is that the volume fraction is saturated after 2h.  
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In other words, the migration of the stem cells from the blood vessels to the muscular tissue 
happens within the first two hours from the injection. Synchrotron radiation micro-CT 
proved to be a powerful tool for the investigation of the labelled stem cells migration within 
the muscular tissue. 
 

 
Fig. 5. Time evolution of the apparent volume fraction of labelled stem cells migrated into 
the muscular tissue, after injection of 5x105 cells. 

4. High-resolution X-ray microtomography for 3D imaging of cardiac 
progenitor cell homing in infarcted rat hearts  
Experimental and clinical observations on the plasticity of adult stem cells has provided 
new tools in understanding the pathophysiology of cardiac diseases opening new strategies 
for the treatment of heart failure. Recent published reports (Leri et al., 2008; Kajstura et al., 
2008; et al., 2006; Wollert et al., 2004; Balsam et al., 2004) have contributed to identify the 
possible approaches of cellular therapy to generate new myocardium, involving systemic 
and local mobilization of progenitor cells. Moreover, different laboratories (Beltrami et al., 
2003; Oyama et al., 2007; Barile et al., 2007; Matsuura et al., 2004; Bearzi et al. 2007) have 
recently made available the unequivocal documentation of the existence, in the adult murine 
and human heart, of primitive cells able to generate all the different component structures of 
the myocardium. The possibility to rebuild muscle, arteries and capillaries is the necessary 
requirement to obtain successful approaches in cardiac regeneration, especially when taking 
into account the evidence that formation or implantation of a single cellular component will 
inevitably fail to repair the damaged organ (Menasche et al., 2008).  
At tissue level of organization, microscopy techniques attempting to visualize the tissue 
rebuilding process, such as light, fluorescence, scanning and transmission electron 
microscopy are limited to two-dimensional (2D) local information or, otherwise, require 
laborious three-dimensional (3D) reconstruction of serial sections.  
In-vivo imaging methods, including MRI, PET and micro-CT, have the potential to play a 
major role in the setting attempting to allow quantification of the rebuilding process, 
including longitudinal cell tracking (Badea et al., 2006; De Vries et al., 2005; Dhodapkar et 
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al., 2001; Schambach et al., 2010). On the other hand, current radiologic 3D-methods, possess 
intrinsic limitations to identify the localization and fate of the injected cells in both clinical 
(Frangioni & Hajjar , 2004) and experimental (Li et al.,2009; Toyama et al., 2004; Kudo et al., 
2002; Schelbert  et al., 2003) settings. All these contentions related to cell tracking 
methodologies for myocardial regeneration have been elegantly described (Terrovitis et al., 
2010). Furthermore, a recent published report (Badea et al., 2006) comparing two imaging 
methods - namely MRM and micro-CT - for in-vivo preclinical studies on rodents, argued 
that both techniques require scan times that are much longer than a single respiratory or 
cardiac cycle. Real time imaging is not possible with the current state-of-the-art, unless 
active control of ventilation – that requires complex intubation of the animal – is performed. 
These serious limitations related to the observation of a beating heart (existing also in the 
other mentioned in-vivo experiments involving other imaging techniques), do not exist in 
the present work, which allows the visualization in 3D and at high-resolution (10-50 times 
higher than MRI) of the injected cells, with the possibility to quantify them and observe their 
fate within the myocardium one week after the injection. 
In a recent study (Giuliani et al., 2010) it is explored the use of micro-CT as an experimental 
technique with high spatial resolution for detection of rat Cardiac Progenitor Cells (CPCs), 
previously labelled with iron oxide nanoparticles, inside the infarcted rat heart, one week 
after injection and in ex-vivo conditions. This work contributes to understand how and to 
which extent the injected cells are able to migrate and regenerate the damaged myocardium. 
This technique was demonstrated to offer the possibility of obtaining a 3D visualization of 
the cell spatial distribution and a quantification of the number of cells that are able to 
migrate from the site of injection to different areas of the rat heart tissue, with special 
reference to the infarcted myocardium. Importantly, to assess the validity of this approach, 
two additional independent methodologies of cell tracking, Quantum Dots labelling and 
genetically engineered EGFP cells, were applied.  
The study population consisted of male Wistar rats (Rattus norvegicus) breed in the animal 
facility of the University of Parma - Dept. of Pathology, age 12-14 wk, weighing 350 - 400 g. 
An additional group of enhanced-Green Fluorescent Protein (GFP) transgenic rats were 
employed and kindly provided by Dr Okabe (Okabe et al., 1997).  
Myocardial infarction was produced in rats and three weeks later implantation of 5 x 105 rat 
clonogenic CPCs (MI-FeCell group) was performed. Cells were labelled with Feridex 
Nanoparticles and supplemented with Hepatocyte Growth Factor (HGF, PeproTech EC, 
London, UK) and Insulin-Like Growth Factor-1 (IGF-1, PeproTech EC). Two animals were 
treated with implantation of equal number of Quantum Dots labelled (MI-QDot group) 
CPCs and two additional wild type animals with green fluorescence positive (GFPpos)-CPCs 
isolated from EGFP transgenic rats, both supplemented with HGF and IGF-1. One week 
later animals were sacrificed and the hearts were perfusion-fixed for analysis.  
CPCs and GFPpos-CPCs were obtained from 3 month old Wistar rats or enhanced-Green 
Fluorescent Protein (GFP) rat hearts, respectively, by Langhendorff perfusion apparatus as 
described in (Beltrami et al., 2003) with minor modifications. The solution containing all 
cells was washed several times, centrifuged at 300 rpm to remove cardiomyocytes and then 
submitted to Percoll (Sigma, Italy) gradient to further enrich the fraction of small cells. The 
cell layer visualized at the interface of the desired gradient was centrifuged at 1000 rpm and 
cells re-suspended in 10 ml of culture medium containing Iscove Modified Dulbecco’s 
Medium (IMDM, Sigma, Italy) supplemented with 1% Penicillin-Streptomycin (P/S, Sigma, 
Italy), 1% Insulin-Transferrin-Sodium Selenite (I/T/S, Sigma, Italy), 10% Fetal Bovine Serum 
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(FBS, Sigma, Italy) and 10 ng/ml Basic-Fibroblast Growth Factor (b-FGF, Sigma, Italy) and 
seeded in Petri dishes (Corning, USA) placed at 37°C-5% CO2 for their amplification. 
Microscopic observation of cultures showed the growth of two different adherent cell 
populations, one with mesenchymal-like and one with monomorphic blast-like characteristics. 
This latter population constituted the so-called Cardiac Progenitor Cells (CPCs) provided by 
clonogenic growth and multipotency (Beltrami et al., 2003). These cells were amplified for 
several passages and cryopreserved in aliquots in a medium composed by FBS supplemented 
with 1% Dimethylsulphoxide (DMSO, Sigma, Italy) when needed for our experimental plan. 
To detect homing and engraftment of the injected cells into murine hearts, CPCs were 
processed using the following protocols before their injection. 
Before injection CPCs were loaded with super paramagnetic iron oxide nanoparticles 
(Feridex -Poly-L-Lysine (PLL) complex composed of 25μgFe/ml + PLL 375 ng/ml) for 24 
hours. Then, medium was removed, CPCs washed with phosphate buffered saline (PBS) 
and trypsinized to be injected. Furthermore, Qtracker® 585 Cell Labelling Kit (QDots, 
Invitrogen, Italia) were employed, possessing an emission at 585 nm wavelength able to 
show QDots in yellow fluorescence after UV lamp excitation. 
CPCs were stained with Qtracker® 585 Cell Labelling Kit which uses a custom targeting 
peptide to deliver yellow-fluorescent QDot® 585 nanocrystals into the cytoplasm of living 
cells. The protocol was performed following manufacture’s suggestions. 
In order to verify the efficiency of cell labelling, immediately before injection an aliquot of 
CPC suspensions was analysed under a fluorescence microscope equipped with UV lamp.  
A micro-CT system (Beamline BM05 at the European Synchrotron Radiation Facility – ESRF 
Grenoble, France) was used to non-destructively image and quantify the 3Dmicrostructural 
morphology of each rat heart. The micro-CT experiment was performed in two modes: with 
a 15keV monochromatic X-ray beam and a sample-to-detector distance of 25 mm for the 
absorption-contrast and 500 mm for the phase-contrast, respectively. The acquisition setup 
was based on previously described (Torrente et al., 2006; Salome et al., 1999) 3D parallel 
tomography. 1500 projections and a step of 0.12 degrees were considered for each sample, 
with an exposure time of 1 s per projection. 
3D reconstructions of the samples were obtained from the two series of 2D projections (for 
each sample one in absorption and the other one in phase-contrast configuration) using a 3D 
filtered back projection algorithm implemented at ESRF. The different phases found in the 
histogram referring to the reconstruction of the in-absorption acquisitions were coloured 
using a 3D display software in order to make them more easily recognizable. Furthermore, 
as the acquisitions were performed simultaneously, the combining absorption and phase 
contrast images did not required their geometric warping so that the corresponding image is 
structured correctly. Therefore, synchronization may be interactive or partially or fully 
automatic with help of a fusion algorithm which is described elsewhere (Stokking et al., 
2003). The full fusion automatic algorithm was used. This exact synchronization of data sets 
provides capacity for image fusion with superimposition of both sets of imaging data in one 
image data set for further 3D visualization. 

4.1 Fluorescence analysis 
Once inside the cells, Qtracker® label provide intense, stable fluorescence that can be traced 
through several generations. QDots are not transferred to adjacent cells in a population of 
growing cells, enabling long-term studies of live cells and tissues. 
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CPCs pre-loaded with 585 QDots, were implanted by 3 injections in the peri-infarct region of 
the left ventricular wall of chronically infarcted heart. After heart excision, tissue sections of 
LV, RV and S were analyzed under UV-light and the fluorescence intensity of the QDots 
positive areas were analysed in photomicrographs covering the entire heart (Figure 6, A-B).  
 

 
Fig. 6. Transverse section of a paraffin-embedded infarcted heart injected with CPCs and 
analyzed under UV-light to document the distribution of QDot labelled CPCs. Scale bars 
correspond to 1 mm in the left panels and to 200 μm in the right ones. 

The results showed that CPC-related QDot signal was found in all regions of the heart 
although with different distribution and intensity. QDot-fluorescence was high and 
uniformly distributed in the infarcted (MI) and peri-infarcted (BZ) regions, from the site of 
injection following the total extension of the scar.  
QDots were also occasionally found at very low occurrence in the spared myocardium (SP) 
and in the right ventricle (RV), far from the infarcted area and from the injection site. 
To ascertain whether QDots signals were associated to living cells and not to nanoparticles 
released from death cells and uptaken by macrophages, the presence of GFPpos cells in 
hearts injected with CPCs from EGFP transgenic rats was assessed. Immunofluorescence 
analysis showed that the distribution of GFPpos cells present in the infarcted and spared 
myocardium one week after injection of GFPpos CPCs, was similar to that observed in MI-
QDots group. Interestingly, GFPpos/α-Sarcpos myocytes constituted ~15% of these cells and 
reached an average volume of 980±125 µm3. The average cell volume of the remaining ~85% 
of GFPpos cells found in the myocardium was 455 ± 76 µm3.  

4.2 Micro-CT analysis 
The micro-CT analysis was used to non-destructively image and characterize, in absorption 
and in phase-contrast configuration, the 3D distribution of the rat CPCs one week after their 
injection into an infarcted rat heart. Two biopsies of infarcted rat hearts, both injected with 

 
Synchrotron Radiation and Nanotechnologyfor Stem Cell Research 

 

695 

5⋅105 stem cells labelled by iron-oxide nanoparticles, 1 week after injection were analyzed. 
The harvested heart samples were scanned and projection data were obtained and 
reconstructed into 2D images. A portion of a reconstructed 2D slice is shown in Figure 7 (A).  
The basic physical parameter quantified in each pixel of an absorption micro-CT image and 
exploited to obtain the contrast is the linear X-ray attenuation coefficient μ. The X-ray 
attenuation produced by the Feridex-positive stem cells is higher than attenuation referred 
to the other tissues of the injected hearts, allowing their visualization as bright spots in the 
2D images (magenta coloured spots in Figure 7 (A)).  The differences in the X-rays 
absorption rate within the samples translate into different peaks in the grey level scale 
corresponding to the different phases. The histogram of the grey level scale is shown in 
Figure 7 (B) and 7 (C). The volume of each phase is obtained by multiplying the volume of a 
voxel (~125 μm3) by the number of voxels underlying the peak associated with the specific 
phase. The volume percentage of the CPCs respect to the total investigated volumes is very 
low (as shown in Table 1), as expected by considering the amount of the injected CPCs: for 
this reason the peak corresponding to the labelled CPC phase is not visible in Figure 7 (B) 
but can be easily detected in the inset (Figure 7 (C)), magnifying the respective portion of the 
histogram.  
The slice images were compiled and analysed to render 3D images and to obtain a better 
visualization of the stem cell distribution after their injection in the infarcted rat hearts. 
Regions of interest were selected in each slice image and thresholded to eliminate 
background noise. The thresholded 3D volumes were converted into coloured images using 
a 3D display software, by means it is possible to correlate the bright spots of labelled cells 
present in the 2D images (Figure 7 (A)) with the spots distributed in the 3D reconstruction 
(Figure 8 (C) and (D)).  
3D display of fusion images is represented on Figure 8. In combined imaging, 
morphological information about heart tissue from phase contrast is complemented and 
extended by the functional information on labelled-CPCs supplied from absorption mode.  
Furthermore, the simple segmentation process provides information on the internal 
structure of the heart (Figure 8 (B)) and the distribution of the CPCs within it (Figure 8 (C) 
and (D)). Subsequently, different 3D sub-regions of interest with detailed information are 
illustrated in Figure 8 (E) and (F). 
No dramatic difference in the location of stem cells was observed in the two hearts: the 
percentage of migrated labelled stem cells from the injection area to the infarcted area or 
towards other areas was calculated by counting their corresponding pixels, using the 
algorithm that automatically separates them from the other tissues. The obtained data were 
expressed as percentage of the analysed sample volume and are listed in Table 1.  
The micro-CT was used to image and characterize the 3D spatial distribution of injected rat 
clonogenic cells (CPCs) inside the heart tissue of infarcted mice after cell labelling by iron 
oxide nanoparticles. 
The 3D visualization of the spatial distribution of the grafted cells with respect to 
myocardium and vascular system was obtained. In particular, the X-ray absorption of the 
labelled cells was higher than that of host tissues, allowing their visualization as bright spots 
in the 2D images (Figure 7).  
These slice images were compiled and analyzed to render 3D images and to obtain a better 
visualization of cell distribution within the samples (Figure 8). One week after injection, 
labelled cells were distributed mostly in proximity and towards the damaged infarcted area 
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(Figure 8 (F)), demonstrating migration of CPCs from the injection site made around the 
coronary binding. It was also possible to identify finger-like cell structures in the inner part 
of the left ventricular wall (Figure 8 (D) and Figure 8 (F)).  
It was also observed single smaller units, in all areas of the heart, as in the atria, in large 
vessels (Figure 8 (E)) and in the right ventricle. These are very important and new data: in 
particular they constitute a confirmation that these cells can migrate through the 
myocardium by a biological mechanism which is still unknown.  
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I 321676 ⋅106 595 ⋅106 77.9 4.3 17.8 0.18 ~ 1.11X106 

Sample 
II 331265 ⋅106 995 ⋅106 97.8 1.6 0.6 0.30 ~ 1.86X106 

* Total Volume filled by the CPCs [μm3]  

Table 1. Quantitative Parameters obtained in absorption configuration. 

 
 

 
Fig. 7. (A) Portion of a reconstructed 2D slice. The X-ray attenuation produced by the 
labelled cells is higher than attenuation referred to the other tissues of the injected hearts, 
allowing their visualization as bright spots in the 2D images (magenta coloured spots).  (B) 
The histogram of the grey level scale corresponding to the different detected phases. (C) 
Magnification of the portion of the histogram shown in B referred to the peak corresponding 
to the labelled cells grey level. 
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Fig. 8. (A) 3D display of fusion images. The simple segmentation process provides 
information on the internal structure of the heart (B) and the distribution of labelled cells (C) 
and (D). Fusion images of two different 3D sub regions of interest: (E) - atria and large 
vessels; (F) - infarcted area. Individual cells and small cell clusters are pointed out in the 
lighted circles. 
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Fig. 8. (A) 3D display of fusion images. The simple segmentation process provides 
information on the internal structure of the heart (B) and the distribution of labelled cells (C) 
and (D). Fusion images of two different 3D sub regions of interest: (E) - atria and large 
vessels; (F) - infarcted area. Individual cells and small cell clusters are pointed out in the 
lighted circles. 
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Importantly, results obtained by micro-CT were in close agreement with imaging of the 
distribution of QDots, strongly suggesting the validity of these methodologies to detect cell 
engraftment within the damaged heart.  
The issue whether either iron particles, as detected here by micro-CT, or QDots 
nanoparticles, as detetcted by UV excitation, could only represent unreliable signals of 
macrophages uptaking tracers released by dying cells, remains an unresolved problem 
especially on clinical ground. However, an effort was made by the present investigation to 
apply a third independent genetic marker to visualize the progeny of the injected cells.  
Thus, CPCs from rats carrying the EGFP transgene were employed and GFP labelled cells 
counted by immunofluorescence.  This approach allowed us to ensure that the progeny of 
the injected cells was present in the infarcted heart and with a similar distribution to that 
observed with QDots labelling and micro-CT imaging. Importantly, not only survival but 
also differentiation of CPCs into cardiomyocytes was demonstrated by the presence of GFP 
positive cells with α-sarcomeric striation. Thus, whether unspecific signals were 
concomitantly detected by fluorescence or X ray cannot be excluded although with minimal 
impact on the overall results. 
Indeed, it was estimated the total number N of the cells found in the hearts one week after 
CPC injection (as reported in Table 1). It was found out that in both hearts the number N  of 
CPC-derived cells is more than doubled with respect to the number of injected CPCs, 
demonstrating that, at least for labelled CPCs and at a week from injection, the presence of 
Feridex does not dramatically affect the CPC life span. 
In conclusion, the obtained 3D images represent a very innovative progress, as compared to 
the usual 2D histological images, which do not provide the overall 3D distribution of rat 
clonogenic cells and their progeny within the heart, providing biological insights into the 
early processes of cell migration.  

5. Application of X-ray synchrotron radiation techniques to bone tissue 
engineering 
Tissue engineering is a promising approach to create artificial constructs for repairing or 
replacing partially or entirely diseased tissues (Williams, 2004; Langer & Vacanti, 1993).  
A key component in tissue engineering for bone regeneration is the scaffold, which acts as a 
template for cell interactions and for the growth of bone extracellular matrix to provide 
structural support for the newly formed tissue (Karageorgiou & Kaplan, 2005). Many 
researchers have tried to define which properties are required for the optimal synthetic 
scaffold, in particular for bone tissue replacement (Hutmacher, 2000).  
Ideally, scaffolds should possess adequate mechanical strength and permeability (van 
Lenthe et al., 2007), high porosity (Shi et al., 2007), large surface area to volume ratio, as well 
as biocompatibility and non- toxicity (Murugan & Ramakrishna, 2006). Moreover, pore 
interconnectivity is an important scaffold criterion (Moore et al., 2004) which influences 
nutrient supply (Hui et al., 1996), circulation of extracellular material (Gross & Rodriguez-
Lorenzo, 2004), the contact between adjacent cells (Darling & Sun, 2004), and the promotion 
of blood vessel and bone tissue ingrowth (Kuboki et al., 1998). 
Commonly, two-dimensional (2D) investigation methods, such as scanning electron 
microscopy (SEM) are used for the characterization and comparison of the scaffolds. 
Unfortunately, these methods do not allow a complete investigation of the three 
dimensional (3D) spatial structure of the scaffold. More recently, micro-CT has been 
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proposed for the characterization of scaffolds and 3D bone ingrowth (Mastrogiacomo et al., 
2004).  
In the recent years, a lot of progress was obtained in the field of bone tissue engineering by 
using innovative analytical and diagnostic imaging techniques, such as micro-CT and 
pseudo-holotomography. 
X-ray synchrotron microtomography was applied (Komlev et al., 2006) to investigate highly 
porous hydroxyapatite scaffolds, previously seeded with bone marrow stromal cells 
(BMSC), implanted in an immunodeficient murine model. It was proved that it was possible 
to obtain in a nondestructive way a quantitative analysis of tissue engineering constructs, 
determining the total volume and thickness distribution of newly formed bone into implants 
in a small animal model, by using the micro-CT technique. This methodology offers major 
advantages, including the possibility of investigating the influence of scaffold parameters, 
such as porosity and spatial distribution of the structure thickness, on the bone growth 
within the implant. 
Very recently, different ceramic scaffolds with high porosity were characterized (Komlev et 
al., 2010) and it was evaluated the bone growth into the tissue engineering constructs ex vivo 
at different implantation times, by using synchrotron radiation micro-CT. In this study, 
three types of ceramic scaffolds with different composition and structure (namely synthetic 
100% hydroxyapatite (HA; Engipore), synthetic calcium phosphate multiphase biomaterial 
containing 67% silicon stabilized tricalcium phosphate (Si-TCP; Skelite™) and natural bone 
mineral derived scaffolds (Bio-oss®), were seeded with mesenchymal stem cells (BMSC) and 
ectopically implanted for 8 and 16 weeks in immunodeficient mice. X-ray synchrotron 
radiation microtomography was used to derive 3D structural information on the same 
scaffolds, both before and after implantation. The images of the three scaffolds before 
implantation revealed an appreciable difference among their morphologies (Figure 9). In 
particular, the Bio-Oss®, contained elongated ellipsoidal pores, whereas the HA scaffold 
contained roughly spherical pores.  
 

 
Fig. 9.  3D display of different scaffolds before implantation: (A) Engipore (hydroxyapatite) 
produced by FinCeramica, Faenza, Italy; (B) SkeliteTM (silicon-stabilized tricalcium 
phosphate) produced by Millenium Biologics Kingston, Ontario, Canada; (C) Bio-Oss® 
(natural bone mineral) produced by Geistlich Pharma AG, Wolhusen, Switzerland (Komlev 
et al., 2010). 

Figure 10 (Panels A1-C1), obtained by an innovative imaging procedure, gives an 
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the results previously obtained in (Papadimitropoulos et al., 2007), namely biodegradation 
for the Si-TCP scaffold and lack of it for the HA scaffold. The newly investigated Bio-Oss® 
showed a very little decrease of the scaffold wall thickness; the decrease was at the limit of 
detectability, and needs to be confirmed by additional experiments.  
Based on these findings, the scaffold biodegradation in the tissue engineered implanted 
constructs was investigated after 16 weeks implantation only for the SkeliteTM. 3D displays 
of registered images of pre- and post implantation SkeliteTM samples implanted for 8 (A) 
and 16 (B) weeks are presented in Figure 11 (panels A-B). As it appears in the images in 
Figure 10 (panel B2), blue and yellow correspond to totally or partially resorbed scaffold. 
The volume percentage distribution of the different phases is presented in panels A1 and B1. 
An increase in the percentage of the resorbed scaffold was observed in the case of a longer 
implantation time.   
The analysis proposed in the manuscript (Komlev et al., 2010) is, therefore, a major 
improvement as compared to the imaging procedure adopted in our previous work 
(Papadimitropoulos et al., 2007), where only a comparison between different subvolumes of 
the implants before and after implantation was made.  
 

 
Fig. 10. 3D display of subvolumes of scaffolds before and after implantation: (A) Engipore; 
(B) SkeliteTM; (C) Bio-Oss®; (A1-C1). New bone (pink) on the surface of the scaffolds 
(white). In the panels A2-C2 are presented the images obtained by combining (registering) 
the data of panels A0-C0 with those of panels A1- C1. Blue volumes indicate portions of 
scaffolds present in panels A0-C0 (pre-implant) and absent in panels A1-C1 (after 
implantation) and correspond to completely resorbed scaffold. Yellow volumes indicate 
virgin scaffold volume in which after implantation a reduction of the sample density is 
observed (Komlev et al., 2010). 
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Finally, a high content of innovation is associated to the detailed kinetics studies on the 
Skelite™ scaffolds implanted for different times, not only due to the large number of the 
implantation times investigated, but also to the recording in the X-ray absorption 
histograms of separate peaks associated to HA and TCP in the same scaffold (Figure 12). 
It is therefore possible to observe that the progressive biodegradation of Skelite™ scaffold is 
eventually due to the TCP component. It should be noted that when investigated by 
microdiffraction studies, the local structural study at the interface between the newly 
formed bone and the Skelite™ scaffold indicated that scaffold biodegradation was mainly 
due to TCP depletion (Papadimitropoulos et al., 2007). 
Moreover, saturation in the TCP biodegradation occurred at an implantation time of about 
10 weeks, whereas saturation in the tissue engineered bone occurred at an implantation time 
of about 22 weeks. 
This could indicate that the bone growth did not occur only in the scaffold volume that was 
resorbed, but also in the inward direction with respect to the pore surface. This finding is in 
agreement with the results presented in Figure 5 of reference (Mastrogiacomo et al., 2007), 
and in Figure 4 of reference (Papadimitropoulos et al., 2007).  
 
 

 
 

Fig. 11. Display based on a combination of the 3D structure of pre- and post implanted 
SkeliteTM samples for 8 (A) and 16 (B) weeks, respectively (white – scaffold; pink – new 
bone; blue – total resorption; yellow – partial resorption (see caption of Figure 10). (A1-B1) 
volume percentage distribution of the different phases (Komlev et al., 2010).  
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Fig. 12. Volume histograms of SkeliteTM scaffolds implanted from 3 days to 24 weeks (NB – 
new bone, TCP – tricalcium phosphate, HA – hydroxyapatite). (A) New bone deposition 
kinetics; (B) Percentage of bone volume/ total volume; (C) TCP/HA mean ratio as a 
function of the implantation time (Komlev et al., 2010).  

Figure 13 (A) and (B) presents a 3D reconstruction of a bone tissue- engineered construct, 24 
weeks after the implantation. Three phases are clearly distinguishable: the scaffold (white), 
the engineered bone (light brown), and the vessel networks within the pores (green). In 
Figure 13 (B), the engineered bone was removed by digital processing to obtain a clearer 
evidence of vessel network structure.  
 

 
Fig. 13. 3D enhanced contrast micro-CT images of the tissue-engineered construct after 24 
weeks of implantation in an immunocompromised mouse. (Komlev et al., 2009).  
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In absorption micro-CT, the image contrast results from the difference among different 
attenuation coefficients of X-ray for the different materials. Unfortunately, X-ray attenuation 
coefficients of soft tissues are low, and, thus, the contrast difference of these structures is 
low, unless a contrast agent is adopted. Therefore, in a recent study (Komlev et al., 2009), it 
was proposed to use X-ray synchrotron radiation pseudo-holotomography to visualize 
microvascular networks, at a three-dimensional (3D) level, for the first time with no need for 
contrast agents, and to extract quantitative structural data in a Bioceramic/MSC composite 
implanted for 24 weeks in a mouse.  
The enhanced contrast micro-CT technique is a new imaging method based on classical 
micro-CT and recently developed technique of holotomography. By using a coherent X-ray 
beam, phase contrast may be simply obtained by free space propagation (i.e., by positioning 
the detector at some distance from the sample), while a 2D projection of the phase map can 
be obtained from three or four series of images, each series being recorded at different 
distance from the object for each rotation angles considered. Then, the 3D phase map is 
reconstructed with the same algorithm as in classical tomography (Cloetens, 2009). Anyway, 
through the weighted superposition of both attenuation and phase maps (enhance contrast 
micro-CT), it is possible to generate better images. 
Vessels are easy to see also in 2D micro-CT images (Figure 14 (A)). Figure 14 (B) shows a 
histogram of the 3D vessel diameter distribution measured within the full volume of the 
sample implanted for 24 weeks. The mean vessel diameter measured from pseudo-
holotomography data was 49±25 μm. This value was comparable to the 47±18 μm measured 
in control histology sections.  
 

 
Fig. 14. 2D micro-CT image (A) and (B) histogram of the vessel diameter distribution 
measured for pseudo-holotomography data (open circle) and histology (solid circle) 
(Komlev et al., 2009).  

This progress could be extrapolated to different biomedical research areas where 
angiogenesis and microvasculogenesis play an important role, as for the development of 
tissues such as bone, in regenerative medicine, or in pathologies characterized by 
inflammation and tissue damage such as diabetes, osteoarthritis, and muscular dystrophy. 
Of great interest could also be the application of the pseudo-holotomography to 
investigations of therapeutical roadmaps for tumor treatment involving the suppression of 
vascularization. 
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1. Introduction 
Neural stem cells (NSCs) are self-renewing pluripotent cells that can produce different parts 
of the nervous system. NSCs were initially identified in the subventricular zone of the 
mouse brain (Temple, 1989) and subsequently in various regions of adult brains from 
human and mouse (Taupin & Gage, 2002). NSCs can be derived in vitro from embryonic 
stem (ES) cells and induced pluripotent stem (iPS) cells by employing specific culture 
conditions.  NSCs and their progeny can be expanded for several passages as tridimensional 
floating aggregates named neurospheres or as monolayer cultures.  This in turn allows 
derivation of neurons of different parts of the nervous system (Gaspard & Vanderhaeghen, 
2011). NSCs derived from ES/iPS cells of various genetic backgrounds represent invaluable 
tools for the investigation of neurogenesis, development of neurologic diseases models, and 
screening of new drugs to treat neurological diseases. 
Derived from ES cells, NSCs and their progeny, neural progenitors, are routinely studied in 
vitro by a method called neurosphere culture system (Reynolds & Weiss, 1992). 
Neurospheres can measure 100-300 mm. The zonal distribution of different cell types that 
compose human and murine neurospheres resembles an outside-in brain structure with 
nestin-positive progenitor cells in the periphery and GFAP+ and β-tubulin III-positive cells 
in the centre (Moors et al., 2009; Campos et al., 2004). 
Currently, there are two methods that allow derivation of neurospheres from mouse ES 
cells. Both of these methods utilize fibroblast growth factor 2 (FGF-2), epidermal growth 
factor (EGF), retinoic acid, and other supplements such as B27 and N2.  FGF-2 is a critical 
component in neural differentiation protocols as it promotes proliferation of 
neuroprogenitor cells (Yoshimura et al., 2001). For selecting and expanding neural 
progenitor cells, culture media are supplemented with B-27 (containing retinoic acid) and 
N2 (which has a subset of component of B-27 that include insulin and transferrin). 
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Stem Cells in Clinic and Research 

 

710 

In one method of derivation, ES cells are cultured in a specific medium supplemented with 
EGF, FGF-2 and N2. After 4-5 days, 50-80% of the cells undergo neural lineage specification. 
On day 7, these cells are dissociated and plated in suspension in uncoated plates in a 
differentiation medium supplemented with N2, B27, mouse EGF and human FGF-2. After a 
few days of culturing, neurospheres can be obtained (Conti et al., 2005). 
Alternatively, in a second method, mouse ES cells are co-cultured for approximately one 
week with the PA6 stromal cell line to achieve efficient neuronal differentiation because of 
the stromal cell-derived inducing activity (SDIA) (Kawasaki et al., 2000). After 8 days of 
SDIA treatment, mouse ES cells are separated from PA6 stromal cells and cultured in 
suspension in serum-free medium supplemented with FGF-2. Under these conditions 
neurospheres appear within 4 days (Morizane et al., 2006). 
Exemplifying stages of the neurosphere generation process are shown in figure 1. 
The ability of mouse ES cells to spontaneously generate neurospheres and mature neurons 
in short time and in few steps, represents the strength for a powerful and reliable in vitro 
model to apply research strategies oriented to study the physiopathology of the biochemical 
and epigenetic mechanisms leading to the neurogenesis. 
We recently observed that mouse ES cells when grown in simple culture conditions 
spontaneously form neurospheres. In this chapter, we describe a simple method for 
derivation of neurospheres from mouse ES cells without using FGF-2 and EGF and without 
co-culturing ES cells with stromal cells. 
 

 
Fig. 1. Generation of neurospheres from mES cells. a) Microphotograph of a mES colony; b) 
typical clusters of cells generated after culturing R1 mES for three passages in a DMEM/FBS 
medium; c) bright field of a neurosphere; d) progenitors migrating from neurospheres.  
[Images taken by authors.] Scale bar 1s 100 mm. 

 
Spontaneous Generation of Neurospheres from Mouse Embryonic Stem Cells 

 

711 

2. Reagents and equipment 
The reagents and equipment needed for the methods described in this chapter can be found 
listed in the tables below. 
 
 

Equipment Company Catalog  # 
0.22-μm 500 ml bottle top filter Corning 430513 
0.22-μm 250 ml filter system Corning 430767 
10 cm cell culture dish Corning 439167 
24-well plates (Transwell-Clear 
permeable support 0.4 μm 

Fischer 07-200-154 

6-well ultra low attachment plate Costar 3471 
15-ml polypropylene conical tubes BD Falcon 352096 
50-ml polypropylene conical tubes BD Falcon 352070 
Transfer pipettes Samco 262-1S 
0.22-μm bottle top filters TPP 99505 
0.45-μm bottle top filters Nalgene 165-0045 
12 mm circular cover slips Fisher 01-472A 
Hemocytometer Hycor Kova 87144 
1000-ml media bottles   
Kimwipes Kimberly-Clarks 34155 
Humidified tissue culture incubator 
(37°C, 5% CO2) 

- - 

Centrifuge - - 
Water bath (37°C) - - 
Scanning confocal microscope Olympus FluoView 100 
DM IRM inverted microscope 
(fitted with Leica HS N Plan BD 50X 
oil immersion objective) 

Leica - 

75W xenon lamp-based 
monochromator 

Ushio, Japan - 

CCD camera Orca (Hamamatsu, Shizouka, 
Japan) 

- 

535 ± 40nm bandpass filter Omega Optical - 
500 nm longpass dichromatic mirror - - 
Simple PCI Compix, Inc (Cranberry, PA) - 

 

Table 1. Equipment needed for the methods described in this chapter. 
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Reagent Company Catalog # 
R1 ES cells  Mutant Mouse Regional 

Resource Centers 
011979-MU 

Non-essential amino acid solution (100X) Millipore TMS-001 
Nucleosides (100X) Millipore ES-008-E 
L-glutamine (100X) Millipore TMS-002-C 
Penicillin/Streptomycin (100X) Millipore TMS-001 
2-Mercaptoethanol (100X) Millipore ES-007-E 
Sodium pyruvate (100mM) Cellgro 25-00-CI 
Trypsin-EDTA (100X) Gibco 15400 
Dulbecco’s phosphate buffered saline (10X) 
(PBS) 

Sigma P-3813 

Gelatin from porcine skin (Type A) Sigma G1890 
Dulbecco’s modified Eagle’s medium 
(DMEM) 

Millipore SLM-220-B 

Fetal bovine serum (ES cell grade) (FBS) Gibco 16141-079 
Knockout Serum Replacement (KSR) Invitrogen 10828028 
Neurobasal medium Invitrogen 21103-049 
Phosphate buffered saline (PBS) Gibco 14040141 
Poly-D-lysine (PDL) hydrobromide Sigma P6407 
Leukemia inhibitory factor (LIF) (107) Millipore ESG1107 
B27 Invitrogen 17504-044 
N2 supplement Invitrogen 17502-048 
FGF-basic Recombinant Mouse Invitrogen PMG0035 
Laminin Sigma L2020 
BisBenzimide H 33342 trihydrochloride Sigma B-2261 
Mounting solution Gelvatol - 
Paraformaldehyde (16% in premixed PBS 
buffer at pH7 [below]) 

Electron Microscopy 
Sciences 

15710-6 

PBS buffer at pH7 (1X) Roche 11666789001 
10% Normal Donkey Serum (NDS) Jackson ImmunoResearch 711-165-152 
0.01% TritonX-100 Fluka BP151-100 
Tubulin III R&D Systems MAB1195 
Rabbit Anti-NMDAR1 Abcam Ab68144 
Bovine albumin Sigma A-6003 
Fura-2, AM cell-permeant Invitrogen F-1221 
Cy3 AffiniPure Donkey Anti-Rabbit Jackson ImmunoResearch 711-165-152 
AffiniPure Donkey Anti-Mouse Jackson ImmunoResearch 715-175-151 

Table 2. Reagents needed for the methods described in this chapter. 
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3. Reagent and equipment setup 
The setup for the reagents and equipment listed is as follows. 
 

Reagent Setup 

ES medium 

For 500 ml of ES medium, add the following components: 
400 ml DMEM, 75 ml FBS, 5 ml Pen/Strep, 5 ml 2ME (100 
mM), 5 ml L-glutamine, 5 ml NEAA, 5 ml nucleosides, 5 ml 
2ME, and 50 μl LIF. 
 

EB medium 

For 500 ml of EB medium, add the following components: 
450 ml DMEM, 25 ml KSR, 5 ml sodium pyruvate, 5 ml 
Pen/Strep, 5 ml 2ME (100 mM), 5 ml L-glutamine, and 5 ml 
NEAA.  

DMEM/FBS medium 
For 500 ml of feeder cells medium, add the following 
components: 440 ml DMEM, 50 ml FBS, 5 ml NEAA, and 5 
ml Pen/Strep. 

N2 medium 
For 100 ml of N2 medium, add 96 ml DMEM/F12, 1 ml N-2, 
1 ml Pen/Strep, 1 ml L-glutamine, 1 ml NEAA, 4 μl FGF-2, 
and 100 μl laminin. 

B27/Neurobasal medium 
For 500 ml of B27/Neurobasal medium, add the following 
components: 480 ml Neurobasal medium, 10 ml B27, 5 ml L-
glutamine 100 X, and 5 ml Pen/Strep. 

Gelatin 0.1% 
Dissolve 100 mg of gelatin in 90 ml warm (~ 60 ºC) distilled 
water. Sterilize by autoclaving and store at room 
temperature. 

25x FGF stock solution 
(100 μg ml-1) 

Dissolve 25 mg recombinant mouse FGF in 250 ml of sterile 
PBS. Store at ~20 °C. 

5x Poly-D-Lysine 

Dissolve 50 mg poly-D-lysine in 333.3 ml distilled water 
and rinse the package with the water. Filter the solution 
with a 0.22-μm bottle top filter. Aliquot 5 ml into 15-ml 
conical tubes and store at -20 °C. 

Hepes-buffered salt 
solution (HBSS) 

Prepare stocks of the composition described in table 4 
below.  To obtain the HBSS basic, combine the solutions in 
the following order: 10.0 ml Solution #1, 1.0 ml Solution #2, 
1.0 ml Solution #3, 1.0 ml Solution #5, 86.0 ml distilled H2O, 
1.0 ml Solution #4.  Prior to use, prepare the following 
solution: 9.8 ml HBSS basic, 0.1 ml Stock #5, 0.1 ml Stock #6. 
 
The final HBSS composition is 137 mM NaCl, 5.4 mM KCl, 
0.6 mM Na2HPO4, 0.6 mM KH2PO4, 20 mM KH2PO4, 1.3 mM 
CaCl2, 1.0 mM MgSO4, 10 mM NaHCO3, 5.5 mM glucose. 

 

Table 3. Setup of reagents needed for the methods described. 
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Stock Preparation

1 In 90ml of distilled H2O, dissolve 8.0 g NaCl. 0.4 g KCl, and fill to 100 ml 
with distilled H2O.

2 In 90ml of distilled H2O, dissolve 0.41 g Na2HPO4 (anhydrous), 0.80 g 
KH2PO4, and fill to 100 ml with distilled H2O

3 Add 0.72 g CaCl2 to 50ml of distilled H2O
4 Add 1.23 g MgSO4x7H2O to 50ml of distilled H2O
5 Add 4.76 g Hepes to 10ml of distilled H2O
6 Add 0.9 g Glucose to 10ml of distilled H2O
7 Add 0.84 g NaHCO3 to 10ml of distilled H2O

Table 4. Preparation of the stock solutions needed to prepare HBSS.  The combination of 
these stock solutions in described in table 3. 
 

Equipment Setup 

Gelatin-coated plate 
Add 5 ml of 0.1% (wt/vol) gelatin solution into a plate so that 
it covers the entire bottom of the plate. Incubate the plate for 
20 min at room temperature.

Poly-D-lysine (PDL) 
cover slips 

Autoclave cover slips. Place sterilized cover slips into the 
wells of a 24-well plate. Dilute the 5 x poly-D-lysine to 1 x with 
sterile distilled water plate except for the outermost wells. 
Add 0.5–1 ml of the 1 x poly-D-lysine solution to cover the 
surface of the cover slips. After an overnight incubation, 
remove the PDL and wash the plates with sterile deionized 
water and dry in a cell culture hood.

Table 5. Setup for the equipment needed for the methods described. 

4. Methods 
The generation of neurospheres and subsequent neuronal differentiation from ES cells is 
achieved through the stages described in the protocols below. 

4.1 Maintenance of ES cells 
Place R1 ES cells (Nagy et al., 1993) on 10 cm gelatin-coated dishes with 12 ml of ES medium 
in a humidified chamber in a 5% CO2/air mixture at 37°C.  Change the medium every day. 
When the cells reach 80-90% confluence split them to two dishes as follows: wash the cells 
with 1x PBS twice, then add 2 ml of 1x trypsin-EDTA. Rock the dish to ensure that the 
solution covers all the cells. Incubate the dish for 5 min at 37°C.  Pipette up and down to 
break up clumps and obtain a good dissociation of cells. Pipette 8 ml ES medium to inhibit 
further tryptic activity and transfer to 15-ml conical tubes. Spin at 1000 rpm for 3 min. 
Aspirate the medium from cells and resuspend the pellet in 6 ml of fresh ES medium.  
Transfer 3 ml of cell suspension into a new 10 cm gelatin-coated dish containing 9 ml of 
fresh ES medium. 

4.2 Generation of embryoid bodies 
Aspirate the medium, add 2 ml of 1x trypsin-EDTA and incubate for 5 min at 37 °C. 
Dissociate the cells by thoroughly pipetting several times with a P1000 Pipetman. Monitor 
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the trypsinization under an inverted microscope. If the separation of the cells is not 
complete, continue the treatment with trypsin for additional 2-3 min.  
Transfer the cell suspension into a 15-ml sterile conical tube.  Pellet the cells centrifugation 
for 5 min at 1200 rpm; then resuspend the cell pellet in 10 ml EB medium. 
Count the cells with a cell counter and plate 5x105 ES cells per well in 6-well ultra low 
attachment plates in EB medium. Embryoid bodies should appear by overnight incubation. 
Culture plates for 7 days. Change the medium every other day as follows:  Collect the EBs in 
suspension from the plate and transfer into a 15 ml conical tube. Leave the conical tube for 
15 minutes to allow the EBs to settle to the bottom of the tube. Aspirate the medium and add 
12 ml of fresh EB medium. Transfer the EBs suspension into a new 6-well ultra low 
attachment plates. 

4.3 Neurosphere generation and neuronal differentiation 
Collect EBs and remove the medium as described in the previous step. 
Count the number of EBs and prepare an EBs suspension in Feeder medium at a density of 
40-50 EBs/ml. 
Transfer 40-50 intact EBs to non-coated 10 cm cell culture dish containing 12 ml DMEM/FBS 
medium. 
Culture until cells reach confluence, changing medium every 2-3 days. 
Aspirate the medium, add 2 ml of trypsin-EDTA solution and incubate for 5 min at 37°C. 
Dissociate cells thoroughly by pipetting with a P1000 Pipetman. Pipette 8 ml Feeder 
medium and transfer the cell suspension to a 15-ml conical tube. 
Centrifuge for 5 min at 1200 rpm. Aspirate the medium and resuspend the cells in 12 ml 
DMEM/FBS. Culture the cells until confluence. 
Trypsinize as described in section 4.2 and culture cells for other two passages. 
Transfer the neurospheres floating in the culture medium into 50-ml conical tubes and allow 
them to settle for 10 minutes. Collect the supernatant containing neurospheres. Trypsinize 
cells attached to the bottom of the plate as described in section 6.2 and culture to generate 
new neurospheres.  

4.4 Neuronal differentiation  
Resuspend the neurospheres in the appropriate volume of N2 medium and culture for 
differentiation in a 24-well plate (15-20 neurospheres/well) containing poly-D-lysine-coated 
cover slips. Replace a half volume medium every other day.  
At day 7 exchange N2 medium to B27/Neurobasal medium and let the cells differentiate for 
10 more days with a medium change every other day.  

5. Characterization and functional analysis of neurons 
Selective immunocytochemistry can be performed according to standard procedures as 
described in the following sections. 

5.1 Cell cultures 
Plate the neurospheres on PDL-treated cover slips, and culture according to experimental 
protocols with the same conditions described above. 
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Stock Preparation
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cells attached to the bottom of the plate as described in section 6.2 and culture to generate 
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4.4 Neuronal differentiation  
Resuspend the neurospheres in the appropriate volume of N2 medium and culture for 
differentiation in a 24-well plate (15-20 neurospheres/well) containing poly-D-lysine-coated 
cover slips. Replace a half volume medium every other day.  
At day 7 exchange N2 medium to B27/Neurobasal medium and let the cells differentiate for 
10 more days with a medium change every other day.  

5. Characterization and functional analysis of neurons 
Selective immunocytochemistry can be performed according to standard procedures as 
described in the following sections. 

5.1 Cell cultures 
Plate the neurospheres on PDL-treated cover slips, and culture according to experimental 
protocols with the same conditions described above. 
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5.2 Immunocytochemistry procedure 
Fix mouse neurospheres-derived neurons for 20 minutes at room temperature in a 4% 
paraformaldehyde solution (prepared from stock 16% Electron Microscopy Sciences, 15710-6 
in 1X Premixed PBS Buffer at pH 7: Roche, 11666789001) 
After three 10-minutes washes in PBS at room temperature, perform a blocking step for 1 
hour in 10% of Normal Donkey Serum (NDS, Jackson ImmunoResearch, 017-000-121) 
supplemented with 0.01% TritonX-100 (Fluka, BP151-100).  
Incubate the samples overnight with primary antibodies diluted in 10% of NDS in order to 
detect the expression of Tubulin III (R&D Systems, MAB1195) and of the ubiquitous NMDA 
receptor subunit NR1. (Rabbit Anti-NMDAR1, Abcam ab68144; 1/250).  
After three 10-minutes washes in PBS at room temperature, use fluorescently labeled 
secondary antibodies for detection (Cy3 AffiniPure Donkey Anti-Rabbit [Jackson 
ImmunoResearch, 711-165-152] or Cy5 AffiniPure Donkey Anti- Mouse [Jackson 
ImmunoResearch, 715-175-151]).  
After three 10-minutes washes in PBS at room temperature, treat the cells with bisBenzimide H 
33342 trihydrochloride (Sigma B-2261) for 2 minutes, to stain nuclei with 405nm fluorescence. 
After two 10-minutes washes, in PBS remove the cover slip from the plates and mount on 
glass slide with mounting solution (Gelvatol). 
Images can be acquired using a laser scanning confocal microscope (FluoView 1000, 
Olympus). The microscope is equipped with spectral detector technology that provides 
precise wavelength separation of the emitted light.  

5.3 Intracellular Ca2+ measurement  
For intracellular Ca2+ concentration ([Ca2+]i) measurements, incubate cells for 45 min at 37°C 
with 5 µM fura-2-AM (cell permeant; Invitrogen, F-1221) and 5 µg/ml bovine serum 
albumin (Sigma  A-6003) in Hepes-buffered salt solution (standard HBSS).  
Then, wash cells 3 times for 5 min each with standard HBSS and place the cover slips onto a 
perfusion chamber on a DM IRM inverted microscope (Leica) fitted with a Leica HC N PLAN 
BD 50X oil immersion objective. [Ca2+]i can be monitored in single cells using excitation light 
provided by a 75W xenon lamp-based monochromator (Ushio, Japan). Emitted light can be 
detected using a CCD camera (Orca; Hamamatsu, Shizouka, Japan). Alternatively, illuminate 
cells with 340 and 380 nm light for fura-2. Emitted fluorescence can be passed through a 500 
nm longpass dichromatic mirror and a 535 ± 40 nm bandpass filter (Omega Optical).  
Analyze acquired data using software such as Simple PCI (Compix, Inc., Cranberry, PA) as 
the 340/380 ratio. Measure fluorescence in 15–25 individual neurons for each cover slip. 
Subtract background fluorescence, determined from three or four cell-free regions of the 
cover slips, from all signals prior to calculating the ratios. Choose the excitation light 
exposure time and a neutral density filter to avoid saturation of the fluorescence signal. 

6. Conclusion 
Neural induction from pluripotent stem cells often yield heterogeneous cell populations that 
can hamper quantitative and comparative analyses. There is a need for improved 
differentiation and enrichment procedures that generate highly pure populations of neural 
stem cells (NSC), glia and neurons. The method described here allows an efficient 
generation of neurospheres from mES cells. On day-in vitro 16 after neural induction about 
50% of the cells derived from neurospheres show a neural morphology, a significant 
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expression of neuronal markers such as Tuj1 and the ubiquitous NMDA receptor subunit 
NR1 (figure 2), and a functional NMDAR-dependent calcium influx mediated by exogenous 
glutamate administration (figure 3).  
 

 
Fig. 2. Neurosphere differentiation. a) Immunostaining of a neurospheres with antibody 
specific to NMDA receptor (NR1 sub-unit, green). b-c) Staining of neurosphere-derived 
neurons with (b) NMDA receptor (NR1 sub-unit, red) and (c) β-tubulin III (green). d) 
staining of astrocytes differentiated from neurospheres with GFAP (red). Nuclei were 
counterstained with DAPI (blue).  [Images taken by authors.]  
 

 

 
Fig. 3. Analysis of calcium influx in neurons differentiated from neurospheres indicated by 
glutamate. a) Administration of 10μM glutamate (glu) in neurons causes an increase in 
[Ca2+]i (340/380 = 0.32 ± 0.05a).  b) Glu-induced increase in [Ca2+]i in R1 cells is blocked by 
treatment with MK801, an NMDAR-specific antagonist, suggesting that NMDARs are the 
predominant glutamate-sensitive receptors in neurospheres-derived neurons. [Data 
generated by authors.] 
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Furthermore, the rest of the cellular population show typical astroglial morphology. This 
chapter illustrates the utility mouse ES cells as a simple system able to develop populations 
of viable NSC and neurons.  The method described here will enable downstream studies 
that require consistent and defined cell populations to study and characterize the 
physiopathology of the neuronal differentiation.  
This procedure allows generation of a cell line derived from mouse ES cells which 
continually produces neuropheres in the absence of FGF-2 and EGF and coculturing.  By 
generating neurospheres via this method, one can use them for a variety of purposes for 
further experiments with neurons. 
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1. Introduction   
Cancer has become the leading cause of death worldwide in the year 2010, according to a 
new edition of the World Cancer Report from the International Agency for Research on 
Cancer (World Health Organization, 2010).  Despite the advance in the development of 
novel chemotherapeutic drugs, the dismal prognosis facing most cancer patients may result 
from the ability of cancer to withstand drug treatment, recur and metastasize after initial 
therapies.  There is accumulating evidence in support of a central role for cancer stem cells 
(CSCs) in the initiation, propagation and recurrence of human cancers.  Therefore, targeting 
CSCs has become an attractive research topic for the improvement of treatment outcome 
and prolongation of patient survival.  However, CSCs are endowed with the ability to 
survive against chemo- and radiation therapy.  A better understanding of the mechanisms 
underlying CSC resistance is badly needed.  This chapter provides a review about evidence 
supporting a fundamental role for CSCs in cancer progression, and summarizes potential 
mechanisms of CSC resistance to treatment, with emphasis on the involvement of multidrug 
resistance transporters and their regulation in CSCs.   

2. The Cancer Stem Cell (CSC) hypothesis 
For many years, tumors have been described as the proliferation of cell clones in which 
multiple genetic alterations had occurred over time (Nowell, 1976).  This “clonal evolution” 
model is a non-hierarchical model that proposes all cells within a tumor would have an 
equal chance of acquiring genetic mutations necessary for driving the tumor growth.  
Subsequently, under selective pressures, the more aggressive cells would drive the tumor 
progression and lead to therapy resistance.  Distinct from this notion, an emerging “cancer 
stem cell model” is a hierarchical model, which proposes that only a subset of cells called 
“cancer stem cells” (CSCs) or “tumor-initiating cells” can initiate and propagate a tumor.  
The CSCs can self-renew, propagate the tumor, and differentiate into the diverse types of 
cells that are found in the original tumor, thereby mimicking stem cells.   
The emergence of the CSC model can be dated back to the mid-19th century when a German 
pathologist Rudolf Virchow proposed that cancers arise from the activation of dormant, 
embryonic-like cells present in mature tissue (Virchow, 1855). His speculation was based on 
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Furthermore, the rest of the cellular population show typical astroglial morphology. This 
chapter illustrates the utility mouse ES cells as a simple system able to develop populations 
of viable NSC and neurons.  The method described here will enable downstream studies 
that require consistent and defined cell populations to study and characterize the 
physiopathology of the neuronal differentiation.  
This procedure allows generation of a cell line derived from mouse ES cells which 
continually produces neuropheres in the absence of FGF-2 and EGF and coculturing.  By 
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further experiments with neurons. 
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supporting a fundamental role for CSCs in cancer progression, and summarizes potential 
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the histological similarities between the developing fetus and certain types of cancer such as 
teratocarcinomas.  Later, the term “cancer stem cells” was probably first coined by 
Hamburger and Salmon who postulated that a subpopulation of cells in a tumor capable of 
growing in soft agar are the cell renewal source of a neoplasm and also serve as the seeds of 
metastatic spread of cancer (Hamburger & Salmon, 1977).  More recently, the first conclusive 
evidence for CSCs was reported in 1994 when John Dick and colleagues isolated the 
cancerous stem cells from acute myelogenous leukemia and documented their self-renewing 
capacity (Lapidot et al., 1994).   
Since then, the CSC hypothesis has shifted the paradigm in our understanding of cancer 
tumorigenesis and has important implications in cancer chemotherapy.  With respect to 
tumor development and progression, it could explain the well-known heterogeneous nature 
of cells in a tumor (Park et al., 1971).  While CSCs represent the only cells with self-renewal 
capability driving the tumor growth, the remaining actively proliferating cells making up 
the bulk of the tumor could still differentiate and are therefore destined to die.  Therefore, 
the goal of cancer chemotherapy should be to target these CSCs for complete eradication of 
the tumor. 
It should be noted that the CSC hypothesis indeed does not specify the origin of the cancer 
initiating cells.  They could originate from a stem, progenitor or differentiated cell.  
Therefore, the term “tumor-initiating cell” is often used instead of cancer stem cells to avoid 
the confusion.  The prevailing thought is that CSCs are derived through an activation 
process involving one of three possible pathways (Figure 1): (1) from normal stem cells 
losing growth regulation; (2) from progenitor (Jamieson et al., 2004; Krivtsov et al., 2006) or 
differentiated cells acquiring the self-renewal capacity; or (3) by the fusion of normal stem 
cells with cancer cells (Pawelek & Chakraborty, 2008; Dittmar et al., 2009).  

2.1 Detection and identification of CSCs 
The general consensus nowadays is that CSCs can only be ultimately defined 
experimentally by their ability to recapitulate the generation of a continuously growing 
tumor (Clarke et al., 2006).  However, due to technical difficulty of tumor repopulation in 
vivo, three other popular molecular or phenotypic characteristics of CSCs are being 
exploited for their identification and prospective isolation from tumor specimens and cancer 
cell lines.  These include (1) the “side population (SP)” phenotype manifested by the 
exclusion of Hoechst 33342 dye in flow cytometric assays; (2) cell surface markers; and (3) 
anchorage-independent sphere formation ability.  The putative CSC population thus 
identified will usually be further validated by their ability to initiate a tumor and 
subsequently recapitulate the heterogeneity of the primary tumor. 

2.1.1 The “side population (SP)” phenotype 
CSCs and the normal stem cells alike express high levels of the ATP-binding cassette (ABC) 
transporters, which help protect them from cytotoxic insult throughout their long lifespan.    
By using the energy of ATP hydrolysis, ABC transporters actively efflux drugs out of the 
cells, thereby protecting them from toxic xenobiotics (Gottesman et al., 2002).  Importantly, 
this drug-efflux capability conferred by ABC transporters (including ABCG2 and P-
gp/MDR1) has been used as a marker in the isolation and analysis of haematopoietic stem 
cells (HSCs).  Goodell and colleagues were the first to report that when mouse bone 
marrow-derived cells are incubated with the dye Hoechst 33342 and then analyzed by dual-
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wavelength flow cytometry, a small population of cells does not accumulate an appreciable 
amount of the fluorescent dye and is thus identified as a Hoechst-dim side population (SP) 
(Goodell et al., 1997).  Remarkably, the side population is highly enriched in HSCs (Goodell 
et al., 1996).  When isolated from mice and transplanted into irradiated mice, small numbers 
of these SP cells can reconstitute the bone marrow, demonstrating that these cells are 
pluripotent.  Later, it was demonstrated that the transporter Abcg2, but not P-gp/Mdr1, was 
responsible for the SP in mouse bone marrow (Zhou et al., 2001).  Human ABCG2 was 
subsequently also found to be responsible for the SP phenotype in human bone marrow 
(Scharenberg et al., 2002).  
 

 
Fig. 1. Origin of CSCs (tumor-initiating cells).  A CSC may arise from one of the following 
molecular pathways: (i) a stem cell undergoing a mutation; (iia & iib) a 
progenitor/differentiated cell undergoing several mutations, thus allowing them to acquire 
the self-renewal ability; (iii) fusion of a cancer cell with a normal stem cell, thereby 
equipping the former with self-renewal capability (not shown in the figure).  Like normal 
stem cells, CSCs are capable of long-term self-renewal and dividing asymmetrically to 
recapitulate the generation of a continuously growing tumor (pluripotency).  In all 
scenarios, the resulting CSC has lost normal growth regulation and progress into 
malignancy. 

Since its initial application in bone marrow HSCs, the side population technique based on 
Hoechst 33342 efflux has been adapted to identify putative stem cells and progenitors in many 
normal tissues (Zhou et al., 2001; Asakura & Rudnucki, 2002; Leckner et al., 2002; Alvi et al., 
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2003; Summer et al., 2003; Budak et al., 2005; Du et al., 2005, Hussain, et al., 2005).  SP cells have 
also been found in a number of established cancer cell lines as well as tumor samples and have 
been shown to have stem cell-like properties, overexpress ABCG2, and possess inherent drug-
resistance (Kondo et al., 2004; Hirschmann-Jax et al., 2004; Haraguchi et al., 2005; Seigel et al., 
2005, Chiba et al., 2006).  Figure 2 shows the existence of such a SP in a ABCG2-overexpressing 
mitoxantrone-selected resistant pancreatic cell line.  The nearly complete elimination of all SP 
cells after treatment with the specific ABCG2 inhibitor, fumitremorgin C (FTC), suggests that 
ABCG2 is a major molecular determinant for the SP phenotype.    
 

 
Fig. 2. Identification and isolation of SP cells for the study of putative CSCs. FACS analysis 
was performed for a mitoxantrone-selected drug-resistant and ABCG2-overexpressing 
pancreatic cancer cell line after incubation with Hoechst 33342 dye for 1 h.  The gated R4 
region represents a Hoechst staining-resistant cell population (i.e. SP cells); their abundance 
are indicated by the number in the figure.   

Despite the initial excitment about using SP to identify CSCs, the ABCG2-highly expressing 
SP and ABCG2-negative non-SP tumor cells have been reported to be similarly tumorigenic 
(Patrawala et al., 2005).  It is believed that the SP fraction obtained is not a pure stem-cell 
population, which is greatly affected by the isolation method (Montanaro et al., 2004).  There 
were also report demonstrating that SP cells do not identify stem cell (Triel et al., 2004).  
Moreover, ABCG2, the molecular determinant for Hoechst exclusion, is not an absolute 
requirement for stem cells.  Abcg2-deficient mice are viable and demonstrate no defect in 
steady state hematopoiesis, though the bone marrow of Abcg2-deficient mice does lack a SP 
(Zhou et al., 2002).  Nevertheless, since CSCs lack distinct molecular markers, Hoechst 
33342-dependent cell sorting remains the most widely employed technique for the 
identification and purification of putative CSCs.        
It is also noteworthy that expression of drug transporters (especially MDR1/Pgp) can be 
part of the differentiated phenotype of cells in normal tissue (Triel et al., 2004).  
Histopathological and molecular biological studies have reported increased expression of 
ABCB1 in more differentiated tumors (Mizoguchi et al., 1990; Nishiyama et al., 1993; Bates et 
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al., 1989; Mickley et al., 1989).  We have also reported the cell type-specific upregulation of 
ABCG2 by romidepsin, a differentiating agent and anticancer drug, in cancer cell lines (To et 
al, 2008, 2011).  Furthermore, P-gp and/or ABCG2 are usually overexpressed with the onset 
of multidrug resistance in cancer cell populations.  In these situations, the SP phenotype will 
not definitively identify CSCs, but because the overexpression of these transporters allows 
the cells to effectively exclude the Hoechst dye.   

2.1.2 CSC-specific cell surface markers 
Another common way to identify putative CSCs from patient-derived tissues or cancer cell 
lines is by labeling the isolated cells with antibodies against various cell surface markers 
already known in normal stem cells.  Cells bearing these cell-surface markers can be isolated 
by fluorescence activated cell sorting (FACS) (Woodward et al., 2005) or magnetic bead 
columns (Dou et al., 2007).  These enriched cell populations are then tested for their ability 
to initiate tumorigenesis in immune deficient mice.   
Several cell surface markers have been used to detect CSCs (Table 1).  Among them, the cell 
surface protein CD133 (Prominin 1, a transmembrane glycoprotein) is probably the most 
extensively used marker, which was also known to define stem and progenitor cells in 
varuous tissues (Shmelkov et al., 2005).  A cautionary technical note is worth mentioning.  
CD133 expression is in fact found to be indifferent to the differentiation status of most cells.  
On the other hand, its posttranslational glycoslyated form was found to be downregulated 
upon cell differentiation (Florek et al., 2005).  Therefore, upon dedifferentation of the 
committed cells to generate CSCs as observed in oncogenesis (Figure 1), the glycosylation of 
CD133 (AC133, the glycosylated epitope of CD133) is expected to increase and therefore serve 
as a marker for the tumorigenic potential of putative CSCs.  In other words, antibody against 
AC133, but not CD133, should be used for the prospective identification of putative CSCs.  It is 
also noteworthy that, since tumor initiating CSCs are heterogeneous, a specific marker or set of 
markers has not been found to unequivocally identify CSCs in solid tumors (Welte et al., 2010).  
CSCs identified from solid tumors may also express other organ-specific markers.   
 

Tumor type Putative CSC cell surface 
markers Reference 

Breast CD44+ CD24-/low Al-Hajj et al. (2003); Wang et al. 
(2010) 

Colon CD133+ Fang et al. (2010) 
Colon CD44+ EpCamhigh CD166+ Kanwar et al. (2010) 
CNS CD133+ Pallini et al. (2011) 

HNSCC CD44+ ALDH+ Chen et al. (2010) 
Liver CD13+ Haraquchi et al. (2010) 

Melanoma CD20+ Schmidt et al. (2011) 
Multiple 
myeloma CD138- Singh et al. (2004) 

NSCLC CD133+ Salnikov et al. (2010) 
Pancreas CD44+ CD24+ ESA+ Hong et al. (2009) 
Prostate CD44+ α2β1+ CD133+ Collins et al. (2005) 

(HNSCC = head and neck squamous cell carcinoma; NSCLC = non small cell lung cancer) 
Table 1. Commonly employed CSC cell surface markers in various tissues  
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2.1.3 Anchorage-independent sphere formation assay  
Putative CSCs have also been identified based on their ability to form colonies in vitro.  
Typically, putative CSCs fractions are seeded onto culture dishes coated with serum-free 
media containing epidermal growth factor and basic fibroblast growth factor.  The growth 
of spherical colonies after a few weeks is considered indicative of self-renewal ability, and 
would be consistent with a CSC phenotype.  Sphere-forming ability as a measure of stem 
cells was first developed for central nervous system (CNS) cells, where it has been shown 
that a subset of cells isolated from human fetal brain, and subsequently from human CNS 
tumors, can form spheres when cultured under the appropriate conditions (Tamaki et al., 
2002).  These spheres can self renew in vitro, and differentiate into all of the neuronal 
lineages, both in vitro and in vivo.  More importantly, it was subsequently demonstrated for 
brain tumors that the neurosphere-forming cells could be prospectively isolated from fresh 
tissue using the cell surface marker CD133.  These CD133+ cells did indeed initiate brain 
tumors in vivo, without any in vitro manipulation, indicating that they do in fact represent 
CSCs (Singh et al., 2003).  

2.2 CSCs in hematopoietic malignancies  
The hematopoietic system is the best characterized somatic tissue with respect to stem cell 
biology. Many of the physical, biologic, and developmental features of normal 
hematopoietic stem cells have been defined and useful methods for studying stem cells have 
been established.  It is therefore not surprising that CSCs were first identified in human 
acute myelogenous leukemia (AML), an aggressive malignancy of immature hematopoietic 
cells in the bone marrow.  The leukemia-initiating activity of primary human AML cells in 
immunodeficient mice was first demonstrated by John Dick & colleagues, where they found 
that the “leukemic stem cells (LSCs)” were exclusively found in the CD34+CD38- 
subpopulation (Bonnet & Dick, 1997).  As normal hematopoietic stem cells (HSC) share the 
CD34+CD38- immunophenotype, it was proposed that AML stem cells arise from HSC.    

2.3 CSCs in solid tumors and cancer cell lines 
CSCs have been more difficult to identify in non-haematopoietic cancers because fewer 
well-developed phenotypic markers and definitive assay systems are available.  Al-Hajj et 
al. were the first to identify and prospectively isolate a minority subpopulation of cells 
from a human solid breast cancer cell line, based on the expression of surface markers and 
their potential to form tumor after injection into the mammary fat pad of NOD/SCID 
mice (Al-Hajj et al., 2003).  Cells with the phenotype of epithelial-specific antigen (ESA)+ 
Lineage marker (Lin)-CD24-/lowCD44+ were found to generate tumor that were 
histologically similar to those of primary breast tumors in mice when as few as 100 cells 
were transplanted.  Similar findings were also published for human brain tumors (GBMs 
and medulloblastomas) (Singh et al., 2003; Hemmati et al., 2003).  These CSCs can 
differentiate into cells that have characteristics of both neurons and glial cels, self-renew 
in vitro at higher levels than normal neuronal stem cells, and grow and differentiate in 
neonatal rat brains.  Interestingly, the putative CSCs isolated from these brain tumors 
overexpressing CD133 were found to regenerate identical brain tumors in NOD/SCID 
mice.  Furthermore, these tumors could also be serially transplanted (Singh et al., 2004).  It 
is likely that, as suitable markers and assay systems become available, more solid tumor 
CSCs will be described.   
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2.4 Signaling pathways supporting the self-renewal of CSCs 
There are several signaling pathways including Notch (McGovern et al., 2009), Wnt/β-
catenin (Reya & Clevers, 2005), Hedgehog (Medina et al., 2009), and PI3K/Akt (Hu et al., 
2005), which have known roles in maintenance and/or control of normal and cancer stem 
cell compartments, as well as being implicated in cancer.  Since they are playing an 
important functional role in CSC self-renewal and survival, they also represent attractive 
novel therapeutic targets for complete eradication of tumor.  A short list of candidate 
chemotherapeutic drugs designed to target these signaling pathways, currently under 
preclinical development or in clinical trials, is compiled in Table 2 and Table 3, respectively.  
Selected signaling cascades are also discussed in more detail as follows.   
 
 
 

Target Novel agent/combination CSCs from specific 
tumor type tested Reference 

Bcl-2 TRAIL + ABT-737 (Abbott) Brain Tagscherer et 
al., 2008 

CD44 CD44 antibodies AML Jin et al., 2006 

Death receptors TRAIL + chemotherapy AML progenitors Plasilova et 
al., 2002 

Fatty acid 
synthase (F A 

S) 
Resveratrol Breast Pandey et al., 

2010 

Hedgehog Cyclopamine Medulloblastoma Berman et al., 
2002 

IL-4 IL-4 blocking antibodies + 
chemotherapy Colon Francipane et 

al., 2008 
Notch γ-secretase inhibitor (GSI-18) Medulloblastoma Fan et al., 2006 

PI3K/Akt A-443654 (Abbott) Brain Gallia et al., 
2009 

SHH/mTOR Cyclopamine + rapamycin + 
chemotherapy Pancreas Mueller et al., 

2009 

TGF-β TGF-β + imatinib CML Naka et al., 
2010 

Wnt/β-
catenin/lef-1 

CGP049090, PKF115-584 
(Novartis) CLL Gandhirajan et 

al., 2010 

Wnt 
(Canonical) 

ZTM000990, PKF118-310, 
anti-WNT1 & anti-WNT2 

antibodies 
-- Barker & 

Clevers, 2006 

XIAP 
Small molecular XIAP 
inhibitors (Pfizer) + γ-

irradiation 
Brain Vellanki et al., 

2009 

 

Table 2. Preclinical studies of novel drug candidates targeting various signaling pathways 
associated with CSCs.  
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2.4 Signaling pathways supporting the self-renewal of CSCs 
There are several signaling pathways including Notch (McGovern et al., 2009), Wnt/β-
catenin (Reya & Clevers, 2005), Hedgehog (Medina et al., 2009), and PI3K/Akt (Hu et al., 
2005), which have known roles in maintenance and/or control of normal and cancer stem 
cell compartments, as well as being implicated in cancer.  Since they are playing an 
important functional role in CSC self-renewal and survival, they also represent attractive 
novel therapeutic targets for complete eradication of tumor.  A short list of candidate 
chemotherapeutic drugs designed to target these signaling pathways, currently under 
preclinical development or in clinical trials, is compiled in Table 2 and Table 3, respectively.  
Selected signaling cascades are also discussed in more detail as follows.   
 
 
 

Target Novel agent/combination CSCs from specific 
tumor type tested Reference 
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al., 2008 

CD44 CD44 antibodies AML Jin et al., 2006 

Death receptors TRAIL + chemotherapy AML progenitors Plasilova et 
al., 2002 

Fatty acid 
synthase (F A 

S) 
Resveratrol Breast Pandey et al., 

2010 

Hedgehog Cyclopamine Medulloblastoma Berman et al., 
2002 

IL-4 IL-4 blocking antibodies + 
chemotherapy Colon Francipane et 

al., 2008 
Notch γ-secretase inhibitor (GSI-18) Medulloblastoma Fan et al., 2006 

PI3K/Akt A-443654 (Abbott) Brain Gallia et al., 
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SHH/mTOR Cyclopamine + rapamycin + 
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2010 

Wnt/β-
catenin/lef-1 

CGP049090, PKF115-584 
(Novartis) CLL Gandhirajan et 

al., 2010 

Wnt 
(Canonical) 

ZTM000990, PKF118-310, 
anti-WNT1 & anti-WNT2 

antibodies 
-- Barker & 

Clevers, 2006 

XIAP 
Small molecular XIAP 
inhibitors (Pfizer) + γ-

irradiation 
Brain Vellanki et al., 

2009 

 

Table 2. Preclinical studies of novel drug candidates targeting various signaling pathways 
associated with CSCs.  
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Target Drug Cancer type 
(Phase) Sponsor Clinical trial 

identifier 
Notch MK0752 Breast (I) Merck NCT00106145 

  Pancreatic (I, II) Cancer 
Research, UK NCT01098344 

 PF-03084014 Leukemia (I) Pfizer NCT00878189 

 RO4929097 Renal cell (II) 
U Health 
Network, 
Toronto 

NCT01141569 

Sonic 
Hedgehog BMS-833923 Basal cell (I) Bristol-Myers 

Squibb NCT00670189 

 GDC-0449 Solid tumors (I) Genentech NCT00968981 
  Colorectal (II) Genentech NCT00636610 

 LDE225 Medulloblastoma 
(I) Novartis NCT00880308 

 PF-04449913 Hematologic (I) Pfizer NCT00953758 

Wnt Resveratrol Colon (I, II) U California, 
Irvine NCT00256334 

Table 3. Clinical trials on new drugs specifically targeting CSC signaling pathways.  

2.4.1 Notch 
The Notch/γ-secretase/Jagged signaling pathway is involved in cellular response to 
intrinsic or extrinsic developmental cues to execute specific developmental programs 
(Artavanis-Tsakonas et al., 1999).  It is an important regulator of differentiation and helps 
control cell fate.  It is also involved in vasculogenesis and angiogenesis.  Extensive crosstalk 
has been shown to exist between Notch and other developmental signaling pathways 
(Hedgehog and Wnt, see below).  Notch signaling is activated by ligand binding.  The Notch 
ligands (Jagged 1 & 2, and Delta 1-3) induce the release of the Notch intracellular (Notch-IC) 
domain via enzymatic cleavage by α- and γ-secretases.  The released Notch-IC will then 
translocate to the nucleus where it turns on the transcription of Notch responsive genes 
(Artavanis-Tsakonas et al., 1999; Lehar et al., 2005).  Notch signaling pathways are activated 
in both breast CSCs (Phillips et al., 2006) and in endothelial cells (Scharpfenecker et al., 2009) 
in response to radiation.  γ-secretase inhibitors have been developed to inhibit Notch 
signaling to block CSC self-renewal and were shown to inhibit the engraftment of 
medulloblastoma in animal model (Fan et al., 2006).      

2.4.2 Wnt/β-catenin 
The Wnt signaling pathway is an ancient system that has been highly conserved during 
evolution.  It has been implicated in a wide range of biological processes from maintaining 
stem cells in their pluripotent state to the induction of specific tissues and organs during 
development.  Canonical Wnt signals are transduced through Frizzled family receptors and 
LRP5/LRP6 coreceptor to the β-catenin signaling cascade (comprehensively reviewed by 
Wend et al., 2010).  This Wnt/β-catenin signaling pathway is important for self-renewal in 
stem cells and has been found to be dysregulated in solid and haematopoietic cancers (Zhao 
et al., 2007; Katoh & Katoh, 2007).  The pathway has also been shown to promote genomic 
instability, thereby enhancing the DNA damage tolerance in CSCs (Eyler & Rich, 2008).  
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Conditional knockout of the key Wnt mediator protein β-catenin in hematopoietic 
progenitor cells have been shown to delay the development of CML in a bone marrow 
transplantation model in mice (Zhao et al., 2007).   

2.4.3 Sonic hedgehog (SHH) 
The SHH pathway is regulated by the binding of Shh (ligand) on the transmembrane receptor 
patched (Ptch).  In the absence of Shh, Ptch inhibits the activity of another transmembrane 
protein, smoothened (Smo), resulting in inactivation of the SHH pathway (Pasca di Magliano 
et al., 2003).  Binding of Shh to Ptch abrogates the inhibitory effect of Ptch.  Smo is derepressed 
and the transcription factor Gli (Gli1-3) is activated.  Gli1 is a potent activator of a number of 
downstream target genes, including HNF-3β, cyclins D1, IGFBP-6, Snail, CXCR4, and Bcl-2, to 
regulate neural development, cell proliferation, oncogenesis, survival, epithelial-mesenchymal 
transition, migration, invasion and metastasis, respectively (Katoh & Katoh, 2007).  As positive 
and negative feedbacks, GLI1 protein respectively activates its own expression and that of 
PTCH1 (Agren et al., 2004).  Therefore, Gli1 is considered a marker of abnormal activation of 
SHH pathway.  While both SHH and Wnt pathways are commonly hyperactivated in tumors 
to sustain tumor growth, crosstalk between the two pathways has been reported (He et al., 
2006), which adds to the complexity of regulation of CSCs.  With the development of specific 
SHH inhibitors such as cyclopamine, the SHH signaling pathway has been proposed to be a 
druggable target in CSCs (Medina et al., 2009).   

2.4.4 PI3K/PTEN/Akt 
The PI3K/PTEN/Akt pathway is one of the most extensively studied signal transduction 
axes that control cell growth, survival, and proliferation (Sarker et al., 2009).  The loss of 
PTEN and the consequent enhancement of Akt pathway activity has been found to 
constitute the major molecular events accompanying the increased stem cell character and 
chemoresistance of gliomas (Hu et al., 2005).  Activate Akt pathway is also associated with 
the occurrence of a population of radiation resistant cancer stem-like cells in 
medulloblastomas, where Akt inhibition appears to sensitize the cells for radiation-induced 
apoptosis (Hambardzumyan et al., 2008).  
With a better appreciation of the CSC-specific signaling pathways, it becomes logical in an 
attempt to eradicate the tumor by combining these CSC-targeted therapies with standard 
chemotherapies.  Since the aforementioned pathways also govern normal stem cell 
development and maintenance, it will be critical to establish a dose and schedule where the 
tumor is suppressed or eliminated without undue toxicity of normal stem cells.  Recent data 
on mouse leukemia models suggest that the PTEN-dependence of CSCs may be exploited 
for their specific targeting, while sparing the normal haematopoietic stem cells (Yilmaz et 
al., 2006).  Rapamycin was found to selectively kill the leukemia initiating cells in mice 
harboring a conditional deletion of PTEN, illustrating that novel therapies may be devised 
specifically for CSCs. 

3. Multidrug resistance and cancer stem cells   
3.1 Working models of cancer drug resistance  
Clinical drug resistance to anticancer therapy is well-known to be multifactorial, involving 
alteration in drug targets, inactivation of drug, decreased drug uptake, increased drug 
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efflux, and dysregulation of apoptosis pathways (Gottesman, 2002).  Usually, cancers that 
recur after an initial response to chemotherapeutic drugs become resistant to multiple 
drugs, giving rise to the phenomenon of multidrug resistance (MDR).  The traditional belief 
is that a few cells in the tumor have acquired genetic alteration(s) to confer drug resistance 
(i.e. “clonal evoluation” model, Figure 3A).  These resistant clones have a selective 
advantage that enables them to outgrow the rest of the tumor following chemotherapy.   
  
 

 
 
A. Conventional model of cancer drug resistance: A few resistant clones (MDR cells) have 

acquired drug resistance through genetic alterations.  Following chemotherapy, these 
drug resistant clones survive and give rise to a tumor made up of their progeny cells.  

B. CSC model of cancer drug resistance: The original tumor contains a small population of 
CSCs and their more differentiated progeny.  Following chemotherapy, only the CSCs 
survive by their innate protective mechanisms.  Thereafter, they can repopulate the 
tumor by asymmetrical cell division (i.e. giving rise to another CSC and a differentiated 
progeny originated from the CSC). 

C. “Acquired resistance” CSC model of cancer drug resistance: The original tumor 
contains a small population of CSCs and their more differentiated progeny.  Following 
chemotherapy, while only the CSCs survive, some of them acquire mutations that 
confer a high level of drug resistance.   

 

Fig. 3. Models of cancer drug resistance 
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With better appreciation of the role of CSCs in cancer biology, MDR is generally considered 
to be ultimately caused by CSCs.  As discussed above, CSCs share many properties of the 
normal stem cells, which help protect them from cytotoxic insult throughout their long 
lifespan.  These properties include quiescence, resistance to xenobiotics through the 
expression of several ATP-binding cassette (ABC) transporters, active DNA repair capacity, 
and resistance to apoptosis, which collectively make CSCs naturally resistant to 
chemotherapy.  Therefore, after exposure to conventional chemotherapeutic drugs, CSCs 
survive and are able to repopulate the tumor both with another CSC and with differentiated 
cells originated from the CSCs (Figure 3B).    
This working model where the intrinsic protective mechanisms of CSCs alone provide the 
basis for drug resistance might be considered too simplistic.  A modified “acquired 
resistance” stem-cell model was thus proposed to more closely resemble the real clinical 
situation (Figure 3C).  This can be exemplified in the recent studies of imatinib resistance in 
leukemia patients.  Imatinib, a tyrosine kinase inhibitor, is a promising molecularly targeted 
chemotherapeutic agent.  It has been shown to be both a substrate and inhibitor of ABCG2, 
thus allowing its efflux by a stem cell that express this ABC transporter (Houghton et al., 
2004; Burger et al., 2004).  In-depth mechanistic studies in imatinib-resistant leukemia cells 
revealed several “acquired” mutations in the kinase domain of ABL in patient with CML or 
with AML associated with t(9;22)(q34;q11).  These findings therefore suggest that CSCs 
expressing the drug transporter could facilitate, but not be solely responsible for, the 
acquisition of acquired mechanisms of drug resistance.  As for imatinib, the acquired 
mutation in ABL, the ultimate drug target, could confer higher levels of drug resistance.   
Different tumor types may respond differently to chemotherapy.  Cancers that respond to 
initial chemotherapy may appear to acquire drug resistance during the course of treatment.  
Other cancers may appear to be intrinsically resistant.  In either case, the CSC model of drug 
resistance applies.  It is the quiescent CSCs with the innate drug resistance that survive the 
chemotherapy; and more importantly, they are capable of repopulating the tumor following 
chemotherapy.  On the other hand, acquired drug resistance in more differentiated cancer 
cells, through gene mutation, amplification or rearrangement, may contribute to an 
aggressive phenotype, but it is not the primary reason for cancer recurrence or spread after 
therapy.  Therapeutic strategies that specifically target the CSCs should eradicate tumors 
more effectively than current treatments and reduce the risk of relapse and metastasis. 

3.2 ABC Transporters and normal stem cells/CSCs  
Among the several protective mechanisms for CSCs, the overexpression of the ATP-binding 
cassette (ABC) efflux transporters is probably the most important.  The ABC transporters 
belong to the largest superfamily of transport proteins (Gottesman & Ambudkar, 2001).  A 
total of 49 ABC transporter genes have been identified in the human genome and they were 
grouped into seven subfamilies (designated A to G) according to their structural and 
sequence homologues (Vasiliou et al., 2009).  By using the energy of ATP hydrolysis, these 
transporters actively efflux drugs from cells, serving to protect them from cytotoxic 
substances.  The two ABC transporter-encoding genes that have been studied most 
extensively in stem cells are ABCB1 (MDR1), which encodes P-glycoprotein, and ABCG2.  
Together with ABCC1 (MRP1), they represent the three major multidrug resistance genes 
that have been identified in cancer cells.  Table 4 summarizes the different ABC transporters 
that have been found to contribute to cancer drug resistance.   
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Gene Protein / alias Location on 
chromosome 

Chemotherapeutic 
drugs effluxed 

Other important 
substrates 

ABCA2 ABCA2 9q34.3 estramustine - 
ABCA3 ABCA3 16p13.3 daunorubicin surfactant? 

ABCB1 P-gp/ 
MDR1 7q21.12 

colchicine, doxorubicin, 
etoposide, vinblastine, 

paclitaxel 

digoxin, 
saquinivir, 
rhodamine 

ABCB4 MDR3 7q21.12 paclitaxel, vinblastine bile salt 
ABCB5 ABC19 7p15.3 doxorubicin - 

ABCB11 BSEP/SPGP 2q21.3 paclitaxel, vinblastine bile salt, 
pravastatin 

ABCC1 MRP1 16p13.12 

doxorubicin, 
daunorubicin, 

vincristine, etoposide, 
colchicine, 

camptothecins, 
methotrexate 

rhodamine 

ABCC2 MRP2 10q24.2 
vinblastine, cisplatin, 

doxorubicin, 
methotrexate 

sulfinpyrazone, 
bilirubin 

ABCC3 MRP3 17q21.33 methotrexate, etoposide - 

ABCC4 MRP4 13q32.1 
6-mercaptopurine, 6-

thioguanine, 
methotrexate 

cAMP, cGMP 

ABCC5 MRP5 3q27.1 6-mercaptopurine, 6-
thioguanine, 

cAMP, cGMP 
 

ABCC6 MRP6 16p13.12 etoposide - 
ABCC10 MRP7 6p21.1 paciltaxel E217βG 
ABCC11 MRP8 16q12.1 5-fluorouracil cAMP, cGMP 

ABCG2 ABCG2/BCRP 4q22 

mitoxantrone, 
topotecan, doxorubicin, 

daunorubicin, 
irinotecan, imatinib, 

methotrexate 

pheophorbide A, 
Hoechst 33342, 

rhodamine 

Table 4. ABC transporters involved in drug resistance    

3.2.1 ABCB1 
ABCB1, also commonly known as P-glycoprotein (P-gp), is the most extensively studied 
multidrug resistance transporter, which was discovered more than 30 years ago (Jiliano & 
Ling, 1976).  It has been found to be expressed in > 50% of all drug-resistant tumors.  
Human ABCB1 is the product of the MDR1 gene and acts as an ATP-dependent pump for a 
multitude of structurally unrelated hydrophobic compounds, including numerous 
anticancer and antimicrobial drugs (Gottesman & Ambudkar, 2001).   
In Hoechst dye exclusion assay using human cancer cell lines, the expression of ABCB1 
(usually together with ABCG2) has been found to be higher in the isolated SP cells.  As 
described above, the SP population has an enhanced capacity for the efflux of Hoechst dye, 
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presumably due to ABCB1 and/or ABCG2 expression.  Although Zhou et al. reported that 
ABCB1 may not contribute to the SP phenotype because bone marrow cells from Mdr1a/1b-/- 
mice are completely lacking in the SP population (Zhou et al., 2001), ABCB1 is still generally 
considered to be important in protecting CSCs from toxic insult.  Result by Zhou et al. may 
just represent a tumor type-specific observation.  Moreover, SP indeed does not define 
CSCs.  The SP fraction is composed of both stem and non-stem cells, and some stem cells are 
not located in the SP compartment (Zhou et al., 2002). 

3.2.2 ABCG2   
ABCG2 is a more recently discovered ABC transporter responsible for cancer drug 
resistance.  It was discovered almost simultaneously by three research groups, giving it 
three different names (BCRP/ABCP/MXR) in the 1990s (Doyle et al., 1998, Allikmets et al., 
1998; Miyake et al., 1999).  Subsequently, the sequences for these genes turned out to be 
nearly identical, thereafter the gene was assigned an official name ABCG2 by the Human 
Gene Nomenclature Committee, which falls into the “G” subfamily of ABC transporters 
comprising only of half-transporters.  
The list of ABCG2 substrates has been expanding rapidly, which highlights the important 
role of this transporter in drug disposition and treatment outcomes (Polgar et al., 2008).  
Numerous cancer chemotherapeutic drugs have been identified as ABCG2 substrates, such 
as mitoxantrone, flavopiridol, topotecan, and some of the newly developed tyrosine kinase 
inhibitors.  There is considerable overlap in substrate drug specificity of ABCG2 and other 
multidrug resistance transporters, including ABCB1, ABCC1, ABCC2, and some solute 
carrier transporters.  Besides anticancer drugs, several other therapeutic classes have also 
been described as ABCG2 substrates, including antibiotics, antivirals, flavonoids, and 
antihyperlipidemic drugs. 
Numerous studies have indicated that ABCG2 overexpression plays a possible role in cancer 
drug resistance, particularly in leukemia (Ross et al., 2010).  For example, higher expression 
of ABCG2 was found to be associated with AML cases (Ross et al., 2000) or with a poor 
response to remission induction therapy in AML cases (Steinbach et al., 2002).  Of note, 
ABCG2 is often found to be expressed together with P-gp in AML cases, resulting in poor 
prognosis (Galimberti et al., 2004; van den Heuvel-Eibrink et al., 2007).  Interestingly, 
ABCG2 and ABCB1 mRNA level was found to be higher in non-responding AML cases, 
only when the primitive subset of CD34+/CD38- leukaemia stem cells were analyzed (Ho et 
al., 2008).  Although the self renewal capability was not evaluated for the CD34+/CD38- cell 
population in these studies, it appears that they are the tumor-initiating CSCs protected by 
the increased expression of the transporters.  

3.2.3 Physiological role of ABCB1 and ABCG2 in CSCs   
Although high expression of ABCB1 and ABCG2 is generally believed to be a marker for 
normal and/or cancer stem cells, their physiological role in still not clear.  Mice deficient in 
either Abcb1, Abcc1, or Abcg2 are viable, fertile and have normal stem cell compartments 
(Schinkel et al., 1994; Zhou et al., 2002; Jonker al., 2002).  This indicates that none of these 
transporter genes are necessary for stem cell growth or maintenance.  On the other hand, 
these knockout mice are more sensitive to the effects of drugs such as vinblastine, 
ivermectin, topotecan and mitoxantrone, consistent with a role for these ABC transporters in 
protecting cells from toxins.  
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Gene Protein / alias Location on 
chromosome 

Chemotherapeutic 
drugs effluxed 

Other important 
substrates 

ABCA2 ABCA2 9q34.3 estramustine - 
ABCA3 ABCA3 16p13.3 daunorubicin surfactant? 

ABCB1 P-gp/ 
MDR1 7q21.12 

colchicine, doxorubicin, 
etoposide, vinblastine, 

paclitaxel 

digoxin, 
saquinivir, 
rhodamine 

ABCB4 MDR3 7q21.12 paclitaxel, vinblastine bile salt 
ABCB5 ABC19 7p15.3 doxorubicin - 

ABCB11 BSEP/SPGP 2q21.3 paclitaxel, vinblastine bile salt, 
pravastatin 

ABCC1 MRP1 16p13.12 

doxorubicin, 
daunorubicin, 

vincristine, etoposide, 
colchicine, 

camptothecins, 
methotrexate 

rhodamine 

ABCC2 MRP2 10q24.2 
vinblastine, cisplatin, 

doxorubicin, 
methotrexate 

sulfinpyrazone, 
bilirubin 

ABCC3 MRP3 17q21.33 methotrexate, etoposide - 

ABCC4 MRP4 13q32.1 
6-mercaptopurine, 6-

thioguanine, 
methotrexate 

cAMP, cGMP 

ABCC5 MRP5 3q27.1 6-mercaptopurine, 6-
thioguanine, 

cAMP, cGMP 
 

ABCC6 MRP6 16p13.12 etoposide - 
ABCC10 MRP7 6p21.1 paciltaxel E217βG 
ABCC11 MRP8 16q12.1 5-fluorouracil cAMP, cGMP 

ABCG2 ABCG2/BCRP 4q22 

mitoxantrone, 
topotecan, doxorubicin, 

daunorubicin, 
irinotecan, imatinib, 

methotrexate 

pheophorbide A, 
Hoechst 33342, 

rhodamine 

Table 4. ABC transporters involved in drug resistance    

3.2.1 ABCB1 
ABCB1, also commonly known as P-glycoprotein (P-gp), is the most extensively studied 
multidrug resistance transporter, which was discovered more than 30 years ago (Jiliano & 
Ling, 1976).  It has been found to be expressed in > 50% of all drug-resistant tumors.  
Human ABCB1 is the product of the MDR1 gene and acts as an ATP-dependent pump for a 
multitude of structurally unrelated hydrophobic compounds, including numerous 
anticancer and antimicrobial drugs (Gottesman & Ambudkar, 2001).   
In Hoechst dye exclusion assay using human cancer cell lines, the expression of ABCB1 
(usually together with ABCG2) has been found to be higher in the isolated SP cells.  As 
described above, the SP population has an enhanced capacity for the efflux of Hoechst dye, 
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carrier transporters.  Besides anticancer drugs, several other therapeutic classes have also 
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Numerous studies have indicated that ABCG2 overexpression plays a possible role in cancer 
drug resistance, particularly in leukemia (Ross et al., 2010).  For example, higher expression 
of ABCG2 was found to be associated with AML cases (Ross et al., 2000) or with a poor 
response to remission induction therapy in AML cases (Steinbach et al., 2002).  Of note, 
ABCG2 is often found to be expressed together with P-gp in AML cases, resulting in poor 
prognosis (Galimberti et al., 2004; van den Heuvel-Eibrink et al., 2007).  Interestingly, 
ABCG2 and ABCB1 mRNA level was found to be higher in non-responding AML cases, 
only when the primitive subset of CD34+/CD38- leukaemia stem cells were analyzed (Ho et 
al., 2008).  Although the self renewal capability was not evaluated for the CD34+/CD38- cell 
population in these studies, it appears that they are the tumor-initiating CSCs protected by 
the increased expression of the transporters.  

3.2.3 Physiological role of ABCB1 and ABCG2 in CSCs   
Although high expression of ABCB1 and ABCG2 is generally believed to be a marker for 
normal and/or cancer stem cells, their physiological role in still not clear.  Mice deficient in 
either Abcb1, Abcc1, or Abcg2 are viable, fertile and have normal stem cell compartments 
(Schinkel et al., 1994; Zhou et al., 2002; Jonker al., 2002).  This indicates that none of these 
transporter genes are necessary for stem cell growth or maintenance.  On the other hand, 
these knockout mice are more sensitive to the effects of drugs such as vinblastine, 
ivermectin, topotecan and mitoxantrone, consistent with a role for these ABC transporters in 
protecting cells from toxins.  
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As discussed above, both ABCB1 and ABCG2 have been proposed to be survival factors for 
normal stem cells or CSCs by excluding various xenotoxins out of the cells.  However and 
interestingly, ABCB1/P-gp expression generally tracks with the cell differentiation status, 
where more differentiated tumors tend to have higher expression of the transporter 
(Mizoguchi et al., 1990; Nishiyama et al, 1993).  Moreover, ABCB1/P-gp expression is almost 
universally found to be upregulated, accompanied by increased expression of markers of 
maturation, in cancer cell lines treated with differentiating agents (Bates et al., 1989; Mickley 
et al., 1989).  Given that CSCs need to maintain their pluripotent state for self-renewal and 
repopulating the rest of the tumor, they should be minimally differentiated.  It follows that 
ABCB1/P-gp may not be an important CSC survival factor per se.  In contrast, high level 
functional expression of ABCG2 has been reported in undifferentiated human embryonic 
stem cells (hESCs) (Apati et al., 2008).  The therapeutic implication of these observations is 
that the undifferentiated and ABCG2-overexpressing cancer cells within a tumor may 
represent the most chemoresistant putative CSCs that need to be targeted for complete 
eradication of the tumor.     

3.2.4 Overcoming drug resistance by transporter inhibition   
3.2.4.1 Early generations of transporter inhibitors    

An obvious strategy to restore drug sensitivity in MDR cancer cells caused by ABC drug 
transporters is to block transporter-mediated drug efflux.  Over the past decade, 
tremendous efforts have been made to discover and synthesize such inhibitors/modulators.  
Of note, efforts to combat drug resistance caused by the MDR transporters have focused 
mostly on the use of functional modulators or reversal agents, rather than modulation of the 
transporter gene regulation.  The most well-known inhibitors that have been tested for 
targeting ABCB1/P-gp (verapamil, cyclosporine A, and valspodar (PSC833)) and ABCG2 
(fumitremorgin C (FTC) and Ko143) are also useful research tools for studying modulation 
of these transporters.  A few of these inhibitors, including tariquidar (XR9576) (Kuhnle et al., 
2009), can interact with both ABCB1/P-gp and ABCG2.  They represent promising lead 
compounds for further development because drug-resistant tumors usually have 
overexpression of more than one MDR transporters.  
Numerous clinical trials have been performed to evaluate the combination of P-gp 
modulators with standard chemotherapy regimens in enhancing anticancer efficacy (Sandor 
et al., 1998).  However, they were mostly disappointing and failed to prove the MDR 
reversal hypothesis, partly because of the lack of specific and potent inhibitors against the 
MDR transporters.  On the other hand, unpredictable pharmacokinetic drug interactions, 
simultaneous involvement of several drug transporters in tumor tissues, as well as the 
variability in drug transporter expression levels among individuals, remain obstacles to 
using modulators to restore drug sensitivity in the clinic.   
3.2.4.2 Novel transporter inhibitors may hold promise to target CSCs    

The abrupt termination of a phase III clinical trial of a second generation ABCB1/P-gp 
inhibitor, valspodar (also known as PSC833), due to unexpected toxicity to the patients 
probably have an enormous negative impact in the field.  It was just until recently when the 
discovery of potent and specific inhibition of P-gp and/or ABCG2 by tyrosine kinase 
inhibitors (TKIs) has renewed the research interest in developing drug transporter inhibitors 
for the circumvention of MDR.  TKIs are an important new class of molecularly targeted 
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chemotherapeutic agents that specifically inhibit several oncogenic tyrosine kinases, thereby 
regulating cancer proliferation, invasion, metastasis and angiogenesis.  The first TKI that 
was approved for CML, imatinib, has been shown to reverse MDR by inhibiting ABCB1(P-
gp) (Hegedus et al., 2002) and ABCG2 (Houghton et al., 2004).  A few other TKIs were also 
demonstrated to reverse drug resistance mediated by MDR transporters in various in vitro 
and in vivo models (reviewed in Wang & Fu, 2010).  However, it is still controversial as to 
whether TKIs are substrates or inhibitors of ABCB1 (P-gp) and/or ABCG2, which may 
depend on the concentration used.  Moreover, since these TKIs are acting on oncogenic 
tyrosine kinases, which may have interactions/crosstalk with the other CSC-specific 
signaling pathways described before, the novel TKIs may prove to be good drug candidates 
targeting CSCs.       
Given the central role played by ABCB1 and/or ABCG2 in protecting CSCs, specific 
transporter inhibitors theoretically could be employed as “cancer stem cell sensitizing 
agents” that allow the most crucial and drug resistant cells in a tumor to be destroyed.  
These therapies would be predicted to have toxic effects on the patients’ normal stem cells.  
Since both ABCG2 and ABCB1 are also known to constitute the blood-brain barrier, this 
approach has to be carefully titrated to avoid excessive toxicity.  

4. Regulation of MDR transporters and its relevance to CSCs 
As mentioned above, the MDR transporter ABCG2 may be the bona fide CSC survival 
factor.  Therefore, our discussion in this section will focus on ABCG2.  Recently, an 
increasing number of studies have focused on unravelling the molecular regulation of 
ABCG2 because ABCG2 expression is highly sensitive to various developmental and 
environmental stimuli.   

4.1 Transcriptional regulation of ABCG2 at the promoter level     
Early studies examining the regulation of ABCG2 have focused at the transcriptional level.  
A few functional cis-elements have been identified at the ABCG2 promoter, including 
hypoxia (Krishnamurthy et al., 2004), estrogen (Ee et al., 2004), progesterone (Wang et al., 
2008), and the xenobiotic (aryl hydrocarbon receptor) response elements (Tan et al., 2010; To 
et al., 2011), which tightly control ABCG2 expression and serve as cellular defense 
mechanisms against various stimuli.  A PPAR-γ response element upstream of the ABCG2 
gene has also been shown to facilitate the upregulation of ABCG2 for protecting dendritic 
cells (Szatmari et al., 2006).  Cytokines and growth factors have also been reported to affect 
ABCG2 levels, though the exact mechanism is not clear.  
Other studies on ABCG2 regulation are mostly related to its overexpression in drug-
resistant cancer cell lines.  The overexpression of ABCG2 has been found to correlate with 
increased binding of a set of permissive histone modification marks, RNA polymerase II and 
a chromatin remodelling factor Brg-1, but decreased association of a repressive histone 
mark, HDAC-1 and Sp1 with the proximal ABCG2 promoter (To et al., 2008a).  It has been 
demonstrated that chromatin dynamics and structure contribute significantly to the 
maintenance of pluripotency and regulation of differentiation in embryonic stem cells (Shafa 
et al., 2010).  To this end, prolonged drug selection has been found to enrich the resulting 
subline with CSC characteristics (Calcagno et al., 2010).  Therefore, we speculate that the 
chromatin remodelling observed at the ABCG2 promoter may coincide with the enrichment 
of the pluripotent CSCs in the drug-selected resistant cells (Figure 4).  
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chemotherapeutic agents that specifically inhibit several oncogenic tyrosine kinases, thereby 
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gp) (Hegedus et al., 2002) and ABCG2 (Houghton et al., 2004).  A few other TKIs were also 
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These therapies would be predicted to have toxic effects on the patients’ normal stem cells.  
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A few functional cis-elements have been identified at the ABCG2 promoter, including 
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gene has also been shown to facilitate the upregulation of ABCG2 for protecting dendritic 
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ABCG2 levels, though the exact mechanism is not clear.  
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maintenance of pluripotency and regulation of differentiation in embryonic stem cells (Shafa 
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Fig. 4. Chromatin remodelling at the ABCG2 promoter allows overexpression of the 
transporter in drug-selected resistant cells (To et al., 2008a).  

A closer look at the ABCG2 promoter also reveal that there are a few putative binding sites 
for the stem cell transcription factors Oct4 and Nanog (Figure 5), which are known to 
promote self-renewal and pluripotency (Boyer et al., 2005).  To this end, ABCG2 and 
Oct4/POU5F1 were found to be highly coexpressed in the resistant subline selected from 
the parental K562 leukemia cells (Marques et al., 2010).  These observations are therefore 
consistent with the notion that ABCG2 is a survival factor for the pluripotent CSCs.      
 

 
Fig. 5. Putative binding sites for the stem cell transcription factors Oct4 and Nanog at the 
ABCG2 promoter.   

4.2 MicroRNA-mediated regulation of ABCG2     
MicroRNAs (miRNAs) are small noncoding RNAs that repress gene expression in a variety 
of eukaryotic organisms.  They play important roles in several cellular processes, such as 
proliferation, differentiation, apoptosis, and development, by simultaneously controlling the 
expression levels of hundred of genes.  In human cancer, recent studies have shown that 
miRNA expression profiles differ between normal tissues and derived cancers and between 
cancer types (Lu et al., 2005).  MiRNAs can also act as oncogenes or tumor suppressors, 
exerting a key function in tumorigenesis (Esquela-Kerscher et al., 2006; Hammond, 2007).  
Gene regulation by miRNAs is mediated by the formation of imperfect hybrids with the 
3’untranslated region (3’UTR) sequences of the target mRNAs, leading to mRNA 
degradation and/or translational inhibition. 
Evidence pointing to the role of miRNAs in determining drug sensitivity and MDR is 
emerging.  First, miRNA expression is largely dysregulated in drug-resistant cancer cells 
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(Zhu et al., 2008; Pan et al., 2009).  Second, the miRNA expression patterns in the NCI-60 
drug screen cell lines are significantly correlated to the sensitivity patterns of the cancer cells 
for a large set of anticancer agents (Blower et al., 2008).  Third, numerous miRNAs have 
been found to regulate drug resistance genes such as DHFR (Mishra et al., 2007) and BCL2 
(Xia et al., 2008).   
We and others have independently identified three miRNAs (miR-519c, -520h, and -328) 
regulating ABCG2 expression and determining the sensitivity of cancer cells (To et al., 2008b 
& 2009; Liao et al., 2008; Wang et al., 2010; Pan et al., 2009, respectively).  We reported that 
ABCG2 mRNA is more stable in drug-selected and ABCG2-overexpressing resistant cell 
lines than in their parental counterparts (To et al., 2008b & 2009).  This increase in mRNA 
stability was tied to a missing miR-519c binding site (also miR-328) in the truncated 3’UTR 
of ABCG2 mRNA in drug resistant cells (Figure 6).  Intriguingly, the truncation of the 
ABCG2 3’UTR has also been reported in an undifferentiated human embryonic stem (HuES) 
cell line where its high ABCG2 expression was associated with the short 3’UTR variant 
forms (Apati et al., 2008).  In contrast, another differentiated HuES cell line with lower 
ABCG2 levels possesses a longer 3’UTR variant (Apati et al., 2008).  Sandberg et al. also 
found that rapidly proliferating cells express ABCG2 mRNA with shorter 3’UTRs, 
presumably to escape miRNA regulation (Sandberg et al., 2008).  Therefore, in the resistant 
cells, miR-328 and miR-519c (though a proximal miR-519c binding site present also in the 
truncated 3’UTR has been recently discovered (Li et al., 2011)) cannot bind to ABCG2 
mRNA because of the shorter 3’UTR, and thus miRNA-mediated mRNA degradation 
and/or protein translation block are relieved, contributing to ABCG2 overexpression 
(Figure 6).  In a human retinoblastoma cell line model, it has been further demonstrated that 
low expressions of all three miRNAs (miR-328, -519c, & -520h) correlate very well with high 
ABCG2 expression, with concomitant expression of other stem cell markers including 
CD133 and ALDH1A1 (Li et al., 2011).  On the other hand, hsa-miR-520h has been reported 
to promote differentiation of hematopoietic stem cells by inhibiting ABCG2 expression (Liao 
et al., 2008).  These findings collectively support an important role played by miRNAs in 
maintaining high ABCG2 level in CSCs.  It will be interesting to verify if the same 
phenomenon is also observed in patient tumor samples.    
The regulation of the other two major multidrug resistance transporters, P-
glycoprotein/MDR1 and MRP1, by miR-451, -27a and -326, respectively, have also been 
reported (Kovalchuk et al., 2008; Li et al., 2010; Liang et al., 2010).  More importantly, 
modulation of miRNA expression or function can alter sensitivity of cancer cells to 
anticancer drugs (Zhu et al., 2008; Pan et al., 2009; Blower et al., 2008).  This could be 
achieved by inhibiting the function of up-regulated miRNAs or restoring the expression of 
down-regulated miRNAs.  Together, miRNAs may represent important players in intrinsic 
or acquired MDR in cancer cells.  
With the general appreciation of the importance of miRNAs in gene regulation, an emerging 
role of miRNAs in regulating stem cell self-renewal and differentiation has been revealed 
(Kashyap et al., 2009), which are important for proper stem cell function and maintenance.  
Recently, the coordinated regulation of miRNAs and various stem cell transcription factors 
including OCT4, SOX2 and Nanog have emerged as the master regulatory mechanism for 
stem cells pluripotency and differentiation.  Given that ABCG2 could be downstream target 
of these stem cell transcription factors, it remains to be seen if the miRNA/stem cell 
transcription factors network could intercept with the regulation of the MDR transporters in 
contributing to the pluripotent state and chemoresistance of the CSCs.    
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3’untranslated region (3’UTR) sequences of the target mRNAs, leading to mRNA 
degradation and/or translational inhibition. 
Evidence pointing to the role of miRNAs in determining drug sensitivity and MDR is 
emerging.  First, miRNA expression is largely dysregulated in drug-resistant cancer cells 
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(Zhu et al., 2008; Pan et al., 2009).  Second, the miRNA expression patterns in the NCI-60 
drug screen cell lines are significantly correlated to the sensitivity patterns of the cancer cells 
for a large set of anticancer agents (Blower et al., 2008).  Third, numerous miRNAs have 
been found to regulate drug resistance genes such as DHFR (Mishra et al., 2007) and BCL2 
(Xia et al., 2008).   
We and others have independently identified three miRNAs (miR-519c, -520h, and -328) 
regulating ABCG2 expression and determining the sensitivity of cancer cells (To et al., 2008b 
& 2009; Liao et al., 2008; Wang et al., 2010; Pan et al., 2009, respectively).  We reported that 
ABCG2 mRNA is more stable in drug-selected and ABCG2-overexpressing resistant cell 
lines than in their parental counterparts (To et al., 2008b & 2009).  This increase in mRNA 
stability was tied to a missing miR-519c binding site (also miR-328) in the truncated 3’UTR 
of ABCG2 mRNA in drug resistant cells (Figure 6).  Intriguingly, the truncation of the 
ABCG2 3’UTR has also been reported in an undifferentiated human embryonic stem (HuES) 
cell line where its high ABCG2 expression was associated with the short 3’UTR variant 
forms (Apati et al., 2008).  In contrast, another differentiated HuES cell line with lower 
ABCG2 levels possesses a longer 3’UTR variant (Apati et al., 2008).  Sandberg et al. also 
found that rapidly proliferating cells express ABCG2 mRNA with shorter 3’UTRs, 
presumably to escape miRNA regulation (Sandberg et al., 2008).  Therefore, in the resistant 
cells, miR-328 and miR-519c (though a proximal miR-519c binding site present also in the 
truncated 3’UTR has been recently discovered (Li et al., 2011)) cannot bind to ABCG2 
mRNA because of the shorter 3’UTR, and thus miRNA-mediated mRNA degradation 
and/or protein translation block are relieved, contributing to ABCG2 overexpression 
(Figure 6).  In a human retinoblastoma cell line model, it has been further demonstrated that 
low expressions of all three miRNAs (miR-328, -519c, & -520h) correlate very well with high 
ABCG2 expression, with concomitant expression of other stem cell markers including 
CD133 and ALDH1A1 (Li et al., 2011).  On the other hand, hsa-miR-520h has been reported 
to promote differentiation of hematopoietic stem cells by inhibiting ABCG2 expression (Liao 
et al., 2008).  These findings collectively support an important role played by miRNAs in 
maintaining high ABCG2 level in CSCs.  It will be interesting to verify if the same 
phenomenon is also observed in patient tumor samples.    
The regulation of the other two major multidrug resistance transporters, P-
glycoprotein/MDR1 and MRP1, by miR-451, -27a and -326, respectively, have also been 
reported (Kovalchuk et al., 2008; Li et al., 2010; Liang et al., 2010).  More importantly, 
modulation of miRNA expression or function can alter sensitivity of cancer cells to 
anticancer drugs (Zhu et al., 2008; Pan et al., 2009; Blower et al., 2008).  This could be 
achieved by inhibiting the function of up-regulated miRNAs or restoring the expression of 
down-regulated miRNAs.  Together, miRNAs may represent important players in intrinsic 
or acquired MDR in cancer cells.  
With the general appreciation of the importance of miRNAs in gene regulation, an emerging 
role of miRNAs in regulating stem cell self-renewal and differentiation has been revealed 
(Kashyap et al., 2009), which are important for proper stem cell function and maintenance.  
Recently, the coordinated regulation of miRNAs and various stem cell transcription factors 
including OCT4, SOX2 and Nanog have emerged as the master regulatory mechanism for 
stem cells pluripotency and differentiation.  Given that ABCG2 could be downstream target 
of these stem cell transcription factors, it remains to be seen if the miRNA/stem cell 
transcription factors network could intercept with the regulation of the MDR transporters in 
contributing to the pluripotent state and chemoresistance of the CSCs.    
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Fig. 6. A proposed model for ABCG2 upregulation in drug-resistant cells by escaping 
miRNA repression (To et al., 2009; Li et al., 2011) 

5. Conclusion  
The CSC model of drug resistance offers an appealing explanation as to why cancers that 
show an apparent complete clinical response to chemotherapy can relapse months or even 
years later.  Numerous novel strategies to circumvent multidrug resistance have been 
designed to target the putative CSCs by exploiting pathways involved in MDR transporters-
mediated drug resistance, or forcing these cells to proliferate and differentiate thus 
converting them into a target of conventional therapies.  Given the complicated 
microRNA/pluripotency transcription factor/MDR transporters/CSCs network described 
above, a better understanding of the various molecular mechanisms regulating pluripotency 
is pivotal to realizing the therapeutic potential of the novel treatment modalities.    
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1. Introduction 
The discovery that adult somatic cells could be induced to become pluripotent stem cells 
with apparently  all the properties of human embryonic stem cells ( hESCs ), independently 
by S .Yamanaka et al ( Takahashi et al l 2007 )  and by  J. Thompson et al ( Yu et al 2007) was 
greeted with amazement and in some quarters with relief.  The breakthrough, first reported 
in mice by S Yamanaka in Japan did not receive much notice, but the revelation that adult 
human cells could be reversed into an embryonic like state was astounding because it was 
so simple.  It was greeted with relief where the progress of hECS was blocked at the federal 
level because producing hECS raised ethical concerns and political consequences. Yet four 
years later, although we have discovered much about iPS cells, they are far from being the 
ideal solution that they seemed to promise. 
 When human iPS cells were first published they appeared to have so many advantages over 
hECs. Foremost was the lack of an embryo being involved which meant they could not be 
logically banned or targeted as unethical (although some tried). Second the science behind 
making them was astonishingly simple. It only required delivery of four transcription 
factors found in embryos to reverse years of life as an adult cell back to an embryonic like 
cell. The record for number of years as an adult cell   was set by Eggan et al ( Dimos et al  
2009 ) , who induced the skin cells of an 82 year old lady back to iPScells . 
 iPS cells offer the advantages of avoiding the religious or ethical considerations that plague 
the use of  embryonic stem cells. They also could provide autologous transplantation, for 
repair and regeneration of tissue without rejection.  If the donor cells retain the mutation or 
mutations that caused the patient’s disease state, it is possible to correct those mutations 
before implantation by homologous recombination.  Even if they can not be corrected, those 
mutations are open to study in lineages derived from the iPS cells.   A further advantage of 
studying iPS cells is access to testing new drugs in those diseased human cells.  At present 
the barriers to adopting iPS in the clinic are the limitations of methods to produce the cells. 
iPS technology is expected to move health sciences forward in unique ways for diagnosis, 
drug screening, toxicity , repair of mutations and treatment of  human diseases.  iPS cells 
produced from  an individual are embryonic-like stem cells and they  can be regrown into 
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any of the 200 somatic cell types.  iPS cell have many similarities with ESC cells including the 
cell morphology, surface antigens, gene expression, telomerase activity, and the epigenetic 
status.  iPS cells have been produced by delivering transcription factors by different types of 
viral vectors including   retroviruses (Takahasi et al 2007),  lentiviruses (Chang C-W et al 2009), 
adenoviruses (Stadtfield et al 2008),  plasmid transfections (Jia et al 2010), transposons  
(Woltjen et al 2010 ), mRNA or recombinant proteins (Warren et al 2010). 
It appears that any cell type in the body can be reprogrammed. It was first achieved in skin 
cells for easy availability. This meant that autologous stem cells could be grown from iPS cells. 
Autologous transplantation using human iPS cells would not be rejected by graft versus host 
problems. Even if the donor cells a contain mutation that cause the disease reprogramming can 
be carried out in mutated cells to study diseases and to correct the mutations ex vivo by 
homologous recombination. IPS cells are produced to be as close to   human ESCs as possible 
to have the advantages of pluripotency that hESCs have. However hESCs could only be 
transplanted allogenically into adults and rejection would always be a problem.   
Despite the euphoria and literally thousands of studies, there are nagging problems with 
making iPS cells work in the way that was hoped.  One of the reasons is that iPS cells, just 
like hEScs, go through a stage of producing teratomas. Several studies have found that mice 
produced from iPS cells are more prone to cancer.  The original method for producing 
iPScells   was by a retrovirus to deliver the four transcritption factors.  Retroviruses are 
notorious for random insertion in the genome and being oncogenic. In Yamanka’s study the 
method included c-Myc as a transcription factor that incrcreased cell growth. However the 
same property is the property that makes c-Myc an oncogene and therefore another prime 
suspect in causing cancer. Thompson’s group avoided using c-Myc but also used a 
retrovirus and instead of c-Myc used LIN 28 as a transcription factor (Yu et al 2007).  
Eventually Yamanaka’s group dispensed with c-Myc but lost efficiency. Only Oct4 and Sox2 
seemed to be absolutely necessary. The other factors could be varied, with Nanog 
substituting for c-Myc. To avoid the dangers of retroviruses various alternatives for non-
integrating delivery have been tried. Adeno-virus was used successfully. But Adenovirus 
while not being carcinogenic has other problems. In 1999 it was prematurely used in a Phase 
I gene therapy trial and caused the death of one of the participants, Jesse Gelsinger. 
Adenovirus produces many proteins and these induce immune reactions. It was an immune 
reaction to adenovirus in Jessie Gelsinger’s body that made adenovirus totally unacceptable 
for human use (Marshall 1999).  There is an alternative however, Adeno-Associated Virus 
(AAV). Despite its name, AAV is unrelated to Adeno-virus, and is proving to be a very safe 
and reliable vector for gene delivery. Gene therapy with rAAV for   restoring sight to 
patients blind since birth or early childhood (Leber congenital  amaurosis) has proven that 
in humans rAAV is very  safe (Maguire et all 2008). 
Therefore we tested if AAV could be used to induce IPS in adult cells. Eventually there will 
come a time when iPS will be tested for therapeutic use in treating humans. Although there 
are now virus free methods of making iPS we do not know which method will have the 
greatest efficiency, safety, reproducibility or efficacy.  Therefore having several different 
ways of producing iPS is still a viable quest, and here we show how AAV can be used to 
produce iPS cells. 

2. Methods 
We generated iPS from with four transcription factors: Oct3/4, Sox2, Klf4 and c-Myc by 
recombinant adeno-associated viral (rAAV) transduction. 
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The parvovirus adeno-associated virus (AAV) has single-stranded genome of approximately 
4.7 kb carrying capacity. Recombinant AAV (rAAV) in which the two open reading frames of 
AAV, designated rep and cap, have been replaced by a gene of interest has become an 
important tool for gene delivery (Phillips et al 2010, Maguire et al 2008, Zolotukhin  et al 1999). 

2.1 Construction of four rAAV plasmids 
2.1.1 rAAV plasmid with transcription factor: Oct3/4 
Vector: pTR-UF3 (an adeno-associated virus (AAV)-based plasmid vector) pTR-UF3 (a kind 
gift of Nicholas Muzyczka) contains the humanized green fluorescent protein (hGFP) gene 
under control of cytomegalovirus (CMV) promoter through the polio virus type 1 internal 
ribosomal entry site (IRES).  A 1.4 kb fragment, which contains Oct3/4 (1134 bp), was 
extracted from pMXs-Oct3/4 (a kind gift from Shinya Yamanaka’s Lab) by BstxI restriction 
enzyme digestion. The 1.4 kb fragment was inserted into the unique Hind III site of the 
AAV-derived plasmid pTR-UF3, forming the AAV-derived plasmid pTR-Oct3/4-hGFP. 

2.1.2 rAAV plasmid with transcription factor: Sox2 
Vector: pTR-UF11 (an adeno-associated virus (AAV)-based plasmid vector) pTR-UF11 (a kind 
gift of Nicholas Muzyczka) is derived from pSM620 [2] in which the internal sequences have 
been replaced by a green fluorescent protein (GFP) gene under the control of a chicken β-
actin -cytomegalovirus promoter and a neo gene under the control of a thymidine kinase 
promoter. A 1.2 kb fragment, which contains Sox2 (960 bp), was extracted from pMXs-Sox2 
(a kind gift from Shinya Yamanaka’s Lab) by BstxI restriction enzyme digestion. The AAV-
derived plasmid, which consists of Sox2 gene, was made by digesting pTR-UF11 with NotI 
(cutting hGFP), blunting with large klenow fragment and ligating together with the above 
1.2 kb fragment, forming pTR-Sox2-Neo. 

2.1.3 rAAV plasmid with transcription factor: Klf4 
Vector: pTR-UF11 (an adeno-associated virus (AAV)-based plasmid vector). The 
transcription factor of Klf4 was amplified by PCR (Forward Primer: GTG GTA CGG GAA 
ATC ACA AG and Reverse Primer: TTA AAA GTG CCT CTT CAT GTG) from the template 
of pMXs-Kfl4 (a kind gift from Shinya Yamanaka’s Lab). The 1.5 kb PCR product consists of 
Klf4 factor (1425 bp). The AAV-derived plasmid, which consists of Klf4 gene, was made by 
digesting pTR-UF11 with XbaI and SacI, blunting with large klenow fragment and ligating 
together with the above 1.5 kb PCR products, forming pTR-Klf4. 

2.1.4 rAAV plasmid with transcription factor: c-Myc  
Vector: pTR-UF11 (an adeno-associated virus (AAV)-based plasmid vector). A 1.56 kb 
fragment, which contains c-Myc (1320 bp), was extracted from pMXs-c-Myc (a kind gift 
from Shinya Yamanaka’s Lab) by BstxI restriction enzyme digestion. The AAV-derived 
plasmid, which consists of c-Myc gene, was made by digesting pTR-UF11 with XbaI and SacI, 
blunting with large klenow fragment and ligating together with the above 1.56 kb fragment, 
forming pTR-c-Myc. The maps of rAAV vectors (pTR-UF3 and pTR-UF11) and the rAAV 
plasmids with defined factor (pTR-Oct3/4-GFP, pTR-Sox2-Neo, pTR-Klf4 and pTR-c-Myc, 
respectively) are summarized in Figure 1. 
The procedures for rAAV production,  including harvesting the cells (HEK 293), extraction 
by freezing and thawing purification by iodixanol heparin affinity chromatography as a 
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second step in purification following the iodixanol gradient,  are used regularly in our lab 
and published by Zolhutkin et al (1999) Phillips et al (2010 ). The maps for constructing 
AAV with Oct3/4, Sox2, and Klf-4 and c-myc are shown in Figure 1.  
 

A

B

 
Fig. 1. 1A. AAV-based plasmid with transcription factor of Oct3/4: A 1.4 kb fragment, which 
contains Oct3/4 (1134 bp), was extracted from pMXs-Oct3/4 (a gift from Shinya 
Yamanaka’s Lab) by BstxI restriction enzyme digestion (1a). The 1.4 kb fragment was 
inserted into the unique Hind III site of the AAV-derived plasmid pTR-UF3 (1b), forming the 
AAV-derived plasmid pTR-Oct3/4-GFP (1c). pTR-UF3 (a gift of Nicholas Muzyczka), which 
is an adeno-associated virus (AAV)-based plasmid vector, contains the humanized green 
fluorescent protein (hGFP) gene under control of cytomegalovirus (CMV) promoter through 
the polio virus type 1 internal ribosomal entry site (IRES) (1b). 
1B. AAV-based plasmid with transcription factor of Sox2: A 1.2 kb fragment, which contains 
Sox2 (960 bp), was extracted from pMXs-Sox2 by BstxI restriction enzyme digestion (2a). 
The AAV-derived plasmid, which consists of Sox2 gene, was made by digesting pTR-UF11 

with NotI (cutting hGFP) (2b), blunting with large klenow fragment and ligating together 
with the above 1.2 kb fragment, forming pTR-Sox2-Neo (2c). pTR-UF11 is derived from 
pSM620 [Zolhutkin et al 1999] in which the internal sequences have been replaced by a 
green fluorescent protein (GFP) gene under the control of a chicken β-actin -
cytomegalovirus promoter (CBA) and a neo gene under the control of a thymidine kinase 
promoter (2b). The AAV-based plasmid with transcription factors of Klf-4 and c-Myc were 
in the same way as to Sox2. (Phillips et al 2010). 

2.2 PCR primers 
The specific primers were designed to confirm the purified virus (rAAV) that contains the 
inserted defined factor (Myc, Klf4, Oct 4 and Sox2, respectively) as follows:   
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The “Universal” Forward Primer: 
5’-GTG GTA CGG GAA ATC ACA AG-3’ (The primer was designed according the 
sequences from the backbone of rAAV plasmid vector beyond the full length of the defined 
factors) 
The Reverse Primers: 
Oct3/4  
Reverse primer: 5’-AGATGGTGGTCTGGCTGAAC-3’ 
(Accession: M34381 Oct3/4: 581-562) 
Sox2  
Reverse primer: 5’-CTCCGGGAAGCGTGTACTTA-3’ 
(Accession: NM_011443 oct3/4: 805-786) 
KLF4 
Reverse primer: 5’- GGAAGACGAGGATGAAGCTG-3’   
(Accession: BC010301 Klf4: 862-843) 
c-Myc  
Reverse primer: 5’- ATCGCAGATGAAGCTCTGGT-3’ 
(Accession: NM_010849 Myc: 983-964) 

2.3 PCR amplification 
One µl of viral DNA from the purified virus was amplified by Polymerase Chain Reaction 
(PCR) in 25 µl reaction volume by above universal forward primer paired with the specific 
reverse primer of Myc, Klf4, Oct 3/4 and Sox2, respectively. The amplification was 
performed in the following conditions: 4 minutes at 94oC; 15 cycles of 30 seconds at 94oC, 30 
seconds at 58oC (annealing), 1 minute at 72oC and a final extension period of 10 minutes at 
72oC in iCycler Thermal Cycler (Bio-Bad). 
One µl of viral DNA from the purified virus of UF3-Oct3/4-GFP was amplified as above by 
the forward primer 5’-CAG CGG AGA GGG TGA AGG TG-3’ (Accession: U50963 GFP: 87-
106) and the reverse primer 5’-CAG GGC AGA CTG GGT GGA CA-3’ (Accession: U50963 
GFP: 621-602) 

2.4 PCR results 
Amplification products (10 µl) were analyzed on 1% agarose stained with ethidium 
bromide. The results were shown in the Figure 2.  

2.5 rAAV-GFP transduction 
Two human somatic cell types were used: IMR-90 a fetal skin fibroblast and HEP G2 liver 
cells were used to induce iPS. Before the transduction we tested a normal and a starving 
protocol, as described below.  

2.5.1 IMR-90 a fetal skin fibroblast 
The IMR-90 cells were purchased from American Type Culture Collection (ATCC, Catalog 
No. CCL-186) and they are diploid human cells that are being extensively characterized by 
the ENCODE Consortium and have published DNA fingerprints that allow confirmation of 
the origin of reprogrammed clones. IMR-90 cells also proliferate robustly for more than 20 
passages before undergoing senescence, but grow slowly in human ES cell culture 
conditions (Yu, J 2007).  
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Lane 1: pUF11-C-Myc (check C-Myc) (417bp) 
Lane 2: pUF11-KLF4 (check KLF4) (429bp) 
Lane 3: pUF3-Oct3/4-IRES-GFP (check Oct3/4) (583bp) 
Lane 4: pUF3-Oct3/4-IRES-GFP (check GFP) (535bp) 
Lane 5: pUF11-Sox2 (check Sox2) (433bp) 
Lane 6: 100 bp DNA Ladder 
Lane 7: Positive control: pUF11consists of GFP (535bp) 
Lane 8: Negative control 
 

Fig. 2. PCR results with AAV delivery of defined factors for reprogramming  

2.5.1.1 Normal protocol 
A vector constructed with adeno-associated virus (AAV)-based plasmid vector (pUF11) 

containing green fluorescent protein (GFP) with 535bp (Phillips et al., 2010) was transduced 
in the cells. Cells were plated in 6 wells plates (5x 104 cells/well) and were cultured in 
Minimum Essential Medium (MEM Engle) supplemented with 10% heat-inactivated fetal 
bovine serum (10% FBS), 0.1 mM non-essential amino acids, and 1.0 mM sodium pyruvate. 
The cells were cultured by 24hs at 37oC, 5% CO2. One day later, when cells were 
approximately 70-80% confluent, the cells were washed twice with PBS and transduced with 
adeno-associated virus (AAV)-GFP vector with medium (MEM Engle) without FBS and 
antibiotic with MOI 50, 100, 250, 500 and 1000. Cells were incubated at 37oC, 5% CO2 for 
24hs. The medium was change to MEM Engle 10% FBS. The medium was change every day. 
Ten days after the transduction the number fluorescent cells per well were quantified with 
confocal microscopy. Figure 3, the figure shows two green fluorescent cells isolated and 
analyzed by Confocal Microscopy (Leica Microsystems-TCS SP5) indicating successful 
AAV-GFP transduction. The GFP positive cells/field is shown Figure 4. 
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Fig. 3. AAV-GFP transduction. The figure shows two green fluorescent cells isolated and 
analyzed by Confocal Microscopy (Leica Microsystems-TCS SP5) indicating successful 
AAV-GFP transduction. 

2.5.1.2 Starving protocol 
To starving protocol the cells were plated in 6 wells plates (5x 104 cells/well) and were 
cultured in Minimum Essential Medium (MEM Engle) supplemented with 10% heat-
inactivated fetal bovine serum (10% FBS), 0.1 mM non-essential amino acids, and 1.0 mM 
sodium pyruvate. The cells were cultured by 24hs at 37oC, 5% CO2. One day later, when 
cells were approximately 70-80% confluent, the cells were washed twice with PBS and 
incubated with medium without serum for 48 hs. After, the cells were transduced with 
adeno-associated virus (AAV)-GFP vector with medium (MEM Engle) without FBS and 
antibiotic with MOI 100, 1000 and 5000 and compared to normal protocol. Cells were 
incubated at 37oC, 5% CO2 for 24hs and the medium (MEM Engle) with FBS 20% for 24 hs. 
The medium was changed to MEM Engle 10% FBS. The medium was change every day. Ten 
days after the transduction the number fluorescent cells per well were quantified with 
Confocal microscopy. The Figure 5 shows that the transduction efficiency was most efficient 
with the normal protocol than the starving protocol. 
2.5.1.3 Four factor transduction efficiency 
To improve the transduction efficiency we tested the 4 factors together as well separately.  
Using the normal protocol the cells were cultured by 24hs at 37oC, 5% CO2. One day later, 
the cells were transduced with adeno-associated virus (AAV)-Oct 3/4-GFP vector for 24hs. 
Two days later, the cells were transduced with c-myc. Three days later, the cells were 
transduced with Sox2 plus Klf-4 with medium (MEM Engle) without FBS with MOI 10, 100 
and MOI 1000.  
Also, using the normal protocol the cells were transduced with adeno-associated virus 
(AAV)-Oct 3/4-GFP vector plus Sox2, Klf-4 and c-myc with medium (MEM Engle) without 
FBS with MOI 10, 100 and 1000. After 24 hs the medium was changed to MEM Engle 10% 
FBS. The medium was change every day. Ten days after the transduction the number 
fluorescent cells per well were quantified with confocal microscopy. The Table 1 shows that 



 
Stem Cells in Clinic and Research 

 

752 

 

1         2 3 4 5 6 7 8

 
 

Lane 1: pUF11-C-Myc (check C-Myc) (417bp) 
Lane 2: pUF11-KLF4 (check KLF4) (429bp) 
Lane 3: pUF3-Oct3/4-IRES-GFP (check Oct3/4) (583bp) 
Lane 4: pUF3-Oct3/4-IRES-GFP (check GFP) (535bp) 
Lane 5: pUF11-Sox2 (check Sox2) (433bp) 
Lane 6: 100 bp DNA Ladder 
Lane 7: Positive control: pUF11consists of GFP (535bp) 
Lane 8: Negative control 
 

Fig. 2. PCR results with AAV delivery of defined factors for reprogramming  

2.5.1.1 Normal protocol 
A vector constructed with adeno-associated virus (AAV)-based plasmid vector (pUF11) 

containing green fluorescent protein (GFP) with 535bp (Phillips et al., 2010) was transduced 
in the cells. Cells were plated in 6 wells plates (5x 104 cells/well) and were cultured in 
Minimum Essential Medium (MEM Engle) supplemented with 10% heat-inactivated fetal 
bovine serum (10% FBS), 0.1 mM non-essential amino acids, and 1.0 mM sodium pyruvate. 
The cells were cultured by 24hs at 37oC, 5% CO2. One day later, when cells were 
approximately 70-80% confluent, the cells were washed twice with PBS and transduced with 
adeno-associated virus (AAV)-GFP vector with medium (MEM Engle) without FBS and 
antibiotic with MOI 50, 100, 250, 500 and 1000. Cells were incubated at 37oC, 5% CO2 for 
24hs. The medium was change to MEM Engle 10% FBS. The medium was change every day. 
Ten days after the transduction the number fluorescent cells per well were quantified with 
confocal microscopy. Figure 3, the figure shows two green fluorescent cells isolated and 
analyzed by Confocal Microscopy (Leica Microsystems-TCS SP5) indicating successful 
AAV-GFP transduction. The GFP positive cells/field is shown Figure 4. 

Associated Adeno Virus Vector for 
Producing Induced Pluripotent Stem Cells (IPS) for Human Somatic Cells 

 

753 

 
Fig. 3. AAV-GFP transduction. The figure shows two green fluorescent cells isolated and 
analyzed by Confocal Microscopy (Leica Microsystems-TCS SP5) indicating successful 
AAV-GFP transduction. 

2.5.1.2 Starving protocol 
To starving protocol the cells were plated in 6 wells plates (5x 104 cells/well) and were 
cultured in Minimum Essential Medium (MEM Engle) supplemented with 10% heat-
inactivated fetal bovine serum (10% FBS), 0.1 mM non-essential amino acids, and 1.0 mM 
sodium pyruvate. The cells were cultured by 24hs at 37oC, 5% CO2. One day later, when 
cells were approximately 70-80% confluent, the cells were washed twice with PBS and 
incubated with medium without serum for 48 hs. After, the cells were transduced with 
adeno-associated virus (AAV)-GFP vector with medium (MEM Engle) without FBS and 
antibiotic with MOI 100, 1000 and 5000 and compared to normal protocol. Cells were 
incubated at 37oC, 5% CO2 for 24hs and the medium (MEM Engle) with FBS 20% for 24 hs. 
The medium was changed to MEM Engle 10% FBS. The medium was change every day. Ten 
days after the transduction the number fluorescent cells per well were quantified with 
Confocal microscopy. The Figure 5 shows that the transduction efficiency was most efficient 
with the normal protocol than the starving protocol. 
2.5.1.3 Four factor transduction efficiency 
To improve the transduction efficiency we tested the 4 factors together as well separately.  
Using the normal protocol the cells were cultured by 24hs at 37oC, 5% CO2. One day later, 
the cells were transduced with adeno-associated virus (AAV)-Oct 3/4-GFP vector for 24hs. 
Two days later, the cells were transduced with c-myc. Three days later, the cells were 
transduced with Sox2 plus Klf-4 with medium (MEM Engle) without FBS with MOI 10, 100 
and MOI 1000.  
Also, using the normal protocol the cells were transduced with adeno-associated virus 
(AAV)-Oct 3/4-GFP vector plus Sox2, Klf-4 and c-myc with medium (MEM Engle) without 
FBS with MOI 10, 100 and 1000. After 24 hs the medium was changed to MEM Engle 10% 
FBS. The medium was change every day. Ten days after the transduction the number 
fluorescent cells per well were quantified with confocal microscopy. The Table 1 shows that 



 
Stem Cells in Clinic and Research 

 

754 

the positive GFP cells were not different when the transduction was done with the 4 factors 
together as separately as well. 
 

MOI 50

MOI 100

MOI 250

MOI 500

MOI 1000

2.1 ± 1.2
GFP positive cells/field

3.2 ± 1.2
GFP positive cells/field

6.9 ± 3.4
GFP positive cells/field

12.2 ± 4.4
GFP positive cells/field

19.7 ± 7.7
GFP positive cells/field

 
Fig. 4. AAV-GFP vector transduction. The green fluorescent cells indicate the GFP 
expression analyzed by Confocal Microscopy (x250) inIMR-90 cells. The figure shows on the 
left the GFP positive cells/ field and dark field, and on the right the merge cells. A vector 
pUF11 (an adeno-associated virus (AAV)-based plasmid vector) consisting GFP (535bp) was 
transduced in human fetal fibroblasts with MOI 50, 100, 250, 500 and 1000.  
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Fig. 5. The cells were cultured by 24hs at 37oC, 5% CO2. When cells were approximately 70-
80% confluent, the cells were washed PBS and transduced with adeno-associated virus 
(AAV)-GFP vector. A vector pUF11 (an adeno-associated virus (AAV)-based plasmid vector) 
consisting GFP (535bp) was transduced in human fetal fibroblasts with MOI 100, 1000 and 
5000. Ten days after the transduction the number fluorescent cells per well were quantified 
with confocal microscopy. A. Show that the transduction efficiency with the normal protocol 
B. Show the transduction efficiency with the starving protocol. The figure shows that the 
transduction efficiency was most efficient with the normal protocol than starving protocol. 

 

MOI 10 MOI 100 MOI 1000

Together 1 7 84

Separately 1 9 85
 

Table 1. Transduction of 4 factors together or separately as well, 10 days after the IMR-90 
cells transduction. The results are expressed by GFP positive cells per well. 

2.5.1.4 Four factor delivery 20 and 40 days after transduction 
To test the delivery of the 4 factors transcription genes during hole the pluripotency 
induction time, the cells were transducted using the normal protocol with adeno-associated 

virus (AAV)-Oct 3/4-GFP vector plus Sox2, Klf-4 with and without c-myc with medium 
(MEM Engle) without FBS and antibiotic with MOI 1000 (Experiment 1 and Experiment 2) 
(Figure 6). After 24hs was added 1ml/well medium 30% serum for 6hs. The medium was 
changed MEMEngle 10% + P/S and changed each 2 or 3 days. Twenty and 40 days after 
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Fig. 5. The cells were cultured by 24hs at 37oC, 5% CO2. When cells were approximately 70-
80% confluent, the cells were washed PBS and transduced with adeno-associated virus 
(AAV)-GFP vector. A vector pUF11 (an adeno-associated virus (AAV)-based plasmid vector) 
consisting GFP (535bp) was transduced in human fetal fibroblasts with MOI 100, 1000 and 
5000. Ten days after the transduction the number fluorescent cells per well were quantified 
with confocal microscopy. A. Show that the transduction efficiency with the normal protocol 
B. Show the transduction efficiency with the starving protocol. The figure shows that the 
transduction efficiency was most efficient with the normal protocol than starving protocol. 
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changed MEMEngle 10% + P/S and changed each 2 or 3 days. Twenty and 40 days after 
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transduction the RNA was extracted with Trizol to quantify the GFP, Oct3/4, Sox-2, Klf-4 
and c-Myc by RT-PCR, using the primers described above. Several different groups were 
tested to confirm effectiveness samples as showed by RT-PCR of agarose gel samples in the 
Figure 6.  
Experiment 1: 20 days after transduction:   
a. Control cells, 
b.  Oct 3/4-GFP, 
c. Oct 3/4-GFP + Sox-2 + Klf-4 with  c-Myc,  
d. Oct 3/4-GFP + Sox-2 + Klf-4 without c-Myc.   
Experiment 2: 40 days after transduction  
a. Control cells, 
b. Oct 3/4-GFP,  
c. Oct 3/4-GFP + Sox-2 + Klf-4 with c-Myc, 
d. Oct 3/4-GFP + Sox-2 + Klf-4 without c-Myc.  
The figure 6 shows that the 4 factors are expressed for up 40 days.  
 

Oct 3/4  (246 bp)

GFP (489 bp)

Sox-2 (190 bp)

Klf-4 (164 bp)

c-Myc (226 bp)

1    2   3    4    5    6    7    8    9  10   11  12 

20 days 40 days
+ _    _

 
Fig. 6. RT- PCR results showing transcription factor gene expression after 20 days and 40 
days transduction with AAV.  All of the 4 markers are visible although Oct3/4 was weakly 
expressed. Sequences by RT-PCR of agarose gel samples from each experimental test group. 
Experiment  1:  20 days after transduction:  a) Control: GFP b) With  c-Myc   c) Without c-
Myc. Experiment 2: 40 days after transduction a) Control: GFP, b) With c-Myc c) Without c-
Myc . Positive control. Ladder 100, Negative Control 1st reaction, Negative Control 2nd 
reaction: The cells were transduced with and without c-Myc. 1.3X106 cells; 70% confluence; 4 
P; MOI 1000. 
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2.5.2 HEP G2 liver cells 
Heptocyte Cells: HepG2 Cell line was derived from the hepatocellular carcinoma cell line 
(ATCC - Hep G2/2.2.1); adherent; epithelial; from a 15 year old male Caucasian.  
For human hepatocytes cells, 6 days after rAAV-GFP (Figura 7 A and B) and rAAV-Oct 3/4-
GFP (Figure 7 C and D) (MOI-100) transduction, the GFP positive cells were observed by 
Confocal microscopy and total RNA was extracted with Trizol and the GFP and Oct 3/4 
gene expression were determined by RT-PCR (Figure 7 E and F). Microscopically the rAAV-
GFP could be clearly seen expressed in the cells, however rAAV-Oct 3/4-GFP was not 
observed. 
 

E

F

 
Fig. 7. Human Hepatocytes Cells, 6 days after transduction. Upper Panel: A. Confocal 
microscopy rAAV-GFP (MOI-100) and B. DAPI. C. rAAV-Oct3/4-GFP (MOI-100) and D. 
DAPI.  Lower Panel: E. RT-PCR for GFP and F. Oct3/4-GFP. 1- Control; 2- GFP MOI 10; 3-
GFP MOI 100; 4- Oct 3/4 - GFP MOI 10; 5-Oct 3/4 - GFP  MOI 100; 6- Negative Control; 7- 
Positive Control; and 8- Ladder.  

2.5.3 iPS Cells generation with rAAV 
Since the question was:  can we make iPScells with rAAV-GFP instead of retroviruses, 
lentivirus or adeno-virus we started with the same  four transcription genes used by 
Yamanka who kindly provided them to us.  
The IMR-90 a fetal skin fibroblast and HEP G2 liver cells were plated 1.3X106 cells with 70% 
confluence the cells transduced with Oct3/4, Sox-2 and Klf-4 with c-Myc and without c-
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Figure 6.  
Experiment 1: 20 days after transduction:   
a. Control cells, 
b.  Oct 3/4-GFP, 
c. Oct 3/4-GFP + Sox-2 + Klf-4 with  c-Myc,  
d. Oct 3/4-GFP + Sox-2 + Klf-4 without c-Myc.   
Experiment 2: 40 days after transduction  
a. Control cells, 
b. Oct 3/4-GFP,  
c. Oct 3/4-GFP + Sox-2 + Klf-4 with c-Myc, 
d. Oct 3/4-GFP + Sox-2 + Klf-4 without c-Myc.  
The figure 6 shows that the 4 factors are expressed for up 40 days.  
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c-Myc (226 bp)
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20 days 40 days
+ _    _

 
Fig. 6. RT- PCR results showing transcription factor gene expression after 20 days and 40 
days transduction with AAV.  All of the 4 markers are visible although Oct3/4 was weakly 
expressed. Sequences by RT-PCR of agarose gel samples from each experimental test group. 
Experiment  1:  20 days after transduction:  a) Control: GFP b) With  c-Myc   c) Without c-
Myc. Experiment 2: 40 days after transduction a) Control: GFP, b) With c-Myc c) Without c-
Myc . Positive control. Ladder 100, Negative Control 1st reaction, Negative Control 2nd 
reaction: The cells were transduced with and without c-Myc. 1.3X106 cells; 70% confluence; 4 
P; MOI 1000. 
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2.5.2 HEP G2 liver cells 
Heptocyte Cells: HepG2 Cell line was derived from the hepatocellular carcinoma cell line 
(ATCC - Hep G2/2.2.1); adherent; epithelial; from a 15 year old male Caucasian.  
For human hepatocytes cells, 6 days after rAAV-GFP (Figura 7 A and B) and rAAV-Oct 3/4-
GFP (Figure 7 C and D) (MOI-100) transduction, the GFP positive cells were observed by 
Confocal microscopy and total RNA was extracted with Trizol and the GFP and Oct 3/4 
gene expression were determined by RT-PCR (Figure 7 E and F). Microscopically the rAAV-
GFP could be clearly seen expressed in the cells, however rAAV-Oct 3/4-GFP was not 
observed. 
 

E

F

 
Fig. 7. Human Hepatocytes Cells, 6 days after transduction. Upper Panel: A. Confocal 
microscopy rAAV-GFP (MOI-100) and B. DAPI. C. rAAV-Oct3/4-GFP (MOI-100) and D. 
DAPI.  Lower Panel: E. RT-PCR for GFP and F. Oct3/4-GFP. 1- Control; 2- GFP MOI 10; 3-
GFP MOI 100; 4- Oct 3/4 - GFP MOI 10; 5-Oct 3/4 - GFP  MOI 100; 6- Negative Control; 7- 
Positive Control; and 8- Ladder.  

2.5.3 iPS Cells generation with rAAV 
Since the question was:  can we make iPScells with rAAV-GFP instead of retroviruses, 
lentivirus or adeno-virus we started with the same  four transcription genes used by 
Yamanka who kindly provided them to us.  
The IMR-90 a fetal skin fibroblast and HEP G2 liver cells were plated 1.3X106 cells with 70% 
confluence the cells transduced with Oct3/4, Sox-2 and Klf-4 with c-Myc and without c-
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Myc, MOI 1000. Before transduction the medium was changed to medium without serum 
and antibiotic for 24hs.The transduction was done with 4 factors together. After 24hs 30% 
serum was added 1ml/well for 6hs. The medium was changed to MEMEngle 10% + P/S for 
3 days. The medium was changed to hESC medium 4 days after the transduction (Knockout 
DMEM supplemented with 15% knockout serum replacement, L-glutamine, nonessential 
amino acids, β-mercaptoethanol and penicillin/streptomycin). For the generation of iPS 
with rAAV transduction the cells were not cultured in MEFs or with chemicals treatment. 
The medium was changed every day. iPS colonies were picked between 20-30 days post 
transduction based on colony morphology. To HEP G2 liver cells 15 days after the 
transduction the cells were passage and re-transduced.  
The medium was changed every day until the colonies become big enough to be picked out. 
Colonies should first become visible approximately a week after the transduction. They 
become large enough to be picked out around day 20. The reprogrammed clones were 
selected by morphological criteria (compact colonies, high nucleous to cytoplasm ratio and 
proeminent nucleoli) as showed Figure 8. 
 

with c-myc without c-mycIMR-90

0      75 µm

A B C

 
Fig. 8. iPS cells from IMR-90 fibroblast cells. Upper Panel: iPS cells confocal microscopy 
image. Before transduction (IMR-90), iPS cells with 4 factors (with c-Myc), and iPS cells with 
3 factors (without c-Myc). Lower Panel: iPS cells without c-Myc. Confocal image with bright 
field (A), fluorescence (B), merge (C). 

Picking out the colonies: aliquot 20 µl of 0.25% trypsin/1 mM EDTA per well of 96-well 
plate. The medium was removed from the dish, and added 10 ml of PBS. Aspirate PBS, and 
added 5 ml of PBS. Pick colonies from the dish using a Pipetman set at 2 µl, and transfer it 
into the 96-well trypsin plate. We picked out  as many colonies as we can within 15 min. 
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Cells was incubated another 15 min in trypsin at 37oC to dissociate cells in the colonies. 180 
µl of ES medium was added to each well, and pipetted up and down to break up the colony 
to single cells. The cell suspension was transferred into the well of 24-well plates with 
medium without feeder cells, and 300 µl ES medium added. The cells were incubated in 
37oC, 5% CO2 until the cells reach 80-90% confluence. At this point they were passaged into 
6-well plates.  
2.5.3.1 Alkaline phosphatase (AP) and immunofluorescence staining 
To demonstrate these cells possess characterists of embryonic stem cells, we stained them 
for AP activity using  a kit (CHEMICON®s Alkaline Phosphatase Detection) and the 
expression of membrane markers, Cell surface Stage-Specific Embrionic Antigens (SSEA-4) 
and Keratan sulphate-associated antigens (TRA-1-60 and TRA-1-81) using a kit 
(CHEMICON®s ES Cell Marker Samples) and the transcription factor Oct-4. 
Alkaline Phosphatase staining was used as a marker for embryonic-like stem cells .The AP 
was quantified 20 days after treatment with hESC medium. Figure 8 shows the AP to HEP 
G2 liver cells and Figure 9 show the iPS cells membrane markers from Human hepatocyte 
cells (HEP G2).  
 
 

 
 
 

Fig. 9. iPS from Human hepatocyte cells (HepG2).Upper and down panels (A) Confocal 
bright-field, (B) alkaline phosphatase positive and (C) Hepatocytes cells transduced with 4 
factors, 30 days after transduction. Upper, bright-field and down, GFP positive iPS (Oct-3/4 
positive). 
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Figure 10 show the AP to IMR-90 fibroblast cells and Figure 11 show the iPS cells membrane 
markers from Human fibroblast cells (IMR-90). The iPS cells shows morphology such as 
compact colonies, high nucleus to cytoplasm ratio and prominent nucleoli.  The testing for 
markers of human embryonic stem cells in the AAV induced iPS cells was positive.  
 

 
Fig. 10. iPS from Human hepatocyte cells (HepG2). iPS cells membrane markers:  the 
transcription factor Oct-4; Keratan sulphate-associated antigens (TRA-1-60 and TRA-1-81) 
and Cell surface Stage-Specific Embrionic Antigens (SSEA-4).  
 

A B

 
Fig 11. iPS from Fibroblast Human Cells (IMR-90). A. Control cells, B. Alkaline phosphatase 
positive. 
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Fig. 12. iPS from Fibroblast Human Cells (IMR-90). iPS cells membrane markers:  the 
transcription factor Oct-4; Keratan sulphate-associated antigens (TRA-1-60 and TRA-1-81) 
and Cell surface Stage-Specific Embrionic Antigens (SSEA-4). 

3. Discussion 
In the present paper we report the application of AAV serotype 2 as a vector for producing 
human iPS cells from adult somatic liver and cells.  We delivered the transcription factors: 
Oct 4, Sox2, c-Myc and Klf4 that were originally used by S.  Yamanaka et al (Takahashi et al 
2007).  We are well aware that this set of factors is not the optimal choice except for Oct4 and 
Sox2. Many other factors can replace cMyc and Klf4.  However for the demonstration that 
AAV is an appropriate vector for reprogramming adult cells to iPS cells, we chose to work 
with the factors that have consistently been used for efficient conversion of differentiated 
somatic cells. In future studies with AAV we plan to test replacement factors. While more in 
vivo tests are necessary, this report establishes a feasible new method for producing iPS cells 
with AAV 

rAAV has not previously been used as the viral vector for delivery of transgenes to induce 
pluripotent cells.  AAV has several advantages over other viral vectors. Unlike retroviruses 



 
Stem Cells in Clinic and Research 

 

760 

Figure 10 show the AP to IMR-90 fibroblast cells and Figure 11 show the iPS cells membrane 
markers from Human fibroblast cells (IMR-90). The iPS cells shows morphology such as 
compact colonies, high nucleus to cytoplasm ratio and prominent nucleoli.  The testing for 
markers of human embryonic stem cells in the AAV induced iPS cells was positive.  
 

 
Fig. 10. iPS from Human hepatocyte cells (HepG2). iPS cells membrane markers:  the 
transcription factor Oct-4; Keratan sulphate-associated antigens (TRA-1-60 and TRA-1-81) 
and Cell surface Stage-Specific Embrionic Antigens (SSEA-4).  
 

A B

 
Fig 11. iPS from Fibroblast Human Cells (IMR-90). A. Control cells, B. Alkaline phosphatase 
positive. 

Associated Adeno Virus Vector for 
Producing Induced Pluripotent Stem Cells (IPS) for Human Somatic Cells 

 

761 

 
Fig. 12. iPS from Fibroblast Human Cells (IMR-90). iPS cells membrane markers:  the 
transcription factor Oct-4; Keratan sulphate-associated antigens (TRA-1-60 and TRA-1-81) 
and Cell surface Stage-Specific Embrionic Antigens (SSEA-4). 

3. Discussion 
In the present paper we report the application of AAV serotype 2 as a vector for producing 
human iPS cells from adult somatic liver and cells.  We delivered the transcription factors: 
Oct 4, Sox2, c-Myc and Klf4 that were originally used by S.  Yamanaka et al (Takahashi et al 
2007).  We are well aware that this set of factors is not the optimal choice except for Oct4 and 
Sox2. Many other factors can replace cMyc and Klf4.  However for the demonstration that 
AAV is an appropriate vector for reprogramming adult cells to iPS cells, we chose to work 
with the factors that have consistently been used for efficient conversion of differentiated 
somatic cells. In future studies with AAV we plan to test replacement factors. While more in 
vivo tests are necessary, this report establishes a feasible new method for producing iPS cells 
with AAV 

rAAV has not previously been used as the viral vector for delivery of transgenes to induce 
pluripotent cells.  AAV has several advantages over other viral vectors. Unlike retroviruses 



 
Stem Cells in Clinic and Research 

 

762 

(and wild type AAV), rAAV does not integrate into the chromosomes. Therefore it does not 
raise concerns about insertional mutagenesis. This is confirmed by the safe and stable 
experience in several human trials with rAAV(Maguire et al , 2008) . Originally retroviruses 
were the vectors of choice for delivery of transcription factors (Takahashi et al 2007). 
However, they are unsuitable for human use because of oncogenic risks from insertional 
mutagenesis. Lentivirus has a large carrying capacity, but it is a retrovirus. As the virus type 
for HIV the public might be concerned about its use in iPS cells for autologous 
transplantation.   The adenovirus has been tested as a non-integrating virus. The results 
were positive but not efficient (Stadtfield et al, 2008).   Using adenovirus as a vector is 
appealing for its ease of production and use, although such studies overlook that the 
adenovirus is not a viable vector for humans. The adenovirus caused fatal effects in the 
failed gene therapy trial at University of Pennsylvania in 1999 (Marshall, 2009).  Thus even 
though these vectors might be better developed and even though they may serve the 
purpose of making iPS cells, they carry a negative public image for human use.  The leading 
viral vector in several successful clinical trials recently has been the recombinant 
adenoassociated virus vector (rAAV).  Experience with rAAV in humans is safe, stable, 
producible in high titers (1012 infectious particles per ml) and non-immunogenic (Maguire et 
al 2008). In this paper we propose that rAAV is an advantageous vector for producing 
human iPS cells for therapeutic transplantion. 
However only a few papers in the literature have explored AAV and iPS and those reports 
used AAV for specialized purposes.   Khan et al (2010) showed that AAV can selectively 
target mutations and correct mutations in iPS cells by homologous recombination.  They 
used AAV in specifically generated human iPS cells with two different gene mutations 
(HPRT1 and HMBA1) responsible for the Lesch-Nyan syndrome. They studied fibroblasts 
and mesenchymal cells as the adult cell sources that had been reprogrammed with Oct4, 
Sox2 Lin28 NANOG as the transgenes. Reprogramming was conventional with a lentivirus.  
The successful correction of a mutation in the iPS cells extends the usefulness of AAV 
beyond making iPS cells to making iPS cells better. If autologous adult somatic cells have a 
mutation that can be corrected by gene targeting with AAV, they become available for 
therapeutic purposes.  Targeting with AAV was achieved without cytotoxicity (Kahn et al  
2010) . A similar paper report from Mitsui et al (2009), who received iPS cells directly from S 
Yamanaka, tested AAV targeting of HPRT1. 
Very recently (as we go to press)  a new development in iPS production has indicated that a 
single microRNA may be able to effect the whole reprogramming process without resorting 
to transcription factors for delivery. (Anoke-Danso et al April 7, 2011). This new concept 
would be another use for AAV because AAV is excellent for delivery of miRNA   (Qiao et al 
2011). It is too soon to tell which method will ultimately make iPScell a successful alternative 
to embryonic stem cells or not.  

4. Conclusion  
In conclusion, several different types of vectors and delivery systems have been used to 
reprogram adult somatic cells to iPS cells but none have become predominantly useful. Here 
we show that rAAV is successful in delivering transcription factors to adult fibroblasts and 
hepatic cells and reprogramming them to iPS cells.  rAAV is efficient and effective. We used 
low MOIs. Each of the 4 transcription factor was delivered in a separate rAAV plasmid so 
that in future applications the transgenes can be easily varied. There was no evidence of 
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cytotoxicity and the iPS cells were stable. The iPS cell showed the accepted in vitro 
characteristics of being inducible Pluripotent Stem Cells, including cell morphology, alkaline 
phoshphatase positive staining, and SSEA1 positive staining.  Doxocyclin was not required, 
making it simpler to use than the doxocyclin lentivirus method.  While more in vivo tests 
are necessary, this report establishes a feasible new method for producing iPS cells with 
AAV. Other studies indicate AAV will be having the added advantage of being used for 
accurate targeting of mutations in iPS so that the mutations can be corrected by homologous 
recombination.  With these advantages the use of AAV can move the technology of iPS 
closer to therapeutic use in human patients. 
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1. Introduction 
As a burgeoning research area, stem cells’ unique self-renewal and multilineage 
differentiation capability have quickly attracted the attention of scientists and researchers 
worldwide. Promising applications of stems cells include repairing and regenerating 
diseased or aged tissues and organs, restoring impaired body functions, and providing new 
treatments to various diseases. 
One member in the stem cell family that deserves special mention is human umbilical cord 
derived mesenchymal stem cells (hUC-MSC). Great clinical application value and broad 
industrial development prospect of hUC-MSC have been recognized due to its large 
differentiation potential, strong proliferation capability, low immunogenicity, source 
variety, convenient availability, free of ethical restriction, and easy production in industry. 
Obviously, these unique features of stem cells rely on various factors including their 
biological composition, structure, and cell viability. The viability decrease, apoptosis, or 
necrosis of stem cells will seriously lead to the variation or even loss of their functions. 
Therefore, a key step in the production and quality control of stem cells is to accurately 
monitor the status of stem cells and their viability in real time. Research in this field has 
shown great importance in not only fundamental study of stem cell biology, but also 
research, development, and clinical use of stem cell drugs. 
Although contemporary cell biology has provided a number of ways to acquire the 
information on the status of the cells, these methods are often invasive. Relevant biochemical 
reactions, dyeing, marking, fixation, cell lysis, and other treatments could remarkably induce 
the change of the environment necessary for cell growth and the normal physiological function 
of the cells. These biological techniques could even destroy the structures of the cells, leading 
to irreversible cell damage or necrosis. As a result, biology-based methods can hardly meet the 
requirements for the production and quality control of stem cells. 
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Raman spectroscopy has prominent advantages over biological methods due to its high 
sensitivity to changes inside biological systems and influences from external environment. 
Also, it plays non-destructively on the cells. These distinguished features make Raman 
spectroscopy a superior choice in the study of high spatial resolution and real time 
monitoring of stem cells.  
In this chapter, we will first introduce the basic concepts and theories of light absorption 
and scattering, and Raman scattering. Then, the change of the stem cell viability and its 
related mechanisms studied by Raman spectroscopy will be described in detail. Finally, a 
summary of our overall work will be given. 

2. Basic concept and elementary theory 
2.1 Scattering and light scattering 
Scattering is a phenomenon widely seen in nature. When the incident particles collide with 
target particles, the incident particles interact with the target particle making the incident 
particles deviating from the incident direction and even changing its energy. This 
phenomenon is known as scattering. Analyzing the interactions of matters and their internal 
structures and movements by scattering has become an important tool in both macro and 
micro worlds. 
Scattering of light is often observed in our daily lives. For example, when the light passes 
through a homogeneous and transparent matter such as glass and water, we cannot notice 
the light path from the side. However, if the media is inhomogeneous or contains impurities 
(like liquid with suspended particles or gels), the light beam can be clearly observed in the 
medium. This results from the scattering of light. 
In the 19th century, the study of light scattering was focused on liquid and gas, which are 
widespread in nature. Based on the causes, the scatterings are classified as Tyndall 
scattering and molecular scattering. British physicist Lord Rayleigh studied the intensities of 
scattered molecular light. In 1871, he proposed that the intensity of scattered light is 
inversely proportional to the fourth powers of the wavelength (λ4). He proposed that the 
intensity of scattered light is inversely proportional to the fourth powers of the wavelength, 
which is known as the famous Rayleigh scattering law. In 1908, C. Mie found that the 
intensity of scattered light in Tyndall scattering is not inversely proportional to the fourth 
powers of the wavelength, which is in contrary to molecular scattering. Therefore, Tyndall 
scattering is also called Mie scattering.  
Since the 20th century, the study of light scattering reached deeply into the levels of atoms, 
electrons, and quasi-particles. Researchers began to pay attention to the energy change of 
the scattered light relative to the incident light (i.e., the wavelength change). It was found 
that the wavelength variation of the scattered light relative to the incident light corresponds 
to different scattering mechanisms. The types of light scattering are thus classified. In the 
study of light scattering, the unit of energy is commonly the wave numbers (cm-1) .When the 
wave number change is less than 10-5 cm-1, the scattering is called Rayleigh scattering. Wave 
number change of about 0.1 cm-1 is called Brillouin scattering. More than 1 cm-1 wave 
number change is known as Raman scattering. If the wavelength / energy of the scattered 
light does not change relative to the incident light, it is elastic scattering, otherwise is non-
elastic scattering. Obviously, the latter two types of scattering are non-elastic scattering. The 
wave number change in Rayleigh scattering is caused by the rebound of the target particles, 
and therefore Rayleigh scattering is elastic scattering. 
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Fig.1. Scattering of light 

2.2 Raman scattering 
Raman spectroscopy is a scattering spectroscopy that concerns the vibrational and rotational 
energy levels of the molecules. It is a useful tool for the analysis of molecular structure, with 
advantages of being non-destructive and without the need of special ways to prepare the 
samples. Compared with the infrared absorption spectroscopy, water shows extremely 
weak Raman signals. Thus for most samples in water, the noise from water can be greatly 
reduced. Raman spectroscopy can also record signals from different samples in the same 
time, and these signals do not interfere with each other. With the developments of laser 
technology and weak signal detection technology, Raman spectroscopy as an effective 
method to study the structure of matter, will find wide and practical applications in various 
fields including chemistry, physics, biology, and medicine. 
From the basic perspective of quantum theory, Raman scattering can be considered as an 
inelastic process as a result of the collisions between photons and molecules. When the 
incident photons collide with molecules, molecules interact with the photons and then 
absorb the photon energies. Molecules are thus excited into a virtual state. Since this virtual 
state is not stable, molecules immediately radiate photons and release energy. If the energy 
of the photon radiation is smaller than that of the incident photon, Stokes shift will be 
observed (Fig.2a). If the energy of photon radiation is larger than that of the incident photon, 
anti-Stokes shift will be recorded (Fig.2b). If the energy of photon radiation is equal to that 
of the incident photon, Rayleigh scattering will be produced (Fig.3). Since Raman scattering 
concerns the energy difference between the incident and scattered photons, this energy 
difference is associated with the corresponding vibration levels of the molecules. 
Since each substance has rich vibration levels, Raman spectra carry a lot of information 
about the materials. Known as the fingerprint spectrum, Raman spectroscopy is of great 
significance to the analysis and identification of the components of materials.   
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Fig. 2a. Raman scattering (Stokes effect) 

 
 

 
 
 

Fig. 2b. Raman scattering (Anti-Stokes effect) 
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Fig. 3. Rayleigh scattering 

3. Detecting viability transitions of umbilical cord mesenchymal stem cells by 
Raman micro-spectroscopy 
Mesenchymal stem cells (MSCs) are pluripotent progenitor cells derived from the 
mesoderm. They are particularly attractive in cell/gene therapy for tissue regeneration and 
cancer therapy [1] for their own specific properties, including multi-differentiation potential, 
hematopoietic-supporting activity, immunomodulatory potency, and self-renewal. The 
major source of MSCs is bone marrow. However, the clinical use of bone marrow-derived 
MSCs is limited due to the relatively invasive sample collection procedure, and a significant 
reduction in cell number, proliferation, and differentiation capacity with age or age-related 
diseases. Recent advances suggest that human umbilical cord-derived mesenchymal stem 
cells (hUC-MSCs) could be an alternative source ideal for MSCs due to the relative ease of 
collection, safety, and abundance of human umbilical cord [2-5]. 
Our group has developed a standard procedure to acquire hUC-MSCs and established the 
first hUC-MSCs bank in China. Our intensive studies on the possible clinical application of 
this type of cells suggest that they can work as a promising candidate for cell-based therapy 
because of their young age and low infection rate compared to MSCs in adult tissues [6-9]. A 
large population of hUC-MSCs sustained in high viability condition is fundamental to 
successful cell-based therapy. Therefore, monitoring the cellular state transitions is an 
important step for the population expansion and quality assurance of these cells. 
Currently, a number of methods including biological assays and optical techniques are 
available to handle this task. For example, laser scanning confocal fluorescence microscopy 
has been used to image living cells. However, the introduction of exogenous fluorescence 
labels is always a problem in the cell viability maintenance. On the contrary, Raman 
spectroscopy is a label-free, vibration spectroscopy-based technique that has been used to 
illustrate the intrinsic molecular structure and composition of biological samples. It has the 
potential to provide new and unique optical markers for cytological analysis in recent years 
[10-18]. At the present time, this technique has been increasingly used in the studies of stem 
cells. Notingher et al. monitored the differentiation of embryonic stem cells (ESCs) by 
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recording the intensity of Raman peaks of nucleic acids as differentiation markers [19]. Chan 
et al. demonstrated that cell identification and classification were achieved using Raman 
scattering of the intrinsic biochemical signature for individual human embryonic stem cells 
(hESCs) [20]. More recently, Chiang and co-workers successfully applied Raman 
spectroscopy to monitor and quantitatively evaluate the differentiation of hMSCs into 
osteoblasts [21]. 
Here, the Raman micro-spectroscopy is used to find the molecular vibrations that are 
sensitive to the viability change of hUC-MSCs. The Raman spectra of hUC-MSCs with 
different cellular states were investigated, and the spectral differences between the cells with 
high viability (> 90%) and low viability (< 20%) were quantified using peak fitting and 
statistic t-test. It is found that the Raman peaks at 744, 877, and 1342 cm-1 show the most 
obvious changes as the cell viability decreases: the former two peaks, which correspond 
respectively to the vibration of C=O out-of-the-plane bending in Thymine and the 
symmetric stretching of C-C in lipids, are both roughly doubled; however, the latter peak, 
which corresponds to C-H deformation in proteins, is reduced by ca. 30%. 

4. Experimental   
Isolation and culturing of hUC-MSCs 

hUC tissues were collected from voluntary donors, the healthy parturient women with well-
developed fetus, who signed the consent form informed beforehand. The collection followed 
proper procedures according to the regulations of the Research Ethics Committees of the 
Chinese Academy of Medical Sciences and Beijing Union Medical College. The hUC tissues 
were then minced into 1mm3 small fragments with sharp scissors. The fragments were 
washed thoroughly with PBS to remove contamination, and then treated with 0.075% 
collagenaseII and 0.25% trypsin (Sigma) at 37 oC for 30 min. The digested mixture was 
passed through a 200µm filter to obtain cell suspensions. The dissociated cells were washed 
twice with PBS, planted on uncoated 25cm2 culture flasks, and then cultured in Dulbecco’s 
modified Eagle’s medium with low gluocose (DMEM-LG/F-12, DF12; Gibco) and 10% Fetal 
bovine serum (FBS, USA). The culture medium was replaced 2 days first and then after 
every 3 or 4 days. Daily progress of the cell culturing was monitored by phase-contrast 
microscopy. The cells were serially passaged and expanded in a humidified incubator at 37 
oC with 5% CO2.  
hUC-MSCs with different viability were used for experiments. Decrease of the cell viability 
was induced by placing the cells under a condition of starvation, i.e. suspending in PBS at a 
low temperature of 4 oC for several days. The cell viability was accessed using the Trypan 
blue method in parallel with the Raman spectral measurements. The viability is defined as 
the ratio of the number of viable cells to the total number of all cells, and we call > 90% 
viability as “high viability” while < 20% viability as low viability. 
Raman micro-spectroscopy of hUC-MSCs with different viability 

The Raman spectra of hUC-MSCs with different viability were recorded using a Raman micro-
spectrometer (LabRAM HR800, HORIBA Jobin Yvon, France), which is equipped with a 632.8 
nm helium-neon laser for excitation. By means of the microscopic imaging provided by a TV 
camera, the Raman spectrum of each cell was measured by focusing the laser beam in the 
center of the cell. Under the laser power of 17 mW with a 50× objective, the signal was 
integrated for 100 s. Each Raman spectrum was recorded in the range of 600-1800 cm−1. 
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Spectral processing and statistical analysis 

For spectral preprocessing, the background signal was subtracted from each spectrum, and 
a multipoint baseline was corrected in the whole spectral region. Spectra were then 
normalized to the peak intensity at 1448 cm−1 according to ref. [11] and [20]. 
In order to quantitatively characterize the Raman peaks, peak fitting was carried out in the 
spectral regions that show obvious differences between the cells with high and low viability 
by using the PeakFit software (v4.12, SeaSolve Software Inc., USA). The peak shape was 
taken to be Gaussian.  
To statistically compare the intensity difference peak by peak, the Student’s t-test was 
performed on each fitted Raman peak for two cell-groups (one group of 22 hUCMSCs with 
high viability and the other of 20 with low viability). The p values obtained from the t-test 
are used as the indicators of the differences. Since the p value is defined as the probability of 
making a wrong judgment about a difference between the two sets of data, the smaller p 
value implies the existence of the difference with higher possibility. As a rule of thumb, 
when p<0.05 the difference is meant to be statistical significance. 

5. Experimental results  
Fig. 4 shows the average Raman spectra of hUC-MSCs, where curve “a” is for high viable 
cells and curve “b” for low viable cells. The Raman spectra show small standard deviations 
among the cells with the same viability (as presented as the gray shadows in curve “a” and 
“b”). As can be seen, there are several Raman peaks that are already discernable, i.e. the 
1448 cm−1 peak corresponding to CH deformation, the 1659 cm−1 peak to the protein amide 
I, the 1003 cm−1 peak to the ring breathing of phenylalanine and the 1301 cm−1 peak to lipid 
CH2 twist. Curve “c” plots the subtraction of “b” and “a”, where visible differences can be 
observed, especially in the regions of 617 – 690, 703 – 770, 840 – 945, 950 – 1020, and 1250 – 
1360 cm−1, and at the peak of 1659 cm−1. 
A Raman peak, which is uniquely defined by its spectral parameters including Raman shift, 
intensity, and full width at half maximum (FWHM), reveals the information about a specific 
molecular vibration. In order to extract the Raman peaks in the spectral regions where the 
high viable cells and low viable ones are distinguishing, the peak fitting analysis was 
performed. Fig. 5 shows the fitting results of curve “a” and “b” in Fig.4, and Table 1 
provides the extended peak assignments. 
It can be seen from Fig. 5 that when the cell viability decreases, no obvious changes in 
Raman shift and FWHM are observed. However, the variations in peak intensity can be 
observed clearly. Apparently, as the cell viability decreases, the intensities of peaks at lower 
Raman shift (<1000 cm−1) increase while those of peaks at 1003 and 1342 cm−1 weaken. These 
results indicate that we can choose the peak intensity as a signature for detecting the cell 
viability transitions. As there are several peaks whose intensity change with the cell viability 
decrease, the Student’s t-test is used for picking out the peaks with significant difference 
between the high viable and low viable cells, thus to find the molecular vibrations sensitive 
to the cell viability changes. The result of the t-test is described by the p value, which 
actually reflects a reliability of the difference. Generally, p<0.05 represents a significant 
difference, and the lower the p value is, the more reliable the difference will be. As listed in 
Table 2, there are about half of the peaks having significant differences in peak intensity as 
indicated by p<0.05. The intensity changes of these peaks with p<0.05 are illustrated in Fig. 
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recording the intensity of Raman peaks of nucleic acids as differentiation markers [19]. Chan 
et al. demonstrated that cell identification and classification were achieved using Raman 
scattering of the intrinsic biochemical signature for individual human embryonic stem cells 
(hESCs) [20]. More recently, Chiang and co-workers successfully applied Raman 
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osteoblasts [21]. 
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developed fetus, who signed the consent form informed beforehand. The collection followed 
proper procedures according to the regulations of the Research Ethics Committees of the 
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viability as “high viability” while < 20% viability as low viability. 
Raman micro-spectroscopy of hUC-MSCs with different viability 

The Raman spectra of hUC-MSCs with different viability were recorded using a Raman micro-
spectrometer (LabRAM HR800, HORIBA Jobin Yvon, France), which is equipped with a 632.8 
nm helium-neon laser for excitation. By means of the microscopic imaging provided by a TV 
camera, the Raman spectrum of each cell was measured by focusing the laser beam in the 
center of the cell. Under the laser power of 17 mW with a 50× objective, the signal was 
integrated for 100 s. Each Raman spectrum was recorded in the range of 600-1800 cm−1. 
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Table 2, there are about half of the peaks having significant differences in peak intensity as 
indicated by p<0.05. The intensity changes of these peaks with p<0.05 are illustrated in Fig. 
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6. When the cell viability decreases, the intensity of peaks corresponding to nucleic acids at 
621, 643, 667, 744, 900, and 1010 cm−1 and to lipids at 719, 877, and 980 cm−1 increase, while 
those assigned to proteins at 1003, 1342, and 1659 cm−1 decrease. Especially, the most 
reliable spectral differences (p<0.001) between the hUC-MSCs with high and low viability 
can be found in the C=O out of plane bending in Thymine at 744 cm−1, C–C symmetric 
stretching in lipids at 877 cm−1, and C–H deformation in proteins at 1342 cm−1. In 
comparison of the case of high viability, the peak intensity of 744 and 877 cm−1 are both 
about doubled while that of 1342 cm−1 reduces by about 30% in the spectra of those with low 
viability. Herein, we suggest that the viability of hUC-MSCs can be characterized by 
intensities of these three peaks. 
As mentioned in this paper, the peak intensity could be a signature for indicating the cell 
viability transitions. And the correlation with the peak intensity and the cell viability has been 
proved by our studies. To understand it further, the possible causes of the peak intensity 
changes are discussed briefly here. As been shown in Table 1, the Raman spectra of hUC-
MSCs are contributed from all major biological macromolecules including nucleic acids, 
proteins, lipids and carbohydrates. The intensity changes of the Raman peaks, especially for 
those highly sensitive to the cell viability transitions, can be understood from the interaction 
model between the intracellular reactive oxygen species (ROS, such as ·OH, O2-, and H2O2, 
which are the products of cell metabolism) and the biological macromolecules. 
In healthy cells, ROS are typically generated at controlled rates. In contrast, the production 
of ROS will be elevated under stress conditions (e.g. cell apoptosis). This elevation will 
result in changes of many cellular components, such as DNA, proteins, and lipids, which 
will lead to further influence on the cell viability, metabolism, and growth. In addition to the 
findings shown in this paper, new research results from our lab on hUC-MSCs show that 
about half of the cells with low viability appear to be apoptotic (these results will be 
published elsewhere). As mentioned above, a large amount of ROS will stack in this 
situation. There were results suggesting that the excessive ROS will introduce attacks on 
intracellular biomolecules such as nucleic acids, proteins, and lipids [26]. So we believe that 
the peak intensity changes can be explained by the effect of excessive ROS, as follows. 
Because excessive ROS destroy the base-base stacking interactions, the hyperchromicity 
occurs resulting in the increasing intensity of Raman peaks, which correspond to nucleic 
acid bases at 744, 667, 643, and 621 cm−1. Moreover, the alterations in spatial structures of 
liposomes will inevitably change the micro-environment and spatial arrangement of 
chemical bonds within the molecular chains, which are probably responsible for the 
intensity variations of the Raman peaks assigned to lipids at 980, 877, and 719 cm−1. For 
proteins, the conformational changes in the secondary structures of proteins, such as the 
reduction of α-helix as indicated by the lower intensity at 1659 cm−1, were observed with as 
the cell viability decreases. These may be attributed to the attack of ROS that can lead to 
impairing or even breaking of hydrogen bonds, disulfide bonds and carbon-sulfur bonds, 
which play important roles in maintaining the structures of proteins. The structure 
variations of proteins are most likely to cause the micro-environmental changes of chemical 
bonds such as C-H bonds, resulting in a change of their scattering cross sections. This could 
be a reason responsible for the peak intensity decrease of 1342 cm−1. Furthermore, ROS is 
able to induce protein degradation, which may also be a cause for the intensity decline of the 
peaks at 1003, 1342, and 1659 cm−1. It should be pointed out that given the diversity of 
cellular components and the complexity of molecular interactions, the above discussion is 
only preliminary and the further investigation is needed. 
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6. Conclusions 
In this study, we have shown that the relative intensity of Raman peaks at 1342, 877, and 744 
cm−1, which correspond respectively to C-H deformation in proteins, C–C symmetric 
stretching in lipids, and C=O out-of-the-plane bending in Thymine, are highly sensitive to 
the changes of hUC-MSCs viability. The intensity decrease of the peak at 1342 cm−1 and the 
intensity enhancement of the peaks at 877 and 744 cm−1 in the cells with low viability are 
related to the alterations of the secondary structures of proteins, the degradation of proteins, 
the structural modification of lipids, and the destruction of base-base stacking interactions in 
DNA. These changes could be understood by the interactions between the excessive 
intracellular ROS and the biomolecules. 
 
 
 
 

 
 
 
 

Fig. 4. Averaged Raman spectra from 22 hUC-MSCs with high viability (curve “a”) and from 
20 cells with low viability (curve “b”). Shaded areas represent the standard deviations. The 
spectra were normalized to the intensity at 1448 cm−1. Difference spectrum (curve “c”) was 
obtained by subtracting curve “a” from curve “b”. Spectra are shifted vertically for clarity. 
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Fig. 4. Averaged Raman spectra from 22 hUC-MSCs with high viability (curve “a”) and from 
20 cells with low viability (curve “b”). Shaded areas represent the standard deviations. The 
spectra were normalized to the intensity at 1448 cm−1. Difference spectrum (curve “c”) was 
obtained by subtracting curve “a” from curve “b”. Spectra are shifted vertically for clarity. 
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Fig. 5. Peak fitting of the averaged Raman spectra of hUC-MSCs with high viability (a) and 
low viability (b) in the spectral regions: 617 – 690, 703 – 770, 840 – 945, 950 – 1020, and 1190 – 
1375 cm−1. Empty circles – experimental data, thin lines – fitted peaks, and thick lines – fitted 
curves. 

 

 
Fig. 6. Comparison of relative intensities of Raman peaks between hUC-MSCs with high and 
low viability. Block – averaged relative intensity, Bar – standard deviation. * means p<0.05, 
** means p<0.001 obtained by the Student’s t-test analysis. 
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Raman shift 
(cm-1) Assignment [11,19,20,22-25] 

621 A 5-member ring deformation 
643 T ring angle bend 
667 G ring breath 
719 CN+(CH3)3 str in lipids 
732 A ring breath 
744 T C=O out of plane bend 
758 Trp ring breath 
784 O-P-O str of DNA 
811 O-P-O str of RNA 
827 Tyr out of plane ring breath  
853 Tyr ring breath 
877 C-C symm str in lipids 
900 deoxyribose 
934 C-C bk str in proteins 
980 =CH bend in lipids 
1003 Phe symm ring breath 
1010 C-O str in deoxyribose 
1031 Phe 
1064 Chain C-C str in lipids 
1083 C-N str in proteins; Chain C-C str in lipids; C-O str in carbohydrates 
1097 O-P-O- str 
1127 C-N,C-C str in proteins 
1157 C-C,C-N str in proteins 
1174 Tyr,Phe 
1209 C-C6H5 str of Phe 
1231 Amide III random coil 
1242 Amide III β-sheet 
1258 Amide III β-sheet 
1284 Amide III α-helix 
1301 CH2 twist in lipids 
1320 G; CH def in proteins 
1342 CH def in proteins 
1364 CH3 symm str in lipids 
1448 CH def in DNA/RNA, proteins, lipids and carbohydrates 
1659 Amide I α-helix 

Abbreviations: asym, asymmetric; symm, symmetric; str, stretching; def, deformation; bk, backbone; A, 
Adenine; G, Guanine; C, Cytosine; T, Thymine; U, Uracil; Phe: phenylalanine; Tyr: tyrosine; Trp: 
tryptophan. 

Table 1. Peak assignments for Raman spectra of hUC-MSCs 
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Raman shift 
(cm-1) Assignment [11,19,20,22-25] 
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Abbreviations: asym, asymmetric; symm, symmetric; str, stretching; def, deformation; bk, backbone; A, 
Adenine; G, Guanine; C, Cytosine; T, Thymine; U, Uracil; Phe: phenylalanine; Tyr: tyrosine; Trp: 
tryptophan. 

Table 1. Peak assignments for Raman spectra of hUC-MSCs 
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Region (cm-1) Wavenumber (cm-1) t-test p value 

617-690 
621 0.0215 * 
643 0.0026 * 
667 0.0024 * 

703-770 

719 0.0122 * 
732 0.2833 
744 0.0004 ** 
758 0.1163 

840-945 

853 0.0101 * 
877 0.0005 ** 
900 0.0145 * 
934 0.4063 

950-1020 
980 0.0173 * 
1003 0.0137 * 
1010 0.0166 * 

1190-1375 

1209 0.9462 
1231 0.1886 
1242 0.3941 
1258 0.2832 
1284 0.3884 
1301 0.0722 
1320 0.3496 
1342 0.0004 ** 
1364 0.6455 

 1659 0.0073 * 

*: p<0.05 means significant differences; **: p<0.001 means very significant differences. 

Table 2. p values obtained by the statistical intensity comparison of the peaks in the region 
617-690, 703-770, 840-945, 950-1020, 1190-1375 cm-1, and the peak at 1659 cm-1 between hUC-
MSCs with high and low viability. 

7. Relations between Reactive Oxygen Species and Raman Spectral 
Variations of Human Umbilical Cord Mesenchymal Stem Cells with Different 
Viability 
Mesenchymal stem cells (MSCs) are particularly attractive in cell-based therapy because of 
their distinct immunosuppressive properties and multi-differentiation capacity [27,28]. MSCs 
are traditionally found in the bone marrow. However, they can also be isolated from other 
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tissues such as human umbilical cord. Human umbilical cord-derived MSCs (hUC-MSCs) 
have shown similar or even superior properties compared to bone marrow derived MSCs 
(BM-MSCs) including plastic adherence, specific surface markers, regenerative  capability, 
collection convenience, safety, and potential of in vitro differential in certain lineages [29,30]. 
As a result of these advantages, hUC-MSCs have gained more attention in recent years. 
Currently, hUC-MSCs are being explored as a promising candidate for therapeutic 
applications. Wu and Zhou [31,32] discussed the therapeutic potential of hUC-MSCs in 
cardiomyocyte regeneration, and their findings demonstrated that transplanted hUC-MSCs 
provide benefit in the restoration of cardiac function, suggesting that hUC-MSCs represent a 
source of stem cells for cell therapy and myocardial tissue engineering. Liao et al. reported 
that hUC-MSCs treatment could be an ideal strategy for cell-based therapy for central 
nervous system injury and disease [7]. Moreover, the impact of hUC-MSCs on liver fibrosis 
was also observed by Han and co-workers [33]. Recently, a series of experimental results 
indicate that hUC-MSCs are exceptional candidates for muscle repair [30], bone tissue 
engineering [34] and the treatment of rheumatoid arthritis (RA) [35]. 
The above data indicate that the hUC-MSCs hold great promise as therapeutic agents and as 
a tool for understanding the development of regeneration medicine. It is known that a large 
population of cells with high viability is fundamental to a successful cell-based therapy. 
Therefore, the detection of cell viability changes represents a key step for the population 
expansion and quality assurance of hUC-MSCs. As a label-free method, Raman 
spectroscopy is increasingly used in the study of stem cells [10, 19-21]. In our recently work 
[36], this technology was used to detect the viability transitions of hUC-MSCs. An 
encouraging finding was that the most significant Raman spectral variations associated with 
the cell viability decrease were at 1342, 877, and 744 cm−1, which implied a great potential 
for characterizing the cell viability changes. Considering the biochemical effects involved in 
the reactions of reactive oxygen species (ROS) [26], we concluded that these Raman spectral 
changes are probably due to the interaction between the intracellular ROS and biological 
macromolecules. However, given the diversity of cellular components and the complexity of 
molecular interactions, the reasons and the mechanisms of the Raman spectral variations 
remain unclear. In this context, several studies in our group are being carried out with the 
purpose of providing insights into the role of ROS involved in the cell viability transitions. 
As an important aspect, the dependence of the Raman spectral variations on the yield of 
ROS in the cells has been studied in this paper. Here, we employ a ROS probe (DCFH-DA) 
to monitor the change of intracellular ROS level in hUC-MSCs as their viability declines. In 
addition, the Raman spectra of the cells with different viability are also recorded by Raman 
micro-spectroscopy. The results show that as the cell viability declines, the relative intensity 
variations of Raman peaks at 1342, 877, and 744 cm−1, and the relative yield variation of ROS 
in cells can be described by a same model(with different fitting parameters). Moreover, the 
correlations of these relative changes were evaluated by correlation coefficient method. It is 
found that they have perfect linear correlation coefficients respectively. This study further 
demonstrates that the relative yield variation of the ROS in hUC-MSCs with different 
viability can directly cause the relative intensity variation of Raman spectra in the cells. 
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Region (cm-1) Wavenumber (cm-1) t-test p value 

617-690 
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643 0.0026 * 
667 0.0024 * 

703-770 

719 0.0122 * 
732 0.2833 
744 0.0004 ** 
758 0.1163 

840-945 

853 0.0101 * 
877 0.0005 ** 
900 0.0145 * 
934 0.4063 

950-1020 
980 0.0173 * 
1003 0.0137 * 
1010 0.0166 * 

1190-1375 

1209 0.9462 
1231 0.1886 
1242 0.3941 
1258 0.2832 
1284 0.3884 
1301 0.0722 
1320 0.3496 
1342 0.0004 ** 
1364 0.6455 

 1659 0.0073 * 

*: p<0.05 means significant differences; **: p<0.001 means very significant differences. 
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variations of Raman peaks at 1342, 877, and 744 cm−1, and the relative yield variation of ROS 
in cells can be described by a same model(with different fitting parameters). Moreover, the 
correlations of these relative changes were evaluated by correlation coefficient method. It is 
found that they have perfect linear correlation coefficients respectively. This study further 
demonstrates that the relative yield variation of the ROS in hUC-MSCs with different 
viability can directly cause the relative intensity variation of Raman spectra in the cells. 

7.1 Intracellular ROS measurement 
The relative levels of ROS in hUC-MSCs with different viability were accessed using 2',7'-
dichlorofluorescin diacetate (DCFH-DA, Sigma), a fluorescent probe for intracellular ROS 
measurement. The DCFH-DA itself is non-fluorescent. It can be easily diffused through the 
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cell membrane and be hydrolyzed by intracellular esterases to produce non-fluorescent 2',7'-
dichlorofluorescin (DCFH), which can no longer pass through the membrane so that the 
probe can easily be loaded into the cells. DCFH is then oxidized by ROS to generate 
fluorescent 2',7'-dichlorofluorescein (DCF), whose fluorescence intensity is proportional to 
the amount of intracellular ROS [37, 38]. The cells were suspended in PBS at a density of 5.5 
× 105 cells/mL. After DCFH-DA was suspended at a final concentration of 20μmol/L, the 
cells were incubated for 40 min at 37°C for probe loading. -DCF fluorescence was then 
measured by a spectrometer (SpectraPro 300i, Acton, USA) equipped with a CCD detector 
(Spec-10, PI, USA). Ar+ laser (488 nm) was used for excitation, and the fluorescence was 
recorded in the range of 510–600 nm. In addition, same measurements of the DCFH-DA and 
PBS mixture (final concentration of the probe: 20 μmol/L) without cells for fluorescent 
background acquisition were also performed. 

7.2 Experimental results  
ROS consist of a series of oxygen free radicals and their derivatives, such as O2-, H2O2, and 
•OH, possess active chemical properties and high oxidation capability. They are generated 
from the sequential univalent reduction of oxygen involved in the cell metabolism [39, 40]. 
Since the cell itself has a highly efficient antioxidant system for eliminating ROS, the 
production and scavenging of ROS maintain a dynamic equilibrium under normal 
conditions. An appropriate amount of ROS is associated with many important physiological 
functions, such as biological messengers involved in cellular signal transduction [41, 42]. 
However, the production of intracellular ROS will greatly exceed the cellular antioxidant 
capacity under oxidative stress [43]. And ROS can act as the toxicants that easily react with 
biomolecules to damage their structures and functions and change their physical and 
chemical properties as Raman scattering [43–45]. 
Thus, to explore whether ROS play a role in the Raman spectral variations associated with 
the hUC-MSCs’ viability transitions, we first monitored the change of intracellular ROS level 
as the cell viability decreased. As shown in Fig. 7, under the condition of cell starvation, the 
cell viability exhibits a linear decline with time. Therefore, the changes of the ROS level and 
the Raman spectra in cells as the cell viability decreases can be measured and discussed in 
the time dimension. By using ROS probe (DCFH-DA), the intracellular ROS levels were 
observed by the fluorescence spectra of the probe at different times. The results are shown in 
Fig. 8. The fluorescence spectra are from DCF, which is produced by the reactions of the 
probes with ROS. No fluorescence signals can be detected in the mixture solution of the 
probe molecules and PBS without the cells (“Background” in Fig. 8A), indicating that the 
fluorescence is originated only from the interaction of the probes with the intracellular ROS 
but not self-oxidation of the probes. Therefore, the relative intensities (F) of the fluorescence 
in Fig. 8A will be directly proportional to the ROS level (ROS) in cells [37, 38] under the 
experimental conditions we designed. The relationship can be expressed as follows 

 F ROS= ε  (1) 

where ε is the proportional constant in this case. Fig. 8B shows the column diagram of the 
relative fluorescence intensity at different times based on Fig. 8A. It is apparent that as the 
viability decreases, the level of ROS increases initially. It reaches a maximum value about 1.5 
times higher than the initial time (t = 0) as the viability drops to about 36%. As the viability 
continues to decrease, the ROS level experiences a decline. 
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As mentioned above, a low ROS level under normal conditions is beneficial to the cells. Few 
oxidative damages by ROS should be taken into consideration in this case. However, when 
the production of ROS exceeds the cellular antioxidant capacity, oxidative damages will 
occur [39]. In other words, the excessive intracellular ROS lead to the oxidative damages. 
Considering this, we calculate the relative variation of ROS level (ΔROS(t)) in the cells at 
each measurement time t based on the data in Fig. 8B, and take the first relative intensity at 
initial time (t = 0) as a normal value in the cells with normal viability. Therefore, the ΔROS(t) 
(t is the measurement time in Fig. 8B) can be calculated by the following expression. 

 ( ) (0)( ) 100%
(0)

F t FROS t
F
−

Δ = ×  (2) 

where F(t) and F(0) represent the relative fluorescence intensity at time t and the initial time 
(t = 0), respectively. The change of ΔROS with time is shown by the black squares in Fig. 9. 
Based on the data shown in Fig. 9, we seek to find a mathematical model to describe their 
change with time. It is found that a rational function (shown in Eq. (3)) can make a good 
fitting with the fitting degree R2 = 0.983. Thus, the ΔROS(t) can generally be expressed by 
the rational function as follows. 
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The data in Fig. 9 show that the ROS level is always higher than the initial (t = 0) in our 
observation period, implying that an accumulation of the excessive ROS in cells may occur 
as the cell viability decreases. 
It should be noted that according to our experimental methods, the DCF fluorescence 
intensity is proportional to the amount of ROS generated in a short time period (40 min), 
which can be considered as a time point when compared to the entire experimental period 
(7 days). Thus, the data presented in Fig. 9 can only show the variation of “transient” ROS 
level, but not the yield of ROS during the cell viability decline. Since the oxidative damages 
resulting from excessive ROS can be irreversible [42], they thus rely on the cumulative effect 
of excessive ROS reacting with biomolecules. This means that the oxidative damages 
depend in part on the yield variation of ROS as the cell viability decreases. Having this in 
mind, we estimate the relative yield variation of ROS by integrating Eq. (3).  
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Calling the values of the parameters (a, b, c, d) from the best fitting result in Fig. 9 and 
considering the integral upper and lower limits, we can estimate the relative yield variation 
of ROS at any time point. The estimated ΔROSyield(t) at t = 0d, 1d, 2d, …, 6d is shown in Fig. 
10, which exhibits a nonlinear increase with time. In particular, it is found that the change of 
ΔROSyield(t) can be exactly described by the logistic model (Eq. (6)) as indicated by the fitting 
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degree R2 = 0.999. This model describes an S-type growth, i.e., the growth gradually slows 
down and eventually stops when the time goes to infinity. 

 ( )
1 tf t

e−γ
α

=
+ β
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The above results show that the relative yield variation of intracellular ROS increases 
continuously with the cell viability drop, suggesting that excessive ROS accumulate in cells 
and thus may attack the biomolecules as expected. 
The excessive ROS are capable of attacking biomolecules, such as proteins, nucleic acids, 
and lipids, by a variety of reaction mechanisms including hydrogen abstraction, addition, 
etc. [40, 46, 47]. For example, ROS can react directly with the amino acid residues, causing 
the inactivation and denaturation of proteins [46]. Their attacks on DNA can also lead to the 
DNA bases modification and breaking of chemical bonds and certain strands [39, 47]. In 
addition, ROS induce the peroxidation of unsaturated fatty acids and cause oxidative 
damage to lipids [39, 40]. This reaction is also an important mechanism that occurs with the 
oxidative damage to other biomolecules, such as malondialdehyde, an intermediate of 
peroxidation, that can cause the cross-linking of proteins [40, 46]. The oxidative damages 
from these reactions will undoubtedly lead to the structural and functional alterations of the 
biomolecules, and thus may cause changes in their Raman scattering. 
Here we will pay attention to the dependence of the Raman spectral changes on ROS, but 
not the types of oxidative reactions that lead to the changes. That is, the relationship 
between Raman spectral variations and the relative yield variation of ROS in the cells need 
to be examined further in this paper. Raman spectra of hUC-MSCs with different viability 
(or at different time points) are shown in Fig. 11A. Raman spectral variations as the cell 
viability declines can be observed clearly. Thus we choose three vibration peaks that have 
been proven to be sensitive to the hUC-MSCs viability transitions [35]. They are protein C-H 
deformation at 1342 cm–1, lipid C–C symmetric stretching at 877 cm–1, and thymine C=O 
out-of-the-plane bending at 744 cm–1. Their relative intensity changes as a function of time 
are shown in Fig. 11B. It can be seen that the relative intensity of 1342 cm–1 decreases with 
time, while those of 877 and 744 cm–1 exhibit the reverse orientation. Further, we will focus 
on the variation of the relative intensity, because any deviations of these characteristic peak 
intensities from their normal values will indicate the drop of cell viability [35].   
Based on the data shown in Fig. 11b and the above method used to discuss ROS (Eq. (2)), the 
relative peak intensity variations (ΔIw(t)) of the three peaks can be calculated by the 
following expression. 
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where Iw(t) and Iw(0) represent the relative intensity of the peak w at the time t and the 
initial time (t = 0), respectively. The calculated results are shown in Fig. 12. 
To investigate the change tracks of ΔI1342(t), ΔI877(t), ΔI744(t) and their relationship to 
ΔROSyield(t), we also try to use the logistic model (Eq. (6)) to fit the data points in Fig.12. As 
presented in Fig. 12, it is interesting to find that the logistic model is also suitable for 
describing the changes of ΔI1342(t), ΔI877(t), and ΔI744(t) indicated by the high fitting degrees 
of 0.993, 0.986, and 0.996, respectively. However, the parameters (α, β, γ) obtained by fitting 

Raman Spectroscopy for Noninvasive Monitoring of 
Umbilical Cord Mesenchymal Stem Cells Viability Transitions 

 

781 

ΔI1342(t), ΔI877(t), and ΔI744(t) differ from each other, and also show large differences from 
those of fitting ΔROSyield(t). This seems reasonable and understandable from the complexity 
and diversity of ROS reactions. There are many mechanisms showing that ROS interact with 
biomolecules directly or indirectly [40, 46, 47]. The attack of ROS seems impossible to cause 
the synchronous and homogeneous alterations in all the biomolecules. The differences in the 
molecular response (rate, scale, sensitivity) to the ROS attack and the types of reactions will 
inevitably affect the reaction rates (of the reactant depletion and the product formation) in 
the cells. And also, the formation of the excessive ROS themselves will lead to the 
component changes in the cells. All complications make the fitting parameters or the fitting 
curves of ΔIw(t) of some individual Raman peaks w show larger deviation from those of 
ΔROSyield(t). That is, it is almost impossible for all ΔIw(t) to correlate with ΔROSyield(t) in 
exact linearity. Furthermore, it should be mentioned that the parameter α is primarily 
determined by the maximum of the relative intensity (or yield) variation and is basically 
independent on the fitting curves that is defined by the shape parameters β and γ. The 
differences between ΔI744(t) and ΔROSyield(t) in the two shape parameters are the largest (Fig. 
12C) in all the ΔIw(t), thus the linear correlation between their fitting curves is the lowest, 
suggesting that the reaction mechanism relating to this peak increase would be very 
complicated. In fact, the ROS in the cells are consumed through many channels. Therefore, 
we may have a better result if using the sum of the relative intensity variations of all 
characteristic Raman peaks (here we have three peaks) measured at the same time. The 
relative intensity total variation as a function of time (ΔItotal(t)) is expressed as follows. 

 ( ) ( )total w
w
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where ΔIw(t) is the relative intensity variation of the peak w at time t. Here we have w = 
1342, 877, and 744 cm–1. The calculated results are shown in Fig. 12d, and the fitting curve 
(with Eq. (6)) shows a perfect fitting degree (R2 = 0.999). All the fitting constants for ΔItotal(t) 
are much better than those for any other ΔIw(t) compared with those for ΔROSyield(t). Thus, 
the fitting curves of ΔItotal(t) and ΔROSyield(t) are basically similar, and the linear relationship 
between them should be better than others. 
To further quantitatively evaluate the relationship, the correlation coefficient r is employed 
to describe the correlations of ΔI1342(t), ΔI877(t), ΔI744(t), and ΔItotal(t) with ΔROSyield(t), 
respectively. The r is calculated as follows [48].  
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where, Xi, Yi (i = 1, 2, …, n) express independent and dependent variables respectively; r 
describes the linear correlation of the two variables and takes the value in –1 ≤ r ≤ 1. The 
larger |r| is, the higher the correlation will be. The calculation results show that the 
correlation coefficients for correlated ΔI1342(t), ΔI877(t), ΔI744(t), and ΔItotal(t) to ΔROSyield(t) are 
0.980, 0.985, 0.973, and 0.987, respectively. For clarity, these correlations are shown in Fig. 
13. The high |rw| values provide a further evidence to confirm that the changes of the three 
relative peak intensities linearly correlate to the relative yield variation of ROS, especially at 
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degree R2 = 0.999. This model describes an S-type growth, i.e., the growth gradually slows 
down and eventually stops when the time goes to infinity. 
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ΔI1342(t), ΔI877(t), and ΔI744(t) differ from each other, and also show large differences from 
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relative intensity total variation as a function of time (ΔItotal(t)) is expressed as follows. 
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where ΔIw(t) is the relative intensity variation of the peak w at time t. Here we have w = 
1342, 877, and 744 cm–1. The calculated results are shown in Fig. 12d, and the fitting curve 
(with Eq. (6)) shows a perfect fitting degree (R2 = 0.999). All the fitting constants for ΔItotal(t) 
are much better than those for any other ΔIw(t) compared with those for ΔROSyield(t). Thus, 
the fitting curves of ΔItotal(t) and ΔROSyield(t) are basically similar, and the linear relationship 
between them should be better than others. 
To further quantitatively evaluate the relationship, the correlation coefficient r is employed 
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where, Xi, Yi (i = 1, 2, …, n) express independent and dependent variables respectively; r 
describes the linear correlation of the two variables and takes the value in –1 ≤ r ≤ 1. The 
larger |r| is, the higher the correlation will be. The calculation results show that the 
correlation coefficients for correlated ΔI1342(t), ΔI877(t), ΔI744(t), and ΔItotal(t) to ΔROSyield(t) are 
0.980, 0.985, 0.973, and 0.987, respectively. For clarity, these correlations are shown in Fig. 
13. The high |rw| values provide a further evidence to confirm that the changes of the three 
relative peak intensities linearly correlate to the relative yield variation of ROS, especially at 
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the beginning of the cell viability decrease. Taken together, the results demonstrate that the 
oxidative damages induced by excessive intracellular ROS lead to the Raman spectral 
variations associated with the cell viability decline. In addition, the ΔItotal(t) shows the best 
linear relationship to the ΔROSyield(t), while that of individual Raman peak intensity appears 
lower linear correlation coefficient, indicating that the corresponding biochemical reactions 
of intracellular ROS have much more complicate mechanisms and needs further study. 

8. Conclusions 
Herein, we reveal that the relative yield variation of ROS in hUC-MSCs with different 
viability can directly lead to the relative intensity variations of the three characteristic 
Raman peaks at 1342, 877, and 744 cm–1 in the cells, according to their perfect linear 
correlation coefficients of 0.980, 0.985, and 0.973, respectively. Our findings demonstrate that 
the excessive intracellular ROS can result in the almost linear variation of the relative Raman 
peak intensity in hUC-MSCs as the cell viability declines. These results would be very useful 
for understanding the mechanisms of Raman spectral changes in the cells. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 7. Change of cell viability as a function of time (cells are placed under starvation 
condition). The line represents the linear fitting. 
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Fig. 8. Change of intracellular ROS level with time. (A) Fluorescence spectra of DCF at 
different times corresponding to different cell viability. (B) Histogram showing averaged 
relative intensities of DCF fluorescence and standard deviation. 

 
 
 
 

 
 

 
 
 

Fig. 9. Relative variation of ROS level as a function of time. The data points are from Eq. (2). 
The line represents the best fitting using a rational function (Eq. (3)), with the fitting degree 
R2 = 0.983 and the parameters a = –0.80747, b = 6.77836, c = –0.50330, d = 0.07387. 
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Fig. 10. Change of relative yield variation of ROS as a function of time. The line represents 
the best fitting using logistic model (Eq. (6)), with the fitting degree R2 = 0.999 and the 
parameters α = 494.247, β = 208.473, γ = 1.35624. 

 
 
 

 
 
 
 

Fig. 11. (A) Raman spectra of hUC-MSCs with different cell viability: (a) cell viability 97%, t 
= 0 (b) 67%, t = 2d (c) 36%, t = 4d (d) 22%, t = 5d (e) 2%, t = 6d. All spectra are normalized to 
the peak intensity at 1448 cm–1. Spectra are shifted vertically for clarity. (B) Changes of the 
relative peak intensities at 1342, 877, and 744 cm–1 as a function of time. 
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Fig. 12. Relative changes of Raman peak intensity variations at (A) 1342, (B) 877, (C) 744 cm–1, 
and their sum (D) as a function of time. The lines represent the best fitting using logistic 
model (Eq. (6)). (A) Fitting degree R2 = 0.993, the parameters α = 91.3853, β = 58.5466, γ = 
0.67544. (B) R2 = 0.986, α = 216.993, β = 62.1816, γ = 0.78485. (C) R2 = 0.996, α = 154.484, β = 
5191.54, γ = 1.95969. (D) R2 = 0.999, α = 430.957, β = 122.328, γ = 1.00860. 
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Fig. 13. Correlations between the relative yield variation of ROS and the relative intensity 
variations of Raman peaks at (A) 1342, (B) 877, (C) 744 cm–1 and their sum (D) ΔItotal(t). The 
lines represent the linear fittings for the changes of ΔI1342(t), ΔI877(t), ΔI744(t), and ΔItotal(t) as a 
function of ΔROSyield(t), with the correlation coefficients of 0.980, 0.985, 0.973, and 0.987, 
respectively. 

9. Summary 
Mesenchymal stem cells (MSCs) are pluripotent progenitor cells derived from the 
mesoderm. They are particularly suitable for cell-based therapy because of their different 
immunosuppressive properties and multi-differentiation capacity. The main source of MSCs 
is bone marrow. In addition, recent progress revealed that human umbilical cord derived 
mesenchymal stem cells (hUC-MSCs) could be an alternative source ideal for MSCs. 
Comparing to bone marrow-derived MSCs (BM-MSCs), hUC-MSCs have exhibited similar 
or even superior properties such as plastic adherence, specific surface markers, regenerative 
capability, collection convenience, safety, and potential for in vitro differential in certain 
lineages. These advantages make hUC-MSCs a promising candidate for therapeutic 
applications in recent years.  
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As is known, a large population of cells in sustained high profitability is fundamental to 
successful cell-based therapy. Therefore, monitoring the variation in cell viability is an 
important step for the population expansion and quality assurance of hUC-MSCs. Right 
now there are a number of methods including biological assays and optical techniques 
available to handle this task. Among these techniques, Raman spectroscopy is a label-free 
method that allows for continued analysis. Moreover, it is proven that Raman spectroscopy 
has the potential to offer new and unique optical markers for cytological analysis. Currently 
this technology is increasingly used in the studies of stem cells.  
In this work, Raman micro-spectroscopy is used to monitor the variation of hUC-MSCs 
viability. The Raman spectra of hUC-MSCs with different cellular states are investigated. 
Using peak fitting and statistical t-test, the Raman peaks are extracted with obvious 
differences between cells of different viability. Most significant changes (p <0.001) have been 
found for the out-of-plane bending of C=O in thymine at 744cm-1, symmetric stretching of 
C-C in lipids at 877cm-1, and deformation of C-H in proteins at 1342cm-1. As the cell viability 
decreases, the intensity of the peak at 1342cm-1 is reduced, whereas those of the peaks at 877 
and 744 cm-1 are enhanced. Based on these results, we propose that the viability of hUC-
MSCs can be characterized by these three peaks.  
Given the biochemical effects involved in the reactions of reactive oxygen species (ROS), we 
conclude that the changes of Raman peak intensity could be explained by the interactions 
between excessive intracellular ROS and biological macromolecules. However, considering 
the diversity of cellular components and the complexity of molecular interactions, the exact 
reasons and mechanisms remain unclear. In this context, we further investigate the 
dependence of the Raman spectral variations on the yield of ROS in the cells for 
understanding the mechanism. Here we employ a ROS probe (DCFH-DA) to monitor the 
change of intracellular ROS level in hUC-MSCs as their viability declines. The results we 
obtained show that as the cell viability decreases, the relative intensity variations of the 
Raman peaks at 1342 cm-1, 877 cm-1, and 744 cm-1, and the relative yield variations of ROS in 
cells can be described by the same model function (besides different fitting parameters 
used). In addition, the correlations of these relative changes were assessed by correlation 
coefficient method. Perfect linear correlation coefficients of 0.969, 0.982, and 0.975 were 
found. Our results further demonstrate that the relative yield variations of ROS in hUC-
MSCs with different viability directly cause the relative intensity variations of Raman 
spectra in the cells. The results would be very useful for understanding the mechanism of 
the Raman spectral changes in the cells and the investigation of the basis for the application 
of Raman scattering in the measurement of stem cell viability. 
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1. Introduction 
Stem cell research offers unlimited potential for applications in regenerative medicine. Much 
of the excitement surrounding this area of research comes from the cells inherent qualities; the 
ability to self renew and generate a variety of cells within the body. In the past two decades, 
research on stem cells has progressed exponentially providing a vast array of tools for a large 
breadth of areas. As research persists, there is a growing need for faster and more effective 
tools to analyze the many unknown processes that will unlock the power within these cells.  
Delivery of genes to create labeled stem cells vastly enhances their utility as tools for basic 
research and drug screening but also as potential therapeutic agents. Gene transfer has been 
a routine method in stem cell research since scientists first began culturing stem cells in vitro. 
Genetic manipulation has accelerated research enabling the creation of in vitro models for 
drug discovery, use as a tool for dissecting basic stem cell biology and potential 
development of in vivo cell-based delivery strategies. Efficient gene transfer into stem cells is 
a critical step in the creation of engineered stem cells. Several viral and non-viral methods 
exist for the modification of stem cells, albeit with varying efficiencies (Colosimo et al., 
2000). Each platform has its advantages and disadvantages that can be effectively utilized 
for specific applications.  
Here, we review gene delivery, cloning, and modification methods and describe in detail 
three platforms that enable the user to create modified stem cells that transiently or stably 
express one or multiple genes of interest. The three platforms described here each offer a 
unique feature and advantage that may be ideal for a particular cell type or application. The 
first is a non-integrating insect virus that is ideal for the transient short term expression of 
genes of interest. Second is an episomal EBV based vector method that allows for 
populations of transgene expressing cells to be stably maintained without genomic 
insertion. The third platform is a site specific integrating platform that can be clonally 
selected and is not subject to silencing. 

2. Gene delivery 
Genes carried on plasmid DNA can be introduced into cells with one of the methods listed 
below. The choice of the method largely depends on the size of the DNA plasmid and target 
cell type. Working with stem cells provides a new set of challenges to gene delivery 
requiring substantial optimization. Human embryonic stem cells (hESC) are typically grown 
in tight compact colonies to maintain pluripotency thus requiring transfection methods that 
do not disrupt this. Apart from cell conditions, applications of the gene delivery can direct 
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Stem cell research offers unlimited potential for applications in regenerative medicine. Much 
of the excitement surrounding this area of research comes from the cells inherent qualities; the 
ability to self renew and generate a variety of cells within the body. In the past two decades, 
research on stem cells has progressed exponentially providing a vast array of tools for a large 
breadth of areas. As research persists, there is a growing need for faster and more effective 
tools to analyze the many unknown processes that will unlock the power within these cells.  
Delivery of genes to create labeled stem cells vastly enhances their utility as tools for basic 
research and drug screening but also as potential therapeutic agents. Gene transfer has been 
a routine method in stem cell research since scientists first began culturing stem cells in vitro. 
Genetic manipulation has accelerated research enabling the creation of in vitro models for 
drug discovery, use as a tool for dissecting basic stem cell biology and potential 
development of in vivo cell-based delivery strategies. Efficient gene transfer into stem cells is 
a critical step in the creation of engineered stem cells. Several viral and non-viral methods 
exist for the modification of stem cells, albeit with varying efficiencies (Colosimo et al., 
2000). Each platform has its advantages and disadvantages that can be effectively utilized 
for specific applications.  
Here, we review gene delivery, cloning, and modification methods and describe in detail 
three platforms that enable the user to create modified stem cells that transiently or stably 
express one or multiple genes of interest. The three platforms described here each offer a 
unique feature and advantage that may be ideal for a particular cell type or application. The 
first is a non-integrating insect virus that is ideal for the transient short term expression of 
genes of interest. Second is an episomal EBV based vector method that allows for 
populations of transgene expressing cells to be stably maintained without genomic 
insertion. The third platform is a site specific integrating platform that can be clonally 
selected and is not subject to silencing. 

2. Gene delivery 
Genes carried on plasmid DNA can be introduced into cells with one of the methods listed 
below. The choice of the method largely depends on the size of the DNA plasmid and target 
cell type. Working with stem cells provides a new set of challenges to gene delivery 
requiring substantial optimization. Human embryonic stem cells (hESC) are typically grown 
in tight compact colonies to maintain pluripotency thus requiring transfection methods that 
do not disrupt this. Apart from cell conditions, applications of the gene delivery can direct 
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the method of choice for gene delivery. For cells with downstream clinical applications it is 
essential to use platforms that are “footprint-free” of transgene material. For overexpression 
of specific proteins or knockdown of pathways integrating virus may be ideal and required 
for high copy number insertion. When working with hard to transfect cell types, it is crucial 
to consider all options available.  

2.1 Chemical methods 
Chemical methods utilize lipids, polymers or proteins that form a complex with DNA. This 
condensed complex fuses with the cell membrane thus enabling the entry of the DNA into 
the cells.  
Liposomes remain a popular chemical vehicle for gene delivery in many cell types. In stem 
cells, lipid based methods have been reported with varying efficiencies depending on the 
gene type and cell line (Strulovici et al., 2007). Products like Lipofectamine 2000 (Life 
Technologies) and FuGENE (Roche) are liposomes that utilize the characteristics of chemical 
compounds to form complexes with the DNA/RNA and fuse with the negatively charged 
cell membrane. Lipid methods show reduced toxicity as compared to CaPO4 precipitation 
and earlier transfection protocols. Precipitation methods vary depending on pH and 
uniformity of the precipitate making them an unfavorable mechanism for stem cells. 
Synthetic polymers face similar hurdles. Cell toxicity of the reagent in the target cell type 
remains a limiting factor for chemical methods requiring extensive adaptations and 
optimization.  

2.2 Physical methods 
These methods involve delivery of plasmid across cell membrane using electroporation, 
sonoporation or particle bombardment. Electroporation utilizes electric pulses to transiently 
disrupt the cell membrane to create pores that allows delivery of charged RNA and DNA 
molecules into the targeted cells. This method is highly efficient and primary choice for 
delivery of large constructs into cells. In the recent years specialized electroporation based 
units have emerged. The NucleofectorTM from Lonza utilizes a combination of set programs 
with specific electric parameters and cell-type specific solutions to achieve high levels of 
transfection in several cell types including embryonic stem cells (Lakshmipathy et al., 2004). 
The NeonTM Transfection System from Life Technologies is an open system that allows 
optimization of electrical parameters and the flexibility of using cells from 2X104 to 6X106 
per reaction. This technology avoids the use of standard electroporation cuvette and uses an 
electronic pipette tip as a transfection chamber (Kim et al., 2008). This method has been used 
to create labeled cells with diverse vector platforms in human embryonic stem cells 
(Thyagarajan et al., 2009; Liu et al., 2009). Sound waves or sonoporation has also been used 
to transiently create pores in the cell membrane to deliver nucleic acids into cells (Bao et al., 
1997). Other mechanical methods include manual microinjection of gene into cells (King et 
al., 1994) or particle bombardment using gene guns (Guo et al., 1996) that are effective for 
certain cell types but harsh with the risk of damaging cells.  

2.3 Viral methods 
The use of viral vehicles for gene delivery in mammalian cells has become common practice 
due to the ability of virus to bypass cell membrane with ease. While viral systems retain 
their ability to infect the cells they have been modified to be replication incompetent. This 
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allows for the generation of a recombinant virus that cannot proliferate within the target 
cells. Viral systems infect by a variety of pathways reaching a variety of targets allowing the 
user to choose a virus that best suits the end need.  
Unlike chemical gene transfer, some viral vectors provide a means to directly deliver the 
DNA to the nucleus and in some cases integrate to the genome. While this enhances the 
ability to create a stable cell line, it is also highly variable in copy number and genomic site 
of integration which may cause detrimental effects. Retrovirus and Lentivirus are 
integrating viral systems with the ability to infect a variety of cell types providing stable 
expression of the gene of interest. However, these systems have the ability to recombine 
with genetic material creating replication competent virus. Similarly, Adeno associated 
virus (AAV) provides a mechanism for genomic insertion with the added benefit of site 
specific integration. Conversely, adenovirus has the capability to provide a means of 
transient expression without genomic integration. Adenovirus and AAV are limited by 
genetic capacity of transgene size compared to other viral systems. (Giordano et al., 1999) 
Regardless of adaptations, viral systems remain unfavorable in cells for downstream clinical 
applications. This factor is due to the nature of virus to infect mammalian cells, thus limiting 
their use in cell therapy and other clinical models for stem cells.  

3. Cloning strategies 
Traditional cloning using restriction endonuclease and ligase procedures can be 
cumbersome for large and complex expression vectors. With advances in developmental 
biology there is a need for more intricate cloning systems that can handle customizable and 
high throughput screening through multiple platforms. The cloning procedures described 
below provide a faster and more efficient workflow for directional cloning for a variety of 
uses.  

3.1 TOPO® TA cloning 
The TOPO® TA technology is an efficient method for directionally recombining PCR 
(polymerase chain reaction) products into platform specific vectors. Rather than using 
ligase, the system utilizes vaccinia virus topoisomerase 1, an enzyme involved in the 
digestion and ligation of DNA during replication. TOPO® TA requires a modified plasmid 
equipped with the enzyme covalently bonded to a phosphate on a thymadine at the three 
prime end of the linearized vector. PCR products produced using Taq polymerases have 
three prime and five prime adenine overhangs. This overhang is utilized for the 
recombination with the linearized vector allowing for efficient directional recombination 
within five minutes at room temperature. TOPO® TA is limited by the necessity to create a 
TA adapted linearized vector stock for the TOPO® reactions to occur. TOPO® is not ideal for 
larger inserts showing decreasing efficiency with inserts larger than 5kb. The TOPO ® 
reaction is irreversible and the inserted gene cannot be cloned out by the enzyme. This limits 
the ability to use this gene for other platforms without repeating the PCR (Katzen et al., 
2007).  

3.2 MultiSite Gateway® cloning  
Each of the cell modification platforms below has been outfitted with MultiSite Gateway® 
Technology. Otherwise known as Gateway®, this technology is an efficient and relatively 
easy way to clone multiple gene configurations into a variety of expression vectors. This 



 
Stem Cells in Clinic and Research 792 

the method of choice for gene delivery. For cells with downstream clinical applications it is 
essential to use platforms that are “footprint-free” of transgene material. For overexpression 
of specific proteins or knockdown of pathways integrating virus may be ideal and required 
for high copy number insertion. When working with hard to transfect cell types, it is crucial 
to consider all options available.  

2.1 Chemical methods 
Chemical methods utilize lipids, polymers or proteins that form a complex with DNA. This 
condensed complex fuses with the cell membrane thus enabling the entry of the DNA into 
the cells.  
Liposomes remain a popular chemical vehicle for gene delivery in many cell types. In stem 
cells, lipid based methods have been reported with varying efficiencies depending on the 
gene type and cell line (Strulovici et al., 2007). Products like Lipofectamine 2000 (Life 
Technologies) and FuGENE (Roche) are liposomes that utilize the characteristics of chemical 
compounds to form complexes with the DNA/RNA and fuse with the negatively charged 
cell membrane. Lipid methods show reduced toxicity as compared to CaPO4 precipitation 
and earlier transfection protocols. Precipitation methods vary depending on pH and 
uniformity of the precipitate making them an unfavorable mechanism for stem cells. 
Synthetic polymers face similar hurdles. Cell toxicity of the reagent in the target cell type 
remains a limiting factor for chemical methods requiring extensive adaptations and 
optimization.  

2.2 Physical methods 
These methods involve delivery of plasmid across cell membrane using electroporation, 
sonoporation or particle bombardment. Electroporation utilizes electric pulses to transiently 
disrupt the cell membrane to create pores that allows delivery of charged RNA and DNA 
molecules into the targeted cells. This method is highly efficient and primary choice for 
delivery of large constructs into cells. In the recent years specialized electroporation based 
units have emerged. The NucleofectorTM from Lonza utilizes a combination of set programs 
with specific electric parameters and cell-type specific solutions to achieve high levels of 
transfection in several cell types including embryonic stem cells (Lakshmipathy et al., 2004). 
The NeonTM Transfection System from Life Technologies is an open system that allows 
optimization of electrical parameters and the flexibility of using cells from 2X104 to 6X106 
per reaction. This technology avoids the use of standard electroporation cuvette and uses an 
electronic pipette tip as a transfection chamber (Kim et al., 2008). This method has been used 
to create labeled cells with diverse vector platforms in human embryonic stem cells 
(Thyagarajan et al., 2009; Liu et al., 2009). Sound waves or sonoporation has also been used 
to transiently create pores in the cell membrane to deliver nucleic acids into cells (Bao et al., 
1997). Other mechanical methods include manual microinjection of gene into cells (King et 
al., 1994) or particle bombardment using gene guns (Guo et al., 1996) that are effective for 
certain cell types but harsh with the risk of damaging cells.  

2.3 Viral methods 
The use of viral vehicles for gene delivery in mammalian cells has become common practice 
due to the ability of virus to bypass cell membrane with ease. While viral systems retain 
their ability to infect the cells they have been modified to be replication incompetent. This 
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allows for the generation of a recombinant virus that cannot proliferate within the target 
cells. Viral systems infect by a variety of pathways reaching a variety of targets allowing the 
user to choose a virus that best suits the end need.  
Unlike chemical gene transfer, some viral vectors provide a means to directly deliver the 
DNA to the nucleus and in some cases integrate to the genome. While this enhances the 
ability to create a stable cell line, it is also highly variable in copy number and genomic site 
of integration which may cause detrimental effects. Retrovirus and Lentivirus are 
integrating viral systems with the ability to infect a variety of cell types providing stable 
expression of the gene of interest. However, these systems have the ability to recombine 
with genetic material creating replication competent virus. Similarly, Adeno associated 
virus (AAV) provides a mechanism for genomic insertion with the added benefit of site 
specific integration. Conversely, adenovirus has the capability to provide a means of 
transient expression without genomic integration. Adenovirus and AAV are limited by 
genetic capacity of transgene size compared to other viral systems. (Giordano et al., 1999) 
Regardless of adaptations, viral systems remain unfavorable in cells for downstream clinical 
applications. This factor is due to the nature of virus to infect mammalian cells, thus limiting 
their use in cell therapy and other clinical models for stem cells.  

3. Cloning strategies 
Traditional cloning using restriction endonuclease and ligase procedures can be 
cumbersome for large and complex expression vectors. With advances in developmental 
biology there is a need for more intricate cloning systems that can handle customizable and 
high throughput screening through multiple platforms. The cloning procedures described 
below provide a faster and more efficient workflow for directional cloning for a variety of 
uses.  

3.1 TOPO® TA cloning 
The TOPO® TA technology is an efficient method for directionally recombining PCR 
(polymerase chain reaction) products into platform specific vectors. Rather than using 
ligase, the system utilizes vaccinia virus topoisomerase 1, an enzyme involved in the 
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equipped with the enzyme covalently bonded to a phosphate on a thymadine at the three 
prime end of the linearized vector. PCR products produced using Taq polymerases have 
three prime and five prime adenine overhangs. This overhang is utilized for the 
recombination with the linearized vector allowing for efficient directional recombination 
within five minutes at room temperature. TOPO® TA is limited by the necessity to create a 
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larger inserts showing decreasing efficiency with inserts larger than 5kb. The TOPO ® 
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2007).  

3.2 MultiSite Gateway® cloning  
Each of the cell modification platforms below has been outfitted with MultiSite Gateway® 
Technology. Otherwise known as Gateway®, this technology is an efficient and relatively 
easy way to clone multiple gene configurations into a variety of expression vectors. This 
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improves the speed of the cloning process eliminating the need for restriction 
endonuclease cloning procedures. This system harnesses the power of the lambda 
integrase enzyme to recombine multiple fragments in an orientation specific manner with 
high accuracy.  
The lambda integrase recognizes sequence specific recombination sites. Each gene must be 
amplified using Gateway® specific primers containing the proper recombination sites. As 
shown in Figure 1, the building process begins by cloning components of your cassette of 
interest into intermediate vectors. These vectors are recombined with the destination vector 
belonging to your platform of choice. The cloning steps are simple incubation reactions 
speeding up the overall process. 
 
 

 
 
 

Fig. 1. Multisite Gateway® Cloning  

MultiSite Gateway® Technology is a site specific recombinational cloning system where the 
different att specificities allows assembly of 2-4 gene fragments in a defined order and 
orientation. The difference in the att site specificity is determined at the single base level 
(underlined sequence) with virtually no cross recombination between the different sites. 
Here entry clones carrying the gene elements of choice are constructed into a donor vector 
via BP reaction to result in entry clones. Donor vectors with appropriate flanking att sites for 
single or multiple fragment cloning are remised with the right Destination vector and LR 
reaction performed to yield final expression vectors.  
Outfitting a variety of platforms with Multisite Gateway® technology makes the transition 
between technologies a simple cloning reaction. Each expression cassette can be cloned into 
a variety of destination vectors expanding your ability to modify cells based on specific 
needs. Thus, the user can create a library of gene cassettes that can be readily used for a 
variety of applications. The dual arrows in Figure 1 indicate that Multisite Gateway® 
provides a reversible reaction (under different conditions) that retains the rapid cloning 

 
Novel Platforms to Create Labeled Stem Cells 795 

features of the TOPO® TA system. Using Multisite Gateway® we traverse a variety of cell 
modifying systems, based on need, with ease and speed.   

4. Cell modification platforms 
Besides efficient gene transfer into stem cells, a critical step is the choice of platform used to 
create labeled cells. Traditionally, naked plasmid DNA is used to create stable clones, but is  
less favored in stem cells due to varied expression levels depending on the context of its 
genomic integration. (Eiges et al., 2001) To overcome this issue, lentiviral methods that offer 
higher transduction rates and multiple integrations have been used to generate stable 
transgene expressing cells (Jang et al., 2006). A major limitation of lentiviral systems is the 
size or payload of DNA that can be packaged. Recently, methods that result in efficient 
random integration via transposases and site-specific genomic integration mediated via 
adeno-associated viruses (AAV), and site-specific integrases, have been reported as a means 
to modify stem cells (Surosky et al., 1997, Kowabata et al, 2006).  
Site-specific integration offers an elegant method to generate clones with one copy of the 
gene at a specific genomic location that can be further screened to identify ideal sites that 
support sustained gene expression. This method require the isolation of clonal population of 
cells followed by rigorous characterization of the genomic integration site to ensure 
sustained transgene expression and is best suited for cell types that can be cultured for long 
periods of time. Embryonic stem cells and other cell lines, with unlimited proliferative 
potential, can be subjected to such methods to create engineered cells expressing the gene of 
interest. JumpInTM platform utilizes phiC31 and R4 integrases to target pseudo sites in the 
mammalian genome that are known to support higher and longer-term expression of 
inserted transgenes. This method requires prolonged culture and is manipulation and ideal 
to create labeled pluripotent stem cells for sustained gene expression both in pluripotent 
state as well as differentiation.  
EBV-based vectors support episomal maintenance of large genomic fragments and hence are 
an appealing alternative to rapidly generate labeled cells. Since the plasmid is not integrated 
into the host genome, expression of the transgene is relatively free from chromosomal effects 
associated with genomic integration. This method requires drug selection but not clonal 
isolation. Pooled clones can therefore be rapidly generated and suited for expression of 
genes or knocked down in the undifferentiated state. Since there is a risk of loss of 
transgene/plasmid in the absence of selective pressure, labeled pluripotent stem cells will 
result in attenuated transgene expression with long term differentiation.  
Both the methods highlighted above require transfection of plasmid into cells and 
prolonged manipulation and culture, a feature not amenable to most primary and adult 
stem cell types due to their limited proliferation. BacMam offers an easy and fast method to 
deliver transgenes into a wide spectrum of stem cells with the least toxicity. The introduced 
transgene is diluted with passage and therefore ideal for transient expression to create 
assay-ready cells. Figure 2 displays a comparison of transient (BacMam), stable non-
integrating (EBV-Vector), and integrating platforms(Jump-InTM). 
The three platforms discussed here are; Episomal vectors that results in stable retention of 
the plasmid (green circles) without integration into the genome; JumpInTM platform that 
allows site-specific insertion of the gene (shown in green) into the host genome for stable 
expression and; BacMam, a viral method where the transgene does not integrate into the 
host genome (Green circles) but dilutes out as cell divides and hence transient. 
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features of the TOPO® TA system. Using Multisite Gateway® we traverse a variety of cell 
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gene at a specific genomic location that can be further screened to identify ideal sites that 
support sustained gene expression. This method require the isolation of clonal population of 
cells followed by rigorous characterization of the genomic integration site to ensure 
sustained transgene expression and is best suited for cell types that can be cultured for long 
periods of time. Embryonic stem cells and other cell lines, with unlimited proliferative 
potential, can be subjected to such methods to create engineered cells expressing the gene of 
interest. JumpInTM platform utilizes phiC31 and R4 integrases to target pseudo sites in the 
mammalian genome that are known to support higher and longer-term expression of 
inserted transgenes. This method requires prolonged culture and is manipulation and ideal 
to create labeled pluripotent stem cells for sustained gene expression both in pluripotent 
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EBV-based vectors support episomal maintenance of large genomic fragments and hence are 
an appealing alternative to rapidly generate labeled cells. Since the plasmid is not integrated 
into the host genome, expression of the transgene is relatively free from chromosomal effects 
associated with genomic integration. This method requires drug selection but not clonal 
isolation. Pooled clones can therefore be rapidly generated and suited for expression of 
genes or knocked down in the undifferentiated state. Since there is a risk of loss of 
transgene/plasmid in the absence of selective pressure, labeled pluripotent stem cells will 
result in attenuated transgene expression with long term differentiation.  
Both the methods highlighted above require transfection of plasmid into cells and 
prolonged manipulation and culture, a feature not amenable to most primary and adult 
stem cell types due to their limited proliferation. BacMam offers an easy and fast method to 
deliver transgenes into a wide spectrum of stem cells with the least toxicity. The introduced 
transgene is diluted with passage and therefore ideal for transient expression to create 
assay-ready cells. Figure 2 displays a comparison of transient (BacMam), stable non-
integrating (EBV-Vector), and integrating platforms(Jump-InTM). 
The three platforms discussed here are; Episomal vectors that results in stable retention of 
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expression and; BacMam, a viral method where the transgene does not integrate into the 
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Fig. 2. Labeling Platforms 

4.1 BacMam 
Transient expression systems are ideal for rapidly creating labeled cells for immediate 
utilization in downstream applications such as cell tracking, identification, enrichment, drug 
screening and other types of high throughput assays. Traditionally lipid-based methods 
have been used to introduce DNA carrying the gene of interest. This method, however, is 
not amenable to certain cell types, especially primary and stem cells that are generally hard 
to transfect. Baculoviruses are known to enable high efficiency labeling of hard to label cells 
with minimal toxicity (Zeng et al., 2009, Ho et al.,2005). These viruses are non-replicating in 
human cells and are stable at 4°C and thus easy to generate and use.  
 The BacMam platform, named for the ability of Baculovirus to transfect Mammalian cell 
types, is a double stranded DNA virus capable of infecting over 500 insect species. The DNA 
is packaged in a rod-shaped particle 40-50 nm in diameter and 200-400 nm in length. Gp64, a 
major glycoprotein on the envelope, is proposed to play a key role in virus attachment and 
entry into mammalian cells. The viral particles are endocytoced and are released into the 
cytoplasm before migrating to the nucleus.  
 BacMam is non-replicating in mammalian cells without any additional modifications. This 
is contrast to other viral methods such as lenti, adeno, or retro that integrate into the host 
genome and requires inactivation of key attributes of the virus to prevent unwanted 
replication within cells. In addition, integrating viral constructs also have the chance of 
recombining with endogenous sequences in the human genome resulting in instability. The 
ease of use, high efficiency of labeling and relatively low toxicity renders BacMam an ideal 
choice for primary, stem and progenitor cells. In addition, their ability to carry high load 
capacity reaching upwards of 30kb sequences adds to its appeal for simultaneous delivery 
of single or multiple genes of interest.  
The most commonly used method to generate BacMam virus is the Bac-to-Bac® method 
where the gene of interest is first cloned into a transfer vector. The cloning and production 
process are shown in Figure 3A. This transfer vector could be created by either by 
Restriction endonuclease mediated cloning (pFastBacTM) or MultiSite Gateway® adapted 
(pDest). Once the expression vector is constructed, it is transformed into a modified E coli 
that contains a baculovirus genome. Recombination of the transfer vector with the 
baculovirus genome results in BacMid which is ready for transfection into insect cells for 

 
Novel Platforms to Create Labeled Stem Cells 797 

virus production. BacMid is transfected into Sf21 (Spodoptera frugiperda) insect cells. The 
production is limited by variability of the virus which results in testing a variety of clones. 
Despite the selection of multiples clones, there is a necessity for plaque purification of the 
virus to ensure a clone is selected with the expression cassette. 
 

 
Fig. 3. BacMam  

(A) Gene of interest is cloned into the baculovirus transfer vector using MultiSite Gateway® 
cloning. The resulting expression vector is transformed into DH10BacTM to generate BacMid 
via site-specific transposition of the expression elements on the transfer vector to the 
baculovirus genome present in DH10Bac cells. Transfection of BacMid DNA into Sf9 or Sf21 
insect cells results in BacMam virus carrying the expression cassette that can be further 
amplified in insect cells to generate high titer stocks. (B) BacMam carrying the expression 
cassette CMV-GFP can be transduced into undifferentiated H9 hESC either on feeders or 
feeder-free conditions. Cells that are induced to differentiate for 1-2 weeks can also be 
transduced by BacMam and GFP labeled cells colocalize with lineage specific markers. 

The ability to transduce a variety of cells types makes BacMam an ideal system for 
expression in partially or terminally differentiated cells derived from embryonic stem cells 
(Figure 3B). These cells have a limited proliferation preventing their use with selectable 
markers that require clone establishment. Transduction of differentiating ESC with GFP 
BacMam and overlap with differentiation markers has been demonstrated.  
BacMam provides an easy to clone, easy to use, non-integrating transfection system. 
However, this system may not be ideal for long term gene expression in dividing cell types. 
The inability to replicate may be a limitation of the technology since the signal will dilute 
out in rapidly dividing cells. Additionally, for downstream clinical applications it may 
undesirable to use a viral system despite its inability to infect mammalian cells.  

4.2 Episomal vectors 
With the ability of stem cells to divide indefinitely it is essential to have a platform that can 
express long term. Generating labeled stem cell lines provides a valuable tool for research. 
However the creation of stable lines is complicated by stability and copy number of the loci. 
Technologies for this purpose have been reviewed using viral, homologous recombination 
and integrase specific integrations (Yates et al., 2006). Plasmid DNA alone has been utilized 



 
Stem Cells in Clinic and Research 796 

 
Fig. 2. Labeling Platforms 

4.1 BacMam 
Transient expression systems are ideal for rapidly creating labeled cells for immediate 
utilization in downstream applications such as cell tracking, identification, enrichment, drug 
screening and other types of high throughput assays. Traditionally lipid-based methods 
have been used to introduce DNA carrying the gene of interest. This method, however, is 
not amenable to certain cell types, especially primary and stem cells that are generally hard 
to transfect. Baculoviruses are known to enable high efficiency labeling of hard to label cells 
with minimal toxicity (Zeng et al., 2009, Ho et al.,2005). These viruses are non-replicating in 
human cells and are stable at 4°C and thus easy to generate and use.  
 The BacMam platform, named for the ability of Baculovirus to transfect Mammalian cell 
types, is a double stranded DNA virus capable of infecting over 500 insect species. The DNA 
is packaged in a rod-shaped particle 40-50 nm in diameter and 200-400 nm in length. Gp64, a 
major glycoprotein on the envelope, is proposed to play a key role in virus attachment and 
entry into mammalian cells. The viral particles are endocytoced and are released into the 
cytoplasm before migrating to the nucleus.  
 BacMam is non-replicating in mammalian cells without any additional modifications. This 
is contrast to other viral methods such as lenti, adeno, or retro that integrate into the host 
genome and requires inactivation of key attributes of the virus to prevent unwanted 
replication within cells. In addition, integrating viral constructs also have the chance of 
recombining with endogenous sequences in the human genome resulting in instability. The 
ease of use, high efficiency of labeling and relatively low toxicity renders BacMam an ideal 
choice for primary, stem and progenitor cells. In addition, their ability to carry high load 
capacity reaching upwards of 30kb sequences adds to its appeal for simultaneous delivery 
of single or multiple genes of interest.  
The most commonly used method to generate BacMam virus is the Bac-to-Bac® method 
where the gene of interest is first cloned into a transfer vector. The cloning and production 
process are shown in Figure 3A. This transfer vector could be created by either by 
Restriction endonuclease mediated cloning (pFastBacTM) or MultiSite Gateway® adapted 
(pDest). Once the expression vector is constructed, it is transformed into a modified E coli 
that contains a baculovirus genome. Recombination of the transfer vector with the 
baculovirus genome results in BacMid which is ready for transfection into insect cells for 

 
Novel Platforms to Create Labeled Stem Cells 797 

virus production. BacMid is transfected into Sf21 (Spodoptera frugiperda) insect cells. The 
production is limited by variability of the virus which results in testing a variety of clones. 
Despite the selection of multiples clones, there is a necessity for plaque purification of the 
virus to ensure a clone is selected with the expression cassette. 
 

 
Fig. 3. BacMam  

(A) Gene of interest is cloned into the baculovirus transfer vector using MultiSite Gateway® 
cloning. The resulting expression vector is transformed into DH10BacTM to generate BacMid 
via site-specific transposition of the expression elements on the transfer vector to the 
baculovirus genome present in DH10Bac cells. Transfection of BacMid DNA into Sf9 or Sf21 
insect cells results in BacMam virus carrying the expression cassette that can be further 
amplified in insect cells to generate high titer stocks. (B) BacMam carrying the expression 
cassette CMV-GFP can be transduced into undifferentiated H9 hESC either on feeders or 
feeder-free conditions. Cells that are induced to differentiate for 1-2 weeks can also be 
transduced by BacMam and GFP labeled cells colocalize with lineage specific markers. 

The ability to transduce a variety of cells types makes BacMam an ideal system for 
expression in partially or terminally differentiated cells derived from embryonic stem cells 
(Figure 3B). These cells have a limited proliferation preventing their use with selectable 
markers that require clone establishment. Transduction of differentiating ESC with GFP 
BacMam and overlap with differentiation markers has been demonstrated.  
BacMam provides an easy to clone, easy to use, non-integrating transfection system. 
However, this system may not be ideal for long term gene expression in dividing cell types. 
The inability to replicate may be a limitation of the technology since the signal will dilute 
out in rapidly dividing cells. Additionally, for downstream clinical applications it may 
undesirable to use a viral system despite its inability to infect mammalian cells.  

4.2 Episomal vectors 
With the ability of stem cells to divide indefinitely it is essential to have a platform that can 
express long term. Generating labeled stem cell lines provides a valuable tool for research. 
However the creation of stable lines is complicated by stability and copy number of the loci. 
Technologies for this purpose have been reviewed using viral, homologous recombination 
and integrase specific integrations (Yates et al., 2006). Plasmid DNA alone has been utilized 



 
Stem Cells in Clinic and Research 798 

to randomly integrate for a fast way to create a labeled line. Lentivirus works efficiently due 
to multiple copy insertion into the genome. However, this can have negative effects. Thus, 
there is a need for a stable line that does not have any genomic alterations or silencing 
issues. To overcome these problems, an episomally maintained DNA vector for stably 
expressing stem cell lines is used.  
The Epstein Bar Virus (EBV), a member of the herpes virus family, is known to infect 
multiple cells types and remains one the of the most common virus in humans. EBV based 
episomal vectors have been successfully used to stably express gene of interest in multiple 
types of cells both in vitro and in vivo since 1985 (Yates et al., 1985). The crucial components 
of the viral genome that have been added to vector systems are the latent origin of 
replication (OriP) and the EBV Nuclear Antigen-1 region (EBNA). These elements are 
required in combination for stable maintenance of episomal plasmid DNA. The trans acting 
element, EBNA, cannot function without the cis acting element, OriP. Additionally, the 
EBNA-OriP combination is only functional in human, primate and canine cells. 
Reproduction of extrachromosomal replication using the EBNA1 has also been reported in 
murine models, however, this requires the additional expression of transgenes (Habel et al., 
2004).  
In hESC these vectors have had relative levels of success using a two step system first 
creating a stable EBNA1 expressing cell line and transfecting a OriP vector (Ren et al., 2006). 
This however does not mitigate the problem of silencing from genomic integration. The 
EBNA oriP destination vector (Figure 4A) is a one step vector system that includes both 
elements eliminating the need for an EBNA cell line step. The ability to express high levels 
of transgenes without genomic integration provides a useful system for downstream clinical 
applications. Recently, episomal vector systems using the EBNA OriP elements have been 
reported for the generation of induced pluripotent stem cells (Yu et al., 2009). 
Reprogramming by the forced expression of multiple transcription factors is an ideal 
example of the power of the episomal vector outfitted with MultiSite Gateway® technology. 
Multiple configurations can be created in a high throughput manner allowing for the 
adaptations of expression, stoichemetry and exchange of alternate genes.  
Episomal vectors replicate once per cell cycle with activation of replication by binding of 
multiple EBNA1 homodimers to OriP. Similar to BacMam, this system offers an appealing 
alternative to integrating technologies since they are relatively free from chromosomal 
effects associated with genomic integration. These vectors, being rather larger in size (over 
10 kb) can be transfected into embryonic and adult stem cells such as MSC albeit with lower 
efficiencies. Since the distribution of episomal vectors with cell division is unequal between 
the daughter cells, it is best to keep cells under selective pressure for sustained gene 
expression. It is also not necessary to generate individual clones; drug resistant colonies 
obtained can be pooled to rapidly create labeled cells for downstream applications. 
Episomal vectors have been used to generate stable hESC pooled clones that maintain 
transgene expression for long periods of time. Genes driven by constitutive or lineage 
specific promoters have been shown to express in a context specific matter (Figure 4B). In 
addition, majority of the cells retain transgene expression when induced to differentiate in 
the absence of selective pressure for 3 weeks (Thyagarajan et al., 2009).  
Episomal vectors provide an easy platform to rapidly create stable cells expressing 
transgene of interest. A major limitation of this method is the requirement for efficient 
transfection method and pooled clones that have varying copy numbers per cell thereby 
creating a heterogeneity in expression levels that may be undesirable for certain 
applications. 
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Fig. 4. Episomal Vectors.  

(A) Epstein Barr virus based vectors contain Epstein-Barr virus nuclear antigen (EBNA1) 
and the latent origin of replication OriP that help in episomal maintenance of the vectors by 
facilitating the replication of the vectors once per cell cycle by binding of the multiple 
EBNA1 homodimers to OriP. Mutlisite Gateway® adaption of these vectors allow rapid 
assembly of single or multiple gene elements and a Hygromycin resistance gene provides a 
means to maintain selective pressure on cells carrying these vectors. (B) Human ESC can be 
transfected with episomal vectors to create stable pooled clones expressing GFP or gene of 
interest driven by constitutive promoters such as Ef1a or lineage specific promoter such as 
the pluripotent cell specific Oct4.  

4.3 Jump-InTM technology 
As research uncovers the potential of stem cell research there are many applications that 
require a clonal population expressing a custom cassette. Transgene cassettes can vary from 
lineage reporter lines, to multicistronic elements or even systems useful for higher content 
analysis. These complex tools will require single copy integration of the expression cassette 
with resistance to silencing. Single copy cell lines have been reported in human embryonic 
stem cells using homologous recombination, cre/lox mediated integration and zinc finger 
site directed integration (Costa et al., 2007, Lombardo et al., 2007, Soldner et al., 2009). 
Homologous recombination can lead to random integration as well as silencing depending 
on the locus. Unlike homologous recombination, non-viral integrases have the potential to 
recombine two non-identical sites. Zinc finger has been proven as an accurate method, 
however, require designing sequence specific zinc finger for recombination (Lombardo et 
al., 2007).  
The Jump In system uses non-viral integrase-mediated site-specific integration to develop a 
platform stem cell line. The two integrases phiC31 and R4 are both members of the 
Streptomyces family with the potential to integrate transgenes to native attP (attachment P 
site) sites that are present in the bacterial genome or pseudo attP sites that are present in 
other species such as human, rat and mouse. Although there are a variety of pseudo attP 
sites within the human genome, certain hot spots have high affinity for recombination. This 
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however, require designing sequence specific zinc finger for recombination (Lombardo et 
al., 2007).  
The Jump In system uses non-viral integrase-mediated site-specific integration to develop a 
platform stem cell line. The two integrases phiC31 and R4 are both members of the 
Streptomyces family with the potential to integrate transgenes to native attP (attachment P 
site) sites that are present in the bacterial genome or pseudo attP sites that are present in 
other species such as human, rat and mouse. Although there are a variety of pseudo attP 
sites within the human genome, certain hot spots have high affinity for recombination. This 
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results in a very low background of non site specific targeting. A pseudo attP hot spot on 
chromosome 13 has provided an ideal location due to the known intronic areas of the 
chromosome. Many other gene delivery methods are affected by chromatin remodeling 
during differentiation. The chromosome 13 loci has been shown to remain active throughout 
differentiation to multiple lineages remaining resistant to silencing. The system has a much 
higher efficiency for large complex fragments. 
Delivered via electroporation, the vectors introduce large complex gene cassettes to a specific 
genomic locus validated for efficiency, stability, transcriptional activity and resistance to 
silencing (Liu et al., 2009). The phiC31 integrase is employed to insert a native R4 attP site into 
the genome that can be accessed for future recombination. R4 integrase mediated integration 
occurs at the new R4 attP site activating the expression of a selection marker. Figure 5 shows 
stepwise creation of the target line and subsequent retargeting that results in activation of the 
Zeomycin gene. Stable clones can be selected and expanded for further validation.  
 

Fig. 5. Site Specific Integration 

(A) A Target plasmid containing the wild type R4 integrase recognition (attP) site carrying a 
constitutive expressed antibiotic gene with a PhiC31 integrase attB site is transfected into 
cells along with a plasmid expressing phiC31 integrase. The enzyme catalyzes the 
integration of the target plasmid into “Pseudo attP sites” within the host cellular genome. 
Also contained on the Target plasmid is a promoterless antibiotic gene. The constitutive 
expressed antibiotic is used to select stable drug resistant clones and screened for single 
copy and genomic site of integration. (B) Clones carrying a single copy of the target plasmid 
in a desired genomic locus are retargeted. A retargeting plasmid carrying the promoter-gene 
expression cassette, a promoter adjacent to a R4 attB site and a plasmid expressing R4 
integrase is transfected. (c) R4 integrase mediated retargeting will result in positioning of the 
promoter adjacent to the drug resistance gene placed in the original Target cells to activate 
the antibiotic gene which can then be utilized to generate drug resistant clones.  

 
Novel Platforms to Create Labeled Stem Cells 801 

With single copy integration there is less variability between copy number and expression 
patterns if trying to express multiple genes. The technology has been reported for potential 
lineage tracking by expressing GFP from an Ef1alpha promoter throughout differentiation 
without silencing.  
Although this platform has proven to be an accurate and efficient way to modify stem cells 
there are still improvements that can be made. The technology still shows a tendency to 
randomly integrate plasmid sequences leaving the need to verify copy number and 
integration sites via molecular techniques.  

5. Conclusion 
Gene modification provides researchers with tools to accurately dissect cellular function. 
The techniques described offer a toolbox with interchangeable components to create specific 
assays for specific applications. Utility of the various available platforms depends on several 
factors. First is to determine the desired length of expression needed for the desired 
application. Second, it is important that the cell type to be modified is amenable to gene 
delivery methods either via transfection or via specific viral methods. Third, the 
proliferative capability of cells that are being modified is important to determine if these 
cells can sustain long periods of manipulation and drug selection and if the resulting 
modified cells will retain their original stem cell characteristics.  
The three platforms summarized in this chapter each have their advantages and 
disadvantages. The most notable difference between the three is the length of time and 
amount of manipulation required for generation of the labeled cells (Table 1). Starting from 
a vial of frozen pluripotent stem cells, 2-3 week is needed to recover and expand enough 
cells, typically atleast 6-10 million cells for the first step. For transient expression using 
BacMam, cells are ready for use 24-48 h post transduction. With EBV-episomal vector, cells 
after transfection are subjected to drug selection and resulting pooled clones to be 
characterized. This entire process of generating stable clones is approximately 8 weeks long. 
The Jump-InTM platform that requires two rounds of transfection, drug selection and 
subsequent characterization requires approximately 15 weeks to obtain modified stem cells.  
Choice of platform to use is not merely based on ease or length of creating labeled cells. It is 
important to understand the advantages and disadvantages of each method so that features 
ideal for the application of interest is used to create modified stem cells (Table 2). BacMam 
enables efficient delivery into diverse cell types and is the fastest method to create labeled 
cells. However the expression is transient and since workflow does not involve drug 
selection resulting cells will have variable expression depending on the number of copies 
they carry. This method is therefore ideal for delivery of target to create assay ready cells for 
experiments that can be completed within 24-48 h after creation of the labeled cells. This 
method however is not suitable for expressing genes and monitoring its long term effect on 
the cells. Episomal vectors offer the advantage of creating stable pooled clones in a relatively 
short period of time. Disadvantages of this method are that transfection into hard to 
transfect cells remains an issue and since copy number is variable expression can be 
heterogeneous and expression level may be attenuated with long term differentiation. 
Finally Jump-InTM system is ideal for creation of stable pluripotent stem cells for sustained 
expression both in its undifferentiated state and with differentiation. The ability of this 
system to create clones with a single copy of the gene at a known genomic locus makes this 
an ideal choice for use of this line as a Platform line into which diverse targets can be 
inserted for comparison all from the same genomic context.  
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Recently efforts are focused on creating hybrid systems to generate novel engineering 
method which overcome some of the limitation for the system. EBV-elements EBNA and 
OriP cloned into BacMam transfer vectors to generate EBNA BacMam has easy delivery but 
also sustained gene expression. The ultimate goal is to create labeled cells that can be used 
for the end application. 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

Table 1. Steps and Duration of the Cell Engineering Methods 
The length in time to generate labeled cells varies between the three methods 
(highlighted in the color bars) 
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