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Preface

Dedicated to my demised father and Innovations and Solutions AMET University Global

Every individual faces many injuries and recoveries over a period of time. In fact, healing
occurs due to a proliferation of stem cells capable of restoring the injured tissue. These stem
cells contain regenerative potential with enormous impact on clinical applications. The re‐
generative potential may arise from stem cell self-renewal, multipotency, and paracrine
functions (restoration). The paracrine secretion of growth factors or cytokines from retained
stem cells leads to endogenous progenitor cells capable of biotransforming in the desired
tissue cells (rejuvenation).

Stem cells are progenitor cells originating from a small number of natural cells from tissues.
These progenitor cells may be cultured in desired media conditions to grow and differenti‐
ate to transform in different tissues of desired organs with improved physiological functions
by tissue engineering, pronounced “The-i-su En-ge-ni-ea-ring.” The art of differentiation
and tissue regeneration and putting cells at endogenous injury sites is called transplanta‐
tion, pronounced “Tren-s-phlen-te-san.” These stem cells may be categorized into four
types: embryonic, induced pluripotent, mesenchymal, and allogenic cells.

The last decade has seen the growing popularity of stem cell treatment and tissue engineer‐
ing applications in regenerative medicine as a lifeline to patients suffering from cancer and
incurable diseases. However, a number of public health concerns are still obstructing this
lucrative treatment in clinical centers and hospitals due to ethical and political preferences.
In spite of this, the clinical needs of engineered, induced pluripotent stem cells have extend‐
ed to successful organ transplantation and tissue reconstruction for organ repair. Recent es‐
timations indicate that stem cell transplantation for organ repair may be useful in 80% of
stem cell clinical centers around the globe to treat diseases, including stem cell experimental
research that surprisingly has created great public concern. However, globally, different fed‐
eral and government agencies have shown their concern over the safe and proper use of
stem cells in privately run stem cell clinics or health laboratories as “basic right to get benefit
of existing art” available as unfounded words from mouth as projected in introductory
chapter. Stem cells are used as an autograft means of self-renewing undifferentiated cloni‐
genic transplantation in organ repair or regeneration to bring tissue functionality back to
normal for the long-term survival of patients with permanent endogenous organ damage.

Some cells differentiate into pluripotent cells. Induced pluripotent cells have a unique ca‐
pacity to differentiate into desired cell types that may be grown into specific organ types.
Stem cells are successfully grown for the regeneration and reconstruction of neural, skin,
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Dedicated to my demised father and Innovations and Solutions AMET University Global
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cells contain regenerative potential with enormous impact on clinical applications. The re‐
generative potential may arise from stem cell self-renewal, multipotency, and paracrine
functions (restoration). The paracrine secretion of growth factors or cytokines from retained
stem cells leads to endogenous progenitor cells capable of biotransforming in the desired
tissue cells (rejuvenation).
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These progenitor cells may be cultured in desired media conditions to grow and differenti‐
ate to transform in different tissues of desired organs with improved physiological functions
by tissue engineering, pronounced “The-i-su En-ge-ni-ea-ring.” The art of differentiation
and tissue regeneration and putting cells at endogenous injury sites is called transplanta‐
tion, pronounced “Tren-s-phlen-te-san.” These stem cells may be categorized into four
types: embryonic, induced pluripotent, mesenchymal, and allogenic cells.

The last decade has seen the growing popularity of stem cell treatment and tissue engineer‐
ing applications in regenerative medicine as a lifeline to patients suffering from cancer and
incurable diseases. However, a number of public health concerns are still obstructing this
lucrative treatment in clinical centers and hospitals due to ethical and political preferences.
In spite of this, the clinical needs of engineered, induced pluripotent stem cells have extend‐
ed to successful organ transplantation and tissue reconstruction for organ repair. Recent es‐
timations indicate that stem cell transplantation for organ repair may be useful in 80% of
stem cell clinical centers around the globe to treat diseases, including stem cell experimental
research that surprisingly has created great public concern. However, globally, different fed‐
eral and government agencies have shown their concern over the safe and proper use of
stem cells in privately run stem cell clinics or health laboratories as “basic right to get benefit
of existing art” available as unfounded words from mouth as projected in introductory
chapter. Stem cells are used as an autograft means of self-renewing undifferentiated cloni‐
genic transplantation in organ repair or regeneration to bring tissue functionality back to
normal for the long-term survival of patients with permanent endogenous organ damage.

Some cells differentiate into pluripotent cells. Induced pluripotent cells have a unique ca‐
pacity to differentiate into desired cell types that may be grown into specific organ types.
Stem cells are successfully grown for the regeneration and reconstruction of neural, skin,



platelet, cardiac, maxillofacial, kidney, bone cartilage, adipose tissue, eye, hair, abdominal,
and gastrointestinal tissue regenerative medicine. Further, new prospects for transplantation
are continuously being discovered in almost every part of the human body. 

This book is an attempt to compile and highlight the need for basic information on stem
cells, differentiation behavior in cultures, experimental data on host–pluripotent cell interac‐
tion, and investigative and conclusive evaluation of successful endogenous organ or tissue
repair with post-transplantation management issues in a timely fashion. The knowledge of
stem cells, transplantation methods, evaluation, monitoring, and post-transplantation man‐
agement will certainly enrich the scope of stem cell therapy among clinicians, scientists, en‐
trepreneurs, academic politicians, physicians, and health authorities with global acceptance
of an “enriched fountain of youth” in future years as a boon to humankind. With this goal,
the book is divided into four sections comprising 15 chapters.

Section 1 introduces the purpose of stem cell therapy and tissue engineering.

Chapter 1 introduces readers to the origin of stem cells and types, purpose, and regulation
of stem cell therapy with clinical applications in current medical practice around the globe.
A panoramic account of legal permissions is presented on stem cell research with limited
use of stem cells in regenerative medicine, restoration, rejuvenation, or tissue reconstruction
to treat certain diseases at presently available clinical centers in Europe, the United States,
Asia, and other countries. The objectives of successful pluripotent stem cell therapy, ethical
and regulatory oversight, and its public concern highlight the present paradigm shift from
the practice of unestablished stem cell treatments to extensive research on stem cell and tis‐
sue engineering products used in their preclinical and clinical trials within permitted regula‐
tory limits before use in medical practice. The scope of regenerative medicine is reviewed
with the emerging role of stem cell therapy at different clinical centers under the stringent
supervision of federal authorities. 

Section 2 focuses on mechanisms of stem cell differentiation and tissue engineering.

Chapter 2 presents the current view of hematopoiesis and beyond. The stem cells originating
from embryos and migrating to bone marrow are shown to develop hematopoietic environ‐
ments participating in interactions such as stem cell survival, self-renewal, and differentiation
to hematopoiesis, and regulate the proliferation, differentiation, and mobilization of stem
cells. The authors highlight the trafficking of stem cells in various tissues and organs for re‐
generation, and hematopoietic speedy recovery in diseases such as leukemia and aplastic ane‐
mia after chemotherapy for hematopoietic reconstruction after stem cell transplantation.

Chapter 3 witnesses the aging factor of stem cells that contributes to stem cell-based thera‐
py, as well as in tissue engineering procedures. Different mechanisms of aging are described
such as molecular chromatin-based oxidative stress, mitochondrial biogenesis and mito‐
chondrial DNA mutation, nuclear damage, telomere shortening, epigenetic changes and
gene expression dysregulation, microRNA changes, RNA splicing, proteostasis, cell polarity
changes, nutrient sensing, niche deterioration, stem cell exhaustion, and senescence in the
adult stem cell aging processes responsible for self-renewal and differentiation essential
during rejuvenation. These stem cell aging mechanisms will answer various queries related
to current cell-based therapies and design future counter aging longevity procedures.

Chapter 4 describes the monitoring of chimerism levels in post-hematopoietic stem cell
transplantation (HSCT) for immune system reconstitution. The chimerism levels are specific
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conditioning regimens depending upon disease type. The predictive role of chimerism anal‐
ysis is a choice in monitoring the early risks of graft versus host disease (GvHD) develop‐
ment, minimal residual disease (MRD), graft failure or rejection, and disease relapse.
Chimerism analysis is the preferred method for monitoring the outcome of HSCT.

Section 3 focuses on the current practice of stem cells in medical practice.

Chapter 5 describes optimal delivery strategy for stem cell therapy in patients with ischemic
heart disease. The administration of stem cells to the heart is described using three preferred
approaches by intracoronary, intramyocardial, and epicardial injection for optimal delivery.
Advantages and disadvantages of optimal injection delivery methods and limitations of
NOGA clinical systems are analyzed in the light of advances in the last 5 years, with future
prospects. The authors believe that a combined intracoronary artery and intracoronary sinus
injection approach could reduce washout and increase adhesion to the necrosed area with
high clinical success using stem cell therapy administrated for ischemic heart disease.

Chapter 6 introduces in vivo evaluation of cardiovascular remodeling and dynamic monitor‐
ing for successful repair of myocardial viability by molecular noninvasive imaging methods.
Several methods, including cardiovascular 900 MHz or 21 tesla magnetic resonance microi‐
maging, bioluminescence or radionuclide gene reporter methods, may be useful in differen‐
tiating stem cells. Ultra-high magnetic field cardiovascular magnetic resonance has possible
preclinical prospects for in vivo noninvasive molecular imaging or restorative monitoring of
the reporters of rejuvenating stem cell genes to evaluate the success of transplantation and
cardiac repair. Smart magnetic resonance spectroscopy imaging sequences with improved
magnetic resonance imaging-sensitive, specific stem cell differentiation may detect rejuvena‐
tion by targeting energy metabolites, myocardial viability, and vital physiochemical mole‐
cules. The author believes that with the help of stem cell imaging and monitoring,
transplantation of stem cells will eventually be optimized for the effective long-lasting thera‐
py of myocardial infarction and heart failure.

Chapter 7 describes a single center study on the impact of the donor killer cell immunoglobu‐
lin-like receptor (KIR) genotype on the clinical outcome of hematopoietic stem cell unrelat‐
ed transplants. The authors proposed a "KIR B-content score" based on the number of
centromere and telomeric Group B KIR haplotype gene-content motifs to evaluate clinical
outcome when patients with acute myeloid leukemia received a hematopoietic stem cell
transplant from unrelated Group B KIR haplotype donors. The authors reported a significant
role of KIR genotypes, natural killer cells, and HSCT in acute myeloid leukemia to enhance
overall survival, relapse, and incidence of acute GvHD for longer disease-free survival.

Chapter 8 describes hematopoietic stem cell transplantation for acute lymphoblastic leuke‐
mia with an account of novel therapies. The authors have reviewed various modalities of
stem cell therapies in different types of acute lymphoblastic leukemias among children and
adults with closely related issues of graft versus tumor effect, MRD, and conditioning thera‐
pies such as haploidentical stem cell transplantation and allogenic stem cell transplantation
in T-cell Ph+ leukemia types. The authors comment on relapse before and after stem cell
transplantation therapies, including immunotherapies by tyrosine kinase inhibitors imati‐
nib, dasatinib, nilotinib, ponatinib, nelarabine, and blimatumomab; however, integration of
other therapeutic interventions before and after transplantation will further improve the
outcome of patients.
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prospects. The authors believe that a combined intracoronary artery and intracoronary sinus
injection approach could reduce washout and increase adhesion to the necrosed area with
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Chapter 6 introduces in vivo evaluation of cardiovascular remodeling and dynamic monitor‐
ing for successful repair of myocardial viability by molecular noninvasive imaging methods.
Several methods, including cardiovascular 900 MHz or 21 tesla magnetic resonance microi‐
maging, bioluminescence or radionuclide gene reporter methods, may be useful in differen‐
tiating stem cells. Ultra-high magnetic field cardiovascular magnetic resonance has possible
preclinical prospects for in vivo noninvasive molecular imaging or restorative monitoring of
the reporters of rejuvenating stem cell genes to evaluate the success of transplantation and
cardiac repair. Smart magnetic resonance spectroscopy imaging sequences with improved
magnetic resonance imaging-sensitive, specific stem cell differentiation may detect rejuvena‐
tion by targeting energy metabolites, myocardial viability, and vital physiochemical mole‐
cules. The author believes that with the help of stem cell imaging and monitoring,
transplantation of stem cells will eventually be optimized for the effective long-lasting thera‐
py of myocardial infarction and heart failure.
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lin-like receptor (KIR) genotype on the clinical outcome of hematopoietic stem cell unrelat‐
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outcome when patients with acute myeloid leukemia received a hematopoietic stem cell
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Chapter 9 describes post-transplantation management strategies for hematologic malignan‐
cies treated with bone marrow transplantation. The most effective and safest drug mainte‐
nance therapies are best suited to the post-transplantation management of multiple
myeloma, chronic myeloid leukemia, Philadelphia chromosome positive acute lymphoblas‐
tic leukemia, acute myeloid leukemia, Hodgkin lymphoma, and non-Hodgkin lymphoma
diseases. The authors reviewed the beneficial effects of maintenance therapy by thalido‐
mide, lenalidomide, and bortezomib to enhance patient survival, relapse, and longevity.

Chapter 10 reviews the new horizons of regenerative medicine in organ repair with strin‐
gent pathological evaluation of clinical use or its success. The latest evidence based on
pathological evaluation is presented as an indicator of tissue reconstruction success in ure‐
thral defects, retinal and corneal damage, orthopedic injury, bronchomalacia, skin transplan‐
tation in bullosa, and amniotic cell grafting. However, investigative studies are suggested on
the mechanisms of endogenous injury and interactions at organ or tissue cell interface with
activated endogenous progenitor cell populations to explain how progenitor cells behave
with cells of the immune system.

Section 4 focuses on tissue engineering mechanisms and stem cell-based product manufac‐
turing.

Chapter 11 describes human-induced pluripotent stem cell-derived engineered cardiac tis‐
sues in cardiac disease remodeling and regeneration. The authors describe different availa‐
ble technologies, including cell sheet technology, embedded cardiac biomaterials, spongy
polymeric scaffolds, and decellularized tissues to regenerate cardiac tissue. The authors
highlight a method of human pluripotent stem cell maturation in cardiac-transplanted sites
and evaluate electromechanical properties and mechanical load conditions  in stem cell ma‐
trix conditions with a detailed account of the use of engineered cells in drug testing for post-
transplantation, disease modeling, and establishing  its mechanism of cardiorejuvenation. A
properly designed manufacturing process and stem cell behavior during maturation may
likely expand the scalability and reduce the cost of generating these novel engineered in vi‐
tro myocardial tissues.

Chapter 12 proposes an improved manufacturing process of immune cells as advanced ther‐
apy medicinal products for current clinical needs of stem cell treatment at clinical centers.
Currently available different products and bioreactor systems are described such as T-lym‐
phocyte cells, natural killer cells, apheresis, tumor infiltrating lymphocytes, chimeric antigen
receptors—T cells, and mesenchymal stem  cells in reported clinical trials with a detailed
account of withdrawn products from global markets. To maintain the high-quality medical
practice of natural killer cells and mesenchymal stem cells, the authors emphasize a detailed
characterization of ex vivo immune cell receptor subtypes and ligands on the cell surface as a
highly recommended protocol in expanded immune cell population with information of
pattern and amount of secreted effector molecules over time, with influences from in vivo
components on them.

Chapter 13 presents a survey of tissue engineering in oral and maxillofacial complexes with
an emphasis on the advantages and clinical applications to restore, maintain, and stabilize
facial tissue functions. The authors describe the principles of oral and facial tissue engineer‐
ing with the introduction of mandibular, bone, oral skin, oral mucosa, temporomandibular
joint disc, condyle, fibrocartilage, and salivary gland defects with limited success of different
transplantation procedures using maxillary sinus augmentation and dorsal augmentation in
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rhinoplasty as effective oral and facial procedures. The authors carefully conclude the Food
and Drug Administration denial of engineered products, chances of oncogenesis, and diffi‐
culties of compatible transplantable scaffolds.

Chapter 14 describes human adipose-derived stem cells for tissue engineering applications
with current challenges and future perspectives. Different 3D scaffolds made of gelatin–algi‐
nate–polyacrylamide and collagen–sericin are proposed. The authors introduce human adi‐
pose-derived stem cell products, their source, properties, and different adipogenic,
osteogenic, chondrogenic, neurogenic, retinal, corneal, cardiac, and hepatic differentiation
potentials in current clinical practice and research trials with a note on risks and future per‐
spectives. Controlled use of these cells could become a very powerful tool to increase the
quality of life in patients with different tissue defects and are the ultimate advance in regen‐
erative medicine.

Chapter 15 reviews the current status of tissue engineering for in vivo and ex vivo skin re‐
placement methods and manufactured skin scaffold biomaterials. The authors introduce
skin structure, skin substitutes, dermal stem cells, in vivo autologous skin transfer, skin tis‐
sue alternatives with in vitro dermal stem cell experimental application models, prospects of
skin gene therapy, and chitosan, hyaluronic acid, collagen, silk, fibrin glue, and artificial pol‐
ymeric scaffold biomaterials with vast future scenarios of pluripotent stem cell reprogram‐
ming within scaffolds.

The editor presents this volume as a textbook-cum-ready reckoner guide book in a lucid,
effective, simple, and user-friendly manner for novice researchers, teachers, stem cell scien‐
tists, and medical experts in regenerative medicine clinical practice. For interested readers,
physicians, researchers, and health care authorities, available resources on stem cell treat‐
ments and the legal status of clinical practice are included as an introductory chapter.

Books, monograms

1. The Clinical Practice of Stem-Cell Transplantation. Volume 1, 1st Edition. 1998.
Editors: Barrett J and Treleaven J, Isis Medical Media. ISBN: 9781899066704,
1899066705

2. Stem Cell Transplantation: A Clinical Trial Textbook. 1st Edition. 2000. Editors:
Buchel PC and Kapustay PM, Oncology Nursing Society Publishers.
ISBN-10: 1890504157, ISBN-13: 978-1890504151.

Articles

1. Santostefano KE, Hamazaki T, Biel NM, Jin S, Umezawa A, Terada N. A practical
guide to induced pluripotent stem cell research using patient samples. Laborato‐
ry Investigation (2015), 95, 4–13.
http://www.nature.com/articles/labinvest2014104.pdf

2. The past, present and future of stem cell clinical trials for ALS.
www.sciencedirect.com/science/article/pii/S0014488614000739

3. Heart disease and stem cells publications. Stem Cell Institute, Panama.
https://www.cellmedicine.com/heart-disease-and-stem-cells/
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Stem cell clinical research

1. Donnelly EM, Lamanna J, Boulis NM. Stem cell therapy for the spinal cord. Stem
Cell Research & Therapy (2012), 3, 24.
https://stemcellres.biomedcentral.com/articles/10.1186/scrt115

2. Beato Coelho MB, Cabral JMS, Karp JM. Intraoperative stem cell therapy. Annual
Review of Biomedical Engineering (2012), 14, 325–349.

3. Yu D, Silva GA. Stem cell sources and therapeutic approaches for central nervous
system and neural retinal disorders. Neurosurgery Focus (2008), 24(3–4), E11.

4. Hayashi T, Onoe H. Neuroimaging for optimization of stem cell therapy in Par‐
kinson's disease. Expert Opinion on Biological Therapy (2013), 13(12), 1631–1638.

5. http://www.jci.org/articles/view/40543

US Patents on stem cell therapy 2007-2018. Patents can be downloaded by clicking the
first column:

US patent Title of patent
20179610430 Cell spraying device, method and sprayed cell suspension
20130259843 Skeletal muscle regeneration using mesenchymal system cells US 9757419

B2
20160296637 Method for improving survival after radiation exposure using mesenchy‐

mal stem cells as vehicles for extracellular superoxide dismutase delivery
20160287642 Methods of treating or preventing a lung disorder
20160228537 Reverse vaccination therapy of multiple sclerosis
20160206660 Composition of stem cells having highly expressed FAS ligand
20160199414 Use of mesenchymal stem cells for the treatment of oral inflammation
20160184366 Compositions comprising stem cells expressing mesenchymal and neuro‐

nal markers and uses to treat neurological disease
20160184364 Management of osteoarthritis using pooled allogeneic mesenchymal stem

cells
20160161483 Method of distinguishing mesenchymal cells
20160158292 Method and apparatus for recovery of umbilical cord tissue derived re‐

generative cells and uses thereof
20160130556 Enhanced differentiation of mesenchymal stem cells
20160123980 Multicolor flow cytometry method for identifying population of cells, in

particular mesenchymal stem cells
20160106781 High telomerase activity bone marrow mesenchymal stem cells, methods

of producing the same and pharmaceuticals and treatment methods based
thereon

20160082042 Use of mesenchymal stem cell-educated macrophages to treat and prevent
graft versus host disease and radiation-induced injury

20160060319 Development of protein-based biotherapeutics that induced osteogenesis
for bone healing therapy: cell-permeable BMP2 and BMP7 recombinant
proteins (CP-BMP2 & CP-BMP7), polynucleotides encoding the same and
pro-osteogenic compositions comprising the same
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US patent Title of patent
20160051729 Reparative cell isolation and delivery
20160022739 Closed system separation of adherent bone marrow stem cells for regener‐

ative medicine applications
20160010113 Compositions and methods for engineering cells
20160008401 Protection of the vascular endothelium from immunologically mediated

cytotoxic reactions with human CD34-negative progenitor cells
20160000835 Human uterine cervical stem cells population and uses thereof
20160000835 Human uterine cervical stem cells population and uses thereof
20150320833 Ossification-inducing compositions and methods of use thereof
20150265677 Recruitment of mesenchymal stem cells using controlled release systems
20150238532 Methods to isolate human mesenchymal stem cells
20150231244 Regenerative cell and adipose-derived stem cell processing system and

method
20150216911 Multipotent prenatal stem cells
20150216908 Quadri-positive stromal cells (QPSC) population for superior cell protec‐

tion and immunomodulation
20150216908 Methods for generating mesenchymal stem cells which secrete neurotropic

factors
20150175971 Multipotent cells having mesenchymal and endothelial lineage potential
20150166959 Immortalized mesenchymal stem cell from adipose tissue
20150157666 Methods, systems and compositions for cell-derived/vesicle-based micro‐

RNA delivery
20150139963 Isolated populations of renal stem cells and methods of isolating and us‐

ing same
20150037882 Scalable process for therapeutic cell concentration and residual clearance
20140341870 Biocomposite for regeneration of injured tissue and organ, a kit for mak‐

ing the biocomposite, and a method of treating injuries
20140322356 CTC biomarker assay to combat breast cancer brain metastasis
20140227339 Regenerative tissue grafts and methods of making sames
20140220597 Neuregulin-1-based prognosis and therapeutic stratification of colorectal

cancer
20140220053 Microvesicles isolated from mesenchymal stem cells for use as immuno‐

suppressive agents
20140193473 Materials and methods for controlling vasculogenesis from endothelial

colony forming cells
20140178422 Primary mesenchymal stem cells as a vaccine platform
20140017787 Mesenchymal stem cells and related therapies
20130345289 Adult stem cells, molecular signatures, and applications in the evaluation,

diagnosis, and therapy of mammalian conditions
20130338092 Compounds and methods for targeting leukemic stem cells
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US patent Title of patent
20130330300 High telomerase activity bone marrow mesenchymal stem cells, methods

of producing the same and pharmaceuticals and treatment methods based
thereon

20130251690 Stem cell differentiation using keratin biomaterials
20130251689 Keratin compositions for the treatment of bone deficiency or injury
20130251670 Treatment of macular edema utilizing stem cell and conditioned media

thereof
20130190729 Derivation of hematopoietic cells from adult mesenchymal stem cells
20130149245 Novel peptides and uses thereof
20130101561 Closed system separation of adherent bone marrow stem cells for regener‐

ative medicine applications
20130101561 Closed system separation of adherent bone marrow stem cells for regener‐

ative medicine applications
20130040304 Compositions and methods for engineering cells
20130034525 Beta islets-like cells derived from whole bone marrow
20130031645 Method for hepatic differentiation of definitive endoderm cells
20130012921 System and methods for preparation of adipose-derived stem cells
20120294836 High yield method and apparatus for volume reduction and washing of

therapeutic cells using tangential flow filtration
20120276066 Peptide linked cell matrix materials for stem cells and methods of using

the same
20120270826 Adult stem cells, molecular signatures, and applications in the evaluation,

diagnosis, and therapy of mammalian conditions
20120269787 Systemic, allogenic stem cell therapies for the treatment of diseases in

equines
20120269785 Systemic, allogenic stem cell therapies for the treatment of diseases in fe‐

lines
20120224053 Method and apparatus for quantitative microimaging
20120219632 Methods for monitoring cellular states and for immortalizing mesenchy‐

mal stem cell
20120201786 Methods for use of stem cells and stem cell factors in the treatment of skin

conditions
20120128636 Gingiva derived stem cell and its application in immunomodulation and

reconstruction
20120100117 Method for chondrogenic differentiation of pluripotent or multipotent

stem cells using WNT6
20120094304 Method of preparing human lung tissue stem cells and inducing differen‐

tiation into human alveolar epithelial cells
20120087983 Orthopedic application of encapsulated stem cells
20120087901 Engineered mesenchymal stem cells and methods of using same to treat

tumors
20120052049 Systemic, allogenic stem cell therapies for treatment of diseases in animals
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US patent Title of patent
20120027860 Encapsulated adipose-derived stem cells, methods for preparation and

therapeutic use
20110318414 Regenerative tissue grafts and methods of making the same
20110311984 Composition for diagnosing Parkinson’s disease containing adipose tis‐

sue-derived mesenchymal stromal cell
20110311495 Isolated populations of renal stem cells and methods of isolating and us‐

ing same
20110287534 Automated filling of flexible cryogenic storage bags with therapeutic cells
20110263001 Compositions and methods for engineering cells
20110256058 Novel peptides and uses thereof
20110229970 Dual-chamber perfusion bioreactor for orthopedic tissue interfaces and

method of use
20110217363 Two-step targeted tumor therapy with prodrug encapsulated in nanocarrier
20110195054 Preparation and use of stromal cells for treatment of cardiac diseases
20110142805 Method of renal repair and regeneration and the treatment of diabetic

nephropathy
20110104100 Compositions and methods of stem cell therapy of autism
20110014701 Protection of progenitor cells and regulation of their differentiation
20100278790 Mesenchymal stem cells, compositions and methods for treatment of car‐

diac tissue damage
20100222877 Tissue engineered human pulmonary valves with cyclic pressure bioreac‐

tor accelerated seeding strategies and methods
20100062038 Markers, antibodies and recombinant scFvs for mesenchymal stem cell

sub-populations and osteoclasts
20100003674 Adult stem cells, molecular signatures, and applications in the evaluation,

diagnosis, and therapy of mammalian
20090214485 Stem cell therapy for the treatment of diabetic retinopathy and diabetic

optic neuropathy
20090214484 Stem cell therapy for the treatment of CNS disorders
20080081370 Directed differentiation of human embryonic stem cells into mesenchymal

stem cells
20080075699 Method for isolating and/or identifying mesenchymal stem cells (MSC)
20070128722 Human mesenchymal stem cells and culturing methods thereof
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1. Introduction

Stem cell transplant research and tissue engineering, in present time, have emerged as a 
legalized and regulated stem cell treatment option globally, but, scientifically, their success 
is unestablished. Novel stem cell-based therapies have evolved as innovative and routine 
clinical solutions by commercial companies and hospitals across the world. Such rampant 
spread of stem cell clinics throughout UK, US, Europe, and Asia reflect the public encour-
agement of benefits to incurable diseases. However, ever growing stem cell therapy devel-
opments need constant dogwatch and careful policy making by government regulatory 
bodies for prompt action in case of any untoward public concern. Therefore, researchers 
and physicians must keep themselves abreast of current knowledge on stem cells, tissue 
engineering devices in treatment and its safe legal limits. With this aim, stem cell scien-
tific developments, treatment options, and legal scenario are introduced here to beginner 
or actively involved scientists and physicians. Introduction to stem cell therapy will pro-
vide basic information to beginner researchers and practice physicians on engineered stem 
cell research concepts and present stem cell therapy federal regulations in different North 
American, European, and Asian countries. FDA, CDC, EU, ICMR government policies in 
different countries includes information on the current legal position, ethical policies, regu-
latory oversight, and relevant laws.

The word “eais-te-am” cell refers to the progenitor cell or human body’s master cell means 
first original embryonic cell with rejuvenating and restorative capability of regenerating any 
body tissue cell(s) typically called as “Fountain of Youth.” Stem cells can divide and develop 
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different cell types during early life and help in repair the body by replenishing the damaged 
cells in disease, wear, and injury.

Stem cell therapy uses mainly human pluripotent stem cells to restore functions of tissues or 
organs, to maintain or repair the damaged human tissues or organs caused by trauma, genetic 
disease, or metabolic disease. The stem cell engineered products are at large available and 
paradigm shift shows a much greater investment in novel stem cell scaffolds, designing new 
matrices, grafts to treat chronic and incurable diseases.

Four major considerations for successful stem cell therapy and research are:

• Why stem cell clinics need regulation and legalization?

• Purpose and global regulatory norms for stem cell research.

• Reliable stem cell treatment and tissue engineering products.

• Concerns on stem cell treatment regulations and role of government approvals.

Stem cell types and need of human embryogenic cell research and tissue engineering are 
introduced in Section 2. Purpose and global regulatory norms for stem cell research are sum-
marized in Section 3. Present status of stem cell therapy and clinical practice limitations or 
alternatives is reviewed with government guidelines in Section 4. Global scenario of stem cell 
clinical centers to treat different diseases and human organs are tabulated in Section 5. Major 
introduction is how government regulatory authorities define policies, frame guidelines, and 
keep watch public concerns and clinical practices at treatment centers globally.

2. Introduction to stem cell

Stem cells are progenitor cells. There are three types of stem cells: adult stem cells (from 
umbilical cord blood), human embryogenic cells (from embryo from fertilized eggs), and 
induced-pluripotent cells (by reprograming adult stem cells to differentiate into specific tis-
sue cells). These stem cells share common properties: (1) survive long periods to make more 
stem cells; (2) up-specialized but capable to develop into specific cells; (3) develop to do spe-
cific work in the body.

2.1. What are human embryonic stem cells?

Human embryonic stem cells were first isolated and cultured in year 1998 to confirm their 
unique capabilities. They can transform into any human tissues up to 200 different cell types 
found in the body. Under the right conditions, they behave as evergreen, everlasting, and able 
to multiply indefinitely to form immortal cell line. This amazing capacity of embryonic stem 
cells to give rise to any type of tissue has intensified the search for adult stem cells to assume 
paracrine functions [1]. Stem cells have plasticity, means they circulate throughout the body 
and reside wherever needed to promote regeneration of local tissue.

Stem Cells in Clinical Practice and Tissue Engineering4

2.2. Why human embryonic stem cells are in active research?

Stem cell research offers great hope to repair serious life-threatening diseases. The first clinical 
trial took place in the United States for spinal cord injury repair [2]. The first European study 
was reported in the United Kingdom for blindness repair [3].

From biologist’s standpoint, embryonic stem cell research offers as a tool to understand the 
tissue maintenance and repair in health, how disease develops, and its possible treatment. The 
molecular basis of embryonic stem cells growing in three-dimensional culture environments 
has explored the molecular control of gut development and associated organs to understand 
the genetic control of fragile-X syndrome. Other example is Parkinson’s disease, currently 
untreatable and life threat.

2.3. What is origin of embryonic stem cell lines?

All human embryonic stem cell lines originate from a 4- to 5-day-old blastocyst. A blastocyst 
is a hollow ball of around 100 cells. Blastocyst is a left over egg from in vitro fertilization (IVF). 
Some blastocysts are implanted into the woman’s uterus, while the rest are stored in a deep-
freezer. After implantation, couple decides what to do with remaining blastocysts. They can 
continue to store blastocysts for research. Only these donated blastocysts are the source of 
human embryonic stem cell lines.

2.4. New embryonic stem cell line for each research project?

For research, cells are harvested from one 4- to 5-day-old blastocyst. Blastocyst cell multiplies 
in the laboratory to create a “cell line” able to produce an infinite number of embryonic stem 
cells. All these cells have same genetic make-up. Many cell lines are kept in not-for-profit stem 
cell banks. Banks supply these stem cells for research all over the world. Existing cell lines are 
also exchanged at no cost between laboratories in the context of research programs, under 
tight legal controls.

3. Purpose and global regulatory norms for stem cell research

3.1. What position do member states take on human embryonic stem cell research?

Different countries have different legislative provisions among different states on human 
embryonic stem cell research.

In the United States of America, 26 states have active stem cell research legislation policy, 
while other states have loose policy or no legislative rules for stem cell research and treatment. 
So far, no state has permitted any stem cell product for medical treatment as valid. FDA only 
approved cord blood-derived hematopoietic progenitor cells (blood forming stem cells) for 
certain indications including certain blood cancers and some inherited metabolic and immune 
system disorders. Last year, a bill HB 810 passed by Texas Governance Springer has taken first 
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lead to legalize stem cell treatment as “Right to Have Trial” as unproven therapies at their 
own risk and cost in its report (https://legiscan.com/TX/text/HB810/2017). Another bill HB 661 
permits chronic ill persons to try early stage approved clinical trial. New bill HB 3236 permits 
companies to charge patients for unproven therapies. Earlier, Obama Governance declared 
policy for operating 570 stem cell treatment clinics across country including Beverly Hills, CA, 
New York, San Antonio, Los Angeles, Austin, Texas, Phoenix, and Scottsdale, AZ [1].

All 18 countries in the European Union (EU) have stem cell research legislative policy involv-
ing human embryonic stem cells, three countries prohibit it (Poland, Latvia, and Slovakia) 
and the rest have no specific legislation [2, 3]. The EU has no competence to harmonize the 
legal situation in Member States. Legislation on cell therapy is based on three directives: (1) 
directive 2003/63/EC defines cell therapy products as clinical products; (2) directive 2001/20/
EC emphasizes clinical trials mandatory for all cell therapy products; (3) directive 2004/23/
EC establishes standard quality, donation safety, harvesting, tests, processing, preservation, 
storage, distribution of human tissues and cells. In year 2008, regulation 1394/2007/EC on 
Advanced Therapy Medicinal Products (ATMP) includes gene therapy medicinal products, 
somatic cell therapy products, and tissue engineered products (by manipulation, change in 
physiological or structural functions for therapeutic use) under Committee for Advanced 
Therapies (CAT) to provide opinion on safety, quality, efficacy of ATMPs acceptable as stem 
cell-based medical product by marketing authorization [4].

3.2. What are regulations and the policy toward the use of human embryonic stem 
cells and stem cell products for research and clinical use?

In view of the different legal situations and practices in US, EU member States and Asia, 
both US and EU have own clear ethical and legal framework on human embryonic stem cell 
research funded from respective budget. Major regulatory consideration in policy is on batch 
consistency, product stability, safety, efficacy, and quality of stem cell-based tissue engineered 
products through pre-clinical, clinical, and marketing authorization.

In US, FDA and CDC government bodies have laid down stringent guidelines on the use of stem 
cell treatment. Food and Drug Authority (FDA) keeps dog watch over the performance, stan-
dard, and any public concern related with stem cell treatment abuse, defective quality, options  
of tissue engineering for right purpose. In case of non-compliance, irregularities, illicit, and 
unlawful gain, FDA warns stem cell center, and may take precautionary or prohibitive action. 
Major stem cell clinics are opened for certain organ diseases to recover them. Notable exam-
ples are bone and joint disease, erectile dysfunction, neck and back pain, oral and maxillofacial  
surgery, tendons, and arthritis [5–10]. For stem cell therapy, FDA approves stem cell clinic for 
transplantation purpose. FDA defines and regulates different stem cell-based therapies and 
different stem cell products for safe use.

Code of Federal Regulation 21 CFR defined sections for use of cell therapy products: IND 
regulations (21 CFR 312), Biologics regulations (21 CFR 600), and cGMP (21 CFR 211), autolo-
gous cells, tissues, cell- or tissue-based products HCT/Ps (CFR, Part 1271) in year 2006. Public 
Health Service Act (PHSA) refers as “361 products” and “351 products.” Food and Drug 
Administration (FDA) codified 361 cells and tissue products for therapeutic use under Good 
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Tissue Practice (GTP) with guidelines how biologic drug and device regulations apply to 
cellular and genetic therapies [11]. FDA developed a regulatory framework in three areas: 
(1) preventing use of contaminated cells or tissues; (2) preventing the cell and tissue con-
tamination by adequate processing; and (3) clinical safety of all cells and tissues. All these 
areas of framework control both cell and tissue-based products as mass produced drugs [12]. 
However, several agencies, like American Red Cross, American Society of Clinical Oncology, 
and Society of Assisted Reproductive Techniques, clarified the role of FDA limited to allo-
geneic tissue transplants to control spread of communicable diseases means the stem cell 
transplantations are medical procedures. FDA division “Center for Biologics Evaluation and 
Research (CBER)” regulates cell-based therapy, and already approved several ApliGraf®, 
Carticel®, and Epicel® products. The manipulated autologous cells for somatic cell therapy 
need approval as investigational new drug (IND). However, ATMP minimally manipulated, 
labeled, or advertised for homologous use, not combined with drug or device, do not require 
FDA approval. Of course, FDA has wide regulatory coverage including isolation of stem cell 
rich fractions for orthopedic use, breast augmentation, and 5-day blastocyst transfer as equiv-
alent drug mass production. In general, regulation applies to cells and tissues (HCT/Ps) used 
for implementation, transplantation, infusion, and transfer into human recipient.

Two regulatory guides for industries were released by FDA. In the year 2007, “Guidance 
for industry: Regulation of HCT/Ps-Small Entity Compliance Guide” and other in the year 
2009, “Guidance for industry on Current Good Tissue Practice and Additional Requirements 
for Manufacturers of HCT/Ps” [13]. Clinical trials using mesenchymal stem cells fall in the 
IND category. In FDA regulation policy, physicians may administer stem cell-based products 
in patients by two ways: (1) compassionate use or expanded access to investigational drugs 
and biological products without interfering conduct of clinical investigations; (2) off-label 
prescription of FDA approved stem cell products at full discretion of physician. A new draft 
21 CFR 1271 15(b) guideline for industry “Same Surgical Procedure Exception” states three 
criteria advised to physicians: (1) autologous use or remove HCT/Ps from individual and 
implant them into same individual; (2) implant the HCT/Ps within same surgical procedure; 
(3) HCT/Ps must remain in their original form (rinsing, cleaning, sizing, shaping, and manu-
facturing is permitted). All guidelines, 21 CFR 1271(a), 14(b), and 15(b) exceptions, prohibit 
the claim of “practice of medicine” of 361 products without FDA compliance. To date, FDA 
has not approved any stem cell medical product in market place. Moreover, physicians claim 
of performing innovative surgical procedures (as practice of medicine art not directly regu-
lated by FDA) falling under regulatory exception mentioned in 21CFR 1271 Section 361 Public 
Health Service (PHS) Act for human cell-tissue-based products (HCT/Ps) in practice of medi-
cine without spreading communicable disease [14]. In contrast, Section 351 of PHS Act defines 
the premarketing review and FDA approval of drugs, biological products or medical devices.

In the year 2014, two new draft guidelines amended 21CFR 1271.10 and 21CFR 1271.20 regard-
ing Section 361 enacted autologous HCT/Ps only if they are “minimally manipulated” for adver-
tisement or labeling purpose (using of water, crystalloids, sterilizer, or storage preservative) 
without any clinical safety concern. For example, lipoaspirate SVF for adipose derived stem cell 
treatments (by autologous HCT/Ps) of Parkinson disease and multiple sclerosis fail to comply 
21 CFR 1271.10 for homologous use because processing HCT/Ps breaks down and eliminates 
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structural cushion and support components so altered original relevant reconstruction, repair, 
or replacement characteristics of stem cells. It puts them in drug, device, and biological product 
361 category requiring premarketing FDA approval. However, combination standards (mini-
mum manipulation and homologous use) allow drugs, device, biological products as exempted 
investigational new drug or device for premarketing approval with assurance of conducting 
premarketing trial with safety and efficacy. Companies can advertise FDA-cleared investiga-
tional new drugs or device exemptions to gain profits from sale in compliance with federal 
regulations without known safety and efficacy of products. For interested readers, “minimal 
manipulation” means “processing that does not alter the original relevant characteristics of tis-
sues related to tissue utility for reconstruction, repair, or replacement.” In the year 2014, third 
draft regulation “HCT/Ps from Adipose Tissue: Regulatory Considerations” states that process-
ing to isolate nonadipose tissue (without subsequent cell culture or expansion) is more than 
minimal manipulation. Stem cell business centers and clinics may operate sale of unproven and 
unlicensed cell-based interventions without FDA compliance using three said guidelines. Now, 
it requires considerable FDA effort to design final regulatory draft.

The current framework in EU was adopted in year 2007 and subsequently renewed as 
HORIZON 2020 for the duration (2014–2020) to frame the EU’s new research and innovation 
program “triple lock system.”

• First and foremost, national legislation is respected—EU projects must follow the laws of 
the country in which research is carried out;

• In addition, all projects must be scientifically validated by peer review and must undergo 
rigorous ethical review;

• Finally, EU funds may not be used for derivation of new stem cell lines, or for research that 
destroys embryos (blastocysts)—including for the procurement of stem cells.

The program operates on a bottom-up basis. European Commission does not publish calls for 
proposals specifically for research using human embryonic stem cells. Scientists propose the 
methods and materials for a particular study. EU research allows fair comparison of differ-
ent stem cell types to find the best cell source for a particular research or clinical application.

Regulatory framework in Asia has no well-defined regulation and policy on stem cell-based 
products and clinical use. It amounts the risk to patients of physical harm and high finan-
cial exploitation. Currently, clinics and pharma companies do not follow clinical trials under 
regulatory framework or have no national guidelines to follow. Some guides were released as 
guidelines to clinical trials shown in Table 1.

3.2.1. Ethical guidelines for biomedical research in India on human subjects: section V

Stem cell research and therapy (by Indian Council of Medical Research, ICMR 2006) defines the 
clinical grade stem cells for clinical trial approved by institution committee for Stem Cell Research 
and Therapy (IC-SCRT) at multinational companies or from abroad. Collaboration is approved 
by hierarchy of National Apex Committee and Institutional Committee for Stem Cell Research 
and Therapy, Institutional Ethics Committee, Drug Controller general of India, Health Ministry 
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Screening Committee, and funding agency. Investigators should assure that stem cell lines are 
in accordance with appropriate Material Transfer Agreement based on country’s guidelines on 
Good Medical Practices. ICMR, Department of Biotechnology laid down “Guidelines for Stem 
Cell Research and Therapy” in the year 2007 on mechanism of review and monitoring research 

Country Current legal position on embryonic cell 
lines

Ethical/regulatory oversight Reference

Austrıa Banned. imported cell lines permissible Austrian Bioethics Commission [24, 25]

(Fortpflanzungsmedizingesetz) 2004 2009 opinion

Bulgarıa Permitted IVF treatment. Bulgarian Centre for Bioethics

Bulgarian Health Act SG83/19,2003. Central Ethics Commission (CEC) [26]

Czech 
Republıc

Reproductive cloning is banned Czech R&D Council [15]

Fınland Permitted IVF embryos, somatic Medical Research Act 2001 [27]

Cell nuclear transfer Finnish National Advisory Board 
1991

France Permitted research Agence de la Biomédicine [20, 28]

Fr National Committee of Ethics

Germany Permitted research Embryonenschutzgesetz) 1991 [22]

2002 Stem Cell Act Central Ethics Commission (ZES) [29–31]

Greece Permitted IVF embryos Hellenic National Bioethics 
Commission

[32]

Law 3305/2005 National Transplantation 
Organization

Ireland No specific legislation Irish Council of Bioethics (ICB), 2002

Assisted Human Reproduction 
Report

[33]

Italy Permitted imported stem cell lines Law 40

Comitato Nazionale per la Bioetica) [34]

Lıthuanıa Prohibited any embryo research Law on Ethics of Biomedical 
Research

Lithuanian Bioethics Committee 
(LBC)

[35]

Portugal Permitted cell lines from IVF embryos Law 32/2006 medically assisted 
procreation

[36]

Spaın Regulatory framework embryonic stem cells Law 14/2007 for embryo theranostics [37, 38]

Sweden Embryonic cells from IVF/SCNT Act on Genetic Integrity 2005 [39]

UK HEFA regulated stem cell research only Fertilisation and Embryology 
Act 2001

[40]

USA, Canada Stem cell clinics for limited use 21CFR 1271 sections [41]

Table 1. Present rules, restrictions, and regulatory mandate enforced in European and Western world.
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Screening Committee, and funding agency. Investigators should assure that stem cell lines are 
in accordance with appropriate Material Transfer Agreement based on country’s guidelines on 
Good Medical Practices. ICMR, Department of Biotechnology laid down “Guidelines for Stem 
Cell Research and Therapy” in the year 2007 on mechanism of review and monitoring research 

Country Current legal position on embryonic cell 
lines

Ethical/regulatory oversight Reference

Austrıa Banned. imported cell lines permissible Austrian Bioethics Commission [24, 25]

(Fortpflanzungsmedizingesetz) 2004 2009 opinion

Bulgarıa Permitted IVF treatment. Bulgarian Centre for Bioethics

Bulgarian Health Act SG83/19,2003. Central Ethics Commission (CEC) [26]

Czech 
Republıc

Reproductive cloning is banned Czech R&D Council [15]

Fınland Permitted IVF embryos, somatic Medical Research Act 2001 [27]

Cell nuclear transfer Finnish National Advisory Board 
1991

France Permitted research Agence de la Biomédicine [20, 28]

Fr National Committee of Ethics

Germany Permitted research Embryonenschutzgesetz) 1991 [22]

2002 Stem Cell Act Central Ethics Commission (ZES) [29–31]

Greece Permitted IVF embryos Hellenic National Bioethics 
Commission

[32]

Law 3305/2005 National Transplantation 
Organization

Ireland No specific legislation Irish Council of Bioethics (ICB), 2002

Assisted Human Reproduction 
Report

[33]

Italy Permitted imported stem cell lines Law 40

Comitato Nazionale per la Bioetica) [34]

Lıthuanıa Prohibited any embryo research Law on Ethics of Biomedical 
Research

Lithuanian Bioethics Committee 
(LBC)

[35]

Portugal Permitted cell lines from IVF embryos Law 32/2006 medically assisted 
procreation

[36]

Spaın Regulatory framework embryonic stem cells Law 14/2007 for embryo theranostics [37, 38]

Sweden Embryonic cells from IVF/SCNT Act on Genetic Integrity 2005 [39]

UK HEFA regulated stem cell research only Fertilisation and Embryology 
Act 2001

[40]

USA, Canada Stem cell clinics for limited use 21CFR 1271 sections [41]

Table 1. Present rules, restrictions, and regulatory mandate enforced in European and Western world.
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and therapy at national level and institution level. Central Drug Standards Control Organization 
(CDSCO) defined guidelines on new biological/biotechnology products. However, regulation of 
stem cell products as drugs does not exist for clinical trials. As a result, national committee is pro-
posed as “Cell Biology Based Therapeutic Drug Evaluation Committee” by ICMR to approve the 
therapeutic products of human gene manipulation, xerotransplant technology, and stem cells in 
market since year 2011. However, till date no registration requirement technical guidelines of 
human stem cell-based products are formulated.

3.2.2. International unanimous opinion

International Society of Stem Cell Research (ISSCR) and Hinxton group have published 
“guidelines on clinical translation of stem cell” to emphasize: (1) quality controlled stem cells 
with known characteristics; (2) a priori information of delivery efficacy, safety of stem cells 
in animal model; (3) peer reviewed clinical protocols in pre-clinical research; (4) awareness 
of tumorigenic risk without evidence of clinical benefit evidences at the time of voluntary 
informed recipient consent to perform clinical trial [15]. In spite of all, ISSCR recommenda-
tions remain as undefined code of professional conduct to assure safety due to no harmony 
between laboratory-based research and use of approved stem cell-based products with policy 
differences in different continents [16]. Legislation must regulate scientific progress from lab 
to clinic in public interest. Public must have confidence in clinical benefits. The public inter-
ests may be protected by guidelines for: (1) stem cell-based product is safe, pure, potent for 
general practice GTP, GMP, and GCP requirements; (2) pre-clinical evidence available on 
proof-of-principle and safety in animal models; (3) new non-invasive biodistribution moni-
toring by markers and tumors for clinical trials; (4) preference to patient safety by risk-based 
approach in granting regulatory approval with conditional marketing authorization.

3.3. How much have the US and EU spent on human embryonic stem cell research?

In the years 2007–2017, the EU has funded 27 collaborative health research projects involving 
the use of human embryonic stem cells with an EU contribution of about €157 million. Human 
embryonic stem cell research projects represent approximately one-third of health projects on 
all forms of stem cells.

In addition, the European Research Council has funded 10 projects for an EU financial contri-
bution of about €19 million, and there have been 24 Marie Skłodowska-Curie actions involv-
ing human embryonic stem cell research worth €23 million.

4. Stem cell treatment and tissue engineering products

4.1. Stem cell therapy: a success or a myth

Stem cell treatment is a new option of organ transplantation or tissue and cell transplantation. 
Stem cells in culture behave differently from the tissue cells behave inside body. As a result, the 
progenitor cells and embryonic cell behavior entirely depends on media conditions, physiology of 
cultured cells, environment of breeding, action of added growth factors, vital molecules, additives, 
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antibiotics, bioactive proteins, colony stimulating factors, cell division regulatory factors, gene reg-
ulation, signal molecules, enzymes, hormones, and energy available to intracellular metabolism. 
All these factors function and act in unison for stem cell treatment to become success in regen-
erative medicine otherwise stem cells do not grow in the desired manner due to one or the other 
deficiency and stem cell treatment becomes a myth [16, 17].

Any product derived from stem cells or containing stem cells is referred as “stem cell-based 
product” (SCBP), including tissue engineering biomaterials in cell- and tissue-based therapy. 
Around the world, autologous stem cell clinics or hospitals are spreading in China, India, Mexico, 
Panama, Ukraine, European Union member states to perform stem cell facelifts, sport ortho-
pedics, breast augmentation, treatment of muscle dystrophy, Alzheimer’s disease, Parkinson’s 
disease, and multiple sclerosis. In US alone, development of tissue engineering methods have 
shown significant progress in success of stem cells as therapeutic tools of regenerative medicine 
in different states of Ohio, Kansas, Minnesota, Wisconsin, and Mayo. These clinics and centers 
maintain in vitro stem cells in cultures that can be transplanted by fixing them at desired site 
in Matrigel®. With time, stem cells grow in the desired pre-programed manner and regenerate 
the defective part of the tissue or the organ [18]. Stem cell treatment centers charge prospective 
patients privately for simple stem cell therapy by bone marrow or peripheral blood liposuc-
tion, enzyme digestion, ultrasonic cavitation to prepare stromal vascular fraction (mixture of 
fibroblasts, endothelial progenitor cells, pericytes, mesenchymal stroma cells, and adipocytes) 
as therapeutic injection given to said patients or industries manufacture commercial stem cell 
therapy products without any product regulatory information to patients.

For clinical and commercial use, regulatory challenges are safety testing, in vitro functional assays, 
potency assays, pre-clinical, or clinical trials. The safety testing includes assays for microbial, fun-
gal, endotoxin, mycoplasma, viral contamination, karyotyping testing, and enriched cell popula-
tion. In vitro functional and potency assays act a surrogate measure of clinical effectiveness and 
validity to meet standards and control. In support, pre-clinical trial on experimental toxicity ani-
mal models such as immuno-compromised or tumorigenic animals, in vitro manipulation, admin-
istration route, and clinical trials with complete safety and sound ethics are necessary [19]. These 
characteristics establish the potential of these cells for tissue repair after injury or disease so called 
“stem cell therapies” as stem cell medicinal products made out of minimal manipulation of any tar-
get cell type destined for clinical application to improve defective function in the body. Presently, 
human embryonic stem cells (hESCs) are used in 13% of cell therapy procedures; fetal stem cells 
in 2%, umbilical cord stem cells in 10%, and adult stem cells in 75% of treatments [20]. Any use of 
such cell-based medicines is subject to authorization and controls, including their manufacture.

4.2. Clinical development for first-in-man study plan

Study design should demonstrate safety endpoints, efficacy, and its action for proposed clinical 
trial of new investigational medicinal product (EMEA/CHMP/SWP/28367/07). Safety endpoints 
may be defined on theoretical basis or any toxicity endpoint. The efficacy assessment should be 
related to pharmacodynamic effect of ATMP. A safe and minimal effective treatment dose should 
be identified. The presence of stem cells intended at desired location should be investigated by 
selected differentiation biomarkers to facilitate in vivo monitoring the stem cells during the time 
of administration in patients and their follow-up in vivo effect to establish long-term efficacy.
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4.3. Are there alternatives to embryonic stem cells?

Embryonic stem cells have peculiar properties and functions uncommon in other natural cell 
types. Induced-pluripotent stem cell discovery as an alternative was awarded Nobel Prize in 
the year 2012 confirming many similar properties common with embryonic stem cells [21]. 
These cells are in use since then for drug development and screening new medicines. It is 
believed that drug development will be up to the clinical standard for therapeutic purposes 
in the future. In recent years, development of induced-pluripotent stem cells has opened new 
vista of stem cell restoration, repair, rejuvenation, and treatment research as adjuvant therapy.

There are various types of “tissue-specific” or “adult” stem cells. These cells are useful in spe-
cific applications. They make the limited number of cells found in the tissue from which they 
were isolated. So, they are limited in their potential as a clinical application of research. The 
expansion of adult stem cells in culture may be the answer, but extensive cultures of human 
adult cells may change their intrinsic properties in vivo, rendering them unfit for restoring 
injured or diseased tissue in patients.

5. Concerns on stem cell treatment regulations

There are concerns raised in the media about uncertain differentiation and matched neotis-
sue functions after stem cell therapy treatment. The unconfirmed outcome of new techniques 
offers new possibilities of successful treatment in patients with difficult or untreatable condi-
tions. Stem cell therapy techniques have benefits and risks. Specific rules were introduced in 
the European Union (EU) in 2007 [22] to ensure appropriate authorization, supervision, and 
control of cell therapy medicines to reduce and manage the risks.

Recent media reports highlight the need of public authorities’ attention to enforce their legal 
responsibilities in favor of patients taking restricted or limited treatment in compliance with 
relevant quality standards, material authenticity, treatment protocols, and supervised patient 
follow-up measures. The protection of patients is the core rule. Safety and efficacy of stem cell 
transplant products rule the quality and engineered tissue manufacturing of these products 
that are set out in good-manufacturing-practice (GMP) requirements. These are globally rec-
ognized standards for quality assurance in the production and control of stem cell products. 
Security and control of medicines derived from stem cell manipulation is tightly controlled 
by the FDA in US and EU [23].

Present time, manufacturers avoid compliance with quality standards. Inappropriate unap-
proved treatment definition or reclassification without mandate of competent authorities for 
control of stem cell products, may expose patients to cross-contaminated cell preparations, 
and result in short- and long-term risks to individual patients.

5.1. How is stem cell treatment clinics regulated in different countries?

In a very short span of 10 years, over 600 stem cell clinics were opened with unproven claims 
and unapproved treatment definition in the name of some benefits to individual diseases. 
Competent authorities in different countries have laid down ethical or regulatory policies.
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Globally, the present major focus is on stem cell therapy in finding new options of incurable 
diseases with following objectives:

• to promote advances in the treatment of infertility

• to increase knowledge about the causes of congenital disease

• to increase knowledge about the causes of miscarriages

• to develop more effective techniques of contraception

• to develop methods for detecting the presence of gene or chromosome abnormalities

• to increase knowledge about the development of embryos

• to increase knowledge about serious disease

• to enable any such knowledge to be applied in developing treatments for serious disease.

Licensed research is permitted on embryos created in vitro for its limited use in fertility treatment 
research within 14 days of harvesting cells. Human Reproductive Cloning Act (2001) does not 
permit cell nuclear replacement, or any other technique, to create a child or human reproduc-
tive cloning. The Human Tissue Act 2004 [42] regulates the use of human biological materials.

5.1.1. Ethical and regulatory oversight

The regulatory Human Tissue Authority (HTA), the HFEA and the Medicines and Healthcare 
products Regulatory Agency (MHRA), Gene Therapy Advisory Committee (GTAC) are research 
ethics bodies examine and issue reports on ethical issues relating to stem cell research [43].

5.2. Major concerns of stem cell therapy and loopholes in stem cell research

Major concerns are:

• Where do the embryos come from to create stem cell lines for clinical use?

All the human embryonic stem cell lines currently in use come from 4- to 5-day-old embryos 
left over from in vitro fertilization (IVF) procedures. In IVF, researchers mix a man’s sperm 
and a woman’s eggs together in a lab dish. Some of those eggs get fertilized. At about 5 days, 
the egg divides to become a hollow ball of roughly 100 cells called a blastocyst. These early 
embryos (blastocyst) are implanted into the woman’s uterus to develop pregnancy.

For research, unused blastocysts are stored in the IVF clinic freezer for following use in future:

• Continue paying to store the embryos in freezer

• Defrosting the embryos, which destroys them, so, they are kept in freezer

• Donation of the embryos for supervised adoption

• Choice to donate the frozen embryos for research. These donated embryos are the main 
source of human embryonic stem cell lines.
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Some embryonic experimental stem cell lines also come from embryos carrying harmful genetic 
mutations like cystic fibrosis or Tay Sachs disease. These are discovered by genetic testing prior to 
implantation. People who donate leftover embryos for research go through an extensive consent 
process. Under national and international regulations, no human embryonic stem cell lines can 
be created without explicit consent from the donor and without stringent regulatory protocols.

• Do embryonic stem cell lines come from aborted fetuses?

No. Embryonic stem cells only come from 4- to 5-day-old blastocysts or younger embryos 
otherwise it is bad criminal clinical practice.

• Does creating embryonic stem cell lines destroy the embryo?

In most cases, Yes. The hollow blastocyst—source of embryonic stem cells—contains a cluster 
of 20–30 cells called the “inner cell mass.” These are the cells that become embryonic stem 
cells in a lab dish. The process of extracting these cells destroys the embryo. There is a second 
method that creates embryonic stem cell lines without destroying the embryo. Instead, scien-
tists take a single cell from a very early stage IVF embryo and can use only one cell to develop 
a new line. The process of removing one cell from an early stage embryo has been done for 
many years as a way of testing the embryo for genetic predisposition to diseases such as Tay 
Sachs. This process is called “preimplantation genetic testing.”

5.3. Alternatives of embryonic stem cells

New alternatives are emerging to replace controversial embryonic stem cells. Notably, adult 
stem cells, pluripotent cells are promising sources.

• Are adult stem cells as good—or better—than embryonic stem cells?

Adult stem cells unlike embryonic stem cells can grow only to follow certain cell paths. The 
adult stem cells do not grow indefinitely in the lab, unlike embryonic stem cells, and they are 
not as flexible in the types of diseases they can treat. To establish the claims, large trials with 
both adult and embryonic stem cells are needed to know the value of adult stem cells.

• Do iPS cells eliminate the need to use embryos in stem cell research?

Induced-pluripotent stem cells, or iPS cells, represent another type of cells that could be 
used for stem cell research. The iPS cells are adult skin cells. They can be genetically “repro-
gramed” to appear like embryonic stem cells. The technology to generate human iPS cells was 
pioneered by Shinya Yamanaka in 2007 [44].

• Stem cell research may not lead to human cloning because significant regulatory and advi-
sory body has restrictions on reproductive cloning throughout world.

5.4. Scope of stem cell therapy: what clinics offer benefits from stem cell therapy?

Stem cell therapy, in some clinics, is making claims of healing based on new investigational 
personalized trials. Some clinical conditions are claimed to have limited benefit from stem cell 
therapies in recent years are mentioned in Table 2.
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Disease/Problems Benefits claimed Stem Cell Clinics posted on Internet webpages*

Knee and Hip 
problems

Disc degeneration

Ligament tears

Partial ossification

Partial ligament 
repair

https://www.villarbajwa.com/stem-cell-therapy-hip.shtml

https://www.wellmark.com/Provider/MedpoliciesAndAuthorizations/
MedicalPolicies/policies/Stem_Cell_Ortho.aspx

http://www.observer.com/2016/06/stem-cells-andrews-institute/

https://www.regenexx.com/the-regenexx-procedures/
knee-surgery-alternative/

https://articles.mercola.com/sites/articles/archive/2017/06/04/stem-cell-
therapy-repair-regenerate-body.aspx

Blood transfusion Increased counts https://www.cancer.net/navigating-cancer-care/how-
cancer-treated/bone-marrowstem-cell-transplantation/
what-stem-cell-transplant-bone-marrow-transplant

Back arthritis/
spine disease

Partial ossification http://www.jfas.org/article/S1067-2516(16)00027-2/fulltext

https://www.ncbi.nlm.nih.gov/pubmed/17598490

https://stemcellres.biomedcentral.com/articles/10.1186/scrt81

Pain Treatment Improved ECM https://www.stemcellcenters.com/conditions/orthopedic- 
pain-management/

https://www.stemcellcenters.com/conditions/neuropathy-pain/

Neck arthritis Partial ligament 
repair

https://www.stemcellfusion.com/post/stem-cell-therapy-for-neck-arthritis/

https://r3stemcell.com/conditions/shoulder-and-elbow-arthritis/

Shoulder, 
elbow, and hand 
problems

-do- http://sportssurgerychicago.com/alternative-shoulder-replacement-stem-cell-
therapy-westchester-oakbrook-hinsdale-il/

www.newyorkhandsurgery.com/services.html

Anti-aging and 
skin rejuvenation

Better skin looks http://www.startstemcells.com/anti-aging-treatment-naturally.html

Lupus 
Erythromatosus

https://www.regen-center.com/lupus.html

Asthma Better physiological http://stemcellrevolution.com/currently-studying/pulmonary/asthma/

COPD improvement http://www.startstemcells.com/COPD-treatment.html

Crohn’s Disease Abdominal pain 
relief

http://www.startstemcells.com/crohns-disease-treatment.html

Erectile 
Dysfunction

Better eraction https://dasilvainstitute.com/stem-cell-therapy-erectile-dysfunction/

Fibromyalgia Softer muscle, 
joints

http://renovationstemcellinstitute.com/stem-cell-treatment-fibromyalgia

Kidney Disease Improved KFT https://www.kidneycancer.org/get-information/
therapies-for-advanced-kidney-cancer/

www.neuralstem.com/cell-therapy-for-sci

https://lozierinstitute.org/
written-testimony-of-david-a-prentice-ph-d-in-support-of-sb-334/

www.medicalnewstoday.com/articles/264892.php

https://www.stemcellmexico.org/kidney-disease-treatments
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Some embryonic experimental stem cell lines also come from embryos carrying harmful genetic 
mutations like cystic fibrosis or Tay Sachs disease. These are discovered by genetic testing prior to 
implantation. People who donate leftover embryos for research go through an extensive consent 
process. Under national and international regulations, no human embryonic stem cell lines can 
be created without explicit consent from the donor and without stringent regulatory protocols.

• Do embryonic stem cell lines come from aborted fetuses?

No. Embryonic stem cells only come from 4- to 5-day-old blastocysts or younger embryos 
otherwise it is bad criminal clinical practice.

• Does creating embryonic stem cell lines destroy the embryo?

In most cases, Yes. The hollow blastocyst—source of embryonic stem cells—contains a cluster 
of 20–30 cells called the “inner cell mass.” These are the cells that become embryonic stem 
cells in a lab dish. The process of extracting these cells destroys the embryo. There is a second 
method that creates embryonic stem cell lines without destroying the embryo. Instead, scien-
tists take a single cell from a very early stage IVF embryo and can use only one cell to develop 
a new line. The process of removing one cell from an early stage embryo has been done for 
many years as a way of testing the embryo for genetic predisposition to diseases such as Tay 
Sachs. This process is called “preimplantation genetic testing.”

5.3. Alternatives of embryonic stem cells

New alternatives are emerging to replace controversial embryonic stem cells. Notably, adult 
stem cells, pluripotent cells are promising sources.

• Are adult stem cells as good—or better—than embryonic stem cells?

Adult stem cells unlike embryonic stem cells can grow only to follow certain cell paths. The 
adult stem cells do not grow indefinitely in the lab, unlike embryonic stem cells, and they are 
not as flexible in the types of diseases they can treat. To establish the claims, large trials with 
both adult and embryonic stem cells are needed to know the value of adult stem cells.

• Do iPS cells eliminate the need to use embryos in stem cell research?

Induced-pluripotent stem cells, or iPS cells, represent another type of cells that could be 
used for stem cell research. The iPS cells are adult skin cells. They can be genetically “repro-
gramed” to appear like embryonic stem cells. The technology to generate human iPS cells was 
pioneered by Shinya Yamanaka in 2007 [44].

• Stem cell research may not lead to human cloning because significant regulatory and advi-
sory body has restrictions on reproductive cloning throughout world.

5.4. Scope of stem cell therapy: what clinics offer benefits from stem cell therapy?

Stem cell therapy, in some clinics, is making claims of healing based on new investigational 
personalized trials. Some clinical conditions are claimed to have limited benefit from stem cell 
therapies in recent years are mentioned in Table 2.
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Disease/Problems Benefits claimed Stem Cell Clinics posted on Internet webpages*

Knee and Hip 
problems

Disc degeneration

Ligament tears

Partial ossification

Partial ligament 
repair

https://www.villarbajwa.com/stem-cell-therapy-hip.shtml

https://www.wellmark.com/Provider/MedpoliciesAndAuthorizations/
MedicalPolicies/policies/Stem_Cell_Ortho.aspx

http://www.observer.com/2016/06/stem-cells-andrews-institute/

https://www.regenexx.com/the-regenexx-procedures/
knee-surgery-alternative/

https://articles.mercola.com/sites/articles/archive/2017/06/04/stem-cell-
therapy-repair-regenerate-body.aspx

Blood transfusion Increased counts https://www.cancer.net/navigating-cancer-care/how-
cancer-treated/bone-marrowstem-cell-transplantation/
what-stem-cell-transplant-bone-marrow-transplant

Back arthritis/
spine disease

Partial ossification http://www.jfas.org/article/S1067-2516(16)00027-2/fulltext

https://www.ncbi.nlm.nih.gov/pubmed/17598490

https://stemcellres.biomedcentral.com/articles/10.1186/scrt81

Pain Treatment Improved ECM https://www.stemcellcenters.com/conditions/orthopedic- 
pain-management/

https://www.stemcellcenters.com/conditions/neuropathy-pain/

Neck arthritis Partial ligament 
repair

https://www.stemcellfusion.com/post/stem-cell-therapy-for-neck-arthritis/

https://r3stemcell.com/conditions/shoulder-and-elbow-arthritis/

Shoulder, 
elbow, and hand 
problems

-do- http://sportssurgerychicago.com/alternative-shoulder-replacement-stem-cell-
therapy-westchester-oakbrook-hinsdale-il/

www.newyorkhandsurgery.com/services.html

Anti-aging and 
skin rejuvenation

Better skin looks http://www.startstemcells.com/anti-aging-treatment-naturally.html

Lupus 
Erythromatosus

https://www.regen-center.com/lupus.html

Asthma Better physiological http://stemcellrevolution.com/currently-studying/pulmonary/asthma/

COPD improvement http://www.startstemcells.com/COPD-treatment.html

Crohn’s Disease Abdominal pain 
relief

http://www.startstemcells.com/crohns-disease-treatment.html

Erectile 
Dysfunction

Better eraction https://dasilvainstitute.com/stem-cell-therapy-erectile-dysfunction/

Fibromyalgia Softer muscle, 
joints

http://renovationstemcellinstitute.com/stem-cell-treatment-fibromyalgia

Kidney Disease Improved KFT https://www.kidneycancer.org/get-information/
therapies-for-advanced-kidney-cancer/

www.neuralstem.com/cell-therapy-for-sci

https://lozierinstitute.org/
written-testimony-of-david-a-prentice-ph-d-in-support-of-sb-334/

www.medicalnewstoday.com/articles/264892.php

https://www.stemcellmexico.org/kidney-disease-treatments
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For investigational treatment, consumers need to discuss with doctor to know the potential 
risks and benefits out of SCBP-based treatment with clear information of mandatory EU or 
FDA or country approval and regulation for clinical trial study before giving consent to par-
ticipate in study. Consumers often do not know about SCBP product safety and efficacy out-
side EU and USA. Consumers should be aware of regulatory authority guidelines and safety, 
efficacy regulations (risk/benefit evaluation) covering SCBPs in countries before taking deci-
sion of treatment in those countries. Safety concerns of SCBPs mainly are: possible cell migra-
tion from site of administration to differentiate into inappropriate cell types at unexpected 
tissue sites, excessive new cell growth and tumor, or cancer development.

In nutshell, there is a mixed claim of stem cell therapy success, because of unfounded the-
ory, trials, misguided treatments, and no clinical established research to justify the therapy 

Disease/Problems Benefits claimed Stem Cell Clinics posted on Internet webpages*

Multiple Sclerosis

Parkinson’s 
Disease

Loss in lesions

Better motor 
function

https://www.placidway.com/package/3477

http://alsworldwide.org/research-and-trials/category/stem-cells

http://www.healthyhabitswellness.net/stem-cell-regenerative/

http://www.nymag.com/daily/intelligencer/2015/06/gordie-howe-protocol-
stem-cells.html

Osteoarthritis

Osteoporosis

Psoriatic Arthritis, 
Neck Arthritis

Rheumatoid 
Arthritis

Back arthritis and 
spine disease

Pain Treatment

Oral Maxillofacial 
Densistry

TMJ

Slow bone loss

Osteogenesis

Ossification

-do-

-do-

Neural recovery

Bone repair

https://www.hindawi.com/journals/bmri/2014/951512/.pdf

https://www.macquariestemcells.com/stem-cell-treatment-for-arthritis/

www.drlox.com/

https://treatingpain.com/treatment/regenexx-stem-cell-therapy

www.greensidevetpractice.co.uk/stem-cell-therapy/

http://ocsportsmed.com/wp-content/uploads/2015/07/trifold.pdf

http://www.cjonline.com/news/2016-12-03/
topeka-physician-adds-adult-derived-stem-cell-treatment-practice

https://www.paindoctor.com/Pain_Treatments

http://www.whatisstemcelltherapy.com/Regenerative-Medicine/
Regenerative-Medical-Technology

https://www.cryo-cell.com/cord-blood-treating-diseases

www.faim.org/why-cant-we-use-our-own-stem-cells

Ulcerative Colitis Colon repair https://www.cirm.ca.gov/

https://www.thenewatlantis.com/publications/
appendix-b-the-promise-of-stem-cell-therapies

http://www.allelebiotech.com/cell-therapy/cell-banking/

Hair loss (in both 
men and women)

Hair growth https://www.bioinformant.com/product/stem-cell-fact-sheet/

https://www.bioinformant.com/product/
guide-accelerated-regulatory-pathways/

http://www.orangecountyhairrestoration.org/stem-cell-therapy-hair-loss-
treatment.html

Regenerative 
medicine

Better wound repir https://books.google.co.in/books?isbn=111997139X

Table 2. Several stem cell therapy clinics claim the benefits are shown on internet websites* (right click active).
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and treatment while federal authorities are plagued by false promises of medical experts 
under influence of stem cell and tissue engineering product manufacturers. Investigators and 
researchers have to lot of homework and hard efforts to solve this problem.
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ory, trials, misguided treatments, and no clinical established research to justify the therapy 

Disease/Problems Benefits claimed Stem Cell Clinics posted on Internet webpages*

Multiple Sclerosis

Parkinson’s 
Disease
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Abstract

Hematopoietic stem cells (HSCs) have the ability to self-renew and give rise to all lin-
eages of blood cells while remain the capacity of regenerative in hematopoiesis. As the 
only stem cell type in routine clinical use, HSCs can be isolated from bone marrow, 
peripheral blood and umbilical cord blood. Stem cells transplantation is mainly used in 
HSCs while the trans-differentiation ability broadens the research of HSCs in regenera-
tive medicine. Here, we focus on the current view on hematopoiesis and beyond and 
summarize the clinical application and the regulation of the fate of HSCs. We intend to 
outline recent advances in the human HSCs research area and review the characteristic 
of HSCs from definition through development to their clinical applications and future 
prospect.

Keywords: hematopoietic stem cells, stem cell niche, migration, transplantation, 
regenerative medicine, clinical application, bone marrow, microenvironment, 
trans-differentiation

1. Introduction

Hematopoietic stem cells (HSCs) identification was confirmed in the 1950s after the first suc-
cessful transplant was performed by Thomas et al. [1]. This transplantation involved identical 
twins, one of whom had leukemia. In 1968, the first major landmark in HSCs transplanta-
tion occurred with successful allogeneic transplantations [2]. In 1988, Irving Weissman et al. 
developed reliable methods to identify HSCs population based on a set of protein markers on 
the surface of mouse blood cells with flow cytometry and fluorescence-activated cell sorting 
(FACS) [3]. The technologic advances on HSCs researches, FACS and methods for in vitro 
assays have extended to the whole field of stem cell researches, such as embryonic stem cells, 
induced pluripotent stem cells, adult stem cells and cancer stem cells, which directly lead 
to fast forward the translational applications of stem cell. Four years later, Weissman lab 
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proposed a comparable set of markers for the human stem cells [4]. Conceptually, human 
HSCs firstly appear in the earliest embryo, then move to spleen and fetal liver and ultimately 
migrate to bone marrow (BM) [5]. The specific microenvironments existing within the BM 
area have been extensively explored, which can host HSCs and other supporting cells, then 
further organize interaction between cells and cells and cells and growth factors in order to 
sustain specific aspects of hematopoiesis, such as HSCs survival, self-renewal and differentia-
tion [6]. These special hematopoietic microenvironments are also termed as “Niche,” which 
was first proposed by Schofield in 1978 and significant progresses have gained on hemato-
poietic niche [7]. Currently, it is gradually established that the main work of hematopoietic 
microenvironments is undertaking to support hematopoiesis (Figure 1). In general, HSCs are 
mainly maintained in BM microenvironment, which can regulate the proliferation, differen-
tiation and mobilization of HSCs. Nonetheless, said developments in this field will throw 
light on hematopoietic diseases such as leukemia and aplastic anemia, rapid hematopoietic 
recovery after chemotherapy or shortening the time for hematopoietic reconstruction after 
HSCs transplantation.

2. HSCs transplantation

HSCs transplantation is most often performed for patients with malignant blood diseases, 
such as leukemia and multiple myeloma, or aplastic anemia, inherited blood disorders and 
many others. The procedure of HSCs transplantation has four steps including cell collection, 
patient preparation, cells transplantation and recovery. Allogeneic and autologous are the 

Figure 1. The model of HSCs niche. The hematopoietic niches that hematopoietic stem cells mainly reside are mainly 
located in the BM during adulthood. They are composed of complex components including HSCs and other functional 
elements such as vessels, stromal cells, ECM proteins, neural inputs and endothelial cells (ECs). Only through interaction 
with these components, HSCs can keep self-renewal and differentiation. Under the help of such “blocks,” the progenitor 
cells derived from HSCs locating at the inner surface of BM migrate to blood vessels at the center of the BM cavity when 
they differentiate into mature blood cells. Reprinted by permission from the publisher.
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two main types of HSCs transplantation. Allogeneic HSCs are derived from a matched donor, 
whereas autologous HSCs are isolated from the patients. After cell collection, patients need 
chemotherapy, with or without radiation to destroy the hematopoietic function and make 
space for the transplant. Transplantation will be proceeded with intravenous injection after 
patient preparation. Recovery after cells transplant can last weeks to months.

However, HSCs transplantation remains a dangerous procedure with many possible compli-
cations; it is reserved for patients with life-threatening diseases. Infection and graft-versus-
host disease (GVHD) are major complications of allogeneic HSCs transplantation. A major 
challenge in improving the success of allogeneic hematopoietic stem cells in the treatment of 
leukemia is to minimize GVHD reactions and simultaneously optimize graft-versus-leukemia 
(GVL) reactions. Therefore, it remains to see the era of predicting biological behavior based 
on the knowledge of molecular mechanisms in HSCs transplantation, and how host responds 
to the transplanted HSCs.

3. Migration of HSCs into and out of marrow and tissues

The progress of stem cell research, along with technological innovation, has brought research-
ers to focus on the potential role of stem cells in regenerative medicine. Bone marrow-derived 
stem cells, including HSCs, can potentially restore the function of diseased or damaged tis-
sues/organs, offering significant potential for regenerative medicine [8]. Moreover, trans-dif-
ferentiation or plasticity of HSCs in repair or rejuvenation of tissues and organs have drawn 
focused attention [9]. It has been proposed that HSCs continue to migrate via the blood stream 
throughout adulthood. Continuous migration of HSCs among the organs and circulation 
likely fill the empty or damaged niches and contribute to the maintenance of normal organ 
functions and restoring degraded tissues [5, 6, 8–10] (Figure 2). Both tissue repair and regen-
eration are thought to involve resident cell proliferation as well as the selective recruitment 
of circulating HSCs [11]. Moreover, differentiation of HSCs into cardiomyocytes also give 
rise to thoughts that the HSCs population is critical for myocardium homeostasis and these 
repair progress after injury via reprogramming the phenotype of HSCs to induce cardiomyo-
cyte renewal [9]. Furthermore, other HSCs transplantation models have shown that HSCs 
could transdifferentiate into liver, brain, skeletal muscle, kidney, intestine and many others 
[9]. Several studies have shown a constant exchange of HSCs between bone and peripheral 
blood and it has been estimated that up to 400 HSCs circulate in the blood of a mouse at any 
one time [12] (Figure 2). The efficiency of BM cell-based therapy to augment the recovery 
from damaged tissues depends on not only sufficient amount of stem cells but also efficient 
delivery of these cells to the desired target tissue. HSCs are unique in their ability to migrate 
to various sites, ensuring the safety and integrity of their regenerative potential.

Currently, there are some clinical trials about bone marrow-derived stem cells in clinical trial 
(clinicaltrials.gov). A number of trials are focused on the safety and efficacy of autologous/
allogeneic stem cell transplantation for treatment of a diverse array of diseases (Table 1). 
The results of these trials have confirmed that HSCs injection is safe and has the capability 
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to improve target tissue/organ function. However, the number of trafficking HSCs in blood 
stream is at an extremely low level [13]. Promoting BM stem cell mobilization is a common 
strategy to augment the cellular yield of peripheral blood apheresis for clinical stem cell trans-
plantation, and a similar approach has been suggested to increase the number of circulating 
cells available for homing to the damaged sites following injury [10–14]. The self-renewal and 
trans-differentiation capacities of BM stem cells are worthless unless their migration to target 
tissues can be appropriately orchestrated [15].

Figure 2. Maintenance and trafficking of HSCs in various tissues and organs. Besides the initial findings that HSCs 
are located in bone marrow, this extremely rare population of cells is also detected in other adult tissues (e.g. brain, 
kidney, skeletal muscle and pancreas). HSCs could be a potential back-up source for restoring the function of diseased 
or damaged tissues/organs. Reprinted by permission from the publisher.

Clinical study Study 
phase

Source Procedure Year Disease Reference

NCT01183728 I, II Autologous Articular injection 2014 Knee osteoarthritis [18]

NCT01775774 I Allogeneic Intravenous injection 2015 Acute respiratory 
distress syndrome

[19]

NCT00768066 I, II Autologous Transendocardial 
injection

2013 Ischemic heart failure [20]

NCT00629018 II Autologous Intracoronary injection 2013 Dilated 
cardiomyopathy

[21]

NCT01363401 I, II Autologous Intrathecal injection 2013 Amyotrophic lateral 
sclerosis

[22]

Table 1. Completed bone marrow-derived stem cell-based clinical trials in regenerative medicine registered at https://
clinicaltrials.gov/
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4. Present state of art and limitations

Allogeneic and autologous HSCs transplantation is mainly used in in the treatment of hema-
tologic and genetic conditions. According to the data collected by Worldwide Network for 
Blood & Marrow Transplantation (WBMT), 953,651 HSC transplantations (553,350 [58%] 
autologous and 400,301 [42%] allogeneic) were reported by 1516 transplant centers from 75 
countries [16] between January 1, 2006 and December 31, 2014. The use of HSC transplanta-
tions increased from the first transplant in 1957 to almost 1 million by December, 2012. This 
result suggests an increasing need of HSCs in clinical application. However, there are a num-
ber of challenges and limitations still confront the clinical application of HSC transplanta-
tion, such as limited HSC numbers in donor grafts and availability of HLA-matched donors. 
Besides, many complications such as infection, veno-occlusive disease (VOD) and GVHD 
after HSCs transplantation also influence quality of the patients’ life, which limits its use to 
conditions that are themselves life-threatening. The challenges in the HSCs transplantation 
field are big for increasing cell survival rate after engraftment and decreasing major complica-
tions associated with a high treatment-related mortality in the recipient including infections 
(sepsis), GVHD and the development of new malignancies.

5. Future perspectives

HSCs are the best characterized adult stem cell type, which are mainly used in hematological 
disease. Several studies on HSCs biology and transplantation in their clinical therapy. Over 
recent years, it came as a great surprise that several models had shown that the trans-differ-
entiation of HSCs may cross germ-layer boundaries and differentiate into some mature cells 
from different layer, which suggest that somatic stem cells, including HSCs, may serve as a 
cell source for tissue engineering or cell therapy [17]. Besides, induced pluripotent stem (iPS) 
cell-derived HSCs could be an ideal source for resolving current limitations related to HSCs 
transplantation. The use of iPS cells to generate HSCs is of considerable therapeutic interest, 
as traditional HSCs transplantation is limited by the lack of compatible donors, a high risk of 
engraftment failure and GVHD. In conclusion, these efforts could expand the use of HSCs in 
several different diseases, reduce the incidence of complications and increase the size of the 
beneficiary populations.

6. Conclusion

In conclusion, HSCs are somatic stem cells, which are vital in cell-based clinical application. 
After years of research, HSCs transplantation and therapy from an experimental concept to a 
safe clinical cure for numbers of diseases. With further study in the trans-differentiation and 
niche of HSCs, there is no doubt that HSCs have great prospects for application in stem cell 
transplantation and regenerative medicine.
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Abstract

Stem cells persist throughout life, replacing cells lost to homeostatic turnover, injury, 
and disease. However, their functions decline with age, which contributes to degenera-
tion and dysfunction. The molecular mechanisms involved in the aging of stem cells are 
the same as the ones involved in the aging of somatic cells, including telomere shorten-
ing, oxidative stress, epigenetic dysregulation, miRNAs changes, alterations of DNA, 
RNA, proteome, and various cellular organelles. Aging impacts various pathways, such 
as insulin/insulin-like growth factor 1 (IGF-1), mTOR, FoxO, AMP-activated protein 
kinase (AMPK), sirtuin, and many others, resulting in senescent stem cells that exhibit 
functional and numerical impairment. Stem cells have developed special mechanisms 
to prevent age related damage accumulation and to sustain their stemness properties, 
however, these mechanisms lose their effectiveness over time. The most fatal conse-
quence of this is found in the immune system, where both innate and adaptive immu-
nity are affected, exhibiting a plethora of defects, including increased autoimmune 
disease occurrence, elevated tolerance to cancer and chronic inflammatory status. Stem 
cell therapies call for the best quality of stem cells grafts. Stem cell products should be 
devoid of cells containing a senescent phenotype, thus a comprehensive knowledge of 
the biology behind the senescence of stem cells should be taken into account in every 
cell based therapy.

Keywords: molecular mechanisms of aging, senescence, stem cell niche, epigenetic 
changes, telomere attrition, stem cell pool, mitochondrial changes, proteostasis, immune 
deterioration, shortened life span

1. Introduction – Stem cells aid regeneration and longevity

An 70 kg adult human body consists of approximately 3.72 × 1013 cells [1]. These trillions of 
cells are not permanent and a majority of them are constantly renewed throughout our life-
time, although some of them – such as cells in the lenses of our eyes and some of the neurons 
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of our central nervous system – are thought to be an exception. The frequency of renewal 
depends on the function of the cells and may vary from several hours to several years. A col-
lection of the replacement rates of different cells in our body is given in Table 1.

The renewal of adult tissues is enabled by specialized cells that function over the lifetime of 
an organism, i.e., the stem cells (SCs). They persist throughout life in numerous mammalian 

Cell type Turnover time

Small intestine epithelium 2–4 days

Stomach 2–9 days

Blood neutrophils 1-5 days

White blood cells eosinophils 2-5 days

Gastrointestinal colon crypt cells 3–4 days

Cervix 6 days

Lungs alveoli 8 days

Tongue taste buds (rat) 10 days

Platelets 10 days

Bone osteoclasts 2 weeks

Intestine Paneth cells 20 days

Skin epidermis cells 10–30 days

Pancreas beta cells (rat) 20–50 days

Blood B cells 4–7 weeks

Trachea 1–2 months

Hematopoietic stem cells 2 months

Sperm (male gametes) 2 months

Bone osteoblasts 3 months

Red blood cells 4 months

Liver hepatocyte cells 0.5–1 year

Fat cells 8 years

Cardiomyocytes 0.5–10% per year

Central nervous system life time

Skeleton 10% per year

Lens cells life time

Oocytes (female gametes) life time

Adapted from: http://bionumbers.hms.harvard.edu/bionumber.aspx?&id=107875

Table 1. Cell renewal rates in different tissues of the human body.

Stem Cells in Clinical Practice and Tissue Engineering32

tissues, replacing cells lost to homeostatic turnover, injury, and disease. Stem cells reside in 
specific anatomic reservoirs, such as bone marrow, and circulate in the organism when needed. 
SCs represent a very small proportion in adult tissues. It is estimated that the bone marrow 
of a 70 kg adult human contains around 1.5–1.7 × 1012 cells, among them only 45–120 × 106 
are true hematopoietic stem cells (HSCs) that give rise to more frequent progenitors (Jazbec 
et al. 2017, submitted). The frequencies of stem cells in other tissues are even lower and still 
a matter of debate.

Adult SCs can typically self-renew and differentiate into multiple cell types within a devel-
oping and adult body. Due to their self-renewal capacity they were regarded as immortal 
reservoirs of youth, however, they are nonetheless susceptible to the age related damages. 
To prevent or reverse the accumulation of age related damage and epigenetic changes, SCs 
developed special mechanisms to maintain long telomeres, enhance proteostasis, avoid ROS 
production and defend against toxic substances. In spite of that, their functions decline with 
age in a number of tissues, including blood, forebrain, skeletal muscle, skin and all the other 
tissues as reviewed by Schultz et al. [2].

Declines in stem cell functions not only contribute to degeneration and dysfunction of aging 
tissues, but also negatively affect the life span of the organism [3, 4]. Some strong evidence for 
SCs as regulators of longevity comes from animal studies. For instance, if in C. elegans germ-
line stem cells (GSCs) are eliminated, this almost doubles its lifespan [5] and such a phenom-
enon is highly conserved [6]. Similarly, if the fruit flies are modified with overexpression of 
a PGC-1α homolog or a heat-shock response transcription factor and moderate repression of 
insulin/IGF or JNK signaling, this directly extends their life span [7], implying that improved 
stem cell function leads to better tissue function, and that stem cell aging underlies the aging 
of tissues and organs.

In humans, there is considerable evidence supporting the fact that young stem cells perform 
better than old ones. Proof of this concept is best documented is the recent multicenter study 
on the success of hematopoietic stem cell transplantation, which is currently the most popular 
and efficient cell therapy for malignant diseases. In more than 6000 cases of allogeneic bone 
marrow transplantation between 2007 and 2011, it was clearly shown that patient survival 
was significantly better after grafts from young donors (aged 18–32 years) were used. For 
every 10-year increment in donor age, there was a 5.5% increase in the hazard ratio for overall 
mortality [8]. This is probably one of the most important findings in this field, suggesting that 
for regenerative purposes, and other stem cell therapies, grafted stem cells should be young 
and devoid of senescent defects.

2. The biology of stem cell aging

Adult stem cells express several characteristic features that are specific to stem cells, as 
well as certain features that are found in any other somatic cell in the body. They express 
telomerase – an enzyme required for telomere extension that is essential for repeated self-
renewal, they cycle between phases of quiescence and activation needed for the production 
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on the success of hematopoietic stem cell transplantation, which is currently the most popular 
and efficient cell therapy for malignant diseases. In more than 6000 cases of allogeneic bone 
marrow transplantation between 2007 and 2011, it was clearly shown that patient survival 
was significantly better after grafts from young donors (aged 18–32 years) were used. For 
every 10-year increment in donor age, there was a 5.5% increase in the hazard ratio for overall 
mortality [8]. This is probably one of the most important findings in this field, suggesting that 
for regenerative purposes, and other stem cell therapies, grafted stem cells should be young 
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2. The biology of stem cell aging

Adult stem cells express several characteristic features that are specific to stem cells, as 
well as certain features that are found in any other somatic cell in the body. They express 
telomerase – an enzyme required for telomere extension that is essential for repeated self-
renewal, they cycle between phases of quiescence and activation needed for the production 
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of progeny, their chromatin exists in a bivalent state primed for self-renewal or differentia-
tion, they have unique metabolic requirements, they distribute their macromolecules asym-
metrically during asymmetric cell divisions, and they reside in niches that regulate their 
behavior [9].

The molecular mechanisms that are involved in the aging of adult stem cells are the same 
as the ones involved in the aging of the somatic cells. Traits and mechanisms that are 
affected by aging are present in various populations of stem cells. The age-related decline 
of stem cells is mainly functional, but in some cases, a decline in stem cell numbers can 
also be observed. Since many of these mechanisms appear simultaneously, it is practically 
impossible to trace or determine a single initial damaging agent that causes the cascade 
of other detrimental sequences. Therefore authors agree that aging is probably the result 
of multifactorial derangements caused by several causative factors that act in parallel, 
including the formation of damaging reactive oxygen species (ROS), telomere attrition, 
DNA damage and mutations, epigenetic changes (alterations of histones, DNA and the 
consequent dysregulation of gene expression), mitochondrial DNA mutations with mito-
chondrial decline, changes of microRNAs, ribosomal changes and defects of RNA splic-
ing, changes of proteostasis, changes in cellular polarity, changes in nutrient sensing and 
metabolism, niche deterioration, improper accumulation of various circulating factors, 
stem cell pool exhaustion, cellular senescence with cell cycle arrest, and altered intercel-
lular communication (Table 2).

1. Formation of damaging reactive oxygen species (ROS)

2. Mitochondrial DNA mutations, decline of mitochondrial integrity and biogenesis

3. Nuclear damage and nuclear DNA mutations

4. Telomere shortening /attrition

5. Epigenetic changes/alterations of histones and DNA and consequent dysregulation of gene expression

6. Changes of microRNAs

7. Changes of RNA splicing and ribosomal machinery

8. Changes of proteostasis

9. Changes of cell polarity

10. Metabolism and nutrient sensing

11. Niche deterioration

12. Accumulation of various circulating factors

13. Stem cell pool exhaustion

14. Cellular senescence – arrest of the cell cycle

15. Altered intercellular communication

Table 2. Multifactorial causes of stem cell aging.
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2.1. Formation of damaging reactive oxygen species (ROS) and oxidative stress

The free radical theory of aging has been long accepted as the most plausible explanation 
for the aging process. It was first formulated in the 1950s by Harman who hypothesized that 
an accumulation of endogenous oxygen radicals (reactive oxygen species, or ROS) occurs, 
which in turn causes further mitochondrial deterioration and the global cellular damage 
responsible for the aging and death of all living beings [10]. This theory was then revised in 
1972 when mitochondria were identified as being responsible for the initiation of most of the 
free radical reactions [11]. It was also postulated that life span was determined by the rate of 
free radical damage to the mitochondria. Mitochondrial respiration, the basis of energy pro-
duction in all eukaryotes, generates ROS by leaking intermediates from the electron trans-
port chain [12]. In all aerobic organisms, age-related oxidative stress is generated either by 
exposure to endogenous metabolites or exogenous sources such as radiation (UV, X-ray), and 
ROS accumulation is the result of an imbalance between free radical production and antioxi-
dant defenses, such as superoxide dismutase that is responsible for scavenging superoxide 
anions [12, 13]. In fact, oxidative modifications have been shown to occur in DNA, protein, 
and lipid molecules [14].

Whereas young stem cells contain a spectrum of antioxidant mechanisms, aged stem cells 
display an inadequate anti-oxidant defense that is associated with functional impairment, 
including decreased responsiveness to physical environmental cues and decreased resistance 
to oxidative stress [15]. In several studies, aging stem cells from bone marrow and adipose tis-
sue showed a significantly reduced capacity for coping with oxidative stress with increasing 
donor age [16, 17]. Therefore, oxidative stress is still recognized as the fundamental underly-
ing component of the aging process, leading to dysregulation of various cellular pathways 
and the subsequent accumulation of toxic aggregates and cellular debris, and ultimately to 
the activation of cell death/survival pathways leading to apoptosis, necrosis, or autophagy, as 
reviewed by Haines, et al. [18].

However, recent developments have forced an intense re-evaluation of the mitochondrial free 
radical theory of aging after the unexpected observation that increased ROS may paradoxi-
cally prolong the lifespan of yeast and Caenorhabditis elegans [19–21]. In mice, genetic manipu-
lations, which increased mitochondrial ROS and oxidative damage, did not accelerate aging 
as one would expect [22, 23]. Furthermore, manipulations that increased antioxidant defenses 
did not extend longevity [24], and lastly, genetic manipulations that impaired mitochondrial 
function but did not increase ROS, accelerated aging [25, 26]. There has also been other solid 
evidence that in response to physiological signals and stress conditions, ROS triggered prolif-
erative and survival signals [27].

The mitochondrial theory of aging has also been challenged as it has become clear that 
there exists a rather complicated interplay between various other cellular compartments 
[28]. Dysfunctional mitochondria can contribute to aging independently of ROS, as dem-
onstrated by studies with mice deficient in DNA polymerase γ [29, 30]. This could happen 
through a number of mechanisms, for example, mitochondrial deficiencies may affect apop-
totic signaling by increasing the propensity of cell’s death through mitochondrial membrane 
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for the aging process. It was first formulated in the 1950s by Harman who hypothesized that 
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which in turn causes further mitochondrial deterioration and the global cellular damage 
responsible for the aging and death of all living beings [10]. This theory was then revised in 
1972 when mitochondria were identified as being responsible for the initiation of most of the 
free radical reactions [11]. It was also postulated that life span was determined by the rate of 
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anions [12, 13]. In fact, oxidative modifications have been shown to occur in DNA, protein, 
and lipid molecules [14].

Whereas young stem cells contain a spectrum of antioxidant mechanisms, aged stem cells 
display an inadequate anti-oxidant defense that is associated with functional impairment, 
including decreased responsiveness to physical environmental cues and decreased resistance 
to oxidative stress [15]. In several studies, aging stem cells from bone marrow and adipose tis-
sue showed a significantly reduced capacity for coping with oxidative stress with increasing 
donor age [16, 17]. Therefore, oxidative stress is still recognized as the fundamental underly-
ing component of the aging process, leading to dysregulation of various cellular pathways 
and the subsequent accumulation of toxic aggregates and cellular debris, and ultimately to 
the activation of cell death/survival pathways leading to apoptosis, necrosis, or autophagy, as 
reviewed by Haines, et al. [18].

However, recent developments have forced an intense re-evaluation of the mitochondrial free 
radical theory of aging after the unexpected observation that increased ROS may paradoxi-
cally prolong the lifespan of yeast and Caenorhabditis elegans [19–21]. In mice, genetic manipu-
lations, which increased mitochondrial ROS and oxidative damage, did not accelerate aging 
as one would expect [22, 23]. Furthermore, manipulations that increased antioxidant defenses 
did not extend longevity [24], and lastly, genetic manipulations that impaired mitochondrial 
function but did not increase ROS, accelerated aging [25, 26]. There has also been other solid 
evidence that in response to physiological signals and stress conditions, ROS triggered prolif-
erative and survival signals [27].

The mitochondrial theory of aging has also been challenged as it has become clear that 
there exists a rather complicated interplay between various other cellular compartments 
[28]. Dysfunctional mitochondria can contribute to aging independently of ROS, as dem-
onstrated by studies with mice deficient in DNA polymerase γ [29, 30]. This could happen 
through a number of mechanisms, for example, mitochondrial deficiencies may affect apop-
totic signaling by increasing the propensity of cell’s death through mitochondrial membrane 
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permeabilization in response to stress [31], and trigger inflammatory reactions by favoring 
ROS-mediated and/or permeabilization- facilitated activation of inflammasomes [32]. Also, 
mitochondrial dysfunction may directly impact cellular signaling and interorganellar cross-
talk, by affecting mitochondrion-associated membranes that constitute an interface between 
the outer mitochondrial membrane and the endoplasmic reticulum [33].

The mitochondrial ROS that were considered the main cause of age related defects actually 
contribute positively to various signaling pathways and normal cellular responses, such 
as adaptation to hypoxia, cellular differentiation, autophagy, inflammation, and immune 
responses, as reviewed recently [28, 34], meaning that ROS are also beneficial for cellular 
biology.

2.2. Mitochondrial DNA mutations, the decline of mitochondrial integrity  
and biogenesis

Mitochondrial function has a profound impact on the aging process. Mitochondrial dysfunc-
tion can accelerate aging in mammals. It was generally believed that age-related pathology 
was caused by defects of mitochondria related to oxidative stress, leading to the accumulation 
of irreparable changes of nucleic acids, proteins, and lipid molecules [14, 35]. But there are 
also other defects of mitochondria that develop during normal aging. Similar to the nuclear 
DNA, mitochondrial DNA (mtDNA) is exposed to mutations and deletions in aged cells, 
which are not found in nuclear DNA, and which also contribute to aging [36]. This is aggra-
vated by the oxidative microenvironment of the mitochondria and the limited efficiency of the 
mtDNA repair mechanisms [37].

The mutations that can lead to mitochondrial dysfunction and death are now detectable in 
generated induced pluripotent stem cell (iPSC) lines, i.e., expanded clones from each indi-
vidual skin or blood cell. As a result, every cell in the iPSC line contains the same mitochon-
drial DNA (mtDNA) mutations as the original adult cell, and can for this reason be easily 
sequenced. We now know that to ensure healthy mitochondrial genes, we must screen stem 
cells for mutations or collect them at a younger age. This may help illuminate the role of 
mutated mitochondria in degenerative diseases and to assess the patient-derived regenerative 
products destined for clinical applications [38].

Interestingly, most mtDNA mutations in adult or aged cells appear to be caused by replica-
tion errors early in life, rather than by oxidative damage. These mutations may undergo poly-
clonal expansion and cause respiratory chain dysfunction in different tissues [39]. Studies of 
accelerated aging in HIV-infected patients treated with anti-retroviral drugs, which interfere 
with mtDNA replication, have supported the concept of clonal expansion of mtDNA muta-
tions that originated early in life [40].

Aging also affects the biogenesis of mitochondria. Mitochondrial biogenesis is the process by 
which cells increase their individual mitochondrial mass and copy their number to increase 
the production of ATP, as a response to greater energy needs. With aging, the reduced effi-
ciency of mitochondrial bioenergetics may be a result of multiple converging mechanisms, 
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including reduced biogenesis of mitochondria. For instance, in telomerase-deficient mice, 
it can be a consequence of telomere attrition with subsequent p53-mediated repression of 
PGC-1α and PGC-1β (peroxisome proliferator-activated receptor gamma coactivator 1 – alpha 
and –beta, which are the master regulators of mitochondrial biogenesis) [41]. This mitochon-
drial decline also occurs during physiological aging in wild-type mice and can be partially 
reversed by telomerase activation [42]. Sirtuin 1 (SIRT1) modulates mitochondrial biogenesis 
through a process involving the transcriptional co-activator PGC-1α [43] and the removal of 
damaged mitochondria by autophagy [44]. SIRT3, which is the main mitochondrial deacety-
lase [45], targets many enzymes involved in energy metabolism, including components of the 
respiratory chain, tricarboxylic acid cycle, ketogenesis and fatty acid β-oxidation pathways 
[46]. SIRT3 may also directly control the rate of ROS production by deacetylating manganese 
superoxide dismutase, a major mitochondrial antioxidant enzyme [47]. Collectively, these 
results support the idea that sirtuins may act as metabolic sensors to control mitochondrial 
function and play a protective role against age-associated diseases [48, 49].

Interestingly, endurance training and alternate-day-fasting may improve healthspan through 
the capacity to avoid mitochondrial degeneration [50, 51]. It is tempting to speculate that 
these beneficial effects are mediated, at least in part, through the induction of autophagy, for 
which both endurance training and fasting constitute potent triggers [52]. However, autoph-
agy induction is probably not the sole mechanism through which a healthy lifestyle can retard 
aging, since, depending on the precise diet reduction regime, additional longevity pathways 
can be activated [53].

The combination of increased damage and reduced turnover in mitochondria, due to lower 
biogenesis and reduced clearance, may contribute to the aging process [48]. Some other 
mechanisms can also affect the mitochondrial bioenergetics and contribute to the aging 
mitochondrial phenotype, among them the mutations and deletions in mtDNA, oxidation 
of mitochondrial proteins, destabilization of the macromolecular organization of respira-
tory chain, defects of the lipid membranes, and defective autophagy that targets deficient 
mitochondria [54].

In conclusion we could say that the importance of mitochondria in the basic biology of aging 
and the pathogenesis of age-associated diseases is stronger than ever, although the emphasis 
has moved from ROS to other causative aspects. Obviously, besides the mitochondrial dys-
function due to ROS, there exists a complex interplay of several other factors of aging, such as 
mDNA mutations, changes of lysosome processing, endoplasmic reticulum stress, genomic 
instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutri-
ent sensing, altered intercellular communication, mitochondrial biogenesis and turnover, 
energy sensing, apoptosis, senescence, and calcium dynamics. Mitochondria do play one of 
the key roles in the pathophysiology of aging and events that lead to the aged phenotype, 
therefore they will increasingly be targeted to prevent and treat chronic diseases and to pro-
mote healthy aging [48, 55, 56]. We expect that future studies will determine whether genetic 
manipulations that decrease the load of mtDNA mutations and other damaging factors, are 
able to extend lifespan.
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products destined for clinical applications [38].
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accelerated aging in HIV-infected patients treated with anti-retroviral drugs, which interfere 
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which cells increase their individual mitochondrial mass and copy their number to increase 
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tory chain, defects of the lipid membranes, and defective autophagy that targets deficient 
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and the pathogenesis of age-associated diseases is stronger than ever, although the emphasis 
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2.3. Nuclear damage and nuclear DNA mutations

It is clear that in aged humans and model organisms, somatic mutations accumulate over 
time within all cells [57]. Other forms of DNA damage, such as chromosomal aneuploidies, 
copy-number variations and increased clonal mosaicism for large chromosomal anomalies 
have also been found to be associated with aging [58, 59]. Each time a stem cell replicates its 
DNA and divides, the likelihood of DNA defects and oncogenic transformations increases. 
Therefore the lifetime risk of cancer development in a tissue correlates with the number of 
divisions the stem cells of this particular tissue have undergone [60]. A variety of these DNA 
alterations can finally affect the essential genes that control the key transcriptional pathways. 
Such defect cells should be normally eliminated by apoptosis or senescence, however, if this 
does not happen it may jeopardize tissue and organismal homeostasis. This is especially 
important in stem cells because the DNA damage has a detrimental impact on their functional 
competence, i.e., on their role in tissue renewal [61, 62].

An accumulation in DNA damage and mutations leading to stem cell aging has been one of 
the earliest theories of aging [63]. DNA damage can be caused by external factors (ionizing 
radiation, ultraviolet radiation or environmental toxins), or by internal factors (ROS and 
errors in DNA replication). These factors can lead to various DNA lesions such as modifica-
tions of bases or sugar residues, the formation of DNA adducts, cross-linking of the DNA 
strands or the appearance of single and double-strand breaks. Among these lesions, DNA 
double-strand breaks (DSBs) are particularly lethal because they result in physical cleavage 
of the DNA backbone. DSBs can occur through replication fork collapse, during the process-
ing of interstrand crosslinks, or following exposure to ionizing radiation [64, 65]. In spite of 
the fact that cells have evolved at least six different DNA repair pathways to deal with these 
distinct types of DNA damage [66], there is convincing evidence that with aging, stem cell 
DNA is also subject to damage. In HSCs, histone H2AX phosphorylation and comet tails, 
both of which are measures of DNA damage, increase with age [67, 68]. Phosphorylation of 
H2AX, one of several genes coding for histone H2A (one of the five main histone proteins 
involved in the structure of chromatin in eukaryotic cells), accumulates with age in satellite 
cells, i.e., stem cells of the muscles [69]. Moreover, aged HSCs display a history of replica-
tion stress and decreased expression of DNA helicases, further sensitizing them to future 
replication challenges [70].

Since mutations are a common daily occurrence, our cells could not survive without DNA 
repair mechanisms. There are two groups of repairing mechanisms, the first acting to repair 
DNA single-strand breaks (mismatch repair mechanism, base excision repair mechanism, 
nucleotide excision mechanism), and the second acting to synchronously repair DNA double-
strand breaks, i.e. homologous recombination and non-homologous end joining (NHEJ). In 
spite of the repair mechanisms our DNA accumulates mutations, since the genes of repair 
mechanisms are themselves subject to mutations [71].

Evidence that DNA damage plays a causal role in the aging process includes the observation 
that mice with defects in DNA damage repair display some aspects of premature aging [72], 
whereas enhancing DNA repair through increased expression of SIRT6 increases lifespan 
[73]. In some situations, DNA damage may also reduce stem cell numbers by causing them 
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to undergo apoptosis, senescence or differentiation, although it is not yet confirmed whether 
these effects are due to an increase in stem cell longevity [2].

It is also known that deficiencies in DNA repair mechanisms cause accelerated aging in mice 
and underlie several human progeroid syndromes such as Werner syndrome, Bloom syndrome, 
xeroderma pigmentosum, trichothiodystrophy, Cockayne syndrome, or Seckel syndrome 
[74–76]. Moreover, transgenic mice overexpressing multidomain protein kinase BUBR1 (bud-
ding uninhibited by benzimidazole-related 1), a mitotic checkpoint component that ensures 
the accurate segregation of chromosomes, exhibit an increased protection against aneuploidy 
and cancer, and display an extended healthy lifespan [77]. These experimental data prove that 
artificial reinforcement of nuclear DNA repair mechanisms could delay aging [48].

In addition to genomic damage affecting nuclear or mitochondrial DNA, there is evidence 
that certain defects in the nuclear lamina can also change nuclear architecture and thereby 
cause genomic instability [78]. Nuclear lamins participate in genome maintenance by provid-
ing a scaffold for tethering chromatin and protein complexes that regulate genomic stability 
[79, 80]. Mutations in genes encoding protein components of this structure, or factors affecting 
their maturation and dynamics, cause accelerated aging syndromes such as the Hutchinson-
Gilford and the Néstor-Guillermo progeria syndromes [81–83]. Alterations of the nuclear lam-
ina and production of an aberrant prelamin A isoform called progerin have also been detected 
during normal human aging [84]. Since telomere dysfunction also promotes progerin produc-
tion in normal human fibroblasts upon prolonged in vitro culture, this suggests that there exist 
intimate links between telomere maintenance and progerin expression during normal aging 
[85]. In addition to these age-associated changes in A-type lamins, lamin B1 levels decline 
during cell senescence, pointing to its utility as a biomarker of this process [86].

2.4. Telomere shortening

Although accumulation of DNA damage affects the genome near-to-randomly, there are some 
chromosomal regions that are particularly susceptible to age-related deterioration [87]. Telomeres 
are repetitive TTAGGG sequences and associated nucleoproteins at the ends of a chromosome 
that play a critical role in protecting chromosomes from degradation, undesirable recombina-
tion, and chromosome fusion [88, 89]. With each somatic cell division, telomeres shorten and this 
exposes cells to the aging phenotype. Due to inability of the normal DNA replication machinery 
to completely replicate the telomeric sequences, telomeres in somatic cells shorten with each cell 
division, and are thus markers for cellular aging and replicative capacity [90].

Mice with shortened or lengthened telomeres exhibit decreased or increased lifespans, respec-
tively [91–93]. Telomere shortening is observed during normal aging both in humans and 
mice [94]. In humans, recent meta-analyses have indicated a strong relation between short 
telomeres and mortality risk, particularly at younger ages [95].

In contrast to somatic cells, embryonic and adult stem cells express telomerase, a reverse 
transcriptase enzyme, which catalyzes the extension of telomeric sequences, thereby avoid-
ing telomere attrition and prolonging cellular proliferative life span. While the telomerases 
are normally absent from most somatic cells, they are active in the stem cells and most cancer 
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2.3. Nuclear damage and nuclear DNA mutations

It is clear that in aged humans and model organisms, somatic mutations accumulate over 
time within all cells [57]. Other forms of DNA damage, such as chromosomal aneuploidies, 
copy-number variations and increased clonal mosaicism for large chromosomal anomalies 
have also been found to be associated with aging [58, 59]. Each time a stem cell replicates its 
DNA and divides, the likelihood of DNA defects and oncogenic transformations increases. 
Therefore the lifetime risk of cancer development in a tissue correlates with the number of 
divisions the stem cells of this particular tissue have undergone [60]. A variety of these DNA 
alterations can finally affect the essential genes that control the key transcriptional pathways. 
Such defect cells should be normally eliminated by apoptosis or senescence, however, if this 
does not happen it may jeopardize tissue and organismal homeostasis. This is especially 
important in stem cells because the DNA damage has a detrimental impact on their functional 
competence, i.e., on their role in tissue renewal [61, 62].

An accumulation in DNA damage and mutations leading to stem cell aging has been one of 
the earliest theories of aging [63]. DNA damage can be caused by external factors (ionizing 
radiation, ultraviolet radiation or environmental toxins), or by internal factors (ROS and 
errors in DNA replication). These factors can lead to various DNA lesions such as modifica-
tions of bases or sugar residues, the formation of DNA adducts, cross-linking of the DNA 
strands or the appearance of single and double-strand breaks. Among these lesions, DNA 
double-strand breaks (DSBs) are particularly lethal because they result in physical cleavage 
of the DNA backbone. DSBs can occur through replication fork collapse, during the process-
ing of interstrand crosslinks, or following exposure to ionizing radiation [64, 65]. In spite of 
the fact that cells have evolved at least six different DNA repair pathways to deal with these 
distinct types of DNA damage [66], there is convincing evidence that with aging, stem cell 
DNA is also subject to damage. In HSCs, histone H2AX phosphorylation and comet tails, 
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to undergo apoptosis, senescence or differentiation, although it is not yet confirmed whether 
these effects are due to an increase in stem cell longevity [2].
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cells [88, 96]. Mammalian telomerase consists of a telomerase RNA component (TERC) and a 
telomerase reverse transcriptase (TERT) component. The latter catalyzes the synthesis of new 
telomeric repeats. Nevertheless, consistent decline in telomere length with age does occur in 
adult stem cells, suggesting that telomerase activity is insufficient to maintain the replication 
of these cells indefinitely [90]. So the telomeres of various stem cells, i.e., hematopoietic, neu-
ral, germinal and other, do shorten with age [97, 98].

Telomere exhaustion also explains the limited proliferative capacity of some types of in vitro 
cultured cells, the so-called replicative senescence or Hayflick limit [99, 100]. Indeed, as shown 
already in the 1990s, ectopic expression of telomerase confers immortality to otherwise mor-
tal cells, without causing oncogenic transformation [101]. Similarly, telomerase deficiency in 
humans is associated with the premature development of diseases, such as pulmonary fibro-
sis, dyskeratosis congenita and aplastic anemia, which involve the loss of the regenerative 
capacity of different tissues [102].

Recent evidence also indicates that aging can be reverted by telomerase activation. In par-
ticular, the premature aging of telomerase-deficient mice can be reverted when telomerase is 
genetically reactivated in these aged mice [103]. Moreover, normal physiological aging can be 
delayed without increasing the incidence of cancer in adult wild-type mice by pharmacologi-
cal activation or systemic viral transduction of telomerase [104].

This correlation between telomere length, telomerase activity and age is not completely 
clear. For example, while telomere length is negatively correlated with age in humans up to 
75 years, it is positively correlated with age in the elderly, suggesting that long telomeres con-
tribute to survival in old age [105]. Furthermore, telomere length predicted survival in elderly 
twins, suggesting that telomeres contribute to longevity in humans even when controlling for 
the influence of genetic background [106].

There is a good correlation between the expression of human TERT mRNA and the pres-
ence of telomerase activity in extracts from tissue culture cells, and normal and cancer 
tissues, suggesting that human TERT expression is the primary and rate-limiting deter-
minant of telomerase activity [107]. This is important in stem cell therapies, so we have 
already investigated the importance of longer telomere length of the CD34+ cell grafts used 
for cell therapy and found that longer telomere length and higher telomerase expression 
agree with CD34+ cell’s increased functional capacity, however the patients with longer 
CD34+ telomere length did not favorably respond to autologous CD34+ cell transplantation 
therapy [108].

2.5. Epigenetic changes and consequent dysregulation of gene expression

The regulation of the chromatin state is important for stem cell function. In Waddington’s epi-
genetic landscape theory, stem cells stand at an undifferentiated epigenetic summit above mul-
tiple cell fates [109]. During the differentiation and aging of cells, numerous chromatin and gene 
expression changes appear progressively in response to cell stress, most notably in response to 
DNA damage signals. The changes in epigenetic modification of chromatin and histones lead 
to dysregulation of gene expression. The epigenetic modifications that are observed to change 
during aging are histone acetylation, histone methylation, and DNA methylation.
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As already mentioned, of all other different types of DNA damage, the one that has the great-
est lasting effect on chromatin is the double-strand breaks, which cause a dramatic redistribu-
tion of chromatin factors. This is a part of the response to damage that is not fully restored 
after the repair [110]. Thus, changes in chromatin caused by DNA damage might underlie the 
skewed lineage phenotypes exhibited by aged stem cells [111].

The epigenetic changes have now been cataloged. In mice, it has been observed that the level 
of histone deacetylase SIRT1 decreases with age and that decrease of SIRT1 expression cor-
relates with premature aging in mice with increased p53 activity [112].

The expression levels of chromatin modifiers, including components of the SWI-SNF (switch/
sucrose non-fermentable) and PRC (polycomb repressive complex) complexes, histone deacety-
lases (HDACs) including sirtuins, and DNA methyltransferases, also change with age in stem cells 
[113, 114]. These changes may underpin declining stem cell function. Indeed, the overexpression 
of enhancer of zeste homolog 2 (EZH2), a component of PRC2, improves long-term repopulating 
potential in HSCs [115]. Additionally, in aged HSCs, clusters of genes increase in expression levels 
based on chromosomal location, suggesting that epigenetic dysregulation engenders regional loss 
of transcriptional silencing [113]. Taken together, these findings suggest that changes in epigenetic 
modifications are a general trait of stem cell aging, which impacts their function.

It is interesting that with aging appear changes that reinforce self-renewal. Sun et al. conducted 
a comprehensive integrated genomic analysis of young (4 mo) and old (24 mo) murine HSCs 
by profiling the transcriptome, DNA methylome, and histone modifications. Transcriptome 
analysis indicated reduced transforming growth factor beta (TGF-β) signaling and perturba-
tion of genes involved in HSC proliferation and differentiation. Aged HSCs showed increased 
DNA methylation at transcription factor binding sites associated with differentiation-promot-
ing genes, combined with a reduction at genes associated with HSC maintenance. When they 
profiled the principal regulatory chromatin marks with the use of chromatin immunopre-
cipitation sequencing (ChIP-seq) they found that the H3K4me3 mark, an activating histone 
modification, increases with age at loci that regulate HSC self-renewal, potentially underlying 
the increase in HSC number observed with aging [116].

In satellite cells of muscles, H3K4me3 levels modestly decrease with age, whereas levels of the 
repressive modification H3K27me3 significantly increase with age. It has also been shown that 
the expression levels of histones themselves decrease with age [117]. The levels of H4K16Ac, 
another activating modification, decrease with age in HSCs; inhibition of cell division control 
protein 42 homolog (CDC42) restores H4K16Ac levels to that of young HSCs and reverses 
phenotypes of HSC aging in transplantation assays [118].

It is not known whether the epigenetic changes in stem cell products affect their clinical effi-
ciency. In our recent study we intended to gain insight into the methylation status of CD34+ 
enriched cell products intended for autologous CD34+ cell transplantation in patients with 
cardiomyopathy. We found that the global DNA methylation and hydroxymethylation sta-
tus as well as the target methylation profile of 94 stem cell transcription factor genes in 
CD34+ enriched cell products did not differ significantly as compared to initial leukapher-
esis products. The epigenetic landscape of different cell products can tell us little about the 
functional capacity and regenerative properties of CD34+ cells (Rozman et al. [108]).
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2.6. Changes of microRNA

Impairments in stem cell function that occur during aging are globally mirrored in the epig-
enome and transcriptome of HSCs, including the microRNAs. MicroRNAs (miRNAs) are 
small noncoding evolutionarily conserved RNAs that regulate gene expression primarily at 
the posttranscriptional level. They act by binding to specific sequences in the 3′ untranslated 
region of their target genes and causing the transcripts to be degraded by the RNA-induced 
silencing complex (RISC). The human genome encodes over 1000 miRNAs that appear to 
target about 60% of other genes. MiRNAs are important posttranscriptional regulators of 
gene expression and play important and diverse roles in almost all biological and metabolic 
processes, including early development, cell proliferation, cell cycle regulation, apoptosis, 
fat metabolism, signal transduction, aging and diseases, as reviewed recently [119].

In stem cells, miRNAs influence properties such as potency, differentiation, self-renewal, and 
senescence. Different kinds of stem cells possess distinct miRNA expression profiles. Among 
other things, miRNAs regulate a number of cell functions such as defense mechanisms against 
ROS, DNA repair, and apoptosis. These properties, and the assumption that miRNAs act as 
some kind of general switch, make them highly relevant in research on aging [120], especially 
since specific miRNA expression profiles could be used to terminally differentiate cells from 
stem cells in order to treat various diseases, including myocardial infarction, neurodegenera-
tive diseases, blood diseases, and muscle diseases [121].

miRNAs regulate the state of stem cells by directly targeting three prime untranslated region 
(3′-UTR) of pluripotency factors in the section of messenger RNA. For instance, miR-145 
miRNA represses the pluripotency of human embryonic stem cells (ESCs) through targeting 
octamer-binding transcription factor 4 (Oct4; also known as Pou5f1), sex determining region 
Y-box 2 (Sox2), and kruppel-like factor 4 (Klf4) [122]. In addition, miRNAs target the coding 
regions of transcription factors to modulate stem cell differentiation. miR-296, miR-470, and 
miR-134 regulate mouse ESC differentiation by targeting the coding regions of Nanog, Oct4, 
and Sox2 [123]. Other classified miRNAs also regulate pluripotency, self-renewal, reprogram-
ming, and differentiation of stem cells [124–128].

miRNAs act as key regulators of hematopoiesis during the proliferation and differen-
tiation of HSCs in mammals. Ectopic expression of AAAGUGC seed-containing miRNAs 
enhance the primary hematopoietic progenitors [129]. miR-181, miR-223, and miR-142 
are preferentially expressed in hematopoietic tissues, with miR-181 significantly promot-
ing B-lymphocyte differentiation [130]. miR-125a is conservatively expressed in long-term 
HSCs and can increase the number of HSCs by targeting the apoptosis factor Bax1 [131]. 
Furthermore, overexpression of miR- 125b leads to lethal myeloid leukemia in mice [132]. 
See the recent review of Li et al. [119].

Besides regulating the ESCs, miRNAs exert several other actions that indirectly impact stem 
cells and regeneration. For instance, let-7 family and miR-15a/16-1 cluster function as regula-
tors of the cell cycle and tumor suppressors. While miR-29a and miR-29b regulate progres-
sion through the cell cycle [133], miR-9 and miR-124a play a critical role in specification of the 
neural progenitors from ESCs [134, 135].
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On the other hand, miRNAs also modulate development of other tissues, such as cardio-
vascular differentiation of cardiomyocyte progenitor cells and stem cells, including the dif-
ferentiation of cardiomyocytes, vascular smooth muscle cells, and endothelial cells. They are 
involved in the regulation of cardiovascular differentiation of human-derived cardiomyocyte 
progenitor cells, the cardiovascular differentiation of ESCs and iPSCs, in cardiac differentia-
tion of ESCs after myocardial infarction, vascular endothelial growth factor (VEGF) signaling 
and angiogenesis, which has great therapeutic value for the future regenerative medicine, 
as reviewed recently by Li et al. [119]. Some other observations comment on the important 
role miRNAs play in brain development, as well as in later stages of mammalian neuronal 
maturation and synapse development. Conversely, dysregulation of miRNAs expression has 
been implicated in developmental defects, cancers and nervous system diseases, as recently 
reviewed by Murashov [121].

Lee et al. have measured the expression levels of 521 small regulatory miRNAs in young and 
old animals of six mouse strains and found that expression levels of three miRNAs (miR-
203-3p, miR-664-3p, and miR-708-5p) were associated with lifespan. Pathway analysis of 
binding sites for these three miRNAs revealed enrichment of key target genes involved in 
aging and longevity pathways including mechanistic target of rapamycin (mTOR), forkhead 
box protein O (FOXO) and mitogen-activated protein kinase (MAPK), most of which also 
demonstrated associations with longevity [136].

In conclusion, one could infer that miRNAs have critical roles in stem cell reprogramming, 
pluripotency maintenance and differentiation, as well as some other important cellular func-
tions. In the future, miRNAs may greatly contribute to stem cell clinical therapy and have 
potential applications in regenerative medicine.

2.7. Changes in RNA splicing and ribosomal machinery

RNA splicing is the editing of the nascent precursor messenger RNA (pre-mRNA) transcript into 
a mature messenger RNA (mRNA). After splicing, introns are removed and exones are joined 
together. Splicing usually takes place immediately after transcription, and is carried out in a 
series of reactions catalyzed by the spliceosome, a complex of small nuclear ribonucleoproteins 
(snRNPs). This results in an mRNA molecule, which can be translated into protein. Splicing 
enables one gene to generate multiple proteins allowing organisms to generate complexity from 
a relatively limited number of genes.

In healthy aging, splicing homeostasis takes place, while deregulation of the splicing 
machinery is linked to several age-related chronic illnesses. Certain studies point out that 
defective splicing machinery and de-regulation of RNA splicing acts as a driver of the aging 
process itself. Studies on the roundworm C. elegans show that with age they lose muscle 
mass, their cutickle thickens, they wrinkle, and they experience declines in fertility and 
immune functions. The pre-mRNA splicing homeostasis is a biomarker and predictor of 
life expectancy in this worm. Recently, Heintz and her colleagues found that splicing could 
also play a major role in the aging process of humans. Using transcriptomics and in-depth 
splicing analysis in young and old animals they found defects in global pre-mRNA  splicing 
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with age that are reduced by caloric restriction via one particular component of the splic-
ing apparatus, called splicing factor 1 (SFA-1)—a factor also present in humans. They also 
showed that SFA-1 is specifically required for lifespan extension by caloric restriction and 
by modulation of the target of rapamycin complex 1 (TORC1) pathway components 5′ AMP-
activated protein kinase (AMPK), RAGA-1, and ribosomal protein S6 kinase (RSKS-1/S6 
kinase), and demonstrated that overexpression of splicing factor 1 (SFA-1) extends lifespan. 
Together, these data demonstrate a role for RNA splicing homeostasis in caloric restriction 
longevity and suggest that modulation of specific spliceosome components may prolong 
healthy aging [137].

The ribosomal machinery that is responsible for protein synthesis (translation), i.e., linking 
amino acids in the order specified by mRNA molecules, consists of two major components: 
the small ribosomal subunit, which reads the RNA, and the large subunit, which joins amino 
acids to form a polypeptide chain. Ribosomes contain ribosomal RNA (rRNA) molecules and 
a variety of highly conserved ribosomal proteins, and similar to other cellular compartments, 
these are particular targets of aging. After a comprehensive integrated genomic analysis of 
young and aged cells, consisting of the profiling of transcriptome, DNA methylome, and his-
tone modifications of young and old murine HSCs, Sun et al. found an increased transcription 
of ribosomal protein and RNA genes, and hypomethylation of rRNA genes [116]. Indeed, 
inhibition of ribosomal proteins or their regulators has been shown to extend life span in yeast 
and worms [138, 139]. Although the  research has not been focused on the plicing in stem cells 
we can expect that the splicing homeostasis in stem cells is similarly affected by aging.

2.8. Proteostasis

The proteostasis or homeostasis of the proteome is a complex system that takes care of the 
proper folding, functioning, and degradation of cellular proteins. Mechanisms, by which 
proteostasis is ensured, include regulated protein translation, chaperone assisted protein 
folding, and protein degradation pathways. Adjusting each of these mechanisms to the 
requirements of proteins, which need to be correctly folded, is essential for maintaining all 
cellular functions.

In previous paragraphs it has been already explained that in aged subjects, stem cells dis-
play a thoroughly altered proteome. Many studies have demonstrated that proteostasis is 
altered with aging and that accumulation of misfolded or damaged proteins is an important 
determinant of the aging process [140]. Indeed, many different proteins involved in cytoskel-
etal organization, anti-oxidant defense, and other functions are age-dependent and associ-
ated with functional impairment of the cell functions, including decreased responsiveness to 
physical environmental cues and decreased resistance to oxidative stress [15]. Chronic expres-
sion of unfolded, misfolded or aggregated proteins contributes to the development of some 
age-related pathologies, such as Alzheimer’s disease, Parkinson’s disease and cataracts [141]. 
Since the passage of altered proteins to progenitor cells during asymmetric division could 
compromise development and cause aging, proteostasis maintenance in stem cells has an 
important role in organismal aging [142].
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During the evolution the cells developed a variety of mechanisms that maintain and promote 
proteostasis and slow down the aging. This is performed by an array of quality control mech-
anisms that preserve the stability and functionality of the proteome. Various mechanisms for 
the correction of folded proteins have developed, such as the heat-shock family of proteins, as 
well as the corrective mechanisms for the degradation of misfolded proteins in proteasome or 
the lysosome [140, 143]. Moreover, there are regulators of age-related proteotoxicity, such as 
modifier of protein aggregation (MOAG-4), that act through an alternative pathway distinct 
from molecular chaperones and proteases [144]. The stress-induced synthesis of cytosolic and 
organelle-specific chaperones is significantly impaired in aging [145]. All these systems func-
tion in a coordinated fashion to restore the structure of misfolded polypeptides or to remove 
and degrade them completely, thus preventing the accumulation of damaged components 
and assuring the continuous renewal of intracellular proteins.

As previously mentioned, there are several approaches for maintaining or enhancing proteosta-
sis aimed at activating protein folding and stability mediated by chaperones. A number of animal 
models support a causative impact of chaperone decline on longevity. In particular, transgenic 
worms and flies overexpressing chaperones are long-lived [146, 147]. Also, mutant mice deficient 
in a co-chaperone of the heat-shock family exhibit accelerated aging phenotypes, whereas long-
lived mouse strains show a marked up-regulation of some heat-shock proteins [148].

Moreover, activation of the master regulator of the heat-shock response, the transcription 
factor heat shock factor 1 (HSF-1), increases longevity and thermotolerance in nematodes 
[149], while amyloid-binding components can maintain proteostasis during aging and extend 
lifespan [150]. Pharmacological induction of the heat-shock protein Hsp72 preserves muscle 
function and delays progression of dystrophic pathology in mouse models of muscular dys-
trophy [151].

Small molecules may be also employed as pharmacological chaperones to assure the refold-
ing of damaged proteins and to improve age-related phenotypes in model organisms [152].

For the degradation of unneeded and misfolded proteins there are special protein complexes, 
named proteasomes, which degrade them with proteolysis, a chemical reaction that breaks 
peptide bonds. The degradation process yields peptides of about seven to eight amino acids 
long, which can then be further degraded into shorter amino acid sequences and used in syn-
thesis of new proteins.

Stem cells can also maintain high levels of autophagy and proteasome activity to clear dam-
aged proteins. For example, autophagy is greater in HSCs and skin stem cells than in sur-
rounding differentiated cells [153]. Although proteasome activity has yet to be characterized 
in adult stem cells, it has been shown that human ESCs exhibit high proteasome activity [142]. 
Fly oocytes, which require similar long-term proteome-protection mechanisms as stem cells, 
maintain high activity of large multi-protein complex 26S proteasome with age, despite the 
decline of its activity in the somatic cells [154].

The activities of the two principal proteolytic systems implicated in protein quality control, 
namely, the autophagy-lysosomal system and the ubiquitin-proteasome system, decline with 
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with age that are reduced by caloric restriction via one particular component of the splic-
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young and aged cells, consisting of the profiling of transcriptome, DNA methylome, and his-
tone modifications of young and old murine HSCs, Sun et al. found an increased transcription 
of ribosomal protein and RNA genes, and hypomethylation of rRNA genes [116]. Indeed, 
inhibition of ribosomal proteins or their regulators has been shown to extend life span in yeast 
and worms [138, 139]. Although the  research has not been focused on the plicing in stem cells 
we can expect that the splicing homeostasis in stem cells is similarly affected by aging.

2.8. Proteostasis

The proteostasis or homeostasis of the proteome is a complex system that takes care of the 
proper folding, functioning, and degradation of cellular proteins. Mechanisms, by which 
proteostasis is ensured, include regulated protein translation, chaperone assisted protein 
folding, and protein degradation pathways. Adjusting each of these mechanisms to the 
requirements of proteins, which need to be correctly folded, is essential for maintaining all 
cellular functions.

In previous paragraphs it has been already explained that in aged subjects, stem cells dis-
play a thoroughly altered proteome. Many studies have demonstrated that proteostasis is 
altered with aging and that accumulation of misfolded or damaged proteins is an important 
determinant of the aging process [140]. Indeed, many different proteins involved in cytoskel-
etal organization, anti-oxidant defense, and other functions are age-dependent and associ-
ated with functional impairment of the cell functions, including decreased responsiveness to 
physical environmental cues and decreased resistance to oxidative stress [15]. Chronic expres-
sion of unfolded, misfolded or aggregated proteins contributes to the development of some 
age-related pathologies, such as Alzheimer’s disease, Parkinson’s disease and cataracts [141]. 
Since the passage of altered proteins to progenitor cells during asymmetric division could 
compromise development and cause aging, proteostasis maintenance in stem cells has an 
important role in organismal aging [142].
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anisms that preserve the stability and functionality of the proteome. Various mechanisms for 
the correction of folded proteins have developed, such as the heat-shock family of proteins, as 
well as the corrective mechanisms for the degradation of misfolded proteins in proteasome or 
the lysosome [140, 143]. Moreover, there are regulators of age-related proteotoxicity, such as 
modifier of protein aggregation (MOAG-4), that act through an alternative pathway distinct 
from molecular chaperones and proteases [144]. The stress-induced synthesis of cytosolic and 
organelle-specific chaperones is significantly impaired in aging [145]. All these systems func-
tion in a coordinated fashion to restore the structure of misfolded polypeptides or to remove 
and degrade them completely, thus preventing the accumulation of damaged components 
and assuring the continuous renewal of intracellular proteins.

As previously mentioned, there are several approaches for maintaining or enhancing proteosta-
sis aimed at activating protein folding and stability mediated by chaperones. A number of animal 
models support a causative impact of chaperone decline on longevity. In particular, transgenic 
worms and flies overexpressing chaperones are long-lived [146, 147]. Also, mutant mice deficient 
in a co-chaperone of the heat-shock family exhibit accelerated aging phenotypes, whereas long-
lived mouse strains show a marked up-regulation of some heat-shock proteins [148].

Moreover, activation of the master regulator of the heat-shock response, the transcription 
factor heat shock factor 1 (HSF-1), increases longevity and thermotolerance in nematodes 
[149], while amyloid-binding components can maintain proteostasis during aging and extend 
lifespan [150]. Pharmacological induction of the heat-shock protein Hsp72 preserves muscle 
function and delays progression of dystrophic pathology in mouse models of muscular dys-
trophy [151].

Small molecules may be also employed as pharmacological chaperones to assure the refold-
ing of damaged proteins and to improve age-related phenotypes in model organisms [152].

For the degradation of unneeded and misfolded proteins there are special protein complexes, 
named proteasomes, which degrade them with proteolysis, a chemical reaction that breaks 
peptide bonds. The degradation process yields peptides of about seven to eight amino acids 
long, which can then be further degraded into shorter amino acid sequences and used in syn-
thesis of new proteins.

Stem cells can also maintain high levels of autophagy and proteasome activity to clear dam-
aged proteins. For example, autophagy is greater in HSCs and skin stem cells than in sur-
rounding differentiated cells [153]. Although proteasome activity has yet to be characterized 
in adult stem cells, it has been shown that human ESCs exhibit high proteasome activity [142]. 
Fly oocytes, which require similar long-term proteome-protection mechanisms as stem cells, 
maintain high activity of large multi-protein complex 26S proteasome with age, despite the 
decline of its activity in the somatic cells [154].

The activities of the two principal proteolytic systems implicated in protein quality control, 
namely, the autophagy-lysosomal system and the ubiquitin-proteasome system, decline with 
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aging [155, 156], supporting the idea that collapsing proteostasis constitutes a common fea-
ture of old age. In relation to the proteasome, activation of epidermal growth factor (EGF) sig-
naling extends longevity in nematodes by increasing the expression of various components 
of the ubiquitin-proteasome system activators accelerates the clearance of toxic proteins in 
human cultured cells [157]. Moreover, increased expression of the 26S proteasome subunit 
RPN-6 by the FOXO transcription factor DAF-16 confers proteotoxic stress resistance and 
extends lifespan in C. elegans [158].

Regarding autophagy, transgenic mice with an extra copy of the chaperone-mediated autoph-
agy receptor lysosome-associated membrane protein 2a (LAMP2a) do not experience aging-
associated decline in autophagic activity and preserve improved hepatic function with aging 
[159]. This is a promising example of genetic manipulations that improve proteostasis and 
delay aging in mammals [159]. Functional decline in the cellular proteolytic machinery leads to 
the formation of an autofluorescent protein called lipofuscin, which can be used as a biomarker 
of aging [160]. Based on the given data it is obvious that SCs are a subject of age related changes 
of proteostasis and further studies will probably focus on proteostasis maintanance in SCs.

2.9. Changes of cell polarity

In order to prevent the accumulation of damaged components, stem cells developed diverse 
mechanisms such as the asymmetric segregation of damaged proteins and enhanced pro-
teostasis. After a symmetric division, stem cells produce two daughter cells with the same 
fate, whereas after asymmetric division they produce one daughter stem cell and one dif-
ferentiating daughter cell. During the asymmetric division, damaged components such as 
damaged DNA, replicating circular DNA, carbonylated proteins and damaged organelles 
are distributed into the differentiating cell, whereas the daughter stem cell remains youthful 
[161, 162]. In a similar way, stem cells have been shown to asymmetrically segregate dam-
aged proteins and mitochondria into the progeny, which retains the stemness of the mother 
cell [163, 164]. A similar evolutionary principle enables that the parental strand of DNA 
is always sequestered in the daughter stem cell, whereas the strand synthesized during S 
phase, which might contain errors from replication, is directed to the differentiating daugh-
ter cell [165]. In this way the non-random strand segregation serves to avoid mutations and 
to control the inheritance of epigenetic state [166]. It was shown that the distribution of 
epigenetic modifications on mitotic chromosomes differs, which means that the bias is gen-
erated non-randomly during chromatid segregation. In Drosophila male GSCs, the histone 
modifications present in the stem cells are distinct from those in the differentiating daughter 
cells, which helps to retain pre-existing histones in the mother stem cell while imparting 
newly synthesized histones to the daughter cell. This retention of pre-existing histones in 
the stem cells is a prerequisite for maintaining their ability to self-renew. Different epigen-
etic modifications potentially lead to variations in the otherwise equivalent chromatids that 
segregate during asymmetric cell divisions [167].

There is accumulating evidence that other organelles are also non-randomly distributed 
between daughter cells. Numerous organelles have been widely studied for their asymmetric 
segregation in non-mammals and mammals, such as mitochondria, centrioles of the centro-
some, and midbody, as well as different protein complexes [168].
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The asymmetric division of stem cells first requires that a cell be polarized and several stud-
ies demonstrate that aged germinal stem cells (GSCs) and HSCs are less able to perform such 
polarized divisions, suggesting that loss of polarity contributes to stem cell aging [169]. Other 
data on HSCs suggest that changes in age-related Wnt signaling are a cause of this loss of polar-
ity [170]. This process also appears to occur in satellite cells [171]. There is certain disagreement 
as to whether polarized division occurs in other stem cell populations, such as intestinal, hair 
follicle, neural or germline stem cells, as reviewed by Yennek and Tajbakhsh in 2013 [172].

2.10. Changes in metabolism and nutrient sensing

Metabolic status plays an important role in stem cell aging [2]. Similar to other cells, stem cells 
generate energy via glycolysis or oxidative phosphorylation. Quiescent stem cells generally rely 
upon glycolysis, perhaps because this reduces the abundance of ROS [142]. Many adult stem cells 
also reside in hypoxic niches, perhaps as a part of a mechanism to limit ROS production [173].

For the provision of necessary energy, proliferating stem cells rely on the oxidative phosphor-
ylation, which predisposes them to oxidative damage and cellular dysfunction. Therefore the 
molecules that scavenge ROS or enable the overexpression of the transcription factor NRF2, 
which regulates the response to oxidative stress, reduce the aged phenotype of old cell.

2.10.1. Caloric restriction

The most robust longevity-extending intervention across species is caloric restriction (CR). 
For example, CR increases the abundance of satellite cells in muscles [174] and improves the 
function of many stem cell populations, including HSCs in mice [175] and GSCs in flies [176].

CR also promotes ISC self-renewal in mice by induction of the enzyme BST1 in Paneth cells, 
which form the niche. BST1 then converts NAD+ to the paracrine signal cyclic ADP ribose 
(cADPR), which is sensed by the ISCs [177]. Pathways and factors implicated in mediating the 
response of stem cells to CR that extend lifespan, include insulin and IGF-1 signaling (IIS) path-
way, target of rapamycin (TOR) signaling, AMPK, sirtuins and FOXO transcription factors [178].

2.10.2. Glucose metabolism

Recent studies also show that HSCs and satellite cells increase glucose and glutamine metabo-
lism during activation [179] — an alteration that mimics the Warburg effect in cancer cells. 
Similarly, in skeletal muscle, aging is associated with pseudohypoxia and Warburg-like metab-
olism, which compromise cellular function [180] and promote oncogenic transformation [181].

Glucose is the main nutrient in the cell, whereas insulin informs cells about the presence of 
glucose. The intracellular signaling pathway that governs insulin is the same as that elicited 
by IGF-1, which is, together with the growth hormone (GH), produced by the anterior pitu-
itary, and is the secondary mediator of the somatotrophic axis in mammals. For this reason, 
IGF-1 and insulin signaling are known as the “insulin and IGF-1 signaling” (IIS) pathway. 
GH and IGF-1 levels decline during normal aging, as well as in mouse models of premature 
aging [182]. Remarkably, the IIS pathway is the most conserved aging- controlling pathway 
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aging [155, 156], supporting the idea that collapsing proteostasis constitutes a common fea-
ture of old age. In relation to the proteasome, activation of epidermal growth factor (EGF) sig-
naling extends longevity in nematodes by increasing the expression of various components 
of the ubiquitin-proteasome system activators accelerates the clearance of toxic proteins in 
human cultured cells [157]. Moreover, increased expression of the 26S proteasome subunit 
RPN-6 by the FOXO transcription factor DAF-16 confers proteotoxic stress resistance and 
extends lifespan in C. elegans [158].

Regarding autophagy, transgenic mice with an extra copy of the chaperone-mediated autoph-
agy receptor lysosome-associated membrane protein 2a (LAMP2a) do not experience aging-
associated decline in autophagic activity and preserve improved hepatic function with aging 
[159]. This is a promising example of genetic manipulations that improve proteostasis and 
delay aging in mammals [159]. Functional decline in the cellular proteolytic machinery leads to 
the formation of an autofluorescent protein called lipofuscin, which can be used as a biomarker 
of aging [160]. Based on the given data it is obvious that SCs are a subject of age related changes 
of proteostasis and further studies will probably focus on proteostasis maintanance in SCs.

2.9. Changes of cell polarity

In order to prevent the accumulation of damaged components, stem cells developed diverse 
mechanisms such as the asymmetric segregation of damaged proteins and enhanced pro-
teostasis. After a symmetric division, stem cells produce two daughter cells with the same 
fate, whereas after asymmetric division they produce one daughter stem cell and one dif-
ferentiating daughter cell. During the asymmetric division, damaged components such as 
damaged DNA, replicating circular DNA, carbonylated proteins and damaged organelles 
are distributed into the differentiating cell, whereas the daughter stem cell remains youthful 
[161, 162]. In a similar way, stem cells have been shown to asymmetrically segregate dam-
aged proteins and mitochondria into the progeny, which retains the stemness of the mother 
cell [163, 164]. A similar evolutionary principle enables that the parental strand of DNA 
is always sequestered in the daughter stem cell, whereas the strand synthesized during S 
phase, which might contain errors from replication, is directed to the differentiating daugh-
ter cell [165]. In this way the non-random strand segregation serves to avoid mutations and 
to control the inheritance of epigenetic state [166]. It was shown that the distribution of 
epigenetic modifications on mitotic chromosomes differs, which means that the bias is gen-
erated non-randomly during chromatid segregation. In Drosophila male GSCs, the histone 
modifications present in the stem cells are distinct from those in the differentiating daughter 
cells, which helps to retain pre-existing histones in the mother stem cell while imparting 
newly synthesized histones to the daughter cell. This retention of pre-existing histones in 
the stem cells is a prerequisite for maintaining their ability to self-renew. Different epigen-
etic modifications potentially lead to variations in the otherwise equivalent chromatids that 
segregate during asymmetric cell divisions [167].

There is accumulating evidence that other organelles are also non-randomly distributed 
between daughter cells. Numerous organelles have been widely studied for their asymmetric 
segregation in non-mammals and mammals, such as mitochondria, centrioles of the centro-
some, and midbody, as well as different protein complexes [168].
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The asymmetric division of stem cells first requires that a cell be polarized and several stud-
ies demonstrate that aged germinal stem cells (GSCs) and HSCs are less able to perform such 
polarized divisions, suggesting that loss of polarity contributes to stem cell aging [169]. Other 
data on HSCs suggest that changes in age-related Wnt signaling are a cause of this loss of polar-
ity [170]. This process also appears to occur in satellite cells [171]. There is certain disagreement 
as to whether polarized division occurs in other stem cell populations, such as intestinal, hair 
follicle, neural or germline stem cells, as reviewed by Yennek and Tajbakhsh in 2013 [172].

2.10. Changes in metabolism and nutrient sensing

Metabolic status plays an important role in stem cell aging [2]. Similar to other cells, stem cells 
generate energy via glycolysis or oxidative phosphorylation. Quiescent stem cells generally rely 
upon glycolysis, perhaps because this reduces the abundance of ROS [142]. Many adult stem cells 
also reside in hypoxic niches, perhaps as a part of a mechanism to limit ROS production [173].

For the provision of necessary energy, proliferating stem cells rely on the oxidative phosphor-
ylation, which predisposes them to oxidative damage and cellular dysfunction. Therefore the 
molecules that scavenge ROS or enable the overexpression of the transcription factor NRF2, 
which regulates the response to oxidative stress, reduce the aged phenotype of old cell.

2.10.1. Caloric restriction

The most robust longevity-extending intervention across species is caloric restriction (CR). 
For example, CR increases the abundance of satellite cells in muscles [174] and improves the 
function of many stem cell populations, including HSCs in mice [175] and GSCs in flies [176].

CR also promotes ISC self-renewal in mice by induction of the enzyme BST1 in Paneth cells, 
which form the niche. BST1 then converts NAD+ to the paracrine signal cyclic ADP ribose 
(cADPR), which is sensed by the ISCs [177]. Pathways and factors implicated in mediating the 
response of stem cells to CR that extend lifespan, include insulin and IGF-1 signaling (IIS) path-
way, target of rapamycin (TOR) signaling, AMPK, sirtuins and FOXO transcription factors [178].

2.10.2. Glucose metabolism

Recent studies also show that HSCs and satellite cells increase glucose and glutamine metabo-
lism during activation [179] — an alteration that mimics the Warburg effect in cancer cells. 
Similarly, in skeletal muscle, aging is associated with pseudohypoxia and Warburg-like metab-
olism, which compromise cellular function [180] and promote oncogenic transformation [181].

Glucose is the main nutrient in the cell, whereas insulin informs cells about the presence of 
glucose. The intracellular signaling pathway that governs insulin is the same as that elicited 
by IGF-1, which is, together with the growth hormone (GH), produced by the anterior pitu-
itary, and is the secondary mediator of the somatotrophic axis in mammals. For this reason, 
IGF-1 and insulin signaling are known as the “insulin and IGF-1 signaling” (IIS) pathway. 
GH and IGF-1 levels decline during normal aging, as well as in mouse models of premature 
aging [182]. Remarkably, the IIS pathway is the most conserved aging- controlling pathway 
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in evolution and among its multiple targets are the FOXO family of transcription factors and 
the mTOR complexes, which are also involved in aging and conserved through evolution. 
Similarly, genetic polymorphisms or mutations that reduce the functions of GH, IGF-1 recep-
tor, insulin receptor or downstream intracellular effectors such as protein kinase B (PKB), 
also known as AKT, mTOR and FOXO, influence longevity both in humans and in model 
organisms, further illustrating the major impact these pathways have on longevity [53].

Multiple genetic manipulations of the IIS pathway, which attenuate signaling intensity at 
different levels, consistently extend the lifespan of worms, flies and mice. Genetic analyses 
indicate that this pathway mediates part of the beneficial effects of CR on longevity [183].

Mice with an increased dosage of the tumor suppressor protein phosphatase and tensin 
homolog (PTEN) exhibit a general down-modulation of the IIS pathway and an increased 
energy expenditure that is associated with improved mitochondrial oxidative metabolism, as 
well as with an enhanced activity of the brown adipose tissue [184]. In line with other mouse 
models with decreased IIS activity, PTEN-overexpressing mice, as well as hypomorphic phos-
phatidylinositol-3-kinase (PI3K) mice show an increased longevity [185].

Organisms with a constitutively decreased IIS pathway can live longer because they have lower 
rates of cell growth and metabolism, and a lower rates of cellular damage. Similarly, the aged 
organisms decrease their IIS pathway in an attempt to extend their lifespan. However, defen-
sive responses against aging eventually exhaust and later on they even aggravate aging [186].

2.10.3. Other nutrient-sensing systems: mammalian target of rapamycin (mTOR), AMP-activated 
protein kinase (AMPK) and sirtuins

Besides the IIS pathway, three additional related and interconnected nutrient-sensing systems 
that participate in glucose –sensing: mammalian TOR (mTOR), for the sensing of high amino 
acid concentrations; AMPK that senses low energy states by detecting high AMP levels; and 
sirtuins, which sense the low energy states by detecting high NAD+ levels [187].

The mTOR kinase is part of two multiprotein complexes, mTORC1 and mTORC2, that reg-
ulate essentially all aspects of anabolic metabolism. Genetic down-regulation of mTORC1 
activity in yeast, worms and flies extends longevity and attenuates further longevity benefits 
from CR, suggesting that mTOR inhibition phenocopies CR [188]. In mice, treatment with 
rapamycin also extends longevity in what is considered the most robust chemical interven-
tion to increase lifespan in mammals [189].

Genetically-modified mice with low levels of mTORC1 activity, but normal levels of mTORC2 
activity, have an increased lifespan [190], and mice deficient in ribosomal protein S6 kinase beta-1 
(S6 K1), which is a main mTORC1 substrate, are also long-lived [191]. This means that the down-
regulation of mTORC1/S6 K1 acts as the critical mediator of longevity in relation to mTOR.

It seems that the intense trophic and anabolic activity, signaled through the IIS or the mTORC1 
pathways, is a major accelerator of aging. Although inhibition of TOR activity clearly has ben-
eficial effects during aging, it also has some undesirable side-effects, such as impaired wound 
healing, insulin resistance, cataract formation and testicular degeneration in mice [192]. In order 
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to determine the extent to which beneficial and damaging effects of TOR inhibition can be sepa-
rated from each other, it will be crucial to understand the mechanisms involved.

There are two another nutrient sensors, AMPK and sirtuins, which act in the completely 
opposite direction of the IIS and mTOR. Instead of signaling nutrient abundance and anabo-
lism, they signal nutrient scarcity and catabolism. Accordingly, their up-regulation promotes 
a healthy aging. AMPK activation has multiple effects on metabolism and, remarkably, shuts 
off mTORC1 [193]. There is evidence indicating that AMPK activation may mediate lifespan-
extension following metformin administration to worms and mice [194, 195].

The role of sirtuins in lifespan regulation has been discussed above (see section 2.2 on 
DNA mutations). In addition, SIRT1 can deacetylate and activate the PPARγ co-activator 
1α (PGC-1α) [43]. PGC-1α orchestrates a complex metabolic response that includes mito-
chondriogenesis, enhanced anti-oxidant defenses, and improved fatty acid oxidation [196]. 
Moreover, SIRT1 and AMPK can engage in a positive feedback loop, thus connecting both 
sensors of low-energy states into a unified response [197].

Collectively, currently available evidence strongly supports the idea that anabolic signaling 
accelerates aging, and decreased nutrient signaling extends longevity [183]. Consistent with 
the relevance of deregulated nutrient-sensing as a hallmark of aging, CR increases lifespan or 
healthspan in all investigated eukaryote species, which are unicellular and multicellular organ-
isms of several distinct phyla, including non-human primates [198]. What is more, a pharma-
cological manipulation that mimics a state of limited nutrient availability, such as rapamycin, 
can extend longevity in mice (Harrison et al. [189]). All of these reflects in stem cells, however, 
the exact mechanisms in the metabolism of stem cells awaits further clarification.

2.11. Niche deterioration

In the context of a tissue, adult stem cells reside in a special microenvironment referred to 
as the “niche”. The niche allows interaction between the stem cells and different extrinsic 
signals. In some instances, these signals are mediated via direct cell to cell communication 
or cell to matrix interaction. Another category of signals comprises of diffusible signaling 
ligands which regulate various transcription programs in the stem cells. These interactions 
are crucial, as they are able to regulate whether stem cells are quiescent, self-renew, or commit 
to differentiation [199].

Similarly to the stem cells themselves, the BM niche changes substantially with age. The niche 
consists of mesenchymal stem cells (MSCs), stromal cells, osteoblasts, adipocytes, and other 
cells, as well as extracellular matrix. The proliferative capacity of human MSCs has been 
shown to decline with age [200]. Certain other authors noticed a prominent increase in adipo-
cytes in the aged BM, which is associated with lower HSC potential [201].

Mechanisms of niche aging are probably the same as in other cells. Khatri et al. recently 
showed that accumulation of excessive ROS in BM stromal cells suppress BM cellularity by 
affecting microenvironment in aged mice. Treatment of these mice with a polyphenolic anti-
oxidant curcumin has quenched ROS, rescued stromal cells from oxidative stress-dependent 
cellular injury, and improved hematopoietic reconstitution in old (18 months) mice. This 
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in evolution and among its multiple targets are the FOXO family of transcription factors and 
the mTOR complexes, which are also involved in aging and conserved through evolution. 
Similarly, genetic polymorphisms or mutations that reduce the functions of GH, IGF-1 recep-
tor, insulin receptor or downstream intracellular effectors such as protein kinase B (PKB), 
also known as AKT, mTOR and FOXO, influence longevity both in humans and in model 
organisms, further illustrating the major impact these pathways have on longevity [53].

Multiple genetic manipulations of the IIS pathway, which attenuate signaling intensity at 
different levels, consistently extend the lifespan of worms, flies and mice. Genetic analyses 
indicate that this pathway mediates part of the beneficial effects of CR on longevity [183].

Mice with an increased dosage of the tumor suppressor protein phosphatase and tensin 
homolog (PTEN) exhibit a general down-modulation of the IIS pathway and an increased 
energy expenditure that is associated with improved mitochondrial oxidative metabolism, as 
well as with an enhanced activity of the brown adipose tissue [184]. In line with other mouse 
models with decreased IIS activity, PTEN-overexpressing mice, as well as hypomorphic phos-
phatidylinositol-3-kinase (PI3K) mice show an increased longevity [185].

Organisms with a constitutively decreased IIS pathway can live longer because they have lower 
rates of cell growth and metabolism, and a lower rates of cellular damage. Similarly, the aged 
organisms decrease their IIS pathway in an attempt to extend their lifespan. However, defen-
sive responses against aging eventually exhaust and later on they even aggravate aging [186].

2.10.3. Other nutrient-sensing systems: mammalian target of rapamycin (mTOR), AMP-activated 
protein kinase (AMPK) and sirtuins

Besides the IIS pathway, three additional related and interconnected nutrient-sensing systems 
that participate in glucose –sensing: mammalian TOR (mTOR), for the sensing of high amino 
acid concentrations; AMPK that senses low energy states by detecting high AMP levels; and 
sirtuins, which sense the low energy states by detecting high NAD+ levels [187].

The mTOR kinase is part of two multiprotein complexes, mTORC1 and mTORC2, that reg-
ulate essentially all aspects of anabolic metabolism. Genetic down-regulation of mTORC1 
activity in yeast, worms and flies extends longevity and attenuates further longevity benefits 
from CR, suggesting that mTOR inhibition phenocopies CR [188]. In mice, treatment with 
rapamycin also extends longevity in what is considered the most robust chemical interven-
tion to increase lifespan in mammals [189].

Genetically-modified mice with low levels of mTORC1 activity, but normal levels of mTORC2 
activity, have an increased lifespan [190], and mice deficient in ribosomal protein S6 kinase beta-1 
(S6 K1), which is a main mTORC1 substrate, are also long-lived [191]. This means that the down-
regulation of mTORC1/S6 K1 acts as the critical mediator of longevity in relation to mTOR.

It seems that the intense trophic and anabolic activity, signaled through the IIS or the mTORC1 
pathways, is a major accelerator of aging. Although inhibition of TOR activity clearly has ben-
eficial effects during aging, it also has some undesirable side-effects, such as impaired wound 
healing, insulin resistance, cataract formation and testicular degeneration in mice [192]. In order 
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to determine the extent to which beneficial and damaging effects of TOR inhibition can be sepa-
rated from each other, it will be crucial to understand the mechanisms involved.

There are two another nutrient sensors, AMPK and sirtuins, which act in the completely 
opposite direction of the IIS and mTOR. Instead of signaling nutrient abundance and anabo-
lism, they signal nutrient scarcity and catabolism. Accordingly, their up-regulation promotes 
a healthy aging. AMPK activation has multiple effects on metabolism and, remarkably, shuts 
off mTORC1 [193]. There is evidence indicating that AMPK activation may mediate lifespan-
extension following metformin administration to worms and mice [194, 195].

The role of sirtuins in lifespan regulation has been discussed above (see section 2.2 on 
DNA mutations). In addition, SIRT1 can deacetylate and activate the PPARγ co-activator 
1α (PGC-1α) [43]. PGC-1α orchestrates a complex metabolic response that includes mito-
chondriogenesis, enhanced anti-oxidant defenses, and improved fatty acid oxidation [196]. 
Moreover, SIRT1 and AMPK can engage in a positive feedback loop, thus connecting both 
sensors of low-energy states into a unified response [197].

Collectively, currently available evidence strongly supports the idea that anabolic signaling 
accelerates aging, and decreased nutrient signaling extends longevity [183]. Consistent with 
the relevance of deregulated nutrient-sensing as a hallmark of aging, CR increases lifespan or 
healthspan in all investigated eukaryote species, which are unicellular and multicellular organ-
isms of several distinct phyla, including non-human primates [198]. What is more, a pharma-
cological manipulation that mimics a state of limited nutrient availability, such as rapamycin, 
can extend longevity in mice (Harrison et al. [189]). All of these reflects in stem cells, however, 
the exact mechanisms in the metabolism of stem cells awaits further clarification.

2.11. Niche deterioration

In the context of a tissue, adult stem cells reside in a special microenvironment referred to 
as the “niche”. The niche allows interaction between the stem cells and different extrinsic 
signals. In some instances, these signals are mediated via direct cell to cell communication 
or cell to matrix interaction. Another category of signals comprises of diffusible signaling 
ligands which regulate various transcription programs in the stem cells. These interactions 
are crucial, as they are able to regulate whether stem cells are quiescent, self-renew, or commit 
to differentiation [199].

Similarly to the stem cells themselves, the BM niche changes substantially with age. The niche 
consists of mesenchymal stem cells (MSCs), stromal cells, osteoblasts, adipocytes, and other 
cells, as well as extracellular matrix. The proliferative capacity of human MSCs has been 
shown to decline with age [200]. Certain other authors noticed a prominent increase in adipo-
cytes in the aged BM, which is associated with lower HSC potential [201].

Mechanisms of niche aging are probably the same as in other cells. Khatri et al. recently 
showed that accumulation of excessive ROS in BM stromal cells suppress BM cellularity by 
affecting microenvironment in aged mice. Treatment of these mice with a polyphenolic anti-
oxidant curcumin has quenched ROS, rescued stromal cells from oxidative stress-dependent 
cellular injury, and improved hematopoietic reconstitution in old (18 months) mice. This 
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implicates the role of ROS in perturbation of stromal cells function upon aging, which in turn 
affects BM’s reconstitution ability in aged mice. Rejuvenation therapy using curcumin, prior 
to transplantation of HSCs and progenitor cells could be an efficient strategy for successful 
marrow reconstitution in older mice [202].

The question remains as to whether aged BM niche cells induce age-related changes in 
HSCs. Evidence suggests that aging in the microenvironment influences HSC engraftment, 
as aged HSCs demonstrate a lower engraftment after transplantation [203]. Hematopoietic 
cells engrafted in subcutaneous implantation of BM stroma from both aged and young mice 
exhibit lower spleen colony-forming units (CFU-S) capacity [204]. Furthermore, young HSCs 
transplanted to aged niches exhibit impairment in homing and decreased potential for dif-
ferentiation, failing to efficiently repopulate an old niche [205].

Another characteristic of aged HSCs is an altered differentiation potential tending toward higher 
myeloid/platelet output and lower lymphoid output. Skewing toward myeloid differentiation is 
attributed to the niche microenvironment, since the transplantation of young HSCs to aged recip-
ients resulted in a tendency toward higher myeloid output [206]. Transplantation experiments 
on old recipients show that granulocyte-macrophage progenitor (GMP) expansion is comparable 
regardless of donor age. Also, the differentiation of B-cells depends on the BM microenviron-
ment [207] and it was shown that aged HSCs occupy different niches to young HSCs [208].

One of the mechanisms of aging in the hematopoietic system are the changes in adhesion 
between HSCs and niche cells. Expression of various adhesion molecules in HSCs alters with 
age so the aged HSCs express low levels of integrin α4, integrin α5 and VCAM-1, and high lev-
els of P-selectin and integrin α6 compared to young HSCs [209]. In Drosophila, the age-depen-
dent E-cadherin decline in the stem cell-niche junction that regulates the adhesion of GSCs to 
the niche was shown to contribute to the aging of stem cells [210]. Another authors similarly 
showed that the aged HSCs exhibit less adhesion to the stromal cells compared to the young 
ones [211]. Another group has shown that an overexpression of CDC42, a small Rho GTPase 
that is involved in adhesion signaling, causes premature aging phenotypes in these cells [212].

Age-related changes in niche cells may also be attributed to changes in their metabolic state. MSCs 
obtained from old human BM have an elevated level of ROS along with p21 and p53 expression, 
indicating cellular senescence [17]. As already mentioned, high oxygen tension causes senes-
cence in cultured human BM MSCs, whereas the continuous hypoxia make the human MSCs 
to exhibit higher self-renewal divisions without cellular senescence [213]. Compared to MSCs 
cultured in low oxygen, MSCs cultured in higher oxygen levels utilize oxidative phosphoryla-
tion, suggesting that the generation of ROS might influence MSC senescence.

Age-related changes in the stem cell niches can influence HSC mobilization from the BM, 
which is extremely important in the clinical settings. Several authors, including ourselves, 
have noted that the collection of stem cells from aged patients results in low yields of mobi-
lized HSCs intended for therapy [214, 215]. It is interesting that in various animal models an 
opposite effect was demonstrated since the granulocyte colony-stimulating factor (G-CSF)-
induced mobilization resulted in increased numbers of HSCs in aged mice [211]. The authors 
deduce that differences in mobilization potential according to age are influenced mainly by 

Stem Cells in Clinical Practice and Tissue Engineering50

the niche in which the HSCs reside and that the clonality of HSCs may largely be influenced 
by specific niche cells at different anatomical sites [216].

Various studies utilizing heterochronic transplantation and parabiosis experiments showed 
that aging can be also be caused by extrinsic mechanisms, i.e., it is caused by factors external 
to the cell itself. This was shown in satellite cells [217], NSCs [218, 219], and GSCs [220]. In 
flies, the cells that form the niche of the GSCs themselves decline in abundance with age, pos-
sibly because of decreased self-renewal [221, 222].

Aged niche cells can also fail to send proper signals to stem cells, namely through morpho-
gen and growth factor signaling, thereby affecting cell fate decisions. For example, increased 
fibroblast growth factor 2 (FGF2) in the aged satellite cell niche of mouse muscle impairs self-
renewal [223]. Markers of inflammation also increase in the aging niche, for example in hair 
follicle stem cells, and impair stem cell function [224].

Taken together, stem cells require support cells that constitute the niche to maintain proper 
function. Thus, aging of the stem cell niche can also critically modulate stem cell function.

2.12. Influence of various circulating factors

The concentrations of various circulating factors exerts important influences on stem cell 
aging. Many of these factors have been identified by rejuvenating effects of blood or plasma 
derived from either young or calorically restricted animals. Among such factors are insulin 
and IGF-1, which have been already discussed (see paragraph 2.10.). Reduced signaling from 
these molecules is believed to mediate much of the longevity-extending effects of CR in mice. 
An opposite example is the TGF- β molecule, the levels of which increase during aging in 
mouse and human sera, which impairs the function of satellite muscle cells and NSCs [225]. 
By contrast, growth differentiation factor 11 (GDF11) has been suggested to improve the func-
tion of satellite cells and NSCs, and its levels appear to decrease during aging [218]. The valid-
ity of the effects of GDF11 on satellite cells, however, has been questioned by other studies, 
although it is worth noting that the dose of GDF11 and the skeletal muscle injury models used 
in the various studies differed [226]. Whether GDF11 actually declines with age has also been 
questioned, based in part on the argument that GDF11 detection methods cross-react with 
myostatin (ibid.), although a recent study using additional methods and controls also reports 
that GDF11 declines with age in mice [227]. Finally, the latest reports infer that high levels of 
GDF11 cause reductions in body and heart weight in both young and old animals, suggestive 
of a cachexia effect with the conclusion that elevating blood levels of GDF11 in the aged might 
cause more harm than good [228].

An important debate regarding the decline in stem-cell function is the relative role of 
cell-intrinsic pathways compared to cell-extrinsic ones [229]. Recent work has provided 
strong support for the latter. In particular, CR increases intestinal and muscle stem func-
tions through cell-extrinsic mechanisms [174]. Similarly, when muscle-derived stem cells 
from young mice are transplanted to progeroid mice, this extends their lifespan and 
improves degenerative changes even in tissues where donor cells are not detected, sug-
gesting that their therapeutic benefit may derive from systemic effects caused by secreted 
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implicates the role of ROS in perturbation of stromal cells function upon aging, which in turn 
affects BM’s reconstitution ability in aged mice. Rejuvenation therapy using curcumin, prior 
to transplantation of HSCs and progenitor cells could be an efficient strategy for successful 
marrow reconstitution in older mice [202].

The question remains as to whether aged BM niche cells induce age-related changes in 
HSCs. Evidence suggests that aging in the microenvironment influences HSC engraftment, 
as aged HSCs demonstrate a lower engraftment after transplantation [203]. Hematopoietic 
cells engrafted in subcutaneous implantation of BM stroma from both aged and young mice 
exhibit lower spleen colony-forming units (CFU-S) capacity [204]. Furthermore, young HSCs 
transplanted to aged niches exhibit impairment in homing and decreased potential for dif-
ferentiation, failing to efficiently repopulate an old niche [205].

Another characteristic of aged HSCs is an altered differentiation potential tending toward higher 
myeloid/platelet output and lower lymphoid output. Skewing toward myeloid differentiation is 
attributed to the niche microenvironment, since the transplantation of young HSCs to aged recip-
ients resulted in a tendency toward higher myeloid output [206]. Transplantation experiments 
on old recipients show that granulocyte-macrophage progenitor (GMP) expansion is comparable 
regardless of donor age. Also, the differentiation of B-cells depends on the BM microenviron-
ment [207] and it was shown that aged HSCs occupy different niches to young HSCs [208].

One of the mechanisms of aging in the hematopoietic system are the changes in adhesion 
between HSCs and niche cells. Expression of various adhesion molecules in HSCs alters with 
age so the aged HSCs express low levels of integrin α4, integrin α5 and VCAM-1, and high lev-
els of P-selectin and integrin α6 compared to young HSCs [209]. In Drosophila, the age-depen-
dent E-cadherin decline in the stem cell-niche junction that regulates the adhesion of GSCs to 
the niche was shown to contribute to the aging of stem cells [210]. Another authors similarly 
showed that the aged HSCs exhibit less adhesion to the stromal cells compared to the young 
ones [211]. Another group has shown that an overexpression of CDC42, a small Rho GTPase 
that is involved in adhesion signaling, causes premature aging phenotypes in these cells [212].

Age-related changes in niche cells may also be attributed to changes in their metabolic state. MSCs 
obtained from old human BM have an elevated level of ROS along with p21 and p53 expression, 
indicating cellular senescence [17]. As already mentioned, high oxygen tension causes senes-
cence in cultured human BM MSCs, whereas the continuous hypoxia make the human MSCs 
to exhibit higher self-renewal divisions without cellular senescence [213]. Compared to MSCs 
cultured in low oxygen, MSCs cultured in higher oxygen levels utilize oxidative phosphoryla-
tion, suggesting that the generation of ROS might influence MSC senescence.

Age-related changes in the stem cell niches can influence HSC mobilization from the BM, 
which is extremely important in the clinical settings. Several authors, including ourselves, 
have noted that the collection of stem cells from aged patients results in low yields of mobi-
lized HSCs intended for therapy [214, 215]. It is interesting that in various animal models an 
opposite effect was demonstrated since the granulocyte colony-stimulating factor (G-CSF)-
induced mobilization resulted in increased numbers of HSCs in aged mice [211]. The authors 
deduce that differences in mobilization potential according to age are influenced mainly by 
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the niche in which the HSCs reside and that the clonality of HSCs may largely be influenced 
by specific niche cells at different anatomical sites [216].

Various studies utilizing heterochronic transplantation and parabiosis experiments showed 
that aging can be also be caused by extrinsic mechanisms, i.e., it is caused by factors external 
to the cell itself. This was shown in satellite cells [217], NSCs [218, 219], and GSCs [220]. In 
flies, the cells that form the niche of the GSCs themselves decline in abundance with age, pos-
sibly because of decreased self-renewal [221, 222].

Aged niche cells can also fail to send proper signals to stem cells, namely through morpho-
gen and growth factor signaling, thereby affecting cell fate decisions. For example, increased 
fibroblast growth factor 2 (FGF2) in the aged satellite cell niche of mouse muscle impairs self-
renewal [223]. Markers of inflammation also increase in the aging niche, for example in hair 
follicle stem cells, and impair stem cell function [224].

Taken together, stem cells require support cells that constitute the niche to maintain proper 
function. Thus, aging of the stem cell niche can also critically modulate stem cell function.

2.12. Influence of various circulating factors

The concentrations of various circulating factors exerts important influences on stem cell 
aging. Many of these factors have been identified by rejuvenating effects of blood or plasma 
derived from either young or calorically restricted animals. Among such factors are insulin 
and IGF-1, which have been already discussed (see paragraph 2.10.). Reduced signaling from 
these molecules is believed to mediate much of the longevity-extending effects of CR in mice. 
An opposite example is the TGF- β molecule, the levels of which increase during aging in 
mouse and human sera, which impairs the function of satellite muscle cells and NSCs [225]. 
By contrast, growth differentiation factor 11 (GDF11) has been suggested to improve the func-
tion of satellite cells and NSCs, and its levels appear to decrease during aging [218]. The valid-
ity of the effects of GDF11 on satellite cells, however, has been questioned by other studies, 
although it is worth noting that the dose of GDF11 and the skeletal muscle injury models used 
in the various studies differed [226]. Whether GDF11 actually declines with age has also been 
questioned, based in part on the argument that GDF11 detection methods cross-react with 
myostatin (ibid.), although a recent study using additional methods and controls also reports 
that GDF11 declines with age in mice [227]. Finally, the latest reports infer that high levels of 
GDF11 cause reductions in body and heart weight in both young and old animals, suggestive 
of a cachexia effect with the conclusion that elevating blood levels of GDF11 in the aged might 
cause more harm than good [228].

An important debate regarding the decline in stem-cell function is the relative role of 
cell-intrinsic pathways compared to cell-extrinsic ones [229]. Recent work has provided 
strong support for the latter. In particular, CR increases intestinal and muscle stem func-
tions through cell-extrinsic mechanisms [174]. Similarly, when muscle-derived stem cells 
from young mice are transplanted to progeroid mice, this extends their lifespan and 
improves degenerative changes even in tissues where donor cells are not detected, sug-
gesting that their therapeutic benefit may derive from systemic effects caused by secreted 
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factors [230]. Furthermore, parabiosis experiments have demonstrated that the decline in 
neural and muscle stem cell function in old mice can be reversed by systemic factors from 
young mice [231, 232].

There is also an ancient system in each cell that relates to the homeostasis of intracellular cal-
cium (Ca2+), which in normal cell sustains a 20,000 fold concentration gradient to the exterior 
of the cell, resulting in the extracellular Ca2+ acting as cellular regulator when it enters the 
cell via the Ca2+ channels. This gradient is sustained by specific pumping and transporting 
mechanisms consisting of protein molecules [233]. Anomalies of these proteins results in an 
increase of intracellular calcium which can cause various diseases. With age, the hampered 
calcium homeostasis can lead to different muscle, immune and neural related defects [234].

2.13. Stem cell exhaustion

Although stem cells are regarded as immortal, as they are not subject to replicative senescence, 
they are susceptible to damage accumulation over time. Besides many other changes, a decline 
in their relative numbers and changes in subpopulations were observed. The group of dor-
mant and active stem cells, existing in the niches of an organism that can be considered a pool 
of regenerative reserve, plays an important role in prevention of disease, in regeneration and 
aging. For instance, a decline in CD34+ circulating progenitor cells was reported with advanc-
ing age. When 100 octogenarians were observed for 7 and 10 years it was demonstrated that 
the number of their circulating CD34+ cells better predicted their lifespan and cardiovascular 
(CV) issues related mortality then the classic cardiovascular risk factors (hypertension, smok-
ing, hypercholesterolemia), levels of inflammatory markers, or levels of cholesterol, or some 
other traditional cardiovascular indexes such as FRS and CVFRs The chances of reaching an 
older age depended on higher numbers of CD34+ cells at baseline, thus the number of CD34+ 
cells could be considered as a biomarker of longevity in the elderly over 80 years [235].

On the other hand, there are reports that in certain tissues the numbers of adult stem cells 
even increase with age, however the number of their parent clones decreases, meaning that 
fewer pluripotent stem cells give rise to more frequent progeny, in order to compensate for 
the decrease of numbers [236]. Ruzankina and Brown suggest that mammals in fact do have 
a finite number of stem cell replications per life and that aging of the hematopoietic system, 
which is due to a finite doubling capacity of stem cells, degrades its regenerative potential as 
well as the potential for preventing cancer [237].

Verovskaya used cellular barcoding combined with multiplex high-throughput sequencing to 
demonstrate clonal behavior of young HSCs transplanted to older organisms. In their study, 
the majority of transplanted clones steadily contributed to hematopoiesis in the long-term, 
although the clonal output in granulocytes, T cells, and B cells was substantially different. The 
final pool of old HSCs was composed of multiple small clones, whereas the young HSC pool 
was dominated by fewer, but larger, clones [238].

Holstege et al. have showed that the contents of a stem cell compartment actually deplete 
with old age. In the nonrepetitive genome of a 115-year-old centenarian woman they found 
approximately 450 somatic mutations that accumulated in the last years of her life, and the 
distribution of these mutations suggested that the majority of her peripheral white blood cells 
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were offspring of only two HSC clones that were still active in her old age. The telomeres of 
her white blood cells were significantly shorter than the telomeres from other tissues, suggest-
ing that the HSCs have a finite lifespan, which is the cause of hematopoietic clonal evolution 
at extreme ages [239].

Several recent studies have confirmed that clonal hematopoiesis is almost a “normal” part of 
aging, with recent reports showing 0.8%, 11% and 19.5% of normal individuals aged <60, >80 
and >90 years, respectively, having demonstrable clonal hematopoiesis – so called age-related 
clonal hematopoiesis [240, 241]. Clonal hematopoiesis (CH) arises when a substantial propor-
tion of mature blood cells is derived from a single dominant hematopoietic stem cell lineage. 
It was recently shown, in the study on 11,262 elderly Icelanders which used whole-genome 
sequencing, that somatic mutations in candidate driver genes are thought to be responsible 
for at least some cases of CH [242].

At the same time there is ample evidence that there exist many dormant HSCs, and even 
some other and more “primitive” types of stem cells, such as for instance the VSEL stem 
cells with “primitive” embryonic characteristics, which co-inhabit the BM [243]. These 
VSEL cells exhibit some characteristics of long-term repopulating HSCs (LT-HSCs), they 
may differentiate into organ-specific cells (e.g., cardiomyocytes), and probably have a role 
in aging since the number of these cells positively correlates with longevity in several 
murine models [244]. Along with others, we have found similar cells in the reproductive 
organs [245].

It is now becoming obvious that maintaining robust stem cell pools seems to extend not only 
lifespan but also healthspan [49].

2.14. Cellular senescence – A stable arrest of the cell cycle

Cellular senescence can be defined as a stable arrest of the cell cycle coupled to typical phe-
notypic changes [246]. This phenomenon was originally described by Hayflick in human 
fibroblasts serially passaged in culture [99]. The senescence that was observed by Hayflick 
was caused by telomere shortening [101] and some other aging-associated stimuli that trig-
ger senescence independently of the telomeric process. It is for instance well known that the 
non-telomeric DNA damage and de-repression of the INK4/ARF locus, both of which progres-
sively occur with chronological aging, are also capable of inducing senescence [247].

The accumulation of senescent cells with age is a simple mathematical result of the increase in 
the rate of generation of senescent cells and/or a decrease in their rate of clearance. In normal 
physiology this has detrimental consequences, but in some circumstances it also has useful 
effects. For instance, there is good evidence that the senescent tumor cells are subjected to 
strict immune surveillance and are efficiently removed by phagocytosis [248].

Among other functions, the senescent cells manifest dramatic alterations in their secretome, 
which is particularly enriched in pro-inflammatory cytokines and matrix metalloprotein-
ases, which is referred to as the “senescence-associated secretory phenotype” [249, 250]. 
This pro-inflammatory secretome may contribute to aging (see paragraph 2.15. Intercellular 
Communication).
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factors [230]. Furthermore, parabiosis experiments have demonstrated that the decline in 
neural and muscle stem cell function in old mice can be reversed by systemic factors from 
young mice [231, 232].

There is also an ancient system in each cell that relates to the homeostasis of intracellular cal-
cium (Ca2+), which in normal cell sustains a 20,000 fold concentration gradient to the exterior 
of the cell, resulting in the extracellular Ca2+ acting as cellular regulator when it enters the 
cell via the Ca2+ channels. This gradient is sustained by specific pumping and transporting 
mechanisms consisting of protein molecules [233]. Anomalies of these proteins results in an 
increase of intracellular calcium which can cause various diseases. With age, the hampered 
calcium homeostasis can lead to different muscle, immune and neural related defects [234].

2.13. Stem cell exhaustion

Although stem cells are regarded as immortal, as they are not subject to replicative senescence, 
they are susceptible to damage accumulation over time. Besides many other changes, a decline 
in their relative numbers and changes in subpopulations were observed. The group of dor-
mant and active stem cells, existing in the niches of an organism that can be considered a pool 
of regenerative reserve, plays an important role in prevention of disease, in regeneration and 
aging. For instance, a decline in CD34+ circulating progenitor cells was reported with advanc-
ing age. When 100 octogenarians were observed for 7 and 10 years it was demonstrated that 
the number of their circulating CD34+ cells better predicted their lifespan and cardiovascular 
(CV) issues related mortality then the classic cardiovascular risk factors (hypertension, smok-
ing, hypercholesterolemia), levels of inflammatory markers, or levels of cholesterol, or some 
other traditional cardiovascular indexes such as FRS and CVFRs The chances of reaching an 
older age depended on higher numbers of CD34+ cells at baseline, thus the number of CD34+ 
cells could be considered as a biomarker of longevity in the elderly over 80 years [235].

On the other hand, there are reports that in certain tissues the numbers of adult stem cells 
even increase with age, however the number of their parent clones decreases, meaning that 
fewer pluripotent stem cells give rise to more frequent progeny, in order to compensate for 
the decrease of numbers [236]. Ruzankina and Brown suggest that mammals in fact do have 
a finite number of stem cell replications per life and that aging of the hematopoietic system, 
which is due to a finite doubling capacity of stem cells, degrades its regenerative potential as 
well as the potential for preventing cancer [237].

Verovskaya used cellular barcoding combined with multiplex high-throughput sequencing to 
demonstrate clonal behavior of young HSCs transplanted to older organisms. In their study, 
the majority of transplanted clones steadily contributed to hematopoiesis in the long-term, 
although the clonal output in granulocytes, T cells, and B cells was substantially different. The 
final pool of old HSCs was composed of multiple small clones, whereas the young HSC pool 
was dominated by fewer, but larger, clones [238].

Holstege et al. have showed that the contents of a stem cell compartment actually deplete 
with old age. In the nonrepetitive genome of a 115-year-old centenarian woman they found 
approximately 450 somatic mutations that accumulated in the last years of her life, and the 
distribution of these mutations suggested that the majority of her peripheral white blood cells 
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were offspring of only two HSC clones that were still active in her old age. The telomeres of 
her white blood cells were significantly shorter than the telomeres from other tissues, suggest-
ing that the HSCs have a finite lifespan, which is the cause of hematopoietic clonal evolution 
at extreme ages [239].

Several recent studies have confirmed that clonal hematopoiesis is almost a “normal” part of 
aging, with recent reports showing 0.8%, 11% and 19.5% of normal individuals aged <60, >80 
and >90 years, respectively, having demonstrable clonal hematopoiesis – so called age-related 
clonal hematopoiesis [240, 241]. Clonal hematopoiesis (CH) arises when a substantial propor-
tion of mature blood cells is derived from a single dominant hematopoietic stem cell lineage. 
It was recently shown, in the study on 11,262 elderly Icelanders which used whole-genome 
sequencing, that somatic mutations in candidate driver genes are thought to be responsible 
for at least some cases of CH [242].

At the same time there is ample evidence that there exist many dormant HSCs, and even 
some other and more “primitive” types of stem cells, such as for instance the VSEL stem 
cells with “primitive” embryonic characteristics, which co-inhabit the BM [243]. These 
VSEL cells exhibit some characteristics of long-term repopulating HSCs (LT-HSCs), they 
may differentiate into organ-specific cells (e.g., cardiomyocytes), and probably have a role 
in aging since the number of these cells positively correlates with longevity in several 
murine models [244]. Along with others, we have found similar cells in the reproductive 
organs [245].

It is now becoming obvious that maintaining robust stem cell pools seems to extend not only 
lifespan but also healthspan [49].

2.14. Cellular senescence – A stable arrest of the cell cycle

Cellular senescence can be defined as a stable arrest of the cell cycle coupled to typical phe-
notypic changes [246]. This phenomenon was originally described by Hayflick in human 
fibroblasts serially passaged in culture [99]. The senescence that was observed by Hayflick 
was caused by telomere shortening [101] and some other aging-associated stimuli that trig-
ger senescence independently of the telomeric process. It is for instance well known that the 
non-telomeric DNA damage and de-repression of the INK4/ARF locus, both of which progres-
sively occur with chronological aging, are also capable of inducing senescence [247].

The accumulation of senescent cells with age is a simple mathematical result of the increase in 
the rate of generation of senescent cells and/or a decrease in their rate of clearance. In normal 
physiology this has detrimental consequences, but in some circumstances it also has useful 
effects. For instance, there is good evidence that the senescent tumor cells are subjected to 
strict immune surveillance and are efficiently removed by phagocytosis [248].

Among other functions, the senescent cells manifest dramatic alterations in their secretome, 
which is particularly enriched in pro-inflammatory cytokines and matrix metalloprotein-
ases, which is referred to as the “senescence-associated secretory phenotype” [249, 250]. 
This pro-inflammatory secretome may contribute to aging (see paragraph 2.15. Intercellular 
Communication).
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Studies on aged mice have revealed an overall decrease in HSC cell cycle activity, with old 
HSCs undergoing fewer cell divisions than young HSCs [251]. This correlates with the accu-
mulation of DNA damage and with the overexpression of cell cycle-inhibitory proteins such 
as p16INK4a [252]. In fact, old p16INK4a−/− HSCs exhibit better engraftment capacity and increased 
cell cycle activity compared with old wild-type HSCs (ibid.). Telomere shortening is also an 
important cause of stem cell decline with aging in multiple tissues [253].

The accumulation of senescent cells in aged tissues has been often inferred using surro-
gate markers such as DNA damage. Some studies have directly used senescence-associated 
β-galactosidase (SABG) to identify senescence in tissues [254]. Of note, a detailed and parallel 
quantification of SABG and DNA damage in liver produced comparable quantitative data, 
yielding a total of ~8% senescent cells in young mice and ~17% in very old mice [255]. Similar 
results were obtained in the skin, lung and spleen, but no changes were observed in heart, 
skeletal muscle and kidney. Based on these data, it is clear that cellular senescence is not a 
generalized property of all tissues in aged organisms.

Some authors think that the amount of senescent cells increases with age and that senescence 
contributes to aging, but this probably undervalues the primary purpose of senescence, which 
is to prevent the propagation of damaged cells and to trigger their removal by the immune 
system. They explain that senescence is a beneficial compensatory response that contributes 
to clearing tissues of damaged and potentially oncogenic cells. This however requires an effi-
cient cell replacement system that involves clearance of senescent cells and mobilization of 
stem cells and their progenitors to re-establish cell numbers. In aged organisms, this turnover 
system may become exhausted, resulting in the accumulation of senescent cells that aggravate 
the damage and contribute to aging [48].

Deficient proliferation of stem and progenitor cells is obviously detrimental for the long-term 
maintenance of the organism, but excessive proliferation of stem and progenitor cells can also 
be deleterious by accelerating the exhaustion of stem cell niches, which can be compensated 
by stem cell quiescence over the long-term. This has been demonstrated in Drosophila ISCs, 
where excessive proliferation leads to exhaustion and premature aging [256] and in p21-null 
mice, which present premature exhaustion of HSCs and NSCs [257].

Recent studies have shown that an increase in FGF2 signaling in the aged muscle stem cell 
niche results in the loss of quiescence, stem cell depletion and diminished regenerative capac-
ity, whereas the suppression of this signaling pathway reverses these defects [223]. This opens 
up the possibility of designing strategies aimed at inhibiting FGF2 signaling to reduce stem 
cell exhaustion during aging.

As a mechanism to protect themselves from acquiring damage, many stem cells are resting for 
a long time in a quiescent state. During this time they are protected from replicative damage, 
but they are more susceptible to mutations [258]. However, although proliferating stem cells 
are more likely to encounter DNA damages [259], they repair that damages more accurately 
than do quiescent stem cells.

In addition to DNA damage, excessive mitogenic signaling is the other stress most robustly asso-
ciated with senescence. A recent account listed more than 50 oncogenic or mitogenic  alterations 
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that are able to induce senescence [260]. The number of mechanisms that implement senescence 
in response to this variety of oncogenic insults has also grown, but still, the originally reported 
p16INK4a/Rb and p19ARF/p53 pathways remain, in general, the most important ones [261]. The 
relevance of these pathways for aging becomes even more striking when considering that the 
levels of p16INK4a (and to a lesser extent also p19ARFARF) correlate with the chronological age of 
essentially all tissues analyzed, both in mice and humans [262, 263]. INK4a/ARF locus was actu-
ally determined as being genetically linked to the highest number of age-associated patholo-
gies, including several types of cardiovascular diseases, diabetes, glaucoma, and Alzheimer’s 
disease [264]. Although the activation of p53 and INK4a/ARF is a beneficial compensatory 
response that prevents the propagation of damaged cells, under the stress conditions the p53 
and INK4a/ARF responses can become deleterious and even accelerate aging [2].

Taken together, cellular senescence is a beneficial compensatory response to damage, but it 
becomes deleterious and accelerates aging when tissues exhaust their regenerative capacity. A 
moderate enhancement of the senescence-inducing tumor suppressor pathways may extend 
longevity [265], whereas at the same time, elimination of senescent cells in an experimental 
progeria model delays age-related pathologies [266]. Therefore, two interventions that are 
conceptually opposite are able to extend healthspan.

2.15. Altered intercellular communication

Beyond intrinsic cellular alterations, aging also involves changes at the level of intercellu-
lar endocrine, neuroendocrine or neuronal communication [267, 268]. As during the aging 
inflammatory reactions increase, immunosurveillance against pathogens and premalignant 
cells declines, and the composition of the peri- and extracellular environment changes, neu-
rohormonal signaling (i.e., renin-angiotensin, adrenergic, insulin/IGF-1 signaling) is con-
sequently deregulated, which affects various mechanical and functional properties of all 
tissues [48].

An important age-associated pathological finding in the intercellular communication in mam-
mals is so called “inflammaging,” i.e., an appearance of pro-inflammatory phenotype that 
accompanies aging. Several authors proposed that aging is accompanied by a chronic up-reg-
ulation of several pro-inflammatory responses. [35, 269, 270]. Inflammaging may result from 
multiple causes such as the accumulation of pro-inflammatory substances, tissue damage, the 
failure of the aged immune system to effectively clear pathogens and remove dysfunctional 
host cells, the secretion of pro-inflammatory cytokines by aged immune cells, the enhanced 
activation of the NF-κB transcription factor, or from a defective autophagy response. These 
defects and alterations result in an enhanced activation of the NLRP3 inflammasome and 
other pro-inflammatory pathways, finally leading to increased production of interleukin 
1ß (IL-1ß), tumor necrosis factor and interferons [271]. Inflammation is also involved in the 
pathogenesis of obesity and type 2 diabetes, two conditions that contribute to, and correlate 
with aging in the human population [272]. Likewise, defective inflammatory responses play 
a critical role in atherosclerosis [273].

Another link between inflammation and aging derives from the finding that inflammatory 
and stress responses activate NF-κB in the hypothalamus and induce a signaling pathway 
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skeletal muscle and kidney. Based on these data, it is clear that cellular senescence is not a 
generalized property of all tissues in aged organisms.

Some authors think that the amount of senescent cells increases with age and that senescence 
contributes to aging, but this probably undervalues the primary purpose of senescence, which 
is to prevent the propagation of damaged cells and to trigger their removal by the immune 
system. They explain that senescence is a beneficial compensatory response that contributes 
to clearing tissues of damaged and potentially oncogenic cells. This however requires an effi-
cient cell replacement system that involves clearance of senescent cells and mobilization of 
stem cells and their progenitors to re-establish cell numbers. In aged organisms, this turnover 
system may become exhausted, resulting in the accumulation of senescent cells that aggravate 
the damage and contribute to aging [48].

Deficient proliferation of stem and progenitor cells is obviously detrimental for the long-term 
maintenance of the organism, but excessive proliferation of stem and progenitor cells can also 
be deleterious by accelerating the exhaustion of stem cell niches, which can be compensated 
by stem cell quiescence over the long-term. This has been demonstrated in Drosophila ISCs, 
where excessive proliferation leads to exhaustion and premature aging [256] and in p21-null 
mice, which present premature exhaustion of HSCs and NSCs [257].

Recent studies have shown that an increase in FGF2 signaling in the aged muscle stem cell 
niche results in the loss of quiescence, stem cell depletion and diminished regenerative capac-
ity, whereas the suppression of this signaling pathway reverses these defects [223]. This opens 
up the possibility of designing strategies aimed at inhibiting FGF2 signaling to reduce stem 
cell exhaustion during aging.

As a mechanism to protect themselves from acquiring damage, many stem cells are resting for 
a long time in a quiescent state. During this time they are protected from replicative damage, 
but they are more susceptible to mutations [258]. However, although proliferating stem cells 
are more likely to encounter DNA damages [259], they repair that damages more accurately 
than do quiescent stem cells.

In addition to DNA damage, excessive mitogenic signaling is the other stress most robustly asso-
ciated with senescence. A recent account listed more than 50 oncogenic or mitogenic  alterations 
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p16INK4a/Rb and p19ARF/p53 pathways remain, in general, the most important ones [261]. The 
relevance of these pathways for aging becomes even more striking when considering that the 
levels of p16INK4a (and to a lesser extent also p19ARFARF) correlate with the chronological age of 
essentially all tissues analyzed, both in mice and humans [262, 263]. INK4a/ARF locus was actu-
ally determined as being genetically linked to the highest number of age-associated patholo-
gies, including several types of cardiovascular diseases, diabetes, glaucoma, and Alzheimer’s 
disease [264]. Although the activation of p53 and INK4a/ARF is a beneficial compensatory 
response that prevents the propagation of damaged cells, under the stress conditions the p53 
and INK4a/ARF responses can become deleterious and even accelerate aging [2].

Taken together, cellular senescence is a beneficial compensatory response to damage, but it 
becomes deleterious and accelerates aging when tissues exhaust their regenerative capacity. A 
moderate enhancement of the senescence-inducing tumor suppressor pathways may extend 
longevity [265], whereas at the same time, elimination of senescent cells in an experimental 
progeria model delays age-related pathologies [266]. Therefore, two interventions that are 
conceptually opposite are able to extend healthspan.

2.15. Altered intercellular communication

Beyond intrinsic cellular alterations, aging also involves changes at the level of intercellu-
lar endocrine, neuroendocrine or neuronal communication [267, 268]. As during the aging 
inflammatory reactions increase, immunosurveillance against pathogens and premalignant 
cells declines, and the composition of the peri- and extracellular environment changes, neu-
rohormonal signaling (i.e., renin-angiotensin, adrenergic, insulin/IGF-1 signaling) is con-
sequently deregulated, which affects various mechanical and functional properties of all 
tissues [48].

An important age-associated pathological finding in the intercellular communication in mam-
mals is so called “inflammaging,” i.e., an appearance of pro-inflammatory phenotype that 
accompanies aging. Several authors proposed that aging is accompanied by a chronic up-reg-
ulation of several pro-inflammatory responses. [35, 269, 270]. Inflammaging may result from 
multiple causes such as the accumulation of pro-inflammatory substances, tissue damage, the 
failure of the aged immune system to effectively clear pathogens and remove dysfunctional 
host cells, the secretion of pro-inflammatory cytokines by aged immune cells, the enhanced 
activation of the NF-κB transcription factor, or from a defective autophagy response. These 
defects and alterations result in an enhanced activation of the NLRP3 inflammasome and 
other pro-inflammatory pathways, finally leading to increased production of interleukin 
1ß (IL-1ß), tumor necrosis factor and interferons [271]. Inflammation is also involved in the 
pathogenesis of obesity and type 2 diabetes, two conditions that contribute to, and correlate 
with aging in the human population [272]. Likewise, defective inflammatory responses play 
a critical role in atherosclerosis [273].

Another link between inflammation and aging derives from the finding that inflammatory 
and stress responses activate NF-κB in the hypothalamus and induce a signaling pathway 
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that results in reduced production of gonadotropin-releasing hormone (GnRH) by neurons 
[274]. This GnRH decline can contribute to numerous aging-related changes such as bone fra-
gility, muscle weakness, skin atrophy, and reduced neurogenesis. These findings suggest that 
the hypothalamus may modulate systemic aging by integrating NF-kB-driven inflammatory 
responses with GnRH-mediated neuroendocrine effects.

Besides chronic inflammation, aged immune cells are prone to a multitude of deteriorating fac-
tors. Age related defects of innate immunity are observed not only in the macrophage/mono-
cyte compartment, which is probably the main “culprit” of inflammaging, but also in other 
cells, i.e., NK cells, dendritic cells, and granulocytes, whereas the defects of adaptive immunity 
are observed in both the B-cell and the T-cell compartments. Aging of the immune system or 
“immunosenescence” is characterized by a time-dependent functional alteration of immunity 
leading to immunodeficiency [275, 276] that manifests in chronic inflammation [277], reduced 
resistance to infections [278], poor responses to vaccination [279], and increased incidence of 
autoimmunity and cancers. Similarly, the involvement of immune processes in clinical con-
ditions, such as atherosclerosis, diabetes, and dementia, have been described [280, 281]. The 
impairment of the immune system exerts an influence on the increased morbidity and mortal-
ity observed in human subjects as they age [282].

There is also accumulating evidence indicating that aging-related changes in one tissue can 
lead to aging-specific deterioration of other tissues. Typical case are the inflammatory cyto-
kines that can cause so called “contagious aging”. In certain bystander effects senescent cells 
induce senescence in neighboring cells via gap junction-mediated cell-to-cell contacts and 
processes involving ROS [283]. The microenvironment contributes to the age-related func-
tional defects of CD4 T cells, as assessed by using an adoptive transfer model in mice [284]. 
Likewise, impaired kidney function can increase the risk of heart disease in humans [285]. 
Conversely, lifespan-extending manipulations targeting one single tissue can delay the aging 
process in other tissues [286].

Defective intercellular communication underlying aging processes, including genetic, can 
be restored by nutritional or pharmacological interventions that may improve the cell–cell 
communication properties lost with aging [48]. Of special interest in this regard are the CR 
approaches to extend healthy lifespan [287] and the rejuvenation strategies based on the use 
of blood-borne systemic factors identified in parabiosis experiments [288, 289]. Moreover, the 
long-term administration of anti-inflammatory agents, such as aspirin, may increase longev-
ity in mice and healthy aging in humans [290, 291]. Finally, it also appears possible to extend 
lifespan by manipulating the composition and functionality of the intestinal bacterial ecosys-
tem of the human body [292]. The near future research will undoubtedly bring spectacular 
results in this field of human physiology that will also be translated to the clinical medicine.

3. Conclusion

Although the stem cells are often considered “a fountain of youth” they are subjected to 
various aging and degenerative processes. Contrary to somatic cells, they have developed a 
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plethora of mechanisms that prevent or delay aging and age-related pathology. Over recent 
decades we have witnessed an immense increase in advanced therapies. The cells used in 
therapeutic products must meet stringent standards of quality. The huge increase in stem cell 
based therapies especially demands that we use the most advanced analysis of stem cell grafts 
to ensure optimal performance.

The aging of stem cells is an important biological factor that contributes to the general aging 
of an organism. Therefore, senescence and the age related status of grafted stem cells have to 
be taken into account in every stem cell based therapy, as well as in tissue engineering proce-
dure. Further research on the cellular mechanisms leading to the aging of stem cells will not 
only answer various burning questions related to current cell based therapies, but also pave 
the way to designing future counter-aging procedures.
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that results in reduced production of gonadotropin-releasing hormone (GnRH) by neurons 
[274]. This GnRH decline can contribute to numerous aging-related changes such as bone fra-
gility, muscle weakness, skin atrophy, and reduced neurogenesis. These findings suggest that 
the hypothalamus may modulate systemic aging by integrating NF-kB-driven inflammatory 
responses with GnRH-mediated neuroendocrine effects.

Besides chronic inflammation, aged immune cells are prone to a multitude of deteriorating fac-
tors. Age related defects of innate immunity are observed not only in the macrophage/mono-
cyte compartment, which is probably the main “culprit” of inflammaging, but also in other 
cells, i.e., NK cells, dendritic cells, and granulocytes, whereas the defects of adaptive immunity 
are observed in both the B-cell and the T-cell compartments. Aging of the immune system or 
“immunosenescence” is characterized by a time-dependent functional alteration of immunity 
leading to immunodeficiency [275, 276] that manifests in chronic inflammation [277], reduced 
resistance to infections [278], poor responses to vaccination [279], and increased incidence of 
autoimmunity and cancers. Similarly, the involvement of immune processes in clinical con-
ditions, such as atherosclerosis, diabetes, and dementia, have been described [280, 281]. The 
impairment of the immune system exerts an influence on the increased morbidity and mortal-
ity observed in human subjects as they age [282].

There is also accumulating evidence indicating that aging-related changes in one tissue can 
lead to aging-specific deterioration of other tissues. Typical case are the inflammatory cyto-
kines that can cause so called “contagious aging”. In certain bystander effects senescent cells 
induce senescence in neighboring cells via gap junction-mediated cell-to-cell contacts and 
processes involving ROS [283]. The microenvironment contributes to the age-related func-
tional defects of CD4 T cells, as assessed by using an adoptive transfer model in mice [284]. 
Likewise, impaired kidney function can increase the risk of heart disease in humans [285]. 
Conversely, lifespan-extending manipulations targeting one single tissue can delay the aging 
process in other tissues [286].

Defective intercellular communication underlying aging processes, including genetic, can 
be restored by nutritional or pharmacological interventions that may improve the cell–cell 
communication properties lost with aging [48]. Of special interest in this regard are the CR 
approaches to extend healthy lifespan [287] and the rejuvenation strategies based on the use 
of blood-borne systemic factors identified in parabiosis experiments [288, 289]. Moreover, the 
long-term administration of anti-inflammatory agents, such as aspirin, may increase longev-
ity in mice and healthy aging in humans [290, 291]. Finally, it also appears possible to extend 
lifespan by manipulating the composition and functionality of the intestinal bacterial ecosys-
tem of the human body [292]. The near future research will undoubtedly bring spectacular 
results in this field of human physiology that will also be translated to the clinical medicine.
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Although the stem cells are often considered “a fountain of youth” they are subjected to 
various aging and degenerative processes. Contrary to somatic cells, they have developed a 
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plethora of mechanisms that prevent or delay aging and age-related pathology. Over recent 
decades we have witnessed an immense increase in advanced therapies. The cells used in 
therapeutic products must meet stringent standards of quality. The huge increase in stem cell 
based therapies especially demands that we use the most advanced analysis of stem cell grafts 
to ensure optimal performance.

The aging of stem cells is an important biological factor that contributes to the general aging 
of an organism. Therefore, senescence and the age related status of grafted stem cells have to 
be taken into account in every stem cell based therapy, as well as in tissue engineering proce-
dure. Further research on the cellular mechanisms leading to the aging of stem cells will not 
only answer various burning questions related to current cell based therapies, but also pave 
the way to designing future counter-aging procedures.
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Abstract

One of the most important events in the posthematopoietic stem cell transplantation is 
the immune system reconstitution—a process characterized by a considerable dynamic. 
During this period, patients are exposed to different life threatening complications. In 
this chapter, we consider chimerism levels in relation to the conditioning regimens and 
disease type. Furthermore, the predictive role of chimerism analysis as an important 
method in monitoring the early diagnosis of graft versus host disease (GVHD), minimal 
residual disease (MRD), graft failure or rejection, and disease relapse has been discussed.

Keywords: chimerism, HSCT, STR, conditioning

1. Introduction

In March 1969, Prof. Thomas and his team performed the first transplantation of hemato-
poietic stem cells (HSCs). Since then, the transplantation of bone marrow or peripheral stem 
cells has become a routine method for treatment of a number of malignant and nonmalig-
nant hematologic diseases [1–6]. Allogeneic stem cell transplantation is effective in restoring 
normal hematopoiesis and is a preferred therapeutic method for malignant diseases of the 
blood, due to its graft-versus-leukemia (GVL) effect. This effect is mainly due to donor T cells 
that exhibit immunoreactivity against the minor histocompatibility antigens (mHags) of the 
recipient or epitopes specific for leukemic cells. The immune system recovery after allogeneic 
hematopoietic stem cells transplantation is of crucial importance during the postoperative 
period. This process lasts for months to years and depends mainly on the ability of the donor 
hematopoietic stem cells to take over the recipient cells.
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The determination of the genetic origin of hematopoiesis is referred to as chimerism analysis. 
The term "chimera" was introduced in medicine by Anderson and coworkers [7] in 1951, and 
in transplantology—by Ford [8] in 1956. It is used for people who have cell populations from 
different individuals of the same or a different type that arise occasionally during pregnancy 
or blood transfusions or are targeted—by transplantation of tissues, organs, and cells. The 
term chimerism refers to the coexistence of cells from two different organisms in a body.

Each stage of the transplant process potentially exposes the patient to complications and life-
threatening events; this is largely due to a lack of understanding of the mechanisms of engraft-
ment, as well as the genetic differences that exist between donor and recipient. Additional factor 
for consideration is the sensitivity of the methods used. The most widely used one—PCR-STR, 
is thought to have 1–5% sensitivity. Factors, such as type and stage of disease, patient age, donor 
type, HLA compatibility, number of transplanted CD34+ cells, graft T cell depletion, and many 
others, influence the postSCT immune reconstitution, as well as all subsequent complications.

The recovery of hematopoiesis depends mainly on the possibility of the donor hematopoietic 
stem cells to generate progenitor cells and repopulate the bone marrow niches. It creates a 
dynamic donor-recipient chimera, the exploration of which—qualitatively or quantitatively, has 
become an important component of the posttransplant monitoring of the patients. Chimerism 
is an important indicator for relapse, graft rejection, minimal residual disease (MRD), and graft 
versus host disease (GVHD). The presence of persistent or emerging recipient cells could mean 
surviving leukemic cells that could lead to a recurrence of a malignant branch by inhibiting 
immunocompetent donor cells. Therefore, the accurate assessment of chimerism in the patient’s 
blood or bone marrow provides important information about the engraftment process and aids 
in providing a more adequate treatment to the recipient. Initially, full donor hematopoiesis was 
thought to be essential for the survival of the graft after allogeneic stem cell transplantation [9], 
but in recent years it became clear that posttransplantation chimerism is a dynamic process, and 
patients with full donor chimerism (FDC) in a posttransplant period may subsequently develop 
mixed chimerism and vice versa—patients with mixed can develop complete chimerism.

2. Chimerism and different therapeutic strategies

Patients undergoing allogeneic SCT are given chemotherapy alone or in combination with 
radiotherapy prior to reinfusion of blood or a bone marrow graft. In autologous transplanta-
tions, the conditioning aims to eradicate tumor cells, whereas in allogeneic transplantations, 
it aims to immunosuppress the recipient (for the purposes of preventing graft rejection), pro-
vide better control of possible GVHD, eradicate tumor cells (which correlates mainly with the 
intensity of the regimen used), and allow immune reconstitution. There are some exceptions, 
like recipients with severe aplastic anemia or those with severe combined immunodeficiency 
who do not require full immune system eradication.

Treatment with chemotherapy or radiation therapy results in severe depletion of all hemato-
poietic cells of the immune system. Both alkylating chemotherapeutic agents and irradiation 
target highly proliferative cells [10–12], including developing and naïve lymphocytes, making 
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them particularly depleted following treatment [13]. Conditioning regimens cause neutrope-
nia, which are likely to last up to approximately 30 days depending on the source of stem cells 
[14]. Delayed recovery following immunodepletion is associated with a high degree of morbid-
ity and mortality [13, 15, 16]. Lymphoid recovery is critically dependent on primary immune 
system organs—the younger the patient, the faster the recovery of CD4+ T cells, B cells, and 
NK cells [17–20]. Recovery of NK cells after HSCT depends on an expansion of the cytokine-
producing CD56bright NK cell subset. Initial recovery of the T cell compartment relies on the 
peripheral expansion of memory T cells, driven by cytokines and the presence of alloreactive 
antigens [14]. Interestingly, CD8+ T cells recover at similar rates in young and aged patients, 
which could be due to extrathymic clonal expansion [20–23]. The recovery of B cells takes 
longest time—up to 2 years and is preceded by expansion of transitional CD19+CD24++CD38++ 
B cells [14]. Furthermore, immunodepletion from pretransplant conditioning causes enhanced 
senescence of the hematopoietic system coupled with an upregulation in the cyclindependent 
kinase inhibitors p19Arf and p16ink4A mimicking some of the age-related effects [24, 25].

With the development of less intensive conditioning regimens, the frontiers of hematopoietic 
stem cell transplantations have become even broader covering more diseases and more people 
becoming eligible for this treatment. The myeloablative regimens (MAs) are designed to fully 
eradicate the host immune system and facilitate the engraftment of donor cells. In contrast, 
reduced-intensity conditioning (RIC) and nonmyeloablative (NMA) regimens aim to suppress 
the immune system in view of preventing donor cell rejection rather than ablate it. Protocols 
using lower intensity conditioning regimens have been developed to treat hematological 
disorders in patients with medical comorbidities or elderly people who are not considered 
appropriate candidates for more intense and toxic conditioning. Thus, the duration of cytope-
nia is shorter and initial mixed donor chimerism (DC) is more likely to occur in those patients.

In 2009, Bacigalupo et al. published a report proposing a categorization of conditioning regi-
mens into three categories—myeloablative conditioning, reduced-intensity conditioning, and 
nonmyeloablative conditioning. These categories were distinguished on the basis of cytopenia 
duration and the need of stem cell support [26]. The terminology reflects the early regimen-
related toxicity to the host bone marrow cells, but not the biological effect of the transplant.

 - Myeloablative conditioning regimens

The MA protocols include administration of high doses of total body irradiation (TBI) and/or 
alkylating agents, which do not allow autologous hematologic recovery and should benefit 
a faster donor cell engraftment. Since it is unlikely to fully eradicate a person’s immune sys-
tem, the term myeloablation should be considered as an operational definition, indicating a 
regimen usually causing an irreversible pancytopenia [26]. The myeloablative conditioning of 
patients results in higher transplant-related mortality (TRM) and higher frequency of GVHD, 
compared to other protocols.

 - Reduced-intensity conditioning regimens

RIC regimens are considered an intermediate category of regimens, which cannot be clas-
sified as either NMA or MA—they cause cytopenia that may be prolonged, but the dose of 
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alkylating agents or TBI is reduced by at least 30%, as compared to MA, and they do require 
stem cell support [26].

 - Nonmyeloablative conditioning regimens

NMAs typically cause minimal cytopenia—they do not require stem cell support, but are 
immunosuppressive to the extent that, when followed by G-CSF mobilized peripheral blood 
stem cells (PBSC), they usually result in full donor cell engraftment. According to Bacigalupo 
et al., the NMA regimens are more “immune-ablative” than myelo-ablative [26]. The NMA 
conditioning results in lower TRM, as compared to MA but requires a larger amount of donor 
cells to facilitate a full replacement of the recipient’s hematopoiesis [27, 28]. Acute GVHD 
after NMA is delayed and may develop after day +100, at a time when chronic GVHD is 
usually diagnosed after MA regimen. GVHD remains a significant cause of morbidity and 
mortality after the application of both MA and NMA [29].

Many studies address the importance of chimerism monitoring after allo-SCT, but the data 
are controversial [30–36]. Moreover, chimerism monitoring in patients with MA condition-
ing is considered to be less informative and unnecessary, since the aggressive pretransplant 
preparation is thought to result in irreversible pancytopenia and achievement of stable full 
donor chimerism [30, 37, 38]. The chimerism status seems to be even more complicated as 
new data show the vague borders between the postSCT effects of the different conditioning 
protocols [31, 39, 40].

The aggressive pretransplant therapy is more effective against the disease, but its use is lim-
ited to younger and healthier patients who are able to tolerate concomitant toxicity. MA con-
ditioning aims to facilitate normal hematopoietic reconstitution with FDC by day +30, after 
allo-SCT. In unmanipulated grafts, chimerism analysis shows mostly FDC, as its early estab-
lishment may be an indication of GVHD. Mixed chimerism is more likely to be observed 
in patients who had received T cell-depleted graft. T cell depletion is used to reduce the 
frequency of GVHD—Mickelson et al. showed a significantly increased risk of developing 
acute or chronic GVHD in patients who reached levels of donor chimerism in T cells >90% 
(HR = 1.92, P = 0.08 and HR = 2.26, and P = 0.07, respectively) [31]. Moreover, speed and extent 
of donor chimerism have been shown to be influenced by additional factors including pri-
mary diagnosis and previous treatment [37].

2.1. Investigation of chimerism in myeloablative HSCT

From a historical point of view, ablative chemotherapy and total body irradiation were 
accepted as a treatment for elimination of malignant cells and targeting immunosuppression 
with view of facilitating donor cell engraftment. High dosage protocols aiming to achieve 
antileukemic effect are still in use for patients with aggressive malignant diseases. The main 
treatment includes cyclophosphamide and TBI or busulfan (BU), and more often a combina-
tion of busulfan and fludarabine at dosages eliminating all myeloid cells [41]. The aggres-
sive pretransplant conditioning is very effective for the primary disease, but it is limited to 
younger patients who are able to tolerate treatment-related toxicity. Myeloablative condition-
ing schemes could facilitate reconstitution of hematopoiesis with a complete lymphocyte chi-
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merism at day 30 after HSCT. In such type of HSCT, cases of GVHD are more frequent, while 
relapses have been rarely observed. Chimerism analysis shows complete donor chimera [37]. 
In 50–100% of the patients transplanted with T cell-depleted bone marrow grafts, mixed chi-
mera have been observed. In these transplant procedures very often donor-lymphocyte infu-
sion is performed, especially in CML patients.

2.2. Investigation of chimerism in nonmyeloablative/reduced-intensity HSCT

One of the main factors allowing increase in the number of HSCT is the development of non-
myeloablative conditioning and reduced-intensity conditioning regimens. The introduction 
of these protocols is related to the lower treatment-related mortality, allowing the application 
of HSCT as a treatment for elderly people and patients in a severe clinical condition. Another 
substantial advantage of these protocols is the better immune reconstitution due to the lower 
degree of thymus injury, despite the fact that studies showed similar outcomes for HSCT. This 
allows better regeneration of naïve T cells and proliferation of immune-competent cells of the 
recipient, which have survived after conditioning. The majority of RIC protocols are based on 
a combination of purine analogs, usually fludarabine with alkylating agents, such as busul-
fan or cyclophosphamide, and represent a different intensity of myelosuppression [42–44]. 
Another approach is to use low doses of TBI, alone or in combination with fludarabine [45]. 
This approach relies on the GVL effect and is associated with minimal toxicity. Several stud-
ies have shown the association between patient conditioning and posttransplant chimerism 
levels [46, 47].

Unlike HSCT with myeloablative conditioning, nonmyeloablative conditioning is related to a 
mixed chimerism [6]. Additionally, the probability to develop aGVHD is lower, while prob-
ability to develop cGVHD is comparable for both conditioning protocols. The immunobiol-
ogy of allo-SCT after NMA conditioning differs from that after MA mainly by the release 
of less inflammatory cytokines. Tissue damage caused by myeloablation is translated into 
proinflammatory cytokines that are supposed to provide a milieu for the development of 
GVHD. As a result, aGVHD after NMA is delayed and may develop after day +100, remaining 
a significant cause of morbidity and mortality in NMA SCT patients. Mixed chimerism does 
not mean grim prognosis but could be associated with increased risk of relapses.

Relatively decreased aGVHD after RIC HSCT could be explained by a combination of pretrans-
plant conditioning and initial mixed chimerism that could contribute to the development of 
tolerance [29, 45]. Some patients demonstrate late development of aGVHD that coincides with 
the transition from mixed to complete donor T cell chimera [46]. In patients who do not develop 
GVHD, donor lymphocyte infusion could be performed in order to achieve complete chimera 
and GVL effect. Therefore, in HSCT with nonmyeloablative conditioning, it is very important 
to monitor chimerism level in order to assess correctly the need of donor lymphocyte infusion 
and the effect of this treatment [37]. Lower levels of T and NK cells in the first 30 days following 
HSCT are associated with increased risk of graft rejection. Granulocyte and monocyte chime-
rism levels have limited relevance for graft rejection [46]. In contrast, high levels of donor T cells 
are predictive for development of aGVHD grade 2–4 [31, 46, 48]. Additionally, levels above 90% 
donor T and/or NK cells are associated with antitumour response and disease-free survival [46, 
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merism at day 30 after HSCT. In such type of HSCT, cases of GVHD are more frequent, while 
relapses have been rarely observed. Chimerism analysis shows complete donor chimera [37]. 
In 50–100% of the patients transplanted with T cell-depleted bone marrow grafts, mixed chi-
mera have been observed. In these transplant procedures very often donor-lymphocyte infu-
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allows better regeneration of naïve T cells and proliferation of immune-competent cells of the 
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a combination of purine analogs, usually fludarabine with alkylating agents, such as busul-
fan or cyclophosphamide, and represent a different intensity of myelosuppression [42–44]. 
Another approach is to use low doses of TBI, alone or in combination with fludarabine [45]. 
This approach relies on the GVL effect and is associated with minimal toxicity. Several stud-
ies have shown the association between patient conditioning and posttransplant chimerism 
levels [46, 47].

Unlike HSCT with myeloablative conditioning, nonmyeloablative conditioning is related to a 
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ability to develop cGVHD is comparable for both conditioning protocols. The immunobiol-
ogy of allo-SCT after NMA conditioning differs from that after MA mainly by the release 
of less inflammatory cytokines. Tissue damage caused by myeloablation is translated into 
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and GVL effect. Therefore, in HSCT with nonmyeloablative conditioning, it is very important 
to monitor chimerism level in order to assess correctly the need of donor lymphocyte infusion 
and the effect of this treatment [37]. Lower levels of T and NK cells in the first 30 days following 
HSCT are associated with increased risk of graft rejection. Granulocyte and monocyte chime-
rism levels have limited relevance for graft rejection [46]. In contrast, high levels of donor T cells 
are predictive for development of aGVHD grade 2–4 [31, 46, 48]. Additionally, levels above 90% 
donor T and/or NK cells are associated with antitumour response and disease-free survival [46, 
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49]. Similar results have been reported by Mohty et al. (n = 102) [48]. In contrast, some studies 
do not reveal an association between the level of donor T lymphocytes and the development 
of GVHD [50, 51]. In their study, Lim et al. showed that rapid conversion to complete donor 
chimera is associated with decreased overall survival and increased TRM when compared 
with persistence of mixed chimerism. No association with relapse frequency was observed 
[52]. Mixed chimera is related to better survival—this observation could be explained by the 
persisting recipient cells, associated with resistance to infections and overall survival [52, 53]. 
Patients with low absolute count of dendritic cells, one month following HSCT, have a higher 
TRM (60% versus 12%, P < 0.02) and decreased overall survival (15% versus 45%, P < 0.002) [54]. 
There is also an association between decreased CD16+ dendritic cells and increased infection-
related mortality (50% versus 0%, P < 0.05). The possibility that the infection itself is likely to 
decrease the number of these cells cannot be excluded [54].

2.3. Chimerism following donor lymphocyte infusion (DLI)

Donor lymphocyte infusion is a new therapeutic strategy, applied mainly in cases of nonmy-
eloablative, T cell-depleted myeloablative HSCT, or haploidentical transplantations due to its 
GVL effect. These patients have delayed immune reconstitution, increasing the risk of disease 
relapse. Application of standard DLI is limited due to GVHD and aplasia. New protocols using 
G-CSF-stimulated blood progenitor cells, allodepleted donor T cells and mHag-specific CD8+ 
cytotoxic T lymphocytes have been currently developed allowing wider application of this type 
of therapy. A limitation of the latter is estimating the right time for DLI. Lymphocyte infusions 
in the early relapses are associated with favorable outcome [55, 56]. Therefore, chimerism should 
be monitored regularly in order to detect recipient-specific hematopoiesis [6, 57, 58]. Infused 
lymphocytes are sensitized by surface antigens that are associated with leukemia or polymor-
phic minor histocompatibility antigens, which are expressed by the leukemic cells. This induces 
their transformation into cytotoxic lymphocytes killing cancer cells. DLI is most effective in 
patients with CML (approximately 75%), which could be explained by the antigen-presenting 
cells found in malignant clones. This therapy is not effective in patients with AML or multiple 
myeloma. The development of new therapeutic protocols has decreased aplasia and GVHD.

3. Chimerism in nonmalignant diseases

Currently, a major part of inherited or acquired nonmalignant diseases, such as thalassemia, 
aplastic anemia, and immune deficiencies, can be successfully treated by HSCT. The aim 
of such type of transplantation is to achieve stable engraftment, enabling hematopoiesis, 
enzyme activity, or immune competence. Therefore, establishment of complete donor chi-
mera is not necessary and the recipient can be conditioned by nonmyeloablative therapy. This 
results more often in the establishment of mixed chimera, increased risk of graft rejection, 
and decreased risk of GVHD. On the other hand, rapid development of complete chimera 
in NK and T cells is very important for the successful engraftment, although it increases the 
frequency of acute GVHD [59–61].
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4. Chimerism in malignant diseases

Monitoring MRD and chimerism levels in patients with malignant diseases is very important. 
Allogeneic HSCT is an effective therapy in both low- and high-risk CLL. The analysis of 44 
high-risk patients with 17p deletion and RIC transplantation showed a four-year cumulative 
frequency of disease progression of 34% [62]. Establishment of T cell mixed chimera 90 days 
following transplantation and chemorefractory disease are associated with increased risk of 
disease progression. Establishment of complete donor chimera and lack of MRD are associ-
ated with prolonged DFS. Limited data on the relapse outcome in CLL are available and some 
patients have positive response to DLL treatment and immunosuppression withdrawal. A 
better response has been observed in patients with 100% donor T cells. Many studies have 
shown that conversion from mixed to complete donor chimera predicts development of 
GVHD [46, 62–64].

In patients with acute leukemia (AML and ALL), mixed chimera may be associated with 
increased risk of graft rejection. A greater risk has been demonstrated in patients with high 
levels of residual cells and/or rapid increase of recipient cells [2, 4, 5]. Monitoring of the 
level of expression of WT1 and the kinetics of nonseparated CD34 chimerism allows early 
detection of relapse in MDS and AML patients. In patients with stable CD34+ levels and 
WT1 expression under predefined cut off, relapse could be excluded within the following 
28 days [34, 65, 66].

Establishment of mixed chimera can be associated with many factors such as condition-
ing intensity, T cell-depleted grafts, CD34 cell dosage, techniques used for monitoring, and 
primary disease. Due to the dynamics in chimerism development, chimerism should be 
monitored at shorter intervals, especially in the first 1–2 months following transplantation 
when the risk of rejection is higher. In the early posttransplant period, the persistent mixed 
chimera could indicate graft rejection or early relapse. On the other hand, the increased 
number of recipient cells at a later stage after transplantation is associated with a relapse or 
late rejection.

Due to its low sensitivity of about 1%, chimerism analysis could be used as a prognostic rather 
than an indirect indicator for MRD. With the introduction of RQ-PCR technique, the sensitiv-
ity of chimerism monitoring has improved to 0.1%, resulting in improvement of its prognostic 
value for MRD detection.

5. Chimerism analysis: technical considerations

Expanding the curability of hematological diseases with stem cell transplantation, as well as 
introducing new conditioning protocols allows more patients to be eligible for this treatment. 
This raises the need for better posttransplant chimerism monitoring, since the different quan-
titative or semiquantitative methods have their advantages and disadvantages. While the sig-
nificance of the absolute value is still under discussion, the relative changes in engraftment 

Monitoring of Chimerism Following Hematopoietic Stem Cell Transplantation
http://dx.doi.org/10.5772/67383

83



49]. Similar results have been reported by Mohty et al. (n = 102) [48]. In contrast, some studies 
do not reveal an association between the level of donor T lymphocytes and the development 
of GVHD [50, 51]. In their study, Lim et al. showed that rapid conversion to complete donor 
chimera is associated with decreased overall survival and increased TRM when compared 
with persistence of mixed chimerism. No association with relapse frequency was observed 
[52]. Mixed chimera is related to better survival—this observation could be explained by the 
persisting recipient cells, associated with resistance to infections and overall survival [52, 53]. 
Patients with low absolute count of dendritic cells, one month following HSCT, have a higher 
TRM (60% versus 12%, P < 0.02) and decreased overall survival (15% versus 45%, P < 0.002) [54]. 
There is also an association between decreased CD16+ dendritic cells and increased infection-
related mortality (50% versus 0%, P < 0.05). The possibility that the infection itself is likely to 
decrease the number of these cells cannot be excluded [54].

2.3. Chimerism following donor lymphocyte infusion (DLI)

Donor lymphocyte infusion is a new therapeutic strategy, applied mainly in cases of nonmy-
eloablative, T cell-depleted myeloablative HSCT, or haploidentical transplantations due to its 
GVL effect. These patients have delayed immune reconstitution, increasing the risk of disease 
relapse. Application of standard DLI is limited due to GVHD and aplasia. New protocols using 
G-CSF-stimulated blood progenitor cells, allodepleted donor T cells and mHag-specific CD8+ 
cytotoxic T lymphocytes have been currently developed allowing wider application of this type 
of therapy. A limitation of the latter is estimating the right time for DLI. Lymphocyte infusions 
in the early relapses are associated with favorable outcome [55, 56]. Therefore, chimerism should 
be monitored regularly in order to detect recipient-specific hematopoiesis [6, 57, 58]. Infused 
lymphocytes are sensitized by surface antigens that are associated with leukemia or polymor-
phic minor histocompatibility antigens, which are expressed by the leukemic cells. This induces 
their transformation into cytotoxic lymphocytes killing cancer cells. DLI is most effective in 
patients with CML (approximately 75%), which could be explained by the antigen-presenting 
cells found in malignant clones. This therapy is not effective in patients with AML or multiple 
myeloma. The development of new therapeutic protocols has decreased aplasia and GVHD.

3. Chimerism in nonmalignant diseases

Currently, a major part of inherited or acquired nonmalignant diseases, such as thalassemia, 
aplastic anemia, and immune deficiencies, can be successfully treated by HSCT. The aim 
of such type of transplantation is to achieve stable engraftment, enabling hematopoiesis, 
enzyme activity, or immune competence. Therefore, establishment of complete donor chi-
mera is not necessary and the recipient can be conditioned by nonmyeloablative therapy. This 
results more often in the establishment of mixed chimera, increased risk of graft rejection, 
and decreased risk of GVHD. On the other hand, rapid development of complete chimera 
in NK and T cells is very important for the successful engraftment, although it increases the 
frequency of acute GVHD [59–61].

Stem Cells in Clinical Practice and Tissue Engineering82

4. Chimerism in malignant diseases

Monitoring MRD and chimerism levels in patients with malignant diseases is very important. 
Allogeneic HSCT is an effective therapy in both low- and high-risk CLL. The analysis of 44 
high-risk patients with 17p deletion and RIC transplantation showed a four-year cumulative 
frequency of disease progression of 34% [62]. Establishment of T cell mixed chimera 90 days 
following transplantation and chemorefractory disease are associated with increased risk of 
disease progression. Establishment of complete donor chimera and lack of MRD are associ-
ated with prolonged DFS. Limited data on the relapse outcome in CLL are available and some 
patients have positive response to DLL treatment and immunosuppression withdrawal. A 
better response has been observed in patients with 100% donor T cells. Many studies have 
shown that conversion from mixed to complete donor chimera predicts development of 
GVHD [46, 62–64].

In patients with acute leukemia (AML and ALL), mixed chimera may be associated with 
increased risk of graft rejection. A greater risk has been demonstrated in patients with high 
levels of residual cells and/or rapid increase of recipient cells [2, 4, 5]. Monitoring of the 
level of expression of WT1 and the kinetics of nonseparated CD34 chimerism allows early 
detection of relapse in MDS and AML patients. In patients with stable CD34+ levels and 
WT1 expression under predefined cut off, relapse could be excluded within the following 
28 days [34, 65, 66].

Establishment of mixed chimera can be associated with many factors such as condition-
ing intensity, T cell-depleted grafts, CD34 cell dosage, techniques used for monitoring, and 
primary disease. Due to the dynamics in chimerism development, chimerism should be 
monitored at shorter intervals, especially in the first 1–2 months following transplantation 
when the risk of rejection is higher. In the early posttransplant period, the persistent mixed 
chimera could indicate graft rejection or early relapse. On the other hand, the increased 
number of recipient cells at a later stage after transplantation is associated with a relapse or 
late rejection.

Due to its low sensitivity of about 1%, chimerism analysis could be used as a prognostic rather 
than an indirect indicator for MRD. With the introduction of RQ-PCR technique, the sensitiv-
ity of chimerism monitoring has improved to 0.1%, resulting in improvement of its prognostic 
value for MRD detection.

5. Chimerism analysis: technical considerations

Expanding the curability of hematological diseases with stem cell transplantation, as well as 
introducing new conditioning protocols allows more patients to be eligible for this treatment. 
This raises the need for better posttransplant chimerism monitoring, since the different quan-
titative or semiquantitative methods have their advantages and disadvantages. While the sig-
nificance of the absolute value is still under discussion, the relative changes in engraftment 

Monitoring of Chimerism Following Hematopoietic Stem Cell Transplantation
http://dx.doi.org/10.5772/67383

83



kinetics are a reliable sign for acceptance or rejection of the graft. This, in its turn, requires 
a determination of the factors intrinsic for the platform, which may influence the observed 
changes in chimerism result [67, 68]. Some of the most important characteristics of the methods 
for postSCT chimerism monitoring are their sensitivity, precision, and reproducibility [69–71].

Investigating microsatellites (STR) and minisatellites (VNTR) is considered the most sensitive and 
informative technique to study the levels of chimerism after HSCT. Micro (2–5 bp) and minisatel-
lites (9–80 bp) are tandemly repeated blocks of noncoding DNA that are widespread throughout 
the human genome. The repeat-pattern of these blocks varies greatly among individuals in a pop-
ulation. There is a large number of STR (short tandem repeats) systems that have been mapped 
throughout the human genome, and they are found on almost every chromosome (Table 1).

Chromosome STR markers RFLP-based VNTR markers Other PCR-based 
markers

1 F13B, RENA4, D1S1171, D1S1627, 
D1S1656, D1S1677, D1S2142, and 
D1GATA113

D1S7 and D1S339 D1S80

2 APOB, TPOX, D2S410,  
D2S441, D2S436, D2S1242, D2S1338, 
D2S1360, D2S1772, and D2S1776

D2S44 ApoB

3 ACPP, D3S1349, D3S1352, D3S1358, 
D3S1359, D3S1545, D3S1744, D3S3053, 
and D3S4529

4 FABP, FGA (FIBRA), GABARB15, 
D4S2364,  
D4S2366, D4S2368, and D4S2408

D4S139 GC (PM) and GYPA 
(PM)

5 CSF1PO, D5S373, D5S815, D5S818, and 
D5S2500

D5S110

6 F13A1, FOLP23, SE33 (ACTBP2), D6S366, 
D6S474, D6S477, D6S502, D6S965, 
D6S1017, and D6S1043

D6S132 DQa

7 D7S460, D7S809, D7S820, D7S821, 
D7S1517, D7S1520,  
and D7S3048

D7S21, D7S22, D7S467 D7S8 (PM)

8 LPL (LIPOL), D8S306,  
D8S320, D8S323, D8S344, D8S347, 
D8S639, D8S1132, D8S1115,  
and D8S1179

9 D9S52, D9S302, D9S304, D9S925, 
D9S1122, and  
D9S2157

10 D10S89, D10S1248, D10S1435, D10S2325, 
and D10S2326

D10S28

11 APOAI1, TH01 (TC11), UGB, D11S488, 
D11S554, and D11S4463

HBGG (PM)

12 CD4, PLA2A1, VWA, D12S67, D12S391, 
D12S1090, and D12ATA63

D12S11
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The method is semiquantitative and has a moderate level of sensitivity—1–5%; neither 
gender nor HLA compatibility of donor and recipient can influence its informativity; it 
requires a very small number of cells, which makes it applicable in the first postSCT days. 

Chromosome STR markers RFLP-based VNTR markers Other PCR-based 
markers

13 D13S308, D13S317, and D13S1492

14 D14S306, D14S608, and D14S1434 D14S13

15 CYAR04 (P450), FES/FPS,  
Penta E, D15S659, and  
D15S822

16 D16S537, D16S539, and D16S3253 D16S85

17 D17S974, D17S976, and D17S1301 D17S79, D17S26 D17S5, YNZ22

18 MBP, D18S51, D18S535, D18S849, 
D18S853, and D18S1270

19 D19S253, D19S433 LDLR (PM)

20 D20S85, D20S161, D20S470, D20S482, and 
D20S1082

21 Penta D, D21S11, D21S1437, and 
D21S2055

22 D22S683 and D22S1045

X HPRTB, ARA, STRX1, DXYS156, 
DXS101, DXS981, DXS6789, DXS6795, 
DXS6797, DXS6800, DXS6801, DXS6803, 
DXS6807,DXS6809, DXS7130, DXS7132, 
DXS7133, DXS7423, DXS7424, DXS8377, 
DXS8378, DXS9895, DXS9898, DXS9905, 
DXS9908, DXS10011, GATA31E08, 
GATA165B12,  
and GATA172D05

Amelogenin

Y DYS19, DXYS156, DYS385 a/b, DYS388, 
DYS389 I/II, DYS390, DYS391, DYS392, 
DYS393, DYF406S1, DYS437, DYS438, 
DYS439, DYS444, DYS446, DYS447, 
DYS448, DYS449, DYS456, DYS458, 
DYS460, DYS461, DYS462, DYS463, 
DYS464 a/b/c/d, DYS481, DYS485, 
DYS495, DYS505, DYS508, DYS520, 
DYS522, DYS525, DYS531, DYS532, 
DYS533, DYS534, DYS540, DYS549, 
DYS556, DYS557, DYS570, DYS576, 
DYS578, DYS589, DYS594, DYS617, 
DYS635, DYS643, DYS724 (CD a/b), 
GATA-H4, and YCAII a/b

Amelogenin and 
Y-SNPs

mtDNA HV1 and HV2

Table 1. Chromosome location of mini- and microsatellites [72].
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GATA-H4, and YCAII a/b

Amelogenin and 
Y-SNPs

mtDNA HV1 and HV2

Table 1. Chromosome location of mini- and microsatellites [72].
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Multiplex platforms use STR/VNTR (variable number tandem repeats) loci with identi-
cal amplification protocols and different allelic lengths, using fluorescently labeled prim-
ers. Due to its large size, VNTR more often showed discrepancies in the evaluation of 
chimerism between markers [73]. All loci are amplified together in a single PCR reac-
tion and amplification products are electrophoretically separated on an automated DNA 
sequencer—fragment analysis. Further analysis is carried out by specialized software. 
Microsatellites are more widely used, since they are polymorphic, more sensitive, faster 
to work with, and cheaper. Despite their excellent performance in forensic science, their 
application in the study of chimerism has its limitations. The most important one results 
from the very design of the platform—the amount of DNA is indirectly evaluated based 
on measurement of fluorescence during electrophoresis. The various fluorophores differ 
in their efficiency to emit light, and the platform has no internal calibration for measure-
ment. As a result, the measurement of one and the same absolute value of DNA will not 
be equally estimated in all loci. However, this fluorescence-based technology is considered 
the gold standard in the study of chimerism [58]. Another feature of the STR system is 
the presence of additional signals—stutter peaks, which are mainly n − 1 and to a lesser 
degree n + 1 signals [74, 75]. These artifacts are the result of slipped-strand mispairing 
during amplification. Their size depends on the size and type of the allele, and is in the 
range 2–13% of their respective base peaks. Stutter is less pronounced with larger repeat 
units (dinucleotides > tri- > tetra- > penta-). Longer repeat regions generate more stutter, 
and each successive stutter product is less intense. If stutter peaks match the correspond-
ing donor or recipient peaks, this would affect the estimate of chimerism. This is especially 
important at low levels of the host residual cells, which would hamper the assessment of 
minimal residual disease. In heterozygous loci, the two alleles should be equal in amount, 
but due to stochastic effects during PCR amplification, an imbalance in the two detected 
alleles is established—this is especially true when the amount of DNA being amplified is 
limited. Under conditions of extreme imbalance, one allele may “drop-out”.

6. Conclusion

Different protocols have been used to condition patients prior to HSCT. They differ from each 
other in intensity of myeloablation. Myeloablative conditioning is very aggressive and leads 
to high toxicity and TRM, so its application is limited to younger patients and patients in good 
medical condition. The risk of TRM decreases with time, although the causes for this are not 
fully understood. Most likely this is due to advances in technology for HLA typing, better 
understanding of the role of HLA compatibility, particularly with regard to unrelated donors, 
and better medical services for patients. Various conditioning protocols are deemed to have 
varying degrees of ablation of the recipient immune system resulting in different profiles of 
posttransplantation recovery.

The levels of chimerism after HSCT depend on a number of factors, including the intensity of 
pretransplant conditioning, the use of T cell-depleted grafts, the number of transplanted stem 
cells, the sensitivity of the technique used for detection and the interval of study, and as well 
as the type of the disease.
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The main objective in posttransplantation monitoring is early diagnosis of adverse events. Due 
to the dynamic nature of the development of chimerism, its monitoring should be carried out 
at short intervals, especially in the first 1–2 months after transplantation, when the risk of dis-
ease recurrence or graft failure/rejection is greatest. In the earliest posttransplantation period, the 
presence of persistent mixed chimerism or the disappearance of donor alleles are associated with 
both graft rejection and early relapse of the underlying disease. On the other hand, the increas-
ing number of recipient cells in the later periods after the transplantation is associated with 
upcoming relapse or late allograft rejection. The mechanisms that direct hematopoietic recovery 
toward one or another course are not yet fully understood. The analysis of chimerism kinetics 
allows early differentiation between the lack of engraftment and its delay, as well as early detec-
tion of patients at high risk of developing GVHD or susceptible to a relapse. In this context, the 
study of chimerism is undoubtedly an important method for monitoring the outcome of HSCT.
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Abstract

By combining tissue engineering techniques with human-induced pluripotent stem cell 
(hiPSC) technology, human-derived engineered cardiac tissues (ECTs) have been devel-
oped using several cell lineage compositions and 3-dimensional geometries. Although 
hiPSC ECTs are relatively immature compared with native adult heart tissues, they have 
promising potential as a platform technology for drug-screening and disease model-
ing, and as grafts for hiPSC-based regenerative heart therapy. This chapter provides the 
focused overview of the current status of cardiac tissue engineering technology and its 
possible application.

Keywords: iPS cell, engineered cardiac tissue, tissue engineering, drug screening, 
disease modeling, cardiac regeneration
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2. Methods for generating engineered cardiac tissues

2.1. Cell sheet technology

Okano, Shimizu and colleagues have developed a culture surface grafted with temperature-
responsive polymer, poly(N-isopropyl acrylamide) (PIPAAm) [7]. This system enables con-
fluent cells to detach themselves from the surface while maintaining a sheet structure simply 
by reducing the culture temperature. The cell sheets are fabricated without the use of exog-
enous matrices. It has endogenous matrix layer at the bottom side, and it secures biological 
attachment to the recipient heart surface within 30 min [8]. This scaffold-free tissue is a thin 
sheet, and three-dimensional thicker structure can be obtained by stacking several sheets. 
However, stacking more than three layers (approximately 80 μm thickness) triggers cell death 
at the center due to hypoxia [9]. At our lab, we overcame this limit by stacking cell sheets with 
gelatin hydrogel microspheres (GHM) [10]. Five-layered cell sheets with GHM displayed bet-
ter cell viability in vitro compared with the control cell sheet without GHM. Furthermore, cell 
sheet modification with GHM improved the retention of grafted cell sheets on the rat heart 
epicardial surface after myocardial infarction. We succeeded in generating over 1 mm thick 
constructs from 15 sheets using this technology.

2.2. Biomaterials

Cardiomyocytes and other cells are embedded in biomaterials, such as collagen I, matrigel, 
and/or fibrin in a casting mold. Exogenous gel matrix promotes self-assembly of cells lead-
ing to form a tissue structure. The first successful cardiac tissue fabrication by this method 
was reported in the year 1997 [11]. Fixed anchors in these molds generate static strain, which 
enhances the cell alignment and contractile function. The geometry of mold controls the final tis-
sue architecture, and a variety of tissue shapes have been formulated, including linear [12–16], 
circular [17], and mesh structures (Figure 1) [18–20]. By applying engineering manufacturing 
methods, it may be possible to automate the process of generating small-sized ECTs, leading 
to the development of high throughput in vitro analysis systems [21, 22]. In fact, recently, 3D 
bio-printing technology has been applied and provided the possibility of creating more com-
plicated structures reproducibly by printing both scaffold matrix and living cells [23].

2.3. Prefabricated matrix

Biomaterials provide a ‘soft’ environment for the cells to grow in. On the other hand, syn-
thetic microporous (‘spongy’) scaffolds made from alginate, collagen, and gelatin or other 
stiffer materials, such as polystyrene, PLLA (Poly-L-Lactide Acid), PLGA (Poly(lactic-co-
glycolic acid)) and PCL (Polycaprolactone), have also been tested [24, 25]. The advantage of 
this method is that these rigid scaffolds contribute to engineering any desired structure and 
size with mechanical stability. However, the maturation of various mesodermal cells is matrix 
stiffness dependent, and therefore both the biomaterial gel and the supporting mold may 
impact cell maturation and survival [26].
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2.4. Decellularized tissue

Deccllurization of a whole heart is achieved by the treatment with sodium dodecyl sulfate 
(SDS) and Triton X-100 under Langendorf perfusion [27]. The decellularized tissue maintains 
most of the tissue contents and function of the extracellular matrix. Hence, decellularized tissue 
provides a native scaffold which can support repopulation by mesoderm lineage cells. These 
decellularized tissues may be advantageous in the generation of in vitro cardiac tissues [28, 29].

3. Maturation of the tissue

3.1. Cellular contents

A heart tissue is composed of multiple cell types including cardiomyocytes, fibroblasts, endo-
thelial cells, and smooth muscle cells. In human hearts, cardiomyocytes account for 25-50% of 
total cells, occupying around 70% of the whole volume [30]. Many reports have demonstrated 
that non-myocytes support the maturation of cardiomyocytes and play a significant role in 
both myocardial structure and function [13, 16, 19].

We induced cardiomyocytes (CM), endothelial cells (EC), and vascular mural cells (MC) from 
hiPSCs, and generated ECTs from several formulations of cardiomyocytes and non-myocytes, 

Figure 1. Generation of a mesh ECT by biomaterial-based technique. (a) Schematic diagram for a mesh ECT generation. 
Cardiomyocytes (CM), endothelial cells (EC), and mural cells (MC) are induced from human iPS cells (h-iPSCs) using 
two different protocols. Cells and collagen-based matrix were combined and poured into custom polydimethylsiloxane 
(PDMS) molds at day 0 and cultured for 14 days. (b) Representative image of a PDMS mold (left) and a mesh ECT (right). 
Scale bar: 10 mm. (Reproduced from Ref. [20] with permission).
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such as CM+EC, CM+MC, and CM+EC+MC [16]. According to in vitro force measurement, 
CM+EC+MC ECTs showed most advanced electrophysiological properties. Furthermore, his-
tological analysis revealed CM+EC+MC possessed more unidirectionally aligned myofiber 
with mature sarcomeric structures (Figure 2).

The mechanism for the improvement of tissue maturation as the result of a more complex lin-
eage mixture is still unknown. Evidence is emerging that cardiomyocytes and fibroblasts are 
electrically coupled, which may modulate electrophysiologic function [31]. Direct interaction 
of different cell types or paracrine effects can be considered. It is reported that extracellular 
matrix derived from cardiac fibroblast supported the proliferation in vitro and indicated the 
usefulness of the coculture [32].

3.2. Effects of extended culture duration on CM and ECT maturation and function

Cardiomyocytes derived from pluripotent stem cells mature early in culture but are arrested 
at the late embryonic stage under 2-dimensional (2D) culture condition [33]. Meanwhile, it is 
widely recognized that cardiomyocytes in a 3-dimensional (3D) cardiac tissue acquire a more 
mature phenotype than those in 2D culture [25, 34].

In our study, we prolonged culture duration of mesh ECTs from 14 to 28days [20]. Long-
cultured constructs showed the tendency to augment the active contractile force along with 
the increase of beating frequency from 1.5Hz to 2.5Hz and maintained greater force compared 
to 14-day constructs. The shift from a negative to a neutral force-frequency relationship in 
28-day constructs represents sustained functional maturation as well as more rapid force gen-
eration and relaxation cycle, and the ability to capture higher pacing frequency. Additional 
culture duration enhanced myofiber alignment along with the expression of several genes 
related to ion channels and gap junction (Figure 3).

3.3. Impact of culture condition on ECT maturation and function

In order to expand the dimension of ECTs, it is necessary to improve the distribution of oxy-
gen and nutrient throughout tissues. Direct perfusion of culture medium reduces the gradi-
ents associated with diffusional mass transport between the construct surfaces and the inner 
phase and improves the microenvironmental conditions within ECTs. [35–37]. In addition to 
the increase of cellularity at the center of ECTs, perfusion system contributes to the matura-
tion of cardiomyocytes and the tissue structure. It is reported that even the simple rocking 
dynamic culture yields engineered myocardium with near-adult functional output [38]. The 
system accelerates force generation and conduction velocity probably due to the activation of 
mTOR signaling.

For generating ECTs, especially from biomaterial-based technique, materials from other 
sources, such as collagen derived from rat or matrigel, have been widely used with xeno-
serum containing culture medium. Tiburcy and colleagues modified their methods toward 
clinical application and developed a formulation for generating ECTs by using medical grade 
bovine collagen and maintaining them under serum-free defined condition [19]. This modifi-
cation provided a proof-of-concept for a universally applicable technology for the engineering 
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Figure 2. Electromechanical properties and structural maturation of hiPSC-ECTs. (a) Schematic diagrams for generationg 
3 types of ECTs containing cardiomyocytes (CM), endothelial cells (EC), and/or mural cells (MC) (upper) and the 
proportions of each cell type (lower) [n = 8 (CM+ EC), 7 (CM+ MC), and 12 (CM+ EC+ MC). (b–d) Results of contractile 
force measurements [n = 8 (CM+ EC), 7 (CM+ MC), and 12 (CM+ EC+ MC)]. (b) Maximum capture rate (left), relaxation 
time (center) and excitation threshold voltage (right) (c) Relationship between active force and pacing frequency 
(2Hz to 3.5Hz). (d) Young’s modulus of ECTs. NS, not significant; *P < 0.05,**P < 0.01, ***P < 0.001. (e) Representative 
alignment analysis using cTnT-stained images after 2-dimensional (2D) and 3-dimensional (3D) culture for 3 types of 
ECTs (left). Calculated concentration parameter (κ ) (right) [n =3 (2D) and 5 (each 3D)]. Larger values of κ represent 
greater alignment to a single direction. cTnT, cardiac troponin T; Deg, degree. (f) Representative transmission electron 
microscopic images for each type of ECT cultured for 4 weeks. Arrows indicate myofibers. N, nucleus; Mt, mitochondria; 
I, I-band; A, A-band; Z, Z-line. (Reproduced from Ref. [16] with permission).
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cardiac tissue. In addition, ECTs generated by this condition displayed advanced cardiomyo-
cyte maturation compared to the conventional methods [19].

3.4. Role of mechanical loading on ECT maturation and function.

Several in vitro ECT studies revealed the impact of uniaxial mechanical loading on the align-
ment of cardiomyocytes and functional maturation. The simplest system for that is the two 
fixed anchors which generate static strain on the tissue between them. Furthermore, cyclic 
stress conditioning markedly increases cardiomyocyte hypertrophy and proliferation rates ver-
sus unconditioned constructs [13]. We demonstrated that ECTs displayed a broad spectrum of 
altered gene expression in response to cyclic stretch, reflecting a complex regulation of prolifer-
ation, differentiation, and architectural alignment of cardiomyocytes and non-cardiomyocytes 
within ECTs [39].

Electrical stimulation is considered to be another important cue for further maturation 
of tissues [40]. Nunes and colleagues subjected their engineered tissues, named biowires,  

Figure 3. Effects of extended culture duration on mesh ECT maturation. (a) Averaged normalized active force-time 
curves for mesh ECT cultured for either 14 (blue, D14) or 28 (red, D28) (n = 6) days under 2 Hz electrical stimulation. 
Contraction time (CT) or relaxation time (RT) represents the time of 90% increase or decrease of force respectively. 
Comparison of (b) contraction time 90% (n = 6; ***P < 0.01), (c) relaxation time 90% (***P < 0.001) at 2 Hz pacing, (d) 
maximum capture rate (n = 6; ***P < 0.001), (e) force-frequency relationship (n = 6; *P < 0.05 to ***P < 0.001 vs. D14), and 
(f) cardiomyocyte alignment concentration (κ), [n = 4 (D14) and n = 3 (D28); ***P < 0.001]. (g), (h) Q-PCR analysis (n = 3; 
*P < 0.05 to ***P < 0.001). cTnT level was lower in D28, and other genes were normalized to the value of cTnT expression. 
(Reproduced from Ref. [20] with permission).
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on electrical stimulation at up to 6 Hz [41]. Biowires subjected to electrical stimulation 
had markedly increased myofibril ultrastructural organization, elevated conduction 
velocity and improved both electrophysiological and Ca2+ handling properties compared 
to non-stimulated controls. These changes were in agreement with cardiomyocyte matu-
ration and were dependent on the stimulation frequency.

Another group created a system which applied combined electromechanical stimulation 
mimicking isovolumic contraction and confirmed the improvement of functional properties 
over electrical or mechanical stimulation alone. In the report, the timing of the combined 
stimulation greatly affected the electrophysiological properties of ECTs [42].

4. Applications of ECTs

4.1. Drug screening

Cardiotoxicity is one of the main causes of drug withdrawal from the market [43, 44]. To 
evaluate the safety and effectiveness of drugs, several kinds of pre-clinical studies are per-
formed using non-human models. However, these models occasionally show incorrect 
results, such as pseudo-negative, due to the difference of electrophysiology in other species 
[45]. By using hiPSC technology, effects to humans can be examined from the early stage 
[46]. Moreover, hiPSC-derived ECTs are expected to be more specific and sensitive platforms 
for drug screening [14].

We have developed a 3D cardiac tissue model which reproduces Torsade de Pointes (TdP) 
showing both a typical polymorphic extracellular field potential and meandering spiral wave 
re-entry upon treatment with IKr channel blockers [47]. It is generated from hiPSC-derived 
cardiomyocytes and mesenchymal cells using the cell sheet technology. The appearance of 
TdP-like waveforms was significantly higher in this 3D model compared with 2D monolayer 
conditions indicating that the multilayered 3D structure is an essential factor for this arrhyth-
mia along with the coexistence of non-cardiomyocytes.

Many groups have developed various high throughput screening formats, such as strip 
format [48] and heart-on-chip [21, 49], and confirmed the similarity of hiPSC-derived engi-
neered tissues with native heart tissues [14, 50–52]. Video optical recording system set 
up in a usual CO2 incubator is also useful to continuously monitor contractile abilities of 
tissues [48].

Cardiomyocytes from hiPSCs are at the premature stage, and even ECTs generated to date 
remain immature compared to native adult myocardium. Hence, further cues for maturation 
as described above is necessary to imitate native tissues more precisely [51].

4.2. Disease modeling

iPS cells derived from a patient with a known genetic mutation for the disease can provide 
the disease model, which may offer a useful strategy for understanding the mechanism of the 
disease and exploring a new treatment modality.
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up in a usual CO2 incubator is also useful to continuously monitor contractile abilities of 
tissues [48].

Cardiomyocytes from hiPSCs are at the premature stage, and even ECTs generated to date 
remain immature compared to native adult myocardium. Hence, further cues for maturation 
as described above is necessary to imitate native tissues more precisely [51].

4.2. Disease modeling

iPS cells derived from a patient with a known genetic mutation for the disease can provide 
the disease model, which may offer a useful strategy for understanding the mechanism of the 
disease and exploring a new treatment modality.
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Cardio-facio-cutaneous syndrome (CFCS) is one of the RASopathies, and cardiac abnormali-
ties are the most common findings among CFCS, including hypertrophic cardiomyopathy 
(HCM) in approximately 40% of patients. Nearly 75% of patients with CFCS exhibit muta-
tions in BRAF, which encodes a serine/threonine kinase and a direct effector of Ras. Cashman 
and colleagues created 3D human engineered cardiac tissue model of HCM using human 
cardiomyocytes yielded by directed differentiation of iPSCs established from a patient with 
CFCS carrying an activated BRAF mutation [53].

Chronic catecholamine overstimulation contributes to heart failure progression. Overs-
timulation of ECTs with norepinephrine provides a simulation of a human heart failure 

Figure 4. Therapeutic effects of hiPSC-mesh ECT implantation in a rat myocardial infarction model. (a) Schematic 
timeline of surgery. A mesh ECT matured in vitro for 14 days (or sham suture) is implanted in a nude rat (week 0) 1 week 
after the induction of myocardial infarction by ligating left anterior descending artery (LAD). Echocardiogram (Echo) 
is performed prior to LAD ligation at week-1 (W-1), prior to implantation at week 0 (W0), then week 2 (W2) and week 4 
(W4). (b) Grafted mesh ECT on the heart surface covering infarction site. (c) Representative Masson’s trichrome staining 
images of sham treated (left) and mesh ECT implanted (right) rat hearts at W4. Scale bar: 2 mm. Red dotted line indicates 
engrafted area. (d) Comparison of scar area (% of LV area) at W4 (n=5, *P<0.05 Implant versus Sham). (e-g) Results of 
echocardiogram [n=5 (Implant, red solid line) and 5 (Sham, blue dotted line)]. (e) Left ventricular end diastolic area 
(LVAd; mm2), (f) ejection fraction, EF (%), and (g) cardiac index, CI (mL/min/kg) (*P<0.05 Implant versus Sham at W4). 
(Reproduced from Ref. [20] with permission).
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phenotype [19]. Tissues responded to chronic catecholamine toxicity with contractile dys-
function, cardiomyocyte hypertrophy, cardiomyocyte death, and NT-proBNP release, which 
are classical hallmarks of heart failure. Notably, the pathological phenotype could be par-
tially or fully prevented by β1- or α1-adrenoreceptor blockade, demonstrating the applicabil-
ity of ECTs in the in vitro simulation of heart failure and its prevention by pharmacological 
means.

4.3. Transplantation therapy

HiPSCs are now one of the most promising cell sources for cardiac regenerative cell therapy 
[54–56]. There are major methods of cell delivery, including intracoronary or intramuscular 
injection of dispersed cells and epicardial transplantation of engineered tissues [57]. It is pos-
sible to deliver a large number of differentiated cells with organized architecture by ECT 
implantation. The grafted tissues survive and support the heart wall, which overcomes the 
problem of poor retention rate following cell injection [34].

A variety of studies has revealed the efficacy of ECT implantation for myocardial struc-
tural and functional recovery in injured hearts of several animal models [6, 10, 58, 59]. 
We implanted ECTs in an athymic nude rat myocardial infarction model. ECTs with 
vascular cells displayed the invasion of vasculature from the host heart to the tissue 
and their perfusion. Survived ECTs replaced the ventricular wall in the injured area and 
prevented the scar formation after myocardial infarction and improved cardiac function 
(Figure 4). ECTs survived during 4-week follow-up period [16, 20]. However, further 
work is required to identify the underlying mechanism for the functional recovery. 
Meanwhile, the first transplantation of cardiac progenitor patch derived from human 
embryonic stem cells in a severe heart failure patient was performed in France, offering 
an encouraging result [60].

5. Conclusion

In this chapter, we have reviewed several aspects of current cardiac tissue engineering tech-
nologies and presented the possible applications of these tissues for in vitro drug toxicity 
testing, human disease modeling, and paradigms for myocardial recovery with muscle 
replacement following injury. This rapidly evolving new field is now incorporating manu-
facturing process to expand the scalability and reduce the cost of generating these novel engi-
neered in vitro myocardial tissues.
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Abstract

Cardiovascular and coronary heart diseases involve molecular and tissue level damage 
of blood vessels and heart. Coronary Heart Disease and heart failure are the leading 
cause of mortality worldwide. Stem cell transplantation is emerging as a new treatment 
option. Stem cells are capable to reach and settle down at damaged cardiac tissue. This 
stem cell option also repairs the myocardial infarction area in heart or vascular territories 
and ultimately reduces the infarct-related mortality. Non-invasive cardiovascular imag-
ing monitors the real-time status of cardiovascular remodeling or differentiated stem 
cell autografting. Cardiac magnetic resonance imaging (MRI) and bioluminescence are 
robust non-invasive monitoring techniques to visualize cardiovascular structure changes 
due to myocardial dysfunction or restorative myocardial recovery. The present chapter 
highlights the sources, types, delivery methods of stem cells in cardiovascular treatment, 
advantages and current limitations of stem cell monitoring, scopes of ultra-high field 
cardiac 900 MHz MRI and bioluminescence methods applied in stem cell transplantation, 
to translate stem cell molecular events into clinical success and evaluation of rejuvenation 
rate with future perspectives. In conclusion, right choice of stem cells, pluripotent stem 
cell delivery, transplantation and real-time monitoring of stem cell trafficking enhances 
the stem cell therapeutic efficacy in cardiac engraftment and differentiation.

Keywords: stem cell delivery, transplantation, magnetic resonance imaging, coronary disease, 
cardiac tissue engineering

1. Introduction

Cardiovascular diseases (CVD) and coronary heart disease (CHD) are worldwide leading 
causes of present mortality as high as 32.8% [1]. Last 5-year American Heart Association 
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(AHA) data show high prevalence of heart failure as high as 50% and mortality as high as 
32.8%. Coronary artery bypass grafting (CABG) was routine interventional and surgical treat-
ment to bring low morality of coronary heart disease and now stem cell therapy is a new 
option. Still, major life threat is myocardial necrosis of myocardial tissue that cannot restore 
the original function of myocardium. Currently, stem cell research has opened vista in trans-
plantation therapy, and its feasibility and effectiveness are well proven in animal experiments 
as well as in small-scale clinical trials [2–15].

The present chapter is divided into six sections. Section 1 introduces the evolution of stem cell 
therapy and its mechanism in regeneration and heart restoration. Section 2 introduces dif-
ferent stem cells and their purpose in repair and remodeling myocardium. Section 3 defines 
transplantation. Section 4 describes different modes of stem cell delivery. Section 5 highlights 
the purpose of rapid noninvasive real-time monitoring the myocardial repair and evaluation 
of heart territories. Section 6 reviews different clinical trials, available current nanotechnology 
and tissue engineering tools, and new approaches with future perspectives. A sketch of meta-
bolic regulation during rejuvenation is presented for exploring new thoughts on secretory 
molecules regulating remodeling stem cells to explain regeneration of heart with possibility 
of better regeneration outcome. The chapter is written for interested physicians, surgeons, tis-
sue engineers, scientists, and entrepreneurs.

1.1. Evolution of stem cell therapy: regeneration and healing

History records two types of bone marrow cells (BMC): hematopoietic stem cells [red blood 
cells (RBC), white blood cells (WBC), lymphocytes, macrophages] and bone marrow stroma 
mesenchymal stem cells (osteogenic cells for bone formation, chondrogenic cells for carti-
lage formation, adipogenic cells for fat tissue, and myoblast cells for heart regeneration). 
Stroma mesenchymal cells are sources of stem cells. Now, stem cell treatment is emerging in 
heart regeneration and restoration by using intracoronary, intramyocardial, and epicardial 
injections.

Stem cell transplantation therapy was reported useful first time in recovering myocardial 
viability after myocardial infarction in ischemic heart disease [16]. Later, autologous intracor-
onary delivery of mononuclear bone marrow cells 5–9 days after percutaneous transluminal 
coronary angioplasty [(PTCA); performed within 12 hours of myocardial infarction) was suc-
cessful in 10 patients. Patients showed improved wall motion [2]. These clinical trials showed 
angiogenesis, decreased perfusion defects, and improved ejection fraction by endocardial 
injection of bone marrow cells (BMC) directly in hibernating myocardium useful in heart 
failure patients. Later ‘Myoblast Autologous Grafting in Ischemic Cardiomyopathy MAGIC-
cell-5-combination cytokine clinical trial’ using intracoronary blood stem cells or induced 
pluripotent stem cells along with granulocyte-colony-stimulating factor therapy recorded 
improved angiogenesis and cardiac function [17]. Currently, induced pluripotent stem cells 
bearing specific membrane surface marker proteins are emerging as potential engineered 
cells useful for constructing 3D matrices in cardiac repair.
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1.2. What should be the goal of stem cell therapy?

Stem cells are used as autograft (self-renewing, undifferentiated clonigenic) transplanta-
tion in myocardial repair or regeneration to bring tissue functionality back to normal for 
long-term survival in patients with permanent myocardial damage. Some stem cells are 
used as allograft (multipotent) daughter cells that give rise to multiple progenies [18]. The 
result of this asymmetric replication of stem cells is that after each division of stem cells, 
some progeny enters into the differentiation phase. Bone marrow cells and embryonic stem 
cells have differentiation plasticity and capacity. Goal is achieved by stimulating blood stem 
cells to cardiomyocytes providing a continuous supply of cardiac stem cells by trans-dif-
ferentiation. Other exciting option is ‘therapeutic cloning’ means transplanted stem cells 
reprogram into induced pluripotent stem (iPS) cells at target organ. Still many issues are: (1) 
How many number of optimized stem cells needed when performing cell transplantation 
therapy?; (2) How survival time of transplanted cells can be best monitored?; (3) How do 
transplanted stem cells undergo differentiation into cardiomyocytes, smooth muscle cells, 
or endothelial cells?; (4) Do transplanted stem cells produce electrochemical coupling closer 
to normal myocardial tissue and normal cardiac cells and their functions really recover?; 
(5) What is the mechanism of cell transplantation in the treatment of myocardial perfusion 
and cardiac function after a short enhancement (myocardial cell regeneration or paracrine 
or other)? In nutshell, regeneration and healing of damaged cardiac tissue by myocardial 
repair is critical in survival. For interested readers, myocardial repair refers to the restora-
tion of tissue architecture is shown in Figure 1 and its remodeling of metabolic functions 
after injury is described in Figure 7 in detail. Regeneration is defined as 100% myocardial 
repair and recovery.

Currently, cardiac stem cell therapy researchers are exploring new differentiation and surface 
protein expression markers. Main focus is to design stem cell therapy supports using differ-
ent 3D extracellular matrices, polymeric scaffolds. Most intriguing advances are in innovative 
new methods of safe stem cell delivery with subsequent repair monitoring and follow up of 
stem cell therapy [19]. If incomplete repair, it leaves myocardial scar or fibrosis of collagen or 
necrosis after inflammation. After repair, myocardial recovery involves the proliferation of 
stem cells and interaction with native tissue cells to fill up myocardial mass and extra cellular 
matrix (remodeling) with its improved cellular paracrine function. The improved function 
is monitored by non-invasive MRI and bioluminescent techniques. Moreover, total success 
depends on choice of supporting engineered stem cell delivery method and monitoring the 
extent of repair or regenerating cardiac territories with its visualization by physiochemical 
methods during follow up of post-stem cell therapy benefits.

1.3. Potential mechanisms

Basic mechanism is ‘myocardial revascularization and regeneration’ to combat little or no 
blood supply left to slowly dying heart after myocardial ischemia or infarct or hypoxia. If suf-
ficient oxygen diffusion from endocardium and collateral vessels provide sufficient oxygen 
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to preserve progenitor cells, cardiac repair is done by progenitor cell migration from healthy 
adjacent myocardium or from the blood circulation.

During regeneration, in fact, initially myoblasts, hemingioblasts, multipotent BMCs and 
adipocytes transform into cardiac specific progenitor cells. These resident stem cells, circu-
lating hematopoietic cells, progenitor cells and BMCs collectively repair the dying heart by 
establishing revascularization and regeneration of heart as shown in Figure 1. These pro-
genitor cells mainly differentiate into endothelial phenotype and cardiac phenotype to pro-
duce paracrine factors for perivascular incorporation and fusion to develop into myocytes 
and coronary vessels as shown in Figure 2. In this process, it requires specific transcription 
factors.  In nutshell, bone marrow mononuclear stem cells, mesenchymal stem cells, endo-
thelial stem cells, and hematopoietic stem cells undergo local neovascularization, neoangio-
genesis and paracrine function to have positive effect on endogenous cell angiogenesis and 
energy metabolism by secretary molecules to inhibit myocyte apoptosis [20] as shown in 
Figure 2. As a result, heart left ventricle ejection fraction, arteriole, ventricular walls, end-
diastolic and end-systolic ejection volumes, perfusion rate, contractility are improved with 
oxygen sufficiency. Revascularization and differentiation are mainly triggered by cycline 
dependent myocyte membrane surface proteins and remodeling factors as described in detail  
(see Figure 7 in section 6).

1.4. Cardiovascular tissue has progenitor differentiating cells to replenish dead or 
dying cells

Stem cells can be mobilized from bone marrow, fat tissue, or blood, and then cultured to 
produce large numbers of pluripotent stem cells to transplant into the area of heart injury. It 
can be explained by the concept of ‘cardiac chimerism’ that explains the role of putative stem 
cells and progenitor cells present in transplanted heart during regeneration from circulating 
stem cells. For example, human circulating endothelial progenitor cells from bone cells are 
rich in membrane surface proteins such as CD34, CD31, KDR, and c-kit positive myocardial 

Figure 1. Different sources of adult stem cells are shown in heart regeneration in panel A and different conditions of 
myocardial injury are shown for the need of heart regeneration in panel B.
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Figure 2. Panel on top: Different mechanisms are shown for differentiation of stem cells to improve revascularization 
and cardiac regeneration after stem cell therapy. Panel on bottom: Somatic nuclear transfer mechanism is shown for 
differentiated cells. Induced pluripotent cells have potential of cardiac repair and used in treatment.

Stem Cells in Treatment of Coronary Heart Disease and Its Monitoring: Tissue Engineering...
http://dx.doi.org/10.5772/intechopen.70229

115



to preserve progenitor cells, cardiac repair is done by progenitor cell migration from healthy 
adjacent myocardium or from the blood circulation.

During regeneration, in fact, initially myoblasts, hemingioblasts, multipotent BMCs and 
adipocytes transform into cardiac specific progenitor cells. These resident stem cells, circu-
lating hematopoietic cells, progenitor cells and BMCs collectively repair the dying heart by 
establishing revascularization and regeneration of heart as shown in Figure 1. These pro-
genitor cells mainly differentiate into endothelial phenotype and cardiac phenotype to pro-
duce paracrine factors for perivascular incorporation and fusion to develop into myocytes 
and coronary vessels as shown in Figure 2. In this process, it requires specific transcription 
factors.  In nutshell, bone marrow mononuclear stem cells, mesenchymal stem cells, endo-
thelial stem cells, and hematopoietic stem cells undergo local neovascularization, neoangio-
genesis and paracrine function to have positive effect on endogenous cell angiogenesis and 
energy metabolism by secretary molecules to inhibit myocyte apoptosis [20] as shown in 
Figure 2. As a result, heart left ventricle ejection fraction, arteriole, ventricular walls, end-
diastolic and end-systolic ejection volumes, perfusion rate, contractility are improved with 
oxygen sufficiency. Revascularization and differentiation are mainly triggered by cycline 
dependent myocyte membrane surface proteins and remodeling factors as described in detail  
(see Figure 7 in section 6).

1.4. Cardiovascular tissue has progenitor differentiating cells to replenish dead or 
dying cells

Stem cells can be mobilized from bone marrow, fat tissue, or blood, and then cultured to 
produce large numbers of pluripotent stem cells to transplant into the area of heart injury. It 
can be explained by the concept of ‘cardiac chimerism’ that explains the role of putative stem 
cells and progenitor cells present in transplanted heart during regeneration from circulating 
stem cells. For example, human circulating endothelial progenitor cells from bone cells are 
rich in membrane surface proteins such as CD34, CD31, KDR, and c-kit positive myocardial 

Figure 1. Different sources of adult stem cells are shown in heart regeneration in panel A and different conditions of 
myocardial injury are shown for the need of heart regeneration in panel B.

Stem Cells in Clinical Practice and Tissue Engineering114

Figure 2. Panel on top: Different mechanisms are shown for differentiation of stem cells to improve revascularization 
and cardiac regeneration after stem cell therapy. Panel on bottom: Somatic nuclear transfer mechanism is shown for 
differentiated cells. Induced pluripotent cells have potential of cardiac repair and used in treatment.

Stem Cells in Treatment of Coronary Heart Disease and Its Monitoring: Tissue Engineering...
http://dx.doi.org/10.5772/intechopen.70229

115



differentiation proteins visible in myocardial cell biopsy or cultures [21]. Bone-derived endo-
cardial progenitor cells also do cardiac repair of functional myocardium by declining angio-
genic activity. Bearzi et al. reported chimeric heart containing human myocardium with 
myocytes, coronary arterioles, and capillaries formed in mice injected with human cardiac 
stem cells [22]. It also supported the view of human stem cell therapy of cardiomyopathy 
[22]. The following description introduces readers with stem cell types, sources, stem cell 
engineering, and clinical application in heart repair.

2. Stem cell types and regeneration

Human body has continuously dividing tissues, stable tissues, or permanent tissues. Hema-
topoietic cells in bone marrow continuously divide and readily regenerate. These regener-
ating matured cells are short-lived and continuously replenished by stem cells to maintain 
a constant equilibrium between replicating and dying mature cells, for example, skin and 
Gastrointestinal tract (GIT). Stable tissues with least replicating cells are heart, liver, kidney 
cells, endothelial cells, fibroblasts, and smooth muscle cells. Permanent cells are neuron and 
cardiac muscle cells. They can replicate but cannot terminally differentiate.

2.1. Sources of stem cells

• Embryonic stem cells originate from endoderm of embryo after fertilization. Endoderm 
cells produce 220 kinds of specialized cells during mammalian development by irreversible 
differentiation process [23]. Later, embryonic precursor cells differentiate into adult muscle 
or bone marrow cells, fat stem cells or multipotent cells.

• iPS cells are formed from regular adult cells by a “cocktail” of inducers or transcription 
factors so called “induced” pluripotent stem cells (iPS). These transform into the embryo-
like state, without eggs or embryos. The iPS cells are pluripotent and make any type of 
tissue in human body because iPS cells can resemble genetically and immunologically 
matched with the recipient body. Now, transplantation of these cells into the desired or-
gan offers regenerative therapy of that tissue. However, turning back the biological clock 
of adult cells to an embryonic state is myth or miraculous escape from aging “immortal 
divinity”. Interested readers may read comprehensive review on pluripotent cells [23, 24]. 
Yamanaka, 2007 introduced a combination of genes into adult cells changed their behavior 
as embryonic stem cell, hence called them ‘pluripotent’ stem cells. In fact, four gene trans-
acting factors Oct3/4, Sox2, c-Myc, and Klf4 in adult myocyte cells possibly transformed 
them pluripotent stem cells [24]. Yu et al. 2007 reported the delivery of trans-acting factors 
Oct4, NANOG, Sox2, and LIN28 sufficient to reprogram a human somatic fibroblast cell 
into pluripotent cell bearing same telomerase and surface markers as embryonic cells [25]. 
Now, cellular programming by somatic nuclear transfer or cloning enables iPS cells behav-
ing like embryonic cells [25]. Cloning develops embryo by the injection of new DNA mate-
rial from an adult stem cell to an egg cell whose DNA is removed. This enucleated oocyte 
is the best source of pluripotent stem cells [24] as shown in Figure 2. The said engineered 
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egg  rejuvenates the DNA of adult donor cells means restores telomere length without DNA 
loss during advancing age. This hypothetical idea poses ethical questions. On the other 
side of coin, iPS cells may treat or correct harmful mutations or diseases such as sickle cell 
hemoglobin.

• Cardiac stem cells are composed of four types including: resident stem cells, circulat-
ing hematopoietic cells, circulating progenitor cells, bone marrow cells. These all cells 
have significant role in cardiac regeneration after myocardial infarction. Urbanek et al. 
2005  reported high number of activated stem cells (myocytes, smooth muscle cells, and 
embryonic cells) formed after cell regeneration in acute myocardial infarcts over chronic 
infarcts. Poor cell regeneration caused predisposition to chronic congestive heart failure 
[19]. Answer lies in telomere attrition, leading to decreased telomerase levels in chronic 
infarct and higher telomerase activity in acute infarcts. Telomerase enzyme is a marker 
showing growth potential of myocytes, endothelial cells, and smooth muscle cell lineag-
es. Telomerase protects the DNA at the end of a chromosome during mitosis. Autolo-
gous transplantation raises hope of increasing telomerase activity to correct end stage 
cardiomyopathy.

• Mesenchymal stem cells are nonhematopoietic cells in adult bone marrow and adipose 
tissues. These differentiate or modify in vitro to adopt phenotypic characters of cardiomyo-
cytes and vascular cells by mesenchymal stem cell allogeneic therapy or cardiac repair by 
paracrine function [4].

• Allogeneic stem cells are “off the shelf” mesenchymal stem cell products from bone mar-
row of healthy donor. These are useful in therapy phase I trials as they target the myocar-
dial injury site due to the presence of several stromal cell-derived factor-1 (SDF-1), major 
histocompatibility antigen class 2 molecules, and phenotypes CD145+, CD166+, and CD45− 
protein markers. These cells can differentiate into bone, tendon, fat, and muscle tissues. 
These cells also secrete immunosuppressive cytokines. Moreover, these cells can be ad-
ministered by intravenous route. These stem cells also target and differentiate into cardiac 
myocytes and blood vessels [26].

3. Ideal stem cell transplantation to treat cardiovascular diseases

In stem cell transplantation methods, ideally adult stem cells, embryonic stem cells (ESC), 
or induced pluripotent stem cells (iPSC) are locally fixed at dying myocardial tissue sites. 
However, major challenge is to monitor them timely and confirm the real-time improvement 
in dying or recovering myocardial tissue physiology efficiently to treat the ischemic heart dis-
ease. In other words, capability of MR imaging and monitoring heart metabolism visualize the 
anterior wall in acute myocardial infarction patients to detect improved myocardial perfusion 
and myocardial recovery status. Real-time cell imaging also confirms the efficacy of injected 
bone marrow stem cells (BMC cells) in the recovery of myocardial fragility and viability with-
out any increase in left ventricular ejection fraction (LVEF) [27]. In initial experimental study, 
the success of embryonic stem cell transplantation in rat myocardial ischemia model showed 
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differentiation proteins visible in myocardial cell biopsy or cultures [21]. Bone-derived endo-
cardial progenitor cells also do cardiac repair of functional myocardium by declining angio-
genic activity. Bearzi et al. reported chimeric heart containing human myocardium with 
myocytes, coronary arterioles, and capillaries formed in mice injected with human cardiac 
stem cells [22]. It also supported the view of human stem cell therapy of cardiomyopathy 
[22]. The following description introduces readers with stem cell types, sources, stem cell 
engineering, and clinical application in heart repair.
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of adult cells to an embryonic state is myth or miraculous escape from aging “immortal 
divinity”. Interested readers may read comprehensive review on pluripotent cells [23, 24]. 
Yamanaka, 2007 introduced a combination of genes into adult cells changed their behavior 
as embryonic stem cell, hence called them ‘pluripotent’ stem cells. In fact, four gene trans-
acting factors Oct3/4, Sox2, c-Myc, and Klf4 in adult myocyte cells possibly transformed 
them pluripotent stem cells [24]. Yu et al. 2007 reported the delivery of trans-acting factors 
Oct4, NANOG, Sox2, and LIN28 sufficient to reprogram a human somatic fibroblast cell 
into pluripotent cell bearing same telomerase and surface markers as embryonic cells [25]. 
Now, cellular programming by somatic nuclear transfer or cloning enables iPS cells behav-
ing like embryonic cells [25]. Cloning develops embryo by the injection of new DNA mate-
rial from an adult stem cell to an egg cell whose DNA is removed. This enucleated oocyte 
is the best source of pluripotent stem cells [24] as shown in Figure 2. The said engineered 
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egg  rejuvenates the DNA of adult donor cells means restores telomere length without DNA 
loss during advancing age. This hypothetical idea poses ethical questions. On the other 
side of coin, iPS cells may treat or correct harmful mutations or diseases such as sickle cell 
hemoglobin.

• Cardiac stem cells are composed of four types including: resident stem cells, circulat-
ing hematopoietic cells, circulating progenitor cells, bone marrow cells. These all cells 
have significant role in cardiac regeneration after myocardial infarction. Urbanek et al. 
2005  reported high number of activated stem cells (myocytes, smooth muscle cells, and 
embryonic cells) formed after cell regeneration in acute myocardial infarcts over chronic 
infarcts. Poor cell regeneration caused predisposition to chronic congestive heart failure 
[19]. Answer lies in telomere attrition, leading to decreased telomerase levels in chronic 
infarct and higher telomerase activity in acute infarcts. Telomerase enzyme is a marker 
showing growth potential of myocytes, endothelial cells, and smooth muscle cell lineag-
es. Telomerase protects the DNA at the end of a chromosome during mitosis. Autolo-
gous transplantation raises hope of increasing telomerase activity to correct end stage 
cardiomyopathy.

• Mesenchymal stem cells are nonhematopoietic cells in adult bone marrow and adipose 
tissues. These differentiate or modify in vitro to adopt phenotypic characters of cardiomyo-
cytes and vascular cells by mesenchymal stem cell allogeneic therapy or cardiac repair by 
paracrine function [4].

• Allogeneic stem cells are “off the shelf” mesenchymal stem cell products from bone mar-
row of healthy donor. These are useful in therapy phase I trials as they target the myocar-
dial injury site due to the presence of several stromal cell-derived factor-1 (SDF-1), major 
histocompatibility antigen class 2 molecules, and phenotypes CD145+, CD166+, and CD45− 
protein markers. These cells can differentiate into bone, tendon, fat, and muscle tissues. 
These cells also secrete immunosuppressive cytokines. Moreover, these cells can be ad-
ministered by intravenous route. These stem cells also target and differentiate into cardiac 
myocytes and blood vessels [26].

3. Ideal stem cell transplantation to treat cardiovascular diseases

In stem cell transplantation methods, ideally adult stem cells, embryonic stem cells (ESC), 
or induced pluripotent stem cells (iPSC) are locally fixed at dying myocardial tissue sites. 
However, major challenge is to monitor them timely and confirm the real-time improvement 
in dying or recovering myocardial tissue physiology efficiently to treat the ischemic heart dis-
ease. In other words, capability of MR imaging and monitoring heart metabolism visualize the 
anterior wall in acute myocardial infarction patients to detect improved myocardial perfusion 
and myocardial recovery status. Real-time cell imaging also confirms the efficacy of injected 
bone marrow stem cells (BMC cells) in the recovery of myocardial fragility and viability with-
out any increase in left ventricular ejection fraction (LVEF) [27]. In initial experimental study, 
the success of embryonic stem cell transplantation in rat myocardial ischemia model showed 
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significant recovery as reduced left ventricular expansion and reduced area of  myocardial 
infarction after 3–6 weeks. However, in this recovery process, stem cell transcription factors 
such as Oct3/4, Sox2, Klf4, and c-Myc transformed the embryonic stem cells into induced plu-
ripotent stem cells or iPSCs [28]. These pluripotent cells form regenerative myocardial tissue, 
smooth muscle, or endothelial vascular cells in situ to repair myocardial infarction in heart 
or increased ventricular wall thickness and electrical stability [29]. Recently, different clinical 
centers claim their success differently to transplant pluripotent stem cells in remodeling myo-
cardial muscle or endothelial vascular cells [10, 28–35]. In fact, stem cell treatment centers fol-
low the strategy that pluripotent stem cells may be stable rather than terminally differentiated 
as meta-analysis of randomized controlled clinical trials on stem cell therapy also indicated 
clearly that intracoronary adult bone marrow stem cells improve left ventricular function and 
reduce the risk of recurrent heart failure soon after acute myocardial infarction (AMI) [36]. 
Table 1 shows the major stem cell types commonly used in medical practice using autograft 
or allograft transplantation in myocardial repair. Mainly adult stem cells, embryonic stem 
cells (ESC), or induced pluripotent stem cells (iPSC) are choice.

4. Delivery protocols of stem cell therapy

Each protocol differs in cell retention and regeneration rates depending upon method and 
site of injection, i.e., intracoronary, intramyocardial, transendocardial, or via coronary sinus 
delivery (see Figure 3), time of delivery, inflammatory response. Other factor is timing of 
administration rapid or slow injection rates. The early administration of cells facilitates better 
retention of stem cells or rejuvenating homing signals evidenced in TIME trial [6], while a 
long delay may cause scar formation in the LateTIME trial [7] as highlighted in Tables 2 and 3.

4.1. Intracoronary stem cell therapy

It is done by cell transplantation through transcoronary passage of cells at infarct site along 
with a standard percutaneous transluminal coronary angioplasty (PTCA) procedure or cor-
onary artery bypass grafting (CABG) procedure, with the use of an over-the-wire balloon 

Allogenic origin of stem 
cells

Fate of stem cells Autologous origin of adult 
stem cells

Fate of stem cells

Embryonic stem cells Fetal cardiomyocytes Mesenchymal stem cells Endothelial progenitor cells

Adipose derived stem cells Umblical cord derived cells Endothelial progenitor cells Multipotent adult 
progenitor cells

Resident cardiac stem cells Fetal cardiomyocytes Endothelial progenitor cells Induced pluripotent stem 
cells

Skeletal myoblast cells Bone marrow mononuclear 
CD34+

Table 1. Potential applications of different stem cell types for cardiomyocytes in heart transplantation for myocardial 
repair.
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with central lumen placed at a desired position (see Figure 3). It allows intracoronary cells 
to “home-in” or retention of stem cells by extravasation of BMC to the infarcted area in the 
presence of chemokines and adhesion molecules, SDF-1, and beta-2-integrin factors induced 
by ischemic cell injury [32, 35–37].

Coronary infusion of cells is performed four to six times, with 3-minute sequential balloon 
inflations followed by 3-minute rest periods, to create a “stop flow” situation for maximal 
retention period to come into contact with the microcirculation of the infarct-related artery. 
It maximizes the migration and retention of cells into the infarct and peri-infarct tissues for 
successful transplantation. After transplantation, baseline and post procedure LV angiograms 
are monitored for 24 hours, with cardiac markers checked at every 6 and 12 hours. Injection 
of stem cells into a contralateral artery may increase retention in ischemic area if there are 
well-formed collaterals. Imaging studies further confirm the success of contralateral stem cell 
injections to increase the retention of cells in occluded artery territories. The crucial issues are: 
retention of cells, improved ejection fraction, improved regional wall LV function, microvas-
cular plugging, biodistribution, homing to myocardium, proapoptotic factors in the ischemic 
myocardium, CD34+ cells [35, 38].

Figure 3. Different delivery sites of stem cell injections are shown in panel A. Yag laser with three needles is shown for 
BM Laser Repair procedure to deliver stem cells and rejuvenation molecules in panel B. NOGA Myostar catheter is 
shown for delivery of stem cells in left ventricle in panel C. The evaluation of heart recovery as improved anterolateral 
wall after stem cell therapy by MRI is shown in panel D.
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significant recovery as reduced left ventricular expansion and reduced area of  myocardial 
infarction after 3–6 weeks. However, in this recovery process, stem cell transcription factors 
such as Oct3/4, Sox2, Klf4, and c-Myc transformed the embryonic stem cells into induced plu-
ripotent stem cells or iPSCs [28]. These pluripotent cells form regenerative myocardial tissue, 
smooth muscle, or endothelial vascular cells in situ to repair myocardial infarction in heart 
or increased ventricular wall thickness and electrical stability [29]. Recently, different clinical 
centers claim their success differently to transplant pluripotent stem cells in remodeling myo-
cardial muscle or endothelial vascular cells [10, 28–35]. In fact, stem cell treatment centers fol-
low the strategy that pluripotent stem cells may be stable rather than terminally differentiated 
as meta-analysis of randomized controlled clinical trials on stem cell therapy also indicated 
clearly that intracoronary adult bone marrow stem cells improve left ventricular function and 
reduce the risk of recurrent heart failure soon after acute myocardial infarction (AMI) [36]. 
Table 1 shows the major stem cell types commonly used in medical practice using autograft 
or allograft transplantation in myocardial repair. Mainly adult stem cells, embryonic stem 
cells (ESC), or induced pluripotent stem cells (iPSC) are choice.

4. Delivery protocols of stem cell therapy

Each protocol differs in cell retention and regeneration rates depending upon method and 
site of injection, i.e., intracoronary, intramyocardial, transendocardial, or via coronary sinus 
delivery (see Figure 3), time of delivery, inflammatory response. Other factor is timing of 
administration rapid or slow injection rates. The early administration of cells facilitates better 
retention of stem cells or rejuvenating homing signals evidenced in TIME trial [6], while a 
long delay may cause scar formation in the LateTIME trial [7] as highlighted in Tables 2 and 3.

4.1. Intracoronary stem cell therapy

It is done by cell transplantation through transcoronary passage of cells at infarct site along 
with a standard percutaneous transluminal coronary angioplasty (PTCA) procedure or cor-
onary artery bypass grafting (CABG) procedure, with the use of an over-the-wire balloon 
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Fate of stem cells Autologous origin of adult 
stem cells

Fate of stem cells

Embryonic stem cells Fetal cardiomyocytes Mesenchymal stem cells Endothelial progenitor cells

Adipose derived stem cells Umblical cord derived cells Endothelial progenitor cells Multipotent adult 
progenitor cells

Resident cardiac stem cells Fetal cardiomyocytes Endothelial progenitor cells Induced pluripotent stem 
cells

Skeletal myoblast cells Bone marrow mononuclear 
CD34+

Table 1. Potential applications of different stem cell types for cardiomyocytes in heart transplantation for myocardial 
repair.
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with central lumen placed at a desired position (see Figure 3). It allows intracoronary cells 
to “home-in” or retention of stem cells by extravasation of BMC to the infarcted area in the 
presence of chemokines and adhesion molecules, SDF-1, and beta-2-integrin factors induced 
by ischemic cell injury [32, 35–37].

Coronary infusion of cells is performed four to six times, with 3-minute sequential balloon 
inflations followed by 3-minute rest periods, to create a “stop flow” situation for maximal 
retention period to come into contact with the microcirculation of the infarct-related artery. 
It maximizes the migration and retention of cells into the infarct and peri-infarct tissues for 
successful transplantation. After transplantation, baseline and post procedure LV angiograms 
are monitored for 24 hours, with cardiac markers checked at every 6 and 12 hours. Injection 
of stem cells into a contralateral artery may increase retention in ischemic area if there are 
well-formed collaterals. Imaging studies further confirm the success of contralateral stem cell 
injections to increase the retention of cells in occluded artery territories. The crucial issues are: 
retention of cells, improved ejection fraction, improved regional wall LV function, microvas-
cular plugging, biodistribution, homing to myocardium, proapoptotic factors in the ischemic 
myocardium, CD34+ cells [35, 38].

Figure 3. Different delivery sites of stem cell injections are shown in panel A. Yag laser with three needles is shown for 
BM Laser Repair procedure to deliver stem cells and rejuvenation molecules in panel B. NOGA Myostar catheter is 
shown for delivery of stem cells in left ventricle in panel C. The evaluation of heart recovery as improved anterolateral 
wall after stem cell therapy by MRI is shown in panel D.

Stem Cells in Treatment of Coronary Heart Disease and Its Monitoring: Tissue Engineering...
http://dx.doi.org/10.5772/intechopen.70229

119



Study name Published n Days Primary outcome Imaging modality

A. Proven stem cell treatment and evaluation

TOPCARE-AMI 2002 59 4–5.5 -Global LVEF improved 
51–60% in 3 months

-SPECT, echo, MRI

BOOST 2004 60 5–6.3 -Global LVEF improved 
in large infarcts after 6 
months(18 m follow up)

-Cardiac MRI

REPAIR-AMI 2006 187 3–6 -LVEF improved 2.5% in 4 
months

-LV angiography

ASTAMI 2006 97 6–7 -No change in global LVEF 
in 1 year

-SPECT, MRI, echo

LEUVEN-AMI 2006 66 1 -No change in LVEF in 
4 months but regional 
contractility improved & 
infarct size less

-Cardiac MRI, echo

FINCELL 2008 77 3 -LVEF improved 5% in 6 
months but global LVEF 
same after 4 months

-Cardiac MRI, echo

HEBE 2010 200 3–8 -LVEF improved 6% in 6 
months

-Cardiac MRI

B. Other clinical stem cell trials using different stem cell types

Autologous BMNCs CABG + SC 5 1y >5 days old MI Improved perfusion

Autologous BMNCs PTCA + SC 13 3m 5–9 days post MI Better perfusion, wall 
motion, less infarct size

BMNCs+EPCs PTCA + SC 23 4m <3 days post MI Better LVEF, EDV, perfusion, 
% contractile function

BMCs+AC133 CABG + SC 12 3–9 m 0–3 m post MI Better EF, better perfusion

BMNCs EMM + SC 8 3 m severe IHD Improved perfusion, angina, 
contractile function

Autogous BMNCs EMM + SC 14 2 m CHF Improved LVEF, perfusion, 
contractile function

Myoblasts CABG + SC 10 11 m CHF Improved EVEF, contractile 
function

Autologous skeletal 
myoblasts

CABG + SC 12 12 m Old MI + ischemic CAD improved LVDF, regional 
contractility

Autologous skeletal 
myoblasts

IM SC 
injection at 
LVAD site

5 6 m IHD improved LVEF, wall thicker 
at the injection site

Autologous BMCs IC infusion + 
PTCA

30 6 m <5 days post MI Improved LVEF, contractile 
function

Autologous BMSCs IC infusion + 
18 days post 
PTCA

34 3–6 m 10 days post MI Better perfusion, high EDV, 
ESV, wall movement, LVEF

Autologous blood 
SCs + inj G-CSF

IC infusion + 
PTCA

10 6 m >48 hours AMI(old) Higher stent restenosis in 
G-CSF group

Table 2. Randomized control trials showing administration of pluripotent stem cells with primary outcome of improved 
cardiac mass by monitoring improvement in left ventricle ejection function by imaging.
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How success in heart recovery after heart transplantation is assessed? After heart recovery, improve-
ment in cardiac functions is the success key. Important cardiac parameters are improved 
ejection fraction (LVEF), improved contractile function, improved regional wall thick-
ness reduction or improved LV function, Ejection Diastolic and Ejection Systolic Volumes, 
improved perfusion along with decreased adverse perfusion defects,  all these events within 
less than a week as shown in Table 2 and Figure 3 (see panel D). In support, several ran-
domized trials clearly shown that administration of intracoronary autologous bone marrow 
nuclear cells in patients soon after myocardial infarction improved the ejection fraction within 
5 days [8, 39] shown in Table 2 and illustrated in Figure 3 (see panel D). Other randomized 

Clinical trial Administration Engineered tissue construct used Reference

Hirsch et al. 2011
HEBE clinical trial

Intracoronary No change in LVEF in 4 months 
followup

[12]

Roncalli et al. 2011
BONAMI Trial

Intracoronary Pluripotent cells [13]

Traverse et al. 2011 LateTIME 
Trial

Intracoronary Pluripotent cells [7]

Bolli et al. 2011 SCIPIO Trial Intracoronary Pluripotent cells [5]

Makkar et al. 2012 CADUCEUS 
Trial

Intracoronary Pluripotent cells [89]

Zhao et al. 2013 Intracoronary Pluripotent cells [90]

Kurbonov et al. 2013 Intracoronary Engineered stem cells [91]

Forcillo et al. 2013 Via CABG+i.m. Stem cells [92]

Assmann et al. 2013 Via CABG+epicardial Engineered stem cells [93]

Nasseri et al. 2014 i.m Stem cells [94]

Brickwedel et al. 2014 Via CABG Engineered stem cells [95]

Hong et al. 2014 Intracoronary + retrograde 
coronary sinus

Engineered stem cells [96]

Hao et al. 2015 Intracoronary Stem cells [97]

Chang et al. 2015 Intracoronary Stem cells [98]

Gao et al. 2015 Intracoronary Stem cell engineering [99]

Fiarresga et al. 2015 Intracoronary Stem cell engineering [100]

Helseth et al. 2015 Intracoronary Stem cell engineering [101]

Eirin et al. 2015 Intrarenal Pluripotent cells [102]

Lee et al. 2015 Intracoronary Engineered stem cells [103]

Tseliou et al. 2016 Intracoronary Stem cell engineering [104]

Hasan et al. 2016 Intracoronary Stem cell engineering [105]

Xiao et al. 2017 Intracoronary Stem cell engineering [106]

Gao et al. 2017 Intracoronary Pluripotent cells in 3D scaffold [107]

Table 3. A chronology of clinical trials using different stem cell delivery and engineered constructs.
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Study name Published n Days Primary outcome Imaging modality

A. Proven stem cell treatment and evaluation
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in large infarcts after 6 
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LEUVEN-AMI 2006 66 1 -No change in LVEF in 
4 months but regional 
contractility improved & 
infarct size less
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FINCELL 2008 77 3 -LVEF improved 5% in 6 
months but global LVEF 
same after 4 months

-Cardiac MRI, echo

HEBE 2010 200 3–8 -LVEF improved 6% in 6 
months

-Cardiac MRI

B. Other clinical stem cell trials using different stem cell types

Autologous BMNCs CABG + SC 5 1y >5 days old MI Improved perfusion

Autologous BMNCs PTCA + SC 13 3m 5–9 days post MI Better perfusion, wall 
motion, less infarct size

BMNCs+EPCs PTCA + SC 23 4m <3 days post MI Better LVEF, EDV, perfusion, 
% contractile function

BMCs+AC133 CABG + SC 12 3–9 m 0–3 m post MI Better EF, better perfusion

BMNCs EMM + SC 8 3 m severe IHD Improved perfusion, angina, 
contractile function

Autogous BMNCs EMM + SC 14 2 m CHF Improved LVEF, perfusion, 
contractile function

Myoblasts CABG + SC 10 11 m CHF Improved EVEF, contractile 
function

Autologous skeletal 
myoblasts

CABG + SC 12 12 m Old MI + ischemic CAD improved LVDF, regional 
contractility

Autologous skeletal 
myoblasts

IM SC 
injection at 
LVAD site

5 6 m IHD improved LVEF, wall thicker 
at the injection site

Autologous BMCs IC infusion + 
PTCA

30 6 m <5 days post MI Improved LVEF, contractile 
function

Autologous BMSCs IC infusion + 
18 days post 
PTCA

34 3–6 m 10 days post MI Better perfusion, high EDV, 
ESV, wall movement, LVEF

Autologous blood 
SCs + inj G-CSF

IC infusion + 
PTCA

10 6 m >48 hours AMI(old) Higher stent restenosis in 
G-CSF group

Table 2. Randomized control trials showing administration of pluripotent stem cells with primary outcome of improved 
cardiac mass by monitoring improvement in left ventricle ejection function by imaging.
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How success in heart recovery after heart transplantation is assessed? After heart recovery, improve-
ment in cardiac functions is the success key. Important cardiac parameters are improved 
ejection fraction (LVEF), improved contractile function, improved regional wall thick-
ness reduction or improved LV function, Ejection Diastolic and Ejection Systolic Volumes, 
improved perfusion along with decreased adverse perfusion defects,  all these events within 
less than a week as shown in Table 2 and Figure 3 (see panel D). In support, several ran-
domized trials clearly shown that administration of intracoronary autologous bone marrow 
nuclear cells in patients soon after myocardial infarction improved the ejection fraction within 
5 days [8, 39] shown in Table 2 and illustrated in Figure 3 (see panel D). Other randomized 

Clinical trial Administration Engineered tissue construct used Reference
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Roncalli et al. 2011
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Intracoronary Pluripotent cells [13]

Traverse et al. 2011 LateTIME 
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Intracoronary Pluripotent cells [7]

Bolli et al. 2011 SCIPIO Trial Intracoronary Pluripotent cells [5]

Makkar et al. 2012 CADUCEUS 
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Zhao et al. 2013 Intracoronary Pluripotent cells [90]

Kurbonov et al. 2013 Intracoronary Engineered stem cells [91]

Forcillo et al. 2013 Via CABG+i.m. Stem cells [92]

Assmann et al. 2013 Via CABG+epicardial Engineered stem cells [93]

Nasseri et al. 2014 i.m Stem cells [94]

Brickwedel et al. 2014 Via CABG Engineered stem cells [95]

Hong et al. 2014 Intracoronary + retrograde 
coronary sinus

Engineered stem cells [96]

Hao et al. 2015 Intracoronary Stem cells [97]

Chang et al. 2015 Intracoronary Stem cells [98]

Gao et al. 2015 Intracoronary Stem cell engineering [99]

Fiarresga et al. 2015 Intracoronary Stem cell engineering [100]

Helseth et al. 2015 Intracoronary Stem cell engineering [101]

Eirin et al. 2015 Intrarenal Pluripotent cells [102]

Lee et al. 2015 Intracoronary Engineered stem cells [103]

Tseliou et al. 2016 Intracoronary Stem cell engineering [104]

Hasan et al. 2016 Intracoronary Stem cell engineering [105]

Xiao et al. 2017 Intracoronary Stem cell engineering [106]

Gao et al. 2017 Intracoronary Pluripotent cells in 3D scaffold [107]
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trials showed clear evidence of improved regional wall LV function [9]. The Repair-AMI trial 
showed a significant decrease in major adverse events [10]. However, several clinical trial 
and pilot studies have failed to demonstrate that bone marrow nuclear cells really improve 
LV function in the setting of acute myocardial infarction because of empirical calibration or 
lack of preclinical results[7, 11–13, 31, 40]. Other critical issue is successful cardiac recovery 
or revived myocardial function rapidly and fast as much as possible. In the previous stud-
ies, most of the autologous bone marrow mononuclear cell implantations were performed 
within week following ST elevation myocardial infarction event. Specific mention here is the 
evidence of most favorable cardiac recovery effect on LV function obtained on the fifth day 
after delivery of stem cells in small cohort of patients in the Repair-AMI trial [10] as shown 
in Figure 3.

In the light of above, it is very important that timing of ‘appropriate stem cell conditioned 
delivery’ in right manner soon after myocardial infarction may have an influence on stem cell 
treatment as highlighted in Figure 3 (see panel C). This timing and delivery issue has debated 
over the stem cell choice, delivery mode of stem cells, and timing of stem cell implantation 
after acute myocardial infarction. Two factors need attention here for successful implantation 
and its action on recovery of myocardium: (1) Release rate of circulating progenitor mono-
nuclear cells from bone marrow within hours of acute myocardial infarction [27, 41, 42]; (2) 
Release of enormous hematopoietic stem cells, endothelial progenitor stem cells, mesenchy-
mal stem cells, and a very small number of embryonic-like pluripotent cells with cardio-
rejuvenating properties [43]. Moreover, other factors are also determinant in the success of 
cardiac rejuvenation such as inadequate cell count, improper processing, and timing of stem 
cell administration.

Important concern in regard to negative findings is timing of stem cell administration. The 
National Heart Lung and Blood Institute sponsored Cardiovascular Cell Therapy Research 
Network reported two prospective clinical trials, TIME [6] and LateTIME [7]. The TIME 
trial was proposed to compare the effects of bone marrow mononuclear source cells deliv-
ered at 3–7 days in patients with predominantly ST elevation myocardial infarction. The 
LateTIME trial proved the hypothesis that delayed delivery of autologous bone marrow cells 
at 2–3 weeks following acute myocardial infarction may improve global LV systolic function. 
LateTIME trial calibrated the cell count and processing issues but did not show any detectable 
improvement in LV function over a period of 2 years [44]. For interested readers, intramyocar-
dial stem cell therapy protocol is described in following section.

4.2. Intramyocardial stem cell therapy protocol

In open heart surgery, direct visualization of the heart is a preferred method as an endocar-
dial approach during supervised intramyocardial injection of stem cells. Using endocardial 
approach for intramyocardial stem cell therapy, a transmyocardial injection of stem cells is 
guided by LV electromechanical mapping with NOGA™ software (Biologics Delivery Systems, 
Diamond Bar, CA) to deliver stem cells in target infarct area [15] as shown in Figure 3. For 
instance, in routine stem cells are injected into nonviable myocardium soon after an observed 
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low cardiac output, by an 8Fr MYOSTAR™ catheter (Biologics Delivery Systems) with nitinol 
tubing and retractable needle set up at a depth of 4.5–6 mm inside cardiac tissue and placed 
at an appropriate angle 45° under fluoroscopy observation as shown in Figure 3. Volumes 
of approximated 0.3 cc of stem cells are injected by manually advancing the needle initially 
at several different space volumes of 1 cm3 in areas of thinned myocardium (<0.5 mm2 by 
MRI). Without motion, still patient is kept under observation. Later, patient is monitored for 
18–24 hours attached with cardiac life support device and recovery, and myocardial viabil-
ity is monitored by continuous real-time LV angiography. First time, Federal Drug Agency 
(FDA) approved the protocol of autologous BMC stem cells as milestone showing salvaged 
hibernating myocardium with improved angiogenesis, 75% decreased perfusion defects, and 
improved 20–29% ejection fraction [17]. Now, improved protocols in clinical trials are in prac-
tice throughout the US and Europe as shown in Tables 2 and clinical trials in recent 5 years 
shown in Table 3.

4.3. Retrograde coronary sinus injection

It is other approach to deliver potentially therapeutic stem cells in coronary sinus. A double 
lumen catheter attached with a larger proximal and a smaller distal balloons is used for deliv-
ery of cells in distal lumen. The stem cells are injected and their transport is confirmed angio-
graphically in the mid- to distal interventricular vein that runs parallel to the left anterior 
descending artery, as shown in Figure 3 panel A.

4.4. Intravenous delivery

This approach depends upon the intravenous access site as shown in Figure 3 panel A. The 
cells get trapped in the lungs, liver, and spleen, so that only a small number may enter in coro-
nary circulation, and myocardial homing is minimal [15]. Myocardial homing depends on the 
expression of adhesion molecules, cytokines, and homing receptors. In following sections, 
growing interest of real-time noninvasive monitoring of pre- and post-cardiac recovery of 
myocardium tissue by advanced 900 MHz MRI methods in preclinical studies and real-time 
stem cell behavior are discussed.  900 MHz MRI facility is available only in laboratory at our 
place in the light of less known facts, limitations and challenges to use this facility.

5. Need of noninvasive in vivo monitoring stem cells in preclinical 
studies

Molecular events by imaging methods offer excellent opportunity to visualize and track stem 
cell behavior in vivo to evaluate their efficacy of cardiac cell recovery or therapy in preclini-
cal studies. Monitoring the settled home-in rejuvenated stem cells functioning well at cardiac 
infarct site is based on the fact that active myocardial metabolite protons and water relax-
ation dynamics is characteristic while 31P MR peaks predict the settled stem cell physiology 
[45]. Ultrasound imaging, positron emission tomography/single photon emission  computed 
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trials showed clear evidence of improved regional wall LV function [9]. The Repair-AMI trial 
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In open heart surgery, direct visualization of the heart is a preferred method as an endocar-
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(FDA) approved the protocol of autologous BMC stem cells as milestone showing salvaged 
hibernating myocardium with improved angiogenesis, 75% decreased perfusion defects, and 
improved 20–29% ejection fraction [17]. Now, improved protocols in clinical trials are in prac-
tice throughout the US and Europe as shown in Tables 2 and clinical trials in recent 5 years 
shown in Table 3.

4.3. Retrograde coronary sinus injection

It is other approach to deliver potentially therapeutic stem cells in coronary sinus. A double 
lumen catheter attached with a larger proximal and a smaller distal balloons is used for deliv-
ery of cells in distal lumen. The stem cells are injected and their transport is confirmed angio-
graphically in the mid- to distal interventricular vein that runs parallel to the left anterior 
descending artery, as shown in Figure 3 panel A.

4.4. Intravenous delivery

This approach depends upon the intravenous access site as shown in Figure 3 panel A. The 
cells get trapped in the lungs, liver, and spleen, so that only a small number may enter in coro-
nary circulation, and myocardial homing is minimal [15]. Myocardial homing depends on the 
expression of adhesion molecules, cytokines, and homing receptors. In following sections, 
growing interest of real-time noninvasive monitoring of pre- and post-cardiac recovery of 
myocardium tissue by advanced 900 MHz MRI methods in preclinical studies and real-time 
stem cell behavior are discussed.  900 MHz MRI facility is available only in laboratory at our 
place in the light of less known facts, limitations and challenges to use this facility.

5. Need of noninvasive in vivo monitoring stem cells in preclinical 
studies

Molecular events by imaging methods offer excellent opportunity to visualize and track stem 
cell behavior in vivo to evaluate their efficacy of cardiac cell recovery or therapy in preclini-
cal studies. Monitoring the settled home-in rejuvenated stem cells functioning well at cardiac 
infarct site is based on the fact that active myocardial metabolite protons and water relax-
ation dynamics is characteristic while 31P MR peaks predict the settled stem cell physiology 
[45]. Ultrasound imaging, positron emission tomography/single photon emission  computed 
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tomography (PET/ SPECT), magnetic resonance imaging (MRI), optical imaging, and CT 
imaging are routine molecular imaging techniques. Magnetic resonance of odd-numbered 
protons in cardiac tissue molecules with resonant radiofrequency in high magnetic field gen-
erates the physiological MR cardiac MRI fingerprint as most promising in clinical transforma-
tion to provide the structural-functional information of resettled cardiac mass with superior 
resolution and high sensitivity relatively safer and without radiation [45, 46].

Other major challenges are visualizing myocardial functionality and real-time monitoring the 
status of transplanted stem cell behavior within native tissue as true representative of altered 
or improved visible myocardial territories or metabolic recovery. For this purpose, the smart 
imaging contrast agents or contrast labeling of stem cells offer to visualize the behavior of 
transplanted stem cells in tissue in situ. Different techniques of cell MRI, bioluminescence, che-
miluminescence, myofibril scanning, and DNA end-labeling are routine methods to track myo-
cardial functionality, viability, and fragility [47, 49]. Recently, nanoparticle-labeled stem cells 
have been developed to achieve dephasing susceptibility contrast and monitoring the stem cell 
behavior, physiological changes and molecular events by 900 MHz MR imaging stem cells [50].

5.1. MRI contrast labeling of stem cells: source of contrast in images

Tracking of transplanted stem cells and their behavior in native tissue is done using stem cell 
MRI contrast agents such as gadolinium (Gd) chelating agents (Gd-DTPA) and manganese 
chloride (MnCl2) [51–53]. Mostly, these image contrast agents provide longitudinal relaxation 
constant (T1) enhanced positive contrast effects of stem cell originated proton nuclear mag-
netic resonance (NMR) relaxation as shown in Figure 4. Recently, several stem cell specific iron 
oxide paramagnetic/super paramagnetic contrast agents emerged as negative contrast agents. 

Figure 4. The metal (M) is encapsulated in chelator coat (Gd-DTPA in dextran coated SPIO). The water accessibility (τm), 
rotational tumbling time (τf), electron spin state T1e of superparamagnetic metal, chemical exchange rate (τex), and MR frequency 
(δ) are shown as source of contrast. On right: Distinct longitudinal relaxation T1 constants as graphs at different contrast agent 
concentrations are shown in panel A and respective T1 images are shown in panel B. Reproduced from [52] with permission.
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Iron oxide nanoparticles produce strong transverse relaxation constant/dephased transverse 
relaxation constant (T2/T2*) ratio as negative contrast effect due to dephasing effect [54–56].

5.2. Iron oxide particle stem cell labeling

Super paramagnetic iron oxide nanoparticles (SPION) are family of paramagnetic/ superpara-
magnetic contrast agents. It consists of a ferrite (maghemite or magnetite) core and a polymer 
coating. Depending on the diameter size (including both metal core and polymer coat), the 
nanoparticles can be divided into the SPION (diameter size 60–150 nm), USPION (diameter 
size 10–40 nm), and MION (diameter size 10–30 nm) categories [57]. Ferucarbotran (Resovist®) 
and ferumoxides (Endorem or Feridex®) are MRI enhancement contrast agents approved by 
FDA for clinical diagnosis of liver tumors and metastatic lymph nodes. High concentrations 
of ferromagnetic material can shorten both the T1/T2 constants as well as the effect of T2*, 
resulting in a significant reduction in MR relaxation with higher biological safety of stem cells 
[48, 58–60].

5.3. Positively charged polymer transfection agents

Most of these labeled stem cells do not internalize SPIONs and they need endocytosis poly-
mer boosters. Positively charged polymer transfection agents (TAs) or polycations enhance 
the endocytosis across negatively charged membrane surface. So, they can be coated on the 
surface of magnetic iron oxide particles to boost SPION endocytosis or stem cells nonspe-
cifically uptake these SPION particles through the negatively charged membrane surface. At 
present, composites of SPION and polycation TAs are the most commonly used methods to 
enhance the endocytosis of iron oxide particles [49, 60–62].

• Negative charge on stem cell membrane surface does not permit ferric oxide particles to 
attach them with the stem cells. To accomplish it, iron oxide particle surface modifications 
can enhance cellular endocytosis. In this direction, several surface modification approaches 
of polycation binding, incubation with hematopoietic cells, monoclonal antibody-antigen 
binding, receptor binding, magnetoelectric perforation and others are used in but these are 
still in infancy.

• Positive charged polycation TAs macromolecules such as polylysine or protamine sulfate 
are used in making SPION/TA composites with strong positive/negative interaction or 
cationic polymer material coating [63]. These SPIO/TA composites easily adhere to the 
surface of stem cell membranes and persuade the phagocytosis of iron oxide particles 
without aggregation of SPION particles [51]. Ferumoxides (Feridex) with USPIO (MION-
46 L) and added polycationic TAs have been in use to raise the concentration of intracel-
lular SPION particles [32]. After 4–48-hour incubation with 25 μg Fe/mL TA-(USPION), 
target stem cells demonstrated a significant reduction in T2 signal intensities due to de-
phasing effect [52]. Ferumoxides mixed with protamine sulfate (50:3) μg/ml offers an 
optimized protocol [53].

• Overnight incubation of the human mesenchymal stem cells with hematopoietic CD34+ stem 
cells and specific mammalian cells, increases the iron content in the stem cells 1.47–17.31 pg/
cell [64].
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MRI contrast agents such as gadolinium (Gd) chelating agents (Gd-DTPA) and manganese 
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netic resonance (NMR) relaxation as shown in Figure 4. Recently, several stem cell specific iron 
oxide paramagnetic/super paramagnetic contrast agents emerged as negative contrast agents. 
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rotational tumbling time (τf), electron spin state T1e of superparamagnetic metal, chemical exchange rate (τex), and MR frequency 
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Iron oxide nanoparticles produce strong transverse relaxation constant/dephased transverse 
relaxation constant (T2/T2*) ratio as negative contrast effect due to dephasing effect [54–56].

5.2. Iron oxide particle stem cell labeling

Super paramagnetic iron oxide nanoparticles (SPION) are family of paramagnetic/ superpara-
magnetic contrast agents. It consists of a ferrite (maghemite or magnetite) core and a polymer 
coating. Depending on the diameter size (including both metal core and polymer coat), the 
nanoparticles can be divided into the SPION (diameter size 60–150 nm), USPION (diameter 
size 10–40 nm), and MION (diameter size 10–30 nm) categories [57]. Ferucarbotran (Resovist®) 
and ferumoxides (Endorem or Feridex®) are MRI enhancement contrast agents approved by 
FDA for clinical diagnosis of liver tumors and metastatic lymph nodes. High concentrations 
of ferromagnetic material can shorten both the T1/T2 constants as well as the effect of T2*, 
resulting in a significant reduction in MR relaxation with higher biological safety of stem cells 
[48, 58–60].

5.3. Positively charged polymer transfection agents

Most of these labeled stem cells do not internalize SPIONs and they need endocytosis poly-
mer boosters. Positively charged polymer transfection agents (TAs) or polycations enhance 
the endocytosis across negatively charged membrane surface. So, they can be coated on the 
surface of magnetic iron oxide particles to boost SPION endocytosis or stem cells nonspe-
cifically uptake these SPION particles through the negatively charged membrane surface. At 
present, composites of SPION and polycation TAs are the most commonly used methods to 
enhance the endocytosis of iron oxide particles [49, 60–62].

• Negative charge on stem cell membrane surface does not permit ferric oxide particles to 
attach them with the stem cells. To accomplish it, iron oxide particle surface modifications 
can enhance cellular endocytosis. In this direction, several surface modification approaches 
of polycation binding, incubation with hematopoietic cells, monoclonal antibody-antigen 
binding, receptor binding, magnetoelectric perforation and others are used in but these are 
still in infancy.

• Positive charged polycation TAs macromolecules such as polylysine or protamine sulfate 
are used in making SPION/TA composites with strong positive/negative interaction or 
cationic polymer material coating [63]. These SPIO/TA composites easily adhere to the 
surface of stem cell membranes and persuade the phagocytosis of iron oxide particles 
without aggregation of SPION particles [51]. Ferumoxides (Feridex) with USPIO (MION-
46 L) and added polycationic TAs have been in use to raise the concentration of intracel-
lular SPION particles [32]. After 4–48-hour incubation with 25 μg Fe/mL TA-(USPION), 
target stem cells demonstrated a significant reduction in T2 signal intensities due to de-
phasing effect [52]. Ferumoxides mixed with protamine sulfate (50:3) μg/ml offers an 
optimized protocol [53].

• Overnight incubation of the human mesenchymal stem cells with hematopoietic CD34+ stem 
cells and specific mammalian cells, increases the iron content in the stem cells 1.47–17.31 pg/
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• Monoclonal antibodies of pancreatic cancer specific antigen (PAP2a) fused with dextran-
modified SPIONs show antigen-antibody reaction to target the iron oxide particles in pan-
creatic cancer cells and promote the receptor-mediated SPIO endocytosis [65].

• Iron oxide particle surfaces can be modified by specific target receptors such as vascular 
cell adhesion molecule-1 and membrane mucin A5. These nanoparticles target specific tis-
sues or organs, but the presence of specific target receptors limits the application of modi-
fied nanoparticles in cell tracking [66, 67].

5.4. Magnetoelectric perforation method

It increases the efficiency of nanoparticle endocytosis. Toxicity testing of mesenchymal stem 
cells, neural stem cells and adipose cells in vitro all indicate safer use of magnetoelectric per-
foration because of less cell incubation time and effective safer SPION contrast agent to target 
cells approved by the FDA [68, 69]. Still, stem cell transplantation biological safety consider-
ations need attention and further research.

5.5. Biosafety of iron oxide particle labeling on stem cells

Cell labeling with iron oxide requires intensive toxicity evaluation tests for every protocol and 
characterization of cell type before translating them in clinical application. Feridex®, Resovist®, 
and Endorem® are FDA-approved agents. These agents in stem cells are cleared by the reticulo-
endothelial system. Peripheral blood mononuclear cells labeled in vitro with Ferumoxide® upon 
administrated these cells through intravenous injection in organs showed localized T2*-weighted 
images and R2* maps of cell migration at the tissue inflammation damage areas [65]. However, 
extensive experiments are needed to verify the bio-safety of paramagnetic SPION contrast agents.

5.6. Sensitivity of in vivo MRI detection of labeled stem cells

The intracellular iron distribution in stem cells influences greatly the MRI detection signal 
from labeled stem cells. Several inherent factors are determinant of image quality such as MRI 
sequence selection, spatial resolution, magnetic field intensity, and surrounding stem cell 
or cardiac tissue heterogeneity to affect the molecule sensitive signal. Known factors are: (1) 
Higher intracellular iron content in cells shortens the relaxation time; (2) The T2*-weighted 
image is highly sensitive for iron oxide particle labeling load; (3) Field inhomogeneity and 
surrounding tissues; and (4) MRI sensitivity can reach 3000 times that of T1 weighting or 60 
times that of T2 weighting due to iron oxide-induced dephasing effect [54]. To nullify the iron-
induced MRI signal sensitivity, specific techniques are chosen. T2* sequence or steady-state 
free precession (SSFP) is a choice to detect SPION-labeled cells. However, the T2* sequence 
gets artifact by intracellular magnetic field inhomogeneity and interference of the surrounding 
normal tissues at high magnetic field. Fast 3D gradient echo (GE) sequences balance this effect 
of T2* sensitivity, spatial resolution within imaging time. At the present time, the best choice is 
gradient echo acquisition for superparamagnetic particles with positive contrast (GRASP), to 
create a positive contrast of SPION free from T2* artifacts and high sensitive and specific hyper-
intense signal of cell tracking even for smaller imaging voxel size in the high field MRI [55].
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5.7. Limitations of tracking SPION labeling stem cells

SPION particle cell tracking method for cell labeling has some shortcomings. The MRI sig-
nal in preclinical or clinical studies is usually generated from surrounding tissue areas of 
noninterest cardiopulmonary junction [56]. The paramagnetic material usually accumulates 
in hemorrhagic infarction. So, hemoglobin shows false low signal intensity on T2*-weighted 
image [70]. In case of death and rupture of transplanted cells, targeted SPIO nanoparticles 
can be trapped in surrounding tissue cells or reticuloendothelial cells. Subsequently, SPION 
are redistributed, deposited, or differentiated in extracellular environment to generate false 
positive signal. In author’s opinion, direct iron oxide labeling is only suitable for short-term 
stem cell tracking in vivo or in vitro experiments. Other reason of false negative signal can 
be partial volume effects or low concentrations of cells in one imaging voxel. After every 
cell division, intracellular iron content remains half. So, every cell division evidences gradual 
reduction in cell detection sensitivity. The said fact was reported as MRI nonvisible heart cells 
after 6 weeks post-transplant stem cell administrated to the heart [71]. Despite these limita-
tions and shortcomings, paramagnetic/superparamagnetic iron oxide particles are still highly 
popular in the field of stem cell tracking because of their high sensitivity.

5.8. Reporter gene labeling in stem cells

Reporter gene labeling is other method based on fusion of an MRI reporter gene to a target 
gene in stem cells. In transfection of a target stem cell, genes are incorporated into the cellular 
DNA via transgenic methods. These products of reporter genes are expressed in living stem 
cells and produces reporter gene expression as indirectly MRI visible in vivo. Transgenic gene 
labeling methods are highly valuable in long-term studies of labeled stem cell survival, prolif-
eration, and differentiation in vivo. The MRI reporter gene expression can make two products 
of its expression in stem cells: (1) Intracellular enzymes including β-galactosidase, cytosine 
deaminase, creatinine kinase, tyrosinase, and arginine kinase [72]; (2) Ferritin or transferrin 
receptors [73]. Recently, a MRI reporter gene (a ferritin receptor) has emerged as a choice of 
robust contrast. Excessive expression of ferritin can increase iron uptake. Inside cells, redis-
tribution of intracellular iron enhances transverse relaxation rates and reduces T2 relaxation 
constants. Recently, adenovirus-ferritin reporter gene injection into murine corpus striatum 
generated robust contrast on T2 and T2*-weighted imaging within 5–39 days [74].

Clearly MRI reporter gene imaging is still a choice, but it cannot rule out the potential damage 
to cell proliferation and differentiation. Still open issues are the sources and safety of cells, 
issues relating to gene mutation and sensitivity [75]. Now, MR microimaging technology has 
advanced with available 900 MHz magnetic fields to visualize cardiovascular myofibrillar 
territories up to 30 micrometer resolution using SPION and SPOIT nanoparticle-enhanced 
relaxation susceptibility signal intensities of revived cardiac muscles enough to decipher the 
insight of stem cells as shown in Figure 5. Author developed mice beating heart microimages 
using antibody-coated nanoparticles to visualize cardiac muscle orientation angles as finger-
prints of cardiac revival and rejuvenation [76]. It can be easily noticed that dying heart left 
ventricle wall clearly shows the damage sites with clear muscle mass with altered orientation 
of angle proportional to degree of distortion.
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• Monoclonal antibodies of pancreatic cancer specific antigen (PAP2a) fused with dextran-
modified SPIONs show antigen-antibody reaction to target the iron oxide particles in pan-
creatic cancer cells and promote the receptor-mediated SPIO endocytosis [65].

• Iron oxide particle surfaces can be modified by specific target receptors such as vascular 
cell adhesion molecule-1 and membrane mucin A5. These nanoparticles target specific tis-
sues or organs, but the presence of specific target receptors limits the application of modi-
fied nanoparticles in cell tracking [66, 67].

5.4. Magnetoelectric perforation method

It increases the efficiency of nanoparticle endocytosis. Toxicity testing of mesenchymal stem 
cells, neural stem cells and adipose cells in vitro all indicate safer use of magnetoelectric per-
foration because of less cell incubation time and effective safer SPION contrast agent to target 
cells approved by the FDA [68, 69]. Still, stem cell transplantation biological safety consider-
ations need attention and further research.

5.5. Biosafety of iron oxide particle labeling on stem cells

Cell labeling with iron oxide requires intensive toxicity evaluation tests for every protocol and 
characterization of cell type before translating them in clinical application. Feridex®, Resovist®, 
and Endorem® are FDA-approved agents. These agents in stem cells are cleared by the reticulo-
endothelial system. Peripheral blood mononuclear cells labeled in vitro with Ferumoxide® upon 
administrated these cells through intravenous injection in organs showed localized T2*-weighted 
images and R2* maps of cell migration at the tissue inflammation damage areas [65]. However, 
extensive experiments are needed to verify the bio-safety of paramagnetic SPION contrast agents.

5.6. Sensitivity of in vivo MRI detection of labeled stem cells

The intracellular iron distribution in stem cells influences greatly the MRI detection signal 
from labeled stem cells. Several inherent factors are determinant of image quality such as MRI 
sequence selection, spatial resolution, magnetic field intensity, and surrounding stem cell 
or cardiac tissue heterogeneity to affect the molecule sensitive signal. Known factors are: (1) 
Higher intracellular iron content in cells shortens the relaxation time; (2) The T2*-weighted 
image is highly sensitive for iron oxide particle labeling load; (3) Field inhomogeneity and 
surrounding tissues; and (4) MRI sensitivity can reach 3000 times that of T1 weighting or 60 
times that of T2 weighting due to iron oxide-induced dephasing effect [54]. To nullify the iron-
induced MRI signal sensitivity, specific techniques are chosen. T2* sequence or steady-state 
free precession (SSFP) is a choice to detect SPION-labeled cells. However, the T2* sequence 
gets artifact by intracellular magnetic field inhomogeneity and interference of the surrounding 
normal tissues at high magnetic field. Fast 3D gradient echo (GE) sequences balance this effect 
of T2* sensitivity, spatial resolution within imaging time. At the present time, the best choice is 
gradient echo acquisition for superparamagnetic particles with positive contrast (GRASP), to 
create a positive contrast of SPION free from T2* artifacts and high sensitive and specific hyper-
intense signal of cell tracking even for smaller imaging voxel size in the high field MRI [55].
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are redistributed, deposited, or differentiated in extracellular environment to generate false 
positive signal. In author’s opinion, direct iron oxide labeling is only suitable for short-term 
stem cell tracking in vivo or in vitro experiments. Other reason of false negative signal can 
be partial volume effects or low concentrations of cells in one imaging voxel. After every 
cell division, intracellular iron content remains half. So, every cell division evidences gradual 
reduction in cell detection sensitivity. The said fact was reported as MRI nonvisible heart cells 
after 6 weeks post-transplant stem cell administrated to the heart [71]. Despite these limita-
tions and shortcomings, paramagnetic/superparamagnetic iron oxide particles are still highly 
popular in the field of stem cell tracking because of their high sensitivity.
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5.9. Regenerating stem cell in vivo dual optical imaging

Cellular engraftment may be monitored by reporter gene construct (fluc-mrfp-ttk) visualiza-
tion by optical methods such as bioluminescence (BLI), chemiluminescence combined with 
MRI, PET, fusion multimodal imaging (FMI), near infra-red (NIR), and radionuclide meth-
ods [77]. The dual-modality imaging has unique strength to monitor cell delivery, survival 
status, graft morphology, and impact on post-MI remodeling on same platform in less time 
[78]. Recently, application of BLI for tracking transplanted stem cells was reviewed on the 
association of stem cell viability with the therapeutic efficacy of stem cell evaluated in pre-
clinical disease models of vascular disease [79]. Reporter gene technology with BLI provides 

Figure 5. Monitoring cardiac cells by 900 MHz MR microimaging on left panels. Axial image shows details of muscle 
fibers in ventricle wall (shown as arrows). Cardiac muscle fibers are shown on right panels with superparamagnetic iron 
oxide troponin nanoparticles (shown in circle) to indicate angles of muscle fiber orientation on right panels. On top right, 
change in muscle fiber orientation angle is shown before and after infarction (shown as vector directions).

Figure 6. Noninvasive bioluminescence (BLI) monitoring of cardiac differentiation in the experimental model of acute 
myocardial infarction shows BLI images showing decrease in RLuc by CMV promoter and increase in PLuc by cardiac-
specific cTnI promoter in adipose tissue–derived progenitor cells after myocardial implantation. BLI can finely quantify 
cardiac regeneration degree relative to the number of surviving cells under ischemic conditions. See Ref. [80].
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 valuable information about the location and functional status of regenerative cells implanted 
into numerous animal models of disease to define the effectiveness and underlying mecha-
nisms of cardiac cell therapy. The light-emitting capability of BLI illustrates the insights of 
cardiac regeneration [80]. Recently, survival kinetics of induced pluripotent stem cell and 
engraftment of viable cells was monitored by BLI imaging by visualizing the retention of bio-
luminescent agents in adult stem cells as shown in Figure 6 to monitor stem cells [34]. Efforts 
are still continuing for regenerating the heart and using myocardial stem cells in cardiovascu-
lar system in treatment of heart disease or remodeling [81]. Now, new trend of noninvasive 
in vivo MR imaging with spectroscopy is emerging to visualize cardiac muscle metabolites 
[81] and products of gene expression or imaging reporter gene induced inhomogeneity signal 
peaks from regenerating stem cells [82].

6. Future perspectives

Future research may focus on conversion of adult cells into iPS cells, and conversion of these iPS 
cells to relevant cell types to treat individual diseases. In near future, multimodal single platform 
bioluminescent/NIR/FRET optical cum MRI/CT/PET microimaging techniques will emerge to 
track the pluripotent stem cell sensitive superior detection methods by monitoring the distribu-
tion of molecular events in differentiating myocardial progenitor cells in less time. It remains 
to see in coming years if differentiating stem cells remain safe and stem cells are not affected 
by radionuclide, chelators, contrast agents, and electromagnetic radiations used to image these 
cells. To expose these stems cells in different preservative media solutions for storage without 
any effect on their capability to remodeling is also a challenge in tissue engineering art. Before 
transplantation and regrafting, it needs thorough investigation of perfect autograft and met-
abolic compatibility, myocardial contractility to remain viable longer. Larger double blinded 
placebo-controlled clinical trials are needed on trans-aortic or trans-septal approach to reach 
different zones of endocardial necrosis. In cases of intramyocardial or epicardial necrosis, epicar-
dial approach should be compared with endocardial one. Brachial can be an alternate option for 
patients who have peripheral vascular disease with difficult femoral approach. Safer delivery of 
stem cells to the heart opens vista of transplantation of stem cells as tissue-engineered constructs.

Throughout life, every person experiences many injuries and recovers with time spontane-
ously by wound healing, organ recovery, or repair mechanisms without even realizing the 
past injuries in the first place. In this repair and wound healing process, proliferation of exist-
ing stem cells makes an individual capable of repairing or restoring the injured tissue(s). 
In fact, these pluripotent stem cells contain the genetic fingerprint or molecule metabolic 
blueprint as memory of tissue origin how a particular tissue cell was assembled from bio-
molecules and functionalized into physiochemical units of organs constructed to begin with 
from embryonic progenitor cells. If these pluripotent stem cells are maintained artificially in 
physiological cultures, rejuvenation potential of stem cells maintains all properties of bio-
transforming and differentiating into organ cells. This potential offers an excellent oppor-
tunity of clinical applications. In fact, these restorative potentials in stem cells are possible 
due to simultaneous multiple functions of stem cells, such as self-renewal, multipotency, 
and paracrine functions. Of mention, paracrine secretion releases colony-stimulating factors, 
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growth factors,  regulatory energy molecules, and stimulatory cytokines from a number of 
retained stem cells during regenerative processes at tissue sites as shown in recent clinical 
trials in Table 3. These secretary molecules lead to further mobilization of endogenous pro-
genitor cells. We do not understand the complete sequence of underlying mechanisms of stem 
cell during regeneration and cardiac healing, even though everyone experiences the benefits 
of cardiac rejuvenation even without complete knowledge of origin of electrophysiology of 
heart, cardiomyocyte functions, and mechanism of molecular events.

The embryonic stem cells have excellent capacity to differentiate into virtually any type of tis-
sue cells [83]. Presently, investigators and government agencies have intensified the detailed 
search for a similar cell lineage or stem cell rejuvenate database in adults [84]. However, 
many challenges remain to understand how these adult stem cells over-ride the complex 
tasks (failed heart in to beating heart again) to take up residence quickly when placed in just 
the right place to gain control and restore or correct the necessary cardiomyocyte shape to 
assume paracrine functions to perform their multiple plasticity functions in a complex differ-
ent cellular environments (rejuvenation). Other major challenge is perfect retention of these 
cells after implantation via intracoronary, intramyocardial, and retrograde coronary sinus 
approach. In fact, a significant percent of stem cells leaves the heart soon after implantation 
and stem cell administration before they stick at damage site [84]. So, the clinical ramifications 
may be significant but they are limited. One fact is clear that remarkable universal nature of 
stem cells offers the exciting possibility of a universal stem cell transformation capability into 
any tissue cell or organ that can circulate throughout the body and reside wherever needed 
to promote regeneration or repair of local tissue if retention of stem cells is good. These stem 
cells have multiple functions and behave proangiogenic and proparacaine, thereby stem cells 
may consume or produce potentially detrimental substances as indicated in recent clinical tri-
als shown in Figure 7, while stem cells may also survive in nontarget organs [85].

From clinical practice standpoint, the major hurdles to the clinical application and transla-
tional research in regard to adult stem cells are the limited small number of stem cells isolated 
from any adult tissue with successful propagation and harvesting of multipotent adult stem 
cells [86]. Other hurdle is the development of perfect “stem cell cocktails” to optimize the 
proliferation and of adult stem cells and differentiation in timely manner [30]. These hurdles 
indicate the urgent attention on supervised expansion of adult stem cells in cultures uni-
formly keeping stem cell intrinsic properties intact may be the answer to stable retention [87]. 
Although extensive cultures of human adult cells may suddenly change the intrinsic proper-
ties of stem cells in vivo [88], putting them unfit rendering them with no restoring capability 
to repair or reverse the injured or diseased tissue in prospective heart failure patients.

Author offers his opinion that cardiac stem cell therapy in future will have an acceptable wide 
spectrum of preclinical and double blinded placebo-controlled clinical trials on trans-aortic 
or trans-septal approaches solving the issue of epicardial or endocardial necrosis in cardio-
vascular regenerative medicine as shown in Table 3 with emphasis on intracoronary and 
retrograde coronary methods or possibly combined with 3D scaffold biomatrices delivery. 
In  development of engineered and constructed scaffold, intensive investigations will intro-
duce new  rejuvenator secretory molecules in remodeling and metabolic regulation to pro-
vide insight of right choice and optimization for best cardiac repair. Researchers may explore 
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more options of differentiated stem cell remodeling in addition to the engineered constructs, 
 rejuvenative molecules and regenerative metabolic pathways highlighted in clinical trials 
shown in Figure 7. What secretory molecules and metabolic regulatory events are common in 

Figure 7. Different secretory molecules are shown either synthesized or released from damaged myocardium from 
altered cardiomyocyte metabolic pathways (shown in left panel). The process of rejuvenation in stem cells is shown to 
correct the metabolic events (see at top on right) to lead repair, rejuvenation and restoration of cardiomyocyte viability 
with improved functions by remodeling in metabolic steps (shown in bottom at right).
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differentiated stem cell remodeling?. During remodeling, substrates are transported across the 
extracellular membrane into the cytosol and are metabolized in various ways. For oxidation, 
the respective metabolic intermediates [e.g., pyruvate or acylcoenzyme A (CoA)] are trans-
ported across the inner mitochondrial membrane by specific transport systems. Once inside 
the mitochondrion, substrates are oxidized or carboxylated (anaplerosis) and fed into the Krebs 
cycle for the generation of reducing equivalents [reduced nicotinamide adenine dinucleotide 
(NADH)2; reduced flavin adenine dinucleotide (FADH)] and GTP. The reducing equivalents 
are used by the electron transport chain to generate a proton gradient, which in turn is used for 
the production of ATP. This principal functionality can be recovered in various ways during 
reverting heart failure (HF), thereby regaining ATP production or  improving cellular function 
in other many ways. Researchers may explore more molecular options of remodeling in addi-
tion to the molecules and regenerative metabolic pathways shown in Figure 7.

Mainly two types of cardiovascular tissue biomaterials synthetic (polymer, ceramic, or met-
als) and biologic (cell-based, extracellular matrix-based, whole tissue) and hybrid bioma-
terials will be available. Advanced therapy medicinal products (ATMP), cardiomyocytes, 
ECM hydrogels and scaffolds, urinary bladder matrix (UBM) scaffolds, glycosaminoglycans 
(GAGs), collagen, fibronectin and laminin matrix, endothelial cells (ECs) and vascular smooth 
muscle cells(VSMCs), poly-tetra fluoro ethylene (PTFE), cardiac patches, cell-seeded matri-
ces, and pericytes seeding with biodegradable tissue engineering-based graft (PLLA/PCL, 
designed to be degraded in 3–5 years) are currently used methods for dynamic seeding with 
total BMCs or selected bone marrow aspirate mononuclear cells (BMMNCs). Electrospinning 
is routine to design scaffolds. For heart regeneration, cell delivery vehicle is implanted 
using smooth muscle cells (SMC), fibroblasts, endothelial progenitor cells, embryonic CD 34 
stem cells, BM cells, tissue-engineered vascular grafts are becoming promised biomaterials. 
Vascular CorMatrix® patch, vascular grafts made of PG/PGA, PCL/PLA polymers offer clini-
cal use [107–109]. The stem cell treatment will have a universal role in reversing the aging 
process, although a natural phenomenon. Naturally with the aging process, there is a continu-
ous decline in stem cell number and their viability or physiochemical cardiac capability with 
time. Due to these facts, aging and heart diseases are interlinked and advancing age promotes 
organ diseases. Therefore, restorative repairing capability of stem cells may provide a renew-
able life, and a “fountain of youth” as evidenced by jelly fish rejuvenation.

7. Conclusion

The in vivo imaging techniques are useful in dynamic monitoring of cardiac stem cell therapy 
following myocardial infarction. Choice of stem cells and mode of delivery are very crucial 
in getting successful stem cell therapy positive outcome. Cardiovascular remodeling evalua-
tion by MRI has merits because it is safe, sensitive, lacks radiation, provides good resolution, 
generates a real-time events’ blueprint or first-hand information of myocardial viability with 
functional information of cardiac territories and their physiochemical changes in cardiac func-
tions during stem cell rejuvenating process and after myocardial repair. Present time, ultra-
high magnetic field CMR possibly has preclinical prospects as in vivo noninvasive molecular 

Stem Cells in Clinical Practice and Tissue Engineering132

imaging or restorative monitoring reporter of rejuvenating stem cell genes to evaluate suc-
cess of transplantation and cardiac repair. On the other side of coin, researchers are continu-
ously developing new real-time physiological cum functional MRSI options to explore new 
stem cell molecular probes and smart MRS imaging sequences with improved MRI sensitive 
specific stem cell differentiation and rejuvenating detection by targeting energy metabolites, 
myocardial viability, and vital physiochemical molecules. Noninvasive monitoring is neces-
sary and bioluminescence or other radionuclide methods may be alarming because the poten-
tial biological damage caused by radionuclide exposed reporter genes and bioluminescence 
induced immune responses is concern in differentiating stem cells. Seriously, all these issues 
need research to minimize artifacts within safe limits. With the help of stem cell imaging and 
monitoring, transplantation of stem cells sooner or later will be optimized for the effective 
long-lasting therapy of myocardial infarction and heart failure on some day.
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Abstract

In recent years, the anti-leukemic potential of Natural Killer (NK) cells and their role in 
hematologic malignancies and in Hematopoietic Stem Cell Transplants (HSCT) has attracted 
greater interest and a recent study by Cooley S. et al. showed a better clinical outcome when 
patients with Acute Myeloid Leukemia received a transplant from unrelated Group B KIR 
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1. Introduction

1.1. Hematopoietic stem cell transplantation (HSCT)

Hematopoietic stem cell transplantation (HSCT) has emerged as one of the most useful ther-
apeutic strategies in the treatment of hematologic malignancies (acute or chronic myeloid 
or lymphoid leukemia) or hereditary (Thalassemia major) for which conventional therapies 
offer little or no chance of cure. HSCT consists of the replacement of the diseased or non-
functional bone marrow with healthy stem cells capable of regenerating all blood cells and 
restoring the normal hematologic and immunologic functions. The source of hematopoietic 
stem cells (HSC) can be bone marrow (BMT), peripheral blood after appropriate stimula-
tion (PBHSCT) or cord blood (CBHSCT). The transplant can be autologous (the patient’s 
own HSC transplant after suitable treatment) or allogeneic (HSC transplant from a healthy 
donor). In the latter case, it is essential to find a donor with genetic characteristics similar to 
those of the receiver because one of the most important variables that influence the success of 
HSCT is the compatibility of the genes of the HLA system. The Class I and II HLA matching 
between donor and recipient is crucial to prevent alloreactivity and, consequently, rejection, 
graft failure and, above all, the graft versus host disease (GVHD), because the transplanted 
cells from the donor are immunologically competent and can attack cells and tissues of the 
recipient [1–3].

A very important aspect of the HSC transplant is the graft versus leukemia effect (GvL), which 
is a GvHD directed toward the leukemic cells: donors’ T lymphocytes attack the cells of the 
tissues causing GvHD but they can also attack and eliminate residual leukemic cells [4]. If the 
donor-recipient HLA compatibility is high, the GvL effect is low, consequently, the possibility 
of relapse is high; on the contrary, when the HLA compatibility is low, the GvHD reaction will 
be great. A major challenge in improving the success of allogeneic hematopoietic stem cells 
in the treatment of leukemia is to minimize GvH reactions and simultaneously preserve and 
optimize GvL reactions. It has also been demonstrated that the GvL effect may be mediated 
by NK cells [5].

It has been shown that only 25% of patients who need a HSC transplant find an HLA-identical 
sibling donor; the remaining 75% do not have an HLA-identical donor in their own family; in 
this case, the alternative is to look for a HLA-matched, unrelated volunteer donor (matched 
unrelated donor (MUD)) in the worldwide register of bone marrow donors. If there is no 
compatible donor, the choice of the haploidentical donor is a viable alternative, because there 
might often be half-identical donors such as parents or siblings [6]. Recently, the number 
of so-called alternative donor transplants, MUD and haploidentical transplants with one or 
more HLA mismatches has significantly increased. This is due to the rise in the average age of 
the patients and therefore the impossibility of finding a compatible donor in their own family. 
For this reason research has steered toward the study of factors other than HLA matching, 
which could have a positive influence on the outcome of the transplants, including the role of 
natural killer (NK) cells in hematopoietic stem cell transplants and, consequently, the study 
of killer-cell immunoglobulin-like receptors (KIRs) genes.
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1.2. Natural killer cells and KIRs

The human NK cells are a part of the immune system with an important role in the host’s 
defense against infections from pathogens and in “immune surveillance” against cancer cells. 
Their function depends on several families of activating and inhibitory receptors including 
KIR (killer-cell immunoglobulin-like receptors). The “missing-self” concept [7, 8], put for-
ward by Karré and colleagues in the 1980s, formed the basis for understanding the mecha-
nisms of the action of NK cells (Figure 1). According to this hypothesis, the function of NK 
cells is to recognize and kill autologous cells which are deficient in MHC Class I expression, a 
frequent event in tumor or virus-infected cells.

KIRs belong to the immunoglobulin superfamily and are structurally characterized by two or 
three extracellular immunoglobulin-like domains. KIRs recognize the MHC Class I molecules 
such as HLA-A, HLA-B and HLA-C. There are two distinct groups of KIRs: inhibitors and acti-
vators. The family of KIR genes, located on chromosome 19q13.4, includes 15 different loci [9]. 
Receptors are monomeric (single chain) with two (KIR2D) or three (KIR3D) immunoglobulin 
domains, which can be further divided into those with a long (Long) cytoplasmic tail (KIR2DL 
and KIR3DL) and those with a short (Short) one (KIR2DS and KIR3DS). The short tail gener-
ates an activation signal, while the long one generates an inhibition signal. Each group has the 
same extracellular domain, and consequently each group binds the same ligands. However, 
due to differences in their transmembrane and intracellular domains, a group of KIRs deter-
mines an inhibitory response, while the other group determines an activating response [10]. 
KIRs and their ligands are summarized in Table 1.

Figure 1. “Missing-self hypothesis” explains the mechanism of action of NK cells.
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In normal cells the expression of Major Histocompatibility Complex (MHC) Class I molecules 
and their binding to NK inhibitory receptors inhibits the lysis, while in the virus-infected 
or cancer cells the lack of expression of self MHC molecules determines their susceptibility 
to lysis mediated by NK cells. In tumor or virus-infected cells, stress-induced molecules are 
expressed on the cell surface and are recognized by the activating receptors that enhance the 
lysis. NK cells can also lyse allogeneic cells expressing HLA Class I antigens that are not rec-
ognized by their inhibitory NK receptors.

The KIR genes are polymorphic in humans and there are different allelic variants; each 
individual possesses his own KIRs repertoire depending on the allelic variants possessed. 
Different haplotypes contain a different number of KIR genes; some have only one or a 
few activating receptors, others have more activating receptors. In humans, two groups of 
KIR haplotypes have been identified, A and B, based on the content of different KIR genes. 
Haplotypes of group A are present in the entire population and consist of six KIR inhibitory 
genes KIR3DL3, KIR2DL3, KIR2DL1, KIR2DL4, KIR3DL1 and KIR3DL2 and one activator 
KIR2DS4 that is often present in a null allele variant that is not expressed on the cell surface. 
Group B comprises haplotypes with a different genetic content including genes KIR2DS2, 
KIR2DL2, KIR2DL5, KIR2DS3, KIR2DS1, KIR2DS5 and KIR3DS1 that are not part of the hap-
lotypes of Group A. As a consequence, many haplotypes in Group B encode for a greater 
number of activating receptors compared to haplotypes in Group A.

All individuals can be classified on the basis of the two KIR genotypes possessed: A/A, which is 
homozygous for the haplotypes of Group A, B/x, which contains one (heterozygous A/B) or two 
haplotypes of Group B (homozygous B/B). Individuals B/x possessing a larger number of activat-
ing receptors theoretically should have a better response against cancer or virus-infected cells.

KIRs KIR ligands

KIR2DL1 Group 2 HLA-C Asn77 Lys80 (w2, w4, w5, w6)

KIR2DS1

KIR2DL2 Group 1 HLA-C Ser77 Asn80 (w1, w3, w7, w8)

KIR2DL3

KIR2DS2

KIR3DL1 HLA-Bw4

KIR3DL2 HLA-A3,-A11

KIR2DL4 HLA-G

KIR2DL5 Unknown

KIR3DL7

KIR2DS4

KIR2DS5

KIR3DS1

Table 1. KIRs and their ligands.
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1.3. Role of NK Cells in HSCT

In recent years, the antileukemic potential of natural killer (NK) cells and their role in hema-
tologic malignancies and in HSCT has been attracting ever greater interest; however, it has 
not yet been clearly established whether the typing of KIR genes may be a useful tool in the 
selection of an HSC donor to promote a better outcome of the transplant [11].

The beneficial GvL effect, promoted by alloreactive NK cells derived from the donor, was 
demonstrated for the first time in the HSC haploidentical transplants in patients with acute 
myeloid leukemia (AML); the best donor is NK mismatched with the recipient and therefore 
the donor’s KIRs do not recognize HLA class I molecules expressed by the host. In this way, the 
donor’s NK cells are responsive to the direction GvH and this results in a better antileukemic 
effect with a better overall survival rate and a lower rate of relapse of leukemia [12].

More recently, Cooley et al. [13] have demonstrated that AML patients who received HSC 
transplants from unrelated Group B KIR haplotype donors had a better outcome after trans-
plant, whereas recipient KIR genotype had no effect. The clinical outcome was better when 
the donors had one or two KIR B haplotypes (KIR B/x donors) rather than donors who had 
two KIR A haplotypes (KIR A/A donors); with a KIR B/x donor, relapse was reduced and the 
leukemia-free survival rate (LFS) was increased. This is because the haplotypes of Group B 
have a larger number of activating receptors, and this translates into better antileukemic activ-
ity. A subsequent study [14] sought to determine whether the protective effect of KIR B could 
be mapped to either the centromeric or the telomeric region of the KIR locus. The centromeric 
region contains genes encoding the inhibitory receptors for the C1 and C2 epitopes of HLA-C, 
whereas the telomeric region contains genes encoding the inhibitory receptors for the Bw4 
and A3/11 epitopes and the activating C2 receptor. It was found that both the centromeric and 
telomeric regions of KIR B correlated with protective effect, but the much stronger associa-
tion was with the centromeric region. As a consequence of these results, an algorithm was 
formulated, called “KIR B-content score”, based on the number of centromeric and telomeric 
Group B KIR haplotypes gene-content motifs. The KIR B-content score defines three catego-
ries of donors: neutral donors have none or one KIR B motifs, better donors have two or more 
B motifs without KIR Cen B/B and best donors have two or more B motifs with KIR Cen B/B. 
A calculator for classification of the donor KIR B status (best, better and neutral) may be found 
at http://www.ebi.ac.uk/ipd/kir/.

Recently, these results have been confirmed in HSCT from HLA-identical sibling donor [15]. 
Together, these results highlight the need for further studies of KIR polymorphisms, possibly 
at allelic level, to determine whether the typing of the donor KIR genes may be useful in donor 
selection for HSCT.

2. Research aims

The aim of our research is a retrospective analysis of HSC transplants performed at the Bone 
Marrow Transplant Unit (UTMO) of the “V. Cervello” Hospital in Palermo. The category of 
HSC transplants to be studied is the one from MUD.
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The objectives of this study are the following:

1. Typing of the donors’ KIR genes of the transplants performed.

2. Donors classification in accordance with the KIR B Content Score in three categories: neutral, 
better and best.

3. Correlation of the donor KIR B status with the clinical outcome of the transplants considering 
overall survival, the degrees of graft versus host disease (GvHD) graft versus leukemia 
(GvL), relapse and disease-free survival (DFS).

3. Materials and methods

3.1. Patient cohort

We analyzed 89 patients, who received a URD HSCT between 1996 and 2013. The median age of 
the 89 patients was 43 years (14–65). The transplanted patients had different hematological malig-
nancies: 33 acute myeloid leukemia (AML), 19 acute limphoblastic leukemia (ALL), 9 myelo-
dysplastic syndromes (MDS), 6 non-Hodgkin lymphoma (NHL), 6 multiple myeloma (MM), 5 
Hodgkin lymphoma (HL), 4 chronic myeloid leukemia (CML), 3 chronic lymphocytic leukemia 
(CLL), 1 aplastic anemia syndrome (AAS), 1 Fanconi syndrome, 1 ematodermic neoplasia and 1 
biphenotypic acute leukemia (BAL). The HSC source was: bone marrow no. 19, peripheral blood 
no. 70. Complete high-resolution, allele-level HLA-A, B, C, DRB1 and DQB1 typing of the 89 pairs 
of recipients and donors was previously performed: 32 pairs were 10/10 matched, 33 pairs were 
9/10 and 24 were ≤8/10. Patient and transplant characteristics are summarized in Tables 2 and 3.

Median age (range) 43 (14–65)

Diagnosis

AML 33

ALL 19

MDS 9

NHL 6

MM 6

LH 5

CML 4

CLL 3

AAS 1

Fanconi syndrome 1

Ematodermic neoplasia 1

BAL 1

Table 2. Patient characteristics.
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3.2. KIR genotyping

The donors’ DNA that has already been typed for HLA has been preserved in our biobank; 
about 80% of the samples is still available. The DNA was extracted from buffy coat or whole 
blood by the automatic extractor Maxwell 16 (Promega) or by the salting out method.

Typing of KIR genes was performed with PCR-SSO Luminex, the same method already used 
in our laboratory to type the HLA genes. The kit used for KIR genes typing was the SSO KIR 
Genotyping Test (One Lambda Inc., Canoga Park, CA) and the method was performed in 
accordance with the manufacturer’s instructions. Luminex technology is based on the ability 
to soundly measure multiple analytes simultaneously in a single reaction and this is done 
through the use of plastic microbeads (microspheres), which are color-coded with two fluo-
rescent dyes so as to emit two different wave lengths in red and infrared. In this way a set of 
over 100 different microspheres can be created. The microspheres represent the solid support 
of oligonucleotide probes which can bind amplified DNA that is labeled with a fluorescent 
labeled reporter. Subsequently, the microbeads are acquired by the Luminex machine through 
a precision sheath fluid system, based on classical flow cytometry, which aligns them in single 
file, where they pass through two lasers: the red laser excites the colors inside the microbeads 
to identify which microbead is currently being read, while the green laser excites the color on 
the microbead surface, that is, the labeled reporter tag. Finally, the color signals are detected 
by an advanced optical system, and the signals are processed into data for each reaction [16].

Graft type

Bone marrow 19

Peripheral blood progenitor cells 70

Conditioning

Busilvex-ciclofosfamide 15

Busilvex-fludarabine 15

Fludarabine-melphalan 4

Thiotepa + others 7

Ciclofosfamide + others 14

Endoxan 4

Unknown 32

TBI 6

ATG 12

Donor/recipient HLA-allele matching at A, B, C, DRB1 and DQB1

10/10 32

9/10 33

≤8/10 24

Table 3. Transplants characteristics.
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The PCR using specific primers for the KIR genes is first conducted with a specific ampli-
fication program via the GeneAmp PCR System 9700 (Applied Biosystems, Forster City, 
CA). The amplification products are tested by electrophoresis on 2% agarose gel and then 
observed and photographed under a UV transilluminator. The PCR product is biotinylated, 
which allows it to be detected by strepavidin-conjugated with PE (SAPE). Subsequently, 
the PCR products are denatured facilitating rehybridization to complementary DNA probes 
bound to the microbeads with a specific sequence (SSO) to recognize the polymorphic sites 
within KIR genes. The amplified products which have undergone a hybridization reaction 
are labeled with streptavidin conjugated with R-Phycoerythrin and then acquired with the 
flow cytometry system LABScanTM 100 (Luminex), which measures the fluorescence inten-
sity of phycoerythrin on each microsphere. The data are then analyzed with the software 
HLA Fusion.

4. Results

4.1. Donor classification

We typed KIR genes of the 89 selected donors of the transplanted patients and we classified 
them on the basis of the KIR haplotypes possessed. KIR gene frequency among the donor 
population was similar to that of published data [17, 18]: no. 30 (33.7%) donors were A/A and 
no. 59 (66.3 %) were B/x.

Then we classified them using the donor KIR B Content Score Calculator at http://www.ebi.
ac.uk/ipd/kir/: no. 63 (70.8%) donors were neutral, no. 18 (20.2%) better and no. 8 (9%) best. In 
our analysis we combined the better and best groups to form the KIR better/best donor group 
(with two or more B motifs). The classification of the donors in accordance with the KIR B 
content score is summarized in Table 4.

Donor/
recipient 
HLA-
allele 
matching 
at A, B, 
C, DRB1 
and 
DQB1

Total
n = 89

AML recipients
n = 33

ALL recipients
n = 19

Other hematological 
malignancies
n = 37

Donor 
KIR B 
status

Donor 
KIR B 
status

Donor 
KIR B 
status

Donor 
KIR B 
status

Donor 
KIR B 
status

Donor 
KIR B 
status

Donor KIR 
B status

Donor KIR 
B status

Total 
(89)

Neutral 
(63)

Best/
better 
(26)

Tot (33) Neutral 
(21)

Best/
better 
(12)

Tot (19) Neutral 
(14)

Best/
better 
(5)

Tot (37) Neutral 
(28)

Best/better 
(9)

10/10 32 24 8 10 9 1 7 4 3 15 11 4

9/10 33 22 11 14 7 7 8 7 1 11 8 3

≤8/10 24 17 7 9 5 4 4 3 1 11 9 2

Table 4. Donor classification in accordance with the KIR B content score.
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4.2. Clinical outcome analysis

4.2.1. Overall survival, relapse and disease-free survival

The overall survival rate was analyzed generating the Kaplan-Meyer curves, using the 
GraphPad6 Demo software; the data were compared using the log-rank test 95%CI.

We observed no significant difference in the overall survival rate of those patients trans-
planted from A/A donor and those from B/x donor, while we found a better overall survival 
rate in the AML recipients, HLA mismatched with the donor, when the donor KIR B content 
status is best/better (37 vs. 18% at three years log-rank test P = 0.028) (Figure 2), whereas there 
is no beneficial effect in recipients with other hematological malignancies (Figure 3).

Figure 2. Overall survival rate of AML recipients of HLA mismatched MUD transplants.

Figure 3. Overall survival rate of recipients with other hematologic malignancies of HLA mismatched MUD transplants.
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planted from A/A donor and those from B/x donor, while we found a better overall survival 
rate in the AML recipients, HLA mismatched with the donor, when the donor KIR B content 
status is best/better (37 vs. 18% at three years log-rank test P = 0.028) (Figure 2), whereas there 
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Moreover, we observed that AML recipients, whose donor KIR B status was best/better, had 
a lower incidence of relapse than patients whose donor KIR B status was neutral (36 vs. 58%) 
(Figures 4 and 5) and a better disease-free survival rate (58 vs. 38% at three years P = 0.1) 
(Figure 6).

Figure 4. Incidence of relapse in AML recipients of best/better MUD.

Figure 5. Incidence of relapse in AML recipients of neutral MUD.
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We have not been able to make a comparison of the 10/10 HLA matched AML recipients 
because only one donor was best/better.

4.2.2. aGvHD

The incidence of aGvHD in AML patients was: 55.17% (no. 16/29) of no aGvHD, 41.38% 
(no. 12/29) of aGvHD grade I and II, 3.45% (no. 1/29) of aGvHD grade III and IV (Figure 7).

Figure 6. Disease-free survival rate of AML recipients of HLA mismatched MUD transplants.

Figure 7. The incidence of aGvHD in AML patients.
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We observed that AML recipients, whose donor KIR B status was best/better, had more inci-
dence of aGvHD grade I and II than patients whose donor KIR B status was neutral: 70 vs. 26% 
(Figures 8 and 9).

Actually, as regards patients who have aGvHD grade I and II, this results in a beneficial effect 
on the overall survival rate. In fact, we observed that patients with aGvHD grade I and II had a 
significantly better overall survival rate than patients with noGvHD (51.6 vs. 38% at three years 
P = 0.04) (Figure 10). This agrees with those studies [4] showing that patients with aGvHD I and 
II have a better overall survival rate and a lower rate of relapse due to a GvL effect.

Figure 8. Incidence of aGvHD in AML recipients of neutral MUD.

Figure 9. Incidence of aGvHD in AML recipients of best/better MUD.
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5. Discussion

In recent years, various studies have shown that the beneficial GvL effect promoted by allo-
reactive NK cells derived from the donor can improve the outcome of the HSCT from hap-
loidentical, unrelated and HLA identical sibling donors. In particular Cooley et al. [12] have 
demonstrated that AML patients who received HSC transplants from unrelated Group B 
KIR haplotypes donors, had a better outcome after transplant because the haplotypes of 
Group B have a larger number of activating receptors, and this translates into better anti-
leukemic activity. In a subsequent study [13], they found that some particular KIRs had 
a stronger effect and they defined three categories of donors: neutral (none or one KIR B 
motifs), better (two or more B motifs without KIR Cen B/B) and best (two or more B motifs 
with KIR Cen B/B).

In our study we analyzed the impact of the donor KIR B status on the outcome of the unrelated 
HSC transplants performed in our center. We observed no significant difference in overall 
survival of those patients transplanted from A/A donor and those from B/x donor, probably 
because we do not have a large enough cohort of transplanted patients, and we were not able 
to make a meaningful comparison; on the other hand, despite this small cohort of patients, we 
have been able to observe the powerful effect of the best/better donor KIR B status in the AML 
recipients HLA mismatched with the donor. They had a significantly better overall survival 
rate if the donor KIR B content status was best/better and they also had a higher incidence of 
aGvHD grade I and II, and had a lower rate of relapse due to GvL effects.

Even though our cohort was small, our results confirmed that the presence of more activator 
KIR genes in donors can improve the outcome of UDHSC HLA mismatched transplants in 
AML recipients whereas there is no benefit in recipients with other hematologic malignancies. 
Our next target is to increase the number of cases by adding the other transplants performed 
and to study the effect of GvL in relapse in the same patients.

Figure 10. Patients with aGvHD grade I and II had a significantly better overall survival rate than patients with noGvHD 
(51.6 vs. 38% at three years P = 0.04).
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In any case, our results confirm that NK cells derived from donors with two or more KIR B 
motifs have an improved ability to kill residual leukemic blasts in AML recipients of UDHSCT. 
As a consequence of this, the KIR genotype of the donor is another important criterion to be 
taken into account for the choice of the best possible donor in unrelated, sibling and haploi-
dentical HSC transplant settings, together with all the other important factors, such as HLA 
matching, CMV status, blood group, age and gender. Future studies should be aimed at finding 
the right alloreactive subsets among donor NK cell repertoires, opening up the possibility 
for successful NK cell–based immunotherapy. Antileukemic NK cells, either allogeneic or 
unlicensed autologous NK cells, emerge as a feasible therapy option and might improve the 
clinical outcome in myeloid leukemia.
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As a consequence of this, the KIR genotype of the donor is another important criterion to be 
taken into account for the choice of the best possible donor in unrelated, sibling and haploi-
dentical HSC transplant settings, together with all the other important factors, such as HLA 
matching, CMV status, blood group, age and gender. Future studies should be aimed at finding 
the right alloreactive subsets among donor NK cell repertoires, opening up the possibility 
for successful NK cell–based immunotherapy. Antileukemic NK cells, either allogeneic or 
unlicensed autologous NK cells, emerge as a feasible therapy option and might improve the 
clinical outcome in myeloid leukemia.
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Abstract

Recently, the outcomes of patients with acute lymphoblastic leukemia have improved 
significantly due to the progresses achieved in diagnostics and various therapeutic inter-
ventions. In particular, the availability of several novel agents and targeted therapies 
as well as the provision of safer modalities of stem cell transplants have yielded higher 
responses and improved survival rates. The role of hematopoietic stem cell transplanta-
tion is reviewed in children and adults with acute lymphoblastic leukemia in the era of 
novel agents and targeted therapies. Various modalities of stem cell therapies in differ-
ent types of acute lymphoblastic leukemia as well as closely related issues such as graft 
versus tumor effect, minimal residual disease, and conditioning therapies are discussed 
thoroughly. In addition, various modalities of novel therapies have been discussed to be 
efficacious in clinical practice.

Keywords: acute lymphoblastic leukemia, hematopoietic stem cell transplantation, 
reduced intensity conditioning, monoclonal antibodies, immunotherapies

1. Introduction

Acute lymphoblastic leukemia (ALL) is a clonal expansion or malignant transformation and 
proliferation of lymphoid progenitor cells in the bone marrow, blood, and extramedullary 
sites [1, 2]. It is a highly heterogeneous disease comprising several entities that have distinct 
clinical manifestations, therapeutic strategies as well as prognostic implications [2]. ALL can 
occur at any age, but 80% cases occur in children [1, 3]. The incidence of ALL follows a bimodal 
distribution with the first peak occurring in children 2–5 years of age, while the second peak 
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is encountered around the age of 50 years [1, 3]. While most children with ALL are potentially 
curable, the prognosis in infants, adults, and elderly individuals remains poor [3].

Worldwide, different induction chemotherapeutic regimens are utilized in the treatment of 
patients with ALL [4–7]. Examples are—(1) USA and Canada: CCG series in children and 
CALGB in adults, modified DFCI 91-01 and 95-01, in addition to hyper-fractionated hyper-
CVAD (cyclophosphamide, vincristine, cytarabine, dexamethasone, methotrexate, and doxo-
rubicin); (2) UK: ALL-97, revised ALL-99 for children and UKALL XII for adults; (3) France: 
FRALLE-93 in children, LALA-94 in adults and GRAALL-2003; (4) Germany: pediatric DCOG-
ALL or Berlin-Frankfurt-Munster [standard or augmented regimen]; (5) Italy: AIEPO [pedi-
atric] and GIMEMA [adults]; (6) Holland and Belgium: HOVON-70; (7) Spain: PETHEMA 
ALL-96; (8) Sweden and Finland: pediatric NOPHO-92 and adult Nordic protocols; and (9) 
Mexico: LALIN (pediatric) and LALA (adult) [4–7]. Sometimes, different chemotherapeu-
tic regimens are used in the same geographic location or even in the same country [4–7]. 
Additionally, these treatment regimens undergo modifications or even total replacement 
once new literature data or results of large studies become available [4–8]. Despite the devel-
opment of several induction regimens, there is no single best regimen for induction therapy in 
ALL [4–8]. The main constituents of these chemotherapeutic regimens are almost similar with 
different dosing and treatment schedules and they include: daunorubicin, doxorubicin, or 
idarubicin; prednisolone or dexamethasone; vincristine; L-asparaginase; cyclophosphamide; 
6-mercaptopurine; and intrathecal (IT) as well as intravenous (IV) methotrexate [4–8].

Recently, the more intensified pediatric ALL induction regimens have been used in adoles-
cents and young adults (AYAs), 15–40 years of age, having ALL, and their use has been associ-
ated with superior response rates [4, 6, 9]. Several studies have shown that AYAs treated with 
adult chemotherapeutic regimens have poorer outcome compared with patients belonging 
to the same age group treated with pediatric-inspired regimens [4, 6, 9]. Additionally, cer-
tain cancer centers, such as Dana-Farber Cancer Center, USA, are currently treating patients 
between the ages of 1 and 50 years with the same regimens of chemotherapy [5]. The recent 
incorporation of novel and targeted therapies, such as tyrosine kinase inhibitors (TKIs), nelar-
abine and rituximab, into the induction therapy of ALL has further improved the response 
rates and the outcomes in general [4, 5, 10–12].

2. HSCT in ALL patients

2.1. GVL effect in ALL

Several studies have shown that (1) in adults with ALL receiving cytotoxic chemotherapy, the 
high incidence of relapse is the main cause of treatment failure, hence post-remission therapy 
particularly the efficacy of allogeneic hematopoietic stem cell transplantation (HSCT) is a crit-
ical issue; (2) the rates of relapse of ALL following HSCT are higher than those encountered 
in other hematologic malignancies; (3) relapse of ALL post-allogeneic HSCT is a major cause 
of treatment failure as it is associated with an extremely poor prognosis; (4) graft versus host 
disease (GVHD) encountered in the post-HSCT period has a protective effect against disease 
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relapse; and (5) graft versus leukemia (GVL) effect plays a major role in curing patients with 
ALL subjected to allogeneic HSCT [13–17]. However, there is considerable evidence for the 
existence of GVL effect after HSCT in patients with ALL: (1) relapse rates are lower in recipi-
ents of allogeneic HSCT compared with recipients of autologous grafts, (2) relapse rates are 
lower in patients who develop acute or chronic GVHD following allografts, and (3) the use 
of interferon immediately post-allogeneic HSCT may reduce relapse rate through stimula-
tion of an immunological response [15, 18]. Unfortunately, the efficacy of GVL effect in the 
context of donor lymphocyte infusion (DLI) of ALL in the post-allogeneic HSCT setting is 
quite unimpressive as response rates to DLI in ALL patients receiving allografts have been 
reported to range from 0 to 18% [15, 18].

GVL effect in ALL is influenced by the extent of leukemia burden [15]. Minimal residual dis-
ease (MRD) studies after HSCT have found a strong correlation between the presence of MRD 
and relapse of leukemia [16]. Frequent MRD monitoring post-allogeneic HSCT may predict 
ALL relapse early enough, thus allowing the implementation of various approaches such as: 
(1) reduction of immunosuppressive therapy, (2) DLI, and (3) adoptive T-cell therapy, but 
such approaches may be ineffective in the presence of high disease burden [15, 16].

The development of GVHD following allogeneic HSCT in patients with B-cell ALL is asso-
ciated with a lower probability of leukemia relapse due to a non-specific inhibition of 
B-lymphocytosis [19]. Also, the improved survival in recipients of allogeneic HSCT who 
develop acute or chronic GVHD is attributed to the beneficial GVL effect of GVHD [14]. 
Chronic GVHD, particularly limited form, is associated with a significant GVL effect [13]. 
However, the correlation between GVHD and GVL is mainly seen in non-T cell-depleted 
allografts [14]. The influence of chronic GVHD on the risk of relapse has been found to be 
prominent in patients with chromosomal translocations or normal cytogenetics [13].

Studies have shown that in ALL patients subjected to allogeneic HSCT, relapse rates are 
higher in: (1) patients receiving dual or effective GVHD prophylaxis as the intensity of the 
GVHD prophylactic regimen inversely correlates with the incidence of acute GVHD and (2) 
recipients of matched sibling donor (MSD) allografts compared with those receiving matched 
unrelated donor (MUD) grafts as MSD allogeneic HSCT is associated with reduced likelihood 
of GVHD and reduced treatment-related mortality (TRM), while MUD allografts are associ-
ated with higher incidence of GVHD and lower relapse rates due to the pronounced GVL 
effect of GVHD [14, 17, 20].

In ALL patients receiving allogeneic HSCT, GVL effects are associated with detectable Wilms 
tumor-1-specific T lymphocyte (WT1) [18]. These results support the immunogenicity of WT1 
after HSCT for ALL and highlight the potential for WT1 vaccines to boost GVL effect after 
HSCT for ALL [18]. The lower relapse rates encountered in ALL patients receiving HSCT may 
indicate that viral antigens play a role in the induction of anti-leukemic effect [14].

2.2. MRD in ALL

Several studies have shown the prognostic relevance of detection of MRD in patients with 
ALL [21–23]. MRD identified prior to allogeneic HSCT is the strongest predictor of post-HSCT  
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relapse in ALL patients [23]. Thus, elimination of pre-HSCT MRD in patients with ALL by 
novel therapeutic approaches or drug combinations may decrease the risk of post-HSCT 
relapse and improve overall survival (OS) [23].

MRD evaluation or monitoring in ALL patients can be performed by: (1) flow cytometry, 
(2) real-time quantitative polymerase chain reaction (RT-Q-PCR), and (3) next-generation 
sequencing (NGS) [21, 22]. Currently, analysis of MRD is mostly performed by PCR analysis 
of immunoglobulin (IG) and T-cell receptor (TCR) gene rearrangements, and this method has 
sensitivity of 10−4 in patients with ALL [21, 24]. However, despite the broad clinical usefulness 
of MRD evaluation, false-positive MRD results can be obtained due to massive B-lymphocyte 
regeneration after HSCT [24].

NGS enables precise and sensitive detection of multiple antigen receptor rearrangements, 
thus providing more specific readout compared to RT-Q-PCR, and this will reflect positively 
on the treatment interventions in ALL patients undergoing HSCT [24]. MRD determines the 
outcome of autologous HSCT in patients with HR-ALL [25]. In patients with ALL planned for 
autologous HSCT, MRD evaluation by PCR or NGS may play a role in the direction of therapy 
as it can predict long-term relapse-free survival [26, 27]. For example, patients with SR-ALL 
who do not have HR features at diagnosis and who have pre-transplantation negative MRD 
can be offered autologous HSCT combined with maintenance therapy [26].

2.3. Autologous HSCT in ALL

Complete remission (CR) can be achieved in approximately 80% of adults with ALL, but 
relapse occurs frequently leading to poor long-term disease-free survival that ranges between 
25 and 40% [28, 29]. The post-remission therapies for patients with ALL generally include: 
(1) consolidation followed by maintenance chemotherapy, (2) allogeneic HSCT for high-risk 
(HR) patients, and (3) autologous HSCT for standard-risk (SR) patients or HR patients who do 
not have an HLA identical sibling donor [26, 29]. Therefore, after achieving first CR, intensive 
therapies, such as allogeneic HSCT and autologous HSCT, are generally offered to patients 
who are eligible for HSCT [28].

Autologous HSCT was first introduced as a treatment for ALL patients nearly 60 years ago 
[29]. However, autologous HSCT has been underutilized in ALL patients [29, 30]. Autologous 
HSCT performed in patients with ALL in CR1 has produced leukemia-free survival rang-
ing between 45 and 65% [29]. Strategies to enhance autologous GVL effect after HSCT may 
enhance long-term survival in ALL patients subjected to autologous HSCT [31].

In patients with ALL, factors identifying patients who are at high risk of relapse include: (1) age 
more than 35 years, (2) T-cell type of ALL, (3) elevated white blood cell (WBC) count at presenta-
tion, (4) elevated serum lactic dehydrogenase (LDH) level at diagnosis, (5) extramedullary dis-
ease (EMD) prior to HSCT, (6) specific cytogenetic abnormalities, (7) blast cell proportion ≥5% 
on day 15 of induction therapy, and (8) having MRD at various stages during therapy [26, 27]. 
These factors indicate poor prognosis and decreased OS as well as disease-free survival (DFS) 
[26, 27]. Factors such as the risk features at the time of diagnosis and MRD following induction 
therapy greatly affect the outcome of autologous HSCT in ALL patients [29]. SR patients with 

Stem Cells in Clinical Practice and Tissue Engineering162

ALL who lack poor prognostic factors will benefit from autologous HSCT. Also, HR patients 
with ALL who are likely to benefit from autologous HSCT include: (1) rapid responders who 
achieve CR after the first induction therapy and (2) those with negative pre-HSCT MRD [25, 
26, 28, 29]. In ALL patients, autologous HSCT should be performed after completion of con-
solidation chemotherapy as an alternative to maintenance chemotherapy [25]. Autologous 
HSCT combined with post-transplantation maintenance therapy could be a valid therapeutic 
option in adult patients with ALL [26, 30]. Adoptive immunotherapy and maintenance ther-
apy after autologous HSCT reduce relapse rate and improve outcome in patients with ALL 
[30, 32]. Post-autologous HSCT maintenance therapy can be in the form of: (1) 6-mercapto-
purine, methotrexate, vincristine, and prednisolone or (2) TKIs in patients with Philadelphia 
chromosome-positive (Ph+) ALL [27, 30]. Novel therapies, such as blinatumomab, may reduce 
the burden of MRD before stem cell collection prior to autologous HSCT, thus making the 
combination of novel therapies and autologous HSCT a real alternative to allogeneic HSCT and 
prolonged maintenance therapy for ALL patients [27]. Improved DFS and low relapse rates 
can be achieved after autologous HSCT in adults with ALL who (1) rapidly respond to the first 
induction chemotherapy and (2) achieve MRD prior to autologous HSCT [26, 28]. Long-term 
outcome of allogeneic HSCT is superior to autologous HSCT or maintenance chemotherapy 
[27–29]. Several studies have failed to demonstrate the superiority of autologous HSCT over 
chemotherapy in adult patients with ALL [27–29]. Before the era of novel therapies and hap-
loidentical HSCT, the prognosis of patients with ALL who relapse post-autologous HSCT was 
reported to be dismal due to the few available therapeutic options [29].

2.4. Allogeneic HSCT conditioning therapies

Allogeneic HSCT cures hematologic malignancies through two major mechanisms: (1) pre-
transplantation conditioning therapy that kills leukemic cells directly and (2) graft versus 
tumor (GVT) effect [33]. Over the past 25–30 years, the outcome of HSCT has been steadily 
improving due to improvements in: (1) conditioning therapies, (2) GVHD prophylaxis and 
therapy, (3) supportive care facilities, (4) new antifungal agents, (5) better diagnostic tools, 
(6) incorporation of novel and targeted therapies such as TKIs into conventional therapeutic 
regimens, and (7) donor selection by improvement of human leukocyte antigen (HLA) typing 
methods and the increased use of MUDs [13, 34, 35]. Also, the use of flow cytometry and PCR 
for evaluation of MRD and monitoring of early relapse has improved the outcome of HSCT 
further [34]. Pre-transplantation detection of MRD by flow cytometry or PCR has been associ-
ated with lower OS and relapse-free survival [34].

For the past 40 years, the standard myeloablative conditioning (MAC) regimen for ALL is 
composed of total body irradiation (TBI) 1200 cGy and IV cyclophosphamide 120 mg/Kg 
body weight [36, 37]. In patients with ALL, relapse is common after HSCT [37]. Attempts to 
decrease the risk of relapse following HSCT include: (1) modulation of the conditioning regi-
men by increasing TBI dose to >1200 cGy or adding a second chemotherapeutic agents such as 
etoposide and (2) decreasing the intensity of the conditioning regimen by relying on immune 
modulation, GVL effect, for disease control [36]. However, the optimal conditioning therapy 
for transplant-eligible patients with ALL has not been defined yet [38].
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The MAC regimens for ALL consist of: TBI (1200–1400 cGy) in addition to one or more che-
motherapeutic agents [36]. In children with ALL, the MAC therapies include: (1) TBI 1000–
1200 cGy + cyclophosphamide, (2) TBI 1000–1200 cGy + cyclophosphamide + etoposide, (3) 
TBI 1320–1400 cGy + cyclophosphamide, and (4) TBI 1320–1400 cGy + cyclophosphamide + 
etoposide [36]. Studies have shown that (1) etoposide + fractionated TBI and cyclophospha-
mide + fractionated TBI are equally effective, (2) effectiveness of chemotherapy alone, such as 
IV busulfan + melphalan, conditioning therapy in patients with HR ALL, (3) there is an advan-
tage of substituting etoposide for cyclophosphamide or increasing the TBI dose to ≥13 Gy 
when cyclophosphamide is used, and (4) treosulfan, etoposide, and cyclophosphamide con-
ditioning regimen has favorable toxicity profile with lower NRM [33, 35, 39, 40].

In comparison to TBI-containing conditioning regimens, fludarabine and pharmacokinetic-
targeted busulfan conditioning therapy appears to be safer and equally effective in control-
ling ALL [41]. Fludarabine + amsacrine + cytarabine (FLAMSA) + anti-thymocyte globulin 
(ATG) + fractionated TBI conditioning regimen followed by allogeneic HSCT is feasible and 
effective in patients with HR or relapsed ALL, thus presenting a potential alternative to the 
classical TBI and cyclophosphamide MAC therapy [37]. Studies have shown that (1) combina-
tion of busulfan and clofarabine provides an effective control while maintaining a favorable 
safety profile and has produced OS and NRM rates comparable to those achieved with tradi-
tional TBI-based conditioning regimens and (2) busulfan + fludarabine + ATG + TBI condition-
ing therapy has achieved excellent outcomes in all patients with ALL except older patients 
with comorbidities [38, 42, 43].

The incorporation of etoposide into the intensified conditioning regimens has been associ-
ated with improved disease control but at the expense of higher rates of toxicity and TRM 
[37]. Medium-dose etoposide, cyclophosphamide, and TBI conditioning therapy is suitable 
for adults with HR-ALL in CR1 and SR-ALL in CR2, below the age of 50 years, as it has 
been shown to be associated with: lower relapse rate, no increase in toxicity, and better OS 
[44, 45]. In children and adolescents with ALL, the addition of etoposide to TBI + cyclo-
phosphamide conditioning regimen should be avoided due to increased risk of mortality. 
Also, TBI dose >1300 cGy should be avoided due to increased risk of second malignancy 
[36]. In children with ALL in CR1 and CR2, the incorporation of alemtuzumab, anti-CD52 
monoclonal antibody, into the MAC therapy in MUD allografts has produced durable 
engraftment with low rates of GVHD and comparable rates of DFS to recipients of MSD 
transplants [46]. Thiotepa-based conditioning regimen for allogeneic HSCT in patients 
with ALL is feasible and effective, and it has produced main outcomes comparable to those 
achieved by other conditioning therapies [47]. In children with ALL transplanted in second 
CR, the 3-year DFS using MAC followed by allogeneic HSCT has been reported to range 
between 30% and 70% [48].

Reduced intensity conditioning (RIC) regimens have been used extensively in adults with 
hematologic malignancies including ALL [48]. In MAC regimens, relapse protection is pro-
vided by dose-intensive chemotherapy ± TBI, while in RIC regimens, relapse protection is 
provided by GVL effect [44, 48]. The indications for RIC-allogeneic HSCT include: (1) old 
age, (2) poor performance status, (3) active infection, (4) significant organ dysfunction, and 
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(5) presence of comorbid medical conditions [44, 48]. Compared with MAC regimens, RIC 
regimens have been associated with acceptable rates of donor engraftment and lower rates 
of TRM [48]. In children with ALL, the use of RIC regimens has achieved long-term DFS, but 
it has been associated with high rates of TRM, acute and chronic GVHD, myelosuppression, 
and disease relapse [44, 48]. In adult patients with HR-ALL receiving umbilical cord blood 
transplantation (UCBT): (1) MAC regimens have been associated with DFS comparable to 
that reported with other stem cell sources and (2) the results of RIC regimens are encouraging 
[49]. New therapeutic strategies for adults with ALL are increasingly utilized with better out-
comes and they include: (1) various TKIs for Ph+ ALL, (2) pediatric inspired chemotherapeu-
tic regimens for Philadelphia chromosome-negative (Ph−) ALL, and (3) HLA-haploidentical 
HSCT [44]. However, the optimal therapeutic modality should be selected after taking the 
following factors into consideration: age of the patient, Philadelphia chromosome positivity, 
donor availability, disease risk stratification, and efficacy as well as safety of the therapeutic 
measure [44].

2.5. Allogeneic HSCT in ALL

Cytogenetic abnormalities occur in 60–85% of patients with ALL. However, numerical chro-
mosomal abnormalities, alone or in association with structural changes, occur in 50% of ALL 
patients [2, 50, 51]. The most common chromosomal abnormalities that are encountered in 
patients with ALL are listed in Table 1 [2, 50, 51]. In patients with ALL, certain HR features 
predict poor long-term outcome even in patients receiving intensive chemotherapy. These 
HR features are shown in Table 2 [2, 3, 50, 52–55]. Patients having HR features, including 
HR cytogenetic abnormalities and genetic mutations, are less likely to respond well to che-
motherapy and are more likely to relapse. Hence, this category of patients may require not 
only more intensified chemotherapeutic regimens but also novel therapies as well as HSCT 
in order to have optimal control of their leukemia [2, 3, 50, 52–55]. The main indications of 
allogeneic HSCT in children and adults with ALL are shown in Table 3 [7, 23, 51–54, 56–65].

In adults with ALL, post-remission therapies include: consolidation chemotherapy followed 
by maintenance therapy, autologous HSCT, and allogeneic HSCT [66, 67]. There is controversy 
regarding the role of frontline allogeneic HSCT for patients with ALL in CR1 [68]. However, 
three meta-analyses showed potential benefit of allogeneic HSCT in CR1 [67–69]. These three 
meta-analyses included 41 studies and they came to the following conclusions: (1) myeloabla-
tive MSD allografts had absolute survival benefit of 10–15% at 5 years compared to chemo-
therapy alone or chemotherapy followed by autologous HSCT, (2) MSD allografts improve 
survival in patients younger than 35 years and are the optimal post-remission therapy in ALL 
patients ≥15 years old, (3) no beneficial effect of autologous HSCT in comparison to chemo-
therapy, and (4) MSD allografts offer superior OS as well as DFS and significantly reduce 
the risk of relapse but carry increased risk of NRM [67–69]. For patients with relapsed and 
refractory ALL, allogeneic HSCT is the only potentially curative therapeutic modality [68].  
Three major studies that included 1419 patients with relapsed ALL in adults showed that 
the prognosis of relapsed ALL in adults was very poor and that the 5-year OS of adults with 
relapsed ALL not subjected to allogeneic HSCT ranged between 0.0 and 10% [70–72].

Hematopoietic Stem Cell Transplantation for Acute Lymphoblastic Leukemia in the Era of Novel…
http://dx.doi.org/10.5772/intechopen.73562

165



The MAC regimens for ALL consist of: TBI (1200–1400 cGy) in addition to one or more che-
motherapeutic agents [36]. In children with ALL, the MAC therapies include: (1) TBI 1000–
1200 cGy + cyclophosphamide, (2) TBI 1000–1200 cGy + cyclophosphamide + etoposide, (3) 
TBI 1320–1400 cGy + cyclophosphamide, and (4) TBI 1320–1400 cGy + cyclophosphamide + 
etoposide [36]. Studies have shown that (1) etoposide + fractionated TBI and cyclophospha-
mide + fractionated TBI are equally effective, (2) effectiveness of chemotherapy alone, such as 
IV busulfan + melphalan, conditioning therapy in patients with HR ALL, (3) there is an advan-
tage of substituting etoposide for cyclophosphamide or increasing the TBI dose to ≥13 Gy 
when cyclophosphamide is used, and (4) treosulfan, etoposide, and cyclophosphamide con-
ditioning regimen has favorable toxicity profile with lower NRM [33, 35, 39, 40].

In comparison to TBI-containing conditioning regimens, fludarabine and pharmacokinetic-
targeted busulfan conditioning therapy appears to be safer and equally effective in control-
ling ALL [41]. Fludarabine + amsacrine + cytarabine (FLAMSA) + anti-thymocyte globulin 
(ATG) + fractionated TBI conditioning regimen followed by allogeneic HSCT is feasible and 
effective in patients with HR or relapsed ALL, thus presenting a potential alternative to the 
classical TBI and cyclophosphamide MAC therapy [37]. Studies have shown that (1) combina-
tion of busulfan and clofarabine provides an effective control while maintaining a favorable 
safety profile and has produced OS and NRM rates comparable to those achieved with tradi-
tional TBI-based conditioning regimens and (2) busulfan + fludarabine + ATG + TBI condition-
ing therapy has achieved excellent outcomes in all patients with ALL except older patients 
with comorbidities [38, 42, 43].

The incorporation of etoposide into the intensified conditioning regimens has been associ-
ated with improved disease control but at the expense of higher rates of toxicity and TRM 
[37]. Medium-dose etoposide, cyclophosphamide, and TBI conditioning therapy is suitable 
for adults with HR-ALL in CR1 and SR-ALL in CR2, below the age of 50 years, as it has 
been shown to be associated with: lower relapse rate, no increase in toxicity, and better OS 
[44, 45]. In children and adolescents with ALL, the addition of etoposide to TBI + cyclo-
phosphamide conditioning regimen should be avoided due to increased risk of mortality. 
Also, TBI dose >1300 cGy should be avoided due to increased risk of second malignancy 
[36]. In children with ALL in CR1 and CR2, the incorporation of alemtuzumab, anti-CD52 
monoclonal antibody, into the MAC therapy in MUD allografts has produced durable 
engraftment with low rates of GVHD and comparable rates of DFS to recipients of MSD 
transplants [46]. Thiotepa-based conditioning regimen for allogeneic HSCT in patients 
with ALL is feasible and effective, and it has produced main outcomes comparable to those 
achieved by other conditioning therapies [47]. In children with ALL transplanted in second 
CR, the 3-year DFS using MAC followed by allogeneic HSCT has been reported to range 
between 30% and 70% [48].

Reduced intensity conditioning (RIC) regimens have been used extensively in adults with 
hematologic malignancies including ALL [48]. In MAC regimens, relapse protection is pro-
vided by dose-intensive chemotherapy ± TBI, while in RIC regimens, relapse protection is 
provided by GVL effect [44, 48]. The indications for RIC-allogeneic HSCT include: (1) old 
age, (2) poor performance status, (3) active infection, (4) significant organ dysfunction, and 

Stem Cells in Clinical Practice and Tissue Engineering164

(5) presence of comorbid medical conditions [44, 48]. Compared with MAC regimens, RIC 
regimens have been associated with acceptable rates of donor engraftment and lower rates 
of TRM [48]. In children with ALL, the use of RIC regimens has achieved long-term DFS, but 
it has been associated with high rates of TRM, acute and chronic GVHD, myelosuppression, 
and disease relapse [44, 48]. In adult patients with HR-ALL receiving umbilical cord blood 
transplantation (UCBT): (1) MAC regimens have been associated with DFS comparable to 
that reported with other stem cell sources and (2) the results of RIC regimens are encouraging 
[49]. New therapeutic strategies for adults with ALL are increasingly utilized with better out-
comes and they include: (1) various TKIs for Ph+ ALL, (2) pediatric inspired chemotherapeu-
tic regimens for Philadelphia chromosome-negative (Ph−) ALL, and (3) HLA-haploidentical 
HSCT [44]. However, the optimal therapeutic modality should be selected after taking the 
following factors into consideration: age of the patient, Philadelphia chromosome positivity, 
donor availability, disease risk stratification, and efficacy as well as safety of the therapeutic 
measure [44].

2.5. Allogeneic HSCT in ALL

Cytogenetic abnormalities occur in 60–85% of patients with ALL. However, numerical chro-
mosomal abnormalities, alone or in association with structural changes, occur in 50% of ALL 
patients [2, 50, 51]. The most common chromosomal abnormalities that are encountered in 
patients with ALL are listed in Table 1 [2, 50, 51]. In patients with ALL, certain HR features 
predict poor long-term outcome even in patients receiving intensive chemotherapy. These 
HR features are shown in Table 2 [2, 3, 50, 52–55]. Patients having HR features, including 
HR cytogenetic abnormalities and genetic mutations, are less likely to respond well to che-
motherapy and are more likely to relapse. Hence, this category of patients may require not 
only more intensified chemotherapeutic regimens but also novel therapies as well as HSCT 
in order to have optimal control of their leukemia [2, 3, 50, 52–55]. The main indications of 
allogeneic HSCT in children and adults with ALL are shown in Table 3 [7, 23, 51–54, 56–65].

In adults with ALL, post-remission therapies include: consolidation chemotherapy followed 
by maintenance therapy, autologous HSCT, and allogeneic HSCT [66, 67]. There is controversy 
regarding the role of frontline allogeneic HSCT for patients with ALL in CR1 [68]. However, 
three meta-analyses showed potential benefit of allogeneic HSCT in CR1 [67–69]. These three 
meta-analyses included 41 studies and they came to the following conclusions: (1) myeloabla-
tive MSD allografts had absolute survival benefit of 10–15% at 5 years compared to chemo-
therapy alone or chemotherapy followed by autologous HSCT, (2) MSD allografts improve 
survival in patients younger than 35 years and are the optimal post-remission therapy in ALL 
patients ≥15 years old, (3) no beneficial effect of autologous HSCT in comparison to chemo-
therapy, and (4) MSD allografts offer superior OS as well as DFS and significantly reduce 
the risk of relapse but carry increased risk of NRM [67–69]. For patients with relapsed and 
refractory ALL, allogeneic HSCT is the only potentially curative therapeutic modality [68].  
Three major studies that included 1419 patients with relapsed ALL in adults showed that 
the prognosis of relapsed ALL in adults was very poor and that the 5-year OS of adults with 
relapsed ALL not subjected to allogeneic HSCT ranged between 0.0 and 10% [70–72].

Hematopoietic Stem Cell Transplantation for Acute Lymphoblastic Leukemia in the Era of Novel…
http://dx.doi.org/10.5772/intechopen.73562

165



Either MAC therapies or RIC regimens can be offered according to the age and comorbid 
medical conditions of the HSCT recipient [73, 74]. In patients with acute leukemia, the follow-
ing stem cell sources have been utilized in allogeneic HSCT: MSD, MUD, and UCB [73, 75].

2.6. Focus on haploidentical HSCT

Haploidentical HSCT evolved several decades ago, and it has undergone several modifica-
tions and remarkable developments in relation to: conditioning therapy, post-transplantation  
immunosuppression, and graft manipulation [73, 76]. Historically, the main obstacles to suc-
cessful haploidentical HSCT were graft failure, intractable GVHD, decreased GVL effect, 
and delayed immune reconstitution [75, 76]. This form of HSCT is readily available for the 
majority of patients with acute leukemia and is an acceptable alternative to other donor 
sources of stem cells [75–77]. Techniques that are used to improve the outcome of haploiden-
tical HSCT include: (1) CD3/CD19 depletion to reduce GVHD, (2) KIR B haplotype donors 

1. Philadelphia chromosome [t9,22]: The commonest cytogenetic abnormality. Encountered in 15–30% of adults and 
5% of children with ALL

2. Chromosomal abnormalities that are associated with higher risk of central nervous system involvement:

• t4,11

• t8,14

• t14q+

3. Chromosomal abnormalities that are associated with:

• High white cell and blast cell counts at presentation

• High risk of relapse

• t9,22

• t4,11

4. Other common cytogenetic encountered in patients with ALL:

• t10,14

• t1,14

• Deletion 11q22

• Deletion 11q23 [MLL]

• Hypodiploidy

• Hyperdiploidy

ALL, acute lymphoblastic leukemia and MLL, mixed lineage leukemia.

Table 1. The most common chromosomal abnormalities in patients with ALL.
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1. Age: <1 year and >35 years

2. White blood cell count at presentation:

• > 30,000 in B-lineage

• > 100,000 in T-lineage

3. Cell type: pro-B; early and mature T

4. Immunophenotyping:

• CD 20 positivity

• CD 10 negative pre-B ALL.

5. Poor performance status: >1

6. Poor response to prednisolone

7. Peripheral blood blasts ≥5% on day: 8–15

8. Failure to achieve remission >4 weeks of induction chemotherapy

9. Involvement of central nervous system

10. Clinical relapse: >First complete remission

11.  Minimal residual disease: Detectable molecular and immunophenotypic evidence of disease while in morpho-
logic remission.

12. High-risk cytogenetic and molecular abnormalities:

• +8

• −7

• Deletion 6q

• Low hypodiploidy

• Near triploidy

• Immunoglobulin H gene rearrangement

• Intrachromosomal amplification of chromosome 21

• Translocation 8,14

• Translocation 4,11

• Translocation 1,19

• Translocation 9,22

• Philadelphia-like

• Complex cytogenetics
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• Complex cytogenetics
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confer rapid natural killer cell proliferation soon after HSCT resulting in lower relapse rates 
due to GVL effect, and (3) infusion of high numbers of CD34+ cells to improve immune 
reconstitution [77].

Historically, mega doses of stem cells had been used after T-cell depletion in order to avoid 
development of GVHD, but this maneuver had been associated with high incidence of graft 
failure and disease relapse [73, 78]. Recently, unmanipulated allografts and post-transplanta-
tion cyclophosphamide have been used with high success [73, 74, 78]. Also, it has been shown 
that the outcome of unmanipulated haploidentical HSCT in adult patients with acute leuke-
mia are comparable to those of unrelated UCBT and MUD allografts [74, 78].

Adults Children

1. Philadelphia chromosome-positive ALL in CR1

2. ALL with Philadelphia-like molecular signature

3. High-risk or very high-risk ALL in CR1

4. Relapsed ALL [ALL in CR2 or beyond]

5.  Primary refractory disease [ALL refractory to induction or first-line 
chemotherapy]; once CR is achieved following salvage therapy, al-
logeneic HSCT can be performed

6.  Presence of MRD at any stage during the course of the disease, re-
gardless their initial risk group [standard risk or high risk]

7. MLL [mixed lineage leukemia] gene rearrangement

1. Severe hypodiploidy

2. Persistent MRD

3. T-cell ALL with poor response to prednisolone

4. Primary induction failure

5. MLL gene rearrangement in infants with ALL

6.  Relapsed ALL [ALL in CR2]: bone marrow or 
extramedullary relapse

ALL, acute lymphoblastic leukemia; CR, complete remission; MLL, mixed lineage leukemia; and MRD, minimal residual 
disease.

Table 3. Indications of allogeneic HSCT in patients with ALL.

13. High-risk genetic mutations:

• IKZF1 deletion [IKAROS]

• Unmutated NOTCH1

• MLL [mixed lineage leukemia] gene rearrangement: 11q23

• RAS-PTEN altered

• JAK 2 mutation

• KMT2A rearrangement

• CREBBP

• CRLF2

• ETP

• PBX-E2A+

• BAALC+

Table 2. High-risk features that predict poor long-term outcome even with intensive chemotherapy in patients with 
acute lymphoblastic leukemia.
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In patients with Ph− ALL in CR1, studies have shown that (1) outcomes of haploidentical 
HSCT are comparable to MSD and MUD allografts and (2) outcomes of HR patients are 
comparable to those of low-risk patients once haploidentical allografts are used. Therefore, 
haploidentical HSCT represents a valuable alternative for patients with Ph− ALL lacking 
MSDs [79, 80]. In adult patients with HR-ALL in CR1, haploidentical HSCT performed with 
post-transplantation cyclophosphamide-based GVHD prophylaxis has produced 52% DFS at 
3 years, thus providing a suitable alternative to HLA-matched transplantation [68].

Also in adults with HR-ALL in CR1 and CR2 or beyond, unmanipulated haploidentical trans-
plants have been associated with 3-year OS and DFS of 33 and 31%, respectively; thus, unma-
nipulated haploidentical allografts can be considered a valid option for adults with HR-ALL 
lacking HLA-identical donors particularly if performed in early disease status [74]. Compared 
to HLA-matched related donor allografts, haploidentical HSCT has produced similar rates of 
long-term survival and NRM but lower relapse rates in patients with Ph+ ALL, thus haploi-
dentical HSCT represents a valid therapeutic option for patients who lack a suitable HLA-
matched donor [81, 82].

2.7. HSCT in T-cell ALL

T-cell ALL is an aggressive neoplasm derived from malignant transformation of lympho-
blasts committed to T-cell lineage [83]. It accounts for 10–25% of all cases of ALL [84–86]. 
Given the rarity of T-cell ALL, patients are typically treated in a similar fashion to B-cell 
ALL with pediatric inspired dose-intense multi-agent chemotherapy regimens in addition to 
central nervous system (CNS) prophylaxis [83–85]. T-cell ALL carries a poor prognosis com-
pared with B-cell ALL due to: (1) higher relapse rates even if they respond to chemotherapy 
and achieve CR and (2) more extensive involvement of bone marrow and extramedullary 
sites, particularly the mediastinum [83, 84, 86]. Even with the current intensive chemothera-
peutic regimens, the 5-year event-free survival (EFS) is 80%, whereas the 10-year EFS is only 
15% [84].

Allogeneic HSCT is a potentially curative therapeutic option for patients with T-cell ALL, 
but relapse after allogeneic HSCT is a major cause of treatment failure [86]. Patients with 
T-cell ALL who lack an HLA-matching donor for allogeneic HSCT should preferably have 
prolonged maintenance chemotherapy [83]. Studies have shown that (1) in children with 
T-cell ALL in CR2 subjected to allogeneic HSCT, the 3-year OS is about 50% and (2) in 
adults with T-cell ALL including the aggressive early-thymic precursor (ETP) subtype sub-
jected to allogeneic HSCT in CR1, the 3-year OS is 62% and those transplanted in CR2 or 
beyond, the 3-year OS is 24% indicating the better outcome of allogeneic HSCT in CR1 in 
adults [84, 85]. Other studies on adults with T-cell ALL subjected to allogeneic HSCT have 
shown the following results: (1) allogeneic HSCT is safe and effective in overcoming the 
poor prognosis particularly when applied early, (2) there was controversy regarding the 
use of TBI in the conditioning therapies as some studies highlighted the importance of 
having TBI as part of the conditioning regimen, while other studies showed no differ-
ence between TBI-based and busulfan-based conditioning therapies, and (3) MRD status 
at transplantation is highly predictive of disease relapse, suggesting that novel therapies 
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confer rapid natural killer cell proliferation soon after HSCT resulting in lower relapse rates 
due to GVL effect, and (3) infusion of high numbers of CD34+ cells to improve immune 
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Historically, mega doses of stem cells had been used after T-cell depletion in order to avoid 
development of GVHD, but this maneuver had been associated with high incidence of graft 
failure and disease relapse [73, 78]. Recently, unmanipulated allografts and post-transplanta-
tion cyclophosphamide have been used with high success [73, 74, 78]. Also, it has been shown 
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mia are comparable to those of unrelated UCBT and MUD allografts [74, 78].
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ALL, acute lymphoblastic leukemia; CR, complete remission; MLL, mixed lineage leukemia; and MRD, minimal residual 
disease.

Table 3. Indications of allogeneic HSCT in patients with ALL.

13. High-risk genetic mutations:
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haploidentical HSCT represents a valuable alternative for patients with Ph− ALL lacking 
MSDs [79, 80]. In adult patients with HR-ALL in CR1, haploidentical HSCT performed with 
post-transplantation cyclophosphamide-based GVHD prophylaxis has produced 52% DFS at 
3 years, thus providing a suitable alternative to HLA-matched transplantation [68].

Also in adults with HR-ALL in CR1 and CR2 or beyond, unmanipulated haploidentical trans-
plants have been associated with 3-year OS and DFS of 33 and 31%, respectively; thus, unma-
nipulated haploidentical allografts can be considered a valid option for adults with HR-ALL 
lacking HLA-identical donors particularly if performed in early disease status [74]. Compared 
to HLA-matched related donor allografts, haploidentical HSCT has produced similar rates of 
long-term survival and NRM but lower relapse rates in patients with Ph+ ALL, thus haploi-
dentical HSCT represents a valid therapeutic option for patients who lack a suitable HLA-
matched donor [81, 82].
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T-cell ALL is an aggressive neoplasm derived from malignant transformation of lympho-
blasts committed to T-cell lineage [83]. It accounts for 10–25% of all cases of ALL [84–86]. 
Given the rarity of T-cell ALL, patients are typically treated in a similar fashion to B-cell 
ALL with pediatric inspired dose-intense multi-agent chemotherapy regimens in addition to 
central nervous system (CNS) prophylaxis [83–85]. T-cell ALL carries a poor prognosis com-
pared with B-cell ALL due to: (1) higher relapse rates even if they respond to chemotherapy 
and achieve CR and (2) more extensive involvement of bone marrow and extramedullary 
sites, particularly the mediastinum [83, 84, 86]. Even with the current intensive chemothera-
peutic regimens, the 5-year event-free survival (EFS) is 80%, whereas the 10-year EFS is only 
15% [84].

Allogeneic HSCT is a potentially curative therapeutic option for patients with T-cell ALL, 
but relapse after allogeneic HSCT is a major cause of treatment failure [86]. Patients with 
T-cell ALL who lack an HLA-matching donor for allogeneic HSCT should preferably have 
prolonged maintenance chemotherapy [83]. Studies have shown that (1) in children with 
T-cell ALL in CR2 subjected to allogeneic HSCT, the 3-year OS is about 50% and (2) in 
adults with T-cell ALL including the aggressive early-thymic precursor (ETP) subtype sub-
jected to allogeneic HSCT in CR1, the 3-year OS is 62% and those transplanted in CR2 or 
beyond, the 3-year OS is 24% indicating the better outcome of allogeneic HSCT in CR1 in 
adults [84, 85]. Other studies on adults with T-cell ALL subjected to allogeneic HSCT have 
shown the following results: (1) allogeneic HSCT is safe and effective in overcoming the 
poor prognosis particularly when applied early, (2) there was controversy regarding the 
use of TBI in the conditioning therapies as some studies highlighted the importance of 
having TBI as part of the conditioning regimen, while other studies showed no differ-
ence between TBI-based and busulfan-based conditioning therapies, and (3) MRD status 
at transplantation is highly predictive of disease relapse, suggesting that novel therapies 
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can be offered before and after allogeneic HSCT to improve the outcome of this group 
of patients [85–88]. Patients with refractory T-cell ALL can be treated successfully with 
unmanipulated allografts from HLA-mismatched haploidentical siblings as haploidentical 
HSCT offers higher GVL effect [89, 90].

Nelarabine, a prodrug of Ara-G, has shown selective cytotoxicity against T-cell lympho-
blasts and is usually used in relapsed and refractory T-cell ALL [83, 91]. Nelarabine is a 
valuable therapeutic option in patients with T-cell ALL relapsing after allogeneic HSCT as 
it has shown response rates reaching 81%; hence it should be considered in: (1) treating 
relapses post-allogeneic HSCT and (2) maintenance therapy following transplantation in 
HR patients [91].

Gamma delta subtype of precursor T-cell ALL is usually treated with the same intensive che-
motherapeutic regimens like other types of ALL (T- and B-cell types) [92]. In this rare type of 
T-cell ALL, the preferred therapy is usually induction chemotherapy to achieve CR followed 
by upfront allogeneic HSCT to eradicate the potential residual disease by the GVT effect of 
allogeneic HSCT [92].

2.8. HSCT in Ph+ ALL

Philadelphia chromosome positivity is the most common recurrent cytogenetic abnormality 
observed in adult patients with ALL [93–95]. Approximately 20–25% of adults and only about 
2% of children with ALL harbor Philadelphia chromosome and express the bcr-abl transcript 
[93, 96, 97]. In recent years, the most significant therapeutic advancement has been the intro-
duction of TKIs into the therapeutic regimens of Ph+ ALL [94]. In the era before TKIs, patients 
with Ph+ ALL were having poor prognosis after standard chemotherapy with DFS rates rang-
ing between 0.0% and 20% [94, 96]. Historically, adult Ph+ ALL had been associated with high 
relapse rates and short DFS and OS [98].

Results of autologous HSCT in adults with Ph+ ALL are still disappointing [99]. Studies 
have shown that (1) Ph+ ALL is incurable without allogeneic HSCT and (2) in patients with 
Ph+ ALL, particularly adults, who are eligible for HSCT and who have achieved CR alloge-
neic HSCT, has remained the consolidation therapy of choice and the only proven curative 
therapeutic strategy [94, 96, 98–101]. However, patients with Ph+ ALL planned for allogeneic 
HSCT can be divided into three risk groups or categories: (1) HR; positive MRD or overt clini-
cal disease, (2) intermediate risk; molecular disease but without morphologic disease, and (3) 
low risk; no evidence of MRD [96].

In children and adolescents with Ph+ ALL, allogeneic HSCT is a controversial issue and there 
is increasing reluctance to offer allogeneic HSCT to children in the era of TKIs [94, 97, 102]. 
The children’s Oncology Group reported the following results on the use of TKIs in chil-
dren and adolescents with Ph+ ALL: (1) excellent outcomes of the combination of TKI and 
chemotherapy with OS of 88% at 3 years and 70% at 5 years, (2) achievement of complete 
hematological remission in approximately 95% of cases and molecular remission in >50% of 
patients, and (3) no advantage of subjecting patients to allogeneic HSCT [103, 104]. On the 
contrary, in children and young adults with Ph+ ALL, studies have shown that (1) results 
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of allogeneic HSCT are superior to chemotherapy alone, (2) MSD and MUD allografts have 
yielded equivalent outcomes, (3) in patients subjected to allogeneic HSCT, age, WBC count 
at presentation, and early response to treatment have been shown to be independent prog-
nostic indicators, (4) early allogeneic HSCT is recommended once morphologic remission is 
achieved as this form of treatment has shown to produce durable remissions in patients with 
CR1, and (5) in children with Ph+ ALL, two studies showed advantage of allogeneic HSCT in 
protection against late disease relapses and in achieving 5-year OS and DFS of 80.2 and 72.9%, 
respectively [105–108].

In patients with Ph+ ALL, achievement of complete molecular remission (CMR) prior to 
allogeneic HSCT reduces the risk of leukemia relapse post-allogeneic HSCT even though 
TKIs may still rescue some patients who relapse after transplantation [109, 110]. Without 
TKIs, 30–50% of patients with Ph+ ALL relapse after allogeneic HSCT [96]. Even in the era 
of TKIs, relapse is still the main cause of allogeneic HSCT failure in HR patients Ph+ ALL 
[111]. Ph+ ALL patients, subjected to allogeneic HSCT, should ideally be (1) in CR and with-
out MRD prior to transplantation and (2) below 60 years of age. However, only carefully 
selected patients ≥60 years old are candidates for allogeneic HSCT [100, 112]. In patients 
with Ph+ ALL, RIC allogeneic HSCT can be offered to older patients and those with comor-
bidities, that is, patients who are ineligible for MAC therapy [100, 112].

Additional cytogenetic abnormalities, such as monosomy 7, and abnormalities of chromo-
somes 8 and 9 are common in patients with Ph+ ALL as they are encountered in two thirds of 
cases [113]. Pre-existing mutations in the ABL kinase domain are frequently associated with 
resistance to TKIs and are a common cause of post-HSCT relapse in patients with Ph+ ALL 
[101]. Pre-transplantation risk factors for relapse in patients with Ph+ ALL include: (1) expres-
sion of P190 transcript, (2) evidence of morphologic disease at the time of transplantation, 
and (3) type of donor, with recipients of autologous HSCT or MSD having the highest risk of 
relapse [96]. Post-transplantation risk factors for relapse in patients with Ph+ ALL include: (1) 
expression of P190 transcript which carries the highest risk of relapse, (2) detection of MRD 
by reverse transcription PCR for bcr-abl transcript, and (3) lack of chronic extensive GVHD 
[96]. These risk factors can be utilized to improve risk stratification for patients with Ph+ ALL 
undergoing HSCT in order to develop specific strategies or therapeutic plans [96]. In patients 
with Ph+ ALL subjected to allogeneic HSCT, TKI therapy tailored according to pre-transplan-
tation TKI response, anticipated toxicities, and Abl-1 domain mutations is feasible and may 
reduce relapse rate and improve the outcome of patients [111].

2.9. Relapse of ALL before and after HSCT

Approximately 20–25% of ALL patients experience relapses of their disease at 5 years from 
diagnosis and initial therapy despite receiving the standard chemotherapeutic regimens [114, 
115]. The prognosis of children and young adults with relapsed ALL is poor [114, 115]. Only a 
minority of adults with ALL who relapse after first line therapy can be rescued [116]. Salvage 
chemotherapy in patients with relapsed ALL includes: (1) mitoxantrone, etoposide, and 
cytarabine or (2) fludarabine, cytarabine, pegylated-asparaginase, and granulocyte colony 
stimulating factor [116]. Salvage chemotherapy alone is not curative in relapsed ALL [115]. 
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valuable therapeutic option in patients with T-cell ALL relapsing after allogeneic HSCT as 
it has shown response rates reaching 81%; hence it should be considered in: (1) treating 
relapses post-allogeneic HSCT and (2) maintenance therapy following transplantation in 
HR patients [91].
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reduce relapse rate and improve the outcome of patients [111].
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Allogeneic HSCT offers the best and may be the only chance for cure in relapsed ALL, par-
ticularly in adult patients [114–116]. Allogeneic HSCT can be performed using either a sibling 
donor or an unrelated donor [114, 115].

In patients with ALL, relapse after HSCT remains the main cause of treatment failure due to 
the limited therapeutic options and the associated poor outcome [117–119]. Factors that affect 
the occurrence as well as the outcome of ALL relapse after HSCT include: GVHD, MRD, 
intrinsic factors of the disease, and transplantation characteristics [120]. The prognosis of 
patients with ALL who relapse after HSCT is extremely poor with long-term survival <10%, 
and there is no difference in short-term survival between patients with isolated EMR and sys-
temic relapse, suggesting that all disease relapses should be treated systemically [118]. EMR 
after allogeneic HSCT poses significant challenge for transplantation physicians as it carries 
poor outcome and has limited therapeutic options [119]. The risk factors for EMR, particularly 
CNS relapse, after allogeneic HSCT include: HR cytogenetics, advanced disease status, male 
gender, history of EMD before HSCT, hyperleukocytosis at diagnosis, and receiving periph-
eral blood stem cells [119]. However, prophylactic IT chemotherapy and maintenance treat-
ment after HSCT may reduce the rate of CNS relapse post-HSCT [119].

Treatment of ALL relapse post-HSCT includes: (1) continuation of low-dose immunosuppres-
sive therapy may be the optimal approach as abrupt discontinuation of immune suppression 
does not lead to any clinical benefit and may result in aggravation of GVHD, (2) re-induction 
or salvage therapy followed by second allogeneic HSCT in highly selected patients may offer 
the best chance of prolonged survival, and (3) other interventions, such as frequent MRD 
monitoring, pre-emptive immunotherapy in the form of DLI, post-transplantation mainte-
nance therapy, use of novel and targeted therapies in post-HSCT, and enrollment in clinical 
trials [117, 118, 120].

Prerequisites for successful management of ALL post-HSCT relapse by either second allo-
geneic HSCT or experimental non-transplant approaches include: good clinical condition of 
the patient and the capacity to achieve hematological remission by the salvage therapy [117]. 
For patients with acute leukemia who relapse after the first allogeneic HSCT, only a second 
allograft can provide a realistic chance of long-term disease remission [121]. The second allo-
geneic HSCT used in the treatment of relapse after the first allograft can be obtained from 
HLA-MSD, MUD, or HLA-mismatched alternative donor [122]. Based on the rapid donor 
availability as compared to MUD, a haploidentical second allogeneic HSCT might be consid-
ered as an alternative therapeutic option for relapse after the first allograft [122, 123].

3. Novel and targeted therapies in ALL

3.1. Tyrosine kinase inhibitors

The introduction of TKIs has revolutionized the therapy of patients with Ph+ ALL [94, 107]. 
Over the past 12 years, administration of TKIs before allogeneic HSCT has significantly 
improved the long-term outcome of allogeneic HSCT in adults with Ph+ ALL [93, 107]. In 
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patients with Ph+ ALL, TKIs have been incorporated into: (1) the induction phase in conjunc-
tion with cytotoxic chemotherapy, (2) in the consolidation and maintenance phases in con-
junction with cytotoxic chemotherapy in patients who are not eligible for allogeneic HSCT, 
and (3) in the post-transplantation maintenance therapy in recipients of allogeneic HSCT and 
their incorporation into the treatment regimens at various stages of the disease has signifi-
cantly improved the outcomes of patients [10–12, 93, 124].

3.1.1. Imatinib

Studies in children with Ph+ ALL have shown that (1) the incorporation of imatinib into the 
chemotherapeutic regimens has improved the prognosis and (2) TKIs administered in the 
early phases of therapy can dramatically reduce MRD and improve the outcome of patients 
[12, 94, 124, 125]. Also, several groups have reported that the combination of imatinib and 
high dose chemotherapy has significantly improved the outcome of children and adults with 
Ph+ ALL with CR rates reaching 86–95% and 1-year OS reaching 75% [94, 124]. The 4-year OS 
in Ph+ ALL subjected to allogeneic HSCT in the era of imatinib has increased significantly to 
reach 52% [94]. Imatinib maintenance following allogeneic HSCT may further improve the 
outcome of patients with Ph+ ALL [125].

3.1.2. Dasatinib

Dasatinib is a second-generation TKI with dual Src and Abl kinase inhibition activity [126, 
127]. It is active against all imatinib-resistant kinase domain mutations apart from T315I 
mutation, thus having superior potency for inhibiting bcr-abl fusion protein compared to 
imatinib [126, 127]. The use of dasatinib is associated with the following adverse effects: bone 
marrow suppression, fluid retention, pleural effusion, skin eruptions, cardiac conduction 
disturbances, and colitis that may be hemorrhagic, immune-mediated, or cytomegalovirus-
induced [127].

Dasatinib is usually used in combination with cytotoxic chemotherapy such as hyper-CVAD 
regimen to control Ph+ ALL prior to allogeneic HSCT [126]. It can also be used in the setting 
of post-HSCT as maintenance therapy to prevent disease relapse or to eliminate MRD [127]. In 
older adults who are not candidates for allogeneic HSCT or younger patients who are unable 
to tolerate intensive chemotherapy, an induction regimen composed of targeted therapies 
such as dasatinib and corticosteroids may offer the potential of greater and longer responses, 
thus avoiding the morbidity associated with the use of cytotoxic chemotherapy [128, 129]. In 
this combination, dasatinib inhibits Scr-Abl kinase while corticosteroids modulate Bcl2 fam-
ily of proteins leading to apoptosis [128]. The combination of dasatinib and corticosteroids 
is associated with relapses mainly due to T315I mutations that can be further treated with 
ponatinib [129].

3.1.3. Nilotinib

The use of TKIs, including the second-generation drugs such as nilotinib, in the post-HSCT 
setting in patients with Ph+ ALL could potentially reduce relapse rates [130, 131]. Studies 
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Allogeneic HSCT offers the best and may be the only chance for cure in relapsed ALL, par-
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patients with Ph+ ALL, TKIs have been incorporated into: (1) the induction phase in conjunc-
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thus avoiding the morbidity associated with the use of cytotoxic chemotherapy [128, 129]. In 
this combination, dasatinib inhibits Scr-Abl kinase while corticosteroids modulate Bcl2 fam-
ily of proteins leading to apoptosis [128]. The combination of dasatinib and corticosteroids 
is associated with relapses mainly due to T315I mutations that can be further treated with 
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The use of TKIs, including the second-generation drugs such as nilotinib, in the post-HSCT 
setting in patients with Ph+ ALL could potentially reduce relapse rates [130, 131]. Studies 
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on the use of nilotinib have shown the following results: (1) safety and efficacy of nilotinib 
prophylaxis to prevent relapse of Ph+ ALL after allogeneic HSCT, (2) effectiveness of nilo-
tinib to control MRD and to convert patients to CMR, and (3) achievement of prolongation of 
survival without jeopardizing immune function or reconstitution following HSCT [130–133]. 
However, side effects such as prolongation of QT interval on electrocardiogram and early 
disease relapse post-HSCT may limit its use [132, 134].

3.1.4. Ponatinib

Ponatinib is a pan-bcr/abl TKI which is capable of inhibiting T315I kinase domain mutation 
that confers resistance to other TKIs and dismal prognosis [95, 129]. Ponatinib can be given 
prior to HSCT as bridging therapy to control disease and to prevent disease relapse following 
HSCT [95, 135]. Rapid hematological responses can be obtained in almost all patients but mor-
phologic and molecular responses can unfortunately be short-lived [95]. One study showed 
that patients with Ph+ ALL who underwent allogeneic HSCT had better survival than those 
who received ponatinib alone [136].

3.2. Nelarabine

Nelarabine is a purine nucleoside analogue and a soluble prodrug of Ara-G with specific cyto-
toxicity against T-lymphocytes [136–145]. It has significant activity in patients with T-cell ALL 
and T-cell lymphoblastic lymphoma (LBL) [137, 140, 142, 143, 146]. In October 2005, nelara-
bine gained an accelerated approval by the food and drug authority (FDA) in the USA for the 
treatment of children and adults with T-cell ALL and T-cell LBL who are in relapse or refrac-
tory to at least two chemotherapeutic regimens [137–145]. It has been used as a single agent 
or in combination with intensive chemotherapy or P13K inhibitors [138, 142, 143, 146–148]. 
The use of nelarabine in the treatment of patients having T-cell ALL relapsing after alloge-
neic HSCT has been associated with 90% OS at 1 year [144]. The adverse effects of nelarabine 
include: (1) myelosuppression with neutropenia and thrombocytopenia and (2) neurotoxic-
ity, which is the commonest side effect, may be transient and reversible and can manifest as 
depression in the level of consciousness, sensory and motor neuropathies, and Guillain-Barre 
syndrome [139–145]. The mechanisms of resistance to nelarabine include: (1) reduced drug 
incorporation into DNA and (2) anti-apoptosis [149]. Other novel purine analogues, such as 
clofarabine and forodesine, have demonstrated significant anti-tumor activity in relapsed/
refractory T-cell ALL and T-cell LBL [138].

3.3. Blinatumomab

Blinatumomab is a bispecific T-cell engager monoclonal antibody construct that is designed 
to direct cytotoxic T-cells to CD19-expressing B-cells [150, 151]. It is indicated (1) in the 
treatment of Ph− relapsed/refractory pre-B ALL, (2) to induce GVL reaction in patients with 
pre-B ALL relapsing post-allogeneic HSCT, and (3) in the treatment of HR patients with Ph+ 
ALL [150, 151]. In a phase II single arm multicenter study that included 45 patients with 
HR-Ph+ ALL patients who had relapsed or were refractory to TKIs, single agent blinatu-
momab showed remarkable anti-leukemic activity as 88% of patients achieved CR or CR 
with partial hematologic recovery and a median OS of 7.1 months [151]. The adverse effects 
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of blinatumomab include: fever, febrile neutropenia, headache, neurotoxicity, such as apha-
sia, and cytokine release syndrome (CRS) [140].

3.4. CAR T-cells

Chimeric antigen receptors (CAR) consist of an extracellular antigen recognition domain linked 
to an intracellular signaling domain [152, 153]. An important part of CAR design in choosing 
an optimal tumor-associated antigen to target [152]. A patient’s own T-cells may be geneti-
cally modified to express an artificial T-cell receptor termed CAR designed to be specific to a 
tumor-associated antigen [154]. CARs are artificial receptors that redirect antigen specificity, 
activate T-cells, and further enhance T-cell function through their costimulatory component 
[155]. Ideally, the target antigen should only be expressed on tumor cells and not on normal 
cells in order to ensure that there is no (on-target-off tumor) activity that could result in tox-
icity [152]. The most extensively investigated CAR in clinical setting targets CD19, which is 
expressed not only in most B-cell malignancies but also in normal B-cells. Thus, CAR-mediated 
tumor destruction is accompanied by CAR-mediated destruction of normal B-cells resulting in 
B-cell aplasia [152].

Center Patients 
(number 
and 
diagnosis)

Viral transduction Conditioning therapy Cytokine 
release 
syndrome 
(%)

Outcome

Memorial 
Sloan Kettering 
Cancer Center

27

Relapsed 
B-ALL

Retroviral 
transduction

Cyclophosphamide 18 • 88% CR

• Molecular CR: 70%

University of 
Pennsylvania 
and Children 
Hospital of 
Philadelphia

25

Pediatric 
R/R 
B-ALL

Lentiviral 
transduction

No conditioning 
therapy

27 • 90% morphologic 
remission

• 73% MRD by flow 
cytometry

• 6 patients relapsed

Fred 
Hutchinson 
Cancer 
Research 
Center

9

Phase I

Lentiviral 
transduction

Cyclophosphamide 33.3 • 7 patients had CR with 5 
having MRD

MD Anderson 
Cancer Center

10

CAR 
T-cells 
infused 
following 
allogeneic 
HSCT

Sleeping beauty 
transposon 
electroporation

No conditioning 
therapy

30 • 10 patients achieved CR 
at 5 months

ALL, acute lymphoblastic leukemia; R/R, relapsed/refractory; CR, complete remission; HSCT, hematopoietic stem cell 
transplantation; CAR, chimeric receptor antigen; and MRD, minimal residual disease.

Table 4. Clinical trials on the use of CAR-T cells in ALL patients.
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that confers resistance to other TKIs and dismal prognosis [95, 129]. Ponatinib can be given 
prior to HSCT as bridging therapy to control disease and to prevent disease relapse following 
HSCT [95, 135]. Rapid hematological responses can be obtained in almost all patients but mor-
phologic and molecular responses can unfortunately be short-lived [95]. One study showed 
that patients with Ph+ ALL who underwent allogeneic HSCT had better survival than those 
who received ponatinib alone [136].

3.2. Nelarabine

Nelarabine is a purine nucleoside analogue and a soluble prodrug of Ara-G with specific cyto-
toxicity against T-lymphocytes [136–145]. It has significant activity in patients with T-cell ALL 
and T-cell lymphoblastic lymphoma (LBL) [137, 140, 142, 143, 146]. In October 2005, nelara-
bine gained an accelerated approval by the food and drug authority (FDA) in the USA for the 
treatment of children and adults with T-cell ALL and T-cell LBL who are in relapse or refrac-
tory to at least two chemotherapeutic regimens [137–145]. It has been used as a single agent 
or in combination with intensive chemotherapy or P13K inhibitors [138, 142, 143, 146–148]. 
The use of nelarabine in the treatment of patients having T-cell ALL relapsing after alloge-
neic HSCT has been associated with 90% OS at 1 year [144]. The adverse effects of nelarabine 
include: (1) myelosuppression with neutropenia and thrombocytopenia and (2) neurotoxic-
ity, which is the commonest side effect, may be transient and reversible and can manifest as 
depression in the level of consciousness, sensory and motor neuropathies, and Guillain-Barre 
syndrome [139–145]. The mechanisms of resistance to nelarabine include: (1) reduced drug 
incorporation into DNA and (2) anti-apoptosis [149]. Other novel purine analogues, such as 
clofarabine and forodesine, have demonstrated significant anti-tumor activity in relapsed/
refractory T-cell ALL and T-cell LBL [138].

3.3. Blinatumomab

Blinatumomab is a bispecific T-cell engager monoclonal antibody construct that is designed 
to direct cytotoxic T-cells to CD19-expressing B-cells [150, 151]. It is indicated (1) in the 
treatment of Ph− relapsed/refractory pre-B ALL, (2) to induce GVL reaction in patients with 
pre-B ALL relapsing post-allogeneic HSCT, and (3) in the treatment of HR patients with Ph+ 
ALL [150, 151]. In a phase II single arm multicenter study that included 45 patients with 
HR-Ph+ ALL patients who had relapsed or were refractory to TKIs, single agent blinatu-
momab showed remarkable anti-leukemic activity as 88% of patients achieved CR or CR 
with partial hematologic recovery and a median OS of 7.1 months [151]. The adverse effects 
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of blinatumomab include: fever, febrile neutropenia, headache, neurotoxicity, such as apha-
sia, and cytokine release syndrome (CRS) [140].

3.4. CAR T-cells

Chimeric antigen receptors (CAR) consist of an extracellular antigen recognition domain linked 
to an intracellular signaling domain [152, 153]. An important part of CAR design in choosing 
an optimal tumor-associated antigen to target [152]. A patient’s own T-cells may be geneti-
cally modified to express an artificial T-cell receptor termed CAR designed to be specific to a 
tumor-associated antigen [154]. CARs are artificial receptors that redirect antigen specificity, 
activate T-cells, and further enhance T-cell function through their costimulatory component 
[155]. Ideally, the target antigen should only be expressed on tumor cells and not on normal 
cells in order to ensure that there is no (on-target-off tumor) activity that could result in tox-
icity [152]. The most extensively investigated CAR in clinical setting targets CD19, which is 
expressed not only in most B-cell malignancies but also in normal B-cells. Thus, CAR-mediated 
tumor destruction is accompanied by CAR-mediated destruction of normal B-cells resulting in 
B-cell aplasia [152].

Center Patients 
(number 
and 
diagnosis)

Viral transduction Conditioning therapy Cytokine 
release 
syndrome 
(%)

Outcome

Memorial 
Sloan Kettering 
Cancer Center

27

Relapsed 
B-ALL

Retroviral 
transduction

Cyclophosphamide 18 • 88% CR

• Molecular CR: 70%

University of 
Pennsylvania 
and Children 
Hospital of 
Philadelphia

25

Pediatric 
R/R 
B-ALL

Lentiviral 
transduction

No conditioning 
therapy

27 • 90% morphologic 
remission

• 73% MRD by flow 
cytometry

• 6 patients relapsed

Fred 
Hutchinson 
Cancer 
Research 
Center

9

Phase I

Lentiviral 
transduction

Cyclophosphamide 33.3 • 7 patients had CR with 5 
having MRD

MD Anderson 
Cancer Center

10

CAR 
T-cells 
infused 
following 
allogeneic 
HSCT

Sleeping beauty 
transposon 
electroporation

No conditioning 
therapy

30 • 10 patients achieved CR 
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ALL, acute lymphoblastic leukemia; R/R, relapsed/refractory; CR, complete remission; HSCT, hematopoietic stem cell 
transplantation; CAR, chimeric receptor antigen; and MRD, minimal residual disease.

Table 4. Clinical trials on the use of CAR-T cells in ALL patients.
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CAR T-cell therapy involves several laboratory, technical, and clinical procedures that include: 
(1) obtaining peripheral blood mononuclear cells by leukapheresis, (2) CD3 (T-cell) separation, 
(3) engineering of T-cells to express CAR by gene transfer technology, viral transduction, or 

1. Monoclonal antibodies, immunotoxins, and immunoconjugate antibodies:

• CD20:

 ○ Rituximab

 ○ Obinutuzumab

 ○ Ofatumumab

 ○ REGN 1979

• CD 22:

 ○ Epratuzumab

 ○ Inotuzumab ozogamicin (IO)

 ○ Moxetumomab pasudotox, reformulation of BL22

• CD 19:

a. Single CD 19 monoclonal antibodies:

 ○ Coltuximab ravtansine [SAR3419]

 ○ Denintuzumab mafodotin [SGN-CD19A]

 ○ ADC-402, newest CD19 monoclonal antibody

b. Dual monoclonal antibodies including anti-CD19 activity:

 ○ Combotox: Anti-CD19 and anti- CD22

 ○ Bispecific T cell engager (BITE) construct: Blinatumomab [anti-CD3; CD 19 construct]

2. Proteasome inhibitors: Bortezomib

3. JAK inhibitors: Ruxolitinib

4. Hypomethylating agents: Decitabine

5. P13K- mTOR inhibitors:

• NVP-BEZ 235

• NCT01756118

• NCT 02484430

• NCT 01523977

• NCT 01403415

• NCT 01614197

• NCT 01184885

6. Chimeric antigen receptor T-cells (CAR T-cells)

Table 5. Novel and targeted therapies in acute lymphoblastic leukemia.
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genetic modification with CD19-specific CAR to target tumor in addition to cell expansion, (4) 
lymphodepletion by administration of pre-infusion conditioning therapy in the form cyclo-
phosphamide or cyclophosphamide and fludarabine, (5) CAR T-cell infusion to target CD 19+ 
B-cells, and (6) cell death or apoptosis of CD19+ lymphoblasts [152–154, 156]. Indication for 
CAR T-cell therapy include: (1) relapsed and refractory B-cell ALL, (2) chronic lymphocytic 
leukemia, (3) acute myeloid leukemia, (4) follicular lymphoma, (5) diffuse large B-cell lym-
phoma, (6) multiple myeloma, (7) Waldenstrom’s macroglobulinemia, and (8) treatment of 
relapse post-allogeneic HSCT for B-cell malignancies [152, 157, 158]. Studies have shown that 
treatment options in relapse after allogeneic HSCT for lymphoid malignancies including ALL 
include: (1) DLI, (2) salvage chemotherapy followed by a second allogeneic HSCT, and (3) 
CAR T-cell infusions, a cell-based immunotherapy that can effectively enhance and maintain 
antitumor GVL response after transfusion into patients [152, 157, 158].

Adverse effects or complications of CAR T-cell therapy in relapsed and refractory ALL include: 
(1) CRS, which can be severe and life-threatening, may manifest with: hyperpyrexia, hypoten-
sion, capillary leak syndrome, neurological manifestations, myalgia, and respiratory as well 
as renal insufficiency, (2) neurotoxicity in the form of delirium and seizures, (3) macrophage 
activation syndrome, (4) aplasia of normal B-lymphocytes, and (5) death that may occasion-
ally be encountered [155, 159–165]. Serum biochemical markers of CRS following CAR T-cell 
therapy in relapsed and refractory ALL include C-reactive protein and ferritin [155, 159, 165]. 
Management of CRS includes: supportive care, corticosteroids, vasopressors, ventilatory sup-
port, and anti-interleukin-6 receptor antibody (tocilizumab) therapy [165]. The main clinical 
trials on the use of CAR T-cells are shown in Table 4 [152, 156]. Novel and targeted therapies 
that can be used in the treatment of patients with ALL are shown in Table 5 [1–3, 56, 160, 161].

4. Future directions

Recently, management of patients with ALL has improved dramatically due to several rea-
sons such as improvements in our understanding of the disease biology; improvements in 
the diagnostic techniques, including molecular genetics, that help in disease stratification; 
improvements in supportive care; adoption of dose-intense pediatric-inspired chemothera-
peutic regimens in AYAs; progress in HSCT including donor selection, conditioning therapies, 
and prevention as well as treatment of GVHD; monitoring of MRD; and the availability of 
several novel agents and targeted therapies in addition to cellular and immunotherapies. The 
availability of the modern therapeutic interventions has translated into improved response 
rates and outcomes including OS. The integration of various novel and targeted therapies 
before and after transplantation has further improved the outcomes of patients with ALL.

Different therapeutic interventions available for treating children and adults with ALL should 
be considered complementary to each other. Future studies should focus on the optimal inte-
gration of these novel therapies into the treatment paradigm of this malignancy in order to 
achieve higher rates of response, disease control as well as long-term survival. Risk stratifica-
tion of ALL will help in tailoring the management of patients according to their risk category 
taking into consideration their clinical manifestations, laboratory findings, including cytoge-
netic and molecular profiles, as well as responses to therapeutic interventions.
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the diagnostic techniques, including molecular genetics, that help in disease stratification; 
improvements in supportive care; adoption of dose-intense pediatric-inspired chemothera-
peutic regimens in AYAs; progress in HSCT including donor selection, conditioning therapies, 
and prevention as well as treatment of GVHD; monitoring of MRD; and the availability of 
several novel agents and targeted therapies in addition to cellular and immunotherapies. The 
availability of the modern therapeutic interventions has translated into improved response 
rates and outcomes including OS. The integration of various novel and targeted therapies 
before and after transplantation has further improved the outcomes of patients with ALL.

Different therapeutic interventions available for treating children and adults with ALL should 
be considered complementary to each other. Future studies should focus on the optimal inte-
gration of these novel therapies into the treatment paradigm of this malignancy in order to 
achieve higher rates of response, disease control as well as long-term survival. Risk stratifica-
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In children with ALL, the role of HSCT has decreased due to the use of intensified chemo-
therapeutic regimens and the incorporation of novel and targeted therapies into the upfront 
treatment. However, patients with HR features, those with MRD, and patients with relapsed 
or refractory disease should be considered for HSCT and novel therapies should be adminis-
tered whenever indicated.

5. Conclusion

Intensified pediatric chemotherapeutic regimens show poor outcome of ALL in adults com-
pared to children particularly in patients with HR features or disease relapse. Thus, alloge-
neic HSCT has more indications in adults than in children. However, the integration of other 
therapeutic interventions into the management of ALL, before and after transplantation, is 
likely to improve the outcome of patients further.
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Abstract

Relapse is an overwhelmingly difficult and tragic event for patients suffering from
hematologic malignancies that have been treated with bone marrow transplantation.
More often than not, treatment options are fairly limited in each disease. Selecting the
appropriate maintenance therapy gives a chance to delay or avoid these recurrences
entirely. Although no perfect combination of drugs has yet been established as a mainstay
maintenance therapy post-transplant, the authors here discuss the most effective and
safest drugs available for different diseases.

Keywords: post-transplant management, graft versus host disease, graft versus
leukemia, hematopoietic stem cell transplant

1. Introduction

The transplantation of multipotent hematopoietic stem cells that are usually derived from bone
marrow, umbilical cord, or peripheral blood is a process known as hematopoietic stem cell
transplantation (HSCT). It may be autologous or allogeneic and although life-saving, this
procedure is not without its drawbacks. Major complications associated with HSCT include
graft versus host disease (GVHD), infections, and relapse. Our current discussion is based on
strategies employed for prevention of relapse post-transplant in different diseases.
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2. Multiple myeloma

The use of autologous hematopoietic stem cell transplantation (A-HSCT) preceded by high-
dose chemotherapy is a widely accepted modality for management of multiple myeloma (MM)
in patients under the age of 65 years [1–3]. Since recurrence still remains a concern, a need for
long-term regimen after transplantation to extend the response and prevent relapse is war-
ranted. Allogenic HSCT has been associated with decreased relapse rates, in part due to its
graft versus myeloma effect, but its use is limited by its complications [4]. Thalidomide [5–8],
lenalidomide [9–13], proteasome inhibitors, and bortezomib [14–16] are being used as a
maintenance therapy following AHSCT. They have shown to significantly decrease the relapse
as well as improve the progression free survival (PFS) and overall survival (OS) rates. They
have gradually replaced conventional and interferon-based therapy over the past decade due
to their limited adverse effect profiles and positive impact on PFS and OS [17]. The mean
survival associated with the new modalities approaches eight years post-transplant from the
previous duration of three years in the past decades [18]. Several studies have been conducted
to comprehensively evaluate the use of these novel agents including the assessment of their
degree of response, their depth of response, and their long-term complications.

2.1. Thalidomide

Thalidomide is the first and one of the most widely studied drug following the study and
evaluation of post-AHST maintenance therapies in MM. In a Phase II study conducted by
Intergroupe Francophone du Myélome (IFM), 597 patients—all younger than 65 years—were
divided into three groups [9]. Arm-A did not receive any maintenance therapy, while arm-B
received pamidronate. Patients who received a combination of pamidronate and 400 micro-
grams (mcg) of Thalidomide (once daily following AHSCT) were placed in arm-C. The results
showed a 36% PFS in arm-A, 37% in arm-B, and 52% in arm-C (P < 0.009). With a median follow-
up of 39 months, the OS was 77% in arm-A, 74% in arm-B, and 87% in arm-C with a P-value
of <0.04. In another study conducted by Barlogie et al., 7668 patients were divided into two
groups; thalidomide versus non-thalidomide. The event-free survival (EFS) was 64% in
thalidomide users versus 43% in non-thalidomide group (P < 0.001). The OS in the thalidomide
group was 57% with 44% in the non-thalidomide group after a 72 months median follow-up
(P = 0.09). A Phase III trial by Lokhorst et al. [6] compared the EFS between a thalidomide-
based regimen and an Interferon-alpha-based regimen with a follow-up of 34 and 22 months,
respectively, P < 0.001. The results showed no significant difference in the OS between both
groups (P = 0.77).

The UK Medical Research Council (MRC)—Myeloma XI study divided patients into two
separate groups: those with transplant and those without. The PFS was noted to be significantly
higher in the transplant group following a median follow-up of 22 months and 15 months,
respectively (P < 0.0001). No significant difference was noted in the OS between both groups
(P = 0.7) [5–19]. This may in part be due to a difference in the cytogenetic analysis into high-
and low-risk cytogenetic involving chromosome 13 [20]. A detailed analysis showed patients
with a chromosome 17p deletion have decreased OS when being treated with thalidomide
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indicating that thalidomide should not be used in those individuals (Hazard ratio [HR] 4.55,
P = 0.02) [5].

A number of other studies have evaluated the use of thalidomide with a corticosteroid in
comparison to using a corticosteroid alone. A study of 243 patients by Spencer et al. demon-
strated a three-year survival rate; 86% with the thalidomide and corticosteroid group versus
75% in the lone steroid group (P = 0.004). The PFS was 42 and 23%, respectively, with a P-value
of less than 0.001) [21]. In the Brazilian trial, Maiolino et al. studied 108 patients for duration
of 2 years and demonstrated a PFS of 64% in the thalidomide and steroid containing group
compared with 30% in dexamethasone only group (P = 0.002) [22]. No significant difference
was found between both groups in terms of OS (P = 0.27). In a similar study by Stewart et al.,
the PFS in the thalidomide containing group was 32%, while the control group had it at 14%
after a median follow-up for 4 years [8]. The survival rate in the thalidomide containing group
was 68% in comparison to 60% in the lone dexamethasone group. No significant difference
was observed (P = 0.18).

Despite the significant improvement in PFS, EFS, and the variable responses in OS rates, the
most common long-term complication for thalidomide is peripheral neuropathy, in particular
after long-term usage [6, 8, 9, 21]. No optimal duration of thalidomide post-transplant has been
suggested by either of the trials.

2.2. Lenalidomide

Due to its higher efficacy and a lower toxicity profile the use of lenalidomide surpasses in
tolerance when compared with thalidomide [7]. Although its exact mechanism is not fully
understood, several hypotheses have been put forward. One such theory suggests that
lenalidomide acts as a natural killer against tumor cells due to their increased cytokine
production [23]. Lenalidomide is proven to decrease the production of tumor necrosis factor
alpha that in turn tends to increase MM cell growth. It also inhibits the binding of MM cells to
the bone marrow cells [24]. Various studies have been conducted to study the effect of
lenalidomide on PFS and OS rates post AHSCT in MM. The Cancer and Leukemia Group B
(CALGB) conducted a trial labeled CALGB 100104 in which 460 were randomly divided into
two groups; one group receiving lenalidomide and the other a placebo with no previous
consolidation therapy [12]. The time to progression (TTP) was 46 months in the lenalidomide
group compared with 27 months in the placebo group (P < 0.001). The OS was significantly
higher in patients receiving lenalidomide as compared with those receiving a placebo, 85 and
77%, respectively, (P = 0.028). After 36 months of follow-up, the PFS was 66% in the lenalido-
mide group and 39% in the placebo group. In the IFM 05-02 trial conducted by Attal et al., 614
patients received lenalidomide for a duration of 2 months after AHSCT. They were then
divided into two groups: a placebo group and a lenalidomide group [10]. The lenalidomide
group had a 41-month TTP versus 23 months in the placebo group with a P-value of <0.001.
No difference in OS was found between both the groups, an OS of 73 and 75% in lenalidomide
and placebo groups, respectively (P = 0.7). Following 45 months of follow-up, the PFS was 43
and 22% (P < 0.001), EFS of 40 and 23 months (P < 0.001), in the lenalidomide and placebo
groups, respectively. The difference in OS in both trials was thought to be due to the difference
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in the duration of follow-ups. In a study by Alisna et al., 18 months of follow-up post an
AHSCT, 30 patients were started on lenalidomide at a median of 96 days [11]. The PFS was
noted to be 63% (95%CI, 43–77%), the OS at 78% (95% CI, 58–90%). A similar study by Kneppers
et al. showed a PFS of 60% and an OS of 93%, in 30 patients who were newly diagnosed with
MM (HOVON 76 trial) [13]. Lenalidomide was started 12 weeks post an AHSCT for a duration
of 24 months.

These studies concluded lenalidomide as an effective maintenance therapy following an
AHSCT having significant impact on improving the PFS and OS, particularly on the elderly,
patients with an increased risk of MM, and patients receiving a lenalidomide-based induction
regimen [25]. Long-term usage was found to be associated with an elevated risk of hematologic
complications. A grade 3–4 neutropenia was found in 51% of the patients in comparison with
18% receiving a placebo [10]. Thromboembolic complications were also noted to be markedly
higher in comparison to the placebo using group (2% compared with 6%, respectively, P = 0.01).
The risk of second primary malignancies (SPMs) as acute myeloblastic leukemias (AML) or
myelodysplastic syndromes (MDS) has also been reported in various studies [10, 12]. The risk
of SPM was significantly higher in patients receiving Melphalan as part of their lenalido-
mide treatment [27]. A few other studies noted that a lenalidomide-based maintenance therapy
post AHSCT was not feasible due to the development of a GVHD [11, 13].

2.3. Bortezomib

A first of its kind, proteasome inhibitor has been used as a maintenance therapy in MM post-
transplant. Trials have shown bortezomib’s efficacy and its well-defined toxicity profile [14–
16]. In a trial by Sonneveld et al. (HOVON 65/GMMG-HD4), 827 patients were divided into
two groups; those taking Bortezomib for 2 years after induction (with bortezomib, adriamycin,
dexamethasone [PAD]) and HSCT, and a non-Bortezomib group (who took vincristine,
adriamycin, and dexamethasone [VAD]) followed by thalidomide [15]. A significant increase
in PFS and OS was found on a multivariate analysis (35 and 28 months, respectively, P = 0.002),
with a hazard ratio (HR) of 0.77 (95% CI, 0.6–1.0, P = 0.048) after a 41-month follow-up in the
bortezomib group.

In a study conducted by Rosinol et al., 386 patients were divided into three groups in depend-
ing on their induction treatment regimens post-HSCT [14]. Thalidomide/dexamethasone (TD),
versus bortezomib/thalidomide/dexamethasone (VTD), versus alternate chemotherapy using
different regimens in patients <65 years of age who then received a maintenance therapy using
bortezomib and thalidomide (VT) versus thalidomide (T) versus interferon, respectively, for
3 years. PFS in the VT group was significantly elevated in comparison with the other groups,
although no difference was noted in the OS rates between the three groups. A more recent
study by Scheid et al. evaluated the effect of bortezomib post-HSCT in patients with MM and
renal impairment using the same management regimen used in the HONOVO 65 trial, using
bortezomib for the PAD group and thalidomide for the VAD group [16]. In 746 patients, the
serum creatinine was <2 mg/dL, while 81 patients had a serum creatinine of more than
2 mg/dL. The response in the VAD was 63% compared with a response of 81% in the PAD
group in patients whose serum creatinine was >2 mg/dL. PFS in the VAD group was noted to
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be 16 versus 48% in the PAD group receiving bortezomib, proving the effective use of Borte-
zomib as a maintenance therapy in renal impaired patients suffering from MM.

We do not know the exact dose at which bortezomib may be effective during maintenance
therapy; we suspect that lower doses might be effective in achieving the desired results.

In another Phase 1 trial by Abidi et al., 12 out of the 15 patients were studied to determine the
safest and best-tolerated maintenance dosing of bortezomib post-HSCT [28]. The median
duration of follow-up for the entire cohort was 33 months ranging from 12 to 62 months. The
study concluded that bortezomib 1 mg/m2 administered intravenously and may be subcuta-
neously on day(s) 1, 8, and 15 in a 28-day cycle was the best-tolerated maintenance dosing and
can be safely given beginning around the hundredth day post-ASCT.

3. Chronic myeloid leukemia (CML)

Allogenic stem cells transplantation (SCT) used to be the first line in management of chronic
myeloid leukemia (CML). The survival rate following SCT depends on the phase of the disease
in which HSCT was performed; 80% in chronic phase (CP), 40% in accelerated phase (AP), and
20% in blast crisis phase (BP) [29]. Due to the fact that relapses had been a significant problem
following SCT, donor leukocyte infusion (DLI) was used to augment the graft versus leukemia
(GVL) effect [30]. The introduction of tyrosine kinase inhibitors (TKIs) has replaced the use of
DLI due to its effects on bone marrow suppression and GVHD induction. TKIs have proven
to greatly improve survival following SCT [31, 32]. Detection of the BCR-ABL transcript levels
(the enzyme affected by tyrosine kinase) early on after SCT with the aid of reverse transcriptase
polymerase chain reaction (RT-PCR), the probability of relapse after SCT can be predicted
giving us an idea regarding the efficacy of TKI post-transplant. High-level positive BCR-ABL
is associated with highest relapse probabilities, while negative BCR-ABL has the lowest
chances of relapse. Low-level positive BCR-ABL is associated with intermediate risk (total
number of BCR-ABL transcripts was <100 per mg RNA and/or the BCR-ABL/ABL ratio was
<0.02%) [33].

The efficacy of TKIs following SCT depends on the phase of the disease; prognosis is better if
TKIs were used for relapsed CP phase; however, substantially less if used for relapse in the AP
or BP phases [31, 32, 34].

The efficacy of imatinib mesylate (IM), the first TKI to be studied has been reported by many
studies [35]. Wright et al. studied the response of IM after SCT in CML relapsing patients [36].
Out of 22 patients who received IM for relapse, eight were in CP, while 14 were in AP post-
transplant. A complete hematological response was observed in 19 patients, while a complete
cytogenetic response was observed in 17 patients. After a 31.5-month follow-up postrelapse,
the OS was at 64%. Wright concluded that a complete molecular response following relapse
was a predictive factor of the OS (95% CI, 2.3–182). Similarly, Palandri et al. used IM in a total
of 16 patients with CML who relapsed post-transplant either in CP or AP for average 31
months. Seventy-five percent of patients achieved a complete molecular response [37],
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in the duration of follow-ups. In a study by Alisna et al., 18 months of follow-up post an
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be 16 versus 48% in the PAD group receiving bortezomib, proving the effective use of Borte-
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indicating that IM could be tolerated for longer period of time post-transplant with no major
hematological drawbacks. However, peripheral blood counts should be monitored during the
duration of treatment for pancytopenia, a leading side effect of TKIs [37]. A study by DeAngelo
et al. evaluated 15 patients who received IM for relapse post-transplant, 10 of whom were in
CP, one in AP, and four patients in BP [34]. Nine of the ten patients who received IM in CP
achieved a complete cytogenetic response after six months. The OS rate was at one 100% after
25 months of follow-up. Kantarjian et al. studied 28 CML relapse patient post-SCT [32], all of
whom received IM in a dose range of 400–1000 mg/day. Five patients were in CP, 15 in AP, and
8 in BP. Thirteen patients received DLI at an average of 4 months prior to the use of IM.
Complete hematologic response was seen in 100% of the CP patients, 83% in AP, and 43% in
BP. The OS was 74% after 1 year of follow-up. The study concluded that no difference was
detected in complete response between patients who had received IM and DLI, in comparison
to patients who received IM alone. A study by Hess et al. evaluated 44 patients, 37 of whom
were in CP before SCT, 18 patients had molecular relapse, while 19 had cytogenetic relapse
[38]. IM started post-SCT on an average of 2.1 years yielded a complete molecular response in
62% of the patients after 9 months that further improved with subsequent follow-ups. They
also recommended the use of molecular end point in clinical decision making. On the other
hand, a study by Olavarria et al. showed that standard PCR techniques were lacking; however,
complete molecular response had been significantly high, especially in CP patients [31]. In
another study by Olavarria et al., IM was administrated 35 days postrelapse in 22 patients. In
a year, all patients had achieved complete molecular remission without cytogenetic relapse
during the entire length of IM therapy [33]. Relapse had only been detected after the discon-
tinuation of IM therapy. The length of IM use post-transplant is yet to be determined. These
various studies have recommended IM as a feasible, effective, and well-tolerated treatment for
relapsing CML patients after SCT. Currently, there is a paucity of data to determine the efficacy
of using TKI after SCT for maintenance. However, given its efficacy in relapsed disease, many
physicians use this strategy for maintenance.

The available data about the use of second generation TKI, such as dasatinib, is still limited
[39]. A study by Klyuchnikov et al. used second-generation TKI dasatinib post HST in 11
patients; out of whom nine had CML, two were in AP, and seven in BP [40]. All the patients
had received TKI prior to their SCT-IM, dasatinib, or nilotinib (sometimes in combination).
Dasatinib was administrated at a median interval of 1 year post-SCT with a median duration
of treatment of 8 months (it was discontinued in one patient due to gastrointestinal bleeding
that was thought due to drug-related thrombocytopenia). Responses to dasatinib post-
transplant were seen in four out of the nine patients. Five patients failed to respond to dasatinib,
while three passed away due to disease progression. One patient had a CNS relapse. The study
concluded that second-generation TKI dasatinib is effective in the treatment of relapse of CML
post-transplant and is generally well tolerated despite the hematological side effects. Contrary
to IM, dasatinib was able to penetrate extramedullary tissues and CNS [41, 42].
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4. Philadelphia chromosome positive acute lymphoblastic leukemia
(Ph + ALL)

Before the use of allogeneic SCT for the treatment of Philadelphia chromosome positive Acute
Lymphoblastic Leukemia (Ph + ALL), patients were usually treated with induction chemo-
therapy alone. It had poor outcomes in regard to the long-term survival with a median disease-
free survival (DFS) range of 5–9 months [43]. SCT has been used as a curative treatment for
Ph + ALL postinduction chemotherapy to improve the long-term survival [44]. One such
retrospective study compared patients treated with chemotherapy alone, with patients being
treated with chemotherapy followed by SCT [45]. The study reported significant survival
improvement in patients treated with chemotherapy followed by SCT than patients treated
with chemotherapy alone.

Detection of BCR-ABL post-SCT using RT-PCR was found to be a good predictor of minimal
residual disease (MRD). Relapse with RT-PCR turned positive 4–6 months prior to the
occurrence of relapse in patients who achieved remission after chemotherapy with and without
combination with SCT [46].

In a study by Chen et al., the effects of TKI IM on DFS post-SCT in patients with Ph + ALL, 82
patients were evaluated of which 62 patients had received IM at a median of 70 days post-SCT
for a median duration of 90 days. In 14 patients, BCR-ABL was positive prior to the use of IM,
while 8 patients turned negative after a 1 month use of IM. Relapse rate was 10.2% in the group
using IM, while it was 33.1% in non-IM group. The 5-year DFS was 81.5% in IM group in
comparison to 33.5% in the non-IM group. Multivariate analysis proved the use of IM post-
SCT as a prognostic factor for DFS and OS (P = 0.000) [47]. Twenty-two patients were studied
by Carpenter et al. to assess the tolerance of IM use post-SCT [48]: 15 patients with Ph + ALL
and seven patients with CML. IM was easily tolerated by 17 out of the 19 adult patients at doses
of 400 mg/day. In the pediatric age group, it was tolerated by three children at doses of
260 mg/m2/day in the first 90 days post-SCT (doses compared with those used in primary
therapy for Ph + leukemia). Fourteen patients had positive BCR-ABL before SCT. After an
average 1.4-year follow-up, 17 patients were alive with negative BCR-ABL transcripts. In the
Ribera et al. study, 30 patients newly diagnosed Ph + ALL received IM with chemotherapy
followed by SCT [49]. Transplant was then followed by IM for a median duration of 3.9 months.
Twenty-seven patients achieved remission of which 21 patients underwent SCT. Twelve
patients received IM after transplant. After a follow-up of 4.1 years, the DFS and the OS were
30 and 30%, respectively. Contrary to previous studies, Ribera et al. showed that adverse effects
due to transplant limited the early use of IM post-SCT despite the efficacy of combined IM and
chemotherapy as a primary treatment for Ph + ALL.

In another study by Teng et al., a similar TKI, dasatinib was evaluated for the same purpose
[50]. Six patients with Ph + ALL were enrolled in the study and received SCT along with 100 mg/
day dasatinib for 1 year. All patients achieved complete remission prior to SCT with relapse
occurring in three patients only (all extramedullary). Only two patients had adverse effects
from dasatinib which was improved by dividing the dose of dasatinib into two 50 mg doses.
This study showed that dasatinib was effective and tolerated by Ph + ALL patients after SCT.
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5. Acute myeloid leukemia (AML)

Although SCT is considered as a treatment for acute myeloid leukemia (AML) to either induce
remission, or to prevent relapse, relapse is perhaps considered to be the most common
complication post-SCT in patients with AML especially in the first year after transplant [51].
The duration of remission after SCT is the most important predictor of for survival after
relapse [52]. Like ALL, the detection of MRD using RT-PCR could predict the post-transplant
relapse in patents with AML and is much more accurate than other classic methods [53]. The
5 years OS was 79% in MRD-negative patients as detected by flow cytometry as opposed to
26% in MRD-positive patients with relapse rates of 58 and 14% after 2 years, respectively [54].
Several modalities have been studied to help control post-transplant relapse in AML patients.
Jabbour et al. studied the efficacy and feasibility of Azacitidine (a DNA hypomethylating
agent) in nine patients to prevent disease recurrence after SCT and in eight patients as
maintenance therapy [55]. It was administrated daily for 5 days and was repeated every
4 weeks for a median duration of follow-up of 11 months. The EFS and OS rates after a year
were 55 and 90%, respectively. In a paper by Cruijsen et al., 27 patients with AML who had
relapsed post-SCT received Azacitidine for 3 days at a total daily dose of 100 mg which was
followed by donor lymphocyte infusion on day 10 [56]. The next course started on day 22. A
total of 60 courses of Azacitidine were administered. The OS from the initiation of Azacitidine
was 136 days (range of 23–873), and the survival rate after 2 years was 16%. In a study by
Bolanos-Meade et al., 10 patients with AML relapse post-SCT receiving Azacitidine 75 mg/m2/
day for 5–7 days were evaluated [57]. Of the 10, six achieved complete remission, one had stable
disease, and three progressed after a median of six cycles. After a median follow-up of 624 days,
the OS was 422.5 days (range 127–1411). These studies demonstrated that Azacitidine is
effective and well tolerated by the patients without exacerbation of GVHD.

A Phase II trial was conducted by De Lima et al. to determine the maintenance dose of
azacitidine postallogenic HSCT for recurrent AML or MDS [58]. Forty-five high risk patients
with a median age of 60 years were treated. A combination of five different azacitidine was
investigated (8, 16, 24, 32, and 40 mg/m2), on four different schedules. Each scheduled cycle
consisted of 5 days of drug administration and 25 days of rest. Reversible thrombocytopenia
was found out to be the dose limiting toxicity. The optimal azacitidine combination determined
from this study was 32 mg/m2 administered for four cycles with a median follow-up of
20.5 months. The 1-year event-free survival and OS were 58 and 77%, respectively.

Decitabine (DAC) is a hypomethylating agent that irreversibly binds and inhibits DNA meth-
yltransferase-1, resulting in loss of DNA methylation. Using DAC in maintenance therapy
may help eradicate minimal residual disease and facilitate a graft versus leukemia effect by
enhancing the effect of T-regulatory lymphocytes. One of the first studies to use Decitabine
(DAC) as a maintenance drug postallogenic HSCT in pretreated patients with AML and MDS
was conducted in 2012 by Choi et al. [59]. A total of 19 patients with a median age of 60 years
were enrolled out of which 14 had AML, and five patients had MDS. All conditioning regi-
mens were myeloablative. Three cohorts had been completed and a final fourth cohort is cur-
rently enrolling. Four doses of DAC had been investigated (5, 7.5, 10, and 15 mg/m2/day)
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administered for 5 days in a 6 weeks cycle. The median follow-up post-HSCT was 24 months.
Approximately 43% of the patients were able to receive all eight cycles. It was determined
that a dose of 15 mg/m2 administered for 5 days, every 6 weeks was safe. Although results
were not statistically significant, an increasing FOXP3 expression was observed in all patients.
The lack of toxicities and low GVHD incidence indicated that further studies had to be con-
ducted to determine the exact dosage of DAC required for maintenance.

A more recent and similar study by Pusic et al. [59], DAC was assessed for its safety and efficacy
as a maintenance therapy in patients with AML and MDS post-HSCT. Twenty-two patients
were enrolled and divided into four cohorts. DAC was administered in four doses (5, 7.5, 10,
and 15 mg/m2/day), for 5 days every 6 weeks, for a maximum of eight cycles. Nine patients
completed all eight cycles out of which eight patients remained in CR. DAC maintenance did
not clearly impact the rate of chronic GVHD, although a similar trend of increased FOXP3
expression seen. DACs maintenance was associated with acceptable toxicities when given in
the postallogenic HSCT setting. Although the maximum tolerated dose was not reached, the
dose of 10 mg/m2 for 5 days every 6 weeks appeared to be the optimal dose.

Sorafenib is a tyrosine kinase inhibitor (TKI) that inhibits the FLT3 tyrosine kinase receptor.
The FLT3-ITD mutation is associated with a high relapse rates for patients with AML postal-
logenic HSCT. Chen et al. [60] conducted a Phase 1 trial using sorafenib as maintenance therapy
for post-HSCT in patients with FLT3-ITD AML. The patients received an assortment of
conditioning regimens (10 reduced intensity and 12 myeloablative). They were all in morpho-
logical remission with predominant donor chimerism post-HSCT before starting maintenance
therapy. A dose escalation 3 + 3 cohort design was used to define the maximum tolerated dose
(MTD). Ten patients were additionally treated at the MTD. Sorafenib was started between days
45 and 120 post-HSCT and given continuously for 12 cycles, each cycle consisting of 28 days.
No significant flares of acute GVHD was observed after starting sorafenib. The 1 year cumu-
lative incidence of chronic GVHD was 42% (90% CI, 23%, 60%). Serial FLT3 ligand levels were
measured in seven patients. Median level at baseline and prior to any drug administration was
125 pg/ml, which significantly increased to a median level of 254 pg/ml (P = 0.016) measured
on day 29 of cycle 1. The surviving patient median follow-up was 14.5 months post-HSCT. The
1 year PFS is 84% (90% CI, 63–94%) and 1 year OS is 95% (90% CI, 79–99%). Only one patient
relapsed post-HSCT. The study concluded Sorafenib may reduce the rate of relapse, was safe
to give as maintenance therapy after HSCT for patients with FLT3-ITD AML. The use of
maintenance sorafenib and other FLT3 inhibitors post-HSCT warrants further investigation.

6. Non Hodgkins Lymphoma

The use of high-dose chemotherapy followed by ASCT has been in use for a long time as a
potential treatment for diffuse large B cell lymphoma (DLBCL). However, it is now mostly
restricted to chemosensitive DLBCL [61, 62]. The PARMA trial began with 216 patients who
received two courses of DHAP (dexamethasone, Ara-C, cisplatin) confirmed the superiority
of dose intensification with autologous bone marrow transplantation over conventional
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administered for 5 days in a 6 weeks cycle. The median follow-up post-HSCT was 24 months.
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for post-HSCT in patients with FLT3-ITD AML. The patients received an assortment of
conditioning regimens (10 reduced intensity and 12 myeloablative). They were all in morpho-
logical remission with predominant donor chimerism post-HSCT before starting maintenance
therapy. A dose escalation 3 + 3 cohort design was used to define the maximum tolerated dose
(MTD). Ten patients were additionally treated at the MTD. Sorafenib was started between days
45 and 120 post-HSCT and given continuously for 12 cycles, each cycle consisting of 28 days.
No significant flares of acute GVHD was observed after starting sorafenib. The 1 year cumu-
lative incidence of chronic GVHD was 42% (90% CI, 23%, 60%). Serial FLT3 ligand levels were
measured in seven patients. Median level at baseline and prior to any drug administration was
125 pg/ml, which significantly increased to a median level of 254 pg/ml (P = 0.016) measured
on day 29 of cycle 1. The surviving patient median follow-up was 14.5 months post-HSCT. The
1 year PFS is 84% (90% CI, 63–94%) and 1 year OS is 95% (90% CI, 79–99%). Only one patient
relapsed post-HSCT. The study concluded Sorafenib may reduce the rate of relapse, was safe
to give as maintenance therapy after HSCT for patients with FLT3-ITD AML. The use of
maintenance sorafenib and other FLT3 inhibitors post-HSCT warrants further investigation.

6. Non Hodgkins Lymphoma

The use of high-dose chemotherapy followed by ASCT has been in use for a long time as a
potential treatment for diffuse large B cell lymphoma (DLBCL). However, it is now mostly
restricted to chemosensitive DLBCL [61, 62]. The PARMA trial began with 216 patients who
received two courses of DHAP (dexamethasone, Ara-C, cisplatin) confirmed the superiority
of dose intensification with autologous bone marrow transplantation over conventional
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chemotherapy in patients with relapsed diffuse NHL [62]. In different types of lymphoma,
relapse is the most important cause of mortality post-transplant, particularly within the first
9 months post-SCT. This is further demonstrated in a study conducted by Hamdani et al.,
where patients with DLBCL were compared among autologous HCT outcomes for chemo-
sensitive DLBCL patients between 2000 and 2011 [63]. These were divided in two cohorts based
on time to relapse from diagnosis. The early rituximab failure (ERF) cohort consisted of patients
with primary refractory disease or patients who had first relapse within a year of their initial
diagnosis. This group was then compared with those patients who had relapses more than a
year after initial diagnosis (late rituximab failure [LRF] cohort). Both the ERF and LRF cohorts
included 300 and 216 patients, respectively. Nonrelapse mortality (NRM), OS, PFS values of
ERF versus LRF groups at the 3 years were 9% (95% confidence interval [CI], 6–13%) versus
9% (95% CI, 5–13%, 50% (95% CI, 44–56%) versus 67% (95% CI, 60–74%), and 44% (95% CI, 38–
50%) versus 52% (95% CI, 45–59%), respectively. On a multivariate analysis, the ERF was not
associated with a higher NRM (relative risk [RR], 1.31; P = 0.34). The ERF group experienced
a higher risk of treatment failure (RR, 2.08; P < 0.001) and overall mortality (RR, 3.75; P < 0.001)
within the first 9 months after autologous HCT. Beyond this period, the PFS and OS were not
significantly different between both groups of LRF and ERF. Several studies have evaluated
different treatment approaches for relapse post-SCT. In one such study by Haioun et al., 269
patients randomized into two groups receive rituximab maintenance (n = 139) for four weeks,
or observed without maintenance (n = 130) after SCT [64]. Patients were then randomized into
two groups of those achieving complete response (CR) (n = 130), and those who achieved
incomplete or partial response (n = 139). After a median follow-up of 4 years from the second
randomization, the EFS was 80% in the rituximab arm in comparison to 70% in observation
only arm with no statistically significant difference in between both groups (P = 0.99), though
significant difference was found in both arms of patients who achieved CR post-SCT. In another
study by Gisselbrecht et al., of the 477 relapsed patients enrolled, 242 responded to salvage
therapy and received SCT and high-dose chemotherapy [65]. They were then assigned to
receive either rituximab for 1 year (n = 122), or observation alone (n = 120). After a median
44 months of follow-up post-SCT, no significant difference was found regarding EFS, PFS, or
OS between both groups. Interestingly, significant difference was found in EFS between
women (63%) and men (46%) in the rituximab group. This could be explained by the higher
concentration of rituximab in females due to their slower body release [66]. The quality of life
of 269 patients with DLBCL randomized to receive either rituximab or observation alone post-
SCT was done in a study conducted by Heutte et al. [67]. The study showed that Rituximab
decreased pain and severity of symptoms, with the long-term difference in quality of life post-
SCT was not dependent on rituximab maintenance. As concluded by these studies, rituximab
could be used as a maintenance therapy post-SCT as being a feasible and safe option, but does
not improve disease control or survival outcome and needs to be investigated further.

Though mantle cell lymphoma (MCL) is still considered a poor prognosis type of non-Hodgkin
lymphoma [68], rituximab has proven efficacy in Phase III studies by prolonging disease-free
survival and improving clinical response in patients with MCL undergone SCT [69]. Better
response was correlated with detection of PCR undetectable markers in bone marrow and
peripheral blood after SCT [70–72]. In a study by Andersen et al. [73], 74 patients showed
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complete response of 145 patients with SCT, 36 had molecular relapse after a mean of
18.5 months following SCT, and 26 patients got administrated pre-emptive rituximab which
could induce a remission of 92%. Median clinical and molecular-free survival was 3.7 and
1.5 years, respectively, stating the importance of PCR analysis for patients with MCL to stratify
high-risk group of patients.

7. Hodgkins Lymphoma

As in non-Hodgkin lymphoma, high-dose therapy followed by autologous stem-cell trans-
plantation is the standard of care for relapsed patients of Hodgkin’s lymphoma (HL), and for
patients who did not respond to the salvage treatment [74]. Studies have shown that SCT could
significantly increase the progression-free survival (PFS) [75]. Several treatment approaches
have been studied to increase outcome after SCT as radiation before and after SCT and
consolidation post-SCT [76, 77]. Brentuximab vedotin, an anti-CD 30 antibody linked to
protease cleavage agent has been studied as a post-transplant therapy for HL. A Phase II study
by Younes et al. showed that response rate to brentuximab is 75% in relapsed patients with HL
and complete response rate was 34% after 2 years [78]. The AETHERA study [79] evaluated
brentuximab as an early consolidation therapy post-SCT where 329 patients with relapsed or
refractory HL were randomly assigned to receive 16 cycles of 1.8 mg/kg brentuximab vedotin
(n = 165), or placebo (n = 164) starting 30–45 days after SCT. PFS was significantly higher in
patients in the brentuximab vedotin group compared with those in the placebo group (95% CI
0.40–0.81; P = 0.0013), with median PFS of 42.5 months in brentuximab receiving patients
compared with 24.1 months in patients receiving placebo. After 24 months of follow-up, 63%
of brentuximab group were alive in comparison with the 51% in the placebo group. The study
concluded that the administration of brentuximab early after SCT in relapsed or refractory HL
patients had significantly improved EFS and OS.

8. Conclusion

IMiDs have also decreased relapse rates along with a decrease in the PFS and OS rates;
increasing the mean survival from the previous 3-year survival to an 8-year post-transplant
survival. The combination of thalidomide and steroid is promising and has shown significant
improvement in the EFS and PF rates in comparison to a lone steroid therapy, although
neuropathy is still a major concern in thalidomide-based regimen for prolonged use. Lenali-
domide surpasses in tolerance when compared with thalidomide due to its unique efficacy
and toxicity profile and has proven to be an effective maintenance therapy following AHSCT
with a significant impact on improving the PFS and OS. Similarly, Bortezomib has its defined
efficacy and toxicity profile and showed significant increase in PFS and OS in patients as a
maintenance therapy in renal-impaired patients suffering from MM.

MM summary: IMiDs have decreased relapse rates and PFS OS rates. Mean survival with the
new modalities is 8 years post-transplant from 3 years.
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Thalidomide summary: thalidomide + dexamethasone usage has shown good improvement in
EFS and PF rates compared with using dexamethasone alone. OS values are variable. Neuro-
pathy is the major concern in thalidomide-based regimen for long-term use. No optimal
duration for thalidomide has been established.

Lenalidomide summary: due to its higher efficacy and a lower toxicity profile the use of lenali-
domide surpasses in tolerance when compared with thalidomide. Lenalidomide is an effective
maintenance therapy following AHSCT, having and has significant impact on improving the
PFS and OS. Long-term usage was found to be associated with an elevated risk of hematologic
complications, neutropenia. SPM risk was significantly higher in patients receiving melpha-
lan + lenalidomide.

Bortezomib summary: bortezomibs has a defined efficacy and toxicity profile. Significant
increase in PFS and OS in patients using bortezomib post-HSCT. Bortezomib is effective as a
maintenance therapy in renal impaired patients suffering from MM. Exact dose of maintenance
therapy is not yet known.

CML summary: TKIs have proven to improve survival following SCT. The efficacy of TKIs
following SCT depends on the phase of the disease; a good prognosis if TKIs were used for
relapse CP phase, less if used for relapse in the AP or BP phases. Dasatinib is effective in the
treatment of relapse of CML post-transplant, is well tolerated despite the hematological side
effects. Dasatinib can penetrate extramedullary tissues and CNS. Presently, there is an
insufficiency of current data required to determine the efficacy of using TKI after SCT for
maintenance. Nonetheless, given its efficacy in relapsed disease, many physicians use this
strategy for maintenance.

Ph + ALL summary: SCT has been used as a curative treatment for Ph + ALL postinduction
chemotherapy to improve the long-term survival. Dasatinib was effective and tolerated by
Ph + ALL patients after SCT.

AML summary: the duration of remission after SCT is the most important predictor of for
survival after relapse. Azacitidine, decitabine, sorafenib, and other FLT3 inhibitors are effective
and well tolerated by the patients without exacerbation of GVHD. Although studies of using
FLT3 inhibitors as maintenance therapies are still on going, the data collected so far shows
promising results and merits further trials.

NHL summary: high-dose chemotherapy followed by ASCT has been in use for a long time as
a potential treatment for DLBCL. A 5-year event-free survival rate was significantly higher in
patients who received ASCT and chemotherapy, than patients receiving salvage therapy alone.
Rituximab could be used as a maintenance therapy post-SCT as being a feasible and safe option,
but does not improve disease control or survival outcome and needs to be investigated.

HL summary: SCT could significantly increase the progression-free survival. Brentuximab early
after SCT in relapsed or refractory HL patients had significantly improved EFS and OS.
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Abstract

Regenerative medicine is a scientific field that focuses on new approaches in the autolo-
gous repair and/or replacement of cells, tissues and/or organs. With time and technical 
advancements, urethral regeneration, corneal and retinal regeneration, genetically modi-
fied skin transplantation has become routine clinical and tissue reconstructive art only due 
to successful clinical use of stem cells and engineered tissue grafting at defined locations 
in respective organs in order to bring back the natural or improved physiological func-
tions with enhanced capacity. The tissue engineering and reconstructive art are becom-
ing integral part of the regenerative medicine. This chapter highlights the importance of 
regenerative medicine in successful tissue reconstruction for organ transplantation.

Keywords: regenerative medicine, urethral defects, bronchomalacia, limbal stem cells, 
skin transplants, amniotic stem cells, corneal and retinal stem cells

1. Introduction

There have been exponential advances in the field of tissue engineering and regenerative 
medicine (TERM). There is an active and progressive focus of research to study the mech-
anisms of injury and how they interface and activate endogenous progenitor cell popula-
tions and with a particular focus on elucidating how progenitor cells interact with cells of the 
immune system. A lot of work has focused on identifying precisely which pool of stem cells 
actively participates in endogenous repair/regeneration processes.

Human embryonic stem cells have an endless capacity to divide, offer an unlimited source 
of cells, are capable of becoming any type of cell, and can be differentiated in the laboratory. 
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The use of hESC-derived cells is an attractive treatment approach, in fact, for many different 
diseases because transplanted cells may be able to react to changing conditions in the micro-
environment, which is an important biological process.

In the biomaterial area of regenerative medicine, much attention has been paid to the 
advancement of material design through the promotion of endogenous stem cell differentia-
tion toward a specific phenotype of interest by modulating physical attributes of the scaf-
fold (including stiffness, topography and porosity). Advanced materials that select refined 
populations and direct their differentiation may provide a mechanism to achieve improved 
in vivo regeneration.

This chapter presents the current state of the art on identifying organ defects, applying 
feasibility testing of regenerative host-progenitor cell interactions and finally, assessment 
of endogenous repair or reconstructed urethra, cornea, bronchi, retina, skin, foetal tissues 
with a possibility of engineered tissue transplants widely used in routine clinical practice.

2. Clinical success in tissue reconstruction

2.1. Urethral reconstruction for large ureteral defects

In an interesting research area, a tissue engineering approach was used to restore function in a 
small group of boys with large urethral defects. Biopsies of bladder tissue were obtained, and 
smooth muscle and epithelial cells were isolated and cultured. The cells were then seeded onto 
tubular poly(glycolic acid)-poly(lactic-co-glycolic acid) scaffolds. Following culture for 1 week 
to ensure cell viability and matrix production, grafts were used for urethral reconstruction. 
The authors report that all five patients maintained functional flow rates at 36–72 months post-
implantation, and biopsies confirmed that tissue organisation is similar to the native tissue.

2.2. Autologous limbal stem cells in corneal damage

Autologous stem cell therapy has been used to reverse corneal destruction due to burns. In 
one study, autologous limbal stem cells were cultured on fibrin to treat corneal damage in 
over 100 patients. At 10 years of follow-up, more than 75% of patients had a restored corneal 
epithelium layer. Clinical success was correlated to the percentage of functional stem cells 
(holoclone-forming) observed in the culture. Specifically, if cultures contained more than 3% 
holoclone-forming cells, clinical success was found in 78% of patients. On the other hand, if 
less than 3% holoclone-forming cells were found, success was seen in only 11% of the patients. 
This chapter elucidates the potential for limbal stem cells for corneal repair.

2.3. Platelet-rich plasma in orthopaedic sports injuries

Currently, use of platelet-rich plasma (PRP) to treat orthopaedic sports injuries is showing 
promise in this area. Several randomised control trials are underway, and early results 
have been recently published. Peerbooms et al. first reported the beneficial effects of PRP 
over corticosteroid injections for the treatment of lateral epicondylitis in a double-blind 
RCT. At 1 year, marked improvements were seen in both patient-reported outcomes as well 
as functional scores, and more recent data suggest these results persist up to 2 years.
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2.4. Tissue engineered airway

A 30-year-old woman with end-stage bronchomalacia was transplanted with a tissue-engineered 
airway. Cells and MHC antigens were removed from human donor trachea and then colonised 
by epithelial cells, and mesenchymal stem cell-derived chondrocytes were taken from the recipi-
ent. This graft was then used to replace the recipient’s left main bronchus. The graft immediately 
provided the recipient with a functional airway, improved her quality of life and had a normal 
appearance and mechanical properties at 4 months. The patient had no anti-donor antibodies 
and was not on immunosuppressive drugs. This case suggested that autologous cells combined 
with appropriate biomaterials might provide successful treatment for patient with serious clini-
cal disorders (Figure 1) [1].

Figure 1. (A) Diagnostic CT angiography of intrahepatic portal flow (arrow), collaterals feeding the portal vein but 
no external portal vein in continuity (arrowhead) and enlarged spleen and collaterals around the oesophagus and in 
the liver hilum (open arrow). (B and C) Surgical correction showing graft attachment to the superior-mesenteric vein 
(arrow) and left portal vein (arrowhead). (D) Perioperative ultrasound with blood flows of 25–40 cm/s in the graft and 
intrahepatic portal vein. (E) Angiography showing a patent graft (arrows) 1 week after the surgery (reconstruction of 
3–4 CT scans).
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2.5. Transplant of genetically modified skin

Recently, Dr Michele De Luca, MD and his colleagues in Italy saved the life of a boy who 
had lost most of his epidermis by life-saving regeneration of virtually the entire epidermis. 
Patient’s own epidermal stem cells were genetically modified to have functional copies of the 
gene that was mutant [2].

The boy was presented with blistered skin, which is the characteristic of junctional epider-
molysis bullosa (JEB), and associated bacterial skin infections. Within days, about 60% of his 
epidermis had vanished. LAMB3 is one of three genes that encode a laminin protein that links 
the epidermis to the dermis.

The researchers cultured primary keratinocytes from a 4-cm2 biopsy specimen from an unblis-
tered area in the boy’s left inguinal region. Then, they used retroviral vectors to introduce 
LAMB3 genes. The grafts grew. The genetic modification of those cells by introducing extra 
copies of the LAMB3 gene restored the epidermal machinery.

Three types of cultures grew into grafts from the boy’s cells: holoclones, which are all stem 
cells; paraclones, which are specialised cells and meroclones, which are partly differenti-
ated cells. The transgenic grafts harbour all three types of clones, but only the holoclones 
persist.

Procedures were done to cover the affected areas with genetically modified and regenerated 
grafts. The patches were up to several inches in diameter and were applied on a properly pre-
pared wound bed. After engraftment, the epidermis looks basically normal, and that is also 
true at the molecular level in terms of the adhesion machinery that has been replaced. Within 
5 weeks, the cells had covered about 80% of the boy’s body. Even hairs grew, which usually 
does not happen with the conventional skin grafts. This case suggested that transgenic epi-
dermal stem cells can regenerate a fully functional epidermis virtually indistinguishable from 
a normal epidermis, in the absence of related adverse events [2].

2.6. Amniotic-derived tissue grafts for enhanced skin regeneration

Amniotic tissues contain many regenerative cytokines, growth factors and extracellular matrix 
molecules, including proteoglycans, hyaluronic acid and collagens I, III and IV. Dehydrated 
amnion/chorion grafts are currently used to treat a variety of wounds such as diabetic foot 
ulcers and burns. In a recent study, Mowry et al. [3] found that all amniotic-derived tissue grafts 
appeared to stimulate improved healing over sham wounds (ungrafted wounds), evidenced by 
more normal appearing dermal matrix architecture, epidermal structure and maturity. In addi-
tion, the hypothermically stored amniotic membrane (HSAM) grafts promoted greater tissue 
regeneration than the dehydrated amnion/chorion (dHACM) meshed grafts, as measured by the 
presence of basket-weave collagen matrix and formation of follicles and glands (Figures 2 and 3).

Current studies point to several critical factors that may contribute to enhanced wound repair 
with amniotic-derived tissues including ECM, cytokines and growth factors, stem cells and 
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immunomodulation of the wound environment [4]. This study highlights the importance of 
processing techniques and how they influence the quality of wound healing.

2.7. Stem cell therapy in retinal degeneration

Retinal pigment epithelial (RPE) cells derived from human embryonic stem cells can be safely 
transplanted into the eyes of the patients with retinal degeneration, with early signs of vision 
gain, according to pioneers in the field.

Two teams of researchers (Dr Eyal Banin from Israel and Dr. Ninel Z. Gregori from Florida) 
reported preliminary findings from phase 1 and phase 2 trials at the American Academy of 
Ophthalmology (AAO) 2017 Annual Meeting [5]. Patients had the dry form of age-related 
macular degeneration(AMD) or Stargardt disease and received injections of human embry-
onic stem cell (hESC)-derived RPE cells. Results of the studies are optimistic even though the 

Figure 2. Schematic of the composition of amniotic-derived products. (A) Basic structure of native placental tissues 
outlining amniotic membrane, which interfaces with the foetus and major components such as epithelium, basement 
membrane, stromal layer and the spongy layer and the chorion which interfaces maternal tissues. Schematic of  
(B) dehydrated amnion/chorion and (C) hypothermically stored amniotic membrane.
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studies are very early and very small. This is just a first step in the long road toward making 
regenerative cell therapy a reality in macular and retinal degeneration.

Dysfunction and degeneration of RPE cells contribute to vision loss in AMD. In both studies, 
human embryonic stem cells were turned into RPE cells and injected into the sub-retinal space 
of the patients with retinal degeneration at a dose of 50,000–200,000 cells. The expectation is 
that, once in place, the new RPE cells will support or replace the patient’s own failing RPE 
cells and boost the survival of photoreceptors.

3. Conclusion

With science and technical advancement in the regenerative medicine and tissue engineering, 
recent research data suggest detailed investigative studies on the mechanisms of endogenous 
injury, interactions at organ or tissue cell interface with activated endogenous progenitor cell 
populations, with a particular focus on mechanisms of how progenitor cells behave with cells 
of the immune system. Several reports suggest success in identifying pool of stem cells trans-
planted and actively participated in endogenous corneal, retinal, epicondyle, skin, bronchi 
and foetal organ repair/regeneration processes.

Figure 3. Twenty-one day representative histological sections: (A) sham; (B) dehydrated amnion-chorion (dHACM) 
meshed; (C) dHACM; and (D) hypothermically stored amniotic membrane (HSAM). Histologic summary: High-
magnification images were used to assess the wounds qualitatively, and representative images are shown in this figure. 
Amniotic-derived grafts stimulated more robust healing and wound repair than sham wounds. Interestingly, HSAM-
treated wounds displayed early epidermal formation, reconstitution of dermal appendages and a high degree of the 
basket-weave matrix, thus producing regenerated skin tissue that closely mimics unwounded skin at 21 days.
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Abstract

Stem cell therapy is a new strategy for patients with ischemic heart disease. However, 
no consensus exists on the most optimal delivery strategy, but an important factor that 
determines the success of stem cell therapy is the choice of cell delivery route to the heart. 
Delivery strategy affects the fate of cells and subsequently influences outcome of proce‐
dure. Our review summarizes current approaches for administration of stem cells to the 
heart. Three most used approaches are intracoronary, intramyocardial, and epicardial 
injection. They have been widely used for delivery of different types of cells. There are 
several advantages of these stem cell administration approaches, but stem cell retention 
and stem cell survival rates are quite low using these methods, which might limit their 
therapeutic effects. Alternative attempts to improve current stem cell therapy methods 
are reviewed along with emerging new stem cell delivery approaches. The present chap‐
ter displays the current status on stem cell delivery techniques, their efficacy, and clinical 
success in different trials.

Keywords: stem cell therapy, delivery method, ischemic heart disease, intramyocardial  
injection

1. Introduction

Regenerative medicine with stem cell therapy has been tested in clinical trials in patients with 
ischemic heart disease [1]. The aim of this method is to induce growth of new blood vessels 
in the myocardium or replacement of damaged myocardial cells either directly by differentia‐
tion of stem cells or by a paracrine effect of cytokines secreted from the stem cells.
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When applied to the heart stem cell therapy, it has several important factors that might influ‐
ence therapeutic success, including the properties of stem cells and type of the disease that 
affect the heart of host.

The choice of the delivery methods is also very important because this will affect the reten‐
tion rate, survival, integration in the host, and functionality of stem cells. Therefore, delivery 
method influences the subsequent outcome of this new emerging treatment [2].

The aim of this review is to discuss methods of delivery in regenerative stem cell therapy in 
patients with ischemic heart disease. We will focus on current issues derived from conducted 
clinical trials and emerging new approaches.

2. Routes to the heart: advantages and disadvantages

Different approaches for delivering cells to the heart were developed and are utilized in pre‐
clinical and clinical current studies: intramyocardial (IM), intracoronary (IC), and intravenous 
(IV) (Figure 1) approaches were widely used, but no method currently meets the criteria of a 
perfect delivery method [3]. A stepwise approach of optimal delivery would consider if the 
patient needs open chest surgery. Surgical intramyocardial delivery is the most direct but 

Figure 1. Major routes for delivering stem cells to the heart.
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reserved for patients necessitating coronary artery bypass grafting (CABG) with direct tho‐
racotomy. Catheter‐based intramyocardial delivery is limited by the technology of catheters 
and mapping systems. In patients with recent myocardial ischemia and injury due to a signifi‐
cant stenosis or occlusion of a coronary artery, intracoronary artery delivery may not be the 
optimal route regardless of experimental results with the technique. In this case, intravenous 
or intracoronary venous injection is preferred.

Each of the techniques has its own advantages and disadvantages. The optimal method is still 
unclear. Studies have used either intravenous, intracoronary, or intramyocardial injection.

2.1. Chronology of optimal delivery developments

In 2001, the first rodent study with stem cells was published by Orlic et al., showing improve‐
ment in the heart function by regeneration [4]. Six months later, the first clinical trial on 
humans reported positive results for intracoronary injection of bone marrow stem cells after 
acute myocardial infarction [5].

Starting with the preclinical pioneering work of Orlic et al., intramyocardial and intravenous 
deliveries of BMC have been shown to improve left ventricular function in ischemic heart 
disease (Table 1).

• The transcoronary catheter‐based procedure was first performed by Thompson et al. using 
a catheter in combination with an intravascular ultrasound imaging and demonstrated in 
swines that are feasible and safe [6]. Few years later, Siminiak et al. finished the first phase 
I clinical trial with his method confirming the feasibility and safety of the procedure in 
humans [7].

• The transendocardial technique was first used in a swine model by Fuchs et al. who dem‐
onstrated improvement of the cardiac function [8]. Since then, clinical studies have been 
published with positive results.

• The first trial of bone marrow stem cells in chronic ischemic cardiomyopathy was per‐
formed by Perin et al. [9]. He studied percutaneous transendocardial injection of stem cells 
and provided encouraging results.

• For the intravenous infusion, the safety and feasibility have been confirmed using a swine 
model [10] as well as later in a phase I clinical study on humans [11].

• In a swine model of myocardial injury, Vicario et al. [12] and Yokoyama et al. [13] demon‐
strated that retrograde coronary sinus injection does not produce significant hemodynamic 
changes and reported presence of autologous bone marrow stem cells in the myocardium.

2.1.1. Intravenous delivery

The systemic route of delivery is simple, not so invasive, but retention to the heart of stem 
cells is very low. Higher rates of retention were seen with mesenchymal cells because of their 
homing capacity. This route needs to be associated with methods of enhancing homing to the 
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Clinical trial Administration Reference

2002 TOPCARE‐AMI Intracoronary [14]

2004 Perin et al. Intracoronary [47]

2004 BOOST Intracoronary [16]

2004 Chen et al. Intracoronary [38]

2004 Siminiak et al. Epicardial [48]

2005 Katritsis et al. Intracoronary [36]

2005 Erbs et al. Intracoronary [49]

2006 REPAIR‐AMI Intracoronary [50]

2006 Assmus et al. Intracoronary [51]

2006 ASTAMI Intracoronary [19]

2006 Chen et al. Intracoronary [39]

2006 Fuchs et al. Intracoronary [34, 35]

2006 Beeres et al. Intracoronary [52]

2006 Hendrikx Epicardial [53]

2006 Kang et al. Intracoronary [54]

2007 Losordo et al. i.m. [30]

2007 Katritsis et al. Intracoronary [36]

2007 Mohyeddin‐Bonab et al. i.m. [55]

2007 Beeres et al. Intracoronary [56]

2007 Ahmadi et al. i.m. [57]

2008 Diederichsen et al. Intracoronary [58]

2008 FINCELL Intracoronary [59]

2008 Menasche et al. Epicardial [60]

2008 HEBE Intracoronary [61]

2008 Beeres et al. Intracoronary [62]

2009 Hare et al. i.v. [11]

2009 Van Ramshorst et al. i.m. [63]

2009 BALANCE Intracoronary [64]

2009 MYSTAR Intracoronary/i.m. [65]

2009 REGENT Intracoronary [66]

2010 Kastrup et al. i.m.

2010 Strauer et al. Intracoronary [67]

2011 Yerebakan et al. Epicardial [68]
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Clinical trial Administration Reference

2011 Williams et al. i.m. [69]

2011 Perin et al. i.m. [70]

2011 Povsic et al. i.m. [71]

2011 Duckers et al. i.m.. [72]

2011 Hirsch et al. HEBE Intracoronary [73]

2011 Roncali et al. BONAMI Intracoronary [74]

2011 Traverse et al. Late TIME Intracoronary [75]

2011 Quyyumi Intracoronary [76]

2011 Tuma Retrograde coronary [45]

2011 Moreira Retrograde coronary [46]

2012 Makkar et al. CADUCEUS Intracoronary [77]

2013 Bolli et al. SCIPIO Intracoronary [78]

2013 Vrtovec Intracoronary [79]

2013 Huang Intracoronary [80]

2013 Kurbonov et al. Intracoronary [81]

2013 Forcillo et al Via CABG + i.m. [82]

2014 Assmann et al. Via CABG+epicardial [83]

2014 Nasseri et al i.m. [84]

2014 Brickwedel et al. Via CABG [85]

2014 Hong Intracoronary + retrograde coronary 
sinus

[86]

2015 Hao Intracoronary [87]

2015 Chang Intracoronary [88]

2015 Gao Intracoronary [89]

2015 Fiarresga Intracoronary [90]

2015 Helseth Intracoronary [91]

2015 Eirin Intrarenal [92]

2015 Lee Intracoronary [93]

2016 Tseliou Intracoronary [94]

2017 Xiao Intracoronary [95]

i.m., intramyocardial.

Table 1. Cell delivery in studies and publications on myocardial infarction and chronic ischemic heart failure.
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ischemic tissue because most of the stem cells show localization in other tissues with only 
a small part of injected cells engrafted at the level of the heart [14–17]. This method may be 
limited to acute myocardial infarction and not be suitable for chronic ischemic heart disease 
because it relies on physiologic homing signals present few days after an acute myocardial 
infarction.

2.1.2. Intracoronary delivery

An attractive method is intracoronary infusion because it can disseminate relatively uni‐
formly cells to the entire region infused [18]. It is also widely available, less invasive than 
intramyocardial method, and it is used in numerous clinical trials [14–22]. Intracoronary infu‐
sion implies a percutaneous approach typically through the femoral artery with a standard 
balloon catheter. The catheter used for delivery infuses cells to the myocardial regions in 
which blood supply is preserved. For injection, balloon occlusion is needed in order to reduce 
the washout into the systemic circulation and increase adhesion of cells and transmigration of 
the infused cells to the myocardium [19–24].

One reason to use this method is the familiarity between interventional cardiologists. The 
method is less invasive than injection directly in the myocardium and requires the equipment 
standardly found in a catheterization laboratory. The method enables a relatively homoge‐
neous dissemination of stem cells to the target area.

The disadvantage of this method is that some adult stem cells such as autologous cardio‐
sphere‐derived cells [25] or mesenchymal stem cells (MSCs) [26, 27], produced microvascular 
occlusion after intracoronary delivery, raising concerns over the use of this method delivery 
in patients with ischemic heart disease. Actually, the diameter of autologous cardiosphere‐
derived cells and mesenchymal stem cells is around 20 μm, which could exceed the diameter 
of some arterioles [28]. The great majority of clinical studies use this approach to inject smaller 
cells such as bone marrow mononuclear cells. Another disadvantage could be the poor reten‐
tion rate following intracoronary injection. This is caused by the loss of a high proportion of 
stem cells in the systemic circulation during several minutes.

2.1.3. Intramyocardial‐transendocardial injection

Transendocardial injection is performed percutaneously and is less invasive than epicardial 
injection [29, 30] but more invasive than intracoronary injection. The access is made by punc‐
ture of the femoral artery or vein (transseptal approach) and then the catheter is passed in the 
left ventricle. An electroanatomical map of the left ventricle is realized in order to navigate 
inside the cavity and position the injection catheter to specific areas (Figure 2).

Electroanatomical mapping system permits left ventricular mapping and guides injection 
to the border zone between healthy and necrosed endocardium [26, 31–35]. Intramyocardial 
injection of bone marrow‐derived stem cells and also angiogenic genes has been reported to 
be safe in terms of arrhythmia or death [26, 30–35]. On the other hand, intramyocardial injec‐
tion of skeletal myoblasts has been shown to have a pro‐arrhythmogenic effect [26, 31–35].
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In a comparative study [26], intramyocardial technique was compared to intravenous delivery 
and intracoronary method. Intramyocardial injection of MSCs was better than intracoronarian 
delivery in terms of blood flow to the myocardium. In dogs and also in pigs micro‐infarctions 
were seen probably due to cell micro‐thrombi which created obstruction to the blood flow 
when injected through intracoronary path. In humans, this complication was not seen [36–39].

One disadvantage of intramyocardial injection is the formation of islet‐like clusters of stem 
cells at this level. Another disadvantage of intramyocardial injection is association with a higher risk 
of ventricular arrhythmias than with other methods of deliver [26].

2.1.4. Intramyocardial‐transepicardial injection

Epicardial injection is performed using a needle‐syringe system under direct visualization of 
the operated heart. This method is the most used in preclinical research using animal models.

The intramyocardial delivery of stem cells can be achieved by direct injection after open thora‐
cotomy (sternotomy or left thoracotomy). Most of the time this method is used in conjunction  

Figure 2. Intramyocardial injection at the border zone between healthy myocardium and dense necrosis. The border 
zone is probably hibernating but viable myocardium.
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2.1.3. Intramyocardial‐transendocardial injection
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left ventricle. An electroanatomical map of the left ventricle is realized in order to navigate 
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injection of bone marrow‐derived stem cells and also angiogenic genes has been reported to 
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tion of skeletal myoblasts has been shown to have a pro‐arrhythmogenic effect [26, 31–35].
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In a comparative study [26], intramyocardial technique was compared to intravenous delivery 
and intracoronary method. Intramyocardial injection of MSCs was better than intracoronarian 
delivery in terms of blood flow to the myocardium. In dogs and also in pigs micro‐infarctions 
were seen probably due to cell micro‐thrombi which created obstruction to the blood flow 
when injected through intracoronary path. In humans, this complication was not seen [36–39].

One disadvantage of intramyocardial injection is the formation of islet‐like clusters of stem 
cells at this level. Another disadvantage of intramyocardial injection is association with a higher risk 
of ventricular arrhythmias than with other methods of deliver [26].

2.1.4. Intramyocardial‐transepicardial injection

Epicardial injection is performed using a needle‐syringe system under direct visualization of 
the operated heart. This method is the most used in preclinical research using animal models.

The intramyocardial delivery of stem cells can be achieved by direct injection after open thora‐
cotomy (sternotomy or left thoracotomy). Most of the time this method is used in conjunction  

Figure 2. Intramyocardial injection at the border zone between healthy myocardium and dense necrosis. The border 
zone is probably hibernating but viable myocardium.
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with cardiac surgery such as coronary artery bypass grafting (CABG) or left ventricular 
assist device (LVAD) [40−42]. Myocardial retention rates have been similar to those of a 
transendocardial approach [1, 3, 43]. The advantage is that in some types of necrosis: intra‐
myocardial, epicardial, or combined, targeted tissue can be reached only through a direct 
epicardial access.

Other options not so invasive like open chest thoracotomy have been tried: minimally inva‐
sive lateral thoracotomy using thoracoscopic injection to the epicardium and minimally inva‐
sive subxifoidian technique using robotic devices [44].

2.1.5. Intracoronary sinus injection

Another technique to inject stem cells to the heart of animals or humans [45−47] is through the 
coronary sinus or tributary veins. The percutaneous approach is made through the femoral 
vein. With the use of a catheter that passes in the right atrium, one can cannulate the coronary 
sinus and access the middle cardiac vein, the great cardiac vein, or other tributaries of the 
coronary sinus. For injection, balloon occlusion is needed in order to reduce the washout into 
the systemic circulation. Comparing with the intracoronary injection, this method has the 
advantage of lower risk of coronary embolism and injection can be made even in areas with 
low arterial supply.

3. Electroanatomical mapping using the NOGA system

Intramyocardial injection is the method by which stem cell suspension is directly injected in 
the myocardium using a needle. This method needs electroanatomical mapping in order to 
identify the zone of necrosis. Intramyocardial injection enables stem cells to be targeted into 
this localized area. In patients with new or old myocardial infarction, stem cells are usually 
injected at the border zone of the infarct with the healthy tissue. This area has a relatively good 
blood supply to ensure stem cell survival compared to the infarcted area with no blood flow. 
Intramyocardial injection permits to target zones even with low blood flow. Intracoronary 
injection instead requires a normal flow through a coronary artery. Intramyocardial injection 
enables cells to be delivered to areas with a limited vascularity. Because this method has no 
risk of coronary embolism, larger cells can be used, like skeletal myoblasts, mesenchymal 
stem cells, and others.

The current system for intramyocardial delivery is the NOGA® XP Cardiac Navigation 
System (Biologics Delivery Systems Group of Cordis Corporation, a Johnson & Johnson 
Company). This system is able to perform electromechanical mapping of both left ventricle 
and right ventricle. Electromechanical mapping permits clear delineation of the targeted 
area and precise deployment of the therapeutic product [3]. This delivery method has 
proved to be feasible in the presence of chronic ischemic heart disease and acute myocar‐
dial infarction (within 10 days after infarction). The system incorporates an injection cath‐
eter and the real‐time reconstruction of the heart’s endocardial surface in three dimensions 
using collection of points with spatial, electrophysiologic, and mechanical information. 
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By this, a left ventricular endocardial map is obtained with electromechanical information 
that characterizes the underlying tissue and permits to navigate into the heart. This real 
map helps to precisely localize the injection catheter at the level of necrosis, border zone of 
necrosis or healthy tissue. The map is constructed by acquiring multiple points at different 
locations in the left ventricle from base to apex, from inferior to anterior, and from septal 
to lateral. These anatomical points with electrical value are gated to a surface electrocardio‐
gram. Ultra‐low magnetic fields are generated by the system using a triangular magnetic 
pad placed under the patient and other three patches positioned on the thorax of the patient. 
Each point sample contains electrical information about local activity such as unipolar volt‐
age and local contractility such as linear local shortening. The resulting tridimensional map 
of the left ventricle gives information about electromechanical properties of the myocar‐
dium and is able to distinguish between ischemic areas (which have low lineal local short‐
ening and preserved unipolar voltage) from infarcted areas (low linear local shortening and 
low unipolar voltage) [1].

3.1. Transfemoral approach with the NOGA system

Most of the studies using NOGA tridimensional system for intramyocardial delivery used the 
conventional right femoral approach in order to reach the endocardium. However there are 
cases with tortuous, angled right iliac artery, it implies difficulty in advancing the mapping 
catheter to the left ventricle and manipulating it inside the cavity. When the right femoral 
artery cannot be used, then left artery can be tried, and in case of failure, other arteries (like 
radial) or veins (femoral vein with transseptal approach) can be accessed.

3.2. Transradial approach with the NOGA system

The NOGA mapping system was designed for the transfemoral approach. This precludes 
its use in patients who have peripheral vascular disease with intense calcified and tortuous 
iliac or femoral arteries. Because NOGA catheters are advanced into the LV without using a 
guidewire, manipulation can be difficult inside the heart especially when arteries are tortu‐
ous and do not permit free rotation and angulation of the catheter. Manipulation can be even 
more challenging when using a stiffer injection catheter. Although there has been no formal 
recommendation concerning alternative approaches in patients with peripheral arterial tor‐
tuosity, there are reports showing a benefit of using radial artery or femoral vein and trans‐
septal approach in this category of patients. In the case of tortuous iliac or femoral arteries, the 
brachial access could be taken in order to avoid procedural complications.

4. Perspectives for 2017–2020

To date, there are still many unanswered questions regarding delivery methods in stem 
cell therapy. Some of these questions will be answered in the ongoing trials. Larger double‐
blinded placebo‐controlled clinical trials are needed to elucidate whether it is trans‐aortic or 
transseptal approach. It is the best method to reach different zones of endocardial necrosis. In 

Optimal Delivery Strategy for Stem Cell Therapy in Patients with Ischemic Heart Disease
http://dx.doi.org/10.5772/intechopen.69537

233



with cardiac surgery such as coronary artery bypass grafting (CABG) or left ventricular 
assist device (LVAD) [40−42]. Myocardial retention rates have been similar to those of a 
transendocardial approach [1, 3, 43]. The advantage is that in some types of necrosis: intra‐
myocardial, epicardial, or combined, targeted tissue can be reached only through a direct 
epicardial access.

Other options not so invasive like open chest thoracotomy have been tried: minimally inva‐
sive lateral thoracotomy using thoracoscopic injection to the epicardium and minimally inva‐
sive subxifoidian technique using robotic devices [44].

2.1.5. Intracoronary sinus injection

Another technique to inject stem cells to the heart of animals or humans [45−47] is through the 
coronary sinus or tributary veins. The percutaneous approach is made through the femoral 
vein. With the use of a catheter that passes in the right atrium, one can cannulate the coronary 
sinus and access the middle cardiac vein, the great cardiac vein, or other tributaries of the 
coronary sinus. For injection, balloon occlusion is needed in order to reduce the washout into 
the systemic circulation. Comparing with the intracoronary injection, this method has the 
advantage of lower risk of coronary embolism and injection can be made even in areas with 
low arterial supply.

3. Electroanatomical mapping using the NOGA system

Intramyocardial injection is the method by which stem cell suspension is directly injected in 
the myocardium using a needle. This method needs electroanatomical mapping in order to 
identify the zone of necrosis. Intramyocardial injection enables stem cells to be targeted into 
this localized area. In patients with new or old myocardial infarction, stem cells are usually 
injected at the border zone of the infarct with the healthy tissue. This area has a relatively good 
blood supply to ensure stem cell survival compared to the infarcted area with no blood flow. 
Intramyocardial injection permits to target zones even with low blood flow. Intracoronary 
injection instead requires a normal flow through a coronary artery. Intramyocardial injection 
enables cells to be delivered to areas with a limited vascularity. Because this method has no 
risk of coronary embolism, larger cells can be used, like skeletal myoblasts, mesenchymal 
stem cells, and others.

The current system for intramyocardial delivery is the NOGA® XP Cardiac Navigation 
System (Biologics Delivery Systems Group of Cordis Corporation, a Johnson & Johnson 
Company). This system is able to perform electromechanical mapping of both left ventricle 
and right ventricle. Electromechanical mapping permits clear delineation of the targeted 
area and precise deployment of the therapeutic product [3]. This delivery method has 
proved to be feasible in the presence of chronic ischemic heart disease and acute myocar‐
dial infarction (within 10 days after infarction). The system incorporates an injection cath‐
eter and the real‐time reconstruction of the heart’s endocardial surface in three dimensions 
using collection of points with spatial, electrophysiologic, and mechanical information. 

Stem Cells in Clinical Practice and Tissue Engineering232

By this, a left ventricular endocardial map is obtained with electromechanical information 
that characterizes the underlying tissue and permits to navigate into the heart. This real 
map helps to precisely localize the injection catheter at the level of necrosis, border zone of 
necrosis or healthy tissue. The map is constructed by acquiring multiple points at different 
locations in the left ventricle from base to apex, from inferior to anterior, and from septal 
to lateral. These anatomical points with electrical value are gated to a surface electrocardio‐
gram. Ultra‐low magnetic fields are generated by the system using a triangular magnetic 
pad placed under the patient and other three patches positioned on the thorax of the patient. 
Each point sample contains electrical information about local activity such as unipolar volt‐
age and local contractility such as linear local shortening. The resulting tridimensional map 
of the left ventricle gives information about electromechanical properties of the myocar‐
dium and is able to distinguish between ischemic areas (which have low lineal local short‐
ening and preserved unipolar voltage) from infarcted areas (low linear local shortening and 
low unipolar voltage) [1].

3.1. Transfemoral approach with the NOGA system

Most of the studies using NOGA tridimensional system for intramyocardial delivery used the 
conventional right femoral approach in order to reach the endocardium. However there are 
cases with tortuous, angled right iliac artery, it implies difficulty in advancing the mapping 
catheter to the left ventricle and manipulating it inside the cavity. When the right femoral 
artery cannot be used, then left artery can be tried, and in case of failure, other arteries (like 
radial) or veins (femoral vein with transseptal approach) can be accessed.

3.2. Transradial approach with the NOGA system

The NOGA mapping system was designed for the transfemoral approach. This precludes 
its use in patients who have peripheral vascular disease with intense calcified and tortuous 
iliac or femoral arteries. Because NOGA catheters are advanced into the LV without using a 
guidewire, manipulation can be difficult inside the heart especially when arteries are tortu‐
ous and do not permit free rotation and angulation of the catheter. Manipulation can be even 
more challenging when using a stiffer injection catheter. Although there has been no formal 
recommendation concerning alternative approaches in patients with peripheral arterial tor‐
tuosity, there are reports showing a benefit of using radial artery or femoral vein and trans‐
septal approach in this category of patients. In the case of tortuous iliac or femoral arteries, the 
brachial access could be taken in order to avoid procedural complications.

4. Perspectives for 2017–2020

To date, there are still many unanswered questions regarding delivery methods in stem 
cell therapy. Some of these questions will be answered in the ongoing trials. Larger double‐
blinded placebo‐controlled clinical trials are needed to elucidate whether it is trans‐aortic or 
transseptal approach. It is the best method to reach different zones of endocardial necrosis. In 

Optimal Delivery Strategy for Stem Cell Therapy in Patients with Ischemic Heart Disease
http://dx.doi.org/10.5772/intechopen.69537

233



cases of intramyocardial or epicardial necrosis, epicardial approach should be compared with 
endocardial one. Brachial can be an option for patients who have peripheral vascular disease 
with impossible femoral approach. Novel biomedical engineering is used in several emerging 
technologies for delivering stem cells to the heart. These include transplantation of stem cells 
as tissue‐engineered constructs [80]. All these delivery options will permit a more individual 
and personalized stem cell treatment strategy in patients with ischemic heart disease.

5. Conclusions

There are several methods of cell delivery to the heart. However, none of these are perfect for 
every type of ischemic disease or every stem cell type. Advantages and disadvantages of each 
technique will help in tailoring the treatment protocol for every individual patient and will 
aid in planning future clinical trials. Combining these techniques (e.g. intracoronary artery + 
intracoronary sinus injection) could reduce washout and increase adhesion to the necrosed 
area. Emerging new approaches need to be also developed for the future of clinical success 
using stem cell therapy administered for ischemic heart disease.
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Abstract

Immune cell therapies have been studied in numerous clinical trials using Advanced 
Therapy Medicinal Products (ATMP) against a number of diseases having no or inadequate 
alternative therapies available, for example, various cancer types, cerebral stroke, cardiac 
infarction, severe autoimmune disorders, or chronic infections. Despite the enormous num-
ber of positive observation in ex vivo or animal studies, convincing results in clinical stud-
ies remain scanty. The chapter presents a survey and reveals that the manufacturing of 
immune cells especially for clinical trials is until today primarily performed using archaic, 
scarcely controlled, and incomparable processes and methods. A deeper characterization 
of ex vivo expanded immune cells is urgently needed not only on the level of a few recep-
tors and ligands on the cell surface but also with respect to the ever-contained subtypes in 
an expanded immune cell population, the pattern of secreted effector molecules, and their 
amounts over time and influences from in vivo components on them.

Keywords: immune cells, cell therapy, expansion technologies, T cells, TIL, NK cells, 
MSC, GMP production, ATMP

1. Introduction

Immune cells have been the key players as well as glamor of active clinical research of the cur-
rent decade. T-lymphocytes (T cells), tumor-infiltrating lymphocytes (TIL), chimeric antigen 
receptor T cells (CAR-T cells), natural killer cells (NK cells), mesenchymal stem/stromal cells 
(MSC) from bone marrow, umbilical cord blood, umbilical cord tissue layers, placenta, and 
adipose tissues are the main objects studied in immune cell therapies for various  diseases. 
Publications from numerous preclinical studies and developments on isolation, expansion, 
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activation, and phenotyping of the different immune cells are increasing exponentially over 
the last years. Numerous clinical trials have been conducted or are running, evaluating 
immune cells as novel Advanced Therapy Medicinal Products (ATMP) therapy against num-
ber of diseases having no or inadequate alternative therapies available (see Table 1) [2]. There 
is a strong belief that progress for many severe, life-threatening diseases with bad prognosis 
that happens in various fulminant cancer types, cerebral stroke, cardiac infarction, severe 
autoimmune disorders, or chronic infections can either be effectively treated or even cured 
by immune cell therapy when applied optimally in combinations with other conventional 
therapies. It is not clear if this belief is justified at this juncture with adequate evidence. It 
is crucial to critically analyze this question for an insight to address the stumbling blocks to 
make significant advances in this field.

Isolated immune cells consistently display effectiveness against cancer cells, micro-organisms, 
inhibition of inflammation parameters, etc., in ex vivo test systems and often also in in vivo mouse 
models. The enormous number of positive observations are very encouraging and propel the 
immune cell research field and drives growing numbers of clinical trials. However, convincing 
results in clinical studies remain scanty over decades despite the wider engagement and R&D 
investments [3–6]. Several tumor-infiltrating lymphocytes (TIL) as well as treating therapy-
resistant hematopoietic and solid tumor cancers with specific activated CAR-T cells show long-
lasting benefits in otherwise grim cases [7, 8]. In cancer of the hematopoietic system, immune 
cell therapy has demonstrated its real potency and has become an effective standard therapy [9]. 
Leukemia and similar forms of cancer of the hematopoietic system can be cured with disease-
free survival or without progression in a high percentage through the transplantation of bone 
marrow cells from healthy and genetically compatible (allogeneic) donors.

Immune cell type Clinical trials in total Open clinical trials Clinical trials

Europe total US total China total

T-lymphocytes 2343 723 116 401 184

TIL 77 27 4 17 0

CAR-T-lymphocytes 170 123 7 40 78

NK cells 407 140 10 49 62

MSC 339 134 34 29 39

BM-MSC 104 46 12 12 7

UC-MSC 54 24 2 0 16

UCB-MSC 7 3 0 0 2

AT-MSC 20 6 1 1 2

Total number of clinical trials worldwide and in several geographical regions as registered on www.clinicaltrials.
gov/, accessed on Feb 15, 2017 [1]. TIL: tumor-infiltrating lymphocytes; CAR-T-lymphocytes: chimeric antigen receptor 
lymphocytes; MSC: mesenchymal stromal cells; BM-MSC: bone marrow MSC; UC-MSC: umbilical cord MSC; AT-MSC: 
adipose tissue MSC.

Table 1. Current ongoing clinical studies with selected immune cells.
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It is important to reflect into the realities of the limited clinical success in contrary to the prom-
ising in vitro or ex vivo findings. All the inadequate, inconsistent clinical outcomes observed 
using immune cells in vivo following ex vivo expansion and all the knowledge gained with 
immune cells in the numerous clinical trials and individual or small clinical studies using 
hospital exemptions might have to do with underestimating the key issues with respect to 
identity, quality, potency, and functionality of the used cells. All the characteristics of the cells 
as well as influences from production technology, characterization methods, etc. are seldom 
taken into broader account in robust ways before cells are infused as therapeutics. This will 
be highlighted in the following sections.

2. Requirements and existent challenges in producing immune cells  
for cell therapy

Looking on the methods, technologies, specific equipment, and analytical tools, it is obvious 
that cell expansion technologies suited for producing specific immune cells for individual 
immune cell therapy are the weak side of the story. The actual knowledge on the potentials of 
immune cells is so far only scarcely translated into practical technical solutions, broadly avail-
able methods, congruent with the capabilities. That is true for standardized and reproducible 
expansion of defined immune cell preparations as well as for estimates and methods of mea-
suring specific functionalities of an expanded immune cell population against tumor cells, 
infections, or inflammations. Moreover, there are also missing generally available methods 
and techniques for fast and precise measurement of homogeneity of a cell population, of char-
acteristics of sub populations, and single cells [10–13]. All these aspects appear to be widely 
responsible for the limited progress by these very promising new therapies. Several key issues 
are critical determinants for ATMP cell therapy which are enumerated below.

• Isolation of specific immune cells from blood or tissues and initial expansion steps are per-
formed with broadly differing methods. The procedures need to be better standardized and 
harmonized with the validation of the composition of the starting populations of immune cells.

• Ideally, expansion of immune cells should be started with a pure population of specific im-
mune cells. When a mixture of cells (like PBMC) or a piece of tissue are taken, isolation of 
cells should be performed in a defined procedure consistently.

• Immune cells for individual cell therapies must be produced in standardized, reproduc-
ible, and GMP conform processes. Amounts of 109 to more than 1010 cells of a pure immune 
cell population are assumed as a single optimal therapeutic dose. The manufacturing pro-
cess with newer available technologies for each cell type is yet to be established coherently 
for the clinical trials.

• Standardized and consistent production processes need to be dynamically controlled and 
documented during the entire culturing process. Only a few production technologies are 
currently on the market fulfilling all of the abovementioned requirements and thus are 
capable of manufacturing individual cell therapeutics as ATMP.
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• To ensure reproducibility of immune cell production for cell therapies, process conditions 
have to be controlled, evaluated, documented, and validated. Continuous dynamic control 
of temperature, pH, and pO2 in the medium during the immune cell expansion process 
is indispensable. Glucose and lactate concentration as lead substances for substrates and 
metabolites should also be under steady control during processing.

• All immune cells can be expanded in a common basic medium. However, until now sup-
plementing with serum or thrombocyte lysate is still indispensable. For optimized growth 
over a prolonged period of time and mass production of the different immune cell speci-
men, supply with nutrients, gases, and supplements should normally take place in a dy-
namic, homogenous, and stress-free process to maintain differentiation status, phenotype, 
and function of those cells within physiological ranges.

• Irradiated feeder cells are used to achieve an initial expansion with low numbers of isolated 
effector cells and to increase cell expansion when using insufficient technical equipment 
(e.g., wells or flasks with uncontrolled processing). Appropriate novel technologies can 
possibly eliminate the use of feeder cells.

• Important criteria of immune cells for therapies are a deeper marker profiling and stan-
dard estimates for chemokine and cytokine production efficiency (paracrine factors). Both 
together are decisive measures for the potency and functional power of immune cell popu-
lations/subpopulations for the intended effects. Standardized and comparable values as 
correlate measures should be mandatory for immune cell therapeutics which need to be 
established.

• Subpopulations or even monoclonal immune cells can be produced by guiding an ex vivo 
expansion process through specific activation/inhibition/triggering/priming the cells. Re-
spective coating/fixed antibodies at bioreactor surface, O2 concentration in culture condi-
tions (hypoxic/normoxic/hyperoxic), flow dynamics of medium have to be explored, com-
pared, and optimized for each condition.

• Immune cells for therapies have to fulfill all the conditions as well as national regulatory re-
quirements and international standards for approval for clinical trial use as investigational 
medicinal product (IMP) and/or market authorization as ATMP. All the manufacturing 
steps of an individual immune cell preparation must still be performed in a Clean Room A 
containment for most processes used for production that consist of more or less open steps.

• Current international regulatory standards are in process of evolution as ATMP cannot 
simply follow the standard of a chemical compound which is a fixed inert molecule, where-
as a cell is a living dynamic entity with too many variables and dynamic potentials. It is 
being considered that regulations on individual cell therapeutics might be registered as 
distinct category and might be oriented on indications. This needs to mature in course of 
time to bring ATMP cell therapy for real clinical use in routine practice.

• Faster scientific progress, earlier availability, access, and affordable prices of immune cell 
ATMP can only be achieved when advanced production technologies can be utilized or 
further developed to realize these desired objectives.
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3. Techniques and methods used for isolation and expansion of  
immune cells

Blood from patients or donors is a convenient starting material for cell purification and expan-
sion. Table 2 shows the number of different immune cells contained in a 200 ml sample of 
peripheral blood. A simple gradient centrifugation of a blood sample is normally taken to 
obtain “peripheral blood mononuclear cells” (PBMC). Ex vivo expansion of the total frac-
tion of T cells, NK, and other cell types within PBMC is possible and is the most commonly 
used technique to provide starting material for subsequent ex vivo expansion of the different 
immune cell types.

Apheresis is a standard practice to obtain a larger number of CD3+ cells as a starting mate-
rial for CAR-T cell production with the goal of obtaining a minimum of 0.6 × 109 to a target 
of 2 × 109 CD3+ T cells [24]. Apheresis has the advantage and choice of extracting one or more 
components of the whole blood with help of the appropriate device and return the rest of the 
donation to the donor. Standard leukapheresis and use of anti-CD25 magnetic bead resulted 
in a yield of 130 × 106 CD4+ CD25+ T regulator (Treg) cells that could be expanded 8.3-fold 
over three weeks before a dose of 1 × 109 can be used for clinical trials designed to control 
HLA-mismatched GvHD or organ transplantation rejection [18]. Although the apheresis tech-
nology is available in clinical research, no advantages have been comparatively established 
to that of peripheral blood as a source. Routine production of pure immune cell specimen 
by apheresis is much more expensive (due to the costly procedure and the infrastructure 
required to carry out the intervention as well as subsequent large amounts of  antibodies 

Immune cell types# Number of cells in 200 ml of 
human blood sample (×106)

Clones of differentiation commonly 
determined for identification

Reference

Neutrophils 400–1300 CD11b+CD16+CD66b+ [14, 15]

Lymphocytes 200–600 T cells, B cells (CD3−CD19+) [16]

T cells, total 100–400 CD3+CD4+CD8+CD56− [17]

Naive T cells 40–160 CD3+CD25+CD45RA+CD45RO−
CD127+CCR7+CD62L

[17]

Memory T cells 40–160 CD3+CD56−CD45RA−
CD45RO+CCR7+CD62L+

[17]

T regulatory cells 5–20 CD3+CD4+CD25+CD127− [18, 19]

NK cells 16–80 CD3−CD16+CD56+ [20]

NKT cells 0.4–5 CD1d+CD4+CD161+ [21]

Dendritic cells 4–12 CD11c+HLA−DR+CD3−CD19−
CD80+CD86+

[22]

Monocytes 40–180 CD14+CD16+CD64+ [23]

Table 2. Prevalence of immune cells in blood of healthy donors and surface marker normally used for their identification.
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• To ensure reproducibility of immune cell production for cell therapies, process conditions 
have to be controlled, evaluated, documented, and validated. Continuous dynamic control 
of temperature, pH, and pO2 in the medium during the immune cell expansion process 
is indispensable. Glucose and lactate concentration as lead substances for substrates and 
metabolites should also be under steady control during processing.

• All immune cells can be expanded in a common basic medium. However, until now sup-
plementing with serum or thrombocyte lysate is still indispensable. For optimized growth 
over a prolonged period of time and mass production of the different immune cell speci-
men, supply with nutrients, gases, and supplements should normally take place in a dy-
namic, homogenous, and stress-free process to maintain differentiation status, phenotype, 
and function of those cells within physiological ranges.

• Irradiated feeder cells are used to achieve an initial expansion with low numbers of isolated 
effector cells and to increase cell expansion when using insufficient technical equipment 
(e.g., wells or flasks with uncontrolled processing). Appropriate novel technologies can 
possibly eliminate the use of feeder cells.

• Important criteria of immune cells for therapies are a deeper marker profiling and stan-
dard estimates for chemokine and cytokine production efficiency (paracrine factors). Both 
together are decisive measures for the potency and functional power of immune cell popu-
lations/subpopulations for the intended effects. Standardized and comparable values as 
correlate measures should be mandatory for immune cell therapeutics which need to be 
established.

• Subpopulations or even monoclonal immune cells can be produced by guiding an ex vivo 
expansion process through specific activation/inhibition/triggering/priming the cells. Re-
spective coating/fixed antibodies at bioreactor surface, O2 concentration in culture condi-
tions (hypoxic/normoxic/hyperoxic), flow dynamics of medium have to be explored, com-
pared, and optimized for each condition.

• Immune cells for therapies have to fulfill all the conditions as well as national regulatory re-
quirements and international standards for approval for clinical trial use as investigational 
medicinal product (IMP) and/or market authorization as ATMP. All the manufacturing 
steps of an individual immune cell preparation must still be performed in a Clean Room A 
containment for most processes used for production that consist of more or less open steps.

• Current international regulatory standards are in process of evolution as ATMP cannot 
simply follow the standard of a chemical compound which is a fixed inert molecule, where-
as a cell is a living dynamic entity with too many variables and dynamic potentials. It is 
being considered that regulations on individual cell therapeutics might be registered as 
distinct category and might be oriented on indications. This needs to mature in course of 
time to bring ATMP cell therapy for real clinical use in routine practice.

• Faster scientific progress, earlier availability, access, and affordable prices of immune cell 
ATMP can only be achieved when advanced production technologies can be utilized or 
further developed to realize these desired objectives.
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3. Techniques and methods used for isolation and expansion of  
immune cells

Blood from patients or donors is a convenient starting material for cell purification and expan-
sion. Table 2 shows the number of different immune cells contained in a 200 ml sample of 
peripheral blood. A simple gradient centrifugation of a blood sample is normally taken to 
obtain “peripheral blood mononuclear cells” (PBMC). Ex vivo expansion of the total frac-
tion of T cells, NK, and other cell types within PBMC is possible and is the most commonly 
used technique to provide starting material for subsequent ex vivo expansion of the different 
immune cell types.

Apheresis is a standard practice to obtain a larger number of CD3+ cells as a starting mate-
rial for CAR-T cell production with the goal of obtaining a minimum of 0.6 × 109 to a target 
of 2 × 109 CD3+ T cells [24]. Apheresis has the advantage and choice of extracting one or more 
components of the whole blood with help of the appropriate device and return the rest of the 
donation to the donor. Standard leukapheresis and use of anti-CD25 magnetic bead resulted 
in a yield of 130 × 106 CD4+ CD25+ T regulator (Treg) cells that could be expanded 8.3-fold 
over three weeks before a dose of 1 × 109 can be used for clinical trials designed to control 
HLA-mismatched GvHD or organ transplantation rejection [18]. Although the apheresis tech-
nology is available in clinical research, no advantages have been comparatively established 
to that of peripheral blood as a source. Routine production of pure immune cell specimen 
by apheresis is much more expensive (due to the costly procedure and the infrastructure 
required to carry out the intervention as well as subsequent large amounts of  antibodies 

Immune cell types# Number of cells in 200 ml of 
human blood sample (×106)

Clones of differentiation commonly 
determined for identification

Reference

Neutrophils 400–1300 CD11b+CD16+CD66b+ [14, 15]

Lymphocytes 200–600 T cells, B cells (CD3−CD19+) [16]

T cells, total 100–400 CD3+CD4+CD8+CD56− [17]

Naive T cells 40–160 CD3+CD25+CD45RA+CD45RO−
CD127+CCR7+CD62L

[17]

Memory T cells 40–160 CD3+CD56−CD45RA−
CD45RO+CCR7+CD62L+

[17]

T regulatory cells 5–20 CD3+CD4+CD25+CD127− [18, 19]

NK cells 16–80 CD3−CD16+CD56+ [20]

NKT cells 0.4–5 CD1d+CD4+CD161+ [21]

Dendritic cells 4–12 CD11c+HLA−DR+CD3−CD19−
CD80+CD86+

[22]

Monocytes 40–180 CD14+CD16+CD64+ [23]

Table 2. Prevalence of immune cells in blood of healthy donors and surface marker normally used for their identification.
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needed for purification of specific cell types from the large number of cells). Another study 
from Germany reported that ~1010 PBMC from leukapheresis result in about 8% of NK cell 
yield using Clinimacs (Miltenyi) for further GMP therapeutic expansion [20]. Difference 
between ex vivo expanded cells for cytokine-induced cell therapy for hepatocarcinoma from 
apheresis and PBMC-derived cells has been reported [25], but this needs further evaluation 
for a comparative conclusion for various cell types. The initial procedure of cell collection may 
have an influence on the biological effects of the final cell product.

The whole PBMC fraction consists mainly of T cells (naive and memory CD3+/CD56− T cells, 
mostly of central T memory type). A minor part of the PBMC contained NK cells identified as 
CD3−/CD56+ cells. Isolation and ex vivo expansion of CD3+/CD56− T cells or CD3−/CD56+ NK 
cells (and even other specific cell types in patients’ PBMC) to bigger numbers does not pose 
a big problem. It is crucial that T cells are only effective against a cancer cell type or an infec-
tious agent when specifically activated prior to infusion. Hence, T cells, NK cells, and other 
PBMC-derived cells have to be separated in the first instance and then specifically activated/
primed during the expansion process. Presentation of peptides or epitopes from tumor cells 
or micro-organisms to T cells ex vivo, directly or mediated by dendritic cells, and subsequent 
ex vivo expansion was evaluated over prolonged period of time with no or only limited suc-
cess in in vivo efficiency. Ex vivo expanded NK cells showed similar negative results, even 
when applied to patients in greater numbers [26]. It was recognized that (in blood of patients 
contained) T regulatory cells do strongly inhibit lytic power of T cells and NK cells. However, 
this seems not the only reason for disappointing results with only T cell or NK cell fractions.

It is being increasingly recognized that particularly in cancer treatment, breakthrough can be 
achieved with specific activation and expansion of sub-clones of T cells and/or defined NK 
cells ex vivo. The PBMC-derived cells must be specifically stimulated during expansion which 
can only be realized by sophisticated integration of steps in the process (either positive or 
negative selection of unwanted cells through antibodies; enhanced growth of cells of interest 
through speeding up their mitotic division). In case of T cells as much as possible, effector T 
cell clones should be present at least in the expanded population with capabilities to persist 
and execute its desired functions [27]. Expanded NK cells should express high cytotoxicity 
against patient’s tumor cells or infected cells. Specific activation has to be induced during the 
initiation steps by specific coatings of the surface of the culture flasks/container/bioreactor as 
well as by addition of different cytokines and growth factors in the medium during the subse-
quent expansion phase [6, 28, 29]. Cultivation of larger numbers of immune cells under those 
conditions is often challenging and can scarcely be realized in culture flasks.

A general belief is that a basic prerequisite for a therapeutic application of immune cell 
types is the provision of adequate number of cells. It is assumed that about 1010 of effec-
tive immune cells must be used for treating cancer or infections [1]. A tumor or metastasis 
of 1 cm3 size yields around 109 cells. In the common cytotoxicity assays using effector ver-
sus target cells, five to tenfold more effector cells are often needed to destroy one tumor or 
infected cell. However, such ex vivo results might lead into wrong direction. It is crucial that 
the cells should have strong binding ability and be armed with specific cytotoxicity against 
the target cells. Meanwhile, it is apparent that it is important to know how to select, activate, 
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trigger, and/or prime and expand immune cells ex vivo. Single T cell clones being trained 
already in vivo against mutated patients’ tumor cells or infected cells are normally present 
in PBMC only in very low numbers, but they can destroy tumor or infected cells manifold 
[30]. Concerning T cells, identifying and isolation of specific sub-clones and ex vivo expan-
sion of those clones should get more attention in the future research. Besides there are strong 
hints that treatment with immune cells can be successful only when a systemic response of 
the total immune system in a patient is achieved along with the local response in the lesions 
[31]. These are extremely important aspects in the context of production technology enabling 
to manufacture adequate effective immune cell type for optimal treatment of a patient and 
a holistic analytical follow up of systemic profiling of the patient in order to gain further 
insights to iteratively make the process more efficient.

In recent times, the isolation of TIL from tissue and/or microenvironment has proven a much 
more promising way to get access to T cells being already specifically activated by antigens/
epitopes shed from/presented by cells of solid tumors or metastases they are originating from. 
Generation of TIL seems no longer a problem. Resected parts of tumor tissues taken by tumor 
biopsies or from the microenvironment of a tumor is the method of choice, and different 
suited techniques have been published [32, 33]. It is yet not evident whether devices for stan-
dardized processing for cell suspension from the initial tumor tissue by mechanical disper-
sion and/or additional treatment with enzymes are of advantage [34, 35]. Expansion of TIL 
even in bigger numbers is possible; up to 1010 can be grown in common media supplemented 
with serum or thrombocyte lysate and specific cytokines (see Table 4). Long time expanded 
TIL often contain CD3+/CD4+/CD8+TIL. Deeper FACS analyses make likely that sub-clones 
are contained which are primed and directed against some single mutated clones [30].

Currently, there has been a major interest in genetically manipulated T cells, which can be 
transduced with chimeric antigen receptors (CAR). These CAR-T cells express this single 
chain antigen-binding domain (scFv), which ideally binds to a tumor-associated antigen 
(TAA). The CAR-T cell/tumor-binding reaction induces an activation signal in the T cells 
strong enough to destroy tumor cells completely, and contrary to normal T cells, the cytotoxic 
power of CAR-T cells is not suppressed when CAR-T cells are administered in vivo. However, 
CAR-T cells often elicit a dangerous cytokine storm. This potential adverse effect and the dif-
ficult complex and costly construction of efficient CAR-T cells seems to inhibit fast progress 
with this promising cell therapy [41–43].

Natural killer (NK) cells are getting more and more attention in the ATMP field, fighting 
cancer and infections since these innate immune cells can be successfully expanded not only 
in greater numbers but also in high degree of purity [41–43]. In contrast to T cells, NK cells 
do not feature immunological incompatibility when administered in haploidentical or even 
allogenic clinical trials. It is, however, important that NK cells in such settings are totally 
free from T cells. Advanced production technology makes NK cells attractive to use them 
in broader clinical perspective. Pure NK cells have shown nearly no unwanted side effects 
in clinical trials even when administered in high doses. The modern production processes 
deliver NK cells with enhanced functionalities (high cytotoxicity against many cancer cells 
in ex vivo tests, enhanced paracrine production). Pure NK cells can be manufactured in an 
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needed for purification of specific cell types from the large number of cells). Another study 
from Germany reported that ~1010 PBMC from leukapheresis result in about 8% of NK cell 
yield using Clinimacs (Miltenyi) for further GMP therapeutic expansion [20]. Difference 
between ex vivo expanded cells for cytokine-induced cell therapy for hepatocarcinoma from 
apheresis and PBMC-derived cells has been reported [25], but this needs further evaluation 
for a comparative conclusion for various cell types. The initial procedure of cell collection may 
have an influence on the biological effects of the final cell product.

The whole PBMC fraction consists mainly of T cells (naive and memory CD3+/CD56− T cells, 
mostly of central T memory type). A minor part of the PBMC contained NK cells identified as 
CD3−/CD56+ cells. Isolation and ex vivo expansion of CD3+/CD56− T cells or CD3−/CD56+ NK 
cells (and even other specific cell types in patients’ PBMC) to bigger numbers does not pose 
a big problem. It is crucial that T cells are only effective against a cancer cell type or an infec-
tious agent when specifically activated prior to infusion. Hence, T cells, NK cells, and other 
PBMC-derived cells have to be separated in the first instance and then specifically activated/
primed during the expansion process. Presentation of peptides or epitopes from tumor cells 
or micro-organisms to T cells ex vivo, directly or mediated by dendritic cells, and subsequent 
ex vivo expansion was evaluated over prolonged period of time with no or only limited suc-
cess in in vivo efficiency. Ex vivo expanded NK cells showed similar negative results, even 
when applied to patients in greater numbers [26]. It was recognized that (in blood of patients 
contained) T regulatory cells do strongly inhibit lytic power of T cells and NK cells. However, 
this seems not the only reason for disappointing results with only T cell or NK cell fractions.

It is being increasingly recognized that particularly in cancer treatment, breakthrough can be 
achieved with specific activation and expansion of sub-clones of T cells and/or defined NK 
cells ex vivo. The PBMC-derived cells must be specifically stimulated during expansion which 
can only be realized by sophisticated integration of steps in the process (either positive or 
negative selection of unwanted cells through antibodies; enhanced growth of cells of interest 
through speeding up their mitotic division). In case of T cells as much as possible, effector T 
cell clones should be present at least in the expanded population with capabilities to persist 
and execute its desired functions [27]. Expanded NK cells should express high cytotoxicity 
against patient’s tumor cells or infected cells. Specific activation has to be induced during the 
initiation steps by specific coatings of the surface of the culture flasks/container/bioreactor as 
well as by addition of different cytokines and growth factors in the medium during the subse-
quent expansion phase [6, 28, 29]. Cultivation of larger numbers of immune cells under those 
conditions is often challenging and can scarcely be realized in culture flasks.

A general belief is that a basic prerequisite for a therapeutic application of immune cell 
types is the provision of adequate number of cells. It is assumed that about 1010 of effec-
tive immune cells must be used for treating cancer or infections [1]. A tumor or metastasis 
of 1 cm3 size yields around 109 cells. In the common cytotoxicity assays using effector ver-
sus target cells, five to tenfold more effector cells are often needed to destroy one tumor or 
infected cell. However, such ex vivo results might lead into wrong direction. It is crucial that 
the cells should have strong binding ability and be armed with specific cytotoxicity against 
the target cells. Meanwhile, it is apparent that it is important to know how to select, activate, 
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trigger, and/or prime and expand immune cells ex vivo. Single T cell clones being trained 
already in vivo against mutated patients’ tumor cells or infected cells are normally present 
in PBMC only in very low numbers, but they can destroy tumor or infected cells manifold 
[30]. Concerning T cells, identifying and isolation of specific sub-clones and ex vivo expan-
sion of those clones should get more attention in the future research. Besides there are strong 
hints that treatment with immune cells can be successful only when a systemic response of 
the total immune system in a patient is achieved along with the local response in the lesions 
[31]. These are extremely important aspects in the context of production technology enabling 
to manufacture adequate effective immune cell type for optimal treatment of a patient and 
a holistic analytical follow up of systemic profiling of the patient in order to gain further 
insights to iteratively make the process more efficient.

In recent times, the isolation of TIL from tissue and/or microenvironment has proven a much 
more promising way to get access to T cells being already specifically activated by antigens/
epitopes shed from/presented by cells of solid tumors or metastases they are originating from. 
Generation of TIL seems no longer a problem. Resected parts of tumor tissues taken by tumor 
biopsies or from the microenvironment of a tumor is the method of choice, and different 
suited techniques have been published [32, 33]. It is yet not evident whether devices for stan-
dardized processing for cell suspension from the initial tumor tissue by mechanical disper-
sion and/or additional treatment with enzymes are of advantage [34, 35]. Expansion of TIL 
even in bigger numbers is possible; up to 1010 can be grown in common media supplemented 
with serum or thrombocyte lysate and specific cytokines (see Table 4). Long time expanded 
TIL often contain CD3+/CD4+/CD8+TIL. Deeper FACS analyses make likely that sub-clones 
are contained which are primed and directed against some single mutated clones [30].

Currently, there has been a major interest in genetically manipulated T cells, which can be 
transduced with chimeric antigen receptors (CAR). These CAR-T cells express this single 
chain antigen-binding domain (scFv), which ideally binds to a tumor-associated antigen 
(TAA). The CAR-T cell/tumor-binding reaction induces an activation signal in the T cells 
strong enough to destroy tumor cells completely, and contrary to normal T cells, the cytotoxic 
power of CAR-T cells is not suppressed when CAR-T cells are administered in vivo. However, 
CAR-T cells often elicit a dangerous cytokine storm. This potential adverse effect and the dif-
ficult complex and costly construction of efficient CAR-T cells seems to inhibit fast progress 
with this promising cell therapy [41–43].

Natural killer (NK) cells are getting more and more attention in the ATMP field, fighting 
cancer and infections since these innate immune cells can be successfully expanded not only 
in greater numbers but also in high degree of purity [41–43]. In contrast to T cells, NK cells 
do not feature immunological incompatibility when administered in haploidentical or even 
allogenic clinical trials. It is, however, important that NK cells in such settings are totally 
free from T cells. Advanced production technology makes NK cells attractive to use them 
in broader clinical perspective. Pure NK cells have shown nearly no unwanted side effects 
in clinical trials even when administered in high doses. The modern production processes 
deliver NK cells with enhanced functionalities (high cytotoxicity against many cancer cells 
in ex vivo tests, enhanced paracrine production). Pure NK cells can be manufactured in an 
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easy-to-handle closed system as ATMP in clinical settings near to patients [44, 45]. A particu-
lar advantage is that mass amounts of individual NK cells can be produced in a relatively 
inexpensive way due to low costs for selection, medium, activation, compared with other 
functionalized immune cells. NK cells can be expanded 2000–50,000-fold in designated per-
fusion bioreactors, whereas that has by far not been achieved in culture flasks. Adjuvant 
treatment of stem cell-transplanted patients with pure NK cells becomes a common clinical 
practice. NK cells isolated from donor blood and expanded effectively avoid infections and 
GvHD when applied immediately following transplantation.

Common sources for isolation of MSC are bone marrow aspirate, cord blood, and pieces of 
umbilical cord/placenta tissue/adipose tissue. MSC were originally identified in the 1970s 
from cellular suspensions from spleen and bone marrow by their capacity to adhere to plas-
tic—which is still the standard form to culture MSCs and also by their ability to form colo-
nies from single cells (explanted ex vivo), their fibroblast-like appearance and their capacity 
to differentiate into fat, cartilage, and bone. MSC are defined by surface markers of CD105, 
CD90, and CD73 expression, yet not CD45, CD34, and CD14 as of the consensus of ICSCT 
working group [46]. Recently, ICSCT also have defined a broad consensus of the international 
standards for harmonized potency assays to boost the clinical development of ATMP MSC 
therapy for many unmet clinical needs despite different tissue sources and disparate culture 
expansion protocols. Three preferred analytic methods in a matrix assay approach, namely, 
quantitative RNA analysis of selected gene products; flow cytometry analysis of functionally 
relevant surface markers, and protein-based assay of secretome have been proposed to reflect 
on the immunomodulatory potential of the ATMP cells for different clinical therapeutics as 
well as to evolve the regulatory landscape for the sake of the progress in the field [47].

Several techniques are employed for liposuction used for adipose tissue-derived stromal cell 
collections [48]. Processed lipoaspirate (LPA) contains multipotent cells that can be an alter-
nate stem cell source to bone-marrow-derived MSCs. LPA contains stromal vascular fraction 
(SVF) containing a number of different cell types such as adipose stromal cells (ASC), peri-
cytes, endothelial cells, fibroblasts, preadipocytes, and hematopoietic stem cells. ASC have 
differentiation potential to myogenic, osteogenic, chondrogenic, or adipogenic on culturing 
with specific induction media [49]. SVF contains a lot of vascular cells and hematopoetic cells 
that have to be eliminated before expansion of remaining MSC.

For the isolation of MSC adherence of these cells, plastic surfaces are used. The usual proce-
dure is to put the starting material into culture flasks or discs. After 10–20 days, nonadher-
ent cells are washed out, and the adhered MSC colonies are passaged, suspended in a fresh 
medium, and seeded in new flasks for further expansion. Thus, expanded MSC have been used 
in all clinical trials (see Table 7). The unavoidable detaching procedures of MSC at passaging 
influence the receptor quality of MSC. Long-term cultivation of big numbers of MSC in biore-
actors is possible and the provision of large seeding areas avoids unwanted differentiation of 
expanded MSC [54–57]. Procedures have been worked out to proceed directly into the expan-
sion phase of MSC. Outgrowth and isolation of MSC can be successfully performed by giving 
BM aspirate into the sterile plastic vessels of perfusion bioreactors. MSC from BM aspirate are 
not only diverse tumor tissue preparations but can also be placed directly in ZRP meander per-
fusion bioreactors. MSC colonies or outgrown TIL from tumor tissue pieces can then further be 
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expanded to big numbers of both cell types in the same bioreactor system under totally closed 
conditions (unpublished results with ZRP meander type bioreactors, Zellwerk, Germany).

The reports about the ever-used methods in the clinical trials do not always contain complete 
descriptions of the processes and show inconsistencies. However, in general, it can be seen 
that high-fold expansion as well as big numbers of cells have only been achieved when irradi-
ated feeder cells are used. This might be tolerable during a developmental phase of immune 
cell therapeutics but should be overcome in case of ATMP manufacturing. In ZRP perfusion 
bioreactors it was shown that individual immune cell specimen can be expanded to therapeu-
tic amounts without irradiated feeder cells.

4. Quantity and quality of T cells, TIL, and CAR-T used in  
acknowledged clinical trials

T cells are the most powerful immune cells. Despite the immense research on these cells 
enriching our deeper knowledge into T cell biology as well as their kinetics in health and dis-
eases, the different T cell subsets are yet not routinely used as cell therapeutics. This is at least 
partly due to the complex nature of immune cells and many unsolved technical problems to 
produce and handle them. In Tables 3–5, some parameters have been compiled giving insight 
into methods and technologies as well as expansion success and purity of the different T cell 
types being used in clinical trials. The chosen examples in the tables are representative of the 
field and enlighten the diversity of production processes and produced cell specimen, and 
it explains probably in part the inconsistent and predominantly unsatisfying clinical results 
with more or less identical cell specimens.

Vaccination with dendritic cells being ex vivo treated with proteins or peptides from tumor 
cells or micro-organisms as well as present target-specific peptides to T cells ex vivo, directly 

Cell source; 
supplements; 
activation

Expansion 
device used

Cultivation 
time (days)

Expansion by 
x-fold

Cell harvest Cell purity (%) Reference

PBMC/apheresis 
isolated by αCD3+ 
coated dynabeads, 
exp with IL2/αCD28

Wave system 13 101 1.37 × 1011 T 
cells

98.5% CD3+ [27]

PBMC Flask 14 169 33 × 108 62% [58]

PBMCs/apheresis 
CD25+Tregs depl, 
Stim with autol 
DC pulsed MART 
peptides, suppl IL2, 
IL7, IL21, CD8+ CTL 
sorted, exp Rapid 
Exp Prot

Flask 42 n.a. n.a. n.a. [59]

Table 3. Manufacturing processes of T cells in clinical trials (n.a.= not available).
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easy-to-handle closed system as ATMP in clinical settings near to patients [44, 45]. A particu-
lar advantage is that mass amounts of individual NK cells can be produced in a relatively 
inexpensive way due to low costs for selection, medium, activation, compared with other 
functionalized immune cells. NK cells can be expanded 2000–50,000-fold in designated per-
fusion bioreactors, whereas that has by far not been achieved in culture flasks. Adjuvant 
treatment of stem cell-transplanted patients with pure NK cells becomes a common clinical 
practice. NK cells isolated from donor blood and expanded effectively avoid infections and 
GvHD when applied immediately following transplantation.

Common sources for isolation of MSC are bone marrow aspirate, cord blood, and pieces of 
umbilical cord/placenta tissue/adipose tissue. MSC were originally identified in the 1970s 
from cellular suspensions from spleen and bone marrow by their capacity to adhere to plas-
tic—which is still the standard form to culture MSCs and also by their ability to form colo-
nies from single cells (explanted ex vivo), their fibroblast-like appearance and their capacity 
to differentiate into fat, cartilage, and bone. MSC are defined by surface markers of CD105, 
CD90, and CD73 expression, yet not CD45, CD34, and CD14 as of the consensus of ICSCT 
working group [46]. Recently, ICSCT also have defined a broad consensus of the international 
standards for harmonized potency assays to boost the clinical development of ATMP MSC 
therapy for many unmet clinical needs despite different tissue sources and disparate culture 
expansion protocols. Three preferred analytic methods in a matrix assay approach, namely, 
quantitative RNA analysis of selected gene products; flow cytometry analysis of functionally 
relevant surface markers, and protein-based assay of secretome have been proposed to reflect 
on the immunomodulatory potential of the ATMP cells for different clinical therapeutics as 
well as to evolve the regulatory landscape for the sake of the progress in the field [47].

Several techniques are employed for liposuction used for adipose tissue-derived stromal cell 
collections [48]. Processed lipoaspirate (LPA) contains multipotent cells that can be an alter-
nate stem cell source to bone-marrow-derived MSCs. LPA contains stromal vascular fraction 
(SVF) containing a number of different cell types such as adipose stromal cells (ASC), peri-
cytes, endothelial cells, fibroblasts, preadipocytes, and hematopoietic stem cells. ASC have 
differentiation potential to myogenic, osteogenic, chondrogenic, or adipogenic on culturing 
with specific induction media [49]. SVF contains a lot of vascular cells and hematopoetic cells 
that have to be eliminated before expansion of remaining MSC.

For the isolation of MSC adherence of these cells, plastic surfaces are used. The usual proce-
dure is to put the starting material into culture flasks or discs. After 10–20 days, nonadher-
ent cells are washed out, and the adhered MSC colonies are passaged, suspended in a fresh 
medium, and seeded in new flasks for further expansion. Thus, expanded MSC have been used 
in all clinical trials (see Table 7). The unavoidable detaching procedures of MSC at passaging 
influence the receptor quality of MSC. Long-term cultivation of big numbers of MSC in biore-
actors is possible and the provision of large seeding areas avoids unwanted differentiation of 
expanded MSC [54–57]. Procedures have been worked out to proceed directly into the expan-
sion phase of MSC. Outgrowth and isolation of MSC can be successfully performed by giving 
BM aspirate into the sterile plastic vessels of perfusion bioreactors. MSC from BM aspirate are 
not only diverse tumor tissue preparations but can also be placed directly in ZRP meander per-
fusion bioreactors. MSC colonies or outgrown TIL from tumor tissue pieces can then further be 
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expanded to big numbers of both cell types in the same bioreactor system under totally closed 
conditions (unpublished results with ZRP meander type bioreactors, Zellwerk, Germany).

The reports about the ever-used methods in the clinical trials do not always contain complete 
descriptions of the processes and show inconsistencies. However, in general, it can be seen 
that high-fold expansion as well as big numbers of cells have only been achieved when irradi-
ated feeder cells are used. This might be tolerable during a developmental phase of immune 
cell therapeutics but should be overcome in case of ATMP manufacturing. In ZRP perfusion 
bioreactors it was shown that individual immune cell specimen can be expanded to therapeu-
tic amounts without irradiated feeder cells.

4. Quantity and quality of T cells, TIL, and CAR-T used in  
acknowledged clinical trials
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eases, the different T cell subsets are yet not routinely used as cell therapeutics. This is at least 
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into methods and technologies as well as expansion success and purity of the different T cell 
types being used in clinical trials. The chosen examples in the tables are representative of the 
field and enlighten the diversity of production processes and produced cell specimen, and 
it explains probably in part the inconsistent and predominantly unsatisfying clinical results 
with more or less identical cell specimens.
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Expansion 
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Cultivation 
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x-fold
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Wave system 13 101 1.37 × 1011 T 
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CD25+Tregs depl, 
Stim with autol 
DC pulsed MART 
peptides, suppl IL2, 
IL7, IL21, CD8+ CTL 
sorted, exp Rapid 
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Table 3. Manufacturing processes of T cells in clinical trials (n.a.= not available).
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or mediated by dendritic cells, and subsequent ex vivo expansion is used over a long time, and 
there are even a few cell therapeutics on the market. However, adjuvant treatment in differ-
ent conditions of cancer in clinics show only limited success. In recent times, the isolation of 
TILs from tissue and/or microenvironment of solid tumors and expansion of TILs ex vivo has 
proven a much more promising way to get specific activated T cell in larger amounts.

From Table 3, it can be observed that the fold expansion in flasks and Wave bioreactor is simi-
lar, although the total number of T cells harvested differs enormously. Whether the (apheresis 

Cell source; 
supplements; 
activation

Expansion 
device used

Cultivation 
time (days)

Expansion by 
x-fold

Cell harvest Cell purity (%) Reference

TIL, IL2, serum, 
feeder cells

Bag >14 1041 5 × 1010 n.a. [36]

TIL, IL2, serum, 
feeder cells, 
anti-CD3

Flask
Wave

24 72
228

0.4 × 1010

1.5 × 1010
35 + 52
CD4 + CD8
35 + 63

[37]

TIL (6x GRex10)
TIL, IL2,

GRex
Flask

29 180
170

NA 62–72
CD3+ CD8+
62

[38]

TIL, IL2, feeder 
cells, anti CD3

Bag
Wave

>21 1259
1130

4.5 × 1010

1.5 × 1010
CD3+: F = W
CD4+: F > W
CD8+: F < W

[39]

TIL, IL2, feeder 
cells, anti CD3

Flask
Wave

>14 1433
5576

NA >97 [40]

TIL, serum, 
feeder cells, anti 
CD3, IL2, IL 15, 
IL21

ZRP Meander 
bioreactor

>20 5000 2 × 109 CD8: ~60%
CD4: 38%
(High% Tem)

Own 
data, not 
published

Table 4. Manufacturing processes of TIL in clinical trials (n.a.= not available).

Cell source; 
supplements, 
activation

Expansion 
device used

Cultivation 
time (days)

Expansion by 
x-fold

Cell harvest Cell purity (%) Reference

PBMC, anti-CD3, 
IL-2, feeder cells, 
serum

Well plates 14–24 n.a. n.a. (infusion: 
≤1010)

n.a. [41]

PBMC, anti-CD3, 
anti-CD28

Bag 12 10.6 n.a. CD3+: >95 [43]

PBMC, anti-CD3, 
IL-2, IL-15

WAVE 35 n.a. 109 n.a. [33]

PBMC, serum, 
feeder PBMCs, 
IL-2

Bag ≤48 15.000 ~3×1011 CD4+: ≤82
CD8+: ≤85

[60]

Table 5. Manufacturing processes of CAR-T-cells in clinical trials (n.a.= not available).
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derived) large number of generally stimulated T cells was of advantage for the treated patients 
could not be evidently established from published literatures. The example of CTL expansion 
and therapeutic use did not state details of the expansion process with missing information.

To get effective, functional T cells out of PBMC expansion process have to be “conditional” 
(activation of sub-clones by specific cancer/micro-organism-derived structures; naive cell/cell 
and cell/matrix contact; preferred or suppressed growth of a cell population/sub population 
by specific cytokine/growth factor/antibody stimulation; controlled gas and nutrient supply).

It is obvious from Table 4 that the expansion of TIL even in bigger numbers is possible, up 
to more than 1010 TIL might be grown in flasks as well as in bags, G-rex flasks, Wave bioreac-
tors, or ZRP perfusion bioreactors. Media and supplements are qualitatively similar. In all 
examples, use of feeder cells seem to be essential. Looking closer into Table 4, the fold expan-
sion differs over a wide range. This implies that strongly differing numbers of TIL must have 
been isolated. G-Rex flasks is of advantage for TIL expansion by providing high O2 concentra-
tion near to the sedimented TIL that enhances growth. In own studies (not published) of ZRP 
meander bioreactors, O2 (Zellwerk, Germany) concentration can be up-regulated to find an 
optimal O2 value in the medium for TIL growth.

Although a lot of clinical trials with TIL have been performed so far, there is not much infor-
mation about clinical efficiency of TIL (with an exception of late-stage metastatic melanoma). 
Expanded TIL over a prolonged period often contains CD3+/CD4+/CD8+CD25+cells in differ-
ent ratios. Deeper FACS analyses make likely that subclones that are contained are primed and 
directed against some single mutated clones. Again, it must be emphasized that even with TIL 
stronger standardized cell production processes, better characterization of contained clones, 
more comparable preclinical data as well as professional designed clinical trials are needed.

The expansion of several CAR-T cell specimen seems not to be a problem (Table 5). Blood-derived 
natural T cells were used for CAR transduction. Expansion to large numbers of the CAR-T cells 
was achieved by using the same interleukin activation and culturing procedures as in the case 
of normal T cells. Some of the advanced centers are engaged in optimizing newer technologies 
including Miltenyi’s CliniMACS Prodigy as well as Zellwerk’s ZRP technology system.

5. State-of-the-art with ex vivo expanded NK cells utilized in clinical 
trials

NK cells are getting more and more attention in fighting cancer and infections since it succeeded 
to expand these immune cells not only in huge amounts but also in pure quality [4–6, 61]. In 
contrast to T cells, NK cells do not show immunological incompatibility when administered in 
haploidentical or even allogenic clinical trials. It is, however, important that NK cells in such set-
tings are totally free from T cells. In Table 6, a selection of clinical studies is listed, among them 
are those that are performed by known clinical research groups. It can be deduced that bigger 
numbers of NK cells can be produced in culture flaks as well as in some cell culture equipment 
consisting of plastic bags or vessels (VueLife static culturing in bags; wave system using differ-
ent bags, mixing of medium by slow shaking movement of the bag). The bag systems are closed 
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or mediated by dendritic cells, and subsequent ex vivo expansion is used over a long time, and 
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proven a much more promising way to get specific activated T cell in larger amounts.
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derived) large number of generally stimulated T cells was of advantage for the treated patients 
could not be evidently established from published literatures. The example of CTL expansion 
and therapeutic use did not state details of the expansion process with missing information.

To get effective, functional T cells out of PBMC expansion process have to be “conditional” 
(activation of sub-clones by specific cancer/micro-organism-derived structures; naive cell/cell 
and cell/matrix contact; preferred or suppressed growth of a cell population/sub population 
by specific cytokine/growth factor/antibody stimulation; controlled gas and nutrient supply).

It is obvious from Table 4 that the expansion of TIL even in bigger numbers is possible, up 
to more than 1010 TIL might be grown in flasks as well as in bags, G-rex flasks, Wave bioreac-
tors, or ZRP perfusion bioreactors. Media and supplements are qualitatively similar. In all 
examples, use of feeder cells seem to be essential. Looking closer into Table 4, the fold expan-
sion differs over a wide range. This implies that strongly differing numbers of TIL must have 
been isolated. G-Rex flasks is of advantage for TIL expansion by providing high O2 concentra-
tion near to the sedimented TIL that enhances growth. In own studies (not published) of ZRP 
meander bioreactors, O2 (Zellwerk, Germany) concentration can be up-regulated to find an 
optimal O2 value in the medium for TIL growth.

Although a lot of clinical trials with TIL have been performed so far, there is not much infor-
mation about clinical efficiency of TIL (with an exception of late-stage metastatic melanoma). 
Expanded TIL over a prolonged period often contains CD3+/CD4+/CD8+CD25+cells in differ-
ent ratios. Deeper FACS analyses make likely that subclones that are contained are primed and 
directed against some single mutated clones. Again, it must be emphasized that even with TIL 
stronger standardized cell production processes, better characterization of contained clones, 
more comparable preclinical data as well as professional designed clinical trials are needed.

The expansion of several CAR-T cell specimen seems not to be a problem (Table 5). Blood-derived 
natural T cells were used for CAR transduction. Expansion to large numbers of the CAR-T cells 
was achieved by using the same interleukin activation and culturing procedures as in the case 
of normal T cells. Some of the advanced centers are engaged in optimizing newer technologies 
including Miltenyi’s CliniMACS Prodigy as well as Zellwerk’s ZRP technology system.

5. State-of-the-art with ex vivo expanded NK cells utilized in clinical 
trials

NK cells are getting more and more attention in fighting cancer and infections since it succeeded 
to expand these immune cells not only in huge amounts but also in pure quality [4–6, 61]. In 
contrast to T cells, NK cells do not show immunological incompatibility when administered in 
haploidentical or even allogenic clinical trials. It is, however, important that NK cells in such set-
tings are totally free from T cells. In Table 6, a selection of clinical studies is listed, among them 
are those that are performed by known clinical research groups. It can be deduced that bigger 
numbers of NK cells can be produced in culture flaks as well as in some cell culture equipment 
consisting of plastic bags or vessels (VueLife static culturing in bags; wave system using differ-
ent bags, mixing of medium by slow shaking movement of the bag). The bag systems are closed 
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systems, and some of the equipment are provided with regulating and/or steering elements for 
gasing, measurement of pH, pO2, and medium temperature is obligatory. However, changing 
bag volumes and upscaling within a cultivation run is not easy and possible with these systems. 
One main advantage of NK cells is the good compatibility of this immune cell specimen. NK 
cells can be expanded up to 50,000-fold in suited perfusion bioreactors (Table 6), whereas this 
is by far not achieved in culture flasks. Adjuvant treatment of stem cell-transplanted patients 
with pure NK cells becomes common. NK cells isolated from donor blood and expanded avoids 
effectively GvHD when applied during the first phase after transplantation.

Advanced production technology makes NK cells attractive for use in broader bases: Pure NK 
cells have shown nearly no unwanted side effects in clinical trials even when administered in 
high doses. The modern production processes deliver NK cells with enhanced functionalities 
(high cytotoxicity against many cancer cells in ex vivo tests and enhanced paracrine produc-
tion). Pure NK cells can be manufactured in an easy-to-handle closed system as ATMP in 
 clinical settings near to patients. A particular advantage is that mass amounts of individual NK 
cells can be produced economically (due to low costs of selection, medium, and activation).

6. State-of-the-art with ex vivo expanded MSCs utilized in clinical trials

With numbers of 109 MSC, therapeutic effects were reported in the treatment of autoimmune 
and infectious diseases [68, 69]. The issue on reliabilities and logistically practical methods for 

Cell source; supplements, 
activation

Expansion device 
used

Cultivation 
time (days)

Expansion by 
x-fold

Cell purity Reference

PBMC fraction, serum; IL 2, Stirred bioreactor 
(750 ml)

33 352 96% [62]

PBMC fraction; serum; IL 2;IL 
15; PHA

VueLife bag 
system (800 ml)

14 80–200 85–91% [63]

PBMC fraction; serum; IL2/
IL12/IL15; feeder cell line

T-flaks 10 40 62–95% [64]

PBMC fraction; serum; IL 2; 
IL 15; feeder cell line K529; 4 
BBL1

VueLife bag 
system

21 277 97% [65]

PBMC fraction; medium; 
serum; IL 2

Wave bioreactor 21 12–354 37–54% [66]

PBMC fraction; medium; 
serum; IL 2; feeder cell line 
K529;

G-Rex flask 8–10 442 54–79 [67]

PBMC fraction; medium; 
serum; IL 2;

ZRP type M single-
use bioreactor

30 1000–2000 95–99% Own data, not 
published

PBMC fraction; serum; IL 2/IL 
21; coating with CD 16

ZRP typ M single-
use bioreactor

30–35 1000–50,000 99% Own data, not 
published

Table 6. NK cells for cell therapies. Different production methods.
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production of MSC for adequate amounts of immune cells needs specific attention. Most of 
the current clinical trials use open culture system in flasks even though there have been ongo-
ing efforts with newer technologies (compare Table 7).

Consistent and logistically practical methods for production of MSC for adequate numbers of 
immune cells need specific attention. In addition, there are many unresolved issues relating to the 
isolation, expansion technique, phenotyping characterization, mechanisms of action, and incom-
parability of study results due to different protocols and definitions. In most of the current clini-
cal trials, open culture system in flasks is in use (compare Table 7) even though there have been 
ongoing efforts with newer technologies [56, 70, 71]. In contrast, MSC, in particular those derived 
from bone marrow, lead candidates to fight many important disease entities. It is believed that 
modulation of immune responses, remodeling of impaired tissues, pro-regenerative as well as 
antifibrotic effects can be attained with these immune cells. With numbers of 109 MSC, effects 
were reported in treatment of some autoimmune and infectious diseases [68, 69]. A lot of clini-
cal trials have been performed or are ongoing on treating cardiovascular diseases (myocardial 
infarction, cardiomyopathy, critical limb ischemia, stroke [72–74]). Single or repeated doses of 
107 to more than 109 are injected systemically or topically. Until now, some positive influences on 
cardiovascular disease could be ensured through cytokines and chemokines secreted from MSC. 
Avoiding GvHD is also under intense investigation due to increasing stem cell transplantation 
in cancer and organ transplant patients. In all these indications, autologous or allogenic MSC are 
being infused that are not really manufactured under controlled conditions.

7. Newer techniques for characterization and production of immune  
cells therapeutics

Identification of different cell types, subpopulations, and even single subclones within a final 
cell therapeutics product can be a challenging exercise due to many constraints including the 
limited number of cells available. Immune cells are usually identified from its displayed sur-
face receptors that also gives a hint on its characters to fight infections or cancer. Cell sorting 
by flow cytometry or magnetic beads are modern techniques allowing isolation and separation 

Cell source; 
supplements

Expansion 
device used

Cultivation 
time (days)

Expansion by 
x-fold

Cell harvest Cell purity Reference

BM-MNC, serum Flasks 30 n.a. n.a. 99% [50]

BM-MNC, serum Flasks 30–45 6–52 2.4–5.7 x 107 >60% [51]

BM-E serum Five layer 
flasks

10–28 n.a. 6–27 x 107 n.a. [52]

BM-W, serum 59 
donors

Five layer 
flasks

28 5–145 2 x 107 to 5 
x 109

n.a. [53]

UC blood, serum FIve layer 
flasks

22–28 n.a. 1–8 x 108 n.a. [52]

Table 7. Manufacturing processes of MSC in clinical trials (n.a.= not available).
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systems, and some of the equipment are provided with regulating and/or steering elements for 
gasing, measurement of pH, pO2, and medium temperature is obligatory. However, changing 
bag volumes and upscaling within a cultivation run is not easy and possible with these systems. 
One main advantage of NK cells is the good compatibility of this immune cell specimen. NK 
cells can be expanded up to 50,000-fold in suited perfusion bioreactors (Table 6), whereas this 
is by far not achieved in culture flasks. Adjuvant treatment of stem cell-transplanted patients 
with pure NK cells becomes common. NK cells isolated from donor blood and expanded avoids 
effectively GvHD when applied during the first phase after transplantation.

Advanced production technology makes NK cells attractive for use in broader bases: Pure NK 
cells have shown nearly no unwanted side effects in clinical trials even when administered in 
high doses. The modern production processes deliver NK cells with enhanced functionalities 
(high cytotoxicity against many cancer cells in ex vivo tests and enhanced paracrine produc-
tion). Pure NK cells can be manufactured in an easy-to-handle closed system as ATMP in 
 clinical settings near to patients. A particular advantage is that mass amounts of individual NK 
cells can be produced economically (due to low costs of selection, medium, and activation).

6. State-of-the-art with ex vivo expanded MSCs utilized in clinical trials

With numbers of 109 MSC, therapeutic effects were reported in the treatment of autoimmune 
and infectious diseases [68, 69]. The issue on reliabilities and logistically practical methods for 
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production of MSC for adequate amounts of immune cells needs specific attention. Most of 
the current clinical trials use open culture system in flasks even though there have been ongo-
ing efforts with newer technologies (compare Table 7).

Consistent and logistically practical methods for production of MSC for adequate numbers of 
immune cells need specific attention. In addition, there are many unresolved issues relating to the 
isolation, expansion technique, phenotyping characterization, mechanisms of action, and incom-
parability of study results due to different protocols and definitions. In most of the current clini-
cal trials, open culture system in flasks is in use (compare Table 7) even though there have been 
ongoing efforts with newer technologies [56, 70, 71]. In contrast, MSC, in particular those derived 
from bone marrow, lead candidates to fight many important disease entities. It is believed that 
modulation of immune responses, remodeling of impaired tissues, pro-regenerative as well as 
antifibrotic effects can be attained with these immune cells. With numbers of 109 MSC, effects 
were reported in treatment of some autoimmune and infectious diseases [68, 69]. A lot of clini-
cal trials have been performed or are ongoing on treating cardiovascular diseases (myocardial 
infarction, cardiomyopathy, critical limb ischemia, stroke [72–74]). Single or repeated doses of 
107 to more than 109 are injected systemically or topically. Until now, some positive influences on 
cardiovascular disease could be ensured through cytokines and chemokines secreted from MSC. 
Avoiding GvHD is also under intense investigation due to increasing stem cell transplantation 
in cancer and organ transplant patients. In all these indications, autologous or allogenic MSC are 
being infused that are not really manufactured under controlled conditions.

7. Newer techniques for characterization and production of immune  
cells therapeutics

Identification of different cell types, subpopulations, and even single subclones within a final 
cell therapeutics product can be a challenging exercise due to many constraints including the 
limited number of cells available. Immune cells are usually identified from its displayed sur-
face receptors that also gives a hint on its characters to fight infections or cancer. Cell sorting 
by flow cytometry or magnetic beads are modern techniques allowing isolation and separation 
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flasks
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Table 7. Manufacturing processes of MSC in clinical trials (n.a.= not available).
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of immune cell subtypes. These methods are still time-consuming and costly exercises due to 
the quantity of antibodies and reagents required in the manufacturing process when dealing 
with larger starting material such as cells derived through apheresis. GMP-grade antibodies 
are particularly costly making the ATMP cell therapy an unaffordable range.

However, it is pertinent to analyze and to predict the potency of the cells that give a prior 
indication of the anticipated possible effects of the immune cells on the intended outcome. In 
case of T cells, it has been recently accomplished by tracking the fate and origin of clinically 
relevant adoptively transferred CD8+ T cells in vivo to identify and track single subclones spe-
cifically activated against few tumor cell mutants specific T memory cells [30]. By using high-
throughput T cell receptor sequencing, the group has worked out a strategy to identify and 
track those very low frequency monoclonal T cells among the total bulk of polyclonal T cell 
pool with varying cancer-killing and fighting capabilities that have been given as adoptive 
cell therapy to 10 metastatic malignant melanoma patients being specifically activated against 
melanoma and correlated with the treatment response in patients. They were then also able to 
decipher the specific clonal population of extremely low density of T cells that were persisting 
and effective in vivo among two patients out of ten demonstrating complete remission. It is 
worth proving whether this new approach can be applied effectively in clinical practice and to 
prove its rationale in other cancer types. Only around 0.001% of all T cells in blood consisted 
of these active monoclonal T cells. This study also indicated that the younger T cells nearly in 
the phase of development had a better ability to fight tumors than older ones.

Further progress in the identification of subpopulations, primed monoclonal T cells, and 
information on functionality of cell preparations may be obtained by the spectra of single 
cells, their typical receptors/ligands/paracrine production. Raman microscopy has long been 
used in cell and metabolites analysis. However, the combination of this method with sophis-
ticated software programs with in-depth analyses tools can lead to sharper, high-resolution 
Raman spectra enabling differentiating looks onto cells enabling subtype identification, quan-
tification, analysis of functional status, etc. [10–13].

CyTOF, the latest novel format of flow cytometry combined with mass spectrometry, often 
referred as mass cytometry provides a measurement of >40 simultaneous cellular parameters 
at single-cell resolution, significantly augmenting the ability of cytometry to evaluate com-
plex cellular systems and processes at any given point. This has been a greatest tool to unravel 
the mechanism of immune cells by studying kinetics before and after infusion. Currently, 
research on solid cancers has a strong focus on immune cells infiltrations in the microenviron-
ment of tumors. In a mouse model of triple negative breast carcinoma, the new methods using 
CyTOF assessing immune cells at single cell level within the tumor in the microenvironment 
of the tumor as well systemically in different organs over time demonstrated a striking differ-
ence of the sustained response at systemic level in the effective treatment responsive group 
in comparison to the nonresponsive treatment group [31]. Local carcinoma treatment was 
followed by an infiltration of CD8+/CD4+ T cells into the tumor leading to death of tumor 
cells. Different immune cell specimens were expanded during the rejection phase not only 
in the microenvironment of the carcinoma but also in many lymphatic organs and blood to 
reflect on the changes taking place systemically. A systemic coordinated immune response of 
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CD4+ as well as CD8+ T cells, NK cells, DC cells, and activated B cells seems to be essential for 
achieving sustainable effects to eradicate tumors with immune cell therapy. This has much 
more connotation for the ATMP cell therapy to reach its full potential.

The ZRP platform of Zellwerk and the belonging bioreactor types provide sophisticated fea-
tures not only for mass production of different immune cells but also for realizing isolation 
and culturing the cells in closed processes [54–57, 70, 75]. It enables controlled phases of selec-
tion/priming/activation of seeded cells by regulated medium flow, suited coating of seeding 
surfaces and/or fixed antibodies, followed by rapid expansion, all in a single run. This is due 
to the technical attributes:

Bioreactors of the ZRP system can be operated in the GMP breeder (Figure 1). The breeder 
combines a laminar flow sterile bench and an incubator. Controlling of the essential bioreac-
tor and breeder functions is by the control unit (automatic regulation of pO2, pH, medium 
temperature, medium feeding, mixing, and flow of gasses over a touch screen).

The cell cultivation platform and the belonging bioreactors enable the manufacturing of large 
quantities of individual immune cell preparations under GMP conditions. A series of ZRP 
systems can be driven in parallel in one clean room equipment due to the closed steps of the 
perfusion bioreactor processes. During a period of 1 year, several immune cell preparations 
from individuals amounting to ~100 can be undertaken in one B clean room thus reducing 
expenditures for production of immune cell therapeutics massive. Manufacturing of immune 
cells as ATMP is authorized by the national and regional German authorities.

Important features of the meander type bioreactors are as follows: A directed laminar flow 
of medium, which can be chosen over a wide range, makes an undisturbed cell/cell- and 
cell/surface-contact possible and minimizes cell stress. The ratio of medium circulation and 
fresh medium flow is automatically regulated over time by a chosen algorithm guaranteeing 
ananan consistent homogenous supply with nutrients and gasses as well as precise regulated 
pO2, pH, and temperature in the medium. T cells, TILs, and NK cells can be expanded to 
more than a 1010 cells in one closed cultivation run. In parallel cultivation run with pure NK 

Figure 1. Zellwerk’s GMP Z®RP cell breeder with M type bioreactor for NK/T/TIL cells.
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of immune cell subtypes. These methods are still time-consuming and costly exercises due to 
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referred as mass cytometry provides a measurement of >40 simultaneous cellular parameters 
at single-cell resolution, significantly augmenting the ability of cytometry to evaluate com-
plex cellular systems and processes at any given point. This has been a greatest tool to unravel 
the mechanism of immune cells by studying kinetics before and after infusion. Currently, 
research on solid cancers has a strong focus on immune cells infiltrations in the microenviron-
ment of tumors. In a mouse model of triple negative breast carcinoma, the new methods using 
CyTOF assessing immune cells at single cell level within the tumor in the microenvironment 
of the tumor as well systemically in different organs over time demonstrated a striking differ-
ence of the sustained response at systemic level in the effective treatment responsive group 
in comparison to the nonresponsive treatment group [31]. Local carcinoma treatment was 
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to the technical attributes:
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combines a laminar flow sterile bench and an incubator. Controlling of the essential bioreac-
tor and breeder functions is by the control unit (automatic regulation of pO2, pH, medium 
temperature, medium feeding, mixing, and flow of gasses over a touch screen).
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cells using the same medium and density of seeded cells, expansion in static flasks was not 
more than 50–100-fold, whereas in meander type bioreactor 5000–50,000-fold was achieved. 
Coating of seeding areas with specific matrices/antibodies, i.e., can be exploited to promote 
suppression or expansion of several immune cell specimen (e.g., Treg; CD56bright NK cells).

8. Current advances and future prospects

Despite many clinical trials with immune cell therapy and much progresses in the field, the 
manufacturing of cells as ATMP for routine clinical use has not been realized in its full poten-
tial. Here we attempt to give an overview of different advanced technologies and devices cur-
rently available for cell expansion. These different devices need to be validated and compared 
in head-to-head comparison for different cell type to exploit the opportunities for unmet clini-
cal needs.

Sterility, purity, identity, and potency are four cardinal requirements. Initially, cell expan-
sions have been carried out in the conventional process of open flask culture system with 
gradual incremental innovations to meet the growing needs of regulatory requirements as 
well as better quality products in terms of safety (phenotype), consistency (reproducibility 
and controlled robust process), numbers, quality (structural and functional), and efficacy 
(functionality and potency) to qualify as ATMP to be used in patients/human subjects. From 
simple culture flasks, multilayered flask was made for ease of handling as well as scaling up 
with the numbers (such as Millicell, Millipore or BD Multiflask).

Different microcarrier system came into place to increase surface area to expand cells in 3D 
than in flasks in 2D [76–78]. G-Rex system is a gas permeable rapid expansion device with a 
silicone membrane at the base, allowing gas exchange to occur uninhibited by the depth of the 
medium above with high O2 concentration stimulating cell expansion and simplify handling 
[99]. WAVE-type bioreactor systems [79] make use of sterile, transparent, and disposable cul-
ture bags with provision for media perfusion, harvest, sampling, and gas exchange, which 
greatly reduces the cross-contamination problem, one of the biggest challenge in conventional 
culture system [37, 38]. The culture bag is put on the device’s temperature-controlled tray 
inside an incubator having the option of controlled rocking movement. Optional perfusion 
modules enable controlled addition and removal of culture media for optimized nutrient con-
centrations while disposing spent media resulting in higher cell densities with involvement of 
less time and effort for media exchange. Magnetic beads are used in the bag for various prim-
ing and activation of cells [80]. However, the chaotic medium flow causes cell stress [78, 79]. 
These factors have been well addressed in ZRP cell breeder that has controlled and directed 
medium flow and fulfills most of the regulatory requirements (see Section 7).

MILTENYI’s CliniMACS Prodigy® [81] is an automated integrated sensor-controlled closed 
system device that uses single-use sterile disposable tubing set and can perform fractionation 
of cells, cell washing, cell separation, cell culture, and final product formulation in the work-
flow connected through sterile docking devices. TERUMO quantum system is a functionally 

Stem Cells in Clinical Practice and Tissue Engineering260

closed automated hollow fiber bioreactor system for GMP cell manufacturing that has been 
tried in MSC expansion [82]. Huge efforts are ongoing in Japan to build modular robotics-
manipulated, automated high-throughput cell-processing machine to make off-the-shelf cell 
therapy products for wider application [83].

Product dictates the process development and optimization to ensure cost-effectiveness, well-
controlled steps, high reliability, high cell density and viability, high product quality, easy 
recovery, high yield, and high safety for personnel. Perfusion system takes care of controlled 
dynamic gas exchange with a homogenous environment allowing high cell density with con-
trollable and flexible process control, but demands complicated validation procedure.

Evolving regulatory landscape for ATMPs (cell therapy) [84–87] has the following two man-
dates to be fulfilled (quoted from EMA document [88]):

• Cells or tissues that have been subjected to substantial manipulation so that biological char-
acteristics, physiological functions, or structural properties relevant for the intended clini-
cal use have been altered, or of cells or tissues that are not intended to be used for the same 
essential function(s) in the recipient and the donor.

• Have properties for, or are used in or administered to human beings with a view to treat-
ing, preventing, or diagnosing a disease through the pharmacological, immunological, or 
metabolic action of their cells or tissues.

Regulatory landscape for ATMP cell therapy at this juncture is quite diverse in various regions 
of the world and is evolving though in a gradient [89–95]. It is a daunting task, but is an abso-
lute necessity to harmonize all the harmonizers (regulatory bodies) across the globe with an 
unified coherent process to make ATMP cell therapy possible for unmet clinical needs. The 
regulatory bodies have the responsibilities to assure the safety and rights of patients and to 
ensure quality of the nonclinical and clinical evidences to allow appropriate evaluation of the 
safety and effectiveness of the cell therapy product through clinical trials for market autho-
rization. FDA and EMA have distinct guidelines, whereas there are distinct guidelines in 
other parts such as Australia, Brazil, Japan, Korea, Singapore, and Taiwan just to give a flavor 
of the unique differences that pose constraints in the current clinical development of ATMP 
cell therapy. While such efforts to converge on an unified regulatory process are underway 
through engagements, two critical issues have been identified to be addressed, the concept of 
potency assessment as well as in vivo tumorigenicity studies [96].

FDA has developed a number of expedited programs to facilitate ATMP cell therapy use 
in patients when no satisfactory alternative therapies are available while ensuring the stan-
dards of the products for safety and efficacy. EMA made a new regulation in 2009 for all 
28 member countries in EU with obligatory centralized market authorization process. Eight 
cell therapy ATMPs have been authorized in EU [97], namely ChondroCelect (withdrawn in 
January 2017) and Maci (suspended from July 2014 due to closure of European manufactur-
ing unit), both the products are autologous cartilage cells grown ex vivo for cartilage repair; 
Provenge (autologous PBMC activated with fusion protein of prostatic acid phosphatase 
attached to GM-CSF ex vivo) for treatment of advanced prostate cancer, withdrawn in May 
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cells using the same medium and density of seeded cells, expansion in static flasks was not 
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well as better quality products in terms of safety (phenotype), consistency (reproducibility 
and controlled robust process), numbers, quality (structural and functional), and efficacy 
(functionality and potency) to qualify as ATMP to be used in patients/human subjects. From 
simple culture flasks, multilayered flask was made for ease of handling as well as scaling up 
with the numbers (such as Millicell, Millipore or BD Multiflask).

Different microcarrier system came into place to increase surface area to expand cells in 3D 
than in flasks in 2D [76–78]. G-Rex system is a gas permeable rapid expansion device with a 
silicone membrane at the base, allowing gas exchange to occur uninhibited by the depth of the 
medium above with high O2 concentration stimulating cell expansion and simplify handling 
[99]. WAVE-type bioreactor systems [79] make use of sterile, transparent, and disposable cul-
ture bags with provision for media perfusion, harvest, sampling, and gas exchange, which 
greatly reduces the cross-contamination problem, one of the biggest challenge in conventional 
culture system [37, 38]. The culture bag is put on the device’s temperature-controlled tray 
inside an incubator having the option of controlled rocking movement. Optional perfusion 
modules enable controlled addition and removal of culture media for optimized nutrient con-
centrations while disposing spent media resulting in higher cell densities with involvement of 
less time and effort for media exchange. Magnetic beads are used in the bag for various prim-
ing and activation of cells [80]. However, the chaotic medium flow causes cell stress [78, 79]. 
These factors have been well addressed in ZRP cell breeder that has controlled and directed 
medium flow and fulfills most of the regulatory requirements (see Section 7).

MILTENYI’s CliniMACS Prodigy® [81] is an automated integrated sensor-controlled closed 
system device that uses single-use sterile disposable tubing set and can perform fractionation 
of cells, cell washing, cell separation, cell culture, and final product formulation in the work-
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closed automated hollow fiber bioreactor system for GMP cell manufacturing that has been 
tried in MSC expansion [82]. Huge efforts are ongoing in Japan to build modular robotics-
manipulated, automated high-throughput cell-processing machine to make off-the-shelf cell 
therapy products for wider application [83].

Product dictates the process development and optimization to ensure cost-effectiveness, well-
controlled steps, high reliability, high cell density and viability, high product quality, easy 
recovery, high yield, and high safety for personnel. Perfusion system takes care of controlled 
dynamic gas exchange with a homogenous environment allowing high cell density with con-
trollable and flexible process control, but demands complicated validation procedure.

Evolving regulatory landscape for ATMPs (cell therapy) [84–87] has the following two man-
dates to be fulfilled (quoted from EMA document [88]):

• Cells or tissues that have been subjected to substantial manipulation so that biological char-
acteristics, physiological functions, or structural properties relevant for the intended clini-
cal use have been altered, or of cells or tissues that are not intended to be used for the same 
essential function(s) in the recipient and the donor.

• Have properties for, or are used in or administered to human beings with a view to treat-
ing, preventing, or diagnosing a disease through the pharmacological, immunological, or 
metabolic action of their cells or tissues.

Regulatory landscape for ATMP cell therapy at this juncture is quite diverse in various regions 
of the world and is evolving though in a gradient [89–95]. It is a daunting task, but is an abso-
lute necessity to harmonize all the harmonizers (regulatory bodies) across the globe with an 
unified coherent process to make ATMP cell therapy possible for unmet clinical needs. The 
regulatory bodies have the responsibilities to assure the safety and rights of patients and to 
ensure quality of the nonclinical and clinical evidences to allow appropriate evaluation of the 
safety and effectiveness of the cell therapy product through clinical trials for market autho-
rization. FDA and EMA have distinct guidelines, whereas there are distinct guidelines in 
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of the unique differences that pose constraints in the current clinical development of ATMP 
cell therapy. While such efforts to converge on an unified regulatory process are underway 
through engagements, two critical issues have been identified to be addressed, the concept of 
potency assessment as well as in vivo tumorigenicity studies [96].

FDA has developed a number of expedited programs to facilitate ATMP cell therapy use 
in patients when no satisfactory alternative therapies are available while ensuring the stan-
dards of the products for safety and efficacy. EMA made a new regulation in 2009 for all 
28 member countries in EU with obligatory centralized market authorization process. Eight 
cell therapy ATMPs have been authorized in EU [97], namely ChondroCelect (withdrawn in 
January 2017) and Maci (suspended from July 2014 due to closure of European manufactur-
ing unit), both the products are autologous cartilage cells grown ex vivo for cartilage repair; 
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2015; Holoclar, autologous limbal stem cells to repair damaged corneal epithelium, this has 
orphan drug status due to rare condition. A great deal of effort are underway in EMA to 
refine and execute adaptive regulatory pathway to foster rapid development and acceler-
ated assessment for innovative cell therapies. Korea has 14 cell products authorized includ-
ing four stem cell products with 46 ongoing clinical trials with other cell therapy products. 
New adaptive regulatory framework has been enacted under the Pharmaceuticals, Medical 
Devices and Other Therapeutic Products Act (PMD Act) in Japan in late 2014 to facilitate 
access of promising ATMP cell therapy to the patients with limited treatment options as well 
as creating conducive regulatory environment to give accelerated conditional and time-lim-
ited authorization to stimulate further clinical development. Two products namely, MSC for 
GvHD second-line therapy and skeletal myoblast sheets for ischaemic heart failure have been 
authorized under the new scheme in 2015 and 2016.

Since cell culture uses animal-derived serum or growth factors, the sources need to be certi-
fied and proven free of any adventitious agents, consistent in quality and free of risk of any 
possible infections.

First ATMP cell therapy product to get market approval was in Canada for Prochymal 
(Remestemcel-L), adult MSC for IV infusion for acute GvHD in May 2012. Allogeneic adipose 
tissue-derived MSC expanded ex vivo have been shown efficacious in Phase 3 clinical trial 
when given intra-lesionally in complex perianal fistulas in Crohn’s disease patients and a 
decision is awaited in 2017 for market authorization by EMA. This product named as Cx601 by 
Takeda and TiGenix has received orphan status by the Swiss Agency for Therapeutic Products 
(Swissmedic) for the rare disease. While these innovations are taking place at immense pace, 
there is growing requirement of policymakers to be engaged along with patients’ community 
to see how best a value-based frameworks and be drawn as rational approaches to use these 
expensive novel therapeutic modalities in patient care [98].

9. Conclusion

The manufacturing of immune cells is until today primarily performed using archaic, scarcely 
controlled, incomparable processes and methods. These issues need to be better harmonized 
and put into standard practice. When looking into the processes of immune cell production 
used in clinical studies, it is obvious that the cells in most settings are expanded totally or 
partly in conventional culture flasks or similar vessels. That is due to the fact, that all immune 
cell types can be grown in this simple and cheap way without special skills. However, deeper 
characterization of ex vivo expanded immune cells is urgently needed not only on the level 
of a few receptors and ligands on the cell surface but also with respect to the ever-contained 
subtypes in an expanded immune cell population, the pattern of secreted effector molecules, 
their amounts over time and influences from in vivo components on them.

More research on aspects of modern cell therapy might be qualified as too costly, but will be 
more targeted and will at least avoid expensive and unjustified clinical studies maximizing 
the best use of the available R&D resources for better outcomes.
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partly in conventional culture flasks or similar vessels. That is due to the fact, that all immune 
cell types can be grown in this simple and cheap way without special skills. However, deeper 
characterization of ex vivo expanded immune cells is urgently needed not only on the level 
of a few receptors and ligands on the cell surface but also with respect to the ever-contained 
subtypes in an expanded immune cell population, the pattern of secreted effector molecules, 
their amounts over time and influences from in vivo components on them.

More research on aspects of modern cell therapy might be qualified as too costly, but will be 
more targeted and will at least avoid expensive and unjustified clinical studies maximizing 
the best use of the available R&D resources for better outcomes.
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Nowadays, oral and maxillofacial surgeons face serious difficulties in reconstruction of 
large defects caused by trauma, cancer, or congenital deformities. Considering each part 
of oral and maxillofacial region consisting of several tissues, it is necessary to recon-
struct these architectures layer by layer. Through years surgeons use different forms 
of grafts to reconstruct these defects. As these grafts and techniques are well described 
and used routinely, it should have been noticed that they are not without complica-
tions. This is where idea behind tissue engineering steps in. “Tissue engineering” due 
to its multi-aspect properties can be defined as application of methods and science of 
engineering toward the understanding of structure-function relationships of mamma-
lian tissues in both normal and pathological forms to improve and develop biologic 
substitutes to reach the main goal of restoring, maintaining, and stabilization of tissue 
function. From standpoint of surgery, tissue engineering is not considered as a potential 
step anymore, but as an available approach to reach the ultimate goal of reconstruction 
procedures. The aim of this chapter is to defne concepts and advances in tissue engi-
neering (TE). Also, review TE applications in the field of oral and maxillofacial surgery 
with bolding its clinical applications and complications based on novel and high-qual-
ity published researches.
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1. Introduction

For the first time, Langer and Vacanti introduced the definition of tissue engineering [1] to 
explain the basics of functional substitutes for tissue damage and how to reconstruct and 
regenerate these tissues based on principles of biology and medical engineering. This new 
field in contrast to the former biomaterial thoughts presents incredible disciplines which 
diverse the goal of regeneration induction of traumatized or damaged tissue rather than sub-
stitution with inert parts. In recent decades, a number of articles were being published about 
the tissue engineering and regenerative medicine (TERM) field over 360 yearly just at the 
beginning of the twenty-first century. Just in 2010, the number of original articles in this field 
reaches 4000. This over-increasing attraction to this field—involving almost all tissues even 
whole organs—leads to researches across the world [2].

Herein, we review latest scientific researches and recent advances of tissue engineering in 
major field of oral and maxillofacial surgery by subtopics categorized by facial complex 
parts.

2. Basic principles of tissue engineering

Tissue engineering is composed of three pillars: the cells, scaffolds, and growth factors. The 
combination of cells in a suitable scaffold was designed by the appropriate biochemical sig-
nals that can facilitate and make possible growth, so it could be a treatment option that is 
very suitable for clinical application. Various studies have shown that one of the important 
issues is proper design of scaffolds and associated mechanical signals to regulate tissue that 
is engineered. Scaffold that can be temporarily or permanently used for three-dimensional 
porous can also be natural or artificial, which in any case must be biocompatible [3]. A bio-
compatible environmental issue is crucial importance because it facilitates progenitor cells 
for migration and differentiation [4]. Some of the important issues that include the physi-
cal properties of the scaffold such as biodegradability, porosity, hardness and strength to 
be as much in excess of migration, cell adhesion, and proliferation (such as osteoconduc-
tion), which reflects the influence of signals on the cell is followed by the clinical efficacy 
of chemical signals and ultimately success factor for the link to be followed. Perhaps the 
problem for surgeons and maxillofacial surgery is more important than other counterparts, 
being careful scaffold designing on human anatomy for the repair of any defects in the face. 
Various studies designed to use the computer in the exact scaffold have shown promising 
results and have built a biomimetic scaffold that has special significance [5].

To complement these three pillars, tissue, cell lines that require ease of access and availabil-
ity, differentiation capacity, and lack of stimulation of the immune system or have tumor 
genesis [6]. Choosing the right cell lines in tissue engineering is still under discussion. New 
research hopes to use stem cells and gene therapy with viral vectors to express growth factors 
in cultured cell lines successfully, but stem cell research is outside the scope of this topic [7]. 
Today, the laboratory of tissue engineering that leads clinicians to living tissue is a concept 
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that has the potential to create a great impact on the future treatments. One of the major 
obstacles to the proper functioning of the tissue outside the body is to understand the way in 
which cells can be set in niches under certain physical and chemical conditions which would 
be difficult [8, 9]. In this case, bioreactors can control the situation and imitate the natural 
environment. Bioreactor devices can control and adjust the physiological conditions. With 
advances in tissue engineering, scaffold design could put several layers of cells onto scaf-
folds for three-dimensional position. That purpose requires a microenvironment for growth 
in vitro. The mathematical model was able to calculate the fluid flow rate for scaffold to pro-
vide nutrients and remove wastes and release oxygen used. As well as other variables such 
as external mechanical force needed to stimulate the proliferation of osteoblasts and then 
followed it can also be provided. Another alternative method that involves the cultivation of 
graft in vivo using animal models or humans as a bioreactor to simulate the growth of cells 
is provided. The remainder of this chapter presents various examples discussed regarding 
various tissues of the jaw and face [9].

3. Oral and maxillofacial bone defects

3.1. Mandibular defects

The atrophic mandible presents its own unique set of challenges in reconstructive maxillofa-
cial surgery. A mandibular vertical height of less than 2 cm (20 mm) is universally considered 
atrophic and presents with characteristic anatomic and physiologic features, such as hypovas-
cularity, which might contribute to tooth and alveolar process loss. The atrophic resorption 
patterns also contribute to the consistent anatomic changes, such as prominent mylohyoid 
and internal oblique ridges, which are covered with a thin mucosal lining, contributing to 
an increased risk of soft tissue breakdown and dehiscence. These anatomic changes happen 
secondary to a deficiency in blood supply from the lack of muscle attachments in those areas, 
whereas the areas that have a healthy musculature show an increased blood supply, making 
it more resistant to postdental extraction resorption. An important concept that reconstruc-
tive surgeons need to understand is that atrophic mandibles depend heavily on periosteal 
blood supply because of the narrowing of the inferior alveolar artery [10–12].

Cawood and his group from the United Kingdom found that alveolar bone resorption seemed 
to have a predictable pattern:

• Class I, dentate

• Class II, immediately post-extraction

• Class III, well-rounded ridge form, adequate in height and width

• Class IV, knife-edge ridge form, adequate in height and inadequate in width

• Class V, flat ridge form, inadequate in height and width

• Class VI, depressed ridge form, with some basilar bone loss evident [13]
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folds for three-dimensional position. That purpose requires a microenvironment for growth 
in vitro. The mathematical model was able to calculate the fluid flow rate for scaffold to pro-
vide nutrients and remove wastes and release oxygen used. As well as other variables such 
as external mechanical force needed to stimulate the proliferation of osteoblasts and then 
followed it can also be provided. Another alternative method that involves the cultivation of 
graft in vivo using animal models or humans as a bioreactor to simulate the growth of cells 
is provided. The remainder of this chapter presents various examples discussed regarding 
various tissues of the jaw and face [9].

3. Oral and maxillofacial bone defects

3.1. Mandibular defects

The atrophic mandible presents its own unique set of challenges in reconstructive maxillofa-
cial surgery. A mandibular vertical height of less than 2 cm (20 mm) is universally considered 
atrophic and presents with characteristic anatomic and physiologic features, such as hypovas-
cularity, which might contribute to tooth and alveolar process loss. The atrophic resorption 
patterns also contribute to the consistent anatomic changes, such as prominent mylohyoid 
and internal oblique ridges, which are covered with a thin mucosal lining, contributing to 
an increased risk of soft tissue breakdown and dehiscence. These anatomic changes happen 
secondary to a deficiency in blood supply from the lack of muscle attachments in those areas, 
whereas the areas that have a healthy musculature show an increased blood supply, making 
it more resistant to postdental extraction resorption. An important concept that reconstruc-
tive surgeons need to understand is that atrophic mandibles depend heavily on periosteal 
blood supply because of the narrowing of the inferior alveolar artery [10–12].

Cawood and his group from the United Kingdom found that alveolar bone resorption seemed 
to have a predictable pattern:

• Class I, dentate

• Class II, immediately post-extraction

• Class III, well-rounded ridge form, adequate in height and width

• Class IV, knife-edge ridge form, adequate in height and inadequate in width

• Class V, flat ridge form, inadequate in height and width

• Class VI, depressed ridge form, with some basilar bone loss evident [13]
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This classification has more relevance to implant dentistry because it gives the operator an 
idea of whether an adjunctive bone graft would be necessary (classes IV and V).

Marx and colleagues [14] published a novel soft tissue matrix expansion also known as the 
“tent pole,” where the dental implants effectively “tent” the soft tissue envelope up to main-
tain the bone graft volume and prevent soft tissue collapse. The original description used an 
extraoral submental approach, and the bone graft material of choice was the anterior iliac 
crest bone graft, with four to five implants placed (each one 15 mm in height), with a 1-cm 
interimplant distance. Primary stability was obtained by engaging the inferior border of the 
mandible with the implants. Autogenous corticocancellous bone graft is then packed around 
the implants.

Patel et al. reported that the addition of rhBMP in the tent pole technique had a favorable 
impact on bone healing and allowed substitution of the posterior iliac crest as a donor site 
with the anterior iliac crest bone graft because of the enhanced osteoinduction that happens 
with rhBMP. Furthermore, the authors rarely use the classical anterior iliac crest bone grafting 
approach, instead opting for the trephine to harvest the bone from the anterior iliac crest, with 
excellent increase in vertical bone height and final implant placement. This translated to less 
donor-site morbidity and earlier mobilization [15].

Many surgeons have modified Marx’s original tent pole technique, and some have replaced 
dental implants with bone screws; this modification seemed to improve the buccolingual ori-
entation of the final implant placement, because the dental implants would be placed at a sec-
ond procedure, when all of the bones have been consolidated, and the position of the implants 
is more ideal. A second advantage of this modification is that it allows the use of surgical 
implant guides, especially if a maxillary prosthesis exists. Another commonly used method is 
the use of a titanium mesh to tent the soft tissue and maintain the bone graft and the contour 
of the ridge. However, the main disadvantage of this technique is that the surgical site must be 
reentered to remove the titanium mesh before implant placement. This has presented its own 
set of challenges, especially when the graft grows over the mesh, and the procedure requires 
excessive soft tissue reflection.

Another bioactive agent that has been studied in maxillofacial reconstructive surgery is 
recombinant human platelet-derived growth factor. This is a product of platelets and func-
tions as a chemotactic and mitogenic factor for osteoblasts and is critical for angiogenesis and 
thus can be applied to treating ridge defects [16]. This growth factor has been combined with 
several different types of grafting materials and carriers, such as mineralized and demineral-
ized FDBA [17], xenograft (specifically deproteinized bovine block graft), equine block graft 
[18], and bTCP [19], in multiple case series and has been shown to help produce intact woven 
and lamellar bone contributing to an increase in vertical ridge height in humans, which was of 
appropriate quality to accommodate the placement of dental implants at a second stage. The 
concept of engineered heterotopic bone formation has also been studied; however, this has 
not yet gained much notoriety. In 2004, it was studied in the reconstruction of large segmen-
tal mandibular defects by way of an engineered growth of a mandibular transplant within 
a muscular environment (in this case the latissimus dorsi muscle) with the help of BMPs, 
with subsequent free tissue transfer of the bone-muscle flap approximately 7 weeks later [20].  
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A prefabricated titanium mesh was filled with bone mineral blocks, BMPs, and the patient’s 
own bone marrow. Although a clinically successful result was obtained, this procedure may 
not be as cost-effective as some of the more traditional and established methods of free tissue 
transfer for mandibular reconstruction and does carry with it significant morbidity related 
to the surgery itself and potential complications, such as brachial plexus injury and shoulder 
drop [21]. Nonetheless, it certainly does open up a different aspect of tissue engineering and 
strategies for maxillofacial reconstruction [22, 23].

3.2. Maxillary sinus augmentation

It is challenging to reconstruct the edentulous posterior maxilla with dental implants due 
to insufficient bone height after crestal bone resorption and also maxillary sinus pneuma-
tization [24, 25]. In recent years, with aid of existing space in the maxillary sinus, clinicians 
introduced techniques for surgical augmentation that use to restore bone height and also 
create a sufficient implant bed area which seems to resolve patient’s treatment difficulties 
[26, 27]. Researchers suggested a variety of modifications in original sinus augmentation 
technique to ease different difficulties for clinicians and also patients [28, 29], but the basic 
principle of each technique remained unchanged which is to increase maxillary bone height 
with aid of placing graft material in the maxillary sinus after attending to detach the sinus 
membrane [25, 28, 29]. Nowadays, for rehabilitation of the posterior maxilla with dental 
implants, the use of maxillary sinus augmentation (MSA) is considered as a standard pro-
cedure [24, 25].

In original technique, before dental implant insertion, MSA was performed with the autog-
enous bone [25, 30]. Autogenous bone has usually been cited as the most eligible material to 
achieve predictable and favorable results in MSA. It is due to the fact that autogenous bone 
contains living cells and growth factors which cause osteogenic ability [25, 30]. In contrast, 
it should have been noticed that available supplies for autogenous bone are limited. Also, as 
disadvantage, harvesting autogenous bone is painful and includes procedures with risk of 
infection. With these in mind, it is necessary to investigate and develop alternative techniques 
to overcome these drawbacks [24, 25, 31–37].

Introduction of different osteoconductive biomaterials such as allogeneic bone [31, 32], xeno-
geneic bone [32–34], or alloplastic or composite materials [34, 35] which are cell-free and due 
to that require more time for bone healing. This is a disadvantage that none of mentioned 
materials have biological and structural properties similar to the native bone [24, 25, 34–37].

The modern science of bone tissue engineering, a fusion of recent discoveries in the field of 
molecular cell biology with the most innovative methods of reconstructive surgery, aims to 
overcome these boundaries [38].

In Table 1, studies of stem cell approach for tissue engineering dealing with sinus augmenta-
tion were illustrated.

A major disadvantage of potential bone substitutes is their inherent slow ability to induce 
new bone at a foreseeable rate. By advances and innovation in technology in tissue engineer-
ing, introduced alternative materials which are used as bone show significant advantages in 
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This classification has more relevance to implant dentistry because it gives the operator an 
idea of whether an adjunctive bone graft would be necessary (classes IV and V).

Marx and colleagues [14] published a novel soft tissue matrix expansion also known as the 
“tent pole,” where the dental implants effectively “tent” the soft tissue envelope up to main-
tain the bone graft volume and prevent soft tissue collapse. The original description used an 
extraoral submental approach, and the bone graft material of choice was the anterior iliac 
crest bone graft, with four to five implants placed (each one 15 mm in height), with a 1-cm 
interimplant distance. Primary stability was obtained by engaging the inferior border of the 
mandible with the implants. Autogenous corticocancellous bone graft is then packed around 
the implants.

Patel et al. reported that the addition of rhBMP in the tent pole technique had a favorable 
impact on bone healing and allowed substitution of the posterior iliac crest as a donor site 
with the anterior iliac crest bone graft because of the enhanced osteoinduction that happens 
with rhBMP. Furthermore, the authors rarely use the classical anterior iliac crest bone grafting 
approach, instead opting for the trephine to harvest the bone from the anterior iliac crest, with 
excellent increase in vertical bone height and final implant placement. This translated to less 
donor-site morbidity and earlier mobilization [15].

Many surgeons have modified Marx’s original tent pole technique, and some have replaced 
dental implants with bone screws; this modification seemed to improve the buccolingual ori-
entation of the final implant placement, because the dental implants would be placed at a sec-
ond procedure, when all of the bones have been consolidated, and the position of the implants 
is more ideal. A second advantage of this modification is that it allows the use of surgical 
implant guides, especially if a maxillary prosthesis exists. Another commonly used method is 
the use of a titanium mesh to tent the soft tissue and maintain the bone graft and the contour 
of the ridge. However, the main disadvantage of this technique is that the surgical site must be 
reentered to remove the titanium mesh before implant placement. This has presented its own 
set of challenges, especially when the graft grows over the mesh, and the procedure requires 
excessive soft tissue reflection.

Another bioactive agent that has been studied in maxillofacial reconstructive surgery is 
recombinant human platelet-derived growth factor. This is a product of platelets and func-
tions as a chemotactic and mitogenic factor for osteoblasts and is critical for angiogenesis and 
thus can be applied to treating ridge defects [16]. This growth factor has been combined with 
several different types of grafting materials and carriers, such as mineralized and demineral-
ized FDBA [17], xenograft (specifically deproteinized bovine block graft), equine block graft 
[18], and bTCP [19], in multiple case series and has been shown to help produce intact woven 
and lamellar bone contributing to an increase in vertical ridge height in humans, which was of 
appropriate quality to accommodate the placement of dental implants at a second stage. The 
concept of engineered heterotopic bone formation has also been studied; however, this has 
not yet gained much notoriety. In 2004, it was studied in the reconstruction of large segmen-
tal mandibular defects by way of an engineered growth of a mandibular transplant within 
a muscular environment (in this case the latissimus dorsi muscle) with the help of BMPs, 
with subsequent free tissue transfer of the bone-muscle flap approximately 7 weeks later [20].  
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A prefabricated titanium mesh was filled with bone mineral blocks, BMPs, and the patient’s 
own bone marrow. Although a clinically successful result was obtained, this procedure may 
not be as cost-effective as some of the more traditional and established methods of free tissue 
transfer for mandibular reconstruction and does carry with it significant morbidity related 
to the surgery itself and potential complications, such as brachial plexus injury and shoulder 
drop [21]. Nonetheless, it certainly does open up a different aspect of tissue engineering and 
strategies for maxillofacial reconstruction [22, 23].

3.2. Maxillary sinus augmentation

It is challenging to reconstruct the edentulous posterior maxilla with dental implants due 
to insufficient bone height after crestal bone resorption and also maxillary sinus pneuma-
tization [24, 25]. In recent years, with aid of existing space in the maxillary sinus, clinicians 
introduced techniques for surgical augmentation that use to restore bone height and also 
create a sufficient implant bed area which seems to resolve patient’s treatment difficulties 
[26, 27]. Researchers suggested a variety of modifications in original sinus augmentation 
technique to ease different difficulties for clinicians and also patients [28, 29], but the basic 
principle of each technique remained unchanged which is to increase maxillary bone height 
with aid of placing graft material in the maxillary sinus after attending to detach the sinus 
membrane [25, 28, 29]. Nowadays, for rehabilitation of the posterior maxilla with dental 
implants, the use of maxillary sinus augmentation (MSA) is considered as a standard pro-
cedure [24, 25].

In original technique, before dental implant insertion, MSA was performed with the autog-
enous bone [25, 30]. Autogenous bone has usually been cited as the most eligible material to 
achieve predictable and favorable results in MSA. It is due to the fact that autogenous bone 
contains living cells and growth factors which cause osteogenic ability [25, 30]. In contrast, 
it should have been noticed that available supplies for autogenous bone are limited. Also, as 
disadvantage, harvesting autogenous bone is painful and includes procedures with risk of 
infection. With these in mind, it is necessary to investigate and develop alternative techniques 
to overcome these drawbacks [24, 25, 31–37].

Introduction of different osteoconductive biomaterials such as allogeneic bone [31, 32], xeno-
geneic bone [32–34], or alloplastic or composite materials [34, 35] which are cell-free and due 
to that require more time for bone healing. This is a disadvantage that none of mentioned 
materials have biological and structural properties similar to the native bone [24, 25, 34–37].

The modern science of bone tissue engineering, a fusion of recent discoveries in the field of 
molecular cell biology with the most innovative methods of reconstructive surgery, aims to 
overcome these boundaries [38].

In Table 1, studies of stem cell approach for tissue engineering dealing with sinus augmenta-
tion were illustrated.

A major disadvantage of potential bone substitutes is their inherent slow ability to induce 
new bone at a foreseeable rate. By advances and innovation in technology in tissue engineer-
ing, introduced alternative materials which are used as bone show significant advantages in 
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Study Control Type SC Scaffold Evaluation Follow-up Complications

Gonshor et al. Allograft MSC (bone 
marrow)

Allograft 
(Osteocel)

Histology after 
3–4 months

None

Voss et al. ABG MSC 
(periosteum)

Polymer fleece Radiography, 
histology on 18 
patients

24 months A

Shayesteh et al. None MSC (bone 
marrow)

HA/TCP Histology after 
3 months

12 months None

Yamada et al. None MSC (bone 
marrow)

PRP Radiography 2- to 
6.3-year

None

Rickert et al. 30% ABG 
and 70% 
BBM

MSC (bone 
marrow)

BBM Histology after 
13–16 weeks

None

Schimming 
et al.

None MSC 
(periosteum)

Polymer fleece Histology after 
3 months

6 months in 
9 patients

B

MacAllister 
et al.

None MSC (bone 
marrow)

Allograft 
(Osteocel)

Histology after 
4 months

None

Mangano et al. Calcium 
phosphate

MSC (bone 
marrow)

Polymer fleece Histology after 
6 months, CT 
scan

C

Zizelmann 
et al.

ABG MSC 
(periosteum)

Polymer fleece Radiography 
after 3 months

D

Ueda et al. None MSC (bone 
marrow)

PRP Radiography 2–5 years None

Sauerbier et al. MSC (bone 
marrow) vs. 
BMAC

MSC (bone 
marrow)

BBM Histology after 
3 months

12 months None

Fuerst et al. None Autogenous 
culture-expanded 
bone cells

BBM Histology after 
6 months

None

Trautvetter 
et al.

None MSC 
(periosteum)

Polymer fleece Histology after 
6 months

5 years None

Schmelziesen 
et al.

None MSC 
(periosteum)

Polymer fleece Histology after 
4 months

None

Hermund et al. 50% 
ABG + 50% 
BBM

Autogenous 
culture-expanded 
bone cells

50% ABG + 50% 
BBM

Histology after 
4 months

8 months None

Sauerbier et al. 30% 
ABG + 70% 
BBM

MSC (bone 
marrow)

BBM Histology after 
3–4 months

None

Springer et al. BBM MSC 
(periosteum) 
(l) Autogenous 
culture-expanded 
bone cells (2a)

Collagen [1]
BBM (2a)

Histology after 
6–8 months

None
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their bone-inductive capabilities. These results are similar to the result of study conducted 
by Neiva et al., which revealed favorable outcomes with the use of PepGen P-15 Putty. They 
conclude this result from initial osteogenesis of intervened group which is guided by the 
putty and achieved an additional mature trabecular pattern in shorter period of time compar-
ing to the control group. Earlier bone formation is evaluated and revealed in 3D radiographic 
assessment as early as 8 weeks [40].

A variety of study designs used in cellular studies on sinus grafting techniques outcome the 
square measure constituent. Briefly, most studies comparing cell therapy with a traditional 
grafting technique showed similar results [41–44].

3.3. Dorsal augmentation in rhinoplasty

As application of allografts for dorsal augmentation seems to have serious disadvantages [45], 
it appears that we might tend to observe the appliance of tissue engineering in rhinoplasty; 
Kim et al. in 2014 within the article made a case for the chondrocytes and porcine cartilage 
substance (PCS) construct as an attainable dorsal augmentation material in rhinoplasty cul-
tured with a porcine cartilage-derived substance (PCS) scaffold as a potential substitute for 
normal tissue use for augmentation in rhinoplasty. A scaffold is derived from decellularized 
and fine-grained porcine articular cartilage prepared. The use of the rabbit articular cartilage 
was due to ability to supply homologous chondrocytes, which for 7 weeks were enlarged and 
polite with the PCS scaffold. The chondrocyte-PCS constructs were then surgically implanted 
on the nasal dorsum of six rabbits. Four and 8 weeks after implantation, complete evaluations 
such as the gross morphology, radiologic pictures, and microscopic anatomy options of the 
location of implant were analyzed. The rabbits showed no signs of surgical inflammation and 
infection. The degree of dorsal augmentation was maintained throughout the 8-week surgi-
cal observation amount. Surgical examinations showed chondrocyte proliferation while there 
was no inflammatory response. However, neo-cartilage formation from the constructs was 
not confirmed. The biocompatibility and structural options of tissue-engineered chondrocyte-
PCS constructs indicate their potential as candidate dorsal augmentation material to be used 
in rhinoplasty [46].

Study Control Type SC Scaffold Evaluation Follow-up Complications

Beaumont 
et al.

None MSC 
(periosteum)

BBM + polymer 
fleece

Histology after 4 
and 6 months

18 months None

Adopted from Jakobsen et al. [39]
BBM, bovine bone mineral; HA/TCP, hydroxyapatite/tricalcium phosphate; NA, data not available; MSCs, mesenchymal 
stem cells; PRP, platelet-rich plasma; RCT, randomized clinical trial
A: 11 augmentations failed in test group, none in control group
B: Histology shows little or no bone formation in 8 of 15 patients, when a two-stage protocol was used.
C: Less bone and more medullar spaces were found in test group compared with control group.
D: 13 of 14 sinuses showed insufficient bone formation. Resorption 90% in test group after 3 months, 29% in control 
group

Table 1. Studies regarding cell-based sinus lift procedure.
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Study Control Type SC Scaffold Evaluation Follow-up Complications

Gonshor et al. Allograft MSC (bone 
marrow)

Allograft 
(Osteocel)

Histology after 
3–4 months

None

Voss et al. ABG MSC 
(periosteum)

Polymer fleece Radiography, 
histology on 18 
patients

24 months A

Shayesteh et al. None MSC (bone 
marrow)

HA/TCP Histology after 
3 months

12 months None

Yamada et al. None MSC (bone 
marrow)

PRP Radiography 2- to 
6.3-year

None

Rickert et al. 30% ABG 
and 70% 
BBM

MSC (bone 
marrow)

BBM Histology after 
13–16 weeks

None

Schimming 
et al.

None MSC 
(periosteum)

Polymer fleece Histology after 
3 months

6 months in 
9 patients

B

MacAllister 
et al.

None MSC (bone 
marrow)

Allograft 
(Osteocel)

Histology after 
4 months

None

Mangano et al. Calcium 
phosphate

MSC (bone 
marrow)

Polymer fleece Histology after 
6 months, CT 
scan

C

Zizelmann 
et al.

ABG MSC 
(periosteum)

Polymer fleece Radiography 
after 3 months

D

Ueda et al. None MSC (bone 
marrow)

PRP Radiography 2–5 years None

Sauerbier et al. MSC (bone 
marrow) vs. 
BMAC

MSC (bone 
marrow)

BBM Histology after 
3 months

12 months None

Fuerst et al. None Autogenous 
culture-expanded 
bone cells

BBM Histology after 
6 months

None

Trautvetter 
et al.

None MSC 
(periosteum)

Polymer fleece Histology after 
6 months

5 years None

Schmelziesen 
et al.

None MSC 
(periosteum)

Polymer fleece Histology after 
4 months
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Hermund et al. 50% 
ABG + 50% 
BBM

Autogenous 
culture-expanded 
bone cells

50% ABG + 50% 
BBM

Histology after 
4 months

8 months None

Sauerbier et al. 30% 
ABG + 70% 
BBM

MSC (bone 
marrow)

BBM Histology after 
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Springer et al. BBM MSC 
(periosteum) 
(l) Autogenous 
culture-expanded 
bone cells (2a)

Collagen [1]
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Histology after 
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their bone-inductive capabilities. These results are similar to the result of study conducted 
by Neiva et al., which revealed favorable outcomes with the use of PepGen P-15 Putty. They 
conclude this result from initial osteogenesis of intervened group which is guided by the 
putty and achieved an additional mature trabecular pattern in shorter period of time compar-
ing to the control group. Earlier bone formation is evaluated and revealed in 3D radiographic 
assessment as early as 8 weeks [40].

A variety of study designs used in cellular studies on sinus grafting techniques outcome the 
square measure constituent. Briefly, most studies comparing cell therapy with a traditional 
grafting technique showed similar results [41–44].

3.3. Dorsal augmentation in rhinoplasty

As application of allografts for dorsal augmentation seems to have serious disadvantages [45], 
it appears that we might tend to observe the appliance of tissue engineering in rhinoplasty; 
Kim et al. in 2014 within the article made a case for the chondrocytes and porcine cartilage 
substance (PCS) construct as an attainable dorsal augmentation material in rhinoplasty cul-
tured with a porcine cartilage-derived substance (PCS) scaffold as a potential substitute for 
normal tissue use for augmentation in rhinoplasty. A scaffold is derived from decellularized 
and fine-grained porcine articular cartilage prepared. The use of the rabbit articular cartilage 
was due to ability to supply homologous chondrocytes, which for 7 weeks were enlarged and 
polite with the PCS scaffold. The chondrocyte-PCS constructs were then surgically implanted 
on the nasal dorsum of six rabbits. Four and 8 weeks after implantation, complete evaluations 
such as the gross morphology, radiologic pictures, and microscopic anatomy options of the 
location of implant were analyzed. The rabbits showed no signs of surgical inflammation and 
infection. The degree of dorsal augmentation was maintained throughout the 8-week surgi-
cal observation amount. Surgical examinations showed chondrocyte proliferation while there 
was no inflammatory response. However, neo-cartilage formation from the constructs was 
not confirmed. The biocompatibility and structural options of tissue-engineered chondrocyte-
PCS constructs indicate their potential as candidate dorsal augmentation material to be used 
in rhinoplasty [46].

Study Control Type SC Scaffold Evaluation Follow-up Complications

Beaumont 
et al.

None MSC 
(periosteum)

BBM + polymer 
fleece

Histology after 4 
and 6 months

18 months None

Adopted from Jakobsen et al. [39]
BBM, bovine bone mineral; HA/TCP, hydroxyapatite/tricalcium phosphate; NA, data not available; MSCs, mesenchymal 
stem cells; PRP, platelet-rich plasma; RCT, randomized clinical trial
A: 11 augmentations failed in test group, none in control group
B: Histology shows little or no bone formation in 8 of 15 patients, when a two-stage protocol was used.
C: Less bone and more medullar spaces were found in test group compared with control group.
D: 13 of 14 sinuses showed insufficient bone formation. Resorption 90% in test group after 3 months, 29% in control 
group

Table 1. Studies regarding cell-based sinus lift procedure.
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Cultured chondrocytes and porcine cartilage substance (PCS) constructs as an attainable 
dorsal augmentation material in rhinoplasty: preliminary animal study and, additionally 
Mendelson et al. in 2014 conferred this concept than designed nasal cartilage by cell homing: 
a model for augmentative and rehabilitative rhinoplasty. Bioactive scaffolds were developed 
that not solely recruited cells within the nasal dorsum in vivo, however, additionally induced 
chondrogenesis of the recruited cells. Bilayered scaffolds were fictional with alginate-contain-
ing gelatin microspheres encapsulating cytokines atop a porous poly(lactic-co-glycolic acid) 
base. Microspheres were fictional to contain recombinant human remodeling growth factor 
β3 at doses of 200, 500, or 1000 ng, with phosphate-buffered saline-loaded microspheres used 
as a bearing. A rat model of augmentation facelift was created by implanting scaffolds atop 
the native nasal cartilage surface that was scored to induce cell migration. Tissue formation 
and chondrogenesis within the scaffolds were evaluated by image analysis and microscopic 
anatomy staining with hematoxylin and eosin, toluidine blue, Verhoeff elastic-van Gieson, 
and aggrecan immunohistochemistry. Sustained release of increasing doses of remodeling 
growth factor β3 for up to the tested 10 weeks promoted orthotopic cartilage-like tissue for-
mation in an exceedingly dose-dependent manner. It appears that these findings represent 
the primary commitment to engineer cartilage tissue by the cell orientating for facelift and 
will doubtlessly function as an alternate material for augmentative and rehabilitative rhino-
plasty [46].

An important feature for rehabilitative and augmentative rhinoplasty is the ability of the graft 
to be tailored to the individual patient. Autologous graft area unit is stacked and sutured 
along in a very bundle before implantation. The bioactive poly(lactic-co-glycolic acid) scaf-
folds are simply changed to larger augmentations by varied the mold diameter wont to create 
the poly(lactic-co-glycolic acid) scaffold base. For associate degree off-the-shelf product, three 
totally different scaffolds can be generated with a variety of forms and sizes and simply cut 
for precise adjustments. Thus, the bioactive scaffolds might probably be used as completely 
unique various implant styles to current rhinoplasty treatment [46].

4. Skin

It seems that one of the important years for tissue engineering is 1975; in this year, some 
occurrence about skin engineering was evolved in this field even though the Washington 
National Science Foundation applied science panel meeting to formally adopt the term “tis-
sue engineering” for this field a decade later in 1987 [47] and Langer and Vacanti explained 
the definition of this field later in 1993 [1]. The first step is ascribed to the actions of two 
teams in the United States 40 years ago. Rheinwatd and Green were the first team who are 
unskilled and ignored cultivation of human epidermal keratinocytes in vitro [48]; they also 
created potentially the enlargement of those cultivation of cells into numerous epithelial 
cells for graft in 1975 [49] from a little skin diagnostic assay. Today, the work that was done 
in those days is called “skin epidermis tissue engineering.” At the same time, Yannas et al. 
worked on the features of scleroprotein and degradation mechanism [50] in 1975, which now 
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we believe that these efforts facilitate the way for the new generation of artificial dermal sub-
stitute, resulting in the “skin dermis tissue engineering” [51]. Fortunately, after 6 years, both 
of these groups independently revealed the clinical effect of tissue-engineered substitutes 
for the treatment of different grade burns, albeit in different approaches. The first graft of 
extensive burns with sheets of cultured epithelium (produced from epidermal cells which 
are autologous) was reported by O’Connor et al., two adult patients were experienced at the 
Peter Bent Brigham Hospital [52, 53]. Cultured epidermal autografts (CEA) were the next 
generation of cultured sheets which are autologous and also successively revealed to pre-
pare cover of full-thickness burns in pediatric patients [54]. Meantime, only a short time after 
O’Connor et al.’s study, Burke et al. revealed that artificial dermis had experienced func-
tional and physiological acceptable dermis in the treatment of extensive full-thickness burns 
on several patients [55]. These evidences resulted in randomized clinical trial for extensive 
burn injuries led by Heimbach et al. [56] about the application of artificial dermis; now new 
generation of artificial dermis is known as IntegraTM Dermal Regeneration Template. This 
study was done successfully by collaborating 11 centers, and other studies [57, 58] could 
inevitably demonstrate this dermal substitute a “gold standard” material treatment of full-
thickness burns [59].

But there are still challenges, and those two groups are still far from reaching the final goal of 
replacing autologous skin for coverage of permanent deep dermal or full-thickness injuries 
in extensive burns.

Table 2 demonstrates the current status of available tissue-engineered materials and tech-
niques for skin substitution.

Skin substitute/
surgical technique

Structure Advantage Disadvantage

Epidermal Cultured epithelial 
autograft (CEA)

Confluent autologous 
keratinocytes

In vitro 
expansion for 
large bum area, 
permanent

Fragility, infection, high 
cost, and variable take 
rate

CUONO’s method Extensive bums Two-stage procedure, 
precise grafting time 
coordination

CEA with meshed 
split-thickness skin 
autograft

Expansion 1:4, 
no rejection

Beyond 1:4 expansion: 
poor cosmetic 
and functional 
results, delayed 
reepithelialization

CEA with 
microskin 
autograft

Expansion 
1:9–15, no 
rejection, high 
take rate, shorter 
epithelization 
time

Time-consuming, labor-
intensive, hypertrophic 
scarring
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Cultured chondrocytes and porcine cartilage substance (PCS) constructs as an attainable 
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Skin substitute/
surgical technique

Structure Advantage Disadvantage

Dermal Artificial 
biological 
materials

Integra™ Cross-linked bovine 
tendon collagen-based 
dermal matrix linked with 
glycosaminoglycan (GAG)

Two-stage procedure, 
infection, hematomas, 
seromas

Integra™ with 
CEA

Good long-
term esthetic 
and functional 
outcome

High cost, poor adhesion

Integra™ with 
Meek

MatriDerm® Bovine non-cross-linked 
lyophilized dermis, 
coated with alpha-elastin 
hydrolysate

Composite skin 
substitute

MatriDerm as a template, 
seeded with expanded 
autologous skin fibroblast 
and keratinocytes

Full wound 
closure

Blobrane® Silicone membrane and 
nylon mesh impregnated 
with porcine dermal 
collagen

One-stage 
procedure, 
coverage of 
partial-thickness 
bums

Intolerant to 
contaminated wound bed

Natural 
biological

AlloDerm® Human acellular 
lyophilized dermis

Acellular, 
immunologically 
inert, provide 
natural dermal 
porosities for 
regeneration and 
vascularization 
on the wound 
bed

High cost, risk of 
transmitting disease, 
two-stage procedure

AlloDerm® with 
CEA

Multiple applications

Permacol™ Porcine acellular 
lyophilized dermis

Good esthetic 
and functional

Infection, hematomas, 
seromas

Synthetic 
materials

TransCyte® Porcine collagen-coated 
nylon mesh seeded with 
allogeneic neonatal human 
foreskin fibroblasts

Immediate 
availability, ease 
of storage

Temporary

Dermagraft® Bioabsorbable polyglactin 
mesh scaffold seeded with 
cryopreserved allogeneic 
neonatal human foreskin 
fibroblasts

Ease of 
handling, no 
rejection, chronic 
wounds—
diabetic ulcers

Poor ECM structure, 
infections, cellulitis,
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The happen which facilitates efforts is that combination between a skin allograft bank and profes-
sional laboratory which culture autologous epithelial cell sheet could be an important step, and 
also we should gather many scientists and engineers and absorb finance in this field. The only 
way that can create the demand of engineered tissue for patients is through working and col-
laborating with clinicians, and also this expert team brings us innovation, novel technologies, and 
cost management and realizes the challenges in advancement of skin tissue engineering [61–65].

5. Oral mucosa

There is a recognized lot to reconstruct and restore advanced craniomaxillofacial (CMF) soft 
tissues that are broken and/or disfigured as a consequence of automobile accident, trauma, 
burn injury, or tumor surgery. In trauma, injuries usually produce extraordinarily advanced 
geometric and avulsion defects, and also the anatomic and purposeful intricacies of CMF 
composite soft tissue structures like the lips, eyelids, and nasal advanced create the recon-
struction significantly difficult for maxillofacial surgeons (Table 3).

Kenji Izumi et al. in 2013 within the article evaluated the appliance of tissue engineering 
in oral mucosa [67]; the first objective of this study was to gauge the security of a tissue-
engineered human ex vivo produced oral mucosa equivalent (EVPOME) in intraoral graft 
procedures. The secondary objective was to assess the efficacy of the grafted EVPOME in 
manufacturing a keratinized mucosal surface epithelial tissue. Five patients World Health 
Organization based on inclusion criteria that defects in mucogingival region or an absence 
of gingiva which is keratinized on incisors and premolars teeth, together with radiographies 
of adequate bone height in interdental region, were used to expand the amount of keratin-
ized gingiva in the defect site. A specimen was taken by a punch biopsy from hard palate to 
accumulate oral keratinocytes, which were enlarged, associate degreed cultured on associate 
degree noncellular matrix of the dermis for make of an EVPOME.

Skin substitute/
surgical technique

Structure Advantage Disadvantage

Dermo-epidermal PermaDerm™ Collagen-
glycosaminoglycan 
substrates containing 
autologous fibroblasts and 
keratinocytes

Permanent 
replacement 
of both dermal 
and epidermal 
layers, one-step 
procedure

No clinical trial reported 
yet

DenovoSkin Plastically compressed 
collagen type 1 hydrogels 
engineered with human 
keratinocytes and 
fibroblasts

Near-normal 
skin architecture

Long culture time, no 
clinical series reported 
yet

Adopted from Chua et al. [60]

Table 2. Tissue-engineered materials and current surgical techniques for skin substitution.
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EVPOME grafts have special features which are used directly over associate degree healthy 
periosteal bed and preserved in situ. At 1 and at 7, 14, 30, 90, and 180 days postsurgery, Plaque 
Index and Gingival Index were recorded for every subject. Additionally, inquisitory depths, 
keratinized animal tissue dimension, and keratinized animal tissue thickness were recorded 
at baseline, 30, 90, and 180 days. Fortunately, there were no adverse outcomes or complica-
tions to EVPOME ascertained in all cases throughout the research. But the mean increased 
in keratinized animal tissue dimension was 3 mm (range, 3–4 mm), and no vital changes in 
depths were ascertained. According to our findings, we can terminate that EVPOME is useful 
for oral application and has the flexibility to reinforce keratinized gingiva. More randomized 
clinical trials in this field should be performed to demonstrate other dimensions of tissue 
engineering [67].

The maintenance of associate degree sufficient strip of attached gingiva includes a minimum 
of 2 mm of keratinized gingiva and has revealed that it could be necessary for preservation of 
periodontal tissue [68, 69]. Historically, FGGs’ associate degreed grafts which were taken from 
connective tissue are applied to gain sufficient strip of attached gingiva [70]. Unfortunately, 
clinical evidence about the use of autologous and allogenic products confronts to some prob-
lems about FGGs, i.e., problems about morbidity around donor region and also amount of 
tissue for graft which is restricted [71]. Nevins [72] applied treatment by bilayered cell for 
mucogingival region, and this research revealed that adequate keratinized tissue was gained; 
however, the amount was not more than it gained with FGGs. Interestingly, each research 
tried to prove that clinical evidence such as texture and color have better results when com-
pared with FGGs. Nevertheless, application of products that have allogenic cells could have 
important effect on the wound bed; the impact of treatment could be as a completely unique 
“biologic dressing” to motivate encompassing cells. One of the reliable materials was a scaf-
fold which is biodegradable with gingival autologous fibroblasts which are cultured [73]. 
Another research in this field used oral mucosa cells to transplant directly to the cornea [74]. 

Approach Advantages Disadvantages

Free grafts (full-thickness 
skin grafts, split-thickness 
skin grafts, etc.)

Simply harvested, vital tissue 
accessibility

Poor color match, donor-site morbidity, lack of 
bulk, no performance

Local advancement and 
motility flaps

Sensible color match, functional Restricted quantity, might need staged surgeries, 
will result in microstomia and associated 
purposeful deficits in speech and swallowing

Free vascularized tissue 
transfer

Wonderful tube peduncle, 
applicable tissue thickness, and a 
technique to suspend the lip with 
the incorporated tendon

Long recovery, donor-site morbidity, lack of 
performance, poor color match/esthetics, needs 
specialized surgical skills

Allogeneic tissue transfer/
face transplant

Sensible color match, purposeful 
tissue, esthetics

Needs long immunosuppression, facet effects 
of immunosuppression, long and troublesome 
recovery, donor accessibility, needs specialized 
surgical skills and facility

Table 3. The advantages and downsides of the contemporary approach to soft tissue reconstruction [66].
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Another researchers believed that the long time (more than 22 months) existence of the cul-
tured keratinocytes from oral cavity, expressed markers of stem cell. Also evidence tried to 
by pharmacologic approach produce cultured oral keratinocytes to produce stem cell popu-
lation; and now all efforts focus on clinical application of this technology that has a lot of 
simply for the event of a lot of strong EVPOME for intraoral graft procedures [75]. As a result 
of oral mucosa keratinocyte area unit simply getable and expand quicker in vitro than skin 
keratinocytes [76], they will be a lot of efficacious to be used in future clinical applications in 
regenerative medicine. This platform technique might produce other potential extraoral uses, 
like repair of facial skin [77], reconstruction of eyelids and nose, or in situ tissue layer substi-
tutes for the urethra and conjunctiva [78].

6. Temporomandibular joint disorders

The temporomandibular joint (TMJ) may be a synovial joint that has for articulator motion 
relative to the os base and distributes the traditional stresses of perform (chewing and speak-
ing) and parafunction (clenching and bruxism). It is usually noted as ginglymoarthrodial joint 
attributable to its slippy performance and hinging. The temporomandibular joint links the 
condyloid process (mandibular bone) to the temporal bone. The cartilage disc is the middle 
of mandibular condyle and the glenoid fossa eminence of the temporal bone and separates 
the joint area into inferior and superior compartments, each of that area unit crammed with 
synovial fluid [79].

Because of the advanced loading patterns that designed tissues can expertise within the TMJ, 
acquisition of complete style parameters from the native tissue is important. Significantly, 
TMJ disc, condyle, and condylar cartilage replacement area unit in nice demand attribut-
able to these tissues’ poor regenerative capability and high rate of involvement in TMD. In 
response, many studies characterizing the properties of those elements are performed [79]. 
Though glenoid fossa and articular eminence are the concern in TMD, they need not be abso-
lutely characterized. Within the following section, structural characteristics of the TMJ tissue 
area unit are summarized. Application of tissue engineering in the treatment of temporoman-
dibular joint defects is rising as a progressive choice to substitute and remove the pathological 
defects automatically in the near future. Historically, basics of regenerative medicine are three 
necessary elements, cells, stimulator factors, and scaffolds. But new technology introduced 
novel methodologies and recommends how to manage TMJ disk and stimulate relevant carti-
lage [80]. This approach includes the scaffold-free and cell-based methodology and cells and 
stimulators that work together. But another approach is to construct a structure and render 
appropriate form of engineered tissues, permitting well-designed structure and simple han-
dling [81]. Another mechanical feature may be appropriate for designed tissue. In the best 
manner the chemistry of scaffold that could be degradation with matrix synthesis. But the 
rate of scaffold degradation depends on the nature of scaffold and might be modified by 
manipulation. For induction of the mass of matrix synthesis, growth factors are added to the 
scaffolds. Today, all engineered tissue materials are used to regenerate condyle and TMJ disc; 
however, similar strategies for regeneration of mandibular fossa are not successful [82].
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7. Conclusion

Unfortunately, limiting factors still existed; most of them could be the differences of lab envi-
ronment and human body such as unknown exact dose of BMP and applicate high dose of 
this material to creation of bony scaffold [83]. On the other hand, unpredictable effects of BMP 
and complications about application of BMP together with oncogenesis. Based on these evi-
dences, Food and Drug Administration (FDA) restricted application of BMP to sinus alveolar 
process augmentation in the United States; other substitute materials in maxillofacial region 
should be considered moral issues even if these materials reveal high level of evidence in 
several experimentations [84].

Another problem like tissue transfer decreases the chance of high-quality and priced experi-
mentations [85], and also Ripamonti et al. study revealed that growth factor and signaling sys-
tems in animal and human are totally different and huge variation between them is observed. 
Unfortunately, there are few clinical trials in the maxillofacial region, but the question is what 
the obstacles are? The main obstacles are how to predict regenerate cells to not become onco-
genesis and produce our wanted cells, how to manage signaling factors to facilitate the proce-
dure of regeneration, and how to create the scaffold that permits cell growth in the best way. 
More clinical trials are needed to remove the obstacles [86].

Tissue engineering is the field that is surrounded by other fields like histology, medical engineer-
ing, and pathology that every progress in these fields could change principles of tissue engineer-
ing. Our goals are simple which are to know how to regenerate human tissues from host cells and 
somehow that these regenerates have desirable function and esthetics. To reach to this goal, we 
have long way, but today engineers progressed biocompatible scaffolds, increase the flexibility to 
3D tissue constructs, and designed complex tissue for the different facial areas. The latest prog-
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genesis and produce our wanted cells, how to manage signaling factors to facilitate the proce-
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Abstract

Human adipose-derived stem cells (hASCs) currently represent a viable source of mes-
enchymal-like stem cells, with similar properties and differentiation potential to bone-
marrow-derived mesenchymal stem cells (BM-MSCs) but with a different and more 
accessible source—the adipose tissue. hASCs are able to produce almost all of the factors 
that contribute to normal wound healing, and therefore, they are preferred for all types of 
tissue engineering (TE) and regenerative medical applications. This chapter will review 
hASCs regeneration potential and the most modern approaches in TE for bone, cartilage 
and adipose tissue regeneration using hASCs. Furthermore, an overview of novel and 
original hASCs-scaffold constructs studied in our group completes an up-to-date presen-
tation of hASCs multiple uses. Additionally, this chapter will highlight the relevance of 
ultimate advances in regenerative medicine and the need for this evolution to increase 
the quality of life in patients with tissue defects.

Keywords: human adipose-derived stem cells, tissue engineering, regenerative 
medicine, stem cell differentiation

1. Introduction

Current tissue engineering (TE) approaches registered an evolution over the past few years 
in the area of regenerative medicine. If the last decade was dedicated to repair and recon-
structive procedures involving the implantation of inert materials to solve tissue defects, the 
modern trend uses regenerative strategies frequently based on advanced biomaterials and the 
differentiation potential of stem cells.
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The basic principle underlying this modern tissue engineering concept is that an equilibrium 
should be established simultaneously between the elements required to obtain a functional 
engineered tissue—suitable cells, appropriate scaffolds and the adequate signalling mol-
ecules. The goal of tissue engineering is to recreate a microenvironment as similar as possible 
to the in vivo natural tissue.

Human adipose-derived stem cells (hASCs) represent a viable source of mesenchymal-
like stem cells, with similar properties to bone-marrow-derived mesenchymal stem cells 
(BM-MSCs) but with a different and more accessible source—the adipose tissue. A particular 
population of stem cells with self-renewal properties and multilineage differentiation poten-
tial, isolated from the adipose stromal-vascular compartment, was first reported by Zuk et 
al. [1]. In further studies, it has been proved that these cells display (i) a hypoimmunogenic 
profile [2], (ii) can be easily harvested from subcutaneous adipose tissue during liposuction 
procedures [3] and (iii) since they can be isolated from autologous fat, there is no ethical issue 
involved in case of transplantation for regenerative purposes. All these properties that hASCs 
display make them a more viable solution for regenerative medicine approaches then MSCs 
or other adult stem cells.

Apart from the fact they can be more easily harvested than MSCs, hASCs are able to produce 
almost all of the factors that contribute to normal wound healing [4]. Consequently, at the 
injury site, implanted cells that undergo differentiation generate not only an inert filling tissue 
but also are able to stimulate cell recruitment from stem cell niches in order to aesthetically 
restore the site of injury in a paracrine manner (by secretion of growth factors and cytokines) 
[5]. These observations suggest that hASCs could be better candidates for TE applications 
than other traditional cell sources.

hASCs’ clinical and TE applications: Modern regenerative therapies use hASCs, based on their 
abundance, distribution and multilineage differentiation ability. There are certain studies that 
put, under a question mark, the safety issues related to hASCs use for regeneration purposes, 
since several genetic abnormalities after their in vitro expansion or differentiation have been 
reported by several groups [6–8]. However, no interdiction of hASCs in clinical practice for 
TE has been yet announced.

Regarding the scaffolds appropriate for TE applications, there has been an evolution in the 
composition and properties of biomaterials in the last decade. Nowadays, biomaterials tend 
to be made of natural and biodegradable compounds, thus favouring their biocompatibility. 
In addition, a 3D scaffold displays a significantly increase in capacity to closely mimic in vivo 
cellular microenvironments [9, 10].

Different biomaterials have been used in studies to favour hASCs growth in 3D scaffolds. 
hASCs displayed potential to attach, proliferate and differentiate in contact with favourable 
biomaterial compositions. Ideally, biofabricated scaffolds should offer hASCs proper environ-
ments to facilitate their proliferation and maintain their differentiation potentials [3]. Besides the 
biocompatibility condition, these materials should also be synthesized to have highly porous 
structures with interconnected architecture to mimic the native tissue niche [3]. Science in the 
field of scaffold engineering has evolved towards biofabrication using modern approaches 
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such as bioprinting, patterning, self-assembling and organ-on-a-chip [10]. According to Dai 
et al., most of these approaches have been employed to encapsulate hASCs in 3D structures 
(resulting in 3D culture systems) specifically designed for a TE application.

Related to in vivo experiments using hASCs, it was both experimentally and clinically shown 
that the topical administration of hASCs to full-thickness radiated wounds increases the heal-
ing rate of the wound [4]. It was also shown that hASCs stimulate fibroblast proliferation and 
migration and type I collagen secretion in an in vivo wound model. These findings suggest 
that hASCs may promote in vivo wound healing.

hASCs are currently recognized as an attractive and efficient adult stem cell type for regen-
erative medicine. Still, there are problems that need to be clarified including the mechanisms 
of the interactions among hASCs and their long-term safety. Only a small number of clinical 
trials have been performed by now [3].

The majority of clinical trials involving hASCs or hASCs-enriched fat grafts are incipient 
phase clinical trials (phase I or II), while only one trial reached phase IV in human subjects 
(NCT00616135). Several directions were approached by clinicians in order to test the effi-
ciency of hASCs in tissue regeneration. Breast reconstruction is one of the major applications 
approached by clinicians, not only for breast augmentation purposes (NCT01771913) but 
also for breast reconstruction after tumour resection (NCT00616135). Special care should be 
given for implantation of hASCs in a former tumour microenvironment, since little is known 
about hASCs stability at genomic level. Both clinical trials resulted in a favourable primary 
outcome. However, this direction is considered to have limitations since the implanted fat 
graft suffered resorption over time and thus the implant shape and dimension altered after 
6–12 months. Additional successful applications where hASCs were involved are liver tis-
sue reconstruction (NCT01062750), cardiovascular disease (NCT01449032; NCT00442806; 
NCT00426868; NCT01216995), osteoarthritis (NCT01585857) or brain injury (NCT01649700). 
All results showed hASCs display high therapeutic potential and generally display safety for 
in vivo implantation.

Considering all the abovementioned, the chapter will further present a few biomaterial com-
positions that we used in conjunction with hASCs and stimulating factors. In particular, we 
have studied the potential of hASCs differentiation towards the adipose, cartilage and bone 
lineages during in vitro studies in different 3D original scaffolds. For adipose tissue engineer-
ing (ATE), we have identified novel biomaterials based on gelatin-alginate-polyacrylamide 
(GAPAA) [11] and collagen-sericin (CollSS) [12] which proved to be efficient for soft tissue 
reconstruction. In parallel, the addition of hyaluronic acid and chondroitin sulphate proved 
to increase the quality of the CollSS hydrogel and to transform it in a scaffold designed for 
cartilage tissue engineering (CTE) [13]. We have also tested and validated different scaffolds 
based on chitosan, polyvinyl alcohol, polysulphone, etc. each improved by the addition of 
graphene oxide (GO), giving stability to the structure. An appropriate concentration of GO in 
scaffolds composition resulted in significantly better cell differentiation towards bone tissue.

Both chitosan/GO biomaterials and improved collagen scaffolds for cartilage repair were 
tested for response during in vivo studies on mouse models. Results supported the conclusions 
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such as bioprinting, patterning, self-assembling and organ-on-a-chip [10]. According to Dai 
et al., most of these approaches have been employed to encapsulate hASCs in 3D structures 
(resulting in 3D culture systems) specifically designed for a TE application.

Related to in vivo experiments using hASCs, it was both experimentally and clinically shown 
that the topical administration of hASCs to full-thickness radiated wounds increases the heal-
ing rate of the wound [4]. It was also shown that hASCs stimulate fibroblast proliferation and 
migration and type I collagen secretion in an in vivo wound model. These findings suggest 
that hASCs may promote in vivo wound healing.

hASCs are currently recognized as an attractive and efficient adult stem cell type for regen-
erative medicine. Still, there are problems that need to be clarified including the mechanisms 
of the interactions among hASCs and their long-term safety. Only a small number of clinical 
trials have been performed by now [3].
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phase clinical trials (phase I or II), while only one trial reached phase IV in human subjects 
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ciency of hASCs in tissue regeneration. Breast reconstruction is one of the major applications 
approached by clinicians, not only for breast augmentation purposes (NCT01771913) but 
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given for implantation of hASCs in a former tumour microenvironment, since little is known 
about hASCs stability at genomic level. Both clinical trials resulted in a favourable primary 
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graft suffered resorption over time and thus the implant shape and dimension altered after 
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lineages during in vitro studies in different 3D original scaffolds. For adipose tissue engineer-
ing (ATE), we have identified novel biomaterials based on gelatin-alginate-polyacrylamide 
(GAPAA) [11] and collagen-sericin (CollSS) [12] which proved to be efficient for soft tissue 
reconstruction. In parallel, the addition of hyaluronic acid and chondroitin sulphate proved 
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based on chitosan, polyvinyl alcohol, polysulphone, etc. each improved by the addition of 
graphene oxide (GO), giving stability to the structure. An appropriate concentration of GO in 
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tested for response during in vivo studies on mouse models. Results supported the conclusions 

Human Adipose-Derived Stem Cells for Tissue Engineering Approaches: Current Challenges and Perspectives
http://dx.doi.org/10.5772/intechopen.68712

295



obtained in vitro and confirmed the efficiency of these differentiation-specific cell-scaffold sys-
tems. However, only a small number of studies have addressed in vivo applications involving 
ASCs. More studies need to be developed in this direction in order to evaluate the good and 
the bad potential of hASCs.

2. Human adipose-derived stem cells: source, properties and 
differentiation potential

2.1. hASCs isolation and characterization

hASCs can be reproducibly isolated from liposuction aspirates through a procedure 
involving collagenase digestion, differential centrifugation and expansion in culture [5, 14]. 
Undifferentiated hASCs express a distinct immunophenotype (hASCs express the MSC mark-
ers CD10, CD13, CD29, CD34, CD44, CD54, CD71, CD90, CD105, CD106, CD117 and STRO-1 
and are negative for hematopoietic lineage and endothelial cell markers) detectable by flow 
cytometry and produce additional adipocyte-specific proteins upon induction [15, 16]. The 
hASCs immunophenotype was also assessed by flow cytometry in our team and the results 
were successfully reported [14].

The protocol for the isolation of hASCs involves the removal of subcutaneous fat by lipo-
suction and treatment with collagenase, a hydrolytic enzyme [1]. hASCs are found in a 
homogeneous mixture called stromal vascular fraction (SVF), together with endothelial cells, 
stromal and hematopoietic cells; due to their tendency to adhere to the substrate in the culture 
medium, hASCs can be isolated easily [17].

Mainly distributed at subcutaneous and visceral fat, adipose tissue is an excellent source of 
stem cells, providing approximately 300,000 cells/ml, 5 times more than in the bone marrow 
[1]. Similar to BM-MSCs, hASCs may differentiate towards osteogenic, adipogenic, myogenic, 
neurogenic and chondrogenic pathways, depending on the experimental conditions [16]. 
Similarities between hASCs and BM-MSCs are found in the secretory profile and CD surface 
markers [16, 18].

Adipose tissue has an endocrine auxiliary function, secreting cytokines and growth fac-
tors. Thus, it was found that hASCs produce increased amounts of epidermal growth fac-
tor (EGF), vascular endothelial growth factor (VEGF), the keratinocytes growth factor (KGF), 
basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), hepatocyte 
growth factor (HGF), transforming growth factor-β (TGF-β), insulin-like growth factor (IGF) 
and brain-derived neurotrophic factor (BDNF) [2, 19]. There are also products and cytokines 
such as Flt-3-ligand, granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage 
colony stimulating factor (GM-CSF), macrophage colony stimulating factor (M-CSF), bone 
morphogenetic proteins (BMP), interleukins-6,-7,-8,-11,-12, leukaemia inhibitory factor (LIF) 
and tumour necrosis factor alpha (TNF-α) [2, 19]. Based on hASCs properties to secrete mol-
ecules that modulate all stages of healing and to differentiate into multiple cell types, stem 
cells are actively involved in wound healing when administered in the vicinity of the affected 
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tissues [20]. In many experiments, hASCs administered at a lesion site have stimulated the 
development of granulation tissue and increased cell density and traumatic wound re-epithe-
lialization [20, 21]. Recent research developments have shown that hASCs produce a volume 
of cytokines and growth factors superior to BM-MSCs and to human dermal fibroblasts, thus 
being ideal tools in tissue regeneration [22].

Since fat tissue actively intervenes in the endocrine processes, paracrine action of transplanted 
hASCs can negatively influence peripheral tissues. For example, the secretion of active hor-
mones such as leptin, certain cytokines such as IL-6 and TNF-α or of certain growth factors 
can lead to a disturbance of the peripheral metabolic pathways [23].

2.2. hASCs regenerative potential

Most organs display “reservoirs” of adult stem cells that are activated in case of trauma, infec-
tion or disease [24]. In many of these cases, the endogenous stem cell populations are insuffi-
cient to cope with compromised tissue regeneration process, and therefore, modern strategies 
in the field of regenerative medicine involve the use of exogenous stem cells. Restoration 
of damaged structures, as well as the resumption of the restored tissue functionality, was 
associated with stem cells ability to adopt a specific phenotype through differentiation and to 
paracrine actions of stem cells [25].

Numerous studies showed that hASCs have the potential to differentiate into bone, carti-
lage and muscle, as well as adipose and neural tissue [15, 26, 27]. This ability to differentiate 
towards different mesenchymal lineages has stimulated interest in their clinical use. hASCs 
have also been used for breast augmentation and to treat congenital deformities and other 
defects as well as for reconstruction after mastectomy [28]. Immunomodulatory molecules, 
growth factors, angiogenic and antifibrotic factors released by hASCs, matrix metallopro-
teinases and collagen stimulate the regeneration and remodelling of altered structures [29], 
whereas secreted anti-apoptotic molecules and antioxidants protect cells in proximity [30].

The most important differentiation pathways reported for hASCs will be further described:

2.2.1. Adipogenic differentiation and adipose tissue engineering involving hASCs

Adipogenic differentiation is induced in vitro by treatment with a cocktail based on dexa-
methasone, indomethacin, isobutyl-methyl-xanthine [31] and insulin [32]. The mixture stimu-
lates expression of the receptor peroxisome proliferation-activated receptor ɣ2 (PPAR-ɣ2), key 
inducer of adipogenic differentiation, which, once activated, triggers the transcription of a set 
of genes involved in differentiation of terminal adipocytes [33]. These include genes encoding 
the synthase fatty acid (FAS), the protein binding of fatty acids P2 (aP2), perilipin marker of 
adipogenic differentiation, lipoprotein lipase (LPL), the carrier protein fatty acid-1 (FATP-1) 
and adipocytokines (adiponectin, leptin and resistin). All of these events stimulate the lipid 
metabolism, leading in the end to the formation of intracellular lipid vesicles [34].

Paracrine action of MSCs plays a key role in the modulation of adipogenic differentiation. 
Thus, BMP, with cytokine function, stimulates in vivo adipogenesis. Bone morphogenetic 
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obtained in vitro and confirmed the efficiency of these differentiation-specific cell-scaffold sys-
tems. However, only a small number of studies have addressed in vivo applications involving 
ASCs. More studies need to be developed in this direction in order to evaluate the good and 
the bad potential of hASCs.

2. Human adipose-derived stem cells: source, properties and 
differentiation potential

2.1. hASCs isolation and characterization

hASCs can be reproducibly isolated from liposuction aspirates through a procedure 
involving collagenase digestion, differential centrifugation and expansion in culture [5, 14]. 
Undifferentiated hASCs express a distinct immunophenotype (hASCs express the MSC mark-
ers CD10, CD13, CD29, CD34, CD44, CD54, CD71, CD90, CD105, CD106, CD117 and STRO-1 
and are negative for hematopoietic lineage and endothelial cell markers) detectable by flow 
cytometry and produce additional adipocyte-specific proteins upon induction [15, 16]. The 
hASCs immunophenotype was also assessed by flow cytometry in our team and the results 
were successfully reported [14].

The protocol for the isolation of hASCs involves the removal of subcutaneous fat by lipo-
suction and treatment with collagenase, a hydrolytic enzyme [1]. hASCs are found in a 
homogeneous mixture called stromal vascular fraction (SVF), together with endothelial cells, 
stromal and hematopoietic cells; due to their tendency to adhere to the substrate in the culture 
medium, hASCs can be isolated easily [17].

Mainly distributed at subcutaneous and visceral fat, adipose tissue is an excellent source of 
stem cells, providing approximately 300,000 cells/ml, 5 times more than in the bone marrow 
[1]. Similar to BM-MSCs, hASCs may differentiate towards osteogenic, adipogenic, myogenic, 
neurogenic and chondrogenic pathways, depending on the experimental conditions [16]. 
Similarities between hASCs and BM-MSCs are found in the secretory profile and CD surface 
markers [16, 18].

Adipose tissue has an endocrine auxiliary function, secreting cytokines and growth fac-
tors. Thus, it was found that hASCs produce increased amounts of epidermal growth fac-
tor (EGF), vascular endothelial growth factor (VEGF), the keratinocytes growth factor (KGF), 
basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), hepatocyte 
growth factor (HGF), transforming growth factor-β (TGF-β), insulin-like growth factor (IGF) 
and brain-derived neurotrophic factor (BDNF) [2, 19]. There are also products and cytokines 
such as Flt-3-ligand, granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage 
colony stimulating factor (GM-CSF), macrophage colony stimulating factor (M-CSF), bone 
morphogenetic proteins (BMP), interleukins-6,-7,-8,-11,-12, leukaemia inhibitory factor (LIF) 
and tumour necrosis factor alpha (TNF-α) [2, 19]. Based on hASCs properties to secrete mol-
ecules that modulate all stages of healing and to differentiate into multiple cell types, stem 
cells are actively involved in wound healing when administered in the vicinity of the affected 
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tissues [20]. In many experiments, hASCs administered at a lesion site have stimulated the 
development of granulation tissue and increased cell density and traumatic wound re-epithe-
lialization [20, 21]. Recent research developments have shown that hASCs produce a volume 
of cytokines and growth factors superior to BM-MSCs and to human dermal fibroblasts, thus 
being ideal tools in tissue regeneration [22].

Since fat tissue actively intervenes in the endocrine processes, paracrine action of transplanted 
hASCs can negatively influence peripheral tissues. For example, the secretion of active hor-
mones such as leptin, certain cytokines such as IL-6 and TNF-α or of certain growth factors 
can lead to a disturbance of the peripheral metabolic pathways [23].

2.2. hASCs regenerative potential

Most organs display “reservoirs” of adult stem cells that are activated in case of trauma, infec-
tion or disease [24]. In many of these cases, the endogenous stem cell populations are insuffi-
cient to cope with compromised tissue regeneration process, and therefore, modern strategies 
in the field of regenerative medicine involve the use of exogenous stem cells. Restoration 
of damaged structures, as well as the resumption of the restored tissue functionality, was 
associated with stem cells ability to adopt a specific phenotype through differentiation and to 
paracrine actions of stem cells [25].

Numerous studies showed that hASCs have the potential to differentiate into bone, carti-
lage and muscle, as well as adipose and neural tissue [15, 26, 27]. This ability to differentiate 
towards different mesenchymal lineages has stimulated interest in their clinical use. hASCs 
have also been used for breast augmentation and to treat congenital deformities and other 
defects as well as for reconstruction after mastectomy [28]. Immunomodulatory molecules, 
growth factors, angiogenic and antifibrotic factors released by hASCs, matrix metallopro-
teinases and collagen stimulate the regeneration and remodelling of altered structures [29], 
whereas secreted anti-apoptotic molecules and antioxidants protect cells in proximity [30].

The most important differentiation pathways reported for hASCs will be further described:

2.2.1. Adipogenic differentiation and adipose tissue engineering involving hASCs

Adipogenic differentiation is induced in vitro by treatment with a cocktail based on dexa-
methasone, indomethacin, isobutyl-methyl-xanthine [31] and insulin [32]. The mixture stimu-
lates expression of the receptor peroxisome proliferation-activated receptor ɣ2 (PPAR-ɣ2), key 
inducer of adipogenic differentiation, which, once activated, triggers the transcription of a set 
of genes involved in differentiation of terminal adipocytes [33]. These include genes encoding 
the synthase fatty acid (FAS), the protein binding of fatty acids P2 (aP2), perilipin marker of 
adipogenic differentiation, lipoprotein lipase (LPL), the carrier protein fatty acid-1 (FATP-1) 
and adipocytokines (adiponectin, leptin and resistin). All of these events stimulate the lipid 
metabolism, leading in the end to the formation of intracellular lipid vesicles [34].

Paracrine action of MSCs plays a key role in the modulation of adipogenic differentiation. 
Thus, BMP, with cytokine function, stimulates in vivo adipogenesis. Bone morphogenetic 
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proteins receptor type 1A (BMPR-1A) can direct the differentiation of mesenchymal stem 
cells either to adipogenic lineage or osteogenic direction [35]. Insulin, glucocorticoids and 
FGF factors promote adipogenic differentiation, while molecules such as TNF-α and Wnt 
stop this process [36].

Eljaafari et al. [37] have recently found that hASCs isolated from obese individuals are able to 
induce a pro-inflammatory response by monocyte activation and stimulation of T helper 17 
cells (Th17), which inhibit adipogenesis and response of adipocytes to insulin. Vascularization 
of de novo generated tissue is promoted by molecules such as bFGF, VEGF, TGF-β, PDGF, 
angiopoietin-1, monocyte chemoattractant protein-1 (MCP-1) and even extracellular vesicles 
(exosomes) that transfer genetic material and pro-angiogenic molecules from stem cells to 
cells in proximity [38].

In many experiments, hASCs were combined with biodegradable polymer-based scaffolds in 
order to validate efficient systems for adipogenesis. Adipogenic differentiation is exploited 
most often for breast reconstruction, either in normal conditions or after a breast tumour 
removal [17]. In contrast to the classical inert materials used as breast implants, the tissue 
generated de novo after differentiation from hASCs exhibits an optimal biocompatibility, is 
well vascularized, does not shrink, is not absorbed over time and does not trigger allergic 
reactions. In conclusion, autologous fat implants with active biomolecules and synthetic sub-
stitutes appear to be more efficient for adipose tissue regeneration than other methods in the 
field and ensure better quality of life in patients with fat tissue defects.

2.2.2. Osteogenic differentiation potential and bone tissue engineering involving hASCs

hASCs secretory profile includes many molecules that promote bone regeneration. Cytokines 
IGF-1, VEGF, HGF, BMP-1, IL-6, IL-3, MCP-1 and MCP-3 modulate the most important step 
in the process of bone formation: angiogenesis, cell migration and proliferation and differen-
tiation of osteoblastic precursors [39]. IGF-1 is the main factor that stimulates cell proliferation 
and migration, VEGF promotes angiogenesis, while the other factors promote bone forma-
tion, favouring the recruitment of osteoprogenitor cells, their proliferation and differentiation 
into osteocytes [40]. Secretory profile and osteogenic differentiation capacity of hASCs sites 
are ideal resources for bone regeneration.

It was observed that hASCs exposed to a cocktail of pro-osteogenic inducers are able to initi-
ate and develop osteogenic differentiation process. In a study, Halvorsen et al. [41] used a 
medium containing ascorbic acid, BMP-2, dexamethasone and 1, 25 dihydroxyvitamin D3 to 
induce osteogenesis. Results indicated that osteoblast-like cells were obtained.

The first attempts of bone regeneration were carried out on animal experimental models in 
order to determine the ideal conditions for mineralization of the new tissue. Then, in a study 
involving mice infected with severe combined immunodeficiency (SCID), the formation of 
osteoid in 80% of mice under investigation due to an implant of hydroxyapatite-tricalcium 
phosphate scaffold seeded with hASCs was revealed [42].

Microenvironment conditions affect the ability of hASCs to commit to osteogenesis in vitro. 
This was shown, for example, when comparing hASCs cultured in a medium supplemented 
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with human serum (better differentiation) with cells exposed to a serum-free medium [43]. 
Gender differences between donors can also affect the ability of hASCs to differentiate, prob-
ably because of differences in steroid hormones [44]. Osteogenic potential decreases with 
increasing age [45].

Using hASCs in bone tissue engineering (BTE) applications is an alternative strategy to replace 
or restore bone function, where the tissue was traumatized, damaged or lost. Typically, when 
hASCs differentiate towards bone-like cells, three phases can be observed: cell proliferation, 
extracellular matrix synthesis and mineralization of the matrix [16]. After 2–3 weeks of dif-
ferentiation, the induction of alkaline phosphatase activity is observed, an enzyme involved 
in calcification of the matrix. In parallel, synthesis of calcium phosphate in the extracellular 
matrix is activated. Extracellular matrix mineralization can be detected by Alizarin red stain-
ing or von Kossa staining [16, 41].

Mesimäki et al. [46] reported a method to reconstruct a defect in the jaw in an adult patient 
using hASCs exposed to BMP-2 treatment. Another study developed on 23 patients with cra-
niofacial defects [47] revealed that bone-like tissue could be obtained by a synergistic effect of 
hASCs and a tricalcium phosphate scaffold (β-TCP) in the presence of growth factors (BMP-2). 
Similarly, skull defects were successfully reconstructed or their healing was accelerated by 
using hASCs and pro-osteogenic conditions [46, 47].

A more recent study revealed that hASCs were able to differentiate towards the osteogenic 
lineage also in contact with synthetic polymers, such as polyethylene glycol diacrylate co-N-
acryloyl-6-aminocaproic acid [48]. In this case, cells were allowed to infiltrate in this gel and 
then to differentiate, leading to the increase in the osteoblast cell differentiation. Differentiation 
was confirmed by analysis of calcium deposits, by quantification of alkaline phosphatase and 
by specific determination of molecular markers of bone formation, such as osteocalcin, osteo-
pontin and the transcription factor correlated with Runt-2 (Runx2).

Another experiment involved osteogenesis of MSCs encapsulated in microspheres made of 
chitosan and collagen in a media supplemented with dexamethasone, β-glycerophosphate 
and ascorbic acid 2-phosphate. During differentiation, the level of expression found in genes 
encoding for collagen I, bone sialoprotein and osterix osteogenic markers demonstrated 
hASCs capacity to differentiate the osteogenic lineage [49].

2.2.3. Chondrogenic differentiation potential and cartilage tissue engineering involving hASCs

A crucial condition for chondrogenic differentiation is that hASCs need to be cultured in a 
pellet system to form spheroids. These systems are suitable because they allow cell condensa-
tion that occurs during embryonic development, increasing the interactions between cells and 
eventually forming a cartilaginous matrix [50]. Thus, 3D biomaterials with certain architec-
tural and mechanical properties would be very suitable microenvironments to allow hASCs 
condensation and differentiation.

It was generally shown that there are several growth factors which stimulate cell prolifera-
tion and differentiation towards the chondrogenic lineage. Adding these growth factors to 
the scaffold structure or in the culture media greatly favours chondrogenesis. They maintain 
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proteins receptor type 1A (BMPR-1A) can direct the differentiation of mesenchymal stem 
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FGF factors promote adipogenic differentiation, while molecules such as TNF-α and Wnt 
stop this process [36].

Eljaafari et al. [37] have recently found that hASCs isolated from obese individuals are able to 
induce a pro-inflammatory response by monocyte activation and stimulation of T helper 17 
cells (Th17), which inhibit adipogenesis and response of adipocytes to insulin. Vascularization 
of de novo generated tissue is promoted by molecules such as bFGF, VEGF, TGF-β, PDGF, 
angiopoietin-1, monocyte chemoattractant protein-1 (MCP-1) and even extracellular vesicles 
(exosomes) that transfer genetic material and pro-angiogenic molecules from stem cells to 
cells in proximity [38].

In many experiments, hASCs were combined with biodegradable polymer-based scaffolds in 
order to validate efficient systems for adipogenesis. Adipogenic differentiation is exploited 
most often for breast reconstruction, either in normal conditions or after a breast tumour 
removal [17]. In contrast to the classical inert materials used as breast implants, the tissue 
generated de novo after differentiation from hASCs exhibits an optimal biocompatibility, is 
well vascularized, does not shrink, is not absorbed over time and does not trigger allergic 
reactions. In conclusion, autologous fat implants with active biomolecules and synthetic sub-
stitutes appear to be more efficient for adipose tissue regeneration than other methods in the 
field and ensure better quality of life in patients with fat tissue defects.

2.2.2. Osteogenic differentiation potential and bone tissue engineering involving hASCs

hASCs secretory profile includes many molecules that promote bone regeneration. Cytokines 
IGF-1, VEGF, HGF, BMP-1, IL-6, IL-3, MCP-1 and MCP-3 modulate the most important step 
in the process of bone formation: angiogenesis, cell migration and proliferation and differen-
tiation of osteoblastic precursors [39]. IGF-1 is the main factor that stimulates cell proliferation 
and migration, VEGF promotes angiogenesis, while the other factors promote bone forma-
tion, favouring the recruitment of osteoprogenitor cells, their proliferation and differentiation 
into osteocytes [40]. Secretory profile and osteogenic differentiation capacity of hASCs sites 
are ideal resources for bone regeneration.

It was observed that hASCs exposed to a cocktail of pro-osteogenic inducers are able to initi-
ate and develop osteogenic differentiation process. In a study, Halvorsen et al. [41] used a 
medium containing ascorbic acid, BMP-2, dexamethasone and 1, 25 dihydroxyvitamin D3 to 
induce osteogenesis. Results indicated that osteoblast-like cells were obtained.

The first attempts of bone regeneration were carried out on animal experimental models in 
order to determine the ideal conditions for mineralization of the new tissue. Then, in a study 
involving mice infected with severe combined immunodeficiency (SCID), the formation of 
osteoid in 80% of mice under investigation due to an implant of hydroxyapatite-tricalcium 
phosphate scaffold seeded with hASCs was revealed [42].

Microenvironment conditions affect the ability of hASCs to commit to osteogenesis in vitro. 
This was shown, for example, when comparing hASCs cultured in a medium supplemented 
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with human serum (better differentiation) with cells exposed to a serum-free medium [43]. 
Gender differences between donors can also affect the ability of hASCs to differentiate, prob-
ably because of differences in steroid hormones [44]. Osteogenic potential decreases with 
increasing age [45].

Using hASCs in bone tissue engineering (BTE) applications is an alternative strategy to replace 
or restore bone function, where the tissue was traumatized, damaged or lost. Typically, when 
hASCs differentiate towards bone-like cells, three phases can be observed: cell proliferation, 
extracellular matrix synthesis and mineralization of the matrix [16]. After 2–3 weeks of dif-
ferentiation, the induction of alkaline phosphatase activity is observed, an enzyme involved 
in calcification of the matrix. In parallel, synthesis of calcium phosphate in the extracellular 
matrix is activated. Extracellular matrix mineralization can be detected by Alizarin red stain-
ing or von Kossa staining [16, 41].

Mesimäki et al. [46] reported a method to reconstruct a defect in the jaw in an adult patient 
using hASCs exposed to BMP-2 treatment. Another study developed on 23 patients with cra-
niofacial defects [47] revealed that bone-like tissue could be obtained by a synergistic effect of 
hASCs and a tricalcium phosphate scaffold (β-TCP) in the presence of growth factors (BMP-2). 
Similarly, skull defects were successfully reconstructed or their healing was accelerated by 
using hASCs and pro-osteogenic conditions [46, 47].

A more recent study revealed that hASCs were able to differentiate towards the osteogenic 
lineage also in contact with synthetic polymers, such as polyethylene glycol diacrylate co-N-
acryloyl-6-aminocaproic acid [48]. In this case, cells were allowed to infiltrate in this gel and 
then to differentiate, leading to the increase in the osteoblast cell differentiation. Differentiation 
was confirmed by analysis of calcium deposits, by quantification of alkaline phosphatase and 
by specific determination of molecular markers of bone formation, such as osteocalcin, osteo-
pontin and the transcription factor correlated with Runt-2 (Runx2).

Another experiment involved osteogenesis of MSCs encapsulated in microspheres made of 
chitosan and collagen in a media supplemented with dexamethasone, β-glycerophosphate 
and ascorbic acid 2-phosphate. During differentiation, the level of expression found in genes 
encoding for collagen I, bone sialoprotein and osterix osteogenic markers demonstrated 
hASCs capacity to differentiate the osteogenic lineage [49].

2.2.3. Chondrogenic differentiation potential and cartilage tissue engineering involving hASCs

A crucial condition for chondrogenic differentiation is that hASCs need to be cultured in a 
pellet system to form spheroids. These systems are suitable because they allow cell condensa-
tion that occurs during embryonic development, increasing the interactions between cells and 
eventually forming a cartilaginous matrix [50]. Thus, 3D biomaterials with certain architec-
tural and mechanical properties would be very suitable microenvironments to allow hASCs 
condensation and differentiation.

It was generally shown that there are several growth factors which stimulate cell prolifera-
tion and differentiation towards the chondrogenic lineage. Adding these growth factors to 
the scaffold structure or in the culture media greatly favours chondrogenesis. They maintain 
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homeostasis, integrity and influence the degree of development of hyaline cartilage [51]. The 
most used factors are TGF-β1-which stimulates collagen II and aggrecan overexpression—
molecules present in the extracellular cartilage matrix [52], transforming growth factor-β3 
(TGF-β3) induces the production of glycosaminoglycans in the extracellular matrix [53], bone 
morphogenetic protein-7 (BMP-7) is synthesized in vivo where the cartilage is damaged [54] 
and in vitro decreases the rate of proliferation of MSC and increases the rate of differentiation 
[55], growth and differentiation factor-5 (GDF-5) increases the expression of Sox9, the main 
inducer of chondrogenesis [56], IGF stimulates the proliferation of chondrocytes and induces 
the expression of specific genes [57] and fibroblast growth factor (FGF-2) is present in the 
extracellular matrix and plays a role in the prevention of native cartilage degradation [58].

Numerous studies in CTE concluded that collagen-based materials display the highest bio-
compatibility among the tested materials and an increased rate of biodegradation [59, 60]. 
Moreover, it was found that the addition of active biomolecules (e.g. sericin) in the structure 
of scaffolds seeded with stem cells can actually improve their performance, stimulating adhe-
sion and proliferation and even synthesis of extracellular matrix [61, 62].

Surprisingly, it was observed that most studies aiming to regenerate elastic or hyaline car-
tilage using hASCs failed. Consequently, it was concluded that hASCs can only regenerate 
fibrocartilage [63].

In 2004, Awad et al. [64] conducted an experiment that involved seeding hASCs in a scaffold 
made of alginate, agarose and gelatin in a medium and differentiation towards the chondro-
genic pathway. Biomaterials favoured adhesion, cell proliferation and differentiation, and at 
the end of the experiment, the ability of hASC to differentiate into chondrocytes was proved.

Im et al. [65] used a synthetic scaffold based on poly-lactic-co-glycolic acid seeded with 
hASCs transfected with a plasmid vector expressing Sox5, Sox6 and Sox9 genes. A culture 
medium supplemented with insulin-transferrin-selenium (ITS), dexamethasone, ascorbate-
2-phosphate, proline and sodium pyruvate was used. Results indicated the presence of DNA 
coding for chondrogenesis inducers of Sox9, Sox5 and Sox6, showing a positive influence on 
the rate of cell differentiation.

Mardani et al. [66] has shown that hASCs cultivated in the presence of an inducing chondro-
genic cocktail (culture medium supplemented with sodium pyruvate, transforming growth 
factor-β (TGF-β1), dexamethasone, insulin-transferrin-selenium (ITS), proline, ascorbic acid 
2-phosphate) are able to differentiate into chondrocyte-like cells. Platelet-rich plasma (PRP) 
contains many growth factors, such as TGF-β, insulin growth factor (IGF), platelet-derived 
growth factor (PDGF), fibroblast growth factor (FGF), and vascular endothelial growth factor 
(VEGF). An experiment investigated hASCs chondrogenic differentiation when the culture 
medium was enriched with 10% of TGF-β1 from PRP; in this case, the cells differentiated and 
expressed Sox9 and ColIIα1 in similar levels to the control, represented by cells cultured in a 
classic medium [51].

Chondrogenic differentiation was also studied in vivo [67]; hASCs cultured at high cell den-
sity on surfaces coated with fibrin and maintained in a culture media supplemented with 
TGF-β and FGF-2 generated a chondrogenic matrix; these structures were implanted in areas 
of joint damage in rabbits, and the cells adopted a chondrocyte phenotype [67].
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2.2.4. Neural regeneration using mesenchymal-like stem cells

Nervous tissue reconstruction involves injecting mesenchymal-like stem cells by the intrathe-
cal, intracerebral or by the intranasal route, in the form of infusion [68]. Stem cells migrate 
to the lesion site, secrete neurotrophic factors and thus the survival and functioning of the 
affected nerve tissue can be supported [69].

However, there are opinions arguing that the generated neuronal extensions are non-authen-
tic and without signalling capacity [70]. These assumptions are due to the fact that MSCs have 
the ability to carry membrane proteins by exosome transport, trans-endocytosis or even as a 
result of cell-cell contact. Despite this theory, neuroregenerative and neuroprotective capabili-
ties of stem cells cannot be questioned.

Current research directions in the field of neurodegenerative diseases (degenerative myopa-
thies, Parkinson’s disease, amyotrophic lateral sclerosis, Huntington disease, etc.) target to 
exploit the neuroprotective effects of stem cells by investigating the mechanisms of production 
and action of neurotrophic factors. Analysis of the secretory profiles of human MSCs showed 
that all types of stem cells have the ability to secrete compounds that exert a protective action 
in the central nervous system (CNS), of which the most important are tissue glial-derived 
neurotrophic factor (GDNF) and brain-derived neurotrophic factors (BDNF [71]. Experiments 
conducted on animal models revealed that genetically modified hMSCs overexpressing GDNF 
were able to induce novel neuromuscular junctions and stop motor neuron degeneration, thus 
offering new perspectives in the treatment of amyotrophic lateral sclerosis [72].

2.2.5. The regeneration of the optic nerve and retinal cells

hASCs also display the ability to regenerate optic nerves responsible for visual function. 
Optical nerve damage occurs frequently in the population; it is associated with local inflam-
mation, infection or brain trauma.

For this application, murine experimental models received therapy with BM-MSCs; based 
on their paracrine action, these mesenchymal stem cells were actively involved in the repair 
and replacement of the epithelial cells of the retina (RPE), glial cells of the retina (RGC) and 
neurons of the optic nerve [73]. Another experiment revealed an increase in survival of RGC-
treated retina and increased production of ciliary neurotrophic factor after injection of hASCs 
at lesion site [74]. With these results, it becomes increasingly clear that the paracrine secretion 
of MSCs enhances their therapeutic effect.

Johnson and his collaborators [75] investigated which biomolecules secreted by MSCs are 
essential to protect nerve structures of the eye. For this purpose, a co-culture system using 
retinal cells and BM-MSCs was established. Retinal cells expressed an increased survival rate 
in the presence of BM-MSCs possibly because of the paracrine action of MSCs.

2.2.6. Cardiac regeneration and cardioprotective effect of hASCs

Stem cell-based therapies have proven effective in heart regeneration, in particular in the 
post-myocardial infarction. Heart attack triggers irreversible alteration of the cardiac function 
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2-phosphate) are able to differentiate into chondrocyte-like cells. Platelet-rich plasma (PRP) 
contains many growth factors, such as TGF-β, insulin growth factor (IGF), platelet-derived 
growth factor (PDGF), fibroblast growth factor (FGF), and vascular endothelial growth factor 
(VEGF). An experiment investigated hASCs chondrogenic differentiation when the culture 
medium was enriched with 10% of TGF-β1 from PRP; in this case, the cells differentiated and 
expressed Sox9 and ColIIα1 in similar levels to the control, represented by cells cultured in a 
classic medium [51].

Chondrogenic differentiation was also studied in vivo [67]; hASCs cultured at high cell den-
sity on surfaces coated with fibrin and maintained in a culture media supplemented with 
TGF-β and FGF-2 generated a chondrogenic matrix; these structures were implanted in areas 
of joint damage in rabbits, and the cells adopted a chondrocyte phenotype [67].
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at lesion site [74]. With these results, it becomes increasingly clear that the paracrine secretion 
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essential to protect nerve structures of the eye. For this purpose, a co-culture system using 
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Stem cell-based therapies have proven effective in heart regeneration, in particular in the 
post-myocardial infarction. Heart attack triggers irreversible alteration of the cardiac function 

Human Adipose-Derived Stem Cells for Tissue Engineering Approaches: Current Challenges and Perspectives
http://dx.doi.org/10.5772/intechopen.68712

301



by the permanent loss of cardiomyocytes and myocardial tissue scarring [76]. Even if tradi-
tional medications containing aspirin, beta blockers, and statins and angiotensin-converting 
enzyme (ACE) inhibitors of angiotensin prevent possible damage to the affected tissue and 
reduce the risk of heart attacks, it is necessary to replace altered cardiomyocytes; mesen-
chymal stem cells were successfully used in this case. Furthermore, recent in vivo studies 
demonstrated that injected BM-MSCs survive and differentiate to form the complex junction 
structure of the damaged cardiac myocytes [77].

Chen et al. conducted a clinical trial involving 69 patients who suffered heart attacks. 
Following transplantation of BM-MSCs at the lesion sites, the cells infiltrated within the dam-
aged myocardial areas and improved cardiac activity without risks of morbidity, mortality, 
arrhythmias or malignant processes [78]. Subsequent studies have shown that hASCs have 
the ability to form functional cardiomyocyte-like cells and exert protective effects on the heart. 
One such experiment, conducted by Bai et al. [79], showed that hASCs moved to the altered 
regions in close proximity to cardiomyocytes and adopted similar phenotypes, regenerating 
the damaged structure and stimulating its functioning.

Both in vitro and in vivo studies have shown that BM-MSCs and hASCs secrete molecules 
such as VEGF, PDGF, IL-1β, IL-10, stem cell-derived factor (SDF-1), IGF-1 and HGF proteins 
angiopoietin-1 and-2 (Ang-1 and-2) that act synergistically to regenerate and protect cardiac 
tissue [80].

2.2.7. Liver regeneration using hASCs

Mesenchymal-like stem cells, including hASCs, can regenerate the liver tissue. This tissue is 
composed mostly of hepatocytes, polarized epithelial cells representing approximately 80% 
of liver mass [81].

In 2005, Seo and co-workers reported, for the first time, to obtain a population of cells structur-
ally and functionally similar to hepatocytes by inducing hASCs differentiation using a culture 
medium supplemented with growth factors, cytokines and dimethyl sulfoxide (DMSO) [82]. 
Continuing to investigate the regenerative potential of hASCs, the researchers transplanted 
cells in nude mice with acute liver lesions and found repopulation of the damaged tissue 
with newly generated hepatocyte-like cells embedded in liver parenchyma [82]. Microarray 
analysis showed that there were considerable similarities between sets of genes expressed in 
normal hepatocytes and the cells generated from hASCs. Thus, mesenchymal differentiation-
specific genes (vimentin and N-cadherin-2) are downregulated, while genes that are overex-
pressed are direct epithelial differentiation [83]. These results suggest that hASCs are able to 
differentiate into hepatocyte-like cells through a mesenchymal-epithelial transition process 
[84]. However, it is obvious that liver regeneration would not be possible in the absence of 
stem-cell paracrine action.

In a more recent study [85], revealed that the factors released by MSCs and hASCs have 
immunosuppressive properties (IL-6, IL-8, IL-1RA and VEGF), can inhibit fibrosis and apop-
tosis of liver cells, can promote angiogenesis or they can stimulate progenitor cells to divide 
and differentiate to regenerate damaged tissue (G-CSF, TNF-α and IL-6). Currently, very few 
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details are known about the mechanisms by which these biomolecules modulate an inte-
grated dynamic response to mitigate damage and scarring of the liver tissue in vivo. New 
clinical strategies in the field are oriented towards the use of MSCs Akt-modified Frizzled 
protein 2, which can produce large amounts of VEGF, HGF, FGF2 and insulin-like growth fac-
tors [86]. Increased production of these molecules ensures a viable regeneration; for example, 
an increased amount of HGF ensures suppression of the immune response of the graft (trans-
planted tissue) versus host which has disastrous consequences for the host organism, whereas 
the other molecules maintain angiogenesis, cell growth and proliferation [86].

3. Original biocompatible scaffolds validated for hASCs differentiation 
in the context of tissue engineering applications

Advanced research in tissue engineering promotes the use of bioconstructs as an effective 
solution to perform regeneration of damaged tissues. Using 3D microenvironments brings 
benefits for tissue engineering applications, since 3D microenvironment recreates better in 
vivo conditions and mimics closely the natural tissue. A number of cell-scaffold bioconstructs 
with structure and properties adapted to the nature of the tissue in need of reconstruction 
have been shown to be useful in the production of functional de novo tissue. These biocon-
structs can function as 3D (i) transport systems (“shuttle”) to deliver the cells to the injured 
site, encouraging the self-healing ability of the tissue and (ii) biocompatible and biodegrad-
able bioconstructs, supporting the cellular component during tissue reconstruction.

In this context, a group of researchers from the Department of Biochemistry and Molecular 
Biology, University of Bucharest, partially in collaboration with the Department of Histology 
from Western University Vasile Goldis of Arad, investigated hASCs potential to differentiate 
in contact with several original recipes of materials designed for adipose, cartilage and bone 
tissue engineering.

For adipose tissue engineering (ATE), the optimal conditions required for successful differen-
tiation of hASCs in case of implantations at a wound healing site were studied. Cells should 
first proliferate and then receive the optimal amount of pro-adipogenic signals to induce the 
differentiation process with a certain rate. Therefore, a modulation of the adipogenic condi-
tions would be required, aiming to ensure the long-term proliferation of the precursor cells 
and to control the kinetics of the differentiation process [87].

One novel scaffold validated for ATE by in vitro studies was a spongious 60% collagen and 
40% sericin hydrogel preceded with hASCs (CollSS) [12]. In this case, the novel CollSS com-
position was compared in terms of biocompatibility and ability to support adipogenic dif-
ferentiation of hASCs to a pure collagen hydrogel (Coll). The addition of the sticky protein 
sericin in the composition of a classical collagen sponge enhanced the adhesion and also the 
proliferation rate of hASCs. CollSS proved to be more biocompatible than pure Coll. hASCs-
CollSS bioconstruct proved to efficiently support the adipogenic differentiation process, as 
confirmed by the expression levels of PPARγ2, fatty acid synthase (FAS), adipocyte protein 2 
(aP2) and perilipin adipogenic markers [12].
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Continuing to investigate the regenerative potential of hASCs, the researchers transplanted 
cells in nude mice with acute liver lesions and found repopulation of the damaged tissue 
with newly generated hepatocyte-like cells embedded in liver parenchyma [82]. Microarray 
analysis showed that there were considerable similarities between sets of genes expressed in 
normal hepatocytes and the cells generated from hASCs. Thus, mesenchymal differentiation-
specific genes (vimentin and N-cadherin-2) are downregulated, while genes that are overex-
pressed are direct epithelial differentiation [83]. These results suggest that hASCs are able to 
differentiate into hepatocyte-like cells through a mesenchymal-epithelial transition process 
[84]. However, it is obvious that liver regeneration would not be possible in the absence of 
stem-cell paracrine action.

In a more recent study [85], revealed that the factors released by MSCs and hASCs have 
immunosuppressive properties (IL-6, IL-8, IL-1RA and VEGF), can inhibit fibrosis and apop-
tosis of liver cells, can promote angiogenesis or they can stimulate progenitor cells to divide 
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first proliferate and then receive the optimal amount of pro-adipogenic signals to induce the 
differentiation process with a certain rate. Therefore, a modulation of the adipogenic condi-
tions would be required, aiming to ensure the long-term proliferation of the precursor cells 
and to control the kinetics of the differentiation process [87].

One novel scaffold validated for ATE by in vitro studies was a spongious 60% collagen and 
40% sericin hydrogel preceded with hASCs (CollSS) [12]. In this case, the novel CollSS com-
position was compared in terms of biocompatibility and ability to support adipogenic dif-
ferentiation of hASCs to a pure collagen hydrogel (Coll). The addition of the sticky protein 
sericin in the composition of a classical collagen sponge enhanced the adhesion and also the 
proliferation rate of hASCs. CollSS proved to be more biocompatible than pure Coll. hASCs-
CollSS bioconstruct proved to efficiently support the adipogenic differentiation process, as 
confirmed by the expression levels of PPARγ2, fatty acid synthase (FAS), adipocyte protein 2 
(aP2) and perilipin adipogenic markers [12].

Human Adipose-Derived Stem Cells for Tissue Engineering Approaches: Current Challenges and Perspectives
http://dx.doi.org/10.5772/intechopen.68712

303



hASCs ability to differentiate towards mature adipocytes in 3D environment was also con-
firmed when using a gelatin- alginate- polyacril amide (GAPAA) scaffold. This type of mate-
rial proved to be at least as efficient as the gelatin-alginate biomaterial (GA) for adipogenic 
differentiation, hASCs generating mature adipocytes in this system in 21 days of induced 
differentiation [88].

With regard to bone tissue engineering (BTE) direction, original research validated a composite 
material based on chitosan (CHT) and graphene oxides (GO) (hASCs/CHT/GO 3 wt.%) as most 
suitable for hASCs osteogenesis [paper under review]. The study of the osteogenic differentia-
tion potential of hASCs in contact with chitosan-based scaffolds enriched with 0.5–3 wt.% GO 
showed the highest rate of differentiation in cells cultured in the presence of 3 wt.% GO, sug-
gesting that hASCs/CHT/GO 3 wt.% may be a candidate for future bone regeneration applica-
tions and BTE. Currently, the potential of graphene and its derivatives is exploited increasingly 
in tissue engineering because of their positive influence on cellular interaction with the material 
and on the bioactivity of the material. Graphene oxide (GO) in particular was shown to improve 
the biological properties of materials and to promote adhesion, proliferation and osteogenic 
differentiation of mesenchymal stem cells. Experiments demonstrated good biocompatibility of 
CHT/GO materials, where the degree of biocompatibility depends on the GO content. Similar 
to previous studies, GO favoured hASCs contact with the materials and influenced the prolif-
eration rate.

For cartilage tissue engineering (CTE), two distinct bioconstructs were studied: (i) a three 
component inter-polymeric network (IPN) hydrogel based on gelatin, alginate and poly-
acrylamide (GAPAA) was evaluated for potential to support hASCs chondrogenesis (hASCs/
GAPAA) and (ii) a hydrogel based on collagen (Coll), improved with sericin (SS), hyaluronic 
acid (HA) and chondroitin sulphate (CS) (hASCs/CollSSHACS), was tested for hASCs prolif-
eration, adhesion and chondrogenic differentiation [11, 13].

Chondrogenic differentiation studies conducted in GAPAA IPN have provided important 
information about the essential characteristics of a 3D scaffold to be used effectively in car-
tilage reconstruction. In this case, the adequate porosity of the system and the control over 
scaffold’s 3D architecture for hASCs chondrogenic differentiation were achieved by add-
ing the synthetic component polyacrylamide in the composition. Normally, acrylamide 
(AA) would exert a toxic effect on cells, but the polymerized form of PAA has a lower 
toxicity when used in very low concentration in the composition of GAPAA to control 
pore size [11].

Similarly, in hASCs/CollSSHACS bioconstruct exposed to pro-chondrogenic differentiation 
conditions, the results indicated a more efficient chondrogenesis of hASCs in the collagen 
hydrogel enriched with hyaluronic acid and chondroitin sulphate (CollSSHACS), two carti-
lage markers present in the extracellular matrix, as compared to the results obtained for the 
reference system (hASCs/Coll). The simultaneous presence of both molecules in HA and CS 
biomaterial composition favoured the initiation and controlled hASC chondrogenesis for 28 
days in vitro [paper under review]. Therefore, hASCs/CollSSHACS bioconstruct would be a 
good candidate with high potential for use in CTE applications.
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4. Most recent advances and future perspectives

The optimization of biomaterials composition, structure and properties to mimic as well as 
possibilities in the in vivo architecture has led to the development of the advanced technology 
of bioprinting. Recently, highly advanced bioprinted 3D constructs comprising of material, 
stem cells and additives have been reported to successfully support differentiation and regen-
eration processes.

In order to combine as efficiently as possible this modern technology with hASCs properties, 
several groups have conducted studies to observe hASCs behaviour in these systems and to 
assess their utility for tissue engineering purposes.

One of these studies explored the behaviour of hASCs when printed in a free-scalable 3D grid 
pattern by means of laser-assisted bioprinting (LaBP). Cells in this system managed to dif-
ferentiate towards the adipogenic lineage, thus proving that such 3D bioprints could be used 
successfully in tissue regeneration or the biofabrication of living grafts [89].

In order to be efficient, the bioprinted constructs should resemble the native tissue microen-
vironment as close as possible. For example, muscular soft tissue constructs can benefit from 
bioinks that mimic their nanofibrous matrix constitution [90]. Thus, it is critical to maximize 
the biocompatibility between cells and the type of fibre materials used to create the constructs. 
Narayanan et al. have used hASCs with a fibrous bioink composed of alginate hydrogel and 
polylactic acid nanofibers to obtain bioprinted constructs as replacement for knee meniscus. 
Results indicated favourable behaviour of hASCs, high levels of cell proliferation as well as 
positive chondrogenic differentiation.

For bone reconstruction purposes, hASCs were included in a mixture together with nano-
hydroxyapatite and bioprinted in a 3D construct, further evaluated for cell proliferation 
and osteogenesis ability [91]. In this case, it was concluded that nano-hydroxyapatite could 
increase osteogenic differentiation of the hASCs mixture after bioprinting, in which the cells 
still have a good proliferation.

Similarly, Wang et al. [92] aimed to investigate osteogenic differentiation of hASCs in 3D 
bioprinted tissue constructs, both in vitro and in vivo. After performing tests to assess osteo-
genic markers expression both at gene and protein levels, researchers reported significantly 
increased expression levels of RUNX2, OSX and OCN after 7 and 14 days of osteogenesis. In 
vivo studies demonstrated obvious bone matrix formation in the 3D bioprinted constructs. 
Based on this study, it was concluded that hASCs could be used in 3D bioprinted constructs 
for the repair of large bone tissue defects.

In cardiac regeneration, a great interest is directed to obtaining 3D cocultures of stem cells 
and endothelial cells to closely mimic the native tissue conditions. In this context, a team of 
researchers [93] used laser-induced-forward-transfer (LIFT) cell printing technique to prepare 
a polyester urethane urea (PEUU) cardiac patch seeded with human umbilical vein endothe-
lial cells (HUVEC) and human MSCs. Results showed an increased production of blood ves-
sels, which reflected an improvement of functionality in infarcted tissue.
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hASCs ability to differentiate towards mature adipocytes in 3D environment was also con-
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rial proved to be at least as efficient as the gelatin-alginate biomaterial (GA) for adipogenic 
differentiation, hASCs generating mature adipocytes in this system in 21 days of induced 
differentiation [88].

With regard to bone tissue engineering (BTE) direction, original research validated a composite 
material based on chitosan (CHT) and graphene oxides (GO) (hASCs/CHT/GO 3 wt.%) as most 
suitable for hASCs osteogenesis [paper under review]. The study of the osteogenic differentia-
tion potential of hASCs in contact with chitosan-based scaffolds enriched with 0.5–3 wt.% GO 
showed the highest rate of differentiation in cells cultured in the presence of 3 wt.% GO, sug-
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and on the bioactivity of the material. Graphene oxide (GO) in particular was shown to improve 
the biological properties of materials and to promote adhesion, proliferation and osteogenic 
differentiation of mesenchymal stem cells. Experiments demonstrated good biocompatibility of 
CHT/GO materials, where the degree of biocompatibility depends on the GO content. Similar 
to previous studies, GO favoured hASCs contact with the materials and influenced the prolif-
eration rate.

For cartilage tissue engineering (CTE), two distinct bioconstructs were studied: (i) a three 
component inter-polymeric network (IPN) hydrogel based on gelatin, alginate and poly-
acrylamide (GAPAA) was evaluated for potential to support hASCs chondrogenesis (hASCs/
GAPAA) and (ii) a hydrogel based on collagen (Coll), improved with sericin (SS), hyaluronic 
acid (HA) and chondroitin sulphate (CS) (hASCs/CollSSHACS), was tested for hASCs prolif-
eration, adhesion and chondrogenic differentiation [11, 13].

Chondrogenic differentiation studies conducted in GAPAA IPN have provided important 
information about the essential characteristics of a 3D scaffold to be used effectively in car-
tilage reconstruction. In this case, the adequate porosity of the system and the control over 
scaffold’s 3D architecture for hASCs chondrogenic differentiation were achieved by add-
ing the synthetic component polyacrylamide in the composition. Normally, acrylamide 
(AA) would exert a toxic effect on cells, but the polymerized form of PAA has a lower 
toxicity when used in very low concentration in the composition of GAPAA to control 
pore size [11].

Similarly, in hASCs/CollSSHACS bioconstruct exposed to pro-chondrogenic differentiation 
conditions, the results indicated a more efficient chondrogenesis of hASCs in the collagen 
hydrogel enriched with hyaluronic acid and chondroitin sulphate (CollSSHACS), two carti-
lage markers present in the extracellular matrix, as compared to the results obtained for the 
reference system (hASCs/Coll). The simultaneous presence of both molecules in HA and CS 
biomaterial composition favoured the initiation and controlled hASC chondrogenesis for 28 
days in vitro [paper under review]. Therefore, hASCs/CollSSHACS bioconstruct would be a 
good candidate with high potential for use in CTE applications.
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4. Most recent advances and future perspectives

The optimization of biomaterials composition, structure and properties to mimic as well as 
possibilities in the in vivo architecture has led to the development of the advanced technology 
of bioprinting. Recently, highly advanced bioprinted 3D constructs comprising of material, 
stem cells and additives have been reported to successfully support differentiation and regen-
eration processes.

In order to combine as efficiently as possible this modern technology with hASCs properties, 
several groups have conducted studies to observe hASCs behaviour in these systems and to 
assess their utility for tissue engineering purposes.

One of these studies explored the behaviour of hASCs when printed in a free-scalable 3D grid 
pattern by means of laser-assisted bioprinting (LaBP). Cells in this system managed to dif-
ferentiate towards the adipogenic lineage, thus proving that such 3D bioprints could be used 
successfully in tissue regeneration or the biofabrication of living grafts [89].

In order to be efficient, the bioprinted constructs should resemble the native tissue microen-
vironment as close as possible. For example, muscular soft tissue constructs can benefit from 
bioinks that mimic their nanofibrous matrix constitution [90]. Thus, it is critical to maximize 
the biocompatibility between cells and the type of fibre materials used to create the constructs. 
Narayanan et al. have used hASCs with a fibrous bioink composed of alginate hydrogel and 
polylactic acid nanofibers to obtain bioprinted constructs as replacement for knee meniscus. 
Results indicated favourable behaviour of hASCs, high levels of cell proliferation as well as 
positive chondrogenic differentiation.

For bone reconstruction purposes, hASCs were included in a mixture together with nano-
hydroxyapatite and bioprinted in a 3D construct, further evaluated for cell proliferation 
and osteogenesis ability [91]. In this case, it was concluded that nano-hydroxyapatite could 
increase osteogenic differentiation of the hASCs mixture after bioprinting, in which the cells 
still have a good proliferation.

Similarly, Wang et al. [92] aimed to investigate osteogenic differentiation of hASCs in 3D 
bioprinted tissue constructs, both in vitro and in vivo. After performing tests to assess osteo-
genic markers expression both at gene and protein levels, researchers reported significantly 
increased expression levels of RUNX2, OSX and OCN after 7 and 14 days of osteogenesis. In 
vivo studies demonstrated obvious bone matrix formation in the 3D bioprinted constructs. 
Based on this study, it was concluded that hASCs could be used in 3D bioprinted constructs 
for the repair of large bone tissue defects.

In cardiac regeneration, a great interest is directed to obtaining 3D cocultures of stem cells 
and endothelial cells to closely mimic the native tissue conditions. In this context, a team of 
researchers [93] used laser-induced-forward-transfer (LIFT) cell printing technique to prepare 
a polyester urethane urea (PEUU) cardiac patch seeded with human umbilical vein endothe-
lial cells (HUVEC) and human MSCs. Results showed an increased production of blood ves-
sels, which reflected an improvement of functionality in infarcted tissue.
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4.1. Risks associated with hASCs use for tissue engineering and regenerative medicine

According to good manufacturing practices (GMP) rules, mesenchymal stem cells including 
hASCs are considered as advanced therapy medical products and are validated safe for medi-
cal practice. Thus, these cells are widely used in tissue engineering and regenerative medicine 
applications based on the fact that they are adult stem cells and that they have a relatively lim-
ited potential for proliferation, differentiation and an extremely low risk of transformation.

Most clinical applications involving hASCs, however, require the use of a large number of cells 
at the implant site for regenerative therapy success and therefore most often, the in vitro expan-
sion of these cells is necessary. Risks associated with hASCs use in regenerative medicine are 
mainly associated with the in vitro handling of cells and, thus, most studies are directed towards 
assessing changes that may occur in the genome of these cells during ex vivo cultivation.

Furthermore, a series of contradictory studies discussed the transformation potential of hASCs in 
different circumstances since the implantation of these cells in the body for regenerative purposes 
can have long-term consequences if they have tumorigenic potential. Although the accumulation 
of chromosomal aberrations and mutations was repeatedly reported in the genome of hASCs 
during in vitro culture and expansion, most of these mutations are proven to have a transient 
nature and can be normally removed by DNA repair systems. Although no case of malignant 
transformation of hASCs implanted in humans was reported so far, caution is necessary. The 
interaction of hASCs with the in vivo existing microenvironment is specific to each organism and 
could have risks. In this context, hASCs genomic instability when in contact with tumour micro-
environment should be further studied, considering the implications for tissue engineering.

5. Conclusions

Human adipose-derived stem cells are a versatile source of mesenchymal-like stem cells, with 
enormous potential for tissue engineering and regenerative medicine. Regardless of the appli-
cation and tissue that require restoration, hASCs proved to be efficient in a great number of 
cases. However, the stem-ness status of these cells and their unexplored risks of transforma-
tion should not be forgotten and thus more cautiousness should be taken before recommend-
ing therapy with hASCs. If correctly controlled, the potential of these cells could become a 
very powerful tool to increase the quality of life in patients with tissue defects.
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Abstract

The skin is the biggest structure of the body, and it plays a significant role in maintain-
ing the unity of the body environment. The skin is important for the endurance of the 
organism as an outer coat for the thermal regulation and hydration preservation. With 
the intention of helping these significant utilities, the skin continually experiences regen-
eration and holds the capability to overhaul wound by repair and regeneration of several 
kinds of skin stem cells. Noteworthy, development has been accomplished throughout 
the recent times in the generation of engineered skin alternates which imitate human 
skin cells in vitro for replacement or modeling. Conversely, existing new skin alterna-
tives do not reinstate completely the healthy skin anatomy and suffer from deficiency of 
natural supplements in skin covering, sebaceous glands, hair follicles, and sweat glands. 
Improvements in stem cell biology and skin morphogenesis show significant potentials 
to evidently advance the engineering of skin replacements which would preferably be 
vague from normal skin. This chapter reviews these developments in the in vivo and in 
vitro techniques of engineered and manufactured skin scaffold biomaterials.

Keywords: skin tissue engineering, scaffolds, skin, skin alternates, in vitro skin models, 
in vivo skin models, biomaterials, skin regeneration, skin renewal

1. Introduction

Tissue engineering is growing as a novel area in biomedical engineering which purposes 
to redevelop newfangled material for substituting problematic or injured tissues. In order 
to accomplish this, not only is a basis of cells necessary but also a simulated extracellular 
matrix (ECM) that the cells which may be reinforced should exist. Human skin signifies 
about one-tenth of the body form, and injuries like physical distress, infection, burn, dis-
ease, or operation to a portion of this main organ carry intense penalties. Tissue engineering 
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Abstract

The skin is the biggest structure of the body, and it plays a significant role in maintain-
ing the unity of the body environment. The skin is important for the endurance of the 
organism as an outer coat for the thermal regulation and hydration preservation. With 
the intention of helping these significant utilities, the skin continually experiences regen-
eration and holds the capability to overhaul wound by repair and regeneration of several 
kinds of skin stem cells. Noteworthy, development has been accomplished throughout 
the recent times in the generation of engineered skin alternates which imitate human 
skin cells in vitro for replacement or modeling. Conversely, existing new skin alterna-
tives do not reinstate completely the healthy skin anatomy and suffer from deficiency of 
natural supplements in skin covering, sebaceous glands, hair follicles, and sweat glands. 
Improvements in stem cell biology and skin morphogenesis show significant potentials 
to evidently advance the engineering of skin replacements which would preferably be 
vague from normal skin. This chapter reviews these developments in the in vivo and in 
vitro techniques of engineered and manufactured skin scaffold biomaterials.

Keywords: skin tissue engineering, scaffolds, skin, skin alternates, in vitro skin models, 
in vivo skin models, biomaterials, skin regeneration, skin renewal

1. Introduction

Tissue engineering is growing as a novel area in biomedical engineering which purposes 
to redevelop newfangled material for substituting problematic or injured tissues. In order 
to accomplish this, not only is a basis of cells necessary but also a simulated extracellular 
matrix (ECM) that the cells which may be reinforced should exist. Human skin signifies 
about one-tenth of the body form, and injuries like physical distress, infection, burn, dis-
ease, or operation to a portion of this main organ carry intense penalties. Tissue engineering 
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of skin substitutes signifies a potential foundation of improved treatment in fighting acute 
and chronic skin wounds. Currently, there are no significant prototypes of engineered skin 
which entirely duplicate the composition, structure, organic constancy, or visual environment 
of healthy skin. Skin alternates should carry some important physiognomies that comprise 
being simple to use and implement to the wound location; deliver vital blockade utility with 
suitable aquatic fluidity; be willingly adherent; have fitting corporeal and mechanical pos-
sessions; experience regulated deprivation; be disinfected, nontoxic, and nonantigenic; and 
induce negligible inflammatory effect. Moreover, they should join to the congregation with 
nominal damaging and agony and ease angiogenesis, whereas yet being cost operative. The 
eventual aim of tissue engineering is to gratify most if not all of these standards when creating 
original, clever skin replacement [1].

2. Structural and progressive provisions

The skin covers epidermal and dermal sheets pervaded via a multifaceted vascular and ner-
vous system. The hypodermis is located underneath, made by moveable linking tissue and 
fat. Epidermal basal cells and stem cells existing in the basal layer and hair follicles are in 
control of an unremitting progression of epidermal regeneration. Additional cell varieties that 
exist in the epidermis comprise melanocytes, Langerhans cells, and Merkel cells [2].

The dermis carries two stratums: a superior papillary layer carrying a reedy organization of 
collagen fibers and a dense inferior reticular layer with profuse collagen fibers similar to the 
superficial of the skin. The dermal extracellular matrix is made mostly of collagen, elastin, and 
reticular fibers. The key constituent of the dermis is the fibroblasts that deliver continuous 
excretion of the collagen and proteoglycan matrix [2].

Fetal wound repair shows a lack of scarring and fibrosis. This progression is categorized via 
negligible irritation and renewal of healthy collagen deposition and skin adnexa. The devel-
opment dynamic outline in fetal renewing skin is significantly diverse from the adult one, 
being described via advanced intensities of transforming growth factor (TGF)-β3 and minor 
stages of platelet-derived growth factor (PDGF), TGF-β1, and TGF-β2 [2].

3. Aims of skin tissue engineering

Tissue-contrived skin is a noteworthy improvement in the arena of wound healing. It has 
primarily been advanced related to the limits linked with the utilization of autografts and 
allografts where the contributor site agonizes from aching, contamination, and blemishing. 
Lately, engineered skin substitutes have been covering extensive submission, particularly in 
the circumstance of injuries, where the main preventive issue is the obtainability of autolo-
gous skin. The expansion of an imitated skin enables the action of patients with burns and 
several skin-associated disorders [2]. The existing review contributes an inclusive outline of 
the improvements and upcoming forecasts of skin alternates for tissue overhaul and renewal.
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4. Current skin substitutes

Autologous keratinocytes may be obtained and cultivated into interconnected layers of the 
epithelium which may be displaced onto big skin deficiencies on the suffering individual. 
Clonogenic keratinocytes, defined as holoclones, may be obtained from the skin and consecu-
tively proliferated in culture for more than 140 replications and have revealed to be bona fide 
multipotent stem cells founded on their aptitude to renovate manifold lines in the skin [3, 4].

These embedded stem cells inside of these epithelial expanses provide repair and regen-
eration of the epidermis. Developing the epidermal stem cells over fibrin environments or 
allogeneic dermis has established to be beneficial. The funding materials have significantly 
enhanced the receiving amounts of the implants, advanced the affluence of managing and 
operation of the implants, and reduced the wound refutation and scarring. Cultivation of 
autologous epidermal stem cells simplifies to obtain large epithelial areas for transfer from a 
minor skin biopsy; therefore, this method needs more than a few weeks [5].

Mounting the stem cells on a substance drops the period necessary to brand outsized epithe-
lial layers from a minor skin biopsy for the epithelia on the material which does not neces-
sitate to attain full confluence of the previous replacement. Furthermore, epidermal stem cells 
on fibrin environments or allogeneic dermis converse the capability to renew the usual rolled 
dermal/epidermal connection and the artificial ration of the dermis, named the papillary der-
mis. Nevertheless, these epidermal stem cell implants lack renovation of a complete prac-
tical skin. Epidermal adjuncts, containing hair follicles, sebaceous glands, or sweat glands, 
are not redeveloped after transferring these implants of epidermal stem cells, signifying that 
multifaceted epithelial and mesenchymal connections are essential to generate additions. 
Additionally, the implantations do not reinstate the automated possessions or visual form 
of the novel skin. Improvements in stem cell biology and skin morphogenesis have the pro-
spective to expand the manufacturing of the skin that may interchange the typical utility and 
esthetics of healthy skin [5].

5. Skin stem cells

Up to now, scientists have recognized numerous diverse sorts of skin stem cell covering epi-
dermal stem cells, hair follicle stem cells, melanocyte stem cells, mesenchymal stem cells, and 
recently identified human newborn foreskin stem cells. Epidermal stem cells are in charge for 
routine regeneration of the dissimilar stratums of the epidermis. These stem cells exist in the 
basal layer of the epidermis [6]. Hair follicle stem cells safeguard continuous renewal of the 
hair follicles. They can also restore the epidermis and sebaceous glands in case of injury. Hair 
follicle stem cells originated through the hair follicles [7].

Melanocyte stem cells are in control of melanocyte revival which is a kind of pigment cell. 
Melanocytes generate the pigment melanin and so carry a significant part in skin and hair fol-
licle pigmentation. It is not yet clear where these stem cells are located [8]. Studies also indicate 
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another type of stem cell, known as mesenchymal stem cells, which can be established in the 
dermis and hypodermis. Mesenchymal stem cells conquer lymphocyte production in vitro 
and extend skin graft endurance in vivo [9].

Another stem cell that resides in the skin is recently established and named as human new-
born foreskin stem cells. They carry pluripotency, and they are capable to turn into different 
cell types. They show fibroblastic shape; however, they express both mesenchymal stem cell 
markers and some of the hematopoietic stem cell markers [10].

6. In vivo applications

Autologous skin transfer is now the scientific main protocol for full-breadth skin injuries 
covering burn damages. Before grafting, primary editing is a significant portion of the han-
dling of burn wounds, as skin temperature-denatured proteins have to be detached to avoid 
numerous difficulties like contamination, manifold organ impairment condition, hypertro-
phic mutilation development, unrestrained inflammatory reaction, or infection with patho-
genic microorganisms. Microbes could utilize the eschar as a basis of nutriments and are 
particularly damaging to seriously burnt individual, as this damage also triggers a provi-
sional destruction of cell-related and humoral immunity [11].

Autologous split skin grafts (SSGs) are reaped with a dermatome which separates the epider-
mis and an artificial portion of the dermis. Residual epidermal cells in the enduring dermis of 
the SSG giver site will recreate an epidermis. Subsequent to the submission of an SSG to a full-
width wound, its vessels unite with the capillary system in the removed wound. This “graft 
take” is vital for a correct source of nourishment and brings implant endurance. The divided 
skin contributor place patches up in 1 week and may be utilized for SSG collecting up to four 
times; though, continual reaping is linked with blemishing at the contributor sites in addition 
to long hospital visits. Furthermore, in the situation of a wider damage, contributor sites are 
tremendously restricted and might leave the individual with very small unharmed skin to 
produce sufficient autologous SSGs. An initial and enduring wound healing is wanted, as it 
outcomes in negligible or no scarring difficulties, poorer impermanence, and improved prac-
tical extended duration outcomes [12]. Oppositely, wound healing postponement is straightly 
relative to vigorous hypertrophic scarring. In order to indicate the difficulty of restricted SSG 
reaping sites, an interconnecting method is applied that expanses the implant and so may 
cope a superior wounded region at the expenditure of cosmetic and practical result [13].

Additional option is the usage of allografts, for a provisional deterrence of liquid loss or infec-
tion of the wound. Allografts integrate into serious injuries and deliver ache relief. Therefore, 
moral as well as protection matters endure, as the severe broadcast for virus-related illnesses 
and consistent disinfection methods cannot entirely eradicate the probability of infectious 
mediator conduction. When compared to autologous SSGs, a leading trouble of allografts is 
that they consent the patients for a long time with wounds likely to problems. Ultimately, 
allografts experience immunogenic refusal, and the location of wound requires to be enclosed 
with an autologous SSG. Deferred refusal may happen in people with wide injuries because 
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of their clinically repressed immune reaction and, nonetheless, finally may be activated via 
the extremely immunogenic epithelial cells of the allograft throughout its vascularization. 
Consequently, there is a countless requirement for a substitute that may deliver a more 
enduring clarification [13].

7. Tissue-engineered skin alternates

Manufactured cell free along with allogeneic cell comprising skin alternates delivers a con-
ceivable resolution to the difficulty of donor implant scarcity. The engineered skin alternatives 
propose defense from liquid loss and infection while transporting dermal matrix constituents, 
cytokines, and evolution elements to the wound bed, increasing usual host wound thera-
peutic answers. Bioengineered skin alternatives may be utilized as impermanent covers once 
wound damaged tissue up to there is an autograft accessible. Subsequent to assimilation, 
these assemblies persevere in the wound throughout healing or even afterward. Cell-free bio-
material-related skin alternates may be utilized in integration with autografts as a defensive 
cover over interconnected autografts to fund their income in addition to arouse the wound 
bed in the spaces or to expand implant engraftment in parts of pressure. Nevertheless, in con-
tradiction of autografts, tissue-engineered allogeneic skin implants may tolerate the danger of 
conveying like hepatitis B virus (HBV) or human immunodeficiency virus (HIV). One benefit 
over autologous in vitro engineered skin alternates is that they have decreased industrial 
prices [14].

In order to manufacture epidermal replacements, a skin biopsy of 2–5 cm2 must be picked 
up from the individual. This may be joined with the first debridement of the injured person. 
Consequently, the epidermis is detached from the dermis, and solitary keratinocytes are chem-
ically discharged and cultivated on mitotically incapacitated mouse fibroblasts (Figure 1). The 
utilized development media cover fetal calf serum and other essential additions; conversely, it 
is also likely to enlarge these cells in xenogeneic-free situations. There are numerous revisions 
analyzing epithelial allografts such as Celaderm; conversely, the efficiency and protection of 
these harvests have to be established in organized scientific trainings. Along with these cus-
tom-built concepts, there have been several laboratories manufacturing cultivated epithelial 
allografts. Allogeneic crops carry the benefit of abridged industrial charges equated to autolo-
gous crops. Yet, an inadequacy of both harvests is that they demonstrate deprived attachment 
levels that may bring the creation of wounds [15].

On behalf of the management of full-width burns, mutually the epidermal and the dermal 
layers of the skin require to be substituted, as the action with expanded epidermal (kerati-
nocyte) layers would end in a mediocre conclusion. In contradiction of cultured epidermal 
layers, engineered dermal concepts can inhibit wound shrinkage, and they deliver a better 
constancy. The dermal and epidermal counterparts should be submitted successively, as 
decent dermal vascularization via the debrided wound bed requires to be attained previously 
to submission of the epidermal stratum. There is an extensive diversity of advertised dermal 
concepts, both natural and artificial. Some of these alternates are chemical-treated allografts 
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such as Alloderm, deficient for cellular rudiments that are important for the immunogenic 
refusal [16]. Besides, Dermagraft contains human foreskin fibroblasts, expanded in a fission-
able polyglactin network. In these alternates, cells secrete extracellular matrix (ECM) proteins, 
a variation of growth factors and cytokines into the wound till they experience usual pro-
grammed cell death 1 or 2 weeks post-embedding [17].

The most progressive and refined concepts that are accessible for scientific utilization are 
alternates that imitate epidermal along with dermal sheets of the skin. Even though imitating 
the histo-architecture of healthy skin, the epidermal/dermal skin alternates would be thought 
as provisional structurally effective wound layers. Skin replacements deliver growth factors, 
cytokines, and ECM for host cells; control wound remedial; and may consequence in active 
pain relief. Main drawbacks are the elevated industrial charges and their insufficiency to heal 
the wound enduringly regarding to tissue refusal. The immunogenic acceptance of a host in 
the direction of allogeneic fibroblasts is controversially deliberated. There are different revi-
sions sustaining the theories that allogeneic fibroblasts are individual autologous keratino-
cytes and are passable for the creation of a perpetual epidermal-dermal skin alternate [18].

8. In vitro applications

Tissue-engineered human skin has been technologically advanced to replicate the main funda-
mental and practical features of normal skin. In this background, they allow not only the exami-
nation of essential procedures in the skin but also the risk valuation of several chemicals which 
are locally presented to the skin deprived of the necessity to utilize animal models. Outcomes 
obtained from experimentations showed in animal models are mostly restricted regarding the 
alterations in the metabolism and the functional architecture. In vitro tests in two-flat monolayer 

Figure 1. Representation of perspectives of skin tissue engineering. Primary keratinocytes, fibroblasts, and stem cells are 
obtained from human contributor tissues that are afterward in vitro expanded previously to seeding onto appropriate 
scaffold materials.
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cultivation of human cells are also of nominal significance because of the absence of multifaceted 
cell-cell and cell-ECM connections [18]. Conversely, manufactured skin alternates may eliminate 
these difficulties via utilizing human cells which are organized in a 3D physical background, let-
ting the interface of the dissimilar cell sorts with one additional and nearby matrix [12].

Presently, skin alternatives are utilized in pharmaceutical investigation and in rudimentary 
examination. In these experimentations, skin alternatives attend as consistent archetypal 
schemes to classify irrigative, toxic, or destructive possessions of chemicals that arise into com-
munication with the human skin. In basic investigation, skin replacements may assist to explain 
essential progressions in the skin like the inducements that bring the creation of the epidermis, 
the cross talk among dissimilar cell sorts, the conservation of the stem cells, the development of 
wound healing, and the contamination with diverse types of pathogens. One excessive benefit 
of skin replacements is that the cellular arrangement is entirely manageable via the scientist. 
Therefore, a specific cell sort may be precisely combined or misplaced to regulate the signifi-
cance of the cell kind in the organic progression under investigation [12]. Skin tissue engineer-
ing may be examined with several in vitro models shown in Table 1.

Up to the present time, several sorts of skin alternatives have been established via dissimilar 
scientific groups. These skin alternatives may be categorized in two kinds. The primary one con-
tains keratinocytes applied on an artificial or collagen transporter faking only the human epider-
mis. The subsequent one contains a dermal sheet of human fibroblasts entrenched in numerous 
types of scaffolds [12].

9. Full-thickness in vitro models

Although the excessive mainstream of the skin alternates utilized in pharmaceutical investi-
gation is made of an epidermal sheet, these skin replacements could then be developed via 
the totaling of a dermal stratum covering fibroblasts. In this perspective, fibroblasts have only 
lately started to have more consideration. It was revealed that skin fibroblasts are distant 
from being uniform, and it was guessed that a few of the chronic wounds are related to an 

In vitro skin models Cell foundation References

Melanoma model Melanoma mesenchymal cells, 
fibroblasts, keratinocytes

[19]

UV radiation and phototype Keratinocytes, melanocytes, and 
fibroblasts

[20]

Wound healing model Fibroblasts and keratinocytes [21]

Psoriasis model Keratinocytes and fibroblasts [22]

Full-thickness model Epithelial sheath, fibroblasts, and 
keratinocytes

[23]

Ex vivo model No requirement of cells [24]

Table 1. In vitro skin tissue engineering models.
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Figure 1. Representation of perspectives of skin tissue engineering. Primary keratinocytes, fibroblasts, and stem cells are 
obtained from human contributor tissues that are afterward in vitro expanded previously to seeding onto appropriate 
scaffold materials.
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alteration in the arrangement of the fibroblasts. It was displayed that fibroblasts clearly effect 
keratinocyte development in vitro, most probably because of the circumstance that these cells 
discharge solvable growth factors. In normal skin, the communication among fibroblasts and 
keratinocytes covers a key role in progressions like wound healing and the creation of the 
base membrane [1].

Utilizing skin alternatives, it was established that fibroblasts carry a vital part in the normal 
epidermal histology (Figure 2). In the absence of fibroblasts, the keratinocyte differentiation 
harshly changes and outcomes only in some sheets of extremely distinguished epithelial cells. 
Fascinatingly, keratinocytes carry a significant influence on the expansion of fibroblasts. This 
interface of epidermal and dermal cells is theorized because of a double paracrine tool that 
controls the development of keratinocytes and fibroblasts. Due to the theory, keratinocytes 
discharge IL-1 which rouses the skin fibroblasts to secrete keratinocyte growth factor (KGF) 
and granulocyte-monocyte colony-stimulating factor (GM-CSF) that sequentially effect the 
production of the keratinocytes. Moreover, dermal fibroblasts carry an important part in 
the renovation of the skin and in the tightening of acute wounds, and they can upturn the 
struggles of keratinocytes to toxic chemicals. Regarding the outcomes, one could determine 
that for obtaining significant data from toxicological in vitro experiments. Oppositely, epider-
mal replacements might be more appropriate for the determination of the diffusion constant 
through the skin. In monotonous in vitro diffusion studies, a specific part of skin alternates 

Figure 2. Utilization of skin fibroblast and keratinocyte for skin tissue engineering.
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divorces a contributor from an acceptor compartment. Collagen-related full-breadth skin 
alternates are not ultimate for that kind of tests since they do not cover the entire external part 
regarding to a low mechanic pliability, consequently finishing in open superiorities, over that 
the constituent under study may flexibly diffuse [12].

10. Skin gene therapy

The aptitude to hereditarily alter cells utilized to organize skin alternates allows ex vivo gene 
treatment methods to treat cutaneous illnesses and damages. Nonetheless, gene therapy 
stays as an unsatisfied potential of cell treatments with skin alternatives. Still, designated 
analysis of gene therapy in skin wounds has been accomplished recently. Initial models uti-
lizing overexpression of angiogenic growth factors with duplication-incompetent retroviral 
vectors established viability for constructive distribution of physically dynamic composites 
such as VEGF and PDGF, with a capacity for prompt wound healing in diminished wounds. 
Therefore, usage of retroviral gene transmission for the action of hematopoietic syndromes 
was linked with expansion of leukemia regarding the addition of mutagenesis, an outcome 
which has fundamentally banned the method from potential deliberation [25].

Parallel threats have been recognized in lentiviruses which have also decreased their forth-
coming custom in therapeutics. Replacements to viral tools have been industrialized that 
comprise plasmid transfection for expression of endogenous antimicrobial peptides like cat-
helicidin. Additional lately advanced methods such as gathered frequently interspaced short 
palindromic repeat (CRISPR) arrangement enable site-specific genome editing, greatly reduc-
ing the risk of insertional mutagenesis. In addition if gene therapies are managed in allogenic 
cells that are eradicated immunologically after a restricted period of time, then threats can be 
minimalized [25]. Nonviral skin gene transfer techniques are listed in Table 2 individually.

Transfer techniques Therapeutic mediator Submission reasons References

Direct injection Cytosine-phosphate-
guanine class C/
immunestimulatory 
sequence 
oligodeoxynucleotides

Tumor treatment [26]

Electroporation Antisense 
oligodeoxynucleotides

Wound healing [27]

Electroporation Chimeric RNA/DNA 
oligodeoxynucleotides

Hair follicle manipulation [28]

Topical Liposome-coated DNA Expressions of growth 
factors, cytokines, and 
hormones

[26]

Biolistic Naked DNA Immunization [29]

Table 2. Nonviral skin gene therapy methods.
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Induced pluripotent stem (iPS) cells may progress the competence of genome excision. The 
application of iPS cells includes deterioration of donor cells to a pluripotent state in vitro, 
growth of cell quantities, and adjustment of cell populace in the direction of a distinguished 
phenotype of concern. The arrangement of genetic adjustment methods, permitting accumu-
lation of healthy genes or alteration of mutated genes, with iPS knowledge delivers the apti-
tude to fix hereditary illnesses [25].

Skin alternates consequent to skin stem cells also carry a potential for practicable gene therapy 
for inactivating inherited illnesses of the skin, like epidermolysis bullosa. The epidermis is 
systematized into epidermal multiplying components which are self-renovated via at least one 
epidermal stem cell an propose that transport of epidermal stem cells from the basal stratum of 
the epidermis for gene treatment might consequence in enduring expression of the transgene 
[26]. Ex vivo transduced keratinocytes of holoclones have been revealed to have transgene 
expression which continues for more than 150 cell productions in culture and, more signifi-
cantly, have been publicized to express the transgene protein once implanted in epidermal 
stratums in vivo. Autologous epidermal stem cells obtained in culture via development of 
holoclones were retrovirally interacted with laminin 5 and were effectively relocated in people 
with junctional epidermolysis bullosa. The implants renewed a healthy epidermis at day 8, 
and the usual epidermis was preserved during 1 year of continuation [30].

11. Scaffold biomaterials in tissue engineering of the skin

In order to manufacture a body-compatible scaffold, it is important that the scaffold does not 
cause any acute or chronic response in the body. The scaffold must have a surface that is suit-
able for cell attachment so that it can replace the damaged tissue and help creating new tissue. 
If the biomaterial used in the making of the scaffold is biodegradable, newly regenerated 
tissue can replace the scaffold. Therefore, it is crucial that the scaffold is compatible with the 
skin tissue. For a scaffold to hold, it must have certain physical and mechanical properties and 
have a certain chemical structure in the surface. Researchers may use different biomaterials 
such as collagen, chitosan, hyaluronic acid, and poly(lactic acid) (PLA) in tissue engineering 
to build scaffolds [31].

11.1. Chitosan

Chitosan is one of the materials that is used in tissue engineering, which is used in wound 
healing. It is biodegradable, biocompatible, and nontoxic. In addition, it has hemostatic activ-
ity. It is also advantageous that chitosan is antibacterial. Chitosan can be used in stimulating 
collagen synthesis, and its electrostatic function can speed up the healing process. Sponges 
and gels that are made from chitosan are utilized in the healing process of full-width burn 
wounds. Chitosan loses its effect in acidic environments, and since wound healing is an acidic 
incident, cross-link agents may be used to stabilize chitosan structures [32].
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11.2. Hyaluronic acid

Hyaluronic acid is a lineal polysaccharide made of repeating disaccharide elements of N-acetyl-
glucosamine and n-glucuronic acid. Hyaluronic acid can be found in human skin and is known 
to be speeding up the healing process. Apart from these, it is observed that hyaluronic acid 
amount is increased in fetal skin and wounds in case of scar-free healing. Hyaluronic acid is a 
material with so much perks in scaffolding such as expanding the possibilities of cross-linking, 
delaying the biodegrading of materials, and more control over mechanical aspects of the pro-
cess. Also, hyaluronic acid offers more incorporation of cell adhesion ligands and growth fac-
tors in the making of scaffolds. Aquatic uptake ability, flexibility, and biocompatibility of the 
scaffold are some of the properties that are made possible and enhanced by HA [32].

11.3. Collagen

Collagen is a naturally found protein that can enhance the structural integrity. Collagen can 
be found in human skin tissue and mostly created by fibroblasts and myofibroblasts. In the 
body parts that are under stress and used often, for example, the skin, tendons and bones, 
collagen can be found in fibrils. One of the most common types of collagen which is also seen 
widely in scar tissues as well as the dermis, fasciae, and tendons is type I collagen. There are 
20 variations of collagens, and only types II, III, V, and XI can make up fibrils. Collagen is one 
of the most used materials that have been utilized in skin tissue engineering, and only recently 
it has been possible to create a model that can promote human capillary-like network [33].

It is an excellent material for scaffolding because of its ability to boost cell attachment, migra-
tion, proliferation, and differentiation. It is preferred in medical applications as a primary 
material since it is excellent in biocompatibility, biodegradability, and weak in antigenic-
ity. Scientific researches provided recombinant human collagen, and it proves to be a more 
dependable foundation for collagen which is not animal based. Human-based collagens are 
used in scaffolding, and they show promising results in efficiency for manufacturing skin, 
cartilage, and periodontal ligaments. Permeable collagen matrices with specific structural, 
biochemical, and biotic characteristics are interesting materials for tissue engineering, and 
introducing glycosaminoglycans may add to these characteristics because they are constitu-
ents of ECM proteins [34].

11.4. Silk

Silk is a biopolymer that is found in nature and has been used in medical applications for cen-
turies. It contains filament core protein, named fibroin, and a glue-similar coating with sericin 
proteins. Silk can be composed into many forms such as films, fibers, meshes, and sponges, 
and these forms have been used in many incidents, show great promise in supporting stem cell 
union, multiplying, and distinction in vitro, and are known to be boosting tissue repair in vivo. 
Skeletal structures such as bone, ligament, cartilage, and connective tissues such as the skin have 
been engineered using 3D silk fibroin scaffolds in stem cell-related tissue manufacturing [35].
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11.5. Fibrin glue

For some time now, fibrin glue has been used for medical applications such as plastic surgery 
and reconstructions as an adhesive compound. It is antibacterial, as well as it boosts hemo-
stasis. Apart from these, fibrin helps grow keratinocyte and fibroblast in vitro and in vivo 
and therefore promotes cellular movement in the wound. It has been observed that endog-
enous fibrin clots to create a temporary matrix in a purpose of promoting angiogenesis in the 
primary stage of wound healing. It is recognized that some growth factors are increased dur-
ing the wound healing process to promote angiogenesis. Vascular endothelial growth factor 
(VEGF) is one of these. Furthermore, if fibrin is preferred as a dermal substrate for an alterna-
tive of cultivated skin, it upsurges the discharge of VEGF, thus indorsing angiogenesis [34].

11.6. Artificial fragmental polymers

A few of the artificial fragmentable polymers utilized as permeable scaffolding constituents 
cover polyethylene glycol (PEG), poly(lactic acid) (PLA), polyglycolide (PGA), poly(lactic-
co-glycolic acid) (PLGA) [34], polycaprolactone (PCL), poly(d,l-lactic acid or d,l-lactide) 
(PDLLA), polyester elastomer (PEE) founded on polyethylene oxide (PEO), and polybutylene 
terephthalate (PBT). There are some synthetic polymers with biodegradable properties that 
are highly preferred as permeable scaffolding constituents such as polyethylene glycol (PEG), 
poly(lactic acid) (PLA), polyglycolide (PGA), poly(lactic-co-glycolic acid) (PLGA) [35], poly-
caprolactone (PCL) [17], poly(D,L-lactic acid or D,L-lactide) (PDLLA), polyester elastomer 
(PEE) based on polyethylene oxide (PEO), and polybutylene terephthalate (PBT) [37].

A superlative absorbent scaffold in skin tissue engineering should be the one which imitates 
the normal surroundings for skin development over suitable cell penetration, propagation, 
and differentiation. It should be biodegradable and penetrable to oxygen, aqua, and nutri-
tion interchange and must be defensive contrary to contamination and injury [38]. Up to the 
present time, there have been numerous kinds of absorbent scaffolds defined for skin tissue 
renewal, and most of them may be branded as fibrous permeable scaffolds. Nevertheless, 
there are some spongy or foamy scaffold sorts with advanced absorbency that may be utilized 
as operative concepts for skin renewal. Supreme of these scaffolds has collagen as a founda-
tion, and then keratinocytes or fibroblasts are planted into the scaffolds [39].

When choosing a porous scaffold to be used in skin tissue engineering, one must look for some 
properties and characteristics to create optimum conditions that resemble the usual back-
ground for skin development of the most over suitable cell permeation, creation, and distinc-
tion. The ideal scaffold also should safeguard against contamination and injury. There have 
been plenty of porous scaffolds with various forms to this day that are described for the regen-
eration of skin tissue, and most of these may be seen as fibrous absorbent scaffolds. Other than 
these scaffolds, there are also various types of spongy or foamy scaffolds which have higher 
porosity and can be used in skin regeneration. Collagen is the main ingredient in most of these 
porous scaffolds with keratinocytes or fibroblasts that are seeded into the scaffolds [36].

Scaffolds are designated in severe burns and skin deficiencies persuaded because of the elimi-
nation of tumors or skin implanting in patients experiencing necrotizing fasciitis owing to 
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bacterial contaminations [40]. Meanwhile, some original sponge scaffolds in arrangement 
with biomaterials like human keratin and polyvinyl alcohol/chitosan have also been described 
for their utilization as operative skin alternatives. Scaffolds have been used in medical appli-
cations such as acute burns and skin defects. Apart from these, some novel sponge scaffolds 
when used with biomaterials like human keratin and polyvinyl alcohol/chitosan have also 
been used since they are so effective as skin substitutes [1].

Nanofibrous scaffolds are extensively utilized for firming along with lenient tissue engineer-
ing submissions, and they also perform as tools for the regulated distribution of drugs and 
numerous biological particles in the arrangement of proteins and DNA [41]. Numerous usual 
and synthetic polymers have been applied for nanofiber constructions to generate fibrous scaf-
folds for biomedical applications [42]. These nanofibers are occasionally precisely functional-
ized via a basic interference or coating method or with superficial implanting polymerization 
by adding ligands and adhesive proteins on the nanofiber shallow. Combination of drugs, 
development factors, and genes straightly into the polymer elucidation throughout electro-
spinning is also a training for precise discharge possessions. Current methods for integrat-
ing therapeutic mediators or bioactive particles comprise coaxial electrospinning, suspension 
electrospinning, and alterations by external absorption or chemical conjugation [43]. In lieu of 
soft and hard tissue engineering and its submissions, nanofibrous scaffolds are widely used as 
well as deliver drugs in a controlled manner. Synthetic and natural polymers have been used 
for nanofiber manufactures to harvest rubbery scaffolds for biomedical presentations [44].

12. Discussion

The largest part of the human body is the skin. One of its key responsibilities is to protect the 
body from the environmental influences. When this shield is lost both acutely and chronically, 
it must repair itself to avoid termination of the life of its carrier. When the skin is wounded, re-
epithelialization of the wounded surface occurs [1, 2, 15–17]. Another important subject is that 
extensive wounds require an additional protection layer. This layer helps preventing desic-
cation and infections. It also guides cells to repair the wound and improve healing rates. This 
requirement led to the evolution of biologic and synthetic dressings and skin substitutes [14]. 
Wounds that occur due to massive burning made inventing different kinds of temporary and 
permanent skin alternatives necessary. This was needed because the patient could not repair 
its skin by itself. To be successful in long-term recovery, certain properties from both dermal 
and epidermal skin should be considered [9]. There is no example where an artificial skin is 
better than the original. Because of this, tissue engineers must focus their efforts on produc-
ing a universal skin that would be the best alternative in the shortest amount of time [13, 19].

A scaffold is used to create the three-dimensional structure for cell interactions and ECM 
production. It carries proper cytokines and growth factors to the target area [18]. It also sup-
ports the structure and functions of the newly formed tissue. There are certain criteria for a 
scaffold to provide all of the above [34, 36, 39, 41]: it should have a proper internal structure 
and surface that can support cellular behaviors such as adhesion, differentiation, and prolif-
eration [30]; it should have mechanical properties alike to the ones in the repair site [30]; and 
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11.5. Fibrin glue

For some time now, fibrin glue has been used for medical applications such as plastic surgery 
and reconstructions as an adhesive compound. It is antibacterial, as well as it boosts hemo-
stasis. Apart from these, fibrin helps grow keratinocyte and fibroblast in vitro and in vivo 
and therefore promotes cellular movement in the wound. It has been observed that endog-
enous fibrin clots to create a temporary matrix in a purpose of promoting angiogenesis in the 
primary stage of wound healing. It is recognized that some growth factors are increased dur-
ing the wound healing process to promote angiogenesis. Vascular endothelial growth factor 
(VEGF) is one of these. Furthermore, if fibrin is preferred as a dermal substrate for an alterna-
tive of cultivated skin, it upsurges the discharge of VEGF, thus indorsing angiogenesis [34].

11.6. Artificial fragmental polymers

A few of the artificial fragmentable polymers utilized as permeable scaffolding constituents 
cover polyethylene glycol (PEG), poly(lactic acid) (PLA), polyglycolide (PGA), poly(lactic-
co-glycolic acid) (PLGA) [34], polycaprolactone (PCL), poly(d,l-lactic acid or d,l-lactide) 
(PDLLA), polyester elastomer (PEE) founded on polyethylene oxide (PEO), and polybutylene 
terephthalate (PBT). There are some synthetic polymers with biodegradable properties that 
are highly preferred as permeable scaffolding constituents such as polyethylene glycol (PEG), 
poly(lactic acid) (PLA), polyglycolide (PGA), poly(lactic-co-glycolic acid) (PLGA) [35], poly-
caprolactone (PCL) [17], poly(D,L-lactic acid or D,L-lactide) (PDLLA), polyester elastomer 
(PEE) based on polyethylene oxide (PEO), and polybutylene terephthalate (PBT) [37].

A superlative absorbent scaffold in skin tissue engineering should be the one which imitates 
the normal surroundings for skin development over suitable cell penetration, propagation, 
and differentiation. It should be biodegradable and penetrable to oxygen, aqua, and nutri-
tion interchange and must be defensive contrary to contamination and injury [38]. Up to the 
present time, there have been numerous kinds of absorbent scaffolds defined for skin tissue 
renewal, and most of them may be branded as fibrous permeable scaffolds. Nevertheless, 
there are some spongy or foamy scaffold sorts with advanced absorbency that may be utilized 
as operative concepts for skin renewal. Supreme of these scaffolds has collagen as a founda-
tion, and then keratinocytes or fibroblasts are planted into the scaffolds [39].

When choosing a porous scaffold to be used in skin tissue engineering, one must look for some 
properties and characteristics to create optimum conditions that resemble the usual back-
ground for skin development of the most over suitable cell permeation, creation, and distinc-
tion. The ideal scaffold also should safeguard against contamination and injury. There have 
been plenty of porous scaffolds with various forms to this day that are described for the regen-
eration of skin tissue, and most of these may be seen as fibrous absorbent scaffolds. Other than 
these scaffolds, there are also various types of spongy or foamy scaffolds which have higher 
porosity and can be used in skin regeneration. Collagen is the main ingredient in most of these 
porous scaffolds with keratinocytes or fibroblasts that are seeded into the scaffolds [36].

Scaffolds are designated in severe burns and skin deficiencies persuaded because of the elimi-
nation of tumors or skin implanting in patients experiencing necrotizing fasciitis owing to 
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bacterial contaminations [40]. Meanwhile, some original sponge scaffolds in arrangement 
with biomaterials like human keratin and polyvinyl alcohol/chitosan have also been described 
for their utilization as operative skin alternatives. Scaffolds have been used in medical appli-
cations such as acute burns and skin defects. Apart from these, some novel sponge scaffolds 
when used with biomaterials like human keratin and polyvinyl alcohol/chitosan have also 
been used since they are so effective as skin substitutes [1].

Nanofibrous scaffolds are extensively utilized for firming along with lenient tissue engineer-
ing submissions, and they also perform as tools for the regulated distribution of drugs and 
numerous biological particles in the arrangement of proteins and DNA [41]. Numerous usual 
and synthetic polymers have been applied for nanofiber constructions to generate fibrous scaf-
folds for biomedical applications [42]. These nanofibers are occasionally precisely functional-
ized via a basic interference or coating method or with superficial implanting polymerization 
by adding ligands and adhesive proteins on the nanofiber shallow. Combination of drugs, 
development factors, and genes straightly into the polymer elucidation throughout electro-
spinning is also a training for precise discharge possessions. Current methods for integrat-
ing therapeutic mediators or bioactive particles comprise coaxial electrospinning, suspension 
electrospinning, and alterations by external absorption or chemical conjugation [43]. In lieu of 
soft and hard tissue engineering and its submissions, nanofibrous scaffolds are widely used as 
well as deliver drugs in a controlled manner. Synthetic and natural polymers have been used 
for nanofiber manufactures to harvest rubbery scaffolds for biomedical presentations [44].

12. Discussion

The largest part of the human body is the skin. One of its key responsibilities is to protect the 
body from the environmental influences. When this shield is lost both acutely and chronically, 
it must repair itself to avoid termination of the life of its carrier. When the skin is wounded, re-
epithelialization of the wounded surface occurs [1, 2, 15–17]. Another important subject is that 
extensive wounds require an additional protection layer. This layer helps preventing desic-
cation and infections. It also guides cells to repair the wound and improve healing rates. This 
requirement led to the evolution of biologic and synthetic dressings and skin substitutes [14]. 
Wounds that occur due to massive burning made inventing different kinds of temporary and 
permanent skin alternatives necessary. This was needed because the patient could not repair 
its skin by itself. To be successful in long-term recovery, certain properties from both dermal 
and epidermal skin should be considered [9]. There is no example where an artificial skin is 
better than the original. Because of this, tissue engineers must focus their efforts on produc-
ing a universal skin that would be the best alternative in the shortest amount of time [13, 19].

A scaffold is used to create the three-dimensional structure for cell interactions and ECM 
production. It carries proper cytokines and growth factors to the target area [18]. It also sup-
ports the structure and functions of the newly formed tissue. There are certain criteria for a 
scaffold to provide all of the above [34, 36, 39, 41]: it should have a proper internal structure 
and surface that can support cellular behaviors such as adhesion, differentiation, and prolif-
eration [30]; it should have mechanical properties alike to the ones in the repair site [30]; and 
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it should be biocompatible. Its properties rely on the modifications that were applied to it 
and the nature of the biomaterial. Sponginess and pore scope of polymeric scaffolds display 
a critical role in tissue regeneration [38]. These considerations have been comprehensively 
deliberated and covered in different publications. Porous organization of scaffolds is impor-
tant with regard to their allowance of migration, adhesion, and multiplication and also diffu-
sion of wastes, oxygen, and nutrients [31]. It is certain that larger pores are used for supplying 
nutrients and removal of wastes. Small pores on the other hand provide surface area for cell 
adhesion. In order to generate dissimilar pore sizes and porosities, used techniques vary from 
salt discharge, modified lyophilization, phase separation, application of numerous freezing 
temperatures, application of various acoustic heaviness amplitudes, and application of differ-
ent electrospinning rates [36].

Reports show several types of scaffolds used in skin tissue regeneration. Even though there 
are some setbacks, they have been notably successful for repairing tissue and wound healing. 
They are also successful for delivering regular supply of nutrients and oxygen to cells, due 
to their variable porosities [36]. Mechanical strength and biocompatibility may be a subject of 
concern for fabrication of scaffolds, but composite and ceramic types have a promising future. 
Various biomaterials, both natural and synthetic, are used separately or in combination to cre-
ate scaffolds. Combinations of these materials overcome the issues with biocompatibility, bio-
degradability, and mechanical strength [33]. Collagen, cellulose, and chitosan are some of the 
examples for natural biomaterials [34]. They are found as either polysaccharide or proteins. 
These are highly biocompatible and easily degraded due to their similarities to the natural 
ECM. This makes them highly suitable for skin cell growth. If we look at synthetic biomate-
rials, some nanomaterial-type examples like polyvinylpyrrolidone (PVP), polycaprolactone 
(PCL) [41], poly-ethylene-glycol (PEG), poly lactic acid (PLA) [31, 35], and others are good 
for enhancing the strength of the scaffold. This requires more research and efforts toward 
the direction of composite scaffolds. An extensive knowledge of all the facts listed above will 
lead to producing highly effective and suitable scaffolds for skin tissue regeneration. There 
are many subjects in tissue engineering that should be overcome though such as scaffold 
interaction with cells, cellular proliferation and differentiation speed, and vascularization of 
the engineered tissues [37–39]. Rapid advancement of organ-on-chip technology, which led 
to “skin-on-chip” technology, has cleared the way for generating engineered skin for wound 
healing and drug testing [12]. The development of perfused chip-based bioreactors offers 
improvement of culturing conditions for skin organ cultures, as well as variable mechanical 
stress. Another advancement to note is microfluidic technologies, which are developed to 
create perfused skin-equivalent cultures and show a promise in the field of applying various 
drug molecules that are associated with skin tissue and wound healing [14, 17, 32, 33].

In vitro skin prototypes are used for recognizing skin destructive or poisonous materials 
and have been established to be beneficial implements for the examination of rudimentary 
evolving progressions as well as for the documentation of compulsive circumstances. Even 
though the enterprise of the epidermal and dermal stratum imitating in vitro skin alterna-
tives is almost ultramodern, there are obviously alterations among these replicas and natural 
in vivo skin [45]. One drawback of in vitro replacements is that they are not simply shaped, 
organized, or deposited. Practically, all in vitro skin is tailored and factory-made manually. 
A mechanized method would expressively decrease industrial charges and would propose 
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the comprehensive regulation of the procedure with a consistent result. The utilization of 
human keratinocyte derivative cell lines that are capable to cornify would support to lessen 
the charge of a skin replica even further and recover the expectedness of the last construct. 
Inopportunely, the mainstream of the presently obtainable cell lines is derivative of carci-
noma cells that lack the capacity to arrange a corneous layer; only lately, a novel cornifying 
cell line was presented [46]. Additional factor that is restraining the accomplishment of skin 
alternatives is their short lifetime. One method to accomplish a prolonged usability is the 
expansion of appropriate skin substitute conservation procedures as it had been done for 
dermal skin grafts [47].

The sustained development of iPS cell reprogramming widens a perspective to patient with 
precise stem cell foundations for tissue substitution. The competence of iPS production was 
lately established to be enriched with the utilization of keratinocytes [48]. Moreover, iPS can 
be produced from keratinocytes obtained from hair. Therefore, pulling a single hair from a 
person delivers only the initial substantial required to make iPS cells that may afterward be 
differentiated to custom tissue-related stem cells [49]. In different words, it can be thinkable 
for keratinocytes isolated from hair to be unswervingly reprogrammed to many skin stem 
cells deprived of an in-between iPS state. The aptitude to generate different skin stem cells 
which can be integrated into an engineered skin tissue will allow renewal of all of the complex 
cell types within the skin.

Recently identified human newborn foreskin stem cells also carry an enormous potential to 
differentiate into different cell types which may also eliminate the risk factors of gene trans-
fections in order to obtain stem cell properties. These cells have found to carry mesenchymal 
stem cell markers and some of the hematopoietic stem cell makers. Specific study of ours 
proved that they may be differentiated into chondrogenic, adipogenic, osteogenic, neuro-
genic, epithelial, and myogenic cells. In future prospects, they carry a potential to be used in 
tissue engineering models [10].

13. Future prospects

Future advances in in vitro skin alternatives should cover skin additions. The combination 
of sweat glands and hair follicles will assist to imitate a more accurate in vivo state and 
consequently involve a more precise experimental format. Many developments have been 
completed in the last decades for creating vascularized full-thickness in vitro skin models; 
nevertheless, the vascular-like structures could not be combined with an external vascular 
system wherein physiological shear circumstances are continued; thus, the growth of the in 
vitro vasculature was disallowed. The usage of more progressive biological scaffolds or syn-
thetic vasculature imitating structures might assist to eliminate these problems.
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it should be biocompatible. Its properties rely on the modifications that were applied to it 
and the nature of the biomaterial. Sponginess and pore scope of polymeric scaffolds display 
a critical role in tissue regeneration [38]. These considerations have been comprehensively 
deliberated and covered in different publications. Porous organization of scaffolds is impor-
tant with regard to their allowance of migration, adhesion, and multiplication and also diffu-
sion of wastes, oxygen, and nutrients [31]. It is certain that larger pores are used for supplying 
nutrients and removal of wastes. Small pores on the other hand provide surface area for cell 
adhesion. In order to generate dissimilar pore sizes and porosities, used techniques vary from 
salt discharge, modified lyophilization, phase separation, application of numerous freezing 
temperatures, application of various acoustic heaviness amplitudes, and application of differ-
ent electrospinning rates [36].

Reports show several types of scaffolds used in skin tissue regeneration. Even though there 
are some setbacks, they have been notably successful for repairing tissue and wound healing. 
They are also successful for delivering regular supply of nutrients and oxygen to cells, due 
to their variable porosities [36]. Mechanical strength and biocompatibility may be a subject of 
concern for fabrication of scaffolds, but composite and ceramic types have a promising future. 
Various biomaterials, both natural and synthetic, are used separately or in combination to cre-
ate scaffolds. Combinations of these materials overcome the issues with biocompatibility, bio-
degradability, and mechanical strength [33]. Collagen, cellulose, and chitosan are some of the 
examples for natural biomaterials [34]. They are found as either polysaccharide or proteins. 
These are highly biocompatible and easily degraded due to their similarities to the natural 
ECM. This makes them highly suitable for skin cell growth. If we look at synthetic biomate-
rials, some nanomaterial-type examples like polyvinylpyrrolidone (PVP), polycaprolactone 
(PCL) [41], poly-ethylene-glycol (PEG), poly lactic acid (PLA) [31, 35], and others are good 
for enhancing the strength of the scaffold. This requires more research and efforts toward 
the direction of composite scaffolds. An extensive knowledge of all the facts listed above will 
lead to producing highly effective and suitable scaffolds for skin tissue regeneration. There 
are many subjects in tissue engineering that should be overcome though such as scaffold 
interaction with cells, cellular proliferation and differentiation speed, and vascularization of 
the engineered tissues [37–39]. Rapid advancement of organ-on-chip technology, which led 
to “skin-on-chip” technology, has cleared the way for generating engineered skin for wound 
healing and drug testing [12]. The development of perfused chip-based bioreactors offers 
improvement of culturing conditions for skin organ cultures, as well as variable mechanical 
stress. Another advancement to note is microfluidic technologies, which are developed to 
create perfused skin-equivalent cultures and show a promise in the field of applying various 
drug molecules that are associated with skin tissue and wound healing [14, 17, 32, 33].

In vitro skin prototypes are used for recognizing skin destructive or poisonous materials 
and have been established to be beneficial implements for the examination of rudimentary 
evolving progressions as well as for the documentation of compulsive circumstances. Even 
though the enterprise of the epidermal and dermal stratum imitating in vitro skin alterna-
tives is almost ultramodern, there are obviously alterations among these replicas and natural 
in vivo skin [45]. One drawback of in vitro replacements is that they are not simply shaped, 
organized, or deposited. Practically, all in vitro skin is tailored and factory-made manually. 
A mechanized method would expressively decrease industrial charges and would propose 
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the comprehensive regulation of the procedure with a consistent result. The utilization of 
human keratinocyte derivative cell lines that are capable to cornify would support to lessen 
the charge of a skin replica even further and recover the expectedness of the last construct. 
Inopportunely, the mainstream of the presently obtainable cell lines is derivative of carci-
noma cells that lack the capacity to arrange a corneous layer; only lately, a novel cornifying 
cell line was presented [46]. Additional factor that is restraining the accomplishment of skin 
alternatives is their short lifetime. One method to accomplish a prolonged usability is the 
expansion of appropriate skin substitute conservation procedures as it had been done for 
dermal skin grafts [47].

The sustained development of iPS cell reprogramming widens a perspective to patient with 
precise stem cell foundations for tissue substitution. The competence of iPS production was 
lately established to be enriched with the utilization of keratinocytes [48]. Moreover, iPS can 
be produced from keratinocytes obtained from hair. Therefore, pulling a single hair from a 
person delivers only the initial substantial required to make iPS cells that may afterward be 
differentiated to custom tissue-related stem cells [49]. In different words, it can be thinkable 
for keratinocytes isolated from hair to be unswervingly reprogrammed to many skin stem 
cells deprived of an in-between iPS state. The aptitude to generate different skin stem cells 
which can be integrated into an engineered skin tissue will allow renewal of all of the complex 
cell types within the skin.

Recently identified human newborn foreskin stem cells also carry an enormous potential to 
differentiate into different cell types which may also eliminate the risk factors of gene trans-
fections in order to obtain stem cell properties. These cells have found to carry mesenchymal 
stem cell markers and some of the hematopoietic stem cell makers. Specific study of ours 
proved that they may be differentiated into chondrogenic, adipogenic, osteogenic, neuro-
genic, epithelial, and myogenic cells. In future prospects, they carry a potential to be used in 
tissue engineering models [10].

13. Future prospects

Future advances in in vitro skin alternatives should cover skin additions. The combination 
of sweat glands and hair follicles will assist to imitate a more accurate in vivo state and 
consequently involve a more precise experimental format. Many developments have been 
completed in the last decades for creating vascularized full-thickness in vitro skin models; 
nevertheless, the vascular-like structures could not be combined with an external vascular 
system wherein physiological shear circumstances are continued; thus, the growth of the in 
vitro vasculature was disallowed. The usage of more progressive biological scaffolds or syn-
thetic vasculature imitating structures might assist to eliminate these problems.
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