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Preface

Tissue Engineering is one of the major approaches of regenerative medicine and a growing
and exciting field of research. In combination with better understanding of structure, biolo-
gy, physiology and cell culture techniques, Tissue Engineering may offer new treatment op-
tions for patients in need for replacement or repair of a deteriorated organ. The concept of
Tissue Engineering has been applied clinically for a variety of disorders. The classical ap-
proaches of Tissue Engineering have not changed over the last three decades. The principle
is to dissociate cells from a tissue biopsy, to expand these cells in culture, and to seed them
onto the scaffold material in vitro in order to form a living tissue construct prior to implan-
tation into the recipient’s organism. In the appropriate biochemical and biomechanical envi-
ronment these tissues will unfold their full functional potential and serve as native tissue
equivalents.

The Tissue Engineering approach has major advantages over traditional organ transplanta-
tion and circumvents the problem of organ shortage. Tissues that closely match the patient’s
needs can be reconstructed from readily available biopsies and subsequently be implanted
with minimal or no immunogenicity. This eventually conquers several limitations encoun-
tered in tissue transplantation approaches.

This book serves as a good starting point for anyone interested in the application of Tissue
Engineering. It offers a colorful mix of topics, which explain the obstacles and possible solu-
tions for TE applications.

Finally, I would like to thank all authors who have contributed to this book and hope that
the readers will enjoy it.

Daniel Eberli MD. PhD.
University Ziirich, Switzerland
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Chapter 1

Adipose-Derived Stem Cells — Are They the Optimal Cell
Source for Urinary Tract Regeneration?

Hazem Orabi, Cassandra R. Goulet,
Julie Fradette and Stéphane Bolduc

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59223

1. Introduction

The urinary system consists of two kidneys, two ureters, urinary bladder and urethra. The
main function of the urinary system is to eliminate wastes and harmful materials from the
body. Additionally, it adjusts blood volume and pressure, regulates electrolytes and blood pH.
The urine passes from the kidneys via the muscular tubes of ureters to the urinary bladder
where it is stored until it is socially convenient to be expelled outside through the urethra by
the act of micturition.

The urinary tract (ureters, bladder and urethra) is composed of two main functional tissues:
epithelial coverage (urothelium) and muscular coat (smooth muscle). A highly impermeable
urothelial layer is necessary to prevent reabsorption of noxious materials present in urine
despite its large osmotic and chemical gradients. Muscular coat creates coordinated waves of
contractions necessary for urine transport and expulsion.

Since birth, the urinary system is subjected to a variety of diseases and pathologies including
congenital and acquired disorders that threaten the patient's life. Current therapeutic options
to replace severely damaged urinary organs are associated with many complications and
hazards on patient survival and quality of life. Regenerative medicine has emerged as potential
replacement treatment. Although progenitor cells of the urinary tract have been used in
experimental studies and clinical trials, however, they are not amenable options in cases of
benign end-stage diseases and malignancy. Stem cells can be the source of cellular components
in regenerating urinary organs. Among those stem cell types, Adipose-derived Stem Cells
(ASCs) are the current most convenient source due to easiness of harvest in abundant quantity,
potential differentiation into many cell types and lack of ethical problems.

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative 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.



4 Cells and Biomaterials in Regenerative Medicine

ASCs had also been investigated to form matrix (scaffold) and differentiate into urothelial and
smooth muscle cells. Both can be coupled together to form tissue-engineered constructs that
can replace the wall of urinary tract including ureters, urinary bladder and urethra. When
complete wall replacement is not needed in some situations, ASCs, as cellular therapy, had
beneficial benefits reflected on pattern of voiding. Additionally, ASCs can enhance vascularity
and improve survival of urinary flaps or grafts.

In this chapter, we will review the current and future applications of ASCs for regeneration
and repair of urinary tract. Mechanism of actions, preclinical and clinical trials and forms for
therapies will be addressed. We will highlight the challenges that face their use and potentials
to overcome these obstacles.

2. ASCs characteristics and prospectives for regenerative medicine

In the past, little consideration has been given to adipose tissue since its main functions were
mainly associated with the storage and release of lipids. For years, lipoaspirated material has
been discarded as surgical waste. Over the past few years, scientists became interested in
investigating this highly complex tissue. Adipose tissue is composed mainly of adipocyte cells
organized into lobules. The most prominent fraction, volume-wise, are mature adipocytes,
which store and hydrolyzed triglycerides in response to environmental signals. The stromal
vascular fraction (SVF), which includes preadipocytes, endothelial cells, vascular smooth
muscle cells, fibroblasts, resident monocytes/macrophages and lymphocytes [1] also, provides
structural support to adipose tissue. In 2002, a novel adult stem cell population isolated from
SVF was first identified by University of California,Los Angeles (UCLA) researchers and
named processed lipoaspirate (PLA) cells [2,3].

A wide variety of terms have been used to describe the multipotent cells derived from white
adipose tissues and there was no consensus on the nomenclature used, which can sometimes
lead to confusion. At the Second Annual International Fat Applied Technology Society (IFATS)
meeting in 2004, scientists concluded to refer to these cells as adipose-stem cells (ASCs) [53].
Accordingly, the term ASCs will be used throughout this chapter.

ASCs are mesenchymal stem cells (MSCs) and possess similar characteristics to those
extracted from bone marrow or umbilical cord [4]. They are undifferentiated non-embryon-
ic multipotent stem cells, which have the ability to divide and self-renew in undifferentiat-
ed state. When submitted to specific inductive signals, ASCs can mature into a broad
spectrum of cell lineages. ASCs have been reported to express the MSCs surface protein
markers CD10, CD13, CD29, CD44, CD54, CD73, CD90 and CD105 (Table 1) [5]. Major
differences occur for the CD34 stem cell marker that is not express by MSCs, but is present
in ASCs in early passages. Morphologically, ASCs are fibroblast-like and preserve their
shape after expansion in vitro [6].
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Cell surface markers Level of expression
CD3 Low or negative

CD10 High
CD11b Negative
CD14 Negative
CD29 High
CD34 Variable
CD44 High
CD45 Negative
CD73 High
CD90 High
CD105 High

HLA-DR Negative

Table 1. Expression level of ASCs surface markers

2.1. Isolation of ASCs from adipose tissue

When compared to other stem cell populations and sources, ASCs can be easily harvested
while providing higher yields upon processing of adipose tissue, with minimal discomfort
under local anaesthesia [7]. The efficiency of the cell isolation process depends on the locali-
sation of the white adipose tissue and the donor general condition. For example, ASCs from
visceral deposits are more prone to apoptosis and, therefore, less proliferative than the same
cells isolated from the subcutaneous deposits [8]. ASCs are ususally isolated from subcutane-
ous adipose tissue samples removed during liposuction, lipoplasty or lipectomy procedures,
which are minimally invasive or painful. Adipose tissue is one of the richest sources of MSCs.
From 1 gram of adipose tissue, 5 x 10° colony-forming stromal cells can be isolated, which is
500 times more cells than from an equivalent amount of bone marrow [9]. Current protocols
used for release the cells rely on enzymatic digestion with collagenase, dispase, trypsin or
related enzymes. Following the centrifugation and neutralization of the enzymes, the SVF
fraction sediment is separated from the floating mature adipocytes. When seeded in culture
flasks, the ASCs lack the intracellular lipid droplets seen in adipocytes and adhere to the plastic
surface where they can be purified from other SVF cells using a combination of washing steps
and culture expansion. Several exogenous supplements have been shown to have a stimulatory
effect on the proliferation of ASCs. Platelet-derived growth factor, sphingosylphosphorylcho-
line, oncostatin M, and fibroblast growth factor (FGF) 2 have all been shown to increase ASC
proliferation [9, 10, 11, 12].

5
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2.2. ASCs potentials for regenerative medicine

The potential use of stem cell-based therapies for the repair and regeneration of various tissues
and organs offers alternative therapeutic solutions for a number of diseases. Developments in
stem cell research provided new cell source for regenerative medicine. An emerging body of
literature suggests that adipose tissue may provide an abundant, readily accessible source of
cells with similar potential to that described for other adult stem cells.

Adult stem cells are far more plastic than had previously been imagined. ASCs have been
described as being able to give rise to several quite different mesenchymal cell phenotypes
including osteocytes, adipocytes, neural cells, vascular endothelial cells, cardiomyocytes,
pancreatic {3 cells, and hepatocytes [13, 14, 15, 16].

Cell lineage Culture medium supplementation References

Adipocyte Insulin, dexamethasone, thiazolidinedione 17,18

Chondrocyte Ascorbic acid, BMP-6, FGF, IGF, dexamethasone, TGE-3 19, 20
Osteoblast Ascorbic acid, BMP-2, valproic acid, dexamethasone 17
Myocyte Dexamethasone, horse serum 21

Cardiomyocyte Stem cell factor, transferrin, IL-3, IL-6, VEGF, TGEF- 3 22,23
el Valproic acid, insulin, butylated hydroxyanisole, -

hydrocortisone
Hepatocyte-like HGF, FGF-1, FGF-4, oncostatin 24,25

Table 2. Differentiation potential of ASCs

However, the ability to differentiate is not the only characteristic that makes these cells
attractive for therapeutic purposes. Some reports have suggested that the therapeutic effects
observed following ASCs administration, such as promotion of angiogenesis, reduction of
inflammation, and functional recovery, are largely related to the trophic actions of their
cytokines and growth factors secretion rather than by their differentiation into local tissue cell
types [26]. The secretion of a broad range of bioactive molecules by ASCs, such as growth
factors, cytokines and chemokines, constitutes their most biologically significant role under
injury conditions [27]. Analyses of the soluble factors released from human cultured ASCs
have revealed that, at relatively early passages, they secrete hepatocyte growth factor (HGF),
vascular endothelial growth factor (VEGF), transforming growth factor-f3 (TGF-f3), insulin-like
growth factor (IGF)-1, fibroblast growth factor (bFGF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), tumour necrosis factor (TNF)-a, interleukin (IL)-6, 7, 8, and 11,
adiponectin, angiotensin, cathepsin D, pentraxin, pregnancy zone protein, retinol-binding
protein, and CXCL12 [28, 29, 30]. These factors promote an anti-inflammatory environment,
angiogenesis and wound healing, which likely potentiate tissue repair.

ASCs possess immunomodulatory effects through their production of various soluble factors
and rather low immunogenicity properties. In vitro, they have the ability to inhibit maturation
of dendritic cells and suppress the proliferation of B cells, T cells, and natural killer cells
following activation through both cell to cell binding and paracrine signalling [31, 32]. During
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inflammation, ASCs release TGF-f3 that promotes premature helper T-cell differentiation
toward T regulatory cells promoting anti-inflammatory environment [33]. Moreover, ASCs
promote tryptophan degradation, limiting the bioavailability of a crucial molecule for T-cell
proliferation and function [34]. Low expression levels of class I Major Histocompatibilty
Complex (MHC-I) and lack of MHC-II and co-stimulatory molecules on the cell surface (CD80
and CD86] makes ASCs immunoprivileged cells [35].

During the past decade, several studies have provided preclinical data on the safety and
efficacy of ASCs administered in various animal models, supporting the use of these cells in
future clinical applications. Furthermore, various clinical trials have shown the regenerative
capability of ASCs in a variety of medical fields such as plastic surgery, autoimmune and
inflammatory disorders, orthopedic surgery, oral and maxillofacial surgery, cardiac surgery
and urology [36, 37, 38].

3. ASCs and kidney repair

Cell therapies using ASCs are highly promising in various clinical fields based on in vitro and
in vivo research results. Important experimental findings in recent years suggest considerable
therapeutic potential for cellular replacement in the context of kidney diseases (Figure 1).

3.1. Acute kidney injuries

Acute kidney injury (AKI), a multi-factorial syndrome that is common but often asymptomatic,
is caused by such incidents as major infections, trauma, complications following major surgery
and adverse reactions to drugs. It is characterised by the rapid loss of the kidney's functions,
usually occurring within 48 hours or less, and represents a major treatment-resistant clinical
problem with high mortality rates. In United States, AKI is an increasingly prevalent condition
in hospitalized patients, a 10 percent increase per year, and the number of associated deaths
has more than doubled over the last decade [39].

In the last few years, many studies have shown that stem cell transplantation is an efficient
method for AKI repair. It was shown that ASCs drastically reduced mortality and improved
renal structural and functional recovery using an animal ischemia-reperfusion model of AKI
[56]. Indeed, intrarenal arterial injection of ASCs in ischemia-reperfusion-induced AKI rat
model reduced blood urea nitrogen and creatinine levels [40]. Moreover, in a dose-dependent
manner, ASCs reduced the tubular injury score 48 hours after ischemia-reperfusion [40]. The
precise mechanism that attenuates kidney injury after ASCs injection remains to be clarified.

The renoprotective effects might be attributable to the replacement of damaged tubular cells
by transdifferentiation of ASCs. The injured kidney expresses renotypic factors that may
influence the differentiation of ASCs into a renal tubular epithelial lineage [41, 55]. A study
using a murine model of AKI showed that differentiation and replacement of the dead cells at
an early stage of injuriy by ASCs seems to be one of the major mechanisms in AKI kidney
repair. However, most studies indicate that intravenously injected ASCs show minimal

7
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homing to renal tubules and have limited survival in the kidney environment [42]. To bypass
this problem, scientists tried to inject ASCs directly at the injury site. However, more than 80%
of grafted cells die within the first week after injection and the majority of cells leak out from
the injection site. Recently, it was found that using an injectable scaffold could improve the
survival of cells as well as enhance retention of ASCs at the injury site [43].

There are increasing evidences that other differentiation-independent mechanisms of ASCs
play key role in promoting tissue repair. Beneficial effects could be partially explained by the
anti-inflammatory and anti-oxydative properties of ASCs, as revealed by their capacity to
reduce apoptosis and inflammation in the injured kidney tissue [56]. Indeed, the expression
of inflammatory, oxidative stress and apoptotic biomarkers such as IL-10, glutathione
peroxidase and TNF-a at both gene and protein levels, were significantly decreased in ASCs
treated group in ischemia-reperfusion rat model [45].

3.2. Chronic kidney disease

Twenty-six million american adults have chronic kidney disease (CKD) with progression of
the disease leading to kidney failure, which requires dialysis or a kidney transplant to maintain
life.

Positive effects of bone marrow MSCs treatment in CKD animal models have been reported
[46, 47]. However, bone marrow MSCs derived from CKD patients failed to provide the same
beneficial effect [48, 49]. A recent study has shown that ASCs did not seem affected by renal
disease [50]. Thus, the impact of ASC therapy has been studied in different CKD animal
models. In the majority of induced models investigated, ASCs administration has resulted in
beneficial therapeutic effects, as evidenced by decrease the speed of renal fibrosis progression
and improvement in renal functional parameters such as plasma creatinin, proteinuria and
renal filtration. Indeed, intraperitoneal injection of ASCs in ischemia-reperfusion CKD mouse
model reduced renal dysfunction and tubular injuries after 24 h post-reperfusion [44]. At 6
weeks, ASCs-treated animals showed reduced renal fibrosis [44].

The mechanisms mediating the therapeutic effects described are still under investigation.
ASCs would enhance the angiogenic process in CKD by increased expression of VEGEF, a
growth factor that stimulates new blood vessels formation, suggesting a paracrine mechanism.
Moreover, the level of BMP-7 and Pax-2, two proteins that participate in cellular repair
response to kidney damage, increased after ASCs administration in CKD models [52].

3.3. Graft tolerance

Kidney transplantation remains the best therapeutic option for patients with end stage renal
disease. In 2012, the Scientific Registry for Transplant Recipients reported that approximately
17 000 kidney transplants were performed and over 92 800 patients were remaining on the
waitlist at the end of the survey year [54]. Unfortunately, transplanted patients need life-long
immunosuppressive drugs to prevent allograft rejection. This phenomenon may happen when
transplantation of a kidney from a donor who differs genetically from the graft recipient
induces an immune response in the recipient against alloantigens of the donor graft. Effector
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T cells infiltrate the graft and orchestrate an inflammatory response leading to destruction of
the tissue. The new immunosuppressive drugs have improved short-term patient survival but
rejection remains a major problem. Effective treatments are necessary to effectively address
the problem of transplanted organ rejection.

Because of their immunomodulatory properties, ASCs are believed to play a role in the
induction of transplantation tolerance. Studies have shown that ASCs attenuated acute
rejection in kidney transplantation by increasing graft survival and reducing rejection grade
[60]. A kidney transplantation study in rats that received intravenous injection of autologous
ASCs before intervention showed decreased infiltration of macrophages and lymphocytes into
the allograft and suppression of alloreactive T cells [60]. Studies reported that graft tolerance
can be induced by ASCs therapy. Indeed, donor-ASCs portal infusion in a 29 year-old recipient
before renal transplantation induced production of T-regs cells [59]. At 2-years post-transplant,
immunosuppression weaning was started and 6 months later, anti-rejection therapy was
completely stop with normal graft function. An Indian study in 90 patients showed similar
results [57]. Consequently, ASCs may serve as effective immunomodulators in clinical
transplantation. Long-term studies in larger populations are required to confirm efficacy.

Functional
Indication Disease model Cells used Ramakes References
Assessment
. . Urea and creatinine
Ischemia-reperfusion .. Improved renal
Human ASCs level. Tubular injury 40
rat model recovery.
score.
Ischemia-reperfusion Dead cells Improved renal
Human ASCs 51
mouse model replacement recovery.
Acute renal injury
Ischemia-reperfusion Improved renal
(AKI) Mouse ASCs - 58
mouse model recovery.
Reduce
Inflammation,
Ischemia-reperfusion inflammatory
Rat ASCs  oxidative stress and 45
rat model and oxidative
apoptose X
stress reaction.
Creatinine level,
Improved renal
5/6 NPX rat Human ASCs  structural analysis, 52
Chronic kidney . ; recovery.
angiogenesis
disease (CKD)
Ischemia-reperfusion Renal fibrosis, Improved renal
Human ASCs 44
mouse model inflammation recovery.
Rat kidney Inflammation,  Improved graft
Rat ASCs 60
transplantation rejection tolerance
Graft Tolerance
Human kidney Inflammation,  Improved graft
Human ASCs 57
transplantation rejection tolerance

Table 3. Shows the potential of ACSs as Kidney cellular therapy.
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Figure 1. ASCs reduce inflammation by direct (cell-cell contact) and indirect (paracrine) actions, by suppression of T-
cell and induction of T,,. The differentiation of ASCs into tubular epithelial cells can contribute to kidney recovery.
Microvascular damage is reduced by the secretion of the growth factor VEGF, which promotes angiogenesis.

4. ASCs and urinary tract

4.1. Urinary tract reconstruction

The urinary tract is anatomically composed of the renal pelvis, ureters, urinary bladder and
urethra. It is concerned with urine transport from the kidneys, storage and expulsion outside
of the body. Histologically, it is formed of 3 different layers including epithelium, connective
tissue forming the submucosal layer and smooth muscle on the outside. The epithelial coverage
is composed of transitional epithelium called urothelium, the function of which is to prevent
the reabsorption of noxious materials present in urine despite its large osmotic and chemical
gradients. Muscle layer creates coordinated waves of contractions necessary for urine transport
and expulsion. The submucosa is formed of extracellular matrix containing blood vessels,
lymphatics, nerves and variety of cells; predominantly fibroblasts.



Adipose-Derived Stem Cells — Are They the Optimal Cell Source for Urinary Tract Regeneration?
http://dx.doi.org/10.5772/59223

The urinary tract is the target of many congenital and acquired insults that affect certain or all
layers of the organ involved, resulting in partial or complete loss of function. This influences
the patient survival and quality of life.

Although the urinary tract is naturally equipped with progenitor cells in the urothelium and
muscle layers that help the regeneration of the urinary tract after any insult, severe disruption
of the involved layer or the whole structure may exceed the capacity of the local progenitors
or stem cells to compensate for the cellular loss. Hence, a necessity for repair with exogenous
therapies emerges to restore the structure and hence the function, partially or completely.

Replacing the damaged urinary organs with non-native tissues is related to many problems
including the lack of available tissues and postoperative complications including metabolic
derangements. Regenerative medicine has evolved as a potential solution for replacing the
damaged urinary tract. The patient’s own cells that can be used in regenerating urinary tract
are either local progenitors or stem cells. Local progenitor cells cannot be utilized in many
instances as cancer or end stage benign diseases being the reasons for the defect. Consequently,
stem cells should be harvested to build up new tissues for replacement.

Ideally, for clinical use, stem cells should be harvested in abundant quantities, by a minimally
invasive procedure, and differentiated along multiple cell lineage pathways in a reproducible
manner. Also, it can be manufactured in accordance with current Good Manufacturing Practice
guidelines [61]. For these reasons, ASCs represent an ideal source for stem cell therapy
especially for repairing the urinary system [62]. Additional advantages for the urogenital tract,
ASCs populations likely contains vascular stem cells at various stages of differentiation toward
becoming smooth muscle cells (SMCs) and endothelial cells (ECs), which are required
components for regenerating the urinary tract [63]. Furthermore, ASCs have the ability to
secrete many potentially synergistic proangiogenic growth factors delineating their angiogenic
and antiapoptotic potential.

4.2. ASCs Contribution to urinary tract reconstruction

ASCs can be the source for epithelial and muscle cells through many established protocols of
differentiation. Also, they can provide extracellular matrix (ECM) scaffold that sustains
mechanical stress and supports the formation of epithelial coverage.

4.2.1. ASCs as cell source

1. Undifferentiated mesenchymal stem cells:

Unmodified ASCs can be seeded on different scaffolds to replace the urinary tract. In vivo
differentiation of ASCs into SMCs has been observed after delivery of unmodified human
ASCs within the bladder wall of nude mice [64], or autologous rat ASCs seeded on scaffold
[65]. However, this phenotypic conversion occurs for a small percentage of the delivered ASCs.

2. Urothelial cell differentiation:

The main challenge in differentiating ASCs into urothelial cells (UCs) is due to the fact that
the urothelium is derived from the endoderm [66], but ASCs are derived from the mesoderm,

11
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making cross-blastoderm induction difficult. In vitro differentiation of ASCs into UCs was
achieved using either conditioned medium [67], growth factors as all-transretinoic acid [68] or
direct (seeding both cell types together) or indirect (using Transwell system { Corning-Costar})
coculture with UCs [69,70]. Lineage specific markers such as keratin 18 and uroplakins were
detected with high percentage among differentiated cells. ASCs were labeled with CM-Dil and
mixed with immortalized human bladder urothelial cells in a collagen matrix to be implanted
in subcutaneous tissue of athymic mice. After 4 weeks, the expression of uroplakin-la was 70%
and the expression of uroplakin-II was 65%. However, there was a lack of organized stratified
urothelium [70].

The difficulties of final phenotypic conversion of ASCs into UCs may be attributed to the lack
of epithelial-specific microenvironment including 3D biomimetic culture conditions, mesen-
chymal component with its cross talk with UCs (organ-specific ECM and fibroblasts). Identi-
fying the key factors responsible for induction of urothelial markers in previous experiments
is another difficulty [71].

3.  Smooth muscle cell differentiation:

ASCs are easier to differentiate into smooth muscle cells. A subpopulation of adipose SVF was
isolated and proved to be different from other classes of adipose-derived cells after expanding
SVEF cells with DMEM (Dulbecco's Modified Eagle Medium) plus 10% FBS (fetal bovine serum).
They were called adipose-derived SM-like cells as they consistently express SMCs markers
(Smooth muscle alpha actin, Smooth muscle myosin Heavy chain, Myocardin, SM22 and
calponin), independent of donor site and across multiple passages [72]. SMC differentiation
could be achieved either with chemical induction using different protocols [73, 74] or with
coculture with SMCs [64]. Mechanical extension stimulation could improve the feasibility of
ASCs induction into SMCs [75]. When mature SMCs are seeded on collagen scaffolds and
implanted in vivo, they not only regenerate SMCs needed for contraction but they also reduce
inflammation and promote neovascularization [76].

4.2.2. ASCs as a possible source of scaffolds

The use of acellular matrices or synthetic scaffolds can be associated with immunologic
reactions and possibility of infection transmission as exogenous ECM materials still retain a
significant portion of residual DNA. Therefore, a new method was developed; the self-
assembly method; to produce a tissue built by the cells themselves where a dense ECM is
completely produced by fibroblasts. In opposition to all exogenous scaffold models, these
models are autologous, which is a real advantage by eliminating the biocompatibility concerns.
The absence of immunological response should reduce the inflammatory and fibrotic reactions
and consequently improve the success rate of the procedure. Although this method has been
developed for skin engineering in case of severe burn, however, its use has been extended to
a wide variety of applications ranging from skin to blood vessels [77-79].

Our group has explored this unique technique for the reconstruction of urethra, urinary
bladder and tunica albuginea [80-86]. As ASCs were able to lay down collagen-based matrix
under the influence of ascorbic acid using the self-assembly technique [87], they would form



Adipose-Derived Stem Cells — Are They the Optimal Cell Source for Urinary Tract Regeneration?
http://dx.doi.org/10.5772/59223

another alternative for scaffolds for urinary tract regeneration. Additionally, they have been
shown to allow the growth and stratification of epithelial cells when seeded on top [88]. ASCs
have been utilized to form vesical equivalents and showed that there was no significant
structural difference between a ASCs and a dermal fibroblasts equivalents. When compared
to matrix synthesized from fibroblasts cultured under the same conditions, ASCs matrix was
thicker and showed comparable failure strain [89].

4.3. Reconstruction of urinary tract with ASCs

4.3.1. Tissue engineering of the ureter

Ureteral damage may result from trauma or pathologies that lead to stricture formation
obstructing the urine flow from the kidneys to the urinary bladder. The resulting ureteral
defects may be short or long. While bridging short defects is usually surgically feasible, the
reconstruction of long defects require extensive surgical repair that is not always possible and
may carry complications including metabolic derangements and tissue harvest problems.
Accordingly, new therapeutic options incorporating urothelium and avoiding ample tissue
harvest are required.

Tissue engineering can offer these new therapeutic options. Unlike urethra and bladder,
ureteral tissue engineering is only at its beginning. Unseeded synthetic or naturally derived
biomaterials were used in few animal studies and resulted in ureterohydronephrosis due to
the lack of normal tissue formation [90]. Cell seeded scaffolds present the ideal template for
tubular ureteral regeneration. The seeded cells should include urothelial cells to prevent early
contact of the scaffold with harmful urine and smooth muscle cells to regenerate the muscular
layer necessary for urine transport through the ureter. Whenever autologous urinary tract cells
are not available, ASCs can be the source of these cells. ASCs were differentiated into UCs
through indirect coculture protocol and seeded on tubular polylactic acid (PLA)/collagen
scaffolds [91]. Strong evidence of differentiation into urothelial lineage was detected with
CK-18 and UP2. When implanted subcutaneously in athymic mice, the differentiated cells in
the graft survived, stratified and exhibited urothelial markers. In another study, when ASCs
were differentiated into SMCs and seeded onto decellularized rabbit aortas, at 16 weeks after
implantation, radiography revealed patent ureter with no stricture associated with evidence
of stratified epithelium and organized muscle bundles similar to the native tissue [92].

4.3.1.1. Tissue engineering of the urinary bladder

Cell-seeded scaffolds with autologous urinary tract cells represent the current strategy for
tissue engineering of the urinary bladder [93]. Clinical trials using autologous urothelial and
smooth muscle cells along with exogenous biomaterials have been performed [94]. Although
organ specific cells would be an ideal cell source, however they are not available in many
situations as in bladder cancer or benign end-stage bladder [95]. Stem cells derived from many
tissues including bone marrow, muscle and adipose tissue are possible options to bridge the
defective cell source in these situations. ASCs are more encouraging due to their previously
mentioned advantages. ASCs can form ECM matrix and can be differentiated into urothelial

13
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cells and SMCs (Figure 2). Both the matrix and the differentiated cells can be used together or
separately to reconstruct the urinary bladder for in vivo implantation.

ASCs have been used for in vivo studies for urinary bladder replacement or augmentation
whether unmodified [96, 65] or after differentiating them into SMC [73]. Unmodified autolo-
gous ASCs were seeded on acellular matrices (bladder acellular matrix in rabbits or prepucial
matrix in rats) and showed increase in smooth muscle content in the seeded group and
improved bladder functional evaluation when compared to non-seeded scaffolds. However,
ASCs were not labeled; therefore the origin of the regenerated muscle cells at the site of the
seeded matrices was not known whether it is differentiated ASCs or growth of local bladder
cells during normal healing process. In another study, ASCs were differentiated into SMCs
and seeded on synthetic scaffold PLGA and implanted in rats to replace 50% of the bladder.
Labeled SMC-differentiated ASCs persisted in vivo, became more organized with time and
led to better bladder compliance when compared to non-seeded scaffolds. However, in either
of the previous studies, the urothelial cell layer was lacking, exposing the scaffold to urine
irritation in the early healing period in case of large defects, which may promote fibrosis and
scarring of the graft highlighting the importance of the urothelial layer.

S o
Fat Tissue

Smeoth Muscle ASC matrix m

Calls oR Urothelial cells

Urinary bladder graft

Figure 2. Shows the possible contributions of ASCs in tissue engineering of urinary bladder
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4.3.1.2. Tissue engineering of the urethra

Tissue engineering of urethra, using seeded or unseeded scaffolds has been used with success
in preclinical studies and clinical trials [93]. Among the available models, a biomaterial made
by the self-assembly technique was fabricated from dermal fibroblasts and seeded with
urothelial cells [85]. As preliminary formation of UC-seeded ASCs matrices for bladder
replacement was achieved [89], it is expected that the same approach in tubularized form can
be used for urethral regeneration.

ASCshave been employed to constitute urinary tract epithelium [97] and SMCs [75] in urethral
tissue engineering. In the first study, ASCs were differentiated into urothelial cells with DMEM
(supplemented with 2% FBS, all-trans retinoic acid, epidermal growth factor, hepatocyte
growth factor, keratinocyte growth factor, hydrocortisone) at the air liquid interface to promote
urothelial differentiation. Then, they were seeded on bladder acellular matrix to be implanted
in rabbits. The urethral continuity was maintained with large caliber and the labelled differ-
entiated urothelial cells survived and formed a stratified epithelial layer. In the second study,
ASCs were induced chemically with 5-azacytidine (5-AZA) to differentiate into SMCs under
mechanical extension stimulation. The autologous induced cells together with oral mucosal
epithelium cells were seeded on PGA mesh to replace urethral defects in dogs. The mechanical
extension-stimulated engineered urethras were developed into more normal architectures
resembling nearby native urethra. Whether they are source of SMCs or UC, ASCs, with their
advantages, can contribute significantly in urethral tissue engineering

4.3.1.3. Tissue engineering of urinary conduit

Urinary diversion after cystectomy with gastrointestinal segments is the current treatment for
patients with bladder cancer or benign end-stage bladder diseases as bladder exstrophy or
neurogenic bladder due to spina bifida. It can be either continent or incontinent diversion
depending on the patient ability to control urine evacuation. Incontinent urinary diversion
with ileal conduit is common; however it still carries the complications of the use of gastroin-
testinal segments. That is why a new approach for construction of tissue engineered urothe-
lium-lined urinary conduit was developed.

A limited number of studies incorporated the use of adult cells from the urinary tract to
construct neourinary conduit (NUC) [98]. Nevertheless, autologous cells in these disease states
are not appropriate source for formation of NUC. Stem cells differentiated to mature urinary
tract cells may be a suitable alternative for the development of NUC. ASCs as a source of easily
obtained autologous stem cells can be an ideal option. A study led by Tengion™ [99] used
tubular scaffolds made of PLGA seeded with adipose-derived SMCs in a porcine cystectomy
model. Implantation of these constructs led to the formation of patent tubular neo-organ that
was histologically comparable to native urinary bladder. They had well developed urothelial
and smooth muscle layers with minimal collagen deposition. As a result, Tengion has started
Phase I clinical trials of NUC constructs in human patients requiring urinary diversion. This
Phase I study “Incontinent Urinary Diversion Using an Autologous NeoUrinary Conduit”
(http://www.clinicaltrials.gov/ct2/show/NCT01087697) is currently recruiting patients using
autologous adipose-derived SMC with biodegradable biomaterial.
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4.3.1.4. Tissue engineering of sling materials for urinary incontinence and pelvic organ prolapse

Synthetic slings used in treatment of urinary incontinence (SUI) and pelvic organ prolapse
(POP) have serious complications such as tissue erosion [100]. Biodegradable biological
materials; whether xenografts or allografts; are more likely to undergo tissue remodeling and
less likely to cause erosion [101]. They are designed to provide a scaffold of acellular material
to facilitate autologous cell infiltration and subsequent replacement of the graft tissue with
regenerated functional host tissue. However, they have the drawbacks of poor integration into
the host and rapid degradation with early recurrence [102]. A new approach was developed
to use a cell-seeded bioabsorbable material to attain a long-term repair. Addition of autologous
cells will help the formation of new ECM, leading to long-term mechanical integrity while the
degradable nature of the scaffold should avoid a harmful chronic inflammatory response,
allowing integration, neovascularization, and remodeling.

In two in vitro studies, ASCs were seeded onto biodegradable materials and the mechanical
properties and cell attachment were observed. In the first one, human ASCs were seeded on
a collagen mesh from porcine dermis. An increase in the mechanical properties after cell
seeding was observed [103]. In the second study, the authors compared the use of human oral
fibroblasts (OF) and ASCs seeded on poly-L-lactic acid (PLA) scaffolds as candidate cell types
for the development of a pelvic floor tissue engineered repair material (TERM). They found
that both cells were well attached and proliferated on scaffolds. The addition of any of the two
cell types led to improvement in the mechanical properties compared to non-seeded scaffolds
in vitro. In addition, ASCs produced more total collagen and a denser homogenous ECM than
OF with unrestrained scaffolds. The authors concluded that OF and ASC both appeared to be
suitable cell types to combine with biodegradable scaffolds, in the development of a TERM for
the treatment of SUI and POP [104]. Morever, autologous ASCs have the other advantages of
modulating the inflammatory response and promoting a weaker foreign body reaction, which
could have a beneficial impact in patients treated with cellularized meshes. Also, ASCs
decrease the degradation rate of the collagen meshes and enhance angiogenesis. However, it
remains to examine the in vivo response to these cell seeded meshes in animal studies as well
as their degradation rate and changes in mechanical properties over time.

Preclinical studies for urinary reconstruction are included in table 4.

Involved organ/ Nature of the study/ Functional
. . Cells used Notes References
disease disease model Assessment
The grafts was
Human ASCs
implanted
Athymic mice differentiated into Not available 91

subcutaneously for 14
urothelial cells

Ureteral days
replacement Autologous rabbit IVU demonstrated no
ASCs differentiated Intravenous ureteral stricture or
Normal rabbits 92

into smooth muscle Urography (IVU) hydroureteronephrosis

cells
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Involved organ/ Nature of the study/ Functional
. . Cells used Notes References
disease disease model Assessment
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ASCs were seeded ASCs were not labeled.
replacement showed better
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SMCs were seeded organized muscle
ASCs-SMC
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Autologous grapy
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urethral
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cells were seeded site of outcome of engineered
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Both cell types had
Az 104

material
Human oral

In vitro study
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good results regarding
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Involved organ/ Nature of the study/ Functional
. . Cells used Notes References
disease disease model Assessment

unmodified ASCs
cell attachment and
were seeded on

mechanical properties
PLA scaffolds

Table 4. Shows the different studies involving the use of ASCs in urinary tract reconstruction.

5. Cellular therapy

5.1. Voiding dysfunction

There are approximately 400 million patients with bladder diseases, and a lot of them might
eventually need bladder reconstruction [66]. The International Continence Society and
International Urogynaecological Association define voiding dysfunction as abnormally slow
and/or incomplete micturition (voiding) based on symptoms and urodynamic investigations
[105]. Voiding dysfunction usually presents in 2 forms; lower urinary tract symptoms (LUTS)
and urinary tract decomposition [106]. Both affect the patient’s quality of life and survival. It
can be classified functionally into failure to store or failure to empty urine or both; and
anatomically, bladder dysfunction and bladder outlet dysfunction or both [107]. Bladder outlet
obstruction (BOO) causes voiding dysfunction through increased collagen deposition,
detrimental changes in ultrastructure of bladder SMCs and decrease blood flow [108]. All lead
to impaired smooth muscle function and decreased bladder compliance. The inadequate
efficacy of current pharmacological treatment and invasiveness of other modalities has
supported the search for new stable therapeutic modalities for voiding dysfunction including
bladder overactivity or underactivity. Additionally, none of the current treatments are able to
modify the pathologic effects in the diseased bladders.

Possible mechanisms for a role of ASCs for the treatment of voiding dysfunction
1. Engraftment:

When delivered either locally or systemically, ASCs are recruited to the affected tissue with
the effect being more pronounced with the local delivery. Homing cytokines, such as stromal
derived factor-1, has been shown to attract ASCs to the site of injury [109]. After an acute injury,
however, homing of transplanted stem cells may not be achieved because of the minimal
amount of tissue damage, which subsequently leads to less cytokine expression [110].

2. Differentiation

Few studies have shown in vivo differentiation of ASCs after transplantation [64, 65]. SMC
differentiation may occur due to the plasticity of ASCs and the effect of local bladder micro-
environment rather than cell fusion [64]. The low evidence of in vivo SMC differentiation can
be explained by the fact that labelled DNA in dividing cells is quickly diluted by cell divisions
whereas dilution takes much more time for slow dividing stem cells [111] and the rapid wash
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of the cells from the desired sites into circulation with lack of time needed for phenotype
change. That is why in vitro differentiation of ASCs before delivery may be needed if SMC
regeneration in vivo is strongly required.

3. Paracrine effect

Growing evidence has been shown that the beneficial effects of ASCs are largely due to
paracrine actions with the release of cytokines and growth factors by the transplanted cells or
neighbouring cells [112]. These cytokines and growth factors result in anti-inflammatory,
musculotropic, angiogenic, antifibrotic and antiapoptotic actions. These actions cause modu-
lation of local and systemic inflammatory responses and mobilization, stimulation and
differentiation of local stem cells, promotion of vascularisation of regenerating tissues and
reduction of fibrosis [113]. The secretome of ASCs includes: hepatocyte growth factor (HGF),
insulin-like growth factor-1 (IGF-1), vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) [114]. In a rat model of BOO, human ASCs increased sequence-
specific transcription of Oct4, Sox2, and Stella in the submucosal and muscle layer of the rat
bladders. These are markers for primitive pluripotent stem cells. In addition, ASCs enhanced
the expression of several genes responsible for stem cell trafficking, including SDF-1/CXCR4,
HGF/cMet, PDGF/PDGFR, and VEGF/VEGEFR signaling axis. Through these paracrine effects,
ASCs caused the stimulation and mobilization of endogenous stem cells [115].

5.2. Preclinical studies

ASCs could potentially reverse many of the bladder pathologic changes in different animal
models [113]. ASCs alleviated the symptoms of bladder dysfunction in various animal models
of detrusor overactivity [115, 116] or underactivity [117] or variable spectrum of voiding
dysfunction [112]. Also, ASCs seemed to preserve the bladder vascularity and decrease
apoptosis. Human ASCs decreased the frequency and irregularity of detrusor contractions and
slightly increased their amplitude when injected into the rat bladders subjected to outlet
obstruction [112]. This suggests the possibility of allogenic stem cells transfer for people with
perturbed stem cell depot as in diabetic or geriatric populations. There is no known human
trial incorporating the use of ASCs for treatment of voiding dysfunction.

ASCs differentiated into SMC before local injection; have been shown to survive and
increase SMC content at the injury site. However, no record on the improvement of bladder
function after injection was reported [118]. Although systemic injection of ASCs has
improved voiding dysfunction in animals, as seen with local injection into urinary bladder,
like other MSCs, it may have serious side effects such as hemodynamic compromise,
respiratory distress and impeding of pulmonary gas exchange that hinder its adoption as
a regular route of delivery [119].

It is important to note that ASCs can be useful in early stages of voiding dysfunction before
severe affection of the bladder wall happens. This beneficial effect may be preventive (arrest
of further pathologic effects) or ameliorative (correct existing pathologic effects) or both. The
exact underlying mechanisms, the magnitude and type of positive outcomes and durability
need to be furtherly investigated.
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5.3. Urinary incontinence

There are 17 million people in the USA and more than 200 million people worldwide who live
with urinary incontinence [120, 121]. Stress urinary incontinence (SUI) is the most common
type of urinary incontinence. SUI is involuntary leakage of urine with sudden increase in the
intra-abdominal pressure. It happens when intra-abdominal pressure causes the bladder
pressure to exceed the urethral closure pressure. SUI is classified into three conditions,
including intrinsic sphincter deficiency (ISD), urethral hypermobility, or a combination of both
[122]. Most of the patients have both disorders in varying degrees [123]. SUI affects both males
and females and decreases quality of life [124]. Many injectable bulking agents are minimally
invasive but have a poor long-term efficacy and complications such as chronic inflammatory
reactions, particle migration, periurethral abscess and erosion [125]. More invasive ap-
proaches, like sling procedures, bladder neck suspensions or artificial urinary sphincter
implantation are more effective but have higher morbidity [126, 127]. More importantly, none
of these therapies replace the deficient urethral sphincter. The ideal strategy for treating SUI
using stem cell therapy besides being a bulking agent would be to allow for the regeneration
of functional periurethral tissues, provide adequate mucosal coaptation and restore or improve
resting urethral closure pressures [128].

5.4. Cell source for injection therapy

The ideal cells for cell therapy should be easily procured from minimally invasive procedures,
proliferate quickly in a well-controlled manner, provide sufficient quantities of cells, exhibit
capabilities of differentiation to regenerate multiple tissues, and be able to be transplanted into
an autologous host [129]. Currently, bone marrow-derived stem cells (BMSCs), adipose-
derived stem cells (ASCs), and muscle-derived stem cells (MDSCs) are the stem cell sources
applied in SUI therapy. ASCs carry future special importance in this regard due to its reported
myoblast and neuronal-like differentiation capacity and neovascularization potential in
addition to their ease of harvest and high stem cell content [130].

5.5. Preclinical studies and clinical trials

ASCs were used in many animal studies as SVF or cultured ASCs or differentiated into
myoblasts or coupled with biomaterials or with growth factors. Unmodified ASCs were
labelled and injected periurethrally and systemically into female rats after induction of SUI
postpartum vaginal balloon dilation and bilateral ovariectomy. There was improvement in
cystometric parameters in 2/3 of the rats treated locally or systemically in relation to control
animals with increase in muscle and elastin content. The ASCs beneficial effects were attributed
mainly to growth factors that supported host tissue regeneration as most of the delivered ACSs
remained undifferentiated after injection [131]. ASCs were also used in another model of SUI
after injury to pudendal nerve injury. ASCs were labelled and injected at 3, 9, and 12 o’clock
around the mid and distal urethra. Urodynamic evaluations revealed considerable improve-
ments in maximum bladder capacity, abdominal leak point pressure, maximum urethral
closure pressure and functional urethral length. Morphologic changes and significant im-
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provement in urination control were consistent over time. Labeled cells gradually migrated in
vivo toward the urethra and its lumen from urethra’s edges [132].

ASCs were differentiated into myoblasts using 5-AZA and injected in the posterior urethra
after induction of SUI in rats. Maximal bladder capacity and abdominal leak point pressure
(ALLP) significantly increased 1 and 3 months after implantation with unmodified and
differentiated rat ASCs with better results in case of differentiated ASCs [133].

ASCs coupled with biodegradable microbeads as carriers improved in abdominal leak point
pressure (ALPP) and retrograde urethral perfusion pressures (RUPP) in a rat model of SUI
[134]. ASCs in combination with nerve growth factor (NGF) and PLGA resulted in significant
improvements in ALPP and RUPP as well as the amount of muscle and ganglia when com-
pared to ASCs alone [135].

Few clinical trials are incorporating the use of ASCs for treatment of SUI (www.clinicaltri-
als.gov). In a clinical trial, 11 male patients with persistent post-prostatectomy SUI received
ASCs in 2 fractions; ASCs alone and mixed with fat. SUI improved progressively in eight
patients during the 1-year follow up, as determined by a 59.8% decrease in the leakage volume
in the 24h pad test, decreased frequency and amount of incontinence, and improved quality
of life. One patient achieved total continence up to 12 months after stem cell injection [136].

In a pilot study, 5 female patients with SUI were included to be treated with ASCs combined
with bovine collagen gel and saline. The ASCs mixture with collagen was injected endoscop-
ically through the urethra. The effect of the treatment was assessed objectively with cough test
as a primary end point and subjectively with validated questionnaire. At 1 year, the cough test
was negative for three patients; two of them were satisfied with the treatment and did not wish
further treatment for SUI Validated questionnaires showed some subjective improvement in
all five patients [137].

Preclinical studies and clinical trials for cellular therapy are included in table 5.

Involved Nature of the study/ Functional
Cells used Notes References
disease disease model Assessment

UDS. Decrease
bladder overactivity

Cultured Human (frequency and

ASCs injected into irregularity of 115
rat bladder wall  contractions ) with
et BOO increase in bladder
dysfunction L
voiding pressure.
Autologous
UDS. Micturiting
cultured ASCs
pressure (maximum 117
and muscle
and threshold) and

precursor cells
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Involved Nature of the study/ Functional
Cells used Notes References
disease disease model Assessment
(MPCs) injected voided volumes
into rat bladder. increased.
Improvement
Autologous
with local
cultured ASCs UDS. It showed
(bladder)
injected in Diabetic Voiding L
injection is
Diabetes Mellitus bladder wall or dysfunction 112
more effective
tail vein of improvement in
than systemic
diabetic type II 40-60 %.
(tail vein)
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injection
Improvement
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cultured ASCs Improved (bladder)
injected into micturition injection is
Hyperlipidemia 117
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vein of voided volumes  than systemic
hyperlipdemic rat (tail vein)
injection
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Human ASCs ASMA
differentiated into positive area
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Cryo-injury o ) Not available 118
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injured bladder injected
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. Stress urinary . .
Urinary ) measures including bilateral
incontinence (SUI) -rat
incontinence ALPP, RUPR and
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and ASCs
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Involved Nature of the study/ Functional
Cells used Notes References
disease disease model Assessment
SUI was
Autologous induced by &5
unmodified ASCs pudendal
nerve injury.
Cultured ASCs SUI was
with PLGA induced by 134
microbeads urethrolysis.
SUI was
Autologous induced by
cultured ASCs bilateral .
with PLGA or pudendal
NGF or both nerve
transection
The cells were
injected
endoscopicall
11 patients Frequency and
. y into the
Postprostatectomy received amount of .
) . ) ) ) ) region of
urinary incontinence —  autologous ASCs  incontinence, daily 136
external
clinical trial with and without  leakage volume,
urethral
fat. UDS and ICIQ-SF )
sphincter and
submuocal
space.
5 female patients The mixture
received ASCs was injected
Cough test and
Female SUlI-clinical trial ~ combined with ) ) transurethrall 137
questionnaire
bovine collagen y via
gel and saline cystoscope

BOO=bladder outlet obstruction SMC=smooth muscle cells / ASMA=smooth muscle a-actin /PGA=Poly-Glycolic acid
PLGA=poly(lactic-co-glycolic acid) /NGF=Nerve growth factor

ICIQ-SF=The International Consultation on Incontinence Questionnaire-Short Form (ICIQ-SF)

UDS=Urodynamic study

ALPP=abdominal leak point pressure

RUPP=retrograde urethral perfusion pressure

Table 5. Shows the different animal studies and human trials with ASCs as a cellular therapy for lower urinary tract.
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6. Hurdles and future directions

There are many hurdles that face the broad utilization of ASCs in clinical therapies for urinary
tract diseases. First of all, is the limited ASCs efficiency for the treatment of chronic diseases.
This can be explained by the fact that in chronic pathologies, there are less release of cytokines
and so minimal attraction of ASCs to the site of the disease [138]. Research is needed to improve
the accuracy of predictions regarding disease progression. Similarly, the time delay between
injury and the initiation of treatment represents an obstacle as after an acute injury, homing
signals are often diminished with time. Therefore, it is important to determine the duration of
time after injury that equates to the optimal release of homing bioactive factors and to develop
innovative methods for up-regulating the expression of these cytokines. Methods such as
electrical stimulation or local injection of homing cytokines could help the direct recruitment
of systemically delivered stem cells to the target organ [139].

The second is the form of delivery of ASCs; whether differentiated or undifferentiated cells
would allow better regeneration of the urinary tract. It would be interesting to investigate
whether pre-differentiation of ASCs into the targeted tissue cell types would increase their
benefits and help engraftment without affecting their secretomes. A mix of differentiated and
undifferentiated cells may be a good option.

Moreover, there is no final agreement on the preferred type of cells to use (SVF cells or cultured
ASCs), total number of cells for the treatment or the number of cells for single injection.
Although recent studies showed that after cell labelling, ASCs migrate into the bone marrow
after systemic or local delivery [140,109,141], however, more precise imaging studies are
required to to observe the fate of the implanted ASCs regarding cell survival, proliferation,
migration and formation of functional tissues [142]. Live image tracing might be a good choice
for that purpose [143]. Neovascularization and reinnervation of engineered tissues are critical
obstacles to overcome for future application to bladder reconstruction. Ingrowth of native
vessels and nerves —which is stimulated by MSCs bioactive factors—is achievable for smaller
grafts; however, complete regeneration with functional integration is far more challenging.

ASCs are able to secret some cytokines, which can modulate the host inflammatory response,
and guards against severe inflammatory and fibrotic responses damage in the urinary tract
[144]. The contributions of each of the cytokines and growth factors to the repair of urinary
tract need to be evaluated. Finally, the safety of ASCs-based treatment needs to be carefully
checked as ASCs have the potential risk of tumorigenic transformation [145]. Hence, more
chronic animal models, consistent protocols and many clinical trials are required to make sure
of ASCs therapeutic efficacy and safety.

7. Conclusions

Tissue Engineering and Regenerative Medicine is an emerging field of research for organ and
tissue replacement to compensate for the deficiency of organ donation and complications of
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immunosuppression. In the search of new therapeutic options for urinary tract disorders, both
SVF and cultured ASCs have been the focus of numerous in vitro studies, various animal
models and few clinical trials. Depending on the type of dysfunction to be treated, ASCs can
be used either as cellular therapies or combined with scaffolds for tissue-engineering appli-
cations. Although few clinical trials showed promising results, however, more future clinical
studies are required to prove their efficacy for those particular applications while exploring
the mechanisms ensuring their functional activity. Clinical trials are listed for the use of ASCs
in different diseases including urinary incontinence, renal failure, ischemic nephropathy and
urethral strictures in males (http://www.clinicaltrials.gov/).
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1. Introduction

In adult organisms the regenerative capacity of certain organs or tissues can be limited,
resulting in an important clinical challenge for physicians and scientists [1-3].

Regeneration involves the capacity for renewal or recomposition of tissues, organs or even
organisms, after considerable physical injury or damage, resulting from pathologies, tumors,
congenital diseases or traumas, for example. As a consequence of tissue regeneration, both the
composition and the tissue properties are restored, and the newly formed tissue is highly
similar to the original tissue. The regenerative capacity is directly related to the presence of
stem cells or progenitor cells, which are capable of proliferation and differentiation [4,5].
Tissues that maintain a high proliferative capacity, such as the hematopoietic system, have
regenerative capacity even in adult organisms [6].

Cell proliferation occurs in repair processes in general, accompanied by intense production of
extracellular matrix, with large amounts of collagen, resulting in the formation of fibrous tissue
to occupy the injured area. Although there is lesion filling, both the composition and the tissue
properties are different from the original tissue, and the tissue organization pattern is not
restored, leading to an altered performance of its functions [2]. Skin healing processes with the
presence of scars are examples of tissue repair [3].

Besides the natural processes of regeneration and repair, it is possible, through medical
intervention, to fill lesions with natural or synthetic materials, aiming at the recovery of the
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compromised area, and conferring certain properties to the tissue, avoiding, for example,
exacerbation of the initial lesion or the evolution of degenerative processes [1,7].

The three approaches can be used in tissue engineering, targeting regenerative medicine, as
they allow the recovery of compromised areas in different degrees. However, the primary
objective is regeneration, recomposition of the original tissue and resumption of the biome-
chanical and molecular properties, with the normal performance of their functions [1,7-8].

Tissue regeneration involves cell recruitment, growth, proliferation and differentiation, with
the latter representing a crucial stage for the success of regeneration, avoiding the formation
of fibrous tissue characteristic of the repair [9-12]. Tissues with greater regenerative capacity,
such as the skin and liver, intrinsically present cells able to migrate to occupy the affected
region, and the same cells maintain the proliferative capacity, enabling occupation of the lesion
[3]. In other tissues the regenerative capacity is even more impaired. In the cartilage, for
example, the cells remain embedded in the extracellular matrix, and the absence of blood
vessels inhibits the presence of other types of component cell in the tissue; even the cell
migration and proliferation processes are compromised. In general, regeneration and repair
processes do not occur naturally in these cases, requiring surgical intervention to stimulate the
subchondral bone marrow, thus enabling the presence of cells capable of tissue repair in the
compromised area [13]. Other scientific techniques and methodologies seek alternatives to
enable the processes both of repair and of tissue regeneration [9-12,14-16].

Anyhow the final stage of the abovementioned processes, cell differentiation, is critical. An
understanding of the mechanisms that lead to the differentiation process in adult organisms
allows the proposition of improvements in existing technologies and of alternatives geared
towards the optimization of guided tissue regeneration processes, in regenerative medicine.

2. Mechanisms of differentiation

In higher organisms, such as mammals, organs and tissues have limited regeneration capacity.
Cell fate determination occurs during the embryonic development of these animals, from the
zygote. The zygote, classified as totipotent, has the potential to originate any type of cell, among
more than two hundred cell types found in the adult man, for example [12,17]. However,
during embryonic development, especially in the gastrulation phase, a more intense and
differentiated form of gene expression begins. This phase of embryonic development is still
marked by the decrease in cell proliferation capacity and by morphogenetic movement, or cell
migration. From this stage on, the morphogens, soluble inductive factors, play a vital role in
cell differentiation [17]. The cells gradually exhibit changes in the gene expression pattern,
resulting in the development of a specific type of cell, i.e., cell differentiation. The differentiated
cells keep the gene expression pattern stable, allowing the expression of its characteristic
phenotype [12,14].

The relationship between potentiality and cell differentiation is therefore inversely propor-
tional. With cell differentiation, its potentiality gradually becomes more restricted, and the
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more differentiated cells have less capacity to originate other cell types [17-18]. In cell culture
systems it is possible to clearly observe situations that favor the proliferative capacity of the
cells, such as growth in monolayers with fetal bovine serum supplementation, while generally
three-dimensional frameworks, and specific supplementation with growth factors, are
inductors for cell differentiation [19-20].

In the adult organism the cells are mostly specialized, or differentiated, form part of complex
tissues and organs, and have a low proliferative capacity, limiting the regenerative possibility.
It is important to emphasize that some vertebrates maintain more significant regenerative
capacities that, in a number of cases, extend to the substitution of complete limbs. Some
strategies allow the organism to maintain, albeit in a restricted manner, the tissue regeneration
potential, through the: 1) presence of progenitor cells or stem cells; 2) reversal of the cell
differentiation process, though limited, by means of dedifferentiation, transdifferentiation or
cell reprogramming, the latter with certain restrictions as it is essentially obtained using the
artificial manipulation of cells and rarely occurs naturally in the adult organism [8,12].

2.1. Aspects relating to stem cells

The considerable potentiality of embryonic stem cells is lost over the course of the cell
differentiation process during the development of the organism. In the adult organism the
stem cells, called somatic, maintain the self-renewal capacity but have less potentiality, and
are found in some specific tissues, such as the hematopoietic, mesenchymal, nervous, adipose,
liver, pancreas and skin tissues as well as others [21-22]. These cells are maintained in the adult
organism by two main mechanisms: deterministic and stochastic. In the deterministic model,
the division of a stem cell produces another stem cell and a cell with the ability to differentiate,
or a progenitor cell. In the stochastic, or random model, some stem cells generate only stem
cells, while others generate differentiated cells [6,23-24].

Even in adult organisms the somatic stem cells diminish over time, and older individuals have
a smaller amount of somatic stem cells [21,25]. With aging, mechanisms such as cell senescence
and apoptosis are apparently related to a decrease in the proliferative capacity of stem cells,
resulting from the accumulation of intrinsic (DNA mutations) and extrinsic factors (changes
in the specific microenvironment, or niche, in which the stem cells are located) [24,26].
Circumjacent factors (both internal and external), or mediators, are essential for the mainte-
nance of these cells, and can lead to quiescence or activation of the stem cells [24-25,27]. These
mediators can be: 1) autocrine or paracrine factors produced by the somatic stem cells, present
in the niches; 2) paracrine factors originating from adjacent mesenchymal or stromal cells; 3)
molecules present in the ECM, or cell-cell adhesion molecules; 4) factors originating from
distant sources, such as blood circulation, immune cells or neurons. The balance between the
presence, secretion and expression of these factors modulates cell activity [28].

Some tissues with high cell renewal capacity, such as the hematopoietic tissue, maintain the
activity of a population of fast-cycling stem cells so as to maintain the characteristic complexity
and their functions. It is proposed that slow-cycling stem cells coexist in these tissues for
recruitment in the case of injury and consequent need for tissue regeneration, characterizing
inductive and quiescent niches in these tissues. In the case of tissues with a low cell renewal
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rate, such as in the brain, muscle and liver, only quiescent slow-cycling stem cells are main-
tained for activation in the event of injury [28]. In spite of recent advances in the characteri-
zation of these niches, not all the modulation factors of somatic stem cells have yet been fully
understood [24,28].

2.2. Morphogens and growth factors

Anyhow, it has been established that inductive soluble factors, such as morphogens, are of
crucial importance in the cell differentiation process, during embryonic development and in
somatic, stem or differentiated cells, since these factors can lead to the abovementioned
dedifferentiation and transdifferentiation processes [8]. Morphogens are signaling molecules
that induce concentration-dependent cell-specific response. A concentration gradient is
formed from the synthesis site of these molecules, and interferes directly in cell response. The
initial identification of morphogens in Xenopus resulted in the identification of molecules
involved in the control of cell growth, belonging to the Fibroblast Growth Factor (FGF) and
Transforming Growth Factor Beta (TGF{3) families [29-30]. Some examples of morphogens
studied are Sonic hedgehog (Shh), in mice and Decapentaplegic (Dpp), in wing development
in Drosophila [30].

During embryonic development, FGF is responsible for the differentiation of the ventral and
posterior mesoderm, while TGFf acts in the epithelial-mesenchymal interactions and BMP
(bone morphogenetic protein), a class of TGFp, acts in mesodermal and bone differentiation
[12]. In adult organisms the same molecules act as growth factors; for example, FGF acts in the
proliferation of chondrocytes [31] while TGFf3 and BMP act in the differentiation of the
cartilaginous and bone tissue, besides other specific functions [32-33]. The cultivation of
mesenchymal stem cells in the presence of TGFB allows the reduction of self-renewal markers
(Oct4, Stella, Nanos3, and Abcg?), besides inducing the expression of osteoblast dedifferen-
tiation markers (Runx2, Opn, and Coll) [34].

2.3. Inhibition of cyclin-CDK

Since differentiation is inversely proportional to proliferation, both processes occur in a
controlled fashion. The high proliferative capacity is maintained in slightly differentiated cells,
such as stem cells and progenitor cells. With the differentiation, or specialization process, the
proliferative capacity is diminished or even absent, as in tissues with low replacement activity,
such as the nervous tissue [35]. Control of the different phases of the cell cycle is a key point
both in embryonic development, and in the adult organism. The transition between the G1, S
and G2 phases of the interphase, and M phase (mitosis) occurs through a balance of specific
signals. Some cells exit the cell cycle, and remain in G0, and in mammals both the G1 sequence,
and the escape to GO, occur at the so-called restriction point R, where the cellular metabolic
conditions and the gene expression pattern, influenced by extrinsic factors, determine
quiescence (GO0), growth, differentiation or cell proliferation [36].

The protein p53 is one of those responsible for blocking the cell cycle, especially in the presence
of DNA damage. The increase in protein p53 induces the expression of p21 protein, which in
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turn binds, through the amino-terminal region, to the cyclin-CDK (cyclin-dependent kinase)
complex, usually responsible for cell cycle progression [37-38]. The inhibition of cyclin-CDK
enables DNA repair prior to the progression of the cell cycle, since besides the inhibitory action,
p21 also binds, through the carboxy-terminal region, to the proliferating cell nuclear antigen
(PCNA), blocking DNA replication [39]. The same regulation mechanism can determine the
apoptosis process, when there is no repair of the DNA damage. Other proteins that act together
with p21, inhibiting CDK, are the proteins p27 and p57 which are both from the KIP (kinase
inhibitor protein) family. Besides interfering in cell cycle progression, there is evidence of the
action of these proteins in cell differentiation processes [12]. Protein p21 can be expressed
independently of p53, and is responsible for the differentiation process in adult organisms and
in cell culture systems, being stimulated in the latter by the induction of systems with fetal
bovine serum [40].

Another family of inhibitor proteins, INK4 (inhibitors of CDK-4), composed of the proteins
p15, pl6, p18 and p19, also acts in the control of cell behavior. The cyclin-CDK complex
promotes the phosphorylation of the retinoblastoma (pRb) protein, inactivating it and allowing
the action of the E2F factor, besides directing the cell to the division process. It may also be
related to the progression of tumors in the case of deregulated activity [36]. In the presence of
proteins from the INK4 family, this process is inhibited, and the cell cycle does not proceed.
However, their performance in cell differentiation is not clearly determined [12,17]. For
somatic stem cells, it is suggested that p16 has a repressive action in older organisms, i.e., the
reduction of the self-renewal capacity of these cells over time would be due mainly to the
regulation of repressive pathways, and not to the loss of permissive capacity for self-renewal,
which in spite of reducing the tissue regeneration capacity of these cells, would avoid poten-
tially tumorigenic cell behavior [25].

2.4. Control of gene expression

Besides control of the cell cycle, via inhibition of cyclin-CDk, control of gene expression in non-
proliferating cells is an essential cell differentiation control mechanism, maintaining preserved
universal patterns in different organisms, both in Drosophila and in higher organisms, such as
mammals [12, 41].

Certain genes are expressed throughout cell differentiation, and the main point of control of
gene expression occurs precisely in DNA transcription. Despite universal gene expression
patterns, the greater the complexity of the organism, the more complex the molecular mech-
anism that acts in this control [42]. Transcription factors are proteins that bind specifically to
DNA sequences, inducing or repressing gene expression, and together with chromatin
remodeling pattern, influence cell differentiation [42]. The transcription factors act specifically
at DNA sites, more specifically the following sequences: promoters, or binding sites for the
RNA polymerase; enhancers, binding site for regulatory proteins; and silencers, binding sites
for regulatory proteins that block the gene expression [12, 43].

Changes that lead to chromatin remodeling basically occur through the processes of acetyla-
tion, methylation and phosphatation of histones, resulting in the removal of positive charges
from these proteins, in the case of acetylation and methylation, or adding negative charges to

41



42  Cells and Biomaterials in Regenerative Medicine

the phosphate groupings, as a result of phosphorylation. Changes caused by methylation in
general hinder gene expression, while acetylation favors access to DNA [44]. In all cases,
structural changes modify the access of transcription factors, regulating gene expression, even
for cells with the same cell differentiation pattern, i.e., the same genotype can correspond to
different phenotypes, due to reversible changes in gene expression, without any changes in
the gene content itself [42,45-47].

Control of cell phenotype can be extended beyond gene expression, in post-transcriptional
controls, by modulation of the mRNA transcription process, and in post-traductional controls,
with changes in the proteins for their biological activation. The protein phosphorylation
process is one of the most common post-traductional changes, and results in the formation,
for example, of signal transduction mediators [12,35].

2.5. Influence of the extracellular matrix and cell-cell interaction

The influence of the extracellular matrix (ECM) in the differentiation process involves the
presence of factors immobilized in the ECM, such as morphogens, secreted growth factors and
chemokine gradient. The ECM can be defined as an interconnected network of macromolecules
composed of adhesive proteins (such as fibronectin, vitronectin, tenascin and laminin),
structural fibrous proteins (collagen and elastin), glycoproteins and specialized proteins (such
as growth factors) [35,48]. The modulation of behaviors such as adhesion, growth, migration,
proliferation and differentiation, occurs as a result of the direct influence of the contact of cells
with the ECM, or with adjacent cells [6-7,28,48]. The bond with the ECM elements occurs via
membrane receptors and results in cytoskeletal reorganization, which in turn triggers a cascade
of intracellular events through signal transduction [35,48].

An example of differentiation control is the interaction of cells with fibronectin. Fibronectin is
a multiadhesive protein of the ECM. At least 20 isoforms of this protein obtained through the
alternative processing of the transcript of a single gene are known. They are proteins that act
both in migration and in cell differentiation, during embryogenesis and in adult organisms
[35]. The intracellular events of binding with fibronectin area result of their action with
transmembrane receptors, the integrins. Integrins are dimeric glycoproteins, formed by pairs
of different combinations of the subunits a and 3 [48]. In the organization of epithelia, such as
of the skin, the basal layers are kept in contact with the ECM through the bond with fibronectin.
As the cells migrate to the upper stratums, this bond is lost and cell differentiation occurs [12].
In the keratinocytes, for example, the differential expression of receptors for fibronectin was
observed throughout the cell differentiation process. These receptors are the integrins: a5@1,
which recognize RGD sequences of fibronectin and act in cell growth and initial migration;
avf36, not characteristic of cells from the basal layer. It can activate the growth factor TGFf(,
directing differentiation, and is present mainly in the tissue repair process; and avf31, which
is a low-affinity receptor that facilitates the final stages of cell migration. The alternation in the
expression of the integrins allows the migration and differentiation of these cells [48]. Similarly,
in the pulmonary epithelium the tissue response to pathological condition of pulmonary
fibrosis to integrin avp6 is responsible for the activation of the constituent expression of
TGEFp, acting as epithelial transdifferentiation regulators during fibrogenesis [49-50].
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Not only the fibronectins, but also the proteoglycans, act in tissue organization and direct
differentiation. These glycoproteins have repetitive chains of disaccharides that are generally
acid, bonded to a protein nucleus. Besides the structural function and the high hydrophilicity
of this molecule, these molecules have the ability to bind to other diffuse proteins in the ECM,
acting direct or indirectly in cell differentiation. Betaglycan and decorin bind to TGEFp, and
heparan sulfate to several other morphogens, such as FGF and Wnt [12]. There have been
reports of the non-differentiation of mice embryo stem cells due to the reduction of heparan
sulfate sulphatation, impeding the response to FGF [51].

Collagen is the most abundant component in the ECM, and is directly linked to cell differen-
tiation processes. This structural fibrous protein begins to be secreted during embryonic
development, in the gastrulation stage, concomitant to differentiation of the three germ layers
[52]. In the adult organism the action of this protein in maintaining differentiation and during
the tissue repair and regeneration processes has been described for different cells such as
fibroblasts, hepatocytes, pancreatic acinar, thyroid epithelial, mammary epithelial and others
[12]. Mammary epithelial cells of mice exhibit cuboid dispersed morphology, when cultivated
on surfaces with type I collagen, preventing their differentiation and functional activation in
the production of B-casein [48]. Similarly, hepatocyte cultures also tend to firmly adhere to
surfaces coated with a fine film of type I collagen, are polygonal, dispersed and with suppres-
sion of specific function [48]. However, three-dimensional collagen gels induce the cells to
cytoskeletal reorganization and the resumption of differential gene expression, leading to the
specialized phenotype of the cells. Mammary epithelial cells in collagen gels can form duct-
like structures and secrete milk proteins, such as B-casein. Hepatocytes cultivated in three-
dimensional collagen gels present albumin secretion [12,48].

Studies reporting the in vitro differentiation of chondrocytes are also demonstrative of the
action of the ECM elements in this process. Chondrocytes cultivated in two-dimensional
monolayers appear dedifferentiated, with flat morphology and expressing mainly type I
collagen, characteristic of fibrocartilage, or fibrous tissues. With the maintenance of three-
dimensional culture systems, the chondrocytes resume the expression pattern characteristic
of type II collagen, and synthesis of proteoglycans [53-55]. The binding of chondrocytes to the
ECM allows the modulation and maintenance of the differentiated phenotype of the cells,
being one of the principles of the chondrocyte implantation technique, a tissue engineering
method applied to chondral regeneration. This binding occurs via integrin, collagen receptors
and laminins, which in turn signal the modulation of cell behavior via Wnt, nitric oxide, retinoic
acid and protein kinase C [55]. Most integrins expressed in chondrocytes present 31 chain, and
its absence brings about important changes in the cartilage phenotype, being one of the factors
of apoptosis, together with integrin an5 [55].

ECM degradation also directly influences cell differentiation, from embryonic morphogenesis
to adult tissues. The proteolytic cleavage of the ECM elements, through the action of metallo-
proteinases, serine proteases and cysteine proteases, and the consequent solubilization of their
components, signal cell behaviors. Morphogens and growth factors such as TGFf3 which are
embedded in the ECM, often bound to proteoglycans, are made available, signaling the tissue
repair or regeneration process. During salivary gland formation the development of ramifi-
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cations occurs in the presence of collagenase inhibitors, favoring the interaction of the cells
with the ECM [12]. Mammary gland involution results in the cleavage of laminin, whose
fragments bind to EGF receptors, resulting in increased cell migration, which together with
collagen cleavage and release of soluble factors such as Wnt, TGF(3 and FGF, favor tissue
remodeling [12].

Tissue remodeling in bone formation, starting from endochondral ossification, is another
example of differentiation regulation by the specific degradation of the ECM. The substitution
of chondrocytes in the tissue maturation process involves the presence of a lecithin, galectin-3,
located in the ECM and with antimitotic action. During the remodeling of the ECM, this lecithin
is cleaved and inactivated, allowing a sequence of events that leads to ossification. In cases
where this lecithin is not degraded, chondrocyte apoptosis does not occur, resulting in bone
formation defects [56-57].

Besides the interaction directly with ECM elements, cell-cell interaction also directs the
differentiation process, but expressively in embryonic development and epithelial tissues.
Among the Cell Adhesion Molecules (CAMs), the cadherins, a superfamily of calcium-
dependent transmembrane proteins, are important cell differentiation mediators. N-cadherin
is responsible for cell migration, both in embryonic development and in adult tissues, while
E-cadherin is expressed mainly in the embryonic and epithelial tissues [35]. Returning to the
example of mammary epithelial cells, anti-integrin f1 antibodies resulted in the blocking of
[-casein synthesis, while anti-E-cadherin antibodies do not interfere in protein synthesis,
demonstrating the influence of ECM in the transduction of signals independent of cell-cell
interaction [48].

Therefore cell differentiation mechanisms are obtained by complex relations between intrinsic
factors and extrinsic influences, which trigger signaling reactions and modulate cell behavior
as well as gene expression. In general the factors that act in cell differentiation from receptors
on the cell surface lead to transduction of signals via protein kinase, activating intracellular
phosphorylation cascades and culminating in gene expression regulation, besides cytoskeletal
reorganization [4,12,35].

It is important to stress that the factors responsible for cell behavior modulation during
differentiation, do not only apply to somatic stem cells. Other types of cell can be involved in
dedifferentiation and transdifferentiation processes. The use of animal models is essential in
establishing the concepts presented and the understanding of cell differentiation mechanisms,
as described below.

3. Regeneration in animal models

Given the importance of differentiation for the acquisition of cell functions concerning the
formation and maintenance of the organism, it is advisable to gather information on the
regeneration process that, as mentioned previously, involves the capacity for recomposition
and renewal of parts through the remodeling of somatic tissue [10,14]. Regeneration in an adult
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animal appears to be a noteworthy example of postembryonic morphogenesis. It involves
recognition of tissue loss or injury, followed by mechanisms of reconstruction or recovery of
the structure in question [58].

One of the mechanisms associated with natural regeneration is dedifferentiation, which
involves a terminally differentiated cell returning to a less differentiated phase of its own
lineage. This process allows the cell to proliferate again before redifferentiation, which leads
to the substitution of these cells that were lost [59]. Cell dedifferentiation changes a program
that directs the specific function of a somatic cell to another program or to proliferation,
regardless of whether the destination is the same as the origin [60].

Transdifferentiation is another natural mechanism that was observed for the first time in the
regeneration of the salamander lens over 100 years ago. As mentioned above, this process
involves the conversion of a differentiated cell type into another [12]. This occurs because the
cells recede to a point where their change of lineage becomes possible [59].

We should designate another process, which aims to induce differentiated cells to revert their
pluripotency: reprogramming. From this point on, they can differentiate into almost any type
of cell. Although reprogramming occurs naturally during fertilization to produce totipotent
cells that can differentiate into any type of cell, it has not yet been formally shown as a true
regenerative response. Moreover, reprogramming avoids the need to use embryos for
regenerative therapies using differentiated cells created from a patient. From the clinical point
of view, this has the additional bonus of circumventing the immunological problems associ-
ated with grafting (such as transplant rejection and graft versus host diseases) [59].

3.1. Regeneration in different animals

Some animals, such as starfish, planaria (flatworms) and Hydra have significant regenerative
capacity, and can originate complete specimens from small fragments [10,14]. Is interesting to
see the comparison between regeneration and fragmentation, fission and budding, which are
forms of propagation in invertebrates. Fragmentation is the simplest form of agamic repro-
duction and is essentially identical to regeneration after cross sectioning. Fragmentation can
occur in animals that can be broken by external forces and that regenerate completely from
each lost part. Fission, in contrast to fragmentation, is generally an endogenous process [58,61].
Returning to the topic of regeneration, we present below some model systems:

* Zebrafish: Fins and tail of zebrafish can regenerate after amputation. The phenomena called
appendage regeneration have been studied at length. This fish can also regenerate cardiac
tissue after resection or the destruction of cardiomyocites. In the regeneration of the
zebrafish fin after amputation, there are four stages called "epithelialization, regeneration
or healing of wounds", "blastema formation", "regenerative consequence" and "termination".
In epithelialization, the proximal epidermis migrates to cover the stump and to form a 3-4-
cell thick layer. Inflammation then proceeds to clean the clotted plasma and cell debris. For
blastema formation, there is histolysis and remodeling of the extracellular matrix; cells to
be released by histolysis start to dedifferentiate in this period. Then blastema aggregation
is achieved through an accentuated increase in the mitosis, which is dependent on factors
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from the wound and regeneration of the epidermis and nerves. A notable feature is the rare
presence of apoptotic cells in the blastema despite the presence of avascular tissue, which
could present hypoxia and potentially be susceptible to apoptosis.

* Xenopus: Fins and tail of Xenopus larvae can regenerate after amputation.

* Hydra: When cross sectioned, Hydra will regenerate a head (from the lower piece resulting
from the sectioning) or a foot (from the upper piece), which will always depend on the
relative position of the regenerated structure in the piece being regenerated. In other words,
the sectioning surface closest to the head forms a head. The same applies to the foot, which
shows well defined general polarity. Regeneration in Hydra, starting from a small fragment
of the spine, does not involve an initial increase in size. This results in a small animal, which
will have its normal size reestablished with feeding [10].

* Urodeles: Salamanders and tritons (urodeles) have major regenerative capacity. Actually,
so far as we known, the Urodeles are the only adult vertebrates able to regenerate their limbs.
The regenerative capacity of the adult triton covers different regions, such as maxilla,
crystalline lens, retina, large sections of the heart, and its limbs and tails, in response to tissue
damage or even amputation. The salamander can regenerate its limbs and tail, ocular tissues,
the intestine, and small sections of the heart. Limb regeneration also takes place in sala-
manders, where amputated limbs are covered by the epidermis, and the immature cells
accumulate and proliferate below them, forming the "blastema". The blastema, which is
coated by the newly formed epidermis, involves undifferentiated cells that are restricted to
the musculoskeletal cells, chondrocytes, Schwann cells, and mesenchymal fibroblasts. Heart
tissue can also regenerate after resectioning or the destruction of cardiomyocites.

There is a large gap between the examples presented previously and the regenerative capacity
in other vertebrates. With the exception of Urodeles, regeneration in vertebrates is classified
as very limited. In mammals, it is much more restricted, being limited to regeneration of the
liver, when part of this is removed, or even by a bone fracture healing process. The regeneration
of lost limbs is not possible [10,14]. Cardiomyogenesis was observed in murine hearts only at
less than one week of age. The regeneration of vertebrates implies dedifferentiation. However,
the factors distinguishing vertebrates with or without regenerative capacity still need to be
clarified [60].

An interesting view is that regeneration is an essential attribute of metazoa, and was secon-
darily lost in closely related species or more distant groups [58]. In analyzing the mechanisms
that form the basis of regenerative responses in Urodeles, a comparative study with mammals
was allowed. Thus it is possible to identify the primary differences between Urodeles and
mammals, especially with regards to the evolutionary bases for regeneration [58]. Neverthe-
less, the reasons that lead to the understanding of the animals having such a different regen-
erative capacity are not clear. Several hypotheses have been raised to this effect [58], which
illustrates the complexity of the problem: (1) some species have a fixed number of segments
in adults, and a very large number of non-regenerative species share this characteristic; (2) if
amputation removes a structure that is not critical for survival, then the regenerative capacity
could be lost, as it would not be a selective advantage; (3) if some species have low rates of
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amputation of their segments, this could lead to a loss of regenerative capacity; (4) if fission is
present in a given species, this may diminish the selective advantages for regeneration.

On the other hand, some observations indicate that these regeneration responses have not been
totally lost in these species. This idea is supported by the fact that many species have good
regeneration capacity as embryos (including humans), but this capacity is gradually lost (or
silenced) during development and aging [62]. Many aspects of this matter still need to be
discussed.

3.2. Response to injury

The regenerative response is initiated through recognition of the loss of tissue or local wound.
It is not yet understood which factors initiate this response, as there are potentially lots of
signals involved. Nowadays, events such as bioelectric signaling, thrombin activation and its
hemostasis, the possible influence of the immune response in regeneration and the formation of
a wound epithelium are considered relevant.

* Bioelectric signaling involves electric currents in lesion that flow after amputation of limbs
and reflects the geometry of the altered tissue and consequently, the electrical resistance.
The amputation of a salamander limb produces derivation of low resistance at the end of
the stump, through which the ionic current flows during the first days [63]. Wounds are
generally electrically positive in relation to the more proximal uninjured areas. Recent
experiences in the caudal regeneration of Xenopus larvae indicate the existence of important
activity of the V-ATPase proton pump [64-65]. The inhibition of this pump blocked regen-
eration, while maintenance of the V-ATPase expression maintained the regenerative
capacity. The need for the presence of nerves for effective regeneration in limbs has already
been described. It was proposed that the need to provide a nerve for regeneration is the
aspect influenced by circuits of internal currents produced by this nerve [66]. Another
important point in regeneration in planaria, in which the regeneration polarity can be
manipulated by applied electrical fields, so that the animal heads are always formed when
facing the cathode [67].

* Thrombin activation is an essential regulator of the response to injury in vertebrates and
has become a strong candidate to initiate the regenerative response in salamanders as
observed in the repair of the intestine [68], limbs [69] and heart [70]. Clots are formed as a
result of the action of thrombin protease on the plasma fibrinogen, and thrombin activation
from prothrombin can be regulated by hemostasis. The possibility that local thrombin
activation could be a regeneration signal originated from studies in which salamander
myotubes cultivated in vitro returned to the cell cycle through thrombin-linked activity [71].
After the removal of the crystalline lens in tritons, thrombin activity appears transitorily in
the dorsal pupillary margin of the iris and can be blocked by the introduction of inhibitors
in the ocular chamber [72]. This intervention reduces cell cycle reentry by the pigment
epithelial cells (PECs) on the dorsal margin and inhibits crystalline lens regeneration [73].
In the same model, cell proliferation is dependent on the activity of the fibroblast growth
factor 2 (FGF2), while activation of the Wnt signaling system determines the crystalline lens
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regeneration site [74]. During regeneration of the liver in mammals, some evidence suggests
that, after hepatectomy, the release of serotonin by the platelets is a fundamental signal for
the onset of hepatocyte proliferation [75]. Platelet activation is another aspect of the
thrombin-dependent response to injury.

* Formation of the scar epithelium on wounds is an early response to the injury and consists
of the migration of epithelial cells to the amputation plane or tissue lesion [67]. The wound
epithelium assumes a specialized identity and plays an important role in subsequent
regeneration events. In some cases, the formation of epithelium on the wound does not
occur. In crystalline lens regeneration, epithelial transdifferentiation occurs at the site
without involving the formation of a wound epithelium. In cardiac regeneration in zebrafish
there is early and generalized activation of the epicardium, which can perform a role similar
to that of the wound epithelium [76]. The role of the wound epithelium is not yet fully
understood, but some points can be raised. The formation of wound epithelium in sala-
manders can be avoided by suturing skin over the extremity of a limb or amputated tail.
This procedure allows the wound to heal, but prevents limb regeneration. The wound
epithelium can provide a distal limit to standardize mechanisms during regeneration, even
though positional identity is usually considered a function of the mesenchymal cells [77]. It
has been suggested that the epidermal cells of different circumferential identities can
migrate and form a functional wound epithelium [78]. The formation of this wound
epithelium is a target for a variety of regulatory events. The formation of the wound
epithelium has been shown to be related to FGF20a activity in zebrafish. This can be
regulated by Wnt 10a and Wnt5b [79], where it was shown that inhibition of signaling via
Wnt/p-catenin leads to a decrease in FGF20a expression.

Following removal of the apical region of the triton ventricle, the heart seals, by contraction,
around the clot. Adult cardiomyocites re-enter the cell cycle and the division of a peripheral
zone of the clot. If the animal is injected with tritiated thymidine to identify the cells that are
in S phase, about 10% of the cardiomyocites in this region are marked in the period of a day.
In experimental comparisons with the heart of an adult mammal, very few cells are marked
after injury [22,80]. In tritons, after crystalline lens removal, the population of regenerative
cells involves pigment epithelial cells, which are invariably located on the dorsal pupillary
margin of the iris. These cells re-enter the cell cycle, lose their pigment granules and are
converted into crystalline lens cells, a process known as transdifferentiation [22,80].

After the amputation or tissue injury, there is the regeneration and supply of the nerve to the
damaged region. Normal limbs require the presence of nerves to regenerate. Limbs that have
had nerves removed prior to amputation do not regenerate. However, aneurogenic limbs can
regenerate normally [10]. In most cases, this regeneration involves only the axonal extension,
so as to reestablish functional contacts with the newly formed tissue. In the case of tail
regeneration in salamanders, or head regeneration in Hydra, the generation of new nervous
cells can also be involved. It has been observed that regeneration is dependent on and
concomitant to the nerve supply [67]. This dependence is widely conserved phylogenetically,
being observed not only in several contexts in vertebrates, but also in examples of echinoderms
[81] and annelid regeneration [82]. This dependence shows the clearest example of the



Mechanisms of Cell Regeneration — From Differentiation to Maintenance of Cell Phenotype
http://dx.doi.org/10.5772/59150

difference between development and regeneration. The dependence on nerve regeneration
may be a means of ensuring that the regenerated tissue is functional.

The plasticity of cell differentiation-capacity to differentiate into a cell range featuring
distinct functionalities-provides a convenient cell assay for the comparison of a differentiat-
ed cell in Urodeles with its congener in mammals. The plasticity of differentiated cells is a
remarkable characteristic in heart regeneration in salamanders, as it depends on the capacity
of the cardiomyocytes close to the lesion to re-enter the cell cycle. Cardiomyocytes of adult
salamander ventricles when dissociated in culture re-enter the S phase. About one third of
these cells progress through mitosis and undergo successive cell divisions, in contrast to
their counterparts in mammals. This is accomplished without major loss of differentiated
properties and cells resume their heartbeats after cytokinesis [83].

It is important to recognize that there are examples of regeneration in mammals that involve
plasticity. An example in a mammal that depends on the plasticity of the differentiated
cells is in the liver that appears to be comparable to cardiac regeneration in salamanders,
as the hepatocytes split without loss of differentiated function [84]. The regeneration of the
myelinated peripheral nerves requires the reentry of Schwann cells in the cell cycle, with
the loss of their differentiated properties, such as myelin expression, and the acquisition of
a phenotype that facilitates axon regeneration, before redifferentiating together with the
regeneration axon [83].

In appendages (limb and tail) of urodeles under regeneration, multinucleated myotubes or
striated myofibers undergo cellularization to produce mononucleated cells capable of division.
The nuclei of multinucleated muscle cells can also reenter in the S phase, although this is not
apparently necessary for cellularization to occur. Thus multinucleated skeletal myotubes are
formed by the fusion of mononucleated precursor cells. The myotube enters a post-mitotic
imprisonment state in which it is totally refractory to the growth factors that stimulate the
division of its precursors. The change in the cell, from mononucleated to multinucleated,
together with the stationary phase after mitosis, provides two indices for the reversal of the
myogenic phenotype (dedifferentiation) [22,80]. In tritons, after limb amputation, epidermal
cells migrate to the surface of the wound, which is extremely important for subsequent growth.
A bastema forms from cells beneath the wound epidermis, which lose their differentiated
nature and begin to divide, thus producing a regenerated limb. As the limb regenerates, these
cells differentiate into cartilage, muscles and connective tissue. The question regarding this
phenomenon is whether the cells that differentiate into cartilage and muscles in the blastema
remain faithful to their original types, i.e., whether previously muscle cells are, necessarily,
those that will produce the muscle cells after regeneration.

In vitro, triton myotubes clearly differ from their vertebrate counterparts, in which these enter
and cross the S phase after stimulation with fetal serum in the culture. The nuclei in the
myotubes duplicate their DNA content and are detained stably in G2. The response to the
serum is not observed for other myotubes of vertebrates, with the exception of rat cells in which
both copies of the retinoblastoma gene are missing. pRb plays a familiar and essential role in
regulating the G1-S phase transition. Several lines of evidence indicate that this is crucially
important to maintain the differentiation state in myotubes of vertebrates, not only for the
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stable imprisonment of the cell cycle, but also for transcription starting from certain muscle
promoters that depend on the activation of limbs of the myocyte enhancer factor 2 (MEF2), a
family of transcription factors. Triton myotubes express pRb, but the serum stimulates a
pathway that leads to its inactivation by phosphorylation, and consequently, causes progres-
sion from G1 to S phase.

Serum is the soluble fraction of clotted blood, and results from prothrombin activation to
generate the serine protease thrombin. Thrombin activates the coagulation cascade and other
events to mediate the response to the injury. When crude prothrombin is activated in vitro, the
resulting thrombin preparations contain a distinct activity, which acts directly on the triton
myotubes in a serum-free medium [80]. Vascular prothrombin activation following injury
occurs in relation to a protease complex known as tissue factor, which is mounted on the cell
surface. Thrombin formation is subject to strict spatial and temporal regulation, as it is essential
for clot formation to be restricted to the area of the wound, and not to spread. It is speculated
that regeneration in Urodeles-in the heart, limb, or even eye-is linked to acute events of injuries
or the removal of tissue from the thrombin activity site. Thrombin activity is locally increased
in the early mesenchymal blastema of the limb, and prothrombin has been seen to be selectively
activated over the dorsal margin of the iris after injury in recent discoveries [80].

A critical contribution to tissue standardization can also come from the fibroblasts of the
connective tissue of the dermis, and the degree of alteration of its differentiated state is not yet
clear [85].

3.3. Morphallaxis, epimorphosis and tissue regeneration

Typically, the regeneration process can be distinguished in two types: Morphallaxis-Regener-
ation occurs through the re-standardization and delimitation of existing tissue, with little
growth of new tissues-and Epimorphosis-where there is the growth of correctly standardized
new structures[10,14]. There has also been talk of a third type, called tissue regeneration.

Morphallaxis [morph (form)+allaxis (change/substitution)] involves remodeling of the without
proliferation. The absence of cell division is not currently regarded as an essential criterion to
define morphallaxis. The important criterion is the extreme remodeling of the remaining
structures, as can be seen in the hydrozoans, planarian <??>, some annelids and other inver-
tebrate animals. In Hydra regeneration occurs dynamically, with stable and continuous cell
proliferation. As the tissues grow, the cells shift along the body column. The adult Hydra needs
to lose cells continually to maintain its size. The loss of cells occurs at the ends of the tentacles
and in the basal disc of the budding foot, and most of the excessive production of cells is used
in the asexual budding of new Hydra from the body column [10]. Such dynamic re-standard-
ization of the cells occurs through mechanisms that confer regenerative capacity to this animal.

Hydra has two organizing regions (one at each end, namely, hypostome and basal disc) which
confer its general polarity. There is also interaction between the head inhibition gradient —
which prevents the formation of other heads in other regions-and a positional value gradient
— which determines the threshold at which head inhibition occurs-in the regeneration process.
Such organization and interaction confer a dimensional arrangement that precludes (or
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hinders) malformations, or even incoherence between their positioning. It is assumed that the
head inhibitor is a secreted factor, produced by the head itself, which spreads downwards
along the body column and is degraded at the basal extremity. It is also assumed that the
positional value gradient is an intrinsic property of the cells. Both are linear with values at a
constant rate of decrease as they move further away from the head. Accordingly, the specifi-
cation of a region of the head on the surface of the section is the first basic stage in this
morphallactic regeneration when the head region is removed [10].

As regards Epimorphosis [epi (on/over)+morph (form)] it is defined today as the method of
regeneration, where a blastema, a mass of proliferative cells located at the tip of the amputation
stump, is formed [67,86]. As pointed out previously, there is standardized regeneration of new
structures which leads us to reflect on the fact that cells completely differentiated from the
mature limb return to the cell cycle, dedifferentiating to redifferentiate in the regeneration
process, forming different types of cell, with restructuring of the injured limb [10].

Epimorphic regeneration occurs in Urodele amphibians. As a problem in cellular and molec-
ular biology, regeneration in Urodeles provides information of considerable importance about
the reversal and the plasticity of the differentiated state of cells. Limb regeneration thus adds
up to a system in which the key for studying the positional identity in cells is established.
Notwithstanding the usefulness of studies about development, evolution and phylogeny, it is
a widespread concern of regeneration research to understand the material differences between
species that regenerate and those that do not. In salamanders, although the tissue restoration
process occurs differently in the heart and in the limbs, the result appears to depend on the
plasticity of the differentiated cells that remain after tissue removal [22,86]. Salamanders can
regenerate an entire limb from a blastema. In mammals, digit-tip regeneration does not
originate from a blastema, but instead from progenitor cells in the ungueal bed [87]. The
blastema of a limb consists of a group of mesenchymal stem cells at the end of the stump.

Regeneration always occurs distally in relation to the sectioned surface, which allows the
replacement of the lost part of the limb. The development of the blastema, as well as the nature
of the structures that it originates, depend on the amputation site and not on the nature of the
nearest tissues. The limb undergoing regeneration identifies the positional value at the
amputation site, regenerating all the positional values distal to this site. Note that epimorphic
regeneration involves the retention of embryonic processes, such as the ability to specify new
positional values, which are encoded as a property in gradient, partly on the cell surface, and
whose relevant behavior for axial specification (growth, movement and adhesion) is a function
of the expression of this property in relation to the neighboring cells [10].

The strategy used by Urodeles in regenerating most structures is, therefore, the re-specification
of differentiated cells into local progenitor cells, rather than the activation of a pluripotent cell.
This is called dedifferentiation. Thus if the epithelial cells of the iris are transplanted to the
blastemal of the limb, they produce a crystalline lens, and blastemas of limbs always produce
alimb after transplantation, even after transfer to the anterior chamber of the eye. This contrasts
with the recent results of considerable plasticity of stem cells following transplantation in
mammals. At present there is no evidence that adult stem cells can contribute to regeneration
in limbs of Urodeles, although it is not possible to completely rule out this possibility. An
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advantage of the regeneration mechanism in Urodeles may be that it allows the progenitor
cells to derive local signals from their differentiated parental cells [22,86].

Tissue regeneration is another type of reparative regeneration that involves proliferation,
close to the cut surface, but unlike epimorphosis, there is no formation of a blastema [67,86].
It involves the restoration of tissues damaged by the removal of dead cells, the proliferation
of progenitor cells and of functional restoration of the tissues [67]. Classical examples of this
type of regeneration in mammals are the skin, bones and regeneration of the skeletal muscle,
although the degree of regeneration in mammals is very limited. Liver regeneration, in turn,
involves enlargement of the remaining lobules by proliferation of cells throughout the organ
to make up for the lost mass, without this resulting in the restoration of the initial morphology.
Once removed the lobules do not grow back [88].

It is possible for regeneration to occur in the same animal through more than one model. Thus
the limits between these definitions are often not particularly clear.

3.4. Positional identity and polarity in regeneration

We now know that this positional identity is encoded in the cell membrane by a PD gradient
of glycoproteins from the cell surface [89].

An important issue in regeneration is how the blastema cells identify their spatial position.
Blastema cells are derived by dedifferentiation of adult mesenchymal cells at the amputation
plane. If a blastema is removed from its limb by transection to the amputation plane and is
transplanted to an adequate site, such as the anterior chamber of the eye or of a lesion in the
connective tissue of the dorsal fin, they form a normal regenerated appendage/tissue. The cells
derived from the blastema after amputation, at any level on the proximodistal axis, will
produce the distal structures. This property is called positional memory. Blastema cells are
derived by dedifferentiation from adult mesenchymal cells at the amputation plane, and they
derive critical suggestions about their identity and potentiality of their precursors. When the
regenerative cells are transplanted in tissues in the salamander, they keep their original
identity. Position memory is a critical aspect for limb regeneration autonomy, because it
specifies the initial population of blastema cells in relation to the extension of the axis to be
regenerated. An understanding of its molecular basis is generally important for our appreci-
ation of how stem cells are specified to produce different structures, instead of different cell

types [83].

It is accepted that gradients of morphogens associated with cell-cell interactions provide the
blastema cells with information on their three-dimensional position, which is similar to what
happens during morphogenesis [71]. However, unlike development, the blastema cells need
to know their proximodistal level to allow regeneration to occur from the correct portion.
Interaction studies between proximodistal portions of the limbs in salamander blastemas have
suggested that cell adhesion, movement and division can be important in the positional
identity expressed in cells [89]. The hypothesis was that the proximodistal identity is encoded
by a molecule or molecules to the cell surface, possibly as a level of gradual expression along
the proximodistal axis. These considerations led to the identification of Prod 1. Prod 1 encodes
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asmall protein that is bound to the cell surface by a glycosylphosphatidylinositol (GPI) anchor,
is apparently analogous to the mammalian CD59 protein and is implicated in positional
identity determination. The mammalian CD59 protein is associated with inhibition of the
terminal phase of activation of the complement system, and it is also able to mediate the
activation of intracellular tyrosine kinases. The distal cells of the blastema of axalotl larvae are
converted experimentally into proximal cells when expressing Prod 1 [5,90]. The Nag protein
was also identified as a binder to Prod 1. Nag acts as a mitogenic factor for blastema cells [90].

The head formation process, which occurs during the regeneration of Hydra, involves apop-
tosis, proliferation, and re-specification of cells at the amputation plane [91]. This leads to the
formation of a transitory organizer in the transient head, which apparently involves the
signaling pathways wnt and -catenin. There are data showing that regeneration in planaria
also occurs with the participation of (3-catenin, as mentioned above.

3.5. Mobilization of regenerative cells

The determination of the origin of blastema cells has been one of the main concerns of
regenerative biology for a long time. Theoretically, the blastema cells could originate from: (1)
mature cells dedifferentiated from the stump of the limb, (2) the stem cells or reserve cells of
the stump, (3) the plasticity of mature cells of the stump and (4) progenitor cells from the rest
of the body. Transplantation experiments using cells marked with green fluorescent protein
(GFP) of several tissues of the axalotl showed that grafted cells dedifferentiate, proliferate, and
redifferentiate into cells restricted to their lineage of origin (5). The tracking of osteoblasts in
the regeneration of zebrafish fins demonstrated the dedifferentiation of osteoblasts and their
subsequent redifferentiation [92]. However, it is possible that the resident stem cells are
involved in appendage regeneration [5], especially in the case of the skeletal muscle, which
are accompanied by a population of stem cells called satellite cells [93].

All the tissues from the distal stump of the limb appear to contribute somehow to the formation
of the blastema, except the epidermis. The dedifferentiation of mature cells is believed to be
an important mechanism for blastema formation [86]. Reports have confirmed that dediffer-
entiated cells acquire proliferative and migrant capacities, necessary for the formation of the
blastema [59,90]. There is a dichotomy between a reserve of progenitor cells in relation to the
local plasticity of the differentiated cells. Previous studies suggested that the regeneration of
the zebrafish myocardium occurs through reactivation of the cell cycle of adult cardiomyocytes
[94]; more recently, other data has indicated that the new myocardium originates from
progenitor cells [76].

Besides dedifferentiation, there is evidence of the contribution of adult stem cells to the
blastema [95-96]. It is believed that Urodeles, and perhaps some fish, may contain a different
muscle progenitor cell, which originates in the muscle fibers that dissociate through the
dedifferentiation process. The multinucleated muscle fibers fragment into mononuclear cells
that recover their proliferative capacity and migrate to the blastema. These progenitor cells
presumably produce a new muscle together with the activated satellite cells[5].
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In vitro, skeletal salamander myotubes are able to re-enter the S phase in response to a
thrombin-derived binder present in the serum [71]. Myotubes of mammals and other
vertebrates do not respond to stimulation with serum; hence there is a distinct property of
differentiated cells in the salamander. A second aspect of the plasticity of skeletal muscle
in salamander is the conversion of multinucleated myotubes and myofibers into viable
mononuclear cells. In tritons, muscle satellite cells, during regeneration of the limbs, express
Pax-7 [97] when activated. In this model, there appears to be a balance between the satellite
cells and cellularization originating from myogenic cells. A recent study of mandibular
regeneration in tritons suggested that both sources are important [98]. On the other hand,
in the regeneration of the tail of Xenopus tadpoles, regeneration appears to occur exclusive-
ly from satellite cells [95]. Triton myotubes can be prevented from reentering the cell cycle
both by X-radiation and by p16INK4. Such myotubes, when marked and implanted into a
blastema of a limb under regeneration, were effectively converted to the mononucleated
cells. Hence although reentry and cellularization occur at the same time, after implanta-
tion, they are not mechanically linked [80].

An important impetus for studying celullarization came from the recent discovery of two
methods that induce this process in rat myotubes. In an approach, the mononuclear cells were
transfected with the homeobox gene Msx-1. Several studies have previously indicated that Msx
genes promote cell proliferation, and that their expression is inversely correlated with
differentiation. After the fusion of the transfected cells, the expression of Msx-1 was induced
in myotubes and this led to a decrease in the expression of myogenic regulatory genes. About
5% of myotubes were induced to cleave into viable fragments and another 5% fragmented into
mononuclear cells, which proliferated. In some cases, the clonal progeny of a single myotube
was isolated, propagated and showed itself capable of chondrogenic, adipogenic or myogenic
differentiation, depending on the culture conditions. It has been proposed that Msx-1 is a
master regulator of the program for cellularization that is expressed in regeneration in
Urodeles, and that can also induce this program in mammal myotubes [80].

A second impetus for the analysis of these matters comes from the application of “chemical
genetics”. A large combinatorial library of tritiated and substituted purines was exhibited to
identify a compound that induces mammalian myotubes to regenerate. A compound, with
substituents methoxybenzyl and isopropylic, effectively fragments the myotubes over 24
hours to produce viable mononuclear cells that can divide and also fuse together once more
for myotubes to reform. This compound, called myoseverin, appears to have two activities in
mammalian myotubes. Firstly, it depolymerizes microtubules. Secondly, it induces changes
in the expression of a specific set of genes that are involved in repair, wound healing and
regeneration. Although there are other agents that can fragment microtubules, they do not
tend to produce viable mononuclear cells that can fuse into myotubes again. Therefore, it is
possible that both activities, i.e., depolymerization of microtubules and changes in the gene
expression, are important for the generation of viable mononuclear cells [80].

A possibility is that the compound responsible for the fragmentation of myotubes can also
regulate genes that are related in tissue remodeling and repair. The alternative and most
appealing hypothesis is that myoseverin can activate the expression of a program that acts as
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mediator of cellularization and other functions that are important for regeneration. DNA
microarray analysis has identified approximately 90 genes so far. Many of these genes belong
to categories that are regulated in fibroblasts in response to the serum [80].

The results with myoseverin raised the issue of the identity of the endogenous signal that
activates this response in the muscle fibers of Urodeles during the initial phase of regener-
ation. A recent study presented evidence proving that binders present in extracts from the
start of the regeneration in triton limbs can induce the myotubes of tritons and of rats to
submit to cell cycle reentry and cellularization. Cellularization indicates the presence of
myoseverin as an activity both in triton cells and in mouse cells. However, reentry in S
phase of rat myotubes is surprising in view of the previously discussed evidence point-
ing to a clear difference between the capacity for response to serum and thrombin between
triton and rat myotubes. A more in-depth analysis of the factors that are present in the
extracts should provide further information [80].

Crystalline lens regeneration is an example in which the regenerative cells appear through
transdifferentiation of pigmented epithelial cells of the iris [99]. It is possible to aggregate
pigmented epithelial cells of salamander iris from the dorsal iris, to implant these cells in an
eye whose crystalline lens has been previously removed and to obtain the formation of a new
crystalline lens in the aggregate. Pigmented epithelial cells of the ventral iris do not normally
produce a crystalline lens, but the activity of the Six-3 gene induces lens formation through
the transdifferentiation of ventral cells. Inhibition of the signaling pathway of the bone
morphogenetic protein (BMP) also leads to induction of crystalline lens formation [100]. There
is the theory that the BMP signaling pathway maintains ventral identity and that the cells
assume a dorsal identity after its inhibition.

Planarian regeneration appears to occur almost exclusively through the contribution of
neoblasts, although the current evidence does not necessarily exclude a contribution of
differentiated cells [58]. In hydra regeneration, the activity of the epithelial stem cells implies
budding and regeneration [101-102]. Studies with the jellyfish Podocoryne showed an example
of transdifferentiation and its regulation by signaling [58]. When portions of striated muscle
were explanted, they could be activated by enzymes that degrade the extracellular matrix, and
that are later differentiated into smooth muscle and other types of cell. The impression left by
these studies is that control of the differentiated state is prepared to allow considerable
plasticity, which may be related to the important role of agamic reproduction and regeneration
in these animals [58].

In view of evolutionary and biomedical problems, it is interesting to compare the relevant
examples of plasticity in myotubes and in the pigmented epithelial cells of Urodeles and
mammals. Although salamanders are the only adult vertebrates that can regenerate their
crystalline lens, the pigmented epithelial cells of several vertebrates can be converted into
crystalline lens cells in culture. It will be necessary to identify the blastemal signals that trigger
these responses from differentiated cells, as well as the molecular basis of any differences
between the differentiated cells of the two species. It is already evident that this approach to
regeneration —i.e., the investigation of the plasticity of differentiated cells-is a productive and
informative study, particularly in the absence of a complete genetic analysis [80].
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Nowadays, the main method for regenerative medicine in mammals is the isolation of stem
cells, followed by manipulations that aim to direct differentiation towards the morphogenesis
of complex structures. Although this is attracting considerable interest at present, many of the
applications are sufficiently problematic to justify the consideration of alternative and
supplementary approaches. The strategy in Urodeles — the limited re-specification of residual
differentiated cells-is so successful that it would come as a surprise if it were not potentially
regarded as a therapeutic approach in some regeneration contexts in mammals. The example
of myoseverin shows that the responses that are discussed in this review are a potential target
for therapies geared towards regulating the stability of the differentiated state [80].

Finally, in theory, differentiated cells could also contribute to the formation of the blastema,
without losing their differentiation status. This would apply to cells such as fibroblasts.
Fibroblasts are mature cells that synthesize the extracellular matrix, but still maintain some of
the characteristics of progenitor cells, such as elevated motility and proliferation capacity.
Fibroblasts can be regarded as one of the main contributors to the blastema and they can
achieve this without the occurrence of dedifferentiation [62]. Therefore, the processes that lie
behind the formation of the blastema and cell origin are still being studied.

4, Cellular differentiation and environmental insults or stress

The cells are susceptible to changes arising from normal physiological processes as well as
from changes in the external environment units. To avoid subsequent damage to these cells,
there are homeostatic mechanisms that enable the adaptation of cells and tissues to changing
conditions. Such mechanisms are activated not only under physiological conditions, but also
to limit the damage imposed in response to injury and disease processes. Hence certain factors
that may be present in the tissue microenvironment can lead to cellular stress, which in turn
triggers mechanisms involving cell survival and adaptation strategies as well as injuries and
consequent pathological process, or even cell death [103].

Stress-inducing conditions caused by changes in the cell microenvironment may affect the
eukaryotic cells exposed either acutely, when they occur for a transitory period, or chronically,
when they persist for along time, prompting the cells to respond in a number of different ways,
e.g., changing their metabolism, secretion and gene expression etc. [104].

Stress-inducing agents include thermal shock caused by hyperthermia or hypothermia [105,
106], osmotic shock [107, 108], nutrient [109-111] and ATP depletion, low oxygen concentration
and oxidative stress [112,113], changes in cell metabolism induced by cancerous transforma-
tion, mechanical stress, DNA damage due to exposure to UV radiation, baric stress and others.
Therefore the cells may be exposed to a wide variety of agents, which will trigger different
responses, affecting their function, activity and differentiation [103].

Once exposed to stress agents, the initial response of cells is generally a decrease in the
synthesis processes of macromolecules such as normal proteins, RNA, DNA and fatty acids,
and an increase in the synthesis of proteins belonging to a specific group called stress proteins,
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probably regulated by changes occurring in the cytoskeleton during stress. These proteins are
associated with the mechanism of cell cycle control, biosynthesis reactions and processing,
including protein folding and oligomerization, translation, secretion, and repair of damaged
proteins, and oxidative function [104]. This group of proteins is evolutively conserved, is
present in the Archaea, Eubacteria and Eukarya domains, including the human proteome, and
includes the so-called heat shock proteins, or Hsp, thus named because they were initially
observed by Ritossa in 1962, due to the rise in temperature, but are also associated with other
types of stress. Their high level of conservation suggests the performance of an essential role
in cell metabolism [105].

The Hsps are part of the large group of proteins known as molecular chaperones, and have
the ability to interact reversibly with other proteins, assisting in formation, folding and
transmembrane transport [116]. In adverse conditions, such as increased temperature, osmotic
or oxidative stress, Hsp levels are increased, remodeling the proteins that suffered injury,
activating the synthesis and maturation of new proteins that will replace those affected by
metabolic stress [117], or allocating them to an adequate proteolytic system, facilitating their
elimination when the damage is not reparable [118]. The Hsps can be classified according to
their molecular weight into five families or groups: HSP100, HSP90, HSP70, HSP60, and low-
molecular-weight HSPs between 12 and 43 kDa [119].

Stress may also result in epigenetic modifications involving DNA and histone methylation,
phosphorylation and acetylation, which change the expression of the genes without altering
the DNA. Genomic changes may occur due to structural rearrangements and these alterations
can be passed on to daughters and may lead to some changes which can be maintained in
many cell generations [103].

The HSPs may interact with different apoptotic proteins, and can block essentially all apoptotic
pathways, most of them involving the activation of cysteine proteases called caspases [120].
Some mediator proteins may alternate adaptive responses and direct the cells to apoptosis due
tomore severe stress, when this causes, for instance, DN A breakages. This mechanism involves
checkpoint kinase 2 (Chk2) phosphorylation via p21 with cell cycle arrest and the action of
proapoptotic p53 genes, activating apoptosis and cell death. Thus the cells may respond to
stress, depending on its level and intensity, in various ways ranging from the activation of
survival and adaptation pathways in milder situations, to channeling to cell death, in the case
of more severe damage [103]. The degree of susceptibility to environmental changes varies in
different cell types. Brain neurons, for example, are extremely sensitive to changes in their
environment, dying quickly when environmental conditions are beyond the normal physio-
logical patterns. On the other hand, fibroblasts exhibit extreme resistance to damage, surviving
drastic metabolic changes, such as the complete deprivation of oxygen.

The characteristics and functions of stem cells make them particularly susceptible to certain
stress factors such as oxidative stress, mechanical stress, growth factors, and cytokines signal
affecting the cell differentiation and division regulation mechanisms. The long lifespan and
high proliferative potential of stem cells makes them prone to cellular transformation (cancer),
and the stress responses that lead to senescence and apoptosis can in fact act as anticancer
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protection mechanisms, by preventing the continuity of the cell division process, thus limiting
their lifespan [121].

4.1. Stress proteins, differentiation and cancer

During cellular transformation in tumor growth, the cells are experiencing drastic shifts in
their intracellular and extracellular environment, because they are frequently exposed to stress
conditions that include hypoxia, acidosis, nutrient deprivation and immune system attacks.
Accordingly, the tumor cells must be able to adapt to a variety of stress conditions to survive
and proliferate, so these stress condition may act as a driving force behind evolution (onco-
genesis) and adaptation (acquired treatment resistance) [122]. In various types of tumor, the
expression of molecular chaperones including the Hsps is increased, reflecting an effort of the
tumor cells to maintain tissue homeostasis in an unsuitable environment. This mechanism can
facilitate the survival of tumor cells from these injury conditions, thus representing a possible
selecting agent for further mutations, and the management of the oncogenic process [123].

However, the Hsp levels are useful biomarkers for carcinogenesis in some tissues and signal
the degree of differentiation and the aggressiveness of some cancers. Therefore, these levels
can be useful as an adjunct in tumor diagnosis, but are not informative at the diagnostic when
considered alone. Several Hsps are implicated with the prognosis of specific cancers; for
example Hsp70 is correlated with poor prognosis in breast, endometrial, uterine, cervical, and
bladder carcinomas, while Hsp27 expression is associated with poor prognosis in gastric, liver,
and prostate carcinoma, and osteosarcomas. On the other hand, increased Hsp expression may
also predict the response to some anticancer treatments. For example, Hsp27 and Hsp70 are
implicated in resistance to chemotherapy in breast cancer, Hsp27 predicts a poor response to
chemotherapy in leukemia patients, while Hsp70 expression predicts a better response to
chemotherapy in osteosarcomas [123]. As Hsp70 and Hsp27 are the most active chaperones in
the subversion of the programmed cell death pathway (apoptosis) and play major roles in
cancer, because these chaperones are also able to inhibit senescence pathways (e.g., p21 and
P53 dependent), allowing cell division limits to be surpassed [119,124], these implications of
Hsp in tumor progression and response to therapy have led to the possibility of Hsp use in
anticancer vaccines, exploiting their ability to act as immunological adjuvants [125,126].

Based on the fact that most cancer cells abundantly express HSP70 at the basal level to
resist various insults at different stages of tumorigenesis and during anti-cancer treat-
ment, some studies have investigated HSP70 and HSP90 inhibitors for their use in anti-
cancer therapy [127,128].

5. Conclusion

The goal of regenerative medicine is to restore the cells, tissues and structures that are lost or
damaged after disease, injury or aging. Regenerative medicine currently uses three main
approaches (4): the use of stem cells to build new structures, the implantation of cells precon-
ditioned to differentiate in a particular direction, and the stimulation of endogenous cells to
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replace structures that have disappeared. In these strategies, we can choose to use or disregard
biomaterials with carrier and/or stimulator agents. The regeneration of organs and limbs that
occurs in several groups of animals provides another important viewpoint, as it demonstrates
that under some conditions, complex adult tissues can be rebuilt. Biological regeneration
lessons have not been widely assimilated, partly because this attribute seems minor when we
focus on mammals.

It is not understood why some animals are able to regenerate and others are apparently not,
but even from our current limited perspective, there appears to be a series of differences
between mammals and Urodeles that prevent or limit regeneration. One of the aspects of
wound healing in adult mammals is the reduction of the regenerative capacity and the
occurrence of fibrosis and inflammatory responses [83].

We understand that it is necessary to glean a better idea of the cell differentiation, transdif-
ferentiation, dedifferentiation and redifferentiation mechanisms that occur in different
contexts, such as during regeneration in animals. The participation of stem cells and progenitor
cells in this process is also of considerable relevance. The understanding of these mechanisms
can facilitate highly relevant therapeutic strategies in regenerative medicine and tissue
engineering.

Gene/Factor Effect/Importance
Essential in regulating G1-phase S transition. Evidence indicates major importance for the
PRE maintenance of the state of differentiation in vertebrate myotubes.
. Activated selectively on the dorsal margin of the iris after injury. Generator of thrombin
Prothrombin
protease.
Thrombin Activates the coagulation cascade and other events to mediate the response to the injury.
Encodes a small protein that is bound to the cell surface by a GPI anchor. Apparently
Prod1 analogous to the mammalian CD59 protein, implicated in positional identity determination.
Nag Identified as a binder to Prod 1. Acts as a mitogenic factor for blastema cells.
. Signaling pathway for the regenerative process in the formation of the Hydra head.
Prcatenin Participation in regeneration in planaria.
Expressed from the activation of muscle satellite cells, during the regeneration process in
Pax7 tritons.
p1e™Ke Causes an impediment to cell cycle reentry.

Promotes cell proliferation. Its expression is inversely correlated to differentiation. It has been
Homeobox Gene ) o o
proposed that Msx-1 is a master regulator of the program for cellularization in regeneration in

Msx-1
Urodeles.
Depolymerizes microtubules, an activity observed in myotubes of mammals. Induces changes
. in the expression of genes involved in repair, wound healing and regeneration. There is a
Myoseverin theory that myoseverin can activate the expression of a program that acts on cellularization and
other functions that are relevant to regeneration;
Siv-3 Gene Induces the formation of the crystalline lens through the transdifferentiation of ventral cells of

the iris in mice.
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Gene/Factor Effect/Importance

Bone Morphogenetic The inhibition of its signaling pathway leads to the induction of crystalline lens formation. It

Protein (BMP) can maintain ventral identity and the cells assume a dorsal identity after its inhibition.

Operates in the development of rat limbs, as a consequence of its synthesis, close to the
RA gradient midline of the animal and its degradation by the product of the CYP 26 gene, expressed at the
distal extremity of the limb bud.

Canonical Wnt
. . Involved in the appendage regeneration process
signaling pathways

Fibroblast growth
factor (FGF)

Signaling of activin;

Involved in the appendage regeneration process.

retinoic acid; non-  Involved in the regulation of regeneration in the sea urchin.

canonical Wnt.

SALL4 Involved in the maintenance of pluripotency. Expressed during blastema formation.
ATEF3, JUN3, EGR1,
An increase is observed in these oncogenes during the epithelialization and blastema phases.
NR4A2 and FOS
MSP1 Mitotic kinase essential for cardiac regeneration in the zebrafish.
GATA4 Heart development transcription factor essential for cardiac regeneration in the zebrafish.

Table 1. Some biochemical parameters to the regenerative responses and their consequences.
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1. Introduction

1.1. Regulation of mineralization in bone and soft tissue

The first stages of cell mediated tissue bio-mineralization involve the activation of various
signaling pathways, such as those activated by growth factors and hormones like BMPs, TGFs,
PTH, Leptin, Vitamin D and many others.

One major signaling pathway responsible for bio-mineralization is the Wnt-pathway. Wnt-
mediated transduction occurs via both p-catenin dependent and independent signaling. In -
catenin dependent signaling, extracellular Wnt ligands bind to the LRP5-Frizzled (Frz)
complex, subsequently inhibiting an intracellular cluster of molecules comprised of axin,
glycogen synthase kinase 3 (GSK3), and the adenomatosis polyposis coli (APC) protein. This
complex then inhibits the cytosolic degradation of B-catenin, which accumulates and subse-
quently enters the nucleus to heterodimerize with two important transcription factors, LEF
and TCF, conferring the Wnt-effect on gene transcription. Via the -catenin independent
signaling pathway, a similar complex forms between Wnt, Frz, and Ror2, which stimulate the
synthesis of secondary messengers [1, 2].

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Another important pathway is the one mediated via Hedgehog. The Hedgehog (HH) ligand
precursor is subjected to a series of modifications before reaching an active, multimeric form.
This process releases the transcription factor Smoothened (SMO), which in turn activates the
Gli2/3 complex, which goes on to promote gene expression of Glil, while repressing the
transcriptional repressor Gli3 [3].

A third pathway is the NELL-1 signaling pathway. NELL-1 is a secretory osteoinductive
protein, binding to the cell surface receptors Integrin1&3. A multitude of intracellular
signaling pathways are activated due to NELL-1 stimulation. These include MAPK, Hedgehog,
and [-catenin dependent Wnt-signaling. Despite the fact that these pathways are still unde-
fined, NELL-1 activation enhances Runx2 transcription and phosphorylation, and develop-
ment of an osteogenic phenotype [4].

The last stage of bio-mineralization encompasses the precipitation of hydroxyapatite crystals,
which spontaneously results in supersaturated or metastable salt solutions. Whether bio-
mineralization will take place, is determined by the genetic programming of precursor cells
into a mineralization-competent state (as in physiological bone formation=osteogenesis) or to
pathological mineralization (i.e. ectopic mineralization or calcification) [5]. Hence, all tissues
which are not meant to minerealize, should be actively “protected” or inhibited from precip-
itation of mineral. Fetuin-A is a circulating protein produced by the liver, directly inhibiting
ectopic mineralization. Monomeric fetuin-A protein binds small clusters of both calcium and
phosphate. This interaction results in the formation of prenucleation cluster-laden fetuin-A
mono-and polymers, calciprotein monomers, and considerably larger soluble aggregates of
protein and mineral calciprotein particles of colloid (soluble) nature [6, 7].

In this manner, fetuin-A serves as a mineral carrier protein and a systemic inhibitor of
pathological mineralization, i.e. mineralization not brought about by bone residing osteoblasts,
but by fibroblast like cells demonstrating mineralizing phenotypic characteristics.

1.2. Untoward calcification of soft tissues; some model systems

Vascular calcification inevitably afflicts the aging and dysmetabolic population. Modern
concepts state that this process has emerged as a highly regulated form of bio-mineralization
organized by collagenous and elastin extracellular matrices. Paracrine osteogenic signals,
mediated by potent morphogens of the bone morphogenetic protein (BMPs) and wingless-
type integration site family member (Wnt) superfamilies, are also active in the programming
of arterial osteoprogenitor cells during vascular and heart valve calcification. Inflammatory
cytokines, as well as reactive oxygen species, and oxylipids (which are more active within the
clinical settings of atherosclerosis, diabetes, and uremia) elicit the ectopic vascular activation
of osteogenic morphogens. Specific inhibitors (e.g. MGP, CV2, COMP2, Noggin, Gremlin,
Chordin, and Folliastatin) of bone BMP-Wnt signaling have been identified, contributing to
the modulation of osteogenic mineralization during development and disease. These inhibi-
tory pathways and their regulators afford therapeutic strategies to prevent and treat valve and
vascular sclerosis [1, 3].
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In this context, the expression of vascular BMP-2 and BMP-4 (mostly elaborated by endothelial
cells) are actively enhancing [Smad-DNA]-binding, thus trans-activating a cascade of factors
like Msx2, Runx2, NFATcl and Osterix (SP7), deemed necessary in the mineralizing process
[1, 3]. The downstream pro-osteogenic signaling cascades initiated through heterodimer BMP
receptors is held in check by a panoply of extracellular BMP binding proteins and intracellular
transcriptional inhibitors (I-Smads, i.e. Smad6 and Smad?) [1, 3].

Calcific aortic valve stenosis (CAVS) is an increasing health problem affecting aging societies.
The discovery of osteoblast-like and osteoclast-like cells in the heart have forced a paradigm
shift where CAVS is considered to be actively regulated. It has also been shown that valvular
fibrosis, as well as calcification, plays an important role in restraining cusp movement.
Furthermore, CAVS should probably be regarded as a fibro-calcific ailment [8, 9].

It has been speculated what type of precursor cells are being able to turn into osteoblast-like
cells in aortic valves, giving rise to human calcific aortic valve stenosis. Activated myofibro-
blasts are likely to come from either quiescent valvular interstitial cells (VICs) or from a
subpopulation of endothelial cells that undergo an “endothelial to mesenchymal transforma-
tion” (EMT) [1, 8, 10]. Lastly, it has been asserted that circulating osteoprogenitor cells (positive
for OPN and ALP) may enter the active side of the valve from the circulation [9]. Hence, it
should be noted that a lack of “bone-homing” of osteoblast-precursors, as seen in the elderly
population, may lead to the development of CAVS. It is also noteworthy that monocytes may
enter the valve tissue, transform into osteoclast-like cells and/or inflammatory Th-cells, and
thus affect the above mentioned osteoprogenitor cells to start a mineralization process due to
their response to TNFa and interleukins [1, 8, 9].

Blood vessels are the first to form in the developing embryo and build extensive networks
supplying all cells and organs with nutrients and oxygen. An ageing blood vessel often
becomes abnormal in structure and function, thus contributing to a plethora of age-related
diseases like ischemic heart&brain-disease, neurodegeneration, and/or cancer. The first
regulators to be linked to the aging process were the Forkhead box “O” (FOXO) transcription
factors and sirtuin (Sirt) deacetylases [9, 11]. They are now emerging as key regulators of the
vascular development and disease. The integration of FOXO-and Sirt-family members into the
aspect of vessel maintenance, offers new perspectives on mechanisms of aging, which is the
most important risk factor for diseases of vascular system [9, 10].

The FOXO transcription factors control a plethora of cellular responses, encompassing
apoptosis, DNA-repair, metabolism, as well as ROS detoxification and cell proliferation. On
stimulation of PI3K/AKT-signaling by growth factors, AKT phosphorylates FOXOs on
conserved residues with ensuing cytoplasmic sequestration and inactivation [1, 10]. Of specific
interest for the precipitation of atherosclerotic plaques is FOXO3A, however, FOXO1 and
FOXA3 should also be mentioned, since they has been shown that they hetero-dimerize with
the transcription factor SXR, known to bind vitamin K2 [12-14].

The Sirts (especially Sirtl) are involved in the modulation of key genes involved in regulating
lifespan and health span, including AMP-activated protein kinase (AMPK), mammalian target
of rapamycin (mTOR), and insulin-like growth factor 1 (IGF-1), and their roles modulating
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cardiovascular health status [15, 16]. Itis to be noted that the FOXO class of transcription factors
affect the levels of sirtuins (including Sirt1), thus enabling the body’s cell-and tissue arma-
mentarium to respond to the energy state (NAD*/NADH-ratio) in a proper manner to preserve
organ function and longevity [10, 15]. In this context, the FOXOs and sirtuins are both
instrumental for the heart and vasculature to avoid the numerous detrimental alterations
during ageing.

Finally, the present report focusses on altered gene expression leading to proper or disturbed
calcification of bone and soft tissues, as a result of perturbed transcription or posttranscrip-
tional control. Particularly, certain transcription factors (TFs) and microRNAs (miRNAs) will
be described [17, 18], which are members of so-called regulatory loops [19].

Interestingly, several groups or clusters of miRNAs, targeting several hundred mRNA species
encoding TFs, as well as tissue specific or non-specific genes, have been shown to impact
conditions like cardiac hypertrophy and cardiac fibrosis [17, 18].

1.3. MicroRNAs in atherosclerogenesis

The dysregulation of cholesterol homeostasis is one of the underlying causes of atherosclerosis.
One regulatory factor in cholesterol metabolism includes the sterol regulatory element-binding
protein (SREBP) family, which regulates the expression of a plethora of cholesterogenic genes
[20]. The microRNA species 33b and 33a, respectively, have been shown to target the ATP-
binding cassette Al cholesterol transporter [21], which mediates intracellular cholesterol efflux
from cells to form HDL that is protective against atherosclerosis [22, 23]. Upon injection of
antisense miR-33 into western diet-fed mice, serum HDL levels were significantly elevated,
and treatment of LDL-receptor deficient animals with anti-miR-33, resulted in augmented
levels Al in both liver and macrophages, with a net increase in blood HDL-levels along with
reduced plaque size and inflammation-related gene expression [23].

However, other microRNA species, such as the miR-145/143 cluster, miR-133, and miR-221,
exert a more direct role in atherogenesis. The miR-145/miR-143 cluster is enriched in visceral
and vascular smooth muscle cells (VSMC) from early embryonic days and throughout
adulthood [24-26]. Genomic deletion of this cluster yielded a mild vascular phenotype with
no cardiac abnormalities, however, smooth muscle cells were smaller and exhibited an increase
in rough endoplasmic reticulum (RER) and a decrease in actin stress fibers, resulting in thinner
tunica media [26]. The failure to detect a consistent increase in VSMC proliferation or apoptosis
indicates the miRNA cluster is involved in the ability of VSMC to differentiate in response to
contractile demands [25].

Krupple-like factor-5, first identified as a transcription factor inducing the gene expression of
smooth muscle myosin heavy chain, is involved in smooth muscle proliferation by stimulating
cyclin D1 expression [27, 28]. MiR-133 is known to be enriched in the heart and skeletal muscle,
but one report asserts that it is also expressed in smooth muscle cells [29]. Over-expression of
miR-133 in the carotid artery has been shown to halt VSMC proliferation and prevent neoin-
timial hyperplasia [17]. Interestingly, the level of miR-133 in this tissue exhibits a strong inverse
correlation with its targets, one of which is the transcription factor SP1, and it may be asserted
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that SP1 inhibition leads to a deactivation of Krupple-like factor-5, which in turn prevents
down-regulation of Myh11 (myosin heavy chain gene family), and hence VSMC phenotype
switching and proliferation [17].

In contrast to miR-145 and miR-133, miR-221, but not the co-clustered miR-222, positively
regulates smooth muscle proliferation [30]. It is believed to be induced by platelet-derived
growth factor (PDGF), which is known to stimulate VSMC switching and proliferation during
angiogenesis and neo-intimal formation [31]. In gain-and-loss-of function experiments, it was
demonstrated that miR-221 was required for mediating the effects of PDGF on the suppression
of the cell-cycle inhibitors p27Kip1&2, and c-kit [30, 31]. The effects of miR-221 are reinforced
by the concurrent up-regulation of miR-21 in neointimal lesions, and miR-21 was shown to
inhibit PTEN, which acts as a dual-specificity protein phosphatase, dephosphorylating
tyrosine-, serine- and threonine-phosphorylated proteins [32-34], antagonizing the PI3K-AKT/
PKB signaling pathway [35]. In this manner, miR-21 inversely modulates apoptotic VSMC
death and reduces neo-intimal thickness. Consequently, neo-intimal formation is brought
about by a combinatorial effect of changes in the expression of several miRs and their targets,
with ensuing regulation of VSMC differentiation, proliferation, and survival.

However, the scope of the present book chapter, is to focus on microRNA species being
involved in the process of matrix mineralization, whether or not they are intrinsic miRs
residing within osteoblasts or smooth vascular cells or “imported” miRs via exosomes shedded
by immune cells (like macrophages and Th-cells) invading the vasculature due to inflamma-
tory processes. One may assert that microRNA species down-regulated in mineralizing
osteoblasts should be up-regulated in healthy, non-calcifying soft tissues like blood vessels
and heart valves. However, this is a simplification of the issue, since the acquired osteoblastic
or mineralizing phenotype is secured by a balanced impact of microRNAs targeting osteogenic
markers (or modulators) like BMP-2, SMADs, Runx2, Osterix (SP7), Dkk-1, and RANKL and
others, a loss of calcification inhibitors like MGP and Fetuin-A, and finally a loss of smooth
muscle cell markers like a-actin and certain MHC-class of antigens, as shown by Goettsch and
co-workers [18]. This major compilation of published literature indicates that several micro-
RNAs well known to be down-regulated in osteoblasts (like the miR-species 23a, 24, 27a, 29a,
34c, 133a, 135a, 149, 204, and 328) [36-39] are not necessarily down-regulated in “mineralizing”
or “calcifying” vascular cells.

Interestingly, it has been shown that Th17-cells produce exosomes containing high levels of
microRNAs (like miR-16, -24, -27a ,-27b, -125b, and -586) known to be low in developing and
mature osteoblasts [36, 37], while also carrying high levels of, amongst many; miR-21, -22, -221,
-222, and -520 (data not shown). According to Goettsch et al. [18], miR-21 is up-regulated in
atherosclerotic arteries, while all the other mentioned miRNAs are down-regulated in arteries,
plaques or bicuspid aortic valves. It is therefore necessary to define a cluster of minimal and
sufficient microRNAs, which may represent a signature for soft tissue calcification. Hitherto,
we do not see that such a cluster has been suggested, nor validated.

It is therefore of major interest to seek help from bioinformatics software to define regulatory
loops, consisting of microRNAs, transcription factors and marker genes, known to be sensitive
and prone to alterations in precursor cells, but resilient to changes in defined phenotypes. It
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is therefore exciting to learn that miR-133, already known to affect SP1 [40] seems to be players
in regulatory loops, consisting of a selection of microRNA species and transcription factors,
where miR-22, -27, -29, -133, -149, and -328, are connected to FOS, ETS1, SP1, SP3, RUNX1,
FOSB, and EGR?, in a reciprocal feed-forward and feed-back stabilizing network.

2. The histopathology of vascular calcification

Vascular calcium deposition can be usefully organized into four histoanatomic variants. As
outlined, each type of vascular calcification is associated with a characteristic spectrum of
vascular disease processes. Moreover, in the setting of the calcified atherosclerotic plaque and
senile calcific aortic sclerosis, the initial dystrophic calcification process evolves during
vascular injury and remodeling into endochondral, non-endochondral, or mixed ossification
mechanisms.

2.1. Atherosclerotic calcification

Atherosclerotic calcification is a dystrophic calcification characterized by cellular necrosis,
inflammation, and the presence of lipoprotein and phospholipid complexes [41, 42]. The
lipid complexes, originating from cellular membranes, thrombo-fibrinoid complexes, and
circulating lipoproteins precipitate calcium in association with atherosclerotic plaques. The
ensuing endothelial cell dysfunction provides a thrombogenic surface coated with fibrin
and phospholipids, which drive additional lipid deposition. Oxidized lipid products
provide several signals that recruit and activate macrophages and T-cells [43]. The
calcification appears first in the lipid core of the fibro-calcific plaques, juxtaposed to
inflammatory cell infiltrates and necrotic areas. Eventually, calcified cartilage formation
follows the degenerative tissue calcification via a vascular remodeling process, leading to
the deposition of endochondral bone [43].

2.2. Calcification of cardiac valves

Cardiac valve calcification occurs following mechanical stress and inflammation, leading to
dystrophic mineralization and non-endochondral ossification. Degenerative lipid accumula-
tion, fatty expansion of the valvular fibrosa, and interstitial calcium deposition are rapidly
followed by the invasion of macrophages and T-cells [44, 45]. Hence, valve calcification of the
young and elderly, is initiated via overlapping mechanisms, but distinct from calcification
observed within atherosclerotic plaques [46-49]. However, during progression of the calcifi-
cation process, histological and molecular analyses indicate that a secondary phase of active,
osteogenic mineral deposition perpetuates the vascular calcium accumulation, but via non-
endochondral processes [50, 51].

2.3. Medial artery calcification

Calcification of the medial artery is a non-endochondral ossification process of the arterial
tunica media, occurring frequently in patients suffering diabetes and end-stage renal disease
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[52]. The mineralization pattern resembles intra-membranous calvarial bone formation and
odontogenesis [53], driven by the BMP-2/Msx1&2-dependent signaling pathway in the
absence of any cartilaginous precursor [54-56]. Many hypotheses of the major molecular
determinants of medial calcification vs atherosclerotic calcification with cartilage metaplasia,
have been launched, however, these determinants remain elusive. Two model systems may
render some clues, though: the characteristics of vascular calcification responses of the
(LDLR”) and (apoE”) mice [55-57]. Both animal model systems develop atheroma; however,
LDLR" mice calcify valves and tunica media via a non-endochondral osteogenic process, while
apoE” mice calcify vessels via cartilage metaplasia.

It has been shown that a myofibroblast cell population, activated by diet-induced diabetes, is
diverted to the osteoblast lineage by Msx2-dependent transcriptional programming [54-56]. It
was therefore asserted that this migratory myofibroblast population, which responds to
vascular smooth muscle cell (VSMC) osteopontin (OPN) production [56, 58, 59], contributes
to vascular remodeling and the medial calcification of diabetes. Interestingly, both hypergly-
cemia [56, 58] and hyperphosphatemia [60] induce OPN expression, which per se is a consistent
and predicted feature of medial calcification [61-63]. Furthermore, the absence of the osteo-
protegerin (OPG) gene expression in mutant mice also results in medial calcification with
ensuing vascular T-cell infiltration [64]. Noteworthy is the observation that blood levels of
OPG are increased in diabetic humans [65] and diabetic (LDLR*) mice [55], which may indicate
a state of resistance to OPG, namely inhibition of RANK-L signaling. It has been shown that
the OPG/RANK-L secretion ratio is enhanced in carotid plaques compared to femoral plaques,
which explains why carotid plaques contain less calcium and number of macrophages and T-
cells [43].

2.4. Vascular calciphylaxis (soft tissue calcification)

Vascular calciphylaxis occurs when the calcium phosphate solubility threshold is exceeded
[66]. When the serum calcium-phosphate product exceeds this threshold, widespread soft
tissue deposition of amorphous calcium phosphate will occur. To prevent this happening, an
array of mineralization inhibitors have evolved, encompassing fetuin-A, tissue pyrophosphate
generating systems, as well as tissue OPN production [67].

Fetuin-A, which is an abundant serum glycoprotein, has been shown to limit organ and soft
tissue calcification, including vascular calcium deposition [67]. Pyrophosphate inhibits
nucleation and epitaxial calcification and also up-regulates the expression of OPN [68, 69]. The
generation of tissue pyrophosphate is obtained via ectonucleotide pyrophosphatases/phos-
phodiesterases (ENPPs). ENPP1 (or PC-1) is instrumental in limiting calcification in “soft
tissues”, like blood vessels, skeletal muscle fibers, ligaments and tendons [68, 69].

2.5. Vascular calcification and cartilage metaplasia

In vertebrates, bone formation occurs via both endochondral and non-endochondral mecha-
nisms [53]. In endochondral ossification, avascular cartilage is subjected to vascular invasion,
cartilage calcification, remodeling by osteoclasts, and eventually deposition of bone by
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osteoblastic cells. Endochondral bone formation and neovascularization depend heavily on
the expression of Runx2, acting in concert with Sox9 [53, 70]. The array of molecular players
in endochondral ossification is also associated with the progression of untoward, degenerative
atherosclerotic calcification [71], as shown in models of heritable vascular calcification [72,
73]; matrix Gla protein (MGP) knockout mice and apoE knockout mice, which both develop
arterial cartilage metaplasia.

In this context, MGP functions as a noggin-like inhibitor of vascular BMP-2 mediated signaling
[74]. Hence, in the absence of MGP, enhanced BMP-2 signaling may promote vascular cartilage
metaplasia. Loss of the intracellular BMP-R2 signaling inhibitor Smadé also provokes arterial
cartilage metaplasia and medial endochondral bone formation [75]. Noteworthy is that BMP-2
signaling can drive both chondrogenic and osteogenic differentiation of multipotent mesen-
chymal precursor cells [76]. However, it is important to emphasize that there is a finely tuned
balance between sustained Msx2 expression, which will promote osteogenic differentiation at
the expense of adipocyte and chondrocyte development [54, 63] and “intermittent” Msx2
expression. The former will secure functional bone remodeling, while the latter is meant to
prohibit mineralization of soft tissues [43]. Unfortunately, this balance may be tilted in both
directions, resulting in less mineralized bone tissue and untoward calcification of soft tissues.

2.6. The modulatory effect of vitamin K2

Vitamin K1 and the VCOR activation cycle is apparently of great importance for the status
of bone health through the influence of bone derived carboxylated osteocalcin (OC) on
several other organ systems, like pancreas (insulin secretion), adipose tissue (adiponectin
secretion) and testis (testosterone production), which all form reciprocally interacting organs
in a homeostatic organ cross-talk system [77-80]. However, since vitamin K2 (MK-7 and/or
MK-4) has been shown to be a ligand for the steroid and xenobiotic receptor SXR also
designated pregnane X receptor PXR, orphan nuclear receptor PAR1, and NR1/2 [81], the
knowledge of which genes are transcribed with the aid of MK-7 or MK-4 in different organ
systems or cells [12-14, 82, 83], is vital to understand how vitamin K2 status affects organ
homeostasis in general, and especially bone health and the regulation of detrimental
mineralization of soft tissues in particular [1, 8-10, 84].

Apart from the up-regulation of mRNAs for OC, BMP-2, and RANK-L, and alleviation of
TNFa-mediated suppression of pro-bone SMAD expression in osteoblasts [13, 14], it has been
shown that MK-7/4 in bone acts as a general transcriptional regulator of extracellular matrix-
related genes that are involved in the collagen assembly (indicated by gene ontology analyses).
Hence, MK-7/4 synergizes with calcitriol (active vitamin D=1,25(0OH),D;) in maintaining bone
growth and homeostasis throughout life. However, it seems that MK-7/4 deserve a closer
scrutiny, since there are a plethora of additional modulatory hormone-like effects exerted by
this “vitamin”, as envisaged by its modulatory effect on gene expression in osteoblastic cells.
Some interesting features are summarized in the table underneath:
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Gene

Biological effect related to biomineralization processes

CSNK1A (casein kinase 1)
(see Gene Card)

Modulates Wnt and hedgehog (HH) signaling pathways, which play a major role in the

differentiation of stem cells to osteoblasts, and contributes to the features of mineralizing

osteoblasts

FETUB, fetuin B
(see Gene Card)

Enables super-saturation of free Ca-P; molecules, thus prohibiting precipitation of

calcium-hydroxyapatite crystals in soft tissues

MAPK9 (MAP Kinase 9)

When activated, promotes B-catenin (CTNNB1) degradation and inhibits

(see Gene Card) the canonical Wnt signaling pathway
SMAD2 SMAD?2 is involved as a transcription factor contributing to the activity of SMAD2/
SMAD3:SMADA4 heterotrimer and down-regulation of TGF-f receptor signaling.
(SMAD family member 2)
Involved in the regulation of osteoblastogenesis and acquisition of mineralizing
(see Gene Card)
properties of cells in general
JUN (c-JUN, JUNB, JUND) Part of the dimeric AP1 complex. JUN associates with FOS, thereby affecting
(see Gene Card) differentiation of osteoblasts, osteoclasts, as well as immune cells (e.g. T-cells)

RYK (Receptor-Like
Tyrosin Kinase)
(see Gene Card)

May be a co-receptor along with FZD8 of Wnt proteins,
such as WNT1, WNT3, WNT3A and WNT5A

(of which WNT3A&5A are important for osteoblastogenesis and mineralization)

CRSP3 (Mediator complex
subunit 23)
(see Gene Card)

The protein encoded by this gene is a subunit of the
CRSP complex, necessary for
efficient activation by SP1

Table 1. Genes affected by Vitamin K2 (MK-7 or MK-4), as described by “Gene Card” on the Web. The genes tabulated
are involved in biomineralization processes as described by Slatter and co-workers [85].

In short, vitamin K2, without any doubt, heavily affects the phenotypic characteristics of
osteoblastic cells, i.e. both differentiation of stem cells to mature osteoblasts, as well as their
mineralizing capacity. Furthermore, it seems that vitamin K2 is involved in the steady state
level of SP1, the transcription factor, shown to be implicated in reciprocal regulatory loops
with several microRNA species known to be discriminators of osteoblast differentiation and
function [1, 3, 36-38]. Hence, it may be postulated that vitamin K2 may serve as an important
modulator of the process of bio-mineralization, stabilizing cell phenotypes within a narrower
span of features. In other words, vitamin K2 may optimize mineral deposition in bone, while
blocking untoward mineralization in soft tissues.

3. Putative problems, and future directions

The interaction between hormonal, metabolic, inflammatory, and mechanical stressor mole-
cules, as well as passive mineralization inhibitors determines the ultimate “phenotype” of
osteoblasts mediating mineralization in bone, as well as vascular progenitors regulating the
deposition of calcium in soft tissues. However, several issues have yet to be resolved concern-
ing the regulation of vascular calcification. Firstly, a detailed comprehension of the origins of
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the chondro-and osteo-progenitors is still elusive [43]. Secondly, the relative contribution of
trans-differentiating VSMCs and migratory myofibroblasts to vascular calcification responses
is not fully understood [43]. Additionally, a “homing response” induced by a vascular injury
will probably recruit circulating marrow skeletal progenitors [86] and contribute to damage
progression, including the development of ectopic vascular bone marrow in association with
vascular osteogenesis [43]. And finally, a better (i.e. minimal, but necessary and/or exhaustive)
set cell surface markers of the mesenchymal cell lineage seem to be required.

Furthermore, the impact of T-cells and macrophages in vascular calcification is not fully
understood, but may explain the reciprocal relationships between bone turnover and vascular
calcification. One interesting phenomenon is the shedding of microRNA-containing exosomes
from these immune cells [87]. Hence, future efforts in identifying which of these miRNA
species and other factors, which may “alter” the phenotype of the fibroblast like cells in vessels
and heart valves, are welcomed.

In a clinical setting, once vascular osteogenic tissue has acquired the ability to form mature
bone, thereis a possibility that anabolic bone-building hormones intended to treat osteoporosis
may also augment mineral deposition in soft tissues via coupled matrix turnover processes. It
should also be taken into consideration that diseases, like end stage renal disease (ESRD),
hyperglycemia, hypertension, hypercholesterolemia, hyperphosphatemia, PTH-resistance,
and iatrogenic calcitriol excess may all contribute to the vascular calcium load [88-90].

Hence, it seems that the reciprocally regulated calcification of various body organs/
tissues leaves little “space” for non-overlapping phenomena: calcification in bone with no
soft tissue mineralization, and decalcification of soft tissues without losing bone mass. To
solve the problematic issue of these tied and reciprocal phenomena, on may resort to apply
the fine-tuning ability of bio-molecular “players” like vitamin K2. This vitamin, with its
hormonal actions through the transcription factor SXR, seems to enable the body to control
both bone mineralization and strength [91-93] and counteract soft tissue calcification in an
optimal fashion [81, 94].

4. Materials and methods

In general, the description of materials and methods used is depicted in Figure 1. The results
presented in this chapter are based on the following;:

Materials: Human mesenchymal stem cells (hMSCs), human fibroblasts/HUVECs were either
from in-house stock strains, or obtained from commercial sources. Human MSCs were
differentiated to osteoblasts and heart valvular interstitial cells (VICs) according to standard
procedures [95], while the fibroblasts/HUVECs were used directly on demand. The cells were
exposed to appropriate media and differentiation protocols described elsewhere [96]. Fur-
thermore, bovine calf bone chips were obtained fresh from the slaughterhouse and incubated
with or without PBMCs differentiated to osteoclasts, according to standard procedures [97-99].
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Methods (incubations, manipulations and analyses): The data presented herein mainly
emanate from manipulation of differentiated cells (transfected with vectors expressing various
transcription factors, i.e. SP1, ETS1, and RUNX1) in control and mineralizing media (see above)
with siRNAs, pre-miRNAs and/or antago-miRNAs (corresponding to miR-149 and miR-328)
in the presence or absence of either cytokines (TNFa, IL-1, IL-6, and IL-17A) or vitamin K2
(MK-7). End point analyses of results obtained were performed using mRNA isolation
techniques (Quiagen), Q-PCR analyses of pertinent gene transcripts according to the literature
[100-102], ELISA-based quantification of secreted cell marker growth factors/cytokines and
others (e.g. osteocalcin, IL-10, TGFB, OPG, and RANK-L). Finally, mineralization surface was
measured using the Alizarin red S dye on cells in monolayers [103].

Bioinformatics: Interactions between microRNA-species, transcription factors (TFs) and cell
phenotype “specific” marker genes were emulated using the Mir@nt@n algorithm [19]. On the
charts, genes and microRNAs are visualized like this: TFs in red boxes; miRNAs in orange
rectangles.

Statistics: Mean values were considered significantly different from controls when p < 0.05
(non-parametric testing, n=9) (refs). Differences compared to controls are marked with a star *.
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Figure 1. Illustration of interconnected experiments contained within a differentiation scheme of stem cells towards
osteoblasts, manipulation of cellular phenotypes in the absence and presence of inflammatory cells or their cytokines,
as well as analyses of parameters pertaining to matrix deposition and its calcification.
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5. Results

5.1. Bioinformatics analyses using the Mir@nt@n algorithm

Figure 2, which is based on available osteoblast transcriptome data, featuring modulated
transcription factor (TF) mRNAs and microRNAs (miRs), shows that ETS1, SP1, and RUNX1
(encircled in green) are involved in feed-forward/feed-back regulatory loops with several miRs
included within the Stein [38] and Gordeladze [37] “miR-signatures” for osteoblastic cells. The
emulation was performed with the highest possible stringency. Other TFs within the same
network system are FOS, FOSB, SP3, and EGR2.

Transcription MicroRNA species « connected»

factors

Let-7f, 18b, 24, 27a, 27b, 29a, 29c, 31, 96, 135b, 141, 149, 182,
200a, 377, 522, 597
19a, 34a, 125a-5p, 133b, 13556, 148b, 206, 222, 328, 377, 492, 522

23a, 23b, 27a, 27b, 152, 182, 200a, 204, 220c, 224, 637, 638
17, 20a, 20b, 23a, 27a, 27b, 30a, 91, 93, 106a, 141, 494
Let-7a,c,df, 15a, 93, 326, 494, 597
20b, 23a, 25, 106a, 137
34a, 155, 326, 663
29a, 29c, 149, 597
133b, 135b, 182, 191
9, 200b, 522, 637
20a, 20b
206

Figure 2. Tabulation of transcription factors (TFs) targeted by various microRNA species (either predicted by the
Mir@nt@n algorithm or directly shown in experiments with reporter constructs). TFs and microRNAs focused on in
this chapter are highlighted in yellow and red (the Gordeladze osteoblast-“signature”) or green (the Stein-“signature”),
respectively.

Figure 3 shows the result of a Mir@nt@n emulation with low stringency, indicating that SP1,
ETS1, FOSB, and RUNX]1, are the TFs putatively binding the largest number of microRNA
species. It should be emphasized that the “Stein-signature” of miRs (highlighted in green) are
involved with more TFs than the “Gordeladze-signature” (highlighted in red), indicating that
the former is a better marker and/or predictor of the osteoblast phenotype.
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Figure 3. High stringency emulation of feed-forward and feed-back (“reciprocal”) regulatory loops encompassing tran-
scription factors and microRNA species using osteoblast transcriptomes and microRNA species known to be involved
in the differentiation and/or function of mineralizing osteoblastic cells [19].

Figure 4 shows the network of interacting TFs and miRs of the “Gordeladze-signature”
including histone deacetylaces (HDACs) emphasizing the important feed forward/feed-back
loops involving SP1 and ETS1 with the microRNA species 149 and 328. Many of the “Gorde-
ladze-signature miRs are interacting with sirtuins (e.g. SIRT1, one HDAC subspecies), which
indicates that the regulatory TF-miR system is influenced by the osteoblast’s energy status,
since it is known that the NAD*/NADH-ratio is influencing the activity of HDACs [10].

Figure 5a&b shows Q-PCR-data on transcription factor, marker gene and microRNA levels,
as well as mineralizing surface (%) in osteoblasts exposed to cytokines (cfr. Methods) trans-
fected with vectors containing SP1, ETS1 or RUNXI, or TF+cytokines (average of all three TFs
from separate experiments). In essence, the two panels indicate that the cytokine mix is
detrimental to the osteoblasts, and that over-expression of the transcription factors or antago-
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Figure 4. High stringency emulation of microRNA species interacting with transcription factors (TFs), functional mark-
er genes and the complete published “Gordeladze mini-signature” of microRNAs in osteoblasts, including histone de-
acetylases (HDACs and Sirtuins=Sirts). Insert: Resiprocal regulatory loops involving the miR-24,-149, and-328, and the
TFs SP1, FOS, and ETS1.

miRs counteract the negative impact of the cytokines on the osteoblast phenotype. Sections of
Alizarin red S colored osteoblasts are depicted underneath the tables.

Figure 6 a&b indicates the same type of analyses/data as Figure 5. Here, Q-PCR-data and per
cent mineralizing surface are presented. DKK1, which is an inhibitor of osteoblastogenesis is,
inversely regulated within the various treatment groups, compared to the other markers.
However, the data set grossly indicates that cytokine exposure “deprives” the osteoblasts of
their phenotype markers, while overexpression of either transcription factor (SP1, ETS1 or
RUNX]1) in the presence of all cytokines “reinstates” the osteoblast phenotype characteristics.

Figure 7 shows one Mir@nt@n-emulation of regulatory network lattices consisting of osteoblast
related transcription factors and microRNA species. The insert shows that the vitamin K2
receptor SXR (also known as NR1I2) associates with miR-760, which is tied to JUNB in a
reciprocal looping system, connecting vitamin K2 to a network resembling the one featured in
Fig. 2. However, vitamin K2 apparently needs miR-597 to connect to this looping system. The
significance of miR-597 is discussed in Section 6.3.

Figure 8 depicts the effect of the vitamin K2 analogue MK-7 (menaquinone-7) on the secretory
function of osteoblasts embedded in bovine bone slices exposed to either, MK-7 (10 ng/ml),
SXR-siRNA or pre-miR-760. Clearly, MK-7 exposure of the bone chips for 7 days enhances the
secretory profile (osteocalcin, IL-10, TGFp, OPG and RANKL) measured with ELISA-kits.
Furthermore, concomitant incubations with either SXR-siRNA or pre-miR-760 obliterate the
effect of MK-7.

Figure 9 shows the impact of the transcription factors FoxA3 and FoxO1 on Runx2 expression
in osteoblastic cells (left). Clearly, siRNA directed against either transcription factor obliterates



Regulatory Loops Consisting of Transcription Factors and microRNA Species Determine the Mineralizing... 85
http://dx.doi.org/10.5772/59149

Osteoblast Control = + Cytokines + TF
Parameters 1007 + Cytokines

Osteoblast + Cytokines + Antago- + Antago-miRs
Parameters miks + Cytokines
TF = SP1, ETS! or 100 39 573 366"
RUNX1
Rurx2 100 45" 389~ g
Collagenlal 100 36" 319* are-
Osteocalein 100 ar 21" 251"
Osterix (SP7) 100 3 301+ 199*
Minerclizing «surfaces 100 Ll 24 167
OPG/Rank-L ratio 100 37e* 21 {140
MIR-149 100 449~ 17" 69
MiR-328 100 577 F3 o 48
MR-27b 100 466~ 18" i~
MIR-29a 100 521 21 3"
MiR-204 100 488~ f L 18*
MiR-211 100 469 21 2

Figure 5. Tabulation of osteoblast-related parameters (transcription factors=TFs, microRNAs and mineralizing surface)
measured in osteoblasts differentiated from hMSCs, in the presence or absence of MK-7, cytokines or both. All values
are given as a percentage of controls (=100%). All results are means of separate experiments with the TFs indicated.
Figures marked by stars (*) indicate p-values < 0.01.
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Figure 6. Tabulation of osteoblast-related parameters (transcription factors=TFs, microRNAs and mineralizing surface)
measured in osteoblasts (fig. a) or fibroblasts/HUVECs/VICs (fig. b) isolated from human tissues or differentiated from
hMSCs, in the presence or absence of cytokines and transcription factors (SP1, ETS1 or RUNX1) expressing constructs.
All values are given as a percentage of controls (=100%). All results are means of separate experiments with the TFs
indicated. Figures marked by stars (*) indicate p-values < 0.01.
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Figure 7. Mir@nt@n emulation [19] of osteoblast transcription factors=TFs and microRNAs, including miR-760, which
was shown to putatively couple to NR112=SXR with the highest binding characteristics (the Sanger microRNA Data-
base), known to be a receptor for vitamin K2 (i.e. MK-7 and/or the metabolite MK-4.

the stimulatory effect of MK-7 on Runx2 mRNA. It is well known that insulin and various
growth factors modulate the activity of both FoxA and FoxO species via the PI3-
Kinase/Akt/PKB signaling pathway, indicating that vitamin K2 is able to modulate hormonal
or growth factor mediated impact on osteoblasts and possibly also other cell phenotypes.

Figure 10a&b depicts how osteoblasts (a) or fibroblasts/HUVECs/VICs (b) transfected with
empty vectors, respond to the exposure of MK-7, a cytokine mixture (see text-Fig 8) or
MK-7+cytokines in terms of transcription of genes and microRNAs, modulating mineral
deposition in their surrounding matrix.

Figure 11 summarizes the effect (“correction”) of transcription factors (TFs), microRNA species
and vitamin K2 on the phenotypic characteristics of osteoblasts, fibroblasts, HUVECs and
VICs. By manipulating different cell phenotypes with TFs and miRs engaged in reciprocal
regulatory loops, in the presence of vitamin K2, it may be possible to stabilize and/or correct
cell phenotypes to restrict mineralization of extracellular matrix to organs where mineral
deposition is wanted (bone) and inhibit calcification of soft tissues like blood vessels and heart
valves. Pay special attention to the reciprocal regulation of Runx2/SP7/BGP vs Matrix GLA
protein (MGP) in osteoblasts and fibroblasts/ HUVECs/VICs.
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Figure 8. Secretory profile (osteocalcin, IL-10, TGFB, OPG, and RANK-L) of mature osteoblasts within freshly isolated
bovine bone chips for 7 days (days 8-14) after being pre-conditioned for 7 days (day 1-7) with either MK-7 (10 ng/ml),
siRNA against SXR, or pre-miR-760.

6. Discussion

6.1. The importance of regulatory loops for the control of cellular phenotype

Feed-forward and feed-back regulatory loops consisting of transcription factors (TFs) and
microRNAs are parts of an epigenetically “stabilizing” machinery [104]. Three categories of
signals are proposed to operate in establishing a resilient, heritable epigenetic state. An
extracellular signal designated the “epigenator”’, conveyed from the environment, triggers the
start of the epigenetic pathway. The “epigenetic initiator”” receives the signal from the
“epigenator” and determines the precise chromatin location and/or DNA environment for
establishing the epigenetic pathway. The “epigenetic maintainer”” sustains the chromatin
environment in both the initial and succeeding generations. Persistence of the chromatin milieu
may require cooperation between the initiator and the maintainer. Hence, microRNAs and
TFs, once they have attained an interactive “steady state”, function as “maintainers” of a given
cell phenotype with defined characteristics.
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Figure 9. Left: Expression of Runx2 (Q-PCR) in osteoblasts differentiated from hMSCs in the absence (controls) or pres-
ence of MK-7 (10 ng/ml), MK-7+either FoxO1 -or FoxOA3-siRNAs (featuring two separate experiments). Right: Sche-
matic representation of the impact of MK-7 on the signaling systems driven by insulin and growth factors (TGFs/
BMPs) on the transcription of genes via PI3-kinase and the Akt/PKB-system, as described in the literature [108].

From a literature search (PubMed) on “SP1 transcription factor and osteoblasts”, SP1 is
somehow interfering with the effect of Runx2, SP7 (Osx), FIAT (inhibitor of ATF4), ETS-like
TFs, MZF1 (myeloid zinc finger), JunB, and also directly affecting the transcription of marker
genes like Collal, Col5al, Col5a3, Collla2, Fibromodulin, Osteocalcin, MGP (matrix-gla
protein), RANKL, Pit phosphate transporter, Integrin 35, and TGF@3-R1. Furthermore, a similar
search on “FosB and osteoblasts” revealed that FosB is interfering with the effect of BMPs and
TGFs on the expression of downstream signaling molecules like Smads, TCF/LEF, as well as
c-myc, and fra-1, but also directly modulating the transcription of IL-11 (which suppresses
DIKK1 & DIKK2, thus enhancing Wnt-signaling), stimulating Pref-mediated dedifferentiation
of adipocytes, relaying stretch-mediated osteoblast differentiation, counteracting the negative
effect of Notch1 (a decrease in the expression of Collal, Osteocalcin, and ALP) by obliterating
its negative effect on the Wnt/{3-catenin pathway. Finally, the recent literature describes the
positioning of ETS1 in the differentiation of osteoblasts in this way: Leptin is a strong inducer
of osteoblast differentiation working through Stat3 (ref), and it was shown that ETS1, along
with Statl, Stat3, and VDR were induced by Calcitriol (1,25(OH),D;) in UMR-106 osteoblast
like cells, and that ETS1 is essential for connective tissue factor (CTGF/CCN2) induction by
TGF-B1 in osteoblasts, synergizing with Smad3.
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Osteoblast Control = + Cytokines + MK=7
GENE expression 1007 + Cytokines
100 143 ar 121
CSNKIAL 100 433 a7 121
Msx2 100 356" 65 97
RUNX2 100 476% 33 88
Osterix (5P7) 100 38~ ™ 122
Osteocalcin (B&F) 100 489° 34 143"
Matr. 6LA pr. (M&F) 100 87 47 112
PIT-1 100 43z~ 30* 143~
Mineralizing «surfaces 100 185* 29~ 88
MiR-149 100 L Uil 188* 78
MiR-328 100 22* 211" i
Mir-29a 100 1* 251" 123
MiR-133b 100 18* 217* "

Fibr./HUVEC/VIC control + Cytokines + MK-7
GENE expression 1007 + Cytakines
108
CSNKIAL 100 87 321~ 122
Msx2 100 54* 188* 91
RUNXZ2 100 61" 354~ 127
Osterix (SP7) 100 31~ 449* 86
Osteocalcin (B6F) 100 53" 376" 132
Matr. 6LA pr. (M6F) 100 387 31~ 378"
PIT-1 100 78 321* 87
Mineralizing «surfaces 100 88 567" 132
MiR-149 100 465" 23" 367
MiR-328 100 388* ™ 421
Mir-29a 100 456 24 337
MiR-133b 100 AT 3+ 411

(b)

Figure 10. Tabulation of recently recognized “discriminating” (for comparison, see Figures 6a&b) osteoblast-related
parameters (transcription factors=TFs, microRNAs and mineralizing surface) measured in osteoblasts (fig. a) or fibro-
blasts/HUVECs/VICs (fig. b) isolated from human tissues or differentiated from hMSCs, in the presence or absence of
cytokines and transcription factors (SP1, ETS1 or RUNX2) expressing constructs. All values are given as a percentage
of controls (=100%). All results are means of separate experiments with the TFs indicated. Figures marked by stars (*)
indicate p-values < 0.01.
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Figure 11. Schematic representation (summary) of the impact of transcription factors (like SP1, ETS1, and RUNX1), mi-
croRNA species possibly constituting a minimal and sufficient “osteoblast”-like signature (miR-149,-328,-27,-29,-133,
and-135), and vitamin K2 (e.g. MK-7) on the stability of the osteoblast and fibroblast/HUVEC/VIC phenotype (i.e. min-
eralizing facilitating and mineralization prohibiting) development and/or maintenance.

Furthermore, BMP2 stimulation of pre-osteoblasts is mediated through ETS1, which trans-
activates Osteopontin, Runx2, PTHrP, and Collal genes. The most compelling evidence for
the importance of ETS1 (together with SP1 and SP7=Osx) on conferring the osteoblast pheno-
type of differentiating cells, is that the Runx2 P1 promoter in mesenchymal cells is co-
stimulated at purine-rich DNA sequences (Y-repeats). It has also been shown that mechano-
stimulation of MSCs enhances ETS1, Runx2, and ALP transcription and translation in a
sequential manner, and that RNF11, also deemed necessary for osteoblastogenesis, in fact, is
regulated by ETS1. Finally, the AJ18 gene, which is as a novel KRAB/C82/H(2) gene implicated
in the differentiation of osteogenic cells, displays several response elements for proteins like
ETS1 and SP1, as well as Runx2, Smads and NF«B.

It may be asserted that the larger number of microRNAs involved in the modulation of the
activity of a certain cell’s TFs, the more stable the cellular phenotype will become, and the more
finely tuned its functions will be. Hence, it may be postulated that the alteration of the steady
state levels of players contained within reciprocal regulatory loops in osteoblasts, may also
determine whether the cells in other organs than bone may acquire mineralizing characteristics
or not. Our results clearly state that this is the case, since it was possible to fortify the miner-
alizing phenotype of osteoblasts, and weaken the mineralizing properties of fibroblasts,
HUVECs and VICs by manipulating the levels of SP1, ETS1, and RUNX1, or the levels of
osteoblast-“specific” signature-microRNAs, like miR-149 and miR-328 [36, 37]. Suppression of
miR-149 enhances the mRNA level of target proteins associated with the differentiation of
osteoblasts (Runx2, APC2, RNF11, and SP1). At the same time, a reduction in miR-149 will
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enhance the transcription of factors (cEBPA, ATF3, Stat3, and PIAS1) known to counteract
chondrocyte development induced by TGF3-R and Sox9. Enhancing the level of miR-149 (i.e.
the corresponding pre-miR) will favor chondrogenesis at the expense of osteoblast differen-
tiation. Hence, miR-149 may be defined as a “switch-miR”.

In an excellent review, Goettsch et al, [18] list up-and down-regulated microRNA species in
coronary artery disease, aortic stenosis and arteriosclerosis obliterans, of which several, e.g.
29a, 125b, 135b, and 204, having been shown targeting osteogenic markers (like BMP2, DKK1,
RANKIL, Osterix, Runx2, SMADs, and BMP-2), and 335-5p and 155, known to target calcifica-
tion inhibitors (like MGP and Fetuin-A). However, this is the first time it has been shown that
microRNAs involved in reciprocal regulatory loops with transcription factors are able
to “determine” whether a cell type will be mineralizing or not.

6.2. Gene expression profiles as markers for osteoblast and fibroblast/ HUVEC/VIC analyses

The tables showing the impact of vitamin K2, and vitamin K2, and cytokines, list various
marker gene expression profiles, as well as mineralizing surface obtained with Alizarin red S
in 2D-cell cultures. The parameters are selected from a set of articles featuring the character-
istics of mineralizing osteoblasts, as well as calcifying soft tissue fibroblast like cells with
emphasis on CSNK1A1, WNT3A, DKKI1 (signaling molecules), MSX2, Runx2, Osterix=SP7
(transcription factors), collagenlal, osteocalcin, matrix GLA protein (matrix structural
proteins), MMP9, OPN=SPP1 (extracellular bioactive molecules=proteinase, hydroxyapatite
binder). PIT-1=POU1F1 (Na*-phosphate transporter), and RANKL (activator of NFkB) and
OPG (osteoclast inhibitory factor), as well as microRNA species contained within various miR-
“signatures” [36, 38] of osteoblasts, where they inhibit factors responsible for osteoblastogen-
esis and expression of biomolecules necessary for mineralization of the cellular matrix. As
pointed out elsewhere (under results), the pattern of parameter modulation of osteoblasts and
fibroblasts/HUVEC/VIC genes and microRNA expression is compatible with a strengthening
of the osteoblast phenotype when the transcription factors SP1, ETS1, or RUNX1 are reinforced,
or when microRNAs (e.g. mir-149, -328 (as well as -204, -211,- 27b, and -133b; data not shown
in this chapter) are targeted in particular.

6.3. The impact of vitamin K2 on the mineralizing properties of cells

Vitamin K2 (MK-7 (or its metabolite MK-4) was shown to be involved in the regulatory loops
consisting of microRNAs and transcription factors (TFs), as stated above. MK-7/MK-4, by
binding to the transcription factor SXR/PXR/NR1I2 is able to connect to the looping system via
miR-760, JUNB, and miR-597. The microRNA species 597 thus putatively targets (as envisaged
by the Mir@nt@n and TargetScan algorithms): APC2, BMP-1,CD44, CTNNA1, CTNNBI,
CTNNBLLI, FOS, FOXA2, FOXA3, FOXO3, FOXP3, FOXP4, GATA6, GATAD2A, HES1, IL-17D,
IRF4, JUNB, MSX1, NFATC4, NOTCH2, RORC, RUNX1, RUNX2, RUNX3, SMAD2, SMAD3,
SMAD4, SMAD?, SOCS2, SOX4, SOX6, SOX9, SOX11, SP1, SP2, SP4, SP6, SP8, SPRY1, SPRY3,
STAT1, TGFB-2, VLDLR, WNT2, and WNT9B.
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These genes are all heavily involved in different signaling pathways determining the devel-
opment of mineralizing properties, as well as the differentiation of Th-2 and Th-17 cells from
precursor immune cells, i.e. T-regulatory cells [105]. It may therefore be asserted that vitamin
K2 plays an important modulatory role in: 1) the homeostasis of mineral deposits, i.e. calcifi-
cation of bone and decalcification of soft tissues, as well as 2) the process of soft tissue
infiltration by immune cells, which eventually leads to untoward calcification.

However, when searching various databases for putative interactions between microRNA-
species involved in reciprocal regulatory loops with transcription factors (i.e. miR-149, -328,
-29, -27, -23, -34a, -133, -220c, -597, -522) for putative interference with the transcription/
translation of NFKB1, NFKB2, and/or with their subunits RELA/RELB, known to be important
for the differentiation of inflammatory macrophages and Th-cells, no interactions could be
predicted. Hence, the well-known modulatory effect of vitamin K2 on osteoclasts and Th-cells
related to bone mass and inflammation, respectively, most certainly are not determined
directly by the subject reciprocal regulatory loops, as suggested by the coupling of SXR=NR1I2
to FOS, via the miR-7/JUNB/miR-597 axis.

6.4. The overall modulatory effect of reciprocal regulatory loops involving transcription
factors and microRNAs, and interference from vitamin K2

From the data presented here, it may be hypothesized that certain transcription factors and
microRNA species are heavily involved in determining whether a given cell type will express
mineralizing properties or not. In this context, it would be beneficial to exploit this knowledge
to directly reinforce mineralization of bone (via osteoblasts) and block the calcification of soft
tissues (induced by fibroblasts/HUVECs/VICs in blood vessels and heart valves) due to
senescence or active inflammatory processes involving macrophages and T-cells, through a
gene therapy program.

However, by optimization of tissue exposure to vitamin K2, one may both directly and
indirectly obtain similar results, since vitamin K2 (MK-7 or MK-4 or both) affects the reciprocal
regulatory loops, reinforcing both the osteoblast and fibroblast/HUVEC/VIC phenotypes, both
in the absence and presence of cytokines derived from active, inflammatory Th-cells.

7. Summary and future perspectives

The present text features the dynamic interaction between important biological player
molecules, determining the spectrum of features expressed by different cell types exposed to
the same ambient environmental factors (e.g. oxygen, nutrients and hormones/growth factors).
Osteoblasts and soft tissue cells, like fibroblasts/HUVECs/VICs, respond to the same bioactive
molecules, however, osteoblasts mineralize bone matrix, while the others do not normally
calcify soft tissues. We have shown that regulatory looping systems consisting of microRNAs
and transcription factors (TFs) may determine whether mineralization is going to take place
or not, and that the cell/organ homeostasis is disrupted in the presence of cytokines from
inflammatory cells (Th-cells).
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By manipulating these loops, containing several members of the epigenetic machinery, one
may strengthen wanted cell phenotypes (e.g. osteoblasts in patients with osteoporosis) and
weaken unwanted characteristics (e.g. calcifying fibroblast like cells in the elderly or patients
suffering from hypertension, diabetes, end-stage renal disease, hyperlipidemia and other
diseases). If gene therapy is not warranted or wanted, one may resort to optimal “vitamin K2
therapy”, since MK-7 was shown to normalize and strengthen the mineralizing osteoblast
phenotype, and weaken the mineralizing “fibroblast” phenotype in the presence of inflam-

matory cytokines.

We have previously shown that the regulatory looping system also contains histone deacety-
laces (HDACS, including the Sirtuin class, the latter responding to the energy state of an organ)
(see Fig. 4). Sirtuins may respond to small activator molecules [106, 107], such as plant
polyphenols, which confer their activating potential through FOXO3 binding to the Sirtl
mRNA. Sirtl transcription is activated in mature osteoblasts (where miR-16 levels are dimin-
ished), compared to other cell types. Hence, the FoxA/FoxO gene activating system, also driven
by vitamin K2, may be further stimulated (synergistically?) by Sirt activators found in natural
foods, thus conserving the osteoblast phenotype better during ageing and or inflammatory
processes. It should not surprise anyone, if soft tissue cells like fibroblasts/HUVECs/VICs will
respond in an opposite manner to the same polyols, reinforcing the anti-calcifying properties
of vitamin K2 on soft tissues like blood vessels and heart valves.
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1. Introduction

In contemporary regenerative concepts the combination of multipotent cells and individual-
ized scaffolds holds great promise. Adult stem cells with their regenerative and proliferative
characteristics are a very adaptable cell resource for tissue regeneration.

From the support of neuronal healing processes after traumatic lesion to clinical application
in plastic surgery especially adult mesenchymal stem cells have already proven their opera-
tional capability with good experimental as well as clinical success.

Human adipose derived stromal cells represent a group of mesenchymal stromal cells that
come with certain advantages in terms of regenerative medicine: the cells are easily and-if
necessary-repeatedly harvested, i.e. by liposuction, without leaving disfiguring scars and the
cells occur in abundance, thus a relevant amount of cells can be acquired quickly. The term
“plasticity’ describes the potency of adipose derived cells, to cross-differentiate across their
original germ layer into cell lineages of non-mesenchymal origin. A feature that possibly opens
new vistas in regenerative tissue design.

Their special charm lies not only in their differentiating ability but in their secretory properties
also, that seem to be able to further support angiogenesis, inflammation and its regulation or
matrix remodelling processes.

This survey aims to present the current state of adult stem cell application in regenerative
concepts. With special regard to adipose-derived cells the chances and pitfalls of the appliance
of these cells are illuminated.

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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2. Stem cells in regenerative medicine — Established strategies

When talking about stem cell biology one has to define and to confirm the characteristics of
this special cell population in each setting. Genuine stem cells distinguish themselves by
typical biological features.

Stem cells are able to renew themselves by symmetrical division; this cell division produces
two identical copies (daughter cells) from one original cell. During asymmetrical division one
of the originated cells becomes the aforementioned identical daughter cell, whereas the second
cell alters its cytological profile and starts irretrievably the differentiation towards a certain
specialized cell type.

Figure 1 illustrates symmetrical and asymmetrical stem cell division.
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Figure 1. Symmetrical and asymmetrical stem cell division [1]

Stem cells provide a supply of progenitor cells, which are able to give rise to tissues from their
original dermal layer or, especially when talking about embryonic stem cells (ESC), to tissues
from all three different dermal layers. The ability to differentiate beyond the original cellular
derivation means true pluripotency. In contrast, adult stem cells, harvested for example from
bone marrow or the liver, are capable to generate specialized cells and tissues of their original
germ layer; this ability to bring forth cells similar to their embryonic origin is called multipo-
tency. The plasticity of adult stem cells, the potential to differentiate beyond their original germ
layer in a multilineage development is discussed controversially in current literature for they
have not been successful in producing veritable offspring after injection into a tetraploid
blastocyst in a mouse model, so far [2].
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A well defined panel of surface markers characterizes stem cells as multi-or pluripotent cells
and separates them from other cell entities. Morphologically, for example multipotent adult
cells appear as spindle-shaped, fibroblast-like cells with fine tails. In the presence of other cell
populations the cells become more round, similar to cobblestones.

Yet, a morphological description alone is not able to identify the cells due to their similarity to
other cells, i.e. to fibroblasts.

The immunohistochemical evidence or the typical lack of characteristic surface markers
defines the cells under scrutiny as multi-or pluripotent cells. It is important to acknowledge
that the expression profile of the respective cell type is dynamic and might alter during under
cultivation and passaging.

Prominent defining surface markers of different human stem cells are summarized in Table 1.

ESC MSC ADSC
positive positive positive
SEA-3, SSEA-4, (), TRA-1-60, TRA-1-81, CD105, CD90, CD 271, CD73 CD13, CD29, CD44, CD49, CDY0,
alkaline phosphatase, GTCM-2 negative CD105, CD106, CD166, Fibronectin,
negative CD34, CD45, CD14 or CD11b, CD79a aSMA, Vimentin, Collagen-1
SSEA-1 or CD19, MHC-II molecules, mainly ~ negative

HLA-DR CD 31, CD45, CD 117, CD133, HLA-

DR, STRO-1, Lin, HLA I

Table 1. Surface markers of different adult stem cells [3,4]

To define stem cell criteria in a cell population in short the cells in question have to show the
capacity of self-renewal, they have to able to survive and proliferate long-term and the
unfractioned plastic-adherent cell population has to show multipotency [5].

In many scientific constellations different groups of pluri-and mulitpotent cells have proven
their effectiveness. There is a great variety of disorders in which stem cell therapy in different
applications might emerge as promising therapeutic strategy.

Table 2 summarizes cell lines and corresponding diseases where stem cell therapy is under
investigation.

Bai et al. investigated the effectiveness of adipose tissue derived pluripotent cells on cardiac
function after acute myocardial infarction in an in vivo design and were able to show that in
severe combined immunodeficient mice not only the cultivated cells but also the freshly
harvested and transplanted cells showed significant positive effect on myocardial regeneration
and cardiac function after local injection to the peri-infarct region [6].

Another prominent example is the application of bone marrow derived mesenchymal stem
cells in the therapy of retinal degeneration. In a rat model of retinal dystrophy the subretinal
or intravitreal transplantation of human bone marrow derived stem cells led to a significant
amelioration of the retinal function, whereas the effect in the subretinal injection group was
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more permanent [7]. Both examples underline the potential of these cells, even if many issues
remain unaddressed so far and a clinical application needs much more supportive data.

Tissue type Cell lineage Disease application

Endocrine Islet beta cells Diabetes

Blood Lymphoid cells Immune deficiencies
Erythrocytes Sickle cell anaemia

Liver Hepatocyte Liver failure

Renal Podocytes and tubular cells Acute and chronic renal failure

Neural Oligodendrocyte Spinal cord injury
Dopamine neuron Parkinson’s disease
Motor neuron Motor neuron disease

Muscle Skeletal muscle Muscular dystrophy

Eye Retinal epithelium Retinal degeneration

Cardiovascular Cardiomyocyte Myocardial infarction
Endothelial Stroke

Ischaemic limb disease

Table 2. Tissues, cell lines and diseases

Different populations of pluripotent cells could exert their therapeutic efficacy in animal
models of meniscus and lung injury as well as in clinical studies of osteogenesis imperfect [8,
9,10].

3. Adult stem cells: Their pros and cons

Stem cells derived from two different origins are investigated and applied successfully in many
scientific settings and some clinical strategies: one source, the most prominent and versatile
group of differentiating cells are human embryonic cells. The advantages of these cells are their
ability proliferate stably over many passages in in-vitro settings and their potential to differ-
entiate into many different cell types derived from each one of the three embryonic germ layers:
the endo-, meso-and ectoderm layer [11].

This true pluripotency defines the unique attractiveness of these cells especially in regenerative
concepts that aim to replace complex anatomical structures. The harvesting of embryonic cells
nevertheless remains problematic and has been the reason for controversial ethical and forensic
debate: human embryonic stem cells are derived from cells of the blastocyst stage of embryos;
the embryos in question generally are derived from in vitro fertilization treatment and not
used for implantation for different motives; to date over 1000 immortal hESC cell lines are
reported.
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The process of harvesting and isolating embryonic cells is strictly regulated and under religious
control. This reasonable and necessary limitation of the accessibility to the pluripotent cells
complicates their use in clinical research. In addition to that, transplanted hESCs often cause
strong immunorejection and as a result to their proliferative activity tend to cause neoplasia
i.e. teratoma [12]. Despite the controversies, in few clinical trials dealing with spinal cord
injuries, ECs are applied successfully: transplanted embryonic stem cell-derived glia cells,
which are capable of producing myelin, were able to redevelop damaged spinal cord tissues
inrodents with consecutive improved motoric functionality; these cells are utilised and studied
in patients with complete subacute spinal cord injury to date (A Phase 1 Safety Study of
GRNOPC1 in Patients With Neurologically Complete, Subacute, Spinal Cord Injury [clinical
trial]. ClinicalTrials.gov registration number: NCT01217008. Accessed at http://clinicaltri-
als.gov/ct2/show /NCT01217008 on 11 June 2011.). The safety and tolerability of ECS derived
retinal cells are investigated in patients with advanced macular degeneration, a degenerative
disease that threatens the eyesight of millions of patients worldwide (A Phase I/II, Open-Label,
Multi-Center, Prospective Study to Determine the Safety and Tolerability of Sub-retinal
Transplantation of Human Embryonic Stem Cell Derived Retinal Pigmented Epithelial (MAQ9-
hRPE) Cells in Patients With Advanced Dry AMD [clinical trial]. ClinicalTrials.gov registration
number: NCT01344993. Accessed at www.clinicaltrials.gov/ct2 /show/NCT01344993 on 11
June 2011.).

Somatic or adult stem cells, the other source of differentiating cells, can be harvested as not-
differentiated cells between surrounding specialized cells in the mature organism from various
tissues or fluids without or with only little donor site morbidity. The difficulty of embryonic
cell harvesting or handling does not occur.

In therapeutic concepts the use of autologous cells provides the base of personalized therapy.
Their function in the embryo as well as in the adult organism is to replace and repair damaged
or aged cells or tissues: this concept becomes imminent regarding the regenerative potential
of the epidermis with its typical cell-based renewal cycle or the regenerative properties of the
liver after damage or resection.

The advantage of these mature cells is their capacity to differentiate into various specialized
cells and tissue types: mesenchymal stem cells from the bone marrow are able to develop into
different cell types within the limits of their original blastodermic layer, i.e. osteoblasts or
chondrocytes. Multilineage developmental or plasticity describes the stem cells” potential to
overcome the histological limitations of their initial germ layer and their capacity to differen-
tiate into progenitor cells and ultimately into cell types of another origin. This promising
attribute of adult stem cells is discussed controversially in current literature:

Krampera et al. compared adult stem cells from different origins for their study: in an in vitro
setting the authors were able to induce an ectodermic differentiation of MSCs from bone
marrow, fat, spleen and thymus into neuron-like cells [13]. Ning et al. described in 2009 an in
vivo endothelial differentiation of adipose tissue-derived stem cells under the influence of
Fibroblast Growth Factor 2 (FGF2) and other growth and proliferation factors in an animal
model. In the presence of FGF2 the observed ADSCs proliferated faster, expressed endothelial
surface markers as CD31 or von Willebrand Factor (vWF) and formed tube-like formations in
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matrigel [14]. Following these findings a cross germinal differentiation of adult stem cells —
with the support of growth of differentiation factors — seems feasible.

There are several similar investigations to support these findings; many other authors come
to the conclusion that this cross-germinal specialization cannot be observed reproducibly.
Especially the biological functionality of the differentiating cells is questioned critically.

In a clinical context, the capacity of adult stem cells to cross their germinal borderline remains
unclear so far; there is particularly no sufficient and finally convincing in-vivo data to support
the hypothesis.

Adult stem cells are detected in different tissues:

Mesenchymal stromal or stem cells (MSCs) are fibroblast-like shaped cells and appear
ubiquitously in the human organism; they seem to originate from perivascular or adventitial
tissue. They have the potential of multilineage differentiation and seem to exert numerous
paracrine effects: by secreting different growth and signalling factors they seem to be able to
modulate angiogenesis, (anti) inflammation or apoptosis.

The first MSCs described were bone marrow derived cells [15]: they are harvested from bone
marrow aspirates. Their cultivation, functional characterization and differentiation behaviour
has been investigated since the 1970s. Under standard culture conditions they have to be able
to specialize into osteoblasts and chondrocytes.

Adipose derived stromal cells (ADSCs) come with many advantages: their harvest is much
easier and safer than the isolation of bone marrow. One is able to produce the cells in larger
amounts and the cells can be isolated repeatedly from the same donor region. The isolation
and characterization is performed without difficulty and has often been described in literature.

Figure 2 gives a survey of the isolation of hADSCs.

Another interesting source of adult stem cells is the dental pulp stem cells (DPSCs). The
probably most attractive feature of these cells that develop from the neural crest is their easy
approachability from removed (wisdom) teeth as a by-product of the necessary surgery [16].

Due to their cytological similarity to bone marrow derived stem cells, these dental derived cells
are under special investigation concerning not only repair or replacement of dental structures
butinmusculoskeletal regenerationalso. During their characterisation in vitroit could be shown
that DPSCs — compared to bone marrow derived cells for — show striking similarity to neuro-
glia cells and differentiated into neural and endothelial cells reproductively [17].

It has been possible to reprogramme dental pulp cells after third molar removal to induced
pluripotent cells (iPS) that differentiated in vitro and in-vivo expressing cell and tissue types
from all three germ layers. Even the typical formation of teratoma could be observed [18].

In mouse models of myocardial infarction and hind limb ischemia the therapeutic potential of
endothelial and smooth muscle cells derived from DPSC induced pluripotent cells has been
demonstrated [19]. These investigations encourage further scientific work with dental pulp
derived cells, which are gained in many cases as a by-product of a necessary tooth removal;
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Figure 2. The preparation and isolation process, RT=room temperature, SVF=stromal-vascular cell fraction [3]

in future concepts the dental pulp cells from third molars might be preserved and stored for
later use in cell based autologous tissue regeneration.

To combine the good accessibility of adult cells with the excellent differentiating potential
another cell source was to be established. Induced pluripotent cells (iPS) surmount the problem
of limited access: the cells, for example skin fibroblasts, can be harvested (repeatedly) after
informed consent in the mature organism from various tissues as adult cells with differenti-
ating capacity. Therefore they prevail the difficulty of immunoreactivity: they can be harvested
autologously. By inducing certain surface/ interaction markers retrovirally, among others
Sox2, c-Myc, the so-called Yamanaka factors, these cells forget their initial programming and
regress to an earlier precursor stage with enhanced, ES cell-like differentiating properties.
Similar to ECS they are capable of unlimited self-renewal in vitro.

The iPS cells show very good proliferative activity; this feature comes with the induction of
neoplasia after transplantation, similar to embryonic stem cells.

Their potential and special charm lies in the fact, that with the help of this technique it is
generally feasible to isolate an individual cell line from almost every donor. This cell line might
be the basis of cell pool, from which many different functional cell and tissue type can be
generated autologously for individualized regenerative concepts. In addition iPS cells are used
for the construction of disease specific cell and tissue models. With these the potential of
therapeutic strategies can be explored.

Figure 3 illustrates the experimental process.
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Figure 3. iPS cells as models of different diseases [20, 21]

The harvest, isolation and application of somatic or adult stem cells provide the potential for
personalized regenerative concepts. The application especially of autologous cells comes with
the advantage of avoiding immunorejection and has verified its prospective in different clinical
concepts.

4. Adipose-derived cells vs. bone marrow-derived cells

Human adipose derived stromal cells (hADSCs) are localized in different fatty tissues as
subcutaneous, visceral and omental fat. Morphologically these cells appear typically as
spindle-shaped. Their harvesting and isolation can be easily performed with minimal invasive
approach under local anaesthesia with minimal tissue damage and without excessive scarring,
for example by liposuction or —aspiration, if necessary the collect can be repeated without
difficulty. The cells can be harvested in amounts that up to 500 times higher than mesenchymal
stromal cells from other localizations. This feature comes with the advantage that the cells
could be implanted at a therapeutic amount without a preparing culturing and expansion
phase; thus, adverse culture effects that might impair their biological function and effective-
ness can be avoided [22].

In many investigations it was possible to show that the adipose derived cells are able to
differentiate within their original embryonic germ layer to chondrocytes or myoblasts. In
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addition some authors state that a capacity for differentiation beyond the cytological restric-
tions of the mesoderm to neuronal and endothelial cells is possible. Rehman et al. among others
described the potential of adipose derived cells for endothelial and macrophage differentiation
[23]. These traits make adipose-derived cells an ideal cell source for personalized regenerative
concepts including bone or chondral tissue. In addition to that, adipose-derived tissue
represents an enormous reservoir of potentially angiogenic cells. Their prospective in thera-
peutic (neo-)vascularization is not yet fully elucidated.

Table 3 gives a survey of modulating factors that initiate the respective differentiation of
ADSCs.

Adipogenic specialization Insulin, IBMX, dexamethasone, rosiglitazone,
indomethacin
Osteogenic specialization 1,25-dihydroxy-cholecalciferol, beta-glycerophosphate,

ascorbic acid

Neurogenic specialization EGF, FGF, 5-azacytidine

Table 3. Selection of growth factors that support the various differentiations of hADSCs, EGF: epidermal growth
factor; FGF: fibroblast growth factor, BMX: 3-isobutyl-1-meyhylxanthine; IGF: insulin-like growth factor, [24]

In in-vitro settings the culture with certain supplements und defined conditions led to the
assumption, that a differentiation of ADSCs to hepatocytes of beta cells of the langerhans islets
might be feasible, hinting to a probable autologous cell based approach to chronic liver failure
or diabetes mellitus. However, these interesting attempts are not ready for therapeutic
application yet [25, 26].

Bone marrow derived mesenchymal stromal cells (BM-MSCs) were the first pluripotent adult
cells to be detected and investigated and therefore are characterized adequately. Bone marrow
derived MSCs are gained from bone marrow aspirates, a painful clinical procedure that comes
with potential donor site morbidity as an impaired sensitivity of the lateral thigh or pelvis
fracture. The output of pluripotent cells is relatively small; only 0.001%-0.01% of the nucleated
bone marrow cells can be expected to have differentiating potential, with decreasing percent-
age in elder donors [22]. BM-MSCs have been applied in various in vitro settings, in animal
models and in some clinical trials.

When comparing adipose-and bone marrow derived cells, one has to regard the immunophe-
notype. The expression of surface markers on both cell types is widely identical. Whereas
adipose derived cells tend to express CD34 especially in early stages, bone marrow derived
cells and MSCs from other sources do not express this surface marker [27].

Furthermore there is some hint that bone marrow derived MSCs show a significantly reduced
proliferation rate compared to other adult pluripotent cells as adipose derived cells or
umbilical cord cells [28]. This question is discussed controversially though; harvesting,
isolation and culture protocols or conditions as media or various supplements might be
responsible for enhanced or reduced proliferation rates — independent from the cell source.
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The question of superior differentiation capacity is debated controversially also. There are
many investigations supporting the thesis that the one or the other cell type might be superior
in differentiating to an adipogenic or osteogenic direction or they detect no difference at all.
In this case, too, the impact of special culture conditions as cause of the different findings has
not been ruled out fully.

Finally, the bone marrow and adipose derived cells seem to exert differentimmunomodulatory
effects on their host tissue. In different in vitro studies ADSCs seem to have a more pronounced
suppressive effect on the immune response than BM-MSCs. Adipose derived cells were more
efficient to inhibit the maturation of dendritic cells and in stimulating the secretion of the
immunomodulatory cytokine IL 10 [29, 30].

The analysis of the respective gene expression profile of ADSCs and BM-MSCs indicated that
a differential expression of about 13% of the studied genes differentiates both cell populations
on gene level. It was not possible to define certain key markers that clearly identify their origin.
Different cell passages or varying culture conditions, too, influence the expression profile [31].

5. Current concepts of stem cell supported tissue engineering

The first reported success of the clinical use of autologous differentiating cells in regenerative
medicine was the successful treatment of traumatic calvarian defects with a combination of
autologousiliac bone, adipose derived stromal cells and fibrin in a degradable scaffold leading
to bone formation and good clinical regeneration of the impaired scull [32].

Clinical trials with small patient groups report, that during the treatment of chronic perianal
fistula of Crohn patients, a local therapy of the affected area with autologous ADSCs, in
combination with fibrin glue, seems to effect a higher healing rate than many other therapeutic
strategies [33, 34].

Especially in plastic surgery clinical concepts based on the distinctive properties of adipose
derived stem cells are established; actually the cells” potential has been discovered by plastic
surgeons [35].

One clinical challenge in plastic surgery is the surgical approach to chronic wounds as diabetic
ulcers or skin defects after radiation due to the impaired vascularisation of the affected area.
Allogeneic dermis or collagen scaffolds are cultivated with adipose derived pluripotent cells
thatlead to good clinical results, avoiding the accompanying scarring and donor site morbidity
of local flap surgery. The procedure can easily be repeated in larger and deeper defects [36].

Injection of autologous adipose derived stromal cells is effective in the treatment of arterial
clotting after filler injection in the face for augmentation purposes. When this complication
happens, the area in question becomes sensitive and painful due to the hypoxia of the affected
tissue. The arterial obstruction has to be overcome within 4-5 days to avoid tissue necrosis. In
case reports it has been described that the injection of autologous ADCs results in reduced
ischemia and immediate neo-vascularisation. In Europe the first clinical trial with ADSCs in
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the treatment of cardiovascular diseases as acute myocardial infarction or chronic heart failure
have started.

Dental pulp derived stem cells have been studied and applied in regenerative concepts
concerning the tooth structures particularly. In an animal model Iohara et al. demonstrated
the entire regeneration of the histologically complex pulp tissue including neuro-and vascu-
logenesis after pulpectomy supported by autologous PDSCs transplantation [37].

According to their original repair and renewal function autologous DPSCs have been einge-
setzt to replace dentin. In a porcine model direct pulp capping has been performed using
autologous DPSCs together with a synthetic restaurative dental material (beta-tricalcium
phosphate); in the follow up control the effective dentin regeneration was demonstrated [38].
The aim to completely replace a missed tooth requires a complex communication, interaction
and vice-versa induction of mesenchymal cells and epithelial cells from the oral cavity;
different investigative settings aim to orchestrate this complex interaction. Ikeda et al. were
able to complete the bioengineering of a primordial tooth that has been inserted in the oral
cavity and developed roots and really erupted into the oral cavity [39]. Beyond the dental
structures DPSCs have shown their capacity for osteogenic differentiation in vitro as well as
in in-vitro trials. Dental pulp derived cells were used among others combined with beta
tricalcium phosphate scaffolds in critical size defects in rat calvaria. Annibaldi et al. reported
in their preliminary data a trend to increased bone density and mineralisation in the presence
of the DPSCs [40].

Beyond their potential concerning hard tissue regeneration, dental pulp derived cells were
under investigation in terms of neurological and endocrinological issues also. The hopeful
results report an improved and accelerated functional regeneration after focal cerebral
ischemia and therapeutic local transplantation of DPSCs; especially the impact of secreted
mediators on the repair mechanisms seems to cause the observed effects [41]. Not only a
differentiation to hepatocyte-like cells with the ability to store glycogen and to produce urea
but also islet-like cells being able to release insulin glucose-dependently has been working out
in-vitro and in mice models [42, 43].

To date the most encouraging operational area for adult, especially adipose derived stem cells
are concepts of bone repair and regeneration. Especially the active physiological behaviour of
healthy bone tissue with its permanent remodelling to adapt to mechanical loading or its lack
or to accommodate the current nutrient supply makes this tissue an ideal point of application
for cell based intervention. Additionally, the therapy of bony critical size defects often comes
with clinical problems of tedious distraction, insufficient long-term osteosynthesis or donor
site morbidity after autologous bone grafting.

Current research therefore deals with interventional concepts that combine the differentiating
precursor cells from adipose tissue with the enormous paracrine effect of these cells, secreting
a plethora of proliferation, growth and differentiation factors and thus activating not only the
regenerative potential of the resident tissue but also attracting circulating precursor cells.

Structural base of the most regenerative approaches is still a 3D scaffold to support the homing
of the proliferating cells. Not only are the mechanical properties of these scaffolds of impor-
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tance, their composition affects the biology of the cells also: Marino et al. were able to depict,
that the osteogenic differentiation of human adipose derived stem cells onto a porous beta-
tricalcium phosphate (beta-TCP) matrix was triggered by the scaffold alone without the use
of differentiative media [44]. This effect might be enhanced by modern composite scaffolds:
akermanite scaffolds, consisting of calcium-, magnesium-, and silicon-containing ceramic
show improved stability and better degradation. In addition they seem to positively influence
the functionality of differentiating cells by inducing their calcium deposition [45, 46].

6. Future prospect

In different experimental settings the transplanted pluripotent cells do not exert their regen-
erative potential by actually differentiating and replacing damages tissue but exert their effects
by secreting growth, proliferation and differentiation factors and thus in a paracrine way or
by cell-cell interaction.

In terms of stem cell science many biological and technical questions remain unanswered so
far and years of intense research lay ahead before autologous pluripotent cells become a
standard tool in clinical routine.

The current restrictions of embryonic stem cell research are necessary to avoid abuse but the
promising, steadily growing comprehension about adult stem cells and induced pluripotent
cells with their ability to regain their original differentiating potential seem to hint to the fact
that these cells might be the target of interest in future regenerative concepts in personalized
medicine.

The challenge of the coming decade of stem cell research will have to deal with safety issues,
the problem to reliably avoid oncogenic growth and to develop reproducible, secure and
payable concepts of cell isolation, culturing, (re-) programming and storage. There have to be
protocols for the autologous transplantation to the region of interest and techniques to improve
cell homing.

Despite many unanswered questions the future of many regenerative concepts will be
supported by the potential of differentiating cells.
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1. Introduction

Stem cells have enormous potential in health and medical research due to their ability to
differentiate into specialized cells and to self-renew. Applications can be seen in cell-based
therapies, e.g. for the treatment of Parkinson's disease, type I diabetes, arthritis, burn victims,
and cardiovascular diseases, as well as in tissue engineering of artificial organs, development
and testing of drugs, and in vitro toxicity tests [1-9].

In general, stem cells are cells generating identical daughter and progenitor cells, which both
have the ability to develop terminally differentiated functional cells after going through a
defined differentiation process [10,11]. There are two types of stem cells, varying in their ability
to differentiate, methods of isolation and propagation and, thus, their application potential:
embryonic stem cells and adult stem cells. Whereas embryonic stem cells represent pluripotent
cells which are able to grow into all derivatives of the three germ layers, adult stem cells are
only able to develop into a limited number of cells. Adult stem cells, to which mesenchymal
stem cells (also referred to as mesenchymal stromal cells) belong, are of postnatal origin, are
more tissue-specific, and regarded as multipotent. In this work the focus is laid on mesenchy-
mal stem cells (MSCs) as they have become increasingly important in the field of regenerative
medicine in recent years. Numerous clinical studies have confirmed the safety of allogenic and
autologous MSCs for treatment of human diseases [12,13]. Currently, MSCs are being inves-
tigated in terms of their therapeutic potential for inflammatory, autoimmune and degenerative
conditions in preclinical and clinical studies [14,15].

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.
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Between the late 1960s and the 1980s, Friedenstein et al. [16-18] and Owen et al. [19,20]
described tissue-specific progenitor cells capable of differentiation to cells of mature tissues.
They worked with subpopulations of bone marrow cells characterized by osteogenic potential.
Interestingly, the term MSC was introduced in 1991 for the first time. Caplan [21] proposed
classifying adult stem cells as MSCs, if they were able to differentiate to all cells of mesodermal
lineage, although their multilineage potential was only demonstrated later by Pittinger et al.
[22] (for review see [23]). Between the 1990s and 2000s numerous studies were conducted with
cell populations that were, strictly speaking, not MSCs according to Caplan's proposed
definition. Finally, as it became impossible to compare results, a revision of the MSC definition
was introduced by the International Society for Cellular Therapy (ISCT) in 2006 [24]. The ISCT
definition is based on two cellular properties of MSCs which are morphologically similar to
fibroblasts: (1) their adherence to plastic and (2) their trilineage differentiation to adipogenic,
chondrogenic and osteogenic cells [25]. Additional requirements include positive expression
of CD105 (endoglin marker), CD73 (ecto-5'-nucleotidase marker) and CD90 (Thy1 marker),
and negative expression of CD45 (leukocyte marker), CD34 (hematopoietic stem cell marker),
CD14 or CD11b (monocyte and macrophage markers), CD79 or CD19 (B cell marker), and
human leukocyte antigen class II.

As things stand, bone marrow aspirate represents the most often used source [22] of MSCs. In
addition, MSCs are obtained from adipose tissue [26], placenta as well as umbilical tissue [15]
and blood [27,28], and peripheral blood [29] (Figure 1). Other sources, such as periosteum,
trabecular bone, synovia, skeletal muscle, deciduous teeth, fetal pancreas, lung, liver and
amniotic fluid, have also been reported [15]. But independent of the source, the low frequency
of MSCs makes their direct collection for the majority of MSC applications unfeasible. A
therapeutic dose has been reported to range between 1 and 1000-10° cells per kg body weight
[30-33], whereby the exact dosage is determined by the type of disorder. However, when
expanding MSCs for particular therapies, the type of therapy (that is, either an allogeneic or
autologous one) also needs to be taken into account. In doing so, the ability of MSCs (which
display heterogeneous cell populations that vary from donor to donor and depend on donor
age and tissue) [34,35] to rapidly proliferate in vitro is exploited.

In order to fulfill the potential of MSCs as therapeutic agents for a wide range of applications,
culture conditions need to be optimized to obtain clinical grade MSCs with defined safety
standards at large scale [14,15,31,41-46]. To achieve this, strategies for preparation of the
required quantities of cells, have to be implemented, which allow the undifferentiated state to
be preserved or direct stem cell differentiation into the desired lineage. Scalable culture
systems with optimized culture strategies and controlled culture environment are prerequi-
sites for the successful transfer of stem cell-based therapy concepts into clinical routine. In the
following, we describe the main characteristics of MSCs with respect to cultivation, appropri-
ate cultivation methods for mass production, and a new scale-up-approach for expanding
human mesenchymal stem cells (hMSCs) derived from adipose tissue (hADSCs) and bone
marrow (hBM-MSCs).
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Figure 1. Main sources and properties of MSCs. Today s high pre-and clinical interest in MSCs is ascribed not only to
their multipotency, but also to their paracrine secretion of angiogenic factors, cytokines and immunomodulatory sub-
stances, which is documented by a body of literature (e.g. [36-40]).

2. Characteristics of MSCs and the influence of the engineering parameters
on the cultivation

2.1. Main factors influencing MSC cultivation

For the successful expansion of stem cells appropriate culture conditions are essential. When
working with MSCs in vitro, the problems are non-infinite growth and non-complete directed
differentiation [47]. A critical step is the isolation of specific stem cells, as they often occur in
small quantities and only in a tissue formed by other cells. Therefore, special protocols for their
isolation and preservation are required [48]. Furthermore, in vivo stem cells live in a highly
specialized microenvironment. This microenvironment interacts with a number of character-
istics such as the extracellular matrix surrounding the cells and mediators on growth and
differentiation. These factors have to be modeled for in vitro expansion by appropriate selection
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of the matrix for cell adhesion, the culture medium including growth factors, and the physical
environment, i.e. temperature, pH, oxygen and shear effects.

Self-renewal and the differentiation potential of stem cells are influenced to a large extent by
donor age and passage number [49,50]. In general, MSCs can be expanded by several orders
of magnitude in a few weeks [51] due to their high expansion potential. But with increasing
passage number they can lose their multipotency or their specific cell surface markers might
be downregulated, resulting in a loss of the therapeutic properties of these cells [52]. After 30
to 40 doublings MSCs become senescent, accompanied by inhibited growth and induction of
apoptosis [53]. It is assumed that this effect is induced to some extent by the harsh enzymatic
treatment during subcultivation, e.g. by trypsinization. Consequently, techniques without
subcultivation have been investigated to prolong the proliferation phase and to increase the
expansion factor [54]. Kretlow et al. [50] observed that both increasing age and the number of
passages have lineage dependent effects on MSC differentiation potential. In addition, there
seemed to be an interplay between donor age and cell passage number. These effects are of
high relevance for clinical therapies, because they might have strong impact on the cultivation
protocol.

As mentioned above, the extracellular microenvironment plays a significant role in controlling
cellular behavior. In recent years, different biomaterials have been studied to find a microen-
vironment that is conducive to stem cell growth and differentiation, and that mimics the in
vivo situation, at least to some extent (reviewed by [55]). Appropriate biomaterials can support
the cellular attachment, proliferation, and lineage-specific differentiation of stem cells. In the
case of MSC differentiation growth factors or factors known to induce lineage commitment of
stem cells were incorporated into cultures with scaffolding materials, quite often for regulation
of osteogenic, chondrogenic or adipogenic differentiation [56-59]. Because such scaffolding
materials are not normally used for MSC expansion, they are not further discussed here.

For expansion with the final goal of harvesting large quantities of MSCs, they are typically
adhered to a surface with optimized surface chemistry and topography, which supports cell
attachment, spreading and proliferation (Figure 2). Today, routine cultivation of MSCs is
performed in planar plastic plates and flasks ensuring two-dimensional (2-D) growth [60].
Reusable glass systems are very seldom utilized at this time. As plates and flasks allow for a
limited expansion only and subcultivations exceeding 6 passages (see above) should be
avoided (high risk of cell differentiation), scalable matrices have been established. These
matrices cover hollow fiber membranes, macrocarriers [61,62] and, in particular, microcarriers
(see also Section 3).

Microcarriers are small spherical particles differing in core material, density, diameter and
surface charge, and are intended for use in suspension bioreactors. Table 1 gives an overview
of commercially available microcarriers that are suitable in MSC expansions. Depending on
the porosity, the microcarriers are classified into non-porous, micro-porous (pore sizes <1 pum)
and macro-porous types (pore sizes between 10 and 50 um). Whereas in non-and microporous
microcarrier cultures the cells attach to the surface of the beads, in macro-porous microcarrier
cultures they grow in the pores. However, cell harvest is more complicated, which is a general
challenge in microcarrier-based cultivations. While taking care to avoid differentiation or even
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Figure 2. Adherent glandular stem cells grown in a T-Flask (bar: 500 pm).

damage, the cells are normally harvested after chemical treatment [63-65]. Examples of stem

cell proliferation on microcarriers can be found in [66-69].

Type Diameter Density Surface area Charge Core material
[um] [kg m®] [em? g7] [+/-]

CultiSpher-G 130-380 1020 - none Gelatin

CultiSpher-S 130-380 1020 - none Gelatin

Cytodex I 147- 248 1030 4400 + Cross-linked dextran
Cytodex III 141-211 1040 2700 none Cross-linked dextran
Collagen 90-150 / 125-212 1020 480 /360 none Cross-linked polystyrene
FACT III 90-150 / 125-212 1020 /1040 480/ 360 + Cross-linked polystyrene
Hillex II 160-180 1110 515 + Modified polystyrene
Hillex-CT 160-180 1110 515 + Modified polystyrene
Plastic 90-150 / 125-212 1020 /1040 480/ 360 none Cross-linked polystyrene
Plastic Plus 90-150 / 125-212 1020 /1040 480 /360 + Cross-linked polystyrene
ProNectin F 90-150 / 125-212 1020 /1040 480/ 360 none Cross-linked polystyrene
Glass 90-150 / 125-212 1020 /1040 480/ 360 none Cross-linked polystyrene

Table 1. Overview of commercially available microcarriers for the cultivation of MSCs. Non-porous
microcarriers=Hillex II, Hillex-CT, Plastic, Plastic Plus, ProNectin F, Glass; micro-porous microcarriers=Cytodex I,
Cytodex III; macro-porous microcarriers=CultiSpher-G, CultiSpher-S.
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An alternative is carrier-free cultivation in 3-D (three-dimensional) aggregates or spheroids,
or encapsulation, e.g., in alginate [70] or in hydrogels [57,71-79]. These techniques are often
used to induce a lineage specific differentiation. With respect to the expansion of MSCs, there
is conflicting evidence in the literature with regard to the usefulness of these techniques.
Detrimental effects such as altered proliferation, stem cell marker expression, cell shape and
modified differentiation potential have been reported [80,81]. A general problem in 3-D
aggregates can be seen in the inhomogeneous supply of oxygen and nutrients. Therefore, it is
unlikely that carrier-free cultivation of MSCs is an appropriate approach for the standardized
production of large quantities of cells with consistent product quality.

A further strong impact on MSC proliferation and differentiation is exerted by the culture
medium through its composition (content of nutrients such as glucose or glutamine, growth
factors, type and concentration of serum), culture conditions such as pH or oxygen concen-
tration, and the density, in which the cells were plated/seeded [47].

Due to the importance of hyperglycemia in vivo and the hypothesis, that high glucose could
be deleterious to stem cell therapy, the impact of glucose on proliferation, potential for
differentiation, and other physiological effects have been studied intensively. Glucose
concentration in basal media has been shown to have both positive and negative impacts on
MSC growth [47,82-93]. It is beyond the scope of this chapter to discuss the various effects in
detail but certain findings are presented below to highlight the complexity of this topic:

* Evidence of retention of MSC characteristics from different sources with regard to surface
marker profiling, proliferation, differentiation and karyotyping when cultured extensively
in DMEM-HG medium containing a high glucose concentration of 25 mM [83].

* Increase in peak cell density by 40 % at low glucose concentration (5.5 mM) when compared
with an expansion at high glucose concentration (25 mM) [84].

* High glucose concentration in cell culture medium did not acutely affect hMSC growth
factor or proliferation [88].

* High glucose (25mM) enhanced telomerase-immortalized human mesenchymal stem cell
(hMSC-TERT) proliferation in long-term studies in contrast to hMSCs, where proliferation
was unchanged. Thioredoxin-interacting protein, which is involved in apoptosis regulation,
was stimulated by glucose in hMSC-TERT. However, in both cell types apoptosis was not
influenced by high glucose levels [90].

* Culture in high glucose-containing medium had a negative effect on colony formation and
differentiation for rat non-adherent bone marrow MSCs [91].

* Glucose reduction prevents replicative senescence and increases mitochondrial respiration
in hMSCs [94].

* High glucose conditions suppress the function of bone marrow-derived endothelial
progenitor cells via inhibition of the eNOS-caveolin-1 complex [82].

* High glucose regulates cyclin D1/E of hMSCs through TGF-betal expression via Ca2 /PKC/
MAPKSs and PI3K/Akt/mTOR signal pathways [92].
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It seems that MSCs are affected by high glucose concentrations. However, in respect of
proliferation and differentiation, no real advantage of low glucose concentrations has been
found to date. Our own data (not published) indicate that the effect of high glucose concen-
trations on MSC-fate depends to a large extent on the medium formulation, e.g. the type and
concentration of serum or growth factor concentration (see also below). For practical reasons,
cultivation at high glucose levels has some advantages, as in low glucose media more frequent
medium-feeding or exchange is required than at higher cell densities.

The impact of glutamine has been studied less extensively than that of glucose. Ferrari et al.
observed an increase in peak cell density by approx 25 % when adding of 2 to 6 mM of
glutamine [84]. Schop et al. concluded from their studies that glutamine has no importance as
an energy source for hMSCs [93].

In the cultivation and differentiation of stem cells, growth factors play an important role. They
influence self-renewal, senescence, aging, embryonic development and differentiation [95].
Thus, they create an appropriate microenvironment and provide important messenger signals
for cells. In effect, growth factors can induce or inhibit signaling cascades in the cells via
receptors on the cell surface which affect cell physiology [96]. In many types of stem cells,
regulation of self-renewal is done by proteins of the fibroblast growth factor (FGF)-family [95].
For example, for FGF-2 an improved expansion was demonstrated [97]. The absence of
aforementioned growth factors may lead to differentiation of stem cells, which is unwanted
in the pure propagation of the cells [98]. Again, the appropriate concentration of growth factors
needs to be determined depending on the cells, medium composition etc. [99].

A further important medium compound with respect to stem cell physiology is serum, in
particular its type and concentration. At present, most studies are performed using fetal calf
serum (FCS) or fetal bovine serum (FBS) in concentrations between 10 % and 20 % [100]. In
Section 5 an example with reduced FBS concentration is discussed. Clinical studies require a
GMP- compliant medium [43,101] due to the drawbacks of serum (non-human origin, possible
contamination etc.) [102]. Although human serum has positive effects compared to FCS or FBS,
extended use for large scale processes is doubtful due to limited availability. Replacement of
serum containing medium by serum-free medium formulation has been addressed by a
number of publications during the last few years [103-113]. The first serum-free culture media
(for example StemPro® MSC SFM XF) for MSCs are now commercially available. However,
the cultivation results (cell yields) have not proved satisfactory and the matrix is generally
being pre-coated with serum [114,115].

Hypoxic conditions are regarded as advantageous for stem cell proliferation and differentia-
tion. MSCs grown in vitro with reduced oxygen content in the gassing air were characterized
by increased cell proliferation. It has been shown that at 1% and 5% oxygen in the gassing air
the cells enter the exponential growth phase earlier and produce less inhibitor substances
[114,116]. Our own studies (data not published) underline this, but indicate that with an
optimized medium the positive effect of low oxygen concentration seems to be smaller. Further
culture parameters such as osmolality, pH and temperature might influence stem cell fate, but
these parameters have not yet been studied intensively so far.
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For large scale expansion of MSCs, the cell density required for seeding has a strong impact
on the expansion capacity. Due to restricted availability of the cell material and limited
population doubling or passage number, the lowest possible seeding density of cells should
be applied [51,117]. Fortunately, the literature data suggest that seeding MSCs at low densities
(2.5 instead of 2500 cells cm™) can increase cell proliferation and cell density while maintaining
marker profile [118]. Colter et al. seeded 1.5 and 3.0 cells cm™ and successfully generated single
cell-derived colonies [51]. Hewitt et al. [119] found the best conditions for cell expansion on
microcarriers to be 3000 microcarriers mL"! (ca. 1 g dry weight L) in flasks. They determined
a seeding density of 5 cells per microcarrier. Higher growth rates of MSCs seeded at lower
densities are explained by a longer exponential growth phase, more population doublings,
and more availability of nutrients per cell [120].

2.2. Shear stress and the influence of engineering parameters on MSC proliferation and
differentiation

2.2.1. General basics

There is strong evidence that growth and differentiation of stem cells are effected by several
types of mechanical forces including stretch, strain, compression, and shear stress [121]. Due
to the importance of shear stress, the fundamentals are given in this section before shear effects
on expansion of MSCs are discussed.

Cells growing adherent to a solid matrix are exposed to shear forces from the moving fluid.
By definition shear in a fluid system has two components, shear stress T and shear rate y. Shear
stress is a force per unit area acting on and parallel to a surface. Shear rate is a measure of a
velocity gradient (velocity/length). The two quantities are therefore related in laminar
Newtonian fluid - and cell culture media are regarded as Newtonian - by

T=1,7 1)

where 7, is the viscosity of the fluid. In model systems such as laminar flow between two
parallel plates, cone-and-plate viscometer or a coaxial cylinder Searle viscometer, the shear
rate and corresponding shear stress can be calculated by simple mathematical equations. Shear
effects are often investigated in flow chamber bioreactors consisting of parallel plates [122]. In
this apparatus, a laminar flow causes a defined wall shear stress 7,, on the bottom plate where
the cells grow adherently (see Figure 3). The shear stress for a Newtonian fluid at a surface
element parallel to a flat plate at the point y is given by

au
(2

where U is the velocity of the fluid along the boundary and y is the height above the boundary.
Specifically, wall shear stress is defined as:
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Flow velocity U(y) can be calculated for given values of the flow rate F, the height & and the
width b of the flow chamber (Figure 3):

6F

U(y) = e

(hy-v) (4)

Wall shear stress 7, acting on the cells is given by:

du 6Fn,
Tw =My [@] y=0= b2 @)
Parabolic velocity
profile UCh)

o
i

>
&
' ’Adherent cells

Wall shear
stress Tw

Figure 3. Wall shear stress acting on adherent cells in a flow chamber with parallel plates. For abbreviations see text
(modified from [122], with kind permission from Springer Science and Business Media).

In the complex, mostly turbulent environment in a culture system (bioreactor), the local shear
rate varies within the vessel and it therefore is more difficult to associate cellular effects (cell
damage, differentiation etc.) with the magnitude of the prevailing shear rate or the associated
shear stress. An example is given in Figure 4 for cells grown on microcarriers in suspension,
e.g. a spinner flask, a stirred bioreactor or a wave-mixed bioreactor (see Section 3).
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(a) (b) (©)

Microcarrier with Turbulent eddy
streamline
adherent cells

Figure 4. Shear forces on microcarriers in a turbulent flow. Microcarrier-eddy interactions: (a) eddies much larger than
beads, (b) multiple eddies the same size as beads, (c) eddies the size same as interbead spacing.

Several concepts to describe the complex shear effects on cells in a turbulent flow were de-
scribed and evaluated with available data in respect of the impact of shear forces on micro-
carrier cultures in bioreactor systems (reviewed in [122]). Among others, the concept of an
"Integrated Shear Factor" ISF — a measure of the strength of the shear field between the im-
peller and the spinner flask walls — was developed to describe shear damage to continuous
mammalian cell lines [124]. For a stirred bioreactor, the ISF is given by

2 7y dy

ISF =
D.—d, (6)

with rotational speed ng, vessel diameter Dy and impeller diameter dg. According to Cherry
und Papoutsakis [123] the largest shear stress to which cells grown on microcarriers are
exposed occurs in turbulent eddies which are the same size as the microcarriers. The energy
of the eddies is transferred to the surface of the microcarriers, resulting in high local velocity
gradients between the microcarriers and the fluid, and the highest shear rates on the cells. The
microcarriers are caused to rotate within these eddies. Using Kolmogorov's theory the length
scale 1, of the smallest eddies are in the order of
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where v is the kinematic viscosity and ¢ the energy dissipation rate per unit mass
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with power input P and liquid volume V. The Kolmogorov eddy length scale corresponds to
the diameter of the smallest eddy generated in the bioreactor. In a turbulent environment,
eddies break down to form smaller eddies. On the Kolmogorov length scale, viscosity
dominates and the turbulent kinetic energy is dissipated into heat. When the Kolmogorov eddy
length scale becomes equivalent to the diameter of the microcarrier, movement of the flow
lines can shear the cells. The Kolmogorov eddy length scale is affected by stirrer speed, liquid
properties and impeller design. Croughan et al. [125] used this concept to describe cell damage
in respect of cells grown on microcarriers. Damage became significant when the microscale
was about two-thirds the size of the microcarriers, or smaller (discussed by [119]).

Besides the above-mentioned concept for estimation of shear stress in bioreactors, several
numbers are used to characterize culture systems (bioreactors) such as (1) geometric dimen-
sions, (2) volumetric power input (P/V), (3) power number (Newton number, Ne), which is
defined as

N‘f:#
g dg Py

©)

for stirred bioreactors (with rotational speed ny and fluid density p), (4) volumetric mass
transfer coefficient (k;a) for oxygen or CO,, (5) mixing time, (6) Reynolds number, which is
given by

_ Pat
Ma

Re (10)

for stirred bioreactors, (7) impeller tip speed (uy,) for stirred bioreactors, and (8) volumetric
gas flow, among others. These numbers can be used to compare process parameters in different
bioreactor systems. Recommendations for determination of these parameters have been
published by [126] and [127], for example.

The numbers introduced above are not usually suitable for a more in-depth description of fluid
flow in a bioreactor. This can be accomplished by computational fluid dynamic (CFD)
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simulations [128-130]. CFD uses numerical methods and algorithms to solve and analyze
problems that involve fluid flows. This is especially important for tissue engineering con-
structs, in which a set of complex phenomena such as hydrodynamics, nutrient transfer, cell
growth, and matrix deposition have to be taken into account [131-133]. Parameters such as
fluid velocity, oxygen tension, stress, and strain, which are difficult to determine experimen-
tally, can be derived from CFD simulations and related to cellular parameters [132]. This is
advantageous for complex culture systems, where it is impractical or almost impossible to
install probes to determine fluid specific parameters (see Section 5).

2.2.2. Shear stress in MSC cultivations

Flow-induced shear stress can be stimulating or detrimental to the behavior of MSCs. In the
following, firstly a brief review of basic studies is given. These studies were mostly intended
to induce a lineage-specific differentiation of stem cells in which the main goal is to engineer
a microenvironment for controlled stem cell differentiation [134-136]. Secondly, the impact of
shear on stem cells grown in bioreactors for mass cell production is discussed.

2.2.2.1. Effects of shear stress on stem cell fate

Shear stress can affect stem cells in different ways [137,138], e.g. with respect to morphology,
proliferation capacity, gene expression, cell cycle arrest and apopotosis, proteomic profiling,
and differentiation [139-147]. In some cases opposing conclusions have been reported. Adamo
and Garcia-Cardena [139] as well as Chang and Wang [140] observed changes in the cell
morphology of MSCs due to shear stress (e.g., differences in morphology between static and
dynamic culture systems). Changes in morphology can have an influence on cell proliferation
potential, as shown in earlier studies by Prockop and coworkers [142]. They reported that
smaller agranular cells divided faster than large granular cells, while the doubling time and
the differentiation potential remained the same. These results are contrary to those of Luo et
al. [143] and Maul et al. [144], who found that shear stress does not support cell proliferation,
but leads to cell cycle arrest or a decrease in cell number.

Numerous reports have addressed the induced differentiation of MSCs by shear stress [137],
mostly osteogenic [138,148-154] and chondrogenic [155,156]. Meanwhile, a suitable bandwidth
for shear effects on MSCs has been determined. In general, increasing shear stress seems to
promote osteogenesis and mineralization [137], but some of the findings are again contradic-
tory. This is explainable to some extent through the different cultivation systems or bioreactors
used. Studies on the effect of shear forces were performed in either 2-D cultures (flow cham-
bers) with defined shear stress or in perfused macroporous carriers [157]. While in two-
dimensional flow chambers (cell growth as monolayer) shear stress levels of 0.5-2 Pa are
required for stimulation of osteoblasts [151], which is in the order of the postulated Weinstein
shear forces of 0.8-3 Pa in the Haversian channels [158], the results are not readily transferable
to 3-D systems. 3-D bioreactors with perfusion or rotational motion (see Section 3) also show
the influence of flow on the osteogenic differentiation of osteoblastic cell lines, primary
osteoblasts and osteoblast precursor cells [159-163]. However, the calculated shear stresses
were in part up to 2-5 orders of magnitude below the values of the 2-D flow chambers. For
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greater understanding of effects in scaffolds, computer-based simulations are increasingly
used to detect the magnitude of shear forces [164,165]. The shear stress acting in the scaffolds
is usually in the range of a few mPa. However, this is often not caused by the local shear forces
acting on the cells, which are ultimately the important ones, but by those in the bulk flow.
Furthermore, it is rarely taken into account that in the various perfusion bioreactors not only
the perfusion rate for the development of local flow and shear forces is important, but also
matrix properties such as porosity, pore size, interconnectivity of the pores, and elasticity and
extensibility of the relevant material [162,166,167]. Moreover, with respect to tissue engineer-
ing, fluid dynamic calculations are rarely coupled with mass transfer effects. In principle, it
cannot therefore be excluded that the effects observed are not due to a mechano-stimulation
of the cells, but to improved mass transport. Furthermore, different culture conditions such as
medium composition, type of serum, oxygen concentration etc. might also play a role (see
above).

2.2.2.2. Effect of shear stress on stem cells grown in bioreactors for cell expansion

For high level expansion of stem cells, bioreactor cultivations are required that support the
required number of cells. This involves minimal variations in lineage specific differentiation
while the genetic and epigenetic stability of the cells needs to be kept under control [132]. In
order to ensure this, the environment acting on the cells in a bioreactor needs to be character-
ized and kept similar during upscaling of the process. To date, microcarrier-based suspension
cultures have been studied mostly for expansion of stem cells (see above) as they provide a
sufficient surface area for attachment and expansion [119,168]. Microcarriers are preferably
suspended in stirred bioreactors (see Section 3.2), where shear-influenced stem cell differen-
tiation and shear-induced cell damage can be distinguished. The damaging effects of flow
stress in microcarrier cultures were studied in the 1980s and 1990s mostly in relation to
permanent or established cell lines [124]. Recent publications show that stem cells are affected
by shear stress below damaging levels (reviewed by [132]). With respect to cell expansion,
preferably without significant unwanted differentiation, a narrow band of shear stress levels
is essential [169]. Turbulent flow in stirred bioreactors, however, represents a scenario that is
not characterized by a narrow band of shear stress levels. The effect of broadband stresses
associated with turbulence in stirred bioreactors on preservation of the differentiation
potential of stem cells and minimization of lineage commitments is still poorly understood
[119,132,170-172]. Furthermore, controversial observations on the shear stress tolerance of the
cells might be due to protective substances contained in the medium, such as serum or
differences in the type of surface or cell density. Thus, for example, cells grown in the pores
of macroporous carriers are better protected against shear than cells grown on non-porous
carriers [63,67,173].

To summarize, on the one hand shear stress can be deliberately used for targeted differentia-
tion of stem cells. On the other hand, with respect to stem cell expansion, shear effects need to
be minimized to prevent an unwanted differentiation. Therefore, in order to optimize process
design, the specific task of the cultivation or the target product should always be kept in mind.
During production of cell therapy products, cell expansion and harvest are in the foreground,
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and cell differentiation is generally undesirable. In the discussion that follows, the focus is
placed on epansion of MSCs and suitable bioreactors for cell therapy. Based on a classification
of the power input type and operating principles, the most common bioreactors are presented
and cultivation results are discussed.

3. Bioreactor systems for cell therapeutics

3.1. Classification

Since the early 2000s successful MSC expansions have been reported. In addition to static
bioreactors (Figure 5 A), different types of dynamic bioreactor versions (Figure 5 B) have
proven themselves. 2-D cultivations performed in planar systems such as petri dishes, T-flasks,
and stacked plate systems are still predominant in both the development and production of
cell therapeutics. Stacked plate systems (e.g., CellSTACKs®, CellFactories) with 10-or 4-layer
vessels are typically made of polystyrene and are non-instrumented, and have become the
system of choice in semi-commercial and commercial production processes [31,174]. Their
mass and energy transfer is exclusively caused by conduction and reaction processes within
the planar system and by interaction with an environment that is typically temperature and
humidity controlled. In other words, gas exchange only takes place at liquid-gas interphase
and concentration gradients can appear during cultivations. Not surprisingly, culture broth
inhomogeneities, which influence cell yield and quality, increase as the number of layers in
the vessel rises. Moreover, manipulations become more complicated and risk of contamination
also increases. In spite of additional attempts to apply robotics and bioreactor control to static
bioreactors [175,176], dynamic bioreactors ensuring 2-D or 3-D cell growth remain superior.

In dynamic bioreactors the power input generated is responsible for mass and energy transfer.
To date, a high number of different dynamic bioreactors have been used to expand MSCs.
According to the type of power input, they can be divided into mechanically driven, pneu-
matically (air-) driven and hydraulically driven systems. Mechanically driven bioreactors
include stirred systems (Section 3.2), wave-mixed systems (Section 3.3), and a recently
introduced rotating bed bioreactor (Section 3.4) [177]. In actual fact, rotating bed (or wall vessel)
bioreactors [177,178] are important for tissue engineering applications aimed at cell differen-
tiation (and not at cell expansion). Pneumatically driven versions such as the 3 L Air-Wheel
bioreactor from PBS Biotech® [179] are excluded, although a poster presentation on Coronado
Island recently showed that this bioreactor shows even slightly higher cell expansion rates
than a stirred system in MSC expansion runs. More often used are hydraulically driven
representatives, which include parallel plate bioreactors (Section 3.5), hollow fiber bioreactors
(Section 3.6), and fixed bed bioreactors (Section 3.7), for which power input is generated by
pumps.

In the case of the mechanically driven bioreactors, microcarriers (Section 2.1) or perfused plates
have so far provided the growth surface for the MSCs. In hydraulically driven bioreactors the
cells are grown either on perfused plastic surfaces (Section 3.5), hollow fibers (Section 3.6) or
packed particles (Section 3.7). It is worth mentioning that the majority of dynamic bioreactor
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types were originally developed for production processes aimed antibodies and vaccines. For
this, genetically modified, continuous mammalian cell lines such as Chinese hamster ovary
(CHO) cells are generally grown [180-182]. With the exception of spinner flasks (as simple
stirred bioreactors), mechanically driven bioreactors are generally instrumented with sensors
to enable monitoring and control of temperature, pH value, DO and carbon dioxide concen-
tration, gas and liquid flow rates, impeller or rocking speed.

A second classification trial is based on the number of uses of the bioreactor's cultivation vessel
and distinguishes between reusable and single-use bioreactors. Whereas the vessel of a
reusable bioreactor is made of glass or stainless steel, single-use bioreactors have a plastic
cultivation vessel. This cultivation vessel is pre-assembled, beta-or gamma-irradiated and,
then delivered as ready-to-use. After one use, as the vessel is a rigid polystyrene or polycar-
bonate container or a flexible multilayer bag with contact layers made of polyethylene or
ethylene vinyl acetate, it is discarded [183]. For this reason single-use bioreactors are also often
referred to as disposable bioreactors. If single-use bioreactors are operated correctly for the
production of high value products at small and medium volume scale (as is the case for
productions of cell therapeutics), they contribute to savings in time and costs. Furthermore,
process flexibility and safety can be increased, which is an advantage in processes where the
cells produced are the target product that is directly given to the patient.

Different authors have described adverse effects on CHO cells grown in polyethylene bags
[184-188]. They found poor cell growth arising from leachables such as bis(2.4-di-tert-butyl-
phenyl)phosphate. Such leachables are substances that can migrate from bag layers during
processing and leach out into the culture broth in concentrations that are deleterious to cell
growth. This phenomenon has not been reported for MSC expansions to date.

There is no doubt that advantages currently prevail if an appropriate single-use bioreactor
(regardless of whether it represents a static or dynamic system) is applied for productions of
cell therapeutics. This, together with the suitability of single-use bioreactors for commercial
production processes with Good Manufacturing Practice (GMP) and regulatory demands,
explains their increasing usage. In particular, dynamic systems including stirred, wave-mixed,
parallel plate, hollow fiber and fixed bed single-use bioreactors are currently the focus of
interest for producers of cell therapeutics.

3.2. Stirred single-use bioreactors in microcarrier-based MSC expansions

In stirred single-use bioreactors, mixing is induced by the mechanical agitation of one or more
impellers. For research purposes disposable spinner flasks operating with magnetically driven,
slowly moving paddle impellers (60 rpm) are most often used [189]. The cells are propagated
on microcarriers until working volumes of 250 mL. In contrast to scalable, automated stirred
bioreactor versions, spinner flasks are only surface-aerated. Furthermore, spinner cultivations
entail availability of incubators for temperature as well as humidity control. Nevertheless, peak
viable cell densities of between 6-10° and 1-10° cells mL" and maximum cell expansion factors
between 30 and 50 are achievable in spinner flasks when the culture medium contains serum
and is cyclically perfused (by manual partial and periodical medium exchange). This was
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Figure 5. Suitable bioreactors for MSC expansion. Presented classification bases on the power input type.

demonstrated for hADSCs and hBM-MSCs expanded on polystyrene-and gelatin matrix based

microcarriers in our lab over a cultivation period of 7 days.

At benchtop scale MSC expansions were successfully carried out in the Mobius® Cell Ready
3L bioreactor (Merck Millipore) and the BIOSTAT® UniVessel 2L SU (Sartorius Stedim
Biotech). The key element of both systems is the rigid polycarbonate vessel, contains one or
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two rotating impellers and an aeration device (sparger). The user can choose between plastic
vessels having reusable or single-use temperature, DO and pH probes.

The Mobius® CellReady bioreactor (maximum working volume of 2.4 L) is equipped with a
single top-driven marine impeller and an open pipe or micro-sparger. According to its
configuration, the main bioengineering parameters were investigated and summarized by
Kaiser et al. 2011 [190]. The published results of the bioengineering studies with the Mo-
bius® CellReady 3L show that this system is also usable for MSC expansion. Suitable impeller
speeds are adjustable, which enables culture homogeneity while avoiding microcarrier
sedimentation, cell differentiation and cell damage that may result from too high shear stress.
For hBM-MSCs the accuracy of this hypothesis was demonstrated by the studies of Cierpka et
al. [191] and Jing et al. [192]. In cultivations running in serum-supplemented medium (10 %
FBS) for between 12 and 14 days, peak viable cell densities between 2.5-10° and 2.7-10° cells
mL" were obtained. Moreover, Stadler [193] and Ott [189] achieved a serum-reduced expan-
sion of hADSCs within 6 days, which was comparable to a 250 mL reference spinner flask (100
mL working volume). In spite of reduced cultivation time and serum content, the peak viable
cell density was more than double (5.5-10° hADSCs mL") when compared with the results of
Cierpka et al. [191] and Jing et al. [192].

The top-driven UniVessel® SU 2L bioreactor (maximum culture volume of 2 L) has two 3-
segment blade impellers and an L-shaped macro-sparger. Similarly to the Mobius® Cell Ready
it is hydrodynamically well-characterized [194,195]. Peak viable cell densities between
1.8-10° hBM-MSCs mL" and 3-10° hADSCs mL"' were determined in serum-supported
production processes on cultivation day 9 [189,196]. In order to increase MSC expansion
efficiency in the UniVessel SU 2L, Jossen et al. [197] improved the fluid flow while reducing
fluid shear stress for cultivations with higher microcarrier amounts. This was accomplished
by modifying the standard vessel design (increasing impeller blade angle from 30° to 45° and
reduction of off-bottom clearance from 0.41 to 0.26). As a result, the maximum specific power
input was reduced by a factor of 2 and the peak viable cell density was more than 3 times
higher than that of the hBM-MSCs, for which a cell expansion factor of 35 was reached.

Recently, the propagation of hADSCs on microcarriers in stirred bag bioreactors exceeding
benchtop scale was carried out for the first time. Schirmaier and coauthors [196] worked with
Sartorius Stedim's top-driven BIOSTAT® CultiBag STR 50L, for which there is comprehensive
bioengineering characterization [195]. They used the 3-D bag version shown in Figure 7 E
(Section 5), in which two 3-segment blade impellers and a micro-sparger have been imple-
mented. Cultivation was executed with 35 L working volume while realizing a partial medium
exchange on day 4. Growth on polystyrene microcarriers at serum-reduced conditions (in this
case, 5%) allowed 3-10° hADSCs to be harvested on cultivation day 9. This provided the basis
for the scale-up approach explicated in Section 5.

3.3. Potential of wave-mixed bioreactors for microcarrier-based MSC expansions

MSC expansions have already been carried out in wave-mixed bioreactors, which have a
pillow-like culture bag with single-use sensors for temperature, pH and DO control. The bag
is fixed on the rocker platform, which makes a one-dimensional (1-D) oscillatory movement.
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By rocking the platform a wave is induced in the bag, which contains medium and cells. In
this way, the medium surface is continuously renewed while bubble-free oxygen is introduced
into the culture broth from the headspace of the bag. Wave generation and propagation, and
thus mass and energy transfer, in this bioreactor type are dependent on the rocking rate,
rocking angle, aeration rate, filling level (50% maximum) and culture broth viscosity. These
parameters affect the fluid flow, mixing time, oxygen mass transfer, shear stress acting on cells,
and finally the cultivation result. As discussed by Eibl et al. [198] and Werner et al. [199], shear
stress is highest at the lowest filling level together with the highest rocking rate and rocking
angle. Indeed, energy dissipation and shear stress pattern were more homogeneous in wave-
mixed bioreactors with 1-D motion than in stirred cell culture bioreactors with a paddle
impeller. For this reason, these wave-mixed bioreactors are well-suited for productions with
shear sensitive cells. A further advantage of wave-mixed bioreactors is their negligible
foaming, meaning that there is no need for antifoam agents to be added, which also simplifies
downstream processing of the product. In addition, protocols for microcarrier-based produc-
tions with different continuous mammalian cell lines are available as well as for primary cells
known to be very sensitive to shear and difficult to culture (such as T-cells) [200-204].

The first attempts published demonstrate the feasibility of expanding MSCs in 2 L wave-mixed
bags on Cytodex 3-and Cultispher-S-microcarriers. Akerstrom [205] propagated MSCs over
18 days while feeding carriers on day 11 and 13 into a Wave Bioreactor 2/10 (GE Healthcare).
The expansion factors determined after trypsinization were around 6. Timmins et al. [206]
achieved expansion factors around 16 on cultivation day 7 when producing MSCs derived
from the placenta at reduced O, levels (5%). He published a procedure which was realizable
in wave-mixed bioreactors from both GE Healthcare and Sartorius Stedim Biotech.

3.4. Single-use rotatory bed bioreactors

An interesting new approach for a perfused dynamic bioreactor represents Zellwerk’s rotating
bed bioreactor system ZRP [177]. As shown in Figure 6, a cylindrical culture vessel has a
rotating bed of polycarbonate plates. Bed rotation is caused by a non-contact magnetic drive
coupled to the culture vessel. The culture vessel is equipped with sampling ports and a
measuring device with ports for pH and DO sensors. The external media circulation combined
with the rotation of the polycarbonate bed ensures mixing of the culture medium. To provide
an oxygen supply, the overlay atmosphere of the headspace of the vessel is aerated with CO,,
N, and air. All cultivation parameters such as pH, DO, temperature and bed rotation are
monitored online and regulated by a control unit. Reichardt et al. demonstrated a 39 fold
expansion of cells derived from human umbilical cord arteries in 9 days [177].

3.5. Single-use parallel plate bioreactors

Whereas stirred and wave-mixed bioreactors used for the expansion of MSCs are operated
with microcarriers in fed batch mode (feeding or partial medium exchange), parallel plate
bioreactors run carrier-free and in continuous perfusion mode. Single-use parallel plate
bioreactors have a modular multiplate design. The plates are typically made from polystyrene,
whereby each plate consists of two compartments separated by a gas-permeable membrane
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Figure 6. The rotating bed bioreactor system. The bioreactor system is composed of a cylindrical culture vessel and an
integrated bed of polycarbonate plates with a cell culture surface area of up to 6000 cm?* (with courtesy of Zellwerk
Gmbh; Oberkramer, Germany).
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(that is impermeable to liquids) [207]. Whereas the upper compartment is filled with air, the
bottom compartment contains the cells. The cells grow on the plastic surface of the bottom
compartment as monolayer (2-D growth) while being continuously supplied with culture
medium.

In general, plate bioreactors have been well-investigated in terms of shear stress, which is
regarded to be low in their case. In 1996 Peng and Palsson [208] studied the influence of their
geometry on fluid flow and the resulting growth and differentiation of bone marrow-derived
stem cells. They found a superiority of radial flow and ascribed this finding to the uniform
environment caused by the hyperbolic velocity and tube-like shear stress contribution. Due to
the absence of walls in the flow path and the location of the boundary walls parallel to the flow
direction, slow flowing regions were obtained on the growth surface of radial flow-type
parallel plate bioreactors.

Prominent representatives of single-use parallel plate bioreactors are Corning's E-Cube™
System and Pall's Integrity™ Xpansion™ Multiplate Bioreactor. The E-Cube, which is
available with 10-or 25-stack modules requires an incubator for operation. It offers a maximum
growth surface of 21,250 cm? The Integrity™ Xpansion Multiplate Bioreactor is a self-
contained bioreactor system that is obtainable with 10 up to 200 plates and provides a
maximum growth surface of 122,400 cm? Its gas exchange is realized in a central column with
channels along the plates through which the medium circulates. CFD studies realized with the
Integrity™ Xpansion™ Multiplate Bioreactor revealed the occurrence of gentle laminar flow.
Maximum wall shear stress did not exceed 10 mPA, which was up to 1000 times lower than in
stirred bioreactors (personal communication W. Kuhlmann, ATMI Life Sciences, June 2013).
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Bone marrow-derived MSCs have been successfully expanded without differentiation in this
single-use bioreactor type, which generally allows production of up to a billion cells per batch.
By using holographic microscopy in cultivations with the Integrity™ Xpansion™ Bioreactor,
cell morphology can be monitored on the 10 top plates. Normally, the lack of opportunity to
monitor cells is regarded as a drawback of parallel plate bioreactors [209].

3.6. Hollow fiber bioreactors in MSC expansion procedures

Similarly to parallel plate bioreactors, hollow fiber bioreactors provide a low shear stress
environment [210] and cell propagation in continuous perfusion mode. Hollow fiber bioreac-
tors are characterized by a high surface area-to-volume ratio (100-200 cm?* mL) and create 3-
D environment for cells. They consist of a bundle of parallel hollow fibers constructed from
cellulosic, polysulfone, polypropylene or polyethylene materials, which are encased in a
cylindrical polycarbonate cartridge with ports for flow around the fibers. The pore size of the
semi-permeable hollow fiber membrane determines which molecular species are rejected.

The beginning of hollow fiber technology dates back to the early 1970s [211], when Knazek
and his team used tubular membranes upon which cells were able to expand to high cell
densities (107 to 108 cells mL') and which were impermeable to the cells. Analogically, the fiber
matrix was permeable to gases, nutrients and metabolic waste products. Cells suspended in
the culture medium settled on the outer surfaces of hollow fibers while oxygenated culture
medium flowed continuously through the fibers. Medium nutrients diffused through the fiber
wall into the cells and metabolic waste products diffused from the cells through the fiber wall
into the perfused liquid.

Since then, hollow fiber bioreactors have been improved and used extensively, for example to
expand lymphocytes [212,213], to produce glycoproteins (in particular, antibodies) and viruses
[214-221], to cultivate hepatocytes and as extracorporeal assist devices [222-224]. Modules were
designed which distributed the main fluid flow equally to each hollow fiber in the bundle
[225]. This generated a parabolic velocity profile in the fiber lumen and resulted in uniform
shear stress for the attached cells, which was directly proportional to the intracapillary flow
rate [211,212]. Cell adhesion was enhanced by pre-coating the hollow fibers with one or even
more extracellular matrix proteins such as fibronectin or collagen [226].

The use of hollow fiber bioreactors to produce clinically relevant numbers of MSCs (total cell
yields between 10® and 10° cells) has been reported in numerous studies [227]. These cell
amounts are sufficient for autologous and selected allogeneic therapies. Exemplarily, we
would like to refer to serum-supplemented productions recently performed with the FiberCell
System (FiberCell Systems, max. growth surface of 2.5 m?) and the Quantum Cell Expansion
System (Caridian BCT, maximum growth surface of 2.1 m?). The articles describe expansion
of MSCs isolated from human bone marrow and placenta over a few weeks [210,228-230].
Nonetheless, hollow fiber bioreactors and fixed bed bioreactors subsequently described are
restricted in scalability. They both have limitations in that their nutrient and oxygen gradients
in culture restrict the length of the fiber and height of the fixed bed. The biggest challenge,
however, for both reactor types is posed by cell harvest.
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3.7. Single-use versions of fixed bed bioreactors and MSC expansions

Initial work with fixed bed bioreactors (also referred to as packed bed bioreactors) and
mammalian cells started in the 1950s. In fixed bed bioreactors cells are immobilized on or
encapsulated in a stationary matrix consisting of particles densely packed in a cylindrical
vessel. Several types of particles have been used to date: Macro-porous microcarriers, porous
ceramic beads, porous glass beads, glass fibers, polyester discs, alginate beads and hydrogels
[62,231-236]. The culture medium is perfused through the bed of the bioreactor and supplies
cells with nutrients while removing undesired metabolites. For this purpose, either an external
medium reservoir is used or the culture medium is circulated in an internal loop. When fixed
bed bioreactors are run in continuous perfusion mode, cell densities of around 510° cells
mL? can be achieved. Knowledge about configurations of fixed bed bioreactors and their
bioengineering characteristics was summarized by Warnrock et al. [232].

Fixed bed bioreactors have been successfully employed in different investigations with
primary cells, such as bioartifical liver support systems and stem cell expansions. It is a well-
known fact that the company Pluristem Therapeutics, a leading developer of placenta-based
cell therapeutics, uses reusable fixed bed bioreactors (PluriX 3-D bioreactors) in combination
with Fibra-Cel® disks. Fibra-Cel® disk carriers are characterized by high porosity and com-
posed of two layers of non-woven polyester and polypropylene [236,237]. These fiber carriers
also form the fixed bed in Eppendorf’s single-use version of the BioBLU® bioreactor, which is
obtainable up to a vessel volume of 5L. When pre-loaded with 150 g of Fibra-Cel® disks, 0.12
m? of effective surface area per gram of disks is provided. The largest single-use fixed bed
bioreactor is Pall's Integrity™ iCELLis™ bioreactor, which has a maximum growth surface of
500 m? and a fixed bed made from polyethylene terephthalate microfibers [238]. But as in the
case of the BioBLU® SU bioreactor, no reviewed literature about MSC cultivation in the
Integrity™ iCELLis™ was found at the time of writing, with the exception of an mL-scale
application in which a single-use fixed bed bioreactor was used. This concerned a syringe-like
fixed bed bioreactor for the cultivation of implantable immortalized hMSCs expanded on
alginate beads and applied in cell therapy trials for stroke treatment [1,239].

4. Scale up of MSC cultivations: General considerations

In planar cultures, the growth of the adherent cells has to date been limited by the available
growth surface area, which is determined by the geometry of the cultivation vessel. Scaling
up of planar static cultures is therefore realized by increasing the growth surface (linear scale-
up), either by working with several bioreactors in parallel and/or using multilayer systems.
However, as already pointed out in Section 3, with an increasing number of layers and/or
bioreactors the risk of contamination and vessel-to-vessel variance rises. It is assumed that lot
size of planar culture systems are capped at 1-4 10" cells, whereby lot sizes of >1 10" cells are
not readily achievable without massive automation and parallel processing [174].

The available growth surface area also limits the lot sizes in dynamic parallel plate, hollow
fiber bioreactors and fixed bed bioreactors, whereas concentration and temperature gradients
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are less likely in these systems because of the convective transport. Due to the limited engi-
neering data available for these systems, no systematic scale-up studies have been published
so far and scaling-up is mainly realized using trial-and-error methods. In contrast, several scale-
up rules have now been accepted for stirred bioreactors which is why the main focus of the
following is on this bioreactor type. Since it is not possible to simultaneously maintain identical
operational characteristics such as mixing time, power input, impeller speed, carbon dioxide
removal and oxygen mass transfer over the different scales, the most important factor(s) has
(have) to be identified.

In biopharmaceutical production processes, the impeller tip speed (uy,) is a frequently used
scale-up criterion [240,241], which is directly proportional to the impeller diameter and the
rotational speed. Typically, the impeller tip speed correlates well with the maximum fluid
velocities, and consequently, the maximum shear stresses, as long as low aeration rates are
used. Otherwise, local shear stresses from rising bubbles and/or bursting bubbles at the liquid
surface may exceed impeller-induced shear by several orders of magnitude [242]. Based on
model devices, non-lethal responses of hMSCs on shear stresses, including changes in gene
expression, signaling pathways and morphology as well as cell differentiation, have been
reported over a wide range of shear from 0.01 to 5 Pa [138,145,146,152,243], depending on
the cell source and donor as well as the experimental setup (used device, exposure time,
medium etc.).

However, the impeller tip speed does not account for the actual impeller type nor volume
changes during the process (e.g. by feeding or medium exchange). Particularly at larger scales,
heterogeneity in the culture environment due to gradients in dissolved gases and metabolites
can become an issue. Another possible scale-up criterion is the mixing time [244]. Based on the
turbulence theory, the mixing time was suggested to be independent of impeller type and was
found to correlate with specific power input and geometrical parameters such as the impeller
and vessel diameter and the filling height, which is valid for single impellers in draw and fill
mode as well as multi-stage impellers [245]. In comparative studies with different stirred
single-use bioreactors, mixing times of between approximately 44 s and 86 s for a constant tip
speed of 0.5 m s were found [246]. In single-use bioreactors there is still a lack of systematic
comparisons of mixing that take geometric parameters into account. Furthermore, it should
be emphasized that keeping mixing time constant during scaling-up results in significant
increases in specific power input at larger scales [247,248].

For cells growing in suspension, the most frequently used scale-up criterion is the specific
power input, which can be predicted from the impeller power number (Ne) according to Eq.
9, where g, ng, di and V represent liquid density, the impeller speed, the impeller diameter
and the liquid volume respectively.

Ne p, nSdy’
Vv

L

P/V= (11)
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The power number is specific for each impeller type and depends on the Reynolds number
(Re), which was introduced in Section 2.2. In general, radial flow impellers exhibit greater
power numbers than axial flow impellers, which therefore need to rotate more quickly in
order to achieve the same power input (see Eq. 11). Reported power numbers for stirred
single-use bioreactors range from 0.3 (Mobius® CellReady 3L) to 4.2 (Mobius® CellReady
50/200L), whereas the UniVessel SU 2L with two segment blade impellers has a power
number of 1.1 [249].

For microcarrier-based processes, suspension criteria (Ng; and Ng,;;) have been proposed for
scaling-up, since they provide effective use of the available growth surface of the microcarri-
ers. Both suspension parameters, which describe the impeller speed required to bring solid
particles (the microcarriers) into suspension, were introduced more than 50 years ago
[250-252], although their potential for microcarrier-based stem cell expansions and their
scale-up was only reported quite recently [119]. The N, criterion displays the impeller
speed at which all particles are just fully suspended, whereby a homogeneous dispersion of
all microcarriers is not a necessary consequence. The Ny, criterion is its lower limit and thus
the impeller speed required to locate the particles at the bottom of the bioreactor with none
of them at rest. Comparing different stirred SU bioreactors from small to pilot scale, the low-
est impeller speeds, and, thereby power inputs required to lift up polystyrene-based micro-
carriers with solid fractions of up 0.2 % were found in the Mobius® CellReady bioreactor
[182]. However, the suspension criteria also strongly depend on the microcarrier type used.
Thus, they should be determined as part of process development for each individual process
(see also Section 5.3).

Other agitation-related scale-up factors such as the Reynolds number or Kolmogorov’s mi-
croscale of turbulence are more seldom used in scale-up studies. Because of the low oxygen
demands of hMSCs (1.2-3.810"7 mol oxygen s cell?) [253,254] and the relatively low cell
density, the volumetric oxygen demand can often be covered by surface aeration. Therefore,
scale-up factors related to oxygen mass transfer, such as the specific oxygen transfer coeffi-
cient (k;a), are also considered to be less important. However, they may increase in impor-
tance at increasing scales and higher cell densities.

5. A new scale-up approach for expanding hMSCs

5.1. Motivation

In this section, we introduce a new scale-up approach and show its suitability for rapid and
efficient expansion of hADSCs (Figure 7 A) and hBM-MSCs (Figure 7 B). Both cell types are
of therapeutic interest as the increasing number of clinical trials presented on www.Clinical-
Trials.gov indicates. There is no doubt that alternatives to planar systems are required. Al-
though, vessel versions with 10-or 40-layer units providing cell yields between 2-10® and
1-10° cells [31] have been established, a consistently high cell quality at high cell numbers is
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difficult to ensure. This explains the shift to suspension cultures, particularly using micro-
carriers and stirred instrumented bioreactors, when scalable hMSC production is the focus.

Our scale-up strategy (Figure 7), which was aimed at cell yields around 1-10" hMSCs and
expansion factors exceeding 30, is based on two pillars: (i) screening studies performed in
Corning spinners (Figure 7 C) at mL-scale and (ii) bioengineering investigations carried out
for the spinner system and the pilot bioreactor system chosen (Figure 7 D and Figure 7 E).
The bioengineering studies of both cultivation systems included CFD simulations and result
verification by Particle Image Velocimetry (PIV). Their aim was to predict fluid flow pattern
and fluid flow velocities to enable calculation of local shear stress distributions, turbulent
dissipation rates and Kolmogorov's micro-scales.

Together with the microcarrier distributions, these parameters were considered in order to
predict optimum impeller speeds while avoiding high shear stresses, which finally result in
cell differentiation or even cell death. As proposed by Kaiser et al. [255] the suspension crite-
ria Ng; and Ng;; were employed to transfer the process from 100 mL to 35 L and 50 L work-
ing volumes, respectively.

It is worth mentioning that all the cultivations ran between 6 and 9 days and were executed
in fed batch mode at low-serum conditions. Reducing the serum-content in the culture me-
dium or using serum-free or chemically defined culture media contributes to process cost
reductions, and simplifies downstream processing and product approval [65,256]. The two
cell types used were provided by the Lonza Cologne GmbH, Germany. They were each cry-
opreserved (second passage, population doubling level of 10) and originated from a single
consenting, informed donor. In all hMSC production processes, daily sampling and sample
analyses in accordance with the descriptions of Schirmaier et al. [196] and Jossen et al. [197],
were executed. In addition to the determination of cell density, viability, concentrations of
glucose, lactate, glutamine and ammonia, flow cytometric and apoptotic investigations were
performed.

5.2. Investigations at mL-scale

In total, seven different culture media from different suppliers with varying contents of FBS
(0-10 %) and six different microcarrier types (different densities and diameters) were used in
the comprehensive spinner screening. The results for both hMSC types (cell growth, substrate
and metabolite courses and cell expansion factors) achieved in the Corning spinners and 2-
layer Corning CellSTACKSs, were compared with those of cultivations in standard DMEM
(Dulbecco’s Modified Eagle Medium) with 10 % FBS. While propagating the cells at micro-
carrier solid fractions of 1.43 % (polystyrene matrix-based microcarriers) and 0.3 % (gelatin
matrix-based microcarriers) over 6 days, the culture broth was stirred intermittently or
continuously at 60 rpm (37°C, 5 % CO, and 80 % humidity). This impeller speed had been
previously determined in spinner experiments aimed at cell yield optimizations in standard
DMEM medium containing 10 % FBS. Serum-free expansion (0 % FBS) of both cell types was
possible, but the expansion factors achieved were below 10 and regarded as insufficient. Lonza
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Figure 7. Our expansion approach with (A) DAPI staining of microcarriers realized in hADSC expansions with poly-
styrene-based carriers in the BIOSTAT® CultiBag STR 50L on cultivation day 7 (0.71 % solid fraction), (B) DAPI stain-
ing of microcarriers realized in hBM-MSC expansions with gelatin-based carriers in the BIOSTAT® CultiBag on
cultivation day 7 (0.21 % solid fraction), (C) 125 mL spinner flasks equipped with top-mounted blade impeller with
diameter of 41.5 mm and operated with 100 mL working volume, (D) BIOSTAT® CultiBag STR 50L during one experi-
mental run and (E) its polyethylene multilayer bag in which two 3-segment blade impellers with a diameter of 143
mm, a microsparger, and single-use pH-and DO-probes were implemented. The bag have being fixed and shaped by a
stainless steel support container. Scale bars in (A) and (B) indicate 1000 m.

stem cell medium provided the most promising results and allowed satisfactory growth at low
serum-content (5 % FBS) and at continuous stirring, when hADSCs were propagated on the
polystyrene carriers and hBM-MSCs expanded on the gelatin carriers with the lower density.
A further improvement in the cell expansion factor (60 instead of 40) and the maximum cell
yield (1-108 cells instead of 4-107 cells) was achieved by: (1) modifying the Lonza stem cell
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medium and realizing one single feed (with a feeding solution) instead of performing a single
50 % medium exchange between day 3 and 4, (2) increasing the inoculum density and (3)
increasing the microcarrier concentration.

The transfer of fluid flow at the optimum cultivation conditions found in the spinner presup-
posed CFD modeling. To date, several studies have demonstrated the usefulness of CFD in
analyzing fluid dynamics at both micros-and macroscopic levels in stem cell bioreactors [132,
255,257]. We modeled the fluid flow inside the Corning spinner flask by using the finite volume
solver Fluent from ANSYS (ANSYS Inc., version 14.0, USA) and calculated the three local
velocity gradients as well as their magnitude. For more detailed information the interested
reader is referred to Kaiser et al. [255]. As exemplarily shown in Figure 8 for 60 rpm and 100
mL working volume, the flow in the spinner flask was primary tangential with low axial and
radial velocity components. Due to the wide impeller blade and the absence of baffles, the
observation that the tangential velocity was the highest velocity component comes as no
surprise. As also expected the velocities were highest at the edges of the impeller blade as well
as at the tips of the impeller bars and correlated directly with u,,. In contrast, the lowest
velocities were determined below the impeller and near the vessel wall. It was also found that
sedimentation and agglomeration of the microcarriers were most likely to occur below the
impeller bar. This finding was also confirmed by the microcarrier distribution in the spinner
flasks, which is depicted in Figure 9. Furthermore, at 60 rpm and 100 mL working volume the
mean local shear stress level (t,,) was 4-102 N-m? and the maximum value was estimated to
be 0.2 N-m™. The mean turbulent energy dissipation rate (¢) was 1.1-10° m?-s® and the
maximum turbulent energy dissipation rate was about 10 times higher. The mean and
minimum Kolmogorov’s microscales of turbulence were 60 pm and 191 pm, respectively.
However, we would like to point out that Kolmogorov’s theory is only valid for high turbu-
lence (Re > 10%) and because Re was 1722 under the process conditions used, the Kolmogorov’s
values estimated should be viewed critically.

As various mathematical models are available for the simulation of fluid flow in a stirred
bioreactor system, the CFD-predicted fluid flow pattern and fluid velocities need to be veri-
fied. For this purpose different analytical methods can be used, PIV representing one of
those most frequently applied. Its advantages are given by the contactless measuring princi-
ple, in which a 1 mm thick laser sheet is generated by a double-pulsed Nd:YAG laser (wave-
length A=532 nm). By adding rhodamine-coated fluorescent particles to the reactor volume,
the fluid flow can be visualized and fluid velocities can be measured by recording a set of
double images with a small time offset (cross correlation). More detailed representations of
this method can be found in [255] and [132]. As exemplarily shown in Figure 8 C for the
Corning spinner flask in two vertical positions (below and above the impeller), the CFD-pre-
dicted tangential fluid velocities are in good agreement with the PIV-measured data with
relative deviations below 7 %. These results illustrate that the fluid velocities are well-cap-
tured by the CFD model and the model is therefore suitable.

In order to determine the microcarrier distribution, the single-phase model was extended by
an additional Eulerian phase (Euler-Euler RANS approach), which also takes the microcarrier
into account as a solid phase [255]. Figure 9 illustrates the microcarrier distribution of the
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Figure 8. Fluid flow conditions in the Corning spinner flask at 60 rpm and 100 mL working volume. The fluid flow is
presented as a combined vector-contour plot along a horizontal plane (A) and as normal contour plot along a vertical
plane (B). The graph (C) illustrates the good agreement between the CFD-predicted (-) and PIV-measured (*) fluid ve-
locities along the radial coordinates in two vertical positions below and above the impeller bar.

polystyrene-type carrier at stirrer speeds below and similar to the Ng,, criterion. As previously
mentioned, the microcarrier sedimentation and agglomeration is most likely to be found below
the impeller bar, especially at lower impeller speeds (N < Ng;; and Ng;). At these conditions,
the cells on the microcarriers, particularly those in the centre of the deposit are not well
supplied with nutrients and oxygen. Thus, a mass transfer limitation and a gradient formation
can occur, which may have a negative effect on cell quantity and quality. Both limitations can
be reduced, or even prevented by increasing the impeller speed. However, this involves raising
the specific power input in the bioreactor, thereby increasing the shear stress acting on cells.
Consequently, impeller speeds are required that guarantee sufficient mixing at power inputs
tolerated by cells without differentiation or dying off. Process conditions which fulfill these
requirements are obtained at specific suspension criteria (Ng; and Ng)). By increasing the
impeller speed to the Ng,, criterion, the deposit directly below the impeller bar can be reduced
to a state in which only a few microcarriers are situated directly below the impeller, with none
of them at rest (local microcarrier movement along the bioreactor bottom). This can be seen in
Figure 9 C, where a decrease in the local volume fraction of the microcarriers from around 0.4
% to 0.1 % below the impeller bar is shown. Compared to the Ng, criterion, where the micro-
carriers are not in contact with the reactor bottom for more than one second, the Ng,; provides
more gentle conditions for the cells. However, both criteria strongly depend on the character-
istics of the microcarrier type (density, diameter, porosity) and the bioreactor (dimension/
configuration). Accordingly, the suspension criteria needed to be determined for each
microcarrier and bioreactor used in the expansions.

The Ng;y and N, criteria determined for the polystyrene matrix-based microcarriers (solid
fraction: 0.25 — 2 %) were in a range of 34 — 50 rpm and 44 — 61 rpm respectively, and for the
gelatine matrix-based microcarriers (solid fraction: 0.25 — 1 %) 59 — 79 rpm and 80 — 93 rpm
respectively. Indeed, the Ng,, criterion was always achieved at 20 + 4 % lower impeller speeds,
which indicates reproducible determinability of the Ng,y; criterion.
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Figure 9. CFD-predicted, and experimentally observed microcarrier distributions for the Corning spinner flask at stir-
rer speeds below (A) and similar to (B) the N, criterion. Good agreement is achieved between the CFD-predicted and
experimentally observed microcarriers distributions. (C) The graph illustrates the reduction of the microcarrier volume
fraction below the impeller from 0.4 % to 0.1 % by increasing the impeller speed to the suspension criterion (Ng,y).

5.3. Investigations at L-scale

Generation of hMSCs in clinically relevant numbers requires an increase in growth surface as
well as in a bioreactor's working volume. Because Sartorius's BIOSTAT® CultiBag STR family
is commercially available up to m® scale, and bioengineering data are available for the 50 L,
200 L, 1 m® and 2 m® versions [194,258], we decided to realize the process scale-up in the
BIOSTAT® CultiBag STR 50L. For the preliminary investigations at mL-scale, which demon-
strated the usefulness of the suspension criteria for the microcarrier-based stem cell cultivation
[255], Ng;y and Ng; were experimentally determined for the BIOSTAT® CultiBag STR 50L in a
first step. For this purpose a Plexiglas model with the dimensions of the bag holder (which
allowed visual evaluation of the suspension criteria) was used instead of the flexible multilayer
bag (Figure 7 E). More detailed information on the PIV measurement principle applied is given
by Schirmaier et al. [196].

In order to achieve the target cell yields, the growth surface was increased accordingly,
whereby microcarrier solid fractions of 0.20 — 1.25 % (polystyrene microcarriers) and 0.1 - 0.4
% (gelatin matrix-based microcarriers) were employed in the suspension studies. The impeller
speeds required to ensure the suspension criteria (Ng,y, Ng;) were in a range of 40 — 66 rpm
and 50 — 77 rpm for the polystyrene microcarriers. In the case of the gelatin matrix-based
microcarriers, values ranging from 52 — 68 rpm and 63 — 79 rpm were required. Nevertheless,
for both hMSC types a comparable correlation (20 + 5 %) between the suspension criteria in
the spinner flask and the BIOSTAT® CultiBag STR 50L was detected. Based on the estimated
impeller speeds, single-and multi-phase CFD simulations were performed in order to inves-
tigate the fluid flow (flow pattern, fluid velocities) as well as to predict the specific power
inputs and the shear gradients in the BIOSTAT® CultiBag STR 50L. As illustrated in Figure 10
A and B the fluid flow in the BIOSTAT® CultiBag STR 50L was primary axial with two flow
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loops, whereby the axial fluid velocities at the bottom of the bioreactor enabled the microcar-
riers to swirl up. Due to the distinctive axial flow characteristics, which were caused by the
two 3-segment blade impellers, as well as the relatively high axial velocities near the reactor
bottom (0.04-0.1-uy,), the microcarriers swirled up even at relatively low impeller speeds.
Similarly, the prevalence of the axial fluid flow was obvious from PIV measurement data,
where a good agreement between the CFD-predicted and the PIV-measured fluid velocities
(relative deviation < 10 %) was achieved [258].
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Figure 10. Fluid flow conditions and required specific power inputs for the Ny, criterion in the BIOSTAT® CultiBag
STR 50L. The contour and vector-plots are given along the mid-reactor plane. The contour plot (A) illustrates that the
induced fluid flow in the BIOSTAT® CultiBag STR 50L is primary axial with two flow loops, whereby the axial fluid
velocities (B) impinge on the reactor bottom and enable the microcarriers to swirl up. (C) The specific power inputs
required to fulfill the N, criterion are in a comparable range for both the spinner flask and the BIOSTAT® CultiBag
STR 50L.

The suspension studies showed that the number of impellers has no significant effect on the
suspension criteria. Thus, fed batch strategies can be realized which start with low working
volumes and where only the lower impeller is immersed in culture medium. As is depicted in
Figure 10 C, the CFD-predicted specific power inputs for the Ny, criterion at different micro-
carrier solid fractions in the BIOSTAT® CultiBag STR 50L were slightly higher (20— 180 %) than
in the spinner flask. However, the specific power inputs required were in the same magnitude
and appropriate for the microcarrier solid fraction range desired. A closer look at the local
maximum shear stress levels (1.06 N-m?) at 60 rpm (0.4 % and 0.2 % solid fraction of poly-
styrene and gelatine matrix-based microcarriers respectively) also revealed a slightly higher
stress on the cells grown in the BIOSTAT® CultiBag STR 50L. However, these higher shear
stresses occured only in a low percentage (3.15-10° %) of the volume and the cells were only
exposed to these conditions for a short time. Beyond that, the local mean shear stress levels
were in a range comparable to that in the spinner flask, which indicates a broader distribution
of the local shear stresses in the BIOSTAT® CultiBag STR 50L [196,258]. The fluid flow in the
BIOSTAT® CultiBag STR was more turbulent (Re=13591 — 26817) than in the spinner flask,
which allowed a more reliable evaluation of Kolmogorov's microscales under the conditions
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investigated. Compared to the diameters of the microcarriers, the predicted minimal (14 - 19
pm) and mean (197 — 268 pm) Kolmogorov's microscales indicated that some turbulent eddies
were in the same order of magnitude. However, the stem cells were only in contact with the
critical turbulent eddies (2/3-1, < d < 1,) for a restricted (short) time and cell death was not
detected until day 8 of the cultivations.

' ™
Master cell bank

b l A

' ™
Working cell bank

A l A

s R

Multilayer flask-based seed inoculum
production
e l A
# ™,
Cell expansion in the BIOSTAT CultiBag
STR 50L [fed batch mode)
. l -
z" ™y

Cell harvest and purification

Cyropreservation

. l i
. ™
Storage
. A

Figure 11. Flow chart showing the main steps of hBM-MSC expansions at pilot scale. hBM-MSCs from the working cell
bank (second passage) were used to generate the seed inoculum (2-layer CellSTACKs®, 1272 cm? growth surface) with-
in 4 days. After seed inoculum harvest and microcarrier preparation had been carried out according to the manufac-
turer's recommendations, a 4-hour cell attachment phase was realized by transferring the inoculum to a BIOSTAT®
CultiBag RM 20L basic (Sartorius Stedim Biotech) containing the equilibrated gelatin microcarriers. The bag was
placed in an incubator and kept stationary to promote attachment of cells. For subsequent stem cell expansion, the mi-
crocarrier cell suspension was transferred to the BIOSTAT® CultiBag STR 50L. Pilot runs were started with 35 L work-
ing volume at 37 °C, a DO value above 20 %, and a maximum air flow rate of 0.03 vvm. pH ranged between 7.2 and
7.3, and impeller speeds were between 50 rpm and 66 rpm. After cell separation, harvest and purification, the cells
were frozen for long-term storage (-196°C).
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Based on the CFD-predicted engineering parameters and the optimal cultivation conditions
derived for the two hMSC types, serum-reduced expansions at 35 L for the hADSCs and 50 L
for the h(BM-MSCs were carried out. Because of the higher clinical relevance of the hBM-MSCs,
only one run (fed batch mode with 50 % medium exchange on day 4) was realized for the
hADSCs [196], whereas an optimized feeding procedure was developed for the hBM-MSCs.
The main process steps of the successful hBM-MSC-based feeding procedure, which is in
agreement in the main lines for the 35 LhADSC production, are shown in Figure 11. A detailed
description of the hADS expansion, where the multilayer flask-based seed inoculum produc-
tion was omitted, can be found in [196].

For both hMSC types comparable cell growth was achieved in both the spinner flask and the
BIOSTAT® CultiBag STR 50L runs (Figure 12 A and B). For the hADSCs, peak viable cell density
in the spinner flask was 2.92-10° cells-mL" and 3.0-10° cells-mL" in the BIOSTAT® CultiBag
STR 50L. The hADSCs grew with a growth rate of 33.6-10° h? in the spinner flask and
30.4:10° h! in the BIOSTAT® CultiBag STR 50L, which corresponds to doubling times of 20.6
h and 22.8 h respectively [196]. By realizing the optimized feeding approach, the peak viable
cell densities of the hBM-MSCs were around 2 to 2.4 times higher (6.8-10° cells-mL" in the
spinner flask and 7.2-10° cells-mL"* in the BIOSTAT® CultiBag STR 50L) compared to the
hADSC expansions. The expansion factor was 39.6 + 3.6 in the spinner flask and 51.5 + 4.9 in
the BIOSTAT® CultiBag STR 50 L. These are the highest expansion factors so far reported for
serum-reduced hBM-MSC productions [64,191,192]. The hBM-MSCs grew with similar growth
rates (u) to the hADSCs (34.8-10° h! in the spinner flask and 30.4-10° h in the BIOSTAT®
CultiBag STR 50L), whereby the peak viable cell densities were achieved one day earlier. Cell
growth at the end of the cultivations was restricted by the limited microcarrier growth surface.
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Figure 12. Courses of viable cell densities of hRADSCs (A) and hBM-MSCs (B) in the BIOSTAT® CultiBag STR 50L and
the control spinner flasks. (A) hADSC cultivation was performed at 35 L scale (50 % medium exchange on day 4). (B)
Optimized hBM-MSC cultivation was performed at 50 L scale (feed on day 5).
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During all the cultivations the expanded stem cells maintained their stem cell properties and
qualities. Figure 13 shows the flow cytometric analysis of hBM-MSC samples. The specific
surface markers (CD34, CD45, CD73*, CD95*, CD105%) were determined according to the
recommendations of the ISCT [25]. Comparable results were also found for the hADSC
cultivations in the BIOSTAT® CultiBag STR 50L [196].

BIOSTAT CultiBag STR 50L Inoculum BIOSTAT CultiBag STR 50L Inoculum
WS
co73 - cD34 »
59.9% R
€090 g cD4s »
Positive surface markers: CD73+, CD90*, CD105*
Negative surface markers: CD34, CD45

cD105 >

Figure 13. Flow cytometric analysis (FACS) of specific surface markers performed with hBM-MSC samples before
(seed inoculum) and at the end (after harvest) of the expansion procedure. Positive surface markers: CD73*, CD90",
CD105*. Negative surface markers: CD34-, CD45".

6. Conclusion

The potential of MSCs is undoubted and explains the increasing clinical interest in high cell
yields for therapy approaches. The successful expansion of MSCs to clinically relevant
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numbers and qualities strictly depends on the bioreactor type and its bioengineering param-
eters, in particular the fluid flow and shear stress. Non-instrumented multilayer vessels
normally used for MSC expansion may be advantageously replaced by instrumented dynamic
single-use bioreactors. Nowadays, users already have access to stirred, wave-mixed, parallel
plate, hollow fiber and fixed bed versions, which confirm the applicability of these bioreactor
types for different MSC expansion studies.

For autologous therapies, stirred singles bioreactors operating at benchtop scale and providing
yields of 1-10° MSCs after harvest from microcarriers have proven themselves. Availability of
bioreactor CFD models has supported the determination of bioengineering parameters as well
as prediction of fluid flow and shear stress. Moreover, knowledge of fluid flow patterns and
velocities, local shear stress distributions, turbulent dissipation rates and Kolmogorov's
microscales has contributed to an increase in expansion efficiency and supported avoidance
of cell differentiation. Together with microcarrier distribution, these parameters can also be
used to rapidly and successfully transfer hRADSC-and hBM-MSC-based expansions from mL-
up to pilot scale. They provide the basis for the production of MSC-derived allogeneic cellular
therapeutic products, for which trillion of cells will be required annually.

Stem cell therapeutics are now in transition from development to clinical applications. A large
number of stem cell therapeutics are in the clinical pipeline or already in clinical trials [14,31].
This requires clinical-grade bioprocessing and scale-up approaches for expansion of MSCs
from human sources. However, the application of MSCs is hampered by a number of facts
intrinsic to these cells. As summarized by Wuchter et al. [44], MSCs vary in composition, their
cell source (e.g., bone marrow, adipose tissue and cord blood) and the protocols applied for
cell isolation and expansion. The available markers are not regarded as sufficient for compar-
ison of data and quality control. Therefore, experimental and clinical data from different
laboratories involved in multicenter trials are difficult to compare. Criteria important for
quality control include the immunophenotype of the cells, composition of the culture medium
and the risk of malignant transformation, as well as the aging and the immunosuppressive
potential of the manufactured MSCs [44].

Stem cells could be used in cell therapy either as mass-produced allogeneic cells or autologous
cells [31]. Inboth cases scalable, controlled bioprocessing techniques are required. Establishing
these processes is complicated by the fact that guide lines developed for the production of
biopharmaceuticals (e.g. monoclonal antibodies) are generally unsuitable for cell therapeutics.
Whereas in bioproduction the quality of the product is of major concern and the cells are
typically discarded after production, for cell-based therapies the cell-specific properties are
essential and require highly specific processes. An overview of the clinical and regulatory
pathways for stem cell-based therapies and recent developments is given by [13,31,44].

Future availability of serum-free or even chemically defined culture media and microcarriers
allowing simple cell harvest (e.g. after temperature-or pH-shift) and reproducible production
will simplify the approval of cell therapeutics. Moreover, it will provide new findings in
respect of operational demands and shear stress sensitivity of MSCs.

151



152  Cells and Biomaterials in Regenerative Medicine

Abbreviations

1-D One-dimensional

2-D Two-dimensional

3-D Three-dimensional

CD Cluster of differentiation (e.g. CD105)

CFD Computational Fluid Dynamics

CHO Chinese hamster ovary

DAPI 4’ ,6-diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle’s Medium

DO Dissolved oxygen

FBS Fetal bovine serum

FCS Fetal calf serum

FGF Fibroblast growth factor

GMP Good Manufacturing Practice

hADSC Adipose tissue-derived human mesenchymal stem cell
hBM-MSC Bone marrow-derived human mesenchymal stem cell
hMSC Human mesenchymal stem cell

hMSC-TERT Telomerase-immortalized human mesenchymal stem cells
ISCT International Society for Cellular Therapy

MSC Mesenchymal stem cell

PIV Particle Image Velocimetry

RANS Reynolds-averaged Navier-Stokes

Symbols

Latin symbols

Symbol Unit Description

b m Width of flow chamber

dg m Impeller diameter

D m Vessel diameter

F m’s? Flow rate

h m Height of flow chamber
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Symbol Unit Description

ISF st Integrated shear factor

Ikl m Turbulent Kolmogorov microscale

kia h volumetric mass transfer coefficient for oxygen or CO,

ng s Rotational speed

Ne - Newton-Number

Ng; / Ngiy rpm Suspension criteria, describing the microcarrier distribution at just fully
suspended conditions (N;) and below (Ng,y;)

P % Power input

P/V W m? Specific volumetric power input

Re - Reynolds-Number

Ugp ms’! Maximum rotating velocity

U ms?! Flow velocity

Vi m? Liquid volume

Greek symbols

Symbol Unit Description

a, - Solid volume fraction

Y s shear rate

€ m?s? Turbulent energy dissipation rate

N Pas Dynamic viscosity

A nm Wavelength

u ht Specific growth rate

v m*s Kinematic viscosity

O kg m? Liquid density

T Pa Shear stress

T Pa Local shear stress

Ty Pa Wall shear stress
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1. Introduction

Recent developments in the field of regenerative medicine highlighted the emerging need
for cellular therapies. This novel approach is at the doorstep to its clinical application. Nev-
ertheless, there is still a lack of consistent and unbiased data on the survival, distribution
and safety of implanted cells. The tight collaboration between pharmacology, chemistry, bi-
ology and physics expanded the collection of methods for in vive imaging and allowed for
real time assessment of functional read-outs, localization and viability of the implants. The
successful implementation of stem cell visualization will provide for improvements in many
healthcare fields. Of key importance is the identification of the most valuable method for
non-invasive monitoring of cells and affected tissue. In this chapter we will assess the ad-
vantages and drawbacks of different imaging techniques, focusing specifically on cell thera-
py and methods utilized for tissue engineering and regenerative medicine.

Organ transplantation still remains the gold standard for the treatment of terminally damaged
organs. This method brings along a collection of drawbacks like the shortage of available donor
organs and the high morbidity of immunosuppressive therapy. Regenerative medicine offers
an alternative for the replacement of organs and tissues overcoming pitfalls and proposing a
therapy with patient’s own cells. The discovery of the self-renewal and differentiation
capacities of stem cells accelerated the development of regenerative medicine and inspired
researchers and clinicians to search for novel treatment options for the improvement of the
quality of life of patients [1]. The tremendous success in medical sciences and biotechnology
allowed the development of many ideas, some of which are now being approved by clinical
trials. Nearly 26’000 studies utilizing cell therapy are currently ongoing [2] trying to establish
the safety and effectiveness of this new method for applications in neurology, cardiology or

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and eproduction in any medium, provided the original work is properly cited.
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oncology. Autologous stem cell therapy is a novel promising approach with increasing impact
on regenerative medicine. Preliminary data of many preclinical studies on different human
disorders showed a beneficial effect of this treatment [3]. The usage of the patient’s own cells
to rebuild tissues and regain functionality after trauma is currently investigated, as it may have
a profound influence on many human diseases once its application is approved. Several
hurdles are yet to be overcome before the safety of this method is guaranteed. One possibility
to avoid the post mortem read-out of a study or the invasiveness of a biopsy is the use of in
vivo imaging. Succeeding in this would also significantly reduce the number of animal
experiments to be performed. The emerging need for “real time” visualization of cells and
tissue gives rise to many questions in the field of regenerative medicine. Many different cellular
therapies are on the door step into clinics and a method for non-invasive tracking of trans-
planted cells and defining their fate, functionality and differentiation is of great importance.
Of high interest is also the visualization of their effect on the damaged tissue or organ.

In the past two decades many researchers concentrated on developing new modalities for
better visualization on the cellular and molecular level. As none of the available imaging
systems fulfils all needs, many efforts have been put into expanding the potential of the
available methods by testing the application of a variety of vectors, genes, proteins and cells
for precise read-outs. The visualization techniques relevant to clinical cell tracking include
positron emission tomography (PET), single-photon emission computed tomography (SPECT)
and magnetic resonance imaging (MRI) [4]. Hybridizations of computed tomography (CT) and
MRI with PET and SPECT allow simultaneous acquisition of anatomical information and
reveal new state-of-the-art modalities for successful molecular imaging (SPECT/CT, PET/CT,
PET/MRI) [5]. Generally, the utilization of radioactive tracers provides high sensitivity and
requires short image acquisition time. Nevertheless, the production of the radioactive isotopes
is very expensive and its application comes along with radiation exposure for the patient.
Therefore, MRI seems to be an attractive alternative devoid of harmful radiation. This modality
has spectacular image resolution and anatomical read-out capabilities [6]. However, it is more
time-consuming and lacks the high sensitivity of PET and SPECT [7] (see Table 1). There are
also a few optical imaging modalities using bioluminescence (BLI) or fluorescence (FI), which
have been widely utilized in small animal models [8]. These are cost-saving methods (using
fluorescent proteins or luciferase activity) which allow for very rapid result obtainment.
Nevertheless, their spatial resolution is low and decreases with depth, which is the main reason
why they are not applicable for life cell imaging in humans.

Many cells are potentially accessible by imaging and developments in this field already
support the diagnosis and therapy of several human diseases. However, a feasible technique
for non-invasive monitoring of the tissue engineering process is still missing. A variety of cells
was shown to be applicable for tissue and organ restoration, but yet little is known about the
safety, viability, functionality and migration of these cells in vivo and their direct or indirect
involvement in the healing process. Despite the abundance of new techniques for non-invasive
visualization of cells, their translation into the clinicis challenging. Hence, here we will discuss
the advantages and drawbacks of different imaging modalities applicable for humans and
their implementation in the diagnostics and monitoring of the treatment of various diseases
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located in the hot spot of current clinical trials. Moreover, we will consider potential strategies
for expansion of the available techniques, in particular for successful tissue engineering and
regenerative medicine.

Imaging  Spatial Temporal Sensitivity Safety Clinically Cost

Modality  Resolution Resolution Applied

CT 50-200 pm (preclinical)  minutes not defined Ionizing Yes $$
0.5-1 mm (clinical) radiation

MRI 25-100 um (preclinical) ~ minutes-hours 10°-10°M Noionizing  Yes $$$
~1 mm (clinical) poor radiation

PET 1-2 mm (preclinical) seconds-minutes 107! - 10"2M Tonizing Yes $$$
5-7mm (clinical) excellent radiation

SPECT 1-2 mm (preclinical) minutes 10" -10"M Tonizing Yes $$
8-10 mm (clinical) excellent radiation

Table 1. Characterizations of clinical imaging modalities (adapted from [9]).

2. MR imaging

2.1. MRI basics

The phenomenon of Magnetic Resonance Imaging (MRI) was discovered observing the
reaction of certain nuclei, mostly 'H in the body, when placed in a strong magnetic field
(BO) [10]. Within a magnetic field, the sum of spins is a net magnetization aligned with the
applied field. The macroscopic magnetization is an effect of a slight excess of spins in “low
energy” state, in parallel to the BO direction. The precession frequency of each atom with
magnetic moment is directly proportional to the strength of the magnetic field. After
applying a radiofrequency (RF) pulse which matches the precession frequency, some of the
“excess” atoms absorb energy and flip, thereby changing the direction of the net magneti-
zation vector. The flip angle depends on the intensity, waveform and duration of the RF
pulse [11]. These atoms then re-emit the energy during transition to their original orienta-
tion (relaxation) (Figure 1).

As already shown, MRl is based on a unique combination of radio waves and strong magnetic
fields, which allows the generation of cross-sectional images of the body in any plane.
Depending on the relaxation time after the RF pulse, one can distinguish between T1-and T2-
weighted images.

MRI is an imaging modality, which uses non-ionizing electromagnetic radiation and is thus
not harmful for patients. This is one of the strongest advantages of this technology over the
other methods described in this chapter.
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Figure 1. MRI scanner uses radiowaves and strong magnetic fields to obtain anatomical and functional body images. 1)
Atoms spin in random directions. 2) Applying a magnetic field makes atoms line up either in the direction of B0, or in
the opposite direction. The distribution is not exactly equal, as more atoms prefer to turn in “low energy” state, there-
by creating a net magnetization parallel to B0. 3) Introducing a RF pulse makes half of the “excess” atoms change the
direction of their magnetization moment-to the “high energy” state. 4) Turning the RF off makes these atoms turn back
to their “low energy” position (relaxation), thereby emitting energy.

2.2. MRI applications

One of the biggest advantages of MRl is its high soft tissue contrast. This allows for very precise
images and simultaneous detection of functional, molecular and anatomical data. The tight
collaboration of science and medicine led to the clinical implementation of the MRI modality
for various diseases. Nevertheless, most of its potential remains at the pre-clinical state, as the
application safety of many methods is still under investigation. Cerebral perfusion imaging,
MR angiography flow imaging, cardiac MRI, functional MRI and MR spectroscopy are just a
few of the MRI sub-groups. However, up-to-date, MR is clinically mainly used for the imaging
of soft tissues.

A clinical trial study with patients suffering from acute myocardial infarction showed
successful implementation of MRI. Intracoronary infusions of bone marrow-derived stem cells
at different time points helped with cardio regeneration, which could be visualized by this
technique [12]. Another study is on its doorstep to clinics, gathering breast cancer patients for
breast restoration. The aim is to use MRI of autologous adipose-derived stem cells to visualize
the engraftment into the host tissue. The outcome of this study may have a great impact on
the utilization of MRI for cell tracking as a novel tool for breast tissue regeneration [13]. A
further example for the implementation of MRI for cell therapy studies was the evaluation in
a multiple sclerosis clinical trial. In this case, adult bone marrow derived stromal cells were
intravenously administered to the patients and MRI scans were performed to follow the
occurring changes. The main objective was to evaluate the effect of mesenchymal stem cell
transplantation on the number of Gadolinium (Gd)-positive lesions [14]. Another way of
addressing the safety and efficacy of using autologous mesenchymal stem cells as a possible
therapy for multiple sclerosis is being proposed by a group, using MR imaging for the
assessment of the therapeutic effect of the cell treatment [15]. All in all, MRI seems to be a
promising tool for monitoring therapy and diagnostic outcomes. Nevertheless, most of the
clinical studies using stem cell therapy in combination with MRI are focused on the visuali-



Non-Invasive Imaging Modalities for Clinical Investigation in Regenerative Medicine
http://dx.doi.org/10.5772/59356

zation of the regenerating soft tissue, rather than on the transplanted stem cells, their locali-
zation, viability and safety.

Further efforts have been put into the development of strategies for bone and cartilage
regeneration. Recent studies are concentrating on developing a MRI-based method for
visualization of knee osteoarthritis by assessing the number and location of lesions, cartilage
thickness, and subchondral bone alteration at different time points [16]. Others went further
by using autologous adipose tissue derived mesenchymal stem cells (AD MSCs) as the most
hopeful candidate progenitor cell source for cartilage tissue engineering in patients with
degenerative arthritis. Promising results showed improved knee functions and reduced pain
without any adverse events. The cartilage regeneration process was captured by MRI at
different time points, showing decreased size of cartilage defect, while the volume of cartilage
increased over time in the high-dose patients (Figure 2) [17]. This depicts an excellent example
of the gradual morphologic regeneration process, visualized by means of MRL
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Figure 2. MRI evaluation of articular cartilage regeneration in the medial and femoral condyles after intra-articular in-
jection of autologous AD MSCs. Sagittal and coronal MRIs before, 3, and 6 months after AD MSCs injection depicted
the beneficial effect of the high-dose stem cell therapy upon cartilage regeneration by visualizing increase in thickness,
and significantly decreased defect size. (Reprinted from [17], Copyright (2014), with permission from “John Wiley and
sons” and Kang Sup Yoon, M.D., Ph.D.)
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Besides its tremendous spatial resolution for visualization of soft tissues, MRI has proven
successful in the imaging of the spinal cord and column. There are several clinical studies
concentrating on the regeneration of this region using mesenchymal stem cell (MSC) trans-
plants after injury. One group is trying to evaluate the change of MSC-treated spinal cord injury
using MRI. Scans will be performed at 3 and 6 months after transplantation in order to track
the effects of the possible cell treatment and the different ways of application (intravenous,
intrathecal, into the spinal cord) [18]. The outcome of this trial will allow suggesting the most
beneficial cell delivery method for further studies. Another project was concentrating on the
visualization of spinal cord lesions inducing limb paralysis. The proposed treatment strategy
included injections of bone marrow derived stem cells. Again, the preferred non-invasive
imaging method for localization of the injuries was MRI [19]. It seems that MRI is a suitable
imaging tool to assess spinal cord lesions and their repair by stem cells. One group addressed
the safety and efficacy of autologous MSC injections in patients with chronic spinal cord injury.
The outcome of this study revealed changes in MRI such as decreased cavity size and the
appearance of fiber-like low signal intensity streaks [20]. An increasing amount of research is
concentrating on the transplantation of stem cells as a therapeutic tool, but still, most of the
data derives from pre-clinical models. Nevertheless, promising studies in humans reveal new
possible solutions for many disorders.

The implementation of contrast agents for enhancement of MRI offers higher contrast and
resolution. Gadolinium (Gd) and superparamagnetic iron-oxide (SPIO) are most commonly
used for direct stem cell labeling in clinical and preclinical trials, with SPIO particles offering
the highest sensitivity amongst all MR contrast agents. Despite initial reports that SPIO
labeling of stem cells is safe and does not affect cell biology, recent studies indicate certain
metabolic and functional changes. Therefore, some essential issues need to be considered
before accepting such agents for clinical trials. A recent study [21] used Gd-or SPIO-labeled
mesenchymal stem cells, transduced with a luciferase vector to monitor their viability via BLL
The outcome showed a distinction between viable and non-viable Gd cells, correlating with
the luciferase signal. However, dead SPIO-cells indicated a persistent signal void in vivo, with
simultaneous decrease of luciferase activity. This demonstrates that the absence or presence
of a contrast agent signal alone does not prove for cell viability. Often, dead cells are being
phagocytized by macrophages and the labeling persists in the new “host cells”. Although Gd-
labeling of stem cells seems feasible [22], its main disadvantages are the large amounts of Gd
chelates needed to produce a signal, the toxic effect of Gd if released from the complex (affects
kidneys) and the lower sensitivity compared to SPIO. These issues should be taken into
consideration, as they might lead to false quantification of the imaging data. Recently, a new
Gd-based contrast agent (Dotarem®) was approved by the FDA for Phase III clinical studies
for MRI in brain, spine and associated tissues in adult and pediatric patients to detect areas
with disruption of the blood-brain barrier and/or abnormal vascularity [23]. These clinical
studies showed superiority of the enhanced over the unenhanced images of the CNS lesions.
All in all, contrast agents improve the quality of the images, but their side effects have to be
taken into consideration.
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Safety and efficacy of autologous stem cell therapies remains a big issue and a non-invasive
visualization tool like MRI is facilitating the refinement of the procedures. Since MRI provides
more biological and functional data than CT-without radiation-the system provides a huge
advantage for pediatric patients as well as patients needing multiple scans. This makes it a
superior imaging modality in many clinical studies and encourages more patients to sign up
for the trials, as the risk for unwanted complications is decreased. However, MRI does not
come with excellent sensitivity and abundant molecular probes compared to other techniques,
following in this chapter.

3. PET imaging
3.1. PET basics

Radionuclide-based positron emission tomography (PET) is one of the most sensitive molec-
ular imaging techniques. Contrary to MRI, this technique uses radiation. The agents used for
the visualization are labeled with a positron emitting radionuclide (!'C, N, '*O, *¥F etc.) which
decays by emitting a positively charged particle (3*). A positron is a particle with the same
mass as an electron, but with an opposite charge. Every positron-emitting radionuclide has its
own positron range (traveling distance), depending on the energy of its *-particle. The higher
the energy, the longer the distance and, therefore, the larger the loss of spatial resolution. Once
most of its energy is lost, the positron eventually annihilates with an electron from the
surrounding tissue, whereby their mass is converted into electromagnetic energy in the form
of high-energy photons [24]. The PET Imaging technique is based on the coincidence detection
of two 511 keV photons emitted simultaneously in opposite directions (180° apart). They are
collected by a ring system of photon-sensitive detectors (scintillation crystals), surrounding
the object of interest (Figure 3). Although the exact location of a single annihilation is unknown,
the acquisition of a large number of coincidence events over many angles can provide enough
information to reconstruct an image of the spatial distribution of radioactivity as a function of
time [5].

The idea for the development of the PET technique was developed in the 1950s and was
introduced only a few decades later [25] as a clinical device for neurology and cardiology.
Later, the need of precise anatomic localization and metabolic readout led to the invention of
new imaging strategies. Combining two complementary modalities can add anatomical
and/or physiological information to molecular imaging studies using software fusion of data.
This technology is most successful for studies of organs and tissues that do not move with
time, e.g. the brain [26]. Another approach allowing for simultaneous and/or sequential
obtainment of data by a single device is the fusion of PET with CT or MRI. The immense value
of combining the benefits of two imaging modalities in one instrument in order to assess
molecular as well as morphologic information is of major interest nowadays. These devices
allow for more exact attribution of the radioactivity to a specific anatomic site within the
patient. Another great impact on the expansion of possible PET applications is the increasing
availability of PET radiopharmaceuticals. Many researchers are working towards the devel-
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e.g. F -> B0y

Figure 3. PET scanner detects coincidence of two 511 keV photons emitted in opposite directions after annihilation of a
positron (3*) with an electron (e’) in the surrounding media. The signals are captured by scintillation crystals and am-
plified by photomultipliers. These events are then collected to construct images depicting the activity distribution.

opment of novel radiotracers for diagnosis and/or therapy of various diseases. Combinations
of new technologies and radioligands have already been applied in diverse studies and thus
provided many insights for the further development of personalized medicine.

3.2. PET applications

Great improvements have been made towards the diagnosis and the therapy monitoring of
cancer, brain and heart diseases, as well as for a variety of malignancies and organ/tissue
restorations. [**F]fluorodeoxyglucose ([*®*F]FDG) is the most widely used PET radiopharma-
ceutical. It is a metabolic tracer and the mechanism of uptake is based on phosphorylation to
[*F]FDG-6-phosphate, which is not further metabolized. ["®F]FDG has a wide range of
applications in oncology, neurology, cardiology and inflammation imaging.

In the past few years many researchers concentrated on cell-based therapies for the restoration
of damaged myocardium showing the involvement of different cell types in this process such
as: skeletal myoblasts, embryonic stem cells, bone-marrow derived stem cells, cardiac resident
cells, mesenchymal stem cells, and circulating progenitor cells. [27]. The introduction of cells
into the damaged myocardium seems to be a promising technique and therefore several tools
for assessing the viability, localization and metabolism of the injected cells have been evaluated
[28]. The implanted cells should be suitably labeled for detection via imaging, in order to be
distinguishable from the surrounding cells and structures. This can be achieved by PET
imaging using ["*F]FDG. It was already shown to be feasible for dynamic tracking of ["*F]FDG-
labeled progenitor cells during intracoronary injection after acute myocardial infarction [29].
One of the main glucose uptake sites in the body are skeletal muscles. Using PET imaging of
this glucose derivate allows for longitudinal assessment of skeletal muscle regeneration and
degeneration [30]. This allows for easy visualization by ['"*F]FDG uptake in response to physical
exercise, thus making muscle cells a good diagnostic tool for therapy of muscle disorders [31].
Whether this technology is suitable for regenerative medicine purposes has to be further
evaluated.
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Another application of this tracer was shown in a clinical study using bone marrow cells for
autologous stem cell therapy after myocardial infarction. They included the PET modality in
their experimental design and investigated the myocardial flow ([*N]NH;) and perfusion/
metabolism mismatch (["*F]FDG) [32]. The usage of PET for tracking in vivo cell retention of
adipose tissue-derived stem cells for myocardial regeneration also showed promising results
[33]. It seems that these cells support the cardiomyocyte regeneration and angiogenesis in the
implanted area. The PET/CT modality appears to be a promising technique for effective cell-
tracking in vivo, which is vital for a more in-depth investigation into future clinical applications.

Another possibility for PET application is the utilization of reporter-gene systems (e.g. Herpes
Simplex Virus type 1 thymidine kinase (HSV1-tk)) [34]. The main advantage of this method is
that the obtained signal is specific only to viable cells, as they are able to express the reporters.
This allows not only for visualization of acute cell retention, but also for viability read-outs [7].
HSV1-tk is currently the most investigated enzyme reporter gene for long term in vivo
visualization of cells applied in the treatment of various cardiovascular diseases [35-37]. Recent
studies also investigated the use of reporter gene tracking via PET imaging to track viable stem
cells in large animal models [38-40]. These studies confirm the potential of this novel method
to allow for a better understanding of the cell faith after implantation. Using cell-based
therapies for tissue engineering with stem and/or progenitor cells for boosting regeneration
seems to offer great possibilities in regenerative medicine. Therefore, the development of novel
methods for non-invasive imaging of implants in vivo is of high priority.

PET/CT has also become an essential tool for assessing prognosis and establishing treatment
decisions in oncology. This system found broad application, mainly in defining different
stages/locations of metastatic cancer. In this case PET is used for visualizing the increased
metabolic activity of the tumor and the addition of CT provides anatomical information on its
exactlocation in the body [41]. This helped immensely in the management of a broad spectrum
of malignancies, their diagnosis, staging and therapy-response-assessment. The most com-
monly used radiopharmaceutical in clinics ["*F]FDG was shown to be essential to the treatment
of a great range of pathologies. This can significantly contribute to precise therapy response
assessment possibly influencing the therapeutic management and treatment planning [42].
Another study revealed a promising application of fluorine-18 labeled amino acid-based
radiotracers for small cell lung cancer detection via PET imaging [43]. Furthermore, a recently
developed categorization method for differentiation of osteosarcoma phenotypes by compar-
ing SUV values of PET radioligands for glucose metabolism ([*F]FDG), hypoxia (["*F]FMISO)
and bone remodelling (['*F]fluoride) showed promising results. These findings can improve
the future evaluation of the treatment strategy depending on the specificity of the malignancy
[44]. These tracers can be applicable also for regenerative purposes, studying the healing
process of e.g. bones. A current clinical study for bone reconstruction of the skull is examining
the regeneration after introducing an implant using PET/CT via [**F]fluoride. Succeeding in
this would help out many patients with cranial defects and significantly improve their quality
of life [45].

Cardiology also gained immense benefits from the development of the hybrid imaging systems
(e.g. correction of attenuation and evaluation of coronary classifications), CT for coronary

183



184  Cells and Biomaterials in Regenerative Medicine

angiography, and acquisition of 3-D hybrid images for the definition of heart viability and
diagnosis of cardiac inflammations and infections [46]. Recent advances in stem cell therapy
show promising results for myocardium restoration, neovascularization and enhancement of
perfusion [47-50].

Research on the central nervous system (CNS) mainly emphasized on mapping different
aspects of neurotransmitter activity, e.g. dopaminergic, cholinergic, serotonergic and gluta-
matergic systems as well as beta-amyloid visualization for Alzheimer’s disease (AD) [5, 51,
52]. PET Imaging has been applied widely to detect and quantify subtle abnormalities in CNS
diseases. Therefore, this technology is also immensely popular as a modeling tool in CNS drug
discovery and development. Itis used for evaluation of drug deposition, as well as for studying
disease biomarkers to monitor drug effects on brain pathologies [24]. Another CNS utilization
of this modality was shown in a promising study regarding spinal cord injury [53]. The
combined efforts of stem cell and neuroscience researchers made it possible to visualize the
spinal cord regeneration process on the cellular and molecular level. In order to explore the
effect of in vivo PET on tracking dopamine receptor positive stem cells transplanted into the
spinal cord, ['"C]Raclopride was injected intravenously, followed by a scan. The accumulation
of signal in the site of injury showed successful tracking and localization of the injected cells.
These results suggest that PET with a radiotracer is a useful technique for functional studies
in developing cell-based therapies [54]. Similar experimental setups allowed for more rapid
progression of many pre-clinical and clinical studies of various CNS pathologies (e.g.
["C]Methionine PET/CT in patients with cancer; ["®F]FLT in pediatric patients with CNS
tumors [55]).

After the successful introduction of the PET/CT system to the clinics, the integration of PET with
MRI was the next step. This new hybrid technique allows for simultaneous functional PET
imaging combined with soft tissue morphological MR images. The novel approach brings better
contrast among soft tissues as well as functional imaging capabilities, when compared to PET/
CT. Nevertheless, this technology is still not clinically mature at this point. Technically, the
implementation of PET/MR faces three majorissues: 1. The photomultiplier-based PET scanners
do not work in the proximity of the magnetic field of the MR scanner; 2. Metallic objects (e.g.
surface coils used to get the best MR quality images) interfere with gamma rays from PET,
resulting in unwanted attenuation; 3. MR data cannot be used for attenuation correction, as CT
data, which is a limiting factor for the use of PET in therapy response monitoring [56].

As PET signal processing might disturb the high-frequency signals of MRI, and conventional
PET electronics fail in an even weak magnetic field, it soon became clear that new solutions
had to be found to circumvent the joint interferences. One possibility would be to leave just
the PET crystals in the MR field, whereas the PMTs are positioned outside and connected to
the crystals by optical fibres. Another approach to avoid the disturbance would be to place the
PET and MR scanners remote to each other, but still linked by a common bed, so that the patient
does not move between the two scans. Last, but not least, the PMTs could be replaced by solid
state electronics which are not disturbed by the MR field [57]. Hence, various approaches were
developed during the last fifteen years for application in small animal studies, where the usage
of more PET tracers is allowed and where use is not as legally restricted, as in human studies.
For a review, see Herzog, 2012 [57]. Improvements in pre-clinical study design enable smooth
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transfer of knowledge and molecular measurements between species thereby facilitating
clinical translation. Recently, PET/MRI for human imaging became available as well, towing
to support form the industry. Siemens Healthcare first designed prototypes of a BrainPET/MRI
device and the first reports of patients have been communicated [58, 59]. This opened new
possibilities in the field of molecular imaging and prepared the development of an integrated
whole-body PET/MRI scanner. A recent study compared the performance of whole-body PET/
MRI to PET/CT of breast cancer patients and claimed that PET/MRI is a feasible technique for
usage in clinics, forgoing gamma radiation for high quality imaging with short examination
time [60]. Another example for implementation of this new technique was shown in a sarcoma
patient, who underwent chemotherapy and autologous stem cell injection. MRI showed
lesions in the upper and lower leg, whereas PET revealed high [**F]JFDG uptake only in one of
thelesions (Figure 4). This case illustrates the benefit of combining differentimaging modalities
in order to get more precise outcomes, thereby improving the application fields of personalized
medicine. This methodology might also be useful for the investigation of regenerative
processes in damaged organs or tissues, for example after autologous stem cell therapy for
boosting the healing progression.

T2 TIRM ['*FIFDG PET PET-MR overlay

Figure 4. Simultaneous whole-body PET/MRI acquired with a molecular MR (mMR) scanner in a 13-year old boy with
a Ewing sarcoma known for six years. The patient underwent standard chemotherapy together with autologous stem
cell transplantation. After i.v. injection of ["*FJFDG whole body PET-MRI was carried out. MR resulted in two suspi-
cious lesions: One in the left upper leg muscle region, and one in the left lower leg. While the lesion in the left upper
leg muscles showed intense [®F]FDG uptake, the other one was PET-negative (arrows). Follow-up confirmed a Ewing
sarcoma relapse in the left upper leg muscle region. (Reprinted from [60], Copyright (2014), with permission from
“Elsevier” and Prof. Dr. med. O. Sabri)
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The clinical application of the PET/MRI technique has to be further established. Nevertheless,
if MRI can replace CT for anatomical screening, it adds value as well as decreases radiation
exposure, which would be of great benefit for the patients. However, the ongoing question of
choosing the best suitable visualization method remains unanswered, as there is still insuffi-
cient knowledge about which PET/MRI applications are superior to the well-known PET/CT
for a variety of clinical cases.

4. SPECT imaging

4.1. SPECT basics

Unlike PET, single photon emission computer tomography (SPECT) uses radiopharmaceuti-
cals labeled with gamma emitters instead of positron emitters. The concept of transmission
and emission tomography, later developed into SPECT, was first introduced in the late 1950s.
This period is associated with phenomenal growth of Nuclear Medicine, when some of the
most prominent gamma-radiation emitting radionuclides (*'I and *™Tc) were produced [61].
While the primary use of ®'T was dedicated to thyroid cancer treatment, its use was later
expanded for imaging of the thyroid gland itself, its function and the therapy of hyperthyr-
oidism. The development of a generator system for *™Tc (1960s) was an important break-
through and today it is the most utilized element in the field of Nuclear medicine. Other typical
gamma emitting radionuclides utilized in SPECT are I, ¥Ga and '"'In. The most common
SPECT systems consist of a gamma camera with rotating Nal(Tl) detector modules located
between the photomultipliers and collimators (Pb) (Figure 5), an on-line computer for
acquisition and processing of data and a display system [62]. Generally, a target-specific SPECT
radiopharmaceutical consists of two parts: a gamma-emitting radionuclide and a targeting
biomolecule (e.g. peptide, antibody fragment) [63]. Similar to PET, SPECT also enables 3-D
imaging and hybrid systems (SPECT/CT) are available as well.

4.2. SPECT applications

Various stem cells hold promise for the treatment of many human diseases. However, little is
known about the exact function, location and survival of the transplanted cells. The usage of
the SPECT imaging modality to answer these questions revealed promising results. Clinical
studies with SPECT indicated evidence for efficacious imaging of transplanted radiolabeled
cells in cardiac disease. Encouraging results were obtained from studies using [*™Tc]hexam-
ethylpropylenamineoxine (HMPAO)-labeled stem cells. Comparison of intracoronary (IC) and
transendocardial (TE) delivery of the cells to the heart showed more intense retention signal
18h after cell injection in the TE patients [64]. Another study could illustrate homing of bone
marrow mononuclear cells TE injection after acute myocardial infarction. Cell retention was
successfully visualized in the damaged heart tissue [65]. Similar results were obtained by a
group showing homing of bone marrow progenitor cells after intracoronary transfer using the
same radiotracer [66]. Controversially, further experiments investigating the homing of the
same cells after myocardial infarction indicated very heterogeneous uptake of the *™Tc-labeled
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Figure 5. Underlying principle of SPECT: (1) A radioisotope decays by emitting gamma rays. (2) A rotating gamma-
sensitive detector with a collimator in front indicates the scintillation site where gamma rays are parallel to the collima-
tor pinholes. (3) The collected data is then transferred to photomultipliers and finally to a computer for analysis.

cells, but for all patients there was lack of or decreased uptake of cells in walls with perfusion
defects. The perfusion imaging was performed with thallium (**'T1) [67]. Although the safety
of autologous stem cell transplantation to the heart after infarction has been shown, it is still
not known how many of these cells actually remain in the damaged site, or in near proximity
to it. To address their homing and apoptotic rate, autologous bone marrow cells were labeled
with [""In]oxine and injected vig intracoronary route. SPECT imaging was performed 24h after
the transplantation and showed homogenous tracer accumulation in liver and spleen, while
uptake in the heart was focal. Up to 10% of the injected cells were retained in the myocardium
[68]. Similar results regarding cell retention were obtained by [®F]FDG labeling of the cells
and detection by PET [69]. Further insights in this field were obtained from a trial using '"'In-
oxine-labelled pro-angiogenic cells after intracoronary injection in patients at different time
points after myocardial infarction. SPECT imaging was utilized to monitor the cell retention,
showing highest values in patients with recent onset of the disease, progressively decreasing
in patients treated in an intermediate phase or at chronic stage [70]. The substantial amount
of radioactivity in the myocardium suggests correct homing of these cells. Nevertheless, most
of the injected cells still remain locked in other locations. One possibility for cell homing
improvement might be by significantly reducing their entrapment in filter organs.

Further investigations were made to detect angiogenesis after myocardial infarction utilizing
SPECT. This was assessed using a novel radiolabelled peptide ([*"Tc]NC100692, Maracicla-
tide), which has high affinity to an angiogenesis-related integrin (c,(3;) [71] (Figure 6). The
successful implementation of this tracer led to a follow-up study, addressing the effect of bone
marrow stem cells transplantation on angiogenesis in chronic ischaemic heart failure patients
[72]. The patients underwent SPECT imaging using the same [*™Tc]RGD imaging peptide.
This new imaging tracer was shown to be feasible in patients with heart failure. However, the
changes with stem cell therapy did not reach statistical significance.
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A
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Figure 6. Illustration of localized angiogenesis-tracer uptake (Maraciclatide:top) in a region of perfusion deficit (MIBI:
bottom). A: short axis slice; B: long axis slice. Figure was provided by courtesy of Prof. Brian Hutton.

Despite the immense progress in the field of stem cell imaging research, the pre-labeling
approach for cell visualization remains challenging for now. Most of the stem cell clinical trials
tend to utilize techniques for following the regenerative process (e.g. tissue growth, vascula-
rization and functional recovery), rather than direct tracking of the injected cells [73]. The use
of autologous stem cell therapy for heart regeneration is of high importance for cardiomyop-
athy patients and is showing promising results. However, the therapeutic effect is by now
mostly measured by an enhancement of the heart regional and global contractility as a cell
treatment outcome [73]. One other factor, often taken into consideration when testing a new
approach for cardio-regeneration, is the heart perfusion efficacy. This could be measured by
i.v. injection of [*™Tc]sestamibi at rest, followed by an induction of pharmacologic stress by
i.v. adenosine application. Successful SPECT imaging at rest and post stress suggested a trend
towards improvement in cell-treated patients [74]. These non-invasive approaches are able to
effectively show the outcome of the therapy. Still, they do not answer the questions regarding
proper homing, or viability of the injected cells.

Another possibility to assess the regeneration process is by using direct labeling of certain
proteins, known to be connected to basic organ functions. This method was performed to
estimate the liver self-regeneration after hepatectomy via ™Tc-labeled galactosyl-human-
serum-albumin. The liver uptake value could be calculated from SPECT/CT images of patients
at different time points after surgery [75]. An additional visualization possibility for the hepatic
function was shown by [*™Tc]phytate colloid uptake by the liver. As colloid uptake by
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perfused Kupffer cells is proportional to perfused hepatocyte mass, this could be used for
direct quantification of perfused liver mass by quantitative SPECT in cirrhotic patients [76].
Although the liver is well-known for its self-regeneration capacity, stem cell therapy seems to
boost this capacity. Several studies addressed the therapeutic effect of autologous stem cells
for liver regeneration [77-79]. Nevertheless, none of them assessed the fate of these cells in
vivo. Recently, the proper homing of injected autologous mesenchymal stem cells in the liver
of patients with advanced cirrhosis could be illustrated, as these cells have previously been
shown to have beneficial effect. The cells were labeled with [!!!In]oxine before intravenous
infusion and could be detected by SPECT/CT up to 10 days after application. Shortly after
injection, accumulation of signal was observed in the lungs, and gradually shifted to the liver
and spleen during the following hours to days [80]. Using SPECT for evaluation of stem cell
homing seems a feasible technique. However, the safety, exact mechanism of action and timing
of cell delivery have to be further estimated. There is need for more essential information about
the long-term benefit of stem cell therapies. Critical for the future success of SPECT is the design
of new and specific tracers for the detection, localization, and staging of a disease and for
monitoring of the regeneration process. In the past few decades, there is an increase in the
awareness of the importance of this imaging modality, its significant impact on diagnosis and
management of various diseases and successful visualization of potential treatments.

5. Conclusions and future directions

There is no perfect imaging modality for non-invasive cell tracking in clinics. The research
findings of the last few decades on the arena of imaging have prompted an intense interest of
many investors, who facilitated the translation of these ideas into clinics. Nevertheless, to date
no state-of-the-art imaging tool is capable of delivering an all-in-one solution. Many factors
have to be considered before choosing the proper visualization modality, depending on the
question to be addressed. There is emerging need for versatile imaging methods capable of
monitoring the autologous stem cells in vivo. Although developments in the field of non-
invasive visualization add significant costs and have to overcome many regulatory roadblocks,
it is the only way of translating the research into clinical treatments and to support future
medicine by providing new tailored treatments to patients.

Despite the immense progress in the field of personalized medicine, there are still many black
boxes, on which non-invasive imaging is beginning to shed light. One can observe an increased
awareness of the importance of these imaging modalities and their significant impact on
diagnosis and management of human disorders are being recognized. Brilliant ideas and
developments in this field are catalyzing the design of new strategies every day, giving rise to
possible solutions. A summary of the characteristics of the “perfect clinical imaging modality”
for stem cell tracking is given in Table 2. Nevertheless, such an all-in-one technique is not
available yet, but the development of hybrid imaging devices for multimodal imaging was a
big step towards the ideal system.
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1. Safe, non-toxic and biocompatible

2. Single-cell detection at any anatomic location

3. Limitless depth of penetration

4. High spatial and temporal resolution, excellent molecular sensitivity

5. No genetic modifications of the stem cells

6. Insignificant/no dilution with cell division

7. Possible quantification of cell number and viability

8. Serial and long term monitoring in patients up to several months/years

9. Insignificant/no uptake of tracer by non-target cells

10.Multimodality-based approach

11.Low costs

Table 2. Requirements for the design of the “perfect clinical imaging modality” for stem cell tracking

The techniques of SPECT/CT, PET/CT and PET/MRI are the state-of-the-art modalities for
successful biomedical molecular imaging. Various diseases related to metabolism, apoptosis,
tumors, genetics, and stem cells have been identified by these systems [62]. The same ap-
proaches are already being successfully transferred in numerous clinical studies using
autologous stem cells for organ and tissue restoration. Nevertheless, the selection of a given
visualization technique depends on its strengths and weaknesses with respect to the intended
use. All currently developed molecular imaging techniques for stem cell tracking have inherent
limitations. For imaging of delivery and short-term homing of the injected stem cells in
different organs, a direct labelling approach may be the answer (iron oxide or ["*F]FDG), even
though any potential toxicity must be taken into account. MRI offers the highest spatial
resolution and near real-time image guidance for cell delivery, although with significantly
lower molecular sensitivity than other modalities, such as PET or SPECT. For long-term cell
monitoring, reporter gene imaging, using PET or SPECT, appears to be a better choice.
Ultimately, finding the most suitable system or combination of systems for proper diagnosis
and/or treatment remains the essence of health care and personalized medicine.
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1. Introduction

Neurodegenerative disorders and traumatic injuries to the central nervous system (CNS) can
cause severe and irreversible damage. Nowadays there are few clinical therapies to treat brain
damage, and they achieve low functional recovery; most of them are based on drug adminis-
tration for neurodegenerative diseases with well-defined targets as Parkinson’s disease. For
traumatic injuries such as traumatic brain injury (TBI), spinal cord injury (SCI), and stroke
there is no effective treatment to restore lost functions and the clinical approaches are symp-
tomatic and based on minimizing the damage progression or enhance local plasticity with
rehabilitation. On the whole, the limitations of current therapies underline the need to search
for novel strategies.

Brain damage has constituted up to now a theoretically unsolvable problem. This was because
three of the most important tenets in neurobiology were against the restoration of the brain
after damage: 1) there are no new neurons, 2) axons cannot grow within the CNS, and 3)
neurons cannot produce new connections between them. Although these tenets have been
questioned due to research done during the last decades, there is currently no clinical appli-
cation useful to produce reconstruction of brain damage. This is probably due to several causes:
endogenous regeneration in the adult human brain is, although present, insufficient to recover
the lost neuronal population; also, axonal elongation is highly repressed by inhibitory factors,
and the lack of the appropriate neurotropic factors and guidance cues. Furthermore, compared
to other organs, the brain is a very complex system and it does not suffice to get a high number
of new neural cells and connections between them, but these connections between new and
old neurons must be exactly organized.

Thus, the problem of neural regeneration includes mainly three processes: the need to have
new neurons to replace the lost ones, the need to promote axonal regeneration within the CNS

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



202 Cells and Biomaterials in Regenerative Medicine

to the appropriate targets, and the need to make functionally effective connections with the
same connectivity of the lost ones.

Despite the existence of neurogenesis in the adult mammalian [1] and human [2] brain, cell
replacement cannot be accomplished because of the massive death of new cells. After injury,
there is an increased neurogenesis and migration to the damaged area. In an experimental
model of stroke, new neurons appeared at the core ischemic area [3]. However, 80% of these
neurons disappear from the core 5 weeks after stroke, probably because they die or migrate to
other areas. A probable hypothesis for this phenomenon is that the core ischemic zone is not
a proper environment for cell survival, since it lacks vascularization, stromal structure or
trophic sustain for these cells.

In humans with amyotrophic lateral sclerosis and frontotemporal dementia, an increased
proliferation of neural progenitors can be seen which is not able to restore the disease condition
[4], probably because these cells die because of the action of a toxic environment produced by
the disease.

Biomaterials could constitute a proper environment to facilitate vascularization, provide
structural scaffold and improve the milieu in order to facilitate the survival of the newly formed
cells [5].

2. Neurogenesis in the adult mammalian brain

It is currently well accepted that most of the neurons in the CNS are produced both in the
prenatal as well as in the early postnatal stage. Moreover, during the past decades, neurogen-
esis in the adult brain of mammals has been reported, humans included. Adult neurogenesis
has been shown to occur in two main areas of the adult mammalian brain: the olfactory bulb
(OB) and the dentate gyrus (DG) of the hippocampus. While in the hippocampus stem cells
and new neurons coexist together, the new neuronal cells in the OB are generated from neural
progenitor cells in the anterior part of the subventricular zone (SVZ). The SVZ is a narrow
region of tissue within the wall of the lateral ventricle in the forebrain. The neural progenitor
cells of the SVZ migrate to the OB where they differentiate into interneurons such as granule
and periglomerular cells [6]. It is known that a different migration exists from the SVZ to corpus
callosum, where cells differentiate preferentially into oligodendrocytes wich could be a target
for treatment of neurodegenerative diseases where myelin regeneration is required [7]. There
is little evidence of the existence of alternative pathways for cell migration under normal
conditions, from neurogenic areas to other regions of the brain. However, it is known that
when damage occur such as in ictus, TBI or SCl itis possible to find migration from neurogenic
niches to the injured region [8].

2.1. Structure and organization of subventricular zone and dentate gyrus in mammals

As mentioned above, stem cells responsible of adult neurogenesis in the OB, have their origins
in the SVZ, and migrate along a restricted pathway, called the rostral migratory stream (RMS).
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The RMS in mice has a length between 5 y 6 mm. Two principal cellular types were observed
in the RMS: type A cells (migrating cells) and type B cells (astrocytes). In sagittal sections, type
B cells and their processes flanked the chains of type A cells. In frontal sections, type B cells
ensheathed the chains of migratory cells [6].

In the SVZ, have been identified at least four different cell types: type A (migrating cells), type
B (astrocytes), type C (proliferative precursors or neuroblast) and type E (ependymal cells),
these cells were defined by their immunological markers and morphology. Using proliferation
markers such as 3HT or BrdU, the most actively dividing cell in the SVZ corresponded to Type
C cells [9].

Briefly, the characteristics of the 4 types of the SVZ are: Type A cells (migrating cells), equiv-
alent to those observed in the RMS. Their major characteristics were an elongated cell body
with one or two processes, abundant lax chromatin with two to four small nucleoli, and a scant,
dark cytoplasm containing many free ribosomes and many microtubules oriented along the
long axis of the cells. The nuclei of Type A cells were occasionally invaginated. Furthermore,
their membranes showed cell junctions intercalated with large intercellular spaces that allow
cell movement. These cells were grouped forming chains and show immunoreactivity to PSA-
NCAM, DIx-2 and TuJ1.

Type B cells (astrocytes) formed a wide network adjacent to ependymal cells surrounding the
chains of migrating cells (Type A cell). The cytoplasm of Type B cells was light and contained
few free ribosomes. One of the most important characteristic of type B cells was the presence
of extensive intermediate filaments in their cytoplasm, and they have also irregular contours
that profusely filled the spaces between neighbouring cells. These cells had irregular nuclei
that frequently contained invaginations.

Currently type B cells are divided into two subtypes: B1 and B2. Type B1 cells make contact
with the ventricular cavity while B2 cells do not. B1 cells show one short cilium to the ven-
tricular cavity, named primary cilium. The number of Bl cells in contact with the ventricle
increases drastically when growth factors such as Epidermal Growth Factor (EGF) or ephrins
are injected [10,11], possibly the necessary signals for activation are in the cerebrospinal fluid
where, probably, the primary cilia could play an important role. Both Bl and B2 cells are
immunoreactive against GFAP, vimentin and nestin and no molecular marker can differentiate
them. Type B2 was similar to those described in the RMS.

Type C cells (precursor cells) were larger, more spherical (less elongated), and more electron-
lucent than Type A cells but more electron-dense than Type B cells. Their nuclei contained
deep invaginations and mostly lax chromatin, although sometimes the chromatin was
clumped. Type C cells had a typical large reticulated nucleolus. Their cytoplasm contained
fewer ribosomes than Type A cells, and no bundles of intermediate filaments of Type B cells.
Groups of C cells (2-3 cells) are associated with the chains of A cells. C cells are immunoreactive
against DIx-2, a transcription factor, although this marker is not exclusive to this type of cell.

Type E (ependymal cells) formed an epithelial monolayer separating the SVZ from the
ventricular cavity. Their main distinguishing characteristics were as follow: the lateral
processes of adjacent ependymal cells were heavily interdigitated and contained apical
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junctional complexes. The surface exposed to the ventricular cavity contained microvilli and
is ciliated. The cytoplasm was electron-lucent and contained many mitochondria and basal
bodies located in the apical cytoplasm. Their nuclei were spherical, and the chromatin was
non-clumped. These cells are immunoreactive against vimentin, S-100 and CD-24. In addition,
microglia, a few pyknotic cells, mitoses, and large neurons were observed sporadically in the
SVZ. Furthermore the presence of a blood vessel network plays an important role in the SVZ
and there are evidences that the activation of the neurogenic niches is directly related with this
network [12,13].

The DG is the other region within the brain where neurogenesis takes place in mammals
[14,15]. The function of neurogenesis in the hippocampus has been correlated with memory
and learning. The DG is composed of small neurons called granular cells that are typically
packed in a V-shaped band. Stem cells are located in the inner of this band and these are
responsible for generating new neurons, which will be placed at the cell body layer. Moreover,
astrocytes have been identified in the DG as neuronal stem cells [16]. These cells are identified
as radial cells, crossing the entire thickness of the cell layer. It is also known that before
immature cells transform into mature neurons, they are partially isolated from the environ-
ment by astrocytes, and it is thought that probably astrocytes will allow the differentiation to
mature and functional neurons. At ultrastructural level, these stem cells are similar to the
astrocytes in the SVZ. Before the transformation to mature neurons, stem cells within the DG
go through an intermediate stage of indifferentiation, named Type D cells. These cells are
characterized by lax cromatin, a crescent number of ribosomes and mytochondrias in the
cytoplasm.

Although OB and hippocampus are the most studied and widely believed neurogenic regions,
it is thought they are not the only ones. Probably more cells exist and keep their proliferative
capacity within the brain, maybe in the surroundings of the ventricular cavities. Recently
neurospheres have been obtained from the channel spinal cord of rodents, confirming the
existence of stem cells in the channel, although the nature of the cell responsible for such
proliferation is unknown [17].

2.2. Ventricular zone in humans: Organization and structure

After demonstrating the neurogenesis exist in the human [18], the new step has been the
identification and location of the stem cells responsible for adult neurogenesis in humans. They
have been located in the walls of the lateral ventricles displaying markers of astrocytary type
cells with GFAP. These cells proliferate in vivo and in vitro and give rise to neurospheres that,
in certain conditions of culture, differentiate in neurons, astrocytes and oligodendrocytes
proving the existence of stem cells [19].

The organization of the SVZ in the human brain is very different from the one in rodents.
Basically, three layers have been identified which have been denominated: 1) ependymal cell
layer, 2) Gap layer and 3) Ribbon layer. The ependymal cells layer is formed by a monolayer
of cubic cells in contact with the ventricular light that show long radial expansions into the
neurophil, containing intermediate filaments and some mitochondria and constituting the
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second or Gap layer. In the ventricular wall, facing the light, numerous cilia and microvilli can
be seen as well as the unions between them [20].

The second layer (Gap) is formed by expansions of astrocytes from the layer ribbon and
ependymal cells, and is known as hipocellular layer because of its low quantity of cell bodies.
The astrocyte expansions contain abundant intermediate filaments and numerous desmo-
somes between them. Another interesting fact is the existence, in this layer, of ependymal cell
aggregates. These cells make up little groups of 5 to 20 cells that have the typical organization
of the ependymal cells.

Finally, the third layer, also known as Astrocyte Ribbon, is formed by large astrocytes,
myelinated axons, oligodendrocytes and a progressive increase of synapses, as we move away
from the ventricular cavity. Astrocytes of this layer have been considered stem cells. Also, there
is an interesting fact about the astrocytes that occasionally send a long prolongation, which
makes contact with the ventricular light [20]. This fact agrees with what has been seen in the
mice SVZ, where presumably, there has been an activation of the neurogenesis by the cells in
contact with the ventricular cavity and the appearance of neuronal soma limits the following
layer [9]. The main difference with rodents is the lack of precursor or Type C cells and migrating
cells.

2.3. The human brain with neurogenic features: Other regions?

The use of trophic factors such as basic fibroblast growth factor (bFGF), brain-derived
neurotrophic factor (BDNF), platelet-derived growth factor (PDGF), epidermal growth factor
(EGF) allows us to prove the presence of “sleeping” stem cells in other regions of the brain
[21-25] like the third and fourth ventricles [26-28]. But, not only proliferation has been
found in these walls, since there are authors that support the existence of neurogenic places
distributed in the neurophil [29,30]. Therefore, in these last years there have been studies
in which the formation of new neurons in the adult cerebral cortex of mice [29-31] and
primates [32] has been proved. These findings have originated controversy between diverse
investigation groups because the results cannot be totally duplicated, existing experimen-
tal variations to find the “new neurons” [33] and, sometimes, it is even possible that
immature cells change to stem cells due to a certain stimulus [34].

Furthermore, the neurogenic term has been questioned since some authors think that, to
consider a place as neurogenic, new neurons have to be produced or recruited in normal
conditions and without the presence of any stimulus like an injury or an external trophic factor
[33,35]. The neocortex, striatum, amygdala, substantia nigra (SN), channel spinal cord, third
and fourth ventricle are some of the areas that are being proposed as neurogenic niches in
mammalians including the human [26,28,33,36-38].

3. The injured central nervous system and the regenerative process

Regeneration in the adult nervous system is limited compared with other tissues. This
limitation is due to the lack of proliferation and regeneration of neurons to accomplish correct
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connections. The regenerative response is different between the peripheral (PNS) and the CNS.
Regeneration in the PNS is more successful due to the presence of Schwann cells (SCs), which
provide nutrients, guide and myelinate the peripheral axons and synthesize growth factors.
Moreover, a unique structure exists in the PNS: the bands of Biingner, consisting in clusters of
oriented SCs and their processes, which remain after axon injury facilitating its regeneration.
On the contrary, the predominant glial cells in the CNS are the oligodendrocytes, which
provide axon support and myelinate axons, and the astrocytes, which principal function is to
provide nutrients to the neurons. Oligodendrocytes express inhibitory proteins for axon
growth, such as the myelin associated glycoprotein (MAG) and tenascin R, while SCs lack of
these inhibitory proteins. In addition, astrocytes are activated to clustered layers of hypertro-
phic astrocytes giving place to the glial scar, which constitutes a physical barrier for axon
outgrowth. Moreover, hypertrophic astrocytes secrete inhibitory molecules such as sulphated
proteoglycans, MAGs, Nogo, etc., constituting a chemical barrier for axon outgrowth [39].
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In the case of traumatic injuries as TBI, stroke and SCI the primary damage generates an abrupt
loss of cells and may result in the disruption of the blood brain barrier (BBB) and blood spinal
cord barrier (BSCB), respectively. The breach in the BBB and BSCB permits infiltration of
foreign cells such as macrophages and fibroblasts, and inflammatory molecules activating
astrocytes. In the case of neurodegenerative disorders as Parkinson’s disease (PD), the loss of
neurons is not abrupt but progressive, but the injured site is dominated by a toxic microen-
vironment as well. The neuronal injury and the inhibitory microenvironment result in
degeneration at a cellular level: demyelination, axonal retraction and aberrant sprouting, and
cell death. The tissue engineering strategies proposed aiming to repair injured tissues in the
CNS must take into account these mechanisms of cell degeneration.

Thus, the main difficulty to regenerate neural tissues in the CNS after an injury is the toxic
microenvironment generated and the lack of neuron replacement, although some neurogen-
esis has been observed after trauma. Indeed, despite the dramatic situation following a CNS
injury, several studies have demonstrated that CNS axons could regenerate with an appro-
priate microenvironment. A favourable environment for CNS regeneration takes into account
aspects as the normal function of glial cells, a correct system of nutrient distribution, a
permissive physical pathway for axon growth and reconnection and a correct balance and
distribution between inhibitory and promoting molecules for axon regeneration.

4. Cell therapy in the central nervous system

Cell therapy aims to supply the damaged tissue with glial cells, neurons, and even extracellular
matrix components, adhesion molecules and/or neurotrophic factors. Cells could lead to a
neuroprotective effect, help glial and neuronal remodelling, promote angiogenesis and
synaptogenesis and modulate the inflammatory response. A wide range of cells has been
employed to help regeneration in the injured CNS: glial cells, adult stem cells, embryonic stem
cells and pluripotent stem cells [40]; the particular characteristics thereof are discussed next.

SCs are cells that promote regeneration in the PNS because of their ability to generate a
permissive environment for axon regeneration and provide neuroprotection. SCs support
growth and produce neurotrophic factors, including fibroblast growth factor (FGF), neuro-
trofin-3 (NT-3), brain derived neurotrophic factor (BDNF), nerve growth factor (NGF) and
ciliary neurotrophic factor (CNTF), and secrete proteins such as laminin (LN) to promote axon
growth. Moreover, SCs provide pathways for regenerating axons assisting the growth cone
extension and guidance, and remove myelin debris following damage and remyelinate the
regenerating axons. In some spinal cord lesions, SCs infiltrate into the CNS from the peripheral
ganglions and assist the regeneration process. For this reason, some researchers have investi-
gated the implantation of SCs in the damaged spinal cord, and they have demonstrated their
ability to promote axonal regeneration and myelination [41]. However, their use to address
CNS regeneration is limited because SCs activate astrocytes, which increase the expression of
inhibitory chondroitin sulphated proteoglycans (CSPGs) for axon regrowth and overexpress
glial fibrillary acidic protein (GFAP) contributing to the formation of the glial scar. Moreover,
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the neuroprotective effect of transplanted SCs is limited because they not prevent degeneration
and secondary injuries. Other glia (astrocytes, oligodendrocytes, and microglia) has been also
studied in connection with CNS regeneration. Implantation of macrophages in the injured
spinal cord has shown some degree of regeneration due to their effect clearing myelin debris
decreasing the inhibitory MAG levels for axons guidance [42]. However, the regeneration
process assisted by macrophages is unclear, because they can inhibit axonal growth after SCI.
On the other hand, the use of other glial cells, including astrocytes and oligodendrocytes, is
usually addressed by employing precursors limited to differentiate to glial cells. These
progenitor cells difficult the formation of gliotic scar than SCs and induce axon regeneration
and remielynation [43].

Olfactory ensheathing cells (OECs) constitute an interesting type of cells in CNS regeneration
strategies; they have been employed in animal models of SCI and stroke with several advan-
tages over SCs [44,45]. These cells, in their natural environment, guide axons from the PNS to
the CNS, and do not induce unfavourable interactions with the glial scar components.
Furthermore, OECs express many of the same neurotrophic factors and proteins as SCs,
including NGF, BDNF, GDNF, NT-3 and L1, facilitating axon regeneration and providing
neuroprotection. After their transplantation in different SCI models OECs have demonstrated
their ability to generate a more permissive microenvironment; they even lead to a limited
regeneration, electrophysiological and functional recovery [46-48]. Infusions of OECs have
been employed to address stroke, resulting in benefits to repair the damaged cerebral tissue,
providing neuroprotection, facilitating neurite outgrowth, activating stem cells, reducing the
lesion cavity and decreasing cell apoptosis, even improving the neurological function [44,49].
However, the implantation of OECs alone in the nigrostriatal tract of PD models is not
sufficient to promote regeneration and functional recovery, because OECs do not release L-
dopa to stimulate dopaminergic neurons [50]. Nonetheless, their role could be to permit the
reentry of dopaminergic axons into the striatum once they have grown through a guiding
structure, such a peripheral nerve graft [51]. Their transplantation together with other cells,
including dopaminergic neurons derived from neural stem cells (NSCs), has demonstrated
though ability to provide a slight functional recovery in PD models [52]. Moreover, some
studies have employed genetically modified OECs overexpressing some neurotrophic factors
in SCI models, resulting in a modest improvement of tissue sparing and functional recovery
[53]. Some researchers have transplanted OECs addressing spinal cord repair and observed
remyelination of axons, but this could be due to a contamination of the OECs suspension by
other cells such as SCs since myelination by OECs has been debated [54]. OECs have been also
employed in some controversial clinical studies of stroke and SCI, showing some degree of
functional recovery, but these results must be corroborated in further studies [55,56].

Adult stem cells from different origins, including mesenchymal stem cells (MSCs), NSCs and
neural progenitor cells (NPCs) have been transplanted in several traumatic injuries and
neurodegenerative diseases in preclinical studies, and in clinical trials of stroke and SCI [57].
MSCs and NSCs are multipotent cells; the particular feature exploited in MSCs is its ability to
differentiate into cells secreting neurotrophic factors, while NSCs can differentiate in both glial
cells and neurons [58,59]. MSCs have been implanted in the spinal cord, showing the formation
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of bundles that bridge the lesions, even increase the locomotor function, suggesting that MSCs
provide trophic factors and support for host cells and themselves [60]. Meanwhile, NSCs
implanted in the injured spinal cord have eventually differentiated into astrocytes [61], thus
these cells should be stimulated to favour their differentiation into neurons. The implantation
of NSCs in the injured spinal cord may also be combined with growth factors promoting the
neural lineage or limiting the effect of the inhibitory molecules in the environment of the
damaged spinal cord. This technique has been implemented combining NSCs with agonists
of astrocyte differentiation, accomplishing differentiation of NSCs into neurons and functional
recovery after SCI[62]. Furthermore, MSCs and NSCs have been transplanted in ischemic brain
and stroke rat models showing promising results, including stimulation of endogenous cells
and neurogenesis from the SVZ, promotion of angiogenesis, reduction of glial scar, even
functional benefits [63-65]. In addition, MSCs have been tested in a clinical trial of stroke to
prove their safety in humans, showing promising results [66]. MSCs and NSCs have also been
studied to address neurodegenerative diseases, including Huntington’s disease (HD) and PD.
MSCs have demonstrated migration to the injured striatum, neuroprotection through the
release of neurotrophic factors, even functional recovery over months [67-70]. Besides, NSCs
implantation into the striatum has resulted in neuron differentiation and some functional
improvements [71,72], suggesting that infusions of these cells could constitute a possible
therapy for cell replacement in neurodegenerative diseases. In this sense, NSCs have been
employed in clinical trials of both PD and HD, resulting in functional improvements over 36
months and 10 months, respectively [72,73]. However, these cells presented problems to
engraft the lesion site and showed a poor survival. Other types of adult cells such as the adrenal
chromaffin cells and human retinal pigment epithelium cells (hRPEs) have been employed in
clinical trials to restore functions in PD, since they secrete dopamine or its precursor L-dopa,
and can be employed as suppliers of L-dopa in situ. Both adrenal chromaffin cells and hRPEs
have demonstrated modest functional improvements [74,75]. However, these cells have a poor
survival and only a small fraction is able to secrete L-dopa or dopamine, or is secreted in small
amounts.

Embryonicstem cells (ESCs) are derived from the blastocyst and possess interesting properties,
including pluripotency and self-renewal, allowing their differentiation into cells from the three
germ layers. For this reason, ESCs may constitute a source of different cells, including neuronal
ones, with many possibilities in CNS regeneration. ESCs from mouse and human origin have
been employed to address experimental studies in different CNS damages. For instance, ESCs
have been induced to differentiate, preferably, into oligodendrocytes and implanted in the
injured spinal cord of different animal models, including mouse, rats and chick embryos; they
have shown to stimulate remyelination and promote locomotor improvements [76-78]. In
another work, large amounts of motor neurons have been obtained in vitro from human ESCs
and have been transplanted into the spinal cord of chick embryos maintaining their phenotype,
but the potential benefits of the neurons stemming from ESCs require further characterization
[78]. The poor survival of ESCs in the injured spinal cord can be enhanced by the incorporation
of neurotrophic factors, including BDNF [79]. Mouse and human ESCs have also been
differentiated in vitro into dopaminergic neurons, addressing their potential use for PD
treatment [80,81]. These findings have led to the use of dopaminergic neurons derived from
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ESCs in preclinical PD transplants, avoiding immune response, resulting in slight motor
improvements and a reduction of symptoms [82,83]. The use of ESCs is also a promising
approach to address several CNS damages; however, using ESCs requires solving many
problems, such as poor cell survival and low efficacy of transplanted cells, ethical aspects
because of its embryonic origin and the risk of teratoma formation.

As regards induced pluripotent stem cells (iPSs), they do not pose the ethical problems
associated with the use of human ESCs and show a lesser degree of immune response. These
cells are obtained from somatic cells by overexpressing four reprogramming factors (Oct4,
Sox2, Klf4, and Myc), leading to self-regenerative and pluripotent cells like ESCs. These
pluripotent cells may be differentiated into the desirable lineage, including glial cells and
neurons, by adequate molecular stimuli, and can be transplanted to address several CNS
damages. Nevertheless, the use of iPSs gives rise to problems still to be solved, including
teratoma formation, aberrant reprogramming, or presence of transgenes before their clinical
application.

In summary, preclinical and clinical trials have shown that implantation of cells in the CNS
yields transient benefits based on paracrine effects. However, pure cell supply therapy has
brought only modest results lagging behind initial expectations, due probably to a variety of
factors such as a poor cell survival in an aggressive environment and an inappropriate axon
reconnection and guidance.

5. Cues influencing axon guidance and growth

Biomaterials have been studied in a wide range of tissue engineering fields since decades. They
are usually manufactured as scaffolds and their general function is to mimic the specific tissue
and cell extracellular matrix (ECM) during the regenerative process. Scaffolds directly affect
cells behaviour, in terms of their adhesion, proliferation, migration, differentiation, and
maintenance of phenotype. Biomaterials in neural tissue engineering can be tailored to trigger
these effects in cell behaviour as well. In addition, scaffolds in neural tissue engineering can
be useful to guide and stimulate axon outgrowth, provide a neuroprotective effect in the toxic
microenvironment of the injured CNS and support glia migration.

In the last decades, researchers have investigated the cues involved in axon growth and
guidance by several in vitro studies, which are related to cell substrates (structure, composition,
mechanical properties, etc.), physical stimuli (electrical signals and mechanical stretches),
cellular cues (glial and other cell types) and permissive and inhibitory molecules of axon
growth (ECM components, neurotrophic factors, etc.).

5.1. Molecular cues

Cell behaviour including adhesion, differentiation, migration, etc. and particularly, axonal
extension, growth and guiding are regulated by different molecules, which become thus
crucial in the tasks to address CNS regeneration. Axonal extension and guidance is initiated
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by the molecular interaction of microtubules of the growth cone with the surrounding signals
(chemical and physical cues). The growth cone development during axonal sprouting is
influenced by chemical signals, including ECM and cell adhesion molecules and neurotrophic
factors. However, the complex neuronal network within the CNS results from the presence of
promoting (growth factors and proteins) and inhibitory molecules of axonal growth (including
canonical axon guidance molecules (semaphorins, ephrins, etc.), myelin associated glycopro-
teins (MAG) and CSPGs). This complex neural network of the CNS begins to form at early
stages of embryogenesis and continues through the adulthood. Moreover, some of these
molecules may act as promoters or inhibitory ones depending on the stage of the developing
CNS.

ECM components-based substrates have been employed to obtain scaffolds with binding
moieties for direct cell attachment [84]. The most commonly employed ECM components to
address in vitro studies of axonal growth and guidance include proteins such as collagen,
laminin (LN), fibronectin (FN) and their specific peptides: RGD, GRGDS, and IKVAYV, etc. The
ability of these molecules to generate bindings to a number of membrane-bound receptors has
been exploited by several researchers, which have developed ECM components-based
scaffolds to favour neuron attachment and neurite outgrowth including collagen porous
scaffolds [85] and fibrin multichannel conduits [86]. However, the majority of the synthetic [87]
and natural [88] substrates employed usually lack of protein-binding motifs and other
permissive molecules of axon growth such as neurotrophic factors, which may be incorporated
post-processing by different methods including physical adsorption, encapsulation into
substrates, electrostatic interaction, covalent immobilization and cultures of natural or
modified cells with the ability to secrete these molecules. The incorporation of molecules for
cell adhesion improves growth cone attachment, neurite growth rate, branching and extension
compared with the uncoated biomaterials [89-91], even some aspects of neural and glial cells
fate can be enhanced, for example proliferation and migration [87]. The incorporation of cell
adhesion molecules on substrates can be accomplished by different techniques, including
physical entrapment, chemical linking and physical adsorption. These methodologies combine
permissive and limiting pathways for axon guidance, to obtain parallel and preferential
pathways or microchannels for axon growth. Gradients of permissive molecules on substrates
can also be achieved by different techniques including microcontact printing of proteins,
selective detachment of immobilized molecules by laser or electron ablation, among others.
These techniques enhance neural attachment and increase neurite lengths, and even can favour
the orientation of extended axons in the direction of the gradients and/or along the coated
substrates and a bipolar morphology [92,93]. The non-permissive molecules of axon outgrowth
play an important role on forming the correct axonal pathways; for instance, axons can be
grown and guided into channels surrounded by CSPGs, in a similar way than on cell adhesion
molecules [94]. Moreover, parallel axons can be grown in multichannels thanks to a combina-
tion of permissive molecules forming the axonal pathways and inhibitory ones forming the
limiting regions of axon outgrowth [95].

Peptide motifs can be incorporated to the substrates in similar ways as ECM components, and
accomplishing comparable improvements in cell attachment, neurite length, glia migration
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and orientation of growing axons, since these peptides constitute the functional parts of some
relevant proteins implied in cell attachment. Several authors have demonstrated that depleting
these functional sites of the cell adhesion proteins leads to an abrupt reduction of neurite
lengths and cell migration and the ability of growth cones to turn towards higher peptide
densities [96,97]. Some peptides show the ability to form self-assembled nanofibrous gels, with
fibres sizes of a few nanometres, by the spontaneous organization of the molecules under
physiological conditions, forming non-covalent bonds including hydrogen bonds, Van der
Waals forces, electrostatic forces, etc [98]. This self-organization of peptides leads to hydrogels
with molecular and topographical cues to enhance differentiation of NSCs into neurons despite
astrocytes [98] and neurite extension [99].

Neuronal and glial proliferation differentiation and axonal growth and guidance can be
regulated and promoted by growth factors including FGF, insulin-like growth factors (IGF-1,
IGF-2), vascular endothelial growth factor (VEGF), and neurotrophic factors, including NGF,
BDNF, neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), glial cell-line derived neurotrophic
factor (GDNF), CNTF, etc. These molecules are able to promote the differentiation of embry-
onic and adult NSCs [100-102] and other adult cells, including MSCs [103] and rat pheochro-
mocytoma (PC-12) cells [104] into neuronal fates. Several studies have shown that solubilized-
or substrate-immobilized neurotrophic factors produce higher neurite length, cell attachment
and neuron survival [105-107]. Besides, some in vitro studies have shown the ability of
neurotrophic factors to enhance functional connections showing expression of synapses and
different neurotransmitters, even the new-formed synapses presented the ability to respond
to external stimuli [105]. Immobilization of neurotrophic factors and growth factors can be
accomplished by similar methods to those of proteins or peptides, including physical entrap-
ment, chemical linking and physical adsorption for a controlled release during weeks [106].
Their effects can vary depending on the preparation method; for example, the chemical
immobilization of NGF onto substrates has shown an increment of differentiation into neurons
compared to physical entrapment. Chemical immobilization has resulted in similar neurite
lengths and neuron survival to those studies where the growth factor is daily incorporated
into culture media [107]; this result is interesting to improve the effect of biomaterials with
neurotrophic or/and growth factors for neural implants. Several immobilization techniques of
neurotrophic and growth factors permit to perform gradients thereof on substrates, even into
scaffolds, with an important effect in neurite and axon guidance [107,108]; they have shown
to elicit turning of growth cones and axons outgrowth in the direction of their gradients. The
neuronal behaviour, including neurite outgrowth and length, can be even improved combin-
ing several neurotrophic and growth factors and modifying the amount of each one. Moreover,
this synergistic effect can be also observed by combining factors and cell adhesion molecules.
The combination of factors allows NSCs to differentiate into several neural or glial lineages,
and particularly some combinations permit to obtain neuronal cells despite astrocytes,
suggesting their potential use to avoid the inhibitory glial scar [109].

ECM components, growth and neurotrophic factors are not the unique molecules employed
to address neurite outgrowth; other molecules including immunoglobulin-like adhesion
molecules (NCAM and L1), receptors (ephrins), neurotransmitters (acetylcholine), etc. have
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also been studied to address neural regeneration. Adhesion molecules as L1 and NCAM show
similar effects on neurite outgrowth and cell viability than permissive ECM components;
however, L1 can induce more the attachment of neurons in detriment of astrocytes compared
with LN [89]. Ephrins have an important role in axon growth during CNS development, but
in the adulthood, they become inhibitory of axon outgrowth. Curiously enough, on substrates
with gradients of ephrins axons grow in the direction of higher gradients but growth stops at
higher densities, showing the ambiguous effect of these molecules in axon growth and
guidance [110]. Neurotransmitters have an important role in neuron communication and
transmission of electrical impulses and, as a consequence, these molecules are vital to obtain
a correct synapse formation and function and in neuron survival. Neurotransmitters can be
biomimicked by chemical compounds and incorporated to different substrates, showing
improvements in neuron survival and neurite extension, even similar to cell adhesion mole-
cules [111].

5.2. Topographical cues

Cell differentiation is a process dependent of external stimuli and is well known that cell-
substrate interaction and particularly topographical cues are important in this cellular
behaviour. Bellamkonda discussed the anisotropy of both molecular and substrate topography
as an important cue to obtain faster and more orientated axon regeneration and to direct
growth cones following a unique direction [112]. This idea has resulted in a wide variety of
investigations, where researchers have studied axon outgrowth, both in vitro and in vivo, on
anisotropic substrates such as surface patterns, fibres and channels. Different 3D structures
with pronounced anisotropy are obtained by different micro and nanofabrication techniques.
For example, nanofibres are usually obtained and aligned by electrospinning techniques, while
microfibres are fabricated by extrusion with different morphologies [113,114]. Microchannels
are principally made by moulding employing fibres templates or other techniques such as laser
irradiation, freeze-drying, dipping and ion capillarity [88,115,116]. Nano and micropatterns
are fabricated by common techniques such as lithography, photolithography, moulding
templates, reactive ion etching, etc. [117], which allow to obtain structures alternating permis-
sive axon pathways (grooves) and high ridges to separate them.

Silicon-based materials such as polydimethyl siloxanes (PDMS) have been commonly
employed to develop micropatterns [118]. Researchers have studied exhaustively these
systems to optimize their dimensions (groove depth, width and space) to enhance axon
growth and guidance. Axon alignment and outgrowth is increased as a response to greater
depths of the grooves because cell bodies are restricted to the grooves, avoiding neuronal
crossing between grooves. Several studies have stated that an optimal groove width of 20
um enhances neurite extension and achieves a bipolar structure oriented in the direction
of the grooves and with a significant reduction in neurite branching [119]. Other investiga-
tions gave similar results using stem cells and neuronal lines, including human neural stem
cells [120] and PC-12 cells [121,122]. These studies show a similar behaviour of axons
outgrowth in the micropatterned substrates: the channels width must be enough to host
the neuronal body but not too much to permit neurite hyperbranching, yielding neuron

213



214 Cells and Biomaterials in Regenerative Medicine

bipolar and oriented structure. These findings are conditioned to the sizes of different parts
of the cells: neuronal bodies are in the range of 10-20 um, growth cones about 5 um, while
axons and focal adhesions show sizes about 1-3 um [123]. However some studies have
shown unexpected neuron morphologies on microgrooves, in which neurons can bridge
between adjacent channels with no underlying support [124].

Some researchers have exploited the idea of obtaining substrates with topographies that mimic
the glial scar environment (combination of permissive and inhibitory cues on axon pathways),
for example studying the behaviour of co-cultures of astrocytes and neurons. This idea was
addressed by Krsk et al. [125], who fabricated silicon wafers with discrete polyethylene glycol
(PEG) grafts by electron-beam, which forms an inhibitory region similar to the glial scar. These
authors obtained parallel silicon 3 pm-channels separated with PEG lines and silicon arrays
with different distances between PEG spacers (1, 2, 3, 4 and 10 um). They determined that
astrocytes and mouse dorsal root ganglia (DRGs) neurons grew parallel to the PEG lines onto
the grooves forming elongated structures and oriented actin filaments and neurites, respec-
tively. Furthermore, both neurites and astrocytes grew only onto above distances of 2 um
between PEG spacers, but astrocyte adhesion and spreading were comparable to the unpat-
terned silicon when the arrays were 10 um long between PEG spacers.

Nanopatterned substrates (submicron features) provide differences in neurite growth and
alignment with respect to the micropatterns, since the effect of nano-size features can be
considered as a roughness phenomenon on cell behaviour. The nanostructured materials
increase cell-substrate interactions, promoting cell adhesion and hosting neuronal processes,
but not cellular bodies. Nanostructured topographies mimic the structure and dimensions of
ECM components and chemicals; they cannot host axons and neural bodies, but their sizes are
in the range of the ECM components (organized proteins and polysaccharides) involved in
cell attachment, spreading and migration, including fibronectin fibrils (about 100 nm), actin
filaments and neurofilaments (10 nm) [123]. Several techniques have been developed to obtain
them: electron-beam lithography to obtain roughnesses above 3 nm, chemical and electro-
chemical etching with motifs above 2 nm and multiphoton excitation to address greater
structures with 250 nm. Some studies have found that rough surfaces improve cell adhesion
compared to the smoothest ones, in which growth cones reach even half their growth [126].
However, nanogrooves lead to less axon guidance than micropatterns because all somas and
axons grow along the plateau and only the smallest axons are suitable to be aligned [127].

Nanofibres constitute an interesting nanostructure to address neural cell attachment and axon
outgrowth because most of the ECM proteins assemble naturally into fibres with diameters at
the nanometric scale in the physiological environment. Nanofibres technologies permit to
obtain 3D structures or scaffolds and not simple superficial topography or roughness, which
differentiates these substrates from the above mentioned superficial micro and nanopatterns.
Researchers have developed different processes to obtain them, including phase separation,
electrospinning and self-assembly of peptide nanofibres (SAPNs).

Phase separation allows obtaining fibres between 50 and 500 nm, depending on the process
parameters (temperature, polymer concentration, and solvent-polymer system). This method
is achieved by several solvent-removal steps with temperature shifts of a polymeric solution,
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obtaining porous or fibrous structures (both of them interesting structures for different neural
tissue engineering problems). These nanofibrous scaffolds provide a substrate for cell differ-
entiation of neural lineages, even neurite outgrowth can be accomplished [128]. However, this
nanofibre fabrication method shows several disadvantages because it employs large amounts
of solvents and prevents to obtain aligned fibres, which limits their potential uses to address
the orientation of glial cells and neurites.

Electrospinning is another current and interesting methodology to obtain nanofibres for neural
tissue engineering. It is quite simple and permits to achieve nanofibres with diameters at the
nanometric and micrometric scale. In addition, their operation parameters allow manufactur-
ing a wide range of fibrous morphologies including random and aligned fibres and more
complex and precise structures. The principle of the electrospinning process consists in the
extrusion of a polymer solution through a small orifice (with the help of a pump pushing a
syringe piston towards its needle) at high voltages, and the evaporation of the solvent as the
jet is projected onto a metallic collector yielding a fibre that superposes with time forming a
mat. Size and morphology of the fibres can be modified by varying operation parameters such
as polymer concentration, viscosity, polymer-solvents interaction, distance from the collector,
the applied voltage and external variables (temperature and humidity). The basic electrospin-
ning process can be easily modified to obtain other fibrous disposition and morphologies:
rotating drum collectors or two spaced collectors allow obtaining aligned fibrous tubes,
crosslinking agents permit to fabricate polymeric networks, salts may be used to obtain porous
fibres, and the most advanced electrospinning processes allow to fabricate fibres structures
with a nanometric precision. This technique is able to render fibre mats (membranes) of a large
amount of polymeric compositions, both synthetic and natural. The most employed synthetic
biomaterials in neural tissue engineering are the family of aliphatic polyesters including
poly(L-lactic acid) (PLLA), polyglycolic acid (PGA) and poly-e-caprolactone (PCL), which are
interesting biopolymers to be used in implants for neural tissue engineering for their biode-
gradability; furthermore, PLLA and PCL are approved by the Food and Drug Administration
(FDA) for uses in some clinical methods. However, a wider range of synthetic polymers has
been studied as electrospun substrates for axon outgrowth and guidance, such as polyamides,
polyacrylates, polyacrylic acids, polydioxanone (PDS), etc. These synthetic polymers can
support well glial and neural cells, in general, but they show different effects over cell
behaviour due to their discrepant properties. On another hand, some researchers have
developed methodologies to obtain electrospun fibres from natural polymers such as collagen,
gelatine, chitosan and hyaluronic acid, because they form part of the tissues and, as a conse-
quence, they have similar mechanical properties and cells recognize their domains easier than
in the synthetic ones. However, natural polymers generally present poor mechanical proper-
ties and the electrospun fibres obtained from them show the limitation of handling for clinical
uses. In addition, these materials present high costs, low reproducibility and may contribute
to the immunogenic response. In order to meet the good mechanical properties and reprodu-
cibility of the synthetic materials and the major biocompatibility of the natural ones, electro-
spun mats of composites from synthetic and natural polymers (gelatine/PCL, collagen/PCL,
PLLA/laminin, etc.) have recently been developed. Another option is to biofunctionalize
synthetic fibres with ECM components (collagen, fibrin, etc.) by covalent binding or physical
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adsorption; these biofunctionalized fibres enhance biocompatibility, neurite extension, and
glial cell migration and alignment [91,97].

Figure 2. Topographical motifs included in the biomaterials usually employed in CNS regeneration. A) Typical con-
duits based on an external channel and an inner matrix for peripheral nerve and spinal cord regeneration (from L. P.
Clements et al. [116] with authorization). B) PC-12 cell growing along a microopatterned substrate (from M. J. Maho-
ney et al. [122], with authorization). C) Multichannel poly (ethyl acrylate) scaffold, inset: detail of the multichannel
scaffold cross-section (own our group). D) Microfilament of polycaprolactone obtained by micro-extrusion (own our
group). E) Crosslinked hyaluronic acid scaffolds with interconnected porous structure (own our group). F) Poly (ethyl-
acrylate)-based scaffolds containing interwoven microchannels (own our group). G) Aligned electrospun fibres of pol-
ylactic acid (from J. Xie et al. [113], with permission).

Electrospun scaffolds have been employed as artificial matrices for neurons and glial cells. The
most common biodegradable synthetic biomaterials, performed as electrospun scaffolds, show
good cytocompatibility and they are even more biocompatible than as flat substrates [129].
Some researchers have investigated cell differentiation in different electrospun fibres and have
reported differentiation of NSCs and ESCs to neural lineages [130,131]. More in detail, others
have concluded that fibre alignment does not influence the NSCs differentiation to a neuronal
lineage, which does depend on the electrospun fibres diameter, because fibres in the nano-
metric scale enhance NSCs to neural lineage whereas the micrometric ones donot [132]. Similar
studies with ESCs have demonstrated that both, random and aligned fibres are suitable for
cell differentiation to a neural lineage; however, only the aligned fibres inhibit astrocyte
differentiation [131]. This interesting result may be useful in order to employ aligned fibres as
substrates for ESCs supplying neurons and inhibiting the glial scar formation in some CNS
injuries. Other studies have shown that electrospun scaffolds with aligned fibres enhance a
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bipolar morphology of glial and neural cells and an extension of axons, even DRG ganglia may
be oriented in the direction of electrospun fibres. In addition, neurites grow faster and longer
in the aligned fibres than in the random ones [91,133].

5.3. Cellular cues

The role of glial cells in the regeneration of the injured CNS is crucial because they exert several
functions over neurons in the healthy and developing CNS. Glial cells can be permissive or
inhibitory of axon outgrowth; even they change their roles in the developing, adult or injured
CNS. The most studied glial cells to address axon guidance include SCs, astrocytes and
olfactory ensheathing cells/olfactory nerve fibroblasts (OECs/ONFs).

SCs promote the axonal cone growth and show a neuroprotective effect in the regenerating
axons by the release of some neurotrophic factors in the injured PNS. This property in the PNS
environment has been widely explored to address axon outgrowth in the CNS. The principal
role of SCs involves myelination and ensheathing the peripheral axons, but they produce
MAGs, which are inhibitory of neurite outgrowth and hyperbranching. Some authors have
studied the influence of SCs in axonal extension in vitro, showing that aligned monolayers of
SCs directly affect neurite outgrowth and alignment without the help of other topographical
cues [134].

CNS glial cells regulate several functions of neurons; for this reason, these cells have been
studied to address their effect in neurite growth. The most widely studied CNS glial cells are
the astrocytes, which main function is to provide nutrients to neurons. Astrocytes have been
reported to be appropriate glial cells to differentiate neural progenitor cells (NPCs) [135]. Some
authors have cultured neurons on monolayers of previously aligned astrocytes by several
techniques such as electrical fields [136] or topographical cues [137], demonstrating that the
bipolar morphology of astrocytes is able to enhance neurite outgrowth and alignment, even
neurite outgrowth can be compared to what happens onto micropatterned proteins. However,
co-cultures of neurons and random astrocytes have not demonstrated important changes in
neurite outgrowth, because the astrocytes are in a multipolar shape characteristic of the
hypertrophied ones, which constitute the glial scar [138].

OECs constitute one of the most promising adult cell types in order to address CNS injuries.
These cells present some similarities with SCs and astrocytes (molecular expression,
morphology and functions). However, they are the unique glial cells with the ability to
cross the PNS-CNS transition zone helping the olfactory axons outgrowth from the nasal
epithelium to the olfactory bulb. Their ability to interact with both nervous systems has
given rise to the idea that OECs may be able to regenerate axons in the presence of gliotic
components. In this sense, authors have demonstrated how OECs enhance neurite exten-
sion and increase the amount of axons in gliotic-based substrates such as myelin, even
extension and neurite density resulted similar than using permissive substrates for axon
growth such as LN [139]. Co-cultures of cortical neurons with aligned OECs have shown
higher neuronal lengths and similar alighment of neurites than with astrocytes, but OECs
lead to a more bipolar morphology of neurons [140].
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Glial cells act on neurite outgrowth and neuron alignment by means of different cues, which
include their own topography and molecular cues related with the released inhibitory and
permissive molecules. The effect of molecular components has been largely investigated as
commented above, but the influence of cell topography is still a rather unexplored phenom-
enon. A few investigations have addressed the effect of cell topography as an independent
factor in neurite alignment and outgrowth by original methods. The methodology employed
consists in obtaining reliefs of a substrate that mimic the shape of different cells, employing
different techniques such as polymerization and lithography of masks of cellular features
obtained by CAD software or impression of cell replicas. Normally, the biomimetic reliefs are
formed by bipolar and oriented morphologies to enhance neurite outgrowth and alignment
and the most common cells-masks include SCs, astrocytes and endothelial cells morphologies.
Aligned cellular motifs of SCs have an influence on neurite alignment and increase their length
compared to flat substrates and random motifs, even perpendicular reliefs have an inhibitory
effect in axon outgrowth [141]. Although astrocytes and endothelial cells can enhance neurite
alignment too, SCs have improved the most these aspects of neurites, higher degrees of
alignment and sizes of their dimensions (weight, length and height), in comparison to
astrocytes and endothelial cells [142].

5.4. Electrical cues

As is well known, electrical voltages play an important role in cell behaviour. Particularly, the
transmission of information between neurons is accompanied by electrical changes in their
environment; this phenomenon is known as action potential (AP). Electrical stimuli are
produced by the existing voltage gradient across the cell membrane and the complex equili-
brium of environmental and cellular ions and ionic channels across the membrane. The steps
of the process include depolarization of the neural membrane as a consequence of the stimulus
received by dendrites of aneighboring neuron, subsequently the Na*channels open and if there
are sufficient opened channels the entering flux of Na*modifies the cell membrane potential.
The following step includes the repolarization of the membrane by the opening of the K
*channels, which act slowly and restore the original action potential. However, before reaching
the normal membrane potential, neuron is hyperpolarized preventing it from receiving
another stimulus and neuron cannot generate another AP during a brief time, ensuring that
signals travel always in a unique direction.

Electrical stimulation of neural cells has led to the development of new frontiers for neural
tissue engineering in the recent decades, including investigations of new conductive bioma-
terials and fabrication of electrodes to address several damages in the CNS. Actually, the efforts
have focused on the study of conductive polymers for their electrical conductivity combined
with their characteristics as organic polymers. The electrical properties of these polymers are
due to the presence of loosely held electrons in their backbones that form conjugated 7 bonds,
and with the help of doping chemicals the polymer can be negatively or positively charged.
Traditionally, dopant agents employed have been inorganic compounds such as ionic species
(chloride, perclorate, iodine, etc.). However, the introduction of active biological dopants is
more attractive from the point of view of biomedical applications [143]. The most commonly
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studied conductive polymers include polypirroles (PPy), polyaniline (PANI) and polythio-
phene derivatives, specially, the poly (3, 4-ethylenedioxythiphene) (PEDOT), but other
emergent materials as piezoelectric polymers and carbon nanotubes and nanofibres (CNTs
and CNFs) as fillers are promising to develop conductive polymers for neural tissue engi-
neering. Several studies have shown that PPy are biocompatible with different cell types [144]
and, particularly, with neural cells [145]. PANI and PEDOT as conductive polymers for general
tissue engineering applications have been less studied than PPy ones, but in the recent years
they are more investigated for these purposes. Recent studies have demonstrated the absence
of cytotoxicity of PANI and PEDOT by in vitro studies, showing the biocompatibility of these
alternative biomaterials [146,147]. Moreover, the tissue response of these three conductive
biomaterials has been studied preliminary in some in vivo studies, resulting in non-toxic effects
and with an acceptable inflammatory response [148-150].

External electrical stimuli can be applied to cells or tissues to produce an artificial AP leading
to electrical changes in cells; this phenomenon is termed as electrical stimulation. Electrical
stimulation can influence cellular activities such as proliferation, migration, differentiation,
extension of processes and protein expression [151-153]. Just as other cells, neuron activity can
be affected by electrical fields, both direct and alternate currents (DC and AC, respectively).
Some works have shown how an electrical stimulation influences the direction and extension
of neurite outgrowth [148,153] and the alignment of other cellular types such as astrocytes as
well [154]. In other studies, the electrical stimulation has been found to increase neurite
extension in differentiated PC-12 cells cultured on PPy films [155]. Most recent studies have
corroborated the enhancement of neurite outgrowth with electrical stimulation in other cell
types and different conductive biomaterials, for example NSCs on PANI [156], cochlear neural
explants on PPy [157] and DRG explants on PPy [158]. In addition, these works have demon-
strated, as Patel et al. [159] suggested, that one explanation for the increment in neurites length
observed is the electrophoretic accumulation of proteins on the surface of the substrate.

As stated previously, CNTs and CNFs are an emergent and promising group of conducting
materials for neural tissue engineering. CNTs are composed of rolled structures of sheets of
graphene, either single-(SWCNTs) or multi-walled (MWCNTs). The most relevant properties
of these materials are their ability to conduct electrical stimuli, form structures with a very
large exposed surface per volume unit, and good mechanical properties (strength, flexibility,
ductility, etc.). The first experiments with CNTs showed that they are cytotoxic when they are
in suspension in a cell culture; nevertheless, posterior studies did not show any cytotoxicity
when they are immobilized in the culture [160]. This fact meant the beginning of their use in
tissue engineering, and for this purpose, it was necessary to obtain CNTs with higher purity
and fabricate more soluble CNTs by functionalization of their surfaces. Other novel conducting
polymers are the piezoelectric ones, which have the ability to generate electrical stimuli by the
help of small mechanical deformations, being the application of external stimuli unnecessary.
The most common piezoelectric polymer is the poly (vinylidene fluoride) (PVDF). This
material has demonstrated good attachment and proliferation of neural cells when it is
combined with l-lysine [161]; even neurite outgrowth can be enhanced compared with non-
piezoelectric materials [162]. Unfortunately, piezoelectric biomaterials have the drawback of
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not allowing the external control of the electrical stimulation, for what it seems preferable to
employ conducting polymers in neural tissue engineering.

Conducting polymers possess a high degree of conjugated bonds providing them rigidi-
ty, insolubility and difficult processability, for what these polymers may be transformed or
employed in composites with others. Besides, they are usually non-biodegradable and
usually offer poor biocompatibility; for these reasons some researchers have investigated
the possibility of obtaining conducting biodegradable biomaterials by different techniques
including polymerizations that form degradable linkages, blending conductive polymeric
segments with biodegradable polymers, and fabrication of copolymers of biodegradable
monomers and conductive biostable ones [163,164]. With the aim of improving neurite
outgrowth and alignment of cells, bioactive molecules such as neurotrophic factors have
been immobilized on conducting polymers [165], their topography has been modified by
surface treatments to generate microchannels [166] or they have been electrospun to obtain
nanofibrous matrices [158].

5.5. Mechanical cues

The CNS is one of the softest tissues in the body, with elastic modulus between 0.1 and 10 kPa
[167]; others, more rigid as bone and connective tissues, present higher elastic moduli ranging
15-30 MPa and 100-1000 kPa, respectively [168]. Rigidity has an important role at early stages
of embryogenesis and development of tissues, and particularly in the CNS, since cells regulate
the formation of ECM components and their migration by mechanical cues. The rigidity of the
brain increases with aging, and the highest elastic modulus of the nervous system tissues
corresponds to the spinal cord [169]. This accounts for the modulation of the differentiation of
neural precursors into glia or neurons by changing the substrate’s rigidity; for example, ESCs
differentiate into glia in soft substrates whereas they do to neurons in more rigid ones [170],
and NPCs and NSCs show a similar behaviour, differentiating preferably into neurons on
softer substrates with moduli between those of the neonatal and the adult brain [169,171].

In general, axon extension increases in softer substrates, so elastic biomaterials are more
suitable to address axon regeneration. The most commonly employed substrates with
modulated stiffness in neural regeneration are gels as hyaluronic acid, fibrin, polyacrylamide
and PEG due to their mechanical properties similar to the CNS tissue. Similar trends in axonal
extension and branching have been observed in different types of neurons: the softer or more
elastic substrates generally increasing neurite length, neuron attachment and branching
compared to harder ones [170,172,173]. However, axonal extension decreases in very soft
substrates, when they present elastic moduli much lower than that of the CNS tissue [174,175].
Co-cultures of astrocytes and neurons on hydrogels with tuneable mechanical properties have
shown that, unlike neurons, astrocytes attachment decreases on soft substrates. This interest-
ing result has highlighted the beneficial uses of soft substrates to address CNS injuries with
presence of glial scar [170]. However, neurons have shown good attachment and large neurite
extension and branching cultured on substrates, such as PDMS, which possesses higher elastic
modulus than CNS tissue, suggesting that neuronal attachment depends on substrate chem-
istry too [176].
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In the latest stage of embryogenesis and during the maturation up to the adult CNS, axons are
submitted to great strains resulting in abrupt changes in their extension. The knowledge of
this natural phenomenon has led to investigate how strain can influence axon extension. As
an example, axon outgrowth has been studied in engineered bioreactors with the ability to
stretch axons on permissive and flexible substrates such as collagen. The normal axon
outgrowth is limited to 1 mm/day by the synthesis and transport of proteins and structural
components to permit the extension of growth cones. However, cultures of DRG on collagen
in a stretch-grown bioreactor and applying a constant strain of 1 cm/day have demonstrated
that axons can grow up to 5 cm in only 8 days, which is a much longer extension than that
reached by conventional therapies in the regeneration of CNS tracts (2-3 cm). Moreover, the
stretched axons maintained their typical cytoskeletal proteins along them and an appropriate
structure in their cross section [177], even the electrical signals showed normal action potentials
due to the increment of the K*and Na‘channels density [178]. Cyclic strains can influence
neurite outgrowth just as constant ones. Cultures of neural cells with cyclic strains have
demonstrated a synergistic effect of applied strain and cycles frequencies. This effect has been
studied in cultures of PC-12 cells on PDMS substrates with cyclic stretch and strain levels of
4, 8 and 16% and strain rates of 0.1, 0.5 and 1 Hz, showing that only two operation conditions
enhance neurite density, length and orientation [179]. In contrast, other operation conditions
seem to inhibit neurite length, density and orientation compared to static substrates.

5.6. Physical and chemical cues

Some investigations are related to the study of the effect on neural cells of surface properties
of biomaterials such as charge, functional groups density and wettability. Surface wettability
can be modified by several techniques such as plasma polymerization, even surfaces with
gradients of wettability can be obtained. In works on the effect of surfaces with uniform or
graded wettability on hippocampal neurons it can be observed that graded substrates and
particularly their most hydrophilic regions show an increased cell density, longer and faster
development of the processes than uniform substrates and hydrophobic regions [180]. The
surface gradients seem to promote interactions between neighbouring cells and the develop-
ment of neuronal networks. Similar results were found by culturing PC-12 cells onto poly-
ethylene surfaces with wettability gradients prepared by a corona discharge treatment [181]:
cell density was the highest at intermediate wettability of 55°but the length of neurite processes
increased on more hydrophilic regions, suggesting an important role of surface hydrophilicity
on the differentiation of cells into neurons. Different gradients of wettability on the surfaces
of a substrate can be obtained by self-assembled monolayers (SAMs), by the addition of
different siloxanes with methyl-terminated molecules. On these substrates, PC-12 cells can
differentiate to neurons with neurotrophic factor-free medium, and the differentiation is
enhanced on substrates with higher surface wettability. These results suggest the importance
of mechanical, chemical and spatial cues in neural fate [182].
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6. Biomaterials for traumatic brain injury and similar neuronal damages

Traumatic brain injury and similar brain damages including hypoxia or stroke produce an
abrupt loss of neuronal and associated glial population at a primary stage. This initial damage
is followed by inflammatory processes leading to a secondary loss of neurons and glial cells
and the astrocyte activation forming the inhibitory glial scar for axon outgrowth. Brain tissue
damage constitutes, thus, a multistep process leading to the formation of a lesion cavity and
necrosis, surrounded by glial scar avoiding axonal regrowth and, as a consequence, the
successful healing of the damaged tissue. The cavity generates a loss of brain tissue forming a
hostile region to support cells that, together with the inhibitory glial scar, avoid its regeneration
leading to psychiatric and neurological symptoms. The inhibitory nature of the CNS due to
the presence of astrocytes and oligodendrocytes, the lack of enough neurogenesis niches and
the toxic microenvironment after brain injury avoid the regeneration in the brain.

The justification for employing biomaterials after brain damages is principally this lack of cell
support, and biomaterial scaffolds should be able to mimic the natural environment of cells
promoting their attachment and/or entrapment aiding the regenerative process. Scaffolds can
lodge cells in a tridimensional context, allowing diffusion of nutrients and acting as substrates
to enhance cell survival, neurite extension, axon regeneration and cell infiltration. The selection
of the biomaterials in brain regeneration is based on the principles to achieve neuroprotection
of the surrounding native tissue avoiding the secondary cell death, and neuroregeneration of
the damaged tissue to restore functions.

Normally, the use of natural polymers is preferable rather than synthetic ones because most
of these biomaterials are present in the tissues and their effects are well known; however, many
synthetic biomaterials have though a good integration with brain tissue and present some
advantages respect to the natural ones, including lower cost, enhancement of mechanical
properties, handling, etc. The functional groups within the employed biomaterials can affect
cell attachment, since surface charge, hydrophilicity and hydrophobicity are determinant on
the biocompatibility of the biomaterials. Cells prefer to attach on positive surfaces because
their membrane contains residues of 