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Preface

Once you open this book, we are somewhat connected to stem cell science, and it
will take you walking into the amazing world of stem cells.

You may have read books or attended classes about stem cells; you may have
even reported important scientific results related to stem cells. This book will lead
you to a specific type of stem cells — mesenchymal stem cells (MSCs), which have
attracted the attention of both scientists and physicians due to their unique biologi-
cal properties and promise for disease treatment. This book will be valuable to you
as it bridges the gap between basic research and therapeutic approaches on stem cell
clinical translation.

A decade ago, scientists obtained human embryonic stem cell (ESC) and began
to reveal that adult stem cells could generate differentiated cells beyond their own
tissue boundaries, which was termed developmental plasticity; yet development of
therapeutic approaches with stem cells is still in its infancy. Day by day, the field of
stem cells develops at rapid pace, and the transition of stem cells from basic research
to clinical application is making enormous progress. More than ever, stem cell biol-
ogists and physicians are joining in this field to better understand the molecular
mechanisms and develop novel therapeutic paradigm. As stem cell research is
sophisticated and the translation of basic research to clinical application faces great
challenges, it is important to have leading expertise in this field to update the most
recent information and share their views and perspectives. To this end, we would
bring out this book, Essentials of Mesenchymal Stem Cell Biology and its Clinical
Translation. It first addressed and discussed current advances and concepts pertain-
ing to MSC biology, covering topics such as MSC secretome, homing, signaling
pathways, miRNAs, and manipulation with biomaterials and so on. Especially, we
introduce the hypothesis that post-embryonic pluripotent stem cells exist as a small
subset of cells in MSCs. As MSC plays a key role in immunomodulation, we
explored the clinical application of MSCs in a variety of diseases, taking into
account cardiovascular diseases, liver diseases, graft-versus-host diseases and dia-
betes. International regulations and guidelines governing stem-cell-based prod-
ucts are also brought in here. Overall, this book covers a broad range of topics
about MSCs during their transition from bench side to bedside. The chapters of the
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book are all written by experts in their respective disciplines, which allow each
of them to be a “‘stand-alone” entity although there is continuity of style from chapter
to chapter

Last year MSCs as the first stem cell drug were lauched into the market, and
currently there are more than 270 clinical trials registered in the public clinical trials
database (http://clinicaltrials.gov), 66 of which are conducted in China. Chinese
government exercises the most strict and stringent rule on stem cell products. In
2004, Flk1* MSCs in our laboratory became the first stem-cell-product that received
official approval for clinical trial from the Chinese State Food and Drug
Administration (SFDA). Since then our studies demonstrate that Flk1+ MSCs rep-
resent a safe and effective treatment for several disorders. These encouraging results
promoted me to organize a book to share the fascinating stem cell knowledge and
technology with those who are interested in MSCs, and now the book is finally
complete.

I wish to extend my gratitude to the staff of our publisher, Springer, for providing
great support for this book. I want to express my appreciation to all the authors for
their excellent contributions and dedication to scholarly pursuits. With their pio-
neering work and devoted efforts, this book could be brought to fruition. They are
the true heroes in the backstage, although I am the one standing under the spotlight.
I would also like to thank Dr. Shihua Wang in my stem cell center for her efforts in
chapter collecting and assistance in editing. Lastly, as always, the goal of this book
is to educate, stimulate and serve as a resource. I hope that you, as a reader, will
enjoy this scientific stem cell book.

Beijing, China Robert Chunhua Zhao
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Basic Research/Mechanisms



A Historical Overview and Concepts
of Mesenchymal Stem Cells

Shihua Wang and Robert Chunhua Zhao

Abstract Mesenchymal stem cells have generated great interest among researchers
and physicians due to their unique biological characteristics and potential clinical
applications. Here, we first give a brief introduction to mesenchymal stem cells,
from their discovery to their definition, sources and types. During embryonic
development, MSCs arise from two major sources: neural crest and mesoderm. We
discuss these two developmental origins. Additionally, we propose for the first time
the concept of a hierarchical system of MSCs and draw the conclusion that post-
embryonic subtotipotent stem cells are cells that are leftover from embryonic
development and are at the top of the hierarchy, serving as a source of MSCs. Then,
we describe various concepts related to MSCs, such as their plasticity, immuno-
modulatory functions, homing and secretion of bioactive molecules. These concepts
constitute an important part of the biological properties of MSCs, and a thorough
understanding of these concepts can help researchers gain better insight into MSCs.
Finally, we provide an overview of the recent clinical findings related to MSC
therapeutic effects. MSC-based clinical trials have been conducted for at least 12
types of pathological conditions, with many completed trials demonstrating their
safety and efficacy.
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Center of Excellence in Tissue Engineering, Institute of Basic Medical Sciences

and School of Basic Medicine, Chinese Academy of Medical Sciences and Peking
Union Medical College, 5# Dongdansantiao, 100005 Beijing, China, People’s Republic
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Keywords MSCeDevelopmental origin * Plasticity e Homeing e Immunomodulatory
functions ¢ Clinical application

Introduction

Stem cells have the capacity to self-renew and to give rise to cells of various lineages.
Thus, they represent an important paradigm of cell-based therapy for a variety of
diseases. Broadly speaking, there are two main types of stem cells, embryonic and
non-embryonic. Embryonic stem cells (ESCs) are derived from the inner cell mass
of the blastocyst and can differentiate into the cells of all three germ layers. However,
teratoma formation and ethical controversy hamper their research and clinical
application. Contrastingly, non-embryonic stem cells, mostly adult stem cells, are
already somewhat specialized and have limited differentiation potential. They can
be isolated from various tissues and are currently the most commonly used seed
cells in regenerative medicine. Recently, another type of non-embryonic stem cell,
known as an induced pluripotent stem cell (iPSC), has emerged as a major break-
through in regenerative biology. These cells are generated through the forced
expression of a defined set of transcription factors, which reset the fate of somatic
cells to an embryonic stem-cell-like state.

Cellular therapy has evolved quickly over the last decade both at the level of
in vitro and in vivo preclinical research and in clinical trials. Embryonic stem cells
and non-embryonic stem cells have both been explored as potential therapeutic
strategies for a number of diseases. One type of adult stem cell, the mesenchymal
stem cell, has generated a great amount of interest in the field of regenerative medi-
cine due to its unique biological properties. MSCs were first discovered in 1968 by
Friedenstein as an adherent fibroblast-like population in the bone marrow capable
of differentiating into adipocytes, chondrocytes and osteocytes, both in vitro [1] and
in vivo [2]. Caplan demonstrated that bone and cartilage turnover was mediated by
MSCs, and the surrounding conditions were critical to inducing MSC differentia-
tion [3]. They termed these cells “mesenchymal stem cells,” and the term “MSC”
became popular after the work of A.I. Caplan et al. in 1991. Later, the multilineage
differentiation capability of MSCs was definitively demonstrated by Pittenger [4].
During the late 1990s, Kopen et al. then described the capacity of MSCs to transdif-
ferentiate into ectoderm-derived tissue [5].

Definition, Sources and Types of Mesenchymal Stem Cells

The defining characteristics of MSCs are inconsistent among investigators. Many
laboratories have developed methods to isolate and expand MSCs, which invariably
have subtle, and occasionally quite significant, differences. To address this problem,
in 2006, the Mesenchymal and Tissue Stem Cell Committee of International Society
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for Cellular Therapy (ISCT) proposed a set of standards to define human MSCs for
both laboratory-based scientific investigations and for pre-clinical studies. First,
MSCs must be plastic-adherent when maintained in standard culture conditions
using tissue culture flasks. Second, 295 % of the MSC population must express
CD105, CD73 and CD90, as measured by flow cytometry. Additionally, these
cells must lack the expression (<2 % positive) of CD45, CD34, CD14 or CD11b,
CD79a or CD19 and HLA class II. Third, the cells must be able to differentiate into
osteoblasts, adipocytes and chondroblasts under standard in vitro differentiating
conditions [6].

MSCs have been identified in almost every tissue type, including placenta,
umbilical cord blood, amniotic fluid, bone marrow, adipose tissue, and the liver. Most
of the adult sources, including large volumes of normal bone marrow, are relatively
difficult to access as a tissue source for the isolation of MSCs. In contrast, birth-
associated tissues, including placenta, are readily and widely available. However,
bone marrow remains the principal source of MSCs for most preclinical and clinical
studies. It is estimated that MSCs represent only between approximately 0.01 and
0.001 % of the total nucleated cells within isolated bone marrow aspirates [4, 7].
Despite this low number, there remains a great interest in these cells, as they can be
isolated easily from a small aspirate and culture-expanded through as many as 40
population doublings to significant numbers in approximately 8—10 weeks. MSCs
from different sources have been studied, and each type has been reported to vary in
its proliferative and multilineage potential [7]. Therefore, it is important to realize
that the varied approaches used to culture-expand and select for MSCs make it dif-
ficult to directly compare experimental results. Moreover, some isolation schemes
introduce epigenetic and genetic changes in cells that may dramatically affect their
plasticity and therapeutic utility [8].

Developmental Origin of MSCs

Although the biological characteristics and therapeutic potential of MSCs have
been extensively studied, the in vivo behavior and developmental origin of these
cells remain largely unknown. During embryonic development, MSCs arise from
two major sources: neural crest and mesoderm. The adult MSCs are commonly
considered to be of mesodermal origin, whereas embryonic MSCs derive mainly
from the neural crest. The neural crest is a transient embryonic tissue that originates
at the neural folds during vertebrate development. Morikawa et al. found that the
development of MSCs partially originate from the neural crest [9]. Takashima et al.
showed that the earliest wave of MSCs in the embryonic trunk is generated from
Sox1+ neuroepithelium, and they provided evidence that Sox1+ neuroepithelium
gives rise to MSCs in part through a neural crest intermediate stage [10]. The meso-
derm is considered to be another major source of mesenchymal cells giving rise to
skeletal and connective tissues [11]. Using hESCs directed towards mesendodermal
differentiation, Vodyanik et al. showed that mesoderm-derived MSCs arise from a
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common endothelial and mesenchymal cell precursor, the mesenchymoangioblast,
which is a transient population of cells within the APLNR+ mesodermal subset that
can be identified using an FGF2-dependent mesenchymal colony-forming cell
(MS-CFC) assay in serum-free semisolid suspension culture. Recently, the Olsen
group revealed that vascular endothelial cells can transform into MSCs by an ALK2
receptor-dependent mechanism. Expressing mutant ALK2 in human endothelial
cells causes an endothelial-mesenchymal transition (endMT) and the acquisition of
a multipotent stem cell-like phenotype [12]. This result indicates that endothelial
cells could be an important source of MSCs in postnatal life. Conversely, the transi-
tion from MSCs to endothelial cells has also been described in several studies.
These studies suggest a cycle of cell-fate transition from endothelium to MSCs and
back to endothelium. Because multiple parallels could be drawn between the endMT
described in adult tissues and that during hESC differentiation, one may wonder
whether bipotential cells with endothelial and MSC potential similar to embryonic
mesenchymoangioblasts are present and constitute an important element of the
EndMT circuit in adults [13]. The number of MSCs of neuroepithelial origin in the
adult bone marrow decreases rapidly, which suggests that in post-natal life, the rela-
tive importance of MSCs derived from other developmental lineages decreases due
to the increasing importance of mesodermal MSCs. We isolated Flk1*CD31- CD34~
stem cells, which are MSCs from human fetal bone marrow, and found that
they could differentiate into cells of the three germ layers, such as endothelial,
hepatocyte-like, neural, and erythroid cells, at the single-cell level [14, 15]. Based
on this result, we hypothesized that post-embryonic subtotipotent stem cells exist,
and this hypothesis was later confirmed by other scientists (Table 1).

Here, for the first time, we propose the existence of a hierarchical system of MSCs
(Fig. 1), which is composed of all mesenchymal stem cells from post-embryonic
subtotipotent stem cells to MSCs progenitors. Post-embryonic subtotipotent stem
cells are left-over cells during embryonic development and are on the top of the hier-
archy. MSC system is a combination of cells that are derived from different stages of
embryonic development, possess different differentiation potential and ultimately
give rise to cells that share a similar set of phenotypic markers. The concept of MSC
system entirely explains the three important biological characteristics of MSC: stem
cell properties of MSCs, MSCs as components of tissue microenvironment and
immunomodulatory functions of MSCs.

MSC Plasticity

As previously demonstrated, MSCs can differentiate into cells of mesenchymal
lineages, such as osteoblasts, chondrocytes and adipocytes, under culture conditions
containing specific growth factors and chemical agents. Furthermore, the important
signaling pathways underlying these differentiation processes have been studied
extensively. In addition to the abovementioned mesenchymal lineages, MSCs have
been reported to give rise to cells of other lineages. Kopen et al. were the first
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Table 1 Studies confirming the subtotipotent stem cell hypothesis
Tissue Cell types produced Reference

Term placental

All embryonic germ layers, including alveolar type II cells

[16]

membranes

Wharton’s jelly  Ectoderm-, mesoderm- and endoderm-derived cells, including [17]
of umbilical insulin-producing cells
cord

Amniotic fluid

Placenta and
bone
marrow

All embryonic germ layers, including neuronal lineage cells
secreting the neurotransmitter L-glutamate or expressing
G-protein-gated inwardly rectifying potassium channels,
hepatic lineage cells producing urea, and osteogenic lineage
cells forming tissue-engineered bone

Adipocytes and osteoblast-like cells (mesoderm), glucagon- and
insulin-expressing pancreatic-like cells (endoderm), as well
as cells expressing the neuronal markers neuron-specific
enolase, glutamic acid decarboxylase-67 (GAD), or class 111
beta-tubulin, and the astrocyte marker glial fibrillary acidic
protein (ectoderm)

[18]

[19]

Human term All three germ layers in vitro — endoderm (liver, pancreas), [20]
placenta mesoderm (cardiomyocyte), and ectoderm (neural cells)
placental cord In vitro — osteoblasts, chondroblasts, adipocytes, and hemato- [21]
blood poietic and neural cells, including astrocytes and neurons
that express neurofilament, sodium channel protein, and
various neurotransmitter phenotypes. In vivo — mesodermal
and endodermal lineages demonstrated in animal models
Adult bone Cells with visceral mesoderm, neuroectoderm and endoderm [22]
marrow characteristics in vitro

researchers to demonstrate that MSCs injected into the central nervous systems of
newborn mice migrate throughout the brain and adopt morphological and pheno-
typic characteristics of astrocytes and neurons [5]. Spees et al. reported that cocul-
ture with heat-shocked small airway epithelial cells induced human MSCs to
differentiate into epithelial-like cells, as evidenced by their expression of keratins
17, 18, and 19, the Clara cell marker CC26, and the formation of adherens junctions
with neighboring epithelial cells [23].

These reports raised a number of critical issues and created controversy regarding
the theories of MSC plasticity, which claimed that many factors may influence cell fate,
such as fusion in vivo, criteria for differentiation and selection by rare cell populations.
Alvarez-Dolado et al. were the first researchers to demonstrate that bone-marrow
MSC:s fuse spontaneously with neural progenitors in vitro. Furthermore, bone marrow
transplantation demonstrates that BMDCs fuse in vivo with hepatocytes in the liver,
Purkinje neurons in the brain and cardiac muscle in the heart, resulting in the formation
of multinucleated cells [24]. As to the criteria for differentiation, it is difficult to con-
clude a differentiation process from the expression of a number of markers without the
expression of the key transcription factors [25].

We are the first group to demonstrate that Flk1+-MSCs (Flk1+CD44+CD29+
CD105+CD166+ CD34-CD31-Lin-) can give rise to multilineage cells of the three
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Fig. 1 A schematic description of the hierarchical system for mesenchymal stem cells. MSC
system is a combination of cells that are derived from different stages of embryonic development,
possess different differentiation potential and ultimately give rise to cells that share a similar set of
phenotypic markers

germ layers at the clone level. To explore the mechanisms underlying the multilineage
state and lineage specification of Flk1+-MSCs, we performed a genome-wide inves-
tigation of H3K4me3 and H3K27me3 profiles in these cells by ChIP-seq (n=3) and
compared these results with those obtained in embryonic stem cells (ESCs), hema-
topoietic stem cells (HSCs) and hematopoietic progenitor cells (HPCs). The plurip-
otent-associated gene, Klf4, was modified by the activating H3K4me3 histone
modification; Sall4, Sox2, and Foxd3 were found to be bivalent; and Oct4 (Pou5fl)
and Nanog exhibited either a repressive state or no modification in Flk1+-MSCs.
However, all the above-mentioned genes were marked by H3K4me3 in ESCs and
were either modified by H3K27me3 or carried no modification in HSCs and HPCs.
We speculate that distinct histone modifications of pluripotency-associated genes
might be partly responsible for the phenomenon that, among the four stem cell
types, only ESCs give rise to teratomas in vivo. We next evaluated the histone meth-
ylation status of genes associated with lineage specification. As our analysis moved
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from ESCs to Flk1+-MSCs, HSCs, and finally, to HPCs, there was an increasing
frequency of active modifications on hematopoietic lineage-related genes and a
decreasing frequency of modifications on genes related to other lineages. These
findings suggest that the histone modification patterns of differentiation-associated
genes are closely related to a stem cell’s multipotential state and can be used to
predict its differentiation potential.

Immunomodulatory Properties of MSCs

MSCs lack immunogenicity because they express low levels of major histocompat-
ibility complex-I (MHC-I) molecules and do not express MHC-II molecules or
costimulatory molecules such as CD80, CD86, or CD40 [26]. This unique property
allows for the transplantation of allogeneic MSCs. Another important reason for the
large number of clinical studies using MSCs is their immunomodulatory functions.
MSC:s can also modulate the functions of the immune system by interacting with a
wide range of immune cells, including T lymphocytes, B lymphocytes, and den-
dritic cells. The immunomodulatory properties of MSCs were initially reported in
T-cell proliferation assays using one of a variety of stimuli, including mitogens,
CD3/CD28, and alloantigens; these are settings in which the ability of MSCs to sup-
press T-cell proliferation can readily be determined [27-29]. MSCs regulate the
proliferation, activation, and maturation of B lymphocytes in vitro in a dose-
dependent and time-limited manner [30], and they can facilitate the immunosup-
pressive effect of cyclosporin A on T lymphocytes through Jagged-1-mediated
inhibition of NF-xB signaling [31]. We first reported that MSCs could inhibit the
upregulation of CD1a, CD40, CD80, CD86, and HLA-DR during DC differentia-
tion and prevent an increase of CD40, CD86, and CD83 expression during DC
maturation [32]. We also demonstrated that in the presence of MSCs, the percentage
of cells with a ¢cDC phenotype is significantly reduced, whereas the percentage of
pDC phenotypes increases, further suggesting that MSCs can significantly influence
DC development [33]. MSCs could drive maDCs to differentiate into a novel
Jagged-2-dependent regulatory DC population and escape their apoptotic fate [34].
The immunomodulatory properties of MSCs in vivo have also become an exciting
focus for investigators in terms of examining their potential implications in a variety
of disease models such as diabetes, cardiovascular diseases, and liver diseases.

MSC Homing

Homing is the process by which cells migrate to, and engraft in, the tissue in which
they exert their local, functional effects. MSC homing is defined as the arrest of
MSCs within the vasculature of a tissue followed by transmigration across the endo-
thelium. Such a nonmechanistic definition is appropriate, given the current absence
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of a definitive MSC homing mechanism, unlike the well-characterized leukocyte
adhesion cascade that defines leukocyte homing [35]. The homing of MSC after
systemic or local infusion has been studied in animal models in a variety of experi-
mental settings. A growing number of studies of various pathologic conditions have
demonstrated that MSCs selectively home to sites of injury [36]. For example, with
the use of the high sensitivity of a combined single-photon emission CT (SPECT)/
CT scanner, the in vivo trafficking of allogeneic MSCs co-labeled with a radiotracer
and an MR contrast agent to acute myocardial infarction was dynamically deter-
mined. Focal and diffuse uptake of MSCs in the infarcted myocardium was visible
in SPECT/CT images in the first 24 h after injection and persisted until 7 days after
injection [37]. Ortiz et al. showed that MSC engraftment in lung tissue is enhanced
in response to bleomycin exposure and ameliorates the fibrotic effects of the drug
[38]. Although the homing of leukocytes to sites of inflammation is well studied, the
mechanisms of MSC homing to sites of ischemia or injury are poorly understood. It
is likely that increased inflammatory chemokine concentration at the site of inflam-
mation is a major factor causing MSCs to preferentially migrate to these sites.
Chemokines are released after tissue damage, and MSCs express the receptors for
several chemokines. The migration capacity of MSCs was found to be under the
control of a large range of receptor tyrosine kinase growth factors, such as platelet-
derived growth factor (PDGF) and insulin-like growth factor 1 (IGF-1), and chemo-
kines, such as CCR2, CCR3, CCR4 and CCLY5, as assessed by in vitro migration
assays [36].

MSC Secreting Bioactive Molecules

MSC:s can secrete multiple bioactive molecules, including many known growth fac-
tors, cytokines and chemokines, that have profound effects on local cellular dynam-
ics (Table 2). The administration of MSC-conditioned medium can recapitulate the
beneficial effects of MSCs on tissue repair. For instance, data from Van Poll D et al.
provide the first clear evidence that MSC-conditioned medium (MSC-CM) provides
trophic support to the injured liver by inhibiting hepatocellular death and stimulat-
ing regeneration, potentially creating new avenues for the treatment of fulminant
hepatic failure (FHF) [52]. Takahashi et al. demonstrated that various cytokines
were produced by BM-MSCs, and these cytokines contributed to functional
improvement of the infarcted heart by directly preserving the contractile capacity of
the myocardium, inhibiting apoptosis of cardiomyocytes, and inducing therapeutic
angiogenesis of the infarcted heart [53].

A protein-array analysis of MSC-CM detected 69 of 174 assayed proteins, and
most of these detected molecules were growth factors, cytokines, and chemokines
with known anti-apoptotic and regeneration-stimulating effects [54]. These effects
can be either direct or indirect (or both): direct by causing intracellular signaling, or
indirect by causing another cell in the microenvironment to secrete the functionally
active agent.
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Table 2 Important bioactive molecules secreted by MSCs and their functions

Bioactive molecules

Functions

Prostaglandin-E2 (PGE2)

Interleukin-10 (IL-10)

Transforming growth factorp-1 (TGFp1),
hepatocyte growth factor (HGF)

Interleukin-1 receptor antagonist

human leukocyte antigen G isoform (HLA-GS)

LL-37

Angiopoietin-1

MMP3, MMP9

Keratinocyte growth factor

Endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), placental growth

Anti-proliferative mediators [39]
Anti-inflammation [40]
Anti-inflammatory [41, 42]

Suppress T-lymphocyte proliferation [43]

Anti-inflammatory [44]

Anti-proliferative for naive T-cells [45]

Anti-microbial peptide and reduce
inflammation [46]

Restore epithelial protein permeability [47]

Mediating neovascularization [48]

Alveolar epithelial fluid transport [49]

Enhance proliferation of endothelial cells
and smooth muscle cells [50, 51]

factor (PIGF), and monocyte chemoattractant
protein-1 (MCP-1)

Clinical Applications of MSCs

Although accumulating data have shown the therapeutic effects of MSCs in animal
models of various diseases, we only focus on the clinical application of MSCs in
this review. The first clinical trial using culture-expanded MSCs was conducted in
1995, and 15 patients were recipients of the autologous cells [55]. Since then, a
number of clinical trials have been conducted to test the feasibility and efficacy of
MSC therapy. By 2011/12/13, the public clinical trial database http://clinicaltrials.
gov showed 206 clinical trials using MSCs for a wide range of therapeutic applica-
tions (Fig. 2). Most of these trials are in Phase I (safety studies), Phase II (proof of
concept for efficacy in human patients), or a mixture of Phase I/II studies. Only a
small number of these trials are in Phase III (comparing a newer treatment to the
standard or best known treatment) or Phase II/III. In general, MSCs appear to be
well-tolerated, with most trials reporting a lack of adverse effects in the medium
term, although a few showed mild and transient peri-injection effects [56]. In addi-
tion, many completed clinical trials have demonstrated the efficacy of MSC infusion
for diseases such as acute myocardial ischemia (AMI), stroke, liver cirrhosis, amyo-
trophic lateral sclerosis (ALS) and GVHD.

Conclusions and Future Prospects

MSC:s hold the promise to fulfill unmet needs in regenerative medicine and have
recently emerged as potential candidates for cell-based therapy because these cells
can differentiate into a wide range of cells; produce a series of growth factors,
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Fig. 2 The public clinical Clinical trials of MSCs are classified by disease types
trial database http:// (by 2011/12/13 n=206)

clinicaltrials.gov showed 206
clinical trials using MSCs for
a wide range of therapeutic
applications

@ Cancer 8 B Heart Disease 27 O Liver Disease 22
O Diabetes and related complication 18 @ Crohn's Disease 7
B Multiple Sclerosis 8 B Graft Versus Host Disease 22

O Bonelcartilage Disease 37 @O Spinal Cord Injury 7

B Brain Disease 12 O Lung Disease 5 0O Other 33

cytokines and signal molecules; and modulate the immune response in various
ways. Despite tremendous progress having been made by both basic scientists and
clinicians, future research in this field should continue to focus on elucidating the
following issues. (1) The mechanisms underlying the multilineage differentiation of
MSCs. The lineage specification of MSCs is tightly controlled by both genetic and
epigenetic factors. Recently, microRNAs, a class of non-coding RNAs that regulate
gene expression at the post-transcriptional level, have been demonstrated to play an
important role in MSC differentiation. We found that microRNA-138 could inhibit
the adipogenic differentiation of human MSCs through EID-1 [57]. Genetic and
epigenetic factors interact, further complicating the mechanisms governing MSC
differentiation. (2) How MSCs react to the environment and secrete bioactive
molecules. (3) The mechanisms underlying MSC immunomodulatory function.
(4) Determination of the possible adverse effects and complications that might arise
with MSC transplantation. We believe that eventually, a novel and safe therapy
utilizing MSCs will emerge and revolutionize the treatment and therapies for
patients with severe diseases.
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Biology of MSCs Isolated
from Different Tissues

Simone Pacini

Abstract Mesenchymal stem cells (MSCs) have been firstly isolated from bone
marrow (BM). The relatively ease of MSC collection from BM samples alongside
their high frequency, make it a widely used source of MSCs. For many years, BM
was considered the main source of MSCs for clinical application. Subsequently,
MSCs have been isolated from various other sources and the adipose tissue seems
one of the most promising alternatives due to safer collecting procedures, and also
the considerably larger amounts of cells obtained. Adipose tissue-derived MSCs, as
well as other tissues-derived cells, and BM-MSCs share many biological character-
istics; however, there are some differences in their immunophenotype, differentia-
tion potential, transcriptome, proteome, and immunomodulatory activity. Some of
these differences may represent specific features related to the different tissue ori-
gins, while others are suggestive of the inherent heterogeneity of in vitro expanded
populations. Moreover, lack of a widely accepted consensus about MSC isolating
and culture procedures represent an important source of variability.

The general approach to investigate the presence of MSCs in a specific tissue
consists of culturing processed samples in minimal media selecting MSC-like cell
population by plastic adherence, and verifying the clonogenity, the multilineage
differentiation potential and surface markers expression. Applying this method,
many different tissues have shown to be a feasible source of MSCs in humans and
in animals, contributing to consolidate the emerging concept that MSCs could
reside virtually in all organs and tissues.

Here, data about MSC isolation from some adult or birth-associated tissues are
presented, discussed and compared.
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The discovery of multipotent mesenchymal stromal cells (MSCs) is usually attributed
to the work of A.J. Friedenstein and coworkers in the late 1960s in which the authors
observed that culturing human bone marrow (BM) cell suspensions, in plastic
dishes, lead to progressive lost of the hemopoietic counterpart in favor of a prolifer-
ating adhered colonies of fribroblastoid cells able to differentiate into chondrocytes
or osteoblasts, in vitro [1], and in vivo [2]. Authors firstly described these cells as
colony forming units of fibroblastoid cells (CFU-Fs) referring to their ability to form
large colonies on plastic surfaces.

By that time, T.M. Dexter and colleaues developing a culture system to study
hemopoiesis in vitro, demonstrated that the hemopoietic stem cells (HSC) residing
in the bone marrow were unable to adhere onto the culture flasks and were depen-
dent on the estabilishment of a layer of adherent cells that were considered be
representative of the bone marrow stromal compartment [3]. Later, the concept that
CFU-Fs were derived from the bone marrow stroma was demonstarted and the
term “bone marrow stromal cells” became used refering to this culture adherent
cells [4]. The acronymous “MSC” became popular after the work of A.I. Caplan
et al. in 1991 where the authors proposed that in adult BM, a population of stem
cells could differentiate into a spectrum of different tissues originated from the
mesodermal layer, during embryonic development [5]. They termed these cells as
“mesenchymal stem cells” (MSCs). Later, the multilineage differentiation capability
of MSCs was then definitively demonstrated, these cells shown a stable phenotype
and could be easily expanded in culture retaining the ability to differentiate, in
vitro, into osteoblasts, chondrocytes, adipocytes, tenocytes, myocytes and hemato-
pietic supporting stromal cells [6].

From these seminal findings, MSCs obtained increasing interest by the scien-
tific community and subsequent studies revealed the possibility to isolate MSCs
from some other adult and fetal/neonatal tissues [7-10]. The original design of
these studies consist of applying the established culture condition to isolate
BM-MSCs to other cell populations derived from different tissues, in order to ver-
ify the possibility that MSCs could reside in other organs. A comparative and com-
prehensive study from da Silva et al. demonstrated, in mice, that long-term MSC
culture could be established from a wide range of different adult tissues including
fat, muscles, pancreas, vena cava, kidney glomerulus, aorta, brain and many others
alongside bone marrow [11]. Notably, the cell populations obtained by da Silva
and colleagues can be characterized for their phenotype, capability of adherent
long-term culture and differentiation along mesenchymal cell lineages. Surprisingly,
all the MSC lines, independently from the embryonic origins of the tissue tested,
exhibited these features. These data suggest that MSCs could reside virtually in all
organs and tissues. To date, three hypothesis could explain MSC tissue distribu-
tion: (1) MSCs are tissue-resident cells and can be collected from distinct tissues
and organs, (2) MSCs reside in some tissues and circulate in blood or (3) MSCs are
derived from the circulating blood. The presence of CFU-Fs in blood of adult
mammals was shown at the beginning of the twentieth century [12]. Anyway, con-
tamination by fragments of connective tissue could be explain the presence of
MSC:s in the collected sample and then invalidate the experiments. The existence
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of circulating MSCs remains a discussed subject [13, 14], but the da Silva group
excluding the possibility that MSC culture were partially or entirely derived from
peripheral blood, by intravascular perfusion of the animals before the organ collec-
tion. Nonetheless, the possibility that MSCs may circulate locally or systemically
under non-physiological conditions i.e. tissue injury, is not excluded.

Features of MSC population obtained by different organs were very similar,
excepted for mild differences in differentiation potential and surface markers profile
that could be expression of the influence of the local environment from which they
originated (niche). At the beginning of the century, some reports suggested that
MSC could be derived from the vasculature. Thank to the seminal findings of
Doherty et al. [15] and Bianco et al. [16] that reported origins of MSCs from peri-
vascolar cells (pericytes). Thus, a new proposed model for MSC in vivo localization
hypothesized that the MSC compartment extends through the whole post-natal
organism as a result of its perivascular location.

Bone Marrow-Derived MSCs

MSCs have been firstly isolated from bone marrow (BM). The relatively ease of
MSC collection from BM samples alongside their frequency of 1/10*-1/103
BM-derived mononuclear cells (BM-MNCs) make it still a widely used source of
MSCs. Small animals BM samples are usually collected, after euthanasia, by flush-
ing the BM out of long bones as femurs or tibiae. Human BM samples are com-
monly obtained by small volume aspiration (less than 4 ml, to avoid hemodilution)
after puncture of iliac crest or sternum. Larger amount of human BM samples could
be also harvested during orthopedic surgery as hip replacement or knees implants,
where BM is easily accessible after the osteotomy.

Standard procedure isolating MSCs from bone marrow samples start from a
discontinuous density gradient centrifugation (1.077 g/dL) for 20-30 min at 400 g.
This procedure allows collecting, at the liquid interface, a cell fraction enriched in
mononucleated cells (BM-MNCs). Once harvested and washed twice with
phosphate-buffered saline (PBS), BM-MNCs are usually plated at a cell density
that could vary from 2 x 105 to 10° cells/cm?, in growth medium and then incubated
at 37 °C under controlled atmosphere of 5 % v/v of CO,. After 48—72 h, non-
adherent cells are washed out and the growth medium is entirely replaced with
fresh one. Standard GM include minimal basal media as DMEM or aMEM supple-
mented with L-glutamine and 10 % of fetal bovine serum (FBS). Cultures are then
maintained until they reach at least 80 % of confluence (passage 0, P0O). At this
point, adherent cells are treated with trypsin and re-plated at cell densities high
enough to allow cell survival, and low enough to maximize cell yield at each pas-
sage. Human MSC (hMSCs) expansion in culture is highly variable [17]. Different
studies on expandability of hMSCs underline that many factors could influence the
expansion rate as donor age, cell density, supplements, serum batch-to-batch vari-
ability as well as basal media itself. Nonetheless, it is widely accepted that hMSCs,
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cultured in standard conditions, are able to expand until about 30 population
doublings, showing logarithmic growing curves for less than ten passages [18].
Some works have focused on the optimization of culture conditions to maximize
hMSC production in culture [19, 20]. However, data indicating that prolonged
expansion of hMSCs in vitro could lead to undesired genetic alteration of these
cells [21], make it unfeasible for clinical applications.

In the last years, many efforts have been applied to the obtainment of genetically
stable MSCs with higher proliferation and wider differentiation capability; therefore
different culture techniques have been developed for this purpose. Nonetheless, the
applying of different methodologies to isolate and expand cells bearing the MSC
characteristics lead to a possible selection of specific cell population. Consequently,
morpho-functional variability of cell preparations could be consequences of the spe-
cific culture condition that select, or simply promote particular subpopulations of
BM-derived multipotent cells. To date, MSC-related stem cells, isolated from human
bone marrow, include rapid self-renewing (RS) cells [22] marrow-isolated adult mul-
tilieage inducible (MIAMI) cells [23], mesodermal progenitor cells (MPCs) [24-27]
and Flk-1*CD31- CD34- -MSCs [28, 29]. The lack of a definitive study, comparing
these populations and analyzing the different cell types when cultured under condi-
tions described for the others, lead to the impossibility to clarify if they constitute
intrinsically different entities or if they can be described in a hierarchy.

In contrast to hMSCs, murine MSCs (mMSCs), have been show to be able to
expand beyond 100 population doublings [11]. On the other hand, mMSCs isola-
tion results more time-consuming than hMSCs, especially in the first phases of
culture. The isolation by plastic adherence of mMSCs from BM is complicated by
the considerable high percentage of adherent cells of non-stromal origins, which
are not washed out after 48—72 h of incubation. Thus, the standard and unmodified
method based on MSCs propensity to adhere to the plastic substrate resulted
unsuccessful in mice, where various hemopoietic and endothelial cell proliferate
in adhesion and therefore constitute a large percentage of the plastic adherent
population, even after several passages. A wide range of different methods have
been proposed to eradicate the hemopoietic contamination of mMSCs culture,
including positive and negative selection of specific BM subpopulation, cytokine
exposure of mMSCs culture and also specific cytotoxic treatments. Nevertheless,
none of these alternative methods have been widely accepted due to the reported
modification of mMSCs biology as consequence of modified protocols. Actually,
the most promising isolating methods to obtain mMSCs from mouse BM include
(1) short plastic adherent selection of whole BM (3 h), (2) frequent media
exchange (every 8 h for the first 72 h of culture) and (3) mild trypsinization
(0.25 % trypsin/EDTA for 2 min) [30]. Appling this method a purified culture of
mMSCs can be obtained 3 weeks after the initial plating.

Summarizing, MSCs have been isolated from BM of numerous species and
generally the three critical steps allowing MSCs to be isolated from other BM
cells are (1) the ability to adhere to plastic surfaces, (2) the high proliferating
capability in minimal essential media and (3) the higher susceptibility to trypsin
digestion compared to other BM cells as monocytes for instance.
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Even if the scientific community established a widely accepted consensus about
standard MSC isolating procedures, several studies revealed that MSCs display
high level of heterogeneity in terms of cell morphology. Different terms were used
to describe morphology of plastic-adherent cells: fibroblastoid [31], giant fat cells
and blanket cells [32], spindle shaped flattened cells [33] and very small round cells
[22]. Thus, mesenchymal cell morphology seems to be highly correlated to the cul-
ture conditions as supplements, seeding density, number of passages and culture
time [34] and it is still unclear how these different morphologies could be related to
cell functions.

No unique specific marker as been found for BM-derived MSCs, so far. The
markers widely applied, in combination, to characterize a cultured population are
usually expressed, or not expressed, by other cell lineages. For that reason, a defin-
itive identification of a specific MSC phenotype is still lacking. Several publication
demonstrate the reproducible expression of the most important MSC markers such
as CD105 (Endoglin, SH2), CD73 (NT5E), CD90 (Thy-1), CD44 and CD166
(ALCAM) and the absence of hemopoietic markers CD34, CD14, CD11b and
CD45 [6], as well as the MHC class II complex and the co-stimulatory molecules
CDS80 (B7-1), CD86 (B7-2) or CD40. The current criteria for human MSC charac-
terization are mainly based on the positive expression of CD73, CD90, and CD105
[35, 36]; however the expression of none of these markers is shared by all other
species. CD90 shows strong expression in the majority of species tested but is
absent on MSCs in goats and sheep [37]. Nonetheless, the variability of expression
of CD73, CD105 and CD90 in MSCs from some animal species could be ascribed
to the use of anti-human antibodies, due to the lack of species-specific antibodies.
A more accurate evaluation of antibody cross-reactivity would be required to con-
firm the true expression pattern of these molecules. In mice, MSC characterization
is complicated by the expression of Sca-1 that is also expressed by hemopoietic
compartment, and by the fact that preparations from different strains could express
two alternative CD90 antigens (CD90.1/Thyl.1 or CD90.2/Thy1.2), as well as
CD106 instead of CD105 [30]. Other molecules are suggested to be useful to iden-
tify BM-derived MSCs such as CD29, STRO-1, CD146, MSCA-1 and CD271, but
despite of the markers cited above which show almost stable expressions in cul-
tures, the positivity to these latest markers seems to be useful for a prospective
isolation of MSCs while their expression is absent in culture or influenced by the
culture time [38—40].

As described above, immunophenotype of MSCs is heterogeneous and dynamic.
Thus, differentiation potential seems to be the more feasible and stringent criteria to
characterize cultured bone marrow adherent cell population as MSCs. From the
clarification of the nomenclature by ISCT in 2005, MSCs have to show multilineage
differentiation capability under specific culture conditions and stimuli. As exten-
sively discussed in the following chapter (Chap. 4), MSCs are able to differentiate
into osteogenic, adipogenic and chondrogenic lineages. However, it was further
observed that MSCs show high variability of differentiation potential, not only
related to donors [17], but also within different clones from the same individual,
where MSC clones could be characterized as mono-, bi- or tri-potent on the basis of


http://dx.doi.org/10.1007/978-94-007-6716-4_4

22 S. Pacini

their ability to differentiate into, respectively one, two or three of the mesenchymal
lineages (osteogenic, chondrogenic and adipogenic lineages) [41]. Moreover, it was
also clearly demonstrated that repeated passaging progressively reduce the multin-
eage differentiation ability of the clones, introducing a further origin for the hetero-
geneity of the cell preparations [42]. Multipotency of BM-derived MSC cell
preparations is not only restricted to osteogenic, adipogenic and chondorgenic
potential but it is also demonstrated, in vitro and in vivo, that these cells are able to
differentiate into further mesodermal cells such as tenocytes [43], miocytes and
hemopoietic supporting stroma [6]. Beside that, BM-MSCs plasticity as been
reported to sustain differentiation toward tissues and cell lineages that arise from
non-mesodermal embryonic layer (trans-differentiation), in vitro and in vivo.
Controversies about MSCs trans-differentiation has been extensively discussed and
remain a topic issue of BM-MSCs biology [44].

Adipose Tissue-Derived MSCs

Adipose tissue-derived MSCs (AT-MSCs) were firstly isolated by Zuk and colleagues in
2001, from human liposuction aspirates [7]. In this original article the authors noted that
hAT-MSCs express, alongside the typical spindle-shaped morphology, immunopheno-
type pretty similar to the MSCs isolate from bone marrow. hAT-MSCs express CD105,
CD90, CD44, CD29 and also STRO-1, while lacking the expression of hemopoietic
lineage markers, and show multilineage differentiation capability. Although AT-MSCs
were only identified relatively recently, their ease of harvest give rise to considerable
amount of studies focused on these multipotent cells. To date, adipose tissue is consid-
ered the most feasible source of MSCs, alternative to bone marrow, and for some aspect
it is even to prefer to BM. In fact, in view of possible clinical application of MSCs,
sampling adipose tissue results less painful and safe than bone marrow aspiration.

AT-MSCs could be harvested from liposuction aspirate or excised fat, and small
amount of adipose tissue (100-200 ml) could be obtained under local anesthesia
with less patient discomfort. Furthermore, 1 g of adipose tissue yields an average
number of approximately 5 x 10* MSCs that is enormously higher (around 500-fold)
compared to the same amount of bone marrow. Thus, adipose tissue could be con-
sidered as a rich source of MSCs, available in large quantities and that could allows
harvesting of large amount of cells with reduced in vitro expansion. General proto-
col to isolate MSCs, from adipose tissue, includes collagenase digestion of the
extracellular matrix for 30" at 37 °C with gentle agitation [45]. Tryptic activity is
then inhibited by addition of an equal volume of grow medium. After centrifugation
mature adipocytes, that constitute less than 50 % of all cells, are separated from the
other heterogeneous cell population that is generally termed stromal vascular frac-
tion (SVF). In fact, mature lipid-laden and low-density adipocytes float into the
surpernatant, whereas SVF forms the denser cellular pellet, which contains the
MSC fraction. AT-MSCs are then isolated by plastic adhesion culturing SVF
applying the same protocol for BM-derived mononuclear cells.
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As already noted by Zuk et al. the immunophenotype of AT-MSCs and
BM-MSCs are greater than 90 % identical, however later study underline some
minor differences [46]. Some authors reported the expression of CD34 in freshly
isolate AT-MSCs and although this expression gradually declines with successive
passages, it may not be entirely lost conversely to MSCs from other sources.
Furthermore, AT-MSCs showed expression of CD49d (Integrin a4), at different
intensity, but lack the expression of CD106 (VCAM-1), while BM-MSCs express
CD49f (Integrin a6) instead of CD49d and high level of CD106. Similarly, CD54
(ICAM-1) expression is reported to be high on AT-MSCs while BM-MSCs show
a minimal expression of this marker. Nonetheless, the immunophenotypic differ-
ences between AT-MSCs and BM-MSCs are still debated, and controversial data
are reported from different groups. There are data that distinct subsets with differ-
ent immunophenotype, proliferation capability and differentiation potential exist
in the heterogeneous population of MSCs isolated from the same source, and the
predominance of a particular subset could be ascribed to the different isolating
and culture procedures, as happen in BM-MSC preparations. It is also possible to
hypothesize that the immunophenotypic differences between AT-MSCs and
BM-MSCs, already described or still unidentified, may contribute to differential
response to grow factors or differentiating agents of adipose-derived MSCs versus
bone marrow-derived. This hypothesis could also explain the controversial data
reported about differences in differentiation potential of AT-MSCs versus
BM-MSCs. Some authors reported that AT-MSCs display pronounced, in vitro,
adipogenic differentiation compared to BM-MSCs, and conversely decreased
osteogenic and chondrogenic differentiation capability (reviewed in [46]).
Nonetheless, some other studies suggest that the AT-MSC response to the various
differentiating agents do not differ significantly from the BM-MSCs, and that dif-
ferences reported could be ascribed to many other factors as gender and donor age
as well as to the heterogeneity of cell preparations as discussed above.

MSCs Derived from Synovial Membrane Tissues

A thin layer of synovial membrane tissue lines the non-articular surfaces of diar-
throdial joints and provides producing synovial fluid that fills the cavity around
cartilage and tendon surfaces. In 1995, FitzGerald and Bresnihan described the
cells, derived from synovial tissues, in two different categories [47]. Together
with the bone marrow derived cells, expressing macrophage markers as CD68
and CD14, the Authors described fibroblast-like cells showing prominent expres-
sion of adhesion molecules as VCAM-1 and CD44 and associated to matrix
proteins synthesis. Only during 2001, De Bari et al. successfully isolated cells,
bearing MSC characteristics, from synovial membrane tissues [8]. General pro-
cedure obtaining synovium-derived MSCS (S-MSCs) includes shattering the
sample into pieces, after washing with steril PBS, followed by collagenase diges-
tion similarly to AT-MSCs, but prolonged for several hours (around 3 h). Cells
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harvested after blocking collagenase activity and washing with PBS, are then
seeded in growth medium and selected by plastic adherence, similarly to the
protocols for obtaining MSCs from other sources. Recent study reported an aver-
age number of about 20’000 S-MSCs could be obtained from 1 mg of collected
synovial tissue, after 2 weeks of culture [48]. Some studies reported that the
morphology, immunophenotype, colony frequency and differentiation capability
of S-MSCs are similar to that of BM-MSCs (reviewed in [49]), even if low per-
centage (40-60 %) of CD90 expression is reported for freshly isolated S-MSCs
and even lower on further culturing [50]. It is generally believed that S-MSCs
retain higher chondrogenic potential in comparison to MSCs from other sources.
This idea is supported by some experimental evidences including higher CD44
(hyaluronan receptor) expression as well as diphosphoglucose dehydrogenase
(UDPGD) activity, involved in hyaluronan synthesis.

In any case, any discussion about differences of synovium-derived MSCs ver-
sus MSCs from other sources should be commented taking in considerations the
heterogeneity of cell preparations. Similarly to other MSCs, S-MSCs population
is influenced by many factors including donor variability and cell culture tech-
niques. Moreover, the synovial membrane is a thin layer very closely correlated
with different sub-synovial tissue as areolar, fibrous and fat tissues that could
contaminate sampling of synovium tissue and at the end contribute to the hetero-
geneity of S-MSCs population.

Dental Tissues as Sources of MSC-Like Cells

Dental tissues are specialized tissues that do not show continuous remodeling as
bony tissue. Nonetheless, it has been reported that progenitor cell populations,
sharing most of the MSC characteristics, may be isolated from teeth [51]. Firstly,
stem/progenitor cells were isolated from the human pulp tissue and defined as
“post-natal dental pulp stem cells” (DPSCs) [52]. DPSCs isolated from enzy-
matic or non-enzymatic treatment of human dental pulp tissue are able to form
CFU-Fs when cultured under conditions similar to BM- or AT-MSCs. These cells
exhibit multilineage differentiation ability even if DPSCs seems to be more com-
mitted to odontogenic rather than osteogenic development, with specific dentin-
like tissue formation. Compared to BM-MSCs, DPSCs show higher in vitro
proliferation capability that could vary from 60 to 120 population doublings,
before appearing of cell senescence signs. Interestingly, DPSCs has been reported
secreting neurotrophins as BDNF, NGF and GDNF and exhibited neuroprotec-
tive activity [53].

It is noteworthy that dental mesenchyme is usually termed as “ectomesen-
chyme” due to its earlier interaction with the neural crest, during embryonic
development. Thus, it has been hypothesized that the ectomesenchyme-derived
dental cells may possess different characteristics akin to those of neural crest
cells. In this prospective, successive isolation of MSC-like cells from human
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exfoliated deciduous teeth (SHEDs) seems of particular interest. In fact, as well
as DPSCs, SHEDs showed the ability to differentiate toward adipogenic and
osteogenic lineages but additionally, under neurogenic conditions, SHEDs lost the
fibroblast-like morphology and showed multicytoplasmic processes while increas-
ing the expression of neural markers as PIII-tubulin, GAD and NeuN [54].
Moreover, SHEDs has been reported showing even higher expansion potential
compare to DPSCs, reaching around 140 population doublings, as well as shorter
population doubling time. Further dental MSC-like populations have been iso-
lated and characterized as stem cells from apical papilla (SCAP) [55] and dental
follicle precursor cells (DFPCs) [56], however the precise relationship among
these cell population have to be more extensively investigated.

Periodontal ligament has been also reported containing post-natal stem/pro-
genitor cells. Seo et al. successfully isolated clonogenic adherent cells with
multidifferentiation potential from periodontal ligaments (PDLSCs) [9]. These
cells express, alongside typical MSC-related marker as STRO-1, a tendon spe-
cific transcription factor: scleraxis (Scx), detected neither in DPSCs nor in
BM-MSCs.

Tendon-Derived Stem/Progenitor Cells

The report from Seo et al. work changed the traditional idea that considers liga-
ments and tendons to only contain tenocytes, responsible for the tissue homeo-
stasis. After the isolation of PDLSCs, further findings suggested that there
might be a special cell population inside tendons that possesses self-renewal and
multi-lineage differentiation potentials. However it was only in 2007 that Bi
et al. directly demonstrated the presence of multipotent cells inside tendons
from humans and animals [57]. Tendon-derived stem/progenitor cells (TDSCs),
despite the chosen terminology, showed biological properties overlapping the
MSC characteristics, including clonogenicity, self-renewal and multi-lineage
differentiation capacities even after extended expansion in vitro and in vivo. As
is the case for other MSCs, no single marker could unambiguously identify
TDSCs [58]. Although TDSCs express many of the same markers as BM-MSCs,
the expression patterns were not identical. TSPCs highly express tendon-related
factors, such as Scx, TNMD, Comp and tenascin C. Mouse TSPCs expressed
CD90.2, a fibroblast marker, but not CD18, usually associated to mBM-MSCs.
These data suggest that TSPCs are closely related to BMSCs, but not identical.
Similarly to other tissues, it is hypothesized that the tendon niche, where TDSCs
reside in vivo, could influence the biological features of this cell population.
Furthermore, tendon microenvironment results pretty peculiar compared to
other discussed above, it is extremely rich in extra-cellular matrix (ECM) com-
ponents and contains substantially fewer cells than most of the other tissues.
Consequently, it is possible to hypothesize a unique niche predominantly com-
posed by ECM, regulating the TDSCs fate.
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MSCs Derived from Birth-Associated Tissues

In addition to the different adult tissues, cells bearing MSC characteristics can be
isolated from birth-associated tissues as placenta, amnion, umbilical cord and cord
blood [10, 59]. Several studies suggested that neo-natal tissue-derived MSC might
have additional capacities and superior biological properties.

MSCs from human placenta (PL-MSCSs) showed a higher proliferation and
engraftment capacity compared to BM-MSCs [60, 61]. Nonetheless, discussing on
PL-MSC biology, it is relevant to note that placental tissues can have fetal or mater-
nal origin and the characterization of these two cell types as well as the study of the
MSC functions and biology, should take in consideration of the different origins.
For instance, placenta-derived MSCs from fetal tissues including amnion mem-
brane (AM-MSCs), chorion membrane (CM-MSCs) and chorion villi (CV-MSCs)
have shown to posses a more limited lifespan that MSCs isolated from the maternal
part of the extraembryonic membranes or decidua (D-MSCs) [62], however higher
than adult MSCs as BM-MSCs or AT-MSCs. Moreover, studies on PL-MSC dif-
ferentiation capability provide more reproducible and convincing data about the
potential to differentiate into cells from the three germ layers, than adult tissue-
derived MSCs. Similar properties have been demonstrated for MSCs derived from
amniotic fluid (AF-MSCs) [63].

With respect to isolation from umbilical cord, different parts have been demon-
strated feasible source of MSCs. MSCs can be obtained from whole umbilical
cord (UC-MSCs) [64], from Wharton’s jelly (WJ-MSCs) [65] or from umbilical
cord blood (CB-MSCs) [66]. Majore et al. observed an adherent cell layer out-
growth from small pieces of human UC directly cultured in aMEM supplemented
with 15 % of human serum, after 10 days. These cells (UC-MSCs) showed typical
MSC markers as CD105, CD73, CD90 and low level of HLA-I alongside adipo-
genic and chondrogenic differentiation potential. However, osteogenic induction
resulted less efficient than AT-MSCs.

Wharton’s Jelly derived mesenchymal stem cells (WJ-MSCs) are located
between the subamnion and the perivascular region. Wharton’s jelly is a mucous-
connective tissue matrix composed of stromal cells, collagen fibers, proteoglycans
and mainly by hyaluronic acid (HA). Samples of Wharton’s jelly could be obtained
cutting the umbilical cord longitudinally and exposing the matrix surrounding the
vessels. Fragments of this tissue could be directly cultured in growth medium, giv-
ing rise to adherent cell layer robustly growing for several passages [67]. It has been
demonstrated that WJ-MSCs show faster and higher expansion potential compared
to BM-MSCs, partially due to the higher expression of telomerase activity [68].
Phenotype of WJ-MSC:s is substantially identical to BM-MSCs, moreover as well
as other UC-derived MSCs, these cells beside matching the ISCT differentiation
criteria, seems to show wider differentiation ability toward non-connective tissue as
hepatocytes [67], pancreatic [69] or neural cells [70].

Cord blood has also reported to be a feasible source of MSCs [71]. After removal
of the placenta, blood was allowed to drain from the severed end of the cord into
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samples tubes containing heparin. Then, cord blood is processed by the same protocols
usually applied for bone marrow aspirates and cultured in almost the same growth
media. However, it has been reported that MSCs could be isolated from no more
than 60 % of processed CB. The time between harvest and the beginning of culture
seems to be critical for the success and should be shorter than 15 h. Moreover, the
volume of CB and the total quantity of mononuclear cells of the collected samples,
influence the probability of obtaining CB-MSCs growing cultures [72], as well as
cryopreservation. Although data reported lower frequency of MSCs in CB than in
bone marrow (1 per 10% cells vs. 1 per 10° cells), they showed a greater proliferative
potential [73, 74]. The differentiation potential of CB-MSCs in different tissues is
also broader. After enrichment by depletion, CB-MSCs have been found to differ-
entiate not only toward mesodermal but also toward the endodermal and ectodermal
cell lineages [75]. This experimental data are also supported by the identification of
a CB-MSC sub-population termed unrestricted somatic stem cells (USSCs), which
show enormous proliferative capability up to more than 20 passages and retain great
differentiation potential after several weeks of culture, and toward cell lineages
from the three germ layers [76]. Notably, percentage of USSCs in the cord blood
has been reported to dramatically decrease during cryopreservation [77].

While the superior osteogenic differentiation potential of CB-MSCs versus
BM-MSCs is well documented, controversial data were reported about the adipo-
genic potential of CB-MSCs. Some authors described CB-MSCs as less sensitive to
the adipogenic differentiating agents or even not able to differentiate into adipocytes
[78, 79]. These latest findings seems to be in accordance with the proposed model
of MSC origins in which the microenvironment of the source tissue could influence
the biology of isolated MSCs, throughout specific interactions between the in vivo
putative cell and its “niche”. In fact, it is notably that adult bone marrow is an
adipose-rich tissue while fetal bone morrow shows an absent adipogenesis which is
reported increasing in correlation with aging [80].

Additionally, some other tissues have been reported as a feasible source for
MSC:s as skeletal muscle [81, 82], lungs [83], thymus [84, 85], tonsils [86], parathy-
roid gland [87], fallopian tube [88], etc. The general approach to investigate the
presence of MSCs in a specific tissue consists of culturing processed samples in
minimal media selecting MSC-like cell population by plastic adherence, and conse-
quently verifying the clonogenity, the multilineage differentiation potential and
some non-specific surface markers expression, according to ISCT guidelines.
Consequently, the parameters applied to define a cultured cell population as MSC
population are still not sufficiently stringent, leading to define heterogeneous cell
populations with the same terminology.

About the origins of MSC heterogeneity, it is also important to notice that, addi-
tionally to species-, donor- and tissues origins-related variability, MSCs show vari-
ability even among cell clones from the same culture [41]. Moreover biological
properties have reported to vary also within the cells that form a colony itself [89],
which show different differentiation potential apparently related to the topographic
localization inside the colony. It has been demonstrated that cells from the inner
regions differ from the cells at the margins of the colonies, in terms of morphology,
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differentiation potential and markers expression [90, 91]. Thus, it is clear that when
we use the term “multipotent mesenchymal stromal cells” we refer to a highly het-
erogeneous population of cells, the composition of which is dramatically affected
by isolating methods and culture conditions, and that is hard to unambiguously
characterize due to the lack of specific and stringent criteria of definition. Several
possible mechanisms, at the basis of the MSC heterogeneity, have been hypothe-
sized in addition to the well-documented variability introduced by isolating meth-
ods and in vitro cultivation [92]. Stochastic events, occurring during expansion and
differentiation, have to be discussed as a possible origin of MSC variability, along-
side a possible heterogeneity of the in vivo cell population that give rise to MSC in
culture, which could be influenced by the different biological properties of the tis-
sue niche in which they reside. In this latest hypothesis, MSC heterogeneity and
morpho-functional variability of cell preparations could be consequences of the
characteristic of the tissue from which MSCs have been derived.
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Abstract Mesenchymal stem cells (MSCs) are a group of heterogeneous non-
hematopoietic cells with self-renewal and multi-lineage differentiation potential,
and have been widely used for cell-based therapies. While the mechanisms for the
beneficial effects of MSCs on tissue repair and regeneration are complex and not
fully understood, paracrine signaling is believed to be at least partially responsible
for their therapeutic benefits. MSCs express and secret a large number of paracrine
factors with a wide spectrum of biological functions including cell proliferation,
differentiation, migration, anti-apoptosis, metabolism, immunomodulation, anti-
inflammation, angiogenesis, and tissue remodeling. The regulation on the expres-
sion and production of the paracrine factors and related signaling molecules in
MSCs are complex, and involves a variety of signaling pathways including Akt,
STAT-3, p38 MAPK, and TNF receptors. The paracrine function of MSCs is closely
associated with the species, age, and gender of the sources, and environmental fac-
tors like hypoxia, as well as the presence of stimuli such as tumor necrosis factor.
Some disease conditions especially diabetes mellitus have significant impact on
paracrine signaling of MSCs. Significant challenges remain on understanding how
paracrine mechanisms work on the target tissues of MSCs, and how to design a
therapeutic regimen with different paracrine factors to achieve an optimal outcome
for tissue protection and regeneration.
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Introduction

Cell therapy with stem cells remains a viable and attractive option for tissue repair
and regeneration after injuries including myocardial infarction, stroke, and wound
healing [21, 33, 52]. Mesenchymal stem cells (MSCs) are a group of heteroge-
neous non-hematopoietic cells that were first identified and isolated from the bone
marrow in 1960s by Friedenstein and colleagues, and exhibit proliferative and
self-renewal potential, and are able to differentiate into multilineage cell types of
endodermal, ectodermal, and mesodermal origins including (but not limited to)
osteocytes, chondrocytes, endothelial cells, adipocytes, myocytes, cardiomyo-
cytes, neuron, and hepatocytes [36]. Over the past two decades, a number of cell
populations with similar characteristics and multilineage differentiation potential
have been successfully identified and characterized in many other adult and fetal
tissues in addition to bone marrow, including (but not limited to) skin, dental pulp,
adipose tissue, synovium, muscle, tonsil, brain, lung tissue, kidney, umbilical
cord blood, peripheral blood, and placenta [38, 52]. MSC has been used to
describe almost all the progenitor cells with multipotent differentiation potentials
from these parenchymal nonhematopoietic tissues. Although there are currently
no unique markers to exclusively identify and characterize MSCs or their sub-
population phenotypically, these cells are expected to express at least the stromal
markers CD73 and CD105 without expression of the hematopoietic markers
CD14, CD34, and CD45 based on the minimal criteria established by the
International Society of Cellular Therapy on the nomenclature and definition of
the adult tissue-derived undifferentiated progenitor cells with extended prolifera-
tive capability and multilineage differentiation potential [5, 12, 36].

Bone marrow-derived mesenchymal stem cells (BM-MSCs) are an attractive
and ideal source for cell-based therapy due to the fact that these cells can be
easily obtained without ethical concerns, and conveniently expanded ex vivo to
clinical scales in a relatively short period of time with minimal loss of potency,
and have little (if any) inherent immunogenicity for any adverse immune reac-
tions (even in the setting of xenogeneic transplantation of MSCs) because of
their immunosuppressive and/or immunomodulatory properties [4, 7, 36].
Therefore, in this focused review our efforts will be mainly directed to discuss
the beneficial effects of cell therapy with BM-MSCs and the mechanism(s)
especially the role of paracrine signaling.

Transplantation of MSCs Provides Promising Therapeutic
Potential for Tissue Repair and Regeneration

BM-MSCs are considered to be the most utilized and extensively explored stem cell
population for both pre-clinical studies and clinical trials on cell-based therapies
due to their unique properties as highlighted above (easily isolated and amplified
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from the bone marrow, immunologically well tolerated, and their multilineage
potential). Pre-clinical animal investigations have shown that transplantation of
MSC:s provides significant beneficial effects in the treatment of a variety of clinical
conditions with significant restoration of tissue structures and improvement in organ
function including (but not limited to) liver and kidney dysfunction, myocardial
infarction, central nervous system disorders, osteoarthritis, autoimmune and inflam-
matory/degenerative disorders, and cutaneous wound repair [1, 19, 45, 55]. Clinical
studies have demonstrated that administration of MSCs (both locally and systemati-
cally) in human subjects appeared to be safe, and exhibited promising therapeutic
effects for a wide range of disease states like (but not limited to) myocardial infarc-
tion, ischemic and non-ischemic cardiomyopathy, ischemic stroke, spinal cord
injury, liver diseases, ischemic intestinal diseases, and autoimmune and inflamma-
tory disorders [1, 8, 21, 36, 55]. Obviously, it is beyond the scope of this review to
detail all the clinical studies on every individual medical condition using MSCs.

Mechanisms for the Therapeutic Effects of MSCs

It is clear that application of MSCs contributes to the repair and regeneration of
damaged tissues with enhanced function and provides significant therapeutic bene-
fits on a variety of disease conditions. However, it is much less clear on the primary
mode(s) of action of these cells on achieving their beneficial effects on tissue repair.
Initially, it is believed that transplanted MSCs home to the damaged areas, differen-
tiate into the cells specific to the tissue and organ system, thus contributing to tissue
repair and regeneration. Indeed, it is observed that the transplanted MSCs integrated
into the damaged sites in a variety of tissues where they transform into the cells with
the cell markers specific to the cell populations in a individual tissue and organ like
hepatocytes in the liver, epithelial cells of the esophagus and small intestine, kerati-
nocytes, and endothelial cells [16, 19, 42], supporting the idea that these cells are
capable of homing to and integrating into the damaged tissues and directly contrib-
uting to their reconstruction and function recovery. There is no question that a direct
engraftment and differentiation into the tissue specific cells and their supporting
cells with transplanted MSCs represents an important mechanism for tissue repair
and regeneration for some tissues like liver and lung.

MSCs have been shown to display a broad range of important immunomodula-
tory properties and attenuate tissue damages due to excessive inflammation in the
early phase of injuries. These include suppression of T cell and B cell proliferation
and terminal differentiation, modulating dendritic cell maturation and activities, and
functional modulation of other cells critical to immune responses like natural killer
cells and macrophages [40, 55]. The immuno-privileged and immuno-regulatory
capabilities as well as anti-inflammatory properties of MSCs certainly contribute
(at least partially) to their therapeutic benefits on repair and regeneration not only in
autologous but also allogeneic recipients through modification of the local environ-
ment of damaged sites and argumentation of the survival and functional recovery of
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local resident cells with enhanced proliferation, migration, and differentiation, as
well as decreased adverse inflammatory and immune reactions and cell apoptosis.
This may be the primary mode of action of MSCs on the treatment of immune
diseases such as graft-versus-host disease, rheumatoid arthritis, experimental auto-
immune encephalomyelitis, sepsis, acute pancreatitis and multiple sclerosis. Although
the exact mechanisms for the unusual immunomodulatory and anti-inflammatory
effects of MSCs are far from fully understood, they are considered to be mediated
through direct cell-cell interactions and/or secreting various immune-related solu-
ble factors or cytokines such as interleukin 6 (IL-6), IL-10, IL-1 B, transforming
growth factor-f (TGF-f), interferon-y (INF- y), and granulocyte-macrophage
colony-stimulating factor (GM-CSF) [24, 36, 40, 55].

Paracrine Mechanisms as a Major Mode of Action
for the Therapeutic Effects of MSCs

Recent studies have showed that less than 1% of systemically administered MSCs
are still present for longer than a week in any organ system including lung, heart,
kidney, liver, spleen, and gut following injection [6, 22, 23, 36, 39]. However, clini-
cally, the beneficial effects are observed much longer than a week in patients who
have ischemic heart diseases and receive transplantation of MSCs [46, 53]. It is
observed that the differentiation of transplanted MSCs into cardiomyocytes is very
inefficient. In some studies, when injected into the myocardium after infarction,
MSCs are able to reduce the scar formation, improve angiogenesis, and preserve
myocardial function without direct involvement of MSC engraftment into the car-
diac compartment (either cardiomyocytes or supporting cells) [20, 37, 46, 53].
When administered to treat animals with acute renal failure, MSCs can prevent
apoptosis and promote the proliferation of renal-tubule epithelial cells in a
differentiation-independent manner [43, 44]. Cell-free products from human MSCs
are reported to effectively enhance wound healing [32]. These observations suggest
that paracrine factors and related signaling are a major mechanism responsible
(at least partially) for the beneficial effects of MSCs on tissue repair and regenera-
tion and alteration of disease pathophysiology.

Secretion of Paracrine Factors in MSCs

It is well known that MSCs express and produce a wide spectrum of biologically
active growth factors and cytokines including, but not limited to, fibroblast growth
factor (FGF), IL-1 and 6, TGF-f, and VEGF, are expressed, produced, and released
from MSCs [31, 34]. As early as 1996, it was observed that MSCs isolated from
human bone marrow constitutively expressed and released G-CSF, SCF, LIF,
M-CSF, IL-6, and IL-11 into the in vitro culture medium. These cytokines were
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Table 1 Summary of the major paracrine factors from MSCs and their actions on cell protection,
tissue repair and regeneration

Paracrine factors Actions

VEGF, HGF, STC-1, SFRP-2, SDF-1, TGF-$ Cell survival

IGF-1, bFGF, TB-4

VEGEF, bFGF, IL-1, TNF-a, PDGF-BB, Ang-1, Ang-2 Angiogenesis

FGF-2, TGF-B, SDF-1, IGF-1, PIGF, MCP, HGF

VEGF, FGF-2, HGF, IGF-1, TB4 Anti-apoptosis

VEGEF, HGF, IGF-1, TNF-a, TGF-B, G-CSF, SCF, LIF Cell differentiation

M-CSEF, IL-6, IL-11, Activin A

BDNF, NGF, neuregulin-1, BNP, IL-6, FGF-2, Neuroprotection and regeneration
GDNF VEGF, HGF, FGF-20

IL-1, IL-10, TB-4, MMP-2, MMP-9, MCP-1, TSP-1 Tissue remodeling

TGF-B, TIMP-1, TIMP-2, TIMP-9, HGF, NGF, ErbB-2

VEGF, bFGF, FGF-2, HGF, TB-4, IGFBP-7 Cell contractility

IL-6, IL-10, IL-1p, TGF-p, INF- y, GM-CSF, PGE-2, IDO Immunomodulatory effects
HGF, TNF-a, activin A
VEGEF, endothelin, Smad-4, Smad-5, glypican-3, FGF-16 Cell proliferation and migration

reported to be involved in the regulation of the differentiation of cells derived from
the bone marrow stroma through receptors that were linked to gp130-associated
signal transduction pathways [10]. Since then, a long list of biologically active
substances (and yet the list is still growing rapidly) such as (but not limited to)
VEGF, FGF, MCP-1, HGF, IGF-I, SDF-1, TGF-f, nerve growth factor (NGF), and
thrombopoietin have been identified to be expressed and secreted from MSCs
derived from bone marrow and a variety of other sources. It has been observed that
the conditioned medium from hypoxic MSCs overexpressing Akt gene (Akt-
MSCs) markedly inhibits hypoxia-induced apoptosis and triggers vigorous sponta-
neous contraction of adult rat cardiomyocytes in vitro. Intramyocardial injection of
the hypoxic conditioned medium from Akt-MSCs has been shown to significantly
reduce the infarct size and improves ventricular function to the same extent as the
Akt-MSCs in an acute myocardial infarction rodent model [9], confirming that
paracrine actions exerted by the cells through the release of soluble factors are
indeed important mechanisms for tissue repair and functional improvement after
transplantation of the Akt-MSCs. Accumulating data have demonstrated that the
growth factors and cytokines from MSCs exert their beneficial effects on the target
cells in their vicinity to facilitate tissue repair and regeneration, including (not
limited to) immune response modification, anti-apoptosis, cell survival, metabolism,
proliferation, and differentiation, hematopoiesis, myogenesis, angiogenesis, collateral
development, remodeling, neuroprotection, renal protection, hair growth, and wound
healing [8, 19, 20, 24, 31]. Table 1 summarizes some of the major paracrine factors
from MSCs and their actions on cell protection, tissue repair and regeneration. The
actions of many other paracrine factors released from MSCs remain to be identified
and characterized.
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Possible Signaling Pathways Involved in the Secretion
of Paracrine Factors in MSCs

Role of Akt Signaling in the Expression of Paracrine Factors

Since MSCs are a mixture of heterogeneous cell populations, and produce a large
number of paracrine factors, it may be difficult to investigate the mechanism(s)
responsible for the production of individual factors. However, a few signaling path-
ways have been shown to be critically involved in the expression and production of
paracrine factors from MSCs. It has been reported that the expression of VEGF,
FGF-2, HGF, IGF-I, and TB4 that are potential mediators of the effects exerted by
the Akt-MSC conditioned medium, are significantly up-regulated in the Akt-MSCs
especially in response to hypoxia, demonstrating that Akt signaling is important to
the regulation on the expression of these factors in MSCs [9].

STAT-3 Signaling Is Important in the Expression
of VEGF and TGF-p1 in MSCs

MSCs produce a significant amount of VEGF and TGF-f1 both at basal level
and in response to stimuli. The regulation of VEGF expression or production is
complex and involves many factors such as hypoxia. It is observed that mouse
MSCs release VEGF under normoxia in association with constitutive STAT-3
activity. STAT3 deficiency in STAT-3 knockout mice resulted in a significantly
decreased production of VEGF from MSCs. In response to hypoxia or TNF,
MSCs produced significantly more VEGF in association with activated p38
MAPK and STAT-3. In addition, STAT-3 ablation neutralized hypoxia-induced
release of VEGF from MSCs. Inhibition of p38 MAPK signaling alone has no
effect on the release of VEGF from MSCs in normal mice [50].

Multipotent adult progenitor cells (MAPCs) are purified homogeneous MSCs from
bone marrow, and are potent source of VEGF and TGF-p1. When the JAK2/STAT-3
signaling pathway in rat MAPCs is blocked with the selective JAK2 phosphorylation
inhibitor AG490, VEGF gene expression and protein production are significantly sup-
pressed in the cells [25]. These observations strongly suggest that VEGF expression in
MSCs is mediated via JAK2/STAT3 signaling pathway. However, some studies sug-
gest that TGF-a stimulated production of VEGF in human MSCs is mediated via
MEK- and PI3-K- but not ERK- or JNK-dependent mechanisms [48]. Very likely,
there are different pathways involved in the production of VEGF from MSCs in differ-
ent species (murine vs human). STAT3 signaling is also critically involved in the regu-
lation of TGF-B1 expression in rat MAPCs. A detectable level of TGF-f1 is expressed
in rat MAPC:s in culture system. Treatment of the cells with the specific STAT3 phos-
phorylation inhibitor AG490 significantly blocked STAT3 (Tyr705) phosphorylation,
and increased TGF-p1 expression without change in ERK1/2 phosphorylation [26].
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Activation of p38 MAPK Signaling Is Involved in the Expression
of Paracrine Factors in MSCs

Studies using human MSCs and human adipose progenitor cells demonstrate the
secretion of VEGF, HGF, and IGF-I in these cells is significantly increased by stim-
ulation with TNF and is associated with increased activation of p38 mitogen-
activated protein kinase (MAPK). Inhibition of p38 MAPK signaling with selective
p38 MAPK inhibitor significantly decreased the TNF-stimulated production of
VEGF, HGF, and IGF-I in these cells. However, p38 MAPK inhibitor alone had no
effect on production of these growth factors without TNF stimulation. These data
suggest that TNF enhances the production of paracrine factors in MSCs through a
p38 MAPK-dependent mechanism [47]. Inactivation of p38 MAPK signaling is
also reported to reduce the expression and production of IL-6, IL-8 and CXCL-1 in
MSCs, and decrease wound healing [54], indicating that MSCs promote wound
healing through releasing paracrine factors via activation of p38 MAPK signaling.

Role of TNF Receptor-Mediated Mechanism in the Expression
of Paracrine Factors in MSCs

Using TNF receptor type 1 (TNFR1) or type 2 (TNFR?2) ablation model, it is observed
that when MSCs are stimulated with TNF, LPS, or hypoxia for 24 hours, the produc-
tion of TNF and IGF-1 is decreased in the cells from both knockouts (KOs) as com-
pared with the cells from normal animals. On the other hand, IL-6 secretion is
increased in the MSCs from both knockouts over the wild-type cells following TNF
stimulation, but is significantly decreased with exposure to LPS. Hypoxia enhances
the level of IL-6 in the cells from TNFR1 KO animals, but not in TNFR2 KO cells.
TNF stimulation leads to a decreased production of VEGF in TNFR2KO cells,
whereas no change in VEGF secretion is observed in TNFR1 KO cells. However,
TNFRI1 ablation resulted in a decrease in VEGF production in the cells following
LPS stimulation with no change in TNFR2 KO cells. With hypoxia, VEGF expres-
sion is increased in the TNFR1 KO cells over the normal cells, whereas no difference
is present in TNFR2KO cells [29]. These data suggest that TNF receptors and related
signaling cascades play a complex role in the regulation on the expression and pro-
duction of paracrine factors in MSCs in response to different stimuli.

It is also reported that TGF-a promotes the expression of HGF in human MSCs.
TGF-a-stimulated production of HGF is effectively prevented by inhibition of
MEK, p38, PI-3K signaling, or targeting TNF receptor 2 (TNFR2) using small
interfering RNA (siRNA), but not by targeting TNF receptor 1 (TNFR1). However,
inhibition of TNFRI1 significantly increases basal level of HGF in MSCs. Further
investigation indicates that there is a complex interactions between TNF receptors
and TGF-a/EGF receptor in the regulation of HGF production in human MSCs via
activation of MEK, p38, and PI-3K signaling [49].
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Important Factors Associated with the Paracrine
Function in MSCs

Paracrine mechanisms for the therapeutic effects of MSCs are very complex, and
involve a large number of growth factors and cytokines and related receptors and
signaling molecules with a broad range of biological functions. It is important to
identify the factors that are critically involved in the regulation on the expression
and production of these paracrine factors in MSCs to achieve an optimal therapeutic
outcome. In the present focused review, the role of species, age, sex, and environ-
mental factors like hypoxia in the expression of paracrine factors is briefly
discussed.

Different Paracrine Factors Are Produced in MSCs
Jrom Different Species

Recently, the profiles of paracrine factors from swine and human bone marrow
MSC:s are characterized and compared in culture system under normoxic or hypoxic
conditions [34]. It is shown that the cell markers of swine MSCs are comparable to
those of human MSCs with minor differences phenotypically. The majority of para-
crine factors including VEGF and Endothelin in the conditioned medium released
from swine MSCs are similar to those from human MSCs under normoxic condi-
tions. However, substantial differences in the levels for a number of growth factors
and signaling molecules in the conditioned media exist between the two MSCs.
Noticeably, a significant amount of FGF-16, frizzled-6, Galectin-3, IL-1 alpha,
IL-17E, and Smad-5 are present in the conditioned medium of swine MSCs, while
not much in the one of human MSCs. On the other hand, high level of TIMP-1 is
detected in the conditioned medium of human MSCs, but not in the one of swine
MSCs. When the cells are cultured under hypoxic conditions, only small changes in
the paracrine factor profile is observed in the conditioned medium of swine MSCs
compared with that under normoxic conditions, while significant changes occur in
the paracrine factor profile in the medium of human MSCs. These data suggest that
MSCs from different species express and produce different type and / or levels of
paracrine factors, and respond differently to the environmental stimulation.

Age Plays an Important Role in the Expression
of Paracrine Factors in MSCs

It is well known that the populations of bone marrow MSCs (BMSCs) are closely
related to the age of the animal with higher level of MSCs in the younger ones.
Although neonatal and adult BMSCs have similar pluripotent potentials and cell
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surface markers, neonatal bone marrow MSCs (nBMSCs) proliferate faster, and
therefore, could be expanded more rapidly than adult bone marrow MSCs (aBM-
SCs) [30]. It is also reported that MSCs from older hosts are associated with telo-
mere shortening and dysfunction, and a reduced capacity to maintain functional
hematopoietic stem cells [15]. MSCs from animals with different ago have been
shown to produce different levels of paracrine factors. When compared with aBM-
SCs, nBMSCs produce lower levels of IL-6 and VEGF, but higher levels of IGF-1
under basal conditions, and after stimulation with TNF. However, there are no dif-
ferences in LPS-induced production of IL-6, VEGF, or IGF-1 between nBMSCs
and adult cells. The difference in cytokine and growth factor production in nBM-
SCs is considered to be related to p38 and ERK signaling [30]. In a separate study,
it is observed that inhibition of NFkB and IKK leads to a significant decrease in
VEGF secretion in aBMSCs, but not in nBMSCs [35]. Higher expression of angio-
genic growth factors (including HIF-1a, HO-1, VEGF, and FGF-2) is observed in
the MSCs from young rats (8—12 weeks old) under anoxia as compared to the cells
from old rats (24-26 months) [14]. Clearly, there is a significant difference in the
expression and production of paracrine factors between neonatal and adult BMSCs.

Gender Is an Important Determinant in the Production
of Paracrine Factors in MSCs

A recent study showed that treatment with MSCs from female donors is associated
with greater cardiac protection against acute endotoxemic injury in rats compared
with treatment with the cells from male animals [28]. Animal data have shown that
MSCs from normal male mice produce significantly greater levels of TNF and IL-6
and significantly less amount of VEGF in response to LPS stimulation and hypoxia
than the cells from female animals. A substantial change in the release of TNF, IL-6
and VEGF is observed in MSCs from male TNFR1 knockout mice compared with
the cells from the male WT animals, but is not different from female WT MSCs. On
the other hand, there is no significant difference in the production of TNF and IL-6
between female WT MSCs and female TNFR1KO MSCs [2, 3]. Apparently, gender
differences exist in the therapeutic effects of MSCs and their paracrine function.

Role of Environmental Factors and Disease States
in the Expression of Paracrine Factors in MSCs

Although bone marrow is a very hypoxic environment, bone marrow MSCs are
very resistant to hypoxic culture condition, survive and function well in hypoxic
environment with or without serum [27, 41]. As discussed in this chapter, MSCs
produce and secrete a great variety of cytokines and growth factors with a wide
spectrum of biological functions that are considered to be largely responsible for



42 Y. Xiao et al.

the beneficial actions when MSCs are used for tissue repair and regeneration. It is
well documented that hypoxia significantly changes the profile of paracrine factors
expressed and produced from MSCs. The changes in paracrine factors in response
to hypoxia are highly variable and complex with some factors up-regulated, some
ones down-regulated, and yet, some factors unchanged [34, 41]. For example,
VEGF and TIMP-2 expression is usually up-regulated in bone marrow MSCs from
rat, dog, and human under hypoxic condition, while LRP-6 and activin A expres-
sion is down-regulated, and no changes in the expression of a number of paracrine
factors like (but not limited to) endothelin, frizzled-5, IL-7, IL-27, MMP-16,
NCAM-1, and Smad5 in MSCs from both dog and human [34]. There are signifi-
cant differences in the changes on the expression of some paracrine factors in
MSCs from different species in response to hypoxia. It is reported that hypoxia
leads to an increased expression of osteoprotegerin, TIMP-2, and IGFBP-7 in
human MSCs, while a decrease in their expression in swine MSCs [34].

Some important disease states like hypercholesterolemia and diabetes mellitus
(DM) may have significant impact on the paracrine function of MSCs. Indeed, bone
marrow-derived progenitor cells from patients with hypercholesterolemia and/or
DM exhibit a substantially reduced capacity for neovascularization and decreased
paracrine secretion of proangiogenic factors [11, 18]. Recently, it is demonstrated
that high glucose culture substantially suppresses VEGF expression in rat MAPCs
through inhibition of JAK2/STAT3 signaling [25], and increases TGF-f1 expression
in these cells via ERK1/2-induced inhibition of STAT3 signaling [26]. It has also
been reported that the levels of IGF-1, FGF-2 and Akt pro-survival factors are sig-
nificantly decreased in MSCs from type 1 diabetic mice [17]. The protein levels of
HIF-1a, VEGF-A, and PDGF-B are shown to be significantly reduced in the condi-
tioned media of mouse MSCs in the presence of high glucose in a dose-dependent
manner in association with increased production of intracellular superoxide levels
[13]. However, it is shown that high glucose concentration has no effect on the pro-
duction of VEGF, HGF, or FGF2 from human MSCs at baseline and when treated
with TNF-alpha, LPS, or hypoxia [51]. These apparent different results clearly
implicate that the effect of high glucose on VEGF expression and production is
dependent on specific cell type and/or species.

Conclusion and Future Directions

There is no question that paracrine factors and related signaling molecules represent
an important mechanism for the beneficial effects of MSCs on tissue repair and
regeneration. It is known that a great number of growth factors and cytokines (the
numbers are still rapidly growing) with a broad spectrum of biological functions are
expressed and produced in MSCs under different conditions and with different stim-
uli. A detailed knowledge on how these paracrine molecules mediate the complex
protective and regenerative effects of MSCs is of great value to improve their func-
tion, viability, homing, retention and integration in the target tissues. Understanding
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the regulatory mechanisms for the expression and secretion of the paracrine
function in MSCs is equally important, allowing engineering the cells for their
optimal survival and function. New and more sensitive methods and technology are
needed to detect, identify, and characterize new molecules from MSCs that are in
small quantity and / or unstable in nature, and yet with powerful therapeutic poten-
tial on tissue repair and regeneration. Significant challenges remain on how to
design an ideal therapeutic regimen with different paracrine factors to achieve an
optimal outcome for tissue protection and regeneration.
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Immunomodulatory Properties
of Mesenchymal Stem Cells
and Related Applications

Lianming Liao and Robert Chunhua Zhao

Abstract Mesenchymal stem cells (MSCs) are an important cell population that
resides in a bone marrow microenvironment. In the past decade, MSCs have been
discovered to have profound immunomodulatory functions both in vitro and in vivo.
As MSCs can be expanded rapidly to numbers that are required for clinical applica-
tion, clinical studies have been performed in immune diseases, bone marrow trans-
plantation and kidney transplantation. In this chapter, the mechanisms underlying
MSCs’ immunomodulating property and the potential clinical use of MSCs as a
modulator of immune responses are reviewed.

Keywords MSC ¢ Immunomodulatory functions ¢ Interactions ¢ T cells
* Antigen-presenting cells

Introduction

The use of immunosuppressive agents has led to greatly improved organ graft
survival rates and alleviation of autoimmune diseases. Nevertheless, side effects of
immunosuppressive agents and patient morbidity due to life-long immunosuppres-
sion remain substantial, especially high cancer incidence among the recipients.
Active induction of tolerance allowing drug-free allograft acceptance with pre-
served immunocompetence has long been a goal for both immunologists and
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clinicians. This method is theoretically the only way to resolve rejection reaction of
allogeneic transplantation and simultaneously keep the patients void of the side
effects of immunosuppressive medication.

Stable chimerism is linked with permanent tolerance of donor organ or tissue
transplants [1]. Induction of mixed hematopoietic chimerism by bone marrow
stem cell transplantation, which leads to stable donor-specific tolerance in allo-
geneic graft, has been reported [2—-4]. However, the use of bone marrow trans-
plantation is still largely restricted to patients with malignancies or severe
immune diseases. The toxicity of the required host conditioning, the risk of
engraftment failure, and the problem of graft-versus-host-disease (GVHD), espe-
cially when major histocompatibility complex (MHC) barriers are transgressed,
hinder its clinical application. Embryonic-like stem cells transplantations have
also been proved to be capable of establishing chimerism and inducing tolerance
without supplementary host conditioning in animal model [5]. However, there
exists the well-known ethical obstacle for embryonic stem cells and tumorigen-
esis of embryonic-like stem cells transplantation in human need cautious
evaluation. Therefore, development of a new cell population and procedure for
donor-specific allograft tolerance induction is still a difficult task in organ
transplantation.

In the past decade, bone marrow-derived mesenchymal stem cells (MSCs) are
garnering more and more attention for their immunoregulatory activity and regen-
erative ability. For example, administration of MSCs could prolong donor skin graft
survival in mice [6] and nonhuman primates [7]. The ability of MSCs to regulate
immune responses could also be harnessed to reduce GVHD at the time of hemato-
poietic stem cell transplantation [8, 9].

Characteristics of MSC

MSCs are multipotent cells that reside within the bone marrow and can be induced
to differentiate into various components of the marrow microenvironment, such as
bone, adipose and stromal tissues under proper conditions [10—12]. MSCs support
the growth of hematopoietic progenitors by secreting a number of hematopoietic
cytokines such as macrophage colony stimulating factor, interleukin (IL)-6, IL-7,
IL-8, IL-11, IL-12, IL-14, IL-15 and leukemia inhibitory factor [12, 13]. MSCs
have been isolated in different species and are present in the bone marrow at low
frequency (1 out of 104—105 mononuclear cells). Although MSCs are originally
isolated from bone marrow, they can also be isolated from muscle [14], pancreas
[15], dermis [16], adipose tissues [17], lung [18], liver [19], and cord blood [20].
The exact phenotype of MSCs in the tissue (i.e. the cell phenotype prior to culture)
is still debated. Simmoms et al. described the first antibody (Stro-1) that targeted
MSCs in the bone marrow [21]. Some typical markers of MSCs include CD105
(SH2 or endoglin), CD73 (SH3 or SH4), CD90, CD166, CD44, and CD29.
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MSCs Exert Their Inmunomodulation Function
by Different Mechanisms

The Interaction Between MSCs and T Cells

The key orchestrators of the immune response in transplantation are T cells, which
can react to alloantigen both directly, by recognizing intact foreign MHC molecules
on donor antigen-presenting cells (APCs), and indirectly, as a result of interactions
with processed donor antigens on self APCs [22]. In the thymus, double positive
(CD4+CDS8+) cells undergo positive and negative selections before leaving the
thymus. Positive selection results in survival of T cells with antigen receptors that
corecognize self-MHC molecules plus foreign peptides. T cells whose receptors do
not detect self-MHC molecules die, presumably by failure to receive critical
differentiating signals. Negative selection involves the removal of potentially autore-
active T cells that interact too well with self-MHC molecules plus self-peptides. The
majority of cells with specificities for self-antigens are eliminated during develop-
ment in the thymus [23]. Otherwise, they will mature and migrate to the peripheral
lymphoid organs. Cortical epithelial cells are essential for the process of positive
selection because they display the self peptide-MHC complexes that are recognized
by CD4*CD8* thymocytes and also provide essential differentiation factors [24].

T cells can be physiologically silenced by a number of mechanisms, including
deletion in the peripheral immune system; anergy, where they cannot adequately
respond following restimulation with antigen; and suppression, which may be medi-
ated by interactions with other cells or with soluble factors [25, 26]. The TH1 cell
cytokines IL-2 and interferon gamma (IFN-y) are considered detrimental to
allografts, and the TH2 cell cytokine IL-4 is considered tolerogenic [27]. The same
mechanisms act in acquired transplantation tolerance [28] and can be harnessed to
achieve donor-specific tolerance by blunting the effects of alloreactive T cells.

Presently, although the relationship between MSCs and T cells is not well
defined, several lines of evidence indicate that MSCs may modulate T cells by vari-
ous mechanisms (Fig. 1). When added into a mixed lymphocyte reaction, either on
day O or on day 3, baboon MSCs could inhibit an ongoing allogeneic response,
leading to a greater than 50 % reduction in proliferative activity [7]. This effect
could be maximized by escalating the dose of MSC and could be reduced with the
addition of exogenous IL-2. The suppression of proliferative responses by MSCs
did not appear to be dependent on the source of MSCs. MSCs were able to inhibit
proliferation of T cells independent of whether they were of the same source of the
responder, stimulator, or third party. Baboon MSCs could also inhibit proliferative
response to potent T-cell mitogen ConA. Similarly, addition of MSCs to T cells
stimulated by polyclonal activators (PHA or IL-2) resulted in suppression of prolif-
eration [29]. MSC-inhibited T lymphocytes were not apoptotic and efficiently pro-
liferated on restimulation. MSCs significantly suppressed both CD4* and CD8* T
cells [30]. In a study on the immunogenicity and antigen presenting ability of MSCs,
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Fig. 1 MSCs inhibit the proliferation of NK cells, B cells and T cells. This effect is mediated
through the secretion of various factors, such as prostaglandin E2, human leukocyte antigen-G and
hepatocyte growth factor transforming growth factor-f. MSC also inhibit generation and matura-
tion of DCs from monocytes. Abbreviations: CTL cytotoxic T cell, DCs dendritic cells, HGF
hepatocyte growth factor, /DO indoleamine 2,3-dioxygenase, MSCs mesenchymal stem cells, NK
natural killer, PGE2 prostaglandin E2, Ty cells, regulatory T cells, TGF-f transforming growth
factor f

Tse et al. demonstrated human MSCs failed to stimulate allogeneic peripheral blood
mononuclear cells or T-cell proliferation in mixed cell cultures [31]. MSCs actively
suppressed proliferation of responder peripheral blood mononuclear cells stimu-
lated by third-party allogeneic peripheral blood mononuclear cells as well as T cells
stimulated by anti-CD3 and anti-CD28 antibodies. Similarly, marked inhibitory
effects of allogeneic and autologous MSCs were also reported both in mixed
lymphocyte reaction and after mitogenic lymphocyte stimulation by phytohaemag-
glutinin, Concanavalin A and protein A [32]. However, little, if any, inhibition
occurred after stimulation with pokeweed mitogen. The inhibitory effect was also
related to MSCs dose, as a minimum of MSCs was needed. Surprisingly, when the
dosage was small, stimulatory effect was noted in some experiments. This phenom-
enon was also observed when MSCs were cocultured for 3 days with T cells isolated
from cord blood and stimulated with phytohaemagglutinin for 60 h, in which high
concentration of MSCs most often resulted in inhibition, while low concentration
resulted in stimulation of T cell proliferation [33]. In another study, effect of MSCs
on response of naive and memory T cells to their cognate antigenic epitopes was
evaluated [34]. For this purpose, murine male transplantation antigens, HY, was
selected to trigger immune response. C57BL/6 female mice immunized with male
cells were the source of memory T cells, whereas C6 mice transgenic for HY-specific
T-cell receptor provided naive T cells. Responder cells were stimulated in vitro with
male spleen cells or HY peptides in the presence or absence of MSCs. MSCs
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inhibited HY-specific naive and memory T cells in a dose-dependent fashion and
affected cell proliferation, cytotoxicity, and the number of interferon-gamma—
producing HY peptide-specific T cells. However, MSC did not selectively target
antigen-reactive T cells. The expression of MHC molecules and the presence in
culture of antigen-presenting cells or of CD4*/CD25* regulatory T cells were not
required for MSCs to inhibit. This data demonstrate that autologous or allogeneic
MSC:s strongly suppress lymphocyte proliferation that is triggered by both cellular
as well as nonspecific mitogenic stimuli in different in vitro models; this phenom-
enon has no immunologic restriction.

Suppression of lymphocyte proliferation by MSCs is likely due to the production
of soluble factors. By using the transwell system, i.e., when MSCs were separated
from T cells physically by a permeable membrane, T-cell proliferation was also sig-
nificantly inhibited. After simultaneous addition of anti—transforming growth factor-f1
and anti-hepatocyte growth factor antibodies to bone marrow stromal cells-containing
mixed lymphocyte reactions, T-cell proliferation was restored at values that were
comparable to those detected in mixed lymphocyte reactions without bone marrow
stromal cells, indicating transforming growth factor-f1 and hepatocyte growth factor
were the mediators of marrow stromal cells’ effects [29]. Chen et al. showed secretion
of transforming growth factor-p1 by MSCs reached to 1 ng/ml in 72 h [30]. Tse et al.
demonstrated IL-10 secreted by MSCs also accounted for the suppressive activity by
MSCs [31]. However, the inhibitory activity was abrogated when MSCs were replaced
by MSC culture supernatant [34]. This may suggest that pretreatment of MSCs with
lymphocytes is necessary for MSCs to secret inhibitory factors.

In addition, the tryptophan catabolizing enzyme indoleamine 2,3-dioxygenase
(IDO) has been suggested to play a role in the suppression of T-cell proliferation by
MSCs [35] Upon stimulation with IFN-y, MSCs express IDO activity that degrades
essential tryptophan and results in kynurenine breakdown products, resulting in
reduced lymphocyte proliferation.

The family of human galectins are key players in the regulation of the innate and
adaptive immune response [36]. One family member, galectin-1, is a negative regu-
lator of immune responses. Galectin-1 may inhibit proliferation and induce apopto-
sis of activated T cells [37-39]. Galectin-1 protein was detected intracellularly and
on the cell surface of MSCs. It was reported that galectin-1 released into the cell
culture supernatant by MSCs modulated the release of cytokines involved in GVHD
and autoimmunity (e.g., tumor necrosis factor-o [TNF-a], IFN-y, interleukin-2
[IL-2], and IL-10). Thus, galectin-1 may mediate the immunomodulatory effect of
MSCs on allogeneic T cells [40].

MSC-induced T-cell anergy has been proposed as another potential mechanism
of immune suppression. MSCs lack surface expression of costimulatory molecules,
such as CD80 (B7-1) and CD86 (B7-2), and it is believed that MSCs can render
T cells anergic [41]. Another level at which MSCs may modulate immune responses
is through the induction of regulatory T cells (Treg). MSCs might induce formation
of CD4+*CD25" regulatory T cells that were responsible for inhibition of allogeneic
lymphocyte proliferation [42—44]. In the experimental autoimmune uveitis in mice,
intraperitoneal injection of MSCs was able to significantly attenuate uveitis and that
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a significantly higher percentage of adaptive Treg was present in MSC-treated mice
than in MSC-untreated animals. Furthermore, induction of antigen-specific Treg by
MSCs was due at least in part to the secretion og TGF-f [43].

The Interactions Between MSCs and Antigen-Presenting Cells

MSCs may also regulate the immune response through their interaction with den-
dritic cells (DCs) which play a key role in the induction of immunity (Fig. 1). MSCs
may induce tolerance by inhibiting DC maturation and function, inhibit in vitro
differentiation of DCs from monocytes and CD34* progenitors, and reduce secre-
tion of pro-inflammatory cytokines (IL-12, IFN-y, and TNF-a) and increase IL-10
secretion [45]. The production of IL-6, PGE2, IL-10 and M-CSF by MSCs may
contribute to the inhibitory effect of MSCs on DC differentiation, although blocking
studies indicate that these factors are not solely responsible for the inhibitory effect.
DCs generated in the presence of MSCs were impaired in their response to matura-
tion signals and exhibited no expression of CD83 or up-regulation of HLA-DR and
costimulatory molecules [46—48]. Immature DCs generated in the presence of
MSCs were strongly hampered in their ability to induce activation of T cells. These
results suggest that MSCs suppress the differentiation of DCs, resulting in the for-
mation of immature DCs that exhibit a suppressor or inhibitory phenotype.

The Interaction Between MSCs and B-Cells

MSCs could inhibit the proliferation of B cells stimulated with anti-CD40L and IL-4,
or with pokeweed mitogen [49]. B-cells were arrested in the GO/G1 phase of the cell
cycle. Similar to T-cell suppression, the major mechanism of B-cell suppression is
MSC production of soluble factors, as indicated by transwell experiments. In addition,
B-cell differentiation was inhibited because IgM, IgG, and IgA production was sig-
nificantly impaired. What is more, CXCR4, CXCRS5, and CCR7 B-cell expression, as
well as chemotaxis to CXCL12, the CXCR4 ligand, and CXCL13, the CXCRS ligand,
were significantly down-regulated by MSCs, suggesting that these cells affect chemo-
tactic properties of B cells [50]. Allogeneic MSCs have been shown to inhibit the
proliferation, activation and IgG secretion of B cells from BXSB mice that are used as
an experimental model for human systemic lupus erythematosus (Fig. 1) [51].

Interaction Between MSCs and Natural Killer Cells

Natural killer (NK) cells exhibit spontaneous cytolytic activity that mainly targets
cells that lack expression of HLA class I molecules. MSCs suppressed IL-2 or IL-15
driven NK-cell proliferation and IFN-y production, and NK cells cultured for 4-5
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days with IL-2 in the presence of MSCs have a reduced cytotoxic potential against
K562 target cells [52]. Experiments with transwell culture systems indicated that
MSCs suppressed the proliferation and cytokine production of IL-15 stimulated NK
cells via soluble factors. At low NK-to-MSC ratios, MSCs alter the phenotype of
NK cells and suppress proliferation, cytokine secretion, and cyto-toxicity against
HLA-class I-expressing targets. Some of these effects required cell-to-cell contact,
whereas others were mediated by soluble factors, including PGE2 and transforming
growth factor-f [53]. Indoleamine 2,3-dioxygenase also mediates MSC-induced
inhibition of NK cells (Fig. 1) [54].

MSC:s secrete the soluble isoform HLA-GS. Blocking experiments using neu-
tralizing anti-HLA-G antibody demonstrate that HLA-GS contributed first to the
suppression of allogeneic T-cell proliferation and then to the expansion of regula-
tory T cells. MSCs inhibited both NK cell-mediated cytolysis and interferon-gamma
secretion through HLA-GS [55].

Taken together, numerous studies convincingly demonstrate that MSCs are able
to modulate the function of different immune cells in vitro, particularly involving
the suppression of T-cell proliferation. However, the mechanisms underlying the
immunosuppressive effects of MSCS are still unclear.

MSCs Survive and Induce Immune Tolerance in the Host

It has been suggested that MSCs escape the immune system after they are infused
to allogeneic recipient because they possess a cell surface phenotype that reflects
poor recognition by T cells. For example, injection of genetically modified MSCs in
baboon was not followed by their rejection because of the lack of immunogenicity
of MSCs [7, 56]. Indeed, the distinct immunophenotype profile of MSCs, i.e., no
expression of costimulatory molecules B7-1, B7-2, CD40 and CD40L associated
with the absence of MHC class I and II expression, suggests that they may not be
recognized by allogenic T-cells and can escape host immune system’ rejection.
MSC:s can easily migrate and reside in various tissues, which may result from their
expression of a variety of adhesion molecule. In our study, when allogeneic murine
MSCs were transplanted into lethally irradiated recipient mice 150 days before
allogeneic skin transplantation, allogeneic donor skins were successful transplanted
and have survived for more than 100 days without any rejection reaction [6].
Immunohistochemistry staining showed donor MSCs could established long term
residency in gastrointestinal tissues, kidney, lung, liver, thymus, and skin [57]. In a
baboon model, following systemic infusion of GFP-marked MSC into an immu-
nocompetent host, MSCs could be detected in a wide non-hematopoietic tissue
distribution between 9 and 21 months later, including gastrointestinal tissues (colon,
duodenum, jejunum, and ileum), kidney, skin, lung, thymus, and liver. Importantly,
the results suggested that tissue distribution of MSC following systemic infusion
was not affected by histocompatibility or prior conditioning. In the non-conditioned
recipient, engraftment of MSC in these tissues was also achieved, although less
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abundant. When reinfused in nonhuman models, ex vivo—expanded human MSCs
migrated to and became incorporated into several tissues of the recipient animals
where MSCs were capable to elicit tissue-specific differentiation programs, indicat-
ing that MSCs have multiorgan homing capacity and an intrinsic degree of plasticity
[58-61]. Studies involving direct injection of MSCs into the rodent brain reported
migration of cells within the brain and differentiation into glial populations. This
approach has used xenogeneic transplant of human cells into the rat brain, as well
as homologous mouse/mouse tracking studies [58]. When purified human MSCs
from adult bone marrow were injected into the left ventricle of CB17 SCID/beige
adult mice, a limited number of cells survived and over time morphologically
resembled the surrounding host cardiomyocytes. Immunohistochemistry revealed
de novo expression of desmin, beta-myosin heavy chain, alpha-actinin, cardiac tro-
ponin T, and phospholamban at levels comparable to those of the host cardiomyo-
cytes [59]. In another xenograft model, bone marrow stromal cells were isolated
from C57B1/6 mice and injected into immunocompetent adult Lewis rats. One
week later, the recipient animals underwent coronary artery ligation and were sacri-
ficed at various time points ranging from 1 day to 12 weeks after ligation. Labeled
mice cells engrafted into the bone marrow cavities of the recipient rats for at least
13 weeks after transplantation without any immunosuppression. In the heart, some
of these cells subsequently showed positive staining for cardiomyocyte specific pro-
teins, while other labeled cells participated in angiogenesis in the infarcted area.
These findings indicate marrow stromal cells are adult stem cells with unique
immunologic tolerance allowing their engraftment into a xenogeneic environment,
while preserving their ability to be recruited to an injured myocardium to form a
stable cardiac chimera [60]. Similarly, human MSCs engrafted into fetal lamb could
persist in multiple tissues for as long as 13 months after transplantation. Transplanted
human cells underwent site-specific differentiation into chondrocytes, adipocytes,
myocytes, cardiomyocytes, bone marrow stromal cells and thymic stroma.
Unexpectedly, there was long-term engraftment even when cells were transplanted
after the expected development of immunocompetence [61]. This is in contrast to
the fact that fetal lambs develop the capacity to reject allogeneic skin grafts [62] and
demonstrate allogeneic or xenogeneic hematopoietic engraftment failure [63] after
75 days of gestation. Thus, MSCs maintain their multipotential capacity after trans-
plantation, and seem to have unique immunologic characteristics that allow persis-
tence in a xenogeneic environment. It is tempting to hypothesize that such wide
distribution of infused MSCs in the host may induce peripheral tolerance.

Another finding that may account for MSCs’ immunomodulation effect is that
bone marrow stromal cells could migrate to the thymus after transplantation and
thus may exert their immunomodulation effect there. This is first demonstrated by
Li et al. who found donor-derived bone marrow stromal cells could migrate into the
thymus and participate in the positive selection of T lymphocytes after bone marrow
transplantation plus bone grafts [64]. It therefore seems that bone marrow stromal
cells may provide a scaffold for the adhesion of early T cells and, at least in culture,
supply the appropriate stimuli for thymus precursor cell proliferation [65]. MSCs
could secrete transforming growth factor-p1 in vitro22 and transforming growth
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factor-f1 is a potent inhibitor of T-cell proliferation, both in IL-2 and IL-4 derived
response [66—68]. Transforming growth factor-f1 also significantly inhibited triple-
negative (CD3CD4 CDS8") thymocytes in vitro [69]. Thus, MSCs migrating to
thymus may inhibit proliferation of T-cell by secretion of transforming growth factor-p1.

Preclinical animal studies demonstrated that MSCs can prolong allograft survival
and alleviate autoimmune disease. When donor MSCs were intravenously adminis-
trated to MHC-mismatched recipient baboons prior to placement of autologous,
donor, and third-party skin grafts, MSCs led to prolonged skin graft survival when
compared to control animals (11.3 vs 7 days) [7]. In a murine allograft system, we
showed that allogeneic donor skins were successful transplanted and have survived
for more than 100 days without any rejection reaction with pre-infusion of donor
MSCs [6].

Allogeneic bone marrow transplantation associated to bone grafts was found to
be efficient in the treatment of autoimmune disorders, such as in the MLR/Ipr mouse
model of lupus [70]. In these experiments, stromal cells have been assumed to play
a critical role as compared to hematopoietic stem cells. In order to determine the
real impact of MSCs in these experiments, the adherent cells were removed from
the total bone marrow samples before transplantation. In this case, 75 % of the
treated animals died within 90 days. In contrast, complementation of adherent
cell-depleted bone marrow with stromal cells permitted the mice to survive 48
weeks and cured the autoimmune disease, suggesting that MSCs play a critical role
in the complex immunoregulation of T- and B-cells.

Applications of MSCs

GVHD

A potential application of MSCs in bone marrow transplantation is the prevention
and treatment of steroid-resistant GVHD. Severe GVHD is a life-threatening com-
plication after HSC transplantation. Unfortunately steroids, the first-line treatment
for GVHD, have a response rate of 30—50 %. In patients with severe steroid-resistant
acute GVHD, the overall survival is low [71]. In a case report, a 20-year-old woman
with high-risk acute myelogenous leukemia was transplanted with granulocyte
colony stimulating factor-mobilized peripheral blood CD34+ hematopoietic stem
cells and bone-marrow-derived MSCs from her HLA haplotype-mismatched father
after myeloablative conditioning therapy. The patient engrafted rapidly and had no
acute or chronic GVHD. Since transplantation, the patient has shown an enduring
trilineage haematological complete response without any evidence of leukemia
relapse at 31 months [45]. Several pilot studies have shown the efficiency of MSCs
in treating steroid-resistant acute GVHD [72-74]. These findings were confirmed
by a phase II study [75]. Recently, Weng et al. reported that MSCs derived from
HLA-identical sibling donors or HLA-disparate third-party donors were also
effective as a salvage therapy for refractory chronic GVHD [76].
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Organ Transplantation

MSCs may also offer therapeutic opportunities in organ transplantation by inhibiting
T-cell proliferation, cytotoxic T-cell activity, B cell activation and differentiation
and DC maturation and thereby blunting the effector arm of the alloresponse. In a
baboon skin transplant model, a single intravenous administration of donor type
MSCs into MHC-mismatched recipients resulted in significant prolonged graft
survival [7]. In a mouse transplant model, intraportal administration of MSCs
extended heart allograft survival from 10 days in untreated controls to a median
survival time of 40 days, with 33 % of MSC-treated recipients showing long-term
tolerance [77]. Ding et al. showed that MSCs protected islet allografts from rejec-
tion [78]. In the life-sustaining mouse islet allograft model the allogeneic islets were
rejected within 30 days. Surprisingly, administration of MSCs prevented rejection
and led to long-term normoglycemia. In a recent report, 1 and 2x 106 MSC/kg
recipient body weight were infused at the time of renal transplantation and at
2 weeks post transplant respectively. Preliminary results indicate that induction
therapy with MSC appears to be equally effective as Basiliximab in the prevention
of acute rejection and is associated with better clinical outcomes as far as early renal
graft function and rate of infections [79]. In another pilot study, donor-derived bone
marrow MSCs combined with a sparing dose of tacrolimus (50 % of standard dose)
were shown to have a comparable effects with standard dose of tacrolimus in terms
of acute rejection, graft function, and patient and graft survival within 12 months
after kidney transplantation [80].

Chronic Inflammatory Autoimmune Diseases

MSCs have shown promise in exerting an anti-inflammatory immunomodulatory
role in some autoimmune disease with little evidence of toxicity. They are effective
for the treatment of autoimmune disease in various animal models, such as systemic
lupus erythematosus (SLE), autoimmune enteropathy, autoimmune encephalomy-
elitis, autoimmune type 1 diabetes, and autoimmune rheumatic diseases [81-84].
Clinical studies for refractory SLE patients using allogeneic MSCs demonstrated
improvement in serological markers and renal function [84, 85]. Clinical trials with
MSCs for diabetes and lupus nephritis are underway (http://clinicaltrials.gov/).
Autologous BM-derived MSCs have been shown to be potently antiproliferative to
stimulated T-cells from both healthy donors and autoimmune patients (RA, systemic
sclerosis, Sjoegren’s, SLE) [86]. Interestingly, it was reported that functional abnor-
malities existed in BM-derived MSCs from both patients with SLE and MRL/lpr
mice [87], which suggests that abnormal MSCs may contribute to the development
of SLE and allogeneic MSCs from healthy donors may be superior to autologous
ones in treating SLE. Recently investigators also tried to treat Crohn’s Disease with
MSCs. Crohn’s disease is chronic inflammatory disorder of the gastrointestinal
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tract. Refractory patients do not respond to steroids, immunosuppressive agents
(e.g., azathioprine, 6-mercaptopurine and methotrexate) or anti-TNF therapy and
suffer from a poor quality of life. Duijvestein et al. reported that autologous
BM-derived MSC therapy in patients with refractory Crohn’s disease was promis-
ing. MSCs were infused intravenously at a target dose of 1-2x 106 cells/kg body
weight. In eight patients treated, Crohn’s disease activity index scores improved in
five patients, clinical response was seen in three patients at week 6 [88]. In another
pilot study, ten patients with fistulising Crohn’s disease were treated with autolo-
gous BM-derived MSCs [89]. MSCs were injected both into the lumen and the wall
of the fistula tracks. Twelve months afterwards the sustained complete closure
(seven cases) or incomplete closure (three cases) of fistula tracks with a parallel
reduction of Crohn’s disease and perianal disease activity indexes (p<0.01 for
both), and rectal mucosal healing were achieved.

Conclusions and Future Directions

Ex vivo—generated MSCs might be useful in clinical situations in which engraft-
ment failure is high, such as human leukocyte antigen-mismatched sibling, matched
unrelated donor marrow, and umbilical cord blood transplantation, and may decrease
GVHD and facilitate the engraftment and proliferation of hemotopoietic progeni-
tors. Reinfusion of MSCs aimed at exploiting immunoregulatory role might eventu-
ally be of relevance also in the setting of allografting with reduced conditioning
regimens. The mechanism of its ability in immune treatment and its direct immuno-
modulatory therapeutic effect are not well understood and await further research.
For example, although MSCs do not express MHC antigens at the time of in vitro
culture, they are certain to express these antigens after they differentiate into com-
mitted cells in vivo. Why they still can stay in the host cannot be explained by their
lacking of immunogenicity. As MSCs may be expanded as many as 40 generations
and result in an increase of more than 104-fold in number while still maintain their
multipotent mesenchymal lineages capability and phenotype, they are feasible for
ex vivo implantation in clinical settings. Moreover, MSCs do not present alloanti-
gen and do not require MHC expression to exert their inhibitory effect, suggesting
that they can be derived from a donor irrespective of their MHC haplotype and be
prepared as an “off-the-shelf” reagent for any patient.
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Mesenchymal Stem Cell Homing
to Injured Tissues
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Abstract A growing body of preclinical evidence suggests that mesenchymal stem
cells (MSCs) are effective for the structural and functional recovery of many
damaged organs. Accordingly, a large number of clinical trials have been underway
to determine the benefit of MSC-based therapies. While systemic infusion is a
minimal invasive administration route of MSCs and has been used extensive in
clinical studies, culture expanded MSCs appear to have significantly impaired
homing capacity, resulting in low levels of engraftment to injured tissues. Meanwhile,
the therapeutic effect of MSCs in tissue repair and regeneration is likely to correlate
to the number of MSCs that have engrafted into the tissue. Considerable progresses
have been made in the past in understanding the molecular mechanisms of the
trafficking, migration and engraftment of MSCs. In consideration of the profound
therapeutic potential in tissue repair/regeneration that MSCs have displayed after
direct intra-organ delivery, improving the homing ability of cultured expanded
MSCs will certainly enhance their therapeutic efficacy after systemic infusion.
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Introduction

Stem cell homing is a phenomenon that was initially related to hematopoietic stem
cells (HSCs). Accordingly, HSCs are considered to have the capacity to migrate
through the bloodstream to different organs and return to their niches in the BM
under the guidance of chemical signaling navigation [1]. Bone marrow-derived
mesenchymal stem cells (BM-MSCs), which represent ~0.001-0.01 % of all nucle-
ated BM cells and are ~10-fold less abundant than HSCs, have been assumed to
exhibit a similar homing property. The homing capacity of bone marrow stem cells
facilitates them to migrate and engraft into injured tissues. Correspondingly, several
clinical trials are underway that administer BM-MSCs via an intravenous delivery
route, thereby eliminating the potential damages that could otherwise cause from
the use of intra-organ delivery routes [2, 3]. However, recent studies have indicated
that expansion of BM-MSCs ex vivo can severely impair their homing capacity [4],
resulting in low levels engraftment into target tissues [5—7]. Accordingly, there are
concerns over the influence of the poor engraftment on the outcomes of BM-MSC-
based therapies.

In this chapter, we provide an overview of the biology of MSC homing, particu-
larly the mediators for MSC trafficking, migration and engraftment. We will also
discuss influences of culture expansion on their homing capacity to target tissues
and potentially the therapeutic effects.

Homing Capacity of MSCs

Several lines of evidence indicate the homing capacity of MSCs. For example, 24 h
after transplantation of uncultured enhanced green fluorescence protein (EGFP)-
transgenic BM-MSCs into sublethally irradiated mice, as many as 55-65 % of the
EGFP cells were recovered from the BM, and 4-7 % were recovered from the
spleen [4]. This high seeding efficiency compares favorably with that of HSCs,
where ~25 % of HSCs homed to the BM [8]. These results suggest that primitive
BM-MSCs exhibit profound capacity for homing. When BM-MSCs are systemi-
cally administered after stroke, the cells home and migrate toward the brain and are
shown to acquire a neuronal phenotype with expression of nerve cell specific mark-
ers NeuN and MAP-2 and GFAP, and improve functional outcome of the rats [9]. In
mice receiving bleomycin, an agent causing lung inflammation and subsequent
fibrosis, BM-MSCs are found to home to the lungs and reduce inflammation and
fibrosis [10]. Systemic infusion of ex vivo expanded BM-MSCs in baboons after
lethal total body irradiation results in long term engraftment of the cells in multiple
organs including the skin, intestines, liver, lungs, thymus and kidney [11]. In an
ischemic stroke model, human MSCs were found in the injured brain following
both ipsilateral and contralateral injections [12], implying profound migration
capacity of the cells. These results indicate that BM-MSC homing and engraftment
to injured tissues are independent of causes of injuries and tissue types.
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The homing capacity of BM-MSC:s is severely impaired after culture expansion
[13]. When BM-MSCs were subjected to 24 h of ex vivo culturing, the seeding
fraction of BM-MSCs detected in the BM decreased dramatically to 10 % compared
to non-cultured BM-MSCs. Correspondingly, EGFP-BM-MSCs cultured for 48 h
were not detected in lymphohematopoietic organs following systemic infusion [4].
In consistence, we found that ~1-2 % of systemically infused allogeneic BM-MSCs
that underwent five rounds of passaging ex vivo were detected in the infarcted heart
72 h after injection in mice. This percentage is approximately fivefold less than the
number of expanded but non-passaged CD34(+) endothelial progenitor cells in
parallel experiments (unpublished data). These results are consistent with several
studies which also detected low rates of engraftment into the ischemic myocardium
by cultured BM-MSCs [14].

It appears that impaired trafficking by BM-MSC:s alters their fates after infusion.
For example, a recent study demonstrated that up to 70 % of allogeneic BM-MSCs
expanded ex vivo were trapped in the lungs following intravenous injection in rats,
and only 6.3 % of the cells were detected in the ischemic heart, which was slightly
more than the cells in the non-ischemic heart (4.6 %) [5]. This finding is consistent
with previous studies that also detected a considerable entrapment of infused
BM-MSCs in the lungs [6, 7]. Delivery by left ventricular cavity infusion thus
bypassing the first pass through lungs resulted in drastically lower lung uptake and
specifically higher uptake in infarcted myocardium compared [6]. However, several
studies suggest that intra-artery delivered MSCs entrap at the precapillary level
probably because of their large size and form microemboli [15, 16]. Moreover, a
study showed that intracoronary injection of BM-MSCs caused myocardial infarc-
tion in a dog model, as indicated by ECG changes, increased troponin I levels and
histological data [17]. Although preliminary clinical studies suggest that intracoro-
nary infusion of MSCs is safe and could be of benefit to patients [ 18], microemboli
formed by MSCs as shown in the above studies deserve more vigorous investiga-
tions to verify its significance. In addition to enlargement in size, BM-MSCs
undergo dynamic changes in their molecular phenotype, though they may maintain
stable expression of representative cell surface markers such as CD73, CD90 and
CDI105 during ex vivo expansion. Indeed, a previous study showed that human
BM-MSCs in late passages lost their surface expression of chemokine receptors
CCRI1, CCR7, CCRY, CXCR4, CXCRS, and CXCR6 and chemotactic responses to
corresponding ligands [19]. Therefore, it is necessary to optimize culture conditions
for BM-MSC:s to sustain their expression of receptors for homing.

Homing Ability of MSCs and Their Therapeutic Effects

Numerous animal studies have shown that direct delivery of MSCs to injured
tissues can significantly promote their structural and functional recovery [20-22].
Catheter delivery of allogeneic BM-MSCs to infarcted myocardium resulted in
profound reduction in scar formation and improvement in cardiac function in pigs
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[20]. Endocardial injection of BM-MSCs in pigs also showed cardioprotective
effects in chronic ischemic myocardium with significantly decreased fibrosis
and improved left ventricular function [23]. Moreover, direct application of a
monolayer sheet of MSCs onto the scarred myocardium resulted in reversed wall
thinning in the scar area and improved cardiac function in rats [24]. However, com-
parative studies to evaluate the impact of cell delivery routes on cell engraftment
rates and therapeutic effects are limited [3]. In a few recent studies, three routes
(intramyocardial, intracoronary and intravenous) for BM-MSC administration to
treat myocardial infarction have been compared. A direct intramyocardial injection
of BM-MSC:s resulted in the highest rates of BM-MSC engraftment and functional
improvement of the left ventricle on animal MI models [16, 25]. However,
intracoronary infusion of BM-MSCs caused a reduction in coronary blood flow
and microinfarction. Thirdly, intravenous infusion resulted in a much lower
engraftment rate for BM-MSC:s to the ischemic myocardium than either of the two
previously described approaches [14]. Similarly, in a recent study, intra-carotid
arterial administration of human MSCs lead to significantly higher engraftment to
the injured brain in rats compared to intravenous transplantation [26, 27]. Whether
this administration route will result in an enhanced therapeutic effect of MSCs on
brain injuries awaits further investigations. Collectively, whether low engraftment
of systemically infused MSCs to target organ(s) ultimately compromise their ther-
apeutic benefit needs to be clarified.

Mechanisms of Leukocyte Trafficking
into Sites of Inflammation

Homing and engraftment is a prerequisite for therapeutic cells to play their roles
in the target tissue particularly when cells are infused systemically [28]. The
molecular mechanisms of homing of BM-MSCs have not been fully understood,
but a preliminary study suggests that BM-MSCs exhibit certain activities such
as rolling similar to leukocyte homing to inflammatory sites [29]. Therefore,
knowledge that has been learnt in leukocyte trafficking, adhesion and migration
may help study MSC homing. During inflammation, the recruitment of leuko-
cytes to the inflammatory site requires a coordinated sequence of molecular and
cellular events. The initial activity of leukocytes homing involves the rolling of
the cells on the endothelium mediated by selectins, which are expressed in
inflamed venules [30-33]. This process allows leukocytes to become activated
by cytokines and express high affinity intergrins on the surface including CD18
and CD49d which lead to the subsequent step of leukocyte arrest/firm adhesion
on endothelial cells [34]. The transendothelial migration of leukocytes involves
signals derived from clustering of apically disposed intercellular adhesion mol-
ecule-1 and vascular cell adhesion molecule-1, disassociation of endothelial
junctions, and targeted recycling of platelet/endothelial cell adhesion molecule
from the lateral border recycling compartment of the endothelial cells [35].
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Finally, the migration/invasion of leucocytes in the ECM are mediated by
integrin-ECM molecules interactions and matrix degradation [36].

Potential Ligands/Receptors for MSC Homing

Molecular mediators involved with BM-MSC migration and engraftment into
injured tissues have not been fully understood. Based on the hypothesis that specific
chemoattractant molecules and adhesion molecules are present in the tissue follow-
ing injuries, and are up-regulated to induce the migration and engraftment of
BM-MSCs, we developed a functional genomics strategy to identify mediators of
BM-MSCs in the ischemic myocardium in mice [37, 38]. Genes that were signifi-
cantly up-regulated following MI included CC ligands 2, 6, 7 and 9, CXC ligands 1,
2, and 12, cytokines including interleukin (IL)-1 and -6, transforming growth factor
(TGF) B1 and P2, tumor necrosis factor receptor II (TNFRII), and cell adhesion
molecules including fibronectin-1, laminin-1, intercellular adhesion molecule
(ICAM)-1, vascular cell adhesion molecule (VCAM)-1, E-selectin, thrombospon-
din 1, and tenascin C [37, 38]. Chemokines up-regulated by ischemia has been care-
fully reviewed by Frangogiannis [39]. The expression of nine corresponding
receptors including CCR2, CXCR4, IL6RA, E-selectin ligand, CD29, CD49d,
CD49f, integrin a8, and integrin a9 were detected in early passage murine
BM-MSCs [37, 38]. Recently, several additional ligand/receptor pairs have been
suggested to be potentially involved in the homing of BM-MSCs to injured tissues,
which include hyaluronic acid/CD44 [40], N-formylated peptides/N-formyl peptide
receptor (FPR) and the formyl peptide receptor-like-1 (FPRL1) [41], platelet-
derived growth factor-AB (PDGF-AB)/PDGF-receptor alpha and beta, and insulin-
like growth factor 1 (IGF-1)/IGF receptor [42]. Further studies will determine their
functional roles in BM-MSC homing.

It remains unclear whether MSCs utilize the same molecules for transendothelial
migration as leukocytes do. Several molecules such as CD18 and CD49d which are
critical for the trafficking and migration of leukocytes are either not expressed, or
are expressed at very low levels on the surface of MSCs following ex vivo culturing
[38, 43]. For leukocyte rolling along endothelial cells, the interactions of selectins
with their corresponding ligands are considered essential [33]. Correspondingly,
MSC:s derived from BM and placenta were observed to roll and adhere to postcapil-
lary venules of a mouse model in a P-selectin-dependent manner [29]. However, it
is controversial over the capacity for MSCs to express functional selectin ligands
particularly after culture [44]. Nevertheless, culture expanded BM-MSCs have
recently been shown to exhibit increased rolling activity on activated endothelia and
homing capacity to inflamed tissue after surface modification with a nanometer-
scale polymer construct containing sialyl Lewisx (sLex) [45]. Similarly, overex-
pression of CD49d in MSCs was shown to increase their homing to the bone marrow
[46]. These studies suggest that adhesion molecules affect the homing capacity
of MSCs.
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Chemokines for MSC Homing

Currently, over 50 chemokines and 20 chemokine receptors have been discovered
[47]. While most chemokines are secreted and are 67—127 amino acids in length,
some chemokines are membrane-bound (i.e., CXCL16 and CX3CL1). Chemokines
are divided into four groups depending on the spacing of their first two cysteine
residues near the NH2-terminus: CXC chemokines, CC chemokines, C chemokines
and CX3C chemokine [48].

Chemokine induction is one of the prominent features in ischemic myocardium.
Diverse chemokine/chemokine receptor axes participate in the regulation of chemo-
tactic activities for various cell types besides leukocytes. Following acute myocar-
dial ischemia, several chemokines are up-regulated immediately [37-39]. However,
the up-regulation is transient for many cytokines, and expression levels usually
decline markedly within the first 72 h following acute MI [37, 38]. This chemokine
expression pattern is consistent with the timing course of BM-MSC homing, and the
freshly infarcted myocardium appears to be more chemoattractive to BM-MSCs
[49]. The expression of chemokine receptors in BM-MSCs and their corresponding
ligands are have been well documented previously [50].

CCR1 and CCR2 in MSC Homing

A functional role for chemokines in the recruitment of BM-MSCs into the infarcted
myocardium tissue has been implicated in several recent studies. CCL7, also known
as monocyte-specific chemokine 3 (MCP3), has previously been shown to specifi-
cally attract monocytes and to regulate macrophage functions [51]. Recently the
chemokine has been found to be crucially involved in BM-MSC homing to the
ischemic myocardium and in their intramyocardial migration and survival. Over
expression of CCL7 at the site of old myocardial infarct recruited systemically
administered BM-MSCs and improved cardiac structure and function in rats [49].
Consistently, increased expression of CCR1 (a receptor of CCL7) by murine
BM-MSCs has been shown to dramatically increase BM-MSC chemotactic migra-
tion and to increase BM-MSCs survival following intramyocardial delivery in mice
[52]. As a result, the engraftment of BM-MSCs into the ischemic myocardium
increased which was associated with an improved therapeutic effect to the infarcted
heart.

In addition to CCRI1, CCR2 is also a significant factor in the homing of
BM-MSCs. In a recent study, MCP-1 (also known as CCL2, a ligand of CCR2) in
the myocardium recruited systemically administered murine BM-derived multipo-
tent adult mesenchymal stem cells (MASC) [53]. MASCs used in the study repre-
sented a CD34-/Sca-1"e" subpopulation of BM cells and showed a high potential for
differentiation and proliferation [53, 54]. Following myocardial ischemia, the
expression of MCP-1 is up-regulated immediately [37-39]. Correspondingly,
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MASCs home to regions of the myocardium damaged by ischemia/reperfusion in
wild type mice [53]. Ex vivo treatment of wild type cells with MCP-1 induces a
clustering of CCR2 receptors on the cell surface and affects cell polarization.
Furthermore, in these assays, the intracellular adaptor molecule, FROUNT, which
interacts with CCR2, appeared to be required [53]. In combination, these results
indicate that myocardial overexpression of MCP-1, but not CXCLI12 alone, is
associated with the recruitment of BM-MSCs to the myocardium in the absence of
ischemic injuries [55], suggesting a central role for MCPs in BM-MSC homing to
the ischemic myocardium.

CXCR4/SDF-1 Axis in MSC Homing

CXCL12 (SDF-1) has been shown to enhance the migration of HSCs to ischemic
myocardium [55, 56]. For this, the CXCR4/SDF-1 axis is assumed to play an
important role in BM-MSC homing. However, unlike HSCs, BM-MSCs express
low levels of CXCR4 in minor subpopulations in early passages, and the expres-
sion levels decline progressively with successive culture expansion [57, 58].
Notably, the expression of intracellular CXCR4 appear to sustain in BM-MSCs for
passages in culture [59], and short-term exposure of human Flk1(+) BM-MSCs to
a cocktail of cytokines consisting of Flt-3 ligand, stem cell factor (SCF), IL-6,
hepatocyte growth factor (HGF) and IL-3 significant up-regulate both cell surface
and intracellular levels of CXCR4 [59]. Functionally, this phenotype of BM-MSCs
is associated with an increase in migration capacity ex vivo in response to SDF-1,
and an increase in homing efficiency to the BM of irradiated mice [59]. Based on
these results, it is hypothesized that the expression levels and distribution patterns
of CXCR4 are regulated by cytokines. Correspondingly, pre-conditioning
BM-MSCs in hypoxia increased their expression of CXCR4 and migration to
ischemic kidneys in mice [60]. Overexpression of CXCR4 in cultured BM-MSCs
resulted in an increase in their recruitment to acutely infarcted myocardium in rats
[61]. However, controversial studies have been reported. In an acute kidney injury
mouse model, separate and simultaneous overexpression of CXCR4 and CXCR7
(another receptor of SDF-1) in BM-MSCs did not increase their presence in the
injured kidney [62]. Moreover, blockade of CXCR4 did not affect the intramyocar-
dial migration of murine BM-MSCs to ischemic areas in mice [37]. These results
suggest that the SDF-1/CXCR4 axis may be largely involved in the extravasation
of BM-MSCs, and the even requires the presence of other mediators. Nevertheless,
preliminary data suggest that there is no correlation between serum SDF-1 levels
and the number of circulating putative MSCs in patients with ischemic heart
diseases. For example, in patients with MI, an increase in blood SDF-1 levels was
found to coincide with elevated levels of CD34(+) cells [63], but not MSCs [64].
Therefore, although the role of the CXCR4/SDF-1 axis in HSCs has been well
recognized, the role of this signaling axis in the homing of BM-MSCs requires
further investigation.
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Other Chemokines

Recently, several other chemokines, including fractalkine (CX3CL1) and CCL25
(TECK), have been shown to influence MSC chemotaxis. Human BM-MSCs
migrated in response to CCL25 in a dose-dependent manner ex vivo [65]. CX3CR1
has been found to mediate both leukocyte migration and adhesion. Fractalkine
expression is up-regulated in the brain following ischemia in rats [66]. When
BM-MSCs were exposed to low levels of oxygen, their expression levels of CX3CR1
and their migration to fractalkine increased in a ex vivo study [67]. Accordingly,
knockdown of CX3CR1 expression in human BM-MSCs significantly reduced their
recruitment to ischemic brain tissue after intravenous injection in rats [66]. These
results suggest that fractalkine/CX3CRI1 interactions are likely to play a role in the
homing of BM-MSC:s to tissue injuries.

Summary and Prospective

MSC:s hold great promise for improving repair/regeneration of injured or diseased
organs. However, the efficacy of this treatment may largely rely on sufficient recruit-
ment of MSCs to the target tissue. Therefore, the identification of homing mediators
and the development of improved culturing systems to maintain the primitive hom-
ing capacity of MSCs are crucial and hold profound promise to improve the thera-
peutic effect of systemically administered MSCs. Chemokine receptors appear to be
key mediators for BM-MSCs homing to ischemic tissues. But other mediators are
likely involved in the complex homing process. Moreover, MSCs with efficient
homing capacity may be used as a vehicle to deliver bioactive agents to remote tar-
get organs.
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Major Signaling Pathways Regulating
the Proliferation and Differentiation
of Mesenchymal Stem Cells
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Abstract Various highly regulated, complex signaling pathways govern the
lineage-specific differentiation of mesenchymal stem cells (MSCs). The unique
properties of MSCs have allowed us to characterize the differentiation pathways and
proliferative stimuli of these lineages. While the specific signaling cascades controlling
differentiation and proliferation are unique among each lineage, some pathways
are critical in the differentiation of multiple lineages. Furthermore, a considerable
amount of crosstalk exists between the major signaling pathways. The TGF-f
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superfamily has significant effects on proliferation and differentiation, including
key roles in osteogenic and chondrogenic differentiation. Bone morphogenetic
proteins (BMPs) are members of the TGF-f superfamily with well-described
effects on osteogenesis and chondrogenesis. Demonstrating crosstalk with BMPs,
other signaling pathways implicated in osteogenic and chondrogenic differentiation
include the Wnt signaling pathway and the FGF family. Hedgehog and notch signal-
ing also crosstalk with Wnts, with diverse effects on osteogenic, myogenic and
adipogenic differentiation. PPARY is the master regulator of adipogenesis and is
essential for the induction of normal adipogenesis, and C/EBPs modulate the
expression and function of PPARy. Crosstalk exists between the major signaling
pathways governing adipogenesis and osteogenesis, as differential expression of
BMPs and PPARY significantly alters adipogenic and osteogenic differentiation.
While the major signaling pathways mediating lineage-specific differentiation are
well-studied, the complex crosstalk between these pathways and lineage-specific
cascades makes elucidation of specific mechanisms quite difficult.

Keywords BMPs ¢ Cell signaling * FGF « MSC differentiation * MSC proliferation
* PPARY * Wnt

Introduction

As multipotent cells with the ability to differentiate into conventional mesodermal
lineages and other tissues, including muscle, fat, skin and cardiac tissues [1, 2], the
unique properties of MSCs have allowed us to characterize the differentiation
pathways and proliferative stimuli of various lineages. The process of osteoblastic
differentiation is complex, tightly regulated and influenced by a variety of factors
and signaling pathways including BMPs, PPARy and Wnt/B-catenin [3-5]. Various
exogenous cytokines and growth factors promote chondrogenesis with considerable
overlap between osteogenesis and chondrogenesis. Both TGF-f cytokines, includ-
ing BMPs, and the fibroblast Growth Factor (FGF) family of cytokines stimulate
chondrogenic differentiation [6-9]. Adipogenesis is regulated by a complex signaling
cascade involving changes in the expression and/or activity of transcription factors
including PPARY, regulating expression of many adipocyte-specific genes [2, 10-12].
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PPARYy also interacts with members of the CCA AT/enhancer binding proteins (C/EBP)
family to regulate adipogenesis [2, 13]. During the process of myogenesis, the tran-
sition of uncommitted mesoderm to myoblasts is regulated by numerous genes and
cell signaling molecules including the MyoD family of basic helix-loop-helix tran-
scription factors [14]. Our advancing knowledge of the signaling pathways govern-
ing lineage-specific proliferation and differentiation will facilitate the development
of novel therapies with widespread clinical applications including regenerative
medicine.

Mesenchymal Stem Cell Lineages

Various signaling pathways govern the lineage-specific differentiation and prolif-
erative capacity of MSCs. While the complex signaling cascades controlling the
processes of differentiation and proliferation are unique among each lineage, there
is a considerable amount of crosstalk existing between the pathways. A general
description of lineage-specific differentiation will be followed by a discussion of the
major signaling pathways governing these processes.

Osteogenic Lineage

Bone is a highly vascularized tissue undergoing constant remodeling via a
dynamic process of breakdown and rebuilding by hematopoietic-derived osteo-
clasts and mesenchymal-derived osteoblasts [15—17]. A local balance of osteo-
clastic resorption and osteoblastic rebuilding is mediated by various signaling
molecules including morphogens, hormones, growth factors, cytokines, matrix
proteins and transcription factors [18-23]. Residing near the surface of bone,
committed pre-osteoblasts secrete alkaline phosphatase, an early marker of
osteogenic differentiation [19, 20, 22, 23]. Upon differentiation of the preosteo-
blast into an active mature osteoblast, the cell phenotype changes to a larger
nucleus, enlarged Golgi and more extensive endoplasmic reticulum; these
changes support secretion of bone matrix proteins [16]. Soon after, the cell
becomes terminally differentiated into an osteocyte, providing mechanical sup-
port and regulation of mineral deposition. Stages of osteoblast differentiation
including proliferation, matrix maturation and mineralization correlate with
expression of osteoblast phenotypic markers reflecting the various stages of dif-
ferentiation [16]. The proliferative stage features upregulation of cell cycle-
associated genes, while the maturation phase features expression of the early
osteogenic marker alkaline phosphatase. Mineralization features expression of
late markers of differentiation including osteocalcin and osteopontin [16]. The
process of osteoblastic differentiation is complex, tightly regulated and influ-
enced by a variety of factors and signaling pathways including BMPs, PPARYy
and Wnt/p-catenin [3-5].
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Chondrogenic Lineage

Similar to adipogenesis, formation of cartilage occurs as MSCs differentiate
into precursor cells called chondroblasts [6-9, 24]. Chondrogenesis is a multi-
step event requiring the commitment of MSCs followed by aggregation and
differentiation into chondrocytes [2, 25]. Aggregation of chondroprogenitor
MSCs into precartilage condensations is one of the earliest events in chondro-
genesis and depends on signals mediated by cell-cell and cell-matrix interac-
tions [24]. Various cytokines and growth factors promote chondrogenesis, with
considerable overlap between osteogenesis and chondrogenesis. TGF-f is
among the earliest signals in chondrogenic condensation [24]. The two main
effectors of TGF-p signaling in chondrogenic differentiation are the Smad [26]
and MAPK [27] pathways [6-9]. Both TGF-B cytokines and the fibroblast
growth Factor (FGF) family of cytokines stimulate chondrogenic differentiation
through MAPK signaling, activating the master regulator of chondrogenesis
Sox9 [6-9]. Meanwhile, parathyroid hormone-related peptide and Indian
Hedgehog seem to play a role in chondrogenesis via crosstalk with the FGF
signaling cascade [28, 29]. Insulin-like growth factor-1 (IGF-I) also stimulates
chondrogenesis [30] via the Inositol 3-Kinase pathway [31], synergizing with
TGF- B1 [32] or FGF-2 [33, 34]. Furthermore, overlap exists between the highly
regulated processes of chondrogenesis and the conversion of perichondrium to
perisoteum. FGF and the bone morphogenetic proteins (BMPs) regulate chon-
drocyte proliferation, maturation and hypertrophy [29, 35, 36] but also regulate
the conversion of perichondrium to perisoteum [37]. Wnt signaling also plays a
critical role in the induction of FGFs [38].

Adipogenic Lineage

Adipocytes form from MSCs by a sequence of events characterized by two phases
[39, 40]. The first phase is called determination and is defined by the commitment
of a multipotent MSC to a preadipocyte or adipoblast. Following determination, the
preadipocyte loses its ability to differentiate along any other lineage yet is pheno-
typically the same as its undetermined precursor. The second phase is called dif-
ferentiation, in which the preadipocyte or adipoblast matures into an adipocyte,
thereby gaining the capacity to synthesize lipids and triglycerides, perform lipolysis
and secrete adipocyte-specific factors. During adipogenesis, there is a shift in gene
expression patterns of uncommitted MSCs promoting the phenotypic properties of
mature adipocytes [11, 12]. Adipogenesis is regulated by complex signaling cas-
cades involving changes in the expression and/or activity of transcription factors
including PPARy, which regulates many adipocyte-specific genes [2, 10-12].
PPARY also interacts with members of the CCA AT/enhancer binding proteins (C/EBP)
family to regulate adipogenesis [2, 13].
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Mpyogenic Lineage

Muscle development occurs with the transition of uncommitted mesoderm from
somites, giving rise to a population of committed, dividing muscle precursor cells
called myoblasts [41, 42]. During myogenesis, myogenic precursor cell fate is first
determined by Pax3/Pax7 [14] followed by a myogenic differentiation program by
muscle regulatory factors including the MyoD family of basic helix-loop-helix
transcription factors, Hedgehog proteins, the Wnt family proteins and BMPs [32,
43-45]. After transitioning from mesoderm to myoblast, myoblasts cease dividing
and express muscle-specific genes, terminally differentiating into myocytes; this
process is dependent on the MyoD family and the Mef2 family [46]. The FGF family
of transcription factors has been implicated in myoblast proliferation arrest and
subsequent expression of muscle-specific genes. Terminally differentiated myo-
cytes then fuse with one another, forming multinucleate myofibers comprising
skeletal muscle [47-49].

Major Signaling Pathways Controlling MSC Differentiation

TGFf/BMP Superfamily

The transforming growth factor beta (TGFp) superfamily is made up of more than
30 secreted dimeric polypeptides playing crucial roles in the regulation of various
cellular functions including proliferation, differentiation and embryonic develop-
ment [18, 19, 50-57]. There are three isoforms, TGFp1, TGFp2 and TGFp3,
which are highly conserved and share a cluster of conserved cysteine residues
[53]. Mutations in this pathway are associated with many disorders affecting the
skeletal, muscular and cardiovascular system as well as tumor development [21,
58-60]. TGFp acts synergistically with Runx2, the regulatory gene responsible
for early osteogenic differentiation [2, 61], to upregulate expression of interleukin
11 (IL-11); this upregulation reduces adipogenesis while promoting osteoblastic
differentiation [62]. TGFp also plays an important role in chondrogenic differen-
tiation, and these effects may be enhanced when certain BMPs are co-administered.
BMPs are members of the TGFP1 superfamily, with more than 30 identified in
mammals and 14 in humans [18, 19, 63-65]. BMPs play an important role in the
regulation of cell proliferation and differentiation during development [66, 67] as
well as in stem cell biology [68, 69], with genetic disruptions resulting in skeletal
and extraskeletal abnormalities [70].

BMP signaling transduction begins with the binding of a heterodimeric com-
plex of two transmembrane serine/threonine kinase receptors, BMPR type 1 and
BMPR type 2 [71, 72]; these activated receptor kinases in turn transduce signals by
phosphorylating the transcription factors Smad 1, 5 and/or 8 [73]. Phosphorylated
Smads then form a heterodimeric complex with Smad 4 which is translocated into
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the nucleus, activating the transcription of target genes [53, 74, 75]. The Smad
family is comprised of eight members including the Receptor-regulated or R-Smads
(Smads 1, 2, 3, 5 and 8), the Co-Smads (Smad 4) and the Inhibitory Smads (Smad
6 and 7) [76]. Inhibitory Smads inhibit TGF-f signaling by blocking the phos-
phorylation of R-Smads by activated Type I TGF-f receptors [50, 74, 77-80].

Several BMPs, namely BMP2, BMP6 and BMP9 (and to a lesser extent BMP7)
are potent inducers of osteogenesis both in vitro and in vivo [18, 19, 81, 82].
Exposure of MSCs to osteogenic BMPs causes increased expression of osteoblast-
specific markers including connective tissue growth factor (CTGF), Inhibitor of
DNA Binding (Id), Alkaline Phosphatase (ALP) and Cbfal/Runx2 [19, 83-88].
BMP2, BMP4 and BMP7, in coordination with other signaling molecules and
cofactors, also promote preadipocyte differentiation [89]. PPARY is upregulated by
the osteogenic BMPs, while PPARy knockout mice demonstrate decreased osteo-
genic differentiation in response to BMP stimulation [86, 89, 90].

Kang et al. conducted a comprehensive analysis of 14 types of BMPs to assess
their abilities to induce lineage-specific differentiation of MSCs [89]. While
BMP2, -4, -6, -7 and -9 induced both adipogenic and osteogenic differentiation of
MSC:s in vitro and in vivo, commitment of MSCs to either lineage was mutually
exclusive. Overexpression of the essential osteogenic transcription factor Runx2
synergized with BMP-induced osteogenic differentiation without effects on adi-
pogenesis, and overexpression of PPARYy2 together with BMP-2, -6 or -9 stimula-
tion promoted both osteogenic and adipogenic differentiation. Knockdown or
deletion of PPARY2 expectedly inhibited adipogenic differentiation but further-
more decreased BMP-induced ossification, demonstrating the important role that
PPARY2 may play in osteogenic differentiation.

Recent studies have demonstrated BMP9 to be among the most potent BMPs in
inducing osteogenic differentiation of MSCs [81, 82, 86]. Increased expression of
the early osteogenic marker ALP was seen in C3H10T1/2 MSCs, preosteoblastic
C2C12 cells and osteoblastic TE85 cells [81, 82, 86]. Furthermore, BMP9-
sitmulated C2C12 cells also demonstrated increased expression of the late osteo-
blastic marker osteocalcin and mineralized osteoid nodules as indicated by Alizarin
Red immunohistochemical staining. Furthermore, BMP3, a known inhibitor of
BMP2 and BMP7-mediated osteogenesis, does not inhibit BMP9-mediated osteo-
genesis. Non-adenoviral delivery of BMP9 has also resulted in potent osteoinduc-
tion of MSCs using methods including sonoporation of thBMP9, nucleofection of
BMP9 and peptide derived from BMP9 [91-93]. Important mediators of BMP9-
induced osteogenic signaling include the Inhibitors of Differentiation (Ids) HLH
factors [87], connective tissue growth factor (CTGF) [85] and Hey 1 bHLH Factor
[89, 94]. Crosstalk between other signaling pathways and BMP9-mediated osteo-
genesis also exists. Specifically, the Wnt/p-catenin signaling pathway [95], PPARYy
[89], the IGF signaling pathways [96] and retinoid signaling pathways [97] appear
to be involved in BMP9-induced osteogenesis.

BMPs also play a major role in chondrogenesis and were first identified as mol-
ecules inducing ectopic endochondral ossification [24, 98]. BMPs initiate chondro-
progenitor cell differentiation as well as late stages of chondrocyte maturation and
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terminal differentiation to the hypertrophic phenotype [24]. In fact, the balance of
signaling between BMPs and FGFs throughout chondrogenesis determines the rate
of cell proliferation, adjusting the pace of chondrocyte terminal differentiation to
the proliferation rate [36]. BMPs, namely BMP2, -4 and -7, are required for the
differentiation of chondrocytic precursors into chondrocytes and for the formation
of precartilaginous condensations [99, 100]. BMP2 and -6 are found exclusively in
hypertrophic chondrocytes, while BMP7 is expressed in proliferating chondro-
cytes [24, 36]. The nuclear transcription factor Sox9, called the master regulator of
chondrogenesis, is one of the earliest markers expressed in progenitors undergoing
condensations and is required for expression of cartilage-specific matrix proteins
including type II collagen (Col2al) [4, 101-103]. Two other members of the Sox
family, Sox5 and Sox6 are co-expressed with Sox9 during chondrogenic differen-
tiation [104], forming homo- or heterodimers which bind more efficiently to pairs
of HMG box sites than single sites. Expression of SOX proteins depends upon
BMP signaling via BMPR1A and BMPR1B [100]. In summary, the TGF-f3 super-
family, including BMPs, play critical roles in proliferation, differentiation and
embryonic development with well-described effects on the processes of osteogen-
esis and chondrogenesis.

Whnt Signaling

Playing an important role in embryonic development and tissue induction [105-114],
aberrations in the Wnt pathway have been associated with a variety of human dis-
eases ranging from cancer to degenerative diseases [115—117]. The Wnt family is
made up of many secreted glycoproteins [105, 108, 114], and the canonical Wnt/
B-catenin pathway plays a critical role in bone development [118].

The canonical Wnt/f-catenin pathway is activated when the Wnt ligand binds the
7-transmembrane domain-spanning Frizzled (Frz) receptor and the LRP5/6 co-
receptors [105, 108, 109, 114]. This interaction leads to phosphorylation of the
Disheveled (Dvl) protein, which in turn interacts with Axin, Frat-1 and APC tumor
suppressor, thereby preventing GSK3p from phosphorylating p-catenin [105, 108,
109, 114]. Unphosphorylated p-catenin is thus stabilized and avoids degradation by
B-TrCP, facilitating translocation of f-catenin into the nucleus [105, 108, 109, 114].
Upon entering the nucleus, p-catenin interacts with the transcription factors LEF/
Tcf4 to activate expression of downstream genes including c-Myc, cyclin D1,
PPARYy, WISPs, CTGF, Cyr61 and various other targets promoting cell prolifera-
tion, tissue expansion and cell fate determination [85, 90, 109, 119-124].

Whnt signaling plays an important role in skeletal development and osteoblastic
differentiation, as several Wnt genes are expressed in the developing limb and have
been implicated in mesenchymal chondrogenesis [125-132]. Wnt signaling also
plays a key role as a negative regulator in adipogenic differentiation [131-134].
Canonical Wnt/p-catenin synergizes with the essential osteogenic regulator Runt-
related transcription factor 2 (Runx2) in promoting the differentiation pathway of
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MSCs toward osteogenic precursors [135, 136]. Meanwhile, the non-canonical Wnt
pathway suppresses the adipogenic regulator PPARy while enhancing Runx2,
inducing osteogenesis [131, 137]. Wnt5a promotes osteoblastogenesis while serving
as a co-repressor of PPARy-mediated adipogenesis [137], and these counter-
regulatory properties are essential for terminal osteogenic differentiation [138].
Furthermore, terminal differentiation of osteoblasts requires both Wnt antagonists
Dkk1 and Dkk2 [139, 140].

The Wnt co-receptor LRPS plays a role in bone mass regulation; loss-of-function
mutations in human LRP5 are associated with low bone mineral density and skeletal
fragility [118], while activation mutations in the LRP5 are associated with high
bone mineral density [141, 142]. When loss of LRP6 is coupled to loss of LRPS5,
low bone mineral density is further exacerbated, demonstrating that the LRP5 and
LRP6 co-receptors both participate in the effects of Wnt signaling on bone mass
[143]. Furthermore, disruption of LRP inhibitors including Dkk1 [141] and
Sclerostin [144] permit unphosphorylated p-catenin to stimulate osteogenesis,
while overexpression of the Wnt antagonist Dkk1 is associated with the presence of
lytic bone lesions [46]. Wnt3a has been shown to promote proliferation while sup-
pressing osteogenic differentiation of MSCs [145]. Conversely, it has been sug-
gested that Wnt/B-catenin signaling in osteoblasts may coordinate postnatal bone
acquisition by regulating the differentiation of both osteoblasts and osteoclasts
[146]. Furthermore, Wnt/B-catenin signaling in MSCs has been shown to control
osteoblast and chondrocyte differentiation during skeletogenesis [147, 148].
Stabilization of P-catenin in differentiated osteoblasts results in high bone mass,
while its deletion from differentiated osteoblasts may lead to osteopenia via
osteoprotegerin-mediated bone resorption [133]. These findings suggest that Wnt/f--
catenin signaling promotes the ability of differentiated osteoblasts to inhibit osteo-
clast differentiation. Finally, non-canonical Wnt signaling was shown to promote
bone formation via G-protein-linked PKC-y activation [149].

Wt proteins also regulate chondrogenic and myogenic development [150, 151].
Canonical Wnt ligands suppress chondrogenesis [135, 136], while inhibition of Wnt
signaling induces transdifferentiation of myoblasts to adipocytes [152].

Whts crosstalk with bone morphogenetic proteins (BMPs) in the regulation
of MSC osteogenic differentiation. BMPs 2, 6 and 9 are the major osteogenic
BMPs [33] and Wnt3a synergizes with BMPO to induce osteogenic differentia-
tion. Meanwhile, p-catenin knockdown or Frz antagonist overexpression blocks
BMP9-mediated osteogenic differentiation and bone formation [95]. p-catenin
alone is able to induce osteogenic differentiation but not ectopic bone formation,
and the addition of BMPs to p-catenin is essential for ectopic bone formation
[19, 153]. Wnt antagonist Dkk1 or fB-catenin null inhibit BMP-mediated bone
formation, demonstrating that the Wnt and BMP pathways may crosstalk with
Smad-4 and B-catenin interaction [154].

Whnts may also crosstalk with Hedgehog (Hh) and Notch signaling pathways dur-
ing osteogenic regulation [138]. Wnt signaling regulates Gli2 and Gli3, key media-
tors in Hh signal transduction [155]. A conserved domain appears to exist between
Notch signaling molecules and the transcription factors Tcf-Lef-1, allowing Notch
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signaling mediators to inhibit the canonical Wnt pathway [156]. Other pathways
implicated in osteogenic induction through Wnt signaling include PKC-8, Src/ERK
and PI3K/Akt [157]. To summarize, Wnt signaling has a critical role in skeletal
development and osteogenic differentiation and also crosstalks with many other
signaling pathways important in osteogenic regulation.

FGF Signaling

Consisting of 23 members expressed in nearly all tissue types during development
[158, 159], fibroblast growth factors (FGFs) are important in chondrogenesis and
osteogenic differentiation [160—-163]. FGF ligands are 20-35 kDa and bind the FGF
receptor extracellular ligand binding domain as well as a highly conserved intracel-
lular signaling domain containing intrinsic kinase and tyrosine residues [164]. FGFs
dimerize upon ligand binding, causing autophosphorylation of the intrinsic kinase
residues and initializing the FGF signaling cascade [158, 164]. The FGF Receptor
Substrate 2 (FRS2) protein is then phosphorylated, recruiting the Grb2/SOS com-
plex to the plasma membrane and activating the MAPK pathways including ERK1/2,
p38 MAPK, SAPK/INK, PKC and PI3K [164, 165].

FGF ligands and receptors play a key role in osteogenic differentiation [160,
162, 163, 165, 166]. Specifically, FGF-2 induces ALP activity in rat bone mar-
row precursor cells, while FGF-2, -4 and -8 induce expression of the essential
osteogenic transcription factor Runx2 [166]. FGF-9 induces expression of the
late osteogenic marker osteocalcin, while FGF-2, -9 and -18 are critical in matrix
mineralization [166]. There is conflicting evidence regarding the effects of FGF
ligands on osteoblast proliferation (Deng 238, 244). FGFRI1 plays a dominant
role in osteogenic differentiation, while FGFR2 plays a role in both osteogenic
proliferation and differentiation. FGF3 controls chondrocyte proliferation during
endochondral ossification and may also play a crucial role in osteogenesis. Mice
lacking FGFR3 are osteopenic [167], while mice with constitutive activation of
FGFR3 due to the Gly369Cys homozygous mutation have defects in endochon-
dral ossification with upregulation of the osteogenic markers osteocalcin, osteo-
pontin and osteonectin [168].

FGFs also play a critical role in chondrogenesis [24]. FGF signaling in chon-
drogenesis depends on the temporal and spatial regulation of both FGF ligands
and receptors [162]. FGFR2 is expressed early within condensing mesenchyme,
while FGFR3 is expressed in proliferating chondrocytes within the central core of
mesenchymal condensations [24]. Within the growth plate, FGFR3 is the master
inhibitor of chondrocyte proliferation via phosphorylation of the Statl transcrip-
tion factor, thereby increasing expression of the cell cycle inhibitor p21 [169].
FGF-18 seems to be the preferred ligand of FGFR3, as both FGF18-deficient and
FGFR-3 deficient mice have an expanded zone of proliferating chondrocytes [35].
Altogether, FGF signaling plays an essential role in osteogenic and chondrogenic
proliferation and differentiation.
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Parathyroid Hormone-Related Peptide (PTHrP)

Parathyroid hormone (PTH) and parathyroid hormone-related peptide (PTHrP)
are critical in maintaining skeletal homeostasis via a balance of osteoclastic
bone resorption and osteoblastic bone formation [7]. PTHrP is secreted during
fetal life by perichondral cells and early proliferative chondrocytes, playing a
role in endochondral bone formation by keeping proliferating chondrocytes
within the proliferative pool [170-172]. Both PTH and PTHrP bind to the same
G-protein coupled receptors (GPCR) [173] which are expressed at low levels by
proliferating chondrocytes and high levels by prehypertrophic and early hyper-
trophic chondrocytes. Furthermore, crosstalk between the Indian Hedgehog
(Ihh) and PTHrP pathways controls the cell-fate of chondrocytes leaving the
proliferative pool via a feedback loop [174, 175]. While PTH and PTHrP lack
substantial sequence homology, they bind and activate the same GPCR with
nearly the same affinity; this receptor mediates the endocrine functions of PTH
and the autocrine/paracrine actions of PTHrP [171, 176]. By well-characterized
mechanisms, PTHrP plays a key and apparently overlapping role in both chon-
drogenesis and osteogenesis.

Notch Signaling

Notch signaling plays a critical role in cell fate decision during development,
homeostasis in adults [177-183] and skeletal development [184]. Activated by a
membrane-bound ligand, the notch gene encodes a single pass transmembrane
receptor. Four notch receptors (Notch 1-4) and five ligands (8-likel, &-like3,
o-like4, Jagged 1 and Jagged 2) exist [177, 179—-183, 185]. Notch receptor binding
with ligand induces proteolytic cleavage of the receptor and release of the Notch
Intracellular Domain (NICD) which subsequently translocates into the nucleus and
binds transcription factors [186, 187], upregulating the expression of primary target
genes including HES (Hairy Enhancer of Split) and HES-related Repressor Protein
(HERP) [177, 179-183, 185].

Notch signaling plays a critical role in somite formation during embryogen-
esis, and mutations in Notchl cause embryonic defects in somite segmentation
[177, 179-183, 188]. Notch signaling regulates adult stem cell differentiation,
affecting osteogenesis by poorly defined mechanisms [156, 189, 190]. While
Notch/TGF-f crosstalk between Notchl and BMP2 promotes osteogenic dif-
ferentiation, Notchl overexpression inhibits osteogenesis by repressing Wnt/f-
catenin but not BMP signaling [191]. Synergy between Notch and BMP4
inhibits myogenic differentiation [192], and inhibition of the Notch Pathway
interferes with adipogenesis in vitro [193]. Altogether, Notch signaling seems to
play a role in osteogenic differentiation of MSCs as well as myogenic and adip-
ogenic differentiation, but the specific mechanisms governing these processes
remain poorly defined.
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Hedgehog (Hh) Signaling

Hedgehog proteins are secreted factors critical in many developmental processes
[194-198]. The three members of this family are Sonic Hedgehog (Shh), Indian
Hedgehog (Ihh) and Desert Hedgehog (Dhh), each having a distinct set of functions
in the regulation of developmental processes [195, 196]. Sonic Hedgehog regulates
central nervous system development and skeletal patterning [195, 196]. Desert
Hedgehog plays a crucial role in peripheral nerve development and spermatogenesis
[195, 196]. While Indian Hedgehog shares many functions with Sonic Hedgehog, its
most important role is in endochondral bone development [199-202]. Secreted active
Hedgehog fragments are catalytically cleaved from a 45 kDa precursor to a 19 kDa
N-terminal fragment then modified by the attachment of palmitic acid and choles-
terol. These active molecules regulate the activities of both neighboring and distant
cells by binding to the receptor Patched (Ptc) and the coreceptor Smoothened (Smo),
two transmembrane proteins on the cell surface [200, 203—205]. Without Hedgehog
ligands, Ptc represses Smo activity and converts the transcription factor Gli to its
repressor form, but when Hedgehog binds to Ptc, Smo is released and activates the
Gli family transcription factors [194, 204—-206]. Accumulation of Gli in the nucleus
induces Hedgehog target gene expression including Patched-1 and Glis.

Shh is upregulated during the early phases of bone repair and triggers expression
of angiogenic growth factors including VEGF, suggesting that Shh may be one of the
key molecules linking osteogenesis and angiogenesis during bone repair [207]. The
effects of Shh on osteogenic differentiation are associated with increased expression
of bone morphogenetic proteins, including BMP2 [208] and BMP4 [209], as well as
PTHrP [203, 210]. Several studies have demonstrated that Shh signaling drives
osteogenic differentiation of MSCs [211-213]. Like Shh, Ihh is upregulated in the
bone marrow [214] during the early phases of bone repair. Furthermore, Ihh is pro-
duced by both prehypertrophic and hypertrophic chondrocytes [215, 216] during the
process of endochondral ossification which induces upregulation of PTHrP, leading
to hypertrophic cartilage differentiation. To summarize, Hh signaling plays a diverse
role in developmental processes and progenitor cell differentiation, with important
roles in osteogenic and chondrogenic differentiation of MSCs.

Nuclear Receptor PPARy

PPARY, a member of the nuclear hormone receptor gene superfamily of ligand-
activated transcription factors, is expressed as two isoforms (PPARy1 and 2) and
is commonly referred to as the master regulator of adipogenesis; no factor has
been identified which can induce normal adipogenesis without PPARy [11]. While
PPARY2 is the predominant form expressed in adipose tissue, both PPARy1 and
PPARY?2 expression are highly induced during adipogenesis and likely play a critical
role in adipogenesis [217, 218]. Ectopic expression of PPARYy alone can induce
adipocyte differentiation in uncommitted fibroblasts [219], and all critical cell
signaling pathways involved in adipogenesis converge on PPARy [12, 220].
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Adipogenesis of MSCs demonstrates a significant increase in PPARy expression
[221], directly inducing expression of the majority of genes characterizing the adipo-
cyte phenotype including fatty acid synthase, Glut4 and acetyl CoA carboxylase [11].
Other target genes of PPARY include Ap2, lipoprotein lipase (LPL), acyl-Coa synthe-
tase (ACS) and CD36 [5, 222, 223]. PPARY binds to fatty acids and derivatives includ-
ing linoleic acid and docosahexaenoic acid (DHA) [5]. Upon binding of their
respective ligands, PPARY and the retinoid X receptor (RXR) are activated and form
a heterodimer, which translocates into the nucleus and regulates downstream target
genes in concert with nuclear receptor coactivators, including the C/EBP family [5].
Treatment of MSCs with PPARYy agonists, such as thiazolidinediones, induces adipo-
gensis [224, 225]. Binding of these ligands activates PPARY, stimulating the differen-
tiation of preadipocytes and the initiation of steps required for lipid storage [5]. The
presence of a ligand appears to be required for commitment of cells to the adipocyte
lineage but not to maintain differentiation of mature adipocytes: Differentiation of
nonadipogenic fibroblasts with overexpression of PPARY required exposure to ligand,
while adipogenic differentiation of preadipocytes occurred even in the absence of
ligand [226]. Thus, while PPARYy expression is critical in both phases of adipogenesis,
its ligands are only required in the determination phase. Although endogenous fatty-acid
derived molecules have been demonstrated to bind and activate PPARy [226, 227],
none have been directly implicated in adipogenesis [11].

PPARYy also plays a significant role in osteogenesis [5]. Progenitor cells with
homozygous deficiency of PPARY spontaneously differentiate into osteoblasts, while
heterozygous PPARYy deficiency causes increased bone formation in vivo [228].
Meanwhile, PPARY is significantly upregulated by the osteogenic bone morphoge-
netic proteins (BMPs) [86, 89]. Overexpression of PPARy2 promotes BMP-induced
osteogenesis and adipogenesis, while silencing of PPARy2 inhibits adipogenic dif-
ferentiation while stimulating osteogenic differentiation [89]. Although the specific
mechanisms relating PPARy and osteogenesis remain to be clearly defined, nuclear
competition between PPARY and other members of the nuclear receptor superfamily
may play a role; regulation of the osteogenic promoter osteocalcin by glucocorti-
coids, vitamin D and thyroid hormone occurs via the same nuclear pathway as
PPARY [229-231]. Furthermore, PPARY activation by fatty acid ligands and deriva-
tives may slow osteoblast differentiation, explaining the tendency to shift toward
adipogenesis with increased availability of these ligands [5]. In summary, PPARYy
plays a critical and well-characterized role in adipogenic differentiation and an
important but poorly characterized role in osteogenic differentiation of MSCs.

CCAAT/Enhancer Binding Proteins (C/EBPs)

The CCAAT/enhancer binding proteins (C/EBPs) are members of the basic-leucine
zipper class of transcription factors and consist of six isoforms including C/EBPa, C/
EBPf, C/EBPy, C/EBPS and transcription factor homologous to CCAAT/enhancer-
binding protein (CHOP), each of which are expressed in adipocytes [11]. C/EBP«, C/
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EBPp and C/EBPS promote adipogenesis while C/EBPy and CHOP inhibit adipogenesis
through the formation of dimers and inactivation of C/EBPf [11]. Adipogenesis
within MSCs demonstrates a rapid induction of C/EBPP and C/EBPS preceding
induction of the major adipogenic transcription factors C/EBPa and PPARYy [11, 232].
While C/EBPf and C/EBPS are not required for C/EBPa and PPARY expression, they
demonstrate a synergistic effect on adipogenesis via induction of these two major
adipogenic transcription factors. In human MSCs, adipogenesis demonstrates early
and late rounds of C/EBPa and C/EBPf induction prior to terminal differentiation,
suggesting involvement of these factors in both the determination and differentiation
phases of MSC adipogenesis [221]. C/EBPa directly activates adipogenic genes
including PPARYy which are required for the development of mature adipocytes [11].
Once activated, PPARY and C/EBPa stimulate the expression of one another, remain-
ing elevated throughout the life of mature adipocytes [219, 233]. Ectopic expression
of C/EBPa drives adipogenic differentiation of cell lines otherwise not undergoing
adipogenesis, including mouse fibroblasts [234, 235]. Furthermore, fibroblasts with-
out C/EBPa expression have significantly reduced adipogenic potential and PPARy
expression; however both are reversed upon administration of PPARy. Conversely,
administration of C/EBPa in fibroblasts lacking PPARY does not rescue the decreased
adipogenic potential [236]. These findings suggest that C/EBPa promotes adipogen-
esis in a PPARy-dependent manner. Altogether, C/EBPs play a key role in adipogen-
esis largely through modulation of PPARY expression and function [11].

MyoD

MyoD is a basic helix-loop-helix (bHLH) transcription factor characterized as a mus-
cle regulatory factor (MRF) [14]. Other MRFs include Myf5, MyoD, Myog and Mrf4,
all of which demonstrate significantly increased expression following the onset of
myogenesis [193]. MyoD, along with other MRFs, are essential for myoblast determi-
nation [14]. When discovered by Weintraub, MyoD alone was found to convert 10T1/2
fibroblasts into myoblasts [ 14, 237]. More recently, double Myf5/MyoD mutants failed
to develop skeletal muscle secondary to a lack of precursor myoblast cells [238].
MyoD and other bHLH MRF factors bind the E-box sequence (CANNTG) within
promoters of downstream target genes, driving transcription of muscle-related genes in
combination with myocyte enhancer factor 2 (Mef2) [14, 239]. bHLH MRFs dimerize
with E-proteins (E12, E47 and HEB) to activate downstream gene expression [14,
239]. Inhibitor of DNA binding (Id) proteins (Id1-Id4) serves as negative regulators of
myogenesis and prevent MyoD-mediated activation of downstream target genes [14,
240]. Ids heterodimerize with E-proteins, and to a lesser extent MyoD, attenuating the
function of MyoD [14]. It has been recently shown that the transcriptional repressor
RP58 is expressed in early differentiated muscle and functions to repress 1d2/1d3
expression, permitting MyoD to promote muscle differentiation [14]. From these
recent studies, MyoD seems to both activate (via the MRF Myog) and repress (via
RP58) a distinct set of genes allowing the progression of skeletal myogenesis to
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late differentiation [14, 241]. In summary, MyoD is a well-established and critical
transcription factor in muscle development and myogenic differentiation of MSCs.

Perspectives

While we continue to make advances in our understanding of the signaling pathways
governing proliferation and differentiation of MSCs, many questions remain to be
answered. We must not only gain a deeper understanding of the specific mechanisms
governing lineage-specific differentiation, but since many of the signaling molecules
regulating these processes are from different families, we must better elucidate the
contribution of each family as well as the crosstalk that exists between these signaling
pathways. With further investigation, these pathways and their association with one
another will become better understood. With these advances, manipulation of the
proliferative capacity and differentiation pathways of MSCs will allow us to develop
much-needed novel therapies which will translate to the clinical setting (Fig. 1).
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Fig. 1 Schematic representation of the major signaling pathways that regulate lineage commit-
ment and differentiation of MSCs
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MicroRNAs in Mesenchymal Stem Cells

Mohammad T. Elnakish, Ibrahim A. Alhaider, and Mahmood Khan

Abstract Mesenchymal stem cells (MSC) are adult stem cells that can expand notice-
ably in culture and are identified in almost every tissue type including early stages of
development as well as adult tissues. This wide-ranging distribution of sources along
with their genetic stability, compatibility with tissue engineering principles, reproduc-
ibility of features, immunoregulatory properties and multilineage potential has led
them to be considered as prospective curative candidates for numerous diseases and
degenerative purposes. MicroRNAs (miRs) are a class of small non-coding single-
stranded RNAs of 19-23 nucleotides that originate from a precursor of approximately
70 nucleotides. Studies with stem cells show a complicated system of miRs regulating
main transcription factors and other genes, which sequentially define cell fate. In
particular, newly recognized miRs differentiation signatures for MSC designate the
presence of distinctive miR patterns in progenitors and terminally differentiated cells,
suggesting that such signatures may act as a marker to delineate and track rare cell
populations. Recently, several studies have reported the ability of miRs to regulate the
differentiation, identity, behavior and self-renewal of MSC. Regulation of MSC hom-
ing, reparative and therapeutic efficacies by miRs has been also reported. The overall
goal of this chapter is to shed some light on the regulatory role of miRs in different
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MSC, as well as the putative role of miRs in regulating the therapeutic efficacy of
MSC in the pathophysiology of several diseases.

Keywords MSC ¢ MicroRNA e Differentiation ¢ Self-renewal ¢ Interfacial behavior

Introduction

MSC are adult stem cells with spindle-shaped fibroblast-like appearance that
have the ability to expand noticeably in culture. MSC have been identified in
almost every tissue type including early stages of development as well as adult
tissues [1, 2]. This wide-ranging distribution of sources along with their genetic
stability, compatibility with tissue engineering principles, reproducibility of features,
immunoregulatory properties and multilineage potential has led them to be con-
sidered as prospective curative candidates for numerous diseases and degenerative
purposes [3].

Differentiation of MSC into a particular mature cell type is under temporal con-
trol of diverse transcription factors, growth factors, and signaling pathways as it has
been revealed from global gene expression analysis [4, 5]. Nevertheless, miRs could
be projected to regulate mRNA translation and/or stability, so possibly the control
of miRs expression patterns corresponds to a novel regulatory network in MSC [6].
In this regard, several studies reported the ability of miRs to regulate the identity,
behavior, self-renewal and differentiation of MSC [7-9]. Regulation of MSC homing,
reparative and therapeutic efficacies by miRs has been also reported [10, 11]. This
chapter focuses on the regulatory role of miRs in MSC as well as the putative
involvement of miRs in regulating the therapeutic efficacies of MSC in the future.

MicroRNAs

Definition, Biogenesis and Expression

MiRs are a class of small non-coding single-stranded RNAs of 19-23 nucleotides
that originate from a precursor of approximately 70 nucleotides. They can be found
in a broad range of organisms, from plants to insects to humans. It has been
suggested that there are about 120 miR genes in each invertebrate species and no
less than 250 genes in mammals, with some reports described a range of 1,000—
10,000 per genome [12-15]. Generally, transcription of miRs genes occurs in the
nucleus via RNA polymerase II/III to produce large primary transcripts. Following
transcription, precursors of miRs are sliced in the nucleus via Drosha, transported
out to cytoplasm via exportin, unwound into a mature single-stranded miR and
incorporated into an RNA-induced silencing complex (RISC) after extra slicing via
Dicer (Fig. 1) [16].
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Fig. 1 MicroRNA biogenesis and mechanisms of gene silencing. MicroRNA (miRNA) genes are
generally transcribed by RNA polymerase II/III in nucleus to form large primary transcript (pri-
miRNA). These pri-miRNA transcripts are processed to release the ~70-nucleotide hairpin RNA
known as precursor-miRNA (pre-miRNA), which is transported to the cytoplasm and undergoes
another processing to yield a transient ~22-nucleotide RNA duplex. RNA duplex is unwound into
a mature single-stranded miRNA, and loaded into RNA-induced silencing complex (RISC).
miRNA then binds to complementary sites in the 3’-untranslated region (3’-UTR) of target mRNA
and regulate its expression either by causing degradation of mRNA or repression of their transla-
tion, depending on the degree of complementarity between the miRNA and its target (Reproduced
from Bhardwaj et al. [17]. Licensed under a Creative Commons Attribution License that allows
others to share the work with an acknowledgement of the work’s authorship and initial publication
in this journal)

Little is known about miRs expression regulation. Frequently, miRs are grouped in
the genome, with two or more strongly related miR precursors have been perceived in
polycistronic precursors [17, 18]. Further miRs are encoded in the introns of other
genes, and some others are edited, forming a dizzying merge of co-expression,
expected transcriptional control, and post-transcriptional modifications [19-22].

Targets and Regulation

MiRs operate in an intricate functional system in which each miR possibly manages
hundreds of discrete target genes and on the other hand the expression of a particular
coding gene can be regulated by many miRs [13, 14]. A list of miRs targets have
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been currently recognized with important roles in cell growth and apoptosis,
homeobox regulation and development [23-26]. This kind of gene regulation signi-
fies a novel regulatory mechanism and is expected to influence numerous vital
cellular procedures, counting developmental programs [6].

The difficulty in expecting or confirming the targets of specific miR represents a
key confront for integrating miRs regulation into gene expression mechanisms.
Trials to map miRs binding sites particularly in the transcriptome of animal cells
depend mainly on computational expectations. Several computationally expected
targeting interactions are inconsistent between algorithms, and fairly little direct
experimental evidence validates these expectations. Yet, it has been proposed that
miRs regulate the expression of over 30 % of human’s protein-coding genes [6, 27].

Regulatory Roles of MicroRNAs in MSC

Studies with different types of both embryonic and adult stem cells show a com-
plicated system of miRs regulating main transcription factors and other genes,
which sequentially define cell fate [6]. Besides, miRs have been reported to be
regulated by extracellular signaling pathways that are essential for differentiation
into definite tissues, proposing that they are involved in specifying tissue identity [6].
Above all, lately recognized miRs differentiation signatures for MSC designate
the presence of distinctive miR patterns in progenitors and terminally differentiated
cells, proposing that such signatures may act as a marker to delineate and track
rare cell populations [6, 8].

MicroRNAs Regulate MSC Identity

It is worth mentioning that, miRs expression pattern in MSC differs substantially
from that in embryonic stem cells (ESC). MSC lack the well-known pluripotent
associated markers, such as miRs-302a-d, and miR-200c [28, 29]. Remarkably, in
these studies MSC went through substantial consecutive culture expansion, and it is
not clear whether the variation in miRs expression between ESC and MSC is a
result of intrinsic variation between these two cell types or changes of MSC due to
ex-vivo expansion [8].

Only a limited number of studies have so far shown the gene expression profiling
of MSC compared to their original embryonic stages [7, 30-32]. For instance [31],
have recognized extremely expressed genes that encode for membrane proteins that
can be used for MSC isolation from differentiating human ESC. On the other hand,
Giraud-Triboult et al. [7] have compared the genetic pattern of the pluripotent
human ESC with their MSC derivatives, looking for molecular evidence specific for
MSC identity. Interestingly, they recognized two miRs contributing to the MSC
identity. The decreased expression levels of miR-148a and miR-20b found in MSC
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Table 1 MicroRNAs (miRs) currently identified as either promoting or suppressing mesenchymal
stem cells (MSC) differentiation/transdifferentiation into diverse cell lineages

MSC product Promoting microRNAs Suppressing microRNAs

Osteocytes miR-196a, miR-210, miR-2861, miR-125b*, miR-138*, miR-133,
miR-148b, let-7, miR-24, miR-135, miR-206, miR-204/211,
miR-29b, miR-15b, and miR-27a, miR-489, miR-26a
miR-30c and miR-31

Chondrocytes miR-140 miR-199a

Adipocytes miR-21, miR-200c/141, miR-31 and miR-138

miR-200b,a/429,
miR-204/211 and

miR-24
Cardiomyocytes miR-181, miR-206, miR-16 miR-124
miR-499 and miR-1
Neurons miR-9 and miR-124 Unknown
Hepatocytes Unknown let-7 family

+, miR-125b and miR-138 have been predicted by Goff et al. [40] to promote osteogenic
differentiation of MSC (see text for details)

compared to human ESC would stimulate the over-expression of one of their targets,
the transcription regulator EPAS] (Endothelial PAS domain 1), which promotes
MSC genes expression participating in defining the MSC phenotype [7].

MicroRNAs Regulate Differentiation and Interfacial
Behaviors of MSC

Given the multilineage potential of MSC, under proper culture conditions they are
capable of differentiating into diverse mesodermal cell lineages such as osteoblasts,
chondrocytes, adipocytes and cardiomyocyte-like cells [33]. Additionally, it is evident
that MSC can undergo transdifferentiation into non-mesodermal cell lineages
including ectodermal cell lineages such as neurons or endodermal cell lineages such
as hepatocytes [3]. Through differentiation/transdifferentiation of MSC into partic-
ular cell types, consequent miRs are involved (Table 1).

Differentiation of MSC into Osteocytes

Modulation of osteogenic differentiation of MSC by miRs has been reported by
several investigators. Numerous miRs have been shown to promote osteogenic
differentiation of MSC. MiR-196a was demonstrated to augment osteogenic
differentiation probably through its target gene HOXCS [34]. Also, miR-210
augmented osteogenic differentiation via reducing ACVRI1b in transforming growth
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factor-P (TGF- B)/activin signaling pathway [35]. Additionally, miR-2861 stimulated
bone morphogenetic protein (BMP)-2-mediated ST2 osteogenic differentiation by
reducing histone deacetylase 5 expression [36]. Moreover, miR-148b has been
detected among a cluster of miRs that were linked to osteogenic differentiation of
human MSC in a special 3D substrate [37]. Furthermore, a group of miRNAs (let-7,
miR-24, -125b, -138) has been predicted to stimulate osteogenic differentiation of
MSC through a platelet-derived growth factor (PDGF) pathway via inhibiting the
translation of non-osteogenic target mRNAs to reduce their inhibition of osteogene-
sis [28]. Similarly, Li et al. [38] demonstrated that miR-29b stimulates osteogenesis
by directly down-regulating known inhibitors of osteoblast differentiation, HDACH4,
TGFp3, ACVR2A, CTNNBIPI, and DUSP2 proteins through binding to target 3’
untranslated region (UTR) sequences in their mRNAs [38]. Recently [39], reported
three novel over-expressed miRs (miR-30c, -15b, and -130b) in osteo-differentiated
human bone marrow (BM)-derived MSC. These miRs were predicted to target
genes including CD29 (MSC marker), stemness-maintaining factor and genes
related to cell differentiation. Based on bioinformatics analysis, they suggested that
miR-30c and miR-15b which were predicted to target BMP inhibitor genes associ-
ated with cartilage formation may be implicated in promoting osteogenic and inhib-
iting chondrogenic differentiation of MSC.

Conversely, several miRs have been reported to suppress osteogenic differentia-
tion of MSC. At variance with what has been predicted by Goff et al. [28], miR-
125b [40] and miR-138 [41] have been shown to suppress osteogenic differentiation
of MSC. Mizuno et al. [40] observed that miR-125b was down-regulated in
osteoblast-differentiated mouse MSC compared to undifferentiated MSC. They also
found that transfection of exogenous miR-125b inhibits osteoblastic differentiation
following BMP-4 treatment, signifying a role for miR-125b in suppressing MSC
osteogenesis. In this study ERBB2 receptor tyrosine kinase was described as the
predicted target gene of miR-125b [40]. Likewise, Eskildsen et al. [41] revealed that
miR-138 was down-regulated during osteoblast differentiation of human MSC.
Additionally, over-expression of miR-138 prevented in-vitro osteoblast differentiation
of MSC, while its inhibition stimulated expression of osteoblast-specific genes,
alkaline phosphatase activity, and matrix mineralization. The focal adhesion kinase,
a kinase implicated in promoting osteoblast differentiation has been identified as a
target of miR-138 as evident by target prediction analysis and experimental verifica-
tion [41]. MiR-133 and miR-135 were also shown to attenuate RUNX2 and SMADS5
pathways that synergistically participate in bone formation resulting in a functional
inhibition of osteo-progenitors differentiation [42]. MiR-206 reduced osteoblast
differentiation of MSC and connexin-43 was proposed to be one of the target genes
[43]. MiR-204/211 negatively regulated RUNX2 transcription factor and served as
suppressors of osteoblast differentiation and subsequent mineralization of
BM-derived MSC [44]. In addition, miR-489 and -27a have been demonstrated to
play an inhibitory role in early osteogenic differentiation of human MSC, partially
through the repression of grancalcin [37]. Furthermore, it has been shown that by
targeting the SMAD] transcription factor and down-regulating bone maker genes,
such as alkaline phosphatase, type I collagen, osteocalcin, and osteopontin miR-26a
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served as a suppressor of osteogenic differentiation during the late stages of human
adipose tissue (AT)-derived MSC differentiation toward osteogenic lineage [45].
Recently, Gao et al. [39] recognized four under-expressed miRs (miR-31, -106a,
-148a and -424) in osteo-differentiated human BM-derived MSC. These miRs were
predicted to target genes linked to bone formation such as RUNX2, CBFB, and
BMPs. Functional analysis revealed that inhibition of miR-31 activity promoted
osteoblastic differentiation of MSC implying a role for this miR in suppressing
osteogenic differentiation of MSC [39].

Differentiation of MSC into Chondrocytes

There is growing evidence that miRs play a key role in regulating chondrogenic dif-
ferentiation of MSC. Microarray analysis has identified five miRs (miR-130b, -152,
-28, -26b, and -193b) to be differentially expressed during chondrogenic differentia-
tion of MSC, and among them only four (miR-130b, -152, -28, -26b) were con-
firmed by real-time polymerase chain reaction analysis. Potential targets of these
confirmed miRs were genes involved in cartilage formation, such as COL4AI,
COL2A1, and COL6AI as revealed from bioinformatics analysis [46]. Likewise,
microarray analysis in MSC at four different stages of TGF-p3-induced chondrogenic
differentiation demonstrated that eight miRs (miR-127, -140, -125b*, -99, -140%*,
-181a, let-7f and -30a) were significantly up-regulated and five miRs (miR-145,
-212, -132, -143 and -125b) were down-regulated. Interestingly, two miRs clusters,
miR-143/145 and miR-132/212, kept on down-regulation in the process. Predicted
target genes known to be involved in chondrogenesis including SOX6, ACVRIB,
RUNX2 and ADAMTS5 have been identified by bioinformatics approach [47].
Additionally, MiR-140 has been recognized to promote the differentiation of MSC
into chondrocytes. Microarray analysis revealed that miR-140 exhibited the largest
expressional difference between chondrocytes and MSC. Enhanced miR-140
expression during chondrogenesis of MSC was in correspondence with expression
of SOX9 and COL2AI [48]. Consistently, miR-140 expression during cartilage
development was also reported by another group, possibly through inhibition of
histone deacetylase 4, an expected co-repressor of RUNX2 [49]. In contrast, miR-
199a was reported to suppress early chondrogenesis by directly targeting the
SMAD] transcription factor [50].

Differentiation of MSC into Adipocytes

Several miRs have so far been recognized to promote adipogenic differentiation of
MSC. For instance, in human AT-derived MSC miR-21 expression was transiently
improved following induction of adipogenic differentiation, peaked at 3 days, and
returned to the baseline level at 8 days. Over-expression of miR-21 increased
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adipogenic differentiation and decreased TGFp-induced inhibition of adipogenic
differentiation indicating that miR-21 promote the adipogenic differentiation of
MSC via modulating the TGFf signaling [51]. Also, in ST2 mouse MSC mamma-
lian homologues of miR-8 (miR-200c/141 and miR-200b,a/429) have been demon-
strated to promote adipogenesis of MSC by inhibiting Wnt signaling [52].
Additionally, Huang et al. [44] showed that miR-204/211 act as key endogenous
negative regulators of RUNX2, which suppress osteogenesis and promote adipogen-
esis of MSC [44]. Furthermore, miR-24 was found to enhance BMP2-induced G1
arrest as well as BMP2-induced commitment of MSC to adipocytes lineage.
Conversely, miR-31 inhibited the cytidine-cytidine-adenosine-adenosine-thymidine
(CCAAT) enhancer-binding protein o (an adipocytic differentiation factor) expres-
sion at both transcriptional and translational levels and suppressed adipogenic
differentiation [52]. An additional adipogenic suppressor that has been shown to be
down-regulated during adipogenic differentiation of MSC is miR-138 [53]. Over-
expression of miR-138 in AT-derived MSC inhibited expression of key adipogenic
transcription factors, CCAAT enhancer binding protein o and peroxisome prolifer-
ator-activated receptor gamma-2 as well as a number of other adipogenic markers.
Suppressor effects of miR-138 on the adipocyte differentiation of MSCs were
partially attributed to repression of early region 1-A-like inhibitor of differentia-
tion-1 (EID-1), a nuclear receptor co-regulator [53].

Differentiation of MSC into Cardiomyocytes

The role of miRs in cardiomyocyte differentiation of MSC has been extensively
investigated. Earlier studies showed that cardiomyocyte differentiation of MSC was
greatly affected by induction conditions. During differentiation of human MSC into
cardiomyocyte, the presence of induction reagent 5-azacytidine resulted in the
expression of primary miRs of miR-143 and miR-181, whereas indirect co-culture
of human MSC with neonatal rat myocytes enhanced the expression of primary
miRs of miR-143, -206, -208, and -181 [54]. Interestingly, both miR-206 and
miR-181 are known to promote myogenesis. In particular, miR-181 has been
demonstrated to stimulate myoblast differentiation via inhibiting a myogenic
suppressor, the homeobox protein HOX-A11 [55, 56]. Very recently, another group
of miRs have been reported to be involved in promoting cardiomyocyte differentia-
tion of MSC. Liu et al. [57] showed that cardiomyocyte differentiation of human
BM-derived MSC induced by co-culture with neonatal rat ventricular myocytes was
associated with up-regulation of miR-16. Over-expression of miR-16 suppressed
the cell cycle related genes, CDK6, CCNDI and CCND?2 resulting in G1 phase
arrest and promoted the differentiation of MSC into cardiomyocytes as indicated by
enhanced expression of cardiac marker genes, including GATA4, NK2-5, MEF2C
and TNNI3 [57]. Additionally, it has been reported that over-expression of miR-499
in rat BM-derived MSC promotes its differentiation into cardiomyocytes via
activating the Wnt/f-catenin signaling pathway [58]. Moreover, Huang et al. [44]
showed that miR-1 promotes the differentiation of mouse BM-derived MSC into
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cardiac lineage partially through negative regulation of the downstream target
molecular of Notch pathway-Hes-1 [44]. On the contrary, Cai et al. [59] reported
that miR-124 was significantly down-regulated during cardiomyocyte differentia-
tion of rat BM-derived MSC induced by co-culture with neonatal rat ventricular
myocytes. Over-expression of miR-124 suppressed cardiomyocyte differentiation
of MSC-via targeting the 3" UTR of STAT3 gene — as indicated by significant
decreases in cardiac-specific markers such as ANP, TNT, and a-MHC proteins as
well as reduction of cardiac potassium channel currents [59].

Differentiation of MSC into Neurons

It has been reported that specific miRs play a potential role in neurogenesis of MSC,
neurotransmitter release by MSC-derived neurons and in synaptic plasticity [10, 60,
61]. Additionally, miR-9 and miR-124 were shown to be regulated by the transcrip-
tion factor REST, which is vital in MSC-mediated dopaminergic neurogenesis [62].
Consistently, miR-9 has been described to promote neuronal differentiation of
mouse BM-derived MSC by modulating the Notch signaling pathway [63]. On the
other hand, Greco and Rameshwar [60] studied the miR-mediated neurotransmitter
regulation in developing neuronal cells. Sixteen different miRs found to be up-
regulated in MSC-derived neuronal cells compared to undifferentiated human MSC.
Up-regulated miRs have further been analyzed to predict targets of the synaptic
transcript, TACI mRNA. MiR-130a, miR-206, and miR-302a binding sites were
predicted within the 3'UTR of TAC! and target validation confirmed the miR-130a
and miR-206 sites thereafter. Specific inhibition of miR-130a and miR-206 in the
neuronal cells lead to considerable increases in TAC/ translation as evident by the
enhanced synthesis and release of its encoded protein, neurotransmitter substance-P
implying a role for miRs in the regulation of neurotransmitters [60]. In human
umbilical cord-derived MSC 11 miRs (miR-206, miR-34a, miR-374, miR-424,
miR-100, miR-101, miR-323, miR-368, miR-137, miR-138 and miR-377) were
abundantly expressed in trans-differentiated neuronal progenitors. Among them,
miR-34a and miR-206 were the only two miRs been coupled to MSC neurogenesis.
Specifically, miR-34a was shown to regulate genes associated with cell motility and
energy production of neuronal precursor [64].

Differentiation of MSC into Hepatocytes

Little is known about the involvement of miRs in the hepatic commitment of MSC.
Koh et al. [65] demonstrated that let-7 family of miRs could indirectly regulate the
expression of a known endodermal differentiation marker, hepatic nuclear factor 4
alpha (HNF4A) signifying a role of let-7 in repressing hepatic differentiation of
human ESC-derived MSC [65]. Newly, the miRs profile in hepatic differentiation of
human umbilical cord-derived MSC has been reported [66]. Dynamic miR profiles
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Table 2 MicroRNAs (miRs) exhibited the highest levels of over-expression/under-expression
during hepatic differentiation of human umbilical cord-derived mesenchymal stem cells
(MSC) [70]

Over-expressed MiRs Under-expressed MiRs
>4 folds >6 folds >4 folds >6 folds
miR-671-5p miR-1290 miR-3646 miR-100
miR-542-5p miR-136 miR-17* miR-10a
miR-542-3p miR-424 miR-3679-3p miR-130b
miR-1185 miR-30a miR-17 miR-146a
miR-539 miR-148a miR-155 miR-17
miR-148a miR-1246 miR-146a miR-1973
miR-301a miR-29a
miR-31
miR-31*
miR-762

were recognized that did not overlap or only partly overlapped with miRs described
to be implicated in human liver development, hepatocyte regeneration or hepatic
differentiation of liver-derived progenitor cells. These miRs also were not enriched
in hepatocyte or hepatocellular carcinoma cells and can potentially target liver-
enriched transcription factors and genes. A total of 61 miRs exhibited consistent
changes and were altered as a minimum twofold between undifferentiated MSC and
hepatic differentiated MSC. Among these miRs, 25 miRs were over-expressed and
36 miRs were under-expressed with similar expression pattern. MiRs exhibited the
highest levels of over-expression/under-expression during this process are shown in
Table 2. Finally, the study suggested that the revelation of miRs profile during the
MSC hepatic differentiation presents the foundation for elucidating the role of miRs
in hepatic differentiation of MSC and specific miR selection for the conversion of
MSC into hepatocytes [66].

MicroRNAs Regulate Interfacial Behaviors of MSC

Cell-substrate interaction is one of the key aspects of tissue engineering. Although,
MSC differentiation usually necessitates the use of differentiation factors, substrate
topography to which cell shape is restricted alone can also affect stem cell lineage
commitments [9]. A recent study described the global marker genes expression and
miRs profiling analysis, providing insights of a regulation network into the
topography-induced MSC responses. The differentially-expressed miRs combina-
tion (miR-140, miR-214, miR-320, miR-351 and miR-674-5p) was shown to promote
osteogenesis associated with the topography. The authors suggested that their results
help in understanding the mechanism by which microenvironments affect behaviors
of progenitor cells via miRs [9]. Figure 2 illustrates the potential downstream
protein signaling pathways related to MSC behaviors, including migration, prolif-
eration, apoptosis and differentiation [9].
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Fig. 2 Age-dependent changes in microRNAs (miRNA) profiles of mesenchymal stem cells
(MSC) derived from adipose stem cells (ASCs) and bone marrow stem cells (BMSCs). (a) Fold
regulation of significant miRNA in old versus young BMSCs donors. (b) Fold regulation of signifi-
cant miRNA in old versus young ASCs donors. Upregulated miRNA are denoted in red,
downregulated miRNAs are green (Reproduced from Pandey et al. [86]. Licensed under full
BioMed Central Open Access license agreement identical to the Creative Commons Attribution
License that allows others to share the work with an acknowledgement of the work’s authorship
and initial publication in this journal)

MicroRNAs Regulate Survival and Self-Renewal of MSC

Regardless of the benefits of MSC, clinical application of MSC-based therapy is
restricted due to the poor viability of the transplanted cells [3]. Additionally,
prolonged survival is critical for MSC to be able to transit through the circulation to
home to distant injured sites [67]. Also, sufficiently high numbers of MSC obtained
via culture expansion are required for cell therapy. Studies showed that MSC exhibit
a decreased potential for proliferation after prolonged in-vitro culture [68].
Consequently, recognizing the factors associated with MSC survival and prolifera-
tion and enhancing these processes in the transplanted MSC could be essential for
successful application in cell therapy [69]. Unlike MSC differentiation, only a few
studies reported about the implication of miRs in MSC survival and proliferation.
Lately, it has been reported that miR-125b did not stimulate cellular differentiation
of human MSC but instead had an unpredicted role in improving cell survival in
response to withdrawal of cell-matrix adhesion signals; a process that generally
activates apoptosis. The ability of MSC to resist apoptosis was attributed to the
ability of miR-125b to up-regulate mitogen-activated protein kinase (MEK)/extra-
cellular signal-regulated kinase (ERK) signaling while down-regulating p53 expres-
sion [67]. Another group has demonstrated alterations in miRs expression in rat
BM-derived MSC by hypoxia/serum deprivation; a condition that mimic ischemic
environment of injured sites and known to induce apoptosis. They showed that
miR-21, miR-23a and miR-210 were up-regulated in response to hypoxia/serum
deprivation and they may be involved in protecting MSC against apoptosis. Among
them, miR-21 and miR-23a promoted MSC survival partially through inhibiting
the decrease in A¥Wm; nevertheless, miR-210 may way out to other pathways.
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Furthermore, blockage of miR-21, miR-23a or miR-503 aggravated apoptosis,
proposing that miR-503 might also be one of the hypoxia related miRs in MSC.
Interestingly, it has been reported that miR-146a induced by preconditioning of rat
BM-derived MSC with diazoxide, a key regulator of stem cell survival is a powerful
and potential target to improve stem cell survival under ischemic condition.
Computational analysis established a consensus predicted target site of miR-146a
pertinent to apoptosis in the 3' UTR of FAS mRNA [70].

In relevance with MSC proliferation, a deep sequencing analysis of miRs expres-
sion profiles in human ESC-derived MSC revealed that let-7 family may be involved
in the self-renewal of these cells [65]. Besides, it has been shown that low-level
laser irradiation; a known regulator of MSC proliferation increased the proliferation
and cell cycle-associated genes in rat BM-derived MSC with differential regulation
of subsets of miRs. In particular, miR-193 was the most highly up-regulated miR
that has been functionally proven to regulate the proliferation of MSC, but could not
affect the apoptosis and differentiation level. Inhibitor of growth family, member 5
(ING5) was predicted to be the best target of miR-193 to functionally regulate pro-
liferation and cyclin-dependent kinase 2 (CDK?2) activity [71]. Similarly, unpub-
lished data from our laboratory demonstrated that transient transfection of MSC
with miR-133a-mimic increases cell proliferation by >10-fold, indicating that miRs
play a crucial role in stem-cell proliferation.

MicroRNAs Regulate Aging and Replicative Senescence of MSC

Replicative senescence is the process by which cells permanently lose their capacity
to divide after carrying out a certain number of divisions but stay viable and meta-
bolically active. Replicative senescence is supposed to be an antitumor mechanism
as well as a key player in age-related changes in tissue function [72]. It has been
reported that MSC populations are exhausted with age and that decrease in MSC
pools participates in human aging and the onset of age-related disease processes [73,
74]. Additionally, Aged MSC has shown to exhibit decreased multipotent differen-
tiation potential and release of useful cytokines for tissue repair [75, 76]. Thus, aged
MSC transplantation is expected to result in diminished therapeutic efficacy. Indeed,
MSC senescence remains as an unresolved problem and studies are on track to
understand the molecular mechanisms of this process [8]. Recent studies have
revealed that in MSC replicative senescence miR expression profiling demonstrated
up-regulations of miR-371, miR-369-5p, miR-29c, miR-499, and let-7f [77].
Interestingly, DNA-methyl transferase (DNMT) 3A and 3B are known targets of
miR-29¢ in lung cancer tissue [78]. While, DNMT3A and DNMT?2 has been
predicted to be the targets of miR-371 and miR-499, respectively [8]. It has been also
shown that over-expression of miR-486-5p promotes a premature senescence-like
phenotype and depresses proliferation as well as adipogenic and osteogenic differen-
tiation of human AT derived-MSC via regulating the expression of silent information
regulator 1 (SIRT1), a main regulator of longevity and metabolic disorders [72].
Furthermore, miR expression profiling displayed up-regulations of miR-766 and
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miR-558 and down-regulations of let-7f, miR-125b, miR-222, miR-199-3p, miR-
23a, and miR-221 in old monkey MSC compared to young monkey MSCs implying
a role for miRs in MSC aging [79]. Likewise, miR profiling of human AT- and
BM-derived MSC from older and younger donors revealed that subsets of miRs are
biologically active in human MSC, with the profiles of miRs altering with aging.
Interestingly, miRs modulate gene expression linked to a variety of functions, mostly
cellular proliferation and inflammation, both of which play an important role in the
process of aging. In particular, BM- and AT-derived MSC exhibited more than 95 %
(43 miRs) and 85 % (12 miRs) of the notably altered miRs were down-regulated with
age, respectively. Conversely, both MSC types had two unique miRs among those
screened that were significantly up-regulated in older donors (Fig. 3) [80].

MicroRNAs Regulate MSC-Mediated Cellular Communication

Recently, MSC have been shown to secret microvesicles [81, 82]. Accumulating
evidence propose that microvesicles could act as a tool of cellular communication
for transferring genetic information or gene products as well as regulating cellular
activities [83, 84]. MSC-secreted microvesicles have been demonstrated to harbor a
wide array of mRNAs and miRs [82, 83, 85]. Particularly, MSC have been shown to
secrete miRs in the precursor rather than the mature form. These pre-miRs were
enriched in microvesicles that can be easily transported to adjacent cells, signifying
a potential mechanism in regulating activities of other cells. Thus, MSC can poten-
tially apply miR-mediated effects on other cells via secreting pre-miR in microves-
icles, which could be beneficial during clinical application [85]. On one side,
MSC-secreted microvesicles might reprogram tissue-injured cells via transporting
mRNA and/or miR that promotes cell de-differentiation, modulates production of
soluble paracrine mediators, and mediates re-entry of cell-cycle, accordingly sup-
ports tissue repair. On the other side, phenotypic transfer of MSC to attain tissue-
specific cell characteristics can be mediated via delivering mRNAs and/or miRs to
MSC by microvesicles released from tissue-injured cells [89]. Examples of miRs
enriched in microvesicles secreted from ESC- and BM-derived MSC and might be
involved in cellular communication are shown in Fig. 4 [82, 85].

MicroRNAs Regulate Homing and Reparative
Phenotype of MSC

One of the most important features of MSC during clinical application is the ability
to home to the damaged tissue or inflammatory sites [3]. Identifying factors regulat-
ing stem cells homing would be of great benefit in improving therapeutic efficacy of
MSC. Recently, miR-34a was shown to regulate genes that were associated with
cell motility and energy production during neurogenesis of human umbilical cord-
derived MSC. Functional experiments confirmed the ability of miR-34a to inhibit
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Fig. 3 Proposed signaling networks involving differentially-expressed miRNAs in mesenchymal
stem cells (MSC) cultured on microgooved substrate. Differentially-expressed miRNAs in MSC
cultured on microgooved substrate for migration, proliferation, apoptosis and differentiation
could be integrated into complicated signaling networks to control cell behaviors. Integrins are
heterodimeric transmembrane receptors composed of eighteen a and eight § subunits that can be
non-covalently assembled into 24 combinations connecting extracellular environments with
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Fig. 4 Examples of microRNAs (miR) enriched in microvesicles secreted from mesenchymal
stem cells (MSC) derived from human embryonic stem cells (ESC) and bone marrow (BM) [88, 91]
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Fig. 3 (continued) cytoskeletons. Integrins can activate several signaling pathways independently.
More frequently, they act synergistically with other growth factor receptors (GFRs) including
receptors of insulin like growth factor (/GF), vascular endothelial growth factor (VEGF), trans-
forming growth factor beta (TGF-f receptor), platelet-derived growth factor beta (PDGF-f) and
epidermal growth factor (EGF). Important pathways including RhoA, Ras, Smad and PI3K etc.
are parts of the signaling networks involving differentially expressed miRNAs. GFR growth factor
receptor, Shc she transforming protein, Grb2 growth factor receptor-bound protein 2, SOS son of
sevenless, FAK protein-tyrosine kinase, 7ln Talin, Pxn Paxilin, Vcl Vinculin, Src v-src sarcoma
viral oncogene homolog, Nck non-catalytic region of tyrosine kinase adaptor protein, RhoA ras
homolog gene family, member A, ROCK Rho kinase, LIMK LIM domain kinase, Cfl cofilin 1,
CAS Castor, Crk v-crk sarcoma virus CT10 oncogene homolog, JNK c-Jun N-terminal kinase,
Jun Jun oncogene, TAK1 TGF-beta activated kinase 1/MAP3K7, TAB2 TGF-beta activated kinase
1/MAP3K?7 binding protein 2, p38 p38 kinase/MAPK14, Ras resistance to audiogenic seizures,
Raf raf kinase, effector of Ras, MEK MAP kinase-ERK kinase/MAP2K1, MEKK MEK kinase,
ERK mitogen-activated protein kinase/MAPKI, Runx2 runt-related transcription factor 2, Smad
mothers against decapentaplegic Drosophila, homologs, PTEN phosphatase and tensin homolog,
PIP putative proline iminopeptidase protein, PI3K phosphatidylinositol 3-kinase, Akr v-akt
murine thymoma viral oncogene homolog, GSK3 inosine-guanosine kinase 3, CycD cyclin D,
Bad BCL2-associated agonist of cell death, Bcl2 B-cell leukemia/lymphoma 2, Bcl2I2 Bcl-2-like
protein 2, Bcl-xL B-cell lymphoma-extra large, MDM?2 transformed mouse 3T3 cell double
minute 2, p53 p53 tumor suppressor homolog, TFs Transcription factors, CREB DNA-binding
response regulator. inhibit; d>, promote; miRNAs in green box: down-regulated miRNAs; miRNAs
in yellow box: up-regulated miRNAs (Reproduced from Wang et al. [71] with permission from
Elsevier, license number: 3005131144084)
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MSC motility implying a role for miR-34a in neuronal precursor motility, which
may be crucial for stem cells to home to the target sites they should be [64].
Additionally, stromal cell-derived factor-lo (SDF-1a), also called CXCL12, has
been demonstrated to play a key role in the migration, chemotaxis, homing and
trans-differentiation of MSC [86]. In this context, increased SDF-1a at the site of
injury was reported to promote targeted migration of the chemokine receptor
CXCR4-positive MSC to the infarcted area [87]. Interestingly, SDF-1 production
and release was found to be strongly related to a constitutive down-modulation of
miR-886-3p in the cells as it exclusively targets the 3 UTR of the SDF-1 mRNA
[11]. Most recently, another group reported that miR-27b decreased the directional
migration of mouse MSC to damaged liver tissue by down-regulating SDF-1a
expression. The group suggested that their observations further contribute to under-
stand the mechanism of SDF-1a/CXCR4 interactions in modulating cell behavior
and may present a novel therapeutic strategy to enhance MSC homing to damaged
tissue resulting in more proficient tissue repair [88].

It is well established that resident MSC are activated in response to tissue dam-
age to participate in tissue-repair processes through a multitude of activities,
including cell proliferation, differentiation and migration, in addition to the regula-
tion of angiogenesis and immune responses [89]. Another study identified that
miRs are involved in regulating the transition between the resting and the repara-
tive phenotypes of human MSC. This study verified the involvement of a specific
miR in the coordinated regulation of MSC proliferation, migration and differentia-
tion. Specifically, the study described that miR-335 plays a central role in the gene
regulatory network that manages the tissue-repair activities of MSC. Expression
miR-335 was high in the undifferentiated MSC in relation to their differentiated
cell progeny, and is regulated by key signaling pathways that control MSC biology,
including Wnt3a and IFNy. Predicted miR-335 targets were enriched in genes
involved in regulating cellular movement and gene expression, including RUNX2.
Finally, it has been suggested that the results of this study could help to understand
the major molecular mechanisms regulating the therapeutic activity of MSC versus
their maintenance in an undifferentiated state, and strongly suggest an important
role of miR-335 in tissue homeostasis [89].

Putative Roles of MicroRNAs in the Therapeutic Efficacy
of MSC in Selected Pathological Conditions

Over the past decade, clinical application of both miR- and MSC-based therapies
have been considered as the two most striking fields in human diseases [90].
Currently, due to their emergent role in regulating MSC biology, miRs are evaluated
as promising candidates for regulating the therapeutic efficacy of MSC in various
pathological conditions.
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Diabetes and Cardiovascular Diseases

One of the current paradigms in the clinical ventures is the application of stem cells,
including MSC in the treatment of diabetes (Type 1) and myocardial infarction (MI)
[91, 92]. In diabetes and MI, where beta cells and myocardium are damaged, respec-
tively, there is also alteration in the regulation of biological mechanism due to
differential expression of miRs which in turn disturb the system promoting the
pathological state; the only choice for effective therapy is the use of stem cells and
miRs/anti-miRs combinations. On the other hand, exogenous miR or anti-miR can
restore the normal biological processes protecting from the deteriorating pathological
condition. Consequently, both stem cells and miRs will be potential area for future
therapy of diabetes and cardiovascular diseases [93]. So far, stem cells and miRs are
individually applied during diabetes and MI therapy. However, an innovative strategy
has been suggested, where synergetic approach of stem cell and miR could be devel-
oped for rehabilitation. Under these conditions the performance of transplanted stem
cells can be directed and firmly regulated by miRs based on the necessity to develop
the benefits of stem cell therapy [93]. In particular, the regulatory role of miRs in
MSC-induced cardiac repair following MI has been recently reviewed [90]. In this
review, the authors described miRs as novel potential regulators in the MSC-based
treatment of MI. MiRs were shown to be involved in several MSC-stimulated cardiac
processes following MI such as cardiovascular cell differentiation, paracrine effects,
anti-arrhythmic effects and others as shown in Fig. 5 [90].

It is worth noting that, full understanding of the mechanisms involved in the
adipogenic differentiation of MSC could provide new insights into the pathogenesis
of several diseases such as obesity [53], which represents a main risk factor for
many other diseases including diabetes and cardiovascular diseases. This will allow
the development of appropriate therapeutic approach for these diseases in the future.
Newly, evidence of the correlation between one of the AT-derived MSC adipogenic
differentiation regulators, miR-21 level and adipocyte number in the white adipose
tissue of obese mice has been reported, which presents new insights into the mecha-
nisms of obesity. Briefly, miR-21 was found to be involved in the obesity develop-
ment through regulating STAT3 signaling via two different mechanisms: (1) the
regulation of the adipocyte precursors proliferation in the early stage and (2)
increased adipocyte precursors adipogenic differentiation during the late phase of
obesity development [94].

Cancer

The effect of unmodified MSC on tumor progression is still unclear in spite of the
extensive investigations that have been done over the past 5 years. Several studies
have demonstrated that MSC stimulate tumor progression and metastasis whereas
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Fig. 5 Summary of putative microRNAs that may be used as important modulators in mesenchy-
mal stem cell (MSC)-mediated cardiac repair processes in myocardial infarction. These microR-
NAs may play central roles in numerous cardiac pathophysiologic processes, such as stem cell
differentiation, cardiovascular cell proliferation and migration, myocardial inflammation and
apoptosis, cardiac remodelling, contractility, metabolism and arrhythmias, and others.
Preconditioning MSC by microRNA modulation may enhance cell capacity to differentiate into
cardiovascular cells, enhance anti-arrhythmic and cardiac nerve sprouting potential, and release
more paracrine factors and functional microRNAs in a paracrine/autocrine manner, leading to bet-
ter cardiac repair (Reproduced from Wen et al. [89] with permission from John Wiley and Sons,
license number: 3006250868490)

others described MSC as tumor suppressers as reviewed in Klopp et al. [95]. No
simple paradigm can explain the contradictory data in the studies of MSC. The
option that MSC can stimulate tumor growth and metastasis increases worries about
the safety of their clinical use. To date, there is no evidence of tumor formation has
been shown in more than 1,000 patients cured with MSC for a number of indica-
tions. On the other hand, modified MSC that were engineered to express antitumor
cytokines exhibited powerful antitumor effects, proposing that possibly putative
MSC-induced tumor promoters could be attenuated by manipulating cytokine
expression [95].

Only very little is known about the involvement of miRs in regulating the effects
of MSC on tumor progression, so far. One suggestion is that MSC-secreted
microvesicles that contain miRs in the precursor form, which represent a subset of
miRs found within MSC, may be one of the unknown mechanisms of MSC signal-
ing within the tumor microenvironment [95]. Additionally, comparing the global
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gene and miR expression profiles between MSC and fibroblasts showed that
miR-335 expression was 44-fold higher in MSC than in fibroblasts [96]. One
reasonable explanation for this increase has been inferred from a recent study
describing miR-335 as a suppressor of breast cancer metastasis [97], signifying that
high miR-335 expression might be necessary for the post-transcriptional regulation
of metastasis associated genes expressed by MSC [96].

Neurological Disorders

MSC represent a promising therapeutic tool for neurologic disorders such as
Parkinson’s disease, multiple sclerosis, traumatic brain injury, and spinal cord
injury due to their ability to trans-differentiate and stimulate endogenous repair
of damaged neural tissue through cytokines and other soluble factors [98—101].
As mentioned above, the role of miRs in neurogenesis from MSC has been con-
firmed by bioinformatics and functional analyses. MiR-9 and miR-124 were
shown to be regulated by the transcription factor REST, which is important in
MSC-mediated dopaminergic neuron formation that may be helpful in many neu-
rological disorders such as Parkinson’s disease [62]. Also, MiR-130a and miR-
206 targeting of TAC! were found to inhibit production and release of substance
P, a key player in many pain and inflammatory processes, from MSC-derived
neurons [60]. Furthermore, miR-34a has been described as the main regulator of
the de-differentiation-reprogrammed phenotype of MSC that exhibited improved
survival and high efficacy in increasing neuronal differentiation and cognitive
functions in a neonatal hypoxic—ischemic brain damage rat model [102]. The
consequence of these findings is that miRs can potentially regulate the therapeu-
tic efficacy of MSC in neurological disorders and their manipulation could open
a new avenue for future treatments. However, it is clear that further research is
still needed [10].

Osteoarthritic Diseases, Wound Healing and Preeclampsia

It is apparent that miRs are extensively involved in both osteogenic and chondro-
genic differentiation of MSC proposing that the manipulation of miRs expression
could provide therapeutic strategies for the treatment of osteoarthritic diseases [103,
104]. For instance, pharmacological inhibition of miR-138 whose over-expression
was shown to inhibit osteoblast differentiation of MSC, while its inhibition stimu-
lated expression of osteoblast-specific genes has been suggested to represent a
promising therapeutic approach for improving bone formation in-vivo [41].

In the wound healing setting, it has been reported that in a skin excision model
TGF-p, a key mediator up-regulated in the wound site, promoted the expression of
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miR-21 in MSC and in the multipotential C3H10T1/2 cells, and stimulated the
in-vitro proliferation and differentiation of these cells. Delayed healing was consis-
tent with knockdown of miR-21 in the wound bed indicating that miR-21 regulates
gene expression and, consequently, the behavior of MSC in wound healing [105].
Moreover, the improvement of the diabetic wound healing impairment with MSC
treatment has been reported to be coupled with a considerable elevation in the
miR-146a expression and depressed gene expression of its pro-inflammatory target
genes [106].

Recently, increased expression of miR-181a in MSC from preeclampsia
patients in regard to MSC from normal patients has been reported [107]. Functional
experiments showed that miR-181a acts as a suppressor of TGF-f signaling path-
way and inhibits MSC proliferation. MiR-181a also induced the expression of
IL-6, VEGF, and indoleamine 2,3-dioxygenase (IDO) by stimulating the mitogen-
activated protein kinases (MAPK) pathway and attenuated MSC immunosuppres-
sive properties in-vitro and in-vivo. The study suggests that miR-181a activity
triggers preeclampsia through the down-regulation of TGF-$ signaling and up-
regulation of MAPK signaling. This will help understanding the miR function in
MSC and could provide the foundation for the development of a potential therapy
for preeclampsia [107].

Conclusions and Future Perspectives

It is apparent that miRs play a central role in regulating each and every aspect of
MSC biology with possible application to improve therapeutic efficacy of MSC in
different pathological condition. However, it is also clear that further studies are
needed to fully elucidate the role of miRs in MSC during both regulatory and clini-
cal settings. In regulatory setting, functional experiments are required to identify the
exact role of up-regulated and/or down-regulated miRs during MSC differentiation.
Additionally, the implication of miRs in other aspects of MSC such as self-renewal,
survival, immune-modulation, homing and reparative activity need to be widely
elaborated. In clinical setting, miR-modified MSC need to be widely used in defined
animal models to recognize the impact of the putative miR on the MSC therapeutic
efficacy in specified milieus. Furthermore, explorations into miR-mediated gene
expression regulation in cellular networks should consider the interplay among
diverse miR targets depending on the varied effects of individual miRs [60, 108].
Similarly, miRs themselves could be regulated in a polygenic manner. It is impor-
tant to evaluate gene regulation networks as a unit instead of the effects of individ-
ual miRs separately. Recognizing miRNA-targeted genes will allow better
understanding of MSC biology and facilitate the development of novel MSC-based
therapies in the future [8].
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Genetic Modification of MSCs
for Pharmacological Screening

Jie Qin and Martin Zenke

Abstract Mesenchymal stem cells (MSC) exhibit the potential to differentiate into
different cell types, including adipocytes, osteocytes and chondrocytes, and main-
tain this multipotency in in vitro culture. Recent studies demonstrated that MSC
differentiation into specific lineages is regulated by different sets of factors.
Additionally, there is increasing evidence that those factors are potential targets for
therapeutic intervention of diseases, such as type II diabetes, obesity, osteoporosis
and osteoarthritis. These traits make MSC a particularly appealing cell source for
screening novel drug candidates. Furthermore, genetic modification of MSC by
target-specific promoter driving reporter genes vastly enhances the efficiency of
high-throughput screening. In this chapter, we will discuss the recent developments
of genetic modified MSC in pharmacological screening.

Keywords MSC ¢ Genetic modification ® Pharmacological screening

Introduction

After intensive efforts over the past few years we have now a more detailed and
complete picture on the biology of mesenchymal stem cells (MSC). MSC reside in
nearly every tissue of our body, including bone marrow, adipose tissue and umbili-
cal cord, and are defined as multipotent stem cells [1]. Therefore, they are readily
isolated from different tissue samples and expanded in in vitro culture. They give
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Fig. 1 Scheme of application of genetic modified MSC in drug screening

rise to different progenies, such as adipocytes, osteocytes and chondrocytes, which
make them valuable cell candidates both for cellular transplantation and tissue engi-
neering in regenerative therapy [2]. MSC contribute to maintain the homeostasis of
different organs. For instance, in bone marrow, they constitute the key component
of the niche to regulate proliferation, differentiation and mobilization of hematopoi-
etic stem cells [3]. Most importantly, MSC are recruited to damage sites and partici-
pate as immune-modulator in many diseases, for instance, graft-versus-host disease
(GVHD), cardiac infarction and Crohn’s disease. Currently these activities are
being evaluated in an increasing number of clinical trials [4].

MSC can be transduced with different transduction methods (e.g. electropora-
tion, lipofectamine, retrovirus, lentivirus, adenovirus, adeno-associated virus and
zinc finger nuclease). Genetic modification of MSC serves as a powerful tool and
allows many studies, such as gene therapy and drug screening. MSC are hypo-
immunogenic and can migrate into injury sites, which give rise to the notion of
utilizing MSC in cellular therapy [5]. But later researches showed that only a small
portion of MSC succeeded in homing to the damaged sites after transplantation.
Massive inflammation in situ can also affect the efficiency of MSC treatment [6]. To
improve the therapeutic outcome, factors have been introduced into MSC, to
enhance MSC migration or survival rate, or promote the healing process via para-
crine mechanisms [5]. In the field of tissue engineering, where the differentiation
capacity of MSC heavily depends on, factors governing differentiation pathways
(e.g. BMP2) have been transduced into MSC to improve differentiation efficiency
in vivo [7]. As a vector in gene therapy, genetic modified MSC gain considerable
attention to treat diseases. So far, MSC application in animal models proved effi-
cient in a wide range of diseases, such as skeleton diseases [8], cardiovascular dis-
eases [9] and ischemic damages [10]. Another large application field of genetic
modified MSC is in drug development. MSC differentiation into specific lineages is
directed by specific sets of factors and increasing evidence indicates that these fac-
tors are potential targets for therapeutic intervention of diseases, such as type Il
diabetes, obesity, osteoporosis and osteoarthritis. Thus, MSC and their differenti-
ated progeny represent particularly attractive cell sources for drug development.
Furthermore, genetic modification of MSC by target-specific promoter driving
reporter genes vastly enhances the efficiency of high-throughput screening. In this
chapter, we summarize the application of MSC in drug development (Fig. 1).
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Potential Targets for Therapeutic Drugs

Peroxisome proliferator-activator receptors (PPARs) are a subset of the nuclear
hormone receptor superfamily [11]. They comprise three subtypes: PPARa,
PPARp/d, and PPARY [12—14]. The three PPAR isoforms have distinct tissue distri-
bution, and function differently. In human, PPARa is expressed in heart, kidney,
skeletal muscle and large intestine, and its activity correlates with oxidation of fatty
acids. PPARp/$ is expressed in all the tissues at rather low levels, and little is known
about its function. PPARy expression is predominately in adipose tissue and large
intestine [15]. PPARyis a central regulator of adipogenesis [16]. Knockout adipose-
specific PPARy result in adipocyte hypocellularity, elevated levels of free fatty acids
in plasma and insulin resistance [17]. PPARy expression can be activated by natural
and synthetic compounds [18]. Thiazolidinediones (TZDs), a class of insulin sensi-
tizing drugs for type II diabetes, are PPARYy agonists [19]. PPARY is suggested to be
the molecular target for this class of compounds [20]. TZDs can redistribute fat
from visceral to subcutaneous adipose tissue, increase uptake of fatty acids in adi-
pose tissue and regulate the secretion of adipocytokines that may improve insulin
sensitivity from adipose tissue [21]. However, recent studies identified several side-
effects of TZDs, such as liquid retention, congestive heart failure and liver toxicity,
due to full agonist of PPARYy [22-26]. Thus, there is clearly the need for developing
selective PPARY agonists with less or no undesirable side-effect. The Adipocyte
protein 2 (aP2; also namely Fatty Acid Binding Protein 4, FABP4) gene is not only
one of the specific markers of mature adipocytes, but also one of the PPARY target
genes [27]. Since the interrelation between PPARy-aP2 axis is well studied, it is
supposed that aP2 promoter-driven reporter gene assays represent a rapid and sensi-
tive procedure and particularly versatile tool for identifying novel PPARy modula-
tors [28]. Indeed, employing aP2 — driven luciferase (luc) reporter cell line, Waki
et al. identified one small molecule (Harmine) from 504 compounds, which acts as
an agonist of PPARyand improves glucose tolerance in diabetic mice [29].

As for the development of anti-obesity drugs, PPARYyis also a candidate target.
Currently, there are two types of anti-obesity drugs on the market [30, 31]. One
group of compounds is to control food intake by modulating the central nervous
system. Sibutramine is a representative from this group. However, Sibutramine may
cause insomnia, headache and constipation [32]. The other group of compounds
reduces fat intake by inhibiting fat absorption. For example, orlistat inhibits the
activity of pancreatic lipase, hence decrease triglyceride digestion. But patients
might be affected by gastrointestinal side effects and lose lipid-soluble vitamins and
essential fatty acids by steatorrhea [33]. As a result, it is imperative to develop new
drugs with higher efficacy and less side-effect. By screening 2,000 natural com-
pounds, Seo et al. showed that Lysimachia foenum-graecum suppresses PPARy and
CCAAT/enhancer binding protein a (C/EBPa) expression, and reduces markedly
the weight of white adipose tissue in high-fat diet mice [34].

Today diseases associated with bone loss, such as osteoporosis and Page’s dis-
ease, represent an enormous burden of the health system. Bone mass homeostasis
is critically dependent on maintaining the balance between bone destruction by
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osteoclasts and bone formation by osteoblasts. In the case of osteoporosis, after
the age 40, bone destruction begins to exceed bone formation, which results in
local or systemic bone loss [35]. BMP2 plays an essential role in postnatal skel-
eton formation and is required as a major factor during bone repair [36, 37]. One
study identified BMP2 mutations as a major risk factor in osteoporosis and osteo-
porotic fractures [38]. As part of the BMP signaling cascade in osteoblasts,
Cbfal/Runx2 is an osteoblast-specific transcription factor in osteogenic differen-
tiation [39]. Cbfal/Runx2 knockout mice suffer from maturational arrest of osteo-
blasts, resulting in a complete block of both intramembranous and endochondral
ossification [40]. These findings indicated that BMP2 and Cbfal/Runx2 might
serve as therapeutic targets for bone diseases. Li et al. screened a library of 3,192
compounds to identify 3 candidates, which increases MSC differentiation towards
osteolineage, based on BMP2-luc reporter system [41]. Using mouse mesenchy-
mal progenitor cells C3H10T1/2 and Cbfal/Runx2-luc reporter system, Wu et al.
found that purmorphamine 1 can enhance the osteogenic differentiation [42].
Additionally, as a downstream target of Cbfal/Runx2 [39, 43], the type I collagen
(Collal) gene can also be applied in osteogenic compound screening. Hojo et al.
used collal promoter driving GFP reporter to identify glabrisoflavone (GI) as an
osteogenic compound [44].

Sox9, also known as sex determining region Y-box9, is a key regulator of the
chondrocyte lineage [45]. In situ hybridization showed that Sox9 is expressed in
all chondroprogenitor cells during mouse embryogenesis. Heterozygous muta-
tions in the SOX9 gene may cause severe chondrodysplasia [46]. As a direct tar-
get of Sox9, Collagen type 2 proal (Col2al) is an early and abundant marker of
chondrocytes, and type II Collagen represents the major extra-cellular matrix in
cartilage tissue [45, 47, 48]. Osteoarthritis is one of the common degenerative
join diseases. The early pathological changes include the loss of extra-cellular
matrix and later lose cartilage [49]. Standard treatments are pain management
and join replacement surgery, which however treat symptoms, rather than the
disease itself. Therefore alternatives represent the identification of novel drugs,
which enhance cartilage regeneration. Sox9-dependent type II Collagen gene
promoter driving reporter gene serves as a powerful screening tool. Hojo et al.
identified oxytetracycline out of 2,500 natural and synthetic compounds by
Col2al-driven GFP screening system [50].

Why MSC-Based Screening Models?

In current studies, some investigators use murine preadipocytes (3T3-L1), preosteo-
blasts (KS483, MC3T3-E1l) or prechondrocytes (ATDCS), while others use the
murine mesenchymal cell line (C3H10T1/2) or human MSC as research model. We
discuss here the advantages and disadvantages of using MSC.

First, MSC enable investigators to study the activities of compounds from the
cell commitment stage to terminal differentiation stage, while precursor cells only
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reveal the differentiation process. Therefore, more and more investigators employ
first a screening assays based on precursor cell lines, followed by an assay based
on MSC to confirm the results obtained [51]. Second, for studying potential side
effects of novel drug candidates or developing multifunctional drugs, it is advanta-
geous to use MSC models. For instance, patient with osteoporosis often have obe-
sity problem, and small molecules, such as M-25659, increase osteogenic
differentiation while inhibiting adipogenesis, and are therefore suggested as an
attractive novel candidate drug [52]. Third, MSC enable researchers to screen on
primary human cells. Human cells always serve as a “golden standard” for drug
development. After years of intense discussions, researchers established a set of
standard protocols for isolation, culturing and differentiation of human MSC [53,
54]. What is more, it is well recognized that cells derived from human MSC in vitro
share similar characteristics as those in vivo in our body [55].

Yet, one major advantage for using murine precursor cell lines is their stability.
They can proliferate for quite a long time, without losing their differentiation
capacity. Moreover, when introduced with exogenous genes, single cell clones are
readily picked and expanded to obtain homogenous cell population. In this respect,
MSC (especially human MSC) have some disadvantages. One concern is the
aging of MSC. Human MSC undergo aging after several months of in vitro culture
concomitantly with impaired differentiation [56, 57]. Increasing evidence sup-
ports findings that epigenetic modifications play major role during this aging pro-
cess [58, 59]. Another concern is that it is difficult to generate homogenous
genetic modified human MSC, because MSC are difficult to be propagated as
single cell, especially after virus infection and antibiotics selection. Immortalization
of MSC might provide a solution to its problem. Indeed, it was reported that after
immortalizing with HPV16 E6/E7 genes, human MSC retain a stable MSC phe-
notype without neoplastic transformation and maintain their multipotent differen-
tiation capacity [60].

The Advantages of Genetically Modified MSC
in High-Throughput Screening

High-throughput screening is an approach that allows rapid screening of com-
pounds in large scale to identify putative therapeutic drugs. In general, a com-
plete pharmaceutical screening session involves four steps. The primary
screening starts with hundreds of thousands of compounds. Only a few of active
compounds are selected, termed “hits”. In the secondary screening, biological
relevance of those potential compounds is defined, such as cytotoxicity and the
half maximal effective concentration (ECs) of the compounds. Those chemicals
that pass the secondary screening are named “leads”. The follow-up studies are
animal experiment and clinical trials (phasel-V). The challenge lies in maximiz-
ing the number of compounds, while simultaneously minimizing the costs and
time involved [61, 62].
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In the early studies, the primary screening happened in silicon chips, on which
particular target proteins or substrates of specific enzymatic reactions were pat-
terned. Those compounds, which bind or stimulate/inhibit the enzymatic reac-
tions, became “hits” and were forwarded to secondary screening in cells. The
pitfall of this screening strategy is that it did not put more real candidates into the
final screening process. Most of them failed in the secondary assay, due to toxic-
ity to cells and so forth. Thereafter, pharmaceutical companies applied cell based
assay as the primary screening to look at the impact on cell physiological events
in the first place. In this way, untargeted compounds can be excluded earlier.
With the development of miniaturization, cell based primary screening can be
put into 3,456-microwell plates, which vastly enhance the screening efficiency
and reduce the cost [62].

Conventional read-outs of MSC differentiation include oil red O staining,
alkaline phosphatase (ALP) staining and gene expression analysis by RT-PCR,
which are time and labor consuming and cost effective. Therefore, for diseases
with known molecule targets, reporter gene assays represent the optimal
approach in high-throughput screening. Introducing stable cell lines with
reporter genes driven by promoters of molecule targets, potential compounds
are readily identified. Moreover, it has been proved by many groups that reporter
gene expression is in accord with the expression pattern of the target gene ana-
lyzed by RT-PCR, indicating that reporter assays have similar sensitivities as
RT-PCR [28, 29, 50, 63].

The most frequently employed reporter systems used in industry are enzymatic
assays, such as luciferase assays [64]. The luciferase gene comes from the firefly
Photinus pyralis. This gene encodes a 61-kDa enzyme that oxidizes D-luciferin in
the presence of ATP, oxygen, and Mg2+. The reaction product can be quantified
by measuring the released light [65]. Recent studies favor another reporter sys-
tem, the fluorescence protein assay, which allows measurements with fluores-
cence spectrophotometer. Shimomura et al. first discovered green fluorescent
protein from Aequorea Jellyfish [66]. Thereafter more fluorescent proteins were
identified from other organisms [67]. Now a good collection of fluorescent pro-
teins covering every spectral class is available for investigators [68]. The fluores-
cence protein assay allows real-time and noninvasive observation of samples.
Investigators observe the change of individual cells continuously during the
screening process without the need for lysing cells and subjecting them to enzy-
matic assays [69]. It reduces extra time and money spent during the first screen-
ing, which clearly represents a strength for high content analysis [70]. Furthermore,
unlike luciferase assay, which measures the total amount of luciferase activity of
a given cell population in test wells, fluorescence protein assay reveals data on
individual cells, which is particularly important when cell populations are not
homogeneous [64]. A common concern about the application of fluorescence
assay lies in its potential toxic effects on cells, which might probably due to the
aggregates formation of fluorescent proteins in cytoplasm [71]. But this potential
disadvantage can be met by choosing less toxic fluorescence protein or modulating
the copy number of reporter genes in cells [72].
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Methods of Genetic Modification of MSC

Several methods have been applied in genetic modification of MSC, including
retroviral vector [44, 69], lentiviral vector [63] and zinc finger nuclease vector [73].
For pharmacological application, the aim is to obtain stable genetic modified MSC,
while maintaining their multipotency. Therefore, investigators need to chose suit-
able transduction method and optimize transduction conditions, such as virus titer
and MSC viability.

Retrovirus transduction is a particularly widely used technology in stem cell
research [74]. It can introduce up to 8 kb of exogenous DNA into dividing cells,
but frequently its application is hampered by low transduction efficiency and
transgene silencing by epigenetic modifications [75]. Lentivirus, which is a sub-
group of retrovirus, can introduce up to 10 kb transgenes into target cells without
requirement for cell division. The transduction efficiency of lentivirus is quite
high in all mammal cells, even in hematopoietic stem cells (HSC). It was reported
that with lentivirus, the infection rate of HSC can reach up to 60 % [76]. However,
as lentivirus contains human immunodeficiency virus type 1 (HIV-1) envelope,
the safety concern became an issue. The third generation of lentivirus contains a
self-inactivating 3’ LTR, which makes the lentivirus unable to produce replication
competent virus after integrating into the host chromosome, hence increasing its
biosafety [77, 78]. Another concern for lentivirus vector systems is the potential
activation of oncogenes due to the promoter insertion. This is particularly relevant
since lentiviral vectors integrate into active transcription region of the target cell
genome, which might lead to tumor formation [79, 80].

Zinc finger nuclease technique (ZFN) can induce specific integration sites in
the host genome. ZFN contains the non-specific cleavage domain of the FokI
endonuclease and DNA binding domains of zinc finger proteins. Once the zinc
finger proteins bind to predetermined sites of the host genome, FokI endonucle-
ase cuts the target sites into double-stranded DNA. During the following DNA
repair process, the exogenous DNA fragments can be integrated into the target
sites by homologous recombination [80]. With this technique, investigators can
integrate DNA fragments into specific sites of the host genome, such as chemo-
kine [C-C motif] receptor 5 (CCRS), in order to minimize the risk of insertion
oncogenesis [73]. However, the ZFN technique also has its pitfalls. For example,
ZFN might have cytotoxic effect depending on its concentration [81]. A possible
solution is to combine the non-integrated lentivirus with ZFN technique [80].
Non-integrated lentivirus can persist in infected cells as transcriptionally active
DNA elements [82]. During cell division, these replication-deficient lentiviral
vectors would be diluted, and eventually eliminated from the infected cells [83].
Taking the advantage of high transduction efficiency of lentivirus, ZFN and
exogenous DNA fragments can be delivered into target cells by integration-
deficient lentivirus. After targeted modifications of the host genome, those ZFN,
exogenous DNA fragments and lentivirus would vanish following several cell
divisions.
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Future Perspectives

The developments in MSC biology over the past few years has allowed to decipher
genetic programs that drive lineage commitment and differentiation. The patho-
genic mechanism of diseases enables researchers to identify putative therapeutic
targets on the molecule basis. As for the screening of therapeutic drugs in adipo-,
osteo- and chondrogenic diseases, MSC serve as a particularly attractive study
model. With state-of-the-art genetic modification methods and fluorescence reporter
gene system, genetic modified MSC with target-specific promoter driving reporter
genes have proved to facilitate high-throughput screening. In the future, more and
more new therapeutic targets are expected to be discovered and will add to the MSC
based screening system.

In pharmacological industry today, 90 % of the potential drugs fail in clinical
trials due to insufficient efficacy or unanticipated toxicity [64]. Therefore the chal-
lenge remains to develop novel drugs while improving on the screening systems and
preclinical models used. Frequently, in basic research different labs screen a number
of compounds based on different cell lines and assays. Even though several poten-
tial compounds are then selected as potential drugs from these studies, there are
rarely follow up studies or clinical trials. Given that in several cases potential mol-
ecule targets are known to be associated with specific diseases, a screening protocol
should be devised by the joint efforts of investigators and pharmaceutical compa-
nies. Such screening protocols should define cell types, screening setups, positive/
negative controls and statistics methods. Furthermore, tested compounds should be
documented and a database on this information can be established. Such an approach
will allow to readily assess the screening results of different groups and to facilitate
the cooperation between basic research and pharmaceutical companies.
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Control of Mesenchymal Stem Cells
with Biomaterials

Sandeep M. Nalluri, Michael J. Hill, and Debanjan Sarkar

Abstract In vivo micro-environment of mesenchymal stem cells (MSCs), known
as stem cell niches, plays an important role in deciding the cell fate which is required
to regulate tissue homeostasis. These micro-environmental features include orches-
trated interactions between different compartments which are cell-cell, cell-soluble
factors, and cell-matrix interactions. In addition to cell-cell interactions and soluble
biomolecules present in extra-cellular environment of the niches, stem cell fate is
guided through their interactions with extra cellular matrix (ECM) which is tightly
regulated at the molecular, cellular and tissue level. These cell-matrix interactions
with an artificial matrix should mimic the physicochemical, mechanical and topo-
graphical interactions at micro- and nano-scale dimension for recapitulation of
stem-cell micro-environment. Therefore, it is important to design biomaterials
which can provide the in vivo micro-environmental properties of ECM for guiding
the fate of the stem cells and potentially can impact tissue regeneration. This chapter
discusses the structural and functional characteristics of biomaterials which can
guide the fate of MSCs by modulating viability, proliferation, morphology, migra-
tion and differentiation. Understanding native stem cell niches and deriving design
principles to construct artificial biomaterial based stem-cell microenvironment is
important for successful regenerative tissue engineering.
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Introduction

Regenerative tissue engineering aims to generate new tissues and organs which
can replace damaged tissues or enhance the functioning of defective tissues and,
thus, represents a therapeutically relevant treatment strategy for various tissue
defects and diseases [1, 2]. In principle, biomaterial based tissue engineering
strategies involve combining cells and appropriate biomolecules with an artificial
matrix essentially derived from a biomaterial with necessary physical, chemical,
mechanical and biological signals. Mesenchymal Stem Cells (MSCs) are one of
the promising renewable cell sources for tissue engineering. They can be har-
vested from bone marrow (and other tissues) and can differentiate into osteoblasts
(bone) [3], chondrocytes (cartilage) [4], myoblasts (muscle) [5] and adipocytes
(fat) [6]. Furthermore, these cells have emerged as a potential candidate cells for
tissue engineering applications due to their ability to promote angiogenesis and to
modulate immune response [7, 8].

Control of cell fate is extremely important in tissue engineering (and in any
regenerative medicine) applications to appropriately replicate tissue structure
and function. Fate of MSCs is determined by its ability to maintain stem-cell
like character or to differentiate to specific lineages and is regulated by the in
vivo micro-environment which is called ‘niche’ [9]. These niches are defined by
the presence of other cell types, extra cellular matrix (ECM) characteristics, and
soluble factors. These niche components and synchronized interactions between
them present specific cues to the cells which controls (stem) cell fate [9-11].
Biomaterial based tissue engineering strategies have, therefore, been developed
to control the cell fate in a spatial and temporal manner by presenting appropri-
ate signals. The significance of biomaterials to provide these signals as insolu-
ble matrix cues is immense because cell-matrix interactions constitute a major
and critical part of the signaling events. Furthermore, soluble factors, which are
conventionally used to differentiate stem cells [12], produce a heterogeneous
population of cells [13, 14] and potentially present a challenge for effective tis-
sue organization. Therefore, designing biomaterials to mimic the structural and
functional characteristics of native ECM can guide the fate of MSCs efficiently;
this will have a major impact in tissue engineering to control cell fate and regu-
late tissue regeneration.

With recent advances in material synthesis and processing technologies, it is pos-
sible to develop biomaterials with a defined set of physicochemical, mechanical and
biological properties at macro-, micro-and nano-scale dimensions. For example,
with techniques such as photolithography, micro-contact printing and self-assembled
monolayers (SAMs) engineers are able to create biomaterials that have distinct
properties to guide the stem cell fate [2, 15, 16]. This chapter will discuss the pro-
gresses made to control the fate of MSCs by various properties of biomaterials
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which include physicochemical, mechanical, and biological properties for structural,
architectural and functional characteristics at micro- and nano-scales.

Stem Cell Microenvironment

In vivo stem cell niche is a complex multi-dimensional unit which constitutes basic
structural and functional micro-environment for the cells. There are three major
components of stem cell niche: Cellular, extracellular matrix, and soluble factors as
shown in a representative schematic in Fig. 1. Highly coordinated interactions
between these niche compartments and the signals derived from the cross-talk
between the components guide the cell fate through activation of various genes,
which is required for repair or regeneration of tissues [17].

In principle, cell fate is governed by different receptors present on the cell sur-
face and their interaction with different cells, matrix molecules and soluble ligands
present in the niche [18]. These receptors, when bound to certain ligands (present
on another cell, ECM or in niche milieu) will activate a series of signaling pathways
that will guide the cell to activate specific genes which in turn modulate cell fate that
include viability, proliferation, differentiation, production of more extracellular
matrix proteins or to undergo apoptosis.

Cellular components of MSC niche have been explored and it has been established
that cell-cell contact influences the functional characteristics of MSCs in the naive
state. Thus, by utilizing cell-cell interactions, human mesenchymal stem cells
(hMSCs) were delivered to ex vivo human excisional wound where subpopulations of
hMSCs were cultured either in contact with, or physically separated from epidermal
keratinocytes. hMSCs which are co-cultured in contact with keratinocytes adopted an
epithelial morphology and expressed keratinocyte markers, while those cultured with-
out contact exhibited phenotypes that resembled myofibroblast and early neural lin-
eage, both of which are of dermal origin [19]. Similarly, soluble components of the
niche, i.e. soluble growth factors have been shown to modulate the fate of MSCs. For
instance, growth factors transforming growth factor-p3 (TGF-3), bone morphogenic
protein-6 (BMP-6), and insulin-like growth factor-1 (IGF-1) are used in different
combinations to modulate the proliferation and chondrogenic differentiation of MSCs
[20]. Likewise, several other studies have demonstrated the effect of growth factors in
controlling MSC fate. Cells integrate these signals derived from different pathways
through a myriad of growth factors which modulate their fate [21-23].

In addition to cellular and soluble components, ECM components take various
forms in different tissues and in the same tissue during developmental stages.
This variance of ECM comes from specific interactions of various molecules of
different isoforms and composition, and geometrical arrangements of collage-
neous proteins, proteoglycans, elastins and, various adhesion proteins which
include fibronectins, vitronectins, osteopotin and laminins [11, 18, 24]. ECM
contains various cues ranging from micro to nano-scale due to different physical-
chemical, mechanical, and biological properties which can guide and regulate
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Cellular

Soluble Factors

Matrix

Fig. 1 Schematic presentation of ‘Stem Cell Niche’. Stem cell (blue cell) interacts with three
components of the niche: Soluble factor, cellular and matrix for maintenance stem cell function.
Biological, physicochemical and mechanical character of the niche control these interactions to
regulate stem cell fate

MSC functions. It is also important to recognize the reciprocal relationship
between MSCs and matrix which is underlined by continuous remodeling of
matrix molecules by the cells [25]. Physicochemical and mechanical character of
the matrix has shown to influence MSCs in an in vivo microenvironment. For
example, MSCs residing in bone marrow niche experience different matrix char-
acter at mineralized bone matrix of the endosteal surface in osteoblastic compart-
ment and in the marrow ECM synthesized by marrow stromal cells in vascular
compartment [9, 25, 26]. These two compartments are significantly different in
terms of molecular composition and properties and, therefore, are expected to
control MSCs through different mechanistic pathways [26-28]. Matrix regula-
tion of MSCs in bone marrow niche has not been studied extensively like hema-
topoietic stem cells, but nonetheless, matrix component of the niches play a
major role in maintaining the undifferentiated state of MSCs or in promoting the
differentiation towards a specific lineage.

Thus, stem cell niche integrates cellular and molecular components to act in a
highly interactive manner for regulation of stem cell activities. Matrix components of
such niches are critical for providing physicochemical, mechanical and biological
cues and biomaterials are designed to mimic these features structurally and function-
ally. Synthetic biomaterials engineered at the molecular level with appropriate archi-
tectural features are critical for inducing specific cell-matrix interactions. Recent
advancements in biomaterials development and processing have allowed controlling
of MSCs at different length scales for tissue engineering applications. In the follow-
ing sections we summarize the effect of biomaterials on MSC activities in terms of
the material’s physicochemical, mechanical and structural characteristics.
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Physicochemical Effect on Mesenchymal Stem Cells Fate

Controlling MSCs through physical and chemical characteristics of a biomaterial is
important for mimicking physicochemical characteristics of ECM. Since ECM is
primarily composed of macromolecules, most studies are focused on polymeric bio-
materials. However, recent studies have shown that certain small molecules can
have potential to modulate MSCs fate. These small molecules can be categorized as
soluble factors but their emergence to control MSCs has considerably impacted
biomaterials. The precise mechanism through which small molecules modulate the
stem cell fate is challenging to unravel and is complicated by many issues, for
instance, these molecules may interact with many non-relevant targets that may
confound the analysis [29, 30]. The compound 2,6,9-trisubstituted purine, purmor-
phamine, is found to induce osteogenic differentiation in mouse Mesenchymal
progenitor cell line C3H10T1/2. It up-regulates the expression of Cbfal/Runx?2
(a master regulator of bone development), and also, other bone specific markers
such as osteopontin and collagen-I [31]. Some of the other small molecules which
are known to modulate stem cell fate are Dexamethasone, Indomethacin,
Rosiglitazone, and Vitamin D3. These molecules under carefully defined conditions
can induce differentiation in MSCs e.g. dexamethasone and vitamin D3 are known
to promote osteogenic differentiation and rosiglitazone and indomethacin are known
to promote adipogenic differentiation of MSCs [32-35].

Since ECM is composed of biomacromolecules, polymers are extensively used as
biomaterials for MSC based tissue engineering applications to mimic the physico-
chemical characteristics of ECM. Many polymers, both natural and synthetic ones are
used to control MSCs. Synthetic polymers represent a major class of polymers which
have been used as artificial matrices for MSCs. For example MSCs’ adherence and
subsequent osteogenic differentiation on biodegradable poly (lactic-co-glycolic) acid
(PLGA) and poly-caprolactone (PCL) was mediated by the polymer character which
induced adsorption of distinct serum-derived ECM proteins; PLGA provided a better
osteogenic environment than PCL due to this differential protein adsorption [36]. This
study indicates molecular composition of polymers can distinctly regulate MSCs.
Additionally, studies have shown that incorporation of nano-hydroxyapatite as inor-
ganic mineral phases into the organic polymers matrix enhances the osteogenic poten-
tial of MSCs due to better mimic of natural bone matrices [37, 38]. In addition to these
polymers, which are classical examples of bioresorbable material, polymers with
lesser biodegradability have shown significant control over MSCs. For instance,
methacrylate and acrylate monomers are used to synthesize a library of polymers
which have different composition, and thus, different properties like contact angle and
modulus. It is shown that the composition of the polymer modulates hMSCs adhesion,
proliferation, and differentiation, with strong correlation between contact angle, pro-
tein adsorption and cell response. However, if cell adhesive peptide sequence
Arginine-Glycine-Aspartic acid (RGD) is functionalized on to the surface of the poly-
mers, the polymer composition didn’t modulate the cell fate, indicating that, RGD
motif overrides the effect of polymer composition on the stem cell fate [39].
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This feature indicates the importance of biomimetic approaches in controlling
fate of MSCs. Most widely used biomimetic approach is aimed to modulate the
adhesion of MSCs to polymeric matrices by using proteins or peptides present on
native ECM. Cell adhesion proteins that are present in ECM contain RGD sequence,
which the cell recognizes and binds through its transmembrane integrin receptors
[40]. This sequence has been identified in many ECM proteins such as Fibronectin,
Vitronectin, type I collagen, fibrinogen, von willebrand factor, and osteopontin [41—
45]. The presence of RGD sequence incorporated into the microenvironment of
hMSCs through the surfaces of biomaterials has been shown to initiate the chondro-
genic differentiation, but persistence of RGD for a longer period in ECM has shown
to inhibit the chondrogenic differentiation of the MSCs [46]. In a study, to tempo-
rally regulate the RGD presence in the ECM, matrix metalloproteasel3 (MMP-13)
cleavage site has been incorporated into the peptide containing RGD sequence.
MMP-13 cleavage site is PENFF (proline-glutamic acid-asparagine-phenylalanine-
phenylalanine) which is degraded by MMP-13. MMP-13 is up-regulated within
7-12 days of chondrogenesis in hMSCs [47]. Results have shown that cleavable
RGD peptide containing gels, with MMP-13 cleavage site have produced tenfold
more glucosaminoglycan compared to un-cleavable RGD peptides containing gels.
Similarly, 75 % of cells have stained positive to collagen type II deposition in cleav-
able RGD gels compared to 19 % in gels where RGD persists. Therefore, temporal
regulation of the presence of RGD can modulate the MSCs fate [48]. Similarly,
osteogenic differentiation of MSCs was modulated with RGD modified alginate
gels where nanoscale presentation of RGD with respect to ligand density and spac-
ing of RGD islands controlled the differentiation of the cells [49, 50]. Apart from
RGD, peptide based biomaterials, mainly self-assembled peptides, have emerged as
an important biomaterial for regulation of MSCs [51]. In addition, several natural
polymers including collagen, hyaluronic acids are also used as biomimetic mole-
cule to control MSCs for specific function and application [52, 53].

Hydrogels are widely used in tissue engineering applications due to their ability
to mimic the tissue microenvironment and, therefore, have been an obvious choice
to control MSC:s fate. Injectable hydrogels (IHs), particularly, can be used to deliver
MSCs with minimally invasive surgery and they can easily mold to the shape of the
cavity [54]. Hydrogels constructed from natural and synthetic polymers are designed
to induce specific interactions with MSCs for effective osteogenic and chondro-
genic differentiation. In a study, natural proteins which include collagen type I and
collagen type II are mixed in required proportions with alginate to form hydrogels.
MSC:s are grown in these pure alginate hydrogels and in collagen type I and type II
hydrogels, both in serum free medium and medium containing transforming growth
factor (TGF) B1. The chondrogenic specific genes like sox9, collagen type II, aggre-
can, and COMP were found to be up-regulated more in collagen hydrogels, particu-
larly collagen type II. Presence of TGF fland dexamethanose in collagen type II
hydrogels resulted in providing more favorable conditions for expressing chondro-
genic phenotype. This study has shown that collagen type II present in ECM alone
has potential to induce chondrogenic differentiation in MSCs [55, 56]. Similarly
studies have shown the importance of hydrogels for osteogenic differentiation of
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MSCs [55, 57]. hMSCs were encapsulated in a photocrosslinkable, injectable
scaffolding system based on poly(ethylene glycol) (PEG) hydrogels. hMSCs dif-
ferentiated into osteogenic lineage within these PEG hydrogels, when cultured in
osteogenic differentiation media, indicating the feasibility of using a PEG-based,
photocrosslinkable system to culture and deliver human mesenchymal stem cells
for bone tissue regeneration and repair. In another study, MSCs were encapsulated
in PEG hydrogels which were functionalized with small chemical groups and the
MSC:s differentiated into specific lineages depending on the cell-matrix interaction
induced by tethered chemical groups [58].

Phosphate- and t-butyl-functionalized PEG hydrogels induced osteogenesis and
adipogenesis of MSCs respectively indicating the importance of gel structure and
the chemical environment. The results showed that phosphate gels have significant
expression of collagen (detected by Masson’s trichrome stain) and osteopontin
(bone extracellular protein) as osteogenic markers and #-butyl gels induced lipid
deposition (stained by Oil red) and peroxisome proliferating antigen receptor
gamma (PPARG, a critical regulator of adipogenesis) as adipogenic marker. This
study also indicated that local hydrophilic/hydrophobic milieu has an impact on
MSC behavior and shows the significance of material hydrophilic-hydrophobic
character for cell functioning.

Several studies have demonstrated how MSC fate is modulated by hydrophobicity
or hydrophilicity of materials. For example, cellular organization and differentiation
potential of MSCs were influenced by the matrix hydrophobic character of hydrogels
[59]. Results showed that MSCs were able to adhere, migrate and differentiate into
specific lineage at an optimum matrix hydrophobicity which induced specific cell-cell
and cell-matrix interactions. In another study, silk fibroin protein is modified with
diazonium coupling chemistry to tailor its structure and hydrophilicity and its effect
on MSCs were examined. When hMSCs were grown on these various surfaces with
different hydrophilicity, the cell growth rate and morphology were largely affected,
but the osteogenic differentiation capacity didn’t change significantly [60]. Another
study with acrylic acid grafted on poly(3-hydroxybutyrate-co-3-hydroxyhexnoate)
(PHBHHx) membrane, improved the hydrophilic nature of PHBHHx membrane.
This hydrophilic property of the membrane affected the morphology of the hMSCs
but not the metabolic activity. Cells were more spread on these hydrophilic surfaces
and increase in cytoskeleton formation was observed [61].

In addition surface wettability i.e. hydrophobic/hydrophilic character, surface
charge has shown to influence MSCs due to diverse electrostatic properties which
play key roles in controlling cell functions in vivo. In a study, three kinds of water-
soluble polymers, positively charged poly(L-lysine) (PLL), negatively charged
poly(acrylic acid) (PAAc), and neutral poly(ethylene glycol) (PEG), were compared
based on their effects on the adhesion, spread, proliferation and chondrogenic differ-
entiation of human mesenchymal stem cells (MSCs) [62]. MSCs were seeded and
cultured in the presence of polymers of different concentrations applied by specific
methods. The effects of the water-soluble polymers depended on their electrostatic
properties and method of application. A low concentration of PLL promoted MSC
adhesion, spread, proliferation and chondrogenic differentiation, while a high
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concentration of PLL was toxic. The PEG-coated surface facilitated cell aggregation
and spheroid formation by inhibiting cell adhesion. A high concentration of mixed
PEG promoted cell proliferation in serum-free medium. PAAc showed no obvious
effects on MSC adhesion, spread, proliferation, or chondrogenic differentiation.
Similar studies with positively charged polyallylamine (PAAm) and negatively
charged poly(acrylic acid) (PAAc) were done to study the effect of surface electro-
static properties on osteogenic differentiation of MSCs [63]. Cells adhered, spread,
and proliferated somewhat more quickly on the PAAm-modified surface than they did
on the PAAc-modified and control surfaces. Additionally, these surface charges acted
synergistically with the soluble molecules present to induce osteogenesis of MSCs.

Although biomaterial based regenerative tissue engineering is essentially concen-
trated on polymeric biomaterials, metals are also known to modulate the stem cell
fate. Metallic biomaterials are mainly focused for bone application due to mechani-
cal strength and are primarily investigated for osteogenic differentiation of MSCs.
For example, hydroxyapatite (calcium phosphate), titanium, are known for control-
ling MSC differentiation. Hydroxyapatite is a mineral constituent of natural bone
matrix and has been used to improve strength of polymeric matrices and induce dif-
ferentiation of MSCs into osteogenic lineage [64, 65]. Titanium has shown promise
to induce osteogenic differentiation of MSCs which makes titanium an attractive
bone regeneration material [66, 67]. MSCs are able to attach and proliferate on tita-
nium surface if presented in different formats which include nanoparticle surfaces
and mesh structures for differentiating into osteogenic lineages. In this context, it is
important to mention that several metallic nanoparticles have been used to modulate
MSC functions. For instance, silver nanoparticles (Ag-Nps) of 100 nm were used to
study the effect on proliferation, cytokine release and chemotaxis of hMSCs. The
results showed concentration-dependent activation of hMSCs till the Ag-Nps levels
of 2.5 pg/ml and cytotoxic cell reactions occurred at concentrations more than 5 pg/ml.
With the increasing concentration of Ag-Nps, the cell proliferation and chemotaxis
of hMSCs decreased. Different effects were observed on different cytokines with
respect to the concentrations of Ag-Nps used [68]. In another instance, it is shown
that direct exposure of hMSCs to titanium and zirconium oxide induces apoptosis
through increased levels of tumor suppressor proteins P53 and P73 [69].

In summary, mimicking the physical and chemical features of ECM present in
MSC niche can be achieved by different biomaterial based approaches. It is impor-
tant to recognize the essential feature of matrix for inducing MSCs towards a spe-
cific direction and presenting it with an artificial biomaterial based matrix.

Physicomechanical Control of Stem Cell Fate

Physicochemical character of biomaterials have been widely used as molecular engi-
neering tool to control MSC fate but recent advancements in our understanding of
mechanobiology and mechanotransduction has demonstrated the role of matrix
mechanics in cell function and behavior. Thus, biomaterial based researches have
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Fig. 2 Expression of lineage specific markers of MSCs as a function of substrate elasticity. MSCs
express neurogenic marker $3Tubulin on 0.1-10 kPa matrix, myogenic marker MyoD on 8-17 kPa
matrix and osteogenic marker CBFat1 on 25-40 kPa matrix (Reproduced with permission from
Elsevier in Ref. [5])

progressed to capitalize the physicomechanical effect of matrix in regulating MSCs.
Adherent cells respond to matrix stiffness through their adhesion complexes/junctions
which acts as site for force transduction: cells pull against matrix and feel the resis-
tance to deformation by the adjacent matrix environment [70]. Thus, mechanical
response of ECM in physiological and pathological conditions influences the func-
tioning of cells [71]. Matrix stiffness has been shown to alter the behavior of MSCs
including proliferation, migration, cytoskeleton arrangement, and differentiation.
Effect of matrix elasticity on MSCs was demonstrated by using polyacrylamide gel
with different substrate elasticity ranges [72]. On soft matrices (0.1-10 kPa, which
mimics the elasticity of brain matrices) MSCs differentiated into neuronal lineage
but on stiffer matrices (25—40 kPa, which mimics bone matrices) MSCs differenti-
ated into osteogenic lineage. Whereas, MSCs on intermediate stiffness (8—17 kPa,
which mimics muscle elasticity) differentiated into muscle lineage. Figure 2 shows
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the expression of lineage specific markers from the differentiation of MSCs on
surface with different elasticity. This study also demonstrated that cell size and cyto-
skeleton organization of MSCs correlated to matrix stiffness. This lineage specificity
of MSCs due matrix elasticity has shown the role mechanical response of an artificial
matrix in controlling stem cell fate. In another study, when MSCs were cultured on
polyacrylamide gels of 250 and 7,500 Pa stiffness; 250 Pa gel was chosen based on
measurements of bovine marrow and rat adipose tissue, whereas the 7,500 Pa mim-
icked muscle tissue stiffness. Cells on 250 Pa gels remained rounded and failed to
show signs of replication whereas on 7,500 Pa gel, cells spread more [73]. Similar
studies performed on these types of system have further emphasized the role of
matrix mechanics in controlling MSC behavior [74].

These studies and several others have delved into the biomolecular signaling
events resulting from such mechano-sensitive responses of MSCs. It involves pro-
teins in between the ECM and cell which are obviously mechano-sensitive and will
undergo deformations that can guide the fate of cells. For instance, the substrate
rigidity influences RhoA/ROCK mediated calcium ion oscillations in hMSCs. In
turn calcium ion oscillations are known to influence differentiation [75].

Translating these mechano-responses into practically useful biomaterial based
approaches will be critical for regenerative tissue engineering application.
Researchers have modified alginate gels with cell adhesive RGD sequence in a defin-
itive way to design matrices with tunable elasticity (between 2.5 and 110 kPa) as a
function of RGD presentation both in 2-dimensional substrate and in 3-dimensional
gel [76]. Results shows MSCs differentiated into specifically different lineages in
response to matrix stiffness which was correlated to the traction mediated orientation
of adhesion junctions formed at cell-matrix interface. In another study, MSCs were
cultured in 3D thixotropic gels designed from polyethylene glycol-silica (PEG-
silica) nanocomposites and with varying rheological properties [77]. For these 3D
cell cultures in thixotropic gels, the liquefaction stress (minimum shear stress
required to liquefy the gel) was used to characterize the matrix stiffness. The highest
expressions of neural (ENO2), myogenic (MYOG) and osteogenic (Runx2, OC)
transcription factors were obtained for gels with liquefaction stress of 7, 25 and
75 Pa, respectively. Hyaluronic acid based gels with different crosslinking density
resulted in gels with different stiffness which influenced the chrondrogenic differen-
tiation of MSCs [78]. Interestingly, matrix mechanics were also used as a factor to
maintain the MSCs in a quiescent state by mimicking the bone marrow matrix [73].
In this study 250-Pa polyacrylamide gels coated with collagen type 1 and fibronectin
were used as this material mimics the elasticity of bone marrow and fat tissues.
hMSCs seeded sparsely on these gels remained quiescent with halted progression
through the cell cycle despite the presence of serum.

Collectively, these studies are demonstrating the increasing role of matrix
mechanics in controlling MSC fate. As researchers are unraveling the fundamentals
of MSC mechano-response, growing trends to mimic the matrix mechanics of a
given microenvironment with biomaterial based strategies will improve the tissue
regeneration. Adequate control of MSCs with mechanical force to terminally dif-
ferentiate and function will enhance biomaterial based regenerative strategies.
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Micro- and Nano-Structural Control of MSCs Fate

Structural and architectural design of a biomaterial in a given application, both in
2-dimensional substrate and 3-dimensional environment can have significant impact
on cell fate. Cellular functions and behavior of MSCs have been influenced by these
material features and therefore are an important aspect of biomaterial design. With
the advent of photo- and soft-lithographic techniques, there has been a growing
interest in fabrication of micro- and nano-scale cues to study fundamental cell-
substrate interactions. This is increasingly important because cells, including MSCs,
interact with the matrix at different dimensions which translates into specific cell
signaling events. Therefore, recent efforts are focused on achieving these topo-
graphic and geometric cues from the matrix architecture to control the fate of MSCs.

MSCs alignment, proliferation, migration and differentiation are studied on
micro-topographical surfaces [79, 80]. In a study, umbilical cord blood-derived
mesenchymal stem cells (UCB-MSCs) were grown on flat polydimethylsiloxane
(PDMS) and on grooved PDMS surfaces of different widths (1, 2 and 4 pm). Results
showed that proliferation of UCB-MSCs is enhanced on the micro-grooved surfaces
compared to flat PDMS. The proliferation on 1 pm width grooved PDMS surface
increased twofold compared to that on flat PDMS. But, there was no significant
statistical difference in proliferation between 4 pm width grooved PDMS surface
and flat PDMS surface. It was also found that UCB-MSCs were differentiated into
neural like cells at higher levels on micro grooved PDMS surfaces compared to flat
PDMS surface. Particularly, PDMS with 1 and 2 pm induced neuronal-like differ-
entiation from UCB-MSCs drastically, while the differentiation on 4 pm micro
grooves is less pronounced, whereas, only half of the cells were found to be differ-
entiated in flat PDMS [80].

In another study, cell alignment and migration on micro-grooved and smooth
silicon surfaces was analyzed. Micro grooved surfaces contained step height of
1.6 pm and stripes of 5 pm. Two days after incubation, MSCs aligned along the
grooves with rhizomes as shown in Fig. 3a (light microscopy) and b (SEM), whereas,
MSCs showed fibroblast-like morphology on the flat silicon surface (Fig. 3c). MSCs
exhibited a distinct morphology on micro-grooved surface. They showed a needle-
like morphology with two distinct ends. One end is close to the cell body and the
other end is elongated and away from the cell body. AFM images showed that cells
occupied the grooves rather than the ridges. The images of live MSCs were taken at
different time intervals to study the cell migration on both micro-grooved and flat
silicon surfaces. Results showed that, one of the edges of the cell starts extending
out of the cell, forming a thin, long structure, that eventually stops extending. This
thin, long structure leads the direction of migration of cells on the micro-grooved
surface. While on the flat silicon surface, the leading edge is the wide edge of the
cell and the thin, long extension is trailing. This study shows that micro-grooved
surfaces influence the MSCs alignment and migration [79].

MSCs fate can also be influenced by the shape of the microstructures. For
instance, a nano-imprint lithography apparatus was used to fabricate square and
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Fig. 3 (a) Light microscopy image of MSCs aligned on a Si grid (Rhizomes are marked with a
black arrow and further enlarged in the inset), (b) SEM image of a MSC on the micro-patterned
silicon surface. A short, crescent-shaped extension and a long, thin extension are visible, (¢) SEM
image of cell on a smooth silicon control surface, exhibiting a fibroblast like morphology
(Reproduced with permission from Elsevier in Ref. [79])

round structures on surface of poly (methyl methacrylate) (PMMA). Square structure
has width of 2 pm and height of 1 pm, and the rounded structure has width of 50 pm
and height of 1 pum. When rat Mesenchymal stem cells (rMSCs) were grown on
these structured surfaces and on smooth PMMA, they showed distinct morpholo-
gies on these structures. After 3 days of culturing rMSCs on these surfaces, cells
grown on round shaped structures have proliferated inside the round shaped wells
and spread to the limit of this round structure (Fig. 4a). They showed less focal
contacts and actin filament organization compared to cells grown on square struc-
tures. Cells grown on square shaped surfaces appeared more stressed and have a star
shaped morphology, but, some of the cells also showed spindle, needle-like mor-
phology. Cells are also aligned and many prolongations can be observed with pref-
erential attachment to square structures (Fig. 4b). On flat PMMA surface, cells have
various kinds of morphologies and they are randomly oriented (Fig. 4c). However,
these structured surfaces didn’t influence the proliferation and differentiation of the
rMSCs significantly [81]. In another study, the behavior of Mesenchymal Stem
Cells was observed on island-patterned (convex) and sunken-patterned (concave)
Poly (L-Lacticacid) (PLLA) membranes. Results showed that cell adhesion and
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Fig. 4 SEM images of (a) rMSCs grown on round structures, they get along these structures, (b)
rMSCs grown on square structures, they are aligned and several prolongations can be observed that
are attached to these structures, (¢) rMSCS grown on flat PMMA, they have various morphologies
and randomly oriented. Scale bar: 20 pm for (a, b) and 50 pm for (¢) (Reproduced with permission
from Elsevier in Ref. [81])

proliferation were enhanced for the MSCs grown on island-patterned surfaces
compared to sunken-patterned surfaces. In addition, cells are more biocompatible
with island-patterns of 100 pm diameter compared to that of 60 pm diameter [82].
In addition to shape factor, MSCs fate can be modulated by micro-patterning of
surfaces. In a study, MSCs differentiation was studied on various geometrically pat-
terned structures. Micro-contact printing technique was used to pattern the shapes
of individual cells on substrate. In brief, polydimethylsiloxane (PDMS) stamps
were used to pattern the adhesive hydrophobic islands of octadecanethiolate on gold
coated glass cover slips. The remaining regions are modified with tri(ethyleneglycol)-
terminated monolayer, and then, these cover slips are immersed into a solution of
ECM protein fibronectin. These proteins adhere to the above hydrophobic islands to
which the MSCs adhere and assume the geometric shape of the underlying island.
First, the MSCs were grown in mixed media for 1 week on geometric features of
1,000, 2,500 and 5,000 pm? areas to find out if they are biased towards the MSCs
fate. Results showed that small islands induce adipocyte characteristics and large
islands induce osteoblast fate. MSCs grown on intermediate area (2,500 pm) showed
mixed populations of both adipocytes and osteoblasts. Next, this study compared
the fate of MSCs on different geometric shape islands having same area but differ-
ent aspect ratio and curvature. When, MSCs are grown on rectangular surfaces hav-
ing same area but different aspect ratios of 1:1, 3:2 and 4:1, the yield of osteogenesis
increased with aspect ratio. MSCs showed 46, 56 and 61 % osteogenesis on 1:1, 3:2
and 4:1 aspect ratios of rectangles respectively. MSCs are also grown on pentagonal
symmetry of same area but with different types of curvatures (convex curved edges,
straight line edges, and concave edges with sharp points in the edges). On convex
curved edge structures, 62 % MSCs differentiated into adipocytes while remaining
differentiated into osteoblasts. On straight line edge structures even distribution of
osteoblasts and adipocytes were found, whereas, on the concave edge structures
62 % of MSCS have osteogenic fate. These results show that, not only the area of
the micro-structured patterns can modulate the stem cell fate, but also, the small
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changes in aspect ratio or the curvature of structured patterns for the same area
could have a significant impact on the fate of MSCs [6].

Three dimensional micro-porous scaffolds are widely used for tissue regenera-
tion application and can also impact MSC functioning. For instance, hMSCs were
grown on coralline hydroxyapatite scaffolds which consisted of pore sizes of 200
and 500 pm. The results showed that proliferation and number of cells accommo-
dated was higher in 500 pm scaffolds. The alkaline phosphate activity assay and
reverse transcriptase polymerase chain reaction for 10 osteogenic markers showed
that osteogenic differentiation occurred at faster rate in 200 um scaffold compared
to 500 pm scaffolds [83]. In another study, micro-porous scaffold containing pore
size of 100-250 pm is made from poly(lactide-co-glycolide) (PLGA) by solution-
casting/salt leaching method. When MSCs were seeded, they adhered and prolifer-
ated inside these scaffolds. Calcification can be observed within 2 weeks in the
ECM and the degree of mineralization has increased with time, which is an indicator
that scaffold has induced osteogenic differentiation in MSCs [84]. Particularly stud-
ies have shown the importance of pore structures for differentiation of MSCs into
bone cells in vivo [85].

As the importance of micro-level architectures in controlling MSC function is
investigated, studies are increasingly showing the relevance of nano-level features
to impact cell functions. The interaction between cells and matrix nano-structures
are important because ECM ligands are interactive at this length scale. In general,
nanotopography induces changes in focal adhesion, cytoskeleton structure and
mechanical properties of MSCs which ultimately controls cell fate through spe-
cific cell signaling pathways [86, 87]. For example, nano-grooves are designed to
modulate the MSCs fate. In a study, hMSCs are grown on nano-imprinted
poly(methyl methacrylate) (PMMA) nano-grooves of 350 nm depth and 350 nm
width. Cells and their nuclei are found to be elongated and aligned along the
350 nm nano-grooves while they are not elongated and didn’t have any alignment
on non-patterned surfaces. It was observed that the neuronal genes up-regulated
due to the presence of nano-topography alone, indicating neuronal differentiation
of hMSCs. This study also compared the effects of micro-grooves of 1 and 10 pm
width with that of 350 nm width nano-grooved surface. The results showed that
nano-grooved surfaces influenced the MSCs fate more in terms of proliferation
and differentiation than micro-grooved surfaces [88]. However studies have also
indicated nanotopography can only act as a guidance to MSCs and should act
synergistically with other factors including soluble molecules to control the fate
of MSCs, particularly differentiation [89].

Electro-spun nano-fibers can modulate the hMSCs fate. Nano-fibers have been
shown to mimic ECM to various degrees in several studies [90-94]. For instance,
hMSCs were grown on electrospun nano-fibers made from Poly(D,L-lactide-co-
glycolide) (PLGA) beads with a PLA:PGA ratio of 85:15. The fibers have an
average diameter of 760+210 nm. hMSCs were proliferating and viable up to
14 days on these scaffolds and they were able to form chondrocytes and osteo-
blasts when grown in appropriate medium which shows electrospun scaffolds
support proliferation and differentiation of hMSCs [95]. In another study, hMSCs
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were cultured on electrospun type I collagen nano-fibers. Results showed that
cells have more flattened and polygonal morphology, and have higher viability
compared to control tissue culture polystyrene. Cells showed lower number of
vinculin spots and fewer vinculin proteins are recruited for formation of focal
adhesion complex compared to control. This might be as a result of nano- fibers
resembling pliable ECM. Nano-fibers are also capable of supporting osteogenic
differentiation; alkaline phosphate production was similar in both nano-fibers and
tissue culture plastic, and gene expression analysis after osteogenic induction in
MSCs showed higher or similar levels of RNA transcript production between the
nano-fibers and tissue culture polystyrene [96].

Studies have been conducted on growing MSCs on vertical TiO, nano-tubes fab-
ricated by metal anodization [3, 97]. In a study, when MSCs are grown on vertical
TiO, nano-tubes with defined diameters ranging from 15 to 100 nm, the results
showed a strong correlation between adhesion, spreading, growth, and differentia-
tion of MSCs and nano-tube diameter. MSCs elicited maximum cell response when
grown on tube diameter of 15-30 nm range, approximately corresponding to lateral
spacing between integrin receptors in focal contacts on ECM. Cell adhesion, prolif-
eration and spreading were enhanced on these range of tubes (15-30 nm) compared
to smooth TiO, surface, whereas, cells hardly adhered and proliferated and under-
went apoptosis on 50—100 nm nano-tubes. When MSCs were grown for 2 weeks in
osteogenic differentiation medium, more calcium phosphate mineralization was
observed in 15 nm diameter nano-tubes compared to smooth surface and less min-
eralization was observed on nano-tube diameters greater than 50 nm compared to
the smooth surface. In summary, 15-20 nm nano-tubes may have helped in integrin
clustering and formation of focal adhesion complexes which elicit maximum cell
response in terms of adhesion, proliferation and differentiation. On the other hand,
nano-tubes of diameter greater than 50 nm have significantly impaired cell adhesion
and spreading, whereas 100 nm nano-tubes almost completely halted proliferation,
differentiation and also induced apoptosis in MSCs [97].

The order and pattern of topographical cues at nano-scale can influence the
MSCs behavior. For instance, electron beam lithography (EBL) is used to fabricate
nano-pit surfaces with not only highly ordered symmetry but also with random
nano-disorder. These nano-pits have 120 nm diameter and depth of 100 nm. This
disorder in nano-pits pattern distribution will better mimic the natural cartilage
nano-scale topography which is highly random and disordered. The results showed
that cellular adhesion and osteogenic differentiation of MSCs on highly ordered
nano-pits is low to negligible compared to that on randomly disordered nano-pits.
MSCs grown for 14 days on these random nano-pit surfaces exhibited more osteo-
blast character even though they showed only a slight increase in expression of
matrix proteins [98]. In another study, dip pen nanolithography (DPN) was used to
pattern gold planar surfaces with nan-dots of 70 nm diameter and spacing between
them varying in range of 140—1,000 nm and containing terminal functionalities of
simple chemistries that include carboxyl, amino, methyl and hydroxyl. When
hMSCs were grown on these patterned surfaces, the cell adhesion and expression of
various markers showed dependency on chemistry and also spacing between the
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chemistry (nano-pits spacing). This DPN technique can be used to generate nano-pit
patterns of different size and spacing, and also, with different chemistries. This
technique in theory can also be used to generate random, disordered islands which
can enhance differentiation capacity of MSCs further [99].

These studies have shown the structural and architectural effects of biomaterials
on MSC function. Advanced techniques like photo- and soft-lithography can fabri-
cate both micro- and nano-scale topographies and patterns which mimic ECM in
biomaterials and can modulate MSCs fate. These features represent a powerful tool
of biomaterial engineering for controlling stem cell fate in tissue regeneration.

Conclusion

Various biomaterials used to mimic the in vivo micro-environment of MSCs show
promising results to regulate the MSCs fate such as viability, proliferation, mor-
phology, migration and differentiation. Results from 2-dimensional substrates
should provide engineering tools to design synthetic niches for stem cells including
MSCs. Efforts should be made to fabricate and incorporate various cues into
3-dimensional structures for culturing MSCs because 3-dimensional systems are
more relevant for tissue engineering applications. Also, presenting the various cues
together with temporal and spatial control is important to mimic the in vivo micro-
environment which can potentiate the future of biomaterial based tissue regenera-
tion strategies. Furthermore, synergism between MSC biology and biomaterials will
provide a strong engineering tool to develop clinically relevant therapeutic strate-
gies. Future studies should foster effective exchange of ideas between stem cell
biologists and material scientists with development of high throughput techniques
for analysis of large sets of data.
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Mesenchymal Stem Cells
for Cardiovascular Disease

Wei Wu and Shuyang Zhang

Abstract In recent 10 years, bone marrow mesenchymal stem cells implantation
for ischemic heart failure after myocardial infarction was repeatedly inspected in
numerous clinical trials. Stem cells can be transferred and proliferate in the infarcted
myocardium, differentiate into cardiomyocytes or help cardiac stem cells regenera-
tion by paracrine mechanism. This fascinating strategy has been proved a safe and
effective method to help myocardial repair and increasing impaired heart systolic
function. However, the efficacy is not so much satisfactory. In clinical trials, we are
now informed about the timing, dosage and methods of delivery of mesenchymal
stem cells administration. But we are not clear about patient selection (acute or
chronic) and improvement of long-term major cardiovascular outcomes. In basic
researches, biochemical modifications of mesenchymal stem cells have greatly
increased its in vivo retention, proliferation and differentiation abilities. However,
these applications have not been test integrated in clinical trials. Further efforts
should be done to move this strategy from bench to bedside.

Keywords MSCs ¢ Cardiomyocyte differentiation ¢ Cardiovascular disease

Introduction

Mesenchymal stem cells (MSCs) regeneration strategy in cardiovascular disease
focuses mostly on myocardial dysfunction after myocardial infarction (MI) and
ischemic heart disease or so-called ischemic cardiomyopathy. Although congestive
heart failure, a condition with significant high morbidity and mortality rate, has
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various causes, ischemic aetiology is the most common and important one. Despite
advances in medication and device therapies, new approaches to heart failure are
eagerly needed since organ shortage makes heart transplantation inevitably unable
to cope with the increasing demands. The rationale for cell therapy to be adminis-
tered after MI is derived from the assumption that given the insufficient regenera-
tion in the injured heart tissue, those cells may be able to replace or repair damaged
vascular and cardiac tissue.

Clinical Trials Update

The first clinical trial using bone marrow stem cells transplantation for myocardial
infarction is TOPCARE-AMI study which was carried out in Frankfurt in 2001 [1].
Final 5-year results suggesting long-term safety and efficacy was reported in 2011
[2]. TOPCARE-AMI study recruit 59 patients with successfully reperfused acute
MI and showed fairly well long-term safety and favorable effects on left ventricular
function and functional infarct size. After that, a series of phase I clinical trials
using bone marrow mesenchymal stem/progenitor cell therapy for MI further inves-
tigated the safety of intervention [3-6]. These trials confirmed the safety of bone
marrow MSCs transplantation method and strategy, and also suggested promising
improvement in clinical outcomes and cardiac function.

On the basis of Phase I trials, more than 40 randomized controlled trials
(RCTs) were carried out worldwide to examine the efficacy of bone marrow
stem cells therapy for heart failure after MI. Most trials enrolled a small sample
of patients like 20-90 in treatment or control groups. The follow-up duration
was 3—-6 months mostly [7-12]. For cardiac parameters used to determine
changes after stem cells therapy, left ventricular end-diastolic volume (LVEDV),
left ventricular end-systolic volume (LVESV), myocardial lesion area, and left
ventricular ejection fraction (LVEF) were most often assessed. Interestingly,
although echocardiography is more feasible and accessible, magnetic resonance
imaging (MRI) became a more preferable method with increasing usage in car-
diac imaging.

A meta-analysis provided a systemic assessment of efficacy and safety of bone
marrow-derived stem cell (BMSCs) transplantation in treating congestive heart fail-
ure after acute myocardial infarction [13]. Thirteen randomized controlled trials
with 811 patients were included in the setting of acute MI and the procedure con-
sisted of intervention and any autologous BMSCs freshly isolated. Compared with
controls, the infusion of BMSC also reduced LVEDYV by 2.47 mL (P=0.13), but this
difference was not statistically significant. However, BMSC treatment significantly
reduced LVESV by 4.74 mL, myocardial lesion area by 3.51 % and improved LVEF
by 2.99 %. The improvement is much more subtle than most researchers have
expected. Although long term follow-up of all trials have not been reported, differ
between bone marrow stem cells treatment and traditional medication treatment
maybe remain tiny or disappear.
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One explanation for this discontent result is the quick clearance of stem cells
from the infarcted myocardium. A consistent finding of cell therapy experimental
studies is that very small number of cells could still remain engrafted a few weeks
after transplantation. Penicka and associates reported that using nuclear imaging to
track the distribution of bone marrow mononuclear cells transplanted by intracoro-
nary artery infusion, most of the transplanted cells had accumulated in the spleen,
with only 5 % of the cells detectable in the myocardium at 2 h and 1 % detectable
at 18 h after transplantation [14]. Other study confirmed that this percentage will be
in the range of 1 % [15], or even lower. Actually, the amount of cardiomyocyte defi-
cit resulting from an infarction large enough to cause congestive heart failure is on
the range of one billion cells [16]. Even though one accepts the idea that the benefits
of injected cells may not necessarily require that they persist in the tissue over time,
provided that they have initially triggered endogenous reparative pathways, at least
their initial number should be high enough to effectively exert these paracrine
effects [17]. It is thus critical to address this issue of cell transfer, and different strat-
egies are currently being investigated, which include computer-driven injection
devices allowing optimized targeting, replacement of injection by cell patches in the
case of surgical cell therapy, and techniques that enhance myocardial homing if
cells are delivered intravascularly.

There are several other factors affecting the efficacy of improving heart function.
One is that some clinical trials use the whole bone marrow mononuclear cells but
not purified mesenchymal stem cells which have the ability of proliferation and dif-
ferentiation. Actually, bone marrow mononuclear cells consist of many types of
cells that are not necessary or even may impede stem cell regeneration in the
infarcted region. Secondary, whether the patients have been successfully revascu-
lized may be crucial, because sufficient blood flow is important for bone marrow
MSCs proliferation and differentiation. Some studies engrafted stem cells by using
intramyocardially injection may failed to achieve without reopening occluded coro-
nary arteries. In addition, timing of engraft is also an important aspect. Mesenchymal
stem cells may be eliminated by inflammation in the early stage of myocardial
infarction or be induced to differentiate into fibroblasts in the late stage of scar for-
mation, which we will discuss later.

Amount of Stem Cells and Strategies
for Improving Engraftment

From the experience of literatures, it seems that the improvement of left ventricular
function correlated positively with bone marrow MSC dose administered. It sug-
gested that significant effects on LVEF may only be achieved when infusing doses
are higher than 102 MSC. When lower doses of bone marrow MSC were adminis-
tered, the mean change in LVEF was statistically significant in favor of no MSC
therapy [13]. This is consistent with the idea that myocardial repair or the factors
that promote this improvement are dependent on cell number.
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Fig. 1 Three clinical techniques to deliver stem cell. From right to left: intracoronary injection;
catheter-based transendocardial injection; transepicardial injection requiring surgical access to the
heart (Quoted from Ref. [18])

How to increase the survival or retention of implanted stem cells? Researchers
were concerned about the stem cells delivery methods. Intravenous infusion is quite
a simple and safe method which has lowest cell retention rate to the target infarcted
myocardium. Intracoronary artery or bypass graft vessel infusion has moderate
retention rate, but may cause microembolism or ischemia during infusion.
Transendocardial or surgical intramyocardiual injection allows visualization of the
ischemic area of the myocardium and in theory facilitates the delivery of a maxi-
mum number of cells to the intended area (Fig. 1) [18]. However, the mechanical
leakage of cells at the time of injection has been found to remove about 30 % of the
transplanted cells [19]. Even more negative is a report that only 10 % of adminis-
tered microspheres approximating the size of mesenchymal stem cells were retained
within the sites of their injection at 30 min after being injected intramyocardially, as
a result of their being “squeezed out” into the nearby vasculature by the mechanical
forces of the heart.

Another attempt to improve engraftment and survival is preconditioning or
genetic modification of stem cells. The preconditioning methods include hypoxia,
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ischemia and pharmacological treatment. It was reported that hypoxic preconditioning
decreased cell apoptosis, limited the size of myocardial infarcts, and improved neo-
angiogenesis in the heart through upregulation of survival signaling pathways
involving hypoxia-inducible factor (HIF)-1_ and stromal cell-derived factor (SDF)-1
in animal models of MI [20]. Kim and colleagues [21] showed that the precondi-
tioning of MSC with two 30-min cycles of ischemia plus reoxygenation (I/R) sup-
ported their survival through subsequently longer exposures to anoxia and after
their engraftment in the infarcted heart. In the other hand, pharmacological treat-
ment such as trimetazidine may have similar effects on mesenchymal stem cells to
better stay and survive in infarcted heart tissue [22].

The genetic modification of stem cells is an attractive concept for cellular ther-
apy because of their possible long-term survival in the host. Huang and associates
pretreated MSC with corresponding chemokine receptors before intramyocardial
injection of the cells into infarcted rat hearts. They were able to demonstrate a sig-
nificant increase in cell survival and engraftment as compared with that of trans-
planted cells that were not so pretreated. In addition, there was less fibrosis in areas
of infarction treated with the MSC pretreated with chemokine receptors, and the
improvement in cardiac function was greater with the pretreated cells, than with
unpretreated MSC [23]. Recently, Tao and associates [24] used a porcine model of
acute MI to study the benefits of coexpression of VEGF and Ang-1, and investigated
the mechanisms underlying their effects. Their results indicated that the coexpres-
sion of VEGF and Ang-1 in their porcine model of MI induced angiogenesis, stimu-
lated cardiomyocyte proliferation, and reduced apoptosis. Together, these effects
resulted in the improvement of cardiac function.

The preconditioning or modification methods on bone marrow MSCs were not
tested in clinical trials. Researchers are concerning about two major problems. One
is the inconveniency of cell preparation. Usually, it is a long-time and complicated
job that needs high level of laboratory techniques. The other is the increasing pos-
sibility of forming neoplasm or arrhythmia by significant proliferation of MSC in
engrafted myocardium. Since most phase I clinical trials have proved the safety of
bone marrow MSC transplantation, attempts can be made by using preconditioned
or modified mesenchymal stem cells in clinical trials.

Timing of Transplantation

The systemic analysis previously mentioned also discussed the correlation between
timing of transplantation and left ventricular changes [13]. In this study, the
improvement on LVEF was even greater when BMSC were infused later (>7 days)
after reperfusion procedure. It was consisted with the results REPAIR-AMI trial
which suggested BMSC infusion to be more effective when infused >5 days follow-
ing reperfusion [12]. In fact, the beneficial effects of BMC infusion on the recovery
of contractile function were confined to patients who were treated more than 4 days
after infarct reperfusion. BMC infusion on day 5 or later was associated with an
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absolute increase in LVEF of 5.1 % (P=0.004), whereas no benefit was observed in
patients treated up to day 4 after reperfusion (3.9+5.4 % in the placebo group vs.
4.5+6.8 % in the BMC group; P=0.62).

It is assumed that inflammation plays the most important role in timing selection
of bone marrow mesenchymal stem cell repair. In the very early stage of myocardial
infarction, inflammation was significantly drastic that might have negative effect on
stem cell survival or proliferation. After adequate time of inflammation cooling
down and sufficient medication treatment, local cytokines might promote fibroblast
proliferation and scar formation. That might indicate wrong direction of differentia-
tion to fibroblasts but not cardiomyocytes for implanted mesenchymal stem cells.
So it is ideal to deliver bone marrow stem cells after falling tide of inflammation and
before initiation of fibroblast proliferation.

Recently, new findings on timing of intracoronary administration of autologous
bone marrow stem cells after acute myocardial infarction by SWISS-AMI study,
which was introduced in 2010 [25], were reported on American Heart Association
scientific sessions (2012) in Los Angeles. SWISS-AMI study compared the efficacy
of early transplantation (5-7 days) and late transplantation (3—4 weeks) after the
initial cardiovascular events. Left ventricular function as well as scar size, transmu-
ral extension, and regional wall motion score have been assessed by cardiac mag-
netic resonance (CMR) studies at baseline and after 4 and 12 months. It was reported
that there were no statistical differences on primary and secondary endpoints
between early and late administration groups. It was suggested that 1 month was not
too late from bone marrow stem cell transplantation. This is good news. If we plan
to precondition bone marrow MSCs in vitro before transplantation, there will be
enough time for preparation.

Allogeneic Versus Autologous

Mesenchymal stem cells are both immunoprivileged and immunosuppressive, thus
bearing the potential to be used as an allograft. To receive autologous bone marrow
stem cells transplantation, patients should have normal bone marrow proliferation
function and enough period of stem cells preparation. Allogeneic stem cells, how-
ever, may solve the problem conveniently. They can be donated by relatively young
adults and prepared any time before transplantation. Recently, the POSEIDON ran-
domized trial compared safety and efficacy of allogeneic and autologous bone mar-
row derived mesenchymal stem cells delivered by transendocardial injection in
patients with ischemic cardiomyopathy [26]. Interestingly, In this early-stage study
of patients with ischemic heart failure, transendocardial injection of allogeneic and
autologous MSCs without a placebo control were both associated with low rates of
treatment-emergent severe adverse events (SAEs), including immunologic reac-
tions. In aggregate, MSC injection favorably affected patient functional capacity,
quality of life, and ventricular remodeling. The most important point was that, over
the duration of the study about 12 months, allogeneic MSCs did not stimulate
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significant donor-specific alloimmune reactions including long-term adverse events,
arrhythmias or major adverse cardiovascular events. This study shows for the first
time that allogeneic bone marrow mesenchymal stem cells are comparable in safety
and efficacy with the autologous MSCs.

We can imagine that 1 day, bone marrow MSCs could be prepared and stored like
conventional medications. Whenever there’s patient fit for receiving cell therapy, we
can administrate it conveniently.

Perspectives

Although there were several important problems to be answered, bone marrow mes-
enchymal stem cells transplantation therapy represents a fascinating new approach
for management of heart disease. It is the right time of moving this novel strategy
from bench to bedside, which is the purpose of translational medicine. Until recently,
there have been more than 50 clinical trials focusing the clinical application of bone
marrow mesenchymal stem cells in cardiac repair. Its safety and efficacy has been
well established. But most randomized clinical trials are phase I or phase II studies,
including small sample of patients and relatively short follow-up period. Great dif-
ferences exist among each trial, such as cell dosage, timing of transplantation,
patients selection, aetiology of heart failure and measurement of endpoints. Unlike
the conventional efficacy evaluation of medication in treatment using primary end-
points (death, cardiac death or hospitalization), most MSCs trial use the substitution
end points such as left ventricular function assessed by echocardiography or cardiac
magnetic resonance, as well as infarct size, Minnesota Living with Heart Failure
Questionnaire (MLHFQ), and regional wall motion score. These end points were
not as rigorous as the conventional “hard” end points. In future, Large randomized
multi-center clinical trials with long-term follow up and rigorous end points are
needed in future to further prove the efficacy of MSCs in ischemic cardiomyopathy
after myocardial infarction.

It still will be a long way to realize the “bench to bedside”. Basic researches have
great increased the survival, proliferation and differentiation ability of mesenchy-
mal stem cells in vitro or in animals by modification strategies; however, they were
not applied in clinical trials. It is not only the technical problem but also the ethic
issue. The doubt of increasing neoplasm or arrhythmias may rise in researchers and
members of ethic committees. However, reasonable modification of mesenchymal
stem cells should be considered in clinical trials in future.

In addition, MSCs regeneration strategy in chronic heart failure was not as exciting
as in early stage of heart failure after acute myocardial infarction. But there are much
more chronic heart failure patients waiting for better medical care and new strategy.
Recently, a study sponsored by the National Heart, Lung, and Blood institute as the
Cardiovascular Cell Therapy Research Network (CCTRN) evaluated the safety and
efficacy of BMCs in patients with chronic ischemic heart disease and LV dysfunction
who have no other revascularization options. This study showed that transendocardial
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injection of autologous BMCs compared with placebo did not improve LVESYV,
maximal oxygen consumption, or reversibility on SPECT [27]. It seems that without
amelioration of coronary perfusion, BMCs might not improve heart function by them-
selves. And it also indicates that myocardial repair is not easy in patients with chronic
heart failure. Further efforts should be made to better improve the stem cell regenera-
tion treatment in this bigger patient population.

Ten years of basic researches and clinical trials have made it a possible strategy
for bone marrow mesenchymal stem cells therapy in ischemic heart failure. Another
decade may be needed to optimize the efficacy of this fascinating treatment in cell
modification, patients selection and transplantation methods. There is a heavy bur-
den and we need to embark a long road.
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Mesenchymal Stem Cells as Therapy
for Graft Versus Host Disease:
What Have We Learned?

Partow Kebriaei, Simon Robinson, Ian McNiece, and Elizabeth Shpall

Abstract Mesenchymal stem cells (MSC) are a population of phenotypically
heterogeneous cells that are one component of the supportive, stromal micro-
environment. They can be isolated from many readily accessible tissues including
bone marrow, umbilical cord, placenta, and adipose tissue, and extensive ex vivo
and pre-clinical data suggest that subpopulations within MSC contribute to the
immunomodulation of the host, without provoking an allo-reactive T cell response.
Furthermore, largely through paracrine effects, they contribute to tissue repair.
These unique properties make MSC an ideal agent to investigate for the therapy of
graft versus host disease (GvHD). Therapeutic trials with varied MSC dosing sched-
ules and clinical endpoints have shown mixed results. In this chapter, we will review
recent preclinical data, and summarize the results of clinical trials utilizing MSC for
the treatment of acute and chronic GvHD.

Keywords MSC ¢ T cell response * GVHD

Introduction

Mesenchymal stem cells (MSC) are a population of phenotypically heterogeneous
cells marked by an absence of hematopoietic markers (CD34, CD45), the expression
of CD73, CD90, and CD105 surface markers, and the capacity to differentiate in
vitro into osteoblasts, chondroblasts, and adipocytes [1—4]. They can be isolated, and
expanded ex vivo from many readily accessible tissues including bone marrow (BM)
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[5-7], adipose tissue [7, 8], umbilical cord [7-10], and placenta [11, 12], where they
are a component of the supportive stromal microenvironment. Furthermore, MSC do
not express HLA class I histocompatibility antigens, or accessory molecules (CD40,
CD80 and CD86), required for immune cell activation, and thus, histocompatibility
matching is not required for therapeutic effect [13]. Subpopulations of MSC may
contribute directly, and/or via paracrine effects, to immunomodulation [14—17] and
tissue repair [18-20]. These unique properties make MSC a rational agent to investi-
gate as therapy for inflammatory disorders, including graft versus host disease
(GvHD), which results in significant morbidity and mortality following allogeneic
hematopoietic stem cell transplantation (HSCT). In this review, we will summarize
pre-clinical and recent clinical data for MSC as a cellular therapy for GvHD.

Pathophysiology and Clinical Manifestations of GvHD

The advantage of allogeneic HSCT over chemotherapy alone for the treatment of
malignancy is the associated graft versus tumor (GvT) effect that results from the
donor T and natural killer (NK) cells present in the transplant graft. Evidence for
GVT effect comes from observation that complete remissions can be achieved in
patients following donor lymphocyte infusion (DLI) [21, 22]. Unfortunately, this
GvT effect does not focus specifically on tumor destruction, rather donor T cells can
also attack normal host tissue, resulting in GvHD [23], although patients who
develop GvHD following T-cell replete grafts, or DLI, have lower reported rates of
disease relapse compared to those who do not. Conversely, patients who receive
T-cell depleted grafts have a higher rate of disease relapse compared to T-cell replete
grafts [24]. The separation of GvT from GvHD remains a source of considerable
interest amongst hematopoietic transplant specialists. Based on experimental mod-
els in mice and dogs, the pathophysiology of acute GVHD can be summarized in
three sequential phases. First, the HSCT conditioning regimen damages host tis-
sues, and inflammatory cytokines, such as TNFa, IL-1 and IL-6, are released result-
ing in activation of host antigen presenting cells (APC). Second, donor T-cells
proliferate and differentiate in response to the activated APC, and thirdly, the
cellular mediators released by donor cytotoxic T-lymphocytes (CTL) and donor
natural killer (NK) cells, as well as soluble inflammatory agents (e.g. TNFa, inter-
feron vy, interleukin 1, and nitric oxide) result in local tissue damage [23]. Classically,
GvHD that occurs within the first 100 days of HSCT is classified as ‘acute’ GvHD
[25], and that occurring beyond day 100 is classified as ‘chronic’ GvHD [26]. This
definition has been modified to include an overlap syndrome with manifestations of
both acute and chronic GvHD [27]. The organs most commonly involved in acute
GvHD are skin (manifesting as an erythematous maculopapular rash), the gastro-
intestinal tract (manifesting as nausea, vomiting, and/or diarrhea), and liver dys-
function (manifesting as...... ). The symptoms of chronic GvHD resemble features
of auto-immune disorders such as arthritis, scleroderma, and bronchiolitis obliterans
and the pathophysiology of chronic GvHD is not well characterized.
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The incidence of acute GvHD varies from 20 to 70 % following HSCT depending
on the extent of human leukocyte antigen (HLA) match, intensity of the conditioning
regimen, age of the recipient, and the and stage of the primary disease [28-32].
The standard treatment for acute GvHD remains corticosteroids with reported com-
plete response rates ranging from 18 to 35 % [33, 34]. While the addition of myco-
phenolate mofetil (MMF) to steroid therapy appeared to improve acute GvHD
therapy, with a 60 % CR rate noted at day 28 [35], a subsequent randomized trial of
steroids plus MMF versus steroids alone, showed no benefit to the addition of MMF,
and the trial was closed early. Other attempts to intensify the immunosuppressive
therapy as part of the initial treatment of GvHD, have included elevated doses of
steroids [36], or the use of antithymocyte globulin (ATG) [37], or daclizumab [38].
However, these approaches did not improve response rates, and some studies
reported worse survival rates due to increased disease relapse and GvHD-related
mortality compared to corticosteroid use alone [38]. For patients who do not respond
to steroid therapy for the treatment of acute GvHD, 1-year survival rates range from
10 to 30 % [39]. Thus, new therapeutic agents that are both safe and effective are
urgently needed for the management of acute GvHD.

Biology of MSC as It Pertains to GvHD

The proposed immunomodulatory and reparative characteristics of MSC make them
especially suitable for the treatment of various inflammatory disorders, including
GvHD. The immunomodulatory properties of MSC are still not fully characterized,
but broadly effect cell types of the innate and adaptive immune systems. Within the
context of innate immunity, MSC interact with Toll-like receptors (TLR), dendritic
cells (DC), and NK cells. Increasing data supports the interaction of TLR and MSC,
with “licensing” of MSC toward an ‘immunosuppressive’, or ‘pro-inflammatory’
phenotype based on the specific TLR interaction and local micro-environment
[40—44]. DC are potent antigen presenting cells (APC) for naive T-cells, and are
critical in the activation of donor T cells during acute GvHD [45]. MSC inhibit dif-
ferentiation of monocytes to DC, and furthermore, affect DC differentiation, activa-
tion, and function [16]. MSC also inhibit NK cell proliferation and cytokine
production, and could also potentially modulate DC function through their effects on
NK cells [46].

Within the context of adaptive immunity, MSC inhibit allo-reactive T-cell
responses via contact-dependent mechanisms and soluble factors [16, 47]. Some
studies suggest a shift in T-cell function toward a more regulatory phenotype by the
induction of T regulatory cells (T.,) [48]. Importantly, the effects of MSC on T-cells
are independent of HLA matching with MSC displaying an immune-privileged
phenotype [13]. Sundin and colleagues evaluated the immunogenicity of HLA-
mismatched MSC infused after HSCT [49]. Recipient lymphocyte response to MSC
and peripheral blood lymphocytes from the MSC or third party donors was mea-
sured before and after MSC infusion. Transplant recipients given MSC showed an
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allo-response to the third-party and MSC donor, but not to the donor MSC themselves,
suggesting immune unresponsiveness against the donor MSC, rather than tolerance
to the MSC donor. This lack of immune response against the infused donor MSC
was sustained after repeat MSC infusions [49].

The role of MSC in tissue repair continues to be studied. When infused intrave-
nously, the majority of MSC are sequestered in the lung, and MSC are not identified
in the injured tissues in human studies. The bulk of data suggests that MSC most
likely facilitate tissue repair via paracrine effects [50], rather than through direct
MSC-mediated tissue repair [51]. For example, in murine models of myocardial
infarction [52] and corneal injury[53], human bone marrow-derived MSC trapped
in the lung microvasculature are noted to secrete TNFa stimulated gene/protein 6
(TSG-6) which is thought to suppresses the early immune response in both of these
settings. Developing a better understanding of the homing capabilities of MSC will
also contribute to our understanding of their role in tissue repair. In vitro, MSC have
the capacity to migrate under the influence of a number of proteins, including com-
plement, growth factors, cytokines, and chemokine receptors such as CXCR4,
CXCRS5, CXCR6, CCR1, CCR7, and CCR9 [40, 54]. However, in vivo data is lim-
ited. Better in vivo imaging tools will greatly contribute to this field and better reveal
the potential for intravenously-infused MSC.

Pre-clinical Data for MSC in Murine Models of GvHD

Murine models have been used extensively to investigate the immunomodulatory
potential of MSC in ameliorating (preventing and/or treating) GvHD, although it
must be emphasized that murine and human MSC have distinct and different
properties, including a greater propensity for immortalization and transformation
[55], lack of IDO-2,3 expression [56], and different in vitro immunosuppressive
activities [57]. These studies have revealed a mix of results. Some show immu-
nomodulatory efficacy while others do not [57-60]. These conflicting data have
highlighted a number of important questions that should be considered. Such
questions, once addressed, will likely significantly impact the clinical use of
MSC as a cellular therapy for GvHD. Such questions include: (i) determining the
optimal time at which MSC should be infused for optimal efficacy, (ii) defining
the correct dose of MSC for optimal efficacy, and (iii) studying the trafficking
and bio-distribution of MSC.

In efforts to determine the optimal schedule for MSC infusion, Polchert and
colleagues performed a series of experiments in a murine GvHD model generated
by the transplant of lethally-irradiated male BALB/c (H-2K%) mice with BM and
splenocytes from female C57BL/6 (H-2K) mice [61]. MSC were infused concur-
rently with BM, at 2, 20, or 30 days after HSCT. Interestingly, only when MSC
were administered 2 or 20 days after transplant was any survival benefit observed
[61]. To explain this ‘window’ of opportunity for effective MSC immunomodula-
tion, the investigators hypothesized that a pro-inflammatory milieu needs time to
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develop to activate the MSC, and proposed that IFNy was a key molecule in this
process. Several ex vivo studies have demonstrated that MSC are activated by IFNy
[62] and that their migration may be driven by an IFNy-associated upregulation of
chemokine receptors expressed by MSC [63, 64]. Interestingly, when Polchert and
colleagues transplanted bone marrow and splenocytes into IFNy knock-out mice,
the MSC failed to ameliorate the symptoms of GvHD irrespective of the time or
dose of administration [61]. Furthermore, in the mice with intact IFNy function,
they demonstrated that serum levels of IFNy remained low for up to 2 days after
transplantation, explaining the time-dependent treatment effect of MSC adminis-
tration. They postulated that the lack of activity seen for MSC infusion at the late
time point (day 30) was due to the presence of overwhelming numbers of activated
T-cells by this time point

In efforts to study the effect of dose on MSC function, Joo and colleagues used
the mixed lymphocyte reaction (MLR) to determine inhibition of splenocyte prolif-
eration in the presence of MSC [65]. MSC were administered into a murine model
of GvHD (transplantation of 5x 10° BM cells and 1 x 10° spleen cells from C3H/he
donor mice into lethally-irradiated BALB/c recipient mice). Mice received MSC at
0.5 (low dose), 1.0 (intermediate dose) or 2.0x 10° (high dose) at the time of spleen
cell transplantation to reflect a 0.5:1, 1:1 and 2:1 MSC:splenocyte ratio. They
observed significantly improved survival in mice receiving the intermediate and
high MSC ratio [65]. They reported an increase in Ty, activity in vivo in mice
receiving splenocytes and MSC, and consistent with previous reports [66—69], pro-
posed modulation of GvHD by MSC through the activation of Tk, [65]. It was
hypothesized that this activation was a consequence of factors (e.g. TGFp) secreted
by MSC [16, 47]. Since the amount of any factor liberated by the MSC is propor-
tional to the numbers of MSC, it is likely that a specific dose of MSC might be
required to maximally stimulate T, proliferation.

Christensen and colleagues also investigated the effect of timing and dose of
MSC in 2 murine GvHD models mimicking a major histocompatibility complex
mismatched (UBI-GFP/BL6[H-2°] — BALB/c[H-2%]) and sibling transplant (UBI-
GFP/BL6[H-2°] — BALB.B [H-2"]) [70]. MSC were administered into mice via
intra-peritoneal injections at a dose of 4x 10° MSC/mouse or 1x 10® MSC/mouse
on days 1, 7, or 14 following HSCT. In contrast to the study by Joo et al., they
found the low MSC dose to be the most effective, ameliorating GvHD in the sibling
model and delaying, but not preventing, GvHD in the mismatched model [70]. In
accordance with Polchert and colleagues, they noted that MSC treated mice had
significantly reduced serum IFN-g, but also noted efficacy for MSC administration
at day 1 following HSCT rather than at the later time-points. Furthermore, in MLR
assays, although they noted significant reduction in T-cell proliferation with the
addition of MSC, they did not observe altered CD4/CD8 T cell ratios or increased
in Ty, cells frequencies [70].

Finally, Joo and colleagues utilized bioimaging to study the trafficking of MSC
in a murine model of GvHD [71]. Recipient BALB/c-nude mice received 500 cGy
radiation and 5x10° BM cells from normal C57BL/6 donor mice. To induce
GvHD, 1x 109 splenocytes from C57BL/6 donor mice expressing the enhanced
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green fluorescent protein (EGFP) were subsequently injected. Detection of the
EGFP signal illustrated the trafficking of splenocytes and identified sites of GvHD
in situ. To study the biodistribution of MSC in this model, MSC were generated
from C57BL/6 donor mice expressing red fluorescent protein (RFP). RFP-MSC
were transplanted at 1x 10° MSC/mouse. All cells were injected into the lethally-
irradiated BALB/c-nude mice within 24 h of irradiation. Consistent with previous
reports [72, 73]. RFP signal associated with MSC was detected in the lungs after
2 days, and EGFP signal, associated with donor splenocytes, was also detected in
the lungs. However, after 7 days EGFP (splenocytes) and RFP (MSC) signal inten-
sity reduced in the lungs and increased in the GI tract. After 22—-37 days, EGFP and
RFP signals co-localized to the liver, skin, and lymph nodes, suggesting that MSC
can home to sites of GvHD and potentially exert direct cell-cell contact mediated
effects, in addition to paracrine effects. However, in contrast to these studies,
Sudres and colleagues using an MHC-mismatched model of GVHD (C57BL/6
[H-2 **] into BALB/c [H-2 ¥9]), could only detect traces of MSC in GvHD target
organs, and showed no change in in vivo T-cell activation or amelioration of GvHD
when marrow-derived MSC were infused [57].

More recent work has examined the efficacy of MSC derived from tissue other
than the bone marrow. One abundant source is adipose tissue, and Yanez and col-
leagues investigated the impact of adipose-derived MSC in the murine transplant
model: C57BL/6 (B6;H-2") (10’BM cells=2 x 107 splenocytes) — B6D2FI (H-2"4)
[74]. Repeated infusions of 5 x 10* adipose-derived MSC were administered on days
0,7, and 14 or on days 14, 21, and 28. Similar to Polchert’s findings, the efficacy of
the MSC were timedependent. Only mice infused with adipose tissue-derived MSC
at the early time-points survived GvHD [74]. In conclusion, while there is much
discrepancy among the various murine studies, there is a trend that the timing and
dose of MSC administration may be critical for the demonstration of anti-GvHD
efficacy.

Results of Clinical Trials Utilizing MSC
for the Treatment of GvHD

Acute GVHD

As illustrated in Table 1, MSC have been most extensively studied in the setting of
steroid-refractory acute GvHD, following the initial, dramatic response of haplo-
identical MSC used to treat a young patient with advanced, steroid-refractory liver
and gut GvHD [89]. This observation prompted a phase II study by the European
Blood and Marrow Transplant MSC consortium, using a shared expansion protocol
for manufacturing MSC, to treat 25 pediatric and 30 adult patients with sibling
HLA-identical, haplo-identical, or third-party mismatched, bone marrow-derived
MSC for steroid-refractory GvHD [78] (Table 1). A single MSC infusion, with
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median dose 1.4x10% MSC/kg, was infused into 27 patients and the remaining
patients were treated with two or more infusions. The initial response rate was 70 %
(30 CR, 9 PR). The median time from infusion of first MSC to response was 18 days,
with 19 patients having sustained CR at 6 weeks following infusion. Patients with
CR had a statistically significant lower treatment-related mortality (TRM) at 1-year
and overall survival (OS) at 2-years following transplant compared to non-
responders, 37 % versus 72 %, p=0.002, and 53 % versus 16 %, p=0.018, respec-
tively [78]. The infusions were well tolerated with no significant adverse events
noted. There was a trend for better response in the pediatric patients, with a statisti-
cally better survival. The majority of patients received third-party donors, preclud-
ing an efficacy analysis for MSC match grade. Of note, the authors recently
published a retrospective comparison of a subset of adult patients treated on this
study (n=15) and compared them to a group of similar patients who did not receive
MSC (n=13) during the period 2002-2006. Within the limitations of a retrospective
comparison, they found no difference in survival or non-relapse mortality (NRM)
between the two groups [90], underscoring the necessity of prospective, randomized
studies to better study the effect of MSC.

Positive findings were also noted in a large, pediatric phase II study of third-
party, mismatched MSC (Prochymal®, Osiris therapeutics, Inc.) for steroid-
refractory acute GvHD. Fifty-nine patients, with median age 8 years received 8
bi-weekly infusions of 2x 105 MSC/kg for 4 weeks, followed by additional four
infusions weekly as “maintenance” in patients with partial remission (PR). The
majority of patients had severe gut and liver GvHD, and had progressed through a
median of 3.2 lines of prior therapy for GvHD. At day 28, the overall response rate,
defined as organ improvement of at least one stage without worsening in any other,
was 64 %. These patients had a significantly better survival at 100 days compared
to patients who did not achieve a response at day 28, 76 % versus 9 % [80].

Lucchini and colleagues treated ten patients with steroid refractory GvHD with
2-5 infusions of third-party, bone marrow-derived MSC cultured in platelet lysate
at a median dose of 1.5x 10%kg [91]. They noted an overall response rate of 70 %
with a CR rate of 30 %. Importantly, they measured two validated serum biomark-
ers of GvHD in ten patients (IL-2Ra and TNFRI) [92], and demonstrated changes
in biomarker levels after treatment with MSC that correlated with response [93].
Furthermore, they investigated the effect of MSC infusions on circulating lym-
phocytes in the peripheral blood, and demonstrated a shift in the ratios of pro-
inflammatory T cells subsets (THI1 and THI17) and anti-inflammatory Tge,
population to support an anti-inflammatory environment after MSC infusions
[94-96]. However, as the authors correctly comment, these changes are not spe-
cific to MSC and any change, such as infection, can skew this balance. The mul-
ticenter Italian trial was recently updated at the American Society of Hematology
meeting in December 2012. Introna and colleagues reported the outcomes for 47
patients treated to date, and saw similar response rates, and similar patterns in
GvHD biomarker profiles [83]. Prior to the MSC infusion, patients received only
steroids (n=22), pentostatin (n=12), or other immunosuppressant (n=13).
Notably, the patients who received a prior dose of pentostatin had a better response
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and survival than the other two groups, highlighting the difficulty of ascribing
response specifically to the MSC [83].

Te Boome and colleagues also reported on the use of third-party, bone marrow-
derived MSC expanded in platelet lysate [84]. Fifty patients received a median of 3
MSC infusions for steroid-refractory GvHD. A complete remission (CR) was noted
in 56 % of patients, with responding patients having a significantly better overall
survival. The authors also noted corroborating changes in GvHD biomarkers fol-
lowing response to MSC [84]. Similar positive findings were noted in the remain-
ing, smaller patient series using MSC for steroid refractory GvHD, with transiently
higher response rates noted than compared with historical data, and no significant
adverse effects noted with MSC infusion (Table 1) [77, 79, 85, 97].

However, in contrast to these findings, preliminary results from the only com-
pleted, randomized, Phase III clinical trial for steroid-refractory acute GvHD failed
to show any benefit to MSC administration, as compared to placebo (September 8,
2009, http://investor.osiris.com/releasedetail.cfm?releaseid=407404). Bi-weekly
MSC (Prochymal®) were administered for 4 weeks with individual dosing at 2 x 10°
MSC/kg. The trial did not reach the primary endpoint of durable CR>28 days.
However, select patients with either steroid-refractory liver or gastrointestinal
GvHD were reported to have significantly improved response rates (81 % versus
68 %, p=.035), but they were not part of the intent-to-treat population. No signifi-
cant difference was noted with respect to toxicity or recurrent malignancy rates
[81]. To better study the effect of MSC specifically in liver and gut GvHD, the
Dutch cooperative study group HOVON has recently initiated a multicenter, ran-
domized study of MSC or placebo plus mycophenolate mofetil for patients with
early, steroid refractory liver and/or gut GvHD. Patients receive two doses of 2 x 10°
MSC/kg and GvHD biomarkers will also be assessed (clinical trials.gov).

Only one large, multicenter trial has been reported for de novo acute GvHD.
Thirty-two adult patients received two treatments of MSC (Prochymal®) at a dose of
either 2 or 8 x 10° MSC/kg in combination with a conventional corticosteroid regimen.
Thirty-one patients were evaluable; the initial response rate was 94 % (24 CR, 5 PR)
with 79 % of CR patients maintaining CR for at least 90 days. No infusional toxici-
ties or ectopic tissue formation were noted. Although the trial was not designed to
detect a difference between the two different MSC doses, no obvious differences
were observed [75]. Again, however, preliminary results from the multicenter, ran-
domized, Phase III clinical trials for de novo acute GVHD failed to show a benefit
for MSC, as compared to placebo (September 8, 2009, http://investor.osiris.com/
releasedetail.cfm?releaseid=407404).

Chronic GvHD

Investigations with MSC for the treatment of chronic GvHD are more limited, and
difficult to interpret. The studies are essentially descriptive, with less than ten
patients treated in each series with a variety of treatment schedules. The largest
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series has been reported by Lucchini and colleagues. Six pediatric patients received
unrelated, HLA-disparate, bone marrow-derived MSC, expanded in platelet-lysate
medium, for chronic GvHD [91]. The median dose was 1.2x 10%kg (range 0.7—
2.8x 10%kg) infused as a single dose at a median of 5 months following HSCT
(range 1-10 months) in all patients except for one, who received four doses of MSC
at 0.7 x 10%kg. The majority of patients had chronic GvHD of skin and mucosa.
A transient benefit was noted, with three partial and one complete response that
subsequently reflared [91]. In contrast, significant improvement following repeated
intra-bone marrow injections of MSC at a dose of 1-2x 107 MSC/kg was reported
for patients with sclerodermal-type chronic GvHD [86]. Four patients with exten-
sive skin changes and ulcers received a range of 4-8 MSC injections from the same
MSC donor; correspondingly, the ratio of helper T-lymphocyte (Th)1 cells to Th2
cells dramatically reversed following MSC infusion, with an increase in Thl and
decrease in Th2 cells [86].

Conclusion

In conclusion, the clinical experience with MSC for the treatment of GVHD is
intriguing, but incomplete. More than 15 years have passed since MSC were first
infused in a clinical trial, and the data thus far suggest that their use is safe [98].
A meta-analysis of 8 randomized clinical trials that enrolled 321 clinical trial
participants did not detect any association between MSC and acute infusional
toxicity, organ system complications, infections, death, or malignancy [99].
However, their efficacy for GvHD remains to be established. First, data from
preclinical murine models of GvHD suggest that the schedule and dose of MSC
administration are critical to its effects, but the optimal treatment schedule
remains to be defined for patients. The bulk of the studies, mainly in the steroid
refractory setting would suggest that repeated MSC infusions around a dose of
2x 10%kg are needed. However, when to optimally initiate infusions remains an
important question. Furthermore, animal models suggest that a local inflamma-
tory milieu is needed to activate MSC, and thus the route of administration may
be important. Currently, all trials, except for a pilot trial in chronic GvHD which
used in intra-bone marrow injections, infuse MSC systemically, and the bulk of
MSC get trapped in the lungs. Improved labeling and in vivo imaging techniques
feasible for human clinical trials would yield significant data regarding MSC
trafficking and homing. Second, consensus regarding the optimal culture and
manufacturing conditions has not been established. In efforts to minimize auto-
antibody formation against MSC cultured in fetal bovine serum (FBS), recent
trials have used platelet lysate, which in phase 2 studies appears effective. Finally,
vigilant long-term follow-up of patients on current clinical trials is necessary to
determine if any late toxicity are associated with MSC use. Carefully planned
studies with well-defined endpoints are necessary to the continued understand of
the therapeutic potential of MSC for GvHD.
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Mesenchymal Stem Cells for Liver Disease

Feng-chun Zhang

Abstract Mesenchymal stem cells (MSCs), represent an attractive tool for the
establishment of a successful stem-cell-based therapy of liver diseases. A number of
different mechanisms contribute to the therapeutic effects exerted by MSCs, since
these cells can differentiate into functional hepatic cells and can also produce a
series of growth factors and cytokines which are able to suppress inflammatory
responses, reduce hepatocyte apoptosis, mitigate liver fibrosis, and improve hepatic
function. To date, the infusion of MSCs has shown encouraging results in the treat-
ment of fulminant hepatic failure and in end-stage liver disease in experimental
studies. However, the application of MSCs in clinical trials was severely hampered
by some issues under debate. The short-term efficacy of MSCs was favorable, but
long-term outcomes remain controversial. In addition, MSCs therapy in clinic is
also severely hampered by impossible monitoring of transplanted cells in patients
and lack of standardized clinical protocols. Further studies should be taken to
achieve a better understanding of the potential benefits and risks of MSCs in clinic.

Keywords MSC e Growth factors and cytokines ¢ Liver disease ® Fibrosis

Introduction

Liver diseases are major causes of human mortality and morbidity worldwide.
Acute injury or chronic liver damage can be caused by different diseases, such as
virus infection, drug-induced hepatitis, autoimmune hepatitis etc. Liver cirrhosis is
generally considered to be an irreversible process and represents a frequent cause of
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death worldwide. Liver transplantation offers a definitive cure for many end stage
liver disease. However, the complex invasive procedure and paucity of donor
livergraft organs limits clinical applicability. To compensate for this, development
of new regenerative therapies for liver cirrhosis is an urgent task. Mesenchymal
stem cell transplantation is a new way for liver regenerative therapies. Embryonic
and adult stem cells can be differentiated into hepatocytes [1]. Mesenchymal stem
cells (MSCs) being the most potent component of bone marrow cells in hepatic dif-
ferentiation. Several animal studies have revealed the benefit of MSCs for the treat-
ment of liver failure [2—4]. Some clinical trials have been performed in patients with
end-stage liver disease caused by hepatitis B, hepatitis C, and alcoholic fibrosis,
which with satisfactory tolerability and clinically relevant effects. We present an
overview of the current status of clinical trials and future prospects for liver regen-
eration therapies using MSCs.

MSCs Based Treatments of Liver Diseases

In 1999, Petersen et al. [S] first showed that liver stem cells might be derived from
bone marrow(BM), in a rat model of liver injury, and it was suggested that BM
could contribute to the mature hepatocyte population. Several studies have demon-
strated that MSCs can differentiate in vitro along the hepatogenic lineage [2—4].
Studies on animal models reported the beneficial effect of MSCs in promoting
hepatic tissue regeneration. Sun et al. [2] established a PBC animal model by inject-
ing C57BL/6 mice with polyinosinic-polycytidylic acid sodium (polyl:C) to inves-
tigate the therapeutic effect of bone marrow-derived mesenchymal stem cells
(BM-MSC) on this model. After 6 weeks of MSCs infusion, serum aminotransfer-
ase and autoimmune antibodies declined, and histological examination by hema-
toxylin and eosin staining showed significant amelioration of monocytes infiltration
around bile ducts of mice treated with BM-MSC. Kuo et al. [6] have showed that
both mesenchymal stem cell-derived hepatocytes and mesenchymal stem cells,
transplanted by either intrasplenic or intravenous route, engrafted recipient liver,
differentiated into functional hepatocytes, and rescued liver failure. Intravenous
transplantation was more effective in rescuing liver failure than intrasplenic trans-
plantation. Patrizia Burra et al. [7] evaluate the therapeutic potential of mesenchy-
mal stem cells from human umbilical cord (UCMSCs), a readily available source of
mesenchymal stem cells, in the CCl4-induced acute liver injury model. The experi-
ment show that UCMSCs can be reliably isolated, have hepatogenic properties and
following systemic administration are able to accelerate the resolution of an acute
liver injury without any differentiation and manipulation. These features make
UCMSC:s strong candidates for future application in regenerative medicine for
human acute liver disease.

To date, only a few clinical trials have been performed in patients with end-stage
liver disease caused by hepatitis B, hepatitis C, and alcoholic fibrosis. Eight patients
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(four hepatitis B, one hepatitis C, one alcoholic, and two cryptogenic) with end-
stage liver disease having Model for End-Stage Liver Disease score>or =10 were
included. Autologous MSCs were taken from iliac crest. Approximately, 30-50
million MSCs were proliferated and injected into peripheral or the portal vein.
Liver function and clinical features were evaluated at baseline and 1, 2, 4, 8, and
24 weeks after injection. Treatment was well-tolerated by all patients. Liver func-
tion improved as verified by the Model for End-Stage Liver Disease score [8]. Peng
[9] investigated the short-term efficacy and long-term prognosis of patients with
liver failure who are caused by hepatitis B after a single transplantation with autol-
ogous marrow mesenchymal stem cells (MMSCs). A total of 527 inpatients with
liver failure caused by hepatitis B were recruited and received the same medical
treatments, among whom 53 patients underwent a single transplantation with autol-
ogous MMSCs. A total of 105 patients matched. The MMSC suspension was
slowly transfused into the liver through the proper hepatic artery. The success rate
of transplantation was 100 %, without serious side effects or complications. There
were no dramatic differences in incidence of hepatocellular carcinoma or mortality
between the two groups. Levels of ALB, TBIL, and PT and MELD score of patients
in the transplantation group were markedly improved from 2 to 3 weeks after trans-
plantation. Short-term efficacy was favorable, but long-term outcomes were not
markedly improved. Fu-Sheng Wang [15] have recruited 30 patients with hepatitis
B. They are all have liver cirrhosis and receiving UC-MSC transfusion. At the same
time, 15 patients received saline as the control. There was a significant reduction in
the volume of ascites in patients treated with UC-MSC transfusion compared with
controls. UC-MSC therapy also significantly improved liver function, as indicated
by the increase of serum albumin levels, decrease in total serum bilirubin levels,
and decrease in the sodium model for end-stage liver disease scores. The results of
these studies have shown that MSCs injection can be used for the treatment of end-
stage liver diseases, with satisfactory tolerability and clinically relevant effects. In
these clinical trials, the success rate of transplantation was 100 %, without serious
side effects or complications. Liver function including MELD score and some
serum biochemical index (Album, bilirubin, prothrombin time etc.) improved.
Short-term efficacy was favorable, but long-term outcomes were not markedly
improved. Most of the patients have autologous MSCs transplantation, UC-MSCs
was also be used. They have similar number of cells. Nonetheless, no studies have
provided definitive evidence that MSCs have a capability to differentiate into func-
tional hepatocytes in vivo. Improvements could be attributed to the secretion of
growth factors by MSCs rather than to their transdifferentiation into hepatocytes.
MSCs demonstrate multi-potentiality and can promote liver regeneration, secrete
cytokines/growth factors, inhibit inflammation, inhibit activation of liver astro-
cytes, block the production of extracellular matrix (ECM), and facilitate the degra-
dation of excessive ECM, leading to improvement of chronic hepatitis B,
impediment of liver fibrosis, and repair of injured liver tissues. Great progress has
been made in the treatment of liver diseases with the use of autologous MSC trans-
plantation and has included basic research and clinical studies. But there are still a
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number of problems requiring resolution in clinical practice, the mechanism of
MSC:s in vivo needs to be studied. In the same time, the long-term prognosis of
these patients still need to be observed.

There are three ways of human MSCs transplantation for human liver disease:
hepatic artery, peripheral veins and portal vein. Different number of MSCs transfu-
sion is needed, but no exact evidence showed that which way may achieve more
favorable outcomes. Peripheral veins injection is simple and easy to operate, which
need more cells and some animal experiments show that most of the MSCs gathered
in lung tissue and may lead to pulmonary infarction. The portal vein is usually
accessed percutaneously with ultrasound or X ray guidance by puncturing through
the liver or via a transjugular route from the neck. Arteries are accessed via femoral
artery puncture through the groin. The technical challenges include bleeding, espe-
cially patients with liver disease often have abnormal clotting function. These oper-
ations are not as easy as peripheral veins injection and brings the risks of puncture
risk. After infusion into the portal circulation, the transplanted cells move along the
portal tracts into the sinusoids and engraft into the hepatic cords by squeezing out
between the endothelial lining cells. It is seems an ideal way, but how efficient this
occurs remains unknown.

The mechanisms of MSCs based treatments of liver diseases are still unknown.
Experiments in rats and humans confirmed the differentiation potential of MSCs in
vitro. However, it is different to confirm in vivo especial in human bodies. It is well
known that chemokines are released after tissue damage and that migratory direc-
tion follows the chemokine density gradient. In this regard, it has been recently
demonstrated that MSCs express chemokine receptors and ligands that are involved
in leukocyte migration during inflammation, including the stromal-derived factor-1
(SDF-1) chemokinereceptor (CXCR4) that stimulates the recruitment of progeni-
tor cells to the site of tissue injury [10]. MSCs also express several adhesion mol-
ecules that respond to SDF-1 [11], as well as chemokines [12]. Hence, the increase
of inflammatory chemokine concentration at the site of inflammation is a key
mediator of MSC trafficking to the site of injury. Additional, many integrins, selec-
tins, and chemokine receptors involved in the tethering, rolling, adhesion, and
transmigration of leukocytes have also been reported to be expressed on MSCs.
Several animal studies and clinical trials have demonstrated that MSCs have the
potential to reverse the fibrotic process by inhibiting collagen deposition and the
production of transforming growth factor-pl1 [13]. Despite these encouraging
results, antifibrotic effctors of MSCs is still debated, more research about this is
needed in the future.

MSCs transplantation for the 55 patients with steroid-refractory acute Severe
graft-versus-host disease (GVHD) was used between 2001 and 2007. Thirty patients
had a complete response and nine showed improvement. Additional studies, mostly
in animal models, are being conducted in solid organ transplantation, such as: heart,
renal, liver and skin. MSCs have also emerged as promising candidate cells for
immune- modulation therapy, especially in the setting of liver transplantation, given
their ability to interact at various levels with the immune system [14]. Pan MX
investigated that autologous MSCs infusion through the portal vein during allogenic
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living donor liver transplantation can prolong the survival of the recipient dogs [15].
Rejection of the transplanted liver is also a big problem in clinical practices, MSCs
transfusion may be a new solution way.

MSCGs in Liver Disease: Risks and Benefits

Liver cirrhosis is generally considered an irreversible process and represents a fre-
quent cause of death worldwide. MSCs for liver disease means new hope. MSCs
express few HLA class I and no HLA class II molecules, allowing them to evade
allogeneic immune response. This is the so-called “immunoprivilege,” an interest-
ing feature in MSC biology, which makes these cells extremely suitable for both
autologous and allogeneic transplantation. As previously discussed, all animal
experiments and humans have showed good tolerance. No acute complication has
happened. MSCs are considered a potentially relevant therapeutic tool for the treat-
ment of liver diseases, given their high degree of plasticity andimmune-modulatory
properties. The use of MSCs in the hepatologic clinical practice is hampered by the
inability to monitor the transplanted cells within the patients and by the lack of
standardized clinical protocols. Moreover, the antifibrotic effect of MSCs is still
debated, as MSCs could also potentially differentiate into fibrogenic cells. Whether
can cause the increased risk of tumor is also unknown.

Much of our knowledge of MSC is derived from in vitro experiments. Larger
clinical trials have just started. However, further studies in vitro as well in vivo are
needed to achieve a better understanding of the potential benefits and risks of MSCs
therapeutic use in clinical settings (Table 1).

Table 1 Clinical evidence of MSCs transplantation

Type of infused
cells and injection Improvement after Number and
method Number of cells  infusion etiology of patinets ~ Reference
ABMMSCs 31.73x10(6) SF-36 questionnaire 4 end-stage liver [13]
Peripheral vein and MELD disease

score(2/4)
ABMMSCs 30-50x10(6) MELD score 4 hepatitis B, 1 [8]
Peripheral or the and serum Alb hepatitis C, 1

portal vein alcoholic, and 2
cryptogenic

ABMMSCs 34+3.8x10(8) MELD score, serum 53 hepatitis B/105 [9]
Hepatic artery Alb, ALT, Thbil, control

and PT
UC-MSCs 2x10(7) MELD score, Thil, 30 hepatitis B/15 [16]
Peripheral vein Alb, PT, and control

kindey function
ABMSCs autologous bone marrow mesenchymal stem cells, UC-MSCs umbilical cord-derived
mesenchymal stem cells, 7bil bilirubin, Alb album, ALT aminotransferase, PT prothrombin time
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Perspective

MSCs-based therapy provides hope for treating patients with end-stage liver
diseases. Though MSCs-based therapy achieved some progresses in clinic, the wide
application of MSCs-based therapy in clinic should solve the following issues. First,
the mechanisms of the treatment of MSCs-based therapy transplation in liver dis-
eases and differentiation of stem cells and immune regulation should be elucidated.
Specially, in the experiment in vivo, the survival, proliferation and differentiation of
transplanted stem cells in hosts should be determined. Second, the transfusion route
of stem cells, number of cells, and choice of treatment time have critical role in the
therapeutic efficacy of liver diseases. However, these issues have no unified conclu-
sion and further study should be taken to confirm them. Third, multi-center, double-
blind and controlled clinical trial research should be designed rationally, and
specified types of cells should be used to treat special liver diseases to enhance
comparability. At the same time, the follow-up time should be prolonged, to further
recognize the possible existed side effects and complications, such as tumor occur-
rence. Fourth, regulations and industry access system of clinical application of stem
cells should be formulated. The formulation could guarantee that the clinical
research of human stem cell transplantation could follow corresponding norms and
clinical application, could ensure that the human stem cells could benefit patients,
and improve medical plight of treatment of end-stage liver diseases.
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Mesenchymal Stem Cells for Bone Repair

Hongwei Ouyang, Xiaohui Zou, Boon Chin Heng, and Weiliang Shen

Abstract Some complex clinical conditions require regeneration of large bone
sections, such as in the case of massive traumatic injury and atrophic nonunions.
To date, regeneration of bone tissue has been an important focus for biological
repair in the field of regenerative medicine. Bone tissue engineering — an interdisci-
plinary field at the intersection of engineering, biology and medicine, has emerged
as one of the most promising approaches for developing biological bone substitutes.
In the past half century, the potential use of MSCs in bone tissue engineering has
been increasingly recognized because of its unique characteristics. Many studies
have utilized bone marrow derived mesenchymal stem cells (BM-MSCs) as seed
cells for cell sheets and biomaterial scaffolds. In the past decade, many researchers
have sought to exploit their potential as seed cells for diverse applications in regen-
erative medicine. The availability of robust clinical and scientific data supports the
use of MSC in bone repair.

Keywords MSC ¢ Bone repair * Tissue engineering ® Regenerative medicine

Mesenchymal Stem Cells (MSCs) in Bone Tissue Engineering

Bone is a highly vascularized connective tissue, which possesses intrinsic regenera-
tive capacity in response to injury throughout adult life. However, in the case of
critical sized defects, the self-regenerative capacity of bone tissue is interrupted by
rapid in-growth of fibrous tissues. In addition, some complex clinical conditions
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require regeneration of large bone sections, such as in the case of massive traumatic
injury and atrophic nonunions [1]. To date, regeneration of bone tissue has been an
important focus for biological repair in the field of regenerative medicine. Bone
tissue engineering (BTE) — an interdisciplinary field at the intersection of medicine,
biology and engineering, has emerged as one of the most promising approaches for
developing biological bone substitutes.

Various different adult and embryonic sources of stem cells have been evaluated
for BTE application, particularly MSCs, induced Pluripotent Stem Cells (iPSCs) and
Embryonic Stem Cells (ESCs). Although iPSCs and ESCs are pluripotent [2, 3], their
potential clinical applications have been hindered by several drawbacks, such as the
potential immunogenicity of differentiated hESC [4, 5] and the formation of terato-
mas in vivo [6]. In the past half century, the potential use of MSCs in BTE has been
increasingly recognized due to their unique characteristics. For example, MSCs are
relatively abundant and easy to isolate [7]; the osteogenic differentiation pathway of
MSCs is well defined [8]; MSCs are non-immunogenic in either the undifferentiated
or differentiated states [9]; and MSCs remains stable after extensive ex vivo expan-
sion [10]. In summary, BMSCs are readily accessible, have less ethical challenges
and display lower risk of tumorigenesis after transplantation, as compared to pluripo-
tent stem cells such as embryonic stem cells and induced pluripotent stem cells.

BM-MSCs have been utilized as seed cells together with biomaterial scaffolds in
vitro. Fischer et al. have reported that the osteogenic potential of BM-MSCs was
affected by the size and microporosity of hydroxyapatite (HA) microparticles. HA
has been clinically utilized as an injectable bone filler. This study indicated that the
BM-MSCs-HA particle composite could be utilized as an injectable formulation of
tissue-engineered bone [11]. In another approach for bone tissue regeneration,
BMP-2 gene was transfected into BM-MSCs by an adenoviral vector. This resulted
in the endogenous secretion of BMP-2, which is known to enhance osteogenic
differentiation. Ostogenesis was evaluated after these cells were cultured on 3D
porous silk fibroin sponge-like scaffolds. There was substantially enhanced osteo-
genic differentiation as compared to BM-MSCs cultured in the presence of exoge-
nous BMP-2 in an osteogenic culture medium. This study suggests the potential use
of gene transfected MSCs together with 3D scaffolds to achieve enhanced bone
tissue regeneration [12]. Recently, extensive research into the in vitro osteogenic
differentiation of BM-MSCs for the fabrication of bone tissue-like structures with
various 3D supporting matrices as well as efficient 3D culture systems such as
bioreactors have been conducted. Zhang et al. [13] have established a scaffold
fabrication platform and advanced biaxial rotating bioreactor system to generate an
effective TE bone graft suitable for clinical application. Elcin et al. reported cultur-
ing BM-MSCs on 3D porous scaffolds within a slow turning lateral vessel rotating
culture system. This system enabled the formation of a well-developed 3D bone-like
tissue structural construct, suggesting the feasibility of bioreactor culture systems
for in vitro 3D bone tissue engineering.

In vivo studies with small animal models have demonstrated that MSC transplan-
tation enhanced bone formation, as well as the stiffness of the regenerated structures
[14]. Large animal models have subsequently been used to evaluate the feasibility
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of a stem cell based approach for bone regeneration and repair [15, 16]. Hosseinkhani
et al. reported that the combination of a perfusion culture system with BM-MSCs
seeded onto a 3D collagen sponge and self-assembled peptide-amphiphile nanofiber
hybrid scaffold significantly enhanced the in vitro and in vivo osteogenic differen-
tiation of BM-MSCs, as compared to static culture on tissue culture plates [17].
Ouyang et al. [18] investigated the effect of nHAp/CTS together with BM-MSCs on
the repair of bone defects in vivo. They found that nHAp/CTS supported the
adhesion and proliferation of BMSCs and promoted their osteogenic differentiation
by activating BMP signaling. In conjunction with the utilization of MSC as a cell
source for BTE applications, Zhang et al. [13] have established a scaffold fabrica-
tion platform and advanced biaxial rotating bioreactor system for generating an
effective TE bone graft suitable for clinical application. By applying these converg-
ing technologies of stem cells, scaffold design and manufacture, and bioreactors,
the generation of tissue engineered bone with high clinical efficacy can be achieved.
The tissue engineered bone derived from MSCs demonstrated its efficacy for heal-
ing in a clinically relevant load-bearing critical sized defect rat model, where the
influence of stress loading, tissue injury and consequential inflammatory response
all play a part in the healing process. Twelve weeks after implantation, tissue engi-
neered bone derived from MSCs displayed 2.1 fold more new bone tissue forma-
tion, with greater compactness, and a 9.8 fold increase in stiffness compared to
implanted acellular scaffolds. Furthermore, the implantation of tissue engineered
bone resulted in a 3.9 fold increase in the vasculature network within the defect
area, suggesting a potential role for MSCs in promoting neo-vasculogenesis [19].
Due to the encouraging experimental data obtained, a first-in-Man phase I clinical
trial is being planned.

These advances in coupling MSCs to different types of porous scaffolds have
achieved very exciting and promising results for bone tissue engineering [20-22].
Currently, cell-seeding techniques employ either cell-gel composites or cell suspen-
sions to deliver cells into the scaffold [23, 24]. However, there are some disadvan-
tages in these current techniques, such as the low efficiency of cell attachment to
dense fibrous matrix or scaffolds and the weak mechanical strength of gel systems.
These disadvantages make it very difficult to seed a large number of cells on dense
tissue grafts. The limitations of current technology platforms prohibit the applica-
tion of stem cells to improve the efficacy of large tissue grafts for tissue repair.
Several researchers have attempted to fabricate cell sheets with vascular smooth
muscle cells, dermal fibroblasts, and keratinocytes for tissue engineering blood
vessels or skin without biomaterials and scaffolds [25]. This gave some cues on how
to overcome the challenges faced with applying current cell seeding technology to
large dense tissue grafts. Ouyang et al. [26] successfully incorporated about 15 x 10°
MSCs into 1 cm long non-porous cortical bone graft by assembling MSC sheets
with dense allografts. This overcame the inherent disadvantages of current cell
seeding techniques in bone tissue engineering. It is known that the key factor in
tissue repair is the availability of appropriate cells. The presence of cells is crucial
because of their proliferation potential, cell-to-cell signaling, biomolecule synthesis,
and deposition of extracellular matrix, all of which strongly influence the nature of
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skeletal tissue formation. It seems clear that a threshold quantity of cells is required
at the repair sites for normal neo-tissue formation. With the MSC sheets, an excess
of the threshold quantity of seed cells can be delivered to the repair site. The carti-
lage-like layers around de-mineralized bone graft observed in vitro suggested that
MSC sheets could act as fresh periosteum. More importantly, they displayed abun-
dant periosteal bone formation on MSC-allografts, which was much less than the
allograft alone. The difference in bone formation between the groups was very similar
to what had been reported in previous studies. For example, Guldberg et al. [27]
transplanted live bone grafts harvested from Rosa 26A mice into murine segmental
femoral bone defects and showed that approximately 70 % of osteogenesis on the
graft was attributed to the expansion and differentiation of donor periosteal progenitor
cells. Arasi et al. compared the use of fresh bone graft and frozen allograft for bone
regeneration in a rabbit model and demonstrated that free autogenous periosteum
wrapped around frozen allografts dramatically stimulated bone healing and repair
[28]. Moreover, Gray and Elves using a free subcutaneous isograft demonstrated
that marrow cells and osteocytes made little or no contribution to early osteogene-
sis, while Kadiyala et al. showed that live cells in periosteum and endosteum plus
stromal cells are responsible for 90 % of early osteogenesis [29, 30]. Also, it is
known from clinical experience that preservation of the periosteum or use of a peri-
osteum tube graft significantly improves cortical bone graft incorporation and
remodeling [31, 32]. Based on these promising findings, it appears that MSC sheets
can act as fresh tissue-engineered periosteum to repopulate allografts and enhance
bone formation.

From the Laboratory to Clinic

The use of MSCs for treatment of orthopedic diseases and bone defects is currently
the most common clinical application of MSCs. A rise in the number of registered
clinical trials and published clinical reports with MSCs is evident, with 89.4 % of
registered trials and 78.0 % of published reports performed after 2005 being related
to MSCs, thus reflecting growing interest in the therapeutic applications of these
cells [13]. With regards to the clinical use of MSCs to promote bone formation and
regeneration, Quarto et al. [33] reported the first-in-man clinical trial of MSC-based
BTE therapy in 2001. In the past decade, many researchers have sought to exploit
the potential of MSCs as seed cells for diverse clinical applications. For example,
Quarto et al. utilized BM-MSCs cultured in vitro for 3 weeks and seeded onto mac-
roporous HA scaffolds to treat nonunions. After 7 months the three treated patients
displayed good integration of the implants. Angiographic evaluation after 7 years
showed vascularization of the grafted zone, which is vital for the survival and future
stability of the graft [33]. Marcacci et al. [34] investigated the clinical use of culture-
expanded osteoprogenitor cells in combination with porous hydroxyapatite (HA)
scaffolds for the treatment of 4 patients. Good integration of the implants with pre-
existing bone was maintained during the follow-up period, and no major adverse
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reactions were observed. All patients showed recovery of limb function and at the
last followup (67 years after surgery) good integration of the implants was
maintained. Morishita et al. [35] used a HA scaffold to differentiate MSCs into
osteoblasts ex vivo, for healing bone defect in a patient after curettage of a tumour.
This illustrated that tissue-engineered osteogenic cell-scaffold composites may be
an alternative to autologous bone grafting.

In addition, MSCs have also been used together with growth factors (GFs) and
other biologics. For example, Warnke et al. [36] described a new bone-muscle-flap
technique for the treatment of a mandibular defect. The scaffold was placed in an
external titanium mesh loaded with HA blocks coated with BMP-7 and seeded with
MSCs, followed by implantation into the latissimus dorsi for growth of blood
vessels and bone. After 7 weeks, the constructed mandible was removed and fixed
to the stumps of the original mandible. The patient regained full function of his jaw
4 weeks after the operation. Kitoh et al. [37] conducted a number of clinical trials
whereby the integrated use of autologous MSC with platelet rich plasma accelerated
new bone formation, which reduces the complication rate during distraction osteo-
genesis. These findings have several clinical implications for BTE whereby MSCs
are used for the fabrication of tissue-engineered bone in vitro.

Conclusion

After a few decades of intensive research, the field of bone tissue engineering is
finally heading towards translation into clinical therapy. The availability of robust
clinical and scientific data supports the use of MSC for bone repair. Further studies
are also required to address a range of pertinent technical issues including, the
growth of MSCs in either 2D or 3D culture conditions, the use of serum replace-
ment or serum free media, and the need to supplement with different cytokine com-
binations, with all new developments being assessed in pre-clinical studies with
large animal models that mimic human disease and condition [38].
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Mesenchymal Stem Cells for Diabetes
and Related Complications
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Abstract Mesenchymal stem cells (MSCs) are self-renewing cells with multipotent
differentiation characteristics and capability for the regulation of immune response.
Accordingly, in the context of diabetes research, the ability of MSC to generate
insulin-producing cells and to enhance islet engraftment and survival makes them
attractive as new therapeutic agents for treatment of diabetes and related complica-
tions. In this chapter we emphasized the role of MSCs in the repair of p cell mass
and function and we described the capacity of MSCs to modulate the autoimmune
response during the pathogenesis of diabetes mellitus. In addition, we also pre-
sented here the mechanisms, promises and potential obstacles for MSC therapy of
diabetic complications: cardiomyopathy, critical limb ischemia, nephropathy, poly-
neuropathy, retinopathy and diabetic wounds.
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Introduction

The pathophysiology of diabetes mellitus (DM) type 1 is related to an abnormal
T-cell immune response culminating in a loss of self-tolerance and destruction of
the insulin producing p-cells [1-3]. Prior to disease onset, a humoral B-cell immune
response has taken place, producing antibodies to f cell antigens detected in the
peripheral blood [4]. Together, these processes result in reduced and insufficient §
cell mass to maintain glucose homeostasis, rendering patients dependent on exog-
enous insulin [4]. On contrary, chronic hyperglycemia due to an imbalance between
insulin production and insulin action is the key metabolic abnormality important in
the pathogenesis of diabetes mellitus type 2 [1-3].

Although different initial events characterize pathogenesis of diabetes mellitus
type 1 and 2, several lines of evidence suggest that there are shared mechanisms
of B-cell dysfunction in both types of diabetes including the increase of pro-
inflammatory cytokines and oxidative stress induced by glucotoxicity and lipotoxicity
which promotes p-cells apoptosis and leads to damage of pancreatic islets [5].

Currently, there is no definitive cure for diabetes. Insulin injection does not mimic
the precise regulation of p-cells on glucose homeostasis, and long term insulin ther-
apy leading to the development of various complications [6]. In addition to insulin
administration, other treatment options currently available to patients with diabetes
type 1 are transplantation of whole pancreas or islets only [4]. Islet transplantation,
primarily indicated in patients with unstable hypoglycemia, is advantageous com-
pared with whole pancreas transplantation because it is relatively non-invasive.
Nevertheless, revascularization of the islet cell graft, apoptosis of islets, prevention
of inflammation, rejection and autoimmune destruction of the graft, requirement for
lifelong immunosuppression (which can be harmful to islet p cell function) and lim-
ited supply of donor islets for widespread clinical therapies are important and signifi-
cant challenges that have to be solved for successful islet transplantation [4].

The worldwide increase in the prevalence of diabetes mellitus reinforces the
search for new approaches to prevent and to oppose the development and the pro-
gression of diabetes and its complications [7]. The new and optimal therapeutic
approach for diabetes treatment should ideally preserve the remaining f-cells,
restore B-cell function, and protect the replaced insulin-producing cells from auto-
immune response [8]. The field of regenerative medicine is rapidly evolving, paving
the way for cellular therapies and tissue engineering as new approach for treatment
of neurodegenerative and autoimmune diseases. The remarkable ability of different
stem cells obtained from human embryonic and adult tissues has sparked research
endeavors evaluating therapeutic use of these cells for treatment of diabetes and its
complications [9].

In this sense, mesenchymal stem cells (MSCs) can offer a promising possibility
that deserves to be explored [10]. In this chapter we emphasize the role of MSCs in
the repair of B cell mass and function and we describe the capacity of MSCs to
modulate the autoimmune response during the pathogenesis of diabetes mellitus. In
addition, we also present here the mechanisms, promises and potential obstacles for
MSC therapy of diabetic complications.
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MSC and Islet Pathology

MSCs, also known as multipotent mesenchymal stromal cells, are self-renewing
cells that can be found in almost all postnatal organs and tissues [11]. Mesenchymal
stem cells are most frequently isolated from bone marrow but can generally be
derived from any organ [12]. Depending on their intended purpose, experimental or
therapeutic use, MSCs can be isolated from adipose tissue, umbilical cord blood,
compact bone, dental pulp and other tissues [12, 13]. Mesenchymal stem cells show
variable expression levels of several molecules: CD105 (SH2), CD73 (SH3/4),
stromal antigen 1, CD44, CD90, CD166 (vascular cell adhesion molecule), CD54/
CD102 (intracellular adhesion molecule), and CD49 (very late antigen) [14, 15].
Conversely MSCs lack the expression of surface markers characteristic for hemato-
poietic cells (CD14, CD45, and CD11a/lymphocyte function-associated antigen 1
(LFA-1)), erythrocytes (glycophorin A), and platelet and endothelial cell markers
(CD31) [16] (Fig. 1).

The main functional characteristics of MSCs are their immunomodulatory abil-
ity, capacity for self-renewal, and differentiation into tissues of mesodermal origin
[17, 18]. Previous studies have shown that MSCs are able to differentiate into vari-
ous cells derived from mesoderm (connective stroma, cartilage, fat and bone cells),
making them a potentially important source for the treatment of debilitating human
diseases (Fig. 2) [19]. Such multipotent differentiation characteristics coupled to
their capacity for self-renewal and capability for the regulation of immune responses,
described MSCs as potentially new therapeutic agents for treatment of the compli-
cations of diabetes mellitus (DM) [19].

Accordingly, in the context of diabetes research, MSCs have been used to gener-
ate insulin-producing cells and enhance islet engraftment and survival [9]. For
example, mouse bone marrow derived MSCs (BM-mMSCs) have the potential to
differentiate into insulin-producing cells when a combination of PDX-1 (pancreatic
and duodenal homeobox-1), NeuroDI (neurogenic differentiation-1), and MafA
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Fig. 1 Membrane markers expressed on MSC (Reproduced from Volarevic et al. [10])
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(V-maf musculoaponeurotic fibrosarcoma oncogene homolog A) genes are
overexpressed in these cells [20]. The amount of induced insulin in the BM-mMSCs
transfected with all three factors was significantly higher than in those mMSCs that
were only transfected with one or two of these three genes. Transplantation of the
transfected cells into mice with streptozotocin-induced diabetes resulted in insulin
expression and the reversal of the glucose challenge, suggesting that genetic manip-
ulation of MSCs and their subsequent transplantation can provide a novel strategy
for generation of functional p-cells [20].

Human bone marrow derived MSCs (BM-hMSCs) expressing vascular endo-
thelial growth factor (VEGF) and PDX1 also reversed hyperglycemia in more than
half of the diabetic mice and overall improved survival and weight maintenance in
all mice [21]. Detectable level of serum human insulin was noticed in mice treated
with either A BMSCs-VEGF or hBMSCs-PDX1 indicating de novo p-cell differen-
tiation from transplanted human MSCs. Sustained reversion of diabetes mediated
by hBMSCs-VEGF was secondary to endogenous f-cell regeneration and corre-
lated with activation of the insulin/insulin growth factor (IGF) receptor signaling
pathway involved in maintaining p-cell mass and function [21]. Human umbilical
cord derived MSC were also efficiently induced to differentiate into insulin-
producing cells both in vitro and in vivo [22]. After portal vein transplantation of
differentiated cells into the diabetic rats, blood sugar level decreased and insulin-
producing cells containing human C-peptide and human nuclei were located in the
liver [22]. However, it is important to note that some of these studies indicated that
single transplantation of MSC or insulin-producing cells derived from MSCs
exhibited only short-term effects [23]. Compared to single intravenous injection,
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multiple MSC transplantations effectively restored blood glucose homeostasis in
streptozocin-induced diabetic mice for 6 months [23]. At the end of 6 months,
histopathology examination revealed that MSCs engrafted preferentially into liver
tissue and about 51 % of human MSCs in the recipient mice liver co-expressed
human insulin, especially those surrounding the central veins. Multiple MSC trans-
plantations efficiently restored and maintained glucose homeostasis through
decreasing systemic oxidative stress in the early stage and insulin production in the
late stage while liver engraftment and differentiation into insulin-producing cells
were responsible for the long-term therapeutic effects of MSCs [23].

As previously discussed, transplantation of isolated islets from donor pancreata
into a diabetic recipient, represents an important therapeutic approach for the treat-
ment of insulin dependent diabetes mellitus. However, about 90 % of patients
require insulin 5 years after islet transplantation. As BM-hMSCs have strong
binding affinity to human islets, these cells are often used as gene delivery vehicle
for successful islet transplantation in streptozotocin-induced diabetic non-obese
diabetic/severe combined immunodeficient (NOD-SCID) mice [24]. Transduction
of BM-hMSCs with adenovirus encoding human hepatocyte growth factor (HGF)
and interleukin 1 receptor antagonist (IL-1Ra) (Adv-hHGF-hIL-1Ra) prior to
co-culturing with islets further protects islets from apoptosis, helps in maintaining
3D structures and morphology, and enhances insulin secretion. Transplantation of
human islets reconstituted with Adv-hHGF-hIL-1Ra transduced BM-hMSCs under
the kidney capsule of diabetic mice reverses diabetes for up to 15 weeks and reduces
the number of islets required to achieving normoglycemia [24]. Sakata et al. [25]
confirmed improved islet function when co-transplanted with MSCs suggesting that
beneficial impact of MSCs should be attributed to their immunomodulatory and
angiogenic effects.

Immunomodulatory and Angiogenic Effects of MSC
in Diabetes Therapy

The mechanism underlying the immunomodulatory effects of MSCs is likely to be
multifactorial and results from the interaction between MSCs and immune cells:
natural killer (NK) cells, dendritic cells (DCs), T and B lymphocytes to production
of immunosuppressive cytokines interleukin (IL)-10 and transforming growth fac-
tor beta (TGF-p) by MSC (Fig. 3) [10, 26]. Mesenchymal stem cells are able to
inhibit the proliferation, activation, cytotoxic activity and interferon-gamma (IFN-
v) production of NK cells [27]. These effects are mediated through production of
prostaglandin E2 (PGE2) and indoleamine 2,3-dioxygenase (IDO) [27]. Through
production of PGE2, MSCs inhibit TNF-a production by DCs and upregulate IL-10
production by plasmacytoid DCs (pDCs) [28]. In addition, MSCs can alter the
secretion profile of conventional DCs resulting in increased production of anti-
inflammatory cytokine IL-10 and decreased production of pro-inflammatory IFN-y
and IL-12 [17, 18, 26]. MSCs are able to render T cells anergic by blocking
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Fig. 3 Immunomodulatory characteristics of MSC (Reproduced from Volarevic et al. [10])

differentiation of monocytes to DCs or by inhibiting DC maturation [17].
Mesenchymal stem cells can inhibit T-cell proliferation by engagement of the inhib-
itory molecule programmed death 1(PD-1) to its ligands PD-L1 and PD-L2, thereby
producing soluble factors that suppress T-cell proliferation (such as TGF-8 or IL-10)
and through interacting with DCs [18, 26]. Inhibition of CD4+ T cells impairs B cell
proliferation and antibody production. Through production of soluble factors,
MSCs can inhibit proliferation and IgG secretion of B cells [26].

MSCs can also increase the number of CD4+CD25+FoxP3+ T-regulatory cells
(Tregs) that suppress the immune response [17, 18, 26]. MSCs are also capable of
selectively suppressing effector T(eff) cells and fostering the generation of Tregs
[29]. Xu et al. showed that T(eff) cells, but not Tregs, failed to respond to IL-2 and
undergo profound apoptosis in the presence of MSCs [29]. The differential regula-
tions of these two T cell subsets by MSCs are associated with their distinct expres-
sions of CD25, with MSCs specifically reducing the expression of CD25 on T(eff)
and sparing Tregs resulting with increased protection of allogeneic islet grafts in
MSC-treated animals [29].

In accordance with these immunomodulatory mechanisms, it was recently
showed that human MSCs also use secreted galectins to suppress T cell mediated
immune response [30]. Galectins are a family of beta-galactoside-binding proteins that
has recently emerged as novel molecules with immunoregulatory functions [31, 32].
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Among them, galectin-3 is the most ubiquitously expressed by immunocompetent
and inflammatory cells, either constitutively or in an inducible fashion [31, 32].
Inhibition of galectin-1 and galectin-3 gene expression with small interfering RNAs
abrogated the suppressive effect of MSC on allogeneic T cells [30]. Specific gene
silencing of galectin-3 reduced the expression of galectin-1 in MSCs, suggesting a
possible interaction between these two galectins in MSC-mediated suppression of
immune response. In addition, suppression of T-cell proliferation by MSCs could be
abrogated by exogenous addition of P lactose, a competitive inhibitor for galectin-3
binding to cell surface glycoproteins [30]. The restoration of T-cell proliferation in
the presence of f lactose clearly indicates that the carbohydrate-recognition domain
of galectin-3 is responsible for the immunosuppression of T cells and supports an
extracellular mechanism of action of MSC-secreted galectin-3.

Injection of adipose-derived mesenchymal stem cells (AD-MSCs) efficiently
ameliorates autoimmune diabetes in diabetic NOD mice by attenuating the Thl
immune response concomitant with the expansion/proliferation of Tregs. Injection
of AD-MSC:s reversed the hyperglycemia and elevated levels of insulin, amylin, and
glucagon-like peptide 1 in sera [33]. This improved outcome was associated with
expansion of Tregs in the pancreatic lymph nodes, reduced number of inflammatory
cells and IFN-y and increased expression of insulin, PDX-1 and TGF-f1 in pancre-
atic islets. In addition, in vitro AD-MSCs induced the expansion/proliferation of
Tregs in a cell contact-dependent manner mediated by PD-L1 [33].

Recently, Ezquer et al. confirmed that the antidiabetic effect of intravenously
administered MSCs is unrelated to their transdifferentiation potential but to their
capability to restore the balance between Thl and Th2 immunological responses
along with the modification of the pancreatic microenvironment [34]. Mesenchymal
stem cells were engrafted into secondary lymphoid organs 7 and 65 days after trans-
plantation while no MSC-derived insulin-producing cells were noticed in pancreatic
islets. This correlated with a systemic and local reduction in the abundance of auto-
aggressive T cells, an increase in number of Tregs while a cytokine profile was
shifted from pro-inflammatory to anti-inflammatory. Transplantation of MSCs did
not reduce pancreatic cell apoptosis but recovered local expression and increased
the circulating levels of epidermal growth factor (EGF), a pancreatic trophic factor
[34]. Thus, it appears that immunomodulatory effects of MSCs are primarily based
on their release of trophic and immunomodulatory factors which promote immuno-
logical tolerance and facilitate the survival and function of allogeneic islets [10, 26].

Through production of pro-angiogenic factors, MSCs promote vascularization
and contribute to successful islet engraftment. One of the issues that can prevent
successful islet transplantation of MSCs is islet ischemia [25]. The process of islet
isolation destroys the vascular network between the islet and surrounding tissue [25,
35]. As a result, islets undergo prolonged ischemia during the reconstruction of the
vascular network, and many islets become damaged [25, 35]. Mesenchymal stem
cells express platelet-derived growth factor (PDGF) receptors and respond to PDGF
production by endothelial cells during revascularization [36] promoting endothelial
cell proliferation in both donor and recipient sides as well as enhance migration of
endothelial cells by producing proteases that facilitate immature endothelial cell
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sprouting [37] and upregulating the expression of factors that promote angiogenesis
and stability of the developing vasculature (angiopoietin and VEGF) in endothelial
cells [38]. In addition, MSCs promote proliferation and migration of endothelial
cells to the surface of islets where these cells form a “coat” [39]. “Coated” islets
survived for a long time in culture and exhibit improved insulin release [39].

MSC: Potentially New Therapeutic Agents
for the Treatment of Diabetes Type 2

MSC are able to improve metabolic control in experimental models of type 2 diabe-
tes (T2D) [9]. Recently published study by Si et al. [40] showed that infusion of
autologous MSCs managed to ameliorate hyperglycemia in type 2 diabetic rats.
Improved metabolic control, measured by enhanced insulin secretion, amelioration
of insulin sensitivity, and increased islet numbers in the pancreas, was observed in
MSC treated animals particularly when MSCs were infused early (7 days) after STZ
treatment. As previously discussed [23], transplanted MSC are short-lived (for a
period of 4 weeks), and MSC re-injection provides an additional, comparable, and
transient effect. Beneficial effects of MSC therapy were associated with improved
insulin sensitivity via increased signaling (insulin receptor substrate-1 [IRS-1] and
Akt phosphorylation upon feeding, as well as translocation of glucose transporter
type 4 (GLUT-4) on cell membrane upon insulin administration) in the muscle,
liver, and adipose tissue of MSC treated animals [40]. Mesenchymal stem cells
mainly accumulated in pancreatic islets and liver where they have contributed to
tissue repair and preservation of f-cell mass [40]. It is important to note that despite
the fact that experimental model used in this study does not fully reflect the physio-
pathology of the progressive development of human T2D [41], data presented by Si
and colleagues shed new light on the effects of autologous MSCs transplantation on
insulin target tissues in T2D [9, 40].

A pilot clinical study conducted by Jiang et al. [42] showed that three intrave-
nous infusions of human placenta-derived MSCs (PD-hMSCs) managed to signifi-
cantly reduce a daily dose of insulin, improve renal and cardiac function in type 2
diabetic patients with islet cell dysfunction. However, despite of promising results,
it should be emphasized that further in-depth mechanistic studies are still needed to
understand how MSCs affect metabolic function in T2D.

MSC Treatment of Diabetic Cardiomyopathy
and Critical Limb Ischemia

Development of ventricular dysfunction in patients with DM in the absence of coro-
nary artery disease, valvular heart disease, or hypertension is defined as diabetic
cardiomyopathy (DCM) [43]. Chronic hyperglycemia is responsible for myocardial
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remodeling and is a central feature in the progression of DCM, which is characterized
by hypertrophy and apoptosis of cardiomyocytes and alterations in the quantity and
composition of the extracellular matrix (ECM), resulting in increased collagen
deposition [44]. An additional feature that contributes to the pathogenesis of DCM
is the activity of matrix metalloproteinase (MMP)-2 and MMP-9 [45, 46]. The
diabetic myocardium is characterized by decreased activity of MMP-2, leading to
increased collagen accumulation, and increased activity of the proapoptotic factor
MMP-9, which is responsible for apoptosis of endothelial cells, reduction of capil-
lary density, and poor myocardial perfusion [45, 46]. Microcirculatory defects,
necrosis and apoptosis of cardiomyocytes, and interstitial fibrosis are the main path-
ological characteristics of DCM [43, 45].

Mesenchymal stem cells can also induce myogenesis and angiogenesis by releas-
ing different angiogenic, mitogenic, and antiapoptotic factors including vascular
endothelial growth factor (VEGF), insulin- like growth factor-1 (IGF-1), adreno-
medullin (AM), and hepatocyte growth factor (HGF) [47]. This was demonstrated
using a rat model of DCM [47] wherein intravenous (i.v.) administration of bone
marrow-derived rat MSCs improved cardiac function of treated animals.
Transplanted MSCs differentiated into cardiomyocytes and improved myogenesis
and angiogenesis [43]. In addition, MMP-2 activity significantly increased and
MMP-9 activity decreased after MSCs transplantation [47]. This phenomenon
increased myocardial arteriolar density and decreased collagen volume resulting in
attenuation of cardiac remodeling and improved myocardial function [47] (Fig. 4).

Improvement in cardiac function following MSC therapy may also be attributed
to the release of MSC-derived paracrine factors capable of cardioprotection. These
factors include secreted frizzled-related protein 2, Bcl-2, heat shock protein 20,
hypoxia-regulated heme oxygenase-1, hypoxic Akt-regulated stem cell factor,
VEGF, HGF, AM, and stromal-derived factor [48]. A growing body of evidence
strongly suggests that these factors affect remodeling, regeneration, and neovascu-
larization leading to the improvement of myocardium contractility and viability,
ameliorating consequences of infarction [48—53]. Double-blind, placebo-controlled
trials showed that i.v. autologous MSCs transplantation increased left ventricular
ejection fraction, reduced episodes of ventricular tachycardia, and led to reverse
remodeling in postinfarction patients reducing the mortality rate in patients with
ischemic stroke [10].

Mesenchymal stem cells treatment of diabetic rats results in a significant increase
in heart rate, left ventricular pressure, contractility index, and notable reduction of
systolic blood pressure [54]. The improvement in cardiac condition can be explained
by differentiation of MSCs into insulin producing cells, cardiomyocytes and vascular
endothelial cells [55] and also by the immunomodulation ability of MSCs [10, 26].
As previously described, significant increase of serum insulin levels leads to endo-
thelial cell protection, and this is accompanied with enhanced myogenesis, angio-
genesis, and attenuation of cardiac remodeling, all of which are crucial for the
improvement of cardiac function in diabetic animals [10, 25, 39].

Similar effects and MSC-derived proangiogenic factors have also been impli-
cated in the therapy of diabetic limb ischemia [51, 52]. VEGF and hypoxia-inducible
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Fig. 4 Effects of transplanted MSCs on diabetic cardiomyopathy (Reproduced from Volarevic
etal. [10])

factor are responsible for restoring blood flow and vasculogenesis in the ischemic
hindlimb of type II diabetic (db[—]/db[—]) mice [51] or for improvement of arterial
perfusion in type 1 diabetic patients with bilateral upper extremity digital gangrene
[52]. Peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a) is a
key regulator important for linking angiogenesis and metabolism. Overexpression
of PGC-1a within MSCs, enhanced the engraftment and angiogenesis of MSCs in
animal model of diabetic hindlimb ischemia [56]. In vitro, under hypoxia condition,
the overexpression of PGC-Ia in MSCs resulted in a higher expression level of
hypoxia-inducible factor-1a (Hif-1a), a greater ratio of B-cell lymphoma leukemia-
2 (Bcl-2)/Bcl-2-associated X protein (Bax), and a lower level of caspase 3, followed
by an increased survival rate and an elevated expression level of pro-angiogenic
factors. In vivo, the MSCs modified with PGC-1« significantly increased the blood
perfusion and capillary density of ischemic hind limb of the diabetic rats, which was
correlated to an improved survivability of MSCs and an increased level of several
pro-angiogenic factors secreted by MSCs [56].

Recently, Lee and colleagues showed that multiple intramuscular injections of
AD-MSCs might be a safe alternative to achieve therapeutic angiogenesis in patients
with critical limb ischemia who are refractory to other treatment modalities [57].
Results obtained in this pilot study indicated that transplantation of AD-MSC
induced formation of numerous vascular collateral networks across affected arteries
resulting in significant clinical improvements noted on pain rating scales and in
claudication walking distance [57].
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MSC Therapy of Diabetic Nephropathy

Mesenchymal stem cells administration can prevent and treat diabetic nephropathy,
which is a complication of DM and is defined as progressive kidney disease caused
by angiopathy of the capillaries supplying the kidney glomeruli [10]. MSCs have
been used for the treatment of diabetic nephropathy in NOD/SCID and C57 black 6
(C57/BL6) mice, which succumb to DM after application of multiple low doses of
STZ [58, 59]. About 30—60 days after STZ injection, kidneys of treated mice showed
the presence of abnormal glomeruli characterized by increased deposits of ECM
protein in the mesangium, hyalinosis, and increased number of macrophages in the
glomeruli [58, 59].

Data obtained from studies using NOD/SCID mice transplanted with human
MSCs and C57BI/6 mice that received murine MSCs indicate that injected MSCs
engraft in damaged kidneys, differentiate into renal cells, and regulate the immune
response resulting in an efficient treatment of diabetic nephropathy [58, 59].
Additionally, Lee at al. [59] showed that small percentage of hMSCs in the trans-
planted kidneys differentiated into endothelial cells as evidenced by de novo expres-
sion of CD31 [59].

The result of systemic administration of MSCs in diabetic mice was improve-
ment of kidney function and regeneration of glomerular structure [58, 59] as MSCs
are able to reconstitute necrotic segments of diabetic kidneys [60]. However, it is
not clear whether MSCs can propagate after engraftment in the kidney [58, 59]. Lee
et al. showed that 1 month after MSC treatment, only a few human MSCs were
detected in kidneys, suggesting that they were unable to proliferate [59] so an alter-
native scenario for improvement of kidney function could be the ability of MSCs to
scavenge cytotoxic molecules or to promote neovascularization [10]. In addition,
successful MSC treatment of diabetic nephropathy could be explained by MSCs
competence to differentiate into insulin-producing cells followed by decrease of
glycemia and glycosuria, factors that are important for damaging renal cells [10].
Recently, Park et al. [61] demonstrated that only few umbilical cord blood-derived
human mesenchymal stem cells (UCB-hMSC) managed to engraft in kidneys of
STZ-induced diabetic rats. Intravenously administered UCB-hMSC effectively
reduced proteinuria, renal fibronectin, and a-smooth muscle actin up-regulation, as
well as renal E-cadherin down-regulation in diabetic rats without a significant effect
on blood glucose. Thus, renoprotective effect of transplanted UCB-hMSC was
noticed due to secretion of humoral factors suggesting UCB-hMSC as a possible
treatment modality for diabetic renal injury [61].

Most recently, Fang and colleagues showed that the key mechanisms underlying
the positive therapeutic impact of AD-MSC treatment in kidneys could be due to the
suppression of inflammatory response and oxidative stress [62]. Autologous trans-
plantation of AD-hMSC ameliorates STZ-induced diabetic nephropathy in rats by
inhibiting oxidative stress, pro-inflammatory cytokines and the p38:MAPK signal-
ing pathway [62]. Transplantation of AD-MSC minimized pathological alterations,
reduced oxidative damage and suppressed the expression of pro-inflammatory
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cytokines, while all important molecules of the MAPK signaling pathway: p-p38,
p-ERK and p-JNK decreased expression in the renal tissues of AD-MSC treated
diabetic rats [62]. Taken together, data obtained from preclinical studies indicate
that MSC transplantation prevents the pathological changes in the glomeruli and
enhances their regeneration resulting in improved kidney function in diabetic
animals.

MSC Transplantation Improves Diabetic
Polyneuropathy and Retinopathy

Diabetic polyneuropathy (DPN), the most common complication of DM, is
characterized by damage to nerve fibers [63]. The central features in the devel-
opment and progression of DPN are neural cell degeneration and decreased
nerve blood flow (NBF) [63]. Previous studies have shown that angiogenic cyto-
kines such as basic fibroblast growth factor (bFGF) and VEGF could be useful
for the treatment of DPN [64, 65]. Spontaneous pain, hyperalgesia, and dimin-
ished sensation are main symptoms of DPN [63]. Thus, the relief from symp-
toms of DPN is still an important issue and many novel therapeutic approaches
were conducted for this purpose. It was shown in diabetic rats that MSCs,
because of their ability to secrete bFGF and VEGF [10], could be used as a new
and effective therapeutic agent for the treatment of DPN [64, 65]. Four weeks
after intramuscular injection, MSCs settled in the gap between muscle fibers,
produced bFGF and VEGF and led to increase in the ratio of capillaries to muscle
fibers that was followed by improvement of hyperalgesia, and a corresponding
functional improvement of neural fibers, delayed motor nerve conduction velocity,
reduced sciatic NBF, and decreased axonal circularity at the site of transplanta-
tion [65] (Fig. 5).

Although several studies [11, 14, 19, 66] have suggested that MSCs have the
capacity to differentiate into neural cells, such as astrocytes, oligodendrocytes, and
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Fig. 5 MSC as potentially new therapeutic agent in polyneuropathy treatment (Reproduced from
Volarevic et al. [10])
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Schwann cells, this was not noted after MSCs transplantation in diabetic rats [65].
After intramuscular injection, MSCs remained at the transplant sites. They did not
have any systemic effects and did not differentiate into neural cells, which suggest
that systemic MSCs injection could be a better way for the improvement of all
affected nerve fibers [65].

On contrary, transplanted MSCs improved the integrity of the blood-retinal bar-
rier thus ameliorating diabetic retinopathy in STZ diabetic rats through differentia-
tion into photoreceptor and glial-like cells in the retina and by releasing paracrine
factors [67]. In addition, intravitreal injection of human MSCs has been shown to be
effective in slowing the progression of diabetic retinopathy in an animal model of
chemically induced diabetes mellitus [68]. Increased intravitreal and retinal concen-
trations of neuroprotective growth factors were identified in MSC-treated diabetic
rats further confirming the neuroprotective activity of human MSCs in diabetic
retinopathy [68].

MSC Treatment of Diabetic Wounds

Prolonged and incomplete wound healing, caused by reduced production of growth
factors, impaired angiogenesis, and compromised formation of collagen matrixes,
were observed as a complication of DM [10, 69]. The characteristics of diabetic
wounds are poor neovascularization, presence of abundant inflammatory infiltrates
mostly containing polymorphonuclear cells, and foci of necrotic tissue composed of
neutrophils [69]. Disturbances in collagen metabolism and compromised produc-
tion and functionality of growth factors such as transforming growth factor
(TGF-B), EGF, VEGF, platelet-derived growth factor (PDGF), and keratinocyte
growth factor (KGF) are the main factors responsible for the pathogenesis of poor
wound healing [69]. Systemic and local administration of bone marrow-derived
MSCs improves healing of diabetic wounds in rats and mice [70]. After i.v. injection
of MSCs, diabetic wounds showed significantly increased collagen levels followed
by increased wound-breaking strength [70]. The increased production of collagen,
the major component of ECM crucial for strength, integrity, and structure of normal
tissues and important for repairing tissue defects created by injuries, was noticed
after MSC administration [70]. MSC injection resulted in moderate (TGF-f, KGF)
or significant (EGF, PDGF, and VEGF) increase in the production of growth factors
involved in the repair of injured tissue that was crucial for successful diabetic wound
healing [70]. These factors stimulated cell adhesion at the site of injury and induced
cells to secrete more chemokines resulting in neovascularization and formation of
inflammation infiltrate, containing predominantly mononuclear cells, without tissue
necrosis [10, 70].

By using diabetic rats, Kuo et al. [71], confirmed that MSC therapy significantly
enhanced diabetic wound healing. Significant increases in EGF, VEGF, prolyl
4-hydroxylase, and Ki-67 expression were noted in the MSC-treated group as
compared with the control group [71]. Beside these paracrine effects, MSCs can
help to improve diabetic wounds through their differentiation ability [72] and ability
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to regenerate damaged epithelium through differentiation and fusion [73]. In diabetic
mice, some of the MSCs transplanted in the wound, coexpressed cytokeratin,
whereas others formed sweat or sebaceous gland-like structures of the skin [72]
(Fig. 6).

Most recently it was shown that amniotic MSCs enhanced wound healing in
diabetic NOD/SCID mice through angiogenic and engraftment/differentiation
capabilities. Transplanted amniotic MSCs exhibited high engraftment rates and
expressed keratinocyte-specific proteins and cytokeratin in the wound area, indicat-
ing a direct contribution to cutaneous closure [74].

In diabetic wounds, MSCs settled predominantly in the newly formed dermis,
and to a lesser extent in the epidermis, however, none were detected in the undam-
aged skin [10]. Although MSCs were not found in the vascular structures of
diabetic wounds, it was documented that, after MSC treatment, there was enhanced
capillary density in those, suggesting that MSCs promoted angiogenesis that was
very important for successful healing [72, 73]. Recently, Shen et al. [75] showed
that neurotrophin-3 (NT-3) significantly promotes human MSC secretion of
VEGEF, neural growth factor (NGF) and other vasoactive factors and that it accel-
erates wound healing by inducing angiogenesis through improved activation of
vascular endothelial cells. NT-3 improved activation of the human MSC condi-
tioned medium, promoted human umbilical vein endothelial cell (HUVEC)
proliferation and migration and significantly improved the closure rate of HUVEC
scratches [75].
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MSCs have already shown efficacy in the treatment of foot ulcerations in diabetic
patients [76]. Vojtassak and colleagues [76] reported complete wound resolution of
a 25-year open wound within 4 weeks of MSC application. Autologous biografts
composed of skin fibroblasts seeded on biodegradable collagen membranes in
combination with autologous MSCs, derived from the patient’s bone marrow, were
successfully used for closing and healing diabetic foot ulcerations [76]. Lataillade
et al. [77] presented a new approach to radiation burn treatment by dosimetry-
guided surgery combined with autologous MSC therapy. However, it is important to
note that both studies [76, 77] were case studies with single patient reports and
larger randomized trials are needed to confirm obtained results. The largest study to
date using bone marrow-derived MSCs in extremity based wounds was level 1
randomized controlled trial, conducted by Dash et al. [78] confirming that the MSC
therapy is able to significantly reduce wound size and increase several clinical
parameters in diabetes.

There is a difference in the efficacy between systemic and local MSCs therapy
for diabetic wound healing [10, 68, 75]. For example, better effects are noticed after
local administration of MSCs, possibly because of the presence of arterial-venous
shunts in diabetic skin, which may complicate migration of systemically injected
MSC:s to the wounds [72]. In addition, it is difficult for intravenously injected MSC
to home and locate to the lesion. In order to make MSCs directly act on the wound,
Hou and colleagues choose a solid collagen as a carrier, planted MSCs into it and
covered ischemic wounds of diabetic mice with the complex of MSCs and collagen
[79]. The complex of MSCs and collagen biomaterials significantly promoted
angiogenesis and wound healing [79].

Due to their ability to differentiate into osteoblasts [66], MSC represent a novel
powerful orthopedic tool for diabetic bone healing and regeneration. Yu and col-
leagues [80] showed that bone volume ratio and trabecular thickness significantly
increased while trabecular separation decreased in tibias of diabetic rats after MSC
transplantation.

Limitations and Future Perspectives

There are several problems that limit the use of MSCs for diabetes therapy [10, 81].
Poor engraftment and limited differentiation under in vivo conditions are major
obstacles for efficient therapeutic use of MSCs [81]. Large portion of trans-
planted MSC undergo apoptosis after transplantation in diabetic animals [82].
Hyperglycemia is reported to exert effects by different levels of reactive oxygen
species overproduction which triggers the apoptosis and thereby decreases MSC
viability after transplantation. Recent studies have shown that hypoxia precondi-
tioning (HPC) may improve viability of transplanted MSCs [82]. Montaghi et al.
[28] showed that apelin; the endogenous ligand for the previously orphaned G
protein-coupled receptor APJ exerted anti-apoptotic effects on oxidative stress-
induced apoptosis in MSCs. Thus, pretreatment of HPC-MSCs with apelin 13
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could be an effective approach to modify and possibly enhance the engraftment
and efficacy of MSCs during diabetes therapy.

The frequency of spontaneous differentiation of MSCs in the host tissue is
extremely rare, therefore, therapeutic use of MSCs depends on the ability to control
their in vivo differentiation into functional cells with high efficiency and purity [81].
An additional limitation is the potential of MSCs to differentiate into unwanted
mesenchymal lineages [83], which could impair their therapeutic use. There are
data suggesting the restriction of such unwanted differentiation by a variety of
factors [84]; however, this problem is still largely unsolved because the precise roles
of factors that could be responsible for the fate of MSCs after their administration
are not completely understood [10, 84].

Additional limitations are possible malignant transformation and cytogenetic
aberrations of MSCs. This was observed after in vitro expansion of murine MSCs
derived from the bone marrow of Bagg albino (BALB/c) and C57BL/6 mice [81].
However, malignant transformation of transplanted hMSCs has not yet been
reported [10].

Taken together, MSCs offer new opportunities for the treatment of diabetes and
its complications, but they also raise many scientific questions such as potential risk
of malignant transformation, unwanted mesenchymal lineages differentiation, and
suboptimal targeted differentiation, which should be addressed before MSCs can be
defined as a novel and efficient therapeutic agent in the treatment of diabetes and its
complications.

Conclusions

Compared to other stem cells, MSCs have several advantages for therapeutic use
such as ability to migrate to the sites of tissue injury, strong immunosuppressive
effects, better safety after infusion of allogeneic MSCs, and lack of ethical issues,
such as those related to the application of human embryonic stem cells [10].
Because of their immunomodulatory ability, self-renewal, and multi-lineage dif-
ferentiation capacity, MSCs are expected to become promising therapeutic agents
for treatment of diabetes type 1 and its complications [10]. Nevertheless, further
in-depth mechanistic studies are needed to understand how MSCs affect meta-
bolic function in diabetes type 2 and how diabetic microenvironment and/or
comorbidities alter the quality and efficacy of MSCs isolated from patients with
diabetes [9].

At the end, the increasing body of evidence obtained from preclinical studies
justifies cautious optimism concerning development of effective MSC based ther-
apy for treatment of diabetes and its complications. However, it should be empha-
sized that there is a paucity of validated clinical studies to prove the efficacy of
MSC-based therapy. Accordingly, large, well-designed randomized clinical trials
should be conducted in the future to determine the value of MSC-based therapy for
the treatment of diabetes and its complications.
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Key Points

Mesenchymal stem cells have potential to treat diabetes mellitus and its compli-
cations due to their immunomodulatory and angiogenic effects and capacity for
differentiation into tissues of mesodermal origin.

Transplanted MSCs differentiated into cardiomyocytes and improved myogene-
sis and angiogenesis resulting in attenuation of cardiac remodeling and improve-
ment of myocardial function.

MSC transplantation prevents the pathological changes in the glomeruli and
enhances their regeneration resulting in improved kidney function in diabetic
animals.

Injection of MSCs induces neovascularization and support regeneration of neural
cells that results with improvement of diabetic polyneuropathy.

MSC transplantation resulted in significant increase in the production of growth
factors involved in the repair of injured tissue that was crucial for successful
diabetic wound healing.

The main problems that limit the use of MSCs for diabetes therapy are poor
engraftment and unwanted mesenchymal lineages differentiation.

There is a paucity of validated clinical studies to prove the efficacy of MSC-
based therapy. Accordingly, large, well-designed randomized clinical trials
should be conducted in the future to determine the value of MSC-based therapy
for the treatment of diabetes and its complications.
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Mesenchymal Stromal Cell (MSC) Therapy
for Crohn’s Disease

Jignesh Dalal

Abstract Promising results of MSCs infusion for GI graft versus host disease and
fistulizing Crohn’s Disease (CD) have been published. Treatment of Inflammatory
Bowel Disease (IBD) requires a comprehensive treatment approach to maintain
symptomatic control, improve health-related quality of life measures, and minimize
complications from the disease. In this chapter, we will discuss the role of cellular
therapies in Crohn’s disease. Success of these phase I, IT and III trials have set the
stage for usage of this novel treatment in combination with other therapies for CD

Keywords MSC ¢ Crohn’s disease ® Inflammatory bowel disease

Introduction

Crohn’s Disease (CD) and Ulcerative Colitis (UC) are the major forms of
Inflammatory Bowel Disease (IBD) causing significant morbidity, economic burden
and even mortality [1, 2]. Exact etiology remains unknown but a variety of factors
have been thought to be contributors, including environment, the individual
adaptive-innate immune responses, epithelial barrier function. Even though use of
anti TNF therapies are becoming more wide spread only one third of patients have
long lasting remission [3]. Despite systemic approach to therapy and addition of
new biologics, the need for intestinal resection in CD has remained stable [4].
Primary and secondary failure to respond to approved therapies, inability to provide
a surgical solution to fistulising manifestations and the recurrent need of surgeries
are still challenges requiring novel therapies in these disorders [5].
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Incidence

Although incidence and prevalence of UC and CD are beginning to stabilize in
high-incidence areas such as northern Europe and North America, they continue to
rise in low-incidence areas such as southern Europe, Asia, and much of the develop-
ing world. As many as 1.4 million people in the United States (US) and 2.2 million
people in Europe suffer from these diseases [6]. Approximately 20,000 new cases
are diagnosed each year in US [7]. The incidence in children is increasing and the
overall prevalence in children may be 10-25 % of all patients [7]. The prevalence of
CD in North America ranges from 26.0 to 198.5 cases per 100,000 people. The
incidence rates range from 3.1 to 14.6 cases per 100,000 people/year [8]. Most
patients have a chronic intermittent disease course, 13 % have an unremitting
disease course, and 10 % have a prolonged remission. Less than half require
corticosteroids at any point and all requires surgery at least once.

MSC

When cells from a bone marrow aspirate are cultured in plastic flasks, haematopoietic
cells and Hematopoietic stem cells (HSC)s do not adhere to the plastic and are
removed with change of media. The remaining plastic-adherent cells were originally
termed colony-forming unit fibroblasts because they formed fibroblast-like colonies
ex vivo. Subsequently, these adherent cells have been termed MSCs, an abbreviation
for both mesenchymal stromal cells and mesenchymal stem cells [9, 10]. Similar to
HSCs, MSCs are rare in the bone marrow, representing 1 in 10,000 nucleated cells.
MSCs are multipotent bone-marrow cells able to differentiate in vitro and in vivo into
tissues of mesenchymal origin. Moreover, these cells provide support for the growth
and differentiation of hematopoietic progenitor cells in bone-marrow microenviron-
ments, and in animal models, promote engraftment of hemopoietic cells [11]. The
unexpected observation that MSCs inhibited T-cell proliferation in vitro in 2002-2003
by three different investigators [10, 12, 13] opened up the door for use of MSCs for
autoimmune disorders first in animal models and then in humans. In co-culture
experiments with allogeneic lymphocytes, MSCs do not induce lymphocyte prolif-
eration, interferon-y production, or upregulation of activation markers. MSCs
suppress proliferation of activated lymphocytes in vitro in a dose-dependent, non-
HLA-restricted, manner [12]. In a baboon skin-graft model, Bartholomew and co-
workers showed that infusion of ex-vivo expanded donor-derived or third-party cells
prolonged the time to rejection of histoincompatible skin grafts [12]. Furthermore,
infused cells improve the outcome of acute renal, neural, and lung injury, possibly by
promoting a shift from production of proinflammatory cytokines to anti-inflammatory
cytokines at the site of injury [11]. In 2005, Zappia and coworkers demonstrated that
the intravenous (IV) injection of syngeneic MSCs ameliorated the clinical course of
myelin oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune
encephalomyelitis (EAE) with reduction of demyelination and leukocytes infiltration
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of the CNS [14]. MSCs have proven to be safe and not result in toxicity or ectopic
tissue growth in an increasing number of human trials. However, they do have this
potential which is something that needs to be considered when designing trials [15].

Pathophysiology of CD

Role of Genetics and CD

Twin and family studies confirmed a strong genetic influence on the acquisition of
CD. For example, approximately 50 % of monozygotic twins and 30 % of offspring
of two affected parents developed the disease [16]. Linkage analysis and positional
cloning strategies, together with subsequent genome-wide association (GWA) studies,
have identified over 30 distinct genetic loci that confer susceptibility. Some of the
most strongly associated genes included CARD1S5, the IBD5 locus, the autophagy
genes ATG16L1 and IRGM, and the IL-23 receptor [17]. In CD, it is estimated that
all the genes identified so far account for less than 20 % of the total genetic risk [18].
The unifying findings in all CD patients are therefore phenotypic abnormalities,
rather than defects in single genes. Polymorphisms in the identified genes, and
many more that are as of yet undiscovered, may confer susceptibility by contributing
to mucosal barrier dysfunction, the innate immunodeficiency state, or by influenc-
ing the propagation of chronic inflammation in the tertiary phase of the disease [17].

Inflammatory Cytokine Involvement in CD

Cytokine is a collective term for a group of low-molecular-weight peptides that are
active at very low concentrations and bind to specific receptors to produce auto-
crine, paracrine, and other endocrine effects. In CD, the major cytokines arise from
T-helper cell (Th) 1 and Th17, CD4 T-cell differentiation and consist of interferon
and interleukin (IL)-17/IL-22 generated by these types of differentiation [19]. In
contrast, in UC, a Th2-like differentiation process is paramount, which results in
expansion of natural killer T-cells producing IL-13 and IL-5. IFN-gamma produc-
tion remains normal and IL-4 is also not increased. Human trials with anti-cytokine
therapy have been successful. This clearly establishes a major role for cytokines in
this disease and stresses the importance of understanding the pathophysiology when
devising therapeutic approaches [20, 21].

Role of Microbiota

A lot of literature suggesting an association between the microbiota and the immune
system has recently emerged [21, 22]. Shifts in the intestinal microenvironment
may lead to changes in the microbiota known as dysbiosis. Dysbiosis may increase
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susceptibility to intestinal inflammation [23]. In support of this hypothesis, T-bet-
Rag2~~ (TRUC) mice spontaneously develop dysbiosis and colitis, which can even-
tually progress into colorectal cancer [24]. Remarkably, microbiota transfer from
these donors into wild type mice can confer disease [25]. Subsequent studies identi-
fied two proteobacteria over-represented in TRUC mice, Proteus mirabilis and
Klebsiella pneumoniae, as the colitogenic microbes [26]. Recently, a new clinical
syndrome of culture-negative, antibiotic-responsive diarrhea is described in 10 % of
patients undergoing a cord blood transplant. This is distinct from Intestinal GVH
and responds to Metronidazole with or without fluoroquinolones. On histologic
examination, all patients with the cord colitis syndrome had chronic active colitis,
with granulomatous inflammation present in 7 out of 11 patients (64 %). Five of the
eleven patients (45 %) had recurrent diarrhea shortly after discontinuation of antibi-
otics, and all patients who had a relapse had a response to reinitiation of antibiotic
therapy. Again, this clinical entity supports an association between dysbiosis and
inflammation. Another argument in support of this hypothesis is association of
chronic granulomatous disease (CGD), an immunodeficiency disorder caused by
mutations in NADPH oxidase, with bowel inflammation that is indistinguishable
from CD [27]. The cellular defect in this condition is not limited to bacterial killing;
digestion is also severely impaired as a consequence of abnormal pH and charge
compensation [28]. This may lead to inability of neutrophils to degrade and remove
the bacteria and other bowel contents leading to inflammation mimicking CD.

Immunologic Effects of MSCs in IBD

The study of human MSCs derived from subcutaneous adipose tissue (hASC) in
5 % dextran sulfate sodium (DSS) mouse model has shown that hASCs inhibit
T-cell activation with the superantigen staphylococcal enterotoxin E (SEB), as mea-
sured by cytokine secretion and T-cell proliferation. The inhibitory effect was par-
tially reversed when peripheral blood mononuclear cells (PBMC)s and hASCs were
separated by a semi-permeable transwell membrane suggesting a partial cell—cell
contact dependence [29]. Moreover, the co-culture of allogeneic PBMCs and hASCs
in the same chamber of the transwell system fully restored their inhibitory activity
on SEB-activated PBMCs situated in the other chamber, suggesting that PBMC—
hASC contact induces the secretion of an immunosuppressive factor(s) for T-cells.
IL-10 production increased in a cell-cell contact-dependent manner in co-cultures
of hASCs with PBMCs or monocytes, but not with T-cells. IL-10 blockade partially
reversed the inhibitory activity of hASCs on T-cells.

Colons of hASC-treated mice contained reduced levels of inflammatory
cytokines (TNFa, IFNc, IL6, IL1b and IL12), chemokines (RANTES), macrophage
inflammatory protein-2 (MIP-2), and increased levels of the anti-inflammatory/
regulatory cytokine IL-10, in comparison with untreated DSS colitic mice. This effect
was not only a consequence of a diminished inflammatory infiltration in the mucosa
because mononuclear cells isolated from the lamina propria of hASC-treated mice
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produced less TNFa, IL12 and IFNc on ex vivo culture, suggesting that hASCs
deactivated the colonic inflammatory response [29]. hASC-treated colitic mice had
significantly higher numbers of CD4+CD25+Foxp3+ Treg in mesenteric lymph
nodes than untreated colitic mice that persisted for a long period of time. In vivo
depletion of IL10 or CD25+ T-cells partially reversed the beneficial action of hASCs
on colitis, demonstrating the involvement of IL-10 and Treg in their therapeutic
effect. Both syngeneic and allogeneic murine ASCs (mASCs) were as efficient as
hASCs in ameliorating the colitis suggesting that the immunosuppressive action
of ASCs is non-major histocompatibility complex (MHC)-restricted and that the
infused ASCs are immune-tolerated by the host, which is very convenient for a
future clinical application of these cells in IBD [29].

Mesenchymal Stem Cells and Regeneration
of Colonic Epithelium

MSCs can differentiate to different cell types like myofibroblast, epithelial- and
endothelial cells in the gastrointestinal tract [30]. After differentiation ISEMFs
(intestinal subepithelial myofibroblasts) form pericryptal fibroblast sheet adjacent
to of the basal lamina of cryptal epithelium in the lamina propria [31]. They provide
important microenvironment by secreting secrete several factors, like cytokines
(IL-1, -6, -10, TNF-a), growth factors (GM-CSF, PDGF, bFGF, KGF, HGF),
chemokines (IL-8, MCP1, MIP-1a,2) and inflammatory mediators ( PGE2, prostacyclin,
PAF) [32]. These cytokines are important for regeneration of epithelium. They also
play key role in epithelial differentiation, migration and formation of new basement
membrane [31]. The number of myofibroblast originating from the bone marrow
significantly increased in lamina propria in colitis patients as compared to healthy
control [33, 34].

Second possible mechanism is by ability of MSCs to differentiate into functional
epithelial cells. If there is strong regenerative stimulus MSCs become polarized
to epithelium by process called mesenchymal to epithelial transition (MET) [35].
Eventually, MSCs may perform lineage specific functions, such as nutrition, absorption,
production of mucin, cytokeratin and chromogranin.

Cellular Therapy Clinical Trials in IBD

Hematopoietic Stem Cell (HSC) Therapy

CD is heterogenenous disease as evidence by GWAS study. Cellular therapy simi-
larly as treatment, is heterogeneous as evidence from literature review. Autologous
and allogenic BMT, local and systemic infusion of MSC from different sources, and
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regulatory T cell therapy has been employed successfully for treatment of CD.
Since the report in 1993 of the first CD patient who underwent autologous HSCT
for lymphoma resulting in improvement of CD, at least 25 patients have been
reported who underwent HSCT for cancer, achieving remission in 22 cases, over a
median follow up of 20 months [4]. In phase I study from Chicago, 12 patients with
active moderate to severe CD refractory to conventional therapies including anti-
tumour necrosis factor (TNF) treatment underwent auto transplant with high dose
cyclophosphamide + ATG (Equine or rabbit) as preparative regimen. Eleven of
twelve patients entered a sustained remission after a median follow-up of 18.5
months. Only one patient had developed recurrence of active CD [36]. Second study
from Milan published in 2008 included four patients who had failed immunosup-
pressant treatment had undergone multiple surgical resections. Three months after
transplant, all patients had achieved clinical remission and complete endoscopic
remission was achieved in two out of three patients. Three of the four patients had
sustained remission after a median follow-up of 16.5 months. No mortality was
observed in the two series [37]. A Phase III study from Nottingham, UK is testing
the role of early versus late autologous HSCT in treatment of refractory CD, has
completed accrual of 45 patients recruiting patients of CD. Initial analysis will be
performed in March 2013 [38]. Inspite of good initial response of autologous BMT
relapse free survival at 5 years is 19 % for 18 patients who are more than 5 years
from initial transplantation [39].

After first report of IL10 receptor mutation leading to severe early onset CD in
2009 allogenic BMT is now becoming established treatment for that subset of
patients who usually remains resistant to standard medical and surgical treatment.
In recently published article from Germany, 5 out of 16 patients with infantile onset
CD, underwent allogenic HSCT, achieving sustained remission in CD. There was
no transplant related mortality [40].

After reported success of Treg therapy in SCID mice in 1997 [41], data from
Crohn’s And Treg Cells Study (CATS1) study is published in 2012 in humans. In
phase 1/2 clinical study in 20 patients with refractory CD, infusion of Ovalbumin-
specific Treg cells (ova-Tregs) resulted in significant improvement in 40 % of
patients at weeks 5 and 8 [42].

Systemic MSC Infusion Therapy

Allogenic MSC

In a first human trial of MSc in refractory CD, Onken et al. from Duke University
treated ten patients with CD. Randomization scheme was to receive either low (two
million cells/kg) or high (eight million cells/kg) dose IV infusions; two doses 7 days
apart. All nine patients responded with decrease in CDAI score with significant
clinical response (defined as a >100-point reduction in CDAI) achieved in three
patients (33 %) by day 14. All clinical responders had previously failed infliximab
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therapy. Although not statistically significant, the mean reduction in the CDAI score
at day 28 was greater in the high dose than the low dose group (—137 vs. —65,
p=0.39, WRS). All infusions were well tolerated and there were no treatment-
related serious adverse events [43].

Very recently Jiang et al. reported experience of seven patients with IBD, who
received single IV infusion of 1 x 10¢ allogenic MSC from related healthy donor. All
seven patients experienced improvement in symptoms and five of seven patients had
complete remission [44].

The largest, randomized, placebo controlled, double-blind Phase III study of
Prochymal (allogenic bone marrow derived MSC) in CD was initiated in 2007 by
Osiris [45]. The plan is to enroll 270 patients with active CD (CDAI 250-450); who
had a history of treatment failure with or intolerance to steroids, immunosuppres-
sants and biologics. Patients are randomized to receive four infusions over 2 weeks
of either 600 million cells (low dose: two infusions of 200x 10®° hMSC in week 1,
then two infusions of 100x 10° hMSC in week 2), 1,200 million cells (high dose:
two infusions of 400 x 10° hMSC in week 1, then two infusions of 200 x 10° hMSC
in week 2) or placebo. The primary endpoint of the study was remission at day 28
with secondary endpoints being clinical response, improved quality of life (increased
IBDQ score) and decreased number of draining fistulae. The trial was put on hold
after enrollment of 207 patients as an interim analysis showed an unexpected high
rate of response in the placebo arm. After further analysis of the blinded data, last year,
it was determined that the endpoint of remission had been significantly met in the
treatment-per-protocol group and was approaching significance in the intent-to-treat
group [46]. The trial was reopened after FDA permission to complete enrollment of
270 patients with a 1:1:1 distribution in low dose, high dose and placebo arm and
complete accrual by December 2014. Patients who reported a response in induction
became eligible for an open-label extension. Retrospectively, this aspect of the trial
design was thought to be responsible for the high reported response in the placebo
arm. Therefore, the open label protocol for response maintenance has been discon-
tinued, with approval by the FDA, to remove this potential source of bias [47].

Autologous MSC

Another phase I study of autologous MSCs for luminal refractory CD was published
from the Netherlands. Nine patients received two doses of 1-2x 10° cells/kg body
weight, intravenously 7 days apart. All patients had previously failed corticoste-
roids, at least two anti-tumour necrosis factor (TNF) drugs, and the majority (9/10)
also had failed two immunosuppressants (a thiopurine and methotrexate). In this
study, no clear signal of efficacy was observed; remission was not achieved in any
patient, three patients had a reduction of at least 70 points in CDAI, but the disease
worsened significantly in four patients requiring surgery (three cases) or rescue
medication (one case) within 14 weeks after cell treatment. Endoscopy improved in
two cases but no significant changes in C-reactive protein levels were seen [48].
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Local Autologous MSC Therapy for Fistula

An internal pocket in the fistula tract remaining unhealed after infliximab treatment
is presumed to be the predominant reason for recurrence. Standard management of
Crohn’s fistulae involves combination of surgical intervention and infliximab. The
first trial of cell therapy using autologous MSCs (ASC) obtained from a lipoaspi-
rate for local treatment of fistulae for CD in five patients was published in 2005
[49]. The same group published a phase 2 multicenter randomized controlled trial
describing effectiveness and safety of ASCs in the treatment of complex perianal
fistulas in 2009. Patients with complex perianal fistulas (cryptoglandular origin,
n=35; associated with Crohn’s disease, n=14) were randomly assigned to intral-
esional treatment with fibrin glue or fibrin glue plus 20 million ASCs. Fistula healing
and quality of life (SF-12 questionnaire) were evaluated at 8 weeks and 1 year.
If healing was not seen at 8 weeks, a second dose of fibrin glue or fibrin glue plus
40 million ASCs was administered. Fistula healing was observed in 17 (71 %) of
24 patients who received ASCs in addition to fibrin glue, compared with 4 (16 %)
of 25 patients who received fibrin glue alone (relative risk for healing, 4.43; confi-
dence interval, 1.74-11.27; P<0.001). The proportion of patients with healing was
similar in Crohn’s and non-Crohn’s subgroups. ASCs were also more effective
than fibrin glue alone in patients with a suprasphincteric fistulous tract (P=0.001).
Quality of life scores were higher in patients who received ASCs than in those who
received fibrin glue alone. At 1 year follow-up, the recurrence rate in patients
treated with ASCs was 17.6 %. Both treatments were well tolerated [50]. In a sec-
ond study published recently, a local injection of MSCs was given to nine patients
with perianal and one patient with enterocutaneous fistulas. Injections of a median
of 20x 109 cells (range 15-30) were given every 4 weeks until a response was
obtained or ‘no more cells were available.” Complete fistula closure sustained for
1 year was obtained in seven and a response (reduction of at least 50 % of fistula
tracts) in three. Furthermore, all nine patients with perianal fistulas had active
disease in the rectum at baseline, and healing of rectal lesions was observed in the
seven patients who underwent endoscopy at month 12 of follow-up. Thus, the latter
study suggests a considerable therapeutic benefit of local injection of MSCs in
fistulising lesions [5]. After the first publication of success of MSC in steroid
refractory gut and liver GVHD by Le Blanc et al. in 2004, many trials have pub-
lished its role in treatment of acute and chronic GVHD from single or multiple
donors from the US and Europe in multicenter trials [11, 51-54]. More than 300
patients including adults and children have been treated. Reported response rates
range from 60 to 80 % with more responses for pediatric patients for Gut and Liver
GVH [11, 53]. Infusion of MSCs appeared to be safe and no major toxicities,
including ectopic tissue growth, were observed. There is a significant difference in
survival between complete responders, partial and non-responding patients [11].
At this stage, reasons for the apparent discrepancies between efficacy of local
injection of MSCs for treatment of fistulas compared to systemic administration
for treatment of luminal Crohn’s disease are not completely clear. MSCs have
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been reported to home to sites of injury and disease following intravenous infusion
and contribute to the repair process. The expression of adhesion molecules and
chemokine receptors on MSCs may be responsible for their ability to migrate
selectively to sites of inflammation through a ICAMI- and VCAMI- dependent
interaction with endothelial cells [55]. In an experimental model of colitis, it has
been demonstrated that systemically injected MSCs are detected in the mesenteric
lymph nodes and spleen of the recipient colitic mice 1-3 days post-injection [29].
Interestingly, labeled MSCs were recruited by the inflamed colon but not by the
non-inflamed intestine. However, the proportion of cells recruited to inflamed or
damaged organs and the survival of cells at sites of inflammatory lesions remains
to be clarified, a necessary prerequisite for optimizing a potential systemic treat-
ment. In studies showing efficacy of local injections, 30-60 x 10 MSCs are injected
in a single fistulous tract and these injections are generally repeated [5, 50]. In the
study using systemic injection for treatment of luminal disease [48], a total amount of
100-400 x 10 MSCs were injected (depending on the patient’s weight). Considering
the extension of the inflamed intestine, and the fact that only a proportion of MSCs
will reach the inflamed organ, cell density at sites of luminal inflammation would
be considerably lower than that achieved in fistula tracts by local injection. To
circumvent this issue Ghosh et al. from UK injected haploidentical MSCs after
catheterization of the mesenteric artery via the femoral route into a 35 year old
patient with severe refractory fistulizing CD failing all conventional therapies,
biological therapies and surgical defunctioning ileostomy. The patient received
105/kg MSCs and 4 weeks later a second dose of 10%/kg [56]. CDAI pre treatment
was 384 and dropped to 258 two weeks after the first infusion and remained as such
at the time of the second infusion administered after 4 weeks. All of above studies
point toward a difference in cell density achieved at inflammatory sites, with systemic
and local injections.

Conclusion and Future Direction

Meta-analysis of MSC for human use has confirmed the safety in large numbers of
patients. Paradigm for refractory CD treatment is gradually shifting towards cellular
therapies. There is an apparent discrepancy in responses to MSCs for CD based on
route of administration (IV vs. intralesional vs. intra-arterial).

Many challenges remain ahead, including determining the best source of MSCs,
the best administration route, and the density of cells needed at the site of lesion to
guarantee effective therapy. In addition, it will be especially important to determine
which combination of this modality with other approaches, including biologics, are
effective in treating in IBD. Better understanding of MSC priming and the molecu-
lar mechanisms is needed. Clinicians need to establish algorithm based approach
depending on genetic mutations, response to standard treatment, for better treatment
of CD patients.
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The Summary of Stroke and Its Stem Cell
Therapy

Renzhi Wang, Ming Feng, Xinjie Bao, Jian Guan, Yang liu, and Jin Zhang

Abstract Stroke is one of the most common diseases affecting human health. It has
a high mortality rate and many clinically difficult sequelae such as hemiplegia,
numbness, dysphasia and cognitive deficits. Studies have confirmed that stem cells
have therapeutic effects following stroke. However, there are still a number of
uncertainties for the success of this treatment. What is the mechanism of action?
The production of trophic and angiogenic factors or the replacement of the apop-
totic or necrotic neurons? Which kind of cell is most suitable for transplantation?
Which is the most appropriate route for transplantation? In this article, we
summarize the exiting studies about stem cells for stroke, including animal experi-
ments and clinical trials, to explore the best scheme of stem cell therapy for stroke.

Keywords MSC e Stroke * Transplantation

Introduction

Stroke is a sudden onset of cerebral blood circulation disorders. It is also called the
cerebral vascular accident. Because of various predisposing factors causing cerebral
artery stenos is, occlusion or rupture, some patients with cerebrovascular disease,
encounter acute disturbances of cerebral blood circulation, whose clinical performance
is reflected as a temporary or permanent brain dysfunction with particular symptoms
and signs. Stroke can be divided into ischemic stroke and hemorrhagic stroke [1].
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Ischemic stroke accounts for approximately 80 % of all strokes. It means that
the local brain tissue encounters ischemia, hypoxia and softened necrosis due to
disturbance of blood circulation. Because atherosclerosis and thrombosis happen
on the arteries that supply blood to the brain, stenosis or occlusion occurs, causing
acute cerebral blood insufficiency in focal area. In some other cases, certain abnor-
mal objects (solid, liquid, gas) enter the brain arteries or the arteries of the neck
that supply blood to the brain along the blood circulation, causing vascular occlu-
sion or blood flow loss, then the brain tissue softening necrosis occurs. The former
is called Arteriosclerotic Thrombotic Cerebral infarction, the latter is called the
cerebral embolism.

Hemorrhagic stroke was divided into two subtypes: intracranial hemorrhage
(ICH) and subarachnoid hemorrhage (SAH). The volume of the blood determines
the severity of stroke. The mortality of Hemorrhagic stroke is significantly higher
than that of ischemic stroke [2].

Why Is Stroke Treatment Urgent?

Stroke is one of the leading causes of death in the world, second only to ischemic
heart disease. About more than five million people die from stroke each year. And
this is also the most common cause of making people encounter disabilities. In
Europe, about 250,000 people are disabled because of a stroke every year. Though
the current health conditions are gradually improved, emergency care conditions are
getting better and better, stroke is still a huge burden worldwide, because it would
consume too much health care resources and property [3]. Thrombolysis with tissue
plasminogen activator is a recognized effective method for the treatment of acute
ischemic stroke, but its use is limited because it can only be effective within the first
4.5 h after the stroke happened. In the UK, only 5 % of stroke patients are undergo-
ing this kind of treatment.

Stem Cell Therapy in Animal Experiments

Stem cell therapy is an emerging therapeutic modality in the treatment of stroke.
Cell-based therapies have the potential to open up new avenues of treatment in this
arena. Targets for stem cell therapy include neuroprotective approaches aimed at
protecting at-risk tissue during the acute phase of stroke, as well as neuroreparative
approaches which may involve direct replacement of damaged brain tissue, or alter-
natively promotion of the brain’s endogenous repair processes.

Broadly speaking, stem cell therapy in clinic can be divided into “endogenous”
and “exogenous” method. The endogenous approach aims to mobilize the stem cell
within the body. This kind of method includes the use of granulocyte colony-stimu-
lating factor (G-CSF) to mobilize hematopoietic stem cells to enter the peripheral
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blood. The endogenous approach is application of stem cell from extraneous. Neural
stem cells (NSCs) have the ability to differentiate into neurons, astrocytes and oli-
godendrocytes [4—7]. Exogenous neural stem cells have many kinds of sources. One
of the most common sources is embryonic and fetal neural stem cells. However,
because of a series of ethical problems, embryonic or fetal neural stem cells use is
limited. Further more, we are unable to clarify the possibility if embryonic or fetal
neural stem cells in the future would have the problem of abnormal development.
Seeing that, its use is more restricted. The emergence of induced pluripotency,
whereby skin fibroblasts from patients can be transformed into ESC-like cells, may
overcome the ethical issues of using fetal or embryonic tissue in future studies,
while also providing a source of autologous cells, thereby removing any questions
regarding immune rejection. Some studies also considered extracting the neural
stem cells from the adult central nervous system to replace embryonic or fetal neu-
ral stem cells [6]. There have been reports that recorded the whole process of the
extraction and isolation of neural stem cells from adult mouse brain. One study
showed that, in adult rat subventricular zone, the status of neural stem cells’ survival
and migration have a tight relationship with whether the rats encount ischemic
stroke and its severity. Although possible in principle, brain biopsies for isolation of
adult human NSCs and autologous transplantation poststroke is technically diffi-
cult, and no clinical trials utilizing adult NSCs have been undertaken [6, 8, 10].

What Is the Mechanism of Action?

Explanation of the potential mechanisms is very important for further develop-
ment of the stem cell treatment techniques and finally pushing the kind of treat-
ment method to clinic in large scale. There are a number of proposed mechanisms
that have been investigated in preclinical stroke models. We did many animal
models experiments for the mechanisms all that can explain the effect of treat-
ment of stem cell.

MSCs Promotes Function Recovery in Small Animal
with MACO

The capacity of MSCs to release growth and trophic factors, or to stimulate their
release from resident bran cells, has been suggested to contribute to the beneficial
effect in cerecral ischemia. Indeed, delivery of MSCs in stroke models leads to
reduced apoptosis of cells at the lesion boundary [8, 9] and promotes endogenous
cells proliferation [11, 12]. Low-level basal secretion of multiple neurotrophic factors
by MSCs has been observed in culture, and ischemic rat brain extracts can induce
production of neuroptrophins and neurotrophic factor (BDNF) is constitutively and
is increased in ischemic lesions following MSCs treatment in the rat middle cerebral
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artery occlusion (MCAO) model. Transplantation of BDNF gene-modified human
MAGC:s results in increased BDNF levels in ischemic lesions and stronger therapeu-
tic effects than MACs alone.

Cultured bone marrow-derived MSCs secrete angiogenic cytokines including
vascular endothelial growth factor (VEGF) and angiopoietin-1 (Ang-1).
Angiogenesis, the growth of new blood vessels, may help to restore oxygen and
nutrient supply to the ischemic tissue. Significantly active angiogenesis appears at
3-4 days after cerebral ischemia, especially in the penumbra, and greater microves-
sel density in the ischemic border correlates with better improvement and longer
survival in stroke patients [13]. In the present study, transplantation of hBMSCs
significantly promoted endothelial cell proliferation and induced angiogenesis in
the IBZ. These findings indicate that hBMSCs induced angiogenesis may largely
depend on the proliferation of endogenous endothelial cells or recruitment of endo-
thelial progenitor cells toward the ischemic brain, rather than the transdifferentia-
tion of grafted hBMSCs.

The proliferation of nestin+ or musashi+NSPCs was accelerated in the SVZ and
SGZ, and there was enhanced migration of DCX + progenitor cells toward the isch-
emic lesion, higher differentiation of NSPCs to mature neurons or glial cells, and
less apoptosis of newly formed cells in the IBZ. Ultimately, these effects resulted in
improved neurological functional recovery. Thus, in the hBMSCs treated rats,
NSPCs could survive at a higher rate in the process of neurogenesis and participate
in the repair of ischemic injury. This is supported by our observation that migrating
NSPCs were present more frequently near blood vessels. Similar to other studies,
we reported that BMSCs could differentiate into neural cells in vivo, and replace-
ment of neurons was often considered the main goal of cell therapy for cerebral
ischemia. Most surviving hBMSCs were located close to the ischemic lesion. The
number of hBMSCs that survived at 12 weeks after transplantation was relatively
small, consistent with other reports [14]. The death of hBMSCs was primarily
attributed to the deleterious microenvironment after cerebral ischemia, whereas
immunological rejection can not be fully excluded.

MSCs Promotes Function Recovery in Large Animal
with MACO

Human mesenchymal stem cell transplantation protects against cerebral ischemic
injury and in Macaca fascicularis. MSC is a promising candidate for cell therapy.
The therapeutic ability of MSCs has been documented in animal models of focal
cerebral ischemia [15]. In the present study, a non-human primate ischemia model
was used to assess the therapeutic effects of hBMSCs transplantation and the poten-
tial mechanisms underlying these effects. One week after ischemia. the results dem-
onstrated that hBMSC treatment exerted neuroprotective and anti-apoptotic effects
on cerebral ischemia. In addition, the results suggested that hABMSC transplantation
inhibited astroglial reactivity and provided a favorable microenvironment for the
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proliferation of progenitor cells. We also found that treatment with hBMSC upregulated
expression of IL-10 peri-ischemia. Decrease of neuronal apoptosis and the prolif-
eration of progenitor cells in the SVZ are interesting and potential mechanisms for
therapeutic purposes. The cells within the boundary zone of ischemic lesions are
highly vulnerable to apoptosis. So, neuroprotection of cells peri-ischemia against
death is very useful for functional recovery. The subependymal layer of the ven-
tricular zone is an important source of neuronal and glial progenitors during devel-
opment. Increase of progenitor cells exhibiting migratory and neural differentiation
potentials is present after stroke [16]. The reduction of cell apoptosis within the
peri-ischemic tissue and increased induction of SVZ cell proliferation in the MSC-
treated group could enhance neuronal functional recovery. In early period of isch-
emic injury, increase of astroglial activity can produce more neurotrophic factors
for support of functional recovery.

We transplanted hBMSCs 1 week after ischemic injury and observed attenuation
of astroglial reactivity 2 weeks after hBMSC treatment. Inhibition of astroglial reac-
tivity may aid in plasticity of axonal regeneration, neural circuitry, and recovery of
neurologic function. At present study, we also demonstrated that administered
hBMSCs increased IL-10 expression. The upregulation of endogenous IL-10 plays
a potential neuroprotective role against cerebral ischemia and provides a favorable
microenvironment for neurogenesis after ischemic stroke.

MSCs Promotes Function Recovery in Small Animal with ICH

The potential use of BMSCs for brain repair and regeneration has been reported in
different animal models of injury, such as ischemic and ICH stroke, trauma, and
neonatal anoxia. There is a discrepancy about the effects of neural stem cell (NSC)
or MSC transplantation on infarct volume. Some authors have reported that NSC or
BMSC transplantation reduced infarct volume. The present results reported that bet-
ter protection appeared in the BMSCs transfected with treatment in rats with ICH.

The present study has clearly demonstrated that the BMSCs group showed a
stronger antiapoptotic effect compared with the PBS group. During 12 h to 5 days
of reoxygenation, BMSCs exhibited stable antiapoptotic action on damaged neu-
rons, NSCs or BMSCs can significantly decrease the infarct volume [17-19].
BMSC:s infusion after ICH significantly improved functional recovery evaluated by
mNSS and reduced the damaged volume compared with ICH group, and better
behavioral recovery and a greater reduction in lesion volume in the BMSCs group
were observed compared with PBS group.

Intravenously administered MSCs enter the rat brain, survive, and migrate to the
perihematomal area. Most of the transplanted cells differentiate into glial cells
(_75 %), and _10 % of them differentiate into neurons. These findings reinforce that
not only ischemic infarction but also ICH are good candidates for cell transplanta-
tion therapy. Selective neuronal loss such as in the case of Parkinson’s disease has
already been considered a good candidate for neural replacement therapy [20]. ICH
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is associated with considerable mechanical disruption of tissue in a large portion of
the brain, including the neural and glial cells, and it was generally accepted that this
disorder would be less likely to benefit from neural transplantation. Recently, human
bone marrow stromal cell transplantation in the rat focal ischemia model induced an
increase in the amount of brain-derived neurotrophic factor and nerve growth factor
7 days after ischemia. Measurements of the time course of neuronal differentiation
and measurements of trophic factors likely would allow the separation between
functional neural integration and trophic effects of MSCs. Moreover, functional
improvement was observed and the grafts survived when the cells were transplanted.
This brief window of opportunity might arise because the microenvironment in the
host changes rapidly after injury. Locally injected cells died within 1 day, but intra-
venously injected MSCs were successfully recruited into the injured brain. Even
though many inflammatory cytokines might be neurotoxic or have an astrocyte-
inducing effect, intravenously infused MSCs in our experiment gave rise to func-
tional improvement. These differences might be related to both the administration
route and the characteristics of MSCs.

MSCs Promotes Function Recovery in Large Animal with ICH

Stem cell transplantation holds the promise of a cure for many degenerative diseases,
including cerebrovascular disease. Human mesenchymal stem cells (hMSCs), usually
obtained from bone marrow, are multipotent stem cells. hMSCs have many advan-
tages over other stem cells, such as embryonic stem cells. Human mesenchymal cells
have low immunogenicity, arouse fewer ethical disputes, allow for autografting, and
show positive immunomodulation effects. Stem cell treatment has shown benefits in a
few studies using experimental ICH models in rodents [21-24], but no comparative
study has been reported in primates. In this study, an experimentally induced ICH
model was established in the Macaca fascicularis monkey. In this study, an experi-
mentally induced ICH model was established in the Macaca fascicularis monkey.
The pathologic processes after an ICH are complicated. An ICH can induce neu-
rologic damage by local tissue deformation and subsequent development of excito-
toxicity, apoptosis, and inflammation [24]. Transplantation of mesenchymal stem
cells (MSCs) might promote neuroprotection and functional recovery by several
mechanisms as demonstrated by previous studies. First and to a large extent, the
therapeutic potential of MSCs may rely on their differentiation ability. MSCs can
also regulate angiogenesis by a process dependent on fibroblast growth factor recep-
tor and vascular endothelial growth factor receptor signaling cascades. Therefore,
MSC:s hold great promise for the treatment of ICH. To move the translational pro-
cess forward, this study used a primate ICH model of Macaca fascicularis monkey;
the hMSCs were injected using a stereotactic method near the hematoma; the effi-
cacy of treatment was evaluated by observing the recovery of glucose metabolism
of the surrounding cortex and basal ganglia through serial 18F-FDG PET; and 2
other complimentary approaches were also combined, including a neurologic deficit
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scoring to monitor the functional recovery of the monkey and a pathologic analysis
to reveal changes in the brains at the end of the study [25]. The neurologic function
scores were also significantly better in MSCs treatment groups. We adopted a modi-
fied neurologic deficit score scale that was more detailed and easier to operate than
the Kito score scale. The scale included an evaluation of consciousness, skeletal
muscle coordination, sensory system function, and motor system function. To be
more objective, the assessment was conducted by 2 researchers who were unaware
of the treatment paradigm. However, we still found that the scores varied widely
within each group. The largest variation was at the fourth week after hMSC trans-
plantation. In addition, better results were also found in the early treatment group
than in the late treatment group, especially at the later period of the stable phase.
This study indicated the benefit of stereotactic transplantation of hMSCs in a
primate model of ICH, neurologic function scoring, and pathologic analysis. The
efficacy reported in this article and the safety of hMSC transplantation may warrant
further translational research on promoting the hMSC treatment for ICH in humans.

Clinical Trials with Stem Cells

Whether stem cells can induce substantial symptomatic relief in patients has not
been demonstrated. Clinical trial to some extend can provide evidence that MSC
transplantation is safe and beneficial. It is reported that 30 patients in 2005 [26] and
85 patients in 2010 [27] after MSC transplantation get better recovery, but the
mechanism of MSC action in those patients remains uncertain.

Now, several clinical trials using intravenous or intra-arterial infusion of non-
MSCs or MSCs in patients with stroke are undergoing or planned, and some have
been registered in www.clinicaltrials.gov. UK-based company ReNeuron started
first clinical trials with transplantation of NSCs in patients with stoke [28]. It
implanted NSCs into putamen of 12 patients between 6 and 24 months after stoke,
and these cells differentiated into neuron-like cells and oligodendroglial and endo-
thelial phenotypes without signs of tumorigenicity, and improvements were
observed between 6 and 12 weeks. However, the cells died beyond 6 months and the
mechanisms for the improvements were still confused.

Trails in animals are commonly seen and the improved clinical behaviors are
have been observed, but whether it occurs in patients is still unknown.

Treatment for Stroke

It is improved that neuronal replacement is possible for neurological disorders
such as Parkinson’s disease, but it’s still uncertain for the stroke. However,
although there is insufficient clinical evidence for stem cell therapy, the therapy
has been used worldwide.
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Vivek Misra [29] from Texas Stroke Institute tells that stem cell therapy for
stroke is promising. The stem cell therapy contains lots of methods of implanta-
tion, such as direct intracerebral injection, intracisternal/cerebroventricular or
intravascular routes like intravenous or intra-aterial infusion. The basic principle
of intracerebral transplantation is directly transplanting neural stem cells into
lesions at particular area, but the damage on the brain tissue caused by it is a prob-
lem. Using a general anesthetic for intracerebral delivery, particularly for the
acute stroke patient, is problematic, though alternatively a local anesthetic can be
used. Considering safety and efficiency. The followings are some common ways
in clinical work.

Intracisternal/Cerebroventricular Route

Although it is a invasive way, compared with direct intracerebral implantation, it is
a precious method for less lesion to the target point. However, there are still some
side effects. They treated 7 ischemic and 3 hemorrhagic patients, and some of them
suffered fever and meningeal signs 48 h after cellular delivery [30].

Intravenous Route

Infusion is the least invasive method. With the potential guide, the stem cells will
distribute in the target lesion, but commonly will spread the whole brain even other
organs. Since patients with ischemic stroke usually have associated with cardiac or
renal impairment, the intravenous infusion way will benefit these organs. Thirty
patients treated with this way shows that this method was safe and feasible in the
short term as well as on the long-term follow-up [26], and results in improved neu-
rological recovery. Honmou reported 12 patients demonstrated intravenous infusion
of autologous mesenchymal cells with 36-133 days of follow-ups [31] and proved
that it was feasible. Other doctors who chose these way also proved this results. But
still similar to animal experiments, this study also found cell sequestered in the
spleen, lung, and kidney.

Intra-arterial Route

Actually cells delivery to the ischemic target directly in the artery. Compared with
the intravenous way, intra-arterial route results in high concentration in the target
ischemic tissues, and this can also be improved in the animal experimental [32].
One preclinical study comparing intravenous and intra-arterial infusion autologous
bone marrow mononuclear cell delivery found significant reduction in infarct vol-
ume, higher cell engraftment and improved motor function with intra-arterial deliv-
ery [33]. Despite of the advantages of intra-arterial infusion way, some animal
experiments showed that it would worsen the ischemia and raised the mortality [34].
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Recently, a study showed that after the stem cell infusion through the artery, the
blood flow would reduce and it would cause the microvascular occlusion [35].

Challenges for Stem Cell Therapy in Clinical Trials

Although all the animal experiments appeared promising and the less invasive route
such as the intravenous and intra-arterial way are improved in clinical experiments,
several key question should be solved like when to give the stem cell therapy, and
the dose of cells delivered or implanted or how to choose the therapy. Despite these
problems, stem cell therapy for strokes have already worldwide.

Choice of Cells

There are several donor cell types for stroke, especially for ischemic stroke. The
curative effect is limited because usually it takes long time to get the stem cells from
the autologous sources. It is effective if we give the stem cell therapy thorough
intravenous or intra-arterial way in the first few hours after a stroke [36].

Timing of Therapy

Preclinical studies have shown that stem cell therapy in the treatment of acute
and chronic stroke models have many advantages and great potential. The ideal
treatment timing and possible mechanisms are closely related. In accordance
with the requirements of the nerve protective mechanism, neural stem cell trans-
plantation should be as soon as possible, but it will be subjected to the harmful
injury of ischemia reperfusion caused by various free radicals, neurotransmitters
and other inflammatory cytokines [21]. A neuroreparative approach aiming for
direct replacement of damaged tissue with new neuronal circuitry (using intrace-
rebral transplantation), would benefit from a later timescale, once neuroinflam-
mation has subsided. Such a strategy would be looking at treatment delivered
weeks to months after the stroke, in keeping with ongoing host plasticity during
that time [37-40]. So, unlikely the usual intravenous or intra-arterial therapy, it
is not clear about the exact time windows for stem cell therapy. Since most of the
ongoing human studies get the cells from autologous sources, the therapy can
last from few days to several weeks.

Dose of the Therapy

In the preclinical studies, intravenous and intra-arterial route are the two common
ways. In the intravenous way, it is demonstrated that the higher the dose is, the
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smaller infarct volumes is [41], and also the stem cells can be detected in the peripheral
organs. And compared between the two ways, it shows that the intra-arterial deliv-
ery could produce similar results with lesser cell doses. However, the optimal dose
for the therapy is still uncertain, the next clinical studies should focus on the feasi-
bility of autologous cell procurement and the maximum viable cell dose that could
be safely obtained.

Other Effects

Several clinical studies shows that patients in stroke combined with post-myocardial
infarction treated with stem cell therapy can demonstrate a trend toward improved
clinical outcomes as well as physiologic parameters [42]. And these trails did not
report any significant adverse events.

Cases

One case reported is a patient with left middle cerebral artery distribution infarct,
3 days after symptom onset [43]. Before given the intra-arterial infusion, the
intracranial artery patency had been demonstrated by the transcranial Doppler.
The authors also reported a decrease in hypoperfusion on SPECT as well as
increased metabolism in the ischemic tissue, 7 days after intra-arterial cell deliv-
ery. And they also reported that stem cell therapy was safe in humans and could
last good clinical recovery.

Perspectives

More and more clinical trials have begun to confirm the safety and feasibility of
different stem cell transplantation methods. But there are still many unanswered
questions. The great variation in the stem cell trials completed to date means that it
is difficult to make any meaningful comparisons between them.

In conclusion, there have been significant advances made in the field of stem
cell research over the last two decades, with evidence of significant benefits in
both acute and chronic animal models of stroke. Stem cell infusion therapy is a
potential adjunct therapeutic modality to strokes and it shows improved clinical
neurological recovery. Despite the challenges in clinical translation from animal
trails to clinical work, the initial pilot studies have demonstrated the safe and fea-
sible way like the intravenous or intra-arterial infusion. The ongoing and next
trails using various delivery routes, choices of cells, timing of therapy and doses
of the stem cells are likely to bridge the gaps that exist in clinical work, and the
results should be promising.
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Mesenchymal Stem Cell Transplantation
for Systemic Lupus Erythematosus

Lingyun Sun

Abstract Recently, a substantial progress has been made in the field of mesenchymal
stem cell transplantation (MSCT). Experimental and clinical data suggest that
MSCT has been a promising therapy strategy for severe and refractory systemic
lupus erythematosus (SLE). From March, 2007 to now, more than 210 SLE patients
in the world have received the MSCT. Over 90 % of the transplantations were car-
ried out in the Affiliated Drum Tower Hospital of Nanjing University Medical
School in China. The reported main types of cell source are allogenic bone marrow
(BM, 21 %) and umbilical cord (UC, 78 %) and autologous BM (1 %). The infused
MSCs dose was 1x 109 per kg body weight. The outcome measures, such as disease
activity, 24-h proteinuria, serologic features and even glomerular filtration rate have
improved significantly. In addition, no serious adverse events related to MSCT were
reported so far. Double UC-MSCT could not enhance therapeutic effect compared
with single transplantation in refractory SLE. This chapter will review the rationale,
progress and perspectives of MSCT in treatment of SLE.

Keywords SLE e Transplantation * MSCT

Introduction

Systemic lupus erythematosus (SLE) is a multifactorial autoimmune inflamma-
tory disease with diverse clinical symptoms due to multiple organ involvement,
leading to a high mortality and morbidity. The reported prevalence ranges from 15
to 100 per 100,000 individuals among the different racial groups. Conventional
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immunosuppressive or immunomodulatory therapy, notably corticosteroids and
cyclophosphamide (CTX), can control most cases with SLE, but not all. About
20 % of refractory patients experience progressive disease that results in tissue
damage, physical and psychosocial disability, or even death. In addition, the long-
term use of immunosuppression carries significant risk for opportunistic infec-
tions and secondary malignancy. Fortunately, many new drugs and therapeutic
strategies have emerged, as well as mesenchymal stem cell transplantation
(MSCT), the most important progress in the therapy of SLE.

Mesenchymal stem cells (MSCs) are multipotential progenitor cells capable of
differentiating into many different cell types of mesodermal origin, as well as ecto-
dermal and endodermal origin [1-3]. A large quantity of evidence has demonstrated
that human MSCs can inhibit, in a dose-dependent manner, T and B cell prolifera-
tion, suppress NK cell activation and modulate the cytokine secretion profile of
dendritic cells and macrophages [4—6]. Other studies have suggested that human
MSCs, not just as third-party cells, can also act as nonprofessional antigen-
presenting cells and suppress the cytotoxic effects of Ag-primed T effector cells in
a short time [7]. MSCs have also been found to release a number of soluble immu-
nosuppressive factors involving in MSC-mediated immunoregulation, such as
indoleamine 2, 3-dioxygenase (IDO), IL-6 and soluble human leukocyte antigen-G
molecules (HLA-GS5) [8-10]. In addition, their low immunogenicity due to their
lacking expression of class II major histocompatibility complex (MHC) co-
stimulatory molecules make MSCs able to escape alloantigen recognition and then
unable to activate alloreactive T cells. These properties make MSCs therapeutic
potential cells in many diseases. To date, MSCs have been applied successfully in
patients with severe dilated cardiomyopathy, cartilage disorders, autoimmune dis-
eases (AD), stroke, and refractory severe graft versus host disease (GVHD) with
very encouraging results [11-15].

No doubt, SLE patients are the major group with AD who received MSCT. To
date, above 210 SLE patients in the world have received the transplantation, show-
ing significant safety and efficacy profiles. This chapter will focus on the rationale,
current status and perspectives of MSCT in treatment of SLE.

The Rationale for MSCT in SLE

The exact etiopathogenesis of SLE has challenged investigators for many years, but
researchers never stop their steps to find the truth. Only we know more about the
physiology of SLE, then we will be on our way toward developing rational treat-
ments: more effective but less toxic.

More than two decades ago, there is significant evidence that autoimmune dis-
eases originate from defects that reside within the hematopoietic stem cells (HSCs).
Isolated HSCs are sufficient to transfer autoimmune disease from susceptible mice
to normal mice [16]. Murine autoimmune disorders can be prevented and treated
after transplantation with allogeneic T cell-depleted or whole bone marrow [17].
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Other stimulating finding is that serendipitous remissions of autoimmune disease
were observed in patients receiving an HSCs transplantation (HSCT) for coexisting
hematological disorders [18]. Following these observations, Ikehara et al. have sug-
gested autoimmune diseases as HSCs disorders [19].

The story of MSCs deficiency in SLE initially began with some experimental
findings. Transplantation of HSCs with bones to recruit MSCs was indeed found to
have a curative effect in MRL/Ipr mice, a murine model of lupus. When HSCs alone
were infused, the mice suffer a relapse 5 months after transplantation [19]. Soon
after, Kushida et al. also confirmed the crucial and necessary role of MSCs in suc-
cessful bone marrow transplantation in MRL/Ipr mice [20]. Another interesting find-
ing was that bone marrow stromal cells in SLE patients failed to support allogeneic
CD34+ cells growth compared with the control group [21]. These findings result in
lots of researchers trying to clarify if there are MSCs defects existing in SLE patients.
Lupus maybe is not only hematopoietic but also mesenchymal stem cell disease,

Up to now, many researchers have showed that bone marrow derived mesenchy-
mal stem cells (BM-MSCs), from SLE patients and lupus mouse models, are struc-
turally and functionally abnormal compared with healthy control. MSCs from SLE
patients grew slower than those of normal controls, aged more quickly and lost
vitality sooner during passage. The cells from lupus patients, compared to controls,
were defective in secreting TGF-f, IL-6 and IL-7 [22]. Nie and El-Badri also con-
firmed structural and functional defects in MSCs population from SLE patients and
lupus-prone BXSB mouse with bigger appearance, slow grow rate, increased telom-
erase activity, reduce level of proliferation and gap junction protein [23, 24].
Moreover, Sun and his colleagues have showed that BM-MSCs from MRL/Ipr mice
displayed impairment of osteogenic differentiation verified by decreased mineral-
ization and osteogenic gene expression, and impairment of adipogenic differentia-
tion proved by reduced lipid-specific Oil red O-positive cells and adipocyte-specific
gene expression [25]. Other results also have demonstrated that the capacity of
osteogenic differentiation of bone marrow derived MSCs (BM-MSCs) from SLE
patients was reduced compared with that from healthy controls. The activated
NF-kB signaling in SLE BM-MSCs inhibits the BMP-2 induced osteoblastic dif-
ferentiation through BMP/Smad signaling pathway [26]. High oxidation status in
BM-MSCs from SLE patients induced the rearrangement of F-actin cytoskeleton
via downregulation of RhoA signaling pathway and then impaired their osteogenic
differentiation capacity [27].

Recently, researchers have found much evidence about deficiencies of MSCs
from SLE patients. There were increased frequencies of apoptotic and aging of SLE
BM-MSCs, with markedly decreased expression of anti-apoptotic Bcl-2 both at
mRNA and protein levels, whereas increased expression of pro-apoptotic factors
such as Bax, caspase 8 and Fas [28]. Gu and coworker also reported their consistent
data, showing that MSCs from SLE patients were more senescent and p16 (INK4A)
maybe plays an essential role in the process by inhibiting ERK1/2 activation [29].
Moreover, levels of intracellular reactive oxygen species (ROS), which may pro-
mote cellular senescence, from SLE BM-MSCs were higher than those from normal
controls, with the activation of PI3K/AKT/FoxO3 signaling pathway [28].
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While all these results have stressed the deficiency in lupus MSCs population
and give a strong impetus for MSCT in lupus treatment, it is difficult to claim such
abnormality is from genetic or acquired factors. This issue is equally important as
that in HSCT, because it will ultimately determine the most suitable source for
MSCT, autologous or allogeneic. So, recently some researchers began to focus on
the abnormal genetic determinants which could underly some deficient character-
istics of lupus BM-MSCs. They found that there were a total of 1,905 genes which
were differentially expressed by BMMSCs derived from SLE patients, of which,
652 genes were upregulated and 1,253 were downregulated. Gene ontology analy-
sis showed that the majority of these genes were related to cell cycle and protein
binding. The abnormal gene profile altered protein expression, then many intracel-
lular signal pathways regulating actin cytoskeleton, focal adhesion and tight junc-
tion were abnormal in SLE BM-MSCs compared with normal controls. In the
MSCs from lupus patients, the BMP/TGF-f signaling pathway was downregu-
lated, while the MAPK signaling pathway was activated via phosphorylation of
ERK1/2 and SAPK/JNK [30].

All these evidence has directly or indirectly illustrated both acquired and genetic
deficiencies of lupus MSCs, which favored allogeneic rather than autologous MSCT
as an effective treatment for patients with lupus. The allogeneic MSCs could work
as substitutes for the abnormal auto-MSCs and try to reset the immune system.
Some results of animal experiments are more convincing and lead a good beginning
to the field of allogeneic MSCT for SLE treatment. Zhou et al. and Sun et al. show
that infusion of human BM-MSCs at both early and matured stages benefited a sig-
nificantly reduction in serum levels of anti-double-stranded DNA antibodies (anti-
ds DNA) IgG and IgM, anti-nuclear antibodies (ANA), immunoglobulins IgG1,
IgG2a, IgG2b, IgM and 24-h proteinuria in MRL/Ipr mice, as well as complement
C3 in renal tissue [25, 31]. Increased serum albumin levels in MRL/lpr mice were
observed after MSCT. Other findings from Medical University of South Carolina
show that allogeneic sources of MSCs infusion, but not autologous lupus-derived
sources of MSCs, improved survival, stabilized proteinuria, and decreased glomeru-
lar IgG deposition, in both MRL/Ipr and (NZB x NZW)F1 mice [32].

On the other hand, Carrion and coworkers have showed that autologous
BM-MSCs treatment did not improve initial disease activity in two SLE patients
during 14 weeks of follow-up despite of increasing CD4*CD25*FoxP3*cell counts
[33], which further prove the rationale of allogeneic MSCT in the treatment of SLE.

The Current Status of MSCT in SLE

To date, more than 210 SLE patients in the world have received MSC the transplan-
tation. Over 90 % of the transplantations were carried out in the Affiliated Drum
Tower Hospital of Nanjing University Medical School in China. The enrolled
patients should have progressive and active disease with SLE Disease Activity
Index (SLEDALI) score >8, despite continuous treatment with intravenous (IV) pulse
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CTX with a total dosage of 400—800 mg every month for at least 6 months or oral
mycophenolate mofetil (MMF 1,000-2,000 mg/day) for at least 3 months, and
continued daily dosage of more than 20 mg of prednisone or its equivalent.

The early used MSCs in the application and clinical trials are BM-MSCs. A total
of 39 refractory SLE patients have received BM-MSCT in the Drum Tower Hospital.
Reports have started to emerge of small numbers of patients, in which 4 SLE patients
received IV infusions of allogeneic BM-MSC cells with some promising benefit
[25]. In 2010, Liang et al. reported their preliminary results of a pilot study about
MSCT in 15 CTX-refractory lupus patients [34]. The median age of patients (14
female and 1 male) was 28.3 years, with a range from 12 to 44 years. The average
disease duration was 91.1 months. All subjects had been previously treated with
CTX and high dose of prednisone (more than 20 mg/day). Patient eligibility criteria
also included lupus glomerulonephritis (class III, IV, V) with severe elevation of
increment of 24-h urine protein levels and/or serum creatinine >1.5 mg/dl. Bone
marrow was collected from patients’ healthy family member and ex vivo expanded
in culture under GLP/GMP protocols. BM-MSCT was intravenously infused at
1x10° cells/kg body weight. Primary outcomes were overall survival and disease
remission defined as requiring no further high dose of immunosuppressive medica-
tions except the low maintenance doses of corticosteroids and CTX. Post MSCT
maintenance therapy includes a tapering dose of steroid and CTX, with 2 patients
on prednisone at 5-10 mg/day and completely off CTX at 6 months, and 13 patients
on prednisone at 5—-10 mg/day and CTX at 0.6 mg/every 2 months. Secondary out-
comes included SLEDALI, anti-ds DNA antibodies and renal function monitored by
24-h urine protein and serum creatinine levels. The short-term clinical outcome in
12—18 months follow up post-MSCT showed no allogenic MSCT-related complica-
tions including cardiovascular, pulmonary insufficiencies, infection, malignancy,
and metabolic disturbances. Assessment of SLEDAI indicated the improvement of
disease activity in all allogenic MSCT-treated patients at each follow-up period. All
recipients were followed up for 12—18 months and showed recovery of kidney func-
tion. Reduced 24-h proteinuria was commonly seen in all patients after MSCT,
especially at 1 month (1,129 + 145.6 mg), 6 months (511.8 + 127.8 mg) and
15 months (418.5 +=207.5 mg) vs. the values present at baseline (2,202 + 243.3 mg).
Four subjects experienced significant improvement in their serum creatinine levels:
from 1.73 to 0.78 at 1 month follow-up, from 5.36 to 2.41 at 3 months, from 4.40 to
2.08 at 1 month follow-up and from 2.55 to 0.90 mg/dl at 3 months follow-up,
respectively. Anti-ds DNA titers improved at 1-month post MSCT in all patients.
Improvement in glomerular filtration rate (GFR) was noted in two patients in which
formal testing was done. Other non-lupus nephritis related manifestations such as
fatigue, loss of weight, low-grade fever and skin rashes also improved gradually.
Moreover, increased levels of CD4*Foxp3* cells followed allogeneic MSCT in 10
SLE patients with statistical significance at 3-month post MSCT. These early clini-
cal data demonstrate safety and efficacy of MSCT in SLE patients and improvement
of disease activities at post allogeneic MSCT.

These years, umbilical cord has been selected as one of available sources of
MSCs and seems to be the most frequently employed for the transplantation in
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China. The umbilical cord-derived mesenchymal stem cells (UC-MSCs) share most
of the characteristics with BM-MSCs and have other distinct advantages. They are
showed to have higher proliferation, improved accessibility, lower risk of viral con-
tamination, as well as lower levels of expression of CD106 and HLA-ABC, which
represent a specific and different feature compared with BM-MSCs and may favour
the use of UC-MSC:s for allogeneic cell therapy [35]. So far, a total of 148 refractory
patients received UC-MSCT in the Drum Tower Hospital. Sun and his colleagues
have reported their data about UC-MSCT in 16 patients [36]. The median followup
time after MSCT was 8.25 months (range 3-28 months). Significant improvements
in the SLEDAI score, levels of serum ANA, anti-ds DNA antibody, serum albumin,
and complement C3, and renal function were observed. Significant reduction in
disease activity was achieved in all patients, and there has been no recurrence to
date and no treatment-related deaths. Clinical remission was accompanied by an
increase in peripheral Treg cells and a re-established balance between Thl- and
Th2-related cytokines.

The infused MSCs dose (1 x 10° per kg body weight) is same as that always used
in the treatment of GVHD [37, 38]. It is unclear what the optimal cell dose and the
optimal infusion numbers of MSCs are in clinical transplants, which will rely to a
large extent on clinical experience. Wang and his colleagues have undertaken a
study to observe whether double transplantations of MSCs are superior to single
transplantation [39]. Fifty-eight refractory SLE patients were enrolled in this study,
in which 30 were randomly given single MSCT, and the other 28 were given double
MSCT. Patients were followed up for rates of survival, disease remission, and
relapse, as well as transplantation-related adverse events. Their results showed that
no remarkable differences between single and double allogeneic MSCT were found
in terms of disease remission and relapse, amelioration of disease activity, and
serum indexes within more than 1 year followup. This study demonstrated that sin-
gle MSCs transplantation at the dose of one million MSCs per kilogram of body
weight was sufficient to induce disease remission for refractory SLE patients.

Despite so many exciting results of MSCT emerging in the treatment of SLE,
safety is still the most significant issue that both physicians and patients focus on.
The primary concern is the possibilities of tumor formation, which is blame to the
innate ability of continuing self-renewal of stem cells. Jeong discovered that after
transplantation of allogeneic short-term cultured BM-MSCs, growing tumors were
observed in 30 % of hearts in the experimental acute myocardial infarction model,
and in 46 % of hindlimbs in the diabetic neuropathy model during the follow-up at
4-8 weeks [40]. Other researchers found allogeneic MSCs favored tumor growth in
animals, maybe due to the potential side effects of immunosuppression induced by
MSCs [41]. Subcutaneous injection of B16 melanoma cells led to tumor growth in
allogeneic recipients only when MSCs were coinjected. However, in the reported
and unreported data from the Drum Tower Hospital (the longest followup is 5 years),
no serious adverse events including tumors and infections were found so far. None
of the lupus patients developed acute and chronic GVHD during followup after
MSCT. The common adverse events included insomnia, facial flushing, short-term
low fever. Some symptoms quickly restored without any intervention.
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Conclusions and Prospects

SLE patients exhibit MSCs defects, genetic and acquired factors may both contribute
to the cell deficiency. Allogeneic MSCT represents an exciting approach and is
more attractive than autologous MSCT in lupus treatment, with its efficacy and
safety in the preliminary experience. It will give a new platform in the treatment of
refractory and severe SLE patients.

However, it is still a long way to go before applying MSCs to the clinics. Many
concerns needed to be addressed at this stage, such as patient entry criteria, cell
dose, numbers of infusion, monitoring protocol, mechanistic studies, outcoming
measures, post-transplant immunosuppression schedule, and therapy of relapses.
More researchers who are interested in pursuing MSCT as a potential treatment for
SLE should be able to collaborate closely. More large random clinical studies are in
need to establish the safety and efficacy of MSCT in lupus treatment.
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Considerations of Quality Control Issues for
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Bao-Zhu Yuan, Debanjan Sarkar, Simone Pacini, Mahmood Khan,
Miodrag Stojkovic, Martin Zenke, Richard Boyd, Armand Keating,
Eric Raymond, and Robert Chunhua Zhao

Abstract Mesenchymal stem cells (MSCs) represent a potentially attractive prod-
uct for achieving successful stem-cell-based therapy. Clinical application studies
of the MSC:s for a variety of diseases such as graft-versus-host disease, liver fibro-
sis, heart disease, diabetes, osteoarthritis, and spinal cord injury have been pro-
posed worldwide. While clinical applications of MSC-based therapy (MSCT)
increasingly gain popularity among clinical practitioners and researchers, concerns
have been raised on quality issues of MSCs among all stem cell-based medicinal
products (SCMP). Quality issues are associated with donor’s qualification and in
vitro cell processing as well as some still unknown biological characteristics of the
MSCs, especially in the context of potential tumorigenicity. Quality issues could
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affect safety and efficacy of the MSCT. To ensure optimal quality assurance for
both safety and efficacy of the stem cell-based therapy in clinical trials, processes
for SCMP production, quality control tests are necessary at each step. More spe-
cifically, donor identity, stem cell tissue origins, purity, safety, potency, and stabil-
ity, must be strictly controlled during the entire product development cycle.

Keywords MSC ¢ Quality control ® Medical product

Introduction

Stem cells are defined as cells possessing various differentiation potentials with
capacity of cell renewal. Stem cell-based therapy (SCT) is an emerging therapeutic
modality in which stem cells isolated from human donors are processed through in
vitro proliferation, differentiation, and then administered to autologous or alloge-
neic patients for treating a variety of diseases [1].

Mesenchymal stem cells (MSCs) belong to a group of heterogeneous stem
cells with multipotent potential for cell differentiation. The discovery of MSCs
can be dated back to the 1960s [2] It was later found that the MSCs exist in almost
all tissues throughout the body, even though, the vast majority of the MSCs used
in clinical studies derived mainly from bone marrows, the Wharton’s Jelly of the
umbilical cords, and adipose tissues. Among all stem cell-based medicinal prod-
ucts (SCMP), the MSC products have increasingly gained more popularity due to
their ability to self-renew, differentiate into lineages of mesodermal origin, such as
osteoblasts, chondrocytes, and adipocytes in culture and transdifferentiate into

M. Zenke

Department of Cell Biology, Institute for Biomedical Engineering,
Rhenish-Westphalian Technical University, Aachen University Medical School,
Pauwelsstrasse 30, 52074 Aachen, Germany

R. Boyd
Monash Immunology and Stem Cell Laboratories (MISCL) Level 3, Monash University,
Building 75, Wellington Road Clayton, Melbourne, VIC 3800, Australia

A. Keating
Cell Therapy Program, Princess Margaret Hospital, Institute of Biomaterials and Biomedical
Engineering, Toronto, ON, Canada

Department of Medicine, University of Toronto, Toronto, ON, Canada

E. Raymond
Department of Medical Oncology (INSERM U728-Paris 7 Diderot University), Beaujon
University Hospital, 100 boulevard du Général Leclerc, 92110 Clichy, France

R.C. Zhao (Co-edited)

Center of Excellence in Tissue Engineering, Institute of Basic Medical Sciences and School
of Basic Medicine, Chinese Academy of Medical Sciences and Peking Union Medical
College, 5# Dongdansantiao, 100005 Beijing, China, People’s Republic



Considerations of Quality Control Issues for the Mesenchymal Stem Cells-Based... 267

lineages of ectodermal and endodermal origins [2]. In addition, MSCs show very
unique immune regulatory effects through some still unknown secretion functions
with abilities to inhibit inflammatory and autoimmune responses in different path-
ological contexts [3].

Worldwide, MSCs have been applied clinically in patients of severe ischemic
cardiomyopathy, osteoarthritis, liver fibrosis, autoimmune diseases, and diabetes
with very encouraging results. New MSCs-based clinical studies have shown a
steady increase with over 250 new studies having been registered in NIH’s website
clinicaltrails.org according to a recent search. Encouragingly, the first MSC-based
stem cell product, Prochymal, developed by Osiris Therapeutics in Columbia,
Maryland, has been approved by the Canadian regulatory authority for treating
acute child steroid-resistant graft versus host diseases (GVHD) [4].

Preparation processes and clinical indications of the MSC products as well as
other SCMPs display significant diversity and complexity [5]. However, as a novel
biological product, the development of all SCMPs must undergo common research
and development pathways, from cell sourcing, product preparation, to preclinical
studies through both in vitro and in vivo tests, clinical trials, and applications. At
each step of the entire product development cycle, quality, safety, and biological
effectiveness of MSC products should be clearly addressed through implementation
of effective quality control methods that are necessary to ensure both safety and
efficacy in eventual SCT.

However, there are still gaps in both stem cell sciences and technologies, limit-
ing the achievement of effective assurance processes for MSC products as well as
other SCMPs. For MSC products, the understanding of critical biological charac-
teristics of the MSCs remains still very limited such as the tumorigenic or tumor
modulatory effects as well as immune regulatory effects. In addition, only limited
numbers of the high quality clinical data for the MSC products are available, mak-
ing extremely difficult to establish appropriate technical guidelines for specific
MSC products. Thus, it is very difficult for both product developers and regulatory
authorities to implement effective quality control for both development and clini-
cal applications of MSC products. In addition, many investigators of the MSC-
based clinical studies that have strong background or experiences in basic research
or routine clinical practices do not have sufficient understanding of requirements in
quality control and clinical trial issues that are required for the development of
SCMPs. Moreover, there are still lacks of standard materials and quality standards,
which can be employed in both product development and quality control [1].

From regulatory perspectives, MSC products as well as other SCMPs can be at
least categorized as biological products, cell products, and/or therapeutic cell prod-
ucts. Therefore, at current stage, without establishing specific technical guidelines,
the quality control for the MSC products should be achieved at least in part based
on the best understanding of the updated stem cell sciences and technologies and
through adopting relevant principles from the existing guidelines or recommenda-
tions. National or international regulatory authorities and research organizations for
the quality control of biological products established guidelines for the use of cell
substrates and for manufacturing biological and therapeutic cell products. These
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guidelines could be considered as an initial effort toward development of high quality
control frameworks, from which more detailed technical recommendations or
guidelines will be established along the continuous progresses in MSC studies and
clinical applications.

Quality Issues

The Relevant Principles from the Existing Guidelines

According to risk analysis, all therapeutic cell products must meet requirements for
cell identity, purity, safety, and biological activity [6-8]. Some basic principles
addressing these quality issues already exist in various technical guidelines or rec-
ommendations for the use of cell substrates and for the production of biological and
therapeutic cell products. These already existing general guidelines should be useful
for initiating specific quality control for the SCMPs, including the MSC products.

Principles from the guideline for quality control of the cell substrates, especially
the cell bank characterization, should be adopted from Chinese Pharmacopeia (Part
III, 2010 Version) [9], European Pharmacopeia [10], WHO recommendations for
evaluating animal cell cultures as substrates for the manufacture of biological
medicinal products and for the characterization of cell banks (2010) [11], FDA
Guidance for Industry-Characterization and Qualification of Cell Substrates (2010)
[12], and International Conference for Harmonization (ICH) guidelines for evaluat-
ing cell lines of human or animal origin (Q5A-R1, 1999; Q5D, 1997) [13-15]. The
principles for quality control of therapeutic cell products, especially for product’s
safety and potency, should be adopted from the Guidelines for development of
human therapeutic somatic cell products in China (2003) [15], EMA guideline on
human cell-based medicinal products (2007) [6], FDA Guidance for human somatic
cell therapy and gene therapy (1998) [7], FDA Guidance-human somatic cell ther-
apy IND application (2008) [8], FDA Guidance-Potency Tests for Cellular and
Gene Therapy (2011) [16], and US Pharmacopeia <1046> Cellular and tissue-based
products [17]. In addition, the principles for the quality issues of ancillary materials
could be adopted from the US Pharmacopeia <1043> Ancillary Materials for Cell,
Gene and Tissue-Engineered Products, especially in selection of tissue culture
medium, serum, and various reagents and supplements to be used in preparation of
the SCMPs [18].

In addition to these guidelines from national and international regulatory author-
ities, guidelines or recommendations from various international stem cell research
societies should also be taken as important references for taking the initial quality
control activities. These guidelines include International Society for Stem Cell
Research (ISSCR) Guidelines for clinical translation of stem cells (2008) [1], and
International Society for Cell Therapy (ISCT) for minimum criteria for defining
multipotent stem cells (2006) [19].
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The Major Quality Issues of MSC Products

Like all new biological products for medical use, MSC products must meet the
requirements for identity, purity, safety, potency, and stability. The cell identity should
be clearly demonstrated by the information collected from analysis in cell biology,
cytogenetics, biochemistry, cell surface biomarkers, and genetic polymorphism.

Safety issues for MSC products are associated with the risks of either endog-
enous or exogenous origins. The risk factors, that could introduce microbial
contamination, and product or process-related impurities, or possess potential
of inducing tumorigenicity, modulating tumor growth, or stimulating abnormal
immunological responses, could result in severe adverse consequences. In addi-
tion, some still unidentified risk factors could lead to uncontrolled, unwanted
cell differentiation, or de-differentiation inside the body of the recipients with
unpredictable adverse effects.

Risks associated with microbial contaminations may derive from donors during
cell isolation and selection or occur during in vitro cell processing, thus requiring
strict donor screening, processing cells in conformance with the cGMP require-
ments, establishing standard operating procedures (SOP) for both product prepara-
tion and management, and implementing microbial safety tests to ensure freedom
from microbial contamination.

For the risk factors related to tumor formation or growth, accumulated data
suggest that MSCs possess low or no tumorigenicity but may modulate tumor
growth through enhancing growth of the existing tumors [20]. The tumorigenic
activity of MSCs is associated with the reduced genomic stability occurring dur-
ing long in vitro cell culturing and/or complex cell processing, whereas the tumor
modulating activities might come from their intrinsic immunosuppressive effects,
thus encouraging investigators or manufacturers to conduct relevant studies with
appropriate designs to carefully characterize tumorigenic or tumor modulating
activities of the products [2].

Information of the potency of MSC products should provide proof of principle
and mechanisms of action contributing the treatment efficacy [1]. It could be evalu-
ated by relevant assays designed from the understanding of biological characteris-
tics of MSCs, such as the pattern of cell differentiation, the ability to regulate
immune responses, especially the proliferation of different lymphocyte subpopula-
tions and secretion of the associated cytokines. Investigators or manufacturers are
always encouraged to develop product-specific or clinical application-specific
potency assays. For this purpose, specific in vitro cell models or in vivo animal
models should be developed during the stages of product development and preclini-
cal studies for characterizing potency of the products as well as providing informa-
tion for appropriate administration mode and dosage of the product to be used in
clinical studies [1].

Process-related impurities include residual production-medium components
(e.g., serum, antibodies, or exogenous cytokines), ancillary materials used in
downstream processing, and possible leachables (e.g., plasticizers from tubing or
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culture plastic). The process-related impurities could be introduced during cell
isolation or in vitro processing from cell debris or unwanted cells of autologous or
allogenic origins when the requirements of cGMP have not been strictly respected.
Unwanted cells include non-stem cells from donors, un-controlled differentiated
cells, or unrelated cells, which could contaminate stem cells when they are all cul-
tured and processed in the same cell-processing environment. Impurities may be
bioactive, immunogenic, or may have other deleterious effects, depending on their
concentrations in the final product [17, 21].

The stability regarding cell viability and potency of the products might be compro-
mised during cell storage, cryopreservation, and transportation [6]. Evaluation of purity
and stability should rely on careful cell characterization for identity, safety, and potency
that may underwent various alterations during manufacturing and storage processes.

Quality Assurances for MSC Products

Standard operating procedures (SOPs) for managing entire preparation process or
for guiding individual cell processing should be established and revised regularly
according to new achievements in stem cell sciences and technologies. The indi-
vidual cell processing includes cell isolation or collection, separation, purification,
proliferation, modification, induction of cell differentiation, cell cryopreservation
and recovery, residual removal, and packaging, among many others. SCMPs
remained from each study or application should be strictly managed in a legal and
ethical manor guided by well-established SOPs. All data in association with product
preparation should be archived properly.

The quality of the entire preparation process should be thoroughly evaluated and
validated through data and document reviewing, facility inspection and quality con-
trol tests. Appropriate acceptance criteria need to be established for effectively
assessing and validating each individual process [5].

Requirements from Donors

For allogeneic MCS treatments, donor’s identity and health information should be
collected and carefully reviewed before stem-cell isolation. In addition, the infor-
mation for techniques and routes used in cell isolation, and health history of both the
individual and his/her family should be provided. The information of genetic dis-
eases of both monogenic and polygenic conditions and of infectious diseases are
particularly important in donor’s qualification. Donors of the allogenic MSCs must
be screened for possible infection with specific human viruses, including HIV1/2,
HBV, HCV, HTLV1/2, EBV, CMYV, etc., and with treponema pallidum. Donors with
serious infectious disease and well-characterized genetic disorders are prohibited
from being the source of allogeneic stem cells [11, 22].
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For autologous MSC donors, the adjustment could be made in terms of quality
requirements, screening tests and the acceptance criteria according to the character-
istics, tissue source and clinical indication of the product.

Requirements for Cell Isolation and Processing

SOPs for cell processing, including cell isolation, selection, purification, prolifera-
tion, and modification, cryopreservation and transportation, and quality assuring
procedures, such as personnel training, material and utility management, facility
maintenance, environment monitoring, etc, should be established and strictly
implemented.

To minimize variability associated with different batches of the same products, a
multi-level cell banking system, such as Master Cell Bank (MCB) and Working Cell
Bank (WCB), should be established for preserving the cells, especially for the cells
with rich amount in each batch. The banked cells must have clear cell identity and
freedom from microbial contamination [11, 13, 14].

During isolation and cultivation of cells in order to further prevent external agent
contaminations, it is possible and preferable to use closed systems. Moreover,
closed systems are usually equipped with automatic or semiautomatic procedures
which help to reduce batch-to-batch variability due to the manual manipulation (i.e.
changing media or harvesting). Quantitative monitoring and recording of several
parameters as pH, CO2 tension, etc during cell preparation could help to produce a
datalog that should be validated according to defined limits.

Cell Culture Medium

Cell culture medium used in preparation of all SCMPs must meet purity require-
ments established for cell substrates with microbial and endotoxin freedom-free
media. In addition, product contaminants that may remain in the final product must
induce no adverse effects in recipients. While supporting normal cell growth, the
medium should not affect biological characteristics of the stem cells, i.e. their
“stemness” and differentiation potentials. In addition, except for a temporary use in
cell isolation from the source tissue, the use of antibiotics is not recommended as
supplements in preparation of the MSC products [11, 17, 18].

If commercial medium is needed, qualified manufacturers should be selected as
suppliers, ensuring that they could provide relevant quality certificates and medium
component information. It is always suggested to first choose medium and other cell
culturing materials that have been previously approved by regulatory authorities for
the use in clinical applications. For materials that have not underwent formal
approval, it is recommended to validate the quality of each batch of the material and
the validation report should then be provided [17, 18].
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In the consideration of serum use, it is recommended to avoid using either human
or animal serum in preparation of SCMP. The use of allogeneic human serum or
plasma must be strictly prohibited. If the use of animal serum is inevitable, the
serum should be tested to exclude any contamination with origin-specific viruses
and prions. Bovine serum from the endemic area of spongiform encephalitis must
be prohibited [11, 18].

If human blood components, such as albumin, transferrin and various cytokines,
are needed as supplements in the medium, the quality information of these ancillary
materials including batch numbers and quality standards should be well documented
and validated if necessary. It is highly recommended to choose the blood compo-
nents approved by the regulatory authority for clinic applications [11, 17, 18].

Quality Control Tests

Major Principles in Quality Control Tests

To ensure both safety and efficacy of the SCT, each MSC product must be fully
evaluated by well-designed quality control tests with appropriate acceptance criteria
or specifications. The test design should be based on understanding of the updated
achievements in science and technology for MSCs as well as the existing technical
guidelines for cell substrates and therapeutic cell products.

In general, designed tests should be able to clearly demonstrate product’s char-
acteristics, safety, potency, and stability. The tests for characteristics should be able
to show cell identity, viability, growth activity, and purity. Tests of safety should
effectively identify possible contaminations with endogenous and exogenous micro-
organisms or toxins, abnormal immune responses and tumorigenicity or tumor
modulatory effects of the products, whereas the biological potency assay(s) should
reveal cell differentiation potential, structure and function of the differentiated cells,
as well as the immune regulatory effects of the products. Selection of different tests
for each product should be guided by the established principles to reflect the differ-
ences in cell derivation, characteristics and clinical indications of the product. In
addition, the tests should be constantly improved according to the fast growth in
both knowledge and techniques from the MSC sciences.

Two major types of the quality control tests, i.e. product quality test and release
test, should be required for each product. The product quality test should be
employed as a comprehensive test to identify quality issues regarding cell character-
istics, safety and potency introduced possibly in different stages of product prepara-
tion process, thus also serving as a process assurance test. The release test should be
used as a faster and simplified test prior to clinical application for each batch of the
product on the condition that the same batch of the product has been previously
tested by the product quality test. The release tests should put more emphasis on
safety issues of the product [6].
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To prevent variability issues arising among different batches of the product, the
minimum number of batches randomly selected for testing should be required in
product quality tests. In addition, the product quality testing should be repeated
whenever changes happen in the preparation protocol, ancillary materials, and loca-
tion of the facility. Each batch of the final product should be defined as the product
prepared and processed from the same tissue of the same donor at the same time and
same facility by the same technical protocols.

The test selection reflecting the level of stringency in quality control could be
adjusted according to the characteristics and clinical applications of each product.
For autologous MSC products without complex in vitro cell processing, the testing
for cell identity, survival, growth activity, adventitious agents, as well as for some
basic biological features of the product may prove to be appropriate. For allogeneic
MSC:s or autologous MSCs with complex in vitro cell processing and the banked
MSCs, the more intense testing should be employed including the tests for cell
characteristics, endogenous and exogenous microbial contaminations, purity,
tumorigenicity or tumor modulation, immunological responses and regulatory
effects, cell differentiation and other more specific potency assays if possible.

Product Quality Testing

1. Cell identity
The tests used for revealing genotypes and phenotypes of the product, including
cell morphology, cytogenetics, genetic polymorphism (e.g. STR profile), bio-
chemical or biological features (i.e. isoenzyme profiling, cell surface markers,
and specific gene or protein expressions) should be employed in concert to
clearly demonstrate cell identity.

2. Viability and growth activity
Various cell biology tests, such as the tests for cell counting, cell doubling time,
cell cycle progression, colony formation in soft agarose gel, and telomerase
activity and telomere length should be used in combination to measure cell
viability and growth activity.

3. Purity and homogeneity
Analyzing cell surface markers, genetic polymorphism, isoenzyme profiling, or
species-specific mitochondrial rRNAs to identify possible contamination with
unwanted cells during cell isolation and processing should be examine to ensure
cell purity.

The homogeneity of mixed products should be analyzed by examining the
variability in cell surface markers, viability, purity and certain biological activi-
ties, including cell differentiation and immunoregulatory activity, of each indi-
vidual batch of the product. The criteria for the acceptable variation for each
test item should be developed through a significant amount of correlation
studies before consideration of mixing different batches of the product.
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Sterility and mycoplasma tests

Possible contaminations with bacteria, fungi and mycoplasma should be tested
by following the procedures described in the Chinese Pharmacopoeia, Part III
of the 2010 version.

Endogenous and adventitious viruses

In vitro and in vivo methods should be used in combination to test human or
animal specific viruses for each batch of the product. All allogeneic products
must be tested for human specific viruses, which include HIV, HBV, HCV,
EBYV, CMV etc. The bovine specific viruses should be tested if bovine serum
was used during product preparation. If the materials of porcine origin such as
trypsin are used, at least porcine parvovirus should be tested. In addition, retro-
viruses should be tested for all MSC products.

Endotoxin
Endotoxin should be tested on the basis of a LAL assay described in Chinese
Pharmacopeia, Part III of the 2010 version.

. Immune responses

The immune responses provoked possibly by allogeneic MSC products should
be assessed by testing their effects on in vitro proliferation of total peripheral
lymphocytes or certain lymphocyte subpopulations, or secretion of the related
cytokines during co-incubation of MSCs with the peripheral blood mononu-
clear cells (PBMC).

. Tumorigenicity

Tumorigenicity should be evaluated for allogeneic MSC products or autolo-
gous MSC products with complex cell processing through examining their abil-
ity to form tumor in immune-compromised animals.

. Potency

To determine potency of MSC products, a variety of potency tests should be
employed to reveal cell differentiation potential, structures and functions of the
differentiated cells, the ability to regulate abnormal immunological or inflam-
matory responses, or secretion of specific cytokines, expression of specific
genes and/or proteins in appropriate in vitro or in vivo models.

To determine multipotency for cell differentiation, all MSC products, regard-
less of their tissue origins, should be evaluated for their capability to differenti-
ate in vitro into a variety of cell types, such as adipocytes, chondrocytes and
osteocytes. In addition, it is encouraged for the investigators/manufacturers to
develop new potency assay(s) to evaluate specific attributes of the products to
the efficacy in specific clinical applications.

Removal of contaminants

Residual contaminants may remain in the final product from cell culture
medium, which may induce adverse effects and impair safety, thus requiring
removal prior administration. Contaminants from bovine serum albumin, anti-
bodies, cytokines or other supplements in the products should be fully charac-
terized to establish an acceptance criteria.
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Release Tests

The release tests should be performed prior to clinical studies or immediately prior
treatment administrations for each batch of the product. The tests for identity, purity,
potency, microbial safety, viability, and packaging volume should be selected. The
test selection could be adapted if the full product characterizations and/or compre-
hensive product quality tests have been conducted previously for the required
amount of batches of each product.

Validation of the Quality Control Tests

In China, the quality control tests for MSC products and resulting quality standards
should be reviewed and validated by a third independent party, who should be fully
competent in conducting quality control of the cell products. The National Institutes
for Food and Drug Control (NIFDC) serves as a competent independent party to
review and validate both quality control tests and the resultant standards for each
MSC product, and issues a validation report at the end. To facilitate the validation,
especially for the product quality tests, the project report summarizing information
for all aspects of the product, such as technical procedures for product preparation,
characterization and clinical applications, and ancillary materials and excipients used
during product preparation or in the final product, should be provided to the NIFDC.
To facilitate validation for the release tests, previous reports from validation of the
product quality tests should be presented as the important supporting documents.

Quality Studies for the MSC Products

On top of quality control tests, investigators should be encouraged to develop more
effective new in vitro and in vivo models, upon which the relevant studies should be
conducted to improve the capability for product quality control around entire prod-
uct development cycle.

Studies for New Cell Characterizations

Monitoring Spontaneous Cellular Transformation

Status of cell growth, especially the independent growth from growth factors,
should be continuously monitored to prevent spontaneous transformation occur-
ring during long in vitro cell culture. Surrogate biomarkers, especially gene or
protein expressions in association with spontaneous transformation, should be
developed from new studies.
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Tumorigenicity and Tumor Modulation Studies

Investigators/manufacturers should determine that sufficient amount of cells and
appropriate tumorigenicity assay are provided for each specific product because
there are significant variations in the feature of tumorigenicity among different
products.

It is also very important to develop surrogate biomarkers through characterizing
critical biological characteristics in association with tumorigenicity using genomics
or proteomics techniques. Surrogate biomarkers could be used when tumorigenicity
can not be directly evaluated in animal models. Critical biological characteristics
include dependence on growth factor(s), sensitivity to apoptosis induction, genome
stability, expression of the genes or proteins directly involved in transformation or
tumorigenicity of MSCs.

In addition, investigators and/or manufacturers should design appropriate tests to
determine tumor modulating activity of the MSC product according to their origin
and clinical applications.

Stability Studies and Shelf Time Determination

Stability of each MSC product during cryopreservation, transportation or temporary
storage prior to clinical applications should be studied. Cell viability, density, purity,
sterility, and potency should serve as critical parameters in evaluating product sta-
bility. Based on stability studies, the optimum conditions for cell preservation, stor-
age and transportation, product formulation, as well as the ‘shelf time’ of the product
should then be determined.

Developing Quick Testing Methodology

Based on the updated achievements in MSC science and technology, investigators
should develop alternative new quick testing technologies to be used in the release
tests, especially for quickly determining the quality, safety and potency of the MSC
products when the well-established long testing is not appropriate for achieving the
same purpose.

Developing Standard Materials and Quality Standards

Development of standard materials and quality standards is extremely important in
implementing quality control for SCMPs. However, since the SCT is still in its pri-
mary stage, it makes such task particularly difficult. Even though, investigators still
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should carry out the relevant quality studies of their own products, especially the
correlation studies between the result from the selected test and the most relevant
biological activities of the product with a goal of developing acceptance criteria, or
standard, as well as developing standard materials to used in future quality control
tests for MSC products.

In summary, the exciting achievements from clinical studies endorse the
MSC-based SCT moving forward using the qualified MSC products. Although
no guideline specifically for the MSC products, the most prevalent SCMPs in
China, has been established, many principles from the existing guidelines for
quality control of the cell substrates and therapeutic cell products, could be
adopted for building up a preliminary quality control framework, upon which
the detailed guidelines will be constantly added for directing the well guided
and well-regulated development of MSC products as well as their clinical
translations.
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Regulations/Ethical Guidelines on Human
Adult/Mesenchymal Stem Cell Clinical Trial
and Clinical Translation
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Abstract There are two parts in this article. In the first part the authors describe
the regulatory and ethical challenges caused by stem cell research and its clinical
application, especially by the widespread use of unproven and unregulated “stem
cell therapy” and the guidelines and regulations for attempting to deal with chal-
lenges in China. At the end of this part ethical guidelines for human adult (including
mesenchymal) stem cell clinical trials and application is appended. In the second
part the authors try to provide an overview of regulations or ethical guidelines on
human adult/mesenchymal stem cell clinical translation in USA, UK, the European
countries and India. The article concludes with the harmonization of regulating
human adult/mesenchymal stem cell clinical translation in the world and the
Guidelines for the Clinical Translation of Stem Cells drafted by the International
Society for Stem Cell Research provide a basis for the harmonization.
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Chinese Perspective

Background

Stem cell research in China has been developing in a socio-cultural context diffe-
rent from western countries. First, science and scientists still enjoy the highest
respect from the public and obtain great support from the governments at all levels.
Secondly, there is no ideological barrier to human therapeutic cloning and stem cell
research in Chinese culture, for dominant is a gradualist and relational view of
personhood that has been widely accepted by scientific community, community of
the humanities and social sciences, the public and decision-makers. A person begins
with birth, human fertilized egg, embryo and fetus are not person yet, though they
have human biological life (but not the personal life).

In 1997 after Dolly was published in Nature, at the meeting convened by Chen
Minzhang, the ex-Minister of Health, participants including scientists, bioethicists
and law scientists unanimously suggested Ministry of Health (MOH) to concern
ethical, legal and social issues (ELSI) in biomedicine and biotechnology. After the
meeting MOH set up an ethical review committee to review the protocols supported
by MOH, and later it became Ethics Committee, MOH China.

In 2001 Chinese government announced to not approve, not support, not permit
and not accept human reproductive cloning, but support human therapeutic cloning.
In March 2005 at the 59th UN Congress Chinese government rejected the UN
Announcement of Prohibiting All forms of Human Cloning, and reconfirmed its
basic position, that is, disapproving human reproductive cloning, but supporting
human therapeutic cloning.

There are two fundamental values in stem cell research. The one is to promote
such scientific frontiers of biomedicine and biotechnology as stem cell research in
order to solve health problems of millions people; and the two is to appropriately
address ethical issues emerging in stem cell research and its clinical application in
order to protect interests/rights of patients, subjects and the public. It is scientists
and bioethicists who took initiatives to draft recommendations on ethical principles
and regulations for stem cell research and submitted to MOH in Beijing 1999 and
Shanghai 2000 respectively. Based on these recommendations MOST and MOH
drafted and finally promulgated Ethical Guiding Principles for Human Embryonic
Stem Cell Research (2003). Ethical Guiding Principles (2003) is to try to maintain
a delicate balance between scientific freedom and ethical constraints, while maxi-
mizing scientific freedom and minimizing ethical/regulatory constraints.

Ethical Guiding Principles stipulates which procedures are allowed and which
are prohibited as follows:

Human reproductive cloning P
hESC derived from spared gamete or embryos after IVF A
hESC from fetal cells from accidental, spontaneous or voluntarily selected abortions A

(continued)
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(continued)

>

hESC from embryos obtained by somatic cell nuclear transfer technology
or parthenogenetic split embryos

hESC from germ cells voluntarily donated

Embryos thus obtained, its in vitro culture period within 14 days

Hybridize human germ cells with germ cells of any other species

Trade of human gametes, fertilized eggs, embryos and fetal tissues

o> >

The experiences of 9 years implementation of the Ethical Guiding Principles
show that the policy of maximising scientific freedom and minimising ethical con-
straints makes oversight impossible. For example, it is not known that how many
institutions in China are doing human embryonic stem cell research, and how many
institutes among them are qualified, and how many not etc. Ethical Guiding Principles
do not specify the scientific and ethical qualifications an institute must meet, and
there is no legal imperative to be licensed from any regulatory bodies, or even to
register or be put on file. The Ethical Guiding Principles specify which research
conduct is permitted and which is prohibited, but how many institutes are observing
these requirements? The Ethical Guiding Principles requires that any protocol
proposing to carry out human embryo stem cell research must be reviewed and
approved by an IRB. But how is the quality of ethical review? What guidelines do
IRBs use to review the protocol? How is the IRB established? How many IRB are
qualified in their composition and functioning, and in their capacity for scientific and
ethical review? How many are not? Have all members been trained? The donation of
gametes or embryo used in human embryonic stem cell research should be voluntary,
and valid informed consent must be obtained. Now, what is the process of informed
consent in those institutes which conduct the research? And what does the written
informed consent form look like? Documentation of the provenance of oocytes and
stem cell lines and human embryo or human/animal embryo creation/disposition is
necessary for oversight. It may include: Origin of the oocytes, the process of informed
consent, the origin of the stem cell lines, the date, and the means of human embryo
or human/animal embryo creation and disposal etc. All these are not clear for
regulators nor for the public. It is necessary to revise and update it to fill the regulatory
gaps on the basis of 9 years implementation of Ethical Guiding Principles.

We are not only faced with regulatory gaps, but also faced with ethical and
governance challenges presented by rapid advancement of science and technology (and
stem cell research in particular). The emerging issues we have to address include:
induced pluripotent stem cells, hybrids/cybrids and chimeras, parthenogenesis,
genetic modification/modification of chromosome DNA, artificial gametes from
adult cells, PGD and preimplantation tissue typing, designer babies, the translation
of stem cells science from bench to bedside, medical tourism, and oocyte trading
over vast internet networks.

Since 2005 in mainland China, there might be about 500 health institutions
which offered unproven and unregulated “stem cell therapy” (e.g. inject undifferen-
tiated stem cells into patient’s body) and attracted medical tourism to China from all
over the world. It is difficult to ascertain whether the stem cell products offered are
safe and effective, because no third party has tested them, and the methods and
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results have yet to be published in reputable journals. They usually recruit patients
by advertisements on the internet. In these advertisements, the stem cell therapies
are described as ‘magic bullets’ which can cure any diseases. The patients they
enroll are desperate with untreatable, debilitating, and ultimately fatal illnesses usu-
ally from rural areas. They do not know how to assess the efficiency of therapy or
how to claim their rights when they feel they have been deceived.

One reason is that in mainland China, the therapeutic misconception has tended
to be common. Physicians and investigators have deliberately confused clinical
trial with medical care, thereby avoiding any ethical review and informed consent
process, but with the intention to make money from uninformed patients. And no
regulation on the relationship between drugs/biological products/equipment manu-
facturing companies and physicians and investigators or IRB members has been
developed.

Regulations/Guidelines

Although in 2007 MOH has promulgated Interim Regulations on Ethical Review of
Biomedical Research Involving Human Subjects in which it is stipulated that experi-
mental application of health care technique or product created by biomedical research
shall be subject to ethical review, however, all so called “stem cell therapy” evaded
ethical review. In view of the chaos caused by unproven and unregulated “stem cell
therapy”, MOH made efforts to put stem cell therapy under its control. In 2009
MOH promulgated Regulations on Clinical Application of Medical Technologies
in which the treatment with heterologous stem cells is classified as the third cate-
gory of medical technology. The third category of medical technology needs to be
subject to strict control and regulation under MOH, because its safety and efficacy
have not been proved by clinical trials yet. However, the implementation of the
Regulations failed to restore “stem cell therapy” back to normal. On January 10 2012
MOH decided to suspend all stem cell therapy and clinical trial for 1 year.

In order to promote the successful and ethical clinical translation of stem cell
research and protect patients’ welfare and rights Ethics Committee of MOH consid-
ered it is necessary to draft Ethical Guidelines on Adult Stem Cell Clinical Trials
and Clinical Application and submitted it to MOH. A team with the head of
Professor Hu Chingli from Shanghai Jiaotong University and the former Associate
General Director of WHO for drafting Ethical Guidelines on Human Adult Stem
Cell Clinical Trial and Application was appointed by Ethics Committee of MOH.
Ethics Committee of MOH reviewed, revised and approved the Ethical Guidelines
and submitted it to MOH in September 2010.

In the Ethical Guidelines it is stipulated that the ethical principles for clinical
trial of adult (including mesenchymal) stem cells should include: Scientific
validity, non-maleficence/beneficence, informed consent, justice, public good, and
non-commercialization.

The Ethical Guidelines emphasize the importance of distinguishing between
pre-clinical research, clinical trials and clinical application pointing out that pre-
clinical (lab or/animal) research is the premise of clinical trials and clinical trial is
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the necessary condition for clinical application. Only sufficient evidences of
safety and efficacy are obtained during the two steps of scientific research (pre-
clinical research and clinical trials), the results are evaluated scientifically and
ethically, and the application is approved by health administration, adult stem
cells are permitted to be translated into clinical application.

The conditions for clinical application of adult stem cells are: Except those adult
stem cells which are not specially treated in vitro such as hemopoietic stem cells, or
cartilage cells and are routinely used to treat diseases of blood system, cornea inju-
ries or cartilage injuries, the safety and efficacy of all other adult stem cells used for
treating diseases have not been proved yet, so before adult stem cells be applied
clinically, clinical trial must be conducted in compliance with scientific and ethical
principles. It is not permissive for any institution to use adult stem cells in clinics as
a routine service until the safety and efficacy are proved by clinical trial.

The Ethical Guidelines require that in order to ensure the quality and safety of
adult stem cells, medical professionals must do screening for genetic and epidemic
diseases to donor, must have strict aseptic techniques and preventive measures to
ensure non-contamination and non-pathogenic bacteria transmission, must establish
unified criteria of preparation and system of quality management, must ensure
minimization of genetic variation in vitro, such as genetic recombination, genetic
deletion and other genetic abnormal change, or oncogenesis etc., must establish
unified normative criteria of transplantation (time, route, number and evaluation
index of clinical observation to ensure the safety of human subjects).

The institutional ethical review committee of the health institution conducting
clinical trial of human adult stem cells shall review the protocol of clinical trial
of adult stem cells. What they review shall include:

1. Are the adult stem cells used for clinical trials provided by qualified institution?
There shall be a scientific authentication report to prove whether their biologi-
cal features provided meet scientific criteria.

2. Provided data, reports and scientific evaluation of safety and efficacy of pre-
clinical research on adult stem cells.

3. Do investigators’ qualification and experiences meet the requirements of
clinical trial?

4. How is the scientific validity of clinical trial? Is the protocol scientific valid?

5. Is the degree of risks exposed to subjects and expected benefits acceptable?

6. During the process of informed consent is the information disclosed to subjects
complete and understandable? Is the method for obtaining consent appropriate?
Is the consent form appropriate?

7. Is the measure for confidentiality adequate for protecting subjects’ personal
information?

8. Are the criteria for inclusion and exclusion of subjects appropriate and fair?

9. Are subjects clearly informed of their rights including the right to withdrawal
at any time without reason and not being discriminated?

10. Do the subjects get compensations when they are injured or even died for
participating in clinical trial?

11. Is there any staff among investigators who is responsible for informed consent
and safety of subjects?
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12. Are protective measures taken for the risks which are borne by subjects?
13. Is there any conflict of interest between investigators and subjects?

As for the innovative therapy or experimental treatment with adult stem cells the
Ethical Guidelines stipulates that in the case that the patients with untreatable and
fatal diseases insistently request the treatment with adult stem cells, to provide
experimental treatment of this unproven therapy for few patients is permissive. But
the patients selected shall be those who suffer cancer at late stage or other untreat-
able and fatal diseases.

In such cases clinicians shall provide written complete plan of such experimental
treatment including scientific validity to choosing adult stem cells treatment; data of
safety and efficacy of pre-clinical research; qualifications of medical staff; patient’s
voluntary choice; valid consent form; qualified stem cells technical operation facili-
ties; responses to side-effects, complications and adverse effects; follow-up plans; etc.

Clinicians shall take responsibility for establishing therapeutic results with
systematic and objective manner; reporting therapeutic results including negative
results and adverse events to scientific community at conference or in journal; and
timely turning to clinical trials after obtaining positive results in order to get univer-
salized knowledge.

Based on the Ethical Guidelines the MOH now is drafting:

Administrative Measures on Research Base for Stem Cell Clinical Trial

Guiding Principles for Quality Control of the Stem Cell Preparation and Pre-
clinical Trial

Administrative Measures on Stem Cell Clinical Trial

Appendix

Ethical Guidelines on Human Adult Stem Cell Clinical Trial and Clinical Application
Ethics Committee, Ministry of Health
September 2010

Chapter 1
General Provisions

Article 1

In order to improve the ethical governance of human adult stem cell research and
application for better treating human diseases by use of stem cell technology,
improving people’s health, and protecting patients’ and subjects’ rights and interests,
the Guidelines are developed according to Law on Medical Practitioners, Regulation
on Human Organ Transplantation, Ethical Guiding Principles for Human
Embryonic Stem Cell Research, The Interim Rule for Ethical Review of Biomedical
Research Involving with Human Subjects, The Rule for Clinical Application of
Medical Technologies and Norms for Quality Control of Drug Clinical Trials
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with the reference with Guidelines on Clinical Translation of Stem Cell Research
developed by International Society for Stem Cell Research.

Article 2

Human adult stem cell refers to those pluripotent or multipotent cells which have
potential of self-renewing and differentiation and exist in all sorts of tissues or
organs of human body (such as bone marrow, skin, fat, etc.), in human embryonic
tissues or germ cells (such as amniotic fluid, umbilical cord, umbilical cord blood,
etc.). Induced pluripotent stem cell is one kind of adult stem cells. Adult stem cells
and their derivatives may have promising prospect for treating patients who suffer
from incurable or stubborn diseases such as cancer (leukemia, lymphoma, etc.),
Alzheimer disease, Parkinson disease, diabetes, cerebral palsy, paraplegia and so on.
This caused the attention from scientists and the public.

Article 3

The transplantation technology of human adult stem cells (including those derived
from tissues outside embryo) refers to transplanting patient’s autologous or allogenic
bioactive adult pluripotent stem cells or those of particular type after induction and
differentiation into the patient’s body for continuous proliferation so as to repair
injured tissue or organ. This technology is classified into three categories:

Category 1: Human primary cells or tissues which are not processed in vitro with
special technology, such as hemopoietic stem cells, cartilage cells etc. are transplanted
for treating diseases of blood system, cornea injuries and cartilage injuries;

Category 2: Adult stem cells which are proliferated, induced and differentiated
in vitro with special technology, such as neurons, mesenchymal stem cells etc. used
for clinical trials or treatment of certain diseases;

Category 3: Adult stem cells with gene modification, such as adult stem cells used
in gene therapy or iPS cells used for treatment, or adult stem cells used as vector for
non-medical purpose,

Among the categories above Category 1 is routine therapy; Category 2 is at the
stage of exploration, there has been no systematic scientific evaluation on their
safety and effectiveness, so standard trial and research shall be actively conducted
and promoted. Category 3 (such as the use of iPS cells) is at the stage of basic and
preclinical research, the condition of clinical trial has not been satisfied with,
let alone its clinical use. The adult stem cells transplantation for non -medical use
shall be explicitly prohibited.

Article 4

So far the safety and effectiveness of adult stem cells used for clinical treatment
have not been proved yet, preclinical study and standard clinical trial shall be first
conducted in conformity with scientific and ethical principles Any institution
shall be not allowed to use adult stem cells as routine treatment in clinics before
the safety and effectiveness are proved by clinical trial and the clinical use is to
be approved and licensed.
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Article 5

The institution which conducts clinical trial of adult stem cells of the second or part
of third category shall submit the application to provincial, municipal or autono-
mous region’s health administration after finishing preclinical studies and obtain
empirical evidences of safety and effectiveness.

Article 6

The clinical trial of adult stem cells must be based on scientific literatures and
preclinical studies including animal experiments. The trial design, procedures,
collection and process of data etc. all should be rigorously scientific and con-
formed with generally recognized scientific principles, include the principle of
research integrity. As for biomedical research involving human subjects any
research that is not meet scientific requirement must be a treated as a violation of
ethical principle.

Chapter 2
Ethical Principles

Atrticle 7

Principle of Nonmaleficence/Beneficence

Adult stem sell products shall be tested by a qualified third party before the clinical
trial of adult stem cells be conducted. If the products fail to reach the standard
(the standard shall be set later), the trial shall not be conducted. According to data
obtained from preclinical research, the possible risk/benefit to human subjects shall
be evaluated and risks shall be minimum. If risks are higher than minimum, it shall
be considered that whether the benefits to society are great enough to justify the trial.
In clinical trial efforts shall be made to minimize the risks and maximize the benefits.
If risks are high, while the benefits to human subjects and society are marginal, the
research project shall not be approved

Article 8

Principle of Informed Consent

In clinical trial of adult stem cells adequate information shall be provided to
human subjects, possible therapeutic effect, risks and toxic/side effects shall be
objectively disclosed to them, and efforts shall be made by investigator to help
them understand all the information concerned. Human subjects shall be given
enough time to consider it, then voluntarily make their own decision to agree or
refuse to participate in the clinical trials. Human subjects shall be permitted to
withdraw from the trial at any time with any reason, and shall not be discriminated
because of the withdrawal. Personal information of human subjects shall be
strictly kept confidential.

Article 9

Principle of Justice

When human subjects are recruited, the criteria for inclusion and exclusion shall
be developed and the benefits/burdens shall be justly distributed.
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Article 10

Principle of Public Good

When the results of clinical trial of adult stem cells are proved to be safe and effective,
the investigator shall sum up the trials realistically and scientifically, and publish the
results on professional journals. Investigators, funding units, and policy-making
departments shall thoroughly considerate social good of the research and maximize it.

Article 11

Principle of Non-commercialization

Adult stem cells shall be collected with non-compensation and voluntary donation,
but appropriate subsidy is permitted. Expenses of adult stem cell clinical trial
shall be supported by institute/department concerned or foundation. It shall be
not permitted to charge any fee to human subjects.

Chapter 3
Norms of Conduct

Article 12

The borderline between preclinical research, clinical trial and clinical application
shall be strictly distinguished and not be confused. Preclinical research and clinical
trial are two important phases of clinical scientific trial of medicine. The results of the
research can be applied to clinical practice only if those two phases of research are
finished, adequate evidences of safety and effectiveness are obtained and scientifically
evaluated and ethically reviewed, and approved by the state health care administra-
tion. It shall be ethically impermissible to apply adult stem cells into patients’ market
in commercialized way and it causes patient’s physical, mental and economic harm
without being proved scientifically and approved by health care administration.

Article 13

The collecting, handling and processing of adult stem cells shall be under strict
quality control. In order to ensure the quality and safety of adult stem cells, The
screening of genetic and epidemic diseases shall be conducted to the donors; adult
stem cells shall be collected, handled and processed under adequately safe and
aseptic (germ-free) condition in conformity with GMP; the entire production cycle
shall be monitored by standard protocol, during the differentiation and production
the batch homogeneity and verification method shall be ensured, the diversity of
cell sources shall be reduced, the differentiation and production process shall be
regulated, the function and composition of the final product shall be strictly tested.
In order to maintain the stability of stem cells, their phenotype, karyotype, genetics
and epigenetics shall be analyzed and marked; close attention shall be paid to the
tumorigenicity and toxicity of pluripotent stem cells in treatment (including the
acute and chronic toxicity of main organs), and blood biochemical changes and
immunogenicity of expected parts after cell transplantation; unified standard criteria
of transplantation, including timing, route, number and main evaluation indices of
clinical observation shall be established in order to ensure the safety of human subjects,
and the obtained data being able to determine the effectiveness of the graft.
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Article 14

Preclinical research of adult stem cells is the necessary premise of clinical trial. In
preclinical research the characteristics of the stem cells that are planned to be used for
treatment, the pathway of entering target, the mechanism in human body, the adverse/
side effects and tumorigenicity shall be studied systemically and in conformity to
norms. Only after the scientific data which prove the safety, effectiveness and control-
lability of stem cell therapy technology are obtained, clinical trial can be conducted.

Article 15

Clinical trial of adult stem cells is the necessary condition for clinical application
(translation). Clinical trial projects shall be strictly reviewed both in scientific and
ethical aspects by provincial, municipal or autonomous region ethical review
committee. The main contents of ethical review include:

1. Whether the adult stem cells used for clinical trial are provided by qualified
institution. There shall be a scientific identification report to prove the biologi-
cal characteristics of the provided stem cells and their derivatives meet scien-
tific standard.

2. Whether data, reports and scientific evaluation about the safety and effective-
ness of preclinical adult stem cell study (including laboratory research and
animal research) are provided.

3. Whether the qualification and experiences of the investigator meet the require-
ments of clinical trials.

4. Whether the scientific grounds of the clinical trial, trial protocol, and the aim
and significance of the trial are provided.

5. Whether the ratio of potential risks exposed to subjects and expected benefits is
acceptable. Whether protection measures are taken to protect subjects from
potential risks.

6. In the informed consent process of, whether the information provided to
subjects (or their family member, guardian or legal proxy) is complete and
understandable, whether the informed consent is obtained in an appropriate
way, and whether the informed consent form is appropriate.

7. Whether confidential measures are taken to protect subjects’ data.

8. Whether the criteria for subjects’ inclusion and exclusion are appropriate
and fair?

9. Whether subjects are explicitly disclosed of the right they enjoy including being
able to withdraw at any time during the trial without need to provide any reason
and the right to non-discrimination.

10. Whether the subjects get reasonable subsidies due to participating in the trial.
If they get injury or even die caused by participating in the trial, whether the
medical care or compensation they receive is appropriate.

11. Whether there is any specially assigned member in research team who is
responsible for handling the issues of informed consent and subjects’ safety.

12. Whether protective measures are taken for potential risks subjects may
exposed to.

13. Whether there is conflict of interest between investigator and subjects.
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Article 16

Strict licensing system shall be adopted for clinical application of adult stem cells.
According to the norms laid down in Rules of Clinical Applications of Medical
Technologies promulgated by Ministry of Health, stem cell treatment is classified
as the Third Type of Medical Technologies than shall be strictly controlled and
governed by health care administration. It is prohibited that adult stem cells are
applied into clinics, and operated commercially by any institution without the
approval from health care administration.

Article 17

The transplantation technologies of bone marrow hemopoietic stem cells, peripheral
hemopoietic stem cells and umbilical cord stem cells that are applied to treat
hemopoietic system diseases, hematopoietic injuries caused by radiation or chemo-
therapy for tumor, autoimmune diseases, radiation diseases, genetic diseases and
etc. have been used for several decade, their safety and effectiveness have been
scientifically proved. There has already existed mature governance mechanism, and
these procedures have become routine treatment, so there is no need for them to
conduct clinical trials.

Article 18

Based on the implications of Article 35 Helsinki Declaration, autologous or
allogenic stem cells are permissive to provide to individual critical patients with their
voluntary consent by medical professionals as experimental treatment or innovative
therapy. This kind of experimental treatment is different from clinical trial, nor from
routine clinical practice, which shall meet the following requirements:

1. Patients of experimental treatment shall be those with advanced cancer or serious
disease, for which doesn’t exist any alternative to be selected as better medicine
or medical technology;

2. Clinicians shall propose written protocol of experimental treatment including
reasonable scientific ground for choosing adult stem cell therapy, scientific data
about the safety and effectiveness of preclinical studies, qualification of the
clinician, voluntariness of the patient, qualified informed consent form, operation
facilities for stem cell technology that meet scientific requirement, measures to
deal with toxic/side-effects and plan to handle complication and adverse reaction
and follow-up plan.

3. Clinicians shall commit to use the experiences that are obtained from their indi-
vidual patients to pursuit universal knowledge. For this goal, the written protocol
shall also include: determining therapeutic results in a systematic and objective
way, reporting results, including negative results and adverse events to medical
community at academic conferences or professional journals, and promptly
turning into formal clinical trials (according to Article 15) after positive results
being obtained from patients.

4. The written protocol shall be reviewed by provincial, municipal or autonomous
region ethical review committee, and also approved by health care administration
at the same level.

5. The patient shall be charged for experimental treatment according to the cost.
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Article 19

Mesenchymal stem cell is a kind of cell with low-grade differentiation which has
been in fetus’ mesenchymal tissues. In adult tissues there still preserve highly viable
mesenchymal cells in initial state which can differentiate into new cells and tissues
under certain condition. Using these cells as the source of adult stem cells can
reduce rejection. Its preclinical studies shall be strengthened. Any research that
meets relevant rules or requirements set in the Article 15 of the Guidelines can apply
for clinical trials.

Article 20

When adult stem cells and their derivatives need to be produced in batch and enter
into medical market, they shall be classified as medical products of human cells
which in turn shall be strictly reviewed in compliance with SFDA’s Norms for
Quality Control of Drug Clinical Trials. Without SFDA’s approval, no such product
shall be allowed to enter into the medical market.

Article 21
The application of adult stem cells and their derivatives for non-medical purpose,
such as enhancing height, IQ or athletic performance shall be strictly prohibited.

Chapter 4
Oversight and Governance

Article 22

After the safety and effectiveness of adult stem cells are proved in clinical trial and
before they are translated into clinical application, the application for clinical trans-
lation shall be approved by Ministry of Health, and the qualification of licensing
shall be obtained, then clinical application shall be permissive.

Article 23

Expert Committee of Stem Cell Research and Application at national level shall be
founded and affiliated with Ministry of Health. Strictly licensing system shall be
established. Those health care institutions, which are qualified and competent in
standard management shall be granted the license for stem cell therapy, and public
notice shall be declared timely. Those health care institutions which already obtain
the license shall be reviewed and reexamined regularly. Those health care institu-
tions which fail to pass the capacity of clinical applications and ethical assessment
shall be prohibited to perform any kind of stem cell therapies.

Article 24
The provincial, municipal or autonomous region health care administration has the
responsibility to govern and oversee adult stem cell clinical trial and clinical appli-
cation in its jurisdiction. For clinical trial and application of adult stem cells and
their derivatives, all health care institutions in province, city, People’s Liberation
Army and Armed Police Force shall observe the Guidelines.

Since the date on which the Guidelines take into effect, any guidelines or rules
that are incompatible with the Guidelines shall be overturned.
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Article 25

Any health care institution which violates the Guidelines, such as providing stem
cell therapy before clinical trials or providing long term stem cell therapy without
clinical trials being conducted in the name of experimental treatment, not only shall
be ordered to terminate its stem cell therapy immediately, but also shall be banned
from applying for the application of the third category of medical technologies
specified in The Rule for Clinical Application of Medical Technologies and clinical
trial of stem cell therapy in coming 5 years.

Article 26

The Guidelines shall go into effect on the date it is promulgated.
Translated by Wang Zhaochen, Zhang Di, Cui Gengshen, & Liu Ran
Reviewed by Zhai Xiaomei & Qiu Renzong
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International Perspectives!

Introduction

The use of stem cells as medicines is a promising and upcoming area of research as
they may be able to help the body to regenerate damaged or lost tissue in a host of
diseases like Parkinson’s, multiple sclerosis, heart disease, liver disease, spinal cord
damage, cancer and many more. Translating basic stem cell research into routine
therapies is a complex multi-step process which entails the challenge related to man-
aging the expected therapeutic benefits with the potential risks while complying with
the existing regulations and guidelines. While in the United States (US) and European
Union (EU) regulations are in place, in India, there does not exist a well-defined
regulatory framework for “stem cell based products (SCBP)”. There are several areas
that need to be addressed as it is quite different from that of pharmaceuticals. These
range from establishing batch consistency, product stability to product safety and
efficacy through pre-clinical, clinical studies and marketing authorization [22].
Stem cells have a unique ability to differentiate into the specific cells required for
repairing damaged or defective tissues or cells. Stem cell based therapies, encom-
passing collection, purification, manipulation, characterization delivery of cells for
therapeutic purposes, have existed since the first successful bone marrow transplan-
tation in 1968 [20]. Presently, human embryonic stem cells (hESCs) are used in
13 % of cell therapy procedures, while fetal stem cells are used in 2 %, umbilical
cord stem cells in 10 %, and adult stem cells in majority (75 %) of treatments [1].
Among adult stem cells one of the cell types most widely used to date in cell therapy

'This part is compiled and pieced together on the basis of published or online writings and
originally intended to be provided as internal reference.
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are mesenchymal stem cells (MSCs), which are of a mesodermal origin and have
been isolated from bone marrow, umbilical cord blood, muscle, bone, cartilage, and
adipose tissue. Recent studies have shown that MSCs also represent an optimum
tool in cell therapy because of their easy in vitro isolation and expansion and their
high capacity to accumulate in sites of tissue damage, inflammation, and neoplasia.
MSC:s are therefore useful in regenerative therapy, in graft-versus-host disease and
in Crohn’s disease, or in cancer therapy. The development in the future of an
optimum methodology for genetic manipulation of MSCs may even increase their
relevant role in cell and gene therapy. So the multipotent mesenchymal stem cells
(MSCs) have been suggested as a suitable cell source for cell-based treatments for
diseases such as osteoarthritis due to their ability to differentiate towards chondro-
genic and osteogenic lineages. MSCs can be obtained from a variety of tissue
sources, are scalable for mass-production and immuno-privileged enabling their use
for allogeneic cell therapy [31, 2].

The term “stem cell based products (SCBP)” is used to refer to products intended
to be administered to a patient and that contain or are derived from stem cells [23].
Commercial clinics worldwide are currently advertising so-called stem cell “thera-
pies” for a host of diseases. Most of the clinics providing stem cell based interven-
tions do not operate within the context of a formal clinical trial (CT). Whether the
motive is outright profiteering or an attempt to help needy patients, the risks to patients
of physical harm and financial exploitation remain extremely high. Globally, many
pharmaceutical companies, including the big ones, are reluctant to enter this segment
because of the great investment required and the uncertainties associated with it
which include the regulatory framework. While some have regulations in place, oth-
ers do not even have their own national guidelines to follow. Appropriate regulation
of SCBP is essential to ensure public safety and trust while minimizing unnecessary
barriers to product development, but presents numerous regulatory challenges [22].

As the pace of translational stem cell research accelerates, researchers and gov-
erning bodies must work together to develop and implement rigorous ethical stan-
dards to guide the transition into the clinical sphere. The field of stem cell research
has entered an invigorating translational phase aiming to yield discoveries that will
pave the way for regenerative medicine to cure diseases for which traditional meth-
ods have failed. Government agencies and charities are increasingly directing fund-
ing towards translational research in both the US and Europe. In the UK, the Medical
Research Council has set up a translational stem cell research committee to fund
research proposals with clear translational goals. In the US, the portfolio of the
Californian Institute of Regenerative Medicine includes more than 40 translational
projects. The focus on applied stem cell research and the transition into stem-cell-
based therapy in the clinic must be accompanied by the development of regulatory
oversight of basic research with translational potential [14].

The capacity to reprogram human adult somatic cells into a pluripotent state or a
different cell type has opened the door to the development and study of patient-specific
cells. These cells not only provide a tool for researchers to understand more about the
mechanistic basis of disease, but also offer the possibility of drug testing in a dish.
Fundamentally, it is the responsibility of researchers to ensure that appropriate con-
sent has been obtained from patients for the initial study and follow-up research,
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especially in cases involving genomic analysis that could potentially disclose sensitive
information. Although clinical trials using reprogrammed patient-specific cells are a
long way off, other areas of stem cell research are closer to clinical application. The
International Society for Stem Cell Research (ISSCR) has taken a strong lead in pro-
moting stringent guidelines for translational stem cell research. In 2008, they pro-
duced a booklet for researchers and clinicians who are moving their research to the
clinical phase, in which they called for rigorous standards and evaluation, a thorough
informed consent process for patients involved in clinical trials, and transparency [14].

Few stem-cell-based treatments, such as bone marrow transplantations to treat
blood-related disorders, have proven beneficial for patients in rigorous clinical trials
and are now offered as treatments. Most other such therapies are in an experimental
phase, and only a handful of clinical trial results have been published so far. In 2010,
de Luca, Pellegrini and co-workers presented the results of their 10 year study using
the human cornea, demonstrating the transplantation of limbal adult stem cells to
restore retinal epithelium destroyed by burn (New Engl. J. Med. 363, 147-55;2010).
Earlier this year, Lanza and colleagues reported no adverse effects when they trans-
planted retinal pigment epithelium cells derived from human embryonic stem cells
into patients suffering from advanced stages of macular degeneration (Lancet
379,713-720; 2012) [14].

Unfortunately, beyond such strictly regulated clinical trials, many treatments
proposing to use stem cells (in particular, adult mesenchymal stem cells) to cure a
range of ailments are being offered to patients around the world, with no clinical
trial results to support their claims. The challenge for the field is to develop stringent
rules in conjunction with government authorities, so that clinical trials are appropri-
ately identified and regulated, and to remain vigilant about informing the public and
the authorities in cases of non-compliance. The ISSCR has taken significant steps in
this direction by developing a comprehensive resource for patients considering
stem-cell-based therapies by encouraging their members to promote the dissemina-
tion of this information [14].

Governments have also taken note of this need. In January, China halted unap-
proved stem cell treatments and placed applications for new trials on hold until July
2012. In a press release from the ISSCR, Chinese stem cell researchers welcomed
this measure and noted that it demonstrates that governing bodies are taking steps to
put in place much-needed regulation at the same time as increasing their investment
in stem cell research. Last year, the X-Cell Center in Germany closed after 4 years
of proposing expensive treatments involving the injection of stem cells (derived
from bone marrow) into various affected body parts of patients, a method radically
different from using bone marrow transplantation to treat blood disorders. The clo-
sure of this clinic was a result of a change in European laws requiring that hospital
doctors apply for European-Union-wide licenses to use innovative therapies such as
stem-cell-based treatments, and of the active lobbying of German stem cell research-
ers belonging to the North Rhine Westphalia Stem Cells Network. The latter wrote
an open letter against the activities of this clinic and directed patients to the ISSCR
handbook on stem cell therapies [14].

However, some physicians seem to believe that full approval of a possible treat-
ment by national organisations such as the Food and Drug Administration could
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take too long, or would not be necessary if patients are made aware of the risks
involved and if a review panel has estimated their safety. Last year, the governor of
Texas underwent an experimental stem cell treatment. In parallel, a change was
proposed in Texas regulation that could allow experimental stem cell therapies to be
made commercially available to patients. This triggered the reaction of ISSCR
members, who stated that such changes would breach their guidelines for clinical
trials involving stem cells [14].

Unapproved stem-cell-based therapies represent a danger for the patients and
will ultimately be detrimental for the development of regenerative medicine. By
taking responsibility and implementing regulatory oversight, researchers can
enhance the move towards safe and effective translational applications [14].

Regulatory Challenges

There are several regulatory issues that relate to the safety, efficacy, and quality of
SCBPs to be considered while preparing a cell- and tissue-based therapy for clinical
and commercial use. Initially, safety testing is critical, including assays for potential
microbial, fungal, endotoxin, mycoplasma, and viral contamination; karyotype
testing; and enrichment for the required cell population. Once safety has been estab-
lished, the product must pass in vitro functional assays designed to act as surrogate
measures for clinical effectiveness [8, 34]. These potency assays must be fully
validated to meet regulatory requirements, including appropriate standards and
controls. The product has to be made to a certain set of specifications, ensuring high
quality. Another aspect is the scarce availability of classical toxicology studies from
the pre-clinical development. All animal models have inherent limitations, like, for
example, the application of human cells in a xenogenic milieu [5]. This requires the
use of severely immuno-compromised small animals. Furthermore, for a variety of
diseases, for example, in orthopedics, small animals are not capable of modeling the
disease. Selection of the most appropriate and sensitive model for conducting
tumorigenicity studies should take into account the biological characteristics,
conditions of in vitro manipulation, persistence of cells, route of administration and
the intended clinical use of the SCBP. In the presence of reduced pre-clinical data,
it is required that the CTs should be performed, with the highest attention being paid
to the safety and ethical issue involved [22].

Cell therapy is one of the advanced therapy products (ATPs), together with gene
therapy and tissue engineering in Europe. A regulatory framework is required for
ATPs to ensure patient accessibility to products and governmental assistance for
their regulation and control. Certainty, scientific reality and objectivity, and flexibil-
ity to keep pace with scientific and technological evolution are the characteristics
defining an effective regulation [31].

Aspects to be regulated mainly include control of development, manufacturing,
and quality using release and stability tests; non-clinical aspects such as the need for
studies on biodistribution, cell viability and proliferation, differentiation levels and
rates, and duration of in vivo function; and clinical aspects such as special dose
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characteristics, stratification risk, and specific pharmacovigilance and traceability
issues [31].

Guidelines — ranging from total prohibition to controlled permissiveness — defining
what may be permitted in research with pluripotent stem cells have been issued in
countries all over the world. All such guidelines reflect the different views about
when life starts during the human embryonic development, as well as regulation of
measures to protect oocyte donors and to reduce the probability of human embryo
destruction. There is general international agreement in that the results of stem cell
research should not be applied in humans without prior ethical scrutiny. For this
purpose, 42 European countries have national ethics committees since 2006, and a
President’s Council on Bioethics with an advisory role in bioethical matters was
created in the US in 2001. The European Commission currently has the Group on
Ethics in Science and New Technologies, an advisory, independent, and plural mul-
tidisciplinary body, and in other countries, such as the United Kingdom, legislation
on action and bioethics is clearly established since several years ago [31].

Regulatory Framework in the US

In the United States of America, restrictions are limited to research with federal
funds. No limitations exist for research with human embryonic stem cells provided
the funds come from private investors or specific states. In countries such as
Australia, China, India, Israel, Japan, Singapore, and South Korea, therapeutic clon-
ing is permitted [31].

Stem-cell-based therapies have existed since the first successful bone marrow
transplantations in 1968. The FDA has developed a regulatory framework that con-
trols both cell- and tissue-based products, and recently issued updates to previous
regulations referring to human cells, tissues, and all derived products [42], 2006].
This regulation provides an adequate regulatory structure for the wide range of stem
cell-based products which may be developed to replace or repair damaged tissue, as
both basic and clinical researchers and those working in biotechnological and phar-
maceutical companies which need greater understanding and information to answer
many questions before submitting a stem cell-based product for clinical use [31].

It should be reminded that, unlike conventional medicinal products, many stem
cell-derived products are developed at universities and basic research institutions,
where preclinical studies are also conducted, and that researchers there may not be
familiar with the applicable regulations in this field. The FDA also provides specific
recommendations on how scientists should address the safety and efficacy issues
related to this type of therapies [23].

Any product based on stem cells or tissues undergoes significant processing, and
it should therefore be fully verified that they retain their normal physiological func-
tion, either combined or not with other non-tissue components, because they will
generally be used for metabolic purposes. This is why many such products, if not
all, must also comply with the Public Health Services Act, Section 351 [39],
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governing the granting of licenses for biological products, which requires FDA
submission and application for investigational protocols of new drugs before
conducting clinical trials in humans [31.]

The key points of the current FDA regulation for cell therapy products [23]
include: (i) demonstration of preclinical safety and efficacy; (ii) no risk for donors
of transmission of infectious or genetic diseases; (iii) no risk for recipients of con-
tamination or other adverse effects of cells or sample processing; (iv) specific and
detailed determination of the type of cells forming the product and what are their
exact purity and potency; (v) in vivo safety and efficacy of the product [31].

In the US, use of cell therapy products is codified within the Code of Federal
Regulations in the following sections: Investigational New Drug Regulations
(21 CFR 312), biologics regulations (21 CFR 600) and cGMP (21 CFR 211).?2
In particular, US federal regulation on cellular therapy is divided into two sections
of the Public Health Service Act (PHSA), referred as “361 products” [35] and “351
products” [39]. Traditional blood and bone marrow progenitor cells as well as
other tissues for transplantation fall into 361 products definition. The Food and Drug
Administration (FDA) has established that cells or tissues used for therapeutic
purposes and the regulation that pertains to processing of 361 products are codified
under the Good Tissue Practice (GTP). CFR, Part 1271 provides US regulations on
Cells, Tissues, and Cellular and Tissue-Based Products (HCT/Ps) [41]. This became
effective in 2005 as rules for HCT/Ps. The FDA has also issued guidance documents
about how the drug, biologic, and device regulations apply to cellular and genetic
therapies [22, 40].

Classification of stem cell based therapies is based on indication to be treated.
Restrictions are limited to research with federal funds. No limitations exist for
research with hESCs, provided the funds come from private investors or specific
states. The FDA has developed a regulatory framework that controls both cell- and
tissue-based products, based on three general areas [31]:

* Prevention of use of contaminated tissues or cells (e.g. AIDS or hepatitis);

* Prevention of inadequate handling or processing that may damage or contaminate
those tissues or cells; and

e Clinical safety of all tissues or cells that may be processed, used for functions
other than normal functions, combined with components other than tissues, or
used for metabolic purposes.

The Center for Biologics Evaluation and Research (CBER), the division of US
FDA that regulates stem cell based therapies, has so far approved ApliGraf®,
Carticel® and Epicel®. Those cell-based therapeutics “that are, minimally manipu-
lated, labeled or advertised for homologous use only, and not combined with a drug
or device” do not require FDA approval [33]. In contrast, manipulated autologous
cells for structural use meet the definition of somatic cell therapy products and

2Please see Legal Information Institute, Cornell University Law School, http://www.law.cornell.
edu/cfr/text/21/312.
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require an “investigational new drug” (IND) exemption or the FDA license approval.
In 2007, the “Guidance for Industry: Regulation of HCT/Ps — Small Entity
Compliance Guide” and in 2009, the “Guidance for Industry on Current Good
Tissue Practice (cGTP) and Additional Requirements for Manufacturers of HCT/Ps”
(http://www.fda.gov) had been released [6]. Clinical studies employing mescenchymal
stem cells (MSCs) underlie the IND mechanism. Accordingly, the investigators
have to make an IND application, which necessitates detailed study protocols
describing the clinical plan as well as the preparation and testing of the therapeutic
cell product [21, 22].

Under the current FDA policies, there are at least two ways in which physicians
may administer more than minimally manipulated stem cell products to patients.
The first is under the FDA’s program for expanded access to investigational drugs
and biological products for treatment use (what is sometimes referred to as “com-
passionate use”) as long as these products are currently being tested elsewhere in a
CT and only if expanded access will not interfere with the conduct of clinical inves-
tigations. FDA allows clinicians to charge for direct cost recovery and administra-
tive costs associated with expanded access use [24]. The second is the off-label
prescribing of FDA-approved stem cell products. Off-label prescribing is premised
on the position that the FDA does not have the authority to regulate medical practice
and the assumption that physicians can be trusted to use their professional judgment
in deciding how to treat their patients [13, 22].

There is still much to be learned about the procedures to establish the safety and
efficacy of cell therapy products. The greater the understanding of the biology of stem
cell self-renewal and differentiation, the more precise the evaluation and prediction of
potential risks. Development of techniques for cell identification within a mixed cell
culture population and for follow-up of transplanted cells will also be essential to
ascertain the potential in vivo invasive processes and to ensure safety [31].

Since new stem cell-based therapies develop very fast, the regulatory framework
must be adapted and evolve to keep pace with such progress, although it may be
expected to change more slowly. Meanwhile, the current regulations must provide
the framework for ensuring the safety and efficacy of the next generations of stem
cell-based therapeutic products [31].

In July 2012 a U.S. District Court issued an injunction against use of the
“Regenexx™ Procedure,” which purports to treat joint, muscle, tendon or bone pain
due to injury or other conditions with culture expanded autologous adult stem cells.
The court agreed with the FDA that the cell product used in the procedure is both a
drug and a “biological product” subject to FDA regulation. The FDA notified
Regenerative Sciences in 2008 that the FDA believed the cell product used in the
Regenexx™ Procedure constituted a drug under the Federal Food Drug and
Cosmetics Act (FFDCA) and a biological product under the Public Health Service
Act (PHSA). In 2009 and 2010, the FDA investigated a Regenerative Sciences
laboratory and determined that it did not operate in conformity with current good
manufacturing practices. In 2010, the FDA filed suit to enjoin further use of the
Regenexx™ Procedure claiming that it constitutes the manufacturing and holding
for sale an unapproved biological drug product [3, 4, 29].
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In October 2012 FDA approved Stemedica phase II clinical trial for acute
myocardial infarction with ischemia tolerant mesenchymal stem cells. Stemedica
Cell Technologies, Inc., a leader in adult allogeneic stem cell manufacturing,
research and development, announced today that the U.S. Food and Drug
Administration (FDA) approved its application for an Investigational New Drug (IND)
to assess the clinical effects of Stemedyne-MSC (Stemedica’s human bone marrow-
derived ischemia tolerant mesenchymal cells) in subjects with a myocardial infarct.
The Phase Ila double-blinded randomized clinical trial will study approximately
forty (40) patients. All patients will initially receive standard care including percu-
taneous transluminal coronary angioplasty (PTCA) and stenting and, upon completion,
will be randomized to receive Stemedyne-MSC intravenously or placebo [36].

Regulatory Framework in EU

European countries may be classified into three groups based on their different posi-
tions regarding research with embryonic stem cells of human origin. (i) Countries
with a restrictive political model (Iceland, Lithuania, Denmark, Slovenia, Germany,
Ireland, Austria, Italy, Norway, and Poland); (ii) Countries with a liberal political
model (Sweden, Belgium, United Kingdom, and Spain); and (iii) Countries with an
intermediate model (Latvia, Estonia, Finland, France, Greece, Hungary, Switzerland,
the Netherlands, Bulgaria, Cyprus, Portugal, Turkey, Ukraine, Georgia, Moldavia,
Romania, and Slovakia) [31].

The Seventh Framework Program for Research of the European Union, coordi-
nated by the European Medicines Agency, was approved on July 2006. This Seventh
Framework Program provides for funding of research projects with embryonic stem
cells in countries where this type of research is legally accepted, and the projects
involving destruction of human embryos will not be financed with European funds.
Guidelines on therapeutic products based on human cells are also established [15].

This regulation replaces the points in the prior 1998 regulation (CPMP/
BWP/41450/98) referring to the manufacture and quality control of therapy with
drugs based on human somatic cells, adapting them to the applicable law and to the
heterogeneity of products, including combination products. Guidance is provided
about the criteria and tests for all starting materials, manufacturing process design
and validation, characterization of cell-base medicinal products, quality control
aspects of the development program, traceability and vigilance, and comparison.
Is also provides specific guidance of matrixes and stabilizing and structural devices
or products as combination components [31].

The directive recognizes that conventional non-clinical pharmacology and toxico-
logical studies may be different for cell-based drugs, but should be strictly necessary
for predicting response in humans. It also establishes the guidelines for clinical trials
as regards pharmacodynamic and pharmacokinetic studies, defining the clinically
effective safe doses. The guideline describes the special consideration to be given to
pharmacovigilance issues and the risk management plan for these products [31].
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The guideline has therefore a multidisciplinary nature and addresses development,
manufacture, and quality control, as well as preclinical and clinical development of
medicinal products based on somatic cells [10] and tissue engineering products
[19]. Includes autologous or allogeneic (but not xenogeneic) protocols based on
cells either isolated or combined with non-cell components, or genetically modified.
However, the document does not address non-viable cells or fragments from
human cells [31].

Legislation on cell therapy in Europe is based on three directives [31]:

e Directive 2003/63/EC (amending Directive 2001/83/EC), which defines cell
therapy products as clinical products and includes their specific requirements
[10, 11].

e Directive 2001/20/EC, which emphasizes that CTs are mandatory for such cell
therapy products and describes the special requirements for approval of such
trials [9].

e Directive 2004/23/EC, which establishes the standard quality, donation safety,
harvesting, tests, processing, preservation, storage, and distribution of human
tissues and cells [12].

The EU directives recognize that conventional nonclinical pharmacology and
toxicological studies may be different for cell-based drugs, but should be strictly
necessary for predicting response in humans. The EU regulation (1394/2007) on
Advanced Therapy Medicinal Products (ATMPs) became effective from December
2008 and is binding in its entirety and directly applicable in all Member States of
the European Parliament and of the council [19]. ATMPs include gene therapy
medicinal products, somatic cell therapy products (as defined in Directive 2001/83/
EC) [10], and tissue engineered products. Cells fall under this regulation, in case
they have been subjected to substantial manipulation, resulting in a change of their
biological characteristics, physiological functions or structural properties relevant
for the intended therapeutic application. The Committee for Advanced Therapies
(CAT) within European Medicines Agency (EMEA) is responsible, among other
tasks, for preparing a draft opinion on the quality, safety, and efficacy of ATMPs
that follow the centralized marketing authorization (MA) procedure. Yet, no MA
has been granted for any stem cell based medical product (SCBPM) in the EU [17].

EMA has very recently released a “Reflection Paper” [16] which covers specific
aspects related to SCBPs with an intention for MA application. This reflection paper
is relevant to all medicinal products using stem cells as starting material regardless
of their differentiation status at the time of administration. SCBPs intended for clin-
ical use should be produced via a robust manufacturing process governed by quality
control sufficient to ensure consistent and reproducible final product. EMA suggests
a risk-based approach according to Annex I, part IV of Directive 2001/83/EC for
SCBPs [10, 22].

Generally, the clinical development plan should follow corresponding EU
guidance on medicinal products and specific relevant guidance for the diseases to
be treated. CTs should be designed to demonstrate safety and efficacy as well as
provide evidence to substantiate the mode of action identified during the CT.
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For first-in-man studies, the principles of the guideline on strategies to identify and
mitigate risks for first-in-human CTs with investigational medicinal products
(EMEA/CHMP/SWP/28367/07) [18] should be considered. In first-in-man studies,
specific safety endpoints may need to be defined based on theoretical considerations
and in order to detect early any toxicity arising from potential contaminants in the
final product. In those cases where sufficient proof-of-concept and safety cannot be
established in the nonclinical studies, for example, due to justified difficulties in
finding an appropriate animal model, the evidence should be generated in CTs by
including additional endpoints for efficacy and safety, respectively. Clinically
meaningful endpoints related to the pharmacodynamic effect of the product should
be used for efficacy assessment in the target indication. The effective range of stem
cells and/or stem-cell derived cells administered should be defined during dose find-
ing studies, unless justified. A safe and effective treatment dose should be identified,
and where possible, the minimally effective dose should be determined. The selected
biomarkers should permit delineation of the differentiation status of the SCBP at
time of patient administration as well as facilitate in vivo monitoring once adminis-
tered. The presence of the administered stem cells in places other than those intended
should be investigated. It is important to evaluate the time to achieve the clinical
outcome and, where relevant, the time to engraftment in order to correctly define
the cell population required for such an in vivo effect. The need for and duration of
post-authorization long-term efficacy follow-up should be identified during the
CTs, taking into consideration results from nonclinical studies and the intended
therapeutic effect [22].

In the UK Code of Practice for the Use of Human Stem Cell Lines [38] it is
stipulated:

In 3.4 Medicines for Human Use (Clinical Trials) Regulations 2004: Stem cell
(gamete derived) cell based products that involve the destruction of a human embryo
in their formulation are initially licensed by the HFEA. At the point where the
embryo has been destroyed and cells are harvested these human cells would fall
under the remit of the HTA. The development of a product using these cells is under
the remit of the HTA until such time as the MHRA classifies the product as an
Investigational Medicinal Product (IMP) or the product is classified as an Advanced
Therapy Medicinal Product (ATMP). Once this classification has been confirmed
the Manufacture, Clinical Trial Approval and Marketing approval (for IMPs) are
under the remit of the MHRA and not the HTA. Trials of IMPs in the UK are autho-
rised and regulated by the Medicines and Healthcare products Regulatory Agency
(MHRA). Stem cell lines that fall within the EU definition of medicinal product
which are used in clinical trials to assess safety or efficacy in humans will be IMPs
and such trials must be authorised by the MHRA.

In 3.5 EC Regulation on advanced therapy medicinal products 2007:

It is obligatory under the Regulation that all advanced therapy medicinal
products (ATMPs) which may include stem cells therapies (regardless of derivation)
are subject to the European centralised marketing authorisation procedure which is
coordinated on behalf of the European Commission by the European Medicines
Agency (EMEA).
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In 3.6 Clinical trials involving the use of human stem cell lines the role of the
Gene Therapy Advisory Committee (GTAC):

GTAC has UKwide responsibility for the ethical oversight of proposals to
conduct clinical trials involving gene therapy or stem cell therapies derived from stem
cell lines. It is both a Government Scientific Advisory Committee and a Research
Ethics Committee formally recognised in statute. Its terms of reference are:

» To consider and advise on the acceptability of proposals for gene therapy research
on human subjects, on ethical grounds, taking account of the scientific merits of
the proposals and the potential benefits and risks.

* To consider and advise on the acceptability of proposals for research on human
subjects using cells derived from stem cell lines, based on ethical grounds,
taking account of the scientific merits of the proposals and the potential benefits
and risks.

* To provide ethical advice on the use of unlicensed gene therapy and stem cell
line derived therapies in humans.

* To work with other agencies which have responsibilities in this field, including
research ethics committees, and agencies with statutory responsibilities the
Medicines and Healthcare products Regulatory Agency, the Human Tissue
Authority, the Health and Safety Executive and the Department for Environment
Food and Rural Affairs.

* To provide advice to United Kingdom Health Ministers on the above matters.

Researchers wishing to conduct clinical trials using products derived from stem
cell lines should contact the GTAC Secretariat for initial discussions (gtac@dh.gsi.
gov.uk).

In 3.7 Overview of regulatory requirements:

Research involving human stem cells, and in particular the development of stem
cell therapies, may involve many regulatory approvals. This is due to the nature of
UK and EU legislation by which embryos, cells, tissue, clinical trials and licensing
of therapies fall under separate legislation. An interactive resource explaining all the
UK regulatory requirements, information and points of contact within the relevant
organisations is provided through the Department of Health/Medical Research
Council (MRC) “UK Stem Cell Tool Kit”. This resource allows researchers to build
a customised ‘map’ outlining all of the regulatory steps necessary to undertake
research involving human stem cells and to translate ideas for a new treatment from
the laboratory to patients [38].

Scenario in India

The “Ethical Guidelines for Biomedical Research on Human subjects” released by
Indian Council of Medical Research (ICMR) in 2006 [26] has provided under
Section V, the requirements for carrying out “stem cell research and therapy”. These
guidelines have categorized research on stem cells into mainly three areas, namely,
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permissible, restrictive and prohibited areas. Under permissible category, CT with
clinical grade stem cells, following ICMR Guidelines for Biomedical Research and
GCP guidelines of the Government of India (GOI), may be carried out with prior
approval of Institutional Committee for Stem Cell Research and Therapy (IC-SCRT),
Institutional Ethics Committee (IEC) and Drug Controller General of India (DCGI).
Clinical grade stem cells are required to be produced under international GMP/GTP
conditions. The headings under which the CT protocols should be written need to
be as per Annexure III of the guideline. All CTs on stem cells shall be registered
with National Apex Committee for Stem Cell Research and Therapy (NAC-SCRT)
through IC-SCRT. Restricted category includes CTs sponsored by multinationals,
involving stem cell products imported from abroad. Such collaboration shall require
prior approval of the NAC-SCRT through IC-SCRT, IEC, DCGI and respective
funding agency as per its procedure/Health Ministry’s Screening Committee (HMSC).
Each institution shall constitute an IC-SCRT as provided in these guidelines and
provide adequate support for its functioning.

ICMR and the Department of Biotechnology (DBT) have together laid down
“Guidelines for Stem Cell Research and Therapy” in November 2007 [27]. The
guideline has many commonalities with the ICMR, 2006 guidelines. The guideline
has emphasized on mechanism for review and monitoring research and therapy in
the field of human stem cells, one at the National level (the NAC-SCRT) and the
other at the institutional level (the IC-SCRT). All established human stem cell lines
from any source, imported or created in India, should be registered with IC-SCRT
and NAC-SCRT. The investigators should ensure that the cell lines have been estab-
lished in accordance with the existing guidelines of the country. An appropriate
Material Transfer agreement (MTA) should be adopted for the purpose. The inves-
tigators and the institutions where the stem cell research is being conducted need to
bear the ultimate responsibility of ensuring that research activities are in accordance
with laid down standards and integrity. CTs with cells processed as per National
GTP/GMP guidelines (minimally manipulated or manipulated with alteration in
functionality or genetic characteristics) may be carried out with prior approval of
IC-SCRT/IEC/DCQGI, as applicable. The informed consent process for participation
in CTs for SCBP encompasses many more details and conditions than those for
other type of products. All records pertaining to adult stem cell research must be
maintained for at least 5 years and those related to hES cell research must be
maintained for 10 years.

Clinical use of stem cells is not permitted until the

» Efficacy and safety of the procedure is established;

e Origin, safety and composition of the product is adequately defined and
labeled; and

* Conditions for storage and use are given in detail.

Our Central Drugs Standards Control Organization (CDSCO) has released
guidance document on submission requirements for new drug approvals for
Biotechnological/Biological products in Dec 2008 [25] along the lines of the
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CTD format. However, the same format cannot be directly applied for SCBP due to
inherent differences. Again, under the Drugs and Cosmetics Act and Rules, there is
no specific “Form” applicable either to apply for grant or renewal of manufacturing
licence for SCBPs. While there has been a subtle growth in the number of private
hospitals and clinics providing stem cell therapies across India, the Indian industry
is at crossroads in deciding how to take their SCBPs, for which they have gone
through the CTs (after taking due approvals from DCGI, IEC and ISCRT), to a
commercially licensed product within India! In the absence of laws/regulations
specifying the requirements, it is difficult to enforce the existing guidelines in India.
Also, NAC-SCRT is yet to become functional. Once regulations are laid down, one
can be either in compliance or out of compliance, and automatically an enforcement
mechanism would get built-in against non-compliance. Indian government has
taken steps in this direction. A new central committee, viz. Cell Biology Based
Therapeutic Drug Evaluation Committee (CBBTDEC) has been set up, under the
chairmanship of DG ICMR, with the mandate to advice on regulatory pathway for
CT marketing approval for therapeutic products derived from stem cells, human
gene manipulation and xenotransplant technology. CBBTDEC had its first meeting
to discuss various proposals put up to DCGI by the sponsors/CROs on March 9, 2011.
Formal recommendations have been communicated in May 2011 [22].

Toward Harmonization

Though the International Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use (ICH) has not yet formulated
any guidelines specific to SCBPs, some of its guidelines on biotechnology products
are relevant to this area [7]. Various non-binding codes of practice and guidelines to
cover stem cell research have also been published by international bodies such as
the International Society for Stem Cell Research [28] and the Hinxton Group [37].
“The Guidelines for the Clinical Translation of Stem Cells” drafted by ISSCR
emphasize the CTs approach in the majority of translational stem cell studies.
Fundamental principles in the responsible clinical application of stem cells are
the following:

e Only quality-controlled cells with known biological characteristics are used;

» Efficacy and safety after delivery of the cells have been demonstrated in appro-
priate animal models;

» Stem cell specific expertise is involved in the peer review of the clinical protocols
and the underlying pre-clinical research; and

e Voluntary informed consent is obtained prior to a CT to ensure that recipients are
aware of the risks of tumor formation and lack of proof of clinical benefits.

But, as guidelines, the ISSCR’s recommendations are essentially an unenforced
code of professional conduct! Both the regulatory frameworks in the EU and USA
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are structured to assure safety and thus they require a thorough analysis of all critical
steps and aspects in advance. Although there are still differences, the authorities are
in contact to further harmonize them [32].

ISSCR’s Recommendations

Recommendation 1: Institutions where preclinical or clinical research involving
stem cells or their direct derivatives is performed should take efforts to ensure that
investigators are aware of these Guidelines and other relevant policies and regula-
tions and put them into practice.

Recommendation 2: Human subjects review committees must review clinical
research involving (a) products from human embryonic or other pluripotent stem
cells; (b) novel applications of fetal or somatic (adult) stem cells; and (c) hemato-
poietic or other stem cells used for applications outside established standards of
care. The human subjects review of stem cell-based clinical protocols must enlist
stem cell-specific scientific and ethical expertise. The ISSCR does not anticipate
that stem cell research oversight committees will be required to conduct a separate
review, although some members of stem cell research oversight committees may be
used as consultants to the human subjects review process.

Recommendation 3: In the case of donation for allogeneic use, the donor should
give written informed consent that covers, where applicable, the following issues:

(a) that cells and/or cell lines may be subject to storage. If possible, duration of
storage should be specified;

(b) that the donor may (or may not) be approached in the future to seek additional
consent for new uses, or to request additional material (blood or other clinical
samples) or information;

(c) that the donor will be screened for infectious and possibly genetic diseases;

(d) that the donated cells may be subject to genetic modification by the investigator;

(e) that with the exception of directed altruistic donation, the donation is made
without restrictions regarding the choice of the recipient of the transplanted cells;

(f) disclosure of medical and other relevant information that will be retained, and
the specific steps that will be taken to protect donor privacy and confidentiality
of retained information, including the date at which donor information will be
destroyed, if applicable;

(g) explanation of what types of genomic analyses (if any) will be performed and
how genomic information will be handled; and

(h) disclosure that any resulting cells, lines or other stem cell-derived products
may have commercial potential, and whether any commercial and intellectual
property rights will reside with the institution conducting the research.

Recommendation 4: Donors must be screened for infectious diseases, as is done for
blood and solid organ donation, and for genetic diseases as appropriate.
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Recommendation 5: In the course of development of stem cell-based products, it is
imperative to validate surrogate markers of the identity and potency of cell products.

Recommendation 6: Where possible, components of animal origin used in the
culture or preservation of cells should be replaced with human components or with
chemically defined components to reduce the risk of accidental transfer to patients
of unwanted chemical or biological material or pathogens.

Recommendation 7: Acknowledging the limitations in current assays, scientists and
regulators must work together to develop common reference standards for mini-
mally acceptable changes during cell culture, to ensure quality and safety of cell
therapy, and to facilitate comparisons across studies.

Recommendation 8: The level of regulation and oversight should be proportional to
the degree of risk raised by the particular cell product and intended use (autologous
versus allogeneic use, minimally versus highly manipulated cell products, use for
homologous versus non-homologous functions).

Recommendation 9: To facilitate international collaboration and universal access to
stem cell-based treatments (both during clinical trials and when established as stan-
dards of clinical care), there is a need to develop appropriate quality management
systems for donation, procurement, testing, coding, processing, preservation of
stem cell potency, storage, and distribution of the cells. For extensively manipulated
stem cells (either autologous or allogeneic) destined to clinical application, the
ISSCR recommends adherence to GMP procedures, which includes minimizing
risks to patients from unwanted cell products.

Recommendation 10: Cellular therapeutics that incorporate gene repair or genetic
modification must adhere to regulatory guidelines set forth for both gene therapy
and cell therapy.

Recommendation 11: Sufficient preclinical studies in relevant animal models —
whenever possible for the clinical condition and the tissue physiology to be studied —
are necessary to make proposed stem cell-based clinical research ethical, unless
approved, controlled, and conclusive humans studies are already available with the
same cell source. Investigators should develop preclinical cell therapy protocols in
small animal models, as well as in large animal models when deemed necessary by
independent peer review or regulatory review.

Recommendation 12: Because new and unforeseen safety concerns may arise with
clinical translation, frequent interaction between preclinical and clinical investiga-
tors is strongly encouraged.

Recommendation 13: Small animal models should be used to test the transplanta-
tion of wild-type and/or diseased and genetically-corrected stem cells, to assess the
morphological and functional recovery caused by cell therapy, and to investigate the
biological mechanisms of tissue restoration or repair. Small animal studies should
also assess the dosage and route of administration of potential cell therapies, the
optimal age and disease stage for therapeutic efficacy, and the cellular distribution,
survival, and tissue integration.
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Recommendation 14: Large animal models should be used for stem cell research
related to diseases that cannot be sufficiently addressed using small animal models
or where structural tissue such as bone, cartilage, or tendon need to be tested in a
load-bearing model. The selected large animal model must offer an appropriate
context for studying the human disease and conditions of specific interest.

Recommendation 15: The need for studies in non-human primates should be evaluated
on a case-by-case basis, and performed only if the studies promise to provide neces-
sary and otherwise unobtainable information for experimental therapeutic application
of stem cells or their progeny in patients. All studies involving the use of non-human
primates must be conducted under the close supervision of qualified veterinary
personnel with expertise in their care and their unique environmental needs.

Recommendation 16: Cells to be employed in clinical trials must first be rigorously
characterized to assess potential toxicities through in vitro studies and (where possible
for the clinical condition and tissue physiology to be examined) in animal studies.

Recommendation 17: Criteria for release of cells for transfer to patients must be
designed to minimize risk from culture-acquired abnormalities.

Recommendation 18: Risks for tumorigenicity must be assessed for any stem
cell-based product, especially when extensively manipulated in culture or when
genetically modified. A clear plan to assess the risks of tumorigenicity for any cell
product must be implemented under the direction of an independent review body
prior to approval for human clinical use.

Recommendation 19: Cell cultures and animal models should be used to test the
interaction of cells with drugs to which recipients will be exposed. These include
the immunosuppressants planned for recipients, as well as other drugs that might
be used to treat their underlying disease process.

Recommendation 20: Stem cell-based clinical researchers should:

(a) cooperate with and share scientific expertise to assist other investigators and
human subjects research review committees in assessing:

(1) the biological characteristics of the cells to be used in clinical trials;
(ii)) whether these cells have been developed with appropriate manufacturing
standards;
(iii) preclinical data on their use in animal and/or other models for evaluating
their safety and efficacy; and
(iv) any early clinical data, if available, which address safety issues in the short
and medium term and continued observation for long term effects;

(b) address the risks of stem cell-based interventions including, for example, cell
proliferation and/or tumor development, exposure to animal source materials,
risks associated with viral vectors, and risks as yet unknown;

(c) provide the utmost clarity regarding the potential benefits of participating in the
trial with stem cells, since patients may have recourse to reasonable therapeutic
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alternatives; the informed consent process must emphasize the novel and
experimental aspects of cell based interventions. It is important to minimize
misconceptions patients may have about the potential for therapeutic efficacy;

(d) disclose any financial and non-financial conflicts of interest among the investiga-
tors, sponsors, and institutions in which the stem cell research is being conducted;

(e) monitor research subjects for long-term health effects and protection of the
confidentiality of their health data;

(f) provide a clear, timely, and effective plan for adverse event reporting;

(g) offer a clinical plan to provide treatment for toxicity, including treatment of
tumors that might arise. This plan might include compensation for research-
related injuries; and

(h) ensure that insurance coverage or other appropriate financial or medical
resources are available to patients to cover potential complications arising from
their research participation.

Recommendation 21: All studies involving clinical applications of stem cells,
whether publicly or privately sponsored, must be subject to independent review,
approval, and ongoing monitoring by human subjects research oversight bodies
with supplemental appropriate expertise to evaluate the unique aspects of stem cell
research and its application in a variety of clinical disciplines. This review and over-
sight process must be independent of the investigators regardless of whether it
occurs at the institutional, regional, or national level, and regardless of whether
investigators employ the services of a contract research organization.

Recommendation 22: In countries where there is no official national regulatory
body, the ISSCR strongly encourages governments to develop a regulatory compe-
tence at the national, regional, or local level to monitor clinical interventions with
stem cell-based products. The ISSCR will strive to provide professional advice to
those governing bodies interested in building their own capacities for regulatory
oversight.

Recommendation 23: The peer review process for stem cell-based clinical trials
should have appropriate expertise to evaluate (a) the in vitro and in vivo preclinical
studies that form the basis for proceeding to a clinical trial and (b) the scientific
underpinnings of the trial protocol, the adequacy of planned end-points of analysis,
statistical considerations, and disease-specific issues related to human subject
protection.

Recommendation 24: Risks should be identified and reduced, and potential benefits
to subjects must be realistically delineated but not overemphasized. Subject selec-
tion can affect the risks and benefits of the study and subjects should be selected to
minimize risks, maximize the ability to analyze results, and enhance the benefits to
individual subjects and society.

Recommendation 25: As a general principle, a stem cell-based approach must aim
at being clinically competitive or superior to existing therapies. If an efficacious
therapy already exists, the risks associated with a stem cell-based
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approach must be low and the stem cell-based approach must offer a potential
advantage (for example, better functional outcome; single procedure (cell administration)
versus life-long drug therapy with associated side effects; reduction in long-term
cost). If an efficacious therapy is not available, then the severity of the disease, espe-
cially if the disease to be treated is severely disabling and life-threatening, might
justify the risks of a stem cell-based experimental intervention in patients. Maximum
effort should be made to minimize the risks for all possible adverse events associ-
ated with stem cell-based approaches. Care must also be taken to not take advantage
of the hopes of patients with poor short-term prognoses.

Recommendation 26: Clinical research should compare new stem cell-based therapies
against the best medical therapy currently available to the local population.

Recommendation 27: As far as possible, groups or individuals who participate in
clinical stem cell research should be in a position to benefit from the results of this
research. Groups or individuals must not be excluded from the opportunity to
participate in clinical stem cell research without rational justification.

Recommendation 28: Informed consent is particularly challenging for clinical trials
involving highly innovative interventions.

(a) Patients need to be informed when novel stem cell-derived products have never
been tested before in humans and that researchers do not know whether they
will work as hoped.

(b) Cell-based interventions, unlike many pharmacological products or even many
implantable medical devices, may not leave the body and may continue to gen-
erate adverse effects for the lifetime of the patient. The possible irreversibility
of a cellular transplant should be explained clearly.

(c) Subjects should be informed about the source of the cells so that their values are
respected.

(d) Ensuring subject comprehension must be done at each phase of the clinical trials
process. Ideally, the subject’s comprehension of information should be assessed
through a written test or an oral quiz during the time of obtaining consent.

(e) Human subjects research committees should ensure that informed consent
documents accurately portray these uncertainties and potential risks, and clearly
explain the experimental nature of the clinical study.

Recommendation 29: A data monitoring plan, which may involve an independent
data safety and monitoring process, is required for all clinical studies, and aggregate
updates should be provided to peer review committees on demand, complete with
adverse event reporting and ongoing statistical analysis.

Recommendation 30: Subject withdrawal from the research should be done in an
orderly fashion to promote physical and psychological safety. Given the potential
for transplanted cellular products to persist long-term, and depending on the nature
of the experimental stem cell-based intervention, patients may have to undergo
long-term health monitoring, and additional safeguards for ongoing patient privacy
should be provided.
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Recommendation 31: To advance scientific understanding, research subjects should
be asked, in the event of death, for consent to the performance of a partial or complete
autopsy to obtain information about the extent of cellular implantation and its
morphological and functional consequences. Any request for an autopsy must
consider cultural and familial sensitivities.

Recommendation 32: Researchers should facilitate the gathering of empirical data
about socio-demographic characteristics of participants in clinical trials, financial
compensation levels (if applicable), and the nature and extent of any benefit and
harm resulting from research participation. Such data are crucial for health services
researchers and policy-makers to improve the conduct of future clinical trials and to
assess the utility of the information obtained in these trials for informing policy
decisions such as approval and insurance coverage for cell-based interventions.

Recommendation 33: Researchers should publish both positive and negative results
and adverse events. To ensure the integrity of scientific information and to promote the
highest standards of professional conduct, researchers should present their results at
professional scientific conferences or in peer-reviewed scientific journals before report-
ing their research to the lay media or to patient advocacy groups and associations.

Recommendation 34: Clinician-scientists may provide unproven stem cell-based
interventions to at most a very small number of patients outside the context of a
formal clinical trial, provided that:

(a) there is a written plan for the procedure that includes:

(i) scientific rationale and justification explaining why the procedure has a
reasonable chance of success, including any preclinical evidence of proof-
of- principle for efficacy and safety;

(i) explanation of why the proposed stem cell-based intervention should be
attempted compared to existing treatments;

(iii) full characterization of the types of cells being transplanted and their char-
acteristics as discussed in Section 4, Cell Processing and Manufacture;

(iv) description of how the cells will be administered, including adjuvant
drugs, agents, and surgical procedures; and

(v) plan for clinical follow-up and data collection to assess the effectiveness
and adverse effects of the cell therapy;

(b) the written plan is approved through a peer review process by appropriate
experts who have no vested interest in the proposed procedure;

(c) the clinical and administrative leadership supports the decision to attempt the
medical innovation and the institution is held accountable for the innovative
procedure;

(d) all personnel have appropriate qualifications and the institution where the pro-
cedure will be carried out has appropriate facilities and processes of peer review
and clinical quality control monitoring;

(e) voluntary informed consent is provided by patients who appreciate that the
intervention is unproven and who demonstrate their understanding of the risks
and benefits of the procedure;
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(f) there is an action plan for adverse events that includes timely and adequate
medical care and if necessary psychological support services;

(g) insurance coverage or other appropriate financial or medical resources are
available to patients to cover any complications arising from the procedure; and

(h) there is a commitment by clinician-scientists to use their experience with
individual patients to contribute to generalizable knowledge. This includes:

(i) ascertaining outcomes in a systematic and objective manner;
(i1) a plan for communicating outcomes, including negative outcomes and
adverse events, to the scientific community to enable critical review
(for example, as abstracts to professional meetings or publications in peer-
reviewed journals); and
(iii) moving to a formal clinical trial in a timely manner after experience with
at most a few patients.

Recommendation 35: Regulatory and oversight agencies, (local, national and inter-
national) must explicitly include the consideration of social justice principles into
their evaluations. Mechanisms include (a) involvement of community and patient
advocates in public discussions, committee representation, and oversight board
evaluation procedures; (b) opportunity for open discussions about ethical issues;
(c) enforcement of social justice considerations by appropriate agencies.

Recommendation 36: Reporting on stem cell research must be based in scientifically-
grounded research. Frank disclosure of failures in research, adverse incidents, and
lack of significant change in the status of treated patients will need to be made.
Patient advocates must follow the same standards of discourse.

Recommendation 37: There should be public engagement in the policy making of
individual governmental agencies. Such consultation should aim to be inclusive and
interactive.

Recommendation 38: The ISSCR seeks to maximize social good, which leads to the
following considerations:

(a) Stem cell collections with genetically diverse sources of cell lines should be
established.

(b) Collaborations among researchers and institutions should be structured to max-
imize the fairness of the parties’ roles, and to increase joint capacity and social
benefit.

(c) Fair access is important. Access will depend on financial terms and business
models that are perceived as fair by all stakeholders, including patients, providers,
payers, companies, and governments. The ISSCR therefore:

(i) encourages open stakeholder discussion to identify and evaluate alternative
models and terms; and

(i1) encourages development and assessment of alternative models of intellec-
tual property, licensing, product development, and public funding to promote
fair and broad access to stem cell-based diagnostics and therapies.
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Recommendation 39: As an aspirational ethical goal — provided that a stem
cell-based therapy is proven to offer a major therapeutic benefit — commercial
companies, subject to their financial capability, should offer affordable therapeutic
interventions to persons living in resource-poor countries who would otherwise be
wholly excluded from benefiting from that stem cell-based therapy. Academic and
other institutions that are licensing stem cell therapeutics and diagnostic inventions
should incorporate this requirement in their intellectual property license.

Recommendation 40: These guidelines will be reviewed and revised as needed
to accommodate new scientific advances and to address specific translational
research issues.

Way Forward

There is still a significant gap between promising laboratory-based research and
approved SCBPs in this fast emerging field. Legislation in this field must seek to
both regulate and enable scientific progress without being confusing, difficult to
interpret or unnecessarily onerous. In addition, the public must have confidence that
its interests are protected [30]. Few of the measures which could help to speed up
the translation of SCBP from bench to bedside while still ensuring patient safety
include the following.

» Compliance with the existing regulations and guidelines to ensure that the product
is safe, pure, and potent meeting GTP, GMP and GCP requirements.

* Nonclinical evidence on the proof-of-principle and safety in a relevant animal
model should be tried before administration to humans.

* Encourage companies to develop and validate new non-invasive methods for
biodistribution studies in humans to follow the cells during the CTs. Possible
markers/tracers should be evaluated and justified.

* A risk-based approach to be applied while giving regulatory approvals.
Conditional marketing autho-rization could be a possible approach without
compromising on patient safety [22].
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