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Introduction

The cells currently known as mesenchymal stromal/stem
cells (MSCs), were first described by Friedenstein et al. as an
adherent, fibroblast-like population of cells cultured from the
bone marrow (BM) of rodents [1]. Through a series of ele-
gant experiments, he showed that following implantation of
these cells under the kidney capsule they generated rudimen-
tary bone tissue that was capable of supporting hematopoie-
sis. Friedenstein’s method was later used to derive similar
cells from human BM [2], and then these cells were shown to
support hematopoiesis in long-term culture assays [3]. Later
Caplan proposed these cells to be stem cells for mesenchy-
mal tissues and proposed “mesenchymal stem cells” could
have therapeutic potential [4] in regeneration of many tis-
sues. MSCs are calculated to comprise only a small popula-
tion (<0.01 %) of adult BM cells [5], and one of the major
challenges in this field is the lack of any reliable or widely
accepted marker for direct isolation of them from BM aspi-
rates. Thus, although markers such as Stro-1 [6], CD271 [7],
and CD146 [8] has been proposed for direct isolation of
these cells, there is still no consensus on which marker is the
most representative of cells present in their in situ BM envi-
ronment. The low number of MSCs in BM also means that
for any in vivo use, either experimental or clinical, the cells
have to be expanded ex vivo through extensive cellular pro-
liferation. MSCs from BM are most commonly isolated by
plating BM mononuclear cells in culture plates and passag-
ing the adherent cells, which, after a few passages, leads to
expansion of a homogenously fibroblast-like population of
cells [9]. According to the widely accepted criteria by
International Society for Cellular Therapy (ISCT), such cells
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can be labeled as MSCs if they (a) express a certain set of
markers (i.e., CD105, CD73, CD90) and do not express
hematopoietic markers (i.e., CD45, CD34, CD14, CDl11b,
CD79a, CD19, and HLA-DR) and (b) could differentiate
into osteoblasts, adipocytes, and chondroblasts in vitro [10].
Although the end point of this derivation methodology is a
seemingly homogenous population of cells, they are func-
tionally heterogeneous and comprised of different subpopu-
lations with different differentiation capabilities at a clonal
level [11]. Thus, the term “mesenchymal stem cell” could be
only applied to a defined population of MSCs that fulfill the
criteria for being true “stem cells,” (i.e., to have the potential
not only to self-renew themselves but also generate proge-
nies that could differentiate into osteoblasts, chondroblasts,
and adipocytes) [12]. Thus, in addition to the controversies
surrounding the true in situ anatomical location and physio-
logical role of these cells, there is also much controversy
regarding their true stem cell properties [13]. This chapter
discusses the use of ex vivo culture-expanded MSCs in dif-
ferent clinical settings, the rationale behind those approaches
including their tissue regenerative and immunomodulatory
properties, and unsolved issues and evolving concepts in this
highly dynamic field.

Use of MSCs in Hematopoietic Stem Cell
Transplantation

Hematopoietic stem cell (HSC) transplantation was the first
and is still the most common form of stem cell therapy. It is
mainly indicated for the treatment of hematologic malignan-
cies and nonmalignant conditions, such as immunodefi-
ciency syndromes. For HSC transplantation, HSCs are
harvested from BM, pharmacologically mobilized into blood
followed by their collection, or more recently, HSCs from
umbilical cord blood units are used to replace diseased HSCs
of recipients (autologous or allogeneic). However, despite
decades of clinical experience, HSC transplantation contin-
ues to be a high-risk procedure with a high rate of morbidity
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and mortality related to the toxic effects of pre-transplant
preparative regimen, HSC graft failure and/or ejection, and
immunologically mediated phenomenon of graft-versus-host
disease (GVHD). MSCs are considered to be an essential
constituent of the BM stromal microenvironment with an
indispensable role in support of hematopoiesis [14]. Thus,
not surprisingly, HSC transplant physicians were the first to
use MSCs in a clinical setting. The Lazarus team was the
first to conduct a phase I trial that showed the safety of intra-
venous infusion of ex vivo culture-expanded autologous
human BM-derived MSCs [15]. These autologous MSCs
generated from small-volume BM aspirates and expanded
over several weeks were shown to be safe and not causing
any adverse reactions. This, in addition to other pioneering
studies by HSC transplant physicians, paved the way for the
use of MSCs for treatment of a wide variety of other disor-
ders in other disciplines of medicine.

A major goal of transplant physicians has always been to
accelerate recovery of hematopoiesis after HSC transplanta-
tion. Due to the presumed role of MSCs in supporting hema-
topoiesis in the BM and evidence from animal studies in
which co-transplantation of MSCs with HSCs improved the
engraftment of the latter [16], one of the earliest indications
for which MSCs were investigated was for their ability to
promote hematopoietic engraftment. In a phase I-II clinical
trial, ex vivo culture-expanded autologous MSCs were
infused into breast cancer patients at the time of autologous
HSC transplantation [17]. In another study culture-expanded
allogeneic MSCs derived from BM of human leukocyte anti-
gen (HLA)-identical sibling donors were infused to the
respective allogeneic HSC transplant recipients [18].
Although these studies could not provide definitive conclu-
sions regarding the engraftment-promoting effect of MSCs,
they further reassured investigators that the use of culture-
expanded autologous or allogeneic MSCs as a form of cel-
lular therapy is feasible and safe. Since then autologous or
allogeneic ex vivo culture-expanded BM-derived MSCs
have been used in the context of HSC transplantation in a
large number of patients with hematologic and non-
hematologic malignancies for different purposes, such as
reducing the risk of graft failure, preventing repeat rejec-
tions, or rescuing graft failure [19]. Most of these studies
have provided encouraging results but have failed to prove
their effectiveness in a clinically conclusive manner.

Aside from supporting HSCs, MSCs have also received
much attention by HSC transplant physicians due to their
effect on immune cells. MSCs have shown to modulate the
immune responses in vitro and in vivo via their interactions
with a plethora of immune cells. Such interactions lead to
suppression of proliferation of activated T lymphocytes, an
increase in the number of T regulatory lymphocytes, a
decrease in activation and proliferation of B lymphocytes,
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suppression of cytotoxicity of natural killer cells, suppres-
sion of maturation of dendritic cells, modulation of neutro-
phil activities, and changes in the immunophenotype of
macrophages [20-23]. One of the earliest of these effects to
be discovered was the suppression of T cell proliferation and
activation [23]. Moreover, this immunosuppressive effect of
MSCs appears not to depend on the HLA compatibility sta-
tus of the donor and recipient [24]. Since acute GVHD isa T
cell-mediated process [25], years ago it was proposed that
MSCs could be potentially used as a therapeutic modality,
specifically for treatment-refractory GVHD [26]. Le Blanc
et al. were the first to investigate the potential of MSC infu-
sion for the treatment of refractory GVHD in a 9-year-old
boy who had received a HLA-matched unrelated donor HSC
transplant for leukemia [27]. Infusion of ex vivo expanded
MSCs generated from the patient’s mother, not the original
donor, resulted in the resolution of GVHD symptoms. This
seminal report was followed by larger studies from the same
group in which MSCs were given to steroid-refractory
GVHD from HLA-identical siblings, haploidentical family
donors, and unrelated mismatched donors [28, 29]. These
studies showed that infusions of MSCs to this group of very
sick patients are safe, resulted in a significantly better sur-
vival rate compared to control patients, and the responses
were independent of the source and HLA compatibility of
MSC:s. The latter point is very important, as the generation of
patient-specific MSCs is very time consuming, costly, and in
many instances impractical due to the urgent nature of the
need for their use.

Since these original reports there has been a plethora of
studies using BM-derived MSC in different doses and fre-
quencies, made using different methodologies, and used in
different age groups [19]. All these studies confirmed the
original safety reports but with variably encouraging or suc-
cessful results. The largest clinical trials performed with
MSCs have been two Phase III double-blind, placebo-
controlled, randomized trials evaluating (Prochymal) a pro-
prietary formulation of MSCs derived from the marrow of a
single third-party donor as a first-line treatment for acute
GVHD or for the treatment of refractory acute GVHD. These
double-blinded, placebo-controlled (in a 2:1 ratio) trials
were designed to assess the safety and efficacy of Prochymal
in multicenter international studies. To the surprise of most
transplant physicians and investigators in the field, these
studies could not show positive results in regard to their pri-
mary end points. Some potential confounding factors might
have been the differences in treatment regimens adminis-
tered to patients in conjunction with Prochymal in different
centers. However, the use of the same Prochymal in pediatric
patients with severe refractory acute GVHD resulted in more
promising results [30]; indeed, this product indeed is now
approved in Canada, but not yet in the United States, for
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pediatric patients with GVHD as the first form of “off-the-
shelf universal stem cell therapy product.”

While MSCs have largely been used in the field of HSC
transplantation for their ability to reconstitute the BM
microenvironment and their immunomodulatory functions,
another avenue for clinical use of MSCs is to utilize their
tissue regenerative properties. Again in the field of hematol-
ogy, these cells were used in patients who had a different
spectrum of tissue and organ toxicities following allogeneic
HSC transplantation, such as hemorrhagic cystitis, pneumo-
mediastinum, and perforated colon and peritonitis with over-
all promising results [31]. Also, one of the earliest reported
cases on use of culture-expanded, gene-marked MSCs was in
conjunction with BM transplantation in six pediatric patients
with osteogenesis imperfecta. This study, done based on the
fact that MSCs are progenitors for osteoblasts, showed
engraftment in five recipients and an acceleration of growth
during the first 6 months post-infusion [32].

Use of MSCs in Non-hematopoietic Stem Cell
Transplant Settings

Over the last decade, in addition to the field of HSC trans-
plantation, MSCs have also generated a lot of excitement in
other disciplines of medicine and surgery. Originally much
of this enthusiasm was due to the assumption that these cells
are capable of not only differentiating into mesenchymal tis-
sues, such as bone and cartilage, but also transdifferentiating
into many other types of cells, such as cardiomyocytes,
hepatocytes, and pancreatic islets [33]. Although there were
ample experimental and preclinical models that supported
such assumptions, it was later realized that those early obser-
vations of such unorthodox plasticity were due to imperfect
experimental tools, the use of animal models that were not
representative of human biology, or other potential mecha-
nisms such as cell fusion [34]. However, by then hundreds of
patients had already been recruited into clinical trials based
on those assumptions, many of them with preliminary prom-
ising results, albeit on a small scale and in nonrandomized
formats. Nevertheless, by this time many new modes of
action for these cells were discovered that initially were not
appreciated. Indeed, the discovery of these new mechanisms
of action was a major paradigm shift in the field and included
tropism of MSCs for migration into sites of tissue damage or
inflammation, their capability to support and stimulate pro-
liferation and/or survival of resident tissue progenitor cells
through secretion of a variety of cytokines and chemokines,
and contribution to angiogenesis of tissues [35-38]. However,
these newly discovered modes of action, in addition to their
previously recognized immunomodulatory and anti-
inflammatory properties, kept these cells at the forefront of
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use in many diverse groups of human pathologies. Indeed,
there is a long list of phase I-II trials for a variety of non-
hematological indications in which autologous, donor-
directed, or third-party allogeneic MSCs had been used,
including for treatment of patients with myocardial infarc-
tion, chronic obstructive pulmonary disease, amyotrophic
lateral sclerosis, stroke, Crohn’s disease, diabetes mellitus,
systemic sclerosis, systemic lupus erythematosus, and refrac-
tory wounds among others [39-42].

In many of these disorders, allogeneic third-party MSCs
were used without any immunosuppression, as MSCs are
assumed to escape attack by cytotoxic T cells or NK cells
and thus could be transplanted over major histocompatibil-
ity complex barriers in humans [43, 44]. This has been the
rationale for the use of “off-the-shelf” ex vivo culture-
expanded BM-derived MSCs from “third-party” donors, and
the myriad of clinical experiences that have confirmed the
impressive safety of this product has been reassuring. Also,
use of “off-the-shelf,” ready-to-use MSCs as a therapeutic
entity, in contrast to production of patient-specific MSCs, is
an important concept for large-scale production and com-
mercialization of cellular therapeutics by biopharmaceutical
entities [45].

MSCs Derived from Non-bone Marrow Origin

Although MSCs were originally isolated from BM, cells
with similar phenotype, differentiation potential, and bio-
logical characteristics have now been derived from almost all
adult tissues, including adipose tissue [46] and heart [47];
neonatal tissues such as placenta [48]; fetal tissues such as
lung, liver, and blood [49]; and even embryonic stem cells
[50]. Furthermore, it had been repeatedly shown that MSCs
derived from non-BM tissues have immunomodulatory
properties very similar to BM-derived MSCs [51-53].
Indeed, based on experimental data showing that AT-derived
MSCs possess immunological characteristics similar to
BM-derived MSCs, they have been used for treatment of
GVHD after HSC transplantation [54]. However, adipose tis-
sue MSCs are expected to find their highest clinical applica-
tions in the fields of plastic and reconstructive surgery [55].
Other types of MSCs that have reached the clinic include
placenta-derived MSCs for the treatment of GVHD [56] and
umbilical cord-derived MSCs for the treatment of severe and
refractory systemic lupus erythematosus [57]. It should be
no surprise to see other novel sources of MSCs to be tested
for specific clinical settings based on their tissue of origin.
For example, it could be argued that MSCs derived from
pancreatic islets could be of more value for indications such
as the protection of transplanted islets after cadaveric trans-
plantation [58].
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Unsolved Issues

In clinical medicine a confounding factor in interpreting
results of clinical trials of pharmaceuticals is the heterogene-
ity of patient physiology, which affects the absorption,
metabolism, and pharmacokinetics of the drug and the het-
erogeneity of the targeted diseases, which affects the poten-
tial responsiveness of the disease to the administered drug.
However, in clinical trials of cellular therapeutics, particu-
larly MSCs, another layer of complexity exists in the enor-
mous heterogeneity in the final product (i.e., MSCs). MSCs
are derived from tissues of autologous or allogeneic donors;
therefore, from the very early stages of this process, there are
numerous reasons for heterogeneity of the final product. The
first issue is the appropriate donor source; uncertainties here
include the fact that, theoretically and based on some evi-
dence, the MSCs generated from tissues collected from the
patients might not be the appropriate source, as these MSCs
may be also afflicted by the patient’s disease processes [59].
However, it can be also argued that autologous MSCs could
avoid issues such as tissue incompatibility and rejection.
However, even in the case of normal healthy allogeneic
donors, we do not know if there are donor-specific character-
istics that make certain allogeneic donors potentially more
suitable for the production of MSCs, such as donors of
younger age or special physical attributes. Additionally, in
the case of allogeneic MSCs, we still do not know of the
appropriate tissue sources of MSCs that could be most effec-
tive for specific indications. It is very well known that MSCs
from different tissue sources, despite seemingly similar phe-
notypes, could have significant differences in their functional
characteristics. Nevertheless, we do not know the impact of
these variables between different preparations of MSCs on
the intended clinical outcome.

One other major challenge in the field is the fact that cur-
rently there is no standard culture methodology for generat-
ing MSCs [60]. It is well known that culturing cells at
different densities and using different types of growth media
(containing fetal bovine serum, serum-free media, autolo-
gous serum, fresh frozen plasma, or human platelet lysates)
could affect the phenotype and rate of growth of MSCs. Even
the batch of fetal bovine serum used could have a major
impact on the end product. All these subtle differences could
result in clinically significant changes in the ultimate bio-
logical characteristics of the MSCs. Other factors that add to
the complexity of interpreting results of clinical trials are the
different dosages and frequencies of cells from different pas-
sages. MSCs have been used at different doses and frequen-
cies, from different passages, either fresh or frozen, given at
different stages of disease, and given alone or with different
combinations of other medications and treatments. A major
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challenge in harmonizing the culture conditions is the fact
that although these variations in the culture methodologies
could affect the immunomodulatory and regenerative prop-
erties of MSCs, there is no clinically applicable potency
assay that is widely accepted for MSCs. For example, the
same MSCs that are used for treatment of GVHD could be
also used for treatment of heart or lung diseases [42].
However, the latter disorders are not T cell-dependent disor-
ders, and other potency assays or functional analyses of
MSC:s for those diseases are probably more appropriate.

Evolving Concepts

MSCs were originally promoted in the field of regenerative
medicine for their potential to differentiate into many differ-
ent types of cells and to replace lost or damaged cells based
on a large body of literature in different animal models.
However, these expectations were never realized in human
studies. Indeed, despite seemingly encouraging positive
results in numerous clinical trials, the durability of the infused
MSC:s is now a matter of great debate [61], and the new wave
of studies report that the extent of MSC engraftment is usu-
ally very minimal and could not explain the observed clinical
benefits [62]. Indeed, the lack of engraftability of BM MSCs
has been well known to HSC transplant physicians for a long
time, as most reports have shown that in BM transplant recip-
ients, the MSCs remain of recipient origin and are not
replaced by the donor MSCs carried in BM grafts [63, 64].
However, in these BM transplant scenarios, it could be argued
that these cells were transplanted in low numbers and there-
fore were different from ex vivo culture-expanded MSCs. In
any circumstance, there have been significant changes in our
understanding of the potential mechanisms for MSC to exert
their beneficial effects (Fig. 1). This new paradigm proposes
that MSCs exert their beneficial effects through mechanisms
such as paracrine effects prior to their demise. Thus, instead
of “replacing” damaged cells, MSCs contribute to the “regen-
eration” of damaged cells and tissues indirectly, mainly via
indirect paracrine effects. This low level of survival after
administration of MSCs could also explain why repeated
infusions of MSCs might be needed to achieve a clinical
effect. This is in contrast to HSC transplantation, in which the
administered HSCs usually engraft fully, and their beneficial
effects depend on their persistent engraftment. It is ironic that
one of the original attractive properties of MSCs was assumed
to be their presumed lack of immunogenicity [43] and thus
feasibility of transplanting across HLA barriers without the
concern for rejection. However, it could be argued that lack
of durability and persistence of MSCs, especially third-party
MSCs, could be a desirable property of MSCs, as it could
preclude any chance of tumorigenicity in the future.
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Fig.1 Mechanisms of action
and potential role of
mesenchymal stem cells in tissue
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A major question that has preoccupied the mind of
clinicians and basic researchers alike is why these fibroblast-
looking cells [65], derived mostly from BM, could have a
therapeutic effect in such a wide range of conditions with
seemingly unrelated pathophysiology, such as GVHD, myo-
cardial infarction, heart failure, chronic obstructive pulmo-
nary disease, Crohn’s disease, diabetes, osteoarthritis,
systemic lupus erythematosus, kidney transplantation,
stroke, nonhealing wounds, systemic sclerosis, cirrhosis, and
others. A common pathophysiological theme for all these
disorders is the contribution of “inflammation.” Now it is
well known that a major way that MSCs exert their effects is
through their interactions with macrophages, and this could
provide a unifying rationale for the continued investigation
of these cells in such a wide range of applications [66].

Conclusions

The original clinical trials pioneered by visionary HSC trans-
plant physicians not only provided the initial safety data but
also generated much excitement encouraging other disci-
plines of medicine to take advantage of the potential thera-
peutic effects of MSCs. A major factor in the expansion of
MSC trials is the lack of any documented toxicity or long-
term side effects and the unmet need for novel therapies for
many degenerative diseases. Due to the inherent shortcom-
ings of these small, nonrandomized clinical trials, a conclu-
sive clinical benefit has been difficult to discern, and
important questions remain to be addressed. However,
although the final place of MSCs in regenerative biology is
not clear, there is no other cell that has been applied to such

Monocytes
and neutrophils

Tissue
Macrophages

a wide range of applications. There is a need for carefully
designed clinical trials of sufficient size that examine the
specific intended mechanism of action and the optimal
source, dose, schedule, and route of administration. However,
logistical considerations, including the cost for conducting
such large clinical trials, are immense so a bedside-to-bench
and back-to-bedside approach is also needed. Cell therapists
are fascinated by MSCs as they are easy to produce accord-
ing to good manufacturing guidelines, are not immunogenic
but very safe to use, have multifaceted regenerative and
immunomodulatory properties, and are therefore expected to
remain very attractive to the field of regenerative medicine.
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