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In the last year, the promising features of mesenchymal stem cells (MSCs), including their regenerative prop-
erties and ability to differentiate into diverse cell lineages, have generated great interest among researchers
whose work has offered intriguing perspectives on cell-based therapies for various diseases. Currently the most
commonly used adult stem cells in regenerative medicine, MSCs, can be isolated from several tissues, exhibit
a strong capacity for replication in vitro, and can differentiate into osteoblasts, chondrocytes, and adipocytes.
However, heterogeneous procedures for isolating and cultivating MSCs among laboratories have prompted the
International Society for Cellular Therapy (ISCT) to issue criteria for identifying unique populations of these
cells. Consequently, the isolation of MSCs according to ISCT criteria has produced heterogeneous, nonclonal
cultures of stromal cells containing stem cells with different multipotent properties, committed progenitors,
and differentiated cells. Though the nature and functions of MSCs remain unclear, nonclonal stromal cultures
obtained from bone marrow and other tissues currently serve as sources of putative MSCs for therapeutic
purposes, and several findings underscore their effectiveness in treating different diseases. To date, 493 MSC-
based clinical trials, either complete or ongoing, appear in the database of the US National Institutes of Health.
In the present article, we provide a comprehensive review of MSC-based clinical trials conducted worldwide
that scrutinizes biological properties of MSCs, elucidates recent clinical findings and clinical trial phases of
investigation, highlights therapeutic effects of MSCs, and identifies principal criticisms of the use of these
cells. In particular, we analyze clinical trials using MSCs for representative diseases, including hematological
disease, graft-versus-host disease, organ transplantation, diabetes, inflammatory diseases, and diseases in the
liver, kidney, and lung, as well as cardiovascular, bone and cartilage, neurological, and autoimmune diseases.

Key words: Mesenchymal stem cells (MSCs); Clinical trials; Immunomodulation; Differentiation;
Secretome; Paracrine effects

INTRODUCTION

The promising features of stem cells, including their
regenerative properties and ability to give rise to cells of
various lineages, have generated great interest in these
cells that has paved the way for numerous studies offer-
ing intriguing perspectives on cell-based therapies for
various diseases. It is widely accepted that stem cells can
be split into two major groups: embryonic and nonembry-
onic stem cells. Embryonic stem cells (ESCs) derive from

the inner cell mass of blastocysts and can differentiate
into cells of all three germ layers. To date, the interest of
researchers and clinicians in these cells remains limited,
however, due to both teratoma formation and controver-
sies over the ethics of using stem cells. As such, results of
trials using non-ESCs, mostly adult stem cells, are highly
attractive in the scientific community. Despite the limited
differentiation potential of adult stem cells, they can be
isolated from several tissues and are currently the most
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commonly used cells in regenerative medicine (132,133).
These findings, along with the rapid development of cel-
lular therapy during the last decade, have contributed to
an increased use of these cells in preclinical research and
clinical trials.

Among adult stem cells, mesenchymal stem cells
(MSCs) represent a highly investigated population given
their unique biological properties (132). MSCs were first
described in 1967 by Friedenstein et al., who from bone
marrow (BM) isolated adherent, fibroblast-like clonogenic
cells called colony-forming unit-fibroblasts (CFU-F).
These cells showed a strong capacity for replication in
vitro, could differentiate into osteoblasts, chondrocytes,
adipocytes, and supported hematopoietic stroma when a
single CFU-F was retransplanted in vivo (33).

Following these pioneering studies, several scientists
isolated and cultivated the entire population of BM stromal
cells identified as cultures of MSCs (35). However, the
heterogeneity of isolation and cultivation procedures
among laboratories prompted the International Society
for Cellular Therapy (ISCT) to establish criteria for iden-
tifying unique populations of MSCs. In 2006, the ICST
defined MSCs according to the following criteria:

i.  MSCs must be purified from the BM stromal popula-
tion based on plastic adherence under standard cul-
ture conditions.

ii. MSCs must be positive for CD105, CD90, and CD73,
express low levels of MHC-I, and be negative for
MHC-II, CD11b, CD14, CD34, CD45, and CD31.

iii. MSCs must differentiate in vitro into osteocytes, chon-
drocytes, and adipocytes (24).

Yet these criteria do not support the purification of
homogenous MSC populations. In fact, the isolation of
MSCs according to ISCT criteria produces heteroge-
neous, nonclonal cultures of stromal cells containing
stem cells with different multipotential properties, com-
mitted progenitors, and differentiated cells. Although the
nature and functions of MSCs remain unclear, nonclonal
stromal cultures obtained from BM and other tissues that
contain a subpopulation of stem cells are currently serv-
ing as sources of putative MSCs for therapeutic purposes,
largely due to findings that they might be effective in the
treatment of several diseases (35).

MSCs have been isolated from multiple tissues other
than BM, including skeletal muscle tissue (138), adipose
tissue (49), synovial membranes (46), saphenous veins
(17), dental pulp (99), periodontal ligaments (111), cer-
vical tissue (89), Wharton’s jelly (93), umbilical cords
(106), umbilical cord blood (28), amniotic fluid (29), pla-
centae (84), lung tissue (42,79), liver tissue (49,138), and
dermal tissue (138). Added to the unique properties of
MSC:s, including their multilineage differentiation poten-
tial, their ready availability, and their extensive capacity
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for in vitro expansion, the secretion of trophic factors that
favor tissue remodeling and immunoregulatory properties
have made these cells suitable candidates for an array of
applications for treating various congenital and acquired
diseases (7,131).

Twenty years ago, Lazarus conducted the first clinical
trial using BM cell injection in patients with hematologic
malignancies (64). Since then, numerous clinical trials
have been conducted to test the feasibility and efficacy of
MSC-based therapy, and more than 2,000 patients have
been administered with allogeneic or autologous MSCs
for the treatment of various diseases, including graft-
versus-host disease (GVHD), hematologic malignancies,
organ transplantation, cardiovascular diseases, neuro-
logical diseases, and autoimmune diseases, as well as in
organ transplantations, to heal refractory wounds and to
counteract defects in the bones and cartilage (55,63,132).
According to data reported by the US National Institutes
of Health (http://www.clinicaltrial.gov/), as of June 2015,
493 MSC-based clinical trials either have been completed
or remain ongoing.

In the present article, we provide a comprehensive
review of MSC-based clinical trials worldwide that scruti-
nizes the biological properties of MSCs, elucidates recent
clinical findings and clinical trial phases of investigation,
highlights therapeutic effects of MSCs, and identifies
principal criticisms of the use of these cells.

MSCs AND CELL THERAPY: BIOLOGICAL
PROPERTIES SUPPORTING CLINICAL USE

MSCs show tremendous potential for the treatment of
many diseases, including both immunological and non-
immunological disorders. Though a uniform mechanism
governing MSC-based therapy has not yet been discovered,
available data have revealed several working models that
promote the beneficial effects of MSCs (133). The thera-
peutic potential of these cells stems from several proper-
ties, including their ability to 1) differentiate into various
cell lineages, ii) secrete soluble factors crucial for cell
survival and proliferation, iii) modulate immune response,
and iv) migrate to the exact site of injury (Fig. 1).

Differentiation Potential

As multipotent stem cells, MSCs can differentiate,
both in vitro and in vivo, into various mesenchymal tis-
sues, including those of bones, cartilage, fat, muscles,
tendons, and BM. Furthermore, MSCs exhibit remark-
able plasticity given their ability to transdifferentiate, or
undergo an abrupt alteration in phenotype, thereby giv-
ing rise to cells possessing the characteristics of different
lineages. It has been documented that MSCs in vitro can
transdifferentiate into non-mesoderm-like cells, includ-
ing neuron-like cells, hepatocytes, and pancreatic islet-
like cells. Chen et al. first reported the ability of these
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Figure 1. Biological properties supporting MSC clinical use. The therapeutic potential of MSCs relies on their unique properties as
1) the capacity to differentiate into various cell lineage (bottom, left), ii) the ability to secrete soluble factors that are crucial for cell
survival and proliferation (top, left), iii) the ability to modulate immune response (top, right), iv) the ability to migrate to the exact site

of injury (bottom, right).

cells to differentiate into pancreatic islet cells (11). Their
seminal findings were confirmed by other studies demon-
strating that MSCs transdifferentiate into islet-like clus-
ters expressing insulin and glucagon (9).

The differentiation and transdifferentiation potential
of MSCs has contributed to increasing interest in these
cells and, in turn, promoted new clinical perspectives on
their function. Promising evidence that MSCs can differ-
entiate into epithelial-like cells has posed an intriguing
scenario for tissue engineering and cell therapy. Sasaki
et al. demonstrated that these cells give rise to keratino-
cytes and multiple skin cell types, thereby contributing
to wound repair procedures (109). By using a mouse
model with ischemia and reperfused kidneys, Li et al.

furthermore reported that infused MSCs could transdif-
ferentiate toward renal tubular epithelium, which contrib-
utes to maintaining tissue structural integrity and tissue
recovery (72). Overall, these reports have sustained the
idea that MSC infusion might benefit organ and tissue
repair given the ability of these cells to differentiate into
cells of the targeted tissue and replace damaged resident
cells. Nevertheless, a body of evidence sustains that fol-
lowing systemic injection most MSCs are trapped in cap-
illary beds of various tissues, especially the lungs, thus
suggesting that their local administration is the preferred
method of administration to take advantage of their dif-
ferentiation potential (35,70,115). Despite the consid-
erable body of evidence supporting the usefulness of
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MSC:s, controversy about using stem cells persists, fueled
by the chief criticism that most results confirming any
MSC-related hypotheses have been inferred by being
documented in in vitro studies only. Nevertheless, mount-
ing in vivo evidence suggests that the benefits of MSCs
in treating diseases are not limited to their differentiation
potential only, since that aspect is only part of the total
mechanism underlying their therapeutic effects.

Paracrine Effects

It has recently come to light that the benefits of MSC
transplants are attributable to the capacity of MSCs to
secrete a wide variety of cytokines, chemokines, and
growth factors. Several findings suggest that the key role
of MSCs in interacting with their microenvironments
involves their release of dozens of active biological fac-
tors that exert profound effects on local cellular dynam-
ics (35). It has also been demonstrated that these released
factors may prevent adjacent cells from undergoing apop-
tosis and stimulate their proliferation, thereby promoting
the regeneration of injured tissue (131).

In regenerative medicine, the paracrine effect exerted
by MSCs has been hypothesized to sustain the obser-
vation of many scientists reporting that the number of
implanted MSCs detected in target tissue was too low to
explain tissue recovery or wound healing (131). Further
evidence has clearly demonstrated that infused MSCs,
once in damaged tissue sites ripe for repair, interacted
closely with local stimuli, including inflammatory cyto-
kines, ligands of toll-like receptors, and hypoxia, which
seemed, in turn, to stimulate the cells to show several
growth factors that perform multiple functions in tis-
sue regeneration (6,18). Though a thorough in vivo
examination of the MSC secretome and of strategies to
modulate the secretion of molecules by MSCs has yet
to be performed, current techniques have been useful
for identifying factors released by MSCs at high levels,
such as proteins involved in immune system signal-
ing [i.e., interleukin-6 (IL-6), IL-8, monocyte chemo-
attractant protein-1 (MCP-1), and transforming growth
factor-p (TGF-)], extracellular matrix remodelers [i.e.,
TIMP metallopeptidase inhibitor 2 (TIMP-2), fibronec-
tin, periostin, collagen, decorin, and metalloproteinase
inhibitors], and growth factors and their regulators [i.e.,
vascular endothelial growth factor (VEGF), granulo-
cyte-macrophage colony-stimulating factor (GM-CSF),
bone morphogenetic protein 2 (BMP-2), basic fibroblast
growth factor (bFGF), and insulin-like growth factor-
binding protein 3 (IGFBP3), IGFBP4, IGFBP7] (35).

Although not well characterized, the benefits of
MSC-conditioned media are clearly supported by
numerous experimental findings sustaining the theory of
paracrine effects. Indeed, it has been demonstrated that
MSC-conditioned media may act as chemoattractants
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for recruiting macrophages and endothelial cells into
the wound, thereby enhancing the healing process (10).
Takahashi et al. have also reported that MSC-conditioned
media infused into acutely infarcted hearts improved car-
diac function in terms of control by increasing capillary
density and decreasing infarct size (120).

Immunomodulation

Since the ability of MSCs to modulate the immune
system was first demonstrated in 2000, a body of related
literature has revealed that these cells were effective in
treating various immune disorders in both human and
animal models (75,133). Though the mechanism by
which these cells exert their immunomodulatory function
is not fully understood, the most accredited theory posits
cell-to-cell contact and/or the release of soluble immu-
nosuppressive factors. Both in vitro and in vivo studies
have reported that MSCs interacted with a wide range
of immune cells and displayed an ability to suppress the
excessive response of T cells, B cells, dendritic cells,
macrophages, and natural killer cells (47,128). MSCs can
also induce regulatory T cells (Tregs) and maintain the
capability of Tregs to suppress self-reactive T-effector
responses. It has been proposed that Tregs generated in
vivo in the presence of MSCs would persist and expand
(39,43,123). Given that injection of exogenous, short-
lived MSCs could act as catalysts in expanding long-
lasting antigen-specific Tregs, it would have important
implications for their immunoregulatory potential (123).

This evidence has contributed to uphold MSCs as suit-
able candidates in the treatment of autoimmune diseases
and GVHD. For instance, donor-derived MSCs have been
shown to induce long-term allograft acceptance in a rat
model of heart transplantation (101). Furthermore, given
that inflammation-causative tissue damage is a key process
triggered in response to injury and disease, MSCs could
become the gold standard for the treatment of any tissue
or organ damage associated with intense inflammatory
activity (e.g., theumatoid arthritis, kidney failure, heart
injury). According to these findings, it has been proposed
that MSCs could play a positive role in promoting tissue
repair (4).

An emerging body of evidence clarifies that the immu-
nomodulatory property of MSCs is not strictly related to
immunosuppression. More specifically, it has been pro-
posed that MSCs interact with their environments both by
negatively regulating the immune response in the case of
major inflammation and by stimulating the immune sys-
tem by releasing proinflammatory molecules if the level
of inflammatory cytokines is low (4,35).

Homing Mechanism

The homing mechanism of MSCs lies in their ability to
reach damaged tissue in response to a correct combination
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of signaling molecules from the injured tissue and corre-
sponding receptors on the MSCs themselves. Most evi-
dence of migration and homing mechanisms has derived
from studies evaluating leucocyte migration (91) into
inflamed tissues. Despite a considerable body of litera-
ture reporting the mechanism of MSC migration toward
injured tissue and the role of surface receptors and mole-
cules that drive this migration, the mechanisms by which
MSC:s are recruited are not fully understood.

Studies performed both in human and animal models
demonstrated that MSCs migrate specifically to dam-
aged tissue sites exhibiting inflammation (32,50,78),
although most became trapped in the microvasculature
of the lung. MSC homing involves several important cell
trafficking-related molecules such as chemokines, adhe-
sion molecules, and matrix metalloproteinases (MMPs)
(130). Among them, the most important signalers are
stromal-derived factor 1 (SDF-1), C-X-C chemokine
receptor type 4 (CXCR4), and hepatocyte growth factor
(HGF)-MET proto-oncogene, receptor tyrosine kinase
(c-MET) axes (95,112,116). The migration process is
highly dependent on the chemokine receptor CXCR4
and its binding partner, the SDF-1 CXCL12, which was
previously linked to the homing of hematopoietic stem
cells (HSCs) (115). Wynn et al. have demonstrated that
CXCR4 can appear in subpopulations of MSCs, which
aids in CXCL12-dependent migration and homing (135).
Aside from CXCR4, BM-MSCs express CCR1, CCR4,
CCR7, CCR10, CCRY, CXCRS5, and CXCR6, which
are also involved in MSC migration (115). To reach the
injured tissue, MSCs first adhere to vascular endothelial
cells and cross the endothelial barrier in a process known
as transendothelial migration (110). Studies investigating
the mechanisms of adhesion between MSCs and micro-
vascular endothelium indicate that MSCs display coordi-
nated rolling and adhesion behavior on endothelial cells
mediated by the very late antigen-4/vascular cell adhe-
sion molecule-1 (VLA-4/VCAM-1) (107,131).

In addition to chemokines and adhesion molecules,
several MMPs such as MMP-2 and membrane type 1
MMP (MT1-MMP) have proven to be essential to the
invasiveness of MSCs (23,104). Notably, homing-related
molecules in general can be upregulated by inflammatory
cytokines such as tumor necrosis factor (TNF) and IL-1
(103), suggesting that different inflammation statuses
might promote distinct MSC engraftment and therapeutic
efficiencies (133).

MSC-BASED CELL THERAPY:
CLINICAL TRIALS

Accumulating evidence of the remarkable potential of
MSC-based therapy in the treatment of numerous diseases
has been used to address their translation from the bench
to the bedside. According to the official database of the
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US National Institutes of Health, 493 MSC-based clinical
trials have been reported as of June 15, 2015; most were
performed to evaluate the biomedical potential of MSCs
in treating hematological diseases, GVHD, diabetes,
inflammatory diseases, and diseases in the liver, kidneys,
and lungs, as well as cardiovascular, bone and cartilage,
neurological, and autoimmune diseases (Fig. 2A).

An important parameter used to describe the status of
a clinical trial is its phase of investigation described by
the US Food and Drug Administration (FDA). According
to FDA guidelines, of the total five phases, phase O clini-
cal trials encompass exploratory trials involving very
limited human exposure and no therapeutic or diagnos-
tic intent; phase I trials include safety studies that eluci-
date the most frequent and serious adverse events related
to drug administration; phase II trials consist of studies
that gather preliminary data on effectiveness in human
patients; phase III trials encompass studies about the
safety and effectiveness of newer treatments compared to
standard and/or most well-known treatments; and phase
IV trials are studies of FDA-approved drugs that delin-
eate additional information including the drugs’ risks,
benefits, and optimal usage. Notably, phase I/I and phase
II/IIT are mixtures of their respective phases.

Figure 3 reports the phases of investigation of the 493
MSC-based clinical trials (Fig. 3A) and the most repre-
sentative treated pathologies (Fig. 3B). According to these
data, most clinical trials occur in an early phase (phase I,
I/I1, or II), demonstrating that the therapeutic effective-
ness of MSCs needs to be investigated. Furthermore, the
long-term safety of MSC-based therapies remains poorly
established and continues to pose a major limitation to
translating MSCs into clinical practice.

MSCs IN HEMATOLOGICAL
PATHOLOGIES AND GVHD

Although allogenic HSC transplantation is an effective
therapy for several hematological pathologies (e.g., lym-
phoma, myeloma, and some leukemias), the major issues
limiting its efficacy continue to be infections, bleeding,
engraftment failure, and GVHD (41,119). In particular,
GVHD is a form of rejection characterized by the attack
of cells transplanted to host tissues and organs (e.g., the
digestive tract, skin, and liver) and is associated with high
morbidity and mortality (30). It has been acknowledged
that acute GVHD (aGVHD) occurs in 30-80% of recipi-
ents depending on the extent of HLA-identical sibling and
donor sources (138). Currently, corticosteroids are the
gold standard for the initial treatment of aGVHD given
their response rate of 50-80%. However, patients whose
initial therapy failed showed only a 10-30% chance of
long-term survival (21,140).

It is well documented that MSCs possess great immuno-
suppressive capacities and produce cytokines that can
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A MSC-based clinical trials classified by disease type (n=493)

Hematological disease; 26
(5.1%)

Lupus Erythematosus;
2(0.4%)
Crohn's disease; 13 (2.6%)

GVHD; 35 (7.2%)
Diabetes; 27 (5.5%)

Liver disease; 31 (6.3%)
Kidney disease; 9 (1.8%)

Lung disease; 23 (4.8%)

Neurological disease (n=87)

Parkinson's
Disease; 3‘
Alzheimer's |
disease; 4 -

Other; 20

Figure 2. (A) The number and percentage of MSC-based clinical trials classified by disease type. (B) A subclassification of MSC-
based clinical trials for neurological disease. Data from www.clinicaltrial.gov.

support hematopoiesis and potentially enhance mar-
row recovery following chemotherapy or radiotherapy
(61,67). For these reasons, several researchers have
sought to exploit MSCs in order to facilitate the engraft-
ment of HSCs and lessen GVHD severity. Though some
results remain controversial, most prospective and retro-
spective data suggest that MSCs are effective for aGVHD
(60,65,69,92). In 2004, Le Blanc et al. first transplanted
haploidentical MSCs in a 9-year-old boy receiving severe
treatment for resistant grade IV aGVHD of the gut and
liver. One-year follow-up observations reported a remark-
able clinical response and no complications (68).

An interesting result supporting the effectiveness of
MSC-based treatment for hematological malignancies
was obtained in a case of a 20-year-old woman suffer-
ing from myelogenous leukemia. This patient underwent
allogenic HSC and MSC transplantation from her haploi-
dentical father, whose peripheral blood mononuclear cells
(PBMNCs) were collected by leukapheresis after pretreat-
ment with granulocyte colony-stimulating factor (GCSF).
The products of leukapheresis were further purified to
obtain CD34* HSCs that were infused into the patient.
BM aspirate from the iliac crest of the patient’s father was

collected and plated in a culture to obtain MSCs, which
when expanded, were infused following the transplantation
of HSCs. As a result, the cells engrafted rapidly, and nei-
ther acute nor chronic GVDH were evident in the patient.
Thirty-one months after transplantation, the patient exhib-
ited an enduring trilineage hematological response and the
complete remission of leukemia, suggesting that MSCs
can be used effectively for genetically haploidentical HSC
transplantation for acute leukemia (71).

Recently, Zhao et al. treated 47 patients with refractory
aGVHD, 28 of whom received MSCs, while the 19 others
were infused with saline. MSCs were given at a median
dose of 1x10° cell/kg weekly until patients achieved com-
plete recovery or had received eight doses of MSCs. After
treatment, the overall response rate was 75% in the MSC
group, compared with a rate of 42.1% in the vehicle-treated
control group. The incidence of infections and tumor
relapse did not differ between the groups during aGVHD
treatment and follow-up. The authors thus reported that
MSC-based treatment might be able to reduce the inci-
dence and severity of chronic GVHD in aGVHD patients,
chiefly by improving thymic function without increasing
the risk of infection or tumor relapse (140).
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A study conducted by Xiao et al. suggested that treat-
ment with MSCs from a related donor may be a promising
therapeutic strategy for patients with refractory aplastic
anemia (AA). These authors injected MSCs intravenously
into 18 patients, 14 of whom had nonsevere AA, while the
four others had severe AA. Though two patients experi-
enced injection-related adverse events, including tran-
sient fever and headache, no major adverse events were
reported during the follow-up period. After a year, 6 of the
18 patients (33%) had achieved complete or partial recov-
ery to the MSC-based treatment. Moreover, among them,
two achieved complete recovery, including the recov-
ery of three hematopoietic cell lines after MSC-based
therapy, two patients achieved red cell recovery, and two
patients achieved platelet recovery. In the control group,
only one patient (5.6%) achieved a partial recovery during
the follow-up period (137). The data obtained suggested
to the authors that treatment with MSCs from a related
donor might represent an effective therapeutic strategy for
patients with refractory AA.

Altogether, these results uphold the safety and feasi-
bility of MSC-based therapy for treating hematological
diseases and GVHD, as well as align with state-of-the-art
clinical trials, mostly of phase I/Il or II (Fig. 3A, B).

CARDIOVASCULAR DISEASES

Among MSC-based clinical trials, studies arranged for
the treatment of cardiovascular disease represent a substan-
tial proportion (14.8%) (Fig. 2A) and exhibit extremely
promising therapeutic significance. Despite the progress of
treatment options, ischemic heart diseases and congestive
heart failure remain major causes of morbidity and mor-
tality (131). The loss of cardiomyocytes following myo-
cardial infarction induces a contractile dysfunction of the
heart, and dead cardiac muscle cells become replaced with
fibroblasts to form scar tissue. The transplantation of fetal
cardiomyocytes or skeletal myoblasts has been proposed
as a promising method for the cardiovascular recovery fol-
lowing myocardial infarction (22,125). Nevertheless, this
process remains unfeasible given the difficulty of obtain-
ing donor cells and the percentage of failures associated
with attempts to achieve sufficient recovery of physiologi-
cal function in transplanted hearts (41). Stem cell-based
therapy aimed at regenerating damaged myocardium is an
emerging treatment modality (79,80). At the same time,
a considerable body of evidence from preclinical animal
studies and clinical trials has indicated that intracoronary
injection of MSCs or a mixed population of BM stem cells
could represent a simple, effective approach in the treat-
ment of heart diseases. An interesting study of a treatment
for acute myocardial infarction conducted by Chen et al.
observed 69 patients over the course of 12 h from the onset
of infarction who underwent emergency angiography or
angioplasty. After percutaneous coronary intervention
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(PCI), patients were randomly divided into groups that
received either an intracoronary injection of BM-MSCs
(n=34) or saline (n=35) groups. Sixty milliliters of BM
from patients undergoing cell therapy was aspirated, and
mononuclear cells were cultured for 10 days in order to
obtain MSCs. Serial single positron emission computer
tomography, cardiac echo, and cardiac electromechani-
cal mapping were applied at designated intervals for
6 months after the transplantation of BM-MSCs or injec-
tion of saline. In the MSC therapy group, the percentage of
hypokinetic, akinetic, and dyskinetic segments decreased
significantly after 3 months; this result was obtained to a
lesser extent in the control group. Wall movement veloc-
ity over the infarcted area increased significantly in MSC-
treated patients, but not in those of the control group. Left
ventricular ejection was greater in the cell therapy group
than in the control group (12).

A different approach for treating myocardial infarc-
tion was presented by Katritsis et al., who acknowledged
that the intracoronary transplantation of autologous
BM-derived mononuclear cells could improve the contrac-
tility of infarcted hearts. However, the authors stated that
although the administration of unpurified mononuclear
cells avoids problems associated with cell culture expan-
sion, it inevitably consists of a small percentage of pluri-
potent cells diluted among a massive amount of committed
and differentiated cells. They thus hypothesized that a BM
population consisting of culture-expanded MSCs along
with endothelial progenitor cells (EPCs) also present in
marrow stroma could promote both myogenesis by MSCs
and angiogenesis by EPCs at the infarcted area of the myo-
cardium (58). Their hypothesis built upon several studies
suggesting that cell populations besides HSCs can give rise
to ECs. In fact, adult BM-derived stem and progenitor cells
distinct from HSCs have also been shown to differentiate
into cells of an endothelial lineage (129).

Katritsis et al. enrolled patients who suffered antero-
septal myocardial infarction either recently or in the more
distant past. All patients had previously been subjected
to angioplasty and the stent implantation of the left ante-
rior descending artery. On the day following PCI, the BM
aspirates of some patients (n=11) were collected and the
mononuclear cells isolated by classical Ficoll separation.
Cells were plated in cultures, and after 7 days, the adher-
ent cells were washed, collected, and transferred to the
operating room, and the left coronary artery was catheter-
ized for cell transplantation. Two cell suspensions, each
containing 1-2x10°¢ cells, were infused distally to the
occluding balloon of the catheter. Both in the transplan-
tation and control groups, an improving trend occurred
for the end-diastolic and end-systolic diameter, fraction
shortening, ejection fraction, end-diastolic, and end-
systolic volume. In 5 of the 11 patients in the transplan-
tation group, myocardial contractility improved at least
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one previously nonviable myocardial segment, whereas
no participant in the control group showed such improve-
ment. The overall evaluation of results indicated that the
positive effect of cell therapy on myocardial contractility
occurs primarily in patients who have recently suffered
myocardial infarction (58).

In 2011, Friis et al. were the first researchers to evaluate
the safety and effectiveness of the intramyocardial injec-
tion of an autologous culture of expanded MSCs in patients
suffering from stable coronary artery disease (CAD) and
refractory angina. The results of the study were quite
encouraging; MSC-treated patients showed significant
enhancementin left ventricular function and exercise capac-
ity, in addition to an improvement in clinical symptoms and
Seattle Angina Questionnaire evaluations (34). Soon after,
these positive results were confirmed by Mathiasen et al.,
who conducted a phase II trial exploiting the intramyocar-
dial delivery of autologous MSCs in patients with chronic
ischemic heart failure. A total of 60 patients were random-
ized in a 2:1 pattern to receive intramyocardial injection
of either MSCs or a placebo. A total of 12-15 injections
were placed in an ischemically viable region of the myo-
cardium using the electromechanical NOGA-XP system.
After 12 months, MSC infusion appeared to have induced
the regeneration of damaged myocardial tissue, thereby
confirming the safety of the treatment and the improved
functional capacity of injured hearts (81).

To evaluate the efficacy of MSCs in therapies for isch-
emic cardiomyopathy (ICM), Hare et al. performed a note-
worthy phase I/Il clinical trial involving a randomized
dose-finding comparison study (POSEIDON) of allogenic
versus autologous MSCs delivered by transendocardial
injection in patients with ICM. Both allogenic and autolo-
gous cells were found to be safe, and both types demon-
strated potential regenerative bioactivity in ICM patients by
reducing the infarct size and improving ventricular remod-
eling as measured by the sphericity index. Most patients
who received allografted cells did not mount increased
panel-reactive antibodies in response to the therapy (48).
An intriguing speculation derived from this study is that the
use of allogenic cells as off-the-shelf therapeutic agents can
skirt the need for BM aspiration and tissue culture delays
before treatment. A possible hypothesis is that the function
of autologous MSCs could be impaired in patients with
comorbidities or who are of advanced age (48).

Though a considerable number of studies have demon-
strated the therapeutic effects of MSC transplantation, the
exact underlying mechanism remains unclear. The lead-
ing theory is that the potential effects stem from paracrine
effects exerted by the release of bioactive molecules by
MSCs, which in turn activates resident cells in the heart to
grow new blood vessels and cardiomyocytes. The discov-
ery of resident cardiac stem cells supports such a theory
(3). Although cardiac stem cells might not be an optimal
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cell source for clinical trials, for they require myocardial
biopsies, there may be an interplay with transplanted MSCs
increasing the regenerative potential of the latter cells (81).

Preclinical evidence reporting the infusion of in vitro
predifferentiated MSCs represented an intriguing hypoth-
esis to enhance the recovery of cardiac tissue following
injury. Despite the beneficial effect exerted by prediffer-
entiated MSCs on cardiac function, some criticisms arose
from their long-lasting effect; indeed, it has been demon-
strated to be short lived and disappear within 1 month,
unlike undifferentiated MSCs, which were immune privi-
leged and have been shown to survive long term in alloge-
neic myocardium, resulting in a significant improvement
on cardiac function (54,90,136).

NEUROLOGICAL DISEASES

Cellular therapies represent a new frontier in the treat-
ment of neurological diseases. In this context, MSCs fac-
tor into promising new approaches in neurological clinical
work due to their ability to dampen inflammation, inhibit
pathogenic immune responses, and release neuroprotec-
tive factors (127). Preclinical data show that MSC trophic
properties and bioactive substances seem to effectively
suppress neuroinflammation, decrease local lesions, and
reduce the symptoms of neurological functional deficits
(25,126).

To date, most clinical trials have focused chiefly on the
long-term safety and efficacy of MSC-based therapies, as
made clear by the abundance of phase I, I/Il, and II clini-
cal trials (Fig. 3A, B). However, MSCs also play roles in
promising approaches for treating neurological diseases.
Notably, most of the 88 MSC-based clinical trials involv-
ing the treatment of neurological disease targeted mul-
tiple sclerosis (MS), amyotrophic lateral sclerosis (ALS),
and spinal cord injury (Fig. 2B). MS is a chronic inflam-
matory demyelinating disease of the central nervous sys-
tem (CNS) that leads to cumulative and irreversible CNS
damage (57,105). Over time, therapeutic approaches to
MS have sought to suppress the immune system’s control
of the inflammatory process that causes demyelination
and axonal damage (27,117). However, currently avail-
able treatments for MS are only partially effective, espe-
cially in the progressive phases of the disease (57).

Connick et al. conducted an interesting phase ITA
study of autologous MSCs in secondary progressive MS
in which they evaluated the safety and effectiveness of
a cell-based treatment. Ten patients were infused with
autologous MSCs administered intravenously at a dose of
1-2x10° cells/kg, after which they were monitored clini-
cally for evidence of adverse reactions for a minimum of
4 h. Immediate adverse events consistent with type 1 hyper-
sensitivity (e.g., pruritus, rash, and fever) were reported in
only approximately 10% of patients following the intra-
venous administration of autologous or allogeneic MSCs.
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Despite these promising preliminary results in determining
the safety and feasibility of the intervention, the authors
concluded that a longer follow-up period might be neces-
sary to achieve sufficient power, and they remained com-
mitted to follow up with patients monthly (16).

Of note is another intriguing report by Karussis et al., in
which both MS and ALS patients were infused with MSCs
(57). ALS is a neurodegenerative disease that selectively
affects motor neurons in the brain and spinal cord, thereby
leading to bulbar, respiratory, and limb weakness (108).
Previous efforts using various neuroprotective agents in
both progressive MS and ALS patients did not yield suc-
cessful results. On the basis of preclinical experience and
data from clinical studies (82,83,87,106), Karussis et al.
initiated an exploratory trial with autologous BM-MSC
in 34 patients with intractable MS or progressive ALS.
After culture, MSCs were injected either intrathecally
(n=34) or intravenously (n=14) into 15 MS and 19 ALS
patients. The 6-25 months of follow-up did not reveal
any significant immediate or late adverse effects, yet
indicated clinical stabilization and even improvement in
some patients. Magnetic resonance imaging indicated the
possible dissemination of MSCs from the lumbar site of
transplantation to the occipital horns, meninges, spinal
roots, and spinal cord parenchyma. An immunological
analysis of lymphocyte subsets and cytokine production
performed in 12 patients demonstrated the immediate
immunomodulating effects of MSCs in vivo, starting as
early as 4 h following MSC transplantation and includ-
ing both an increase in CD4+* CD25* regulatory cells and
a reduction in the proportion of activated dendritic cells
and lymphocytes, as well as of lymphocyte prolifera-
tion. Overall, these data clearly illustrate the feasibility
and acceptable safety profile of the transplantation of
autologous BM-MSCs in MS and ALS patients. The data
obtained also demonstrated for the first time in human
neurological diseases the systemic immunomodulatory
effects of MSCs in vivo previously described in animal
studies (57). The finding of early clinical stabilization
or even improvement in some patients could be related
to these immunomodulating effects. The possibility of
neuroprotection and neuroregeneration via the transdif-
ferentiation of MSCs into cells of neuronal or glial lin-
eage, albeit theoretically viable, has yet to be proven by
neuroimaging studies. Further controlled trials are thus
warranted to evaluate the long-term safety and potential
clinical efficacy of MSC transplantation.

Spinal cord injury (SCI) can cause devastating motor
and sensory functional impairment, neurological deficits,
and permanent paralysis. Despite various available meth-
ods for treating SCI, the prognosis often remains poor,
and the recovery process is slow and inefficient (62,132).
Yet one promising approach is an MSC-based treatment.
Numerous preclinical studies have demonstrated that
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MSCs can improve anatomical and functional recovery
in animal models of SCI (15,97,114,121). In a phase I
clinical trial, Ra et al. intravenously infused eight male
patients who had suffered SCI with autologous adi-
pose MSCs (4x 108 cells). At the 3-month follow-up,
the safety of MSCs was demonstrated when no serious
adverse events were detected. MSC system transplanta-
tion, moreover, did not induce tumor development (102).
A few years later, Mendonga et al. conducted a phase I
trial involving 14 patients of both genders with chronic
traumatic SCI. A fixed cell number (5x10° cells/cm?)
was locally injected per lesion volume. Added to data
supporting the general safety of the procedure and its
tolerability, all patients remarkably displayed various
improvements in tactile sensitivity, and eight patients in
particular showed gains in lower limb motor function.
Statistically significant correlations among improvements
in neurological function and both injury size and level
were also apparent (85).

Altogether, these studies have reported that autologous
MSC:s in treatments for MS, ALS, and SCI were safe and
feasible and could promote neurological improvements.
This evidence supports general data reporting an increase
in MSC-based clinical trials for neurological disease in
the last 3 years (132).

BONE AND CARTILAGE DISEASE

Since their first isolation, MSCs have been firmly asso-
ciated with bone physiology given their pivotal role in the
growth and lifelong turnover of tissues and in their native
regenerative capacities. Moreover, this association has
resounded with greater force in the age of regenerative
medicine. The intrinsic ability of MSCs to differentiate
into osteocytes and chondrocytes both in vitro and in vivo
make them highly suitable candidates for the treatment of
bone and cartilage disease. Indeed, most clinical trials (94
of 493) registered on the official database of US National
Institutes of Health assessed this topic (Fig. 2A).

Osteogenesis imperfecta (OI), also known as brittle
bone disease, is a genetic disorder caused by dominant
mutations in the type 1 collagen genes COL1A1l and
COL1A2 characterized by osteopenia and multiple frac-
tures, severe bone deformities, and considerably short-
ened stature. Given the lack of an effective cure for OlI,
promising results obtained with MSC-based therapies
contributed to revealing an intriguing scenario to both
researchers and clinicians (77). The first clinical trials
in this context were performed by Horwitz et al., who
demonstrated the feasibility of combined allogenic BM
and MSC transplantation for children with severe OI
(51). This preliminary study showed that mesenchymal
progenitors in transplanted marrow could migrate to
bone, thereby giving rise to osteoblasts that determined
the improvement of bone structure. Consequently, the



CLINICAL TRIALS WITH MSCs

authors confirmed these promising results by increasing
the number of children treated with an MSC population
isolated and purified from BM (50,52).

In 2005, Le Blanc et al. reported a novel clinical trial
using in utero MSC allogenic transplantation in a female
fetus with severe OI. After birth, the infant showed no
immunoreactivity against the donor, and during the first
2 years, only three fractures were revealed. At follow-up,
both normal psychomotor development and correct
growth tendencies were observed (66). The long-term
clinical course of the same patients submitted to a sec-
ondary transplantation of the same donor of MSCs at 8
years of age was further described in 2014; these results
showed a low-level engraftment in bone and improved
linear growth, mobility, and fracture incidence. These
findings in turn provided further insights into the safety
of fetal MSC engraftment, its likely clinical benefits, and
the feasibility of retransplantation with the same donor
cells. However, the authors concluded that further studies
are required since the limited study could not produce any
conclusive results (45).

Osteoarthritis (OA) is a form of arthritis characterized
by the degeneration of articular cartilage accompanied
by subchondral bone sclerosis and synovial inflamma-
tion (40). Its clinical manifestation includes joint pain
and impaired movement that affects the surrounding tis-
sue with local inflammation. OA is the most prevalent
of chronic diseases affecting most of the population aged
more than 65 years (77). Despite its prevalence and high
morbidity, no treatment is yet available to improve or
reverse the disease’s process. In this sense, MSCs dem-
onstrate promising prospects in their clinical application
in OA patients. Considerable preclinical studies have
demonstrated the potential of BM-MSCs to stimulate the
regeneration of cartilage and halt the progressive destruc-
tion of joints (77).

In a fascinating pilot study, Orozco et al. administered
the intra-articular injection of autologous BM-MSCs to
treat 12 patients affected by chronic knee pain that was
unresponsive to conservative treatments and showed
radiological evidence of OA. Besides evidence of the
treatments’ feasibility and safety, follow-up at 1 year
indicated its clinical efficacy. Indeed, patients showed
a rapid, progressive improvement according to algo-
functional indices, along with a decrease in poor carti-
lage area and an enhancement in cartilage quality (96).
Taken together, these findings contribute to highlight
the efficacy of MSC-based therapies for the treatment of
chronic knee OA. Analogously intriguing were the results
obtained by Wong et al., who reported a prospective ran-
domized controlled clinical trial with a 2-year follow-up
period. They analyzed the results of using intra-articular
autologous BM-MSC injections in 28 patients undergo-
ing high tibial osteotomy (HTO) and microfracture for
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knees with various cartilage defects. The results showed
effective improvement in both the short-term clinical and
1-year postoperative outcomes in repaired cartilage tissue
observed with magnetic resonance technology (134).

Despite these promising results, the clinical applica-
tion of MSCs in OA and OI remains immature, and its
effects need to be further investigated, as demonstrated
by the prevalence of clinical trials of phases I/II and II
(Fig. 3A, B).

LIVER, LUNG, AND KIDNEY INJURY

Given their abilities to immunomodulate, differentiate,
and release bioactive molecules, MSCs have been shown
to be effective in the treatment of many organ diseases
triggered by tissue injury and/or degeneration. Clinical
observations reported the efficacy of these cells, once
infused, in ameliorating tissue damage and/or improv-
ing function after lung injury (20), kidney disease (1),
and liver injury (56,84). Indeed, from 2012 onward, the
number of MSC-based clinical trials conducted for the
treatment of these pathologies has increased (Fig. 2A)
(132,133).

The lungs are highly susceptible to edema and
endothelial permeability caused by traumatic injury and
represent good targets for MSC-based cell therapy, given
the ability of MSCs to preserve and restore pulmonary
endothelium and decrease inflammation (73). Recent
clinical trials have clearly assessed the safety and feasi-
bility of using MSCs intravenously administrated for the
treatment of patients affected by moderate or severe acute
respiratory distress syndrome and idiopathic pulmonary
fibrosis (8,88).

MSCs seem to pose great promise for the treatment
of impaired livers, especially those affected by advanced
fibrosis. Zhang et al. examined the safety and efficacy
of umbilical cord-derived MSC (UC-MSC) transfusion
in patients affected by liver cirrhosis. Clinical param-
eters detected during a 1-year follow-up period showed
significantly improved liver function in patients who
received UC-MSCs, as well as no significant side effects
or complications (139). Similarly encouraging results
were obtained by Shi et al., who assessed the efficacy
of UC-MSC:s for treating acute-on-chronic liver failure
(ACLF), a severe, life-threatening condition affecting
chronic hepatitis B patients. These authors demonstrated
that UC-MSC transfusions significantly increased the
survival rates of ACLF patients, reduced the model for
end-stage liver disease scores, and increased liver func-
tion (113). In sum, these data demonstrate that UC-MSC
transfusions are safe and may serve as a novel therapeutic
approach for liver diseases.

Given their complex pathophysiology, acute and
chronic kidney injuries after transplantation have been
considered to pose problems in clinical work, yet also to
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have paved the way for the clinical introduction of MSC-
based cell therapies. Despite promising preclinical results
obtained with animal models that indicated the effective-
ness of MSCs in reducing acute and chronic kidney inju-
ries, clinical trials remain in the early phases and largely
aim to investigate the safety and efficacy of allogenic
MSC infusion (38,88). Preliminary data described by
Gooch et al. indicate that the infusion of allogenic MSCs
seemed to prevent all complications in patients with post-
cardiopulmonary bypass-induced acute kidney injury
(AKI) and promote kidney recovery. Their data demon-
strated that MSC infusion also prevented all postopera-
tive renal failure (0% vs. 20% AKI incidence compared
with the case control) and thus abbreviated hospitaliza-
tion (44). Analogously, Togel and Westenfelder reported a
clinical study of 16 patients undergoing on-pump cardiac
surgery, all of whom were identified as being at high risk
of postoperative AKI. They demonstrated that MSC infu-
sions were safe in all tested dosages and offered evidence
of the protective effect of these cells on kidney function
and abbreviated hospitalization length compared with
historical case controls (124).

As shown in Figure 3A and B, though most aforemen-
tioned clinical trials have been of early phases (e.g., phase
I/IT), their increase in the last 3 years and their promising
preliminary results offer proof of the wide range of appli-
cations of MSCs in clinic practice.

CHRONIC INFLAMMATORY
AND AUTOIMMUNE DISEASES

MSCs have also shown promise in playing an immedi-
ate anti-inflammatory, immunomodulatory role in some
autoimmune diseases with little evidence of toxicity
(131). Preclinical studies have demonstrated that MSCs
are effective in the treatment of autoimmune diseases
such as systemic lupus erythematosus (SLE), a chronic
autoimmune disease with significant morbidity and mor-
tality characterized by highly diverse clinical manifesta-
tions that can affect any organs in the body (130). The
conventional treatment of SLE relies primarily on high
doses of corticosteroids, cyclophosphamides, and other
immunosuppressive and biological agents. Although
these drugs have prompted markedly improved outcomes
in SLE patients (19), a subset of patients may suffer
severe side effects, including infection, ovarian failure,
and secondary malignancy (53,59,94), which remain the
important causes of mortality in SLE patients. Therefore,
more effective, less toxic treatments are needed. Clinical
studies of MSC-based treatments conducted in refractory
and severe SLE patients resulted in the induction of clini-
cal remission and improvements in serological markers
of organ dysfunction (74,118,130). To date, two clinical
trials with MSCs for SLE in an unknown status are avail-
able in an online database (www.clinicaltrials.gov).
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Recently, investigators also sought to use MSCs to
treat Crohn’s disease, a chronic inflammatory disorder
of the gastrointestinal tract. Refractory patients have not
responded to conventional treatments involving steroids
or immunosuppressive agents or anti-TNF therapy (131).
Following a pilot study, Duijvestein et al. reported that
autologous BM-MSC injection in patients with refrac-
tory Crohn’s disease was an encouraging therapy. In five
of eight MSC-treated patients, Crohn’s disease activ-
ity index scores improved, and clinical responses were
observed in the other three patients (26). In 2011, another
pilot study was performed with 10 patients with fistuliz-
ing Crohn’s disease. MSCs were injected into both the
lumen and wall of the fistula tracts. After 12 months, sus-
tained complete closure was achieved in seven cases and
incomplete closure in three cases, all of the fistula tracts
with a parallel reduction of Crohn’s disease, of the peria-
nal disease activity index, and of rectal mucosal healing
(13). The same authors assessed the long-term outcomes
of the same patients from 2007 to 2014 and confirmed the
previous encouraging results (14).

ORGAN TRANSPLANTATION

Given their immunological characteristics, such as
low immunogenicity and immunoregulatory properties,
MSCs may also offer therapeutic opportunities in organ
transplantation. Preclinical studies evidenced the effec-
tiveness of MSCs in regulating the invoked immune
response in settings such as tissue injury, transplanta-
tion, and autoimmunity, and paved the way for their use
in treating GVHD induced by solid organ transplanta-
tion as well as repairing damaged tissue(s) (122). Ding
and colleagues demonstrated the role played by MSCs
in preventing rejection and leading to long-term normo-
glycemia in a mouse pancreatic-islet allograft model
(23). Regardless of the encouraging results of pre-
clinical studies, key issues need to be addressed before
MSC-based therapies become a safe option for clinical
studies (31).

The main clinical trials on the matter are still ongoing
(11 of 493, grouped in the section “Other”) (Fig. 2A) and
focus on MSC administration following kidney and liver
transplantation. Despite the promising results about the
safety of the procedure and beneficial effects, cautious
optimism has to be addressed in the immediate future
(100). In 2013, Peng and colleagues carried out a non-
randomized trial to assess safety and efficacy of donor
BM-MSC in living-donor kidney transplant (LDKT)
recipients. They demonstrated that direct MSC injec-
tion into the renal artery, along with standard immuno-
suppressive therapy, was safe as well as MSC recipients
maintained stable graft function during 1-year follow-up
and displayed higher numbers of peripheral B-memory
(CD27%) cells at 3 months (98).



841

CLINICAL TRIALS WITH MSCs

"AOZ"S[RII [BIIUI[D) MMM WOIJ BIR( "SNILIS JUUNINIOAT UMOUY ISB[ JIay) uo Furpuadap ‘sarpnis paso[d 1o sarpms uado paIopIsuod aIe
SNJB)S JUSUNTNIIAI UMOWNU[) UL [JIM SAIPNIS "sTeak 7 Ised 9y UnpIm parjIIoA udoq Jou sy Snje)s 2s0ym pue SUNINIOAI JOU QAT 10 ‘Funinidar 1o£ 10N ‘Suniniody Jjo Smess e iim A0S S[RLIL[eOTUI[D) Ul
Apmis v ‘umouyuy) ‘urede jre)s Kew nq ‘Ajres syuedonted Surjorus 1o Sunmiodar paddos sey Apnys ayJ, papuadsng -yuedronred jsiiy s Surjjorus a10joq ‘Apres paddoys Apms oy, ‘umv.apyiip oyedionied
0] payiaut Aqreoryroads are oym uonendod renonred jey) ur ojdoad 03 A[uo Inq ‘LIALID ANIQISI[ AY) SIOAW OYM JUOAIIAD 0] uado JoU e SAIPNIS ASAY ], "SIAYOILISAI AY) AQ 20UBAPE UT UO paproap djdoad
Jo dnoi3 1o uonendod e wouiy syuedronaed sir $3109[9s Jey) Apmis y cuonpvjiaul £q Suijjoiusy “pI[[0IU IO PAINIDAI Sureq Apualnd jou are syuedonted renuajod Jnq ‘(paurwexs Juraq 10 UOHUIAIIUL UB Jul
-A10031 a1k syuedronred ¢9'1) Sur03uo ST ApnIs oy, JSuNINLI2L 10U 2410 "PIJRAI) 10 paurexd Jureq JoSuof ou are syuedonied ‘urese 1es jou [[im pue A[1ed syuedonred Surjorud 10 Sunmidar paddols
sey Apnis oy, -parnuiuiia], "(PAImodo sey  JISIA Ise] 902[qns Isey,, Ay 9'T) pajean Io pauturex? ureq Iaguof ou a1 syuedronred pue ‘Ajewiou papud sey Apmis ayJ, -pazajduio) -syuedonted unmioar
PalIe)s Jou sey Apnis oy, -Suninidal a4 joN “sjuedronred Junmniodr APuaLInd St Apnis Ay, :Sur1ni22y -odK) aseasip pue snjeis AQ palIsse[d (J[BIA0) S[eL) [BOIUI[D PIseq-DSIA €61 Ui siodal 9[qe) ay [,

91 0 [4 I 9 0 ol L 1e Relitle]
C 0 0 0 0 0 0 0 0 snsojeway)A1o sndn
I 0 0 0 C 0 14 0 9 9SBASIp S, UYoI)
4! [4 [4 S 8 [ 0C 9 6¢ 3sEaSIP [IIT0[0MAN
4! 0 I € Sl 1 6C € 0¢ 9SBASIp 2FR[NIED pUL UOY
S I I I 8 ! 61 L 0¢€ JSBASIP JB[NISBAOIPIRD)
4 0 0 0 C 1 ¥ I €l aseasIp Sung
€ 0 0 0 0 C I I 4 9SEBASIp Aoupry|
14! 0 0 C 4 I € I 8 QSBISIP JOAT
6 0 0 I € 0 € [4 6 Sa1eqeIq
6 0 0 1 € 0 L 0 Sl dHAD
4 0 0 4 0 ! 14 € ! 9SBASIp [BOIS0[0JBWH
6 € 9 91 67 8 Y01 Ie P81 [[e12A0
umouyu) popuadsng UMBIPYIIA uone)IAUf Sunmiooy PojBUIULIAY, pareidwo) Sunmooy Sunmooy K3ojoyred
Aq 3urpjorug JON QAIDY JoX 10N
sa1pn)g SQIpN)S Paso[D sarpm)§ uadQ
pasoD/uado

S[BLLL [eSIUID pased-DSIN JO smelS * dqBL



842 SQUILLARO, PELUSO, AND GALDERISI

Table 2. MSC-Based Clinical Trials in a Completed Status
Pathology PhaseI ~ Phase I/II Phase 11

Phase II/I11 Phase III Phase IV ND

Overall 31
Hematological disease
GVHD

Diabetes

Liver disease

Kidney disease

Lung disease
Cardiovascular disease
Bone and cartilage disease
Neurological disease
Crohn’s disease

Lupus erythematosus
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The table reports the completed MSC-based clinical trials classified by phase of investigation and disease type. Data from www.

ClinicalTrials.gov.

An interesting clinical trial, still ongoing, aims at
evaluating the safety and tolerability of MSC adminis-
tration after liver or kidney organ transplantation. Ten
patients undergoing liver transplantation and 10 patients
undergoing kidney transplantation have been selected
to receive a single infusion of MSCs (www.clinicaltrials.
gov; #NCT01429038). Their results will provide fur-
ther insights about the clinical use of MSC in organ
transplantation.

MSC-BASED CLINICAL TRIALS:
EVIDENCE AND CRITICISM

In this review, we offer evidence showing that in the
last 3 years, the number of MSC-based clinical trials has
nearly doubled, surpassing the 206 studies described
by Wang et al. in 2012 (132) to the current tally of 493
(Fig. 2A). Most clinical trials are phase I (n=109), phase
I/IT (n=185), and phase II (n=98) trials; only a few are
of phase II/IIl (n=17) or phase Il (n=26) (Fig. 3A).
Interestingly, this stratification is observed even consid-
ering the phases of investigation of single disease trials
(Fig. 3B). Notably, a high number of the 493 reported tri-
als are ongoing; 184 are in recruiting status versus the 104
that have been completed (Tables 1 and 2). These studies’
conclusions will be extremely informative in terms of
providing evidence that MSC infusion and administra-
tion seem to be well tolerated, as well as support pre-
liminary observations underscoring that the efficacy of
MSC-based therapy is primarily restricted to GVHD and
hematological, bone, and cartilage diseases.

These findings seem to highlight that the beneficial
effect of MSC-based treatment could be principally due
by the immunomodulation and regenerative potential of
these cells. Indeed, it has to be pointed out that the inflam-
mation-causing tissue damage triggered in response to

injury and disease is a key aspect of many pathologies, so
the beneficial effect of MSCs could be ascribed to both
immunomodulatory and regenerative properties. This
joint action may contribute to MSC therapeutic potential
for the treatment of any tissue or organ damage associ-
ated with intense inflammatory activity (e.g., theumatoid
arthritis, kidney failure, heart injury, multiple sclerosis)
(3,33). Indeed, it has been demonstrated that MSC-based
therapy seemed to modulate aberrant immune responses
causing demyelination and axonal injury associated with
MS, as well as to repair and restore damaged CNS tissue
and cells (2).

Overall, these data indicate that much work remains
to be done before MSCs can pass from the bench to the
bedside. Issues such as donor heterogeneity, ex vivo
expansion, immunogenicity, and cryopreservation can be
considered the Achilles’s heel of MSC-based therapies
(35,37).

According to the minimal criteria suggested by ISCT,
current procedures for MSCs isolation, expansion, and use
in therapy are standardized toward isolating and cultivat-
ing a nonclonal population of stromal cells. Nevertheless,
every nonclonal population of MSCs may contain a dif-
ferent percentage of stem cells, which in turn may affect
the biological properties of the total population, including
its immunoregulatory capacity. Therefore, the percentage
of stem and progenitor cells in each batch of MSCs has
to be accurately evaluated before being administered to
patients. A reliable assay (e.g., CFU-F assay) and the
evaluation of the multipotential capacity of each CFU
clone may allow the identification of the percentage of
stem cells and their multilineage potential in each sample
of nonclonal MSCs (36).

Although in vitro expansion is a necessary procedure
to guarantee the elevated number of MSCs employed in



CLINICAL TRIALS WITH MSCs

each administration, it is also considered to pose important
issues. The lack of standardized procedures regulating ex
vivo expansion greatly affects MSC properties, and it has
been demonstrated that in vitro growth of MSCs can give
rise to replicative senescence. Senescent cells are non-
functional cells that may affect the activity of surrounding
healthy cells by releasing several paracrine factors (5).
Senescent cells therefore have to be avoided to preserve
the therapeutic potential of any cell batch destined for
clinical use. A direct positive link between the early pas-
sage of MSCs and clinical outcomes in GVHD has been
demonstrated (65). The development of standardized pro-
cedures along with the use of reliable methods, including
in situ senescence associated with B galactosidase assay
and/or a related assay, may allow the identification of the
percentage of senescent cells in every MSC sample and
contribute to overcoming their adverse effects (36).

Another issue affecting the reliability of MSC-based
therapy is the donor heterogeneity. It could be considered
as a combination of the aforementioned issues and may
affect the biological properties of MSCs even before their
ex vivo expansion.

Therefore, introduction of standardized procedures
that couple those regulating MSC isolation and ex vivo
expansion could contribute to overcoming any diver-
gence in clinical outcome and lead to a faster translation
of MSCs into clinical practice.

Overall the evidence presented contributes to fueling
the controversy about the clinical use of MSCs; it has been
acknowledged that the occurrence, type, and severity of
adverse events may vary significantly between different
populations and according to different MSC characteris-
tics (e.g., isolation procedure, ex vivo expansion, dose,
type) and the nature of the disease being treated (63).
Moreover, if no severe side effects have been observed so
far, long-term benefits remain uncertain. Indeed, regard-
less of the kind of pathology and the clinical settings, the
median follow-up is still limited in terms of long-term
effects, in particular with respect to the evaluation of
MSC tumorigenic potential (76,85).

However, most clinical trials are still ongoing, and
their conclusions will provide insights on these issues;
preclinical data regarding mechanisms of action, long-
term safety, and efficacy will also corroborate the evi-
dence supporting the clinical use of MSCs.

CONCLUSION

Looking at both the completed and ongoing clinical
trials, MSC-based therapies seem to maintain the prom-
ise of safety and to demonstrate that MSC infusion and
administration are well tolerated. However, much work
remains to be done before MSCs can pass from the bench
to the bedside; issues such as donor heterogeneity, ex vivo
expansion, immunogenicity, and cryopreservation can be
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considered the Achilles’ heel of MSC-based therapies.
Thus, their clinical use must be strictly regulated since
it is not possible to claim that every tissue damage or
immunological disease may be treated with MSCs. This
implies that in the near future the efforts of researchers
and clinicians will be addressed to the disclosure of the
mechanisms influencing their therapeutic use.
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