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Abstract
Mesenchymal stem cells (MSCs), also called multipotent mesenchymal stromal cells, exist in
almost all tissues and are a key cell source for tissue repair and regeneration. Under pathological
conditions, such as tissue injury, these cells are mobilized towards the site of damage. Tissue
damage is usually accompanied by proinflammatory factors, produced by both innate and adaptive
immune responses, to which MSCs are known to respond. Indeed, recent studies have shown that
there are bidirectional interactions between MSCs and inflammatory cells, which determine the
outcome of MSC-mediated tissue repair processes. Although many details of these interactions
remain to be elucidated, we provide here a synthesis of the current status of this newly emerging
and rapidly advancing field.

Mesenchymal stem cells (MSCs)
Stem cells have several distinct characteristics that distinguish them from other cell types.
First, they are mostly unspecialized and are self-renewing. Second, they can be induced to
differentiate into various specialized cell types, and thus hold promise for regenerative
medicine [1]. Recent studies have suggested that resident in almost all tissues are a small
number of dormant stem cells that can become activated and specifically migrate to sites of
tissue damage, where they then perform repair functions. When derived from differentiated
tissues, these cells are often referred to as ‘adult stem cells’, although they are also present
in various tissues in embryos and infants. Thus, it is more appropriate to refer to them as
tissue stem cells or MSCs [2]. MSCs have been isolated from many different tissues,
including bone marrow, adipose tissue, nervous tissue, hair follicles, intestinal epithelium,
cardiac tissue, amniotic fluid, placenta, and Wharton's jelly of the umbilical cord. In culture,
most MSCs have a spindle morphology like fibroblasts, and can be maintained for several
passages without significant alterations in their major properties [3]. MSCs are multi-potent
and can differentiate into distinct cell types, such as chondrocytes, osteoblasts, and
adipocytes [4]. MSCs derived from adult bone marrow can be cloned and expanded in vitro
more than a million-fold without loss of differentiation potential; these bone marrow-derived
MSCs are the most routinely used in studies [5]. However, many properties of these rare
tissue-resident cells remain unknown [6].
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Recent studies have suggested that MSCs can influence various physiological and
pathophysiological processes, such as immune and inflammatory responses [2]. In 2002, it
was reported that MSCs can modulate immune responses, with the finding that baboon
MSCs could inhibit the mixed lymphocyte reaction in vitro, and prevent the rejection of
allogeneic skin graft in vivo [7]. Subsequently, a large body of work has demonstrated that
MSCs are immunosuppressive both in vitro and in vivo in other animal models and human
studies [2]. These findings are important because, although the immunomodulatory capacity
of MSCs could potentially be harnessed therapeutically, there may also be unwanted effects
associated with immunosupression. Here, we review the evidence linking MSCs with
immunosuppression and the mechanistic data explaining how immunomodulation occurs.
We also examine how the immune status of the host might influence the immunomodulatory
activity of MSCs. Finally, we consider the implications of these data for clinical studies of
MSCs in disease.

MSCs in the damaged tissue microenvironment
Pathogenic tissue injury usually involves the activation of immune and inflammatory cells.
Under normal conditions, apoptotic cells are silently cleared by resident phagocytes without
causing inflammation. By contrast, acute tissue damage is usually followed by
inflammation, even in cases of nonimmune or noninfectious injury [8,9]. Cellular
components released from necrotic cells and microvasculature damage lead to enhanced
vasopermeability and infiltration of macrophages and neutrophils. In addition to these innate
immune cells, adaptive immune cells including B cells, CD4+ T cells and CD8+ T cells are
also closely associated with tissue damage and repair [10,11]. Importantly, phagocytosis of
necrotic cells results in the release of proinflammatory factors, such as tumor necrosis factor
(TNF)-α, interleukin (IL)-1, various chemokines and leukotrienes, and free radicals [12].
Together with fibroblasts and endothelial cells, the most common cell types involved in the
process of injury repair, these inflammatory cells and factors are finely regulated to achieve
a balance in tissue homeostasis.

In recent years, MSCs have come to be recognized as one type of adult stem cells actively
participating in tissue repair [6]. When tissue damage occurs, MSCs either in the immediate
vicinity or those derived from bone marrow are believed to migrate into the damaged tissue.
Details of their migration, differentiation and survival mechanisms at the damage sites
remain elusive, however, mainly because of a lack of reliable tracing markers. Nevertheless,
MSCs must interact closely with various stromal cells and inflammatory cells once they
reach the site of damage to participate in tissue repair [13–15]. The mechanisms of MSC-
mediated tissue repair are complex, but MSC-derived trophic factors play an important role.
In animal models, MSC-conditioned medium could, to some extent, mimic the therapeutic
effects of MSCs in enhancing wound healing, and improving cardiac function following
myocardial infarction [16–18]. Genetic ablation of specific factors, such as TNF-inducible
gene 6 protein (TSG6), largely abrogates the beneficial effect of MSCs in promoting the
repair of myocardial infarction and corneal damage [19,20]. Several reports have
demonstrated that MSCs can release an array of growth factors (Figure 1), such as epidermal
growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF),
transforming growth factor (TGF-β), vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), insulin-like growth factor (IGF)-1, angiopoietin-1 and stromal cell-
derived factor (SDF)-1, many of which are generated by proinflammatory stimuli such as
TNF-α, lipopolysaccha-ride, or hypoxia, in a nuclear factor (NF)-κB-dependent manner
[21,22]. Further studies to investigate how the inflammatory milieu modulates growth factor
production at sites of tissue damage will provide insights into the therapeutic mechanisms of
MSC effects.

Shi et al. Page 2

Trends Immunol. Author manuscript; available in PMC 2012 August 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In addition to tissue repair, MSCs may have potential in suppressing uncontrolled immune
responses, providing in situ negative regulation during the inflammatory response. It is
thought that MSC-mediated immunosuppression occurs in the microenvironment
surrounding the MSCs: the inflammatory factors produced during the immune response act
to turn on the immunosuppressive capacity of MSCs [23,24]. Therefore, the inflammatory
status in the particular microenvironments associated with specific diseases will probably
need to be considered when developing novel therapeutic strategies involving MSCs.

MSCs are not spontaneously immunosuppressive
Initial studies on the immunomodulatory effects of MSCs have produced conflicting data:
immunosuppression was evident in vivo in both animals and humans with immune disorders
[2,7,25,26], but it has not always been detected in some in vivo experimental settings. For
example, MSCs have been found to be effective in suppressing excessive immune
responses, such as graft-versus host disease (GvHD) and systemic lupus erythematosus
(SLE) in both animal models and humans [23,25,27]. By contrast, several other studies have
found that MSCs are unable to prolong graft survival or suppress GvHD in vivo, although
they do suppress lymphocyte proliferation to some extent in vitro [28,29]. Furthermore, co-
transfer of MSCs with allogeneic bone marrow transplantation in sublethally irradiated
mice, unexpectedly decreased engraftment of donor cells[30], and combined administration
of MSCs and cyclosporine A (CsA), a universally used immunosuppressant, actually
accelerated graft rejection [29]. These studies would seem to indicate that MSCs are
immunosuppressive, but not under all conditions. As used in different experimental settings,
MSCs are usually heterogeneous cell populations. They are isolated from different tissues
and used at different passages upon in vitro expansion. It has been reported that the
phenotype, differentiation potential, and gene expression of MSCs change significantly with
in vitro passage [31]. In a rat ischemia/reperfusion injury model, MSCs with high passage
numbers adversely affected myocardial protection in isolated rat hearts [32]. Furthermore,
considering the complexity of the microenvironment at damaged tissue sites, the different
therapeutic effects of MSCs may also be due to the specific microenvironment that they
encounter.

To tease out these possibilities, one study has used clones of mouse MSCs (comprising a
homogeneous cell population) that were generated from mouse bone marrow [33]. To test
whether their immunosuppressive activity is intrinsic, these MSC clones were cultured with
T cell blasts or T cell hybridomas, neither of which produces inflammatory cytokines in the
absence of antigen receptor stimulation. No immunosuppression was observed unless the
MSCs were pretreated with interferon (IFN)-γ, together with TNF-α or IL-1 [23,24]. This
result is consistent with several studies indicating that priming by inflammatory cytokines is
essential for MSC-mediated immunosuppression [24,34–38]. Thus, MSCs need to be
‘licensed’ to become immunosuppressive. Interestingly, MSCs can participate in antigen
presentation if exposed to a narrow window of low levels of IFN-γ through upregulation of
MHC-II, whereas high concentrations of IFN-γ and other inflammatory factors such as
TGF-β suppress MHC-II expression. These data further indicate the importance of the local
inflammatory conditions in regulating the plasticity of MSCs [39–41]. Therefore, MHC-II
expression on MSCs should be considered when establishing protocols for allogeneic MSC
expansion for clinical purposes due to the involvement of MHC-II in allorejection.

These results raise several points that should be considered when testing the use of MSCs
clinically. First, the schedule of administration of MSCs may be important. Based on the
‘licensing’ theory, MSCs are most probably effective when administered after the onset of
inflamma-tory diseases. Supporting this, in a mouse GvHD model, MSC administration on
the same day as bone marrow transplantation (BMT) had no protective effect [28], whereas
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administration 3, 8 or 20 days after BMT significantly suppressed the progression of GvHD
and lessened the related symptoms [23,42]. Additionally, several reports have indicated that
after disease stabilization, the therapeutic efficacy of MSCs is not as apparent in mouse
GvHD and experimental autoimmune encephalomyelitis (EAE) models [43,44]. This is not
surprising because the levels of inflammatory cytokines in recipients with stabilized disease
may be insufficient to elicit the immunomodulatory effect of MSCs. In the mouse GvHD
model, multiple administrations of MSCs are often utilized to sustain and prolong their
inhibitory effect, and also probably enhance the exposure of MSCs to released inflammatory
cytokines, thus conferring more beneficial effects [23,44]. Second, pretreatment of MSCs
with inflammatory cytokines may enhance potential therapeutic efficacy. It has been
reported that IFN-γ-pretreated MSCs could protect 100% of mice from GvHD-induced
death [42]. Although there is some discrepancy in the effects of IFN-γ pretreatment on
MSC-mediated immunosuppression among different models, such as EAE in mice [45],
various studies have indicated that pretreatment with inflammatory cytokines can enhance
the therapeutic effect of MSCs in animal models of colitis and acute myocardial ischemia/
reperfusion injury [46,47]. Finally, it is worth considering the combined use of
immunosuppressive drugs with MSCs. A recent study has shown that the
immunosuppressive drug mycophenolate mofetil (MMF) significantly enhances the effect of
MSCs in promoting the survival of allogeneic heart grafts in a mouse model, whereas other
immunosuppressive drugs such as CsA diminishes this effect. This discrepancy may be
explained by the fact that CsA inhibits IFN-γ production, whereas MMF does not [48].

Mechanisms associated with inflammatory stimuli
What are the mechanisms by which MSCs inhibit the immune response after being activated
by inflammatory factors? Several molecules, most of which are induced by inflammatory
cytokines, have been reported to be involved in MSC-mediated immunosuppression (Figure
1). MSCs have been suggested to inhibit many kinds of immune cells, including T cells, B
cells, dendritic cells, and natural killer (NK) cells in vitro and in vivo [49–53]. Here, we
consider how MSC-derived factors may contribute to immunosuppression.

NO
NO in high concentrations is known to inhibit immune responses through mechanisms that
remain largely unidentified [54]. Murine MSCs express inducible NO synthase (iNOS) upon
stimulation by the inflammatory cytokines IFN-γ in combination with either TNF-α or IL-1
[23,55]. The high concentration of NO leads to suppression of signal transducer and
activator of transcription (STAT)5 phosphorylation in T cells and induction of immune cell
apoptosis in vitro [55]. In vivo, suppression of iNOS activity by either chemical inhibitors or
genetic ablation in MSCs largely reverses the therapeutic effect of MSCs in mouse models
of GvHD and delayed-type hypersensitivity responses, as well as in the rat heart allograft
transplantation model [23,56,57]. A recent study has shown that MSCs are the critical
mediators of Mycobacterium tuberculosis-induced immunosuppression in an NO-dependent
manner in vitro and in vivo, suggesting a function of the MSC–NO axis in endogenously
induced immunosuppression [58]. Intriguingly, fibroblastic reticular cells (FRCs) and
lymphatic endothelial cells (LECs), which are the stromal cells in lymphoid organs, have
also been shown to play a major role in controlling the activated T cell pool in lymph nodes
through induction of iNOS by IFN-γ and TNF-α stimulation, suggesting a general role of
NO-mediated immunoregulation shared by distinct types of stromal cells [59].

NO is a highly labile oxidative species and therefore can act only in close proximity to the
cells producing it [60]. The biological activity of NO diminishes markedly over a distance of
a few cell diameters [61]. This explains why MSC-mediated immunosuppression was
largely abrogated when separated by a semi-permeable membrane in some investigations
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[23]. How then are MSCs immunosuppressive? After stimulation with inflammatory
cytokines, MSCs produce large amounts of chemokines and adhesion molecules, especially
the CXCR3 and CCR5 ligand chemokines, and the adhesion molecules, intercellular
adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 [23,62].
Through the synergistic action of these chemokines and adhesion molecules, immune cells
accumulate in close proximity to the MSCs, where the high concentration of secreted NO
can suppress the immune cells.

Indoleamine 2,3-dioxygenase (IDO)
Recently, the role of IDO in MSC-mediated immunoregulation has been demonstrated in the
suppression of various immune cell populations, including T cells and NK cells [34,35,52].
IDO catalyzes the rate-limiting step in the degradation of tryptophan, an essential amino
acid, along the kynurenine pathway. The resulting reduction in local tryptophan
concentration and the production of tryptophan metabolites that are immunomodulatory are
thought to contribute to the immunosuppressive effects of IDO-expressing cells [63]. IDO-
mediated immunosuppression/immune tolerance has been extensively studied in dendritic
cells. IDO expression is not constitutive, but inducible by stimulation with IFN-γ, and
further promoted by other inflammatory cytokines, such as TNF-α or IL-1 [24,35].

In an effort to elucidate the molecular mechanisms underlying immunosuppression by MSCs
in different species, MSCs from humans, monkeys and mice have been compared. A species
variation in MSC-mediated immunosuppression was discovered: mouse MSCs utilized NO,
whereas human and monkey MSCs used IDO as their respective immunosuppressive
molecules [24,34,35]. Therefore, in selecting animal models of human disease, the distinct
mechanisms of MSC-mediated immune modulation must be considered. It is important to
point out that tryptophan depletion or the production of tryptophan metabolites by the action
of IDO would also be expected to act only locally [63], because the total body pool of
tryptophan would not be depleted significantly. The role of localized tryptophan depletion
and accumulated metabolites in immunosuppression remains speculative. Nevertheless, as
with mouse MSCs, human MSCs also secrete several leukocyte chemokines that serve to
attract immune cells into proximity with MSCs, which may serve to amplify their effects
[24].

Prostaglandin E2 (PGE2)
PGE2 is another inflammatory stimulus-induced, immunosuppressive molecule produced by
MSCs. PGE2 has been reported to mediate MSC-mediated suppression of T cells, NK cells
and macrophages [52,64,65]. In an experimental mouse arthritis model, IL-6-dependent
PGE2 production was found to play a major role in the therapeutic effect of MSCs [66].
More importantly, PGE-2 has been shown to educate macrophages in vivo to develop an
IL-10-overexpressing phenotype, contributing to the attenuation of sepsis by MSCs in mice
[65]. It is worth noting that the effect of PGE2 in MSC-mediated immunoregulation is
always exerted in combination with other immunosuppressive molecules. In mouse MSCs,
both the PGE2 inhibitor, indomethacin, and NO inhibitor, nitro-L-arginine methyl ester (L-
NAME), have been found to reverse the inhibitory effect of MSCs on T cell proliferation,
although their effects are not additive [55]. With human MSCs, PGE2 has been found to act
with IDO to alter T cell proliferation, as well as proliferation, cytotoxicity and cytokine
production by NK cells [52,67]. Considering that PGE2 is a crucial component of the
inflammatory microenvironment, further investigation of its role in MSC-mediated
immunomodulation will provide crucial information for better understanding of the biology
of MSCs.
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TSG6
TSG6 is an anti-inflammatory protein highly expressed in a variety of cells in patients with
different inflammatory or autoimmune disorders, which is inducible by a subset of
inflammatory cytokines such as TNF-α and IL-1 [68]. In a mouse myocardial infarction
model, it has been demonstrated that TSG6 is one of the most upregulated proteins in human
MSCs in response to the injury to the lung produced by microembolization of the infused
cells, playing a crucial role in the suppression of inflammatory response, reduction of infarct
size, and improvement of cardiac function [19]. More recently, TSG6 produced by human
MSCs has been found to alleviate zymosan-induced mouse peritonitis through reduction of
Toll-like receptor (TLR)2/NF-κB signaling in resident macrophages [69]. Whether TSG6
acts alone or works together with other inflammatory stimuli-inducible factors such as IDO,
NO or PGE2 at different phases of inflammation requires further investigation.

CCL2 chemokine
A role for metalloprotease-cleaved CCL2, which acts as an antagonist to its cognate receptor
CCR2, has been described for MSC-mediated immunosuppression in an EAE model [70].
MSCs deficient in CCL2 exhibit a much lower capacity to inhibit IL-17 secretion by
activated T cells, and therefore lose their protective effect against EAE [70]. The effects of
cleaved CCL-2 are not limited to unrestrained IL-17 production by T cells; it also suppresses
the production of immunoglobulin by plasma cells through inactivation of STAT3 and
induction of paired box protein 5 (PAX5) [71]. Moreover, during bacterial infection, the
stimulation of TLRs leads MSCs to produce CCL-2, which induces monocyte emigration
from bone marrow to the periphery [72], although it is not known whether this monocyte
mobilization is associated with immunosuppression or immune promotion.

IL-10
Although IL-10 has been implicated in MSC-mediated immunosuppression, direct IL-10
production by MSCs has not been demonstrated. Instead, contact with MSCs has been found
to induce IL-10 production in antigen-presenting cells such as dendritic cells or monocytes
[64,73]. Additionally, IL-10 has been reported to be associated with induction of other
immunosuppressive factors such as nonclassic HLA class I molecule HLA-G [74].

Other mediators
In addition to the above molecules, several additional mediators are produced by MSCs or
other adult stem/progenitor cells upon inflammatory stimulation, such as the inhibitory
surface protein programmed death ligand 1 (PD-L1) [36], heme oxygenase-1 (HO-1) [37],
leukemia inhibitory factor (LIF) [75], IL-6 [76], galectins [77], TGF-β and regulatory T
cells [74,78]. Their modes of action in MSC-mediated immunosuppression require further
investigation.

In summary, several inflammatory-factor-inducible, immunosuppressive mediators
produced by MSCs have been identified in various in vivo disease models and in vitro
experimental settings. It is likely that the importance of any specific mediator varies
depending upon the local microenvironment. Therefore, the microenvironments that
‘license’ MSCs are complex. It is also likely that the therapeutic benefits of MSCs may be
exerted through the synergistic action of several factors. Further investigation into the
molecular mechanisms that govern the immunosuppressive properties of MSCs in particular
microenvironments will provide information for better clinical application of MSCs.
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Potential clinical applications of MSCs
As a result of their extensive proliferative capacity, it is possible to produce relatively large
numbers of MSCs for potential clinical applications from a single bone marrow aspirate, a
segment of umbilical cord, or a small piece of excised adipose tissue. In animal models,
MSCs have been extensively studied in disease models such as GvHD, EAE, collagen-
induced arthritis (CIA), inflammatory bowel disease (IBD), type 1 diabetes, and systemic
lupus erythematosus (SLE) [27,42,45,79–81]. Although most reports have shown effects of
MSCs on T helper (Th)1-driven diseases, some recent studies have revealed that they could
also efficiently control Th2-type diseases, such as a mouse model of asthma, in which MSC
effects involve TGF-β and regulatory T cells [82,83]. It should be noted that the efficacy of
MSC treatment in animal models has been variable. In several studies, MSC treatment has
resulted in significant improvement, whereas in others, little or no benefit has been seen, and
in some studies, treatment has actually resulted in a worse outcome [84,85]. For example, in
a mouse model of CIA, the initial study to utilize MSCs in CIA treatment did not
demonstrate any benefits from intravenous MSC administration, in contrast to the significant
improvements of arthritis-induced tissue damages observed in other studies following a
single intraperitoneal injection of MSCs [86,87]. Similarly, in a mouse model of SLE using
MPR/lpr mice and (NZB × NZW)F1 mice, conflicting data have also been obtained:
treatment with allogeneic BM-derived MSCs actually exacerbated the disease progression in
mice, with more severe histopathological characteristics in the kidney, increased proteinuria,
and elevated autoantibody level [88], whereas other recent studies have shown beneficial
effects from MSCs in the treatment of SLE in both mouse models and human clinical trials
[27]. In the mouse model of GvHD, as described above, diverse results were reported as
well [28,60,65]. By analyzing these conflicting results, many parameters in experimental
design, including MSC administration dose, schedule, and routes, as well as the specific
combinations with the traditional immunosuppressive drugs, should be carefully considered.

Allogeneic human MSCs have been utilized in the treatment of different human diseases
including GvHD, type 1 diabetes, acute myocardial infarction, multiple sclerosis, Crohn's
disease and SLE [25,26,89]. Although no apparent difference in therapeutic efficacy has
been found between autologous and allogeneic sources of MSCs in animal models [90,91], it
is not clear whether autologous and allogeneic MSCs may differ in humans. There are over
100 clinical trials with MSCs registered on clinicaltrials.-gov. While a majority of these
trials are not completed, the available data, most of which are derived from GvHD
treatment, are not conclusive, which suggests the need for larger trials with MSCs. In
treating refractory, severe acute GvHD, an initial study has shown that third-party
haploidentical MSCs could reduce the inflammation associated with GvHD [26]. In a Phase
II multicenter study of 55 steroid refractory GvHD patients, >50% of the patients had a
complete response, with a lower transplantation-related mortality 1 year after MSC infusion
and a higher overall survival 2 years after hematopoietic stem cell (HSC) transplantation
[60]. In 2009, Osiris Therapeutics reported their preliminary results of a phase III double-
blind, placebo-controlled trial of human MSCs for steroid-refractory GvHD. Although the
patients gained statistically significant improvements in inhibition of systemic inflammation
in gut and liver GvHD, no improvements were found in skin GvHD and the primary
endpoint was not reached [92]. Thus, although promising, a definite conclusion on the
efficacy of MSCs in the treatment of GvHD cannot yet be drawn. An in depth understanding
of the mechanisms of MSC therapy and the interaction between MSCs and inflammatory
tissue microenvironments should lead to design of better protocols for MSC-based therapies.

Unlike embryonic stem cells, MSCs do not have the potential to form teratomas and are not
associated with the complex ethical issues that accompany ESC therapy, as MSCs do not
involve the destruction of human embryos. Several studies have provided important
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information about the safety of MSC-based therapy. In a series of clinical trials, MSC
administration has been shown to be a clinically feasible and relatively safe procedure
without major adverse effects in patients with multiple sclerosis, amyotrophic lateral
sclerosis (ALS), and GvHD [60,93,94]. Recent reports have revealed that MSCs do not
induce either tumorigenesis or infections after follow-up between 5 and 137 (mean 75)
months in 41 patients receiving MSCs for cartilage repair [95]. However, it appears that
MSCs may not be completely free from malignant potential: several studies have shown that
MSCs can form spontaneous malignant tumors after their in vivo infusion in animal models,
with multiple chromosomal aberrations found in the transformed cells [96,97]. Additionally,
MSCs have a potential to enhance tumor development, due to their immunosuppressive
activities or to their conversion into tumor-associated fibroblasts, as has been shown in
mouse carcinoma models [38,98]. In clinical trials, co-transplantation of MSCs with HSCs
was associated with a higher recurrence rate in hematological malignancy patients [99].
Therefore, there is a continued need for further studies in this regard. To date, governing
standards and recommendations to guide the clinical application of MSCs have not been
established in any country.

Concluding remarks
Emerging data suggest that MSCs have an immunomodulatory function and thus these cells
hold potential for clinical applications for regenerative therapy. Based on the current data on
the orchestrated actions of inflamma-tory cytokines, chemokines, and effector molecules in
MSC-mediated immunosuppression, it is apparent that interactions between immune cells
and MSCs in the tissue microenvironment can modulate MSC function and there fore may
contribute to the outcome of MSC-based therapy in any individual patient (Figure 2). It is
important to achieve a better understanding of these mechanisms, and there are still many
questions (Box 1). Further elucidation of the molecular mechanisms underlying the finely
regulated interactions between MSCs and inflammation will be crucial for developing
potential therapeutic applications of MSC-based therapies and for improving our
understanding of pathological processes in general.
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Box 1. Unanswered questions

• What is the immunoregulatory role of MSCs in situ?

• How do chemokines participate in tissue repair?

• Why do MSCs from different species differentially utilize iNOS and IDO?

• Does inflammation play a role in MSC-mediated tissue repair?

• Is there a role for iNOS or IDO in MSC-mediated tissue repair?

• Do inflammatory cytokines affect the multipotency and differentiation of
MSCs?

• Is there variation in the immunoregulatory effects of MSCs derived from
different tissues?

• Is there a correlation between multipotency and immunomodulation among
MSCs derived from different tissues?

• Can the changes induced by inflammatory cytokine-stimulated MSCs be
reversed?
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Figure 1.
Activation of MSCs by inflammatory cytokines, an inflammatory cytokine-licensing process
of MSCs. MSCs and the immune system interact closely. During an immune response the
inflammatory cytokines produced by T cells and antigen-presenting cells modulate the
function of MSCs leading to: (i) release of immunosuppressive factors; (ii) altered
expression of surface molecules; and (iii) production of growth factors. These factors/
molecules are crucial components for immunoregulation and tissue repair by MSCs.
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Figure 2.
Role of MSCs in tissue repair and chronic inflammation. Recent studies on MSC-mediated
immunoregulation suggest that MSCs are recruited to sites of tissue damage and activated
by local inflammatory cytokines produced by activated immune cells. MSC activation leads
to the production of immunoregulatory factors and trophic factors. Depending on the types
of immune responses (acute vs chronic inflammation), MSCs may either attenuate the
inflammatory response and lead to repair of the damaged tissue, or maintain a persistent
chronic inflammatory response, leading to fibrosis and deformation of tissue architecture.
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