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Abstract
Immunosuppressive treatment with mesenchymal stromal (stem) cells (MSCs) has been performed in many human transplantation settings with the goal to prevent 
rejection. The therapeutic potential of MSCs has also been explored in a broad spectrum of applications including the treatment of autoimmune diseases. As the 
immunomodulatory function of MSCs is a multifactorial process, it is important to occasionally review the precise molecular mechanisms/modalities and insights 
into how they are orchestrated and deployed in clinical settings. This article aimed to review the mechanisms of the immunosuppressive activities of MSCs from a 
molecular (modality) perspective, with an emphasis on recent reports published between 2014 and mid 2016. The article highlights the subtle differences due to cell 
type, timing, and types of priming that could lead to better quality control and pre-enhancement of MSCs to optimize their therapeutic potential.
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MSCs and their immunomodulatory capabilities
Adult MSCs have been proposed to be a potential therapeutic 

alternative for inflammatory diseases and tissue transplantation, 
based on their capacity to modulate the function of most types of 
immune cells [1]. MSCs are a heterogeneous population of cells that 
were originally isolated from bone marrow as progenitor cells of the 
osteogenic lineage by Friedenstein [2]. Although first isolated from 
bone marrow, now MSCs can be obtained from other adult and fetal 
sources, including adipose [3], dental pulp [4], and the umbilical 
cord [5] tissues. The ability of MSCs to differentiate into adipocytes, 
chondrocytes, and osteoblasts is also well documented [6]. MSCs are 
characterized by their proliferation on plastic-adherents in a culture, 
their fibroblast-like shape, and their expression of stromal markers 
such as CD105, CD73, and CD90, and not hematopoietic markers 
including CD45, CD34, CD14 (or CD11b), CD79alpha (or CD19), or 
human leukocyte antigen (HLA)-DR molecules. Among the mammals, 
the expression of CD105 is variable, but CD45 was found to be absent 
across species tested by Su et al. [7].

A more formal definition of MSCs could be the one proposed by 
the International Society for Cellular Therapy [8-10]. A population of 
MSCs has the following features:

1) They are plastic-adherent when cultured using standard 
protocols.

2) Phenotypically, ex vivo generated MSCs express a number 
of nonspecific markers including CD105 (SH2 or endoglin), CD73 
(SH3 or SH4), CD90, CD166, CD44, and CD29. MSCs do not express 
hematopoietic and endothelial markers such as CD11b, CD14, CD31, 
and CD45 (of note, CD106 may be included).

3) MSCs can be differentiated into bone, fat, and cartilage tissue 
with the appropriate stimulation.

Significantly, MSCs have multilineage potential and 
immunomodulatory capacity [11]. Bartholomew et al. [12] showed 
that intravenous administration of donor MSCs to MHC-mismatched 

recipient baboons caused prolonged survival of third-party skin grafts. 
In an analysis of MSC immunogenicity, Tse et al. [13] reported that 
MSCs do not elicit an allogeneic proliferative response, and furthermore 
that MSCs are capable of suppressing allogeneic T cell proliferation 
through third party peripheral blood mononuclear cells (PBMCs).

Studies on MSCs led to the consensus that the beneficial 
effects of MSCs on immune cells include not only the inhibition 
of proinflammatory polarization [14], and effector functions and 
pathways [15-17], but also the generation of regulatory cells [18,19]. 
Leukocyte subpopulations including regulatory T cells, type-2 
macrophages, immature dendritic cells (DCs) are now well known 
to exert immunosuppressive effects; however, MSCs can induce and 
collaborate with these cells. Thus, MSCs are able to induce peripheral 
tolerance, which shows their potential as therapeutic tools for immune-
mediated disorders including graft-versus-host disease (GVHD).

Furthermore, MSCs are known to exhibit low-level expression of 
MHC-I (major histocompatibility complex-1) proteins and lack the 
expression of MHC-II and co-stimulatory molecules CD80, CD86, 
and CD40. Owing to this feature, MSCs are not able to trigger T cell 
activation [12]. In addition, MSCs can inhibit the proliferation of 
allostimulated T cells and both CD4+ and CD8+ phytohemagglutinin-
stimulated human T cells [20] and induce the proliferation of Treg 
cells [21,22]. In vitro co-culture of T cells with MSCs results in a shift 
towards a CD4+ CD25+ Foxp3+ Treg phenotype. Other than T cells [23], 
MSCs have been shown to exert strong inhibitory effects on a variety 
of immune cells including B cells [24,25], NK cells [26], and dendritic 
cells (DCs) [11,27,28].

Reflecting recent preclinical and clinical research activities using 
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MSCs, a substantial number of recent review articles appear to have 
focused on challenges associated with the quality control of MSCs 
for therapeutic use. As Galipeau and Krampera [29] suggest, robust 
markers and assays that result in the approval and release of MSCs as 
commercial products need to be established. The current research is 
focused on a better understanding of the immunoregulatory properties 
of MSCs with the ultimate goal of establishing clinically useful methods 
for quality control. Recent review articles covering preclinical and 
clinical challenges include that of Gao et al. [1].

The molecular mechanisms mediating the anti-inflammatory 
function of MSCs have been the focus of intense study. Soluble and 
cell-bound factors identified to have a role in mediating this function 
include transforming growth factor (TGF-β), nitric oxide (NO), 
indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE2), 
hepatocyte growth factor (HGF), IL-6, Notch-receptors, human 
leukocyte antigen (HLA-G), and programmed cell-death ligand 1 
(PD-1). However, MSCs generally exhibit context-dependency, which 
suggests that caution needs to be exercised when extrapolating In vitro 
or in vivo phenomena, including data regarding different diseases as 
well as diverse host and donor backgrounds. Given the preclinical 
and clinical challenges, such molecular mechanisms might be better 
reviewed by focusing not only on positive but also negative findings.

This article focuses on recent (in particular 2014 to mid-2016) 
findings about the immunosuppressive molecules expressed by MSCs. 
Recent review articles focusing on these various molecules include 
English [30], Shi et al. [31], and Uccelli et al. [11]. We acknowledge 
that our coverage is limited to a few selected papers allowing us to focus 
on details for each molecule.

IDO
MSCs can be viewed as sensors and switches of inflammation, 

deploying a variety of factors to alter the course of immune reactions 
[32]. Among the factors that are upregulated de novo in response to 
an inflammatory environment and function to alter effector pathways, 
IDO1 has been considered to play a pivotal and central role [33]. IDO 
inhibits T cell growth and function via the degradation of tryptophan, 
an amino acid essential for lymphocyte proliferation and evasion of 
apoptosis. Furthermore, IDO also catabolizes tryptophan into toxic 
metabolites including kynurenine [34]. At least for adipose-derived 
MSCs, tryptophan depletion rather than kynurenine accumulation 
was shown to be more important for IDO-mediated T lymphocyte 
inhibition [35]. Mammalian species can be divided into at least two 
distinct groups, specifically, IDO utilizers and iNOS utilizers. MSCs 
from monkeys, pigs, and humans employ IDO to suppress immune 
responses, whereas MSCs from mice, rats, rabbits, and hamsters use 
iNOS [7]

Molecules that function at a relatively short distance should 
become effective only when target cells are in the vicinity of the MSCs. 
In general, activation of T cells produces an IFN-γ gradient, which 
mobilizes MSCs toward areas of inflammation [36] and induces the 
expression of IDO [37]. Recent studies by Di Trapani et al. [38,39] 
implicated IDO as a major determinant of suppressive effects. Their 
experiment using an IDO-inhibitor (L-1-methyltryptophan or L-1-
MT) showed that IDO is a major determinant of the anti-proliferative 
effects that MSCs have on T cells. Using inhibitors against COX-2 and 
HO-1, minor roles for the latter molecules in the anti-proliferative 
effects of SCs were shown. Hong et al. [40] showed that IFN-γ-induced 
IDO expression mediates the suppression of proliferation not only 
in an allogeneic mixed lymphocyte reaction (MLR) system but also 

in viral antigen specific CD8+ T cells. An effect of IDO from MSCs 
in mediating the induction of regulatory T cells has also been shown 
[41,42].

Recently, several studies have focused on the role of IDO in Crohn’s 
disease. Mucosal T cell abnormalities have been implicated in the 
pathogenesis of inflammatory bowel diseases (IBDs) involving Crohn’s 
disease. Mucosal T cells in Crohn’s disease patients, compared to those 
of ulcerative colitis and control patients, which showed resistance to 
apoptotic signals [43]. In a study conducted by Ciccocioppo et al. [44] 
on Crohn’s disease, biopsies from the inflamed and non-inflamed 
mucosa of patients and from the healthy mucosa of control subjects 
were used. Cells present in the epithelium, i.e., a population composed 
of monocytes, macrophages, T and B lymphocytes, NK cells, DCs, 
myofibroblasts, and granulocytes, were sampled and mononuclear cells 
were co-cultured with or without allogeneic MSCs. Immunosuppressive 
roles of CD69 in the bowel have been well documented [45,46]. T cells 
from both inflamed and non-inflamed mucosa in Crohn’s disease 
showed a significant reduction in both cell viability and proliferative 
response to muramyl-dipeptide, a motif on bacterial peptidoglycan 
recognized by NOD2, of which dysfunction is likely to be associated 
with Crohn’s disease. A reduction in an activated CD4+-CD25+ subset 
and an increase in the regulatory CD3+-CD69+ population were 
observed when T cell lines from Crohn’s disease mucosa were co-
cultured with MSCs [44]. This study further demonstrated that the 
suppressive effects of MSCs are accompanied by cytokine expression 
patterns that were mostly IDO-dependent, based on the analysis 
using siRNA and 1-methyl-DL-tryptophan, a specific inhibitor of 
IDO, while the dysfunction of autophagy has also been observed in 
Crohn’s patients. Chinnadurai et al. [47] showed the importance of 
MSC-derived IDO, but not autophagy, for the suppression of T cell 
proliferation in Crohn’s patients.

Recent transfection-based studies support the importance of 
IDO. He et al. [48] reported that transduced IDO increased the direct 
immunoregulatory properties of MSCs, and in particular, enhanced 
the expression and function of CD4+ CD25+ Foxp3+ Treg cells and 
induced allograft tolerance. Ebrahimi et al. [49] showed the potential 
usefulness of IDO in allografts transplantation especially when local 
but not systemic immunosuppression is required. Specifically, they 
prepared rat lung tissues using decellularized tissue with MSCs. When 
IDO-expressing lentivirus-transfected MSCs were used, rat allograft 
transplantation was more successful than that in control rats based on 
rejection score and inflammatory cytokine profiles.

Li et al. [50] showed that COX-2, but not IDO-1, expression 
through electroporation enhanced the immunosuppressive activity of 
umbilical cord MSCs. However, umbilical cord MSCs differ from BM-
MSCs, as umbilical cord MSCs are intrinsically immunosuppressive 
and priming is not effective [51].

Inducible nitric oxide synthase (iNOS) and NO
NO in high concentrations can inhibit immune responses through 

largely unidentified mechanisms [52]. As Su et al. [7] reported, rodents, 
rabbits, and hamsters but not humans, mainly utilize iNOS for immune 
suppression mediated by MSCs. Upon co-culture of CD3-stimulated 
human PBMCs and BM-MSCs, NO production was insignificant, 
and an iNOS inhibitor (NG-monomethyl-L-arginine acetate salt or 
L-NMMA) had little effect [7].

Regardless of whether the donor species utilized iNOS or IDO, 
the series of events for immunosuppression by MSCs is likely to be 
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as follows; immune cells are recruited into the vicinity of the MSCs 
via chemokines and are retained by adhesion molecules, and then 
suppressed mainly by local high concentrations of NO or by IDO-
mediated tryptophan depletion [53]. iNOS is the sole source of NO in 
murine MSCs [53]. Stimulation with IFN-γ and TNF-α, IL-1α or IL-1β 
induces the expression of iNOS in mouse MSCs [54]

Intriguingly, NOS activity has been detected in many human 
tumors. For example, human prostate carcinomas contain tumor-
infiltrating lymphocytes (TIL), and peroxynitrates, which are toxic to T 
lymphocytes, are present in TILs [55]. Inhibition of arginase and NOS 
reduced tyrosine nitration and restored T cell functions in tumors 
[55]. Here, arginase is considered to deplete arginine and trigger 
the generation of superoxide, which can react with NO to produce 
peroxynitrates. Although it has not been tested according to us, future 
genetic engineering of human MSCs might utilize the iNOS gene to 
potentially enhance the immunosuppressive activity of MSCs.

COX-2/PGE2
Tse et al. [13] showed that treatment with the COX-inhibitor 

indomethacin led to partial recovery of T cell proliferation in a PBMC 
co-culture experiment. Najar et al. [56] showed that indomethacin-
based inhibition of PGE2 production led to substantial inhibition of 
proliferation suppression by MSCs from bone marrow (BM), adipose 
tissue (AT), and Wharton’s jelly (WJ). In addition, induction of Foxp3+ 
Treg cells by PGE2 was shown by English et al. [57].

Nemeth et al. [58] showed that BM-MSCs could attenuate sepsis 
in a mouse sepsis model using the cecal ligation and puncture (CLP) 
procedure. Analyses using anti-IL-10 and anti-IL-10R antibody 
administration to CLP mice showed that the beneficial effects of BM-
MSCs were mediated by IL-10. Macrophages are strongly suggested 
to be the main source of this increase in IL-10. In culture analysis, 
LPS-stimulated macrophages produced IL-10, which was enhanced 
when co-cultured with BM-MSCs (compared to that in those 
macrophages alone). The latter effect of BM-MSCs was accompanied 
by COX-2 protein expression in BM-MSCs and was dependent on 
TLR-4, MyD88, TNFR-1a, and COX-2. Using EP2 and EP4 receptor 
antagonists In vitro, it was demonstrated that these PGE2 receptors 
mediate the effects of PGE2. Of note, TLR-4/MyD88 signaling led to 
nuclear factor kappaB (NF-kB) activation, which is known to induce 
COX-2 expression in many cell types [59,60]. Intriguingly, Khan et al. 
[61] showed that WJ-MSCs did not express COX-2 in response to LPS 
or in response to co-culture with neutrophils, but the combination of 
LPS and adult neutrophils markedly induced the generation of COX-2 
(40-fold induction) in WJ-MSCs [61].

PGE2 can promote the induction of an M2 suppressive phenotype 
in macrophages [62,63]. For example, Maggini et al. [62] measured 
PGE2 levels and found that MSCs constitutively produce PGE2 
at levels sufficient to inhibit the production of TNF-α and IL-6 by 
activated macrophages. Duffy et al. [64] showed that in Th17-skewed 
cultivation of CD4+ T cells, Th17 induction in both naive and memory 
T cell populations was inhibited by MSCs, and this was dependent on 
COX-2 upregulation through direct contact between MSCs and T cells.

Li et al. [50] cultured PBMCs stimulated with phytohemagglutinin 
(PHA) with umbilical cord-derived MSCs. When MSCs transiently 
transfected with the COX-2 gene were used, a suppressive effect 
on lymphocyte proliferation, IFN-γ and TNF-α was observed. The 
suppressive effects of IDO-1 transfection were not as prominent as 
those with COX-2 in MSCs. The expression of heme-oxygenase-1 

(HO-1), iNOS, TNF-α–stimulated gene/protein-6 (TSG-6), TGF-β, 
HLA-G5, and IL-10 were all increased after COX-2 transfection in 
MSCs. Of note, transfection of IDO-1 led to decreased expression of 
this set of genes. This data set suggested that PGE2 alone could alter the 
immunosuppressive state towards a more suppressive one.

Braza et al. [65] performed PKH26 red fluorescent marker labeling 
of MSCs before intravenous injection into an asthma mouse model. 
Interestingly, only macrophages that phagocytosed PKH26+ MSCs, but 
not those with PKH26- MSCs, exhibited M2 phenotypes induced by 
MSCs, suggesting that the suppressive phenotype of M2 was induced 
by MSC phagocytosis, not by cross-talk between macrophages and 
MSCs [65]. In the system used by Braza et al. [65], injected MSCs 
expressed 10- to 100-fold more COX-2 than those before injection. 
To our knowledge, the molecular mechanism by which this high level 
of COX-2, induced after phagocytosis, assists the induction of the M2 
phenotype is still elusive.

Hermankova et al. [66] analyzed the effects of MSCs on regulatory 
B cells, and found that treatment of MSCs with IFN-γ increases COX-
2 expression and can inhibit the development and function of IL-10-
producing regulatory B cells via the COX-2 pathway. Intriguingly, this 
result contradicts the general immunosuppressive role of MSCs, but 
its in vivo relevance is not clear as a highly purified population of cells 
were used in this study. Other recent studies focusing on PGE2 by Kim, 
et al. [67,68] showed that subcutaneous application of NOD2-activated 
human umbilical cord blood-derived MSCs [67] can efficiently 
ameliorate atopic dermatitis, and the MSC-derived PGE2 and TGF-β1 
are required for the inhibition of mast cells degranulation [68]. Even 
from this limited number of studies, we conclude that COX-2/PGE2 
might have important roles in this process; further studies are required, 
especially those utilizing physiological cell populations as well as MSCs 
derived from non-BM tissues, to confirm these results.

HLA-G
In humans, unlike classical HLA class Ia (HLA-A, B, C), class Ib 

(HLA-E, F, G) has low polymorphism [69,70]. HLA-G is a potent 
tolerogenic molecule, as reviewed by Amiot et al. [71]. Expression of 
HLA-G is normally limited to a small number of tissues including the 
cytotrophoblast [72,73], and likely protects the fetus from maternal 
uterine natural killer cytolysis. HLA-G expression increases in 
many diseases including cancers, multiple sclerosis, inflammatory 
diseases, and viral infections and during transplantation [74]. HLA-G 
neutralizing antibodies can reverse the ability of MSCs to expand CD4+ 
CD25+ Foxp3+ Treg cells In vitro and inhibit the alloproliferative T cell 
response [75]. HLA-G alters various immune cell functions such as 
NK cell, cytotoxic T cell, and allogeneic T cell proliferation as well as 
the maturation of DC cells [75]. Morandi et al. [70] also discussed its 
potential function to affect chemotaxis in T cells and NK cells.

Nasef et al. [76] reported that an antibody-blocking HLA-G 
molecule increased lymphocyte proliferation in a MSC/MLR system. 
Rizzo et al. [77] showed a significant correlation between HLA-G 
and IL-10 upregulation in MSC/PBMC/PHA culture supernatants 
and lymphoproliferative inhibition. Experiments with monoclonal 
Antibodies against HLA-G and IL-10 confirmed the inhibitory ability 
of HLA-G.

The primary transcript of HLA-G is spliced into seven alternative 
mRNAs encoding membrane-bound (HLA-G1, G2, G3, G4) and 
soluble protein isoforms [72]. Selmani et al. [75] showed that MSCs 
express HLA-G5 as a soluble protein, and using a neutralizing 
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antibody, they showed that HLA-G5 protects MSCs and neighbor cells 
from NK cytolysis and inhibits IFN-γ secretion by NK cells. The anti-
HLA-G5 antibody largely reversed most MSC activity to suppress the 
alloproliferation of T cells and significantly reduce the expansion of 
Treg cells.

So far, three HLA-G receptors have been reported; KIR2DL4/
CD158d is expressed on NK cells, LILRB2/ILT-4/CD85d is specific 
to myeloid lineage cells, and LILRB1/ILT-2/CD85j is expressed by 
monocytes, dendritic cells, T cells, B cells, and NK cells. Rebmann et al. 
[78] examined HLA-G-bearing extracellular vesicles. It is of note that 
LILRB1 interacts with HLA-G molecules associated with β2m, whereas 
LILRB2 specifically recognizes β2m-free HLA-G. HLA-G is also 
recognized by KIR2DL4. HLA-G has been shown to trigger apoptosis 
in CD8 T and NK cells, as well as CD160+ endothelial cells. However, 
the lack of an appropriate murine model, because mice have no 
HLA-G, hinders investigations of the in vivo function and significance 
of HLA-G in pathophysiology.

HLA-G expression is maintained after osteodifferentiation [79,80]. 
Future directions could include the expression profiling of such 
immunomodulatory molecules at diverse differentiation stages of 
MSCs from different sources.

Adenosine
CD39 is an ecto-enzyme that catalyzes the conversion of ATP to 5´-

AMP, the substrate for CD73. CD73 catalyzes the reaction that produces 
adenosine from 5´-AMP. Adenosine is an immunosuppressant that 
acts mainly through its receptor A(2a) (ADORA2A); upon adenosine 
binding, this receptor increases intracellular cAMP levels and 
suppresses T cell functions [81].

Saldanha-Araujo et al. [82] showed that the co-culture led to an 
increase in the percentage of human BM-MSCs expressing CD39 and 
T lymphocytes expressing CD73, and resulted in higher adenosine 
levels. MSCs expressed CD73 with and without T cells. Blocking of 
ADORA2A with a specific inhibitor also showed that this adenosine-
mediated effect at least partly accounted for the immunosuppressive 
effect of MSCs. Sattler et al. [83] showed a similar result with mouse 
MSCs, but anti-TGF-β and anti-HGF antibodies did not block the 
suppressive ability of MSCs. Of note, an A(2a) receptor antagonist 
SCH58261 or the specific CD39 inhibitor polyoxotungstate 1 blocked 
MSC-mediated suppression of T cell proliferation almost completely. 
Thus, adenosine seems to be an important mediator of suppression by 
MSCs.

TGF-β
TGF-β is a pleiotropic growth factor that is known to be mainly 

immunosuppressive [23]. Although a TGF-β and IL-6 combination 
promotes differentiation of Th17, TGF-β is immunosuppressive in 
many settings. Among three isoforms, TGF-β1 is important for the 
immune system. TGF-β can induce Tregs via upregulation of Foxp3 
expression [23]. However, with a standard co-culture system of MSCs 
and PBMCs, Tse et al. [13] and Ryan et al. [36] showed no effect after 
blocking with a TGF-β1 antibody. Le Blanc et al. [20] also showed that 
in a co-culture system with PHA-stimulated lymphocytes, anti-TGF-β 
did not affect the suppressive ability of MSCs.

Recent reports studied TGF-β from MSCs including Alawad et 
al. [84]. Comparing androgen receptor knockout (KO) mice and WT 
mice, the authors showed that KO of the androgen receptor (AR) 
gene decreased the immunomodulatory effects of MSCs on Tregs. 

The levels of TGF-β were lower in T cells co-cultured with ARKO-
MSCs than in WT-MSCs. Exposure of ARKO-MSC cells to exogenous 
active TGF-β partially restored the induction of Treg cell expansion 
by ARKO-MSC cells. This report was preceded by the one by Markel 
et al. [85], which showed gender-based differences in the production 
of cytokines by MSCs, and that of Huang et al. [86], which showed 
that targeting AR improves the self-renewal, migration, and anti-
inflammatory potential during anti-fibrotic actions. These findings 
could have important implications for characterizing gender-based 
differences in autoimmune diseases and could influence the use of 
androgen replacement therapy for lupus. However, these suggest that 
full understanding of overall merits and demerits of targeting AR 
requires further analyses.

The relevance of TGF-β in atopic dermatitis was recently discussed 
by Kim et al. [68], who showed that subcutaneous application of 
NOD2-activated human umbilical cord blood-MSCs can efficiently 
ameliorate atopic dermatitis and that MSC-derived PGE2 and TGF-β1 
are required for the inhibition of mast cell degranulation. A recent study 
by Wu et al. [87] showed that BM-MSCs from miRNA (miR)-21(-/-) 
mice exhibited enhanced immunosuppression and greater number of 
CD4+ Foxp3+ Treg cells compared to wild-type BM-MSCs In vitro and 
that these effects were was inhibited by anti-TGF-β1 antibodies.

Although beyond the scope of this review, TGF-β has been 
implicated in many settings for ‘termination of inflammation and 
tissue repair’ and is considered to play important, varied, and context-
dependent roles in cancer immunology [23]. The role of MSCs in 
cancer progression has been the focus of recent studies, with emphasis 
on the role of TGF-β in MSC promotion. For example, Barcellos-de-
Souza [88] showed that TGF-β is a crucial molecule that attracts MSCs 
to prostate carcinoma as well as tumor stromal components.

TSG-6
TSG-6 is a ~35 kDa secreted protein composed principally of 

Link and CUB_C domains. It has multifunctional roles and has been 
identified as a key mediator of the anti-inflammatory effects of MSCs in 
models including those of myocardial infarction [89], corneal damage 
[90], traumatic brain surgery [91], would healing [92], and type I 
diabetes [93].

In many of the animal models and clinical trials, the cells were 
intravenously infused. MSCs intravenously infused in mice were 
rapidly trapped in the lung [94], but nonetheless, they enhanced 
the repair of many organs/tissues. Lee et al. [89] demonstrated the 
important aspect that human MSCs improved myocardial infarction 
at least in part because the cells trapped as emboli in the lungs were 
induced to produce TSG-6. Lee et al. [89] showed that 83 % of the 
infused cells were recovered from the lung and 0.04 % were recovered 
from the infarcted hearts 15 min after the infusion. Embolization 
upregulated 451 human transcripts and TSG-6 level was increased 
by more than 28-fold. A knockdown experiment with TSG-6 siRNA 
showed that a considerable part of the beneficial effect of MSCs was 
through the suppression of matrix metalloproteinase expression, and 
that reduction of infarct size and improvement of cardiac function 
was dependent on TSG-6 expression [89]. Roddy et al. [95] showed 
that TSG-6 mediates the protective effect of systemically administered 
MSCs (either intraperitoneally or intravenously) in a rat model of 
corneal injury. In the latter report, knockdown of TSG-6 confirmed 
the role of TSG-6 in vivo, and the results were further validated by 
intravenous or topical administration of TSG-6. In a zymosan-induced 
peritonitis model, zymosan, a TLR2 agonist, stimulated the activation 
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of TLR2 and NF-kB signaling in macrophages; in addition, TNF-α, 
secreted by activated macrophages, led to the production of TSG-6 by 
MSCs [30].

Choi et al. [96] showed that the effect of TSG-6 on TLR2 signaling 
was dependent on CD44. Specifically, TSG-6 is likely to limit TLR2 
and NF-kB signaling through direct interaction with CD44 on 
macrophages. CD44 is a cell adhesion molecule and is a receptor for 
glycosaminoglycan (GAG) and hyaluronan (HA) [97]. Although 
suppression of CD44 has overall benefits, in several settings, CD44 has 
been suggested to have an anti-inflammatory role [98]. In a broader 
perspective, the complexity regarding TSG-6 is likely to arise at least in 
part due to its role in HA matrix formation or interaction with GAG. 
It has also been reported that TSG-6-mediated organization of the 
HA matrix alters the interaction between HA and CD44, which is the 
principle cell surface receptor of HA that functions in anchoring HA 
to cell surface [99]. TSG-6 inhibits neutrophil migration by binding 
CXCL8 through its Link module [100]. Interestingly, it was further 
demonstrated that TSG-6 binds to multiple chemokines from both 
the CC and CXC families, thereby masking GAG-binding sites of the 
chemokines; furthermore, TSG-6 is likely to mask the availability of 
GAGs, thus inhibiting chemokine/GAG interactions, and thereby 
reducing neutrophil infiltration [100]. TSG-6 could be a broad-
spectrum chemokine binding protein and at the same time a regulator 
of heparin/HS-binding proteins and could therefore precisely control 
the expression of chemokines and extracellular matrix GAGs [100].

In a search for anti-scarring strategies, Qi et al. [92] analyzed 
their wound healing mouse system and found that TSG-6 suppressed 
TNF-γ-mediated inflammation, leading to anti-fibrogenic (i.e., low) 
TGF-β1/TGF-β3 ratios, thereby reducing myofibroblast differentiation 
and suppressing excessive tissue fibrosis.

Regarding the roles of TSG-6 in tissue repair, Martin et al. [101] 
showed that the TSG-6-mediated formation of heavy chains (HC) 
of inter-alpha-inhibitor (IaI HC)-HA complexes was critical for 
pericellular HA matrix formation. They further suggested that the 
HC:HA catalytic activity (i.e., TSG-6:HC formation and the subsequent 
transfer of HC (specifically, HC5) to HA) of TSG-6 is a key factor for 
matrix assembly and phenotypic activation of fibroblasts [101]. Thus, 
an interrelationship among TSG-6, HA, and CD44 is likely to be further 
studied in the near future.

Heme oxygenase
Heme oxygenase (HO) mediates the degradation of heme to 

biliverdin and is a rate-limiting enzyme in the metabolic pathway 
linking heme to bilirubin [102]. Several authors have demonstrated 
that upregulation of HO-1 plays a crucial role in human MSCs 
[103,104], but its immunosuppressive role is questioned given several 
controversial results.

Genetic engineering of MSCs has been attempted [105]. BM-
MSCs showed generally low activity and viability after infusion in 
vivo, and this prompted genetic engineering, which was intended to 
improve viability [106]. Wu et al. [107] used an adenovirus vector to 
ectopically express HO-1 in a high proportion (85 %) of rat BM-MNCs 
(BM mononuclear cells). Compared to that of the control BM-MSCs, 
improved rat liver transplantation outcomes were more pronounced 
with HO-1 transduced BM-MSCs, which were based on the degree of 
rejection and the number of apoptotic cells. Serum levels of various 
cytokines were also profoundly affected by this transduction, with the 
HO1/BM-MSC group showing a two-fold (or higher) increase in IL-10 

levels relative to those of the control MSC group for post-operative day 
1 to 28, after liver transplantation.

However, as Galipeau and coworkers discussed [108], the optimal 
activity of IDO requires heme as a cofactor; HO-1, which degrades 
heme, could rather antagonize the activity of IDO [108]. Strikingly, 
Galipeau and coworkers showed that, contrary to other reports, BM-
MSCs derived from normal subjects do not express significant levels 
of HO-1 mRNA or protein beyond background levels during steady 
state conditions or after priming with IFN-γ, TNF-α, and/or TGF-β 
[108]. Tin protoporphyrin (SnPP), which inhibits HO1 but not IDO1, 
was shown to have no effects on T cell growth inhibition by MSCs in 
a standard co-culture system in which anti-CD3/CD28 stimulated 
PBMCs were cultured with MSCs.

CCL2 – implications for myeloid-derived suppressor 
cells (MDSCs) and B cells

Several studies have implicated chemokines including CCL2 
in MSC immunomodulatory activities. For the development and 
progression of experimental autoimmune encephalomyelitis (EAE), 
in addition to Th1/Th17 cytokines, CCL2/CCR2 interaction maybe 
necessary [109]. MSCs secrete various metalloproteases, which cleave 
CCL2, converting the latter to an antagonist of T cell chemotaxis 
[110,111]. Rafei [109,111] showed that murine EAE is alleviated 
with autologous MSC treatment. Using CCL2 knockout mice, these 
authors further showed that this effect is mediated by MSC-derived 
CCL2 secretion and its subsequent digestion by metalloproteases to an 
antagonistic form, and that its suppressive effect on Th17 cells causes 
EAE [109,111].

Lee et al. [112] showed that intravenous infusion of human MSCs 
blocked the development of experimental autoimmune uveitis (EAU) 
in a mouse model. Importantly, an increase in MHC class II Ly6Glow, 
Ly6Chigh, and CD11b+ cells, which are known to be monocytic MDSCs, 
in draining lymph nodes (LNs), was observed. This increase, as well 
as MSC-dependent amelioration, was shown to be CCL2-dependent 
based on knockdown analysis. Treatment with human MSCs caused 
an 80–400-fold increase in mouse iNOS expression in the LNs [112].

As CCL2 has systemic action as a chemokine ligand, many more 
uncharacterized settings could exist, wherein a gradient of CCL2 levels 
is important. Intriguingly, Che et al. [113] showed that BM-MSCs 
from lupus-like mice as well as from SLE patients were impaired in the 
suppression of normal B cell proliferation and differentiation, and this 
defect was caused by a reduction in CCL2 levels. The overexpression of 
CCL2 in lupus MSCs restored their B cell immunoregulatory ability In 
vitro and ameliorated lupus nephritis in vivo [113].

Of note, Zhou et al. [114] recently showed that in a standard 
mixed lymphocyte reaction (MLR) system, with a low number of 
MSCs relative to lymphocytes, MSCs stimulated T cell proliferation. 
They also showed that CCL2 could be important for MSCs to assume 
their immunostimulatory state [114]. Considering the fact that CCL2 
is a chemokine, the role of CCL2 might largely be through attracting 
effector cells and assisting the immunoregulatory activities of MSCs.

Notch signaling - implications for tolerogenic DCs
The ability of MSCs to inhibit the inflammatory response of target 

cells is greater when in direct contact [115]. English et al. [57] showed 
that human MSCs expanded Foxp3+ Treg cells through the release 
of PGE2 and TGF-β1, but this study also indicated a role of signal-
dependent direct cell contact. These findings supported the idea that 
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cell membrane protein-mediated signaling might have a role in the 
immunosuppressive effects of MSCs. Several studies, including the 
one conducted by Del Papa et al. [116], have indicated or suggested 
a role for the Notch signaling pathway as a contact signal involved 
in MSC modulation of immune responses. Cahill et al. [28], using 
a Notch-signaling inhibitor (GSI), showed that Notch signaling is 
required for MSC expansion of CD4+ CD25+ Foxp3+ Treg cells. They 
further showed that MSC induction of tolerogenic DCs required Notch 
signaling. MSC-educated DCs promoted a regulatory environment. In 
an ovalbumin (OVA)-sensitized mouse model, MSC therapy reduced 
the pathology and decreased peribronchial inflammation, whereas 
with Jagged-1 knockdown, MSCs failed to prevent peribronchial 
inflammation and bronchial epithelial hypertrophy [28]. Consistent 
with this, a significant increase in Foxp3+ CD4+ T cells was observed in 
the lungs of MSC-treated OVA-sensitized mice, but not in the lungs of 
mice treated with Jagged-1 knockdown MSCs [28]. This study supports 
the findings of Liotta et al. [117], which showed that blockage of Notch 
signaling by a Notch signaling inhibitor or a Jagged-1 neutralizing 
antibody significantly reduced the capacity of MSCs to inhibit T cell 
proliferation.

Zhang et al. [118] showed that MSCs could promote CD11b 
expression in mature DCs and enhance their differentiation into 
regulatory DCs, and demonstrated Jagged-2 signaling-dependency for 
the regulation of lymphocyte proliferation [118].

Xishan et al. [119] showed that chondrogenic differentiation or 
IFN-γ pretreatment led to enhanced Jagged-2 expression in MSCs. 
Intriguingly, RNA knockdown of Jagged-2 caused attenuation of the 
immunosuppressive activity of adipose-derived MSCs in standard co-
culture experiments.

ICAM-1 and VCAM-1
It is important to understand the adhesion molecules that are 

responsible for MSC-lymphocyte binding. Ren et al. [120] showed 
that ICAM-1 and VCAM-1 induction in mouse BM-MSCs, using the 
supernatant of activated T cells, could be blocked by an anti-IFN-γ 
antibody. Neither anti-TNF-α nor anti-IL-1α showed this inhibition, 
but the latter cytokines acted synergistically to induce high expression 
of ICAM-1 and VCAM-1 in MSCs. ICAM-1-deficient MSCs had a 
significantly reduced immunosuppressive effect in an OVA-challenged 
mouse model.

ICAM-1 is likely to have many uncharacterized roles. Using an 
immune-complex-mediated vasculitis murine model, Jiang et al. [121] 
showed that MSCs suppressed neutrophil activation. This suppression 
was due to ICAM-1-dependent engulfment of neutrophils by MSCs. 
They further showed that MSCs constitutively release SOD3, a soluble 
extracellular form of superoxide dismutase, which can detoxify the 
superoxide anion radical. This data suggests that MSCs mount an 
adaptive antioxidant SOD3 response to protect themselves from the 
threat of neutrophil oxidative burst.

Of note, after 12–16 passages, human BM-MSCs showed marked 
downregulation or loss of VCAM-1, ICAM-1, ICAM-2, and CD157 
(bone marrow stromal cell antigen 1, which can regulate self-renewal, 
migration, and osteogenic differentiation) [122], along with chemokine 
receptors including CCR1, CCR7, CCR9, CXCR4, and CXCR5, while 
maintaining CD105 and CD90 expression [123]. VCAM-1 could be 
used as a marker for enriching migratory, multipotent, and proliferative 
cells from culture-expanded human MSCs [124]

Galectin
Many immunosuppressive processes are mediated by galectin, 

which is a lectin protein that recognizes polysaccharide chains; each 
galectin recognizes various glycoproteins [125]. After several groups 
reported galectin-1 (Gal-1) expression in human MSCs [126,127], 
Gal-1 was shown to mediate immunosuppression by MSCs in several 
settings [128,129]. Lepelletier et al. [128] observed that soluble 
recombinant NP-1, the main receptor of both Gal-1 and semaphorin-
3A, as well as blocking antibodies against Gal-1 and semaphorin-3A, 
inhibited the suppressive effect of MSCs on T cell proliferation. Gieseke 
et al. [129] showed that knockdown of Gal-1 mRNA strongly reduced 
the inhibitory effect of MSCs on PBMC proliferation through IL-2/
OKT3 stimulation, and on CD4 T cell proliferation in the absence 
of other cells. Intriguingly, Gal-1 knockdown analysis showed that 
‘DC’ inhibition by MSCs was not via Gal-1. Based on the results 
from Lepelletier et al. [128] and Gieske et al. [129], Gal-1 should 
not be regarded just as a component of many molecules that have 
the additive actions for immunosuppression, but also as a molecule 
required for other such molecules. The lack of Gal-1 leads to 60–70 % 
recovery compared with the normal T cell proliferation and normal 
PBMC experiments, implying that many molecules depend on Gal-1. 
Therefore, the cellular machinery acts as an integrated unit, not just 
through the additive contributions of each molecule.

Gal-1 binding to cell surface glycan can induce cell death, either in 
its soluble or cell-bound form. In an extension of these observations, 
Toscano [130] showed that differential α2-6 sialylation of glycoproteins 
renders Th2 resistant to Gal-1-induced death. Th1 and Th17 had a small 
amount of α2-6 sialylation and large amounts of peanut agglutinin 
(PNA)-reactive asialo core-1 O-glycans. It is interesting to note that 
this function for Gal-1 likely contributes to the function of MSCs in 
providing protection from autoimmune and allergic diseases through 
shifting the balance of Th1/Th2 and Th17/Treg phenotypes [30].

However, the in vivo significance of Gal-1 requires further 
evaluation. Recently, Fajka-Boja et al. [131] showed that MSCs from 
Gal-1 KO mice had similar effects on In vitro T cell proliferation and on 
in vivo amelioration (type I diabetes and delayed-type hypersensitivity) 
as MSCs from WT mice. They used light microscopy-based counting 
after cell staining and reported that proximity is necessary for Gal-1-
mediated MSC-based T cell inhibition. This supports our assumption 
that Gal-1 is likely to be a local factor acting only through direct cell 
contact [131]

IL-10
As a representative cytokine of immunosuppression, IL-10 should 

be unsurprisingly important in most in vivo settings where MSCs exert 
immunosuppression (e.g., see 58 in the section for COX-2). However, 
when we restrict ourselves to cytokines directly produced by MSCs, 
its importance becomes less clear. Ryan et al. [36] showed that IL-10 
mRNA is constitutively high in BM-MSCs and that IFN-γ pretreatment 
did not change its expression. Notably, neutralization of these soluble 
factors (IL-10, TGF-β1 and HGF) either alone or in combination 
failed to prevent MSC-mediated suppression in a standard MLR 
based on co-culture with PBMCs. Redundancy in the suppressive 
mechanisms or other mechanisms might have to take precedence to 
exert their functions [36]. In a blocking experiment by Rizzo et al. [77; 
see above HLA-G section], the importance of HLA-G, but not IL-10, 
in MSC/PBMC/PHA culture supernatants was shown, despite the 
presence of both factors. Kim et al. [67] demonstrated that co-culture 
of human umbilical cord blood-derived (hUCB-) MSCs with human 
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mononuclear cells led to elevated IL-10 levels in co-culture media, but 
hUCB-MSCs themselves did not secrete sufficient levels of IL-10 to 
exert any immunoregulatory response.

HGF
In a standard coculture of MSCs of allogeneic PMBC, Ryan et al. 

[36] performed HGF blocking, but the effect on suppressive ability of 
MSCs was negative. Le Blanc et al. [20] also reported the suppressive 
effect of MSCs in coculture with PHA-stimulated lymphocytes wan not 
influenced by the addition of anti-HGF [20]. However, HGF expression 
level is constitutively high with WJ-MSCs and low with MB-MSCs 
[132]. It is possible that MSCs derived from some of non-BM tissues 
could have high HGF expression. 

Yen et al. [133] showed expansion of CD14- CD11b+ CD33+ MDSCs 
cells from human peripheral blood lymphocytes (PBLs) by human 
MSCs from BM and placenta. Yen et al. [133] further showed that HGF 
secreted by MSCs binds to its cognate receptor c-Met on CD14- PBLs. 
This binding induced phosphorylation of STAT3, which in turn leads 
to the MDSC expansion. Thus expanded MDSCs are expressing ARG1 
and iNOS and inhibit allogeneic lymphocyte proliferation as well as 
promote Treg proliferation [133]. The authors further showed in 
Chen et al. [134] that HGF secreted by placenta-derived MSCs rapidly 
induce human and murine monocytes to acquire immunomodulatory 
phenotype to suppress T cell effector function. HGFs modulate IL-10 
production in monocytes through ERK1/2 pathway. Thus in vivo, HGF 
from MSCs may exert suppressive effects through c-Met-mediated 
stimulation of CD14+ monocytes to regulatory phenotype [134]. 

Current researchers are focusing on HGF-gene modified MSCs, 
with several cases showing promising effects of HGF expression 
[e.g., 135,136]. Also, tissue injury recovery HGF may be particularly 
beneficial for recovery from tissue injury [137].

PD-L1 and PD-L2
Several studies including have drawn an attention to the 

programmed death ligand 1 (PD-1) pathway. Augello et al. [138] showed 
that co-culturing of BM-MSC with allogeneic splenocytes and PHA 
increased programmed death ligand 1 (PD-L1) and PD-L2, although 
only a part of BM-MSCs showed expression due to heterogeneity. 
Antibodies blocking PD-1, PD-L1 and PD-L2 showed restoration of 
the T cell proliferation in the presence of MSCs. Importance of PD-L1 
secreted by mouse MSCs is also highlighted by Sheng et al. [139] in the 
context of IFN-γ priming effect (see below). Priming with TNF-α alone 
showed no PD-L1 increase [139].

Recent studies on the PD-1 or B7 family pathway involves Luan 
and coworkers [140,141] that showed that PD-L2 was abundantly 
expressed in human placenta-derived MSCs and promoted placenta-
derived MSCs immunosuppressive ability on activated T cells. PD-L1 
is expressed in placenta-derived MSCs but almost not B7-H4. PD-
L1 monoclonal antibody significantly restored anti-CD3 antibody-
stimulated T cell proliferation in the presence of placenta-derived 
MSCs.

Of clinical importance, human placenta-derived MSCs strongly 
suppressed Th17 responses and this required both IL-25 (also known 
as IL-17E) and PD-L1 [142]. 

FAS-ligand 
BM-MSCs express Fas (Apo-1/CD95) ligand (FasL) and activated 

T cells express elevated levels of FAS. In Akiyama et al. [143], the 

authors used Fasl−/− mice, lentiviral transfection of Fasl and a FASL-
neutralizing antibody with a mice system of systemic infusion of BM-
MSCs. BM-MSCs were capable of inducing T cell apoptosis through 
the FasL/Fas signaling pathway. They also showed that wild-type BM-
MSCs, but not fasl−/− BM-MSCs could ameliorate disease phenotypes 
in the mice models of fibrillin-1 mutated systemic sclerosis (SS) and 
dextran-sulfate-sodium-induced experimental colitis.

Gu et al. [144] showed that human placenta-MSCs (hPMSCs) 
constituently expressed PD-L1 and FasL molecules. Both anti-PD-L1 
and anti-FasL antibodies partially but significantly reversed the 
suppressive effects of hPMSCs on PHA or allogeneic PBMC induced T 
cell proliferation. Intriguingly, the effects of the two antibodies on early 
T cell activation measured by CD69 expression were different.

microRNA
An increasing number of studies are focusing on involvement of 

microRNAs (miRs) in the regulation of several immune responses in 
both innate and acquired immunity [11]. Association of miRs with 
developmental stages of MSCs is under intensive investigations, and 
on the other hand, considerable attentions are directed to extracellular 
vesicles that can transfer miRs to other cells [145,146].

Systemic administration of MSCs can ameliorate sepsis in 
clinical relevant models of sepsis [58]. In these studies the protective 
effects of MSCs were mainly attributed to the properties mediated 
by COX-2/PGE2 and IL-10. In an analysis of potential implications 
of TLRs stimulation for sepsis treatment, Zhao et al. [147] observed 
that treatment of MSCs with TLR3 ligand, poly(I:C), increased the 
production of soluble immunosuppressive factors, including COX-2, 
and the inhibitory effect of MSCs on macrophages through decreasing 
the expression of miR-143. They showed that TGF-β-activated kinase-1 
(TAK1) and COX-2 are downregulated by overexpression of miR-143 
in MSCs. 

Levels of pro-inflammatory cytokines in placental MSCs from pre-
eclampsia (PE) patients have been shown to be higher than in ones from 
normal women [148]. Wang et al. [149] and Chen et al. [150] showed 
miR-16 and miR-494, respectively, could inhibit the proliferation and 
migration of MSCs from severe PE patients. In Wang et al. [149], for 
example, increased expression of miR-16 in decidua-derived MSCs 
from severe PE patients relative to normal patients was observed. 
In their transfection analysis, over-expressed miR-16 inhibited the 
proliferation and migration of decidua-derived MSCs and induced 
cell-cycle arrest by targeting cyclin E1.

Importantly, miR-181a expression was also high in placenta from 
sever PE cases [151]. Overexpression experiments blocked TGF-β 
signaling and further analysis suggested that miR-181a binds to 3’UTR 
of TGFBR1 and TGFBRAP1 transcripts. Although transfection of miR-
181a increased IDO, this did not reverse the impaired MSCs capability. 
Impairment of suppressive ability of miR-181a-transfected MSCs were 
also verified in a colitis model in vivo. Interestingly, Shao et al. [152] 
showed that estrogen acts to maintain miR-181a levels low in BM-
MSCs and that this acts to preserve FasL levels in MSCs necessary to 
induce osteoclast apoptosis. 

miR-146a and miR-146b are negative regulators of inflammatory 
gene expression in numerous cell types, including monocytes, 
fibroblasts, endothelial, airway smooth muscle and epithelial cells 
[153]. miR-146a also negatively regulates COX-2 and IL-1β in human 
airway smooth muscle cells. Inhibition of miR-29a in human BM-
MSCs augments their immunosuppressive properties [154].
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Other molecules
At the time of this writing, the number of newly characterized 

immunosuppressive molecules of MSCs appears to be still increasing. 
CD200 is a transmembrane glycoprotein expressed by cells involving 
vascular endothelial cells, epithelial cells and lymphocytes and its 
binding to receptor CD200R expressed on DCs, macrophages and mast 
cells lead to inmmunosuppresion [155]. In Najar et al. [155], compared 
to adipose tissue and BM-MSCs, Wharton’s jelly MSCs showed higher 
CD200 expression. IFN-γ treatment increased expression in BM-MSCs. 
However, blocking CD200 - CD200R interaction did not prevent MSC-
mediated inhibition of lymphocytes proliferation.

CD276 (B7-H3) is a member of the B7 and CD28 families. Normally 
induced on antigen presenting cells, CD276 plays a role in the inhibition 
of T cell function [156]. CD276 is highly overexpressed on a wide range 
of human cancers and likely suppresses immune responses to tumors. 
La Rocca et al. [80] showed that human Wharton’s jelly MSCs maintain 
the expression of immunomodulatory molecules such as CD276 and 
HLA-E, F, and G even after the acquisition of a mature phenotype to 
osteogenic, adipogenic and chondrogenic differentiation.

The effect of PGE2 in MSCs-dependent induction of M2 type 
macrophages was seen above [65]. Interleukin 1 receptor antagonist 
(IL1RA) has been shown to mediate immunosuppressive effects of 
MSCs [157] and, using IL1RA-/- MSCs, Luz-Crawford [158] showed 
that IL1RA is important to polarize macrophages from M1 to M2 
phenotype. MSCs lacking IL1RA were unable to protect mice from 
arthritic progression and even worsened clinical signs in a collagen-
induced arthritis murine model, worsening also the balance between 
Th17 and Treg. [157,158]. 

IL-6 is produced by various cells and is known to have either 
pro- or anti-inflammatory effects in different conditions, including 
increasing or decreasing leukocyte recruitment [159]. Munir et al. [159] 
showed that IL-6 and IL-6R are the key mediator of MSCs inhibition 
of neutrophil adhesion to endothelial cells. Djouad et al. [160] reported 
that murine MSCs secrete high levels of IL-6 and vascular endothelial 
growth factor, which are directly correlated to the inhibition of T-cell 
proliferation. They also showed that differentiation of bone marrow 
progenitors into DCs cultured with conditioned supernatants from 
MSCs was partly inhibited through the secretion of IL-6. So in systemic 
settings, IL-6 may have propensity to show immunosuppresive effects. 
However, although coculture of MSCs (derived from BM, Wharton’s 
jelly (WJ), and trabecular bone) with endothelial cells showed 
IL-6 levels remaining high during passage even after the degree of 
immunosuppression by MSCs decreased, suggesting that IL-6 did not 
act alone in immunosuppression [159]. Thus, interpretation of IL-6 
effect is not straightforward due to its diverse functions that show 
dependence on the context. 

Recent analysis by Zanotti et al. [161] showed that angiogenesis 
and endothelial cell activation is directly inhibited by soluble factors 
released by MSC exposed to inflammatory cytokines. Proteomics 
analysis showed that secretion of tissue inhibitor of metalloproteinase-1 
(TIMP1) was upregulated in MSC with inflammatory cytokines. In 
their in vivo and In vitro analyses, this was the key for MSCs-dependent 
inhibition of endothelial cell activation and lymphocyte homing to 
lymph nodes.

Nasef et al. [162] reported 7-fold increase in leukemia inhibitory 
factor (LIF) in MSC/MLR supernatant as compared to MSCs alone. 
Using LIF neutralizing antibody, a significant restoration of up to 91% 

of CD3+ lymphocyte proliferation in MSC/MLR was observed [162]. 
Najar et al. [163] showed importance of LIF in AT-derived and WJ 
derived MSCs suppressive activities. 

IL-25 (IL-17E) is also gaining researchers’ interest. Human 
placenta-derived MSCs strongly suppressed Th17 responses and 
this required IL-25 [142]. Knockdown of IL-25 expression in MSCs 
abrogated Th17 suppression In vitro and in vivo [142].

MSCs from diverse sources
MSCs can be obtained from many tissues including umbilical cord 

[164]. Expression profile analysis by Panepucci et al. [165] suggested 
that BM-MSCs are more committed to the osteoblastic and adipocytic 
lineages whereas umbilical cored-derived MSCs would be more 
committed to angiogenesis, with higher expression of CXCL6, IL-8, IL-1 
receptor-like ligand (or IL1RL1LG) and MMP1 (intestinal collagenase) 
mRNAs. Cell types are also important for immunomodulatory effects. 
Although we cannot cover many reports, umbilical cord-derived 
MSCs did not need to be primed with TNF-α and IFN-γ to inhibit T 
cell proliferation in a standard PBMC coculture experiment [51]. For 
umbilical cord-MSCs, priming with these cytokines were not effective 
as they have naively potent anti-inflammatory activity in in vivo and In 
vitro. Relative to BM-MSCs, umbilical cord-MSCs express higher level 
of CD200, CD273, CD274, IL-1β, IL-8, LIF and TGF-β2 mRNA and 
proteins, suggesting that all or some of them are responsible for the 
potent immunomodulatory ability of umbilical cord MSCs [51].

Systematic comparisons among MSCs from various tissues involve 
Di Trapani et al. [38]. They showed that all of SCs derived from BM, 
olfactory ectomesenchymal SCs, and three c-kit positive SC types, 
that is, leptomeningial SCs, amniotic fluid SCs, cardiac SCs, and lung 
SCs showed suppressive ability against T, NK and B cells with few 
exceptions. For most of SCs-effector cells combinations, enhancement 
of suppressive effects by priming was observed, with the effects on B 
cell-SCs combination was relatively pronounced. 

Wharton’s jelly (WJ)-MSCs are also immmunosuppressive [166]. 
Prasanna et al. [132] showed that, in their analysis of markers on 
PHA-stimulated lymphocytes cocultured with WJ-MSCs resulted 
in an early activation of a negative co-stimulatory molecule, CTLA4, 
which was not evident with BM-MSCs. Priming was not effective for 
suppressive ability of WJ-MSCs, but pronounced suppression of MLR 
responses was observed with primed WJ-MSCs as compared to BM-
MSCs. Priming with IFN-γ and TNF-α was effective in terms of the 
modulatory molecules induction. Interestingly, HGF is constitutively 
high with WJ-MSCs (and low with MB-MSCs). TNF-α priming of WJ-
MSCs resulted in marked reduction of HGF secretion [132].

Timing
To our knowledge, relatively few studies addressed the issue of 

timing between effector cell stimulations and treatment with MSCs. 
Valencic et al. [167] examined the timing issue using WJ-MSCs. 
Human WJ-MSCs cocultured with PBMCs prestimulated with 24hr 
with phytohaemagglutinin (PHA) failed to inhibit PBMC proliferation. 
Licensing by proinflammatory cytokines restored the inhibitory effects 
of MSCs.

Of importance, Mancheno-Corvo et al. [168] prestimulated human 
PBMCs with microbeads coated with anti-CD2/CD3/CD28 antibodies. 
When PBMCs after 6hr prestimulation were cocultured with adipose 
MSCs, proliferation was inhibited. Strikingly, adipose MSCs failed to 
inhibit proliferation of T cells after 24hr prestimulation, indicating 
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the critical effect of the duration of T cells prestimulation. They 
further showed that priming with IFN-γ and to a lesser extent with 
poly (I:C) (TLR3 ligand), but not LPS (TLR4 ligand) and other tested 
stimuli, enhanced the MSCs ability to inhibit the proliferation of 48hr-
stimulated T lymphocytes. The inhibitory effects of adipose MSCs were 
time-dependent and accounted for by Trp depletion by IDO. 

Priming of MSCs with proinflammatory cytokines
Although cell types influence immunosuppressive efficacy, it is 

generally accepted that MSCs such as BM-MSCs need to be activated 
(or “licensed”) with specific pro-inflammatory stimuli to exert 
their full immunomodulatory potential [169-172]. IFN-γ is a major 
proinflammatory cytokine secreted mainly by activated T and NK 
cells [169]. MSCs pretreated with IFN-γ could suppress GVHD in a 
murine model more effectively than a five-fold greater number of non-
activated MSCs [171]. Exposure of MSCs to IFN-γ has been reported to 
upregulate the expression of IDO, TGF-β and HGF [36,169,170]. Using 
IFN-γ knockout mice and a B7-H1 (PD-L1) knockdown experiment, 
Sheng et al. [139] presented findings supporting the notion that IFN-γ 
triggers the immunosuppressive function of MSCs via upregulation of 
B7-H1 expression [139].

In an in situ setting, expression of chemokine receptors including 
CXCR4, CXCR5, CXCR6, CCR1, CCR7, and CCR9 is considered to 
enable MSCs to migrate to sites of inflammation [123]. Subsequently, 
MSCs have to be activated by cytokines (typically IFN-γ before they 
acquire immunosuppressive capabilities [172].

Crop et al. [173] used microarray and RT-PCR analyses to measure 
several relevant transcripts in adipose tissue-derived MSCs co-cultured 
with PBMCs with a combination of IFN-γ, TNF-α and IL-6 and found 
that the latter combination increased IDO, whereas there was not 
much increase in the levels of HLA-G, COX-2 and HGF. MLRs showed 
an increased expression of COX-2, with a subtle increase in IDO. In a 
similar experiment by Ryan et al. [36], human MSCs expressed HGF, 
IL-10, and TGF-β, but a blocking analysis showed the importance of 
PGE-2. They showed an increase in HGF, TGF-β1, and IDO; however, 
IDO was important based on their inhibitor analysis.

As we discussed in the section on IDO, through the analysis of 
adipose MSCs, Mancheno-Corvo et al. [168] showed a key role for 
IDO-dependent tryptophan depletion in the priming effect of IFN-γ 
and poly (I:C) (TLR3 ligand). They further showed that priming with 
poly (I:C), but not IFN-γ, led to increased production of PGE-2. Both 
IFN-γ and poly (I:C) did not result in increased HLA-G. Therefore, 
it would be interesting to perform systematic comparisons of IFN-γ, 
TNF-α, Poly(I:C), LPS (TLR4 ligand), and other proinflammatory 
factors on the expression of various modulatory molecules.

The expression of PD-L2 in human placenta-derived MSCs 
increased after pre-stimulation with IFN-γ and TNF-α, and PD-L2 was 
important for the increase of Treg subsets in co-cultured T cells [141].

TLR agonist pretreatment
The effect of TLR stimulation on MSCs has been studied with 

the goal of understanding MSC behavior in clinical settings. The 
expression of TLRs in MSCs is now well documented. Murine MSCs 
express TLR1-8, and human MSCs express TLR1-5 [117]. A recent 
finding proposed that TLR4 ligation could induce a proinflammatory 
MSC1 response and TLR3 ligation could result in an anti-inflammatory 
MSC2 response [174]. Sangiorgi et al. [175] showed that TLR4 
stimulation by LPS (TLR4 ligand) compromises the ability of MSCs 

to suppress the proliferation of T lymphocytes. This pretreatment 
led to a reduction in IL-10 and IFN-γ mRNA levels in co-cultured T 
lymphocytes. Intriguingly, stimulation of TLR9 with DSP30 induced 
the proliferative and suppressive potential of MSCs. In this system, 
using human BM-MSCs, approximately 45% of cells expressed TLR2 
and 70–80% of cells expressed TLR3, TLR4, and TLR9. In addition, 
TLR3 agonist pretreatment had no effect. It is still a matter of debate 
whether TLR3 pretreatment reduces or enhances immunosuppression 
by MSCs [175].

In some settings, stimulation with TLR3 and TLR4 induces IDO in 
MSCs, but in other settings, the activation of these TLRs inhibits the 
immunosuppressive effects of MSCs [30]. Careful analyses regarding 
the precise conditions for IDO induction might be important. Opitz et 
al. [176] analyzed TLR1–6 expression in human BM-MSCs and found 
that compared to immature DCs, TLR-3 mRNA levels were similar to 
that in DCs and that TLR-4 mRNA was lower than that of DCs, whereas 
differences in the other TLR mRNA levels were insignificant. They 
further showed that treatment with poly (I:C) (TLR3 ligand) and LPS 
(TLR4 ligand) increased TLR1–3 expression, strongly and moderately, 
respectively. Similarly, poly (I:C) treatment and LPS treatment increased 
kynurenin production, strongly and moderately, respectively. In their 
system, the enhancement of immunosuppression mediated by TLR was 
dependent on kynurenines produced by IDO1, the latter enzyme being 
induced by TLR through signaling pathways independent of IFN-γ 
[176]. However, in a study by Liotta et al. [117], allogeneic proliferation 
of CD4+ T cells was suppressed by MSCs, but this suppressive ability was 
reduced by poly (I:C) pretreatment. Interestingly, the authors argued 
that Jagged-1 downregulation induced by TLR3 or TLR4 stimulation 
might have caused the downregulation of the suppressive capability of 
MSCs. However, Zhao et al. [147] demonstrated the benefits of poly 
(I:C) treatment for human umbilical cord-derived MSCs in sepsis; the 
IDO mRNA increase was the most pronounced after a 12 h treatment, 
which was greater than that after the 24 h treatment. Poly (I:C) having 
a greater effect than LPS on the potential of MSCs was also reviewed 
by Zhao et al. [147]. In addition, Mancheño-Corvo et al. [168] showed 
that priming with IFN-γ and to a lesser extent poly (I:C), but not LPS 
and other tested stimuli, enhanced the immunosuppressive ability of 
adipose-derived MSCs, and convincingly showed that this enhanced 
ability was time-dependent and was accounted for by tryptophan-
depletion by IDO. Thus, at least for BM-MSCs and adipocyte-derived 
MSCs, standard priming or priming with poly (I:C) is likely to enhance 
the IDO-dependent suppressive effects in a typical In vitro settings. 
Other groups also reported the benefit of TLR3 preconditioning in a 
colitis model [177].

Huang et al. [178] used umbilical cord-derived MSCs and reported 
no enhanced therapeutic effect of poly (I:C)-treated MSCs in an in vivo 
mouse model of lupus. They observed that poly (I:C) treatment led to 
no significant changes in COX-2, IL-6, TNF-α, IDO, IFN-γ, and CCL2. 
However, as umbilical cord-derived MSCs are unlikely to be enhanced 
by pretreatment [51], such comparisons suggest the importance of 
better characterization of how differences in parameters including 
experimental set-up, timing, cell types, and concentrations of ligands 
could affect the expression of IDO in MSCs.

Using umbilical cord (UC)-MSCs, Zhang et al. [179] found that 
TLR3 upregulated the expression of stem cell markers, whereas TLR4 
downregulated their expression. Intriguingly, the activation of TLR3 
inhibited the differentiation of UC-MSCs into osteocytes, whereas 
that of TLR4 increased this differentiation to a certain extent [179]. As 
demonstrated by this study, differentiation stages of MSCs are likely 
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not to be identical between the two ligand treatments, suggesting 
another layer of complexity for the effects of TLR pretreatment.

MSCs are able to adapt their immuno-behavior in an inflammatory 
context, decreasing their susceptibility to NK cells. In addition, TLR3- 
but not TLR4-primed MSCs display enhanced suppressive functions 
against NK cells [180]. For human umbilical cord blood (hUCB)-MSCs, 
LPS pre-treatment did not ameliorate the reduction in colon length or 
the histologic damage, but muramyl dipeptide (MDP) improved the 
protective effect of hUCB-MSCs against cellular inflammation in the 
gut via a NOD2-dependent pathway [67]. Thus, further characterization 
of MSCs derived from various sources, examining a broad range of 
pattern recognition receptors, could be informative.

Perspective
As this article focused on immunosuppressive molecules expressed 

in MSCs, we did not fully cover instances wherein interactions between 
MSCs and other cell types lead to differential expression patterns of 
molecules. Several studies have shown that co-culture of MSCs with 
diverse cells could lead to differential expression of various molecules 
in MSCs. For example, Fang et al. [181] performed co-culture of human 
MSCs with alveolar epithelial type II (AT II) cells; AT II cells and MSCs 
alone generated some amounts of lipoxin A4, a lipid mediator with dual 
anti-inflammatory and proresolution activities. However, combination 
of the two cells resulted in significantly higher levels of this molecule. 
This example, as well as that of the macrophage- MSC interaction 
reminds us of the difficulty in attributing soluble regulatory molecule 
production to MSCs and interaction partners. 

Genetically engineered MSCs appear to be a promising approach. 
For example, Wang et al. [182] showed that MSCs engineered to 
overexpress miRNA-let7c (miR-let7c-MSCs) specifically in damaged 
kidneys, upregulated miR-let7c gene expression, compared to that 
in non-targeting control MSCs. This led to the repression of fibrotic 
genes in NRK52E cells induced by TGF-β1. Epstein-Barr virus–derived 
interleukin-10 (vIL-10) shares some immunosuppressive properties 
with human IL-10 but lacks immunostimulatory activity. Recently, 
Quaranta et al. [183] showed that engineering WJ-derived human 
MSCs to express vIL-10 enhanced the immunosuppressive functions 
of these MSCs.

From a theoretical perspective, although recent bioinformatics 
approaches favor systems with deterministic behaviors, the overall 
features of MSCs behaviors seem to have uncertainty and robustness 
rather reminiscent of a stochastic (thermodynamic) network. For 
example, when TGF-β, COX-2, and IDO expressions are high, a 
high-HGF state may have a higher likelihood, yet the latter still being 
influenced by many factors largely unknown. As MSCs behaviors are 
influenced by their sources, cell heterogeneity, developmental stage, 
culture condition and between-individual differences, the robustness 
and sensitivity of the network become important. Blocking analyses 
with varied degrees of blocking and timing may be informative. On 
the other hand, to develop assays predictive of immunosuppressive 
potency and safety required for therapeutics, reduction of such 
variance needs to be prioritized. As Galipeau and Krampera discussed 
[29], the use of human PBMC for potency assays, for example, 
inevitably increases variance but that defining functionalities causative 
of suppressor function in vivo may allow us to reduce such variance. 
In this sense, use of IDO-utilizing animals, such as pigs, may provide a 
complementary system to address immunosuppressive functionalities 
of MSCs important in in vivo settings.
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