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Abstract Among the particular immunomodulation proper-
ties of mesenchymal stem cells (MSCs), one relies on their
capacity to regulatory T cell (Treg) induction from effector T
cells. Stable expression of Foxp3 has a dominant role in sup-
pressive phenotype and stability of induced regulatory T cells
(iTregs). HowMSCs induce stable Foxp3 expression in iTregs
remains unknown. We previously showed MSCs could en-
hance demethylation of Treg-specific demethylated region
(TSDR) in iTregs in cell-cell contact manner (unpublished
data). Here, we evaluated the possible effect of MSCs on the
mRNA expression of Runx complex genes (Runx1, Runx3,
and CBFB) that perch on TSDR in iTregs and play the main
role in suppressive properties of Tregs, a regulatory pathway
that has not yet been explored byMSCs. Also, we investigated
the mRNA expression of MBD2 that promotes TSDR

demethylation in Tregs. We first showed that in vitro MSC-
iTreg induction was associated with strong mRNA modifica-
tions of genes involved in Runx complex. We next injected
high doses ofMSCs in a murine model of C57BL/6 into Balb/
C allogeneic skin transplantation to prolong allograft survival.
When splenocytes of grafted mice were analyzed, we realized
that the Foxp3 expression was increased at day 5 and 10 post-
graft merely in MSC-treated mice. Furthermore, Foxp3
mRNA expression was associated with modified Runx com-
plex mRNA expression comparable to what was shown in
in vitro studies. Hence, our data identify a possible mechanism
in which MSCs convert conventional T cells to iTreg through
strong modifications of mRNA of genes that are involved in
Runx complex of Foxp3.
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Abbreviations
MSCs Mesenchymal stem cells
iTregs Induced regulatory T cells
DCs Dendritic cells
NKs Natural killer cells
IL-12 Interleukin-12
TNFα Tumor necrosis factor-α
nTregs Natural Tregs

Introduction

Bone marrow-derived mesenchymal stem cells (BM-MSCs)
can modulate the immune system both in vitro and in vivo in
different conditions like autoimmunity, graft rejection, and
graft-versus-host disease [1–4]. This immunomodulation
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ability depends on the soluble inhibitory molecules and cyto-
kines (i.e., IL-10, TGFβ, HLA-G, IDO, and PGE2) and cell-
cell contact to induce regulatory immune cells such as regula-
tory T cells (Tregs) and/or tolerogenic dendritic cells (tDC) [2,
5–8] Particularly, maturation and differentiation of DCs are
affected by MSCs through reduction of MHC class II, co-
stimulatory molecules surface membrane expression, and re-
duced secretion of interleukin 12 (IL-12) and tumor necrosis
factor-α (TNF-α) [6, 9, 10] . MSCs-induced tDCs can trigger
the conversion of CD4 T cells toward anti-inflammatory phe-
notype attested by IL-10 secretion [9, 11].

Tregs play a crucial role in self-tolerance and homeostasis
[12]. These cells are either generated in the thymus during
embryonic states (nTregs) or in the periphery (iTregs) from
effector CD4+ Tcells [13]. Previous investigations proved that
MSCs could favor iTregs conversion and enhance both iTregs
and nTregs expansion and suppressive function both in vitro
and in vivo. [3, 6, 14–16] Stable Foxp3 expression plays a
major role in the phenotypic and functional stability of iTregs.
Indeed, under specific inflammatory conditions, iTregs could
lose their Foxp3 expression and convert into effector T cells
[17].

It has been already shown that hypomethylation of the
Treg-specific demethylated region (TSDR) in the Foxp3 pro-
moter is required for stable Foxp3 expression [18]. TSDR is
completely demethylated in nTregs, partially methylated in
iTregs, and completely methylated in effector T cells [18].
Hence, removal of methyl groups from TSDR enhances the
approachability for transcription factors to perch on TSDR
and increase the Foxp3 expression [18]. The role of TSDR
methylation in Foxp3 stability is supported by TSDR-null
Treg cells, which lose Foxp3 expression. Methyl-CpG-
binding domain protein 2 (MBD2) acts as a DNA
demethylase by removing repressive methyl residues and
thereby activating gene transcription [19]. Overexpression of
MBD2 leads to demethylation of CpG regions and Foxp3
gene expression [20]. Studies have reported the correlations
between low levels of MBD2 expression and DNA demeth-
ylation in several autoimmune diseases such as lupus erythe-
matosus (SLE), dermatomyositis and systemic sclerosis, rheu-
matoid arthritis, psoriasis, and breast cancer [20–23]. Deletion
of MBD2 in Tregs leads to methylated TSDR and decreases
the suppressive function of Tregs both in vivo and in vitro
[24].

Furthermore, the complex of Core-binding factor subunit
beta (CBFB) and Runt-related transcription factor 1 and 3
(RUNX1 and 3) is necessary for Treg suppressive function
[26]. CBFB, the non-DNA-binding factor, can attach to
RUNX proteins and increases the DNA-binding affinity and
stability of these proteins. RUNX1 and RUNX3 are up-
regulated in iTregs and are required for their induction.
Using siRNA for RUNX1 and RUNX3, a significant reduc-
tion in Foxp3 expression has been shown. This was not

observed in GATA3 level in Th2 cells, T-bet level in Th1 cells,
or RORγt mRNA expression in Th17 cells. The highest re-
duction of Foxp3 happens when RUNX1 and RUNX3 are
silenced together [25]. It was shown that deficiency of
CBFB could decrease Foxp3 expression in nTreg cells [25].
Moreover, using the inhibitor for RUNX proteins could inter-
fere with Foxp3 induction even in the presence of exogenous
IL-2which is highly necessary for iTregs [25]. Hence, increas-
ing RUNX1, RUNX3, and CBFB complex in hypo-
methylated TSDR increases the stability and suppressive
function of Treg.

Although the regulatory effect of MSCs on the immune
system has been well studied, the molecular mechanism un-
derlying this phenomenon is still a matter of question, and to
our knowledge, the modulatory effect of MSCs on RUNX1,
RUNX3, CBFB, and MBD2 gene expression in Tregs has not
yet been explored.

We previously showed that MSCs could enhance de-
methylation of TSDR in iTregs in a cell-cell contact man-
ner (unpublished data). Here, we first investigated the role
of cell-cell contact and cytokine secretion of BM-MSCs
on induction, stability, and suppressive function of Tregs
in different experimental conditions. Second, we studied
the effect of MSCs on RUNX1, RUNX3, CBFB, and
MBD2 genes mRNA expression in CD4+ T cells in cor-
relation with Foxp3 stability and suppressive function of
iTregs. Third, we investigated the effect of ex vivo-
expanded BM-MSCs on induction of transplant tolerance
in a model of fully allogeneic skin transplantation and
further analyzed the cytokine secretion pattern in grafted
mice as well as interest gene expression on CD4+ T cells
harvested from protected mice.

We demonstrate for the first time that MSCs could enhance
suppressive phenotype and stability of Tregs through regula-
tion of RUNX-CBFB complex but not MBD2 both in vitro
and in vivo.

Materials and methods

Mesenchymal stem cell culture

MSCs were collected and cultured by flushing from fem-
oral and tibia bone marrow of six to 8-week-old Balb/C
female mice. The mice were purchased from the central
animal laboratory (Shiraz University of Medical Sciences,
Iran). This research was approved by the Committee of
Ethics in Animal Experiments (CEEA) of Shiraz Medical
Sciences University. All methods and procedures were
performed in accordance with the relevant guidelines
and regulations. The cells were cultured in 25-cm2 flasks
with Dulbecco’s modified Eagle medium (DMEM), with a
low glucose concentration, Glutamax I, 10% heat-
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inactivated FBS, 1% penicillin, and streptomycin (all
from Gibco, Germany). The cells were incubated at
37 °C in a 5% CO2 atmosphere. Non-adherent cells were
removed every 8 h; pure MSCs were obtained after 4 to
5 weeks. Mice MSCs derived from bone marrow express
surface markers such as CD44 and Sca-1 and do not ex-
press specific hematopoietic markers such as CD34 and
CD45 (PE-conjugated anti-Sca-1, anti-CD44, anti-CD45
antibodies, and FITC-conjugated anti-CD34 all from
eBioscience, USA). Unstained and proper isotype was
used as a control for analyzing data by FlowJo software.
The second passage of MSCs was used for experiments.

BM-MSCS can differentiate into osteocyte or adipocyte
when cultured in an appropriate differentiation condition
(DMEM supplemented with 0.5-μM ascorbic phosphate,
1-μM dexamethasone, and 200-μM indomethacin) for
10 days. Then, cells were stained with 0.5% oil red for
10 min. To differentiate isolated cells into osteocytes, they
were cultured in a specific differentiation medium (DMEM
supplemented with 0.5-μM ascorbic phosphate, 10-mM β-
glycerophosphate, and 1-μM dexamethasone) for 21 days
and stained with 1% alizarin red for 10 min.

Isolation of dendritic cells and CD4+ T cell

The spleen of Balb/Cmice was removed for DC isolation. The
most practical way to enrich the DC fraction is to use a density
gradient. Nycodenz has successfully been used for enrichment
of DCs obtained from different sources 78, 79. First, DCs
were isolated by nycodenz and then CD11c positive selection
kit (Miltenyi Biotechnology, Germany) was used for DC iso-
lation according to the manufacturer’s guide. CD4+ T cell
negative selection kit (Miltenyi Biotechnology, Germany)
was used for isolation of total CD4+ T cells from C57BL/6
spleen. CD4+CD25+ cells were depleted from CD4+ T cell
pool that showed more than 95% purity of CD4+CD25− T
cells; it was performed by the CD4+CD25+ regulatory T cell
isolation kit (Miltenyi Biotechnology, Germany). These
CD4+CD25− T cells were cultured with MSCs. The
CD4+CD25+ regulatory T cell isolation kit was used for iso-
lation of Tregs from conditions after culture with MSCs.
Magnetic-activated cell sorting (MACS) method was used
for all cells isolation.

In vitro study design

Indeed, we reproduced the entire already studied MSC culture
models leading to Tregs induction [8, 26–29]. In the first line,
we sought to know whether MSCs could induce Tregs in all
these conditions via the same mechanisms. MSCs could influ-
ence T cells directly or indirectly. In the direct mechanism,
MSCs effect on T cells could be through cell-cell contact or
soluble factors, while the effect of MSCs on T cells might

occur indirectly via modulating antigen-presenting cell
(APCs) such as DCs, resulting in altered cytokine expression
and impaired antigen presentation [30–32].

1- InMSC +TC condition, we added 2 × 106 CD4+CD25− T
cells directly to2 × 105 allogeneic MSCs.

2- In MSC + MLR condition, we added both 2 × 106

CD4+CD25− T cells (C57BL/6) and 2 × 105 DCs
(Balb/C) to 2 × 105 MSCs (Balb/C).

3- In MSC + MLR + LPS condition, we added both 2 × 106

CD4+CD25− T cells (C57BL/6) and 2 × 105 DCs
(Balb/C) to 2 × 105 MSCs (Balb/C) in addition to LPS.
LPS (200 ng/mL) (Sigma, USA) was directly added to
each well.

T cells were isolated by CD4+ isolation kit (MACS) from
DCs in conditions 2 and 3.

4- In MSC-DC condition, first, freshly isolated 2 × 106 DCs
(Balb/C) were cultured with 2 × 105 autologousMSCs for
24 h. Then, after 24 h, 2 × 105 DCs were isolated and
irradiated (30 Gy) and added to 2 × 106 freshly isolated
CD4+CD25− allogeneic T cells.

Co-culture and transwell approach to T cells
and mesenchymal stem cells

The second passage of Balb/C MSCs was seeded into 6-well
plates. MSCs were incubated for 3 h in a complete DMEM.
Then, freshly isolated C57BL/6 mice T cells (106 cells per
well) were added to the MSCs at a 1:10 ratio. All co-culture
experiments were performed in a DMEM containing 10%
FBS, 1% penicillin, and 1% streptomycin. T cells were har-
vested at different times: 6 h, 12 h, 24 h, 48 h, 72 h, and 5 days
after co-culture. Also, transwell experiments were performed
at the same ratio, conditions, and times; 106 T cells were cul-
tured in the lower chamber and MSCs were seeded in the
upper chamber of transwell plates (0.8-μm pore-size mem-
brane, SPL, USA).

For experiments using MSC-DC, freshly isolated Balb/C
mice DCs (106 cells per well) were added to the MSCs (1:10)
in co-culture and transwell conditions. DCs were harvested
after 24 h and added to freshly isolated C57BL/6 T cells to
perform MLR. We used Mouse Regulatory T Cell Staining
Kit #3 (ebioscience, USA) to investigate FOXP3 proteins in
all conditions after 72 h and 5 days.

Allogeneic mixed lymphocyte reactions (MLR) were per-
formed with 106 T cells (C57BL/6) and 105 DCs (Balb/C) in
co-culture or transwell conditions withMSCs (with or without
LPS) in RPMI-1640 supplemented with 10% FBS and 1%
penicillin/streptomycin.
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Mix lymphocyte reaction and negative control DCs were
irradiated (30 Gy). Then, cells were washed with PBS for
three times and resuspended in RPMI supplemented with
10% heat-inactivated FBS, 1% penicillin, and streptomycin.
MLR was set up in 96-well round-bottom cell culture plates
(Nunc, Denmark). 105 untreated DCs (BALB/c), as stimulator
cells, were co-cultured with 106 CD4+CD25− Tcells (C57BL/
6), as responder cells in a total volume of 200 μL.
CD4−CD25+ effector T cells of this condition were isolated
by CD4+CD25− T cell isolation kit after 5 days and used as a
negative control.

TGFβ-induced Tregs

To generate iTregs, we used Fantini’s protocol [33]. Briefly,
CD4+CD25− T cells were isolated. Then, we coated them in
24-well plates with 10 μg/ml of anti-CD3 antibody in PBS at
37 °C for 2 h. Following this, we washed the plate once with
PBS before cell plating. We plated 1 ml of 2 × 106 ml−1

CD4+CD25− cells re-suspended in an X-Vivo15 serum-free
medium in the anti-CD3-precoated wells in the absence of
antibiotics. Anti-CD28 antibody (2 μ/g ml) and TGFβ
(5 ng ml) were immediately added and the cells were incubat-
ed for 5 days. iTregs were isolated from this condition by
CD4+CD25+ regulatory T cell isolation kit and use as a posi-
tive control.

In vivo study design and skin transplantation

1.5 cm2 full thickness of back-skin of C57BL/6 mice was
transplanted to the back of Balb/C mice fixed with 4–6
stitches, covered with a proper bandage. Bandages were re-
moved 7 days after transplantation and the skin graft was
monitored every day, and rejected graft before day 7 was
considered as a technical error and excluded from the study.
Grafts were considered as a rejected graft when they showed
at least 90% necrosis.

The study was designed for 10 groups with 3 kinds of
treatment: some mice received 106 MSCs intravenously on
day 1 and 0 after completion of the skin graft procedure and
on day 2 and day 4 post-transplantation. Also, some mice
received CsA (Gavage, 50 mg/kg/day) from 7 days before
transplantation to the time of sacrifice. The control group re-
ceived PBS. Every group contains 5 mice. The mice were
sacrificed at days 5, 10, and 15 and CD4+ Tcells were isolated
from splenocytes of grafted mice for biological analysis.

Suppression assay

For in vitro suppressive assay, we used the basic protocol
described by Collison LW [34]. Briefly, MSCs and T cells
were cultured for 72 h in four in vitro conditions. 104 MSC-
cultured T cells (C57BL/6) of each condition were added to

105 CD4+CD25− T cells (C57BL/6) (ratio 1:10) in the plate
coated with 104 allogeneic DCs (Ballb/C) and incubated for
48 h at 37 °C. Then, BrdU labeling was added to cultures and
incubated for another 24 h. Then, labeling medium was re-
moved by centrifuge and flicking off and dried at 60 °C for
1 h. The cells were fixed by fixDenat and stored at 25 °C for
1 h and then fixDenat was removed by flacking off and tap-
ping. Anti-BrdU-POD was added to cells and incubated at
25 °C for 90 °C. Conjugated antibody was removed by
flicking and rinsing by PBS three times. After substrate solu-
tions and color developing, the absorbance of samples was
measured by ELISA reader at 370 nm (reference wavelength
429 nm). For in vivo suppressive assay, CD4+ T cells were
isolated from skin-transplanted mice and added to effector T
cells and DCs as in vitro.

Gene expression analysis by real-time PCR

RNAwas isolated from CD+DC25+ Tregs in vitro and CD+ T
cells in the spleen of skin-grafted mice after the mentioned
times using Trizol (Invitrogen, USA). Then, cDNA synthesis
was performed using a reverse transcription kit (Takara,
Japan). Quantitative RT-PCR experiments were performed
using ABI step one plus (Applied Biosystems, USA) and
GAPDH were used as a housekeeping gene. The Specific
primers were designed by AlleleID software (Version 7.5)
(Table 1).

Statistical analysis

In vitro and in vivo data were analyzed by Prism 5th version
(GraphPad software). Student t test or one-way ANOVAwith
post hoc and also two-way ANOVA analyses were performed
depending on the number of comparatives. The data are rep-
resented as mean ± SEM, n = 4 independent experiments. ns,
non-significant; *P < .05, **P < .01, ***P < .001.

*P < .05, **P < .01, ***P < .001. Correlation coefficient is
significant at 0.8 < CC < 1, P***, 0.8 < CC < 0.6 P**, 0.6 <
CC < 0.4 P* and non-significant at CC > 0.4. The minus be-
fore the significant correlation coefficient is the sign of nega-
tive correlation.

Table 1 Primer set

Gene Primer set

Runx1 Forward 5-AACCAGGTAGCGAGATTCAAC-3
Reverse 5-GGCAACTTGTGGCGGATT-3′

Runx3 Forward 5-GTGGGCGAGGGAAGAGTT-3′
Reverse 5′-GCCTTGGTCTGGTCTTCTATCT-3′

CBFB Forward 5-GCGAGTGCGAGATTAAGTACA-3′
Reverse 5-GATTGGTTCCTGTAGCCACAA-3′

Mbd2 Forward 5-AGCGATGTCTACTACTTCAGTCCAA-3
Reverse 5′-GGTCAACAGCATTTCCCAGGTAT-3
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Results

Mesenchymal stem cells can trigger the conversion
of effector Tcells toward induced Foxp3+-expressing Tregs

In the present study, using four in vitro experimental condi-
tions, we investigated the capacity of BM-MSCs to convert
CD4+ T cells to iTregs. MSCs were obtained from bone mar-
row cells of Balb/C mice as described in BMaterials and
methods.^MSC phenotype was attested bymembrane expres-
sion of Sca-1 and CD44 and absence of CD34 and CD45
markers (Supplementary Fig. S1a). Moreover, their capacity
to differentiate into chondrocytes and adipocytes under appro-
priate differentiation conditions were tested (Supplementary
Fig. S1b). CD4+CD25− T cells and DCs were isolated from
C57BL/6 mice and cultured alone or with allogenic MSCs in
cell-cell contact and in transwell conditions for 5 days.
Thereafter, the expression of Foxp3+ cells among total
CD4+CD25+ T cells was evaluated at 6 h, 12 h, 24 h, 48 h,
72 h, and 5 days after culture by RT-PCR. These cells were

compared with iTregs that are classically obtained by in vitro
Tcell activation in the presence of TGFβ and IL-2 after 5 days
of culture (Fig. 1a, b). We observed that MSCs could induce
Foxp3 mRNA expression in co-culture and transwell which is
in accordance with previous reports [2, 3, 6, 14, 15, 35–37].

In order to investigate whether these BM-MSC-induced
Tregs are as potent as TGFβ-iTregs to suppress effector T
cells, all CD4+ T cells were collected from previous co-cul-
ture/transwell conditions and were added in a new suppression
assay in a 1/10 ratio.We observedMSC-cultured CD4+ Tcells
were able to dramatically suppress responder CD4+CD25− T
cells compared to controls with the highest suppression rate
for the MSC + DC condition after 48 h (Fig. 1).

Modification of RUNX complex (RUNX1, RUNX3,
and CBFB) gene expression in mesenchymal stem
cell-induced Tregs

The high expression of RUNX complex and its binding to
TSDR lead to high and stable Foxp3 expression,

Fig. 1 MSCs can induce effector T cells to Foxp3-expressing Tregs with
strong immunosuppressive capacity. CD4+ effector T cells and DCs were
co-cultured with allogeneic MSCs in four conditions; as described in
BMaterials and methods.^ FOXP3 mRNA of MSC-cultured T cells was
measured after 6 h, 12 h, 24 h, 48 h, 72 h, and 5 days by RT-PCR.
Allogeneic MLR was performed and CD4+CD25− effector T cells isolat-
ed after 5 days after MLR and used as a negative control and TGFβ-
induced Treg cells were used as a positive control. The samples were

normalized by GAPDH and compared with the negative control in a
co-culture and b transwell conditions. c For the suppressive assay,
MSC-cultured T cells were isolated after 48 h and added to T cells that
were stimulated with anti-CD3 and anti-CD28. After 48 h, BrdU was
used to measure the proliferation of CD4+ T cells and compared with
MLR. Data are represented as mean ± SEM; n = 4 independent experi-
ments and significant results as *P < .05, **P < .01, ***P < .001
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therefore, maintaining tolerance. Three RUNX binding
sites were reported in the Foxp3 promoter that was con-
served between human, mouse, and rat [38]. RUNX com-
plex binds to TSDR to trigger Foxp3 expression. The
highest suppressive and stable phenotype was observed
when this complex binds to demethylated TSDR [25,
39]. Since we observed an enhanced demethylation of
TSDR in MSC-induced Tregs (unpublished data) and
due to the important role of RUNX complex in the sup-
pressive phenotype of Tregs, we investigated whether
BM-MSCs can enhance RUNX complex mRNA expres-
sion or not. We thus investigated the expression level of
Runx1, Runx3, and CBFB genes, implicated in stable
Foxp3 expression in the four experimental conditions pre-
viously described in BMaterials and methods.^

After 6 h, 12 h, 24 h, 48 h, 72 h, and 5 days of culture,
mRNA of MSC-induced Tregs were extracted and com-
pared to effector CD4+CD25− T cells (control) and TGFβ-
induced Tregs. The samples were normalized by expres-
sion of an endogenous housekeeping gene (GAPDH).
TGFβ-iTregs expressed higher amounts of Runx1,
Runx3, and CBFB, as compared to the control group
(Fig. 2). These observations were even more marked with
MSC-induced Tregs compared to TGFβ-induced Tregs
and increased over the time of co-culture regardless of
the Tregs induction method (Fig. 2).

We observed a modest induction of RUNX1, RUNX3, and
CBFB in MSC + MLR conditions up to 72 h of co-culture
compared to MSC + TC and MSC + DC conditions (Fig. 2).
However, the expression of mentioned genes was not stable in
MSC + TC group as they decreased at day 5 post-co-culture.
In contrast, the expression of these genes was stable or con-
tinued to increase between 72 h and 5 days in other conditions.
When the isolated DCs were co-cultured with allogeneic
MSCs for 24 h and then added to total CD4+ T cells, we
detected the highest amount of RUNX1, RUNX3, and
CBFB expression from 72 h and after 5 days of co-culture
(Fig. 2). Interestingly, we always observed a strong correlation
for each studied gene with Foxp3 expression (Fig. 2). All
these observations were confirmed by performing the same
experiments using transwell conditions (Supplementary Fig.
S2).

Bone marrow-derived mesenchymal stem cell could not
induce MBD2 in mesenchymal stem cell-induced Treg

Due to the role of MBD2 in TSDR demethylation, we inves-
tigated whether demethylation of TSDR is related to upregu-
lation of MBD2 by MSCs or not.

As described before, after 6 h, 12 h, 24 h, 48 h, 72 h, and
5 days of co-culture, MBD2mRNA ofMSC-induced Tregs in
all in vitro conditions were compared to effector CD4+CD25−

Tcells (control) and TGFβ-induced Tregs.We did not observe

any significant increase inMBD2 expression regardless of co-
culture conditions (Fig. 3) or transwell conditions
(Supplementary Fig. S3). Moreover, the correlation analysis
did not show any significant correlation between Foxp3 and
MBD2 expression.

Bone marrow-derived mesenchymal stem cells infusion
delays skin graft rejection and enhances RUNX1, RUNX3,
and CBFB expression

We next evaluated the capacity of BM-MSCs to suppress ef-
fector T cells in vivo and their ability to prolong graft survival
in a mouse model of fully allogeneic skin transplantation
(C57BL/6 into Balb/C) as described in the method. In parallel,
we compared their effects with those of CsA treatment or mice
treated with PBS. The fourth group of mice underwent autol-
ogous skin transplantation. We did not observe any graft re-
jection in autologous control mice as expected, whereas PBS-
treated mice rapidly rejected the skin graft (MST = 10 days);
MSC- and CsA-treated mice significantly enhanced graft sur-
vival (respectively MST = 17 and MST = 20.50) compared to
PBS-treated mice (Fig. 4a).

In vitro, we were able to demonstrate that induction of
Tregs by MSCs was associated with increased Foxp3 ex-
pression as well as modified RUNX1, RUNX3, and
CBFB gene expression in iTregs. Here, we investigated
whether the same mechanisms were involved when MSCs
were administered directly in vivo. We thus reproduced
allogeneic skin graft experiments, while we sacrificed
the mice and harvested T cells from their splenocytes at
day 5, 10, and 15 post-transplantation. Furthermore, we
extracted total mRNA and measured the expression of
Foxp3, RUNX1, RUNX3, CBFB, and MBD2. The ex-
pression of Foxp3 gene was elevated merely in MSC-
treated mice and not in the two other groups (Fig. 4b).
Moreover, at all the three time-points, Foxp3 expression
was associated with modified gene expression of RUNX1,

�Fig. 2 Modification of Runx1, Runx3, and CBFB gene expression in
MSC-induced Tregs. CD4+ effector T cell and DCs were isolated and co-
cultured with allogeneic MSCs in four conditions; as described in
BMaterials and methods.^ Total mRNA of MSC-cultured T cells was
extracted after 6 h, 12 h, 24 h, 48 h, 72 h, and 5 d and expression of
Runx1, Runx3, and CBFB was assessed by quantitative RT-PCR.
Allogeneic MLR was performed and CD4+CD25− effector T cells isolat-
ed after 5 days after MLR and used as a negative control and TGFβ-
induced Treg cells were used as a positive control. The samples were
normalized by expression of an endogenous housekeeping gene
(GAPDH) and compared with the negative control. Data are represented
as mean ± SEM; n = 4 independent experiments and significant result as
*P < .05, **P < .01, ***P < .001. Correlation of each gene with FOXP3
was shown under its expression graph. Spearman correlation coefficient r
and significance levels were shown on the top of each graph. The signif-
icance level for correlations is represented as 0.8 < CC< 1, P***, 0.8 <
CC< 0.6 P**, and 0.6 < CC< 0.4 P* and CC > 0.4 is considered non-
significant

b
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RUNX3, and CBFB but not MBD2 comparable to what
was observed in vitro experiments (Fig. 4b). Therefore,
here for the first time, we reveal the association of Tregs
induction by MSCs and strong RUNX complex expres-
sion modification.

Discussion

The multi-lineage differentiation and immunomodulation ca-
pacities of MSCs have made this somatic progenitor cells an
interesting target for cell therapy. Immunomodulating property
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of MSCs was studied in several animal models of autoimmune
diseases such as experimental autoimmune encephalomyelitis
(EAE) [40] and collagen-induced arthritis (CIA) [41]. In addi-
tion, they were used in different tissue and organ transplanta-
tions clinical trials including GVHD [42, 43], islet transplanta-
tion [44], liver transplantation [45], and renal transplantation
[46] with already promising results. Around 500 MSC-related
clinical trials were registered on NIH Clinical Trial Database as
of 2016 (https://clinicaltrials.gov/); nearly half of which are
based on immunomodulatory effects of MSCs.

The MSCs ability to induce effector T cells to iTregs was
previously reported [2, 3, 6, 14, 15, 35–37, 47]. Moreover, it
was previously observed that stability and suppressive features
of iTregs strongly depend on stable Foxp3 expression. In paral-
lel, RUNX complex and epigenetic mechanisms were demon-
strated to be implicated in the stability of Foxp3 [37, 48, 49].
Here, we show for the first time that induction of Tregs byMSC
is directly associated with strong modifications of RUNX com-
plex genes involved in the stable Foxp3 expression.

In this work, we used four different in vitro conditions that
allowMSCs to generate iTregs. Depending on the experimen-
tal model used, we observed that variable amounts of iTregs
were produced. When we looked at the 3 genes (RUNX1,
RUNX3, CBFB) implied in expression and suppressive fea-
ture of the Foxp3, we observed that the transcripts of all these
genes were globally modified in the same way, all leading to
expression of the Foxp3 and consequently, its stability.
Indeed, the addition of MSCs to T cell culture can remarkably
increase the expression of RUNX1, RUNX3, and CBFB all

implied in the Foxp3 expression process, whereas the expres-
sion of MBD2 implied in TSDR demethylation expression
remains unchanged. These convergent data obtained from
four different experimental conditions highlight the robust-
ness of our observations. Furthermore, compared to direct
contact of MSCs to T cells, the addition of DCs previously
co-cultured withMSCs inducedmore stable Foxp3 expression
at day 5, which is associated with strong immunosuppressive
capacities. This proposes the significant capacity of MSCs to
modify antigen-presenting cell (APCs) that are then capable of
inducing Tregs from CD4+ T cells. Here again, it is in this
MSC-DC condition that we observed the more important
modifications for RUNX1, RUNX3, and CFBF expression,
suggesting that the more these genes are expressed, the more
suppressive iTregs are. In contrast, we also observed an ex-
pression reduction in target genes in MSC + TC condition on
day 5. This might be due to the absence of TCR-induced Tcell
signaling in the absence of DC stimulation.

Fig. 3 Modification of Mbd2 gene expression in MSC-induced Tregs in
a co-culture system. CD4+ effector T cells and DCs were isolated and
cultured with allogeneicMSCs in co-culture system in four conditions, as
described in BMaterials and methods.^ Total mRNA of MSC-cultured T
cells was extracted after 6 h, 24 h, 24 h, 48 h, 72 h, and 5 days and
expression of Mbd2 was assessed by quantitative RT-PCR. Allogeneic
MLR was performed and CD4+CD25− effector T cells isolated after
5 days after MLR and used as a negative control and TGFβ- induced
Treg cells were used as a positive control. The samples were normalized

by expression of an endogenous housekeeping gene (GAPDH) and com-
paredwith the negative control. Data are represented asmean ± SEM; n =
4 independent experiments and significant result as *P < .05, **P < .01,
and ***P < .001. Correlation of each gene with FOXP3was shown under
its expression graph. Spearman correlation coefficient r and significance
levels were shown on the top of each graph. The significance level for
correlations is represented as 0.8 < CC < 1, P***, 0.8 < CC < 0.6 P**,
and 0.6 < CC< 0.4 P* and CC> 0.4 is considered non-significant

�Fig. 4 BM-MSC infusion allows for delayed skin graft rejection via
increased FOXP3 expression and Runx1, Runx3, and CBFB but not
Mbd2 gene expression in iTregs. Balb/C mice were grafted with full-
thickness allogeneic back skin from C57BL/6 mice and treated with
MSCs, cyclosporine, or PBS as mentioned before. a Graft survival time.
(b) The mice were scarifcied in days 5, 10, and 15 and total mRNA of
splenic CD4+ T cells was extracted. The expression of Runx1, Runx3,
CBFB, andMbd2was assessed by quantitative RT-PCR. The sampleswere
normalized by expression of an endogenous housekeeping gene (GAPDH)
and compared with the PBS-treated group. The data are represented as
mean ± SEM; n = 5 in each group. Significant results were also showed
as *P < .05, **P < .01, and ***P < .001

b
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In line with this, enhanced demethylation of TSDR and
enhanced expression of RUNX complex allow more and sta-
ble Foxp3 expression that consequently leads to more sup-
pressive MSC-induced Tregs.

In 2013, Wang et al. showed that MBD2 can demethylate
TSDR in regulatory T cells [24]. Here, we observed that
MBD2 mRNA expression does not enhance in MSC-
induced Tregs. It seems that MSCs promote TSDR demethyl-
ation via other methyl transferases but not MBD2.

In order to evaluate the importance of our results, it was
essential to assess whether the mechanisms we identified
in vitro were also confirmed in vivo. To this end, we used a
more immunogenic experimental model that consists of
transplanting allogeneic skin into immune-competent mice.
Although less remarkable than CsA-treated mice, MSC ad-
ministration statistically significantly delayed graft rejection
compared to PBS-treated mice. This effect is accompanied
by greater in vitro immunosuppressive properties of the Tcells
collected in the spleens of mice treated with MSCs compared
to those in the CsA-treated mice (data not shown). This was
convergent with an increased mRNA Foxp3 expression as
well as RUNX complex gene modifications improved in mice
treated with MSCs compared to mice of the two other con-
trols. In accordance with our result, the team of Choi et al.
showed that cyclosporine can block RUNX1 expression. It
seems that MSCs prolong skin graft via enhancing expression
of RUNX complex and stabilizing Foxp3 [50].

The immunosuppressive capacities of MSCs make these
cells a therapeutic tool of great potential to control immune
pathologies. In the context of alloreactivity, we have shown
that MSCs have the capacity to induce Tregs from conven-
tional T cells. The mechanisms behind this effect are through
keeping the stability of the Foxp3 gene. We identified for the
first time that RUNX1, RUNX3, and CBFB asmaster genes in
maintaining Treg stability play an indispensable role in this
action. Since both in vitro and in vivo data are quite similar,
we assume that they reflect a possible mechanism that remains
to be demonstrated in autoimmunity. Although we observed
significant increases in the mentioned gene in the presence of
MSCs, more investigations such as blocking these gene ex-
pression and protein investigation are needed to completely
confirm this mechanism.
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