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Cord-Blood-Derived Mesenchymal Stromal Cells
Downmodulate CD4™ T-Cell Activation
by Inducing IL-10-Producing Th1 Cells

Silvia Selleri,** Mame Massar Dieng,' Simon Nicoletti,® Isabelle Louis,
Christian Beausejour,"* Francoise Le Deist,"?® and Elie Haddad'?®°

The mechanisms by which mesenchymal stromal cells (MSCs) induce immunomodulation are still poorly un-
derstood. In the current work, we show by a combination of polymerase chain reaction (PCR) array, flow
cytometry, and multiplex cytokine data analysis that during the inhibition of an alloantigen-driven CD4" T-cell
response, MSCs induce a fraction of CD4" T-cells to coexpress interferon-y (IFNy) and interleukin-10 (IL-10).
This CD4" IFNy™ IL-10" cell population shares properties with recently described T-cells originating from
switched Thl cells that start producing IL-10 and acquire a regulatory function. Here we report that IL-10-
producing Th1 cells accumulated with time during T-cell stimulation in the presence of MSCs. Moreover, MSCs
caused stimulated T-cells to downregulate the IFNYy receptor (IFNYR) without affecting IL-10 receptor expres-
sion. Further, the inhibitory effect of MSCs could be reversed by an anti-IFNyR-blocking antibody, indicating
that IFNy is one of the major players in MSC-induced T-cell suppression. Stimulated (and, to a lesser extent,
resting) CD4" T-cells treated with MSCs were able to inhibit the proliferation of autologous CD4" T-cells,
demonstrating their acquired regulatory properties. Altogether, our results suggest that the generation of IL-10-

producing Th1 cells is one of the mechanisms by which MSCs can downmodulate an immune response.

Introduction

DUE TO THEIR MULTIPOTENT differentiation capacity and
immunomodulatory properties, mesenchymal stromal
cells (MSCs) have been extensively studied in recent years as a
possible therapeutic tool in regenerative medicine and as a
promising therapy for immunological disorders [1]. Although
the mechanism of action of MSCs is not well understood, they
have already entered into clinical trials and, given their low
immunogenicity, few if any adverse events have emerged to
date [2-6].

MSCs were first isolated from bone marrow (BM), but it
has now been shown that they can be derived from different
adult tissues (ie, adipose tissue and dental pulp) as well as
from cord blood (CB). Previous studies have shown that
MSCs can interact with almost all hematopoietic cells and act
as a downmodulator of immune cell activation [7]. It has
been proposed that MSCs can inhibit T-cell proliferation re-
gardless of the nature of the stimulus (ie, alloantigens, mi-
togens, and CD3 engagement) [8,9], or the human leukocyte
antigen (HLA) match [10]. Different mechanisms have been
proposed as mediating this effect that involve both direct
cell—cell contact and/or soluble factors (ie, interleukin-6 [IL-6],

HLA-G, idoleamine 2,3 dioxygenase [IDO], and transform-
ing growth factor [TGF]) [11]. It has also been reported that
MSCs could modulate the immune response by expanding
regulatory T-cells (Tregs) defined as being CD25", FoxP3™,
and CD4" [12,13]. Comparing data from studies on MSCs is
further complicated due to differences in experimental set-
tings, as well as the source and preparation of MSCs that
have been reported [7,14].

In the current work, we investigated the immunomodu-
latory properties of CB-derived MSCs focusing our attention
on the effects on T-cell activation and proliferation. We took
advantage of an immortalized CB-MSC line that we gener-
ated [15], and that we have shown to be effective in in-
hibiting xenogeneic graft-versus-host disease (GvHD)
induced by human peripheral blood mononuclear cells
(PBMCs) in a mouse model [15]. This CB-MSC line is also a
very useful tool in terms of limiting experimental variability
while increasing reproducibility. We observed that MSCs
could effectively inhibit the immune response triggered by
allogeneic stimulation in vitro. Moreover, we propose that
the induction of IL-10-producing Thl cells is an important
mechanism through which MSCs are able to promote im-
munosuppression. These IL-10-producing Thl cells share
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properties similar to a recently described T-cell subset that
was found to occur in humans upon repetitive antigen
stimulation as a result of a phenotypical and functional
switch of Thl cell clones. These switched cells coexpress
interleukin-10 (IL-10) and interferon-y (IFNYy) and exert an
important regulatory role in the resolution of the Thl-driven
immune response [16-18].

Materials and Methods
MSC isolation and culture

CB samples were obtained from the CHU Sainte-Justine
Research Cord Blood Bank after approval by the ethics
committee. Human CB-MSCs were obtained from CB
mononuclear cells, and immortalized as previously de-
scribed [15]. This cell line, which retains both the pheno-
type and differentiation capacity typical of freshly isolated
MSCs, can be safely used for in vivo injection due to their
characteristic cell-contact-induced growth arrest. MSCs
were cultured in an o-minimum essential medium («-MEM)
medium supplemented with 10% fetal bovine serum (FBS),
100U/mL penicillin, and 100pg/mL streptomycin, all
purchased from Invitrogen (Burlington, ON). In all in vitro
experiments, MSCs were irradiated (54 Gy) immediately
before starting the coculture with effector cells (ratio of ef-
fector cells to MSCs=10:1). In a preliminary experiment,
nonirradiated MSCs demonstrated the same ability as irradi-
ated MSCs to inhibit T-cell proliferation in a mixed lympho-
cyte reaction. We used irradiated MSCs to avoid their
expansion, which would have altered the MSC-to-T-cell ratio,
and the composition of the culture medium by depletion of
nutrients and consequently could have resulted in the inhi-
bition of T-cell proliferation independent of their immuno-
modulatory properties.

Human blood samples

Peripheral blood samples were collected from consenting
healthy donors according to guidelines established by the
CHU Sainte-Justine ethics committee. PBMCs were isolated
by Ficoll-Hypaque separation and used either immediately
or stored in liquid nitrogen for use at a later date.

Dendritic cell differentiation and maturation

To differentiate human immature dendritic cells (iDCs)
from monocytes, CD14" cells were first isolated with mag-
netic beads by positive selection (Miltenyi Biotech, Auburn,
CA) and then plated in 6-well plates (10° cells/well). Cells
were cultured for 5 days in the presence of human recombi-
nant granulocyte-macrophage colony-stimulating factor (GM-
CSF, 50ng/mL; R&D Systems, Minneapolis, MN) and IL-4
(10ng/mL; eBioscience, San Diego, CA). Mature DCs (mDCs)
were obtained by stimulation of iDCs with lipopolysaccha-
rides (1 pg/mL; Sigma, St. Louis, MO) for 2 additional days.

T-cell stimulation and proliferation analysis

Mixed lymphocyte reaction. About 2x10° PBMCs were
stained with 5-(and 6)-carboxyfluorescein diacetate succini-
midyl ester (CFSE; Invitrogen) and stimulated with 2x10°
allogeneic irradiated (54 Gy) PBMCs, obtained by pooling
PBMCs from 3 different donors, and cultured for 6 days in 96-
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well plates. When indicated, freshly purified CD4" T-cells
were isolated from total PBMCs by negative selection (using
the pan T-cell isolation kit II, followed by CD8 depletion, using
CD8 microbeads; both kits from Miltenyi Biotech) and used as
responders for allogeneic stimulation. In this latter experiment,
allogeneic mDCs were irradiated (54 Gy) and used to stimulate
T-cells for 6 days using a 1:40 DC-to-T-cell ratio.

CFSE staining. Cells were resuspended in PBS and
stained with CFSE (final concentration 0.625 uM) for 7 min at
room temperature. CFSE incorporation was blocked by the
addition of 1mL cold FBS and incubated on ice for 1min
followed by 2 washes in a complete culture medium (Ros-
well Park Memorial Institute medium (RPMI), 10% FBS,
100 U/mL penicillin/streptomycin, and 0.1 mM glutamine).

Flow cytometry

The phenotype of monocytes, iDCs, and mDCs was assessed
by flow cytometry using the following monoclonal antibodies:
anti-CD14-FITC, CDla-APC, CDS80-PE, CD83-PE, CD86-PE,
and HLA-DR-FITC (all from BD Biosciences, Mississauga, ON).
iDCs and mDCs are defined as CD14~, CDla*, CD80"",
CD83~, CD86°", HLA-DR", and CD14~, CDla*, CD80"¢",
CD83*, CD86"8", HLA-DR"8", respectively.

To test the expression of the activation markers on CD4 ™"
T-cells, we performed staining with the following monoclo-
nal antibodies: anti-HLA-DR-FITC, anti-CD25-PE, and anti-
CD69-PerCp-Cy5.5. Tregs were identified as cells expressing
the markers CD4-PE-Cy7, CD25-PE, and FoxP3-APC, but
negative for CD127-FITC. All antibodies were from BD
Biosciences, except for anti-CD69-PerCp-Cy5.5, which was
from BioLegend (San Diego, CA). For FoxP3 staining, cells
were fixed and permeabilized with a FoxP3 staining kit from
eBiosciences according to the manufacturer’s instructions.
For double intracellular staining of IFNy and IL-10, cells
were treated for 10-12h with the GolgiSTOP solution (BD
Biosciences) according to manufacturer’s instructions, either
without any further restimulation or upon T-cell isolation
and restimulation with allogeneic mDCs (derived from the
same donor as during the first round of stimulation) for 24,
48, and 72h before harvesting. After surface staining, cells
were fixed, permeabilized (Cytofix Cytoperm Kit; BD Bios-
ciences), and stained with anti-IFNy-PE and anti-IL-10-APC
(BD Biosciences). For the detection of the IFNyR and IL-10
receptor (IL-10R), antibodies from BioLegend were used. The
IL-10R was detected by indirect immunofluorescence using a
purified rat anti-human IL-10R antibody and a goat anti-rat
biotinylated secondary antibody (BioLegend) and streptavi-
din FITC. Fluorescence activated cell sorter (FACS) analysis
was performed on a BD Biosciences FACSAria or LSRFortessa
instrument, and data were analyzed using DIVA software.

Quantitative real-time polymerase
chain reaction

Gene expression profiling of CD4" T-cells, stimulated
with allogeneic mDCs (with a CD4" T-cell-to-mDC ratio of
40:1) for 6 days in the presence and absence of MSCs (with a
CD4" T-cell-to-MSC ratio of 10:1), was investigated using a
Human Th1-Th2-Th3 RT? Profiler polymerase chain reaction
(PCR) Array (Qiagen, Inc., Toronto, ON). Cells obtained
from 3 healthy donors were tested. Analysis was conducted
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FIG. 1. Mesenchymal stromal cells (MSCs) inhibit CD4 " T-cell proliferation, but do not induce a classical Treg phenotype.
Total peripheral blood mononuclear cells (PBMCs) were tested upon stimulation with allogeneic PBMCs in the presence and
absence of MSCs. (A) CD4 " T-cell proliferation, analyzed by CFSE dilution, was inhibited by the presence of MSCs. (B) CD4 *
T-cells were also analyzed for the presence of Tregs (CD4* CD25* CD127~ FoxP3™ cells). (C) CD69 expression was analyzed
on CD4" FoxP3™ CD25™ cells. n=4. *p=0.05, *p=0.01, and ***p=0.0005 (paired t-test). CFSE, 5-(and 6)-carboxyfluorescein

diacetate succinimidyl ester.

using the online analysis tool provided by Qiagen. The ri-
bosomal protein, RPL13A, was used to normalize data across
experiments, since its amplification profile was the most
stable across the arrays.

Cytokine quantification

Supernatants were collected on day 6 from cultures of
CD4" T-cells stimulated with allogeneic mDCs, in the pres-
ence and absence of MSCs, without any further restimulation
and analyzed using the Bio-Plex Pro Human Cytokine 17-
plex assay (Bio-Rad Laboratories, Hercules, CA). In a dif-
ferent experiment, T-cells were isolated after 6 days of
culture in the presence of allogeneic mDCs and MSCs, and
the supernatant was collected after 24, 48, and 72h and an-
alyzed using the Bio-Plex Pro Human Cytokine 8-plex assay
(Bio-Rad Laboratories). The experiments were conducted
according to the manufacturer’s recommendations, and re-
sults were analyzed on a CS 1000 Autoplex Analyzer (Perkin
Elmer, Inc., Waltham, MA).

In vitro T-cell suppression experiments

The presence of immune suppressor cells in the responder
T-cell pool stimulated or not in the presence of MSCs was
evaluated using an in vitro suppression assay. In brief,
2x10° freshly isolated CD4" T-cells were stimulated or not
for 6 days with 5x10° allogeneic mDCs in the presence and
absence of MSCs (2x10%), in 96-well round-bottom plates.
On day 6, both supernatants and cells were collected sepa-
rately and used to suppress freshly stimulated CD4 " T-cells
(same donor for both responder and target cells). In the case
of cell transfer, CD4* T-cells from the first culture were
counted and mixed 1:1 with responder CD4" T-cells from
the second culture. MSCs were not transferred to the second
culture. For this reason, when MSCs were present in the first
culture, we depleted them from the harvested population
based on their adhesive properties: we harvested the cells
and transferred them into a new well until there were no
more adherent cells. Moreover, we verified the absence of
MSCs by visual analysis during cell counting. On day 3,
[3H]—thymidine was added to the wells and incubated for

24h, after which cells were harvested, and [3H]-thymidine
uptake was measured using a B-counter.

IL-10R- and IFNyR-blocking experiments

Freshly purified CD4" T-cells were stimulated with allo-
geneic mDCs as described previously, in the presence and
absence of MSCs. Anti-IL-10R- (clone 3F9) and anti-IFNyYR-
(clone GIR-208) blocking antibodies (20 pug/mL; both from
BioLegend) were added daily to the culture medium, and on
day 6, cells were harvested, and proliferation was assessed
using the CFSE dilution method as described previously. The
neutralizing activity of the antibodies was assessed in pre-
liminary experiments (data not shown). The same dose of
blocking antibody was used for testing the contribution of
IL-10 and IFNy to the inhibitory effect obtained by trans-
ferring CD4™ T-cells from a first (with or without MSCs) to a
second stimulation with allogeneic DCs in the absence of
MSCs.

Statistical analysis

Results were analyzed using GraphPad Prism version 5.0
(GraphPad Software, Inc., La Jolla, CA) and shown either as
single dots or as mean*standard error of the mean (SEM).
To compare different treatments, the paired t-test, unpaired
t-test, or Mann—-Whitney test was used, as specified in each
figure legend. Significance was set at p<0.05. Venn diagrams
were created using free software available at http://www
.cmbi.ru.nl/cdd/biovenn/

Results

MSCs inhibit CD4™ T-cell stimulation without
increasing the percentage of cells expressing
the classical Treg markers

We tested the ability of MSCs to inhibit the immune re-
sponse by coculturing them with total PBMCs stimulated by
allogeneic PBMCs. As shown in Fig. 1A, MSCs induced a
large decrease in cell proliferation (on average 66% inhibi-
tion), while they had no significant effect on resting cells, as
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FIG. 2. PCR array cluster analysis. PCR array data were
clustered (A) independently or (B) grouped according to the
condition. PCR, polymerase chain reaction.

expected from their immunoprivileged properties. In addi-
tion, MSCs were able to reduce the expression of the acti-
vation markers HLA-DR and CD25 (data not shown). Since it
has been proposed that MSCs can lead to immunosuppres-
sion by inducing Treg differentiation [19-21], we analyzed
the percentage of CD4" CD25" CD127~ FoxP3™ Tregs in the
CD4" T-cell population after stimulation of responder cells
with allogeneic PBMCs in the presence and absence of MSCs.
We found that MSCs were able to inhibit T-cell proliferation
without increasing the percentage of Tregs among the CD4"
T-cell population (Fig. 1B). The same results were obtained
when we measured the percentage of Tregs among the pu-
rified CD4" T-cell population stimulated by allogeneic
mDCs in presence of MSCs (Supplementary Fig. S1; Sup-
plementary Data are available online at www.lie-
bertpub.com/scd). This suggests that in our experimental
setting, Tregs were not the main players involved in the
observed inhibitory activity induced by the presence of
MSCs. In fact, MSCs significantly reduced the percentage of
Tregs among both resting and stimulated CD4™ T-cells (Fig.
1B). Interestingly, we found that among the CD4"* T-cells
that neither expressed FoxP3 nor CD25, the percentage of
cells expressing CD69 was significantly increased in the
presence of MSCs (from 9% to 40% on average; Fig. 1C).

MSCs induce an upregulation of immune-related
genes in responder cells during allogeneic CD4*
T-cell stimulation, suggesting the presence

of IL-10-producing Th1 cells

We investigated, by quantitative real-time PCR (Human
Th1-Th2-Th3 RT? Profiler PCR Array), the expression profiles
of resting CD4 " T-cells and allogeneic mDC-stimulated CD4 "
T-cells in the presence and absence of MSCs, cultured for
6 days. As shown in Fig. 2A, cluster analysis of the single
arrays indicates that the samples tend to divide into 2 groups
according to the presence of stimulating cells in the culture. In
these 2 groups, the samples where MSCs were present during
the allogeneic stimulation clustered together. Only 1 sample
out of 12 clustered in an unexpected way, probably due to
donor-related variability. When samples were grouped ac-
cording to the experimental condition, the clustering of the
groups (Fig. 2B) showed that the stimulated samples (Group
1) clustered separately from all the others, confirming that the
presence of mDCs in the culture altered the expression profile
of the responder cells. In contrast, CD4* T-cells stimulated by
mDCs in the presence of MSCs (Group 2) were more similar
to unstimulated cells than to mDC-stimulated cells, thereby
confirming the strong inhibitory effect of MSCs.
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TaBLE 1. CoMPARISON OF GENE EXPRESSION PROFILES OF
STIMULATED CD4" T-CeLLs AND ResTING CD4" T-CELLS
SHOws A TypicAL TH1 SIGNATURE IN THE STIMULATED CELLS

Gene symbol Fold regulation p-Value
CSF2 103.0119 0.0033
IRF4 47.7248 0.000967
IL12RB2 44.3235 0.00018
CD86 37.7045 0.000089
GAPDH 36.8434 0.000522
IL2RA 26.9087 0.000138
HAVCR2 24.4201 0.00046
LAG3 24.2515 0.000211
IFNG 16.3362 0.003145
STAT1 13.5479 0.002587
TNFRSF8 13.5479 0.005073
IL13 11.0043 0.004289
CCR4 10.3867 0.006376
ACTB 9.105 0.000227
HPRT1 8.8356 0.000748
CTLA4 8.2821 0.00173
SOCS1 7.8899 0.003803
TNFRSF9 7.7992 0.000522
CD80 7.586 0.005912
GFI1 7.2769 0.000416
CXCR3 6.379 0.022857
TNF 5.4139 0.000697
TNFSF4 5.2902 0.001869
CCR2 3.9267 0.00932
ICOS 3.8106 0.003733
JAK2 3.6469 0.008808
L7 3.4027 0.021784
IL18R1 2.8547 0.017735
L2 2.7702 0.00322
IRF1 2.639 0.001318
GATA3 2.6027 0.004835
TMED1 2.3784 0.001681
GLMN 2.1092 0.009668
IL4R 1.6663 0.014107
CD4 1.6472 0.019746
TFCP2 1.6396 0.002101
TLR6 1.5122 0.030715
NFATC2IP 1.5018 0.023402
TGFB3 —2.3565 0.015994
CREBBP —2.4967 0.00391
CD28 —2.9485 0.026825
IGSF6 -3.088 0.024308

CD4" T-cells were cultured in the presence and absence of
allogeneic mature dendritic cells (mDCs) (CD4 " T-cells + mDCs and
resting CD4" T-cells, respectively), and harvested after 6 days. Gene
expression profiles were generated by PCR array (Human Th1-Th2-
Th3 RT? Profiler PCR Array from Qiagen). The class comparison
analysis shows that stimulated cells upregulated several genes
indicative of a Thl signature induced by the presence of allogeneic
mDCs. Resting CD4" T-cells were used as the control group.
Downregulated genes are shown in italics. Only genes showing a
fold regulation >1.5 with a p-value<0.05 were considered in the
analysis.

In Tables 1-3, we list genes that are differentially ex-
pressed when analyzed by class comparison between groups
(see also Supplementary Tables S1 and S2 for more compari-
sons). As expected, allogeneic mDC-stimulated CD4* T-cells
displayed an upregulation of several interferon-related genes
when compared with resting CD4" T-cells, such as CSF2
(fold-regulation +103), IRF4 (fold-regulation +47.7), IFNy
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TABLE 2. COMPARISON OF GENE EXPRESSION PROFILES OF
CD4™" T-CELLS STIMULATED IN THE PRESENCE AND
ABSENCE OF MESENCHYMAL STROMAL CELLS SHOWS

THAT MSCs INDUCE AN UPREGULATION
or BorH IFNYy anp IL-10

Gene symbol Fold regulation p-Value
IL1R1 28.7071 0.008869
IL10 26.8466 0.046222
IFNG 16.1113 0.027979
IL1R2 8.0185 0.049794
CEBPB 7.2267 0.000294
TLR4 6.6807 0.020829
PCGF2 6.0349 0.000557
SOCs2 5.9932 0.000654
MAF 5.5149 0.011426
IL18R1 5.4014 0.017516
IL15 4.4485 0.007524
CCR2 4 0.045012
CCL7 3.7494 0.000431
SFTPD 3.5884 0.035498
IL7 3.4822 0.000516
SOCS1 3.4422 0.044916
CCL11 3.3096 0.021184
IRF1 3.1311 0.025793
CREBBP 3.0244 0.000953
SOCS5 2.8745 0.006632
IGSF6 2.7258 0.006632
STAT4 2.555 0.006632
IL4 2.3784 0.000171
IL4R 2.3349 0.003304
TGFB3 2.271 0.010546
IL23A 2.2658 0.009474
MAP2K7 2.1835 0.000377
B2M 2.1435 0.01634

TLR6 2.1043 0.007087
STAT1 1.8921 0.004308
TMED1 1.8234 0.002293
JAK1 1.7171 0.045392
TNFRSF9 1.6702 0.005253
CD86 1.5874 0.022256
NFATC1 1.5476 0.012132
CCR5 3.7064 0.00352

TBX21 3.8018 0.022632
FASLG 3.8194 0.00555

IL2 —-3.3558 0.008214
CCR3 —-2.4228 0.049106

CD4" T-cells stimulated by allogeneic mDCs were cultured in the
presence and absence of mesenchymal stromal cells (MSCs), and
harvested after 6 days. Gene expression profiles were generated by
PCR array (Human Th1-Th2-Th3 RT? Profiler PCR Array from
Qiagen). Stimulated CD4" T-cells were used as the control group.
The class comparison analysis shows that stimulated cells in the
presence of MSCs upregulated both interferon-related genes and IL-
10. Downregulated genes are shown in italics. Only genes showing a
fold-regulation >1.5 with a p-value<0.05 were considered in the
analysis. IL-10, interleukin-10.

(fold-regulation +16.3), and STAT1 (fold-regulation +13.5)
(Table 1), indicating a switch toward a Thl phenotype.
Moreover, the expression of IL-18R1, IL-12RB2, and CSF2
(GM-CSF) in stimulated CD4" T-cells was upregulated, in-
dicating that a cross-talk was occurring between DCs (pro-
ducing IL-12 and IL-18) and T-cells. Surprisingly, we found
that in comparison to allogeneic mDC-stimulated CD4* T-
cells, these stimulated cells in the presence of MSCs further
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TaBLE 3. CoOMPARISON OF GENE EXPRESSION PROFILES OF
REsTING CD4* T-CELLS IN THE PRESENCE AND ABSENCE
oF MSCs SHows UPREGULATION OF DIFFERENT
GENES INVOLVED IN T-CELL ACTIVATION

Gene symbol Fold regulation p-Value
STAT1 24.761 0.00001
LAG3 22.7848 0.049585
CD86 18.5498 0.018956
IL2RA 14.9631 0.0069
GAPDH 11.7669 0.036322
SOCS1 11.6857 0.004475
TNFSF4 9.602 0.007012
IRF1 8.0371 0.000742
CD80 8.0185 0.000198
TNFRSF9 7.4643 0.04532
CEBPB 6.9323 0.042343
IL18R1 6.0629 0.000919
CTLA4 5.3889 0.009356
TMED1 4.2183 0.024149
ACTB 4.084 0.000995
JAK2 3.7668 0.000116
IL15 3.5801 0.014315
HPRT1 3.4742 0.023748
IL1IR2 3.2117 0.007129
IL4R 3.0244 0.001042
MAF 2.9349 0.001968
B2M 2.8154 0.001036
CCR4 2.6147 0.007229
ICOS 2.2191 0.016985
NFATC1 2.1936 0.045864
NFATC2IP 2.0515 0.011964
STAT4 2.0093 0.011348
STAT6 1.9725 0.044474
GLMN 1.8965 0.039781
NFATC2 1.8108 0.014851
YY1 1.8067 0.033787
GATAS3 1.7132 0.002088
TECP2 1.6857 0.009999
PTPRC 1.5692 0.029901
TYK2 1.5227 0.008305
IL6R -1.5227 0.036303

Resting CD4™" T-cells were cultured in the presence and absence of
MSCs, and harvested after 6 days. Gene expression profiles were
generated by PCR array (Human Th1-Th2-Th3 RT? Profiler PCR
Array from Qiagen). Resting CD4™ T-cells were used as the control
group. The class comparison analysis shows that the presence of
MSCs upregulated several genes involved in T-cell activation.
Downregulated genes are shown in italics. Only genes showing a
fold-regulation >1.5 with a p-value<0.05 were considered in the
analysis.

upregulated many immune-related genes, including IFNY,
STAT1, IRF1, and TBX21 (transcription factor controlling
IFNYy expression and typical Thl marker, also called T-bet)
together with an increase in IL-10, a potent im-
munosuppressor cytokine, and a downmodulation of IL-2
(Table 2). Moreover, MSCs induced an upregulation of
CEBPB and MAF, 2 transcription factors involved in the
regulation of IL-10 gene expression, in stimulated CD4" T-
cells (Table 2). The coexpression of IFNy and IL-10 suggests
the induction of an IL-10-producing Thl phenotype among
the effector CD4" T-cells that has been described recently
[16,18,22-24]. We also observed an effect of MSCs on the
expression profile of resting CD4* T-cells, namely, an
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upregulation of STATI, IL-2RA, and IRF1 (Table 3) that was
unexpected. In addition, MSCs induced a slight down-
regulation of the IL-6R in unstimulated cells.

If we compare all conditions with resting CD4" T-cells,
the Venn diagram of upregulated genes reveals that many
genes are in common, while the expression of others is spe-
cific to the single conditions (Fig. 3A). In particular, IFNy is
upregulated only when allogeneic mDCs are present as

stimulators. The only gene specific for the condition, CD4*
T-cells + MSCs, is STAT6, but its weak modulation (fold-
regulation 1.9, p-value 0.44) does not suggest a major role for
this protein, despite its important role in IFNy signaling.
CSF2 was one of the genes upregulated specifically in the
condition CD4"* T-cells + mDCs. This gene favors DC ac-
tivity and has been described as being upregulated in anti-
gen-specific T-cells [25]. If we consider the green and the blue
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groups depicted in Fig. 3A (CD4" T-cells stimulated by
mDCs in the presence and absence of MSCs, respectively),
among the overlapping genes were IFN-related genes (IFNYy,
IRF4, and STAT1), other genes related to cell activation (ie,
CD86 and IL-2RA), as well as genes involved in the down-
regulation of IFN signaling (ie, SOCS1). Included among the
genes those were identified under the condition in which
MSCs were present (red and green groups, Fig. 3A) were
CEBPB (common to the 2 groups), a CAAT/enhancing
binding protein that inhibits cell proliferation, and TBX21
(specific for the green group), a protein regulating IFNy
production. The increase in TBX21 transcription could ex-
plain the stronger induction of IFNYy in cells stimulated in the
presence of MSCs compared to cells stimulated by mDCs
alone, as mentioned above.

In comparing all conditions to mDC-stimulated CD4" T-
cells, we observed that the only treatment in which expres-
sion of IFNy and IL-10 were significantly increased was
CD4" T-cells + mDCs + MSCs (Fig. 3B). If we consider the
list of downregulated genes, comparing the stimulated to the
unstimulated condition (Fig. 3C), we did not find any over-
lap among the genes listed.

MSCs alter the secreted cytokine profile
of CD4" T-cells stimulated by allogeneic mDCs

In addition to the data on RNA expression, we measured
the secretion of 17 cytokines in supernatants taken from
cultures of CD4" T-cells stimulated by allogeneic mDCs in
the presence and absence of MSCs. We found a statistically
significant overproduction of IL-10 and IFNy when CD4 " T-
cells were stimulated by allogeneic mDCs in the presence of
MSCs (Fig. 4A, B), confirming our gene expression array
data. Resting CD4" T-cells cocultured with MSCs also
showed a positive trend toward the secretion of both IFNy
and IL-10 (p=0.15 and p=0.32, respectively). In Supple-
mentary Fig. S2, we report data on the detection of addi-
tional cytokines. Among them, only G-CSF, MCP1, IL-6, and
IL-8 were regulated by the presence of MSCs to a significant
extent, while others (ie, IL-4 and IL-7) showed a statistically
significant difference between treatments, but the amount of
cytokine in the supernatant is so low that this modulation is
very unlikely to have a biological function. We also mea-
sured the secretion of cytokines by CD4" T-cells isolated
after 6 days of stimulation by allogeneic mDCs in the
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(paired f-test).

presence of MSCs and restimulated with mDCs (same source
as during the first stimulation) for 1, 2, and 3 days. Upon
restimulation, CD4" T-cells produced a 10 times higher
amount of IL-10 in comparison to what was observed before
restimulation (from a mean of 22 pg/mL in the first stimu-
lation to a mean of 260 pg/mL on day 1 after restimulation),
while the production of IFNy was almost doubled (from
27%x10% to 45x10° pg/mL on day 1 after restimulation)
(Supplementary Fig. S3).

MSCs inhibit the upregulation of IFNyR expression
in stimulated CD4* T-cells

Since MSCs induce immunosuppression, but at the same
time induce IFNy and IL-10 production, we measured by
flow cytometry the expression of IFNYR and IL-10R in CD4"*
T-cells stimulated by allogeneic mDCs. We observed that in
comparison to resting cells, IFNYR expression was upregu-
lated in stimulated CD4* T-cells (MFI fold-increase = +1.56),
while this effect was attenuated in the presence of MSCs
(MFI fold-increase = +0.85) (Fig. 4C). The expression of IL-
10R was unaffected by the presence of MSCs during CD4"
T-cell stimulation (Fig. 4D). To test the biological conse-
quences of the alteration of the receptor expression, we tes-
ted the phosphorylation of STAT1 and STAT3 molecules
(which are events downstream of IFNy and IL-10 stimula-
tion, respectively) (Supplementary Fig. S4). For STATI-p
induced by IFNy stimulation, cells previously stimulated in
the presence of MSCs showed a reduced, but still positive,
response as compared to cells stimulated without MSCs, in
accordance with the fact that the receptor displayed the
same level of expression as in resting cells. For STAT3-p
induced by IL-10, we repeatedly observed that when cells

were stimulated in the presence of MSCs, 2 cell populations
could be detected.

MSCs induce the coexpression of IFNy and IL-10
in a fraction of the CD4* T-cells undergoing
allogeneic mDC stimulation

MSC-induced coexpression of IFNy and IL-10 by CD4™" T-
cells was also evaluated by cytofluorimetric analysis. As
shown in Fig. 5A and B, the percentage of IFNy/IL-10
double-positive CD4" T-cells increased significantly after 6
days of coculture with allogeneic mDCs in the presence of
MSCs (on average from 0.7% in stimulated CD4" T-cells in
the absence of MSCs to 3.5% in stimulated CD4" T-cells in
the presence of MSCs). Almost all of these double-positive
cells were also CD69™ (Fig. 5C). To measure the dynamics of
the generation of this subpopulation, we harvested the cells
every 24h for 6 days and tested the coexpression of the 2
cytokines in the CD4" T-cells. As shown in Fig. 5D, the
double-positive cells could be observed by day 4, and their
percentage increased over time. We also tested for the
presence of these double-positive cells among CD4 " T-cells
isolated from the different culture conditions and restimu-
lated for 1, 2, and 3 days with allogeneic mDCs, and we
observed a slight increase in their percentage over time
(Supplementary Fig. S5).

The inhibition of the proliferation of stimulated CD4*
T-cells induced by MSCs is largely reversed
by blocking the activity of the IFNyR

As shown in Fig. 6, the proliferation of CD4* T-cells in
response to allogeneic mDCs was inhibited by the presence
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of MSCs, and this effect was almost completely reversed
(80%) by adding an anti-IFNyR-neutralizing antibody to the
culture. In the same setting, the addition of an anti-IL-10R-
neutralizing antibody did not induce a significant modula-
tion of T-cell proliferation. These data suggest that IFNy
plays a prominent role in MSC-mediated inhibition of CD4™"
T-cell proliferation. We also observed that CD4" T-cells
stimulated in the presence of MSCs were able to proliferate if
isolated from their culture condition and restimulated with
allogeneic mDCs (Supplementary Fig. S6A). Further, this
ability to be restimulated was not influenced by the effect of
the treatment with the IFNyR-blocking antibody during the
first stimulation (Supplementary Fig. S6B).

Proliferation/CD4

Allogeneic-stimulated CD4* T-cells cultured
in presence of MSCs decrease the proliferation
of autologous cells stimulated in absence of MSCs

We evaluated whether MSCs could confer immunomod-
ulatory properties to CD4 " T-cells. To test this, CD4" T-cells
stimulated with mDCs in the presence of MSCs were har-
vested on day 6 and added to a second allogeneic stimula-
tion in which no MSCs were present (ratio of fresh CD4™" T-
cells to CD4 " T-cells from the previous culture of 1:1). Both
responder and target cells were from the same donors in the
2 stimulations. As shown in Fig. 7, CD4" T-cells obtained
after 6 days of coculture with allogeneic DCs and MSCs were
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able to inhibit the cellular proliferation in the second allo-
geneic stimulation as measured by [*H]-thymidine incorpo-
ration. On the other hand, transfer of cell supernatant from
the first to the second culture did not induce any significant
change in cell proliferation (data not shown), suggesting that
the inhibition that occurred in the second T-cell stimulation
was dependent on the presence of cytokine-producing cells
and/or cell contact.

We further showed that this inhibition of the second al-
logeneic stimulation by CD4" T-cells could be partially, but
significantly, reversed by the addition of an anti-IL-10R-
neutralizing antibody, whereas the addition of an anti-
IFNYR-neutralizing antibody had no effect (Fig. 7). This
suggests that the inhibition seen upon transfer of CD4" cells
and observed in the absence of MSCs was partially IL-10
dependent and not IFNy dependent, and that this inhibition
was different from the one induced by the presence of MSCs
during the first stimulation.

Interestingly, by transferring CD4" T-cells stimulated for
6 days in the presence of DCs and MSCs and a blocking
IFNYR antibody to a second MLR where CD4™" T-cells were
stimulated by fresh DCs (same donors as during the first
stimulation), we still observed an inhibition of T-cell prolif-
eration (Supplementary Fig. S7A). This suggests once more
that the inhibition of the proliferation of CD4 " T-cells in the
presence of MSCs that occurs during the first stimulation is
not caused by the same mechanism as the inhibition of
CD4™" T-cells that occurs during the second stimulation in
the absence of MSCs. This further suggests that the induc-
tion of a regulatory population during the first stimulation
by MSCs is not dependent on IFNYy. Also, we observed that
blocking IFNYR during the first MLR attenuated the increase
in IFNy* IL-10* double-positive cells (from 2.9% to 1.2% on
average), but that was still significantly increased as
compared to the unstimulated cells (0.1%) (Supplementary
Fig. S7B).

Discussion

The use of MSCs as an alternative/additive strategy for
the treatment of GvHD, as well as for autoimmune diseases,
has been proposed by a number of groups [6,26-30]. These
cells are clinically attractive, as they show very low immu-
nogenicity, and they can induce immunosuppression in vitro
and in vivo [15], and available data from clinical trials in-
dicate that they are safe and have shown some efficacy in
ameliorating GvHD and autoimmune disease outcome in
patients [2,4-6,26-30]. However, their mechanism of action is
still poorly understood.

Immune regulation involves a very complex network of
interactions among cells and can be mediated through direct
cell-cell contact as well as by soluble factors. It is known that
T-cells can modify their properties and functions in the pe-
riphery after their differentiation and selection in the thymus.
Their ability to switch from an effector (IFNy-expressing
cells) to a regulatory function (IFNy and IL-10 coexpressing
cells) has been demonstrated in humans both in vitro and
in vivo [16,22]. Herein, our major finding is that MSCs can
induce IL-10-producing Thl cells in a subpopulation of ef-
fector CD4" T-cells. This was mainly observed when CD4"
T-cells were stimulated by allogeneic mDCs in the presence
of MSCs and resulted in the concomitant production of IFNy
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and IL-10, cytokines known for having opposite effects on
the immune reaction.

IL-10-producing Th1 cells differ from naturally occurring
Tregs, since they do not express FoxP3, and differ from T-
regulatory type 1 (Trl) cells, since they produce high levels of
IFNy and express T-bet (TBX21) [16]. Meiler et al. [22]
demonstrated in vivo that beekeepers develop tolerance to
bee venom after repetitive exposure to antigen as a result of a
switch from IFNy-producing Th1 clones to cells coproducing
IFNYy and IL-10. Based on our data, we cannot confirm that
the observed IFNy™ IL-10" double-positive subpopulation is
generated from a switched Thl population, since we cannot
trace single T-cell clones, and alternatively, the same cellular
distribution could be due to Thl cell death or either a cell
survival advantage or selective expansion of IL-10-producing
cells. Our observation that the major induction by MSCs of
this particular T-cell phenotype occurred in the presence of
allogeneic antigen-presenting cells is evidence for the com-
monly accepted notion that a proinflammatory environment
favors the suppressive function of MSCs (the so-called li-
censing process) both in vivo and in vitro [31-33].

Interestingly, we found that while in the presence of MSCs
the production of both IFNy and IL-10 increased concomi-
tantly, the expression of their cognate receptors was differ-
entially regulated. Indeed, CD4" T-cells activated in the
presence of MSCs lacked the typical IFNYR upregulation
showed by activated Th1 cells, while expression of the IL-
10R was statistically unaffected. This suggests that although
the cells keep producing IFNy (indeed to a much higher level
compared to Th1 cells), they may become less responsive to
this very potent and potentially dangerous stimulating cy-
tokine [34,35]. By evaluating the phosphorylation status of
STAT1 and STAT3 molecules in response to IFNy and IL-10,
respectively, we observed that CD4" T-cells stimulated by
allogeneic mDCs in the presence of MSCs are still sensitive to
both cytokines, even if less so than cells previously stimu-
lated in the absence of MSCs. This is in agreement with the
fact that IFNYR expression is reduced, but not shut off. Our
data support the use of MSCs for the treatment of GvHD,
because it suggests that T-cells could still respond to cyto-
kines in the presence of MSCs, and therefore that MSCs
could inhibit the GvHD effect without inhibiting the graft
versus leukemia (GvL) effect.

Unexpectedly, we observed that MSCs were able to induce
such a peculiar T-cell population by simply being in contact
with T-cells, although the presence of a proinflammatory
microenvironment due to the ongoing T-cell stimulation
amplified this effect in an IFNy-dependent manner.

From our gene expression analysis, we found that, as ex-
pected, CD4" T-cells activated by allogeneic mDCs upre-
gulate CSF2, IL-12R, and IL-18R (all molecules involved in
DC-CD4" T-cell cross-talk) together with the expression of
IFNy-related genes (IRF4, IFNy, STAT1, SOCS1, JAK2, and
IRF1), suggesting a Th1l polarization. The addition of MSCs
to the stimulated CD4" T-cells (CD4* T-cells + mDCs +
MSCs) induced a downregulation of IL-2 expression (as
confirmed by the decreased expression of CD25 on the cell
surface; data not shown) and increased the simultaneous
expression of IFNY, IL-10, and transcription factors, CEBPB
and MAF.

We also confirmed these data by analyzing the cytokine
profile of the supernatant taken from cultures of CD4"* T-cells
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stimulated by allogeneic mDCs in the presence of MSCs. In
stimulated CD4* T-cells cocultured with MSCs, IL-6 was also
strongly upregulated at the protein, but not mRNA, level in
the CD4" T-cells, suggesting that the main producers of this
cytokine were not the CD4 " T-cells, but rather MSCs. Indeed,
the level of IL-6 was also high in the supernatant from cultures
of unstimulated CD4™ T-cells in the presence of MSCs. This is
in agreement with the possible role that IL-6 plays in MSC-
induced immunosuppression, as suggested by Najar et al.
[36]. Moreover, IL-6 can promote IL-10 production [37].

By flow cytometry analysis, we observed that almost all
the T-cells coexpressing IFNy and IL-10 were also CD69™"
(Fig. 5C). This observation is particularly interesting due to
the regulatory role recently attributed to cells expressing
CD69 [38,39]. Nevertheless, this increase in CD69 expression
was not restricted to T-cells coexpressing IFNy and IL-10,
since it was also expressed in about 40% of CD4" Foxp3~
CD25" cells (Fig. 1C).

By intracellular staining, we were able to identify a small
fraction (2%-3%) of CD4" T-cells coexpressing IFNy and IL-
10 in the presence of MSCs. We noticed that this population
could be detected as early as day 4 of the culture. This is
interesting since this is also the time point at which, in the
activated condition, T-cells start to actively proliferate (ac-
cording to our test based on CFSE dilution; data not shown).
In cell-transfer experiments, we observed that allogeneic
mDC-stimulated CD4" T-cells cultured in the presence of
MSCs were able to inhibit cellular proliferation when added
to wells in which syngeneic CD4 " T-cells were stimulated by
allogeneic mDCs, strongly suggesting that they had acquired
a regulatory function.

Interestingly, blocking the IFNYR, but not the IL-10R,
largely reversed the inhibitory effect of MSCs on T-cell pro-
liferation. It is noteworthy that despite previously published
data suggesting the importance of IL-10 in MSC-mediated
immunosuppression [40-42], to our knowledge, no one has
yet demonstrated that the putative effects of IL-10 could be
reversed by blocking the IL-10 pathway. Such a discrepancy
may not only be explained by the redundancy of MSC-in-
duced inhibitory mechanisms [43-45], but also by the simple
fact that while IL-10" IFNy™ T-cells are being generated
during the first stimulation by the presence of MSCs, their
accumulation occurs too late to have any effect. On the
contrary, when cells are transferred into a second allogeneic
stimulation, they are already activated and of sufficient
number to block autologous T-cell proliferation in an IFNy-
independent manner. The regulatory potential of these cells
is such that when a blocking antibody was used to neutralize
the activity of the IFNYR during the first stimulation, re-
ducing the number of double-positive cells to that observed
after coculture of MSCs and T-cells, transferred cells were
still able to inhibit a second stimulation. This phenomenon
has also been observed for different types of regulatory cells
that could be generated /expanded during a first stimulation
(where their effect was not fully appreciable) and then used
as inhibitory cells in a second stimulation involving autolo-
gous responder cells [46,47]. In support of this hypothesis,
we observed that the inhibition of cellular proliferation in-
duced by the transfer of effector cells that were stimulated in
the presence of MSCs to a second allogeneic stimulation
could be partially reversed by the presence of antibodies
blocking the IL-10R.
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Our data suggest that MSCs act by different mechanisms,
a direct one that involves IFNy and an indirect one that in-
volves the differentiation of an IFNy* IL-10" T-cell sub-
population that is not strictly IFNy dependent, although
IFNY increases their proliferation, and whose effect can only
be detected in a second stimulation, because a functionally
significant number of IFNy* IL-10" T-cells have arisen
during the first stimulation. Moreover, the fact that neutral-
izing the IL-10R did not completely restore the observed T-
cell proliferation during the second stimulation implies that
during the first stimulation, MSCs confer to T-cells additional
features, opening up interesting avenues for future studies.

The lack of increase in classical Tregs during T-cell acti-
vation in the presence of MSCs confirms previously reported
observations according to which BM-derived MSCs were
able to induce a regulatory function in total PBMCs that did
not require the presence of classical CD25" FoxP3* Tregs
[20]. It could be argued that all of the data reported in the
present work are only applicable to our specific CB-derived
MSC line. For this reason, we also used freshly isolated BM-
derived MSCs to test their ability to modulate the CD4* T-
cell allogeneic response. We confirmed the ability of these
BM-derived MSCs to inhibit T-cell proliferation without in-
ducing an increase in the classical CD25% FoxP3™ Tregs.
Moreover, treatment with the IFNy-blocking antibody was
able to restore T-cell proliferation in the presence of BM-
MSCs (Supplementary Fig. S8).

The possibility of inhibiting T-cell activation by the simple
transfer of cells previously cocultured with MSCs in the
presence or absence of an allogeneic stimulus opens up in-
teresting prospects for the therapeutic application of MSCs.
Indeed, the infusion of autologous PBMCs pretreated with
MSCs would be a safe and potentially efficacious strategy to
reduce GvHD.

In summary, our data suggest that MSCs induce a subset of
responder T-cells to coproduce IFNy and IL-10 (IL-10-pro-
ducing Thl cells), contributing to the immunosuppressive
effect of MSCs on allogeneic stimulated T-cells. At the same
time, our data regarding the role of IFNy signaling suggest
that MSCs can employ different concomitant mechanisms of
immunosuppression, which involve secreted cytokines or
MSC-DC interactions as proposed by others [48-50]. Never-
theless, the identification of this MSC-induced T-cell subpop-
ulation provides new insight into the mechanism by which
MSCs contribute to immunosuppression and at the same time
adds to the recent scientific debate surrounding this newly
described IFNy/IL-10 double-positive CD4™ T-cell subset.
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