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Regulatory T cell induction by
mesenchymal stem cells depends on the
expression of TNFR2 by T cells
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Abstract

Mesenchymal stem/stromal cells can modulate the effector immune cells especially T lymphocytes. Due to this
important feature, they can regulate the development of a variety of disorders including inflammatory and
autoimmune disorders, cancers, and transplantation outcomes. One of the most important MSC immunoregulatory
functions is their capacity to convert conventional T cells into regulatory T cells. Several mechanisms, mostly related
to MSCs but not T cells, have been shown essential for this aspect. The inflammatory microenvironment majorly
caused by pro-inflammatory cytokines has been demonstrated to govern the direction of the immune response. In
this respect, we have recently revealed that the TNFα-TNFR2 signaling controls several aspects of MSC
immunomodulatory properties including their ability to suppress T cells and their conversion towards Foxp3-
expressing Tregs. Here in this work, we have looked from another angle by investigating the impact of TNFR2
expression by T cells on their ability to be converted to suppressive Tregs by MSCs. We showed that unlike WT-T
cells, their TNFR2 KO counterparts are remarkably less able to convert into Foxp3+ and Foxp3− Tregs. Furthermore,
TNFR2 blockade diminished the anti-inflammatory cytokine secretion by iTregs and consequently resulted in less T
cell immunosuppression. This work is the first evidence of the crucial association of TNFR2 expression by T cells
with their iTreg conversion capacity by MSCs. It strengthens once more the potential of anti-TNFR2 administration
for a strong and effective interference with the immunosuppression exerted by TNFR2-expressing cells.
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Background
Mesenchymal stem/stromal cells (MSCs) are multipo-
tent stem cells with unique biological potentials. Among
them, their regenerative and immunoregulatory func-
tions are the most important, making them the ideal
choices for cell therapy applications. MSCs are able to
modulate immune cells especially T lymphocytes. They
can suppress conventional T cells (Tconvs) and convert

them to regulatory T cells (Tregs) [1]. Indeed, we and
others have reported several mechanisms behind their
capacity to induce Tregs. The modulation of ubiquitina-
tion factors [2], Treg-specific demethylated region
(TSDR) demethylation [2], microRNAs such as miR126a
[3], and runt-related transcription factor (RUNX)
complex are some of the principal mechanisms [4]. Pro-
inflammatory environment plays a crucial role in the
MSC immunoregulatory function. For instance, pre-
treating MSCs with tumor necrosis factor-alpha (TNFα)
is demonstrated to boost the secretion of anti-
inflammatory mediators including IL-10 and TGFβ that
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further participate in immunosuppression and the in-
duction of Tregs [5].
TNFα interacts with two transmembrane receptors

with an entirely distinct biological function. TNFα-
TNFR1 axis controls the injury and pro-apoptotic
pathways while TNFα-TNFR2 mediates protective
functions leading to cell proliferation and survival [6–
9]. Unlike TNFR1 that is expressed by almost all
cells, the TNFR2 expression is limited to few cells
such as Tregs, MSCs, neural cells (NCs), regulatory B
cells (Bregs), myeloid-derived suppressive cells
(MDSCs), and endothelial progenitor cells (EPCs) that
are someway involved in immunosuppressive and im-
munoregulatory utilities [10–13].
Recently, in an attempt to explore the cross-talk be-

tween MSCs and T cells, we have demonstrated for
the first time that the TNFR2 expression by MSCs is
indispensable for their capacity to suppress and
decrease the activation phenotype of T cells [11]. Fur-
thermore, hampering the TNFα-TNFR2 signaling
pathway in MSCs led to the reduced secretion of IL-
10 and TGFβ anti-inflammatory cytokines and
enhanced TNFα, INFγ, IL-2, and IL-17 pro-
inflammatory cytokines by effector T cells (Teffs)
[11]. Interestingly, we demonstrated that compared to
MSCs derived from WT mice, their counterparts
isolated from TNFR2 KO mice were remarkably less
able to convert CD3+CD25− Tconvs to CD4+Foxp3+

Tregs and CD8+Foxp3+ Tregs [11]. Here in this
current article, we have evaluated the impact of
TNFR2 expression by T cells and its association with
the induction of functional Tregs by MSCs.

Methods
MSC isolation and characterization
BM-MSCs were isolated from the femurs and tibias of
4- to 8-week-old C57BL/6 WT mice (Charles River and
Envigo) as already described [8, 11]. Cells were cultured
in 25 cm2 flasks in DMEM (Gibco) containing low glu-
cose, 1% GlutaMAX, 10% FBS, and 1% penicillin/
streptomycin-neomycin (P/S/N) (Gibco), hereafter re-
ferred to as completed DMEM. Cells were incubated at
37 °C in 5% CO2. Non-adherent cells were removed
every 8 h; pure MSCs were obtained after 4 to 5 weeks.
Cells were sub-cultured prior to confluency. For
characterization of MSCs, 105 cells/well were seeded in
96-well round bottom plates and immune-stained with
CD44-PE-Vio770, Sca1-APC, CD105-FITC, CD73-PE,
CD45-VIOBLUE, CD34-FITC, and CD90-PE (Miltenyi).
Unstained cells and isotypes were used as controls. Flow
cytometric analysis was performed using LSRFORTESSA
flow cytometer (BD Biosciences) and analyzed by FlowJo
software v10 (FlowJo LLC).

T cell isolation
Mouse pan T cell isolation kit (Miltenyi) was used to
isolate total CD3+ T cells from the spleens of 6- to 12-
week-old female WT C57BL/6 mice (Envigo and Charles
River) and C57BL/6 TNFR2 KO mice (B6.129S2-
Tnfrsf1btm1Mwm/J—The Jackson Laboratory). CD25+

cells were depleted from the CD3+ T cell population
using anti-CD25 biotin-conjugated antibody (BD Biosci-
ences) followed by staining with anti-biotin microbeads
(Miltenyi). Cells were then isolated using magnetic-
activated cell sorting (MACS). The resulting
CD3+CD25− WT and TNFR2 KO-T cells (Tconvs) were
co-cultured with WT-MSCs.

Treg induction assay
5 × 104 WT-MSCs were co-cultured in 6-well plates with
increasing numbers of mouse WT or TNFR2 KO-
Tconvs in a total volume of 2 ml. The ratios of MSCs to
T cells were 1:1, 1:2, 1:4, 1:6, 1:8, and 1:10. 105 WT or
TNFR2 KO-Tconvs were used as control T cells alone.
T cells were stimulated with Dynabeads mouse T-
activator CD3/CD28 (Gibco) according to the supplier’s
protocol. To eliminate the possibility of a nonspecific ef-
fect of media on T cells, they were cultured in 50%
RPMI-50% DMEM and compared to culture in 100%
RPMI containing 10 % FBS, 1% P/S/N; 1% HEPES and
5x10−5 M β-mercaptoethanol, hereafter referred to as
complete RPMI. After 3 days, MSC-exp T cells were har-
vested and stained using the following Abs: CD4-
VIOBLUE, CD8α-FITC, CD25-PE-Vio770 (Miltenyi),
and Foxp3-PE-Cy5 (eBioscience).

MSC-exp T cell suppressive capacity assay
5 × 105 T cells from WT and TNFR2 KO mice were co-
cultured with 5 × 104 BM-MSCs WT. After 3 days, total
MSC-exp T cells were collected and co-cultured in 96-
well round bottom plates with freshly isolated, CFSE-
labeled, and CD3/CD28-activated mouse CD3+CD25−

responder T cells in a fixed 1:10 MSC-exp T cells to re-
sponder T cell ratio in complete RPMI medium. 105

CFSE-labeled, activated, and non-activated mouse WT
and TNFR2 KO-Tconvs grown alone in culture were
used as controls. After 3 days of co-culture, cells were
harvested and stained using VIOBLUE-anti-CD4 and
PE-Vio770-anti-CD8 antibodies’ combination. The
percentage of proliferating cells among CD4+ and
CD8+ T cells was analyzed by flow cytometric mea-
surements of the dilution of CFSE using LSRFOR-
TESSA flow cytometer (BD Biosciences). The T cell
proliferation and the division indexes were calculated
using an automated analysis feature in FlowJo soft-
ware v10 (FlowJo LLC).
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ELISA assay
Enzyme-linked immunosorbent assay experiments using
Mouse IL-10 Instant ELISA kit and the Mouse TGF beta
1 ELISA kit (Invitrogen, Thermo Fisher Scientific) were
performed following the manufacturer’s instructions.
Detection of IL-10 and TGFβ was quantified by measur-
ing the absorbance at 450 nm using a plate reader (Mul-
tiskan EX, Thermo Fisher Scientific). Results were
calculated using linear regression with Excel software
(Microsoft Office).

Statistical analysis
Prism (GraphPad) was used for statistical analysis. The
Shapiro-Wilk normality test was performed to assess the

normal distribution of data. Then, Student’s t test or
one-way ANOVA with post hoc analysis was performed
depending on the number of comparatives for P value
generation. Data are the mean value ± SEM. *P < .05,
**P < .01, ***P < .001, and ****P < .0001.

Results
The expression of TNFR2 by T cells is essential for their
conversion into Tregs by MSCs
We have first isolated and expanded MSCs from the bone
marrow (BM) of C57BL/6 wild type (WT) mice (BM-
MSCs WT). The phenotypic characterization confirmed
the positive expression of mouse essential MSC markers
such as CD44, Sca1, CD73, CD90, and CD105.

Fig. 1 MSC characterization and the schematic representation of the experimental procedures. a MSCs isolated from the bone marrow of WT
mice were first evaluated for the expression of mouse MSC characterization markers. Cells were gated on total MSCs for evaluation of CD44
marker. For the rest of the markers, cells were first gated on CD44+ cells. Red histograms depict the isotype controls, and blue histograms depict
the expression of each desired marker. Thereafter, MSCs were co-cultured with b WT-T cells and c TNFR2 KO-T cells for further experimental
procedures. d These FACS representatives demonstrate the depletion of CD25+ subpopulation from initial T cells
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Fig. 2 TNFR2 expression by T cells is directly associated with the Foxp3 upregulation by MSCs. MSCs were co-cultured with six increasing doses
(1:1 to 1:10) of WT and TNFR2 KO-T cells for a duration of 3 days. a Then, they were collected and analyzed by flow cytometry for the expression
of the Foxp3 molecule. WT or TNFR2 KO CD3+CD25− T cells were used as control T cells alone. The white columns depict WT or TNFR2 KO-T cells
cultured alone. The black columns depict WT-T cells co-cultured with WT-MSCs, while gray columns represent TNFR2 KO-T cells co-cultured with
WT-MSCs. b These FACS plots and histograms demonstrate our T cell gating strategy revealing a dose-dependent upregulation of the Foxp3
transcription factor among WT-T cells. Data are representative of two separate experiments (n = 8)
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Furthermore, they did not express CD45 common
leukocyte and CD34 hematopoietic markers (Fig. 1a).
Thereafter, we have co-cultured 5 × 104 MSCs in passage
3 with six increasing ratios (1:1, 1:2, 1:4, 1:6, 1:8, and 1:10)

of mouse CD3+CD25− Tconvs freshly isolated from WT
C57BL/6 mice (Fig. 1b) or TNFR2 KO (C57BL/6
TNFR2KO-B6.129S2-Tnfrsf1btm1Mwm/J-) mice (Fig. 1c).
CD25+ subpopulation was eliminated from the initial T

Fig. 3 TNFR2 expression by T cells is directly associated with the secretion of anti-inflammatory cytokines and their immunosuppressive effect. a
The secretion of IL-10 and TGFβ anti-inflammatory cytokines was assessed by the ELISA method. Total T cells collected after co-culturing with WT-
MSCs were further activated or not with anti-CD3/CD28 beads for a duration of 24 h. Furthermore, Treg immunosuppressive effect was measured
by performing an MLR test. Briefly, 104 MSC-exp T cells were added to 105 freshly isolated CFSE-labeled responder T cells. Responder cells were
activated using anti-CD3/CD28 beads. After 3 days, the proliferation capacity of b CD4+ and c CD8+ T cell subsets was analyzed by flow
cytometry (n = 4). FACS histograms demonstrate flow cytometry representatives of the proliferation assay
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cell population (92.40 ± 2.13% of depletion efficiency) in
order to deplete the natural CD25+Foxp3+ Tregs (Fig. 1d).
After 3 days, total T cells (cells in suspension) were col-
lected and analyzed by flow cytometry for the expression
of the Foxp3 transcription factor which is the key marker
of Tregs. Our results revealed that while WT-T cells co-
cultured with MSCs had increased Foxp3 expression in a
dose-dependent manner, surprisingly, TNFR2 KO-T cells
were not converted to Foxp3+ induced Tregs (iTregs)
(Fig. 2a, b). In this setting, we only observed a slight but
significant increase in Foxp3 expression at 1:4 and 1:6
TNFR2 KO-T cell conditions with 3.22% and 3.59% of
Foxp3 expression, respectively. Accordingly, in our previ-
ous works, we showed that TNFα KO-T cells were less
capable of converting towards Foxp3+ iTregs, highlighting
the importance of TNFα-TNFR2 signaling pathways in
Treg induction mechanism by MSCs [11].

Unlike WT-T cells, TNFR2 KO-T cells co-cultured with MSCs
have less anti-inflammatory cytokine production
Although the expression of Foxp3 is the main element
in Treg measurement, some studies reported other rare
populations of Foxp3-negative Tregs which secrete IL-10
and TGFβ [14]. Therefore, we have further investigated
whether WT and TNFR2 KO-T cells co-cultured with
WT-MSCs have different IL-10 and TGFβ secretion
patterns regardless of their Foxp3 expression. 104 BM-
MSCs WT was co-cultured with 105 freshly isolated
CD3+CD25− Tconvs harvested from WT or TNFR2 KO
mice. After 3 days of co-culture, total MSC-exposed T
cells (MSC-exp T cells WT and MSC-exp T cells
TNFR2 KO) were collected and stimulated or not with
anti-CD3/CD28 beads for a duration of 24 h. Interest-
ingly, we have observed an elevated secretion of both cy-
tokines by WT-T cells in comparison to low levels of
secretion by TNFR2 KO-T cells (Fig. 3a). Moreover,
while activating WT-T cells significantly increased their
ability to produce both anti-inflammatory cytokines,
there was no difference between non-stimulated and
bead-stimulated TNFR2 KO-T cell secretion profile
(Fig. 3a).

Tregs induced from WT-T cells are more suppressive than
those induced from TNFR2 KO-T cells
Since we observed some levels of IL-10 and TGFβ secre-
tion even in MSC-exp T cells TNFR2 KO conditions, we
sought to assess the immunosuppressive effect of both T
cells co-cultured with MSCs. Therefore, 5 × 105 T cells
from WT and TNFR2 KO mice were co-cultured with
5 × 104 BM-MSCs WT. After 3 days, total MSC-exp T
cells were collected and set in a new MLR test with 105

freshly isolated CFSE-labeled activated CD3+CD25− re-
sponder T cells in a 1:10 MSC-exp T cell to responder T
cell ratio. Three days after, the proliferation of CD4+ and

CD8+ T cells was analyzed. In this setting, measuring
the CFSE expression followed by the evaluation of the
proliferation and division indexes of T cells demon-
strated that Tregs induced from WT-T cells (MSC-exp
T cells WT) were significantly more suppressive against
both CD4 (Fig. 3b) and CD8 Teffs (Fig. 3c) in compari-
son to Tregs induced from TNFR2 KO-T cells (MSC-
exp T cells TNFR2 KO).

Discussion and conclusion
Here, we report for the first time a new mechanism in
which MSCs and T cells use to interact with each other.
Indeed, the expression of TNFR2 by Tregs has been
already reported to be crucial for their immunosuppres-
sive effect [15]. Many other research works have
previously demonstrated a series of mechanisms that
MSCs use to induce Tregs. However, to our knowledge,
this is the first evidence for the importance of TNFR2
expression by T cells in this procedure. This work is an-
other evidence for the imperative role of the TNFR2 im-
mune checkpoint molecule in immune regulation. The
expression of this molecule is essential by both MSCs
and T cells for proper Treg induction. In this study, to
evaluate the MSCs’ capacity of Treg induction, we first
eliminated CD25+Foxp3+ natural Tregs by depleting
CD25+ subpopulation from the initial T cells. Although
the depletion process was efficient, the low percentage
of remaining CD25+ T cells will not exclude the possibil-
ity of Treg expansion rather than mere Treg induction
by WT-MSCs.
Our data reveal Foxp3 upregulation important but not

the only Treg functional marker, at least, in Tregs
induced from MSCs. Although MSC-exposed TNFR2
KO-T cells were not able to express Foxp3, they still
secreted low levels of IL-10 and TGFβ cytokines leading
to some levels of T cell immunosuppression. This makes
the TNFR2 expression by T cells one of the most central
but not the sole mediator of Treg induction by MSCs.
This work paves the way for further investigations on

the association of TNFR2 expression by T cells and the
previously described mechanisms of Treg induction by
MSCs. Besides, it is another piece of information sug-
gesting the potential implication of anti-TNFR2 therapy
for interfering with immunosuppression notably in can-
cer immunotherapy strategies.
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