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CD4+Foxp3+ regulatory T (Treg) cells are central modulators of au-
toimmune diseases. However, the timing and location of Treg cell–
mediated suppression of tissue-specific autoimmunity remain un-
defined. Here, we addressed these questions by investigating the
role of tumor necrosis factor (TNF) receptor 2 (TNFR2) signaling in
Treg cells during experimental autoimmune encephalomyelitis (EAE),
a model of multiple sclerosis. We found that TNFR2-expressing Treg
cells were critical to suppress EAE at peak disease in the central
nervous system but had no impact on T cell priming in lymphoid
tissues at disease onset. Mechanistically, TNFR2 signaling main-
tained functional Treg cells with sustained expression of CTLA-4
and Blimp-1, allowing active suppression of pathogenic T cells in
the inflamed central nervous system. This late effect of Treg cells
was further confirmed by treating mice with TNF and TNFR2 ago-
nists and antagonists. Our findings show that endogenous Treg cells
specifically suppress an autoimmune disease by acting in the target
tissue during overt inflammation. Moreover, they bring a mechanis-
tic insight to some of the adverse effects of anti-TNF therapy
in patients.

Treg cells | autoimmune diseases | TNF

CD4+Foxp3+ regulatory T (Treg) cells play a pivotal role in
the control of immune responses. In particular, the effector

Treg cell subset, controlled in part by the master transcription
factor Blimp-1 (1–3), exerts a critical role in the protection against
autoimmune diseases by inhibiting autoreactive cells. Perturba-
tions in Treg cell numbers or function trigger or exacerbate au-
toimmune diseases in mice and humans, such as type 1 diabetes,
rheumatoid arthritis, or experimental autoimmune encephalomy-
elitis (EAE), a mouse model of multiple sclerosis (MS) (4, 5). In
line with this latter observation, Treg cell depletion increased
EAE symptoms (6), while transfer of polyclonal or myelin-reactive
Treg cells limited the disease (7, 8). However, it is still unknown
whether Treg cells suppress the priming of pathogenic conven-
tional T (Tconv) cells in the draining lymph nodes (dLNs) at
disease onset, and/or inhibit their function directly in the central
nervous system (CNS) in the phase of ongoing inflammation.
Our group and others have reported that tumor necrosis factor

(TNF) increased the proliferation of Treg cells via TNF receptor
2 (TNFR2) while maintaining or enhancing their suppressive
function in vitro and in different immunopathologies (9–13).
This intriguing immunoregulatory facet of TNF is clearly ex-
emplified in EAE. Mice deficient for TNFR2 exhibited aggra-
vated symptoms of EAE, which were associated with lower Treg
cell proportions in the CNS (14). In the same line, mice genet-
ically engineered to express the human version of TNF, and in
which TNFR2 was ablated in Treg cells, developed severe EAE
symptoms (15). These studies suggested that the TNF/TNFR2

axis is central in Treg cell–mediated suppression of autoimmu-
nity. However, the location and timing of this Treg cell–mediated
suppression are currently unknown. Here, we addressed these
questions by using constitutive and inducible ablation of TNFR2
in mature Treg cells. We showed that TNFR2-expressing Treg
cells suppressed EAE locally in the inflamed CNS on established
disease, without affecting pathogenic T cell priming in the dLN.

Results
TNFR2 Expression by Hematopoietic Cells Is Required to Limit EAE
Severity and Promotes Treg Cell–Intrinsic Expansion in the CNS.
Since TNFR2 is up-regulated in Treg cells upon activation (9),
we analyzed its expression after EAE induction. The receptor
was highly and preferentially expressed in Treg cells at all time
points in dLN and from day 10 in the inflamed CNS (SI Ap-
pendix, Fig. S1). To study the role of the TNF/TNFR2 axis in
Treg cells during EAE, we first performed experiments with mice
carrying germline deletion of TNFR2 (Tnfrsf1b−/−, hereafter named
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“KO”). As previously observed (16–18), KO mice exhibited normal
CD4+ T cell numbers but had reduced Treg cell numbers in the
spleen at steady state (SI Appendix, Fig. S2). These mice devel-
oped more severe EAE than wild-type (WT) controls, which was
associated with reduced Treg cell accumulation in the inflamed
CNS (SI Appendix, Fig. S3 A and B). We then generated bone
marrow chimeric mice to assess the role of TNFR2 expression by
hematopoietic and nonhematopoietic cells. Ablation of TNFR2 in
the immune system, but not in the nonhematopoietic compart-
ment, led to exacerbated EAE and reduced Treg cell numbers in
the CNS (SI Appendix, Fig. S3 C–F). This role of TNFR2 in Treg
cell expansion was a cell-autonomous mechanism, as revealed by
their reduced numbers in the competitive environment of mixed
bone marrow chimeras (SI Appendix, Fig. S3G).

TNFR2 Signaling in Treg Cells Mediates Disease Suppression during
Overt CNS Inflammation. To further delineate the cell-autonomous
role of TNFR2 in Treg cell biology, we generated mice with con-
ditional ablation of TNFR2 in Treg cells by crossing mice expressing
the CRE-recombinase in Treg cells (Foxp3Cre) with mice carrying
floxed Tnfrsf1b alleles (Tnfrsf1bfl). It was critical to compare these
Foxp3CreTnfrsf1bfl (hereafter named conditional knockout or “cKO”)
mice with their proper controls, the Foxp3Cre mice, because of pu-
tative toxic effect of Cre expression, as recently reported (19, 20). As
expected, Treg cells of cKO mice had complete ablation of TNFR2
expression (SI Appendix, Fig. S4A). However, a partial decreased
TNFR2 expression was also observed on Tconv cells, which was likely
due to leakiness of Cre expression in non-Treg cells in Foxp3Cre mice,
previously reported in other mouse models (21, 22). cKO mice had
no sign of spontaneous autoimmunity and displayed normal body
weight (SI Appendix, Fig. S4B). Treg cell proportion, numbers, and
expression of Foxp3, CD25, and CTLA-4 in lymphoid tissues were
unaltered (SI Appendix, Fig. S4 C and D). Also, the in vitro sup-
pressive capacity of Treg cells was not or slightly reduced by TNFR2
ablation (SI Appendix, Fig. S4 E and F). Therefore, TNFR2 is
mainly dispensable for Treg cell homeostasis at steady state.
Next, we explored the cell-autonomous function of TNFR2 in

Treg cells during CNS inflammation. Strikingly, compared with
controls, cKO mice developed a very severe EAE leading to
death in almost half of the mice by day 15 (Fig. 1A). This was not
associated with increased total leukocyte infiltration in the CNS
or dLN (SI Appendix, Fig. S5A). Treg cell proportions were only
transiently reduced at day 10 in the CNS of cKOmice (Fig. 1B and
SI Appendix, Fig. S5B), and the overall level of Foxp3, Ki67,
CD25, or Helios was unaltered (SI Appendix, Fig. S5D). Also,
TNFR2-deficient Treg cells did not acquire the capacity to pro-
duce pathogenic cytokines, such as IFNγ, IL-17A, or GM-CSF
after phorbol 12-myristate 13-acetate (PMA) ionomycin stimula-
tion in the CNS (SI Appendix, Fig. S5 E and F). However, further
examination showed that these Treg cells in the CNS of cKO mice
exhibited lower expression of CTLA-4, Blimp-1, and ICOS
(Fig. 1 C and D and SI Appendix, Fig. S5C), which are markers of
effector Treg cells (1, 23, 24). Interestingly, these quantitative and
phenotypic Treg cell alterations in the CNS were not observed in
the spleen or dLN. To further investigate whether TNFR2+ Treg
cell–mediated suppression of EAE occurs during the priming or
effector phase, we used an inducible Cre system allowing TNFR2
ablation in Treg cells upon tamoxifen treatment. We thus gener-
ated Foxp3Cre-ERT2Tnfrsf1bfl (hereafter named induced conditional
KO or “icKO”) mice. Importantly, in most of these mice, ta-
moxifen administration induced TNFR2 ablation in Treg cells as
efficiently as in cKO mice but not at all in Tconv cells (SI Ap-
pendix, Fig. S6A). This icKO model is thus of great interest since
TNFR2 ablation is Treg cell–specific contrary to cKO mice. To
assess whether EAE control by TNFR2-expressing Treg cells is
taking place in the CNS after disease onset, we administered ta-
moxifen from day 7 to 14 after disease induction. Remarkably,
EAE severity was dramatically increased in icKO when compared

with Foxp3Cre-ERT2 control animals, similarly to what we observed
with cKOmice (Fig. 2A). At day 14, total leukocyte numbers, Treg
cell proportions and numbers as well as their Foxp3 expression
remained unaltered in CNS and dLN of icKO mice (Fig. 2B and
SI Appendix, Fig. S6 B–D). Treg cell proportion was also normal
at day 10 (SI Appendix, Fig. S6E). The proportion of activated
CD44highCD62Llow Treg cells was unchanged in dLN and CNS
between icKO and control mice (SI Appendix, Fig. S7A). Also,
Treg cells specific for the myelin oligodendrocyte glycoprotein
35–55 peptide (MOG)35–55, the immunizing antigen in EAE, were
present in similar proportions in icKO and control mice in both
dLN and CNS (SI Appendix, Fig. S7B). However, TNFR2-
deficient Treg cells expressed lower levels of CTLA-4 and
Blimp-1 in the CNS (Fig. 2 C and D), as observed in cKO mice.
Once again, this altered Treg cell phenotype was not observed in
the dLN, which is compatible with a disease control by TNFR2+

Treg cells in the inflamed CNS rather than in the dLN. Moreover,
this suggests that TNFR2 was not involved in the initial activation
steps but rather in the acquisition of an optimal immunosup-
pressive state by Treg cells after day 7.
To further address the mechanism of EAE exacerbation, we

performed RNA-sequencing on Treg cells from the CNS and
dLN of icKO and control mice at day 14. In the inflamed CNS, a
number of important genes exhibited altered expression in mu-
tant Treg cells (Fig. 2 E and F). For instance, the expression of
several genes associated with the highly suppressive effector Treg
cell subset, such as Myb, Ccr8, and Cd177 (25), was down-
regulated in TNFR2-deficient Treg cells. Surprisingly, mRNA
expression of Ctla4 and Prdm1 (Blimp-1) remained unchanged,
suggesting that TNFR2 ablation in Treg cells may lead to post-
transcriptional modifications. Conversely, genes usually associ-
ated with Tconv cell effector function, such as granzymes and
perforin, and even Cd8a and Cd8b genes, displayed augmented
expression in mutant Treg cells. Gene set enrichment analyses
(GSEA) revealed an enrichment of the CD8+ Tconv cell sig-
nature in mutant Treg cells (SI Appendix, Fig. S8A). This was not
due to cell contamination of the samples as mutant Treg cells
expressed normal amounts of Cd4 and Zbtb7b (ThPOK), as well
as Tbx21, Runx1, or Runx3, compared with WT Treg cells (SI
Appendix, Fig. S8B). To confirm these data, some of the differ-
entially expressed genes were analyzed at protein level in the
CNS. CD8a, Thy1 (coding for CD90), and Eomes that had higher
level of mRNA in TNFR2-deficient Treg cells (SI Appendix, Fig.
S8C), also displayed increased protein expression (SI Appendix,
Fig. S8D). Importantly, the increased CD8α expression was due
to a slight shift of the whole Treg cell population and not to the
presence of few cells expressing high level of CD8, definitively
ruling out the hypothesis of the presence of CD8+ Tconv cell
contaminants. Interestingly, expression of the long noncoding
RNA Flicr, which was described to negatively regulate Foxp3
expression and Treg cell function (26), was increased in the
absence of TNFR2. GSEA further confirmed that TNFR2-
deficient Treg cells were less activated and did not acquire the
full identity of Treg cells from the inflamed CNS, when com-
pared with control Treg cells (Fig. 2G). Importantly, the differ-
ential expression of these genes in TNFR2-deficient Treg cells
was not seen in dLNs, in which only subtle decrease in genes
involved in homing such as Ccr1, Itga5, or Itgam was observed (SI
Appendix, Fig. S9 A and B). Altogether, these results show that
the loss of TNFR2 expression by Treg cells induces alteration of
their activation and identity during EAE, specifically in the CNS
and not in the dLN.

TNFR2 Expression by Treg Cells Limits the Activation and Pathogenic
Function of Tconv Cells in the CNS. We then characterized the
pathogenic profile of CD4 Tconv cells. Quite surprisingly, they
acquired a similar CD44highCD62Llow activated phenotype in
icKO and control mice and expressed equivalent amounts of the
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pathogenic GM-CSF after strong polyclonal PMA ionomycin
restimulation in dLN and CNS (SI Appendix, Fig. S10 A and B). Also,
MOG35–55–specific Tconv cells were present in similar proportions
in both types of mice in dLN and CNS (SI Appendix, Fig. S10C).
More informative data were obtained when we performed tran-
scriptomic analyses at day 14. In line with the aggravated EAE
symptoms and the impairment of the Treg cell gene expression
profile in icKO mice, transcriptomic analyses of CD4+ Tconv cell
counterparts in the CNS showed major alterations. The expression
of 185 and 229 genes was respectively down- and up-regulated in
Tconv cells isolated from mutant animals, compared with controls
(Fig. 3A). Tconv cells from icKO mice displayed a highly activated
phenotype. Notably, mRNA of cytokines and chemokines (Csf2,
Il22, Ifng, Tnf, Il2, Lta, Ccl3, Ccl4) and cytokine receptors and
chemokine receptors as well as other activation markers (Il2ra,
Il12r, Ifngr, Ccr2, Ccr5, Icos, Fasl, Ctla4, Gzmb) were significantly
increased in these cells (Fig. 3B and SI Appendix, Fig. S9C). They
also expressed increased levels of genes of signaling pathways
(such as MAPK and NF-κB), interferon signature (Ifit, Isg), and
transcription factors (Prdm1, Bhlhe40, Rora, Egr1, Fosl2, Junb),
known to be up-regulated in activated T cells. Accordingly, the
expression of genes characterizing resting T cells were down-
regulated in Tconv cells from the CNS of icKO mice, such as
Sell (CD62L), Ly6c1, Ccr7, Klf2, Bach2, Tcf7, or Lef1 (Fig. 3B).
Among genes up-regulated in Tconv cells of icKO mice, network
analysis of putative protein–protein interactions connected two
nodes, one regrouping genes coding for activation markers with
the other one belonging to an interferon signature. Interestingly,
these two nodes were connected by the Tnf and Ifng genes (SI
Appendix, Fig. S9D). The metabolic profile icKO Tconv cells
further supports their activated status with increased expression of
most genes of the glycolytic pathway as well as of Slc2a1 (Glut1),

the main glucose transporter in T cells, and Hif1a, a master pos-
itive regulator of glycolysis (Fig. 3C and SI Appendix, Fig. S9C).
GSEA further confirmed that these icKO Tconv cells had an ac-
tivated status (Fig. 3D). Not only these Tconv cells have an acti-
vated status, but also their transcriptome suggests a Th1/Th17
pathogenic profile with increased expression of Csf2 (GM-CSF),
Il22, Ifng, Ifngr, or Il12r. We confirmed some of these results at the
protein level by measuring cytokines produced by CNS-infiltrating
cells isolated at day 14 by enzyme-linked immunosorbent assay
(ELISA). GM-CSF, which is the major pathogenic cytokine pro-
duced by Tconv cells in EAE (27), was significantly increased in
icKO mice compared with control mice after both anti-CD3 and
immunizing myelin antigen stimulation (Fig. 3E). IL-17A and
IFN-γ production were slightly increased in icKO Tconv cells as
well but not significantly. All these modified expression patterns
(gene expression and cytokine expression) were not observed—or
at a much lower extent—in the dLN (SI Appendix, Fig. S9 E–G).
Altogether, these data strongly suggest that TNFR2 expression by
Treg cells is involved in the local suppression of activated and
pathogenic Tconv cells in the CNS after disease onset, but not in
their initial priming in lymphoid tissues.

TNF/TNR2 Signaling in Treg Cells Enables Local Suppression of EAE in
the Inflamed CNS. We then conducted experiments to further
confirm the CNS-restricted role of TNFR2-expressing Treg cells.
In the course of active EAE, the disease is initiated in dLN and
spleen. Then, from day 5, pathogenic Tconv cells migrate to the
CNS where they are reactivated, leading to their progressive
accumulation and increased inflammation, perpetuating locally
the disease process (28). We first analyzed the phenotype of
T cells during priming in lymphoid tissues to evaluate their ca-
pacity to acquire pathogenic features. We assessed expression of
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CD11a (LFA-1 α chain), CXCR3, CCR6, and CD49d (VLA-4 α
chain) because of their involvement in T cell migration from
lymphoid tissues to inflamed CNS during EAE (29, 30). Ten days
after EAE induction, these molecules were expressed at the
same levels in control and cKO mice, suggesting unaltered mi-
gration capacity into the CNS (SI Appendix, Fig. S11). To more
directly quantify priming of MOG-reactive T cells, we trans-
ferred T cell receptor-transgenic Tconv cells specific for this
antigen in cKO and control mice. Then, mice were immunized
with MOG35–55 peptide, and we measured the activation of do-
nor cells in dLN and spleen 3 and 7 d later. The level of T cell
proliferation and expansion was high and comparable in the two
groups of mice (Fig. 4A and SI Appendix, Fig. S12 A and B).
Donor MOG-specific T cells expressed similar levels of CD11a
and CD49d and of the IFNγ, IL-17A, and GM-CSF pathogenic
cytokines after PMA–ionomycin stimulation in cKO mice com-
pared with controls (SI Appendix, Fig. S12 C and D). Together
with the unchanged proportions of MOG-reactive T cells we

detected in icKO animals (SI Appendix, Fig. S10C), these data
suggest a normal priming of MOG-specific Tconv cells in lym-
phoid tissues in both cKO and icKO mice. To further assess the
pathogenicity of polyclonal MOG-specific T cells primed in dLN,
we measured their capacity to induce EAE after adoptive transfer
in naive mice. Remarkably, cells primed in cKO and control mice,
and restimulated ex vivo, induced similar passive EAE (Fig. 4B).
Thus, all these data concur to show that exacerbation of EAE in
cKO mice was not due to enhanced initial priming of MOG-
specific T cells in spleen and dLN. Then, to further confirm that
TNFR2-expressing Treg cells selectively controlled EAE severity
within the inflamed CNS, we transferred WT pathogenic T cells to
cKO or control naive mice. In this setting, injected cells rapidly
migrated into the CNS to damage the neural tissue during passive
EAE, without being primed in the dLN. Strikingly, EAE was much
more severe in cKO than control recipients (Fig. 4C). We obtained
similar findings when we transferred pathogenic T cells in WT
recipients that were treated with an anti-TNF blocking mAb
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Fig. 2. Ablation of TNFR2 in Treg cells after disease onset induced exacerbated EAE and impaired Treg cell activation in the CNS. Foxp3Cre-ERT2Tnfrsf1bfl

(icKO) and Foxp3Cre-ERT2 control (Ctrl) mice were immunized to induce EAE at day 0 and treated with tamoxifen from day 7 to 14. (A) EAE clinical score and
disease survival. (B–D) FACS phenotyping at D14. Proportion of Treg cells (B) and of CTLA-4 (C) and Blimp-1 (D) expression among Treg cells is shown as
mean ± SD from four independent experiments with each symbol representing a mouse. Upper panels show representative dot plots and histograms of CNS
Treg cells. (E–G) Gene expression analysis of CNS-infiltrating Treg cells at day 14. (E) Volcano plot depicting differentially expressed genes. (F) Heatmap
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(Fig. 4D). Taken together, these results confirm our earlier
findings that TNFR2 signaling in Treg cells is critical to control
EAE within the inflamed CNS, rather than limiting the priming
of pathogenic T cells in lymphoid tissues.

Systemic Modulation of the TNF/TNFR2 Axis Affects EAE Severity. The
protective facet of TNF in CNS autoimmunity relied originally
on observations made in patients. Indeed, anti-TNF therapies
are formally contraindicated in MS patients because of disease
exacerbation (31, 32). The mechanism of this long-term conun-
drum, well known to clinicians, remains essentially unexplained.
To investigate whether our earlier findings could bring a mech-
anistic insight to this adverse effect of anti-TNF treatments, we
assessed the effect of this therapy on EAE severity and Treg cell
phenotype in EAE. WT mice were treated with a blocking anti-
TNF mAb from day 10—a time when they developed the first
clinical signs—until day 18. As observed in MS patients, these
mice exhibited an aggravated form of EAE compared with
isotype-control treated mice (Fig. 5A). Similar findings were
obtained when using the clinically approved soluble TNFR2-Fc
fusion receptor (Etanercept) to block TNF (Fig. 5B). Interest-
ingly, TNF-blockade at earlier time points (from day 0) did
not significantly modify the course of the disease (Fig. 5C),

highlighting once more the protective role of TNF during
established disease and not during Tconv cell priming. We next
analyzed the Treg cell compartment in the inflamed CNS of
these mice. In anti-TNF–treated mice, Treg cell proportion was
significantly reduced in the CNS compared with control ani-
mals, whereas it was unchanged in dLN. These observations are
similar to the ones we previously made in TNFR2 conditional
KO mice and further support the CNS-restricted role of TNF
on Treg cells (Fig. 5D). This protective effect of TNF was most
likely due to TNFR2 triggering since blocking this receptor with
a specific mAb worsened EAE (Fig. 5E), similarly to anti-TNF
mAb treatment or TNFR2 ablation in Treg cells. Finally, from
a therapeutic perspective, we investigated whether stimulating
TNFR2 signaling in the course of the disease could improve
disease outcome. Remarkably, the use of a TNFR2-specific
agonist from day 4 to 18 significantly reduced EAE severity
(Fig. 5F). This therapeutic effect was lost in icKO animals,
suggesting that this agonist functions by stimulating TNFR2-
expressing Treg cells (SI Appendix, Fig. S13). Collectively,
these data are in line with our previous findings, highlighting
the protective role of TNF in CNS during EAE and providing a
mechanistic explanation for the deleterious events following
anti-TNF administration in patients with MS.
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Discussion
The protective properties of Treg cells in autoimmune diseases
are clearly established. However, when and where do endoge-
nous Treg cells control these diseases remain unknown. Some
published works provided indirect evidence that Treg cells may
suppress an autoimmune disease in the target organ. Indeed, late
accumulation of Treg cells was observed in the inflamed CNS
during EAE (6, 33, 34). Systemic Treg cell deletion precipitated
established autoimmune diseases but at the expense of massive
and multifocal inflammation, precluding a proper evaluation of
physiological function of Treg cells (6, 35). Administration of
Treg cells specific for the target tissue had a therapeutic efficacy
in organ-specific autoimmune diseases, suggesting a capacity to
suppress pathogenic cells locally (36, 37). However, these studies
did not address the role of endogenous Treg cells during the

natural course of the disease. Here, we found that TNFR2 ab-
lation in Treg cells after EAE induction had no systemic impact
but led to increased CNS inflammation and disease severity. This
suggested that Treg cells suppressed EAE at peak of disease in
the inflamed CNS and not during T cell priming in the dLN. This
hypothesis was further supported by the following cumulative
proofs. 1) Treg cell phenotype, and their proportion in some
models, were altered in the CNS but not in the dLN in cKO
mice, icKO mice, or WT mice treated with anti-TNF drugs. 2)
Increased expression of activation molecules and pathogenic
GM-CSF by Tconv cells could be observed in the CNS of icKO
mice but not in dLN. The increased production of GM-CSF in
icKO mice was no longer observed after PMA–ionomycin stimu-
lation, probably because this strong and nonphysiological activation
could outweigh the difference observed with more physiological

Ctrl recipient cKO recipient

0 5 10 15 20 25 30 35
0

1

2

3

4

5

C
lin

ic
al

 s
co

re

Ctrl recipients (n=8)
cKO recipients (n=9)

****

0 5 10 15 20 25 30 35
0

1

2

3

4

5

C
lin

ic
al

 s
co

re

Ctrl donors (n=12)
cKO donors (n=12)

n.s.

0 5 10 15 20 25 30 35
0

1

2

3

4

5

Days after EAE induction

C
lin

ic
al

 s
co

re

Isotype (n=8) 
Anti-TNF (n=7)

**

A

Ctrltt recipient

Ctrtt lrr
donor

anti-TNF

10 d

MOG
immunization

10 d

MOG
immunization

10 d

MMOG-specific
CDD90.1 T cells

3 d

Ctrrltt or cKOKK
donor

B

C

D

0 10 20 30
0

20

40

60

80

100

Days after EAE induction

Pe
rc

en
t s

ur
vi

va
l

Isotype

Anti-TNF

***

0 10 20 30
0

20

40

60

80

100

Pe
rc

en
t s

ur
vi

va
l

Ctrl and
cKO donors

0 10 20 30
0

20

40

60

80

100

Pe
rc

en
t s

ur
vi

va
l

Ctrl 
recipient

cKO 
recipient

***
Cell Trace Ctrl cKO

0

20

40

60

80

100

%
 d

iv
id

ed
 d

on
or

 c
el

ls

n.s.

MOG
immunization

MOG
immunization

R
el

at
ive

 c
el

l n
um

be
rCCttrlrlttt oror cKcKOOKKKK

recipient

Ctrltt or cKOKK
recipient

Ctrtt lrr
donor

Ctrtt lrr
recipient

91 86

Fig. 4. TNF/TNFR2 signaling in Treg cells enables local suppression of EAE in the inflamed CNS. (A) Representative division profile (Left) and cumulative
percentages of divided cells (Right) of MOG-specific CD90.1+ Tconv cells 3 d after transfer in Foxp3CreTnfrsf1bfl and Foxp3Cre mice immunized to induce EAE.
(B) Clinical score and disease survival of passive EAE induced in WT recipients transferred with pathogenic cells obtained from dLN of Foxp3CreTnfrsf1bfl (cKO)
or Foxp3Cre control (Ctrl) mice immunized 10 d earlier to induce EAE. (C) Clinical score and disease survival of passive EAE induced in cKO or control recipients
transferred with pathogenic cells obtained from dLN of WT mice immunized 10 d earlier to induce EAE. (D) Clinical score and disease survival of passive EAE
induced in WT recipients transferred with pathogenic cells obtained from dLN of WT mice immunized 10 d earlier to induce EAE. Recipients were treated with
an anti-TNF or isotype control (Ctrl) mAb from day 0 to 8 after cell transfer. Data are from four (A) and two (B–D) independent experiments. In A, mean (±SD)
from four experiments is shown; each dot represents a mouse. Unpaired t test was used. In B–D, mean (+SEM) from two experiments is shown. Two-tailed,
unpaired Mann–Whitney U (for EAE scores and FACS analyses) and log-rank tests (Mantel–Cox, for survival curves) were used; **P < 0.01, ***P < 0.001,
****P < 0.0001; n.s., nonsignificant.

6 of 10 | PNAS Ronin et al.
https://doi.org/10.1073/pnas.2014043118 Tissue-restricted control of established central nervous system autoimmunity by TNF

receptor 2–expressing Treg cells

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://doi.org/10.1073/pnas.2014043118


www.manaraa.com

T cell receptor stimulation. 3) Activation and expansion in lym-
phoid tissues and migration into the CNS of polyclonal and MOG-
specific T cells appeared normal in cKO and icKO mice, com-
pared with control mice. 4) Blocking TNF in WT mice from day
10, but not from day 0, after disease induction led to EAE exac-
erbation, suggesting that the early autoimmune process that was
primed in dLN was not altered by the absence of TNFR2 in Treg
cells. In the same line, disease exacerbation following TNFR2
ablation in Treg cells was obtained when this deletion obtained by
tamoxifen administration was performed 7 d after disease induc-
tion. 5) Cell transfer experiments showed that the activation of
myelin-specific T cells in spleen and dLN, as well as their capacity
to induce passive EAE, were largely similar in cKO and control
mice. However, it remains possible that the ex vivo restimulation
protocol, which is required to induce disease, may have skewed the
potential differences between Tconv cells from the two strains. 6)
Finally, pathogenic T cells from WT mice that were reactivated in
the CNS after their injection induced a more severe disease in
cKO than in control recipients. Thus, the control of EAE by
TNFR2-expressing Treg cells is regulated in the inflamed CNS
and not in the dLN. Together, our work strongly supports the
concept that endogenous Treg cells suppress an autoimmune
disease in the target tissue.
Our findings also provide some insight into the mechanism of

EAE control by Treg cells in the CNS. Indeed, TNFR2 expres-
sion by Treg cells appears to control their function rather than
their numbers. We did find a decreased proportion of Treg cells
in the CNS at day 10 in cKO mice, but this was no more observed
earlier (day 7) or later (day 15) in these mice or in the icKO
animals. More importantly, TNFR2-deficient Treg cells have
lower mRNA expression of several Treg cell–signature genes and
increased expression of genes normally expressed by Tconv cells.
Also, TNFR2-deficient Treg cells expressed a lower level of Myb
that was shown to be essential for differentiation of effector Treg
cells (25). The lack of TNFR2 expression in Treg cells seems to
have an additional impact on protein expression, as observed for

CTLA-4 and Blimp-1, whose protein levels were decreased in
CNS of icKO mice. This may alter Treg cell suppressive activity,
as CTLA-4 is one of the major mechanisms of Treg cell–mediated
suppression and Blimp-1 is critical to promote IL-10 production (1,
23, 24). Also, Blimp-1 is expressed by the fraction of highly sup-
pressive effector Treg cells and is up-regulated in CNS Treg cells
during EAE. Moreover, its ablation in Treg cells led to exacerbated
EAE, reduced Treg cell identity, and increased expression of in-
flammatory cytokines, such as IL-17 (2, 3). Consequently, TNFR2-
deficient Treg cells would be deficient in suppressing Tconv cells in
the CNS, leading to massive Tconv cell activation, as observed at
the level of activation markers, cytokines and chemokines, signaling
molecules, transcription factors, and glucose metabolism. These
highly activated Tconv cells produced an increased level of path-
ogenic cytokines such as GM-CSF, precipitating EAE. In conclu-
sion, our data demonstrate that TNFR2 expression by Treg cells is
essential to limit EAE severity by promoting their transient ex-
pansion and by increasing their suppressive function in the CNS,
thereby limiting pathogenic Tconv cell activation. Thus, we reveal
here a nonredundant function of TNF in the control of EAE in the
inflamed CNS. Recent findings emphasized the critical role of IL-
33 in the accumulation of Treg cells residing in the intestine or
adipose tissues (38–40). Thus, depending on the tissue and type of
inflammation, Treg cells may rely on different environmental cues
(IL-33 and TNF) for their homeostasis and function.
Besides this nonredundant function of TNFR2 in Treg cells,

our data also bring a mechanistic explanation to the deleterious
effect of TNF blockade in patients with MS. A series of pre-
clinical studies in mice conducted in the nineties concluded that
blocking TNF was beneficial in EAE (reviewed in ref. 41). These
findings led to initiate two clinical trials in MS patients that had
to be rapidly stopped because of disease aggravation (31, 32).
Here, we revisited this question using reagents that selectively
block TNF, whereas older studies used drugs blocking both TNF
and lymphotoxin-α, which is an issue since the latter cytokine
is pathogenic in EAE (42). We found that blocking TNF at
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disease’s peak induced EAE exacerbation, as in MS patients who
were also treated during advanced disease progression. Inter-
estingly, when TNF was blocked at earlier times, EAE was not
exacerbated, and even slightly delayed. Thus, at disease initia-
tion, TNF might be pathogenic by activating antigen-presenting
cells via TNFR1, whereas it would regulate the disease after-
ward, by activating Treg cells via TNFR2 in the inflamed CNS. In
this line, blocking TNFR1 at disease induction attenuated EAE
(43), whereas we showed that blocking TNFR2 at day 10 induced
disease exacerbation, similarly to late TNFR2 ablation in Treg
cells. Furthermore, we demonstrated that stimulation of TNFR2
signaling reduced EAE severity.
In conclusion, our data reveal that the TNF/TNFR2 axis is

critical to reach an optimal Treg cell function specifically in the
CNS during EAE, thereby preventing excessive inflammation
and controlling disease severity. Moreover, our results bring in-
sights in the mechanism of autoimmune disease control by Treg
cells and provide an explanation for the failure of anti-TNF
therapy in MS patients, paving the way to the development of
more specific treatments aiming at the selective blockade of
TNFR1 and/or selective stimulation of TNFR2.

Methods
Mice. C57BL/6J (WT) mice were purchased from Janvier Labs (France).
Tnfrsf1btm1Mwm/J (Tnfrs1b−/−), Foxp3tm9(EGFP/cre/ERT2)Ayr/J (Foxp3Cre-ERT2), and
C57BL/6 Tg (Tcra2D2,Tcrb2D2)1Kuch/J (2D2) T cell receptor transgenic mice,
specific for myelin oligodendrocyte glycoprotein, were purchased from The

Jackson Laboratory. Cd3etm1Mal (Cd3−/−), CD45.1, and CD90.1 mice were
provided by the Cryopreservation Distribution Typing and Animal Archiving
Department (Orléans, France). B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J (Foxp3Cre)
mice were a gift from Prof. Alexander Rudensky, Memorial Sloan Kettering
Cancer Center, New York, NY. C57BL/6-Tnfrsf1b<tm1c(EUCOMM)Wtsi>/Ics (Tnfrsf1bfl)
mice were obtained from the EMMA Consortium. All mice were on a C57BL/6J
background or have been backcrossed at least 10 times to C57BL/6J mice. Mice
were housed under specific pathogen-free conditions and were studied at 7 to
14 wk of age or 2 mo after bone marrow transplant.

TNF- and TNFR2-Targeting Biological. Anti-TNF (XT3-11) and anti-TNFR2 (TR75-
54.7) mAbs were purchased from BioXCell and were injected at a dose of 500 μg
by intraperitoneal route every other day for 8 or 14 d. Etanercept (TNFR2-Fc) was
provided by Wyeth and was administered at a dose of 1 mg by intraperitoneal
route every other day for 8 d. Purification and functional characterization of the
TNFR2-specific agonist STAR2 have been described elsewhere (10).

Bone Marrow Transplantation. Bonemarrow cells were isolated from tibia and
femur of donor mice. Recipient mice were lethally irradiated (10.5 Gy) and
transplanted intravenously with 10 × 106 bone marrow cells. EAE was in-
duced at least 8 wk after transplantation.

EAE Induction. For active EAE, mice were injected subcutaneously in the flanks
with 100 μg of MOG35–55 peptide (Polypeptide) emulsified in 100 μL of com-
plete Freund adjuvant (Sigma-Aldrich) supplemented with 50 μg of heat-killed
Mycobacterium tuberculosis H37Ra (BD Biosciences). Animals were addition-
ally injected intravenously with 200 ng of Bordetella pertussis toxin (Enzo) at
the time of immunization and 2 d later. For the passive EAE model, we first
induced active EAE in donor mice as described above to generate pathogenic

Table 1. mAbs and fluorescent reagents used in this study

mAb or reagent Clone Vendor Reference Dilution

BV510 anti-mouse CD4 RM4-5 BD Biosciences 563106 1/500
BUV496 anti-mouse CD4 GK1.5 BD Biosciences 564667 1/400
Alexa Fluor 700 anti-mouse CD8a 53-6.7 BD Biosciences 557959 1/400
BUV805 anti-mouse CD8a 53-6.7 BD Biosciences 564920 1/400
PerCP-C5.5 anti-mouse CD11a 2D7 BD Biosciences 562809 1/100
Biotin anti-mouse CD25 7D4 BD Biosciences 553070 1/300
PE-Cy7 anti-mouse CD44 IM7 Invitrogen/eBioscience 25-0441-82 1/400
BUV395 anti-mouse CD45 30-F11 BD Biosciences 564279 1/400
PE-CF594 anti-mouse CD45 30-F11 BD Biosciences 562420 1/1000
PE anti-mouse CD45.1 A20 BD Biosciences 561872 1/100
Biotin anti-mouse CD45.1 A20 Miltenyi 130101902 1/10
PE anti-mouse CD49d R1-2 BD Biosciences 553157 1/100
AF700 anti-mouse CD62L MEL-14 BD Biosciences 560517 1/100
APC anti-mouse CD90.1 OX-7 BD Biosciences 561409 1/400
PE-Cy7 anti-mouse ICOS 7E.17G9 Invitrogen/eBioscience 25-9942-82 1/400
PE anti-mouse CTLA-4 (CD152) UC104F10-11 BD Biosciences 553720 1/200
Alexa Fluor 647 anti-mouse Blimp-1 5E7 BD Biosciences 563643 1/100
PE-Cy7 anti-mouse Eomes Dan11mag Invitrogen/eBioscience 25-4875-80 1/100
BV421 anti-mouse TNFR2 (CD120b) TR75-89 BD Biosciences 564088 1/200
FITC anti-mouse GITR DTA-1 BD Biosciences 558139 1/200
PE anti-mouse Vβ11 RR3-15 BD Biosciences 553198 1/200
BV421 anti-mouse CCR6 140706 BD Biosciences 564736 1/20
APC anti-mouse CXCR3 CXCR3-173 BD Biosciences 562266 1/100
APC anti-human/mouse Foxp3 FJK-16s Invitrogen/eBioscience 17-5773-82 1/200
FITC anti-human/mouse Foxp3 FJK-16s Invitrogen/eBioscience 11-5773-82 1/200
PE-e610 anti-huma/mouse Foxp3 FJK-16s Invitrogen/eBioscience 61-5773-82 1/100
eF450 anti mouse/human Ki67 SOLA15 Invitrogen/eBioscience 48-5698-82 1/400
AF647 anti-mouse IFNg XMG1.2 BD Biosciences 557735 1/100
APC-Cy7 anti-mouse IL-17A TC11-18H10 BD Biosciences 560821 1/100
PE anti-mouse GM-CSF MP1-22E9 BD Biosciences 554406 1/100

BV421 streptavidin BD Biosciences 563259 1/400
PE-Cy7 streptavidin Invitrogen/eBioscience 25-4317-82 1/200
e450 cell trace Life Technologies 1/2,000
e506 fixable viability dye Invitrogen/eBioscience 65-0866-14 1/1,000
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cells. Ten days postimmunization, cells from spleen and dLN were cultured in
complete RPMI (Gibco) medium with 10% fetal calf serum at 5 × 106 cells/mL
with 20 μg/mL MOG35–55 peptide, 10 μg/mL anti-IFNγ (XMG1.2, BioXCell), and
5 ng/mL IL-23 (R&D Systems). After 3 d, dead cells were removed with a Ficoll
gradient, and 2 × 106 cells were injected intravenously to recipient mice to
induce passive EAE. The clinical evaluation was performed on a daily basis by a
six-point scale ranging from 0, no clinical sign; 1, limp tail; 2, limp tail, impaired
righting reflex, and paresis of one limb; 3, hindlimb paralysis; 4, hindlimb and
forelimb paralysis; to 5, moribund/death. A score of 5 was permanently at-
tributed to dead animals.

Preparation of Cell Suspensions. For isolation of CNS-infiltrating leukocytes,
mice were anesthetized with a xylazine/ketamine solution and perfused
with cold PBS. Spinal cords were removed by intrathecal hydrostatic pres-
sure. Brain and spinal cords were cut into small pieces and digested in RPMI
1640 (Gibco) supplemented with 1 mg/mL collagenase type IV (Sigma),
100 μg/mL DNase I (Sigma), and 1 μg/mL TLCK for 30 min at 37 °C followed by
mechanical desegregation. Single-cell suspensions were washed once and
resuspended in Percoll 40%. For fluorescence-activated cell sorting (FACS)
analysis, cells were laid on a Percoll 80% solution, centrifuged for 20 min at
2,000 rpm at room, and mononuclear cells were collected from the interface
of the 40:80% Percoll gradient and were washed two times in a PBS–3%
fetal calf serum buffer. For FACS cell sorting, cells were centrifuged for
10 min at 400 × g and mononuclear cells were collected from the pellet of
the monolayer Percoll gradient. Cells from thymus, spleen, and LN were
obtained after mechanical dilacerations.

Antibodies and Flow Cytometry Analysis. The mAbs and fluorescent reagents
used in this study are listed Table 1. Intracellular staining was performed
using the Foxp3/Transcription Factor Staining Buffer Set kit and protocol
from eBioscience. Identification of MOG-specific T cells was performed using
the I-A(b) mouse MOG 38–49 GWYRSPFSRVVH APC-labeled tetramer, obtained
from the NIH Tetramer Facility, according to their protocol. Intracellular cytokine
staining (SI Appendix, Figs. S5, S10, and S12) was assessed after 4 h of PMA
(25 ng/mL)–ionomycin (1 mg/mL) stimulation in RPMI 1640 containing 10% FCS
and Golgi plug (BD Biosciences).

Cells were acquired on a BD LSRII cytometer and analyzed using the
FlowJo software.

Treg and Tconv Cell Purification. For suppression assay, colitis and tran-
scriptomic analyses, cell suspensions from the spleen, LN, or the CNS were
stained with e780 viability dye, BV510 anti-CD4 (RM4-5), and PE-CF594 anti-
CD45 (30F11) mAbs. Purified Tconv cells (CD4+YFP− or CD4+GFP−) and Treg
cells (CD4+YFP+ or CD4+GFP+) were obtained using a BD FACSAria II. For
transcriptomic analyses, cells were sorted twice with the cytometer leading
to over 99.8% purity.

Cell Culture. Culture medium was composed of RPMI 1640 (Gibco) supple-
mented with 10% fetal calf serum. For suppression assay, purified Tconv cells
(2.5 × 104 cells/well), labeled with CellTrace Violet (Proliferation Kit; Life
Technologies), and purified Treg cells were stimulated by splenocytes from
Cd3−/− mice (7.5 × 104 cells/well) and soluble anti-CD3 mAb (0.05 μg/mL 2C11;
BioXCell) in 96-well plate at different Treg/Tconv cell ratios. At day 3, Cell-
Trace dilution was assessed by flow cytometry. To assess TNFR2 expression,
whole splenocytes (3 × 106 cells/well) were stimulated by soluble anti-CD3 (5
μg/mL 2C11; BioXCell) in 96-well plate. For ELISA studies (Fig. 3 and SI Ap-
pendix, Fig. S9), cells from 3.5 × 106 LN cells in 2 mL in 24-well plates or 1 ×
105 CNS cells in 200 μL in 96-round bottom well plates were stimulated with
10 or 100 μg/mL MOG or with 5 μg/mL anti-CD3 mAb (2C11) for 24 h (CNS
cells) or 72 h (LN cells) before performing ELISA on the supernatant using kits
from Invitrogen.

Adoptive Transfer of 2D2 T Cells. LN and spleen cells from 2D2 CD90.1 or 2D2
CD45.1 mice were stained incubated with anti-CD19 (6D5), anti-CD11b (M1/
70), anti-CD11c (N418), anti-CD8 (53-6.7), and anti-CD25 (7D4) biotin-labeled
mAbs, and then were coated with anti-biotin microbeads (Miltenyi Biotec).
After magnetic sorting, cells of the CD4+ enriched negative fraction were

labeled with CellTrace Violet Proliferation Kit and were intravenously in-
jected in naive mice (106 cells/mouse). The following day, mice were im-
munized with MOG35–55 peptide as for EAE induction. Donor cells, identified
by their CD4+CD90.1+Vβ11+ (T cell receptor transgene) or CD45.1+CD3+

phenotypes, were analyzed by flow cytometry in dLNs and spleen 3 or 7
d later.

RNA-Sequencing and Bioinformatics Analyses. RNA was extracted from highly
purified Treg and Tconv cells using the NucleoSpin RNAXS kit fromMacherey-
Nagel, quantified using a ND-1000 NanoDrop spectrophotometer (NanoDrop
Technologies), and purity/integrity was assessed using disposable RNA chips
(Agilent High Sensitivity RNA ScreenTape) and an Agilent 2200 Tapestation
(Agilent Technologies). mRNA library preparation was performed following
manufacturer’s recommendations (SMART-Seq v4 Ultra Low Input RNA Kit;
TAKARA). Final-17 samples pooled library prep was sequenced on NextSeq
500 Illumina with HighOutPut cartridge (2 × 400 million of 75 base reads),
corresponding to 2 times 23 × 106 reads per sample after demultiplexing.
Poor quality sequences have been trimmed or removed with Trimmomatic
software to retain only good quality paired reads. Star v2.5.3a (44) has been
used to align reads on reference genome mm10 using standard options.
Quantification of gene and isoform abundances has been done with rsem
1.2.28 (45) prior to normalization on library size with DESEq2 bioconductor
package. Finally, differential analysis has been conducted with edgeR bio-
conductor package. Multiple hypothesis adjusted P values were calculated
with the Benjamini–Hochberg procedure to control false-discovery rate
(FDR). For Treg cells, data were obtained from a biological triplicate. For
Tconv cells, data were obtained from two independent experiments with
biological quadruplicate, after exclusion of two outliers. GSEA has been
done with fGSEA bioconductor R package (v1.12.0) on preranked list. Genes
in our dataset (GSE165821) were ranked according to the signed fold-
change multiplied by the −log10 P value of the differential analysis. Gene
sets were extracted from GSE165821 (Fig. 2 G, Right), GSE146135 (Fig. 2 G,
Left), and GSE11057 (Fig. 3D).

Statistics. Statistical analyses were performed using GraphPad Prism software,
version 8.3.1. For EAE scores and two-group comparisons, statistical significance
was determined using the two-tailed unpaired nonparametric Mann–Whitney
U test, excluding D0 to D5 as all scores were 0. For survival curves, log-rank
(Mantel–Cox) test was used. For ELISAs, two-way unpaired ANOVA test with
Sidak correction for multiple comparisons was used. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

Study Approval. All experimental protocols were approved by Comité
d’Éthique en Expérimentation Animal Charles Darwin No. 5 under number
02811.03 and are in compliance with European Union guidelines.

Data Availability. The RNA-seq data reported in this paper have been de-
posited in the Gene Expression Omnibus (GEO) database, https://www.ncbi.
nlm.nih.gov/geo (accession no. GSE165821). All other study data are in-
cluded in the article and/or SI Appendix.
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