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Abstract
CD4+ T cells stimulate immune responses through distinct patterns of cytokine produced by Th1,
Th2 or Th17 cells, or inhibit immune responses through Foxp3-expressing regulatory T cells
(Tregs). Paradoxically, effector T cells were recently shown to activate Tregs, however, it remains
unclear which Th subset is responsible for this effect. In this study, we found that Th17 cells
expressed the highest levels of TNF among in vitro generated Th subsets, and most potently
promoted expansion and stabilized Foxp3 expression by Tregs when co-transferred into Rag1−/−

mice. Both TNF and IL-2 produced by Th17 cells contributed to this effect. The stimulatory effect
of Th17 cells on Tregs was largely abolished when co-transferred with TNFR2-deficient Tregs.
Furthermore, Tregs deficient in TNFR2 also supported a much lower production of IL-17A and
TNF expression by co-transferred Th17 cells. Thus, our data indicate that the TNF-TNFR2
pathway plays a crucial role in the reciprocal stimulatory effect of Th17 cells and Tregs. This
bidirectional interaction should be taken into account when designing therapy targeting Th17 cells,
Tregs, TNF and TNFR2.
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1. INTRODUCTION
CD4+ T helper (Th) cells play central roles in orchestrating innate and adaptive immune
responses to offending pathogens, and to self- or tumor-antigens [1]. The immune
stimulatory effects of Th cells are mediated by distinct patterns of cytokine produced by
diverse subsets of effector Th cell (Teff) including Th1, Th2 and Th17 cells, while the
immune suppressive effects of Th cells are exerted by CD4+FoxP3+ regulatory T cells
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(Tregs) [1]. Up- or down-regulation of Th subset activity has become an important
therapeutic strategy in the treatment of a wide spectrum of diseases including autoimmunity
and cancer. For example, it has been well established that an increase in Treg activity
dampens autoimmune inflammatory responses [2], while depletion of Tregs is able to boost
anti-tumor immune responses [3]. More recently, targeting Th17 cells has been shown to be
a promising means of treating autoimmune disorders. This was achieved by 1) blocking the
differentiation and amplification of Th17 cells; or 2) inhibiting or neutralizing of Th17
cytokines and their receptors, or 3) suppressing the transcription factors specific for Th17
cells [4, 5]. Although Th17-cytokines may be associated with tumor initiation [6], Th17
cells have also been reported to contribute to protective anti-tumor immunity [6] and
adoptive transfer of Th17 cells elicited remarkable anti-tumor immune responses which was
superior to the efficacy of Th1 cells, a classical anti-tumor Th subset [7]. Since immunity
and tolerance are dynamically determined by the interplay and balance of Tregs and Teffs
[8], further understanding of the complex interactions between these two functional distinct
CD4 cells is crucial for devising effective and safe treatment of autoimmunity and
immunotherapy of cancer.

Tregs constitutively express high levels of functional cytokine receptors such as CD25 and
TNFR2, but do not have the capacity to produce their ligands [9, 10]. Consequently, as has
been reported, IL-2 produced by activated Teff cells is crucial for the expansion and
suppressive function of Tregs [9]. TNF, another product of activated Teff cells, by
interacting with TNFR2, is crucial for the phenotypic stability, expansion and in vivo
function of Tregs [10, 11]. The stimulatory signals from activated pathogenic effector T
cells were a prerequisite for Tregs to acquire the capacity to suppress murine autoimmune
diabetes [12]. Thus, paradoxically the activation of Teffs may attenuate immune responses
by boosting Treg activity. The identity of the subset of Th1, or Th2, or Th17 cells most
responsible for the activation of Tregs remains to be determined.

In this study, we found that Th17 cells expressed the highest levels of TNF among Th
subsets generated in vitro from naïve mouse CD4 cells by using a standard differentiation
protocol [13, 14]. Accordingly, Th17 cells were the most potent Th subset in supporting the
expansion and in stabilizing Foxp3 expression by Tregs when co-transferred into Rag1−/−

mice. The stimulatory effect of Th17 cells on Tregs deficient in TNFR2 was attenuated by
up to 80%. Furthermore, this was accompanied by a marked reduction in characteristic Th17
cytokine expression. This observation accentuates the contribution of TNF-TNFR2 signaling
to the reciprocal stimulatory effects of these two Th subsets. This effect should be taken into
account when designing future treatments for autoimmune diseases and immunotherapy for
cancer by targeting Th17 cells, Treg cells or the TNF-TNFR2 pathway.

2. MATERIALS and METHODS
2.1. Mice and reagents

Normal C57BL/6 mice, Ly5.2 C57BL/6 mice, Rag 1–/– mice, TNFR2–/– mice and FoxP3/
gfp KI (knock in) mice were provided by the Animal Production Area of the NCI
(Frederick, MD). Frederick National Laboratory for Cancer Research is accredited by
AAALAC International and follows the Public Health Service Policy for the Care and Use
of Laboratory Animals. Animal care was provided in accordance with the procedures
outlined in the "Guide for Care and Use of Laboratory Animals" (National Research
Council; 1996; National Academy Press; Washington, D.C.). Anti-mouse antibodies (Abs)
were purchased from BD Biosciences (San Diego, CA) consisted of anti-mouse CD3
(145-2C11), CD4 (GK1.5), CD25 (PC61), CD45.2 (104), CD45RB (16A), CD45 (30-F11),
Ki-67 (B56), TNF (MP6-XT22), IFNγ (XMG1.2), IL-13 (JES10-5A2) and IL-17A
(TC11-18H10). Functional grade purified anti-mouse CD3e (eBio500A2), CD28 (37.51)
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and IL-4 (11B11) Abs, Foxp3 Staining Set (FJK-16s) and anti-mouse TCRβ Ab (H57-597)
were purchased from eBioscience (San Diego, CA). Murine IL-2, IL-4, IL-6, IL-12 and TNF
were purchased from PeproTech (Rocky Hill, NJ). Human rTGFβ1 was from R&D Systems
(Minneapolis, MN). Anti-IL-2 Ab (JES6-5H4) was purchased from Bio X Cell (West
Lebanon, NH). TNFR2-fusion protein (Enbrel) was from Amgen, Inc. (Thousand Oaks,
CA). Purified anti-mouse IL-12p40 Ab (C17.8) and IFNγ Ab (XMG-6) were kindly gifts
from Dr. Giorgio Trinchieri (NCI).

2.2. Purification of T cells
To prepare a single-cell suspension, spleens and lymph nodes (inguinal, axillary and
mesenteric regions) were mashed and passed through a 70-µm mesh (BD Labware, San Jose,
CA). CD4+ T cells were purified using magnetic beads coated with anti-CD4 Ab (clone
L3T4) according to the manufacturer’s instructions (Miltenyi Biotec Inc., Anburn, CA).
Subsequently, the CD4+ cells were stained with anti-CD4, anti-CD25, and anti-CD45RB
Abs and sorted into naïve CD4+CD25− CD45RBhi T cells. CD4+FoxP3/gfp+ Tregs were
purified using Cytomation MoFlo cytometer (Fort Collins, CO), yielding a purity of >96%
Foxp3+ cells, and CD4+CD25+ Tregs were flow sorted from WT or TNFR2−/− mice with
>92% of Foxp3+ cells.

2.3. Differentiation of Th subsets
Flow-sorted naïve CD4+ T cells were cultured at a concentration of 1 × 106 cells/ml. The
polarized culture condition of Th subsets was adapted from previous reports [13, 14]. The
cells were stimulated with plate-bound anti-CD3e Ab (5 µg/ml) and soluble anti-CD28 Ab
(2 µg/ml) as Th0 cells. Th1 cells were generated by addition of IL-12 (10 ng/ml) and anti-
IL-4 Ab (2 µg/ml) into the culture. Th2 cells were generated via addition of IL-4 (50 ng/ml),
anti-IFNγ (2 µg/ml) and anti-IL-12 (2 µg/ml) Abs. For the generation of Th17 cells, naïve T
cells were cultured with IL-6 (100 ng/ml), TGFβ (2 ng/ml), anti-IFNγ (2 µg/ml), anti-IL2 Ab
(2 µg/ml) and anti-IL4 Ab (2 µg/ml). Iscove’s modified Dulbecco’s medium (IMDM,
Sigma-Aldrich) was used in Th17 polarizing culture, and RPMI-1640 (Lonza Bio Whittaker,
Walkersville, MD) was used in all other cultures. The medium was supplemented with 10%
fetal bovine serum (FBS, Hyclone, Logan, UT) containing 2 mM glutamine, 100 IU/ml
penicillin, and 100 µg/ml streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, 0.1 mM
nonessential amino acids and 50 mM 2-ME.

2.4. T cell co-transfer model
Flow-sorted CD45.2+ Tregs were transferred alone or co-transferred with polarized CD45.1+

(CD45.2−) Th0, Th1, Th2 or Th17 cells at 1:1 ratio into Rag1−/− mice (i.p., 0.8 × 105 /
mouse, each). Mouse body weight was monitored weekly. In some experiments, mice were
injected i.p. with neutralizing anti-IL-2 mAb or/and TNFR2-Fc fusion protein, or Rat IgG as
control, once a week for 5 weeks, starting from one day after cell transfer. Spleen, and LNs
in axillary, inguinal and mesenteric regions were harvested 5 weeks after transfer.

2.5. Flow Cytometry and intracellular cytokine staining
After blocking FcR, cells were incubated with appropriately diluted antibodies. Appropriate
species matched Abs served as isotype control. For intracellular cytokines staining, cells
were re-stimulated with phorbol myristate acetate (PMA, 50 ng/ml; Sigma-Aldrich St.
Louis, MO) and ionomycin (1 µM; Sigma-Aldrich) in the presence of GolgiPlug (BD
Biosciences) for 5 h, and then stained with anti IFNγ, or IL-13, or IL-17, or IL-2 or TNF Ab.
For detection of Foxp3, cells were fixed and permeabilized using the anti-mouse Foxp3
staining kit (FJk-16S, eBioscience). Acquisition was performed using a LSRII (BD
Biosciences, Mountain View, CA) and data analysis was conducted using FlowJo software
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(Tree Star Inc., Ashland, OR). FACS analysis was gated on the live cells only by using
LIVE/DEAD Fixable Dead Cell Stain Kit.

2.6. Statistical analysis
Comparison of data was analyzed by two-tailed Student’s t test using Graphpad Prism 6.0.
Differences were considered statistically significant when the p value was < 0.05.

3. RESULTS
3.1. In vitro differentiated Th17 cells express high levels of TNF

To determine the effect of various Th subsets on Tregs, we generated Th0, Th1, Th2 and
Th17 subsets in vitro by stimulating naïve CD4 cells under the respective polarized culture
conditions as described in Methods. After culture for 5 days, the phenotype of Th subsets
was verified by intracellular cytokine staining (Fig 1A). Since TNF was reported to
stimulate the activation of Tregs through TNFR2 [9, 10], we also determined the expression
of this cytokine by Th subsets. Th17 cells expressed a high level of TNF (46%, Fig 1B), in
addition to their expression of IL-17A (47%, Fig 1A). Th1 cells also expressed TNF at a
markedly lower level of 26% than Th17 cells (p < 0.01, Fig 1B), but significantly higher
than Th0 (14%) and Th2 cells (6%) (p < 0.01~0.001). Thus, in vitro differentiated Th17
cells expressed the highest level TNF and thus had the potential to promote phenotype
stability and proliferative expansion of Tregs.

3.2. Th17 cells most potently promote the stabilization and expansion of Tregs in vivo
To test this idea, highly purified CD45.2+CD4+Foxp3/gfp+ Tregs were transferred alone or
co-transferred with congenic CD45.1+ Th0, Th1, Th2 or Th17 cells into Rag1−/− mice at a
1:1 ratio. During the experimental period (5 weeks), the body weight of mice did not
decreased (data not shown) and no signs of colitis were observed in any mice. Presumably,
the proinflammatory effects of Th cells were suppressed by the co-transferred Tregs. The
phenotype of transferred Th cells remained largely unchanged, except that a substantial
fraction of Th17 cells (28%) expressed IFNγ (Fig 2). Furthermore, Th17 cells maintained
the highest levels of TNF expression as compared with other Th subsets (Fig 2).

It has been shown that the transferred Foxp3+ Treg cells, similar to Foxp3− Teff cells,
replicate in the lymphopenic mouse [15, 16]. Therefore, we first examined the effect of Th
subsets on the expansion of Tregs in vivo. Although a 1:1 ratio of Th cells to Tregs was
transferred into Rag1−/− mice, only 7.9% of Tregs co-transferred with Th0 cells were found
in the total CD4 T cells recovered from recipient mouse spleens (Fig 3A). This was
presumably caused by the greater proliferative nature of pre-activated Th cells or caused by
a homeostatic mechanism to restore the natural ratio of Teffs:Tregs in the lymphopeneic
mice in the course of re-population. Nevertheless, when co-transferred with Th17 cells, 24%
of splenic CD4 T cells were Tregs, which was markedly higher than those co-transferred
with other subsets of Th cells (Fig 3A, p < 0.01~0.001). Consequently, the absolute number
of transferred Tregs in the spleen of recipient mice was highest when co-transferred with
Th17 cells (Fig 3C, p < 0.05~0.01).

Next we asked if Th17 cells were the most effective Th subsets to maintain Treg phenotype
by stabilizing Foxp3 expression. In Rag1−/− mice injected with Tregs alone, only 26% of
Tregs present in the spleen of recipient mice expressed Foxp3 (Fig 3B), which was
consistent with our previous report [11]. In contrast, Rag1−/− mice given Tregs and Th17
cells, the majority of Tregs (~85%) present in the spleen maintained their Foxp3 expression,
which was markedly higher than that of Tregs co-transferred with Th0 (45%), Th2 (55%)
and Th1 cells (59%, p < 0.05~0.01, Fig 3B). Furthermore, the absolute number of Foxp3-
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expressing cells in the spleen was markedly higher in mice when co-transferred with Th17
cells, as compared with mice co-transferred with other Th subsets (p<0.001~0.05, Fig 3D).
Notably, the number of Foxp3+ cells in the spleen of mice co-transferred with Th0 cells,
although 2.5~3.7-fold lower than those co-transferred with other Th subsets (p<0.01~0.001),
was still 2.4-fold higher as compared with the number recovered when Treg alone (p<0.05,
Fig 3D). Examination of LNs also showed the similar results (Fig 3E). These data clearly
show that Th17 cells are the most potent population of Th cells in stabilizing the phenotype
and in supporting the expansion of Tregs in the lymphopenic mice.

3.3. Both TNF and IL-2 contribute to the Treg-stimulatory effect of Th17 cells
Since Th17 cells produced high levels of TNF, we investigated the role of this cytokine in
the stimulatory effect of Th17 cells on Tregs in vivo. Further, it has been reported that Th17
cells persistently express IL-2 although at lower levels as compared with other Th subsets
[17, 18]. We therefore also examined IL-2 derived from Th17 cells on Tregs. To this end,
Rag1−/− mice co-administered with Th17 cells and Tregs were treated with neutralizing anti
IL-2 Ab and/or TNFR2 Fc fusion protein (TNFR2-Fc). As shown in Fig 4 treatment with
anti IL-2 Ab alone, or in combination with TNFR2-Fc, markedly decreased the proportion of
Tregs in the spleen (Fig 4 A-B, p < 0.01). These inhibitors individually or in combination
markedly reduced the absolute number of transferred Tregs (Fig 4C, p < 0.01) or Foxp3+

cells (Fig 4D, p < 0.01) recovered from the spleen, indicating that the expansion of Tregs in
the recipient mice was at least partially dependent on IL-2 and TNF. A similar effect was
also observed in the mesenteric LNs (mLNs), with a more profound reduction of Tregs when
these two inhibitors were used together (p<0.01, Fig 4E). The combination of anti-IL-2 Ab
and TNFR2-Fc did not further inhibit the expansion of Tregs in the spleen, presumably due
to the maximal effect being achieved by each inhibitor alone. Consequently, IL-2 and TNF
are each required to support Treg expansion. Treatment with anti IL-2 Ab and TNFR2-Fc
did not inhibit the expansion of Th17 cells in Rag1−/− mice, and did not reduce their
expression of IL-17A, IL-2 and TNF, as compared with Rat IgG treatment (Data not shown).
Thus, the inhibitors acted on Treg cells.

3.4. TNF-TNFR2 interaction is crucial for the reciprocal stimulatory effect of Th17 cells and
Tregs

TNFR2-Fc was known to block the soluble form but not membrane-bound form of TNF
[13], while the membrane-bound TNF preferentially activates TNFR2 [19]. Thus, TNFR2-
Fc may not be able to completely block the stimulatory effect of membrane-bound TNF on
TNFR2 expressed by Tregs. To further clarify the role of TNF-TNFR2 pathway in the
boosting effect of Th17 cells on Tregs, we experimentally examined the effect of Th17 cells
on Tregs obtained from TNFR2 KO mice. Consistent with our previous report [11], only 5%
of TNFR2-deficient Tregs retained Foxp3 expression when they were transferred alone,
which was markedly lower than when WT Tregs were transferred alone into Rag1−/− mice
(22%, p < 0.01, Fig 5A). Although co-transferred Th17 cells markedly increased Foxp3
expression by WT Tregs (85%, p < 0.001), Th17 cells did not result in an increase in Foxp3
expression by TNFR2-deficient Tregs (p>0.05, in comparison with TNFR2-deficient Tregs
transferred alone, Fig 5B). Furthermore, co-transfer of Th17 cells resulted in >3-fold
increase in the number of transferred WT Tregs than TNFR2-deficient Tregs, and >10-fold
increase in number of Foxp3+ cells in the spleen of mice treated with WT Tregs than with
TNFR2-deficient Tregs (p<0.001, Fig 5C-D). Therefore, TNF-TNFR2 interaction was
crucial to enable Th17 cells to stimulate Tregs. Nevertheless, the number of transferred
TNFR2-deficient Tregs and the number of Foxp3+ cells were markedly increased by the co-
transfer of Th17 cells, as compared with TNFR2-deficient Tregs transfer alone
(p<0.05~0.0001, Fig 5C~D). This residual stimulatory effect of Th17 cells to Tregs in the
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absence of TNF-TNFR2 signaling is likely mediated by other pathways including the
interaction of IL-2 with CD25.

It has been shown in previous studies [20, 21] including our own [11] that co-transfer of WT
Tregs resulted in a marked increase in the proportion of IL-17A-producing cells developed
from transferred naïve CD4 cells in Rag1−/− mice. We thus hypothesized that Tregs might
also help maintain the phenotype of Th17 cells. Indeed, when co-transferred with WT Tregs,
Th17 cells recovered from spleen of recipient Rag1−/− mice were able to maintain the
expression of Th17 signature cytokines, e.g., expressed high levels of IL-17A (36%), IL-2
(32%) and TNF (49%, Fig 6). To our surprise, when co-transferred with TNFR2−/− Tregs,
the expression of IL-17A, IL-2 and TNF by Th17 cells was reduced by 86%, 72% and 42%,
respectively (Fig 6p < 0.05~0.001), suggesting that TNFR2 expression by Tregs was also
important for the maintenance of the Th17 phenotype. Presumably, the decrease in IL-2
production by Th17 cells may contribute to the down-regulation of Foxp3 expression and
reduced expansion of co-transferred TNFR2−/− Tregs, in addition to the absence of TNF-
TNFR2 stimulatory signaling.

4. DISCUSSION
Development of distinct Th1, Th2 and Th17 effector function by Teff cells are crucial for
host protection against diverse offending pathogens, while appropriately expanded and
activated Tregs are indispensable for restraining excessive and prolonged inflammation and
preventing collateral damage to normal tissues. The capacity of activated Teffs to stimulate
Tregs, as revealed by recent studies [11, 12], is likely to represent a major mechanism by
which a dynamic equilibrium is established between Teffs and Tregs in an ongoing immune
or inflammatory response. In this study, we confirmed that all types of activated Teff cells,
including Th0 cells, were able to support expansion and phenotypic stability of Tregs in
vivo. However, our study indicates that the Treg-stimulating effect of Th subsets was
distinct: Th17 cells appeared to be the most potent subset, which was followed in order by
Th1, Th2 and Th0 cells.

Th17 cells have the capacity to produce members of the IL-17 family such as IL-17A and
IL-17F, that target innate immune cells and epithelial cells [22]. This subset also produces
the highest levels of TNF. Interestingly, although named for the production of IL-17, Th17
cells also expressed similar or even higher levels of TNF than IL-17A in vitro (Fig 1) and in
vivo (Fig 2 and Fig 6). Since having been identified as a novel CD4 Th subset, Th17 cells
were shown to be responsible for the pathogenetic effects of an increasing number of
chronic inflammatory disorders, which was previously attributed to Th1 cells [22]. Unlike
Th1 cells, Th17 cells have stem cell-like features [23, 24], and are able to mediate sustained
autoimmune inflammation [25]. It is reasonable to hypothesize that the potent Treg-
stimulatory activity of Th17 cells co-evolved with their robust and prolonged
proinflammatory effector function. Indeed, most Th17 cells in the body reside in the barrier
tissues including intestinal tracts and skin [22], while Tregs are also abundant in these
interfaces of host and microbiota [26, 27]. This co-existence may enable the immune system
to mount effective responses against pathogens, while simultaneously maintaining self-
tolerance.

In fact, both Th17 cells and Treg cells are frequently most abundant in the same anatomical
compartment, such as lamina propria of intestine [27], inflamed synovial fluids [28] and in
aggressively growing breast cancer [29], which may suggest that their relationship is far
more complicated than just counteracting each other’s functions. Indeed, differentiation of
Th17 cells and Tregs from naïve CD4 cells are reciprocally induced in the presence of
TGFβ, contingent upon the presence of either IL-6 or IL-2, respectively [30–32]. Tregs have
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clearly been shown to inhibit the activation of Th1 and Th2 cells [33, 34], however, the
susceptibility of Th17 cells to Treg-mediated inhibition is still controversial. Although a
certain subset of Tregs was reported to inhibit Th17 cells [35], nevertheless, Tregs were also
able to promote the differentiation of Th17 cells [11, 20, 21], by providing TGFβ [11, 20,
21] and inhibiting Th1 and Th2 responses [36, 37]. Furthermore, it was reported that Tregs
increased the production of IL-17 cytokine by Teffs and therefore promoted the capacity of
Th17 responses to suppress infections of mucosal fungus [38]. Treg cells were also shown to
play a critical role in promoting Th17-mediated rejection of skin allograft [39] and in
promoting pulmonary fibrosis [40]. These studies further corroborate the role of Tregs in the
differentiation of Th17 cells and consequently in promoting Th17 function in vivo. Our
study provides novel evidence that Tregs also contribute to the stability of Th17 phenotype
of previously differentiated Th17 cells. Increasing Treg activity, by either stimulating in
vivo expansion of Tregs or adoptive transfer of in vitro expanded Tregs, has become a
strategy in the treatment of autoimmunity, allograft rejection and GVHD [41]. Our
observation, together with the aforementioned studies, clearly suggests the potential risk of
developing Th17-mediated inflammation by such Treg-based treatment. On the other hand,
caution should also be used when targeting Th17 cells in the treatment of autoimmunity,
since it may be undesirable to reduce immunosuppressive Treg activity as a side effect.

It has also been proposed that IL-2 signals are crucial for the reciprocal balance between
Th17 cells and Tregs [27]. By consuming IL-2, which inhibits the differentiation of Th17
cells [42], Tregs cells could also promote Th17 cell survival and function [20, 38]. Our data
accentuate the crucial role of TNF-TNFR2 signal in the reciprocal stimulatory effect of
proinflammatory Th17 cells and immunosuppressive Tregs. Intriguingly, Tregs deficient in
TNFR2 resulted in the reduction of IL-2 expression by co-transferred Th17 cells. This
suggests a primary role of TNF produced by Th17 cells in the stimulation of Tregs.
Supportive to this notion, the potency of Treg-stimulatory effect of Th subsets
(Th17>Th1>Th0) is correlated with their capacity to express TNF (Th17>Th1>Th0), but not
with their capacity to express IL-2 [18]. Nevertheless, in addition to TNF and IL-2, other
factor(s) may also contribute to this effect, since Th2 cells expressed lower levels of TNF
and IL-2 while having more potent Treg-stimulatory activity than Th0 cells.

Taken together, our data provide novel insights into the complex interplay between Th
subsets and revealed that Th17 cells potently stimulate the expansion and promote the
phenotypic stability of Tregs. This effect is mainly through a mechanism dependent on
TNF-TNFR2 signaling, which also plays a key role in the maintenance of Th17 phenotype
by Tregs. This effect should be taken into account when designing future therapy of
autoimmunity and cancer by targeting Th17 cells, Tregs and TNF or TNFR2.
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FoxP3 forkhead box P3

KI knock in

KO knock out

nCD4 naïve CD4 cells
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Teffs effector T cells

TNFR2 tumor necrosis factor receptor type II

TNFR2-Fc TNFR2 Fc fusion protein

Tregs regulatory T cells
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Highlights

1. Th17 cells express the highest levels of TNF than other Th subsets

2. Th17 cells most potently stimulate co-transferred Tregs in Rag1 KO mice

3. This effect of Th17 cells is TNF- and IL-2-dependent

4. TNF-TNFR2 plays crucial role in reciprocal stimulation of Th17 cells and Tregs
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Figure 1.
Phenotype and expression of TNF by in vitro-generated CD4+ Th subsets. Flow-sorted naïve
CD4 T cells from Ly5.2 C57BL/6 mice were cultured under Th0-, Th1-, Th2- and Th17-
polarizing conditions with TCR stimulation for 5 days. The phenotype of Th subsets was
analyzed by FACS (A). Intracellular TNF expression by Th subsets was determined by
FACS (B). Representative FACS data from at least three separate experiments with similar
results are shown on (A) and the upper panel of (B). The lower panel of (B) show isotype
staining control, and a summary pooled from 2 to 3 experiments (N=6~12). Comparison of
indicated groups: *p < 0.05; **p < 0.01. *** p < 0.001.
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Figure 2.
Phenotype and expression of TNF by Th subsets after transfer into Rag1−/− mice. In vitro
differentiated Th subsets were co-transferred with freshly flow-sorted Tregs at 1:1 ratio into
Rag1−/− mice. After 5 weeks, Expression of IFNγ, IL-13, IL-17, Foxp3, and TNF by Th
subsets recovered from spleen of recipient mice was analyzed by FACS, gating on
CD4+CD45.2− cells. Representative FACS data from 3 separate experiments are shown.
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Figure 3.
Effect of CD4+ Th subsets on co-transferred Tregs in Rag1−/− mice. Flow-sorted
CD4+FoxP3/gfp+ cells (CD45.2+8.5 × 104/mose) were transferred alone or co-transferred
with Th0, or Th1, or Th2 or Th17 cells at 1:1 ratio into Rag1–/– mice. After 5 weeks, the
proportion of Tregs in total transferred CD4+ T cells in the spleen of recipient mice was
determined, based on CD45.2 expression (A). Foxp3 expression by transferred Tregs present
in the spleen (B) and LNs (E) was analyzed by FACS, gating on TCRβ+CD4+CD45.2+ cells.
Representative FACS data from three separate experiments with similar results are shown
on the left and summary from 2 to 3 experiments (N=6~12) is shown on the right. The
absolute number of transferred Tregs (TCRβ+CD45.2+) in the spleen is shown in (C) and the
absolute number of Foxp3+ cells in the spleen is shown in (D), summarized from 3 separate
experiments (N=10~12). Comparison of indicated groups: *p < 0.05; **p < 0.01. *** p <
0.001.
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Figure 4.
Effect of neutralizing anti IL-2 Ab and inhibitor of TNF on Tregs co-transferred with Th17
cells. Flow-sorted Tregs (CD45.2+) were co-transferred with Th17 cells (CD45.2−) into
Rag1–/– mice as described in Fig 2. The mice were i.p. treated with anti-IL2 Ab or/and
TNFR-Fc fusion protein (100 µg) once a week. After 5 wks, the proportion of Tregs in
transferred T cells present in the spleen was analyzed by FACS. Typical FACS plots are
shown in (A) and summary (N=12) is shown in (B). The number of transferred Treg cells in
spleen is shown in (C, N=12), in LNs (mesenteric region) is shown in (E, N=6) and number
of Foxp3+ Tregs in the spleen is shown in (D, N=12). Data in summary are pooled from 3
separate experiments. Comparison between indicated groups: *p < 0.05; **p < 0.01.
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Figure 5.
TNF-TNFR2 pathway is crucial for the stimulation of Th17 on Tregs. Flow-sorted Tregs
(CD45.2+) from WT mice or from TNFR2–/– mice were transferred into Rag1–/– mice, with
or without Th17 cells (CD45.2−). After 35 days, the expression of Foxp3 by transferred
Tregs was analyzed by FACS, gating on live TCRβ+CD45.2+ cells. (A) Shows typical flow
plots and (B) shows summary (N=3). (C) The absolute number of transferred Treg cells (C,
N=3) and (D) absolute number of Foxp3+ Tregs in the spleen (N=3). Data shown are
representatives of 2 separate experiments with same results. Comparison between indicated
groups: *p < 0.05; **p < 0.01; *** p < 0.001.
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Figure 6.
TNFR2 expression on Tregs promotes phenotypic stability of co-transferred Th17 cells.
Th17 cells (CD45.2−) were co-transferred with flow-sorted Tregs (CD45.2+) from WT mice
or from TNFR2–/– mice into Rag1–/– mice. After 35 days, lymphoid tissues were harvested.
Expression of IL-17A, IL-2 and TNF by transferred Th17 cells recovered from spleen of
recipient mice were analyzed by FACS, gating on TCRβ+CD45.2− cells in spleen. Typical
FACS plots are shown on the left and summary (N = 3~8) are shown on the right. Data
shown are representatives of 2 separate experiments with same results. Comparison between
indicated groups: *p < 0.05; **p < 0.01; *** p < 0.001.
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