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Summary
TNF is a pleiotropic cytokine with intriguing biphasic pro-inflammatory and anti-inflammatory
effects. Our previous studies demonstrated that TNF up-regulated FoxP3 expression and activated
and expanded CD4+FoxP3+ regulatory T cells (Tregs) by utilizing TNFR2. Further, TNFR2-
expressing Tregs exhibited maximal suppressive activity. In this study, we show that TNF, in
concert with IL-2, preferentially up-regulated mRNA and surface expression of TNFR2, 4-1BB
and OX40 on Tregs. Agonistic antibodies against 4-1BB and OX40 also induced the proliferation
of suppressive Tregs. Thus, TNF amplifies its stimulatory effect on Tregs by inducing TNF
receptor superfamily (TNFRSF) members. In addition, administration of neutralizing anti-TNF Ab
blocked LPS-induced expansion of splenic Tregs and up-regulation of TNFR2, OX40 and 4-1BB
receptors on Tregs in vivo, indicating that the expansion of Tregs expressing these co-stimulatory
TNFRSF members in response to LPS is mediated by TNF. Taken together, our novel data
indicate that TNF preferentially up-regulates TNFR2 on Tregs, and this is amplified by the
stimulation of 4-1BB and OX40, resulting in the optimal activation of Tregs and augmented
attenuation of excessive inflammatory responses.
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Introduction
CD4+FoxP3+ regulatory T cells (Tregs) comprise only a minor fraction (~10%) of
peripheral CD4 cells, but play a critical role in the establishment and maintenance of
immunological tolerance to self antigens as well as to foreign antigens [1–2]. Certain
cytokine receptors preferentially expressed by Tregs not only serve as surface markers for
the identification of Tregs, but also promote the function of Tregs. CD25, the α chain of
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IL-2 receptor, is the prototype of such cytokine receptors [1–2]. Our previous studies
indicate that TNFR2 is an important cytokine receptor preferentially expressed by the highly
suppressive human and mouse Tregs [3–5].

TNFR2 is one of two receptors transducing the biological function of TNF, a pleiotropic
cytokine which is a major participant in the initiation and orchestration of inflammation and
immunity [6]. TNFR2 expression is restricted to certain T cell subpopulations [6], and acts
as a co-stimulator for antigen-driven T cell responses [7]. We have found that TNF
surprisingly was an activator of Tregs, resulting in their proliferative expansion, up-
regulation of FoxP3 expression and increase of suppressive activity [3]. This data, albeit
counterintuitive, is supported by the emerging evidence that TNF-TNFR2 interaction plays a
critical role in the generation, expansion and function of human and mouse Tregs [8–12].

TNFR2 is constitutively expressed by human and mouse thymic Tregs [5, 13]. Normal
human circulating Tregs expressed markedly higher levels of TNFR2 than CD4+FoxP3−

effector T cells (Teffs) [4, 14–15]. Normally 30~40% of Tregs present in the peripheral
lymphoid tissues of unstimulated Balb/c mice and C57BL/6 (B6) mice expressed a high
level of TNFR2, while less than 10% of Teffs expressed a lower level of TNFR2 [3, 16].
Furthermore, TNFR2-expresssing Tregs exhibited the most potent suppressive activity,
while TNFR2− Tregs even though CD25+ and FoxP3+ in normal C57BL/6 mice had only
minimal or no suppressive activity [5, 16]. Intratumoral Tregs are maximally
immunosuppressive, since the majority of tumor infiltrating Tregs were highly suppressive
TNFR2+ cells [5, 16], and depletion of TNFR2+ Tregs was associated with tumor
eradication after cyclophosphamide treatment [17]. When transferred to LPS-challenged
recipient mice, Tregs from wild-type mice were able to inhibit inflammatory responses,
while Tregs from TNFR2-deficient mice failed to do so [14]. In normal human peripheral
blood (PB), TNFR2-expressing CD4+CD25+ cells comprised a high level of FoxP3+ cells
and were functionally suppressive [4]. In malaria patients, proliferating TNFR2+ Tregs
exhibited an enhanced suppressive activity [18]. These studies clearly demonstrate that
TNFR2 not only serves as a marker, but also promotes Treg function.

We have investigated the effect of TNF on TNFR2 expression on Tregs. Since TNFR2 is a
member of TNF receptor superfamily (TNFRSF) and other co-stimulatory TNFRSF
members, such as 4-1BB [19] and OX40 [20] also have been reported to participate in Treg
activity, we also investigated their response to TNF. We found that TNF preferentially up-
regulates these TNFRSF on Tregs, which contribute to the optimal activation of Tregs and
result in attenuation of excessive inflammatory responses.

Results
TNF, in the presence of IL-2, induces Tregs to express genes encoding co-stimulatory
TNFRSF members

In order to test the effect of TNF on the expression of TNFR2 and other co-stimulatory
TNFRSF members on Tregs, we performed gene profiling assay using the Mouse Tumor
Necrosis Factor (TNF) Ligand and Receptor Signaling Pathways RT2 Profiler™ PCR Array
(SABiosciences, Frederick, MD). This showed that, by comparison with freshly isolated
Tregs or with TNF/IL-2-treated Teffs, Tregs treated with TNF/IL-2 for 12 hrs up-regulated
their expression of genes encoding a number of TNFRSF members, including Tnfrsf1b
(TNFR2), Tnfrsf4 (OX40), Tnfrsf6 (FAS), Tnfrsf9 (4-1BB), and Tnfrsf18 (GITR), by
greater than 2-fold (data not shown). Our results are in agreement with a recent microarray
study in human Tregs [15]. We next performed real time PCR assay to verify their changes
in gene expression. As shown in Fig 1A, the expression of mRNA for TNFR2, OX40,
4-1BB and GITR was two-fold higher in freshly isolated Tregs than freshly isolated Teffs
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(left). After treatment with TNF/IL-2, the expression of mRNA for these TNFRSF members
and FAS was at least two-fold higher in Tregs than in Teffs (middle). Treatment with TNF/
IL-2 further up-regulated their mRNA expressions greater than 4-fold in Tregs, as compared
with freshly isolated Tregs (right). Thus, in the presence of IL-2, TNF up-regulated the gene
expression of TNFR2 and other co-stimulatory TNFRSF members in Tregs.

TNF, in concert with IL-2, up-regulates surface expression of co-stimulatory TNFRSF
members on Tregs

Treatment with TNF/IL-2 for three days preferentially up-regulated the surface expression
of TNFR2, OX40, 4-1BB and FAS on Tregs, but not on Teffs (Fig 1B). TNFR2, OX40 and
4-1BB expressed on IL-2/TNF-treated Tregs were increased by 2.1±0.2, 2.4±0.2 and
6.0±0.7 fold, respectively, over their expression on freshly isolated Tregs (p<0.05~0.001,
Fig 1C). IL-2 alone also increased their surface expression (p<0.05), however, addition of
TNF further increased their expression by up to ~2-fold over IL-2 alone (p<0.05~0.01, Fig
1C). TNF-induced up-regulation in the case of TNFR2 was dose-dependent (Fig 1D). TNF
was also able to up-regulate surface expression of TNFR2, OX40 and 4-1BB on FACS-
purified CD4+FoxP3/gfp+ Tregs (data not shown), indicating that TNF directly acts on
Tregs.

The increased expression of these co-stimulatory TNFRSF members has been reported to be
a consequence of the activation of CD4 cells [21]. Indeed, IL-2/TNF treatment markedly and
preferentially enhanced the expression of the activation markers, CD44 and CD69, on Tregs
(Fig 1B). Therefore, IL-2/TNF led to greater activation of Tregs.

TNF/IL-2 induces TNFR2 expression on TNFR2− Tregs
It is possible that TNF, in addition to expanding TNFR2+ Tregs, also converts TNFR2−

Tregs into TNFR2+ Tregs. To test this, flow-sorted CD4+FoxP3/gfp+TNFR2− cells and
CD4+FoxP3/gfp−TNFR2− cells were treated with IL-2 or TNF/IL-2. As shown in Fig 2A,
IL-2 alone induced the expression of TNFR2 on FoxP3/gfp+TNFR2− Tregs. Presumably
based on the initial induction of TNFR2 by IL-2, TNF further amplifies the expression levels
of TNFR2 on FoxP3/gfp+TNFR2− Tregs (p<0.001). In contrast, neither IL-2 nor TNF/IL-2
was able to induce TNFR2 expression on FoxP3/gfp−TNFR2− Teffs (Fig 2B). Thus, TNF
does have the capacity to induce nonfunctional TNFR2− Tregs into functional TNFR2+

Tregs.

IL-2-independent effect of TNF on the up-regulation of FoxP3 and TNFR2 expression by
Tregs

Treatment with TNF/IL-2 was previously shown to up-regulate the expression of CD25 on
Tregs[3]. Thus the activating effects of TNF/IL-2 on Tregs and their stimulation of TNFR2
expression may depend entirely on the enhanced interaction of IL-2 with CD25. To test this
hypothesis, we examined the effect of the combination of TNF and IL-7, another cytokine
that uses common gamma chain and maintains the survival of Tregs in vitro [22]. Only 6%
of Tregs, and approximately same proportion of Teffs, were induced to proliferate when
CD4 cells were cultured with IL-7 alone (Fig 3A left panels). In the presence of IL-7, TNF
stimulation resulted in 37.8% replicating cells in the FoxP3+ subset. In contrast, TNF
treatment resulted in replication of only 10.8% of FoxP3− cells replicating (Fig 3A right
panels). Thus, IL-7 also enabled TNF to preferentially stimulate the proliferation of Tregs
(p<0.001, Fig 3B). We also investigated the effect of IL-7 with or without TNF on the
proliferative responses of flow-sorted CD4+FoxP3/gfp+ Tregs to TCR stimulation. As
shown in Fig 3C, although IL-7 by itself only had minimal effect, a combination of TNF and
IL-7 synergistically promoted the proliferation of Tregs.
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Next, we examined the effects of TNF/IL-7 on the expression of FoxP3 and TNFR2 on
Tregs. As shown in Fig 3D, after 3-day treatment with IL-7 alone, the proportion of FoxP3+

Tregs present in CD4 cells was only ~4%, which was lower than that in freshly isolated CD4
cells (~10%) or CD4 cells cultured with IL-2 (10 ng/ml, >10%) for 3 days. Even at the
higher molar concentration of IL-7 was not as effective as IL-2 in the maintenance of
survival of Tregs. Nevertheless, TNF in conjunction with IL-7 was able to increase the
proportion of FoxP3+ cells (Fig 3D), in a dose-dependent manner (Fig 3E). Furthermore, in
the presence of IL-7, TNF increased the proportion of TNFR2+ cells in the FoxP3+ subset,
but not in FoxP3− cells (Fig 3F), indicating that IL-7 could also promulgate the Treg-
activating effect of TNF. In order to eliminate a possible effect of IL-2 released by activated
FoxP3− Teffs present in the unfractionated CD4 cells, neutralizing anti-IL-2 Ab was used.
As shown in Fig 3G–H, in the presence of as high as 10 μg/ml of neutralizing anti-IL-2 Ab,
TNF/IL-7 still up-regulated TNFR2 expression on Tregs and expanded FoxP3+ cells
(p<0.05). Furthermore, treatment with TNF alone for 24 hrs also resulted in an increase of
TNFR2 expression on Tregs, which was not blocked by the neutralizing anti-IL-2 Ab (Fig
3I–J). Thus, the effect of TNF on the proliferation of Tregs and up-regulation of TNFR2 on
Tregs can occur independently of IL-2.

Effects of Activation of 4-1BB and OX40 on Tregs
Next we examined whether 4-1BB and OX40 induced on Tregs by TNF were functional. As
shown in Fig 4A–B, both agonistic anti-4-1BB and anti-OX40 Abs were able to partially
overcome the anergic status of Tregs and induced proliferation of Tregs. Furthermore, the
combination of TNF and anti-4-1BB Ab or anti-OX40 Ab synergistically stimulated the
proliferation of Tregs (p<0.05~0.001. Fig 4A–B). In contrast, isotype control IgGs did not
have any effect (data not shown). CD4-depleted splenocytes were used as APCs in this study
and they expressed OX40 L and 4-1BB L (data not shown). We therefore examined the
effect of blockade of OX40 L and 4-1BB L on the proliferation of Tregs. As shown in Fig
4C, TNF-induced the proliferative responses of CD4+FoxP3/gfp+ Tregs to APCs stimulation
was partially abrogated by blocking antibodies to OX40 L and to a greater extent by
anti-4-1BB L Ab (p<0.05). Thus, TNF-induced up-regulation of 4-1BB and OX40 appeared
to augment the stimulatory signaling of agonistic Abs or their cognate ligands. In order to
examine the effect of OX40 and 4-1BB activation on FoxP3 expression, CD4+FoxP3/gfp+

Treg cells were cultured in vitro with IL-2, or TNF/IL-2 with or without agonistic Abs for
OX40 or 4-1BB. After 3-day culture, the levels of FoxP3 expression on a per cell basis
(MFI) on Tregs was increased by ~2-fold after TNF/IL-2 treatment, as compared with IL-2
treatment alone (p<0.001, Fig 4D). Importantly, the TNF/IL-2-induced enhancement of
FoxP3 expression in Tregs was preserved and even modestly increased by treatment with the
4-1BB agonistic Ab (p<0.05, Fig 4D). However, in our experimental system, the agonistic
Abs for OX40 and 4-1BB did not further enhance TNFR2 expression on Tregs (data not
shown), suggesting that the effect of TNF on the up-regulation of co-stimulatory TNFRSFs
was unidirectional.

Next, the suppressive capability of Tregs expanded by the combination of TNF and
anti-4-1BB Ab or anti-OX40 Ab was investigated. Consistent with our previous report [3],
the suppressive activity of Tregs pre-treated with TNF/IL-2 on the proliferation by Teffs was
markedly enhanced (Fig 6E). Moreover, Tregs pre-treated with TNF/IL-2 in combination
with anti-4-1BB Ab or anti-OX40 Ab retained and in the case of anti-4-1BB Ab could
enhance their potent suppressive potential, as compared with Tregs pre-treated with TNF/
IL-2 (Medium) alone (p<0.05, Fig 4F–G). Our data therefore indicate that up-regulation of
4-1BB and OX40 by TNF/IL-2 on Tregs could further promote their proliferation, while
preserving or even enhancing their potent suppressive activity.
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Neutralization of TNF blocks in vivo expansion of splenic Tregs after LPS challenge
It has been reported that LPS was able to activate and expand Tregs by interacting with
TLR4 expressed on their surface [23]. Since LPS is a potent inducer of TNF[24], we
hypothesized that TNF produced in response to LPS challenge may also contribute to the
LPS-induced expansion of Tregs. The results showed that, in vivo injection of LPS resulted
in ~2-fold and >3-fold increase in the proportion of FoxP3+ cells in the splenic CD4+

subsets by 24 and 72 hrs after injection, respectively (Fig 5A). Similarly, the proportion of
FoxP3+ cells present in the draining mesenteric LN CD4 subset following intraperitoneal
LPS injection was also increased from 8.54% in control mice to 14.24% (Fig 5B). The
expansion of Tregs in CD4+ subset persisted until day 5 (data not shown). Moreover, the
surface expression levels of TNFR2, 4-1BB and OX40 was markedly preferentially
increased by 6 hrs on Tregs (Fig 5C). The up-regulation of these TNFRSF members on
Tregs was transient, with a peak expression at 24 hrs for both TNFR2 and OX40, and 6 hrs
for 4-1BB, respectively (Fig 5C). Thus, our data shows that in vivo administration of LPS
also results in the activation and proliferation of Tregs. In order to confirm the role of TNF
in the expansion of splenic Tregs, a neutralizing Ab against mouse TNF was injected 24 hrs
and 1 hr before LPS challenge. The results showed that the neutralization of TNF markedly
blocked the expansion of splenic Tregs (p<0.001, Fig 5D, E). Furthermore, expression of
TNFR2, OX40 and 4-1BB on the splenic Tregs was also down-regulated by anti-TNF
treatment (Fig 5F). Thus, TNF and TNFRSF contribute to the in vivo expansion of Tregs
after LPS challenge.

Discussion
In this study, we for the first time report that TNF, in the presence of common gamma chain
interleukins, had the capacity to up-regulate the expression of a number of co-stimulatory
TNFRSF members, including its own receptor, TNFR2, as well as 4-1BB and OX40,
preferentially on Tregs. This provides a means of amplifying Treg numbers to optimally
attenuate the harmful excessive inflammatory responses.

TNF is not sufficient to support the in vitro survival of Tregs and thus either IL-2 or IL-7
was used. TNF and IL-2 up-regulate both TNFR2 and CD25 on Tregs, resulting in a
reciprocal-amplification loop in the activation of Tregs. Although Tregs express low levels
of IL-7 receptor α chain (CD127) which could not be up-regulated by TNF (data not
shown), IL-7 and TNF nevertheless synergistically promoted the proliferative response of
Tregs to TCR stimulation. In addition, TNF, in combination with IL-15, also activated Tregs
(data not shown). The relative potency in support of Treg-activating effect of TNF were
IL-2>IL-7>IL-15. Further, the effect of TNF/IL-7 or TNF alone on Tregs was not blocked
by neutralizing anti-IL-2 Abs. Thus, the activating effects of both TNF and TNF/IL-7 on
Tregs were not mediated by IL-2. The synergistic effects of TNF with other Cγ chain
cytokines and TCR stimulation also likely contribute to the expansion and activation of
Tregs at inflammatory site. We favor the idea that TNF-TNFR2 signaling pathway plays an
important role in the activation of Tregs. A greater understanding of these fundamental
mechanisms is needed for the discovery of novel approach to up- or down-regulate Treg
activity at signal transduction and molecular levels.

4-1BB and OX40 are members of TNFRSF whose genes are clustered on mouse
chromosome 4 together with TNFR2 [25]. These molecules have some activities in
common, such as regulating the expression of anti-apoptotic members of Bcl-2 family,
promoting proliferation and survival of CD4 cells [21]. The effects of these two molecules,
especially of OX40, on the function of Tregs remain controversial. It has been reported that
the anti-tumor effect of OX86, an agonistic antibody for OX40, was associated with
attenuation of the suppressive function of Tregs [26]. However, when used together with
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cyclophosphamide, OX86 actually induced the overactivation of tumor infiltrating Tregs,
leading to selective apoptosis and eventual depletion of Tregs [27]. It has been proposed
that, if the “cytokine milieu is right”, OX40 agonist could promote Treg activity [20]. Our
data presented in this study indicate that TNF appear to be the “right cytokine” to provide
activating effect of OX40 signaling on Tregs. Actually, OX40 signaling contributes to TNF-
induced proliferative response of Tregs to APCs, since Treg proliferation was promoted by
agonistic anti-OX40 Ab and partially abrogated by antagonistic anti-OX40 Ab (Fig 4A, C).
This confirms a recent report of the contribution of OX40-OX40 ligand interaction to
APC(DC)-mediated proliferation of Tregs [28]. The physiological relevance of our findings
is supported by the emerging evidence showing the crucial role of OX40 in the expansion,
accumulation and function of Tregs in control of TNF-enriched inflammation, such as EAE
[20] and colitis [29–30]. In fact, the stimulatory effects of OX40 and 4-1BB on Tregs have
been harnessed in protocols aimed at expanding Tregs for therapeutic purposes [19, 31]
Thus, in addition to their known co-stimulatory effects on Teffs [21], OX40 and 4-1BB are
also potent activators of Tregs.

Nagar and colleagues recently reported that stimulation with TNF up-regulated the
transcription and surface expression of OX40 and 4-1BB in human Treg cells [15].
However, they concluded that TNF decreased the suppressive activity of Tregs, based on
their evidence that TNF stimulated the proliferation and cytokine production in co-cultures
of Tregs and Teffs [15]. Rather than decreasing Treg activity, their results can be attributed
to the capacity of TNF to enhance the response of Teffs to TCR stimulation. Indeed, we
have reported that TNF stimulated the activation of Teffs, which acquire the capacity to
proliferate in spite of presence of Tregs in the early stage of co-culturing [3]. Furthermore,
TCR-activated mouse Teffs up-regulated their TNFR2 expression and become relatively
resistant to suppression by Tregs [16]. However, rather than impairing function of Tregs,
TNF actually preferentially activated and expanded Tregs and eventually restored the
suppression of co-cultures of mouse Tregs and Teffs [3]. This viewpoint is favored by their
data showing that the levels of TNF-induced INFγ in their Treg-Teff co-cultures paralleled
the levels in unstimulated co-cultures [15], indicating that the degree of suppression by
Tregs was not diminished by TNF. Nevertheless, we do not exclude the possibility that
differences in species, experimental methods and time frame of observation may also
contribute to the discrepancy between our data ([3] and this study) and Nagar et al's data
[15] regarding the impact of TNF on the inhibition of proliferation in co-cultures.

The evidence that inflammatory responses can actually drive the proliferative expansion as
well as enhancing the suppressive activity of Tregs is compelling, and is compatible with
our conclusion that the interaction of TNF and TNFR2 promote both proliferation and
suppressive activities of Tregs [32]. Although counterintuitive and contradictory to most
previous reports, our finding that TNF has the capacity to activate and expand Tregs has
been supported by more recent studies. For example, TNF-TNFR2 interaction has been
shown to be crucial for the generation and function of human CD4+ as well as CD8+ Tregs
[8–9], as well as to promote survival of human Tregs in an inflammatory environment by
inducing anti-oxidative thioredoxin-1 [11]. Interestingly, pathogenic Teff cell-derived TNF
had the capacity to boost Treg activity in vivo and consequently suppressed autoimmunity in
a mouse model [12].

Overall, our data indicate that, in concert with a common gamma chain cytokine (IL-2, IL-7
or IL-15), TNF preferentially up-regulates the expression of co-stimulatory members of
TNFRSF such as TNFR2, 4-1BB and OX40 on Tregs, resulting in a positive feedback
amplification of the stimulatory effect of TNF on Tregs. Thus, TNF enhances multiple
TNFRSF pathways by up-regulating a number of receptors that can cooperate to curtail
excessive inflammation and prevent self destructive tissue damage.
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Materials and Method
Mice and reagents

Female wild type (wt) C57BL/6 mice were provided by the Animal Production Area of the
National Cancer Institute (Frederick, MD). NCI-Frederick is accredited by American
Association for the Accreditation of Laboratory Animal Care 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” published by the National Research Council (National Research
Council, National Academy of Sciences. (1996) Guide for Care and Use of Laboratory
Animals. National Academy Press, Washington D.C. FoxP3/gfp KI mice were kindly
provided by Dr. Yasmine Belkaid at Laboratory of Parasitic Diseases, NIAID, NIH, and
maintained in the Animal Production Area of the NCI-Frederick.

Antibodies purchased from BD Pharmingen (San Diego, CA) consisted of PerCP anti-mouse
CD3 (145-2C11), PE and APC and Pacific blue anti-mouse CD4 (RM4–5), FITC anti-
mouse CD44 (IM7), PE anti-mouse CD120b/TNFR2 (TR75–89) and FITC anti-mouse
CD90/FAS (Jo2). FITC and PerCP Cy5.5 anti-mouse CD4 (L3T4), FITC anti-mouse CD69
(H1.2F3), FITC anti-mouse GITR (DTA-1), PE anti-mouse CD134/OX40 (OX-86), PE anti-
mouse CD137/4-1BB (17B5), PE and APC and eFuor 450 anti-mouse/rat FoxP3 staining set
(FJK-16s), and functional grade purified anti-mouse IL-2 (JES6-1A12), CD137 (17B5) and
CD134 (OX-86) were purchased from eBioscience (San Diego, CA). LEAF™ purified anti-
mouse CD252 (OX40 ligand, RM134L) and LEAF™ purified anti-mouse CD137 ligand
(4-1BB ligand, TKS-1) was purchased from Biolegend (San Diego, CA). Alexa 647 anti-
mouse CD120b/TNFR2 (TR75–89) was purchased from Serotec (Raleigh, NC). Murine
IL-2, IL-7 and TNF were purchased from PeproTech (Rocky Hill, NJ). A neutralizing anti-
mouse TNF Ab (5E5) and murine IgG1 were generously provided by Drs. Teresa Born and
John E. Sims (Amgen Inc., Seattle, WA).

Cell purification
Mouse lymphocytes were harvested from mouse spleens, axillary lymph nodes, inguinal
lymph nodes and mesenteric lymph nodes. CD4+ cells were purified from lymphocytes with
mouse CD4 (L3T4) MicroBeads and LS column (Miltenyi Biotec, Auburn, CA). CD4
subsets were purified using Cytomation MoFlo cytometer (Fort Collins, CO), yielding a
purity of ~98% for each subsets. T-depleted spleen cells were used as APCs and were
prepared by depletion of CD90+ cells with anti-mouse CD90 MicroBeads and LD column
(Miltenyi Biotec). APCs were irradiated with 3,000 R.

In vitro cell culture and Treg function assay
In order to examine surface expression of TNFRSFs, CD4+ cells were cultured at 105 cells/
well in a 96-well plate with medium [3] alone or IL-2 or IL-7 with or without TNF, or with
neutralizing anti-IL-2 Ab, for desired time. Unless otherwise specified, the concentration of
cytokines used in vitro cultures was 10 ng/ml, and the concentration of antibodies was 10
μg/ml. The surface expression of TNFRSFs and other markers on Tregs or Teffs was
analyzed with FACS, by gating on FoxP3+ or FoxP3− cells. In some experiments, flow-
sorted CD4+FoxP3/gfp+TNFR2− cells or CD4+FoxP3/gfp−TNFR2− cells from FoxP3/gfp
KI mouse spleen and LNs were treated with IL-2 or IL-2 plus TNF. After 72-hr incubation,
surface expression of TNFR2 was determined with FACS.

In some experiments, Flow-sorted CD4+FoxP3/gfp+ Tregs (2~5×104 cells/well) were
cultured in a U-bottom 96-well plate with IL-7 or with IL-2, with or without TNF, or with
agonistic Abs for OX40 or 4-1BB, or with antagonistic Abs for OX40 L or 4-1BB L. The
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cells were stimulated with 2×105 APCs/well plus 0.5 μg/ml of soluble anti-CD3 Ab. Cells
were pulsed with 1 μCi [3H]thymidine (Perkin Elmer Life Sciences, Boston, MA) per well
for the last 6 hr of the culture period.

In order to determine Treg function, CFSE-labelled responder Teffs (5×104 cells/well) were
seeded in a U-bottom 96-well plate together with 2×105 cells/well of APCs and 0.5 μg/ml of
anti-CD3 antibody. Flow-purified CD4+CD25+ cells were added to the wells at the desired
ratio. After 48 hours, CFSE dilution was determined with FACS. In some experiments,
flow-sorted Tregs were treated with TNF/IL-2, with or without agonistic anti-4-1BB Ab or
agonist anti-OX40 Ab, for 72 hours. After thoroughly washing, pretreated Tregs were co-
cultured with freshly isolated Teffs at the desired ratio to observe their suppressive potential.

In vivo administration of LPS and anti-mouse TNF Ab
Normal C57BL/6 mice were injected intraperitoneally with 200 μg of LPS (Sigma-Aldrich,
St. Louis, MO, Cat#: L9764) in PBS. In some experiments, mice were injected (i.p.) with
200 μg of a neutralizing anti-mouse TNF Ab (5E5) or Mu IgG1 24 hours and 1 hour before
injection of LPS. Mouse spleens and mesenteric LNs were harvested at 0, 6, 24, 48 and 72
hours after injection for the FACS analysis of phenotype.

Quantitative real time RT-PCR assay analysis of Tnfrsf genes
RNA samples were extracted from flow-sorted CD4+FoxP3/gfp+ or CD4+FoxP3/gfp− cells
as described and reverse transcribed. Quantitative real time PCR was performed to
determine relative mRNA expression using primers specific to Tnfrsf genes (SABiosciences
RT2 qPCR Primer Assays). Ct values from each gene in each sample were normalized using
the 2−ΔΔCt calculation method with Gapdh gene as housekeeping gene by following
SABiosciences' instruction.

Flow Cytometry
After blocking FcR, cells were incubated with appropriately diluted antibodies. Acquisition
was performed using a FACSort or a SLRII (BD Biosciences, Mountain View, CA) and data
analysis was conducted using FlowJo software (Tree Star Inc., Ashland, OR).

Statistical analysis
Comparisons of two groups of data were analyzed by two-tailed Student's t test using
GraphPad Prism 4.0. (GraphPad, San Diego, CA)
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Figure 1.
Up-regulation of genes and surface expression of co-stimulatory TNFRSF members on
Tregs by TNF. (A) Flow-sorted CD4+FoxP3/gfp+ Tregs and CD4+FoxP3/gfp− Teffs were
cultured with TNF and IL-2 for 12 hours. RNA from freshly purified cells and TNF/IL-2-
treated cells was isolated and gene expression of TNFRSF members was analyzed by real
time PCR. Fold changes in gene expression between two indicated groups are shown. The
data (means ± SEM, n=4) are summarized from four separate experiments with similar
results. (B–D) CD4 cells were incubated with IL-2 or TNF/TNF for 3 days. The surface
markers were analyzed with FACS by gating on FoxP3+ Tregs or FoxP3− Teffs. (B) Typical
results of FACS analysis. Grey: TNF/IL-2; solid line: IL-2; dashed line: isotype control. (C)
Summary of the percentage of TNFR2+, OX40+, and 4-1BB+ cells in Tregs. (D) In the
presence of consistent concentration of IL-2, TNF up-regulated TNFR2 expression on
FoxP3+ Tregs in a dose-dependent manner. Data shown are fold change in percentage of
TNFR2+ Tregs over that of freshly isolated Tregs. Comparison of two indicated groups:
*p<0.05, ** p<0.01, *** p<0.001. Data shown in C–D (means ± SEM, n=3) are
representative of at least three separate experiments with similar results.
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Figure 2.
Induction of the expression of TNFR2 by IL-2 and TNF/IL-2 on FoxP3+TNFR2− Tregs.
CD4+FoxP3/gfp+TNFR2− cells and CD4+FoxP3/gfp−TNFR2− cells were flow-sorted. The
cells were cultured with IL-2 or TNF/IL-2 for 3 days. The surface expression of TNFR2 was
determined with FACS. Data (means ± SEM, n=3) in the left panel show the MFI of TNFR2
expression, and in the middle panel show the percentage of TNFR2+ cells. The comparison
of IL-2 and TNF/IL-2: *** p<0.001. Data in the right panel show results of a representative
FACS analysis. Grey: TNF/IL-2; solid line: IL-2 alone; dashed line: isotype control. Data
shown are representative of three separate experiments with similar results.
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Figure 3.
Stimulation of Tregs in the presence of IL-7 by TNF. (A–B) CD4 cells were labeled with
CFSE and cultured with IL-7, in the absence or presence of TNF. After 3 days, the cell
replication, as shown by dilution of CFSE, on Tregs and Teffs was analyzed with FACS, by
gating on FoxP3+ or FoxP3− cells respectively. Representative data from at least three
separate experiments with similar results are shown in (A). The summary of replication of
Tregs is shown in (B). (C) Flow-sorted CD4+FoxP3/gfp+ T cells were stimulated with APCs
and anti-CD3, in the presence of medium, or IL-7, or TNF, or TNF/IL-7. After 72-hour
incubation, cell proliferation was determined by [3]H thymidine incorporation assay. (D–E)
CD4 cells were cultured with increasing concentrations of IL-7 alone or with consistent
concentration of TNF (D), or cultured with consistent concentration of IL-7 and increasing
concentrations of TNF (E), for 3 days. The proportion of FoxP3+ cells was analyzed by
FACS. Open bar: IL-7 alone; black bar: TNF/IL-7 (D). (B–E): ** p<0.01, *** p<0.0001, as
compared with indicated group. (F) CD4 cells were cultured same as (D). The proportion of
TNFR2+ cells was analyzed with FACS by gating on FoxP3+ cells or FoxP3− cells. Black
bar: FoxP3− cells; open bar: FoxP3+ cells. *p<0.05; ** p<0.01, as compared with lowest
dose of TNF (0.1 ng/ml) (G–H) CD4 cells were cultured with IL-7 plus 0.1 ng/ml of TNF as
control or 10 ng/ml of TNF, with Rat IgG (open bar) or neutralizing anti-IL-2 Ab (black
bar). The proportion of TNFR2 (G) or FoxP3 (H) expression on Tregs was analyzed with
FACS by gating on FoxP3+ cells. Data shown are percentage of control (%). Comparison
with respective control, * p<0.05. (I–J) CD4 cells were cultured with TNF alone, with or
without neutralizing anti-IL-2 Ab, for 24 hours. The expression of TNFR2 was analyzed
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with FACS, by gating on FoxP3+ cells or FoxP3− cells. A representative FACS analysis was
shown in (I). Solid line: TNFR2; dashed line: isotype. Number in the histogram indicates
percentage of TNFR2+ cells (%). MFI of TNFR2 expression on FoxP3+ cells was shown in
(J). Comparison of indicated two groups, *** p<0.001. NS: no statistical significance. Data
in (B–H, J) are means ± SEM (N=3). Data shown are representatives of at least three
separate experiments with similar results.
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Figure 4.
Activation of 4-1BB and OX40 expands potent suppressive Tregs. (A–B) Flow-sorted
CD4+FoxP3/gfp+ Tregs were stimulated with APCs and anti-CD3, with or without TNF, or
with agonistic anti-OX40 Ab, A) or with agonistic anti-4-1BB Ab (B). After 72-hr
incubation, proliferation was determined by [3]H thymidine incorporation assay. (C)
CD4+FoxP3/gfp+ Tregs were stimulated with APCs and anti-CD3, with medium, or with
TNF, or TNF plus blocking anti-OX40 L Ab or anti-4-1BB L Ab. After 72-hr incubation,
proliferation was determined by [3]H thymidine incorporation assay. (C) Flow-sorted
CD4+FoxP3/gfp+ Tregs were cultured with IL-2 with or without TNF, or TNF plus agonistic
anti-OX40 Ab, or anti-4-1BB Ab. After 3 days, MFI of FoxP3 expression was analyzed with
FACS. Data (means ± SEM, n=3) shown in (A~D) are representative of three experiments
with similar results. The comparison of two indicated groups, * p<0.05; *** p<0.001. (E)
Flow-sorted CD4+CD25+ Tregs were treated with medium which contained TNF/IL-2 for 3
days. After washing, pre-treated Tregs or freshly FACS-purified CD4+CD25+ Tregs were
added into the freshly flow-sorted, CFSE-labeled CD4+CD25− T cells at 10:5 ration
(Teff:Treg). (F) Flow-sorted CD4+CD25+ Tregs were treated with medium which contained
TNF/IL-2, with or without agonistic anti-4-1BB Ab or anti-OX40 Ab for 3 days. After
washing, pre-treated Tregs were added into the freshly flow-sorted, CFSE-labeled
CD4+CD25− Teffs at 10:1 and 10:5 ration (Teff:Treg). The cells were stimulated with APCs
and anti-CD3 Ab. After 48-hr incubation, the proliferation was measured by CFSE dilution
on Teffs with FACS. Dashed histogram: CFSE expression profile of Teffs alone; grey
histogram: CFSE expression profile of Teffs co-cultured with Tregs. The number in the
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histogram stands for the proportion of CFSE-diluted cells in the presence of Tregs (%). Data
shown are representatives of three separate experiments with similar results. (G) The
summary of percent inhibition exerted by Tregs pretreated with medium alone (with TNF/
IL-2) or with medium plus agonistic anti-OX40 Ab or anti-4-1BB Ab. Data shown (means ±
SEM, n=6) were summarized from two separate experiments with similar results.
Comparison with indicated two groups: *p<0.05. N.S., no statistical significance.
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Figure 5.
Neutralizing anti-TNF Ab blocked LPS-induced the expansion of Tregs and up-regulation of
TNFRSFs on Tregs. Normal B6 mice were injected with 200 μg of LPS (i.p.) or PBS.
Mouse spleens and mesenteric LNs were harvested at indicated time after injection. The
proportion of FoxP3+ cells present in the spleen (A) or mesenteric LNs (B) was analyzed
with FACS, by gating on CD4+ T cells. (C) Expression of TNFR2, OX40 and 4-1BB on
Tregs or Teffs present in the spleen was analyzed with FACS, by gating on CD4+FoxP3+

cells or CD4+FoxP3− cells. (D~F) Mice were i.p. injected with 200 μg of neutralizing anti-
mouse TNF Ab (5E5) or control mouse IgG1 24 hrs and 1 hr before challenge of 200 μg of
LPS or PBS (i.p.). On day 5 after LPS injection, the proportion of FoxP3+ cells was
analyzed with FACS, by gating on CD4+ T cells. (D) Typical dot plot of FACS analysis. (E)
The summary of percentage of FoxP3+ cells in splenic CD4 subset (means ± SEM, n=5).
Comparison of indicated two groups, *** p<0.001. (F) Expression of TNFR2, OX40 (24 hrs
after LPS injection) and 4-1BB (6 hrs after LPS injection) was analyzed with FACS, by
gating on FoxP3+ and FoxP3− CD4 cells. Grey: LPS treatment; solid line: LPS and anti-
TNF Ab treatment; dashed line, PBS control; dotted line: isotype control. The number in the
dot plot indicates the percentage of cells in the respective quadrants (%). The number in the
histogram indicates the percentage of positive cells (%). Data shown are representative of
three separate experiments with similar results.
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