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Abstract

TNF-a (TNF) is a pleiotropic cytokine which can have proinflammatory or immunosuppressive
effects, depending on the context, duration of exposure and disease state. The basis for the
opposing actions of TNF remains elusive. The growing appreciation of CD4+FoxP3+ regulatory T
cells (Tregs), which comprise ~10% of peripheral CD4 cells, as pivotal regulators of immune
responses has provided a new framework to define the cellular and molecular basis underlying the
contrasting action of TNF. TNF by itself can overcome the profound anergic state of T cell
receptor-stimulated Tregs. Furthermore, in concert with IL-2, TNF selectively activates Tregs,
resulting in proliferation, upregulation of FoxP3 expression and increases in their suppressive
activity. Both human and mouse Tregs predominantly express TNFR2, making it possible for TNF
to enhance Treg activity, which helps limit the collateral damage caused by excessive immune
responses and eventually terminates immune response. TNFR2-expressing CD4+FoxP3+ Tregs
comprise ~40% of peripheral Tregs in normal mice and present the maximally suppressive subset
of Tregs. In this review, studies describing the action of TNF on Treg function will be discussed.
The role of Tregs in the autoimmune disorders and cancer as well as the effect of anti-TNF therapy
on Tregs, especially in rheumatoid arthritis, will also be considered.

Introduction

CD4+FoxP3+ Regulatory T Cells Are Pivotal Regulators of Inmune Responses

The evidence that suppressive T cells downregulate antigen-specific response of effector T
cells and maintain immune tolerance was reported as early as 1970s [1]. In the mid-1990s,
Sakaguchi et al. [2] identified CD4 cells which constitutively coexpressed CD25, the IL-2
receptor a-chain, in normal rodents as potent suppressive regulatory T cells (Tregs), and
showed that elimination of this population of cells elicited autoimmune responses.
Subsequent studies extending over more than a decade have provided compelling evidence
that CD4+FoxP3+ Tregs, comprising ~10% of peripheral CD4 cells, play an indispensable
role in maintaining immune homeostasis and in suppressing deleterious excessive immune
responses [3].
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Two major sources of Tregs, namely naturally occurring Tregs (nTregs) and induced Tregs
(iTregs), are engaged in normal tolerogenic surveillance of self-antigens and prevent
potential autoimmune responses. nTregs develop in the thymus and are exported to the
periphery [3], and iTregs are converted from naive CD4 cells by TGF-B in conjunction with
T cell receptor (TCR) stimulation in the periphery [4]. Tregs are preferentially self-reactive
since their TCRs have higher affinity for self-antigens, and are similar to the TCR used by
self-reactive pathogenic effector T cells (Teffs) [5]. Foxp3, a member of the forkhead/
winged-helix family of transcription factors, is a master regulator of Treg development and
function [6], as shown by deficiency of Tregs and lethal autoimmunity caused by the
mutation of FoxP3 in human patients with IPEX (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked) and its murine counterpart scurfy [reviewed in
7]. The characteristic phenotype of Tregs such as high expression of CD25, CTLA-4, GITR
and low expression of CD127 was shown to be regulated by FoxP3 [reviewed in 8].

The activation, proliferation and effector functions of a large spectrum of immunocompetent
cells, such as CD4 cells [9], CD8 cells [10], NK cells [11], NKT cells [12], dendritic cells
[13], macrophages [14] and B cells [15] are susceptible to Treg-mediated suppression. The
induction of Treg-suppressive activity is specific and requires antigenic stimulation through
the TCR; however, the suppression exerted by Tregs is not antigen specific [16]. Therefore, a
wide range of immune responses can be inhibited by Tregs through ‘bystander’ suppression
[17]. In addition to suppressing immune responses to auto-antigens, Tregs also attenuate
host defense responses against pathogens [reviewed in 18] and tumor antigens [reviewed in
19].

The exact mechanism(s) of Treg-mediated suppression remain incompletely understood. The
in vitro suppressive activity of Tregs depends on cell-to-cell contact as over a short distance
[9]. In addition, several molecules, such as IL-10, TGF-, CTLA-4, indoleamine 2,3-
dioxygenase and granzyme/perforin are reported to contribute to the suppressive activity of
Tregs [reviewed in 20]. 1L-35 is reportedly expressed by mouse FoxP3+ Tregs and
contributes to Treg function [21]; however, this immunosuppressive cytokine is not
expressed by human Tregs [22, 23]. Tregs express CD39/ENTPD1 and CD73/ecto-5"-
nucleotidase, ectoenzymes which have the capacity to generate pericellular adenosine from
extracellular nucleotides. The coordinated expression of CD39/CD73 on Tregs and the
adenosine A2A receptor on activated Teffs therefore may generate an immunosuppressive
loop [24]. Although Tregs are likely to use multiple mechanisms to suppress immune
responses, CTLA-4 may have a dominant role. It has been recently shown that CTLA-4 was
critically required for the function of Tregs in vivo by inhibiting activities of antigen-
presenting cells (APCs) [25, 26].

Besides FoxP3+ Tregs, there are other types of Tregs that can be induced from naive CD4
cells in the periphery, such as IL-10- and TGF-B-producing Trl cells and TGF-B-producing
Th3 cells [3]. Thus, various Tregs by using distinct mechanism are likely to operate
collaboratively to regulate the duration and magnitude of an immune response.
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Contrasting Roles of TNF-a in Autoimmune Diseases

TNF-a (TNF) is a pleiotropic cytokine that is a major participant in the initiation and
orchestration of complex events in inflammation and immunity [27]. TNF has well-
documented proinflammatory effects. Nevertheless, increasing evidence reveals that TNF
also has unexpected anti-inflammatory and immunosuppressive effects, especially after
prolonged exposure [reviewed in 28-30]. For example, as expected, several transgenic
mouse strains overproducing TNF consistently develop autoimmune disorders [reviewed in
31]. However, transgenic NOD mice overexpressing TNF in their pancreatic islets failed to
develop autoimmune diabetes [32] and repeated injection of TNF suppressed both type |
diabetes in NOD mice and lupus nephritis in susceptible mouse strains [33, 34].
Furthermore, NZB mice deficient in TNF exhibited acceleration of autoimmunity and lupus
nephritis [35]. C67BL/6.129 mice deficient in TNF developed mild autoimmunity
resembling the initial stages of lupus nephritis [36]. TNF knockout (KO) mice developed
prolonged and exacerbated experimental auto-immune encephalomyelitis (EAE), although
with a delayed onset, after EAE induction [37]. In multiple sclerosis patients, treatment with
anti-TNF agents resulted almost uniformly in immune activation and exacerbation of disease
[36]. Perhaps reflecting the strikingly contrasting activities of TNF, anti-TNF therapy in
rheumatoid arthritis (RA) and inflammatory bowel disease, although impressively beneficial
to the majority of patients, led to the development of lupus and neuroinflammatory diseases
in some patients [36].

Regulatory T Cell Levels Are Increased at Autoimmune Inflamed Sites

It has been established for more than a decade that the breakdown of immune tolerance
maintained by Tregs can cause organ-specific autoimmune responses in animal models [2].
The essential role of intact FoxP3 for Treg function in prevention of autoimmune responses
has been convincingly confirmed by the development of autoimmunity in human patients
with IPEX and in the homologous scurfy mouse [7]. It has therefore been proposed that the
abnormality autoimmune patients generally have in common is either low Treg numbers
with normal function or normal Treg numbers with compromised suppressive function [38].
However, the clinical and laboratory data lend very little support to this simplified notion
and, instead, provide a much more complicated and often counterintuitive scenario. For
example, the frequency and function of Tregs in the peripheral blood (PB) of RA patients is
still controversial [reviewed in 38, 39]. The mounting evidence clearly indicates that the
frequency of Tregs in RA patients with an activated phenotype and enhanced suppressive
potential in the synovial fluid of inflamed joints was increased, as compared with those in
the periphery [40-43]. Similarly, activated Tregs also accumulated in the inflamed joint of
other arthropathies such as juvenile idiopathic arthritis and spondyloarthropathies [44-46].
Markedly elevated levels of Tregs were found in the synovial fluid in K/BxN mouse model
of spontaneous inflammatory arthritis [47]. By crossing them with FoxP39 mice, the
population of Tregs, which could be unequivocally identified by GFP expression, was also
increased during development of arthritis in K/BXN mice, especially at sites of inflammation
[48]. Consequently, functional Tregs are often increased at the site of autoimmune
inflammation, presumably resulting from active recruitment and in situ proliferative
expansion.
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Elucidation of the effect of TNF on Treg activity is critically important in an era where the
use of biological agents to block TNF in the autoimmune patients is becoming a routine
therapy. This review focuses on the new developments that provide some insight into how
TNF stimulates Treg activity and how this may explain the puzzling immunosuppressive
property of TNF in chronic inflammation.

Inflammation in General Activates Regulatory T Cells

Inflammation is the hallmark of a wide variety of diseases, in addition to autoimmunity,
including infection and cancer. Studies of both human patients and animal models show that
the frequency and suppressive function of Tregs were increased in sepsis, which contributes
to the postseptic immunosuppressive phase and its fatal consequence [reviewed in 49], in a
TNFR2-dependent manner [50]. In chronic infections, Tregs are activated and accumulate at
the site of infection, which limits the magnitude of effector responses to control infection,
but also reduces collateral tissue damage caused by excessively vigorous antimicrobial
immune responses [reviewed in 18]. Inflammation in the tumor microenvironment promotes
tumor progression [reviewed in 51]. Tregs accumulate in the tumor microenvironment,
which can dampen natural or induced immune responses against tumor antigens and is
predictive of a poor prognosis [reviewed in 19]. Thus, activation of Tregs has been reported
in various types of inflammatory responses, which may represent a negative feedback
mechanism to curtail excessive inflammation and prevent self-tissue destruction.

TNF Activates Mouse Tregs

Administration of TNF Expands Tregs in Young Adult Autoimmune-Prone Mice

A study examining the effect of intraperitoneal administration of TNF on the number of
Tregs in NOD mice shed some light on the in vivo effect of TNF on Treg activity. Injection
of TNF into newborn NOD mice led to an accelerated development of diabetes, while TNF
treatment of adult NOD mice inhibited the development of diabetes [34]. Wu et al. [52]
found that administration of TNF into neonatal NOD as well as neonatal B6.NOD mice
resulted in a reduction of CD4+CD25+ cells in the spleen. In contrast, administration of
TNF into young adult NOD mice increased the number of splenic CD4+CD25+ cells. It is
now known that self-reactive T cells are exported from the thymus prior to Tregs, and
neonatal mice are virtually deficient in Treg in the periphery [3]. Thus, it is likely that the
stimulatory action of TNF may preferentially activate Teffs in neonatal NOD mice. In adult
NOD mice, when the peripheral Treg pool has reached its full size, TNF action is likely to
expand Tregs and tip the immune balance maintained by Tregs and Teffs toward an immune-
tolerant direction.

TNF Mediated the Capacity of Pertussis Toxin to Activate Tregs

Our studies showed that pertussis toxin in the immunizing cocktail to induce EAE was
solely responsible for the resulting reduction in Treg activity [53, 54]. Furthermore, pertussis
toxin inhibited TGF-B-induced FoxP3 expression by wild-type (WT) naive CD4 cells
cocultured with WT bone marrow-derived dendritic cells. However, although pertussis toxin
markedly reduced Tregs number in WT mice, administration of pertussis toxin paradoxically
expanded Tregs in IL-6 KO mice. Pertussis toxin also promoted FoxP3 induction when
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marrow-derived dendritic cells were from I1L-6 KO mice [55]. Therefore, this led us to
hypothesize that mediator(s) induced by pertussis toxin in the absence of IL-6 should be able
to stimulate Tregs. We confirmed previous reports [56, 57] that proinflammatory cytokines
(IL-1pB, IL-6, TNF) and Th1 cytokine (IFN-y) were produced by pertussis toxin-treated
splenocytes. This led us to identify TNF as the sole mediator with the capacity to expand
Tregs in this study [58].

TNF Stimulates Proliferative Responses of Both Regulatory T Cells and Effector T Cells

Our subsequent studies revealed that TNF actually stimulated proliferation of both CD25-as
well as CD25+ subsets of mouse CD4 cells, and therefore enhanced proliferation of
cocultures containing Tregs and Teffs. Thus, we showed for the first time that TNF had the
ability to overcome the profound anergy of Tregs to TCR stimulation in vitro. TNF has the
capacity to directly stimulate purified CD4 Treg cells free of APCs. Incubation of cocultures
containing Tregs and Teffs over a shorter time of 48 h with TNF (0.5-10 ng/ml) partially
reversed Treg-suppressive activity. However, after a more prolonged incubation of 72 h with
TNF, Treg suppression prevailed and the degree of inhibition in co-cultures was restored to a
normal level [50]. These data suggest that over the short-term, TNF, as seen in the early
phases of inflammatory response, may enable Teffs to proliferate despite the presence of
Tregs, whereas more prolonged exposure to TNF favors the expansion and activation of
functional Tregs.

In Concert with Interleukin-2, TNF Selectively Activates Mouse Regulatory T Cells

TNF by itself was not sufficient to support the survival of Tregs in vitro [50]. To maintain
the in vitro survival of Tregs, Treg cultures were supplemented with IL-2. In the presence of
IL-2, TNF markedly increased level of the FoxP3 expression (MFI) by Tregs in a dose-
dependent (0.1~10 ng/ml) and time-dependent (24~72 h) manner. IL-1p and IL-6 lacked this
activity. Unlike TGF-B, TNF did not induce FoxP3 expression by anti-CD3-stimulated naive
CD4+CD25-T cells. In conjunction with IL-2, TNF was able to selectively expand the
subset of CD4+FoxP3+ T cells and selectively increased the phosphorylation of Stat5 in
Tregs. Importantly, Tregs pretreated with TNF and IL-2 were markedly more suppressive
than Tregs pretreated with IL-2 alone [50]. Thus, activation of Tregs by TNF has
proliferative and functional consequences.

IL-2 has been appreciated for its nonredundant role in maintaining Treg survival and
function [reviewed in 59]. Our study showed that TNF selectively upregulated CD25
expression on Tregs [50], while IL-2 preferentially upregulated TNFR2 expression on Tregs
(our unpubl. data). This suggests that TNF and IL-2 form a reciprocating receptor
amplification circuit and synergistically upregulate Treg suppressive activity. Collectively,
our data clearly demonstrate that TNF, in conjunction with IL-2, has the capacity to
selectively activate Tregs, resulting in proliferation and upregulation of FoxP3 expression
and Stat5 phosphorylation, and consequently to enhance the suppressive potential of Tregs.
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TNFR2 Is Predominantly Expressed on Human and Mouse Regulatory T

Cells

TNF mediates its biological functions through two structurally distinct receptors: TNFR1
(p55) and TNFR2 (p75); the latter is largely confined to cells of the immune system [60].
Unlike TNFR1, which contains a death domain in its cytoplasmic tail, the primary function
of TNFR2 is to promote lymphocyte proliferation and survival [27]. Agonist antibodies
against p75, like TNF, have the capacity to enhance T cell proliferative response, whereas
the specific activation of p55 had no such effect [61]. Kim et al. [62—-64] have convincingly
demonstrated that TNFR2 has important costimulatory function and markedly enhanced the
responses of lymphocyte to TCR-mediated signaling.

nTregs develop in the thymus as a distinct lineage of functionally mature suppressor T cell
subset [3]. All human thymic CD4+CD25+ Tregs constitutively express TNFR2, while
thymic CD4+CD25—cells do not express this receptor [65]. Interestingly,
immunosuppressive human thymic CD4-CD8+CD25+ T cells also express TNFR2 mRNA
and protein [66]. We found that the majority (~80%) of mouse thymic Tregs (CD8-
CD4+CD25+) are also TNFR2-expressing cells [67]. The normal thymus is the only organ
that constitutively expresses TNF [68]. Thus, TNF may regulate Treg development and
differentiation in the thymus.

In human PB, all CD4+CD25M T cells express the highest level of TNFR2, while 20~30%
of CD4+CD25-T cells express a low level of this receptor [69 and our unpubl. data]. We
confirmed that TNFR2 expression was highest on, but not exclusively confined to, human
peripheral CD4+FoxP3+ T cells [69]. We demonstrated that 30-40% of CD4+CD25+ cells
which comprised >90% FoxP3+ cells in peripheral lymphoid tissues of normal Balb/c mice
and C57BL/6 (B6) mice expressed TNFR2, while only 8% of CD4+CD25—cells (which
contain 25-40% of FoxP3+ cells) were TNFR2+cells. After TCR stimulation, surface
expression of TNFR2 on both CD4+CD25+ and CD4+CD25-T cells was upregulated.
However, the activated CD4+CD25+ T cells still expressed considerably higher levels of
TNFR2 on 47% of cells as compared with 32% of activated CD4+CD25-T cells. TNFR1
was not detectable by FACS on either CD4+CD25+ or CD4+CD25-T cells [50, 67]. In
contrast to human circulating CD4+CD25" cells, virtually all of which express high levels
of TNFR2 [69], less than 10% of mouse PB CD4+CD25+ cells are TNFR2+ cells [67],
presumably because the laboratory mice live in a pathogen-free environment.

TNFR2-Expressing Mouse Tregs Are Maximally Suppressive Cells

The diverse biological activities of TNF may be caused as a distinct signaling consequence
of a particular receptor [37, 70]. Several lines of evidence suggest that immunosuppressive
action of TNF is mediated by TNFR2 [37, 71, 72]. For example, in the EAE mouse model,
TNFR1-deficient mice were completely resistant to induction of disease, while TNFR2-
deficient mice exhibited more severe EAE [37, 71]. The transmembrane form of TNF
preferentially activates TNFR2 [73], and thus its role in selective stimulation of Tregs
warrants future research. Although activation of Tregs can be a result of antigen-specific
responses, proinflammatory cytokines such as TNF are also likely to enhance the activation
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of Tregs. Thus, TNFR2 is likely to costimulate Tregs in conjunction with TCR signaling and
yields more activated functional Tregs.

To test this hypothesis, we have compared the phenotype and suppressive function of
TNFR2+ Tregs with TNFR2-Tregs from normal C57BL/6 mice. The expression of TNFR2
actually defined a subset of activated/effector Tregs which were CD45RB!°CD62L!°CD44hi,
Although TNFR2+ and TNFR2-Tregs expressed comparable levels of FoxP3 (91.0 and
92.8%, respectively), TNFR2+ Tregs expressed a much higher level of CTLA4 (83.6%,
MFI: 101.1) than TNFR2-Tregs (41.0%, MFI: 50.9). More importantly, TNFR2+ Tregs
were highly suppressive in vitro. In sharp contrast, CD4+CD25+TNFR2-T cells exhibited a
naive phenotype and only have minimal suppressive activity. CD103-expressing Tregs are
generally known to be the most suppressive subset of mouse Tregs [74]. The suppressive
activity of TNFR2+ Tregs was even superior to that of CD103-expressing Tregs. Further, the
number of TNFR2+ Tregs was 5-7 times greater than that of CD103+ Tregs. Although not
identified as Tregs previously, even CD4+CD25-TNFR2+ T cells had moderate suppressive
activity [67], which correlated with expression of FoxP3 (our unpubl. data). Thus, TNFR2
expression identified maximally suppressive FoxP3+ Tregs.

Our studies showed that tumor-associated Tregs were characterized by highly suppressive
activity and by high level of TNFR2 expression which may increase their capacity to
respond to the elevated TNF production by tumors [67]. We characterized Tregs in several
mouse tumor models. In both 4T1 breast tumor in Balb/c mice and Lewis lung carcinoma
tumors in C57BL/6 mice, the majority of tumor-infiltrating Tregs were TNFR2+ Tregs with
highly suppressive activity [67]. It has been reported that TGF-B, a cytokine crucial for de
novo generation of Tregs [4], was also able to induce TNFR2 expression on CD4 cells [75].
Therefore, tumor-derived TGF-p may contribute to the increase in TNFR2+ Tregs in the
tumor. Our study suggests that TNFR2+ Tregs may play a crucial role in immune evasion of
the tumor by potently dampening host immune responses to tumor antigens. Thus, TNFR2+
Tregs may provide a therapeutic target. In support of this hypothesis, a recent study
proposed that cyclophosphamide eradicated tumor by selectively eliminating TNFR2+ Tregs
[76].

van Mierlo et al. [69] reported that both human and mouse Tregs not only strongly expressed
TNFR2, but they also shed large amounts of soluble TNFR2 upon stimulation with anti-
CD3/CD28 in conjunction with IL-2. This was paralleled by their ability to inhibit the action
of TNF. In vivo, Tregs suppressed IL-6 production in response to LPS injection in mice. In
contrast, Treg cells from TNFR2 KO mice were unable to do so despite their unhampered
capacity to suppress T cell proliferation in a conventional in vitro suppression assay. This
study suggests that shed TNFR2 represents a novel mechanism by which Tregs can inhibit
the inflammatory action of TNF [69].

Taken together, TNFR2 expression on Tregs has either phenotypic or functional
implications. Although we favor the idea the high expression of CTLA-4 account for the
potent suppressive activity of TNFR2-expressing Tregs [67], other mechanism such as
shedding TNFR2 molecules [69] may also contribute.
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Effects of TNF on Human Treg Activity

Our understanding of the action of TNF on human Treg activity has been gained mainly
from studies examining the effect of anti-TNF therapy in autoimmune patients. Due to the
limitation in the study of human Tregs in inflammatory conditions, in vitro experiments have
been used to clarify the direct action of TNF on human Treg activity. Using conventional in
vitro Treg function assays, Ehrenstein et al. [77] first examined the effect of exogenous TNF
(0.1-5 ng/ml) on cocultures containing CD4+CD25M cells and CD4+CD25—cells from
normal human healthy donors or from RA patients responsive to anti-TNF therapy. Their
results showed that exogenous TNF neither increased nor decreased Treg activity, as
evidenced by no alteration of percentage inhibition of proliferation in the cocultures. This
was confirmed by another study [44]. Valencia et al. [78] examined the effect of higher
concentrations of TNF (50 ng/ml) on in vitro normal human Treg activity. They reported that
exogenous TNF downregulated FoxP3 expression and blocked Treg suppressive activity by
signaling through TNFR2 and that an agonist monoclonal antibody to TNFR2 also reversed
the suppressive activity of healthy donor PB CD4+CD25M cells. In contrast, our own
preliminary data suggest that TNF at the same concentration ranges has stimulatory activity
on normal human Tregs. Thus, the current data regarding direct action of TNF on human
Tregs is divergent, which is partially due to the lack of uniform criteria for the identification
and isolation of functional human Tregs.

Anti-TNF Therapy Promotes Trl and Th3 Cells

TNF is a major inflammatory cytokine contributing to the pathogenesis of RA, which
provides rationale for the development of anti-TNF biological agents in the treatment of RA
[79]. The impressive clinical benefit of anti-TNF therapy in the majority of patients
prompted investigators to examine the effect of anti-TNF treatment on the number and
function of Tregs. Our findings that TNF promotes the proliferation and function of Tregs
would predict that anti-TNF therapy should decrease the Treg levels in treated patients.

It was reported that 83.2% of PB CD4+CD25M T cells from healthy donors expressed FoxP3
and exhibited suppressive activity, while only 37.1% of CD4+CD25M T cells isolated from
active RA patients were FoxP3+ and failed to exhibit suppressive function [78]. In contrast
to the prediction, anti-TNF therapy reportedly increased FoxP3 expression as well as the
suppressive activity of RA CD4+CD25M cells [78]. Apparently, CD4+CD25M population in
active RA patients consist of a mixture of Tregs and activated effector cells. Anti-TNF
therapy can attenuate inflammatory response and consequently reduce the number of
‘contaminating” effector cells in CD4+CD25" population, resulting in a relative increase in
Treg activity. However, identification of Tregs in inflammatory states based only on CD25
may lead to incorrect enumeration and consequently inappropriate evaluation of Treg
activity, simply because activated CD4 effector cells can also express high levels of CD25.

It was also reported that Tregs in RA patients exhibited a tendency to undergo apoptosis,
which could be reversed by anti-TNF therapy [80]. However, as convincingly demonstrated
in a study using the K/BxN-FoxPgs, mouse model of spontaneous arthritis, which is
characterized by elevated level of TNF [79], Tregs exhibited both increased replication and
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more apoptosis, thereby maintaining equilibrium with Teff cells [48]. Thus, anti-TNF
treatment may reduce Treg replication as well as Treg apoptosis.

Ehrenstein et al. [77] reported that PB CD4+CD25+ T cells of active RA patients were fully
competent in inhibiting the proliferation of responder CD4+CD25-T cells, but they were
unable to suppress the production of proinflammatory cytokines by activated T cells and
monocytes. This failure of Tregs to inhibit cytokine production was reportedly restored by
anti-TNF therapy. Furthermore, the number of ‘CD4+CD25" Tregs’ was increased after
anti-TNF therapy in responding patients. A subsequent study from the same group
concluded that anti-TNF therapy did not expand or restore the function of preexisting nTregs
in RA patients, but instead, resulted in the generation of a distinct population of suppressor
cells lacking CD62L expression derived from naive CD4 cells isolated from RA patients, but
not from healthy donors. These induced suppressor cells are presumably Trl and/or Th3
cells since their suppressive activity was IL-10 and TGF-p dependent [81]. Similarly, Deepe
and Gibbons [82] reported that neutralization of TNF gave rise to a population of antigen-
specific CD4+CD25+ suppressor cells that inhibit protective immunity in murine
histoplasmosis. These induced CD4+CD25+ suppressor cells did not express FoxP3, and
their suppressive activity was IL-10 dependent. Thus, they were likely to be Tr1 cells rather
than naturally occurring FoxP3+ Tregs. These studies clearly show that in RA patients anti-
TNF therapy induces Tr1 and/or Th3 suppressor cells, but does not promote activity of
nTregs which exert their suppressive function in a direct cell-to-cell contact manner. Taken
together, current published evidence does not lend support to the notion that anti-TNF
therapy can simply restore or promote Treg activity in RA patients.

Directly contradictory to its well-known anti-inflammatory action, anti-TNF therapy also
has at times been shown to promote inflammation. A recent study showed that anti-TNF
therapy in collagen-induced arthritis model expanded pathogenic Thl and Th17 T cells in
the LNs, mediated by the upregulation of IL-12/IL-23 p40 expression. However, anti-TNF
therapy blocked the accumulation of Th1/Th17 cells in the synovium, providing an
explanation for the paradox that anti-TNF therapy ameliorates experimental arthritis despite
increasing numbers of pathogenic T cells in LNs [83]. This observation is consistent with
previous studies showing that TNF selectively inhibits p40 expression in human and mouse
myeloid cells [84, 85]. Furthermore, another study demonstrated that neutralization of TNF
in the heart of healthy baboon resulted in myocarditis [86], which was hypothetically caused
by eliminating Treg activity [87]. Together with studies showing that neutralization of TNF
could reverse the attenuated TCR signaling resulting from chronic TNF exposure [reviewed
in 29], these recent publications provide mechanistic insight into the puzzling autoimmune
disorders caused by anti-TNF therapy in human patients, including induction of anti-dsDNA
production and lupus, as well as neuroinflammatory diseases [reviewed in 30]. The basis for
the proinflammatory effect of anti-TNF remains to be more precisely determined.

Nevertheless, anti-TNF therapy ameliorates clinical symptoms and laboratory parameters of
inflammation in the majority of RA patients [79], which is probably achieved mainly by
eliminating the TNF-TNFR costimulation pathway on activated pathogenic Teffs because
they most likely expressed elevated level of TNFR2. In addition, immune complexes formed
by cytokine and the antibody against it can markedly enhance the biological activity of the

Curr Dir Autoimmun. Author manuscript; available in PMC 2019 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen and Oppenheim

Page 10

respective cytokine [recently reviewed in 88]. One such example is that IL-2:anti-IL2 Ab
complexes expand Tregs more efficiently and consequently inhibit allergic inflammatory
responses [89]. Whether complexes of endogenous TNF and therapeutic biological
antagonists of TNF are able to stimulate Tregs through TNFR2 in autoimmune patients
needs to be further investigated.

Conclusions

In normal Balb/c or C57BL/6 mice, TNFR2 is constitutively expressed by ~40% of Tregs,
but TNFR2 is expressed by less than 10% of resting CD4 Teffs, suggesting that TNF may
participate in the maintenance of Treg activity and immune homeostasis. Expression of
TNFR2 by Teffs is also upregulated upon TCR stimulation [50], which may allow the TNF
signal mediated by TNFR2 to effectively stimulate Teffs and render Teffs more resistant to
Treg-mediated inhibition. The report showing that TNF downregulated Treg activity [38] is
likely to reflect the stimulating effect of TNF on Teffs. Thus, liberating Teffs from Treg-
mediated inhibition may account for proinflammatory effects of TNF. However, prolonged
exposure to TNF favors the activation of Tregs [50]. Furthermore, in concert with IL-2 and
perhaps with other common y-chain cytokines, TNF selectively activates Tregs. Higher
levels of TNFR2 expression by Tregs mediated by chronic inflammatory responses may
enable them to outcompete Teffs for TNF. TNF-TNFR2-costimulated activation of Tregs
may therefore account for the accumulation of activated Tregs found in inflammatory
responses such as autoimmunity, sepsis, infection and tumors, and may also account for
immunosuppression seen in the chronic exposure to TNF [28, 90]. The stimulatory effect of
TNF on Tregs thus represents an important negative feedback mechanism that results in the
attenuation and termination of prolonged or excessive immune responses, which otherwise
may cause severe collateral damage (fig. 1). The polarizing action of TNF on Tregs and
Teffs may be determined by timing, location, cytokine milieu, receptor usage, form (free vs.
membrane bound) and cellular source of TNF. Further clarification of the pathways or
cofactor(s) which polarize the stimulating activity of TNF will not only improve our
understanding of cellular and molecular basis underlying the contrasting action of TNF, but
may also allow us to identify better means of manipulating this powerful cytokine to the
benefit of our patients.
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Tregs outcompeting Teff for INF —__  TNF-TNFR2 costimulation-activated Tregs
inhibit activation of APC and Teffs

Fig. 1.
Tregs predominately express TNFR2 and outcompete Teffs for TNF. TNFR2 is

predominately expressed by both human and mouse Tregs. In the inflammatory responses,
pathogenic Teffs and APCs are able to produce TNF. The chronic TNF exposure may favor
the activation of Tregs by TNFR2 costimulation pathways. Accumulation of activated Tregs
at the inflammatory site suppresses the activation of both innate immune cells as well as
adaptive immune cells, and therefore may present an important negative feedback
mechanism to limit the magnitude of the immune responses and avoid collateral damage.

Curr Dir Autoimmun. Author manuscript; available in PMC 2019 January 02.



	Abstract
	Introduction
	CD4+FoxP3+ Regulatory T Cells Are Pivotal Regulators of Immune Responses
	Contrasting Roles of TNF-α in Autoimmune Diseases
	Regulatory T Cell Levels Are Increased at Autoimmune Inflamed Sites
	Inflammation in General Activates Regulatory T Cells

	TNF Activates Mouse Tregs
	Administration of TNF Expands Tregs in Young Adult Autoimmune-Prone Mice
	TNF Mediated the Capacity of Pertussis Toxin to Activate Tregs
	TNF Stimulates Proliferative Responses of Both Regulatory T Cells and Effector T Cells
	In Concert with Interleukin-2, TNF Selectively Activates Mouse Regulatory T Cells

	TNFR2 Is Predominantly Expressed on Human and Mouse Regulatory T Cells
	TNFR2-Expressing Mouse Tregs Are Maximally Suppressive Cells
	Effects of TNF on Human Treg Activity
	Anti-TNF Therapy Promotes Tr1 and Th3 Cells
	Conclusions
	References
	Fig. 1.

