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Abstract
The TNFR family members OX40 (CD134) and 4-1BB (CD137) have been found to play major roles
as costimulatory receptors for both CD4 and CD8 T cells. In particular, in many situations, they can
control proliferation, survival, and cytokine production, and hence are thought to dictate
accumulation of protective T cells during anti-viral and anti-tumor responses and pathogenic T cells
during autoimmune reactions. As opposed to simply controlling the activity of naïve, effector, and
memory T cells, recent data have suggested that both molecules are also instrumental in controlling
the generation and activity of so-called regulatory or suppressor T cells (Treg), perhaps in both
positive and negative manners. Part of the action on Treg might function to further promote protective
or pathogenic T cells, but alternate activities of OX40 and 4-1BB on Treg are also being described
that suggest there might be control by these molecules at multiple levels that will alter the biological
outcome when these receptors are ligated. This review specifically focuses on recent studies of
regulatory T cells, and regulatory or suppressive activity, that are modulated by OX40 or 4-1BB.
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1. Introduction
OX40 (CD134) and 4-1BB (CD137) are typical members of the TNFR superfamily whose
genes are clustered on human chromosome 1 together with those encoding GITR, CD30,
HVEM, TNFRII, and DR3. Strong published data, as well as still emerging evidence, shows
that all of these molecules have some similarities in regulating T cell biology and playing
important roles in immune disease that are controlled by T cells. The regulation of T cells and
immunity by OX40 and 4-1BB have been reviewed extensively elsewhere [1-7], with much
of the early focus on these molecules concentrating around the idea that they primarily regulate
effector-like CD4 or CD8 T cells that could be protective or pathogenic depending on the
situation in which they arise. Both OX40 and 4-1BB signal through TRAF adaptor molecules
that are shared as well as distinct, and inflammatory cascades can be triggered through these
receptors such as activating PI-3-kinase and Akt/PKB, and triggering both canonical and non-
canonical NF-κB pathways. Similarly, certain common target genes and functional activities
have been described for both molecules, including upregulating anti-apoptotic members of the
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Bcl-2 family, promoting CD4 and CD8 T cell proliferation and survival, and enhancing
cytokine secretion and CTL differentiation. However, recent data has suggested that at least
functionally there may be a significant divergence in activities, which might be explained either
by alternate expression on cell types other than T cells, and the subject of this review which is
the notion that OX40 and 4-1BB are also strong controllers of immuno-suppressive or immuno-
modulatory cells that can include a number of recognized regulatory T cell subsets (Treg).

Whereas the overall biology of OX40 still appears to be fairly straightforward, that of 4-1BB
is apparently more complicated. Studies of OX40, with knockout animals, blocking reagents
that suppress OX40 binding to its one known ligand, OX40L, or with agonist reagents that
stimulate the OX40 receptor, all support the idea that OX40 controls the development of
effector and memory T cells that in the setting of cancer or infectious disease are protective,
and in the setting of autoimmunity or allergy are pathogenic. As described below, these actions
most likely manifest as two interrelated activities in both allowing effector T cells to develop
and concomitantly preventing the generation and/or activity of Treg whose primary function
is arguably to suppress the effector T cells. In contrast, blocking the ligand for 4-1BB (4-1BBL),
or studies of 4-1BBL knockout animals, has not revealed extensive phenotypes in models of
autoimmunity, which contrasts strongly with suppressed autoimmunity in the absence of OX40
or OX40L. Furthermore, although initial and continuing reports show that stimulatory
antibodies to 4-1BB can enhance CTL generation and promote anti-tumor as well as anti-viral
immunity, it has now been found in most of the recognized mouse models of autoimmunity
that an agonist antibody to 4-1BB can result in suppressed disease symptoms, a finding opposite
to what would have been predicted several years ago. Although an understanding of the latter
is not complete, and alternate modes of activity might manifest in different disease situations,
many of the results from stimulating 4-1BB are potentially due to promoting as opposed to
suppressing Treg development and/or activity. This review will specifically focus on recent
studies of both OX40 and 4-1BB that relate directly or indirectly to control of Treg and
suppressive mechanisms.

2. The Biology of Treg cells
Recent advances in identification and classification of regulatory T cells highlight their crucial
function in immunity and the importance of the balance between effector/memory T cells and
Treg. There are many types of Treg that have been described (Fig. 1), such as natural CD4
+CD25+Foxp3+ Treg (nTreg), adaptive/inducible CD4+Foxp3+ Treg (iTreg) or CD4+Foxp3-
IL-10-secreting Treg (Tr1) that both derive in the periphery from a naïve T cell, as well as CD8
+ regulatory cells that can be Foxp3+ or Foxp3- [8,9].

CD4 T cell subsets expressing CD25 and Foxp3 (forkhead box P3) have been characterized
extensively because of the demonstration of their definitive roles in immune homeostasis.
Foxp3 is a master regulator of Treg lineage commitment and gain of suppressive function.
CD25+Foxp3+ Treg develop either in the thymus or in the periphery. The former are referred
to as natural Treg (nTreg) and the latter adaptive or inducible Treg (iTreg). Critical signals for
induction and/or maintenance of Foxp3 in developing T cells have been shown to be antigen,
IL-2, TGF-β, and retinoic acid. Disruption of LAT-PLC-γ1 interaction by introducing a single
amino acid mutation caused the disappearance of Foxp3+ Treg in both the thymus and
peripheral organs [10], suggesting that TCR engagement is primarily important for the
development of Foxp3+ Treg. For induction of iTreg from naïve CD4 T cells extrathymically,
a requirement for stimulation by limiting amounts of antigen and costimulation have been
demonstrated [11,12]. Costimulatory signals mediated by CD28 engagement of CD80 or CD86
are important in shaping the repertoire and size of the Treg cell compartment both in the thymus
and peripheral lymphoid organs [13,14]. However, the primary requirement for CD28 may
reflect its strong activity in promoting IL-2. STAT5 activation through IL-2Rβ/γ (CD122/
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CD132) was found to be critical for Foxp3 induction and the viability of CD25+Foxp3+ nTreg
both in the thymus and in the periphery. IL-2- or CD25 (IL-2Rα)-deficient mice had markedly
reduced numbers of nTreg [15], and a severe defect in Foxp3 expression was observed in
thymocytes or peripheral T cells in IL-2-/- × IL-15-/-, IL-2Rβ-/-, IL-2Rγ-/-, and Stat5-/-mice
[16]. Furthermore, Stat5 activation in IL-2Rβ-/- mice could restore Foxp3+ Treg development,
and Stat5 was found to bind to the promoter of the Foxp3 gene [16].

TGF-βR signals are also required for the maintenance of Foxp3+ nTreg in the periphery and
perhaps as importantly for the induction of Foxp3+ iTreg differentiated by antigen from naïve
CD4 T cells in the secondary lymphoid organs [12,17-19]. Retinoic acid made by gut-
associated dendritic cells can further enhance the TGF-β-dependent conversion of naïve CD4
T cells into Foxp3+ iTreg [20,21]. Additional iTreg subsets include those that make IL-10,
inducible by exposure to several factors including IL-10 itself [22] and Vitamin D3 and
Dexamethasone [23]. So-called Tr1 cells make IL-10 but do not express Foxp3, whereas other
Foxp3-expressing CD4 T cells can be generated, particularly in the gut environment, that also
make IL-10 [24]. Furthermore, CD8 T cells differentiated from naïve cells can also display
suppressive function and in turn these may be Foxp3+ or Foxp3-, with Foxp3 induction also
driven by TGF-β [25,26].

Of significance to the current discussion, it is now recognized that as well as being expressed
on activated and responding effector T cells, many TNFR family members, including OX40
and 4-1BB, are expressed on CD4+CD25+Foxp3+ nTreg, as well as being constitutive or
inducible on adaptive CD4 and CD8 T cells that turn into iTreg or display regulatory activity
(Fig. 1). It was reported that reduced numbers of CD4+CD25+ T cells (nTreg) are present in
OX40-/- mice both in the thymus and in the spleen early in life. However, by 12-13 weeks of
age Treg numbers in OX40-/- mice reverted to normal [27]. Also, no defects in peripheral
Foxp3+ Treg cells were found in Foxp3-GFP knock-in mice on the OX40-/- background
[28], indicating that OX40 has no major role in homeostasis of nTreg in vivo. Similarly,
numbers of nTreg are unaltered in 4-1BB-/- mice [29,30](S.W.L, unpublished), also suggesting
that this molecule does not control their homeostasis. However, studies described below
suggest that ligating both OX40 and 4-1BB on Treg can strongly influence their responsiveness
to self or non-self antigen, both in positive and negative manners.

3. OX40 Antagonizes Induction of Foxp3 in Naïve CD4 T cells
CD25-Foxp3- naïve CD4 T cells can acquire Foxp3 driven by TGF-βR and IL-2R signals
leading to differentiation into an iTreg. Two studies recently found that costimulatory signals
from OX40 are antagonistic for Foxp3 induction in antigen-responding naïve CD4 T cells and
suppress the development of high numbers of CD25+Foxp3+ iTreg [28,31]. Lower doses of
antigen favored induction of Foxp3 in naïve CD4 T cells in a TGF-β-dependent manner and
an anti-OX40 agonist antibody and OX40 interaction with its natural ligand, OX40L, strongly
suppressed this antigen- and TGF-β-driven Foxp3 expression [31]. As described above, CD28
has been found to play a role in the generation of nTreg, and correspondingly, naïve CD4 T
cells deficient in CD28 were impaired in upregulating Foxp3 in response to antigen and TGF-
β, contrasting with enhanced induction of Foxp3 in OX40-deficient CD4 cells [31]. The
requirement for CD28 to promote Foxp3 in peripheral naïve CD4 cells also largely reflects
poor production of IL-2 and feedback through IL-2R [31] rather than a specific role for CD28
signaling that would have implied OX40 and CD28 engage fundamentally different signaling
intermediates to explain divergent roles on Foxp3. Data with agonistic anti-CD28, or with
CD80 and CD86, have shown that ligation of CD28 can also suppress Foxp3 in CD4 T cells
if IL-2 is added exogenously [32,33]. It is therefore likely that OX40 and CD28 share a common
signaling pathway that can lead to inhibition of Foxp3 expression, but CD28 plays an alternate
enhancing rather than suppressing role as its critical activity in promoting IL-2 overshadows
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any other activity. OX40 can promote IL-2, but arguably is not a primary regulator of IL-2,
and hence suppression of Foxp3 predominates.

It is presently unknown how OX40 (or CD28) signals might interfere with the induction of
Foxp3 in antigen-responding naïve T cells, but the same signals that promote effector/memory
formation might concomitantly lead to suppression of Foxp3. OX40 signaling activates
multiple signaling pathways, such as those involving PI3K/Akt, AP-1, and NF-κB, which it
shares in common with CD28, which promote cell division, survival, and cytokine production
[2,34]. OX40 might act at several levels and negatively regulate induction and/or stability of
Foxp3 that is induced by TGF-β. Foxp3 mRNA was initially promoted by TGF-β even when
OX40 was engaged, but sustained and maximal levels of Foxp3 mRNA were affected [31]. It
also should be noted that OX40 can downregulate Foxp3 in cells recently differentiated to
become Foxp3+ (T.S. unpublished data, and [28]), further supporting the idea that signals that
sustain Foxp3 expression are primary targets for inhibition by OX40. Several groups have
found that persistent or periodic TGF-βR signaling is necessary to maintain intracellular Foxp3
[17,35], likely due to the requirement for DNA methylation and epigenetic modification,
suggesting that upstream or downstream signals from the TGF-βR might be the primary targets
of suppression by OX40. What these could be is not clear, but phosphorylation of Smad
proteins, such as Smad3, that control many TGF-β-mediated events, is an obvious target.
Studies in non-lymphoid cells have found that Akt might directly bind Smad3 and antagonize
phosphorylation induced by TGF-β [36], leading to the notion that OX40-activated Akt could
be a primary suppressive signal. Recently, TGF-βR signaling was found to promote
demethylation of the Foxp3 gene locus, which enhances Foxp3 expression, through an
unknown mechanism potentially involving suppression of a DNA methyltransferase [37]. This
also suggests another alternate target for OX40 antagonism of Foxp3.

Results showing OX40 can concomitantly promote effector T cell generation while
antagonizing the differentiation of iTregs [2,31,38] additionally indicate that cytokines
produced from OX40-triggered T cells may be important for suppressing Foxp3, essentially
providing an indirect route for antagonizing Treg generation. Th1, Th2, Th17, and iTreg
populations are all derived from naïve CD4 T cells and promoted in a cytokine-dependent
manner through specific lineage-specific transcription factors, T-bet, GATA-3, RORγt, and
Foxp3, respectively. Interestingly, recent data found that lineage specific cytokines (IFN-γ and
IL-12 for Th1; IL-4 for Th2) and more specifically the transcription factors they elicit (T-bet
for Th1; GATA-3 for Th2), strongly inhibited differentiation into Foxp3+ iTreg [39]. Thus, it
is possible that OX40 antagonizes continued transcription of Foxp3 in response to TGF-β
through directly targeting T-bet or GATA-3, or indirectly promoting IFN-γ or IL-4 that
feedback in an autocrine fashion to promote these transcription factors. This type of action
could still involve signaling pathways such as through Akt or NF-κB, but without the need to
directly suppress signals delivered through the TGF-βR.

Further studies will be required to understand how the Foxp3 gene is regulated, and then how
costimulatory signals from molecules such as OX40 might antagonize its expression. No
reports as yet have shown that 4-1BB signals can suppress the induction of Foxp3 in naïve
CD4 T cells. However, given some overlap in signaling characteristics between OX40 and
4-1BB, as well as other members of the TNFR family such as GITR, it is likely that if these
molecules are expressed and ligated before or shortly after TGF-βR initiates Foxp3
transcription, they will display the same antagonistic ability as OX40 and ultimately skew the
response towards an effector CD4 T cell and away from a CD4+ iTreg. Whether the same type
of regulation by OX40 (or 4-1BB) might apply to a naïve CD8 T cell that is exposed to TGF-
β and can differentiate into a Foxp3+ CD8 Treg has not been investigated, but again this likely
would depend on the timing of when OX40 or 4-1BB were expressed and ligated and when
TGF-βR signaling might be initiated.
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4. OX40 and 4-1BB Support Division and Survival of CD25+Foxp3+ CD4 T
cells

It has been well characterized for OX40, and slightly less so for 4-1BB, that signals from these
molecules can promote proliferation and survival of effector CD4 and CD8 T cells through
enhancing expression or activity of molecules such as survivin that regulate cell cycle
progression, and anti-apoptotic molecules such as Bcl-xL and Bfl-1 that regulate survival,
while also perhaps suppressing expression of pro-apoptotic molecules such as Bad and Bim
[3,6,7]. Interestingly, several reports have now found that OX40 and 4-1BB signals can also
promote proliferation and/or survival of CD4+CD25+(Foxp3+) nTreg in vitro, especially in
the presence of IL-2 [27,40,41]. This suggests that an already existing CD25+Foxp3+ Treg
subset might utilize these receptor/ligand systems as a means to survive and persist as a
population, an action somewhat at odds with the idea that OX40 (and perhaps 4-1BB) can
prevent the development of similar iTreg in the periphery. However, as described below, it is
not clear whether this type of apparent activity in reversing the anergic state of Treg (i.e.
promoting their proliferation) correlates with loss or retention of their suppressive activity.
Also it has not been well characterized whether OX40 or 4-1BB signaling to a Treg that already
expresses intracellular Foxp3 will affect expression of Foxp3. One report claimed that OX40
ligation on a Foxp3+ nTreg did induce a reduction in Foxp3 mRNA [28], whereas other data
has not shown any difference in Foxp3 expression in nTreg or highly differentiated iTreg when
OX40 is triggered and cell division is enhanced (T.S, unpublished). It is therefore possible that
these discrepancies relate to the differentiation state of Foxp3+ Treg. In recently differentiated
Foxp3+ cells where extensive epigenetic modifications have not yet occurred and Foxp3 is
unstable, OX40 and 4-1BB might concomitantly promote proliferation and also downregulate
Foxp3 or at least suppress further or continued Foxp3 transcription. The result here would again
be to tip the balance in favor of effector activity (protective or pathogenic) and away from
immunoregulation. In contrast, in highly differentiated nTreg or iTreg, where Foxp3 is now
stable due to chromatin changes, OX40 and 4-1BB may not alter Foxp3 expression and the
result would be outgrowth or enhanced survival of these cells. How this would affect the overall
immune response in vivo is not clear. As both molecules could equally promote outgrowth or
survival of effector T cells as well as stable Foxp3+ Treg, the effector/Treg balance would
likely not change. However, as described below, another factor that potentially could affect
the overall nature of the immune response, is whether an OX40- or 4-1BB-triggered Foxp3+
Treg that does not downregulate Foxp3 will still retain short or long-term suppressive function.

5. OX40 and 4-1BB Antagonize the Suppressive Function of CD4+Foxp3+
Treg

Several studies have in part addressed how engagement of OX40 and 4-1BB on CD25+Foxp3
+ Treg can influence suppressor/regulatory activity in typical in vitro assays for Treg where
proliferation or IL-2 production by a naïve/effector CD4+CD25- responder T cell is measured
[27,28,30,42]. These studies have shown that ligation of either OX40 or 4-1BB can reduce
suppressor activity. In vivo experiments in a mouse model of inflammatory bowel disease
[27], and in models of rejection of allogenic bone marrow [42] and skin transplants [28] and
GVHD [30] support these conclusions. Two types of mechanism for resistance against Treg-
mediated suppression have been demonstrated. One is by direct engagement of receptors on
the Treg, which inhibits suppressive function. Another is by triggering signals on the naïve/
effector/memory responder T cell population, which renders the responder cells resistant to
Treg suppression. It has been concluded that both OX40 and 4-1BB use the former mechanism
to reverse suppression and can directly act on Treg to inhibit their activity [27,28,30], although
more studies are needed on both molecules before definitive conclusions can be drawn.
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It is therefore possible that OX40 and 4-1BB may induce unique negative signals into nTreg,
or stably differentiated iTreg, that counteract suppressive mechanisms. However, in all cases
examined to date, the suppressive mechanism was not delineated and hence the target(s) of
action of OX40 or 4-1BB are not yet known. Furthermore, it is unclear what types of
intracellular signals might be responsible for attenuation of suppressive function in Treg.
Interestingly, a defect in activation of the Akt pathway has been suggested to be necessary for
suppressive function, and transduction of an active form of Akt into nTreg was recently shown
to render them less suppressive [43]. As data have shown that both OX40 and 4-1BB are capable
of activating the PI-3-kinase/Akt pathway [34,44], this axis may play a critical role for
attenuating suppressive function. As discussed above, one target could be Foxp3 itself, and
downregulation of Foxp3 most likely would alter regulatory activity as Foxp3 transcribes many
key genes that organize suppressive function and determine the identity as suppressor cells
[45,46]. However, it is unlikely that this is the primary target of action of OX40 or 4-1BB in
a mature nTreg or iTreg and expression or production of suppressive cytokines or membrane
molecules are more likely targets. The complication is that many Treg-related suppressive
molecules have been proposed in the literature, such as CTLA4, membrane TGF-β, IL-10,
IL-35, adenosine, CD73, granzyme B, and several galectins, and a single mechanism of
suppression and hence target of OX40 or 4-1BB might not exist.

6. OX40 Blocks the Generation of IL-10-producing CD4+ Tr1 cells
In addition to the reported activity of OX40 on Foxp3+ CD4 Treg, OX40 also has been found
to suppress the generation of CD4 cells producing IL-10 that do not express Foxp3 (Tr1-like).
Stimulation of naïve and memory human CD4 T cells via OX40L interacting with OX40, under
conditions that favor IL-10-producing cells (dexamethasone/vitamin D3, ICOS signaling),
suppressed the development of this population of regulatory cells [47]. This implies that OX40
might antagonize the differentiation of several Treg subsets from naïve CD4 (or memory CD4)
T cells in response to a variety of immunomodulatory stimuli, again reinforcing the concept
that OX40-OX40L interactions strongly favor the development of protective or pathogenic
effector T cells, minimizing potential limits on effector T cell reactivity by Treg. In further
support of this, OX40 engagement was also found to decrease IL-10 production from already
differentiated Tr1-like cells [47], implying that if IL-10 secretion is part of a suppressive
mechanism, OX40 could prevent regulatory activity by targeting production or release of the
active cytokine. In these studies, antagonism for Tr1 cell generation was specific for OX40 in
that neither signals from 4-1BB nor GITR suppressed development of IL-10-producing cells
from naïve CD4 T cells. This might suggest a unique function of OX40 in inhibiting the
generation of IL-10-producing CD4 regulatory T cells, although further studies will be needed
to confirm such a novel role. How OX40 might control IL-10 is not yet known.

7. CD8+ Treg and Novel Immune Regulation from 4-1BB
Although, as described above, 4-1BB signals might promote the proliferation or survival of
Foxp3+ Treg as well as potentially inhibiting regulatory activity of these cells, other data have
implied that 4-1BB might have additional and opposing activities. Targeting 4-1BB with
agonist antibodies has enhanced the generation of antigen-specific effector T cells that can
mediate anti-viral and anti-tumor immunity [2,3], in line with a possible concomitant action
in preventing the induction of Foxp3+ Treg or their regulatory activity. In contrast, the same
agonistic 4-1BB antibody has been found to ameliorate many autoimmune and inflammatory
diseases. Anti-4-1BB was shown to enhance the number of CD4+CD25+Foxp3+ Treg in NOD
mice [48] and in mice undergoing colitis [49], both situations in which the antibody suppressed
these diseases, correlating with a potential proliferation/survival activity on nTreg discussed
before. However, it is likely that regulatory activity brought about by stimulating 4-1BB might
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not always be controlled by these mechanisms, and in some cases it has been suggested to be
due to the development of novel regulatory CD8+ T cell populations that do not express Foxp3.

Anti-4-1BB was first shown to ameliorate both the incidence and severity of experimental
autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis (MS) [50], and to
inhibit the relapse that occurs in EAE that is characteristic of the human disease. It was
suggested that the antibody treatment inhibited antigen (MOG peptide) specific CD4 T cell
responses by increasing activation-induced cell death (AICD). A similar action of anti-4-1BB
was reported in mouse models of graft-versus-host disease (GVHD) in which treatment resulted
in death of donor CD4 T cells [51,52]. Whether any of these activities were due to a direct
effect of signaling to the CD4 T cells is not known. Suppression of CD4 T cell reactivity by
anti-4-1BB was also shown in mouse models of allergic asthma [53,54] accompanied by
prevention of the development of disease as well as reversal of established disease. The
protective function in this case was associated with a marked reduction of Th2 cytokines but
augmented IFN-γ. In one study, CD4 T cells from anti-4-1BB-treated mice did not proliferate
to antigen in vitro unless IL-2 was provided, leading to the suggestion that targeting 4-1BB
induced an anergic state in CD4 T cells [53].

It is possible however that all of these results are explained by a single common mechanism
involving expansion of CD8 cells. In several cases, anti-4-1BB treatment has been found to
specifically induce regulatory cells in the CD8 lineage. In one study, CD8 T cells generated
by priming with antigen, anti-4-1BB, and TLR ligands were found to possess a type of Treg
suppressive activity against other T cells in vitro [55,56], a function dependent on IFN-γ
priming and mediated through TGF-β. Agonistic anti-4-1BB also inhibited the development
of collagen-induced arthritis (CIA) in mice, a model reminiscent of human rheumatoid arthritis
[57]. Here, anti-4-1BB again suppressed antigen-specific CD4 T cell responses as well as the
production of antibody to collagen, and data again supported a role for IFN-γ in this regulation,
as well as indoleamine-2,3-dioxygenase (IDO), an enzyme that regulates tryptophan
metabolism and suppresses T cell proliferation. In this case, it was noted that anti-4-1BB
expanded a novel population of cells T cells expressing CD8 and CD11c and these cells were
proposed to directly or indirectly mediate the suppression. Through secretion of IFN-γ this
regulatory population was proposed to induce IDO production from monocytes and DC,
ultimately leading to suppression of CD4 T cell proliferation. Interestingly, this anti-4-1BB-
induced CD8+CD11c+ population was also found to arise in situations where anti-4-1BB
proved efficacious in enhancing anti-tumor [58] and anti-viral [59] activity. This obviously
raises the question of whether the CD8 T cells elicited by targeting 4-1BB in each individual
situation were really different, or whether they were functionally identical CD8 populations
that can be both regulatory or protective depending on diverse patho-physiological situations.
The CD8 populations that were characterized to be regulatory/suppressive might have
represented alternate subsets of cells, since one population expressed CD11c and did not
produce TGF-β [57], whereas another did not express CD11c but did produce TGF-β [56].
Despite these apparent differences, both populations exerted suppressive activity that was
dependent on IFN-γ, a feature that was shared with CD8 T cells elicited by anti-4-1BB that
protected against tumor growth and viral replication.

A common trait in studies targeting 4-1BB with agonist antibody is the down-regulation of
immunoglobulin responses and/or depletion of B cells. Anti-4-1BB ameliorated acute and
established lupus-like symptoms in MRL/lpr [60] and NZB × NZW F1 [61] mice that
spontaneously develop a disease resembling human systemic lupus erythematosus (SLE). In
MRL/lpr mice, anti-4-1BB treatment resulted in a loss of auto- reactive B cells in the periphery
that was dependent on IFN-γ. B cell loss was not seen in the NZB × NZW F1 strain, but,
germinal center (GC) formation, which is central to the development of functional class-
switched B cells, was abolished. In accordance with the latter, a recent report also showed that
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anti-4-1BB inhibited GC formation apparently by diminishing follicular dendritic cell (FDC)
networks in B cell follicles [62]. Whether this activity was direct or indirect via another cell
type is not clear, but it is possible that again suppression of B cell immunity was accompanied
by enhanced CD8 responses. One possible mechanism for negative regulation of B cells is
through down-regulation of CD4 responses that help B cell responses, however, it is more
likely that a positive effect on augmenting a T cell population could explain most suppressive
activities. Anti-4-1BB dramatically reduces the number of B cells in the spleen and bone
marrow of lethally irradiated mice reconstituted with bone marrow, through a T cell and IFN-
γ-dependent mechanism (S-W.L. unpublished). In line with the studies suggesting a regulatory
role for 4-1BB-activated CD8 T cells, one can argue that 4-1BB signaling elicits strong T cell
activation, particular in CD8 cells, leading to secretion of unusually high amounts of IFN-γ
that block the development of B cells in the bone marrow, ultimately reducing the output of
immature B cells into the periphery.

Further studies will be required to understand whether 4-1BB signaling can differentially
induce alternate subsets of T cells, and if so what will dictate whether they become regulatory
or non-regulatory, and in particular whether 4-1BB preferentially elicits CD8+ Treg. At
present, no studies have described that OX40 might be able to promote or modulate CD8+
Treg.

8. Conclusions and Future Directions
Emerging evidence now suggests that costimulatory signals from multiple cell surface
receptors will modulate the development and activity of regulatory T cells. OX40 and 4-1BB
are two such molecules that have already been shown to have the potential to control Treg as
well as control pathogenic or protective effector T cells (Fig. 2). How much of any immune
response is ultimately dictated by a direct action on Treg as opposed to a direct action on
developing effector T cells is not clear, but an argument can be made that all are linked with
the final balance of activities being dictated by positive or negative signals that are delivered
to both of these divergent T cell subsets. At present, OX40 and 4-1BB have several potential
activities in controlling Treg that might or might not be common to both receptors, and include
(i) suppressing the induction and/or maintenance of Foxp3 and IL-10 in CD4 T cells; (ii)
promoting the proliferation and/or survival of CD4+Foxp3+ Treg subsets as well as CD8
+Foxp3- Treg; and (iii) antagonizing the suppressive function of CD4+Foxp3+ Treg. How
many of these activities are directly shared between OX40 and 4-1BB is not clear. Although
both molecules are potentially similar in their signaling capabilities, and common activities
and signaling cascades have been described between them, it is clear from in vivo experiments
that their overall role in some immune responses is not the same. Ultimately, this might be
dictated by their expression characteristics, when and for how long they are expressed, and on
which cell types, and furthermore the availability of their ligands. In particular, dramatic
suppressive activities have been shown with administration of agonist anti-4-1BB in vivo,
which appear in part to be explained by enhancing the development or outgrowth of CD8+
Treg or some other regulatory mechanism that does not involve a particular Treg subset.
Parallel activities have not been seen with agonist anti-OX40, although in reality many of the
same studies have not been carried out targeting both molecules. However, this divergent
suppressive mechanism may simply be explained by enhanced or more persistent expression
of 4-1BB on CD8 T cells compared to OX40, or alternatively an unknown signaling capacity
not shared between the two molecules.

What is important in terms of Treg biology is how signals from costimulatory molecules control
Foxp3 expression, and then proliferation, survival, and regulatory function of these Foxp3+
Treg as well as other subsets of Treg, and what are the nature of those signals. Once the latter
are known, this might explain overlapping or divergent activity of a number of receptors. Of
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critical importance is also how Treg suppression is mediated and then what are the signals that
control this activity. Both OX40 and 4-1BB appear to share the ability to downregulate
suppression mediated by CD4+Foxp3+ Treg but it is not clear at what level this may operate.
Several potential mechanisms for neutralizing regulatory T cell activity might be suggested
based on the literature, such as decreasing the production of suppressive cytokines, inhibiting
cell-to-cell contact events that could engage co-inhibitory receptors, preventing IDO and
cAMP production, and antagonizing the ability to make or release target cell killing enzymes,
and so on. Without first understanding how various subsets of Treg suppress, it will not be
possible to fully understand how OX40 or 4-1BB engagement controls such differentiated
Treg. Further issues that need to be resolved include whether there are fundamental differences
between Foxp3+ nTreg and iTreg, including questions regarding the stability of Foxp3, the
regulatory elements for each cell, and also whether the latter are absolutely linked to Foxp3
expression. The majority of data to date have been directed to nTreg, but emerging evidence
suggests that regulation of the induction of Foxp3 and generation and activity of inducible
antigen-reactive iTreg might represent an area for crucial control of many inflammatory
diseases by molecules such as OX40 and 4-1BB. As more studies are carried out on these latter
cells, and further evidence is provided regarding the importance of the Treg to effector T cell
balance in disease situations, it will be increasingly important to understand the Treg
phenotypes, the receptors that are constitutive or inducible on their surface, and how ligation
of these receptors alters Treg persistence and function. OX40 and 4-1BB are likely to be central
to some of these issues, although their integration and co-operation or antagonism with other
membrane receptors is likely to be just as crucial to overall Treg activity.
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Treg  

regulatory T cells

TRAF  
TNFR associated factor

PKB  
protein kinase B

Foxp3  
forkhead box P3

TGF  
transforming growth factor

IDO  
indoleamine-2,3-dioxygenase
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Figure 1.
Subsets of Treg Control Effector CD4 and CD8 cells. Regulatory T cells can exist as either
natural Treg (nTreg) that derive in the thymus and express CD4 and Foxp3, or as inducible or
adaptive Treg (iTreg) that derive in the periphery from naïve CD4+ or CD8+ T cells in response
to factors such as TGF-β or IL-10. The latter can be Foxp3+ or Foxp3- and may make
suppressive cytokines such as TGF-β or IL-10. Emerging evidence suggests that either nTreg
or iTreg limit inflammation and autoimmunity by directly or indirectly suppressing the activity
of effector CD4 or CD8 T cells (Th1/Th2/Th17/CTL). Both effector T cells and Treg express
surface receptors, either constitutively or inducibly, that can modulate their activity, such as
CD28 and CD25, and TNFR superfamily molecules such as OX40, 4-1BB, and GITR.
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Figure 2.
OX40 and 4-1BB May Exert Multiple Activities in Controlling Treg Generation or Function.
OX40 and 4-1BB potentially can modulate Treg activity at several stages. OX40 inhibits
development of Foxp3+ iTreg and Foxp3- IL-10-producing Tr1 Treg that are generated from
naïve CD4 T cells. Whether 4-1BB possesses this activity is not known. Both OX40 and 4-1BB
can promote proliferation and/or survival of already existing Foxp3+ iTreg and nTreg, and also
can inhibit the regulatory/suppressive activity of these cells. Whether promotion of
proliferation/survival are directly linked to loss of suppressive capacity is not known. OX40
can also downregulate IL-10 secretion, likely linked to loss of suppressive activity by Tr1 Treg.
4-1BB on the other hand can promote the development or expansion of CD8+ Treg that are
Foxp3- and may in some cases express CD11c. It is not known if OX40 has the latter capacity.

So et al. Page 16

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


