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Abstract

The extent of T cell activation, proliferation, and survival that follows T cell receptor ligation is
controlled by several factors including the strength of TCR stimulation, the availability of pro-
survival cytokines, and the presence or absence of co-stimulatory signals. In addition to
engagement of the CD28 co-stimulatory receptor by its natural ligands, B7.1 (CD80) and B7.2
(CD86), recent work has begun to elucidate the mechanisms by which signaling through the OX40
(CD134) co-stimulatory receptor, a member of the TNFR super-family, affects T cell responses.
Importantly, OX40 ligation has been shown to augment CD4 and CD8 T cell clonal expansion,
effector differentiation, survival, and in some cases, abrogate the suppressive activity of regulatory
FoxP3*CD25*CD4" T cells. In this review, we will focus on the mechanisms regulating OX40
expression on activated T cells as well as the role of OX40-mediated co-stimulation in boosting T
cell clonal expansion, effector differentiation, and survival.
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[. Introduction

The initial proliferative response of naive T cells is driven by T cell receptor (TCR)-
mediated recognition of cognate peptide-MHC complexes on antigen presenting cells
(APCs). In the absence of co-stimulatory signals, TCR stimulation promotes an abortive
proliferative response in which the T cells fail to differentiate and instead, undergo
tolerance. The induction of both central (thymic) and peripheral tolerance is essential for
removing potentially self-reactive cells from the T cell repertoire and occurs through a
variety of mechanisms including anergy, immuno-suppression, and deletion through
apoptosis.12 In contrast, a productive T cell response requires TCR stimulation in the
presence of co-stimulation, which promotes T cell clonal expansion, effector differentiation,
and survival. Perhaps the best-characterized T cell co-stimulatory molecule is CD28, a
member of the immunoglobulin (1g) super-family that is constitutively expressed on the
surface of naive T cells and certain subsets of memory T cells. CD28 signaling via its
ligands B7.1 (CD80) and B7.2 (CD86) serves to lower the threshold for TCR activation and
drives T cell expansion, IL-2 production, differentiation, and the increased expression of
anti-apoptotic molecules, such as Bcl-x; .34 Importantly, the presence or absence of CD28-
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B7 co-stimulation is an essential checkpoint that helps to ensure that only activated APCs
are able to prime naive T cells.

Although B7-CD28-specific signaling is a critical component of T cell priming, signaling
through CD28 alone is not sufficient to sustain an optimal T cell response. Rather, co-
stimulation through various members of the tumor necrosis factor receptor (TNFR) super-
family, including OX40 (CD134), 4-1BB (CD137), or GITR is often required to further
augment CD4 and CD8 T cell priming and enhance the generation of memory cells.>8 Our
laboratory and others have focused on the mechanisms by which OX40-mediated co-
stimulation augments CD4 and CD8 T cell responses. Importantly, OX40 ligation with
agonist OX40-specific reagents has been shown to enhance T cell-mediated anti-tumor
immunity greatly and to modulate the generation of effector and memory T cells.”® In
addition to its expression on recently activated CD4 and CD8 T cells, OX40 is also
constitutively expressed on the majority of FoxP3*CD257CD4* regulatory T cells (Treg) and
recer;t ﬂ/ork suggests that OX40-specific signaling can abrogate the suppressive activity of
Treg-”

Based upon the ability of OX40 ligation to augment effector CD4 and CD8 T cell responses
as well as Treg, OX40 could represent an important therapeutic target for human disease.
Indeed, inhibition of OX40-mediated signaling can reduce the extent of inflammation and
ameliorate the severity of autoimmunity in pre-clinical models of multiple sclerosis
(experimental autoimmune encephalomyelitis (EAE)), asthma, arthritis, type 1
(autoimmune) diabetes, and colitis.12-20 Furthermore, recent work has suggested that the
extent of OX40 expression might serve as a biomarker that correlates with the initiation and
prognosis of human diseases including multiple sclerosis, rheumatoid arthritis, and type 1
diabetes.?1-23 OX40-expressing T cells have also been detected in tumor-infiltrating
lymphocytes isolated from murine or human tumor biopsies as well as in the tumor-draining
lymph nodes of cancer patients.24-26 Importantly, treatment with an agonist anti-OX40 mAb
or OX40L-expressing APCs has been shown to boost tumor-specific immunity in a variety
of pre-clinical models, including breast, lung, and colon cancer.2527-30 Based upon these
and other pre-clinical data, we recently initiated a Phase I clinical trial with an agonist anti-
human OX40 mADb for the treatment of patients with cancer that is measuring
immunological endpoints as well as toxicity.”31

Taken together, these data highlight the critical role of OX40-mediated signaling in boosting
T cell responses and suggest that elucidating the cellular and molecular mechanisms
regulating OX40-specific co-stimulation may lead to the development of novel therapies for
the treatment of human disease. In this review, we will focus on three aspects of OX40-
mediated co-stimulation: 1) The mechanisms regulating OX40 and OX40L expression on T
cells; 2) The effects of OX40 ligation on T cell clonal expansion and differentiation; and 3)
The mechanisms by which OX40-specific signaling augments T cell survival.

Il. Regulation of OX40 and OX40L expression on T cells

A. Induction of OX40 expression on activated T cells

OX40 was initially identified on in vitro activated CD4 T cells,32 but subsequent studies
revealed that OX40 is also expressed on activated CD8 T cells and neutrophils.33:34 0X40
expression peaks 48-72 hours after TCR stimulation and is down-regulated by
approximately 120 hours after the initial TCR stimulation.3® One of the critical factors
dictating the extent of OX40 expression is the strength of TCR stimulation. For example,
activation of naive polyclonal CD8 T cells with anti-CD3 alone was shown to induce OX40
in a dose-dependent manner. Similarly, activation of Ag-specific CD8 T cells with high-
doses of cognate Ag or a strong TCR agonist in vitro was required to promote optimal OX40
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expression, while stimulation with low-dose Ag or a weak TCR agonist resulted in limited
or no up-regulation of 0X40.36 Although TCR stimulation is clearly required to induce
0X40, CD28, IL-2, and IL-4 receptor signals can affect the extent of OX40 expression on
activated T cells.37-38 It should be noted that CD28 engagement also leads to enhanced IL-2
production and increased expression of the high-affinity IL-2R on activated T cells. Thus,
whether CD28-specific signals regulate OX40 directly or through an IL-2R-dependent
mechanism remains to be determined.

One of the most potent effects of OX40-specific T cell co-stimulation is increased IL-2
production and a concomitant increase in expression of the IL-2Ra (CD25) on CD4 and
CD8 T cells.3940 In T cells, signaling through the IL-2R leads to phosphorylation of the
JAK1 and JAK3 kinases, which in turn promotes the additional phosphorylation and
activation of other signaling molecules including the kinases PKB/AKT and ERK1/2 as well
as the transcription factor, STAT5.41:42 Ultimately, IL-2 mediated activation of PKB/AKT
promotes survival, while STATS5 activation initiates a positive feedback loop that augments
and sustains CD25 expression and IL-2 production. Although OX40 ligation strongly
enhances IL-2 production by CD4 T cells, whether IL-2-mediated signaling directly affects
OX40 expression on CD4 or CD8 T cells remains unclear. Recent work from Williams et al.
demonstrated that CD25-deficient CD4 T cells retained their ability to express OX40 upon
TCR stimulation, although IL-2-mediated signaling was required for their differentiation
into effector cells following OX40 ligation.*3 In contrast, studies from Verdeil et al. have
shown that in the presence of sub-optimal TCR stimulation, the addition of exogenous IL-2
enhanced OX40 expression CD8 T cells.36 Similarly, the addition of anti-IL-2 and anti-
IL-2Ra. monoclonal Abs can reduce the extent of OX40 expression on Tyeg and inhibit the
induction of OX40 on activated CD8 T cells (our unpublished data). We are currently
investigating the downstream mechanisms by which IL-2R signaling affects OX40
expression on activated CD8 T cells, including the role of JAK3, STAT5, AKT, and/or
ERKZ1/2 phosphorylation. Interestingly, our preliminary results indicate that OX40 can be
induced in an ERK1/2-independent, but JAK3-dependent manner (our unpublished data).
Additional studies will be needed to define the downstream signaling molecules that
regulate OX40 and to determine whether OX40 is differentially regulated on CD4 and CD8
T cells.

Based upon these and other data, we propose a model for the induction of OX40 on
activated T cells. Within several hours of TCR-mediated stimulation of naive T cells CD25
is expressed, which along with the IL-2R and common vy chain, forms the high-affinity
trimeric IL-2R complex and allows for enhanced IL-2 responsiveness (Fig. 1). In addition to
IL-2-specific signaling, robust T cell responses require CD28 co-stimulation, which creates
a positive feedback loop that serves to further enhance IL-2R expression and signaling.
IL-2R-signaling promotes the activation and phosphorylation of the kinases JAK1/3, which
initiate a signaling cascade through the activation of PI3K, STAT5, and ERK, which
ultimately augments CD8 T cell differentiation and survival. The optimal expression of
OX40 occurs 24-48 hours after the activation of naive T cells and requires the presence of
three signals: 1) strong TCR ligation; 2) CD28 engagement; and 3) I1L-2/IL-2R signaling.
Interestingly, the initial up-regulation of OX40 does not require CD28 ligation as CD28-
deficient cells can still express OX40, albeit to a lesser extent than wild-type T cells,
suggesting that CD28 ligation and TCR stimulation induce OX40 through partially distinct
mechanisms. Ultimately, OX40 stimulation greatly augments IL-2R expression and IL-2
production, which enhances T cell survival and effector differentiation through downstream
molecules including NF-«xB and survivin (Fig. 1).

Although OX40 is transiently expressed on activated T cells for about 24-72 hours prior to
down-regulation, it is constitutively expressed on Tyeq. This dichotomy could provide
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insights into the mechanisms that regulate OX40 on Tyeq versus activated T cells. One
unique feature of Tyeq is that they constitutively express CD25, suggesting that 0X40
expression on Tyeq may be regulated through an IL-2R-dependent mechanism, though this
remains to be determined. Alternatively, persistent TCR-mediated recognition of self-
peptide-MHC class Il complexes could maintain OX40 expression on Tyeq even in the
absence of IL-2 signaling. Interestingly, several groups have shown that Tyeg are present in
MHC class Il-deficient hosts,**4° suggesting that the recognition of MHC class |1
complexes is not required for the generation of Tyeg, but whether these cells retain OX40
expression (in the absence of TCR stimulation) is unknown.

B. The regulation of OX40L expression on APCs and T cells

The endogenous ligand for 0X40, OX40L (CD134L/CD252), is expressed on activated
APCs including B cells, macrophages, dendritic cells, NK cells, human airway smooth
muscle (ASM) cells, CD4+CD3— accessory cells, and vascular endothelial cells.#6-52
Similar to the expression of OX40, OX40L is not present on quiescent APCs, but is rapidly
up-regulated upon activation. OX40L-expressing APCs are often localized at sites of
inflammation and it is believed that this likely prevents the widespread activation of OX40
on T cells in vivo since only those T cells capable of migrating into sites of inflammation
will be able to receive OX40L-specific co-stimulation. Although the mechanisms regulating
OX40L expression on APCs remain poorly defined, several studies have shown that
culturing DCs in the presence of TNF-o or anti-CD40 mAb can induce OX40L
expression.9:53 Future studies will be needed to explore the molecular mechanisms by
which these signals promote the induction of OX40L on APCs and whether the induction of
0OX40 and its ligand utilize similar or unique signaling pathways. Interestingly, OX40L has
also been detected on the surface of activated CD4 and CD8 T cells.>4°®> OX40L-deficient
CDA T cells exhibited a decreased proliferative response and impaired survival in vivo
suggesting that direct stimulation of OX40L on CD4 T cells may augment the priming of
Ag-specific CD4 T cells, although the extent to which T cell-specific expression of OX40L
contributes to the CD8 T cell response remains unclear.

lll. The effects of OX40 ligation on T cell accumulation and differentiation

A. OX40 signaling enhances T cell clonal expansion

Some of the hallmarks of OX40-specific co-stimulation are enhanced T cell clonal
expansion and differentiation. Interestingly, the OX40-mediated increase in expansion of
CD4 and CD8 T cells does not appear to be due to an increased rate of T cell proliferation
per se, but rather increased survival of the activated T cells.37*6 One mechanism by which
0OX40 signaling promotes the initial increase in CD4 T cell clonal expansion is through the
PKB/AKT-dependent activation of the anti-apoptotic protein, survivin.37>7:58 However,
over-expression of wild-type survivin by retro-viral transduction was not sufficient to restore
the long-term survival of OX40-deficient CD4 T cells in vivo, suggesting that the ability of
0OX40 ligation to facilitate the generation of long-lived memory T cells occurs through a
survivin-independent mechanism. Since IL-2R signaling activates PKB/AKT and IL-2
blockade can limit the proliferation of OX40-stimulated CD4 T cells in vitro, it may be that
IL-2R signaling induces the phosphorylation and subsequent activation of PKB/AKT, which
in turn promotes enhanced T cell clonal expansion through a survivin-dependent
mechanism. In support of this hypothesis, naive IL-2-deficient T cells exhibit a similar
phenotype to OX40-deficient T cells as they exhibit normal cell cycle entry and
proliferation, but reduced accumulation following TCR stimulation.>®
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B. Effects of OX40 ligation on T cell differentiation

In addition to enhanced T cell clonal expansion, OX40 signaling also augments the
accumulation of IL-2, IL-4, IL-5, and IFN-y-producing effector and memory CD4 T
cells.3580-63 |mportantly, despite initial reports suggesting that OX40 signaling
preferentially supported the development of Th2 CD4 T cells,*8:80 OX40 is expressed at
similar levels on Thl and Th2 CD4 T cells and OX40 signals can enhance both Thl and Th2
differentiation.64.65 The effects of OX40 stimulation on the generation of Th1 versus Th2
CDA T cells appears to depend upon the integration of multiple signals, especially the
strength of TCR stimulation, Ag dose, and availability of cytokines.®8:67 These data suggest
that OX40 stimulation serves to augment the overall magnitude of the response, rather than
pushing T cell differentiation towards a particular lineage.

In the case of Th2 differentiation, the ability of IL-4R signaling to enhance OX40 expression
suggests that there may be a positive feedback loop in which IL-4 signaling in the absence
of IL-12 may help drive OX40 expression, which subsequently enhances the production of
IL-4. Interestingly, recent work has demonstrated that dendritic cell-specific expression of
OX40L is also an important mediator of thymic stromal lymphopoietin-induced
inflammatory Th2 responses.®8 Further studies revealed that in vivo blockade of OX40L in
mouse and non-human primate models of asthma could significantly reduce the extent of
Th2-mediated inflammation.%° Together, these studies underscore the important role of
0OX40 signaling in the induction of Th2-mediated inflammatory responses.

0X40 engagement has also been shown to enhance the effector differentiation of naive CD8
T cells primed against soluble or tumor-associated Ag, which led to increased CD25 and
granzyme B expression as well as enhanced cytolytic activity.40:67 In addition to enhancing
the differentiation of tumor-specific T cells in vivo, OX40 ligation promotes the
accumulation of CD8 T cells at the tumor site.”0 Interestingly, the anti-tumor effects of anti-
OX40 treatment were associated with decreased accumulation of potentially immuno-
suppressive macrophages in the tumor as well as decreased expression of the immune-
suppressive cytokine, TGF-B. In contrast, in this model system OX40 ligation did not
abrogate the suppressive function of Tyeg, suggesting that the anti-tumor effects of anti-
OX40 were most likely not due to the inhibition of Tyeq function.

Several studies have demonstrated that OX40 ligation can reverse peptide or self-Ag-
induced CD4 T cell anergy.3%71 In addition, OX40-mediated signals have been shown to
augment the priming of tumor-specific low-avidity CD8 T cells.”273 However, whether
0OX40 engagement can reverse CD8 T cell anergy to a self-Ag, or more importantly tumor-
induced anergy, is unknown. To explore whether OX40 ligation could reverse CD8 T cell
anergy to a self-Ag, naive Ag-specific CD8 T cells were adoptively transferred into POET-1
Tg hosts, which express membrane-bound ovalbumin in the prostate under the control of the
rat probasin promoter. Four to 10 weeks later, the donor cells were re-stimulated with
exogenous Ag and the in vivo proliferative response was examined. In the absence of OX40
stimulation, the donor cells were rendered anergic and were unable to proliferate. In
contrast, OX40 ligation restored the proliferative capacity of the anergic CD8 T cells and
enhanced their differentiation into cytolytic effector cells in vivo. OX40-mediated signals
were also able to rescue anergic tumor-specific CD8 T cells (up to 7 weeks post-tumor
implantation) and increase the survival of tumor-bearing hosts. Importantly, these effects
required the combination of TCR stimulation and direct ligation of OX40 on the anergic
CD8 T cells, rather than indirect effects through endogenous OX40-expressing CD4 T cells
or blockade of Tygq function (W.L.R and A.D.W., manuscript submitted).

Our laboratory and others have begun to elucidate the mechanisms by which OX40
engagement augments T cell function. Stimulation of naive Ag-specific CD4 and CD8 T
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cells with cognate Ag along with an agonist anti-OX40 mAb in vivo leads to increased
expression of genes associated with cell cycle progression as well as several cytokine
receptors, particularly the IL-2Ra, IL-7Ra, and IL-12RB2, which has been confirmed at the
protein level 40.61.62.74 A described above, IL-2/IL-2R-signaling is one of the critical
pathways by which OX40-mediated therapy augments T cell differentiation and survival.
Recent work from Lee et al. has also shown that OX40 ligation increased IL-7Ra expression
on Ag-specific CD8 T cells and that the addition of rIL-7 led to the enhanced survival of
anti-OX40 stimulated effector CTL in vitro.”> However, whether OX40 engagement
promotes T cell survival through an IL-7-dependent mechanism has not been determined.

In addition to IL-2 and IL-7, we and others have demonstrated that IL-12 plays a critical role
in mediating the effects of OX40 engagement on T cell differentiation and survival. The
addition of rIL-12 and rlL-18 was shown to promote robust IFN-y production by CD4 T
cells receiving OX40-mediated co-stimulation, suggesting a link between OX40 stimulation
and subsequent IL-12 responsiveness.39 We demonstrated that the IL-12Rp2 was up-
regulated following OX40 engagement of Ag-specific CD4 T cells 3-4 days after Ag
challenge.®1 Subsequently, we showed that 1L-12-specific signaling on the responding CD4
T cells was required for promoting survival following OX40 ligation in vivo (Fig. 2). Further
analysis of the downstream molecular mechanisms by which I1L-12 signaling enhances
OX40-specific CD4 T cell survival demonstrated that IL-12 promotes survival through a
STAT4-dependent mechanism (Fig. 2).61 Importantly, the combination of exogenous rlL-12
and anti-OX40 greatly augmented T cell-mediated anti-tumor immunity in several pre-
clinical tumor models,61:76.77 suggesting a potent synergistic effect between these two
molecules.

C. OX40-mediated signaling in the generation of pathogen-specific T cell responses

A variety of laboratories have begun to investigate the role of OX40-OX40L interactions in
the generation of pathogen-specific responses. Interestingly, the extent to which OX40
contributes to either CD4 or CD8 T cell responses appears to depend upon the particular
pathogen being examined. For example, OX40 signals are dispensable for the generation of
primary B and CD8 T cell responses to lymphochoriomeningitis virus (LCMV) and
influenza virus, although in some cases the extent of CD4 T cell proliferation and IFN-y
production was somewhat impaired in the absence of OX40 signaling.”8-80 Similarly, no
differences in the primary CD8 T cell response were observed when OX40-deficient and
wild-type mice were challenged with murine cytomegalovirus (mMCMV), Listeria
monocytogenes, or several other pathogens.”881.82 However, infection with adenovirus or
vaccinia virus (VACV) led to a very different outcome; OX40-deficient mice exhibited
greatly reduced accumulation of effector CD8 T cells following viral priming.83:84 In the
case of VACV, the decreased CD8 T cell response occurred against a broad range of
dominant and subdominant CD8 T cell epitopes and was associated with a reduction in the
generation of memory CD8 T cells. The explanation for the variable dependence upon
OX40-mediated signals for the generation of effector and memory T cells is unknown, but
probably reflects the particular inflammatory signals induced by each specific pathogen.

Although OX40-specific signals are often dispensable for the generation of robust pathogen-
specific primary T cell responses, OX40 ligation does provide co-stimulatory signals that are
necessary for the optimal generation of memory T cell responses. For example, following
infection with mCMV or influenza virus, OX40 ligation was shown to be important for the
long-term survival of pathogen-specific memory CD8 T cells.”8-81 Additional studies have
shown that OX40 engagement is important in the formation and maintenance of memory
CD8 T cells following infection with Listeria monocytogenes.82 0X40-mediated co-
stimulation was critical for the generation of killer cell lectin-like receptor G1 (KLRG1)!oW
memory precursor effector CD8 T cells. This study also demonstrated that OX40-deficient
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memory CD8 T cells exhibited reduced homeostatic potential in vivo, suggesting that OX40-
specific signals are also important for the maintenance of memory CD8 T cells. It remains to
be determined whether the OX40-mediated induction of KLRG1!°% memory precursor CD8
T cells is unique to Listeria monocytogenes infection or whether this is a general mechanism
by which OX40 stimulation augments the generation of memory T cells.

of OX40 ligation on regulatory T cells

In addition to the well-characterized co-stimulatory effects of OX40 ligation on recently
activated effector T cells, OX40 has been shown to influence the generation, proliferation,
and suppressive function of regulatory CD4 T cells (Treg).g'11 Treg Constitute a subset of
CDA T cells that express both CD25 and the transcription factor forkhead box protein 3
(FoxP3) and typically occur in two subsets, natural and induced, which develop in the
thymus or periphery, respectively.85:86 A role for co-stimulatory signals in the regulation of
Treg Was initially identified in CD28-deficient mice, which lack FoxP3* Treg.87 However,
the role of OX40-specific co-stimulation in the induction and suppressive activity of Tyeq
appears to be more complex. Since FoxP3*CD25*CD4* regulatory T cells constitutively
express OX40 on their surface, recent work has examined whether OX40 is necessary for
the generation of Tyeg. An initial study of naive OX40-deficient mice suggested that there
was a delay in the accumulation of CD257CD4" Tgq in young (<8 week-old) mice
compared to wild-type mice, although no differences were observed in older mice.10
Although these data suggested a role for OX40 stimulation in the development of natural
Treg, more recent examination of OX40-deficient mice crossed with FoxP-GFP knock-in
mice that express a GFP reporter in the endogenous FoxP3 locus demonstrated no
significant difference in the number of natural Tyeq in young OX40-deficient versus wild-
type mice.11 Thus, OX40 signaling appears to be dispensable for the development of natural
Treg- However, OX40 ligation in the presence of TGF-B and TCR/CD28 stimulation
prevented the conversion of CD25™ CD4* T cells into inducible Teq both in vitro and in
vivo, in part by down-regulating the expression of FoxP3.11.88.89 There are several potential
mechanisms by which OX40 engagement may prevent conversion into Teg, including direct
0OX40 signaling via PKB/AKT or NF-«xB and/or indirect OX40 signaling on other cells
present in the local microenvironment. For example, OX40-stimulated memory and effector
T cells produced increased levels of cytokines (IFN-y, IL-4, and I1L-6), which can block
TGF-B-mediated up-regulation of FoxP3 and their subsequent conversion into Tyeg.

Although OX40 signals can prevent activated CD4 T cells from converting to Tyeg,
accumulating evidence suggests that OX40 stimulation may also drive the proliferation of
existing Treq. Recently, we observed an OX40-mediated increase in Tyeq in mice where
conditions in the local microenvironment favored Tyeq conversion and in naive mice lacking
polarizing Th1/Th2 signals (C.R. and A.W., manuscript submitted). This novel effect of
OX40 on Tyeq proliferation may also explain the large numbers of Tyeq that were generated
from human umbilical cord blood by in vitro stimulation with anti-CD3/28-coated artificial
APCs that were transduced to express OX40L.%0 Together, these data support the ability of
OX40 engagement to drive the expansion of existing Tyeq as well as prevent the conversion
of Teff into Tyeq, with both processed dependent upon the local cytokine milieu (Fig. 3).

OX40 signaling has also been shown to reverse the suppressive function of Tyeq. For
example, OX40 engagement could block the ability of wild-type Tyeq to suppress OX40-
deficient effector CD4 T cells in vivo.10 Similarly, pre-treatment of Treg With anti-OX40 in
vitro was shown to abrogate the ability of Tyeq to suppress effector CD4 T cells in a model
of graft-versus-host disease (GVHD).%1 OX40 engagement has been shown to abrogate the
suppressive activity of Tyeq in tumor-bearing mice. In this study, the efficacy of OX40
ligation required expression of OX40 on both the effector and regulatory CD4 T cells,
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suggesting that a combination of Tygq inhibition and enhanced effector CD4 T cell function
was necessary for the optimal anti-tumor response.?? In contrast, we were unable to detect
any change in Tyeq function following OX40-mediated therapy of tumor-bearing mice.’0
Instead, the beneficial effects of OX40 therapy were mediated by enhanced accumulation of
effector CD8 T cells at the tumor site, which led to a favorable ratio of effector to regulatory
T cells in vivo. The reasons for these differences remain unclear, but may be due to
differences in the dose and/or timing of administration of the agonist anti-OX40 mAb.
Given the potent effects of OX40 ligation on the function of Tyeg in vitro as well as in vivo,
it will be of great interest to further examine the mechanisms by which OX40 stimulation
affects the function of regulatory T cells.

V. Mechanisms by which OX40-specific signaling augments T cell survival

In addition to enhanced T cell expansion and differentiation, OX40 engagement also
profoundly affects T cell survival. Indeed, numerous studies have demonstrated that OX40
stimulation provides critical signals that enhance the long-term survival of CD4 and CD8 T
cells in vivo.37:62.93.94 The extent to which OX40 ligation via the endogenous OX40 ligand
drives CD4 or CD8 T cell survival is largely dependent upon the stimulatory environment.
The optimal generation of memory CD8 T cells to certain pathogens, such as adenovirus,
vaccinia virus, influenza virus, and Listeria monocytogenes require OX40-specific signals,
whereas other pathogens, including LCMV, can generate normal levels of memory CD8 T
cells in an OX40-independent manner. It should be noted that in addition to OX40
engagement, other members of the TNFR super-family, including CD27 and CD137
(4-1BB), also provide critical pro-survival signals that are necessary for the generation of
memory T cells in vivo.8 The functional overlap among these molecules likely serves to
ensure that potent T cell responses can be generated against a wide range of pathogens and
may serve to reduce the incidence of immune evasion.

Expression of endogenous OX40L is strongly dependent on the pro-inflammatory milieu.
Therefore, we and others have explored the ability of OX40 agonists to augment T cell
priming and survival following activation under non-inflammatory conditions, as is the case
with soluble Ag or tumor. Activation of naive CD4 T cells with soluble Ag and anti-OX40
in vivo led to a 10-15-fold increase in the formation of memory CD4 T cells as compared to
soluble Ag alone.52 Similar data were obtained following Ag-specific stimulation of naive
CD8 T cells.%> The molecular mechanisms by which OX40 stimulation enhances T cell
memory are still being elucidated, but under certain circumstances, OX40 ligation promotes
CDA T cell survival through the induction of the anti-apoptotic molecules, Bcl-2 and Bcl-
xL.37 However, other studies failed to detect significant changes in these molecules
compared to control-treated CD4 T cells stimulated in vivo.”49 These discrepant results
likely reflect differences in the stimulatory conditions and whether the cells were activated
in vitro versus in vivo.

0OX40 signaling also promotes CD4 T cell survival through the action of several other
molecules, including TRAF2 and I1L-12.51.74 Ligation of various TNFR super-family
members leads to the activation of TNFR associated factors (TRAFs), which are adaptor
proteins that initiate the activation of downstream signaling cascades.®”%8 OX40 signals via
TRAF2, TRAF3, and TRAF5, although only TRAF2 and TRAF5 have been associated with
OX40 signaling in T cells.”499-101 The enhanced CD4 T cell survival observed following
0OX40 engagement appeared to occur through a TRAF2-dependent mechanism; the
expression of a dominant-negative form of TRAF2 greatly reduced CD4 T cell survival
following OX40 ligation in vivo.”* More recently, we showed that improved CD4 T cell
survival following OX40 engagement occurred through an 1L-12-dependent mechanism.51
OX40-stimulated CD4 T cells expressed increased levels of the IL-12RB2 4-6 days after
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stimulation in vivo and OX40 ligation of IL-12RB2-deficient CD4 T cells was unable to
promote their long-term survival. These data suggested that direct stimulation of IL-12 on
the responding CD4 T cells was required for the optimal pro-survival effects of anti-OX40
treatment. Although work from Song et al. has shown that OX40 ligation enhanced CD4 T
cell survival through a PKB/AKT-dependent mechanism,3” we were unable to detect
differences in the expression of active (phosphorylated) AKT between anti-OX40 and
control-treated CD4 T cells.%? Instead, 1L-12 signaling was shown to augment CD4 T cell
survival through a STAT4-dependent pathway (Fig. 2). These apparently conflicting results
may reflect the effects of endogenous OX40 signaling versus the use of an agonist anti-
0OX40 mAbD.

In addition to its robust effects on CD4 T cell survival, OX40 engagement can also greatly
enhance CD8 T cell survival. One study demonstrated that OX40 engagement enhanced
CD8 T cell survival by up-regulating the anti-apoptotic protein, Bcl-x, .12 The induction of
Bcel-x_ following OX40 ligation may be due, in part, to increased IL-2R signaling as IL-2
can promote the activation of PKB/AKT, which in turns enhances T cell survival through
the induction of Bcl-2 and/or Bcl-xL.4142 Indeed, our work has shown that anti-OX40
treatment greatly increases IL-2Ra expression on activated CD8 T cells, which was
associated with increased expression of phospho-AKT and enhanced long-term
survival.#9.95 0X40 stimulation has also been associated with increased expression of the
IL-7Ra (CD127), which is also important for CD8 T cell survival and the generation of
memory cells.9 It should be noted that although IL-12 signaling was found to be critical for
promoting the OX40-mediated survival of CD4 T cells, OX40 ligation enhanced CD8 T cell
memory in an IL-12-independent manner,81 suggesting that OX40 engagement likely
enhances CD4 and CD8 T cell survival through distinct mechanisms. Taken together, these
data suggest that additional studies will be needed to clarify the precise molecular
mechanisms by which OX40 stimulation promotes T cell survival in vivo.

V. Conclusions

OX40-mediated co-stimulation is essential to promote optimal CD4 and CD8 T cell clonal
expansion, differentiation, and ultimately the generation of long-lived memory cells (Fig. 3).
0OX40 signaling can also modulate the function of regulatory T cells, although whether
OX40 ligation promotes Tyeq €xpansion or, alternatively, abrogates their suppressive activity
likely depends upon the specific cytokine milieu in which the responding T cells receive
0OX40 stimulation. Future studies will be needed to determine the underlying molecular
mechanisms that mediate the divergent effects of OX40 ligation on Tyeg. Additional
questions remain regarding the role of IL-2-mediated signaling in modulating OX40
expression and the downstream effects of OX40 ligation on T cell differentiation and
survival. For example, is IL-2R signaling required for the induction of OX40 on activated T
cells or is TCR stimulation sufficient? Furthermore, what are the signaling pathways
regulating OX40 expression and what is the role of IL-2R signaling in this process? Do
other TNFR family members utilize the same pathways as OX40 or are distinct mechanisms
involved?

In addition to the ability of endogenous OX40L-specific signaling to enhance T cell
responses against a variety of pathogenic infections, the provision of agonist OX40 signals
has also proved valuable for boosting tumor-specific T cell responses in vivo. Indeed, this
strategy is currently being examined in a Phase I clinical trial using an anti-human OX40
mADb for the treatment of patients with cancer. Based upon recent pre-clinical data
demonstrating the ability of OX40 ligation to abrogate the suppressive function of Teq (Fig.
3), it will be of interest to determine whether OX40-mediated therapy can similarly affect
human Tyegq in vivo. In contrast to the potent effects of OX40 stimulation on T cell priming,
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blockade of OX40-specific signals can ameliorate the severity of autoimmune diseases in
pre-clinical models of type 1 diabetes and multiple sclerosis. Interestingly, OX40
stimulation was shown to promote the expansion of purified human Teq in vitro, suggesting
that OX40-specific signaling may provide a novel means of obtaining large numbers of Tyeq
for the adoptive therapy of autoimmune disease. Alternatively, blockade of OX40L has been
shown to inhibit TSLP-induced asthma in pre-clinical models suggesting that OX40L may
be a useful target for reducing the severity of Th2-mediated allergic asthma. In summary,
0X40 signaling can affect several aspects of T cell responses and hence further elucidating
the mechanisms by which OX40 ligation affects T cell function may aid in the development
of novel therapies for the treatment of several human diseases.
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Figure 1. Regulation of OX40 expression on activated T cells
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TCR engagement promotes the expression of the IL-2Ra, which along with the IL-2Rp and
IL-2Ryc chains forms the high-affinity IL-2R. IL-2-mediated signaling through the IL-2R
promotes the activation (phosphorylation) of several molecules including JAK1/3, PI3K,

STATS, and ERK. Within 24-48 hours post-TCR stimulation the OX40 receptor is
expressed on activated T cells. The extent of OX40 expression appears to be regulated

through a combination of the strength of TCR stimulation and IL-2R-dependent signaling,
although the molecular mechanisms by which IL-2R signaling modulates OX40 expression
remain unclear. OX40 ligation via the OX40L or agonist reagents further enhances IL-2
production as well as expression of the IL-2R and ultimately augments T cell differentiation

and survival.
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Figure 2. OX40-mediated survival occurs through an IL-12-dependent mechanism
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Following Ag-specific activation of naive CD4 T cells, treatment with an OX40 agonist

augments expression of the IL-12RB2 and subsequent signaling through the IL-12R is

required for the optimal generation of long-lived memory CD4 T cells. In the absence of T
cell-specific IL-12R signaling, the extent of STAT4 phosphorylation is reduced, which

correlates with increased CD4 T cell apoptosis and the absence of memory T cells.

Similarly, STAT4-deficient CD4 T cells also exhibit increased apoptosis and are unable to
form memory cells. Together, these data demonstrate that OX40 engagement augments CD4
T cell survival and the formation of long-lived memory CD4 T cells through an IL-12 and

STAT4-dependent mechanism.
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Figure 3. Effects of OX40 ligation on effector versus regulatory T cells

0OX40 engagement by the OX40L or agonist OX40 reagents augments CD4 and CD8 T cell
clonal expansion, differentiation, and survival. One of the major effects of OX40 ligation is
increased IL-2 production and IL-2R expression, which together serve to enhance CD4 and
CD8 T cell effector differentiation and the generation of long-lived memory cells.
Alternatively, OX40 is also expressed on regulatory T cells (Teg) and OX40 ligation on Tieg
can potentially abrogate their suppressive activity. OX40 engagement can also affect the
generation of induced Tyeg (iTreg) as OX40-stimulated effector CD4 T cells can prevent the
generation of iTyeg through the secretion of pro-inflammatory cytokines, such as IL-4, IL-6,
and IFN-y.
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