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Abstract

TNFR/TNF superfamily members can control diverse aspects of immune function. Research over
the past 10 years has shown that one of the most important and prominent interactions in this family
is that between OX40 (CD134) and its partner OX40L (CD252). These molecules strongly regulate
conventional CD4 and CD8 T cells, and more recent data are highlighting their ability to modulate
NKT cell and NK cell function as well as to mediate cross-talk with professional antigen-presenting
cells and diverse cell types such as mast cells, smooth muscle cells, and endothelial cells.
Additionally, OX40-OX40L interactions alter the differentiation and activity of regulatory T cells.
Blocking OX40L has produced strong therapeutic effects in multiple animal models of autoimmune
and inflammatory disease, and, in line with a prospective clinical future, reagents that stimulate OX40
signaling are showing promise as adjuvants for vaccination as well as for treatment of cancer.

Keywords

OX40L; costimulation; T cells; autoimmunity; infectious disease; vaccination

INTRODUCTION

0OX40 (also known as ACT35, CD134, TNFRSF4) was first discovered in 1987 with an
antibody (termed MRC 0X40) that bound to activated rat CD4 T cells (1). OX40 is an
approximately 50-kD glycoprotein and has been cloned in the rat, mouse, and human (2-4). It
is a type 1 transmembrane protein of 249 amino acids, with a 49 amino acid cytoplasmic tail
and a 186 amino acid extracellular region. It was initially found to have homology to NGFR
(nerve growth factor receptor) and CD40 and was then classified as a member of the TNFR
(tumor necrosis factor receptor) superfamily, as more proteins with sequence and structural
similarity to TNFR were discovered. The gene for OX40 is clustered on human chromosome
1 (mouse chromosome 4) with several other TNFR family molecules, TNFR2, 4-1BB, HVEM,
CD30, GITR, and DR3. OX40 has three complete and one truncated cysteine-rich domains
that are characteristic of the TNFR superfamily.

0OX40’s ligand (OX40L, also known as gp34, CD252, TNFSF4) is a type 11 glycoprotein with
a 23 amino acid cytoplasmic tail and a 133 amino acid extracellular domain. It was originally
identified in 1985 on transformed T cell lines as a molecule, gp34, induced by the tax gene of
human T cell leukemia virus (HTLV)-1 (5,6), and then cloning of a binding partner for OX40
identified the protein gp34 as OX40L (7). It is expressed as a trimer and has a TNF homology
domain; thus, it is structurally similar to other molecules of the TNF superfamily and has some
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sequence homology. The OX40L gene is on human and mouse chromosome 1, clustered with
genes for two other TNF family members, FasL and GITRL. Although a number of the TNF
family can bind to several partners, at present there is no evidence that OX40L can complex
with anything other than OX40. Similarly, except for reports showing that feline OX40 can be
a receptor for feline immunodeficiency virus (8), there are no indications of other binding
partners for OX40 in human or mouse systems, including binding to other viruses. The
crystallized complex of human OX40 and OX40L is a trimeric configuration of one OX40L
molecule and three OX40 monomers (9). The length of the complex of the extracellular regions
of OX40 bound to OX40L is approximately 80 A, which when factored with a linker that
connects to the transmembrane portion of OX40 makes the pairing compatible with bridging
regions of 100-150 A thought to exist between a number of interacting cell types, including T
cells and antigen-presenting cells (APCs). This is similar to the sizes of other complexes such
as those between the T cell receptor (TCR) and major histocompatibility complex (MHC) or
CD28 and B7 that regulate T cell and APC activity and corresponds well with the functional
data described below indicating essential costimulatory roles for the OX40-OX40L interaction
in many aspects of immunity involving direct cell-cell communication.

OX40 AND OX40L EXPRESSION

The primary cell that is quoted most often as expressing OX40 is the activated T cell, and in
fact some older literature stated that OX40 was T cell specific or restricted to CD4 T cells and
on occasion restricted to Th2 cells. 0X40 is likely predominantly expressed on activated T
cells, but this includes CD4 and CD8 T cells, Th2, Thl, and Th17 cells, as well as
Foxp3+*CD4" regulatory T cells (Tregs). Naive CD4 and CD8 T cells do not express OX40,
nor do most memory T cells, whether central or effector memory phenotype. However, 0X40
is induced with delayed kinetics after activation of naive T cells, with no real consensus in
terms of timing, having been visualized anywhere from 12 h after activation to as long as 5-6
days. Memory T cells reexpress OX40 rapidly, within 1-4 h after activation. Differences
between CD4 and CD8 T cells have been seen in some inflammatory situations, with OX40
expression appearing to be more transient on CD8 T cells, but it can be prolonged on CD4 T
cells (10-13). Altered kinetics most likely relate to the nature of the antigen and its persistence,
as well as to the inflammatory environment that accompanies antigen presentation, leading to
the statement that the time and length of OX40 expression on conventional T cells cannot be
generalized. Minimally, strong crosslinking of the TCR/CD3 complex can promote OX40 on
CD4 and CD8 T cells, but under physiological conditions other costimulatory molecules such
as CD28 contribute to the kinetics of appearance, and the cytokines IL-1, IL-2, IL-4, and TNF
can enhance or prolong expression. OX40 is also found on Tregs. It is constitutively expressed
on mouse natural (thymus-derived) Foxp3™ T cells, but it is only inducible on human
Foxp3™ T cells. Other cell types can express OX40, although there is not a clear picture of
when and where. These include natural killer T cells (NKT cells), neutrophils, and natural killer
(NK) cells. The current ideas are that this is also induced expression, but data are not extensive
at present. As described below, literature exists on the functional activity of OX40 on all of
these cell types, implying that its effects are far broader than simply positively regulating
conventional T cell immunity, even though most studies relate to the latter.

The primary source of OX40L is likely to be a professional APC, and it can be induced on
activated B cells (14,15), mature conventional dendritic cells (cDCs) (16,17), Langerhans cells
(18), plasmacytoid DCs (pDCs) (19,20), and macrophages (21). Various APC maturation
factors can promote OX40L, including signals through CD40, membrane B cell receptor, and
several Toll-like receptors (TLR2, 4, 9), as well as inflammatory cytokines such as TSLP
(thymic stromal lymphopoietin) (22) and 1L-18 (23). However, additional immune cell types
such as NK cells (24) and mast cells (25,26), as well as structural cells such as vascular
endothelial cells (27) and smooth muscle cells (28), can express OX40L, induced by the
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inflammatory cytokines GM-CSF, IL-1, and TNF (mast cells, smooth muscle cells) or by
receptors such as NKG2D (NK cells). Furthermore, OX40L is inducible on some conventional
activated T cells (29,30) and on a specialized cell type called an adult lymphoid tissue inducer
(LTi) that is CD4* but CD3~ and maintains the integral organization of lymphoid tissue but
that might also function as an APC in some instances (31,32).

Both OX40 and OX40L have been visualized in situ in mouse models of disease as well as in
samples from human patients. Many of these data are summarized in Table 1. References have
been omitted owing to space limitations, although some can be found elsewhere (33). One can
have the impression from reports of in vivo expression that OX40 and OX40L are quite
restricted; however, most of these analyses have focused on a particular cell type without
attempting to analyze other cells. Therefore, the expression of these molecules in inflamed and
diseased tissue might be much broader than is reflected in Table 1. A number of studies have
tried to determine if either molecule can be used as a marker of disease progression or severity,
with varying conclusions. Certainly there is strong support that they will be found primarily
during an ongoing immune response, but given the inducible and transient nature of their
expression, likely dictated by multiple other inflammatory factors, it is questionable whether
they will be useful as conventional clinical biomarkers. However, expression studies during
the course of any disease will be extremely valuable based on their therapeutic potential.
OX40L can be cleaved from the membrane of cells, likely after binding to OX40, as implied
by studies of mice deficient in OX40 in which greater levels of OX40L have been noted (Croft
lab, unpublished data), and therefore any analysis of OX40L in situ might have the potential
to underestimate its presence. In contrast, assessing OX40 expression should not have this
limitation. Moreover, OX40 could have future uses for monitoring and isolating antigen-
specific human T cells in in vitro diagnostic or functional assays. OX40 has been visualized
on a few presumed memory CD4 T cells in peripheral blood, often associated with CD25
expression (34), and, perhaps more significantly, OX40 is upregulated on human T cells
stimulated with recall viral antigen, bacterial antigen, and autoantigen (35,36), again sometimes
coexpressed with CD25. This latter finding suggests that OX40, in combination with other
markers, might be suitable for identifying antigen-specific human T cell populations from in
vitro recall assays.

FUNCTION OF OX40 ON CD4 T CELLS

One of the most recognized and accepted activities of OX40-OX40L interactions is to regulate
the division and survival of conventional T cells, which has led to the often-used description
of OX40 as a costimulatory receptor for T cells. Hints at this important function were provided
upon the initial discovery of OX40 in rat and human systems, where enhanced in vitro
proliferation of CD4 T cells was reported with agonist antibodies to OX40, or trans-stimulation
with OX40L (1,7,37). Furthermore, interim reports identified OX40 on pathogenic CD4 T cells
at the site of inflammation in a model of MS (EAE) and suggested that depletion of such cells
could ameliorate disease (38,39). However, it was only with the advent of more physiological
in vitro systems, the development of OX40 and OX40L knockout animals, and in vivo use of
neutralizing or agonist antibodies specific for OX40L or OXA40, respectively, that the strong
role of the interaction in controlling T cells was fully appreciated (10,11,15,40-44). These
studies directly showed either altered division and survival of CD4 T cells in the presence or
absence of OX40 or OX40L or a substantial reduction in the accumulation of antigen-specific
CDA T cells in the knockout systems, as well as impaired cytokine production either in vitro
or in vivo. Furthermore, the development of CD4 T cell memory was strongly impaired in the
gene-deficient animals (11,15), and initial reports were published showing that blocking the
0OX40-OX40L interaction prevented CD4 T cell responses and the development of
inflammation in models of MS, colitis, RA, GVHD, and leishmaniasis (21,45-48). Directly
suggesting that this is at least in part a function of OX40 signaling, in vivo administration of
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agonist antibodies to OX40 produced a reciprocal effect with markedly enhanced numbers of
primary effector and memory CD4 T cells generated when antigen was delivered in various
adjuvants (11,49).

Further supporting the idea that OX40 plays an essential role in many situations in which
enhanced or deregulated T cell activity occurs, investigators showed that ligation of OX40
prevented and, more significantly, reversed a state of unresponsiveness in the CD4 T cell
compartment in several experimental systems of tolerance (50). In line with this finding,
transgenic mice in which OX40L was constitutively expressed by DCs (51) or T cells (52)
were characterized by the accumulation of greatly increased numbers of effector-like CD4 T
cells after injection of antigen, and in the latter by spontaneous development of interstitial
pneumonia, inflammatory bowel disease, and autoantibodies, presumably as a consequence of
environmental exposure to mucosal antigens and subsequent deregulation of T cells.
Illustrating that this is a physiological activity of OX40 when expressed on responding CD4
T cells are data with gene-deficient TCR transgenic T cells. These data demonstrate that T cells
lacking OX40 do not sustain division for long periods after antigen recognition and are unable
to maintain high levels of anti-apoptotic proteins, resulting in poor long-term survival of
effector T cells and poor memory development (53,54). Moreover, blocking OX40-OX40L
interactions during secondary immune responses of memory CD4 T cells, or the use of
memory-like T cells that cannot express OX40, has demonstrated that these molecules also
strongly regulate clonal expansion of T cells to recall antigen (55). Recent data suggest that it
is the effector memaory subset of CD4 T cells that is primarily regulated by OX40 (56), although
more studies are needed in this area before concluding that central memory CD4 T cells do not
use or require OX40 as a costimulatory receptor. Reports using human CD4 T cells cultured
in vitro have supported the mouse studies, showing that OX40-OX40L interactions can again
control division and survival (24,25,37,57-59), and two recent preclinical studies in nonhuman
primates, either stimulating OX40 or blocking OX40L, describe strong effects on the
development of CD4 T cell responses (60,61). Collectively, these studies demonstrate that
0OX40 and OX40L dictate the number of effector (protective or pathogenic) T cells that
accumulate in primary and secondary responses, as well as determine the frequency of memory
T cells that are generated.

OX40 SIGNALING IN CD4 T CELLS

Studies of the intracellular molecules engaged and targeted by OX40 have provided good
rationale for the strong impact of OX40 in regulating CD4 T cells (Figure 1). Initial studies,
largely in transient transfection systems in non-T cells, found that OX40 can bind several
TNFR-associated factors, with TRAF2, 3, and 5 being the principal molecules that can be
recruited to the cytoplasmic tail (62,63) viaa QEE motif that is present in other family members
(64). TRAF2 and 3 have been characterized as adaptor molecules that can lead to activation
of both the canonical (IKKpB-dependent) NF-kB1 pathway as well as the noncanonical (NIK/
IKKa-dependent) NF-kB2 pathway. Related to the initial findings in transfection systems of
NF-kB1 activity after crosslinking OX40 (62,63) are data in physiological systems in which
CDAT cells respond to antigen. These data show that OX40 strongly contributes to the overall
level of NF-xB1 activation in T cells (65). CD4 T cells that lack OX40 cannot maintain high
levels of several antiapoptotic Bcl-2 family members including Bcl-2, Bel-xL, and Bfl-1
(53), a finding that directly correlates with reduced NF-xB1 activity (65). Furthermore,
reconstitution of NF-xB1 signaling in these T cells restored the expression of Bcl-2, Bcl-xL,
and Bfl-1 and reversed the defect in expansion and accumulation of T cells following antigen
encounter (65).

0OX40 signals also control the expression of survivin, a member of the IAP (inhibitor of
apoptosis) family, that is induced in the G1 phase of the cell cycle and regulates G1-S transition
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and hence division of T cells (66). The finding that survivin also complexes with aurora B
kinase and the mammalian target of rapamycin (mTOR) provided a link to earlier work
demonstrating that OX40 also controls the phosphorylation of P1-3-kinase (P13K) and Akt
(protein kinase B), upstream activators of mTOR (54). This finding also connected this pathway
directly with cyclin A and control of several cyclin-dependent kinases involved in cell cycle
progression (67). Interestingly, decreased activity of Akt and NF-xB1 coincided in CD4 T cells
that cannot receive OX40 signals, and forced expression of an active version of Akt restored
defective expansion and survival of OX40-deficient T cells when responding to antigen (54),
mimicking the action of an active version of IKKp (65). This suggests that Akt and NF-xB1
cooperate to transmit the essential division and survival signals imparted by OX40.

Both published and unpublished studies have now provided a model of how OX40 acts as a
costimulatory receptor (Figure 1). Upon ligation by OX40L expressed on APCs, OX40 is
recruited into lipid rafts and forms a complex with TRAF2, 3, and 5, a complex that also
contains IKKa, IKKB, and IKKy, as well as the p85 subunit of PI3K and Akt. OX40 can have
two distinct modes of action. One is as a separate signaling unit, irrespective of antigen
recognition and TCR signaling, that results in the phosphorylation of IKKa/p and subsequent
nuclear accumulation of the subunits of NF-kB1, p50 and RelA. OX40 can therefore act as an
independent receptor, much like TNF when binding to TNFR1/2, distinct from the classical
version of a costimulatory receptor, which only functions in synergy with antigen signals
through the TCR. The role of this independent activity appears to be principally to provide
survival signals to T cells, although this needs to be investigated in more depth and may
represent a way to sustain T cell responses after antigen is cleared. Sources of OX40L that
could provide this antigen-independent signal might include LTi cells, B cells, and responding
T cells themselves, which all can support T cell survival at the late effector phase of immune
responses (30,31,68). When antigen is being presented, however, ligation of OX40 provides
additional signals that are completely dependent on TCR signaling, one of which is focused
on enhancing activation of the Akt pathway. This enhanced Akt activation will provide initial
antigen-driven proliferative signals that further synergize with NF-xB1-driven growth and
survival signals. Additionally, through an unknown mechanism, OX40 can also enhance TCR-
induced calcium influx, leading to strong nuclear accumulation of NFATc1 and NFATc2 that
likely regulate production of cytokines (69). TRAF2 is critical for the functional OX40
signaling complex in that it cannot form if TRAF2 is knocked down (T. So and M. Croft,
unpublished observations), an observation that correlates with data demonstrating that CD4 T
cells from a dominant-negative TRAF2 transgenic mouse were refractory to OX40 signals that
drove generation of both effector and memory T cells (70).

OX40 can also result in activation of NIK and phosphorylation of IKKa, which leads to
processing of p100 to p52 and hence to activation of honcanonical NF-xB2 (T. So and M.
Croft, unpublished observation). The exact role played by TRAF3 and TRAF5 in the OX40
signaling complex is not clear. TRAF3 can complex with NIK and result in its degradation,
meaning that NIK is not available for downstream effects. TRAF3 likely cooperates with
TRAF2 in allowing OX40 to recruit NIK and then in allowing NIK to be released, remain
intact, and become activated to drive the NF-xB2 pathway. What this controls in terms of
functionality is not currently known, but NF-xB1 and NF-xB2 may synergize to fully provide
division and survival signals through OX40.

CONTROL OF CYTOKINES AND T HELPER DIFFERENTIATION

Although direct intracellular signaling from OX40 can explain many of this receptor’s effects
on regulating T cell division and survival, other indirect activities related to modulating
cytokine production or cytokine receptor signaling further contribute to these processes as well
as to the balance between CD4 T helper (Th) subsets that arise. OX40-OX40L interactions
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minimally impact initial IL-2 production from naive CD4 T cells, a phenomenon largely
controlled by CD28 (10,53), but OX40 signals can strongly promote IL-2 from effector T cells
(10), as well as enhance expression of IL-2Ra that leads to gain of effector function typified
by the ability to make IFN-y upon exposure to cytokines such as IL-12 and IL-18 (71,72). Other
described activities that might contribute to the process of CD4 T cell differentiation include
promoting IL-12RB2 expression (73) and blocking upregulation of CTLA4 (70), Foxp3 (74—
76), and IL-10 (77). Given that CTLA4, Foxp3, and IL-10 are best characterized as suppressive
molecules, inhibiting their expression would aid in driving a strong response of conventional
CD4 T cells. Activation of Akt can block phosphorylation of Smad proteins that are required
for TGF-BR to induce Foxp3, and therefore this might be one mechanism by which OX40
signals suppress Foxp3 expression (i.e., Treg generation). However, in one system, suppression
of Foxp3 by OX40 was in part indirect, dependent on production of both I1L-4 and IFN-y
(78), again implying that OX40-OX40L modulation of the cytokine environment can influence
both the magnitude and the nature of the CD4 T cell response. How OX40 might antagonize
IL-10 is not known, but this was illustrated in systems where vitamin D3 and dexamethasone
were added into culture to induce Tregs that make IL-10 (77). This suggests either a novel
action in blocking signaling through the receptors for these molecules or again an indirect effect
related to production of Th1- or Th2-directive cytokines that could antagonize IL-10.

In naive CD4 T cells, under neutral conditions, OX40 engagement can preferentially lead to
the generation of Th2 cells, driven by autocrine IL-4 and related to enhanced calcium/NFATc
signaling, a phenotype again observed in both mouse and human systems (22,40,69,79).
However, the production of either IL-12 or IFN-o, can overcome this Th2-directive action and
resultinthe promotion, by OX40, of Th1 responses (19,22,80,81). In one in vitro system, OX40
also antagonized the induction of Th17 cells, and this effect was mediated by autocrine IFN-
v (82). This action does not correlate with in vivo data showing that OX40 is necessary for
EAE (21,83) or in models of RA (48,84), both Th17-controlled diseases. However, it again
illustrates the ability of OX40-OX40L interactions to influence the immediate cytokine
environment that might then influence Th differentiation. Certainly, ligation of OX40 can
directly induce Th2, Thi, and Th17 cytokines in some situations (10,23,80,85). Here the
potential contribution of reverse signals through OX40L should be considered. Although much
of the activity of OX40-OX40L interactions can be attributed to OX40 signaling, OX40L
clearly can produce functional effects, as illustrated when crosslinked on cDCs and pDCs, B
cells, and smooth muscle cells (14,16,28). This relates largely to production of cytokines such
as IL-12, IL-6, IL-1, TNF, and IFN-a (16,28,86), several of which have strong activities in
directing differentiation into various Th subsets (e.g., IL-12 or IFN-a for Th1; IL-6 for Th17).
How OX40L transmits signals to promote proinflammatory cytokines is not known, but some
studies have found alterations in PKCp2, c-Jun, and c-Fos after OX40L is crosslinked (28,
87).

Thus, OX40-OX40L interactions have the ability to enhance an ongoing immune response
regardless of the type of polarized response, both by imparting division and survival signals
to differentiating or already differentiated T cells, by blocking the induction of Foxp3™ or
IL-10* Tregs, and by synergizing with and enhancing production of differentiative cytokines
to additionally polarize the responses. This is clearly illustrated in disease studies in which the
absence of OX40-OX40L interactions reduces clinical symptoms that are driven by Thi, Th2,
and Th17 cells (Table 2).

REGULATION OF CD8 T CELLS

Studies of CD8 T cells have generally lagged behind those of CD4 T cells. As noted above,
most of the initial pioneering work on OX40 and OX40L was directed to CD4 T cells, and the
reports that addressed the activity of CD8 T cells largely yielded negative data. For example,

Annu Rev Immunol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Croft

Page 7

OXA40L transgenic animals did not demonstrate any appreciably enhanced accumulation of
activated CD8 T cells (51,52), and brief analyses of OX40 and OX40L knockouts infected with
three viruses (LCMV, influenza, and Theiler’s murine encephalomyelitis virus) did not reveal
apronounced defect in the generation of cytotoxic T lymphocytes (CTLs) (42,44). This finding
led some to suggest that OX40-OX40L interactions did not regulate CD8 T cells. Only with
more defined systems and in-depth studies have investigators come to the conclusion that these
molecules can also strongly dictate the magnitude of CD8 T cell responses.

The initial data showing that OX40-OX40L interactions directly enhanced priming of CD8 T
cells came from systems where OX40-deficient TCR transgenic CD8 T cells were tracked in
vivo responding to antigen in adjuvant, expressed on tumor cells, and delivered by
nonreplicating adenovirus (12,88,89). Each showed defective expansion or survival of the CD8
T cells, largely mimicking data in CD4 systems. Thus, OX40 likely plays an analogous role
on CD8 T cells compared with that on CD4 T cells, although no signaling studies have yet
been performed to prove definitively that there are common intracellular targets. Studies of
human CD8 T cells in vitro have supported this conclusion, showing that OX40 can be induced
within 1-2 days of activation and that OX40L expressed on DCs can support growth and
differentiation of these cells (90). Other data have shown defects in CD8 T cell responses in
OX40L-deficient mice in contact hypersensitivity reactions and allograft rejection (15,43),
although these results may reflect an action on CD4 T cells that may be required to help the
CTL response. Furthermore, there are now many reports of increased accumulation or activity
of CD8 T cells in mice injected with agonist antibodies to OX40, either in simple systems or
with viral infection or tumor inoculation. Although unclear, some of these findings might
reflect adirect action of the antibody on the CD8 T cell (81,88,91-93); however, several studies
also showed that depleting CD4 T cells abrogated CTL priming (94-98). This again suggests
that OX40 can function on two levels to augment CD8 immunity directly and indirectly through
CDA T cells. How OX40 enhances CD4 T cell help for CD8 T cells has not been studied.

Whereas the initial reports of pathogens provided negative data with regard to OX40-OX40L,
more recent studies have focused on long-term CD8 memory and recall immunity and found
strong roles. One report of influenza virus infection demonstrated reduced accumulation of
memory CD8 T cells in OX40L-deficient animals, along with reduced secondary expansion
of these cells, even though primary CTL generation was normal (99). Blocking OX40-OX40L
interactions also prevented weight loss and cachexia induced by intranasal influenza infection,
which correlated with reduced accumulation of CD4 and CD8 T cells within the lung (100).
Similarly, antigen-specific CD8 T cell populations that persisted long term after mouse
cytomegalovirus (mMCMV) or Listeria monocytogenes infection were reduced in size in OX40-
deficient mice, even though acute virus- and bacteria-reactive CD8 populations developed
normally (97,101). A variation of this was found with vaccinia virus (VACV), in which case
defective memory generation was again apparent, but the primary CD8 T cell response was
also compromised in the absence of OX40 (13). Furthermore, in human in vitro systems, OX40
signals can directly enhance the expansion of several virus-specific memory CD8 T cell
populations (HIV, EBV, flu), although its effects are mild without synergistic signals from the
co-stimulatory molecules CD28 and 4-1BB (102), or again OX40 can indirectly promote CD8
T cell priming through augmenting CD4 T cell help (35). Even though a common theme is
emerging that OX40-OX40L interactions often are necessary for CD8 memory, persistence of
CD8 T cells, and recall activity, it is not clear why they are only sometimes required for the
initial development of antigen-reactive CD8 T cell populations (Table 2). The use of OX40
likely depends on the length of time it is expressed on CD8 T cells. This in turn likely depends
on the availability of CD4 T cell help to augment CTL generation and on the availability or
extent of signaling of inflammatory cytokines such as IL-7, IL-15, and IFN-a. The latter control
responses to infectious agents and are required for T cell longevity, and signals from their
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receptors might directly or indirectly affect OX40 expression or OX40 signaling on the CD8
T cell.

CONTROL OF OTHER INFLAMMATORY CELL TYPES

OX40 or OX40L can be expressed on a number of other cell types that control aspects of
immune functionality (Figure 2). As noted above, OX40L has been found in vivo or in vitro
on cells as diverse as mast cells, smooth muscle cells, vascular endothelium, and LTi cells.
The most obvious role that this OX40L might serve would be to provide signals through OX40
to conventional CD4 and CD8 T cells at inflammatory sites to maintain or promote the T cell
response. This could primarily involve the antigen-independent NF-«B signal that OX40-
OX40L interactions can generate, although antigen presentation to CD8 T cells is a possibility,
and reports of inducible class Il MHC expression by some of these cell types imply presentation
is also possible to CD4 T cells. Certainly, in vitro studies have shown that mast cells (25,26),
LTi cells (31,103), and endothelial cells (57,104) can provide costimulatory signals from
OX40L for enhancing proliferation, survival, or cytokine production by T cells, although in
vivo studies demonstrating these phenomena are lacking. OX40L reverse signaling into these
cells might also control aspects of their cellular metabolism, although data related to this are
limited to, for example, artificial crosslinking studies showing induction of chemokines such
as CCL5 by endothelial cells (87,105).

Activated NK cells also express OX40L (24,106), which again can provide costimulatory
signals to CD4 T cells in vitro (24). OX40-OX40L interactions can also augment NK function.
OX40 was visualized on NK cells, and coculture of these cells with activated pDCs that
expressed OX40L resulted in IFN-y production, implying a direct effect of OX40 signals into
the NK cell, but also potentially related to reverse signaling through OX40L on pDCs (20).

In line with this finding, several recent studies have focused on control of invariant NKT cells.
Similar to the case with NK cells, coculture of pDCs with NKT cells resulted in OX40-
dependent IFN-y production (107), and cDCs that expressed OX40L and presented lipid
antigen in the context of CD1d promoted OX40-dependent IFN-y from NKT cells in vivo in
a tumor model (108). As an extension of this crossregulation, OX40-OX40L interactions were
also required for local production of IFN-o by pDC in a model of LCMV infection, with the
implication that OX40 is provided by NKT cells in this setting and that the active signal is
through OX40L to pDC (86). Lastly, other data have highlighted the potential for OX40 to
control neutrophil activity. Ligation of OX40 on human neutrophils resulted in enhanced
survival, which correlated with reduced activation of caspase 3, as well as with augmented
levels of antiapoptotic and suppressed cleavage of proapoptotic Bcl-2 members (109).
Although these data on NK cells, NKT cells, and neutrophils are not extensive, they certainly
warrant additional attention and imply a broad base for how OX40-OX40L interactions might
control both adaptive and innate immunity.

OX40 AS A THERAPEUTIC ADJUVANT

The strong activity of OX40-OX40L interactions in driving CD4 and CD8 T cells and the
insights into augmentation of NK and NKT cell activity suggest that OX40 is a potential
adjuvant that could be used as a target in vaccination strategies or therapeutic applications to
promote protection against pathogens. Although control of acute viral replication, as alluded
to above, is not affected by the inhibition of endogenous OX40-OX40L, and although control
of initial parasite burden in several models with helminths is variably dependent on these
molecules (42,110-112), reagents that promote signals through OX40 are nonetheless
attractive for enhancing protective immunity to infection. Several examples suggest promise
in this area. With pulmonary growth of Cryptococcus neoformans, treatment with a stimulatory
OX40L.Ig fusion protein promoted fungal clearance (113). Immunotherapy with OX40L.Ig in
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combination with anti-CTLA4 enhanced CD4 T cell responses, granuloma formation, and
killing of Leishmania donovani (114). Targeting OX40 alone or with another TNFR family
member, 4-1BB, during vaccination with a poxvirus vector expressing a nominal antigen
strongly enhanced memory T cell responses to that antigen (96), a finding that is in line with
earlier work showing that agonist antibodies to OX40 enhanced memory generation (11,49).
Anti-OX40 also promoted SIV gp130-specific T cell and antibody responses in rhesus monkeys
(60), and, similarly, inclusion of the OX40L gene in a plasmid DNA vaccine encoding hepatitis
B surface antigen (HBsAg) enhanced primary CD4 and CD8 T cell responses against this
antigen, as well as long-term memory (115). Additionally, agonist antibodies to OX40 elicit
strong antiviral CD4 and CD8 T cell responses when injected at the time of infection with live
mCMV, resulting in enhanced clearance of the virus (97,116). Lastly, recent data found that
protection against lethal challenge with live VACV, after vaccination witha CD8 T cell epitope
of VACV, was fully dependent on endogenous OX40-OX40L interactions (13), also suggesting
that targeting OX40 would further promote protective memory if agonist reagents were given
as part of a vaccine.

Another obvious application of OX40 agonist strategies is to augment antiself responses to
tumor-associated antigens. This is an area that has received strong interest over the past eight
or nine years, initiated by studies from Weinberg that showed OX40 was expressed on tumor-
infiltrating T cells from patients with head and neck carcinoma or melanoma (117), and
subsequently by studies showing that agonists of OX40 could augment protection against
growth of melanoma, breast and colon carcinoma, and sarcoma in the mouse (118). These
findings have been expanded in many tumor models to thymoma, glioma, B lymphoma, renal
carcinoma, and prostate cancer. The tumor literature has been reviewed elsewhere (33,119)
and is not reiterated here except to point out that the effectiveness of targeting OX40 in isolation
has been quite variable depending on the model system (solid tumor, metastases, prophylactic
versus therapeutic treatment, highly immunogenic versus weakly immunogenic). Agonist
antibodies to OX40 are currently in phase | clinical trials for cancer, but recent and current
efforts are being focused on combining OX40 agonists, or tumor transfection protocols to
express OX40L, with other forms of treatment, such as DC vaccines, adoptive T cell
immunotherapy, and treatment with cytokines such as GM-CSF and IL-12. Because of the
complexity of eliciting tumor-reactive T cells, along with NK and NKT cells that might be
required for effective targeting of a tumor, in a cancer setting OX40 will likely only be a truly
effective adjuvant if combined with other immune-based treatments. New soluble reagents are
being developed, such as RNA aptamers that bind OX40 (120) and oligomeric OX40L.Ig
fusion proteins (121,122), which might be promising if they exhibit enhanced agonist activity.

As discussed briefly above, one advantage of targeting OX40 in cancer, or as an adjuvant for
infectious disease, is the idea that its signals can antagonize the induction of adaptive Tregs
(74,75,77). Moreover, other literature has indicated that OX40 signaling can prevent
suppression mediated by already differentiated adaptive or thymus-derived CD25*Foxp3*
Tregs, either simply by making effector T cells resistant to suppression or by directly blocking
Treg suppressive activity. The latter has been seen in basic model systems (75,123,124) as well
as in a recent tumor model (125). However, one potential complication worth mentioning in
terms of adjuvant therapy also relates to Tregs and to several studies that have shown some
activity of OX40 in promoting the growth or survival of these cells (124,126,127), analogous
to its effects on conventional CD4 and CD8 T cells. Adult OX40 and OX40L knockout animals
essentially have normal numbers of Foxp3* Tregs, suggesting that OX40 is not a natural
survival factor for this subset. However, reagents that target OX40 may have concomitant
effects in both transiently blocking suppressive activity as well as promoting the expansion or
survival of these cells. Depending on the predominant and relative activity of OX40 signals to
conventional T cells, NKT cells, and NK cells, a stimulatory action on Tregs might then impair
the ability of agonist reagents to function effectively as adjuvants. However, given the well-
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known strong activity of OX40 agonists in promoting expansion of conventional CD4 and CD8
T cells and immunity in both basic and applied systems, a positive effect on Tregs may be a
minor issue. This was illustrated in a recent paper in a tumor model in which anti-OX40
combined with cyclophosphamide-induced expansion of Foxp3* Treg numbers when analyzed
in peripheral tissues. However, fewer Tregs were found to accumulate at the tumor site in the
same mice, and there was also a substantial increase in CD8 effector T cells, which correlated
with a strong therapeutic activity of this combination treatment on tumor growth (128).

OX40 AND OX40L AS THERAPEUTIC TARGETS FOR INFLAMMATORY

DISEASE

Lastly, research over the past 10 years has definitively shown the importance of OX40-OX40L
interactions in development of immune-mediated disease. Most mouse models of
autoimmunity and inflammatory disease have now been analyzed using either knockout mice
or reagents that block OX40L. These studies have yielded results analogous to, and as
impressive as, those that focused on CD28-B7 and CD40-CD40L interactions and that resulted
in testing of CTLA4.Ig and anti-CD40L in a number of clinical trials. A strong reduction in
disease severity or a complete lack of disease has been reported when OX40 or OX40L is
absent or neutralized in EAE (MBP and PLP models), allergic asthma (OVA- and TSLP-
induced models), colitis (RAG transfer, IL-2 knockout, hapten, and DSS models), diabetes
(NOD and BDC2.5 transgenic models), arthritis (collagen-induced, IL-1Ra knockout, and
adjuvant models), atherosclerosis (high fat diet-induced and LDLR knockout models), GVHD
(acute and chronic models), and allograft rejection (minor and major MHC mismatches).
Again, | have omitted the details and references for these studies owing to space limitations,
but they can be found in other reviews (33,119), with a summary of the data in Table 2.
Polymorphisms in OX40L have also now been linked to susceptibility to atherosclerosis
(129) and SLE (130), although to date no study of OX40 or OX40L has been performed in
mouse models of the latter. Encouragingly, a number of reports have shown that therapeutic
targeting of OX40L can block ongoing disease in EAE (21), colitis (45,131,132), arthritis
(48), asthma (55,61), and diabetes (133) and that depletion of OX40 positive cells by drug/
toxin delivery can also prevent disease in EAE (39) and arthritis (134) models. Here, the effect
of OX40-0OX40L interactions on Treg induction, maintenance, and function should again be
highlighted. Assuming that a major physiological activity of OX40 signals is to suppress the
generation of adaptive Tregs and to block suppression from both adaptive and thymus-derived
Tregs, it follows that this will be a great advantage in terms of therapeutic inhibition of the
OX40-OX40L interaction. Pathogenic effector cells (T cells, NK cells, NKT cells) will be
neutralized, while allowing Tregs still to exist or be newly generated and retain functionality.
The control of Tregs by OX40 has not yet been extensively investigated in autoimmune or
inflammatory disease situations, but recent data in asthma and transplant models support this
hypothesis (76,78).

Neutralizing antibodies to OX40L are currently in phase I clinical trials for asthma, and,
depending on success, most likely will be tested in other inflammatory diseases. One potential
issue concerns a recent claim that OX40L was expressed on platelets from patients with acute
coronary syndrome (135). Platelet expression of OX40L needs to be confirmed, but, given the
prothrombotic complications that arose after treatment of patients with antibodies to CD40L,
another TNF superfamily molecule that was also found on platelets, this should be followed
up in future analyses.

SUMMARY POINTS
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1. 0OX40 and OX40L are not ubiquitously expressed. They are induced on a number
of lymphoid and nonlymphoid cell types, correlating with their activities in
enhancing ongoing inflammation and immune function.

2. OX40-OXA40L interactions exert several effects on conventional CD4 and CD8 T
cells, NK cells, and NKT cells, including promoting division, survival, and
differentiation, and regulating cytokine production. OX40-OX40L interactions
additionally modulate the differentiation and activity of regulatory T cells.

3. OX40 targets intracellular signaling mediators that control canonical and
noncanonical NF-«xB, PI3K/AKkt, as well as calcium/NFAT pathways. OX40L can
also promote signals in APCs and nonlymphoid cells that are not yet defined but
likely control production of proinflammatory cytokines

4. Many studies have analyzed the effects of removing or neutralizing OX40-OX40L
interactions in autoimmune disease, inflammation, and infectious disease models
with strong results. Blocking these molecules holds great promise for therapeutic
manipulation of immune disease.

5. Agonist reagents to OX40 are strong adjuvants that allow development of
protective T cells that can target tumors as well as pathogens.

Acknowledgments

I would like to acknowledge all the laboratories that have contributed to the literature on OX40 and OX40L. Many
references could not be included because of space restrictions, but this does not diminish their importance or value.
M.C. is supported by grants A167341, CA91837, Al49453, and Al070535 from the National Institutes of Health. This
is publication #1145 from the La Jolla Institute for Allergy and Immunology.

Glossary
cDC/pDC conventional/plasmacytoid dendritic cells
EAE experimental allergic encephalomyelitis
MS multiple sclerosis
RA rheumatoid arthritis
GVHD graft-versus-host disease
TRAF TNF-associated factor
LCMV lymphocytic choriomeningitis virus
mCMV mouse cytomegalovirus
VACV vaccinia virus
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Figure 1.

0OX40 acts as both an independent signaling entity (left) and an entity augmenting antigen-
driven TCR signaling (right). Binding of OX40L results in trimerization of OX40 monomers
and the recruitment of TRAF2, 3, and 5. The sequence of events resulting in a functional OX40
signaling complex is not yet clear, but IKKa, IKK, IKKy, the p85 subunit of PI3K, and Akt
are found with the TRAF adaptors. The signalosome can result in phosphorylation and
degradation of IxBa, leading to activation of NF-xB1 and entry of p50 and RelA into the
nucleus. This is sufficient to provide survival signals to T cells in the absence of antigen
recognition. NIK is most likely also recruited into the complex, although this has not been
visualized at present. If NIK is recruited, this likely leads to activation of NF-xB2, which might
also be necessary for transmitting survival signals. In this scenario without antigen recognition,
PI3K and Akt are not activated. With antigen signaling, OX40 synergizes with the TCR to
promote strong Akt phosphorylation, likely due to localization of the OX40 signalosome with
PDK1 recruited by the TCR. TCR signals initiate intracellular Ca2* influx, leading to NFAT
dephosphorylation and nuclear entry. Through a mechanism not yet elucidated, OX40
synergizes with this process to allow greater Ca2* influx and nuclear accumulation of NFAT.
The combined antigen and OX40 signals in T cells can enhance expression of molecules such

Annu Rev Immunol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Croft

Page 21

as survivin, cyclin A, cyclin-dependent kinases, Bcl-2 antiapoptotic molecules, cytokines, and
cytokine receptors, as well as suppress Foxp3 and CTLA4 expression. (Abbreviations: TRAF,
TNFR-associated factor; PI3K, P1-3-kinase; NIK, NF-kB-inducing kinase; IKKs, 1kB kinases;
NFAT, nuclear factor of activated T cell; PDK1, 3-phosphoinositide-dependent kinase 1;
CTLAA4, cytotoxic T lymphocyte—associated antigen-4; PIP2/3, phosphatidylinositol 4,5-
bisphosphate/3,4,5-trisphosphate; CN, calcineurin; PLCy, phospholipase Cy.)
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Figure 2.

OX40-0OX40L interactions regulate functional activity of effector CD4 and CD8 T cells, NK
cells, and NKT cells. OX40 is not expressed on naive or memory CD4 or CD8 T cells but is
induced after antigen recognition. Similarly, OX40L is inducible on professional APCs (DCs,
macrophages, B cells) after they mature and receive activating stimuli. The interaction of these
cell types primarily allows OX40 to engage its signaling pathways, targeting division and
survival proteins in the activated T cells, which leads to clonal expansion and the development
of high frequencies of effector cells. OX40 may also regulate differentiation in the T cells
depending on other inflammatory factors. Reverse signaling through OX40L to the APC most
likely also contributes to these processes through inducing inflammatory cytokines.
Interactions between NK cells and T cells or APCs, or between NKT cells and APCs, can also
involve OX40-OX40L interactions, promoting direct cellular activity to NK and NKT cells
and perhaps survival signals, as well as provide cytokine feedback loops that will further
augment T cell priming. Within inflamed tissue, varied cell types have the potential to express
OX40L, including activated endothelium, smooth muscle, and innate cells such as mast cells.
Through additional bi-directional interactions with OX40, this OX40L likely potentiates local
tissue inflammation by maintaining the effector cells and leading to production of
proinflammatory events in the tissue-resident cells.
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Table 2

Effect of manipulating OX40-OX40L interactions on inflammation and disease?

Inflammatory response

Host/treatment

Effect on disease or cellular immunity

EAE oX40/L Reduced CNS disease, CD4 T cells, IFN-y, IL-2, IL-6
OX40L block Reduced CNS disease, CD4 T cells
OX40L-Tg Enhanced CNS disease
|
Lung inflammation oXx40/L"~ Reduced asthma, eosinophils, CD4 T cells, Th2 cytokines
OXA40L block Reduced asthma, eosinophils, CD4 T cells, Th2 cytokines
OX40L-Tg Spontaneous interstitial pneumonia
|
Diabetes (NOD) OX40L"~ No pancreatic islet destruction, no increased blood glucose
OXA40L block Reduced diabetes incidence, insulitis
|
Atherosclerosis OX40L"- Reduced lesions
OX40L block Reduced lesions, Th2 cytokines
OX40L-Tg Enhanced lesions
|
GVHD/transplantation OX40/L7~ Reduced disease, rejection, infiltration, CD4/CD8 T cells
OXA40L block Reduced disease, infiltration, CD4/CD8 T cells, B cells, IFN-y
|
IBD/colitis OXA40L block Decreased gut infiltration, CD4/CD8 T cells, cDC, IFN-y
OX40L-Tg Spontaneous gut infiltration
|
Contact hypersensitivity ox4oL" Reduced inflammation, CD4 T cells
OX40L-Tg Enhanced inflammation, T cell response
|
Arthritis | OX40L block | Reduced joint swelling, CD4 T cells, IFN-y
|
EAC | OXA40L block | Reduced eosinophilia, IL-5
|
HgCl, autoimmunity | OX40L block | Reduced Th2 cytokines, weight loss, mortality
|
Viral—LCMV 0OX407~ Normal primary and memory CD8, normal Ig
VSV ox407" Normal Ig
Theilers V ox407" Normal primary CD8, normal Ig
Influenza V ox40/L" Normal primary CD8, reduced CD4 and memory CD8
OX40L block Reduced lung inflammation, CD4 and CD8 T cells
mCMV 0OX407~ Normal primary CD8, reduced memory CD8 and CD4
VACV ox407"~ Reduced primary CD8/CD4, reduced memory CD8 and CD4
|
Parasite
Heligmosomoides polygyrus | OX40L"- Decreased worm expulsion, reduced Th2 cytokines
Nippostrongylus brasiliensis | OX407/~ Normal Th2 cytokines
Leishmania major OX40L block Reduced disease, decreased Th2 cytokines
OX40L-Tg Enhanced susceptibility to disease, increased Th2 cytokines
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Inflammatory response | Host/treatment | Effect on disease or cellular immunity

|
Listeria monocytogenes | ox407" | Normal primary CD8, reduced memory CD8

aAbbreviations: EAC, experimental allergic conjunctivitis; EAE, experimental allergic encephalomyelitis; GVHD, graft-versus-host disease; IBD,

inflammatory bowel disease; LCMV, lymphocytic choriomeningitis virus; mCMV, mouse cytomegalovirus; OX40/L_/_, 0OX40- and OX40L-
deficient; OX40L-Tg, OX40L transgenic; VACV, vaccinia virus; VSV, vesicular stomatitis virus.
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