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Abstract

CDA4 T cells play an important role in protection against viruses, bacteria,
parasites, and cancers, but can also contribute to undesired immune responses such as
autoimmunity, graft rejection, and allergic reactions. Understanding the mechanisms that
control CD4 T cell effector function will lead to more effective vaccine design and the
management of aberrant immune responses. The tumor necrosis factor receptor (TNFR)
family member OX40 (CD134) is a costimulatory protein expressed exclusively on
activated T cells that augments clonal expansion and survival of antigen-specific CD4 T
cells, as well as enhancing the generation of effector and memory T cells.
Mechanistically, it has been proposed that 0X40 enhances CD4 T cell survival and
memory cell generation by enhancing anti-apoptotic protein expression, as well as
enhancing effector cytokine production. However, blocking OX40 signaling in vivo
specifically reduces inflammation induced by cytokines, suggesting that OX40 may
directly influence differentiation to effector function. I was interested in how OX40
regulates effector function in CD4 T cells, so I hypothesized that OX40 signaling could
promote differentiation independent of T cell survival.

We have developed a model in which a peptide antigen covalently bound to MHC
class II is expressed at low levels on all MHC class II positive cells in mice. Upon
transfer of small numbers of antigen specific T cell receptor transgenic CD4 T cells, rapid
expansion and infiltration of tissues is observed, but the T cells are tolerant and the
animals remain healthy. Addition of an agonist antibody to OX40 at the time of T cell

transfer induces accumulation of large, granular effector CD4 T cells that express the IL-
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2 receptor alpha chain, CD25, and secrete interferon-y directly ex vivo or in response to
cytokine stimulaﬁon, and the animals die within one week. We have also developed a
polyclonal model in which a small percentage of B6 CD4 T cells transferred into MHC
class II disparate mice behave similarly to the monoclonal T cells described above.
These adoptive transfer systems provide useful models in which to examine the immune
consequences of OX40 signaling pathways.

I found that OX40 signaling induces effector cytokine production early in T cell
priming, before changes in anti-apoptotic proteins could be detected. I also showed that
genetically altered CD4 T cells with enhanced survival do not acquire effector function
independent of OX40 costimulation, and OX40 deficient CD4 T cells can acquire
effector function in the presence of OX40 sufficient cells. These experiments suggest
that OX40 directly influences differentiation, but may also require cooperation with other
factors.

I tested the requirement for additional costimulation in supporting OX40
signaling, and found that OX40 costimulation induces differentiation independent of
CD28 and CD40 signaling. I also showed that 0X40 signaling does not depend upon T-
bet expression for differentiation, but enhances responsiveness to cytokine stimulation to
promote effector function. However, I found that OX40 is dependent on IL-2 receptor
signaling to promote effector cytokine production. While the mechanism of 0X40
signaling is not completely understood, this evidence indicates that OX40 signaling can

promote differentiation via induction of cytokine and cytokine receptor expression.
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Chapter 1—Introduction

The broad goal of my research is to understand how CD4 T cell effector function
is regulated during an immune response. Specifically, I am interested in how
engagement of the tumor necrosis factor receptor (TNFR) family member CD134
(OX40) regulates survival and differentiation during CD4 T cell activation. To
appreciate the influence of 0X40 on CD4 T cells, it is important to first understand that
CDA4 T cells play a central role in coordinating the host’s innate and adaptive immune
response to infectious agents. CD4 T cells enhance both innate and adaptive immune cell
effector function to destroy pathogens, and are conversely able to inhibit effector function
when the pathogen has been cleared. CD4 T cells in turn receive activation, survival, and
differentiation signals at each stage of an immune response that influence the decision to
respond, and how to respond, to a foreign agent. Members of the TNFR family are
emerging as key mediators of effector CD4 T cell development. In this thesis, I will
address the role of OX40 in promoting accumulation of effector CD4 T cells, and will
discuss how OX40 influences survival and differentiation during effector cell

development.

1.1 Development of effector and memory CD4 T cells

The CD4 T helper cell compartment of the immune system plays an important
role in the adaptive immune response to infectious agents, as well as contributing to
autoimmune disease and anti-tumor immunity. Activated antigen-specific CD4 T cells

release cytokines or directly interact with phagocytic cells such as macrophages to help



destfoy intracellular pathogens. Similarly, CD4 T cells also help B cells and CD8 T cells
in their responses to antigen (3, 4). Naive T cells circulate in the periphery via lymph and
blood and enter lymph nodes, Peyer’s patches, and spleen where they are able to
encounter DC presenting antigenic peptide bound to MHC class II complexes. Upon
recognition of antigenic peptide through their unique T cell receptor (TCR), naive T cells
are able to initiate proliferation and develop into an expanded population of effector T
cells (5). Phenotypically, naive cells are small with little cytoplasm and express high
levels of the lymph node homing receptor CD62L, interleukin-7 receptor alpha (IL-7Rav),
important for homeostasis, and low levels of CD44. Activated effector cells are very
large and granular and down-regulate CD62L and IL-7Ra, and express several activation
markers such as CD69, an early product of mitogen activated protein kinase (MAPK)
signaling, IL-2Ra (CD25), the high affinity IL.-2 receptor that allows enhanced
responsiveness to the growth factor IL-2, and higher levels of CD44 (6).

Effector T cells can be divided into functionally distinct populations based on
their cytokine expression profile. CD4 T helper 1 (Thl) cells are generated in the
presence of IL-12 and secrete interferon gamma (IFN-y), lymphotoxin, IL-2, and tumor
necrosis factor alpha (TNF-a) to help macrophages and CD8 T cells clear intracellular
pathogens, while CD4 T helper 2 (Th2) cells develop under IL-4 stimulation and secrete
IL-4, IL-5, IL- 9, and IL-13 to aid in clearance of extracellular pathogens and B cell
activation and antibody production (5). Another subset of effector CD4 T cells has
recently been described, known as CD4 T helper 17 (Th17) cells, which develop under
cytokine stimulation from transforming growth factor beta (TGF-p1) and IL-6, and upon

exposure to IL-23, secrete IL.-17, and can recruit neutrophils to sites of inflammation (7).



The type of effector cell generated is dependent on a number of factors such as the nature
and dose of antigen (8, 9), the duration of TCR engagement to cognate antigen (10-12),
the availability, maturation state, and type of antigen presenting cell (APC) (12-14),
costimulatory molecules (15), and the cytokine milieu initiated by innate immune cells
(16).

After antigen withdrawal, effector T cells undergo a contraction phase in which
most effector cells die by T cell apoptosis; however, the surviving effector cells
differentiate into long-lived memory T cells (17, 18). Phenotypically, memory cells
differ from effector cells in size and phenotype, and memory cells are also more resistant
to apoptosis than effector cells. Memory cells are small resting cells that have regained
IL-7Ra expression, maintain high CD44 expression, and do not express the activation
markers CD69 and CD25. The quality of a memory T cell response is largely dependent
on the size of the memory T cell population, generated after effector T cell contraction
6).

Although signals from the TCR dictate T cell specificity, optimal T cell activation
and acquisition of effector function only occurs with additional receptor-ligand
interactions between the T cell and APC (19, 20). When these signals occur at the same
time as TCR engagement, they are known as costimulatory signals. Some costimulatory
receptor-ligand pairs are expressed on naive T cells, such as the Ig superfamily member
CD28, which is a receptor for both B7-1 (CD80) and B7-2 (CD86), expressed on APC
(19). CD28 signaling reduces the threshold for T cell activation by reducing the number
of TCR:peptide:MHC interactions required to activate naive T cells (21). T cell

costimulation through CD28 amplifies signals initiated through the TCR and allows the T



cell to produce IL-2 (21, 22), proliferate (23), express effector cytokines (24), and
enhance anti-apoptotic proteins that promote survival (25). Another Ig superfamily
member, inhibitor of costimulation (ICOS) and its ligand (ICOSL) similarly promote
expansion, survival, and differentiation, but ICOS is expressed after T cell activation.
ICOS ligation also induces IL-10 production (26), which is an important suppressive
cytokine discussed later. Despite broad T cell activation and differentiation via CD28
and ICOS, optimal immune responses occur when the APC has fully matured and more
costimulatory ligands, such as ICOSL become available to activated T cells (27).
Immature DC are located throughout the periphery and continuously monitor their
environment by endocytosing proteins and processing them into peptide antigens for
display on the cell surface by MHC complexes (28). DCs express a variety of receptors
that specifically recognize pathogens via pattern recognition motifs. Toll-like receptors
(TLRs) are included in this category, and recognize bacterial cell wall components such
as lipopolysaccharide (LPS), glycolipids, flagellin, and CpG DNA and double stranded
RNA (29). Other receptors recognize carbohydrate structures such as the mannose
receptor (30). DC maturation begins upon ligation of these pattern recognition receptors
detecting “danger” signals that can induce IL-12 and other pro-inflammatory cytokines,
increase expression of MHC complexes loaded with antigenic peptides, and increase
costimulatory ligand expression (28). DCs also express the TNFR family member CD40,
that when engaged, also serves as a “danger” signal to maturing DC. The CD40 ligand,
CD154, is expressed on activated B and T cells, and is induced on other cell types during
inflammatory responses. Although CD40 activation alone can induce DC maturation, co-

activation through TLR signaling results in optimal DC activation (31). Maturing DC



migrate to T cell compartments of secondary lymphoid organs, and are able to secrete
chemokines such as DC-CK1 (CCL18), which specifically attract naive T cells (32).
Mature DC are thus able to present cognate antigen in the presence of enhanced
costimulatory ligand expression to naive T cells to foster differentiation to effector T cell
function (Figure 1-1).

CD28 costimulation activates the IL-2 promoter in T cells (33). IL-2 was
originally characterized as a T cell growth factor, owing to its ability to promote antigen
activated T cell proliferation in vitro (34). However, later studies showed that provision
of IL-2 in vitro most efficiently promoted apoptosis or activation-induced cell death, and
suggested that IL-2 functioned during the contraction phase of the immune response to
restore T cell homeostasis (35). IL-2 and IL-2 receptor deficiency lead to early and
aggressive autoimmune disease (36-38), suggesting that IL-2 functions in vivo as a
regulator of immune suppression rather than T cell activation and proliferation. T
regulatory cells, discussed in detail below, are absent or not functional with IL-2 or IL-2R
deficiency. More recent experiments revealed that TCR and costimulatory receptor
engagement was sufficient to promote T cell activation and several rounds of cell
division without JL-2/IL-2R (39), but that IL-2 signaling in vivo is essential to promote
effector cell development and enhance secondary immune responses (39-42).

In summary, optimal T cell activation and development to effector and memory
cells requires recognition of peptide antigen presented on MHC class II complexes by
mature DC or other APC. Furthermore, T cells require ligation of costimulatory
receptors by ligands expressed on mature DC that induce proliferation and differentiation

supported by subsequent cytokine receptor signaling.



1.2 Regulation of the immune response, tolerance induction

Self-reactive T cells that cause autoimmune disease are largely eliminated in the
thymus before they fully mature into naive T cells in a process called central tolerance.
The mechanism of central tolerance is based on signal strength of the responding
immature T cell. A T cell must be able to recognize self-MHC complexes, yet not
become activated in response to self-peptides presented by MHC complexes. Thus, an
immature T cell is eliminated via apoptosis if a signal through the TCR is too weak or too
strong. A moderate TCR signal, signifying recognition of self-MHC complexes, but not
full activation to self-peptides, warrants successful T cell maturation and release into the
periphery (43). Central tolerance does not completely eliminate all self-reactive T cells,
so mechanisms for regulating T cell responsiveness in the periphery are necessary to
avoid autoimmunity.

A mature naive T cell in the periphery that recognizes cognate antigen through the
TCR, or signal one, without sufficient costimulation, or signal two, leads to a state of T
cell hyporesponsiveness, or peripheral tolerance (44),(45). T cell activation induced cell
death not only aids in the contraction phase of the T cell response, but also serves as a
mechanism to preserve peripheral tolerance (46). Negative costimulatory signals
delivered through cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), programmed
death-1 (PD-1) and PD-2, and BTLA (B and T lymphocyte attenuator), and T cell
attenuation via suppressive cytokine production and regulatory T cells prevent self-
reactive T cell functions as well (47), and will be discussed below.

The first example of peripheral tolerance, signal one without signal two, was

originally termed clonal anergy and was characterized in CD4 T cell clones restimulated



with a TCR signal alone in vitro. The anergic CD4 T cells did not produce IL-2,
although other protein synthesis could occur, and they could proliferate in response to
exogenous IL-2, indicating that anergy induction was an active process, and not simply
an inability of the T cell to respond to antigen (48). Proliferative non-responsiveness of
effector CD4 T cells was also seen in vivo, as rapid loss of effector function was
observed after transfer into naive antigen-bearing recipients (49).

Naive CD4 T cells can also be tolerized in vivo by injecting high dose antigen
intravenously into a non-inflammatory environment that lacks costimulatory signals. The
resulting T cells have undergone limited clonal expansion and are hyporesponsive,
measured by proliferation and IL-2 production ex vivo, compared to cells primed in a
pro-inflammatory environment complete with costimulatory signals (50-53). When
antigen is transient, the anergic state can be reversed with time, but repeated stimulation
with antigen in the absence of inflammation maintains peripheral tolerance (52). In other
models, in which antigen presentation is persistent, naive CD4 T cells become tolerant in
the absence of inflammation (49, 54-58). This form of tolerance can be reversed
following adoptive transfer of the tolerant T cells into a second recipient lacking antigen
(59), similar to recovery of tolerance after transient antigen exposure in a single recipient
(52). This confirms that persistence of antigen is required to maintain the tolerant state.
In all of these studies, naive T cells are able to respond to antigen, in that they expand and
contract, but effector cells are absent or short-lived, and the few cells that survive the
contraction phase are not true memory cells, because they are hyporesponsive to

restimulation with antigen in vitro or in vivo. Thus, the balance between immunity and



tolerance is regulated by danger signals and inflammatory cytokines that enhance
costimulatory signals delivered from APC to T cell.

Another consequence of TCR engagement is activation-induced cell death
(AICD) mediated by the upregulation of CD95 (Fas) upon T cell activation, with
enhanced expression by signaling through the interleukin-2 receptor (60). CD95 ligand
(FasL) is expressed on activated antigen presenting cells, as well as activated T cells, and
engagement of FasL with Fas initiates recruitment of procaspases via caspase adaptor
proteins aggregated at the intracellular portion of Fas. This complex is known as the
death inducing signaling complex. Once the initiator caspase, usually caspase-8, is
activated, it mediates apoptosis directly through activation of caspase-3, or indirectly
through activation of a caspase cascade that results in release of cytochrome ¢ (61).
Repeated TCR ligation results in enhanced Fas/FasL expression, but CD28 costimulation
inhibits FasL expression and promotes Bcl-xL expression (25), which inhibits apoptosis
by preventing cytochrome c release (62). Thus, another check and balance between
immunity and tolerance induction, life and death in T cells, is dependent on engagement
with FasL.

While AICD is dependent on death receptor signaling, activated T cell
autonomous death (ACAD), or “death by neglect” is a programmed cell death driven by
internal cellular factors, primarily by the Bcl-2 family (62). ACAD may be induced by,
but not limited to, cytokine, growth factor, or antigen withdrawal. Anti-apoptotic
proteins like Bcl-2 and Bcl-xL inhibit pro-apoptotic proteins like Bim induced by ACAD

(63, 64). Therefore, a self-reactive T cell responding to antigen in the absence of



costimulation, growth factors, or pro-inflammatory cytokines will undergo ACAD,
preserving peripheral tolerance.

CTLA-4 is an inhibitory protein that is induced on naive T cells upon TCR
engagement. The ligands for CTLA-4 are B7-1 and B7-2, the same ligands as for the
costimulatory protein CD28, but CTLA-4 has a greater affinity and avidity for these
ligands. Cross-linking CTLA-4 on activated T cells down regulates proliferation and IL-
2 production, showing that CTLA-4 is a negative regulator of T cell activation, and
promotes the preservation of peripheral tolerance (46). CTLA-4 antagonizes CD28
signaling, and has recently been shown to antagonize CD28-mediated extracellular
signal-regulated kinase (ERK) signaling by activating Rap1, an inhibitor of the MAPK
signaling pathway (65). CTLA-4 can directly inhibit T cell activation by negative
signaling through its cytoplasmic tail, which prevents accumulation of AP-1, NFkB, and
NFAT in the nucleus and induces cell cycle arrest (46). Other T cell coinhibitory
proteins, PD-1, PD-2, and BTLA have also been characterized, but function as monomers
instead of dimers, and have separate signaling pathways from CTLA-4 to dampen T cell
effector function (66, 67).

CD4 T regulatory cells are a subdivision of the immune repertoire that regulate
other T cell functions by direct cell-cell contact and/or by the release of negative
regulatory cytokines like transforming growth factor beta (TGF-1) and IL-10. T
regulatory cells develop naturally in the thymus and express forkhead-winged-helix
transcription factor 3 (Foxp3), CD25, CD103, and GITR (glucocorticoid-induced TNF
receptor related gene) (47). Foxp3 appears to be the master regulator of T regulatory cell

development. Expression of Foxp3 in thymocytes induces development of T regulatory



cells that enter the periphery and are able to suppress proliferation and effector functions
in both CD4 and CDS8 effector T cells. Deletion of Foxp3 results in an absence of natural
T regulatory cells and severe autoimmune disease, while transgenic expression of Foxp3
enhances the number of T regulatory cells with suppressive functions (68). Furthermore,
mutations in Foxp3 were found to cause immune dysregulation, polyendocrinopathy,
enteropathy, and X-linked syndrome (IPEX) in humans. This suggests that lack of T
regulatory cells or lack of T regulatory function allows hyperactivation of T cells
responsive to self-antigens, commensal bacteria in the intestine, or innocuous
environmental antigens and lead to autoimmune polyendocrinopathy, inflammatory
bowel disease (IBD), or allergy (69). In vitro studies show that T regulatory cells
suppress proliferation and cytokine production by effector cells via direct T-T cell contact
(70-72), Treg-APC cell contact (73), and by cytokine secretion (74-76). TCR engagement
on T regulatory cells is required to induce suppressive functions (72, 77), but the antigen
specificity is not always the same as the effector CD4 or CD8 T cell that is suppressed
(72,78, 79). Thus, with each exposure to a particular antigen, an effector T cell must
combat suppressive effects of T regulatory cells, which ensures that only effector cells
receiving strong positive costimulatory signals will mount a productive immune

response.

1.3 OX40 and its ligand
CD28 costimulation is considered the primary signaling event in naive T cells
because it augments initial cell cycle entry and clonal expansion, and enhances

expression of anti-apoptotic proteins like Bel-xL to promote survival (23). CD28 signals

10



also induce early IL-2 production, and subsequent IL-2R signals further promote
proliferation and differentiation of naive T cells (39). However, provision of TCR
signals and CD28 costimulation alone leads to apoptosis after initial T cell priming (80),
suggesting that other signals must exist to drive long-term survival and differentiation to
effector function. For CD4 T cells, expression of 0X40, a TNFR superfamily member,
provides a receptor for additional costimulatory signals that promote differentiation and
survival after initial T cell priming (81).

0X40 (CD134) was originally characterized as a T cell activation marker, with
preferential expression on CD4 T cells (82-84). Under strong antigenic stimulation,
0X40 is expressed on CD8 T cells (85, 86), and gut CD8" intraepithelial cells express
0X40 in conjunction with cytotoxic effector function (87). Unlike CD28, OX40 is not
constitutively expressed, but induced after TCR engagement, and peak expression is
observed 2-5 days after activation (81, 84, 88). OX40 can be induced on both naive and
effector T cells with TCR stimulation alone (89). Addition of an agonist OX40 antibody
to in vitro mixed lymphocyte reactions promotes enhanced proliferation and effector
cytokine production in T cells, although with a delayed response, reflecting the
expression pattern (81).

0X40 ligand (OX40L) is expressed only on activated, not resting, APC (84, 90,
91). OX40L is expressed on several cell types, and was originally identified on human T
cell leukemia virus type 1 (HTLV-1) transformed T cells (92, 93). Antigen and/or CD40
activated B cells express OX40L, and engagement of OX40L on B cells has been
reported to drive differentiation to immunoglobulin secreting plasma cells (90, 94-96).

CDA40 ligand activated DC and macrophages express OX40L, and OX40L ligation also

11



provides a pro-inflammatory signal to the APC (97-99). In some cases, OX40L is
expressed on NK cells and mast cells (100, 101). Recently, OX40L expression was
found on a novel accessory cell in the T-B cell contact region of the spleen (102).
OX40L is also expressed on vascular endothelial cells and thought to be involved in T
cell migration to sites of inflammation (103, 104). The selective expression of both
0OX40 and OX40L suggest that they are highly regulated (80, 81, 91). OX40L and 0X40
expression peak simultaneously, and persist for 5 to 7 days (81, 90). In vivo, 0X40 and
OXA40L expression is sustained at sites of inflammation (105-108), suggesting that the
expression pattern of OX40 and OX40L coincides with antigen stimulation and the
persistence of inflammation during the effector phase of the immune response.

The costimulatory function of OX40 was initially shown in vitro by stimulating
TCR transgenic T cells with peptide loaded MHC class II" fibroblast cell lines transfected
with OX40L, B7-1, or both. Effector T cells stimulated with APC transfected with
OX40L alone were able to proliferate and make effector cytokines, while naive cells
required co-expression of B7 and OX40L on APC to induce proliferation and acquisition
of effector function (81). However, CD28 is not required for 0X40 expression (89, 95),
but in combination with TCR signals, CD28 can enhance OX40 expression (80). It is
also important to note that OX40 does not replace the costimulatory effects of CD28 on
initial cell division, but does augment CD4 T cell expansion later in an immune response
(81). Furthermore, OX40 engagement results in decreased CTLA-4 expression (109),
which may enhance the survival effects of CD28.

0X40 and OX40L deficient mice show no defects in viability of mice,

organization of lymphoid tissue, or development of T or B cells (90, 98, 110, 111).
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However, 0X40 deficient mice have fewer T regulatory cells in the periphery (112).
Initial T cell priming, proliferation, and effector cytokine production is also unabated
with deficiency in OX40 signaling (81). However, 0X40 deficient CD4 T cells are
unable to maintain a primary T cell response after 3-5 days and show a defect in long-
term survival and maintenance of effector function (80, 81, 113, 114). These
observations are consistent with the expression pattern of 0X40 and OX40L, discussed
above. Furthermore, OX40 deficiency results in fewer memory T cells (115), suggesting
that OX40 signaling promotes survival of effector cells entering the memory pool, or

induces effector cells to differentiate into memory T cells (Figure 1-1).

1.4 Other TNFR family members that regulate immunity

Other members of the TNFR family also augment survival and differentiation
subsequent to initial CD28 costimulation (15). CD40 ligation on APC may be the most
important signal for initiating T cell costimulation because it enhances B7 ligands as well
as upregulating several TNFR family ligands on DC, including OX40L (91). CD40 is
triggered by CD40L, expressed on T cells, but it may also function as an important
receptor in innate immunity by responding to ligation with heat shock proteins,
contributing to DC maturation (31). Other members of the TNFR family directly
modulate T cell responses, similarly to 0X40, as described below.

4-1BB is expressed only after T cell activation (116). Expression occurs early in
T cell priming, within 12-36 hours after TCR engagement (117), peaking at 48 hours and
declining after 4-5 days (118). 4-1BB is expressed on both CD4 and CD8 T cells, but is

induced faster and more robustly on CD8 T cells (119). 4-1BB is also expressed on
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monocytes, DC, NK cells, eosinophils, and microglia. CD40 is a major regulator of 4-
1BBL, inducing expression on B cells and DC, and can also be expressed on other cell
types in the presence of inflammation (15). Similar to OX40, 4-1BB enhances survival
and effector cytokine production from both CD4 and CD8 T cells (118, 120). An agonist
antibody to 4-1BB delivered in vivo induces massive expansion of antigen responsive
CD8 T cells, and also affects CD4 T cells (121, 122).

In contrast to OX40 and 4-1BB, CD27 is expressed on naive CD4 and CD8 T
cells, and is also found on NK cells and B cells (123). CD27 expression is enhanced
transiently in correlation with antigen stimulation (124, 125). The ligand for CD27,
CD70, is expressed on B cells, T cells, and DC, and is enhanced upon CD40 and TLR
stimulation (126). Although CD27 promotes survival and differentiation in vitro (127,
128), it appears to primarily drive survival of CD4 and CD8 T cells in vivo (129).
However, CD70 transgenic mice accumulate effector T cells by 4 weeks of age (130).
This may suggest that CD27 simply promotes survival, and effector function is a
byproduct of survival, or CD27 may augment effector function of surviving cells.

Herpes simplex virus-1 (HSV-1) gains entry into target cells via the receptor
herpes virus entry mediator (HVEM), which also belongs to the TNFR family (131).
HVEM is expressed on resting T cells, B cells, NK cells, and immature DC (15). HVEM
associates with two TNF ligands, LIGHT (lymphotoxin-like, exhibits inducible
expression, and competes with HSV glycoprotein D for HVEM, a receptor expressed by
T lymphocytes) and lymphotoxin alpha (132). Unlike other TNF family members,
HVEM is downregulated upon T cell activation. Interaction with LIGHT induces further

downregulation of HVEM on T cells and DC (133, 134). However, costimulatory
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signaling is still evident from in vitro studies showing a role for promoting proliferation,
and in vivo in promoting allograft rejection (15).

Glucocorticoid induced TNFR family-related gene (GITR) is expressed at low
levels on CD4 and CD8 T cells, and enhanced upon T cell activation (135, 136). GITR is
also constitutively expressed at higher levels on CD4" CD25" T regulatory cells (137).
Addition of anti-GITR antibody in vivo results in enhanced autoimmunity, suggesting
that GITR signaling in T regulatory cells is important for their suppressive function
(138). However, when T regulatory cells are cultured with responding effector cells
sufficient or deficient in GITR, the function of GITR was not to reduce suppressive
function of T regulatory cells, but to make effector cells more resistant to T regulatory
cell suppression (139). This experiment, in conjunction with the fact that GITRL is
transiently expressed on maturing DC and downregulated by 48 hours (139, 140), led to
the hypothesis that GITR regulates immune responses by allowing T cell activation in the
presence of danger and antigen, but as these signals disappear, effector T cells become
susceptible to suppression by T regulatory cells.

Taken together, TNFR family members generally promote survival and
differentiation in T cell responses, but the effects of each receptor is unique compared to
CD28 costimulation, and to each other (15, 19). However, the redundancy in function
paired with the temporal and spatial segregation of the TNFR family members point to an

elaborate mechanism for inducing a specific immune response to each pathogenic insult.
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1.5 OX40 Signal transduction

TNFR family members fall into two groups characterized by their intracellular
signaling components. Death domain (DD) containing receptors like TNFR1, CD95, and
death receptor 3 (DR3) allow formation of the death inducing signaling complex and
recruit caspase activity that leads to apoptosis. The second group of receptors, to which
0X40 belongs, do not have DD’s, but have motifs that recruit TNF receptor associated
factors (TRAFs) (141). TRAFs are adaptor proteins that serve as a platform for signal
transduction that leads to inflammatory responses and promotes both cell survival and
cell death (142). The intracellular tail of OX40 has 4-6 amino acid motifs that recruit
TRAF2, TRAF3, and TRAFS5 (15). TRAF2 recruitment leads to NFkB activation, and
aggregation of TRAF2 also induces MAPK signaling and AP-1 activation (142, 143).
TRAF?2 deficiency results in early lethality, indicating the importance of TRAF signaling
in other systems. OX40-mediated cytokine expression and survival is enhanced by
TRAF?2 signaling (109), and TNFR stimulated TRAF2 dominant negative T cells show a
defect in MAPK signaling, cytokine production, and T cell longevity (109, 144). TRAFS5
is a functional and structural homologue of TRAF2, but TRAF5 deficiency is not as
severe as TRAF2 deficiency (142). In the absence of TRAFS5, T cells stimulated with
agonist anti-OX40 have exaggerated Th2 responses and poor proliferative responses and
indicate that TRAFS5 modulates TRAF2 induced cytokine production and proliferation
(145). Finally, TRAF3 is a negative regulator of O0X40 signaling, inhibiting NFxB
activation (146), however, some TRAF3 splice variants do induce NFxB activation (147).

NFxB is composed of dimeric complexes of transcription factor members

including Rel-a, c-Rel, Rel-B, NFkB1/p50, and NFkB2/p52. NFkB dimers are held in
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the cytoplasm in unstimulated cells by cytoplasmic inhibitory proteins (IkBs), a family
including IxBa, kB, IxBe, and precursor forms of NFkB1 (p105) and NF«B2 (p100),
which are proteolytically processed upon agonist NF«kB activation signals that induce
phosphorylation of IkB and ubiquitination, and allow NFkB dimers to translocate to the
nucleus. NFxB activation leads to transcription of genes important for survival, cytokine
and chemokine production, adhesion protein expression, and apoptosis (148). Two
NF«B activation pathways have been defined in T cells; the classical pathway initiated
by NFkB1 and Rel-A, and the alternative pathway, initiated by NFkB2 and Rel-B (149).
NFkB1/Rel-A activation is important for IL-2 and IL-2R gene transcription (150, 15 1),
while NFkB2/RelB activation is important for pro-inflammatory gene transcription (152).
Two serine/threonine kinases have been implicated in TNFR signaling via TRAFs,
NFkB-inducing kinase (NIK) and mitogen-activated protein kinase/extracellular signal
regulatory kinase kinase (MEKK1) (153, 154). Studies have shown evidence that NIK is
important for activation of the alternative NFkB pathway (155, 156), but regulation of
each pathway is still not completely understood.

OX40 signaling also activates protein kinase B (PKB) and leads to upregulation
of anti-apoptotic proteins, but only in previously activated CD4 T cells (1 13). This
suggests that OX40 maintains the active form of PKB following CD28 costimulation,
which activates phosphatidylinositol 3 kinase (PI3K) and PKB (157). Since OX40
inhibits CTLA-4 expression (109), 0X40 could maintain active PKB by promoting
additional CD28 signaling. OX40 also induces activation of p38 MAPK and PI3K that

leads to enhanced stability of effector cytokine messenger RNA (158), indicating one
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mechanism by which OX40 costimulation results in enhanced effector cytokine

production.

1.6 OX40 in T cell expansion, survival, and memory

The observations that effector T cells are highly susceptible to activation induced
cell death (AICD) and that effector cells responsive to OX40 proliferate and survive in
vitro, led investigators to determine the role of 0X40 signaling in T cell survival (159).
Initial experiments employed a superantigen model, in which the expansion and
contraction phase of antigen specific T cells is well characterized (160). Administration
of agonist anti-OX40 after superantigen injection resulted in a 10-fold increase in cells
surviving the contraction phase, indicating that OX40 signaling promotes survival during
an immune response (161). Addition of danger signals via TLR-9 stimulation in addition
to anti-OX40 boosted memory cell recovery by 60-fold over antigen alone. As
previously discussed, danger signals can enhance T cell survival by inducing
costimulatory ligands on APC, including OX40L, and induction of pro-inflammatory
cytokines can also lead to enhanced T cell survival. CD4 T cells can also express TLR
(162), and in this way danger signals can directly augment T cell differentiation and
survival. In another study using adoptive transfer of TCR transgenic T cells followed by
immunization of peptide in adjuvant, addition of anti-OX40 promoted accumulation of
effector cells with enhanced cytokine production, and importantly, resulted in
accumulation of functionally competent memory cells 35 days after immunization (115).
In a parallel experiment, OX40 deficient T cells developed fewer effector cells and had

10-fold fewer memory cells than WT 35 days after T cell priming. These data confirm
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the role of OX40 signaling in clonal expansion, promoting accumulation of effector cells
that lead to augmentation in memory T cell populations.

Anti-apoptotic proteins can inhibit indirect AICD or ACAD that leads to release
of cytochrome ¢, which is dependent on caspase activation but independent of death
receptor signaling. OX40 deficient CD4 T cells primed in vitro show early expression of
Bcl-2 and Bel-xL early in T cell priming, but protein expression is reduced over time
(80). Stimulation of wild type CD4 T cells with anti-OX40 enhances anti-apoptotic
protein expression, and retroviral transduciton of Bcl-2 and Bel-xL in OX40 deficient
CDA4 T cells restores the survival defect. Additional studies in the same manner show
that OX40 maintains the active form of PKB, which promotes Bcl-2 expression (113),
and OX40 signals also enhance the cell cycle regulator survivin (114). Furthermore,
adoptive transfer of wild type or OX40 deficient CD4 T cells transduced with the active
form of PKB impart enhanced effector cell accumulation, responsiveness to antigen, and
enhanced lung pathology in an experimental model of asthma compared to vehicle
transduced T cells (113). Taken together, these data show that OX40 signaling promotes
survival after initial T cell priming by enhancing anti-apoptotic protein expression to

enhance accumulation of effector CD4 T cells as well as memory T cells.

1.7 OX40 in T cell differentiation

0X40 is expressed on Th2 cells (102, 163), supporting the notion that 0X40
drives Th2 differentiation (13, 86, 89, 99, 102, 108, 164, 165), but there are several
examples in which OX40 enhances production of Thl cytokines (81, 166-169). Naive

human CD4 T cells co-stimulated with anti-OX40 produce IL-4 and become Th2 cells
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producing high levels of IL-4 (99). When CD4 T cells are stimulated by OX40L on
activated B cells, IL-4 is produced and cells differentiate into Th2 cells (164). Inhibiting
OX40 interactions in T-B contact zones in secondary lymphoid tissue inhibits germinal
center formation (170), while OX40 ligation is important in driving Th2 responses and
lung pathology in asthma models (106, 165). However, OX40 ligation also exacerbates
CDA4 T cell-mediated pathology in rheumatoid arthritis (168) and experimental
autoimmune encephalomyelitis (EAE) (103, 105), two diseases normally mediated by
activation of Th1 or Th17 cells. OX40 stimulation in the context of peptide and adjuvant
immunization results in IL-2, IFN-y, and IL-5 production, suggesting that OX40 can
enhance both Thl and Th2 cytokines in response to the same antigen (81). Taken
together, these results suggest that 0X40 does not directly influence T cell polarization to
Th1 or Th2 cells, but enhances effector cell programs established early in T cell priming.
The following sections on OX40 and disease will also highlight the role of 0X40 in

supporting differentiation programs.

1.8 OX40 in disease

OX40 expression on CD4 T cells is becoming a widely used marker for diagnosis
of inflammatory and autoimmune diseases, and 0X40:0X40L interactions are implicated
in a growing number of disease models. Rheumatoid arthritis (RA) patients have OX40
expression on T cells from synovial fluid and synovial tissue, and OX40L is expressed on
cells lining the synovial tissue (171), implicating a role for OX40 interactions in the
development of RA. Spontaneous IBD in IL-2 deficient mice, or mice with hapten-

induced IBD have OX40" cell infiltrates in the lamina propria, and treatment with OX40-
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Ig fusion proteins ameliorates both diseases (107). CD4 T cell infiltrates at inflammatory
sites in EAE in mice also express 0X40 (172), and deletion of OX40" cells ameliorates
disease (169), while 0X40 engagement exacerbates disease (167, 173). In addition,
blocking OX40:0X40L interactions reduces T cell function at inflammatory sites in
EAE, also reducing disease incidence (105, 174). OX40 costimulation may be important
for the development of autoimmune diseases. Agonist anti-OX40 promotes accumulation
of effector CD4 T cells that had previously been rendered tolerant by administration of
peptide in the absence of adjuvant in vivo (175). More experiments to confirm the
feasibility of OX40 as a therapeutic target for disease are required, but evidence
mentioned above show that blocking 0X40:0X40L interactions in mouse models
prevents the development and maintenance of autoimmune and inflammatory diseases.

0X40 signals enhance the immune response by promoting proliferation, survival,
and effector cytokine production. In models of infectious disease, the influence of OX40
depends on the disease model, the type of pathogen, and the T helper polarization
preference (176). The best example of the discrepancy in OX40 signaling is Leishmania
major infection in BALB/c mice and in C57BL/6 mice. Thl cells mediate L major
parasite clearance, and BALB/c immune responses are generally skewed toward Th2,
while C57BL/6 generally have Th1l immunity (108). A blockade or deficiency in OX40L
ameliorates leishmaniasis in BALB/c mice, attributed to suppression of Th2 cells.
Conversely, transgenic expression of OX40L in C57BL/6 mice resulted in an elevated
Th2 response and decreased parasite clearance (177). In pulmonary infection, lung

pathology is often caused by excessive inflammation rather than directly by the pathogen.
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Blocking OX40L reduces lung pathology following influenza virus infection, consistent
with a role for OX40L enhancing inflammation at the site of infection (178).

0X40:0X40L interactions are important for regulating Th2 cell and eosinophil
accumulation and lung pathology in mouse models of asthma (165, 179). Recent
evidence for OX40 signaling was found in asthma patients, which over express thymic
stromal lymphoprotein (TLSP) in airway epithelium, which is critical for the
development of asthma (180-182). TSLP induces human DC to express OX40L but not
IL-12, and thus triggers naive CD4 T cells to produce IL-4, IL-5, and IL-13 and
differentiate into Th2 cells (183). OX40L selectively promotes TNF-a. and inhibits IL-10
production in Th2 cells. The inhibition of IL-10 in Th2 cells results in inflammatory Th2
cells that may be the pathogenic cells inducing asthma, with TSLP induced OX40L being
the key mediators of pathology. IL-10 is a suppressive cytokine that dampens APC
function and induces differentiation of regulatory Th2 cells that do not cause overt
pathology. This example of 0X40 specifically inducing inflammatory Th2 cells may
indicate that an important outcome of OX40 signaling is to promote pro-inflammatory
cytokine production in a previously established development program.

In humans, an increase in 0X40" CD4" T cells in peripheral blood precedes the
onset of chronic graft versus host disease (GVHD) after transplantation. The magnitude
of disease correlates with the number of OX40" cells, and measurement of 0X40" T cells
is useful for predicting the onset and therapeutic response to GVHD (184). There is also
evidence that OX40 signaling is involved in allograft rejection. In mouse and rat models,
0X40" cells also indicate chronic GVHD (185, 186), and administration of 0X40 Ig

fusion proteins in one model completely prevents the development of GVHD pathology,
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reducing inflammation in target organs such as liver, gut, and skin, and prevents weight
loss, diarrhea, and alopecia (187). OX40 and OX40L deficient donor cells transferred
into MHC disparate recipients have delayed onset of GVHD, and a larger percentage of
recipients do not develop GVHD (188). These data indicate that OX40 ligation promotes
the pro-inflammatory environment that leads to GVHD. Interestingly, when recipient T
cells are deficient in both CD28 and CD40L, two costimulatory molecules that act early
in T cell priming, skin allograft rejection still occurs. OX40" CD4" T cells were found in
the skin graft, and administration of anti-OX40L induced long-term skin allograft
survival. Furthermore, blocking 4-1BB, CD27, and inducible costimulatory (ICOS)
costimulatory pathways did not promote skin allograft survival, indicating that OX40 is a
critical mediator of organ rejection (189).

Tumor antigen specific T cells have the potential to eliminate tumors, but because
tumors are derived from self, tumor specific T cells are often hyporesponsive due to
peripheral tolerance mechanisms (190, 191). However, signaling through OX40
promotes pro-inflammatory cytokine production, and as mentioned before, 0X40 ligation
can overcome previously established peripheral tolerance (175). Transduction of OX40L
into tumor cells or DC presenting tumor antigens enhances anti-tumor responses in
several experimental models (192-194). Administration of an agonist OX40 antibody in
vivo also enhances anti-tumor immunity to several types of tumors (195-199).
Importantly, mice that cleared tumors in these cases were also resistant to challenge with
the same tumor (195), indicating that 0X40 ligation not only enhanced effector function
but also increased memory T cell development of tumor specific T cells. Furthermore,

adoptive transfer of tumor-specific memory T cells can prevent tumor growth in naive
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mice (195). Although OX40 is preferentially expressed on CD4 T cells, tumor
infiltrating lymphocyte populations contain CD8 T cells that also express 0X40 (199).
This suggests that OX40 ligation can enhance both CD4 and CD8 tumor-specific T cells
effector function, and in addition to CD4 T cell help to cytotoxic CD8 T cells, OX40
ligation may directly enhance CD8 effector function. Most human tumors are resistant to
immune regulation, and although some OX40™ T cells are found in tumors, targeting
several costimulatory receptors in addition to OX40 may be the most effective anti-tumor

treatment (200).

1.9 OX40 in persistent versus transient antigen stimulation

Naive CD4 T cells undergo multiple rounds of proliferation before they
differentiate, and several reports have addressed the relationship between cell division
and acquisition of effector cell function. Initially, entry into cell cycle was proposed to
be necessary to initiate differentiation in T cells (201, 202), but other experiments
indicated that effector cytokine production could occur under cell cycle arrest in CD4 T
cells (203, 204). Furthermore, a recent study indicates that CD40 is required for effector
cytokine production in proliferating memory CD4 T cells, and implicates a role for
costimulation during acquisition of effector function (205). In another study, initial
exposure to antigen induced several rounds of cell division, but without continued
exposure to antigen and cytokine stimulation, differentiation did not occur (11). In CD8
T cells, antigen and B7 costimulation allowed proliferation and clonal expansion, but
additional signals were required for differentiation (206). CD4 T cells responding to

antigen presented as self or as foreign had equal number of cell divisions, although self
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presentation led to tolerance and foreign presentation led to effector function (56), again
suggesting a disconnect between proliferation and differentiation. In a model of effector
cell tolerance induction, effector CD4 T cells transferred into recipients bearing antigen
in the absence of inflammation lost pro-inflammatory effector cytokine production in the
first 24 hours, yet continued to proliferate through day 6 (207). These studies suggest
that proliferation and survival can be segregated from differentiation, and regulated
independently. OX40 regulates accumulation of effector CD4 T cells, and OX40 also
promotes cytokine expression, so perhaps OX40 regulation of survival is separated from
regulation of differentiation.

CDA4 T cell responses to transient antigen in the presence of danger and
costimulatory signals results in clearly defined expansion of naive cells that acquire
effector functions, followed by a contraction phase in which the surviving cells become
memory T cells (161). In this case, OX40 signaling promotes survival and accumulation
of effector cells that promote long-lived antigen specific memory cells, and additional
signals induced by TLR-9 ligation enhance this effect. OX40 signaling appears to
support enhanced survival of responding cells by upregulation of anti-apoptotic protein
expression, and differentiation of surviving effector cells into memory cells (80, 113,
114).

CD4 T cell responses to persistent antigen, such as in GVHD models, result in
alloresponses that induce pro-inflammatory cytokine expression and lead to extreme
tissue damage and death of the recipient (57, 188). As previously discussed, blocking
0X40:0X40L interactions reduces the severity of GVHD, but how OX40 signaling

induces inflammation in these models is not known. The mechanism by which 0X40
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signaling potentiates GVHD may be through increasing the number and survival of
alloresponsive cells entering cell cycle. However, OX40 signaling may have important
direct effects on differentiation in response to persistent antigen. In a model of lethal
acute GVHD, administration of anti-OX40L reduced lethality and manifestations of the
disease, and specifically reduced inflammatory responses in target organs. After anti-
OX40L treatment, T cells were recovered from the spleens of recipient mice, and were
hyporesponsive upon in vitro restimulation (187).

The molecular mechanism of OX40 signaling has been studied both in vitro and
in vivo, and indicates that 0X40 promotes survival and effector function by enhancing
anti-apoptotic protein expression (80, 113, 114). However, the specific reduction in pro-
inflammatory cytokines by OX40 blockade under persistent antigen presentation suggests
that OX40 may also have a direct effect on differentiation (187). What is the phenotype
of CD4 T cells directly stimulated with anti-OX40 under persistent antigen presentation?
Does OX40 promote survival of differentiating CD4 T cells, or does OX40 induce
differentiation in CD4 T cells responding to antigen? Does OX40 directly induce
accumulation of effector cells, or do other costimulatory or cytokine signals support or

enhance signals through OX40? Based on these questions, I hypothesized that 0X40

ligation could directly promote the differentiation of proliferating donor cells in the

context of persistent antigen presentation.
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FIGURE 1-1. CD4 T cell activation, effector cell, and memory cell development. APC
present antigenic peptide on MHC class II proteins that are recognized by the TCR on
naive CD4 T cells. At the same time, constitutively expressed B7:CD28 interactions
provide a costimulatory signal to the T cell that amplifies signals from the TCR and
promotes expression of activation markers and initiates gene transcription for cytokine
and cytokine receptors. Mature APC that have received a signal from toll-like receptors,
CD40 signaling, and similar signals, activate NFkB, which enhances peptide:MHC
complex expression and gene expression of cytokines and other costimulatory ligands.
The activated CD4 T cell then receives signals from receptor-ligand interactions such as
0X40:0X40L to promote CD4 T cell survival, effector cytokine production, and to
enhance memory CD4 T cells populations.
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Abstract

To study mechanisms of peripheral self-tolerance, we injected small numbers of
naive CD4" TCR-transgenic T cells into mice expressing the MHC/peptide ligand under
the control of an MHC class IT promoter. The donor T cells expand rapidly to very large
numbers, acquire memory markers, and go out into tissues, but the animals remain
healthy, and the accumulated T cells are profoundly anergic to restimulation with antigen
in vitro. Provision of a costimulatory signal by co-injection of an agonist antibody to
0X40 (CD134), a TNF receptor family member expressed on activated CD4 T cells,
results in death of the mice within 12 days. TCR-transgenic T cells recovered at 5 days
from anti-OX40-treated mice have a unique phenotype: they remain unresponsive to
antigen in vitro, but they are larger, more granular, and strongly IL-2R positive. Some
spontaneously secrete IFN-y directly ex vivo, and the majority make IFN-y in response to
PMA and ionomycin. Although they are anergic by conventional tests requiring antigen
recognition, they respond vigorously to cytokines, proliferating in response to IL-2, and
secreting IFN-y when TCR signaling is bypassed with IL-12 and IL-18. We conclude
that the costimulatory signal through OX40 allows otherwise harmless, proliferating,
autoreactive T cells to acquire effector cell functions. The ability of these T cells to
respond to cytokines by synthesizing additional inflammatory cytokines without a TCR

signal may drive the fatal pathogenic process in vivo.
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Introduction

In addition to clonal deletion of autoreactive T cells in the thymus, self tolerance
depends on inactivation of potentially responsive lymphocytes in peripheral lymphoid
tissues, where they are rendered harmless when they encounter antigens on resting APC
in the absence of infection or adjuvants. Mechanisms of peripheral tolerance are complex
and involve various forms of deletion, inactivation, and suppression (208, 209). A
number of investigators have studied the mechanisms of peripheral tolerance to self
antigens by injecting naive TCR-transgenic T cells into otherwise syngeneic animals that
express the antigen recognized by the T cells (49, 210-217). In such experiments, the T
cells undergo a period of rapid proliferation followed by the death of most of the cells.
The surviving TCR-transgenic T cells are profoundly unresponsive in vivo or in vitro, a
phenomenon called "in vivo anergy" or "adaptive tolerance"(48). The same cycle of T
cell proliferation followed by T cell death occurs during a productive T cell immune
response, but the proliferating cells differentiate into effector cells, and the rare surviving
cells become functional memory cells (218). The innate immune response to infection or
adjuvant tips the balance from tolerance to immunity by activating the APC, which then
provide the additional cytokines and membrane costimulatory molecules that the T cells
need to differentiate and survive as effector cells and memory cells (209, 219).

One of the costimulatory molecules that can determine the decision between
immunity and tolerance is 0X40 (CD134), a costimulatory TNF receptor family member
expressed by activated CD4 T cells (220, 221). The ligand for OX40 (OX40L) is a
membrane-bound member of the TNF family expressed on activated APC (222). A

costimulatory signal through OX40 to activated CD4 T cells enhances T cell survival and

30




memory cell formation (223-226), reverses CD4 T cell tolerance to peptide antigen (227),
and promotes tumor rejection (228) and graft versus host disease (229). Although 0X40
is strongly implicated in autoimmune disease (221, 230), the effect of a costimulatory
signal through OX40 has not been investigated directly in peripheral self-tolerance.
Therefore, we examined the effect of an agonist antibody to OX40 in a new model of

peripheral CD4 T cell tolerance to ubiquitous self antigen.

The neo-self antigen in our model is a transgenic MHC class II molecule with an
antigenic peptide covalently attached to the class II f chain by a flexible linker. We
follow the fate of naive TCR-transgenic T cells that recognize this peptide/MHC complex
after intravenous transfer into the Ag-transgenic mice. For reasons which remain to be
investigated, this model of peripheral tolerance differs from others because very large
numbers of anergic donor T cells accumulate in the spleen and non-lymphoid tissues of
unirradiated, non-lymphopenic, Ag-bearing recipients, facilitating the characterization of
the tolerant T cells. In the other models, the recipients must be irradiated or deficient in
T cells in order to recover large numbers of donor T cells, e.g. (213, 216). Several days
after T cell injection, up to half of the CD4 T cells in spleen and liver are proliferating
TCR-transgenic donor T cells, but the T cells are profoundly anergic i vitro, the animals
appear healthy, and the T cells slowly disappear over the following weeks. However,
when the animals are given a single injection of an agonist antibody to 0X40 along with
the transgenic T cells, the T cells differentiate into large, granular, IL-2R (CD25)-positive
effector cells that secrete effector cytokines and cause the death of the animals within 12

days.
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This simple model provides a tool to investigate how effector functions of CD4 T
cells are turned off in peripheral tolerance and maintained during an immune response.
Our results indicate that there are multiple levels of unresponsiveness in T cells rendered
anergic in vivo. T cells recovered from anti-OX40-treated animals are unresponsive to
antigen in vitro, but act like fully differentiated Th1 effector cells when stimulated

instead with IL-12 plus IL-18.

32



Materials and Methods
Mice

Mice were housed under specific pathogen-free conditions at the Oregon Health
& Science University animal facility. C57BL/6J mice expressing an MHC class IT I-E¥
molecule with an antigenic peptide covalently attached to the EB chain by a flexible
linker were made by coinjection of plasmids encoding Ea* and EB*/peptide driven by a
class Il promoter (231) as previously described (232) in the Transgenic Animal Core
Facility of the University of Massachusetts Medical Center (Worcester, MA). The
antigenic peptide is from pigeon cytochrome C (PCC) with a serine to threonine
substitution at position 102 (PCC102S): ANERADLIAYLKQASAK. The founder was
identified by Southern blot, and the progeny were maintained as heterozygotes and typed
by PCR, using forward primer 5’-GGTTGTTGTGCTGTCTCATC-3’ and reverse primer
5-AGGGCTTCTGGAGAGTAC-3’. CD40-deficient mice (233) on a C57BL/6
background were bred and backcrossed to the Ag-transgenic line to generate Ag-
transgenic, CD40-deficient animals. C57BL/10 AND TCR-transgenic mice specific for
PCC or moth cytochrome C peptide (MCC) on I-E* (234) were obtained from Steve
Hedrick (U of California at San Diego, La Jolla, CA), and bred repeatedly to C57BL/6
RAG-1 deficient mice obtained from the Jackson Laboratory (Bar Harbor, ME). AND
TCR-transgenic T cells are efficiently selected in the thymus on I-A® in C57BL/6 mice,
and recognize PCC102S just as well as PCC on I-E* (235). AD10 TCR-transgenic mice
(235), also specific for PCC or MCC on I-E¥, were maintained as heterozygotes on a

B10.BR background.
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Antibodies

PerCP anti-CD4 (RM4-5), FITC and biotin anti-Va11 (RR8-1), PE anti-VB3
(KJ25), biotin anti-CD25 (7D4), CD44 (IM7), and CD62L (MEL-14), FITC anti-I-E*
(17-3-3), APC anti-IL-2 (JES6-5H4), FITC anti-TNFo. (MP6-XT22), FITC anti-IL-10
(JES5-16E3), APC anti-IL-4 (11B11), PE anti-CTLA-4 (4F10-11) and some isotype
controls were purchased from BD PharMingen (San Diego, CA). APC anti-IFN-y and
some isotype controls were purchased from eBiosciences (San Diego, CA). Anti-OX40
antibody from clone OX86 (European Cell Culture Collection, Porton Down, UK) was
produced and purified for us by UniSyn (Hopkington, MA). Rat IgG was purchased from
Cappel, ICN Pharmaceuticals (Costa Mesa, CA). Purified antibodies to CD28 (PV-1,
used at 100 pg/mouse), CD40 (FGK45, 200 ug/mouse), and 4-1BB (17B5, 100
ug/mouse) were kindly provided by Dr. Stephen Schoenberger (La Jolla Institute for

Allergy and Immunology, San Diego, CA).

Transfer of TCR-transgenic T cells

Spleen cells from AND RAG-1 knockout mice were suspended in HEPES-
buffered HBSS with 2% serum, and isolated on Lympholyte-M (Cedarlane Laboratories,
Hornby, Ontario, Canada) without hypotonic lysis. An aliquot was stained and analyzed
by flow cytometry to determine the proportion of TCR-transgenic T cells (Vall, Vi3,
and CD4 positive) in the suspension. In some experiments, the cells were labeled for 10
minutes at 37° with 2 uM CFSE in 0.1% BSA in PBS. Cells were washed in HBSS with

serum and resuspended in HBSS without serum for injection.

34




Flow cytometry

Single cell suspensions were prepared from spleens and lymph nodes of recipient
animals, and red cells were lysed in hypotonic NH4Cl medium. Liver cell suspensions
were made from one liver lobe cut into pieces and pressed through a sieve, followed by
incubation for 40 minutes at 37° with mixing in serum-free RPMI culture medium with
0.002% DNAse I (Sigma, St. Louis, MO) and 0.02% collagenase D (Boehringer-
Mannheim, from Roche, Indianapolis, IN). Liver lymphocytes were enriched by
sedimentation of hepatocytes at 30 X g for 3 minutes, followed by isolation on
Lympholyte-M. A total of 1-2 x 10° cells were incubated on ice in 120 ml PBS with 1%
serum and 0.01% sodium azide with the indicated antibodies or strepavidin at saturating
concentrations, before analysis on a FACSCalibur flow cytometer using CellQuest
acquisition/analysis software (BD Immunocytometry, San Jose, CA). Cells were stained
for surface antigens and then stained for intracellular CTLA-4 or cytokines using the

Cytofix/Cytoperm kit from BD PharMingen (San Jose, CA).

Cell culture

For intracellular cytokine staining, spleen cell suspensions were stimulated in
RPMI 1640 culture medium containing 10% FBS and 10mM monensin for 5 hours with
20ng/ml PMA (Sigma) plus 500ng/ml ionomycin (Sigma) or equal numbers of irradiated
B10.BR spleen cells as APCs with or without 1uM MCC peptide. Alternatively, the cells
were cultured in the same medium with 10ng/ml IL-12 (Cell Sciences, Inc., Norwood,
MA) and100ng/ml IL-18 (R & D Systems, Minneapolis, MN) for five hours, with

monensin added for the last hour of culture. For the proliferation assays, spleen cell
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suspensions were enriched for CD4" cells by negative selection with the SpinSep murine
CD4" T cell enrichment kit (Stemcell Technologies, Vancouver, Canada). 2.5 x 10*
purified CD4 T cells were cultured with 10’ irradiated B10.BR spleen cells and varying
amounts of MCC peptide in RPMI 1640 with 10% FBS, with or without 10U/ml IL-2 (as
a culture supernatant of a murine IL-2 ¢cDNA transfected plasmacytoma line (236)) for
approximately 72 hours. 1 uCi [*H]-thymidine (6.7 Ci/mMol, Perkin Elmer Life
Sciences, Boston, MA) was added per well for the last 12-18 hours of culture. Cells were
harvested onto glass fiber filters and counted on a Topcount scintillation counter (Packard
Instrument Company, Meriden, CT). T cells blasts were made from AD10 TCR-
transgenic mouse splenocytes prepared by cell dissociation and red blood cell lysis, and
cultured at an initial cell density of approximately 4 x 10° cells/ml with 2.5 uM MCC

peptide for 5-7 days. Live cells were isolated with Lympholyte-M before use.
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Results
Ag-transgenic and TCR-transgenic mice

For these experiments, we made Ag-transgenic mice that express an MHC class II
I-E¥/peptide complex from a class II promoter (see Materials and Methods). The
antigenic peptide is covalently attached to the transgenic EB* chain by a flexible linker.
I-E* could be detected at very low levels on B cells and CD11¢ positive dendritic cells
from the Ag-transgenic mice by flow cytometry (Fig. 1A), and is likely to be expressed
on other class II positive cells as well using this promoter (231, 232). Spleen cells from
the Ag-transgenic mice stimulate vigorous proliferation of naive AND TCR-transgenic T
cells in vitro (data not shown). Although the AND TCR-transgenic T cells are specific
for PCC peptide on I-E* (234), they can be efficiently selected in the thymus on I-A® in
C57BL/6 mice (235). They were bred to C57BL/6 RAG-1 deficient mice, so only

transgenic TCRs are expressed on the T cells used in these experiments.

Adequate costimulation in vivo for T cell accumulation even in the absence of CD40
When spleen cells containing 5-6 x 10° TCR-transgenic T cells are transferred
intravenously into unirradiated, Ag-transgenic recipients, they expand rapidly to maximal
numbers, constituting 15 to 25% of total spleen cells by day 3, and then slowly disappear
(Fig. 1B and data not shown). Similar peak numbers are reached by day 5 when only 5 x
10° TCR-transgenic T cells are injected (data not shown). Very few donor T cells were
recovered from non-transgenic recipients (<0.3% of total spleen). The rapid proliferation
and accumulation of donor T cells in Ag-transgenic animals, in the absence of activation

of APC by adjuvant or infection, might be expected to depend on the ability of the T cells
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to activate APC directly through the interaction of CD40L, expressed on activated CD4 T
cells, with CD40 on dendritic cells (237). However, we found that CD40 expression in
recipient animals was not necessary for T cell expansion, because similar numbers of
donor T cells were recovered at days 3 and 7 from Ag-transgenic recipients that lacked
CD40 expression (Fig. 1B). Therefore, even in the absence of CD40L/CD40 signaling,
conventional costimulatory signals are not limiting for proliferation and survival of large

numbers of autoreactive T cells in this system.

Anti-OX40 prevents functional tolerance of transferred TCR-transgenic T cells

In spite of the large load of proliferating, autoreactive TCR-transgenic T cells,
Ag-transgenic recipient mice remained active and apparently healthy (observed up to 6
weeks). Because alternative costimulation through OX40 on activated CD4 T cells can
prevent tolerance to superantigen or peptide Ag in vivo (223, 225, 227), we examined the
effect of an agonist antibody to OX40 in this model of peripheral CD4 T cell tolerance to
ubiquitous self antigen. Spleen cell suspensions containing 0.5-5 x 10° TCR-transgenic T
cells were transferred intravenously into unirradiated, Ag-transgenic recipients together
with 50 pg of agonist anti-OX40 antibody or control rat [gG. Mice receiving rat IgG
remained healthy, while all Ag-transgenic mice receiving anti-OX40 became less active
and hunched or moribund in 6 to 8 days, and were euthanized or dead within twelve days
(8 of 8 mice). Spleens from both groups were enlarged (2 to 4 times normal size) but
those from anti-OX40 treated mice were delicate and pale, while those from rat IgG
controls retained normal structure and color. On days 5 and 8, livers of mice from anti-

0X40-treated mice were extremely pale, spongy, and delicate, and showed
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microvesicular steatosis upon histological examination (see Fig. 5). Livers of control,
rat-Ig-treated animals had white spots on the surface and were more pale than normal
livers. Other organs appeared grossly normal in both groups. Non-transgenic recipients
remained healthy following injection of TCR-transgenic T cells and anti-OX40,
demonstrating a requirement for antigen in this system.

To examine the phenotype of the transferred T cells, spleen cell suspensions of
recipient mice were analyzed by flow cytometry five days after transfer of 5 x 10° TCR-
transgenic T cells. Representative mice from one of eight experiments are shown in Fig.
2. TCR-transgenic T cells were identified by expression of CD4, VB3, and Va11, and
surface expression of CD25, CD44, CD62L was measured. Large numbers of donor
TCR-transgenic T cells with memory/effector cell markers (CD44™, CD62L")
accumulate in the spleens of the recipient mice by day five, with or without anti-OX40
treatment, although the shift to memory/effector phenotype is more complete with anti-
0X40 (Fig. 2). Spleens of anti-OX40-treated animals contain 1.5 to 5 times as many
TCR-transgenic T cells, while total spleen cell numbers for both groups were 2 to 2.5
times greater than that of a non-transgenic control or untreated Ag-transgenic mouse.
Averaging all experiments, the mean cell number of TCR transgenic cells recovered from
the spleen on day 5 was 49.7 x 10° (S.E. = 7.7 x 10°, n = 18) with anti-OX40, and 15.3 x
10°(S.E.=2.5x10% n= 18) with rat IgG. This observation implies that anti-OX40 may
enhance the survival of the proliferating donor T cells or cause the retention of

proliferating T cells in the spleen.

One striking characteristic of the donor T cells recovered from the anti-OX40-

treated animals is their sustained, very high expression of the IL-2Ra. chain, CD25,
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which declines to near background levels by day five in the rat IgG controls (Fig. 2B).
Another feature of the T cells from OX40-treated animals is their large size (forward
scatter) and granularity (side scatter) (Fig. 2A). Donor T cells recovered from the rat
IgG-injected controls are smaller and less granular, resembling proliferating lymphoblasts

recovered from cultures stimulated with peptide in vitro (data not shown).

The transgenic TCR is substantially downmodulated in both groups, but is slightly
lower in the anti-OX40-treated animals (Fig. 2A). Although T cells from both groups
show elevated CD44 and reduced CD62L compared to naive T cells, T cells from anti-
OX40-treated animals are uniformly higher for CD44 and lower for CD62L, and the rat
IgG control T cells include both CD62L" and CD62L" populations (Figure 2B). Staining
for intracellular CTLA-4 is weakly positive in both groups, although the higher
background staining of the larger anti-OX40-treated T cells makes it difficult to directly
compare levels of CTLA-4 expression between the groups (data not shown). When
normal B6 recipients are used, few TCR-transgenic T cells are recovered with or without
anti-OX40, and they retain all the properties of naive, small resting lymphocytes (data not

shown).

Costimulation is adequate for maximal proliferation without anti-OX40

To investigate the effect of anti-OX40 on proliferation of the donor TCR-
transgenic T cells, TCR transgenic spleen cells were labeled with CFSE before transfer,
and mice were sacrificed on days 3, 5, and 8 (Fig. 3). The donor T cells in these Ag-
transgenic animals divide very rapidly and uniformly, perhaps owing to the ubiquitous

expression of the transgenic antigen. Significantly, there is no difference in the rate of
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cell division, as measured by the dilution of the CFSE label, between the anti-OX40-
treated group and the rat IgG controls all the way out to day 8, when the CFSE has been
diluted to background levels. Notice that proliferation continues unabated beyond day 5,
when accumulation of TCR-transgenic T cells in the spleen is maximal, implying that

donor T cells are leaving the spleen and/or dying in large numbers in both groups.

Donor T cells from anti-OX40-treated animals make IFN-y

To attempt to explain the lethal effect of anti-OX40 in this model, we investigated
the possibility that 0X40 engagement promotes T cell differentiation to effector function
by measuring production of effector cytokines. Fig. 4 shows that a portion of TCR-
transgenic T cells recovered at day 5 from anti-OX40-treated animals spontaneously
produces moderate amounts of IFN-y during a five-hour incubation in vitro. When the T
cells were stimulated with PMA and ionomycin, which bypasses the TCR and directly
activates the signaling pathways leading to cytokine transcription, the majority of the T
cells made large amounts of IFN-y, showing that the IFN-y gene is accessible and the
transcriptional machinery for IFN-y production is intact. In contrast, T cells from the rat
IgG control animals did not make IFN-y spontaneously, and many fewer cells produced
IFN-y in response to PMA and ionomycin. In both groups, PMA and ionomycin
stimulation induced only small increases in TNFa production and induced IL-2 synthesis
in a small proportion of cells, which was consistently slightly lower in T cells from the
anti-OX40-treated animals. We were unable to detect IL-10 or IL-4 by intracellular

cytokine staining in donor T cells under any conditions (data not shown).
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Donor T cells accumulate in non-lymphoid tissues with or without anti-OX40

Substantial mononuclear cell infiltrates were found in livers and lungs in Ag-
transgenic animals whether or not they were treated with anti-OX40, but evidence of
destruction of liver cells was found only in the anti-OX40-treated animals (Fig. 5). Most
of the infiltrating CD4 T cells in the liver were TCR-transgenic in both groups, although
only the anti-OX40-treated T cells showed the same high side scatter, high levels of
CD25 expression, and intracellular IFN-y as the T cells recovered from the spleen (Fig. 6
and data not shown). In comparison to the liver and spleen, a smaller proportion of the
CDA4 T cells recovered from the lymph nodes was TCR-transgenic, particularly in the
anti-OX40 group. This finding is consistent with the absence of a CD62L™ population of
TCR-transgenic T cells in the spleens of anti-OX40-treated animals (Fig. 2B). These
experiments show that the donor T cells do not need the OX40 signal to leave the spleen
and go out into non-lymphoid tissues, but do require OX40 engagement to acquire

effector cell functions and cause damage.

TCR-transgenic T cells from anti-OX40-treated animals are unresponsive to signals
through the TCR, but proliferate vigorously in response to IL-2 and make copious IFN-y
in response to IL-12 plus IL-18

Although they continue to proliferate in vivo (Fig. 3), purified CD4 T cells
recovered from Ag-transgenic animals were profoundly anergic to restimulation with
peptide and fresh APC in vitro (Fig. 7). TCR-transgenic T cells from animals treated
with anti-OX40 also showed little or no response to peptide antigen, although they had

higher background proliferative responses that varied from mouse to mouse (Fig. 7).
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Proliferative responses of T cells from the rat IgG control animals could not be regained

by addition of exogenous IL-2, while T cells from anti-OX40-treated animals proliferated
vigorously to IL-2 with or without antigen (Fig. 7). When whole spleen cell suspensions
instead of purified CD4" T cells were tested in proliferation assays, cultures from anti-
0X40-treated animals proliferated vigorously without addition of IL-2 or antigen (data
not shown). When donor T cells recovered on day 5 from anti-OX40-treated or control
mice were transferred into fresh Ag-transgenic recipients, they did not expand, even
when transferred with additional anti-OX40 Ab (data not shown).

TCR-transgenic T cells recovered from Ag-transgenic animals also did not
produce IFN-y or IL-2 in response to APC with peptide antigen in vitro, regardless of
anti-OX40 treatment, in 6 of 7 similar experiments(Fig. 8 and data not shown). Since IL-
12 and IL-18 can induce IFN-y secretion from effector T cells independent of TCR
signals (238), we tested this stimulus in our system. IL-12 plus IL-18 induced very high
levels of IFN-y production from most of the TCR-transgenic cells recovered from anti-
0OX40-treated mice (Fig. 8). For the anti-OX40 T cells, IL-12 plus IL-18 was
consistently more effective than PMA and ionomycin (Fig. 4). Very few rat IgG-treated
control T cells responded to IL-12 plus IL-18. Therefore, the combination of ubiquitous
antigen presentation and a persistent signal through OX40 results in accumulation of
lethal CD4 effector cells with a unique phenotype: they are anergic to signals through

their TCR, but remain very responsive to the cytokines IL-2, IL-12, and IL-18.
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Among several antibodies shown to block peripheral tolerance, only anti-4-1BB has
effects similar to anti-OX40

Several other agonistic antibodies have been reported to provide or induce
costimulatory signals and block peripheral tolerance in T cells, including anti-CD28
(239), anti-CD40 (215, 237, 240), and anti-4-1BB (CD137) (241). 4-1BBis a
costimulatory TNF receptor family member closely related to OX40, which is expressed
predominantly on CD8 cells, but has also been reported to be expressed and functional on
CDA4 T cells (241, 242). Although anti-4-1BB has complex effects on antibody formation
and CD4-dependent autoimmunity in vivo (243), it blocks tolerance to peptide antigen in
young mice and restores T cell priming in aged mice (241). We injected these other
antibodies in place of anti-OX40 together with TCR transgenic T cells into Ag-transgenic
mice, and analyzed the spleens by flow cytometry at day 5 as before. Only anti-4-1BB
approached anti-OX40 in its ability to produce donor T cells with high CD25 expression
and IFN-y synthesis in response to IL-12 and IL-18 (Fig. 9). Donor T cell recovery was
variable but comparable among mice treated with anti-OX40 and anti-4-1BB (data not
shown). Anti-CD40 produced a few T cells with that phenotype, perhaps by inducing
expression of endogenous OX40L (222). Treatment with agonist anti-CD28 produced no
change. Therefore, it seems likely that closely related OX40 and 4-1BB receptors deliver
a similar costimulatory signal to activated T cells that is qualitatively different from that

delivered by conventional costimulation through CD28.




Discussion

T cells that see their antigens on healthy tissues in the absence of adjuvant or
infection are rendered tolerant. Induction of peripheral tolerance in naive T cells in vivo
nearly always involves an abortive immune response with an initial period of T cell
proliferation followed by T cell death (211, 213, 218, 244, 245). In tolerance, fewer Ag-
specific T cells are recovered than in an immune response, and the recovered cells are
functionally compromised compared to primed cells, even when assayed in isolation in
the absence of possible regulatory cells (212, 213, 246, 247). The mechanisms of
inactivation of tolerant T cells include proliferative anergy, due to the inability to
synthesize IL-2, and a more general inability to recognize and respond to antigen because
of compromised signaling through the TCR (48). This report points to an additional
mechanism of tolerance at the level of effector cell cytokine production, by which
tolerant T cells are rendered harmless because differentiation to effector function is
blocked or cytokine and cytokine receptor expression is inhibited.

The tolerant T cells described in this report appear to be compromised in all the
ways described above. Nevertheless, they accumulate to large numbers in vivo by day 5,
and appear to continue proliferating between day 5 and day 8 even as numbers decline
(see Fig. 3). A signal through OX40 enables acquisition of effector cell functions by
these otherwise harmless, tolerant, proliferating cells, and results in the death of the
animals. However, the OX40 signal does not restore normal signaling through the
antigen receptor, because cells recovered from anti-OX40-treated animals are anergic and
fail to respond to antigen on APC (Figs. 7 and 8). Instead, like non-tolerant armed

effector Thl cells, these cells respond vigorously to cytokines, proliferating in response
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to IL-2 without antigen, and making copious IFN-y in response to IL-12 plus IL-18
without a signal through the TCR. T cells from anti-OX40-treated animals express high
levels of CD25, the IL-2Ra chain (Fig 2B). Messenger RNA levels for IL-2Ra, IL-
12RP2, IL-7R, and IL-15Ra are increased four to eighteen-fold in donor T cells from
anti-OX40-treated animals versus rat IgG-treated controls on day 3.5 by preliminary
Affymetrix gene chip analysis (average of two experiments, data not shown). Message
for IFN-y was increased 2.9 fold directly ex vivo, without in vitro activation. Messenger
RNA for GM-CSF, lymphotoxin, and IL-3 was present in donor T cells from anti-OX40-

treated animals but absent from rat IgG-treated controls.

Although the initiation of the T cell response is completely dependent on antigen
recognition in our model, the ability to produce and respond to inflammatory cytokines in
a positive feedback loop with accessory cells in target tissues may be adequate to sustain
T cell effector functions and progressive disease in these animals after the signals through
the TCR are compromised by continuous antigenic stimulation. In support of this idea,
we found that T cells recovered on day 5 from anti-OX40-treated animals were unable to
continue to expand or induce disease in secondary, antigen-transgenic hosts, even in the
presence of anti-OX40 antibody (data not shown), implying that disease progression
depends on activated accessory cells in the day 5 animals. Consistent with this view, it
was recently reported that viral stromal keratitis can be caused by a T cell-dependent,
non-TCR-mediated, cytokine-driven bystander mechanism (248). It is possible that
similar, non-TCR-mediated, positive cytokine feedback loops could contribute to
immunopathology in other kinds of infections and in graft-versus-host disease where

large numbers of activated T cells accumulate in tissues. We have not yet determined the

46




cause of death in our anti-OX40-treated animals. The most obvious early pathological
change is extensive liver damage, which could easily account for death, but other target
organs could be involved. Similar acute liver damage can be induced by the
combination of IL-12 and IL-18 in normal mice, and liver damage is IFN-y~dependent in
that model (249, 250). We have focused on IFN-y in our experiments, but it is possible
that other effector cytokines such as lymphotoxin, TNF-a, and GM-CSF could be

involved in the disease process.

Our main finding is that T cell tolerance occurs and can fail at the level of
differentiation to effector functions. The donor T cells recovered from anti-OX40-treated
animals are “tolerant” since they are unresponsive to antigen in vitro, but otherwise
resemble fully armed effector Th1 cells. They are larger and more granular than donor T
cells from control animals, and the cytokine receptors and cytokine receptor signaling
pathways leading to acute INF-y synthesis (251) are open and active. Other investigators
have documented loss of effector functions in T cells rendered tolerant in vivo (210, 211,
214,217, 252), but only a few experiments have distinguished such loss from
compromised signaling through the TCR. Zajac et al. (252) found virus-specific CD8 T
cells in persistently infected animals that were devoid of effector functions, and failed to
make IFN-y even when TCR signaling was bypassed with PMA and ionomycin.
Similarly, a high frequency of PMA and ionomycin-unresponsive tumor-specific CD8 T
cells was detected with tetramers in a melanoma patient (253). Adler and colleagues
showed recently that fully differentiated, primed effector CD4 T cells are rapidly

tolerized by exposure to soluble peptide or parenchymal self antigen in vivo, with early
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and selective loss of INF-y and TNF-a production in response to restimulation with

antigen in vitro (49, 254).

Most previous studies have emphasized the ability of the OX40 signal to enhance
T cell expansion and survival. OX40 was initially characterized as an activation marker
on CD4 T cells (220, 255), and then shown to have potent costimulatory activity for
activated CD4 T cells in vitro (256). Although the OX40/0X40L interaction has been
implicated in T cell/B cell collaboration (257), mice deficient in OX40 or OX40L have
normal or near normal antibody responses, with defects in T cell proliferation and cellular
immunity (222, 258-260). Agonist anti-OX40 antibody has striking adjuvant effects in
enhancing memory cell formation and blocking acquired tolerance to superantigens and
peptide antigens in CD4 cells (223-227). Rogers et al. (226) have shown that 0X40
upregulates expression of the anti-apoptotic proteins, Bcl-xL and Bcl-2, under conditions
of enhancement of survival of activated CD4 T cells. Moreover, they showed that viral
transduction of Bcl-xL or Bcl-2 reverses the survival defect in 0X40 knockout T cells.
On the other hand, Bansal-Pakala showed that agonist anti-OX40 can reverse established
CD4 T cell tolerance in vivo and T cell clonal anergy in vitro (227), effects that may

involve more than enhancing T cell expansion and survival.

In our system, it appears that the major effect of anti-OX40 is to induce T cell
differentiation to effector function, rather than to promote T cell survival. Although
three-fold larger numbers of TCR-transgenic T cells accumulate in the spleens of anti-
OX40-treated than of control animals, fewer TCR-transgenic T cells are found in lymph
nodes, and similar numbers are found in liver and lungs. The striking difference was in

the armed effector phenotype of the T cells in the anti-OX40-treated animals. When anti-
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OX40 is given 3 or 4 days after the injection of the TCR transgenic T cells, the 0X40
signal does not produce a phenotypic change overnight, but instead must be present for
several days to allow accumulation of cells expressing high levels of CD25 and capable
of secreting IFN-y (data not shown). It appears that anti-OX40 may enhance T cell
survival and numbers of memory cells when antigen is transient, as in the peptide and
superantigen systems described above (223-227), and may enhance T cell differentiation
to effector function when antigen is continuous, as in the models of graft versus host

disease (229), autoimmunity (230), cancer (228), and this report.

T cell survival in some circumstances and T cell differentiation to effector cells in
other circumstances could be independent consequences of the same OX40 signaling
pathway. For instance, OX40 activates NFkB (261, 262), which is known to promote
both cell survival and cytokine synthesis (263-265). Similar signals promoting survival
and differentiation of activated T cells have been reported to be delivered by other TNFR
family members, which also activate NFkB, including CD27 (127, 266) and 4-1BB
(CD137) (241, 242, 261, and this report). Alternatively, both survival and differentiation
could be secondary to upregulation of cytokine receptors via the OX40 signal.
Engagement of OX40 upregulates expression of the IL-2 receptor (225 and this report)
and of mRNA for the receptors for IL-15, IL-12, and IL-7 (data not shown), all of which
have been reported to enable survival and/or drive differentiation of T cells (238, 267-
271). In our model in which the OX40-driven effector CD4 T cells kill the animals, these
cytokine receptors are likely to be essential to a positive feedback loop with APC in the
pathogenic process, as described above. We are currently testing this hypothesis and

addressing the mechanism by which the OX40 signal allows accumulation of armed
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effector T cells using donor T cells with transgenes or mutations affecting T cell survival,

cytokine receptors, and signaling pathways.
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FIGURE 2-1. Antigen-specific expansion of CD4 T cells in Ag-transgenic mice is
CDA40-independent. (A) The thick lines show the expression levels of transgenic I-E* on
CD19" B cells and CD11c" dendritic cells of the Ag-transgenic mice. Also shown are
background staining of non-transgenic mice (shaded histograms) and normal level
staining of endogenous I-E* on B cells and dendritic cells of B10.BR mice (thin lines).
(B) Proliferation of Ag-specific transgenic T cells transferred into Ag-transgenic hosts is
not dependent upon CD40. 5.9 x10° transgenic T cells were transferred into CD40-
deficient or sufficient, Ag-transgenic hosts (two mice per group). The percentages of
total splenocytes in each mouse that were Val1"/VB3*/CD4" on the indicated days after
transfer are shown.
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FIGURE 2-2. Transferred T cells from anti-OX40-treated mice show an activated
phenotype. TCR-transgenic T cells (5 x 10°) were transferred into Ag-transgenic
recipients with either anti-OX40 Ab or control rat IgG, then recovered from the spleen on
day 5 and analyzed by flow cytometry for size, granularity, and expression of activation
markers. (A) Splenocytes were gated on CD4" and donor T cells were detected by
staining for Val1 and V3, the transgenic TCR chains. The percentage of CD4" cells
that were Va117/VPB3™ is indicated, and the forward and side scatter profile of each
Vall*/VB3* population is shown. For comparison, CD4" splenocytes from naive donor
TCR-transgenic RAG™” mice are also shown. (B) The histograms show staining for
CD25, CD44, or CD62L of splenocytes gated on CD4"/Va117/VB3*as in (A). The figure
shows one representative mouse of three per group, from one experiment of eight.
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FIGURE 2-3. Anti-OX40 does not affect the proliferation rate of TCR-transgenic T
cells transferred into Ag-transgenic hosts. T cells were CFSE labeled before transfer with
anti-OX40 Ab (bold lines) or control rat IgG (thin lines), and the dilution of CFSE
examined in CD4", Val1" and VB3" splenocytes after 3, 5 or 8 days. The dashed line on
day 3 shows CFSE-labeled donor CD4" cells that have not divided; on day 8 it shows the
background level of fluorescence of unlabeled host T cells.
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FIGURE 2-4. Donor T cells from Ag-transgenic hosts treated with anti-OX40 secrete
IFN-y directly ex vivo and in response to activation with PMA and ionomycin.
Splenocytes recovered from host animals on day 5 were cultured for 5 hours in the
presence of monensin, with or without PMA and ionomycin, and then stained for CD4,
VB3, and intracellular IFN-y, TNFa, or IL-2. The percentage of CD4'/Vb3* cells
expressing the cytokine is indicated on the plots, which are gated on CD4" cells. the
figure shows one representative mouse of three per group, from one experiment of five.
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FIGURE 2-5. Treatment with anti-OX40 results in mononuclear cell infiltrate and
hepatocyte damage, while control livers show infiltrate without damage. Infiltration of
similar numbers of lymphocytes into the lungs is apparent in both anti-OX40 and rat 1gG
treated mice. The figure shows H&E staining of recipient livers (400X) and lungs
(200X) on day 8 after transfer of 5 x 10> TCR transgenic T cells into Ag-transgenic
recipients, with and without anti-OX40, or non-transgenic recipient with anti-OX40.
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FIGURE 2-6. Transgenic T cells are found at a lower frequency in the lymph node in
anti-OX40-treated hosts than in control animals, and retain their large, CD25" phenotype
in both livers and lymph nodes. The percentage of CD4" liver or lymph node
lymphocytes that are Val1*/VB3" is shown. The CD25 expression and side scatter of
this donor T cell population is shown in the plots to the right. The figure shows one
representative mouse of three per group, from one experiment of two (livers) or four
(lymph nodes).
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FIGURE 2-7. Purified CD4" donor T cells recovered from Ag-transgenic hosts on day 5
do not proliferate in response to peptide antigen, even with addition of exogenous IL-2
(lower panel). Those from anti-OX40-treated mice proliferate upon addition of IL-2,
with or without addition of peptide antigen. Thymidine incorporation assay results from
one experiment of four, with three mice per group, is shown. At the end of the culture
period, counts per minute in each well were divided by the number of TCR-transgenic T
cells in that well, as calculated by flow cytometry analysis.
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FIGURE 2-8. Donor T cells from anti-OX40-treated mice secrete IFN-y in response to
IL-12 plus IL-18 treatment, but not in response to 1 uM peptide antigen. Splenocytes
recovered on day 5, or in vitro activated T cell blasts as a positive control, were stained
for CD4, VB3, and intracellular IFN-y. Plots shown are gated on CD4" and the
percentage of CD4"/V[(33" cells that are positive for IFN-y staining is shown. The figure
shows one representative mouse of three per group, from one experiment of three.
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FIGURE 2-9. Treatment with anti-4-1BB Ab produces an effect similar to treatment
with anti-OX40, while anti-CD28 has no effect, and anti-CD40 produces only a slight
increase in IFN-y production. (A) Expression of CD25 on CD4"/Val1*/VB3" cells at 5
days after transfer of transgenic T cells into an Ag-transgenic host with the indicated
antibody. (B) Production of IFN-y by CD4"/Val1/VB3" cells during 5 hours in culture
with either IL-12 and IL-18 or media alone. The figure shows one representative mouse
of three per group, from one experiment of two.
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Summary

Naive, CD4" T cells proliferate extensively but fail to differentiate when they are
transferred into unirradiated recipients that express alloantigen or transgenic antigen on
all MHC class IT" cells. Addition of an agonist antibody to 0X40 (CD134), a
costimulatory TNF receptor family member expressed on activated CD4" T cells, enables
the proliferating T cells to accumulate as differentiated effector cells and kill the host
animals. The donor T cells from anti-OX40 treated animals express high levels of IL-
2Ra (CD25) and acquire the ability secrete IFN-y when stimulated with IL-12 and IL-18.
0X40 promotes differentiation by 48 hours in T cell priming, before changes in Bcl-2
expression or cell recovery become apparent. We found that a Bcl-2 transgene or
deficiency in Fas or TNFR1 failed to influence accumulation of differentiated donor
cells, and found larger changes in expression of cytokine and cytokine receptor genes
than in survival genes. Accumulation of differentiated CD4" effector T cells is initiated
directly through OX40, but some OX40-deficient donor cells can gain effector function

+H+

as bystanders to OX40™" cells. Taken together, these data suggest that CD4" T cell
differentiation to effector function is an important effect of 0X40 engagement under

conditions of ubiquitous antigen presentation.
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Introduction

Optimal CD4" T cell activation requires recognition of cognate antigen together
with costimulatory signals. However, costimulatory signals are not limiting for initial T
cell proliferation in vivo, even with resting APC under conditions of tolerance induction
(51, 56). In vivo, additional costimulatory signals from activated APC are necessary to
promote CD4" T cell survival and acquisition of effector function. Without these
additional costimulatory signals, proliferating CD4" T cells fail to accumulate,
differentiate into effector T cells, or generate long-lived memory T cells, and the
surviving tolerant T cells are hyporesponsive upon subsequent engagement of cognate
antigen (48, 209). Several costimulatory receptors that belong to the tumor-necrosis
factor receptor (TNFR) superfamily, including CD27, 4-1BB, and OX40, can enhance
CD4" T cell responses upon antigen recognition iz vivo, allowing responding T cells to
survive as well as to acquire differentiated effector functions (15).

0X40 is a costimulatory receptor expressed predominately on CD4" T cells that
appears on the cell surface 24-48 hours after antigen recognition (81), and engages OX40
ligand (OX40L) expressed on the surface of activated APC (94). Mice deficient in OX40
or OX40L have diminished antigen specific clonal expansion and memory T cell
populations (90, 98, 110, 111, 115, 165). Blocking OX40/0X40L interactions in vivo
decreases the severity of inflammatory diseases such as graft-versus-host disease (188),
experimental autoimmune encephalomyelitis (105), and asthma (163, 165). In contrast,
agonist OX40 antibody increases clonal expansion (115), promotes robust memory T cell

populations (161, 272), and enhances anti-tumor immunity (195, 273, 274). In addition,
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a signal through OX40 has been reported to reverse previously established peripheral

tolerance (175).

Although OX40 costimulation can promote acquisition of effector function, the
mechanism by which this occurs is not clear. Previous reports demonstrate that 0X40
promotes T cell longevity, which can lead to a robust memory T cell population (80, 113-
115, 161, 272). More specifically, OX40 signaling results in enhanced Akt activity and
Bcl-2, Bel-xy, and survivin expression, which lead to survival of activated T cells and
enlarges the memory T cell populations (80, 113, 114). OX40 engagement has also been
shown to enhance secretion of IL-4 and IL-5 (165) and germinal center formation (89) in
Th2 responses, and IL-2 and IFN-y production in Thl responses (1, 167). Here, we
examine whether OX40 engagement enhances effector function by promoting survival of
differentiating cells, or by driving T cell differentiation independent of survival.

To determine the role of OX40 signaling in acquisition of effector function, we
used two similar models of ubiquitous antigen presentation. We had previously
established that agonist anti-OX40 promoted accumulation of differentiated effector
CD4" T cells when TCR transgenic T cells are transferred into unirradiated, antigen
transgenic hosts (1). In this study, we examined the polyclonal responses of alloreactive
C57BL/6 (B6) CD4" T cells, and showed that agonist anti-OX40 antibody can promote
the accumulation of differentiated effector CD4" T cells in unirradiated recipients. To
determine the role of OX40 costimulation in a polyclonal population of CD4" T cells, we
used Bcl-2 transgenic or death receptor and OX40 deficient mice available on the
common B6 background in the alloantigen model. We used the TCR transgenic model to

investigate the effects of OX40 signaling in the initial phases of T cell priming. The data




herein suggest that 0X40 directs differentiation to effector CD4" T cells under conditions

of ubiquitous antigen presentation.
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Materials and Methods

Mice and Adoptive Transfers

Mice were housed under specific pathogen-free conditions at the Oregon Health
& Science University animal facility. (B6 x bm12) F1 mice were made by crossing
female B6.Ly5.1 (C57Bl/6 congenic for CD45.1), obtained from the National Cancer
Institute (Frederick, Maryland), to B6.C-H2bm12/KhEg mice, obtained from the Jackson
Laboratory (Bar Harbor, ME). C57B1/6J, TNFR1”" (C57BL/6-tnftsf1 a), B67", Thyl.1
congenic (C57BL/6J-Igh*Thy1°Gpi®), and Bcl-2 transgenic (C57BL/6-TgN(Bcl2)36wehi)

were obtained from the Jackson Laboratory. OX40™ mice were kindly provided by Nigel

Kileen (111). Pigeon cytochrome C (PCC) specific AND TCR transgenic, Rag-1
deficient mice, and antigen transgenic mice expressing I-E* plus covalently associated
PCC with the amino acid T102S substitution on the C57BL/6 background have been
described previously (1). Donor splenocytes for each experiment were prepared for
intravenous injection as previousl