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Summary

OX40 (CD134) is a tumor necrosis factor (TNF) receptor expressed primarily on activated CD4*
and CD8* T cells and transmits a potent costimulatory signal when engaged. OX40 is transiently
expressed after T-cell receptor engagement and is upregulated on the most recently antigen-
activated T cells within inflammatory lesions (e.g. sites of autoimmune destruction and on tumor-
infiltrating lymphocytes). Hence, it is an attractive target to modulate immune responses: OX40
blocking agents to inhibit undesirable inflammation or OX40 agonists to enhance immune
responses. In regards to this review, OX40 agonists enhance anti-tumor immunity, which leads to
therapeutic effects in mouse tumor models. A team of laboratory and clinical scientists at the
Providence Cancer Center has collaborated to bring the preclinical observations in cancer models
from the bench to the bedside. This review describes the journey from /n vitro experiments
through preclinical mouse models to the successful translation of the first OX40 agonist to the
clinic for the treatment of patients with cancer.
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Preface

The events chronicled in this review relay how basic, preclinical, and clinical science were
eventually brought together so that cancer patients could be treated with an OX40 agonist.
There were several chance meetings and occurrences that influenced both the science and
decisions to go forward with the clinical trial. Therefore, the review contains both scientific
and personal events that directly influenced OX40 development and eventually achieving
the goal of treating cancer patients. While it would have been nice to describe an exact
‘template’ for scientists to move forward with their discoveries into patients, this manuscript
reviews the actual events that unfolded.

Introduction

Immunotherapy has been proposed as an effective cancer treatment for over 100 years, and
there has been a focused effort to obtain approval of immune stimulatory drugs/techniques
for cancer patients during the past 40 years (1-9). These immune stimulatory agents have
included cancer vaccines, cytokine-based therapies, Toll-like receptor (TLR) agonists,
adoptive T cell and natural killer (NK) cell therapies, antibody-based therapy directed
against tumor antigens (Ags) and angiogenic factors, and antibodies to T-cell surface
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proteins that augment T-cell function (1-9). Clinical efforts in the 1980s focused on
interleukin-2 (1L-2) and lymphokine activated killer cells (LAK) therapy with limited
success; however, from this work, IL-2 monotherapy was approved for use in late stage
melanoma and renal cancer patients (3, 4). Since the mid-1990s, several antibodies against
tumor Ags [e.g. Her2/neu, CD20, and epidermal growth factor (EGF) receptors] were
approved for use against different tumors, some of which showed greater efficacy when
combined with chemotherapy (6, 10, 11). In the last 2 years, two immune-based therapies
have been approved for use in cancer patients. One, ipilimumab, an antibody to the cytotoxic
T-lymophocyte antigen-4 (CTLA-4) protein that blocks a negative T-cell signal and
improves T-cell function, was approved for late stage melanoma (12). The other, sipuluecel-
T, is a vaccine/adoptive therapy, which has been approved for hormone refractory late stage
prostate cancer patients (13). Hence, there is renewed enthusiasm for immune-based/T-cell
therapies for cancer patients. This review chronicles efforts to enhance T-cell stimulation
with agonists to the tumor necrosis factor (TNF) receptor family member OX40 for use as a
therapy in cancer patients.

A group at Oxford University in the1980s led by Alan Williams produced several
monoclonal antibodies to activated rat T-lymphocyte cell surface proteins, one of which was
named OX40 (14). In the early 1990s, the cDNA for the OX40 antigen was cloned,
sequenced, and found to be a member of the TNF receptor super family (15, 16). The initial
publication showed that an OX40 antibody (Ab) could increase T-cell proliferation,
particularly during the later stages of /n vitro T-cell activation (14). Around the same time
that the initial OX40 Ab was produced, a group in Japan described an antibody that bound a
protein on human T lymphocytes infected with human T-cell lymphoma/leukemia virus-1
(HTLV-1) (17), which was later confirmed to be the ligand for OX40 (OX40L) (18, 19).
There is only one known ligand for OX40, and the crystal structure of OX40 binding to
0OX40 ligand was recently resolved (20). The crystal structure showed that the OX40 ligand,
which is a TNF family member, forms a homotrimer and that OX40 interacts at several
contact points within the groove between two OX40L subunits (20). It is inferred from the
crystal structure that three OX40 monomers interact with the OX40L homo-trimer.

OX40 is mainly expressed on activated T cells and is preferentially expressed on CD4* T
cells although activated CD8" T cells also express OX40, albeit at lower levels (21). In
mice, OX40 is constitutively expressed on all T-regulatory (Treg) cells (22). However in
humans, OX40 expression is low or absent on peripheral Tregs, but expression is higher on
human Tregs isolated from sites of inflammation (e.g. tumors) (Weinberg laboratory,
unpublished observations). OX40 has also been found on polymorphonuclear cells (PMNSs)
and dendritic cells and can have a biologic (proinflammatory) effect in hosts where T cells
are absent (23, 24). OX40L is found mainly on activated antigen-presenting cells (e.g.
dendritic cells, B cells, macrophages, and endothelial cells), but can also be expressed by
activated T cells (25-30). In general, the OX40L is expressed at low levels throughout the
body of normal individuals where there is little inflammation but is upregulated in
individuals with autoimmune manifestations (31). In particular, the majority of OX40 ligand
expression in hosts with autoimmunity appears to be confined to the lesions (32). Blocking
OX40/0X40L interaction /n vivotempers the clinical signs of autoimmunity and
overexpression of the OX40L in transgenic mice leads to increased signs of autoimmunity as
they age (32-37). It is clear that engagement of OX40 by its ligand leads to potent biologic
activity and restricted expression of the OX40L appears to limit the biologic potency of this
TNF receptor/ligand pair (32, 33). Based on these findings, it was hypothesized that
injecting an OX40 agonist /n vivo might enhance biologic activity in otherwise dormant
immune settings, such as hosts with tumors or chronic infections. This approach proved to
be therapeutically effective in preclinical models, confirming the potential of the OX40
protein as a therapeutic target (38, 39). The rest of this article chronicles the scientific
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journey as well as the collaborative efforts at the Providence Cancer Center to produce an
OX40 agonist that was eventually administered to cancer patients.

Initial exposure to OX40

Investigation into experimental autoimmune encephalomyelitis (EAE) in the Lewis rat
model revealed a critical role for OX40 in immune function. In the late 1980°s most studies
on cytokine-driven T-helper 1 (Th1) and Th2 differentiation (40-43) relied on /n vitro
cultures. Performing adoptive transfer studies in the EAE model allowed for /n vivo
observation of the biologic function of T helper cells (myelin-specific T cells), which in this
case caused hind-limb paralysis within 4-6 days after transfer. Several groups had published
that Ag-activated encephalitogenic T cells were able to penetrate the blood-brain barrier,
invade central nervous system (CNS) tissue, recognize their cognate Ag /n situand produce
cytokines, which ultimately led to paralysis (44-46). Our group characterized the phenotype
and cytokine profile of auto-Ag specific CD4* T cells isolated from the CNS of rats with
clinical signs of EAE (47, 48).

Attending the 8™ International Congress of Immunology in 1992, which was being held in
Budapest, Hungary, led to a fortuitous encounter. This was a very interesting time in Eastern
Europe as the Berlin wall had just come down and a lot of these countries including
Hungary were transitioning from communism to a democracy. As far as the meeting was
concerned, the weather was extremely hot and there was no air conditioning in the meeting
halls, so I only attended sessions that were circled with major interest. At a poster
presentation, a student from Allan William’s lab presented the cloning of mouse form of
0OX40, which was expressed on CD4* T cells. This encounter prompted the initial
examination of OX40 on autoantigen-specific CD4" T cells that invaded the CNS of rats
with EAE.

Expression of OX40 in EAE

In the early 1990s the only Ab known to bind OX40 was the original monoclonal that the
William’s group had produced, which only recognizes rat OX40 (14). Hence, it was a
perfect fit for the rat EAE studies that we were performing and in retrospect gave us a head
start on studying OX40, as most immunologists were involved with mouse or human
research. Initially, we assessed OX40 expression in an EAE study where autoantigen-
specific T cells were adoptively transferred into congenic hosts (49). Therefore, the myelin-
specific T cells could be detected via a congenic marker within the CNS of rats with EAE as
well as in other lymphoid organs (spleen and lymph node). OX40 was highly expressed on
the auto-antigen-specific CD4" T cells isolated from the CNS, but the auto-antigen-specific
T cells isolated from blood and spleen expressed low levels of OX40. The highest
expression of OX40 on the auto-antigen-specific T cells within the CNS was found on the
day prior to disease onset, as the disease peaked the amount of OX40 decreased, and was at
its lowest levels as the disease resolved (5 days after disease onset) (49). The time course of
OX40 expression suggested that an Ab to OX40 might be able to detect T cells that had
recently engaged their cognate Ag /7 vivo (in this case within the CNS) and once
upregulated the T cells internalized OX40, which in turn may confer biologic activity to the
T cell.

The OX40 expression data from the initial studies in the adoptive transfer EAE model were
intriguing, but there were still questions regarding the biologic role of this molecule. Does
0OX40 expression identify the most recently activated Ag-reactive T cells /n sitt? Does this
cell surface protein confer specific biologic function upon cell surface engagement? Both
questions were of critical importance because in the majority of autoimmune diseases the
auto-antigen(s) being recognized by T cells are unknown. Hence, if a cell surface antibody
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could recognize the cells causing autoimmune damage, these cells could be selectively
targeted even without knowing the antigen that caused an autoimmune event. Also, one
could potentially dampen the destruction of normal tissue by autoreactive T cells by
blocking the biologic activity of OX40. To directly address whether OX40 expression
marked the auto-antigen T cells within autoimmune lesions, we performed experiments in
the active immunization model of EAE (active EAE). In this model, the host is injected with
auto-antigen (myelin basic protein) in complete Fruend’s adjuvant (CFA) and within 12-14
days clinical signs of autoimmunity develops (50). Hence, in this model, there is no prior
knowledge of the auto-antigen-specific T cells that home to the CNS and causes the clinical
signs of disease, as in the adoptive transfer studies. Close to the time these experiments were
performed, it was shown by others that the T cells involved with inducing myelin basic
protein (MBP)-specific Lewis rat EAE preferentially expressed the V8.2 T-cell receptor.
These autoreactive T-cell receptors were cloned and sequenced and three CDR3 MBP-
binding motifs were identified as Asp-Ser, X-Ser, and Arg-Gly (51). Therefore, we isolated
the VB8.2* T cells from the CNS of rats during the initial clinical signs of active EAE. They
were sorted directly ex vivointo OX40* and OX40~ fractions, and their T-cell receptors
were sequenced. It was found that 16/17 of the sequences from the OX40* fraction
expressed one of these myelin-binding motifs, while only 5/17 TCRs from the OX40~
fraction expressed these motifs (52). These data strongly suggested that the OX40™ T cells
were being activated by their cognate Ag within the CNS and subsequently upregulated
OX40. Therefore, it appeared that OX40 expression could be used as a surrogate marker to
detect the auto-antigen-specific T cells from a site of inflammation. This finding led to
experiments showing that selective depletion of OX40* T cells in rats with EAE
significantly decreased the number of auto-antigen-specific T cells within the CNS and
diminished clinical signs of disease (53).

It was next ascertained whether the biologic activity of OX40 was important for eliciting the
clinical signs of autoimmunity in EAE. First, OX40 ligand expression was assessed during
ongoing signs of autoimmunity within the CNS. The OX40L was expressed on macrophages
within the CNS as well as on the inflamed endothelial cells during clinical episodes of
disease (25, 26). Similar to OX40 expression, the OX40L was selectively upregulated at the
onset and peak of disease on CNS macrophages and downregulated as the disease resolved
(25). CNS macrophages isolated during clinical signs of EAE had previously been used as
potent Ag-presenting cells (54), and therefore, it was tested whether OX40L blockade could
inhibit the activation of T cells by CNS isolated macrophages. Blocking OX40 and OX40L
interaction within the CNS macrophage/T-cell cultures led to a significant decrease in Ag-
induced T-cell proliferation (25). Therefore, /n vivo OX40L blockade, using an OX40:1g
fusion protein, was tested in the EAE model. The OX40:1g fusion was administered on the
first day of disease onset and on two consecutive days thereafter. Blockade of OX40/0X40L
in vivo dampened clinical signs of disease almost immediately (24 h after initial dose was
administered) and appeared to have an anti-inflammatory effect for a 10 day period
following the last injection (25). However, administration of the OX40:Ig fusion protein
during the acute phase of disease had no impact on the development of subsequent relapses,
suggesting that prevention of OX40 engagement did not tolerize an ongoing T-cell response
but blocked their function while the OX40:1g protein was in circulation. This form of OX40-
specific inhibition was also effective if administered during relapses, but soon after the
OX40:1g injections were stopped, the autoimmune disease returned (25).

The EAE studies showed that the majority of the T cells expressing OX40 within the
inflammatory lesions were auto-antigen-specific T cells and that OX40 was important for
the biologic activity of these CD4* T cells (55). Therefore therapeutic manipulation of the
0OX40/0X40L pathway could most likely be used to block autoimmunity without unwanted
peripheral side effects. Studies performed in other autoimmune models (e.g. inflammatory
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bowel disease, rheumatoid arthritis, and asthma) confirmed these results (31, 36), and
currently there is an ongoing clinical trial being performed to block OX40 signaling in
patients with asthma. The general immune principles learned from the OX40-based
autoimmune studies were always kept in mind as our research focus changed to experiments
involving tumor immunology.

Similar to the autoimmunity studies, OX40 expression was confined to T cells isolated from
the tumor microenvironment in cancer patient samples (56). The OX40* T cells within these
biopsies might represent recently activated tumor Ag-specific T cells, suggesting a new twist
to the OX40 story that complemented the research mission at the Providence Cancer Center
under the leadership of Dr. Walter Urba. Dr. Urba’s unique vision in forming this cancer
center was that he strived for an academic environment in a community hospital where
clinicians and scientists would work closely together to translate ideas from the ‘bench to
the bedside’. Working on the EAE model allowed us to observe T cells inducing lesions and
destroying CNS tissue. Therefore, our idea was to commandeer T cells to destroy cancerous
tissue by reversing the principles used in reducing inflammation in EAE. Hence, the lessons
learned from the OX40 studies in EAE were applied to the tumor immunology setting.

OX40 agonists augment tumor-specific T-cell responses

At the time | joined the Providence Cancer Center, there were two tumor immunology
researchers with experience in the field. In particular, Dr. Bernard Fox had been trained in
Dr. Steven Rosenberg’s lab at the Surgery Branch of the National Cancer Institute (NCI) and
had multiple years of experience with tumor models. Dr. Fox helped our group to set up
tumor models and trouble shoot problems, which ultimately contributed to translating this
work into cancer patients.

There were some reports at meetings that agonist antibodies to OX40 were able to elicit
potent costimulatory signals to T cells, and when injected /in vivo they exacerbated clinical
signs of autoimmunity (EAE). Hence, we started to assess the ability of OX40 agonists to
stimulate and enhance tumor Ag-specific responses in cancer-bearing hosts. In particular,
two different strategies were used: one that attempted to increase the Ag-presentation
capacity of tumors through co-transfection of MHC class 11 and OX40L into tumors, and the
other was to deliver soluble forms of OX40 agonists into tumor-bearing mice. Transfection
of MHC class 11 and OX40L increased their expression in B16 melanoma cells, and these
cells were used as irradiated vaccines prior to tumor challenge. It was hypothesized that dual
expression of these two proteins in a cellular vaccine would increase the tumor’s capacity to
elicit T-cell responses. This was indeed the case (Weinberg laboratory, unpublished
observation); however, it was clear that this technique would be cumbersome to ultimately
translate into cancer patients.

The use of a soluble OX40 agonist was an attractive approach because of the ease of
administration and similar methods had met with success in mouse tumor models with anti-
CTLA-4 and a 4-1BB agonist (57, 58). Leping Chen had recently published that a soluble
4-1BB agonist led to tumor regression (57). Based on discussions with Dr. Chen and
emerging data from Jim Allison’s lab using anti-CTLA-4 (58, 59), a dose of 100 g of
OX40L.:1g fusion protein would be delivered 3 and 7 days after tumor inoculation. Dr Fox
suggested starting with a moderately immunogenic sarcoma cell line, MCA 303, which was
administered subcutaneously followed by the OX40 agonist therapy. We had previously
only tested the OX40L.:Ig fusion protein in a few /n vitro assays. Hence, we were somewhat
skeptical that addition of an OX40 agonist by itself would be effective to enhance anti-tumor
immunity eventually leading to tumor destruction. The initial experiment evaluated three
tumor-bearing mice receiving the OX40L.:lg fusion protein and three tumor-bearing mice

Immunol Rev. Author manuscript; available in PMC 2013 April 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinberg et al.

Page 6

receiving an equivalent amount of saline. Surprisingly, all of the mice receiving the OX40
agonist rejected the tumor, whereas all of the control mice succumbed to tumor growth
within 40 days (39). A dose titration of the OX40L:lg agent in tumor-bearing mice revealed
that the 25 g and 50 pg/dose had no affect on tumor growth; however, therapeutic efficacy
was observed at 100 g and plateaued at 250 g (39). Mice cured by OX40 agonist
treatment were resistant to rechallenge with the initial inoculating tumor (39). However, if
the mice cured with the inoculating tumor were rechallenged with a tumor of different
histologic origin they succumbed to the second tumor challenge. These data suggested that
the OX40 agonist was augmenting a T-cell memory response that was specific for tumor
Ags associated with the initial tumor inoculum, which is a hallmark of tumor-specific T-cell
memory.

The preclinical data suggested that rejection of these tumors was T-cell mediated, and this
hypothesis was tested by depletion of either CD4* or CD8" T cells prior to anti-OX40
treatment. Depletion of either T-cell subset in tumor-bearing mice completely abrogated the
therapeutic efficacy (60). Also OX40* T cells isolated from tumor-draining lymph nodes
were enriched for tumor reactivity when compared to OX40~ T cells (39), which was similar
to what was observed in the EAE models described earlier. Finally, adoptive transfer of
CD4* T cells from mice cured with OX40 agonist treatment into naive mice were able to
protect these hosts from tumor challenge (39). These data show that both CD4* and CD8* T
cells are involved with the therapeutic efficacy of OX40 agonists, and there appeared to be a
robust memory T-cell response to the tumor within mice that were cured with OX40
agonists.

To further understand the mechanisms involved with the OX40 agonist treatment, attention
was focused to CD4* and CD8* T-cell immunization models, where /n vivo Ag injections
were followed by OX40 agonist stimulation. The T cells specific to the immunogen were
then followed and/or isolated after Ag stimulation for in-depth analyses. Initially, studies
were performed in the superantigen (SEA) T-cell stimulation model, which is notorious for
quick activation and proliferation of superantigen-specific T cells followed by rapid deletion
of the cells /n vivo. Anti-OX40 administration enhanced proliferation and survival of the
superantigen-stimulated T cells and the addition of LPS greatly augmented their survival
(61, 62). Memory T-cell survival was next evaluated in a soluble Ag (ovalbumin) model,
where the Ag was injected into mice harboring ova-specific TCR transgenic T cells
(D011.10 model). This is another model where the Ag-specific CD4* T cells initially
proliferate and is then followed by rapid deletion. Addition of anti-OX40 greatly increased
the proliferation, effector function, and survival of ova-specific T cells /n vivo ultimately
leading to increased long-lived memory. Again, it was found that the addition of the TLR
agonist lipopolysaccharide (LPS) increased the number of surviving memory T cells when
given in combination with anti-OX40 (62). Anti-OX40 stimulation was also compared to
anti-CTLA-4 blockade in the D011 CD4* T-cell model. While both antibodies greatly
increased CD4* T-cell proliferation /7 vivo, only anti-OX40 led to increased survival (63,
64). It is clear that both anti-CTLA-4 and anti-OX40 have potent immune enhancing
properties that augment anti-tumor immunity (39, 58); however, these data suggest they
have distinct modes of action and therefore may not necessarily have overlapping function.
This was clearly the case in mouse models of cancer where anti-OX40 therapy was effective
in some models where anti-CTLA-4 had little to no effect and vice versa (39, 58). Hence, as
these immune-enhancing antibodies are evaluated in human clinical trials there will likely be
several used to augment tumor immunity (e.g. anti-OX40, anti-CD40, anti-4-1BB, anti-
CTLA-4, anti-PD-1, and anti-CD27) (7), and most likely combinations of these Abs will be
tested in future clinical trials.
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The main biologic function of OX40 was initially thought to involve CD4* T-cell responses;
however, OX40 stimulation clearly has direct and indirect effects on augmenting CD8" T-
cell function (65-73). Studies in the OT1 CD8* T-cell model showed OX40 agonists could
greatly augment proliferation, effector function, and survival of CD8* T cells (65). Michael
Croft’s group (66) crossed the OT1 TCR transgenic mice with OX40 knockout mice and
found that the OX40-deficient CD8* T cells did not function as well as their wildtype
counterparts. Thus showing that OX40 expressed on CD8* T cells was critical for their /in
vivo function. We also tested the ability of OT1/0X40 ko T cells to respond to OX40
agonists stimulation in both basic immunology and tumor immunology models. It was found
that OX40 agonist augmentation of CD8* T-cell function was both CD4 independent and
dependent (71, 74, 75). Hence, there is clear evidence that OX40 agonists enhance both
CD4" and CD8™ T-cell function in both basic and tumor immunology models, and therefore
within the OX40 agonist clinical, trial both CD4* and CD8* T-cell function were thoroughly
investigated.

A patient advocate changes the course of OX40 research

Four articles described the initial effects of OX40 agonist stimulation in basic T-cell and
tumor immunology models (39, 60, 62, 76), and we focused on the molecular mechanisms
involved with the enhanced T-cell function. The initial work was published in 2000 and in
the summer of the same year the Providence Cancer Center had a retreat at the Oregon
Coast. A number of speakers were invited that were involved with the initial OX40 agonist
work as well as a few prominent tumor immunologists, all of whom gave talks followed by
round table discussions. Dr. Fox organized the meeting, and one of Dr. Urba’s cancer
patients, Judy Hartman, who was a staunch supporter of research, donated her beach house
for the occasion. Judy was a lawyer by training and had an insatiable curiosity. When she
was diagnosed with cancer, she researched the disease and started to grasp the concept that
research could make a difference in changing the outcome of the disease for many cancer
patients. In particular, Judy sat on the Department of Defense Breast Cancer study section as
a patient advocate, where she would read scientific grants and give scores based on the
work’s ability to help patients with breast cancer. Therefore, Judy quickly learned of the
investigations at the Providence Cancer Center and had become particularly interested in the
OX40 agonist project. Judy was also a member of the Providence Cancer Center Foundation
board and regularly joined in OX40 discussions with us in the hallway. During the OX40
agonist session, we discussed our recent findings showing that OX40 agonists were effective
in several different preclinical mouse tumor models including sarcoma, breast carcinoma,
melanoma, colon carcinoma, and renal cancer. The presentation concluded with future
directions, none of which included translating these findings to patients. At the end of the
talk, Judy raised her hand and asked why OX40-specific agents were not being developed
for future clinical trials. There were several clinical colleagues in the audience including Dr.
Urba and the group looked at each other and nodded their heads in approval at Judy’s
suggestion. After Judy’s planting the seed, we discussed ways that could make this idea
become a reality for cancer patient clinical trials.

Translating a scientific idea is easier said than done

There were numerous discussions at the Providence Cancer Center to develop a plan to
proceed with clinical testing of an OX40 agonist. The group decided to produce a mouse
monoclonal Ab to human OX40. At the time of this decision, human Ab libraries were not
widely available to research scientists, and the first humanized Abs were just being
approved for patient use. Therefore, the group at Providence Cancer Center pursued a ‘proof
of concept’ clinical trial with a mouse anti-human OX40 Ab, and if the results were
favorable, then a humanized version could be produced for future trials. While we had lots
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of experience treating mice and rats with monoclonal Abs, we had no experience in making
a therapeutic agent suitable for human clinical trials. Nicholas Morris, a protein chemist,
joined our group to address all the needed assays and issues with the US Food and Drug
Administration (FDA). In retrospect, this was the single most important hire that allowed the
group at the Providence Cancer Center to be successful in gaining approval from the FDA
for the phase I trial with a murine anti-human OX40 Ab.

Initially, the production of several mouse monoclonal antibodies to human OX40 was
contracted out and the four antibodies were selected for detailed analysis. Dr. Morris had
perfected the in vitro OX40-specific human T-cell proliferation assay using the
commercially available anti-OX40 Ab L106. The T-cell proliferation assay, an OX40-
specific enzyme-linked immunosorbent assay, and a T-cell binding assay were all used to
characterize this panel of Abs. The hybridoma clone 9B12 was picked based on the
antibody’s ability to bind OX40, stimulate T-cell proliferation, and its high level of Ab
production. At least $1-1.5 million was needed to complete the multitude of tasks just to
start treating patients (Fig. 2), and the chances of the National Institutes of Health funding
the project at this early stage without good manufacturing practice (GMP) material were
slim. Hence, Dr. Urba and his team at the Providence Medical Foundation set out to raise the
money via charitable donations through the Portland, Oregon community. This did seem like
an arduous task at the time; however, other supporters of the Cancer Center realized just like
Judy Hartman did that this project had real potential not just to advance science but also to
benefit patients. This fund raising effort was quite a bit different than donations received to
the general cancer center fund, and both Dr. Urba and Dr. Weinberg gave OX40-targeted
presentations to interested donors. Within a 12-month period, the funds were raised and the
goal now was to take the necessary steps to proceed towards cancer patient clinical trials.

It is ambitious for any academic cancer center to take on the many regulatory and
developmental tasks required to test a new therapeutic agent in patients with cancer. This
work is generally performed by pharmaceutical companies working with clinicians at
university hospitals that have an interest in cancer research. To perform drug development at
a community hospital like Providence Medical Center was somewhat unprecedented and
took a team effort and a bit of luck along the way. The group’s experience in producing
clinical grade protein was extremely limited. Contract manufacturing companies for good
laboratory practice (GLP) assays and GMP production of the Ab was used to supply
expertise that was not available in house. During the production, process aliquots of Abs
purified from qualifying runs were assessed in the OX40-specific assays described earlier
and were assessed through the final GMP steps to ensure there was no loss in bioactivity or
binding affinity to OX40. After the final purification steps, 52 grams of GMP grade
antibody was vialed and ready for testing in patients with cancer.

After the GMP production was complete, the FDA was contacted for a pre-investigational
new drug (IND) meeting to discuss the issues pertaining to moving forward with a clinical
trial. Before the call, the group performed monkey studies with another anti-OX40 Ab
(L106), and limited toxicity was observed. Therefore, the Providence Cancer Center group
proposed to the FDA that they should be able to proceed directly with cancer patient clinical
trials. However, after multiple discussions with the FDA toxicology group, it was clear that
a toxicology study involving 32 monkeys would have to be performed using the OX40 Ab
that was planned for patient use, prior to initiation of a phase I clinical study. The monkey
toxicology study was performed with three doses of the GMP grade anti-OX40 Ab, 0.4 mg/
kg, 2.0 mg/kg, and 10 mg/kg. Each dose was given three times during a weekly course
(Monday, Wednesday, and Friday), and one group of monkeys was sacrificed seven days
after the start and the other group was sacrificed on day 28 (77). There were no signs of
overt toxicity in any of the monkeys treated. The analysis included measurements for body
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weight, electrocardiograms, urinalysis, coagulation, serum chemistries, and lymphocyte
counts. At all doses, the peripheral blood lymphocyte counts decreased 8 days after anti-
0OX40 administration. The lymphocyte counts returned to baseline or greater by 15 days
after anti-OX40 treatment and was no different than pretreatment levels by day 28 (77).
Thirty-nine percent of the monkeys had enlarged spleens 8 days after anti-OX40 treatment,
which mostly resolved when the 28 day time point was assessed. Several of the monkeys
also showed increased lymph node size especially in the mesentery. Histologic evaluation of
the enlarged spleen and lymph nodes within the anti-OX40 treated groups showed normal
architecture with greatly increased numbers of B and T-cell blasts associated with mitotic
figures. One surprising finding from this study was that the enlarged lymph nodes/spleens
and the decrease in lymphocyte counts were observed at all dose levels of anti-OX40
treatment, which ultimately influenced the doses that were chosen for the phase I clinical
trial.

Five years later cancer patients are treated

Five years had elapsed by the time the entire process, from hybridoma development to the
final FDA discussions and IND submission was finished. While none of members of the
OX40 team at the Providence Cancer Center knew exactly just how long it would take from
bench to bedside, their determination had persevered through the long journey. The monkey
studies indicated that every dose of anti-OX40 tested had biologic activity; hence, the FDA
advised the group to start the clinical trial at a four-fold lower dose than the lowest dose
administered to monkeys. The phase | trial was designed to test three different doses of anti-
0X40: 0.1, 0.4, and 2.0 mg/kg. The optimal dose observed for tumor shrinkage in mice was
between 1-2.0 mg/kg. While there is not always a direct correlation between an effective
mouse and human dose, the preclinical data and the antibody supply suggested that these
were appropriate doses to evaluate. Dr. Brendan Curti, who has extensive experience with
immunotherapy clinical trials both at Providence and the NCI (78, 79), led this clinical
study. The clinical objectives of the trial were to (i) determine the maximal tolerated dose in
patients with advanced malignancy (all solid tumor types), (ii) measure pharmocokinetics of
anti-OX40, (iii) determine the most immunologically active dose of anti-OX40, and (iv)
monitor for tumor regression. A non-conventional phase | trial was designed where 10
patients per cohort were treated to produce more robust statistical analysis of OX40-specific
immune modulation. The patients at each dose level were randomized to receive both
tetanus or keyhole limpet hemocyanin (KLH) at the start of anti-OX40 treatment, and then
28 days later they would receive the opposite Ag (Fig. 3). Ab and T-cell responses to these
surrogate Ags were followed to determine whether anti-OX40 could indeed enhance primary
and secondary immune responses to well-defined Ags, as had been observed in animal
models (63, 65). Serial blood draws were obtained from the patients before and on days 5, 8,
14, 28, 35, 42, and 56 after anti-OX40 treatment. Diagnostic imaging of metastatic lesions
was performed prior to therapy and on days 28 and 56 post-treatment to determine whether
tumor regression had occurred.

Once the IND application was submitted to the FDA there was a 30 day period that the FDA
had to respond or change the protocol. After the final IND application was submitted and
just prior to treating the first patient in March 2006, the agonist anti-CD28 Ab developed by
Tegenero was administered to six normal volunteers. The infusion was accompanied by a
rapid onset of severe life-threatening toxicity requiring admission to the intensive care unit
(80). The pathogenesis of this extreme toxicity was believed to be a ‘cytokine storm’
secondary to the activation of large numbers of T cells. Since CD28 and OX40 are both
costimulatory molecules on T cells, the Providence group was concerned that the OX40 Ab
could also cause a similar toxicity event within these patients. However, a major difference
between CD28 and OX40 is that CD28 is expressed at high levels all the time on most T
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cells in humans, whereas OX40 has very limited expression. The majority of high
expressing cells are typically found on recently activated T cells at sites of inflammation.
The hope was that there would be far fewer OX40* T cells to activate; hence despite the
concern following the Tegenero experience, the first patient received anti-OX40 in late
March, 2006. No acute toxicities were observed in any of the anti-OX40-treated patients,
therefore the fear that anti-OX40 might cause events similar to the Tegenero clinical trial
was unfounded, and the clinical work continued.

In total, 30 patients were treated in the phase I trial, and the last patient was enrolled in
December of 2009. In general, the drug was well tolerated, and the trial did not reach a
maximum tolerated dose. Another immune-enhancing Ab, anti-CTLA, which just gained
FDA approval for use in advanced melanoma causes immune-mediated diarrhea, rash, and
endocrinopathies. These severe toxicities were not observed with anti-OX40, and this may
be due to the relatively short-half life of the mouse Ab that was administered. Recently, it
has been shown that anti-OX40 stimulation within the gut can promote Treg expansion,
which in turn suppressed colitis (81). Therefore the dual function of OX40 agonists to
increase T-cell effector function as well as expanding Tregs in certain areas of the body (81)
may also have limited the autoimmune side effects in patients treated with OX40 agonists.

The patients treated with the anti-OX40 Ab had failed conventional therapies; therefore, it
was remarkable that some of them showed signs of tumor shrinkage (Curti et a/., manuscript
submitted), especially since only one round of treatment was administered. The early trials
with anti-CTLA-4, anti-PD-1, and anti-4-1BB all showed similar signs of clinical activity,
and these immune activating Abs have gone on to phase Il trials and beyond. The results
from this trial have spawned further clinical testing with OX40 agonists, which are
described in greater detail later in the review.

Looking for increased immune activation after anti-OX40 treatment

Preclinical studies had showed that OX40 agonists increased T-cell proliferation and
memory T-cell survival /n vivo (61). Therefore, a major objective of the phase I trial was to
determine whether T-cell responses to tetanus, KLH, or tumor Ags were increased after anti-
0OX40 administration, and whether there were increases in T-cell proliferation within the
peripheral blood of patients. Fig. 3 shows the trial design where 5 patients in each cohort
received KLH on day 0 and tetanus on day 28 (Arm A) or tetanus on day 0 and KLH on day
28 (Arm B) (Fig. 3A). The prediction was that the patients receiving KLH early with anti-
0OX40 would have higher Ab and T-cell responses to KLH than patients receiving KLH 28
days after anti-OX40 (same with tetanus). In general, this trend held true and the specific
details have recently been submitted for publication (Curti et a/, manuscript submitted).

Based on pre-clinical tumor models using OX40 agonists (75, 82), it was hypothesized that
anti-OX40 would increase proliferation, activation and survival of T cells, some of which
would be specific for the patient’s tumor cells. Ideally, tumor-specific immune assays would
have been performed on all patients. However, tumor cell lines from three melanoma
patients within the trial were generated, and therefore tumor-specific immune responses pre-
and post-anti-OX40 administration could be assessed. In general, we observed increases in
tumor-specific immune responses after patients were treated with anti-OX40 (Curti et al.,
manuscript submitted)

While the tumor-specific immune responses were upregulated in most individuals tested,
only a few patients of the 30 treated could be assessed. T-cell activation after anti-OX40
administration was measured, so that all the patients’ samples could be examined. There had
been a number of publications from Louis Picker’s lab (83-85) regarding T-cell
proliferation that could be detected by Ki-67 expression (via flow cytometry) in the
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peripheral blood of simian immunodeficiency virus-infected and naive monkeys. The
general premise underlying these studies was that T cells recognize cognate Ag within the
lymphoid organs (e.g. LNs and spleen), and once activated, they are shunted to the
peripheral blood where their proliferation can be detected (85). At steady state, this is
occurring all the time within the body and in humans between 0.5 — 6.0% of peripheral
blood CD4* and CD8* T cells are Ki-67* (Weinberg laboratory, manuscript submitted).
Therefore, it was tested whether anti-OX40 delivered to cancer patients would increase the
levels of Ki-67 expression in peripheral blood T-cell subsets. A 10-color flow cytometry
panel was developed, which included staining for CD3, CD4, CD8, CD25, FoxP3, CD28,
CD95, CD127, CCRY7, and Ki-67, to assess proliferation in T-cell subsets. Previous studies
in monkeys and humans have shown that CD95* (Fas) T cells represent the memory/
activated population and that the CD95 negative population represents naive T cells. The
Picker group showed that the majority of proliferating/Ki-67* T cells are within the CD95*
subset (84); therefore, CD95" T cells were gated on when assessing the OX40 patient
samples. The FoxP3 marker was added to distinguish regulatory from effector CD4* T cells.
Ki-67 was assessed at several times points following anti-OX40 administration. There were
increases in both CD4* and CD8* T-cell proliferation (Ki-67 expression) following anti-
OX40 treatment (Curti et al., manuscript submitted). The Ki-67 assay has been used for
more recent monkey studies and ongoing human trials to assess activity of OX40 agonists,
as this technique is an efficient and cost effective way to assay OX40-specific function
directly ex vivo.

Ongoing and future clinical trials

Having completed the phase I trial, the Providence group has a two-pronged strategy for
future clinical trials: (i) produce humanized OX40 agonists to allow repeat dosing in cancer
patients, and (ii) perform pilot studies to test combination therapies with the murine OX40
Ab in specific malignancies (e.g. prostate and breast cancer). This approach should allow a
greater understanding of which combinations and malignancies may derive the most benefit,
so that when the humanized OX40 agents are available for clinical testing, the knowledge
gained from the murine OX40 Ab clinical trials will be used to proceed in a setting most
likely to succeed.

Clinical trials to pursue the murine OX40 Ab in combination with chemotherapy and
radiation have been recently funded by the Prostate Cancer Foundation and the Safeway
Foundation. Both chemotherapy and radiation synergize with anti-OX40 in mouse models
(86). It is postulated that tumor breakdown induced by chemotherapy and/or radiation leads
to productive tumor Ag presentation and subsequent immune/T-cell activation. Hence,
providing a bit of ‘self” vaccination to one’s own tumor prior to enhancing T-cell function
through OX40 stimulation should lead to increased anti-tumor efficacy. Alan Houghton and
Jedd Wolchock’s group (82) have recently published that cyclophosphamide greatly
enhanced anti-OX40 immunotherapy in several different mouse tumor models. This study
was of particular interest, because cyclophosphamide treatment not only has a direct
cytotoxic effect against tumors but also can ‘reset’ the immune system by deleting Treg
cells, which can lead to enhanced immune function (87). Based on this preclinical data, a
phase IB trial was designed to investigate combining anti-OX40 with increasing doses of
cyclophosphamide and focal external beam radiation to bone metastatic sites in prostate
cancer patients. Immune monitoring of this trial includes Ki-67/T-cell evaluation on all
patients, similar to what was performed in the phase I trial. Patients will also be assessed for
response by imaging, prostate-specific antigen test, and circulating tumor cells. Five patients
at two different doses of cyclophosphamide have been treated thus far, and toxicity has been
minimal with some intriguing T-cell proliferation data.
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The breast cancer trial is spearheaded by a radiation oncologist and immunologist at
Providence, Dr. Marka Crittenden, who along with Dr. Curti and other colleagues have
shown that high dose fractional radiation (SBRT) in combination with IL-2 treatment has
potent therapeutic synergy in melanoma patients (manuscript submitted). The SBRT/IL-2
trial was based on the premise that irradiation to one or two visceral metastases followed by
high-dose IL-2 would improve a systemic response. Based on the therapeutic synergy
observed with anti-OX40 and radiation in preclinical models and the fact the anti-OX40
appears to have less side effects than IL-2 treatment, we developed a clinical trial that
mirrors the SBRT/IL-2 study in breast cancer with SBRT/anti-OX40. End points of the
study will include safety, immunologic activation by measuring Ki-67 expression in T cells,
examination of markers related to tumor inflammation, and tumor regression within the
unirradiated lesions. The breast cancer trial should start accruing patients during the last
quarter of 2011.

The clinical and immunologic activity observed in the phase I trial was sufficient to move
forward with second-generation OX40 agonists. It is anticipated that multiple dosing
regimens may increase the clinical efficacy thus there is a need for an OX40 agonist that can
be given serially over time. Production has begun on humanized OX40 agonists that likely
could be given multiple times without eliciting neutralizing Ab responses. We have
produced a fully human OX40L:Ig fusion protein that binds to OX40 with greater affinity
than the murine OX40 Ab and has a shorter half-life (88). The OX40L:Ig fusion protein has
been tested in monkeys and has potent T-cell stimulatory properties (unpublished data). The
OX40L:1g fusion protein will be the next OX40 agonist tested in cancer patients, and the
Providence group is in the final stages of cell line development prior to GMP protein
production. The mouse anti-OX40 Ab that was used in the phase I clinical trial described
earlier is in the process of being humanized and would most likely have a longer half-life
than the OX40L:Ig protein. The reason this group has chosen to move forward with two
different human OX40 agonists is that they can test a long-lived versus a short-lived OX40
agonist, which may have implication regarding toxicity and/or biologic and clinical activity.
Ultimately, as has been learned from the phase I trial, taking a drug to human clinical trials
can be somewhat empiric, hence it will not be known which approach is better until it is
actually tested in patients.

Future directions — combined immunotherapies

There is a general consensus among tumor immunologists that achieving a Th1 cytokine
pattern is the most efficient way to immunologically attack cancer (89). Future directions
will attempt to make all the metastatic deposits within a cancer patient immunologically
similar, preferentially to promote a Th1 immune response. It is clear from recent studies that
OX40 agonists can drive all T-helper cell lineages, including Tregs (90). In particular, the
interferon-y (IFN-vy) to transforming growth factor- (TGF-) ratio is critical to predicting
the T-helper cell lineage that is expanded upon OX40 agonist stimulation (90). If IFN-y is
higher than TGF-p, then Th1 cells emerge; however, if TGF- is higher than IFN-+y then
Tregs cells emerge (90). Therefore in preclinical tumor models where anti-OX40 alone
shows little to no efficacy, we found that the addition of IL-12 (Th1 skewing cytokine) or
blockade of TGF-p signaling synergizes with OX40 agonist therapy (91, authors’
unpublished observations). Ultimately, changing the cytokine balance in patients receiving
OX40 agonists may help achieve the goal of increased therapeutic efficacy at all metastatic
sites in stage IV cancer patients and these ideas will be pursued in future clinical trials.

There are a number of T-cell activating Abs and fusion proteins that are being pursued
clinically. In particular, ipilimumab, which blocks negative signals to T cells via the
CTLA-4 pathway, was recently approved for use in melanoma patients (12). Anti-
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programmed death-1 (anti-PD-1) antibodies also block negative T-cell signals and have
shown therapeutic promise in both phase I and I clinical trials. There are also a number of
T-cell activating Abs (agonist) to other TNF-receptor family members (CD27, 4-1BB,
GITR) that have shown therapeutic promise in mouse tumor models, and an anti-4-1BB
antibody has been translated to the clinic (7). Different combinations of the agonist and
checkpoint blockade Abs have been tested in preclinical tumor and chronic viral models
with added/synergistic results (67, 92-97). With several of these Abs already tested
clinically, it is likely that combinations of these T-cell activators will elicit more potent anti-
tumor activity in cancer patients and is probably the future direction for this new class of
immune activators.

Conclusions

Some of the events that led this research to enter into clinical trials were driven by
seemingly random events, but ultimately individuals made choices that allowed the research
to be translated to patients. Our goals revolved around the basic immune parameters and
performing properly controlled studies that lead to strong conclusions. In the last 20 years,
autoimmune, tumor immunology, and basic immunology models have been used to
understand T-cell function. The ultimate outcome of this research may benefit patients with
cancer and/or autoimmunity. However, the experiments were not directly designed to cure
disease but to have a strong understanding of the disease process so that the resulting data
might be used to intervene with a particular disease. The research described herein will
hopefully provide a productive pathway for future immunotherapy researchers to translate
their ideas into clinical trials.

Once the research group at the Providence Cancer Center had made the commitment to take
0OX40 agonists to the clinic, they had to change from scientific discovery mode to managing
a production process that conformed to FDA guidelines. The clinicians at this cancer center
had experience with trial design and writing FDA protocols, hence the capabilities were in
place and they were able to manage the production/manufacturing process. It took a long
time (5 years) to perform the needed steps to get the OX40 Ab to patients, but once the trial
had begun, the group was able to scientifically evaluate the clinical samples. Prior to this
work, the Weinberg lab had performed very few scientific evaluations on human clinical
trial samples. While mouse work allows for tightly controlled experimentation, human
analyses are fraught with issues of running controlled experiments and how to best design
studies to obtain properly powered results. Within the OX40 agonist clinical trial, the
traditional phase I trial design was abandoned, and 10 patients were treated per cohort,
which ultimately allowed for statistically significant results. Control samples were obtained
from normal donors immunized with tetanus, which led to sound conclusions based on
OX40 activity. The mindset for performing good science in humans is clearly different than
mouse studies, and the group at the Providence Cancer Center is dedicated to a greater
understanding of the results associated human trials so that their future immunotherapy trials
will provide relevant information to the scientific community.
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Fig. 1. Timeline of influential preclinical eventsthat led to the translation of an OX40 agonist

This figure chronicles the important preclinical events and publications that led to the

translation of an OX40 agonist. The manuscripts highlighted within the boxes were the
critical advances that allowed the project to advance towards clinical trials in cancer
patients. These preclinical observations were made in autoimmune, basic, and tumor

immunology models and ultimately led to the decision to move forward with the steps

outlined in Figs 2 and 3.
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Fig. 2. Timeline for the development of a clinical grade OX40 agonist antibody

The antibody development steps are depicted in white boxes, regulatory steps in light gray
boxes, and funding in dark grey boxes. Characterization of the murine anti-human OX40
agonist monoclonal antibody 9B12 included three separate /n vitro potency assays to
measure specificity, specific activity, and stability. Initial toxicity and cross-reactivity
studies with laboratory scale material indicated that there was little toxicity or off-target
binding of the 9B12 Ab. After GMP master cell bank and antibody production had
concluded, the FDA mandated that a GLP monkey toxicity study be performed prior to
clinical testing. Once the FDA reviewed the monkey toxicity data, the IND was submitted,
and the first patient was treated in March 2006. Community fundraising helped support all

aspects of the project, and NIH funding supported the phase I clinical trial.
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Fig. 3. OX40 agonist clinical trial scheme

The trial design included 3 dose cohorts with 10 patients treated per dose. As shown in (A),
equal numbers of patients within each cohort were randomized into Arm A or B. As shown
in (B), patients in Arm A received the reporter antigen KLH on the same day as anti-OX40
administration and tetanus 29 days later, while patients in Arm B received tetanus on the
same day as anti-OX40 administration and KLH 29 days later. Anti-OX40 was administered
in three separate doses on days 1, 3, and 5, and peripheral blood lymphocytes were isolated
at the indicated time points for immune monitoring.
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