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Abstract

The cell-surface molecule CD40, a member of the tumor necrosis factor receptor superfamily,
broadly regulates immune activation and mediates tumor apoptosis. CD40 is expressed by antigen-
presenting cells (APC) and engagement of its natural ligand on T cells activates APC including
dendritic cells and B cells. Agonistic CD40 antibodies have been shown to substitute for T cell help
provided by CD4+ lymphocytes in murine models of T cell-mediated immunity. In tumor-bearing
hosts, CD40 agonists trigger effective immune responses against tumor-associated antigens. In
contrast, CD40 is also expressed on many tumor cells and its ligation in this setting mediates a direct
cytotoxic effect. Engagement of CD40 on tumor cells results in apoptosis in vitro and impaired tumor
growth in vivo. These observations have prompted efforts to use agonistic CD40 antibodies for the
treatment of cancer patients and initial clinical results have been promising.

Keywords
CD40; monoclonal antibody; tumor immunology; cancer

Introduction

CDA40 is a transmembrane protein that is a member of the TNF receptor superfamily. It is
expressed on a variety of normal cells such as B cells, macrophages, dendritic cells, epithelial,
stromal, and endothelial cells as well as platelets. It is also found on a large portion of
melanomas and carcinomas of the lung, breast, colon, prostate, pancreas, kidney, ovary, and
head and neck as well as all of B cell malignancies (1-4). The ligand for CD40 (CD154 or
CDA40L) is expressed on activated T cells and platelets (3,5).

Ligation of CD40 on the surface of antigen presenting cells (APC) enhances the expression of
MHC and costimulatory molecules such as CD86, stimulates the production of pro-
inflammatroy cytokines such as IL-12 and induces T cell activation, all of which are essential
to cell-mediated immune responses (1,3). Patients with germline mutations in either CD40 or
CDA40L are markedly immunosuppressed, susceptible to opportunistic infections, and have
deficient T cell-dependent immune reactions including IgG production, germinal center
formation, and memory B cell induction (6-8). In murine models of T cell-mediated immunity,
agonist CD40 antibodies have been shown to mimic the signal of CD40L and substitute for
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the function of CD4+ lymphocytes (9-11). Agonist CD40 antibodies can also overcome T cell
tolerance in tumor-bearing mice, evoke effective cytotoxic T cell responses, and enhance the
efficacy of anti-tumor vaccines (12-14).

These findings are in counter-distinction to ligation of CD40 on the surface of tumor cells,
which in many cases mediates a direct cytotoxic effect resulting in tumor regression through
apoptosis and necrosis (1,3). Although the exact function of CD40 on tumor cells is unclear
(2), engagement of CD40 in vitro inhibits the growth of solid tumor cells and high-grade B
cell lymphoma lines (15-20). In addition, CD40-mediated tumor inhibition has also been
observed in vivo, including inhibition of breast carcinoma or B cell lymphoma xenografts in
immunocomprised mice (15,21-23).

These diverse roles for CD40 provide an opportunity where activation of CD40 in a tumor-
bearing animal has the potential of (i) a direct cytotoxic effect on the tumor, and (ii) provision
of tumor antigens to APC simultaneously activated by CD40. Agonist monoclonal antibodies
(mAb) to CD40 have already shown therapeutic activity in a range of preclinical models
(24). These findings, along with the dual functionality of CD40, have made CD40 an attractive
target for cancer therapy and form the rationale for the clinical development of agonist anti-
CD40 antibodies.

Clinical trials of CD40 agonists

Several CD40 agonists have undergone phase 1 clinical evaluation in patients with advanced
stage cancer and have yielded promising results (Table 1) (24). The first such agent to be tested
was a trimeric form of a recombinant human CD40-ligand (rhuCD40L) (25). In this study 32
patients with advanced solid tumors or non-Hodgkin’s lymphoma were treated with rhuCD40L
subcutaneously daily for 5 days of each cycle (25). Transient elevations in serum transaminases
defined the maximum tolerated dose, and serum half-life was about 24 hrs. Two patients had
an objective partial response (PR), one of whom was subsequently found to have a complete
response several months after discontinuing rhuCD40L therapy in the absence of additional
anti-cancer therapy.

Despite promising results with this initial study, it was not until several years later with the
development of anti-CD40 mAbs that interest in targeting CD40 for anti-cancer therapy
resurfaced. CP-870,893 (Pfizer) is a fully human CD40 agonist IgG2 mAb that exhibits
immune-mediated and non-immune mediated effects on tumor cell death (26,27). Antibodies
of the 1gG2 subclass do not fix complement or bind Fc receptors effectively, insuring that most
observed biological effects of antibody administration are a function of the antigenic specificity
of the antibody, in this case CD40 signaling, rather than of its constant region. We recently
completed a first-in-human, dose-escalation trial of 29 patients with advanced solid tumors
given single doses of CP-870,893 intravenously (28). The most common adverse event was
cytokine release syndrome (CRS) manifesting as transient chills, rigors, and fevers on the day
of infusion and associated with elevations of serum TNF-alpha and IL-6. Four PRs were
observed, all of which were in patients with melanoma. With repeated dosing every 6-8 weeks,
one patient had a continued PR ongoing at 18 months, associated with complete resolution of
abnormal tracer activity on PET scan.

A single infusion of CP-870,893 led to a marked, rapid, and dose-dependent decrease in the
percentage and absolute number of peripheral blood B cells. Among B cells remaining in the
blood, we observed upregulation of cell surface CD86, a costimulatory molecule fundamental
to T cell activation (28). At the highest dose levels, the percentage of CD86+ B cells increased
>8-fold. From these and other findings, we hypothesize that CP-870,893 infusion activates
peripheral blood B cells, leading to the extravasation and/or margination of most B cells from
the blood. It is not yet known whether CD40-activated B cells alone or in combination with
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other CD40-activated APC drive anti-tumor T cell responses in patients, but in vitro CD40-
activated B cells are highly potent APC (29,30). In the one melanoma patient with continued
response to CP-870,893, treatment was associated with the induction of cellular tumor-specific
immunity to a panel of known melanoma antigens. A study of weekly doses of CP-870,893 is
currently nearing completion.

A second CD40 mAb, SGN-40 (Seattle Genetics), has been evaluated in phase 1, dose-
escalation studies in patients with relapsed or refractory non-Hodgkins lymphoma (NHL) and
multiple myeloma. Both these malignancies uniformly express CD40. SGN-40 is a humanized
IgG1 immunoglobulin and a partial agonist of CD40 that induces apoptosis and antibody-
dependent cellular cytotoxicity against a panel of malignant B cell lines in vitro and results in
tumor regression in human multiple myeloma and lymphoma xenograft models in vivo (31—
33). In a phase 1 study of 35 patients with relapsed NHL, weekly doses of SGN-40 were
administered over 4-5 weeks (34). Like CP-870,893, SGN-40 is associated with CRS, most
pronounced with the first infusion and becoming less prominent with subsequent dosing. Five
NHL patients achieved objective tumor responses with 3 patients experiencing a PR and 2 with
a complete response (CR). A second phase 1 study of SGN-40 administered to 32 patients with
relapsed or refractory multiple myeloma demonstrated decreased M-protein and improvement
in subjective symptoms in several patients but no patients met criteria for objective response.
Five patients had stable disease (35) (Table 1). Pharmacodynamic studies of SGN-40 in
monkeys show marked, dose-dependent, and persistent depletion of peripheral CD20+ B
lymphocytes.

No serious toxicities have been reported in these initial clinical trials despite the potential for
CD40-mediated systemic inflammation and autoimmunity (36). In our studies with an agonist
CD40 mAb, no episodes of enterocolitis, dermatitis, or hypophysitis have been observed,
although these events have been observed with other immunomodulatory agents such as
blocking anti-CTLA4 mAb (37). Although CRS has been observed with agonist CD40 mADb,
the effects have been moderate and transient, and clinically and mechanistically distinct from
the serious syndrome observed in subjects recently given a single dose of anti-CD28 agonist
mADb (38). It has also been suggested that CD40 plays a role in tumor angiogenesis, such that
cancer prone mice lacking CD40 have diminished tumor formation compared to controls
(39). These findings prompted certain authors to suggest that the use of a CD40-based therapy
for cancer is premature at this stage (40), but the unexpected rate of objective clinical responses
in phase 1 studies with CP-870,893 and SGN-40 suggests otherwise.

Combination therapy with CD40 agonists

The greatest potential for CD40 agonists will no doubt be in combination with other agents
(Table 2). Data from multiple preclinical models suggest the prospect of synergistically
enhancing immune activation with such combinations as chemotherapy, radiotherapy, tumor
vaccines, toll-like receptor agonists, cytokines, and other TNF receptor family agonists such
as DR5 and CD137 mAb (13,14,20,41-43).

The basic premise of some of these combinations is that tumor-specific induction of T cells
plays a crucial role in the successful anti-tumor effects of CD40 agonist antibodies and that
combining strategies to induce tumor-cell apoptosis with T cell activation results in greater
anti-tumor responses. CD40-mediated tumor cell death appears at least additive and possibly
synergic with chemotherapy both in vitro and in vivo (17,23,41). In a mouse model of
established tumor implants, the combination of an anti-CD40 agonist antibody and the
chemotherapeutic agent gemcitabine cures most mice, which are then resistant to tumor
rechallenge (41). This effect is dependent on CD8 T cells and independent of CD4 T cells, is
only seen in vivo in the setting of tumor cell death and only when immunotherapy follows
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chemotherapy. These findings provide evidence that chemotherapy has the capacity to augment
cellular anti-tumor immunity. In the case of gemcitabine, this augmentation likely results from
antigen cross-presentation, T lymphocyte expansion, and infiltration of the tumor. Given these
observations, the combination of cytotoxic chemotherapy and activating anti-CD40 antibodies
will be the subject of very interesting future clinical trials.

It is likely that the potential priming effect observed with gemcitabine is shared by other drugs
that cause tumor cell death. In mice with multi-organ metastasis from primary fibrosarcoma,
therapy with an agonistic mAb to DR5, the apoptosis-inducing receptor for TNF-related
apoptosis-inducing ligand, combined with T cell activation by agonistic mAb to CD40 and the
costimulatory molecule CD137, potently and rapidly stimulated tumor-specific effector CD8
+ T cells capable of eradicating an established tumor burden (43).

There is also the notion that the immune system can be overwhelmed by a rapidly growing
tumor in such a way that an animal can succumb to malignancy before immunotherapy with
anti-CD40 can promote an effective T cell response. Combining anti-CD40 with an effective
debulking cancer treatment appears to be a promising way to overcome this limitation. To this
end, the interaction between an anti-CD40 mAb antibody following external beam irradiation
was investigated in two B cell lymphoma models (44). It was found that doses of antibody and
irradiation that were ineffective individually were capable of providing long-term protection
when used in combination. This result was dependent on the generation of CD8+ T cells at
levels 10-15 times that found in animals given either treatment modality alone. The biphasic
decrease observed in tumor burden in these animals corresponded to an initial direct cytotoxic
effect of the radiation on the tumor followed by formation of a CTL response promoted by the
CDA40 antibody that did not occur in non-tumor bearing animals treated similarly. This was in
contrast to animals receiving irradiation alone in which there was rebound of tumor burden to
the pre-treatment levels 10-12 days after treatment. Therefore radiation-induced tumor
apoptosis alone is inadequate in generating long-term tumor clearance and an anti-CD40 driven
CD8+ T cell activation is required to achieve long-term survival.

Another approach to incorporating CD40 agonists in the treatment of solid tumors would be
use as an adjuvant with other agents that stimulate a hostimmune system. It has been established
that the immune system of tumor-bearing hosts develops tolerance to tumor antigens, shows
alterations in T cell signal transduction, and that tumor can induce suppressor cells (45). In a
lung metastasis model of renal cell carcinoma, Sotomayor et al were able to show that the tumor
antigen-specific T cell tolerance that normally limits the efficacy of therapeutic cancer vaccines
was overcome by co-administration of an agonistic antibody to CD40 (14). In addition, Diehl
et al showed that CD40 activation can convert a tolerizing peptide vaccine into one capable of
inducing strong CTL priming and can enhance the therapeutic efficacy of a vaccine capable
of inducing protective anti-tumor immunity (13). In combination with toll-like receptors (TLR)
agonists, which are potent activators of innate immunity, CD40 agonists synergize to stimulate
antigen specific CD8+ T cell responses 10-20 fold greater than the use of either agonist alone.
This treatment approach generated memory T cells capable of expansion upon rechallenge with
antigen in the absence of the agonists (42). CD40 agonists could also be combined with agents
that block negative immune checkpoints such as anti-CTLA4 mAb. CTLA-4 is a negative
regulator of T cell activation. Blockade of the B7-CTLA-4 pathway with anti-CTLA-4 mAb
enhances anti-tumor T cell responses and leads to tumor rejection (46,47). In vivo animal
studies have shown that anti-CD40 mAb and anti-CTLA-4 mAb can function as potent and
safe immunomodulators that can enhance induction of CTL to tumor associated antigen
vaccines and significantly improve survival in a tumor mouse model (48).

Clinical trial designs testing these hypotheses will require careful consideration of both the
basic immunology involved and the pharmacology and pharmacodynamics of the agents being
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investigated. The above examples all confirm the notion that modulation of APC activation by
CD40 agonist antibodies may be useful in enhancing the efficacy of both existing treatment
options for cancer as well as novel immunotherapeutic modalities. It is likely that as we go

fo

rward with novel immunotherapeutic agents such as CD40 agonists, the tumor heterogeneity

that develops during carcinogenensis and natural immune selection will necessitate a role for
all of these treatment modalities in various combinations.
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Table 2

Pre-clinical data on combination cancer therapy with CD40 agonists
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Anti-CD40 agonist and...

Rationale

References

Chemotherapy

Radiation

Cancer vaccine

Blocking anti-CTLA-4 mAb
TLR agonists

DR5 and CD137 agonist mAb

Induce tumor death while stimulating immune
system

Induce tumor death while stimulating immune
system

Reverse T cell tolerance
Substitute for T cell help

Inhibit negative immune regulation while
triggering immune activation

Synergistic activation of both innate and
acquired immunity

Induce apoptosis while fully stimulating
immune system
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