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Abstract Agents that enhance T cell co-stimulatory
signaling have emerged as promising cancer immuno-
therapies. Our laboratory has been evaluating the TNF
receptor co-stimulatory molecule, OX40, which has the
capacity to augment critical aspects of T cell function
and induce tumor regression in animal models. Effective
stimulation of OX40 expressing T cells was accom-
plished with agonist antibodies to OX40 that were even-
tually translated into a clinical trial for cancer patients.
A recent attempt to assess the affect of immune senes-
cence on OX40 therapy, revealed a dramatic loss of
efficacy of the agonist therapy in older tumor-bearing
mice. The deficiency in OX40-enhanced anti-tumor
responses in older mice correlated with a decrease in the
number of differentiated effector T cells. Further investi-
gation suggests that the underlying age-related decline
in the agonist OX40-mediated T cell responses was not
inherent to the T cells themselves, but related to the host
environment. Thus, effective use of immunotherapies
based on T cell co-stimulatory molecules may require
additional modifications, such as immune stimulants to
increase innate immunity, to address age-related defects
that reside outside of the T cell and within the host
environment.
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Introduction

Efforts to cure cancer with immunotherapy have spanned
over a century, from the seminal finding of Coley [7] to our
current understanding of how this multi-faceted disease
interfaces with cells of the immune system; yet an effective
immunotherapy remains elusive. It is widely accepted that
the immune system can eradicate tumors that develop, and
slow the growth of existing tumors. Unfortunately, escape
of tumors from the control of immune-surveillance is com-
mon. One strategy to restore effective immune destruction
of tumors is to activate the tumor-associated antigen-
specific T cells that can mediate tumor destruction. Funda-
mentally, increases in the number and function of this
population of T cells should increase the killing of cancer
cells. A promising approach to boost the number of tumor-
specific T cells is the engagement of members of the TNF
receptor superfamily (TNFR), which have been shown to
enhance expansion, function, and persistence of antigen-
specific T cells. Targeted stimulation of co-stimulatory
TNFRs, including OX40, has been recognized to have great
potential for broad usage against multiple types of tumors,
with the intent to boost T cell stimulation [5]. In addition,
preclinical studies have shown that OX40 engagement may
be effective as a stand alone therapy against a number of
different tumor types. Our laboratory has used agonist anti-
bodies specific for both human and mouse OX40 to identify
the role of OX40 in T cell activation and have applied this
form of co-stimulation in both preclinical and clinical
tumor studies. An aspect of the OX40-mediated therapeutic
strategy that has not been fully addressed is the influence of

aging.
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0X40 expression, signaling, and T cell co-stimulation

0X40 is a type I transmembrane protein that is expressed
primarily on antigen-primed T cells and mediates potent
co-stimulatory signals to differentiating effector T cells. The
pattern of OX40 expression is unique, as it is for the most
part restricted to lymphoid tissue with transient expression
on activated CD4 and CD8 T cells [14, 17]. TCR/CD28-
activation of naive T cells initiates the expression of OX40,
with peak expression occurring within 2448 h after TCR
engagement, and then returning to undetectable levels a few
days later [17]. The presence of OX40 on recently activated
T cells can be engagement by its cognate ligand, OX40L.
The OX40L has been shown to be expressed on activated
and mature antigen-presenting cells (DCs, macrophages
and B cells), driven by the activation of Toll-like receptors
(TLRs) or by CD40 engagement [1, 4, 33]. Thus, the
expression of OX40L is primarily restricted to sites of
inflammation in vivo, limiting the extent of OX40 activa-
tion [1, 54]. The self-assembled OX40L trimer binds to the
trimeric OX40 receptor at a different conformational angle
than other TNF-TNFR family members [8], but it is
unknown how this conformational difference affects 0X40-
OX40L signaling. In the end, engagement of OX40 (by
OXA40L or other exogenous agonists) mediates the recruit-
ment of TNF receptor associated factors (TRAFs) that initi-
ate the activation of various intracellular signaling
pathways, including JNK and NF-xB [2, 21, 50].

0X40-mediated signals primarily influence the activa-
tion and survival of effector CD4 and CD8 T cells [9, 35,
39]. This is evident in OX40L transgenic mice that
displayed a dramatic increase in T cell survival and
memory T cell generation following immunization [32].
Furthermore, OX40 deficient T cells are more susceptible
to T cell apoptosis compared to their OX40 intact counter-
parts [16]. While OX40 stimulation has been mainly asso-
ciated with increased T cell survival, there is evidence
that OX40-mediated co-stimulation can also greatly
enhance both CD4 and CD8 effector T cell function. CD4
T cells produced tenfold greater levels of IFNy and IL-2
(on a per cell basis) compared to controls following in
vivo stimulation with antigen and agonist anti-OX40 [20,
53] and CDS effector T cells produced more TNFu, IFNy,
and granzyme B after OX40-stimulation [25, 35]. Taken
together, these studies demonstrate that OX40-mediated
co-stimulation of effector CD4 and CDS8 T cells generated
after antigen-priming drives increased accumulation of
these cells and enhances their effector function. In addi-
tion to the potent effects on differentiated effector T cells,
0X40 signaling also affects regulatory T cells (Tregs),
where OX40 signaling was shown to prevent the genera-
tion of Tregs and abrogate their suppressive activity
[42, 44, 47, 48].
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0X40 co-stimulation as a cancer immunotherapy

The ability of OX40 co-stimulation to enhance T cell differ-
entiation and function led to therapeutic studies in mice. An
0X40 antibody has been used, by our laboratory and others,
to describe increases in antigen-specific T cell numbers,
enhanced cytokine production, and promotion of increased
survival [12, 16, 30, 35, 37]. In addition, anti-OX40 treat-
ment of mice harboring s.c. tumors improved overall
tumor-free survival in a number of different tumor types:
sarcoma, colon carcinoma, breast tumors, melanoma, and
glioma [22, 51]. The therapeutic anti-tumor effects were
dose dependent, generated tumor-specific memory, and
required both CD4 and CD8 T cells [15, 22, 43, 51]. We
hypothesize that anti-OX40-mediated tumor regression
involves enhancement of the effector function and persis-
tence of both CD4 and CD8 tumor-specific T cells, while con-
comitantly abrogating the suppressive effects of Tregs (Fig. 1).

The encouraging preclinical results provided the impetus
for clinical studies using agonist OX40 antibodies in cancer
patients. Treatment of non-human primates with a murine
antibody specific for human OX40 increased the number of
lymphocytes in immune organs (lymph nodes and spleen)
and augmented antigen-specific T and B cell responses,
suggesting that anti-OX40 initiated measurable immuno-
logical changes [52]. This study provided the rationale for
the current Phase I clinical trial in which advanced stage
cancer patients with metastatic or locally advanced tumors
have been given anti-OX40 at various doses to measure
safety, immunological responses, pharmacokinetics, and to
assess tumor regression. The results from this clinical study
will provide the basis for follow-up Phase II studies using
anti-OX40 as a single agent.

Agonist OX40-enhanced tumor immunotherapy
and aging

The potential for agonist OX40 antibodies and other
emerging immunotherapies to mediate successful tumor
regression in cancer patients will depend on their ability
to generate immune responses that not only overcome
tolerance and the immunosuppressive tumor environ-
ment, but they must also overcome age-related changes
in immunity (i.e., immune senescence). It is well estab-
lished that overall immunity decreases with increasing
age, which reduces the effectiveness of vaccines [11, 19,
27]. The effects of age must also be addressed when
developing immune augmenting cancer therapies,
considering the majority of cancer patients are over
65 years old. Thus, to assess the impact of age on anti-
0X40-mediated tumor immunity, we undertook studies
in aged mice. Mice, ranging in age from 2 to 20 months,
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Fig. 1 Hypothesized model of anti-OX40-mediated tumor destruc-
tion. Anti-OX40 administration can enhance the function, accumula-
tion, and survival of differentiated effector T cells (CD4 and CD8).
The anti-OX40 enhancement of CD4 T cell function leads to increased
IL-2 and IFNy secretion, “helping” the effector CD8 T cells (CTL). In

were challenged with sarcoma (MCA205-C57BL/6
background) or colon carcinoma (CT26-BALB/c
background) tumors and then treated with two doses of
anti-OX40. Systemic anti-OX40 administration in both
tumor models had been previously shown to improve
tumor-free survival in young mice compared to IgG-
treated control mice (Table 1). We found that the same
treatment delivered to 12- and 20-month-old tumor-bearing
mice was not able to increase tumor rejection (Table 1)
[38]. The dramatic age-related loss in efficacy occurred
despite the presence of similar levels of OX40* tumor
infiltrating T cells. Our findings demonstrated that
20-month old (elderly) and 12-month old (middle-aged)
tumor-bearing mice were less responsive to the anti-
0X40 therapy.

Identifying potential age-related dysfunctions

To better understand the nature of the age-related defi-
ciency observed in tumor-bearing aged mice treated with
anti-OX40, we examined the status of differentiated effector
T cell populations in anti-OX40-treated mice [38].
Enhanced function and accumulation of differentiated effec-
tor T cell populations are central to OX40-mediated tumor
rejection [15, 22, 43], thus age-related changes in this pop-
ulation of T cells could ultimately affect tumor rejection.
The examination of T cell populations in the local tumor
environment of 2- and 12-month old anti-OX40-treated
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addition, OX40-engement increases differentiated effector CD8 T cell
accumulation and production of IFNy and granzymes that ultimately
mediate the killing of tumor cells. Coinciding with the previous
enhancements, anti-OX40 can abrogate the suppressive activity of
Tregs on the anti-tumor response

mice revealed a notable age-related decrease in the number
of cytokine-producing T cells (CD8*IFNy*, CD4*IL-2* and
CD4*TFNy*) [38]. The numerical reduction in cytokine-
producing T cells in the older anti-OX40-treated mice
corresponded with the dramatic decrease in tumor rejection
in these mice and initially gave the impression of an age-
related deficiency or defect that resided in the responding
T cells.

Further analysis of the underlying deficiencies contribut-
ing to the diminished accumulation of differentiated effector
T cells in the older tumor-bearing mice following anti-
OX40 administration employed the CD4 transgenic TCR
T cell model (DO11.10). This model allowed for a compar-
ison of young and old T cells in similar aged hosts

Table 1 Agonist OX40-mediated tumor-free survival in mice of var-
ious ages

Tumor Age Tumor-free References
(months)  survival (%)*
MCA205 2 40-80 Kjaergaard et al. [22],
Ruby and Weinberg [38]
6 75 Ruby and Weinberg [38]
12 >5 Ruby and Weinberg [38]
20 0 Ruby and Weinberg [38]
CT26 2-3 40-50 Weinberg et al. [51],
Ruby and Weinberg [38]
12 0 Ruby and Weinberg [38]

2 Control IgG-treatment resulted in 0% tumor-free survival in all age
groups
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Fig. 2 The age of the host environment determines the extent of an
OX40-enhanced antigen-specific transgenic TCR T cell immune
response. Two- or 12-month-old transgenic TCR CD4 T cells specific
for a peptide of ovalbumin (323-339) were isolated from the spleens
of DO11.10 mice and adoptively transferred into 2- or 12-month-old
BALB/c recipients. Adoptively transferred mice were immunized s.c.
with 500 pg whole ovalbumin and 50 pg anti-OX40 or rat IgG.
A second dose of anti-OX40 or rat IgG was also given the next day.

(via adoptive transfer) and directly addressed the question
of whether the age-related dysfunction seen following anti-
0OX40 administration was T cell intrinsic or extrinsic. The
results from the criss-cross adoptive transfer experiments
showed a significant decrease in the accumulation of older
cytokine-producing T cells compared to younger T cells in
age-matched recipients, verification of our previous results
[38]. Yet the most surprising finding was that older T cells
transferred into young recipients equally acquired a differ-
entiated effector phenotype and accumulated at the same
levels as young T cells transferred into young recipients,
whereas, young T cells adoptively transferred into older
recipients experienced a decrease in the differentiated effec-
tor T cell population co-producing IFNy* and IL-2*
(Fig. 2). Therefore, the dominant age-related deficiencies
underlying the diminished OX40-enhanced T cell
responses in older mice appeared to reside outside of the T
cell component and within the cells that promote and sup-
port T cell differentiation. Other studies in aged mice have
also shown that deficiencies in the host environment con-
tributed to impaired immune responses in combination with
intrinsic T cell defects [6, 26, 28]; however, our results sug-
gest a much greater contribution of the host environment to

@ Springer

a Schematic of the adoptive transfer of transgenic TCR T cells. b Rep-
resentative FACs plots of DO11.10 T cells (gated on CD4* and the
transgenic TCR*) expressing both IFNy* and IL-2* from the antigen-
draining LNs 4 days after challenge. ¢ Enumeration of the DO11.10 T
cells that co-expressed the cytokines IL-2 and IFNy. Statistical repre-
sentation: Student’s ¢ test (two-tailed). For analysis, values of P < 0.05
were considered significant and expressed as follows: *P < 0.05 and
**P < 0.001

age-related immune dysfunction, after anti-OX40 stimula-
tion. In contrast to our findings, results from a similarly
designed criss-cross study reported antigen-specific T cell
responses (expansion and differentiation) were unaffected
by the age of the host environment, but rather were due to
intrinsic T cell deficiencies [31]. The difference in the two
conclusions may stem from the use of CFA by Mittler and
Lee, which can establish a pro-inflammatory condition,
potentially compensating for any age-related deficiencies in
the host environment, and our use of an agonist OX40
stimuli that mainly enhances T cell function. Curiously, the
disparate findings suggest anti-OX40 may alleviate age-
related intrinsic T cell defects and pro-inflammatory media-
tors may overcome age-related T cell extrinsic host defects.

Based on the hypothesis that the cells of the aging host
environment primarily contributed to the OX40-specific
age-related defects, we sought to restore immunological
function with the pro-inflammatory cytokine, IL-12. IL-12,
produced by innate immune cells, not only plays a key role
in effector T cell differentiation and survival [45, 49], but it
can synergize with OX40 signaling to mediate tumor eradi-
cation [24, 36]. The combination of IL-12 and anti-OX40
boosted levels of differentiated effector DO11.10 T cells
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Fig. 3 IL-12 increases the acquisition of an effector CD4 T cell phe-
notype and accumulation of differentiated effector CD4 T cells in aged
anti-OX40 treated recipients. Two- or 12-month-old BALB/c mice
were adoptively transferred with 2- or 12-month-old DO11.10 T cells
and immunized s.c. with 500 pg ovalbumin and 50 pg anti-OX40.
A second dose of anti-OX40 was also given the next day. Mice were
injected s.c. with IL-12 (100 ng) or control (PBS) daily for 4 days,

(IFNy*) in middle-aged hosts (Fig. 3) and partially restored
tumor-free survival in mice treated with anti-OX40
alone [38]. Pro-inflammatory mediators have been
proven to produce effective anti-tumor immune
responses in aged animals. Lustgarten and colleagues
have administered a number of TLR agonists, including
Poly I:C and CpG-ODN, to restore T cell responses (CTL)
and tumor regression in aged mice [10, 40]. Finally,
although IL-12 only partially restored effective OX40-
enhanced tumor immunity in older mice, it and other pro-
inflammatory agents may help reverse the negative impact
of aging on anti-OX40-mediated tumor immune responses.

Conclusion

Work in our laboratory has exploited the activation of
0X40 co-stimulatory molecules by agonist antibodies to
enhance T cell immune responses and we have identified
this pathway as a promising cancer immunotherapy.
Recently we measured the activity of an agonist OX40
agent in middle-aged (12-month old) and elderly (20-month
old) tumor-bearing mice, to assess the influence of age on
this OX40-activating therapy. The study revealed the
effects of immune senescence significantly reduced anti-
0OX40-mediated anti-tumor responses, which correlated
with diminished numbers of differentiated effector T cells.
The age-related dysfunction appeared to not be associated
with the responding T cells, but more likely the cells of the
host environment that promote and support T cell
responses. Indeed, administration of IL-12, an innate cyto-
kine, restored the critical T cell responses and tumor regres-
sion when combined with anti-OX40. Even with this

1945
b
(b) o &
' L
> S
S &
2mo > 2mo }—{|*
Q| 2mo »12mo H W
IRE 2 * %
2 mo > 2mo }_¢| * |*
12mo »12mo H *
~| 2mo > 2mo }—{
5‘ 2mo > 12 mo i
3 12mo > 2mo }—{
% 12mo > 12 mo }—{

0 1 2 3 4 5
Number (10) DO11.10* IFNy*

starting at immunization. Antigen-draining LNs were harvested 4 days
after challenge and analyzed. a Frequency of DO11.10 T cells (CD4*
transgenic TCR*) producing IFNy. b Enumeration of IFNy-producing
DOI11.10 T cells. Statistical representation: Student’s ¢ test (two-
tailed). For analysis, values of P < 0.05 were considered significant
and expressed as follows: *P < 0.05 and **P < 0.001 (adapted from
(38])

promising finding, is unclear as to the exact biological
explanation, whether a particular impaired signaling path-
way or deficient cell type, may account for the age-related
effects seen in both our tumor and criss-cross experiments.
Previous studies have shown significant age-related defi-
ciencies in DC number, maturation, and migration [18, 28,
41], therefore, the focus of our future studies will be on the
role of aging on DC function/activation in both the deficient
anti-OX40-mediated tumor immune response and in the
TCR transgenic “criss-cross” experiments.

Finally, the clinical success of drugs designed to
enhance T cell co-stimulation, via CTLA-4, 4-1BB, and
0X40, to induce tumor regression, may ultimately hinge on
also addressing potential age-related deficiencies in the
tumor-bearing host. The initial approach of the various ani-
mal models and clinical trials of these drugs was as single
agents to regress tumors; yet our recent findings in aged
tumor-bearing animals have raised some important ques-
tions about this approach. In light of the significant age-
related abrogation of OX40-mediated tumor regression
seen here, the use of OX40 agonist as a single agent should
be further assessed. Although, our data and others [29] have
demonstrated that T cells from aged animals respond in a
comparable fashion as young T cells to agonist OX40 stim-
ulation, in some cases additional signals/stimuli may be
required in older subjects to generate the desired anti-tumor
responses. One potential approach is to target the non-T
cell environment (e.g., innate immune cells), using at least
one of a host of pro-inflammatory TLR-based reagents
(monophosphoryl lipid A, CpG, Poly I:C, and resiquimod/
imiquimod). These TLR-activators have been shown to
augment DC and macrophage activation, including the
induction of pro-inflammatory cytokines (e.g., IL-12), and
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perhaps more importantly, are currently in various levels of
clinical application for the enhancement of tumor immunity

[39

13, 23, 34, 46]. Co-administration of TLR-activating

agents with OX40 agonists would be hypothesized to pro-
vide signals to overcome age-related deficiencies in antigen
presentation by APC and to enhance tumor-specific effector
T cell persistence and function, respectively, in tumor-bearing
subjects. Thus, overcoming immune senescence in the
treatment of cancer may require treatments that utilize mul-
tiple immunotherapeutic approaches that can restore both
adaptive and innate responses lost during the aging process.
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