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Abstract

0OX40 agonists have potent immunotherapeutic effects against a variety of murine tumors, yet it is
unclear the role that age-related immune senescence plays on their efficacy. We found that middle-
aged and elderly tumor-bearing mice (12 and 20 months old, respectively) treated with anti-OX40
were less responsive compared to young mice six-months or less of age. Decreased tumor-free
survival was observed in both male and female mice, and was not due to changes in the surface
expression of OX40 on T cells in older animals. Enumeration of cytokine-producing effector T
cells in tumor-bearing mice revealed a significant decline in these cells in the older mice treated
with anti-OX40 compared to their younger counterparts. The decrease of this critical T cell
population in middle-aged mice was not a result of inherent T cell deficiencies, but was revealed to
be T cell extrinsic. Finally, combining IL-12, an innate cytokine, with anti-OX40 boosted levels of
differentiated effector T cells in the older anti-OX40 treated mice and partially restored the
defective anti-tumor responses in the middle-aged mice. Our data show that the anti-OX40-
enhancement of tumor immunity and effector T cell numbers is decreased in middle-aged mice
and was partially reversed by co-administration of the proinflammatory cytokine I1L-12.
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Introduction

The immune system of aging animals is characteristically described to be both poorly
responsive and functionally dysregulated, a condition known as immune senescence (1).
Virtually every aspect of the immune system is in some way affected by age-associated
immune senescence, including cellular immune responses where age-associated alterations
in CD8 and CD4 T cell function have been well documented (2). For example, CD8 T cells
from aged mice exhibit decreased cytotoxicity, IL-2 production, and expansion, and naive
CDA T cells from aged mice proliferate with less rigor and generate poor effector T cells due
to decreased IL-2 production (3, 4). These age-related effects on T cells lead to decreased
immunity against pathogens, and may also complicate the design and efficacy of cancer
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immunotherapies. Tumor-specific immunotherapeutic strategies are often developed in
models using young animals, which neglect the potential impact of immune senescence on
efficacy. Thus, due to the age-related changes in T cell function, cancer immunotherapies
may also need to be adjusted for optimal translational therapeutic value.

Stimulation of certain TNFR family members has been shown to lead to effective anti-tumor
immunotherapy and in some cases restored the function of immune cells in aged animals.
For instance, engagement of 4-1BB mediated significant anti-tumor protection against a
number of tumors and reversed priming defects related to age (5-7). Another member of the
TNFR family, OX40, is expressed on both CD4 and CD8 T cells within tumors (8) and when
activated confers significant tumor protection in mice (9). In vivo stimulation of OX40 also
greatly enhances a number of antigen-specific T cell functions, including proliferation,
cytokine production, and memory T cell development in young animals (10-14). These
characteristics suggest OX40 could overcome potential immune senescence of T cells and
enhance anti-tumor immunity in old hosts. In fact, activating OX40 during tumor priming
was initially observed to increase immune responses to a pre-B cell lymphoma in aged (18+
months of age) animals (15). In these studies, vaccinating aged mice with tumors expressing
CD80 and eGFP and then treating these mice with anti-OX40 resulted in long-term
protection from a secondary challenge using the parental tumor. These data showed that anti-
0OX40 enhanced “epitope spreading” to tumor-specific antigens in the older mice. However
the anti-tumor response relied on the older mice first responding to increased CD80
signaling as well as to a foreign protein (eGFP) associated with the tumor vaccine, prior to
rejecting the parental tumor.

Thus, we sought to further investigate whether systemic administration of an OX40 agonist
(anti-OX40) in the absence of an immunogenic foreign protein or vaccine, would enhance
anti-tumor immunity in aged animals. Mice aged two, six, 12, and 20 months were
challenged with sarcoma (MCA205) tumor cells and treated with anti-OX40. Systemic
administration of anti-OX40 in the youngest tumor-bearing mice generated significant
tumor-free survival, yet OX40-mediated tumor-free survival among the 12- and 20-month
old mouse cohorts treated was severely diminished. To identify a possible explanation for
the diminished tumor-free survival in the older anti-OX40-treated mice, T cells from tumor-
bearing mice were assessed, revealing a significant decrease in cytokine-producing T cells in
the 12-month old anti-OX40-treated mice and a coincident increase in CD4*CD25"FoxP3*
T cells. The decrease in the cytokine-producing effector T cells appeared to not be the result
of an inherent defect in the aging T cells, but was found to likely originate from defects in
cells important for the promotion and support of OX40-enhanced immune responses.
Finally, IL-12 is a potent promoter of effector T cell differentiation and when administered
in combination with OX40 engagement, partially restored OX40-mediated tumor survival in
middle-aged mice (12 month old). These findings suggest that during aging, critical
immunological defects occur by middle age, rendering OX40-mediated anti-tumor responses
insufficient for effective tumor clearance.
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Materials and Methods

Mice

Four to six week old male and female C57BL/6 mice were purchased from Charles River
Laboratory (Boston, MA) and used at eight weeks of age. For the aging mice, 6-8 week old,
6 and 10 month old mice were purchased from Charles River Laboratory, Harlan
(Indianapolis, IN), and the NIA (Washington, DC) and housed till reaching the mean ages of
6, 12 and 20 months. DO11.10 were bred and housed till reaching a mean age of two or 12
months. All mice were maintained at the EARCI animal facility and all animal studies were
approved by the Earle A Chiles Research Institute IACUC committee.

Tumor models

H12 is derived from the original 3-methylcholanthrene-induced parental tumor MCA205
and can be passaged in culture. The tumor cells were suspended in HBSS (4-5 x 10° or 1 x
10%) and injected s.c. into female or male C57BL/6 mice. The CT26 colon carcinoma cell
line was suspended in HBSS (1 x 10°) and injected into female BALB/c mice. Three and
seven days following tumor challenge mice were injected i.p. with 250-750 g anti-OX40
(OX86) or rat 1gG. In some experiments rmiL-12 (100 ng) (R&D Systems, Minneapolis,
MN) was administered i.p daily 4-9 days after tumor challenge. Mice were then monitored
for tumor growth and sacrificed if the tumor became ulcerated or growth reached 150 mm2.

DO11.10 transgenic TCR adoptive transfer

DO11.10 transgenic TCR CD4 T cell are specific for a peptide of the ovalbumin protein
(357-364) and were identified by an antibody designated KJ-126. Spleens and LNs were
harvested and processed by crushing between two frosted glass microscope slides and red
blood cells lysed with ACK (Lonza, Walkersville, MD). The percentage of DO11.10 T cells
was identified by anti-KJ-126 prior to transfer and a total of 2-3 x 108 transgenic TCR T
cells were adoptively transferred i.v. into BALB/c recipients. One day later mice were
immunized s.c. with 500 pg ovalbumin (Sigma, St. Louis, MO) and 50 ug of anti-OX40
(OX86) or 1gG control (Sigma, St. Louis, MO). The following day mice were given a second
injection of anti-OX40 or rat 1gG. IL-12 (100 ng) or PBS (0.05% mouse serum) was
administered at the time of adoptive transfer and then daily for the next three days.

Isolation of leukocytes from tumors

Tumors were surgically removed from mice 12 days after challenge and tumor was disrupted
by dicing and processing between frosted glass slides. Disrupted tumors were then digested
for at least 1.5 hours using a triple enzyme mixture (collagenase, DNAse, hyluronidase;
Sigma, St. Louis, MO) under constant stirring. The digested tumor was washed and the
lymphocytes isolated by gradient centrifugation (Ficoll; GE Health Care, Uppsala, Sweden).
Lymphocytes were isolated from the interface and washed.

FACS analysis of T cells from lymph nodes and tumors

T cells were liberated from lymph nodes by disruption between two frosted glass slides.
Cells from lymph nodes and tumors were stained with various combination of the following
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antibodies: FITC-CD4, APC-CD25, PE Cy7-CD8, APC-CD62L, PE-CD25, PE Cy7-CD25
and biotinylated-KJ-126 and in some experiments made permeable with fixation/
permeablization buffers and stained with PE-FoxP3 (eBioscience, San Diego, CA).
Harvested samples, isotype controls, and single stain controls were run on the FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ).

cytokine staining

T cells from the tumor-draining lymph nodes (TDLNSs) were obtained as described above
and stimulated for six hours in vitro with 1 ug/mL anti-CD3 in RPMI containing 10% fetal
bovine serum and 1 ug/mL Golgi stop (BD Biosciences, Pharmingen, San Diego, CA). In
addition, antigen-draining lymph nodes (axillary) were harvested from adoptively
transferred recipients four days after Ag challenge and liberated cells stimulated for six
hours in vitro with 5 pg/ml ovabumingos.33g and 1 pg/mL Golgi stop. Cells were collected
and stained with FITC-CD4, KJ-126 and/or APC Cy7-CD8 (eBioscience, San Diego, CA).
Cells were made permeable with CytoPerm/PermWash buffers and stained with APC-IFN-y,
PE-IL-2 and PE Cy7-TNFa (BD Biosciences, Pharmingen, San Diego, CA). T cells were
analyzed on the BD LSRII or FACSCalibur (Becton Dickinson, Franklin Lakes, NJ).

Statistical Analysis

Results

For all experiments, a Student's t test (two-tailed) was used to compare means of selected
groups. For analysis, values of p<0.05 were considered significant and expressed as follows:
*p<0.05 and **p<0.001, if not specifically stated.

OX40-mediated tumor immune responses were less effective in aged mice.

The effect of OX40 engagement in tumor-bearing mice of various ages was addressed in two
different tumor models. Two, six, 12 and 20 month old female C57BL/6 mice were
challenged with MCAZ205 tumor (s.c.). Three and seven days after tumor challenge mice
were treated with anti-OX40 or IgG control and monitored for tumor growth. As expected,
anti-OX40 improved tumor-free survival in the two-month old mice compared to 1gG
controls (Fig. 1A). Improved tumor-free survival following OX40 engagement was also
observed in six-month old mice, but not in the 12- or 20-month old mice (Fig. 1B, C and D).
In these older mice, tumor-free survival was significantly reduced or completely abrogated.
In addition, anti-OX40 failed to significantly delay tumor growth in the older mice (data not
shown). To determine whether this was a dose-dependent effect, we increased the dose of
anti-OX40 three-fold (750 ug). The substantial increase in anti-OX40 failed to increase
tumor free survival of tumor-bearing 12-month old mice (data not shown). Sex-specific
effects could also not account for the age-related differences, as survival of 12-month old
male MCA205 tumor-bearing mice did not improve following anti-OX40 treatment (Fig.
1E). These data demonstrate that aged mice are less responsive to OX40 agonist
administration when tested in tumor-bearing hosts.

The failure of OX40 agonist administration to mediate tumor-free survival in the 12-month
old mice was particularly intriguing, as these mice might not be considered elderly.
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Although, 18- to 24 -month old mice are typically used in studies investigating the effects of
age on immunological function, the results here suggest that immunologic deficiencies
associated with immune senescence may be apparent much earlier (12 months of age). There
are potential advantages to studying animals at this earlier time point as they may represent a
population with fewer accumulated immunological defects, which may allow us to more
readily identify the most relevant cause of OX40 non-responsiveness. For this reason, the
ensuing experiments predominately tested 12-month old (middle-aged) mice.

To verify further that the decrease of anti-OX40 mediated tumor free survival seen in
animals 12 months of age was not a tumor- or strain-specific effect, BALB/C mice (two- and
12- months old) were challenged with the colon carcinoma, CT26. These mice were then
treated with anti-OX40 or control 1gG at three and seven days post tumor transplantation and
monitored for tumor growth. Similar to the results with MCAZ205, anti-OX40 treatment
improved tumor free survival in the two-month old CT26 tumor-bearing mice compared to
control IgG treatment, but failed to improve tumor free survival in the 12-month old mice
(Fig. 1F). The decrease in OX40-mediated survival, in both the CT26 and the MCA205
tumor models, suggests that the age-related differences in OX40-mediated tumor-free
survival are universal and not tumor model-specific.

The response of T cells to OX40 stimulation is related to expression of functional OX40
protein on the cell surface (16). Expression of OX40 has been previously observed on both
CD4 and CD8 T cells infiltrating tumors (17), and any age-related changes in this expression
may explain the differences in anti-OX40-mediated tumor free survival. To test this
possibility, mice (two- and 12-month old) were injected with MCAZ205 and the tumor
infiltrating lymphocytes (TILs) were assessed for OX40 expression. Tumors developed 12
days after tumor inoculation (9-25 mm2) at which time they were harvested and the TILs
isolated. Infiltrating CD4 or CD8 T cells harvested at this time from two- and 12-month old
mice tumor-bearing mice as well as T cells from TDLNSs had comparable levels of OX40
expression (Fig. 2 and data not shown).

Age-related differences in the accumulation of differentiated effector T cells

We next sought to identify a potential age-related mechanism underlying the differences in
OX40-mediated tumor-free survival, by analyzing the responding effector T cells following
anti-OX40 treatment. To assess the acquisition of an effector phenotype in anti-OX40-treated
tumor-bearing mice, we analyzed T cells from TDLNs when the tumors in the anti-OX40
treated mice start to regress (days of 9 and 13 days after tumor challenge), and found CD8 T
cells from these animals exhibited peak IFN-y production ten days after tumor challenge
(Fig. 3A and 3B). When TDLNs from tumor-bearing two- and 12-month old mice treated
with anti-OX40 or control IgG, were harvested on day 10 the total number of CD4 and CD8
T cells present in the TDLNs from 12-month old anti-OX40-treated animals was
significantly lower than the numbers from two-month old anti-OX40 treated animals (Fig.
3C and 3E). The number of CD4 T cells from the TDLNSs of two-month old tumor-bearing
mice that produced IL-2, IFN-y, and TNFa after re-stimulation was significantly increased
following anti-OX40-treatment compared to IgG controls, as well as 12-month old mice
treated with anti-OX40 (Fig. 3D). The observed OX40-mediated increases in cytokine
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production appeared to occur primarily in the TDLN, as levels of cytokine production in T
cells from distant LNs were similar to T cells from IgG-treated TDLNSs or LNs from non-
tumor-bearing mice treated with anti-OX40 (data not shown). The number of CD8 T cells
producing IFN-y from anti-OX40 treated mice was also significantly increased in the two-
month old animals when compared to age-matched IgG controls, and also were significantly
greater than 12-month old anti-OX40 treated mice (Fig. 3F). These results suggested a
potential age-related deficiency or defect in the accumulation of differentiated effector T
cells, following anti-OX40 administration.

To more specifically explore the potential age-related deficiencies in antigen-specific T cells,
experiments were undertaken in the DO11.10 transgenic TCR model. DO11.10 T cells from
two-month old donors were transferred to two- or 12-month old wild type recipients and
alternatively, DO11.10 T cells from 12-month old donors were transferred to two- or 12-
month old recipients (Fig. 4A). The recipient mice were then immunized with antigen
(ovalbumin) and anti-OX40, followed by a second administration of anti-OX40 one day
later. Antigen-draining LNs were harvested four days after antigen and anti-OX40
administration, the peak of DO11.10 T cell expansion (18), and transgenic T cells were
enumerated and analyzed. The crisscross design allowed for the comparison of the responses
of two-month old T cells to that of 12-month old T cells in the same aged host environment.
Overall numbers of antigen-specific T cells after antigen immunization and anti-OX40
administration were significantly greater in the young recipients compare to older recipients
regardless of the age of the transferred DO11.10 T cells (Fig. 4B). It can be expected that in
addition to the DO11.10 T cells, endogenous T cells may express OX40 to be engaged by
anti-OX40 and could contribute to the expansion of the DO11.10 T cells through a bystander
mechanism, but in other transgenic T cell models we have failed to see this phenomenon
play a role in the anti-OX40-mediated expansion of transferred transgenic TCR T cells (data
not shown). The difference in antigen-specific T cells was reflected in the numbers of
peptide re-stimulated IL-2- and IFN-y-producing DO11.10 T cells, which were also
significantly decreased in the older 12-month old recipients regardless of the age of
transferred transgenic TCR T cells (Fig. 4C). Additional, phenotypic analysis of the
DO011.10 T cells from anti-OX40-treated young two-month old recipients also revealed a
large increase in the frequency of an activated effector phenotype defined by CD62L oW
CD25* compared to DO11.10 T cells from 12-month old recipients, with no overt change in
CD25"FoxP3* T cells (Fig. 4D and data not shown). These results suggest first, that 12-
month old T cells can respond in a comparable fashion to younger T cells after agonist
0OX40 treatment when transferred into a younger recipient and secondly, the decrease in the
levels of cytokine-producing T cells in 12-month old tumor-bearing anti-OX40-treated mice
may likely be due to T cell extrinsic deficiencies and not intrinsic defects.

The previous results suggest the potential age-related immunological dysfunction underlying
the decreased accumulation of differentiated effector T cells resides in the cells that support
T cell differentiation, which would include cells of the innate immune response (e.g. DCs).
The inflammatory cytokine, 1L-12, is produced by innate immune cells and is important for
T cell differentiation, function, and survival (19, 20) and may positively affect T cell
differentiation in our model. To investigate any 1L-12 effects in OX40-mediated T cell
responses in 12-month old mice, the previously used DO11.10 model was modified. Two-

J Immunol. Author manuscript; available in PMC 2019 September 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruby and Weinberg

Page 7

and 12-month-old T cells were transferred into age-matched recipients and challenged with
antigen, anti-OX40, and with or without IL-12. The addition of IL-12 increased the
frequency of both two- and 12-month old transgenic T cells producing IFNy (Fig. 5A).
More importantly, IL-12 in combination with anti-OX40 significantly boosted the number of
the 12-month old IFN-y-producing DO11.10 T cells in the older 12-month old recipients
close to the levels of those found in the younger mice (Fig. 5B). Interestingly, the overall
numbers of the young DO11.10 T cell from mice following anti-OX40 and IL-12 were less
than numbers from mice treated with anti-OX40 alone, resulting in nearly equal levels of
IFNy-producing T cells (Fig. 5B and data not shown).

Differences in the accumulation of CD8 T cells and CD4*CD25*FoxP3* T cells within the
tumors of anti-OX40-treated two- and 12-month old mice

We next analyzed changes in TILs from two- and 12-month old tumor-bearing animals
following anti-OX40 treatment. MCAZ205 tumors were harvested from two- and 12-month
old mice treated with anti-OX40 or control 1gG 12 days after tumor challenge, and TILs
were isolated. There was no significant difference in the total number of TILs per mm?
obtained from two- or 12-month old mice regardless of treatment (data not shown), but there
was a greater frequency of CD4* T cells found in the TILs of anti-OX40 treated mice
compared to IgG controls, regardless of age (Fig. 6A). The percentage of CD8* T cells
within the tumors of two-month old mice was increased following anti-OX40 treatment, as
opposed to CD8 T cell levels in anti-OX40 treated 12-month old mice, which remained at a
similar level to that observed in the 1gG control group (Fig. 6A).

To further dissect age-related differences in OX40-mediated tumor regression, CD4* TIL
isolated from anti-OX40 or IgG-treated mice were assessed for changes in regulatory T cell
percentages (CD25 and forkhead box protein 3 expression). An extensive body of literature
has shown that a CD4* T cell subpopulation identified by CD25 and FoxP3 negatively
influences normal immune responses and, more importantly, anti-tumor responses via
immunosuppressive cytokine release and/or direct cell-cell contact (21, 22). In this tumor
model (MCA205), CD4*CD25*FoxP3* T cells begin to accumulate within the tumors of
untreated mice at greater levels than that found in non-tumor tissue (distal LNs) about ten
days after tumor challenge and reach a plateau between days 12 and 20, however in anti-
OX40-treated mice the level of this T cell population remained constant (days 6-10) (Fig.
6B, 6C, and data not shown). Moreover, the level of CD4*CD25*FoxP3* T cells (as a
percentage of total CD4™ T cells) infiltrating the tumors of anti-OX40 treated two-month old
mice was significantly lower than in control IgG controls 12 days after tumor challenge (Fig.
6C). In contrast, the percentage of CD25"FoxP3* T cells in the TILs of anti-OX40- and
control 1gG-treated 12-month old mice was similar. These results also suggest a correlation
between the level of accumulated CD4*CD25*FoxP3* T cells in the tumor and the
effectiveness of OX40 therapy in two-month versus 12-month old tumor-bearing mice.

Co-administration of IL-12 and anti-OX40 increased tumor-free survival of 12-month old

mice

To boost immune responses against the MCA205 tumor in 12-month old anti-OX40-treated
tumor-bearing mice, we investigated the efficacy of 1L-12. The results in the DO11.10 model
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(Fig. 5) suggest the combination of an OX40 agonist and IL-12 may represent an effective
means to improve tumor-free survival and restore OX40-specific anti-tumor responses in 12-
month old mice. Although, we did not see any detectable changes in IL-12 secretion in
tumor-bearing mice treated with anti-OX40 (data not shown), we have described a
relationship between IL-12 and OX40 that was shown to be essential for the survival of CD4
T cells after antigen priming and that co-administration of IL-12 and anti-OX40 synergized
to eradicate tumors in various models (23, 24). The effects of IL-12 on tumor immunity in
two- and 12-month old MCA205 tumor-bearing mice were assessed. IL-12, in these
experiments, was administered starting four days after tumor challenge and then daily for an
additional six days. IL-12 alone has significant anti-tumor effects (25) and it appeared to
slow MCAZ205 tumor growth in young mice, but not in the older mice. However, IL-12
ultimately failed to generate prolonged tumor-free survival in either the two- or 12-month
old mice (Fig. 7A). Co-administration of IL-12 (administered daily, days 4-9) and anti-OX40
(day 3 and 7) to MCA205 tumor-bearing twelve-month old mice, induced greater tumor-free
survival compared to mice treated with anti-OX40 alone (Fig. 7B). The combination of anti-
OX40 and IL-12 did not increase the extent of tumor-free survival in anti-OX40-treated two-
month old mice in this model. When TILs were obtained from MCAZ205 tumors harvested
from co-treated 12-month old mice (anti-OX40 and 1L-12), there was a decrease in the
accumulation of CD25*FoxP3* T cells compared to age-matched rat 1gG-, IL-12- or anti-
OX40-treated mice and corresponded to the increase in tumor-free survival (Fig. 7C). These
results suggest that IL-12 helps to reverse the negative impact of age on OX40-mediated
tumor immune responses.

Discussion

The results reported here demonstrate the negative impact of immune senescence on an
effective tumor immunotherapy using systemic OX40 agonist administration. Elderly (20
month old) mice and surprisingly, middle-aged (12 month old) mice experienced a dramatic
loss of therapeutic benefit from agonist OX40 stimulation, compared to younger mice (two
and six months old). At least one deficiency underlying the loss of therapeutic benefit
appeared to be related to the decrease in the OX40-mediated accumulation of cytokine-
producing effector T cells in older tumor-bearing mice. This deficiency at first glance looked
as if it was caused by defects inherent in the aging T cell component, but crisscross adoptive
transfer experiments with young and middle-aged antigen-specific T cells suggest the defect
was not T cell intrinsic. Instead the decreased levels of effector T cells following agonist
0OX40 treatment in middle-aged mice may originate from the cells that promote and support
T cell activation, including those of the innate immune response. Indeed, administration of
the innate cytokine IL-12 boosted levels of antigen-specific cytokine-producing T cells and
partially restored OX40-mediated tumor-free survival in middle-aged mice.

Tumor-specific effector T cells are considered to be necessary to produce effective anti-
tumor immune responses. In cancer patients, the generation and accumulation of effector T
cells are critical for effective anti-tumor responses, as the presence of these cells within
tumors in large numbers represents a positive clinical prognosis (26, 27). The acquisition of
effector function and accumulation of effector T cells in tumor-bearing mice are also
hallmarks of tumor regression following OX40 engagement in mice (17, 28-30). These
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studies directly link the anti-tumor properties of OX40 co-stimulation to an increase in the
function and accumulation of differentiated effector T cells. In the experiments presented
here, we observed a significant age-related decrease in the number of cytokine-producing
effector T cells following OX40 agonist administration (Fig. 3) and the presence of fewer
CD8 T cells infiltrating the tumors of the older anti-OX40-treated mice (Fig. 5A).
Additionally, transfer of young and middle-aged DO11.10 T cells into young and middle-
aged recipients respectively, also demonstrated an age-related decrease in the number of
responding antigen-specific effector T cells following agonist OX40 administration. The
diminished response in these mice was due in part to an overall decrease in numbers, but
also an impaired ability to acquire OX40-enhanced effector function (Fig. 4B and 6A).
Taken together, these results suggest the inability to generate sufficient numbers of
differentiated effector T cells in older tumor-bearing mice contributes to the dramatic loss of
anti-OX40-mediated tumor immunity.

Defects in various cell types and immunological systems could account for the age-related
deficiency following OX40 engagement, but defects in the T cell component initially
appeared to be the most probable. Previous studies have established that aged CD4 T cell
contain significant intrinsic age-related T cell defects (31-33) and we observed decreased
numbers of differentiated effector CD4 T cells in older mice. Crisscross adoptive transfer
experiments using young and middle-aged transgenic TCR CD4 T cells, however, showed
the aged-related deficiencies following OX40 engagement resided in the aged recipient, and
were likely not inherent in the responding older T cells. These data agree with several other
reports that show age-related deficiencies in T cell responses are not entirely intrinsic and
potential defects in the host environment also contribute to the overall T cell dysfunction
(34-36). While the exact age-related deficiency accounting for the loss of OX40-mediated
anti-tumor immunity remains unknown, middle-aged cells of the innate immune response
may harbor a crucial defect and therefore requires further study.

Inflammatory signals mediated by the innate immune response have been recognized to
overcome some of the effects of immune senescence and we considered their use to restore
the agonist OX40 responses in the older mice (37). One inflammatory signal of great
interest, 1L-12, induces Th1 differentiation and enhances IFN+y production (19, 20), making
it an attractive candidate to restore OX40-enhanced anti-tumor immunity in middle-age
mice. In fact, our results demonstrate IL-12 administration in combination with anti-OX40
increased the number of IFN+y-producing effector DO11.10 CD4 T cells in middle-aged
mice and achieved partial restoration of the beneficial OX40-specific anti-tumor immune
responses in older tumor-bearing mice. While IL-12, in combination with anti-OX40,
restored partial tumor rejection in the middle-aged mice and reduced the accumulation of
regulatory T cells, the levels of rejection fell short of the levels seen in the younger mice.
This difference could be the result of exogenous IL-12 reversing a defect not directly caused
by an age-related IL-12 deficiency, and/or could be due to the influence of age on cytotoxic
T cell responses even in the absence of regulatory T cells (38). Furthermore, the
combination of IL-12 and agonist OX40 failed to increase tumor regression in younger mice
compared to agonist OX40 alone (Fig. 7A). A potential explanation for the lack of
enhancement may relate to the data that showed the numbers of differentiated effector
antigen-specific CD4 T cells were unchanged between these two treatment groups (Fig. 6B),
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suggesting priming to the MCA205 tumor induces optimal 1L-12 secretion in younger mice.
Overall these data demonstrate the ability of IL-12 to partially restore OX40-mediated tumor
regression in older mice.

Our findings are not the first to describe the role of OX40 in anti-tumor immune responses in
aged mice; previous publications demonstrated that effective co-stimulation, including OX40
engagement, overcame immune senescence and enhanced anti-tumor immune responses in
elderly mice (15, 39). Although these studies appear to contradict results described here, the
tumor models used in these studies relied on an immunogenic surrogate tumor antigen
(eGFP) or an in vitro generated DC-tumor lysate vaccine. In the absence of these vaccination
strategies, OX40 engagement alone had little to no effect on tumor regression in young mice.
Despite the differences in antigen-priming in the models used here and in the earlier studies,
all the studies demonstrate T cells from aging mice can respond to systemic OX40
administration (15, 39) (Fig. 4).

In addition, the studies presented here also revealed the accumulation of
CD4*CD25*FoxP3* T cells in actively growing tumors was influenced by OX40
engagement. Levels of CD4*CD25*FoxP3™ T cells infiltrating the tumors of young mice
began to accumulate at greater levels compared to peripheral tissue around 10-12 days after
tumor challenge (Fig. 6B and 6C). In contrast, the accumulation of CD4*CD25"FoxP3* T
cells within the tumors isolated from young mice treated with anti-OX40 (day 12) was
significantly less than 1gG treated mice, and also less than anti-OX40-treated middle-aged
mice. The increased infiltration of CD4*CD25*FoxP3* T cells into the tumors of the older
anti-OX40-treated mice correlated with ineffective tumor clearance and has been shown by
others to correlate with poor clinical prognosis (40).

The question remains as to the cause or causes for the increased accumulation of the
CD4*CD25*FoxP3* regulatory T cells in the tumors of agonist OX40 treated middle-aged
mice. It is understood that tumors can recruit regulatory T cells (41), expand residing
regulatory T cells (42), and convert naive T cells into FoxP3* regulatory T cells (43).
Balancing out the effects of the tumor on regulatory T cells is OX40, which not only delivers
a potent co-stimulatory signal to recently primed effector T cells, but can also strongly affect
regulatory T cells, including abrogation of TGFB1-induced generation of regulatory T cells
(44-46). Recently, a proposed mechanism responsible for preventing regulatory T cell
conversion following OX40 engagement was found to be mediated by IFNvy production by
an OX40-expressing memory T cell population (47). IFN-y production has been previously
shown to prevent the conversion of naive T cells to regulatory T cells, instead directing Thl
differentiation (48). Another potential mechanism comes from recent data generated in our
laboratory, suggesting anti-OX40 induces the expansion of CD4*CD25*FoxP3* regulatory T
cells in the absence of IFN+y and other Th differentiation cytokines (manuscript in
preparation). Taken together, the decrease in IFN-y-producing T cells seen in older tumor-
bearing mice treated with anti-OX40, ten days after tumor challenge, may account for
increased regulatory T cells within the tumors of these mice shortly thereafter (day 12).
Currently studies are underway to determine the contribution of both of these proposed
mechanisms regarding OX40-specific control of regulatory T cell conversion and expansion.
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Theoretically, these results illustrate that critical age-related immunological defects occur by
middle age. Both elderly and middle aged mice experienced a similar decrease in tumor-free
survival following anti-OX40 treatment. In contrast, a number of previous studies showed
that immunological responses and T cell function in middle aged mice tended to represent
an intermediate effect, falling somewhere between the young and elderly (18+ months old)
subjects. For example, characterization of immune cell subsets and the expression of
important chemokines and chemokine receptors in mice over a spectrum of ages showed
graded or incremental changes in these readouts (49, 50). Our results suggest that even at
middle age crucial aspects of an anti-tumor response can be dysfunctional, which may help
to explain why there is a significant increase in the incidence of a number of cancers in
middle-aged individuals (51). More importantly, the middle age “breakdown” also creates an
opportunity to study and devise strategies to reverse age-related immunological deficiencies
prior to the accumulation of other defects during the aging process.

In conclusion, engagement of OX40 has been proven to be an effective form of tumor
immunotherapy in a number of mouse tumor models, which have treated young mice. Since
agonists for OX40 and other TNFR proteins are in clinical trials for the treatment of cancer,
our results showing diminished effects as mice age may have important ramifications for
future clinical trials. The OX40-mediated improvements in survival dramatically decreased
in mice at middle age, which is surprising, as immune responses from mice at this age have
been shown to be relatively intact compared to younger mice. Upon further investigation, the
critical age-related defect in these OX40-mediated anti-tumor responses likely involves
decreased generation and accumulation of differentiated effector T cells. Interestingly, the
underlying age-related deficiency in the generation and accumulation of differentiated
effector T cells did not reside in the T cells themselves, but rather cells that promote and
support T cell function. As evidence, IL-12 an innate cytokine, helped restore effector T
cells levels and effective anti-tumor immune responses in middle-aged mice. Therefore,
overcoming immune senescence in the treatment of cancer may require treatments that
utilize immunotherapeutic reagents that can restore both adaptive and innate responses lost
during the aging process.
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FIGURE 1.

Days after tumor inoculation

Days after tumor inoculation

The age of the tumor-bearing host affects MCA205 tumor free survival following systemic
0OX40 stimulation. A-D, Female C57BL/6 mice, ages two, six, 12 and 20 months, were
injected s.c. with 4-5 x 10° MCA205 tumor cells. Three and seven days later 250 pg anti-
OX40 or rat 1IgG were injected i.p. £, Male C57BL/6 mice, ages two and 12 month, were
injected with 4 x 105 MCAZ205 tumor cells. Three and seven days later 250 pg anti-OX40 or
rat 1gG were injected i.p. ~ Female BALB/C mice, ages two and 12 month, were injected
with 1 x 10% CT26 tumor cells. Three and seven days later 250 ug anti-OX40 or rat 1gG
were injected i.p. Mice were then monitored for tumor growth.
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Surface expression of OX40 on T cells infiltrating the tumors of two- and 12- month old
mice. C57BL/6 mice ages two and 12 months and OX40-/- mice two months of age were

challenge with 1 x 108 MCA205 tumor cells. Tumors were surgically resected 12 days

following challenge and the lymphocytes infiltrating the tumors were harvested. CD4 and

CD8 T cells were then analyzed by FACS for the expression of OX40. Gates for OX40
staining were based on data from OX40-/- mice. The data are representative of two

independent experiments.
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FIGURE 3.

Age-related differences in the numbers of CD4 and CD8 T cells in the tumor draining lymph
nodes of anti-OX40 and rat 1gG treated tumor-bearing mice ten days after MCA205 tumor
challenge. Two- and 12-month old mice were challenged with 1 x 108 MCAZ205 s.c. and
then treated i.p. with 250 pg anti-OX40 or rat 1gG. A. After tumor challenge two-month old
mice were measured over time for tumor growth. Each curve represents an individual
animal. B. Tumor-draining lymph nodes from two-month old tumor-bearing mice were
harvested on various days after tumor challenge. Cells from the tumor draining lymph nodes
of anti-OX40-treated mice (closed circles) or rat IgG-treated mice (open circles) were
restimulated with anti-CD3 (1 pg/mL) for six hours and CD8 T cells were analyzed for
intracellular IFN+y production. Each circle represents one animal. C-£ Tumor draining
lymph nodes were harvested ten days after tumor challenge and CD4 C. and CD8 £. T cells
enumerated. T cells were then restimulated with anti-CD3 for six hours and analyzed for
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cytokine production via intracellular cytokine staining. O. Number of CD4 T cell producing
IL-2, IFNy, and TNFa ~ Number of CD8 T cell producing of IFNy and TNFa.
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FIGURE 4.

30.7*

The age of the recipient and not the adoptively transferred transgenic TCR CD4 T cell
determines the extent of an OX40-enhanced antigen-specific T cell immune response. A.
Schematic of the crisscross adoptive transfer of two- or 12-month old DO11.10 CD4 T cells
into two- or 12-month old BALBI/c recipients and immunization (500 pug ovalbumin, 50 ug
anti-OX40 or rat 19G s.c.) schedule. B. Enumeration of the antigen-specific DO11.10 T cells
and C. cytokine (IL-2 and IFN+y)-producing DO11.10 T cells from the draining LNs four
days after challenge, D. Representative FACs plots of DO11.10 T cells (CD4*KJ-126") with
an activation phenotype (CD62L'"CD25*) from the antigen-draining LNs four days after
challenge. Statistical representation is measured between age-matched adoptively transferred

DO011.10 and described in the Materials and Methods.
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FIGURE 5.
Co-administration of exogenous I1L-12 and anti-OX40 increases the acquisition of an

effector CD4 T cell phenotype and accumulation of differentiated effector CD4 T cells.
Two- or 12-month old DO11.10 CD4 T cells were adoptively transferred into age-matched
BALB/c recipients, and immunized s.c. with ovabumin (500 pg) and anti-OX40 (50 ug) or
IL-12 (100 ng). A second dose of anti-OX40 was administered the next day and IL-12 was
injected s.c. daily for the next three days. Antigen-draining LNs were harvested four days
after challenge and analyzed. A. Representative FACs plots showing the frequency of
DO11.10 T cells (CD4*KJ-126") producing IFN+y. B. Enumeration of IFN-y-producing
DO11.10 T cells.

J Immunol. Author manuscript; available in PMC 2019 September 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ruby and Weinberg

Page 21

A. C.
2 months 12 months 2 months 12 months
IgG 35.1 277 ”
O 40
%]
s .
& 304
x
(e}
L
& 20
o
%)
0OX40 12.1 245| R 4ol
[Te] 0-
4 O Q
20+ a : ®
2 8] |- g
e RES L TIL LN
s~ 104 FoxP3
0 (OIS EN GRS [CRES GRS
© S‘Y S S Y¥ON¥
& & & &
2mo 12mo 2mo 12mo
B.
Day 6 Day 8 Day 10 Day 6 Day 8 Day 10
LN ——— 1
] 135
=
S X
21T o
3 ] 131
™ - s
a ] & E G
x i el
o o AR
e 4
'[ 3 LRt [ 3 ]
CD4 CD4

FIGURE 6.

Age-related increase of CD4*CD25%FoxP3* T cells within the tumors of 12-month old anti-
OXA40 treated animals. Two- and 12-month old mice were challenged with 1 x106 MCA205
s.c. and then treated i.p. with 250 ug anti-OX40 or rat 1gG, as previously described. Tumors
were resected 12 days after tumor challenge and TILs harvested (Materials and Methods). A.
The frequency of CD4 and CD8 T cells from processed tumors was determined using the
gate described. B. Time course of CD4*FoxP3* T cell accumulation in the distal LNs and
TILs of IgG- and anti-OX40-treated MCA205 tumor-bearing mice (two-months old). C. The
frequency of CD4* T cells expressing a CD25*FoxP3* phenotype from TILs and pooled
distal LNs from the same mice were assessed by FACs 12 days after tumor challenge.
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FIGURE 7.
Systemic administration of IL-12 to anti-OX40-treated 12-month old mice increased

MCA205 tumor-free survival and reduces the accumulation of CD4*CD25*FoxP3™ in the
tumors mice treated anti-OX40 and IL-12. Female C57BL/6 mice, two- and 12-months of
age, were injected s.c. with 4-5 x 10> MCA205 tumor cells. A. IL-12 (100 ng) or PBS
(control) was injected i.p. daily four-to-nine days after tumor challenge. B. Three and seven
days after tumor challenge 250 pg anti-OX40 was injected i.p. IL-12 (100 ng) or PBS
(control) was injected i.p. daily four-to-nine days after tumor challenge. Mice were then
monitored for tumor growth. C. Three and seven days after tumor challenge 250 g anti-
OX40 was injected i.p. IL-12 (100 ng) or PBS (control) was injected i.p. daily four-to-nine
days after tumor challenge. Tumors were resected 12 days after tumor challenge and TILs
harvested (Materials and Methods). The frequency of CD4* T cells expressing CD25* and
FoxP3™* from the tumors and pooled contra-lateral lymph nodes from the same mice were
assessed by FACs.
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