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W81XWH-07-1-0259 Final Report, April 2011

PI: Brad H. Nelson, Ph.D.

Title of Project: Exploiting the Immunological Effects of Standard Treatments in Prostate Cancer

INTRODUCTION

While much effort is being made to develop effective immune-based therapies for
prostate cancer, there is little information available on whether standard treatments induce
tumor-specific immune responses, which could potentially influence clinical outcomes.
Radiation therapy causes inflammation associated with the expression of inflammatory
cytokines, MHC molecules, B7 and other co-stimulatory molecules. Likewise, neoadjuvant
hormone therapy has been shown to cause prominent T-cell infiltration of prostate tumors.
Based on such findings, we asked whether radiation therapy (RT) and hormone therapy (HT),
by causing tumor cell death in an inflammatory context, might induce tumor-specific immune
responses in prostate cancer. In our original application, we presented preliminary results in the
androgen-dependent murine Shionogi tumor model indicating that castration (the laboratory
equivalent of HT) induces tumor-specific autoantibody responses in approximately 50% of
animals. Moreover, we showed in parallel studies of human prostate cancer patients undergoing
standard treatments at our institution that HT and RT both induce tumor-specific autoantibody
responses in up to 30% of patients, depending on the stage of disease and specific treatment.
Based on these observations, we hypothesized that treatment-induced autoantibody responses
in prostate cancer are accompanied by CD4+ and CD8+ T cell responses that potentially delay
or prevent tumor recurrence.

This study had three specific aims:

Aim 1. To determine in the Shionogi mouse tumor model whether castration and
brachytherapy induce autoantibody and T-cell responses that prevent or delay tumor
recurrence.

Aim 2. To determine in human prostate cancer patients whether treatment-induced
autoantibody responses are accompanied by tumor-specific CD4+ and CD8+ T-cell
responses.

Aim 3. To determine whether tumor-specific autoantibody profiles differ in prostate
cancer patients with recurrent versus non-recurrent disease.
BODY
Aim 1. To determine in the Shionogi mouse tumor model whether castration and
brachytherapy induce autoantibody and T-cell responses that prevent or delay tumor

recurrence.

Development of autoantibodies to PABPN1 after castration is associated with inferior outcome
in the Shionogi mouse model

We had previously shown that castration of mice bearing Shionogi tumors
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induce an antibody response against a ~40kd antigen in about 50% of animals (Nesslinger et.
al. Clin. Can. Res. 13:1493). During the funding period of this grant, SEREX screening was
performed and lead to the successful identification of the ~40kd antigen as Poly A Binding
Protein (PABPN1). Western blotting revealed that PABPN1 is widely expressed in various
normal tissues, and is expressed at slightly higher levels in Shionogi tumors. In this regard,
PABPNL1 is typical of many serologically defined human tumor antigens, in that it exhibits a fairly
widespread expression pattern. Antibodies to PABPN1 arose in 55% of tumor-bearing mice
within ~26 days of castration (Figure 1). Interferon-gamma ELISPOT analysis revealed the
presence of CD4+ and CD8+ T cell response to PABPNL1 in castrated, tumor-bearing mice. This
was accompanied by dense infiltration of Shionogi tumors by CD4+ and CD8+ T cells within 1-2
weeks of castration (Figure 2). Thus, it appears that the process of tumor regression after
castration induces both T cell and antibody responses against PABPNL1 in the majority of mice.

In the Shionogi tumor model, the vast majority of castrated mice experience tumor
recurrence within 2-3 weeks of castration. Contrary to our hypothesis, we found that those mice
that developed antibody responses to PABPN1 were more likely to experience tumor recurrence
(Figure 3). Moreover, tumor recurrence tended to occur more rapidly in mice with antibodies to
PABPN1. Mice with recurrent tumors had robust systemic T cell responses to PABPNL1, as
measured by interferon-gamma ELISPOT analysis of splenocytes (Figure 4). However,
histological examination revealed that T cells were invariably restricted to the peripheral stroma
of recurrent tumors and failed to penetrate the malignant epithelium (Figure 5). A manuscript
entitled “Castration induces autoantibody and T cell responses that correlate with inferior
outcomes in an androgen-dependent murine tumor model” describing these results was
published in the International Journal of Cancer (Hahn et al., Int J Cancer 2009;125:2871-78). A
copy of this manuscript can be found in the Appendix.

In summary, the work performed in the first part of Aim 1 demonstrated that treatment-
induced immune responses are ineffective and possibly even detrimental with respect to tumor
recurrence in the Shionogi tumor model. We believe these findings may have profound
implications for those human prostate cancer patients who mount tumor-associated antibody
responses during treatment (Nesslinger et. al. Clin. Can. Res. 13:1493). It may prove effective
to inhibit rather than enhance such responses. Alternatively, it may be possible to use
immunomodulatory cytokines to convert these immune responses to a cytolytic, tumor-
destructive phenotype.

Depletion of CD4+ T cells may delay tumor recurrence in the Shionogi mouse model

Given the above findings, we went on to test the revised hypothesis that tumor-
associated T cell and B cell responses may promote rather than inhibit tumor recurrence. To
test this hypothesis, we attempted to deplete CD4+ T cells prior to castration. A total of 15 mice
were used in the first experiment. Seven mice served as controls and were injected with PBS at
-3, -1, +1 days relative to castration. Eight mice were injected with 400 ng of anti-CD4 antibody
(clone GK1.5) at -3, -1, +3 days relative to castration. An additional 200 pg of depleting
antibody or PBS was injected weekly post castration. All mice were castrated when tumors
reached 65-100 mm?. Flow cytometry on PBMCs from a subset of mice was performed to
determine the efficacy of anti-CD4 depletion (Figure 6). PBMCs were stained with anti-CD3 to
identify the T cell population (first panel, Figure 6 A-D) and with anti-CD4 (second panel, Figure
6 A-D). Results clearly show that the mice injected with PBS had healthy CD4+ T cell
populations (~63% of the CD3+ population), whereas the CD4 depleted mice had virtually no
CD4+ T cells remaining (<1% of CD3+ T cells). We then compared the tumor growth between
the PBS and CD4 depleted mice and found that there was a significant difference in the rate of
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recurrence between the two groups of mice in favor of the CD4-depleted mice (Figure 7). These
results were confirmed in three additional experiments using small numbers of animals. In order
to publish these results, we are performing several more large-scale experiments to increase
the sample size. If the results are confirmed, this would provide strong support for our revised
hypothesis that tumor-associated T cell and B cell responses promote rather than inhibit tumor
recurrence.

The combination of castration and radiation therapy may lead to a protective immune response
in the Shionogi model

In parallel studies, we investigated whether the combination of castration and radiation
therapy (in the form of brachytherapy) might induce a more beneficial immune response than
castration alone in the Shionogi model. More specifically, we sought to investigate the abscopal
effect, in which reduced tumour growth is observed outside of the field of radiation. It is thought
that an immune-mediated mechanism is responsible for the abscopal effect.

We first established that the number of 1-125 radioactive seeds required to give optimal
control of the primary tumor was 6, therefore this is the number of seeds was used for all
subsequent experiments. Five experimental groups were established as follows:

Group ID Description # Mice
No Tx No treatment 7

RT six 1-125 seeds only 7

Cx Castration only 13
Cx+RT Castration > Max. Regression - six 1-125 seeds 13
Cx+RT@1/2 Castration - Partial Regression - six I-125 seeds 13

Cohorts of mice were implanted with two Shionogi tumors (one tumor per flank). No treatment
was given in the No Tx group. In the RT group, 6 seeds were implanted in one tumor only once
the tumor reached 65-100 mm?. In the remaining groups, mice were castrated when tumors
reached 65-100 mm?. If the mice went on to receive radiation, seeds were implanted in only
one (the primary) tumor at the point the tumor maximally regressed (Group Cx+RT) or when the
tumor partially regressed (Group Cx+RT@1/2). All mice were monitored for primary and distal
tumor recurrence.

As expected, both primary and distal tumors in the No Tx group grew unchecked,
whereas growth of primary tumors in the RT group was controlled. Distal tumors in the RT
group grew at a rate similar to that seen in the No Tx group, indicating that no abscopal
response was produced by RT alone in this setting. In the remaining groups, treated with
castration alone or castration and radiation, radiation of the primary tumor had a clear effect on
the rate of primary tumor growth, as expected (Figure 8A). Using Kaplan-Meier analysis we
then compared the tumor-free survival between those three experimental groups (Figure 8B).
As expected, when comparing primary tumor recurrence, addition of radiation leads to
significant delays in tumor recurrence (Cx+RT vs Cx, p<0.001; Cx+RT@1/2 vs Cx, p=0.0009).
When comparing distal tumor recurrence, evidence of an abscopal effect was seen in those
mice who received radiation when their tumors regressed maximally after castration versus
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those that received only castration (Cx+RT vs Cx, p=0.0096) (Figure 8B). Interestingly, this
abscopal effect was not seen in mice radiated when tumors only partially regressed after
castration (Cx+RT@1/2 vs Cx, p=0.54), underscoring the importance of maximal tumor
regression after castration. This is reminiscent of what is seen in the clinic with high-risk
patients treated with HT+RT (Ludgate et al. Intl Journ. Of Rad Onc., Biol., phys. 2005, 62: 1309-
15), where the best results are achieved if RT is given only after PSA nadir has been reached
with HT.

The second set of castration+RT experiments included the use of the FIt3 ligand, as
originally proposed. FIt3 ligand is a potent stimulator of dendritic cells (DCs) and is thought to be
an important mediator of anti-tumour immune responses such as those needed for an abscopal
effect. The hypothesis with this set of experiments was that administration of FIt3 ligand would
enhance the immune-stimulatory effects of combined neo-adjuvant androgen withdrawal and
brachytherapy (HT+BT) in mice to prevent or delay re-growth of the not only the primary
irradiated tumour, but also the distal, non-irradiated tumour through an abscopal effect. To test
the hypothesis, 4 treatment groups were established as follows:

Group ID Description # Mice
Cx Castration only 13
Cx+RT Castration - Max. Regression - six 1-125 seeds 13
Cx+FIt3L Castration - Max. Regression - FIt3 ligand * 7

Cx+RT+FIt3L Castration - Max. Regression - six I-125 seeds - Flt3 ligand ** 19

* FIt3 ligand was injected once a day for 10 consecutive days 1 day following maximal
regression of tumours
** Ft3 ligand was injected day 1 following implantation of I-125 seeds, for 10 consecutive days

Cohorts of mice were implanted with two Shionogi tumors (one tumor per flank). When tumors
reached 65-100 mm?, mice were castrated to induce regression of both tumors. When tumors
had fully regressed, additional treatment was given as described above. In mice given
brachytherapy, six seeds were implanted in one flank only at the site of the regressed tumor
(primary tumor). All mice were monitored for recurrence of both the primary and distal tumors.

To confirm in vivo DC expansion, we performed flow cytometry analysis on blood
samples taken from the different groups at time points during and post administration of FIt3
ligand and stained for mAb against dendritic cells (FITC-anti-CD11b and PE-anti-CD11c). As
expected, we observed an expansion of dendritic cells in mice treated with FIt3 ligand compared
to mice treated with castration only (13% vs. 3% of CD11c" cells, 59% vs 29% CD11b" cells).

We then compared the tumor-free survival of both the primary and distal tumor between
the different treatment groups (Figure 9). Figure 9A demonstrates a direct anti-tumour response
against the primary tumour to brachytherapy, Flt3 ligand and the combined treatment compared
to castration alone, however there was no additional survival advantage using the combination
treatment compared to brachytherapy alone. Figure 9B also demonstrates a slight anti-tumour
effect against the distal tumor using I-125 seeds (graph Cx vs Cx+RT), supporting an abscopal
response with therapeutic radiation. However, the combination of 1-125 radiation and FIt3 ligand
failed to demonstrate an abscopal response or enhancement of abscopal response. This may
be due to the timing of administration of FIt3 ligand with respect to 1-125 implantation. In future,
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additional experiments will be performed which will include a change in timing of FIt3 ligand
administration to what we believe would be the time at which maximal DC expansion would
occur, followed shortly by exposure to therapeutic radiation using 1-125 radioisotopes. These
experiments have been delayed due to difficulty obtaining more FIt3 ligand from the
manufacturer (Amgen).

Immunological analysis was performed on the serum from all mice in the castration only
(Cx) and castration + brachytherapy (Cx+RT) treatment groups. Western blots against purified
recombinant PABPNL1 protein were performed on serum samples from serial time points
including pre-tumor, pre-castration, post-castration, post-radiation (if applicable) and a final
sample from the terminal bleed. Positive autoantibody responses against PABPN1 were seen in
7/11 (63.6%) of mice in the Cx only group and 6/10 (60%) of mice in the Cx+RT group. These
numbers are in accord with our previous experience in which an average of 55% of mice
demonstrated a castration-induced autoantibody response to PABPNL1 (2).

We then compared the tumor-free survival of those mice with or without an autoantibody
response to PABPNL. In the Cx group, there was a clear survival advantage for the group of
mice without an autoantibody response (Figure 10A), replicating the results that were seen
previously (2). However, when we compared the tumor-free survival of those mice with or
without an autoantibody response in the Cx+RT group, the survival advantage was reversed.
That is, the mice with an autoantibody response tended to have a survival advantage over those
mice without one (Figure 10B). This is most clearly demonstrated when we compared the
tumor-free survival of the distant tumor from mice with autoantibody responses from both
treatment groups (Figure 10C), suggesting that the addition of RT into the treatment regimen
may convert a suppressive immune environment into a more productive immune response. This
exciting result will be further investigated in future experiments.

With regard to the Statement of Work for Aim 1, we have completed the majority of the
proposed experiments. We intend to finish the CD4 depletion experiments and also repeat the
same experiments using the CD8 depleting antibody that we have available. We are applying
for additional grant funding to complete these experiments. We believe the promising
preliminary data obtained with DOD support will help ensure the success of this effort.

Aim 2. To determine in human prostate cancer patients whether treatment-induced
autoantibody responses are accompanied by tumor-specific CD4+ and CD8+ T-cell
responses.

In order to investigate tumor-specific T cell responses in human prostate cancer, we
collected large (200 ml) blood samples from 11 of 16 prostate cancer patients who showed
treatment-induced antibody responses against specific antigens, including the 4 patients from
whom treatment-induced antigens were cloned (Nesslinger et al., Clinical Cancer Research,
2007). PBMCs were isolated from these patients and frozen for use in T cell assays. The
remaining 5 patients agreed to donate a large volume of blood in the future when needed.

To ensure that the ELISPOT methodology was working we tested five of our HLA-A2+
patients with HLA-A2-restricted peptides from three well-known prostate cancer antigens,
including PSA, PSCA and NY-ESO-1. We included 2 positive controls, PHA, which should
stimulate T cells non-specifically, and CEF peptide, a pool of peptides from 3 different common
viruses that most people have had exposure to. The results showed that of the 5 patients
tested, none had T cells specific to the PSA, PSCA or NY-ESO-1 peptides. This is not
unexpected as the frequency of T cells against these antigens is low amongst prostate cancer
patients in general (Figure 11). Three patients were positive for T cells against the CEF peptide
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and both patients stimulated with PHA were also positive, indicating that the assay is working in
our hands.

To avoid having to map the CD8+ epitopes for each of our antigens, we established an
in vitro transcribed mRNA platform (ivt RNA), in which the antigen of interest is expressed in
autologous antigen presenting cells (APCs) which process and display peptides regardless of
HLA haplotype. We successfully cloned three antigens into the ivtRNA vector: PARP1
(treatment-induced in patient PC015); PTMA (treatment-induced in patient PC036) and SWAP-
70 (treatment-induced in patient PC047). These antigens were transfected into autologous B
cells, which acted as APCs to allow in vitro transcription and presentation of peptides.
ELISPOT assays were then performed to determine whether antigen-specific T cells are present
in these patients. The first ELISPOT analysis we attempted using the ivtRNA method utilized ex
vivo PBMCs from the three patients that demonstrated treatment-induced autoantibody
responses against their respective antigen of interest. Although we were hopeful that we would
be able to detect antigen-specific T cells ex vivo, we realized that these T cells might be present
in numbers that would be below the detection limits of the assay. The results of this assay
(shown in Figure 12A) confirmed that although the assay was successful (note the high number
of CEF-specific T cells in 2 patients) the results of the antigen-specific stimulation were
negative, likely due to the low number of these circulating T cells in the periphery. To increase
the number of antigen-specific T cells we performed 2 cycles of in vitro stimulations using
autologous B cells transfected with the antigen of interest. Unfortunately, the use of transfected
B cells led to a high degree of background, which obscured the results of the assay (Figure
12B). A post-doctoral fellow in the Nelson lab has spent a considerable amount of time trouble-
shooting this problem and has learned that using serum-free media helps decrease the
background as does the use of T2 cells as APC instead of autologous B cells in HLA-A2+
patients. We will therefore repeat these experiments using the new protocol. In addition we will
clone the remaining antigens and perform ELISPOT assays with the remaining patients that
demonstrated a treatment-induced autoantibody response.

With regard to the Statement of Work for Aim 2, we are concentrating our efforts on
completing the T cell assays as described above now that the major technical hurdles appear to
have been resolved. We are also planning to perform a 5-year outcome analysis on the entire
cohort of patients that was collected beginning in 2004 (Nesslinger et al., Clinical Cancer
Research, 2007). This will require performing serological analysis including Western blots and
SEREX screening and antigen arrays on a total of 143 patients that have pre- and post-
treatment serum samples available. We anticipate that the serological analysis and 5-year
outcome analysis will be completed in 2012.

Aim 3. To determine whether tumor-specific autoantibody profiles differ in prostate
cancer patients with recurrent versus non-recurrent disease.

We have continued to collect blood from prostate cancer patients treated ~5 years ago
and who have since recurred (n=22) or not recurred (n=50). Recruitment of recurrent patients
continues to be a challenge thus we have expanded our search to include patients diagnosed in
2004-2006, as this now falls within the 5-year time frame. In addition, most of the subjects in
our initial cohort of 174 prostate cancer patients have reached the 5-year anniversary since
treatment. Thus, these patients may provide an additional resource for this Aim, with the added
benefit of being accompanied with pre-treatment blood draws.

In a side project that fell within the conceptual theme of this aim, we investigated the
relationship between tumor-specific autoantibodies and tumor recurrence in prostate cancer



Brad Nelson, Ph.D. Final Report 2011

patients who received a viral vaccine intended to trigger an immune response against their
tumor. For this, we teamed up with Drs. Jeffrey Schlom and James Gulley at the US NCI. Their
group had previously reported a randomized phase Il clinical trial combining a poxvirus-based
vaccine encoding prostate-specific antigen (PSA) with radiotherapy in patients with localized
prostate cancer. We investigated whether vaccination against PSA induced immune responses
to additional tumor-associated antigens and how this influenced clinical outcome. Pretreatment
and posttreatment serum samples from patients treated with vaccine + external beam radiation
therapy (EBRT) versus EBRT alone were evaluated by Western blot and serologic screening of
a prostate cancer cDNA expression library (SEREX) to assess the development of treatment-
associated autoantibody responses. Western blotting revealed treatment-associated
autoantibody responses in 15 of 33 (45.5%) patients treated with vaccine + EBRT versus 1 of 8
(12.5%) treated with EBRT alone. SEREX screening identified 18 antigens, which were
assembled on an antigen array with 16 previously identified antigens. Antigen array screening
revealed that 7 of 33 patients (21.2%) treated with vaccine + EBRT showed a vaccine-
associated autoantibody response to four ubiquitously expressed self-antigens: DIRC2,
NDUFS1, MRFAP1, and MATNZ2. These responses were not seen in patients treated with EBRT
alone, or other control groups. Patients with autoantibody responses to this panel of antigens
had a trend toward decreased biochemical-free survival. In conclusion, we found that Vaccine +
EBRT induced antigen spreading in a large proportion of patients. A subset of patients
developed autoantibodies to a panel of four self-antigens and showed a trend toward inferior
outcomes. Thus, cancer vaccines directed against tumor-specific antigens can trigger
autoantibody responses to self-proteins, which may influence the efficacy of vaccination. These
findings were published last year (Nesslinger et al. Clin Cancer Res 2010, 16:4046).

With regard to the Statement of Work for Aim 3, we did not meet our milestones due to
unanticipated difficulty recruiting patients with recurrent disease. However, as described above,
we have a solid plan for circumventing this problem over the next 1-2 years. In the meantime,
we discovered that cancer vaccines can sometimes induce seemingly deleterious autoantibody
responses, which may explain why vaccination is ineffective in many patients.

KEY RESEARCH ACCOMPLISHMENTS

o Treatment-induced autoantibody responses are seen in approximately ~30% of prostate
cancer patients undergoing hormone therapy and/or radiation therapy (Nesslinger et al.
Clin Cancer Res 2007;13:1493-1502).

e Castration-induced autoantibody and T cell responses are associated with poor
outcomes in the murine Shionogi tumor model (Hahn et al.,Int J Cancer 2009; 125:2871-
78).

o The combination of castration and brachytherapy led to a delay in tumor recurrence,
evidence of an abscopal response, in the murine Shionogi tumor model. Castration and
brachytherapy-induced autoantibody responses may be associated with superior
outcomes in the murine Shionogi tumor model, suggesting that the addition of radiation
converts a suppressive immune environment into a beneficial one.

e Troubleshooting of the in vitro transcribed mRNA methodology has been completed
which will reduce the background following in vitro stimulations of PBMCs for patients
with treatment-induced immune responses, allowing us to detect low numbers of
peripheral antigen-specific T cells using ELISPOT assays.

10
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e Cancer vaccines directed against tumor-specific antigens can trigger autoantibody
responses to self-proteins, which may impair the efficacy of vaccination (Nesslinger et al.
Clin Cancer Res 2010, 16:4046).
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CONCLUSION
This project started with an original clinical observation: standard treatments for prostate cancer
(specifically hormone and radiation therapy) induce autoantibody responses to tumor-

associated antigens in a significant proportion of patients (25-30%). With support from the DOD,
we have now shown in a murine model that these responses, rather than being protective,
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appear to promote tumor recurrence. We also showed that this effect can be reversed by
depleting CD4+ T cells from the host. Of greater clinical relevance, we also obtained preliminary
data indicating that the combination of hormone and radiation therapy may induce protective
immune responses. Overall, our results indicate that the immune system has a profound
influence on the efficacy of standard treatments for prostate cancer. With further understanding,
it should be possible to steer the immune response in favor of improved clinical outcomes. With
several peer-reviewed publications now in place, and a unique patient cohort with serial serum
specimens and associated clinical data, we are in a strong position to seek additional funding to
continue this important work.
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Standard Treatments Induce Antigen-Specific Immune Responses in
Prostate Cancer

Nancy J. Nesslinger,' Robert A. Sahota," Brad Stone, Kayli Johnson,! Navraj Chima," Caitlin King,"
Devon Rasmussen, Darcy Bishop,? Paul S. Rennie,* Martin Gleave,* Paul Blood,? Howard Pai,®
Charles Ludgate,? and Brad H. Nelson'

Abstract

Purpose: Prostate tumors express antigens that are recognized by the immune system in a
significant proportion of patients; however, little is known about the effect of standard treatments
on tumor-specific immunity. Radiation therapy induces expression of inflammatory and immune-
stimulatory molecules, and neoadjuvant hormone therapy causes prominent T-cell infiltration
of prostate tumors. We therefore hypothesized that radiation therapy and hormone therapy may
initiate tumor-specific immune responses.

Experimental Design: Pretreatment and posttreatment serum samples from 73 men with
nonmetastatic prostate cancer and 50 cancer-free controls were evaluated by Western blotting
and SEREX (serological identification of antigens by recombinant cDNA expression cloning)
antigen arrays to examine whether autoantibody responses to tumor proteins arose during the
course of standard treatment.

Results: Western blotting revealed the development of treatment-associated autoantibody
responses in patients undergoing neoadjuvant hormone therapy (7 of 24, 29.2%), external beam
radiation therapy (4 of 29, 13.8%), and brachytherapy (5 of 20, 25%), compared with O of 14
patients undergoing radical prostatectomy and 2 of 36 (5.6%) controls. Responses were seen
within 4 to 9 months of initiation of treatment and were equally prevalent across different disease
risk groups. Similarly, in the murine Shionogi tumor model, hormone therapy induced tumor-
associated autoantibody responses in 5 of 10 animals. In four patients, SEREX immunoscreening
of a prostate cancer cDNA expression library identified several antigens recognized by treatment-
associated autoantibodies, including PARP1, ZNF707 + PTMA, CEP78, SDCCAG1, and ODF2.
Conclusion: We show for the first time that standard treatments induce antigen-specific immune
responses in prostate cancer patients. Thus, immunologic mechanisms may contribute to clinical
outcomes after hormone and radiation therapy, an effect that could potentially be exploited as
a practical, personalized form of immunotherapy.

Prostate tumors are recognized by the immune system in a
significant proportion of patients, as evidenced by serum
antibody responses to prostate-specific antigen (PSA), prostatic
acid phosphatase, p53, and HER2/neu (1). In addition, many
prostate tumors contain significant numbers of tumor-infiltrat-
ing lymphocytes, which are associated with favorable outcomes
in prostate cancer and other cancers (2-10). In an attempt to
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enhance the immune response to prostate cancer, clinical
vaccine trials have been conducted targeting such antigens as
PSA (11, 12), prostate-specific membrane antigen (13), and
prostatic acid phosphatase (14). For example, Gulley et al. (15)
conducted a phase II clinical trial combining a poxvirus vaccine
encoding PSA with external beam radiation therapy (EBRT)
and showed significant increases in PSA-specific T cells in the
majority of patients, along with emergent responses to antigens
not present in the vaccine, providing evidence of antigen
spreading. A second example is Provenge (APC8015), an
autologous dendritic cell vaccine loaded with human prostatic
acid phosphatase - granulocyte macrophage colony-stimulating
factor fusion protein (Dendreon Corporation, Seattle, WA; ref.
16). In a phase III trial, Provenge induced prostatic acid
phosphatase —specific T-cell responses and significantly in-
creased 3-year overall survival in patients randomized to
APC8015 compared with those randomized to placebo (25.9
versus 21.4 months, P = 0.01), representing the first survival
advantage attributed to an immunotherapy product in prostate
cancer (17, 18).

Despite this progress with immune-based therapies for
prostate cancer, there is little information available on whether

Clin Cancer Res 2007;:13(5) March 1, 2007



Cancer Therapy: Clinical

standard treatments, such as hormone therapy and radiation
therapy, induce tumor-specific immune responses (19). One
might expect the apoptotic cellular material resulting from
cytotoxic therapies to be processed by macrophages and
dendritic cells and presented to the immune system (20).
Furthermore, radiation therapy creates an inflammatory milieu
by inducing the expression of inflammatory cytokines, MHC
molecules, B7 and other costimulatory molecules, adhesion
molecules, death receptors, and heat shock proteins in tumor
cells, stroma, and vascular endothelium, which can contribute
to effective antigen cross-presentation, leading to a CD8"
cytolytic response (21-23). For its part, hormone therapy can
induce prominent T-cell infiltration of human prostate tumors
(2) and cause the release of tumor antigens for processing by
dendritic cells and presentation to both cytotoxic and helper T
cells (24). Finally, in normal tumor-free mice, androgen
deprivation transiently increases levels of peripheral T cells,
and T cells proliferate more vigorously after antigen stimula-
tion (25). Despite these intriguing findings, there is little
information available concerning the effect of standard treat-
ments on tumor immunity in prostate cancer patients and the
potential influence this has on clinical outcomes.

To investigate whether standard treatments induce tumor-
specific immune responses, we studied a cohort of 73 prostate
cancer patients undergoing various forms of standard treat-
ment, including hormone therapy, EBRT, brachytherapy and
radical prostatectomy, alone or in combination, as well as nine
patients who chose watchful waiting instead of treatment.
Pretreatment and posttreatment serum samples were evaluated
by Western blot and SEREX (serological identification of
antigens by recombinant ¢cDNA expression cloning) antigen
arrays for the appearance of treatment-associated autoantibody
responses. In parallel, an androgen-dependent mouse model
was assessed for treatment-induced serologic changes. We show
for the first time that standard treatments induce antigen-
specific autoantibody responses in a significant proportion of
prostate cancer patients. In the future, it may be possible to
enhance the immunologic effects of standard treatments as a
practical, personalized form of immunotherapy.

Materials and Methods

Subjects. All blood samples were collected with informed consent
and approval from the Research Ethics Board of the BC Cancer Agency.
Seventy-three patients with nonmetastatic prostate cancer were
recruited at the BC Cancer Agency in Victoria, BC, Canada. Typically,
pretreatment serum was collected on the first patient visit and
subsequent samples were collected approximately every 3 months
during treatment, every 6 months for the first year after the completion
of treatment, and yearly thereafter to coincide with regularly scheduled
PSA tests. If more that one treatment was initiated, samples were
collected during and after each treatment. Of the 73 patients, 9 chose
watchful waiting instead of treatment and served as an untreated
control group. A second control group consisted of 50 men over the age
of 50 years with no personal history of cancer. For 27 of these controls,
two to three serial blood draws were collected at 2- to 6-month
intervals; for the remainder, only a single blood sample was collected.
Serum was aliquoted and stored at —80°C.

Western blot assay. LNCaP or PC3 cells were lysed at ~1 X 10°
cells/mL in radioimmunoprecipitation assay buffer [50 mmol/L Tris-
HCl (pH 7.5); 150 mmol/L NaCl; 1% NP40; 0.5% sodium
deoxycholate; 0.1% SDS] on ice for 30 min. After centrifugation,
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400 pg of protein were separated using NuPAGE Novex 4% to 12%
Bis-Tris gels (Invitrogen, Burlington, ON, Canada) and transferred to
nitrocellulose using the XCell SureLock Mini-Cell (Invitrogen). Sera
were diluted 1/500 in Blotto (5% dry milk powder; 0.1% Tween 20;
50 mmol/L Tris; 150 mmol/L NaCl) and incubated with nitrocellu-
lose membranes for 1 h at room temperature using a multichannel
immuoblotting device (Mini Protean II Multiscreen, Bio-Rad,
Missassauga, ON, Canada). The membrane was then incubated for
1 h at room temperature with horseradish peroxidase-conjugated
goat anti-human IgG (H+L; Jackson ImmunoResearch, West Grove,
PA) diluted 1/10,000 in Blotto and visualized by enhanced
chemiluminescence.

SEREX screening and antigen arrays. A prostate cancer phage cDNA
expression library was constructed with a total of 5.0 ng mRNA from
three prostate cancer cell lines (LNCaP, PC3, and DU-145) using the
ZAP cDNA library construction kit (Stratagene, La Jolla, CA). The
LNCaP and PC3 cell lines were purchased from American Type Culture
Collection (Manassas, VA), and the DU-145 cell line was a kind gift
from Dr. Ralph deVere White (University of California, Davis Medical
Centre, Davis, CA). The library contained 6.8 X 10° clones with a
98.6% recombination frequency. SEREX screening, antigen arrays, and
plasmid conversions were done as previously described (26) with the
following exception: an additional blocking step was done using TBS
[50 mmol/L Tris/150 mmol/L NaCl (pH 8.0)] + 1% bovine serum
albumin before secondary antibody was added. SEREX screening of the
prostate cancer library was done using serum from a total of 15
patients. A previously described testis library (26) was also screened in
an attempt to obtain antigens of the cancer-testis class (27). To make
screening more efficient, sera from two to five patients were pooled,
each represented at a 1/200 dilution.

Shionogi mouse model. Ten male DD/S mice were inoculated s.c.
with 5 x 10° Shionogi tumor cells in one flank. When the tumor
reached a diameter of 8 mm in size (approximately day 14), the mice
were castrated to simulate androgen deprivation-type hormone
therapy, causing the tumor to regress. Blood was collected from each
mouse before castration, 2 weeks postcastration, and at euthanization.
Cytoplasmic protein lysates were made from intact Shionogi tumor
using an NP40 lysis buffer [50 mmol/L Tris (pH 7.5); 150 mmol/L
NaCl; 1% NP40]. Western blotting using precastration and postcastra-
tion serum samples was done as described above.

Results

Description of the treatment and control groups. To assess the
effect of standard treatments on the immune response to
prostate cancer, we collected serum samples from patients with
various stages of disease before, during, and after standard
treatments, which included hormone therapy, EBRT, brachy-
therapy, radical prostatectomy, or combinations thereof.
Patient characteristics are shown in Table 1. Control groups
included nine prostate cancer patients who underwent watch-
ful waiting in lieu of treatment, as well as 50 age-matched men
with no personal history of cancer. The median ages of the
patient group, the watchful waiting control group, and the
cancer-free control group were 69 years (range 51-81 years), 70
years (range 55-80 years), and 71 years (range 53-85 years),
respectively.

Serologic changes associated with hormone therapy. To
broadly assess whether standard treatments for prostate cancer
induce immune responses to tumor antigens, patient and
control sera were first immunoblotted against lysates from the
prostate cancer cell line LNCaP. All positive and most negative
results were confirmed by at least two independent immuno-
blots.
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Table 1. Patient characteristics and treatment
HT EBRT HT + EBRT BT HT + BT RP HT + RP ww
No. patients 1 1 28 10 10 12 2 9
Age, median (range) 79 76 71 (51-81) 69.5 (55-75) 68.5 (58-76) 62.5 (53-71) 69(67-71) 70 (55-80)
Gleason Score, n (%)
6 1(100) 0(0) 6(21.4) 10 (100) 5 (50) 8 (66.7) 1 (50) 6 (66.7)
7 0 (0) 1(100) 15(53.6) 0 (0) 5 (50) 3(33.3) 1 (50) 3(33.3)
8-10 0 (0) 0 (0) 7 (25.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Median 6 7 7 6 6.5 6% 6.5 6
Stage, n (%)
T1 0 (0) 0 (0) 5(17.9) 6 (60) 3(30) 8 (66.7) 1 (50) 5 (55.5)
T> 1(100) 1(100) 16 (57.1) 4 (40) 7 (70) 2 (16.7) 0 (0) 3 (33.3)
T3 0 (0) 0 (0) 7 (25) 0 (0) 0 (0) 1(8.3) 1 (50) 0 (0)
Ta 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1(11.1)
PSA at diagnosis (ng/mL)
Median (range) 4.3 8 9.9 (1.7-24) 5.7 (4.2-9.3) 6.65(1.2-12.7) 5.05(1.9-6.6)" 15.8 (10-21.6) 6.2 (4.1-18)
Risk group, n (%)
Low 1 (100) 0 (0) 3(10.7) 10 (100) 4 (40) 10 (83.3) 1 (50) 4 (44.4)
Intermediate 0 (0) 1 (100) 6(21.4) 0 (0) 6 (60) 1(8.3) 0 (0) 4 (44.4)
High 0 (0) 0 (0) 19 (67.9) 0 (0) 0 (0) 1(8.3) 1 (50) 1(11.1)
Abbreviations: HT, hormone therapy; BT, brachytherapy; RP, radical prostatectomy; WW, watchful waiting.
*One patient’s Gleason score and stage were unknown.
tTwo patients’ PSA values were unknown.

We evaluated 24 patients undergoing hormone therapy. All
but one of these patients was subsequently treated with EBRT
(n = 21) or radical prostatectomy (n = 2); however, analysis of
their serum at the completion of hormone therapy and before
EBRT or radical prostatectomy allowed assessment of the effects
of hormone therapy alone. These 24 patients represented a
range of disease risk levels for localized disease, including 4
low-risk (all of PSA <10, Gleason <6, and stage T,/T..), 5
intermediate-risk (any of PSA 11-19, Gleason <7, or stage >
T,b), and 15 high-risk (any of PSA >20, Gleason >8 or stage
>T;,) patients. By Western blot, 7 of 24 patients (29.2%)
showed the emergence of new seroreactivities during hormone
therapy, as indicated by the appearance of one or more
immunoreactive bands by Western blot (Fig. 1A). Treatment-
associated changes arose 4 to 9 months after the initiation of
hormone therapy and, with one exception described below,
persisted for the duration of study, even in patients who went
on to receive a second treatment modality.

We next examined whether the emergence of hormone
therapy - associated serologic responses correlated in some way
to the extent of tumor regression, as measured by changes in
PSA values. All 24 patients experienced a decline in their PSA
value, with the median value dropping from 11.0 pg/L (range
2.7-42 ng/L) to 0.15 pg/L (range 0.02-20 pg/L), and for most
patients, the PSA nadir occurred within 3 months of the
initiation of hormone therapy. Intriguingly, patients exhibiting
a hormone therapy-associated immune response achieved a
lower median PSA value (0.14 pg/L) at 3 months after
hormone therapy than those who did not (median 0.26 pg/L).
Moreover, the median time to PSA nadir was less in those
patients showing an immune response (7 months, range 6-16
months) than those who did not (9 months, range 2-16
months). Although these differences did not reach statistical
significance, possibly owing to small sample sizes, they suggest
that tumors undergoing more rapid and extensive regression
may be the most likely to trigger a serologic response. As for the

A

Fig.1. Standard treatments induce
autoantibody responses to tumor proteins in
prostate cancer patients. Western blot
analysis of serum from five patients probed
against LNCaP cell lysates. A, patient
PC036. Hormone therapy (HT) is
associated with the appearance of a

~ 55 kDa protein (arrow). B, patient
PCO015, demonstrating a hormone

therapy — associated antibody response to
one antigen, which intensifies after EBRT
(top arrow) and an EBRT-associated
response (bottom arrow). C, patient PC051,
showing an EBRT-associated antibody
response (arrow) of ~100 kDa.

D, patient PC026, showing a
brachytherapy (BT)-associated antibody
response (arrow).
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timing of serologic responses with respect to changes in PSA, in
three of seven patients (PC009, PC015, and PCO060), the
hormone therapy-associated autoantibody response occurred
>3 months after the PSA nadir (Fig. 2). In one of seven patients
(PC036), the immune response occurred during (or possibly
before) the drop in PSA. In the remaining three of seven
patients, the available time points did not allow us to
determine whether the immune responses occurred during or
after the drop in PSA.

We considered other factors that might influence the
development of hormone therapy-associated immune
responses. In general, all patients began hormone therapy with
a combination of flutamide and leuprolide acetate or flutamide
and goserelin. We found no obvious differences in the
hormone therapy drug regimen between those patients who
developed a serologic response and those who did not.
Similarly, there was no obvious correlation with disease
severity, as autoantibody responses were seen in 1 of 4 low-
risk, 1 of 5 intermediate-risk, and 5 of 15 high-risk patients.

Although the above results concerned the emergence of new
seroreactivities during hormone therapy, we also observed one
example (PC001) in which a seroreactive band of ~55 kDa
disappeared within 7 months of the initiation of hormone
therapy (data not shown). At the same time, a seroreactive
band (~ 62 kDa) appeared, indicating that hormone therapy
may both induce and inhibit autoantibody responses to tumor-
associated antigens.

Serologic changes associated with radiation therapy. Twenty-
nine patients were evaluated by Western blot for the effect of
EBRT on the autoantibody profile. The majority (28 of 29) had
received prior hormone therapy; therefore, we first considered
whether EBRT enhanced or inhibited autoantibody responses
that arose during hormone therapy. Five of the patients
described above who showed a hormone therapy-associated
response went on to receive EBRT. With only one exception,

hormone therapy - associated autoantibody responses persisted
after EBRT, with follow-up ranging from 7 to 14 months. The
one exception was patient PC001, in which a ~62 kDa
seroreactive band that appeared during hormone therapy
diminished within 3 months of starting EBRT. We do not
know whether this change was due to EBRT or would have
occurred irrespective of further treatment. One patient (PC015)
had a serologic response induced by hormone therapy that
intensified after EBRT, as well as a second seroreactivity that
emerged after EBRT (Fig. 1B). Thus, in most cases, EBRT is
associated with retention or even enhancement of hormone
therapy -induced autoantibody responses.

We next considered the emergence of new autoantibody
responses associated with EBRT. Four of 29 patients (13.8%)
showed new seroreactivities after EBRT (Fig. 1C), none of
whom had shown a hormone therapy-associated immune
response. One of the four patients underwent EBRT without
prior hormone therapy, meaning that the immune response
was attributable to EBRT alone. In the other patients that had
neoadjuvant hormone therapy, it is not possible to determine
whether the response was due to the effects of the EBRT, a
combination of the hormone therapy and EBRT, or a delayed
response to hormone therapy.

As an alternative to EBRT, 20 patients received brachyther-
apy, either alone (n = 10) or after hormone therapy (n = 10).
Three of 10 hormone therapy + brachytherapy patients showed
the emergence of new seroreactivities after brachytherapy that
were not seen during hormone therapy. Of the 10 patients
receiving brachytherapy without prior hormone therapy, two
(20%) showed new immunoreactivities at 4 to 5 months after
brachytherapy (Fig. 1D).

The presence or absence of a serologic response during
radiation therapy was not attributable to radiation dose, as all
patients who underwent EBRT received the same dose of
radiation (a total of 7,400 cGy in 37 fractions over 7.5 weeks).
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Fig. 2. PSAvalues over time for the seven
patients who showed a hormone
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Western blot. PSA values were plotted
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Fig. 3. Androgen withdrawal induces autoantibody responses to a 40 kDa
protein in the murine Shionogi tumor model. Western blot analysis of Shionogi
mouse sera probed against Shionogi tumor lysate. Serum was collected from five
mice at serial time points during treatment, including pretumor, precastration,
postcastration, and euthanization. The Western blot shows that three mice (65, 71,
73) have a hormone therapy — induced autoantibody response to a 40 kDa protein
(arrow) that appears only after castration, whereas two mice (74, 76) do not.

Similarly, all patients who underwent brachytherapy received a
peripheral dose of 144 Gy delivered by 120 to 130 '*°I seeds
(0.334 mCi). Therefore, it appears that patient-specific factors
unrelated to radiation dose influenced whether an autoantibody
response emerged during treatment.

Serologic analysis of surgical cases and control participants.
Fourteen patients in the study had surgery, two of whom
received neoadjuvant hormone therapy. No serologic changes
were seen by Western blot in any of these patients with a
follow-up ranging from 5 to 20 months after radical prostatec-
tomy. Similarly, the nine patients who underwent watchful
waiting instead of treatment showed no serologic changes over
a 5- to 30-month interval.

We also evaluated 27 cancer-free control subjects from
whom two to three serial blood draws were available. Control
sera showed a number of immunoreactive bands that varied
from individual to individual but did not change over time in
25 of 27 controls. However, 2 of the 27 controls did show a
serologic change over a 5- to 10-month interval. One of these
individuals displayed a seroreactive band of ~ 125 kDa at their
third time point that was not present at the first two time
points. The second individual showed a seroreactive band of
~42 kDa at the second and third time points, as well as a
seroreactive band of ~ 62 kDa at the third time point (data not
shown). Thus, the serologic changes seen by Western blot are
not exclusive to prostate cancer patients. Nevertheless, the
frequency of responses in patients treated with hormone
therapy and/or radiation therapy (28.8%; 15 of 52) is
significantly higher than that seen in cancer-free controls
(2 of 27, 7.4%; P = 0.028, x* test) and prostate cancer patients
treated surgically (0 of 14, 0%; P = 0.022, x> test), and
approaches significance in patients undergoing watchful
waiting (0 of 9, 0%; P = 0.064, x> test), suggesting the
majority of responses are indeed induced by the hormone or
radiation treatments.

Androgen withdrawal induces autoantibody responses in a
murine tumor model. Although the above studies using patient

Table 2. Antigens identified in a SEREX screen of a human prostate cancer cDNA expression library and a
human testis cDNA expression library
Name UniGene no. Functional significance
RalA binding protein 1 (RALBP1) Hs.334603 Signaling and drug transport
Synaptonemal complex protein 65 (SC65) Hs.446459 Cell cycle regulation
RIO kinase 1 (RIOK1) Hs.437474 Serine protein kinase involved in cell cycle regulation
Kinectin (KTN1) Hs.509414 A microtubule-associated protein
Peroxisomal D3,D2-eonyl-CoA Isomerase (PECI) Hs.15250 Metabolic enzyme
Dihydrolipoamide dehydrogenase (DLD) Hs.131711 Metabolic enzyme
Switch-associated protein 70 (SWAP-70) Hs.153026 B-cell signaling
C14orf35 Hs.165465 Predicted N-acetyltransferase
Son DNA binding protein (SON) Hs.517262 Possible MYC family oncoprotein
Ubiquitin specific protease 11 (USP11) Hs.171501 Deubiquinating enzyme exhibiting prosurvival function in
response to DNA damage
WD repeat domain 36 (WDR36) Hs.533237 Signaling
Poly (ADP-ribose) polymerase family, member 1 Hs.177766 DNA repair
(PARP1)
F-box only protein 38 (FBXO38) Hs.483772 Regulator of gene expression during differentiation
Cellular senescence inhibited gene protein (CSIG) Hs.592044 Overexpressed in non-small cell lung cancer
Recombining binding protein suppressor of hairless Hs.479396 Notch signaling
(RBPSUH)
Outer dense fiber of sperm tails 2 (ODF2)* Hs.129055 Maintains the elastic structure and recoil of the sperm tail
Serologically defined colon cancer antigen 1 (SDCCAG1)* Hs.388584 Nuclear export
PHD finger protein 20 (PHF20) Hs.517044 Possible transcription factor
ATPase family AAA domain containing 3A (ATAD3A) Hs.227067 Tumor-associated cell surface antigen
Zinc finger protein 707 (ZNF707) Hs.521922 Possible regulator of transcription
Centrosomal protein 78 (CEP78) Hs.374421 Cell cycle regulation
*Isolated from the testis expression library.
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sera show a correlation between hormone therapy/radiation
therapy and the emergence of serologic responses, they do not
establish a causative link. Therefore, to experimentally test
whether hormone therapy can induce humoral immunity to
tumor antigens, we used the murine Shionogi mammary
carcinoma model (SC-115), which has been used extensively
to study the conversion from androgen-dependent to -indepen-
dent neoplasia (28-30). Shionogi tumors are initially andro-
gen dependent and hence are grown in male mice. Castration
precipitates apoptosis and tumor regression similar to that
seen after androgen withdrawal in prostate cancer patients
(31, 32). To evaluate whether tumor regression induces an
autoantibody response, Shionogi tumor cells were injected into
the flank of 10 male DD/S mice. When tumors reached ~ 8 x
8 mm, mice were castrated, inducing tumor regression in
all cases. Precastration and postcastration sera were subjected to
immunoblotting against Shionogi tumor protein lysates.
Intriguingly, 5 of 10 mice showed the emergence of an
autoantibody response to an ~40 kDa tumor protein within
3 weeks of castration (Fig. 3). Thus, androgen withdrawal can
indeed induce autoantibody responses to tumor antigens.
However, even in the context of a well-controlled tumor
model, there is some degree of variability between individuals,
suggesting that other factors influence the initiation of these
responses.

Cloning prostate cancer antigens by SEREX. SEREX immuno-
screening has been used successfully to identify a large number
of antigens from various human cancers, including prostate
cancer (33-37). Therefore, to clone the tumor antigens
underlying the Western blot results from the above-mentioned
prostate cancer patients, a prostate tumor cDNA expression
library was constructed using pooled mRNA from the prostate
cancer cell lines LNCaP, PC3, and DU-145. Immunoscreening
was done using serum from 15 prostate cancer patients, 10 of
whom showed a treatment-associated serologic change by
Western blot analysis. Each of the 15 patient sera was screened
against 1 x 10° to 5 x 10° plaque-forming units of the prostate
library, and many were also screened against a previously
described testis library (26) in an attempt to identify antigens
of the cancer-testis class (27). In total, 21 unique immuno-
reactive clones were identified (Table 2). The majority of
clones contained single ¢cDNA inserts; however, two clones,
SWAP-70 + CHYS1 and ZNF707 + PTMA, contained two
contiguous cDNA segments, likely representing a double cDNA
insertion event during library construction.

To evaluate the frequency of autoantibody responses to these
antigens among prostate cancer patients and cancer-free
controls, we constructed a SEREX antigen array containing the
21 antigens, as well as three antigens from our previous ovarian
cancer study (26). Each array also contained a positive 1gG
control and a negative control consisting of a nonrecombinant
clone. All phage were spotted in duplicate in distinct locations
on the array. Replicate arrays were probed with pooled time
point sera from 55 patients and 50 cancer-free controls
(Table 3). Based on this analysis, antigens could be grouped
into three classes. Nine antigens were reactive in approximately
equal numbers of patient and control sera, suggesting they
represent common autoantigens. Indeed, this group included
RBPSUH and SDCCAG1, both of which are known auto-
antigens (38, 39). By contrast, nine antigens were reactive with
serum from cancer patients only. This included two known
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tumor antigens (MBD2 and p53), one known disease-associated
autoantigen (PARP1), and six novel autoantigens (C14orf35,
usSP11, WDR36, ODF-2, ZNF707+PTMA, and CEP78). A third
group encompassed antigens that were recognized by autoanti-
bodies from prostate cancer patients at least twice as frequently
as cancer-free controls. This included two known cancer-
associated autoantigens (PECI and SEB4), two known cancer-
and disease-associated autoantigens (DLD and KTN-1), and two
novel autoantigens (RALBP1 and SON).

We evaluated whether autoantibody responses to tumor
antigens were more prevalent in the patient versus control
groups. For this analysis, we excluded the 15 patients who were
used to screen the SEREX libraries, because this would
introduce a bias in favor of the patient group. In addition,
we excluded the nine antigens that were equivalently reactive
with patient and control sera, because these likely represent
common autoantigens that are unrelated to prostate cancer.
Using these criteria, 13 of 40 (32.5%) of patients were
seroreactive to at least one antigen on the array, compared
with 7 of 50 (14%) of controls (P = 0.036, ¥’ test). It is
perhaps not unexpected that some control sera would be
seropositive, as the prevalence of autoantibody responses
increases with age (40-42) as does the risk of prostate cancer
(43). The six antigens that were seroreactive in the 14% of
control subjects included PECI, SEB4, DLD, KTN-1, RALBP1,
and SON. Of these, only DLD has been previously reported to
be immunoreactive in a healthy control subject (44), and PECI,
SEB4, DLD, and KTN-1 have all been deemed to be cancer-

Table 3. Summary of the SEREX antigen array
results indicating the number of prostate cancer
patient and cancer-free control sera that showed
autoantibody reactivity to each antigen
Prostate Cancer-free
cancer sera control sera
(n = 55) (n = 50)
Known common autoantigens
RBPSUH (38) 4 3
SWAP-704+CHYS1 (77) 6 7
SDCCAG1 (39) 3 4
Known cancer-associated autoantigens
PECI (45) 3 1
ATAD3A (78) 3 2
RIOK1 (79) 4 3
PHF20 (45, 80) 2 3
MBD2 1 0
p53 (65) 1 0
SEB4 2 1
Known disease-associated autoantigens
PARP-1 (39, 60, 61) 1 0
DLD (also in cancer; refs. 44, 46) 2 1
SC65 (also in cancer; refs. 44, 76) 3 2
KTN-1 (also in cancer; refs. 81, 82) 3 1
Novel autoantigens
RALBP1 4 1
C14o0rf35 1 0
SON 4 2
USP11 1 0
WDR36 2 0
FBXO38 2 2
ODF-2 2 0
CSIG 1 2
ZNF707 + PTMA 1 0
CEP78 1 0
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Fig. 4. SEREX antigen array analysis of pretreatment and posttreatment sera in
two prostate cancer patients demonstrating treatment-associated changes in
seroreactivity. A, patient PCO36; pretreatment, 7 and 13.5 mo after hormone
therapy (HT). Both CEP78 and the double insert clone ZNF707+PTMA are negative
in the pretreatment sample and become seroreactive after hormone therapy.

+ve control, positive control consisting of an IgG clone; —ve control, consisting of
a nonrecombinant \ phage clone. B, patient PCO15; pretreatment, 4 and 7 mo after
hormone therapy and 4 mo after EBRT. Both HISTand FBXO38 show an
unchanging, positive seroreactivity at every time point. PARP1 is negative in the
pretreatment sample, but becomes seroreactive after hormone therapy and
intensifies after EBRT.

associated autoantigens in other studies (45-47). In the
current study, all six were more frequently immunoreactive in
prostate cancer patients than controls. Thus, although not
definitive, these results suggest that some or all of these
controls may have undiagnosed prostate cancer or another
cancer.

An equivalent proportion of patients with high-risk versus
low/intermediate-risk disease were seroreactive to one or more
antigens on the array [51.7% (15 of 29) versus 54.5% (6 of
11)]. Likewise, 50% (16 of 32) of patients with stage <T,y,
disease were seroreactive versus 62.5% (5 of 8) of patients with
stage >T,. disease. Thus, similar to the Western blot results,
there was no obvious association between disease severity and
seroreactivity to antigens on the array.

Treatment-associated immune responses to SEREX-defined
antigens. Serial serum samples were analyzed to determine
whether autoantibody responses to SEREX-defined antigens
developed in association with treatment. In 4 of the 34 patients
analyzed, we observed antigen-specific autoantibody responses
that were present in posttreatment but not pretreatment sera.
In one patient, PC036, autoantibody responses to two antigens
(ZNF707+PTMA and CEP78) arose after 7 months of hormone
therapy (Fig. 4A). In a second patient, PCO11, an autoantibody
response to SDCCAG1 arose after EBRT. In a third patient
(PC001), three different serologic changes were seen. Specifi-
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cally, hormone therapy was associated with the disappearance
of autoantibodies to two different antigens (KIN1 and
RALBP1), whereas EBRT was followed by a significant increase
in autoantibodies to a third antigen (ODF2). Finally, patient
PCO015 had a hormone therapy-associated response to PARP1
that appeared within 4 months of hormone therapy and
intensified after EBRT (Fig. 4B). Interestingly, this patient had a
~120 kDa treatment-induced band appear on Western blot
after 4 months of hormone therapy (Fig. 1B), making it likely
that this band is in fact PARP1, a 113 kDa protein.

For those control subjects who showed seroreactivity to the
treatment-associated antigens on the array, serial time point
serum samples were analyzed individually. No changes in
seroreactivity were seen for any control over a >6-month
interval.

One patient, PC011, showed a treatment-associated seror-
eactivity by antigen array that was not detected by Western
blot. Therefore, when the results for the Western blot assay and
SEREX antigen array were combined, hormone therapy was
associated with a serologic response in 29.2% of patients, EBRT
in 17.2% of patients, and brachytherapy in 25.0% of patients.

Discussion

The combined use of adjuvant hormone therapy and
radiation therapy in high-risk prostate cancer has led to
significantly improved outcomes, with 76% of patients
remaining disease-free, without PSA failure at 5 years (48).
Our prior results have shown that neoadjuvant hormone
therapy given before radiation therapy for >8 months provided
prolonged PSA disease-free survival in patients with less well-
differentiated tumors (49). Although these clinical results are
encouraging, we do not fully understand the basis of synergy
between hormone therapy and radiation therapy, which
limits our ability to improve upon current treatments. Here,
we show for the first time that hormone therapy and radiation
therapy induce antigen-specific immune responses in ~29%
of prostate cancer patients, as evidenced by the development
of autoantibody responses to tumor-associated antigens.
Responses typically appeared within a few months of the start
of treatment and in most cases persisted for the duration of the
study (up to 30 months). A diverse repertoire of antigens was
recognized, several of which were successfully cloned by
SEREX. In the murine Shionogi tumor model, androgen
withdrawal by castration also induced an autoantibody
response to the tumor in ~50% of animals. Our findings
raise the possibility that the host immune response may
influence clinical outcomes after standard treatments. If so,
enhancing the frequency, magnitude, and character of these
immune responses with immunomodulatory agents could
potentially improve outcomes further.

The ~29% prevalence of treatment-associated immune
responses shown here may be an underestimate given the
limitations of the assays used. First, Escherichia coli-based
expression systems do not recapitulate the full range of
posttranslational modifications characteristic of mammalian
proteins, which precludes the expression of many epitopes. We
mitigated this in part by performing Western blots of tumor
cell lysates, which allows detection of glycosylated or other
posttranslationally modified epitopes; however, antigens cannot
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be cloned using this method. In the future, use of a yeast cell
surface display library (50) may allow cloning of additional
posttranslationally modified antigens. Second, we focused
exclusively on IgG autoantibodies and therefore would have
missed IgM responses, which predominate early in the primary
immune response (51). Third, by focusing on autoantibody
responses, we may have overlooked treatment-induced
responses involving T cells or innate immune effectors such
as natural killer or NKT cells. Nevertheless, serologic screening
is a useful starting point as it provides recombinant antigens
that can then be used to assess antigen-specific T-cell responses,
as has been done with SEREX-defined antigens such as NY-
ESO-1 (52). In a similar manner, we are currently evaluating
whether treatment-associated serologic responses are associated
with the emergence of CD4" and/or CD8" T-cell responses to
the SEREX-defined antigens described here.

Many of the cancer-associated antigens we found have
intriguing properties that suggest an involvement in tumor
development or progression, including proteins involved in
cell cycle regulation (SC65 and CEP78) and DNA damage and
repair (USP11 and PARP1). Other antigens are involved in
signaling (RALBP1, SWAP-70) or show homology to other
oncoproteins (SON). Interestingly, none of the proteins we
identified have been previously implicated in prostate cancer
(34-37, 53-55). Furthermore, despite extensive screening of
both a prostate cancer and testis library, we did not isolate
previously reported prostate cancer antigens such as NY-ESO-1,
LAGE-1, and XAGE-1 (52, 54). The lack of overlap between
different studies suggests that prostate cancer triggers responses
to a broad repertoire of autoantigens.

How might tumor antigens become immunogenic during
standard treatments? In theory, some may be newly expressed
by stressed or dying tumor cells. Others might become
immunogenic due to loss of tolerance. Indeed, hormone
therapy induces apoptosis of hormone-dependent tumor cells
(56), increases tissue levels of dendritic cells and costimulatory
molecules, and triggers vigorous T cell - mediated inflamma-
tion in the prostate (2). Similarly, radiation therapy induces
the apoptosis and necrosis of tumor cells (21) and increases
expression of inflammatory and immune mediators, including
cytokines, MHC molecules, costimulatory molecules, adhesion
molecules, death receptors, and heat shock proteins (57).
Although apoptosis was historically considered a nonimmu-
nogenic process, this no longer appears to be the case. In
autoimmune disease and cancer, the surface blebs of apoptotic
cells contain high concentrations of intracellular antigens that
trigger autoantibody responses (58, 59). This process can be
enhanced when antigens undergo structural modifications
such as cleavage by apoptosis-specific proteases, phosphoryla-
tion, or complex formation (58). Dendritic cells can take up
apoptotic material and cross-present antigens to CD8" and
CD4" cells (20), thereby breaking tolerance. In the present
study, three of the five treatment-associated antigens we
discovered (ZNF707+PTMA, CEP78, and ODF-2) have not
been described previously; therefore, we currently have little
insight into their mechanism of immunogenicity. On the other
hand, PARP1 is a well-known target for cleavage by caspase-3
during apoptosis and necrosis (60) and has been identified as
an autoantigen in colorectal cancer (39) and autoimmune
conditions such as systemic lupus erythematosus (61). Thus,
PARP1 likely becomes immunogenic by virtue of caspase-
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3 -mediated cleavage in apoptotic tumor cells. Intriguingly,
anti-PARP1 autoantibodies from patients with systemic lupus
erythematosus have been shown to inhibit PARP1 function,
even in intact cells (62), which raises the possibility that
autoantibodies to antigens such as PARP1 might affect tumor
cell biology.

It is difficult to predict whether treatment-induced autoan-
tibody responses will have a positive or negative effect on
clinical outcomes. This issue has been most extensively studied
with autoantibodies to p53, which are associated with
favorable outcomes in lung cancer (63, 64) and poor outcomes
in breast, colon, oral, and gastric cancers (65). It remains to be
determined whether these disparate results reflect immunologic
differences between tumor sites, or an inconsistent biological
effect overall. In various autoimmune disorders, autoantibodies
are associated with present or future tissue destruction, and
may act via complement reactions, antibody-dependent cyto-
toxicity, immune complex formation, or direct triggering of cell
death pathways (66, 67). As mentioned above, autoantibodies
can also penetrate target cells and alter the function of their
cognate antigen (62). In addition to any potential direct effects
on target cells, autoantibodies are usually indicators of an
underlying T-cell response, which, in turn, can mediate tissue
destruction. For example, coincident autoantibody and CD8*
T-cell responses to antigens such as p53 and NY-ESO-1 have
been documented in cancer patients (68, 69). On the other
hand, the Th1/Th2 paradigm would suggest that autoanti-
bodies and cytolytic T-cell responses may be mutually exclusive
in some cases, as they are promoted by Th2 and Th1 T helper
responses, respectively (70).

Given the diversity of autoantigens recognized by cancer
patients in the present study and many previous SEREX studies
(33), it seems likely that investigation of a single antigen such
as p53 is unlikely to fully reveal any relationship between
tumor immunity and outcomes. Furthermore, the vast majority
of studies to date have measured autoantibody responses at the
time of diagnosis rather than posttreatment. As shown here,
autoantibody profiles can change significantly during the
course of treatment, and one would expect outcomes to be
more influenced by the immune status of patients after
treatment than before. Indeed, a recent study involving patients
undergoing IFN therapy for melanoma showed that the
emergence of autoantibody responses to a panel of antigens
during treatment correlated with increased relapse-free survival
and overall survival (71). Importantly, this latter study focused
on common autoimmune indicators such as antinuclear and
anti-DNA antibodies. This suggests that even common auto-
antigens, such as many of the antigens identified in the present
study, can potentially serve as clinically relevant target antigens
in cancer, or at least represent surrogate markers for effective
antitumor responses.

Although much progress has been made with cancer
immunotherapy, the clinical effect and feasibility of many
immunotherapeutic approaches remain a challenge. For exam-
ple, peptide-loaded dendritic cells are considered among the
most potent of vaccines, yet require specialized expertise and
considerable expense to administer (72). By contrast, our data
show that standard treatments for cancer may represent a form
of in situ vaccination, at least at the level of serologic responses.
Ongoing studies will address whether standard treatments also
induce CD4* and CD8" T-cell responses that may contribute
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to an antitumor response. The prevalence, magnitude, and
nature of such responses could potentially be optimized by
administration of immune-stimulatory agents during standard
treatments. For example, FIt3 ligand has been shown in
preclinical studies to enhance the immune-stimulatory effects
of radiation therapy (73). A phase I clinical trial combining
conformal radiotherapy and intratumoral injection of dendritic
cells was shown to induce tumor-specific and innate immunity
(74). Finally, a phase II trial combining chemotherapy and s.c.
injection of interleukin 2 and granulocyte macrophage colony-
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Castration induces autoantibody and T cell responses that correlate with inferior
outcomes in an androgen-dependent murine tumor model
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We recently reported that hormone therapy induces antigen-spe-
cific autoantibody responses in prostate cancer patients. However,
the contribution of autoantibody responses to clinical outcomes is
unknown. We used an animal model to test the hypothesis that
hormone therapy-induced immune responses may be associated
with delayed tumor recurrence. Male DD/S mice bearing estab-
lished tumors from the androgen-dependent Shionogi carcinoma
line were castrated to induce tumor regression. Tumor-specific au-
toantibody responses were measured by immunoblot, and the
underlying antigen was identified by serological screening of a
cDNA expression library. T cell responses were assessed by immu-
nohistochemistry and IFN-y ELISPOT. Following castration, 97 %
of mice underwent complete tumor regression. Of these, 72%
experienced tumor recurrence 18-79 days postcastration, whereas
the remaining 28% remained tumor-free for the duration of the
experiment. In 55% of mice, castration induced autoantibody
responses to an antigen identified as poly(A) binding protein
nuclear 1 (PABPN1). Castration also induced PABPN1-specific T
cell responses, which were highly correlated to autoantibody
responses, and this was accompanied by dense infiltration of
tumors by CD3+ T cells 1-2 weeks after castration. Unexpectedly,
mice that developed autoantibody and T cell responses to PABPN1
showed a higher rate and shorter latency of tumor recurrence. In
mice with recurrent tumors, T cell responses to PABPN1 were still
detectable; however, T cell infiltrates were restricted to the
peripheral stroma of tumors. In conclusion, castration-induced
immune responses are associated with inferior outcomes in the
Shionogi carcinoma model, raising concerns about the influence of
treatment-induced immune responses on clinical outcomes in
humans.

© 2009 UICC

Key words: prostate cancer; immune response; tumor antigens;
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Prostate cancer is the most frequently diagnosed cancer in
North American men and, despite improvements in early detection
because of prostate-specific antigen (PSA) screening, it remains
the second leading cause of cancer-related death among men."
Standard surgical or radiation therapies (RT) are usually success-
ful in controlling organ confined disease, however if tumors recur,
the disease is typically systemic and hormone therapy (HT)
remains the only treatment option. Although HT is initially effica-
cious, patients eventually progress to castration-resistant disease,
which is incurable.® Thus, there is clear need for improved treat-
ments to prevent the development or outgrowth of androgen-inde-
pendent tumors.

Although both HT and RT mediate direct killing of tumor cells,
there is growing evidence that these treatments can also induce
tumor-specific immune responses. Roden er al.* demonstrated that
androgen deprivation in tumor-free male mice increased the abso-
lute number of T cells residing in peripheral lymphoid tissues, and
also led to transient increases in T cell proliferation in response to
T cell receptor stimulation. Moreover, HT induces apoptosis of
tumor cells, and the resulting apoptotic bodies can serve as an
efficient source of antigen to prime antigen presenting cells
(APCs).” Indeed, Mercader et al.® demonstrated that HT caused
increased levels of APCs expressing the T cell costimulatory
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molecules B7.1 and B7.2 in human prostate cancer patients, which
was accompanied by profuse infiltration of tumor tissue by CD3+
T cells. Similarly, external beam RT induces tumor cell necrosis
and apoptosis, which when accompanied with inflammatory or
other “danger” signals,” can potentially provide both antigen and
maturation signals to dendritic cells and other APCs. =12 This in
turn leads to the induction of CD4+ and CD8+ T cell responses,
which can ultimately elicit an antitumor effect.'? Finally, we have
recently shown that HT and RT induce autoantibody responses to
a variety of tumor-associated antigens in 25-30% of prostate can-
cer patients.'> Despite the mounting evidence that HT and RT
induce T and B cell responses, it is not yet known whether these
immune responses influence clinical outcomes.

The murine Shionogi carcinoma model (SC-115) is a transplant-
able androgen-dependent tumor that despite being of mammary
origin, is used to study the conversion from androgen-dependent
to androgen-independent neoplasia.'* Initially, Shionogi tumors
are androgen-dependent such that surgical castration precipitates
apoptosis and tumor regression in a highly reproducible manner,
similar to that seen after androgen withdrawal in human prostate
cancer patients. However, similar to human prostate cancer, the
androgen-depleted environment gives rise to androgen-independ-
ent recurrent tumors in >80% of mice.'>™"” Furthermore, Shionogi
tumor cells that survive hormone withdrawal, like human prostate
tumor cells, up-regulate proteins implicated in cell survival and
progression to androgen independence.'® We recently showed that
castration induces autoantibody responses to a ~40 kDa antigen in
~50% of Shionogi tumor-bearing mice, which is reminiscent of
our findings in human patients, discussed earlier.'? Thus, the Shio-
nogi model provides an experimental system for studying the rela-
tionship between treatment-induced immune responses and out-
comes. Here, we use this model to test the hypothesis that castra-
tion-induced immune responses may be associated with delayed
tumor recurrence.

Material and methods
SEREX screening

SEREX screening of a prostate cancer phage cDNA library was
carried out as previously described'® using mouse sera diluted 1/
400 in TBS/1% BSA. A donkey antimouse IgG alkaline phospha-
tase-conjugated antibody was used for secondary screening
(Jackson ImmunoResearch Laboratories, West Grove, PA).
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Cloning and purification of SEREX-identified antigens

To isolate full-length cDNA clones for antlg7 ns identified by
SEREX, total RNA was extracted from 1 X 10" Shionogi tumor
cells using the RNeasy Mini kit (Qiagen, Mississauga, Canada)
and then 0. 08 ng total RNA was synthesized into cDNA using
SuperScript™ II Reverse Transcriptase (Inv1trogen Burlington,
Canada). PCR products were purified using the QIAquick Gel
Extraction kit (Invitrogen, Mississauga, Canada), cloned into
pENTR™/D-TOPO"™ (Invitrogen Burlington, Canada) and
transformed into One Shot™ TOP10 chemically competent E. coli
(Invitrogen, Burlington, Canada). Clones were verified by
sequenci ng before subcloning into the E. coli expression vector
pDEST™'17 (Invitro en, Burlington, Canada). Clones were trans-
formed into BL21-AI™ cells (Invitrogen, Burlington, Canada),
and protein production was induced by addition of arabinose.
After 2 hr, bacterial pellets were resuspended in 5 ml of 30 mM
Tris-HCI, pH 7.5, 500 mM NacCl, 20 mM imidazole and 1 mM
dithiothreitol. After 1 freeze-thaw cycle at —80°C, bacteria were
sonicated and centrifuged. Supernatants and pellets were analyzed
by SDS-PAGE, and fractions containing the most protein were
loaded onto a HiTrap immobilized metal ion adsorption chroma-
tography (IMAC) FF nickel column (GE Healthcare, Plscataway,
NJ) and purified by IMAC using the AKTAprime™ plus (GE
Healthcare, Piscataway, NJ). Proteins were eluted by imidazole
gradient. Fractions were pooled and dialyzed against 2 1 of
phosphate buffered saline (PBS) overnight at 4°C.

Shionogi mouse model

Mice were maintained at the Animal Care Unit of the Jack Bell
Centre. All protocols followed the guidelines of the Canadian
Council for Animal Care and were approved by the Animal Care
Advisory Committee of the University of British Columbia. Adult
male DD/S mlce were 1n]ected subcutaneously in the neck region
with ~5 X 10° Sh10n0g1 carcinoma cells. When tumors reached
~8 X 10 mm in size, mice were castrated to induce androgen
deprivation and subsequent tumor regression. Serial blood samples
were collected from the tail vein before tumor inoculation, before
castration and then twice weekly following castration. Tumor size
(length X width) was measured using micro calipers. Tumors
were considered to have recurred once palpable. Unless otherwise
indicated, mice were sacrificed when recurrent tumors reached
~10% of total body weight. On necropsy, terminal blood samples
were collected by cardiac puncture. Tumors were removed and
divided in 2, which were flash frozen in liquid nitrogen or fixed in
10% formalin. Lymph nodes and spleen were processed into
single-cell suspensions using the blunt end of a 5 ml syringe and a
40-um cell strainer. Splenocytes were resuspended in ACK lysis
buffer (0.15 M NH4Cl, 1 mM KHCO;, 0.1 mM EDTA and pH
7.3). Lymphocytes and splenocytes were combined, counted and
frozen in 50%FBS/10%DMSO for long-term storage.

Immunoblotting of tumor lysates

Cytoplasmic protein lysate was made from intact Shionogi
tumors pooled from 5 noncastrated mice. Frozen tumors were
pulverized into a fine powder in liquid nitrogen, resuspended in
lysis buffer (1 X Dulbecco’s PBS, 0.01% Triton, protease inhibi-
tor cocktail), homogenized through 18 G and 21 G needles and
then sonicated. Aliquots containing 400 pg of protein lysate were
immunoblotted with mouse serum (1/500) followed by HRP-con-
jugated goat antimouse IgG (H+L; Jackson ImmunoResearch,
West Grove, PA) as described previously.'?

Flow cytometry

To isolate tumor-infiltrating lymphocytes, tumor fragments
were pressed through a 40-um membrane with the blunt end of a
5 ml syringe, and the resulting cell suspension was centrifuged
and resuspended in 0.5 ml of 1.0% BSA/PBS. Cells were stained
in various combinations with the following fluorochrome-conju-
gated antibodies at 1/400 in 1.0% BSA/PBS: CD3-FITC, CD4-PE,
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CD4-PerCP, CD8-Cy-Chrome and CD44-PE (Becton, Dickinson
and Company, Oakville, Canada). Isotype-matched fluorochrome-
conjugated antibodies served as negatlve controls. Cells were ana-
lyzed on a BD FACSCalibur™ flow cytometry system (Becton,
Dickinson and Company, Oakville, Canada) with FlowJo software
(Tree Star, Ashland, OR).

IFN-y ELISPOT assay

Ninety-six-well MultiScreenygrs IP, 0.45 um filter plates (Milli-
pore, Billerica, MA) were prewet with 70% ethanol followed by 3
washes with sterile PBS. Plates were incubated overnight at 4°C
with 50 pl/well antimouse IFN-y AN18 (10 pg/ml; Mabtech, Mar-
iemont, OH). After 3 PBS washes, plates were blocked with T cell
media (RPMI-1640 supplemented with 10% FBS, 1 mM sodium
pyruvate, 2 mM L-glutamine, 100 pg/ml penicillin/streptomycin
and 25 pM 2-mercaptoethanol) for 2 hr at 37°C. About 3 X 10°
splenocytes were added to each well. Poly(A) binding protein
nuclear 1 (PABPNI1) protein was added to a final concentration of
10 pg/ml. ConA was added to a final concentration of 2 pg/ml. T
cell media was used as a negative control. Samples were run in
triplicate. Plates were incubated for at least 20 hr at 37°C. After
washing 6 times with PBS/0.05% Tween-20, 100 pl of biotinyl-
ated antimouse IFN-vy (diluted to 1 pg/ml in 0.5% BSA/PBS/
0.05% Tween-20; Mabtech, R4-6A2, Mariemont, OH) was added
to each well. Plates were left for 2 hr at 37°C and then washed 12
times with PBS/0.05% Tween-20. Avidin peroxidase complex
(Vector Laboratories, Burlingame, CA) (100 pl/well) was added
followed by a 1 hr incubation at room temperature. Plates were
washed as above and then developed using the Vectastain AEC
substrate kit (Vector Laboratories, Burlingame, CA) for ~5-10
minutes. Development was stopped by rinsing with tap water. Air-
dried plates were sent to ZellNet Consulting (Fort Lee, NJ) for
enumeration of spots using an automated ELISPOT reader with
KS ELISPOT Software 4.9 (Carl Zeiss, Thornwood, NY).

Immunohistochemistry

Formalin-fixed tumors were processed following standard meth-
ods and stained with hematoxylin and eosin (H&E). A tissue micro-
array (TMA) containing all experimental tumors was constructed
using duplicate 1 mm cores and stained with mouse monoclonal
antibodies against CD3 (Lab Vision, RM9107, Fremont, CA),
FoxP3 (eBioscience, 14-5773, San Diego, CA), Pax-5 (Lab Vision,
Rb9406, Fremont, CA) and Granzyme B (Abcam, ab4059, Cam-
bridge, MA). Scoring of the TMA was performed independently by
2 individuals who were blinded to the experimental status of
tumors. A score of 0 (no infiltration) to 3 (dense infiltration) was
assigned to each tumor, and scores were averaged. A score of
greater than 1 was considered positive for lymphocyte infiltration.

Results

Castration induces autoantibody responses to PABPNI in the
Shionogi carcinoma model

We previously reported that castration of DD/S mice bearing
Shionogi tumors induces IgG autoantibody res Jonses to an
unidentified ~40 kDa antigen in ~50% of animals. ? To facilitate
cloning of this antigen by SEREX, we first determined whether
the ~40 kDa antigen might have a human homolog, as this would
allow use of a previously constructed cDNA expresswn library
derived from human prostate cancer cell lines.'? To this end, we
immunoblotted lysate from the human prostate cancer cell line
LNCaP with serum from tumor-bearing, castrated mice that were
positive for autoantibodies to the ~40 kDa antigen. A strong
seroreactive band was seen at ~40 kDa, indicating the antigen
seen in Shionogi tumor cells does indeed have a human homolog
(data not shown). To identify the antigen, we screened ~2.3 X
10™ clones of the human prostate cDNA expression library with
mouse sera that were positive for autoantibodies to the ~40 kDa
antigen. Four serologically reactive antigens were cloned. The
corresponding recombinant proteins were immunoblotted with
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FI1GUuRE 1 — Recognition of PABPN1 by serum antibodies and T cells from castrated mice. (¢) Recombinant PABPN1 (10 pg) was immuno-
blotted with serum from mice that were known to be positive (+) or negative (—) for autoantibodies to the ~40 kDa antigen. The correlation
between expected positives and negatives was high, although some expected negatives were weakly positive against purified PABPN1, likely
reflecting the higher sensitivity of this assay owing to the use of recombinant PABPN1. (b) Shionogi tumor lysate was immunoblotted with sera
from a naive DD/S mouse and 5 mice that had been immunized with 100 pg of PABPNI in incomplete Freund’s adjuvant. The presence of an
immunoreactive band at ~40 kDa confirms that PABPNI is the ~40 kDa antigen. (c) Western blot showing expression of PABPN1 in Shionogi
tumor lysate as well as normal liver, lung and uterine tissues. Varying amounts of protein were loaded, depending on sample availability as fol-
lows: 20 pg Shionogi tumor lysate; 100 pg intestine, liver, muscle, liver; 50 pg heart, lung; 33 pg uterus. Serum from a PABPN1-immunized
mouse was used as primary antibody. GAPDH served as a loading control. (d) Castration induces a PABPNI1-specific T cell response, as
measured by IFN-y ELISPOT. Fresh splenocytes were used in all ELISPOT experiments. Representative data from a single mouse per treatment
group is shown. PABPNI1-specific T cells were highest in castrated tumor-bearing mice, followed by castrated nontumor-bearing mice.
PABPNI-immunized mice served as a positive control, and nontumor-bearing, noncastrated DD/S mice served as a negative control. For each

mouse, the sample was run in triplicate to produce an average and standard deviation.

additional mouse sera that were known to be positive or negative
for autoantibodies to the ~40 kDa antigen. The pattern of seror-
eactivity to 1 antigen, PABPN1, was identical to the pattern of
seroreactivity to the ~40 kDa antigen from Shionogi tumor lysates
(Fig. 1a), suggesting PABPN1 was the correct antigen.

To confirm that PABPN1 was the ~40 kDa antigen identified in
Shionogi tumor lysates, 5 male mice were immunized with
recombinant PABPN1, and sera from immunized mice were used
to probe Shionogi tumor lysate. The presence of a strong immuno-
reactive band at ~40 kDa confirmed that PABPN1 was indeed the
40 kDa antigen (Fig. 1b).

By Western blot, PABPN1 was expressed at high levels in Shio-
nogi tumor lysate, as well as normal liver, lung and uterine mouse
tissues. By contrast, PABPN1 was not expressed in normal kidney,
skeletal muscle or heart (Fig. 1¢). This is in accord with published
data for human tissues, where PABPNI is expressed at higher levels
in liver, lung and uterus compared with kidney, muscle and heart."”

Autoantibody and T cell responses to PABPN1

To establish the time course of autoantibody responses to
PABPN1, a cohort of 33 mice bearing established Shionogi
tumors were castrated, and serial blood samples were assessed for
autoantibody responses to PABPN1 by immunoblotting. Overall,
18/33 mice (54.5%) had an autoantibody response to PABPNI,
which appeared an average of 26 days postcastration (range, 647

days postcastration). By contrast, autoantibodies to PABPN1 were
not found in serum from tumor-bearing, noncastrated mice or cas-
trated nontumor-bearing mice (data not shown).

The fact that autoantibodies to PABPN1 were of the IgG sub-
class suggested the presence of an underlying T cell response.
This was investigated by IFN-y ELISPOT analysis of splenocytes.
As expected, wild-type mice immunized with recombinant
PABPNI1 showed robust T cell responses to PABPNI1, whereas
nonimmunized control mice showed no response (Fig. 1d). Of 19
tumor-bearing castrated mice examined, 7 (36.8%) showed a
strong T cell response to PABPN1. All of these mice also had an
autoantibody response to PABPN1. Conversely, of the 12 mice
that were negative for T cell responses to PABPNI, 11 were also
negative for autoantibodies to PABPNI1. Thus, there was high
concordance between autoantibody and T cell responses in tumor-
bearing, castrated mice. However, control mice showed a lower
concordance between autoantibody and T cell responses. Specifi-
cally, nontumor-bearing mice that underwent castration showed
modest T cell responses to PABPN1 (Fig. 1d). Thus, castration
alone can induce T cell responses to PABPN1, but the effect is
enhanced in tumor-bearing mice.

PABPNI antibody and T cell responses are associated with
early tumor recurrence

We next examined the relationship between castration-induced
autoantibody responses and tumor recurrence. Following castra-
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FiGure 2 — Castration-induced autoantibody and T cell responses
to PABPNI are associated with tumor recurrence. (a) Kaplan—-Meier
curve comparing the time to recurrence of tumors in mice with (+) or
without (—) autoantibodies to PABPN1. (b) Kaplan—Meier curve com-
paring the time to recurrence of tumors in mice with (+) or without
(—) T cell responses to PABPN1.

tion, 32/33 mice experienced complete tumor regression. Of these
32 mice, 72% (23/32) experienced tumor recurrence 18—79 days
postcastration, whereas the remaining 28% (9/32) remained
tumor-free for the duration of the experiment (77-92 days postcas-
tration) after which they were sacrificed for analysis. Seventy
percent (16/23) of mice with recurrent tumors had an autoantibody
response to PABPN1, compared with only 11% (1/9) of mice that
remained tumor-free (p = 0.005, Fisher’s exact test). Accordingly,
the mean tumor-free interval for mice with autoantibodies to
PABPN1 was 24.5 days compared with 62.9 days for mice
without autoantibodies to PABPN1 (p < 0.0001, two-tailed
unpaired #-test).

T-cell responses to PABPN1 were assessed by IFN-y ELISPOT
using splenocytes harvested at the time of euthanasia. As before,
mice with autoantibodies to PABPN1 had stronger T cell
responses to PABPN1 (mean = 406 spot-forming cells/10° sple-
nocytes, n = 8) than mice without autoantibodies to PABPN1
(mean = 38 spot-forming cells/10° splenocytes, n = 11). Accord-
ingly, mice with recurrent tumors had stronger PABPN1-specific
T cell responses (mean = 335 spot-forming cells/10° splenocytes,
n = 10) than mice without recurrent tumors (mean = 36 spot-
forming cells/10° splenocytes, n = 9). Kaplan—Meier analysis
revealed a significant difference in time to recurrence between
mice with and without PABPNI1 antibody and T cell responses
(Fig. 2). Thus, contrary to our initial hypothesis, treatment-
induced autoantibody and T cell responses to PABPN1 were
correlated with inferior outcomes.

To investigate whether autoantibodies to PABPN1 promote
tumor recurrence or merely serve as a marker of recurrence, we
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FIGURE 3 — Recurrent Shionogi tumors retain PABPN1 expression.
PABPNI expression was examined in 15 recurrent Shionogi tumors
(labeled with mouse identification numbers such as 26L.1) compared
with 1 primary tumor (1°). Each lane was loaded with 20 pg tumor
lysate and screened with serum from a PABPNI-immunized mouse.
GAPDH served as a loading control.
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assessed the timing of autoantibody responses relative to tumor re-
currence. In 8 of 16 mice whose tumors recurred, the autoantibody
response was detected 5 or more days prior to tumor recurrence.
However, in 6 of 16 mice, the autoantibody response was not
detected until 2 or more days after tumor recurrence, making it
unlikely that autoantibodies contributed directly to recurrence. In
the remaining 2/16 mice, the autoantibody response was detected
within 1 day of tumor recurrence, such that the temporal relation-
ship could not be reliably discerned. Overall, these data are con-
sistent with the notion that autoantibodies are a marker of tumor
recurrence rather than an essential mediator of this process.

This finding led us to consider what other features of tumors
might correlate with autoantibody status. The average tumor size
at castration for those mice that went on to develop an autoanti-
body response was 82.4 mm?® compared with 79.7 mm? for those
with no response, suggesting that the size of the primary tumor did
not influence subsequent autoantibody development (p = 0.4963,
two-tailed unpaired 7-test). We then considered the rate of tumor
regression after castration. In those mice that developed an autoan-
tibody response, it took an average of 9.7 days for tumors to
regress after castration compared with 6.8 days in those mice that
did not develop an autoantibody response (p = 0.049, two-tailed
unpaired t-test). Although the temporal difference was only 3
days, this nonetheless suggests that slowly regressing tumors may
be more likely to trigger autoantibody responses and, ultimately,
to recur.

The unexpected finding that PABPN1-specific autoantibody and
T cell responses were associated with inferior outcomes raised the
issue of whether recurrent Shionogi tumors still expressed the tar-
get antigen PABPN1. We evaluated this issue by immunoblotting
15 recurrent tumors for expression of PABPNI1. All recurrent
tumors expressed PABPN1, and in most cases the level expression
was similar to primary tumor (Fig. 3).

T cell infiltration of Shionogi tumors after castration and
upon recurrence

Because mice with recurrent tumors had substantial PABPNI-
specific T cell responses, and tumors still expressed antigen, we
next investigated whether T cells trafficked to and infiltrated the
tumor site. To this end, a time course experiment was performed
in which 50 tumor-bearing mice were castrated and then groups of
10 mice were euthanized on Day 7 or 14 (while tumors were
regressing); Day 28 or 35 (while tumors were recurring); or at
later time points when recurrent tumors reached ~10% of the
body weight. An additional 10 tumor-bearing mice were not cas-
trated. By IHC, tumors from noncastrated mice had very few
CD3+ T cells in tumor epithelium or stroma (Fig. 4a- noncas-
trated). In contrast, on Days 7 and 14 postcastration, 12/18 tumors
were densely infiltrated by CD3+ T cells (Fig. 4a- Day 7 and Day
14). By FACS analysis averaged over 3 experiments, ~55% of
tumor-infiltrating CD3+ T cells were CD8+, and ~24% were
CD4+ T cells. Over 95% of T cells were CD44 high, indicating
an activated phenotype (data not shown). By contrast, very few
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FiGure 4 — CD3+ T cell infiltration of Shionogi tumors after castration. () Anti-CD3 staining of Shionogi tumors shows dense infiltration of
CD3+ T cells beginning at Day 7 postcastration and reaching maximal levels at Day 14. By Day 28, when most of the tumors had recurred,
CD3+ T cells were sparse (400x). (b) Anti-FoxP3 staining of Shionogi tumors reveals that a minor subpopulation of CD3+ T cells expresses

FoxP3 (400x). (c) Representative recurrent tumors from mice sacrificed on Day 56 and Day 90 postcastration. Note that CD3+ T cells are
largely restricted to the peripheral stroma of tumors (200x).
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tumor-infiltrating cells expressed Granzyme B as assessed b
IHC, suggesting a paucity of mature cytolytic effector cells.
Tumors were also examined by IHC for cells expressing FoxP3, a
transcription factor expressed by regulatory T cells (Tregs).!
Very few FoxP3+ cells were seen in tumors from noncastrated
mice. In castrated mice, the number of tumor-infiltrating FoxP3+
cells was proportional to the number of CD3+ T cells (i.e., about
5-10%) (Fig. 4b). Finally, tumors from castrated or noncastrated
mice contained very few B cells, as assessed by IHC with an
antibody to Pax-5 (data not shown).

In contrast to the regressing tumors described earlier, recurrent
tumors contained relatively sparse CD3+ T cell infiltrates in
tumor epithelium (Fig. 4a- Day 28). Likewise, very few cells
expressing FoxP3, Granzyme B or Pax-5 were seen (Fig. 4b- Day
28 and data not shown). However, the peripheral and stromal
regions of recurrent tumors showed dense accumulations of
CD3+ T cells (Fig. 4c¢). Thus, it appears that recurrent Shionogi
tumors may avoid immune rejection by preventing the infiltration
of T cells into tumor epithelium.

Discussion

We recently showed that hormone and radiation therapy induce
antigen-specific autoantibody responses ina 51gn1ﬁcant proportion
of human prostate cancer patlents 3 however, it is not yet known
how these treatment-associated immune responses correlate with
clinical outcomes. To address this question experimentally, we
utilized the murine Shionogi carcinoma model, which exhibits
treatment-induced autoantibody responses similar to those seen in
human prostate cancer patients. We hypothesized that treatment-
induced autoantibody responses would be associated with delayed
time to tumor recurrence and prolonged survival. To investigate
this hypothesis, we first cloned PABPN1, the antigen that under-
lies treatment-induced autoantibody responses in this model. In
general, mice that developed PABPNI-specific autoantibodies
after castration also developed PABPNI1-specific T cell responses.
Contrary to our hypothesis, the development of PABPN1-specific
autoantibody and T cell responses was associated with more rapid
and frequent tumor recurrences. Mice with recurrent tumors
retained robust autoantibody and T cell responses to PABPNI,
and PABPN1 was still expressed at high levels by tumor cells.
Notably, however, recurrent tumors had greatly reduced lympho-
cytic infiltrates, with CD3+ T cells being restricted to peripheral
stromal regions. These findings raise concern that treatment-
induced immune responses may have a negative impact on clinical
outcomes in prostate cancer patients.

In human cancer, the relationship between tumor-associated
autoantibodies and clinical outcomes is controversial. Autoanti-
bodies to p53 have been associated with favorable outcomes in
some studies™** but not others.>>° Autoantibodies to other tar-
get antigens have been associated with improved prognosis in
melanoma, glioblastoma, gastric cancer and breast cancer.’®*
Importantly, however, the above studies have examined autoanti-
bodies present at the time of diagnosis, whereas our work in
humans and the Shionogi model has focused on autoantibody
responses that arise during treatment, an immunological process
that remains poorly understood.

Our findings raise the question of whether treatment-induced
immune responses might somehow promote tumor recurrence.
Indeed, there are several precedents for B cells and T cells pro-
moting tumor formation. For example, B cells were shown to play
an essential role in 1nﬂammat10n induced tumorlgene%m in a mu-
rine epithelial cancer model.> Likewise, in other murine models,
B cells were shown to inhibit T cell-mediated rejectlon of thy-
moma, melanoma and colon carcinoma cells.***” T cells too can
have pro-tumorigenic effects. For example, in chronic hepatitis B
and C infection, cytotoxic lymphocytes promote hepatocyte dam-
age and fibrosis, Wthh can lead to the development of hepatocel-
lular carcinoma.®® Likewise, T cells directed against Helicobacter
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pylori are thought to promote the development of gastric adeno-
carcinoma.

Although the above studies firmly establish a role for B and T
cells in promoting primary tumor formation, it remains unclear
whether immune responses can promote tumor recurrence after
standard treatments. In 6/16 cases from our study, autoantibody
responses to PABPNI1 appeared after recurrent tumors were
detected, which seems incompatible with the notion that autoanti-
bodies to PABPNI1 played a causative role in tumor recurrence.
An alternative possibility is that autoantibodies are a marker rather
than mediator of tumor recurrence. Indeed, the development of au-
toantibodies to PABPN1 was associated with tumors that
regressed more slowly after castration. It may be that a slower rate
of tumor regression allows sufficient time for antigen presentation
to the immune system, resulting in autoantibody and T cell
responses. Slowly regressing tumors may also be less androgen-
dependent and hence more likely to recur. Such a model provides
a plausible, indirect mechanism linking autoantibodies to tumor
recurrence. Future studies will directly test these possibilities by
depleting B and T cell subsets from mice and assessing the affect
on tumor recurrence.

In addition to autoantibodies, we detected robust T cell
responses to PABPN1 by IFN-y ELISPOT. Intriguingly, modest T
cell responses to PABPN1 were also seen in tumor-free mice that
underwent castration. This might be related to a direct effect of
castration on the thymus. In normal individuals, the thymus under-
goes age-related atrophy, which results in diminished T cell-de-
pendent antibody formation, generation of cytolytic T cells and T
cell responses to antigen stimulation.***' Castration can reverse
thymic atrophy, resulting in rapid restoration of peripheral T cell
numbers and function.**° Thus, castration-induced T cell
responses to PABPN1 may in part reflect the generalized homeo-
static expansion of lymphocytes in response to androgen depriva-
tion. The fact that even stronger T cell responses to PABPNI1
develop in tumor-bearing mice suggests that tumor cell apoptosis
further stimulates PABPN1-specific T cells through the release of
soluble antigen and/or inflammatory factors. Indeed, in the murine
TRAMP model of prostate cancer, castration has been shown to
enhance the expansion and functlon of adoptively transferred
tumor-specific CD4+ T cells.**

Castration-induced T cell responses were accompanied by the
rapid and dense infiltration of tumor epithelium by CD4+, CD8+
and FoxP3+ T cells. Intriguingly, HT of human prostate cancer
also promotes T cell infiltration of tumors, although the clinical
51gn1ﬁcance of this observation is not known.® It is noteworthy
that in primary prostate tumors collected prior to treatment, the
presence of tumor-infiltrating CD4+, CD8+ and CD20+ lympho-
cytes is associated with inferior outcomes,*® suggesting that, in
contrast to many other epithelial cancers, tumor-infiltrating lym-
phocytes may be a negative prognostic factor in prostate cancer.
In this study, we were unable to assess the relationship between T
cell infiltration of tumors and subsequent outcomes, because mice
had to be euthanized on Days 7—14 in order for T cell infiltration
to be assessed. However, when recurrent tumors were analyzed, T
cells no longer infiltrated tumor epithelium, but rather were re-
stricted to peripheral stromal regions. Thus, while Shionogi
tumors are initially permissive to T cell infiltration, recurrent
tumors appear to develop lymphocyte infiltration barriers. This
suggests that the T cell response triggered by castration may create
selective pressure for the development of immunologically resist-
ant tumors upon recurrence. It will be interesting to assess whether
recurrent human prostate tumors are similarly devoid of T cells.

PABPNI is a ubiquitously expressed protein that is involved in
the polyadenylation of mRNA in eukaryotes. Although PABPN1
has not been directly implicated in cancer, aberrant expansion of
the trinucleotide repeat in a polyalanine tract of the PABPN1 gene
causes oculopharyngeal muscular Istrophy, an autosomal
dominant inherited disorder in humans.” The role of PABPN1 in
transcription may explain its high level of expression in Shionogi
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tumor cells.* It may seem counter intuitive that a widely
expressed protein such as PABPN1 would be a target antigen of
castration-induced 1mmune responses in the Sthl’lOgl model.
However, Savage et al.*® described a naturally arising CD8+ T
cell response against a peptide derived from histone H4, a ubiqui-
tously expressed protein, in the murine TRAMP prostate cancer
model. Moreover, in our study of treatment-induced autoantibody
responses in human prostate cancer patients, many of the underly-
ing antlgens were widely expressed proteins.'> Thus, treatment-
induced immune responses are not necessarily directed against tu-
mor-specific proteins, but might instead involve a breakdown of
peripheral tolerance to widely expressed self proteins, as occurs in
many autoimmune conditions.

How relevant is this study to human prostate cancer? A priori,
there is no reason to believe that PABPN1 itself is an important
target antigen in human prostate cancer. Indeed, we tested serum
samples from 14 patients by Western blot for the presence of auto-
antibodies to recombinant PABPN1; only 1 of 14 patients demon-
strated autoantibodies to PABPN1, and the response was detected
in both pre- and post-HT serum samples (data not shown). This
fits with the general finding that human prostate cancer patients
recognize a large repert01re of tumor antigens that differ widely
between patients.'? Rather than the specific target antigen being
relevant, we believe this study raises important, fundamental ques-
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tions about the impact of treatment-induced immune responses on
clinical outcomes. It is a clinical reality that hormone and
radiation therapy 1nduce autoantlbody responses in 20-30% of
prostate cancer patients.'* If the results from the Shionogi tumor
model translate to humans, then treatment-induced autoantibody
responses may portend early recurrence. We are investigating
this issue in our human prostate cancer cohort as long-term out-
comes data becomes available.'® If treatment-induced immune
responses do indeed show an association with inferior outcomes in
humans, this may present an opportunity to improve standard clin-
ical practice. For example, it may prove beneficial to transiently
suppress the immune system during hormone and radiation ther-
apy to avoid generating maladaptive immune responses. Alterna-
tively, it may be possible to skew immune responses toward a ben-
eficial effector phenotype by treating patients with immune stimu-
latory cytokines or other agents as they undergo standard
treatments.
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Abstract

Purpose: We previously reported a randomized phase II clinical trial combining a poxvirus-based vac-
cine encoding prostate-specific antigen (PSA) with radiotherapy in patients with localized prostate cancer.
Here, we investigate whether vaccination against PSA induced immune responses to additional tumor-
associated antigens and how this influenced clinical outcome.

Experimental Design: Pretreatment and posttreatment serum samples from patients treated with vac-
cine + external beam radiation therapy (EBRT) versus EBRT alone were evaluated by Western blot and
serologic screening of a prostate cancer cDNA expression library (SEREX) to assess the development of
treatment-associated autoantibody responses.

Results: Western blotting revealed treatment-associated autoantibody responses in 15 of 33 (45.5%)
patients treated with vaccine + EBRT versus 1 of 8 (12.5%) treated with EBRT alone. SEREX screening
identified 18 antigens, which were assembled on an antigen array with 16 previously identified antigens.
Antigen array screening revealed that 7 of 33 patients (21.2%) treated with vaccine + EBRT showed a
vaccine-associated autoantibody response to four ubiquitously expressed self-antigens: DIRC2, NDUFS1,
MRFAP1, and MATN2. These responses were not seen in patients treated with EBRT alone, or other con-
trol groups. Patients with autoantibody responses to this panel of antigens had a trend toward decreased
biochemical-free survival.

Conclusions: Vaccine + EBRT induced antigen spreading in a large proportion of patients. A subset of
patients developed autoantibodies to a panel of four self-antigens and showed a trend toward inferior
outcomes. Thus, cancer vaccines directed against tumor-specific antigens can trigger autoantibody
responses to self-proteins, which may influence the efficacy of vaccination. Clin Cancer Res; 16(15);

4046

4046-56. ©2010 AACR.

Prostate cancer is the most frequently diagnosed cancer
in North American men and remains the second leading
cause of cancer-related death in men despite the improve-
ment of early detection using prostate-specific antigen
(PSA) screening. Choice of curative treatment for localized
disease is challenging and is based on several factors,
including stage and grade of disease, PSA value, comor-
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bidities, and patient preference. In general, localized dis-
ease is treated with either surgery or radiation therapy
(external beam or brachytherapy), with the addition of
androgen deprivation therapy (ADT) for higher risk
patients. Unfortunately, ~35% of patients fail definitive
local therapy within 10 years as evidenced by an increase
in PSA, often due to occult metastatic disease (1). Most
recurrences are treated with ADT, which, while initially
efficacious, inevitably develops into castration-resistant
disease. Although chemotherapy can provide modest
benefit at this stage, recurrent cancers are incurable. Thus,
there is a clear need for more effective therapies for both
primary and recurrent disease.

There is considerable evidence that the immune system
recognizes prostate tumors in a significant proportion of
patients. Serum antibody responses to several different anti-
gens have been detected in patients with prostate cancer
(2-9). The presence of tumor-infiltrating lymphocytes pro-
vides additional evidence that prostate tumors are recog-
nized by the immune system. Vesalainen et al. (10) found
that tumors with lower densities of tumor-infiltrating
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Vaccination Induces Antigen Spreading in Prostate Cancer

Translational Relevance

Although cancer vaccines offer promise as a new
form of treatment, the results of most cancer vaccine
trials to date have been disappointing. To improve
on these results, we require a better understanding of
the effect of vaccination on the patient's immune sys-
tem. This report is focused on patients with localized
prostate cancer who were treated as part of a phase II
clinical trial with a recombinant poxvirus-based vac-
cine targeting prostate-specific antigen (PSA). In addi-
tion to inducing immunity to PSA, as intended,
vaccination induced autoantibody responses to a panel
of widely expressed self-antigens in a significant pro-
portion of patients. Moreover, these vaccine-induced
autoantibody responses seemed to be associated with
inferior outcomes. Therefore, tumor-specific vaccines
can induce immune responses to self-proteins in pa-
tients, which we hypothesize may compromise thera-
peutic efficacy by provoking regulatory responses by
the host to minimize autoimmune damage.

lymphocyte were associated with higher risk of tumor pro-
gression and poor prognosis; however, in another study, the
presence of CD4+, CD8+, and CD20+ tumor-infiltrating
lymphocytes in primary prostate tumors was associated
with inferior outcomes (11). Thus, the immune system
responds to prostate tumors, but it is unclear whether these
responses are beneficial or detrimental to patients.
Although much is known about immune responses at
the time of diagnosis, far less is known about how tumor
immunity changes when patients undergo treatment. We
have recently shown that ADT and radiation therapy induce
autoantibody responses to a variety of tumor-associated
antigens in 17% to 30% of prostate cancer patients
(12). Although we do not yet know the influence of these
treatment-associated immune responses on clinical out-
comes, we examined this issue in a mouse model. Using
the androgen-dependent Shionogi carcinoma model, we
found that castration (the experimental equivalent of
ADT) induced autoantibody and T-cell responses to the
self-antigen PABPN1 in ~50% of animals. Remarkably,
mice that developed autoantibody and T-cell responses
to PABPN1 showed a higher rate and shorter latency of
tumor recurrence (13). Thus, castration-induced autoanti-
body responses are associated with inferior outcomes in
the Shionogi tumor model, consistent with a growing
number of studies indicating that antitumor immunity
can sometimes promote tumor growth (14-17).
Although the foregoing discussion concerns the effects
of standard treatments on tumor immunity, many groups
are attempting to use vaccines to deliberately induce an
immune response to prostate cancer. We conducted a clin-
ical trial in which patients with localized prostate cancer
were treated with a combination of external beam radia-
tion therapy (EBRT; with or without neoadjuvant ADT)

and a poxvirus-based vaccine encoding PSA (18, 19). Ini-
tially, 30 patients were randomized to receive EBRT with
PSA vaccine (vaccine + EBRT; n = 19) or EBRT alone
(n = 11; ref. 18). Patients in the vaccine arm also received
granulocyte-macrophage colony-stimulating factor
(GM-CSF) and low-dose interleukin 2 (IL-2) as immuno-
logic adjuvants. The primary end point was immunologic
response specific to PSA. We found that 13 of 17 patients
treated with vaccine + EBRT had significantly increased
PSA-specific T-cell responses compared with 0 of 8 patients
treated with EBRT alone. However, most patients on the
vaccine arm were not able to receive the full dose of IL-2
due to significant adverse events. Therefore, we treated an
additional 18 patients with vaccine + EBRT and lowered
the dose of IL-2 from 4 MIU/M?/d for 5 days to
0.6 MIU/M?/d for 14 days (19). Use of very low-dose
IL-2 significantly reduced the number of adverse events
while still promoting vaccine-induced T-cell responses.

In addition to the significant increases in PSA-specific
CD8+ T cells seen in the majority of vaccinated patients,
there was also evidence of antigen spreading in 9 of 13
vaccinated patients, as manifested by the development of
T-cell responses to antigens not contained in the vaccine,
including PSMA, PAP, PSCA, MUC-1, XAGE-1, and PAGE-
4 (18, 19). Such responses were also seen in one of six
evaluated patients receiving EBRT alone. These positive re-
sults with a limited set of known prostate cancer antigens
led us to hypothesize that antigen spreading may have ex-
tended to a broader repertoire of prostate cancer antigens.
To test this hypothesis, we used Western blotting and
SEREX immunoscreening to broadly assess the develop-
ment of autoantibody responses to prostate antigens in
patients from this trial.

Materials and Methods

Subjects and treatment schedule

This study included 41 prostate cancer patients from a
clinical trial (00-C-0154) conducted at the National Can-
cer Institute (18, 19). The dlinical trial protocol was ap-
proved by the Institutional Review Board of the National
Cancer Institute, and the current immunologic study was
approved by the University of British Columbia/British
Columbia Cancer Agency Research Ethics Board. On this
trial, men with previously nontreated, biopsy-confirmed
prostate cancer were treated with EBRT or vaccine + EBRT.
ADT was also given to most patients (n = 34) at the discre-
tion of the attending radiation oncologist. The first vacci-
nation cycle consisted of a priming dose of vaccinia PSA
admixed with vaccinia B7.1, given on day 2. Patients then
received seven boosts with fowlpox PSA on a 28-day cycle.
GM-CSF was given at 100 pg/d at the vaccination site on
days 1 to 4 of each cycle. IL-2 was given s.c. in the abdo-
men either at 4 MIU/M? on days 8 to 12 (n = 17) or at
0.6 MIU/M? on days 8 to 21 (n = 16). EBRT was adminis-
tered after the third cycle of vaccine and consisted of a to-
tal dose of 70 Gy, with 1.8 to 2.0 Gy fractions given over 2
months (over cycles 4 and 5 of vaccine). In the vaccine
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arm, blood samples were collected before vaccine treat-
ment was initiated, after every vaccine cycle and after all
treatment was completed. In the EBRT arm, blood samples
were collected before EBRT, immediately after, and 3
months after completion of EBRT.

An additional 24 prostate cancer patients receiving stan-
dard treatment at the BC Cancer Agency in Victoria, British
Columbia, Canada served as controls. Of these, 15 pa-
tients were treated with ADT + EBRT, whereas 9 patients
chose active surveillance. Fifteen age-matched men with
no personal history of prostate cancer served as an addi-
tional control group. Blood samples were collected with
informed consent and approval from the University of
British Columbia/British Columbia Cancer Agency Re-
search Ethics Board. Patient characteristics and treatment
categories are summarized in Table 1.

Western blot assay

Western blots were done as previously described (12).
Briefly, 400 ng of protein isolated from LNCaP and PC3
cells was separated by standard PAGE and transferred to
nitrocellulose. Sera were diluted 1:500 in Blotto (5% dry
milk powder, 0.1% Tween 20, 50 mmol/L Tris, 150 mmol/L
NacCl) and incubated for 1 hour at room temperature using
the Mini Protean II MultiScreen multichannel immuno-
blotting device (Bio-Rad). The membrane was then incu-
bated for 1 hour at room temperature with horseradish
peroxidase-conjugated goat anti-human IgG secondary

antibody (H+L; Jackson ImmunoResearch), diluted to
1:10,000, and visualized by enhanced chemilumines-
cence. Pretreatment and posttreatment sera were run
against both LNCaP and PC3 protein lysate a minimum
of two times each.

SEREX screening and antigen arrays

SEREX screening of a previously described prostate can-
cer phage cDNA expression library (12) was done using
posttreatment serum samples from six patients who
showed treatment-associated serologic changes by Western
blot. To make screening more efficient, sera were pooled
in pairs, with each serum represented at a 1:200 dilution.
Approximately 3.0 to 4.8 x 10* clones were screened with
each patient serum. Screening of the prostate cancer library
and antigen arrays was carried out as previously described
(12, 20). Antigen arrays were screened with a 1:200 dilu-
tion of pretreatment and posttreatment serum from the 33
vaccine + EBRT, 8 EBRT without vaccine, 15 ADT+EBRT,
and 9 active surveillance prostate cancer patients as well
as 2 serial serum samples from 15 cancer-free controls.

Results

Serologic changes associated with vaccination
against PSA

To broadly assess vaccine-induced immune responses,
patient sera were first analyzed by Western blot against

Table 1. Patient characteristics and treatment categories
Vaccine + EBRT* EBRT (no vaccine) ADT + EBRT ww
No. patients 33 8 15 9
Age, median (range) 61 (50-76) 70 (61-80) 69 (57-79) 67 (60-80)
Gleason score, n (%)
5 2 (6.1) 0 (0) 0 (0) 1(11.1)
6 8 (24.2) 2 (25) 5 (33.3) 7 (77.8)
7 9 (27.3) 5 (62.5) 10 (66.7) 1(11.1)
8 7 (21.2) 1 (12.5) 0 (0) 0 ()
9 7 (21.2) 0 (0) 0 (0) 0 (0)
Median 7 7 7 6
Stage, n (%)
T4 12 (36.4) 4 (50) 2 (13.3) 7(77.8
T, 15 (45.5) 1 (12.5) 7 (46.7) 2222
T3 6 (18.2) 3 (37.5) 6 (40) 0 (0)
PSA at diagnosis (ng/mL)
Median (range) 14.7 (3.84-206) 9.66 (5.5-23) 11.3 (3.1-100) 6.2 (3.1-18)
Risk group, n (%)
Low 5 (15.2) 1(12.5) 3 (20) 7 (77.8
Intermediate 7 (21.2) 2 (25) 3 (20) 2 (22.2)
High 21 (63.6) 5 (62.5) 9 (60) 0 (0)
Abbreviation: WW, watchful waiting = active surveillance.
*The vaccine + EBRT and EBRT (no vaccine) patients were part of the NIH 00-C-0154 clinical trial. The ADT + EBRT and WW
patients were treated by standard therapy at the BC Cancer Agency Vancouver Island Centre.
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>

Fig. 1. Treatment with vaccine + EBRT or
EBRT without vaccine induces autoantibody
responses to a variety of tumor antigens.
Western blot analysis of serum from six patients
probed against LNCaP (A-C) or PC3 (D) cell
lysates. A, treatment with vaccine + EBRT

in patient NIH-33 is associated with the
development of autoantibody responses
against antigens of approximately 65 and 28
kDa. B, vaccine + EBRT treatment in patients
NIH-43, NIH-03, and NIH-04 is associated with
the development of autoantibody responses
against a ~55-kDa antigen in all three patients
(arrows). C, vaccine + EBRT treatment in patient
NIH-32 is associated with development of
autoantibody responses to two antigens of
approximately 90 and 28 kDa. D, patient
NIH-02, treated with EBRT without vaccine,
developed an autoantibody response to

a ~53-kDa antigen.
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lysates from the prostate cancer cell lines LNCaP and PC3,
as per Nesslinger et al. (12, 21). Two groups of patients
were assessed as follows: those who received vaccine +
EBRT (n = 33) and those who received EBRT without vac-
cine (n = 8). Of the patients receiving vaccine + EBRT, 15
of 33 (45.5%) showed a serologic change when comparing
the prevaccine and postvaccine serum samples (Fig. 1). In
contrast, only 1 of 8 (12.5%) patients who received EBRT
without vaccine showed a serologic change during EBRT,
in accord with our previous study of an independent co-
hort of patients receiving EBRT (12). The difference be-
tween the vaccine + EBRT versus EBRT without vaccine
groups was not statistically significant (P = 0.12, Fisher's
exact test), likely due to the low number of patients in
the EBRT without vaccine group. Indeed, if we increase
the sample size of the EBRT without vaccine group by in-
cluding patients from our prior study (12), the trend
reaches significance (P = 0.003, Fisher's exact test; 15 of
33 vaccine + EBRT versus 5 of 40 EBRT without vaccine).
Thus, vaccination seems to induce serologic changes be-
yond those induced by EBRT.

A wide variety of antigens seemed to underlie the vaccine-
associated serologic changes, as evidenced by the diversity
of protein sizes seen on Western blot (Fig. 1). Although
the majority of serologic changes were seen with both
LNCaP and PC3 protein lysates, four serologic changes
were seen with one protein lysate but not the other, indi-
cating these two cell lines have somewhat distinct antigen
repertoires.

Identification of antigens underlying vaccine-induced
autoantibody responses

To identify the antigens underlying the above serologic
changes, we performed SEREX immunoscreening of a
cDNA expression library derived from the prostate cancer

cell lines LNCaP, PC3, and DU-145 (12). The library was
screened with posttreatment serum samples from six pa-
tients who had shown vaccine-associated serologic
changes by Western blot (patients NIH-04, NIH-32,
NIH-33, NIH-37, NIH-43, and NIH-10). Eighteen antigens
were identified, representing a wide range of structural and
functional protein classes (Supplementary Table S1). To
assess serologic responses to these antigens across the en-
tire patient cohort, SEREX antigen arrays were constructed
containing these 18 antigens plus 16 antigens derived
from previous SEREX screens of the same prostate cancer
library, a cancer-testis library, and an ovarian cancer li-
brary (ref. 12; Supplementary Table S1). Antigen arrays
were screened with pretreatment serum (serum collected
before initiation of vaccine or EBRT) and posttreatment
serum (i.e., serum collected after completion of all eight
cycles of vaccine and/or EBRT) from all patients from the
clinical trial (33 vaccine + EBRT patients and 8 EBRT
without vaccine patients). Arrays were also screened with
pretreatment and posttreatment sera from an additional
group of patients treated with standard ADT + EBRT.
Finally, as additional controls, antigen arrays were
screened with serial serum samples from prostate cancer
patients undergoing active surveillance (n = 9), as well as
age-matched men with no personal history of prostate
cancer (n = 15).

This analysis revealed several patterns of autoantibody
response. First, some antigens were recognized at baseline
(i.e., pretreatment) by multiple cancer patients and cancer-
free controls, suggesting they represent normal autoanti-
gens (Supplementary Table S2). Second, some antigens
showed baseline responses in prostate cancer patients only
(Supplementary Table S2). Third, and of greatest interest,
some antigens were associated with treatment-induced
autoantibody responses. Specifically, 7 of 33 (21.2%)
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patients in the vaccine + EBRT group (compared with 0 of
8 patients in the EBRT without vaccine group) showed
treatment-induced autoantibody responses by antigen ar-
ray (Table 2). Of these seven patients, five had shown a
response by Western blot in the preceding section, whereas
two had not. Thus, when the results of the Western blot and
the antigen array were combined, the total number of treat-
ment-induced autoantibody responses was 17 of 33
(51.5%) in the vaccine + EBRT group and 1 of 8 (12.5%)
in the EBRT without vaccine group (P = 0.059, Fisher's exact
test; Table 2). Again, this reached statistical significance
when we included additional EBRT without vaccine
patients from our previous study; 17 of 33 vaccine + EBRT
versus 6 of 40 EBRT without vaccine; P = 0.0009, Fisher's
exact test; ref. 12).

Remarkably, all seven patients from the vaccine + EBRT
group who showed a treatment-induced autoantibody re-
sponse recognized the same set of four antigens: DIRC2,
NDUFS1, MRFAP1 and MATN2 (Figs. 2 and 3). These se-
rologic responses were unique to vaccinated patients, as
they were not seen in any other treatment or control
group. This is the first time in our experience that multiple
individuals showed treatment-induced responses to a
common set of antigens; therefore, we hypothesized that
these responses may have been induced by vaccination.
Indeed, analysis of serial serum samples revealed that, in
all seven patients, autoantibody responses to DIRC2,
NDUFS1, MRFAP1, and MATN2 arose after three cycles
of vaccination but before EBRT (Fig. 2B). Thus, this
vaccine regimen induces autoantibody responses to a
common set of autoantigens in a significant proportion
of patients.

In an attempt to explain why patients might show auto-
antibody responses to a common set of antigens, we con-
sidered the possibility that the observed autoantibodies
might be cross-reactive. To assess this, we performed se-
quence homology comparisons between the four antigens,
as well as the viral vectors contained in the priming and
boosting vaccines. Messenger RNA and protein sequences
for DIRC2, NDUFS1, MRFAP1, MATN2, PSA, B7.1, GM-
CSF, and IL-2 were obtained from the Genbank database,
as were the complete nucleotide sequences of the vaccinia
and fowlpox virus genomes. The sequence alignment
program ClustalW2 was used to cross-compare all of these

sequences (22). There were stretches of homology between
the viral vectors and each of the antigens; however, these
were short (less than eight nucleotides) and were not
shared between the antigens. Similarly, there was little
homology between the four antigens and the vaccine
components at either the nucleotide or amino acid level
(less than eight nucleotides or three amino acids). Align-
ment between the four antigens themselves revealed no
homology at the nucleotide or amino acid level, making
it unlikely that the observed autoantibody responses
resulted from cross-reactivity.

In our prior study, we reported that 9 of 13 vaccinated
patients from this clinical trial had shown evidence of anti-
gen spreading, as manifested by the development of T-cell
responses to prostate-associated antigens not contained in
the vaccine, including PSMA, PAP, PSCA, MUC-1, XAGE-1,
and PAGE-4 (18, 19). Of these nine patients, three also
showed treatment-associated autoantibody responses by
either Western blot or antigen array in the present study.
Conversely, of the 17 patients who showed autoantibody
responses, 3 also showed antigen spreading by T-cell assays.
Thus, although there was some overlap between autoanti-
body and T-cell responses, these seemed to be largely inde-
pendent phenomena (Supplementary Table S3).

We considered whether the seven patients who showed
treatment-induced responses against the four antigens
had any clinical characteristics in common. Their ages
(range, 51-73 y) and ADT use (five of seven patients)
were typical of the entire cohort. Five of the patients were
treated with IL-2 at the 4 MIU/M? dose, whereas the
remaining two received the very low 0.6 MIU/M? dose.
Finally, the seven patients showed no unusual features
with respect to the severity of their prostate cancer:
Gleason scores ranged from 6 to 8 (median 6.5); stages
ranged from Tlc to T3b; risk stratification ranged from
low to high; and PSA values at diagnosis ranged from
5.7 to 206 (Supplementary Table S4). Thus, these
patients had no obvious clinical characteristics that
distinguished them from the rest of the cohort.

Kaplan-Meier analysis was done to compare the bio-
chemical-free survival of patients in the vaccine + EBRT
group who did or did not show treatment-induced auto-
antibody responses by Western blot or antigen array. There
was no trend or significant difference between the two

array, or both

Table 2. Frequency of treatment-induced autoantibody responses observed by Western blot, antigen

Vaccine +EBRT EBRT ADT+EBRT ww Cancer-free controls
(n =33) (no vaccine; n = 8) (n =15) (n=9) (n =15)
Western blot 15 (45.5%) 1 (12.5%) 3* (20.0%) 1(11.1%) 0 (0%)
Antigen array 7 (21.2%) 0 (0%) 2* (13.3%) 1(11.1%) 0 (0%)
Overall 17 (51.5%) 1 (12.5%) 3 (20.0%) 1(11.1%) 0 (0%)

published results (Nesslinger et al. 2007).

*The treatment-induced responses observed in the ADT + EBRT patients by Western blot and antigen array confirms our previously
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groups when autoantibody responses to all antigens were
considered (P = 0.9537, log-rank test; Fig. 4A). Similarly,
there was no significant difference between those patients
that had a positive or negative T-cell response to PSA and
biochemical-free survival (P = 0.5339, log-rank test). How-
ever, the seven patients who showed autoantibody re-
sponses to the panel of four common antigens (DIRC2,
NDUFS1, MRFAP1, and MATN2) showed a trend toward
decreased survival (P = 0.1136, log-rank test; Fig. 4B). In-
deed, four of seven of these patients showed biochemical
failure, compared with only one of eight nonvaccinated
patients. Although not statistically significant, these results
suggest that vaccination might not only be ineffective but
actually detrimental to patients in those cases in which auto-
antibody responses to ubiquitous antigens are induced.

Discussion

The use of vaccines to augment the immune response to
cancer has been the focus of intense investigation for sev-

eral decades. Although there have been occasional clinical
successes, overall results have been disappointing. The rea-
son for vaccine failure is not known in most cases; however,
known barriers to success include tolerance to self-antigens,
generation of antigen-loss variants, inadequate immuno-
logic danger signals, and expression of immunosuppressive
factors in the tumor microenvironment (23, 24). This study
focused on patients with localized prostate cancer who
were treated with a recombinant poxvirus-based vaccine
containing PSA in combination with radiation therapy
(18, 19). By serologic analyses, we found that 17 of 33
(51.5%) of patients developed autoantibody responses af-
ter vaccination. Remarkably, seven of these patients devel-
oped autoantibody responses to a common set of four
antigens. This phenomenon seemed to be unique to vacci-
nation, as it was not observed in patients receiving EBRT
without vaccine in this study or our previous study (12).
Patients who developed an autoantibody response to
the panel of four antigens showed a trend toward reduced
biochemical-free survival, suggesting the vaccine could
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potentially have induced a detrimental immune response

in these patients.

A priori, autoantibodies could play either a beneficial or
detrimental role in cancer depending on several factors,

including the particular antigen. For example, one could
imagine that autoantibody responses to tumor-specific
antigens might be beneficial, as they could specifically
target tumor cells for destruction by complement or
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Fig. 3. Summary of all treatment-
associated autoantibody
responses detected by antigen
array. @, positive autoantibody
responses against the indicated
antigen. Of 33 patients treated with
vaccine + EBRT, seven patients
(NIH-35, NIH-03, NIH-43, NIH-006,
NIH-7, NIH-11, and NIH-28)
developed autoantibody
responses to a common set of four
antigens (DIRC2, NDUFS1,
MRFAP1, and MATN2). Patients
NIH-43 and NIH-28 showed an
additional treatment-induced
response to BRD9 and DLD,
respectively. Responses to these
antigens can be attributed to the
vaccine, as they appeared after
three cycles of vaccine but before
initiation of EBRT. Additionally,
they are not seen in patients
treated with ERBT without vaccine
(n = 8), ADT + EBRT (n = 15),
watchful waiting (WW, n = 9), nor
in cancer-free controls (n = 15).
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Fig. 4. Kaplan-Meier analysis of biochemical-free survival in relation

to the development of autoantiobdy responses. A, patients were stratified
according to the presence or absence of treatment-associated
autoantibody responses to any antigen seen by Western blot or antigen
array. The outcomes of the two groups were similar (P = 0.9537).

B, patients were stratified according to the presence or absence of
treatment-associated autoantibody responses to the panel of four
antigens (DIRC2, NDUFS1, MRFAP1, and MATN2) as assessed by
antigen arrays. There is a trend toward decreased survival in
autoantibody-positive patients (P = 0.1136).

antibody-dependent cellular cytotoxicity. By contrast,
autoantibody responses to broadly expressed self-antigens
(as reported here) could potentially be detrimental, as they
might provoke or reflect tolerizing immune responses that
serve to minimize autoimmune damage. In reality, many
tumor antigens lie somewhere between “tumor specific”
and “self”-antigens, and there is no clear consensus on
their association with clinical outcomes. The significance
of autoantibodies against p53 has been most extensively
studied, with some studies finding a positive correlation
with clinical outcome (25, 26) and others a negative cor-
relation with outcome (27-31). Autoantibodies to other
antigens have been associated with improved prognosis
in glioblastoma (32), melanoma (33), gastric cancer
(34), and breast cancer (35). Although most of these stud-
ies examined the levels of autoantibodies at the time of
diagnosis, some examined the development of autoanti-
bodies during treatment. For example, in a clinical trial

of melanoma patients treated with IFN-a2B, the develop-
ment of autoantibodies and clinical signs of autoimmunity
were associated with prolonged survival (36).

In the setting of prostate cancer, several groups have con-
ducted phase II clinical trials using GVAX, an allogeneic
vaccine composed of the LNCaP and PC3 prostate cancer
cell lines engineered to secrete GM-CSF (37-39). By im-
munoblot analysis, vaccination induced the development
of autoantibody responses to LNCaP or PC3 antigens in
79% of patients in one study (38) and 43% to 89% of
patients (depending on dose) in a second study (39). In
general, these responses were directed against a diverse
set of antigens. However, a subset of patients exhibited
new or enhanced autoantibody responses to the self-
protein filamin-B, which was associated with favorable
changes in PSA kinetics (37-39). By contrast, in the pres-
ent study, the development of autoantibodies during vac-
cination seemed to be associated with inferior outcomes.
Although this trend did not reach statistical significance,
possibly due to insufficient sample size, it supports the
idea that vaccine-induced autoantibody responses might
be detrimental under some conditions.

There are several differences between the present study
and the GVAX studies that could account for the different
associations between autoantibodies and outcome. With
the GVAX approach, autoantibodies are likely induced by
a classic, direct immunization mechanism because the
cell-based vaccine presented a full complement of human
proteins in the context of a strong adjuvant. Thus, the devel-
opment of autoantibody responses may reflect a successful
vaccination overall, hence the correlation to favorable out-
comes. By contrast, with the viral vectors used in our trials,
autoantibody responses likely developed by an indirect
mechanism because the target antigens were not contained
within the vaccine. In this scenario, the autoantibody re-
sponse might arise as a consequence of inflammation at
the tumor site, secondary to T-cell recognition of tumor
cells expressing the target antigen PSA. One could further
speculate that this indirect form of autoantibody induction
might be associated with ineffective T-cell responses, such
as Th2 responses, rather than cytolytic Th1 responses, which
are generally more effective against tumors.

An alternative explanation for the observed trend be-
tween autoantibody responses and inferior outcome is
that tumors of higher malignant potential could potential-
ly be more immunogenic. However, we saw no obvious
differences between the relevant characteristics of patients
who developed autoantibody responses to broadly ex-
pressed self-antigens and the remainder of the patients
(Supplementary Table S4).

The present results are reminiscent of our recent findings
in the Shionogi mouse model (12, 13). The Shionogi tu-
mor line is highly androgen-dependent and forms adeno-
carcinomas when implanted in male mice. Castration of
host mice results in rapid regression of established tumors,
similar to hormone therapy in human prostate cancer. In
50% to 75% of mice, castration-induced tumor regression
is accompanied by the development of autoantibody and
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T-cell responses to a self-antigen we identified as poly(A)
binding protein N1 (PABPN1). Remarkably, mice that de-
veloped autoantibody and T-cell responses to PABPN1
showed inferior outcomes, as manifested by an increased
rate of tumor recurrence (13). We are currently investigat-
ing whether B and/or T-cell responses to PABPN1 actively
promote tumor recurrence in this model or simply serve as
markers of other biological processes associated with tu-
mor recurrence. In support of the former possibility, it
has recently been shown in a mouse model of prostate
cancer that androgen ablation results in infiltration of re-
gressing tumors with leukocytes, including B cells (40).
Importantly, tumor-infiltrating B cells were shown to pro-
duce cytokines such as lymphotoxin that activate IKK-a
and signal transducers and activators of transcription 3
in prostate tumor cells, thereby enhancing hormone-free
survival and the transition to androgen independence
(40). Other studies have also shown a protumorigenic role
for B-cell responses. For example, B cells (or serum antibo-
dies) were shown to promote primary tumor formation in
a transgenic mouse model of inflammation-associated car-
cinogenesis (17). Furthermore, B cells were shown to in-
hibit T cell-mediated rejection of thymoma, melanoma,
and colon carcinoma cells in other murine studies (41,
42). Thus, there is abundant evidence that B-cell responses
can promote the development or progression of cancer.
It remains unclear why the antigens DIRC2, NDUFS1,
MRFAP1, and MATN2 were common targets of autoanti-
body responses. According to public databases, all four
proteins are ubiquitously expressed in most normal and tu-
mor tissues, and only DIRC2 seems to be overexpressed in
prostate cancer tissue compared with normal prostate tis-
sue. As mentioned, the four antigens do not share signifi-
cant sequence homology with each other or with other
coding sequences in the viral vectors. Nonetheless, it is for-
mally possible that these antigens share conformational
similarities that are not evident from their primary se-
quence. In our prior study of ovarian cancer, we found that
autoantibody responses were biased toward gene products
on chromosome 17 (20); however, the four antigens iden-
tified here are located on chromosomes 3, 2, 4, and 8, re-
spectively. In addition, the four antigens have unique
cellular functions. Disrupted in renal carcinoma protein 2
(DIRC2) is a membrane-bound protein with homology to
members of the major facilitator superfamily of transpor-
ters. Intriguingly, it was identified as a breakpoint spanning
gene on chromosome 3 in a constitutional familial case of
a t(2;3)(q35;921) translocation resulting in hereditary re-
nal cell carcinoma (43). Mof4 family associated protein 1
(MRFAP1) is an intracellular protein that associates with
members of the mortality factor on chromosome
4/MORF4-related gene (MORF4/MRG) family as well as
the tumor suppressor protein Rb and thus may play a role
in cell growth, immortalization, and/or senescence (44).
Matrilin-2 (MATN?2) is a secreted adaptor protein of the
extracellular matrix that plays a role in cell growth and
tissue remodeling (45). Interestingly, we initially cloned
MATN2 from an ovarian cancer library using serum from

an ovarian cancer patient, suggesting that autoantibodiesto
this antigen are not unique to prostate cancer. Finally,
NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75
kDa (NADH-coenzyme Q reductase; NDUFS1) is a subunit
of respiratory complex I located at the mitochondrial inner
membrane. Intriguingly, caspase-mediated cleavage of
NDUFS1 is required for several mitochondrial changes
during apoptosis (46), which fits with the general notion
that caspase-mediated cleavage of proteins can generate
neoepitopes that trigger autoantibody responses (47-49).
We are currently investigating whether these four proteins
serve as autoantigens in the context of other cancer vaccines.
In summary, our results provide further evidence that
cancer vaccines targeting a single antigen such as PSA
can induce broader immune responses involving multiple
host antigens. Although this process of antigen spreading
is generally considered a desirable outcome of vaccination,
our findings suggest that this assumption may not be uni-
versally true. We propose that further studies involving
other vaccine strategies are warranted. For example, we
vaccinated patients in conjunction with EBRT and, in
some cases ADT, both of which can contribute to the de-
velopment of autoantibody responses, albeit not to the
four antigens described here (12). Although the sample
size is small, it is interesting to note that of the patients
with treatment-induced immune response to the panel of
antigens, all four patients who recurred had received prior
ADT (Supplementary Table S4). We also included GM-CSF
in the vaccine formulation, which several recent studies
suggest might be a suboptimal adjuvant for cancer vaccines
(50, 51). Finally, the use of IL-2 in the vaccine formulation
may have played a role; notably, all four autoantibody-
positive patients who recurred received the higher dose
of IL-2 (Supplementary Table S4). To better understand
the contribution of GM-CSF and IL-2 to the development
of autoantibody responses, we intend to analyze samples
from patients who received poxvirus-based vaccines with-
out these adjuvants (52, 53). Going forward, if autoanti-
body responses are indeed detrimental to the efficacy of
cancer vaccines, it may be possible to dampen or redirect
these responses using other immunomodulatory agents
that promote cytolytic over humoral immune responses.
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SUPPORTING DATA:

3-L1 Pre-castration
No Tx. Pre-castration

3-L1 Terminal
3-L2 Pre-castration

3-L2 Terminal
4-NP Pre-castration

4-NP Terminal
4-R1 Pre-castration

3-L1 Pre-tumour
3-L2 Pre-tumour
4-NP Pre-tumour
4-R1 Pre-tumour
4-R1 Terminal

No Tx. Pre-tumour
No Tx. Terminal
Positive Control

— 75

— 50

Figure 1. Castration induced an antibody response against PABPNL1 in a large proportion of
mice. Purified, soluble, E. coli recombinant PABPN1 (10 pg) was probed with pre-tumour, pre-
castration, and terminal serum samples obtained from castrated mice 3-L1, 3-L2, 4-NP, 4-R1,
and a tumour-bearing, non-castrated (No Tx.) mouse. 3-L1 and 3-L2 were sacrificed on day 28
post-castration and 4-NP and 4-R1 were sacrificed on day 33 post-castration. The arrow shows
the PABPN1 seroreactive band.
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Figure 2. Anti
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14 days post-

showed dense infiltration of CD3+ T cells between 7
castration, when most of the tumours had recurred

CD3+ T cells were sparse. The tumours

from non-castrated mice were essentially void of CD3+ T cells.
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Figure 3. The majority of mice that did not have a PABP1 antibody (Ab) response had a longer
tumour-free interval compared to those mice that did have a PABP1 antibody response. The *
indicates that for these mice, the tumour-free interval was not determined, as the mice were
sacrificed on the indicated day for the purpose of immunological analysis.
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Figure 4. Castrated mice with recurrent tumours generally had a larger PABPN1-specific T cell
response compared to those mice that remained tumour-free for the duration of the experiment.
For each mouse shown on the graph, fresh splenocytes were used in the ELISPOT assay,
which was run in triplicate, with the values being averaged and the standard deviation
calculated. The splenocytes were stimulated with media as a negative control.

48



Brad Nelson, Ph.D. Final Report 2011

56 davs post-castration

90 days post-castration

Figure 5. Representative recurrent tumours stained with anti-CD3 from one mouse sacrificed
on day 56 post-castration and one mouse sacrificed on day 90 post-castration show that the
CD3+ T cells are mainly confined to the periphery of the tumours and surrounding stroma.
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400 . . 800 Figure 6:

S Flow cytometry data from
CD4 depletion experiments.
Mice 116R2 (A) and 116L1
(B) were injected with PBS
only while 117N (C) and
117L1 (D) were treated with
anti-CD4 antibody. PBMCs

cod were isolated from whole
B 116L1- PBS treated blood at Day 66 post-tumor
too0 — . injection. Cells were
- a0 stained with anti-CD3 and

anti-CD4 antibodies for flow
cytometric analysis. The
first panel shows the total
percent of CD3+ T cells and
the second panel shows the
percent of CD4+ T cells in
the CD3+ population.
Those mice mice receiving
the CD4 depleting antibody
C have no CD4+ T cells
117N- CDA4 depleted remaining in the CD3+ T

. S cell population whereas the
control mice have a healthy
CD4+ population, indicating
that the depletion was
successful.
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Average Tumor Growth (successful depleted vs PBS)
up to day 66
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Figure 7: Tumor measurements from the CD4 depletion experiment comparing
the average tumor area of the PBS control mice and the CD4 depleted mice. A

significant difference between the two groups is demonstrated.

51



Brad Nelson, Ph.D. Final Report 2011

A
Tumor Growth - Primary Tumors
500.00
& 400.00 [
£ 4
£ 300.00 I/%/ e Cx
©
g 200.00 Vi/l' —=— Cx+RT
‘g 100.00 ,ML Cx+RT@1/2
100.00 2 10 20 30 40 50 60
Days from Injection
B Primary Tumor Recurrence Distal Tumor Recurrence
_ 1 _ 10+
© i} © 100
2 o L Z o] L[]
= a | 5 m
» A Cx+RT » H
9 6 |—| o 6
& 9k Cx+RT@1/2 = 9H Cx
= A L A
g M 2 a1 Cx+RT@1/
. S AH Cx+RT
o Cx (B I
“ T T T T T 1 “ Ll 1 I T 1 1
0 W XN W H0 P 6 0 W 20D W M0 P 6
Time Time

Figure 8: Demonstrating an abscopal response in the Shionogi tumor model. Mice were
injected with two Shionogi tumors, one per flank. Tumors were allowed to reach 65-100
mm? before all mice were castrated. Some mice received no additional treatment (Cx). A
second group of mice received 6 1-125 pellet at the point of maximal tumor regression in
the primary tumor only (Cx+RT) while the third group received 6 I-125 pellets when the
tumors had only partially regressed (Cx+RT@1/2). Figure 3A shows the rate of tumor
growth of the primary tumor and clearly demonstrates the efficacy of radiation on primary
tumor growth. Figure 2B shows a Kaplan-Meier curve comparing the rate of tumor
recurrence of both the primary and distal tumors. The clear advantage of adding radiation
is seen in the primary tumors. In the distal tumors a significant survival advantage is seen
in mice treated with Cx+RT, evidence of an abscopal effect. Note this advantage is lost if
mice are radiated before the tumors have fully regressed.
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Figure 9: Kaplan-Meier analysis of tumor-free survival in mice treated with a combination of
castration, brachytherapy and FIt3 ligand. A survival advantage is seen in the primary tumors
of mice treated with a combination of Cx+RT, Cx+FIt3L and Cx+RT+FIt3L compared to Cx
alone (Figure 9A). When examining the tumor-free survival of the distal tumors a slight, but
significant advantage is seen in those mice treated with Cx+RT, as was noted in Figure 8.
However, no additional survival advantage was seen with addition of FIt3L.
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A Tumor-free survival of primary tumors in castrated mice
with or without a PABPN1 autoantibody response
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Figure 10: Kaplan-Meier analysis of tumor-free survival
comparing mice with or without a castration-induced
PABPN1 autoantibody response in mice treated with
castration only (panel A) or castration + brachytherapy
(panel B). Panel C compares survival of mice with a
PABPN1 autoantibody response based on treatment.
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Prostate peptides ELISPOT#1
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Figure 11: ELISPOT analysis of human prostate cancer patients stimulated with
different prostate cancer antigen-specific peptides. Results show that none of the 5
patients tested had antigen-specific T cells against any of the 4 peptides tested. PHA
was used as a non-specific T cell stimulant and shows a clear positive result in those 2
patients. In addition, three patients had T cells against the CEF peptide, demonstrating
that the ELISPOT methodology worked.
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ex vivo ELISPOT using ivt mMRNA
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Figure 12: ELISPOT analysis of patients with treatment-
induced autoantibody responses. IFN-g ELISPOT was
used to determine whether patients with an autoantibody
response to a particular antigen also had T cell response to
the same antigen. Patient PBMCs were stimulated with ivt
MRNA of the antigen of interest. Panel A: ex vivo analysis
demonstrates circulating T cells are present at the same
level as the negative controls. Panel B: in vitro transfected
B cells were used to stimulate PBMCs prior to ELISPOT
analysis, resulting in high levels of background.
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