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Prostate Cancer Cells Express More Androgen
Receptor (AR) Following Androgen Deprivation,
Improving Recognition by AR-Specific T Cells
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Abstract

Androgen deprivation is the primary therapy for recurrent
prostate cancer, and agents targeting the androgen receptor
(AR) pathway continue to be developed. Because androgen-
deprivation therapy (ADT) has immmunostimulatory effects as
well as direct antitumor effects, AR-targeted therapies have been
combined with other anticancer therapies, including immu-
notherapies. Here, we sought to study whether an antigen-
specific mechanism of resistance to ADT (overexpression of
the AR) may result in enhanced AR-specific T-cell immune
recognition, and whether this might be strategically combined
with an antitumor vaccine targeting the AR. Androgen depri-
vation increased AR expression in human and murine prostate
tumor cells in vitro and in vivo. The increased expression per-

sisted over time. Increased AR expression was associated with
recognition and cytolytic activity by AR-specific T cells. Fur-
thermore, ADT combined with vaccination, specifically a DNA
vaccine encoding the ligand-binding domain of the AR, led to
improved antitumor responses as measured by tumor volumes
and delays in the emergence of castrate-resistant prostate
tumors in two murine prostate cancer models (Myc-CaP
and prostate-specific PTEN-deficient mice). Together, these
data suggest that ADT combined with AR-directed immuno-
therapy targets a major mechanism of resistance, overexpres-
sion of the AR. This combination may be more effective than
ADT combined with other immunotherapeutic approaches.
Cancer Immunol Res; 5(12); 1074–85. �2017 AACR.

Introduction
Advances in the field of tumor immunology have provided

clinical benefit to patients with a variety of solid malignancies.
However, although preclinical studies have shown that anti-
tumor vaccines hold promise for augmenting antitumor
immune responses, translating these immunization strategies
into clinical responses has been challenging. Despite trials
demonstrating that immune responses can be generated with
immunization, the clinical responses are difficult to measure
and randomized studies are few (1). Even for prostate cancer,
despite the approval of sipuleucel-T for immunotherapy, the
lack of interim biomarkers of clinical efficacy has limited its
use in clinical practice. The lack of effective treatment has
spurred interest in combining immunization with other ther-

apeutic modalities, including both immunotherapeutic
approaches and standard antitumor therapies, which have
both direct antitumor activity as well as immunostimulatory
effects (2).

One approach to treating prostate cancer has been to combine
immunization with androgen-deprivation therapy. Androgen
deprivation, the gold-standard treatment for patients with recur-
rent prostate cancer for more than 60 years, leads to tumor
cell death and clinical responses in greater than 80% of patients
with recurrent disease. In addition to its on-target antitumor
effects, androgen deprivation also has immunostimulatory
effects. These include the induction of thymic regrowth and
increased release of na€�ve T cells, an increase in immune cell
infiltration into the prostate (both myeloid and lymphocyte
populations), decreased numbers of regulatory T cells, and
increased antibody responses to prostate antigens (3–8). Preclin-
ical studies have shown that androgen deprivation can enhance
the efficacy of various immunotherapeutic approaches, including
checkpoint blockade (9), irradiated tumor cell vaccines (10), T-
cell adoptive transfer (11), and antigen-specific vaccines (12, 13).
These combinatorial approaches have also been evaluated in
early-stage clinical trials, where the addition of androgen depri-
vation may improve responses to checkpoint blockade (14),
sipuleucel-T (15), and PROSTVAC (16). Thus, harnessing the
antitumor and immunostimulatory effects of androgen-depriva-
tion therapy can enhance the efficacy of immunotherapy in
prostate cancer.

Although the development of vaccine approaches for prostate
cancer has focused on antigens expressed only in the prostate,
approaches to other solid malignancies have often targeted anti-
gens whose function is critical to the growth and progression of
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tumor cells. One such antigen in prostate cancer is the androgen
receptor (AR), required for prostate cancer oncogenicity. The AR is
immunologically recognized by cytolytic CD8þ T cells in patients
with prostate cancer (17). A DNA vaccine encoding the ligand-
binding domain (LBD) of the AR augmented antigen-specific
CD8þ T cells, leading to decreased tumor development, delayed
tumor growth, and increasedoverall survival inpreclinicalmodels
in vivo (18).

Although androgen-deprivation therapy elicits antitumor
responses in most patients with recurrent disease, these patients

will invariably experience disease relapse and the development of
castrate-resistant disease. Although ADT is aimed at eliminating
the activity of the AR, prostate tumors develop a variety of
mechanisms to overcome this therapeutic approach, including
AR overexpression, which occurs in more than half of prostate
cancer patients (19). However, although AR overexpression can
drive prostate cancer cell proliferation in the absence of andro-
gens, it may conceivably render prostate tumor cells more sus-
ceptible to AR-directed immune responses. This could be due to
both increased expression of the AR target antigen and also

Figure 1.

Androgen deprivation increases expression of the androgen receptor in prostate cancer cell lines. Prostate cell lines (immortalized humanepithelial lines: RWPE-1 and
PrEC-E6; androgen-independent prostate cancer cell lines: DU-145 andPC-3; and androgen-dependent prostate cancer cell lines: LNCaP and 22Rv1) cultured in either
androgen-replete (FCS) or androgen-deprived (CSS) medium for 1 to 7 days (1d–7d) or for greater than 6 months (long-term: LT) were (A) analyzed for AR protein
expression by quantitative ELISA. B, Long-term FCS (light gray) or CSS (dark gray) cultured cell lines were analyzed for AR expression by intracellular staining using
antibodies specific for the LBD (top) or amino-terminal domain (bottom), and quantified for (C) amplitude of AR expression and (D) frequency of ARþ cells. E, RNA
quantified from22RV1/CSS cells cultured for different periods of timewere analyzed for the presence of full-length (dark gray) orAR-V7 (light gray)AR transcripts. In
all panels: � , P < 0.05 by Student t test; data are representative of at least 2 independent experiments.
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enhanced T-cell cytotoxicity and other immunostimulatory
effects that occur following ADT (20). Here, we sought to deter-
mine if androgen-deprivation therapy makes prostate tumor
cells more susceptible to AR-specific T-cell recognition, as deter-
mined by enhanced T cell–mediated tumor cell recognition as
well as delayed time to castration resistance following AR-directed
immunization.

Materials and Methods
Mice and cell lines

Human prostate cancer cells were obtained from ATCC and
cultured in RPMI-1640 medium with 200 U/mL penicillin/strep-
tomycin, 1 mmol/L sodium pyruvate, and 0.1 mmol/L b-mer-
captoethanol. Cell identity and mycoplasma testing was con-
firmed by DDC Medical. Myc-CaP/AS or Myc-CaP/CR cells
(androgen-sensitive and castrate-resistant variants of theMyc-CaP
parental line originally generated by Charles Sawyers) and culture
conditions have been previously described (21). Cell lines were
maintained in either 10% complete fetal calf serum (FCS) or
charcoal-stripped serum (CSS) for androgen-replete or androgen-
deprived conditions.

Tumor studies using Myc-CaP tumor cells were conducted in
wild-type male FVB mice (The Jackson Laboratory). PTEN knock-
out mice were generated by crossing Ptenloxp/loxp animals with
Probasin-Cre (PB-Cre4þ) animals, as has been described (22).
Mice were screened by PCR for the floxed or wild-type PTEN
alleles (forward primer: CAAGCACTCTGCGAACTGAG; reverse
primer: AAG TTT TTG AAGGCA AGA TGC) and PB-Cre transgene
(forward primer: CTG AAG AAT GGG ACA GGC ATT G; reverse
primer: CAT CAC TCG TTGCAT CGACC). Mice weremaintained

under aseptic conditions, and all experiments were conducted
under an IACUC-approved protocol.

Tumor studies
FVB mice were inoculated subcutaneously with 106 Myc-

CaP/AS tumor cells, and followed daily for the presence of
palpable tumors. Once tumors were palpable, mice were trea-
ted subcutaneously with either degarelix (25 mg/kg) or a
vehicle sham treatment every 4 weeks. For immunization
studies, degarelix-treated animals were randomized to weekly
immunization with 100 mg pTVG4 or pTVG-AR beginning 1 day
after receiving degarelix. Where indicated, some groups also
received 200 mg of anti-CD8 (Bio X Cell, clone 2.43) or IgG
administered i.p. twice weekly. Tumor growth was measured at
least 3 times weekly, and tumor volumes calculated as previ-
ously published (17). At the time of euthanasia, tumors and
spleens were collected. For studies using PTEN-deficient mice,
animals began receiving degarelix (25 mg/kg) at 20 weeks (�2
weeks) of age, followed by immunization every 2 weeks with
100 mg pTVG4 or pTVG-AR beginning 1 day after ADT. Animals
were treated until 40 weeks (�2 weeks) of age before tissue
collection.

AR enzyme-linked immunosorbent assay (ELISA)
Cultured prostate cancer cells were collected, cell lysates pre-

pared, and analyzed for protein expression using the PathScan
AR ELISA per the manufacturer's instructions (Cell Signaling
Technology). Briefly, microwell strips (precoated with anti-AR
antibody) were incubated with 2 mg/mL protein lysates in trip-
licate and incubated overnight. AR was detected using a detection
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Figure 2.

AR-specific T cells have increased recognition and lysis of androgen-deprived tumor cells. AR805-specific human T-cell cultures were incubated with HLA-A2-
expressing 22Rv1/FCS or 22Rv1/CSS cells, and measured for (A) surface expression of CD69, (B) intracellular cytokine expression of IFNg and/or TNFa, with
polyfunctional cytokine expression quantified in C. Cytolytic and degranulation activity of AR-specific T cells was measured by (D) intracellular granzyme B
expression, (E) surface CD107a expression, and (F) tumor cell cytotoxicity.

Olson et al.

Cancer Immunol Res; 5(12) December 2017 Cancer Immunology Research1076

on March 14, 2019. © 2017 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst October 19, 2017; DOI: 10.1158/2326-6066.CIR-16-0390 

http://cancerimmunolres.aacrjournals.org/


antibody followed by HRP-linked secondary antibody and TMB
substrate development. A standard curve using purified AR LBD
protein (Invitrogen) was generated and used to obtain relative AR
concentration per mg cell lysate.

Flow cytometry
For AR intracellular staining, cells were stained with a Live/

Dead GhostDye 780 Live/Dead Stain (Tonbo Biosciences) and
CD45 (clone 30-F11, Tonbo Biosciences) for dissociated tumor

Figure 3.
Androgen deprivation leads to gene changes in 22Rv1 prostate tumor cells. 22Rv1 cultured in either
androgen-replete (FCS, F) or androgen-deprived (CSS, C) medium for greater than 6 months were
analyzed for mRNA gene expression differences (HTG EdgeSeq). A, relative mRNA quantities for all
genes significantly upregulated (left) or downregulated (right) in androgen-deprived medium
compared with full medium. Heatmap shows relative expression per gene between FCS and
CSS groups (green, low expression; red, high expression) and ranked top to bottom by fold change for
all significantly differentially expressed genes. B, The gene ontology subsets and (C) specific genes
associated with immune function. D,Data for selected genes associated with immune recognition and
antigen presentation. � , P < 0.05 by Student t test. (HVEM, herpesvirus entry mediator (TNFRSF14);
TAP, transporter associated with antigen processing; CALR, calreticulin; NAIP, baculoviral IAP repeat-
containing protein 1).
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samples, and intracellularly stained with antibodies directed
against the AR LBD (clone EP670Y, Abcam) and amino terminal
domain (clone D6F11, Cell Signaling Technology), or isotype
controls. For HLA-A2 and PD-L1 expression, cells were stained
with HLA-ABC (clone W6/32, eBioscience) and PD-L1 (clone
MIH-5, eBioscience) antibodies.

AR quantitative real-time PCR
Prostate tumor cells (cell lines or dissociated tumors) were

collected, RNA was prepared (RNeasy RNA purification system;
Qiagen), used to synthesize cDNA (iScript cDNA synthesis kit;
BioRad), and used as a template for qPCR reactions using SsoFast
qPCR supermix (Bio-Rad). Reactions were performed using a Bio-
Rad MyiQ thermocycler, using an annealing temperature of 60�C
and 40 cycles. Primer sets: full-length human AR (forward:
ACATCAAGGAACTCGATCGTATCATTGC; reverse: TTGGGCAC-
TTGCACAGAGAT), AR-V7 (forward: CCATCTTGTCGTCTTCG-
GAAATGTTATGAAGC; reverse: TTTGAATGAGGCAAGTCAGC-
CTTTCT), full-lengthmouse AR (forward: GGACCATGTTTTACC-
CATCG; reverse: GGACCATGTTTTACCCATCG), mouse AR-V2
(forward: GGACCATGTTTTACCCATCG; reverse: TTGTTGTGGC-
AGCAGAGTTC), mouse AR-V4 (forward: GGACCATGTTTTACC-
CATCG; reverse: AAGTGGGGAACCACAGCAT), and b-actin (for-
ward: TCATGAAGTGTGACGTTGACATCCGT; reverse: CTTA-
GAAGCATTTGCGGTGCACGATG; refs. 23–25). Results were ana-
lyzed by the 2�DCt method relative to b-actin as a control gene, as
published (25).

Gene expression analysis
22Rv1 cells cultured in medium containing 10% complete

FCS or charcoal-stripped serum (CSS) were evaluated in

triplicate for differences in gene expression of a panel of
2568 genes by high-throughput mRNA quantitation (HTG
EdgeSeq Oncology Biomarker Panel, HTG Molecular Diagnos-
tics). Individual target genes were compared between cell
lines, and all genes significantly different were assessed for
gene ontology using the Panther Classification System (ver-
sion 12.0, available at www.pantherdb.org). Heatmap Builder
software (version 1.1, Stanford University) was used to gen-
erate heatmaps displaying relative gene expression.

Immunology assays
To study immune responses, human T-cell lines or spleno-

cytes were collected as previously described (18), and used for
intracellular cytokine staining assays and cytotoxicity assays.
For intracellular cytokine staining, cells were stimulated for 18
hours with media alone, an ARLBD peptide pool (a pool of 15-
mer peptides, overlapping by 11 residues, and covering the
entire sequence of the AR LBD; LifeTein), tumor cells, or a PMA/
Ionomycin-positive control. Cells were stained using a fixable
live/dead marker (Tonbo Bioscience) and extracellular and
intracellular antibodies. Human antibodies were CD3 (clone
UCHT1, BD Biosciences), CD4 (clone RPA-T4, BD Biosciences),
CD8 (clone RPA-T8, eBioscience), CD69 (clone FN50, BD
Biosciences), CD107a (clone H4-A3, BD Biosciences), IL2
(clone MQ1-17H12, eBioscience), IFNg (clone 4S.B3, BioLe-
gend), TNFa (clone MAb11, BD Biosciences), and GrB (clone
GB11, BD Biosciences). Mouse antibodies were CD3 (clone
17A2, BD Biosciences), CD4 (clone GK1.5, BD Biosciences),
CD8 (clone 53-6.7, BD Biosciences), CD45 (clone 30-F11, BD
Biosciences), CD69 (clone H1.2F3, eBioscience), IFNg (clone
XMG1.2, BD Biosciences), and TNFa (clone MP6-XT22, BD
Biosciences). Cells were subsequently analyzed using an LSR II
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Figure 4.

Androgen deprivation increases AR expression in Myc-CaP tumor cells in vitro and in vivo. Androgen-sensitive (Myc-CaP/AS) and castrate-resistant (Myc-
CaP/CR) cells were analyzed for AR protein expression by (A) quantitative ELISA and (B) intracellular staining (quantified for amplitude and frequency
of expression in side panels). C, RNA samples from Myc-CaP/AS and Myc-CaP/CR cells were analyzed for expression of full-length or splice variants
mAR V2 or mAR V4 by quantitative PCR. D, Myc-CaP/AS tumor-bearing FVB mice with palpable tumors were treated with degarelix (n ¼ 4) or
sham-treatment (n ¼ 3) and followed for tumor growth. Results are representative of two independent studies. E, recurrent tumors were collected and
analyzed for AR expression by intracellular staining using an antibody directed against the LBD (amplitude and frequency quantified in side panels).
In all panels: � , P < 0.05 by Student t test.
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or Fortessa flow cytometer (BD Biosciences), and events were
analyzed by gating CD3þCD4þ or CD3þCD8þ cells and ana-
lyzing this population for expression of CD69, CD107a, IFNg ,
TNFa, IL2, and/or GrB. Cytotoxicity assays were performed as
previously described (18). Briefly, splenocytes were restimu-
lated for 5 days with an ARLBD peptide pool and were cultured
with tumor cell lines, after which LDH release was calculated
using the Cytotox 96 Assay kit (Promega), as previously pub-
lished (17).

Immunohistochemistry
Paraffin-embedded MycCaP tumors were stained for CD3

expression by immunohistochemistry as described (18). Sec-
tions were stained with primary antibodies (CD3: clone SP7,
Abcam), developed using the LSABþ System-HRP (Agilent
Technologies) and Metal Enhanced DAB Substrate Kit DAB
metal concentration (Thermo Fisher Scientific), imaged using
an Olympus BX51 fluorescent microscope (Olympus) in com-
bination with SPOT RT analysis software (SPOT Imaging Solu-
tions), and quantified by the frequency of CD3þ cells per 10�
field, counting at least 5 fields per tumor section per animal by a
blinded investigator.

Positron emission tomography/computed tomography
imaging

Mice were intravenously administered between 5 and 8MBq of
124I-CLR1404 and then micro positron emission tomography/
computed tomography (PET/CT) scanned 96 hours after injec-
tion. During scanning,micewere anesthetizedwith 2% isoflurane
inhalation gas mixed with 1 L/min of pure oxygen (26). Mice

were scanned with the Siemens Inveon Hybrid microPET/CT
(SiemensMedical Solutions) in the prone position. Forty-million
counts per mouse were collected for the PET scan to obtain
adequate signal-to-noise. PET data were histogrammed into one
static frame and subsequently reconstructed using ordered-subset
expectationmaximization (OSEM) of three dimensions followed
by the maximum a posteriori algorithm, and CT attenuation and
scatter correction were applied based on the NEMA NU 4 image-
quality parameters (27).

All PET and CT images were coregistered. Image data were
analyzed using the General Analysis tools provided by Siemens
Inveon Research Workplace (Siemens Medical Solutions). Data
were identically window/leveled and scaled according to each
animal's decay corrected injection activity. Based on the PET
and CT images, a reference volume of interest (VOI) was drawn
around each tumor and a separate background tissue VOI was
drawn on muscle and liver. VOI thresholding within the ref-
erence tumor VOI was adjusted to include all signals greater
than 60% of the maximum signal. Data were reported as
percent injected dose normalized by the mass of the tissue
VOI (%ID/gtissue), with the assumption that all tissue density is
akin to water (1 g/mL). Data were then averaged within pre-
and posttreatment groups and normalized to background tis-
sue values.

Statistical analyses
Comparison of group means was performed using a t test or

Mann–Whitney U test (for nonnormally distributed data) where
indicated (GraphPad Prism software, v5.01). T tests were used for
comparisonof gene expressiondata between cell lines, specifically
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Figure 5.

Androgen deprivation combined with immunization using pTVG-AR delayed the recurrence of castrate-resistant Myc-CaP tumors. Myc-CaP/AS tumor-
bearing mice with palpable tumors were given a sham treatment (n ¼ 3) or degarelix along with immunization every 2 weeks with pTVG-AR (n ¼ 5) or empty
vector (n ¼ 5) and followed for tumor growth (A, tumor volumes; B, Kaplan–Meier curve). Stars represent times of immunization. Results are representative of
three independent studies. Splenocytes from androgen-deprived animals immunized with pTVG4 or pTVG-AR were cultured with Myc-CaP/AS or Myc-CaP/
CR cells and assessed for CD4þ and CD8þ T-cell intracellular cytokine expression (C, with polyfunctional expression quantified in side pie charts)
and (D) cytotoxicity.
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without correction for multiple comparisons. For all compari-
sons, P values equal to or less than 0.05 were considered statis-
tically significant.

Results
Androgen deprivation increases AR expression

We have previously shown that T cells specific for epitopes
derived from the AR LBD can recognize and lyse prostate tumor
cells that express the AR (17). We hypothesized that increasing
AR expression in these tumor cells by means of androgen
deprivation would enhance AR-specific T-cell responses to these
tumor cells. To test this, a panel of six prostate cell lines (two
immortalized prostate epithelial lines, two androgen-indepen-
dent prostate cancer lines, and two androgen-dependent pros-
tate cancer lines) were cultured for short (1–7 days) or extended
periods (greater than 6 months) in androgen-deprived medium
and analyzed for AR expression. Androgen deprivation resulted
in an increase in AR protein expression in androgen-dependent
prostate tumor cells as measured by quantitative ELISA
(Fig. 1A) as well as by intracellular staining using antibodies
directed against both the LBD as well as the amino-terminal
domain (Fig. 1B, with the amplitude and frequency of AR
expression quantified in Fig. 1C and D, respectively). Analysis
of 22Rv1 cells (which express AR-V7, an LBD-loss splice var-
iant) showed that androgen deprivation led to increasing
expression in full-length AR as well as a transient increase in
AR-V7 (Fig. 1E), with no detectable expression of AR-V1,
AR567es, or other splice variants.

To determine whether this increase in AR expression follow-
ing androgen deprivation resulted in enhanced AR-specific
T-cell effector function against these tumor cells, 22Rv1 cells
were first transfected to express HLA-A2 as a model MHC
molecule, and one for which AR-restricted epitopes have been
identified (17). After generating this cell line, increased AR
protein and RNA expression following androgen deprivation
observed in the parental cell lines was confirmed in these
HLA-A2-expressing lines (Supplementary Fig. S1A–S1B). These
22Rv1/FCS and 22Rv1/CSS cells were then incubated with T-cell
lines specific for the HLA-A2-restricted AR805 epitope. T cells
cultured with the 22Rv1/CSS cell line had higher T-cell activa-
tion (as measured by CD69 expression; Fig. 2A), as well as
increased expression of Th1 cytokines (Fig. 2B), including CD8þ

T cells with polyfunctional cytokine expression (Fig. 2C), com-
pared with T cells that had been stimulated with 22Rv1 cells
cultured under androgen-replete conditions. Coculture with
22Rv1/CSS cells also resulted in higher expression of granzyme
B (Fig. 2D), the degranulation marker CD107a (Fig. 2E), as well
as increased cytotoxicity (Fig. 2F) compared with coculture with
22Rv1/FCS cells. Similar studies using splenocytes from HLA-

A2 transgenic mice that were directly immunized with another
HLA-A2 restricted epitope, AR811, replicated these results in
terms of increased cytokine expression, T-cell activation, and a
trend to increased cytotoxicity when cultured with androgen-
deprived HLA-A2-expressing 22Rv1 cells (Supplementary
Fig. S2). The recognition of either cell line was MHC class I
restricted, as blockade of HLA-A2 abrogated release of IFNg
in response to stimulation with either cell line by ELISPOT
(Supplementary Fig. S2E).

To further explore immune effects of androgen deprivation on
these cell lines, we evaluated 22Rv1 cells, cultured in complete or
androgen-deprived media, for changes in mRNA expression
among 2,568 genes (Fig. 3). Although AR expression was upre-
gulated, there were no changes in expression of MHC class I, or
genes directly associated with antigen processing or presentation.
Similarly, no difference in HLA-A2 surface expression was
detected by flow cytometry (Supplementary Fig. S1C). We
observed increases in expression of hsp70 and HLA-E following
androgen deprivation, as well as a decrease in HVEM (Fig. 3C and
D). No differences were observed in expression of PD-L1 or PD-
L2, a result confirmed by flow cytometry (Supplementary Fig.
S1D). Androgen antagonists can make prostate cancer cells more
susceptible to CTL lysis by downregulating expression of the
antiapoptotic NAIP gene (20). However, no difference in NAIP
gene expression was observed following testosterone depletion
alone (Fig. 3D). Consequently, we conclude that the increased
recognition of prostate tumor cells by AR-specific CD8þ T cells
was predominantly due to increased expression of the AR leading
to increased presentation by MHC class I.

Androgen deprivation increases AR expression in Myc-CaP
tumor cells

We have used the TRAMPmouse model to study the impact of
vaccines targeting AR on tumor development and progression
(18). However, androgen deprivation in TRAMPmice, and many
other murine prostate tumor models, results in AR loss and the
development of neuroendocrine tumors (28). Consequently, we
sought to evaluate other models more representative of human
prostate cancer that continue to express AR following androgen
deprivation. One such model is the Myc-CaP cell line, which
mimics the human disease in that it maintains AR expression
following castration (21). To confirm this, we studied androgen-
sensitive Myc-CaP cells (Myc-CaP/AS, generated from untreated
FVB mice), and castration-resistant Myc-CaP cells (Myc-CaP/CR,
generated from serial passaging of the Myc-CaP/AS cell line
through castrated mice). Similar to what was observed in the
human prostate cancer cell lines, the Myc-CaP/CR cell line
had increased full-length AR expression as assessed by both
quantitative ELISA (Fig. 4A) and intracellular staining compared
with theMyc-CaP/AS cell line (Fig. 4B). Although analysis of RNA

Figure 6.
Androgen deprivation increases AR expression in PTEN-deficient tumors, and immunization with pTVG-AR delays the development of castrate-resistant prostate
tumors in Pten�/� mice. PTEN-CaP8 tumor cells cultured in androgen-replete (FCS) or androgen-deprived (CSS) medium were analyzed for AR expression by (A)
intracellular staining (quantified for amplitude and expression in side panels) and (B) quantitative ELISA. Twenty-week-old PbCreþ PTENfl/flmice were given a sham
treatment (n¼ 9), or degarelix along with immunization every 2 weeks with pTVG4 (n¼ 13) or pTVG-AR (n¼ 13), for 5 months. C, One week prior to initiation and
completion of treatment, animals were administered with 124I-CLR1404 and PET/CT scanned 96 hours after intravenous injection (PET/CT images pre- and
posttreatment). Signal greater than 60% of the max PET signal was used to calculate the mean and max percent injected dose (%ID/gtissue) for tumor and was
normalized to background muscle uptake. Pretreatment (D) mean and (E) maximum 124I-CLR1404 uptake were used for randomization of treatment groups. F,
Changes in%ID/gmean and (G)%ID/gmean pre- toposttreatmentwere calculated (meanvalues shownby solid horizontal bars).H,Genitourinary complexmasseswere
collected during necropsy. � , P < 0.05 by Student t test (A and B) and Mann–Whitney U test (D–H).

Androgen Deprivation with AR-Targeted Immunization

www.aacrjournals.org Cancer Immunol Res; 5(12) December 2017 1081

on March 14, 2019. © 2017 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst October 19, 2017; DOI: 10.1158/2326-6066.CIR-16-0390 

http://cancerimmunolres.aacrjournals.org/


transcripts showed an increase in the murine AR splice variants
mAR-V2 and mAR-V4, these splice variants were less abundantly
expressed than the full-length AR (Fig. 4C). To study the expres-
sion of AR in vivo, FVB mice were inoculated with Myc-CaP/AS
cells, and then given either a sham treatment or castration by
administration of a GnRH antagonist (degarelix). Animals were
followed for tumor growth (Fig. 4D), and recurrent tumors were
collected and CD45� cells were analyzed for AR expression by
intracellular staining. Tumors that recurred following androgen
deprivation had increased AR expression, both in terms of fre-
quency of CD45� cells with detectable expression of the AR, as
well as the amplitude of AR expressionwithin these cells (Fig. 4E).

Immunization against AR delayed tumor growth
The observation that increased AR expression following

androgen-deprivation enhanced AR-specific T-cell responses
against tumor cells led us to hypothesize that androgen dep-
rivation in combination with AR-targeted vaccination might
delay or prevent the outgrowth of castration-resistant tumors
by targeting cells overexpressing AR. Mice were implanted with
Myc-CaP/AS tumors, and mice with established tumors were
given either a sham treatment or degarelix. Mice treated with
degarelix were then randomized to immunization with either a
DNA vaccine encoding the AR LBD (pTVG-AR), or an empty
vector control (pTVG4). The combination treatment with
degarelix and pTVG-AR was found to delay tumor growth
compared with treatment with degarelix and control vaccine
(Fig. 5A and B). The delays in tumor growth, either with or
without androgen deprivation, were mediated by the genera-
tion of CD8þ T cells, as CD8 depletion abrogated these anti-
tumor effects following immunization with pTVG-AR, but not
the control vaccine (Supplementary Fig. S3). When animals
were evaluated for evidence of immune responses against the
Myc-CaP/AS or Myc-CaP/CR cell lines, animals immunized
with pTVG-AR were found to have increased immune responses
against the castration-resistant cell line, both in terms of cyto-
kine expression (Fig. 5C) and cytotoxicity (Fig. 5D). In parallel
studies, we found that immunization of Myc-CaP/AS-bearing
mice with pTVG-AR resulted in an increased number of tumor-
infiltrating CD3þ T cells, and this was further increased when
vaccination was combined with degarelix treatment (Supple-
mentary Fig. S4).

ADT combined with immunization against AR decreased
tumor growth

As an additional model of human prostate cancer, we utilized
PbCre PTENfl/fl mice, in which prostate-specific expression of the
Cre recombinase drives deletion of the PTEN tumor suppressor
and autochthonous prostate tumor development. The PTEN-
CaP8 cell line (derived from an autochthonous PbCre PTENfl/fl

tumor) was cultured in androgen-replete or androgen-deprived
medium. Androgen-deprivation resulted in more AR protein
expression, similar to the human and Myc-CaP prostate cancer
cells (Fig. 6A and B). Twenty-week-old PbCreþPTENfl/flmice were
then given either a sham treatment or degarelix, in combination
with pTVG-AR vaccine or vector control. To noninvasively mon-
itor tumor growth, as well as to randomize animals prior to
treatment, we utilized micro-PET/CT imaging, using as a radio-
tracer 124I-CLR1404, a radioiodinated alkylphosphocholine ana-
logue that has selective tumor uptake in more than 95% of
malignant models (29). Animals were intravenously adminis-

tered 124I-CLR1404 and subsequently PET/CT scanned within 1
week prior to initiation and completion of therapy (Fig. 6C), and
imaging results were analyzed for mean and maximum tumor
uptake. Analysis of tumors pretreatment showed no difference
between mean and maximum tumor uptake (Fig. 6D and E).
Although some animals with large tumors died prior to the
last imaging session (hence not all animals underwent posttreat-
ment imaging), androgen deprivation resulted in decreased
124I-CLR1404 mean and maximum tumor uptake (Fig. 6F and
G). No difference in %ID/gmean or %ID/gmax was detected post-
treatment between animals receiving ADT and control vaccine
versus animals receiving ADT and AR-targeted vaccine. Animals
treated with degarelix and pTVG-AR had smaller tumor volumes,
as measured during necropsy and determined by genitourinary
complex weight, compared with animals receiving degarelix and
pTVG4 (Fig. 6H).

Discussion
Immunotherapeutic approaches have shown evidence of

biological and clinical benefit in preclinical and early stage
clinical studies. Rational combinations of these therapies, and
combinations with standard treatment modalities, could sup-
port more effective treatment regimens. Here, we sought to
take advantage of the immunostimulatory and antitumor
benefits of androgen deprivation and to capitalize on one of
the means of resistance to ADT by immunologically targeting
the increased expression of AR in tumor cells following ADT.
We showed that androgen deprivation results in increased full-
length AR expression that persists over time, and that this
increased AR expression is associated with these cells being
better targets for AR-specific T cells. Furthermore, we showed
that a DNA vaccine encoding the AR LBD enhanced immune
responses that recognized and lysed castrate-resistant prostate
cancer cells and delayed the recurrence of castrate-resistant
disease when combined with ADT. This suggests that, in
combination with ADT, a vaccine targeting the AR may pro-
duce better results than other antigen-specific vaccines, perhaps
because it targets a mechanism of resistance that drives cas-
trate-resistant tumor growth.

Although our studies focused on therapies aimed at preventing
androgen production, other means of androgen deprivation
could support combinatorial therapies. Although many preclin-
ical studies have evaluated the immune effects of ADT by surgical
castration (5, 6, 11), clinical studies have looked at both prevent-
ing production of the ligand alone (4) or in combination with
direct AR antagonists (3, 7, 8), all of which have immunomod-
ulatory effects in the tumor microenvironment. Additionally,
in vitro evaluation of enzalutamide (an AR antagonist) and
abiraterone (a CYP17A1 inhibitor that prevents androgen pro-
duction) enhanced the immunogenicity of prostate tumors and
increased T-cell killing (20). Treatment of prostate tumor cells
with enzalutamide led to a decrease in the antiapoptotic protein
NAIP, facilitating lysis of these cells by cytolytic T cells (20).
Althoughwedidnot observe changes inNAIP following androgen
deprivation alone, thesefindings suggest that combined androgen
deprivation approaches could synergize with immune-based
treatment. Clinical studies have also shown that enzalutamide
combined with pembrolizumab has led to clinical responses in
patients with metastatic prostate cancer (30). However, a com-
parison of orchiectomy with AR antagonist treatment has
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suggested that agents that directly bind and inhibit the AR may
have immunosuppressive effects by inhibiting the priming and
effector function of antigen-specific T cells when given prior
to immunotherapy (31). To help resolve these data, the effects
of antiandrogen therapies on tumor cells must be distinguished
from the effects on the immune cell compartment. Testosterone,
for example, can inhibit T-cell differentiation and function
through increased expression of Ptpn1, a factor involved in T-cell
signaling (32). The effects on T-cell signaling pathways should
be clarified before newer AR-targeted therapies move into
clinical practice. Notably, several newer agents include not
only traditional AR antagonists, but also agents that induce
AR degradation or inhibit AR activity through interactions
outside the LBD. Studies seeking to combine these agents with
immunotherapeutic interventions are ongoing both in preclin-
ical models and clinical trials.

In addition to androgen deprivation, other approved thera-
peutic treatments for prostate cancer patients, such as radiation
therapy, might synergize with AR-directed immunotherapies.
Radiotherapy enhances T cell–mediated tumor cell killing (33)
and can enhance immune and antitumor responses when com-
bined with immunotherapy both in preclinical models (34, 35)
as well as in patients with solid malignancies (36, 37). Radio-
therapy also increases AR expression in prostate cancer cell lines,
likely as a DNA-damage repair response, leading to increased AR
signaling in patients treated with radiotherapy (38). This sug-
gests that an AR-directed vaccine could synergize with radiation
therapy. Other chemotherapy approaches, which may none-
theless have beneficial immunomodulatory effects (39), may
lead to decreased AR expression (40). However, because com-
bined chemohormonal therapy is being used earlier in the
treatment course in patients with recurrent disease (41), eval-
uation of effects of these therapies on AR expression and
potential combination with immunotherapeutic approaches
warrants evaluation.

Our gene expression studies suggest that there may be other
contributions to immune recognition following ADT. After
androgen deprivation, human prostate cancer cells showed
increased expression of HLA-E, which presents peptides derived
from MHC class I molecules to circulating NK cells to inhibit
NK-mediated cytotoxicity. A variety of solid malignancies show
increased expression of HLA-E (42), which correlates inversely
with NK infiltration and effector function as well as disease-free
survival (43). These results suggest that ADT may result in
suppressed NK-cell function, and that therapies aimed at restor-
ing NK-cell activity may make tumors more susceptible to
antitumor immune responses. In addition, ADT led to an
increase in Hsp70 gene expression. Hsp70 expression is asso-
ciated with increased MHC class I expression (44) and may act
as a chaperone, facilitating MHC presentation of AR-derived
immunogenic epitopes (45). The possible role of Hsp70 in
facilitating immune recognition of prostate cancer cells war-
rants future study. Finally, although androgen deprivation did
not cause changes in PD-L1 expression, it did cause a decrease
in expression of HVEM. HVEM is a checkpoint ligand that binds
to BTLA and CD160 on T cells to suppress T-cell effector
function. HVEM expression is associated with decreased lym-
phocyte infiltration into tumors and a poor prognosis in
colorectal cancer (46). The decreased HVEM expression in
prostate tumors in response to ADT may further sensitize these
tumors to immunotherapeutic interventions.

We explored noninvasive imaging as ameans tomonitor tumor
growth following AR-targeted combination pharmacological and
immunotherapy.WeusedaPET agent, 124I-CLR1404, that is taken
up and retained by a broad spectrum of tumor types, partially due
to the overexpression of lipid rafts on cancer cellmembranes (29).
This agent also shows less nonspecific uptake in the bladder and
abdomen, making it useful to monitor prostate tumor growth.
The uptake of this agent is also independent of changes to AR-
regulated genes. Although 124I-CLR1404 may be useful for mon-
itoring tumor growth, other radiotracersmonitoring AR-regulated
genes might provide information about tumor recurrence. These
radiotracers include agents targeting PSMA (18F-DCFPyL, ref. 47)
or tracers targeting the AR itself (18F-DHT, ref. 48), both of which
have been used in clinical trials. Concurrent use of both radio-
tracers (one which can be used to measure tumor growth, such as
124I-CLR1404, and another that detects tumors with AR expres-
sion) could potentially provide a means to both identify the
optimal time to begin AR-directed immunization and monitor
the generation of AR antigen-loss variants that would no longer
respond to ADT.

In addition to increased expression of the full-length AR, we
also observed increased expression of AR-V7, a constitutively
active splice variant of the AR that lacks the LBD and which can
drive resistance to AR-targeted pharmacologic therapies in
castrate-resistant prostate cancer (49). As others have shown
(50), we detected a transient increase in AR-V7 expression
immediately following androgen deprivation (albeit less than
the expression of full-length AR), which was followed by an
increase in full-length AR that was maintained over time.
Although increased expression of this constitutively active AR
splice variant may drive resistance to AR-directed pharmaco-
logic agents, the splice variant may have less of an effect when
the AR is targeted immunologically: AR-specific T cells should
continue to recognize androgen-deprived prostate tumor cells
as long as the full-length AR is expressed, regardless of the
presence of AR splice variants. However, for variants that have
completely lost AR expression, immune responses directed
against the AR LBD would be ineffective.

In summary, we have shown that increased AR expression in
prostate cancer cells following ADT resulted in enhanced recog-
nition and lysis by AR-specific T cells. The combination of ADT
and AR-specific immunization in vivo enhanced antitumor T-cell
immunity and delayed recurrence of castrate-resistant tumors.
These studies provide a rationale for combining ADT with AR-
targeted immunization, an approach that is being evaluated in a
phase I clinical trial (NCT02411786).
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