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Abstract In this study, we report a novel treatment
strategy that could potentially be used to improve efficacy
of adoptive cell therapy for patients with prostate cancer.
We show that female C57BL/6 mice are able to effectively
reject two syngeneic prostate tumors (TRAMP-C2 and
RM1) in a T cell-dependent manner. The protective anti-
tumor immunity appears to primarily involve T cell
responses reactive against general prostate tumor/tissue
antigens, rather than simply to male-specific H-Y antigen.
For the first time we show that adoptive transfer of lym-
phocytes from TRAMP-C2-primed or naive female mice
effectively control prostate tumor growth in male mice,
when combined with host pre-conditioning (i.e., non-
myeloablative lymphodepletion) and IL-2 administration.
No pathological autoimmune response was observed in the
treated tumor-bearing male mice. Our studies provide new
insights regarding the immune-mediated recognition of
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male-specific tissue, such as the prostate, and may offer
new immunotherapy treatment strategies for advanced
prostate cancer.
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Introduction

Early diagnosis and treatment cure most clinically local-
ized prostate cancers (CaP). However, treatment options
are limited in patients who suffer recurrences due to
micrometastatic disease at the time of diagnosis or minimal
residual disease from non-curative local therapy. Applica-
tion of specific immunotherapies has shown significant
promise due to low toxicity and exquisite specificity [1].
Indeed, adoptive cell therapy (ACT) using autologous
tumor-infiltrating lymphocyte (TILs) has emerged as an
effective treatment for some patients with certain cancers
(e.g., metastatic melanoma) [2, 3]. However, only a small
fraction of patients benefit and new strategies are needed to
improve the success rate of ACT.

High affinity of the T cell receptor (TCR) for antigen is
a key feature for efficient elimination of tumors by
adoptively transferred T cells or active immunization.
Unfortunately, most tumor-associated antigens are unaltered
self-proteins. In the case of CaP, antigen targets identified so
far are prostate-associated self-antigens or tissue-differenti-
ation antigens that are overexpressed in advanced prostate
cancer, such as prostate-specific antigen (PSA), prostate
stem cell antigen (PSCA), prostate-specific membrane
antigen (PSMA), prostatic acid phosphatase (PAP) and six-
transmembrane epithelial antigen of the prostate (STEAP)
[4-8]. Given the self nature of these antigenic targets, it is

@ Springer



350

Cancer Immunol Immunother (2011) 60:349-360

conceivable that central and peripheral tolerance as well as
anergy, the host mechanisms essential for prevention of
autoimmune diseases, represent significant obstacles to the
induction of effective antitumor immune responses [9].
Central tolerance leads to deletion of T cells that express
high-avidity TCR specific for self-antigens. In addition,
low numbers of autoreactive T cells in the periphery, which
are more likely to bear a low-affinity TCR for self-antigens
[10, 11], may be responsible for the limited clinical effi-
cacy of cancer immunotherapy trials [12]. This inherent
limited T cell recognition of self-antigens also restricts the
wide application of tumor-specific T cells for adoptive
therapy of solid tumors, including CaP.

Given that the prostate exists only in the male repro-
ductive system, the immune system of a female host is
unlikely to develop central tolerance to PSA. In principle
then, T cell clones with high-avidity TCR specific for CaP/
tissue antigens are more likely to be present or generated in
a female T cell repertoire. Given the recent successes in T
cell-mediated adoptive immunotherapy of solid tumors and
advantageous features of cellular therapy in certain disease
settings such as bulky established malignancy [13], a high
frequency of prostate tissue antigen-specific T cells in the
female T cell repertoire or generated through vaccination
may be harnessed for development of a novel adoptive T
cell therapy for the treatment of metastatic CaP. Indeed,
female C3H/HeJ mice have previously been seen to reject
syngeneic PMC-1 prostate tumors, implicating the poten-
tial involvement of immune mechanisms [14].

In the current study using C57BL/6 mice, we show that
female mice develop a robust T cell-dependent immune
response against syngeneic prostate tumor. Immune-med-
iated recognition of prostate tumor or tissue-associated
antigens (e.g., STEAP), not minor HY antigen, appears to
be primarily involved in the observed antitumor activities.
Furthermore, adoptive transfer of primed or naive female
lymphocytes results in effective control of established
prostate tumors in male mice. Our studies suggest that
donor immune cells from a female host, which potentially
recognize prostate cancer/tissue antigens, may be manip-
ulated and optimized for eradiation of CaP.

Materials and methods
Mice and cells

C57BL/6 mice (wild-type) were purchased from National
Cancer Institute (Bethesda, MD, USA). Age-matched mice
were used in all the experiments. All animal procedures used
in these studies complied with guideline by Institutional
Animal Care and Use Committee of Virginia Common-
wealth University. Prostate cell lines, RM1 [15], kindly
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provided by Dr. TC Thompson (MD Anderson Cancer
Center), TRAMP-C2 [16], and Lewis lung carcinoma cell
D121 were maintained in Dulbecco modified Eagle medium,
supplemented with 10% fetal bovine serum, 2 mM L-glu-
tamine, 100 U/mL penicillin, and 100 pg/mL streptomycin.
BM-DCs were generated by culture of mouse bone-marrow
cells in the presence of granulocyte macrophage colony-
stimulating factor (GM-CSF) as previously described [17].

Reagents

CellTrace 5-(and 6-) carboxyfluorescein diacetate succinim-
idyl ester (CFSE) cell proliferation kit was purchased from
Molecular Probes (Eugene, OR, USA). Recombinant human
interleukin (IL)-2 was obtained from NCI Preclinical
Repository (Frederick, MD, USA). H-Y antigen peptides
(H-2D°-restricted Smcy73g_746, Utyossns4 and I-A®-restricted
Dbygos_622) and mouse prostate antigen peptide
(mSTEAP;,6_335) were obtained from AnaSpec Inc. (San
Jose, CA, USA). UTY antibody (ab95113) was purchased
from Abcam (Cambridge, MA, USA). FITC-conjugated anti-
mouse CD3, PE/Cy5-CD8 and PE-IFN-y mAbs were pur-
chased from BioLegend Inc. (San Diego, CA, USA). ELISA
kit for mouse IL-2 and IFN-y were from eBioscience (San
Diego, CA, USA). 7-Amino-actinomycin D staining solution
(7-AAD) and BD Cytofix/Cytoperm™ Plus Fixation/per-
meabilization kit from BD Pharmingen (San Jose, CA, USA).

Tumor challenge

Male or female mice were challenged with 2 x 10°
TRAMP-C2 (slow growing) or 1 x 10> RMI (fast grow-
ing) prostate cancer cells. Tumor growth was monitored by
measuring tumor sizes. For some experiments, mice were
immunized s.c with 1 x 10° irradiated (IR) RM1 cells,
followed by tumor challenge with 5 x 10° RMI cells
2 weeks later.

T cell proliferation assays

Male or female mice were challenged subcutaneously (s.c)
with TRAMP-C2 cells. Some female mice were injected
with prostate cells or male lymphocytes. For T cell pro-
liferation assay, splenocytes were stimulated with different
H-Y peptides or co-cultured with dendritic cells (DCs) that
had been pulse by cell lysates from TRAMP-C2 tumor,
D121 tumor or prostate tissue. Cell proliferation was
measured by *H-TdR incorporation as described [17].

Intracellular cytokine staining

Splenocytes were stimulated with mSTEAP3,¢ 335 peptide
(1 pg/ml) in the presence of GolgiPlug (brefeldin A; BD
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PharMingen). After surface staining with FITC-CD8 mAb,
cells were permeabilized and stained for intracellular IFN-y
with PE-IFN-y according to the manufacturer’s instruction
(BD PharMingen).

In vitro cytotoxicity assay

Four weeks after TRAMP-C2 inoculation, splenocytes
were prepared and treated with bryostatin-1 (5 nM), iono-
mycin (I pM, CalbioChem, Gibbstown, NJ, USA) and
rhIL-2 (80 IU/ml) for 16 h as previously described [18].
Cells were washed and cultured in the presence of IL-2
(40 IU/ml) for 5 days. In some experiments, splenocytes
were stimulated with irradiated TRAMP-C2 cells (100:1)
or Smcy73g 746 and Utyaue 254 peptide in vitro for 5 days.
Live cells were isolated with Lymphocyte™ as effector
cells. TRAMP-C2 cells were treated with IFN-y (20 ng/ml)
for 24 h and labeled with 0.5 uM CFSE as target cells.
Effector cells and target cells were co-cultured at a ratio of
10:1, at 37°C for 24 or 48 h. Cells were stained with
7-AAD (50 pg/ml) on ice for 20 min, and analyzed by
FACS for the percentage of 7-AAD™ cells gating in CFSE™
cells.

Adoptive cell therapy (ACT)

Male C57BL/6 mice (n = 5 for all groups) were injected
subcutaneously with 2 x 10° TRAMP-C2 prostate tumor
cells. After 5 days, mice were treated with intravenous
adoptive transfer of 7 x 107 lymphocytes pooled from
spleen and lymph nodes of naive or TRAMP-C2-chal-
lenged female mice. In some cases, IL-2 was given at
2 x 10° international units (IU) intraperitoneally daily for
5 doses. Lymphopenia was induced by non-myeloablative
(5 Gy) whole body irradiation (WBI) on the day before the
cell transfer as described [19]. Prostates from naive or
treated tumor-bearing mice were collected, fixed with 10%
buffered formalin and subjected to H&E staining.

Reverse transcription-polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). For reverse transcription, 1 pg of
total RNA and 50 ng of oligo-dT primer were used for
20 pl reaction volumes with RevertAid™ MMLV Reverse
Transcriptase (Ferments Inc., Glen Burnie, MA, USA). The
sequences of the polymerase chain reaction (PCR) primer
pairs used to amplify the respective cDNAs were as fol-
lows: mUTY (Forward: 5-AAATGCAGCTCGGACCAA
ATC-3, reverse: CTGAATGATGTGAAGCTGTC); mRPII
(RNA polymerase II, Forward: 5'-ccctgcaggaatggatctta-3’,
reverse: 5'-ccacggcatgtcatagtgtc-3'). PCR reactions were
carried out in BioMix Red PCR buffer (Bioline, Taunton,

MA, USA) and PCR products were analyzed on 1% agarose
containing ethidium bromide.

Statistical analysis

All experiments were performed independently at least
twice with similar results. Differences between groups
within experiments were tested for significance with anal-
ysis of variance (ANOVA) test or Student ¢ test using
GraphPad Prism software (GraphPad, San Diego, CA,
USA). p values <0.05 were considered statistically
significant.

Results

Immune-mediated rejection of prostate tumors
in female mice

To examine the tumorigenesis of mouse prostate tumor
cells in male and female mice, TRAMP-C2 tumor line,
which was derived from the spontaneous TRAMP prostate
tumor model, was used in tumor challenge study. Upon
inoculation of tumor cells, male mice developed slowly
growing tumors as expected. In contrast, TRAMP-C2
tumors grew initially in female mice but then regressed
completely (Fig. 1a). This was expected given the previous
data of Labarthe et al. [14], although a different prostate
tumor line was used.

To dissect the potential involvement of immune cells in
the rejection of TRAMP-C2 tumors by female mice, we
depleted CD4" or CD8* T cells in female mice as previ-
ously described by our group [20]. It was seen that tumor
rejecting capability of female mice was abolished follow-
ing depletion of either CD4™ or CD8" T cells, whereas
untreated or control IgG-treated female mice were able to
reject the tumors (Fig. 1b), suggesting that both CD4™" and
CDS8™ T cells participate in tumor rejection. Depletion of
NK cells also resulted in partial reduction in the tumor
inhibitory effects (data not shown).

Similar observations were made when RMI1, a fast
growing prostate tumor line, was used in tumor challenge
study. RM1 tumors grew significantly slower in female
mice than in male counterparts (Fig. 1c). Since naive
female mice did not completely reject RM1 tumors, we
further explored the immunogenicity of RM1 tumor cells in
male and female mice using a standard vaccination and
challenge protocol. To this end, mice were immunized with
irradiated RM1 cells, followed by tumor inoculation with
viable RM1 cells. It was seen that male mice developed
aggressively growing tumors, whereas female mice readily
rejected RM1 tumors, even though a large number of RM1
tumor cells (5 x 106) were inoculated into the immunized
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Fig. 1 Female mice develop potent antitumor immunity to prostate
cancer. a Rejection of TRAMP-C2 tumor in female mice. Male or
female mice (n = 5) were challenged with 2 x 10° TRAMP-C2
tumor cells and tumor growth was then followed (***p < 0.001, male
vs. female). b Involvement of CD4" and CD8™ cells in the TRAMP-
C2 tumor rejection. Female mice were inoculated with TRAMP-C2
cells. 7 days later, T cell subsets were depleted using GK1.5 (anti-
CD4 antibody) and 2.43 (anti-CD8 antibody) (***p < 0.001, no
depletion vs. CD8 or CD4 depletion). ¢ Suppression of RM1 prostate

mice (Fig. 1d). These studies showed that RM1 tumors are
weakly immunogenic in male mice, but were readily rec-
ognized and rejected by female mice following the cell-
based vaccination. The differences in the tumorigenesis of
TRAMP-C2 and RMI1 cells in female mice may be
attributed to the different growth rate. Nonetheless,
immune activation was clearly involved in the rejection of
prostate tumors in female mice.

Augmentation of a prostate tumor-specific immune
response in female mice

Given the immune-mediated rejection of TRAMP-C2
tumors observed in female mice, we next assessed the
tumor reactivity of splenocytes derived from TRAMP-C2
tumor-challenged mice. When co-cultured with irradiated
TRAMP-C2 cells, naive female mice-derived lymphocytes
produced substantially higher levels of IL-2 (Fig. 2a) and
IFN-y (Fig. 2b) than did male mice-derived lymphocytes,
suggesting the presence of immune precursor -cells

@ Springer

B 600
A —e— No depletion
E 450{ > CD4*depletion
- —v— CD8 *depletion
) Control IgG
€ 300 -
=
o
>
S 150
€
=] *k %k
|_
[OR-
0 10 20 30 40
Days after tumor challenge
D
—e— Male mice
@ 40001 —°— Female mice
€
E
o 30001
€
3
O 2000
>
S
€ 1000 1
=}
- * %k
0¢ °
0 5 10 15 20

Days after RM1 challenge

tumor growth in female mice. RM1 cells (1 x 10°) were injected s.c
to male or female mice (***p < 0.001, male vs. female) and tumor
growth was followed by measuring the tumor sizes. d Rejection of
RM1 tumors by female mice following immunization. Male or female
mice (n = 5) were immunized s.c with irradiated RM1 cells (IR-
RM1). 2 weeks later, mice were challenged with 5 x 10° live RM1
cells (***p < 0.001 male vs. female). The results are representative
of three independent experiments

recognizing TRAMP-C2 target cells. Prior tumor challenge
or sensitization in vivo strongly enhanced the cytokine
production in female mice-derived lymphocytes upon
stimulation with TRAMP-C2 cells. In addition, splenocytes
of TRAMP-C2-challenged female mice displayed robust
cytolytic activity when co-cultured with CFSE-labeled
TRAMP-C2 target cells (Fig. 2c).

To determine whether the generated immune response
was directed specifically against prostate tumors, female
mice were immunized with irradiated TRAMP-C2, RM1 or
D121 (a mouse lung carcinoma cell line), followed by
tumor challenge. Use of TRAMP-C2 cells in the setting of
priming and challenging is not feasible, since female mice
without prior exposure to prostate tumor cells are able to
reject TRAMP-C2 tumors. Therefore, RM1 prostate tumor
cells and D121 lung tumor cells were used in this study.
While immunization with D121 cells did not provide
appreciable protection against RM1 tumors, immunization
with either TRAMP-C2 or RMI1 prostate tumor cells
induced potent antitumor activities against RM1 tumor
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Fig. 2 Enhanced antitumor response in female mice is associated
with increased recognition of prostate tumor by immune -cells.
Increased IL-2 (a) and IFN-y (b) production in primed female
lymphocytes. Splenocytes from naive or TRAMP-C2 challenged mice
were co-cultured with irradiated TRAMP-C2 cells at a ratio of 50:1
for 72 h. Supernatant was collected and subjected to ELISA assays
for cytokine production (*p < 0.01; **p < 0.001). The results are
presented as means + SD and are representative of two independent

(Fig. 3a), suggesting that the antitumor activity involved
immune recognition of shared antigens from these two cell
lines of the prostate origin. Although, RM1 tumors were
not completely eradicated in female mice receiving
TRAMP-C2 cells, the tumors grew at a significantly slower
rate compared to D121 lung carcinoma in the immunized
female mice (Fig. 3a).

The in vitro proliferation of splenocytes derived from
TRAMP-C2 tumor-challenged male or female mice was
determined in the presence of different antigenic sources
using 3H-thymidine incorporation assays. When co-cultured
with prostate tissue or TRAMP-C2 tumor lysates, lympho-
cytes from female mice displayed a robust proliferative
response than those from male mice. However, lymphocytes
from female or male mice did not respond to in vitro stim-
ulation with D121 lung tumor lysates (Fig. 3b), further
supporting that prostate tumor or tissue-specific antigens
may serve as the targets of the immune recognition.

Six-transmembrane epithelial antigen of the prostate is
highly expressed in advanced human prostate cancer and
mouse prostate tumor [8, 21], representing one of CaP
antigens for immunotherapeutic targeting. Therefore, we
sought to determine whether female mice challenged with
TRAMP-C2 tumor cells may develop STEAP-specific
immune responses. Splenocytes were stimulated with MHC
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experiments. ¢ Enhanced cytolytic activity of splenocytes from
TRAMP-C2-challenged female mice. Splenocytes from naive or
TRAMP-C2 challenged mice were expanded. Effector cells were co-
cultured with CFSE-labeled TRAMP-C2 target cells for 48 h. Tumor
death was detected using 7-AAD staining and FACS by gating on
CFSE-positive target cells. The representative results of three
independent experiments are shown

Class I-restricted mSTAEP;,4 335 peptide, followed by
intracellular staining for IFN-y. CD8" T cells from naive
female mice responded to STEAP stimulation, suggesting
the existence of the antigen-specific T cell precursors in T
cell repertoire of female mice. Compared to naive female
mice, those receiving TRAMP-C2 cells showed a signifi-
cantly higher frequency of IFN-y producing CD8" T cells
(Fig. 3c), indicating that the rejection of TRAMP-C2 tumor
in female mice may have involved the immune recognition
of prostate tumor antigens (e.g., STEAP). Since STEAP, a
prostate tissue differentiation antigen, is also expressed in
normal prostate, we hypothesized that inoculation of normal
prostate cells into female mice should induce the STEAP-
specific immune response in a similar manner. Indeed,
CD8™ T cells from female mice injected with prostate cells
showed increased IFN-y production compared to control
naive mice, but this production was significantly lower than
that seen from CD8" T cells isolated from TRAMP-C2-
challenged mice (Fig. 3c). This might be attributed to the
low expression levels of STEAP in normal prostate tissue
compared to prostate tumor.

Given the nature of antigens shared between prostate
tumor and normal prostate tissue, we next examined
the immunogenicity of prostate cells in the context of
the induction of anti-prostate tumor response. While
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Fig. 3 Prostate tumor challenge elicits prostate antigen-specific
immune response in female mice. a Cross-protection against
TRAMP-C2 and RM1 tumors. Female mice (n = 5) were immunized
with irradiated (IR) TRAMP-C2, RM1 prostate tumor cells or D121-
lung carcinoma cells, followed by challenge with 5 x 10° live RM1
cells (*, **p < 0.001). b Recognition of prostate tissue antigens by
primed female lymphocytes. Lymphocytes from TRAMP-C2 chal-
lenged female or male mice were co-cultured with female DCs, which
were pulsed with the lysates prepared from TRAMP-C2, D121 or
prostate tissue. Cell proliferation were measured by *H-TdR incor-
poration (*p < 0.01; **p <0.001). ¢ Increased STEAP-specific

immunization with irradiated RM1 cells resulted in the
rejection of subsequently inoculated RM1 tumors, female
mice receiving normal prostate cells (irradiated or not) only
modestly delayed RM1 tumor growth (Fig. 3d), suggesting
that there is a different capacity of these two antigenic
sources in augmenting an anti-tumor immune response in
female mice.

Immune response to H-Y antigen does not play
a predominant role in tumor rejection in female mice

In MHC-matched human transplantation and animal
models, immune response to the male minor histocom-
patibility H-Y antigen can be responsible for host versus
graft rejection [22]. Therefore, we assessed the immune
recognition of the male-specific, Y chromosome-encoded
H-Y antigens in female mice following immunization
with TRAMP-C2, RMI1, normal prostate cells or male
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Days after tumor challenge

IFN-y production in TRAMP-C2 challenged female mice. Spleno-
cytes from female mice inoculated with TRAMP-C2 cells, normal
prostate cells or left untreated were stimulated with mSTEAP;3,4 335
peptides, followed by intracellular staining for IFN-y production and
FACS analysis gating on CD8" cells. d Prostate tumor-specific
response responsible for subsequent tumor rejection. Female mice
(n =5) were immunized with normal prostate cells, irradiated
prostate cells or RM1 tumor cells, followed by challenge with RM1
cells (*p < 0.05; **p < 0.001). The representative results of three
independent experiments are shown

lymphocytes. Compared to untreated mice, all immunized
mice generated immune responses against the defined
H-Y epitopes, including H-2DP-restricted Smcy73g_746,
Utya46-254 and I-AP-restricted Dbygos_622, as indicated by
T cell proliferation assays. Among all the groups, male
lymphocytes appeared to induce a slightly higher T cell
response against H-Y epitopes (Fig. 4a). PCR analysis
indicates that similar mRNA levels of UTY antigen are
present in TRAMP-C2 and RMI1 tumors, male lympho-
cytes and prostate tissue (Fig. 4b, left). However, protein
levels of UTY are modestly higher in prostate tissue
compared to prostate tumors (Fig. 4b, right).
Immunization with male lymphocytes is known to effi-
ciently prime T cells for this minor histocompatibility
antigen [23]. We next examined whether immune response
against H-Y antigens in female mice resulted in the cyto-
toxic Kkilling of prostate tumor cells. Splenocytes
from male lymphocyte-challenged female mice displayed
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Fig. 4 Immune response to H-Y antigen is unable to control
TRAMP-C2 tumor growth in female mice. a Comparable H-Y
antigen reactive response in female mice following stimulation.
Female mice were challenged with prostate tumor cells (TRAMP-C2,
RM1), normal prostate cells or male lymphocytes. 2 weeks later,
splenocytes were harvested and stimulated with H-Y antigen peptides.
Cell proliferation assay was performed using *H-TdR assays.
b Expression of UTY antigen in different male tissues and cells.
mRNA and protein levels of UTY antigen were examined in RM1
tumor cells, TRAMP-C2 tumor cells, normal prostate tissue and male
lymphocytes using PCR and immunoblotting analysis, respectively.
RNA polymerase II (RPII) and f-actin were used as internal controls.
¢ Lymphocytes from prostate tumor-sensitized female mice exhibit

significantly weaker cytolytic activity than those from
TRAMP-C2-challenged mice (Fig. 4c). To further confirm
this observation in vivo, female mice were inoculated with
male lymphocytes or TRAMP-C2 tumor cells. One week
later, mice were challenged with high dosage of RMI1
prostate tumor cells (5 x 10°). As expected, untreated
female mice developed RM1 tumors upon challenge with
high dose RMI1 cells. It was observed that RM1 tumors
grew more aggressively in mice immunized with male
lymphocytes than in naive female mice. In contrast, RM1
tumors were completely rejected by female mice that were
challenged with TRAMP-C2 tumor cells, indicating that
H-Y antigen-specific immune response does not play a
significant role in the antitumor response against RM1
tumors in female mice (Fig. 4d). The frequency of STEAP-
stimulated, IFN-y producing CD8 T cells in male lym-
phocyte-primed female mice was almost the same as that of
naive female mice (data not shown). These data suggest
that the immune response against RM1 cells was prostate
tumor-specific rather than merely male antigen-specific.
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increased cytolytic activity. Splenocytes from TRAMP-C2 or male
lymphocyte-immunized female mice were stimulated with irradiated
TRAMP-C2 cells, or H-Y peptides, respectively. Effector cells were
then co-cultured with CFSE-labeled TRAMP-C2 cells as targets for
24 h, tumor death was detected using 7-AAD staining gated on
CFSE-positive target cells. d Failure of controlling aggressive RM1
prostate tumors by priming an H-Y antigen-specific immune response
in female mice. Female mice (n = 5) were immunized by injection of
TRAMP-C2 cells, male lymphocytes or left untreated, followed by
tumor challenge with 5 x 10° RM1 cells and tumor growth was
monitored twice weekly (*p < 0.001). The results are representative
of three independent experiments

Adoptive transfer of female lymphocytes suppresses
prostate tumor growth in male mice

Lymphodepletion with total body irradiation (TBI)
increases the efficacy of adoptively transferred tumor-
specific CD8™ T cells by depleting inhibitory lymphocytes
and increasing homeostatic cytokine levels [19, 24, 25]. To
determine whether the TRAMP-C2 tumor protective
immunity in female mice can be transferred to male mice,
total lymphocytes from TRAMP-C2-challenged female
mice were adoptively transferred to recipient male mice
using a modified protocol combining ACT, host pre-con-
ditioning (i.e., 5 Gy WBI), vaccination and IL-2 adminis-
tration [13, 19]. The growth of TRAMP-C2 tumors was
profoundly suppressed in male mice that received ACT.
Additional vaccination with irradiated TRAMP-C2 tumor
cells did not further enhance ACT-mediated antitumor
activity (Fig. 5a).

We predicted that a high frequency of prostate tumor/
tissue reactive T cells or their precursors existed in
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Fig. 5 Adoptive transfer of female donor lymphocytes efficiently
controls prostate tumor growth in male mice. a Adoptive cell therapy
(ACT) using TRAMP-C2 tumor-primed female donor lymphocytes.
TRAMP-C2 tumor-bearing male mice (n = 5) were whole body
irradiated (5 Gy) and received lymphocytes from TRAMP-C2-
challenged female donor mice. IL-2 was administrated daily for the
next 3 days. Tumor growth was monitored at indicted time points
(*p < 0.001). b Prostate tumor-specific reaction exhibited by naive
female lymphocytes. Lymphocytes from naive female or male mice
were co-cultured with female donor DCs that were pulsed with
TRAMP-C2 or D121 tumor lysates. Cell proliferation was measured
by *H-TdR incorporation assays (*p < 0.01; **p < 0.001). ¢ ACT
using lymphocytes from naive female mice. Tumor-bearing male
mice (n = 5) were treated with WBI, and received naive lymphocytes

untreated female mice, which was also supported by the
observed STEAP-specific T cells in naive female mice
(Fig. 2e). Indeed, naive female lymphocytes responded
more strongly than those from male mice to the stimulation
with TRAMP-C2, not D121 lung tumor cells, (Fig. 5b),
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from female donor mice and IL-2. One cohort of male mice without
pre-conditioning only received adoptively transferred female lym-
phocytes (¥*p < 0.001, ACT plus WBI vs. control or ACT alone).
d Absence of inflammation and immune cell infiltrates in the prostates
from ACT-treated male mice. The prostate tissues were collected
from TRAMP-C2 bearing mice after treatment, and subjected to H&E
staining. The representative results of at least two independent
experiments are shown. e Preferential trafficking of adoptively
transferred T cells from female donors to subcutaneous tumors.
TRAMP-C2 tumors, tumor-draining lymph nodes, prostate and testis
were collected 3 days after adoptively transfer of CFSE-labeled T
cells into tumor-bearing male recipients. Tissue frozen sections were
stained with DAPI and analyzed using fluorescence microscope

even though it was not as robust as that seen in lympho-
cytes from TRAMP-C2-challenged mice.

We next assessed the ability of naive female lympho-
cytes to control pre-established TRAMP-C2 tumors in male
mice. Tumor-bearing male recipients were subjected to
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ACT with or without non-myeloablative conditioning.
ACT alone failed to result in any significant tumor sup-
pression in male mice (Fig. 5¢). However, ACT in con-
junction with WBI and IL-2 administration effectively
delayed tumor growth (Fig. 5c). In addition, ACT plus
WBI, or ACT plus IL-2 failed to defer tumor progression
(data not shown).

ACT using female mice-derived lymphocytes does
not augment detectable inflammation in prostate

Given that antigens recognized by female donor lympho-
cytes are likely shared by normal prostate tissue and
prostate tumor, adoptive T cell therapy using female donor
lymphocytes may carry a potential risk of destruction of the
prostate organ. Prostate tissues-derived from untreated and
ACT-treated male mice were analyzed by H&E staining.
Interestingly, the prostates from ACT-treated TRAMP-C2-
bearing mice did not show any obvious signs of an active
inflammatory pathology compared to untreated controls
(Fig. 5d). Indeed, following adoptive transfer, it was seen
that CFSE-labeled T cells from female mice were primarily
present in tumor-draining lymph nodes and tumor tissues,
but not in prostates, testis (Fig. 5Se) and liver (data not
shown), suggesting that T cells from female donors pref-
erentially recognize prostate tumors compared to major
normal or male organs and that ACT does not appear to
induce significant infiltration by inflammatory cells or
cause tissue damage in healthy prostate organs. However,
the possibility of eventually generating damage in normal
prostate is lessened in actual clinical settings, since normal
prostate would no longer be present in most patients with
advanced or metastatic prostate cancer disease.

Discussion

Cancer patients usually exhibit tumor-associated immune
suppression and most cancer-associated antigens, including
CaP antigens, are ‘self-proteins’, blocking them from
immune recognition. The presence of the prostate organ in
male but not female hosts presents a unique opportunity for
the development of a novel ACT for CaP treatment. In the
current study, we provide the first experimental evidence
that T cells from female mice are highly reactive to pros-
tate tumors, and thus may be utilized for more effective
adoptive immunotherapy of CaP.

We have shown that male mice were susceptible to
prostate tumor growth, whereas, female mice were able to
reject or effectively control two different syngeneic pros-
tate tumor lines, TRAMP-C2 and RM1. In the case of RM1
model, while female mice did not completely eliminate the
tumors (perhaps due to the rapid growing rate of the RM1

tumors), tumor development was nevertheless profoundly
suppressed compared with that seen in male mice. In
addition, sensitizing female mice with live TRAMP-C2
cells or irradiated RM1 cells resulted in a complete rejec-
tion of the subsequently inoculated RM1 tumors, due to the
expansion of tumor-reactive T cells. In this MHC-matched
syngeneic system, the immune system of female host may
see implanted prostate tumor as “non-self” because of the
expression of tumor/tissue-specific antigens or minor his-
tocompatibility antigens, and therefore initiate a strong,
coordinated antitumor immune response. The immune-
mediated rejection of prostate tumors by the female mice
was supported by the observation that depletion of either
CD4" or CD8" T cells abrogated the tumor control.

Upon stimulation with prostate tumor cells, splenocytes
from tumor-sensitized female mice displayed a robust
proliferation, high levels of IFN-y production and cytolytic
activity compared to those from male mice. Interestingly,
similar results were obtained when splenocytes were
stimulated with normal prostate tissue lysates, although the
response was much more modest. CaP antigens identified
so far are unaltered prostate differentiation antigens, which
are overexpressed in primary or metastatic CaP. Based on
observations of cross-protection conferred by TRAMP-C2
and RM1 prostate tumors in female mice and the immune
responses in female mice against prostate tissue lysates, we
speculate that upon prostate tumor challenge, target anti-
gens recognized by the female immune system are mostly
prostate-associated proteins highly elevated in CaP.
Nonetheless, the immune responses generated for as yet
unknown, true CaP-specific antigens may also exist in
female mice. Given the higher expression of tumor/prostate
tissue-associated antigens in malignant cells, differential
cytokine responses stimulated by tumor cells vs. prostate
tissue was predictable.

Our results show that mSTEAP-specific CD8" T cell
response was induced in TRAMP-C2-challenged or pros-
tate-immunized female mice. STEAP is constitutively
expressed in normal prostate tissue, but highly elevated in
malignant prostate tissue, including TRAMP-C2 cells [26].
It has been reported that an mSTEAP-based vaccine sig-
nificantly prolonged the survival of tumor-bearing mice [8,
27], suggesting that STEAP is a potential candidate antigen
for prostate cancer immunotherapy. Therefore, the potent
response against mSTEAP observed in our studies could be
involved in the immune rejection of prostate tumors in
female mice.

It is recognized that minor H antigens encoded by genes
on the Y chromosome could contribute to a selective graft
versus leukemia (GVL) effect against myeloid and lym-
phoid leukemias after hematopoietic stem cell transplan-
tation [28]. Therefore, we have also conducted studies to
assess whether the protection seen in females may simply
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be due to H-Y antigens. TRAMP-C2 or RM1-challenged
female mice developed a similar H-Y antigen-specific
response as did immunization with male lymphocytes,
which is known to efficiently prime T cells for this minor
histocompatibility antigen [23]. However, female mice
immunized with male lymphocytes were still susceptible to
RMI1 tumor challenge compared to TRAMP-C2 sensitized
counterparts, which were able to completely reject sub-
sequent RM1 tumor challenge. In vitro CTL assay also
showed that H-Y antigen stimulated lymphocytes were not
as effective as CaP-primed lymphocytes in killing RM1
tumor cells. Together, these results suggest that the H-Y
antigen-specific immune response did not appear to play a
major role in the protection against CaP in primed female
mice. However, more studies are needed to further define
the contributions of prostate tumor/tissue and H-Y antigens
to the observed tumor rejection.

There was a concern that an autoimmune response may
be elicited in the prostate organ that shares antigens with
prostate tumor. Intriguingly, ACT of tumor-bearing male
mice in our studies did not result in visible pathologic
autoimmunity. While prostate tumors overexpress certain
prostate-associated antigens, making them ready targets for
the prostate tumor/tissue-specific T cells from female mice,
low levels of self-antigens (e.g., STEAP) in the normal
prostate may be insufficient for stimulation of adoptively
transferred T cells [29], suggesting that even under
experimental conditions with a high frequency of autore-
active T cells, a therapeutic window can be defined, in
which ACT can reject tumor cells without causing severe
autoimmunity. Additionally, it is expected that this would
not be a major problem in the clinical setting, since the
normal prostate tissue would likely be already removed
through surgery in advanced patients or those with meta-
static disease.

Lymphodepletion before ACT has been shown to dra-
matically improve the antitumor efficacy of transferred T
cells by removing endogenous regulatory or suppressive
cells and cytokine ‘sinks’ [19]. We have demonstrated that
adoptive transfer of TRAMP-C2-sensitized female lym-
phocytes to male mice treated with non-myeloablative or
“low-intensity” conditioning regimens (i.e., low dose
WBI) profoundly suppressed tumor growth. However,
additional vaccination with irradiated TRAMP-C2 cells
failed to further improve the therapeutic efficacy of ACT as
reported previously [13]. It is possible that irradiated tumor
cells may not be the best form of vaccination for T cell
stimulation in male mice. Although WBI is used as an
experimental model in the present studies, future studies
should test the novel ACT in conjunction with chemo-
therapies used for allo-transplantation in the clinic, which
is expected to have a similar lymphodepleting effect as
WBL
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While this study was conducted using syngeneic models,
this is not a feasible approach in humans. However, allo-
geneic cell therapy, as a means to break immunotolerance
to hematologic malignancies as well as solid tumors, is
increasingly used for successful cancer treatment [30-32].
In fact, it has been observed that T cells from HLA-iden-
tical sibling donors also showed a superior tumor-reactive
response compared to autologous patients’ TILs [33]. The
use of tumor-reactive female donor lymphocytes for CaP
therapy may be able to offer combined therapeutic effects
derived from both tumor-specific and alloreactive immune
responses. Recent progress in allogeneic transfer therapy
has highlighted that augmenting a graft versus tumor effect
(GVT) by T cell transfer in the absence of measurable graft
versus host disease (GVHD) appears to be achievable in
the foreseeable future [34, 35]. The improved safety and
preliminary success of ACT have justified applying female
donor lymphocyte-based immunotherapy to patients with
advanced or treatment-refractory CaP.

Surprisingly, naive female lymphocytes also effectively
inhibited TRAMP-C2 growth in male mice as did those
from TRAMP-C2-challenged female mice, when combined
with pre-conditioning of recipient mice and IL-2 adminis-
tration. Emerging evidence in mouse models indicates that
the differentiation status of transferred cells is also
important to the success of T cell-based therapies [36, 37].
Naive, rather than central memory T cells, were found to be
superior in potentiating tumor immunity upon adoptive
transfer [38]. Thus, prostate cancer/tissue antigen-specific
T cell precursors in female naive cells may efficiently
differentiate and become activated in recipient mice
undergoing pre-conditioning. However, it remains to be
tested whether undifferentiated female lymphocytes is
preferable for augmenting ACT compared to the primed
counterparts.

Our studies suggest that rather than using traditional
TILs for ACT, high-avidity prostate tumor/tissue reactive T
cells, which are present in female T cell repertoire, may be
exploited as the source of immunotherapeutic ‘effector’
cells. Compared to the extensive effort needed to apply
individualized conventional ACT, the use of female lym-
phocytes could reduce the time and labor required, and
therefore represents a conceptually attractive therapy for
advanced CaP with a broad applicability. However, several
challenges need to be overcome before this approach is
translated in the clinic. Ex vivo ‘programming’ and
expansion of naive female lymphocyte or its subsets and
lineage still have to be defined to achieve optimal antitu-
mor activity [39]. Although, the polyvalent nature of
antigenic specificity clearly provides additional therapeutic
benefits in CaP treatment, knowledge of female donor
lymphocyte-mediated antigen recognition for GVT and
GVHD will guide choice of right T cell candidate.
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Selective enrichment of prostate tumor/tissue-specific
T-effector cells for ACT would greatly reduce the risk of
GVHD in the recipient host. Generation of female T cell
lines or clones reactive with prostate tumor will permit to
address this issue directly. With the emergence of TCR
gene therapy [40], identification of specific TCRs and
novel prostate tumor antigens via reactive female T cells
will provide new and attractive opportunities for rational
design of targeted immunotherapies, including adoptive
therapy, against CaP.
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