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Prostate Cancer Progression Correlates with Increased
Humoral Immune Response to a Human Endogenous

Retrovirus GAG Protein
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Elke Jager'®, Gerd Ritter', Lloyd J. Old"", and Sacha Gnjatic’

Abstract

Purpose: Human endogenous retroviruses (HERV) encode 8% of the human genome. While HERVs may
play a role in autoimmune and neoplastic disease, no mechanistic association has yet been established. We
studied the expression and immunogenicity of a HERV-K GAG protein encoded on chromosome 22q11.23
in relation to the clinical course of prostate cancer.

Experimental Design: In vitro expression of GAG-HERV-K was analyzed in panels of normal and
malignant tissues, microarrays, and cell lines, and effects of demethylation and androgen stimulation were
evaluated. Patient sera were analyzed for seroreactivity to GAG-HERV-K and other self-antigens by ELISA and
seromics (protein array profiling).

Results: GAG-HERV-K expression was most frequent in prostate tissues and regulated both by
demethylation of the promoter region and by androgen stimulation. Serum screening revealed that
antibodies to GAG-HERV-K are found in a subset of patients with prostate cancer (33 of 483, 6.8%) but
rarely in male healthy donors (1 of 55, 1.8%). Autoantibodies to GAG-HERV-K occurred more
frequently in patients with advanced prostate cancer (29 of 191 in stage III-1V, 21.0%) than in early
prostate cancer (4 of 292 in stages I-II, 1.4%). Presence of GAG-HERV-K serum antibody was correlated
with worse survival of patients with prostate cancer, with a trend for faster biochemical recurrence in
patients with antibodies to GAG-HERV-K.

Conclusions: Preferential expression of GAG-HERV-K ch22q11.23 in prostate cancer tissue and increased
frequency of autoantibodies observed in patients with advanced prostate cancer make this protein one of the
first bona fide retroviral cancer antigens in humans, with potential as a biomarker for progression and

biochemical recurrence rate of prostate cancer. Clin Cancer Res; 19(22); 6112-25. ©2013 AACR.

introduction

Human endogenous retroviruses (HERV) are genome
modifiers of exogenous origin that became integrated in
the human genome millions of years ago and now represent
8% of total DNA sequences. They are classified into 30 to 50
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families, family K being the most recently identified (1).
HERVs contain genes that encode polyproteins flanked by 2
long terminal repeats (LTR; ref. 2). Most HERV genes have
mutations or deletions in their coding and promoter
sequence, which compromise their gene and/or protein
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- Prediction of prostate cancer pro;
 has relied on several known bioma

expression. In addition, HERV expression in normal tissue is
usually suppressed by DNA methylation (3-6).

Endogenous retroviruses have been closely linked as the
etiologic agent to a wide variety of animal cancers. One of
the best examples is the MuLV, a mouse endogenous ret-
rovirus associated with leukemia in murine hosts (7, 8).
Serologic techniques have been critical in establishing the
complex relation between these viruses and their hosts
(9-12). Our group developed a powerful approach for
detecting cancer antigens based on patient humoral
immune response (13, 14). Taking advantage of this tech-
nique and by using a prostate cancer serum sample, we
previously identified a GAG protein derived from human
endogenous retrovirus Klocated on chromosome 22q11.23
(GAG-HERV-K c¢h22q11.23, NGO-Pr-54; ref. 15). This
endogenous retrovirus has been associated with chromo-
somal rearrangements occurring in prostate cancer that
create fusion genes in which the promoter region of
GAG-HERV-K ¢h22411.23 translocates downstream of
ETV1 gene leading to abnormal expression of ETS transcrip-
tional factor (16, 17).

Despite the fact that most HERVs have mutated or deleted
coding sequences, intact open reading frames (ORF) exist
and give rise to transcripts that can be detected by real-time
PCR (qPCR; refs. 15, 18, 19). Although no expression at
the protein level has been clearly identified, immune
responses against various HERV components have been
widely shown in different types of cancer, including prostate
cancer (20-24). However, a clear correlation between
immune response to HERV components and clinical stage
has not been intently addressed in prostate cancer.

Prostate cancer is one of the most frequent causes of male
cancer-related deaths (25). Clinical staging of prostate can-
cer is important in assessing the risk of the disease and
therefore for treatment recommendations (26). Still,

improved clinical staging biomarkers are required for more
reliable prediction of pathologic stage in prostate cancer
(27-30). Thediscovery of an endogenous retrovirus antigen
highly expressed in prostate cancer and able to elicit humor-
al immune responses related to disease progression makes
this an attractive potential new biomarker for clinical stag-
ing and a novel target for immunotherapy. In this work, we
explore the correlation between humoral immune response
to HERV antigen and cancer progression and show mechan-
isms that could be contributing to HERV activity in prostate
cancer.

Materials and Methods

Patient samples and cell lines

Sera were collected with informed consent under proto-
cols approved by the Institutional Review Board of Memo-
rial Sloan-Kettering Cancer Center {New York, NY) and by
the Ethics Review Board from Krankenhaus Nordwest
(Frankfurt, Germany). Serum samples were collected at
Memorial Sloan-Kettering Cancer Center or provided by
Dr. Elke Jager from Krankenhaus Nordwest, typically at time
of diagnosis. Prostate cancer patient sera were divided
according to clinical stage of the disease (I-IV) using the
TNM dlassification system (American Joint Committee on
Cancer), as well as according to Gleason score whenever
available. Patient characteristics for a subset of patients are
shown in Table 1. Cell lines were derived at Memorial
Sloan-Kettering Cancer Center or purchased from American
Type Culture Collection. All human cell lines were main-
tained in RPMI containing 10% FBS, 1% L-glutamine at
37°C in a 5% CO, atmosphere.

Probes and monoclonal antibodies

The IgGl monoclonal antibody to anti-GAG-HERV-K,
clone TI-35, was previously generated by our group (15).
Antibodies for human androgen receptor (AR-441 - clone
ab9474, 1:1,000) and actin (clone ab8227, 1:10,000) were
obtained from Abcam. TagMan primers and probes for
KLK3 (PSA), BCR, ZDHHCS8P1, IGGL1, RGL4, and TFRC
genes were obtained from Amersham Bioscience. GAG-
HERV-K primers sequences were GAG22q11.23-F (5'-CGC
AGG TTA GAC AAG CAC AA-3’) and GAG22q11.23-R
(5'-CTC AAG ATC GCC CTG TIT TC-3').

RNA extraction

RNA extraction was conducted using TRIzol Reagent
(Gibco), according to manufacturer’s instructions with few
modifications. Briefly, 5 x 10° to 10 x 10° cells or 100 mg of
cancer tissue were homogenized with 1 mL TRIzol reagent
and incubated for 5 minutes at room temperature. Two
drops of OCT and 100 puL BCP were added to the solution
and vortexed. The samples were centrifuged for 15 minutes
at 4°C, and the aqueous phase was collected for RNA
precipitation by isopropanol. The resuspended RNA was
submitted to DNase treatment according to manufacturer’s
instructions (Ambion). The concentration was determined
using NanoPhotometer (IMPLEM). Total RNA derived from
normal tissues was obtained from Clontech and Ambion.
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Table 1. Patient characteristics within group analyzed by Kaplan-Meier
Localized, low risk® Localized, high risk® Metastases®
n =102 n =96 n =86

Age at biopsy 59 (54-64) 62 (56-65) 61 (56-65)
PSA 6.42 (4.10-8.80) 9.40 (5.20-16.00) 9.50 (6.10-17.80)
Pathologic Gleason grade

<6 102 (100%) 1(1%) 3 (6%)

7 0 (0%) 14 (20%) 20 (42%)

>8 0 (0%) 56 (79%) 25 (52%)
Pathologic stage > T2 8 (8%) 78 (82%) 50 (59%)
Positive surgical margins 11 (11%) 34 (36%) 40 (47%)
Extracapsular extension 0 (0%) 69 (73%) 42 (49%)
Seminal vesicle invasion 0 (0%) 40 (42%) 33 (39%)
Lymph node involvement 0 (0%) 5 (16%) 21 (26%)
Neoadjuvant 16 (16%) 49 (51%) 42 (49%)
Adjuvant 0 (0%) 7 (7%) 8 (9%)
Type of surgery

Open 102 (100%) 83 (86%) 80 (94%)

Laparoscopic 0 (0%) 2 (2%) 0 (0%)

Salvage 0 (0%) 11 (11%) 5 (6%)
Received radiation 1(1%) 22 (23%) 14 (16%)
NOTE: Age and PSA values are median (interquartile range).
2Samples obtained at time of surgery or biopsy and assessed retrospectively.

Real-time PCR

c¢DNA was generated from 2 pg of total RNA using
the SuperScript First Strand Synthesis System for RT-PCR
(Invitrogen), according to manufacturer’s instructions.
Real-time PCR was carried out using Sybr-green Master
Mix (Invitrogen) for GAG-HERV-K chr22q11.23 or TagMan
Master Mix (ABI) for AR and KLK3 (PSA) on an ABI Prism
7500 Fast real-time PCR system machine (Applied Biosys-
tems) using specific primers and probes. Relative PCR
analysis was completed using ABI Prism SDS software.
Real-time PCR products were analyzed by electrophoresis
and by sequencing. GAPDH (Sybr-green system) and TFRC
(TagMan system) were used as housekeeping genes.

TI-35 mAb characterization

The generation and characterization of mAb TI-35 was
previously described by our group (15). In addition, trans-
fection of Hela cells with GFP-fused GAG-HERV-K con-
struct or control GFPwas conducted to assess the subcellular
localization of TI-35 staining by confocal microscopy and
immunofluorescence. TI-35 specificity was further assess-
ed by immunohistochemistry (IHC) with formalin-fixed,
snap-frozen pellets of Sf9 insect cells infected with GAG-
HERV-K recombinant or control baculovirus. In addition,
TI-35 reactivity was assessed by Western blotting and ELISA
against GAG-HERV-K synthetic overlapping long peptides,
recombinant GAG-HERV-K proteins produced in Escheri-
chia coli and baculovirus as well as control proteins, and cell
extracts from GAG-HERV-K-positive VCaP cells before and
after treatment with androgen (see details below).

Immunohistochemistry

For the immunohistochemical detection of GAG-HERV-
K, monoclonal antibody TI-35 was used. TI-35 immunos-
taining was done in snap-frozen specimens as well as in
formalin-fixed, paraffin-embedded tissue. For paraffin sec-
tions, 0.5 ug/mL of TI-35 using EDTA (pH 9.0, 1 mmol/L) as
antigen retrieval solution achieved best staining results. For
primary detection, the Powervision Kit (Leica Biosystems)
was used. Immunohistochemical staining was done on 5-
wm tissue sections applied to slides for IHC (Superfrost Plus,
Menzel). Slides were heated for proper attachment at 60°C
for 3 hours. Forimmunostaining, slides were deparaffinized
in xylene and rehydrated in a series of graded alcohols
followed by antigen retrieval. The latter consisted of heating
slides in EDTA solution at 97°C for 30 minutes. Primary
incubation was done overnight at 4°C followed by the
powervision secondary. Diaminobenzidine (liquid-DAB,
Biogenex) served as a chromogen, and Gill's #2 hematox-
ylin was used as a counterstain.

Because mAb TI-35 stained many tissues with different
intensity, intensity of staining was scored in addition to the
more classic extent of staining. The immunoreactivity of
TI-35 was graded on the basis of extent of immunopositive
tumor areas as follows: negative (0), focal, that is, <5% (1),
59%-25% (2), 25%-50% (3), 50%-75% (4), and >75% (5)
of TI-35-positive tumor cells. Intensity of staining was
graded as weak (1), moderate (2), and intense (3). On the
basis of our experience with other mAb to cancer antigens,
there was more weight given to the extent of staining (on a
scale of 0-5) than to intensity of staining (1-3). Cases with
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moderate (2) and intense (3) staining in more than 50% of
the tumor (4 and 5) were considered "strong" expressers;
"moderate/weak" expressers were cases with weak (1) stain-
ing irrespective of extent and cases with staining in less than
50% of the tumor (1-3) irrespective of intensity.

Induction of GAG-HERV-K ch22q11.23 expression by
4,50-dihydrotestosterone

Cancer cell lines were submitted to 4,5a-dihydrotestos-
terone (DHT; Sigma-Aldrich) stimulation as described
before (31). Briefly, 2 x 10° cells were cultured in a 35-
mm culture dish for 48 hours in RPMI 10% fetal calf serum
(FCS) media at 37°C. The cells were then treated with 0.1,
1, or 10 nmol/L of DHT for another 48 hours. Cells were
then harvested for RNA extraction and qPCR evaluation
of GAG-HERV-K expression, as described previously. The
results were expressed as fold increase relative to untreated
cells. Cells were also harvested for protein extraction and
Western blot analysis.

Luciferase assay

Cancer cell lines VCaP were plated at 5 x 10* cells per well
in a 96-well plate in RPMI 10% FCS medium at 37°C.
Twenty-four hours later, cells were transfected with
pGL3-promoter plasmid (Promega) carrying the 5'LTR pro-
moter region of GAG-HERV-K. Cells were incubated for
an extra 8 hours and then treated for 48 hours with or
without 1 nmol/L DHT. The empty pGL3-promoter plas-
mid was used as control (mock). Cells were harvested and
assayed for luminescence count according to manufac-
turer’s protocol (Promega).

Methylation status of the HERV-K ch22q11.23 promoter
region (5'LTR)

The gDNA from cancer cell lines was extracted using
DNeasy kit (Qiagen) according to manufacturer’s instruc-
tions. The methylation status was evaluated by adapting the
Methyl-Profiler DNA Methylation PCR Array System pro-
tocol (SA Bioscience). Briefly, gDNA from cancer cell lines
was incubated with methylation-sensitive restriction
enzyme (Ms), methylation-dependent restriction enzyme
(Md), both (Msd) orany (Mo) and the promoter region was
amplified by real-time PCR using specific primers (methyl-F
5'-ATG TGC CIT GTT AAC AAT GTG TTT A-3’ and methyl-R
5'-CTC AAC TGC AAG AGG CCT TC-3'). The methylation
status was calculated by the following formula: PMS =1 —
Fum, where PMS = promoter methylation status; Fyy
(unmethylated fraction) = 2"—(C_ma — Cimo)- The
enzyme digestion efficiency (W) was calculated as W =
100 — [100 x (2"—(Ci_mo — Ci_msa))]. Seventy per cent
cutoff digestion efficiency was adopted for experiment
validation.

Induction of GAG-HERV-K ch22q11.23 expression by
5-aza-2'-deoxycitidine treatment

The influence of DNA demethylation in GAG-HERV-K
expression was evaluated by 5-aza-2'-deoxycitidine treat-
ment. Briefly, 2 x 10° cells were cultured ina 35-mm culture

dish for 48 hours in RPMI 10% FCS medium at 37°C. The
cells were then treated with 0.1 or 1 mmol/L of 5-aza-2’'-
deoxycitidine for another 48 hours. Cells were then washed
with PBS and cultured for another 48 hours at 37°C in RPMI
10% FCS in the presence or absence of DHT. Cells were then
harvested for RNA extraction and qPCR evaluation of GAG-
HERV-K expression, as described previously. The results
were expressed as fold increase relative to untreated cells.

SDS-PAGE and Western blot

Cell lines were cultured in RPMI 10% FCS and subjected
to protein extraction using modified radioimmunoprecipi-
tation assay (RIPA) buffer. The protein extract was submit-
ted to continuous electrophoresis using NuPAGE 4%-12%
Bis-Tris gel (Invitrogen), under reducing conditions. The
separated proteins were transferred to polyvinylidene
difluoride (PVDF) membrane and incubated with blocking
solution [3% bovine serum albumin (BSA), 0.15 mol/L
PBS, pH 7.4] for 1 hour at room temperature and then
incubated with human sera diluted 1:10,000 or TI-35
mouse monoclonal antibody diluted 1:1,000 in dilution
buffer (1% BSA, 0.15 mol/L PBS, pH 7.4) for 16 hours at
4°C. The membranes were then washed (0.2% Tween-20,
0.15 mol/L PBS, pH 7.4) and incubated with goat anti-
human IgG peroxidase-conjugated diluted 1:1,000 (South-
ern Biotech) or rabbit anti-mouse peroxidase-conjugated
(Sigma) diluted 1:20,000 in dilution buffer, for 1 hour at
room temperature. Membranes were developed with West-
ern Lighting Plus-ECL solution (Perkin Elmer Inc).

ELISA

ELISA assays were conducted as previously described
(32). Briefly, plasma was serially diluted from 1:100 to
1:2,500, added to low-volume 96-well plates (Corning)
coated with 0.25 pg/mL full-length recombinant GAG-
HERV-K protein or negative control protein DHFR, or with
1 umol/L GAG-HERV-K overlapping 20mer peptides, and
blocked with PBS containing 5% non-fat milk. After incu-
bation, plates were washed by automatic plate washer (Bio-
Tek) with PBS containing 0.2% Tween and rinsed with PBS.
Total IgG bound to antigens was detected with alkaline
phosphatase-conjugated anti-human IgG monoclonal
antibody (Southern Biotech). Following addition of ATTO-
PHOS substrate (Fisher Scientific), absorbance was mea-
sured. A reciprocal titer was extrapolated by determining the
intersection of a linear trend regression with a cutoff value.
The cutoff was defined as 7.5 x the average of the OD values
from the 3 dilutions of a negative control pool of 4 healthy
donor sera. Sera with reciprocal titers >100 to GAG-HERV-K
but without reactivity to DHFR were considered significant
after confirmation in repeat titration assays.

GAG-HERV-K_GFP fusion protein expression in HeLa
cells and baculovirus

GAG-HERV-K gene was amplified using specific primers
(pIC113-F 5'-AACTCGAGATGGGGCAAACTGAAAGTAAA-
T-3' and pIC113-R 5-AAAAGCTTCTACTGCGGTGCTG-
CCTG-3'). The amplified product was digested with Xhol
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and HindIll restriction enzymes and cloned into plasmid
pIC113 containing GFP and G418 resistance genes (33).
The plasmid was then transfected into Hela cells using
Effectene reagent (Qiagen) and 48 hours after the cells
were split 1:10 in a 30-cm? plate with RPMI 10% FCS
media containing 500 ug/mL G418 selection reagent
(Gibco). Two days after selection, positive transfected
cells were fixed with 4% formaldehyde and permeabilized
with 10% Triton-X. Cells were then stained with TI-35
antibody and analyzed by confocal microscopy (LSM710
Zeiss). Recombinant baculovirus preparation using GAG-
HERV-K plasmid or control was conducted following
manufacturer’s instructions (Invitrogen) and used to
infect Sf9 insect cells (MOI = 1).

Protein microarray

Arrays were custom-made from version 4 ProtoArrays by
Invitrogen with the addition of GAG-HERV-K recombinant
protein and used per manufacturer’s instructions. For anti-
body hybridization, arrays were blocked for 1 hour and
incubated for 90 minutes at 4°C with individual sera diluted
1:500 in 4 mL buffer [1 mol/L HEPES, pH 7.5, 5 mol/L
NaCl, 0.1% Triton X100 (v/v), 25% glycerol (v/v), 20
mmol/L reduced glutathione, 1 umol/L dithiothreitol
(DTT) 10% Synthetic Block solution (Invitrogen) in H,O]
in dishes placed on a horizontal shaker (50 rpm). After 3
washes [0.1% Tween 20 (v/v), 10% Synthetic Block solution
(Invitrogen) in PBS], total bound IgG was detected by
incubation with Alexa-Fluor 647 goat anti-human IgG
(Invitrogen) diluted 1:2,000 in assay buffer for 90 minutes
at 4°C. Arrays were washed again and dried by centrifuga-
tion. The slides were scanned at 10 um resolution using a
microarray scanner (Axon 4200AL with GenePix Pro Soft-
ware, Molecular Devices) and fluorescence detected accord-
ing to the manufacturer’s instructions. Images were saved as
16-bit tif files, and analysis was conducted using GenePix.
Local backgrounds were subtracted automatically, and the
median net intensity in relative fluorescence units (rfu) was
reported for each spot. The results were calculated as pre-
viously described (34).

Statistical analyses

Statistical analyses for comparing multiple columns were
done by one-way ANOVA and with unpaired ¢ test for 2-
column comparisons. Frequency of patients with seropos-
itive versus seronegative responses was compared using 2-
tailed Fisher exact test. Analyses of overall survival and
recurrence rates were conducted using the Kaplan-Meier
method and analyzed by log-rank or by Gehan-Breslow—
Wilcoxon.

Resulls

Expression of GAG-HERV-K ch22q11.23 in cancer cell
line and cancer tissues

We evaluated the expression pattern of GAG-HERV-K
ch22¢11.23 in normal and cancer tissues as well as in cancer
cell lines by qPCR. As this gene has no introns, RNA was
pretreated with DNase to remove gDNA before reverse

transcription. The expression of GAG-HERV-K was highly
restricted in normal tissue, with low levels in prostate,
breast, and thyroid (Fig. 1A). GAG-HERV-K expression
analysis in a large number of tumor cell lines showed
absence of detectable expression in most lines from various
cancer types. However, significant expression of GAG-
HERV-K could be detected in some prostate cancer cell lines
(VCaP, 22RV-1) and teratocarcinoma cell line (Tera-1; Fig.
1B). Real-time qPCR analysis of GAG-HERV-K ch22411.23
expression in prostate cancer tissue showed high expression
in 11 of 11 samples. We found that expression of GAG-
HERV-K was mostly restricted to prostate cancer and gen-
erally not present in various other cancer tissue samples
such as melanoma, breast cancer, colon cancer, renal can-
cer, ovarian cancer, esophageal cancer, bladder cancer
(except one), lung cancer, and hepatocarcinoma (Fig. 1C
and Supplementary Fig. $2). We also evaluated neighboring
genes located on chromosome 22q11.23 to check for
unspecific transcription of GAG-HERV-K in prostate cancer
samples due to chromatin remodeling that would favor
local gene expression (Supplementary Figs. S1 and S2;
ref. 35). Neighboring gene BCR was widely expressed in
all cancer samples, whereas IGLLI and RGL4 were not
significantly altered in any of the cancer samples analyzed.
The only gene that displayed a specific increase in prostate
cancer was ZDHHCS8P1 (Supplementary Fig. $2). This ana-
lysis implies that expression of GAG-HERV-K ch22411.23
is specific to prostate cancer. Although we detected high
expression of GAG-HERV-K in all primary prostate cancer
tissues analyzed (Fig. 1C), only 2 of 6 prostate cancer-
derived cell lines were positive (Fig. 1B). The difference in
GAG-HERV-K expression observed between prostate cancer
cell lines and prostate cancer tissues may be explained by
loss of environmental stimuli after in vitro culture such as
steroid hormones.

Stimulation of GAG-HERV-K ch22q11.23 expression by
DHT in vitro

To address the importance of steroid hormones on GAG-
HERV-K expression, androgen receptor (AR)-positive cell
lines (VCaP and LNCaP) and AR-negative cell line (PC-3)
were stimulated using different concentrations of DHT. As
a positive control for DHT treatment, the expression of
KLK3 (PSA) gene was evaluated before and after DHT
stimulation. Expression of GAG-HERV-K was evaluated by
qPCR and Western blotting (Fig. 2A). GAG sequences from
different HERV-Ks are highly homologous. To specifically
detect GAG-HERV-K from ch22q11.23, we took advantage
of amonoclonal antibody TI-35 previously described by our
group (15). This antibody is capable of recognizing an
epitope of GAG-HERV-K that contains several noncon-
served amino acids (Supplementary Fig. S3A and S3C).
Furthermore, TI-35 monoclonal antibody staining coloca-
lized with GFP in Hela cells expressing GAG-HERV-K_GFP
fusion protein (Supplementary Fig. S4A and S4B) showing
its high specificity to the GAG-HERV-K antigen. GAG-
HERV-K-specific staining of TI-35 was also confirmed in
insect cells expressing baculovirus-encoded GAG-HERV-K
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Figure 1. Real-time gPCR expression analysis of GAG-HERV-K in normal tissues, cancer cell lines, and cancer tissues. Total RNA from normal tissues, cancer
cell lines, or cancer tissues was submitted to DNase treatment and reverse transcriptase reaction for cDNA synthesis. The resulting cDNA was used

on gPCR reactions to detect the expression of GAG-HERV-K ch22q11.23. The results are expressed as relative expression to housekeeping gene
GAPDH. A-C, expression of GAG-HERV-K ch22q11.23 in a normal tissue panel (A), cancer cell lines (B), and in cancer tissues samples (C). Ca, cancer; Prost,

prostate; Esoph, esophageal; Hep, Hepatocellular.

or control, using chromogen-based IHC, immunofluores-
cence, and Western blotting (Supplementary Fig. S4C and
S4D and not shown).

DHT treatment was able to increase the expression of
GAG-HERV-K in VCaP cell line, both at RNA and protein
levels, but not in any other cell line tested (Fig. 2A).
Although LNCaP express AR (Fig. 2B, left), DHT is not
sufficient to induce GAG-HERV-K expression in this cell
line (Fig. 2A). PC-3 cells do not express AR and, as expected,
did not respond to DHT stimulation. KLK3 (PSA) expres-
sion in both LNCaP and VCaP was increased after DHT
stimulation (Fig. 2B, right). Increased expression of GAG-
HERV-K in VCaP cells was confirmed by immunohisto-
chemical analysis of VCaP cells with mAb TI-35. While
unstimulated VCaP cells showed only weak and focal
immunostaining with mAb TI-35, VCaP cells stimulated
with 10 or 100 nmol/L of DHT exhibited a more intense
immunostaining (Fig. 2C).

To evaluate the direct effect of AR in GAG-HERV-K
expression, the promoter region (5'LTR) of HERV-K was
cloned into a luciferase reporter plasmid and transfected
into VCaP cells. Cells transfected with the promoter con-
struct or the empty plasmid were cultured in the presence or
absence of 10 nmol/L DHT. Luciferase signal could be

detected only in cells carrying the HERV-K promoter con-
struct, and DHT stimulation increased the signal compared
with unstimulated cells (Fig. 2D). These results suggest that
DHT plays an essential role in regulating the expression
levels of GAG-HERV-K ch22q11.23 in prostate cancer cell
lines.

Role of methylation of the HERV-K chr22¢11.23
promoter region in prostate cancer cell lines

In addition to the role of androgens on GAG-HERV-K
expression, we explored the role of DNA methylation, a
known mechanism for suppressing HERV expression (3-
5, 36). A recent article showed that HERV-K ¢h22q11.23 is
preferentially expressed in hypomethylated prostate cancer
cell lines and primary prostate tissue samples (37). We
confirmed these observations by showing that the HERV-
K promoter region (5'LTR) of GAG-HERV-K negative cell
lines (LNCaP and PC-3) was hypermethylated when com-
pared with positive cell line VCaP (Fig. 3A), in accordance
with GAG-HERV-K expression levels in these lines (Fig. 1B).
Moreover, VCaP cells that were simultaneously treated
with 5-aza-2'dC and stimulated with 1 nmol/L of DHT
showed increased expression of GAG-HERV-K compared
with cells that were solely DHT-stimulated. This effect was
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Figure 2. Regulation of GAG-HERV-K expression by DHT in prostate cancer cell lines. A, prostate cancer cell lines were treated with different concentrations

of DHT and GAG-HERV-K expression was evaluated by qPCR (left) and Western

blotting (right). In gPCR, HERV-K expression levels were relative to

housekeeping GAPDH and plotted as fold increase compared with untreated cells. In the Western blot analysis, membrane were stained with monoclonal
antibody TI-35 (HERV-K), anti-AR, or anti-actin (actin) antibodies. B, qPCR analysis of AR expression level in prostate cancer cell lines at steady

state {left) and KLK3 (PSA) expression level before and after treatment with 10 nmol/L of DHT (right). C, immunohistochemical analysis of GAG-HERV-K
expression in paraffin sections of VCaP cell pellets showing low-level expression in pellets of native VCaP cells (left) and increased expression after DHT
stimulation (right). D, luciferase assay on VCaP cells transfected with pGL3 luciferase reporter plasmid carrying the HERV-K promoter region (HERV-K)
or not (MOCK). Cells were incubated with or without 1 nmol/L DHT for 48 hours and harvested for luminescence count. AR and PSA gene expression levels
relative to housekeeping gene TRFC using TagMan probes. *, P < 0.05 as indicated compared with data with no DHT.

independent of 5-aza-2'dC concentrations (Fig. 3B, top).
LNCaP and PC-3 cell lines did not show increase in
GAG-HERV-K expression after androgen stimulation (Fig.
3B, middle and bottom). However, 5-aza-2'dC treatment
alone was sufficient to induce expression of GAG-HERV-K
in all tested cell lines (Fig. 3C). Taken together, these
results suggest that DNA demethylation together with ste-
roid responsiveness act together to induce GAG-HERV-K
ch22q11.23 expression in prostate cancer cell lines.

Expression of GAG-HERV-K protein in prostate cancer
and normal tissues

After optimization of the immunostaining, a panel of
normal tissues was analyzed for GAG-HERV-K protein
expression using mAb TI-35. Normal skin, lung, liver, and
colon were all negative for staining, with the exception of

alveolar macrophages. In kidney tissue, there was granular
reactivity in epithelia of the proximal and partially distal
tubuli as well as in acini of the pancreas (data not shown).
We assessed expression of GAG-HERV-K in prostate using a
tissue microarray (TMA) with specimens from primary
cancer tissue, benign prostate hyperplasia, and normal
prostatic tissue, collected at surgery (Fig. 4A and B). Of the
204 cancer cases of the TMA block, 188 cases were evaluable
for IHC. According to our grading system, 93 of 188
(49.5%) cases showed strong immunoreactivity (Fig. 4A,
bottom), whereas 66 of 188 (35.1%) displayed moderate-
to-weak staining with mAb TI-35 (Fig. 4A, middle); 29 of
188 (15.4%) cases remained completely negative (Fig. 44,
top). The association between strong immunoreactivity to
GAG-HERV-K and prostate cancer was significant regardless
of whether intermediate/weak cases were considered
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Figure 3. Regulation of GAG-HERV-K expression in prostate cancer cell
lines. A, HERV-K promoter methylation status on prostate cancer cell
lines was determined by methyl-dependent or sensitive enzymatic gDNA
digestion and the promoter region was amplified by gPCR. 1 = 100%
methylated. B, prostate cancer cell lines were treated with different
concentrations of 5-aza-2'dC) and then stimulated with DHT. GAG-
HERV-K expression was evaluated by gPCR and plotted as fold increase
from untreated cells. VCaP cells (top), LNCaP cells {middle), and PC-3
cells (pbottom) were evaluated. ® 0 umol/L of 5-aza-2'dC; M 0.1 pmol/L of
5-aza-2'dC; A 1 umol/L of 5-aza-2'dC. *, P < 0.05 compared with other
lines (A) orto no 5-aza-2'dC (B). C, prostate cancer cell lines were treated
with different concentrations of 5-aza-2'dC. GAG-HERV-K expression
was evaluated by qPCR and plotted as relative expression to
housekeeping gene GAPDH. (Top) VCaP cells, (middle) LNCaP cells, and
(bottom) PC-3 cells were evaluated. *, P < 0.05.

negative or positive. In addition to prostate cancer, the TMA
contained 22 samples of normal prostate, 13 of which
(59%) were negative and the remaining 9 (41%) displayed
weak GAG-HERV-K expression (Fig. 4D). Finally, we ana-
lyzed whole block sections of 12 metastatic sites of prostate
cancer. All the metastases cases were positive, with 9 of 12
showing strong and 3 of 12 weak expression (examples
in Fig. 4C).

To assess protein distribution within other tumor types
than prostate, we analyzed whole sections of a limited
number of other malignant tumors by IHC with mAb TI-
35. We did not see staining with TI-35 in 2 of 2 colon

cancers; similarly, 7 of 7 SQCC of the head and neck were
completely negative (not shown). However, some tumor
types showed staining with TI-35: 1 of 3 melanomas was
positive; 1 of 4 non-small cell lung carcinoma (NSCLC)
was positive; 2 of 6 breast carcinomas (invasive ductal
type, Fig. 4C, bottom) were positive; and 3 of 3 ovarian
carcinomas were positive. This indicates that GAG-HERV-
K protein expression may not be limited to prostate
cancer.

Antibodies against GAG-HERV-K ch22q11.23 in cancer
patient sera

Humoral immune responses against HERV proteins
have been identified in different cancer types (15, 23,
24). To evaluate immune responses against GAG-HERV-K
ch22q11.23 protein in patients with cancer, sera from
individual patients with different cancer types (N =
1367), as well as healthy donors (N = 148), were screened
by ELISA for the presence of specific antibodies to recom-
binant GAG-HERV-K protein. Reciprocal titers were extrap-
olated from titration curves and results were considered
significant if a serum significantly reacted at dilutions great-
er than the cutoff of 100. We found that 6.8% (33 0of 483) of
patients with prostate cancer (all stages combined) had
serum antibodies to the GAG-HERV-K protein, with a mean
reciprocal titer of 2400 (Fig. 4D, left). Interestingly, despite
no detectable GAG-HERV-K expression among tumor lines
analyzed in our panel by qPCR, patients with melanoma
(15 of 226; 6.6%), patients with breast cancer (7 of 101;
6.9%), and patients with ovarian cancer (6 of 98; 6.1%)
showed similar frequencies of serum antibodies against
GAG-HERV-K, albeit with much lower mean titers (<125)
than those observed in the prostate cancer group (mean =
2,400; Fig. 4D, left). While commonly observed in prostate
cancer, very high titers (>1,000) were elicited in only a few
patients with melanoma or ovarian cancer, even though
these tumor types also show some GAG-HERV-K tissue
expression at the protein level by IHC. All other cancer
types analyzed showed less than 5% of patients with anti-
GAG-HERV-K autoantibodies, with very weak titers. A
similar result was observed in the healthy donor group
where 4 individuals (4 of 148; 2.7%) had serum antibodies
capable of reacting to the GAG-HERV-K protein with titers
above 100 (Fig. 4D, left). These results suggested once more
the importance of GAG-HERV-K expression in prostate
cancer. To further evaluate the specificity of spontaneous
serum autoantibodies to GAG-HERV-K, we used patient sera
to immunoprecipitate (IP) naturally expressed GAG-HERV-
K protein from VCaP cells. High titer serum from a prostate
cancer patient seropositive for anti-GAG-HERV-K was suc-
cessful in recovering the GAG-HERV-K protein from VCaP
cells (Supplementary Fig. S3B). We also mapped the rec-
ognition of individual epitopes from GAG-HERV-K using
overlapping peptides spanning the entire amino acid
sequence. We found that most patient sera reacted to the
N-terminal area 101-290 of the antigen or to the C-terminal
area 661-690 (Supplementary Fig. S3C). We decided to
further investigate the correlation between prostate cancer
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Figure 4. Tissue expression of GAG-HERV-K protein and ELISA assay to detect serum antibodies against GAG-HERV-K in patients with cancer. A,
immunohistochemical analysis of GAG-HERV-K expression in paraffin sections of tissue punches of TMA with normal prostate (top) and prostate carcinoma
(middle, bottom) with mAb TI-35, showing a negative staining (top), low staining (middle), and strong staining (bottom) (diaminobenzidine chromogen,
brown, original magnification: 10x). B, summary of frequency of immunohistochemical staining for GAG-HERV-K in a set of prostate cancer and normal
prostate TMA. C, top, immunohistochemical staining with TI-35 in whole block section of a metastatic prostate carcinoma site in lung. Middle, variable
intensity of TI-35 immunostaining with more intense labeling of prostate carcinoma cells next to non-cancerous (asterisks) epithelia (original magnification:
20x). Bottom, breast carcinoma with strong homogeneous TI-35 immunostaining of invasive carcinoma cells (original magnification: 10x). D, left, sera from
patients with cancer and healthy donors (HD) were tested for circulating IgG antibody reactivity against GAG-HERV-K protein by ELISA. Results are
plotted as reciprocal antibody titer after confirmation of specificity using control antigens. Each dot represents a representative titer from a patient serum or
healthy donor serum. Right, patients with prostate cancer were split in 4 groups according to clinical stage from | to IV, along with male healthy donors (HD).
Black lines represent the mean titer of all sera for each group. Dashed lines represent the cutoff above which reactivity is considered specific (100). Percentage
of positive sera represented by number of positive sera (titer higher than 1:100) per number of sera in each group. *, P < 0.01 by either ANOVA test
(titer comparison for Il or IV vs. HD or | or Il} or Fisher exact test (frequency positive in IV vs. HD).

progression and the GAG-HERV-K ch22q11.23 immune
response.

Antibodies to GAG-HERV-K ch22q11.23 as a biomarker
for clinical staging of prostate cancer
To evaluate the correlation between antibodies to GAG-
HERV-K and prostate cancer progression, sera from patients
- with prostate cancer were divided in 4 groups according to
clinical stage (I-1V) and analyzed for the presence of anti-
body to GAG-HERV-K protein by ELISA. Sex-matched
healthy donor sera were used as control. We found that
21.0% (22 of 105) of patients with advanced prostate cancer
with stage IV disease developed antibodies to GAG-HERV-K
with titers over 100, whereas only 1.0% (2 0of 196) and 2.1%
(2 of 96) of patients with early prostate cancer with stage I

and II disease developed this response, respectively (Fig. 4D,
right). Patients with stage III disease showed approximately
8.1% (7 of 86) of sera positive to GAG-HERV-K protein.
Only 1 of 55 (1.8%) age-matched male healthy donors had
antibodies to GAG-HERV-K protein higher than the cutoff
(Fig. 4D, right). Together, presence of serum antibodies to
GAG-HERV-K was significantly higher in patients with
advanced cancer compared with early-stage patients or
healthy donors [P < 0.01 with exact Fisher test (stage IV vs.
HD), as well as with ANOVA comparison of all stages taking
titers into account]. We also divided patients according to
risk groups, based on Gleason score and eventual metasta-
ses (Table 1), and observed a similar trend, in which the
highest frequency of antibodies to GAG-HERV-K was
observed in patients with the highest risk group (Gleason
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score >7 and eventual metastases) when compared with
sex-matched healthy donor sera and other risk groups
(Supplementary Fig. S5A). Independently of metastases,
when considering Gleason score alone, serum antibodies
to GAG-HERV-K were also significantly more frequent in
patients with a Gleason score > 8, compared with patients
with score < 6, even though not all presenting metastatic
cases could be graded (Supplementary Fig. S5B). These
results show a clear correlation between eventual prostate
cancer progression and detection of antibody to GAG-
HERV-K in patients with prostate cancer at time of biopsy,
highlighting the importance of HERV-K ch22q11.23 as a
predictive biomarker of tumor burden and progression.

Antibodies to self-antigens in prostate cancer
GAG-HERV-K Ab™* group

As the previous results unveiled, only a subset of patients
with advanced prostate cancer develops antibodies to GAG-
HERV-K protein. To evaluate whether patients seropositive
for GAG-HERV-K may have overall differences in their
immunologic response to prostate cancer and/or against
self-antigens compared with GAG-HERV-K antibody-nega-
tive patients, sera from 28 patients with prostate cancer with
stage IV disease were divided in 2 groups according to
presence of antibodies to GAG-HERV-K (HERV-K*: n =
28 and HERV-K™: n = 14) and analyzed for serum antibody
profiling using custom-made protein microarrays (Proto-
arrays with GAG-HERV-K and other cancer antigens added).
Sera from sex- and age-matched healthy donors were used as
control (n = 14). By applying statistical analyses described
previously (32), we were able to identify several antigens
that were co-recognized by the HERV-K* group (Supple-
mentary Table S1). By comparing results from ELISA and
seromic profiling, we could validate the microarray results:
89% of samples expected positive for GAG-HERV-K by
ELISA were also reactive to GAG-HERV-K on the microarray,
missing only 3 patients with low titer samples (data not
shown). NY-ESO-1 (18%; 5 of 28) and CCNB1 (18%; 5 of
28) were the most frequently recognized antigens by the
HERV-K* group. NY-ESO-1 expression has been associated
with advanced prostate cancer (38) and CCNBI1 autoanti-

body has been described in several other cancer types (39,
40). On the other hand, patients in the HERV-K™ group
preferentially recognized antigens such as TMP4 (29%; 4 of
14), TLE4 (29%; 4 of 14), and ARID3A (29%; 4 of 14),
which have been linked to leukemias or lymphomas (41-
43). Moreover, ARID3A is regulated by p53 and is a pro-
posed target for cancer immunotherapy (43). This analysis
shows heterogeneity of the immune response to cancer
antigens among patients with prostate cancer with stage IV
disease. Understanding the correlation between prostate
cancer progression and antigen-specific immune responses
could unveil individual etiologies in patients with prostate
cancer.

Associations with overall survival and biochemical
recurrence

To determine whether the anti-HERV-K immune
response in prostate cancer can predict progression of
disease, patients were divided in 2 groups based on the
presence of anti-GAG-HERV-K antibodies and analyzed for
overall survival using the Kaplan-Meier method. This anal-
ysis could only be conducted on a subset of 284 patients
undergoing radical prostatectomy with available clinical
follow-up data. This cohort unfortunately included only
patients with localized disease at the time of surgery when
sera were obtained and therefore did not include any
clinical stage IV patients. Patients were stratified and cen-
sored according to serological reactivity against GAG-
HERV-K at the time of surgery. Patients were retrospectively
categorized and assessed for subsequent biochemical recur-
rence and metastases (risk group 1: n = 102; risk group 2:
n = 96; risk group 3: n = 86; see clinical characteristics
in Table 1). Although not reaching significance by log-rank
test [P = 0.053; HR = 1.98 (1.23---11.85)], there was a
correlation with mortality in the GAG-HERV-K antibody-
positive group when compared with the GAG-HERV-K
antibody-negative group using the Gehan-Breslow-Wil-
coxon test (P = 0.006; Fig. 5A). We also assessed whether
there was a correlation between presence of anti-GAG-
HERV-K antibodies and biochemical recurrence of the dis-
ease (BCR), based on PSA levels. BCR is associated with a

Figure 5. Overall survival curve and A
BCR free curve of GAG-HERV-K

seropositive patients with prostate
cancer. A and B, patients with 100
prostate cancer were divided

in 2 groups: GAG-HERV-K Ab"
(antibodies to GAG-HERV-K with
titers higher than 1:100) and GAG-
HERV-K Ab™ (titers lower than
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high likelihood of metastatic progression or prostate can-
cer—specific mortality (44). Although not statistically sig-
nificant, there was a trend for greater BCR in prostate cancer
patients seropositive for GAG-HERV-K (P = 0.085, by log-
rank) compared with the seronegative group (Fig. 5B).
The association of GAG-HERV-K serum antibodies with
worse survival or greater BCR was explained by the exclusive
presence of antibody to GAG-HERV-K in the high-risk
groups and none in the lower risk group. However, there
was no significant correlation between seropositivity for
GAG-HERV-K and metastasis-free survival. Together with
the observed higher frequency of antibody responses to
GAG-HERV-K in stage [V patients, these results suggest that
the presence of antibodies to GAG-HERV-K may be associ-
ated with a worse prognosis for patients with prostate cancer
and may be indicative of relapse of disease.

Discussion

In the last decade, several studies have shown correlations
between HERV expression and human disease such as
multiple sclerosis (15, 19, 45). Moreover, immune
responses to endogenous retrovirus derived proteins have
also been correlated to cancer (20, 21, 23, 46), but no clear
clinical significance has yet been suggested. Here, we iden-
tify an HERV-K GAG protein, located on chromosome
22q11.23, highly expressed in prostate cancer and capable
of generating a specificimmune response in advanced stages
of prostate cancer.

The HERV-K located on ch22q11.23 is a complete retro-
virus element, with GAG, POL, and ENV genes, flanked by
an LTR sequence. The POL and ENV genes have mutations
and/or deletions that prevent the proteins from being
translated. In contrast, the GAG gene has a complete ORF
that translates to a protein of 715 amino acids. Restricted
expression of GAG-HERV-K ch22q11.23 in prostate cancer
tissue suggests this molecule as a suitable biomarker and
target for prostate cancer. The expression analysis of the
surrounding genes located on chromosome 22q11.23
showed that expression of GAG-HERV-K is not due to
unspecific region activation in prostate cancer.

The transcriptional program of androgenic signaling in
the prostate consists of thousands of gene targets whose
products play a role in almost all cellular functions, includ-
ing cellular proliferation, survival, lipid metabolism, and
differentiation (47). Here, we showed that androgen hor-
mone DHT was able to upregulate the expression of GAG-
HERV-K in VCaP cell line. Although VCaP and LNCaP are
AR-positive, we were only able to stimulate GAG-HERV-K
expression in VCaP cells. One possible explanation is that
VCaP cells have higher levels of AR than LNCaP cells, thus
rendering the cells more sensitive to DHT. It is well known
that prostate cancer cells can overexpress AR and be more
sensitive to androgen hormones (48, 49), which could
contribute to the increased expression of GAG-HERV-K
observed in prostate cancer samples. Using PROMO, a
virtual laboratory for the identification of putative tran-
scription factor-binding sites in DNA sequences, we found
2 potential AR-binding site at positions 328 to 336 and 496

to 504 of the promoter of GAG-HERV-K (from its 990
nucleotide upstream sequence). We observed that the DNA
methylation status of the HERV-K promoter region (LTR)
contributes to GAG-HERV-K expression in cancer cell lines.
In accordance with our findings, HERV-K from chromo-
some 22q11.23 was recently observed to be highly
expressed in prostate cancer samples and the expression
was dependent on LTR region demethylation (37). Never-
theless, methylation is just one of several mechanisms that
impact chromatin structure and gene expression, and it is
possible that some of the heterogeneity in GAG-HERV-K
expression observed among cancer cell lines may relate to
differences in other possible pathways (acetylation, etc.)
used to regulate the chromatin structure in the promoter
region of GAG-HERV-K. Such mechanisms might reflect
different subtypes or stages of prostate cancer, and some
of the differences in the induction of GAG-HERV-K
observed by androgen treatment may be related to trans-
formation in cell cultures.

Recently, an interesting translocation event in prostate
cancer has brought attention to the promoter region of
HERV-K. The HERV-K ¢h22411.23 5'LTR region was shown
to be fused with ETV1 leading to an overexpression of the
gene in patients with prostate cancer (17). Importantly,
ETV1 overexpression in prostate cells confers invasiveness.
It is not clear whether the HERV-K 5'LTR region alone is
sufficient to activate EVT1 expression in these patients.
However, our results suggest that the 5'LTR promoter region
from HERV-K not only is active but can also increase
expression in response to androgen hormone stimulation,
in accordance with previous findings (37). Taken together,
these findings highlight the importance of HERV-K activity
in prostate cancer.

Specificimmune response to endogenous retrovirus com-
ponents is well described in the field (20, 21, 23, 46), but no
clear correlation to cancer progression has yet been deter-
mined. In this work, we showed that patients with advanced
prostate cancer have a higherincidence of humoral immune
response to GAG-HERV-K protein, suggesting an increase in
gene expression due to prostate cancer progression. Unfor-
tunately, none of the cohorts that we had access to allowed
us to ask whether there is a direct correlation between
antigen expression and antibody response, as we could
only collect patient serum or tumor, but not both simulta-
neously. It is known that during prostate cancer progres-
sion, hypomethylation of DNA occurs and this event cul-
minates in the expression of endogenous retrovirus (50,
51). Such increase in gene expression could lead to a specific
immune response in patients with prostate cancer with the
progression of the disease. Indeed, our result suggests that
progression of prostate cancer is directly correlated to
increase of humoral response to GAG-HERV-K protein.

Clinical staging of prostate cancer is important in asses-
sing the risk of the disease and therefore for treatment
recommendations (26). Our results indicate that GAG-
HERV-K could be a useful tool for diagnostic and/or clinical
stage biomarker in prostate cancer. Although we could not
detect significant levels of GAG-HERV-K expression in other
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cancer type, we detected serum antibody to GAG-HERV-Kin
a number of patients with melanoma, breast, and ovarian
cancer, albeit at lower titers compared with patients with
prostate cancer. Expression of GAG-HERV-K was also seen
by IHC in other tumor tissues than prostate, although it may
have been missed by qPCR in the small panel of cancer
samples we used to assess it. Although the presence of
autoantibodies to endogenous retrovirus proteins has been
correlated to a worse clinical prognostic in patients with
melanoma (23), we could not determine any correlation
between presence of antibody to GAG-HERV-K ch22q11.23
and clinical staging in melanoma or ovarian cancer (data
not shown).

Protein microarray profiling analysis of serum from
patients with advanced prostate cancer suggests that the
presence of antibodies to GAG-HERV-K is linked to other
antigen-specific immune responses. An increased humoral
immune response to cancer testis antigen NY-ESO-1 was
observed in the GAG-HERV-K Ab* group. The presence of
antibodies to cancer testis (CT) antigens has been associated
with a worse prognosis in several cancer types including
prostate cancer (32, 38, 52). The evidence of a co-immune
response to GAG-HERV-K and NY-ESO-1 in a subset of
patients with advanced prostate cancer suggests a potential
biologic association between these 2 genes during prostate
cancer progression and deserves to be further investigated.

We believe that specific expression of GAG-HERV-K in
prostate cancer occurs by the combination of epigenetic
modification, such as demethylation, and androgen hor-
mone stimulation. Whether the expression of GAG-HERV-K
is a causal event or a biologic consequence of prostate cancer
progression still needs to be addressed. Nevertheless, we
show here a clear correlation between the tissue-specific
GAG-HERV-K protein expression and development of a
specific immune response with progression of prostate
cancer. Moreover, patients who developed antibodies to
GAG-HERV-K also had a lower survival rate and appeared to
have higher incidence of disease relapse (BCR). BCR is
correlated with an increased mortality and metastatic events
in prostate cancer and the early detection of disease relapse
is crucial for an efficient treatment (44).

In conclusion, we characterized a GAG protein from a
human endogenous retrovirus (HERV-K) located on chro-
mosome 22¢11.23 highly expressed in prostate cancer. The
expression of GAG-HERV-K is capable of inducing humoral
immune response in patients with prostate cancer. This
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lymphocytes atter hyperthermia using

functionalized magnetite nanoparticles

Aim: Accumulating evidence has indicated that hyperthermia using magnetite nancpar‘t'cles induces anti-
tumor immunity. This study mvestxgated the diversity of T-cell receptors (TCRs) in tumor-infiltrating
lymphocytes after hyperthermia using magnetite nanoparticles. Materials & methods: Functzonahzed
magnetite nanoparticles, N-propionyl- 4-5-cysteaminylphenol (NPrCAP)/magnetite, were syn‘ehes:zed by
conjugating the melanogenesis substrate NPrCAP with magnetite nanoparticles. NPrCAP/magnetite
nanoparticles were injected into B16 melanomas in C57BL/6 mice, which were subjected to an alternating
magnetic field for hyperthermia treatment. Results: Enlargement of the tumor-draining lymph nodes was
observed after hyperthermia. The TCR repertoire was restricted in tumor-infiltrating lymphocytes, and
expansion of VB11* T cells was preferentially found. DNA sequences of the third complementarity-
determining regions revealed the presence of clonally expanded T cells. Conclusion: These results indicate
that the T-cell response in B16 melanomas after hyperthermia is dominated by T cells directed toward a
limited number of epitopes and that epitope-specific T cells frequently use a restricted TCR repertoire,
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Hygc:niécrmi;z is a promising ;:ppre:}afsiz o treara
wide variery of rumors in patients (12
oblem with currently “available
clinical hyperthermia systems, including whole-
body hyperthermia (3] and local hyperchermia
by radiofrequency
beating the tumor region to the intended
temperarure withour damaging normal rissue.
[ncreasing remperatures above 42.5°C can kil
greater numbers of tumor cells, but normal

¥ 1. A major
technical pro

tissues are also damaged by these conventional
hyperthermin
development of a tumar-targeted hyperthermia

systems.  Therefore, the
system is required. Current developmenss in
nanotechnology have made it possible to use
& nanomerric hcm: mediaror that can generate
heat under an external alternating magnetic
field (AMF} 151, Magnetite (Fe, O ) mzmpamaia‘
mediated 3wpnrz§'acrmm me been a largely
experimental modality chat has the potential
o overcome the shortcomings of conventional
hyperthermia systems 671 The technique
involves targeting smmgamcies 1o tumor tissue,
and then applying an AMF to induce hear
generation by hysteresis loss or relaxation loss
advances have
been seen in magnetite nanoparticle-mediated
hyperthermia tor both rumor-targeted magnetite
nanoparticles paop and AMF generators iz,

731 In recent vears, remarkable
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hyperthermia magnetite nanoparticle melanoma T-cell receptor

and some of these techniques have entered
clinical rrials 135,
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Thus, tyrosine anatogs chat are tyrosinase
candidates for melanoma-
specific targeting. The melanogenesis
substrate, V-propionyl-4-S-cysteaminylphenol
(NPrCAT), is selectively incorporated into
melanoma cells 7). Based upon the unique
bialagical properries of NPrCAP, the authors
have established a novel nanomedicine for
melanoma by conjugating NPrCAPD 1o che
surface of magnetite nanoparticles to produce
NPrCAP/magnetite (INPrCAPIM), which is
selectively Incorporated into melanoma cells
and generates heat upon exposure to AMF {151
When mice bearing BI6FT melanoma were
intraperitoncally inj acrcci with NPrCAP/M, the
nanoparticles were delivered o the melanoma
in the subcutis through the bloodstream (31
However, a large part of NPrCAP/M was
caprured in reticuloendochelial cell systems,
such as the liver and spleen, in the mice.

Therefore, clinical trials using the presenc

nanoparticles may be limited 1o lesional
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of delivering magnetite nanoparticles in clinical
hyperthermia depend on direct injection of the
funcrionalized magnetite nanoparticles into the
cumor site (13.09]. Alchough dhe procedure s
practical for easily accessible tumors including
melanoma, this direct injection may limi the
usefuiness of magnetite nanoparticle-mediared
hyperthermia for systwomically memastanic
melanomas. On the other hand, we have shown
that heat treatment also induces anti-tumor
immunity by enhancement of heat-shock prorein
cxprcs‘siun 20,213 Previously, tim authors showed

hat hyperchermia using NPrCAP/M cliciced o
cyrotoxic T-lymphocyte ((,TL,, response via the
release of heat shoek protein-pepride comples
from degraded rumor cells 1221, Thus, even local
magoetic hyperthermia could induce a form
of vaccination against tumor cells and may he
effective not only for primary melanoma but
also for distant metasiases.

CDS CTLs play asignificant role in antigen-
specific immune responses o tmors, In our
previous study, CD8° T cells were observed
within B16 melanomas after hyperchermia
using NPrCAPIM 231, Clinteally, the presence
of rumor—mf}l[ra{mg lymphocyees (T1Ls) has
been considered 1o be a favorable prognossic
indicator 2al. T cells isolared from
vimph nodes (DLNs) have
also been used as a source of TlLs, becanse
these lymph nodes direcdy drain the wumor,
TIL reactivity to andgen is mediated via T-cell
rcccpmrq {TCRs) mmpriﬁ;m; o and ﬁ chains.

he ¢ of variable (V).
dwu.uy {ID), joining (]} and constans regions.
TCR diversity is produced by the random
insertion or deledon of nuclentides ac the V(D)
junctions. |

In general,
tumor-draining |

1’1”1 is L(}Il’ipt)a(t

"he V(D) junctions code for the
putative third complementarity-derermining
region (CDR3), which is thought w0 plm thc
most important role in antigen recognition (230,
The TCR repertoire of a T-cell population is
thus defined by its different V(D)) gene usage,
as well as by the CDR3 charncieristics, In
the present srudy, the TCR repertaire afrer
hyperthermia using NPrCAP/M was studied
ro further nmﬁus:m’;d the Treell response
to wmelanoma after hyperchermia using
NPCAP/M and o devel elop more etfective
cancer immunotherapy based on magnetite
nanoparticle-med a%fc{i hyperthermia.

Materials & methods

Preparation of NPrCAP/M

The magnetite nanoparticles {average particle
size: 10 nm) were purchased from Toda Kogyo

{(Firashima, Japan}. Magnedic characeerizations
of the magnerite at 796 kA/m (at room
2.0 kA/m, 63.9 AmY/kg
and 2.0 Am'/kg for coercivity, saturation flux
density and remanent flux density, respectively.
The preparation of NPrCAP/M s deseribad

elsewhere ). Briefly, magnetite nanoparticles
were coated with aminosilane and conjugated
with NPrCAD via maleimide crosslinkers,
The resultant NPrCAP/M were suspended in
H,O o a concentration of 40 mg/ml. Average
particle size of NPrCAP/M was approximarely
280 nm. The specific absorprion rate value was
42.6 Wigat 118 k Azand 30,6 kA/m (384 Oc).
The amount of NPrCAP incorparated with
magnetite nanoparticles was approximately
60 nmol/mg as determined by hydrolysis with
6 M OHCT Fotlowed by FIPLC analysis of the
released 4-5-CAP.

remperature) were

o Cell culture & establishment of
tumors in mice
Mouse BIGF1 melanoma cells (American Type
Calture Collection, VA, USA) were cultured in
DMEM (Gibeo BRL, MD, USA). supplemented
with 3% teral calfserum, 0.1 mg/ml strepromycein
sulfate and 100 U/ml portassium penicillin
G. Cells were grown at 37°C in a humidified
atmosphere of 5% CO, and 95% air.
Atlanimal experiments were approved by the
Echics Committee for Animal Experiments of
the Faculey of Engineering, Kyushu University
(A22-180-0}. To prepare tumor-bearing mice,
cell suspensions containing 3 < 107 BI6GF] cells
50 pl of phosphate-buffered saline were
injected subcutancously into the righe hind
foot pad ol C57BL/G mice {age: 4 weeks: Japan
SLC, Hamamatsu, Japan) afrer anesthesia
by incraperitoneal injection of pentobarbital
{50 mg /kg bodyweight) on day 1

“ Hyperthermia using NPrCAP/M

NPrCAP/M (50 pl; ner magnedire amount
2 mg) were injected subcuraneously inte the
melanoma nodule on days 3, 5 and 7. An AMF
was generated wsing a horizontal coll (nner
diameter: 7 ams length: 7 em) wich a transistor
{Dai-ichi High Frequency, Tokye, Japan). The
magneric ﬁd frequency and incensity were
18 %Ha and 30,6 kA/m (386 Oc), respectively.
After the administration of NPrCAP/M,
anesthetized mice were placed in the inverter coil
with cheir foor at the center and were exposed o
the AMYF inside the coil for 30 min on days 3,
S ared 7, Temperatures at the tumor surface and
in the rectum were measured using an oprical
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Diversity of T-cell recepror after hyperthermia

fiber probe (Anritsu Merer, Tokyo, Japan).
The therapeudic temperarure was controlled ar
43°C by measuring the tumor temperarure and
adjusting che power of the transistor invereer
throughout the AMF exposure.

The tumor was resected and weighed
2 weeks afrer the first trearment {on day 17).
For immunohistochemical examination, rumor
tissues were immediately frozen in optimal
cutting temperature compound (Sakura
Finetechnical, Tokyo, Japan). Thin slices (4 um)
of the frozen tumor tissues were incubared at
37°C for 60 min with rar monoclonal antibody
against mouse CD8a (clone: $3-6.7, BD
Pharmingen, CA, USA). These sections were
subsequently incubated at 37°C for 30 min
with biotinylated anti-rat IgG (Dako, Gloserup.
Denmark). Specimens were incubated ar
37°C for 30 min with peroxidase-conjugared
strepravidin (Dako). Each step was followed by
washing with Tris-buffered saline. Peroxidase
activiry was visualized by diaminebenzidine
terrahydrochloride~nickel solution containing
0.007% hydrogen peroxide. Slides were
counterscained with merhyl green, For negative
controls, primary antibadies were replaced with
an unrelured 1gG.

- Isolation of CD8* TiLs & flow
cytometric analysis

Mice were anesthetized and lymph nodes were
reseeted to isolare CD8™ F cells 2 weeks afrer
the first hyperchermin trearment {on day 17).
For lymph node mapping, 196 Evans blue dye
{Sigma-Aldrich, MO, USA} in 25 pl Hank’s
buffered sale solurion 12¢] was subcutaneously
injected into the hind foot pad. The blue-labeled
inguinal lymph node from the tumor side of the
mouse was taken as the tumor DLN, and the
contralateral inguinal lymph node was con-
sidered to be 2 non-DLI
lymph nodes was measured using calipers, and
the size was determined by applying Eovaros 12

Lymph nodevolurme = 0.5 {Jength = widch?} (1)

Single-cell suspensions of lymph nodes were
prepared using the gendeMACS™ Dissociaror
{(Mileenyi Biotee, Bergisch Gladbach, Germany).
The CD8" T cells were isolated from the cell
suspensions by collection with CD8a (Ly-2)
MicroBeads™ using a MACS® MS separa-
tion column according to the manufacturer’s
instructions (Miltenyi Blotec). Naive mice that
were born at nearly the same time were used as
conzrols. For flow cytometric analysis of CDS,

271, The diamerer of

che CDB° T cells were isolated from the cell
suspension by negadive selection using a CD8a
T-cell Isolation kit and 2 MACS MS separa-
tion column according o the manufacturer’s
instractions (Miltenyi Biotee). For single stain-
ing of CD8, the cells that were obrained from
the negative selection were mixed and stained
with phycocrythrin-conjugared and-CD8 and-
body {CD8a—phycocerythrin, Miltenyi Biotec).
For double staining of CD8 and TCR VP11, the
negarively selected cells were mixed and stained
with both peridinin chlorophyll prowein-con-
jugared ani-CID8 anddbody (CD8-peridinin
chlorophyll protein, Miltenyi Biotec) and fluo-
rescein isothiocyanate-conjugated anti-TCR
Vi (clone RR3-15; BD Pharmingen). Flow
cytometric analyses were performed to analyze
the percentage of CD8” or CD8/TCR VBI
T cells using a FACSCalibur™ Flow Cyrometer
{BD) Bioscience, NJ, USA), The aumber of
CD8 T cells in a lymph node was caleulated
from the percentage of CD8 T cells in the wal
number of lymphoeyies that were counted by
the trypan blue dye exclusion method using a
hemocytometer.

Reverse-transcription PCR &

DNA sequencing

Expression of TCR Vi repertoires was assessed
using the SupeTCRExpress™ Mouse T Cell
Recepror VP Repertoire Clonalicy Derecting Kir
according to the manufacrurer’s protocol (BioMed
tramunotech, FL, USAJ This assay system
comprises V(D) P-specific PCR amplifications
and a gel-based assay, 1n brief, toral RNA was
extracted from the CD8" T cells isolated from
a lymph node or the melanoma nodule resecred
2 weeks after the first hyperthermia treatment
{on day 17). <DNA was synthesized from the
isolared RNA, and TCR genes were amplified
in a single step of 35 PCR cycles. A nested PCR
amplified specific 7CR genes using TCR Vf
gene-specific oligonucleotides after an addidional
30 eyeles. PCR produces were resolved on
a 4% bigh-resolution agarose gel. Clonalivy
and diversity in che CDR3 region of the TCR
V3 reperroire in mouse T Iymphocytes could
be confirmed by examination of the 7CR VS
expression partern {251, For DNA sequencing,
TCR VB-chain bands on a gel were cut our and
purified using the MagExtractor™-PCR &
Gel Clean Up Kit {Toyobo, Osaka, Japan), The
amplified PCR produces were cloned into the
pGEM®T vector (Promega, W1, USA). Plasmid
DNA frem positive colonies was sequenced
using a DNA sequencer {Prism® 3130 Genetic
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Figure 1. Hyperthermia using N-propionyl-4-5-cysteaminylphenol/magnetite.

(A) Temperatures at the tumor surface (squares) and in the rectum (circles) during AMF
irradiation. NPrCAP/M were injected directly into subcutaneous B16 turnors, Data points and
bars are the means and standard deviations from five mice. (B) Tumor weight on day 17.
Untreated tumors or those injected with NPrCAP/M with or without AMF irradiation were
resected, and tumor weight was measured on day 17. Data are the means and standard
deviations from five mice. (C & D) lmmunachistochemical staining for CO8 T cells (€} around
and (D) within the tumor on day 17. Tumors were resected after NPrCAP/M-mediated
hyperthermia, Violet-blue cells are anti-CD8 antibody-stained cells visualized by
diaminobenzidine tetrahydrochloride~nickel solution containing hydrogen peroxide. Slides were
counterstained with methyl green, and nuclei are light green. Arrows in (D) show a few

representative CD8" T celis within the tumor.
*nn < 0.01 against untreated mice.

**p < 0.0% against the mice treated with NPrCAP/M alone.
AMF: Alternating magnetic fisld; NPrCAP/M: N-propionyl-4-S-cysteaminylphenol/magnetite.

Analyzer; Applied Blosystems, CA, USA), and
the sequences were compared o the GeaBank
database using the BLAST scarch engine,

2 Assay of amounts of IFN-v in culture
supernatants

After the hyperthermia treatment, DLNs
from five mice were harvested on day 17, and
lymphocytes were then restimulaced in vitro
with mitomycin Cotreated BIGF! cells {1 » 107
cells) or antigen peprides (10 pg/ml) in 10 ml
of RPMI-1640 supplemented with 50 uM of
B-mercaproethanol and 10% feral calfserum for
5 days. For the restimulation, BI6FT cells were
pretreated with IFN-y (100 units/ml} for 48 h

because B16 cells express MHC class 1 molecules
ata low level, which can be enhanced by IFN-y
rrearment 291, The melanoma-associated
anrigen peptides used in chis study were
tyrosinase-related protein (TRP)-1,,, ., (amino
acid sequence: TWHRYHLL; synthesized by
Greiner Bio-One, Frickenhausen, Germany)
3oy, TRP-2 . (amino acid sequence:
SVYDFFVWIL: Abgent, CA, USA) (31, and
glycoprorein 100, . (amino acid sequence:
EGSRNQDWL: AnaSpec, CA, USA) (321,
As a negative control, ovalbumin pepride
(OVA . ,..; amino acid sequence: SIINFEKL
peptide; Abblotee, CA, USA) was used 1331
Purity of these peptides was >90%. Afeer
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Figure 2, Analysw of lymph node after N-propionyl- ~S»{:ystaaminy%phemh‘magneﬁf&-
meémed hyperthermia. (A & B) Evans blus dye labeling of a representative inguinal {A) non-
DLN and (8) DLN. On day 17, 1% Evans blue dye solution was subcutaneously injected into the
hind foot pad. (€} Lymph node volume on day 17. Data are the means and standard deviations
from five mice. (D) The number of CD8* T ¢ells in a lymph node on day 17. CD&* T cells were
negatively selected by magnetic cell sorting. The cells were mixed and stained with phycoerythrin-
conjugated anti-CD8 antibody, and flow cytometric analyses were performed to analyze the
percentage of CD8* T celis. The number of CD8¢ T cells in a lymph node was calculated from

the percentage of CD8" T cells among the total number of lymphocytes that were counted by
the trypan blue dye exclusion method using a hemocytometer. Data are the means and standard

deviations from five mice.
*p < 0.01. ‘

AMF: Alternating magnetic field; DLN: Draining lymph node; NPrCAP/M: N-propionyl-4-5-

cysteaminylphenol/magnetite.

the restimulation, culture supernatants were

collected and amounts of [FN-y were measured

by sandwich ELISA (Thermo Fisher Scientific,

[L, USA) according to the manufacrurer’s

insrrucsim‘; Data were presented as picograms
f\ y per milliliter.

@ Statistical analysis

Statistical analysis was performed by rthe
Mann-VWhitney rank sum tese calculared
using WinSTAT statistical sofrware (Lighe
Stene International, Tokyo, Japan}. Differences
were considered to be stadstically significuant
atp < 0.05.

Results & discussion

Hyperthermia by means of
NPrCAP/M

For superficial melanoma, a simple hear mediator
is desirable for clinical application. We previously
showed the therapeutic effeces of NPrCAP/M-
mediated hyperthermia on B16 melanoma
subcutaneously transplanted into flanks of mice
1231, In the present study, NPrCAP/M-mediated
hyperthermia was performed on subcurancous
melanoma in the hind foot pad to confine
the DLN 1o the inguinal and popliteal lymph
nodes (261 founs 1A shows the temperature at the
rumor surface and in the recrum during AMF
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