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BACKGROUND. In order to obtain a sustained cytotoxic T lymphocyte (CTL) response
against cancer cells it is preferable to have CTLs directed against multiple peptide epitopes from
numerous tumor-associated antigens.
METHODS. We used a Flow Cytometry-based interferon (IFN)-g secretion assay with
peptide-pulsed C1R-A2 as antigen-presenting cells to analyze whether CD8þ T cells directed
against any of 24 HLA-A*0201-binding peptides from 15 prostate-associated proteins can be
found in the peripheral blood of patients with localized prostate cancer. We also investigated
whether multiple prostate antigen-specific CD8þ T cells can be generated simultaneously,
from a naı̈ve T cell repertoire. In that case, dendritic cells (DCs) from peripheral blood of
healthy donors were divided in six portions and separately pulsed with six peptides. The
peptide-pulsed DCs were then pooled and used to stimulate autologous T cells. The T cells were
re-stimulated with peptide-pulsed monocytes.
RESULTS. We found prostate antigen-restricted CD8þ T cells in the peripheral blood in 48 out
of 184 (26.1%) analyzed samples from 25 cancer patients. This is significantly higher than 17 out
of 214 analyzed samples (7.9%) from 10 healthy age-matched male individuals (P¼ 0.0249). In
the cases when antigen-specific T cells could not be detected, we were able to generate IFN-g-
producing CD8þ T cells specific for up to three prostate antigens simultaneously from a naı̈ve T
cell repertoire.
CONCLUSIONS. CD8þ T cells directed against prostate antigen peptides can be found in, or
generated from, peripheral blood. This indicates that such T cells could be expanded ex vivo for
adoptive transfer to prostate cancer patients. Prostate 69: 70–81, 2009. # 2008 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer is a leading cause of cancer-related
death among men in Western countries [1]. For organ-
confined prostate cancer radical prostatectomy is
generally implemented. It has a fairly high cure rate.
However, a significant proportion of patients relapse
and for these patients curative treatments are not
available. One therapeutic strategy that has evolved
over the last two decades is cancer vaccines that aim at
generating a potent and long lasting anti-tumor T cell
response. Initial attempts were made with tumor cell

Ole Forsberg and Björn Carlsson contributed equally to this work.

Grant sponsor: Swedish Cancer Society; Grant number: 4419-B06-
07XCC; Grant sponsor: Gunnar Nilsson’s Cancer Foundation; Grant
number: E35/07; Grant sponsor: Lion’s Cancer Foundation in
Uppsala.

*Correspondence to: Magnus Essand, Clinical Immunology Divi-
sion, Rudbeck Laboratory, Uppsala University, Uppsala, Sweden.
E-mail: magnus.essand@klinimm.uu.se
Received 28 May 2008; Accepted 21 August 2008
DOI 10.1002/pros.20858
Published online 22 September 2008 in Wiley InterScience
(www.interscience.wiley.com).

� 2008 Wiley-Liss, Inc.



lysate or irradiated tumor cells combined with an
adjuvant or with tumor cells genetically modified
to secrete cytokines [2]. Vaccination with tumor-
associated antigens (TAAs) has also been applied [3]
and TAAs have been combined with ex vivo-cultured
dendritic cells (DCs) as a DC-based vaccine in order to
optimize the activation of naı̈ve T cells [4,5]. Further-
more, ex vivo activation and expansion of TAA-
directed T cells followed by adoptive transfer of such
T cells has also been utilized [6,7].

Prostate cancer is well suited for adoptive T cell
therapy since the prostate gland is an organ not
essential for life. Therefore, all tissue-specific proteins
can be exploited as potential T cell targets. Today, more
than thirty genes have been reported to be specifically
or preferentially expressed by prostate cells. They are
listed in a recent review [8]. So far the PSA, PSMA,
PSCA, PAP, Kallikrein-4, TARP, Prostein, Trp-p8,
STEAP, and PAGE-4 proteins have been evaluated as
T cell antigen targets [9–27]. In general, these proteins
were screened for peptides with ability to bind HLA-
A*0201 and generate specific cytolytic T lymphocytes
(CTLs) ex vivo.

In order to obtain a broad and long-lasting CTL
response it may be preferable to use a panel of TAAs
for T cell stimulation. Therefore, in this article we
characterize the binding property of 24 HLA-A*0201-
restricted peptides derived from 15 proteins that are
specifically or preferentially expressed by normal
prostate and prostate cancer cells. We report that
circulating peptide-specific CD8þ T cells are often
found in the peripheral blood of prostate cancer
patients with localized disease and that there is a
significant difference in T cell occurrence in cancer
patients compared to age-matched healthy individuals.
For patients in whom circulating prostate antigen-
directed T cells cannot be detected we describe an ex
vivo protocol to generate CD8þ T cells against multiple
peptides simultaneously.

MATERIALSANDMETHODS

Cell Lines

The human EBV-transformed B lymphoblastoid cell
line C1R [28] does not express endogenous HLA-A or
-B molecules [29]. C1R-A2 cells express a transfected
genomic clone of HLA-A2.1 [30]. We obtained C1R-A2
from Dr. J. Berzofsky, Vaccine Branch, National Cancer
Institute, Bethesda, MD. C1R-A2 was cultured in
RPMI-1640 (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen), 100 U/
ml of penicillin and 100 mg/ml of streptomycin
(1% PEST) (Invitrogen), and 200 mg/ml of geneticin
(Sigma Chemicals, St. Louis, MO) to ensure HLA-A2.1
transgene expression. The T2 cell line is deficient in

transporters associated with antigen processing (TAP)
and therefore unable to present endogenous peptides
through the proteasome degradation pathway [31]. T2
was cultured in RPMI-1640 supplemented with 10%
FBS and 1% PEST.

FlowCytometryAnalysis

C1R-A2 and mature monocyte-derived DCs were
stained for cell surface expression of HLA-ABC, HLA-
DR, CCR7, CD1a, CD19, CD20, CD40, CD54, CD80,
CD83, and CD86 by using specific fluorophore-labeled
antibodies (BD Biosciences, San Diego, CA) and
isotype-relevant fluorophore-labeled negative control
antibodies (BD Biosciences). Furthermore, cells were
incubated for 30 min at 48C with the mouse monoclonal
anti-HLA-A2.1 antibody BB7.2 (a kind gift from Dr. J
Berzofsky, Vaccine Branch, National Cancer Institute).
After washing, cells were stained with FITC-labeled
rabbit anti-mouse antibody (DAKO, Copenhagen,
Denmark). Cells were washed and analyzed by Flow
Cytometry on a FACSCaliburTM (BD Biosciences).

Peptide Epitope Selection,Peptide Synthesis and
Peptide Binding

Proteins reported to be specifically or preferentially
expressed in prostate and prostate cancer cells were
analyzed for putative HLA-A*0201-binding peptides
using the online computer algorithms BIMAS [32]
(bimas.cit.nih.gov/molbio/hla_bind/) and SYFPEI-
THI [33] (www.syfpeithi.de). Thirty-one proteins,
listed in a recent review [8], were analyzed and
peptides from 15 proteins with high specificity for
prostate cells were selected: prostate-specific antigen
(PSA) [34], prostatic acid phosphatase (PAP) [35],
prostate-specific membrane antigen (PSMA) [36],
prostate-specific transglutaminase (TGM4) [37], pros-
tate stem cell antigen (PSCA) [38], T cell receptor
g-chain alternate reading frame protein (TARP) [39,40],
six transmembrane epithelial antigen prostate (STEAP)
[41], prostase/human kallikrein-4 (hKLK4) [42],
prostate-specific gene with homology to a G protein-
coupled receptor (PSGR) [43], Trp-p8 [44], prostate and
testis expression (PATE) [45], prostate, ovary testis and
placenta expression (POTE) [46], six transmembrane
protein of prostate 1 (STAMP1) [47], androgen-induced
bZIP (AIbZIP) [48] and novel prostate-specific antigen
(NPSA) [49]. Peptides were synthesized according to
standard solid-phase synthesis (Sigma-Genosys, The
Woodlands, TX). Peptide binding to HLA-A*0201 was
analyzed by stabilization of HLA-A*0201 cell surface
expression on T2 cells as previously described [17].
Three concentrations (0.5, 5, and 50 mg/ml) were used
for each peptide. Stabilization ratios were calculated
using mean fluorescence values of (peptide-pulsed T2–
non-pulsed T2)/non-pulsed T2; that way background
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HLA-A*0201 expression is set to zero and values above
zero reflect binding of peptide.

Preparation of PBMCs FromProstate Cancer
Patients andHealthyVolunteers

Blood samples, 20–40 ml per individual, were
drawn at one occasion per individual and collected
in heparin-coated tubes (BD Biosciences). Peripheral
blood mononuclear cells (PBMCs) were obtained by
subjecting the samples to Ficoll-Paque (Amersham
Biosciences, Uppsala, Sweden) density centrifugation.
Samples were from HLA-A2.1þ prostate cancer
patients enrolled for radical prostatectomy at the
Uppsala University Hospital, Uppsala, Sweden and
from healthy age-matched HLA-A2.1þ male and
female volunteers. Permission to collect blood samples
from prostate cancer patients was approved by the local
ethical committee at the Uppsala University Hospital
(reference number 01–318). Informed consent was
obtained from each patient.

Generation of Peptide-Specif|cTCells

Buffy coats, from approximately 420 ml of periph-
eral blood, were obtained from healthy HLA-A2.1þ

blood donors at the Uppsala University Hospital
Blood Center, Uppsala, Sweden. PBMCs were isolated
through Ficoll-Hypaque separation and resuspended
in RPMI-1640 supplemented with 10 mM HEPES, 1 mM
L-glutamine, 20 mM 2-mercaptoethanol, 1% pooled
normal human serum and 1% PEST. PBMCs were
plated in six T-75 culture flasks and after 90 min
incubation at 378C, non-adherent peripheral blood
lymphocytes (PBLs) were removed and cryopreserved.
Adherent monocytes cultures were either cryopre-
served or differentiated into DCs over 8 days as
previously described [50]. The mature DC phenotype
was confirmed by staining cells with cell surface
markers as described above. Mature HLA-A2þ DCs
were divided in six portions. Each DC portion was
incubated with one prostate antigen peptide (10mg/ml)
for 4 hr and then washed two times with PBS. The
peptide-pulsed DCs were pooled and mixed with
thawed autologous lymphocytes (non-adherent cell
fraction) at a ratio of 1:20. After 12 days autologous
monocytes were thawed out, divided in six portions,
incubated with the same individual peptides as before
being washed and pooled. Lymphocytes were restimu-
lated with the peptide-pulsed monocytes as previously
described at a ratio of 1:20 [50]. They were restimulated
two more times with peptide-pulsed monocytes
at weekly intervals before analysis. The peptide pools
used were (I) PSA53–61, TGM4612–620, STEAP165–173,
STEAP262–270,PAP13–21,hKLK4155–164, (II)TARP(V28L)27–35,
TARP(P5L)4–13, PAP13–21, PSMA4–12, PSA53–61, PSA165–174,

(III) hKLK4117–126, NPSA20–28, POTE290–298, STEAP262–270,
PSMA4–12, PSMA27–35, (IV) PAP13–22, POTE323–331,
AIbZIP70–78, STAMP1402–410, Trp-p8596–605, Trp-p8770–778,
(V) PSCA7–15, STAMP1373–382/STEAP232–241,
STAMP1402–410, PSA165–174, PAP13–22, PSGR202–210, (VI)
STAMP1373–382/STEAP232–241, PSMA27–35, PATE5–13,
STEAP165–173, TARP(V28L)27–35, TARP(P5L)4–13. This
means that the peptides derived from PSA, PAP,
PSMA, TARP, STEAP, and STAMP1 were examined
twice whereas the peptides derived from TGM4, PSCA,
hKLK4, PSGR, Trp-p8, PATE, POTE, AIbZIP, NPSA
were examined once.

Intracellular InterferonGamma (IFN-g)
Stainingof TCells

C1R-A2 cells were pulsed with 10 mg/ml of peptides
at 378C for 2 hr. They were then washed and incubated
at a 1:1 ratio either with PBMCs (from healthy
volunteers or prostate cancer patients) or with stimu-
lated T cells from healthy volunteers. After 2 hr of
incubation at 378C protein secretion was blocked by the
addition of 8 mg/ml Brefeldin-A and the incubation
was continued for an additional 5 hr. IFN-g production
by CD8þ T cells was analyzed by intracellular staining
and Flow Cytometric analysis as described previously
[17,51]. Cell fractions where a distinct population of at
least 0.1% of the total CD3þ, CD8þ T cell population
stained positive for IFN-g were considered positive.

CFSEProliferationAssay

The CellTrace CFSE cell proliferation kit (Invitrogen,
Eugene, OR) was used to evaluate CD8þ T cell
proliferation. PBLs were isolated by plastic adhesion
of PBMCs obtained from HLA-A2.1þ prostate cancer
patients and labeled with 10 mM CFSE solution in PBS
with 0.1% BSA for 10 min and then washed in fresh
media. C1R-A2 cells were pulsed with a peptide
pool consisting of STEAP262–270, STAMP1373–382/
STEAP232–241, and STEAP165–173 (10 mg/ml) or with
the negative control peptide HIVGag77–85 (SLYNT-
VATL) (10 mg/ml) for 2 hr washed in culture media and
irradiated (40 Gy). CFSE-labeled PBLs (1� 106) were
mixed with 2� 105 peptide-pulsed C1R-A2 and co-
cultured in 12-well plates for 5 days. The cells were
incubated with anti-human CD3-APC and CD8-PE
antibodies (BD Biosciences) for 30 min at 48C, washed
and analyzed by Flow Cytometry.

Statistical Analysis

Statisticon AB, Uppsala, Sweden, performed the
statistical analysis. We tested for every peptide the
hypothesis of no difference in response (occurrence of
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IFN-g-secreting CD8þ T cells) between prostate cancer
patients and healthy male controls against the hypoth-
esis of there being a difference, using Fishers exact test.
A joint P-value for the two groups (prostate cancer
patients and healthy male controls) has been derived
from the separate P-values by a multiple permutation
test with Fisher’s omnibus combination function
�2

P

i

logðPiÞ. The results for each individual were
permuted 10,000 times and the true value of the
combination function was compared to the empirical
distribution of the 10,000 equivalent values from the
permuted datasets. The same analysis was performed
to evaluate whether there is a significant difference in
occurrence of IFN-g-secreting CD8þ T cells between
healthy male and female donors.

RESULTS

Bindingof ProstateAntigen-Derived Peptides to
HLA-A*0201

The BIMAS and SYFPEITHI online prediction
algorithms were utilized to analyze proteins with
reported prostate-restricted expression for 9-mer and

10-mer peptides with putative binding to HLA-A*0201.
Based on the results from this analysis we synthesized
24 peptides, derived from 15 proteins, all with BIMAS
scores above 78 min and SYFPEITHI scores higher than
20, Table I. Furthermore, all peptides had classical
anchor residues, that is, Leucine (L) or Methionine (M)
at position 2 and Leucine (L) or Valine (V) at position 9
or 10, respectively. The peptides were evaluated for
binding to HLA-A*0201 by incubation with T2 cells at
various peptide concentrations. All peptides were able
to stabilize HLA-A*0201 expression on the surface of
the T2 cells to various degrees, Table I, confirming that
they are HLA-A*0201 binders.

C1R-A2 as Peptide-PresentingCells to Evaluate
CD8þTCell Reactivity

The MHC class I expression of C1R-A2 is uniquely
HLA-A*0201. We therefore wanted to evaluate
whether C1R-A2 can be used as antigen-presenting
cells to study HLA-A*0201-restricted peptide-specific
CD8þ T cell reactivity. A phenotypic characterization of
C1R-A2 is presented in Figure 1A,B. It has high HLA-
ABC, HLA-DR, CD54, CD80, and CD86 expressions,
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TABLE I. ProstateAntigen,Peptide Location,Sequence andHLA-A*0201Stabilization Ratio onT2Cells

Prostate-associated antigen Peptide Sequence

BIMAS SYNFP
Stabilization Ratio

peptide conc. (mg/ml)

Score Score 0.5 5 50

Prostate-specific antigen PSA53–61 VLVHPQWVL 111 22 0.48 1.30 1.42
PSA165–174 FLTPKKLQCV 735 26 0.00 0.48 1.07

Prostatic acid phosphatase PAP13–22 SLSLGFLFLL 1082 26 0.33 1.15 1.15
PAP13–21 SLSLGFLFL 223 25 0.31 1.05 1.25

Prostate-specific membrane antigen PSMA4–12 LLHETDSAV 484 25 0.40 1.24 1.50
PSMA27–35 VLAGGFFLL 400 27 0.98 1.57 1.58

Prostate specific transglutaminase TGM4612–620 TLAIPLTDV 159 27 0.29 0.92 1.39
Prostate stem cell antigen PSCA7–15 ALLMAGLAL 79 26 0.52 1.22 1.60
TCRg alt. reading frame protein TARP(V28L)27–35 FLFLRNFSL 2108 24 1.14 1.50 1.43

TARP(P5L)4–13 FLPSPLFFFL 5956 21 1.23 1.60 1.35
Six transmembrane epithelial antigen STEAP165–173 GLLSFFFAV 10776 25 0.79 1.20 1.30

prostate STEAP262–270 LLLGTIHAL 309 32 0.79 1.35 1.36
Prostase/human kallikrein 4 hKLK4155–164 LLANGRMPTV 271 27 0.53 1.18 1.36

hKLK4117–126 LMLIKLDESV 154 24 0.36 1.04 1.13
Prostate-spec G protein-coupled receptor PSGR202–210 ILLVMGVDV 437 26 0.63 1.20 1.44
Prostate-spec protein homolog trp family Trp-p8596–605 KLLKTLAKV 2071 31 0.00 0.20 0.53

Trp-p8770–778 VLYSLVFVL 635 27 0.21 0.83 0.62
Prostate and testis expression PATE5–13 LLLELPILL 550 27 1.32 1.70 1.70
Prostate ovary testis placenta expression POTE323–331 LLLEQNVDV 1793 28 0.51 1.16 1.23

POTE290–298 FLIKKKANL 98 26 0.00 0.41 1.03
Six transmembrane protein of prostate 1 STAMP1402–410 ALLISTFHV 1492 26 0.59 1.20 1.44

STAMP1373–382/
STEAP232–241

LLAVTSIPSV 271 31 0.99 1.34 1.58

Androgen-induced bZIP AIbZIP70–78 KLFIDPNEV 900 25 0.04 0.37 0.62
Novel prostate-specific antigen NPSA20–28 LLYMRICYV 5534 27 0.07 0.56 0.76

ProstateAntigen-Directed TCells 73



indicating appropriate antigen-presenting properties.
We also compared HLA-A2 surface expression on
C1R-A2 with expression on mature monocyte-derived
DCs. We found comparable expression levels (Fig. 1B).

Finally, C1R-A2 and mature autologous DCs were
evaluated side-by-side as antigen-presenting cells to
detect peptide-specific CD8þ T cell in a Flow Cyto-
metric-based intracellular IFN-g staining assay. Blood
from three healthy donors were analyzed with the
STAMP1373–382/STEAP232–241 peptide. We found that
the percentage of IFN-g-secreting CD3þ, CD8þ T cells
was 0.3–1.0% when peptide-pulsed C1R-A2 was used
and 0.6–1.4% when peptide-pulsed autologous mature
DCs was used. One example is shown in Figure 1C.
From these experiments we conclude that C1R-A2 can
be used as a universal HLA-A2-restricted peptide-
presenting cell line in IFN-g secretion assays with
similar results to autologous DCs. This means that one
can omit the laborious work of isolating monocytes or
DCs from each patient. Furthermore, the stimulator to
T cell ratio can easily be controlled and varied when
C1R-A2 cells are used. Therefore, C1R-A2 was used in
all subsequent IFN-g secretion assays.

ProstateAntigen-DirectedCD8þTCells in the Blood
of Prostate Cancer Patients

We next analyzed whether CD8þ T cells directed
against HLA-A*0201-restricted prostate antigen pep-
tides can be found in peripheral blood. Blood samples
were collected from 25 HLA-A*0201þ prostate cancer
patients with localized prostate cancer that were
enrolled for radical prostatectomy and from 20 HLA-
A*0201þ age-matched healthy volunteers (10 males and
10 females). PBLs were isolated and mixed with
peptide-pulsed C1R-A2 at a 1:1 ratio for a total of 7 hr
(2 hr without blocking and 5 hr with blocked
protein secretion). CD8þ T cells were then analyzed
for IFN-g production by intracellular IFN-g staining.
We detected circulating antigen-specific T cells in 18

The Prostate

Fig. 1. C1R-A2 is an appropriate stimulator cell line for analysis of
peptide-specific IFN-g release from CD8þ T cells.A: C1R-A2 was
stained with fluorophore-labeled monoclonal antibodies against
HLA-ABC, HLA-DR,CD40, CD54, CCR7, CD1a, CD83, CD19, and
CD20.B: C1R-A2 andmatureDCswere stainedwith fluorophore-
labeled monoclonal antibodies against CD80 and CD86 or with a
mouse monoclonal anti-HLA-A2 antibody followed by a fluoro-
phore-labeled rabbit anti-mouse antibody. The cells were subse-
quently analyzed by Flow Cytometry. Open curves represent
staining with specific antibodies to molecules indicated in the top
right corner while filled curves represent staining with isotype-
relevant negative control antibodies.C: C1R-A2 and mature DCs
were incubatedwith the STAMP1373 ^382/STEAP232^241peptide and
used to stimulateT cells (autologous to theDCs).Cellswere subse-
quently stained with fluorophore-labeled monoclonal anti-CD3,
anti-CD8 and anti-IFN-g antibodies and analyzedby FlowCytome-
try. Values presented in the upper right quadrants represent the
percentage of IFN-g-secreting T cells within the CD3þ, CD8þ

population.Oneexamplefromthreeindependentanalysesis shown.
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out of 25 prostate cancer patients, that is, we were
unable to detect antigen-specific T cells in 7 out of these
25 patients. However, it should be noted that at no
instance did we obtain enough patient blood to assay all
peptides. One example of T cell analysis from a prostate
cancer patient is shown in Figure 2, where 16 peptides
were tested and circulating CD8þ T cells were detected
against six of them, namely TARP27–35, PSMA4–12,
PAP13–21, STEAP262–270, STAMP1373–382/STEAP232–241,
and hKLK4117–126.

The result from the IFN-g secretion assays in prostate
cancer patients and healthy volunteers is presented for
each peptide separately in Figure 3. In positive samples

the IFN-g-secreting cells, within the CD3þ, CD8þ T cell
population, were at least 0.1% and was observed as a
distinct population of cells. The frequency of IFN-g-
secreting cells was in some cases as high as 2.4%. An
irrelevant HLA-A*0201 binding peptide, VMAT131–39,
from vesicular monoamine transporter 1 was used as a
negative control. It yielded in all cases IFN-g-secreting
cells within the CD3þ, CD8þ T cell population of less
than 0.02% (data not shown). The facts that the negative
control peptide did not evoke T cells to produce IFN-g
and that no single individual patient presented
responses against all peptides prove that the T cell
responses observed are peptide-specific and not due to

The Prostate

Fig. 2. Anexampleillustrating thedetectionofprostateantigen-directedCD8þTcellin thebloodof aprostatecancerpatient.C1R-A2cells
wereseparatelypulsedwithHLA-A*0201-bindingpeptidesderivedfromprostateantigensandmixedwithPBMCsfromanHLA-A*0201þpros-
tate cancerpatient.Cellswere subsequently stainedwithmonoclonal fluorophore-labeledanti-CD3, anti-CD8andanti-IFN-g antibodies and
analyzedbyFlowCytometry.ValuespresentedintheupperrightquadrantsrepresentthepercentageofIFN-g-secretingTcellswithintheCD3þ,
CD8þPBMCpopulation.
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allogeneic interactions. The number of positive sam-
ples out of tested samples for each peptide is presented
in Table II. The total numbers of positive samples in the
patient group and the healthy male and female groups
are presented at the bottom of Table II. Peptide-specific
CD8þ T cells were detected in 48 out of 184 samples
(26.1%) from 25 prostate cancer patients while 17 out of
214 samples (7.9%) were positive in blood from 10
healthy age-matched male volunteers. Fisher’s exact
test was used to calculate P-values for each peptide
separately, comparing the occurrence of IFN-g-secret-
ing CD8þ T cells detected in the prostate cancer patient
group with the occurrence of IFN-g-secreting CD8þ T
cells detected in the healthy male donor group. A joint
P-value for the two groups was derived from the
separate P-values by a multiple permutation test with
Fisher’s omnibus combination function to evaluate
whether there was a statistical significant difference
between prostate cancer patients and healthy male
donors. Peptides not yielding T cell responses in

neither of the two groups (PSMA27–35, hKLK4155–164,
Trp-p8596–605, POTE290–298, STAMP1402–410, NPSA20–28)
were excluded from the statistical analysis. We found
that peptide-specific CD8þ T cells were more often
detected in the peripheral blood of prostate cancer
patients than in healthy age-matched male individuals
(a¼ 0.05; P¼ 0.0249). Using the same test we found no
significant difference in occurrence of IFN-g-secreting
CD8þ T cells between samples from healthy male and
female volunteers (a¼ 0.05; P¼ 0.989). Among pep-
tides that were sampled more than 10 times, CD8þ

T cells were most often found against STEAP262–270

(53%), STAMP1373–382/STEAP232–241 (36%), PSA165–174

(30%), TARP27–35 (24%), and TARP4–13 (24%) in the
blood of prostate cancer patients, Table II. Furthermore,
15 out of 20 healthy volunteers presented circulating
CD8þ T cells against STAMP1373–382/STEAP232–241.

In order to investigate peptide-specific T cell
proliferation a CFSE assay was set up with PBLs from
a prostate cancer patient with very high IFN-g

The Prostate

Fig. 3. Prostateantigen-specificCD8þTcellsintheperipheralbloodofprostatecancerpatientsandage-matchedhealthyindividuals.PBMCs
were isolated from HLA-A*0201þ prostate cancer patients (filled circles) and HLA-A*0201þ age-matched healthy males (open circles) and
females(crosses).Theyweremixedwithpeptide-pulsedC1R-A2andcellsweresubsequentlystainedforCD3,CD8andIFN-g.Presentedvalues
represent the percentage of IFN-g-secretingT cells within the CD3þ, CD8þ population after subtracting values obtained from irrelevant
peptide-pulsed C1R-A2. Samples with a distinct population of IFN-g-secreting CD8þ T cells, representing at least 0.1% of the total CD3þ,
CD8þTcellpopulationwereconsideredpositive.Thereis substantialoverlap ofcirclesbelow the0.1%level.
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production against the STEAP165–173 peptide (14% of
CD8þ T cells) (Fig. 4A). CFSE-labeled PBLs were
stimulated with peptide-pulsed C1R-A2 (pool of
STEAP165–173, STEAP262–270, and STAMP1373–382/
STEAP232–241) and T cell proliferation was measured
as dilution of the CFSE dye in each cell division
(Fig. 4B). We found that 26.5% of the CD8þ T cells
proliferated after STEAP peptide pool stimulation
(black line, open curve) as compared to 5.3% of the
CD8þ T cells after HIV peptide stimulation (gray line,
open curve) and 1.2% for unstimulated CD8þ T cells
(filled curve). We also investigated peptide-specific
T cell proliferation using PBLs from prostate cancer
patients where between 1% and 2% of CD8þ T cells
produced IFN-g in response to a prostate antigen
peptide. In those cases we did not observe peptide-
specific T cell proliferation by using the CFSE assay
(data not shown).

Generation of CD8þTCells against
ProstateAntigen Peptides

In the cases where healthy volunteers did not have
detectable levels of circulating CD8þ T cells against

prostate antigen peptides we investigate the possibility
to use an ex vivo stimulation protocol to generate
peptide-specific CD8þ T cells. Mature DCs obtained
from buffy coat blood of healthy volunteers were
divided in six portions and each portion was pulsed
with one peptide. The pulsed DCs were pooled
and used to stimulate autologous lymphocytes. The
lymphocytes were then restimulated three times at
weekly intervals with peptide-pulsed monocytes.
Thereafter, T cells were analyzed for specific IFN-g
production using peptide-pulsed C1R-A2 as stimula-
tors. By using this ex vivo activation approach we
were able to generate IFN-g-secreting CD8þ T cells
against TGM4612–620, STEAP165–173, and PSA53–61

simultaneously from one blood donor (I), TARP27–35

and TARP4–13 from another (II), and hKLK4117–126 and
NPSA20–28 from a third donor (III) (Fig. 5). We were also
able to generate CD8þ T cells that specifically produced
IFN-g against PAP13–22 (IV), PSCA7–15 (V), and
STAMP1373–382/STEAP232–241 (VI) with frequencies
displayed in Figure 5. When stimulated T cells were
assayed against C1R-A2 cells pulsed with an irrelevant
HLA-A*0201-binding peptide, not used during stim-

The Prostate

TABLE II. Prostate Antigen-Reactive CD8þ TCells in the Peripheral Blood of Prostate Cancer Patients and Healthy Age-
MatchedMale and Female Individuals

Peptide Prostate cancer patients Healthy male donors Healthy female donors

PSA53–61 3/13 23% 0/10 0% 0/10 0%
PSA165–174 6/20 30% 0/10 0% 0/10 0%
PAP13–22 1/5 20% 0/9 0% 0/10 0%
PAP13–21 2/11 18% 0/9 0% 0/10 0%
PSMA4–12 3/16 19% 1/10 10% 0/10 0%
PSMA27–35 0/1 0% 0/9 0% 0/10 0%
TGM4612–620 0/1 0% 2/10 20% 2/10 20%
PSCA7–15 2/10 20% 1/4 25% 0/3 0%
TARP27–35 5/21 24% 1/10 10% 1/10 10%
TARP4–13 5/21 24% 0/10 0% 0/10 0%
STEAP165–173 1/7 14% 1/4 25% 0/3 0%
STEAP262–270 8/15 53% 0/10 0% 0/10 0%
hKLK4155–164 0/1 0% 0/10 0% 0/10 0%
hKLK4117–126 3/9 33% 1/10 10% 1/10 10%
PSGR202–210 2/4 50% 1/10 10% 0/10 0%
Trp-p8596–605 0/1 0% 0/10 0% 0/10 0%
Trp-p8770–778 0/1 0% 1/6 17% 1/7 14%
PATE5–13 0/3 0% 1/10 10% 0/10 0%
POTE323–331 1/3 33% 0/10 0% 0/10 0%
POTE290–298 0/1 0% 0/9 0% 0/10 0%
STAMP1402–410 0/1 0% 0/10 0% 0/10 0%
STAMP1373–382/STEAP232–241 5/14 36% 7/10 70% 8/10 80%
AibZIP70–78 1/3 33% 0/10 0% 0/10 0%
NPSA20–28 0/2 0% 0/4 0% 0/1 0%

Total frequency 26.1% (48/184) 7.9% (17/214) 6.1% (13/214)

Positives are between 0.1% and 2.4% of CD8þ T cells.
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ulation, the frequencies of IFN-g-secreting CD8þ T cells
were always less than or equal to 0.02% (Fig. 5).

DISCUSSION

HLA-A*0201 is the most commonly expressed HLA
allele in the Caucasian, African American and Latin
American populations and the second most commonly
expressed HLA allele, after HLA-A*1101, in the Asian
American population [52]. Over the last decade
considerable efforts have been carried out to develop
prostate cancer vaccines by using HLA-A*0201-
restricted peptides derived from antigens associated

with prostate cancer cells [9–21,26]. In almost all
instances single peptides were used to illustrate a
proof of principle. However, in order to obtain a
polyclonal and long-lasting T cell response against
prostate cancer cells it will be of importance to use
several peptides from numerous prostate antigens

The Prostate

Fig. 4. IFN-g-producing STEAP-specific CD8þ T cells proliferate
upon stimulation with a pool of STEAP peptides. A: C1R-A2 was
incubated with STEAP262^270, STAMP1373^382/STEAP232^241 or
STEAP165 ^173 peptides and used to stimulate PBLs from a prostate
cancer patient.Cells were subsequently stainedwith fluorophore-
labeledmonoclonal anti-CD3, anti-CD8 and anti-IFN-g antibodies
andanalyzedbyFlowCytometry.Valuespresentedintheupperright
quadrantsrepresentthepercentageofIFN-g-secretingTcellswithin
the CD3þ,CD8þ population.B: PBLs from the same patient were
labeled with CFSE and stimulated with peptide-pulsed C1R-A2.
After five days, cells were stainedwith fluorophore-labeledmono-
clonal anti-CD3 and anti-CD8 antibodies and analyzed by Flow
Cytometry. Filled curve illustrates proliferation of unstimulated
CD3þ,CD8þTcells.Black line (opencurve) illustratesproliferation
ofCD3þ,CD8þ T cells stimulatedwith STEAPpeptidepool-pulsed
C1R-A2cells.Grayline (opencurve) illustratesbackgroundprolifer-
ation of CD3þ, CD8þ T cells stimulated with HIV peptide-pulsed
C1R-A2cells.

Fig. 5. CD8þTcellsgeneratedagainstHLA-A*0201-bindingpep-
tides from prostate antigens. Peripheral blood samples from six
healthy individuals (I, II, III, IV,V, and VI) without detectable levels
of circulating CD8þ T cells against any of the prostate antigens
were used. PBLs were stimulated once with a pool of peptide-
pulsed autologousmatureDCs andre-stimulated three timeswith
pooled peptide-pulsed autologous monocytes. The peptide pools
used for the six blood samples are described in the Materials and
Methods Section. The stimulated T cells were then analyzed for
IFN-g secretion in response to encounter with peptide-pulsed
C1R-A2.Cells were stained with monoclonal fluorophore-labeled
anti-CD3, anti-CD8, and anti-IFN-g antibodies and subsequently
analyzed by Flow Cytometry.Values presented in the upper right
quadrantsrepresentthepercentageofIFN-g-secretingTcellswithin
theCD3þ,CD8þpopulation.
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simultaneously. This would minimize the risk of
obtaining antigen-loss tumor variants in vivo, as has
for example been reported in a melanoma immuno-
therapy study [53]. Furthermore, close attention must
be paid on the potential tolerogenic state of prostate
cancer, in particular the suppressive role of regulatory
T cells [54]. It has recently been shown that
CD4þCD25high T cells are enriched in the tumor and
peripheral blood of prostate cancer patients [55]. Such
cells may have to be repressed in conjunction with the
adoptive transfer of antigen-specific CTLs.

We show herein that prostate cancer patients diag-
nosed with localized disease frequently have detectable
levels of CD8þ T cells against self antigen expressed by
prostate cancer cells, indicating that the immune system
is trying to mount a T cell response against the tumors.
Prostate antigen-specific CD8þ T cells were more often
found in the peripheral blood of prostate cancer patients
enrolled for radical prostatectomy than in healthy age-
matched individuals. The existence of circulating
prostate antigen-specific CD8þ T cells was also con-
firmed by a proliferation assay using blood from a
prostate cancer patient with high frequencies of IFN-g-
producing CD8þ T cells against a STEAP epitope. No
significant difference was observed between blood
samples from healthy male and female individuals
with regards to circulating prostate antigen-specific
CD8þ T cells, indicating that there is no general
tendency in healthy males to have an increased level
of T cells directed against ‘‘male’’ prostate antigens.
Interestingly, 15 out of 20 HLA-A*0201þ healthy
volunteers (both males and females) present circulating
CD8þ T cells against the STAMP1373–382/STEAP232–241

peptide (LLAVTSIPSV). The reason for this is not yet
known, but it indicates that STAMP1 and/or STEAP
are immunogenic proteins that should be further
evaluated for their potential role as auto-antigens.
Furthermore, there is a tendency that the occurrence
of circulating STAMP1373–382/STEAP232–241-specific
CD8þ T cells is less frequent in prostate cancer patients
than in healthy age-matched individuals.

It has been reported in the past that prostate cancer
patients may have circulating CD8þ T cells directed
against HLA-A*0201-restricted peptides derived from
prostate antigens. For example, T cells that produce
IFN-g in response to PSA165–174 [56] (in one reference
referred to as PSA141–150 [57]), PSCA99–107 [20],
PSCA105–113 [20], TARP27–35 [18] and STEAP86–94 [23]
have been reported. We now expand the list by adding
a number of new HLA-A*0201-restricted peptides from
prostate antigen against which circulating CD8þ T cells
can be detected in prostate cancer patients, namely
PSA53–61, PAP13–21,22, PSMA4–12, PSCA7–15, TARP4–12,
STEAP165–173, STEAP262–270, hKLK4117–126, PSGR202–210,
POTE323–331, STAMP1373–382, and AibZIP20–28. The

plethora of HLA-A*0201-restricted peptides available
from prostate antigens makes prostate cancer an
interesting disease for adoptive T cell therapy.

We also investigated the frequency of IFN-g-pro-
ducing T cells in late stage prostate cancer patients
using the HLA-A*0201-restricted peptides derived
from PSA, TARP, and STEAP. We obtained PBLs
from 10 HLA-A*0201þ prostate cancer patients with
bone and/or lymph node metastases. Nine out of
10 patients were on hormonal treatment at the
time of blood collection and 8 out of 10 patients
had obtained palliative irradiation treatment of meta-
stases in the past. A general observation was that
the PBL counts were low. Furthermore, we did not
detect IFN-g-producing CD8þ T cells in response to
in vitro peptide stimulation for any of the 10 patients
(data not shown). This indicates that the CTL immune
response against prostate cell-associated antigens is
low or non-existing in late stage prostate cancer
patients and that T cell-based immunotherapy may
have higher chance of being successful if applied at an
early stage.

In the cases where circulating CD8þ T cells were not
detected we show that it is possible to break tolerance
by generating CD8þ T cells that secreted IFN-g against
10 of the 25 evaluated peptides. We describe a protocol
where DCs/monocytes are divided into six groups
before being pulsed with individual peptides, in order
to avoid binding competition among peptides. The
peptide-pulsed cells are then pooled and used for
autologous lymphocyte stimulations. Importantly, by
using this protocol we were able to generate T cells
against multiple prostate antigens simultaneously
from a naı̈ve T cell repertoire. It may therefore
overcome the potential problem of the development
of spontaneous antigen-loss tumor variants in vivo. We
made four stimulations before assessing T cell reac-
tivity and did not investigate whether peptide specific-
ity could be observed already after one, two or three
stimulations. Repeated T cell stimulation can result in
low avidity T cells that may be unable to recognize cells
that endogenously express and present the antigen.
However, with an appropriately designed stimula-
tion/restimulation protocol high-avidity T cells can
repeatedly be obtained [58]. To our knowledge there
is no prostate cancer cell line that efficiently express
HLA-A*0201 on the cell surface and at the same time
endogenously express multiple prostate TAAs [17,59].
Therefore, the avidity of the T cells obtained in our
protocol is currently not known.

In conclusion, the fact that CD8þ T cells directed
against prostate antigen peptides can be found in, or
generated from peripheral blood strongly suggests that
such T cells could be expanded ex vivo for adoptive
transfer to prostate cancer patients.

The Prostate
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