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BACKGROUND. PLGA microsphere-based vaccination has been proven to be effective in
immunotherapy of syngeneic model tumors in mice. The critical step for the translation to
humans is the identification of immunogenic tumor antigens and potent vaccine formulations
to overcome immune tolerance.
METHODS. HLA-A�0201 transgenic mice were immunized with eight different human
prostate cancer peptide antigens co-encapsulated with TLR ligands into PLGA microspheres
and analyzed for antigen-specific and functional cytotoxic T lymphocyte responses.
RESULTS. Only vaccination with STEAP1262-270 peptide encapsulated in PLGA MS could
effectively crossprime CTLs in vivo. These CTLs recognized STEAP1262–270/HLA-A�0201
complexes on human dendritic cells and prostate cancer cell lines and specifically lysed target
cells in vivo. Vaccination with PLGA microspheres was much more potent than with
incomplete Freund’s adjuvant.
CONCLUSIONS. Our data suggests that there exist great differences in the immunoge-
nicity of human PCa peptide antigens despite comparable MHC class I binding character-
istics. Immunogenic STEAP1262–270 peptide encapsulated into PLGA microspheres
however was able to induce vigorous and functional antigen-specific CTLs and therefore
is a promising novel approach for immunotherapy against advanced stage prostate cancer.
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INTRODUCTION

With 233,000 new cases and 29,480 estimated
deaths, prostate cancer (PCa) is the second-leading
cause of cancer-related deaths in the United States
in 2014 [1]. The majority of patients diagnosed with
localized PCa are successfully treated with radiation
therapy or radical prostatectomy [2,3]. However,
within 10 years around 30% of patients eventually
fail on local therapy and progress to advanced-stage
or metastatic PCa. Androgen deprivation therapy is
the standard care for patients with advanced PCa,
although most tumors become resistant to primary

hormonal therapy within 14–30 months [4]. For
men with metastatic castration resistant prostate
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cancer (mCRPC) docetaxel chemotherapy in combi-
nation with prednisone was the only treatment
option for more than a decade [5]. New agents,
including abiraterone acetate, cabazitaxel, enzaluta-
mide, and radium-223 dichloride were shown to
prolong life for men with advanced PCa for several
months [6–9]. The first approved cell-based immu-
notherapy, sipuleucel-T, afforded an increase of
overall survival of 4.5 months [10]. This limited
efficacy and high costs associated with in vitro
loading of autologous antigen presenting cells fos-
tered attempts to develop vaccination approaches
relying on in vivo loading of antigen presenting
cells (APCs) with antigen and immune stimulants.
Such vaccination regimens might be combined with
the administration of monoclonal antibodies block-
ing CTLA-4 and PD1 signaling that function as
immune checkpoint inhibitors [11,12].

CD8þ cytotoxic T cells can efficiently recognize and
destroy tumor cells which expose peptides derived
from intracellular tumor-associated antigens (TAAs)
in complex with MHC class I molecules on their
surface [13]. These TAAs include proteins preferen-
tially expressed in normal prostate tissue but are
overexpressed in PCa. The first TAA for PCa was
prostate-specific antigen (PSA), a kallikrein-like ser-
ine-protease that is almost exclusively expressed by
prostate epithelial cells and can be detected in the
majority of PCa tissues, and represents the most
widely used serum marker for diagnosis and monitor-
ing of PCa [14]. Another marker for normal prostate
cells but also for the majority of prostate tumors,
especially undifferentiated, metastatic PCa is the
integral membrane glycoprotein prostate-specific
membrane antigen (PSMA) [15]. Prostatic acid phos-
phatase (PAP) is a glycoprotein with enzymatic
activity that is mainly secreted by prostate epithelial
cells in benign and malignant prostate tissue [16]. Its
main expression in the prostate and in more than 80%
of primary PCa samples turns the glycosylphosphati-
dylinositol-anchored cell surface protein prostate
stem cell antigen (PSCA) into an attractive antigen for
immunotherapy, too [17,18]. Both transmembrane
proteins, transient receptor potential melastatin 8
(TRPM8) and six-transmembrane epithelial antigen of
the prostate 1 (STEAP1) are detectable in the majority
of prostate tumors with TRPM8 being predominantly
overexpressed in the first stages and lower grades of
cancer [19] and the latter being detectable in different
stages and metastases of PCa but also in a variety of
other tumors, including bladder, colon, and ovarian
cancer [20,21]. As an inhibitor of apoptosis, survivin is
highly overexpressed in many human tumors, includ-
ing PCa with its expression correlating with aggres-
siveness and poor prognosis [22].

On the basis of the crucial role of T cells in the
elimination of tumor cells much attention has been
paid to the identification of these TAAs and derived
HLA class I-restricted T cell epitopes for the design of
novel T cell-based immunotherapies. However, tumor
cells develop from self-tissues, and therefore, the
immune system is largely tolerant to them. The
main objective of cancer immunotherapy thus is to
strongly stimulate the immune system to boost the
natural anti-tumor immunity [23]. We and other
groups have investigated poly(D,L-lactide-co-glycolide)
microspheres (PLGA MS) as antigen delivery system
targeting dendritic cells (DCs) and macrophages in
vitro and in vivo as an alternative to incomplete
Freund’s adjuvant (IFA) which has failed to be
approved for routine clinical use [24–27]. Uptake of
the antigens and TLR ligands encapsulated in
PLGA MS by APCs does not negatively affect
their cardinal properties like migratory capacity, cyto-
kine secretion, and antigen presentation [28]. In addi-
tion, PLGA MS have beneficial properties like
the protection of their content from degradation
and the long-lasting depot effect for sustained
and prolonged immune responses [29,30]. The addi-
tion of potent immune-enhancing adjuvants like cyto-
sine-phosphorothioate-guanine oligodeoxynucleotides
(CpG-ODN) or polyriboinosinic:polyribocitidylic acid
(polyI:C) is necessary for the maturation and cross-
priming ability of the APCs. For the generation of a
potent immune response TLR ligand and antigen need
to be co-encapsulated into the same PLGA MS to be
targeted into the same endosome [31].

In this study, we examined the immunogenicity of
eight different HLA-A�0201 restricted PCa peptide
antigens. We show that despite similar encapsulation
efficiencies and release profiles from PLGA MS and
comparable binding characteristics to HLA-A�0201
only one out of the eight antigens was able to prime
CTLs in vivo. These CTLs, however, were highly
peptide-specific and fully functional, as they were
able to specifically lyse target cells in vivo. In
addition, the peptide specific CTLs were able to
recognize the peptide/HLA�0201 complex both on
human cells and prostate cancer cell lines and to elicit
thereupon an immune response.

MATERIALS AND METHODS

Preparation of Microspheres

Microspheres (MS)were prepared from 14kDa PLGA
50:50 carrying hydroxyl- and carboxyl-end groups
(Resomer1 RG502H, Evonik R€ohm GmbH). The
synthetic peptides PSA154–163, PSCA14–22, PAP112–120,
TRPM8187–195, PSMA27–35, Survivin96–104, STEAP186–94,
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and STEAP1262–270 from human prostate and TLR
ligands were microencapsulated by spray drying as
described elsewhere [32]. Briefly, 10mg peptide and
5mgCpG oligodeoxynucleotides with a phosphothioate
backbone (CpGODN 1826, Microsynth) or 0.5mg polyI:
C (Sigma–Aldrich) were dissolved in 0.5ml 0.1M
NaHCO3 and mixed with 1g of PLGA dissolved in
20ml dichloromethane. The aqueous and the organic
phase were homogenized under ultrasonication for
10 sec on ice. The obtained w/o dispersion was immedi-
ately spray dried (B€uchi,Mini Spray-Dryer 191) at a flow
rate of 2ml/min and inlet/outlet temperatures of 40°C/
37°C. The obtained MS were washed out of the spray-
dryer’s cyclone with 0.05% poloxamer 188 (Synpero-
nic1F68, Serva Electrophoresis), collected on a cellulose
acetate membrane filter and dried under reduced
pressure (20mbar) for 18hr at room temperature. MS
were stored at 4°C. Immediately before use, MS were
dispersed in PBS by ultrasonication for 30 sec to obtain a
homogeneousMS suspension.

Mice and Immunizations

HLA-A�0201 transgenic mice (AAD mice [33])
were originally obtained from Charles River Labora-
tories. All mice were kept in a specific pathogen-free
facility and used at 6–12 weeks of age. Animal experi-
ments were approved by the Review Board of Regier-
ungspr€asidium Freiburg. Mice were immunized with
a mixture of 5mg peptide/CpG MS and 5mg polyI:C
MS or the respective amounts of peptide (50mg),
CpG-ODN (25mg), and polyI:C (2.5mg) emulsified in
PBS:IFA (1:1). Control mice were treated with adju-
vants MS corresponding to 5mg CpG-ODN MS
(25mg) and 5mg polyI:C MS (2.5mg).

Characterization of the PLGA MS

To characterize the PLGA MS, encapsulation effi-
ciency and release of the two peptides was analyzed.
For the determination of the encapsulation efficiency,
5mg MS were dissolved in 200ml acetone. The solvent
was evaporated with vacuum centrifugation and the
pellet was resuspended in MilliQ water under ultra-
sonication. Release of the peptides from the PLGA MS
was identified by dispersing 5mg PLGA MS in 200ml
PBS by ultrasonication for 30 sec. After an incubation
at 37°C under agitation for 6 days, samples were spun
down. Peptide contents of the supernatants were
determined using the MicroBCATM Protein Assay Kit
(Life Technologies) according to the manufacturer’s
protocol using the respective peptide as standard.
Assessed amounts were compared to theoretical
maximal loading and given in % encapsulation
efficiency.

Peptide Binding Assay

Each peptide was tested for concentration-depen-
dent HLA-A�0201 stabilization on T2 cells. T2 cells
were washed twice in serum-free IMDM and incu-
bated at room temperature overnight with the
candidate peptides over a concentration range from
0.5 to 10mM in the presence of 1mg/ml b2-micro-
globulin. T2 cells were washed twice and stained
with an APC-conjugated anti-human HLA-A2 anti-
body clone BB7.2 (eBioscience). The peptide
GILGFVFTL of influenza virus matrix1 protein
residues 58–66, was used as positive control; incu-
bation with PBS served as negative control. For the
off-kinetics, T2 cells were incubated overnight at
room temperature with 10mM of the respective
peptide followed by an incubation at 37°C in the
presence of 50mg/ml cycloheximide. After 1, 2, 3, 4,
and 6 hr the loss of HLA-A�0201 molecules from
the surface was monitored by flow cytometry.

Intracellular Cytokine Staining

Intracellular cytokine staining (ICS) was per-
formed to detect intracellular interferon gamma
(IFN-g) as a measure of CTL activation. Splenocytes
were isolated by mechanical disruption. The iso-
lated cells were incubated with or without 10mM of
the respective peptide in the presence of 10mM/ml
brefeldin A for 5 hr at 37°C. After washing, the cells
were stained with APC-conjugated rat anti-mouse
CD8a antibody clone 53–6.7 (eBioscience) for 20min
at 4°C. The cells were washed twice before they
were fixed with 4% paraformaldehyde in PBS for
5min at 4°C. Afterwards, cells were washed twice
with PBS/0.1% saponin for permeabilization and
were then labeled intracellularly with FITC-conju-
gated rat anti-IFN-g antibody clone XGM1.2 or
FITC-conjugated rat IgG1 k isotype control antibody
in PBS/0.1% saponin overnight at 4°C. The next
day, cells were washed twice and were resuspended
in FACS buffer (PBS, 2% FCS, 2mM EDTA, 2mM
NaN3) for flow cytometry.

ELISPOT

A commercially available antibody pair (BD Bio-
sciences) for the detection of IFN-g producing cells
was used according to the manufacturer’s protocol.
ELISPOT 96 well plates were coated with anti-IFN-g
antibody and subsequently blocked. Splenocytes were
incubated with or without 10mM of the respective
peptide overnight at 37°C. After incubation with a
biotinylated antibody for 2 hr, a streptavidin-alkaline
phosphatase enzyme conjugate was added for 40min
at room temperature. Spots of the dried plate were
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counted using an ImmunoScan instrument (C.T.L.,
Cellular Technology Ltd.).

Peptide/HLA-A�0201 Recognition Assay

Mice were immunized with a mixture of 5mg
STEAP1262–270/CpG MS and 5mg polyI:C MS. After
6 days, splenocytes were isolated by mechanical
disruption. The isolated splenocytes were co-incubated
with STEAP1262–270 peptide or STEAP1262–270 present-
ing human HLA-A�0201 positive cells overnight.
LNCaP, PC3 and DU154 were transiently transfected
with pAADneo vector (kind gift of V.H. Engelhard,
Charlottesville, VA) and maintained in RPMI 1640
supplemented with 10% FCS, 1% P/S and 500mg/ml
geneticin G418.Transfected cell lines were screened
and sorted for AAD expression by flow cytometry
using the APC-conjugated anti-human HLA-A2 anti-
body clone BB7.2 (eBioscience). Ninety-five percent
of the PC3 cells and 82% of the LNCaP and DU154
cells expressed AAD 2 days after the sort and are
referred to as PC3-AAD, LNCaP-AAD, DU154-AAD.
These transfectants or T2 cells were incubated at 37°C
for 1hr with or without 10 6M STEAP1262–270 peptide,
washed twice and then used for the recognition assay.
Human monocyte-derived dendritic cells (MoDCs)
were generated from peripheral blood mononuclear
cells (PBMC) as previously described [34]. In brief,
heparinized blood was taken from HLA-A�0201 posi-
tive donors to obtain PBMC by density gradient
centrifugation on Ficoll-Paque1 at 1,800 rpm for 20min.
After magnetic sorting for CD14þ monocytes (Miltenyi
Biotec), cells were further cultured for 5 days in AIM-V
containing 1,000U/ml of GM-CSF and 800U/ml of
IL-4. On day 5, 0.25mg STEAP1262–270/CpG MS or
CpG MS were added to 1�106 immature MoDCs.
After 2 days of maturation, MoDCs were washed
twice and were then used for the recognition assay.
Analysis was performed by ELISPOT assay or ELISA
for IFN-g.

ELISA

For the detection of IFN-g secretion by PLGA MS
induced CTLs, supernatants of the recognition assay
were analyzed using a mouse IFN-g ELISA kit (BD
Biosciences) according to the manufacturer’s instruc-
tions.

In Vivo Cytotoxicity Assay

For the analysis of the cytotoxic activity of
CTLs in vivo, splenocytes from na€ıve mice were
depleted from erythrocytes. Half of the cells was
left untreated, the other half was pulsed with

10 6M peptide for 1 hr at 37°C. Afterwards, un-
treated and peptide pulsed cells were stained
with 1mM/10mM CFSE, respectively, for 10min at
37°C. A mixture of 1�107 pulsed and unpulsed
cells in a total volume of 200ml was injected i.v.
in the tail vein of mice that were immunized
with peptide/CpG MS and 5mg polyI:C MS or
control mice that received 5mg CpG MS and 5mg
polyI:C MS 5 days before. After 24 hr splenocytes
and liver lymphocytes of the immunized mice
were analyzed for CFSE-labeled cells by flow
cytometry. Splenocytes were isolated by mechanical
disruption of the spleen. For isolation of liver
lymphocytes, the liver was cut into small pieces
and digested at 37°C in IMDM containing
0.2mg/ml of collagenase D (Roche), 0.2mg/ml of
DNase I (Roche), 10% FCS, 100U/ml P/S for
45min at 37°C under agitation. Cells were gently
pressed through a mesh, washed and re-suspended
in 36% Percoll

1

in PBS (Sigma–Aldrich). The cell
suspension was gently overlaid onto 70% Percoll

1

and centrifuged for 30min at 1350�g at 4°C.
Lymphocytes were collected from the interface.
The percentage of specific cytolysis was calculated
as follows: 100–[(% peptide pulsed cells in vacci-
nated mice/% unpulsed cells in vaccinated mice)/
(% peptide pulsed cells in control mice/% unpulsed
cells in control mice)] � 100.

Statistics

For statistical analyses, groups from similar experi-
ments were pooled and analyzed for significant differ-
ences as indicated in the graph. The P-values for
experiment composites are given in the figure
legends. All the statistical analyses were performed
using Prism software (GraphPad Software, Inc.).

RESULTS

PCa Peptide Antigens are Efficiently
Encapsulated and Released From PLGA MS

Characterization of the PLGA MS containing the
eight PCa antigens PSA154–163, PSCA14–22, PAP112–120,
TRPM8187–195, PSMA27–35, Survivin96–104, STEAP186–94,
and STEAP1262–270 revealed that all peptide antigens
could be encapsulated into the PLGA MS (Fig. 1, black
bars). In addition, all the peptides were released from
the microspheres in PBS (Fig. 1, white bars). The time
interval for the release in aqueous medium mimics
the time span of 6 days between immunization and
analysis used in our in vivo immunization protocol.
Furthermore, no overt differences in encapsulation
efficiency and release were observable between the
eight different PCa peptide antigens.
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PCa Peptide Antigens Bind and Stabilize
HLA-A�0201

One of the most important features of a peptide
antigen is a strong binding and thus stabilization of
MHC class I molecules. In silico analysis with the
publically available epitope prediction programs
SYFPEITHI (http://www.syfpeithi.de/) and BIMAS
(http://www-bimas.cit.nih.gov/molbio/hla bind/)
assigned excellent binding properties to all eight
peptide antigens for HLA-A�0201. Stabilization of
the HLA-A�0201 peptide complex on the cell
surface was compared to the immunodominant,
high affinity HLA-A�0201 ligand influenza virus
matrix peptide M158–66. Like the M1 reference
peptide, PSCA14–22 and PSMA27–35 stabilized HLA-
A�0201 even at concentrations below 0.5mM
(Fig. 2). All of the other antigens were also able to
stabilize HLA-A�0201 already at low concentra-
tions. PSA154–163 and Survivin96–104 were the only
epitopes that could not stabilize HLA-A�0201 as
efficiently. In conclusion, all of the eight PCa
peptide antigens can stabilize the HLA-A�0201
complex on the cell surface with low off rates.

Superior Induction of a STEAP1262–270-Specific
CTL Response by Immunization of HLA-A�0201
Transgenic Mice With PLGA MS as Compared to

IFA

Immunogenicity of the eight different PCa peptide
antigens was assayed in vivo using AAD mice [33].
AAD mice express a transgene encoding an MHC
class I fusion protein consisting of the peptide binding
a1 and a2 domain of human HLA-A�0201 and the
CD8 binding a3 domain of mouse H-2Dd. Corre-
sponding amounts of PCa peptide as well as of the

adjuvants CpG-ODN and polyI:C were either encap-
sulated into PLGA MS or emulsified in IFA. Vaccina-
tion with STEAP1262–270, both in PLGA MS and IFA,
induced peptide specific CTLs. A brief restimulation
of these CTLs with STEAP1262–270 peptide in vitro
triggered a robust IFN-g response, which was signifi-
cantly higher for the PLGA MS compared to IFA
(Fig. 3A,B). Vaccination with only the adjuvants CpG-
ODN and polyI:C encapsulated into PLGA MS served
as negative control. Restimulation of the splenocytes
from these control mice with STEAP1262–270 peptide
induced no IFN-g response. Surprisingly, vaccination
with PSA154–163, PSCA14–22, PAP112–120, TRPM8187–195,
PSMA27–35, Survivin96–104, and STEAP186–94 peptides
co-encapsulated with CpG-ODN in PLGA MS and co-
administered with polyI:C PLGA MS induced no
peptide specific CTLs. This lack of a detectable CTL
response was not only observed after PLGAMS-based
vaccination but also when mice were vaccinated with
the same peptides emulsified in IFA (Fig. 3A,B). The
failure to elicit CTL responses for these seven PCa
peptide antigens could, therefore, not be attributed to
problems with PLGA MS specific encapsulation or
release but most likely to marginal immunogenicity of
these PCa peptide antigens in AAD mice.

PLGA MS Induced CTLs Specifically Lyse
Peptide-Loaded Target Cells In Vivo

Next, the functionality of the generated
STEAP1262–270 specific CTLs in terms of their ability
to lyse target cells in a peptide-specific manner was
assayed. For vaccination with STEAP1262–270/CpG
MS and polyI:C MS the in vivo cytotoxicity assay
showed robust responses. At day 6 after immuniza-
tion STEAP1262–270 pulsed target were specifically
lysed both in spleen and liver whereas unpulsed

Fig. 1. Characterization of PLGA encapsulated prostate carcinoma antigens by in vitro release. Encapsulation efficiency and release
during 6 days in aqueous medium of peptide/CpG containing PLGA MS as determined by BCA assay. Assessed amounts of peptide were
compared to theoretical maximal loading and given in percent encapsulation efficiency. The experiment has been repeated twice with
similar outcome.
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control cells were not affected in the same mice
(Fig. 4). In control mice immunized with CpG MS
and polyI:C MS neither the peptide pulsed nor the
unpulsed cells were lysed. In conclusion, CTLs
induced by vaccination with PLGA MS containing
STEAP1262–270 were not only able to elicit an IFN-g
response upon restimulation (Fig. 3) but also killed
the target cells in a peptide-specific manner (Fig. 4).
In contrast, CTLs of mice that were immunized
with TRPM8187–195/CpG MS and polyI:C MS did
not lyse TRPM8187–195 pulsed target cells, which is
consistent with the finding that specific CTL
responses could not be elicited after PLGA MS or
IFA based vaccination (Fig. 3).

PLGA MS Induced CTLs Recognize Human HLA-
A�0201/STEAP1262–270 Complexes

The first signal for the activation of primed T cells
is provided through the T-cell receptor which inter-
acts with peptide/MHC complexes on the surface of
antigen presenting cells. Therefore, CTLs induced by
vaccination with PLGA MS, including STEAP1262–270
should recognize and respond to human APCs pre-
senting STEAP1262–270 peptide on HLA-A�0201. In-
deed, splenocytes of vaccinated mice did not only
respond upon peptide restimulation but also recog-
nized and responded to peptide pulsed human

prostate cancer cell lines LNCaP, PC3, and DU154
transfected with AAD and human HLA-A�0201 posi-
tive T2 cells (Fig. 5). Peptide specificity was analyzed
by comparison to stimulation with unpulsed cells,
which resulted in a significantly lower IFN-g release.
The same result was observable for CTL stimulation
with human monocyte-derived dendritic cells
(MoDCs) raised from HLA-A�0201 positive donors
after uptake of STEAP1262–270/CpG MS leading
to maturation of the MoDCs and to HLA-A�0201-
mediated peptide presentation on the cell surface.
Stimulation with mature MoDCs after CpG MS
uptake induced significantly less IFN-g producing
CTLs. These data show that STEAP1262–270 specific
CTLs raised in HLA-A�0201/H-2Dd chimera express-
ing AAD mice recognize this peptide also on human
HLA-A�0201 and that human MoDC can be readily
charged with the STEAP1262–270 peptide by PLGAMS.

DISCUSSION

T-cell based immunotherapy of cancer is a promis-
ing non-invasive option for treatment of minimal
residual disease, prevention of metastatic spread, and
delay of recurrence without compromising quality of
life. One of the major obstacles is the identification
of possible antigenic peptide epitopes that are capable
of initiating effective anti-tumor T-cell responses.

Fig. 2. HLA A�0201 binding characteristics of the PCa peptide epitopes. For the stability assay, T2 cells were incubated at room
temperature overnight with the indicated peptides over a range of peptide concentrations from 0.5 to 10mM in the presence of 1mg/ml
b2 microglobulin. The concentrations of the respective peptides needed to stabilize HLA A�0201 on the cell surface are provided. For the
off kinetics, T2 cells were incubated overnight in the presence of 10mM peptide, followed by an incubation at 37°C in the presence of
50mg/ml cycloheximide. Loss of HLA A�0201 molecules from the cell surface (off kinetics) was monitored by flow cytometry after 1, 2, 3,
4, and 6 hr, respectively, as compared to cells incubated without peptide. The experiments have been performed twice with similar
outcome.
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Fig. 3. Comparison of the CTL response after immunization with PLGA MS or IFA. Male HLA A�0201 transgenic AAD mice (n¼ 3)
were immunized with 5mg peptide/CpG MS and 5mg polyI:C MS per mouse (containing 50mg peptide, 25mg CpG, 2.5mg polyI:C).
Alternatively, equivalent amounts of peptide, CpG, and polyI:C were emulsified in IFA and used for vaccination. As control, adjuvants
containing MS (Adj) incorporating only CpG and polyI:C were used. On day 6 after immunization splenocytes were isolated and analyzed
for peptide specific CD8þ T cell responses by intracellular cytokine staining (ICS) for IFN g and flow cytometry (A) as well as ELISPOT
assay (B). Representative examples of dot plots of the indicated ICS experiments are shown in (A) below the graph. Background levels (no
peptide) were subtracted. Values (mean� SEM) in (A) are given in percent IFN gþ of CD8þ lymphocytes. The P values of (A) were
calculated by an unpaired t test with Welsch’s correction (�P¼ 0.0218; �P¼ 0.0108). Values (mean� SEM) in (B) are given as IFN g specific
spots/well. The P value was calculated by an unpaired t test with Welsch’s correction (�P¼ 0.0233). The experiments have been performed
three times with similar outcome.
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Fig. 4. CTL mediated in vivo cytotoxicity elicited by vaccination with PLGA MS. Male HLA A�0201 transgenic AAD mice (n¼ 6) were
immunized with 5mg STEAP1262–270/CpG MS or TRPM8187–195/CpG MS and 5mg polyI:C MS per mouse (containing 50mg peptide, 25mg
CpG, 2.5mg polyI:C). As controls adjuvants microspheres bearing respective amounts of CpG and polyI:C were used. On day 6 after
immunization splenocytes from na€ıve mice were depleted from erythrocytes. Half of the cells was left untreated, the other half was pulsed
with 10�6M of the respective peptide for 1 hr at 37°C. Afterwards, untreated and peptide pulsed cells were stained with 1mM/10mM
CFSE, respectively. A mixture of 1� 107 pulsed and unpulsed cells was injected i.v. in the tail vein of the immunized mice. After 24 hr
splenocytes and liver lymphocytes of the immunized mice were analyzed for CFSE labeled cells by flow cytometry. Representative
examples of flow cytometry histograms of CFSE labeled target cells from the mice immunized as indicated are shown below the graph.
Values (mean� SEM) are given in percent specific lysis. The P value was calculated by an unpaired t test with Welsch’s correction
(���P¼ 0.0008; ����P¼<0.0001). The experiments have been performed three time with similar results.
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Ideal target epitopes are exclusively expressed in
nonvital tissues, highly expressed in metastatic dis-
ease and accessible to therapeutic modalities [35]. All
eight PCa epitopes used in this study scored very well
for in silico predictions of HLA-A�0201 binding.
Positive prognosis for their potential as antigenic
epitopes by “reverse immunology” approaches was
confirmed by the characterization of the HLA-A�0201
binding properties using the HLA-A�0201 positive
human T2 cell line (Fig. 2). The efficacy of tumor
immunotherapy is highly dependent on breaking the

tolerance of the specific CD8þ T cell repertoire against
the non-mutated self-tumor antigens [36]. Further-
more, cancer often coincidences with an immunosup-
pressive microenvironment within and around the
tumor, characterized by the prevalence of immuno-
suppressive cytokines and high infiltration of regula-
tory T cells [37,38]. TLR agonists are being widely
used to break immunological tolerance towards autol-
ogous TAAs and activate anti-cancer immune
responses [39,40]. The utilization of CpG-ODN and
polyI:C in our immunizations generates a strong Th1

Fig. 5. STEAP1262–270/HLA A�0201 recognition on PLGA MS pulsed human dendritic and prostate carcinoma cells by peptide specific
CTLs. Male HLA A�0201 transgenic AAD mice (n¼ 6) were immunized with 5mg STEAP1262–270/CpG MS and 5mg polyI:C MS per mouse.
On day 6 after immunization splenocytes were isolated and stimulated by addition of either þ/ STEAP1262–270 peptide alone (peptide), by
(A,B) LNCaP AAD, PC3 AAD, DU154 AAD cells externally pulsed or not with STEAP1262–270 peptide or (C) T2 cells externally pulsed
or not with STEAP1262–270 peptide, or by human HLA A�0201þ MoDC charged with CpG MS alone or with STEAP1262–270/CpG MS.
Peptide specific CD8þ T cell responses were detected in (B) by ELISA for IFNg in the supernatant; values (mean� SEM) are given as pg/ml
IFN g. The P values were calculated by an unpaired t test (��P¼ 0.0010; ���P¼ 0.0046). In A and C, IFN g secretion of the CTLs was
detected by ELISPOT assays. Values (mean� SEM) are given as IFN g specific spots/well. The P values were calculated by an unpaired t test
with Welsch’s correction B:(�P¼ 0.0155; ����P¼<0.0001; �P¼ 0.0104)/C:(��P¼ 0.0010; ���P¼ 0.0002; �P¼ 0.0241). The experiments
have been performed two times with similar outcome.

464



polarizing condition, which in combination with the
usage of a peptide exclusively presented on HLA-
A�0201 to CD8þ cytotoxic T cells, counteracts an
unwanted Treg induction.

In the last decade, much work has been devoted to
the investigation of DC-based immunotherapies.
However, cultivation and antigen pulse of human
DCs in vitro and injection of these cells into patients is
a very labor and cost intensive approach which in
addition yielded largely disappoint results [41–44].
The ideal tool for the improvement of DC-based
immunotherapies is the usage of PLGA MS as antigen
delivery system. PLGA MS are rapidly and efficiently
taken up by immature dendritic cells in vitro and
in vivo and release the encapsulated contents intracel-
lularly in a sustained manner for processing and
presentation on MHC class I and II mole-
cules [28,30,45]. All PCa tumor antigens used in this
study could be efficiently encapsulated into PLGA
MS and were released during incubation in an
aqueous environment (Fig. 1). Another antigen deliv-
ery system that has been used in numerous studies is
incomplete Freund’s adjuvant (IFA), a water-in-oil
emulsion that can be mixed with antigens and pattern
molecules. However, IFA has—in contrast to PLGA
MS—some severe side effects like local skin irrita-
tions, inflammations, sterile abscesses, and cysts as
well as persistent painful granulomas at the site of
injection [46].

In our study, we showed that PLGA MS were even
superior to IFA-based vaccination with STEAP1262–270
peptide antigen and the TLR ligands CpG ODN and
polyI:C in HLA-A�0201 transgenic AAD mice (Fig. 3).
Unexpectedly, for all the other PCa antigen epitopes
tested in this study neither PLGA MS nor IFA were

able to induce peptide-specific CTLs. This result
cannot be attributed to differences in the quality or
purity of the used peptides as their identity was
confirmed by mass spectrometry and their purity by
HPLC analysis (data not shown). Moreover, only the
PSA154–163 peptide contains a cysteine which can be
oxidized over time and hence become less immuno-
genic (Fig. 6). The immunogenic STEAP1262–270 pep-
tide has a high hydropathicity score (listed in Fig. 6)
but so does PSMA27–35 which did not yield a CTL
response in AAD mice. Yu et al. suggested that poor
immunogenicity of self/tumor antigens derives from
peptide/MHC-I instability rather than from toler-
ance [47], which we consider unlikely for these
antigens as they all provide good HLA-A�0201 bind-
ing and stabilization characteristics (Fig. 2). As some
of the antigens like PAP112–120 display complete and
others like PSMA27–35 only minor conservation be-
tween human and mouse sequences neither the
induction of xeno-CTLs nor self-tolerance seems to
play a crucial role for the immunogenicity of the
peptides (Fig. 6). The sole immunogenic epitope
STEAP1262–270 differs only in one conserved amino
acid between the murine epitope (LLLGTVHAL) and
its human homologue (LLLGTIHAL) used in this
study. CTLs raised against human STEAP1262–270 have
even been shown to cross-react with mouse
STEAP1262–270 [48]. This suggests that a reduced
tolerance induction against the human STEAP1262–270
epitope in AAD mice cannot explain the superior CTL
response to this peptide (Fig. 3). One could argue that
the exclusive response to STEAP1262–270 in AAD mice
is due to a much higher CTL precursor frequency in
the T cell repertoire of these mice. While a bias in the
T cell repertoire can certainly contribute to this

Fig. 6. Properties of the PCa epitopes. Comparison of the human PCa epitopes with their murine homologues. Non identical amino
acids are marked with capital letters. The grand average hydropathicity was calculated as sum of the hydropathy values of all amino acids
based on the Kyte Doolittle scale.
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phenomenon, it seems unlikely that CTL precursors
specific for seven other PCa epitopes are lacking in
AAD mice given that they react to numerous other
HLA-A�0201 epitopes [33]. Since the T cell repertoire
in humans likely varies among individuals this
parameter cannot easily be taken into consideration.
Of note, the CTL response to the STEAP1262–270
epitope was HLA-A�0201 specific as no immune
response was detectable after immunization of
C57BL/6 mice (data not shown). Vaccination with
peptide epitopes obviously excludes the possibility of
differences in antigen processing efficiencies, too.

Machlenkin et al. previously reported on the CTL
inducing capability of a cell-based prime-boost vacci-
nation with STEAP1262–270 peptide-pulsed DCs in
HLA-A2.1/H-2Db-b2microglobulin monochain trans-
genic HHD mice in vivo and peptide induced CTL
activity in vitro [48]. In agreement with these results,
we were able to monitor in vivo cytolytic activity of
the peptide specific CTLs, but already after a single
vaccination with peptide-loaded PLGA MS (Fig. 4).
The STEAP1262–270 response elicited by MS was so
strong, that its detection by IFN-g ICS or ELISPOT did
not require CTL expansion by in vitro restimulation.
Previously, it was shown that a CTL line specific for a
modified version of another epitope of STEAP1
(STEAP1292–300) could recognize HLA-A�0201þ and
STEAP1þ prostate cancer and other cell lines after in
vitro restimulation [35]. We could show that
STEAP1262–270 specific CTLs, after a single immuniza-
tion with PLGA MS containing the epitope, were not
only able to recognize the epitope presented on HLA-
A�0201 by T2 Lymphoblastoid cells and by three
different human cancer cell lines on AAD but also on
human MoDCs that present the epitope after PLGA
MS uptake. STEAP1 is an ideal target for cancer
immunotherapy as it is strongly expressed in multiple
tumor types like prostate cancer, melanoma, colon
cancer and Ewing’s sarcoma, it has a restricted expres-
sion in normal tissues and cell surface localization [35].
Its localization at the cell–cell junctions of the secretory
epithelium taken together with the six-transmembrane
topology, suggests a function of STEAP1 as channel/
transporter protein in cell–cell junctions and an
involvement in tumor growth [21] which may render
an elimination of STEAP1 from PCa cells less likely.

CONCLUSIONS

We have shown that STEAP1262–270 is the only out
of eight possible antigenic peptide epitopes that was
immunogenic enough to induce antigen specific CTLs
after a single immunization with PLGA MS incorpo-
rating the peptide and the TLR ligand CpG ODN and
polyI:C MS. It will now be attractive to test the PLGA

MS-based immunization against STEAP1262–270 in
pre-clinical models of PCa. As STEAP1 peptide can be
produced in large scale and PLGA is a material
approved for clinical application, immunotherapy of
PCa with STEAP1262–270 encapsulated into PLGA MS
is a feasible, reproducible, and cost-effective approach
which deserves to be developed for clinical testing in
humans.
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