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1. Introduction

Prostate cancer (CaP) is one of the most important diag-
nosed cancers in men. In Europe, an estimated 301,500
cases are newly diagnosed each year [1], with a mortality
rate of 12.5 per 100,000 men [2]. Standard treatments for
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organ-confined CaP include radical prostatectomy or radia-
tion therapy. In case of recurrent CaP or advanced disease,
hormonal blockade is employed, resulting in delayed tumor
progression [3]. After a median time period of 2 to 4 years,
the cancer progresses into a clinical castration-resistant
state, which can be treated with a taxane-based chemother-
apy to prolong disease-specific survival, but is ultimately
fatal [4].

The lack of effective curative treatment options of ad-
vanced CaP requires the development of novel therapies.
One approach is to utilize immunotherapeutic approaches
that modulate the patients’ immune responses by targeting
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tumor-associated antigens (TAAs) or by disrupting molec-
ular pathways that promote tumor growth. In this context, a
broad variety of alternatives are currently under investiga-
tion [5], including stimulation of the immune system using
intraprostatic BCG injection [6], interleukin (IL)-2 [7], re-
combinant viral vaccines [8—12], and dendritic cell therapy
[13-15]. Also, several attempts using peptide-, protein-, or
DNA-based vaccines have been explored in the past few
years [16—19]. Just recently, Sipuleucel-T, which uses the
patient’s own antigen-presenting cells (APC) after stim-
ulation with prostatic acid phosphatase and granulocyte
macrophage colony stimulating factor, has been approved
as the first immunotherapeutic for the treatment of met-
astatic castration-resistant CaP [20].

In order to augment anti-tumor immune responses of
vaccines, a variety of adjuvants have been utilized. The
discovery of immune stimulatory cytosine-phosphorothioate-
guanine (CpG)-DNA, small DNA molecules with unmeth-
ylated CpG dinucleotides flanked by two 5’-purines and two
3'-pyrimidines mimicking those found in bacterial DNA
[21,22], has prompted their use as an adjuvant to improve
the efficacy of vaccines. These specific DNA sequences
are taken up by APC, such as dendritic cells (DC), via
adsorptive endocytosis. Subsequently, CpG-DNA specifi-
cally bind and activate the toll-like receptor 9 (TLR9) pres-
ent within the endolysosomes [23] leading to activation,
maturation, and proliferation of immune cells including DC,
T- and B-lymphocytes, monocytes/macrophages, and natu-
ral killer cells. Thus, they induce a polarized Thl-type
immune response characterized by the induction of cyto-
toxic T-lymphocytes and production of proinflammatory
cytokines like IL-1, -6, -12, and -18, INF-y and TNF-« [24].

Several immunotherapeutic approaches against CaP are di-
rected against prostate specific antigen (PSA), since its expres-
sion and secretion are almost exclusively limited to epithelial
prostate cells [25,26]. Even though PSA is a soluble protein
and is not bound on cell membranes, it can induce cytotoxic
T lymphocytes (CTL) by peptide fragments presented by
MHC-complexes on the surface of tumor cells [27].

In this study we examined the potency of CpG-oligodeoxy-
nucleotides (ODN) to boost cytokine responses and costimu-
latory molecule regulation on murine bone marrow derived
dendritic cells (mBMDC). Thereafter, we investigated the po-
tency of a CpG-DNA based vaccine in combination with a
H-2D® immunodominant CTL epitope of PSA (PSA-peptide
65-73 HCIRNKSVI) [28] to elicit antigen specific CTL re-
sponses in C57BL/6 mice after i.v. immunization.

2. Materials and methods
2.1. Mice

Female C57BL/6 mice were purchased from Harlan
Winkelmann GmbH, Borchen, Germany. All animals were

kept under specific pathogen-free conditions and were used
at 8—12 weeks of age.

2.2. Reagents

Phosphothioate-modified ODN were custom-synthesized
by MWG-Biotech AG, Ebersberg, Germany. The sequences
used were: 1668 (stimulatory CpG-DNA): 5'-TCC ATG ACG
TTC CTG ATG CT-3’; 1720 (non-stimulatory control-ODN):
5'-TCC ATG AGC TTC CTG ATG CT-3. The H-2D"-
restricted PSA-peptide 65-73 H,N-HCIRNKSVI-COOH was
custom-manufactured by Biomol, Hamburg, Germany. All re-
agents were checked for endotoxin/LPS contamination.

2.3. Generation of Flt3-ligand cultured DC from
bone marrow

Flt3-Ligand supplemented bone marrow cell cultures
were generated as described with slight modification [29].
Briefly, bone marrow cells were flushed out of femurs and
tibiae, centrifuged, and red blood cells were lysed for 2 min
in tris-ammonium chloride at 37°C. After washing, cells were
cultured at 37°C/5%CO, in non-pyrogenic cell culture filter
cap flasks at 1.5 X 10° cells per ml in media complemented
with 200 ng/ml human Flt3-Ligand (Genway Biotech, San
Diego, CA). Cells were used after 10 days of culture.

2.4. Detection of cytokines

BMDC were stimulated in vitro for 24h with CpG-DNA
(1668) and control-ODN (1720) (2, 5, and 10 uM) in
24-well plates at 37°C/5% CO, at a density of 1 X 10°
cells/ml. Cytokine levels for IL-6 and IL-12 in BMDC
supernatants were determined in triplicates with antibody-
sandwich ELISA (Bender Medical Systems, Griinberg, Ger-
many) according to manufacturer’s instructions.

2.5. Detection of costimulatory molecule expression

For the analysis of costimulatory molecules, BMDCs
were incubated with 1, 2, 5, and 10 uM of CpG-DNA
(1668) or control-ODN (1720) for 24h in 24-well plates at
37°C/5%CO, at a density of 1 X 10° cells/ml and subse-
quently stained with antibodies against CD11c (APC conju-
gated), CD45RA (PE conjugated), and CD86 (FITC conju-
gated), or CD40 (FITC conjugated) (Pharmingen, Hamburg,
Germany) for 1h on ice covered from light. Subsequently, cells
were washed twice and fixed in 1 % (wt/vol) paraformalde-
hyde. FACS analysis was performed on a FACSCalibur flow
cytometer (Becton Dickinson, Heidelberg, Germany) acquir-
ing at least 30,000 events per sample. FACS data were ana-
lyzed using CellQuest software.

2.6. Immunization and in vivo cytotoxicity assay

For induction of CTL, the immunodominant PSA-peptide
6573 (HCIRNKSVI) of human PSA was used in these ex-



periments [28]. Three independent sets of experiments were
conducted. In each set, C57BL/6 mice were either immu-
nized with 200 ul PBS (control; 1 mouse), 200 ul PBS
containing 50 ug PSA-peptide only (PSA, 2 mice), or 50 ug
PSA-peptide in combination with 20 nmol 1668 (PSA +
CpG-DNA; 3 mice), or 1720 (PSA + control-ODN; 2 mice)
i.v. into the tail vein on day 1. On day 7 25 X 10° of
PSA-peptide pulsed high-fluorescence-labeled (CFSE:
carboxyfluorescein succinimidyl ester; Fluka, Hamburg,
Germany) and unpulsed low-fluorescence-labeled spleen
target cells (C57BL/6) were injected in 200 ul PBS i.v.
into the tail vein. Blood was drawn 40 and 88 hours after
challenge for analysis of PSA-peptide specific CTL anal-
ysis by FACSCalibur flow cytometer (Becton Dickinson)
acquiring at least 7,000 CFSE positive events per sample.
FACS data were analyzed using CellQuest software. Spe-
cific killing was calculated as [% of PSA-peptide pulsed
CFSE high-labeled splenocytes (control) — % of PSA-
peptide pulsed CFSE high-labeled splenocytes (variable)]/%
of PSA-peptide unpulsed CFSE low-labeled splenocytes
(control).

2.7. Statistics

All P values are 2-sided with significance considered at
P = 0.05. Analyses were performed using the statistical
software package for the social sciences SPSS, ver. 13.0
(SPSS Inc., Chicago, IL).

3. Results

3.1. CpG-ODN significantly increases production of IL-6
and IL-12

BMDCs were stimulated for 24 h with 2, 5, and 10 uM
CpG-DNA (1668) or control GpC-DNA (1720). When an-
alyzing the supernatant for IL-6 and IL-12 cytokine levels
by ELISA a dose dependent increase of both cytokines after
CpG-DNA stimulation could be observed (Fig. 1). Com-
pared with control-ODN that could not elicit detetectable
cytokine levels these increases of IL-6 and IL-12 production
proved statistically significant (P < 0.001).

3.2. CpG-dependent up-regulation of costimulatory
molecule expression on CD11c+ CD45RA+ mBMDC

Besides production of proinflammatory cytokines the ex-
pression of costimulatory molecules on APCs is another key
feature responsible for activation of the adaptive immune sys-
tem. Therefore, the ability of CpG-DNA vs. control-ODN to
boost the expression of CD40 and CD86 on mBMDC was
examined (Fig. 2). In the mammalian immune system,
mainly plasmacytoid DCs bear CpG-responsiveness.
Thus, CD11c+ CD45RA+ mBMDC populations were
analyzed resembling the plasmacytoid DC fraction and
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Fig. 1. CpG-ODN significantly increases production of IL-6 and IL-12 in
mBMDC compared with control-ODN that does not elicit relevant cyto-
kine levels (P < 0.001).

excluding myeloid DC [30]. However, comparable re-
sults were obtained when analyzing CD11c+ mBMDC in
total (data not shown). While control-ODN even in con-
centrations up to 10 uM could not elicit relevant expres-
sion of CD40 or CD86, CpG-DNA significantly enhanced
expression of these costimulatory molecules on the sur-
face of these dendritic cells in a dose-dependent manner
(22.2% vs. 1.5% for CD86 expression and 21.4% vs.
0.4% for CD40 expression after incubation with 10 uM
CpG-DNA or control-ODN).

3.3. Enhanced induction of PSA-peptide specific CTL
responses after combined immunization with PSA-peptide
and CpG-DNA

To evaluate the potency of a combined vaccination with
CpG-DNA and PSA-peptide to induce a specific immune
response, we finally evaluated the generation of PSA-
peptide-specific cytotoxic T cells after i.v. vaccination using
an in vivo cytotoxicity assay. The combined vaccine with
CpG-DNA and PSA-peptide was tested against mock im-
munization (PBS), PSA-peptide, or GpC control-ODN com-
bined with PSA-peptide (Fig. 3A). A single-shot CpG-
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Fig. 2. Up-regulation of costimulatory molecule expression on CD11lc+
CD45RA+ mBMDC is CpG-dependent and increases with higher concen-
trations of immunostimulatory CpG-DNA. The same concentrations of
control-ODN showed no significant activation (22.2% vs. 1.5% for CD40
expression and 21.4% vs. 0.4% for CD86 expression after stimulation with
10 M ODN). CD45RA+ mBMDC are gated. Percentage of CD11c+ and
CD86+ or CD40+ mBMDC are shown in the left upper quadrant.

DNA and PSA-peptide vaccination resulted in a mean
specific killing rate of 28.1 % after 40 h and 47.0% after
88 h (Fig. 3B). These killing rates were significantly higher
than those of PSA-peptide and control-ODN (9.1% and
16.8%) or PSA-peptide only immunized mice (2.9%, 9.8%)
that did not differ significantly from the results observed in
mock vaccinated mice (1.1% and 11.4%). If all sets of
performed experiments were taken together, a significant
increase of specific cytotoxic potential after CpG-DNA and
PSA-peptide vaccination compared to PSA-peptide only
(P = 0.01) or combined immunization with GpC-DNA
control-ODN and PSA-peptide (P = 0.02) could be ob-
served. Vaccinated mice exhibited neither signs of toxicity
nor physical or behavioral alteration.

4. Discussion

Immunotherapy in the treatment of CaP is potentially
well tolerated and effective. Thus it might represent an
appealing treatment strategy. However, there are difficulties
that need to be conquered. First, identification of cancer-
specific target molecules or epitopes is necessary. It is
desireable that those antigen structures are not specific for
each individual patient, thus enabling to treat patient cohorts
(with e.g., the same HLA phenotype). Second, formulation
and route of administration are of main concern to create
efficient immune responses at the site of interest. Viral-
based immune therapies proved to be effective; however,

they require careful and extensive preparation. Furthermore,
viral vaccines can give rise to safety concerns. Peptide-
based immunizations, on the other hand, are easy to syn-
thesize and to administer. At the same time, multiple pep-
tides can be applied to create immune responses against
several epitopes. A disadvantage represents the fact that
peptide vaccinations by themselves are generally less im-
munogenic, requiring booster immunizations. Also, the hu-
man organism usually shows immune tolerance to self-
molecules turning even most of tumor-specific antigenic
target structures poorly immunogenic. Thus, the use of
adjuvants is necessary to overcome immune tolerance and
promote immune responses [31,32].

CpG-DNA activates the immune system via TLR9 and
leads to a Th1-based immune response characterized by the
generation of proinflammatory cytokines, up-regulation of
costimulatory molecules and the generation of cytotoxic T
lymphocytes [22,24,32]. It can enhance antigen presenta-
tion, improve cellular killing mediated by T cells or NK
cells, increase phagocytosis, and the production of cyto-
kines that have anti-tumor effects or initiate proapoptotic
effects on malignant cells that express TLRY [33]. There-
fore, it comprises a promising tool as adjuvant in vaccine
protocols [34] [35].

Here we show that CpG-DNA can act as potent adjuvant
for vaccination therapies against CaP related proteins like
PSA in a mouse vaccine model. Besides enhancing costimu-
latory molecule expression in murine antigen-presenting cells
corresponding to human plasmacytoid DCs and increasing
proinflammatory cytokines like IL-6 and IL-12, CpG-DNA in
mixture with the immunodominant PSA-peptide 65-73
(HCIRNKSVI) can elicit profound systemic PSA-peptide spe-
cific cytotoxic T cell responses even after a single i.v. injection.
Even if we did not demonstrate the potency of this PSA-
peptide and CpG-DNA based vaccination in a murine CaP
tumor model, other groups have well documented a corre-
lation of specific CTLs and tumor protection in vivo [9,36].
For example, Roos et al. showed a pronounced induction of
PSA-specific CTLs as well as significant tumor protection
of mice against PSA-expressing tumor cells after immuni-
zation with a PSA-expressing plasmid [36]. Thus, it seems
likely that also PSA-peptide and CpG-DNA based immu-
nization provides enhanced protection against PSA-peptide
expressing tumors.

Furthermore, the efficacy of CpG-DNA vaccination
has already been evaluated in early clinical phase studies
[37-40]. In melanoma patients, CpG-DNA proved to be
an efficient vaccine adjuvant for peptide-based vaccina-
tion that promotes strong antigen-specific CD8+ T cell
responses [37,38]. Frequency of Melan-A-specific cyto-
toxic T cells was increased while at the same time decreas-
ing cross-reactivity. Also, memory T cells displaying reac-
tivity predominantly restricted to Melan-A were expanded.
In combination with standard taxane and platinum chemo-
therapy, TLRO activating CpG-DNA improves objective
response and may improve survival in non-small-cell lung
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Fig. 3. Augmented induction of PSA-peptide specific CTL responses in mice immunized with PSA-peptide and CpG-DNA. (A) 88 h after immunization blood
was drawn from vaccinated mice. FACS analysis of blood with PSA-peptide pulsed high-fluorescence-labeled and unpulsed low-fluorescence-labeled target
splenocytes (control) is shown (results from one representative mouse of each group is shown). In PSA-peptide and CpG-DNA vaccinated mice a decrease
of PSA-peptide pulsed CFSE-high labeled splenocytes can be noted. (B) Specific killing rates of CFSE-high (PSA-peptide pulsed) labeled target splenocytes
in vivo 40 and 88 h after immunization are shown (results of each mouse and mean are shown). Specific killing rates in PSA-peptide and CpG-DNA
vaccinated mice were significantly higher (28.1%, 47.0% after 40, 88 h) than of PSA-peptide and control-ODN (9.1%, 16.8%) or PSA-peptide only
immunized mice (3.2%, 9.8%). One representative set of 3 experiments is shown. PSA = PSA-peptide 65-73 (HCIRNKSVI).

cancer patient [39]. In this study, median survival was 6.8
months in the chemotherapy-alone arm and 12.3 months in
the CpG-DNA combination arm with 1-year survival rates
of 50% and 33%, respectively.

Immunization with CpG-DNA is generally safe and well
tolerated. In the above mentioned study of CpG-DNA and
taxane/platinum-based chemotherapy in non-small-cell lung
cancer patients, mild to moderate local injection site reac-
tions and flu-like symptoms were the most common CpG-
DNA-related adverse events. However, hematological tox-
icities like grade 3/4 neutropenia, thrombocytopenia, and
anemia were more frequent in the combination arm [39]. No
significant CpG-DNA mediated toxicity was reported in 20
patients with relapsed non-Hodgkin lymphoma (NHL)
treated with rituximab and CpG-ODN [40].

Several studies have shown that antigens and CpG-ODN
must be co-localized in the same APC to generate the most
potent therapeutic antigen-specific immune responses. Thus, to

further augment CpG-DNA-based immunization and increase
immunogenicity of weak antigens while at the same time
limiting toxicity several approaches have been undertaken to
ensure co-delivery of antigens and CpG-ODN to the same
APC. These approaches include the use of liposomes (artificial
closed vesicles composed of concentric lipid bilayers that
are separated by aqueous regions and have been utilized as
delivery system for several anti-cancer drugs, proteins, and
DNA [41-43] biodegradable microparticles [44,45], ballis-
tic delivery of antigens to the subdermal layers that
contain an abundance of APC utilizing a gene gun using
multicomponent nanoparticles with CpG-DNA and antigen
[46,47] or CpG-DNA and antigen conjugates [48-52]. These
strategies can result in stronger immunogenic responses that
are 5- to 500-fold greater than administration of antigen
alone including enhancement in speed and duration of im-
mune response and increase in the immunogenicity of weak
antigens.
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Here we show that CpG-DNA in combination with the
immunodominant PSA-peptide 65-73 (HCIRNKSVI) can
elicit profound PSA-peptide specific cytotoxic T cell re-
sponses after a single vaccination. We suggest this strategy
as a safe, cost extensive and very standardized treatment
option for CaP. However, our preclinical results may not
directly resemble clinical findings. On the other hand,
peptide-based vaccines have the advantage of being easy
to manufacture and do not usually rise the same safety
concerns like viral vaccines. Moreover, in first clinical
trials, combination therapies with CpG-DNA treatment
were well tolerated. Therefore, CpG-DNA-mediated im-
mune therapy might be of value in the treatment of slowly
progressing tumors like CaP. Thus, we advocate further
studies evaluating immunotherapeutic therapies with CpG-
DNA in combination with tumor-specific peptides or
epitopes against CaP in a clinical setting.
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