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ABSTRACT
Dendritic cell (DC)-based vaccines pulsed with high hydrostatic pressure (HHP)-inactivated tumor cells
have recently been shown to be a promising tool for prostate cancer chemoimmunotherapy. In this study,
DC-based vaccines, both pulsed and unpulsed, were as effective as docetaxel (DTX) in reducing prostate
tumors in the orthotopic transgenic adenocarcinoma of the mouse prostate (TRAMP) model. However, we
did not observe any additive or synergic effects of chemoimmunotherapy on the tumor growth, while
only the combination of DTX and pulsed dendritic cells resulted in significantly lower proliferation
detected by Ki67 staining in histological samples. The DC-based vaccine pulsed with HHP-treated tumor
cells was also combined with another type of cytostatic, cyclophosphamide, with similar results. In another
clinically relevant setting, minimal residual tumor disease after surgery, administration of DC-based
vaccines after the surgery of poorly immunogenic transplanted TRAMP-C2, as well as in immunogenic
TC-1 tumors, reduced the growth of tumor recurrences. To identify the effector cell populations after DC
vaccine application, mice were twice immunized with both pulsed and unpulsed DC vaccine, and the
cytotoxicity of the spleen cells populations was tested. The effector cell subpopulations were defined as
CD4C and NK1.1C, which suggests rather unspecific therapeutic effects of the DC-based vaccines in our
settings. Taken together, our data demonstrate that DC-based vaccines represent a rational tool for the
treatment of human prostate cancer.
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Introduction

Prostate cancer remains the most common diagnosed non-skin
malignancy in elderly men and the second leading cause of can-
cer-related death in Western countries.1 Up to 40% of men
diagnosed with prostate cancer will eventually develop meta-
static disease, and although most respond to initial medical or
surgical castration, progression to castration resistance is uni-
versal.2 Docetaxel (DTX), a widely used chemotherapeutic
drug, has represented the first-line chemotherapy for metastatic
castration-resistant prostate cancer since 2004.3 DTX has also
been suggested to have immune enhancing properties against
tumors and was shown to antagonize myeloid-derived suppres-
sor cells (MDSCs) by their polarization toward M1 macro-
phages.4 In the past few years, cancer immunotherapy has
made significant strides due to improved understanding of the
underlying principles of tumor biology and immunology.5-7 It
is an attractive approach to cancer treatment, especially when
combined with other therapeutic modalities such as chemo-
therapy. Synergic effects of combinations of immunotherapy
and chemotherapy have been demonstrated in several pre-clini-
cal and clinical studies.8,9 Dendritic cells (DCs) are key players
in the immune response as they are able to capture antigens

with their pattern-recognition receptors, to process and present
them to na€ıve T-cells, inducing their activation,10 and thus
building an essential bridge between innate and adaptive
responses. The possibility of their generation in vitro enabled
their use for immunotherapy of cancer,11 and several clinical
trials have been performed in the last decade.12,13 The first cel-
lular immunotherapy based on activated peripheral blood
mononuclear cells, Sipuleucel T, has been FDA-approved.14

Typically, an autologous dendritic cell-based vaccine represents
in vitro cultured dendritic cells loaded with tumor antigens that
can be in the form of tumor cells with subsequent DC matura-
tion. For DC pulsing, tumor cells can be inactivated by different
ways, and selection of the optimal inactivation method can be
crucial for DC vaccine optimization.15,16 High hydrostatic pres-
sure (HHP) has been demonstrated as a method for tumor cell
inactivation preserving their immunogenic capacity17 and
HHP-treated cells were able to induce monocyte-derived DC
maturation, and DC co-cultured with HHP-treated tumor cells
were able to induce T cell activation in vitro. These results
showed HHP as a convenient tool for tumor cell inactivation
before their use for DC pulsing.17 In our previous work, we
demonstrated, using murine tumor models, that HHP was able
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to induce immunogenic cell death of both TC-1 and TRAMP-
C2 tumor cells, representing murine models for human papil-
loma virus-associated tumors and prostate cancer, respectively.
HHP-treated cells were successfully used for preparation of a
DC vaccine that is based on DC pulsed with HHP-treated
tumor cells inducing high immune responses. In combination
with docetaxel chemotherapy, these vaccines significantly
inhibited not only growth of immunogenic TC-1, but also
poorly immunogenic TRAMP-C2 tumors.18 Here, we investi-
gated the therapeutic capacity of the HHP cell-pulsed DC vac-
cines using a clinically more relevant, orthotopic model for
prostate cancer treatment, transgenic adenocarcinoma of the
mouse prostate (TRAMP) mice, males that spontaneously
develop prostate tumors following the onset of puberty.19 We
have also demonstrated the DC vaccine efficacy in a previously
established therapeutic setting, minimal residual tumor disease
after surgery.20-23

Material and methods

Mice

Female heterozygous C57BL/6/TGN TRAMP mice, line PB Tag
8247NG were purchased from The Jackson Laboratory (Bar
Harbor, ME). Transgenic males for the studies were routinely
obtained as [TRAMP x C57BL/6/TGN]F1 or [TRAMP x
C57BL/6/TGN]F2 offspring. The genotypes of TRAMP mice
were confirmed by PCR-based screening using tail biopsies. We
added 0.3 ml 50 mM NaOH to the tail biopsies and incubated
them for 90 minutes at 95�C, neutralized by adding 0.4 ml Tris
buffer (pH 7.2, 20 mM) and centrifuged (4000 g, 3 min). We
prepared aliquots of the master mix (Aptamer hot start master
mix, Top-Bio) for each PCR reaction with primers specific for
the transgene (fw GCGCTGCTGACTTTCTAAACATAAG,
rev GAGCTCACGTTAAGTTTTGATGTGT), for positive con-
trol (fw CTAGGCCACAGAATTGAAAGATCT, rev GTAGG
TGGAAATTCTAGCATCATCC) and finally, we added 2.5 ml
of 10x diluted DNA in water. C57BL/6/TGN (B6) male mice,
6–8 weeks old, were obtained from AnLab Co., Prague, Czech
Republic. Experimental protocols were approved by the Institu-
tional Animal Care Committee of the Institute of Molecular
Genetics, Prague.

Tumor cell lines

The TC-1 tumor cell line (obtained from ATCC collection)
was developed by co-transfection of murine C57BL/6/TGN
lung cells with HPV16 E6/E7 genes and activated (G12V)
Ha-ras plasmid DNA.24 TRAMP-C2 tumor cells (obtained
from ATCC collection), MHC class I-deficient, were estab-
lished from a heterogeneous 32-week tumor of the trans-
genic adenocarcinoma mouse prostate (TRAMP) model.25

TC-1 cells were maintained in RPMI 1640 medium (Sigma-
Aldrich GmbH) supplemented with 10% FCS (PAN Biotech
GmbH), 2 mM L-glutamine and antibiotics; TRAMP-C2
cells were maintained in D-MEM medium (Sigma-Aldrich
GmbH) supplemented with 5% FCS, 5%Nu-Serum IV
(Corning), 0.005 mg/ml human insulin (Sigma-Aldrich
GmbH), 10 nM dehydroisoandrosterone (DHEA, Sigma-

Aldrich GmbH) and antibiotics. Both cell lines were cul-
tured at 37�C in a humidified atmosphere with 5% CO2.

High hydrostatic pressure treatment

Tumor cells were treated by 200 MPa in the custom-made
device (Resato International BV, Netherlands) that is located in
the GMP manufacturing facility, SOTIO, a.s., Prague. This
device allows reliable treatment of tumor cells by the defined
levels of HHP for specified periods of time (10 minutes in the
case of 200 MPa).17

Dendritic cell preparation

Dendritic cells (DC) were prepared from bone marrow precursors
as described by Lutz 26,27 with slight modifications.28 Briefly, the
bone marrow cells were cultured for 7 d in the complete RPMI
1640 medium supplemented with 2 £ 10¡5 M mercaptoethanol
(Calbiochem), 10 ng/ml GM-CSF and IL-4 (R&D Systems). On
day 5, the DC were pulsed with HHP-treated tumor cells by 48 h
incubation in a ratio of 2:1 (DC/tumor cells, 106 DC/ml). Some DC
were also left unpulsed. DC pulsed or unpulsedwith the tumor cells
were treated for 24 h with unmethylated CpG containing phos-
phorothioate-modified oligodeoxynucleotide CpG ODN 1826 (5’-
TCCATGACGTTCCTGACGTT-3’)29 at a final concentration of
5 mg/ml (Generi Biotech), that were sulfur-modified in their back-
bone (phosphorothioate) and synthesized under endotoxin-free
conditions. On day 7, non-adherent cells were harvested. These
cells, designated as DC, pulsed or unpulsed, contained approxi-
mately 60–70% CD11cC cells. For mouse therapeutic experiments,
DC were washed twice with PBS and injected subcutaneously (s.c.)
in PBS, 300ml/2£ 106 cells/mouse.

Therapeutic experiments with TRAMP mice

Approximately 8-week-old male TRAMP mice were used for
the therapeutic experiments. In each experiment, 10–12 mice
per experimental group were used. Docetaxel, 30 mg/kg (Acta-
vis) was repeatedly administered on weeks 8, 10, 12 and 14
intraperitoneally (i.p.). Dendritic cells were s.c. administered
on weeks 9, 11, 13 and 15. Tumor growth was followed by pal-
pation. When the animals were 28 weeks old, the experiment
was terminated. Mice underwent autopsy, their genitourinary
tracts (GUT) were dissected and weighed, and fixed in 4% para-
formaldehyde in PBS for 24 h, then embedded and mounted for
histopathology analysis. In case of the combination experiment
where CY treatment was used, CY, 200 mg/kg (Endoxan,
Baxter Oncology GmbH) was administered i.p. only once, on
week 8, and the vaccine on weeks 9, 11, 13 and 15. For evalua-
tion of this part, the values of untreated group and the group
treated with pulsed dendritic cells from DTX combination
experiment were used, as allowed by the spontaneous tumor
model.

Treatment of surgical minimal residual tumor disease

To obtain the minimal residual tumor disease after surgery, B6
mice were inoculated s.c. with TC-1 (5 £ 104 cells) or TRAMP-
C2 (106 cells). After approximately 28 days, when the
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transplanted tumors reached »5–10 mm in diameter, the
tumors were excised under i.p. anesthesia, leaving no macro-
scopically visible tumor residuum.30 The hypothetical micro-
scopic tumor residua after surgery were designated as surgical
minimal residual tumor disease. Mice were randomly divided
into 3 experimental groups. One experimental group was left
without treatment as a control group (operated-only mice).
Two groups of experimental mice were s.c. treated with DC-
based vaccines, one group with pulsed and one group with
unpulsed cells (2 £ 106 cells/mouse). Vaccines were adminis-
tered on days 7 and 21 in the site of previous tumor surgery. In
one experiment, mice were also pretreated with pulsed DC vac-
cine on day -7 in case of TC-1 surgery and -21, -7 in case of
TRAMP-C2 surgery. Mice were observed twice a week and the
size of the tumors was recorded. Two perpendicular diameters
of the tumors were measured with a caliper and the tumor size
was expressed as the tumor area (cm2).

Histopathology analysis

Morphology of the therapeutic response
Semi-thin sections of 5 mm were obtained from 3 different
regions of the dissected tumor and stained with hematoxylin
and eosin in an autostainer (Ventana Symphony, entana Medi-
cal Systems). Analysis for response assessed either diminished
amount tumor infiltrates in the section and/or presence of neo-
plastic cell degeneration, necrosis, or apoptotic bodies. Grading
of the response to different therapeutic regimens was done eval-
uating 3 regions: the primary neoplasm in the dorsal prostate,
the secondary infiltrate in the proximal part of the seminal vesi-
cle, and the tertiary: presence of infiltrate in the distal part of
the seminal vesicle. The scoring system used complete response
(equals 2; includes complete neoplastic cell degeneration in the
respective region), incomplete response (equals 1; partial
degeneration of the tumor) and absence (equals 0; the neo-
plasm is not affected and represents typical morphology) of the
neoplasm in any of the 3 regions evaluated, i.e. the tumor vital-
ity score. A cumulative score of minimum 0 and maximum of
6 was calculated as a sum of individual scores in every single
mouse.

Immunohistochemistry
Immunohistochemistry was performed on sections of the pri-
mary neoplasia to evaluate the Ki67 labeling index. In brief,
3 mm thick sections were submitted to automated rehydration,
antigen damasking, and immune reaction in a Ventana Discov-
ery ULTRA automated slide stainer. The variable points in the
procedure are epitope retrieval for 32 min in CC1 buffer (Ven-
tana Medical Systems Tucson AZ; pH 9.0), automatic applica-
tion of anti Ki67 antibody (Clone SP6, 1:500; Thermo
Scientific) at 37 8C for 32 min. The detection was done by a sec-
ondary anti-rabbit polymer system conjugated with peroxidase
(Zytomed GmbH) after its manual application and incubation
in the stainer at 378C for 32 min. The reaction was developed
by the amino-ethyl-carbazole ready-to-use solution (DAKO) at
378C for 20 min. Counterstaining was performed by the autos-
tainer using Gill’s hematoxylin II. All slides were consecutively
coverslipped in Ventana Symphony using its coverslipper
function.

Immunohistochemistry evaluation and scoring
Scoring was done using quantitative and qualitative approach.
In brief, 5 individual high power fields (40fold magnification)
were analyzed for presence of Ki67-positive reaction by manual
counting of 4 different intensity levels: negative (0), weakly pos-
itive (1), moderately positive (2) and strongly positive (3) as a
normalizer the total count of the nuclei in every respective field
was counted. At least 250 cells were counted per field. The score
was calculated as a proportion of the maximum possible score
per field, meaning as sum of the individual cell numbers multi-
plied by their group intensity (n1 x0, for negative cells; n2 x1 for
weak positive cells; n3 x2 for moderate positive and n4 x3 for
strong positive cells), divided by the maximum score per field:

Score D n1:0C n2:1C n3:2C n4:3
S n1; 2; 3; 4ð Þ:3

Flow cytometry

Expression of cell surface molecules on the DC was determined
by flow cytometry. The expression of CD11c, MHC class II,
and CD86 was analyzed using the following antibodies: APC
anti-CD11c (HL3), FITC anti-MHCII (AF6–120.1) and PE
anti-CD86 (GL1) (RB6–8C5). The percentage of CD44C CD62
L¡ of CD8C and CD4C lymphocytes in splenocytes from
immunized mice was determined by flow cytometry using the
following antibodies: PE anti-CD44 (IM7), APC-CY7 anti-
CD62L (MEL-14), PE-CF594 anti-CD8 (53–6.7), and FITC
anti-CD4 (RM4–5). Relevant unspecific isotype controls were
used. All products were purchased from BD Biosciences. FACS
analysis was performed using an LSR II flow cytometer (BD
Biosciences) and analyzed by FlowJo 7.6.5 software.

Immunization/challenge experiments with dendritic cells
Mice, 3 animals per group, were twice immunized with 2 £ 106

cells of pulsed and unpulsed DC-based vaccine in a 2-week
interval. Control mice received vehiculum only. Ten day after
the second immunization, mice were killed, single-cell suspen-
sions from the spleens were prepared and the cells were used
for further analysis by FACS, chromium release assay, and
ELISPOT.

Chromium release microcytotoxicity assay
The cytolytic activity of effector cells was tested in 18 h 51Cr
release assay, as described earlier.21,31 Briefly, spleen cells from
control and immunized mice that served as effector cells were
treated with ammonium chloride-potassium lysing buffer (1
min) to deplete erythrocytes. The mixtures of effector cells with
relevant 51Cr-labeled tumor targets were incubated in selected
target/effector cell ratios (1:25, 1:50, 1:100, 1:200) in triplicate
in 96-well round bottom microtiter plates (Nunc). The percent-
age of specific 51Cr release was expressed according to the for-
mula: [cpm experimental release – cpm control release / cpm
maximum release /cpm control release] £ 100.

For depletion of selected spleen cell subpopulations, 5 £ 10
and 2.5 £ 105 spleen cells/well were seeded in 96-well round
bottom microtiter plates (Nunc) and incubated for 1 h at 37�C
with 5 mg/ml of anti-CD8 (2.43), anti-CD4 (GK1.5) or anti-NK
1.1 (PK136) antibodies (EXBIO) with addition of the same
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volume of RPMI 1640 media and Baby Rabbit Complement
(Cedarlane) diluted according to the manufacturer’s instruc-
tion. After the incubation, plates were washed 2 times with
RPMI 1640 and used for the microcytotoxicity assay.

For positive selection of effector cells, CD8-positive, CD4-
positive and NK1.1-positive cells from the spleens of immu-
nized animals were isolated using anti mouse CD8 (Ly-2) CD4
(L3T4), or CD49b (DX5) NK1.1 antibodies conjugated to mag-
netic MicroBeads (Miltenyi Biotec), in accordance with the
manufacturer’s instructions, as described previously.32,33 Cell
separation was performed with the autoMACS system (Milte-
nyi Biotec). The purity of cells was verified by FACS analysis.
The percentage of CD8C, CD4C and NK1.1C cells achieved
86–91%. 5 £ 105 and 2.5 £ 105 spleen cells/well were seeded in
96-well round bottom microtiter plates (Nunc) and used for
microcytotoxicity assay.

ELISPOT
To determine the amount of IFNg-secreting cells, an ELISPOT
kit for detection of murine IFNg (BD Biosciences) was used.
Spleen cells were cultured for 48 h and then placed into the
wells of ELISPOT plates (concentration 1 £ 105, 5 £ 104,
5 £ 103 cells/well) for 24 h. The plates were then processed
according to the manufacturer’s instructions (BD Biosciences).
Colored spots were counted with CTL Analyzer LLC (CTL)
and analyzed using the ImmunoSpot Image Analyzer software.

Statistical analyses
For statistical analyses of in vitro experiments, Student0s t-test
was used. For evaluation of in vivo experiments, Analysis of
Variance (ANOVA) from the NCSS, Number Cruncher

Statistical System (Kaysville, Utah, USA) statistical package was
used. Standard deviations are indicated in the figures.

Results

Combined chemoimmunotherapy of TRAMP mice with
docetaxel and DC-based vaccine inhibited tumor growth

The therapeutic efficacy of HHP-treated tumor cell-pulsed or
unpulsed matured DC used either as monotherapy or in combina-
tion with the DTX treatment was tested in TRAMPmice. Approxi-
mately 8-week-old male TRAMP mice were repeatedly treated
with DTX alone, antigen-pulsed or unpulsed DC-based vaccine, or
with their combination (Fig. 1A). Tumor growth was verified by
palpation and 28 weeks old mice were autopsied. The tumor devel-
opment was quantified by genitourinary tract weight evaluation, as
well as by scoring of the therapeutic response using histopathology
analysis. As can be seen in Fig. 1B, genitourinary tract weights
expressed as weight GUT permouse body weight were significantly
decreased after the treatments with DTX or both DC pulsed with
HHP-treated tumor cells and unpulsed (�P<0.05). Combined che-
moimmunotherapy using DTX and DC vaccines also resulted in
significantly decreased GUT weights. However, we did not observe
any additive or synergic effects of the combined treatments. Thera-
peutic responses were confirmed by histopathology scoring of the
neoplasms analyzed in 3 different positions of the primary site,
proximal part of the seminal vesicle and distal part of the vesicular
gland, as described in Material and Methods. Histopathology eval-
uation showed a significantly higher therapeutic response to DC-
based vaccine, both pulsed and unpulsed, as well as to their combi-
nationwithDTX (Fig. 2A). Figure 2B shows representative pictures
of scoring. The trend toward less advanced cancer was also

Figure 1. Combined chemoimmunotherapy of TRAMP mice with docetaxel and DC-based vaccines. (A) Approximately 8-week-old male TRAMP mice were treated with
DTX alone (30 mg/kg), pulsed or unpulsed DC-based vaccines (2 £ 106 cells/mouse), or with their combination. (B) Dotplots of GUT expressed as weight of genitourinary
tract (GUT) per mouse body weight. �P<0.05 vs. control (t-test).
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confirmed by immunochemistry focused on tumor cell prolifera-
tion. As shown in Fig. 2C, the Ki67 labeling index in the group
treated with DTX in combination with the pulsed DC vaccine was
the only significantly lower index when compared with untreated
controls. Figure 2D shows representative pictures of Ki67 staining
of the samples from all treated groups and untreated group.

Chemoimmunotherapy of TRAMP mice with
cyclophosphamide and pulsed DC-based vaccine inhibited
tumor growth

For comparison, the therapeutic efficacy of HHP-treated tumor
cell-pulsed matured DC was thereafter tested in the TRAMP
model using a combination with another cytostatic agent, cyclo-
phosphamide. Approximately 8-week-old male TRAMP mice
were treated either with CY alone using a previously optimized
therapeutic scheme,20 or in combination with the pulsed DC-
based vaccine (Fig. 3A). As can be seen in Fig. 3B, after the treat-
ment with CY or pulsed DC-based vaccine, or after their combi-
nation as well, genitourinary tract weights expressed as weight of
genitourinary tract (GUT) per mouse body weight significantly
decreased (�P<0.05). Therapeutic responses were confirmed by
histopathology scoring of the neoplasms. The histopathology
evaluation surprisingly showed a significantly higher therapeutic
response in groups treated with monotherapy (both CY and
DC), while the therapeutic response score in the combination
group did not reach the statistical significance (Fig. 3C).

Immunotherapy of surgical minimal residual tumor
disease of TC-1 and TRAMP-C2 tumors with DC-based
vaccine inhibited growth of recurrent tumors

The therapeutic efficacy of HHP-treated tumor cell-pulsed or
unpulsed matured DC was then tested in the therapeutic set-
ting when immunotherapy with DC-based vaccine was used
for the treatment of surgical minimal residual tumor disease
of TC-1 and TRAMP-C2 tumors. Mice were s.c. transplanted
with TC-1 or TRAMP-C2 and underwent tumor excision
when the transplanted tumors reached »5–10 mm in diame-
ter. The DC-based vaccine was administered one and three
weeks after the surgery. In selected experiments, mice were
pretreated with DC 7 d before surgery (or in case of
TRAMP-C2 also 21) (Fig. 4A). Figure 4B indicates that the
growth of tumor recurrences of poorly immunogenic
TRAMP-C2 tumors was inhibited by both unpulsed and
pulsed DC-based vaccines. Similar results were obtained for
the immunogenic TC-1 tumor model (�P<0.05 vs. control)
(Fig. 4C). Interestingly, the therapeutic effect of the
vaccine was abolished by DC vaccine pretreatment in both
TRAMP-C2 and TC-1 tumor models.

Analysis of splenocytes from mice immunized with pulsed
and unpulsed DC vaccines

As both pulsed and unpulsed DC-based vaccines displayed
similar anti-tumor effects, we characterized the immune

Figure 2. Histopathology analysis of TRAMP mice treated with docetaxel and DC-based vaccines. (A) Quantitative analysis of therapeutic response scoring in TRAMP mice
treated with docetaxel and DC-based vaccines. (B) Representative pictures of scoring. (C) Ki67 labeling index and representative pictures of all treated groups and
untreated control (D). �P<0.05 vs. control (t-test).
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effector cell subpopulations. Mice were twice immunized with
2 £ 106 cells of DC-based vaccine, both pulsed and unpulsed
with HHP-treated TRAMP-C2 or TC-1 tumor cells, in a 2-
week interval. Ten days after the second immunization, spleen

cells were used for further analysis by FACS, chromium release
assay, and ELISPOT. In vitro analyses of the spleen effector
cells depleted with antibodies against CD8, CD4 and NK1.1
showed no difference between the groups immunized by pulsed

Figure 3. Combined chemoimmunotherapy of TRAMP mice with CY and DC-based vaccines. (A) Approximately 8-week-old male TRAMP mice were treated with CY alone
(200 mg/kg), pulsed DC-based vaccine (2 £ 106 cells/mouse), or with their combination. (B) Dotplots of GUT expressed as weight of genitourinary tract (GUT) per mouse
body weight. (C) Quantitative analysis of therapeutic response scoring in TRAMP mice treated with CY and DC-based vaccines. �P<0.05 vs. control (t-test).

Figure 4. Immmunotherapy of surgical minimal residual tumor disease of TC-1 and TRAMP-C2 tumors with DC-based vaccine. (A) Mice were inoculated s.c. with TC-1 (5£
104 cells) or TRAMP-C2 (106 cells). When the transplanted tumors reached »5–10 mm in diameter, the tumors were excised. DC-based vaccines (2 £ 106 cells/mouse)
were administered on days 7 and 21 after surgery (left panel). In the case of pretreatment, DC-based vaccines (2 £ 106 cells/mouse) were additionally administered on
days -7 (TC-1, TRAMP-C2) and -21 (TRAMP-C2) before surgery (right panel) (B) Growth of TRAMP-C2 tumor recurrences after treatment with unpulsed and pulsed DC-
based vaccine (left panel) and the growth of TRAMP-C2 tumor recurrences after pre-treatment or treatment with pulsed DC-based vaccine (right panel). (C) Growth of
TC-1 tumor recurrences after treatment with unpulsed and pulsed DC-based vaccine (left panel) and the growth of TC-1 tumor recurrences after pre-treatment or treat-
ment with pulsed DC-based vaccine (right panel). �P<0.05 vs. control (Analysis of Variance).
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or unpulsed DC, suggesting induction of unspecific immune
responses. The cytotoxic effect was mediated by CD4C and
NK1.1C effector cell subpopulations (Fig. 5AB). Both mice
immunized with DC unpulsed and pulsed with HHP-treated
tumor cells (TRAMP-C2 or TC-1) displayed significantly
increased numbers of IFNg-producing cells detected by the
ELISPOT assay (Fig. 5C). On the other hand, flow cytometry
analysis of the spleen cells (Fig. 5D) revealed that the percent-
age of effector memory T cells (CD44C CD62L¡ of CD8C and
CD4C T lymphocytes) in the spleens from mice immunized
with pulsed or unpulsed DC vaccines was significantly
increased. The results obtained in immunization experiments
using the TRAMP-C2 model were comparable with the results
of experiments using the TC-1 tumor model. These results sug-
gest rather unspecific therapeutic effects of the DC-based vac-
cines in our settings, mediated by NK1.1C and CD4C spleen
cells as the effector cell population.

Discussion

We have recently demonstrated that the DC-based vaccine
loaded by co-culture with stressed, HHP-treated tumor cells
inhibited growth of both transplanted syngeneic tumors
TRAMP-C2 and the TC-1 tumors.18 Further, we have
observed additive-synergic effects with chemotherapy in this
setting. In this study, we assessed the therapeutic capacity of
this cellular vaccine using a clinically more relevant TRAMP
transgenic murine model, which spontaneously developed

prostate tumors. Using this experimental model, the DC
vaccine was able to slow down the tumor growth when used
either as monotherapy or in combination with DTX chemo-
therapy to the same extent as DTX alone. Indeed, in all these
treatment settings, immunotherapy and chemotherapy only,
as well as combined chemoimmunotherapy, we observed
significant tumor growth inhibition when compared with the
untreated tumor-bearing animals. Similar results were
obtained when the DC vaccine treatment was combined with
another chemotherapeutic agent, CY. These results suggest
that the DC therapeutic vaccination is effective when used as
monotherapy during long-term tumor development, with an
efficacy corresponding to the effects of chemotherapy. On the
other hand, in this model we did not observe any additive of
synergic effects when combined with immunotherapy,
according to the GUT weight analysis, in contrast to the ther-
apy of small transplanted tumors. We have to consider that
the long-term development of spontaneously arisen tumors
differs from the relatively fast growth of transplanted tumors.
However, our cell proliferation analysis indicates that com-
bined DTX chemotherapy with the Ag pulsed DC vaccine can
be beneficial in the later stages of the tumor growth. So far,
only a few studies focused on the DC-based immunotherapy
have been performed in TRAMP mice. Ricupito et al. have
shown that DC pulsed with the SV40 T Ag-derived immuno-
dominant peptide Tag404–411 restored immune competence
and induced tumor shrinkage in TRAMP mice that had been
previously sublethally irradiated and subjected to HSCT from

Figure 5. Analysis of splenocytes from mice immunized with pulsed and unpulsed DC-based vaccine. Mice were immunized 2 times in a 2-week interval with 2 £ 106 DC
pulsed with HHP-treated TC-1 or TRAMP-C2 tumor cells. Ten days after the last immunization, pooled splenocytes of 3 mice were used for in vitro analysis. (A) 51Cr micro-
cytotoxicity assay of depleted splenocytes (aCD8, aCD4, aNK1.1) from mice immunized with DC-based vaccines unpulsed or pulsed with HHP-treated TRAMP-C2 tumor
cells or (B) TC-1 tumor cells. (C) The number of IFNg-producing cells (ELISPOT assay). (D) Percentage of CD44C CD62L¡ of CD8C lymphocytes or CD4C lymphocytes in
splenocytes from mice immunized with pulsed or unpulsed DC-based vaccines. �P<0.05 vs. control. Statistical significances were determined by Student’s t-test. Results
are representative of 2 independent experiments.
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congenic females and received donor lymphocyte infusions
from female donors presensitized against male antigens.34

Further, we compared the therapeutic effectiveness of the
DC vaccines either pulsed with the HHP-treated TRAMP-
C2 cells or unpulsed. We noticed no significant differences
in the GUT size when these 2 different vaccines were used.
As mentioned above, the only difference was seen in histo-
logical analysis focused on Ki67 positive replicating cells, in
which tumors treated with the DTX and pulsed DC combi-
nation displayed significantly lower proliferation. These
results suggest that the effective anti-tumor immune
responses elicited by the DC-based vaccination are either
unspecific, or that the specific immunity is induced by in
vivo antigen processing and presentation after DC adminis-
tration. Our analysis of the spleen cells from mice immu-
nized with pulsed or unpulsed vaccines documents that the
major effector cells belonged to the NK1.1C and CD4C pop-
ulations, and cytotoxic tests revealed non-specificity of
effector cells. Notably, tumor surveillance dependence on
NK cells in TRAMP mice has been demonstrated,35 and
our data support the idea that engagement of activated NK
cells can be crucial for DC vaccine-induced antitumor
immunity.36-38

On the other hand, our data showing that the proliferation
capacity of tumor cells was lower in tumors from animals
treated with the combination of pulsed DC and chemotherapy,
compared with all other treatment combinations, indicate the
potential beneficial effect and specific immunity induction in
the long-term perspective.

However, the therapeutic potential of the Ag-unloaded DC
remains a controversial topic in tumor immunology. In our
laboratory, we have previously investigated both pulsed and
unpulsed bone marrow-derived DC prepared by the protocols
similar to that used in this study in several settings and we
found that unpulsed DC were effective in some therapeutic set-
tings,39 while in immunization-challenge protocols the protec-
tive effects were seen on mice treated with pulsed DC only.40

In a second experiment focused on DC-based immunother-
apy combined with chemotherapy using TRAMP mice, we
evaluated the efficacy of the DC treatments combined with CY.
In these experiments, we used the setting in which CY that was
administered once in a dose that displayed antitumor effects in
previous experiments.20 It is noteworthy that this treatment
leads to induction of myeloid-derived suppressive cells that are
potent inhibitors of T cell and NK cell proliferation.32 This
could explain the fact that the results with CY combination
were not as convincing as those with DTX. Contrary to CY,
DTX is a chemotherapeutic that is able to efficiently inhibit
myeloid-derived suppressor cells.4 The character of the tumor
microenvironment, meaning its immunosuppressive status,
might have influenced the effect of the immunotherapy used.

The effectiveness of both pulsed and unpulsed DC vaccines
observed in the TRAMP model was also demonstrated using
the clinically relevant model for therapy of minimal residual
tumor disease after surgery. The only situation in which the
vaccine did not bring any effect was the scheme in which the
vaccine was also used before surgery and this administration
abolished the effects of subsequent post-surgery vaccinations. It
corresponds with our previous results using a murine model

that the treatment before surgery with irradiated IL-2 produc-
ing tumor cells used as a cellular vaccine was without effect.30

These facts show that proper timing of DC vaccine administra-
tion (or immunotherapy in general) and surgery can be crucial
for the final therapeutic output. Notably, in humans, possible
clinical benefit has been suggested for adjuvant immunotherapy
using autologous DC loaded with autologous tumor lysate after
revision in patients with relapsed glioblastoma multiforme. 41

Collectively, our data indicate that DC-based immunother-
apy, either using DC loaded with HHP-treated tumor cells or
unpulsed DC, was effective against spontaneously developing
prostate tumors, as well as in the model for therapy of minimal
residual tumor disease. The fact that the unpulsed DC were
also effective can be advantageous and justify the therapeutic
use of dendritic cells loaded with a spectrum of antigens that
might not be overlapping with the antigens expressed in grow-
ing tumors. On the other hand, our data do not exclude the
possible superiority of DC loaded with HHP-treated tumor
cells, and their possible long-term effect has to be particularly
considered.
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