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Abstract

Background Multiple studies have shown that dendritic
cell (DC)-based vaccines can induce antitumor immunity.
Previously, we reported that gemcitabine enhances the effi-
cacy of DC vaccination in a mouse model of pancreatic
carcinoma. The present study aimed at investigating the
influence of gemcitabine on vaccine-induced anti-tumoral
immune responses in a syngeneic pancreatic cancer model.
Materials and methods Subcutaneous or orthotopic
pancreatic tumors were induced in C57BL/6 mice using
Panc02 cells expressing the model antigen OVA. Bone
marrow-derived DC were loaded with soluble OVA protein
(OVA-DC). Animals received gemcitabine twice weekly.
OVA-specific CD8" T-cells and antibody titers were moni-
tored by FACS analysis and ELISA, respectively.
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Results Gemcitabine enhanced clinical efficacy of the
OVA-DC vaccine. Interestingly, gemcitabine significantly
suppressed the vaccine-induced frequency of antigen-
specific CD8" T-cells and antibody titers. DC migration
to draining lymph nodes and antigen cross-presentation
were unaffected. Despite reduced numbers of tumor-reac-
tive T-cells in peripheral blood, in vivo cytotoxicity assays
revealed that cytotoxic T-cell (CTL)-mediated killing was
preserved. In vitro assays revealed sensitization of tumor
cells to CTL-mediated lysis by gemcitabine. In addition,
gemcitabine facilitated recruitment of CD8' T-cells into
tumors in DC-vaccinated mice. T- and B-cell suppression
by gemcitabine could be avoided by starting chemotherapy
after two cycles of DC vaccination.

Conclusions Gemcitabine enhances therapeutic effi-
cacy of DC vaccination despite its negative influence on
vaccine-induced T-cell proliferation. Quantitative analysis
of tumor-reactive T-cells in peripheral blood may thus not
predict vaccination success in the setting of concomitant
chemotherapy.
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Abbreviations

CFSE Carboxyfluorescein succinimidyl ester

CTL Cytotoxic T-cell

DC Dendritic cell

ELISA Enzyme-linked immunosorbent assay

FACS Fluorescence-activated cell sorter

FoxP3 Forkheadbox P3

Gem Gemcitabine

GM-CSF Granulocyte macrophage colony-stimulating
factor

IFN-y Interferon-y

iv. Intravenous

ip. Intraperitoneal

ICS Intracellular staining

LPS Lipopolysaccharide

MHC-I Major histocompatibility complex I

MDSC Myeloid-derived suppressor cell

OD Optical density

OVA Ovalbumine

OVA-DC OVA protein-loaded DC

pl15E Retroviral protein expressed by Panc02 cells

S.C. Subcutaneous

SIINFEKL  Immunodominant MHC-I epitope of the oval-
bumine protein
TNF-a Tumor necrosis factor-a

T Regulatory CD4" Foxp3™ T-cell

reg

TRP2 Tryosinase-related peptide 2
U-DC Unloaded but LPS-stimulated DC
Introduction

Chemotherapy with gemcitabine is currently considered
standard treatment for patients with advanced pancreatic
carcinoma, yet resulting in an only moderate increase in
survival time compared to S-fluorouracil treatment [1].
Phase-III trials using gemcitabine in combination with
other chemotherapeutic drugs have shown only limited
additional benefits [2]. Recently, a combination therapy
using oxaliplatin, irinotecan, fluorouracil and leucovorin
(FOLFIRINOX) was shown to be superior to gemcitabine
in patients with metastatic pancreatic adenocarcinoma.
However, therapy was associated with a high incidence of
side effects, limiting its use to patients with excellent per-
formance status [3].

There is a need for novel strategies for the treatment of
patients with advanced pancreatic cancer, such as immu-
notherapy. It has been shown that tumor infiltration with
CD8™ cytotoxic T-cells (CTL) and CD4% T helper (Th)
cells represent independent favorable prognostic factors for
patients with pancreatic adenocarcinoma [4]. Furthermore,
functional tumor-reactive T-cells capable of tumor rejec-
tion in vitro and in vivo have been isolated from the blood
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of pancreatic carcinoma patients [5]. These tumor-reac-
tive T-cell responses can be enhanced by vaccination with
tumor antigen-loaded dendritic cells (DCs) [6]. DC vacci-
nation has been shown to induce tumor regression in some
cancer patients [7]. Recently, we have shown that antitumor
immune responses induced by DC vaccination correlated
with better clinical outcome in patients with advanced pan-
creatic cancer [6].

However, tumor escape mechanisms can render cancer
cells insensitive toward CTL-mediated lysis. Combina-
tion with other treatment strategies, such as irradiation or
chemotherapy, may decrease immune resistance of can-
cer cells [8]. Our group demonstrated that combination
of DC vaccination with gemcitabine increased survival
in a murine pancreatic carcinoma model [9]. Gemcit-
abine has been demonstrated to augment efficacy of other
therapeutic strategies such as in vivo CD40 activation
[10-12]. Novak et al. [13] were able to show that gemcit-
abine increases antigen uptake from apoptotic tumor cells
by local DCs. Suzuki et al. [14, 15] demonstrated that a
population of CD11b"Gr-17 cells with immune suppres-
sive characteristics, termed myeloid-derived suppressor
cells (MDSC), is selectively reduced by gemcitabine.
These findings indicate that gemcitabine-based chemo-
therapy may synergize with immunotherapy under certain
circumstances.

Little is known about the immunological interplay
of DC vaccination and chemotherapy. In this study, we
aimed at investigating the influence of gemcitabine on
immune responses induced by DC vaccination in a syn-
geneic pancreatic carcinoma model and to correlate these
findings with therapeutic outcome. Furthermore, we
aimed to investigate specific treatment variables such as
the mode of vaccine application and timing of chemother-
apy administration. The purpose of these studies was to
facilitate the development of future clinical trials investi-
gating the role of DC vaccination in the treatment of pan-
creatic cancer.

Materials and methods
Mice

Female 8-10-week-old C57BL/6 mice were purchased
from Harlan Laboratories (Borchen, Germany). Animal
studies were approved by the local regulatory agency
(Regierung von Oberbayern, Munich, Germany). OT-1
mice were kindly provided by Prof. Thomas Brocker
(Department of Immunology, University of Munich, Ger-
many). CD8" T-cells of transgenic OT-1 mice possess a
T-cell receptor specific for the ovalbumin (OVA) epitope
SIINFEKL presented on MHC-I haplotype H2-K" [16, 17].
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Cell lines

The murine pancreatic adenocarcinoma cell line Panc02
is derived from a 3-methylcholanthrene-induced tumor in
a C57BL/6 female mouse [18, 19]. Panc02 cells express-
ing the model antigen Ovalbumin (PancOVA) were gener-
ated as described and selected in media containing G418
(Sigma, Hamburg, Germany) [20]. Original and OVA-
transfected cell lines showed identical growth kinetics.

Peptides

H2-KP’-restricted peptides were synthesized by Jerini Peptide
Technologies (Berlin, Germany) according to data from the
literature: OVA,5; ¢, With peptide sequence SIINFEKL [21],
TRP2g, 153 With sequence VYDFFVWL [22] and p15Eg,.
611 With sequence KSPWFTTL [23]. The p15E protein is part
of the murine leukemia virus (MuLV) envelope protein that is
expressed by Panc02 and thus represents a tumor-associated
antigen. The tyrosinase-related-protein-2 (TRP2) epitope was
used as negative control peptide for T-cell stimulation assays.

Reagents

Fluorochrome-labeled antibodies against CD11b (clone
M1/70), CDl11c (clone HL3), CDS8 (clone 53-6.7), CD4
(clone GK1.5), CD86 (clone B7-2), Gr-1 (clone RB6-85C)
and NK1.1 (clone PK136) were purchased from BD Bio-
sciences (San Jose, CA, USA). Anti-CD25 (clone PC61.5)
and anti-foxp3 (clone FJK-16s) were from eBioscience
(San Diego, CA, USA). Antibodies against IFN-y (clone
XMG1.2) were purchased from Caltag (Burlingame, CA,
USA). Gemcitabine (Gemzar) was purchased from Lilly
(Indianapolis, Indiana). Granulocyte—macrophage colony-
stimulating factor (GM-CSF) and interleukin-4 (IL-4)
were purchased from PeproTech (London, UK). LPS, OVA
protein and tumor necrosis factor-o (TNF-a) were from
Sigma-Aldrich (Steinheim, Germany).

Generation and antigen-loading of bone marrow-derived
DCs

Bone marrow-derived DCs were prepared as described
[24]. Immature DCs were loaded with 1 mg/mL OVA
protein. After stimulation with 300 ng/ml LPS, cells were
harvested. Percentage and maturation status of DCs were
examined by flow cytometry.

Tumor inoculation, monitoring of tumor growth
and therapy

For subcutaneous tumor cell inoculation, mice were anes-
thetized with isoflurane (Abbott, Illinois, USA) and 10°

PancOVA cells resuspended in a volume of 100 wl PBS
were injected into the flank. Tumor growth was determined
by caliper. Mice were killed when tumor size exceeded
150 mm?. For orthotopic tumor induction, mice were anes-
thetized and the left flank was opened under sterile condi-
tions. The spleen was mobilized to access the pancreas.
A total of 2 x 10° PancOVA cells were injected in a vol-
ume of 20 pl PBS into the pancreas. Peritoneum and skin
were occluded using sutures. For experiments in tumor-
free mice, gemcitabine doses of 25, 50 or 75 mg/kg body
weight were used as indicated. Gemcitabine was adminis-
tered intraperitoneally twice weekly (at days 2 and 5 after
DC vaccination) at a dose of 50 mg/kg for subcutaneous
tumor experiments or 75 mg/kg body weight for orthotopic
tumor experiments.

Isolation of immune cell populations

Mice were killed by cervical dislocation. Subcutaneous
tumors, tumor-draining inguinal lymph nodes and spleens
were removed for further ex vivo analysis. Tumors were
dissected using razor blades and digested with 1.5 mg/ml
collagenase D and 50 U/ml DNAse (both from Roche) for
1 hat37°C.

Intracellular IFN-y staining and MHC-I pentamer staining

Splenocytes or blood leukocytes were plated in 96-well
plates. Samples were stimulated with SIINFEKL, pl15E
or TRP2 peptide (negative control). Four hours after incu-
bation at 37 °C, 0.1 pwg/ml brefeldin A was added to the
samples. Four h later, plates were washed and cells were
stained with anti-CD8 mAb, then with anti-IFN-y after per-
meabilization with 0.5 % saponin for 15 min. The percent-
age of CD8™ T-cells expressing IFN-y was determined by
flow cytometry. Staining with Pro5-OVA257-264-H2-K"-
PE pentamer was performed for 15 min at room tempera-
ture in the dark. After washing, cells were stained with anti-
CD8 mAb and the percentage of antigen-specific CD8™"
T-cells was analyzed by flow cytometry (FACSCalibur,
Becton-Dickinson, San Jose, CA, USA).

Detection of OVA-specific antibodies by ELISA

Ninety-six-well plates were coated overnight with 10 g/
mL OVA in PBS and blocked 1 h with 1 % BSA in PBS.
After incubation of serum samples for 1 h, plates were
washed with PBS/Tween 20 and goat anti-mouse IgG,
IgGl, or IgG2a, conjugated to horse-radish peroxidase
(HRP, Southern Biotechnology Laboratories, Birming-
ham, AL, USA), was added at 1 pg/mL for 1 h. Plates
were washed again and the assay was developed by
o-phenylenediamine (Sigma-Aldrich). Reaction was
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stopped by addition of 1 M H,SO, and optical density
(OD) was measured. Measurements were performed in
triplicates.

In vivo cytotoxicity assay

Splenocytes from C57BL/6 mice were divided into two
populations and loaded with either 2 pg/ml SIINFEKL
peptide for one h at 37 °C or no peptide. Cells were labeled
with carboxyfluorescein diacetate succinimidyl ester
(CFSE) at a concentration of 2 uM for peptide-pulsed cells
and 0.2 M for unpulsed cells. After extensive washing,
both populations were mixed at a ratio of 1:1 and 107 cells
were injected via the tail vein. 20 h after injection, spleen
and inguinal lymph nodes were removed and analyzed by
flow cytometry for the presence of CESE™¢" versus CFSE*"
cells. Specific lysis in vaccinated mice was calculated:
% specificlysis = 1 — { (CFSEM&"vacc/CFSE'*¥vacc) /
(CFSE"ghcon/CFSEcon) }.

OT-1 in vivo proliferation assay

Spleen and lymph nodes of OT-1 mice were removed,
pooled into a single-cell suspension and labeled with 5 uM
CFSE in PBS/0.01 % BSA for 20 min. One week after i.p.
OVA-DC vaccination, 10’7 CFSE-labeled OT-1 cells were
injected i.v. in a volume of 100 wl PBS. Seven days after
adoptive transfer, proliferation of CFSE-labeled CDS8™
OT-1 cells was determined by flow cytometry.

SIChromium-release cytotoxicity assay

Panc02 or PancOVA cells were used as target cells. Tumor
cells were incubated for 10 h in the absence or presence
of 10 nM or 100 nM gemcitabine. Target cells were incu-
bated with NaglCrO4 (Hartmann Analytic, Braunschweig,
Germany) (100 nCi/ 10° target cells) at 37 °C for 1 h. Cells
were washed three times and 5 x 10 target cells/well were
cocultured with effector cells in 96-well round-bottomed
plates in a volume of 200 pl in different ratios. After 4-h
incubation at 37 °C, 50 pl of supernatant was harvested
and radioactivity determined by a gamma counter (Wallac
Oy, Turku, Finland). Samples were processed in triplicates.
Maximum release was defined as the mean cpm released
from triplicates of 5 x 10* cells incubated in medium con-
taining 2.5 % Triton X (Sigma, Munich, Germany). Spon-
taneous release was defined as the mean cpm released from
labeled target cells in the absence of effector cells. Spe-
cific lysis was calculated according to the formula: specific
SICr release = {(cpm of sample — cpm of spontaneous
release)/(cpm of maximum release — cpm of spontaneous
release)} x 100 %.
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Statistics

All data are presented as mean £ SEM. Student’s ¢ test
was applied to reveal significant differences. A value of
P < 0.05 was accepted as the level of significance. Tumor
growth kinetics was tested for differences in linear regres-
sion curves of tumor growth using an analysis of variance
(ANOVA) test model. Survival curves were analyzed using
the Cox proportional hazards model. Statistical analyses
were performed using Prism software (version 5.0f, Graph-
Pad Software, La Jolla, CA, USA).

Results

Gemcitabine suppresses DC vaccine-induced T- and B-cell
responses

The induction of SIINFEKL-specific CD8* T-cells in mice
vaccinated with OVA-DC was analyzed by pentamer stain-
ing and IFN-y ICS assay. Immune responses correlated sig-
nificantly with the number of DCs administered (data not
shown). Different vaccination routes were tested for their
ability to mount an immune response (Fig. 1a). Intravenous
(i.v.) and intraperitoneal (i.p.) injections were superior to
subcutaneous (s.c.) injections of DCs in regards to CD8*
T-cell priming. For anti-OVA antibody responses, no sig-
nificant differences were observed for all three vaccination
routes. To study the effect of gemcitabine on DC-induced
OVA-specific immune responses, mice were immunized two
times in weekly intervals with 2 x 10° OVA-DC ceither s.c.,
i.p. or i.v. Animals received 75 mg/kg body weight gemcit-
abine i.p. at days 2 and 5 after DC vaccination. Gemcitabine
significantly reduced the frequency of OVA-specific T-cells
and antibody titers for all three vaccination routes (Fig. 1b,
¢). Dose reduction in gemcitabine to 25 mg/kg body weight
per mouse did not diminish the level of immune suppres-
sion (Suppl. Fig. 1a-d, online resource). As the i.p. route for
DC administration was more effective than the s.c. route, we
decided to vaccinate mice i.p. in subsequent experiments.
To test the influence of gemcitabine on DC-induced
recall T-cell responses in a vaccination setting, mice that
had been vaccinated with OVA-DC 6 months earlier were
tested for the presence of antigen-specific memory T-cells
(Fig. 1d). Animals were divided into three groups with
similar OVA-specific CD8" T-cell frequencies. Two groups
were re-vaccinated with OVA-DC. One of these two groups
received concomitant gemcitabine therapy at a dose of
50 mg/kg body weight. Mice of the group that was not
re-vaccinated received gemcitabine alone. Immunomoni-
toring by IFN-y ICS assay was performed 7 days after re-
vaccination. A single re-vaccination with OVA-DC led to
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Fig.1 Gemcitabine impairs OVA-DC vaccination-induced antigen-
specific T- and B-cell responses. a Mice were vaccinated s.c., i.p. or
i.v. with 2 x 10° OVA-DC two times in weekly intervals. Control
mice were vaccinated s.c. with LPS-activated DCs that had not been
loaded with OVA (U-DC). Immunomonitoring was performed 7 days
after the second vaccination from peripheral blood by IFN-y ICS
(left) and pentamer staining (middle). Induction of Ag-specific B-cell
responses was determined by anti-OVA antibody ELISA (right). Data
represent one of the two independent experiments (n = 8 mice per
group). *P < 0.05. b Mice were vaccinated twice by s.c., i.p. or i.v.
OVA-DC injection in weekly intervals. Subgroups received gem-

the induction of a profound T-cell response (2.29 4 0.63 %
compared to 0.21 £+ 0.11 % before re-vaccination,
P = 0.02). Gemcitabine significantly inhibited induction of
a recall response. Gemcitabine alone had no influence on
the frequency of antigen-specific T-cells. This finding indi-
cates that gemcitabine might act particularly on T-cells dur-
ing the proliferative phase of an ongoing immune response.

Characterization of DC vaccine-induced anti-tumoral
immune responses in the subcutaneous PancOVA tumor
model

Previously, we reported a synergistic therapeutic effect
of combined gemcitabine and DC vaccination in the
subcutaneous Panc02 model [9]. To characterize DC
vaccine-induced immune responses against tumor-asso-
ciated antigens, we injected Panc02 cells expressing the

citabine i.p. twice weekly for a total of four times. The frequency
of OVA-specific CD8" T-cells was assessed by IFN-y ICS. ¢ OVA-
specific B-cell responses after DC vaccination and concomitant gem-
citabine treatment were analyzed by ELISA. Data represent one of
the three independent experiments (n = 5 per group). d Mice having
received OVA-DC vaccination 6 months earlier were split into three
groups and rechallenged once with gemcitabine alone, OVA-DC with
concomitant gemcitabine therapy or OVA-DC alone. Frequency of
OVA-specific CTL was analyzed by IFN-y ICS. The graph represents
one of the two independent experiments (n = 3 per group)

model antigen ovalbumin (PancOVA) into the flank of
mice that received or did not receive OVA-DC start-
ing 7 days after tumor inoculation. The frequencies of
CD8™ T-cells specific for the OVA epitope SIINFEKL
or a tumor-specific but vaccine-unrelated epitope, p15E,
were measured in peripheral blood. As expected, mice
of the OVA-DC plus gemcitabine group had a sig-
nificantly better therapeutic outcome than mice in the
groups receiving either OVA-DC or gemcitabine alone
(Fig. 2a, P < 0.001, OVA-DC vs. OVA-DC and Gem).
Vaccination with DCs that were not loaded with OVA
showed no therapeutic efficacy, indicating that the
vaccine response was antigen-specific in the OVA-
DC group (P < 0.001, OVA-DC vs. U-DC). Survival
analysis using a Cox proportional hazards model con-
firmed differences between U-DC- and OVA-DC-treated
mice (P < 0.01) as well as between mice treated with
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Fig. 2 Characterization of anti-
tumor immune responses and
treatment efficacy induced by
gemcitabine-based chemoim-
munotherapy in the subcutane-
ous PancOVA tumor model.

a Therapy was started 1 week
after induction of s.c. Pan-
cOVA tumors by administering
either OVA-DC, LPS-activated
unloaded DC (U-DC) or PBS
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OVA-DC alone and mice treated with OVA-DC and
gemcitabine (P < 0.01). As previously observed, fre-
quency of OVA-specific CD8™ T-cells was significantly
lower in PancOVA tumor-bearing mice as compared
to mice without tumors, indicative of tumor-induced
immune suppression (Figs. 1, 2b) [20]. Ex vivo analy-
sis found 0.55 £ 0.09 % OVA-specific CD8" T-cells
in mice that had received OVA-DC four times (on day
35 after tumor inoculation). Concomitant gemcitabine
treatment led to a further reduction in OVA-specific
CD8™ T-cells to 0.05 & 0.01 % (P < 0.01 compared to
OVA-DC alone).
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Furthermore, stimulation of leukocytes with p15E pep-
tide demonstrated the presence of pl5E-reactive CD87
T-cells in tumor-bearing mice treated with OVA-DC but not
with gemcitabine alone (Fig. 2c). Again, concomitant gem-
citabine treatment significantly suppressed the induction
of p15E-specific CD8* T-cells. Noteworthy, unloaded DC
did not induce pl5E-reactive CD8"1 T-cells. The presence
of pl15E-reactive CD8" T-cells found in OVA-DC-vacci-
nated animals indicates that DC vaccination is capable of
not only inducing a T-cell response against vaccine-related
antigens but also to unrelated tumor-associated antigens, a
phenomenon termed “‘epitope-spreading.”
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Efficacy of OVA-DC and gemcitabine in an orthotopic
pancreatic cancer model

To assess the efficacy of our therapy regimen in a tumor
model more closely resembling the biology found in
humans, we used the orthotopic PancOVA model. Mice
were implanted with orthotopic PancOVA tumors and
treated with combinations of DC-OVA i.p. and/or gemcit-
abine. To control for vaccine antigen-unspecific immune
effects induced by DC vaccination, a group of mice receiv-
ing unloaded DC (U-DC) and a group of mice receiving
PBS sham injections were included (Fig. 3a). Untreated
mice (PBS) had to be killed within 65 days due to progres-
sive tumor burden. Gemcitabine treatment alone (Gem)
improved survival (P < 0.001, Gem vs. PBS); however, the
absolute effect on median survival was relatively small.
Of note, treatment with U-DC also demonstrated a lim-
ited beneficial effect on survival (median survival 84 days,
P < 0.001 compared to untreated mice). Mice treated with
OVA-DC, however, showed highly efficient tumor con-
trol (P = 0.0015 compared to the U-DC group) with nine
out of 13 mice rejecting their tumors leading to long-term
survival beyond 150 days. Equally efficient tumor control

Fig. 3 Treatment of mice with
orthotopic PancOVA tumors
with DC vaccination and
gemcitabine prolongs survival
despite reduced numbers of
tumor-reactive CD8" T-cells.
a PancOVA tumors were
implanted orthotopically in the
pancreas. Treatment with gem-
citabine, unloaded DC (U-DC),
OVA-DC or OVA-DC + gem-

(Y]

100 -

80 1

60 1
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20 1

was observed in the combined treatment group (P < 0.001,
OVA-DC and Gem vs. Gem alone).

In the U-DC group, frequencies of antigen-specific
CD8" T-cells were approximately 0.2 % for SIINFEKL
and 0.05 % for p15E, which was significantly higher as in
untreated mice (Fig. 3b, c¢). Thus, U-DC facilitated a tumor-
specific CTL response, although at lower levels as com-
pared to OVA-DC. OVA-DC led to development of 0.55 %
SIINFEKL-reactive CD8" T-cells, whereas concomitant
gemcitabine reduced the frequency to 0.12 % (P < 0.001).
Similarly, the frequency of pl5E-reactive CD8' T-cells
was reduced by gemcitabine treatment.

Gemcitabine does not impact DC function but sensitizes
tumor cells toward CTL-mediated cytotoxicity

To assess the possibility that gemcitabine affects the func-
tion of DCs after injection in tumor-bearing hosts, we
examined the influence of gemcitabine on DC migration
to draining lymph nodes and antigen presentation in vivo
(Fig. 4a—c). Migration and in vivo survival of DCs were
tested by s.c. injection of 2 x 10° CFSE-labeled, OVA-
DC into the foot pad of mice (n = 5 per group). At day 7,

-2 PBS

U-DCii.p.

Gem *
-0- OVA-DCip.

*
-O- OVA-DCi.p.+ Gem_—|

citabine was started on day 7. 0 v
Treatment efficacy is blotted as 50
Kaplan—Meier survival curves.
Data are pooled from two
independent experiments (total

o

o

100

150 200

days after tumor inoculation

of n = 15 mice in the OVA-DC

and/or gemcitabine groups). b, ¢
Frequencies of SIINFEKL- and
p15E-reactive CD8™" T-cells
were determined by IFN-y ICS
35 days after tumor inoculation.
Data are representative of two
independent experiments (n = 7
per group). *P < 0.05

0.8 1

% SIINFEKL-reactive
IFN-y* CD8* T cells

0.6
0.4 1
0.2 1
0.0

* I
- 0.20 4 * | -

0.15 4

0.10 1

% p15E-reactive
IFN-y+ CD8* T cells

0.05 4

o
o
S

@ Springer



328

Cancer Immunol Immunother (2014) 63:321-333

C
OVA-DC OVA-DC + Gem
A — U-DC OVA-DC OVA-DC + Gem
| oo 0:09% .
e, & 3 1.3% 15.6% 17.5%
L o —_— —_— —_—
T4 3
) o
»
CFSE
CD11c e -
=
b .
5z 1.5x107 - °8_ 5000 8 g
o) E’, * ns. 2 w3 -
2c< 07 Er-o +
€ 1.0x10 35E 8
28 @ O £ 2500 8 4
27T 5.0x10% % Lo R
© é o D E I;I
273 00 R £65 0 0t . : :
® S NN
O@’O Oxc’® s S F o F
?‘0 @é K\y &
o N 9 00
?!
OA
d 4 f » .0 . O] OVA only
- * -0 Panc02-OVA 3 1'5 [ OVAplus sz
o 60 S/D\D 0= Panc02-OVA and Gem 10 - [ unvaccinate
22 -0+ Panc02-OVA and Gem 100 8 1.0
535 401 ©- Panc02 +<; 0.2 ns.
€ o
§ T ol | )
es o 8 U - Panc02 and Gem © 0.0 I-'l'-l
0 T . ! . . —
185 1/50 1/100 x\g%x\g X\gz%x\gz% K
-20 - ratio target/effector O\\V“OQ‘?~ OAV"OA‘?“ OA‘?"OA‘?“
o o o o o o
N Qo"“ 3 Qc>6 & Qog

Fig. 4 Gemcitabine does not impair DC function but sensitizes
tumor cells to CTL-mediated killing. a Mice received s.c. injec-
tions of CFSE-labeled DCs into the foot pad and DC migration
was assessed 7 days later in popliteal lymph nodes by flow cytom-
etry. Representative FACS blots are shown. b Absolute numbers of
total cells (left) and CFSE-labeled DCs that had migrated to drain-
ing lymph nodes (right) were determined in mice treated with PBS
(control), OVA-DC or OVA-DC + Gem. ¢ Mice were vaccinated with
OVA-DC i.p. with or without concomitant gemcitabine administered
at days 2 and 5. Control mice were vaccinated with unloaded DC
(U-DC). CFSE-labeled OT-1 T-cells were adoptively transferred at
day 7 and proliferation was analyzed 3 days later (n = 5 per group).
d Gemcitabine increased sensitivity of PancOVA cells toward OVA-
specific CTL-mediated lysis. PancOVA or Panc02 cells were treated

mice were killed and popliteal lymph nodes were analyzed.
Interestingly, the frequency of CFSE™ CDl1lct CD11b™"
cells was increased in mice treated with 50 mg/kg body
weight gemcitabine (Fig. 4a). However, taking into consid-
eration that the cellular content in the draining lymph node
almost doubled in the OVA-DC group as compared to the
combined group (Fig. 4b, left), gemcitabine treatment did
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with gemcitabine at concentrations of 10, 100 nM or left untreated
and were co-cultured with OT-1 effector CTL. Tumor cell lysis was
assessed in a chrome-release assay. Depicted is one of the four inde-
pendent experiments performed as triplicates £ SEM. e Mice with
s.c. PancOVA tumors were treated with four rounds of OVA-DC vac-
cination with or without Gem. Numbers of tumor infiltrating CD8"
T-cells were determined by flow cytometry (n = 4 per group). f After
stratification according to frequency of OVA-reactive CD8* T-cells in
peripheral blood, pre-vaccinated mice (n = 3 per group) were rechal-
lenged with 0.5 mg OVA protein and 1 pg LPS per mouse, given
intravenously. Gemcitabine was administered 24 and 72 h after the
rechallenge in respective subgroups. 48 h after the second gemcit-
abine administration, IFN-y ICS was performed. *P < 0.05

not affect the absolute number of CFSE™ CD11¢™ CD11b*
DCs in draining lymph nodes (Fig. 4b, right).

Next, we tested the influence of gemcitabine on anti-
gen presentation and T-cell stimulatory capacity of DCs
in vivo by analyzing the proliferation of adoptively trans-
ferred CFSE-labeled CD8™" OT-1 T-cells in vaccinated mice
(Fig. 4c). OT-1 T-cell proliferation was not affected by
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50 mg/kg gemcitabine, indicating that antigen-presenting
function, similar to DC migration to draining lymph nodes,
was not negatively influenced.

The effect of gemcitabine on pancreatic carcinoma
cells was assessed in regard to their sensitivity toward
CTL-mediated lysis. Panc02 and PancOVA cells were
treated with or without gemcitabine and lysis by OVA-
specific CTL from OT-1 mice was studied in vitro using
a >!Cr-release assay (Fig. 4d). At an E/T ratio of 100:1,
we observed 45 £+ 2 % specific lysis as compared to
only 16 £ 4 % of Panc02 wild-type cells. Gemcitabine
(100 nM) significantly sensitized PancOVA cells toward
CTL-mediated lysis with a specific lysis reaching 66 & 2 %
(P < 0.001). Gemcitabine alone at a dose of 100 nM was
below the cytotoxic threshold in this assay.

Gemcitabine facilitates recruitment of CD8™ T-cells
to tumors, but inhibits DC-induced proliferative T-cell
responses

To test whether gemcitabine alters tumor microenvironment
in the PancOVA model, frequencies of various immune cell
populations in spleen, draining lymph nodes and tumor tis-
sue were analyzed. Interestingly, intratumoral infiltration
with CD8™ T-cells (Fig. 4e), CD4™" T-cells and NK cells
(Supp. Fig. 2a and 2b, online resource) was increased by
DC vaccination as well as gemcitabine when compared
to untreated control tumors. Of note, CD8" T-cell infiltra-
tion was additively increased by concomitant DC-OVA and
gemcitabine therapy (P = 0.03).

Absolute numbers of splenic B-cells, CD4" T-cells and
CD8™ T-cells were higher in tumor-bearing as compared
to tumor-free mice (Supp. Fig. 2c). DC vaccination had
no influence on splenic immune cell populations. How-
ever, splenic B-cells as well as CD4" and CD8% T-cells
were significantly reduced by gemcitabine as compared to
untreated controls. Gemcitabine showed a trend to reduce
CD11b" Gr-1" MDSC numbers in the spleen. The sup-
pressive effect, however, was moderate and missed statisti-
cal significance. OVA-DC vaccination also reduced MDSC
numbers, but again statistical significance was missed
(Supp. Fig. 2d, P = 0.075). As previously reported [20],
the frequency of Foxp3™ T,,, cells among all CD4" T-cells
was significantly increased in spleens and tumor-draining
lymph nodes of tumor-bearing mice (Supp. Fig. 2e and 2f).
Neither DC vaccination nor gemcitabine had a significant
influence on T, frequency. No significant differences in
the percentage of CD4" T-cells, CD8' T-cells or B-cells
were observed between tumor-draining lymph nodes of
tumor-free and tumor-bearing mice (Supp. Fig. 2 g).

Suppression of DC-induced T-cell responses by gemcit-
abine was further investigated by testing the influence of
gemcitabine on T-cell recall responses (Fig. 4f) to eliminate

potential influences of gemcitabine on OVA-DC. Similar
to the experimental setup shown in Fig. 1d, mice that had
been vaccinated with OVA-DC 6 months earlier were strati-
fied into subgroups according to the frequency of OVA-
reactive CD8% T-cells in peripheral blood (0.055 & 0.019
vs. 0.082 %+ 0.058 % IFN-yt CD8" T-cells). Mice were
i.v. rechallenged with OVA protein and LPS. 24 and 72 h
after the rechallenge gemcitabine at 50 mg/kg body weight
was administered or not. Two days after, the second gem-
citabine dose IFN-y ICS was performed. Single re-vacci-
nation induced a significant boost in the T-cell response
(P = 0.046). Similar to the suppressive effect demonstrated
in Fig. 1d, gemcitabine inhibited induction of a recall
response, indicative of a detrimental effect on proliferating
T-cells.

Timing of gemcitabine chemotherapy determines efficacy
of DC vaccination

As T-cells are vulnerable toward chemotherapeutic drugs
mainly in the exponential phase of proliferation, we
hypothesized that modification of the vaccination scheme
with a delayed start of gemcitabine therapy could lead
to improved immunological outcome. This hypothesis
was first tested in mice without tumors. Gemcitabine at a
dose of 50 mg/kg body weight was either combined with
OVA-DC vaccination from the beginning (“concomitant
Gem”) or started after two rounds of vaccination (“delayed
Gem”). A control group received OVA-DC only. Treatment
regimens are summarized in Fig. 5a. As observed before,
“concomitant Gem” significantly suppressed vaccine-
induced CD8" T-cell and antibody responses (Fig. 5b, c).
In contrast, no impairment of the vaccine-induced immune
response was seen in the “delayed Gem” group. To test
whether the “delayed Gem” strategy improved T-cell effec-
tor function, we assessed in vivo cytolytic activity using
adoptively transferred peptide-loaded splenocytes as tar-
get cells (Fig. 5d). Mice treated with OVA-DC showed
highly efficient lysis of target cells, whereas concomitant
gemcitabine impaired cytotoxic function, correlating with
reduced numbers of antigen-specific CTL found in periph-
eral blood (Fig. 5b). Mice in the “delayed Gem” group
exhibited significantly higher cytotoxic function compared
to the “concomitant Gem” group (P = 0.02). These data
indicate that delaying gemcitabine therapy to a time point
when T-cell responses have already been established could
be beneficial.

Therapeutic outcome of “delayed Gem” was examined
in the s.c. PancOVA model. As expected, gemcitabine con-
comitant to DC therapy led to better tumor control than
gemcitabine alone (Fig. 5e). The difference between the
two groups became evident 35 days after tumor induction,
indicating that the DC-induced immune response required
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Fig. 5 Delayed gemcitabine administration avoids chemotherapy-
induced B- and T-cell suppression. a Treatment and immune moni-
toring scheme. OVA-DC-vaccinated mice were divided into three
groups: OVA-DC with concomitant gemcitabine treatment (OVA-DC
and concomitant Gem), delayed start of chemotherapy (OVA-DC
and delayed Gem) and no chemotherapy (OVA-DC). b OVA-specific
CDS8™ T-cell responses were measured after the second DC vaccina-
tion (before the start of gemcitabine in “OVA-DC and delayed Gem”
group) and at the end of the experimental protocol after four vacci-
nations by IFN-y ICS assay. ¢ Anti-OVA IgG antibody titers were
assessed after four cycles of DC treatment. d In vivo OVA-specific

time to be beneficial. Mice receiving delayed gemcitabine
treatment initially had quicker tumor progression than mice
in the groups that had received gemcitabine from the begin-
ning of the treatment. However, after three rounds of vac-
cination, tumor progression was stabilized. Measurement
of SIINFEKL- and pl5E-reactive CD8" T-cell frequen-
cies was performed 3 and 7 weeks after tumor inoculation
(Fig. 5f). As observed in mice without tumors, SIIINFEKL-
reactive and p15E-reactive CD8" T-cell frequencies were
higher in mice treated with OVA-DC and delayed gemcit-
abine when compared to mice receiving OVA-DC and gem-
citabine concomitantly.
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CTL-mediated cytotoxicity was examined by measurement of target-
cell lysis 20 h after adoptive transfer of CFSE-labeled, SIINFEKL-
loaded splenocytes. e Mice were injected s.c. with 10° PancOVA
cells and treated with Gem alone or OVA-DC + Gem. Gray arrows
indicate DC vaccinations; a black arrow indicates the start of gem-
citabine therapy in the “OVA-DC and delayed Gem” group. f OVA-
and p15E-specific CD8™ T-cell responses were determined before the
start (white bars) and after the start of chemotherapy (gray bars) in
the “OVA-DC and delayed Gem” group. Figure 4e, f represents one
of two independent experiments (n = 7 per group)

Discussion

Interplay of chemotherapy and immunotherapy has
attracted much attention since the demonstration that cer-
tain chemotherapeutic regimens stimulate endogenous
immune responses against tumors by triggering an immu-
nogenic form of cancer cell death [25, 26]. Over the last
years, data accumulated showing that effects of cytotoxic
drugs are not limited to cancer cells, but also affect stro-
mal cells and immune cells. Recently, Kang et al. [27]
suggested that chemotherapeutic regimens can convert the
tumor microenvironment into a highly permissive state for
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vaccination-induced antitumor immunity, demonstrating a
role for DCs and CD8™" T-cells. Kim et al. [28] correlated
therapeutic outcome with changes in the immunological
microenvironment and T-cell responses in a colon cancer
model. However, the influence of chemotherapy on DC
vaccine-induced immunity in pancreatic cancer is poorly
understood. Here, we show in a pancreatic cancer model
that gemcitabine-based chemoimmunotherapy is feasible
and highly effective, despite its apparent negative effect on
DC vaccine-induced adaptive immune responses. Further-
more, we provide a mechanistic explanation for superior
efficacy as compared to either treatment alone and propose
a strategy for minimizing the suppressive effects of gemcit-
abine on vaccine-induced adaptive immune responses.
Gemcitabine has been the mainstay of pancreatic cancer
therapy since the study of Burris et al. in the late 1990s [1].
For long, combination of a presumably immunosuppressive
therapy like gemcitabine with an immunostimulatory one
such as vaccination has been considered counter-intuitive.
However, clinical studies demonstrated that gemcitabine
can be administered to patients with pancreatic cancer
without relevant loss of T-cell and DC function [12]. In
fact, several studies have suggested an immunomodulatory
function of gemcitabine. Gemcitabine was shown to inhibit
Th2- and augment Thl-type immune responses in cancer
patients, which is critical for an efficient CTL response
[12]. Nowak et al. [13, 29] investigated effects of gemcit-
abine on immune responses induced by CD40 ligation in a
murine model of combined chemoimmunotherapy, finding
a mixed pattern of enhanced T-cell but suppressed B-cell
responses. Furthermore, gemcitabine has been described
to reduce the number of MDSC, a population of immature
myeloid cells suppressing T-cell activation, in tumor-bear-
ing animals [14, 15, 30, 31]. This is particularly interesting,
as pancreatic cancer leads to MDSC expansion and accu-
mulation in tumor tissue [32, 33]. However, others have
found that gemcitabine can trigger cathepsin B release in
MDSC thereby promoting tumor growth via activation of
the Nlrp3 inflammasome [34]. Ghansah et al. [35] recently
found that gemcitabine specifically targets granulocytic
MDSC. Reduced numbers of MDSC, however, were only
associated with increased survival when gemcitabine ther-
apy was combined with DC vaccination, indicating that the
beneficial effects of gemcitabine might be at least in part
immune-mediated. These data are concordant with our
finding of superior tumor control with the combined treat-
ment and preserved cytotoxicity despite chemotherapy-
induced numerical suppression of the DC-induced T-cells.
Our study also shows a trend toward reduced MDSC num-
bers by gemcitabine as well as DC vaccination; however,
this was not statistically significant. Shevchenko et al.[36]
found that low-dose gemcitabine depleted intratumoral

T, and improved survival in the Panc02 model. One

explanation might be that T, are particularly sensitive
toward chemotherapy, including gemcitabine [37], possi-
bly due to the higher turnover of these cells as compared
to other CD4" T-cell populations. Concordant with earlier
findings [20, 38], we found an increased frequency of Ty,
in spleen and tumor-draining lymph nodes of PancOVA
tumor-bearing mice. However, we could not detect a reduc-
tion in T, frequencies in tumor-draining lymph nodes
or spleens of mice treated with either gemcitabine and/or
DCs. As numbers do not necessarily reflect Treg function,
a more detailed analysis of T, phenotype, such as CD103
expression, and suppressive activity should be addressed in
further studies.

We have previously described efficacy of combin-
ing DC vaccination and gemcitabine in a murine pancre-
atic carcinoma model in regards to tumor control [9]. As
immunological mechanisms leading to tumor control were
not investigated due to the lack of a defined tumor antigen
for immunomonitoring, we modified the tumor model by
using OVA-expressing tumor cells. Data presented here
indicate that in a setting of DC vaccination concomitant
gemcitabine therapy suppresses induction of a vaccine-
specific adaptive immune response. Similarly, the response
against a vaccine-unrelated tumor antigen, the tumor cell
epitope pl15E, which was induced as a secondary effect
of the vaccine termed “epitope-spreading,” was also sup-
pressed. However, despite the numerical reduction in tumor
antigen-specific CTL in peripheral blood, therapeutic effi-
cacy of DC vaccination was improved by gemcitabine. A
possible explanation could be more efficient recruitment of
T-cells to the tumor site, as combined treatment resulted in
increased numbers of intratumoral CD8" T-cells. In addi-
tion, the immunosuppressive effect of gemcitabine was
probably balanced by mechanisms augmenting efficacy
of immunotherapy, such as sensitization of tumor cells to
CTL-mediated lysis. In fact, CTL-mediated killing of tar-
get cells in vivo was only mildly impaired by gemcitabine
treatment, indicating that lower numbers of tumor-reactive
CD8" T-cells were equally effective when administered
under favorable conditions induced by chemotherapy. Our
own group described increased cytotoxic activity of CTL
when tumor cells were pretreated with gemcitabine [39].
This phenomenon, also termed chemosensitization, has
been suggested to be mediated by upregulation of antigenic
surface molecules on tumor cells [40, 41]. Recently, Taka-
hara reported that gemcitabine enhances WT1 expression
in pancreatic carcinoma cells thereby sensitizing these cells
against WT1-specific T-cells [42]. In our study, we could
confirm a CTL-sensitizing effect of gemcitabine on Pan-
cOVA cells, corroborating data from Ishizaki et al. [43].

An interesting finding of our study is that the negative
impact of gemcitabine treatment on vaccine-induced adap-
tive immune responses can be influenced by the timing
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when chemotherapy is started. Once the DC vaccine had
established an adaptive immune response, addition of gem-
citabine in subsequent cycles did not negatively impact the
numbers of antigen-specific CD8*1 T-cells or antibody titers.
Concerning therapeutic outcome, an “OVA-DC and delayed
Gem” strategy was non-inferior to gemcitabine treatment
alone despite lower doses of Gem. Thus, in future clinical
trials exploring the efficacy of DC vaccines, e.g., in an adju-
vant setting after resection of the primary pancreatic tumor,
vaccination should precede gemcitabine-based chemo-
therapy in order to facilitate the generation of an effective
tumor-directed immune response and to control disease
recurrence. On the other hand, in a palliative situation, con-
comitant therapy might be the better option to avoid tumor
progression until the immune response has been established.
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