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Abstract
With a 5-year survival rate of <5%, pancreatic cancer is one of the most rapidly fatal
malignancies. Current protocols for the treatment of pancreas cancer are not as effective as we
desire. In this study, we show that a novel Mucin-1 (MUC1)-based vaccine in combination with a
cyclooxygenase-2 inhibitor (celecoxib), and low-dose chemotherapy (gemcitabine) was effective
in preventing the progression of preneoplastic intraepithelial lesions to invasive pancreatic ductal
adenocarcinomas. The study was conducted in an appropriate triple transgenic model of
spontaneous pancreatic cancer induced by the KRASG12D mutation and that expresses human
MUC1 as a self molecule. The combination treatment elicited robust antitumor cellular and
humoral immune responses and was associated with increased apoptosis in the tumor. The
mechanism for the increased immune response was attributed to the down-regulation of
circulating prostaglandin E2 and indoleamine 2, 3,-dioxygenase enzymatic activity, as well as
decreased levels of T regulatory and myeloid suppressor cells within the tumor microenvironment.
The preclinical data provide the rationale to design clinical trials with a combination of MUC1-
based vaccine, celecoxib, and gemcitabine for the treatment of pancreatic cancer.

Pancreatic cancer is one of the leading causes of cancer-related deaths with a 5-year survival
being <5% (1). Adjuvant therapies, which have undesirable side effects, have shown limited
survival benefit, and very often the cancer becomes resistant to such therapies. Novel
therapies such as cancer vaccines that target tumor associated Ags present an attractive
alternative with the expectation that this approach will cause fewer side effects and prevent
metastasis and recurrence better than standard therapies. Mucin-1 (MUC1)3 is one such
tumor associated Ags (2).
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MUC1 protein has been detected in >90% of pancreatic tumors examined by
immunohistochemistry (IHC) (2, 3) and in the pancreatic juice of PDA patients by
proteomic analysis, and in most pancreatic cancer cell lines (4, 5). Sialylated MUC1 is
overexpressed by invading and metastatic pancreatic cancer cells but not by normal pancreas
nor in cases of chronic pancreatitis or pancreatic ductal hyperplasia (6). MUC1 is a
transmembrane mucin glycoprotein, which contains an extracellular domain comprised
mainly of tandem repeats (TR) of twenty amino acids, a transmembrane domain, and a
cytoplasmic tail. The core protein contains extensive O-glycosylation and MUC1 is highly
expressed on the cell surface of many epithelial and hematologic malignancies (7–11).
MUC1 on tumors is no longer restricted to the apical surface, but is found all around the cell
surface and in the cytoplasm. In addition, glycosylation on tumor-synthesized MUC1 is
aberrant (reviewed in Ref. 12 and 13). Thus, MUC1 has long been an interesting target
molecule for immunotherapeutic strategies, given its highly increased expression and altered
glycosylation in tumors (reviewed in Ref. 14). Patients with breast, pancreatic, and ovarian
tumors have exhibited spontaneous immune responses to MUC1 with the presence of Abs
and T cells specific for MUC1 (15–19).

Several clinical trials using the MUC1 TR region as the Ag have been described (20–25)
(reviewed in Ref. 2, 26). Although tumor Ag-specific immune responses have been observed
in cancer patients immunized with tumor Ag-based vaccines, they have rarely translated to a
clinical response (recently reviewed in Ref. 27). Recent evidence has attributed this
ineffectiveness to the immunosuppressive (also referred to as immunetolerant) tumor
microenvironment which adapts numerous ways to resist killing by immune effector cells.
Several factors have been implicated in this immunosuppression, one being
cyclooxygenase-2 (COX-2) and its downstream prostaglandins (28–33). PGE2 in particular,
inhibits T effector cell activity and stimulates myeloid suppressor (MSCs) and T regulatory
cells (Tregs) (34–37). In addition, it activates the IDO pathway that converts tryptophan to
kynurenine and renders the tumor microenvironment low in tryptophan, an essential amino
acid required by T effector cells to survive (38). We have previously shown that COX-2
inhibition significantly enhances the efficacy of a breast cancer vaccine by down regulating
IDO function in a spontaneous metastatic breast cancer model (37). In addition, tumor cells
treated with COX-2 siRNA inhibit the IDO enzymatic pathway (37), and in the COX-2
knockout mice, the IDO enzymatic activity is impaired (our unpublished data).

We have recently generated a triple transgenic (Tg) mouse model of pancreatic ductal
adenocarcinoma (PDA) that expresses human MUC1 as a self molecule (39). We have
crossed the LSL-KRASG12D × P48Cre mouse developed by Hingorani et al. (40) with the
human MUC1. Tg mice (41). These mice are designated PDA.MUC1 mice. This distinctive
model of PDA expresses high levels of COX-2, IDO, and MUC1 and recapitulates the
various stages of the human disease from preinvasive epithelial lesions (PanINs) to full
blown adenocarcinoma (39). The PDA.MUC1 mice have increased circulating MUC1 and
are tolerant to MUC1 immunization, making this model ideal for testing novel MUC1-based
therapeutic strategies in combination with COX-2 inhibition.

In this study, we report that immunization with a MUC1-specific vaccine is only effective
against pancreatic cancer if combined with celecoxib. By itself the vaccine is ineffective and
so is celecoxib. Addition of a chemotherapeutic agent, gemcitabine at low doses, does not
impair the immune effector cells elicited by the vaccine plus celecoxib. Clinically, this is
reassuring because gemcitabine is a commonly used agent for pancreatic cancer patients and
can be safely used in combination with the vaccine plus celecoxib without concern about its
effect on immune effector cells. These findings support additional investigation of
combination of vaccine, celecoxib, and gemcitabine for the treatment of pancreatic cancer in
a human clinical trial.
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Materials and Methods
Mice

The P48Cre expressing mice were bred to the LSL-KRASG12D mice (40) that were then
mated to the human MUC1.Tg mice (designated PDA.MUC1 mice, Ref. 39) and were
maintained as heterozygotes. Genomic DNA was used to genotype the triple transgenic mice
using a PCR as previously described (39). All protocols were conducted in accordance with
stringent regulations laid out by the Mayo Clinic Internal Animal Care and Use Committee
(IACUC).

Treatment schedule and dose
The treatment schedule, dose, and route of administration are schematically represented in
Fig. 1A. PDA.MUC1 mice were treated with the 1) vaccine, 2) vaccine plus celecoxib, 3)
vaccine plus celecoxib plus gemcitabine, 4) celecoxib alone, and 5) vehicle. Gemcitabine
was given 2 days before the vaccine every month staring at 4 mo of age. Mice were
sacrificed between 9 and 10 mo of age and size of pancreas tumor evaluated by wet weight
and used for histological evaluation of the PanIN lesions and adenocarcinoma. Serum was
collected to determine levels of MUC1, anti-MUC1, PGE2 metabolite, kynurenine, and
tryptophan. Lymph nodes were dissected to determine anti-MUC1 cellular immune
responses.

Evaluation and scoring of PanIN lesions and adenocarcinoma
The entire pancreas was dissected free of fat and surrounding tissue. Tissues were fixed and
embedded in paraffin. Four-micrometer serial sections were cut and used and stained with
H&E for counting the PanINs. PanINs were scored in five consecutive sections per pancreas
and 10 fields per section.

Immunohistochemistry
The primary Abs used were goat anti-COX-2 mAb (1/100 dilution; Santa Cruz
Biotechnology), goat anti-IDO mAb (1/50 dilution; Santa Cruz Biotechnology), mouse anti-
PCNA mAb (5 μg/ml; BD Biosciences), rat anti-mouse FoxP3 mAb for staining Tregs (1/50
dilution; eBioscience), and rat anti-Gr-1 mAb for staining MSCs (1/100 dilution; BD
Biosciences). Secondary Abs were anti-mouse (1/100; DakoCytomation), anti-hamster (1/
250; The Jackson Laboratory), anti-goat (1/100; DakoCytomation), and anti-rat
(DakoCytomation, 1/200 for MSCs and 1/100 for Tregs) IgGs conjugated to HRP. For
TUNEL-positive cells, IHC was performed using the ApopTag Peroxidase in situ apoptosis
detection kit (Serologicals). Sections were incubated overnight with the primary Ab
followed by 1 h with secondary Ab and developed with a diaminobenzidine substrate
(Vector Laboratories). Sections were counterstained with hematoxylin, and mounted with
Permount. Immunopositivity was assessed using a light microscope and images taken at a
magnification of ×100 or ×200.

ELISA for circulating levels of PGE2 and anti-MUC1 Abs
PGE2 levels in the serum was determined using a specific ELISA kit for PGE2 metabolite
(13,14-dihydro 15-keto prostaglandin A2) (Cayman Pharmaceuticals) (37). Results are
expressed as micrograms of PGE2 metabolite/ml of serum. Serum MUC1 levels were
determined using commercially available CA15–3 ELISA kit (Genway Biotech) (42).
Detection of Ab to MUC1 was conducted by ELISA using synthetic peptides 105mer MUC1
TR as previously described (43).
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Measurement of IDO activity by HPLC analysis of kynurenine and tryptophan
Using a published HPLC assay for IDO enzymatic activity measurement (44) as a starting
point, we have optimized and validated a sensitive HPLC assay with UV and florescence
detection that allows effective chromatographic separation of tryptophan and its metabolite
kynurenine in serum.

IFN-γ ELISPOT
At time of sacrifice, cells from tumor draining lymph nodes (TDLNs) were isolated from
treated PDA.MUC1 mice and used as responders in an IFN-γ ELISPOT assay. The
stimulators were autologous bone-marrow derived dendritic cells (DCs) (37) pulsed with the
immunizing peptides (20 μg/ml of each peptide) for 2 h at 37°C. Following peptide
stimulation, LPS (1 μg/ml; BD Biosciences) was added and incubated overnight to mature
the DCs. DCs were analyzed by flow cytometry for appropriate maturation markers. The
DCs were irradiated (7000 rad) using the RS 2000 irradiator (Rad Source Technologies). A
responder (1 × 106cells/ml) to stimulator (1 × 105cells/ml) ratio of 10:1 was used. The
responders and stimulators were incubated for 18 h on the ELISPOT plates before staining
for the spots using the standard IFN-γ ELISPOT plates from Mabtech. MUC1-specific spots
were determined using the capture IFN-γ Ab as recommended by the manufacturer. Control
wells contained T cells stimulated with DCs pulsed with irrelevant peptide (vesicular
stomatitis virus peptide, RGYKYQGL) or unpulsed DCs. Spot numbers were determined
using computer assisted video image analysis by Zellnet Consulting. Splenocytes from
C57BL/6 mice stimulated with Con A was used as positive control.

CTL assay
Determination of CTL activity was performed using a standard 51Cr release method. Sorted
T cells from TDLN served as effector cells. Autologous irradiated DCs pulsed with
immunizing peptides (20 μg/ml) were used as stimulator cells and coincubated with the
effector cells at a ratio of 10:1 for 18 h. Effector cells were incubated with 51Cr-labeled
tumor target cells at a ratio of 50:1 (5 × 106/ml effectors and 1 × 105/ml targets). Target cells
used were B16 melanoma cells expressing full-length human MUC1 (39, 43, 45, 46), and
B16 melanoma cell line that does not express MUC1 as an irrelevant target.
Radioactive 51Cr released at the end of 6 h was determined using the Topcount
Microscintillation Counter (Packard Biosciences). Specific lysis was calculated according to
the following formula: (experimental cpms − spontaneous cpms/complete cpms −
spontaneous cpms) × 100. Spontaneous 51Cr release in all experiments was 10–15% of
complete 51Cr release.

Statistical analysis
Biostatisticians at the Mayo Clinic Biostatistics Core Facility conducted statistical analysis
for all data. A two-factor ANOVA was used to generate significant differences between
experimental groups. For the ELISPOT analysis, data were adjusted for operator (different
days at which assays were conducted).

Results
Immunization with MUC1-specific vaccine is effective only in combination with celecoxib

The treatment schedule, dose, and route of administration are schematically represented in
Fig. 1A. As PDA.MUC1 mice age, they progressively develop PanINs and invasive
adenocarcinomas (Fig. 1B). The progression of pancreatic tumors in PDA.MUC1 mice from
2 to 10 mo of age is shown in Fig. 1B signifying the rapid progression of PanINs to
carcinoma in situ (CIS) and adenocarcinoma. Data from n = 15 mice are shown. PanIN
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lesions were detected as early as 2 mo of age in ~50% of the mice and by 4 mo of age, 100%
of the mice developed PanINs (Fig. 1B). By 6 mo of age, ~40% of the mice developed CIS
and 25% developed invasive tumors, and by 9–10 mo of age, ~80–90% of the mice
developed invasive adenocarcinomas (Fig. 1B). The MUC1 vaccine by itself was not
effective in stopping the progression of PDA in the PDA.MUC1 mice (Fig. 2). This was
indeed surprising because the same vaccine strategy was highly successful in preventing
tumor formation in colon cancer models (45, 47). However, when the MUC1 vaccine was
combined with a COX-2 inhibitor, its efficacy was significantly enhanced (Fig. 2). It must
be noted that at time of sacrifice between 9 and 10 mo, ~85–100% of PDA.MUC1 mice
have developed invasive adenocarcinoma (Fig. 1B). PDA.MUC1 mice treated with vaccine
plus celecoxib or vaccine plus celecoxib plus gemcitabine showed significant decrease in
pancreas weight compared with PDA.MUC1 mice treated with vehicle (p < 0.001),
celecoxib (p < 0.05), or vaccine (p < 0.01) (Fig. 2A). The pancreas weight is used as the
indicator of the tumor weight. Thus, the C57BL/6 pancreas weight represents the weight of a
normal pancreas. Although significant decrease was observed in mice treated with celecoxib
alone compared with vehicle (p < 0.05), the decrease was greater with the combination of
vaccine and celecoxib with or without gemcitabine. There was no difference between
vaccine and vehicle-treated mice. When PanIN lesions were counted, PanINs of all stages
including PanIN 1, 2, and CIS was significantly lower in the mice treated with the
combination of vaccine plus celecoxib ± gemcitabine compared with mice treated with
vehicle, celecoxib, or vaccine alone (Fig. 2B). The statistical differences between various
experimental groups are illustrated in a form of a table within Fig. 2, clearly suggesting an
advantage of the combination vs single-agent treatment. When numbers of mice that
developed invasive adenocarcinoma were analyzed, out of n = 15 mice, none of the mice in
the vaccine plus celecoxib ± gemcitabine group developed adenocarcinoma whereas 11/15
in the vaccine group, 9/15 in the celecoxib group, and 13/15 in the vehicle group developed
invasive adenocarcinomas (Fig. 2C). Representative H&E images shown in Fig. 3
accentuate the data showing the close to normal-looking pancreas from mice treated with the
combination of vaccine plus celecoxib ± gemcitabine. It is noteworthy that most of the
pancreas sections seemed completely free of high-grade PanINs in mice treated with the
combination. Average of n = 15 mice is presented. Note: Gemcitabine was titrated in these
mice and toxicity (complete blood count and weight loss) recorded. The dose of 50 mgs/kg
once a month was selected based upon no change in complete blood count or weight and no
effect on the tumor. The gemcitabine alone group was similar to the vehicle group and the
gemcitabine plus vaccine group was similar to the vaccine group (data not shown).

Increased CTL activity in response to treatment with a combination of vaccine and
celecoxib

At time of sacrifice, TDLNs were collected. T cells were sorted from the TDLNs into CD4+

and CD8+ T cells by MACS. IFN-γ ELISPOT and CTL assays were conducted.
Significantly higher numbers of MUC1-specific IFN-γ-spot producing CD4+ and CD8+ cells
were observed in vaccine plus celecoxib ± gemcitabine group compared with vehicle,
celecoxib, and vaccine treated mice (Fig. 4A). The appropriate controls for the ELISPOT
assay are shown in a table form as part of Fig. 4A. Interestingly, vaccine-treated mice had
higher spot-forming CD4+ T cells but not CD8+ T cells compared with vehicle and
celecoxib while the mice treated with the combination (vaccine plus celecoxib) had higher
CD8+ T effector response compared with vaccine alone. This was further corroborated with
a robust CTL response against tumor targets expressing MUC1 in mice treated with the
combination (Fig. 4B). Although multiple target cells were used, data is shown for the
B16.MUC1 target cells. Similar results were noted when PDA.MUC1 cells were used as
targets. This data is not included because we were unable to isolate PDA cell lines that
lacked human MUC1 and therefore had no way to evaluate MUC1 specificity. The PDA
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tumors without human MUC1 do not grow in vitro. The effector T cells were not lytic
against the B16.neo or B16 wild-type cells suggesting that the lytic activity was specific to
MUC1. Compared with the vehicle, all groups showed significantly increased (p < 0.0001)
CTL activity, however the maximum killing was observed in the mice treated with the
combination of vaccine plus celecoxib or vaccine plus celecoxib plus low-dose gemcitabine.
This group showed significantly higher CTL activity compared with celecoxib alone or
vaccine alone (p < 0.0001). No differences were observed between vaccine plus celecoxib
and vaccine plus celecoxib plus gemcitabine groups. Vaccine alone showed significantly
greater lytic activity compared with celecoxib alone (p < 0.0001). These data clearly suggest
that the efficacy of vaccine or celecoxib alone is greatly enhanced by combining the two.
Statistical analysis concluded that the effect of vaccine plus celecoxib was synergistic rather
than additive.

Serum MUC1 and anti-MUC1 Ab levels in response to treatment
At time of sacrifice, serum was collected. Levels of serum MUC1 and anti-MUC1 Abs were
evaluated post treatment by specific ELISAs. In brief, n = 15 mice were evaluated.
Compared with mice treated with vehicle or celecoxib, a significant increase in anti-MUC1
Ab was observed in vaccine or vaccine plus celecoxib ± gemcitabine-treated mice (p <
0.0001) (Fig. 4C). Taken together with the CTL data, the results suggest that the
combination treatment elicits both a cellular and a humoral response against MUC1 that
translates to an effective antitumor response. This could be important with regards to
generating a sustained antitumor immune response. At the same time, when anti-MUC1 Ab
levels increase, serum MUC1 levels decrease from ~1000 U/ml in the vehicle-treated mice
to ~200 U/ml in the vaccine plus celecoxib ± gemcitabine-treated mice (data not shown)
suggesting that as tumor burden decreases so does MUC1 levels.

Repression of COX-2 and IDO enzymatic activities in response to celecoxib
We have recently published that addition of a COX-2 inhibitor to a DC-based breast cancer
vaccine not only down-regulated the known COX-2 activity but also repressed IDO activity
(37). We therefore determined if a similar phenomenon was observed in the PDA.MUC1
mice. Similar to our previous data, we show that inhibiting COX-2 down-regulates both the
COX-2 and IDO expression of function in the treated tumors (Fig. 5). Representative
sections from PDA.MUC1 tumors are shown for COX-2 and IDO expression from each
treatment group (Fig. 5A). n = 6 mice were stained with similar results. Clearly, the
expression of both COX-2 and IDO were lowest in tumors from mice treated with the
combination of vaccine plus celecoxib ± gemcitabine as compared with vehicle, vaccine
alone, or celecoxib alone. The expression data in Fig. 5A matches the tumor burden data
confirming absence of adenocarcinoma in mice treated with the combination of vaccine plus
celecoxib ± gemcitabine compared with either treatment alone (Figs. 2 and 3). It must be
noted that we have not conducted any statistical analysis on the IHC data, but have done so
for their respective enzymatic activity.

We show that down-regulation of protein expression was associated with decrease in their
enzymatic activities (Fig. 5, B–D). Analysis of PGE2 levels serves as the measure for
COX-2 activity because COX-2 converts arachidonic acid to PGE2. Similarly, kynurenine
and tryptophan serve as a measure for IDO activity because IDO converts tryptophan to
kynureine. In tumor-bearing mice, IDO and COX-2 activity are high and therefore PGE2 and
kynurenine levels are high while tryptophan levels are low (39). As tumor burden decreases
(with treatment), we expect that levels of PGE2 and kynurenine would decline and
tryptophan levels would increase. This is exactly what we observe and report in Fig. 5, B–D.
As expected, all experimental groups of mice expressed significantly higher levels of
circulating PGE2 compared with the control C57BL/6 serum (Fig. 5B, p < 0.001). With
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treatment, significant decrease in PGE2 levels was observed in mice treated with celecoxib
alone or celecoxib plus vaccine ± gemcitabine (p < 0.01) compared with vehicle or vaccine
alone. However, the levels never came down to nontumor-bearing C57BL/6 levels,
suggesting presence of residual COX-2 activity. There was no change between mice treated
with vaccine and vehicle. Average of n = 15 mice are shown (Fig. 5B). Using a modified
HPLC method, serum levels of tryptophan and kynurenine was determined (Fig. 5, C and
D). As predicted, significantly lower tryptophan levels were observed in serum of tumor-
bearing PDA.MUC1 mice treated with vehicle compared with serum from a nontumor-
bearing C57BL/6 mice (Fig. 5C, p = 0.001). When PDA.MUC1 mice were treated with
celecoxib or celecoxib plus vaccine ± gemcitabine, tryptophan levels significantly increased
to levels similar to the nontumor-bearing C57BL/6 mice (Fig. 5C, p = 0.002, p = 0.05, and p
= 0.01, respectively, compared with vehicle-treated mice), suggesting that celecoxib
treatment with or without the vaccine inhibited IDO activity. No significant difference was
noted between nontumor-bearing C57BL/6 mice, celecoxib-treated or celecoxib plus
vaccine ± gemcitabine-treated PDA.MUC1 mice. Vaccine treatment by itself had no effect
on the tryptophan levels and the levels remained similar to vehicle-treated mice (Fig. 5C).
Low tryptophan represents high IDO activity because IDO converts tryptophan to
kynurenine. Thus, it was not unexpected to observe significantly higher levels of kynurenine
in sera of PDA.MUC1 mice belonging to the vehicle-treated group compared with the
nontumor bearing C57BL/6 mice (Fig. 5D, p = 0.0001). These levels decreased significantly
when mice were treated with celecoxib or celecoxib plus vaccine ± gemcitabine (Fig. 5D; p
= 0.05, p = 0.05, and p = 0.001, respectively), clearly suggesting down-regulation of IDO
activity with celecoxib treatment. Vaccine alone had no effect on the kynurenine levels (Fig.
5D). Lysates from the tumor were also tested for PGE2, kynurenine, and tryptophan levels.
The data followed a similar trend as noted with the serum (data not shown). We suggest that
inhibiting COX-2 decreases IDO function and enables the effector T cells (CTLs) to be
active within the pancreatic tumor microenvironment.

Decreased Tregs and MSCs in the pancreatic tumor microenvironment in response to the
combination treatment

Several reports implicate COX-2/PGE2 and IDO in the increased recruitment of Tregs and
MSCs to the tumor microenvironment and causing T effector cell apoptosis (34–37, 48–50).
We therefore examined if the combination treatment altered the levels of FoxP3+ and Gr1+

cells in the tumor microenvironment by IHC. We have previously shown by quantitative
flow cytometry that tumors from 9 to 10 mo old PDA.MUC1 mice encompass high levels of
Tregs and MSCs (39). In accordance with previous results, we observed high levels of
FoxP3+ and Gr-1+ cells (by IHC) within the PDA.MUC1 tumors that were treated with
vehicle (Fig. 6, A and B). However, the levels declined appreciably in tumors treated with
the combination of vaccine plus celecoxib ± gemcitabine (Fig. 6, A and B). Single treatment
with vaccine or celecoxib alone did not alter the levels of these cells. Ten fields in five
consecutive pancreas tumor sections from n = 4 mice per group were evaluated. Due to the
diffuse nature of staining, positive cells were not scored and statistical analysis was not
conducted. Nevertheless, there was a clear decrease in these cell types in tumors treated with
the combination. One representative image from each group is shown. These data suggest
that the high systemic and local proinflammatory environment in the PDA.MUC1 mice can
be reversed by the combination treatment and can lead to a significant clinical response.

Increased in situ apoptosis and decreased proliferation in response to the combination
treatment

Using an in situ TUNEL assay, we determined if the tumors from mice treated with the
combination of vaccine and celecoxib had significantly higher numbers of apoptotic cells
compared with mice treated with either agent alone or vehicle (Fig. 6C). The number of
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positive cells was scored across ten fields in five consecutive pancreas tumor sections for n
= 4 mice per group and they were as follows: vehicle: 150 ± 102; celecoxib: 650 ± 102;
vaccine: 392 ± 112; vaccine ± celecoxib: 1250 ± 214; vaccine ± celecoxib ± gemcitabine:
1575 ± 245. Compared with vehicle, TUNEL-positive cells were significantly greater in all
treatment groups including celecoxib (p < 0.04), vaccine (p = 0.06), vaccine plus celecoxib
(p < 0.001), and vaccine plus celecoxib plus gemcitabine (p < 0.001, compared with vehicle-
treated mice), however, the combination of vaccine plus celecoxib ± gemcitabine showed
appreciably higher TUNEL-positive cells compared with either treatment alone (p < 0.01).
As predicted, proliferation was significantly lower in the tumors of mice treated with the
combination of vaccine plus celecoxib ± gemcitabine compared with mice treated with
vehicle or single agent alone (Fig. 6D). When PCNA-positive cells were scored, we found
no significant difference in the PCNA+ cell numbers between vehicle (460 ± 70), celecoxib
(520 ± 85), and vaccine (440 ± 90) groups. However, PCNA+ cells in tumors treated with
the combination of vaccine plus celecoxib (5 ± 2), or vaccine plus celecoxib plus
gemcitabine (3 ± 2) was significantly lower than in vehicle-treated or single agent-treated
tumors (0.0001).

Discussion
With the development of early pancreatic tumors in mouse models and identification of
immune-system regulatory signaling pathways, new opportunities for pancreas cancer
treatment and prevention have emerged. Immunotherapy for pancreatic cancer is one
approach that may greatly benefit from these discoveries, as therapeutics can be developed
to target pancreatic cancer-associated Ags and regulatory signaling molecules.

In a novel mouse model of spontaneous PDA that expresses human MUC1 as a self
molecule, we demonstrate that overcoming immunosuppression by blocking the COX-2
pathway during pancreatic cancer development significantly enhances the clinical efficacy
of a MUC1-targeted vaccine. The MUC1-vaccine by itself was completely ineffective in
stopping progression of PDA (Fig. 2), albeit did elicit a strong anti-MUC1 immune response
(Fig. 4), with results similar to reports from several human immunotherapy trials (51).
However, this was a bit surprising because the same vaccine was shown by our own group
to be highly effective in MUC1-tolerant colon cancer model (45, 47). Other vaccine strategy
such as DC pulsed with the MUC1 peptides as well as DC pulsed with tumor lysate has been
tested without success in this model (data not shown). The results exemplify the importance
of the PDA.MUC1 model in which the tumors arise spontaneously within the appropriate
stromal and hormonal milieu. We have shown that the pancreas tumors in PDA.MUC1 mice
express high levels of COX-2 and are highly immunosuppressed (39). Thus, when COX-2
inhibition was introduced at 4 mo of age after the mice had received two monthly
immunizations with the MUC1 vaccine (Fig. 1A), the antitumor effect was overwhelming
(Figs. 2 and 3) with none of the mice developing adenocarcinoma. Although blocking
COX-2 alone without the vaccine had some effect on the development of PanIN lesions
compared with vehicle-treated mice (Fig. 2B), nine of fifteen mice progressed to develop
adenocarcinomas (Fig. 2C). Both anti-MUC1 CTL and Ab responses were enhanced with
the combination treatment (Fig. 4) leading to a robust clinical response. We attribute this
robust CTL response not only to the down-regulation of PGE2 but also to the diminished
IDO function, which led to higher tryptophan levels (that is known to support T effector cell
survival and function) (Fig. 5). In addition, infiltration of Tregs (FoxP3+ cells) and MSCs
(Gr-1+ cells) within the tumor bed was virtually nonexistent in tumors from mice treated
with the combination (Fig. 6, A and B). The clinical efficacy of the treatment regimen was
further supported by the enhanced apoptosis in the tumor alongside decreased proliferation
(Fig. 6, C and D). These data once again point to the regulation of IDO expression and
function by inhibition of the COX-2/PGE2 pathway as previously reported (37). The
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proinflammatory microenvironment in the PDA.MUC1 mice which normally expresses high
PGE2, kynurenine, MUC1, Tregs, and MSCs was completely reversed by the combination
treatment leading to low proliferation in the tumor (Figs. 5 and 6). We recognize that the
downstream effects on Tregs and MSCs may be driven by the low tumor burden in the mice
treated with the combination, nevertheless, the robust clinical and immunologic response
with the combination warrants future evaluation in a clinical setting.

Importantly, the efficacy of the immune responses elicited by the combination treatment
(vaccine plus celecoxib) was not diminished by the addition of low-dose gemcitabine to the
treatment regimen (Fig. 4), suggesting that the dose and schedule of the chemotherapy was
not deleterious to the immune effector cells. This data could be significant while designing
future clinical trials for pancreatic cancer patients. Surprisingly, however, we did not
observe any significant clinical improvement in mice treated with all three agents (vaccine
plus celecoxib plus gemcitabine) over mice treated with the two agents (celecoxib plus
vaccine). Low-dose gemcitabine plus vaccine did not show any clinical efficacy and was
similar to vaccine alone group (data not shown). This is possibly due to the low-dose of
gemcitabine used once a month which by itself had no effect on the tumor nor caused any
toxicity (data not shown). The rationale for including gemcitabine to the treatment regimen
was simply to test if low-dose chemotherapy given two days before the vaccine could
enhance effector T cell function by inhibiting Tregs as reported for other chemotherapeutic
agents such as cyclophosphamide (52, 53). In our study, gemcitabine did not show a change
in T effector cells or Tregs compared with vaccine plus celecoxib (Fig. 4 and 6). In most
instances the vaccine plus celecoxib and vaccine plus celecoxib plus gemcitabine groups
were similar.

It must be noted that these experiments were conducted in a semiprophylactic2/
semitherapeutic setting with immunizations beginning at 2 mo of age, at which time the
pancreas in the PDA.MUC1 mice have only low-grade PanIN lesions (Fig. 1B and Ref. 39).
The celecoxib and gemcitabine treatment was started at a later time at 4 mo of age when
high-grade PanINs and CIS were rampant in these mice (39). Other experimental controls (n
= 5 mice) that were included in the study but data not shown were 1) gemcitabine alone
(results were similar to vehicle), 2) celecoxib plus gemcitabine (results were similar to
celecoxib alone group), and 3) vaccine plus gemcitabine (results similar to vaccine alone
group). We have now started these studies in a therapeutic setting with all treatments
including the vaccine starting at 4 mo of age.

Another question that remains is how the combination of the three agents affects long-term
survival in these mice. In a very preliminary study, five mice that received all three agents
were allowed to survive beyond 40-wk of age. Vaccine and gemcitabine was discontinued at
8 mo of age. Celecoxib was continued as daily gavage. These mice lived for >16 mo of age
without signs of morbidity (data not shown). Two of the five mice developed
adenocarcinoma and the other three had high-grade PanIN lesions (data not shown). It
should be noted that untreated PDA.MUC1 mice are morbid by 10–12 mo of age due to the
pancreas tumor burden and weight loss. These preliminary studies are enticing and warrant
further studies with more mice. Because these are triple transgenic mice, the generation of
enough mice to reach statistical significance has been the challenge for completing the
survival experiments. Currently, mice are being randomized into these long-term studies.

With the growing understanding of the regulation of immune responses, multiple new
immunotherapeutic targets have evolved. Although several trials have shown detectable
immune responses, such as delayed-type hypersensitivity reactions, and cytokine release in
ELISPOT assays, and some have reported prolonged survival for immune responders,
immunotherapy for pancreatic cancer remains experimental. However, some approaches
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have made it to phase III settings (27). In a recent report, use of cyclophosphamide 1 day
before whole tumor cell vaccine was well tolerated by advanced pancreatic cancer patients
and generated mesothelin-specific T cells responses. In addition, chemotherapy plus
immunotherapy resulted in median survival in a gemcitabine-resistant population similar to
chemotherapy alone (54), thus supporting additional investigation of chemotherapy with
immunotherapy in patients with advanced pancreatic cancer.

This is the first report in a mouse model that the combination of immunotherapy and COX-2
inhibition with or without gemcitabine may be an effective therapy for pancreas cancer. We
cannot overemphasize that the mouse model used in these studies mimics the human disease
with the tumors arising in an immune competent host and progressing from PanIN lesions to
CIS to full-blown invasive adenocarcinomas (39, 40, 46). The fact that the vaccination is
conducted in a MUC1-tolerant host makes it an even better study and closer to the human
situation.

The data presented in this study exemplifies the importance of 1) an appropriate tumor
model system, 2) targeting a pancreatic tumor-associated Ag, namely MUC1, and 3) the
critical role of COX-2/PGE2 pathway in modulating the proinflammatory tumor
microenvironment which is highly immunosuppressive.
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FIGURE 1.
A, Schematic representation of the treatment protocol and B, Progression of PanINs to
invasive carcinoma as a function of age. Number of PDA.MUC1 mice that developed
PanINs and adenocarcinomas of 15 mice evaluated.
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FIGURE 2.
Immunization with MUC1-specific vaccine in combination with celecoxib ± gemcitabine
significantly reduces pancreatic cancer development in PDA.MUC1 mice. A, Pancreas wet
weight at time of sacrifice (9 mo of age) for each treatment group; n = 15 mice per treatment
group. *, p < 0.05; **, p < 0.01 compared with vehicle. B, Average number of PanINs in
five consecutive sections and ten fields per section; n = 15 mice, p values between treatment
groups are listed in the table. C, Numbers of mice (of 15 per treatment group) that develop
invasive adenocarcinoma. Note: The wet weight of a normal pancreas from a nontumor
bearing C57BL/6 mice is shown for comparison.
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FIGURE 3.
Normal-looking pancreas in PDA.MUC1 mice treated with a combination of MUC1-vaccine
plus celecoxib ± gemcitabine. Representative histopathology (H&E) images of pancreas
from normal C57BL/6 (A), untreated (B), vehicle (C), celecoxib (D), vaccine (E), vaccine
plus celecoxib (F), and vaccine plus celecoxib plus gemcitabine-treated PDA.MUC1 mice
(G and H). Pancreas from the PDA.MUC1 mice was dissected at time of sacrifice (9 mo of
age). Age-matched nontumor-bearing C57BL/6 pancreas was used as control. PDA.MUC1
mice were treated as shown in Fig. 1A. n = 15 mice per group. Images were captured at
×200 magnification.
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FIGURE 4.
Treatment with the combination of vaccine plus celecoxib ± gemcitabine elicits a strong
cellular and humoral anti-MUC1 immune response in PDA.MUC1 mice. A, Sorted CD4+

and CD8+ T cells from TDLNs were assessed for IFN-γ production in response to the
immunizing MUC1 peptides by ELISPOT assay. The table shows the controls that were
used to confirm specificity of the response to the immunizing peptides. Average of n =15
mice are shown. *, p <0.05; **, p <0.01 compared with vehicle-treated mice. B,
Determination of CTL activity was performed using a standard 51Cr-release method. Sorted
CD8+ T cells from TDLNs served as effector cells, autologous irradiated DCs pulsed with
the immunizing peptides were used as stimulator cells and targets were B16.MUC1 or
B16.Neo cells. Average of n = 15 mice are shown. *, p < 0.001 and **, p < 0.0001 as
compared with vehicle-treated mice. C, Circulating levels of anti-MUC1 Ab levels was
determined by ELISA. Average of n = 15 mice are shown. *, p < 0.0001 as compared with
vehicle-treated mice.
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FIGURE 5.
COX-2 and IDO expression and function is significantly reduced in PDA.MUC1 mice
treated with the combination of vaccine plus celecoxib ± gemcitabine. A, Representative
IHC images of COX-2 and IDO staining intensity of pancreas section from one mouse per
treatment group; Brown staining represents COX-2 or IDO positivity. n = 6 mice per time
point have been evaluated with similar results. Images were captured at ×200 magnification.
B, Circulating levels of PGE2 metabolite in PDA.MUC1 mice with various treatment
regimens, **, p < 0.01; ***, p < 0.0001 compared with vehicle-treated mice; average of 15
mice are shown. C and D, Circulating levels of tryptophan (C) and kynurenine (D) in
PDA.MUC1 mouse treated with various treatment regimens. Individual mouse data with p
values are shown. Significance (p values) is calculated in comparison with the vehicle-
treated mice. Nontumor-bearing C57BL/6 age-matched mouse sera were used as control.
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FIGURE 6.
A and B, Decreased FoxP3+ and Gr-1+ infiltrating cells in pancreas tumor of PDA.MUC1
mice treated with the combination regimen. Representative IHC images of pancreas sections
from mice treated with vehicle, celecoxib, vaccine, vaccine plus celecoxib, and vaccine plus
celecoxib plus gemcitabine. A, FoxP3+ cells (representing Tregs) infiltrating the tumor bed.
B, Gr-1+ cells (representing MSCs) infiltrating the tumor stromal areas surrounding the
epithelial tumors. n = 15 mice were evaluated with similar results. C and D, Increased
apoptotic (TUNEL+) cells and decreased proliferating (PCNA+) cells in situ in pancreas of
PDA.MUC1 mice treated with the combination regimen. Representative IHC images of
pancreas sections stained for TUNEL (C) or PCNA (D) to assess level of apoptosis or
proliferation respectively. n =15 mice have been assessed with similar results. Images were
captured at ×200 magnification.
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