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Abstract

Background—The development of novel therapeutics for pancreatic cancer has been hindered
by a lack of relevant preclinical models. The purpose of this study was to evaluate the clinical
relevancy of two pancreatic cancer models using standard-of-care therapeutic agent gemcitabine.

Materials and Methods—Murine Panc02 cells were injected directly into the spleen or
pancreas of C57BI/6 mice to respectively create models of metastatic and locally advanced
pancreatic cancer. Beginning 7 days post-Panc02 injection, treated mice received 20mg/kg
gemcitabine i.p. every three days. Animals were sacrificed when the untreated mice became
moribund and tumor/liver weight used to assess tumor burden.

Results—Untreated mice became moribund 22 days after pancreatic Panc02 injection. Gross
analysis revealed localized pancreatic tumors weighing 1.063g. Intrasplenic Panc02 injection
produced extensive liver metastasis by day 15 when the untreated mice first became moribund.
Liver weights at this time averaged 3.6g compared to the average non-tumor-bearing weight of
1.23g. Gemcitabine therapy resulted in a 54% decrease in localized pancreatic tumor weight and
62.5% decrease in metastatic liver weight. Additionally, gemcitabine therapy extended animal
survival to 20.5 days compared to 18.0 day average for the untreated mice.

Conclusions—We describe two models depicting both locally advanced and metastatic
pancreatic cancer in immunocompetent mice. In efforts to establish baseline therapeutic efficacy,
we determined that gemcitabine reduces tumor burden in both models and enhances survival in the
metastatic model. These clinically relevant models provide valuable tools to evaluate novel
therapeutics in pancreatic cancer.

Introduction

With nearly 37,000 estimated deaths in 2010, pancreatic adenocarcinoma is the fourth
leading cause of cancer-related deaths in the United States. While surgery is the only
curative option, fewer than 20% of patients are eligible for surgery due to the metastatic
spread at the time of diagnosis [1]. Besides surgery, treatment with the chemotherapeutic
agent gemcitabine is typically regarded as standard of care in efforts to extend survival and
to provide palliative care [1-2]. In initial Phase Il clinical trials, gemcitabine prolonged
survival only about 6 months, nearly 2 months longer than 5-Fluorouracil [3-4] and
extended 1 year-survival to 18% compared to 2% in the 5-FU arm [4]. The exceedingly poor
prognosis for patients with pancreatic cancer necessitates further development of novel
therapeutic approaches.

A major challenge in the development of novel pancreatic cancer therapies is the lack of
appropriate preclinical animal models. /n7 vivo investigations of pancreatic cancer most often
employ xenograft implants. This method, using either subcutaneous or orthotopic injections,
is typically performed in immunocompromised mice, creating an artificial tumor
environment and ignoring the effect of the host immune system on tumor development [5].
Other animal models include carcinogen-induced models, which produce an accurate
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recreation of carcinogenesis but may affect tissues other than the pancreas [5], and
genetically engineered models, which focus on specific gene involvement in cancer
development but are often not capable of imitating more advanced cancers as well as
xenograft models [6]. On the other hand, genetically engineered models may be of particular
interest in studying pancreatic intraepithelial neoplasia (PanIN) stages and pancreatic cancer
development [7].

PancO02 cells, first described in 1984, were obtained from ductal adenocarcinoma in a
C57B1/6 mouse [8] and, uniquely, allow for an immunocompetent murine model of
pancreatic cancer. Several investigators, including our group, have begun to take advantage
of this syngeneic system, typically by either subcutaneous [9-15] or orthotopic models [16—
18]. Subcutaneous tumors offer the advantage of directly assessing tumor burden but do not
metastasize as often as human pancreatic cancer or otherwise mimic human disease [19-20].
Orthotopic or metastatic models are more clinically relevant but present a different
challenge in measuring tumor burden. Bioluminescence imaging (BL1I) is one method of
detecting and measuring tumor growth /n vivo. By transfecting tumor cells with Photinus
pyralisluciferase gene, these cells emit light at 560nm in the presence of ATP and D-
luciferin substrate and photons can be measured using charge coupled device cameras. This
light emission has been shown useful in identifying and quantifying tumor growth in
individual rodents over time in both subcutaneous and orthotopic models [21-23].

Here, we present two clinically relevant immunocompetent animal models of pancreatic
cancer, representing the continuum of pancreatic cancer from a localized tumor in the
pancreas to widespread liver metastasis from portovenous infiltration. Our complimentary
models allow evaluation of novel therapeutic strategies at various stages of cancer
development. Furthermore, we demonstrate baseline drug efficacy in our models by
treatment with gemcitabine, serving as a foundation to build novel future combination
strategies.

Murine Panc02 cells were obtained from the NCI DCTD Tumor Repository (NCI,
Frederick, MD). Panc02 cells were stably transfected based on G418 antibiotic selection
(Img/mL in media) with a Photinus pyralis luciferase gene to be used for bioluminescent
imaging Panc02-luc cells were maintained in RPMI 1640 media supplemented with 2mM L-
glutamine (Hyclone, Logan, TX), 200ug/mL G418 (Invitrogen, Carlsbad, CA), and 10%
fetal bovine serum (Hyclone) at 37°C in 5% CO5.

8-12 week old C57B1/6 mice were used for these experiments, which were performed
according to protocols approved by the Institutional Animal Care and Use Committee at the
Medical University of South Carolina. Animals were bred and housed in a pathogen-free,
biohazard barrier facility. Mice were euthanized by CO» asphyxiation followed by cervical
dislocation.

Tumor Cell Injections

Mice were anesthetized using 0.2ml1/10gm body weight of 1.2% Avertin (2,2,2-
Tribromoethanol; Sigma Aldrich, St. Louis, MO) solution i.p. and received a single,
preemptive analgesic of 3mg/kg carprofen (Sigma Aldrich). The left flank was shaved and
sterilized with Betadine (Purdue Products, Stamford, CT). Once surgical plane anesthesia
was achieved, 1 cm left subcostal incision was made through the abdomen skin and
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peritoneum. For the localized pancreas model, 1x10% Panc02-luc cells in 0.05mL PBS
(Hyclone) were injected into the exteriorized pancreas using a sterile 28-gauge needle and
hypodermic syringe. For the intrasplenic injections in the metastatic model, 1x108 Panc02-
luc cells in 0.1mL PBS (Hyclone) were injected directly into the tip of the exteriorized
spleen using a 28-gauge needle and hypodermic syringe. Animals were sacrificed if
evidence of pain or suffering was present.

Gemcitabine Therapy

Mice were treated with 20mg/kg i.p. of gemcitabine every three days, beginning 7 days after
Panc02-luc injection. Gemcitabine therapy continued until the untreated mice became
moribund, which occurred at day 15 in the intrasplenic model and at day 22 in the pancreatic
model. Animals were monitored daily for health, and moribundity was determined by a
blinded investigator.

Bioluminescence Imaging (BLI)

Mice were anesthetized in an induction chamber with 5% isoflurane (Novaplus, Irving, TX).
Each mouse received an i.p. injection of 3mg D-luciferin (Invitrogen) in 200uL PBS. The
mice were then placed in the heated chamber of the Xenogen optical imaging device with
nose cones to deliver 1.5% isoflurane. Up to five mice were imaged at a time until peak
luminescence. Mice were then removed from the instrument, sacrificed by cervical
dislocation, and organs (liver, spleen, and pancreas) harvested for ex vivo imaging.

Histological Analysis

Following sacrifice, tumors were resected, fixed overnight in 10% buffered formalin, set in
paraffin blocks, and cut into 5um thick sections. Sections were stained with standard
hematoxylin and eosin staining. Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) was performed according to manufacturer’s directions using the
DeadEnd Colorimetric TUNEL System (Promega, Madison, WI). TUNEL-positive cells
were quantified at 20x (localized model) and 40x (metastatic model) magnification, with at
least three random fields counted per section. Antigen retrieval was performed prior to Ki67
staining by immersing the slides in 10mM citrate buffer (pH 6.0, Antigen Unmasking
Solution; Vector Labs, Burlingame, CA) and microwaving for 10 minutes. Sections were
stained with anti-Ki67 antibody (Abcam #15580, Cambridge, MA) overnight at 1:750
dilution. Secondary antibody and DAB chromogen detection was performed following the
manufacturer’s protocol (Rabbit 1gG Vectastain Elite ABC kit, Vector Labs). Ki-67 positive
cells were counted at 40x magnification, with at least three random fields counted per
section. Ki-67 and TUNEL staining from hepatic tumors of the metastatic model were also
quantified at the tumor-border interface, with three fields counted per section at 20x
magnification.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 software (La Jolla, CA). Kaplan
Meier survival analysis was used for the metastatic moribundity study. Linear regression
analysis was used to identify correlations between bioluminescence total flux and tumor
weight, with a p-value less than 0.05 considered significant for identifying the existence of a
relationship and a Goodness-of-Fit R2 value to determine the extent of said relationship.
Two-tailed unpaired students’ t-tests were used for statistical analysis in all other
experiments, with a ~value less than 0.05 considered significant.
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Intrasplenic and pancreatic Panc02 injections result in consistent tumor growth

Pancreatic injections produced localized pancreatic tumors with no metastasis grossly
observed (Figure 1a). The first untreated mice became moribund 22 days after Panc02
injection. Upon sacrifice at this timepoint, the average tumor in the untreated group had a
volume of 1276 + 354.2 mm3. Intrasplenic injection generated a spleen tumor at the
injection site as well as extensive metastasis throughout the liver (Figure 1b). As this model
results in hepatic metastasis too extensive to isolate, liver weight was used to quantify tumor
burden. Untreated mice become moribund at an average of 18 days post-tumor injection and
the average liver weighs 3.6 + 0.22g at the time of sacrifice compared to the average non-
tumor-bearing liver weight of 1.23 + 0.065g (~=0.001, data not shown). H&E sections
confirm tumor presence in both the localized pancreatic (Figure 1a) and the metastatic
(Figure 1b) models.

Gemcitabine decreases tumor burden in localized and metastatic models

As gemcitabine remains the focus of chemotherapy regiments for locally advanced and
metastatic pancreatic cancer, we aimed to assess its effect in both 7/n vivo models
establishing a therapeutic baseline to assess novel combination therapies. Gemcitabine
therapy resulted in a 54% decrease in tumor weight in the localized model, with an average
weight of 1.063 + 0.22g in the untreated mice and 0.5756 + 0.07g in the gemcitabine treated
mice (Figure 2a, £=0.028). Tumor volume also decreased with chemotherapy, resulting in a
36% decrease from an average 1276 + 354.2mm3 in the untreated group compared to 458.7
+57.88mm3 (Figure 2b, =0.0152). Similar treatment effect was observed in the metastatic
model. Fifteen days post-tumor cell injection, the average gemcitabine treated liver weighed
2.25 + 0.46g compared to the untreated average of 3.6 + 0.22g, corresponding to a 62.5%
decrease in tumor burden (Figure 2c, P=0.02).

Gemcitabine enhances animal survival in the metastatic model

In a parallel study, we evaluated the effect of gemcitabine in animal moribundity using the
intrasplenic metastatic model. Gemcitabine therapy was continued until 16 days post-tumor
injection, when the untreated mice first became moribund. Animal health was assessed daily
by a blinded investigator and mice were sacrificed as they became moribund. Gemcitabine
therapy significantly increased survival to an average of 20.5 days from the untreated
average of 18.0 days (Figure 2d, £=0.004).

Gemcitabine decreases proliferation in the localized tumor model

Mechanistically, gemcitabine is a deoxycytidine analogue that is metabolized into two
prodrugs: gemcitabine diphosphate (which inhibits ribonucleotide reductase from generating
deoxyribonucleotides for DNA synthesis) and gemcitabine triphosphate (which competes
with deoxycytidine 5’triphosphate for incorporation into the DNA, leading to masked chain
termination) [24]. Because of this, we next investigated whether gemcitabine altered
proliferation and apoptosis in either model by investigating Ki-67 and TUNEL expression in
the tumor sections. Immunohistochemistry was performed on tumor sections from the
untreated and gemcitabine-treated mice sacrificed 15 days (metastatic model) and 22 days
(localized model) after Panc02 injection. While gemcitabine therapy did not alter apoptosis
in the localized pancreatic tumors (Figure 3a, £=0.3973), decreased proliferation was
observed with reduced Ki67 expression in the gemcitabine-treated group compared to the
untreated (Figure 3b, A=0.0009). Surprisingly, there were no significant differences between
the treated and untreated hepatic sections by either TUNEL (Figure 4a left, P=0.4657) or
Ki-67 (Figure 4a right, P=0.5328) staining when analyzing random fields in each section.
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With the large tumor burden observed in the liver metastasis model, we hypothesized that
the lack of effect on proliferation and apoptosis may be a result of decreased delivery to the
central portions of the tumor masses. We further analyzed the effect of gemcitabine by
specifically assessing the tumor-normal tissue interface where the hepatic tumors may be
better vascularized and, therefore, receive better drug delivery. When analyzing the sections
at the tumor interface, however, we did not observe significant differences between the
treated and untreated tumors in either TUNEL (Figure 4b left, A=0.6446) or Ki-67 (Figure
4b right, P=0.8553). Further evaluation is needed to investigate the mechanistic effect of
gemcitabine in both the localized and metastatic models.

Bioluminescence Imaging (BLI) does not adequately quantify tumor burden

Due to challenges monitoring and quantitating orthotopic tumor growth, we aimed to use /in
vivo BLI to longitudinally follow growth. In our metastatic gemcitabine study, mice were
imaged on days 7 and 14 prior to sacrifice on day 15. Although we observed a significant
decrease in liver weight (Figure 2c), there was no significant difference in bioluminescence
between the two groups on either day 7 (£=0.8742) or day 14 (P=0.5053) (Figure 5a).
Average bioluminescence in the gemcitabine-treated group was decreased at day 14
compared to the untreated (0.75x108 photons/second compared with 1.03x10° photons/
second) but high variability made these values statistically insignificant. Furthermore, when
BLI output from day 14 was compared with liver weight at day 15, there was no significant
correlation (Figure 5b, P=0.1592, R2=0.1879)

Other investigators have found that /n7 vivo measurements may be complicated by the dark
skin and fur of the C57/BI6 mice as well as the depth of the organs of interest [25].
Therefore, we aimed to use ex vivo luminescence by imaging the organs alone to provide a
quantitative measure to tumor burden, although this would eliminate the longitudinal aspect
of BLI. Nine mice were injected with 1x108 Panc02-luc cells in each model and sacrificed
16 (splenic) and 15 (pancreatic) days post-Panc02 injection. At this time, mice underwent
BLI and, once peak luminescence was obtained, animals were quickly sacrificed and tumor-
bearing organs harvested for ex vivoimaging. For both models, ex vivoimaging provided
higher flux (photons/second) compared to /n7 vivo (data not shown). Linear regression of the
intrasplenic model comparing bioluminescence to liver weight showed that, while a
relationship did exist between the two measurements of tumor-burden (~P=0.0407), the
bioluminescence output did not adequately predict the extent of tumor-burden as measured
by liver weight (R2=0.4727) (Figure 5c). These results were even less significant in the
localized pancreatic model, where no correlation was observed between bioluminescence
and tumor weight (Figure 5d, £=0.3942, R2=0.0920). Therefore, we determined that BLI is
not a reliable measurement of tumor burden in our orthotopic models.

Discussion

Pancreatic cancer /n vivoresearch is hampered by a lack of clinically relevant animal
models. We have presented both a localized pancreatic cancer model and an advanced
metastatic model of pancreatic cancer based on portal venous invasion. Treatment with
pancreatic cancer standard-of-care chemotherapeutic gemcitabine was performed in order to
test the clinical relevancy of the two models. As expected, both localized and metastatic
tumor burden was decreased with gemcitabine therapy compared to the untreated controls
(Figures 2a and 2c). In addition, gemcitabine was found to significantly enhance animal
survival in the metastatic model (Figure 2d). Despite decreased tumor burden,
immunohistochemistry revealed no gemcitabine-enhanced differences in either apoptosis
(TUNEL) or cell proliferation (Ki-67) in the metastatic hepatic tumors (Figure 4). The
localized pancreatic tumors demonstrated decreased Ki-67 expression in the gemcitabine-
treated group compared to the untreated but TUNEL staining was similar between the two
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groups (Figure 3). Given gemcitabine’s proposed mechanism in both proliferation and
apoptosis, the lack of alterations in Ki-67 and TUNEL expression is surprising. Perhaps
other markers of apoptosis and proliferation would have provided results more congruent
with the observed gemcitabine-enhanced reductions in tumor burden. In addition, we used a
gemcitabine dosage of 20mg/kg every 3 days which is considerably lower than the weekly
Human Equivalent Dosage of 1000mg/m? (about 332.5mg/kg for a 20g mouse). Although
20mg/kg was enough to reduce tumor size (as measured by weight and volume) and enhance
survival, it is possible that the higher clinical regimen would provide better mechanistic drug
understanding and would further enhance the observed chemotherapeutic benefits.

Since the tumor location in both models prevents investigators from longitudinally
measuring tumor growth, we anticipated that bioluminescence imaging would provide an /n
vivo measurement over time as well as an ex vivo quantification of tumor burden. However,
BLI resulted in high variability which did not correlate well with tumor weight (Figure 5).
Therefore, neither in vivonor ex vivo BLI provides accurate assessment of tumor burden in
either of our models. Previous studies in other laboratories have found that BLI correlation
decreases with increased tumor burden [26-27] though the reason for this is not quite clear.
Larger tumors have increased density and mass which may decrease the transport of
substrate to the tumor center [22, 26] or decrease the photon signal because of light
scattering and absorption caused by increased tissue depth [27]. Other theories include
decreased detection within necrotic and hypoxic tumor regions and the presence of ascites
fluid which diminishes the signal [27]. Although tumor and liver weight is sufficient,
alternate methods to evaluate tumor burden — especially longitudinally — would be
beneficial. Future improvements (e.g., enhanced BLI producing gene vectors) may make this
possible.

In summary, we have developed consistent and clinically relevant tumor models that depict
both advanced localized and metastatic disease, although longitudinal analysis and
quantification of tumor burden remains a hurdle in the use of these models. In human
pancreatic cancer, gemcitabine provides a fundamental role as standard of care treatment as
well as neoadjuvant therapy in localized disease. Both metastatic and localized murine
models predictably respond to gemcitabine, proving the clinical relevancy of the models and
providing a foundation for testing novel therapeutics.
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Figure 1. Pancreatic and I ntrasplenic PancO2-luc injectionsresult in consistent tumor formation
A) Representative images and H&E sections of pancreatic tumors 22 days after tumor cell
injection. Scale marks 1cm. B) Representative images and H&E sections of metastatic liver
tumors 15 days after intrasplenic tumor cell injection.
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Figure 2. Gemcitibine decreasestumor burden of localized and metastatic tumors and enhances
survival

Pancreatic injection (A&B). Mice either received no treatment (n=5) or an i.p. injection of
20mg/kg gemcitabine on days 7, 10, 13, 16, and 19 post-tumor cell injection (n=9). All
animals were sacrificed on day 22, their tumors isolated and tumor weight (A) and volume
(B) taken as a measure of tumor burden. The group means are graphed along with the SEM.
Intrasplenic Injection (C&D). C) mice either received no treatment (n=6) or an ip injection
of 20mg/kg gemcitabine on days 7, 10, and 13 post-tumor cell injection (n=6). All animals
were sacrificed on day 15 and their livers weighed as a measure of tumor burden. The group
means are graphed along with the SEM. D) Mice were either left untreated (n=5) or treated
with 20mg/kg gemcitabine on days 7, 10, 13, and 16 (n=6). Morbundity was determined by
a blind investigator and plotted with a Kaplan Meier survival curve. */<0.05 and **/<0.005
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Figure 3. Gemcitabine decreases proliferation in the localized tumor model

Mice were treated with 20mg/kg gemcitabine on Days 7, 10, 13, 16, and 19 post-orthotopic
Panc02 injection. Following sacrifice on Day 22, tumor sections were analyzed for apoptosis
and proliferation. While gemcitabine therapy did not alter the number of TUNEL-positive
cells (A, £>0.05), treatment did reduce the number of Ki-67 positive cells compared to the
untreated group (B, **#<0.005). The group means of at least 3 random fields per sample are
graphed along with the SEM.
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Figure 4. Gemcitabine does not affect TUNEL or Ki-67 expression in metastatic liver tumors
Mice were treated with 20mg/kg gemcitabine on Days 7, 10, and 13 post-orthotopic Panc02
injection. Following sacrifice on Day 15, tumor sections were analyzed for apoptosis and
proliferation using both random fields throughout the tumor (A) and on the tumor-border
interface (B). There were no significant differences between untreated and gemcitabine-
treated tumors with either TUNEL (left) or Ki-67 (right) quantification (~>0.05). The group
means of at least 3 random fields per sample are graphed along with the SEM.
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Figure 5. Bioluminescence I maging does not accurately predict tumor burden

(A&B): Mice were received an intrasplenic injection of 1 million Panc02-luc cells and either
received no treatment (n=6) or an i.p. injection of 20mg/kg gemcitabine on days 7, 10, and
13 post-tumor cell injection (n=6). On days 7 and 14, BLI was performed on all mice
following an i.p. injection of 3mg D-luciferin. A) There were no statistically significant
differences in BLI between the untreated and gemcitabine-treated groups on either day
(P>0.05). B) Liver weight did not closely correlate with BLI output though linear regression
showed a relationship did exist. (C) 1 million Panc02-luc cells were injected intrasplenically
on day 0 (n=9). On day 16, mice were injected with 3mg D-luciferin and liver harvested for
ex vivo BLI. Though a relationship exists (/£<0.05), BLI output does not closely correlate
with liver weight (R2=0.4727). (D) 1 million Panc02-luc cells were injected orthotopically
on day 0 (n=9). On day 15, mice were injected with 3mg D-luciferin and pancreas tumors
harvested for ex vivo BLI. BLI output does not correlate with tumor weight (~>0.05,
R2=0.0920).
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