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Abstract

A valid preclinical tumor model should recapitulate the tumor microenvironment. Immune and
stromal components are absent in immunodeficient models of pancreatic cancer. While these
components are present in genetically engineered models such as Kras®12P; Trp53R172H:
Pdx-1Cre (KPC), immense variability in development of invasive disease makes them unsuitable
for evaluation of novel therapies. We have generated a novel mouse model of pancreatic cancer by
implanting tumor fragments from KPC mice into the pancreas of wild type mice. Three-millimeter
tumor pieces from KPC mice were implanted into the pancreas of C57BL/6J mice. Four to eight
weeks later, tumors were harvested, and stromal and immune components were evaluated. The
efficacy of Minnelide, a novel compound which has been shown to be effective against pancreatic
cancer in a number of preclinical murine models, was evaluated. In our model, consistent tumor
growth and metastases were observed. Tumors demonstrated intense desmoplasia and leukocytic
infiltration which was comparable to that in the genetically engineered KPC model and
significantly more than that observed in KPC tumor-derived cell line implantation model.
Minnelide treatment resulted in a significant decrease in the tumor weight and volume. This novel
model demonstrates a consistent growth rate and tumor-associated mortality and recapitulates the
tumor microenvironment. This convenient model is a valuable tool to evaluate novel therapies.
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Introduction

Pancreatic cancer is the 4th leading cause of cancer related deaths in the USA.1 Pancreatic
ductal adenocarcinoma has the worst prognosis among all common epithelial malignancies
with an overall 5-year survival of 7 %. An estimated 48, 960 people will be diagnosed with
pancreatic cancer, and 40, 560 people will succumb to this deadly disease in 2015.1

Surgical resection is the treatment of choice for pancreatic cancer. However, less than 20 %
of patients are eligible for surgery and, even when resected with negative margins, most
patients develop recurrence.?:3 Though adjuvant and palliative chemotherapy have improved
over the last decade, the overall impact of current chemotherapy continues to be small.
Currently, FOLFIRINOX (combination of 5-fluoruracil, irinotecan, oxaliplatin, and
leucovorin) or a combination of gemcitabine and nabpaclitaxel are considered standard
treatment regimens for patients with metastatic pancreatic cancer who have a good
performance status and no comorbidities.3 However, these newer regimens offer only a
marginal improvement in the median survival of patients with metastatic or locally advanced
unresectable pancreatic cancer. Although the poor prognosis of patients with pancreatic
cancer can be attributed to the overall aggressiveness of this cancer itself and poor response
to chemotherapeutic agents, a lack of relevant preclinical models to test novel therapeutic
modalities contribute to the problem.*

A hallmark of pancreatic ductal adenocarcinoma is a profound fibrous inflammatory
reaction composed of fibroblasts, myofibroblasts (pancreatic stellate cells), leukocytes,
endothelial cells, and extracellular matrix proteins. It has been proposed that these
components play a pivotal role in tumor development, tumor progression, and resistance to
chemotherapy. Thus, a valid tumor model should recapitulate the tumorigenic properties as
well as immune and stromal microenvironment. Current preclinical mouse models for
pancreatic cancer can be broadly classified into immunodeficient and immunocompetent
models. Most mouse models utilize immunodeficient hosts such as athymic nude or severe
combined immunodeficiency (SCID) mice in which either resected human tumors or
established human pancreatic cancer cell lines are implanted.>~’ The drawback of these
models is the lack of an intact adaptive immune system and well-developed stromal
components, which at least partially explains why testing new therapies in immunodeficient
models fails to predict response to therapy in pancreatic cancer patients.2

Recently, a number of different genetically engineered mouse models of pancreatic cancer
have been described and validated. Hingorani et al. described one such model in which
expression of mutant Kras and concurrent p53 deletion, specifically in the mouse pancreas,
lead to the development of pancreatic intra-epithelial neoplasia (PanIN) lesions that
eventually progress to invasive ductal adenocarcinoma.8 This model was designated the
Kras®12D, Trp53R172H. px-1Cre or KPC model and is one of the most commonly used
models for studying the pathogenesis of pancreatic cancer. While genetic models, such as
KPC, recapitulate the genetic makeup, local aggressiveness, and metastatic ability of human
pancreatic cancer, the immense variability in the time to development of invasive disease (47
to 355 days of life)® is a major limitation. This inconsistency makes these models unsuitable
for the evaluation of the efficacy of novel chemotherapeutic drugs since it is difficult to
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ensure either the presence of tumors or the uniformity of tumor size in the treatment and
control groups.

To overcome the shortcomings of the immunodeficient as well as the genetically engineered
mouse models of pancreatic cancer, we have developed and characterized an
immunocompetent orthotopic mouse model of pancreatic cancer in which tumor pieces from
KPC mice were implanted into the pancreas of immunocompetent syngeneic C57BL/6J
mice. The tumors that develop in this Syngeneic Tumor Implantation Model (STIM) have a
consistent and predictable growth rate and simulate the tumor microenvironment of human
pancreatic cancer in terms of immune infiltration and desmoplastic reaction. The reliability
and ease of this model makes it especially useful for evaluation of novel therapies.

Triptolide, a diterpene triepoxide derived from the Chinese herb Tripterygium wilfordii, has
been shown to be effective against a number of different cancers. Minnelide, a water soluble
prodrug of triptolide developed by our group, retains the efficacy of triptolide and is
effective against pancreatic cancer in a number of different murine models.? Minnelide is
currently in phase I clinical trial against gastrointestinal malignancies. As a proof of
principle, this model was utilized to evaluate the efficacy of Minnelide.

Materials and Methods

Animals

Eight-to-ten-week-old immunocompetent female wild type C57BL/6J mice were used in this
study (Jackson Laboratories, Bar Harbor, ME). KRas®12P; Trp53R172H: pdx-1Cre (KPC)
animals were generated by crossing Lox Stop Lox (LSL) KRas®12P; LSL Trp53R172H
animals with Pdx-1Cre animals. All procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of University of Minnesota.

Isolation of Tumors from KPC Mice and Tumor Implantation

Six-month-old female KPC mice with palpable tumors were sacrificed, and their pancreatic
tumors were collected. Each tumor was cut into cylindrical pieces with a diameter of 3 mm
and length of 3 mm using a 3-mm punch biopsy instrument. These tumor pieces were then
implanted in the pancreas of wild type C57BL/6J mice using the following operative
technique. Laparotomy was performed on C57BL/6J mice, and the pancreas was identified
(Fig. 1a/). One tumor piece was implanted into the pancreas of each wild type C57BL/6J
mouse using a figure-of-8 stitch with a 7-0 prolene suture (Ethicon, USA) incorporating the
superior and inferior borders of the pancreas thereby creating a pocket of pancreas (Fig. 1a//
and a//l). After tumor implantation, the pancreas was then carefully returned to the
peritoneal cavity, the abdomen was closed with a 4-0 vicryl suture (Ethicon, USA), and the
skin was stapled. This model was termed the STIM.

KPC Tumor-Derived Cell Lines Implantation Model

Cell lines were derived from primary KPC tumors and cultured in Dulbecco’s modified
eagle medium (Hyclone) with 10 % fetal bovine serum (FBS) and 1 % penicillin/
streptomycin.10 For animal experiments, KPC cell lines were trypsinized and resuspended in
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phosphate buffered saline/Matrigel in a 1:1 ratio. C57BL/6J mice were anesthetized,
laparotomy was performed, and 50,000 cells were injected into the tail of the pancreas. The
pancreas was then carefully returned to the peritoneal cavity, the abdomen was closed with a
4-0 vicryl suture (Ethicon, USA), and the skin was stapled. The animals were sacrificed 4
weeks after implantation, and tumor volumes and weights were measured.

Evaluation of Tumor Growth

Mice with implanted tumors were carefully followed and euthanized after 4 and 8 weeks. In
a separate survival experiment, animals were sacrificed when they developed more than

20 % weight loss, anorexia, or failure to thrive. Death was confirmed by absence of
heartbeat on palpation of chest and absence of blink reflex. An autopsy was performed, and
abdominal and thoracic cavities of the mice were examined for presence of metastases and
ascites. Tumors were harvested, and the size and weight of pancreatic tumors were
measured. The tumor tissue was divided into two equal parts, one for histological analysis
and the other for flow cytometry analysis.

Histological Analysis

For immunohistochemistry, tissues were placed in 10 % phosphate buffered formalin and
were transferred to 70 % ethanol 24-72 h later. Subsequently, the tissues were embedded in
paraffin. Four to five micrometer sections were dewaxed and rehydrated according to the
standard histological procedure. Representative sections were stained with hematoxylin and
eosin for light microscopy or with picrosirius red for collagen. Heat-induced antigen
retrieval was performed at pH 6.0 for all antibodies.

For immunohistochemistry, peroxidase activity was blocked using 3 % H,0, (Sigma-
Aldrich). Sections were treated for 15 min with serum free protein blocker (Dako),
incubated overnight with primary antibody against cytokeratin-19 (1:50 dilution, Abcam,
cat. no. 52625), and subsequently incubated with HRP tagged secondary antibody for 1 h.
Color was developed with DAB solution (Vector Labs). Counterstaining was performed
using methyl green, and the slides were dehydrated using graded alcohols and xylene.
Sections were mounted with a Permount mounting medium (Fischer Scientific).

For immunofluorescence staining (IF), primary antibodies against a-SMA (1:500 dilution;
Abcam, cat. no. ab5694), vimentin (1:50 dilution, Cell Signaling Technology, cat. no. 5741),
coronin-1 (1:50 dilution, Bethyl laboratories, cat. no. A300-931A), and Ki-67 (1:100
dilution, Santa Cruz, cat. no. 15402) were used in 1X Sniper (Biocare Medical) followed by
incubation with secondary fluorochrome-tagged antibodies for 1 h. Terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was
performed using a In Situ Cell Death Detection Kit, Fluorescein (Roche, IN, USA)
according to the manufacturer’s instructions. Sections were mounted using a ProLong Gold
Antifade mountant with DAPI (Life Technologies).

All microscopic images were taken using a Leica DM5500B microscope (Leica
Microsystems) at magnification 20x and 40x. Quantification of immunofluorescent staining
was performed using ImageJ software (NIH).
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Immune Cell Isolation and Flow Cytometry

Pancreatic tumors were minced using a sterile scalpel blade in RPMI medium (Hyclone).
Single cell suspensions were generated using a combination of enzymatic digestion (200
U/mL Collagenase 1V, Worthington) and mechanical dissociation. Tumor debris were
removed using 70-pm filters (BD Falcon). Cells from all tissues were fixed using 80 %
ethanol and washed with PBS. Staining was performed using a cocktail of anti-mouse
antibodies against CD45 (clone: 30-F11), CD3 (clone: 145-2C11), CD4 (clone: RM4-5),
CD8 (clone: 53.67), CD11b (clone: M1/70), Gr-1(clone: RB6-8C5).

All the antibodies were purchased from BD Biosciences. Isotype-matched antibodies were
used as negative controls wherever appropriate. Surface marker expression was determined
using multi-color flow cytometry on BD FACS Canto 1l and analyzed using FACS Diva (BD
Biosciences) and FlowJo (Tree Star).

Evaluation of Novel Therapies

Minnelide, a novel anti-cancer drug developed by our group, was used as a model for novel
therapies, and its effect on tumor growth was evaluated using the proposed STIM. For in
vivo studies, mice were observed for 2 weeks after tumor implantation and then randomized
into two groups: Saline and Minnelide. Minnelide was given at 0.42 mg/kg/day by intra-
peritoneal injection (IP) daily.® The mice were euthanized after 4 and 8 weeks of treatment
and autopsy performed. Tumor volumes and weights were compared between the control
and treatment arms.

Statistical Analysis

Results

Values were expressed as mean+SEM. Tumor volume comparisons were analyzed by paired
Student’s ¢test. Kaplan-Meier curve for survival was charted using the Graph Pad Prism
5.02 software. The quantification of immunofluorescent staining of tumors from different
immunocompetent models was analyzed using ANOVA. A pvalue of less than 0.05 was
considered statistically significant.

Pancreatic Tumor Uptake is Uniform and Predictable Disease Progression is Observed

In our model, after implantation of tumor fragments from KPC pancreatic tumors into
C57BL/6J mice, palpable tumors were noted as early as 4 weeks post-implantation.
Pancreatic tumors developed in 100 % of the mice after implantation of tumor fragments.
Measurement of volumes and weights of tumors obtained from the proposed STIM mice that
were sacrificed at 4 and 8 weeks demonstrated a consistent and predictable progression of
disease (Fig. 1b). In the survival experiment, the median survival of mice in our model
(STIM) was 71 days. Most of our STIM mice died within 3 months post-implantation
whereas in the genetically engineered KPC mouse model, there was immense variability in
mortality (range, 2-12 months of life) (Fig. 1c).

Figure 1d demonstrates a representative photograph of a pancreatic tumor that developed in
STIM mice. Liver and peritoneal metastases were frequently observed in mice 2 months
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after implantation and were observed in 60 and 80 % of the STIM mice at the time of death
in the survival experiment (Fig. 1e, f, respectively). Gastric outlet obstruction and splenic
invasion, which are events also observed clinically in pancreatic cancer patients, were
observed in a number of STIM mice during the course of disease progression (Fig. 1g).

Pancreatic and Metastatic Tumor Histology in STIM is Comparable to Genetically
Engineered KPC Mice

Hematoxylin and eosin staining of representative pancreatic tumors obtained from the novel
STIM (Fig. 2a—b) demonstrated adenocarcinoma with high-grade nuclear features, areas of
necrosis, and regions of desmoplasia (arrows, Fig. 2b) similar to that observed in tumors
from KPC mice (Fig. 2c). Cytokeratin-19 (CK19), a ductal epithelial marker which is
expressed in most human pancreatic adenocarcinomas, is expressed in STIM tumors as
demonstrated by immunohistochemistry (Fig. 2d). Hematoxylin and eosin staining of liver
and peritoneal metastases confirmed adenocarcinoma (Fig. 2e, f, respectively).

Flow Cytometry Analysis of Tumor-Infiltrating Immune Cells Reveals a Complex Immune

Response

Four weeks after orthotopic implantation, single cell suspensions were generated from STIM
pancreatic tumors and were analyzed using fluorescence-activated cell sorting (FACS) for
detailed characterization of the intratumoral immune infiltration. Pancreatic tumors from
STIM mice demonstrated leukocytic infiltration (CD45+). Further characterization of the
leukocytic infiltrate demonstrated presence of helper T cells (CD45* CD3* CD4*), cytotoxic
T cells (CD45* CD3* CD8™), myeloid-derived suppressor cells (MDSCs) (CD45* CD3~
Gr-1* CD11b%), and macrophages (CD45" CD3~ Gr-1"CD11b™) in the tumors (Fig. 2g).
This was similar to that observed with genetically engineered KPC mouse model of
pancreatic cancer in previous studies.1!

Comparison of Tumor Stromal Components Between Tumors Developing in STIM,
Genetically Engineered KPC Mouse Model and KPC Tumor-derived Cell Line Implantation
Model of Pancreatic Cancer

The tumor stroma was compared between the tumors that develop in the following three
models of pancreatic cancer: (1) previously described KPC tumor-derived cell line
implantation model of pancreatic cancer; (2) the proposed STIM; and (3) state of the art
genetically engineered KPC mouse model. Immunofluorescent staining for stromal markers
such as collagen, a-SMA (a marker of activated stellate cells or myofibroblasts), and
vimentin (a marker of mesenchymal cells) as well as staining for coronin-1 (a marker of
leukocytes) was performed on and compared between the tumors (/7=3) from each group.
The tumors that develop in our STIM model have collagen, a-SMA, vimentin, and
coronin-1 staining that was equivalent in quantity to that observed in tumors from
genetically engineered KPC mouse model (Figs. 3 and 4). Interestingly, the tumors that
developed in the KPC tumor-derived cell line implantation model had significantly lower
staining for collagen, a-SMA, vimentin, and coronin-1 as compared to tumors from STIM
and genetically engineered KPC mice (p<0.05) (Figs. 3 and 4). This suggests that the tumor
stroma in the cell line implantation model may not recapitulate the conditions observed in
human disease.
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Effect of Minnelide on STIM Tumor Growth

Minnelide is an anti-cancer drug developed by our group at the University of Minnesota and
is currently in phase I clinical trial against gastrointestinal malignancies. Minnelide has been
shown to be effective in both immunocompetent and immunodeficient mouse models of
pancreatic cancer.? The proposed STIM model was used to evaluate the efficacy of
Minnelide. Tumor volumes and tumor weights at both 4 and 8 weeks were significantly
lower in the Minnelide group as compared to saline treated controls (tumor volume (mm3,
mean+SD). 4 weeks: Minnelide 62+19 vs control 1101+347 mm3, 8 weeks. Minnelide
368180 vs control 1985+590 mm3, p<0.05; tumor weight (grams, mean+SD. 4 weeks.
Minnelide 0.27+0.02 vs control 2.27+0.6, 8 weeks. Minnelide 0.62+0.2 vs control
2.95+0.68, p<0.05) (Fig. 5a—d).

TUNEL staining was used as a marker of apoptosis and tumors from Minnelide-treated
STIM mice had a significantly higher number of TUNEL positive cells as compared to
tumors from saline treated STIM mice (Fig. 5e). Moreover, tumors from Minnelide-treated
STIM mice had a paucity of proliferating cells, as evident by significantly lower Ki-67
staining, a marker of cell proliferation (Fig. 5f).

Discussion

In the current study, we have described a novel immunocompetent mouse model of
pancreatic cancer which is easy to establish, has a predictable course of disease, and
recapitulates the microenvironment of genetically engineered mouse models. This model
also demonstrates metastatic spread and tumor-associated mortality. We believe that this
model offers a convenient platform to evaluate novel therapeutics as demonstrated by our
evaluation of Minnelide, a novel water soluble analog of triptolide developed by our group,
which is currently in a phase | clinical trial against gastrointestinal malignancies.®

An ideal tumor model should recapitulate the tumorigenic properties and the immune and
stromal microenvironment of human pancreatic cancer as well as have a predictable course
of disease progression. Recent studies have demonstrated that the tumor progression as well
as response to chemotherapy may be altered by pancreatic tumor stroma and components of
the immune system.12-18 Therapies for pancreatic cancer have classically been evaluated
using immunodeficient models. These models are created by implanting resected tumors
(patient-derived xenografts or PDX)? or injecting human pancreatic cancer-derived cell
lines either subcutaneously or orthotopically in the pancreas of immunodeficient mice
(athymic nude mice and severe combined immunodeficiency (SCID) mice). Although these
immunodeficient mouse models are commonly the first models used to evaluate new
therapies, they do not recapitulate the intricacies of the tumor microenvironment, both the
immune and to a large extent the stromal components. Thus, the results obtained from these
models need to be confirmed in immunocompetent models which recapitulate the tumor
microenvironment more accurately (Table 1).

The shortcomings of the immunodeficient models of pancreatic cancer have been addressed
with the advent of genetically engineered mouse models of pancreatic cancer. The
development of genetically engineered spontaneous models of pancreatic cancer in
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immunocompetent mice has been a major breakthrough in the preclinical modeling of
pancreatic cancer. The genetic landscape of pancreatic cancer is well characterized now.
Human pancreatic cancer is most commonly a consequence of sporadic mutations.29 K-Ras
proto-oncogene is activated in 90 %, and p53 alterations occur in 60-70 % of all pancreatic
cancer patients.3-20 Apart from the KPC mice developed by Hingorani et al.,% a number of
mouse models with a combination of mutant Kras and other targeted mutations such as
Inkda/Arf and MUC1 have been used to study the pathogenesis and progression of
pancreatic cancer.2123 Genetically engineered KPC mice have an overall median survival of
5.5 months and have a chemoresistance profile comparable to that of human pancreatic
cancer. This spontaneous model has complete penetrance i.e., all mice develop pancreatic
tumors and a major proportion of these mice develop metastatic disease.*8 Moreover
previous studies have reported a dynamic evolution of immune response in these mice
during progression of tumors which closely simulates human pancreatic carcinogenesis.11:24
Flow cytometry analysis of pancreatic tumors from KPC mice has demonstrated that
leukocytes constitute a significant proportion of cells within the tumor. This leukocytic
infiltration of tumors is composed of T cells (helper and cytotoxic), macrophages, and
MDSCs.1124 These immune cells play an important role in both the elimination of tumor
(such as cytotoxic T cells) and in maintaining an immunosuppressive microenvironment that
mitigates immune escape of pancreatic tumors (such as MDSCs).11.15

Furthermore, the genetically engineered mouse models of pancreatic cancer recapitulate the
intricate stromal biology of human disease. The characteristic fibrous inflammatory
microenvironment observed in pancreatic cancer has been shown to play an important role in
tumor development, progression, and resistance to chemotherapy.2> The desmoplastic
reaction is driven by a number of growth factors such as transforming growth factor (TGF-
b), epidermal growth factor (EGF), hepatocyte growth factor (HGF), fibroblast growth factor
(FGF), and insulin like growth factors (IGF). The tumor stroma is composed of
myofibroblasts (pancreatic stellate cells), fibroblasts, type | collagen, extracellular matrix
components as well as multiple types of inflammatory cells. This fibrous stroma can
possibly affect response to chemotherapy by producing growth factors that promote the
survival of tumor cells and by impairing drug delivery inside tumors due to increased
interstitial pressure.2> Therefore, the stroma is an integral part of the tumor
microenvironment, and its targeted ablation has been shown to improve drug delivery and
induce tumor shrinkage in murine models of pancreatic cancer.26

Despite all these advantages, the variability in the time to the development of tumors in
genetically engineered mice (range, 47-355 days) limits their utility in preclinical evaluation
of new therapies. Another relevant shortcoming of these models is the difficulty in assessing,
with certainty, the presence or absence of tumors at the beginning of an experiment.
Although this is possible with the help of imaging such as ultrasonography, it is time as well
as labor intensive. Orthotopic and subcutaneous models created by implanting KPC tumor-
derived cell lines in immunocompetent wild type C57BL/6J mice have been utilized to
overcome some of these shortcomings. However, as shown in our studies, these tumors lack
a robust leukocytic infiltration and stromal content as compared to the genetically
engineered models. This could be a possible explanation for the observed differences
between the chemoresistance profiles of tumors from this model and tumors from
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genetically engineered KPC mice.* Moreover, a false rate of metastatic disease may result
from direct spillage of cells into the peritoneal cavity during injection of the cells. We
observed peritoneal metastases in 90 % of mice injected with single suspensions and in 80 %
of STIM mice. However, we observed liver metastases in 60 % and lung metastases in 20 %
of our STIM mice as opposed to 0 % of single cell suspension injected mice during the same
time period. Therefore, the peritoneal metastases observed in the cell line implantation
model could possibly be a result of direct spill-age of cells in the abdominal cavity rather
than true metastases. We believe that this is one of the limitations of the KPC cell line
implantation model.

Although the STIM developed by us is not a spontaneous model, it addresses the
shortcomings of both the genetically engineered models and immunodeficient xenograft
models. The major advantage of the proposed STIM model is that it can be readily
established, and the tumors display a predictable and consistent growth rate in terms of
tumor volumes and weights. All the mice in our study developed palpable pancreatic tumors
by 4 weeks after implantation. This is in stark contrast to the genetically engineered KPC
model, in which tumor development can occur anytime between 2 and 12 months of life.8
Furthermore, we observe liver and peritoneal metastases in the majority of mice in our STIM
model at 8 weeks post-implantation which confirms that our model retains the metastatic
properties of pancreatic tumors. The histological examination of the tumors that develop in
our STIM model demonstrated adenocarcinoma with high-grade nuclear features, regions of
desmoplasia, and necrosis. Moreover, these tumors stained positively for cytokeratin-19, a
marker expressed by most human pancreatic ductal adenocarcinoma. We compared the
tumor microenvironment between the tumors from three separate models: (1) A previously
described orthotopic model generated by implantation of KPC tumor-derived cell lines in the
pancreas of immunocompetent wild type C57BL/6J mice, (2) the proposed STIM model,
and (3) genetically engineered KPC mice. We observed significantly lower stromal content
(collagen, a-SMA and vimentin) and immune infiltration in the tumors that developed in the
KPC cell line implantation model as compared to both our STIM model and the genetically
engineered KPC model. More importantly, STIM tumors at 8 weeks post-implantation had a
significant amount of stromal content and immune infiltration which was comparable to that
observed in tumors from genetically engineered KPC mice. A possible reason for the
inadequate stroma in the cell line implantation is the fact that it accounts for only the
epithelial component of pancreatic cancer. In our STIM model, we overcome this limitation
by implanting a tumor piece containing both the epithelial as well as the stromal components
of pancreatic cancer. We believe that preservation of the tumor epithelial and stromal
components in the implanted tumor fragment results in development of robust stroma in the
tumors from STIM mice which is comparable to the stroma observed in genetically
engineered KPC model. This further highlights the utility of our model, which not only is
quickly established and has a predictable course of disease progression but also retains the
properties of genetically engineered KPC tumors.

Using immunofluorescent staining, we observed dense infiltration of the tumor and peri-
tumoral regions with leukocytes in tumors from our STIM model. Moreover, flow cytometry
analysis of freshly harvested pancreatic tumors from STIM mice at 4 weeks post-
implantation revealed that over half of the cells in the tumors were leukocytes. Further
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gating on these leukocytes revealed populations of CD4" helper T cells, CD8* cytotoxic T
cells, macrophages, and MDSCs. The immune microenvironment of tumors in our STIM
mice closely resembles that found in genetically engineered models such as KPC.11:24

Triptolide, a diterpene triepoxide, is derived from the Chinese herb 7rypterygium wilfordii
and has been shown to downregulate heat shock genes2’:28 and induce apoptotic cell death
in pancreatic cancer lines.92930 |t has been shown to be efficacious against a number of
other malignancies as well.31-37 Minnelide, the water soluble prodrug of triptolide, has been
shown to induce tumor regression in a number of murine models of pancreatic cancer
without causing any overt signs of toxicity® and is currently in phase I clinical trial against
advanced gastrointestinal malignancies. We therefore evaluated the efficacy of Minnelide
using our novel immunocompetent mouse model. We observed significantly lower tumor
volumes and weights in STIM mice treated with Minnelide as compared to saline after 4 and
8 weeks of treatment (p<0.05). This further highlights the utility of our model in assessing
efficacy of new therapies.

A limitation of our model is that the tumor development does not proceed through the pre-
invasive stages (PanINs), and thus, our model cannot be used for studying pancreatic
carcinogenesis and pre-invasive pancreatic disease. However, our model can be used to study
loco-regional as well as metastatic progression of pancreatic tumors in an immunocompetent
background accompanied by tumor desmoplasia. Hence, the effect of chemotherapy on
tumor stromal components can also be evaluated using the STIM model. Another limitation
is that the number of cancer cells as well the stromal cells in each tumor piece were not
measured before implantation. However, we believe even though the exact number of cells
was not controlled for in each equal-sized tumor piece, this contributes to the heterogeneity
of the tumors that develop in the STIM mice which recreates the clinical scenario of
heterogeneous pancreatic tumors in different patients. Moreover, although the number of
cancer cells were not measured in each equal sized tumor fragment, the tumors still grew at
very similar rates as evidenced by the low variability observed in the tumor volumes and
weights at 4 and 8 weeks post-implantation.

Additionally, our model can be utilized to generate mice bearing tumors with different
mutations. Tumors from syngeneic genetically engineered mice such as Pdx1-Cre; K-
rasG12D; Inkda/Arf 10¥/10X and Pdx1-Cre; K-rasG12D; SMAD4 19¥/10X can be used to
generate STIM mice bearing tumors harboring different combinations of mutations which
can be utilized for testing tumor genotype specific efficacy of novel chemotherapeutic drugs.

Conclusion

In summary, we have developed a reproducible and predictable orthotopic model of
pancreatic cancer which retains all the tumor properties as well as the stroma-immune
microenvironment of spontaneous genetic models. The histology and pattern of disease
progression in our STIM mice resembles human pancreatic cancer. Additionally, our model
has consistent tumor development and predictable progression that could be of great
advantage in translational studies. The Syngeneic Tumor Implantation Model (ST1M) could
be a valuable preclinical tool for evaluation of new therapies.
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Fig. 1.
a Operative technique for implantation of fragments of pancreatic tumors from KPC (LSL-

Kras G12d/+; LSL-Trp53R172H/+; Pdx1-Cre) mice to create the Syngeneic Tumor
Implantation Model (STIM), b STIM tumors demonstrate consistent growth in terms of
tumor volumes at 4 and 8 weeks after implantation. ¢ Survival analysis demonstrates that
most of the STIM mice died of pancreatic cancer within 3 months post-implantation whereas
in genetically engineered KPC mice, there was immense variability in mortality (57-335
days of life). d Representative picture of pancreatic tumors (number sigri) and associated
peritoneal metastases (arrowhead) that develop at 8 weeks post-implantation. 8 weeks after
implantation, e liver metastases (arrowheads) f peritoneal and mesenteric metastases as well
as g gastric outlet obstruction (arrowhead) and splenic involvement (asterisk) are observed
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Fig. 2.
Histology of pancreatic tumors from the Syngeneic Tumor Implantation Model (STIM)

confirms adenocarcinoma with a formation of glands and b regions of desmoplasia
(arrowhead). The histology is comparable to that observed in ¢ tumors from genetically
engineered KPC mice. Immunohistochemistry demonstrates that pancreatic tumors from
STIM mice stain for d cytokeratin-19/CK-19, a ductal epithelial marker (CK-19 in brown,
methyl green counterstain, 40x). Hematoxylin and eosin staining of liver (€) and peritoneal
metastases (f) from STIM mice confirms adenocarcinoma. STIM tumors are infiltrated with
g distinct immune cell populations of CD4 helper T cells, CD8 cytotoxic T cell,
macrophages, and myeloid-derived suppressor cells (MDSCs)
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Fig. 3.

Regpresentative pictures of picrosirius red staining for stromal collagen in tumors from a
KPC tumor-derived cell lines orthotopically implanted in pancreas of immunocompetent
wild type C57BL/6J mice, b STIM (Syngeneic Tumor Implantation Model) and ¢
genetically engineered KPC model. d Quantification of stromal collagen content in tumors
from KPC cell lines implantation model, STIM, and genetically engineered KPC model
(m,=3 in each group). Representative pictures of immunofluorescent staining for vimentin in
tumors from e KPC tumor-derived cell lines orthotopically implanted in pancreas of
immunocompetent wild type C57BL/6J mice, f STIM (Syngeneic Tumor Implantation
Model) and g genetically engineered KPC model. h Quantification of vimentin content in
tumors from KPC cell lines implantation model, STIM and genetically engineered KPC
model (7=3 in each group). (*p<0.05, as compared to KPC cell lines implantation model)
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Fig. 4.

Regpresentative pictures of immunofluorescent staining for a-SMA in tumors from a KPC
tumor-derived cell lines orthotopically implanted in pancreas of immunocompetent wild
type C57BL/6J mice, b STIM (Syngeneic Tumor Implantation Model) and ¢ genetically
engineered KPC model. d Quantification of a-SMA content in tumors from KPC cell lines
implantation model, STIM and genetically engineered KPC model (/=3 in each group).
Representative pictures of immunofluorescent staining for coronin-1 in tumors from e KPC
tumor-derived cell lines orthotopically implanted in pancreas of immunocompetent wild
type C57BL/6J mice, f STIM (Syngeneic Tumor Implantation Model) and g genetically
engineered KPC model. h Quantification of coronin-1 in tumors from KPC cell lines
implantation model, STIM and genetically engineered KPC model (/=3 in each group).
(*p<0.05, as compared to KPC cell lines implantation model)
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Fig. 5.

E\?aluation of the efficacy of a novel chemotherapeutic drug, Minnelide, using STIM
(Syngeneic Tumor Implantation Model) mice. Minnelide treatment results in significantly
lower a tumor volumes and b tumor weights after 4 weeks of treatment as well as after 8
weeks c—d of treatment as compared to the saline treated group. (*p<0.05 as compared to
saline treatment). Tumors from Minnelide treated STIM mice had e a significantly higher
number of TUNEL positive cells as compared to tumors from saline treated STIM mice.
Tumors from Minnelide treated STIM mice had f a paucity of proliferating cells, as evident
by significantly lower Ki-67 staining
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