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Abstract

Pancreatic ductal adenocarcinoma (PDAC) ranks fourth among cancer-related deaths in the United
States and for patients with unresectable disease, treatment options are currently limited and lack
curative potential. Preclinical mouse models of PDAC that recapitulate the biology of human
pancreatic cancer offer an opportunity for the rational development of novel treatment approaches
that may improve patient outcomes. With the recent success of immunotherapy for subsets of
patients with solid malignancies, interest is mounting regarding how to utilize immunotherapy for
the treatment of PDAC. Here, we discuss the value of genetic mouse models for informing the
immunobiology of PDAC and describe their application for investigating novel
immunotherapeutics. In addition, we present several variants of these models, which may be used
in drug development and to inform unique aspects of disease biology and therapeutic
responsiveness.
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Introduction

Immunotherapy has recently demonstrated significant benefit for the treatment of some
patients with advanced cancer. Most notably, immune checkpoint inhibitors that target
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) (Hodi et al., 2010; Postow et al.,
2015; Schadendorf et al., 2015) and the programmed cell death protein 1 pathway
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(PD-1/PD-L1) (Ansell et al., 2015; Garon et al., 2015; Le et al., 2015a; Motzer et al., 2015;
Robert et al., 2015a; Robert et al., 2015b; Topalian et al., 2012, Lesokhin et al., 2015) have
produced major tumor regressions leading to durable long-term responses in a subset of
patients. For example, in metastatic melanoma approximately 20% of patients respond to
therapeutic blockade of CTLA-4 with remissions lasting >5 years (Schadendorf et al., 2015).
However, while these responses to immunotherapy can be robust and durable leading to
improved overall survival, not all patients respond, and responses are often transient (Beatty
and Gladney, 2015). For example, in non-small cell lung cancer the response rate with anti-
PD-1 blockade with nivolumab was approximately 19% with a 12.5 month median duration
of response (Garon et al., 2015). Similarly, in advanced renal cell carcinoma, the response
rate to nivolumab was 25% with a median progression-free survival of 4.6 months (Motzer
et al., 2015). This immune resistance that is seen to immunotherapy is especially evident in
pancreatic ductal adenocarcinoma (PDAC) in which immunotherapies have not yet reliably
produced clinical benefit (Brahmer et al., 2012; Royal et al., 2010), despite promising
findings demonstrating the potential of the immune system to be harnessed in this disease
(Le etal., 2013; Le et al., 2015b). The biology that underlies the poor responsiveness of
PDAC and other malignancies to immunotherapy remains ill-defined. As a result, studying
immune resistance mechanisms exploited by cancer will be critical to effectively designing
and implementing immune-targeted strategies capable of impacting the natural history of
this almost uniformly lethal disease.

Prior to the development of genetically engineered mouse models (GEMMs) of PDAC,
tumor transplantation models were the primary mechanism for investigating the capacity of
immunotherapy to impact tumor growth 7 vivo. Transplantation models utilize human or
mouse pancreatic cancer cells that are implanted into recipient mice. For example, in a
xenograft model system, human pancreatic tumor cell lines derived from patients are
implanted into mice via subcutaneous, intravenous, peritoneal, or orthotopic injection (Ding
et al., 2010; Singh et al., 2010). This approach offers the opportunity to investigate the
biology of human PDAC cells /n vivo and to assess the responsiveness of PDAC, in this
setting, to cytotoxic therapies. However, in order to avoid immune rejection of transplanted
human tumor cells due to species mismatch, xenograft models utilize immunodeficient mice.
Thus, a major drawback of this model is the lack of a competent immune system which
limits its value in the investigation of immunotherapeutics. Moreover, tumor cells used in
these xenograft models have often been passaged extensively in vitro thereby limiting tumor
cell clonal heterogeneity and thus, potential biological relevance. While recent advances
with patient-derived xenograft tumor models (Hidalgo et al., 2014) and humanized mice
(Rongvaux et al., 2014) can be used to preserve many features of tumor heterogeneity and to
introduce human leukocyte populations, respectively, these models are also challenging
logistically and can be costly to develop which together has limited their broad application
within the research community. A mainstay in the study of cancer immunology has been the
use of murine-derived cancer cell lines implanted into syngeneic mice. This model system,
unlike xenograft models, allows for investigations to be conducted in an immunocompetent
host and therefore, can be informative of immune mechanisms of anti-tumor immunity and
immune resistance. However, most transplantation models do not effectively model tumor
development and the induction of immune tolerance that occurs in patients. In fact, mere
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implantation of tumor cells, often passaged extensively in vitro, can induce a “vaccine
effect” leading to immune activation and alterations of the tumor microenvironment that
may not be characteristic of human disease (Beatty and Paterson, 2000). For example, tumor
cells commonly grow more slowly when implanted into immune competent mice compared
to immunodeficient mice (Gubin et al., 2014). This finding also reflects the capacity of
cancer cells to adapt to immune pressure, a process termed immunoediting, in which cancer
clones that acquire the capacity to evade immune elimination emerge and dominate tumor
outgrowth (Schreiber et al., 2011). For these reasons and as described below, genetically
engineered mice that spontaneously develop PDAC are particularly appealing for
immunotherapeutic drug discovery given that tumors arise in the context of a competent and
fully intact immune system. However, these models also present with significant challenges
in terms of their use and maintenance as well as with interpretation of findings given the
stochastic and heterogeneous nature of tumors that arise spontaneously (Beatty et al., 2011;
Hingorani et al., 2005; Olive and Tuveson, 2006). Here, we report on the use of genetic
mouse models of PDAC and variants of these models that can be used to strategically study
and advance the development of immunotherapeutic drugs.

mouse models of PDAC

Analyses of tumor samples collected from patients have revealed that the genomic landscape
of PDAC is complex, marked by high chromosomal instability and frequent alterations in a
select group of genes including KRAS, TP53, SMAD4, CDKNZA, and ARID1A, with
relatively few somatic coding mutations (Waddell et al., 2015). Based on this knowledge,
multiple mouse models of PDAC have been developed and we refer the reader to several
recent reviews that discuss in detail the development of these models which incorporate
alterations in proto-oncogenes (e.g., KRAS) and tumor suppressor genes (e.g., 7P53,
SMAD4, and CDKNZA) that targeted specifically to the mouse pancreas (Perez-Mancera et
al., 2012; Westphalen and Olive, 2012). Two of the most commonly mutated genes in PDAC
are the KRAS proto-oncogene and the 7P53 tumor suppressor gene (Biankin et al., 2012;
Hruban et al., 2001; Jones et al., 2008; Waddell et al., 2015). KRAS mutations are observed
in 80-90% of all human PDACs with mutations in 7P53 detected in 50-75% of PDACs. As
a result, one of the most studied genetically engineered mouse models of PDAC incorporates
mutations in Krasand Trp53that are targeted specifically to the mouse pancreas using Cre-
Lox technology (Hingorani et al., 2005). Here, we focus on the LSL-KrasG12P/* [ Sl -
Trp53R172H/% poix-1-Cre (KPC) mouse model of PDAC as a platform for investigating
immunotherapy because (i) it reproduces many of the key features of the immune
microenvironment observed in human PDAC including a robust inflammatory reaction and
exclusion of effector T cells, (ii) it is the most extensively studied genetic model of PDAC
for evaluation of immunotherapy, and (iii) it has reproduced clinical observations seen in
PDAC patients treated with several immune oncology drugs including CD40 agonists and
anti-PDL1 antibodies (Beatty et al., 2011; Beatty et al., 2015; Feig et al., 2013; Keenan et
al., 2014; Stromnes et al., 2015). However, the approaches that we describe for studying
immunotherapy and the immunobiology of PDAC may also be applied to other PDAC
models. For discussion on additional genetically engineered mouse models of PDAC, we
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direct readers to recent reviews on this topic (Colvin and Scarlett, 2014; DeCant et al.,
2014).

The KPC mouse model of PDAC was first described in 2005 and incorporates, through Cre-
Lox technology, the conditional activation of mutant endogenous alleles of the Krasand
Trp53 genes (Hingorani et al., 2005). Specifically, an activating point mutation (G12D) in
Kras and a dominant negative mutation in 77p53 (R172H) are conditionally activated in the
mouse pancreas by breeding LSL-KrasG12D/* | SI - Trp537172H/* mice to Pdx-1-Cre mice
that express Cre recombinase under the expression of the pancreas-specific Pdx-1 promoter.
Cre-mediated recombination acts to excise the /oxP-flanked stop codon (LSL), an event that
occurs only in cells expressing Cre, thereby leading to conditional expression of mutant Kras
and Trp53 genes specifically in the mouse pancreas.

The routine breeding of KPC mice requires first crossing LSL-KrasG2P0/*(K/+) mice with
LSL-Tro53R172H/4(P[+) mice to generate LSL-KrasG120/*; | SI - Trp53R172H*(K/[+P/+) mice
(Fig. 1A). K/+P/+ mice are then crossed with P/+ mice to generate KrasG220/*: [ SI -
Tp53R172H/R172H(K [+P/P) mice. While both K/+P/+ and K/+P/P male mice can be used to
cross with homozygous Pax-1-Cre female mice to generate KPC mice, the efficiency of this
cross with K/+P/P mice is increased by 2-fold and therefore, is the preferred breeding
strategy (Fig. 1A). However, the maintenance of K/+P/P mice can be challenging given their
shortened lifespan (range 10-20 weeks of age) and propensity to develop tumors (e.g.
lymphoma) due to homozygous inactivation of the 7rp53gene.

The original KPC model was produced on a mixed genetic background (129Sv and
C57BL/6) (Hingorani et al., 2005). Each of the three strains of mice (i.e. K/+, P/+, and
Pdx-1-Cre mice) are commercially available on this mixed background from Jackson
Laboratories (LSL-Kras®12P, stock No: 008179; LSL-Trp53R172H stock No: 008652; Pdx-1
Cre, stock No: 014647) and NCI Mouse Repository (LSL-Kras®12D, strain No: 01XJ6; LSL-
Trp53R172H strain No: 01XAF; Pdx-1 Cre, strain No: 01XL5). In our laboratory, all three
strains of mice have been backcrossed to the C57BL/6J genetic background for at least 10
generations. In doing so, we have not observed any compromise in tumor penetrance,
kinetics of disease onset, or the phenotype of lesions that emerge, such as their propensity to
metastasize. Moreover, a pure genetic background allows the opportunity to conduct
adoptive cell transfer studies (i.e. the transfer of cells from one mouse to another, including
the transfer of cells that have been altered or engineered with novel properties) (Rosenberg
et al., 2008). Recently, Stromnes et al. investigated the adoptive transfer of T cells as a novel
immunotherapeutic approach for the treatment of PDAC in KPC mice (Stromnes et al.,
2015). These types of studies are fundamental to the investigation of immune mechanisms of
action and for evaluation of novel therapies, such as engineered T cells.

The KPC model has significant advantages over previously described xenograft and
implantation models of PDAC for the following reasons. First, the KPC model recapitulates
many of the salient clinical (e.g. ascites development, bowel and biliary obstruction, and
cachexia) and histopathological features (e.g. cellular morphology, poor vascularity, fibrosis,
and metastatic spread) of human disease (Beatty et al., 2011; Feig et al., 2013; Hingorani et
al., 2005; Jacobetz et al., 2013; Olive et al., 2009; Provenzano et al., 2012). Second, KPC
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mice are immunocompetent and provide a useful platform for studying interactions between
the immune system and tumor cells. In particular, the tumor microenvironment in the KPC
model demonstrates a striking inflammatory infiltrate with a scarcity of effector T cells
(Bayne et al., 2012; Beatty et al., 2011; Beatty et al., 2015; Keenan et al., 2014). This
immunobiology seen in tumors of KPC mice mirrors observations in human PDAC and thus,
offers an opportunity to understand mechanisms driving inflammatory cell recruitment/
biology and T cell exclusion. Third, in contrast to xenograftand syngeneic transplantation
models of PDAC, tumors arise spontaneously with development of defined histopathologic
stages of progression that mirror human disease (Hingorani et al., 2003; Hingorani et al.,
2005; Hruban et al., 2001). Lastly, low passage tumor cell lines can be easily derived from
tumor-bearing KPC mice for use in /n vitroand in vivo studies that can inform preclinical
drug development (Bayne et al., 2012; Beatty et al., 2015; Feig et al., 2013; Olive et al.,
2009).

KPC mice display disease progression that closely resembles human disease (Fig. 1B). The
pancreas of newly born KPC mice is normal and devoid of neoplastic cells (Fig. 1C).
However, by 8 to 10 weeks of age, KPC mice harbor precursor lesions, or pancreatic
intraepithelial neoplasia (PanIN), within the pancreas (Fig. 1C). At this early stage of PDAC
development, a strong inflammatory response marked by infiltration of F4/80* cells can be
seen which persists from disease conception through invasion and metastasis (Fig. 1D). In
addition, during PanIN progression, single pancreatic cells can be seen to have undergone an
epithelial-to-mesenchymal transition in which cells lose epithelial markers such as E-
cadherin; upregulate mesenchymal markers such as Zeb1 and Fsp1; and become more
spindle- and fibroblast-like in their morphology. With this transition, pancreatic cells can
also undergo hematogenous dissemination with rare single pancreatic cell detection in the
liver (Rhim et al., 2012). This process is promoted by the inflammatory reaction associated
with the disease (Rhim et al., 2012). However, the precise mechanism(s) by which
inflammatory cells regulate pancreatic cancer metastasis remain ill-defined. Nonetheless,
similar findings occur in patients with pancreatic cystic lesions in the absence of an obvious
clinical diagnosis of cancer (Rhim et al., 2014). Together, these findings suggest that
hematogenous dissemination of malignant cells in PDAC may occur early during disease
progression and potentially explain the high relapse rate seen in patients undergoing surgical
resection with curative intent (Barugola et al., 2009; Mann et al., 2006; Siegel et al., 2015).

By 16 weeks of age, most KPC mice have developed locally invasive PDAC that is
accompanied by a dense desmoplastic reaction. At this time point, the majority of mice show
evidence of tumor development and biliary obstruction as detected by abdominal
ultrasonography. With disease progression, mice can also develop cachexia, jaundice, weight
loss, and malignant ascites due to peritoneal spread of disease. In addition, PDAC tumors
that arise spontaneously in KPC mice can metastasize to multiple organs including the liver,
lymph nodes, lung, diaphragm, and adrenal glands (Fig. 1C) (Hingorani et al., 2005). This
proclivity of PDAC to metastasize and the anatomic distribution of metastases seen in the
KPC model mirrors tumor dissemination in human PDAC and therefore, offers a valuable
opportunity to investigate PDAC metastasis.
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Genetic variants of the KPC model have also been developed to study malignant cell
invasion and metastasis in PDAC. These models show a similar disease phenotype including
the kinetics of disease onset but incorporate lineage tracing markers such as yellow
fluorescent protein (YFP). For example, by including a LSL-Rosa26-YFP transgene into the
KPC model to generate KPCY mice, cells of the pancreata (both benign and malignant) can
be monitored due to YFP expression (Rhim et al., 2012). With this approach, circulating
YFP* pancreatic cells have been detected in the circulation of KPCY mice beginning early
during PDAC development and their frequency increases with disease progression as well as
inflammation. A variant of this strategy has also been developed to enable a multicolor
lineage-tracing system to monitor the clonality of metastatic lesions (Maddipati and Stanger,
2015). This approach uses a “Confetti” lineage-labeling system, in which Cre-mediated
recombination produces stochastic expression of one of four fluorescent proteins in a cell.
Findings from these mice, termed “KPCX?”, have suggested that PDAC metastases may be
polyclonal and support a role for clonal diversity in the evolution of metastatic disease. This
observation has profound implications regarding the potential intra- and inter-lesional clonal
heterogeneity of PDAC lesions. For example, in KPC mice, individual PDAC lesions almost
invariably demonstrate a non-uniform distribution of leukocytes such that some regions of a
tumor may show an increased presence of leukocyte populations whereas other areas may be
completely devoid of cellular subsets (e.g. eosinophils). Similarly, tumor cell morphology
and fibrosis deposition can vary significantly across individual lesions (i.e. intra-lesional
heterogeneity). This variability can also be seen between lesions (i.e. inter-lesional
heterogeneity) even within the same host (Hingorani et al., 2005). While the therapeutic
implications of this heterogeneity remains ill-defined in PDAC, it may explain the variability
of treatment responses observed with some therapeutics such as chemotherapy in
combination with a CD40 agonist (Beatty et al., 2013).

Another variant of the KPC model is the KC model which incorporates only an activating
point mutation (G12D) in Krasthat is conditionally expressed in the pancreas due to Cre
recombinase expression driven by the pancreas-specific Pdx-1 promoter (Hingorani et al.,
2003). In KC mice, the full spectrum of disease from PanIN to invasive PDAC can be seen
although disease progression is slower with only a subset of mice showing progression to
invasive and metastatic cancer by 1 year of age (Hingorani et al., 2003). Nonetheless, these
mice have been particularly useful for evaluating the development of precursor PanIN
lesions and strategies to delay progression to invasive PDAC. From these studies,
components of the immune system, including 1L-6, STAT3 and myeloid cells, have been
identified as critical determinates for driving PanIN to PDAC progression (Fukuda et al.,
2011; Lesina et al., 2011; Liou et al., 2015).

Immunobiology of human and mouse PDAC

Genetically engineered mouse models of PDAC provide an opportunity to investigate cross-
talk between the immune system and neoplastic cells from disease conception through
invasion and metastasis. These models can also be used to investigate the impact of
immunotherapy at multiple stages of disease pathogenesis with the intent to (i) prevent
disease occurrence, (ii) delay the progression of precursor lesions to invasive cancer, and
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(iii) treatlocal and metastatic disease. However, the value of these models in this setting is
predicated on their capacity to reproduce immunobiology observed in human disease.

The immunobiology of human PDAC has mainly been studied using primary pancreatic
tissue obtained at the time of surgery from patients presenting with surgically resectable
disease (Chang et al., 2011; De Monte et al., 2011; Fukunaga et al., 2004; Ino et al., 2013;
Lutz et al., 2014). Thus, analysis of the immune microenvironment has largely been
restricted to a small subset (approximately 20%) of patients that are diagnosed with PDAC.
From these studies, the immune microenvironment of PDAC has been found to be complex
with multiple leukocyte populations present including macrophages, neutrophils,
eosinophils, and mast cells. The degree of recruitment of these cell types can also vary
significantly between tumors. Lymphocytes, including B and T cells, can also be found
within some PDAC lesions although their presence is often confined to the tumor margin
and sometimes limited to clustering rather than diffuse infiltration. This general exclusion of
T cells from the bulk of the tumor tissue is consistent with the premise that PDAC is a
poorly immunogenic tumor capable of establishing a site of immune privilege (Beatty et al.,
2015). This contrasts tumors commonly classified as “immunogenic”, such as melanoma
and renal cell carcinoma, where effector T cell infiltration of tumor tissue is more frequently
observed.

Because developing tumors in KPC mice have a propensity to metastasize, KPC mice can be
used to investigate the immunobiology of primary and metastatic lesions. In contrast,
obtaining sufficient material to investigate leukocyte recruitment and biology in primary and
metastatic lesions from patients with surgically unresectable PDAC has been difficult due to
poor anatomic accessibility of lesions and the limited material that can be obtained from a
core biopsy. As a result, there is a lack of understanding of the immunobiology of PDAC and
the degree of heterogeneity that may exist between lesions even in the same patient. These
studies, though, can be more readily performed in genetic mouse models of PDAC.

PDAC lesions arising spontaneously in the KPC mouse model reproduce the leukocyte
complexity that has been observed in human PDAC (Bayne et al., 2012; Beatty et al., 2011,
Beatty et al., 2015; Feig et al., 2013). Similar to human disease, primary PDAC lesions in
KPC mice are marked by a strong infiltration of F4/80*macrophages (Fig. 2A and C).
Myeloid cells can be found in close proximity to PDAC cells. Their phenotype, though, is
dependent on their surrounding microenvironment such that many cellular subsets are likely
to be present within tumors despite the common tendency in the literature to describe these
cells based on a few surface markers (e.g. CD11b, F4/80, Gr-1, MHC II, CD206, CD163)
and presence or absence of molecules (e.g. INOS and Argl) that are associated with findings
observed primarily in /n vitro culture conditions (e.g. M1 versus M2 macrophages (Murray
etal., 2014)). In general, it is thought that myeloid cells associated with PDAC, similar to
other solid malignancies, act to enhance tumor growth and metastasis by promoting tumor
cell migration and invasion into local tissues (Liou et al., 2015).

In contrast to the strong recruitment of myeloid cells to tumors, T cell infiltrates are usually
observed in significantly lower frequencies (Fig. 2A and C) with few effector T cells capable
of recognizing and eliminating tumor cells. Of the T cell subsets found, Foxp3*regulatory T
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cells (Tregs) are most prevalent and seen commonly infiltrating precursor PanIN lesions
(Keenan et al., 2014). In addition, IL-17 secreting CD4* T cells and v8T cells (Rei et al.,
2015) have been identified in the desmoplastic reaction that surrounds PanIN lesions
(McAllister et al., 2014). Together, these T cell subsets have been implicated as key
promoters of PanIN initiation and progression to PDAC due to their capacity to be
immunosuppressive and provide growth factors (e.g. IL-17) for PanIN development. For
example, Tregs are well-recognized for their capacity to suppress tumor-specific T cell
immunity by releasing immunosuppressive cytokines (e.g. IL-10 and TGF-) that impede
effector T cell activity (Josefowicz et al., 2012; Roychoudhuri et al., 2015). Moreover,
inhibiting the activity of IL-17 producing cells using IL-17 antagonists and depleting Tregs
in combination with a vaccine have shown efficacy in genetic models of PDAC (Keenan et
al., 2014; McAllister et al., 2014). Together, these findings provide a strong rationale for the
development and translation of therapies aimed at redirecting the immune response to
PDAC, and have provided key insights into a role for the natural immune reaction to PDAC
in promoting rather than inhibiting disease progression.

In our investigation of metastatic liver lesions detected in KPC mice, we have found that the
leukocyte composition of metastases is similar to the primary tumor and marked by an
abundance of F4/80* macrophages and few effector T cells (Fig. 2B and D). This finding is
consistent with recent reports suggesting that primary and metastatic lesions in human
PDAC appear histologically similar (Whatcott et al., 2015). In our studies, we have also
found that the capacity of PDAC to exclude T cells appears to be cell intrinsic as T cell
exclusion is observed in tumors arising from KPC-derived tumor cell lines (i) implanted
subcutaneously (Fig. 3A and D), (ii) injected orthotopically into the pancreas (Fig. 3B and
E), and (iii) injected intrasplenically as a model of liver metastasis(Fig. 3C and F). Thus, the
capacity of PDAC to establish a site of immune privilege (Beatty et al., 2015) may be, at
least in part, cancer cell intrinsic and maintained even during metastasis. This phenomenon
of immune privilege (i.e. the capacity to exclude T cells and/or evade immune elimination)
can also be seen in many other malignancies such as colorectal cancer (Galon et al., 2006)
and ovarian cancer (Zhang et al., 2003). Several mechanisms have been proposed to explain
the lack of T cell infiltration into solid malignancies including insufficient T cell priming,
lack of strong immunogenic antigens capable of being recognized by effector T cells,
recruitment of regulatory cell populations (e.g. Tregs and myeloid suppressor cells), and
alterations in tumor vasculature that prevent T cell extravasation into tissues (Joyce and
Fearon, 2015). Understanding these mechanisms has significant translational implications.

Immuno-oncology discovery using genetic models of PDAC

KPC mice can be used in a variety of experimental conditions to investigate the
immunobiology of PDAC. For example, to study the evolution of immune responses during
PDAC progression, mice can be evaluated at 4-6 (early PanIN), 8-10 (late PanIN), and 16—
20 (PDAC and metastases) weeks of age. The most common method for monitoring tumor
development in KPC mice involves the use of ultrasonography, which is both cost-effective
and non-invasive (Olive and Tuveson, 2006). Ultrasonography provides a high resolution
view of the entire abdominal cavity with the ability to quantify tumor volumes. This
approach can be used to evaluate approximately 4-6 KPC mice per hour. However, when
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applied to a large mouse colony, this strategy may become time consuming and require
dedicated facilities. As a result, alternative approaches may be necessary for individual
laboratories seeking to incorporate this model into their studies. For this reason, it is often
common practice to screen mice weekly by monitoring their weight and palpating their
abdomen to detect the presence of a tumor prior to ultrasound analysis. As tumors do not
typically become apparent by ultrasonography until approximately 12—-14 weeks of age,
screening is also usually initiated at this time.

The use of KPC mice in studies is approached in a similar manner as a clinical trial. This is
because of (i) the stochastic nature of PDAC development in KPC mice, (ii) the complicated
breeding strategy that is unlikely to produce sufficient numbers of mice to fill all
experimental groups at the time of initiating an experiment and (iii) the need to incorporate
specific eligibility criteria for mice to be enrolled in a study. For these reasons, KPC mice
are enrolled into studies on a rolling basis. At the onset of a study, eligibility criteria should
be defined for the study and mice should be block randomized into experimental groups to
prevent bias. An example of eligibility criteria used in studies of KPC mice with advanced
PDAC includes ultrasound evidence of a tumor measuring 50-150 mm?3 and age greater than
10 weeks. Mice are excluded from enrollment if they demonstrate significant co-morbidities
including greater than 10% weight loss, weakness, or evidence of a non-pancreatic tumor
such as lymphoma, sarcoma, or hepatocellular carcinoma. In addition to defining eligibility
criteria, end-of-study criteria should also be determined. For example, treatment studies can
be conducted that assess response rate and/or survival. Window studies assessing the impact
on tumor progression evaluated at 1 or 2 time points after treatment may be necessary if
therapy cannot be repeatedly administered. In contrast, survival studies that simplify the
need for serial imaging analysis can also be used and should incorporate specific endpoints
and censoring criteria. For example, a KPC mouse may develop a sarcoma or lymphoma
during the course of treatment requiring euthanasia for reasons other than pancreatic tumor
progression. In addition, IACUC guidelines define clear criteria for euthanasia, which is
important to consider in the study design. Finally, similar to a clinical trial, the impact of a
treatment can be evaluated in KPC mice by repeated peripheral blood analysis and serum
collection. This offers the opportunity to identify potential pharmacodynamic markers that
may inform treatment efficacy, mechanism of action, and potential clinically-useful
biomarkers. For example, Faca et al used a genetic mouse model of PDAC to conduct a
mouse to human search of plasma proteins associated with pancreatic tumor development
(Faca et al., 2008). Similarly, Melo et al. used a genetic mouse model of PDAC to validate
the potential utility of tumor-derived exosomes (i.e. extracellular vesicles released by tumor
cells that contain tumor biomaterial) as a non-invasive diagnostic and screening tool in
PDAC (Melo et al., 2015). In addition to blood-derived samples used in these two studies,
tissues can also be collected from mice. These tissues can either be analyzed in real-time or
the tissue, cells, RNA, and DNA can be preserved using standard measures for subsequent
analysis.

Characterization of the immune microenvironment of tumors in mice has historically
involved flow cytometry to detect lymphocytes (e.g. CD19* B cells and CD3* T cells
including CD4*, CD8* and Foxp3* T cell subsets) and myeloid cells (e.g. F4/80*

macrophages and CD11b* Gr-1*granulocytes and immature myeloid cells). With the

Curr Protoc Pharmacol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 10

capacity to now conduct multi-color flow cytometry, a detailed characterization of the
phenotype of these leukocyte populations (i.e. surface molecule expression, signaling
pathway activation, and cytokine production) is feasible. However, this approach can
sometimes be misleading, particularly for tumors that develop spontaneously. For example,
tumors arising in KPC mice often metastasize to the lymph nodes where they will form
tumors that are then encased with a rim of lymphoid tissue. Developing tumors may also
encapsulate lymph nodes so that separation of lymphoid tissue from a tumor is not feasible.
Thus, while flow cytometric analysis of PDAC tumors may reveal an abundance of
lymphoid cells in tumor tissue, histological examination may demonstrate a lack of
lymphocyte infiltration into tumors with their presence confined to peri-tumoral lymph
nodes. This exact scenario was seen in the analysis of CD40 immunotherapy in KPC mice
where it was initially concluded that CD40 therapy induced potent activation of T cells in
tumor tissue (Beatty et al., 2011). However, on histological examination it became apparent
that activated T cells were not present within tumors, but rather were localized to adjacent
lymph nodes. For this reason, it is recommended that immunohistochemistry or
immunofluorescence microscopy be used to compliment studies using flow cytometry to
investigate leukocyte infiltration into PDAC.

The value of genetic models for evaluating immunotherapy in PDAC

The potential of immunotherapy to provide clinical benefit for patients with PDAC has been
observed now in several studies. For example, an allogeneic whole tumor cell vaccine
(GVAX) combined with a mesothelin-specific Listeria-based vaccine was found to improve
the overall survival of PDAC patients with chemotherapy-refractory disease in a recent
multicenter, randomized, phase Il study (Le et al., 2015b). In addition, GVAX in
combination with anti-CTLA-4 immunotherapy has produced signs of clinical benefit in a
subset of PDAC patients (Le et al., 2013). The immunological significance of these findings
is strengthened by evidence demonstrating that GVAX vaccination in combination with anti-
CTLA-4 therapy induces T lymphocyte infiltration into tumors and the development of
tertiary-lymphoid aggregates suggestive of anti-tumor immune activity (Lutz et al., 2014).

Macrophages, immature myeloid cells, and granulocytes infiltrate PDAC and can be
supportive of tumor progression and metastasis. Strategies to deplete these cells, block their
recruitment to tissues, or redirect their biology are being evaluated preclinically as well as in
ongoing clinical trials (Long and Beatty, 2013). In contrast, the exclusion of T cells from
PDAC tumors poses a significant challenge to T cell immunotherapy, which relies on the
capacity of tumor-specific T cells to infiltrate tumor tissue, recognize malignant cells and
lyse them. Thus, poor infiltration of T cells into PDAC lesions may explain the lack of
efficacy seen to date with immune checkpoint inhibitors.

The ability of the KPC model to mirror immunobiology seen in human PDAC forms the
basis for its value in studying immunotherapy including strategies to modulate the
inflammatory reaction to PDAC and invoke tumor-specific T cell immune responses.
Genetically engineered mouse models can be used to conduct “co-clinical” trials in which
therapeutic interventions administered to KPC mice match the treatment design of an
ongoing human clinical trial in patients. In this regard, the KPC model has been used in
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combination with a clinical trial to inform the mechanistic underpinnings of tumor responses
to immunotherapy with an antagonistic CD40 antibody (Beatty et al., 2011; Beatty et al.,
2013). An obvious advantage of the KPC model compared to a clinical trial is the ability to
include appropriate treatment control groups and to conduct mechanistic studies. Using this
approach of simultaneous human and mouse studies, a CD40 agonist was found to induce
peripheral blood monocytes to acquire anti-tumor and anti-fibrotic properties leading to
tumor regressions in both KPC mice and humans (Beatty et al., 2011). This represented a
novel mechanism of action for CD40 antibodies, which are best known for their capacity to
“license” antigen presenting cells with T cell stimulatory properties (Diehl et al., 1999;
French et al., 1999; Sotomayor et al., 1999).

The KPC mouse model has also reproduced findings of immunotherapy seen in patients with
PDAC. For example, limited efficacy in human PDAC has been observed with single agent
immunotherapies, including anti-PD-L1 and anti-CTLA-4 antibodies (Brahmer et al., 2012;
Royal et al., 2010). Feig et al. reported that anti-PD-L1 and anti-CTLA-4 antibodies also fail
to impact tumor progression in KPC mice (Feig et al., 2013). We have similarly found that
treatment of KPC mice with an anti-PD-1 antibody either alone or in combination with
gemcitabine chemotherapy produces no impact on tumor outgrowth (Fig. 4). These
similarities between mice and humans in the responsiveness of PDAC to immunotherapy
strengthens the validity of the KPC model as a tool to unravel immune mechanisms that may
regulate T cell exclusion and strategies to convert PDAC into an immunogenic tumor.

The KPC model has been studied for its ability to restrict the infiltration of T cells into
tumor tissue. One mechanism that has been identified involves chemokine (C-X-C motif)
ligand 12 (CXCL12), which is produced by fibroblasts within the tumor microenvironment.
By binding to its receptor, CXCR4, which is present on tumor cells, CXCL12 has been
suggested to inhibit T cell entry into PDAC in the KPC model (Feig et al., 2013). In this
study, AMD3100, a CXCR4 inhibitor, induced T cell infiltration into PDAC and acted
synergistically with an anti-PD-L1 antibody to induce rapid tumor regressions in KPC mice.
Based on this finding, an ongoing clinical trial is investigating continuous infusion of
AMD3100 in patients with advanced PDAC (NCT02179970). Overall, these findings
identify the potential importance of the tumor microenvironment in restricting T cell
infiltration into tumor lesions. However, leukocytes present outside of the tumor
microenvironment may also be involved in actively establishing PDAC as a site of immune
privilege. To this end, we have recently reported that the infiltration of T cells into PDAC
can be regulated by extra-tumoral macrophages (Beatty et al., 2015). Depletion of
macrophages residing outside of the tumor microenvironment using clodronate-encapsulated
liposomes (CEL) was found to induce T cell infiltration into PDAC lesions and when
administered in combination with gemcitabine chemotherapy and a CD40 agonist, T cell-
dependent tumor regressions were observed in KPC mice. Together, these two studies
highlight the potential of the KPC model for studying T cell exclusion and strategies to
enhance the potential of immunotherapy in PDAC. Findings discovered in KPC mice may
also have implications beyond PDAC given that other solid malignancies, such as ovarian
cancer (Zhang et al., 2003) and colorectal cancer (Galon et al., 2006), can at times
demonstrate T cell exclusion and often harbor strong inflammatory reactions that are
hallmarks of the KPC model.
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Application of genetic models of PDAC and their variants to preclinical

development of immunotherapy

Because of the complexity of the KPC model, including breeding, the heterogeneity of
tumors, and the stochastic nature of PDAC development, many investigators have sought out
alternative approaches to genetic mouse models of PDAC, including orthotopic (Mitchem et
al., 2013)and subcutaneous implantation models (Beatty et al., 2015; Winograd et al., 2015)
as well as intrasplenic and intravenous injection models of metastasis (Costa-Silva et al.,
2015; Soares et al., 2014). These models most commonly utilize PDAC cell lines, either
commercially available or derived from syngeneic genetic models of PDAC. Tumor
organoids can also be established from primary tumors and used in an orthotopic or
subcutaneous implantation model (Boj et al., 2015; Hwang et al., 2015). In addition, pieces
of primary tumor tissue can be excised and re-implanted into syngeneic mice (Beatty et al.,
2015). Overall, these approaches can be cost-effective and while they do reduce the degree
of tumor heterogeneity seen between mice in a group, they can still maintain a significant
degree of tumor clonal diversity.

The immunobiology of PDAC implantation models using low-passage tumor cell lines
derived from primary tumors arising spontaneously in KPC mice is similar in many aspects
to the parental primary tumors. For example, by histological analysis implanted PDAC
tumors demonstrate similar levels of fibrosis (Fig. 5) and leukocyte infiltration as is seen in
primary tumors arising in the KPC model (Fig. 2 and 3). As a result, these models may be
used to understand some key aspects by which (i) tumors regulate T cell exclusion, (ii) the
myeloid compartment can be redirected to modulate the tumor microenvironment including
vascularity and fibrosis, and (iii) tumors adapt to immune pressure.

Tumor cell lines derived from KPC mice are poorly immunogenic. As such, their in vivo
growth rates in immunodeficient and immunocompetent mice are indistinguishable (Lo et
al., 2015). This observation contrasts results reported for other more highly mutated tumors
that have been used to establish the concept of immunoediting, a dynamic process in which
tumor cells react to selective immune pressure by decreasing their immunogenicity leading
to an acquired resistance to immune-mediated elimination (Matsushita et al., 2012).
Furthermore, this observation raises the possibility that the biology of tumors, such as
PDAC, which harbor few somatic mutations may be more appropriately studied using
genetic models that also lack an abundance of somatic mutations. One argument against this
rationale is the potential importance of neoantigens derived from somatic mutations, which
may serve as immunogenic targets necessary for the success of currently available
immunotherapeutic maneuvers. Neoantigens are proteins that become mutated during tumor
development and lead to novel peptide sequences recognized by the immune system as
foreign — thus, neoantigens enhance the immunogenicity of a cancer cell (Schumacher and
Schreiber, 2015). However, shared antigens (i.e. non-mutated self-proteins that may be
overexpressed or aberrantly expressed in tumor cells), while potentially less immunogenic
than neoantigens, may also serve as potential immune targets (Le et al., 2015b; Lutz et al.,
2014; Thomas et al., 2004). Certainly, we and others have found that T cells can be induced
to mediate anti-tumor activity in the KPC model, which is based on only two mutations
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(Beatty et al., 2015; Feig et al., 2013; Keenan et al., 2014; Stromnes et al., 2015). However,
the antigens targeted by T cells in PDAC remain ill-defined.

We have studied five routes of implantation of KPC-derived tumor cell lines (i.e.
subcutaneous, intravenous, intrasplenic, intraperitoneal, and orthotopic) in the laboratory to
investigate the impact of anatomic location on the immunobiology of PDAC and to establish
models that can inform the role of immunotherapy aimed at targeting PDAC lesions residing
in distinct anatomic compartments (Fig. 6). The major strength of subcutaneous injection
over other routes of tumor cell implantation is the ease of this approach and the ability to
monitor tumor development and growth using calipers. While PDAC tumors rarely
metastasize to the skin in patients, this strategy can be informative for examining
mechanisms and potential efficacy of immunotherapy. In addition, we have found that
tumors implanted subcutaneously can metastasize to the lung and therefore, this model may
be useful for studying PDAC lung metastasis.

Orthotopic implantation of PDAC cells is an attractive alternative to subcutaneous
implantation because tumors will arise in their native organ and will metastasize to distant
sites. However, monitoring of tumors implanted orthotopically requires imaging strategies
similar to the KPC model, such as ultrasonography. Bioluminescence imaging can also be
incorporated by engineering PDAC cell lines to express a luciferase reporter (Fig. 7). An
advantage of bioluminescence is the ability to investigate the impact of therapeutic
intervention on tumor viability rather than just tumor size, which in PDAC includes not only
cellular content but also fibrosis.

Intravenous, intraperitoneal and intrasplenic routes of administration of PDAC cell lines can
be used to model lung metastasis, peritoneal and lymph node metastasis, and liver
metastasis, respectively. With intrasplenic injection, we have used both ultrasound guided
injections into the spleen as well as direct implantation involving surgery. Both strategies
produce liver metastases. However, while the non-invasiveness of ultrasound-guided
injections is attractive, peritoneal drop metastases can occur as well as tumor lesions in the
spleen. These issues can be obviated by direct intrasplenic injection followed by surgical
removal of the spleen. With this approach, tumor cells will exit the spleen via the splenic
vein, enter the portal vein, and deposit in the liver forming metastases.

With each of these implantation models, we have found that the histological appearance and
leukocyte complexity of developing tumors is similar to parental tumors arising
spontaneously in KPC mice. These models also offer the opportunity to investigate, under
controlled conditions, the capacity of immunotherapy to target PDAC in distinct anatomic
locations where the phenotypic characteristics of the immune response may differ despite
similarities in leukocyte recruitment. In addition, tumor cell lines can be genetically
manipulated using Cas9/CRISPR technology or other gene knockdown approaches (e.g.
shRNA) to study the role of tumor-derived molecules in regulating immunobiology and the
efficacy of immunotherapy (Bayne et al., 2012).

However, it is important to understand that the responsiveness of implantable and genetic
mouse models of PDAC to immunotherapy may vary dramatically despite the similar
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capacity of tumors in both models to exclude T cells and recruit a strong inflammatory
response. For example, we have found that a vaccine comprising gemcitabine chemotherapy
and a CD40 agonist can induce T cell-dependent tumor regressions of both KPC-derived
tumor cell lines and KPC-derived primary tumor tissue injected subcutaneously (Beatty et
al., 2015). However, when this same vaccine strategy is administered to KPC mice with
spontaneously arising tumors, regressions are observed but are dependent on macrophages
and occur even in the absence of T cells. Together, these models of PDAC have revealed
distinct mechanisms by which the same immunotherapeutic approach may impact PDAC
biology. However, when this treatment was administered to patients, findings suggestive of a
T cell independent mechanism of action, similar to that seen in KPC mice, were observed
(Beatty et al., 2011; Beatty et al., 2013). While these findings provide further validation for
the KPC model of PDAC, it does not necessarily dismiss the potential utility of implantable
models of PDAC. In contrast, we propose that implantable models may be quite useful for
studying how PDAC may adapt to immune pressure imposed by tumor-specific T cells. In
addition, we have found that implantable models can be invaluable for studying the capacity
of macrophages to be redirected to alter the tumor microenvironment, in particular the
fibrotic reaction that surrounds PDAC which is preserved in implantable models (Fig. 5).
However, if a therapy is being evaluated for potential translation to the clinic, we
recommend that findings observed in implantable models also be validated in a genetically
engineered mouse model. Thus, it is becoming more common to conduct initial mechanistic
studies in implantable models of PDAC with validation of findings and correlatives in a
genetic model such as the KPC model.

Conclusions

Translation of laboratory findings into the clinic is benefited by a preclinical cancer model
that can reliably inform the efficacy and biology of therapies. The KPC model and other
genetic models of PDAC are valuable resources for studying immunotherapy and the
immunobiology of PDAC given their ability to reproduce salient features of disease
progression seen in humans including the immune reaction. PDAC that arises in the KPC
model reproduces a dense desmoplastic reaction infiltrated by myeloid cells with rare
penetrance by effector T cells. Malignant cells in KPC mice can metastasize to similar
organs seen in human disease and therefore, this model offers an opportunity to also study
the immunobiology and its diversity in lesions that are frequently difficult to assess in
patients. Overall, the immune reaction to PDAC as revealed by genetic models of this
disease appears primarily supportive of tumor development and progression. The KPC
model can be used to dissect immune mechanisms of action and to evaluate the efficacy of
immunotherapies designed to modulate the immune microenvironment of PDAC and to
harness immune effectors. Multiple variants of the KPC model including high-throughput
implantable models can be incorporated to establish a pipeline approach to drug
development. Thus, the KPC model and similar genetic models, despite lacking a high
mutation burden and the potential for abundant neoantigens, represent practical and
reproducible systems for the discovery and evaluation of immuno-oncology therapeutic
agents.
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Figure 1. KPC murine model of spontaneous PDAC

(A) Breeding strategy for generation of KPC mice. (B) Disease progression in KPC mice.
(C) Histology (40x field) of (i) normal pancreas, (ii) pancreas of a 10-week-old KPC mouse
showing pancreatic intraepithelial neoplasia (PanIN), (iii) primary pancreatic tumor, and (iv)
liver and (v) lymph node showing metastatic tumor. Images representative of at least 5 mice
per group. Dashed lines indicate PanIN in image (ii) and metastatic tumor in image (iv). (D)
Shown is two color immunohistochemistry to demonstrate the spatial relationship between
epithelial cells (EpCAM, brown) and macrophages (F4/80, black) in (i) normal pancreas, (ii)
PanIN, (iii) PDAC, and metastatic lesions including (iv) liver and (v) an adjacent pancreatic

lymph node.
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Figure 2. Primary and metastatic tumorsin K PC mice show a strong recruitment of F4/80*
myeloid cellswith aweak infiltration of CD3* T cells

Representative immunohistochemistry images (40x field) showing F4/80, CD3, CD4, CDS,
and FoxP3 staining of (A) primary pancreatic tumor and (B) metastatic tumor in the liver of
KPC mice. Quantification of cell types identified in (C) primary pancreatic tumor (n=4-5
per group) and (D) metastatic tumor in the liver (n=4 per group). Scale bars in (A) and (B)
indicate 100 pm.
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Figure 3. Leukocyteinfiltration in implantable models of PDAC
Low-passage KPC-derived PDAC cell lines were injected subcutaneously (SQ),

orthotopically (OT), or intrasplenically (IS) into syngeneic C57BL/6J mice (6—8 weeks of
age). Shown are representative immunohistochemistry images (40x field) showing F4/80,
CD3, CD4, CD8, and FoxP3 staining from a (A) SQ tumor, (B) OT tumor arising in the
pancreas, and (C) IS tumor that deposited in the liver. Quantification of leukocyte subsets
detected by immunohistochemistry in (D) SQ tumor, (E) OT tumor, and (F) IS tumor (n=4
per group). Scale bars in (A), (B), and (C) denote 100 um.
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Figure 4. Effect of PD-1 blockade on tumor growth in KPC mice
(A) Schematic of study design. Tumor-bearing KPC mice were randomized into 3 groups:

(i) Group 1 (n=19): no treatment, (ii) Group 2 (n = 4): anti-PD-1 antibody (clone RMP1-14,
0.2 mg IP twice weekly), and (iii) Group 3 (n=4): gemcitabine (120 mg/kg IP once) plus
anti-PD-1 antibody. Tumor size was assessed by ultrasound on days 0 and 13 after treatment.
(B) Representative ultrasound image of primary pancreatic tumor in KPC mice.
Ultrasonography was performed as previously described (Beatty et al., 2011; Sastra and
Olive, 2013). Yellow dashed lines identify tumor border and white dashed lines indicate
normal organs and blood vessels (Ao, Aorta; IVC, inferior vena cava; PV, portal vein). (C)
Fold change in tumor size. ns, not significant by unpaired 2-tailed Student’s ¢test.
IP=intraperitoneal injection.
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Figure 5. Tumor-associated fibrosisin primary and metastatic tumorsin KPC miceand in
implanted tumors

(A) Representative Masson’s trichrome stain (40x field) of primary (left) and metastatic
(right) tumor in KPC mice (n=4-5 per group). (B) Representative Masson’s trichrome stain
(40x field) of SQ (left) and OT (middle) tumors, and metastatic tumor in the liver (right).
Scale bars denote 100 pum.
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Figure 6. Implantation models of PDAC using KPC-derived tumor cell lines
(A) Table showing various implantation models based on multiple routes of injection of

KPC-derived PDAC cell lines, including subcutaneous (SQ), orthotopic (OT), intraperitoneal
(IP), intravenous (1V) and intrasplenic (IS) routes of injection. (B) Representative images of
(i) SQ tumor, (ii) normal pancreas with adjacent spleen of a control mouse (left) and
pancreatic tumor with adjacent spleen from OT injected mouse (right), and (iii) normal liver
from control mouse (left) and liver with numerous metastases from IS injected mouse
(right). Scale bars denote 1 cm. Arrows indicate tumor mass.
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Figure 7. Bioluminescenceimaging (BL ) for monitoring PDAC growth
Syngeneic C57BL/6J mice were injected intrasplenically with PBS or 5x10° cells from a

KPC-derived PDAC cell line engineered to express luciferase (PDAC.luc). Mice were
imaged 3 weeks post-injection as previously described (Beatty et al., 2011; Sastra and Olive,
2013).(A) Representative ultrasound images of intrasplenic injection of tumor cells into the
spleen, (i) pre- and (ii) post-injection. (B) Representative /n vivo BLI images. For BLI
imaging, D-luciferin substrate was injected intraperitoneally and images were acquired
approximately 15 minutes post-injection using the Perkin Elmer IVIS Spectrum. (C)
Representative ex vivo BLI images of the liver.

PBS

PDAC.luc
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