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ABSTRACT

Pancreatic cancer is a cruel, progressive disease that is highly metastatic and barely treatable, a situation that is
devastating for patients, family members, oncologists, clinicians and scientists. Open questions that need to be
resolved by research into pancreatic cancer relate to its aggressiveness, the underlying molecular causes, the fac-
tors that promote tumor progression, the ways cancer cells interact with their environments, and whether more
effective therapeutic options can be developed.
Studies over the last 15 years have provided some partial answers, but in the absence of a real cure the main
agenda remains: to identify new therapeutic targets, predictive markers and novel treatment strategies that
would help the disease under control. These goals can be advanced by translational research based on clinically
relevant and standardized protocols and more reliable disease models. This review gives an overview of the pre-
clinical in vitro and in vivo models for pancreatic cancer that are currently available. The restrictions on applica-
bility, strengths and limitations of various experimental platforms including 3D organoids, syngeneic xenografts
and genetically engineered mice are considered with respect to the complexity of pancreating cancer. Patient-de-
rived xenografts (PDX) presently offer the most promise for translational research, so a particular emphasis is
placed on key features as preclinical models for pancreatic cancer and their advancement toward precise simu-
lations of clinical problems.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Pancreatic cancer (PC) continues to have one of the worst prognoses
for patients due to the late onset of symptoms and the advanced stage
that the disease usually reaches before diagnosis. These factors as well
as specific anatomical features mean that 80% of patients who cannot
be treated by surgery. They often suffer from metastases in the liver
and lung, yielding an overall survival rate of less than 20% one year
after diagnosis. Pancreatic cancer is the fifth most common cause of
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cancer deaths in Europe overall, with more than 104,000 victims in
2012 (6% of all cancer related deaths) (Ferlay et al., 2013). In the United
States the situation is even worse: pancreatic cancer is the 4th leading
cause of cancer-related deaths, with 53,070 new cases and 41,780 fatal-
ities estimated for 2016 (Siegel, Miller, & Jemal, 2016). The development
of pancreatic tumors is promoted by a combination of genetic familiar
history, environmental and lifestyle factors, and additional causes re-
main to be identified (Barone, Corrado, Gemignani, & Landi, 2016).
95% of all cases of PC are diagnosed as ductal adenocarcinomas
(PDAC) of exocrine origin which exhibit different stages of differentia-
tion. Nearly all tumors harbor a mutation in the Kras oncogene, fre-
quently accompanied by subsequent genetic alterations in the p53,
SMAD4 and CDKN2A genes. Pancreatic tumors are characterized by ge-
netic instability, intratumoral heterogeneity and distinct desmoplastic
stroma (Hidalgo et al., 2015).

Despite the knowledge that has been gained regarding the biology
and mechanisms that underlie PDAC tumorigenicity over the last
15 years, there remains a need for better diagnostic and prognostic
markers and particularly improved therapeutic strategies (Falasca,
Kim, & Casari, 2016). Only moderate progress has been made in the lat-
ter are, in contrast to other solid malignancies, despite numerous pre-
clinical investigations and clinical trials. In 1997, gemcitabine emerged
as an alternative to 5-Fluorouracil as a first-line therapy that was ap-
plied in some cases but ultimately improved overall survival by only a
few weeks. The next clinical milestone was the introduction of the
FOLFIRINOX treatment scheme (5-fluoruracil, leucovorin, oxaliplatin
and irinotecan) for patients with an advanced stage of the disease,
which contributed to a small improvement in survival on the one
hand but strong side effects on the other. Nab-paclitaxel (Abraxane)
was approved for standard of care in 2013 and, in combination with
gemcitabine, remains the most effective and tolerated drug. The poor
clinical situation and remaining challenges can be summarized by not-
ing that only three improvements have been introduced over the last
20 years, leaving the 5-year overall survival rate below 8%.

Recently the American Society of Clinical Oncology (ASCO) pub-
lished guidelines for the handling of potentially curable (respectable),
locally advanced (non-respectable) and metastatic PDAC (2016;
www.asco.org/guidelineswiki). After considering relevant literature
from the years 2004 to 2015, their recommendations for therapeutic in-
terventions included FOLFORINOX, radiation and/or gemcitabine in
combination with nab-paclitaxel. In addition to these measures and
the approval of second line liposomal irinotecan, there is still a desper-
ate need for novel drugs, improved radiation protocols and more ave-
nues for second- and third-line therapies (Strobel & Biichler, 2016),
with a push to enroll more patients in clinical trials. A search of the
“Pubmed” database for pancreatic cancer yields more than 82,000 en-
tries, which documents the engagement of scientists all over the
world in efforts to understand the disease and find new approaches.
Currently, this mission is making use of preclinical tools that are multi-
faceted, specific and tailored to particular, research-orientated applica-
tions. This article considers a range of in vitro and in vivo models of
pancreatic cancer that are being implemented in current preclinical re-
search and have been designed for translational purposes. Here we pro-
vide an overview of platforms for basic and advanced experimental
research, with a focus on those devoted to the biology of pancreatic can-
cer and improving therapeutic options for patients.

2. Translational research (TR) — meaning and claims

TR aims to derive discoveries from basic and advanced laboratory re-
search and apply them to studies of human beings. The NIH divides
these efforts into two stages, from basic to clinical research (T1) and
from clinical research to applicable practice settings for patients (T2),
with the goals of improving public health and reducing cancer inci-
dence, morbidity and mortality (Rubio et al., 2010).

Translational research in oncology combines the perspectives of sci-
entists working in basic research, drug developers in pharmaceutical
companies and oncologists in clinics - all of whom share the aim of
matching the right patient (or model) to the right drug. For both the
later stages of cancer drug development and the management of cancer
patients, an essential step is to identify biomarkers that accurately dis-
tinguish populations of patients in terms of those likely to be responders
vs. non-responders for particular therapeutic intervention strategies
(Kelloff & Sigman, 2012). Ideally, such bio-indicators will predict not
only the efficacy of a drug, but also give an indication of the stages of
the disease's progression. In a recent discussion of the need for predic-
tive and therapeutic biomarkers in handling pancreatic cancer
(Karandish & Mallik, 2016; Le et al., 2016), the authors recommended
an intensification of efforts to choose model and patient cohorts and
to translate preclinical data into the clinic. The major challenge is to de-
velop patient-specific models that reflect the histologic and genetic
characteristics of the donor tumor that can be used to provide a plat-
form for the validation of experimental targets, the testing of drugs on
individuals, and predictions of their responses.

While this translational concept is crucial to progress, there are nu-
merous roadblocks. Kroetz (2016) outlines deficiencies in the reproduc-
ibility, accuracy and transparency of experiments and emphasizes a
general need for more training and better access to detailed methods
and data. The biology of the disease itself imposes barriers, as do techni-
cal limitations. Clinical translations of prognostic, predictive and
drugable biomarkers for pancreatic cancer have often failed due to in-
consistencies in patient cohorts, study design and experimental proto-
cols during early clinical phases (Kruger et al., 2014). As a result, DNA
repair pathways, c-Myc or Kras have yet to join the list of targets in
the spectrum of therapeutic approaches to pancreatic cancer
(Hessmann, Schneider, Ellenrieder, & Siveke, 2016; Lin et al., 2013;
Maginn, de Sousa, Wasan, & Stronach, 2014). Boeck et al. (2014 ) recom-
mend prospective (instead of retrospective) biomarker evaluations,
well defined patient populations and treatment regimes, and a higher
standardization of methods for post-experimental analyses. Aside
from the impact of study design, the special complexity and therapeutic
challenge of pancreatic cancer complicate translational issues.

Just as important as the development of high standards for bio-
markers and treatments are their implementation in preclinical re-
search, too. In addition to standardizing protocols and methods, the
choice of the right model is of essential importance.

3. Preclinical in vitro models of pancreatic cancer
3.1. Two-D (2D) cell cultures

Cell lines of various cancer entities have been widely used in basic
research into cancer biology and in proof-of-concept studies for many
years. Monolayer cultures are cost-effective and useful for high-
throughput drug screening, but they do not reflect the holistic complex-
ity of cancer. The in vitro propagation of pancreatic cancer cells was first
described in the early sixties (Dobrynin, 1963). The intervening years
have seen the establishment of more than 20 human PDAC cell lines
for use in preclinical investigations in laboratories around the world.
Deer et al. (2010) summarize the most prominent in vitro models and
their differences in terms of origins, phenotypes, genotypes and tumor-
igenic characteristics. At the present time, Panc-1, MiaPaCa-2, AsPC-1,
BxPC-3 and a few other lines have found prominent use in functional
and pathway studies (Cao et al., 2015; Chen et al., 2016; Topalovski,
Hagopian, Wang, & Brekken, 2016), biomarker validation (Yamaguchi
et al.,, 2016; Yu, Ma, Shankar, & Srivastava, 2016), target identification
(Borskaetal,, 2016; Pan et al,, 2016; Wang et al., 2016) and drug screen-
ings (Mura et al., 2016; Rochani et al., 2016; Spadavecchia et al.,, 2016).
Panc-1 and MiaPaCa-2 cells are still being used, for example, as plat-
forms to study gemcitabine resistance mechanisms and to improve
the efficacy of gemcitabine in combinations with innovative drugs
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(Bisht et al., 2016; Cao et al., 2015; Palam, Gore, Craven, Wilson, & Korc,
2015; Pan et al., 2016). The epithelial, mesenchymal, endocrine and
stemness markers of both cell lines were recently characterized and
found to have features of endocrine differentiation (Gradiz, Silva,
Carvalho, Botelho, & Mota-Pinto, 2016).

New cell lines of both human and murine origin are still being
established and characterized, and are being primarily recommended
as tools for screening novel drug candidates. (Heller et al., 2016;
Zechner etal., 2015). New cell lines often bear specific genotypic or phe-
notypic profiles. Murine PDAC cell lines are commonly established from
genetically modified mice and are predominantly used in basic research
to elucidate signaling pathways or (epi)genetic events involved in
tumor development, progression and the outcomes of therapy (Deer
etal, 2010).

Experimental data from in vitro studies are basic in nature and often
lack reproducibility. Differences in growth environments and stress re-
sponses can alter signaling pathways and also the therapeutic sensitiv-
ity of cells. More standardized protocols as well as intensified access to
published data are needed to strengthen the reliability of the data gen-
erated through their use. Domcke, Sinha, Levine, Sander, and Schultz
(2013) exposed differences in genomic conservation between several
ovarian cancer cell lines and patient ovarian tumors in a comparative
data assessment of the Cancer Cell Line Encyclopedia and the Cancer Ge-
nome Atlas. Genomic variance is also true for other cancer types and
emphasizes the importance of the means by which models for preclini-
cal investigations are selected.

A number of valuable discoveries have been made from in vitro ex-
periments, particularly in areas such as chromatin remodeling,
microRNA activity and EMT signaling. But ultimately, in vitro cultures
of PDAC cells cannot reflect either the complex genetic and epigenetic
abnormalities found in this type of cancer type or the influence of the
microenvironment, which means that they should not be the first op-
tion when carrying out experiments aimed at a direct translation of
findings into the clinic.

In vitro models of pancreatic stellate cells (PSC) should be men-
tioned briefly; these cells are often used for co-culture experiments
with PDAC cells to help elucidate microenvironmental issues (Haqq et
al., 2014). They have been used in a number of ex vitro approaches to
expose various mechanisms that have an impact on tumor metabolism,
growth, invasion and blood vessel density (A.n.n., 2016; Di Maggio et al,,
2016; Karnevi, Rosendahl, Hilmersson, Saleem, & Andersson, 2016;
Sousa et al., 2016). Three-dimensional matrices of PSC cells have been
created to simulate life-like settings. Such studies have shown that
additional tumor stroma components (fibroblasts, macrophages,
immune cells, endothelial cells) play an important role in the disease.
While a focus on the interaction of PDAC and PSC cells touches only
one piece of the puzzle, it has been valuable for basic research in
functionality and mechanistic studies. Karnevi et al. (2016) investigated
in co-cultures of Panc-1, MiaPaCa-2 and BxPC-3 with immortalized
human stellate cells derived from patient PDAC tissue. These co-cultures
down-regulated E-cadherin levels and an increased expression of
vimentin in tumor cells, revealing that pancreatic stellate cells modulate
EMT.

3.2. Three-D (3D) cell culture (organoids)

For several years, the generation and maintenance of spheres of
normal and malignant cells in a semi-solid environment have offered
several advantages over classical monolayers (Edmondson, Broglie,
Adcock, & Yang, 2014). In current practice, scientists frequently create
three-dimensional organoids by maintaining stem or progenitor cells
in an advanced extra-cellular matrix that provides carefully defined
additives. 3D organoids have been created using human and murine
cells as models for normal (healthy) organs (Broutier et al., 2016;
Hindley, Cordero-Espinoza, & Huch, 2016; Nguyen-Ngoc et al., 2015)
and cancers of the colon, liver, prostate and pancreas (Bartucci et al.,

2016; Boj, Hwang, Baker, Chio, et al.,, 2015; Skardal, Devarasetty,
Rodman, Atala, & Soker, 2015; Weeber et al., 2015). All of these studies
have produced organoids which preserve genetic and phenotypic fea-
tures and attain a structural und functional resemblance to their in
vivo counterparts, which suggests that organoids offer great potential
for multifaceted preclinical investigations. 3D organoids are gaining in-
creasing attention as a “playground” for simulations of malignant dis-
eases in plastic dishes. The potential of 3D organoids in PDAC has been
convincingly summarized by Coleman et al. (2014). The authors offer
comprehensive descriptions of experiments in which stages of pancre-
atic organogenesis, carcinogenesis and - using multi-cellular ap-
proaches - interaction with the desmoplastic surroundings have been
replicated. Further advantages include the high rate of success for gen-
erating organoids, even when low cell numbers from biopsies are
used, and the relatively low cost in terms of time and effort (Boj,
Hwang, Baker, Chio, et al., 2015). Boj, Hwang, Baker, Engle, et al.
(2015) showed that xenograft tumors established from 3D PanIN
organoids preserve neoplastic cell organization better than cells in a
monolayer. Xenografts derived from 3D organoids likely bear a closer
resemblance to the morphology and cellular architecture of clinical phe-
notypes than monolayer-derived counterparts.

Despite their capacity to mimic some malignant processes in organs,
3D organoids remain artificial models. The transfer of cells from the in-
side of the body onto plastic surfaces represents an act of selection that
surely results in geno- and phenotypic modifications to an extent that
has not yet been determined. Even if culture conditions are optimal,
they fail to simulate the lifestyle and environmental factors of an indi-
vidual patient. Ongoing trials are being conducted to determine the ex-
tent to which 3D organoids reflect the heterogeneity, genetic instability
and strong barriers to therapy exhibited by pancreatic cancer. One defi-
ciency is that current 3D organoids cannot be used to study metastatic
and immunooncological aspects of PDAC.

From the translational point of view, 3D organoids are tools that po-
tentially reflect the spatial architecture of tumors as adequately as pa-
tient-derived xenografts (PDX), and their applicability in personalized
medicine approaches has recently been discussed (Bartucci et al.,
2016; Francies & Garnett, 2015). Particularly in prostate cancer,
organoids may compensate for the limited number of preclinical
models: patient-derived xenografts of this type of tumor are difficult
to maintain. In general it will be necessary to compare 3D organoids
from patient tissues, their corresponding xenografts and PDX models
from the same donor in terms of morphological, genetic and more gen-
eral types of alterations. In addition to compare the three types of
models to the original material, it will be necessary to observe how
they respond to treatments.

4. In vivo preclinical models of pancreatic cancer
4.1. Syngeneic tumor grafts

Syngeneic mouse models, also known as allograft mouse tumor sys-
tems, were developed about 50 years ago but were relegated to the
backseat of preclinical oncology as the concept of directly targeting
human cancer genes or proteins gained prominence. Syngeneic tumor
models have been developed and are commonly used in the study of
malignancies such as colon cancer (CT-26), breast cancer (4T1), lung
cancer (LewisLung), melanoma (B16F10) and leukemia (P388). The
number of such robust models continues to grow; so far, their main ap-
plication has been drug screening studies (Abolhassani et al., 2012;
Vallespi et al., 2014).

The number of syngeneic mouse models for PDAC has been limited by
both the availability of murine PDAC cell lines and the use of mouse
models that have been genetically engineered to serve as models pancre-
atic diseases. Most of the cell lines have been derived from tumors of KC or
KPC mice. The murine cell line 6606PDA, for example, was established
from spontaneous tumors of C57BL/6] mice with a Kras®!?P transgene,
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whereas the common cell line Panc02 was developed by inducing PDAC
based on 3-methyl-cholanthrene in C57BL/6] mice (Zechner et al.,
2015). Both cell lines were transplanted ectopically and orthotopically
into equivalent hosts (Jiang et al., 2014; Nikfarjam et al., 2013; Partecke
et al., 2011) to generate models for use in sensitivity testing.

Liu, Li, et al. (2016) implanted Panc02 cells into C57BL/6] mice and
demonstrated that Aspirin acts synergistically on gemcitabine efficacy,
replicating results obtained in vitro. Gemcitabine induced the infiltra-
tion of B cells, dendritic cells and M2-polarized macrophages in the
tumor tissue but reduced the influx of cytotoxic and helper T cells as
well as myeloid-derived suppressor cells. The author emphasized the
preventive effects of Aspirin and concluded that M2 macrophages
might be involved in secondary treatment resistance. The same tumor
model was used in an antitumoral vaccination study to investigate the
glycoepitope C-ter-]28 +, which is known to be involved in pancreatic
oncogenesis (Collignon et al., 2015). Ex vitro C-ter-]28 +-loaded mature
dendritic cells from C57BL/6 hosts prevented subcutaneous Panc02
growth in 6 out of 12 mice and inhibited tumor progression in all
other mice, which suggested that C-ter-28] might have potential for
PDAC patients.

The Panc02 in vivo model was also used to show that a “comfort-
able” environment affects the outcome of in vivo studies (Wu et al.,
2016). Both gemcitabine and 5-FU were more effective in mice housed
in cages with enrichment. In another study, 6606PDA tumors revealed
a differential intratumoral response to gemcitabine driven by locally
confined equilibrative nucleoside transporter 1 (ENT1) expression
(Zechner et al.,, 2016). Additionally, the authors detected ENT1 close to
desmoplastic reaction, which they attributed to local differences in
gemcitabine efficacy. These are just a few examples for the use of synge-
neic PDAC models. Ongoing efforts for the generation of additional
PDAC cell lines from suitable hosts will probably result in more new, re-
liable mouse tumor models.

The transplantation of murine tumor cells or tissues into genetically
identical (syngeneic) hosts has the advantage that it does not require
the immune depletion of the animals. This has promoted the revival of
syngeneic models in cancer research over the last few years, particularly
because of successful, promising results from immunotherapeutic ap-
proaches. So these “old”, long-established animal models with a func-
tional immune system are seen as a promising route in efforts to
elucidate immunooncological interactions between hosts and tumors
and to screen for novel relevant drugs. This trend could also serve as a
new stimulus for the generation of novel, enhanced PDAC mouse
models.

4.2. Cell line-derived xenograft models

Immunodeficient mice bearing human tumor cells have a long histo-
ry; their development was a milestone in preclinical cancer research. In-
numerable studies involving the screening, pharmacodynamic and
-kinetic, toxicity and functionality of drugs have been performed in
tumor xenografts and produced significant insights to issues related to
cancer. The impact of angiogenesis and inflammatory responses as
well as metastasis and tumor relapse can be elucidated using appropri-
ate in vivo models. The procedure has the advantages of reproducibility
and statistical robustness; both cells and hosts are readily available and
cells can be transplanted ectopically and orthotopically depending on
the origin of the tumor and the scope of the intended study. Various
stages of metastasis can be investigated by inoculating mice with mono-
layer-derived cells using different transplantation routes (subcutane-
ous, intravenous, intraperitoneal, intracranial, intratibial and in organs
such as the spleen, pancreas, liver or lung). In some cases, such xeno-
graft studies have failed to validate in vitro data for corresponding cell
lines. There are several reasons, predominantly due to environmental
factors and selection events that arise because long-term cultivation
modifies the characteristics and pathways of tumor cells (Biau et al.,
2016; Johnson et al., 2001; Peterson & Houghton, 2004;

Voskoglou-Nomikos, Pater, & Seymour, 2003). This suggests that xeno-
grafts derived from cell lines have a limited predictive use. The results
may also be impaired by the differences in the tumor stroma in mice,
and the animals used for xenotransplantations are typically immunode-
ficient, which means they lack immunological components normally
present in the natural setting. Nevertheless, cell line-derived xenografts
undoubtedly have relevance for translational research, if these factors
are carefully considered, but it is still necessary to validate and optimize
them.

These models are still a popular tool for drug screening and proof-
of-concept studies in PDAC, as well as for studies of the tumors' chemo-
resistance. Our own facility has tested the efficacy of novel tumor
growth-inhibiting compounds, applying derivatives of doxorubicin
and gemcitabine in Panc-1 and MiaPaCa-2 bearing mice (Bergman et
al., 2011; Graeser et al., 2010; Kratz, Azab, Zeisig, Fichtner, &
Warnecke, 2013). D'Aronzo et al. (2015) showed that BxPC-3,
MiaPaCa-2 and Panc-1 xenografts are more sensitive to gemcitabine
when hENTT1 levels were increased by nutritive starvation. The trans-
porter hENT1 has been discussed as a predictive marker for gemcitabine
sensitivity for quite some time (Jordheim & Dumontet, 2013). Liu et al.
(2014) used Panc-1 and MiaPaCa-2 tumor bearing mice to demonstrate
that the chromatin modulator BRG1 is involved in gemcitabine resis-
tance. Another enzyme, SIRT-1, could be linked to gemcitabine re-
sponses in vitro, but its validation in corresponding xenografts failed
(Oon, Strell, Yeong, Ostman, & Prakash, 2015). Further novel therapeu-
tic combinations have been tested in Mia-PaCa-2 (Dey et al., 2016) and
Panc-1 (Suenaga et al., 2016) xenograft models to improve the efficacy
of nab-Paclitaxel. Dey et al. (2016) showed enhanced tumor growth in-
hibition and synergistic interactions between the BCL2 and BCL-xl in-
hibitor ATB-263, and nab-paclitaxel and Panc-1 xenografts were more
sensitive to nab-paclitaxel when combined with S-1, an orally applied
prodrug of 5-FU (Suenaga et al., 2016). This exemplary set of xenograft
studies documents the fact that acute clinical problems can still be suc-
cessfully handled in these “old-fashioned” and often criticized
platforms.

Nevertheless, predictions of therapeutic sensitivity using cell line-
derived xenografts have often lacked clinical relevance (Mak, Evaniew,
& Ghert, 2014). This is mainly due to miscellaneous limitations that
are inherent in using experimental animals to mimic a human disease,
and also due to a lack of heterogeneity in xenografts originating from
monolayer cell cultures. Achieving a partial remission of tumors in
mice does not necessarily imply that a similar remission will occur in
humans; a tumor's adaptive survival strategies and resistance mecha-
nisms are likely impaired in most xenograft models. And many in vivo
experiments are probably terminated too early for ethical reasons,
which impedes an evaluation of either drug resistance that might
arise during therapy or the recurrence of a tumor after a treatment
has been halted.

4.3. Genetically engineered mouse models (GEMM)

A comprehensive review of the use of GEMMs in PDAC was recently
written by Mohammed, Janakiram, Pant, and Rao (2015) and
Gopinathan, Morton, Jodrell, and Sansom (2015). Preclinical models
with high pathological relevance have been produced by specifically
modifying genes that are associated with pancreatic cancer in the
mouse genome. This creates tumors which are aggressive, heteroge-
neous and stromal (desmoplatic) in nature, making GEMMSs an authen-
tic, bridging model to patients. Beside their similarities to humans in
terms of their genetic, phenotypic and physiological characteristics, re-
cently developed GEMMs also suffer from typical PDAC symptoms (in-
cluding body weight loss and cachexia) and the spontaneous
formation of distant metastases in lung and liver. This has made it tech-
nically feasible to simulate different stages of PDAC tumorigenesis. The
expression of oncogenic Kras®?P can be specifically activated in the
pancreas using the LSL (floxed STOP transcriptional cassette) targeting
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construct under Cre recombinase control and the transcription factors
Pdx-1 and p48 (Hingorani et al,, 2003). Named KC mice (Kras*S-¢122/+
and PdxCre), these animals have normal pancreatic organogenesis and
develop intraepithelial neoplasia (PanIN) at several weeks of age. The
conditional expression of the R172H mutation in the p53 gene in the
Kras®!?P context (= KPC mouse; Kras=-12P/* p53R172H/+ apd pdxCre)
removes some of the drawbacks of KC mice (long latency and infre-
quent tumor development). The latency time before developing PDAC
is low in KPC mice, and all mice have invasive, metastatic tumors with
a lethality of about 6 months (Westphalen & Olive, 2012). In fact,
most of what we know about the influence of Kras comes from studies
of GEMMS.

Several other genes known to be associated with pancreatic cancer
have manipulated in these mice to study their impact in tumorigenesis
and progression. Aguirre et al. (2003) demonstrated that the loss of
functional CDKN2A has a stimulating effect on PDAC development in
KC mice; Ijichi et al. (2006) found similar results for transforming
growth factor receptor 32 (TGFR2). Skoulidis et al. (2010) investigated
the impact of BRCA2 in KC and KPC mice. The inactivation of p16
(Ink4A) and SMAD4 plays a role in pancreatic malignancy (Bardeesy
et al,, 2006; Kojima et al.,, 2007). Overall, about 40 genetically modified
mouse models have been generated for the analysis of gene functions in
the biology of PDAC (Westphalen & Olive, 2012); while their signifi-
cance varies, the KPC mouse model currently is most pertinent for pre-
clinical investigations. Just as in clinical studies, the enrollment of
genetically modified mice into preclinical trials should be subject to pre-
cise, standard protocols and distinct inclusion criteria. The outcome of a
study can be influenced by animal age, tumor stage and treatment
schedules, as has been found for gemcitabine efficacy in KPC mice
(Frese et al., 2012; Yip-Schneider et al., 2013). Unsurprisingly, the
same situation is found in other experimental models and can be over-
come by standardized experimental conditions. Rhim et al. (2014) have
also shown that the sophistication of study designs using GEMM have
an important impact: whether the stroma barrier of PDAC in KPC mice
can be effectively targeted using gemcitabine depends on the tumor
burden and mode of treatment.

An interesting novel approach to using GEMM for drug screening has
been the generation of a reporter mouse model in which tumoral Kras-
G12D jctivation can be directly observed through GFP expression (Ocal et
al., 2015). An Rsg16:GFP transgene was inserted into KC mice with a
CDKN2A mutation (termed KIC mice). These mice were treated for 2
weeks at different ages, which permitted researchers to precisely quan-
tify the anti-tumoral effects of compounds under investigation by
means of levels of GFP expression (Ocal et al.,, 2015). Another innovative
concept in validating the importance of genes is the multiplexed tran-
sient CRISPR/Cas9 targeting of the pancreas in adult mice (Maresch et
al.,, 2016). Still at an early stage of development, this technology can
be used to carry out high-throughput analyses of drivers of pancreatic
cancer and to identify mechanisms which lead to PDAC in humans.
More "smart tools" for preclinical oncology are novel KC and KPC mice
that express easily detectable luciferase in proliferating neoplastic
cells of the pancreas, also useful in monitoring carcinogenesis in living
animals (De Latouliere et al., 2016; Majumder et al., 2016). In contrast
to xenografts, GEMMs can also be employed in pursuing questions relat-
ed to immunooncology, tumorigenesis and aspects of tumor stroma
(D'Alincourt Salazar et al., 2016). Majumder et al. (2016) transplanted
tumor fragments of KPC into the pancreas of wild type mice as a fast
and economical alternative to genuine GEMM that preserves tumor het-
erogeneity and desmoplastic stroma.

Yet GEMMs have drawbacks as well as advantages in terms of clini-
cal relevance. Generating genetically modified mice is time- and labor-
intensive. It is expensive to monitor abdominal tumor growth, requiring
highly sophisticated devices specifically created for animal imaging. In-
ducible and reversible conditional Kras®'?P constructs were developed
(Collins et al., 2012), but in current practice they are still encoded by a
transgene (resulting in an extra copy of Kras) and not driven from an

endogenous promoter (Gopinathan et al., 2015). Tissue-specific pro-
moters, such as Pdx1-Cre in KPC mice, are sometimes causing undesir-
able off-target disorders like papillomas or lymphomas (Gades et al.,
2008; Gopinathan et al.,, 2015). Additionally, the artificial genetic inci-
dence of pancreatic cancer development and progression in GEMM is
not directly comparable to the true situation in patients. In contrast to
human tumors, the activation of Kras®!?P and impairment of tumor
suppressor p53 take place at the same time in KPC mice. Another differ-
ence is the degree of aneuploidy in human tumors, which results in a
great variety of gene modifications from one cell to the other within
the same tumor, but does not occur in the same way in the mouse. Fur-
thermore, the 5% of human pancreatic cancers without Kras mutations
cannot be mimicked by GEMM. Alongside these technical and systemat-
ic issues, cancer in mice is not completely identical with cancer in
humans. Even with a general genetic homology between the species
of about 80%, gene structures and functions can vary. Finally, the metab-
olism of humans and mice differs. Many of these species-specific dis-
crepancies in both the normal and the malignant pancreas have been
previously described (Logsdon, Arumugam, & Ramachandran, 2015).

In summary, GEMMs are highly valuable preclinical models for the
elucidation of pancreatic tumorigenesis, associated genetic alterations
and for the evaluation of targeted therapies. However, species-related
issues restrict their capacity to predict therapeutic responses for pa-
tients with pancreatic cancer. Ongoing experimental advances which
more closely consider the genetic complexity of PDAC should provide
scientific platforms of increased translational relevance.

4.4. Patient-derived xenografts (PDX)

Cell-line derived xenografts lack the cellular interactions and struc-
tural properties of their donor tissues, resulting in differences in spatial
organization and intra-tumor heterogeneity as well as in discrepancies
in gene expression profiles and drug response read-outs (Cree,
Glaysher, & Harvey, 2010).

To better mimic attributes of human malignancies, patient-derived
xenografts (PDX) of various solid tumor entities have been established
and studied with increasing interest. In most cases chemotherapy-
naive tumor tissue, obtained during surgery or from biopsies, is
transplanted directly into a immuno-deficient mice without any in
vitro propagation. The preferential transplantation route is subcutane-
ous, but some groups also implant the tumor orthotopically or in
other locations to improve the engraftment (Cho et al., 2016). In vivo
growth in the mouse usually takes one to four months with take rates
ranging from 20 to 80%. The successful generation of a PDX is influenced
by the nature of the tumor entity, the quality of the transplanted mate-
rial (tumor cell/stroma ratio, degree of necrosis), the transplantation
site and aspects of the recipient mouse strain. Often a failure of engraft-
ment is correlated with a good prognosis for the patient; aggressive tu-
mors grow faster in mice (Cho et al., 2016; Klinghammer et al., 2015).
Established PDX can be transplanted serially into subsequent mouse co-
horts, generating a renewable resource for biomarker screening and
drug efficacy studies. Ovarian, lung, head-and-neck and colorectal can-
cer samples have demonstrated that PDX established through
orthotopic or subcutaneous/ectopic transplantation resemble the ge-
nome of the donor tumor (Fichtner et al., 2008; Garralda et al., 2014;
Klinghammer et al., 2015; Monsma et al., 2012). Such tumors conserve
genetic and morphological homologies in vivo for several generations
(Fig. 1). They overcome growth delays and metastasize (Bankert et al.,
2011; DeRose et al., 2011; Justilien & Fields, 2013; Liu et al., 2010;
Rozenberg, Monahan, Torrice, Bear, & Sharpless, 2010; Sicklick et al.,
2014), leading to metastases in lymph nodes, lungs, liver or peritoneum
(Hoffmann, Orthmann, Hoffmann, Reiner, & Fichtner, 2014; Park, Kim,
McCauley, & Gallick, 2010, chap. 14).

Correlations between the sensitivity of the response of PDX models
to therapies and the individual outcomes for corresponding patients
have been demonstrated for ovarian, breast and colon cancers
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Fig. 1. Conserved morphology between patient tumor and corresponding PDX (3rd generation) tissues of PDAC. Tissue sections were histologically analyzed by H/E staining.

(Fichtner et al., 2004; Weroha et al,, 2014; Zhang et al., 2013). Garralda
et al. (2014) used exome sequencing in a study of various types of incur-
able, advanced cancers to demonstrate that PDX tumors which
responded to therapeutic interventions maintained genetic and pheno-
typic characteristics of the tumors of patients in the clinic. Unfortunate-
ly, the small number of patients and PDX models in such preclinical
studies have been too small to have statistical power. To truly estimate
the capacity of PDX models in predicting drug responses - and as tools
for personalized medicine and translational research - such co-clinical
trials will have to be considerably broadened. But there is a basic conflict
between the long times required for successful engraftments and the re-
stricted life expectancy of patients. And the generation, maintenance
and application of patient-derived xenografts require funding and ap-
propriate facilities.

A publication in Nature Medicine in 2015 demonstrated the power-
ful reproducibility and clinical relevance of PDX models in a large-scale
setting. Gao et al. (2015) included 277 PDX models - of breast, colon,
pancreatic, lung and gastric cancer as well as melanoma tumor entities
- in a global drug screening study involving 62 treatment groups that
comprised one mouse with one patient tumor for one drug. They iden-
tified significant correlations between specific genetic characteristics
and sensitivity to therapies in patient populations rather than in indi-
viduals. This approach is indeed very close to the clinical situation, but
presumably considers failures as the growth and take rate of even
established PDX is heterogeneous. On the other hand, large-scale work
significantly can reduce a skewing of results due to variation in tumor
growth. The Biomedical Research PDX Enclyclopedia (PDXE)
established by the Novartis Institute comprises 1,057 PDX models of
more than 16 tumor entities with comprehensive genomic and re-
sponse data (Gao et al., 2015) and constitutes an excellent resource
for translational research. Within the framework of the Pediatric Pre-
clinical Testing Program (PPTP), Murphy et al. (2016) provided evi-
dence that single mouse approaches more precisely predict
therapeutic outcomes than the median response of treatment groups
with n = 8 to 10 mice. Through the use of fewer animals and a greater
number of models, this study captured a heterogeneous view of child-
hood cancer and identified responsive tumor types. A similar approach
has recently been launched in Europe as an initiative of 16 cancer

centers in 10 European countries. The consortium has virtually assem-
bled about 1500 characterized PDX models of 30 different malignancies
(www.europdx.eu). Within a collaborative framework, these models
are available for academic research and pharmaceutical companies
with the aim of standardizing preclinical oncology and drawing better
conclusions.

Patient-derived xenografts have also been developed to investigate
the complexity of pancreatic cancer and the effectiveness of novel treat-
ment strategies. Walters et al. (2013) established 15 orthotopic PDX
from the tissues of pancreatic cancer patients, demonstrating their ge-
netic and phenotypic homology as well as correlating engraftment
rates and patient survival. Another cohort of 11 patient-derived
orthotopic PDX models was examined histologically using a tissue mi-
croarray technique (Pérez-Torras et al., 2011). These models showed
that tumor growth kinetics and protein expression patterns are pre-
served over serial in vivo passages. A panel of 20 PDX models with a
take rate of 72% was generated by subcutaneous transplantations
(Jung et al., 2016), and the tumors recapitulated the histological and
molecular characteristics of those of the patients. A comprehensive
analysis of the PDX tissues revealed that the content of murine cells
lay between 1-12%, confirming that the human cell content was high
in the xenografts. In a larger-scale study, 102 tumor tissues from pa-
tients with PDAC were transplanted subcutaneously into NOD/SCID
mice, resulting in 57 propagable PDX models. This led to the conclusion
that patient tumor size is the only significant predictor for PDX engraft-
ment (Jun et al., 2016). In contrast, neither the conditions of surgery
conditions, the degree of tumor differentiation nor the metastatic status
correlated with successful in vivo growth.

In another study by Damhofer et al. (2015), 47 PDAC patient tissues
were transplanted subcutaneously into highly immune-deficient NSG
mice (NOD/SCID with knock-down in IL2RY), yielding twelve success-
fully engrafted tumors whose phenotypic attributes closely and repeat-
edly reflected those of the donor tumor. The human microenvironment
of PDX tumors is replaced by murine stroma early in the engraftment
process. Another approach by Allaway et al. (2016) generated subcuta-
neous PDX models using PDAC material from fine needle aspiration bi-
opsies. Surprisingly, in light of the low number of tumor cells that this
method yields, 9 out of 24 samples successfully engrafted in NSG
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mice. For some patients, biopsies from metastases were even
transplanted in parallel. A characterization of the genomic and histolog-
ical properties of these metastasized tumors revealed a high degree of
homology to both the primary PDX and the original donor.

Biopsy-derived xenografts likely lack the full clonal diversity found
in heterogeneous tumors, which means that their genomic features
should be carefully analyzed in order to determine how findings relate
to specific oncological questions. Thomas et al. (2015) generated 56
PDX models through the subcutaneous implantation of 70 PDAC patient
tumors into NOD/SCID mice. Tissue microarray analyses revealed a high
correlation of IHC markers (3-catenin, caspase-3, E-cadherin, p16 and
SMAD4) between xenografts and patient samples. This PDX panel re-
vealed that successful engraftment in mice is a predictive factor for
tumor recurrence in patients, but no correlation was found between de-
mographic or clinicopathological parameters and effective in vivo
growth. Finally, in a study conducted on a cohort of thirty PDAC subcu-
taneous PDX models, Kras and PIK3CA genes were found to undergo a
steady rate of mutation over 10 in vivo passages (Tignanelli, Herrera
Loeza, & Yeh, 2014). Even though this work focused solely on these
two mutations, the authors proposed that PDX models preserve crucial
features of patient tumor progression. All of these cases reveal genetic
similarities and morphological as well as biological conservation of pa-
tient tumors through the process of engraftment, leading to the conclu-
sion that PDAC PDX models are recommended for translational
questions.

In our facility a well characterized panel of 18 PDAC PDX models has
been established over the last few years (Behrens et al., 2015). Our data
indicate that the take rate is strongly dependent on the viability of the
patient sample, the tumor cell content and the mouse strain chosen
for xenotransplantation. Further conclusions drawn from this PDX
panel include the observation of a distinct inherent resistance to
gemcitabine as shown by the fact that 50% continued to progress, 39%
were arrested and remission was only noticed in 11% of the cases. But,
combining gemcitabine with Abraxane resulted in 56% complete or par-
tial remission in this PDX cohort.

In general, PDX models are the favored method used to identify
drugs that significantly inhibit tumor growth - in hopes that they can
be used to cure patients - or to validate eligible prognostic biomarkers.
Preclinical efforts to date have predominantly been small-scale, with a
limited clinical impact. Recent examples have been published for mela-
noma (Yamamoto et al., 2016) and cancer of the ovaries (Liu, Palakurthi,
et al, 2016), pancreas (MacLaughlin et al., 2016), bladder (Chang et al.,
2016), brain (Crommentuijn et al., 2016), breast (Ter Brugge et al.,
2016), head-and-neck (Klinghammer et al., 2015), lung (Rolff, Becker,
Merk, Hoffmann, & Fichtner, 2016) and kidney (Diaz-Montero et al.,
2016). Most publications regarding pancreatic cancer PDX models
have described the establishment, characterization and preclinical ap-
plication of these xenografts, but these models have yet to be compre-
hensively applied for companion clinical studies. Two publications
from the Hidalgo group describe a parallel implementation of preclinical
and clinical trials in patients with advanced PDAC (Laheru et al., 2012;
Von Hoff et al., 2011). In each study, a small cohort of PDX-bearing
mice was treated in methods paralleling those applied to patients en-
rolled into clinical phase I/II trials. Even though the PDX models were
not generated from corresponding patients, the outcomes of both plat-
forms yielded a trend toward correlation and generated valuable infor-
mation toward the validation of biomarkers.

Eng et al. (2016) identified a cancer stem cell (CSC) population in
three subcutaneous PDAC PDX models which expressed high levels of
death receptors 4 and 5. Targeting these CS cells with a specific anti-
DR5 monoclonal antibody (drozitumab) resulted in apoptosis and the
regression of PDX tumors, which offers a promising perspective for pa-
tients, due to the role that CS cells are known to play in metastasis. Al-
though there have been repeated reports that Metformin has
protective and cancerostatic effects (Bhaw-Luximon & Jhurry, 2016),
tumor growth inhibition could not be detected in a set of four

subcutaneous PDX models of pancreatic cancer treated with different
doses of Metformin (Lipner et al., 2016). However, because Metformin
constrained the proliferation of four pancreatic cancer cell lines in
vitro (Capan-2, CFPAC-1, HPAF-II, SW1990), the authors concluded
that its efficacy could be influenced by factors such as tumor heteroge-
neity, microenvironment, size and growth rate - questions to be taken
up in further studies.

In summary, human PDAC malignancies acquire broad heterogene-
ity due to the constant accumulation of genetic and molecular abnor-
malities. The development of large panels of well characterized,
molecularly defined PDX models reflecting this tumor heterogeneity
have increased their impact in terms of predicting patients' responses
to new therapeutic agents in the clinic and defining powerful bio-
markers. This method has undisputed advantages over others in terms
of reproducibility and the renewability and availability of tumor materi-
al. On the other hand, the development of PDX models takes time, and
not all patient tumors engraft, which restricts their current applicability
for personalized medicine. The most likely reasons for the low number
of co-clinical studies that have been carried out to date are the intensive
time and cost of the procedures required to generate PDAC PDX cohorts.
The failure of PDX models to predict outcomes can likely be attributed in
part to the fact that only a fraction of the whole patient tumor is propa-
gated in mice, and only 20% of tumors that have been diagnosed are re-
sectable. Xenotransplantation represents to some degree an event of
selection that reduces intratumoral clonal diversity and creates a lack
of homology between PDX and patient tissue. The degree of divergence
is influenced by both the surgical procedure that is used and the proper-
ties of a specific tumor. Further obstacles to success in setting up a pre-
clinical study with the best conditions for predicting outcomes are the
partial loss of the native tumor stroma that occurs through xenotrans-
plantation (especially in subcutaneous PDX) and the fact that the tu-
mors are propagated in immune-deficient hosts, which leads to basic
differences in the immunological context of the tumors (Lodhia et al.,
2015).

5. Future perspectives for PDX models

Patient-derived xenografts currently come closest to addressing the
urgent needs that arise in late preclinical research: due to their use of
the right species, renewable resources and their preservation of the ini-
tial clonal heterogeneity of pancreatic tumors. There is abundant evi-
dence that they recapitulate neoplastic cell architecture and conserve
genetic and phenotypical biology at the histological and molecular
levels. This makes PDX models pivotal platforms for therapeutic screen-
ing, the validation of tumor biomarkers and predictions for treatment
outcomes. These models have the further potential to address issues re-
lated to metastasis and tumor relapse, if experiments are carefully
designed.

Two main weaknesses persist in patient-derived xenografts and the
strategies by which they are handled: 1) inherent tumor stroma are lost
during xenotransplantation and replaced by those of the new host; and
2) avoiding rejection of the xenograft requires that the tumor be placed
into an animal that lacks a functional immune system. Each of these fac-
tors — and their combination - alters the environment in which the dis-
ease develops and is treated and can therefore interfere with the degree
to which results can be translated from the model to the clinical
situation.

Cellular interactions of tumor cells with components of the extra cel-
lular matrix can regulate the gene expression programs, differentiation
and general behavior of tumor cells. The partial loss of an intact human
tumor microenvironment during engraftment of patient material may
affect tumor progression and is considered a reason for the low rate at
which breast and prostate xenografts take in the new host (Hidalgo et
al,, 2014). Several authors have discussed the impact of the microenvi-
ronment on tumor biology (Fang & DeClerk, 2013; Knudsen, Balaji,
Freinkman, McCue, & Witkiewicz, 2016) and its therapeutic potential,
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for example in cancers of the pancreas (Mei, Du, & Ma, 2016; Rossi,
Rehman, & Gondi, 2014), breast (Nwabo Kamdje et al., 2014) and pros-
tate (Chiarugi, Paoli, & Cirri, 2014). After xenotransplantation, human
stromal components are replaced by murine tissue within 3 to 9
weeks (Hylander et al., 2013). Investigations of murine stroma in pan-
creatic cancer PDX by our own group have revealed an environment ex-
pressing oi-SMA, SPARC, collagen I and FAP in subcutaneous tumors
(Behrens, Pfohl, Hallas, Buettner, & Hoffmann, 2016, Fig. 2). Recent find-
ings show that murine cells reflect stromal architecture and functional-
ity homologous to that of humans to a certain degree, but species-
related differences (ligand-receptor profile) can affect cellular crosstalk
and therefore tumor biology. A recent innovative concept has been the
idea of directly co-transplanting human mesenchymal stem cells
(MSC) and cancer cells. MS cells can acquire environmental activities
in co-culture studies in vitro and in vivo (Barcellos-de-Souza et al.,
2016; Mandel et al., 2013; Melzer, Yang, & Hass, 2016). Since MSCs
can be isolated from a range of tissues and organs, future experiments
should permit a careful investigation of the influence of cell sources
on the stromal character of tumor tissues. Additionally, PDX models
are maintained as tumor fragments that may suffer from technical lim-
itations during co-transplantation.

Another recent approach has been to co-implant stroma cells de-
rived from patients (cancer-associated fibroblasts, CAF) that may pre-
vent the invasion of murine environmental components and configure
the xenograft in as human a manner as possible. Knudsen et al. (2016)

Collagen |

PDX136
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successfully propagated CAFs from six different patients in monolayer
cultures and studied metabolic events in these cells that promote
tumor growth. Orthotopic co-transplantation with Capan-2 pancreatic
cancer cells in NSG mice revealed that patient-derived CAF have
tumor- and metastasis-promoting activities. The degree to which such
human stroma cells become fully spatially and functionally integrated
into the tumor topology or not remains to be determined, as well as
the ways in which artificial stroma might alter the genetic and pheno-
typic attributes of the tumor mass.

Tumor stroma are directly linked to the larger immunooncological
context of an animal because immunologically active players such lym-
phocytes, macrophages, dendritic cells and regulatory T-cells enter the
microenvironment of the tumor, take up residence there, and interact
with it. Because patient-derived xenografts are established in immuno-
deficient mice, these models lack the native immune response. To limit
the effects of this disadvantage, scientists are working intensively to cre-
ate a humanized mouse in which species-specific interactions between
tumor and immune cells can be analyzed. One of the most promising
strategies is the intrahepatic implantation of CD34 + cells from the
human umbilical cord blood into the neonatal NSG (NOD/SCID-IL2ry-
null) mouse, which results in a multilineage engraftment of human
CD4+ and CD8+ T cells and B cells (Wulf-Goldenberg, Stecklum,
Fichtner, & Hoffmann, 2015). We have used these mice in
xenotransplantations of PDAC PDX53 and observed that tumors exhibit
a growth rate that is similar to that of non-humanized mice;

Fig. 2. Inmunohistochemical staining of murine collagen I and a-SMA in PDX (3rd generation) tissue reveals activated stroma components in human xenograft tumors.
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additionally, the tumors respond to Nivolumab and Ipilimumab in sim-
ilar ways, exhibiting an inhibition of tumor growth of 32% and 62%, re-
spectively (unpublished results).

As a means of improving the humanization of mice, several groups
have tried and evaluated variations in CD34 + cell sources, the mouse
strain, or mode of application (Holzapfel, Wagner, Thibaudeau,
Levesque, & Hutmacher, 2015). Currently, these humanized mice pro-
duce a lower number of immune cells and different rations of B to T
cells than humans. Since T cells aren't educated by the mouse thymus,
the functions of both B and T cells are limited; the mice therefore lack
adaptive responses and their B cells remain immature. Recent advances
in mouse humanization include the production of human cytokines
through genetic engineering (Billerbeck et al., 2011) and knockouts of
MHC class I and II genes (Covassin et al., 2011) in mice to improve the
function of human immune cells. Another method by which human im-
mune cells can be established in a mouse is through the intravenous co-
transplantation of human PBMCs (peripheral blood mononuclear cells)
into immunodeficient mice. These cells are easy to obtain and comprise
around 75% CD4/CD8 + T cells; the rest are primarily B and NK cells.

Several studies have proved their immunooncological capacity
(Guichelaar et al., 2013). Our own group demonstrated this through
the successful application of a bispecific EpCAM/CD3 antibody to
SW480 colon cancer xenografts in PMBC-bearing mice (Wulf-
Goldenberg, Eckert, & Fichtner, 2011). The major weakness of this ap-
proach is that it leads to the development of lethal GVHD (graft versus
host disease) within a few weeks; processes involved in GvHD can influ-
ence the outcome of a study in various ways. Also crucial to experimen-
tal reliability is the HLA mismatch between human tumor cells and
inoculated T cells (PBMC). It might be possible to avoid this problem
by simultaneously preparing tumor tissue and blood from the same pa-
tient, which would enhance co-transplantation studies.

Further advances in humanizing mice may be crucial given the rising
number of strategies aimed at targeting immunological interactions in
cancer, and the successes that these approaches have had in prolonging
survival. Since 2011, the CTLA-4 inhibitor Ipilimumab and the anti-PD1
antibodies Pembrolizumab and Nivolumab have been globally ap-
proved for the treatment of cancers, including melanoma as well as
renal and lung cancer. Further candidates for immunotherapy are

Table 1
Comparison and application of different PDAC preclinical models
Type of model Application Advantages Limitations References
In vitro
2D cell culture Drug development and Low costs Lack of tumor heterogeneity Hwang, Boj, Clevers, and

high-throughput screening
Low time effort
Analysis of signaling pathways

Easy handling and propagation

Highly standardized

3D organoids High-throughput drug screening Moderate costs

Moderate time effort

Tuveson (2016)
Biau et al. (2016)
Gillet, Varma, and
Gottesman (2013)

Lack of structural organisation and
functional differentiation

Lack of tumor environment

Genetic drift due to in vitro
propagation

High degree of dedifferentiation

Unclear relationship to tumor type
Lack of tumor environment Boj, Hwang, Baker, Chio, et
al. (2015)

Technically sophisticated Edmondson et al. (2014)

Structural organisation and
functional differentiation

In vivo
Cell line-derived
xenografts

Drug screening

Biomarker discovery

Syngeneic models Drug screening
Low time effort
Species analogy
Fast growth

Genetically engineered
mouse models

Genetic analyses of tumor
development and progression

Patient-derived
xenografts

Drug screening

Prediction of drug responses in
preclinical “phase II” studies

Moderate time effort

Competent immune system

Competent immune system

Inter-tumoral heterogeneity

Conserved geno- and phenotype

Neither intra- nor inter-tumoral
heterogeneity

Wilding and Bodmer (2014)
Logsdon et al. (2015)

Lack of stroma and immune
components

Limited relation to tumor type
Different biomarkers and drug targets ~ Murphy (2015)
Vallespi et al. (2014)
Not suited for species (human)-specific

approaches

Expensive Westphalen and Olive
(2012)

Time intensive McDonald et al. (2012)
Lack of genetic complexity

Dependent on pre-defined
tumor-associated genes
Time- and cost-intensive Logsdon et al. (2015)
Hwang et al. (2016)
Witkiewicz et al. (2010)

Jung et al. (2016)

Lack of human tumor stroma

Suitable for individualized therapy Lack of immune components

Biomarker identification and
validation

predictions

Engraftment rate
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Hodgkin lymphomas as well as head-and-neck tumors. With the devel-
opment of suitable animal models and studies that lead to preclinical
approval, patients with pancreatic cancer could benefit as well.

6. Conclusions

Pancreatic cancer is a malignancy with a rather low incidence, lead-
ing to the regrettable fact that early diagnostic screenings (as
established for breast and colorectal cancer) have not yet become rou-
tine or feasible in normal public health care settings. Thus diagnosis is
usually only made at a point when the disease has reached a high degree
of malignancy that will likely be fatal. The consequences — which put a
strain on both patients and clinicians - are treatment resistance, metas-
tasis, recurrence and worst of all, a lack of therapeutic strategies that
lead to cures. While preclinical oncology efforts have been mounted to
identify and validate novel drugs that can control the disease, we can
only expect to successfully translate laboratory findings into clinical
practice through the development of experimental platforms that holis-
tically mimic the complexity of this type of tumor.

6.1. Novel approaches for better models

The best model answers questions.

Basic research and applied science have different overall aims and
thus if the aim is translation, it is crucial to choose experimental models
that fit a particular type of study. Here we have provided an overview of
current preclinical models and their particular advantages and draw-
backs, as a means of identifying the uses to which they can best be ap-
plied (Table 1). All models have limitations in their ability to reflect
the true course of a disease in human subjects, yet we have seen a con-
tinual development of novel approaches that aim to bridge experimen-
tal gaps. Roife et al. (2016) for example developed a live-tissue
sensitivity assay (LTSA) in which slices from PDAC patient tumors
were maintained in 96-well plates. The slices are about 200 pm thick
and viable for up to 5 days in an agarose-containing environment. Au-
thors used this platform for high throughput drug screening and report-
ed a significant correlation of their results with patient outcomes. While
this method has the advantages of low cost and effort, its results are re-
stricted to initial tumor responses rather than those that would be ex-
pected later. Another experimental design is based on the cultivation
of PDAC patient-derived, primary tumor cells on feeder monolayers
that are treated with a specific Rho inhibitor to conditionally reprogram
epithelial features (Beglyarova et al., 2016). These unselected cultures
stayed vital for up to 60 days and were used for systematic analysis of
drug sensitivity. Authors found correlating chemosensitivity between
independent cultures from primary material and F1 generation xeno-
grafts and identified drugs that acted cytotoxically in vitro and in vivo.
Furthermore, the specific regulatory cross-signaling between MYC and
the transcription factor ERCC3 was evaluated and found to be involved
in cell viability and resistance to triptolide of pancreatic cancer cells
(Beglyarova et al., 2016).

For the moment, resolving these issues may well require breaking
the complex and multifaceted disease of cancer into single questions;
choosing the best preclinical platform and model to address each of
them, and then integrating the results with the assistance of more glob-
al data assessment tools.

6.2. Closing remark

Data can only be translated from bench to bedside if they are highly
reproducible and reliable. This makes it essential to develop models that
fit these criteria in exploring any sort of innovative concept whose final
aim is to produce clinical applications. Regardless of the status of prog-
ress in research into a process or disease, whether for PDAC or another
health threat, the clinical impact and benefit to patients will ultimately
depend on standardized protocols and statistical methods, intensive

collaborations and the transparency of data. One crucial step toward
these goals would be to establish a public database for preclinical stud-
ies, along the lines of those already available for clinical trials (such as
https://clinicaltrails.gov/). This resource would be an immensely valu-
able tool for translational researchers everywhere.
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