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1 Introduction 1

1 Introduction

Despite efforts in molecular and clinical research, pancreatic cancer remains a lethal disease in
Western countries and across the world (Rahib et al. 2014; Quante et al. 2016). It can originate
from different parts of the pancreas. However, over 90 % of the most common subtype found
in patients arises from the exocrine gland and is termed pancreatic ductal adenocarcinoma
(PDAC)(Biankin et al. 2012).

1.1 Pancreatic ductal adenocarcinoma

1.1.1 Epidemiology and Clinical practice

In 1980, the relative 5-year overall survival (OS) for PDAC was 3.4 % in the United States of
America (USA) (NIH 2021). After almost fourty years, the 5-year OS is still below 9 % (Siegel
et al. 2019). Originally predicted to become the tenth most common cancer, PDAC is dismally
foreseen to be the fifth most common cancer type and the second leading cause of cancer-
related deaths in the USA by 2030 (Rahib et al. 2014; Quante et al. 2016). With regards to Ger-
many, PDAC had an incidence rate of 18,400 men and women in 2016, and this is predicted to
increase to 20,000 new cases in 2020 (RKI and GEKID, 2020). Intriguingly, the mortality rate
kept the balance, noting approximately 18,000 deaths in 2016 (RKI and GEKID, 2020).
Whereas women are diagnosed at an average age of 76, men are diagnosed four years earlier
(RKI and GEKID, 2020). Overall, the relative 5-year OS was 9 % for both genders making
PDAC the fourth most common cause of cancer death in Germany in 2016 (RKI and GEKID,
2020). Poor prognosis of PDAC contrasts promising new therapy options for other cancer en-
tities, e. g. breast cancer, or effective screening procedures, e. g. colorectal cancer that have
improved outcome of patients suffering from these solid malignancies (Edwards et al. 2010;
Akram et al. 2017).

In general, common risk factors for PDAC development are smoking, obesity, alcohol con-
sumption and chronic pancreatitis (RKI and GEKID, 2020). Furthermore, diabetes is a com-
mon risk factor and also a comorbidity or potentially an early symptom in about 50 % of all
patients with a stage I or II PDAC (Okano 2014). As type two diabetes is nowadays commonly
diagnosed in about 8 % of the German adult population, it is impossible to screen all diabetes
patients for the presence of PDAC (Jacobs and Rathmann, 2019). Additional clinical symptoms
include jaundice, venous thromboses and back pain (Modolell et al. 1999; Porta et al. 2005).
Moreover, patients experience an unintentional weight loss which is, among other factors such
as loss of appetite, caused by malabsorption of nutrients. Since pancreatic cancer exhibits a
familial incidence of 2-10 %, individuals with one or two first degree relatives have a 6- to 18-
fold increased risk (Winter et al. 2000).
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Due to the retroperitoneal location, lack of specific symptoms, and lack of screening for clinical
biomarkers, about 80 % of all patients exhibit metastatic spread or locally advanced disease by
the time of diagnosis (Oberstein and Olive 2013; Adamska et al. 2017). Therefore, only 20 %
of all patients are eligible for surgical resection which is currently the only curative treatment
possibility (Sohn et al. 2000). Depending on the location of the tumor, different surgical proce-
dures can be performed. Since microscopically (R1) and macroscopically (R2) visible tumors at
the pancreatic margins are correlated with a reduced survival, the necessity of tumor free pan-
creatic margins (R0) marks the difficulty and complexity of surgical resection (Sohn et al. 2000).
As an example, patients graded with R1 or R2 pancreatic tumors revealed a median survival of
12 months compared to RO resected patients who showed a median survival of 19 months (Sohn
et al. 2000). Moreover, both eligibility and outcome of surgery are highly dependent on patients’
performance, and patients with tumors infiltrating into surrounding structures are not consid-
ered resectable (Adamska et al. 2017). Even after successful RO-resection, 40 % of patients pre-
sent with tumor reoccurrence after 6-24 months, and only 25 % of patient survive the first five

years after resection (Kedra et al. 2001; Hishinuma et al. 2000).

Thus, a need for adjuvant chemotherapy has been proposed and led to two trials demonstrating
the efficacy of 5-fluoruracil (5-FU) in combination with folinic acid and gemcitabine monother-
apy (Neoptolemos et al. 2001; Oettle et al. 2007). Though these regimens remain exclusively
listed in the S3-guidelines for pancreatic cancer in Germany, 5-FU combined with folinic acid
is scarcely used today in the clinical setting due to high toxicity (Neoptolemos et al. 2010; DGVS
2013). Later studies showed that the combination of gemcitabine plus an oral fluoropyrimide,
capecitabine, resulted in a longer OS compared to gemcitabine monotherapy (Neoptolemos et
al. 2017). Moreover, a modified scheme of FOLFIRINOX (combination of fluoruracil, leuco-
vorin, irinotecan and oxaliplatin) demonstrated a significant advantage over gemcitabine mono-
therapy and is now only applied in patients with very good performance status in the adjuvant

setting (Conroy et al. 2018).

Unresectable patients are eligible for palliative chemotherapy, and again the therapy regimen is
dependent on patients’ performance (Adamska et al. 2017). Approved in 1997, the chemother-
apeutic drug gemcitabine has been a first-line regimen for pancreatic cancer patients. However,
a median OS of 5.65 months was one of the grim perspectives which prompted further devel-
opment of drugs with a higher efficacy (Burris et al. 1997). Thus, recent studies have investigated
multiple approaches: The combination therapy of gemcitabine and erlotinib, a growth factor
inhibitor, has been approved by the federal drug administration (FDA) to treat pancreatic cancer
(Moore et al. 2007). However, this combination is hardly applied today as more suitable treat-
ment options have emerged: Firstly, results of a phase III trial demonstrated a prolonged OS in
patients when treated with the combination of gemcitabine plus albumin-bound paclitaxel, nab-
paclitaxel (Von Hoff et al. 2013). Secondly, FOLFIRINOX resulted also in a higher OS than
gemcitabine in the palliative setting (Conroy et al. 2011). Again, this regimen is only applied in

patients with a good performance status due to a relatively high toxicity.
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Overall, unspecific symptoms, late diagnosis at advanced stages and the pronounced chemo-

resistance are hallmark features of PDAC patients reflecting their poor prognosis overall.

1.1.2 Pathogenesis

Due to the anatomic location of the pancreas, acquisition of biopsies from precursor lesions
has not been feasible. Thus, the first model of tumor progression was postulated by Hruban et
al. in 2000, almost ten years after a similar model was first published for colon cancer (Vogelstein
et al. 1988). The most recent model of pancreatic cancer tumorigeneses is illustrated in Figure
1.

Acinar fucial PanIN-
- PanIN-2 PanIN-3 PDAC
specification rep:r?iilzm 1A/B an

Desmoplastic reaction

Figure 1: Progression from normal epithelium to invasive PDAC. Pancreatic cancer can arise from both acinar
cells and duct cells harboring genetic alterations. According to nuclear atypia and polarization, precursor lesions
can be distinguished histopathologically. Progression of precursor lesions is accompanied by a desmoplastic reac-
tion. Modified from Morris et al. 2010. The figure is used with kind permission from Nature Reviews Cancer.

(PanIN = pancreatic intraepithelial neoplasia)

PDAC can arise from both acinar and ductal cells (Hruban et al. 2000; Huang et al. 2015).
Interestingly, recent findings suggest that precursor lesions arising from duct cells demonstrate
a more rapid progression towards an invasive carcinoma and a less favorable tumor phenotype

than lesions with the same mutations, but originating from other cells types within the pancreas
(Lee et al. 2019).

As a result of inflammatory processes, acinar cells are believed to transdifferentiate into duct
cells, subsequently leading to the formation of acinar-to-ductal metaplasia (ADM) (Reichert and
Rustgi 2011). Either ADM or early genetic alterations in duct cells, e. g. telomere length short-
ening, lead to precursor lesions termed pancreatic intraepithial neoplasia (PanINs) (Winter et al.

20006). According to their grade of dysplasia, PanIN lesions can be categorized into different
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stages: PanIN-1A, PanIN-1B, PanIN-2 and PanIN-3, also referred to as carcinoma 7 sizu (CIS).
Earlier during progression, PanIN-1A lesions exhibit tall columnar cells with basal nuclei devel-
oping to papillary structures in PanIN-1B lesions (Hruban et al. 2000). Loss of nuclei polarity
and nuclei crowding are observed in PanIN-2, while additional nuclear and cytosolic abnormal-
ities, but an intact basal membrane, are characteristic for the high grade lesion PanIN-3 and CIS
(Hruban et al. 2000; Hingorani et al. 2003; Winter et al. 2006). Besides PanINs, pancreatic pre-
cursor lesions can exhibit a cystic morphology, subcategorized into intraductal papillary mucin-
ous neoplasm (IPMN), and mucinous cystic neoplasm (MCN) (Esposito et al. 2012). While the
former is increasingly found in elderly patients and exhibits a mean frequency of invasive cancer
of approximately 30 %, the latter demonstrates a prevalence of 15 % (Tanaka et al. 2012;
Kromrey et al. 2018). However, these lesions are scarcely found compared to PanIN (Esposito
etal. 2012).

Molecular characteristics have identified several genetic alterations including mutations, activa-
tion of oncogenes and inactivation of tumorsuppressor genes. Furthermore, aberrant activation
of signaling pathways, such as of the ERK-pathway, are crucial for the final progression to an
invasive PDAC (Feldmann and Maitra 2008). It is known that the amount of alterations pro-
gressily increases with the histological atypia, although certain molecular alterations occur at
distinct stages (Hruban et al. 2000; Winter et al. 2006). At early stages, the activating mutation
of the protooncogene Kirsten rat sarcoma viral oncogene (KRAS) is found in 30 % of PanIN lesions
(Feldmann and Maitra 2008). The substitution from glycine to aspartic acid in the KRAS protein
leads to loss of GTPase activity, and subsequently to constant KRAS signaling and activation
of downstream signaling pathways important in cell proliferation and survival (Almoguera et al.
1988; Hingorani et al. 2003). Found in 90-95 % of all patients with invasive carcinomas, it is
considered to be the most frequent mutation of an oncogene in PDAC (Feldmann et al. 2007).

Intermediate stages demonstrate loss of the ¢yclin dependent kinase inbibitor 24 (CDKIN2A) gene,

61N K4 9ARF

coding for both proteins pl and pl (Feldmann and Maitra 2008). Consequently, over-
expression of the protein cycline D1 results in cell cycle deregulation and uncontrolled prolifer-
ation (Hruban et al. 2000). Notably, as 95 % of all patients exhibit this alteration, it is marked
to be the most frequent mutation of a tumor suppressor in PDAC (Feldmann and Maitra 2008).
At late stages, loss of the tumor suppressor genes TP53 and deleted in pancreatic carcinoma, locus 4
(DPC4) occur in CIS (Hahn et al. 1996; Maitra et al. 2003). Intensive research identified various
epigenetic changes, e. g. methylation of the human hedgehog interacting protein (HHIP), and
novel targets associated with poor survival (Martin et al. 2005; Biankin et al. 2012). Besides these
frequent mutations found in most patients, pancreatic cancers might exhibit up to 60 additional
low frequency genetic alterations (Jones et al. 2008), and this heterogeneity may also account

for the poor efficacy of chemotherapeutic drugs in patients.

1.1.3 Tumor microenvironment

During tumor progression, inflammatory signals do not only promote the transition from not-

mal epithial cells to invasive tumor cells, but also a desmoplastic reaction of the surrounding
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tissue is observed. Changes are characterized by abundant connective tissue accumulation, acti-
vated fibroblasts, immune cells and lack of perfused vessels (Neesse et al. 2011). The presence
of a pronounced desmoplasia is a hallmark feature of pancreatic cancer. Therefore, the tissue
surrounding the tumor is often referred to as the tumor microenvironment (TME) (Mahadevan
and Von Hoff 2007) (Figure 2).

(@ )

(o) epithelial _—=_—— CAF ®) immune cell

\__/  tumor cell

HA type | ’R\q\‘ blood
collagen vessel

Figure 2: The pancreatic TME. The desmoplastic reaction is a hallmark feature of pancreatic cancer exhibiting
proliferation of CAFs and their abundant production of extracellular matrix (ECM) components. (CAF = cancer
associated fibroblast; HA = hyaluronic acid)

Several studies have investigated the role of various components of the TME and the influence
upon patients’ outcome. Indeed, subtyping of stroma might be important for future therapeutic
approaches, paving another way towards personalized medicine (Olive et al. 2009; Nicolle et al.
2017; Neesse et al. 2019). Pancreatic tumor stroma can be subcategorized into “normal” vs.
“activated” when the transcriptional expression pattern is analyzed. Intriguingly, the “activated”
stromal subtype was shown to be associated with a shorter survival in both mice and humans
stressing the need for further extended evaluation of both acellular and cellular components of
the TME (Erkan et al. 2008; Laklai et al. 2016; Neesse et al. 2019).

1.1.3.1 Cancer-associated fibroblasts

In normal pancreatic tissue, quiescent pancreatic stellate cells (PSCs) are the main fibroblast
type. Upon tumorigenesis, activated PSCs are the main source of cancer-associated fibroblasts

(CAFs), however, also various other cell types such as endothelial cells or bone marrow-derived



1 Introduction 6

stem cells (MDSCs) have been postulated as a source of CAFs (Apte et al. 2004; Garcia et al.
2012; Ohlund et al. 2014). Due to to this heterogeneity of origin, CAFs exhibit both tumor-
promoting and tumor-restrainig properties (Elyada et al. 2019). As an example, presence of
activated fibroblasts is associated with a stem cell phenotype of cancer cells, a higher invasion
rate and chemoresistance, but reduced apoptotic rate (Vonlaufen et al. 2008; Feig et al. 2012).
In addition, previous studies suggest a drug scavenging effect of fibroblasts, thus reducing the
amount of chemotherapeutic drugs that act on tumor cells (Hessmann et al. 2018). In the ab-
sence of CAFs, tumors demonstrate enhanced vascularization and, therefore, increased drug
delivery (Olive et al. 2009). Unexpectedly, CAF-depleted tumors also show a more undifferen-
tiated tumor histology and shorter survival, providing evidence for tumor restraining properties
of CAFs (Ozdemir et al. 2014; Rhim et al. 2014; Neesse et al. 2015). Furthermore, CAFs interact
with tumor cells directly through paracrine secretion of different factors, such as chemokine (C-
X-C motif) ligand 12 and 14 (CXCL12/CXCL14), as well as indirectly through the synthesis of
extracellular matrix (ECM) components such as HA and collagen which both influence prolif-
eration and chemoresistance of cancer cells (Bhowmick et al. 2004; Egeblad et al. 2010; Sironen
et al. 2011). Moreover, tumor-stroma interaction results in an upregulation of the secreted pro-
tein acidic and rich in cysteine (SPARC) in fibroblasts, an important matricellular protein and
marker of activated stroma, resulting in an abundant synthesis of collagen (Sato et al. 2003;
Moffitt et al. 2015). Interestingly, ablation of SPARC in a novel mouse model reduces the
amount of collagen but does not accelerate PanIN or tumor progression (Ramu et al. 2019).
Furthermore, the small glycoproteine podoplanin was found to be expressed on the surface of
CAFs recently (Quintanilla et al. 2019). Interestingly, high expression of podoplanin in cancer
cells was among other consequences connected to an increase in epithelial-mesenchymal tran-
sition (EMT) and associated with poor survival in breast, lung and pancreatic cancer (Martin-
Villar et al. 2006; Quintanilla et al. 2019). Thus, it is proposed to be a novel marker for tumor

aggressIveness.

1.1.3.2 Collagen

In contrast to normal pancreatic tissue, expression of type I collagen is significantly increased
in pancreatic cancer, predominantly produced by activated PSCs (Imamura et al. 1995; Apte et
al. 2004). Together with HA, type I collagen is responsible for a high intratumoural pressure,
leading to impaired drug delivery (Chauhan et al. 2013). It is also found to promote proliferation
and reduce apoptosis levels in cancer cell lines, thus being positively correlated with tumor
growth (Armstrong 2004; Egeblad et al. 2010). Moreover, studies propose a negative correlation
between expression levels and OS (Whatcott et al. 2015). After studies found a high expression
of the enzyme lysyl oxidase (LOX) in a hypoxic environment important for collagen develop-
ment, combined treatment of transgenic ST-Kras"?”*;L.SL-Trp53%? "*: Pdxc1-Cre (KPC)
mice with gemcitabine plus a LOX-inhibitor resulted in longer survival and reduced metastatic
spread (Miller et al. 2015).
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1.1.3.3 Hyaluronic acid

HAs are unbranched, long-chained glycosaminoglycans comprising thousands of dissacharides.
Due to their biochemical properties, HAs are capable of retaining a great amount of water.
Subsequently, HA is one decisive factor held responsible for the high intratumoral pressure
which leads to the collapse of blood vessels, restricted drug delivery and change in gene expres-
sion of tumor cells (Sironen et al. 2011; Provenzano et al. 2012; Jacobetz et al. 2013). Previous
studies indicate a shorter survival upon enhanced expression of HA (Cheng et al. 2013; Whatcott
et al. 2015). Intriguingly, depletion of HA via the Smoothened inhibitor IPI-926 leads to a de-
compression of blood vessels paired with increased drug delivery and better response to gem-
citabine in murine models (Jacobetz et al. 2013). In a phase II clinical trial, patients exhibiting
high levels of HA undergoing combined treatment of a hyaluronidase (PEGPH20) plus gem-
citabine/nab-paclitaxel showed a higher OS and progression-free survival (PES) (Hingorani et
al. 2018). However, the subsequent phase III clinical trial did not corroborate phase 1I trials. As
no improvement in OS and PFS was reported, and a higher rate of adverse events occurred in
the treatment arm, no further therapeutic approaches regarding HA depletion are likely (Van
Cutsem et al. 2020). However, the question of whether HA expression influences protein ex-

pression in gemcitabine-related genes remains unexplored to this point.

1.2 Different model systems in PDAC research

A detailed molecular understanding of PDAC evolution and progression is crucial for the de-
velopment of novel diagnostic and therapeutic possibilities. Over decades, several iz vitro and in
vivo approaches have revealed the complex nature of pancreatic cancer. Easy and fast to use,
two-dimensional (2D) cell culture systems are wildly established to answer important biological
questions. Importantly, these are highly simplified tumor models which inaccurately recapulate
biological and therapeutic hallmarks. The majority of advanced clinical trials possibly failed in
PDAC because most drug research was based upon findings in cell line studies (Thota et al.
2017). A better understanding of tumor biology has been reached by multiple approaches to-
wards three-dimensional (3D) cell culture systems which are still in development (Edmondson
et al. 2014; Simian and Bissell 2017). Besides iz vitro studies, different iz vivo mouse models of
pancreatic cancer have been established adding great value to preclinical science, especially re-
garding the faithful representation of the TME and testing of potential new drugs (Frese and
Tuveson 2007).

1.2.1 KPC mice

One genetically engineered mouse model (GEMM) that closely recapitulates the development
from non-neoplastic epithelial cells to fully invasive PDAC is the KPC mouse model first de-
scribed by Hingorani et al. in 2005. Kras“"?” and Trp53%7?"" alleles are altered leading to an ex-

change of amino acids (glycine to aspartic acid at codon 12 or arginine to histidine at codon
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172) within the proteins, thus promoting initiation and progression of PDAC after active tran-
scription (Hingorani et al. 2003; Olive et al. 2004). Upstream of the mutations named above, a
Lox-STOP-Lox (ILSL) cassette is inserted to prohibit initial expression at the 5-end (Hingorani
et al. 2005). Hence, only the wild type allele is expressed (Hingorani et al. 2003; Hingorani et al.
2005). For pancreas-specific expression of mutated genes, a Cre-recombinase, functionally si-
milar to topoisomerase 1, is linked to promotor regions of transcription factors only expressed
in pancreatic progenitor cells (Van Duyne 2001). So fat, two genes, Pdx/Ipf! activated on day
8.5 and, slightly later, p48/ptf1 activated on day 9.5 of embryonic development, have been char-

acterized as pancreas-specific promoters (Kawaguchi et al. 2002; Hingorani et al. 2003).

In general, the KPC model is currently the mouse model recapitulating the human disease the
closest. KPC mice exhibit the full spectrum of histopathological precursors towards the devel-
opment of frank invasive cancers, allowing for the possibility of investigating precursor lesions
and different differentiation levels of PDAC (Singh et al. 2015; Lee et al. 2016). Similar to human
cancers, KPC tumors frequently metastasize in the liver followed by the lung and lymph nodes
(Olive et al. 2004). Moreover, KPC mice feature a pronounced TME, immune cell infiltrations
and a distinct hypovascularity that can be studied and experimentally probed (Sharpless and
DePinho 20006; Lee et al. 2016). In addition, clinical signs such as malignant ascites, biled duct
obstruction and jaundice are regularly found in KPC mice (Hingorani et al. 2005). Taken to-
gether, the KPC mouse model is the most widely used GEMM in PDAC research that has
contributed to a deeper understanding of molecular and cellular mechanisms as well as thera-

peutic strategies in PDAC.

1.2.2  Orthotopically transplanted mice

Due to the challenges of breeding the desired genotype, high costs, and slow tumor develop-
ments over several months, other 7z vivo mouse models have been used for PDAC research
(Sharpless and DePinho 20006; Jiang et al. 2014; Lee et al. 2016). For instance, the injection of
cancer cells into the tail of the pancreas of immunodeficient or immunocompetent mice is both
more feasible and less expensive compared to KPC mice, generating a tumor in orthotopically
transplanted mice (OTMs) (Jiang et al. 2014). If cancer cells and the recipient mouse exhibit the
identical genetic background, a syngenic mouse model can be generated. This is the case for 7
vitro KPC tumor cells and C57/B6 mice (Sharpless and DePinho 2006).

OTM models offer several advantages over the conventional subcutaneous xenograft models:
First, these tumors recapitulate histological and clinical features like local invasion, angiogenesis
and metastatic spread (Feldmann and Maitra 2008; Jiang et al. 2014). Secondly, experiments can
be perfomed at a large-scale at the same time and tumors normally develop rapidly within a few
weeks (Jiang et al. 2014). Hence, this model is commonly used for initial screening of potential
chemotherapeutic drugs to investigate the effects on the TME and metastasis formation (Sharp-
less and DePinho 2006; Feldmann and Maitra 2008).
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1.2.3 PDX mice

First introduced by Rygaard and Poulsen in 1969, a novel approach towards personalized med-
icine is the subcutatenous transplantation of human primary resected tissue (hPRT) of patients
into immunodeficient mice, often referred to as patient-derived xenograft (PDX) mice. Because
of the feasibility of this model, PDX mice are commonly used for preclinical drug studies in-
cluding the investigation of pharmacodynamics and effects on tumor size or tumor volume
(Kelland 2004; Feldmann and Maitra 2008). Transplantation of tumor bulk tissue into nude
mice allows research on tumors which maintain their original 3D structure (Hessmann et al.
2020). In addition, the molecular subtypes (classical and basal-like) are at least partially repre-
sented (Collisson et al. 2011; Lomberk et al. 2018). Strikingly, studies indicate that cellular com-
ponents of the immune system are increasingly located within tumors compared to normal tis-
sue and might further promote tumorigenesis (Wérmann et al. 2014). PDX mice demonstrate
a loss of essential hallmarks such as a strong immune response and pronounced TME, thus, the
absence of these hallmarks might be responsible for unexplained tumor shrinkage rather than
cytotoxic effects of administered chemotherapies (Kelland 2004; Rubio-Viqueira et al. 20006).
However, as the human TME is gradually replaced by stroma of murine origin during passaging,
there is a chance to specifically investigate the crosstalk between stromal and epithelial compart-
ments 7z vivo (Bradford et al. 2013; Delitto et al. 2015) including the possibility of this model to
evaluate drug efficacy (Aparicio et al. 2015; Witkiewicz et al. 2016; Hessmann et al. 2020).
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Figure 3: Different mouse models of PDAC. (A) In the transgenic KPC mouse model, tumor development is
induced in mutation-bearing and Cre-recombinase-expressing mice. (B) Previously isolated 2D-cultured KPC cells
are orthotopically transplanted into C57/B6 mice, tesulting in the generation of a syngenic pancreatic tumot. (C)
Patient-derived xenografts (PDX) are established by subcutaneous transplantation of human primary resected tis-
sue (hPRT) into immunodeficient Foxnln mice. /I.SL. = Lox-STOP-Lox; (KPC = LSL-Kras®?P/*1.51 .
Trp5 387 2H/ *:PDX-1-Cre); Foxcn1™ = Foxhead box n1, nude; hPRT = human primary resected tissue]

1.2.4 Organoids

The term organoid cultures, or short organoids, has been defined multiple times over the last
few years. In general, organoids are tissue- or cell line-derived cells which exhibit an organ-like
structure and gene expression (Simian and Bissell 2017). The development of the technique
started in 1963 when Swarm and colleagues observed the survival of a murine chondrosarcoma
after subcutaneous transplantation to inbred mice. Subsequently, the ECM of the chondrosar-
coma was characterized, a gel compromising its components was generated and named after the
first investigators Engelbrecht, Swalm and Holm (EHS)-matrix (Swarm 1963; Simian and Bissell
2017).

The most important advantage of 3D culture systems is the additional dimension in which cells
are able to interact with each other (Edmondson et al. 2014). Notably, 3D-cultured cells demon-
strate a polarization and tissue-specific cytodifferentiation more similar to 7z vivo tissue (Barcel-

los-Hoff et al. 1989; Simian and Bissell 2017). Besides a more natural cell morphology in 3D,
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the composition of the cell population itself also differs between the culture systems. In contrast
to homogenous, mostly proliferating cell populations in 2D, 3D culture exhibits different cell
stages including proliferating, quiescient, hypoxic and necrotic cells within the same culture (Ba-
harvand et al. 2004; Edmondson et al. 2014). This heterogeneity of cells is based on the for-
mation of clusters within 3D, subsequently leading to an uneven accessibility to oxygen and

nutrients (Edmondson et al. 2014).

Importantly, the culture method strongly influences the expression of various genes, including
transcripton factors, surface receptors, signaling molecules and factors essential for drug re-
sponse (Baharvand et al. 2004; Edmondson et al. 2014). Compared to 2D, cells maintained in
3D reveal a more comparable gene expression pattern to the original tissue, thus mimicking the
genuine biological behavior of the tumor more closely (Birgersdotter et al. 2007). For instance,
genes involved in inflaimmation processes, apoptosis factors and immune responses are en-
riched in 3D compared to 2D (Baharvand et al. 2004; Birgersdotter et al. 2007; Edmondson et
al. 2014). Taking this into account, it is not surprising that a great amount of potential drugs
tested in 2D cell cultures eventually failed in clinical trials due to a lack of efficacy and toxicity
(Lee et al. 2013). However, as 2D cell culture is feasible and affordable, it is still the most com-

mon platform used for drug testing today (Edmondson et al. 2014).

The advent of organoid cultures resulted in numerous preclinical studies in pancreatic cancer
research. Organoids are now regarded as a key approach to improve the understanding of mo-
lecular mechanisms and to develop more efficient screenings for potential chemotherapeutic
drugs (Boj et al. 2015; Hou et al. 2018; Tiriac et al. 2018). Both murine and human resected
normal pancreatic tissue, PanIN lesions and invasive PDAC can be grown and cultivated in
organoid cultures (Boj et al. 2015). It has been shown that these cultures closely resemble the
distinct morphology and histopathology of the distinct stages in tumor progression (Boj et al.
2015; Huang et al. 2015). Moreover, orthotopic transplantation of organoids into mice exhibit
an abundant desmoplastic reaction and show distinct stages of PDAC development (Boj et al.
2015). Due to the lower costs and relatively rapid outgrowth, this model displays an attractive
alternative when GEMMs are not available (Gurski et al. 2010; Boj et al. 2016). Therapeutic
approaches in 3D organoids demonstrate a higher drug resistance than corresponding 2D cell
culture (Hou et al. 2018). Organoids accurately predicted drug sensitivity in patients, and longi-
tudinal molecular and therapeutic examinations might identify newly occurring mutations and
chemo-refractory tumors, thus leading to an adjustment of therapy (Tiriac et al. 2018). The
possibility of generating organoid cultures in high-throughput screenings ultimately marks an
important step towards personalized medicine (Boj et al. 2015; Hou et al. 2018; Tiriac et al.
2018; Frappart et al. 2020).
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1.3 Gemcitabine

1.3.1 Drug metabolism and function

Around 80 % of all patients with newly diagnosed pancreatic cancer qualify for palliative treat-
ment. Different therapy regimes have been established over the last few decades. The prodrug
2, 2’-difluoro 2’-deoxycytidine (dFdC), known as gemcitabine, has been administered as a stan-
dard chemotherapy drug since 1997 (Burris et al. 1997; Neesse et al. 2015), and has been com-
bined with nab-paclitaxel more recently (Von Hoff et al. 2013). Biochemically, gemcitabine is
an analogue to the nucleoside cytidine, substituted with two fluor atoms at 2’ carbon of deoxy-

cytidine essential for its antitumoural activity (Mini et al. 2006) (Figure 4A).

Being hydrophilic in nature, dFdC uptake is achieved by isoforms of the equilibrative nucleoside
transporters (ENTSs), such as ENT1, located in the cell membrane (Mini et al. 2006) (Figure 4B).
The initial step, which is also considered to be the rate-limiting step of the prodrug gemcitabine
undergoing activation, is its phosphorylation to 2’, 2’-difluoro 2’-deoxycytidine monophosphate
(dFdCMP) catalyzed by deoxycytidine kinase (DCK) (Mini et al. 2000).
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Figure 4: Structure, metabolism, and function of gemcitabine. (A) Gemcitabine is a nucleoside analogue sub-
stituted with two fluor atoms at 2’ carbon. (B) Following the influx via ENT transporters, dFdC is metabolized to
its active form by phosphorylation to dFdCTP, subsequently leading to various modes of action. Gemcitabine is
inactivated through NT5C1A and CDA. [CDA = gytidine deaminase; DCK = deoxycitidine kinase; dbdC = 2°,2°-difluoro-
2" deoxcycitidine (prodrug); dbdCMP/ dEACDP = 2°,2"-difluoro-2’-deoxcycitidine monophosphate/ diphosphate (intermediate metabo-
lites); dFdCTP = 2°,2"- difluoro-2’-deoxcycitidine triphosphate (active metabolite); dFdU = 2°,2"-difluoro-2"-deoxynridine (inactive
metabolite); ENT = equilibrative nucleoside transportery NT5C1.A = nucleotidase 5°, cytosolic 1.A]

Subsequent phosphorylation leads to the active metabolite 2°,2’-difluoro 2’-deoxycytidine tri-
phosphate (dFdCTP), unfolding antitumoural activity specifically in the S-phase of the cell-cycle
(Mini et al. 2000). Termed as masked-chain-termination, dFdCTP is incorporated into desoxy-
ribonucleic acid (DNA), and after subsequent addition of one deoxynucleotide, chain elongation
is stopped (de Sousa Cavalcante and Monteiro 2014). Besides the protection by the final added
deoxynucleotide from removal by DNA repair enzymes, gemcitabine metabolites mediate self-

potentiation (Heinemann et al. 1990). Through inhibiting both the ribonucleotide reductase
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(RR) by dFdCDP and DNA-polymerase by dFdCTP, respectively, CTP production and incor-
poration into DNA is reduced and DCK activity is upregulated leading to an increase in
dFdCMP concentration and influx of dFdC into the cell (Heinemann et al. 1990; Mini et al.
2000).

Prior to the inactivation to the inactive metabolite 2’,2’-difluoro 2’-deoxyuridine (dFdU) by cy-
tidine deaminase (CDA), dephosphorylation to dFdCMP is catalyzed by cytosolic 5-nucleo-
tidases, especially subgroup 1A (NT5C1A) (Mini et al. 2006; Patzak et al. 2019). Importantly,
high expression levels of both enzymes are correlated with a reduced OS and therapeutic re-
sponse in pancreatic cancer preclinical models and PDAC patients because of higher inactiva-

tion rates of the active metabolite of gemcitabine (Bengala et al. 2005; Patzak et al. 2019).

1.3.2 Pharmacogenetics — a new chance?

Recently established chemotherapeutic treatments such as the FOLFIRINOX regime or gem-
citabine in combination with nab-paclitaxel are more efficient but also more toxic compared to
gemcitabine monotherapy (Conroy et al. 2011; Von Hoff et al. 2013). Chemoresistence of
PDAC relies not only on biophysical tumor properties such as the stiff tumor stroma with com-
pressed vessels, but also on a highly heterogeneous genetic and transcriptional program of tu-
mor cells. It is suggested that the gene expression patterns account for up to 95 % of variation
in drug responses of patients (Wong et al. 2009; Neesse et al. 2019). The evolving field of phar-
macogenetics investigates the influence of gene expression on responses to certain drugs (Wong
et al. 2009). Considering the efficient antitumoral effects that gemcitabine has shown during 7
vitro studies, it might be beneficial to classify PDAC patients according to expression of gem-
citabine metabolizing enzymes (GME) (de Sousa Cavalcante and Monteiro 2014). Previous
studies demonstrated that high expression of the activating enzyme DCK and low expression
of inactivating enzymes NT5C1A and CDA correlated with a higher sensitivity to gemcitabine,
thus leading to a longer OS, respectively (Bergman et al. 1999; Bengala et al. 2005; Patzak et al.
2019). Moreover, high expression of both ENT1 and DCK correlated with a prolonged OS in
patients with advanced PDAC (Maréchal et al. 2012; Greenhalf et al. 2014). Therefore, applica-
tion of drugs according to distinct expression patterns of drug metabolizing enzymes (DME)
should be explored since pancreatic cancer still lacks tailored therapeutic strategies (Yauch and
Settleman 2012).

1.4  Aims of this study

Pancreatic cancer is one of the most challenging cancer entities to treat. The expression of DME
might determine the response to chemotherapeutic drugs. However, it is unknown by which
mechanisms the expression of DME is controlled and whether the expression differs in various

preclinical experimental models.
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Figure 5: Influence of stromal compartments on gemcitabine metabolizing enzymes. Stromal components
might have the potential to alter gene and protein expression of tumor cells. We hypothesize that stromal compo-
nents might have an impact on the expression of gemcitabine metabolizing enzymes, thus promoting chemo-
resistance in different pancreatic cancer model systems. [CAF= cancer associated fibroblast; CDA = cytidine deaminase;
DCK= deoxycitidine kinase; HA = hyaluronic acid; (KPC = LST-Kras®"?P/*;1.S1.-Trp53%72H/* . PDX-1-Cre)y NT5C1.A=
nucleotidase 5°, cytosolic 1.4; OTM = orthotopically transplanted monse; PDX = patient-derived xenograft; hPRT = human primary

resected tissue]

We hereby hypothesize that the expression of DME, in particular GME, is associated with the
amount and composition of the tumor stroma. To test this, (i) enzyme expression of NT5C1A,
CDA and DCK are investigated in KPC mice, OTMs, hPRT and PDX mice. Furthermore, (ii)
stainings of stromal components for HA, type I collagen and podoplanin are conducted and
correlated to GME expression. By using in vitro approaches, (iii) conditioned medium experi-
ments and (iv) type I collagen-coated plates are used to investigate whether re-introduction of
different stromal components changes the expression of GME. Finally, (v) GME expression is
investigated in KPC SPARCY" and KPC SPARC” mice to approach the role of type I collagen.
These experiments aim to investigate the role of stromal components on the expression of
GME, thus possibly providing an explanation of the varying responses of different preclinical

model systems to gemcitabine.
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2 Material and Methods

2.1 Material

2.1.1 Lab equipment

Table 1: General lab equipment

Equipment

Company

Location

Anesthetic vaporizer

Sigma delta Penlon Ltd.

Abingdon, UK

Aspirator — Grant-bio FT'A-1

Grant Instruments

Cambridge, UK

Autoclave — FVA2/A1 Fedegari
group

ibs/ tecnomara GmbH

Fernwald, Germany

Beaker/Etlenmeyer flask — Schott
DURAN®

DWK Life Sciences GmbH

Wertheim/Main, Ger-
many

Benchtop Orbital Shaker —
MaxQ™ 4450

Thermo Fisher Scientific

Waltham, MA, USA

Biological safety cabinet, class II —
Thermo Scientific™ Safe 2020

Thermo Electron LED
GmbH

Langenselbold, Ger-
many

Cell Counter - Cellometer® Auto
1000, with single use cell counting
chambers

Nexcelom Bioscience LIC.

Lawrence, MA, USA

Centrifuge — Heraeus Megafuge
16/ Multifuge X1R

Thermo Fisher Scientic

Waltham, MA, USA

Centrifuge — Universal 320R

Andreas Hettich GmbH &
Co. KG

Tuttlingen, Germany

CO:; incubator - HERAcell® 240i

Thermo Fisher Scientific

Waltham, MA, USA

Cryo boxes with grid inserts -
Labsolute®

Th. Geyer GmbH & Co.
KG

Renningen, Germany

Dewar flask for liquid nitrogen —
KGW- Isotherm

Katlsruher Gastechnisches
Werk — Schieder GmbH

Karlsruhe, Germany

Digital camera — cyber-shot DSC-
RX100

Sony Europe Limited

Surrey, UK

Dry bath incubator — BSH 5002-E

Benchmark Scientic, Inc.

Edison, NJ, USA

Fluid aspiration system — BVC Vacuubrand GmbH & Co.  Wertheim, Germany
control KG

Forceps and dissecting scissors Karl Hammacher GmbH Solingen, Germany
Freezer — Mediline/ Fridge — Liebhert-International Biberach an der Rif3,
Profi line/ Fridge and freezer — Deutschland GmbH Germany

glass line

Glass bottles 100 ml, 250 ml, 500
ml, 11 - Schott DURAN®

DWK Like Sciences GmbH

Wertheim/Main, Ger-
many

Graduated cylinders — SILBER-
BRAND ETERNA — 100 ml, 500
ml, 11

BRAND GmbH + Co. KG

Wertheim, Germany

Heated Paraffin Embedding Mod-
ule — EG1150 H with cold plate —
HistoCore Arcadia C

Leica Biosystems Nussloch

GmbH

Nussloch, Germany
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High resolution ultrasound system
— Visual Sonics Vevo2100, includ-
ing imaging stage, anesthesia line,
and micro scan transducer (MS-
550-D. 22-55 MHz)

FUJIFILM VisualSonics Ine.

Toronte, Canada

Horizontal gel electrophoresis sys- PEQLAB Biotechnologie Erlangen, Germany

tem — 41-2025 GmbH

Hot plate — 062 Labotect Labor-Technik- Rosdorf, Germany
Gottingen GmbH

Ice bath — 1-6030

NeoLab Migge GmbH

Heidelberg, Germany

Ice machine - Scotsman® AF80

Scotsman Ice Stl

Milano, Italy

Imaging system — ChemiDoc™

XRS+

Bio-Rad Laboratories
GmbH

Munich, Germany

Immunostaining slide rack and
slides — Thermo Scientic™ Shan-
don Sequenza™

Thermo Shandon Limited,
Subsidiary of Thermo Fisher
Scientific

Runcorn, UK

Incubator — UF260/UN55pa

Memmert GmbH & Co.
KG

Schwabach, Germany

INTAS UV system

Intas Science Imaging In-
struments GmbH

Goettingen, Germany

Liquid nitrogen cell storage canis-
ter — Bio-cane™ 47

Thermo Fisher Scientific

Waltham, MA, USA

Magnetic stirrer — RH basic

IKA®- Werke GmbH &
Co. KG

Staufen, Germany

Microscope — Axiovert 25

Carl Zeiss AG

Oberkochen, Germany

Microscope — BX43F/ CKX53

Olympus Corporation

Tokyo, Japan

Microwave — NN-E209W

Panasonic Marketing Eu-
rope GmbH

Hamburg, Germany

Microwave heatpad for animals -
snuggleSafe®

SnuggleSafe Lenric C21

West Sussex, UK

Mini gel tank — Invitrogen, for
Western blot analysis with mini
blot module — B1000

Thermo Fisher Scientific

Waltham, MA, USA

Multi-functional orbital shaker —
Grant-bio PSU-20i

Grant Instruments

Cambridge, UK

Oxygen generator — Aeroplus 5

Kroeber Medizintechnik
GmbH

Dieblich, Germany

pH meter — FiveEasy Plus

METTLER TOLEDO AG

Schwerzenbach, Swit-
zerland

Pipette filler - pipetus® akku

Hirschmann Laborgerite
GmbH & Co. KG

Eberstadt, Germany

Pipettes - Research plus (10 ul, 20  Eppendorf AG Hamburg, Germany

pl, 100 pl, 200 pl, 1000 pl), Mul-

tipette® plus

Plate spinner — PerfectSpin P PEQLAB Biotechnologie Erlangen, Germany
GmbH

PowerPac™ HC for gelelectro- Bio-Rad Laboratories Munich, Germany

phoresis and Western blot analysis GmbH

Real-time PCR system — Applied
Biosystems StepOnePlus™

Thermo Fisher Scientific

Waltham, MA, USA
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Residual gas filter - CONTRA(flu-
ranTM

ZeoSys GmbH

Berlin, Germany

Rotary Microtome - RM2265 with
flattening table for histopathology
— HI 1220

Leica Biosystems Nussloch
GmbH

Nussloch, Germany

Shaver — ER-PA10

Panasonic Corporation

Osaka, Japan

Thermal cycler — T100™

Bio-Rad Laboratories
GmbH

Munich, Germany

ThermoMixet® compact Eppendorf AG Hamburg, Germany
Timer — WB-388 Oregon Scientific Gennevilliers, France
Tissue lyser — Qiagen with stain- ~ RETSCH GmbH Haan, Germany

less steel beads, 5 mm

Tissue processor — TP1020

Leica Biosystems Nussloch
GmbH

Nussloch, Germany

Ultrapure watet system - arium®

pro

Sartorius AG

Goettingen, Germany

Ultrasonic homogenizer — So-
nopuls HD70

BANDELIN Electronic
GmbH & Co. KG

Betlin, Germany

Vortex mixer — REAX2000

Heidolph Instruments
GmbH & Co. KG

Schwach, Germany

Waterbath WINB 14

Memmert GmbH & Co.
KG

Schwach, Germany

2.1.2 Consumables

Table 2: Consumables

Consumable Catalogue Supplier Location
number
Adhesion slides for IHC - J1800AMNZ  Gerhard Menzel B.V.  Braunschweig, Ger-
SuperFrost® Plus & Co. KG many
Cell culture multiwall plate, 662160/ Greiner Bio-One Frickenhausen, Get-
24 well/ 96 well, F-bottom 655180 GmbH many
Cell scraper, 25cm 83.1830 Sarstedt, Inc. Newton, NC, USA
Chamber slide™ system — 177445 Thermo Fisher Scien- Rochester, NY,
Lab-Tek®, 8 well, Per- tific USA
manox® slides
Combitips — advanced® 0030 Eppendorf AG Hamburg, Germany
0.5ml, 1 ml 25ml,5ml/  089.421/
BIOPUR 1 ml, 5 ml 430/ 448/
456/ 642/
0669
CryoPure tube 1.6 ml red 72.380.002 Sarstedt AG & Co. Nuembrecht, Ger-
many
Desinfectant - Desomed DT-311-010 DESOMED Dir. Freiburg, Germany
rapid AF Trippen GmbH
Embedding cassettes 9160844 Th. Geyer GmbH &  Renningen, Ger-
Co. KG many
Eye and nose ointment - 6029009.00.00 Bayer Vital GmbH Leverkusen, Ger-
Bepanthen® many




2 Material and Methods

19

Filter tips - TipOne® §1120-3810/  STARLAB INTER-  Hamburg, Germany
10/20 wl, 100 ul, 1000 ul S1120-1840/ NATIONAL GmbH

S1126-7810
Folded filters, 185 mm 311647 Schleicher & Schuell  Dassel, Germany

BioScience GmbH,
Gloves — latex/ nitrile - SG-T-M/ STARLAB Interna- Hamburg, Germany
Starguard® SG-C-§ tional GmbH
Hair removal cream — Veet 8319533 RB Healthcare UK Hull, UK
Insulin syringes 30 G —BD 324826 Company, Franklin USA
Micro-Fine™ + Demi Lakes, NJ, Micro Amp®
Micro Amp® fast optical 4346906 Life Technologies Carlsbad, CA, USA
96 well reaction plate (0.1 Corporation
ml) — Applied biosystems®
Microscope coverslips 24 x 7695 028 Th. Geyer GmbH &  Renningen, Ger-
32 mm Co. KG many
Microtest plate 96 well, F 2021-08 Sarstedt AG & Co. Nuembrecht, Get-
many

Microtome blade - 207500000 pfm medical AG Cologne, Germany
Feather® S35
Microtube 0.5 ml, 1.5 ml, 72.699/ Sarstedt AG & Co. Nuembrecht, Get-
2.0 ml 72.690/ many

72.691
Needle Sterican® - 20 Gx 466 7093/ B. Braun Melsungen =~ Melsungen, Ger-
2926 G x 1° 465 7683 AG many
Optical adhesive covers — 4360954 Life Technologies Singapore
applied biosystems® Holdings Pte. Ltd.
Parafilm® PM-996 Pechiney Plastic Menasha, WI, USA

Packiging, Inc.

PCR tubes 200 pl - Multi- 72.990.002 Sarstedt AG & Co. Nuembrecht, Ger-
ply® uStrip Pro many
Pipette tips - TipOne® 10~ S1111-3000/  STARLAB Interna- Hamburg, Germany
ul, 200 ul, 1000 pl S1113-1006/  tional GmbH

S1111-6001
Razor blades — Apollo ever- 9156110 Th. Geyer GmbH &  Renningen, Ger-
shape blades Co. KG many
Rolled rim bottles 55 x 27 9400240 Th. Geyer GmbH &  Renningen, Ger-

mm

Co. KG

many

Scalpel 02.001.30.021  Feather Safety Razor ~ LTD, Osaka, Japan
Co.
Serological pipette 2 ml, 25  86.1252.001/  Sarstedt AG & Co. Nuembrecht, Ger-

ml, 50 ml

86.1685.001/

many

86.1256.001
Serological pipette 5 ml, 10 606180/ Greiner Bio-One Frickenhausen, Ger-
ml 607180 GmbH many
Sterilium® classic pure 975512 BODE Chemie Hamburg, Germany
GmbH
Surgical suture material - V497 Johnson & Johnson  Norderstedt, Ger-
Ethicon® Vicryl™ Poly- Medical GmbH many
glactin 910
Syringe 5 ml - Injekt® 4606710V B. Braun Melsungen =~ Melsungen, Ger-

AG

many
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TC flask T25, T75, T175 83.3910.002/  Sarstedt AG & Co. Nuembrecht, Ger-
83.3911.302/ many
83.3912.002
TC plate, 6 well, standard ' 83.3920.005 Sarstedt AG & Co. Nuembrecht, Ger-
many
Tube 5 ml, 15 ml, 50 ml 60.558.001/ Sarstedt AG & Co. Nuembrecht, Get-
62.554.502/ many
62.547.254
Ultrasonic gel ASUSG1 Asmuth GmbH Me-  Minden, Germany
dizintechnik
Weighing boats 9.900 786 Lab Logistics Group ~ Meckenheim, Ger-
GmbH many
Wound clips — Reflex 9 201-1000 CellPoint Scientific, Gaithersbury, MD,

Inc.

USA

2.1.3 Chemicals and reagents

Table 3: Chemicals and reagents

Chemical/Reagent Catalogue number Supplier Location
Acetic acid, glacial 3788.4 Carl Roth GmbH Karlsruhe, Ger-
+ Co. KG many
Albumin Bovine Fraction ~ 11930.03 SERVA Electro-  Heidelberg, Get-
V,pH 7.0 phoresis GmbH  many
Aqua/Aqua ad iniectabilia ~ 75/12604052/1212/ B. Braun Melsun- Melsungen, Get-
6724123.00.00 gen AG many
Calcium chloride dihydrate  131232.1210 AppliChem Darmstadt, Ger-
GmbH many
Citric acid monohydrate p.  3958.1 Carl Roth GmbH  Karlsruhe, Ger-
a. + Co. KG many
dNTP set 100 mM 10297-018 Invitrogen Corp.  Carlsbad, CA,
USA
Dulbecco’s Phosphate 14190-094 Life Technologies Paisley, UK
Buffered Saline - gibco® Corporation
Embedding wax (Paraffin)  17932A Engelbrecht Edermiinde/
GmbH Besse, Germany
Eosin Y solution aqueous HT110232-1L Merck & Co., Kenilworth, NJ,
Inc. USA
Ethanol - CHEMSO- 2294.1000, Th. Geyer Renningen, Ger-
LUTE® 2212.5000/ GmbH & Co. many
99 % denatured/absolute 2246.2500 KG
p. a.
Formaldehyde solution 4 1.00496.5000 Merck KGaA Darmstadt, Ger-
%, buffered, pH 6.9 many
Glycine 3908.3 Carl Roth GmbH Katlsruhe, Get-
+ Co. KG many
Goat serum (normal) X0907 Dako Denmark Glostrup, Den-

A/S

mark
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Hematoxylin solution ac- 51275-1L Merck & Co., Kenilworth, NJ,

cording to Mayer Inc. USA

HEPES - PUFFERAN®,  HN78.2 Carl Roth GmbH  Karlsruhe, Ger-

buffer grade + Co. KG many

Hydrochloric acid (2 N) T134.1 Carl Roth GmbH  Karlsruhe, Get-
+ Co. KG many

Hydrogen Peroxide 30 % - 8070.2 Carl Roth GmbH  Karlsruhe, Ger-

ROTIPURAN® p.a. & Co. KG many

Magnesium chloride hexa- ~ 131396.1210 AppliChem Darmstadt, Get-

hydrate GmbH many

Midori green advance MGO4 Nippon Genetics  Dueren, Germany

DNA stain Europe GmbH

Mountant for microscopy - HP68.2 Carl Roth GmbH  Karlsruhe, Ger-

Roti®-Mount + Co. KG many

Non-woven wipes - Desco  00-915-RD7003-01  Dr. Schumacher ~ Malsfeld, Ger-

wipes GmbH many

PBS Dulbecco, powder 1.182-50 Biochrom GmbH  Berlin, Germany

Phenol/ chloroform/ iso- 51371 Biomol GmbH Hamburg, Ger-

amylalcohol (25: 24: 1) many

RNA/ater® RNA stabiliza- 1018087 Qiagen GmbH Hilden, Germany

tion reagent

RNase-free water — 12-RWATER-88 VWR Interna- Leuven, Belgium

peqGOLD tional BVBA

Roticlear® for histology A538.2 Carl Roth GmbH  Karlsruhe, Ger-
+ Co. KG many

Sodium chloride - Fluka™ 31434 Honeywell Inter-  Morristown, NJ,
national Inc., USA

Sodium fluoride S1504 Sigma-Aldrich, St. Louis, MO,
Co. USA

Sodium hydroxide solution  5587.2500 Merck KGaA Darmstadt, Ger-

many

TRIS/ TRIS-HCI - PUFF-  4855.2/ Carl Roth GmbH  Karlsruhe, Ger-

ERAN® p. a. 9090.3 + Co. KG many

Tri-sodium citrate dihy- 4088.3 Carl Roth GmbH  Karlsruhe, Ger-

drate + Co. KG many

TRIzol® reagent - am- 15596018 Life Technologies Carlsbad, CA,

bion® Corp. USA

Tween® 20 - PanReac A4974 AppliChem Darmstadt, Get-
GmbH many

B-mercaptoethanol 4227.3 Carl Roth GmbH  Karlsruhe, Ger-
+ Co. KG many

2.1.4 Cell Culture
Table 4: Cell culture components
Component :jztﬁue Supplier Location
A83-01 72022 STEMCELL Technologies ~ Vancouver,

Canada
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B27 Supplement (50 x), 17504-044 Life Technologies Corpora-  Grand Island,

serum free tion NY, USA

Collagen I, Rat Tail ALLX-522-435-  Enzo Life Sciences, Inc. Farmingdale,
0100 NY, USA

Collagenase from Clos- C9697-50MG  Merck & Co., Inc. Kenilworth,

tridium histolyticum NJ, USA

Dimethyl sulfoxide D8418-100ML.  Merck & Co., Inc. Kenilworth,

(DMSO) NJ, USA

Dispase 11 D4694-1G Merck & Co., Inc. Kenilworth,

NJ, USA

Dulbecco’s Modified Ea- ~ 41965-039 Life Technologies Corp. Paisley, UK

gle Medium (DMEM) -

gibco®

Dulbecco's Modified Ea-  11330-032 Thermo Fisher Scientific Waltham,

gle Medium/Nutrient MA, USA

Mixture F-12 (DMEM/F-

12)

Fetal bovine serum (FBS)  10270-106 Life Technologies Corp. Paisley, UK

- gibco®

Gastrin [ human G9020-250UG  Merck & Co., Inc. Kenilworth,
NJ, USA

GlutaMAX™ Supplement  35050-061 Thermo Fisher Scientific Waltham,

- gibco® MA, USA

HEPES Buffer solution 15630-056 Thermo Fisher Scientific Waltham,
MA, USA

Matrigel® growth factor 356231 VWR International GmbH  Darmstadt,

reduced basement mem- Germany

brane matrix, phenol red-

free - Corning®

MEM Non-Essential 11140-035 Life Technologies Corp. Paisley, UK

Amino Acids (NEAA) -

gibco®
Na;POy 342483-500G Merck & Co., Inc. Kenilworth,
NJ, USA
N-Acetyl-l-cysteine A7250-10G Merck & Co., Inc. Kenilworth,
NJ, USA
Nicotinamide N0636-100G Merck & Co., Inc. Kenilworth,
NJ, USA
Recombinant Human 100-26 Pepro-Tech Rocky Hill,
FGF-10 NJ, USA
Recombinant Mouse R- 3474-RS-050 R&D Systems, Inc. Minneapolis,
Spondin 1 Protein, CF Mn, USA
Recombinant Murine Epi-  315-09 Pepro-Tech Rocky Hill,
dermal Growth Factor NJ, USA
(mEGF)
Recombinant Murine 250-38 Pepro-Tech Rocky Hill,
Noggin NJ, USA
ROCK Inhibitor Y27632  Y0503-5MG Merck & Co., Inc. Kenilworth,
Dihydrochlorid-Monohy- NJ, USA
drat
Penicillin-streptomycin PO781 Merck & Co., Inc. Kenilworth,

NJ, USA
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Trypsin-EDTA 0.5 %

(10 x) - gibco®

15400-054

Life Technologies Corp.

Paisley, UK

Table 5: Cells

Cell type

Source

KPC tumor cells

Department of Gastroenterology and Gas-
trointestinal Oncology, UMG

2.1.5 Kits

Table 6: Kits
Kit Catalogue number Supplier Location
ImmPACT DAB Pe-  SK-4105 VECTOR LABOR-  Burlingame, CA,

roxidase (HRP) Sub-
strate

ATORIES, Inc.

USA

Masson’s Trichrome 25088 Polyscience, Inc. Warrington, PA,
Stain Kit USA
peqGold total RNA 12-6834-02 VWR International Leuven, Belgium
kit BVBA
Picrosirius Red Stain ~ 24901-500 Polysciences, Inc. Warrington, PA,
Kit 500 ml USA
VECTASTAIN ABC PK-4001 VECTOR LABOR-  Burlingame, CA,
Kit (Rabbit IgG ) ATORIES, Inc. USA
2.1.6 Antibodies
Table 7: Antibodies
) Target Catalogue ]
AB Species dssue  number Supplier
CDA rabbit h/m ab82346 Abcam plc, Cam-
bridge, UK
DCK rabbit  h/m ab96599 Abcam ple, Cam-
bridge, UK
HA Binding Pro- bovine h/m 385911- Merck Millipore,
tein, Bovine Na- 50UG Billerica, MA, USA
sal Cartilage, Bio-
1° AB tinylated
NT5C1A rabbit  h/m C15296 Assay Biotechnol-
ogy Company Inc.,
Sunnyvale, CA,
USA
Podoplanin syrian m CVL- Axxora, LLC,
hamster MAB50714 Farmingdale, NY,

USA
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Anti-rabbit goat E0432 Dako Denmark
A/S, Glostrup,
Denmark
2° AB Anti-syrian ham-  goat BA-9100 VECTOR LABOR-
ster ATORIES Inc.,
Burlingame, CA,
USA
(AB= antibody)
2.1.7 Anesthetics and analgetics
Table 8: Anesthetics and analgetics
Drug Approval number Supplier Location
Carprieve (carprofen)  401182.00.00 Norbrook Laborato-  Newry, UK
ries Limited
Forene® 100 % (V/V)  2594.00.00 AbbVie Deutschland  Ludwigshafen, Ger-
GmbH & Co. KG many
Temgenic (buprenor- 345928 Indivior Eu Ltd. Berkshire, UK

phine)

2.1.8 Primers for qRT-PCR

Table 9: Primers for qRT-PCR

Target Direction Sequence (5’-3%)
hCDA forward AGGAGCTGCAATCGTGTCTG
reverse TAGGGGCAGTAGGCTGACTT
mCda forward AAGGCCATCTCCGAAGGGTA
reverse CAGTCGGTGCCAAACTCTCT
hDCK forward GAGCGCGGCTTGAGGAG
reverse GGTGTCGGGGTTTGACTTTG
mDck forward CAAGACTGGCACGACTGGAT
reverse CAGAGTCCGATGAAGGAGCC
hDCTD forward CGGACCCAACATGAGTGAAGT
reverse GCCGACCTGGGAATTTGGAT
mDctd forward GGACCCTGCTCTGACGTATG
reverse GCCATTGTACCCGATCCCAA
hNT5C1A forward GAGAAGGCCCACGAGAACAA
reverse GGTACGAATTGGGCACTCCA
mNt5cl1A forward ACGAGAATGAGCCCTTCAGC
reverse TGAGACGAACTCCCACCTGA
hRRM1 forward GGAACAAGGTATGCTCCATGAATTG
reverse TGCCAAGGCTCCAGGTAAAT
hRRM?2 forward AGGCGGAAGTTGGAATCAGG
reverse AGGAAATGGTCTGAGCTGGC
mRrm1 forward GCCGAGAGAGGTGCTTTCAT
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reverse

AACCCTGCTTCCAACCGTAG

mRrm2 forward TGTGACTTTGCCTGCCTGAT
reverse CTCCAGCATAAGCCTGTCGG
hSLC29A1 forward CCTGTTGCAGCCTCTCTTCC
(ENT1) reverse CCTGCTGCTGAGACTTTGGA
hSLC29A2 forward TGGAGCCTCTCACTTCTCCA
(ENT2) reverse CCCGGGAGTGCTCTCATAATC
mSlc29al forward TAGGGAGCTATCGTCGGTGG
(Entl) reverse TGACTGGTTGTCATGGCTCC
mSlc29a2 forward TTCATTCTGGGACTGGGCAC
(Ent2) reverse CTGCTGTTGGTCCCTGCTAA
XS$-13 (h/m)  forward TGGGCAAGAACACCATGATG

reverse

AGTTTCTCCAGAGCTGGGTTGT

2.1.9 Software

Table 10: Software

Software

Supplier

Location

cellSens Entry (Microscopy
software)

Olympus Europa

Hamburg, Germany

GraphPad Prism 6.05/7.03

GraphPad Software Inc.

La Jolla, CA, USA

Image] 1.50b/ Fiji

Wayne Rasband, National Insti-
tute of Health (Schindelin et al.
2012)

USA

Leica LAS X - Application
Suite X

Leica Microsystems CMC GmbH

Wetzlar, Germany

Microsoft Office 2016
(Word und Excel)

Microsoft Corp.

Redmond, WA, USA

Nucleotide BLAST

National Center for Biotechnology
Information/ U.S. National Li-
brary of Medicine

Bethesda, MD, USA

PVC Viewer v1.5.3.1

Intas Science Imaging Instruments
GmbH

Goettingen, Germany

Statistica v13.3

TIBCO Software Inc.

Palo Alto, CA, USA

StepOne v2.3

Life Technologies Corp.

Carlsbad, CA, USA

2.1.10 Animals

Table 11: Animals' genotype and type of tissue used

Murine genotype Category Supplier Location

C57BL/6-] living mice Charles River La- ~ Wilmington, MA, USA
boratories, Inc.

KPC archived tissue
AG Neesse

KPC SPARC”- archived tissue
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PDX Archived tissue  AG Hessmann Department of Gastroentero-
logy and gasotrointestinal On-
cology, University Medicine,
Goettingen, Germany

2.2 Methods

2.2.1 Cell culture

All cells were cultured in an incubator at 37 °C and 5 % CO,. Experiments were performed

under a sterile safety cabinet.

2.2.1.1 Cell culture conditions for adherent cells

In this study, archived Kras®'?; p53%7*“/*; Pdx-1-Cre (KPC) cells derived from KPC BI6 mice
were used. According to the established protocols in the Neesse lab, cells were thawed, cultured,

split, and isolated.

To take cells into culture, cell stocks from the -80 °C freezer were placed on ice. Culture medium
was prepared and placed into a 37 °C water bath. After 10 ml of medium was pipetted into a 50
ml falcon, the cell stock was quickly thawed and the total volume (1 ml) was transferred to the
conical tube. Then, the suspension was vortexed and centrifuged at 1200 rpm for 3 minutes at
room temperature (RT). The supernatant was discarded and the cell pellet was resuspended in

12ml culture medium, transferred to a T75 flask and placed inside an incubator.

To expand cell lines, cells were split according to their growth rate. First, the medium was aspi-
rated and washed with 8 ml of PBS. After discarding the PBS, cells were trypsinized in 2 ml and
incubated at 37 °C for approximately 3 minutes for total detachment from the surface. The
reaction was stopped with 8 ml of medium containing FCS and, subsequently, a volume accord-

ing to the split ratio 1:10 was transferred to a new T75 flask.

Table 12: Composition of 2D cell culture media

Medium Composition Amount Concentration
KPC medium Dulbecco’s Modified Eagle’s 500 ml
medium (DMEM)
FCS 50 ml 10 %
Non-Essential Amino Acids 5 ml 1%
(NEAA)

2.2.1.2 PSC-conditioned medium experiments

Human cancer cell lines (MIA PaCa and L.3.6) and human PSC cell line were thawed and cul-
tured in DMEM supplemented with 10 % FCS (Hessmann et al. 2018). Cells were split and

seeded onto 6-well plates according to established protocols in the Neesse lab. Having reached
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a confluency of 60-80 %, the medium of the PSCs was replaced by serumfree DMEM. After 24
hours, the PSC conditioned medium (PSC-CM) was aspirated and provided to human cancer
cell lines, which had also reached a confluency of approximately 60-80 %. Following an incuba-
tion time of 48 hours, cells were harvested and ribonucleid acid (RNA) was isolated for qRT-
PCR using the peqGold total RNA kit and following the manufactut’s instructions.

2.2.1.3 Culture of tumor cells on type I collagen

To generate collagen-coated plates, 1.1 ml type I collagen from rat tail (concentration 5 mg/ml)
was suspended in 8.9 ml acetic acid and 40 ml autoclaved H20. After mixing, 1.5 ml of type I
collagen suspension was added to each well of a 6-well plate. Subsequently, the coated plates
wete incubated under the hood overnight (o/n). The next day, wells were washed twice with 1
x PBS and again incubated for 2 hours. Finally, plates were collected and stored at 4 °C prior to

use.

Table 13: Composition of collagen-coated plates

Composition Amount

Collagen I, Rat Tail 1.1 ml
Acetic Acid, 50 uM 8.9 ml
H.0, autoclaved 40 ml

Cells were seeded on collagen-coated plates for 24 and 48 hours aiming to reach a confluency
of 60-80 % at the time point of isolation. After incubation, cells were washed with 1 x PBS and
incubated with trypsin for dissociation, which was subsequently stopped by addition of medium.
The cell suspension was collected in a 50 ml falcon tube, centrifuged for 3 minutes prior to
removal of supernatant and resuspension of the cell pellet in 1 x PBS. Following another cen-
trifugation step, cells were lysated with RNA lysis buffer and the protocol for RNA extraction
from cells (chapter 2.2.5.1) was followed.

2.2.2 Animal studies

2.2.2.1 KPC mice

Tissue was obtained from previous preclinical studies (Neesse et al. 2013; Neesse et al. 2014).
Tumor development of mice was confirmed by ultrasound and tissue was harvested and pre-

served according to established protocols (Neesse et al. 2013).

2.2.2.2 PDX mice

The study was approved by the ethics committee vote of the UMG and is listed as number
11/5/17. Archived tissue from AG Hessmann was used. Human biopsies from PDAC patients
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(f0-generation) were subcutaneously transplanted into both flanks of female NMRI Foxn1™ mice.
Once tumor biopsies reached a size of 500 mm’, mice were sacrified. Tumor pieces were har-
vested and again, transplanted into nude mice, and labelled f7 generation. Further transplantion

procedures lead to f2 or higher generations.

Table 14: Overview of hPRT and PDX mice tissue samples

Patient No. Block No. PDX No. Mouse No. Generation location
P6904/18 1-9 Go6PDX4 5180 F1 right flank
P7328/18 1-7 G6PDX5 5373 F4 right flank
P8974/18 2-8 G6PDXS8 5219 F1 left flank
P10136/18 1-12 Go6PDX11 5209 F1 not spec.
P10446/18 3-9 Go6PDX12 5326 F2 not spec.
P11045/18 1-8 G6PDX13 5321 F3 right flank
P11978/18 1-9 GoPDX14 5233 F1 left flank
P13247/18 1-5 G6PDX15 5231 F1 right flank
P20717/18 3-7 Go6PDX18 5317 F1 right flank
P21923/18 6-11 Go6PDX19 5322 F1 left flank
P26104/18 1-6 Go6PDX21 5318 F1 right flank
P27971/18 1-9 G6PDX23 5333 F1 right flank

(bPRT = human primary resected tissue; No. = number; not spec. = not specified; PDX = patient-derived xenograf?)
2.2.2.3 Orthotopic mouse model

Orthotopic transplantations were performed in 8-week-old male C57BL/6-] mice which were
ordered from Charles River Laboratories, Germany. In this study, KPC tumor cells were used
for transplantation. Before surgery, cells were splitted and counted. For this procedure, 150,000
viable cells were suspended in 20 ul medium and 20 ul matrigel, leading to a total application

volume of 40 pl per mice.

2.2.2.4 Orthotopic transplantation procedure

30-45 minutes prior to surgery, Buprenorphin (200 ul/20 g body weight) was injected intraperi-
toneally. Mic were placed into a chamber. Anesthesia was induced by applying isoflurane (2-3
%) into the chamber until deep sedation occurred. After transferal to the surgical platform with
continued isoflurane inhalation via a nose cone, eye cream was applicated and mice were shaved
and injected with Caprieve (100 ul/20 g body weight) subcutaneously (s.c). Duting surgery, mice
were kept on a warming plate. After disinfection, the mouse abdomen was opened with a scalpel,
the spleen was pulled out and 40 pl of the cell/matrigel suspension was injected into the tail of
the pancreas. To close of the abdomen, the peritoneum was stitched and the skin was closed

with clips. Upon awaking from anesthesia, mice were transferred in the cage and provided with



2 Material and Methods 29

mash food. On the day of transplantation, the condition of the mice was checked frequently.
Follow-up examinations included daily checks for general behavior and body weight measure-
ments three times a week. All procedures were conducted according to the local animal fare

regulations and were registered under the animal test number 15/2057.

2.2.2.5 Housing conditions

All mice were kept at a 12 hours dark and 12 hours light cycle. Housing conditions were in

accordance with the local fare regulations and registered under the animal test number 15/2057.

2.2.2.6 Sonography

Tumor development of OTMs was evaluated through high-resultion ultrasound. Mice were
checked on day 13 and day 19 after orthotopic transplantation. Prior to sonography, mice were
anesthetized with isoflurane (3-4 %). While keeping the nose of the mice in a cone with isoflu-
rane, the fur of the abdomen was removed using a shaver and hair-removing cream. Sonography
was conducted by using a Visual Sonics Vevo 2100 High Resolution Ultrasound System accord-
ing to an established protocol (Goetze et al. 2018).

2.2.2.7 Endpoint criteria

Mice which either showed signs of pain or loss of body weight > 20 % were sacrificed. Addi-
tionally, OTMs were sacrificed when tumors detected by sonography were adequate in size and

volume of about 75 mm” or after 21 days at the latest.

2.2.2.8 Tissue harvesting, fixation and embedding

After isoflurane (5 %) anesthesia, mice were euthanized by cervical dislocation and heart punc-
ture. Following disinfection, the abdomen was opened up and the general appearance was ex-
amined. The pancreas was isolated and pieces were cut in a petri dish. Subsequently, tissue pieces
were snap frozen and later transferred to -80 °C storage. Furthermore, other parts of tumor
tissue were incubated in a cryo vial containing 1 ml RNA later® and kept at 4 °C for 24 hours.
After removing the solution, samples were also transferred to -80 °C storage. To establish cell
lines, tumor tissue was either placed in a falcon containing 7 ml 1 x PBS or a petri dish, both on
ice. Finally, the remaining tumor tissue, together with samples of spleen, intestine, and liver;
were placed into 10 % buffered neutral formalin solution o/n for fixation and subsequent pat-

affin embedding.

2.2.3 Human studies

2.2.3.1 Primary resected PDAC tissue

Primary resected tissue from PDAC patients: Archived tissue was obtained from Dr. Mark-
Sebastian Boeshertz, Institute of Pathology, Goettingen (Table 14).
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2.2.4 Tissue processing for stainings

2.2.4.1 Paraffin-embedment

For tissues, isolated sections were placed into a histology cassette followed by storage in forma-
lin until the dehydration process. All samples were dehydrated by being passed through a Leica
tissue processor. Followed by embedment in paraffin, sections of 4 ul were cut using a Rotary
Microtome. After slides were allowed to lay on a heating plate, they were stored at 37 °C o/n

before beeing were stored in the dark until staining.

2.2.4.2 Hematoxylin and eosin (H&E) staining

Prior to being passed through a gradient alcohol row for 1 minute each (99 %, 99 %, 96 %,
80 %, 50 %) for rehydration, slides were incubated in roticlear twice for 10 minutes to remove
paraffin. Slides were then washed in tap water and placed in hematoxylin for 6 minutes. Next,
tissues were kept in tap water for 5 minutes until the color turned blue and, subsequently, aci-
dophile structures were dyed in eosin y solution for additional 3 minutes. Repeatedly, slides were
incubated in tap water for 15 seconds prior to the dehydration process in an ascending ethanol
row (30 seconds in 70 %, 1.5 minutes in 96 %, 2 minutes in 99 %) ending in roticlear for > 20
minutes. Stained tissue sections were mounted with rotimount and a cover slip was then placed

under the hood for solidification.

2.2.4.3 Immunohistochemistry (IHC)

Similarly to H&E staining, slides were incubated in roticlear for 10 minutes twice before being
exposed to a rehydration process with equal concentrations for 4 minutes each. To conduct
unmasking of antigens, slides were placed into a beaker containing citrate buffer ph 6.0 and
cooked for different time periods depending on the primary antibody (AB) used. Afterwards,
tissue sections were allowed to first cool down in the microwave for 10 minutes followed by
additional 20 minutes on ice and a washing step in tap water. As endogenous peroxidases could
induce additional background staining, slides were incubated in 3 % freshly prepared HO, for
15 minutes prior to another washing step in tap water. Next, tissue sections were aligned in a
SequenzaTM Slide Rack using TBST and, subsequently, washed with TBST three times. To
reduce unspecific binding of the AB, slides were incubated with 200 ul blocking solution (BS)
consisting of TBST supplemented with 10 % goat serum and 1 % BSA in TBST for 1 hour.
Meanwhile, the primary AB was diluted either in BS or 1 % BSA, and again 200 ul of suspension
were added to each slide. Cadenza systems were placed at 4 °C o/n. The next day, slides were
washed with TBST three times, 200 pl of 1:200 diluted secondary AB were added to each slide
and incubated at 37 °C for 1 hour. During incubation, AB complex was prepared and incubated
for 30 minutes at RT. Followed by another washing step of TBST three times, tissue sections
wete incubated with 200 ul AB complex/slide for an additional hour ptior to being washed with
TBST for the last time, removed from SequenzaTM Slide Rack, and placed in tap water. For

staining, tissue sections were exposed to 3,3'- diaminobenzidine (DAB) staining for a defined
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time depending on the primary AB used (Table 17). The reaction was stopped by placing the
slides in tap water. For counterstaining, slides were then stained with hematoxylin for five
minutes prior to placement into tap water until the color turned blue. As for H&E staining,
slides were exposed to a dehydration process (70 %, 80 %, 96 %, 99 % ethanol) for 5 minutes

each and finally ending in roticlear, followed by a mounting and drying process.

Table 15: Composition of epitope-retrieval and washing buffers for IHC

Buffer Composition Amount

BS TBST
Goat serum (normal) 10 %

BSA in TBST 1 %, 10 %

Citrate buffer Citric acid monohy- 2.1 g

ph 6.0 drate

TBS (10x) Tris 424 ¢
Tris-HCI 260 ¢g
NaCl 2927 ¢

TBST TBS (1x) 1L
Tween 20 1 ml

(BS = blocking solution)

2.2.4.4 Masson’s trichrome staining

According to H&E/THC stainings, paraffin was removed by roticlear followed by rehydration
of tissue slides. Subsequently, slides were incubated in Bouin’s solution at RT o/n to further fix
the tissue and improve the quality of the staining. The next day, slides were washed under tap
water for 5 minutes, followed by staining of all basophilic structures upon placement into Wei-
gert’s haematoxylin for 15 minutes. After repeated washing steps in tap water for 5 minutes,
slides were placed into Biebrich-Scatlet Acid solution for 5 minutes to stain all acidophilic struc-
tures. To remove red staining of collagen, tissue sections were briefly placed in destilled water
prior to placement in phosphomolybdic-phosphotungstic acid solution for 5 minutes. Followed
by instant placement into aniline blue to stain for collagen for 8 minutes, tissue sections were
washed in destilled water three times and further processed into 1 % acetic acid to fix the stai-
ning. To avoid bleeching, the dehydration process of slides was reduced to 95 % and 99 %
ethanol for 30 seconds each and roticlear process to 1-2 minutes. Finally, slides were covered

with rotimount and a cover slip, and allowed to dry o/n.
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2.2.4.5 Picrosirius staining

Slides were passed through roticlear and ethanol for paraffin removement and rehydration as
described above. Next, tissue sections were stained in Weigert’s haematoxylin for nuclei staining
and further processed into 2 % acid ethanol for 10 seconds. Afterwards, tissue sections were
placed in tap water and then destilled water. Subsequently, slides were immersed in Phospho-
molybdic acid (Solution A) for 2 minutes. Repeatedly, slides were rinsed in destilled water and
turther incubated in picrosirius Red F3BA Stain (Solution B) for 60 minutes to stain type I and
III collagen fibers in red. Afterwards, slides were placed in 0.1 N Hydrochloride Acid (Solution
C) for fixation for 1 minute followed by a short incubation with 70 % ethanol for 45 seconds.

Dehydration and fixation processes of tissue sections were conducted as described above.

Table 16: Staining procedure for each antibody used for IHC

Med. Med. TD
Target Buffer BS C. 1°AB C. 2°AB
1°AB 2°AB (sec)
CDA 10 % 180
Citrate Goat se- 1%
buffer rum + 1 . 1:200 BSA in
DCK pH6  %BSA 1% TBST 50
in TBST BSA in
TBST
10 %
HA - BSA in - - 120
TBST
1:100
10 %
. Goat se-
NT5C1A 10 % rum + 1 120
Citrate Goat se- %% BSA 1%
buffer rum + in TBST 1:200 BSA in
pH o6 1% BSA TBST
in TBST 1%
Podoplanin BSA in 90
TBST

(AB = antibody; BS = blocking solution; C = concentration; Med = medium; TD = time development)
2.2.4.6 Histological quantification analysis

All stainings were planimetrically analyzed using the software Fiji (v1.52p) (Schindelin et al.
2012). To ensure comparability among samples, pictures for each staining were taken with the
same focal aperture setting, exposure time, contrast and white balance mode. For enzyme stai-
nings (CDA, DCK, NT5C1A), 10 pictures per mouse (200 x) were taken, while stromal markers
(hyaluronan-binding protein, Masson’s trichrome, picrosirius, podoplanin) were evaluated with
7 pictures per mouse (100 x). Areas of necrosis, artefacts and overdyed border areas were not
included.
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Figure 6: Collagen quantification via picrosirius staining both without and with applied macro. Using
Fiji, a macro for each staining was designed. In this process, small batches of slides were analyzed to adjust stain-
ing intensity, contrast, and brightness. Thus, the macro detects positively stained areas (black pixels) while the

remaining area is left out and not quantified (white pixels).

Prior to the main analysis, small batches of slides were analyzed and a macro displaying the
staining most adequately was designed. The macros were written and provided by Benjamin

Steuber (Figure 6).
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Figure 7: Application of macro for each type of quantification. To analyze enzyme stainings, total area
stainings (NT5C1A, CDA) and nuclear stainings (DCK) were quantified. DCK quantification was performed
by using two macros: The amount of blue (= negative) nuclei was subtracted from the total amount (= posi-
tive + negative) nuclei to determine the amout of brown (= positive) nuclei. Stromal stainings were all quanti-

fied by total area macros.

To assess enzyme staining (CDA, DCK, NT5C1A) and stromal stainings (hyaluronan-bind-
ing protein, Masson’s trichrome, picrosirius, podoplanin), the procedure of Color Threshold
was applied (“Image P> Color Threshold”). For this, the staining intensity, contrast and
brightness were set individually to define the positivity or negativity of a staining. Stained
pixels were translated into black pixels which were then relatively set to the total amount of
pixels (Figure 7A,C)

Regarding DCK, two macros were used counting either the total nuclei number [(A) in Table
17] ot the blue (negative) nuclei [(B) in Table 17]. Consequently, the number of blue nuclei
was subtracted from the total nuclei count to receive the brown (positive) nuclei count (Fig-
ure 7B).
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Table 17: Overview of all conducted stainings
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2.2.4.7 Statistical analysis

Following the quantification processes, results were further evaluated using linear regression
models by Statistica (v13.3). Data was plotted by both Statistica (v13.3) and Graph Pad Prism
(v6.05/7.03). Data are presented with * standard deviation (SD). If not indicated otherwise,
unpaired student t-test was used. Statistical significances are indicated with * p < 0.05, ** p
< 0.01, and *** p < 0.001.

For other statistical analysis in this work, significance levels were calculated with different
statistical tests, depending on the experimental design and the distribution of the calculated
values. The exact test used is stated in the figure legends and corresponding chapter. Statis-
tical analysis was performed in collaboration with the Medical Statistics Unit of the UMG

and Dr. Christoph Ammer-Herrmenau from the Neesse group.

2.2.5 Molecular methods

2.2.5.1 RNA extraction from 2D-cultured cells

To isolate RNA from 2D cell lines, the Peqlab Gold Total RNA was used according to the

manufactur’s instructions.

After the medium was discarded, cells were washed with PBS followed by adding 1 ml of
Cell Recovery Solution and placing the dish on ice. After 2 minutes, the solution was col-
lected into a 50 ml falcon tube, and after another washing step, incubated on a rocking plate
at 4 °C for 60 minutes. Then, cells were centrifuged at 200-300 xg at 4 °C for 5 minutes
before being resuspended in cold PBS and centrifuged repeatedly at the same conditions.
Subsequently, the supernatant was discarded and cells were resuspended in 200 pl RNA lysis
buffer and vortexed before being further processed with the Peqlab Gold Total RNA kit

according to the manufactut’s instructions.

2.2.5.2 RNA extraction from tissue

Pieces of tissue were placed into Eppendorf cups which were prepared with 1 ml of TRIzol
in advance. With the use of short sonification impulses, the tissue was homogenized. After
addition of 200 ul of cholorform, samples were vortexed and incubated at RT for 5 minutes.
Followed by a centrifugation step at 14000 rpm, 4 °C and 5 minutes, the upper transparent
phase containing the RNA was carefully transferred to a new Eppendorf cup. 500 ul of iso-
propanol was added to each sample, and after a short incubation time at RT, the samples
were again centrifuged at the same conditions for 30 minutes. Subsequently, the supernatant
was discarded and the pellet washed with 1 ml of 75 % ethanol. After mixing and centrifu-
gation at 13000 rpm, 4 °C for 5 minutes, the supernatant was repeatedly discarded and the
pellet resuspended in 50 pl Ampuwa. At last, RNA concentrations from all samples were

determined by using the INTAS nanophotometer.
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2.2.5.3 cDNA preparation

To obtain a cDNA concentration of 6.4 ng, RNA was prepared with Ampuwa and 1 ul
recombinant RNasin® ribonuclease inhibitor to a volume of 9 ul. After incubating at 65 °C
for 10 minutes, samples were supplemented with a variety of reagents (Table 18). For the
transcription process, samples were incubated at 38 °C for one hour, followed by another
step at 72 °C for 10 minutes. Subsequently, cDNA was placed on ice and 60 ul of Ampuwa
was added. In the end, 6.4 ng cDNA were obtained.

Table 18: Composition of cDNA Master Mix for one sample

Composition Amount
5 x First Strand Buffer 8 ul
Primer p(dt)1s (nmol) 8 ul
dNTPs 10 nM 8 ul
DTT 4 ul
MMLV-Reverse 2 ul

2.2.5.4 qRT-PCR

Quantitative real time polymerase chain reaction (QRT-PCR) was conducted to compare gene
expression levels. The procedure was conducted using three technical replicates for each
sample. After the preparation of the master mix containing SYBR Green, Ampuwa, and
specific messenger ribonucleid acids (mRNA) primers (Table 9/19), 9 ul of master mix and
1 ul of cDNA were added to a 96-well-plate. Subsequently, plates were sealed with a film,
centrifuged shortly, and then placed in a StepOne Real-Time PCR system following a certain
thermoprofile (Table 20).

Table 19: Composition of QRT-PCR Master Mix for one sample

Composition Amount
FAST SYBR 5ul
Ampuwa 2.8 ul
Primer forward 0.6 ul
Primer reverse 0.6 pl

Table 20: Thermoprofile for qRT-PCR

Temperature  Time

40 x 95 °C 15 sec.
60 °C 60 sec.

(sec. = seconds)
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3 Results

In this work, we investigated the expression of GME in different pancreatic model systems.
In the first part, we addressed the expression of GME. Moreover, based on the findings
from the IHC stainings, we extended the focus and also included the TME which is abun-
dantly present in PDAC (Neesse et al. 2011). The second part provided insights into the role
of cell-cell interactions and cell-matrix interactions and evaluated whether cellular and extra-
cellular components of the TME regulate expression of GME. By conducting experiments
both x vitro and in vive, we aimed to examine the role of the stroma in PDAC chemoresistance

towards gemcitabine.

3.1 Expression of gemcitabine metabolizing enzymes in different

pancreatic cancer model systems

Previously, our group and others have shown that GME play a crucial role in mediating
gemcitabine resistance (Patzak et al. 2019). In recent years, various model systems for PDAC
were postulated, however, the comparability of the model with the endogenous human tu-
mor remains largely uninvestigated (Frese and Tuveson 2007). Nevertheless, the choice of
the most appropriate model system is crucial when developing new treatment strategies.
Therefore, we aimed to investigate the expression of GME in two different cohorts com-
prising two experimental systems each. On the one hand, we compared expression of GME
in transgenic KPC mice with endogenous pancreatic tumors, and B6 mice which underwent
orthotopic transplantation with tumor cells previously isolated from KPC mice referred as
OTMs. On the other hand, we investigated whether the expression of GME in resected
tissue from PDAC patients, hPRT, alters when it is subcutaneously transplanted into the

flanks of nude mice, PDX mice.

To evaluate GME expression, IHC stainings of NT5C1A, CDA and DCK were performed.
As NT5C1A and CDA were area-wide stainings, the percentage of total area was quantified.
Since DCK showed a nuclear staining (Kerr et al. 2014), the total amount of brown (= pos-
itive) stained nuclei was indirectly counted through substraction of blue (= negative) nuclei

stained from all nuclei stained.
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3.11 Orthotopic transplanted mice demonstrate less expression of gemcitabine

metabolizing enzymes
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Figure 8: Expression and quantification of GME in KPC mice and OTMs. (A) Representative immuno-
histochemical stainings of GME in KPC mice and OTMs, respectively. Scale bars indicate * 100 pm and ** 20
pum, respectively. (B) Enzyme expression (£ SD) in KPC mice (n = 12) and OTMs (n = 13) [NT5C1A (*** p),
CDA (** p), DCK (*** p)]. P-value was calculated using Mann-Whitney test; * p < 0.05, ** p < 0.01, *¥* p <
0.001. [CDA = cytidine deaminase; DCK = deoxycytidine kinase; (KPC = 1ST-Kras®"?P/*; LST-Trp53%72 1/ Pgc-1-
Cre)y NT5C1A = 5 -nucleotidase, cytosolic 1.1; OTM = orthotopically transplanted mouse]

Stainings of GME were compared between independent cohorts of 12 KPC mice and 13
OTMs (Figure 8A). Interestingly, OTMs revealed a significantly lower expression of all three
GME compared to the KPC cohort [NT5C1A (*** p), CDA (** p), DCK (*** p)] (Figure
8B).
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3.1.2 Human primary resected tissue and corresponding PDX mice demonstrate

no significant difference in expression of gemcitabine metabolizing enzymes
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Figure 9: Expression and quantification of GME in hPRT and PDX mice. (A) Representative immuno-
histochemical stainings of GME in hPRT and corresponding PDX belonging to G6PDX13. The example
demonstrates a medium to high expression of all GME in PDAC bulk tissue. Scale bars indicate * 100um and
* 20pm, respectively. (B) Enzyme expression (x SD) in n = 12 pairs of hPRT and PDX mice [NT5C1A (ns),
CDA (ns), DCK (ns)]. P-value was calculated using Wilcoxon matched-pairs signed rank test; * p < 0.05, ** p
< 0.01, *** p < 0.001 [CDA = ¢ytidine deaminase; DCK = deoxyeytidine kinase; (KPC = LSL-KrasG12D/+; LSL-
Trp53R172 H/+; Pdx-1-Cre); ns = not significant; NT5CI1A = 5 -nucleotidase, cytosolic 1.4; PDX = patient-derived
xenografty hPRT = human primary resected tissue]

Similar to KPC mice and OTMs, IHC stainings were performed in 12 pairs of hPRT and
PDX mice, respectively. Except for one patient (GOPDXS5), none of the remaining patients
received chemotherapeutic treatment prior to resection. As seen in Figure 9A, sample
G6PDX13 exhibited a medium to high expression of GME in both hPRT and PDX mouse,
respectively. Quantification analysis of the cohorts revealed no significant change in GME
expression when hPRT is transplanted and grown subcutaneously in PDX mice as shown

above (Figure 9B).

3.2 Stromal expression in different pancreatic cancer model systems

PDAC is a highly desmoplastic cancer exhibiting an abundant stroma environment (Neesse
et al. 2019), and different stromal markers have been described to be highly expressed within
the tumor mass. Hence, stainings for the extracellular components HA and type I collagen
were performed. Type I collagen expression was evaluated using staining protocols for
picrosirius (collagen red) and Masson’s trichrome (collagen blue). Furthermore, an THC
staining protocol for podoplanin which is known to be expressed on the surface of CAFs
and associated with poor survival in other cancer entities (Quintanilla et al. 2019), was con-

ducted. For all stromal components, the total stained area was quantified.
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3.2.1 CAFs are significantly reduced in orthotopically transplanted mice

compared to KPC mice
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Figure 10: Expression of stromal markers in KPC mice and OTMs. (A) Representative stainings of stro-
mal components in KPC mice and OTMs. Scale bars indicate * 100pm and ** 20um, respectively. (B) Expres-
sion of stromal components (£ SD) in KPC mice (n = 12) and OTMs (n = 13) [HA (ns); MT, blue area (ns);
picrositius (** p); podoplanin (* p)]. P-value was calculated using Mann-Whitney test; * p < 0.05, ** p < 0.01,
#rk p < 0.001. [HA = hyaluronic acid; (KPC = LSL-Kras®"?P'*; LSL-Trp53% 72 H/*; Pdxc-1-Cre)y MT = Masson’s
trichrome; ns = not significant; O'TN = orthotopically transplanted monse]

Stainings revealed a reduced expression of all stromal components in OTMs compared to
KPC mice (Figure 10A). Moreover, quantification analysis revealed a non-significant change
in levels of HA and type I collagen in MT staining but a significant reduction in picrosirius
staining in OTMs (** p). In addition, the CAF marker podoplanin was expressed significantly

lower in OTMs compared to KPC mice (* p) (Figure 10B).
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3.2.2 PDX mice reveal reduced amounts of stromal components compared to

human primary resected tissue
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Figure 11: Expression of stromal components in hPRT and PDX mice. (A) Representative stainings of
stromal components in hPRT and corresponding PDX belonging to G6PDX13. PDX tumors display less
expression of stromal components and more epithelial cells. Scale bars indicate * 100um and ** 20pm, respec-
tively. (B) Expression of stromal components (£ SD) in n = 12 pairs of hPRT and PDX mice [HA (*** p);
MT, blue area (*** p); picrosirius, red area (ns); podoplanin (*** p)]. P-value was calculated using Wilcoxon
matched-pairs signed rank test; * p < 0.05, ** p < 0.01, *** p < 0.001. (HA = byaluronic acid; MT = Masson’s
trichrome; ns = not significant; PDX = patient-derived xenograft; hBPRT = human primary resected tissue)

Following stainings of GME expression, stainings for stromal components HA, type I col-
lagen and podoplanin were conducted in respective 12 pairs of hPRT and PDX mice (Figure
11A). Quantification analysis demonstrated a significant reduction of HA content in PDX
mice (*** p). Furthermore, type I collagen was found significantly lower in PDX mice in MT
staining (*** p), but not in the Picrosirus staining. In contrast, PDX mice revealed a signifi-

cantly higher expression of podoplanin (*** p) which is a marker for CAFs (Figure 11B).

3.3 Association between gemcitabine metabolizing enzymes and

stromal components

To investigate an association between GME and stromal components, the statistic software
Statistica (v13.3) was used. Based on the hypothesis that GME might be associated with the
extent of stromal expression, stromal components were set as the independent variable (x)
and GME NT5C1A, CDA and DCK as the dependent variable, respectively (y). Moreover,
this analysis was conducted for both KPC vs. OTMs, and hPRT and corresponding PDX

mice, respectively.
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Table 21: Statistical correlation between gemcitabine metabolizing enzymes and stromal components

HA MT Picrosirius Podoplanin
GME T p T p T p T p
NT5C1A | -212 337 -273 217 -333 131 -182 411
é CDA -333 131 -.030 .900 212 337 364 100
DCK -182 411 -243 273 -243 273 =273 217
NT5C1A 103  .635 -231 272 -026  .903 -282 180
é CDA 026 .903 -051 .807 0 1.0 -103  .625
DCK 0 1.0 -026  .903 -180 .393 -026  .903
NT5C1A 0 1.0 152493 -030 .891 091 .681
E CDA -394 .075 364 .100 061 784 -061 784
- DCK 152493 0 1.0 -182 411 -121 584
NT5C1A | -485 .029 -303 170 -242 273 -212 337
E CDA -364 .100 -182 411 242 273 -212 337
DCK -091 .681 -152° 493 -030 .891 A21 584

Kendall’s Tau (1) correlation coeffizient and significance value p were calculated by using Kendall rank corre-
lation. [CD.A = cytidine deaminase; DCK = deoxyeytidine kinase; HA = hyaluronic acid; (KPC = LSL-Kras®"?/*; 1.S1-
Trp53872 HI%. Pdx-1-Cre)y MT = Masson’s trichrome; NT5C1A = 5 -nucleotidase, cytosolic 1.4; OTM = orthotopically
transplanted mouse; PDX = patient-derived xenografty hPRT = human primary resected tissue]

The majority of the stromal components and GME did not demonstrate a significant corre-
lation(Table 21). However, a significant negative correlation between NT5C1A and HA
(t =-.485, p = .03) was seen in KPC mice. As this indicated repressive effects of HA on the
expression of NT5C1A, we further aimed to investigate the role of stromal components in

regulating GME in follow-up 7 vitro and in vive experiments.

3.4 Impact of soluble and solid components of the tumor
microenvironment on gemcitabine metabolizing enzymes in

tumor cells

The previous analysis showed that OTMs demonstrated less stromal components than KPC
mice. In particular, the CAF marker podoplanin was significantly reduced in orthotopic tu-
mors compared to endogenous KPC tumors. This is interesting since PSCs are able to both
directly and indirectly interact with tumor cells through paracrine secretion of soluble factors,
e. g. CXCL12 and CXCL14 (Bhowmick et al. 2004), thus possibly influencing gene expres-

sion. To investigate if soluble factors alter GME expression, human PSCs were incubated
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with serumfree medium for 24 hours before the supernatant was transferred on human tu-
mor cell lines 1.3.6 and MIA PaCa. After incubation for 48 hours, RNA was isolated and
mRNA expression was analyzed performing qRT-PCR (Figure 12A).
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Figure 12: Work flow of in vitro and in vivo experiments to investigate the influence of soluble and
solid (type I collagen) factors on GME expression. Work flow of (A) PSC-CM and (B) type I collagen-
coated dish, experiments of human and murine tumor cell lines. (C) The KPC mouse model can be further
crossed with SPARC~- mice to receive KPC SPARC~. Scale bars indicate 100 um. /GME = gemcitabine metabo-

lizing enzymes; (KPC = LSL-KrasC"?P/*; LSL-Trp53%72 1%, Pisc-1-Cre); PSC-CM = pancreatic stellate cell-conditioned
medium; SPARC = secreted protein acidic and rich in cysteine]

Though KPC mice and OTMs did not reveal a significant difference in GME expression, 7
vitro and in vivo approaches were used to investigate the role of type I collagen in GME ex-
pression. Notably, type I collagen is not only considered to mediate a high intratumoural
pressure within the tumor mass, but also to increase proliferation and reduce apoptosis of

tumor cells (Armstrong 2004; Egeblad et al. 2010; Chauhan et al. 2013).
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To further investigate the role of type I collagen and GME expression, the orthotopically
transplanted murine tumor cell line TB32047 and human tumor cell lines BXPC3, 1.3.6, MIA
PaCa and Panc-1 were grown on type I collagen or tissue-coated plastic (TCP) for 24 hours
and 48 hours, respectively. Afterwards, cells were harvested and the RNA isolated for further
analysis (Figure 12B).

Furthermore, an additional 7z w0 approach was used to assess the role of type I collagen.
Previously, our group introduced an advanced KPC mouse model which exhibits a deletion
of the SPARC protein (Ramu et al. 2019). Resulting KPC SPARC”" mice demonstrate a re-
duced amounts of mature type I collagen within the tumor mass that is characterized by less

organized and dense collagen fibers (Figure 12C).

3.41 Conditioned medium of PSCs does not affect expression of GME in human

tumor cells 7n vitro
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Figure 13: Conditioned medium of human PSC cells does not affect expression of GME in human
tumor cells. Human tumor cell lines 1.3.6 and MIA PaCa were incubated with PSC-CM for 48 hours. After-
watds, RNA was isolated and qRT-PCR (£ SD) was performed. P-value was calculated with unpaired student-
test; ¥ p < 0.05, ** p < 0.01, *** p < 0.001. (CDA = gytidine deaminase; DCK = deoxycytidine kinase; ns = not
significant; DCTD = deoxcyeytidylate deaminase; NT5C1.A = 5 -nucleotidase, cytosolic 1a; PSC-CM = pancreatic stellate cell

conditioned medinm)

To investigate the role of PSC secreted factors on GME expression at the mRNA level,

experiments with PSC-CM, as described before, were performed. To this end, I analysed the
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expression of four different enzymes. In particular, NT5C1A, CDA and DCTD are gemcita-
bine inactivating enzymes while DCK is the rate limiting step of gemcitabine activation (Mini
et al. 20006). Despite some varibality between the two human PDAC cell lines, no significant
changes were found upon incubation with PSC-CM. (Figure 13). Therefore, PSC-CM plays

no prominent role in regulation of GME expression.

3.4.2 TypeI collagen does not affect expression of GME in murine and human

tumor cell lines

Next, we investigated the influence of type I collagen on expression of GME. TCP dishes
were coated with type I collagen on which tumor cells can be grown. For each cell line, cells
were seeded onto two 6-well-plates, one coated with type I collagen and one control plate
(TCP). Three wells were harvested after 24 hours and 48 hours per plate, respectively (Figure
14).

control
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Figure 14: Experimental design of cell lines cultured on control and type I collagen-coated plates.
Tumor cells were seeded onto control (TCP) and COL (collagen) plates, respectively. Three wells of each plate
were harvested after 24 hours and 48 hours, respectively. RNA was isolated, subsequently, qRT-PCR was con-
ducted. (COL = collagen; GME = gemcitabine metabolizing engymes; TCP = tissue-coated plastic)

After 24 hours of incubation on type I collagen and TCP, the KPC TB 32047, BXPC3, MIA
PaCa and Panc-1 cell lines demonstrated differences in cell morphology. Cells grown on type
I collagen showed a flatter and more stretched shape while control cells tended to show a

rather round and condensed morphology (Figure 15).
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Figure 15: Effect of type I collagen on cell morphology of tumor cell lines. Exemplary pictures of cell
morphology after incubation on control (TCP) and COL for 24 hours, respectively. Scale bars indicate 50 um.
(COL = collagen)

To investigate whether gene expression of certain enzymes involved in gemcitabine metab-
olism change when tumor cells are cultured on type I collagen, qRT-PCR was peformed. For
one, gene expression levels of DCK, NT5C1A, DCTD and CDA were analysed. Addition-
ally, ENT1 and 2 involved in cellular uptake of gemcitabine were inspected. Moreover, RR
catalytic subunits M1 and M2 (RRM1/2), which are important in activating cytidine nucleo-
tides and inhibited through dFdCDP, were included (Figure 16).
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Figure 16: Effect of type I collagen on GME gene expression of tumor cell lines. Murine tumor cell line
and human tumor cell lines were cultured on type I collagen for 24 hours and 48 hours, respectively. Gene
expression of various GME (£ SD) was analyzed by performing qRT-PCR. Subsequently, gene expression was
normalized to control. P-value was calculated using unpaired student t-test and Bonferroni correction; * p <
0.05, ** p < 0.01,*** p < 0.001. (COL = collagen; GME = gemcitabine metabolizing enzymes; CDA = cytidine deaminase;
DCK = deoxyeytidine kinase; ns = not significant; DCTD = deoxcycytidylate deaminase; ENT1/2 = equilibrative nucleoside

transporter 1/ 2; NT5C1.A = 5 -nucleotidase, cytosolic 1a; RRM1/2 = ribonucleotide reductase catalytic subunit M1/ 2)
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Though certain tumor cell lines demonstrated an upregulation of genes when being cultured
on type I collagen, this trend could not be observed for all tumor cell lines and all genes
investigated (Figure 16). For instance, KPC TB32047 showed an upregulation of NT5C1A,
however, L.3.6 and Panc-1 showed a downregulation, and only minor changes can be seen in
MIA PaCa and BXPC3 tumor cells. Overall, the influence of type I collagen on mRNA

expression was not consistent between different cell lines and genes coding for GME.

3.4.3 Depletion of SPARC does not affect expression of GME in vivo

Next, we investigated the influence of type I collagen in an 7z vwvo model by using archived
murine tissue from the Neesse group (Figure 12C). In particular, SPARC is a matricellular
protein in fibroblasts and a marker for activated tumor stroma in pancreatic cancer (Sato et
al. 2003; Moffitt et al. 2015). Prior to this work, the KPC mouse model was further crossed
with a mouse harboring a germline knock-out for SPARC resulting in a novel KPC
SPARC”" mouse model with reduced deposits of mature collagen 1 compared to KPC
SPARCY" mice as established by Ramu et al. in 2019.
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Figure 17: SPARC-knockout promotes the depletion of type I collagen in the KPC mouse model. (A)
Representative stainings of stromal components in KPC SPARCYT and KPC SPARC~- mice. Scale bars indi-
cate 100 pm. (B) Expression of GME and stromal components (+ SD) in KPC SPARCY¥T (n = 7) and KPC
SPARC- (n = 7) mice [NT5C1A (ns), CDA (ns), MT (*** p) and pictrosirius (** p)]. P-value was calculated
using Mann-Whitney test; * p < 0.05, ** p < 0.01, *** p < 0.001. (CDA = ¢ytidine deaminase; GME = gemcitabine
metabolizing engymes; (KPC = LSL-Kras¢"P/*; LSL-Tip53%72 H%; Pilx-1-Cre); ns = not significant; NT5C1.A = 5~

nucleotidase, cytosolic 1a; M'T = Masson’s trichrome)

First, picrosirius and Masson’s trichrome stainings and subsequent quantification in KPC
SPARCY" and KPC SPARC” confirmed prior observations of type I collagen depletion [MT
(*** p), picrosirus (** p)]. However, there were no significant changes in expression levels of

NT5C1A and CDA when comparing the two cohorts (Figure 17).
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4 Discussion

Today, patients diagnosed with pancreatic cancer face a dismal prognosis (Siegel et al. 2019).
Therefore, both preclinical and clinical research focus on eatly tumor detection and novel
targets for effective treatment strategies. In this context, the field of pharmacogenetics has
evolved significantly in recent years and marks a crucial contribution to personalized therapy
(Wong et al. 2009; Relling and Evans 2015).

Gemcitabine has been used for decades in treating PDAC. However, it was found not to be
as effective in patients as in preclinical studies (Burris et al. 1997). This can be due to several
factors. First, the heterogeneity of enzyme expression in patients might be responsible for
the overall little benefit of gemcitabine (Patzak et al. 2019), thus calling for a more tailored
therapy based on specific expression patterns of activating and inactivating enzymes of gem-
citabine. In addition to the heterogeneous expression of GME between patients, it has been
found that high expression of NT5C1A in tumor cells in patients is significantly reduced in
2D cultures (Patzak et al. 2019). This highlights the need for other cell culture options or i
vivo models to re-evaluate the effects of gemcitabine treatment. In this manner, stromal com-
ponents which are completely absent 7z vitro and variably expressed 7z vivo dependent on the
respective model might be crucial for gemcitabine efficacy. Morever, as pancreatic cancer
exhibits an abundant desmoplastic reaction that has often been linked to chemoresistance,
this work focuses on potential factors within the TME that might play an important role in
the regulation GME expression, and possible differences among different experimental

model systems.

41 GME in pancreatic cancer

In our study, we observed heterogeneous GME protein expression in different pancreatic
cancer model systems. The rate-limiting step of gemcitabine activation is the phosphoryla-
tion step of dFdC to dFdCMP, catalyzed by DCK (Mini et al. 2006). Previous studies showed
that higher levels of DCK led to longer OS of patients due to an increased activation of the
prodrug, thus causing higher apoptosis rate in tumors (Bergman et al. 1999; Pan et al. 2008).
Moreover, elevated levels of the gemcitabine inactivating enzyme CDA were linked to
shorter PFS and OS of patients, respectively (Bengala et al. 2005). In line with this, it has
been recently published that another gemcitabine inactivating enzyme, NT5C1A, is highly
expressed in a significant number of PDAC patients, and that overexpression leads to gem-
citabine resistance and reduced OS (Patzak et al. 2019). However, the mechanisms underly-

ing the differences in gene expression and heterogeneity in patients are still unknown.
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4.2 KPC mice and OTMs differ in stromal composition and GME

expression

Our study demonstrates that the transgenic KPC mouse model exhibits a higher expression
of GME and stromal components than the corresponding OTMs which were generated

from KPC cells orthotopically transplanted into the tail of the pancreas of B6 mice.

In general, GEMMs like KPC mice recapitulate the nature of human PDAC the closest and
are currently considered to be the most appropriate preclinical model (Sharpless and
DePinho 2006). Importantly, KPC tumors are mostly resistant to gemcitabine treatment, a
scenario that is often encounterd in PDAC patients (Neesse et al. 2013; Neesse et al. 2015;
Neesse et al. 2019). However, KPC colonies are expensive due to lengthy breeding, geno-

typing and maintenance costs.

Therefore, a more feasible and cost-effective 7 vivo approach might be a promising alterna-
tive. In particular, mouse models can be established in many ways, e. g. by injecting murine
tumor cells into the pancreas of mice from the same genetic background, or subcutaneously
transplanting human tumor tissue into the flanks of nude mice, generating OTMs or PDX
mice, respectively (Jiang et al. 2014; Dorado et al. 2018). In addition, it is also possible to
transplant several cell lines or cell types (e. g. tumor cells and fibroblasts) simultaneously to
investigate the cross-talk between them (Bachem et al. 2005). In contrast to KPC mice, the
success rate of establishing OTMs is nearly 100 %, allowing for reliable planning of experi-
ments (Jiang et al. 2014). Notably, most OTMs harboring pancreatic tumors primarily re-
spond to gemcitabine therapy, although the response can considerably vary depending on
the transplanted cell line. Therefore, there is currently no consensus on whether the KPC or

OTM model is better suited for preclinical drug testing.

In our study, we observed that OTMs revealed a reduced expression of both GME and
stromal components compared to KPC mice. Notably, alterations of the stromal architecture
with less abundant stromal compartments and reduced distance between blood vessels were
also been described by other studies (Boj et al. 2015). However, expression of GME was
never systematically assessed in KPC mice and OTMs before. In conclusion, these findings
provide a rationale for the observed treatment differences where OTMs generally show a

better response to gemcitabine monotherapy.

4.3 PDX mice differ in stromal composition but not GME expression
compared to hPRT

We observed that the PDX model does not significantly differ in enzyme expression from
corresponding hPRT, although the deposition of stromal components was reduced. There-
fore, the PDX model could be of further interest in preclinical drug testing. It harbors several
advantages. The generation of PDX mice is more feasible and less difficult compared to KPC

mice and OTMs (Jiang et al. 2014). Studies showed that tumors are stable in chemotherapy



4 Discussion 57

response after several generations of passaging (Rubio-Viqueira et al. 2006). Moreover, tu-
mor histology and proliferation are stable along passaging several generations (Dorado et al.
2018). Nevertheless, generation of PDX models is only effective in approximately 60-70 %,
and generation from tissue pieces after neoadjuvant treatment of patients is less effective
(Thomas et al. 2015; Dorado et al. 2018). In addition to that, the clinical research group
(KFO, deutsch Kiinische Forschungsgruppe) 5002 project which is involved in PDX generation in
our clinic also made the observation that tumors exhibit different growth rates prior to re-
transplantation, or that tumors undergo growth arrest. Considering the late diagnosis and
high aggressiveness of PDAC, it is challenging but not impossible to employ PDX mice for
tailored drug testing in the same patient (Tsai et al. 2018). Moreover, as human tissue is
transplanted in a murine recipient, human cells from the TME (e. g. fibroblasts, endothelial
cells, immune cells) are progressively replaced by murine cells (Kelland 2004; Dorado et al.
2018). Through this, the physiological interaction between the TME and tumor cells is pro-
gressively lost which might influence a potential drug response (Sharpless and DePinho
2000).

In this study, OTMs and PDX mice demonstrated a reduced stromal compartment com-
pared to KPC mice and hPRT. Additionally, we showed for the first time that the PDX
model accurately displays expression of enzymes involved in gemcitabine metabolism while
expression of such enzymes is reduced in OTMs. In line with these findings, we did not find
a change of GME expression in multiple iz vitro and 7n vivo approaches. This indicates that
expression levels of GME may not be associated with single stromal components but rather
independently contribute to chemoresistance in murine and human PDAC. However, the
complete absence of microenvironmental factors in 2D-cultured cells may still affect expres-
sion of GME, as previously shown for NT5C1A (Patzak et al. 2019).

To conclude, we found that PDX mice accurately recapitulate expression of GME compared
to hPRT, thus providing a useful platform to study gemcitabine metabolism and treatment
response in this model. However, as the tumor stroma is progressively altered in PDX tu-
mors compared to desmoplastic human tumors, it will be challenging to study cross-talks

between GME and components of the tumor stroma in these mice.

4.4 Alternative mechanisms and models of chemoresistance

In this work, we demonstrated that PDX mice exhibited stable expression of GME although
stromal components were significantly reduced compared to the corresponding human
PDAC tissue. Besides GME and stromal mechanisms of therapy resistance, epigenetic mech-
anisms might regulate GME expression, hence possibly favoring chemoresistance in pancre-
atic cancer. For instance, bromodomain and extra-terminal motif (BET) proteins have been
implicated in gemcitabine resistance in pancreatic cancer by regulating gene transcription and
therapeutic resistance (Mazur et al. 2015), therefore inhibition might be a promising novel

therapeutic approach in subgroups of patients. However, investigating a subgroup of patients
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emphasizes the limitation of large phase III trials (Qin et al. 2019). It would be more suitable
to perform so called basket trials in which patients are subjected to tailored treatment strat-
egies based on certain transcriptional or genetic characteristics (McNeil 2015). Interestingly,
basket trials offer the opportunity to include patients with the same genetic mutations but
different cancer entities and to evaluate whether targeting of novel genomic features is actu-
ally efficient clinically (Qin et al. 2019). Exemplarily, a study investigated tumors harboring
the germline mutation breast cancer gene 1 and 2 (BRCA1/2) in different tumor entities
including breast, ovarian, pancreatic and prostate cancer. It was shown that an overall re-
sponse to the poly (adenosine diphosphate-ribose) polymerase (PARP) inhibitor olaparib
was present in all tumor entities (Kaufman et al. 2015). Therefore, basket trials can be an
important first trial method to validate efficacy of preclinically hypothesized targeted thera-

pies.

Further studies then exclusively focused on the role of DNA-damage repair genes (including
BRCA) in PDAC. In general, a small percentage of PDAC patients (about 5 %) harbor
germline mutations of BRCA1/2 (Sugarman et al. 2019). It was shown that these patients
treated with a platinum-based therapy revealed a significantly longer PFS than patients who
received a non-platinum-based-therapy (12.6 months vs. 4.4 months) (Park et al. 2020). In
addition, the Polo trial provided first evidence that PDAC patients with BRCA mutations
that responded to platinum-based chemotherapies could be successfully maintained with
olaparib (Golan et al. 2019). These results highlight the importance of basket and subsequent

clinical trials in further evaluation of targeted therapies.

Besides 7 vivo approaches, in vitro organoid models are a rapidly emerging concept in preclin-
ical research. Intriguingly, multiple drugs demonstrated increased chemoresistance in 3D cul-
ture although prior testing in 2D culture predicted sensitivity (Lee et al. 2013). Accordingly,
human and murine pancreatic tumor cells cultured in 3D showed an increased resistance to
drugs compared to 2D-cultured control cells including gemcitabine (Hou et al. 2018). Inter-
estingly, a recent study investigated if patient-derived organoid cultures can predict chemo-
therapeutic response in patients (Tiriac et al. 2018). Five out of six organoid cultures showed
similar responses towards chemotherapeutics, and the corresponding patients showed a pro-
longed PFS of 332 days compared to expected 180 days (Tiriac et al. 2018). Moreover, lon-
gitudinal testing of one patient identified an amplification of the KRAS allele during disease
progression which was accompanied by acquired resistance to gemcitabine and two other
chemotherapeutics (Tiriac et al. 2018). Intriguingly, the exact mechanism of chemoresistance
was not further elucidated, and it is unknown whether dysregulated GME may have played
a role. Even though longitudinal assessment of drug resistance in organoids is associated
with high financial costs, transcriptional alterations likely contribute to chemotherapeutic

responsiveness.

Considerung the increasing incidence and mortality of pancreatic cancet, it is undoubtly clear

that novel therapies and model systems are urgently needed to bridge the gap between bench



4 Discussion 59

and bed. Organoids certainly constitute a promising and powerful new approach that may
pave the way for rapid and faithful drug testing allowing the implementation of personalized
treatment strategies for PDAC patients. Therefore, GME expression should be investigated

in cancer cells which are cultured in 3D culture.

4.5 The tumor microenvironment and its diverse functions in PDAC

The interaction of tumor cells with the sorrounding TME has an profound impact on tumor
progression and aggressiveness (Sugarman et al. 2019). Since PDAC demonstrates an abun-
dant desmoplastic reaction, it is crucial to investigate the TME in detail (Neesse et al. 2011).
In recent years, multiple studies revealed a complex architecture of the tumor stroma and
multiple interactions among the various components within the TME and cancer cells (Oh-
lund et al. 2017; Elyada et al. 2019).

4.5.1 Subtyping cancer-associated fibroblasts

The TME in pancreatic cancer exhibits cancer-associated fibroblasts, commonly referred to
as CAFs. Interestingly, earlier studies indicate both tumor-promoting and tumor-suppressing
functions (Ozdemir et al. 2014; Rhim et al. 2014; Neesse et al. 2019). Although all CAFs
express the novel marker podoplanin (Elyada et al. 2019; Quintanilla et al. 2019), researchers
identified an immense heterogeneity of CAFs which differ in expression of other molecular

markers depending upon location and pathway (Neuzillet et al. 2019).

In particular, CAFs closely located to tumor cells were categorized as myoepithelial CAFs
(myCAFs) showing high expressions of a-smooth muscle actin (x-SMA) and transforming
growth factor-B (TGF-8) (Ohlund et al. 2017). The counterpart was found more distantly
and classified as inflammatory CAFs (iCAFs). iCAFs are characterized by secretion of pro-
inflammatory cytokines such as interleukin (IL)-6 and IL-11 (Ohlund et al. 2017). Previous
studies suggested a tumor-promoting and pro-inflammatory effect of fibroblasts when cul-
tured distant to tumor cells and decreased TGF-8 levels (Flaberg et al. 2011; Laklai et al.
2010), therefore, myCAFs might represent tumor-restraining properties while iCAFs tend to
show pro-tumorigenic functions (Hessmann et al. 2020). Besides myCAFs and iCAFs, fur-
ther studies identified antigen-presenting CAFs (apCAFs) showing certain similarities to an-
tigen-presenting cells (APCs) by presenting MHC class-1I related antigenes, e. g. cluster of
differentiation (CD) 74 (Elyada et al. 2019). Although the exact function of apCAFs in pan-
creatic cancer remains to be investigated, it is hypothesized that they present tumor antigens
yet without a costimulatory signal to CD4" T cells, thus leading to a state of anergy or dif-
ferentiation status of regulatory T cells (Tkr.s) (Elyada et al. 2019). Consequently, prolifera-
tion of T cells is inhibited, marking a potential pathway of immune escape (Elyada et al.
2019).

In addition, CAFs demonstrate a high plasticity through different features. First, besides the
development from endothelial cells and MDSCs (Garcia et al. 2012; Ohlund et al. 2014),
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PSCs are the main source of CAFs which have been shown to have the ability to transdiffer-
entiate in either myCAFs or iCAFs depending on the location within the tumor (Apte et al.
2004; Ohlund et al. 2017). Secondly, plasticity is promoted through different factors includ-
ing IL-1 supporting the iCAF subtype, while TGF-3 presence suppresses IL-1 receptors on
CAFs, subsequently favoring the subtype of myCAFs (Biffi et al. 2019). Thirdly, differenct
cell culture methods promote distinct CAF subtypes. Specifically, both iCAFs and apCAFs
lose their distinct expression of molecular markers and instead exhibit features of myCAFs
when cultured in 2D while the iCAF subtype is preserved exclusively in 3D (Ohlund et al.
2017; Elyada et al. 2019). In other words, early studies which included cultivation of CAFs
in vitro preferably investigated a mostly homogenous myCAF population and did not present

the full spectrum of CAF heterogeneity present in pancreatic cancer (Hessmann et al. 2020).

Evidence indicates that the term CAF describes a heterogenous cell type with both promot-
ing and restraining functions along with a high plasticity in pancreatic cancer. Podoplanin is
a pan-CAF marker and captures various CAF subtypes (Quintanilla et al. 2019). In our study,
we solely quantified the presence of CAFs by IHC staining of podoplanin in tumor bulk
tissue and did not additionally investigate the distribution between subtypes. Therefore, we
cannot conclude whether certain CAF subtypes might influence GME expression. As a con-
sequence, the question whether the examined 7z vivo models recapitulate the CAF population
similar to patients (Elyada et al. 2019) was not thematisized in this work and remains to be
answered. This is important since changes in distribution of CAF subtypes might result in
shifts of tumor biology, e. g. invasiveness, caused by oppossing functions of CAFs. One can
postulate that OTMs largely exhibit iCAFs and apCAFs leading to a more undifferentiated
tumor histology, higher aggressiveness and an increased metastatic rate while immunodefient
PDX mice mostly harbor myCAFs resulting in rather slowly growing, well-differentiated tu-

mofts.

Future efforts may aim at reprograming iCAFs and apCAFs into myCAFs or even quiescent
PSCs, thus changing tumor biology (Hessmann et al. 2020). Murine data from the Tuveson
group showed that the vitamin D receptor (VDR) is expressed in CAFs of pancreatic tumors
and that treatment with calcipotriol, a synthetic VDR ligand, significantly ablated tumor
stroma and inflaimmation (Sherman et al. 2014). The authors provided evidence that VDR
controls the transcriptional regulation of CAFs and supports the quiescent state and that
treatment with calcipotriol improved therapeutic response to gemcitabine and resulted in
smaller and less desmoplastic pancreatic mouse tumors (Sherman et al. 2014). In this context,
another interesting study using the plant-derived compound minnelide demonstrated a re-
duction of ECM components, e. g. HA and collagen, in KPC and PDX mice upon treatment
(Banerjee et al. 2016). A follow-up study showed that treatment with minnelide favors the
transition from an activated to an quiescent state of CAFs, accompanied by downregulaton
of a-SMA expression and TGF-8 signaling, and reduced proliferation of tumor cells (Dauer
et al. 2018). Since CAFs were cultured in 2D in this study, the CAF population possibly
consisted of mostly myCAFs. Intriguingly, it is indicated that myCAFs might not be solely
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tumor-suppressive, but exhibit also tumor-promoting features. Therefore, targeting of par-
ticular pathways in CAFs (e. g. TGF- signaling) might be far more promising than broad
depletion of all CAFs which led to reduced OS in mice as demonstrated in earlier studies
(Ozdemir et al. 2014). Nonetheless, the question of whether minnelide demonstrates an over-
all benefit in treatment of pancreatic cancer is currently being investigated in an ongoing
phase II clinical trial (NCT03117920). The study specifically aims to examine if minnelide

treatment attenuates tumor gl‘OWth of treatrnent—refractory pancreatic cancers.

Moreover, it is also unknown whether CAF subtypes show the same behavior both in hu-
mans and mice and if replacement of human stroma with murine stroma is associated with
changes in subtype function in PDX mice. Furthermore, incubation with PSC-CM in our
study did not change GME expression in different tumor cell lines. However, the PSCs that
were used in our study were immortalized and were not cocultured with pancreatic cancer
cells. Therefore, our PSCs cannot be considered as true CAFs and might likely have a distinct
secretome from CAFs. These findings are in line with other studies which showed that the
different molecular subtypes of PDAC are characterized by upregulations of certain signaling
pathways and that stromal cells themselves exhibit a distinct pathway pattern which support
tumor cell biology in turn (Bailey et al. 2016; Nicolle et al. 2017). Therefore, stromal cells
might be primed by tumor cells to synergistically promote tumorigenesis (Nicolle et al. 2017).
As a consequence, coculture of tumor cells and PSCs may stimulate a different secretome
with a distinct CM composition, subsequently leading to a different effect on GME expres-
sion than observed in our experiments. In addition, we did not address interactions between
cellular and acellular components of the TME in our study. Crucially, this might also influ-
ence tumor behavior. Exemplarily, CAFs secrete different ECM components including HA
and collagen and that transition to a quiescent state induced by minnelide results in a down-
regulation of ECM components and increased drug delivery (Banerjee et al. 2016). Taken
together, future experiments need to focus intensively on the heterogeneity of CAFs along
with choosing the appropriate cell culture method for each subtype (e. g. 3D organoids for
iCAFs) to recapitulate the opposing functions of CAFs in pancreatic cancer as faithfully as
possible.

4.5.2 Acellular components impair drug delivery and have tumor suppressive and

pro-tumorigenic functions in pancreatic cancer

As previously mentioned, Olive et al. demonstrated that, by inhibiting interactions between
tumor cells and CAFs, a higher vascularization and drug delivery was achieved. Importantly,
the authors targeted the hedgehog (Hh) pathway which is essential for collagen synthesis
(Olive et al. 2009). Indeed, acellular components like collagen and HA contribute to a high
intratumoural pressure which results in impaired drug delivery (Provenzano et al. 2012;
Chauhan et al. 2013; Jacobetz et al. 2013). Therefore, the importance of the ECM within the
TME was highlighted. In fact, studies showed that only small micelles had a sufficient anti-
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tumoral effect in characteristically desmoplastic pancreatic cancer and that higher accumula-
tion of drugs can be achieved by decompression of blood vessels (Cabral et al. 2011; Styl-
ianopoulos and Jain 2013). In contrary to these promising preclinical findings, clinical trials
failed to show an advantage of the Hh-inhitor vismodegib in combination with gemcitabine
compared to gemcitabine monotherapy and even had to be stopped eatly because of short-
ened survival of patients (Kim et al. 2014; Catenacci et al. 2015). Subsequent preclinical stud-
ies demonstrated that Hh-knockout tumors showed undifferentiated tumor pathology along
with increased proliferation of tumor cells and reduced survival (Rhim et al. 2014), highlight-
ing anti-tumorigenic properties of collagen. Likewise, clinical trials targeting HA through a
combination of a hyaluronidase and gemcitabine failed to show an advantage over gemcita-
bine monotherapy after preclinical success (Jacobetz et al. 2013; Van Cutsem et al. 2020).
However, there is still no general agreement on whether collagen and HA promote tumor
progression or have restraining properties in pancreatic cancer (Xu et al. 2019). Therefore,
the development of drugs which are e. g. optimized in size and accumulative rate might be a
more promising approach to target stroma-rich tumors than direct modification of stroma,
which is the main goal of nanomedicine (de Souza et al. 2015; Adiseshaiah et al. 2016). Na-
nomedicine allows the modification of drug-delivering vectors which need to be adjusted to
different cancer types. Exemplarily, the application of gemcitabine packed in liposomes led
to higher apoptosis rate than free gemcitabine in tumor cells 7z vitro (Lin et al. 2019), thus
capsuled treatment may be superior in treatment efficacy highlighting an advantage of nano-

medice over chemotherapy currently applied.

In our study, we observed that tumor cells cultured on type I collagen showed a more
stretched and spindle-shaped morphology compared to control cells. Nevertheless, alteration
in GME expression was neither demonstrated in 7z vitro nor in in vive experiments. Previous
studies showed that type I collagen promotes EMT in colon and pancreatic cancer cells that
is paralleled by profound transcriptional changes, e. g. induction of vimentin and zinc finger
e-box binding homeobox 1 (ZEB1) expression (Kirkland 2009). Cells undergoing EMT also
demonstrate increased chemoresistance in pancreatic cancer (Zhou et al. 2019). Since we
observed that type I collagen did not impact GME mRNA expression in tumor cells, chemo-

resistance might be acquired through alternative mechanisms.

Morever, the TME in pancreatic cancer is hypoxic, subsequently leading to an upregulation
of hypoxia-inducible factor 1o (HIF1a) which in turn promotes transcription of the lysyl
oxidase (LOX) family (Saatci et al. 2020). Critically, LOX is involved in collagen maturation
(Neesse et al. 2019) and promotes gemcitabine resistance by increasing proliferation and re-
ducing apoptosis in tumor cells at the same time (Le Calvé et al. 2016). In addition, gemcita-
bine concentrations were lower in hypoxic regions of tumors (Fanchon et al. 2020). A recent
study demonstrated that a lipid-coated polymer containing gemcitabine and small interfering
RNA (siRNA) targeting HIF1a reduced tumor size to a greater content than control drugs
which were not capsuled and capsules containing gemcitabine alone (Lin et al. 2019). In

comparison to that, a trial with the LOX-inhibitor simtuzumab and gemcitabine did not
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show a significant benefit in patients although prior 7z vive studies were successful (Miller et
al. 2015; Benson et al. 2017). The discrepancy between these findings indicates that inhibition
of pathways other than LLOX-associated signaling pathways, but regulated by HIF1l«, are
instead responsible for antitumoral effects. These findings demonstrate that nanomedicine
offers the opportunity to further potentiate therapeutic efficacy by the simultaneous appli-

cation of multiple compounds exposing synergistic effects.

In conclusion, these findings spark the question whether gemcitabine itself is not ineffective
in patients, but rather the method of how it is applied and transported to the tumor. Thus,
further research should investigate a potential role of nanomedicine in treatment strategies.
However, even if gemcitabine is applied differently in patients, the question how GME ex-
pression is regulated remains because high expression of gemcitabine inactivating enzymes

favors a negative outcome for patients.

4.5.3 Infiltrating components of immune- and nervous systems potentiate tumor

complexity

In this work, we exclusively concentrated on a limited number of components of the TME.
Notably, it was found that the majority of non-epithelial cells (~ 80 %) within the TME are
myeloid and lymphoid cells comprised of macrophages and T cells among other cell types,
while CAFs mark a fraction of about 2 % (Elyada et al. 2019). Consequently, other cellular
components such as immune cells have gained attention in pancreatic cancer research. Fur-
thermore, pancreatic cancer is sourrounded by an abundant neural cell population and the
subsequent tumor-neuron interplay results in increased proliferation rates of both popula-
tions (Dai et al. 2007; Demir et al. 2021). Moreover, neural invasion of tumor cells is associ-

ated with a reduced OS in patients (Demir et al. 2015).

In general, tumor-associated macrophages (TAMs) can be subcategorized into two polariza-
tion states M1 and M2, and the latter is predominantly present in both primary and metastatic
lesions of the pancreas (Mantovani et al. 2002; Biswas and Mantovani 2010). Intriguingly,
infiltration of TAMs was inversely correlated to survival of patients in different tumor entities
including pancreatic cancer (D1 Caro et al. 2016). Among the involvement in pro-inflamma-
tory processes (Biswas and Mantovani 2010), TAMs also take part in multiple tumor-pro-
moting pathways. For instance, exposure to the anti-inflammatory cytokine IL.-35 led to ele-
vated expression of CXCL1 and CXCLS8 important in angiogenesis (Huang et al. 2018). In
line with this, depletion of TAMs from tumors resulted in impaired angiogenesis and a re-
duction in metastatic formation (Griesmann et al. 2017). Furthermore, TAMs were shown
to support the activity of CDA, thus promoting gemcitabine resistance (Weizman et al. 2014;
Buchholz et al. 2020). Our findings of different GME expression levels might be explained
by different numbers of TAMs present in 7 vivo models and hPRT.

Besides pro-tumorigenic functions of the innate immunity, tumor cells actively suppress T

cells which are the predominant part of the adaptive immune system (Bailey et al. 2016). In
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particular, tumor cells demonstrated expression of coinhibitory T cell receptors (TCR) along
with programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1)
which are inversely associated with OS in PDAC (Loos et al. 2008; Shibuya et al. 2014).
Likewise, apCAFs also interact with CD4" T cells, thus matking a dual suppression from
both tumor and stroma cells (Elyada et al. 2019). As as consequence, the overall T cell re-
sponse is reduced (Hessmann et al. 2020). Again, different expression levels of suppressive

receptors might be responsible for patients’ outcome along with GME expression.

In addition, the field of tumor-neuron interactions has gained more attention. Important
studies demonstrated a correlation between hyperinnervation and grades of desmoplasia and
stromal activity in PDAC (Demir et al. 2015). Importantly, close location to nerves resulted
in increased proliferation rates and OS in tumor cells 7z vitro (Dai et al. 2007). This may pose
a problem in our PDX mice and OTMs as we cannot be certain that we transplanted the
tumor or injected the tumor cells in close vicinity to neural cells. As a consequence, we might
have observed different proliferation rates due to variation between mice. Moreover, as neu-
ral invasion of tumor cells differs between GEMMs such as KPC mice and human pancreatic
cancer, the establishment of further mouse models accurately displaying the nerve systeme

is important (Demir et al. 2015; Hessmann et al. 2020).

It is obvious that the experiments of this work were restricted to certain methods and com-
ponents of the TME. It could be that only the interplay between several components or even

the sum of those TME components attributes to a change in GME.

4.6 Key findings

In this work, we investigated GME expression in several pancreatic cancer model systems
including KPC mice, OTMs, hPRTs and PDX mice. Until now, it has not been described
that GME protein expression is significantly reduced in OTMs compared to KPC mice.
These findings correlate with the generally higher sensitivity of OTMs towards chemother-
apy than corresponding KPC mice (Olive et al. 2009). Likewise, the stability of GME expres-
sion in PDX mice compared to respected hPRTs has not been observed yet, and the PDX
model might be a promising approach for evaluating effective treatment strategies preclini-
cally before being applied to patients. Based on our experiments which included several tu-
mor cell lines of human and murine origin, type I collagen does not impact GME gene and

protein expression z vitro and in vivo.

In conclusion, these results suggest that the tumor stroma and expression of GME are likely
independent from each other, yet, simultaneous targeting could have synergistic effects.
For example, parallel therapeutic targeting of the ECM to increase drug delivery in combi-
nation with targeting of epigenetic regulation mechanisms of GME could sensitize tumors
to gemcitabine treatment. Whereas the KPC model is likely the most appropriate model to
experimentally probe stromal depletion strategies, PDX mice closely recapitulate the expres-

sion GME of corresponding human tumors.
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4.7 Research limitations

Overall, we solely described an association between stromal components and GME expres-
sion in these pancreatic cancer systems. Whether this data suggests a fundamental causality
remains to be investigated, and can only partly be answered for type I collagen in this thesis.
Several limitations from the conducted experiments should be mentioned and great care

shoud be paid to not overinterpret the experimental data.

4.7.1 Tumor models

One limitation of this work is the quantity of tissue samples used. Analysis included 12 KPC
mice, 13 OTMs and 12 pairs of hPRTs and PDX mice, respectively. If a higher amount of
tissue samples were included, results may have shown a correlation between stromal compo-

nents and GME expression.

However, the use of each model is restricted to a certain extent. For one, the breeding of the
KPC mouse model requires high financial efforts and time for planning which was also pre-
sent in the course of this work. In particular, successful breeding itself is not trivial, but
dependent on many factors, e. g. availability of mice and rate of gravidity. After birth, samples
from newborn mice need to undergo genotyping to investigate whether mice demonstrate
the intended genotype, and subsequently, whether these mice develop pancreatic tumors

over the course of the next months.

In case of OTMs, the tumor development rate is near to 100 %, allowing the generation of
a great quantity of tumor samples. However, this work showed that the tumor architecture
of OTMs does not adequately recapitulate the one found in KPC mice. One reason could be
the injection of a cell suspension which only consists of tumor cells and not e. g. CAFs or
other acellular components of the TME. One improvement of this model could be the sim-
ultaneous injection of both tumor cells and stromal components, e. g. CAFs, type I collagen
or HA, to investigate the tumor-stromal interplay and possible effects on GME expression.
Another reason could be the injection of 2D-cultured cells. Studies which were earlier de-
scribed showed that gene expression significantly changes when cells are isolated and cul-
tured in 2D (Birgersdotter et al. 2007). A promising compromise might be the establishment
of OTMs with 3D-cultured cells. It has been shown that 3D-cultured cells are both more
similar in gene expression to origin cells and tend to build a similar architecture (Birgersdotter
et al. 2007; Boj et al. 2015). We did attempt establishing organoid cultures, but due to lack
of additional time, this experimental approach was not pursued further. Therefore, future
experiments should include the establishment of either heterogenous cell suspensions or 3D-
cultured tumor cells with the aim to establish a model which might be more adequate for

preclinical research experiments.

PDX mice might be a promising approach in the future. Nonetheless, the subsequent re-
placement with murine stroma along with overall stromal reduction compared to hPRT

marks a difficulty in investigating the tumor-stroma crosstalk within these mice. In addition,
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both hPRT and PDX mice tissue samples need to be available to allow for comparison of
the two. In contrast to the sufficient availability of hPRT tissue, PDX mice tissue sample
availability was limited due to relatively small tumors. Even though tumors could be har-
vested at a later time point allowing the tumors to grow larger, it needs to be considered that
a higher tumor burden would impair PDX mice’s health and quality of life (e. g. movements)

to an unjustifiable extent.

Besides the limitations of tumor models themselves, experimental alterations of the carefully
optimized staining protocols must also be taken into account. For instance, type I collagen
content was quantified by MT and picrosirius stainings. The analysis between KPC mice and
OTMs demonstrated a non-significant difference for MT, but for picrosirius, and the oppo-
site effect was seen for hPRT and PDX mice. Likewise, hPRT exhibited a significant lower
expression of podoplanin than corresponding PDX mice. These findings could have been
experimentally affected by different binding properties of the AB for human and mouse
ECM targets.

4.7.2 TME components and use of cell culture method

Since desmoplasia shows an abundant presence in pancreatic cancer, it possibly contributes
to tumorigenesis. Therefore, our aim was to investigate whether single components of the
TME had an impact upon GME expression. As our group just began investigating the influ-
ence of stromal components upon GME expression, the amount of potential TME compo-
nents was limited. We worked with immortalized PSCs and CAFs utilizing expertise and
resources from our research group. CAFs could have also been isolated as part of these
experiments. However, as they represent a cellular fraction of only about 2 % within the
TME (Elyada et al. 2019), fresh isolation would have required multiple KPC tumors and
pooling by flow cytometry. Both procedures are time-consuming and connected to both high
financial and personal efforts. Moreover, CAFs were cultivated in 2D mono cell culture
which is probably the most feasible, cost-effective, and least time-consuming cell culture
method. Importantly, findings suggest a shift in CAF subtypes dependent on used cell culture
methods (Ohlund et al. 2017; Elyada et al. 2019), thus conducted expetiments might have
favored a certain CAF subtype and subsequent GME expression. As CAFs did not undergo
subtyping, this is a simple hypothesis that highlights the importance of CAF subtyping in
future experiments. In the same manner, tumor cells were cultivated on a layer of type I
collagen in 2D cell culture rather than in a 3D cell culture. As mentioned earlier, if a 3D cell
culture had been applied, it could have shown completely different results. Furthermore, i
vitro experiments did not include simultaneous coculture of multiple TME components such
as cellular, acellular components e. g. type I collagen and HA, and tumor cells. However, this
could stimulate a different secretome with a distinct CM composition, subsequently leading

to a different effect on GME expression than observed in our experiments.
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As a consequence, future experiments should include the fresh isolation of CAFs and sub-
sequent characterization into subgroups by molecular markers to investigate the effects of
different subtypes on GME expression in tumor cells. Furthermore, more components of
the TME which are postulated to effect tumor biology, e. g. macrophages and neural cells,
should be included in the studies to display a broader picture iz vitro. Importantly, rather than

using CM, TME components and tumor cells should be cocultured, at best in 3D cell culture.
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5  Summary

Pancreatic cancer still exhibits a dismal five-year overall survival rate of 9 % and is foreseen
to even increase in incidence and mortality rates in the future. This is due to unspecific symp-
toms leading to late diagnosis, and a lack of effective screening procedures and treatment
strategies. The chemotherapeutic drug gemcitabine is frequently used as a backbone agent in
the clinical setting, but has failed to be as effective as in preclinical trials. One reason for this
could be the discrepancy in expression of gemcitabine metabolizing enzymes between pa-
tients and 7z vitro and 7z vivo models. Moreover, the tumor microenvironment includes differ-
ent cellular and acellular components of the stroma that have been implicated in chemo-
resistance. Recently, various 7z vzvo models for pancreatic cancer have been established in the
preclinical research setting to investigate mechanisms of therapeutic resistance. In particular,
the transgenic KPC mouse model, the orthotopically transplanted mouse and the patient-

derived xenograft mouse model are of current use.

This work investigated the expression of gemcitabine metabolizing enzymes and stromal
components in different pancreatic cancer model systems. This was achieved by immuno-
histochemistry for stromal components and gemcitabine metabolizing enzymes performed
in 7zn vivo models and human primary resected tissue. Another aim was to investigate whether
single soluble and solid components of the tumor microenvironment had an impact on the
expression of gemcitabine metabolizing enzymes in tumor cells iz vitro and 7n vivo. Hence,
conditioned medium experiments, cultivation of tumor cells on type I collagen and evalua-

tion of a KPC mouse model devoid of mature collagen, were performed.

It was shown that gemcitabine metabolizing enzyme expression in KPC mice was signifi-
cantly higher than in mice orthotopically transplanted with 2D-cultured KPC tumor cells.
Notably, orthotopically transplanted tumors revealed reduced amounts of stromal compo-
nents as compared to endogenous tumors from KPC mice. Moreover, gemcitabine metabo-
lizing enzyme expression levels in patient-derived xenograft mice did not significantly differ
from original human primary resected tissue although patient-derived xenograft mice exhib-
ited a significantly lower number of stromal components. In line with the results from the z
vivo models, subsequent 7z vitro experiments did not reveal a significant effect of fibroblast
conditioned medium or type I collagen on gemcitabine metabolizing enzyme expression in
human and murine tumor cells. The expression of gemcitabine metabolizing enzymes was
not significantly altered in the collagen-depleted KPC mouse model compared to control

mice.

In conclusion, this work contributed to a deeper understanding of tumor-stroma crosstalk
within pancreatic cancer. Whereas expression of gemcitabine metabolizing enzymes varies
between KPC mice and orthotopically transplanted mice, the patient-derived xenograft
mouse model displayed comparable levels of gemcitabine metabolizing enzymes despite dif-
ferent amounts of tumor stroma. In conjunction with the obtained 7 vitro experiments, our

results suggest that the tumor stroma and gemcitabine metabolizing enzymes are likely two
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separate therapeutic targets in pancreatic cancer that could be targeted synergistically, e. g.
by depletion of tumor stroma to increase drug delivery, and parallel epigenetic targeting of
gemcitabine metabolizing enzymes to sensitize tumors to gemcitabine. Whereas the KPC
model is likely the most appropriate model to experimentally probe stromal depletion strat-
egies, patient-derived xenografts closely recapitulate the expression of gemcitabine metabo-

lizing enzymes in corresponding human tumors.
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6 Zusammenfassung

Das Pankreaskarzinom geht bis heute mit einer fiinf-Jahres-Uberlebensrate von 9 % einher.
Fir die Zukunft ist zudem ein Anstieg der Inzidenzraten und der Mortalitit zu erwarten.
Zugrundeliegend daftr sind unspezifische klinische Symptome und dadurch bedingte spite
Diagnosestellung sowie ein Mangel an Fritherkennungsmaf3nahmen und effektiven Thera-
piemal3nahmen. Gemcitabin wird zurzeit als Backbone Chemotherapeutikum bei der Be-
handlung von vielen Patienten im klinischen Alltag verwendet, zeigt jedoch hiufig keine
hohe Effektivitit im Vergleich zu priklinischen Studien. Ein Grund fiir die unterschiedliche
Chemosensitivitit auf Gemcitabin kénnte die Diskrepanz in der Expression von Gemcitabin
metabolisierenden Enzymen zwischen Patient:innen und 7 vitro und in vivo Modellen sein.
Desweiteren konnte das ausgeprigte Tumorstroma im Pankreaskarzinom, welches hiufig
mit Therapieresistenz in Verbindung gebracht wird, die Expression von Gemcitabin meta-
bolisierenden Enzymen regulieren und hiertiber die Chemotherapieresistenz regulieren. Zur
Untersuchung von Mechanismen der Therapieresistenz wurden vielzéihlige 7z vivo Tumormo-
delle fir das Pankreaskarzinom in der praklinischen Forschung etabliert. Unter anderem wer-
den das transgene KPC Mausmodell, das orthotope Mausmodell und das aus Patientenma-

terial-abgeleitete Xenograftmodell alltidglich angewendet.

In dieser Arbeit wurde die Expression von Gemcitabin metabolisierenden Enzymen in ver-
schiedenen pankreatischen Modelsystemen untersucht. Dafiir wurden immunohistochemi-
sche Firbungen fiir verschiedene Komponenten des Tumorstromas und von Gemcitabin
metabolisierenden Enzymen in 7z vivo Modellen und humanen Pankreaskarzinomgeweben
durchgefiihrt. Ein weiteres Ziel war es zu untersuchen, ob einzelne 16sliche oder feste Kom-
ponenten des Tumormikromilieus einen Einfluss auf die Expression von Gemcitabin meta-
bolisierenden Enzymen in Tumorzellen 77 vivo und 7n vitro haben. Daftr wurden Versuche
mit konditioniertem Medium von Fibroblasten, Kultivierung von Tumorzellen auf Kollagen
Typ I und Immunhistochemie in einem genetisch modifizierten KPC Mausmodell mit redu-

ziertem intratumoralen Kollagengehalt durchgefihrt.

Es konnte gezeigt werden, dass die Expression von Gemcitabin metabolisierenden Enzymen
in KPC-Miusen signifikant héher war als in Mausen, die orthotop mit 2D-kultivierten KPC-
Zellen transplantiert wurden. Auffallend war zudem ein verminderter Umfang von stromalen
Komponenten im orthotopen Mausmodell im Vergleich zu den Tumoren der KPC-Miuse.
Die Expression der Gemcitabin metabolisierenden Enzyme unterschieden sich zwischen den
aus Patientenmaterial-abgeleiteten Xenograftmodellen und humanen Ursprungsgewebe
nicht signifikant, auch wenn im Mausmodell eine signifikante Reduktion des stromalen Kom-
partiments zu beobachten war. Weiterfiihrende Experimente zeigten keinen signifikant po-
sitiven oder negativen Effekt von Fibroblasten-konditionierten Medium und Kollagen Typ
I auf die Expression von Gemcitabin metabolisierenden Enzymen in humanen und murinen

Tumorzellen 7 vitro. Es wurde auch kein Unterschied der Enzymexpression zwischen KPC-
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Miusen mit reduziertem intratumoralen Kollagengehalt und Kontroll-KPC-Mausen beo-

bachtet.

Zusammenfassend konnte diese Arbeit einen Beitrag zum besseren Verstindnis der Interak-
tion zwischen Tumorzellen und Tumorstroma im Pankreaskarzinom leisten. Wihrend die
Expression von Gemcitabin metabolisierenden Enzymen zwischen KPC-Mdusen und or-
thotop transplantierten Mausen variiert, zeigte das aus Patientenmaterial-abgeleitete Xeno-
graft-Mausmodell trotz unterschiedlichem Stromagehalt eine vergleichbare Expression von
Gemcitabin metabolisierenden Enzymen. In Verbindung mit den 7z vitro Experimenten deu-
ten unsere Ergebnisse darauf hin, dass das Tumorstroma und Gemcitabin metabolisierende
Enzyme wahrscheinlich zwei separate therapeutische Ziele des PDAC darstellen, die syner-
gistisch angegangen werden konnten. Beispielsweise konnten eine therapeutische Stromade-
pletion, um die Anflutung von Chemotherapeutika zu erhéhen, und eine Beeinflussung (z.B.
durch epigenetische Ansitze) der Gemcitabin metabolisierenden Enzyme parallel ablaufen,
um in der Gesamtheit Tumore fiir Gemcitabin zu sensibilisieren. Wihrend das KPC-Modell
das am besten geeignete Modell ist, um Strategien zur therapeutischen Stromadepletion ex-
perimentell zu untersuchen, rekapitulieren die aus Patienmaterial-abgeleiteten Xenograftmo-
delle die Expression von Gemcitabin metabolisiernden Enzymen von humanen Pankreas-

karzinomen am besten  vivo.
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