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Abstract

Abstract

Pancreatic ductal adenocarcinoma (PDAC) is expected to be the second most common cause of cancer-
related death in the United States by 2040. Despite extensive progress in understanding the genetic and
molecular mechanisms of the disease, clinical outcomes have not improved in the last decade,
demanding the search for novel prognostic markers and therapeutic strategies. For such studies, scalable,
cost-effective model systems that mimic complex tumor biology and have predictive value in the clinic
are required. The chorioallantoic membrane (CAM) assay has been used as an alternative to classical in
vivo models for several cancer types; however, it has not been well-exploited in PDAC research.

In this study, we aimed to employ the CAM assay to study PDAC biology using murine PDAC cells
and patient-derived organoids (PDOs). We were able to successfully develop CAM xenografts of
phenotypically diverse murine PDAC cell lines representing distinct PDAC subtypes, and, in addition,
we determined conditions for PDO engraftment on CAM. Tumors were established efficiently in only
5 days, displaying a remarkable interaction with the host stroma and recapitulating the
histomorphological features of parental tumors. We further characterized stromal recruitment and
extracellular matrix deposition, focusing on fibrillar collagen and hyaluronan deposition, and correlated
the reprogramming of the host stroma by tumor cells with metastatic dissemination. Importantly, the
detection of metastases of murine cells and PDOs by species-specific DNA detection is highly
reproducible and indicates heterogeneous metastatic capabilities.

In summary, this study showed that CAM is an alternative, reliable in vivo model to functionally study
the biology of PDAC subtypes. In addition, our findings showed that CAM, as an alternative and reliable
patient-derived xenograft model, provides a scalable and personalized oncology platform to functionally

study PDAC tumor biology.
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Abstract

Zusammenfassung

Es wird erwartet, dass das duktale Adenokarzinom der Bauchspeicheldriise (PDAC) bis 2040 die
zweithdufigste krebsbedingte Todesursache in den Vereinigten Staaten sein wird. Trotz grofBer
Fortschritte beim Verstindnis der genetischen und molekularen Mechanismen der Krankheit haben sich
die klinischen Ergebnisse in den letzten zehn Jahren nicht verbessert, was die Suche nach neuen
prognostischen Markern und therapeutischen Strategien erforderlich macht. Fiir solche Studien werden
skalierbare, kosteneffiziente Modellsysteme benétigt, die die komplexe Tumorbiologie nachahmen und
einen Vorhersagewert fiir die Klinik haben.

Der Test mit der Chorioallantoismembran (CAM) wurde als Alternative zu klassischen In-vivo-
Modellen fiir verschiedene Krebsarten verwendet; in der PDAC-Forschung wurde er jedoch noch nicht
ausreichend genutzt.

In dieser Studie wollten wir den CAM-Assay zur Untersuchung der PDAC-Biologie mit PDAC-Zellen
von Maiusen und von Patienten stammenden Organoiden (PDOs) einsetzen. Wir waren in der Lage,
erfolgreich CAM Xenotransplantate von phanotypisch unterschiedlichen murinen PDAC-Zelllinien zu
entwickeln, die verschiedene PDAC-Subtypen reprisentieren, und wir haben dariiber hinaus die
Bedingungen fiir das PDO-Engraftment auf CAM bestimmt. Die Tumore wurden effizient in nur 5
Tagen etabliert, zeigten eine bemerkenswerte Interaktion mit dem Wirtsstroma und rekapitulierten die
histomorphologischen Merkmale der Elterntumore. Wir haben die stromale Rekrutierung und die
Ablagerung von extrazelluldrer Matrix weiter charakterisiert, wobei wir uns auf die Ablagerung von
fibrillirem Kollagen und Hyaluronsiure konzentrierten, und die Umprogrammierung des Wirtsstromas
durch Tumorzellen mit der metastatischen Ausbreitung in Verbindung gebracht. Wichtig ist, dass der
Nachweis von Metastasen von Miusezellen und PDOs durch speziesspezifische DNA-Detektion sehr
reproduzierbar ist und auf heterogene Metastasierungsfahigkeiten hinweist.

Zusammenfassend zeigte diese Studie, dass CAM ein alternatives, zuverldssiges In-vivo-Modell zur
funktionellen Untersuchung der Biologie von PDAC-Subtypen ist. Darliber hinaus haben unsere
Ergebnisse gezeigt, dass CAM als alternatives und zuverldssiges, von Patienten stammendes
Xenotransplantatmodell eine skalierbare und personalisierte onkologische Plattform zur funktionellen

Untersuchung der PDAC-Tumorbiologie darstellt.



Introduction

1. Introduction
1.1 Pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC), a malignancy arising from the exocrine part of the pancreas,
accounts for over 90% of all pancreatic cancers (McGuigan et al., 2018). The incidence of PDAC is
increasing by 0.5% to 1.0% (Park et al., 2021). Even though the five-year survival rate has improved
from 6% to 10% during the past five years, it is still expected to be the second most common cause of
cancer-related deaths in the United States by the year 2040 (Rahib et al., 2021; Yao et al., 2020). Despite
extensive efforts to understand the molecular and genetic mechanisms underlying disease progression,
early diagnosis and comprehensive therapies remain elusive. Owing to the long asymptomatic phase of
the disease, most patients are diagnosed at an advanced stage, with half of all patients having already
developed distant metastases at diagnosis (Orth et al., 2019). Only 20% of cases are eligible for surgical
resection, the only potentially curative treatment, and most cases are limited to palliative treatment
options (Takikawa et al., 2022). The standard of care chemotherapy regimens, including nab-paclitaxel
gemcitabine combination or FOLFIRINOX (5-fluorouracil, leucovorin, irinotecan, and oxaliplatin),

offer only limited therapeutic efficacy (Digiacomo et al., 2021).

1.1.1 Risk factors for PDAC

Risk factors for PDAC are categorized as modifiable and non-modifiable. Modifiable risk factors for
PDAC include obesity, alcohol consumption, and smoking (Connor et al., 2022). Obesity and diabetes
not only increase the risk of PDAC but also accelerate tumor progression by inducing carbonyl stress
(Menini et al., 2021). Excessive alcohol consumption is associated with a 30% increased risk of PDAC
(Pang et al., 2019). Several epidemiological studies suggest that cigarette smoking leads to a faster
progression of PDAC (S. Zhang et al., 2017). Well-proven non-modifiable risk factors for PDAC include
age, sex, ethnicity, blood group, genetic factors, chronic pancreatitis, and diabetes mellitus. The risk for
PDAC increases with age, with 71 years being the median age at which the disease is diagnosed in the
US (Midha et al., 2016). Although the incidence rates among men and women differ depending on

geographical location, the overall incidence of PDAC is slightly higher in men than women (Peduzzi et
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al., 2022). Studies focusing on the impact of ethnicity on PDAC incidence suggest that African
Americans have the highest incidence, followed by whites, Hispanics, and Asians (B. Z. Huang et al.,
2019). An association between the ABO blood group and PDAC has been reported in several
epidemiological studies. Individuals in blood groups A, B, and AB have a higher rate than those in the
O blood group (Midha et al., 2016). At least 5-10% of patients with PDAC have a history of familial
predisposition (Simoes et al., 2017). Germline mutations in BRCAI, BRCA2, CDKN2, ATM, PRSSI,
STK11, APC, and PALB?2 are commonly observed in individuals with a hereditary risk of PDAC (Simoes
et al., 2017). Additionally, inherited cancer syndromes such as Peutz-Jeghers syndrome, hereditary
pancreatitis, familial atypical multiple mole melanoma syndrome, Lynch syndrome, familial
adenomatous polyposis, hereditary breast and ovarian cancer syndrome, and ataxia telangiectasia
impose hereditary risk for PDAC (Diaz et al., 2019). Persistent inflammation and continuous exposure
to carcinogens associated with chronic pancreatitis lead to the development of PDAC (Alhobayb et al.,

2021).

1.1.2  Carcinogenesis of PDAC

Two decades ago, Hruban et al. proposed a stepwise progression model for PDAC, which showed that
the accumulation of genetic alterations over many years leads to a higher degree of precursor dysplasia
results in PDAC (Figure 1) (Hruban et al., 2000). Several studies have identified that PDAC originates
from both ductal and acinar cells as a result of similar oncogenic mutations (Ferreira et al., 2017). The
expression of oncogenic KRAS and homozygous deletion of Trp 53 or Fwb7 in ductal cells lead to non-
mucinous lesions and result in PDAC (Flowers et al., 2021). Acinar cells give rise to PDAC by
undergoing a transdifferentiation into a duct-like phenotype in the presence of oncogenic KRAS
mutations together with an inflammatory environment, a process known as acinar ductal metaplasia
(ADM) (Li et al., 2022). ADM becomes irreversible and eventually leads to pancreatic intraepithelial
neoplasia (PanIN), histologically characterized as non-invasive microscopic lesions located in the
smaller pancreatic ducts (Storz, 2017). PanIN further progresses from PanIN-1 (PanIN-1A or PanIN-
1B), PanIN-2, and PanIN-3, with increasing epithelial atypia, eventually leading to invasive PDAC
accompanied by increased desmoplasia (Figure 1) (Pittman et al., 2017). The progression of PanIN to

2
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PDAC is paralleled by the stepwise accumulation of genetic aberrations, such as inactivating mutations
in CDKN24, TP53, and SMAD4 (Kleeff et al., 2016). In addition to genetic mutations, several other
abnormalities, such as telomere shortening, chromosomal instability, subsequent copy number
variations, chromothripsis, and epigenetic deregulation, such as aberrations in DNA methylation and
histone post-translational modification, also accelerate PanIN to PDAC progression (Figure 1) (Fischer
et al., 2018). Along with PanIN, there are three other types of precursor lesions that contribute to the
origin and progression of PDAC: intraductal papillary mucinous neoplasia (IPMN), pancreatic
mucinous cystic neoplasm (MCN), and intraductal tubular papillary neoplasm (ITPN) (Ferreira et al.,
2017). A recently described punctuated evolution progression model suggests that simultaneous
inactivation of PDAC driver genes results in rapid tumor development and metastatic dissemination
rather than gradual progression correlating to the sudden onset of late-stage disease accompanied by

metastasis (Connor & Gallinger, 2022).

eSS ® o
e e

- J
G S
o (o] ToT T (e

-\"0,\\’§§e

| Increasing desmoplasia

Acinar Acinar-ductal Pancreatic intraepithelial Pancreatic intraepithelial Pancreatic intraepithelial Pancreatic ductal
cells metaplasia (ADM) neoplasia (PaniIN) 1 neoplasia (PanIN) 2 neoplasia (PanIN) 3 adenocarcinoma (PDAC)

TPS3  n—
ifp— 1 — < "%
< CDKN2/A E—
<  Epigenctic dysregulation  EEEE——

Figure 1: Stepwise progression model of PDAC.

In the presence of oncogenic KRAS mutations, acinar cells undergo ADM. ADM develops into three stages: PanIN,
PanIN-1, PanIN-2, and PanIN-3, and finally into invasive PDAC with increased desmoplasia upon accumulation
of inactivating mutations in CDKN2A4, TP53, and SMAD4. Several other abnormalities, such as telomere
shortening, chromosomal instability, subsequent copy number variations, and chromothripsis, accompany this
stepwise progression of PDAC. In addition, epigenetic deregulation, such as aberrations in DNA methylation and

histone post-translational modifications, also accelerates the progression of PanIN to PDAC (Orth et al., 2019).
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1.1.3 Molecular subtypes of PDAC

Genomic studies suggest that PDAC progresses through a common mutational pathway involving four
major genes: KRAS, TP53, CDKN2A, and SMAD4, which contradicts the clinical heterogeneity observed
in PDAC patients (Pompella et al., 2020). Early attempts at clinically relevant PDAC stratification were
based on a single genetic marker (Biankin et al., 2009). For example, the loss of SMAD4 expression and
overexpression of S100A2, associated with poor prognosis, are clinically promising and still under
investigation (Biankin et al., 2009; Dreyer et al., 2020). Subsequently, structural variations in the
genome were used to stratify PDAC into four subtypes: stable, locally rearranged, scattered, and
unstable (Waddell et al., 2015). However, only the locally rearranged and unstable subtypes appear
clinically relevant (Waddell et al., 2015). Focal amplifications in ERBB2, MET, CDK6, PIK3CA,
and PIK3R3 in locally rearranged subtypes can be therapeutically targeted (Waddell et al., 2015). The
unstable subtype is potentially susceptible to therapeutics, such as platinum and poly (ADP-ribose)
polymerase (PARP) inhibitors, due to defects in the DNA damage response (Waddell et al., 2015).
Recent genomic and transcriptomic studies have stratified PDAC into clinically relevant molecular
subtypes to guide clinical decisions. Based on transcriptomic analysis, Collisson et al. first defined three
PDAC subtypes: classical, quasi-mesenchymal, and exocrine-like (Collisson et al., 2011). Tumors with
higher expression of adhesion-associated and epithelial genes and a higher expression of KRAS and
GATAG6 are characterized as classical subtypes. The quasi-mesenchymal subtype shows higher
expression of mesenchyme-associated genes, whereas the exocrine-like subtype is associated with a
higher expression of tumor cell-derived digestive enzyme genes (Collisson et al., 2011). They further
demonstrated the high tumor grade and poor survival associated with the quasi-mesenchymal subtype
compared with the other two subtypes (Collisson et al., 2011). Regarding therapeutic relevance, the
quasi-mesenchymal subtype is highly sensitive to gemcitabine, whereas the classical subtype is more
sensitive to erlotinib (Collisson et al., 2011).

By virtual microdissection of PDAC gene expression microarray data from primary tumor, metastatic,
and normal samples, Moffitt et al. stratified PDAC into tumor-specific subtypes, namely basal-like,

classical, and stroma-specific subtypes, namely normal and activated. The basal-like subtype is
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associated with poor clinical outcomes but is more sensitive to adjuvant therapy than the classical
subtype. The classical subtype, along with activated stroma, is associated with worse survival compared
to that with normal stroma. In contrast, survival in the basal-like subtype is not influenced by the stromal
subtypes (Moffitt et al., 2015). Bailey et al. stratified PDAC into four subtypes with significantly
different prognoses: squamous, associated with poor prognosis, immunogenicity, pancreatic progenitor,
and aberrantly differentiated exocrine (ADEX) (Bailey et al., 2016). Bailey's classification is based on
the clustering of transcriptomic data from PDAC samples of different histopathological subtypes with
more than 40% tumor cellularity to balance stromal gene expression (Bailey et al., 2016). However,
classical subtypes by Collisson and Moffitt overlap with the pancreatic progenitor subtypes by Bailey
(Torres et al., 2018). Likewise, there is a significant overlap between the Collison quasi-mesenchymal,
Moffitt basal, and Bailey squamous subtypes and the Collisson exocrine-like and Bailey ADEX subtypes
(Torres & Grippo, 2018).

By integrating genomic, transcriptomic, and proteomic profiling of 150 PDAC samples, including those
with low tumor cellularity, The Cancer Genome Atlas (TCGA) consortium reproduced the classical and
basal-like classification. It showed that the immunogenic, exocrine, and ADEX subtypes are associated
with low tumor cellularity samples reflecting gene expression from non-tumor cells (Cancer Genome
Atlas Research Network. Electronic address et al., 2017). Puleo et al. proposed two classification
systems based on the genomic profiling of 300 formalin-fixed paraffin-embedded PDAC samples (Puleo
et al., 2018). Transcriptomic analysis exclusively in samples with high cellularity identified two
subtypes, classical and basal-like, which overlap with previous studies (Puleo et al., 2018). The classical
subtype is further distinguished into immune classical and pure classical subtypes, depending on
immune infiltration (Puleo et al., 2018). When samples with low cellularity were included, they
identified the second classification system that stratifies the stroma into activated and desmoplastic,
characterized by high expression of aSMA, SPARC, and FAP and structural and vascularized stroma
components, respectively, in both classical and basal-like subtypes (Puleo et al., 2018). Recently, Chan-
Seng-Yue et al. stratified PDAC into five subtypes, namely basal-like A and B, hybrid, classical A, and

B, by performing whole-genome and transcriptome analysis of tumor components enriched by laser
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capture from 314 primary and metastatic PDAC patients. Classical subtypes A and B show higher
GATA6 amplification and complete SMAD4 loss, whereas basal-like A and B tumors show increased
TP53 mutations and complete CDKN?2 loss. Although the basal-like subtype is associated with a worse
prognosis and response to standard chemotherapy, patients with basal-like B and hybrid subtypes present
with resectable disease. Importantly, this study highlights intra-tumoral molecular heterogeneity by
showing the co-existence of basal-like and classical subtypes in the same tumor (Chan-Seng-Yue et al.,

2020).

1.1.4 Tumor microenvironment of PDAC

Pronounced tumor microenvironment (TME), which makes up 90% of the tumor tissue, is a histological
hallmark of PDAC (Hessmann et al., 2020). The TME of PDAC is a diverse and complex milieu of
cellular and acellular components (K. Wang et al., 2020). The cellular components of PDAC TME are
immune cells, cancer-associated fibroblasts (CAFs), endothelial cells, and neurons (Hosein et al., 2020).
Myeloid cells, such as macrophages and neutrophils, are the most abundant cell types in the PDAC
TME, whereas only 2% of the cellular compartment comprises CAFs (Sperb et al., 2020). The acellular
components of TME include the extracellular matrix (ECM) components, cytokines, chemokines, and
growth factors produced by the constant communication between the cancer cells and stromal cells
(Truong et al., 2021), which in turn orchestrate a complex signaling network to facilitate the tumor
stroma cross talk (Truong & Pauklin, 2021). The constant communication of tumor cells with the TME
sculpts the molecular identity of the tumor as well as the clinical outcome (Herting et al., 2021).

Early studies suggested that TME solely promotes PDAC progression by creating a physical barrier
around the tumor cells, resulting in hypovascularization that subsequently leads to the limited exposure
of the tumor cells to chemotherapeutics and poor immune cell infiltration (Hessmann et al., 2020).
However, on the contrary, recent studies suggest TME exerts protective effects as well (Ando et al.,
2022). Evidently, Ozdemir et al. and Rhim et al. found that complete depletion of stroma leads to more
aggressive tumors with decreased overall survival (Ozdemir et al., 2014; Rhim et al., 2014). Thus, TME
is not just a static entity, and its composition and functional role are constantly changing depending on

the tumor stage and variables for different components of TME (Ho et al., 2020).
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1.1.5 Cancer-associated fibroblasts in PDAC

CAFs are one of the most abundant and active components of the PDAC TME and mainly produce the
desmoplastic stroma, which modulates the disease progression and treatment response in PDAC (Sperb
et al., 2020). CAFs are heterogeneous regarding origins, molecular characteristics, spatial confinement,
and functions (Vaish et al., 2021). CAFs originate from a diverse range of stromal cell progenitors,
including pancreatic stellate cells (PSCs), mesenchymal stem cells (MSCs), bone marrow-derived
mesenchymal stem cells (BD-MSCs), and quiescent resident fibroblasts, through multiple pathways of
activation such as sonic hedgehog (SHH), TGF-p, TNF-0, and interleukins 1, 6, and 10 (von Ahrens et
al., 2017).

CAFs exhibit diverse functions that could either promote or limit tumor growth (T. Zhang et al., 2022).
These multidirectional roles of CAFs are reflected in the contradicting results of multiple preclinical and
clinical studies in which some reported tumor suppressive effects. In contrast, others reported reduced
patient survival upon CAF depletion (Ozdemir et al., 2014). These contradicting observations suggest
the existence of a heterogeneous population of CAFs. Ohlund et al. reported that CAFs in PDAC exhibit
either a myofibroblast (myCAF) or an inflammatory (iCAF) phenotype (Ohlund et al., 2017). In addition
to pan-CAF markers such as COL1A1/2 (collagen I alpha 1/2), DCN (decorin), PDPN (podoplanin),
FAP (fibroblast activation protein), and VIM (vimentin), myCAFs show high expression of alpha-
smooth muscle actin (a-SMA) and low expression of interleukin-6 (IL-6) and other inflammatory
interleukins such as IL-11 and LIF (leukemia inhibitory factor) (Murphy et al., 2021). Meanwhile,
1CAFs exhibit lower expression of a-SMA and high expression of IL-6, IL-11, and LIF (Wandmacher
et al., 2021). MyCAFs are mainly involved in producing ECM components such as different types of
collagen, glycoproteins, proteoglycans, and hyaluronic acid (HA) (Vaish et al., 2021). iCAFs produce
the inflammatory cytokines LIF and IL-6 in response to paracrine signals from tumor cells and promote
immune evasion, as well as chemo-resistance, leading to poor clinical outcomes (Shinkawa et al., 2022).
By single-cell RNA sequencing (scRNA seq) of both murine and human PDAC tumors, Elyada et al.
recently identified a new CAF subpopulation, namely antigen-presenting CAFs (apCAFs), expressing

genes associated with the MHC class II family, including H2-Aa, and H2-Abl, and CD25, as well as
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various pro-tumorigenic and pro-inflammatory genes such as SAA3 (serum amyloid A3) and SLPI
(secretory leukocyte protease inhibitor) (Elyada et al., 2019). apCAFs activate CD4+ T cells through
MHC class Il and the CD74 variant chain (Elyada et al., 2019). The absence of co-stimulatory molecules
such as CD80, CD86, and CD40 indicates their inability to function as classical antigen-presenting cells
(Elyada et al., 2019). The tumor suppressive role of apCAFs by inducing regulatory T cells (Tregs) has
been reported recently (H. Huang et al., 2022). Apart from functional differences, these CAF
subpopulations, especially myCAFs and iCAFs, also exhibit spatial distinctions, where the former is
located close to the tumor cells and the latter is located far away from the tumor cells (Ohlund et al.,
2017). CAFs switch their phenotypes in the presence of specific spatial or biochemical cues, indicating
their high degree of plasticity (Boyd et al., 2022). For example, TGF-3 converts iCAF into the myCAF
phenotype by reducing the expression of IL-1 via JAK/STAT pathway antagonism (Biffi et al., 2019).
Also, it has been shown that by changing the culture conditions, apCAFs could be converted to myCAFs
(Sperb et al., 2020). The interaction of CAFs with tumor cells and other components of the TME is very
dynamic and complex due to the heterogeneous and plastic nature of CAFs (Feldmann et al., 2021).
Therefore, understanding the transcriptional and microenvironmental drivers that influence the CAF
phenotype and their functional role in all stages of PDAC tumorigenesis might pave the way for effective

stroma remodeling therapies to increase the clinical outcome.

1.2 Model systems to study PDAC

The availability of different experimental model systems, ranging from in vitro to in vivo models, helps
to understand the genetic and molecular mechanisms of PDAC and to review the molecular and
therapeutic aspects of PDAC. Various in vitro and in vivo models have been used to model PDAC. In
vitro models include two-dimensional (2D) cell culture and three-dimensional (3D) organoid culture
systems, whereas in vivo models include genetically engineered mouse models (GEMMs) and xenograft

models.
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1.2.1  In vitro models

In vitro models, including human and murine 2D cell lines, have contributed to many PDAC studies.
Cell culture models are cost and time-efficient, easy to maintain and manipulate, and highly
reproducible. In addition, 2D cells can be implanted into immunodeficient mouse models to develop
xenograft models. As they can be easily cultured in large quantities, they are useful in large-scale genetic
screens. Due to the loss of genetic heterogeneity and genetic and phenotypic drift in 2D cell culture
models, they fail to recapitulate the primary tumor (Garcia et al., 2020). In addition, 2D cell lines have
limited potential to evaluate therapeutic efficacy due to the lack of a TME component, which fails to
recapitulate the complexity of the PDAC (Suri et al., 2020).

In contrast to monolayer 2D cell culture models, 3D models are grown in liquid, embedded in or on a
matrix, mainly Matrigel and collagen, or by using a microfluidic platform to mimic the 3D architecture
of the primary tumor. Established 2D cell lines embedded in collagen or Matrigel self-organize to
generate spheroids that mimic cell-cell, cell-microenvironment, and cell-matrix interactions observed in
vivo (Gundel et al., 2021). Compared to 2D models, spheroids preserve tumor cell interactions and
polarity, thereby recapitulating the primary tumor. Since spheroids are generated from 2D cell lines,
their clinical relevance is limited by concerns over the drawbacks of 2D cell lines. Organoids are a
popular 3D model system derived from embryonic stem cells, induced pluripotent stem cells, somatic
stem cells, or tumor cells. Unlike spheroids, which are developed from established cell lines, organoids
are developed from primary cells. Organoids resemble the molecular features of the original tumor since
they preserve the tumor heterogeneity and cell polarity and interact with the ECM (Miquel et al., 2021;
Randriamanantsoa et al., 2022). Upon orthotopic transplantation in mice, organoids can mimic the
PDAC progression from PanIN to invasive adenocarcinoma (Yao et al., 2020). Like 2D models, the
organoid model system is amenable to various biochemical and drug screens. Several studies have
shown that the molecular and therapeutic profiling of PDOs enables the prediction of clinical outcomes
in a personalized manner (Tiriac et al., 2018; Vlachogiannis et al., 2018). Due to the lack of vasculature
and immune microenvironment, organoids fail to fully replicate the human PDAC (Xu et al., 2022).

Although 3D in vitro models provide an artificial extracellular matrix (ECM) to mimic the TME, an
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issue that is often faced when using standard 3D models is that they create false interactions between
the cells and their matrix or they have an overly simplistic model of a tumor (Barbosa et al., 2021).
Hence, in vitro experimental models have reduced physiological relevance and do not recapitulate

human cancers; in vivo models are of choice to study the complexity of cancer.

1.2.2  In vivo models

Genetically engineered mouse models (GEMMs) are the most commonly used in vivo models that have
provided a powerful tool to model PDAC by developing tumors that recapitulate the human PDAC. KC
mice were the first GEMMs developed using the Cre/LoxP strategy to express KRAS“? conditionally
in pancreatic progenitor cells, resulting in PanINs progressing to invasive and metastatic PDAC
(Hingorani et al., 2003). To overcome the long latency period associated with tumorigenesis in this
model, the LSL-KRASY!?P; LSL-Trp53*!72H; PDX-1-Cre (KPC) mouse models have been developed by
introducing a R172H mutation in 7P53 in addition to the G12D mutation in KRAS (Hingorani et al.,
2005). Targeting the tumor suppressor genes dysregulated in PDAC, such as CDKN2A4 and SMAD4,
more GEMM s are developed in the mutant LSL-KRASS'?P background to exploit the influence of these
driver genes in PDAC progression (Mallya et al., 2021). Conditional loss of CDKN2 resulted in the rapid
development of PanINs, decreased tumor latency, a more undifferentiated tumor, and metastatic
dissemination to the liver and lungs. In contrast, conditional loss of SMAD4 interestingly resulted in the
formation of cystic-type lesions similar to those in humans (Mallya et al., 2021). Despite the useful
applications of GEMMs, their development and maintenance are labor-intensive, time-consuming, and
costly, making them unsuitable for large-scale genetic or drug screens. In addition, specialized imaging
techniques are required to monitor the tumor progression (Yu et al., 2021). In addition to GEMMs,
several xenografts have been developed to study PDAC. Xenograft models are developed by
orthotopically or heterotopically implanting 2D cell lines, organoids, and patient-derived tissues from
primary tumor biopsy or resection in immunodeficient mice (Bleijs et al., 2019). Compared to in vitro
models, xenograft models mimic the disease complexity better, making them suitable for evaluating the
efficacy of pharmacological interventions (C. F. Wang et al., 2019). Xenografts could be either cell line-
derived (CDX) or patient-derived (PDX), where the former has the same limitations associated with its
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2D cell lines of origin, such as loss of tumor heterogeneity and genetic drift, resulting in poor correlation
with the primary tumor histology (Garcia et al., 2020).

On the other hand, PDX models better recapitulate human PDAC since it is derived from directly
implanting the tissue from a primary tumor (Pion et al., 2022). Hence, PDX models are more efficient
in personalized medicine. However, PDX models are usually resource-intensive since they require a
significant amount of starting tissue (Pham et al., 2021). Immunodeficient mice are mostly used for PDX
development, which is labor-intensive and time-consuming (Goto, 2020). Most of the time, this timeline
makes precision medicine studies unrealistic since the goal is to evaluate therapeutic efficacy in real
time to assist in clinical decision-making.

Due to genetic and phenotypic drifts, in vitro 2D and 3D cell culture models cannot recapitulate the
heterogeneity and complexity of PDAC (Gundel et al., 2021). The traditional in vivo mouse models are
expensive, labor-intensive, and time-consuming. In addition, due to their complexity, there is a lack of
concordance between preclinical and clinical studies of PDAC (Ehlen et al., 2020). Hence, novel, cost-
effective models that similarly mimic tumor biology, providing faster information on the activity of
anticancer therapies, could make an important contribution to the advancement of personalized

medicine.

1.2.3 Chick embryo chorioallantoic membrane model

The chick embryo chorioallantoic membrane (CAM) model is a highly vascularized extra-embryonic
membrane that develops similarly to the allantois in mammals as it extends extra-embryonically from
the ventral wall of the endodermal hindgut and fuses with the chorion during chick embryonic
development day 4 (EDD 4) (Figure 2) (Ribatti, 2016). It consists of three layers: ectoderm arising from
the chorion, fused somatic mesoderm arising from the chorion, and splanchnic mesoderm arising from
the allantois (Maina, 2017). CAM has a rich vascular system with arteries, capillaries, and veins
(Moreno-Jimenez et al., 2016). Until EDD 8, it develops a dense vessel system connected to the
embryonic circulation and becomes fully differentiated by EDD 14 (Makanya et al., 2016). In the
developing chick embryo, CAM serves as a respiratory organ by participating in gas exchange and as a
waste reservoir for storing embryonic excrements (Halgrain et al., 2022; Ribatti et al., 2021). In addition,
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it transports electrolytes and mobilizes calcium from the eggshell to the chick embryo to initiate bone
mineralization, thereby participating in the osteogenesis of the developing chick embryo (Halgrain et

al., 2022; Ribatti et al., 2021).

n Amniotic fluid
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Figure 2: Formation and growth of CAM during chick embryo development.

a) Fertilized chicken egg. The shell membrane is the outermost membrane in contact with the eggshell. CAM
develops extra-embryonically from the developing chick embryo and eventually covers the embryo and attaches
to the shell membrane as it grows. b) Embryo at EDD 4. CAM develops in the hindgut. The yolk sac membrane
(YSM) in the background is also vascularized. ¢) Embryo at EDD 12 in a 10 cm Petri dish. CAM is significantly
larger and exceeds the area covered by the yolk (Dombre et al., 2017; Nowak-Sliwinska et al., 2014).

1.2.4 In ovo and ex ovo CAM models

The CAM model can be either in ovo by the dropped membrane technique or ex ovo (Nowak-Sliwinska
et al., 2014). The in ovo dropped membrane technique is commonly used, in which the eggs are usually
placed in an incubator that provides 65% humidity and 37 °C temperature for the development of the
CAM. Embryos are left inside the eggshell during their development and for the duration of the assay.
In ovo CAM model is initiated by making a small prick on the eggshell between EDD3 and EDD4. On
EDD 7, a small window is opened on the shell. The window is then sealed, and incubation continues
until the day of transplantation (Figure 3) (Ribatti, 2016). The ex-ovo CAM involves rupturing the egg
and transferring the embryo and its extra-embryonic membranes to a petri dish or a weighing boat at
EDD 3. The petri dish is sealed, and incubation continues until the day of transplantation (Figure 3).
The in ovo approach enables experimentation through a window opened on the eggshell, and it offers
an almost natural physiological environment for the developing chick embryo (Butler et al., 2022;

Ribatti, 2016).
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Figure 3: In ovo and ex ovo CAM models.

(a-c) The ex ovo CAM model. a) The eggs are gently cracked, b) The egg contents are transferred into a petri dish.
c) Then, the eggs are sealed with the petri dish lid. (d-f) The in ovo CAM model. (d, e) A small prick is made on
the eggshell. f) A window was made on the eggshell and sealed with tape.

The ex ovo approach offers ample observation and manipulation space, allowing the testing of several
samples in a single CAM (Garcia-Gareta et al., 2020). However, the ex ovo method is often associated
with a low survival rate due to the frequent rupture of the yolk membrane during the experiment (Naik

et al., 2018).

1.2.5 CAM model in cancer research

CAM is highly vascularized and rich in type IV collagen and laminin, similar to the human basement
membrane, due to which it provides an excellent natural substrate for all types of cancer cells, supporting
the growth of vascularized three-dimensional tumors (Ribatti et al., 2021). Studies have reported that
when solid biopsy specimens, tumor cell suspensions, or tumor cell lines are transplanted onto the CAM
between EDD 6 and EDD 9, the tumors become visible and supplied with vessels of CAM origin within
two to five days (Heitmeir et al., 2022; LC et al., 2018; Mapanao et al., 2021). Tumor growth on the
CAM can be monitored either longitudinally by several imaging techniques such as magnetic resonance
imaging (MRI), bioluminescence imaging, and ultrasonography, or by simply measuring tumor size

after harvest (Eckrich et al., 2020; Javed et al., 2022; Rupp et al., 2022; Waschkies et al., 2020).
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Moreover, CAM tumors can be harvested, formalin-fixed, and paraffin-embedded for histological
studies (Chu et al., 2022; Ribatti et al., 2021). The histomorphology of the tumors can be easily studied
using hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) (L. Chen et al., 2021;
Pion et al., 2022). H&E-stained CAM xenografts allow the evaluation of the characteristics of tumor
growth and proliferation, such as cell density and cellular phenotype (Chu et al., 2022; Miebach et al.,
2022).

CAM has been mainly used to study tumor angiogenesis and antiangiogenic therapeutics to combat
tumor progression due to its high vascularity (Merckx et al., 2020). A gelatin sponge-chorioallantoic
membrane assay has been developed by directly applying the substances onto the CAM using a gelatin
sponge as a carrier to study the angiogenesis-associated effects of potential therapeutic agents (Faihs et
al., 2022). In the H&E-stained CAM xenografts, chick embryo vessels can be easily differentiated by
their nucleated erythrocytes, due to which angiogenesis can be evaluated (LC et al., 2018). Several
methods and tools have been developed to utilize the vascular network of the CAM to investigate and
quantify tumor angiogenesis, such as microvascular density counts and microcomputed tomography
(CT) imaging (Ames et al., 2016).

The CAM model is useful to determine either the spontaneous metastasis of cells transplanted on the
CAM surface or the experimental metastasis of intravenously injected tumor cells in the chorioallantoic
vein (Leupold et al., 2021). Grafted tumor cells invade through the basement membrane of the chorionic
epithelium and intravasate into the vascular network in the underlying mesenchyme (Ribatti, 2016).
More than 80% of the cells that intravasate into the microcirculation successfully extravasate and
metastasize to distant organs of the developing chick embryo within 3-5 days of transplantation (Chu et
al., 2022; Ribatti et al., 2021). By intravital imaging, the morphological changes of the cancer cells
arrested in the CAM microcirculation, tumor cell motility, and migration can be observed (Pawlikowska
et al., 2020). Furthermore, quantitative polymerase chain reaction (QPCR) amplification of human-
specific A/u sequences of human tumor cells is used for semiquantitative detection of disseminating

cells arrested in chick embryo organs (Ribatti et al., 2021).
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CAM is advantageous over the most commonly used murine models in several aspects. The
development of murine xenograft models involves mostly invasive procedures, causing pain for the
animals (Moreno-Jimenez et al., 2016). The animals are subjected to pain by the growth of tumor mass,
which is often associated with ulcers (Welm et al., 2021). Hence, the use of rodents to model cancer is
of major ethical concern due to the pain and stress the animals have to experience (Sarogni et al., 2022).
According to the 3R principle of the ethical guidelines regarding animal experiments, every effort must
be made to replace them with non-sentient animals, to reduce the number of animals used, and to refine
the animal experiments in a way that the animals experience minimum pain and distress (Doke et al.,
2015). In this regard, the CAM xenograft model is preferable since it is not innervated and allows
experiments that are not associated with the pain of the embryo (Ribatti, 2016).

Moreover, embryos and fetuses are not mentioned in the German Animal Rights Law

(https://www.gesetze-im-internet.de/tierschg/ BJNR012770972.html). In the official gazette of the

European Union 1986, Art. 2a, they are not defined as animals (https://eur-lex.europa.ceu/legal-

content/DE). According to the actual Directive 2010/63/EU of the European Parliament and the Council,
experiments with avian embryos are considered “no animal” experiments until hatching

(http://data.europa.eu/eli/dir/2010/63/0j). Since, the chick embryo’s immune system is non-functional

until about two weeks of embryonic development; they are naturally immunodeficient and accept
transplantation from various tissues and species without specific or nonspecific immune responses
(Leupold et al., 2021). However, T cells and B cells can be first detected at EDD 11 and EDD 12,
respectively. By day 18, chick embryos are completely immunocompetent, where T cells regulate
antibody-mediated immunity and B cells regulate cell-mediated immunity. Another prominent
advantage of the CAM model is its ease of use and low cost (Barnett et al., 2022). The egg is self-
sufficient, and its normal development at 37 °C and 60-70% humidity ensures the consistent viability of
the chick embryos without artificial support media or complex culture requirements (Komatsu et al.,
2019). Compared to conventional rodent models, where tumor growth takes between 3 and 6 weeks,
CAM is faster, in which microtumors become visible between 2 and 5 days of transplantation (Rupp et

al., 2022). In contrast to standard mouse models, most cancer cells arrested in the chick embryo
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microcirculation survive without significant cell damage, and a large number of them eventually
complete extravasation to reach the distant organs of the developing chick embryo (Miebach et al., 2022;
Rupp et al., 2022). Considering the multifaceted use of CAM due to its ability to recapitulate all the
stages of tumorigenesis, including growth, TME remodeling, angiogenesis, invasion, and metastatic
dissemination, it has been used as a platform for an array of molecular, biological, histopathological,
and pharmacological studies of various cancer entities, including PDAC (Chu et al., 2022; Ranjan et al.,
2023; Rovithi et al., 2017).

The CAM model has been developed mostly by using established cell lines such as BxPC-3 and PANC-
1 to study PDAC (Fahmy et al., 2016). Long-term maintenance of these cell lines in culture is associated
with phenotypic and genetic drifts. Rovithi et al. developed the CAM model to study PDAC by using
primary human 2D cells, aiming to overcome the limitations associated with established cell lines
(Rovithi et al., 2017). Compared to primary 2D cells, organoids better recapitulate the molecular,
genetic, and therapeutic profiles of the parental tumors (Bleijs et al., 2019; Tiriac et al., 2018). Hence,
combining organoid technology with CAM assays will be a novel tool to study PDAC on a personalized
platform that closely resembles patient tumors.

Several transcriptomic studies have shown that PDAC can be categorized into 3 major subtypes:
classical, quasi-mesenchymal, and basal-like, which are associated with clinical outcomes (Bailey et al.,
2016; Chan-Seng-Yue et al., 2020; Collisson et al., 2019; Puleo et al., 2018). Though the CAM model
has been used to functionally study the molecular subtypes in several other cancer entities, systematic
functional characterization of PDAC subtypes has not been done using the CAM model (Chu et al.,
2022; Hu et al., 2019; Ranjan et al., 2023).

Even though CAM has been used as a metastatic model in several other cancer entities, previous studies
in PDAC using CAM mainly focused on the evaluation of tumor growth and proliferation (Fahmy et al.,
2016; Rovithi et al., 2017). In addition to metastasis, the characterization of the stroma in CAM
xenografts will enable the study of tumor-mediated stromal remodeling and its functional role in PDAC
progression. Hence, the establishment of a CAM model to functionally study PDAC in a personalized

manner will be a great addition to existing model systems that help to understand disease progression.

16



Aims of the study

2. Aims of the study

CAM has been used as a reliable in vivo model to study several cancers due to its advantages, such as
time and cost efficiency and scalability. However, it has not been well exploited to model PDAC. Hence,
the major aim of the project was to establish CAM as a reliable model to study PDAC and its complex
biology. Considering the PDAC subtypes and clinical outcomes associated with them, our first aim was
to establish the CAM model to study distinct subtypes of PDAC. For this purpose, transcriptomically
characterized endogenous murine cell lines representing classical, quasi-mesenchymal, and basal-like
PDAC subtypes were transplanted on CAM. In addition, we aimed to combine patient-derived organoid
(PDO) technology with the CAM assay to establish a patient-derived xenograft (PDX) CAM model. For
this purpose, transcriptomically subtyped PDOs were transplanted onto the CAM.

After the successful establishment of the CAM model using murine cells and PDOs, we aimed to
perform functional characterization of important cancer hallmarks such as tumor proliferation and
metastatic dissemination for each PDAC subtype. In addition, by using the CAM PDX model, we aimed
to evaluate the tumorigenic and metastatic potential of the PDOs in vivo.

Further, we aimed to use the CAM model to study tumor cell-mediated stromal recruitment and
remodeling, focusing mainly on the CAFs, a functionally prominent cellular component of the tumor
microenvironment. For this purpose, we characterized tumor cell-mediated CAF recruitment in murine
cells and PDO-derived CAM xenografts. In addition, we aimed to investigate tumor cell-mediated
stromal remodeling, focusing on major ECM components of the desmoplastic stroma such as fibrillar
collagen and hyaluronan, produced mainly by myCAFs, and their functional roles in PDAC progression

using the CAM model.
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3. Materials
3.1 Equipments

Table 1: Equipments used in the study

Equipments

Manufacturer

Analytical balance A 1200 S

Sartorius AG, Gottingen

Analytical balance BP 610

Sartorius AG, Gottingen

Autoclave 2540 EL

Tuttnauer Europe B.V., Breda, The Netherlands

Biometra Compact Agarose Gel Electrophoresis

Analytik Jena, Jena

Centrifuge Avanti® J25 Beckman Coulter GmbH, Krefeld
Centrifuge Rotina 46R Andreas Hettich GmbH & Co. KG, Tuttlingen
Centrifuge Rotina 380 Andreas Hettich GmbH & Co. KG, Tuttlingen

CO2 incubator, HERA cell 240

Thermo Fisher Scientific, Inc., Waltham, MA,

USA

Dissection equipments

ChiroMed, Grosshandler in Hirschaid, Bayern,

Germany

Electrophoresis Power Supply Model 100/500

Bio-Rad Laboratories GmbH, Munich

Electrophoresis Power Supply Model

Model Life Technologies, Waltham, MA, USA

Electrophoresis power supply Power Pac 200

Bio-Rad Laboratories GmbH, Munich

FLUOstar OPTIMA microplate reader

BMG Labtech GmbH, Ortenberg

Gel DocTM XR+ system

Bio-Rad Laboratories GmbH, Munich

Gentle MACS™ Dissociator

Miltenyi Biotec B.V. & Co. KG, Bergisch

Gladbach
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Glassware, Schott Duran®

Schott AG, Mainz

HERAsafe® biological safety cabinet

Thermo Fisher Scientific, Inc., Waltham, MA,

USA
HERA THERM incubator Thermo Scientific, Waltham, USA
Ice machine AF 20 Scotsman, Milan, Italy

Incubator shaker Thermoshake

C. Gerhardt GmbH & Co. KG, Kdnigswinter

KnF LABOPORT® series laboratory vacuum

pump

KnF Neuberger, Trenton (NJ), USA

Laminar flow type: HS 18/2

Heraeus Instruments, Hanau

Leica TCS SP8 Confocal Microscope

Leica, Wetzlar

Magnetic stirrer, Ikamag® RCT

IKA® Werke GmbH & Co. KG, Staufen

Microcentrifuge 5415 D

Eppendorf AG, Hamburg

Microcentrifuge 5417 R

Eppendorf AG, Hamburg

Microwave

Siemens AG, Munich

Minicentrifuge MCF-2360

LMS Consult GmbH & Co. KG, Brigachtal

Multipette® stream

Eppendorf AG, Hamburg

Nanodrop

Thermo Fisher Scientific, Waltham, MA, USA

pH meter, FiveEasy

Mettler-Toledo, Greifensee, Switzerland

Pipettes Reference®, Research®

Eppendorf AG, Hamburg

Pipetus®

Hirschmann Laborgerite GmbH & Co. KG,

Eberstadt
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Rotary Microtome Microm (HM355S)

Thermo Fisher Scientific, Inc., Waltham, MA,

USA

Spectrophotometer NanoDrop 1000

Thermo Fisher Scientific, Inc., Waltham, MA,

USA

StepOnePlus™ real-time PCR system

Thermo Fisher Scientific, Inc., Waltham, MA,

USA

Thermocycle FlexCycler

Analytik Jena, Jena

Vortex Genius 3

IKA® Werke GmbH & Co. KG, Staufen

Water bath 1003

GFL (Gesellschaft fiir Labortechnik) mbH,

Burgwedel
3.2 Consumables
Table 2: Consumables used in the study
Consumables Manufacturer

Cellstar Aspiration Pipette, 2 ml

Greiner Bio-One, Kremsmiinster, AU

Cellstar cell culture flask, 75 cm?

Greiner Bio-One, Kremsmiinster, AU

Cell scrapers, 16 cm

Sarstedt AG & Co., Niirnbrecht

Cellstar Stripette, 5 ml

Greiner Bio-One, Kremsmiinster, AU

Cellstar Stripette, 10 ml

Greiner Bio-One, Kremsmiinster, AU

Cellstar Stripette, 25 ml

Greiner Bio-One, Kremsmiinster, AU

Cellstar Tubes, 15 ml, 50 ml

Greiner Bio-One, Kremsmiinster, AU

Cellulose-acetate filter

Sartorius Stedim Biotech GmbH, Goéttingen,

Germany
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Combitips BioPur®, 0.5 mL, 1 mL, 5 mL, 10

mL

Eppendorf AG, Hamburg

Conical tubes, 15 mL

Greiner Bio-One GmbH, Frickenhausen

Conical tubes, 50 mL

Greiner Bio-One GmbH, Frickenhausen

Corning® Sterile 100 x 20mm Tissue Culture

Corning, Inc., Costar, New York, USA

Dish

Coverslips Menzel-Glaser, Braunschweig, Germany
CryoPure tubes Sarstedt AG & Co., Niimbrecht

Disposable scalpels Feather Safety Razor Co., Ltd., Osaka, Japan

EASYstrainer, 100um

Greiner Bio-One, Kremsmiinster, AU

Embedding cassettes

Carl Roth GmbH & Co. KG, Germany

Falcon Tissue Culture Plate, 24-well

Corning Inc., NY, USA

Filter tips: 0.1-10 pl, super slim

nerbe Plus, Winsen/Lohe, Germany

Filter tips: 10-100 pl

nerbe Plus, Winsen/Lohe, Germany

Filter tips: 100-1000 pl

nerbe Plus, Winsen/Lohe, Germany

Filter tips: 0-20 pl

nerbe Plus, Winsen/Lohe, Germany

Filter tips: 0-200 pl

nerbe Plus, Winsen/Lohe, Germany

Gloves Roti protect NITRIL, powder-free

Roth, Karlsruhe, Germany

Greiner Bio-One™ Non-Vented Polystyrene

Petri Dishes

Greiner Bio-One GmbH, Deutschland

Gentle MACS M tubes

Miltenyi Biotec, Bergisch Gladbach, Germany

Ibidi p-Slide 2 well, 8 well

Ibidi GmbH, Gréfelfing

21



Materials

ImmEdge® Hydrophobic Barrier PAP Pen

Vector Laboratories, Inc., USA

MicroAmp® optical 96-well reaction plate

Applied Biosystems, Inc., Carlsbad, CA, USA

MicroAmp Optical Adhesive Film

Thermo Fischer, Waltham, MA, USA

Micro Slides, frosted end

Assistent, Sondheim vor der Rhon

Parafilm® Merck, Darmstadt

Pasteur pipettes Hirschmann Laborgerite GmbH & Co.
KG,Eberstadt

PCR reaction tubes Brand GmbH & Co. KG, Wertheim; Eppendorf

AG, Hamburg

PCR plates, 96-well

Brand GmbH & Co. KG, Wertheim, Germany

Reaction tubes: 0.5 mL, 1.5 mL, and 2 mL

Eppendorf AG, Hamburg

Safe seal pipette tips, professional

Biozym Scientific GmbH, Hessisch Oldenburg

Safe-lock reaction tubes: BioPur®

Biozym Scientific GmbH, Hessisch Oldenburg

Safe-lock reaction tubes: BioPur®

Eppendorf AG, Hamburg

Sample beaker with screw cap

Carl Roth GmbH & Co. KG, Germany

Silk tape

3M Medica Zwnl.d.3M Deutschl. GmbH

Single-use needles: Sterican® 27 gauge

B. Braun Melsungen AG, Melsungen

Single-use syringes Omnifix®

B. Braun Melsungen AG, Melsungen

SteriFlip Vacuum Filtration System 0.22um

Merck Millipore, Burlington, USA

Tissue culture plate, 6, 12, 96 well

BD Bioscience, Heidelberg
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3.3 Chemicals and reagents

Table 3: Consumables and reagents used in the study

Chemicals and reagents

Manufacturer

2-Mercaptoethanol, 98%

Sigma-Aldrich Chemie GmbH, Munich

2-Propanol (isopropanol)

Carl Roth GmbH & Co.

3.3,5-Triiodo-L-thyronine 3-(4,5-dimethyl-2-
thiazolyl)- 2,5-diphenyltetrazolium bromide

(MTT)

Sigma-Aldrich Chemie GmbH, Munich

A83-01

STEMCELL Technologies, Vancouver, Canada

Acetic Acid, 2N

Carl Roth GmbH + Co. KG, Karlsruhe

ACK lysis buffer

Thermo Fisher Scientific, Inc., Waltham, USA

Agarose

Sigma-Aldrich Chemie GmbH, Munich

Ammonium persulfate (APS)

Sigma-Aldrich Chemie GmbH, Munich

Antigen-unmasking solution

Vector Laboratories, Inc., Burlingame, USA

Aqua-Poly/Mounting

Polysciences Inc., Pennsylvania, USA

Bovine Pituitary Extract

Sigma-Aldrich Chemie GmbH, Munich

Bovine serum albumin, fraction V

Sigma-Aldrich Chemie GmbH, Munich

Cell Recovery Solution

Corning, Inc., NY, USA

Cholera toxin

Sigma-Aldrich Chemie GmbH, Munich

Collagenase Type II

Invitrogen GmbH, Karlsruhe

Corning® Matrigel® Growth Factor Reduced

Basement Membrane Matrix

Corning, Inc., New York, USA
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DAPI Sigma-Aldrich Chemie GmbH, Munich
Dexamethasone Sigma-Aldrich Chemie GmbH, Munich
D-Glucose Sigma-Aldrich Chemie GmbH, Munich

Dimethyl sulfoxide (DMSO)

Carl Roth GmbH & Co. KG, Karlsruhe

Donkey serum

Biozol Diagnostica Vertrieb GmbH, Eching

Dulbecco's modified eagle medium (DMEM),

with L-glutamine and high glucose

Invitrogen GmbH, Karlsruhe

DMEM low glucose Invitrogen GmbH, Karlsruhe
DMEM/F-12 Invitrogen GmbH, Karlsruhe
Eosin Waldeck GmbH & Co. KG, Miinster

Ethanol (70%, 80%, 96%, 100%)

Merck KGaA, Darmstadt

Fast Green FCF

Carl Roth GmbH & Co. KG, Karlsruhe

Fetal Bovine Serum (FBS)

Invitrogen GmbH, Karlsruhe

Formaldehyde Solution, 4% phosphate buffered

PanReac AppliChem ITW Reagents, Darmstadt,

(histology grade) Germany
Glycin Pufferan® Carl Roth GmbH & Co. KG, Karlsruhe
Hematoxylin Merck KGaA, Darmstadt

Hydrochloric acid (HCI)

Merck KGaA, Darmstadt

ITS+ premix

Corning Inc., NY, USA

Magnesium chloride

Carl Roth GmbH & Co. KG, Karlsruhe

Methanol

Merck KGaA, Darmstadt

Milk powder

Carl Roth GmbH & Co. KG, Karlsruhe
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NaOH Solution, 1N

Carl Roth GmbH & Co. KG, Karlsruhe

Nicotinamide Sigma-Aldrich Chemie GmbH, Munich
Nuclear Fast Red Sigma-Aldrich Chemie GmbH, Munich
Nu-Serum IV Corning Inc., NY, USA

Penicillin/Streptomycin

Thermo Fisher Scientific, Inc., Waltham, USA

Pertex Mounting Media

Histolab, Askim, Norway

Phosphate buffered saline (PBS), powder, 1X

Sigma Aldrich, St. Louis, USA

Picric acid

Sigma Aldrich, St. Louis, USA

Primocin

InvivoGen, San Diego, USA

Recovery™ Cell Culture Freezing Medium

Thermo Fisher Scientific, Inc., Waltham, USA

RNase Zap™

Sigma-Aldrich Chemie GmbH, Munich

ROCK inhibitor Y-27632

Cayman Chemical, Ann Arbor, USA

Roswell Park Memorial Institute (RPMI)

Thermo Fisher Scientific, Inc., Waltham, USA

medium

Roti® Histofix 4% Carl Roth GmbH & Co. KG, Karlsruhe
Roti® Histol Carl Roth GmbH & Co. KG, Karlsruhe
Sterile Water Braun Melsungen AG, Melsungen

Triton® X-100

Merck KGaA, Darmstadt

Trypan Blue Stain 0.4% Invitrogen GmbH, Karlsruhe
Trypsin-EDTA 0.5% (10x) Thermo Fisher Scientific, Inc., Waltham, USA
Tween® 20 Carl Roth GmbH & Co. KG, Karlsruhe
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3.4 Buffers and Solutions

Table 4: Buffers and solutions used in the study

Buffers and solutions Composition

50 x Tris acetate EDTA (TAE) buffer, pH 8.5 2 M Tris, 50 mM EDTA, and 5.71% Acetic

Acid

3.5 Antibodies

Table 5: Antibodies used in the study

Antibodies Dilution | Catalog Number | Manufacturer

Cytokeratin 19 1:500 ab52625 Abcam, Cambridge, UK

Ki67 1:250 ab16667 Abcam, Cambridge, UK
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Phalloidin-Atto 647 1:250 65906 Sigma-Aldrich Chemie GmbH, Munich

Vimentin 1:200 AMF-17b Developmental Studies Hybridoma
Bank, University of lowa, Dept. of
Biology, USA

Donkey anti-goat 1:250 A-11055 Thermo Fisher Scientific, Inc.,

Alexa Fluor™ 488 Waltham, USA

Donkey anti-mouse 1:250 A-21202 Thermo Fisher Scientific, Inc.,

Alexa Fluor™ 488 Waltham, USA

Donkey anti-rabbit 1:250 A-21207 Thermo Fisher Scientific, Inc.,

Alexa Fluor™ 594 Waltham, USA

Goat anti-FITC 1:250 ab19224

Goat Anti-Mouse IgG | 1:250 BA-9200 Vector Laboratories, Inc., USA

Antibody (H+L),

Biotinylated

Goat Anti-Rabbit IgG | 1:250 BA-1000 Vector Laboratories, Inc., USA

Antibody (H+L),

Biotinylated

3.6 Commercial kits

Table 6: Commercial kits used in the study

Commercial Kkits

Catalog Number

Manufacturer

Avidin/Biotin Blocking Kit

SP-2001

Vector Laboratories, Inc., Burlingame,

CA, USA
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3,3'-Diaminobenzidine (DAB) | SK-4100 Vector Laboratories, Inc., Burlingame,

peroxidase substrate kit CA, USA

CellTiter-Glo Luminescent G7573 Promega GmbH, Walldorf

Cell Viability Assay

Nextera XT kit FC-131-1096 [llumina, San Diego, USA

NucleoSpin® Tissue 740952250 Macherey Nagel, Rue Gutenberg, Heerdt,
Frankreich

QIAamp® DNA Mini Kit 56304 Qiagen GmbH, Hilden

QIAshredder 79656 Qiagen GmbH, Hilden

RNase-free DNase 79254 Qiagen GmbH, Hilden

RNeasy Micro Plus Kit 74034 Qiagen GmbH, Hilden

RNeasy mini kit 74004 Qiagen GmbH, Hilden

SensiFastTM cDNA Synthesis | BIO-65053 Bioline, Meridian Life Science, Inc., USA

Kit

SensiFastTM SYBR® Hi-ROX | BIO-92005 Bioline, Meridian Life Science, Inc., USA

Kit

Vectastain® Elite ABC kit PK-6100 Vector Laboratories, Inc., Burlingame,
CA, USA

Vectashield® mounting H-1000-10 Vector Laboratories, Inc., Burlingame,

medium for fluorescence

CA, USA
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3.7 Cell culture media and composition

Table 7: Cell culture media and composition used in the study

Media

Composition

Digestion media for patient biopsy

DMEM/F12 with L-Glutamine and high
Glucose

6 mg/mL Collagenase Type II

Freezing media for human tumor cells

90% FBS

10% DMSO

Freezing media for murine tumor cells

90% FBS

10% DMSO

Human tumor cell media

RPMI
10% FBS

1% Penicillin/Streptomycin

Murine tumor cell media

DMEM
10% FBS

1% Penicillin/Streptomycin

Patient-derived organoid media

DMEM/F12

5% Nu-Serum IV

1% Penicillin/Streptomycin

25 pg/mL of Bovine pituitary extract
0.5% ITS+ premix

100 ng/mL Cholera toxin, 5 nM
3,3,5-Triiodo-L-thyronine

1 uM Dexamethasone

5 mg/mL Glucose
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10 mM Nicotinamide
100 pg/mL Primocin
0.5 uM A83-01 10%

R-Spondin (self-produced)

100 ng/mL Neuregulin
3.8 Cell lines and sources
Table 8: Cell lines used in the study
Cell lines Source

Kindly provided by Prof. Dr. Dieter Saur,

Technical University of Munich, Germany

B188 Organoid core facility
B290 Organoid core facility
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3.9 Software

Table 9: Software used in the study

Software Source

Aperio ImageScope v12.4.3.7001 Leica Microsystems CMS GmbH, Germany

Fiji v1.53¢ National Institutes of Health, Stapleton, NY,

USA

Leica Application Suite X v3.6.1 Leica Microsystems CMS GmbH, Germany

R Studio 4.0.02, 4.0.04 R Studio, PBC, Boston, USA
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4. Methods

4.1 Culture, authentication, and cryopreservation of 2D cell lines

4.1.1 Culture and authentication of 2D cell lines

In this study, primary murine PDAC cell lines and patient-derived 2D cell lines were used. Primary
murine PDAC cell lines were isolated and established from tumor-bearing endogenous mouse models
and gifted by the group of Prof. Dr. Dieter Saur. For authentication, cells were genotyped and compared
with the genotype of the endogenous murine models from which the cell lines were established. The
cells were cultured in a DMEM-high glucose medium containing 10% FBS and 5% PenStrep under
sterile conditions. Cell culture was performed under sterile laminar air hoods and grown in an incubator
at 37 °C and 5% CO2. Cells were replenished with a complete growth medium every two days. Upon
reaching 80-90% confluency, the cells were split and further cultured. To split the confluent cells, the
spent medium was aspirated, and cells were washed with 1X sterile PBS. Sterile 1X Trypsin-EDTA was
added to the cells and incubated for 3-5 minutes at 37 °C and 5% CO2. After incubation, the cells were
detached, and the enzymatic activity of sterile Trypsin-EDTA was stopped by adding a complete growth
medium. Detached cells were resuspended in the complete growth medium and then transferred into a
sterile 15 ml falcon tube. To remove Trypsin-EDTA, the cell suspension was centrifuged at 1000 rpm
for 5 minutes at 4 °C. The supernatant was discarded, and the cell pellet was resuspended in the complete
growth medium. A fraction of the resuspended cells were transferred into a new tissue culture flask
containing fresh medium for further subculturing according to the appropriate splitting ratio determined
for each cell line. The complete growth medium was replenished every two days. The generation and

culture of patient-derived 2D cell lines were described in 4.2.6.

4.1.2 Counting and seeding 2D cells for experiments

Cells were detached from the tissue culture flasks once 80-90% confluency was reached, as described
above in 4.1.1. After dissociating the cells, viable cells were counted, and the required cells were seeded

for experiments. The Trypan blue dye exclusion method was used to differentiate between viable and
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non-viable cells. Trypan blue is a diazo dye that is negatively charged and does not interact with cells
unless the cell membrane is damaged. Since the cell membrane of viable cells is intact, it excludes the
trypan blue dye. In contrast, the cell membrane of a dead cell is damaged. Hence, it takes up the Trypan
blue dye and is stained in a distinctive blue color that can easily be observed under a microscope. The
cell pellet was diluted in a complete growth medium, and viable cells were counted using the Trypan
blue dye exclusion method. The cell suspension was further diluted with Trypan blue, and from this
diluted Trypan blue-cell suspension, 10 pl was pipetted into a Neubauer counting chamber, covered
with the coverslip. Viable cells in the four big corner squares of the Neubauer chamber were counted
under 10X magnification using a bright field microscope. The number of cells in 1 ml of cell suspension

was calculated using the following formula:

Number of cells/ _ Total number of cells

ml = 2 * Dilution factor = 10*

According to the experiment, the required number of cells were seeded and further cultured, as described

abovein4.1.1.

4.1.3 Cryopreservation and thawing of 2D cell lines

Expanded cells at early passages were cryopreserved for future use. For cryopreservation, cells were
dissociated from tissue culture flasks using 1X Trypsin-EDTA, as mentioned above. After centrifuging
the cell suspension to remove trypsin, the cell pellet was resuspended in a freezing medium of FBS and
DMSO in a 9:1 ratio and transferred into cryovials. Cells were frozen using a freezing container and
stored at -80 °C for 1-2 days before transferring to liquid nitrogen. To thaw the cells, cryogenic vials
with cell culture stocks were taken from liquid nitrogen tanks and quickly thawed in a 37 °C water bath.
The cell suspension from the cryogenic vial was then transferred into a 15 ml sterile falcon containing
pre-warmed complete growth medium and centrifuged at 1000 rpm for 5 minutes at RT to remove the
freezing medium. After centrifugation, the supernatant was aspirated, and the cell pellet was
resuspended in a fresh, complete-growth medium and transferred to a new tissue culture flask. When

the cells reached 80-90% of confluency, they were subcultured as described above.
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4.2 Isolation, culture, quality control, and cryopreservation of PDOs

4.2.1 Isolation of PDOs

To establish PDOs, informed written consents were given by all the patients who were enrolled in the
study according to the Helsinki Declaration and approved by the local ethics committee of the Technical
University of Munich, Klinikum rechts der Isar Project 207/15, 1946/07, 330/19, 181/178S, and 80/178S).
Using the information system of the hospital, clinical data of the patients, such as age at the time of
diagnosis, sex, tumor markers CA-19-9 and CEA, tumor formula, type of chemotherapy (neoadjuvant,
adjuvant), and chemotherapeutic regime (FOLFIRINOX), were obtained. Clinical evaluation of the
tumor size, lymph node status, and metastasis was performed on baseline CT before starting the
treatment and in follow-up examinations.

PDOs were generated from endoscopic ultrasound-guided fine needle aspirations/biopsies (EUS-
FNA/B) and surgical resections. An additional needle pass was performed to generate EUS-FNA/B
samples for PDO isolation. Samples were received on ice, and the isolation process was started under
sterile conditions shortly after receiving the sample.

The biopsy was transferred to a sterile Petri dish and minced into small pieces. Minced pieces of EUS-
FNA/B samples were transferred to a 15 ml falcon filled with 5 ml of 1X PBS and centrifuged at 1000
rpm at 4 °C for 5 minutes. Since biopsies from surgical resections require an additional digestion step,
the minced pieces were transferred to a 15 ml falcon containing 5 ml of digestion media. Digestion was
performed for 1-2 hours by rotating the falcon containing the sample in digestion media using a rotating
mixer. After digestion, centrifugation was done at 1000 rpm at 4 °C for 5 minutes, and the supernatant
was aspirated. Followed by centrifugation, red blood cell lysis was performed for both EUS-FNA/B and
surgical biopsies by incubating the tissue pellets in 2 ml of ACK lysis buffer for 3-10 minutes at RT.
The supernatant was discarded, and the pellet was washed with 1X PBS by centrifuging at 1000 rpm at
4 °C for 5 minutes. Once again, the supernatant was discarded, and further digestion was performed by
incubating the tissue pellets in TrypLE for 3-5 minutes at 37 °C. To neutralize the activity of TrypLE,
complete RPMI media was added to the pellet and centrifuged at 1000 rpm at 4 °C for 5 minutes. The
supernatant was aspirated, and the cell pellet was resuspended in Matrigel. 50 ul of Matrigel-cell
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suspension was plated in each well of a 24-well plate. The number of wells for plating the PDOs was
determined by the pellet size. To allow the polymerization of the Matrigel the plate was incubated at RT
for 10 minutes and then at 37 °C for 10 minutes. Afterwards, 500 ul of pre-warmed PDO medium was

added to each well containing the PDOs in the Matrigel dome.

4.2.2 Culture and expansion of PDOs

Once confluency was reached, PDOs were split and further expanded. To split the organoids first, the
spent media was aspirated from the wells. To dissolve the Matrigel, 250 ul of ice-cold cell recovery
solution was added to each well and incubated for 5 minutes on ice. To further dissolve the Matrigel
dome, 1 ml of ice-cold 1X PBS was added to each well and vigorously pipetted up and down. Organoids
in the dissolved Matrigel PBS mixture were then transferred to a 15 ml falcon, incubated on ice for at
least 30 minutes, and centrifuged at 1000 rpm at 4 °C for 5 minutes. The supernatant was aspirated, and
the cell pellet was washed with 1X cold PBS by centrifuging at 1000 rpm at 4 °C for 5 minutes. The
supernatant was aspirated, and the cell pellet was resuspended in Matrigel. In each well of a 24-well
plate, 50 ul of Matrigel organoid suspension was plated. The number of wells for plating the PDOs was
determined according to the pellet size and splitting ratio of each PDO line. The plate was incubated at
RT for 10 minutes and then at 37 °C for 10 minutes to allow the polymerization of the Matrigel. Once
the Matrigel was polymerized, 500 ul of pre-warmed PDO medium was added to each well containing

the PDOs in the Matrigel dome. The PDO medium was replenished twice a week.

4.2.3 Quality control for KRAS mutation statuses of PDOs

The KRAS mutation status of the PDO lines was determined by Sanger sequencing. For this purpose,
DNA was isolated from the organoids. For DNA isolation, at least two confluent wells of organoids
were harvested, as described above in 4.2.2. The cell pellet was resuspended in 1 ml of 1X PBS instead
of Matrigel, transferred to a 1.5 ml Eppendorf tube, and centrifuged at 5000 rpm at 4 °C for 5 minutes.
The supernatant was discarded, and the cell pellet was frozen at -20 °C or immediately used for DNA

isolation. DNA isolation was performed using the DNA/RNA Micro Kit according to the manufacturer’s
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instructions. The concentration and purity of the isolated DNA were measured using a Nanodrop
Spectrophotometer. To further proceed, isolated DNA was diluted to a concentration of 100 ng/ul, and
a PCR reaction mix was prepared according to Table 10. PCR was performed according to the protocol
shown in Table 11 to amplify exons on the human KRAS gene that contains the G12/13 codons. PCR
products were purified using Machery Nagel NucleoSpin gel and a PCR clean-up kit according to the
manufacturer’s instructions and sent to Eurofins (Ebersberg, Germany) for Sanger sequencing. Sanger
sequencing results were analyzed using Snapgene Viewer (Version 6.0.2), and the sequences were

compared with the wild-type human KRAS gene sequence to determine mutational status.

4.2.4 Counting and seeding PDOs for experiments

PDOs were harvested from wells where 80-90% confluency was reached, as described above in 4.2.2.
To isolate single cells from PDOs after washing twice with 1X PBS, the supernatant was discarded, and
1X Trypsin-EDTA was added to the cell pellet and incubated at 37 °C for 8-10 minutes, depending on
the size of the pellet. Afterward, the same procedure was followed as described in 4.1.1 to neutralize the

Trypsin-EDTA activity. Cells were counted and seeded for experiments as described above in 4.1.2.

Table 10: Reaction mix for human KRAS amplification

Components Volume/ reaction
Q5® High-Fidelity DNA Polymerase 25 pl

10 uM Forward Primer Sul

10 uM Reverse Primer Sl

PCR water 9 ul

DNA (100 ng/ul) 1l
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Table 11: PCR protocol for human KRAS amplification

Steps Temperature Time Number of cycles
Initial denaturation 98 °C 3 mins

Denaturation 98 °C 10s

Annealing 65 °C 20s X35

Extension 72 °C 15s

Final extension 72 °C 3 mins

4.2.5 Cryopreservation and thawing of PDOs

Once the KRAS mutation status was determined, expanded organoids were cryopreserved for future use.
For this purpose, organoids were harvested from confluent wells, as described in 4.2.2. The final cell
pellet was resuspended in a cell recovery freezing medium. Organoids isolated from 3-4 confluent wells
resuspended in 1 ml of cell recovery freezing medium were transferred to each cryovial, frozen using a
freezing container, and stored at —80 °C for 1-2 days before transferring to liquid nitrogen.
Cryopreserved organoids were thawed quickly in a 37 °C water bath and transferred to a 15 ml falcon
containing 1X PBS. Organoids were centrifuged at 1000 rpm at RT for 5 minutes. The supernatant was
aspirated, and the cell pellet was resuspended in Matrigel. Organoids were plated and further cultured

as described in 4.2.2.

4.2.6 Generation of human 2D cell lines from organoids, culture, and cryopreservation

PDAC patient-derived 2D cell lines were established under the Declaration of Helsinki and were
approved by the local ethical committee of the Technical University of Munich, Klinikum rechts der
Isar (330/19S, 5542/12). Before the study, written consent was obtained from the patients. 2D cell lines
were generated by allowing organoids to outgrow and naturally attach at the bottom of the well-
containing organoids in the Matrigel dome. Once the organoids were split, the 2D cells attached to the

bottom of the well were further cultured in a complete growth medium, RPMI, supplemented with 10%
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FBS and 5% PenStrep. The complete growth medium was replenished every two days. Once the
fibroblast contamination was lost and the well was 80-90% confluent, cells were split and further
expanded as described in 4.1.1. Expanded PDAC patient-derived 2D cells were cryopreserved and
thawed as described in 4.1.3. As described above in 4.1.2, cells were counted and seeded in the required

amounts for experiments.

4.3 Test for mycoplasma contamination

Both 2D cells and organoids were routinely checked for mycoplasma contamination by PCR. For this
purpose, 2D cells and organoids were cultured in the respective growth medium without the antibiotic
PenStrep until the medium turned yellow. 2 ml of spent medium was collected and frozen at -20 °C for
future use or immediately processed. The collected supernatant was centrifuged at 250 g for 2 minutes
at RT and transferred to a new Eppendorf tube. Then, the supernatant was centrifuged at 2000 g at RT
for 10 minutes. The supernatant was discarded, and the DNA pellet was resuspended in 30 uL of PCR
water. The pellet was heat-inactivated by heating it for 3 minutes at 95 °C. 2 pl of resuspended DNA
was used as a template for the PCR, and the reaction mix was prepared according to Table 12. PCR was
run according to the protocol depicted in Table 13.

To test for mycoplasma contamination, the PCR product was separated by agarose gel electrophoresis.
2% agarose gel was prepared by dissolving 6-8 g of agarose in 400 ml of 1X TAE buffer and boiling it
in a microwave. The magnetic stirrer was dropped in the agarose gel solution and cooled down for 15
minutes at RT. After cooling down, StainIN green nucleic acid stain was added to the agarose gel
solution according to the protocol. The agarose gel solution was poured into electrophoresis chambers,
and the comb was inserted to create wells for sample loading. Once the gel was polymerized, the comb
was removed, and 12 pl of the PCR product and GeneRuler™ 100 bp DNA ladder were loaded into the
wells. Electrophoresis chambers were filled with 1X TAE bufter, and electrophoresis was carried out at
120 V for 1-2 hours. Visualization and documentation of the DNA bands separated on the agarose gel

were done using the UVP UVsolo TS Imaging System.
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Table 12: PCR reaction mix for mycoplasma contamination test

Components Volume/ reaction
PCR pre-mix 15 pl

Forward Primer mix 2 ul

Reverse Primer mix 2 ul

PCR water 9 ul

DNA 2 ul

Table 13: PCR protocol for mycoplasma contamination test

Steps Temperature Time Number of cycles
Initial denaturation 95 °C 15 mins

Denaturation 94 °C 1 min

Annealing 60 °C 1 min

Extension 74 °C 1 min X40

Final extension 72 °C 10 mins

4.4 Proliferation assay

4.4.1 Proliferation assay for 2D cells

Cells were harvested from confluent flasks as described above in 4.1.1 and counted as described in 4.1.2.

For each time point, cells were seeded in 6 technical replicates for each cell line, 1000 cells per well of

a 96-well plate in complete DMEM high glucose media in 100 ul of total volume per well. Proliferation

was measured every day for five days. To measure the proliferation, media was discarded from the cells,

and MTT reagent was added to the cells, 20 ul/well. Then, the cells were incubated under standard cell

culture conditions for 4 hours. Due to the mitochondrial metabolic activity of viable cells, MTT is
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converted into formazan crystals, a purple-colored precipitate. At the end of 4 hours, the formazan
crystals are solubilized for homogenous measurement by adding 200 pl of the solubilizing agent. The
solubilizing agent was prepared by mixing equal parts of absolute ethanol and DMSO. Then, the amount
of formazan is detected by measuring the absorbance at 590 nm using a spectrophotometer. The
proliferation rate of the cells at each time point was quantified by normalizing the absorbance to Day 0

absorbance.

4.4.2 Proliferation assay for 3D organoids

The proliferation assay for PDO lines was performed by the CellTiter-Glo® 3D Cell Viability Assay on
white, clear-bottom 96-well plates. Single cells were isolated and counted from confluent wells of PDOs,
as described above in 4.2.4. To avoid 2D growth, first the wells were coated with 10 ul of 20% Matrigel
diluted in 1X PBS, and the plate was incubated at 37 °C to allow the polymerization of the Matrigel
coating. 1000 cells/well were seeded in 100 ul of 10% Matrigel diluted in PDO media. Cells were seeded
in six replicates for each PDO line and incubated under standard cell culture conditions until the
endpoint. Before measuring, the CellTiter-Glo® reagent was prepared. For this, CellTiter-Glo® buffer
and the lyophilized CellTiter-Glo® substrate were thawed to RT before use. Once thawed, the
lyophilized CellTiter-Glo® substrate was reconstituted with 10 ml of CellTiter-Glo® buffer and mixed
well by gently vortexing to prepare a homogeneous solution of CellTiter-Glo® reagent. To determine
the viable cells, 25ul of CellTiter-Glo® reagent was added to each well, resulting in cell lysis and the
generation of luminescence in proportion to the ATP present, directly proportionating the viable cells.
The luminescence was measured every other day for ten days, and the proliferation rate of the PDO lines

at each time point was quantified by normalizing the luminescence to Day 0 luminescence.

4.5 Scratch assay to determine in vitro migration potential

Murine 2D cells and PDO-derived 2D cells were harvested from confluent flasks as described above in
4.1.1, counted as described in 4.1.2, and seeded in triplicates in a 12-well plate with 100 000 cells per
well in a total volume of 1 ml of complete DMEM high glucose and RPMI media, respectively. Cells

were cultured for 24 hours under standard cell culture conditions, allowing the formation of a confluent
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monolayer. Afterward, scratches of approximately similar sizes were made in each well by scraping off
the cell monolayer in a straight line with a p200 pipet tip. Then, the cells were washed twice with 1 ml
of complete growth media to remove the debris and smooth the edge of the scratch. Then, 1 ml of fresh
media was added to the cells and incubated under standard cell culture conditions. Markings are made
on the plates and used as reference points to obtain the same field during image acquisition. Then, phase
contrast images of the marked areas of the scratches were acquired at 0, 4, 8, and 24 hours under 5X
magnification using a Leica DM IL LED Fluo light microscope and LAS X software (version
3.5.5.19976, Leica). Afterward, acquired images were analyzed using Image J wound healing size tool

plugin software to determine the closure of the scratch and the in vitro migration potential of the cells.

4.6 Imaging to morphologically characterize 2D cells and 3D organoids

4.6.1 Phase contrast microscopy imaging to morphologically characterize 2D cells and 3D

organoids

2D cells and 3D organoids were cultured as described above in 4.1 and 4.2.2, and representative phase
contrast microscopy images of the 2D cell lines and 3D organoids were taken at approximately 70-80%
confluency to document the cell morphology under 4X magnification using a Leica DM IL LED Fluo

light microscope and LAS X (version 3.5.5.19976, Leica).

4.6.2 Immunofluorescence staining for Phalloidin and confocal microscopy to morphologically

characterize 2D cells and PDOs.

Immunofluoresence staining for F-actin, the polymerized form of actin filaments, was used to further
document the cytoskeleton structure of morphologically diverse murine primary PDAC cells.
Fluorescence-conjugated Phalloidin-Atto 647 antibody was used to stain the polymerized actin
filaments. For this purpose, 2D cells were counted and seeded in desired amounts as described above in
4.1.2 in ibidi® p-Slide 8-well ibiTreat cell culture plates and cultured them as described above in 4.1.1.
Once the cell lines reached approximately 80-90% confluency, the cells were washed three times with

1X PBS and fixed for 10 min at RT using 4% PFA. Then, the cells were washed three times with 1X
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PBS for 5 minutes to remove excess formaldehyde solution. Cells were treated with 0.15% glycine for
5 minutes to avoid background signals. Then, the cells were briefly permeabilized with 0.2% Triton X-
100 in PBS for 2 minutes at RT. To remove the excess 0.2% Titron X-100 solution, cells were washed
three times with 1X PBS. After washing, Phalloidin diluted to 1:250 in PBS was added to the cells and
incubated at RT in the dark for an hour. The nuclei of the cells were counter-stained with DAPI (0.03
pL/mL in PBS) for 2 minutes at RT in the dark. Then, the cells were washed three times with 1X PBS.
Stained cells were kept in 1X PBS at 4 °C and protected from the light by an Alu foil covering until
confocal imaging. Images were taken under 40X using the Leica TCS SP8 Confocal Microscope.

To document the morphology of the PDOs, immunofluoresence staining for F-actin was performed
using fluorescence-conjugated Phalloidin-Atto 647. For this purpose, PDOs were seeded in ibidi® p-
Slide 8-well ibiTreat cell culture plates and cultured as described above in 4.2.2. Once the confluency
was reached, PDOs were washed three times with 1X PBS and fixed for 15 min at RT using 4% PFA.
Then, the PDOs were washed three times with 1X PBS for 5 minutes to remove excess formaldehyde
solution. To avoid background signaling, PDOs were treated with 0.15% glycine for 5 minutes. Then,
the PDOs were briefly permeabilized with 0.2% Triton-X 100 in PBS for 2 minutes at RT. To remove
the excess 0.2% Titron X-100 solution, PDOs were washed three times with 1X PBS. Afterward,
Phalloidin diluted to 1:250 in PBS was added to the PDOs and incubated at RT in the dark for an hour.
The nuclei of the PDOs were counter-stained with DAPI (0.03 pL/mL in PBS) for 2 minutes at RT in
the dark. Then, the cells were washed three times with 1X PBS. Stained PDOs were kept in PBS at 4 °C
and protected from the light by an Alu foil covering until confocal imaging. Images were taken under

40X using the Leica TCS SP8 Confocal Microscope.

4.7 Transcriptomic analysis

4.7.1 RNA isolation from murine 2D cells

To collect RNA from murine 2D cells, cells were seeded in a 10 cm cell culture plate and allowed to
reach 80% confluency. Lysis buffer was prepared by adding 2-mercaptoethanol to RLT lysis buffer

(1:100). 2-mercaptoethanol irreversibly denatures the RNases released during cell lysis. Once
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confluency was reached, spent media was aspirated, and 350 ul of RLT lysis buffer supplemented with
2-mercaptoethanol was added. Then, using a cell scraper, lysed cells were scraped off, and the lysate
was collected. The collected lysates were homogenized by passing them through a 21-gauge needle
attached to a syringe 5-10 times. Then, the lysates were either immediately processed or stored at -80
°C until RNA isolation. Using the RNeasy mini kit, RNA isolation was carried out according to the
manufacturer’s instructions. The concentration and purity of the isolated RNA samples were measured

using a Nanodrop Spectrophotometer.

4.7.2 RNA isolation from PDOs

PDOs were harvested from four to six confluent wells as described above in 4.2.2, and 350 pl of RLT
lysis buffer supplemented with 2-mercaptoethanol was added to the cell pellet. Collected lysates were
homogenized, and RNA isolation was carried out using the RNeasy mini kit, as described above in 4.7.1.

RNA samples were measured using a Nanodrop Spectrophotometer.

4.7.3 Library Preparation and RNA Sequencing

For bulk sequencing of poly(A)-RNA, library preparation was performed as previously described
(Parekh et al., 2016). Concisely, for each RNA sample, barcoded cDNA was generated using Maxima
RT polymerase, an oligo-dT primer containing barcodes, unique molecular identifiers (UMI), and an
adaptor. The 5" ends of the cDNAs generated were extended by using a template switch oligo (TSO).
Then, the full-length cDNA was amplified with primers binding to the TSO site and the adaptor. Using
the NEB Ultrall FS kit, full-length cDNA was fragmented. The TruSeq adapter was ligated after end
repair, and A-tailing and 3’-end fragments were amplified using primers with [llumina P5 and P7
overhangs. To achieve better cluster recognition compared to Parekh et al., P5 and P7 sites were
exchanged to allow sequencing of the cDNA in readl and barcodes and UMIs in read2. After library
preparation, it was sequenced on a NextSeq 500 (Illumina) with 67 cycles for the cDNA in readl and

16 for the barcodes and UMIs in read2.
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4.7.4 RNA sequencing data analysis

Using the Drop-seq pipeline (v1.0), data was processed to generate sample- and gene-wise UMI tables
(Macosko et al., 2015). According to samples, reference genomes (GRCm38 or GRCh38) were used for
alignment. According to GENCODE Version M25, transcript and gene definitions were used to
determine read counts per gene. For each sample, raw count data from RNA sequencing from the two
technical replicates was combined by summing all counts per gene into one final raw count profile per
sample. The resulting m X n count matrix (m genes, n samples) was imported into R-Studio (R version

4.0.2 (2020-06-22, open-source license)), and RNA-seq analysis was performed. Before downstream

analysis, genes with total read counts < 5 across all samples (lowly expressed genes) were removed, and
the remaining counts were normalized and transformed using regularized log transformation (rlog)

implemented in the DEseq2 R package while considering different library sizes.

4.7.5 Molecular subtyping of murine and PDO lines

Based on the normalized RNA-seq profile for each sample, continuous classification using probabilities
of class membership (Rashid et al., 2020) was determined. Using custom R code based on the gene pairs
and coefficients provided by the authors, the Purity Independent Subtyping of Tumors (PurlST) single-
sample classification scheme was implemented. According to the 3'prime end sequencing protocol as
described above in 4.7.3, the adjustment of gene expression for total gene length was omitted. By rank
transforming and rescaling first each column (cell line/PDOs) and then each row (gene) between 0 and
1, transcriptome-wide expression single-sample signatures were computed. Then, using analytic rank-
based enrichment analysis (aREA) (Alvarez et al., 2016), molecular subtype classifier gene sets (Bailey
et al., 2016; Chan-Seng-Yue et al., 2020; Collisson et al., 2011; Moffitt et al., 2015) were scored per
sample using the pheatmap R package (Kolde, 2019). The resulting NES matrix with classifier sets in

rows and individual cell lines in columns was illustrated.
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4.8 Whole exome sequencing

4.8.1 Genomic DNA isolation

PDOs were harvested from four to six confluent wells as described above in 4.2.2, and DNA isolation
was carried out using the AllPrep® DNA/RNA micro kit according to the manufacturer’s instructions.
Blood samples from the same patients were used as reference tissues. Genomic DNA from the blood
samples was isolated using the AllPrep® DNA/RNA micro kit according to the manufacturer’s
instructions. The concentration and purity of the isolated DNA samples were measured using a

Nanodrop Spectrophotometer.

4.8.2 Library preparation and whole-exome sequencing

Using the Agilent SureSelectXT Low Input Exome-Seq Human v7 kit, exome-enrichment and whole
exome sequencing library preparation were carried out according to the manufacturer’s instructions.
Using the Illumina NovaSeq 6000 sequencer, samples were sequenced, resulting in approximately 140
Mio. 100 bp-long paired-end reads per sample. For downstream alignment and mutation calling, the
GATK Best Practice suggestions were followed. Next, read trimming was performed using
Trimmomatic 0.38 (LEADING:25 TRAILING:25 MINLEN:50). Afterward, BWA-MEM 0.7.17 was
used to align the reads to the human reference genome (GRCh38.p7). By default, Picard 2.18.26 and
GATK 4.1.0.0 were used for postprocessing (CleanSam, MarkDuplicates, and BaseRecalibrator). Using
MuTect2 v4.1.0.0 (default settings), somatic mutations were called. For downstream processing, only
mutations with at least two reads supporting the alternate allele and a base coverage of at least 10 in the
tumor and germline were used. Using SnpEff 4.3t, based on ENSEMBL, 92 single nucleotide variants
(SNVs) and insertions/deletions (Indels) < 10 base pairs were annotated. To detect copy number

variations, Copywriter 2.6.1.2 (default settings) was used.
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4.9 Chick embryo chorioallantoic membrane (CAM) xenograft model experiments

4.9.1 Preparing the CAM for transplantation

Fertilized specific pathogen-free (SPF) chicken eggs were obtained from ValoBiomedia, Osternholz-
Scharmbeck. The eggs were incubated at 37 °C and 70% - 80% humidity to activate embryogenesis.
Until embryonic development day (EDD) 4, the eggs were undisturbed in the incubator. On EDD 4, the
eggs were turned upside down with more rounded poles facing upwards. Since the air sac resides on the
more rounded pole, turning the eggs in this way facilitates the movement of the embryo toward this
more rounded pole. Then, the eggshell on the more rounded pole was disinfected by wiping it with 70%
ethanol. A small piece of silk tape was placed on the eggshell at the more rounded pole of the egg,
covering the tip. Afterward, a small window was made on the tip at the more rounded pole of the eggshell
to allow the egg contents to drop down (Figure 4). The window on the eggshell was covered with a small
piece of silk tape. The eggs were further incubated until EDD7. On EDD 7, the small piece of silk tape
was removed, and the small window on the eggshell was made bigger (1-1.5 cm) by cutting it further
(Figure 4). The windows were made wide enough to allow further in ovo manipulations. If the eggshell
membrane was still attached to the CAM, it was removed carefully. For this, a drop of sterile PBS was
applied to the eggshell membrane using a plastic Pasteur pipette. A small cut was made into the eggshell
membrane using a sterile scalpel, allowing the PBS to flow into the space between the eggshell
membrane and the CAM. Then, the eggshell membrane was removed carefully by peeling it off from
the CAM using sterile forceps without disturbing the CAM vasculature. To prevent drying out and
contamination of the CAM, the window was sealed again with silk tape. The eggs were further incubated

until EDD 9 to allow further development of the CAM.

4.9.2 Preparation of 2D murine PDAC cells for transplantation

On EDD 9, the 2D murine PDAC cells were harvested from confluent flasks as described above in 4.1.1
and counted as described in 4.1.2. For the transplantation of each egg, 1*10° cells were mixed with 40

pl of Matrigel, and a small droplet was made on the lid of a petri dish and left undisturbed at RT for 10
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minutes. To allow the polymerization of the Matrigel, the droplets were incubated for 45-60 minutes

under standard cell culture conditions.

4.9.3 Preparation of PDOs for transplantation

Since the aim is to transplant a determined number of 3D PDOs on CAM, single cells have to be isolated
from organoids, counted, and cultured to form organoids before transplantation. Once trypsinized, the
single cells from PDOs require at least 5 to 10 days in culture to form organoids, depending on the
growth rates of the PDO lines. Hence, the growth rates of the PDO lines were determined as mentioned
above in 4.4.2. Cells were seeded on coverslips placed in a 6-well plate and cultured in complete PDO
media under standard cell culture conditions for ten days to allow the formation of 3D organoids before

transplantation.

4.9.4 Transplantation on the CAM

On EDD 9, chick embryos were checked for viability, and dead chick embryos were discarded. For
transplantation, murine PDAC cells were prepared, as mentioned in 4.9.2. The silk tape covering the
window on the eggshell was removed, and the tumor cell Matrigel droplet was scooped carefully from
the petri dish using a spatula. Then, the tumor Matrigel droplet was dropped on the CAM. Similarly,
PDOs were prepared as described in 4.9.3 and dropped on the CAM. After transplantation, a window
on the eggshell was taped again with silk tape, and the eggs were further incubated until EDD 14 (Figure

4).

Figure 4: CAM assay workflow.

a) On EDD 4, a small window was made on the more rounded pole of the eggshell to allow the egg contents to
drop. b) On EDD 7, the small window on the eggshell was made bigger (1-1.5 cm) by cutting it further. c) On
EDD 9, either 2D cells as Matrigel droplets or 3D PDOs were transplanted onto the CAM, and the transplanted
eggs were incubated further until EDD 14.
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4.9.5 Harvest of the primary tumor and chick embryo organs

On EDD 14, the primary tumor was harvested, and the chick embryo organs were collected. To harvest
the primary tumor on EDD 14, the silk tape covering the window on the eggshell was removed. The
CAM surrounding the tumor was grabbed with dissection forceps and cut with scissors. The harvested
primary tumor with surrounding CAM was placed in an embedding cassette and fixed using 4% PFA
overnight at RT. As soon as the tumor was harvested, the eggshell was cut radially into equal halves,
and the contents of the eggs were decanted in a tray. The chick embryo was killed by decapitation. The
chick embryo was dissected to collect selected organs, namely the brain, heart, and liver. The collected
organs were individually transferred into cryovials and snap-frozen in liquid nitrogen. Snap-frozen chick

embryo organs were stored at -80 °C until further processing.

4.10 Histological analysis of primary tumors

4.10.1 Tissue fixation and sectioning

Tissues were fixed in 4% PFA overnight at RT and stored in PBS at 4 °C until dehydration. Dehydration
and tissue embedding in paraffin wax performed by the Institute of Pathology, Klinikum rechts der Isar,
Technical University of Munich. Paraffin blocks were stored at RT until further use. For histological
analysis, a series of 2.5 pm sections were cut from each paraftin block and mounted on labeled, clean

adhesive microscopy slides.

4.10.2 Hematoxylin and eosin staining

Hematoxylin and eosin staining (H&E) was mainly performed by the Institute of Pathology, Klinikum
rechts der Isar, Technical University of Munich. Formalin-fixed paraffin-embedded (FFPE) tissue
sections were deparaffinized in xylene twice for 5 minutes. Afterward, the sections were rehydrated in
a 100%, 96%, and 80% ethanol series twice for 3 minutes to remove the xylene. Then, the sections were
rehydrated by washing in tap water for 3 minutes to allow the penetration of aqueous reagents. The
tissues were stained with hematoxylin for 30 seconds to stain the nuclei and immediately rinsed in

running tap water for 10 minutes to remove the excess hematoxylin dye. Then, the sections were stained
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with eosin to stain the cytoplasm for 20 seconds and washed again in tap water to remove the excess
eosin staining. Afterward, the slides were dehydrated using 80%, 96%, and 100% ethanol series twice
each for 3 minutes to remove the water. After that, the sections were incubated in xylene twice for 5
minutes to clear the tissue, rendering it completely transparent. Then, the sections were mounted using
a Pertex mounting medium and dried overnight at RT. Then, the sections were scanned using the Aperio
Versa 8 digital scanner, and documentation was done using the Aperio Image Scope software

(v.12.3.3.5048).

4.10.3 Immunohistochemical staining

FFPE sections were deparaffinized in xylene and rehydrated through a decreasing series of ethanol and
subsequently in water, as mentioned in 4.10.2. To enable the primary antibody to access the protein
within the tissue, heat-mediated antigen retrieval was performed. For this purpose, the sections were
immersed in a citric acid-based antigen unmasking solution and boiled in a microwave at 500 W for 3
minutes and then at 350 W for 10 minutes. Then, the sections were cooled down at RT for 20-30 minutes.
Endogenous peroxidase activity of the tissues was quenched by incubating the tissue sections in 3%
hydrogen peroxidase in TBST for 10 minutes at RT to reduce the non-specific signal and washed three
times with 1X TBST. The tissue sections were incubated with a drop of Avidin for 15 minutes to reduce
the non-specific signal due to endogenous Avidin. Afterward, the tissue sections were washed three
times with 1X TBST. Then, the tissue was incubated with a drop of Biotin for 15 minutes to reduce the
non-specific signal due to endogenous Biotin. Afterward, the tissue sections were washed three times
with 1X TBST and blocked with 5% BSA in 1X TBST for 1 hour at RT. Then, the sections were
incubated with primary antibodies diluted in 5% BSA in 1X TBST overnight at 4 °C. Then, the sections
were washed three times with 1X TBST. Afterward, the tissue sections were incubated with the
appropriate secondary antibody conjugated to Biotin diluted in 1X TBST at RT for 30 minutes and
washed three times with 1X TBST. To detect the positive signal, Vectastain® Elite HRP-conjugated
ABC reagent prepared according to the manufacturer’s instructions was added to the tissue sections and
incubated at RT for 30 minutes. Then, the tissue sections were washed three times with 1X TBST.
Vector® DAB substrate was prepared according to the manufacturer’s instructions and used to develop
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the signal. Once the signal was developed, the reaction was stopped with ddH,O. Counterstaining was
done by incubating the tissue sections in Hematoxylin for 20 seconds and subsequent bluing by washing
under running tap water. Then, the tissues were dehydrated and mounted, as mentioned above in 4.10.2.
Then, the mounted sections were let dry overnight at RT and scanned using the Aperio Versa 8 digital
scanner. Documentation and IHC quantification were performed on the digital scans of the tissue
sections using the Aperio Image Scope software (v.12.3.3.5048) using the Positive Pixel Count v9

algorithm.

4.10.4 Immunofluorescence staining

FFPE sections were deparaffinized, and heat-mediated antigen retrieval was performed as described
above in 4.10.3. Then, the sections were cooled down at RT for 20-30 minutes. The sections were
blocked using 5% BSA in 1X TBST for 1 hour at RT to reduce the non-specific background. Then, the
sections were incubated with primary antibodies diluted in 5% BSA in 1X TBST overnight at 4 °C.
Afterward, the sections were washed three times with 1X TBST and incubated with the appropriate
fluorescence-conjugated secondary antibody diluted in 1X TBST at RT for 2 hours. Then, the sections
were washed three times with 1X TBST, and counter-staining was performed with DAPI (0.03 pL/mL
in PBS) for 2 minutes at RT in the dark. Then, the tissues were washed three times with 1X TBST, and
the stained sections were kept at 4 °C and protected from the light until confocal imaging. Images were

taken under 40X magnification using the Leica TCS SP8 Confocal Microscope.

4.10.5 Sirius red staining

To quantify the fibrillar collagen deposition in the CAM tumors, Sirius staining was performed on tumor
tissue sections. For Sirius red staining, FFPE sections were deparaffinized in xylene and rehydrated
through a decreasing series of ethanol and subsequently in water, as mentioned in 4.10.2. Then, the
tissue sections were immersed in Sirius red solution for 1 hour and 30 minutes at RT in the dark. Then,
the tissue sections were rinsed in absolute ethanol for 5 minutes at RT. The slides were again washed in
fresh absolute ethanol until the ethanol no longer turned green. After washing, the tissue sections were

incubated in xylene for 15 minutes to clear the tissue, rendering it completely transparent. Then, the

50



Methods

sections were mounted using a Pertex mounting medium and let dry overnight at RT. Then, the slides
were scanned using Aperio Versa 8 digital scanner to get an overview of the Sirius red staining on CAM
xenografts. In tissues, Sirius red binds to various molecules, including fibrillar collagens. Upon binding
to Sirius red, the natural birefringence of fibrillar collagen is enhanced, which can then be detected using
polarized light and quantified (Lattouf et al., 2014). Hence, using a DMI8 Leica Thunder microscope,
polarized imaging of Sirius red-stained slides was performed, and the birefringence was measured.
Using Image J software, positive pixels in each tissue section were quantified, and the percentage of

Sirius red positive area was calculated.

4.10.6 Hyaluronan-binding protein staining

Hyaluronan binding protein (HABP) staining was performed on tumor tissue sections to quantify the
hyaluronan deposition in the CAM xenografts. HABP comprises a hyaluronan binding domain with the
linked module from aggrecan and serves as a hyaluronan probe (Yang et al., 2019). Hence, a biotinylated
recombinant HABP protein was used to detect hyaluronan in the CAM xenografts. To perform HABP
staining, FFPE sections were deparaffinized, as mentioned above in 4.10.2. Endogenous peroxidase
blocking was performed as mentioned above in 4.10.3 and stabilized in 1X TBST for 10 minutes. Slides
were transferred to a humid chamber, and Avidin and Biotin blocking was performed, as mentioned
above in 4.10.3, to reduce the non-specific signal due to endogenous Avidin and Biotin. Afterward, the
tissue sections were washed three times with 1X TBST and incubated with HABP diluted to a final
concentration of 2 pg/ml in 5% BSA in 1X TBST for 2 hours and 30 minutes at RT. Afterward, the
tissue sections were washed three times with 1X TBST and incubated with ABC reagent, as mentioned
above in 4.10.3. Then, the tissue sections were washed three times with 1X TBST, and the signal was
developed using the Vector® DAB peroxidase substrate kit as mentioned above in 4.10.3. Afterward,
counter-staining was performed, and the tissue sections were dehydrated, as mentioned in 4.10.3. Then,
the slides were mounted and let dry overnight at RT, as mentioned above in 4.10.3. Stained slides were
scanned using the Aperio Versa 8 digital scanner. Documentation and IHC quantification were
performed on the digital scans of the tissue sections using the Aperio Image Scope software
(v.12.3.3.5048) using the Positive Pixel Count v9 algorithm.
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4.11 Species-specific qPCR to determine metastases in chick embryo organs

For metastasis quantification, chick embryo organs, selectively the brain, heart, and liver, were collected
and stored at -80 °C, as described in 4.9.5. Murine or human cells metastasizing to the chick embryo

organs can be quantified by amplifying species-specific sequences by qPCR.

4.11.1 Genomic DNA isolation from chick embryo organs

To isolate DNA, chick embryo organs were thawed on ice. DNA isolation from the chick embryo brain,
heart, and liver was carried out using the Macherey Nagel Nucleospin genomic DNA isolation kit
according to the manufacturer’s instructions. Isolated DNA was stored at -20 °C until use. The
concentration and purity of the DNA were measured using a Nanodrop Spectrophotometer. Then, the
isolated DNA samples were diluted with PCR water to prepare the working concentration of 20 ng/ul

for each sample.

4.11.2 Human-specific Alu qPCR to determine PDO metastasis in the chick embryo organs

By detecting human DNA in chick embryo organs, PDO metastasis can be determined. A/u sequences
are specific to the human genome and absent in the avian genome (Schneider et al., 2002). Hence, by
amplifying the Alu sequences using Alu-specific primers, human DNA in the chick embryo organ
genomic DNA can be determined. Using SensiFast™ SYBR Hi-Rox Kit according to the manufacturer’s
protocol, the reaction mix was prepared as mentioned in Table 14, and qPCR was performed with the
StepOnePlus™ real-time PCR system according to the protocol mentioned in Table 15. SYBR Green
binds only to newly synthesized double-stranded (ds) DNA, resulting in a fluorescent signal. The
fluorescence intensity can be measured at the end of each qPCR cycle and used to quantify the amount
of newly built ds DNA. Chicken GAPDH was used as an internal control to confirm the presence of
equivalent quantities of host genomic DNA. To check for primer dimer formation, a melt curve analysis

was performed. qPCR data were analyzed using the 2-AACt method (Pfaffl, 2001).
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Table 14: qPCR reaction mix for metastasis quantification

Components

Volume/ reaction

SensiFast™ SYBR Hi-Rox 2X master mix 10 pl
10 uM Forward Primer 0.8 ul
10 uM Reverse Primer 0.8 pl
PCR water 3.4 ul
DNA S5l
Table 15: Alu and chGAPDH qPCR protocol
Steps Temperature Time Number of cycles
Initial denaturation 95 °C 15 mins
Denaturation 95°C 15s
Annealing 60 °C 30s X 40
Extension 72 °C 30s
Melt curve 95 °C 15s
60 °C 1 min
95 °C 15s

4.11.3 BI qPCR to determine the metastasis of murine cells in the chick embryo organs

The CAM model has been mostly used to study human cancer metastasis by human-specific Alu qPCR.

Using a similar concept, murine-specific B/ qPCR can be used to quantify murine cell metastasis in

chick embryo organs. The B/ sequence is the murine analog of the Alu sequence, which is specific to

the primate genome but absent in the avian genome (H. Zhang et al., 2009). Hence, the efficiency of
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murine B! qPCR to detect murine DNA was first evaluated. In addition, potential amplification in
chicken DNA by B/ sequence-specific primers was evaluated. For this purpose, murine DNA is isolated
from 3 different cell lines and chick embryo brain, heart, and liver using a Macherey Nagel Nucleospin
genomic DNA isolation kit according to the manufacturer’s instructions. Isolated DNA was stored at

-20 °C until use. The concentration and purity of the DNA were measured using a Nanodrop
Spectrophotometer. Then, the isolated DNA samples were diluted with PCR water to prepare serial
dilutions of murine and chick embryo DNA ranging from 20 ng/pl to 2*10-° ng/ul. gPCR was performed
to amplify serially diluted murine and chick embryo DNA using B/ sequence-specific qPCR. Using
SensiFast™ SYBR Hi-Rox Kit according to the manufacturer’s protocol, the reaction mix was prepared
as mentioned in Table 14, and qPCR was performed with the StepOnePlus™ real-time PCR system
according to the protocol mentioned in Table 16. To detect the metastatic dissemination of the murine
cells in CAM xenografts, B/ qPCR was performed similarly to A/u qPCR as described above in 4.11.2

according to the protocol mentioned in Table 16.

4.12 Statistical analysis

All the data were obtained from at least three independent experiments, unless otherwise specified. All
statistical analyses were performed using GraphPad Prism (Version 5.00). The statistical significance of
the data was determined by distinct statistical tests according to the dataset and stated in the respective
figure legends. A P-value of < 0.05 was considered to be statistically significant. P-values and the

respective symbols are denoted in Table 17.
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Table 16: B1 qPCR protocol

Steps Temperature Time Number of cycles

Denaturation 95 °C 30s
Extension 72 °C 1 min

Table 17: Symbols denoting p-value ranges

P value Symbol
wk p<0.01
kil p=<0.0001
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5. Results
5.1 Establishment of CAM model to study PDAC subtypes

The study aimed to establish the CAM model to investigate distinct subtypes of PDAC and characterize
the tumor growth, metastasis, and microenvironment. For this purpose, we used phenotypically diverse
fluorescent reporter-tagged endogenous KPC mouse-derived cell lines that are morphologically and

transcriptomically characterized.

5.1.1 Morphological characterization of KPC mouse-derived cell lines.

In vitro morphological characterization of the KPC murine cell lines was performed using phase contrast
microscopy (Figure 5). Cell line 9366 showed a polygonal epithelial morphology, whereas R405 showed
a characteristic elongated mesenchymal morphology (Figure 5). In contrast, a mixed morphology with

clusters of both polygonal and elongated cells was observed for cell line 12548.

9366 12548

5X magnification

10X magnification

Figure 5: Morphological characterization of KPC mouse-derived cell lines by phase contrast
microscopy.

Phase contrast images of the KPC mouse-derived cell lines. A) 5X magnification, B) 10X magnification of the
highlighted field shows the epithelial, mixed, and mesenchymal phenotypes of the cell lines 9366, 12548, and
R405, respectively.

Further morphological characterization was done through the visualization of the cytoskeleton structure

of the cells by staining for F-actin filaments. In cell line 9366, F-actin was predominantly organized as
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cortical bundles and maintained epithelial growth by forming the adhesion belt that links the
cytoskeleton of adjacent cells (Figure 6). In contrast, in the cell line R405 F-actin filaments were
organized towards the elongated edges of the cells as stress fibers. Clusters of cells with both epithelial
and mesenchymal-like characteristic F-actin organizations were observed in cell line 12548. Based on
the phenotypes observed by phase contrast microscopy imaging and F-actin cytoskeleton organization
by immunofluorescence microscopy, the cell lines 9366, 12548, and R405 were morphologically

characterized as epithelial, mixed, and mesenchymal, respectively (Figure 6).

DAPI RFPftdTO/GFP Phalloidin Merge

Figure 6: Morphological characterization of KPC mouse-derived cell lines by F-actin staining.

9366

12548

R405

Immunofluorescence staining of F-actin in KPC mouse-derived cell lines 9366, 12548, and R405 under 40X
magnification. The image panel shows the nuclei staining (DAPI), endogenous reporter of each cell line (RFP/
tdTO/ GFP), F-actin staining (Phalloidin), and the merged images. Distinct F-actin organization and cytoskeleton
structure corresponding to the epithelial, mixed, and mesenchymal phenotypes were observed for the cell lines

9366, 12548, and R405.
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5.1.2 Transcriptomic Characterization of KPC mouse-derived cell lines

As the cell lines 9366, 12548, and R405 showed clearly distinguishable epithelial, mixed, and
mesenchymal morphological features and growth patterns, respectively, the underlying molecular
characteristics attributable to the well-known PDAC subtypes were investigated. For this purpose, on
the bulk RNA seq data from cell lines 9366, 12548, and R405, the PurIST (purity-independent subtyping
of tumors) score was applied. The PurlST score is a single sample classifier developed based on the
well-known PDAC subtyping schemas (Bailey et al., 2016; Chan-Seng-Yue et al., 2020; Collisson et
al., 2011; Moffitt et al., 2015), and it classifies the PDAC subtypes based on the selected eight gene
pairs (TSP), each composed of basal-like (Gene A) and classical (Gene B) genes. When the PurIST
single sample classifier was applied, the 9366 cell line scored highly for the classical molecular
signatures of Collisson’s, Moffitt’s, Bailey’s, and Chan-Seng-Yue’s (CSY) PDAC subtyping (Figure 7).
On the other hand, the cell line R405 scored highly for basal-like molecular signatures of Collisson’s,
Bailey’s, and CSY s PDAC subtyping (Figure 7). The cell line 12548 scored positively for the classical
molecular signatures of Collisson’s, Bailey’s, and CSY's PDAC subtyping (Figure 7). Interestingly, it
scored positively for the quasi-mesenchymal molecular signatures of Collisson’s and basal molecular
signatures of Moffitt's and CSY’s PDAC subtyping (Figure 7). Hence, cell line 12548 was

transcriptomically characterized as an intermediate quasi-mesenchymal subtype.
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Figure 7: Transcriptomic characterization of KPC mouse-derived cell lines based on the PurIST
single sample classifier.

Upon applying the PurIST single sample classifier based on the well-known PDAC subtyping schemas, the cell
lines 9366, 12548, and R405 were characterized as classical, quasi-mesenchymal, and basal subtypes of PDAC.
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5.1.3 Establishment of the CAM workflow using KPC mouse-derived cell lines representing

distinct PDAC subtypes

Once the morphological and transcriptomic characterization of KPC mouse-derived cell lines was done,
cells were transplanted onto the CAM. For successful transplantation and tumor growth, the eggs were
prepared carefully. The prick made on the eggshell on EDD 4 allowed the CAM to detach from the
eggshell membrane, thereby facilitating the growth of CAM. The second opening on the eggshell on
EDD 7 allowed access to a larger area of CAM for transplantation. On EDD 9, when the CAM was
completely grown, cells were transplanted as Matrigel droplets for each of the lines. For the cell lines
9366, 12548, and R405 representing classical, quasi-mesenchymal, and basal PDAC subtypes,
respectively, the transplantation of 1*10° cells resulted in successful tumor engraftment five days after
transplantation (EDD 14), as determined by the macroscopic tumor growth on the CAM. On EDD14,
primary tumors established on the CAM were harvested together with chick embryo organs, selectively

the brain, heart, and liver (Figure 8).
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Figure 8: Establishment of the workflow using KPC mouse-derived cell lines representing
distinct PDAC subtypes.

To achieve successful tumor engraftment, fertilized chicken eggs were prepared, facilitating the complete growth
of CAM. For this purpose, as soon as the eggs were received, they were stored appropriately, and embryogenesis
was initiated by providing 37 °C temperature and 70%-80% humidity. The first and second openings were made
on EDD 4 and 7, respectively, allowing for the detachment of CAM from the eggshell membrane and growth. On
EDD 9, tumor cells were prepared as Matrigel droplets and transplanted onto the CAM. Upon transplantation of
1*106 cells, successful engraftment was achieved for cell lines 9366, 12548, and R405 on EDD 14. Successfully

engrafted primary tumors were harvested with chick embryo organs such as the brain, heart, and liver.
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5.1.4 Tumor take rates of KPC mouse-derived cell lines in the CAM model

Even though the KPC mouse-derived cell lines representing each subtype of PDAC engrafted
successfully on CAM to form macroscopic tumors, differences in tumor take rates were observed
between the cell lines. To compare the tumor take rates on EDD 9, the total number of transplanted eggs
was noted for each cell line. On EDD 14, at harvest time, the number of eggs showed successful tumor
engraftment, no tumor engraftment, and non-viable eggs were noted down for each cell line. Successful
engraftment of KPC mouse-derived cell lines was determined by the observation of macroscopic tumor

growth on the CAM (Figure 9A). Using the formula,

Number of successfully engrafted eggs

, x100%
Number of transplanted Eggs — Number of non viable eggs

tumor take rates of KPC mouse-derived cell lines on CAM were determined (Figure 9B). Cell line 9366,
representing the classical PDAC subtype, showed the highest tumor take rate, followed by cell lines
12548 and R405, representing the quasi-mesenchymal and basal PDAC subtypes. A statistically
significant difference in tumor take rates was observed between cell lines 9366 and R405. Cell line
12548 showed no statistically significant differences in tumor take when compared with the tumor take

rates of 9366 and R405 cell lines.

5.2 Characterization of selected cancer hallmarks in PDAC using the CAM model

5.2.1 Characterization of the primary tumor histology of the CAM xenografts

To investigate the histomorphological features of the CAM xenografts, tissue sections were obtained
from paraffin-embedded blocks of CAM primary tumors, and H&E staining was performed according
to a standard routine protocol. H&E-stained slides were then scanned using the Aperio Versa 8 digital

scanner, and images were documented using Aperio Image Scope software (v.12.3.3.5048). In the H&E-
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Figure 9: Tumor take rates of KPC mouse-derived cell lines on CAM.

A) Representative macroscopic tumors of the cell lines 9366, 12548, and R405 on CAM (indicated by yellow
arrows), B) Tumor take rates of the cell lines 9366, 12548, and R405 on CAM. Tumor take rates were calculated
by dividing the number of eggs that showed successful engraftment by the total number of viable eggs at harvest.
The total number of viable eggs at the time of harvest was calculated by subtracting the non-viable eggs at the time
of harvest from the total number of transplanted eggs. The data were collected from three independent experiments

(n =3, N = 8), and the Kruskal-Wallis test was performed to evaluate the statistical significance (*p-value =
0.0171).

stained sections of the CAM xenografts of the KPC mouse-derived cell lines 9366, 12548, and R405,
the tumor area and CAM were easily distinguished. The tumor area appeared as a solid mass of tumor

cells (indicated by orange arrows in Figure 10) embedded in the Matrigel matrix, which was used as a
solid substrate for tumor cells. CAM appeared as a thin membrane surrounding the solid tumor
(indicated by blue arrows in Figure 10). Blood vessels containing nucleated erythrocytes in light pink
were seen both in the solid tumor area (indicated by red arrows in Figure 10) and CAM (indicated by

green arrows in Figure 10).
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The histomorphological features of the CAM tumors and the respective endogenous mouse tumors were
compared (Figure 11). For this purpose, similar to the CAM sections, endogenous mouse tumor sections

were obtained from paraffin-embedded blocks, and H&E staining was performed according to a standard

9366

12548

R405

Figure 10: General histology of the CAM tumors in which the tumor area, CAM, and blood
vessels within the tumor area and CAM were easily distinguished.

A) Overview of representative H&E-stained 9366, 12548, and R405 CAM tumor sections under 2X
magnification, B) Representative H&E-stained 9366, 12548, and R405 CAM tumor sections under 40X
magnification. The tumor area (indicated in orange arrows), CAM (indicated in blue arrows), blood vessels within
the tumor area (indicated in red arrows), and CAM (indicated in green arrows) were easily distinguished in the

H&E-stained CAM xenografts.

routine protocol. H&E-stained slides were then scanned using the Aperio Versa 8 digital scanner, and
images were documented using Aperio Image Scope software (v.12.3.3.5048). Cell line 9366,
representing the classical PDAC subtype, showed moderately differentiated ductal neoplastic growth in
both CAM as well as endogenous mouse tumors. However, in 9366 CAM xenografts, minimal stromal

infiltration was observed around a few ductal neoplastic changes, whereas in the endogenous mouse
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tumor, extensive desmoplastic stroma was observed. The cell line 12548, representing the quasi-
mesenchymal PDAC subtype, showed a mixed histomorphological feature of both moderately
differentiated ductal and poorly differentiated neoplastic growths in the CAM and endogenous mouse

tumors. In the CAM tumors, high stromal infiltration was observed around the poorly differentiated

12548

R405

Figure 11: Comparison of the histomorphological features in CAM and endogenous mouse
tumors.

A) Representative H&E stained 9366, 12548, and R405 CAM tumor sections under 40X magnification, B)
Representative H&E stained 9366, 12548, and R405 endogenous mouse tumor sections under 40X magnification.

neoplastic growth, whereas moderate infiltration was observed around the moderately differentiated
ductal neoplastic growth. However, in the endogenous mouse tumor, extensive desmoplastic stroma was
observed. The cell line R405, representing the basal PDAC subtype, showed poorly differentiated
neoplastic growth with high stromal infiltration in the CAM as well as in the endogenous mouse tumors.

Characteristic histomorphological features of each PDAC subtype were observed in the CAM
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xenografts of the cell lines 9366, 12548, and R405, representing the classical, quasi-mesenchymal, and
basal PDAC subtypes. Also, the comparison with the histology of the respective endogenous mouse

tumors for each cell line revealed similarity to a certain extent.

5.2.2 Characterization of tumor proliferation of KPC mouse cell lines-derived CAM xenografts

CAM xenograft tissue sections were obtained from paraffin-embedded blocks, and
immunohistochemical staining was performed for Ki 67, a well-known marker for proliferation, to
characterize in ovo tumor proliferation and growth (Figure 12A). Ki 67-stained slides were then scanned
using the Aperio Versa 8§ digital scanner and analyzed using the Aperio Image Scope software

(v.12.3.3.5048).
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Figure 12: Characterization of tumor proliferation in CAM xenografts.

A) Representative Ki 67-stained 9366, 12548, and R405 CAM xenograft sections under 20X magnification, B)
Quantification of the percentage Ki 67 positive area of 9366 (N = 9), 12548 (N = 8), and R405 (N = 8) CAM
xenografts. The percentage Ki 67 positive area was calculated by dividing the Ki 67 positive pixels by the total
number of pixels. The data were collected from three independent experiments (n = 3), and the Kruskal-Wallis test

was performed to evaluate the statistical significance (*p-value = 0.0324, (**p-value = 0.0017).
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For the analysis, the tumor area was first annotated on the digital scans of the CAM xenografts. Then,

using the Positive Pixel Count v9 algorithm, Ki 67 staining was quantified. Using the formula,

Ki 67 positive pixels
x 100%

Total pixels

The percentage Ki 67 positive area was calculated. According to the percentage Ki 67 positive area, cell
line 9366, representing the classical PDAC subtype, showed the highest in ovo proliferation, which is
statistically significant compared to the cell lines R405, representing the basal PDAC subtype, and
12548 representing the quasi-mesenchymal PDAC subtype (Figure 12B). No statistically significant
differences in in ovo proliferation were observed between the cell lines 12548 and R405 (Figure 12B).
MTT assay was performed to check the in vitro proliferation of the cell lines, and the viability was
measured every 24 hours for five days. Proliferation rates were calculated by normalizing the Day 1-
Day 5 absorbances to the Day 0 absorbance. In contrast to the in ovo proliferation, no statistically

significant differences were observed in the in vitro proliferation of the cell lines (Figure 13).
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Figure 13: In vitro proliferation of the cell lines 9366, 12548, and R405.

In vitro proliferation was measured every 24 hours for five days and calculated by normalizing the Day 1-Day 5
absorbances to Day 0 absorbance. The data were collected from three independent experiments (n =3, N = 6), and
the Kruskal-Wallis test was performed to evaluate the statistical significance. The mean and SEM are shown in

the graph.
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5.2.3 Evaluation of metastatic dissemination of KPC mouse cell lines using the CAM model

Murine-specific B/ qPCR was established to detect murine cells that metastasized to chick embryo
organs. The sensitivity and efficiency of the B/ qPCR in detecting murine DNA were evaluated by
amplifying murine DNA in an increasing fold (0.0001-100 ng) by using B/ primers. With increasing
murine DNA in chick embryo organs, a steady decrease in mean CT values was observed. In addition,
B1 qPCR was sensitive enough to detect murine DNA as low as 0.0001 ng (Figure 14A). The specificity
of the B1 qPCR was evaluated by amplifying chick embryo DNA in an increasing fold (0.0001-100 ng)
by using B/ primers. In contrast to murine B/ qPCR, with an increasing fold of chicken DNA, a steady
decrease in mean CT was not observed, and a weak signal was observed only in the presence of chicken

DNA as high as 100 ng (Figure 14B).
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Figure 14: BI qPCR establishment.

A) Determination of Bl qPCR sensitivity to detect murine DNA in chick embryo organs (n = 3, N = 6), B)
Determination of B/ qPCR specificity in detecting murine and chicken DNA. The data were collected from three
independent experiments (n = 3, N = 6). The mean and SEM are shown in the graph.

To determine the metastatic potential of the cell lines 9366, 12548, and R405 by B1 qPCR, chick embryo
organs, selectively the brain, heart, and liver, were collected on EDD 14. Genomic DNA isolation and
BI gPCR were performed to amplify the B/ sequences in the mouse DNA that could be found in the
chick embryo organs due to metastatic dissemination. The expression of the BI sequence was

normalized to control chick embryo DNA, in which no transplantation was performed.
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Figure 15: Metastatic dissemination in the chick embryo brain.

A) Schematic illustration of metastatic dissemination determination of the cell lines 9366, 12548, and R405 in
chick embryo brain using B/ qPCR, B) Quantification of metastatic dissemination of the cell lines 9366 (N = 9),
12548 (N = 8), and R405 (N = 8) normalized to controls. The data were collected from three independent
experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical significance (**p-value

=0.0039, (***p-value = 0.0005).

Based on the amplification of B/ sequences in chick embryo brain genomic DNA, cell line 12548,
representing the quasi-mesenchymal subtype, showed the highest metastatic dissemination, which is
statistically significant compared to cell lines 9366 and R405. No statistically significant difference was
observed between cell lines 9366 and R405, representing the classical and basal PDAC subtypes in
metastatic dissemination (Figure 15).

Based on the amplification of B/ sequences in chick embryo heart genomic DNA, metastatic
dissemination was observed for cell lines 9366, 12548, and R405. However, no statistical significance
was observed in the metastatic dissemination of the cell lines in chick embryo heart (Figure 16).

Based on the amplification of B/ sequences in chick embryo liver genomic DNA, metastatic
dissemination was observed for cell lines 9366, 12548, and R405. The cell line R405, representing the

basal PDAC subtype, showed the highest metastatic dissemination in the chick embryo liver. A
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Figure 16: Metastatic dissemination in the chick embryo heart.

A) Schematic illustration of metastatic dissemination determination of the cell lines 9366, 12548, and R405 in
chick embryo heart using B/ qPCR, B) Quantification of metastatic dissemination of the cell lines 9366 (N = 9),
12548 (N = 8), and R405 (N = 8) normalized to controls. The data were collected from three independent

experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical significance.

statistically significant difference was observed between the cell lines 12548 and R405 in metastatic
dissemination in the chick embryo liver (Figure 17).

During metastatic dissemination, the tumor cells disseminate from the primary tumor, reach the
underlying CAM, and subsequently metastasize to distant organs. During this process, disseminated
tumor cells migrate in a directed manner from the primary tumor toward the CAM. Hence, the in vitro
migration potential of cell lines 9366, 12548, and R405 was analyzed by performing the scratch assay.
In a confluent monolayer of the cells, a scratch was made, and the closure of the scratch was documented
at 0, 4, 8, and 24 hours by imaging (Figure 18A). Cell lines 9366 and 12548 showed a collective mode
of migration, as a uniform sheet of epithelial cells maintaining contact between the adjacent cells.
Though cell line 12548 showed a mixed population of epithelial and mesenchymal leading cells during
scratch closure, an epithelial mode of collective migration was observed. The cell line R405

demonstrated a mesenchymal mode of migration as single cells with clearly distinguishable boundaries.
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Figure 17: Metastatic dissemination in chick embryo liver.

A) Schematic illustration of metastatic dissemination determination of the cell lines 9366, 12548, and R405 in
chick embryo liver using B/ qPCR, B) Quantification of metastatic dissemination of the cell lines 9366 (N = 9),
12548 (N = 8), and R405 (N = 8) normalized to controls. The data were collected from three independent
experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical significance (*p-value =

0.0296).

The in vitro migration potential of the cell lines was quantified as a percentage of wound area on the
phase contrast images obtained using Image J wound healing size tool plugin software (Figure 18B).
Cell lines 12548 and R405 showed the same migratory potential, whereas cell line 9366 showed the
lowest migratory potential. However, there were no significant differences observed in the in vitro

migration potential of the cell lines.

5.2.4 Characterization of the stroma in CAM xenografts

The histological analysis of 9366, 12548, and R405 CAM xenografts using H&E-stained sections

showed the infiltration of stromal cells from the CAM (Figure 19). Different degrees of infiltration were
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Figure 18: In vitro migration potential of the cell lines.

A) Representative phase contrast images of the scratches in 9366, 12548, and R405 monolayers at 0, 4, 8, and 24
hours, B) Quantification of the percentage wound area of 9366, 12548, and R405 monolayers normalized to 0
hours. The data were collected from three independent experiments (n = 3, N = 6), and the Two-way ANOVA test

was performed to evaluate the statistical significance. The mean and SEM are shown in the graph.
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Figure 19: Stromal infiltration in CAM xenografts.
A) Representative H&E-stained 9366, 12548, and R405 CAM xenograft sections showing stromal infiltration
under 40X magnification, B) Representative CK 19-stained 9366, 12548, and R405 CAM xenograft sections

showing CK 19 negative stromal cells under 40X magnification.

observed in the H&E-stained CAM xenografts derived from the cell lines 9366, 12548, and R405,
representing the epithelial, quasi-mesenchymal, and basal subtypes. Minimal stromal infiltration was
observed in the 9366 CAM xenografts surrounding a few tumor cells growing in a ductal pattern. In the
12548 CAM xenografts, stromal infiltration was observed around the tumor cells, growing in ductal and
striated patterns. In the R405 CAM xenografts, more stromal infiltration was observed along with the
striated pattern of tumor growth. To confirm the stromal infiltration from the host, immunohistochemical
staining for murine-specific CK 19, a PDAC marker, was performed on the CAM xenografts (Figure

19B). Tumor cells in the CAM xenografts showed positive CK 19 staining, whereas the stroma showed
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negative CK 19 staining, confirming the stromal infiltration from the host. Histologically, PDAC is
characterized by a desmoplastic stroma composed of several distinct cellular and ECM components. A
major cellular component of the desmoplastic stroma of the PDAC is CAFs, which can be characterized
by a pan-CAF marker, Vimentin (Elyada et al., 2019). Hence, the CAM xenografts from cell lines 9366,
12548, and R405 have been stained for chicken-specific Vimentin. For this purpose, CAM xenograft
tissue sections were obtained from paraffin-embedded blocks of CAM primary tumors, and
immunohistochemical staining for chicken-specific Vimentin was performed. Vimentin-stained CAM
xenografts confirmed the presence of CAFs in the CAM xenografts from cell lines 9366, 12548, and

R405 (Figure 20A).
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Figure 20: Vimentin staining showing the pan-CAF population in CAM xenografts.

A) Representative Vimentin-stained 9366, 12548, and R405 CAM xenograft sections under 20X magnification,
B) Quantification of the percentage Vimentin positive area of 9366 (N =9), 12548 (N = 8), and R405 (N = 8)
CAM xenografts. The percentage of Vimentin positive area was calculated by dividing the number of Vimentin
positive pixels by the total number of pixels. The data were collected from three independent experiments (n = 3),

and the Kruskal-Wallis test was performed to evaluate the statistical significance.
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In order to determine the differences in the CAF infiltration in the CAM xenografts derived from the
cell lines 9366, 12548, and R405, immunohistochemical quantification of Vimentin was performed. For
this purpose, Vimentin-stained CAM xenograft sections were scanned using the Aperio Versa § digital
scanner and analyzed using the Aperio Image Scope software (v.12.3.3.5048).

For the analysis, first, the tumor area was annotated on the digital scans of the CAM xenografts. Then,

using the Positive Pixel Count v9 algorithm, Vimentin staining was quantified. Using the formula,

Vimentin positive pixels

1009
Total pixels x o

percentage Vimentin positive area was calculated. According to the percentage Vimentin positive area,
there were no statistically significant differences observed in the pan-CAF population between the cell
lines (Figure 20B).

Studies have shown that activated CAFs that express a-SMA are involved in ECM remodeling and,
thereby, in the desmoplastic stroma of PDAC (Han et al., 2020). Hence, to confirm the presence of a-
SMA expressing CAFs and their infiltration into the tumor, CAM xenografts were co-stained for CK19
and a-SMA. Immunofluorescence imaging of the co-stained CAM xenografts showed CK 19 positive,
a-SMA negative tumor cells and infiltrating a-SMA positive, CK 19 negative CAFs (Figure 21).
Immunofluorescence microscopic analysis of CK 19 and a-SMA co-stained 9366, 12548, and R405
CAM xenografts revealed differences in the CK 19 intensity and the infiltration of a-SMA positive
CAFs. 9366 CAM xenografts representing the classical PDAC subtype showed a strong CK 19 positive
tumor cell population with minimal infiltration of a-SMA positive CAFs. 12548 CAM xenografts
representing the quasi-mesenchymal PDAC subtype showed a mixed tumor cell population composed
of strong CK 19 positive epithelial tumor cells and weak CK 19 positive mesenchymal cells. In addition,
infiltration of a-SMA positive CAFs was observed surrounding both tumor populations. R405 CAM
xenografts representing the basal PDAC subtype showed weak CK 19 positive tumor cells infiltrated by
a-SMA positive CAFs. Compared to 9366 CAM xenografts, more a-SMA positive CAF infiltration was

observed in the 12548 and R405 CAM xenografts (Figure 21).
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9366 12548 R405

Figure 21: a-SMA and CK 19 co-staining showing the presence of a-SMA positive fibroblast
infiltration in CAM xenografts.
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Immunofluorescence microscopic analysis of representative a-SMA and CK 19 co-stained 9366, 12548, and R405

CAM xenograft sections shows the infiltration of a-SMA positive CAFs under 40X magnification.
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In the desmoplastic PDAC stroma, fibrillar collagens such as Collage type I and III are the abundant
acellular components that constitute a significant part of the ECM, thereby involved in PDAC
progression (Maneshi et al., 2021). Sirius red staining was performed on the CAM xenografts to
determine the fibrillar collagen deposition. For this purpose, CAM xenograft tissue sections were
obtained from paraffin-embedded blocks of CAM primary tumors, and Sirius red staining was
performed (Figure 22A). Sirius red-stained slides were then scanned using the Aperio Versa 8 digital
scanner, and the images were documented. Using a DMIS8 Leica Thunder microscope, polarized imaging
of Sirius red-stained slides was performed, and the birefringence was measured. Positive pixels in each

tissue section were quantified using Image J software, and the percentage of Sirius red positive area was

calculated.
A B
*
20 |
©
8 o *
@ ®
£ 4 T
el ‘»
© 200 pm =
-3 —I—
Sy w104
S -
o G = S
246 ® .
P =
] ™
>
1
=3
=0 - 4— 1
© > o
o S
o o &
Cell lines
n
Q
g |
o>

200 pm

Figure 22: Sirius red staining showing fibrillar collagen deposition in CAM xenografts.

A) Representative Sirius red-stained 9366, 12548, and R405 CAM xenograft sections under 20X magnification,
B) Quantification of the percentage Sirius red positive area of 9366 (N = 9), 12548 (N = 8), and R405 (N = 7)
CAM xenografts. The percentage of Sirius red positive area was calculated by dividing the number of Sirius red
positive pixels by the total number of pixels. The data were collected from three independent experiments (n = 3),
and the Kruskal-Wallis test was performed to evaluate the statistical significance (*p-value = 0.0210, (*p-value =

0.0203).
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Using the formula,

Sirius red positive pixels
x100%

Total pixels

percentage Sirius red positive area was calculated (Figure 22B). According to the percentage of Sirius
red positive area, high fibrillar collagen deposition was observed in the CAM xenografts derived from
the cell lines 12548 and R405, representing the quasi-mesenchymal and basal PDAC subtypes,
respectively. The lowest fibrillar collagen deposition was observed in the TME of the CAM xenografts
derived from cell line 9366, representing the classical PDAC subtype. Statistically significant
differences were observed in the fibrillar collagen deposition between the 9366 CAM xenografts and
the 12548 CAM xenografts. Similarly, statistically significant differences were observed in fibrillar
collagen deposition between the 9366 CAM xenografts and the R405 CAM xenografts. However, no
statistically significant difference in fibrillar collagen deposition was observed between the 12548 and
R405 CAM xenografts.

Similar to fibrillar collagens, hyaluronan is another major component of the desmoplastic stroma of
PDAC, which is involved in PDAC progression. Hence, immunohistochemical staining of hyaluronan
binding protein (HABP) was performed (Figure 23A) on the CAM xenografts. For this purpose, CAM
xenograft tissue sections were obtained from paraffin-embedded blocks of CAM primary tumors, and
HABP staining was performed. HABP-stained slides were then scanned and analyzed using the Aperio
Versa 8 digital scanner and analyzed using the Aperio Image Scope software (v.12.3.3.5048). For the
analysis, first, the tumor area was annotated on the digital scans of the CAM xenografts. Then, using the

Positive Pixel Count v9 algorithm, HABP staining was quantified. Using the formula,

HABP positive pixels

1009
Total pixels x %

percentage HABP positive area was calculated (Figure 23B). According to the percentage HABP
positive area, high hyaluronan deposition was observed in the CAM xenografts derived from the cell

lines 12548 and R405, representing the quasi-mesenchymal and basal PDAC subtypes, respectively.
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The lowest hyaluronan deposition was observed in the 9366 CAM xenografts. Statistically significant
differences were observed in the hyaluronan deposition between the 9366 CAM xenografts and the
12548 CAM xenografts. However, there was no statistically significant difference in hyaluronan
deposition observed between the 9366 and R405 CAM xenografts. Similarly, no statistically significant

difference in hyaluronan deposition was observed between the 12548 R405 CAM xenografts.
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Figure 23: HABP staining showing the hyaluronan deposition in CAM xenografts.

A) Representative HABP-stained 9366, 12548, and R405 CAM xenograft sections under 20X magnification, B)
Quantification of the percentage HABP positive area of 9366 (N =9), 12548 (N = 8), and R405 (N = 8) CAM
xenografts. The percentage of HABP positive area was calculated by dividing the number of HABP positive pixels
by the total number of pixels. The data were collected from three independent experiments (n = 3), and the Kruskal-

Wallis test was performed to evaluate the statistical significance (***p-value = 0.0003).
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5.3 Establishment of CAM as a patient-derived xenograft (PDX) model

The study aimed to establish the CAM as an alternative PDX model using PDOs and to characterize the
tumor growth, invasion, metastasis, and tumor microenvironment. For this purpose, first the PDOs were

phenotypically, genetically, and transcriptomically characterized.

5.3.1 Morphological characterization of the selected PDOs

PDOs were isolated from endoscopic ultrasound-guided fine needle aspirations/biopsies (EUS-FNA/B)
or surgical resections. Once the PDOs were successfully expanded in vitro, KRAS mutational status was
determined by Sanger sequencing. Wild-type and tumor organoids were identified based on the
mutational status of KRAS. This study used well-established PDOs characterized as tumor organoids
due to either KRAS G12D or KRAS G12V mutations, selectively B188, B250, B290, and B339 (Table

18).

Table 18: Sample of origin and KRAS mutational status of selected PDOs

PDOs Sample of origin KRAS mutation
B188 Fine-needle biopsy G12D
B250 Surgical resection G12D
B290 Surgical resection GI12V
B339 Surgical resection G12D

Selected PDOs were morphologically characterized by phase contrast microscope imaging.
Morphologically, the PDO lines B250, B290, and B339 appeared as hollow cystic organoids forming a
lumen with a polarized epithelial lining. In contrast, the PDO line B188 appeared as filled lumen

organoids (Figure 24).
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Figure 24: Morphological characterization of PDOs by phase contrast microscopy.
Phase contrast images of the PDOs. A) 5X magnification, B) 20X magnification of the highlighted field shows the
PDO lines B188, B250, B290, and B339, respectively.
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Figure 25: Morphological characterization of PDOs by F-actin staining.

Immunofluorescence staining of F-actin in the PDOs B188, B250, B290, and B339 under 40X magnification. The
image panel shows the nuclei staining (DAPI), F-actin staining (Phalloidin), and the merged images. Distinct F-
actin organization and cytoskeleton structure of the hollow lumen PDOs B250, B290, and B339, as well as filled
lumen PDOs B188, were observed.

Further morphological characterization was done through the visualization of the cytoskeleton structure
of the organoids by staining for F-actin filaments. As observed by the phase contrast microscopy, the
PDO lines B250, B290, and B339 appeared as hollow lumen organoids in which strong Phalloidin
staining was observed facing the lumen, indicating the rich F-actin polymerization (Figure 25). In
contrast, filled lumen PDO line B188 showed Phalloidin-rich areas between the cells that fill the lumen

(Figure 25).
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5.3.2 Mutation profile of the PDOs

Whole exome sequencing was performed to check the mutation profiles of the PDOs, and the 30 most

frequently mutated genes in PDAC according to the cBioPortal platform (https://www.cbioportal.org/)

were checked (Figure 26). All the PDO lines have a missense mutation of KRAS, the only mutation
found in the PDO line B188. In addition to KRAS, a missense mutation in LRPIB and a nonsense
mutation in the RYR2 genes were found in the PDO line B339. The PDO line B290 has the most
mutations, which include missense mutations of the genes KRAS, TP53, TTN, KMT2D, SYNE1, MUCI16,
and CDH10. The PDO line B250 has the 2" most mutations, which include missense mutations of KRAS

and TP53, both frameshift insertion and inframe insertion of CDKN2A, and nonsense mutations of GLI3.
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Figure 26: Mutation profile of the PDO lines.
The mutation profile of the PDO lines according to the 30 most frequently mutated genes in PDAC. The data were

retrieved from cBioPortal.
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5.3.3 Transcriptomic characterization of the PDO lines

The underlying molecular features of the PDO lines attributable to the well-known PDAC subtypes were
investigated similarly to the endogenous mouse-derived cell lines. For this purpose, on the bulk RNA
seq data from the PDO lines B188, B250, B290, and B339, the PurIST (purity-independent subtyping

of tumors) score was applied.
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Figure 27: Transcriptomic characterization of PDOs.
By applying the PurIST single sample classifier based on the well-known PDAC subtyping schemas, the PDO
lines B188, B250, B290, and B339 were transcriptomically characterized.

When the PurlST single sample classifier was applied, the PDO line B250 scored high for quasi-
mesenchymal molecular signatures of Collisson’s, basal molecular signatures of Moffitt’s, squamous
molecular signatures of Bailey's, and basal molecular signatures of CSY's PDAC subtyping (Figure
27). Similarly, the PDO line B290 scored high for squamous molecular signatures of Bailey's and basal
molecular signatures of CSY’s PDAC subtyping. Hence, the PDO lines B250 and B290 were
transcriptomically characterized as basal-like PDAC subtypes. On the other hand, the PDO line B188
scored high for classical molecular signatures of Moffitt’s and CSY’s PDAC subtyping. Similarly, the
PDO line B339 scored high for classical molecular signatures of Collisson’s and Moffitt’s PDAC
subtyping. B339 also scored high for the classical molecular signatures of CSY s and Bailey’s PDAC
subtyping. Hence, the PDO lines B188 and B339 were transcriptomically characterized as classical-like

PDAC subtypes.
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5.3.4 Establishment of the CAM workflow as an alternative PDX model using PDOs.

PDOs were isolated from endoscopic ultrasound-guided fine needle aspirations/biopsies (EUS-FNA/B),
and surgical resections, expanded, and quality control were performed. Once the PDO lines were
established, the morphological and transcriptomic characterization of the PDO lines was done. For
successful transplantation and tumor growth, the eggs were prepared carefully. The prick made on the
eggshell on EDD 4 allowed the CAM to detach from the eggshell membrane, thereby facilitating the
growth of CAM. The second opening on the eggshell on EDD 7 allowed access to a larger area of CAM
for transplantation. On EDD 9, when the CAM was completely grown, PDOs embedded in Matrigel
domes were transplanted. To transplant organoids of the same cell number for each PDO line, growth
rates of the PDO lines were determined by the CellTiter-Glo® 3D Cell Viability Assay over ten days
(Figure 28). The PDO line B250 showed the highest growth rate, whereas the PDO line B188 showed
the lowest growth rate. Except for the PDO lines B250 and B188, no significant differences were
observed between the other PDO lines. To optimize the seeding density of the PDO lines, Matrigel-
embedded organoids containing different numbers of cells were transplanted on CAM, and tumor take
rates were documented (Figure 29). For this purpose, the PDO lines B250 and B188, with the highest
and lowest growth rates, were used. For the transplantation, single cells were isolated from organoids
and seeded according to their growth rates to achieve 25*%10°, 50*10°, 75*10%, and 100*10° cells at the
end of ten days. The ten-day window was chosen considering the time required to form organoids from
single cells for the slowest-growing PDO line, B188. At least 100*10° cells were required to achieve a
75% take rate for the PDO line B188. Hence, Matrigel-embedded organoids containing 100*10° cells
were optimized as a seeding density for all the PDO lines.

Once the seeding density was determined, the PDO lines were seeded according to their growth curves
to achieve organoids containing 100*10° cells ten days before transplantation. On EDD 9, the PDOs
were transplanted on the CAM as Matrigel-embedded organoids. Successful tumor engraftment was
determined five days after transplantation (EDD 14) by the macroscopic tumor growth on the CAM. On
EDD14, primary tumors established on the CAM were harvested together with chick embryo organs,

selectively the brain, heart, and liver (Figure 30).
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Figure 28: Growth rates of the PDO lines.
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In vitro proliferation was measured every other day for ten days and calculated by normalizing the Day 2-Day 10

luminescence to the Day 0 luminescence. The data were collected from three independent experiments (n =3, N

= 6), and the Friedman test was performed to evaluate the statistical significance (**p-value = 0.0017). The mean

and SEM are shown in the graph.
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Figure 29: Optimization of PDO seeding density on CAM.

At least organoids containing 100*103 cells were required to achieve a 75% tumor take rate for the slowest growing

PDO line, B188.
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Figure 30: Establishment of the workflow using PDOs.

To achieve successful tumor engraftment, fertilized chicken eggs were prepared, facilitating the complete growth
of CAM. For this purpose, as soon as the eggs were received, they were appropriately stored, and embryogenesis
was initiated by providing 37 °C temperature and 70%-80% humidity. 1st and 2nd openings were made on EDD
4 and 7, respectively, allowing for the detachment of CAM from the eggshell membrane and growth. On EDD 9,
PDOs embedded in Matrigel domes were transplanted on the CAM. Upon transplantation of organoids containing
100*103 cells, successful engraftment was achieved for the PDO lines B188, B250, B290, and B339 on EDD 14.
Successfully engrafted primary tumors were harvested together with chick embryo organs, selectively the brain,

heart, and liver.

5.3.5 Tumor take rates of PDO lines in the CAM model

To compare the tumor take rates, on EDD 9, the total number of transplanted eggs was noted for each
cell line. On EDD 14, at the time of harvest, the number of eggs showed successful tumor engraftment,
no tumor engraftment, and non-viable eggs were noted for each PDO line. Successful tumor engraftment
was determined by observing macroscopic tumor growth on the CAM (Figure 31A).

Using the formula,

Number of successfully engrafted eggs

1009
Number of transplanted Eggs — Number of non viable eggs x %

tumor take rates of PDO lines on CAM were determined. In contrast to the endogenous mouse-derived
cell lines, there were no statistically significant differences observed in the tumor take rates between the
PDO lines. All four PDO lines showed approximately 80% of the tumor take rate on CAM (Figure 31B).
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Figure 31: Tumor take rates of PDO lines on CAM.

A) Representative macroscopic tumors of the PDO lines B188, B250, B290, and B339 on CAM (indicated by
yellow arrows), B) Tumor take rates of the PDO lines B188, B250, B290, and B339 on CAM. Tumor take rates
were calculated by dividing the number of eggs that showed successful engraftment by the total number of viable
eggs at the time of harvest. The total number of viable eggs at the time of harvest was calculated by subtracting
the non-viable eggs at the time of harvest from the total number of transplanted eggs. The data were collected from

three independent experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical

significance.

5.4 Characterization of selected cancer hallmarks in PDAC using the CAM PDX model

5.4.1 Characterization of primary tumor histology of PDOs-derived CAM xenografts

To investigate the histomorphological features of the CAM xenografts, tissue sections were obtained
from paraffin-embedded blocks of CAM primary tumors, and H&E staining was performed according
to a standard routine protocol. H&E-stained slides were then scanned using the Aperio Versa 8 digital

scanner, and images were documented using Aperio Image Scope software (v.12.3.3.5048).
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Figure 32: General histology of the CAM tumors, in which the tumor area, CAM, and blood
vessels within the tumor area and CAM were easily distinguished.

A) Overview of representative H&E-stained B188, B250, B290, and B339 CAM tumor sections under 2X
magnification, B) Representative H&E-stained B188, B250, B290, and B339 CAM tumor sections under 40X
magnification. The tumor area (indicated in orange arrows), CAM (indicated in blue arrows), blood vessels within
the tumor area (indicated in red arrows), and CAM (indicated in green arrows) were easily distinguished in the

H&E-stained CAM xenografts.

In the H&E-stained sections of the CAM xenografts of the PDO lines B188, B250, B290, and B339, the
tumor area and CAM were easily distinguished. The tumor area appeared as a solid mass of tumor cells
(indicated by orange arrows in Figure 32) embedded in the Matrigel matrix, which was used to culture
and prepare PDOs for transplantation. CAM appeared as a thin membrane surrounding the solid tumor
(indicated by blue arrows in Figure 32). Blood vessels containing nucleated erythrocytes in light pink
were seen both in the solid tumor area (indicated by red arrows in Figure 32) and CAM (indicated by

green arrows in Figure 32).
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Figure 33: Comparison of the histomorphological features of CAM and patient tumors.
A) Representative H&E-stained B188, B250, B290, and B339 CAM tumor sections under 40X magnification, B)
representative H&E-stained B188, B250, B290, and B339 patient tumor sections under 40X magnification.

The histomorphological features of the CAM tumors and the respective patient tumors were compared
(Figure 33). For this purpose, similar to the CAM sections, patient tumor sections were obtained from
paraffin-embedded blocks, and H&E staining was performed according to a standard routine protocol.
H&E-stained slides were then scanned using the Aperio Versa 8 digital scanner, and images were
documented using the Aperio Image Scope software (v.12.3.3.5048).

The PDO line B188 showed multifocal ductal neoplastic growth in the CAM xenografts. Tumor cells
showed a growth pattern of flat to cuboidal morphology, and stromal infiltration was observed in around
10% of the tumor with a myxoid appearance. In the corresponding patient’s primary tumor, mainly
columnar growth patterns of tumor cells were seen. In addition, moderately differentiated ductal and

cuboidal growth patterns of tumor cells were seen with moderate ECM deposition.
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The PDO line B250 showed tumor cells with ductal to cribriform growth patterns in the CAM
xenografts. The myxoid growth pattern was observed surrounding ductal-like tumor cells with a
moderate amount of ECM components. In addition, columnar tumor cells with papillary to
micropapillary growth patterns were also seen in the B250 CAM xenografts. Whereas the corresponding
patient tumor was rich in tumor cells growing in ductal and tubular growth patterns in multilayer. In
addition, scarce stromal reactions and extensive necrosis were observed in the corresponding patient
tumor.

The PDO line B290 showed mainly a ductal pattern of tumor cells in the CAM xenografts. In addition,
flat to cuboidal growth patterns of tumor cells were observed along with stromal infiltration. The
corresponding patient tumor showed papillary, cuboidal, and columnar growth patterns of tumor cells
along with high stromal infiltration and moderate amounts of ECM.

The PDO line B339 showed tumor cells with tubular to cribriform growth patterns in multilayers in the
CAM xenografts. In addition, stromal infiltration was observed along with myxoid appearance. In the
corresponding patient tumor, large ductal-like growth patterns with papillary projections into the ductal
lumen were observed. Moderately differentiated tumor cells showing mainly columnar and partly
cuboidal growth patterns were seen, along with moderate to high stromal infiltration. The comparison
of CAM xenografts with the respective patient tumors revealed similarities in histomorphological

features to a certain extent.

5.4.2 Characterization of tumor proliferation in PDOs-derived CAM xenografts

To characterize the in ovo tumor proliferation and growth, the CAM xenograft tissue sections were
obtained from paraffin-embedded blocks of CAM primary tumors. Immunohistochemical staining was
performed for Ki 67, a well-known marker for proliferation (Figure 34A). Ki 67 stained slides were

scanned and analyzed using the Aperio Versa 8 digital scanner using the Aperio Image Scope software

(v.12.3.3.5048).
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Figure 34: Characterization of tumor proliferation in CAM xenografts.

A) Representative Ki 67 stained B188, B250, B290, and B339 CAM xenograft sections under 20X magnification,
B) Quantification of the percentage Ki 67 positive area of B188 (N = 8), B250 (N = 8), B290 (N = 8), and 339 (N
= 8) CAM xenografts. The percentage Ki 67 positive area was calculated by dividing the Ki 67 positive pixels by
the total number of pixels. The data were collected from three independent experiments (n = 3), and the Kruskal-

Wallis test was performed to evaluate the statistical significance.

For the analysis, first, the tumor area was annotated on the digital scans of the CAM xenografts. Then,

using the Positive Pixel Count v9 algorithm, Ki 67 staining was quantified. Using the formula,

Ki 67 positive pixels
x 100%

Total pixels

percentage Ki 67 positive area was calculated. According to the percentage Ki 67 positive area, no

statistically significant differences were observed in the proliferation of the PDOs in ovo (Figure 34B).
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To check the in vitro proliferation of the PDOs, a CellTiter-Glo® 3D Cell Viability Assay was
performed as mentioned in 5.3.4. The luminescence was measured every other day for ten days.
Proliferation rates were calculated by normalizing the Day 2-Day 10 luminescence to the Day 0
luminescence. In contrast to in ovo proliferation, a statistically significant difference was observed

between the PDOs B188 and B250 in in vitro proliferation (Figure 28).

5.4.3 Evaluation of metastatic dissemination of the PDOs using the CAM model

To determine the metastatic potential of the PDOs B188, B250, B290, and B339 by 4/u qPCR, chick
embryo organs, selectively the brain, heart, and liver, were collected on EDD 14. Genomic DNA
isolation and A/u qPCR were performed to amplify the A/u sequences in the human DNA that could be
found in the chick embryo organs due to metastatic dissemination. The expression of the A/u sequence

was normalized to control chick embryo DNA, in which no transplantation was performed.
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Figure 35: Metastatic dissemination in the chick embryo brain.

A) Schematic illustration of metastatic dissemination determination of the PDOs B188, B250, B290, and B339 in
chick embryo brain using 4/u qPCR, B) Quantification of metastatic dissemination of the PDOs B188 (N = 8),
B250 (N = 8), B290 (N = 8), and 339 (N = 8) normalized to controls. The data were collected from three

independent experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical significance.
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Based on the amplification of Alu sequences in chick embryo brain genomic DNA, the PDOs B188,
B250, B290, and B339 showed metastatic dissemination. However, no statistically significant
differences were observed in the metastatic dissemination of the PDOs to the chick embryo brain (

Figure 35).
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Figure 36: Metastatic dissemination in chick embryo heart.

A) Schematic illustration of metastatic dissemination determination of the PDOs B188, B250, B290, and B339 in
chick embryo heart using A/u qPCR, B) Quantification of metastatic dissemination of the PDOs B188 (N = ),
B250 (N = 8), B290 (N = 8), and 339 (N = 8) normalized to controls. The data were collected from three

independent experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical significance

(**p-value = 0.0018).

Based on the amplification of A/u sequences in chick embryo heart genomic DNA, the PDOs B188,
B250, B290, and B339 showed metastatic dissemination. A statistically significant difference was
observed between the PDOs B188 and B290 in the metastatic dissemination of the PDOs to the chick
embryo heart (Figure 36).

Based on the amplification of A/u sequences in chick embryo liver genomic DNA, the PDOs B188,
B250, B290, and B339 showed metastatic dissemination. A statistically significant difference was
observed between the PDOs B250 and B290 in the metastatic dissemination of the PDOs to chick

embryo liver (Figure 37).
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Figure 37: Metastatic dissemination in chick embryo liver.

A) Schematic illustration of metastatic dissemination determination of the PDOs B188, B250, B290, and B339 in
chick embryo liver using Alu qPCR, B) Quantification of metastatic dissemination of the PDOs B188 (N = 8),
B250 (N = 8), B290 (N = 8), and 339 (N = 8) normalized to controls. The data were collected from three
independent experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical significance

(*p-value = 0.0332).

In vitro, the migration potential of the PDOs was determined by performing a scratch assay. For this
purpose, the first 2D cell lines were generated and established from the PDOs B188, B250, B290, and
B339. In a confluent monolayer of the cells, a scratch was made, and the closure of the scratch was
documented at 0, 4, 8, and 24 hours by imaging (Figure 38A). B188 demonstrated a mesenchymal mode
of migration during the early course of scratch closure, with single cells at the leading edge of the
scratch. However, after the first 8 hours, small clusters of cells were observed at the leading edge of the
scratch, showing a collective mode of migration as well. B250 and B290 showed a collective mode of
migration, as a uniform sheet of epithelial cells maintaining the contact between the adjacent cells during
the entire course of scratch closure. B339 demonstrated a mixed mode of migration where both

mesenchymal and collective modes of migration were observed during scratch closure.
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Figure 38: In vitro migration potential of the B188, B250, B290, and B339 2D cell lines.
A) Representative phase contrast images of the scratches in B188, B250, B290, and B339 monolayers at 0, 4, 8,

and 24 hours, B) Quantification of the percentage wound area of B188, B250, B290, and B339 monolayers

normalized to 0 hours. The data were collected from three independent experiments (n = 3, N = 3), and the Two-

way ANOVA test was performed to evaluate the statistical significance (*p-value = 0.0362, **p-value = 0.0012,
0.0065, ***p-value = 0.0001, 0.0007). The mean and SEM are shown in the graph.
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Further, the in vitro migration potential was quantified as a percentage of wound area on the phase
contrast images obtained using Image J wound healing size tool plugin software (Figure 38B). B250 and
B290 showed the highest in vitro migratory potential, whereas B188 showed the lowest in vitro
migratory potential in 24 hours. B339 showed intermediate in vitro migratory potential. However B250,
B90, and B339 showed statistically significant differences in the in vitro migration potential compared
to B188. In addition, statistically significant differences were observed in the in vitro migration potential
of B339 compared to B250 and B290. B250 and B290 with the highest in vifro migration potential, did

not show any statistically significant difference between them.

5.4.4 Characterization of the stroma in CAM xenografts

The histological analysis of B188, B250, B290, and B339 CAM xenografts using H&E-stained sections
showed different degrees of stromal infiltration (Figure 39). Minimal stromal infiltration was observed
in the B188 CAM xenografts, surrounding a few tumor cells growing in a ductal pattern. B250, B290,
and B339 CAM xenografts showed moderate to high stromal infiltration in the H&E-stained sections.
To confirm the stromal infiltration from the host, immunohistochemical staining for human-specific CK
19, a PDAC marker, was performed on the CAM xenografts (Figure 39). Tumor cells in the CAM
xenografts showed positive CK 19 staining. In contrast, the stroma showed negative CK 19 staining,
confirming the stromal infiltration from the host. Similar to the CAM xenografts derived from murine
cells, the characterization of the pan-CAF population in PDOs-derived CAM xenografts was done by
staining for a pan-CAF marker, Vimentin (Elyada et al., 2019).

Hence, the CAM xenografts from the PDO lines B188, B250, B290, and B339 have been stained for
chicken-specific Vimentin. For this purpose, CAM xenograft tissue sections were obtained from
paraffin-embedded blocks of CAM primary tumors, and immunohistochemical staining for chicken-
specific Vimentin was performed on the CAM xenografts derived from the PDO lines B188, B250,
B290, and B339. Vimentin-stained CAM xenografts confirmed the presence of CAFs in the CAM

xenografts derived from the PDO lines B188, B250, B290, and B339 (Figure 40A).
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Figure 39: Stromal infiltration in CAM xenografts
A) Representative H&E-stained B188, B250, B290, and B339 CAM xenograft sections showing stromal
infiltration under 40X magnification, B) Representative CK 19-stained B188, B250, B290, and B339 CAM

xenograft sections showing CK19 negative stromal cells under 40X magnification.

Immunohistochemical quantification of Vimentin was performed to determine the differences in CAF
infiltration in the CAM xenografts derived from the PDO lines B188, B250, B290, and B339. For this
purpose, Vimentin-stained CAM xenograft sections were scanned using the Aperio Versa 8 digital
scanner and analyzed using the Aperio Image Scope software (v.12.3.3.5048). For the analysis, the
tumor area was first annotated on the digital scans of the CAM xenografts. Then, using the Positive

Pixel Count v9 algorithm, Vimentin staining was quantified. Using the formula,

Vimentin positive pixels

1009
Total pixels X %
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percentage Vimentin positive area was calculated. According to the percentage Vimentin positive area,

no statistically significant differences were observed in the pan-CAF population between the PDO lines

(Figure 40B).
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Figure 40: Vimentin staining showing the pan-CAF population in CAM xenografts

A) Representative Vimentin-stained B188, B250, B290, and B339 CAM xenograft sections under 20X
magnification, B) Quantification of the percentage Vimentin positive area of B188 (N = 8), B250 (N = 8), B290
(N =18), and 339 (N = 8) CAM xenografts. The percentage of Vimentin positive area was calculated by dividing
the Vimentin positive pixels by the total number of pixels. The data were collected from three independent

experiments (n = 3), and the Kruskal-Wallis test was performed to evaluate the statistical significance.
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B188 B250 B290C B339

Figure 41: a-SMA and CK 19 co-staining shows the presence of a-SMA positive fibroblast
infiltration in CAM xenografts

DAPI

CcK 19

a SMA

Merge

Immunofluorescence microscopic analysis of representative a-SMA and CK 19 co-stained B188, B250, B290, and

B339 CAM xenograft sections shows the infiltration of a-SMA positive CAFs under 40X magnification.

Like murine cells-derived CAM xenografts, to characterize activated CAFs that express a-SMA
involved in ECM remodeling of PDAC, PDOs-derived CAM xenografts were co-stained for CK 19 and
a-SMA. (Han et al., 2020). Immunofluorescence imaging of the co-stained CAM xenografts showed
CK 19 positive, a-SMA negative tumor cells and infiltrating a-SMA positive, CK 19 negative CAFs

(Figure 41). Immunofluorescence microscopic analysis of CK 19 and a-SMA co-stained B188, B250,
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Figure 42: Sirius red staining showing fibrillar collagen deposition in CAM xenografts

A) Representative B188, B250, B290, and B339 CAM xenograft sections under 20X magnification, B)
Quantification of the percentage Sirius red positive area of B188 (N = 8), B250 (N = 8), B290 (N = 8), and 339 (N
= 8). The percentage of the Sirius red positive area was calculated by dividing the Sirius red positive pixels by the
total number of pixels. The data were collected from three independent experiments (n = 3), and the Kruskal-

Wallis test was performed to evaluate the statistical significance (*p-value = 0.0210, **p-value = 0.0024).

B290, and B339 CAM xenografts revealed differences in the infiltration of a-SMA positive CAFs. B188
CAM xenografts showed a CK-19 positive tumor cell population growing in a ductal pattern surrounded
by a-SMA positive CAFs. B250, B290, and B339 CAM xenografts showed a CK 19 positive tumor cell

population with moderate to high infiltration of a-SMA positive CAFs (Figure 41).
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Like murine cells-derived CAM xenografts, to characterize fibrillar collagens in the stroma, Sirius red
staining was performed on PDOs-derived CAM xenografts. Collagen types I and III constitute fibrillar
collagens, the abundant acellular component of the ECM that makes the desmoplastic PDAC stroma,
thereby being involved in PDAC progression (Maneshi et al., 2021). To determine the fibrillar collagen
deposition, Sirius red staining was performed on the CAM xenografts. For this purpose, CAM xenograft
tissue sections were obtained from paraffin-embedded blocks of CAM primary tumors, and Sirius red
staining was performed (Figure 42A). Sirius red-stained slides were then scanned using the Aperio Versa
8 digital scanner, and the images were documented.

Using a DMIS8 Leica Thunder microscope, polarized imaging of Sirius red-stained slides was performed,
and the birefringence was measured. Using Image J software, positive pixels in each tissue section were

quantified, and the percentage of Sirius red positive area was calculated. Using the formula,

Sirius red positive pixels
x 100%

Total pixels

percentage Sirius red positive area was calculated (Figure 42B). According to the percentage of Sirius
red positive area, high fibrillar collagen deposition was observed in the CAM xenografts derived from
the PDO line B339. The lowest fibrillar collagen deposition was observed in the CAM xenografts
derived from the PDO line B188. In addition, fibrillar collagen deposition between the PDO lines B188
and B339 showed a statistically significant difference.

Similar to fibrillar collagens, hyaluronan is another major component of the desmoplastic stroma of
PDAC, which is involved in PDAC progression. Hence, to determine the hyaluronan deposition,
immunohistochemical staining of hyaluronan binding peptide (HABP) was performed (Figure 43A) on
the CAM xenografts. For this purpose, CAM xenograft tissue sections were obtained from paraffin-
embedded blocks of CAM primary tumors, and HABP staining was performed. HABP-stained slides
were then scanned using the Aperio Versa 8 digital scanner and analyzed using the Aperio Image Scope
software (v.12.3.3.5048). For the analysis, first, the tumor area was annotated on the digital scans of the

CAM xenografts. Then, using the Positive Pixel Count v9 algorithm, HABP staining was quantified.

100



Results

A B
80
- * %
[+3]
L)
3 |
%k %
] |
T T
© l g1 i
o °
m o
Q
2
o G
ﬁ g 40 °
o
ol
§ g -
S —
&
20+
-
1 B
= )
[=)]
™~
® i
0 1 1 1 1
> S )
&S o oS
> v v &
PDOs
[2)]
o
o
=]

Figure 43: HABP staining showing the hyaluronan deposition in CAM xenografts

A) Representative HABP-stained B188, B250, B290, and B339 CAM xenograft sections under 20X magnification,
B) Quantification of the percentage HABP positive area of B188 (N = 8), B250 (N = 8), B290 (N = 8), and 339
(N = 8) CAM xenografts. The percentage of HABP positive area was calculated by dividing the HABP positive
pixels by the total number of pixels. The data were collected from three independent experiments (n = 3), and the
Kruskal-Wallis test was performed to evaluate the statistical significance (*p-value = 0.0183, 0.0260, **p-value =
0.0068).

Using the formula,

HABP positive pixels

0
Total pixels x 100%
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percentage HABP positive area was calculated (Figure 43B). According to the percentage HABP
positive area, different degrees of hyaluronan deposition were observed in the CAM xenografts derived
from the PDO lines B188, B250, B290, and B339. Similar to fibrillar collagen deposition, a significant
difference in hyaluronan deposition was observed between the PDO lines B188 and B339. In addition,
hyaluronan deposition observed in B188 CAM xenografts also significantly differed from that observed
in B250 CAM xenografts. On the other hand, a significant difference in hyaluronan deposition was

observed between the PDO lines B339 and B290 CAM xenogratfts.
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6. Discussion

The complex and huge heterogeneity of PDAC challenges efforts to understand the disease and develop
novel therapeutic approaches. To better understand the complex disease mechanism and to develop
optimal therapeutic options, establishing suitable in vivo models is an essential step. Murine models are
the most popular in vivo models used in PDAC research. However, murine models have raised ethical
concerns and are expensive and time-consuming (Chu et al., 2022). According to Directive 2010/63, at
the European level, animals should be used for scientific purposes only when there is no alternative. In
addition, according to the 3R principle of replacement, reduction, and refinement, animals should be
replaced by fewer sentients. Considering the ethical issues, cost, and large time frame associated with
the rodent models, the CAM may be an alternative in vivo model for cancer studies. So far, CAM has
been used to study several cancers, including gastrointestinal cancers such as colon cancer,
hepatocellular carcinoma, and pancreatic cancer. Rovithi et al. successfully developed a bioluminescent
CAM model for PDAC by engrafting luciferase-transduced primary human PDAC cells onto the CAM
to evaluate tumor growth (Rovithi et al., 2017). In addition, this study showed that the
histomorphological and genetic characterization of original tumors and CAM xenografts were
comparable (Rovithi et al., 2017).

Emerging PDAC molecular subtyping studies have shown the complex and vast heterogeneity of PDAC
and associated clinical outcomes (Bailey et al., 2016; Chan-Seng-Yue et al., 2020; Collisson et al., 2011;
Mofftitt et al., 2015). So far, the applicability of the CAM model to functionally study the PDAC
subtypes has not been explored. Therefore, the present study aimed to establish CAM as an alternative
model to functionally study PDAC subtypes, focusing on tumor growth, metastatic dissemination, and
the tumor microenvironment.

Further, this study aimed to establish CAM as an alternative PDX model to study PDAC by successfully
engrafting PDOs onto the CAM. PDOs retain the molecular and functional architecture of the original
patient tumors more efficiently when compared to 2D cells, even after several passages (Miebach et al.,
2022). However, to explore complex cancer hallmarks such as invasiveness, metastatic dissemination,

and interaction with the tumor microenvironment, in vivo models are required (Jian et al., 2020). Hence,
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PDX models have been developed by orthotopically transplanting PDOs into immunocompromised
mice. Considering the advantages that the CAM model offers in regards to ethical concerns, cost, and
experimental time frame, the CAM model could be a useful alternative. Considering the clinical
predictive value of PDOs and their ability to recapitulate the molecular profiles of patient tumors, in this
study, CAM has been employed as an alternative PDX model by engrafting PDOs. Furthermore,
complex cancer hallmarks such as metastatic dissemination and cross-talk with the tumor

microenvironment have been explored using the CAM model.

6.1 [Establishment of the CAM model and the workflow

The workflow of the CAM assay was established based on previous literature with few adaptations. Due
to the high survival rate associated with in ovo CAM assays compared to ex ovo assays, in this study we
used the in ovo approach (Meijlink et al., 2021; Naik et al., 2018). As previously described, the first and
second openings of the SPF eggs were made on EDD4 and EDD7, respectively (Hu et al., 2019; Kunz
et al., 2019; Pawlikowska et al., 2020). Similar to previous studies, transplantation of both murine cells
and PDOs was performed on EDD 9 on the CAM. CAM model for various human cancer entities has
been successfully developed by transplanting 1*10° cells resuspended in Matrigel on EDD 9 (Kunz et
al., 2019; Power et al., 2022; Ranjan et al., 2023). In this study, the same approach was employed for
the transplantation of murine cells on the CAM, which resulted in successful tumor engraftment on EDD
14.

In order to achieve successful tumor engraftment upon transplantation of the PDOs, the seeding density
and method were modified. Once trypsinized, it takes 10 days for single cells to again form PDOs.
Hence, 10 days prior to transplantation, on CAM PDOs were cultured in vitro. In contrast to murine
cells, PDOs with a high in vitro proliferation rate, such as B250, demonstrated successful tumor
engraftment on EDD 14, even when 25*%10° cells were transplanted. PDOs with a low in vitro
proliferation rate, such as B188, required at least 1*10° cells to be transplanted in order to develop tumors
on the CAM at the end of EDD 14. Hence, for the transplantation of PDOs, 1*10° cells/ egg was
optimized as seeding density. This optimized transplantation protocol resulted in successful tumor
engraftment on EDD 14. Since chick embryos are unable to experience pain until EDD 14, many
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countries do not require ethical approval until EDD 14 (Augustine et al., 2020). Besides, some of the
studies have reported the occurrence of a non-specific inflammatory reaction when the CAM assay
extends after EDD 14 (Mangir et al., 2018). In addition, cell-mediated immunity is not completely
developed until EDD 14. (Kunz et al., 2019). Considering these issues, EDD 14 was chosen as the end

point for the CAM assay in this study.

6.2 Characterization of selected cancer hallmarks in PDAC using the endogenous mouse cells-

derived CAM model

Endogenous KPC mouse-derived PDAC cells characterized transcriptomically and morphologically
were used to establish CAM as an alternative model to study PDAC subtypes. So far, several schemes
of PDAC subtype classification have been proposed. Based on the subtyping schemes proposed, PDAC
is transcriptomically stratified into classical, quasi-mesenchymal, and basal subtypes (Bailey et al.,
2016; Chan-Seng-Yue et al., 2020; Collisson et al., 2011; Moffitt et al., 2015; Puleo et al., 2018). Using
PurIST, a single sample classifier based on a meta-analysis of the clinical utility of existing PDAC
subtypes (Rashid et al.,, 2020), the KPC murine cell lines were transcriptomically subtyped.
Morphological characterization of the KPC murine cells by phase contrast microscopy also supported
the transcriptomic subtyping of the murine PDAC cell lines 9366, 12548, and R405. The cytoskeleton
architecture of the murine PDAC cells by Phalloidin staining clearly showed the epithelial morphology
of the cell line 9366, which was transcriptomically characterized as a classical PDAC subtype. Similarly,
the cell line R405 transcriptomically subtyped as basal PDAC subtype, showed mesenchymal
morphology. The cell line 12548, transcriptomically characterized as a quasi-mesenchymal PDAC
subtype, showed clusters of cells with mixed phenotypes of both epithelial and mesenchymal
morphology. Using the morphologically and transcriptomically characterized murine PDAC cell lines
9366, 12548, and R405, the CAM model was optimized to study the PDAC subtypes.

Even though the cell lines 9366, 12548, and R405 developed tumors on the CAM, differences in the
take rates were observed. The highest and lowest tumor take rates were achieved by 9366 and R405 cell
lines, respectively. Even though the basal PDAC subtype is more aggressive than the classical PDAC
subtype, it was not reflected by the tumor take rates (Lomberk et al., 2018). The possible explanation
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for this could be the matrix used for transplantation. Several studies have shown that different matrices
favor different morphological phenotypes (Franchi et al., 2023; Ruud et al., 2020; Wahbi et al., 2020).
Matrigel supports polarization of the cells, thereby favoring epithelial growth of the cells (Kakni et al.,
2022). Since the tumor cells are transplanted as Matrigel droplets on the CAM, the cell line 9366
showing epithelial morphology has a growth advantage in Matrigel compared to the cell lines 12548
and R405 representing the quasi-mesenchymal and basal PDAC subtypes, respectively.

Only a few studies have shown the histomorphological comparison of CAM xenografts with murine
xenografts. Hu et al. showed that CAM xenografts recapitulated the same growth pattern and
histomorphological features as the clear cell subtype of the renal carcinoma mouse model (Hu et al.,
2019). Another study compared the histomorphological features of the breast cancer cell lines MCF-7
and MDA-MB-231, representing the HR+ (luminal) and triple negative breast cancer (TNBC) subtypes
in the CAM and murine xenografts (Ranjan et al., 2023). This study showed that MCF-7 and MDA-
MB-231 cell lines were presented as invasive breast cancers of no special subtype in both CAM and
murine xenografts (Ranjan et al., 2023). This study also showed that the tumor grades were comparable
in CAM and murine xenografts for both the cell lines MCF-7 and MDA-MB-231. In addition, the triple
negative status of MDA-MB-231 was confirmed in both CAM and murine xenografts by
immunohistochemical analyses (Ranjan et al., 2023). Similarly, a luminal B-like phenotype with ER/PR
positive and HER2 negative status was predominantly observed for the MCF-7 cell line in both CAM
and murine xenografts (Ranjan et al., 2023). Similarly, the current study showed that CAM xenografts
from the cell lines 9266, 12548, and R405 showed distinct histomorphological features associated with
the PDAC subtypes represented by each cell line. In addition, CAM xenografts recapitulated the
histomorphological features of the primary tumors derived from endogenous mouse models. However,
these comparisons were made based on the H&E-stained primary tumor sections. Further validation by
immunohistochemical subtyping using KRT81, HNF1A, and GATAG6 expression is required to compare
the subtypes represented in the CAM and murine xenografts (Muckenhuber et al., 2018; O'Kane et al.,
2020). In addition, grading the murine and CAM xenografts also allows us to check if the murine tumors

are recapitulated by CAM tumors.
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Even though the cell lines 9366, 12548, and R405 represent classical, quasi-mesenchymal, and basal
PDAC subtypes, they were associated with different pathological features and clinical outcomes; no
differences were observed in the in vitro proliferation of the cell lines. However, in ovo proliferation of
the cell line 9366, characterized by Ki 67 staining showed significantly higher in ovo proliferation when
compared to the cell lines 12548 and R405. Several studies showed that Ki 67 is an independent
prognostic factor in PDAC and is used to evaluate the proliferation index by immunohistochemical
staining (Andriesi-Rusu et al., 2019; Pergolini et al., 2019). However, the role of Ki 67 as an independent
prognostic factor remains unclear. Some studies showed that a high proliferation index correlates to poor
survival and adverse clinical features, whereas other studies could not confirm this correlation (Andriesi-
Rusu et al., 2019). In addition, some studies suggest that a high proliferation index detected by Ki 67
staining is associated with successful tumor engraftment in the PDX models (Tanaka et al., 2020). Since
the CAM model favors the engraftment of epithelial cells more, a higher in ovo proliferation index for
the cell line 9366 was expected.

CAM has been used as a model to study both experimental and spontaneous metastases in several cancer
entities (Ranjan et al., 2023; Ribatti, 2021). Several studies use Alu qPCR to detect metastatic
dissemination of human cells in chick embryo organs (DeBord et al., 2018; Guller et al., 2021; Miquel
et al., 2021). However, no studies have used the CAM model to detect the metastatic potential of murine
cells. Since the A/u elements are unique for humans, 4/u qPCR cannot be used to detect murine cell
metastases in the chick embryo organs. Hence, in this study, B/ qPCR was established to evaluate the
metastatic potential of the murine cell lines. B/ qPCR was sensitive enough to detect the presence of
murine DNA as low as 0.0001 ng. However, in the presence of chick embryo DNA >0.1 ng, mild non-
specific B amplification was observed. Hence, for the evaluation of metastatic dissemination, the B/
amplification from tumor-transplanted chick embryo organs was normalized to the B/ amplification of
the control chick embryo organs in which no transplantation was performed.

In this study, metastatic dissemination of the murine PDAC cells to chick embryo organs, selectively
the brain, heart, and liver, was detected using B/ qPCR. In the chick embryo brain, the cell line 12548,

representing the quasi-mesenchymal PDAC subtype, showed significantly higher metastasis than the
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cell lines 9366 and R405, representing the classical and basal PDAC subtypes. However, in the chick
embryo liver, a significant difference in metastatic dissemination was observed between the cell lines
12548 and R405 representing the quasi-mesenchymal and basal PDAC subtypes, respectively. This
observation was consistent with previous studies that showed that the quasi-mesenchymal and
mesenchymal PDAC subtypes are associated with poor prognosis and worse clinical outcomes when
compared to classical PDAC subtypes (Mueller et al., 2018; Orth et al., 2019; Zhou et al., 2021).
However, in the chick embryo hearts, no significant differences in the metastatic dissemination were
observed between the cell lines. Indicatively, there were no differences between the cell lines 9366,
12548, and R405 in intravasating into the microcirculatory system of the chick embryo. Intravasation is
one of the important initial stages in metastatic dissemination, during which tumor cells detach from the
primary tumor and enter blood vessels. This process is influenced by the migration potential of the tumor
cells (Yamamoto et al., 2023). Even though the cell lines 9366, 12548, and R405 showed different
modes of cell migration, no significant differences were observed between the in vitro migration
potentials of the cell lines, confirming the intravasation observed in ovo.

PDAC is a desmoplastic cancer in which the majority of the tumor mass is composed of stroma
containing various cellular and acellular components. CAFs being the major player in the desmoplastic
stroma of PDAC, this study exploited the CAM model to study the infiltration of CAFs in CAM
xenografts. With this aim, immunohistochemical characterization of the stroma was performed in CAM
xenografts derived from the cell lines 9366, 12548, and R405. Immunohistochemical staining for
chicken-specific Vimentin indicated the presence of CAFs in CAM xenografts. In addition, a-SMA and
CK 19 co-staining confirmed the presence of a-SMA-positive myofibroblasts in CAM xenografts,
which play a major role in ECM remodeling in PDAC stroma. Even though a similar degree of CAF
infiltration was observed, as indicated by Vimentin staining, a significantly high amount of fibrillar
collagen and hyaluronan deposition were observed in the CAM xenografts derived from the cell lines
12548 and R405, representing the quasi-mesenchymal and mesenchymal PDAC subtypes. Previous
studies showed that fibrillar collagens predominantly restrain PDAC progression (Y. Chen et al., 2021;

Madsen, 2021; Su et al., 2022). Similarly, the cell line 12548, showing the highest fibrillar collagen,
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showed the lowest metastatic dissemination in chick embryo liver, whereas the cell line 9366, with the
lowest fibrillar collagen deposition, showed the highest metastatic dissemination.

Several studies showed that hyaluronan promotes tumor progression and results in poor survival (Ho et
al., 2020; Placencio-Hickok et al., 2022; Tahkola et al., 2021). The highest and lowest hyaluronan
deposition were observed in the CAM xenografts derived from the cell lines 12548 and 9366,
respectively. In correlation, the highest metastatic dissemination in the chick embryo brain was observed
for the cell line 12548, whereas the lowest metastatic dissemination was observed for the cell line 9366
in the chick embryo brain. These observations suggest that the CAM model could be exploited to study

the functional influence of the stroma on PDAC progression.

6.3 Characterization of selected cancer hallmarks in PDAC using the CAM PDX model

The PDO lines B250, B290, and B339, generated from surgical resections, and the PDO line B188,
generated from endoscopic ultrasound-guided fine needle biopsy (EUS-FNB), were characterized
genomically, transcriptomically, and morphologically and were used to establish CAM as an alternative
PDX model. The PDO lines B188, B250, B290, and B339 harbor the most predominant KRAS G12D
mutation in PDAC, whereas the PDO line B290 has the less predominant KRAS G12V mutation (He et
al., 2022). According to the 30 most frequently mutated genes listed by the cBioPortal platform, the four
PDO lines used in this study showed unique mutational profiles. Similar to murine PDAC cell lines,
using PurlST, a single sample classifier based on a meta-analysis of the clinical utility of existing PDAC
subtypes, the PDO lines were transcriptomically subtyped (Rashid et al., 2020). The PDO lines B250
and B290 were transcriptomically characterized as basal-like PDAC subtypes, whereas the PDO lines
B188 and B339 were transcriptomically characterized as classical PDAC subtypes (Bailey et al., 2016;
Chan-Seng-Yue et al., 2020; Collisson et al., 2011; Moffitt et al., 2015; Puleo et al., 2018). In contrast
to the murine PDAC cell lines, the transcriptomic subtyping of the PDOs was not reflected in the
morphology observed by phase contrast microscopy. Similarly, the cytoskeleton architecture of the PDO
lines, as determined by Phalloidin staining, also did not reflect the transcriptomic subtyping. Using the
morphologically, genomically, and transcriptomically characterized PDO lines B188, B250, B290, and
B339, the CAM model was optimized as an alternative PDX model to study PDAC. Compared to the
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murine PDAC cell lines, PDOs showed better engraftment on CAM, approximately 80% for all four
PDO lines. PDOs are cultured in Matrigel in vitro and transplanted on CAM as Matrigel-embedded
organoids. Since Matrigel supports polarization of the cells, thereby favoring epithelial growth of the
cells, PDOs better engraft on CAM compared to the murine PDAC cell lines (Kakni et al., 2022).
However, in contrast to the murine PDAC cell lines, no differences in tumor take rates were observed
for the PDO lines B188, B250, B290, and B339.

PDOs retain the phenotype, genotype, and molecular and drug response profiles of the primary tumors
(Romero-Calvo et al., 2019). Hence, several studies have developed PDX models by transplanting PDOs
onto immune-compromised murine models for various cancer entities, including PDAC (Sereti et al.,
2023). In addition, these studies showed that PDOs-derived xenografts recapitulated the
histomorphological, molecular, and functional characteristic features of the primary tumors (E. Wang et
al., 2022). Similarly, the transplantation of PDOs onto CAM gave rise to PDOs-derived xenografts,
which recapitulated the histomorphological features of the primary tumors. However, these comparisons
were made based on analyses of the H&E-stained primary tumor sections. Further validation by
immunohistochemical subtyping using KRT81, HNF1A, and GATAG6 expression is required to compare
the subtypes represented in the CAM xenografts and patient tumors (Muckenhuber et al., 2018; O'Kane
et al., 2020). In addition, grading the patient primary tumors and CAM xenografts also helps to check if
the histomorphological features of the patient tumors are recapitulated in CAM xenografts. Even though
transcriptomically the PDOs were subtyped as classical (B188 and B339) and basal (B250 and B290),
the H&E-stained sections of the primary tumors did not show any morphologically distinct features
based on the subtype characterization observed for the murine cells-derived CAM xenografts and
endogenous mouse tumors.

Even though no significant differences in tumor take rates were observed between the PDO lines,
significant differences in in vitro proliferation were observed for the PDO lines B188 and B250.
However, in ovo proliferation of the PDO lines B188, B250, B290, and B339 characterized by Ki 67

staining did not show any significant differences, similar to the tumor take rates. This observation is
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supported by previous studies that suggest that the proliferation index detected by Ki 67 staining is
associated with successful tumor engraftment in PDX models (Tanaka et al., 2020).

CAM has been used as a model to study both experimental and spontaneous metastases of human cells
in several cancer entities (Ranjan et al., 2023; Ribatti, 2021). Several studies use Alu qPCR to detect
metastatic dissemination of human cells in chick embryo organs (DeBord et al., 2018; Guller et al.,
2021; Miquel et al., 2021). Since the Alu elements are unique to the human genome, human cells that
metastasize to chick embryo organs can be detected by Alu qPCR. Hence, using A/u qPCR, the
metastatic dissemination of PDOs to chick embryo organs, selectively the brain, heart, and liver, was
determined. Similar to Bl qPCR, the amplification of 4/u elements from tumor-transplanted chick
embryo organs was normalized to that of the control chick embryo organs in which no transplantation
was performed. Though metastatic dissemination of all the PDO lines was detected in the chick embryo
brain, no significant differences were observed between the PDO lines. Similarly, metastatic
dissemination of all the PDO lines was detected in the chick embryo liver. However, significant
differences were observed only between the PDO lines B250 and B290. Similar to the chick embryo
brain and liver, metastatic dissemination of all the PDO lines was detected in the chick embryo heart as
well. A significant difference was observed only between the PDO lines B188 and B290, indicating the
difference in the intravasation potential of these PDO lines into the microcirculatory system of the chick
embryo. Intravasation is one of the important initial stages in metastatic dissemination, during which
tumor cells detach from the primary tumor and enter blood vessels. This process is influenced by the
migration potential of the tumor cells (Yamamoto et al., 2023). Even though the PDO lines B188, B250,
B290, and B339 showed a collective mode of migration in vitro, significant differences in the in vitro
migration potential were observed between the PDO lines. In contrast to the in ovo intravasation
observed, the PDO line B188 showed significantly low in vitro migratory potential compared to the
other PDO lines, whereas PDO lines B250 and B290 showed significantly high in vitro migratory
potential compared to other PDO lines in 24 hours. The PDO line B339 showed an intermediate in vitro
migratory potential, which was significantly higher than the PDO line B188 but lower than the PDO

lines B250 and B290. The differences in in vitro migration and in ovo intravasation potential could be
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explained by the influence of the stroma recruited by each PDO line in the in ovo model. The stroma
recruited by B188 in the CAM xenografts might have promoted the in ovo intravasation potential of the
PDO line B188. In contrast, the stroma recruited by the PDO lines B250, B290, and B339 in the CAM
xenografts might have restrained the in ovo intravasation potential.

Similar to the CAM xenografts derived from murine cells, stromal characterization was performed on
the PDOs-derived CAM xenografts. Immunohistochemical staining for chicken-specific Vimentin
indicated the presence of CAFs in CAM xenografts derived from the PDO lines. In addition, a-SMA
and CK 19 co-staining confirmed the presence of a-SMA positive myofibroblasts in the PDOs-derived
CAM xenografts, which play a significant role in ECM remodeling in PDAC stroma. Even though a
similar degree of CAF infiltration was observed, as indicated by Vimentin staining, each PDO line
showed different degrees of fibrillar collagen and hyaluronan deposition. The highest amount of fibrillar
collagen deposition was observed in B339 CAM xenografts, whereas the lowest fibrillar collagen
deposition was observed in B188 CAM xenografts.

On the other hand, the highest hyaluronan deposition was observed in the CAM xenografts derived from
the PDO line B188. In contrast, the lowest hyaluronan deposition was observed in the CAM xenografts
derived from the PDO line B339. These observations correlated with the lowest in vifro migration
potential and the highest in ovo intravasation potential of the PDO line B188. Similarly, the hyaluronan
deposition was also associated with increased in vitro migration potential and low in ovo intravasation
of the PDO line B290. Even though a similar degree of fibrillar collagen and hyaluronan deposition was
observed for the PDO lines B250 and B290, a significant difference was observed in the metastatic
dissemination to chick embryo liver. This observation showed the complexity of ECM deposition
beyond fibrillar collagen and hyaluronan content in PDAC stroma. These observations suggest that the
CAM model could be used as a personalized platform to study the functional influence of the stroma on

PDAC progression.
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7. Conclusion and Future Perspectives

In conclusion, this study optimized the CAM model to study major hallmarks of PDAC, focusing on the
subtypes using KPC mouse-derived cells. In addition, this study also optimized CAM as an alternative
PDX model to study PDAC in a personalized manner. To further strengthen the application of the model,
more cell lines representing each PDAC subtype have to be included. Similarly, increasing the PDO
cohort will also enhance the application of CAM as an alternative PDX model. The transplantation
method using the Matrigel droplet approach favored tumor engraftment and growth of epithelial PDAC
cell lines compared to the quasi-mesenchymal and mesenchymal PDAC cell lines. Injecting tumor cells
directly into CAM circulation might be an alternative transplantation approach to test tumor engraftment
and growth on CAM without favoring epithelial PDAC cell line engraftment. Histological studies and
comparisons of the CAM xenografts with respective endogenous mouse tumors or patient tumors were
made based on the H&E staining. More detailed histological analyses by comparing the tumor grades
as well as immunohistochemical subtyping will further validate the histomorphological features
observed in the CAM xenografts. Even though B/ and A/u qPCR allowed the detection of murine cells
and PDOs that metastasized to chick embryo organs, histological validation is required to confirm
colony formation in the distant organs. In addition to metastatic dissemination, tumor invasion can also
be studied in CAM xenografts by quantifying the tumor buds.

This study showed that the CAM model can also be used to study the stroma, focusing on CAFs, a
functionally crucial cellular component of the PDAC stroma. However, the focus of the study was
limited to myCAFs, a significant ECM-producing subpopulation of CAFs. Detailed characterization of
the stroma, including other CAF subpopulations such as iCAFs and apCAFs in CAM xenografts, will
further validate the application of CAM to study the stroma and its functional role in PDAC progression.
In summary, this study showed that CAM can be used as a reliable alternative model to study the major
hallmarks of PDAC. In the future, the CAM model can be exploited further to perform antimetastatic

drug testing and genetic screens in a scalable fashion.
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