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Abstract

1. Abstract

Immune-profiling is an important tool for characterizing the tumor microenvironment
(TME) and identifying predictive markers for response to immunotherapy. Pancreatic ductal
adenocarcinoma (PDAC) is characterized by a highly immunosuppressive environment, however
how different oncogenic drivers and tumor differentiation status shape the TME is unclear. Our
first goal in this study was to comprehensively characterize the TME of murine pancreatic tissues
using histocytometry, multiplex immunohistochemistry (mIHC), and RNA sequencing (RNA-seq).
Hence, we investigated the impact of Kras, Pik3ca, and Braf mutations and of the differentiation
status on the TME composition and found that Pik3ca-driven tumors possess higher stromal and
immune contents compared to both differentiated and undifferentiated Kras-driven tissues,
suggesting that the driver mutation may have a stronger impact on TME abundance than the
tumor differentiation status. Pik3ca-driven tumors also present the highest infiltration of adaptive
immune cells, and B lymphocytes were in close proximity to cancer cells harboring Pik3ca
mutation. To assess the performance of RNA-seq from bulk tumor samples as a high-throughput
technique to study the TME, correlation matrixes based on sequencing data were used to infer
communication between TME and tumor cell pairs and then compared to the interactions
observed in the imaging data. While RNA-seq data was able to confirm interactions that were
detected with the imaging analysis (e.g., tumor cells and macrophages), it also provided new
correlations (e.g., Pik3ca-driven cancer cells and cytotoxic T cells). Thus, mIHC methodology can
be an invaluable tool for immune-profiling in tumor tissues and may be complemented with
sequencing techniques for a more in-depth analysis of the cellular composition and interactions
within the TME.

Epithelial-to-mesenchymal transition (EMT) is a hallmark of PDAC and linked to poor
prognosis. Although Cdhl is considered to be a major gatekeeper of the epithelial differentiation
status, it remains unclear if cancers undergo morphological changes due to Cdh1 loss and what
may be the functional impact of this loss for tumor initiation and progression and for the interaction
with the TME. The second goal of this study was to probe the function of E-cadherin (Cdh1) on
PDAC tumorigenesis and progression, and to investigate if Cdhl deletion confers an advantage
to cancer cells to survive in metastatic microenvironments. Cdhl was genetically deleted at
various stages of mice development, leading to a significantly reduced survival time and an
increased incidence of cystic tumors. When Cdhl was depleted during pancreatic intraepithelial
neoplasia (PanIN) development, the animals present a lower incidence of hepatic metastases
than control mice. In addition, Cdhl-knockout cells do not exhibit a more mesenchymal
morphology, and, by single sample gene set enrichment analysis, we found that Cdhl loss in
malignant cells induces downregulation of EMT- and inflammation-related signalings. Due to the
lack of complete Cdhl recombination upon 4-hydroxytamoxifen-treatment of Cdh1" cell lines,
Cdh1-proficient and -deficient clones were generated. Orthotopic implantation of Cdh1-deficient

clones into mouse pancreata revealed a high incidence of ascites formation compared to Cdh1-
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proficient clones. Altogether, our results suggest that Cdhl loss alone does not drive EMT, but it

may influence the metastatic dissemination in PDAC.



Zusammenfassung

2. Zusammenfassung

Immune profiing ist ein wichtiges Instrument zur Charakterisierung der
Tumormikroumgebung (TME) und zur Identifizierung pradiktiver Marker fiir das Ansprechen auf
eine Immuntherapie. Das duktale Adenokarzinom des Pankreas (PDAC) ist durch eine stark
immunsuppressive Umgebung gekennzeichnet. Es ist jedoch unklar, wie die verschiedenen
onkogenen Treiber und der Differenzierungsstatus der Krebszellen das TME beeinflussen. Unser
erstes Ziel in dieser Studie war die umfassende Charakterisierung des TME von murinen
Pankreasgeweben unter Verwendung von Histozytometrie, Multiplex-Immunhistochemie (mIHC)
und RNA-Sequenzierung (RNA-Seq). Wir haben hierfiir die Auswirkungen von Kras-, Pik3ca- und
Braf-Mutationen sowie des Differenzierungsstatuses auf die Zusammensetzung des Immun-TME
untersucht. Die Histozytometrie zeigte, dass Pik3ca-getriebene Tumoren im Vergleich zu
differenzierten und undifferenzierten Kras-getriebenen Tumoren einen hoéheren Stroma- und
Immunzellgehalt besitzen, was darauf hindeutet, dass die Treibermutation einen stérkeren
Einfluss auf die TME hat als der Tumor-Differenzierungsstatus. mIHC-Panels mit Markern fur
angeborene und adaptive Leukozyten zeigten, dass Pik3ca-getriebene Tumoren die hdchste
Infiltration adaptiver Immunzellen aufweisen und B-Lymphozyten ndher an Krebszellen lokalisiert
waren. Um RNA-Seq aus Bulk-Tumorproben als Hochdurchsatztechnik zur Untersuchung des
TME zu bewerten, wurden Korrelationsmatrizen basierend auf Sequenzierungsdaten verwendet,
um auf die Kommunikation zwischen TME und Tumorzellen zu schlie3en, und dann mit den zuvor
beobachteten Wechselwirkungen in den Bilddaten verglichen. Wahrend die RNA-Seq-Daten
Wechselwirkungen bestéatigen konnten, die mit der Bildgebungsanalyse nachgewiesen wurden
(z. B. Tumorzellen und Makrophagen), lieferten sie auch neue Korrelationen (z. B. Pik3ca-
getriebene Krebszellen und zytotoxische T-Zellen). Daher kann die mIHC-Methodik ein wertvolles
Werkzeug fur das Immune profiling in Tumorgeweben sein und durch Sequenzierungstechniken
fur eine systematische Analyse der Zellzusammensetzung und der Wechselwirkungen innerhalb
der TME ergéanzt werden.

Die Epithelial-Mesenchymale Transition (EMT) ist ein Markenzeichen von PDAC und mit
einer schlechten Prognose verbunden. Obwohl Cdhl als wichtiger Gatekeeper fir den
epithelialen Differenzierungsstatus gilt, bleibt unklar, ob Krebserkrankungen aufgrund des
Verlusts von Cdhl morphologische Verdnderungen erfahren und welche funktionellen
Auswirkungen dieser Verlust auf die Tumorentstehung und -progression sowie auf die Interaktion
mit dem TME haben kdnnte. Das zweite Ziel dieser Studie war es, die Funktion von E-Cadherin
(Cdh1) bei der PDAC-Tumorentstehung und -progression zu untersuchen und herauszufinden,
ob die Deletion von Cdhl den Krebszellen einen Vorteil beim Uberleben in metastatischen
Mikroumgebungen verschafft. Cdhl wurde dazu in verschiedenen Entwicklungsstadien von
Mausen genetisch entfernt. Dies filhrte zu einer signifikant verkiirzten Uberlebenszeit und einer
erhohten Inzidenz von zystischen Tumoren. Wenn Cdhl wahrend der pankreatischen intra-
epithelialen Neoplasie (PanIN)-Progression deletiert wurde, zeigten diese Tiere eine geringere

Inzidenz von Lebermetastasen als die Kontrollmause. Dartiber hinaus konnten Cdh1-Knockout-
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Zellen keine mesenchymale Morphologie aufweisen, und durch eine single sample gene set
enrichment Analyse fanden wir heraus, dass der Cdhl-Verlust in malignen Zellen zu einer
Herunterregulierung von EMT- und Entziindungs-assoziierten Signalen fuhrt. Aufgrund der
unvollstandigen Cdh1-Rekombination in induzierbaren Cdh1"-Zelllinien wurden Cdh1-positive
und -defiziente Klone erzeugt. Die orthotope Implantation von Cdhl-defizienten Klonen in
Pankreata von Mausen im Vergleich zu Cdhl-positive Klonen ergab eine hohe Inzidenz an
Asziteshildung. Zusammengefasst legen unsere Ergebnisse nahe, dass der Verlust von Cdhl
allein die EMT nicht antreibt, aber die metastatische Verbreitung beim Pankreaskarzinom

beeinflussen kann.
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3. Introduction

3.1. Pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) comprises the most predominant disease of
the pancreas and remains one of the most lethal of solid malignancies, with a 5-year overall
survival of 9%, and an estimated 432,242 deaths worldwide in 2018 (Rawla et al., 2019).
Moreover, contrarily to other tumor entities such as breast, prostate and colorectal cancer,
predictions indicate that the incidence of PDAC is expected to rise in the next decade, becoming
the second leading cause of cancer-related death by 2030 (Rahib et al., 2014). While risk factors
including age, family history or predisposing syndromes are unavoidable, there are several
established risk factors related to lifestyle and metabolism such as smoking, alcoholism, and
diabetes mellitus, that can be modified or at least controlled in order to prevent this disease
(Boursi et al., 2017; Raimondi et al., 2007; Tramacere et al., 2010). Due to the lack of non-invasive
and low-cost screening tools, the screening is restricted to individuals with an increased PDAC
risk, and it is not feasible on a population level. Two additional reasons for the extremely poor
prognosis of PDAC are the lack of appropriate early diagnosis and the lack of a definitive curative
treatment for advanced stage or metastatic disease. Since most PDAC patients are asymptomatic
or have non-specific symptoms, this malignancy is often diagnosed at a late stage of the disease.
Moreover, surgical resection followed by adjuvant therapy (gemcitabine or 5-fluorouracil) is the
only curative therapy available, however only up to 20% of all PDAC patients present a resectable
tumor stage (Kleeff et al., 2016; Werner et al., 2013). Other treatment options include conventional
chemotherapy, radiotherapy, and molecularly target therapy, which continue to be used to extend
the survival time of patients. The high levels of acquired resistance to these treatments and the
challenges to develop new therapies have been associated with the highly heterogeneity at the
cellular and molecular levels and to the dense and complex microenvironment of PDAC tumors
(Bailey et al., 2016; Principe et al., 2020; Puleo et al., 2018; Witkiewicz et al., 2015). Therefore,
increasing knowledge about pancreatic cancer initiation and progression as well as the role of its
tumor microenvironment (TME) in tumorigenesis is essential for the identification of new potential

therapeutic targets and development of novel clinical approaches.

3.1.1. Tumorigenesis and Molecular landscape

Pancreas is an endoderm-derived organ with both endocrine and exocrine functions,
being composed by endocrine cells (a, B, and 8) as well as acinar and ductal cells that maintain
glucose homeostasis and regulate dietary macromolecules digestion (Grant et al., 2016; Roder
et al., 2016). Pancreatic cancer arises from dysfunction of these cells and by their outgrowth.
Tumor evolution is a sequential process that begins with the formation of pre-malignant precursor
lesions identified as having origin in intraductal papillary mucinous neoplasm (IPMN), pancreatic
mucinous cystic neoplasm (MCN), intraductal tubular papillary neoplasm (ITPN), atypical flat

lesion (ATL), or pancreatic intraepithelial neoplasia (PanIN) (Ferreira et al., 2017; Haeberle &
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Esposito, 2019). PanINs are the most common precursor lesions and have origin in acinar cells,
which in turn respond to oncogenic hits by undergoing acinar-to-ductal metaplasia (ADM). These
lesions are divided into three different stages based on their morphology (increase of architectural
and nuclear atypia), ranging from PanIN-1A/PanIN-1B (low grade) to PanIN-3 (high grade)
progressing then to invasive adenocarcinoma (Hruban et al., 2008), as depicted in Fig. 1.
Throughout this transformation process, pancreatic cells are more susceptible to pro-oncogenic
hits, such as activating mutations in the pro-oncogene from Kirsten rat sarcoma virus (KRAS),
considered to be the trigger for pancreatic tumor initiation and posterior development (Witkiewicz
et al., 2015). In fact, KRAS mutations are detected in >90% of low and high grade PanINs as well
as in invasive PDAC (Biankin et al., 2012; Kanda et al., 2012); in a small subset of cases,
oncogenic rapidly accelerated fibrosarcoma isoform B (BRAF) and phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) mutations have also shown to be
sufficient to induce pancreatic tumorigenesis (Payne et al., 2015; Witkiewicz et al., 2015).
Mutations in KRAS are followed by alterations and/or inactivating mutations in cyclin-dependent
kinase inhibitor 2A (CDKN2A), which can be detected in PanIN-1/2 lesions (Kanda et al., 2012).

With progression of tumor formation, inactivation of tumor suppressor genes, including mothers

- Accgﬂ:r —— ADM —} PanIN-1A 4 |- PanIN-1B 4 ——— PanIN-2 ——— —— PanIN-3 —} PDAC i
KRAS CDKN2A SMaDd
Epig ic dysregul:
Q& Pancreatic cell Extracellular matrix <> Stromal cell e ii'* Myeloid cell (@) Lymphocyte

Fig. 1. Pancreatic ductal adenocarcinoma progression.

Acinar cells undergo acinar-to-ductal metaplasia (ADM) due to activation of Kirsten rat sarcoma virus
(KRAS) mutation. Cells progress to low grade pancreatic intraepithelial neoplasia (PanIN)-1A and PanIN-
1B lesions, when other alterations start to accumulate, such as inactivating mutations in cyclin-dependent
kinase inhibitor 2A (CDKN2A), also observed in PanIN-2 lesions. The progression to higher grade PanIN-3
lesions and finally pancreatic ductal adenocarcinoma (PDAC) is marked by additional inactivating mutations
of tumor suppressor genes mothers against decapentaplegic homologue 4 (SMAD4) and transformation-
related protein 53 (TRP53). All the multi-step progress of tumor evolution is accompanied by epigenetic
dysregulation and alterations in the surrounding microenvironment, with progressive increase of
desmoplastic reaction and changes on the immune cell content.

ADM denotes the acinar-to-ductal metaplasia, CDKN2A the cyclin-dependent kinase inhibitor 2A, KRAS the
Kirsten rat sarcoma virus, PanIN the pancreatic intraepithelial neoplasia, PDAC the pancreatic ductal
adenocarcinoma, SMAD4 the mothers against decapentaplegic homologue 4, TRP53 the transformation-
related protein 53.
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against decapentaplegic homologue 4 (SMAD4) and transformation-related protein 53 (TRP53),
are also identified in PDAC. In addition, in the last years, numerous studies involving omics
analysis (genomics, epigenomics, transcriptomics) allowed the examination of the mutational and
transcriptional landscape of PDAC (Bailey et al., 2016; Biankin et al., 2012; Collisson et al., 2011,
Witkiewicz et al., 2015). Altogether, these studies added to the well-established driver mutated
genes several more uncommon alterations, such as the chromatin modifiers enhancer of
polycomb homolog 1 (EPC1) and AT-rich interactive domain-containing protein 2 (ARID2) as well
as the DNA repair gene ataxia telangiectasia mutated serine-protein kinase (ATM), providing new
candidate targets for the development of therapies for PDAC. Besides the genetic alterations,
epigenetic regulation of chromatin-based mechanisms, such as DNA methylation and histone
post-translational modification, and regulation by non-coding RNAs are also highly altered
throughout the progression of PDAC (Cheng et al., 2015; Nones et al., 2014). Furthermore, these
epigenetic alterations play important roles in cell growth, survival, and migration. Overall,
accumulated evidence points to the high molecular heterogeneity within tumors, which in part
influences the response of each PDAC patient to the treatment. So, it remains an urgent need to
identify efficient biomarkers for the detection of early stages of this cancer.

Sequencing of the human genome also brought novel classification systems according
to the molecular profiles with the aim of improving patient stratification towards personalized
treatment strategies (Bailey et al., 2016; Collisson et al., 2011; Moffitt et al., 2015) (Table 1). The
work by Collisson and colleagues demarcated the following subtypes: 1) classical subtype
characterized by high expression of adhesion-associated and epithelial-like genes; 2)
quasimesenchymal (QM) subtype described by having a more mesenchymal-associated gene
expression and the poorest prognosis; and 3) exocrine-like subtype showed high expression of
tumor cell-derived digestive enzyme genes (Collisson et al., 2011). Moreover, Moffitt et al.
extended on the previous work by defining two tumor-specific subtypes (classical and basal-like),
while adding stromal classifications (normal and activated) (Moffitt et al., 2015). The basal-like
subtype is comprised of tissue with high content of laminins and keratins also observed in other
cancer basal-like entities such as breast or bladder. When comparing with the other two subtypes
described by Collisson, Moffitt stated that the QM is partially driven by a mixture of basal-like and
stromal genes and the exocrine-like subtype by the normal pancreas. The novelty of this work is
the definition of stromal subtypes: normal stroma was characterized by high expression of
pancreatic stellate cell (PSC) markers (actin alpha 2, ACTA2; vimentin and desmin), while the
activated stromal subtype presented a more diverse set of genes not only associated with
macrophages (integrin subunit alpha M, ITGAM; and chemokine (C-C motif) ligands CCL13 and
CCL18), but also related to tumor promotion such as Wnt family members WNT2 and WNT5A,
and matrix metalloproteins (MMPs) MMP9 and MMP11. This last stromal subtype was also
characterized by the presence of fibroblast activation protein (FAP) and, as previous reports have
demonstrated, it may be partially responsible for the worse prognosis of patients with activated

stroma profile. Most recently, Bailey et al. defined four subtypes based on differential expression
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Table 1. Distinct molecular subtypes of pancreatic ductal adenocarcinoma. Adapted from (Torres &

Grippo, 2018).

Work ref  Source Classification Survival  Methodology Comments
(months)
Collisson 27 Classical: adhesion- 23 Global gene Classical
etal., microdissected  associated and expression subtype cell
2011 human PDAC epithelial-like genes; analysis. lines more
samples; Quasimesenchymal 6.6 sensitive to
19 human and (QM): mesenchymal- erlotinib;
15 mouse associated genes; QM subtype
PDAC cell Exocrine-like: tumor 19.7 cell lines more
lines. cell-derived digestive sensitive to
enzyme genes. gemcitabine.
Moffitt 145 primary Tumor-specific subtypes Global gene “Classical’
etal., and 61 Classical: high 19 expression subtype from
2015 metastatic adhesion-associated analysis. RNA Collisson’s
PDAC tumors; and epithelial-like gene sequencing for  work
17 PDAC cell expression; validation of overlapped
lines; Basal-like: laminins findings. with Classical
46 pancreas and keratins subtype.
and 88 distant expression. QM subtype
site adjacent Stroma-specific subtypes appeared to
normal human Normal: markers for 24 be a mixture
samples. pancreatic stellate cells; of genes from
Activated: genes 15 basal-like and
associated with stromal
macrophages and with subtypes.
fibroblasts, genes
involved in tumor
promotion.
Bailey 456 primary Squamous: enriched 13.3 Integrated Overlapping
et al., tumors; for TRP53 mutations, genomic with
2016 41 patient- activated integrin analysis Collisson’s
derived cell signaling and activated (whole-genome  and Moffitt's
lines; epidermal growth factor and deep- work:
mouse-derived  (EGF) signaling. exome Squamous
PDAC cell Hypermethylation of sequencing, with “QM” and
lines. genes involved in with gene copy  “basal-like”;
pancreatic endodermal number Pancreatic
cell fate determination; analysis) and progenitor
Pancreatic 23.7 RNA with both
progenitor: expression sequencing. “Classical”
of genes involved in subtypes; and
early pancreatic ADEX with
development; “exocrine-like”
Immunogenic: 30 subtype.
immune infiltrate with B Only
cell signaling pathways, Immunogenic
antigen presentation, subtype did
CD4* and CD8* cell not overlap
signaling pathways; with previous
Aberrantly 23.6 subtypes.

differentiated
endocrine exocrine
(ADEX): transcriptional
networks in later stages
of pancreatic
development and
differentiation.

ADEX, aberrantly differentiated endocrine exocrine; CD, cluster of differentiation; EGF, epidermal growth
factor; PDAC, pancreatic ductal adenocarcinoma; QM, quasimesenchymal; TRP53, transformation-related

protein 53.
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of transcription factors and downstream targets: 1) squamous was enriched for TRP53 mutations
and had a poor prognosis; 2) pancreatic progenitor presented preferential expression of genes
involved in early pancreatic development (such as, pancreatic and duodenal homeobox 1, PDX1);
3) immunogenic, which was characterized by upregulation of immune pathways; and 4) aberrantly
differentiated endocrine exocrine (ADEX) displayed upregulation of genes involved in KRAS
activation and exocrine and endocrine differentiation (Bailey et al., 2016). All the mentioned
studies show that an unlimited number of characteristics can be selected as features to classify
patients and their subtype-based stratification has the potential for genomics-driven precision
medicine (Aung et al., 2018). Even though in these genomic studies, the usage of human samples

was crucial, yet the mouse samples also provided important information about human PDAC.

3.1.2. Modeling the biology of pancreatic ductal adenocarcinoma in mice

Among the tumor entities, pancreatic cancer is the least accessible, due to the
retroperitoneal location of pancreas rendering this an issue for routine tissue sampling. As such,
genetically engineered mouse models (GEMMs) of PDAC loom several benefits to study human
diseases since they faithfully recapitulate the genetic and biological evolution of the human
cancer. This allows not only to address basic tumor biological questions, but also to develop
strategies for early detection, improve clinical drug testing and assessment of therapeutic
responses. However, caution remains in assuming that information generated by animal models
can be directly translatable to human cancer.

During the 80s, tissue-specific transgene expression and transgenic tumor induction in
mouse pancreas were achieved (Quaife et al., 1987; Swift et al., 1984). With the expansion of
knowledge in genetic basis of PDAC and the consensus regarding PanINs being direct non-
invasive neoplastic precursor lesions to human pancreatic cancer, significant progress was made
in pancreatic developmental biology, especially with the identification of transcription factors and
signaling pathways underlying pancreatic morphogenesis and cell differentiation (Ahlgren et al.,
1996; Krapp et al., 1998). Pdx1 and pancreas transcription factor 1a (Ptfla-p48) are among the
factors identified as critical regulators of early embryonic pancreatic development and both are
expressed at the pancreas epithelial progenitor stage. For this reason, these factors have been
widely used as promoters in transgenic mouse models to study PDAC (Schénhuber et al., 2014;
Seidler et al.,, 2008). As Kras mutations are not sufficient to induce PDAC, a conditionally
expressed allele needed to be constructed to target the expression of this oncogene in pancreatic
progenitor cells (Hingorani et al., 2003). Hingorani et al. developed a GEMM with conditional
Cre/loxP-based activation of an endogenous Kras allele in pancreatic progenitor cells, either by
a Pdx1 promoter-driven transgene or by Cre knockin at the Ptfla-p48 locus (Hingorani et al.,
2003). Cre recombinase excises the stop codon flanked between the loxP sites in the Lox-STOP-
Lox (LSL) Kras®'2P transcript and subsequent recombination allows the expression of the mutant
allele engineered to contain a glycine (G) — aspartic acid (D) substitution in codon 12, one of the
most common mutations found in human PDAC. With this GEMM, also referred as PK mouse

model, it was possible to develop pancreatic tumors in mice that faithfully recapitulated human
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disease with PanlIN lesion development and progression to invasive and metastatic PDAC. Liver,
lung, and lymph node are the typical organs metastasized by pancreatic cancer cells (PCCs)
(Hingorani et al., 2003). In addition, to mimic with more accuracy what is observed in the human
PDAC, Kras®?P mice have been crossed with loss-of-function or mutant alleles, such as Cdkn2a,
Trp53 and/or Smad4 (Bardeesy, Aguirre, et al.,, 2006; Bardeesy, Cheng, et al., 2006). The
presence of inactivated tumor suppressors increased the tumor development up to 100% and
significantly shortened their latency compared to the PK model.

As mentioned above, mutational activation of BRAF or PIK3CA only occurs in rare cases
of human PDAC. Yet, the generation of GEMMs with these mutations may provide relevant
information regarding essential signaling pathways involved in the development and progression
of PDAC. While developing the Braf model (also referred as PBR), Collisson and colleagues
realized that, upon Cre activation, the expression of BRAFY6% mutation (the equivalent mouse
mutation is Braf¥é*"F) resulted in embryonic lethality (Collisson et al., 2012). To circumvent this
issue, the expression of BRAFY6%E mutation in pancreas was controlled by a tamoxifen-inducible
Cre recombinase under Pdx1 promoter (Pdx1-CreER™). Similarly to PK model, this PBR model
led to PanIN lesion formation; however these PanINs did not progress to PDAC tumors at least
within one year (Collisson et al., 2012). To examine other mutations that may be able to initiate
PDAC independently of Kras, GEMMs harboring Pik3ca mutations were also generated. Eser and
colleagues developed a GEMM where the Pik3cat1%4’R hotspot mutation, the most common
mutation of the PIK3CA among solid tumors, was expressed in the pancreas by Ptfla-p48¢e
(Eser et al., 2013). Histopathologically, Pik3ca"'%"R-induced tumors were indistinguishable from
the ones induced by Kras®'?® mutation, ranging from well-differentiated to undifferentiated PDAC
and presenting metastases in the same organs as the PK model (Hingorani et al., 2003; Payne
et al., 2015). Posteriorly, using the same mutation in Pik3ca, Payne and colleagues investigated
the effects of a constitutively active phosphoinositide 3-kinase (PI3K) in the pancreas by
expressing the H1047R mutation under the Pdx1 promoter (Payne et al., 2015). This model, also
referred as PPI3K, showed that the activation of this signaling pathway leads to development of
pre-malignant lesions and invasive PDAC in 80% of the mice as well as high infiltration of stromal
cells. So, by using the mentioned GEMMs, the role of the signaling pathways in PDAC

development and progression as well as its impact in the microenvironment can be studied.

3.1.3. KRAS, BRAF, and PIK3CA and their signaling pathways

Mutationally activated KRAS gene comprises the most frequently mutated gene in human
cancer, including PDAC, and it belongs to the RAS family together with NRAS and HRAS (Liu et
al.,, 2019). The RAS proteins are small GTPases that function as binary ON-OFF molecular
switches, cycling between guanosine diphosphate (GDP)-bound (inactive) and guanosine
triphosphate (GTP)-bound (active) (Menyhard et al., 2020). The regulation of RAS signaling
consists in a balance between activation by guanine nucleotide exchange factors (GEFs) and
inactivation by GTPase-activating proteins (GAPS) (Maurer et al., 2012; Trahey & McCormick,

1987). Upon the binding of a ligand to an upstream receptor such as a tyrosine kinase receptor,
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KRAS is activated and transmits signals from the cell membrane to the nucleus, leading to
activation of transcription factors involved in the regulation of several intracellular signaling
networks. Among the crucial roles of RAS proteins are the regulation of cell proliferation and
survival acting upon signaling pathways such as RAF/mitogen activated protein kinase
(MEK)/extracellular signal-regulated kinase (ERK) and PI3K/serine-threonine kinase
(AKT)/mechanistic target of rapamycin kinase (NTOR) (Kennedy et al., 2011; Ozkan-Dagliyan et
al., 2020). All the essential steps from the extracellular stimuli that activates RAS to the cascades
of RAF and PI3K are illustrated in Fig. 2. When mutated, KRAS remains constitutively active,
being thereby persistently “ON”, which in turn enhances its downstream signaling associated with
tumorigenesis (Smith et al., 2013). Despite decades of extensive attempts to develop an effective
therapy against RAS, no therapeutic agent has successfully target this GTPase, so no drug has
been clinically approved. For this reason, RAS has been historically considered “undruggable”.
However, a recent study developed by Kessler and colleagues showed that, using a structure-
based nanomolar inhibitor, it is possible to inhibit KRAS by blocking the interaction between GDP-
KRAS and GEFs as well as inhibiting the interactions between GTP-KRAS with its effectors (RAF
and PI3K) (Kessler et al., 2019). These inhibitions reduced the phospho-ERK and phospho-AKT
levels and consequently led to an anti-proliferative effect. The success in the identification of direct
RAS-binding compounds rendered that perhaps RAS is indeed “druggable” after all.

Among the downstream effectors of RAS network are RAF and PI3K signaling pathways,
two pathways that have been studied most extensively in PDAC and their blockage has been
exploited for cancer therapies. The RAF family (ARAF, BRAF, and CRAF) is composed by serine-
threonine protein kinases that have critical roles in mediating many cellular functions such as
growth, apoptosis, migration, and differentiation (Matallanas et al., 2011). Under physiological
conditions, after activation of RAS, there is an increased accumulation of RAF proteins at the
plasma membrane where they are phosphorylated and activated. Consequently, RAF
phosphorylates and activates MEK isoforms (MEK1 and MEK2), which in turn phosphorylate and
activate the ERK isoforms (ERK1 and ERK2). Furthermore, ERK isoforms can then activate
cytosolic targets or be translocated to the nucleus (Matallanas et al., 2011). Given the important
roles of RAF/MEK/ERK signaling, its activation is tightly regulated, having several negative
feedback controls that limit its activity. However, these negative feedback signals are often
bypassed upon genetic alterations of RAS and RAF proteins that destabilize their inactive
conformation and promote the active state, which lead to hyperactivation of RAF/MEK/ERK
cascade (Wan et al., 2004). In order to target this signaling pathway for cancer therapy, RAF
inhibitors (e.g., ponatinib), MEK inhibitors (e.g., AZD-6244 and GDC-0623), and ERK inhibitors
(e.g., SCH772984) have been developed and applied to therapy (Alagesan et al., 2015; Baumann
et al., 2020; Bryant et al., 2019; Cotto-Rios et al., 2020). Recently, Baumann and colleagues
showed synergistic anti-tumor efficacy resulted from the combination of MEK inhibitor GDC-0623
with agonist antibodies targeting the immunostimulatory cluster of differentiation (CD)40 receptor,

a transmembrane protein expressed in antigen-presenting cells, such as dendritic cells (DCs),
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Fig. 2. Rat sarcoma virus (RAS), Rapidly accelerated fibrosarcoma (RAF), and Phosphoinositide 3-
kinase (PI3K) signaling cascades.

Ligand binds to the extracellular domain of the tyrosine kinase receptor (TKR) and results in phosphorylation
of the intracellular domains. Activated TKR leads to activation of rat sarcoma virus (RAS) through guanosine
triphosphate (GTP)-bound (active RAS) or activation of phosphoinositide 3-kinase (PI3K). Regarding the
RAS cascade, the balance between active and inactive (guanosine diphosphate (GDP)-bound)
conformations is controlled by GTPase-activating proteins (GAPS) and guanine nucleotide exchange factors
(GEFs). Activation of RAS can promote the activation of rapidly accelerated fibrosarcoma (RAF), mitogen
activated protein kinase (MEK), and extracellular signal-regulated kinase (ERK). Besides the RAF cascade,
active RAS can also promote the PI3K cascade. PI3K phosphorylates phosphatidylinositol-4,5-
bisphosphate (PIP2) to phosphatidylinositol-3,4,5-bisphosphate (PIP3); this phosphorylation is negatively
regulated by phosphatase and tensin homolog deleted on chromosome 10 (PTEN). In turn, PIP3 activates
serine-threonine kinase (AKT); this kinase is fully activated following phosphorylation either by 3-
phosphoinositide-dependent protein kinase 1 (PDK1) or by the mechanistic target of rapamycin kinase
complex 2 (mMTORC2). Once activated, AKT phosphorylates mTOR that, together with ERK, triggers
expression of genes involved in cell growth, proliferation, and survival.

AKT denotes the serine-threonine kinase, ERK the extracellular signal-regulated kinase, GAP the GTPase-
activating protein, GDP the guanosine diphosphate, GEF the guanine nucleotide exchange factor, GTP the
guanosine triphosphate, MEK the mitogen activated protein kinase, mMTORC2 the mechanistic target of
rapamycin kinase complex 2, PKD1 the 3-phosphoinositide-dependent protein kinase 1, PIPz the
phosphatidylinositol-4,5-bisphosphate, PIPs the phosphatidylinositol-3,4,5-bisphosphate, PI3K the
phosphoinositide 3-kinase, PTEN the phosphatase and tensin homolog deleted on chromosome 10, RAF
the rapidly accelerated fibrosarcoma protein, RAS the rat sarcoma virus protein, TKR the tyrosine kinase
receptor.

and B lymphocytes (Baumann et al.,, 2020). The MEK inhibitor exerted a strong anti-tumor
cytotoxicity along with pro-immunogenic effects on tumor and TME. On one hand, there was an
enhancement of major histocompatibility complex (MHC)-restricted antigen presentation and

suppression of myeloid-derived suppressor cells (MDSCs), M2-type tumor-associated
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macrophages and regulatory CD4* T cells (Tregs) (Baumann et al., 2020). While, on the other
hand, agonist anti-CD40 complemented the drug action through the increase of antigen
presentation and stimulation of Tregs and cytotoxic CD8" T lymphocytes (CTLs). Another family
of kinases is the PI3Ks, a family of lipid enzymes whose main function is catalyze the
phosphorylation of phosphoinositides (Jean & Kiger, 2014). Depending on their primary structure,
substrate specificity and regulation, PI3Ks are divided into three main classes (class I, Il, and IlI).
p100a is one of the catalytic subunits that belongs to the class | PI3Ks and it is encoded by the
PIK3CA gene. In response to extracellular stimuli, catalytic subunits of class | PI3Ks (p110aq,
p110B, and p1100) are recruited to activated membrane receptors (Jean & Kiger, 2014). PI3Ks
phosphorylate phosphatidylinositol-4,5-bisphosphate (PIPz2), promoting the formation of plasma
membrane—associated phosphatidylinositol-3,4,5-bisphosphate (PIP3) (Chalhoub & Baker,
2009). PIPs can then recruit AKT informs (AKT1, AKT2, and AKT3) that are fully activated upon
phosphorylation either by 3-phosphoinositide—dependent protein kinase 1 (PDK1) or by the
mTOR complex 2 (MTORC2). AKT activation eventually triggers mTOR and other downstream
pathways involved in cell growth, proliferation, and survival. As every crucial pathway, PI3K
signaling is highly regulated by negative regulators that dephosphorylate PIPs into PIP2, being the
phosphatase and tensin homolog deleted on chromosome 10 (PTEN) the major endogenous
PI3K inhibitor (Chalhoub & Baker, 2009). The loss of balance of PIPs levels may lead to dramatic
consequences, such as aberrant cell growth and proliferation, which subsequently can lead to
cancer development. Several drugs have been developed to target the PI3K pathway, including
PI3K inhibitors (e.g., BKM-120 and GDC-0941), PISK/mTOR inhibitors (e.g., BEZ235), mTOR
inhibitors (e.g., metformin), or AKT inhibitors (e.g., MK-2206), which have been tested individually
or in combination with other agents (Alagesan et al., 2015; Hu et al., 2015; Sinnett-Smith et al.,
2013; Venkannagari et al.,, 2012). Despite the success of many of these drugs to increase
apoptosis, block tumor growth, prevent metastasization and extend survival, drug-related dosage-
dependent toxicity and development of drug resistance are major challenges to the therapy.
Altogether, these studies not only argue for the exploration of combinatory therapy that targets
signaling pathways and the surrounding TME, but also point to the importance of understanding
the underlying cellular and molecular mechanisms governing the interactions between PCCs and

cells within the TME that can be used as a novel strategy to fight cancer.

3.2. Tumor Microenvironment

A key histopathological feature that starts to evolve early around PanIN lesions and
accompanies the PDAC development is the surrounding microenvironment, also known as
desmoplastic (stromal) reaction. Among the different tumor entities, pancreatic cancer is the one
characterized by having the highest stromal-to-tumoral ratio, accounting a stroma formation of up
to 90% of the tumor volume (Neesse et al., 2011). Several studies have shown that the stromal

response influences tumor growth, progression, migration, invasion, angiogenesis, metastasis
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formation, and chemoresistance (Hwang et al., 2019; Nielsen et al., 2016; Orozco et al., 2018).
The desmoplastic reaction is composed by an abundance of extracellular matrix (ECM) proteins
(mainly collagen, fibronectin, and proteoglycans) and a diverse population of cells including
PSCs, cancer-associated fibroblasts (CAFs), immune cells, and endothelial cells (ECs) (Orozco
et al., 2018). In an initial phase of the tumor formation, the production of stroma is stimulated by
PCC-derived growth factors such as transforming growth factor-beta (TGFB), epidermal growth
factor (EGF), fibroblast growth factor (FGF), and insulin-like growth factor 1 (IGF1) (Neesse et al.,
2011). This creates a unique network that orchestrate a complex tumor-stromal cross-talk and it
is still widely debated whether the surrounding desmoplastic cells support or restrain cancer
progression and contribute to therapeutic resistance in PDAC. Recently, Elyada and colleagues
showed that, in established tumors, the major TME population (~87%) is composed by myeloid
cells, consisting of macrophages, neutrophils, and a small subset DCs, whereas the CAF fraction
is reduced to around 2% of all cells, depicting a predominant strong immunosuppressive
microenvironment in PDAC (Elyada et al., 2019). For decades, it was believed that the
desmoplastic reaction functioned as defensive response of pancreas aimed to confine tumor
growth and spread to distant organs. However, numerous studies emerged providing evidence
that the TME elements promote tumorigenesis and are correlated to poor prognosis, showing the
duality of roles that the various components of the TME may play (Mahajan et al., 2018; Tian et
al., 2019). Furthermore, the tumor stroma has been also recognized as an attractive therapeutic
target in PDAC, especially because, contrarily to PCCs, cells within the TME are genetically stable
and less susceptible to develop resistance (Bhome et al., 2016; Murciano-Goroff et al., 2020).
Thus, the improvement of our knowledge regarding pancreatic carcinogenesis as well as the role
of the surrounding stromal cells throughout tumor progression is believed to open the way towards

the development of novel clinical therapeutic treatments.

3.2.1. Pancreatic stellate cells and Cancer-associated fibroblasts

Stratification systems based on tumor and microenvironment features reflect the
importance of the desmoplastic reaction in human PDAC. An “activated” stroma-specific subtype
is characterized by activated inflammatory stromal response and high levels of fibroblast-related
genes and correlated to worse prognosis for patients. Thus, it seems to exist a complex interplay
between CAFs and malignant cells that leads to tumor-promoting or tumor-suppressing functions.
CAFs are recognized as a key cell population and an active component of pancreatic TME, which
undergo morphological and functional changes when compared to normal fibroblasts. During
pancreatic tumorigenesis and progression, activated PSCs are generally considered to be the
most predominant source of CAFs within the pancreas and are responsible for most of the
desmoplastic reaction (Apte et al., 1999; Ohlund et al., 2017). In a healthy pancreas, PSCs
comprise up to 4% of all the pancreatic cells and, under physiological conditions, they are
predominantly in their quiescent state, exhibiting cytoplasmic lipid droplets and expressing both
desmin and glial fibrillary acidic protein (GFAP) (Apte et al., 1998; Apte et al., 1999; Ohlund et al.,

2017). Upon activation, a PSC transforms from a quiescent vitamin A-storing cell to a highly
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activated myofibroblast-like cell with additionally expression of the cytoskeletal protein smooth
muscle actin alpha (aSMA) (Apte et al., 1998; Apte et al., 1999). Several growth factors and
cytokines including TGFp, platelet-derived growth factor (PDGF), tumor necrosis factor alpha
(TNFa), and interleukin 8 (IL8), as well as inflammatory and oncogenic signals can stimulate the
activation of PSCs (Schneider et al., 2001; Wang et al., 2019). In PDAC, it has been demonstrated
that activated PSCs accompany PCCs to distant metastatic sites where they promote
colonization, survival, and proliferation, stimulate angiogenesis within the tumor and have the
capacity to intravasate/extravasate through blood vessels (Xu et al., 2010). Thus, this suggests a
pro-tumorigenic interplay between stromal and tumor cells. PSCs and CAFs share several
overlapping features, from the expressed markers and the produced ECM proteins to the ability
to reverse back to their quiescent states. Firstly, CAFs express markers also present in
mesenchymal cells such as aSMA and vimentin, as well as common fibroblast markers including
PDGF receptor (PDGFR), FAP alpha (FAPa), collage type | alpha 1 chain (COL1Al) and
podoplanin (PDPN), a surface protein identified by single cell RNA sequencing (scRNA-seq) as
a pan-CAF marker (Elyada et al., 2019). Altogether, this indicates that a unique CAF biomarker
cannot define the entire CAF population; instead, the heterogeneity of markers points towards the
existence of distinct subpopulations characterized by specific combination of several markers.
Secondly, similarly to PSCs, CAFs also play a role in the synthesis and deposition of ECM, being
the main source of fibrotic matrisomal proteins, including collagens (e.g., collagen VI and collagen
IX), glycoproteins (e.qg., fibrillin and laminin), proteoglycans (e.g., proteoglycan 2 and lumican),
and ECM regulators (e.g., trypsin-2 and cathepsin G) (Tian et al., 2019). Thirdly, both PSCs and
CAFs can revert to a quiescent and non-proliferative phenotype upon termination or blockage of
the activation stimuli (Dauer et al., 2018; Lachowski et al., 2017). Usage of drugs that would
inactive CAFs can be considered as an appealing therapeutic strategy, as this would disrupt the
tumor-stroma cross-talk and potentially halt tumor progression.

According to specific markers expressed by CAFs and their functions, these fibroblasts
of PDAC TME can be divided into subtypes: 1) myofibroblastic CAFs (myCAFs); 2) inflammatory
CAFs (iCAFs); 3) antigen-presenting CAFs (apCAFs); and 4) lipofibroblasts (Elyada et al., 2019).
myCAFs showed a high expression of smooth muscle genes ACTA2 and transgelin, PDGFR beta
(PDGFRB) and COL12A1 and they are associated with epithelial-to-mesenchymal transition
(EMT), myogenesis, ECM receptor interaction and focal adhesion pathways (Elyada et al., 2019;
Ohlund et al., 2017). Therefore, myCAFs may have a role in dissemination to distant organs and
high amounts of this subtype of fibroblasts in the tumors might be correlated to poor drug
response. iCAF subcluster is characterized by low expression of aSMA and high expression of
chemokines and inflammatory mediators such as IL6, chemokine (C-X-C motif) ligand 1 (CXCL1)
and lymphocyte antigen 6 complex locus C1 (LY6C1), and specific collagens (e.g., COL14A1),
which suggest more pro-tumorigenic properties of iCAFs (Elyada et al., 2019; Ohlund et al., 2017).
myCAFs and iCAFs are found in distinct spatial locations and they result from distinct interactions
between quiescent PSCs and PCCs (Ohlund et al., 2017). On one hand, myCAFs are in the

periglandular region, being most proximal to tumor cells and their formation requires juxtacrine
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interactions between PSCs and PCCs. While, on the other hand, iCAFs are more distal to tumor
cells, which secrete factors that induce PSCs to acquire an inflammatory phenotype through
paracrine manner signaling. Regarding apCAFs, this subcluster is distinct from both myCAFs and
iICAFs and is characterized by the expression of genes that belong to the class Il MHC family
(such as, CD74 and histocompatibility 2 class Il antigen A beta 1, H2-Ab1), which are usually
restricted to antigen-presenting cells of the immune system (Elyada et al., 2019). In addition,
these CAFs also express other inflammatory-related genes such as secretory leukocyte
peptidase inhibitor (SLPI), Na*/K*-transporting ATPase subunit beta-1-interacting protein 4
(NKain4) and interferon regulatory factor 5 (IRF5). The authors hypothesize that apCAFs can
interact with CD4* T cells as a decoy receptor to deactivate these immune cells through the
induction of anergy or differentiation into Tregs and decrease the amount of CTLs (Elyada et al.,
2019). Thus, apCAFs might contribute to an immunosuppressive environment in PDAC. myCAF,
iICAF and apCAF populations have been confirmed to be present in human PDAC highlighting
that GEMMs are a powerful tool to faithfully recapitulate human malignancies and their
environments (Elyada et al., 2019; Ohlund et al., 2017). Notably, in mice tumors, myCAFs and
iCAFs are equally distributed composing approximately 45% of the PDPN* population, while there
was only about 10% of apCAFs within all CAFs. Lastly, a small cluster of fibroblasts was identified
as lipofibroblasts, a lineage that, similarly to PSCs, presents lipid droplets and expresses lipid
metabolism genes including fatty acid binding protein 4 (FABP4) and carbonic anhydrase 3
(CAR3) (Elyada et al., 2019). Regardless the subpopulation, CAFs are highly plastic, increasing
the heterogeneity of already heterogeneous pancreatic tumors. This means that the fibroblasts
are dynamic and can transdifferentiate into different phenotypes based on their spatial and TME
cues. CAFs’ plasticity presents an exciting opportunity to target specific subpopulations, for
example, by converting myCAFs and iCAFs into apCAFs. Nevertheless, further research is
essential to fully assess whether the fibroblasts are targetable cells and understand the effects of
their therapeutic targeting. The advances in scRNA-seq and other technologies will allow to
expand the knowledge regarding CAF populations present in the pancreatic TME and explore
their functions and interactions with surrounding cells, with the ultimate aim of unveil if they are

good candidates for targeted therapies.

3.2.2. Innate and Adaptive immune cells

Although the TME of PDAC is mainly composed by stromal cells, it is also replete with
immune cells. The link between inflammation and PDAC tumorigenesis is well known, and it is
related to the activation of inflammatory mediators involved in tumor growth, apoptosis, metastatic
dissemination, and drug resistance, which are hallmarks of this disease (Delitto et al., 2015;
Hanahan & Weinberg, 2011; Hausmann et al.,, 2014). Among the inflammatory signaling
pathways associated with PDAC are nuclear factor kB (NFkB), the key modulator of inflammation-
induced carcinogenesis; IL6/signal transducer and activator of transcription 3 (STAT3) and toll-
like receptors (TLRs), both having an important role in acceleration of cancer development; and

TGFpB that can play a dual role in tumorigenesis, being either tumor-suppressive or tumor-
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promoting (Hausmann et al., 2014). Notably, the immune reaction to cancer harbors dual potential
for suppressing or promoting its development and thus shaping its progression. This polarity of
the immune response is partly due to the existence of innate and adaptive immunity (Chang &
Beatty, 2020; Hastings, 2008), as illustrated in Fig. 3. While the innate immunity represents the
first line of defense against cancer through the recognition of tumor cells as strange to the
organism and proceeding to their elimination, being characterized by having a fast response,
oppositely to the adaptive immunity that has a slower response since it requires antigen-specific
responses. The innate immune cells (IICs) include macrophages (also referred as tumor-
associated macrophages), DCs, natural killer (NK) cells, granulocytes, and MDSCs, and all these
cells, apart from the NK cells, have a myeloid lineage progenitor. Whilst the adaptive immune
cells (AICs) comprise the T and B lymphocytes and NK T cells, which have a lymphoid lineage
progenitor. The immune cells are either tissue resident or they are recruited by cancer cells from
the bone marrow or the spleen via aberrant overexpression of inflammatory cytokines, which
either augment or inhibit the host immune response (Haas & Obenauf, 2019; Parente et al., 2018).
The immune content changes throughout tumor progression: in early stages of the disease,
lymphocytic infiltration is prominent, creating a TME suitable for the growth of early lesions, and

in invasive stages, macrophages, MDSCs, DCs, and Treg cells help to establish an
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Fig. 3. Immune cells within the tumor microenvironment of pancreatic ductal adenocarcinoma.
Besides the stromal cells that secrete an abundance of extracellular matrix proteins, the pancreatic tumor
microenvironment is also composed by immune cells. The cells of the immune system can be divided into
innate and adaptive immune cells. The innate immunity comprises the following cells: macrophages, natural
killer cells, myeloid-derived suppressor cells, granulocytes (neutrophils and eosinophils), and dendritic cells.
Whereas the adaptive immune cells are composed by T and B lymphocytes. The immune content, their
spatial distribution, and their interactions with the malignant cells change throughout cancer progression,
harboring dual potential for suppressing or promoting tumor development.
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immunosuppressive TME, therefore escaping from the host immune surveillance (Clark et al.,
2007; Lee et al., 2020). Interestingly, the interactome, i.e. the prediction of potential ligand-
receptor interactions based on scRNA-seq, allows to assess potential relationships between
PCCs and immune cells. Lee and colleagues observed that epithelial tumor cells have a close
interaction with DCs and myeloid cells, but fewer connections with lymphocytes (Lee et al., 2020).
Thus, the characterization of the complex and heterogeneous immune landscape of PDAC can
provide valuable clues regarding the dynamic interplay between malignant and immune cells. In
turn, this information can then be employed in the development of novel therapeutic strategies
that aim to restore an immunoreactive microenvironment and, in doing so, create and maintain

the immunogenicity of tumors to yield durable responses to immunotherapy.

Tumor-associated macrophages

Macrophages are tissue sentinels that maintain tissue integrity by eliminating damaged
cells and repairing matrices (ltaliani & Boraschi, 2014). These cells have origin in monocytes,
which differentiate due to the influence of macrophage colony stimulating factor (M-CSF) and
granulocyte/monocyte CSF (GM-CSF) produced by stromal cells. Macrophages are
characterized by their cellular plasticity that enables them to obtain different phenotypic and
functional states, being categorized in two extreme polarization states. On one hand, M-CSF
promotes the polarization of macrophages into an anti-inflammatory or homeostatic M2-like
phenotype; while, on the other hand, GM-CSF leads to a M1-like inflammatory phenotype (Italiani
& Boraschi, 2014). CSF1 receptor (CSF1R; also referred as CD115) is one of the macrophage
markers together with F4/80 and CD68 (Clark et al., 2007; Italiani & Boraschi, 2014, Steele et al.,
2020). As in most solid tumors, tumor-associated macrophages represent the most abundant
immune population within the TME of PDAC and their infiltration begins incredibly early in
pre-invasive disease, being recruited by PCC-secreted factors and persisting throughout the
tumor development (Clark et al., 2007; Panni et al., 2019; Steele et al., 2020). These immune
cells preferentially accumulate around neoplastic ducts in PanIN lesions and in invasive
carcinomas they are more evident in surrounding tumor stroma interacting with AICs, such as T
helper (Th) cells, CTLs, and NK cells. In turn, macrophages secrete pro-tumorigenic factors such
as IL6, M-CSF and MMPs, and immunosuppressive factors including TGFp, having thus a dual
role promoting tumor growth and dissemination due the induction of EMT as well as creating an
immunosuppressive TME (Amit & Gil, 2013; Helm, Held-Feindt, et al., 2014; Tekin et al., 2020).
Moreover, macrophages can also promote drug resistance. Amit and Gil showed that
macrophages stimulate the upregulation of cytidine deaminase, an intracellular enzyme
responsible for the inactivation of gemcitabine, by malignant cells (Amit & Gil, 2013). Interestingly,
therapeutic usage of a CSF1R inhibitor in a PDAC mouse model decreased the total amount of
macrophages, especially the pro-tumoral ones (Zhu et al., 2014). The CSF1R blockade overcame
immune suppression, leading to an upregulation of CTL responses, T cell recruitment and

interferon (IFN) responses. Considering all these facts, macrophages represent a potential
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therapeutic target, whereby their activation, recruitment, and reeducation might have beneficial
anti-tumorigenic effects on PDAC.

Dendritic cells

DCs are important players in the network of phagocytizing and antigen presentation to
naive T cells (Gardner & Ruffell, 2016). These mononuclear cells develop in the bone marrow
from common DC precursors that give rise to plasmacytoid DC (pDC) and conventional DC (cDC)
subsets and from classical monocytes that under inflammatory conditions can differentiate to
generate the monocyte-derived inflammatory DC (inf-moDC) subset. The maturation process is
initiated upon recognition of danger-associated molecular patterns via pattern recognition
receptors (PRRs), which contribute for the specific functions of each DC subset (Gardner &
Ruffell, 2016). As a result of maturation, DCs upregulate their antigen presentation machinery
and costimulatory molecules, rendering them the capacity of differentiation and activation of T
cells, and thus bridging innate and adaptive immunities. The cDCs express CD11c, CD68 and
MHCII markers and these myeloid cells are divided into two classes: cDC1s, which specialize in
CTL activation, and cDC2s, which specialize in Th cells. In PDAC, the production of G-CSF by
PCCs downregulates IRF8 in cDC progenitors, which results in reduction of cDC1 development
(Hegde et al., 2020; Meyer et al., 2018). The scarcity of cDCs compared with macrophages or
neutrophils favors the expansion of tumor-promoting Th cells and correlates with poor patient
outcome. Thus, overcoming deficiency of these myeloid cells in early stage PDAC leads to
suppression of tumor growth, while restoration of cDC function in advanced stages restores tumor
restraining immunity due to the enhancement of CTL and Th cell activities. Altogether, these
findings expand our understanding of DCs’ role in PDAC and open opportunities to combinatorial
strategies to modulate these immune cells in combination with existing therapies.

Natural killer cells

As their name suggests, NK cells are “naturally” cytotoxic and, in contrast to AICs, they
do not require prior antigen exposure to mediate their cytolytic functions (Abel et al., 2018). NK
cells are identified by the presence of NK1.1, natural cytotoxicity triggering receptor 1 (NCR1;
also referred as CD335), and CD49b. Activation of these cells is determined by the balance
between activating and inhibitory receptor stimulation and, once activated, NK cells produce pro-
inflammatory and immunosuppressive cytokines (Abel et al., 2018). These include IFNy, TNFa,
GM-CSF, CCL3 and IL8, which promote the recruitment and activation of T cells as well as innate
immune mediators such as macrophages, DCs, and neutrophils. NK cells are present in high
frequency in blood of PDAC patients, even though the migration of these cells into the tissue is
rather low (<0.5%) (Lim et al., 2019). The scarcity of NK cells within the tumors is related to the
following factors: 1) the lack of a proper chemokine signaling that could attract these IICs to the
tumors; 2) poor engagement of activating receptors, which indicates impairment of killing tumor
cells, promoting thus PDAC progression; and 3) upon reaching a hypoxic TME, circulating NK

cells fail to survive or proliferate, contributing to a specific immune escape of malignant cells.
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Thus, understanding the mechanisms behind the impairment of chemokine signaling between NK
cells and PCCs and their reactivation via the activator receptors may give use to the “natural”

functions of these cells and contribute to anti-tumor immunotherapy.

Granulocytes

Granulocytes are the most abundant population of leukocytes. Their heterogeneity and
plasticity shape innate, rapid immune responses as well as adaptive ones via antigen
presentation, leading even to the suggestion of referring these cells as atypical antigen-presenting
cells (Lin & Lore, 2017). The granulocytic family comprises neutrophils, eosinophils, and
basophils. Neutrophils are the most dominant population among granulocytes and, analogously
to the polarization stages observed in macrophages, this subset of granulocytes also exhibits an
anti-tumorigenic N1 phenotype and a pro-tumorigenic N2 profile influenced by TGFB (Fridlender
et al., 2009; Lin & Lore, 2017). Neutrophils are characterized by expression of CD11b and Ly6G
and they are a major source of pro-inflammatory cytokines (such as, TNFa, INFy, IL12, and GM-
CSF), chemokines (including CXCL1, CXCL5, and CCL5), MMPs (such as, MMP1, MMP2, and
MMP9), and neutrophil elastase, which all together promote tumor proliferation and dissemination
as well as recruitment of both stromal and immune cells (Fridlender et al., 2009; Gaida et al.,
2012; Miller-Ocuin et al., 2019). Therefore, considering the contribution of neutrophils for the high
metastatic propensity of PDAC, targeting or reprogramming the activity of these granulocytes
might be promising for therapy.

Eosinophils represent a minority of peripheral blood leukocytes and they may promote or
inhibit tumor growth, although the specific role in PDAC is not well studied (Varricchi et al., 2018).
Eosinophils are identified by the expression of markers including CD193 and Siglec-F (Gitto et
al., 2020). These granulocytes produce mediators such as eosinophil cationic protein, eosinophil
peroxide, and eosinophil-derived neurotoxin, cytokines, chemokines, angiogenic and lipid
mediators. IL5 is a particularly important cytokine, since it has a role on growth, proliferation,
differentiation, maturation, and activation of eosinophils (Gitto et al., 2020; Varricchi et al., 2018).
In tumorigenesis of pancreas, eosinophils are recruited into the microenvironment due to the
release of IL5 by damaged pancreatic acinar cells and the levels of this cytokine are diminished
in advanced lesions. Eosinophils accumulate in fibrotic regions rather than infiltrate into the
tumors, which promote Th2 cell-associated immune response and tumor development (Gitto et
al., 2020; Lin & Lore, 2017). Further research is needed to fully understand the role of eosinophils
in PDAC and their potential for immunotherapy.

Finally, basophils represent an exceedingly rare population (<1%) of circulating
leukocytes, demonstrating to be able to induce polarized Th cell responses (Lin & Lore, 2017).
These granulocytes are characterized by expression of high affinity IgE receptor FceRI and
CD123. The presence of basophils expressing IL4 in tumor draining lymph nodes contributes to
the stabilization of Th2 cells, having thus a tumor-promoting role in PDAC (De Monte et al., 2016).

Similarly to eosinophils, the understanding of basophils contribution to the immune response in
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PDAC would help decipher their role in this disease, which in turn may also provide therapeutic

strategies via manipulation or targeting of these granulocytes.

Myeloid-derived suppressor cells

MDSCs are functionally defined as immunosuppressive and they represent a
heterogenous population of immature myeloid cells. Through TME-related factors, MDSCs can
acquire phenotypic and morphological features of macrophages and neutrophils, being then
called monocytic (moMDSC) and granulocytic (gMDSC) MDSCs, respectively (Siret et al., 2019).
moMDSCs are characterized by high expression of Ly6C and negative expression of Ly6G, whilst
gMDSCs express Ly6G and lower levels of Ly6C. Both intratumoral MDSC subsets contribute to
a strongly immunosuppressive TME due to their ability to disrupt major mechanisms of
immunosurveillance including suppression of CTL proliferation and induction of their death as well
as activation of Treg cells (Siret et al., 2019). Since immune suppression plays a pivotal role in
regulating cancer progression, metastasization, and reduction of immunotherapy efficacy,
MDSCs can be an immunomodulatory therapy target to block or at least alleviate their
immunosuppressive activities and pro-tumorigenic functions. Administration of RIG-I-like
helicases ligands, promising immunostimulatory RNA that entered phase I/Ib clinical trials for the
treatment of advanced solid tumors, induced a reduction of suppressive capacity of MDSCs via a
type | IFN-driven response (Metzger et al., 2019). Moreover, a switch from a M2/G2-towards a
M1/G1-polarized phenotype in MDSCs and increased recruitment and activation of T lymphocytes
and DCs were also observed. This study provides evidence that targeting MDSCs can reprogram

and remodel the TME of PDAC to bust the immune response against PCCs.

T lymphocytes

T (thymus-derived) lymphocytes or CD3* cells can additionally express either CD8
glycoprotein on their surface and be called CD8* T cells (cytotoxic, CTL) or CD4 glycoprotein and
be then called CD4* T cells (Golubovskaya & Wu, 2016). In addition, naive CD4" T cells
differentiate into distinct subsets upon stimulation by specific cytokines: Th2 (helper) by IL4 and
Treg (regulatory) by IL2 and TGF. In turn, these subsets release specific cytokines that can have
either pro- or anti-inflammatory functions. Th2 releases IL4, which is important for B lymphocytes,
while Treg secretes TGFB and IL10, a cytokine with an immunosuppressive function
(Golubovskaya & Wu, 2016). Additionally to CD3 and CD4 markers, Th2 can also be identified by
the expression of the transcription factor GATA binding protein 3 (GATA3) and Treg by the
expression of CD25 and the transcription factor FOXP3. Collectively, T lymphocytes play a central
role in orchestrating adaptive immune responses, such as killing transformed cells by CTLs,
modulating the function of B cells by Th2 cells, and regulating immunosuppressive responses by
Tregs. However, tumor progression and metastasization are evidence that malignant cells have
the ability to bypass and escape these suppressive inflammatory responses of T cells. The
recruitment of tumor-infiltrating lymphocytes (TILs) is correlated with the differentiation status

(grading) of the tumor, thus in undifferentiated/advanced stage tumors, a reduction of CTLs and
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CD4* T cells is observed together with a higher abundance of Tregs compared to well-
differentiated tumors (Goebel et al., 2015; Helm, Mennrich, et al., 2014). Among the TILs in
PDAC, CTLs are in general less abundant (<1% of CD3* TILs) than CD4* T cells, with an average
CD8:CD4 ratio of 0.75 (Sakellariou-Thompson et al., 2017). This implies that CTLs are either
excluded in invasive tumors or show no ability to inhibit tumor progression. PCCs express
programmed death-1-ligand 1 (PD-L1), a ligand which binds to the program death receptor 1 (PD-
1) expressed on activated TILs, and the interaction between these molecules leads to
suppression of T cell activation and proliferation and posterior cell death. A combined blockage
of PD-L1 and IL6 receptor (IL6R) to deplete CTLs revealed higher percentage of circulating CD4*
T cells and significant increase of TILs within the TME (Mace et al., 2018). Thus, inactivation or
depletion of CTLs may lead to an immunosuppressive environment and recovery of their effector
role represents one of the main therapeutic goals towards the elimination of malignant cells.
Furthermore, Th2 cells can be polarized and attacked through the secretion of IL13-mediated
DCs, which in turn are activated by CAFs (De Monte et al., 2011; Goebel et al., 2015). Recruitment
of Th2 cells within the TME exerts tumor-promoting effector functions through the secretion of
cytokines (such as, IL6 and TNFa) that thereby promote differentiation of M2 macrophages and
induce EMT of PCCs. Regarding Tregs, their depletion alters the TME with loss of myCAFs and
infiltration of both macrophages and MDSCs and accelerates pancreatic carcinogenesis due to
Th2 responses (Y. Zhang, J. Lazarus, et al., 2020). All the mentioned studies point the multiple
roles of TILs within pancreatic TME to support the progression of PDAC.

B lymphocytes

B (bone marrow-derived) lymphocytes are responsible for the production of antibodies
and they express a diversity of cell surface immunoglobulin (Ig; IgM, IgD, 1gG, IgA and IgE),
receptors recognizing specific antigenic epitopes (LeBien & Tedder, 2008). Once activated by an
antigen, B cells generate memory B cells and high-affinity antibody-secreting plasma cells. These
AICs are identified by the expression of markers such as CD19, CD20, CD40 and B220. In PDAC,
the spatial intratumoral distribution of B lymphocytes influences rather these cells exert pro-
tumorigenic and immunosuppressive functions as scatteringly infiltrated B cells or have a tumor-
suppressive and immunostimulatory functions when organized in lymphoid structures (Castino et
al., 2016). Interestingly, depletion of tumor-infiltrating B cells using an anti-CD20 antibody resulted
in an increase of components of anti-tumor immune response including significant increase in
genes related to T and NK cell infiltration (CD4, CD8, and NCR1), activation (IL12, IFNG, and
TNFA), and recruitment (CXC receptor 3, CXCR3). In addition, inhibition of bruton tyrosine kinase,
a kinase that regulates suppression of B cell and macrophage-mediated T cell responses, with
the FDA-approved inhibitor ibrutinib restores anti-tumor immune responses, which in turn
restrains tumor growth and improves responsiveness to chemotherapy (Gunderson et al., 2016).
Thus, it is evident that tumor-infiltrating B cells are involved in the progression of PDAC, being
essential continuing to understand their role in this disease to facilitate the development of new

effective therapies.
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Taken together, tumor cells and different immune cells cooperate and communicate to
form a tumor-friendly environment. At early stages of cancer development, the cells of the immune
system may exert a negative pressure, which frequently is overcome by malignant cells, shifting
the balance from an anti-tumorigenic to a pro-tumorigenic environment. Whereas in advanced
cancer stages, the immune cells modulate features such as tumor growth, EMT, invasion, and
posteriorly dissemination of PCCs to distant organs. As such, cancer and TME cells are seen as
cellular compartments that co-evolute rather than separate entities, therefore genetic alterations

in PCCs can modulate and influence both stromal and immune cells.

3.2.3. Influence of driver mutations in the tumor microenvironment

In comparison to other tumor entities, PDAC has minimal mutational load and
neoepitopes burden, meaning that the PCCs have a reduced expression of epitopes, which
makes these cells more challenging to be recognized by the immune system (Alexandrov et al.,
2013; Evans et al., 2016). Despite having an intrinsic impact on the tumor cell, genetic alterations,
such as KRAS mutation, can also influence the surrounding environment to promote and maintain
cancer malignancy. Mutant KRAS signaling in PCCs increases the secretion of GM-CSF,
cytokines, and the growth morphogen sonic hedgehog (SHH), which in turn regulates myCAF
expansion (Tape et al., 2016). Cancer-derived SHH also changes the proteosome of myCAFs,
promoting the synthesis of ECM components and regulating secreted growth factors important
for the function of these stromal cells. Reciprocally, activated myCAFs regulate proliferation and
survival of tumor cells via IGF1 receptor/AXL-AKT axis (Tape et al., 2016). Moreover, oncogenic
Kras mutations in pancreatic acinar cells trigger an augmented attraction of M1 macrophages due
to the upregulation of intercellular adhesion molecule 1 (ICAM1) expression (Liou et al., 2015).
Counterintuitively, M1 macrophages cooperate with Kras activation to promote progression from
ADM through secretion of pro-inflammatory cytokines and proteases, accelerating PDAC
tumorigenesis. Altogether, these findings provide a glimpse of how KRAS is involved in
remodeling the TME and a better understanding of the impact of its activation in the components
of the surrounding microenvironment may reveal putative targets with clinical relevance.

In contrast to KRAS, much less is known about the impact of tumor-related PIK3CA and
BRAF mutations in the TME, especially in a PDAC context. Pik3ca mutation was shown to lead
to abundant stromal and immune infiltration, namely by T lymphocytes (Payne et al., 2015;
Sivaram et al., 2019). Both CD4* and CD8* T cells cooperate with each other to promote the
growth of PCCs harboring Pik3ca mutation. Thus, tumor-intrinsic Pik3ca represses tumor
immunogenicity in PDAC. Regarding BRAF, the mutation of this oncogene promotes a stromal
cell-mediated immunosuppressive mechanism via tumor-secreted IL1 in melanoma (Khalili et al.,
2012). In turn, IL1 stimulates CAFs, which contribute to the inhibitory effects on CTLs, by
upregulating the checkpoint ligand molecules PD-L1, PD-L2 and cyclooxygenase 2 (COX2). In
addition, another immune escape mechanism induced by BRAF involves the increased

expression of immunosuppressive mediators, such as IL6, IL10, and vascular endothelial growth
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factor (VEGF) (Sumimoto et al., 2006). These cytokines can impair maturation of DCs, and
suppress their capacity to produce IL12 and TNFa, leading to an immunosuppressive TME.
Altogether, these studies delineate a link between oncogene activation and resulting
effects in the TME. In addition, they emphasize that tumor-promoting effects of oncogenic
signaling pathways are not restricted to intrinsic processes of tumor cells but can also reprogram
and modulate the cells within the TME for their own growth advantage. However, to better
understand the impact of PDAC driver mutations, especially Pik3ca and Braf, on TME, the usage
of GEMMs harboring solely an oncogenic aberration can unveil new personalized targets

according to the genetic background of the tumor.

3.3. From the pancreas to the secondary organ

Pancreas is an epithelial organ, and its morphogenesis and architecture are ensured by
cell-cell interactions. Epithelial cells establish interactions with adjacent cells through intercellular
junctions including tight junctions (TJs; junctions that regulate paracellular routes between
adjacent cells), gap junctions (GJs; channels that connect the cytoplasm of two adjacent cells)
and adherens junctions (AJs; specialized junctions located at the basolateral plasma membrane)
(Apte & Wilson, 2005). AJs have a central role in the epithelial adhesion, where the interaction
between cadherins, especially epithelial cadherin (E-cadherin), and cytoplasmic catenin proteins
(e.g., B-catenin) support the regulation of cell cytoskeletal dynamics and intracellular signaling
(Apte & Wilson, 2005; Huber et al., 2001). Under physiological conditions, the regulation of the
epithelial junctions ensures homeostasis of the epithelial tissue and their deregulation is
associated with carcinogenesis in the presence of an oncogene and posterior metastases
formation (Kaneta et al., 2020; Serrill et al., 2018). Reduction or loss of E-cadherin expression
has been observed in up to 60% of human PDAC samples, especially in undifferentiated tumors,
which is correlated to high metastatic potential (von Burstin et al., 2009). However, the exact role
of Cdhl, the gene that encodes E-cadherin, loss in EMT induction and PDAC development
remains to be determined. Thus, loss of cell-cell adhesion contributes to the acquisition of a more
aggressive and invasive phenotype by tumor cells, allowing them to spread into blood vessels
and finally form metastases in distant organs, such as the liver and lungs.

Metastasization is a multistep process ranging from maotility of tumor cells into the
surrounding tissue on the primary tumor site to their colonization in the specific ‘target organ’
(Fares et al., 2020). The metastatic cascade is described as including the following steps: EMT
that facilitates invasion and dissemination of cancer cells and their intravasation through the
vasculature endothelium, survival during the bloodstream journey, extravasation at the target site
vasculature and finally colonization and proliferation within the secondary site, where the
malignant cells reacquire their epithelial phenotype via mesenchymal-to-epithelial transition
(MET). In PDAC, PCCs normally metastasize the liver, lung, and distant lymph nodes, being the

liver the most colonized organ due to its highly permeable sinusoidal vessels (Fares et al., 2020;
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Oweira et al., 2017). Patients with liver metastases have the poorest prognosis compared to
individual with tumors in other secondary organs. Thus, identifying and understanding all the
mechanisms behind the metastasization of PCCs may limit tumor progression, making all steps

of the metastatic cascade potential targets for the therapeutic intervention.

3.3.1. Epithelial-to-mesenchymal transition and Local invasion

It is well accepted that EMT plays an important role in epithelial cancer development,
dissemination, and metastases formation, but only a small number of cancer cells in the primary
tumor undergo this morphological transition (Zhou et al., 2017). EMT is a reversible process
whereby an epithelial cell loses its junctions and polarity to acquire a mesenchymal phenotype
with spindle-like cell shape that gives the cell the ability to migrate, as depicted in Fig. 4. During
this process, epithelial cells downregulate the expression of epithelial markers, such as E-
cadherin and cytokeratin, followed by increased expression of mesenchymal proteins including

neuronal cadherin (N-cadherin) and vimentin (Zhou et al.,, 2017). Curiously, mosaic
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Fig. 4. Cancer cell undergoing epithelial-to-mesenchymal transition.

Epithelial-to-mesenchymal transition (EMT) is a process by which epithelial cancer cells acquire
mesenchymal characteristics. Epithelial cells are connected through intercellular adhesion junctions, being
polarized, and presenting a noninvasive phenotype. However, during EMT, epithelial cells lose cell adhesion
and polarity, changing from a cuboidal/cylindrical shape to a spindle-like cell morphology that contributes
for their invasive/metastatic phenotype. In addition, the levels of epithelial proteins, such as epithelial
cadherin (E-cadh) and cytokeratin (Ck), decrease, whereas the levels of mesenchymal proteins, including
neuronal cadherin (N-cadh) and vimentin (Vim), increase.

Ck denotes the cytokeratin, E-cadh the epithelial cadherin, EMT the epithelial-to-mesenchymal transition,
N-cadh the neuronal cadherin, Vim the vimentin. Adapted from (Custédio-Santos et al., 2017).
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downregulation of E-cadherin expression in the primary tumor reveals selective pressure to form
E-cadherin-positive liver metastases and E-cadherin-negative lung metastases (Reichert et al.,
2018). Furthermore, the loss of p120-catenin, a binding partner responsible for stabilizing E-
cadherin, increases the number of metastases, predominantly in the lung (Reichert et al., 2018).
The re-expression of p120-catenin in PCCs is sufficient to restore liver metastatic tropism. These
findings might suggest that E-cadherin and p120-catenin expression is essential for metastases
formation by PCCs within specific secondary sites, such as the liver, but not to the lung. EMT is
dynamically orchestrated by a network of transcription factors. Recently, BTB and CNC homology
1 (BACH1), a transcription factor responsible for repressing the expression of genes involved in
protection against oxidative stress, showed to be implicated in RAS-driven tumor formation by
increasing cell migration and invasion via suppression of E-cadherin expression (Sato et al.,
2020). Thus, BACH1 joins the list of ‘EMT regulators’ composed by other transcriptional factors
including TWIST, SNAIL and ZEB, whose function is also repressing E-cadherin expression (Sato
etal., 2020; Zhou et al., 2017). Furthermore, malignant cells undergoing EMT induce the secretion
and enhance the activity of MMPs that degrade ECM (Griinwald et al., 2016). In turn, the ECM
functions as a ‘reservoir’ of growth factors that can be proteolytically released and can locally
induce cell proliferation and migration (Bonnans et al., 2014). So, although an intact ECM network
maintains tissue architecture, regulates the organ morphogenesis, and supports homeostasis,
this intrinsic barrier to invasiveness is not enough to stop the cascade that culminates in
metastasization of the secondary site. Together with the morphological changes induced by EMT,
the degradation of ECM allows the cancer cells to locally invade and opens the way to the
vasculature, promoting their dissemination into the bloodstream.

Invasive strategies are closely related to EMT. Although EMT presents motility
advantages to cells, not all the tumor cells complete this process, retaining certain epithelial
characteristics (Aiello et al., 2018). This alternative program is referred as ‘partial EMT’ and the
cells internalize epithelial proteins, such as E-cadherin, continuing to transcriptionally express
epithelial genes simultaneously to the expression of mesenchymal ones. Partial EMT promotes
collective tumor cell migration with the formation of multicellular clusters, in contrast with the single
cell migration pattern associated with the ‘complete EMT’ process (Aiello et al., 2018). Collective
migration of malignant cells with the hybrid epithelial and mesenchymal phenotype or polyclonal
clusters formed by distinct tumor sub-clones may favor the survival within the circulation and
therefore they are more likely to reach the vasculature of a distant organ and colonize it (Maddipati
& Stanger, 2015). Moreover, the interactions between PCCs and cells within the pancreatic TME
also contribute to determining invasion and metastasization (Hwang et al., 2019; Ye et al., 2018).
Particularly, PSCs increase PCC invasion due to EMT induction, invadopodia formation and ECM
remodeling as well as drug resistance via multiple secreted factors, including IL6, IGF1, and EGF
(Hwang et al., 2019). In addition, macrophages also facilitate tumor progression due to paracrine
induction of vascular cell adhesion molecule 1 (VCAML1), a molecule involved in cell cycle,
proliferation, migration, and invasion, in PCCs (Ye et al., 2018). Considering that metastasization

is a major cause of mortality in cancer patients, a detailed understanding of EMT and local
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invasion and respective contribution of the TME could potentially lead to more effective
therapeutic strategies for PDAC.

3.3.2. Intravasation, Circulation, and Extravasation

Cancer cells detach from the primary tumor mass by undergoing EMT and then invade
the surrounding microenvironment, where they encounter stromal and immune cells, which in turn
can facilitate the migration of the malignant cells towards the nearby vasculature. The penetration
of the vessel wall and entry into the circulation is called intravasation (Fares et al., 2020). While
tumor cell invasiveness has been correlated to increased intravasation, the interaction between
malignant cells and ECs and posterior transendothelial migration (TEM) into circulation remains
poorly characterized. Additionally, the fact that the TEM is a localized and transient process and
the heterogeneous morphology of vascular ECs represent a challenge to model and study this
step of the metastatic cascade in vitro (Reymond et al., 2013). Nevertheless, over the past few
years, three-dimensional microfluidic models have been developed to study intravasation in more
detail and understand and identify molecular components and signaling pathways involved in this
process. An organotypic model containing juxtaposed tumor cells and endothelial lumens
described by Nguyen and colleagues exhibited cell invasion through modulation of matrix and
ablation of ECs by PCCs (Nguyen et al., 2019). In further detail, the invasion was collective, with
epithelial cells remaining connected to each other, and, upon contact with the ECs, the PCCs
wrapped around the blood vessel and spread along its length before intravasating into the
endothelium. During intravasation, part of the blood vessel was occupied by PCCs promoting
apoptosis of proximal ECs and deposition of collagen (Nguyen et al., 2019). The endothelial
ablation mediated by cancer cells may be a potential mechanism to explain hypovascularity in
PDAC. Besides the anatomical changes of the blood vessels, the PCC penetration through the
tight intercellular space between two ECs also requires extensive tumor cell contractility and can
lead to nuclear deformation (Denais et al., 2016). Intravasation of malignant cells leads to
impairment of the integrity of the nuclear envelope and DNA content, which can promote DNA
damage and genomic rearrangements and only an efficient repairment allows the cell to survive.
Once within the circulatory system, invasive cancer cells migrate out of primary tumor site until
reaching the vasculature of a secondary organ where they will form new tumors. However,
malignant cells must survive the journey within the bloodstream.

The intravascular microenvironment and the wide distance between the pancreas and a
distant secondary organ are hostile for most intravasating cancer cells, turning their survival into
a great challenge. Firstly, circulation in the bloodstream occurs as single circulating tumor cells
(CTCs) or as CTC clusters, having the clusters greater predisposition of forming distal metastasis
compared to single cells (Amantini et al., 2019; Fares et al., 2020). Secondly, the interactions
between CTCs and the microenvironmental components of circulation, such as immune cells,
determine survival and the ability of CTCs to eventually extravasate into distant sites (Fares et
al., 2020). In the blood of PDAC patients, besides single CTCs and CTC clusters, atypical CTCs

were also detected. These last CTCs were characterized by the expression of tumor markers
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such as Epcam and pan-cytokeratin as well as of the pan-immune cell marker CD45 (Amantini et
al., 2019). The atypical clusters containing tumoral and immune components display an
advantage in the survival of the CTC, with a progressive malignant behavior and tumorigenic
abilities, contributing hence to the metastatic spread. The atypical CTCs can also be formed by
the adhesion of platelets, another blood component, to the tumor cells, conferring them protection
against immune surveillance and consequently facilitating metastatic spread (Ting et al., 2014).
Interestingly, abundant expression of stroma-associated ECM genes, such as decorin and IGF
binding protein 5 (IGFBP5), is a common feature of keratin-rich CTCs (Ting et al., 2014). This
contrasts with the primary tumor, where these gene products are normally secreted by reactive
stromal cells rather than by the epithelial cancer cells. The characterization of the CTCs might
provide further insight into their origin within the primary tumor and the mechanisms by which they
invade and survive within the bloodstream.

An important step in the metastatic process is the ability of CTCs to adhere and migrate
through ECs to disseminate into a secondary organ. Similarly to intravasation, extravasation also
requires TEM of tumor cells across the endothelium. CTCs, especially clusters, are rapidly
entrapped within capillaries of distance organs. Indeed, given the relatively large diameters of
PCCs (13-23 ym) and the diameter of a capillary (3—30 pm), it is likely that a vast majority of
tumor cells becomes trapped in smaller capillaries (Nguyen et al., 2016; Sarveswaran et al.,
2016). In addition, organs such as the liver and bone have highly permeable sinusoidal vessels,
which increase the rate of metastasis formed in these organs, in contrast to other organs such as
the brain that have tight and highly selective endothelial barriers (Fares et al., 2020).
Extravasation is a complex process that involves the endothelial adhesion of the tumor cells
mediated by specific surface molecules including ICAM1 and VCAM1 (Reymond et al., 2013).
The expression of these surface molecules increases on the membranes of PCCs and ECs due
to the cytokines secreted by both malignant cells and Tregs (Huang et al., 2017). ICAM1 facilitates
endothelial adhesion and TEM via formation of an ICAM1-fibrinogen-ICAML1 bridge. Fibrinogen is
one of the ICAM1 ligands and binds with high affinity to two ICAM1 molecules — one is present
on the membrane of a PCC and the second molecule is expressed on the membrane of the EC
— to promote a strong cell-cell adhesion (Huang et al., 2017). Therefore, all receptor-ligand bonds
tightly attach the PCC to the vascular endothelium, and consequently facilitate the migration of
the malignant cell. Interestingly, the targeting of the cytokines and/or adhesion molecules using
blocking antibodies and small molecules can potentially be useful to prevent the adhesion of
tumor cells to the endothelium and hence prevent the formation of metastases by PCCs. Upon
adhesion to the ECs, malignant cells must transmigrate across the endothelium to complete the
extravasation step. S100 calcium binding protein P (S100P) was identified as an important player
in TEM of PCCs due to its interactions with different cytoskeletal filaments of the cancer cell such
as myosin and tubulin (Barry et al., 2013; Du et al., 2020). The overexpressed S100P is located
mainly in the nuclei and in microtubule organizing centers, where this protein binds to the
cytoskeletal filaments leading to a redistribution of these filaments and consequently enhancing

cell TEM. Overall, since the growth in the primary tumor site until the end of extravasation,

28



Introduction

numerous obstacles and barriers have been already overcame by the cancer cell. Once inside
the secondary organ, the malignant cell faces a new microenvironment that plays a crucial role in

cell fate decision and subsequent formation of well-established metastases.

3.3.3. Colonization of the distant organ

The metastatic cascade culminates in dissemination of the tumor cell in the distant organ
where it extravasated. The formation of undetectable micrometastases is followed by proliferation
of malignant cells to form large macroscopic metastases. However, the PCCs need a favorable
microenvironment to proliferate. The microenvironment as well as organ-related factors may favor
the formation of a pro-metastatic niche, which consequently influences the organ-specific pattern
of spread presented by cancer cells. Stephen Paget was the first one to postulate that the
conditions that promote the formation of metastases are not exclusively anatomical, but also
depend on favorable interactions of the cancer cell (‘seed’) with the permissive microenvironment
in the secondary tissue (‘soil’) (Paget, 1889). More than one century later, a newer hypothesis
emerged proposing that metastatic cells are able to bring their own soil from the primary tumor
site, such as stromal components, to the secondary organ (Xu et al., 2010). Despite the existence
of theories to explain the formation of the metastatic niche and posterior metastases, there are
still numerous cellular and molecular aspects of the colonizing step that remain a mystery to
unravel. One of the gaps on our knowledge is whether the formation of macrometastases is the
result of successive cell divisions or rather the continued entry of malignant cells through
compromised endothelium. The first hypothesis is the most likely since studies using multi-color
lineage tracing technology in PDAC GEMMs demonstrated that polychromatic metastases arise
from pre-existing clusters that outgrow and not from an independent seeding by distinct clones at
the same location (Maddipati & Stanger, 2015). As mentioned above, metastatic progression is
highly influenced by environmental factors that are unique to each metastatic site. Accordantly,
peritoneal and diaphragmatic metastases were polyclonal, while lung and liver lesions drift
towards monoclonality (Maddipati & Stanger, 2015). These observations may in part reflect
differences in the different timings of dissemination (early versus late) as well as in selective
pressures among the distinct organs that may favor a certain clonal progression. Lineage tracing
technology represents a powerful tool to track migration, proliferation, and dissemination of
specific cells in vivo that allows to explore aspects of cancer evolution, especially the history and
chronology of events like metastasization. A more comprehensive understanding of the
metastatic formation and its biological phenomena can provide new therapeutic avenues.

Once inside the secondary site, tumor cells have three possible fates: dormancy,
proliferation, or cell death (Fares et al., 2020). Cancer cells that enter in a state of dormancy do
not form metastases, because they are in a quiescence, non-proliferating cellular state (Sosa et
al., 2014). Cellular dormancy is regulated by both cancer cell intrinsic and autocrine mechanisms,
as well as signals mediated by the pre-metastatic niche. The induction of the dormant-to-
proliferative switch is influenced by the balance of signaling pathways, such as RAF/MEK/ERK,
PIBK/AKT/mTOR and TGFB/SMAD, which inhibits cell death through pro-survival mechanisms
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(Ischenko et al., 2015). The host microenvironment also plays a role in waking the cells from their
dormant state upon formation of a pro-metastatic niche suitable for the outgrowth of the tumor
cells into well-established metastases. The pro-metastatic niche is characterized by an increased
presence of myeloid cells (e.g., macrophages and neutrophils), a decrease of lymphoid cells (T
and B lymphocytes and NK cells) and an enhanced deposition of matrix proteins (e.g., collagens
and periostin) (Nielsen et al., 2016). Macrophages induce the transformation of resident stellate
cells into myofibroblast, which in turn create a more fibrotic metastatic microenvironment that
favors the reactivation of the tumor cells and triggers their proliferation. Hence, elements of the
pro-metastatic niche in distant organs may regulate the efficiency of the metastatic process.

As long as conditions are favorable in the secondary organ, cancer cells reacquire their
epithelial phenotype via MET to form metastases (Fares et al., 2020). This phenotypic reverse
process to the initial EMT can be completed by PCCs regardless of the program they underwent
through EMT (complete or partial EMT) (Aiello et al., 2018). During MET, the malignant cells re-
express E-cadherin in their membranes and downregulate the expression of mesenchymal
genes, including CDH11, COLA8A2, PDGFRB and SNAIL. The MET promotes the adaption and
survival of metastatic PCCs at the microenvironment of secondary organ. Although the induction
and regulation of MET in malignant cells are not fully understood, the isoform of the paired-related
homeodomain transcription factor 1a (Prrx1a) demonstrated to stimulate metastatic outgrowth of
liver metastases along with tumor differentiation and MET (Takano et al., 2016). The regulation
of the switching between Prrxla and Prrx1lb, isoform that promotes invasion, tumor
dedifferentiation and EMT, is mediated in part by the upregulation of hepatocyte growth factor
(HGF). Targeting HGF with a neutralizing antibody in combination with gemcitabine reduces
primary tumor volume and metastases formation (Takano et al., 2016). Therefore, inhibition of
MET may contribute to prevent the growth of secondary tumors in PDAC patients with metastatic
disease.

Metastasis is a hallmark of cancer and represents the endpoint of the multistep metastatic
process. Successful metastatic cancer cells have the ability to overcome all the obstacles that
normally prevent the formation of secondary tumors. These cells pass through the growth and
local invasion in the pancreas, migration towards a vessel, intravasation into the bloodstream,
survival in circulation, extravasation across the endothelium of a secondary site, establishment of
interactions with microenvironment components, and finally formation of metastasis. Despite
significant advancements in our understanding about metastasization, there is still no clinically
approved drug designed to specifically undermine the metastatic process. The failure to translate
basic biology to the clinic may be explained by a diversity of factors including the complexity of
the metastatic cascade, the distinct mechanisms used by cancer cells to metastasize, the
organotropism presented by the tumor cells, challenges imposed by the different
microenvironments encountered in the secondary organ. Therefore, more studies are necessary
to elucidate the mechanisms behind PDAC metastases and to develop novel and efficient
therapeutic approaches able to prevent the formation of these secondary tumors at distant

organs.
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3.4. Aims of this work

Cancer cell-intrinsic properties caused by oncogenic mutations have been well
characterized; however, how specific oncogenes and the differentiation status of a tumor impact
the TME is not well understood. To characterize the tumor immune microenvironment in subtypes
of PDAC, we aimed at establishing multiplex immunohistochemistry (mIHC) panels. In addition,
to better understand the influence of the driver mutations and of the differentiation status of the
tumor on the immune TME, we characterized the tumor-associated cellular composition of tissues
harvested from animals harboring Kras, Pik3ca, or Braf mutations by histocytometry, mIHC, and
RNA-seq analyses. Histocytometry analysis allows the identification of cellular populations
especially tumoral, stromal, and immune and determination of their ratios in the pancreatic
tissues, and mIHC the characterization of specific immune cells and their interactions with tumor
cells as well as with other inflammatory populations. Furthermore, the comparison between the
imaging data and RNA-seq data from bulk tumor samples was performed to assess if the
sequencing data could be used as a high-throughput technique to study the TME.

EMT is a hallmark in metastasis formation, being the loss of Cdhl one of the main
initiation signals. However, it remains to clarify whether the downregulation of the E-cadherin
expression is a major driver or a consequence of EMT. The aim of this study was to investigate
the impact of Cdhl deletion on PDAC tumorigenesis and tumor progression, and to determine if
the deletion of this epithelial gene confers an advantage to the cancer cells to survive and
proliferate in metastatic microenvironments. Therefore, conditional and inducible Cdhl
inactivation mouse models were generated as well as murine primary cancer cell lines from tumor
animals. Characterization of the Cdh1l GEMMs was performed, including assessment of the tumor
types, histopathological evaluation, and determination of the metastatic potential and formation
in liver and lungs. Furthermore, the effect of Cdhl deletion on viability, growth, and colony
formation of mouse-derived PCCs was assessed. By single sample gene set enrichment analysis
(ssGSEA), we further evaluate the signaling pathways altered by Cdh1 loss in Cdhl-depleted cell
lines. Finally, Cdhl-deficient and -proficient clones were generated from 4-hydroxytamoxifen (4-
OHT)-treated Cdh1"" cell lines. Upon functional analysis of these clones, they were orthotopically

implanted and the tumor size and metastatic formation were assessed.
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4. Materials

4.1. Technical equipment

Table 2. Technical equipment

Technical equipment

Source

Analytical balance ABJ-NM/ABS-N

Aperio Versa 8 digital scanner

Autoclave VX-150

AxioCam MRc

Bag sealer Folio FS 3602

Centrifuge 5415 D

Centrifuge 5427 R

Centrifuge Heraeus™ Multifuge™ X3 FR

COg2 incubator HERAcell™ VIOS 250i
Confocal microscope TCS SP8

Cryogenic sample storage

Cryostat CM3050 S

Digital orbital shaker

Electrophoresis power supply Consort EV243
Electrophoresis power supply EPS 601
Electrophoresis power supply PowerPac 1000
Electrophoresis power supply PowerPac™ HC
Freezer

Fridge

Gel documentation system UVP UVsolo touch
Gel Electrophoresis System Biometra Compact
L/XL

Heated paraffin embedding module HistoCore
Arcadia H

HERA freeze™ HFU T Series

Homogenizer SilentCrusher M with tool 6F

Incubator 206
Incubator U26
Laminar flow

Magnetic stirrer, Ikamag® RCT
Microcentrifuge LLG-uniCFUGE 2
Microscope Axio Vert.Al
Microscope DM IL LED
Microscope ICC50 W

Microtome Microm HM355S
Microwave MAX
Mini-PROTEAN® Tetra Cell

Mixer RT-3D

Multimode microplate reader CLARIOstar
NanoPhotometer® N60

Odyssey® Fc imaging system
Orbital shaker Rotamax 120

Paraffin tissue floating bath SB80
pH meter pH 50+ DHS

Precision balance PCB

Qubit® 2.0 Fluorometer

Roller mixer RM5

Scanner Perfection V370 Photo

Stemi SV 11 stereomicroscope

Thermal Cycler Biometra TOne

Thermomixer comfort

Tissue processor ASP300S

Vertical laminar flow cabinet ENVAIReco® Safe
Comfort

Vortex-Genie™ 2

Kern & Sohn GmbH, Balingen, DE

Leica Microsystems GmbH, Wetzlar, DE

Systec GmbH, Linden, DE

Carl Zeiss AG, Oberkochen, DE

Severin Elektrogerate GmbH, Sundern, DE
Eppendorf AG, Hamburg, DE

Eppendorf AG, Hamburg, DE

Thermo Fisher Scientific Inc., Waltham, MA, USA
Heraeus Holding GmbH, Hanau, DE

Leica Microsystems GmbH, Wetzlar, DE
Worthington Industries, Inc., Columbus, OH, USA
Leica Microsystems GmbH, Wetzlar, DE
Heathrow Scientific, Vernon Hills, IL, USA
AlphaMetrix Biotech GmbH, Rédermark, DE
Amersham Biosciences Corp., Little Chalfont, GB
Bio-Rad Laboratories Inc., Hercules, CA, USA
Bio-Rad Laboratories Inc., Hercules, CA, USA
Liebherr, Bulle, DE

Siemens AG, Munich, DE

Analytik Jena GmbH, Jena, DE

Analytik Jena GmbH, Jena, DE

Leica Microsystems GmbH, Wetzlar, DE

Thermo Fisher Scientific Inc., Waltham, MA, USA
Heidolph Instruments GmbH & Co. KG,
Schwabach, DE

MELAG oHG, Berlin, DE

Memmert, GmbH + Co.KG, Blichenbach, DE
ARGE Labor- und Objekteinrichtungen GmbH,
Wathlingen, DE

IKA® Werke GmbH & Co. KG, Staufen, DE
Faust Laborbedarf AG, Schaffhausen, CH
Carl Zeiss AG, Oberkochen, DE

Leica Microsystems GmbH, Wetzlar, DE

Leica Microsystems GmbH, Wetzlar, DE
Thermo Fisher Scientific Inc., Waltham, MA, USA
Whirlpool, Benton Harbor, MI, USA

Bio-Rad Laboratories Inc., Hercules, CA, USA
Frobel Labortechnik GmbH, Lindau, DE

BMG Labtech, Ortenberg, DE

Implen GmbH, Munich, DE

Li-Cor Biosciences, Lincoln, NE, USA
Heidolph, Instruments GmbH & Co. KG,
Schwabach, DE

Microm, Walldorf, DE

XS Instruments, Carpi, IT

Kern & Sohn GmbH, Balingen, DE

Invitrogen GmbH, Karlsruhe, DE

Ingenierburo CAT M. Zipperer GmbH, Ballrechten-
Dottingen, DE

Seiko Epson Corp., Suwa, JP

Carl Zeiss AG, Oberkochen, DE

Analytik Jena GmbH, Jena, DE

Eppendorf AG, Hamburg, DE

Leica Microsystems GmbH, Wetzlar, DE
ENVAIR Ltd., Haslingden, GB

Scientific Industries Inc., Bohemia, NY, USA
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Water bath 1083

GFL Gesellschaft fiir Labortechnik mbH,
Burgwedel, DE

4.2. Consumables

Table 3. Consumables

Consumables

Source

25 mL pipetting reservoir
Aluminum foil
Black nail polish

Blood glucose test strips

Cell scrapers

Combitips® advanced 0.2, 1 and 2.5 mL
Conical tubes 15 and 50 mL
Cotton-tipped applicators

Cover slips 18 x 18 mm

Cover slips 24 x 50 mm

CryoPure tubes

Dewar carrying flask, type B

Disposable scalpels

Dry ice

Falcon®6-, 12-, 24- and 96-well clear flat bottom
cell culture microplates

Glass staining dish and 20-slide unit

Hand Tally Counter

Ice block COOL PACK

ImmEdge™ hydrophibic barrier pen
Immersion oil Type F

Lab glassware

Microscope slides Superfrost®

Microtome blades S35 and C35
Multilpy®-uStrip PCR reaction tubes
Multipette® stream

Neubauer hemocytometer 0,200 mm Depth
Nitrocellulose blotting membrane Amersham™
Protran™ 0.2 um NC

Paper role

Parafiim™ M Laboratory Wrapping Film
Pasteur pipettes

Petri dishes 10 and 15 cm

Pipette tips 10, 100, 200 and 1000 pL
Pipettes Reference®, Research®

Plastic ruler 30 cm

Plastic staining dish

Precision wipes

Reaction tubes 0.5, 1.5 and 2 mL
Rotilabo®-folded filters type 113P
Rotilabo®-stirring magnets set |

Safe-lock tubes BioPur® 1.5 and 2 mL
Sample vials PE, @ External 14 mm, volume 2,5
mL (for cryopreserved tissues)
SCIENCEWAREP® Slide Staining and Storage
System

Serological pipettes 5, 10, 25 and 50 mL
Shrink wrap film

Single use needles Sterican® 20, 26 and 27 G
Single use syringes Omnifix® 1 mL

Slide storage box 25 and 100 slides
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Argos Technologies, Vernon Hills, IL, USA

Carl Roth GmbH & Co. KG, Karlsruhe, DE
dm-drogerie markt GmbH + Co. KG, Karlsruhe,
DE

Abbott GmbH & Co. KG, Ludwigshafen, DE
Sarstedt Inc, Nimbrecht, DE

Eppendorf AG, Hamburg, DE

Greiner Bio-One, Kremsmiinster, AT

Lohmann & Rauscher GmbH & Co. KG, Neuwied,
DE

Paul Marienfield GmbH & Co. KG, Lauda-
Kdningshofen, DE

Thermo Fisher Scientific Inc., Waltham, MA, USA
Sarstedt AG & Co., Nimbrecht, DE
KGW-Isotherm, Karlsruhe, DE

Feather Safety Razor Co. Ltd., Osaka, JP

Linde plc, Dublin, IE

Corning Inc., Corning, NY, USA

VWR International Ltd., Radnor, PA, USA
neolLab Migge GmbH, Heidelberg, DE

Coolike Regnery GmbH, Bensheim, DE

Vector Laboratories Inc., Burlingame, CA, USA
Leica Microsystems GmbH, Wetzlar, DE
Schott AG, Mainz, DE

Thermo Fisher Scientific Inc., Waltham, MA, USA
Feather Safety Razor Co. Ltd., Osaka, JP
Sarstedt AG & Co., Nimbrecht, DE

Eppendorf AG, Hamburg, DE

Assistent, Sondheim vor der Rhon, DE

GE Healthcare, Chicago, IL, USA

Mobiloclean Handelsgruppe GmbH & Co. KG,
Munich, DE

Bemis Company Inc., Neenah, WI, USA
Hirschmann Laborgerédte GmbH & Co. KG,
Eberstadt, DE

Sarstedt AG & Co., Nimbrecht, DE

Sarstedt AG & Co., Nimbrecht, DE

Eppendorf AG, Hamburg, DE

Mébius & Ruppert GmbH & Co. KG, Erlangen, DE
Carl Roth GmbH & Co. KG, Karlsruhe, DE
Kimberly-Clark Worldwide Inc., Irving, TX, USA
Sarstedt AG & Co., Niumbrecht, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE
Eppendorf AG, Hamburg, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE

VWR International Ltd., Radnor, PA, USA

Greiner Bio-One, Kremsmiinster, AT
VEMATEC GmbH, Berlin, DE

B. Braun Melsungen AG, Melsungen, DE
B. Braun Melsungen AG, Melsungen, DE
Sigma-Aldrich, St. Louis, MO, USA
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Staining chamber with metal plates

Stripettor™ Ultra

Surgical instruments

Tissue culture flasks 25, 75 and 175 cm?

Tissue embedding cassettes Q Path® MacroStar
VI and VIII

Tissue strong 100V

Vertical staining jar with glass lid

Whatman™ cellulose Western blotting paper

Thermo Fisher Scientific Inc., Waltham, MA, USA
Corning Inc., Corning, NY, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
Greiner Bio-One, Kremsmiinster, AT

VWR International Ltd., Radnor, PA, USA

Lucart Professional, Villa Basilica, IT
VWR International Ltd., Radnor, PA, USA
GE Healthcare, Chicago, IL, USA

4.3. Chemicals and Reagents

Table 4. Chemicals and reagents

Chemical or Reagent

Source

1,4-Dithiothreitol (DTT)

100%, 96%, 80% and 70% Ethanol (EtOH)
2-Mercaptoethanol, 98%

2-Propanol (isopropanol)
3,3'-Diaminobenzidine (DAB) peroxidase substrate
kit

4-Hydroxytamoxifen (4-OHT)

Acetic acid glacial

Aceton

Acrylamide Rotiphorese®gel 30

Agarose

Ammonium persulfate (APS)

Ammonium sulfate

Antigen unmasking solution, citric acid based
(pH 6.0)

Aqua sterile water

Avidin/Biotin blocking kit

Bovine serum albumin (BSA) fraction V
Bradford reagent

Bromophenol blue

Collagenase type 2

Complete EDTA-free protease inhibitor cocktail
tablets

Cresol red

D(+)-saccharose

Dimethyl sulfoxide (DMSO)

DMSO

dNTP mix, 10 mM each

Dodecylsulfate Na-salt in pellets (SDS)
Donkey, Goat and Rat serums

Dulbecco’s Modified Eagle’s Medium (DMEM) —
high glucose

Dulbecco’s phosphate buffered saline (PBS)
Dulbecco’s phosphate buffered saline (PBS)
powder

Eosin 2% wiv

Ethanol absolute > 99.8%

Ethidium bromide

Ethylenediaminetetraacetic acid (EDTA)

Fetal bovine serum (FBS) Superior

Forene® isoflurane

Frozen section medium Richard-Allan Scientific
NEG-50

GeneRuler™ 100 bp DNA ladder

Giemsa stock solution (20x)

Glycerol

Glycine

Carl Roth GmbH & Co. KG, Karlsruhe, DE

Otto Fischar GmbH & Co. KG, Saarbriicken, DE
Sigma-Aldrich, St. Louis, MO, USA

Carl Roth GmbH & Co. KG, Karlsruhe, DE
Vector Laboratories Inc., Burlingame, CA, USA

Sigma-Aldrich, St. Louis, MO, USA

Carl Roth GmbH & Co. KG, Karlsruhe, DE

Otto Fischar GmbH & Co. KG, Saarbriicken, DE
Carl Roth GmbH & Co. KG, Karlsruhe, DE
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Vector Laboratories Inc., Burlingame, CA, USA

B. Braun Melsungen AG, Melsungen, DE
Vector Laboratories Inc., Burlingame, CA, USA
SERVA Electrophoresis GmbH, Heidelberg, DE
SERVA Electrophoresis GmbH, Heidelberg, DE
Sigma-Aldrich, St. Louis, MO, USA
Worthington Biochemical Corp., Lakewood, NJ,
USA

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, DE

AppliChem GmbH, Darmstadt, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE
AppliChem GmbH, Darmstadt, DE

Fermentas GmbH, St. Leon-Rot, DE

SERVA Electrophoresis GmbH, Heidelberg, DE
LINARIS Biologische Produkte GmbH,
Dossenheim, DE

Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

HiMedia Laboratories Pvt. Ltd., Mumbai, IN
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Abbott GmbH & Co. KG, Ludwigshafen, DE
Thermo Fisher Scientific Inc., Waltham, MA, USA

Fermentas GmbH, St. Leon-Rot, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE
Merck, Darmstadt, DE

Sigma-Aldrich, St. Louis, MO, USA
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Hematoxylin solution Gill no. 3
HEPES

Hydrochloric acid (HCI), 37%
Hydrogen peroxide (H202) 30%
Luminol

Magnesium chloride

Methanol

Mounting medium Cytoseal™ XYL
N,N,N’,N’-Tetramethylethylenediamine (TEMED)
N,N-dimethylformamide

Nonidet P40

PageRuler™ Plus prestained protein ladder
Paraformaldehyde

p-Coumaric acid

Peanut oil

Penicillin-Streptomycin

Phosphatase inhibitor mix |

Powdered milk blotting grade
Proteinase K

Reaction buffer S (for PCR)
RNase-dree DNase set

ROTI®Histofix 4%

ROTI®Histol

Sodium chloride (NaCl)

Sodium hydroxide 1M solution (NaOH)
Sucrose

Tamoxifen

Tag DNA polymerase

Thiazolyl blue tetrazolium bromide (MTT) 98%
Tris hydrochloride

TRIS Pufferan® > 99.8%
Tris-Acetate-EDTA (TAE) buffer 50x

Triton™ X-100

Trypan blue solution

TrypZean® solution 1x

Tween® 20

Vectashield® mounting medium for fluorescence
Vectastain® elite ABC kit

Sigma-Aldrich, St. Louis, MO, USA

Carl Roth GmbH & Co. KG, Karlsruhe, DE
Sigma-Aldrich, St. Louis, MO, USA

Merck, Darmstadt, DE

Sigma-Aldrich, St. Louis, MO, USA

Carl Roth GmbH & Co. KG, Karlsruhe, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE
Thermo Fisher Scientific Inc., Waltham, MA, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Roche Deutschland Holding GmbG, Grenzach-
Wyhlen, DE

Thermo Fisher Scientific Inc., Waltham, MA, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

SERVA Electrophoresis GmbH, Heidelberg, DE
Carl Roth GmbH & Co. KG, Karlsruhe, DE
AppliChem GmbH, Darmstadt, DE

Peglab Biotechnologie GmbH, Erlangen, DE
Qiagen GmbH, Hilden, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE

Carl Roth GmbH & Co. KG, Karlsruhe, DE
Merck, Darmstadt, DE

AppliChem GmbH, Darmstadt, DE
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Qiagen GmbH, Hilden, DE

Sigma-Aldrich, St. Louis, MO, USA

J.T.Baker® Chemicals, Phillipsburg, NJ, USA
Carl Roth GmbH & Co. KG, Karlsruhe, DE
Klinikum rechts der Isar der TUM-
Krankenhausapotheke, Munich, DE
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Vector Laboratories Inc., Burlingame, CA, USA
Vector Laboratories Inc., Burlingame, CA, USA

4.4. Antibodies and Dyes

Table 5. Antibodies and dyes

Antibody or Dye

Source

Armenian hamster anti-mouse CD11c (N418),
#14-0114-82, RRID:AB_467115

Armenian hamster anti-mouse CD11c (N418),
#14-0114-82, RRID:AB_467115; labeled with

Alexa Fluor™ 488 Antibody Labeling Kit, #A20181

Armenian hamster anti-mouse CD3e (145-2C11),
#553058, RRID:AB_394591

Armenian hamster anti-mouse Podoplanin
(eBio8.1.1 (8.1.1)), #14-5381-82,
RRID:AB_1210505

Biotinylated goat anti-mouse IgG (H+L), #BA-
9200, RRID:AB_2336171

Biotinylated goat anti-rabbit IgG (H+L), #BA-1000,

RRID:AB_2313606

DAPI, #40011

Donkey anti-goat IgG (H+L) Alexa Fluor® 594,
#A11058, RRID:AB_2534105
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Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Becton, Dickinson and Company (BD), Franklin
Lakes, NJ, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
Vector Laboratories Inc., Burlingame, CA, USA

Vector Laboratories Inc., Burlingame, CA, USA

Biotium Inc., Hayward, CA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
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Donkey anti-rabbit IgG (H+L) Alexa Fluor® Plus
680, #A32802, RRID:AB_2762836

Donkey anti-rat IgG (H+L) Alexa Fluor® 488,
#A21208, RRID:AB_141709

Donkey anti-rat 1gG (H+L) Alexa Fluor® 594,
#A21209, RRID:AB_2535795

Goat anti-Armenian hamster IgF (H+L) Alexa
Fluor® 647, #A21451, RRID:AB_1500615

Goat anti-Armenian hamster IgG (H+L) Cy3,
#127-165-160, RRID:AB_2338989

Goat anti-mouse Siglec-F, #AF1706,
RRID:AB_354943

Goat anti-rabbit IgG (H+L) Alexa Fluor® 488,
#A11034, RRID:AB_2576217

Goat anti-rabbit 1IgG (H+L) Alexa Fluor® 594,
#A11037, RRID:AB_2534095

Goat anti-rabbit IgG (H+L) DyLight800 4X PEG,
#SA5-35571, RRID:AB_2556775

Goat anti-rat IgG (H+L) Alexa Fluor® 555,
#A21434, RRID:AB_141733

Goat anti-rat IgG (H+L) Alexa Fluor® 680,
#A21096, RRID:AB_141554

Goat peroxidase antibody anti-mouse 1gG (Fab
specific), #A9917, RRID:AB_258476

Mouse anti-mouse E-cadherin (36/E-Cadherin),
#610181, RRID:AB_397580

Phalloidin conjugated CF®633, #00046-T
Rabbit anti-mouse CD4 (EPR19514), #ab183685,
RRID:AB_2686917

Rabbit anti-mouse FoxP3, #ab75763,
RRID:AB_1310238

Rabbit anti-mouse GAPDH (14C10), #2118S,
RRID:AB_561053

Rabbit anti-mouse Keratin 18, #SAB4501665,
RRID:AB_10746153

Rabbit anti-mouse Keratin 18, #SAB4501665,
RRID:AB_10746153; labeled with

Alexa Fluor™ 680 Antibody Labeling Kit, #A20188
Rabbit anti-mouse Ki-67 (SP6), #ab16667,
RRID:AB_302459

Rabbit anti-mouse Ki-67 (SP6), #K1681C01,
RRID:AB_2722785

Rabbit anti-mouse NCR1, #ab199128,
RRID:AB_2890127

Rat anti-mouse CD11b (M1/70), #553308,
RRID:AB_394772

Rat anti-mouse CD11b (M1/70), eFluor® 450,
#48-0112-82, RRID:AB_1582236

Rat anti-mouse CD3 (17A2), #100201,
RRID:AB_312658

Rat anti-mouse CD3 (17A2), eFluor® 660, #50-
0032-82, RRID:AB_10598657

Rat anti-mouse CD4 (RM4-5), Alexa Fluor® 532,
#58-0042-82, RRID:AB_11218891

Rat anti-mouse CD45 (YW62.3), #MCA1031G,
RRID:AB_321730

Rat anti-mouse CD45R/B220 (RA3-6B2),
#103201, RRID:AB_312986

Rat anti-mouse CD45R/B220 (RA3-6B2),
#103201, RRID:AB_312986; labeled with

Alexa Fluor™ 594 Antibody Labeling Kit, #A20185
Rat anti-mouse CD68 (FA-11), #MCA1957,
RRID:AB_322219

Rat anti-mouse CD8a (53-6.7), #14-0081-82,
RRID:AB_467087

Rat anti-mouse CD8a (53-6.7), Alexa Fluor® 488,
#53-0081-82, RRID:AB_469897

Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
DIANOVA GmbH, Hamburg, DE

Research and Diagnostic (R&D) Systems Inc.,
Minneapolis, MN, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Sigma-Aldrich, St. Louis, MO, USA

Becton, Dickinson and Company (BD), Franklin
Lakes, NJ, USA

Biotium Inc., Hayward, CA, USA

Abcam, Cambridge, GB

Abcam, Cambridge, GB

Cell Signaling Technology Inc., Danvers, MA, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
Abcam, Cambridge, GB

DCS Innovative Diagnostik-Systeme GmbH & Co.
KG, Hamburg, DE

Abcam, Cambridge, GB

Becton, Dickinson and Company (BD), Franklin
Lakes, NJ, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
BioLegend, San Diego, CA, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
Thermo Fisher Scientific Inc., Waltham, MA, USA
Bio-Rad Laboratories Inc., Hercules, CA, USA
BioLegend, San Diego, CA, USA

BioLegend, San Diego, CA, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
Bio-Rad Laboratories Inc., Hercules, CA, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA

Thermo Fisher Scientific Inc., Waltham, MA, USA
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Rat anti-mouse E-cadherin (DECMA-1), #sc- Santa Cruz Biotechnology Inc., Dallas, TX, USA
59778, RRID:AB_781738

Rat anti-mouse F4/80 (BM8), eFluor® 660, #50- Thermo Fisher Scientific Inc., Waltham, MA, USA
4801-82, RRID:AB_11149361

Rat anti-mouse F4/80 (Cl:A3-1), #MCA497, Bio-Rad Laboratories Inc., Hercules, CA, USA
RRID:AB_2098196
Rat anti-mouse FoxP3 (FJK-16s), eFluor® 450, Thermo Fisher Scientific Inc., Waltham, MA, USA

#48-5773-82, RRID:AB_1518812

Rat anti-mouse Ly6G/Ly6C (RB6-8C5), #14-5931- Thermo Fisher Scientific Inc., Waltham, MA, USA
82, RRID:AB_467730

Rat anti-mouse Ly6G/Ly6C (RB6-8C5), Alexa Thermo Fisher Scientific Inc., Waltham, MA, USA
Fluor® 532, #58-5931-82, RRID:AB_11220477

ToPro™-3 lodide (642/661), #T3605 Thermo Fisher Scientific Inc., Waltham, MA, USA

4 5. Buffers and Solutions

Table 6. Buffers and solutions

Buffer or Solution Component

0.5-3% BSA/0.1-0.5% Triton™ X-100 0.5-3% BSA
0.1-0.5% Triton™ X-100
Diluted in 1xPBS

3% BSA 3% BSA
Diluted in 1xPBS
5x Protein loading buffer (Laemmli), pH 6.8 10% SDS

50% Glycerol
228 mM Tris hydrochloride
0.75 mM Bromophenol blue
5% 2-Mercaptoethanol
Diluted in ddH20

10x Gitschier’s buffer 670 mM Tris, pH 8.8
166 mM Ammonium sulfate
67 mM Magnesium chloride
Diluted in ddH20

Soriano lysis buffer 0.5% Triton™ X-100
10% 10x Gitschier’s buffer
1% 2-Mercaptoethanol
Diluted in ddH20

400 pg/mL Proteinase K (add prior to use)
DTT (add prior to use)
SucRot solution (for PCR) 1.5 mg/mL Cresol red
100 mM Tris (pH 9.0)
30% D(+)-saccharose
IP buffer, pH 7.9 50 mM HEPES
150 mM NacCl
1 mM EDTA
0.5% Nonidet P40
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Stacking gel buffer, pH 6.8

Separating gel buffer, pH 8.8

Running buffer

Transfer buffer

PBS-T

5% Milk

Solution A (for Chemiluminescence)

Solution B (for Chemiluminescence)

Chemiluminescence solution

Cancer cell medium (cell culture)

Freezing medium (cell culture)

10% Glycerol
Diluted in ddH20 and adjusted to pH 7.9 with NaOH

4% Phosphatase inhibitor (add prior to use)
1% Protease inhibitor (add prior to use)

0.5 M Tris

Diluted in ddH20 and adjusted to pH 6.8 with HCI
1.5 M Tris

Diluted in ddH20 and adjusted to pH 8.8 with HCI
25 mM Tris

192 mM Glycine

0.1% SDS

Diluted in ddH20

25 mM Tris

192 mM Glycine

2% Methanol

Diluted in ddH20

1xPBS

0.1% Tween® 20

5% Powdered milk blotting grade

Diluted in PBS-T

1.4 mM Luminol

Diluted in 100 mM Tris hydrochloride, pH 8.6
6.7 mM p-Coumaric acid

Diluted in DMSO

1 mL Solution A

3 pL 30% H202

100 pL Solution B

DMEM

10% FBS

1% Penicillin-Streptomycin

70% DMEM

20% FBS

10% DMSO

4.6. Kits for DNA and RNA isolation

Table 7. Kits for DNA and RNA isolation

Kit

Source

GenElute™ Mammalian Genomic DNA Miniprep

QIAshredder
Qubit® dsDNA BR assay kit
RNeasy® Mini kit

Sigma-Aldrich, St. Louis, MO, USA

Qiagen GmbH, Hilden, DE

Thermo Fisher Scientific Inc., Waltham, MA, USA
Qiagen GmbH, Hilden, DE
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4.7. Polymerase chain reactions (PCRs) and Primers

All primers were synthesized by Eurofins MWG GmbH (Ebersberg, DE) and dissolved in

aqua sterile water to a concentration of 10 mM. For polymerase chain reaction (PCR)

performance, the primers were further diluted in aqua sterile water to a concentration of 10 uM.

Table 8. Polymerase chain reactions and primers

PCR name Primer name Sequence (5’ — 3’)

Pdx1-Cre Pdx-Prom-UP GCTCATTGGGAGCGGTTTTG
PdxKON-LP1 CACGTGGTTTACCCTGGAGC
V-Cre-LP2 ACATCTTCAGGTTCTGCGGG

Pdx1-CreERT™ Cre-ERTM-UP AACCTGGATAGTGAAACAGGGGC
ERTM-LP-mod1 CATGGAGCGAACGACGAGA

Pdx1-FIp

LSL-Kras®12b

FSF-Kras®12P

LSL-Pik3cat1047R

LSL-BrafV637e

Cdhaf

Cdh1" recombination

LSL-Trp53Ri72H

Trp53'ox
Trp53ft
Trp53™ recombination

Rosa26™2

CreERT™

Rosa26CAc

FSF-Stop
FSF recombination

Rosa26mTmG

Rosa26™mTmG
recombination

CAGdsRed-eGFP

Rosa26Pual

40

pdx5utr-scUP
Flpopt-scLP
Gabra-UP

Gabra-LP
Kras-WT-UP1
Kras-URP-LP1
KrasG12Dmut-UP
Kras-WT-UP1
Kras-URP-LP1
R26-Tva-SA-mut
pGL3-pA-paused645-UP
PI3K-genotyp reverse
BR_UP

BR_WT-LP
BR_SA-LP
E-cad_GT_P3
E-cad_GT_del-LP2
Ecad-Fo9

Ecad-PTA
Ecad-col-Rev
Trp53R172H-WT-UP2
Trp53R172H-URP-LP
Trp53R172H-mut-UP4
p53 lox UP-E

p53 lox LP-F

p53-frtl

p53-frt2

p53-frtl

p53-frt3
R26-Tva-GT-UP
R26-Tva-GT-SA-mut-LP
R26-Tva-GT-WT-LP
Cre-ER-T2-sc-UP3
Cre-ER-T2-sc-LP1
R26-td-E-mutLP
R26-Tva-GT-UP
R26-Tva-GT-WT-LP
pGL3-pA-pause-4645-UP
Cre-neu-LP
caggs-sc-UP4
Cre-neu-LP
CAG-sc-LP
R26-Tva-GT-UP
R26-Tva-GT-WT-LP
caggs-sc-UP4
tdTomato-tdEG-LP
eGFP-tdEG-LP
dsRed-eGFP forward
dsRed-eGFP reverse
R26-Tva-GT-UP
Reni-end-UP

AGAGAGAAAATTGAAACAAGTGCAGGT
CGTTGTAAGGGATGATGGTGAACT
AACACACACTGGAGGACTGGCTAGG
CAATGGTAGGCTCACTCTGGGAGATGATA
CACCAGCTTCGGCTTCCTATT
AGCTAATGGCTCTCAAAGGAATGTA
CCATGGCTTGAGTAAGTCTGC
CACCAGCTTCGGCTTCCTATT
AGCTAATGGCTCTCAAAGGAATGTA
GCGAAGAGTTTGTCCTCAACC
TGAATAGTTAATTGGAGCGGCCGCAATA
AAATAGCCGCAGGTCACAAAGTCTCCG
TTTATCATAGTAGGGCTTGCTGTCTTGCTT
CAAATATGTTTTGAGCAAGACCTTTGTTCT
CCACTGACCAGAAGGAAAGTGGT
TCAATCTCAGAGCCCCACCTA
TGCCATGATTGTCATGGAC
CCCTGAGTGTGCAGGAAGTTAAC
CCCACCTACCGCTGCATT
GCTCCCTGCCATGATTGTCATG
AGCCTTAGACATAACACACGAACT
CTTGGAGACATAGCCACACTG
GCCACCATGGCTTGAGTAA
CACAAAAAACAGGTTAAACCCAGC
GCACCTTTGATCCCAGCACATA
CAAGAGAACTGTGCCTAAGAG
CTTTCTAACAGCAAAGGCAAGC
CAAGAGAACTGTGCCTAAGAG
ACTCGTGGAACAGAAACAGGCAGA
AAAGTCGCTCTGAGTTGTTAT
GCGAAGAGTTTGTCCTCAACC
GGAGCGGGAGAAATGGATATG
GAATGTGCCTGGCTAGAGATC
GCAGATTCATCATGCGGA
TCAATGGGCGGGGGTCGTT
AAAGTCGCTCTGAGTTGTTAT
GGAGCGGGAGAAATGGATATG
TGAATAGTTAATTGGAGCGGCCGCAATA
CAGGGTGTTATAAGCAATCCC
GTTCGGCTTCTGGCGTGT
CAGGGTGTTATAAGCAATCCC
GTACTTGGCATATGATACACTTGATGTAC
AAAGTCGCTCTGAGTTGTTAT
GGAGCGGGAGAAATGGATATG
GTTCGGCTTCTGGCGTGT
GCTTGGTGTCCACGTAGTAGTAGC
CCATGTGATCGCGCTTCTCGT
CCCATGGTC TTC TTC TGC AT

AAG GTG TAC GTG AAG CAC CC
AAAGTCGCTCTGAGTTGTTAT
TGGAGCGCGTGCTGAAGAA
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R26-Tva-GT-WT-LP

GGAGCGGGAGAAATGGATATG

Mycoplasma test Forward 1 CGCCTGAGTAGTACGTTCGC
Forward 2 CGCCTGAGTAGTACGTACGC
Forward 3 TGCCTGGGTAGTACATTCGC
Forward 4 TGCCTGAGTAGTACATTCGC
Forward 5 CGCCTGAGTAGTATGCTCGC
Forward 6 CACCTGAGTAGTATGCTCGC
Forward 7 CGCCTGGGTAGTACATTCGC
Reverse 1 GCGGTGTGTACAAGACCCGA
Reverse 2 GCGGTGTGTACAAAACCCGA
Reverse 3 GCGGTGTGTACAAACCCCGA

4.8. Software
Table 9. Software
Software Source

Aperio ImageScope v12.4.3.7001,
RRID:SCR_020993

Aperio VERSA v1.04.125, RRID:SCR_021016
AxioVision v4.8, RRID:SCR_002677

Epson Scan v1.2

Microsoft Excel, RRID:SCR_016137

Fiji v1.53c, RRID:SCR_002285

FlowJo v10.6.1, RRID:SCR_008520

GraphPad Prism 5.0 and 8.0, RRID:SCR_002798
ImageJ v1.49, RRID:SCR_001935

Imaris 9.5 and 9.6, RRID:SCR_007370

R v3.6.2, RRID:SCR_001905

Leica Application Suite X v3.6.1,
RRID:SCR_013673

MARS® Data Analysis Software Version 3.20R2,
RRID:SCR_021015

Image Studio Software v5.2.5, RRID:SCR_015795
PyRAT animal facility software v4.2-552

SnapGene Viewer, RRID:SCR_015052
ZEISS ZEN v2.3, RRID:SCR_013672

Leica Microsystems CMS GmbH, Germany

Leica Microsystems CMS GmbH, Germany

Carl Zeiss AG, Oberkochen, DE

Seiko Epson Corp., Suwa, JP

Microsoft Corp., Redmont, WA, USA

National Institutes of Health, Stapleton, NY, USA
Becton, Dickinson and Company (BD), Franklin
Lakes, NJ, USA

GraphPad Software, San Diego, CA, USA
National Institutes of Health, Stapleton, NY, USA
Bitplane AG, Zurich, CH

The R Foundation, Indianapolis, IN, USA

Leica Microsystems CMS GmbH, Germany

BMG Labtech, Ortenberg, DE

Li-Cor Biosciences, Lincoln, NE, USA

Scionics Computer Innovation GmbH, Dresden,
DE

GSL Biotech LLC, Chicago, IL, USA

Carl Zeiss AG, Oberkochen, DE
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5. Methods

5.1. Mouse experiments

All procedures with animals were conducted in compliance with European directives on
the care and usage of laboratory animals. The protocol was reviewed and approved by the
Institutional Animal Care and Use Committees (IACUC) of the local authorities of Technical

University of Munich and the Regierung von Oberbayern.

5.1.1. Mouse strains

For tissue specific expression of targeted mutations, both conditional Cre/loxP and Flp/frt
mouse models were used in this study. Mice carrying genes flanked by loxP/frt sites or silenced
by an LSL/FSF cassette were interbed with a mouse strain expressing Cre or Flp recombinase
under the control of the tissue-specific promoter Pdx1 to allow conditional inactivation of genes
or deletion of the LSL or FSF cassette to activate expression of genes. While a combination with
Flp/frt recombination system for tumor initiation and a Cre/loxP system for secondary genetic
manipulation allows sequential inactivation of genes of interest in PanIN lesions or in PDAC cells
in vivo and in vitro. In Chapter |, Part B, for the analysis of the TME, mice harboring one oncogenic
mutation (Kras®?®, Pik3ca™%4’R or Braf'®3"E) were crossed with animals with Pdx1-Cre or Pdx1-
CreER™ promoters; PK mice were then crossed with animals harboring Trp53'°%, being then
designated by PKP. All the animals used for this part of the present study were Mus musculus,
on a C57BL/6J genetic background, 5 females and 10 males at the age of 7-40 weeks. In Chapter
1, to study the effects of Cdhl1 loss on PDAC and posterior metastases formation, it was employed
Cdh1 gene inactivation using the Cre/loxP site-specific recombination system, which was then
crossed with mice harboring Pdx1-Cre, LSL-Kras®*?P, and Trp53Ri72H alleles and with mice
harboring Pdx1-Flp; FSF-Kras®?® with and without Trp53R72H or Trp53™., Some mice additionally
had a reporter labeling of PCCs (Rosa26™™¢, Rosa26%@*, or CAGUYsRed-eGFPy Al Cdhl animals
were Mus musculus, on a mixed C57BL/6J;129/S6 genetic background, 56 females and 45 males

at the age of 4-120 weeks.

Pdx1-Cre (Hingorani et al., 2003), RRID:IMSR_JAX:034623 — This transgenic mouse strain was
kindly provided by Prof. David Tuveson (Cold Spring Harbor Laboratory, Princeton, NJ, USA). It
was generated by injection of the Pdx1-Cre transgene into fertilized oocytes, having the founder

mice a mosaic pattern expression of Cre in the pancreas.

Pdx1-CreER™ (Gu et al., 2002), RRID:IMSR_JAX:024968 — This transgenic mouse strain was
kindly provided by Douglas Melton, Ph.D. (Harvard University, Cambridge, MA, USA). It was
generated by pronucleus injection and it consists in a tamoxifen-inducible form of a Cre
recombinase/estrogen receptor fusion protein that adjoined to Pdx1 promoter drives a mosaic

expression of Cre recombination in pancreas.
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Pdx1-Flp (Schénhuber et al., 2014), RRID:MG1:6154332 — This transgenic mouse strain was
generated in the laboratory of Prof. Dr. med. Dieter Saur. It consists of the fusion of the Pdx1
promoter and the codon optimized Flp-o coding sequence, being expressed in pancreatic

progenitor cells and in adult pancreatic islets.

LSL-Kras®?P* (Hingorani et al., 2003; Jackson et al., 2001), RRID:IMSR_JAX:008179 — This
knockin mouse strain was kindly provided by Prof. Tyler Jacks (Massachusetts Institute of
Technology, Cambridge, MA, USA). LSL-Kras®*?®* mice carry a point mutation in codon 12 (exon
2) that leads to glycine (G) — aspartic acid (D) substitution and corresponds to one of the most
common mutations found in human PDAC. Upon Cre-mediated deletion of the LSL cassette,

oncogenic Kras is expressed resulting in constitutive activation of RAS downstream pathways.

FSF-Kras®?P+ (Schonhuber et al., 2014), RRID:IMSR_JAX:008179 — This knockin mouse strain
was generated in the laboratory of Prof. Dr. med. Dieter Saur. Similarly to the LSL-Kras®'??*, an
oncogenic point mutation was introduced in the exon 2 of Kras gene. The expression of the
oncogene is blocked by a STOP cassette flanked by frt sites and can be activated by Flp

recombinase.

LSL-Pik3caH04’R"* (Eser et al., 2013), RRID:IMSR_JAX:016977 — This knockin mouse strain was
generated in the laboratory of Prof. Dr. med. Dieter Saur. LSL-Pik3ca%4’R* mice carry a point
mutation in codon 1047 that leads to histidine (H) — arginine (R) substitution, the most common
mutation of the PIK3CA among solid tumors, and it consists of an LSL silenced Pik3ca™047R
expression cassette target to the first intron of Rosa26 locus. After deletion of the LSL cassette
by a Cre recombinase, the expression of p770aH1%4'R results in a constitutive activation of PI3K

signaling pathway.

LSL-BrafV63"#* (Rad et al., 2013), RRID:IMSR_JAX:017837 — This knockin mouse strain was
kindly provided by Prof. Dr. Roland Rad (Klinikum rechts der Isar, Technical University of Munich,
Munich, DE). LSL-Braf'63"®* mice carry a point mutation in codon 637 (exon 18) that leads to
valine (V) — glutamic acid (E) substitution, the most common somatic alteration in BRAF. Upon
Cre-mediated deletion of the LSL cassette, oncogenic Braf is expressed resulting in constitutive

activation of RAF downstream pathways.

Cdh1"* (Derksen et al., 2006), RRID:IMSR_JAX:002473 — This mouse strain was kindly provided
by Dr. Jos Jonkers (Netherlands Cancer Institute, Amsterdam, NL). It consists in a conditional
Cdh1 gene inactivation using the Cre/loxP site-specific recombination system. Introns 3 and 15
of the murine Cdh1 gene are flanked by loxP sites, which are recognized by the Cre recombinase,

and leads to functional inactivation of E-cadherin.

LSL-Trp53Ri72H* (Hingorani et al., 2005; Olive et al., 2004), RRID:IMSR_JAX:002659 — This
knockin mouse strain was kindly provided by Prof. Tyler Jacks (Massachusetts Institute of
Technology, Cambridge, MA, USA). LSL-Trp53R¥72H* mice carry a missense mutation in codon

172 of endogenous Trp53 gene that leads to arginine (R) — histidine (H) substitution, which
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corresponds to the human R175H mutation often found in oncological patients. Upon excision of

the LSL cassette, the mutant p53 is expressed.

Trp53'9* (Jonkers et al., 2001), RRID:IMSR_JAX:008462 — This mouse strain was kindly
provided by Dr. Anton Berns, (University of Amsterdam, Amsterdam, NE). Exons 2 to 10 of the
murine Trp53 gene are flanked by two loxP cassettes. This mouse strain can be interbred with

mice with the expression of Cre recombinase leading the conditional inactivation of Trp53.

Trp53™* (Lee et al., 2012), RRID:IMSR_JAX:017767 — This mouse strain was kindly provided by
Dr. David Kirsch (Duke University School of Medicine, Durham, NC, USA). Exons 2 to 6 of the
murine Trp53 gene are flanked by frt sites, which are recognized by the Flp recombinase. Upon

Flp recombination, these flanked exons are excised and Trp53 gene is inactivated.

FSF-R0sa26CAC-CreERT2* (Schonhuber et al., 2014), RRID:MGI:2176738 — This knockin mouse
strain was generated in the laboratory of Prof. Dr. med. Dieter Saur. After excision of the FSF
cassette by the Flp recombinase, CreER™ is expressed under the control of the CAG promoter
as a knockin at the Rosa26 locus. By administration of tamoxifen, the Cre recombinase can be

activated.

Rosa26m™™¢* (Muzumdar et al., 2007), RRID:IMSR_JAX:007576 — This reporter mouse strain
was purchased from The Jackson Laboratory (Bar Harbor, ME, USA). It is a Rosa26 knockin
strain, where loxP-flanked membrane-targeted tandem dimer Tomato (tdTomato) is expressed
under the control of the ubiquitously CAG promoter. Upon Cre-mediated excision of the tdTomato

cassette, membrane-targeted enhanced green fluorescent protein (eGFP) is expressed.

Rosa26P@"* (Chen et al., 2018), RRID:IMSR_JAX:007909 — This mouse strain was generated in
the laboratory of Prof. Dr. med. Dieter Saur. Firefly luciferase (fLuc) and eGFP expression are
induced by Flp recombinase, which in turn leads to recombination of fLuc-eGFP cassette by Cre

and thereby activates renilla luciferase and tdTomato expression.

CAGUsRed-€GFP (De Gasperi et al., 2008), RRID:IMSR_JAX:008605 — This dual reporter mouse
strain was purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Being under the
control of CAG promoter, the loxP-flanked optimized red fluorescent protein dsRed-Express is
expressed directly in embryonic and adult tissues prior to Cre-mediated recombination. Upon Cre

recombinase expression, the eGFP cassette is expressed.

5.1.2. Genotyping

At an age of 2-3 weeks, a 1 mm long piece of tail tip biopsy was taken from previously
anesthetized mice with a sterile scalpel or, alternatively, ear punches used as mouse identifiers
were collected. Tail and ear samples were used for isolation of genomic DNA and genotyping

PCR analysis as described in section 5.4.1..
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5.1.3. Tamoxifen treatment of mice

To induce Braf'63’®* mutation and to study the effect of Cdhl deletion on tumor
progression, mice were treated with tamoxifen. Braf mice at age of 9-10 weeks were directly
administrated once with 4 mg of tamoxifen by intraperitoneal (i.p.) injection, while the Cdh1 mice
at age of 3 months were administrated in 3 distinct days. Tamoxifen was dissolved in peanut oil

containing 10% ethanol (EtOH) absolute at a concentration of 60 mg/mL.

5.1.4. Orthotopic implantation
For orthotopic implantation, 24 F1 hybrid C57BL/6J;129/S6 females at the age of 8-9

weeks were used. Conditions and instruments for implantation were kept as sterile as possible.
After anesthesia of mice with MMF (5 mg/kg midazolam, 500 pg/kg medetomidine, 50 ug/kg
fentanyl) via i.p. injection, a small abdominal incision in the skin of the abdomen was made and
the pancreas was exposed gently pulling the spleen out. 5000 cells suspended in 20 pL of serum-
free Dulbecco’s Modified Eagle’s Medium (DMEM) medium were injected directly into the
pancreas using a microliter syringe with a 27-gauge needle. The peritoneum was sewed with
sterile Ethilonll fiber with at least 3 to 5 knots and subsequently the skin of the abdomen was
closed using wound clips. After the operation, MMF anesthesia was antagonized by applying AFN
(750 pg/kg atipamezole, 500 pg/kg flumazenil, 1.2 mg/kg naloxone) via subcutaneous injection
and analgesic (Metacam) was also given to the mice. All animals were monitored until sacrificed

at the same endpoint (5 weeks after implantation).

5.1.5. Mouse dissection

Mice were sacrificed with MMF via i.p. injection and terminal bleeding, fixed and
disinfected with 70% EtOH. The abdomen was cut open and samples were collected under sterile
conditions as possible. Pancreatic tissue samples for following DNA, RNA, and protein isolation
were collected and all samples were snap frozen and stored at -80 °C until use. Additionally, in
case of PDAC formation, a piece of the pancreatic tumor and metastatic tissues (liver, lung and/or
peritoneum) were cut out and transferred to Petri dishes with sterile 1xphosphate-buffered saline
(PBS) in order to isolate cell lines from the respective tissues. Under a biological safety cabinet,
the tissue samples were cut with a sterile scalpel into small pieces and incubated in 5 mL cancer
cell medium containing 200 U/mL collagenase type Il at 37 °C for 24-36 hours. Afterwards, the
cell suspension was centrifuged at 1200 rpm for 5 min, supernatant was aspirated, and the pellet
was resuspended in 5 mL cancer medium and cultured in a 25 cm? tissue culture flask. For
isolation of CTCs, blood from ascites was collected in a reaction tube containing sterile EDTA to
avoid coagulation; the samples were then centrifuged at 1000 rpm for 5 min. Subsequently, the
supernatant was discarded, and the cell pellet was resuspended in cancer cell medium and
cultured in a 25 cm? tissue culture flask. The weight and the size of the pancreas tissue were
measured and macroscopic pictures of the organs of interest were taken using the Zeiss Stemi
SV 11 stereomicroscope. In addition, the metastatic sites and the number of macrometastases in
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each secondary organ were also noted. Pancreas, spleen, and metastatic tissues (for example,
liver and/or lung) were divided in two pieces: one piece for cryopreserved sections and the second
piece for formalin-fixed paraffin-embedded (FFPE) sections (as described in section 5.2.1.). Liver,
lung, heart, stomach, duodenum, and kidneys were also collected and processed for FFPE

samples.

5.2. Histological analysis
5.2.1. Preparation of cryopreserved and FFPE tissues

Depending on the application, tissues were processed either for frozen sections or FFPE
sections. Mouse tissues harvested for cryopreserved sectioning were fixed in 4%
paraformaldehyde (PFA) without methanol for 2 hours at 4 °C. After washing thrice with 1xPBS,
the samples were dehydrated in successive higher concentrated sucrose (15% sucrose for 4
hours and 30% sucrose overnight) at 4 °C. Tissues were then embedded in a sample vial filled
with frozen section medium Richard-Allan Scientific NEG-50 and positioned in the bottom of the
vial. Finally, the tissues were frozen using a dry ice and EtOH bath and stored for long term at
-80 °C. Tissues were serially cut into 5-10 pm-thick sections using the Leica CM3050 S cryostat
and posteriorly stored at -20 °C (for short term) or -80 °C (for long term) until further use.

Mouse tissues collected for FFPE sectioning were fixed in 4% ROTI®Histofix for 16-24
hours at 4 °C. Dehydration, clearing and paraffin wax infiltration were performed by the tissue
processor ASP300S. Samples were subsequently embedded in paraffin using the heated paraffin
embedding module HistoCore Arcadia H and stored at room temperature (RT) until further use.
Series of 1-3 pm-thick sections were cut using the microtome Microm HM355S and dried

overnight at RT or for 2 hours at 37 °C prior to staining.

5.2.2. Hematoxylin and eosin staining

Hematoxylin and eosin (H&E) staining was performed on both cryopreserved and FFPE
sections for histopathological analysis and grading of tumors and assessment of micrometastases
in secondary organs (liver and lungs). For cryosections, the tissues were post-fixed in 4%
ROTI®Histofix for 10 min and then rinsed in tap water to remove the excess of fixative solution.
The nuclei were stained with hematoxylin for 3 sec and immediately rinsed under tap water. The
cytoplasm was stained with eosin 2% w/v for 3 sec. The sections were washed again in tap water
and checked under the Leica microscope ICC50 W to evaluate the color balance between H&E
on the tissues. The tissues were then dehydrated in ascending EtOH solutions (2 x 80% EtOH, 2
X 96% EtOH, and 2 x 100% EtOH; for 15 sec each) and incubated in ROTI®Histol (2 x 5 min).
Finally, sections were mounted with Cytoseal™ XYL mounting medium. For Chapter I, Part B,
more than 80 cryopreserved tissues were cut, H&E stained and evaluated using the Leica

microscope ICC50 W. The tissues selected to be included in the TME analysis were then scanned
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using Aperio Versa 8 Digital Scanner. Stained tissues were analyzed, photographed and images
saved as .tif file using Aperio ImageScope software.

For FFPE sections from primary pancreatic tumor (PPT), liver and lungs, the tissues were
deparaffinized in ROTI®Histol (2 x 5 min), rehydrated in successive EtOH solutions (2 x 100%
EtOH, 2 x 96% EtOH, and 2 x 80% EtOH; for 3 min each), and in tap water (3 min). The nuclei
were stained with hematoxylin for 30 sec and immediately rinsed under tap water to remove the
excess of hematoxylin dye. The cytoplasm was stained with eosin 2% w/v for 20 sec. The sections
were washed again in tap water, dehydrated in ascending EtOH solutions (2 x 80% EtOH, 2 x
96% EtOH, and 100% EtOH; for 15 sec each), and incubated in ROTI®Histol (2 x 5 min). Finally,
sections were mounted with Cytoseal™ XYL mounting medium. For Chapter Il, all the Cdhl
stained tissues were then scanned using Aperio Versa 8 Digital Scanner and analyzed,
photographed and images saved as .tif file using Aperio ImageScope software. The pathological
grading was performed in collaboration with Dr. med. vet. Katja Steiger and Nils Wirges from the
Core Facility Comparative Experimental Pathology at the Institute of Pathology, Technical
University of Munich. The assessment of liver and lung micrometastases was done by analysis
of the tissues under the Leica microscope ICC50 W for posterior labeling with E-cadherin

antibody.

5.2.3. Immunofluorescence stainings

For Chapter |, Part A of the Results (section 6.1.), immunofluorescence (IF) staining was
performed to determine which type of tissues (cryopreserved and FFPE tissues) would be used
to establish the mIHC panels as well as to validate antibodies for immune cells’ detection using
splenic and hepatic tissues and to validate the tumor cell marker using PPT tissue. In addition, in
Chapter I, Part B of the Results (section 6.2.), IF labeling was performed to determine the cellular

(tumor, immune, and stromal) content in PPT tissues.

5.2.3.1. Determination of type of sections to use in the establishment of the
multiplexed immunohistochemistry panels

To determine which type of sections (FFPE or cryopreserved tissues) would be used in
the development of the mIHC protocols, IF staining was performed in both FFPE and
cryopreserved sections using the following antibodies: F4/80, #MCA497; CD3, #100201; and
CD45R/B220, #103201. FFPE tissues were deparaffinized in ROTI®Histol (2 x 5 min), rehydrated
in successive EtOH solutions (2 x 100% EtOH, 2 x 96% EtOH, and 2 x 80% EtOH; for 3 min
each), and in tap water (3 min). Heat-mediated antigen retrieval was performed by boiling the
sections in a microwave at 500 W for 3 min and then at 350 W for 10 min in a citric acid-based
antigen unmasking solution pH 6.0 (prepared according to the manufacturer’s instructions). After
cooling down for 20-30 min at RT in the citrate buffer solution and washing thrice with 1xPBS,
the tissue sections were blocked with 10% donkey serum/3% BSA solution for 1 hour at RT. Then,

the sections were incubated with each individual primary antibody diluted in 3% BSA (F4/80 and
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CD3 at 1:100 and CD45R/B220 at 1:200) and incubated for 3 hours at RT. After washing thrice
with 1xPBS, the secondary antibody donkey anti-rat Alexa Fluor® (AF) 488 was diluted 1:200 in
3% BSA and applied for 1 hour at RT. Subsequently, the tissues were washed thrice with 1XxPBS
and then incubated with DAPI diluted 1:1000 in 3% BSA for 10 min at RT. Finally, the tissues
were washed thrice with 1xPBS, mounted in Vectashield® mounting medium, and stored at 4 °C
until the imaging was performed.

For IF labeling of frozen samples, tissue sections were thawed on a hot plate for 1 min at
37 °C, air dried for 20 min at RT, and post-fixed with acetone for 6 min at 4 °C. After air drying
once again for 20 min at RT, the tissues were rehydrated in 1xPBS for 10 min and then blocked
with 10% donkey serum/3% BSA for 1 hour at RT. Then, the sections were incubated with each
individual primary antibody diluted in 3% BSA (F4/80 and CD3 at 1:100 and CD45R/B220 at
1:200) and incubated for 3 hours at RT. After washing thrice with 1xPBS, the secondary antibody
donkey anti-rat AF 488 was diluted 1:200 in 3% BSA and applied for 1 hour at RT. Subsequently,
the tissues were washed thrice with 1xPBS and then incubated with DAPI diluted 1:1000 in 3%
BSA for 10 min at RT. Finally, the tissues were washed thrice with 1xPBS, mounted in

Vectashield® mounting medium, and stored at 4 °C until the imaging was performed.

5.2.3.2. Validation of antibodies and respective quality controls

All selected antibodies to detect immune and tumor cells were assessed by uniplex IF
staining to optimize the antibody staining protocol. For the immune cell markers, splenic tissue
from a wild-type (WT) mouse was used as positive tissue control and for the secondary antibody,
autofluorescence, and cross-reaction controls. In addition, hepatic tissue from a WT animal and
splenic tissue from a Rag2/112rg-knockout (KO; lacking mature T and B cells) mouse were used
as negative tissue controls for immune cell markers. Uniplex IF staining was also applied to WT
splenic tissue to validate directly-conjugated and -labeled antibodies. Regarding the tumor cell
marker, PPT tissue was used as positive tissue control and WT splenic tissue as negative tissue
control. Frozen sections were single stained for each individual marker (depicted in Table 10),
using the indirect method of staining (i.e., unlabeled primary antibody against a target antigen and
a labeled secondary antibody), as following described. For IF labeling, tissue sections were
thawed on a hot plate for 1 min at 37 °C, air dried for 20 min at RT, and post-fixed with acetone
for 6 min at 4 °C. After air drying once again for 20 min at RT, the tissues were rehydrated in
1xPBS for 10 min and then blocked with 10% serum/3% BSA for 1 hour at RT. Then, the sections
were incubated with each individual primary antibody diluted in 3% BSA, at concentration
indicated in Table 10, for 3 hours at RT. After washing thrice with 1xPBS, the respective
secondary antibody (depicted in Table 10) diluted 1:200 in 3% BSA was applied for 1 hour at RT.
Subsequently, the tissues were washed thrice with 1xPBS and then incubated with DAPI diluted
1:1000 in 3% BSA for 10 min at RT. Finally, the tissues were washed thrice with 1xPBS, mounted

in Vectashield® mounting medium, and stored at 4 °C until the imaging was performed.
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Table 10. Single stainings with immune and tumor cell markers established for cryopreserved
sections using the indirect method

Primary antibody Blocking serum Dilution  Secondary antibody

Rat CD11b, #553308 Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

Rat CD68, #MCA1957 Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

Rat F4/80, #MCA497 Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

Armenian hamster CD11c, Goat 1:100 Goat anti-Armenian hamster Cy3,

#14-0114-82 #127-165-160

Rat Ly6G/Ly6C, Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,

#14-5931-82 #A21208

Goat Siglec-F, #AF1706 Donkey 1:100 Donkey anti-goat Alexa Fluor® 594,
#A11058

Rat CD3, #100201 Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

Armenian hamster CD3e, Goat 1:100 Goat anti-Armenian hamster Cy3,

#553058 #127-165-160

Rabbit CD4, #ab183685 Goat 1:200 Goat anti-rabbit Alexa Fluor® 488,
#A11034

Rat CD8a, #14-0081-82 Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

Rat CD45R/B220, #103201 Donkey 1:200 Donkey anti-rat Alexa Fluor® 488,
#A21208

Rat CD45, #MCA1031G Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

Rabbit Keratin 18, Goat 1:500 Goat anti-rabbit Alexa Fluor® 488,

#SAB4501665 #A11034

CD, cluster of differentiation.

To test the specificity of the primary antibodies against their target antigen (cross-reaction
control), double stainings with certain immune markers (depicted in Table 11) were also
performed using the indirect method. A similar protocol to the single stainings was followed
including the thawing, air drying, post-fixing with acetone, dehydrating, and blocking with 10%
serum/3% BSA. Each combination of two primary antibodies was diluted in 3% BSA at
concentrations indicated in Table 11 and incubated for 3 hours at RT. Followed by three washes
with 1xPBS, the respective combination of secondary antibodies (depicted in Table 11) was
diluted in 3% BSA and incubated for 1 hour at RT. Afterwards, the tissues were washed thrice
with 1xPBS and incubated with DAPI diluted 1:1000 in 3% BSA for 10 min at RT. The tissues
were subsequently washed thrice with 1xPBS, mounted in Vectashield® mounting medium, and
stored at 4 °C until the imaging was performed. Stained cryosections were imaged using Leica
TCS SP8 confocal microscope equipment with a HC PL APO CS2 40x/1.30 OIL objective and

images were taken at 1024 x 1024 voxel density.
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Table 11. Double stainings with immune cell markers established for cryopreserved sections

Combination of primary Blocking serum(s) Dilutions Secondary antibodies

antibodies

Rat CD11b, #553308 Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

& & &
Donkey anti-goat Alexa Fluor® 594,

Goat Siglec-F, #AF1706 1:100 #A11058

Rat F4/80, #MCA497 Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21209

& & &

1:100 Donkey anti-goat Alexa Fluor® 594,

Goat Siglec-F, #AF1706 #A11058

Rat F4/80, #MCA497 Goat & Donkey 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

& & &

Armenian hamster CD3e, 1:100 Goat anti-Armenian hamster Cy3,

#553058 #127-165-160

Armenian hamster CD3e, Goat & Donkey 1:100 Goat anti-Armenian hamster Cy3,

#553058 #127-165-160

& & &

Rat CD45R/B220, 1:100 Donkey anti-rat Alexa Fluor® 488,

#103201 #A21208

Armenian hamster CD3e, Goat 1:100 Goat anti-Armenian hamster Cy3,

#553058 #127-165-160

& & &

Rabbit CD4, #ab183685 1:200 Goat anti-rabbit Alexa Fluor® 488,
#A11034

Armenian hamster CD3e, Goat & Donkey 1:100 Goat anti-Armenian hamster Cy3,

#553058 #127-165-160

& & &

Rat CD8a, #14-0081-82 1:100 Donkey anti-rat Alexa Fluor® 488,
#A21208

Rabbit CD4, #ab183685 Goat & Donkey 1:200 Goat anti-rabbit Alexa Fluor® 594,
#A11037

& & &

Rat CD8a, #14-0081-82 1:100 Donkey anti-rat Alexa Fluor® 488,

#A21208

CD, cluster of differentiation.

5.2.3.3. Labeling primary antibody using Antibody Labeling Kit

Antibody Labeling Kits provided by Thermo Fisher Scientific allowed us to directly

fluorophore-label primary antibodies, which were previously validated and quality controlled. The
concentration of the antibodies to be labeled was checked, since ideal antibody concentration for
the labeling performance is = 1 mg/mL. The Labeling the Protein and Purifying the Labeled
Protein steps were following according to the manufacturer’s instructions, except step 2.6 where
the spin column was centrifuged thrice (instead of once) for 5 min at 1100 xg. In the end, we
obtained labeled protein in approximately 100 pL of PBS with 2 mM sodium azide. To determine
the efficacy of the labeling, splenic tissue from a WT animal was labeled as described in section

5.2.3.2. and stainings were compared with the ones obtained using the indirect method of IF.
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5.2.3.4. Determination of cellular proportions in primary pancreatic tumor tissues

To determine the proportions of PCCs and TME cells in PPT tissues, cryopreserved
sections were labeled for keratin 18 (CK18), PDPN and CDA45, a protocol optimized by Tatiana
Martins. Frozen sections were thawed on a hot plate for 1 min at 37 °C, air dried for 30 min at RT,
and post-fixed with 4% PFA without methanol for 1 min at RT. Afterwards, the tissues were
washed thrice in 1xPBS and incubated in 10% goat serum/3% BSA/0.1% Triton™ X-100 for 1
hour at RT. The sections were then incubated with primary antibodies PDPN (1:100) and CD45
(1:200) diluted in the blocking solution overnight at 4 °C. After washing thrice with 0.1% Triton™
X-100/PBS, the secondary antibodies goat anti-rat AF 555 and goat anti-Armenian hamster AF
647 were diluted 1:200 in the blocking solution and applied for 1 hour at RT. Subsequently, three
washes with 0.1% Triton™ X-100/PBS were performed and CK18 antibody labeled with AF 680
diluted 1:100 in 10% rabbit serum/3% BSA/0.1% Triton™ X-100 was incubated for 3 hours at RT.
The sections were washed thrice with 0.1% Triton™ X-100/PBS and incubated with DAPI diluted
1:1000 in 0.1% Triton™ X-100/PBS for 10 min at RT. The tissues were subsequently washed
thrice with 0.1% Triton™ X-100/PBS, mounted in Vectashield® mounting medium, and stored at
4 °C until the imaging was performed. Stained cryosections were imaged using Leica TCS SP8
confocal microscope equipment with a HC PL APO CS2 40x/1.30 OIL objective and Z-stacked
images were taken in two distinct regions of interest, using a 3 x 3 tile scan, and at 1024 x 1024
voxel density. Posteriorly, all imaged cells were segmented in Imaris 9.6 software, and number of
total segmented objects was noted, and ratios were calculated using Excel software. In addition,
statistical information of the segmented cells, namely x,y position, was exported into FlowJo
v10.6.1 software for spatial visualization of the tumor (CK18-positive), immune (CD45-positive),

and stromal (PDPN-positive) populations using both dot and density plots.

5.2.4. Immunohistochemistry stainings

FFPE sections of PPT, liver, and lung tissues were labeled for E-cadherin and PPT
tissues were additionally stained for Ki-67 by IHC staining. Tissues were deparaffinized in
ROTI®Histol (2 x 5 min), rehydrated in successive EtOH solutions (2 x 100% EtOH, 2 x 96% EtOH,
and 2 x 80% EtOH; for 3 min each), and in tap water (3 min). Heat-mediated antigen retrieval was
performed by boiling the sections in a microwave at 500 W for 3 min and then at 350 W for 15
min in a citric acid-based antigen unmasking solution pH 6.0 (prepared according to the
manufacturer’s instructions). After cooling down for 20-30 min at RT in the citrate buffer solution
and washing thrice with 1xPBS, the sections were incubated with 3% H202 solution for 20 min at
RT to block endogenous peroxidase activity. The tissue sections were blocked with a 5% goat
serum/avidin/PBS solution for 1 hour at RT. The primary antibodies E-cadherin and Ki-67 were
individually diluted in 5% goat serum/biotin/PBS solution (mouse E-cadherin, #610181, 1:100;
and rabbit Ki-67, #K1681C01, 1:50) and sections were incubated overnight at 4 °C. Afterwards,
the tissues were washed thrice with 1xPBS before incubation with the appropriate biotinylated
secondary antibodies (goat anti-mouse, #BA-9200, for E-cadherin staining detection; and goat
anti-rabbit, #BA-1000, for Ki-67 labeling detection), which were separately diluted 1:500 in 5%
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goat serum/PBS solution, for 1 hour at RT. The sections were washed thrice with 1xPBS and the
detection of positive staining was performed using the Vectastain® elite ABC kit prepared
according to the manufacturer’s instructions. This step was followed by development with 3,3'-
Diaminobenzidine (DAB; prepared according to manufacturer’s protocol) for 1min:30sec for both
E-cadherin and Ki-67 stainings. Hematoxylin counterstaining was performed for 2-3 sec and,
finally, sections were dehydrated in ascending EtOH solutions (2 x 80% EtOH, 2 x 96% EtOH,
and 100% EtOH; for 15 sec each), incubated in ROTI®Histol (2 x 5 min) and mounted with
Cytoseal™ XYL mounting medium. All the stained tissues were scanned using Aperio Versa 8
Digital Scanner and analyzed, photographed and images saved as .tif file using Aperio
ImageScope software. For the quantification of E-cadherin-negative lesions, determination of the
optical density of E-cadherin staining, and quantification of Ki-67-positive cells, five random
snapshots of each tissue in a 20x zoom were taken and save as .tiff files. E-cadherin-negative
lesions were counted in each field of view. Using Fiji v1.53 software, the number of Ki-67-positive
cells was determined as well as the total number of nuclei. Regarding the optical density of E-
cadherin staining, the deconvoluted channel of IHC/DAB staining was measure as “Mean gray
value”; this mean value was noted, and the optical density was calculated using the following
formula in Excel software:

max intensity

0D = log( ),where max intensity = 255 for 8-bit images

mean intensity

5.3. In vitro analysis
5.3.1. Culture conditions and handling of primary murine pancreatic tumor cell lines

Primary murine PCCs were established from tumor mice (as described in section 5.1.5.),
handled under sterile conditions in a laminar flow bench and were maintained in fresh pre-warmed
cancer cell medium (depicted in Table 6) at 37 °C and 5% CO2. Upon reaching a confluency of
80-95%, the cells were passaged as following described. The medium was aspirated, cells were
washed with sterile 1xPBS and detached from the surface of the tissue culture flask by incubation
with 1xtrypsin solution at 37 °C for an appropriate time period. Trypsinization was stopped by
adding medium to the cell suspension, which subsequently was transferred into a new tissue
culture flask or seeded in Petri dishes or cell culture microplates depending on the experimental
design. When applicable, cell number was determined using a Neubauer hemacytometer prior to
the seeding step.

For cryopreservation, trypsinized cells were transferred to a conical tube and centrifuged
at 450 xg for 5 min. After aspirating the supernatant, the pellet was resuspended in ice-cold
freezing medium (depicted in Table 6), transferred to CryoPure tubes, frozen at -80 °C, and stored

in a liquid nitrogen cryogenic sample storage.
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5.3.2. Authentication of cell lines

Cultured tumor cell lines were routinely tested for mycoplasma contamination by PCR
and authenticated by regenotyping of cells and corresponding mice. Cell lines were cultured in
DMEM only supplemented with 10% FBS (without 1% penicillin-streptomycin) until the medium
turned yellow. Afterwards, 2 mL of medium was collected and centrifuged for 2 min at 250 xg.
The supernatant was collected and centrifuged for 10 min at maximum speed (about 18,000 xg).
The supernatant was discarded, the pellet was resuspended in 30 uL of distilled water (dH20)
and heated for 3 min at 95 °C. The resulting suspension was processed as described in section
5.4.2.3. or stored at -20 °C until the PCR performance.

5.3.3. Documentation of cell morphology

Bright-field pictures of murine cell lines were documented with the microscope Leica DM
IL LED equipped with 5x, 10x and 20x objectives and Leica Application Suite X software.

5.3.4. 4-hydroxytamoxifen treatment of primary murine pancreatic tumor cells

To induce the activity of CreER™ in vitro, primary murine PCCs were treated with vehicle
(100% EtOH) or 600 nM 4-OHT for 7 days to delete the loxP-flanked sequences of the Cdhl
allele. Subsequently, treated cells were seeded for several assays, including MTT assay,
clonogenic assay, immunocytochemistry (ICC) staining, and generation of Cdh1™ and Cdh144

clones (as described in sections 5.3.5. t0 5.3.8.).

5.3.5. MTT assay

The MTT assay is a colorimetric assay used to measure cellular metabolic activity as an
indicator of cell viability, proliferation, and cytotoxicity. The water soluble MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) with a yellow coloration is taken up by the
cells and converted into an insoluble formazan product with a purple coloration. Cells were
counted and seeded in a concentration of 2000, 1000, and 500 cells/well in five 96-well plates
(one per each five consecutive days of the assay) as pentaplicates. 20 uL of MTT reagent were
added to 100 pL of cancer cell medium (final concentration of MTT reagent: 1 mg/mL) of each
well and incubated for 4 h at 37 °C. Subsequently, the medium was discarded, and the water-
insoluble formazan crystals were solubilized by adding 100 pL of 100% EtOH/DMSO solution
(1:1, viv). The 96-well plate was incubated on a shaker for 10 min at RT. After solubilization of
the formazan, the concentration of the colorimetric product was determined by an optical density
measurement at 570 nm by the multimode microplate reader CLARIOstar. Technical triplicates in

three independent experiments were carried out.
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5.3.6. Clonogenic assay

Colony formation assay is based on the ability of a single cell to divide and grow into a
colony. Cells were counted and seeded in a concentration of 2000 cells/well in a 6-well plate as
triplicates. After allowing cellular growth for 8 days and showing visible colonies, cancer cell
medium was aspirated, and cells were fixed with 99% ice-cold methanol on a shaker for 30 min
at 4 °C. After methanol was removed, colonies were washed with cold 1xPBS and stained with
Giemsa solution (diluted 1:20 in dH20) on a shaker overnight at RT. Afterwards, Giemsa solution
was removed, cells were washed with dH20 and plates were air dried. The 6-well plates were
then scanned using an Epson scanner Perfection V370 Photo and the number of colonies was

determined using the ImageJ software.

5.3.7. Immunocytochemistry staining

Cells were seeded on sterile coverslips placed in a 6-well plate for the performance of
ICC staining to detect E-cadherin protein with or without Ki-67 marker. When the cell confluency
reached 70-80%, the cells were fixed with 4% PFA without methanol for 20 min at 4 °C. After
washing the cells thrice with 1xXPBS, a blocking step was performed using a 10% goat serum/3%
BSA solution during 1 hour at RT. Afterwards, the cells were incubated overnight at 4 °C with
primary antibodies E-cadherin (1:100, rat, #sc-59778) and Ki-67 (1:50, rabbit, #ab16667) together
with Phalloidin CF633 (1:1000) diluted in 0.5% BSA/0.5% Triton™ X-100. After washing thrice
with 1xXPBS, the secondary antibodies goat anti-rat AF 680 and goat anti-rabbit AF 488 were
diluted 1:200 in 3% BSA and applied for 1 hour at RT. Three washes with 1xXPBS were performed,
and the nuclei were labeled with DAPI (1:5000) diluted in 3% BSA and incubated 10 min at RT.
The cells were subsequently thrice washed with 1xPBS, mounted in Vectashield® mounting
medium, and stored at 4 °C until the imaging was performed. Confocal images of ICC stainings
were acquired using Leica TCS SP8 confocal microscope equipment with a HC PL APO CS2
40x/1.30 OIL objective and the fluorescent signals were detected, as depicted in Table 12. Images
of five random fields of view were taken at 1024 x 1024 voxel density. Using Fiji v1.53 software,
the number of E-cadherin-negative and Ki-67-positive cells were determined as well as the total

number of nuclei per field of view.

Table 12. Confocal microscope settings for the image acquisition of immunocytochemistry staining

Sequence Marker Laser Detector Emission (nm) Gain
(nm; %) (% or V)

Seq. 1 Ki-67 490; 7.80 HyD2 508-533 100.0

E-cadherin 670; 22.5 HyD4 689-719 100.0

Seq. 2 Phalloidin 630; 5.20 HyD4 638-662 100.0

DAPI 405; 3.50 PMT1 441-476 862.0

%, percentage; HyD, hybrid detector; nm, nanometer; PMT, photomultiplier tube detector; Seq., sequence;
V, volt.
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5.3.8. Generation of Cdh1 and Cdh144 clones

To analyze the effect of Cdh1 loss in vitro, six Cdh1™ cell lines were treated with 4-OHT
for 7 days and seeded in the same manner as a clonogenic assay. For each cell line, each growing
colony was picked with a sterile pipette tip and transferred to a single well of a 96-well plate with
100 pL of cancer cell medium. Once a colony was formed in the well of a 96-well plate, the medium
was discarded, and the cells were gently washed with 1xPBS. Then, 1xtrypsin solution was
added to the well and the plate was incubated at 37 °C until the cells detached. Trypsinization
was stopped by adding medium to the cell suspension, which was then transferred into a well of
a 24-well plate. When the well was confluent, the cells were transferred to a well of a 6-well plate,
as previously described, and DNA was isolated to determine the recombination status of Cdh1 of
the clones. Clones harboring both Cdh1" and Cdh12 alleles were discarded, whilst Cdh1™ (Cdh1-
proficient) and Cdh142 (Cdhi-deficient) generated clones were then cultured in 25 and 75 cm?

tissue culture flasks until it would be possible to freeze the cells for further analysis.

5.3.9. Preparation of cells for implantation

For implantation, a Cdh1" cell line treated with vehicle and 4-OHT and two Cdh1"" and
two Cdh1%2 generated clones from that 4-OHT-treated cell line were selected. All the cells were
cultured in cancer cell medium. On the implantation day, the cells were trypsinized until they
detached from the bottom of the flask. The cell suspension was then centrifuged for 5 min at 350
xg, medium was discarded, and the cell pellet was resuspended in DMEM medium without FCS
or penicillin/streptomycin. The cell number was determined with Neubauer hemocytometer and
the cells were suspended in 2000 mL of DMEM medium without FCS or penicillin/streptomycin at

a final concentration of 5000 cells per 20 pL of injection.

5.4. Molecular biology
5.4.1. Isolation of genomic DNA

Isolation of genomic DNA from mouse tail tips, tissues or cell pellets for PCR analysis
was done by adding 50 pL of Soriano lysis buffer freshly supplemented with proteinase K and
DTT. Lysis was performed in a thermocycler for 90 min at 55 °C followed by proteinase K
inactivation for 15 min at 95 °C. After vigorously vortexing the sample, the DNA-containing
supernatant was separated from the debris by centrifugation for 5 min at 1000 xg, transferred
into a new reaction tube and stored at 4 °C for short term or at -20 °C for longer time period until

PCR analysis was performed.
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5.4.2. Polymerase chain reaction (PCR)

Standard PCR was used for genotyping of mice tail DNA, analysis of recombination in
murine tissues and cell lines. A pre-mix for PCR containing 10x buffer S, polymerase and dNTPs
was used, as shown in Table 13. The standard PCR reaction mix and conditions are depicted in
Tables 14 and 15. The primer amount was individually optimized depending on the PCR product.
PCR products were stored at 4 °C until further analysis by gel electrophoresis as described in
section 5.4.2.4..

Table 13. Composition of polymerase chain reaction pre-mix

Component Volume (uL) for one reaction
dH20 4.375

10x buffer S 25

30% sucrose 25

SucRot 2.5

PeqTaq 0.125

dNTPs (10 uM each) 0.5

%, percentage; pL, microliter; pM, micromolar; dH20, distilled water; dNTP, deoxyribonucleotide
triphosphate.

Table 14. Polymerase chain reaction mix

Component Volume (pL) for one reaction
PCR pre-mix 125

Forward primer (10 pM) 0.25-2

Reverse primer (10 pM) 0.25-2

DNA template 1-2

dH20 add up to 24 pL

uL, microliter; uM, micromolar; dH20, distilled water; PCR, polymerase chain reaction.

Table 15. Conditions for standard polymerase chain reaction

Step Temperature (°C) Time (seconds) Cycles
Initial denaturation 95 180

Denaturation 95 30-45

Annealing 55 - 65 30-60 40x
Elongation 72 60-90

Final elongation 72 300

Storage 25 hold

°C, degree Celsius.

5.4.2.1. Genotyping and recombination PCR

To determine the genotype of a mouse, regenotype a cell line and/or analyze the activity
of a recombinase in a tissue or cell line, isolated genomic DNA (isolation described in section
5.4.1)) was used to perform genotyping or recombination PCR, respectively. For each allele,
specific primers were designed (Table 8), annealing temperatures were adjusted, and PCR

products were determined as listed in Table 16.
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Table 16. Annealing temperatures and polymerase chain reaction products

PCR name Annealing temperature (°C) PCR products (bp)

Pdx1-Cre 64 674 (mut) / 202 (internal control)

Pdx1-CreERT? 58 410 (mut) / 300 (WT)

Pdx1-Flp 56 620 (mut) / 300 (WT)

LSL-Kras®?P 55 300 (rec) / 270 (WT) / 170 (mut)

FSF-Kras®12P 55 351 (mut) / 306 (rec) / 270 (WT)

LSL-Pik3cat1047r 64 630 (mut)

LSL-Brafve37& 63 413 (mut) / 357 (WT)

Cdh1f 60 330 (mut) / 190 (WT)

Cdhaf recombination 63 450 (rec) / 308 (mut) / 185 (WT)

LSL-Trp53R172H 60 570 (WT) / 270 (mut)

Tr53/ox 64 370 (mut) / 288 (WT)

Trp53ft 57 292 (mut) / 258 (WT)

Trp53f™ recombination 55 352 (rec)

Rosa26™a 62 600 (WT) / 400 (Pik3ca™%47R) / 310
(mut)

CreER™ 55 190 (mut)

R0sa26cA¢ 62 650 (WT) / 450 (mut) / 350 (R26™TMC)

FSF-Stop 60 600 (mut)

FSF recombination 60 490 (rec)

Rosa26mTmc 62 650 (WT) / 450 (mut)

Rosa26™M™™C recombination 62 1023 (eGFP) / 852 (tdTomato)

CAGUsRed-eGFP 65 220 (mut)

Rosa26Pva 60 916 (mut) / 650 (WT)

bp, base pair; eGFP, enhanced green fluorescent protein; mut, mutated allele; PCR, polymerase chain
reaction; rec, mutated allele without stop element after recombination; tdTomato, tandem dimer tomato; WT,
wild-type.

5.4.2.2. Mycoplasma contamination test PCR

Samples for mycoplasma contamination test were obtained as described in section
5.3.2.. The PCR for mycoplasma detection was carried out in a final volume of 30.0 pL in 15.0 pL
of the PCR pre-mix (Table 13), 2 pL of forward-primer mix and 2 pL of reverse-primer mix (in a
final concentration of 10 uM; Table 8), 9 pL of dH20, and 2 pL of the DNA suspension. To perform
the PCR, the reaction solution was initially denatured at 95 °C for 15 min, then 40 cycles of 94 °C
for 1 min (denaturation), 60 °C for 1 min (annealing), and 74 °C for 1 min (elongation) were run
and lastly a final elongation step was performed at 72 °C for 10 min. Fifteen pL of the PCR product
were loaded on a 2.0% agarose gel and analyzed by electrophoresis as described section
5.4.2.4.. Negative samples for mycoplasma contamination show no band, while positive samples

present a band at 500 bp.

5.4.2.3. Agarose gel electrophoresis of PCR products

Agarose gels were prepared at a concentration of 1.5-2.0%, depending on the size of the
expected bands. Agarose was dissolved in 1x TAE buffer by boiling in a microwave and was
mixed with a magnetic stirrer until cooled down to around 60 °C. Ethidium bromide, which
intercalates into nucleic acids, was added (1 mg/mL) before the gel was poured into a chamber
with combs. PCR products and GeneRuler™ 100 bp DNA ladder were loaded into the wells and
separated in 1x TAE buffer by electrophoresis at 110-120 V for 1-2.5 hours or until the bands had
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been separated sufficiently. DNA bands were visualized by ultraviolet (UV) light and documented
with Gel documentation system UVP UVsolo touch.

5.4.3. RNA sequencing
5.4.3.1. Isolation of RNA from bulk tumors and cells

Bulk tumor samples for RNA extraction were homogenized in 600 yL of RLT buffer
supplemented with 1% 2-mercaptoethanol using SilentCrusher M. Cell lines were cultured in 10
cm Petri dishes until they reached around 70-80% confluency, washed with ice cold 1x PBS, and
harvested in 600 pyL of RLT buffer supplemented with 1% 2-mercaptoethanol. Lysate was
collected with a scraper and stored at -80 °C until further isolation. RNA extraction was carried
out with QlAshredder spin columns and the RNeasy mini kit according to the manufacturer’s
protocol. DNA was eliminated using the RNase-free DNase set. RNA concentration was

determined with Qubit® 2.0 Fluorometer and the isolated RNA was stored at -80 °C.

5.4.3.2. RNA sequencing and Bioinformatic analysis

To analyze the interactions between TME and tumor cells and to compare gene
signatures and underlying signaling pathways, RNA-seq of bulk tumors and murine pancreatic
cell lines was performed in collaboration with the laboratory of Prof. Roland Rad (Klinikum rechts

der Isar, Technical University of Munich, Munich, DE). 2 ug of each sample were further

processed for lllumina sequencing with the TruSeq® Stranded mRNA Sample Preparation Kit
with Agencourt AMPure XP Beads and SuperScript Il as reverse transcriptase.

Bioinformatical analysis of RNA-seq data, library preparation and alignment were carried
out using R version 3.6.2. (R Development Core Team, 2014) by Fabio Boniolo as described by
Muller and colleagues (Mueller et al., 2018). For deconvolution of RNA-seq data, the
immunedeconv R package was used after normalization (Sturm et al., 2019). In particular, the
‘MCPcounter’ method was modified to predict the abundances of cell types distinct from the ones
detected in the original publication (Becht et al., 2016). New signatures were defined, as shown
in Table 17, based on literature and avoiding genes common to different cellular types (Radens
et al., 2019; Szabo et al., 2019; Yun et al., 2019; Zilionis et al., 2019). The correlation between
the resulting abundance score was then visualized using the corrplot R package. Differential
expression analysis between the PK and PPI3K groups was performed using DESeg2 package
(Love et al., 2014), while for over-representation analysis of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, the upregulated genes in the PPI3K cohort compared to PK cohort
(LFC > 2 and adjusted p < 0.05) were represented using the clusterProfiler R package (Yu et al.,
2012). For the ssGSEA, the fgsea package with the method ‘ssgsea’ was used (Korotkevich et
al., 2016). The 50 cancer hallmark gene sets from the Molecular Signature Database (MSigDB)

(Liberzon et al., 2015) were used as gene sets for enrichment.
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Table 17. Defined signatures of cellular types present in pancreatic ductal adenocarcinoma

Cell type Signature
B cells Bankl, CD19, CD22, CD79a, CD79b, Ebfl, Fcrll, Klhl14, Pax5, Ralgps2
Neutrophils PI3, Tgm3, Cxcr2, Cxcrl, Kcnj2, Ceacaml, Megf9, Btnl3, Slc25a33, Lrrc40,

Slc25a43, Slc25a22, Slc25a38, Lrrc47, Prok2, Phosphol, Pnpl2la2
Dendritic cells Clecl10a, Clec9a, CD1e, CD207, Crip3, CD1c, Lgals2, Acpp
Macrophages Kynu, MerTK, Adap2, Rassf4, C1qa, Tfec, Htr2c, Mcsfr, TIr2, Ccl19, CD301b

Eosinophils Ccl23, Prss33, Thbs4, Epx, Fam170b, CD44r0, CD48, CD58, CD66, CD67

Basophils CD41, CD49b, Fcerla, CD203c, Cpa3, Ms4a3, Msd4a2, IL4, Gata2, CD200r1l,
Trim64b, Trim51bp, Trim49d1, Rhoxflpl, Ugt2bl1l, Rnu4-18p

CD8* T cells CD8a, CD8b, Trgv10, Trbv28, Trgv9, Trgv2, Trgc2

CD4* T cells CD4, Ccr4, IL1r1, IL6ra, IL21r, Ccr8, Ifngr2, Tnfrsf4, Ephx2, CD40lg, Trav8-4, Trav9-
2, Trbv7-2, Trbv12-3, Icos

Tumor cells Krt7, Krt8, Krt17, Krt18, Krt1l9, Epcam

MyCAFs Mmpll, Colllal, Clqgtnf3, Cthrcl, Coll2al, Coll0al, Lrrcl5, Itgall

CD, cluster of differentiation; MyCAF, myofibroblastic cancer-associated fibroblast; +, positive or high
expression.

5.5. Protein biochemistry
5.5.1. Protein extraction

Cell lines were cultured in 10 cm Petri dishes until they reached around 70-80%
confluency, washed with ice cold 1x PBS, and harvested in 180 yL of IP buffer supplemented
with proteinase and phosphatase inhibitors (Table 6) to obtain whole cell lysate. Lysate was
collected with a scraper, placed on ice for 30 min, and centrifuged for 15 min at 4 °C at maximum
speed (about 18,000 xg). The supernatant was transferred into a new reaction tube, immediately

snap frozen in liquid nitrogen, and stored at -80 °C until further use.

5.5.2. Determination of protein concentration by Bradford assay

The whole cell protein extraction samples were thawed on ice and the protein
concentration was determined by Bradford assay (Bradford, 1976). Bradford reagent was diluted
1:5 with dH20 and 300 pL of this solution were distributed per each necessary well of a 96-well
plate. For the standard curve, duplicates of 1 mg/mL BSA solution were used as reference in
crescent amounts of protein (O pL, 0.5 pL, 1 pL, 2 pL, 4 pL and 8 pL). For the measurement of
the protein concentration of the samples of interest, triplicates were carried out by adding 1 pL of
the sample per well. The absorbance was measured at 595 nm in the multimode microplate
reader CLARIOstar. Protein concentration was calculated using the standard curve and all
samples were then adjusted to a final protein concentration of 3.5 pg/pL by adding IP buffer and
protein loading buffer (Laemmli, 1970). Finally, the protein samples were denatured for 5 min at

95 °C and stored at -20 °C until further analysis.
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5.5.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli,
1970) was performed to separate the proteins according to their molecular weight. Therefore,
10% separating gel and stacking gel were prepared according to Table 18. At first, the compounds
for the separating gel were mixed, being APS and TEMED the last two reagents to be added. The
separating gel was poured into a gel caster, covered with a layer of 2-propanol to remove air
bubbles, and allowed to polymerize. The stacking gel mixture was prepared, poured onto the
separating gel, and the comb with 10- or 15-wells was added. The gel was allowed to polymerize.
70 ug of the protein samples were loaded onto the SDS polyacrylamide gel together with
PageRuler™ Plus prestained protein ladder to estimate approximate molecular weight. For
concentration of the proteins in the stacking gel, electrophoresis was carried out at 60 V for about
45 min in running buffer (Table 6). Once the samples entered the separating gel, the voltage was
increased to 100-120 V for 1 hour to allow the separation of the proteins.

Table 18. Protocol for preparation of sodium dodecyl sulfate polyacrylamide gels

Component Volume (pL) for Volume (pL) for
10% separating gel stacking gel

dH20 6150.0 4500.0

Separating gel buffer 3900.0 n/a

Stacking gel buffer n/a 1950.0

Rotiphorese®gel 30 4950.0 1125.0

10% SDS 150.0 75.0

10% APS 75.0 375

TEMED 22.5 15.0

%, percentage; UL, microliter; APS, ammonium persulfate; dH20, distilled water; n/a, not applicable; SDS,
sodium dodecyl sulfate; TEMED, N,N,N’,N’-tetramethylethylenediamine.

5.5.4. Immunoblot

After separation with SDS-PAGE, the proteins were blotted onto a nitrocellulose blotting
membrane Amersham™ Protran™ 0.2 yum NC in a tank blot system. Transfer from the gel into
the membrane was performed for 2 hours at 300 mA and 4 °C in transfer buffer (Table 6). To
prevent unspecific antibody binding, the membrane was incubation with 5% milk (Table 6) on
shaker for 60 min at RT. Subsequently, the membrane was incubated by gently agitation with the
first antibody mouse anti-mouse E-cadherin (36/E-Cadherin, #610181) diluted 1:1000 in 5% milk
over two nights at 4 °C. After washing the membrane thrice with PBS-T (Table 6) for 5 min, the
membrane was incubated with secondary antibody goat peroxidase antibody anti-mouse IgG
(#A9917-1ML) diluted 1:5000 in 5% milk for 1 hour at RT in the dark with gentle shaking. The
membrane was washed again thrice with PBS-T before it was incubated with chemiluminescence
solution (Table 6) for 2 min at RT in the dark. Afterwards, the membrane was scanned at 700 nm,
800 nm, and Chemi modes using Odyssey® Fc imaging system. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as loading control.
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5.6. Statistical analysis

Graphical depiction, data correlation, and statistical analyses were performed with
GraphPad Prism 5.0 and 8.0 software. Biological replicates were reported, and data obtained
were presented as mean values + standard error of mean (SEM), except for the pie charts and
bar graphs, which represent the mean of the replicates or proportions within a single dataset, and
violin plots, which indicate the median and the quartiles. To calculate statistical differences,
distinct statistical tests were employed depending on the dataset. Two-tailed Student’s unpaired
t test selecting pair groups for comparison was applied to cellular ratios, cell-to-cell distances,
percentage of E-cadherin-negative lesions, optical density of E-cadherin staining and tumor
weight, while one-way analysis of variance (ANOVA) with post-hoc Tukey test was employed to
determine statistical differences of E-cadherin-negative cells among the Cdhl cell lines with
distinct recombination status and between vehicle- and 4-OHT-treated Cdh1" cell lines. Survival
curves were done using Kaplan-Meier survival analysis and log rank (Mantel-Cox) test for
statistical analysis. To determine statistical differences of tumor types, histopathological grading,
and macrometastases formation, Chi-square test with 95% of confidence interval was performed
selecting pairs of groups for comparison. In all statistical tests, p < 0.05 was considered to be
statistically significant and the resulting p-values are indicated in the respective figures. No

statistical method was used to predetermine sample size.
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6. Results

6.1. Chapter I, Part A: Establishment of multiplexed immunohistochemistry
(mIHC) panels for immune- and tumor-profiling of cryopreserved murine tumor
tissues using confocal microscopy

Immune cells within the TME interact among themselves and with tumor cells to create a
favorable environment to tumor progression. Characterization of the TME using mIHC has several
crucial implications for clinical translation and has emerged as a potent tool for immune-profiling
analysis (Gorris et al., 2018; Tsujikawa et al., 2017). Besides allowing simultaneous detection of
multiple biomarkers within a single specimen, mIHC also preserves the morphology of the tissue,
which is lost with other techniques such as flow cytometry or RNA-seq. These advantages of the
mIHC technique enable the study of co-expression, spatial organization, and/or distribution of
multiple targets, leading to a better understanding of the architecture of a disease at a cellular
level. In the present study, our goal was to establish a mIHC panel using a range of immune
marker antibodies, including those against IICs and AICs, and confocal microscopy to further
apply in PDAC tissues and characterize their immune cell content. In this Chapter I, Part A, we
reported on the development, optimization, and application of mIHC panels, consisting of: 1) IIC
panel — CD11b, CD11c, Ly6G/Ly6C, and F4/80 markers; 2) AIC panel — CD3 and CD45R/B220
markers; and 3) T cell panel — CD3, CD8a, CD4, and FoxP3 markers; and all panels were
completed with CK18 and ToPro-3 stainings. These established panels posteriorly allowed the
quantification of nine different cellular types on three consecutive tissue sections.

The development of a mIHC panel to detect immune cells consisted in a multistep
process, as depicted in Fig. 5 and it involved the following phases: 1) determination of the tissue
sections to use (FFPE or cryopreserved); 2) selection of the cells of interest (immune and tumor
cells); 3) validation of the antibodies to detect the cells of interest and performance of the
respective quality controls using uniplex IF staining; 4) determination of the fluorophores to
integrate a single mIHC panel; 5) development of the multiplex staining protocols, including
optimization of blocking/permeabilization step, readjustment of the selected antibodies validated
by uniplex IF staining, and test the sequential antibody incubations; and 6) application of the
established panels in the tissue of interest (PPT tissue). Throughout this section, we highlighted
the critical steps to consider while establishing a mIHC panel, encountered challenges and
limitations of the technique, and timing implicated in the process (from preparation of the
specimens to data analysis and visualization). The work described in this section counted with
the collaboration of Dr. Chuan Shan, Dr. Markus Tschurtschenthaler, and Dr. Sabine Klein, who

generated the animals used for the establishment of the mIHC panels.
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[Determination of the tissue sections to use: FFPE vs. cryopreserved)

¢ Selection of cellular types of interest . ° q

. Validation of antibodies against selected cellular type;v .: !

!

f Determination of fluorophores to integrate a mIHC panel )

}

( Development of mIHC protocol )

(blocking/permeabilization, refine selected antibodies, sequential incubations)

}

—
~ Application of established mIHC panel in tissue of interest )

®"

Fig. 5. Flowchart with the steps of the multiplexed immunohistochemistry protocol development.
The multistep process of establishing multiplexed immunohistochemistry (mIHC) panels ranged from the
determination of the tissue sections to use (formalin-fixed paraffin-embedded (FFPE) or cryopreserved
samples), selection of cells of interest (immune and tumor cells), validation of antibodies with the
performance of quality controls and determination of fluorophores to use in a single mIHC panel to the
development of the mIHC protocol, which included the optimization of blocking/permeabilization step,
readjustment of selected antibodies and respective dilutions and performance of sequential incubations of
antibodies, and finally the application of the established mIHC panel in the tissue of interest (primary
pancreatic tumor tissue).

FFPE denotes formalin-fixed paraffin-embedded, mIHC the multiplex immunohistochemistry.

6.1.1. mIHC panels were optimized on cryopreserved sections

Most of mIHC protocols available in the literature are performed in FFPE samples due to
their availability in the clinical practice (Gorris et al., 2018; Parra et al., 2017; Tsujikawa et al.,
2017). We took advantage of the availability of distinct GEMMs and murine tissues collected
throughout the years in our research group. Since both FFPE and frozen samples were available,
the first step of the establishment of a mIHC panel was to determine the type of sections to use
(Fig. 6). To answer this initial question, three different immune cell markers (F4/80, CD3, and
CD45R/B220) were tested in both FFPE and cryopreserved splenic tissues from WT mice using
IF staining, as shown in Fig. 6A. In the cryosections, all labelings with the markers F4/80, CD3,
and CD45R/B220 worked, being located in the membrane of the respective immune cells as
expected. In contrast, in the FFPE sections, only the CD45R/B220 antibody staining worked
targeting the clusters of B cells present in the spleen. In addition, the FFPE tissue presented
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Not fixed PFA PFA & Sucrose PFA & Sucrose
F4/80 CD45R/B220 Dry ice/EtOH bath Dry ice/EtOH bath Dry ice/EtOH bath -20 °C

Fig. 6. Selection of formalin-fixed paraffin-embedded or cryopreserved tissues to optimize the
multiplexed immunohistochemistry panels.

(A) Formalin-fixed paraffin-embedded (FFPE) and cryopreserved sections of splenic tissue from wild-type
mice stained with F4/80, cluster of differentiation (CD)3, and CD45R/B220 antibodies.

(B) Pancreatic tissues harvested from Ptfla-p48°®; Rosa26™ ™%+ and Villin-Cre; Rosa26™™¢* mice,
expressing enhanced green fluorescent protein (eGFP) and tandem dimer Tomato (tdTomato) in the
pancreatic cells respectively, were used to test fixation and freezing methods for cryopreserved samples.
No fixation, only 4% paraformaldehyde (PFA) without methanol, and 4% PFA without methanol with two
successive sucrose solutions were the fixation conditions tested, while dry ice/ethanol (EtOH) bath and
-20 °C were used to freeze the tissues. The different combinations tested are indicated above each column
of representative images. In addition, on the tissue with e GFP-positive pancreatic cells, CD3e staining was
performed, while on the tissue with tdTomato-positive pancreatic cells, CD45 staining was done. The inserts
show CD3e and CD45 stainings in the respective tissues.

All scale bars indicate 50 pm. Animals used for these analyses were generated by Dr. Chuan Shan and Dr.
Markus Tschurtschenthaler, both members of the laboratory of Prof. Dr. med. Dieter Saur. °C denotes the
degree Celsius, CD the cluster of differentiation, eGFP the enhanced green fluorescent protein, EtOH the
ethanol, FFPE the formalin-fixed paraffin-embedded, PFA the paraformaldehyde, tdTomato the tandem
dimer Tomato.

FFPE
eGFP/CD3e/
DAPI

Cryopreserved

tdTomato / CD45 /

endogenous autofluorescence, which was not evident in the frozen sample. Thus, the
cryopreserved tissue proved to be more precise for immune cell detection.

The next step was to test different methods of fixation and freezing to process and
prepare specimens for cryopreservation conserving the structure of the tissue and maintaining
the epitopes intact. Pancreatic tissues harvested from Ptfla-p48°; Rosa26™™¢* and Villin-Cre;
Rosa26™™™m* mice, expressing eGFP and tdTomato respectively, were used for this test (Fig.
6B). To fix the tissues, the three following conditions were applied: 1) no fixation; 2) fixation with
only 4% PFA without methanol for 2 hours; and 3) fixation with 4% PFA without methanol for 2
hours followed by two successive sucrose solutions (15% sucrose for 4 hours and 30% sucrose
overnight). Regarding the freezing methods, a dry ice/EtOH bath and -20 °C were tested. Upon
fixation and freezing, the Ptfla-p48¢'®; Rosa26™ ¢ tissues were stained with CD3e antibody,
while the Villin-Cre; Rosa26™m¢* samples were labeled with the pan-leukocyte marker CD45. As
observed in Fig. 6B, both not fixed tissues presented a diffused cytoplasmic localization of the
respective endogenous reporter proteins. In contrast, in all fixed tissues, both eGFP and tdTomato
fluorescent proteins were observed in the membrane of the respective pancreatic cells as
expected. In addition, CD3e and CD45 stainings were performed to access the immunoreactivity
of the epitopes and positive cells for each marker were detected in all fixed tissues. Comparing

the different combinations of fixation and freezing methods, the best results were obtained with
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the combination of 4% PFA and sucrose followed by dry ice/EtOH bath, since endogenous
autofluorescence was not detected in these tissues and they presented less unspecific staining
compared to the other conditions tested. Based on this test, we concluded that the best method
to cryopreserve the tissue was the fixation with 4% PFA for 2 hours followed by successive higher
concentrated sucrose (15% sucrose for 4 hours and 30% sucrose overnight) at 4 °C and freezing
using a dry ice/EtOH bath.

» CRITICAL STEP: The right fixation and freezing methods require optimization based on the

application and the target antigen to be stained.

6.1.2. Immune cells of interest needed to be selected

The second step of the establishment of the mIHC panel was the selection of cells of
interest. The identification of immune cell types is typically based on an assessment of the
presence or absence of expression of lineage-specific markers, cell surface markers or
transcription factors. As depicted in Fig. 7, the immune system comprises a large number of cell
types and subtypes that can be identified by general and specific markers. CD45 was selected
as a general marker to identify immune cells due to its exclusively expression on leukocytes,
allowing to distinguish between these cells and other cellular types present in our tissue of
interest, such as tumor cells and fibroblasts (Trowbridge & Thomas, 1994). In addition, since our
goal was to have an overview of the cellular populations present and may have a role in PDAC,
the main selection criterion was based on the relevance and abundance of the immune cell type
in this disease according to the literature. Thus, we decided to select the main populations of
myeloid and lymphoid cells, namely granulocytes (neutrophils and eosinophils), cDCs,
macrophages, NK cells, and T and B lymphocytes, covering both innate and adaptive immune
systems. After selecting the cells of interest, it is imperative to know which markers are necessary
to accurately identify the cells. Considering exclusively expressed and co-expressed markers, we
selected the following ones: CD11b (myeloid cells), Ly6G (neutrophils), Siglec-F (eosinophils),
CD11c and CD68 (cDCs), F4/80 and CD68 (macrophages), CD335 (NK cells), CD3 (T cells),
CD4 (Th cells), CD8 (CTLs), CD4 and FoxP3 (Tregs), and CD45R/B220 (B lymphocytes). Upon
selection of the cells of interest and respective markers, antibodies against the markers were
purchased from commercial manufacturers and validated using WT splenic or hepatic murine

specimens.
Check the literature to investigate the cells/antigens/proteins that could

integrate your mIHC panel and their respective abundances and levels of expression in the tissue
of interest.

66



Results

800

{s110) _
S[199 | 91x030}AD

-£dxod

fioje|nBay

-EVLVYO
euL

-¥ad
€£ao

{us) . |
s||92 1 JadjaH
pue .0zzg
ds¥ad .0zza
J0.07d0 pue 6100
40.6100 . pueg.cao

s|ie2 g S92 1
1 ]

.aseulbiy

40 .902d90

s0.£9100 @
MI-CN

~SON!

409800

40,0800
MII-LIN .

€02
pue . SEeadd

-8900
10,9600
401 LN . 10..08/74

S1189 (MN)

J8]11y |BANJEN )
]

+21€00

pue H-09|615
s2a
plojhoewse|d

JIDHN
pue 5900
40 21100
soa
leuouaAucy

sabeydoioepy

(soa)

S1182 d11pusqg
1

49K

pue 997
sosan
aphoonueiny

99h7

pue 097
SOSA RaleLy |
oapkoouop sjiydosnnan

(sosawm) sieo sossaiddns
panLiap-pIoja i
1

19324
pue .€z1do0 & -
sjiydoseg

.4-elbig
pue .£6.00 . —
sjiydouisog

sajAoo|nuels
I

adAjqng

adAy 19D

s]199 proydw i
L

-qLan .

s|182 pioja A
]

-S¥a0 .

1182 wa)s
analodojeway

eaul]

55

(legend on the next page)

67



Results

6.1.3. Antibodies against selected immune cells were validated by indirect method of
immunofluorescence staining

Extensive literature exists on immunostaining and antibody applications in both research
and clinical settings, being a robust and ease of handling tool. Nevertheless, the specificity and
reproducibility are well known to be influenced by a range of analytical factors including
processing of the samples, and aspects intrinsic to the antibody, such as its generation, the extent
of conjugation, dilution, and incubation conditions. Due to these facts, some commercially
available antibodies work well, whereas others work poorly or not at all. Thus, the third step of the
mIHC panel establishment was to perform proper validation of the reliability of the selected
markers/antibodies using the adequate quality controls (Hewitt et al., 2014). The following quality

controls were included:

i. Positive tissue control: staining was performed in a tissue that expresses the protein of

interest (e.g., splenic tissue for immune cell detection and PPT tissue for labeling of tumor cells);

ii. Negative tissue control: staining was performed in a tissue in which the protein of

interest is not expressed, preferably a tissue harvested from a KO animal (e.g., Rag2/1l2rg-KO
tissue for validation of NK, T, and B cell markers and hepatic tissue for the remain immune cell
antibodies);

iii. Secondary antibody only control: tissue was processed using the established IF staining

protocol omitting the primary antibody incubation, allowing to control unspecific binding of the
secondary antibody;
iv. Autofluorescence/endogenous tissue background staining control: unstained tissue was

processed as the established IF staining protocol omitting both primary and secondary antibody

incubations, allowing to control the endogenous background resultant from the fixation step;

Fig. 7. Schematic illustration of the hierarchical immune cells and respective markers.
Hematopoietic stem cells, which express cluster of differentiation (CD)45, differentiate into myeloid and
lymphoid cell lineages. Myeloid cells are characterized by the expression of CD11b, and they can convert
into several cell types, such as granulocytes, myeloid-derived suppressor cells (MDSCs), dendritic cells
(DCs) and macrophages. The granulocytes are divided into neutrophils that express Ly6G, eosinophils
identified by CD193 and Siglec-F, and basophils that express CD123 and high affinity IgE receptor (FceRI).
MDSCs acquire monocytic or granulocytic phenotypes, expressing Ly6C and Ly6G, respectively. Regarding
the DCs, these myeloid cells can be divided into conventional DCs that are identified by CD11c or CD68
and class of major histocompatibility complex class Il (MHCII) and plasmacytoid DCs that express the
markers Siglec-H and CD317. Lastly, markers of macrophages include F4/80 and CD68 and these myeloid
cells can be categorized in two extreme polarization states: M1-like expressing CD80, CD86 and inducible
nitric oxide synthase (iNOS); and M2-like identified by CD163, CD206 and arginase. Regarding the lymphoid
lineage, this lineage comprises the natural killer (NK) cells, T and B cells. NK cells, which belong to the
innate immune system together with the myeloid cells, express NK1.1, CD49b, CD335 and do not express
CD3. T cells together with B cells compose the adaptive immune system. T lymphocytes are characterized
by the expression of CD3 and negative expression of B cell markers such as CD19 and CD45R/B220. In
addition, T cells are divided into CD4* helper T cells (Th), such as Th2 that additionally express GATA
binding protein 3 (GATA3) and regulatory T cells (Tregs) identified by CD25 or FoxP3, and CD8* cytotoxic
T cells (CTLs).

CD denotes the cluster of differentiation, CTL the cytotoxic T cell, DC the dendritic cell, FceRlI the high affinity
IgE receptor, iINOS the inducible nitric oxide synthase, GATA3 the GATA binding protein 3, MHCII the major
histocompatibility complex class 1l, MDSC the myeloid-derived suppressor cell, NK the natural killer, Th the
helper T cell, Treg the regulatory T cell, + the positive or high expression in green, - the negative or low
expression in red.
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v. Cross-reaction control: cross-reactivity between antigens occurs when an antibody

directed against one specific antigen binds to another, different antigen. Each individual staining

was performed as well as double stainings to assess the specificity of the antibodies.

After selection of the cells of interest, each marker indicated in Table 19 was validated by
indirect method of uniplex IF staining, i.e., each antibody was individually applied in the tissue
and detected with the appropriate fluorophore-conjugated secondary antibody (e.g., AF and
cyanine - Cy), as depicted in Fig. 8. As a positive tissue control for immune cells, we used splenic
tissue from a WT mouse. As shown in Fig. 8A, all the markers exhibited membranous expression
in the respective targeted immune cells. For example, CD3 and CD45R/B220, the markers for T
and B cells respectively, were expressed in small round cells, while Ly6G/Ly6C and Siglec-F, the
markers to detect neutrophils and eosinophils respectively, presented stainings where multi-lobed
nuclei were visible. The membrane localization was also observed in the FoxP3 staining, a
transcription factor localized in the nuclei of Tregs (Colamatteo et al., 2019). This result indicated
that this labeling was not specific, and polyclonal antibody against FoxP3 (#ab75763) was not
binding to the correct epitope and consequently it was excluded from further analysis. Thus, when
using any tissue or cell line for antibody testing, the staining should be evaluated according to the
specific cell type to be detected (e.g., macrophage or lymphocyte by morphological features),
subcellular localization (membrane, cytoplasm, and/or nucleus), strength of signal, and signal-to-

noise ratio.

Table 19. Immune cell markers used during validation of antibodies by uniplex immunofluorescence
staining

Primary antibody Target cell(s) Primary antibody Target cell(s)
CD11b, #553308 Myeloid cells CD3, #100201 T cells

CD68, #MCA1957 Macrophages and cDCs | CD3e, #553058 T cells

F4/80, #MCA497 Macrophages CD4, #ab183685 Helper T cells
CD11c, #14-0114-82 cDCs CD8a, #14-0081-82 Cytotoxic T cells
NCR1/CD335, #ah199128 NK cells FoxP3, #ab75763 Regulatory T cells
Ly6G/Ly6C, #14-5931-82 Neutrophils CD45R/B220, #103201 B cells

Siglec-F, #AF1706 Eosinophils CD45, #MCA1031G Leukocytes

CD, cluster of differentiation; cDC, conventional dendritic cell; NK, natural killer.

In addition to the positive tissue control, the remaining quality controls mentioned above
were done to validate the selected antibodies. The negative tissue control was performed using
both splenic tissue from a Rag2/112rg-KO mouse to test the markers against NK, T and B cells
and hepatic tissue from a WT mouse was used for the remaining antibodies, as depicted in Fig.
8B. Regarding the stainings performed on WT hepatic tissue, none of the markers (CD11b, F4/80,
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Fig. 8. Validation of antibodies and quality controls.

(A) Representative pictures of the positive tissue quality control performed for immune cell markers cluster
of differentiation (CD)11b (myeloid cells), CD68 (conventional dendritic cells — cDCs — and macrophages),
F4/80 (macrophages), CD11c (cDCs), NCR1/CD335 (natural killer cells), Ly6G/Ly6C (neutrophils), Siglec-
F (eosinophils), CD3 and CD3e (T cells), CD4 (helper cells), CD8a (cytotoxic cells), FoxP3 (regulatory cells),
CD45R/B220 (B cells), and CD45 (leukocytes) using the indirect method of uniplex immunofluorescence
(IF) staining in wild-type (WT) splenic tissue.

(B) Representative pictures of the negative tissue quality control performed using hepatic tissue from a WT
mouse to validate CD11b, F4/80, CD11c, Ly6G/Ly6C, Siglec-F, and CD45 antibodies, and splenic tissue
from a Rag2/ll2rg-knockout (KO) animal to validate NCR1/CD335, CD3, CD3e, CD4, CD8a, and
CD45R/B220 antibodies.

(C) Representative pictures of the secondary antibody only control using WT splenic tissue. In this control,
the tissue was incubated with the secondary antibodies used to detect the antibodies in Fig. 8A (donkey
anti-rat Alexa Fluor® (AF) 488, donkey anti-rabbit AF 488, goat anti-Armenian hamster cyanine 3 (Cy3) and
donkey anti-goat AF 594).

(D) Autofluorescence control was performed in WT splenic specimen to assess the endogenous tissue
background.

(E) Representative pictures of the cross-reaction control using double stainings for immune cell markers by
indirect method of IF staining.

All the scale bars indicate 50 um. Animals used for these analyses were generated by Dr. Chuan Shan and
Dr. Markus Tschurtschenthaler, both members of the laboratory of Prof. Dr. med. Dieter Saur. AF denotes
the Alexa Fluor®, CD the cluster of differentiation, cDC the conventional dendritic cell, Cy the cyanine, IF
the immunofluorescence, KO the knockout, WT the wild-type.
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CD11c, Ly6G/LY6C, Siglec-F, and CD45) presented a positive signal. The same was observed
for the labelings with CD3, CD3e, CD4, CD8a, and CD45R/B220 antibodies on the Rag2/112rg-
KO splenic tissue. The only exception was the section stained with NCR1/CD335 antibody, where
the staining was similar to the one observed in the positive tissue control (Fig. 8A). For this reason,
similarly to FoxP3 antibody, the polyclonal antibody against NCR1/CD335 was also excluded from
further analysis.

To control the unspecific binding of the secondary antibodies, the secondary antibody
only control using WT splenic tissue was performed, as shown in Fig. 8C. To perform this quality
control, the secondary antibodies donkey anti-rat AF 488, donkey anti-rabbit AF 488, goat anti-
Armenian hamster Cy3, and donkey anti-goat AF 594 used to detect the primary antibodies
showed in Fig. 8A and 8B, were incubated in the splenic tissue. No unspecific binding was
observed, proving that the obtained stainings against the selected immune cells were specific.

Autofluorescence is a natural characteristic of all cells and its emission ranges from 450
to 540 nm (Jun et al., 2017). Endogenous tissue background staining control was performed to
assess the autofluorescence present in the sample prior to labeling, as depicted in Fig. 8D. The
WT splenic tissue fixed with PFA followed by two successive concentrations of sucrose and frozen
in a dry ice/EtOH bath did not present any autofluorescence. Thus, the detection of dim markers
on the 450 to 540 nm fluorescent range should not be impaired.

Finally, after the performance of the individual stainings, double or duplex IF stainings
were done to check potential cross-reactivity of the antibodies and to assess their specificity (Fig.
8E and Table 20). As observed in Fig. 8E, all the markers detected the respective immune cell
and, as expected, co-localization was observed on the double stainings using CD11b and Siglec-
F (myeloid eosinophils), CD3e and CD4 (Th cells), and CD3e and CD8a (CTLs) markers. In

Table 20. Overview of the validation of immune cell antibodies by duplex immunofluorescence
staining

Combination of Target cells Expected staining Obtained staining
Primary antibodies as expected?
CD11b, #553308 & Myeloid cells & Colonization of Siglec-F Yes
Siglec-F, #AF1706 Eosinophils and CD11b in addition to
CD11b* Siglec-F cells
F4/80, #MCA497 & Macrophages & Two distinct populations:  Yes
Siglec-F, #AF1706 Eosinophils one F4/80* and another
Siglec-F*
F4/80, #MCA497 & Macrophages & Two distinct populations:  Yes
CD3e, #553058 T cells one F4/80" and another
CD3e*
CD3e, #553058 & T cells & Two distinct populations:  Yes
CD45R/B220, #103201 B cells one CD3e* and another
CD45R/B220*
CD3e, #553058 & Helper CD4* T cells Colonization of CD4 and Yes
CD4, #ab183685 CD3e in addition to
CD3e* CD4 cells
CD3e, #553058 & Cytotoxic CD8a* T cells Colonization of CD8aand Yes
CD8a, #14-0081-82 CD3e in addition to
CD3e* CD8a cells
CD4, #ab183685 & Helper CD4* T cells & Two distinct populations:  Yes
CD8a, #14-0081-82 Cytotoxic CD8a* T cells one CD4* and another
CD8a*

CD, cluster of differentiation; + the positive or high expression; - the negative or low expression.
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addition, two distinct populations were detected in the combinations with F4/80 and Siglec-F
(macrophages and eosinophils, respectively), and CD4 and CD8a (Th and CLTs, respectively)
antibodies. These results allowed to confirm that all selected antibodies were specific against the
respective epitopes.

After validating and performing the quality controls for the antibodies against the immune
cells of interest, only NCR1/CD335 (#ab199128) and FoxP3 (#ab75763) were excluded from the

next step of the establishment of the mIHC panel, as summarized in Table 21.

Table 21. Overview of the immune cell markers validated and quality controlled

Primary antibody IF staining Passed the Comments
worked? quality controls?
CD11b, #553308 Yes Yes
CD68, #MCA1957 Yes Yes
F4/80, #MCA497 Yes Yes
CD11c, #14-0114-82 Yes Yes
Ly6G/Ly6C, #14-5931-82 Yes Yes
Siglec-F, #AF1706 Yes Yes
CD3, #100201 Yes Yes
CD3e, #553058 Yes Yes
CD4, #ab183685 Yes Yes
CD8a, #14-0081-82 Yes Yes
CD45R/B220, #103201 Yes Yes
CD45, #MCA1031G Yes Yes

CD, cluster of differentiation; IF, immunofluorescence; KO, knockout; n/a, not applicable.

» CRITICAL STEP: Know the biology of the target of interest, investigate about the expected

localization of the selected marker, and use the appropriate controls to validate it.

6.1.4. Multiplexed immunohistochemistry panels for immune-profiling and tumor cell
detection required further validation

After testing all of the markers by uniplex IF staining, we started to optimize the protocol
of the mIHC panel for immune-profiling. Ideally, we aimed to include as many markers as possible
in a single mIHC panel. However, there were a few challenges and limitations that needed to be
considered regarding the chosen antibodies (e.g., host species, commercial availability), the
fluorophores (their broad excitation and emission spectrums, bleed-through of neighboring
fluorophores), and the instrument used for the image acquisition (limited excitation spectrum —

between 405 and 670 nm — of the Leica TCS SP8 confocal microscope). For these reasons,
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markers that would allow us to visualize all the immune cells of interest were selected,
fluorophores to use were defined, and then assigned to each marker, and, when applicable,
directly fluorophore-conjugated primary antibodies were purchased or labeled in our laboratory

using an antibody labeling kit.

6.1.4.1. Specific markers to detect immune cells of interest were selected

To decide which markers would integrate the mIHC panels, the main criterion was to
select specific markers that would detect the immune cells of interest. Hence, from the validated
markers (Table 21), CD45 was excluded from the mIHC panel design, due to its expression in all
leukocytes, as well as CD68, because it can be detected in both macrophages and cDCs
(Chistiakov et al., 2017). Since we were still interested in identifying Tregs, FoxP3 was included
as a marker to incorporate the mIHC panels, however a new antibody against this transcription
factor needed to be purchased. Thus, after considering the immune cell markers to integrate the

mIHC panels, as summarized in Table 22, we could assign a fluorophore to each mark of interest.

Table 22. Immune cell markers to integrate the multiplexed immunohistochemistry panels

Immune cell Marker(s) Immune cell Marker(s)
Myeloid cell CD11b T cell CD3

Neutrophil Ly6G/Ly6C T helper cell CD3, CDb4
Eosinophil Siglec-F T regulatory cell CD3, CD4, FoxP3
Conventional dendritic cell CD11c Cytotoxic T cell CD3, CD8a
Macrophage F4/80 B cell CD45R/B220

CD, cluster of differentiation.

6.1.4.2. Fluorophores were assessed and assigned to each marker of interest

To avoid ambiguous results especially in biological imaging, the fluorophores to match
with each marker of interest needed to be carefully selected. Fluorophore availability, spectral
signatures and brightness, levels of marker expression and co-expression as well as spectral
spillover were few factors considered for the rigorous selection of the fluorescent dyes. In Table
23, we listed several commercially available fluorophores that were taken into consideration for
our mIHC panel. For this selection, the online fluorescence spectra viewer Fluorescence
SpectraViewer tool from Thermo Fisher Scientific was particularly useful, providing a visual
perception of the fluorophore emission spectrums. All listed fluorophores have unique spectral
signatures, i.e., regardless of the degree of spectral overlap with other probes, each fluorophore
possesses a characteristic emission fingerprint. Since our Leica TCS SP8 confocal microscope
is equipped with a UV laser that excites at 405 nm and a white light laser whose excitation ranges
from 470 to 670 nm, it was clear that only one fluorophore in the UV range (AF 350, eFluor 450,
or Pacific Blue) could be selected. Due to excitation of the UV laser at 405 nm, the AF 350 would
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Table 23. Commercially available fluorophores taking into consideration and respective maximum
excitation and emission wavelength and brightness according to Thermo Fisher Scientific website

Fluorophore Excitation (nm) Emission (nm) Brightness
346 442 1
eFluor 450 405 450 2
Pacific Blue 410 455 2
490 525 4
Alexa Fluor 532 532 554 3
556 573 4
555 580 3
405 585 5
Alexa Fluor 594 590 617 5
eFluor 660 633 669 4
Alexa Fluor 680 679 702 3

nm, nanometer; Qdot, quantum dot.

not be excited, so this fluorescent dye was excluded, leaving the eFluor 450 and Pacific Blue as
two options for the UV range of the spectrum. In addition, we noticed a significant spectral overlap
between AF 546, AF 555, and quantum dot (Qdot) 585 and, due to its brightness, this last
fluorophore would be the best probe among the 570 to 590 nm range. The selection of
fluorochromes with little or no spectral overlap can be conflicting when trying to select the brightest
fluorophores, however it ensures the minimum overlap and spillover. This is particularly important
when matching fluorophores to co-expressed markers, such as CD11c and Siglec-F or CD3 and
CD4. In this step, we realized that it would not the possible to assign all ten immune markers to
ten distinct fluorophores. For this reason, two distinct mIHC panels were delineated: one to detect
IICs and a second one to identify AICs —, reducing to five the immune markers to detect in a single
tissue specimen and thus facilitating the assignment of fluorophores to each mark.

Furthermore, it is generally good practice to pair antibodies detecting the lowest
expressing targets with the brightest fluorophores. For example, since CD4 and CD45R/B200 are
widely expressed antigens, they could be assigned to dimmer fluorophores, whilst the markers
CD11c and FoxP3 have a low abundance so they should be matched with the brightest probes
(Hensel et al.,, 2019). Moreover, since the majority of the validated primary antibodies was
generated in rat (see Tables 5 and 10), limiting the combinations between these antibodies, we
decided to purchase directly-conjugated antibodies. The commercially availability of directly-
conjugated primary antibodies also presented as a limitation for antibody-fluorophore pairing. In
this process, it also helped to record the availability of the fluorophore-conjugated antibodies for
each marker of interest using online tools, such as biocompare.com. While searching for these
conjugated antibodies, it was also important to decide on the same clones as the ones of the

validated, unconjugated primary antibodies (Table 24). Primary antibodies, such as CD11lc
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Table 24. Validated, unconjugated primary antibodies, directly-conjugated primary antibodies and

assigned fluorophores

Validated, unconjugated
primary antibody

Directly-conjugated primary antibody Assigned fluorophore

Rat anti-mouse CD11b (M1/70),
#553308

Armenian hamster anti-mouse
CD11c (N418), #14-0114-82

Rat anti-mouse Ly6G/Ly6C
(RB6-8C5), #14-5931-82

Goat anti-mouse  Siglec-F,
#AF1706

Rat anti-mouse F4/80 (Cl:A3-1),
#MCA497

Rat anti-mouse CD11b
eFluor® 450, #48-0112-82
Armenian hamster anti-mouse CD11c
(N418), #14-0114-82; labeled with
Alexa Fluor™ 488 Antibody Labeling
Kit, #A20181

Rat anti-mouse Ly6G/Ly6C (RB6-
8C5), Alexa Fluor® 532, #58-5931-82
n/a

(M1/70),

Rat anti-mouse F4/80 (BM8), eFluor®
660, #50-4801-82

n/a

Rat anti-mouse CD8a (53-6.7),
#14-0081-82

Rabbit anti-mouse CD4
(EPR19514), #ab183685

Rat anti-mouse CD45R/B220
(RA3-6B2), #103201

Rat anti-mouse CD3 (17A2),
#100201

Rat anti-mouse FoxP3 (FJK-16s),
eFluor® 450, #48-5773-82

Rat anti-mouse CD8a (53-6.7), Alexa
Fluor® 488, #53-0081-82

Rat anti-mouse CD4 (RM4-5), Alexa
Fluor® 532, #58-0042-82

Rat anti-mouse CD45R/B220 (RA3-
6B2), #103201; labeled with Alexa
Fluor™ 594 Antibody Labeling Kit,
#A20185

Rat anti-mouse CD3 (17A2), eFluor®
660, #50-0032-82

eFluor 450

Alexa Fluor 532

Alexa Fluor 594

eFluor 660

eFluor 450

Alexa Fluor 532

Alexa Fluor 594

eFluor 660

CD, cluster of differentiation.

(N418) and CD45R/B220 (RA3-6B2), that were not commercially available with fluorophores of
interest were then labeled with the fluorescent probes (AF 488 and AF 594 respectively) using
Antibody Labeling Kits. After the antibody-fluorophore pairing, all the antibodies were validated

using splenic tissue from a WT animal as positive tissue control.

» CRITICAL STEP: Rank available fluorophores according to their intrinsic brightness, assign

the brightest fluorophore to the weakly expressed antigen, and minimize spillover.

6.1.4.3. Directly fluorophore-conjugated and -labeled primary antibodies were
integrated into the mIHC panels

Multiple primary antibodies derived from the same species can easily be used in the same
staining if they are directly-labeled with a fluorescent probe. Although the signal obtained using
the direct method of IF staining is weaker, a directly-conjugated primary antibody often produces
less unspecific binding, provides a lower background fluorescence, and minimizes species cross-
reactivity. To validate the directly fluorophore-conjugated primary antibodies, these antibodies
were tested in splenic tissue from a WT animal and compared to the result obtained in the indirect
method of uniplex IF staining (Fig. 9). As observed in Fig. 9A, with the exceptions of F4/80
conjugated with eFluor 660 and FoxP3 conjugated with eFluor 450, all stainings with the direct

method with conjugated antibodies worked similarly to the staining obtained with the
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A

Indirect method

CD11b~eFluor 450 | Ly6G/Ly6C~AF 532 | F4/80~eFluor 660 FoxP3~eFluor 450

Direct method
with conjugated ABs

CD4~AF 532

Indirect method

F4/80=AF 680 CD3e=AF 680

Direct method
with labeled ABs

Fig. 9. Comparison between stainings obtained with validated, unconjugated primary antibodies and
with directly-conjugated and -labeled antibodies.

(A) Top, representative images of stainings performed using the indirect method of immunofluorescence
(IF) staining, as shown in Fig. 8A; and bottom, representative images of stainings obtained with the directly-
conjugated primary antibodies (ABs). As indicated on the left upper corner of the images, cluster of
differentiation (CD)11b, Ly6G/Ly6C, F4/80, FoxP3, CD8a, CD4, and CD3 markers were tested.

(B) Top, representative images of stainings performed using the indirect method of IF staining, as shown in
Fig. 8A; and bottom, representative images of the stainings obtained with ABs labeled with the Antibody
Labeling Kits. As indicated on the left upper corner of the images, CD11c, F4/80, CD45R/B220, and CD3e
markers were tested.

All stainings were performed using splenic tissue from a wild-type mouse. Animals used for these analyses
were generated by Dr. Chuan Shan and Dr. Markus Tschurtschenthaler, both members of the laboratory of
Prof. Dr. med. Dieter Saur. All the scale bars indicate 50 um. AB denotes the antibody, AF the Alexa Fluor®,
CD the cluster of differentiation, IF the immunofluorescence, ~ the directly-conjugation of the primary
antibody, = the directly-labeling of the primary antibody using Antibody Labeling Kit.

unconjugated primary antibodies. In fact, the labeling with directly-conjugated FoxP3 antibody
(#48-5773-82) was observed in the nuclei of the cells as expected, in contrast with the staining
obtained using the polyclonal antibody (#ab75763). Moreover, the staining using CD3 conjugated
with eFluor 660 antibody presented a lot of unspecific binding compared not only to the indirect
method staining, but also to the remaining stainings performed with directly-conjugated markers.
Thus, from the purchased directly-conjugated primary antibodies, only the F4/80 and CD3
markers did not work properly. To overcome this issue, two options were presented: 1) label the
antibodies with an Antibody Labeling Kit; or 2) use secondary antibodies to detect these markers
once the mIHC protocol was performed.

To overcome the limitations of the commercially availability of directly fluorophore-
conjugated primary antibodies and complete the mIHC panels, we purchased Antibody Labeling
Kits provided by Thermo Fisher Scientific. We attempted to label the unconjugated primary
antibodies CD11c (#14-0114-82) with AF 488, F4/80 (#MCA497) with AF 680, CD45R/B220
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(#103201) with AF 594, and CD3e (#553058) with AF 680. As shown in Fig. 9B, CD11c labeled
with AF 488 and CD45R/B220 labeled with AF 594 antibodies reproduced the stainings obtained
with the indirect method, whilst the F4/80 and CD3e both labeled with AF 680 dye only presented
unspecific binding. Thus, upon validation of directly fluorophore-conjugated and -labeled primary
antibodies, we defined the antibody-fluorophore pairs and divided the markers into IIC Panel and
AIC Panel, as summarized in Table 25. The IIC panel would be composed by the markers CD11b,
CD11c, Ly6G/Ly6C, Siglec-F and F4/80, while the AIC panel would comprise the antibodies
against FoxP3, CD8a, CD4, CD45R/B220 and CD3. With the immune cell markers and
fluorophores defined and assigned, the next step of the mIHC panel construction was the
selection of the marker to identify tumor cells as well as the correspondent fluorochrome-
conjugated secondary antibody.

Table 25. Overview of the immune cell markers and respective fluorophores that were validated or
taken into consideration for the construction of the multiplexed immunohistochemistry panels

mIHC  Primary antibody Conjugated  Possible assign Comments
Panel fluorophore fluorophore

CD11b, #48-0112-82 eFluor 450 n/a

CDl11c, #14-0114-82 n/a
- Ly6G/Ly6C, #58-5931-82 AF 532 n/a
§ Siglec-F, #AF1706 n/a Comparing to F4/80, the
— expression of Siglec-F is
2 lower; therefore, the best
© option was to assign the
S brightest fluorophore to this
g marker
= F4/80, #MCA497 n/a AF 680 Abundance of F4/80
% antigen is high enough to
= be detected with secondary
- antibody AF 680
— FoxP3, #48-5773-82 eFluor 450 n/a
[¢}]
: CD8a, #53-0081-82 nla
é CD4, #58-0042-82 AF 532 n/a
£ CD45R/B220, #103201 n/a
_qu CD3, #100201 n/a AF 680 Abundance of CD3 antigen
‘%T) is high enough to be
S8 detected with secondary
<o antibody AF 680

AF, Alexa Fluor®; CD, cluster of differentiation; mIHC, multiplex immunohistochemistry; n/a, not applicable.

6.1.4.4. Keratin 18 and Alexa Fluor 680 were selected as marker and fluorescent
dye to detect tumor cells

One of our goals for the establishment of the mIHC panels was to include a marker to
detect tumor cells that would allow the study of the interactions between malignant and immune
cells. Among the epithelial cell markers expressed by pancreatic cancer, we encountered CK7,
CK18, CK19, and Epcam (Karantza, 2011). CK18 was the marker selected to identify PCCs, as
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shown in Fig. 10. Since the fluorophores eFluor 450, AF 488, AF 532, AF 594, and AF 680 were
already assigned to immune cell markers, we tried to integrate the Qdot 585 probe by pairing it
with the CK18 antibody. To validate this primary antibody, we performed IF staining in two
consecutive PPT sections using two distinct secondary antibodies conjugated with AF 488 or
Qdot 585 fluorophores. As depicted in Fig. 10A, the staining produced by the combination CK18-
AF 488 was clear and localized in the membrane of cells forming pancreatic lesions, whilst the
labeling with the Qdot 585 was weak and the extremely high and dispersed unspecific binding did
not allow to discriminate between PCCs and TME cells. To verify the origin of the unspecific
binding, we performed a secondary antibody only quality control with the goat anti-rabbit Qdot
585 secondary antibody omitting the CK18 incubation step (Fig. 10B). In this control, the tissue
still presented some unspecific staining especially in the stroma surrounding the lesions. Thus,
we concluded that the goat anti-rabbit Qdot 585 alone was producing the unspecific binding
detected in the IF staining. Finally, the CK18 antibody was validated using a WT spleen as the
negative tissue control (Fig. 10C), where no staining was detected, as expected. Altogether, we
concluded that CK18 was a good marker to identify tumor cells, however the fluorophore Qdot
585 could not be used due to its unspecific binding, which required a few adjustments to the final

mIHC panels.

As the primary antibodies, always validate the secondary antibodies that

will integrate a mIHC panel.

6.1.4.5. Final adjustments to the multiplexed immunohistochemistry panels

The optimization of the mIHC panels was a multistep process involving the selection of

A B C

Positive tissue control

Negative tissue control
CK18

Secondary antibody only control

WT spleen

Fig. 10. Validation of keratin 18 antibody and selection of the paired fluorophore.

(A) Representative pictures of keratin 18 (CK18) antibody stainings performed with goat anti-rabbit Alexa
Fluor® (AF) 488 (on the left) and goat anti-rabbit Qdot 585 (on the right) secondary antibodies in two
consecutive sections of primary pancreatic tumor (PPT) used as positive tissue control. Orange, blue, and
green rectangles allow the comparison of these two stainings in three different lesions.

(B) Representative picture of the secondary antibody only control performed with the goat anti-rabbit Qdot
585 antibody using a PPT section.

(C) Representative picture of negative tissue quality control performed using wild-type (WT) splenic tissue
to validate the CK18 antibody.

This validation was performed in three independent experiments with similar results. All the scale bars
indicate 50 um. AF denotes the Alexa Fluor®, CK18 the keratin 18, PPT the primary pancreatic tumor, Qdot
the quantum dot, WT the wild-type.
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cells of interest and definition of the markers to identify them, validation of the primary antibodies
against the selected targets and assignment of these antibodies to the most suitable fluorophores,
and culminated into three distinct panels, as depicted in Fig. 11. Our initial idea was to integrate
as many as possible markers into a single mIHC panel and, until the validation of the CK18 and
goat anti-rabbit Qdot 585 antibodies, we aimed to generate two 7-color mIHC protocols (5 immune
cell markers, 1 tumor cell marker, and 1 nuclei staining) to identify 1ICs or AlICs and additionally
cancer cells and nuclei. However, the secondary antibody conjugated with the Qdot 585
fluorophore did not produce a satisfactory staining to label PCCs and thus requiring few final
adjustments to the panels. In addition, being the UV range channel occupied by the primary
antibodies conjugated with eFluor 450 fluorophore (CD11b and FoxP3), it was not possible to
include DAPI (max excitation: 350 nm; max emission: 470 nm) as a nuclear fluorescent dye.
Instead, the far-red ToPro-3 dye (max excitation: 642 hm; max emission: 661 nm; similar to the
AF 647) was selected to label the nuclei in the tissues. To maintain the minimum spectral overlap
and avoid spillover between distinct markers, we needed to compromise and only integrate 6
fluorophores — eFluor 450, AF 488, AF 532, AF594, ToPro-3/AF 647 and AF 680 — into the panels.

Regarding the ICC panel, the two adjustable pairing fluorophores were the AF 594 and
AF 680 and since the CK18 was highly expressed in pancreatic tissue, this marker was paired
with the AF 680 probe, leaving the AF 594 to be combined with a primary antibody. F4/80 and

mIHC panel for innate immune cells Panel for adaptive immune cells miHC panel for T cells
Antibody Target cell(s)  Fluorophore Antibody Target cell(s)  Fluorophore Antibody Target cell(s)  Fluorophore
CD11b Myeloid cells eFluor 450 CcD3 T cells FoxP3 Regulatory cells eFluor 450%
CD11e Dendritic cells [ VAE 4885 CD45R/B220 B cells AF 5947 CD8a Cytotoxic cells [ LAF4888
Ly6G/Ly&C Neutrophils AF 532% CD4 Helper cells AF 532%
Fa/80 Macrophages cD3 T cells

Additionally to each panel:
Antibody Target Fluorophore | Antibody Target cell(s) Fluorophore
ToPro-3 Nuclei CK18 Tumor cells AF 680

Fig. 11. Established fluorescent panels to identify immune and tumor cells in cryopreserved tissues.
(A) Multiplexed immunohistochemistry (mIHC) panel to identify innate immune cells includes the markers
for myeloid lineage cells (rat cluster of differentiation (CD)11b eFluor 450, clone M1/70, #48-0112-82),
dendritic cells (Armenian-hamster CD11c, clone N418, #14-0114-82, labeled with Alexa Fluor™ (AF) 488
Antibody Labeling Kit, #A20181), neutrophils (rat Ly6G/Ly6C AF 532, clone RB6-8C5, #58-5931-82), and
macrophages (rat F4/80, clone Cl:A3-1, #MCA497, detected with donkey anti-rat AF 594 secondary
antibody, #A21209).

(B) Panel to identify adaptive immune cells comprises the markers for T cells (rat CD3, clone 17A2, #100201,
detected with donkey anti-rat AF 488 secondary antibody, #A21208) and B cells (rat CD45R/B220, clone
RA3-6B2, #103201, labeled with AF 594 Antibody Labeling Kit, #A20185).

(C) mIHC panel to identify T cell subtypes includes the markers for regulatory cells (rat FoxP3 eFluor 450,
clone FJK-16s, #48-5773-82), cytotoxic cells (rat CD8a AF 488, clone 53-6.7, #53-0081-82), helper cells
(rat CD4 AF 532, clone RM4-5, #58-0042-82), and T cells (rat CD3, clone 17A2, #100201, detected with
donkey anti-rat AF 594 secondary antibody, #A21209).

(D) Additionally to each panel, the nuclei were stained with ToPro™-3 lodide (#T3605), which possesses a
far-red fluorescent signal similar to the AF 647 fluorophore, and the tumor cells were stained with rabbit
keratin 18, #SAB4501665, detected with donkey anti-rabbit AF Plus 680 secondary antibody, #A32802).
AF denotes the Alexa Fluor, CD the cluster of differentiation, CK18 the keratin 18, mIHC the multiplex
immunohistochemistry, # the directly-conjugated primary antibody, * the directly-labeled primary antibody
using Antibody Labeling Kit.
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Siglec-F were the two validated 1IC markers available to be adjusted and integrated in this mIHC
panel. Applying the criterion of the abundance and relevance in PDAC, we decided to integrate
the F4/80 antibody paired with AF 594 fluorophore within the IIC panel, because macrophages
are described to be more abundant in the TME than eosinophils, having a relevant role in
pancreatic cancer (Gitto et al., 2020; Nielsen et al., 2016). Thus, the IIC panel depicted CD11b*
myeloid cells, CD11c* cDCs, Ly6G/Ly6C* neutrophils, F4/80* macrophages, CK18* tumor cells,
and ToPro-3* nuclei (Fig. 11A and 11D).

Similarly to the ICC panel and to generate a consistent protocol, CK18 paired with AF
680 and ToPro-3 were also integrated into the AIC panel. Since the CD3 antibody was originally
thought to be detected with the AF 680 fluorophore (Table 25), we needed to divide the initial AIC
panel into two panels to identify both T cell subtypes and B lymphocytes. Hence, the new AIC
panel detected CD3* T and CD45R/B220* B lymphocytes, CK18* tumor cells, and ToPro-3* nuclei
(Fig. 11B and 11D), while the T cell panel comprised CD3* CD4* Th cells, CD3* CD4* FoxP3*
Tregs, CD3" CD8a* CTLs, CK18* tumor cells, and ToPro-3* nuclei (Fig. 11C and 11D).
Concluding these final adjustments in the panels, we processed to the establishment of the mIHC

staining protocols.

6.1.5. Full procedure of the established multiplexed immunohistochemistry panels

Cryopreserved tissue sections were labeled simultaneously for cancer cells with CK18,
nuclei with ToPro-3 and distinct immune cells using three different mIHC panels, as depicted in
Fig. 12: 1) IIC panel includes the markers CD11b, CD11c, Ly6G/Ly6C, and F4/80 (Fig. 12A); 2)
AIC panel with the markers CD3 and CD45R/B220 (Fig. 12B); and 3) T cell panel comprises the
markers CD4, CD8a, FoxP3, and CD3 (Fig. 12C). Ultimately, each panel would be applied in a

single tissue section belonging to a series of 3 consecutive cuts.

6.1.5.1. Staining protocols
IIC Panel

Frozen section was thawed on a hot plate for 1 min at 37 °C, air dried for 20 min at RT
and post-fixed with acetone for 6 min at 4 °C. After air drying once again for 20 min at RT, the
tissue was rehydrated in 1xPBS for 10 min and then blocked with 10% donkey serum/3% BSA
for 1 hour at RT. Afterwards, the section was incubated for 3 hours at RT with the primary
antibodies F4/80 (1:100) and CK18 (1:500) diluted in 3% BSA. Upon washing thrice with 1xPBS,
the donkey anti-rat AF 594 and donkey anti-rabbit AF Plus 680 secondary antibodies were diluted
1:200 in 3% BSA and applied for 1 hour at RT. The tissue was washed thrice with 1xPBS and
then blocked with 10% rat serum/3% BSA for 1 hour at RT. The primary antibody Ly6G/Ly6C
conjugated with AF 532 was diluted 1:50 in 3% BSA and incubated for 3 hours at RT. The section
was washed thrice with 1xPBS and incubated for 3 hours at RT with a third round of primary
antibodies composed by CD11b conjugated with eFluor 450 (1:200) and CD11c labeled with AF

488 (antibody labeled with Antibody Labeling Kit according to the manufacturer’s instructions;
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Fig. 12. Main steps of the protocols of the fluorescent panels to identify immune and tumor cells
using splenic and pancreatic cryopreserved tissues.

(A) Top, experimental design of protocol for innate immune cell panel; Bottom, representative pictures of
each marker (cluster of differentiation (CD)11c, CD11b, Ly6G/Ly6C, F4/80, and keratin 18 — CK18) included
in the panel as well as the merged image using splenic and primary pancreatic tumor (PPT) tissues.

(B) Top, experimental design of protocol for adaptive immune cell panel; Bottom, representative pictures of
each marker (CD3, CD45R/B220, and CK18) included in the panel as well as the merged image using
splenic and PPT tissues.

(C) Top, experimental design of protocol for T cell panel; Bottom, representative pictures of each marker
(legend continues on the next page)
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1:50) diluted in 0.5% BSA/0.5% Triton™ X-100 solution. After washing thrice with 1xPBS, the
tissue was incubated for 10 min at RT with ToPro-3 diluted 1:75000 in 3% BSA. Finally, the section
was washed thrice with 1xPBS, mounted in Vectashield® mounting medium, and stored at 4 °C

until the image acquisition was performed.

AIC panel

Frozen section was thawed on a hot plate for 1 min at 37 °C, air dried for 20 min at RT
and post-fixed with acetone for 6 min at 4 °C. After air drying once again for 20 min at RT, the
tissue was rehydrated in 1xXPBS for 10 min and then blocked with 10% donkey serum/3% BSA
for 1 hour at RT. Afterwards, the section was incubated for 3 hours at RT with primary antibodies
CD3 (1:100) and CK18 (1:500) diluted in 3% BSA. Upon washing thrice with 1xXPBS, the donkey
anti-rat AF 488 and donkey anti-rabbit AF Plus 680 secondary antibodies were diluted 1:200 in
3% BSA and applied for 1 hour at RT. The tissue was washed thrice with 1xPBS and then blocked
with 10% rat serum/3% BSA for 1 hour at RT. The primary antibody CD45R/B220 labeled with
AF 594 (antibody labeled with Antibody Labeling Kit according to the manufacturer’s instructions)
was diluted 1:100 in 3% BSA and incubated for 3 hours at RT. After washing thrice with 1xPBS,
the tissue was incubated for 10 min at RT with ToPro-3 diluted 1:75000 in 3% BSA. Finally, the
section was washed thrice with 1xPBS, mounted in Vectashield® mounting medium, and stored

at 4 °C until the image acquisition was performed.

T cell panel

Frozen section was thawed on a hot plate for 1 min at 37 °C, air dried for 20 min at RT
and post-fixed with acetone for 6 min at 4 °C. After air drying once again for 20 min at RT, the
tissue was rehydrated in 1xPBS for 10 min and then blocked with 10% donkey serum/3% BSA
for 1 hour at RT. Afterwards, the section was incubated for 3 hours at RT with primary antibodies
CD3 (1:100) and CK18 (1:500) diluted in 3% BSA. Upon washing thrice with 1xPBS, the donkey
anti-rat AF 594 and donkey anti-rabbit AF Plus 680 secondary antibodies were diluted 1:200 in
3% BSA and applied for 1 hour at RT. The tissue was washed thrice with 1xPBS and then blocked
with 10% rat serum/3% BSA for 1 hour at RT. The primary antibodies CD8a conjugated with AF
488 and CD4 conjugated with AF 532 were both diluted 1:50 in 3% BSA and incubated for 3 hours
at RT. The section was washed thrice with 1xXPBS and incubated for 3 hours at RT with FoxP3
conjugated with eFluor 450 diluted 1:50 in 0.5% BSA/0.5% Triton™ X-100 solution. After washing

(FoxP3, CD8a, CD4, CD3, and CK18) included in the panel as well as the merged image using splenic and
PPT tissues.

This validation was performed in three independent experiments using different pairs of splenic and PPT
tissues with similar results. All the scale bars indicate 50 um. Pink rectangles in the experimental design
schemes represent blocking steps, blue rectangles indicate incubations with primary antibodies and orange
rectangles represent incubations with secondary antibodies. AF denotes the Alexa Fluor®, CD the cluster
of differentiation, CK18 the keratin 18, h the hour, PPT the primary pancreatic tumor, RT the room
temperature.
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thrice with 1xXPBS, the tissue was incubated for 10 min at RT with ToPro-3 diluted 1:75000 in 3%
BSA. Finally, the section was thrice washed with 1xPBS, mounted in Vectashield® mounting

medium, and stored at 4 °C until the image acquisition was performed.

» CRITICAL STEP: Determine the optimal dilution of each primary antibody and fluorescent dye
used in the mIHC panels, which may differ from the dilution used during the antibody validation.
The optimal dilution is achieved when there is a high signal-to-noise ratio and the spillover into

other fluorophore channels is minimal.

» CRITICAL STEP: Itis essential to optimize the order in which the antibodies are applied in the
tissue section during a mIHC protocol, since the detected fluorescent signal of a primary antibody

may be affect by the relative position within the panel.

When using two primary antibodies produced in the same host species
(e.g., rat CD3 and rat CD45R/B220), it is essential to add a second blocking step with the serum
of the species (in this example, rat serum) to block all the unbinding sites of the first primary
antibody incubation and guarantee that the second primary antibody will only bind to its specific

target.

6.1.5.2. Image acquisition using confocal microscopy

A Leica TCS SP8 confocal microscope with a motorized stage for tiled imaging and LAS
X Navigator module were used for image acquisition. Throughout the development of the mIHC
panels, it was noticed that the high numerical aperture (NA) objective with 40x magnification (HC
PL APO CS2 40x/1.30 OIL) provided sufficiently resolved and smoothly tiled images and allowed
the imaging of the totality of the tissue area in a reasonable amount of time (depending on the
area to image, the acquisition could go up to 3 hours per slide). The design of the mIHC panels
largely relied on fluorophores with spectral separation of the emission spectrums by photon
collection using separate detectors (photomultiplier tube detector — PMT — and hybrid detector —
HyD). For each panel, each fluorophore was excited with the respective laser line and a specific
laser power (%), which was adjusted when necessary, and the fluorescent signal was detected
with emission wavelength ranges by specific detectors, as depicted in Tables 26-28. To minimize
fluorophore spectral spillover, sequential laser excitation and detection were used as well as line
average of 2 in certain sequences to reduce the noise/background signal. Images were taken at
1024 x 1024 voxel density.

The image acquisition using a confocal microscope equipped with laser

light allows the detection of adjustable, narrow emission wavelengths enabling a better spectral

separation of the detected fluorophores, contrarily to a microscope that possesses filter cubes.
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Table 26. Confocal microscope settings for the image acquisition of the innate immune cell panel

Sequence  Marker Laser Detector Emission Gain Comment
(nm; %) (nm) (% or V)

Seq. 1 CD11b 405; 1.20 HyD2 433-467 72.0 With Line
Ly6G/Ly6C  532; 25.0 HyD4 543-565 105.0 Average 2
CK18 670; 4.30 HyD5 694-716 100.0

Seq. 2 CDl11c 490; 37.5 HyD2 504-531 118.5 With Line
F4/80 590; 3.40 HyD4 607-630 100.0 Average 2

Seq. 3 ToPro-3 642;17.0 PMT3 648-667 775.5

%, percentage; CD, cluster of differentiation; CK18, keratin 18; HyD, hybrid detector; nm, nanometer; PMT,
photomultiplier tube detector; Seq., sequence; V, volt.

Table 27. Confocal microscope settings for the image acquisition of the adaptive immune cell panel

Sequence Marker Laser Detector Emission Gain
(nm; %) (nm) (% or V)

Seq. 1 CK18 670; 3.80 HyD5 694-716 100.0

Seq. 2 CD3 490; 5.50 HyD2 504-531 100.0

CD45R/B220 590; 6.0 HyD4 607-630 120.0

Seg. 3 ToPro-3 642;17.0 PMT3 648-667 775.5

%, percentage; CD, cluster of differentiation; CK18, keratin 18; HyD, hybrid detector; nm, nanometer; PMT,
photomultiplier tube detector; Seq., sequence; V, volt.

Table 28. Confocal microscope settings for the image acquisition of the T cell panel

Sequence  Marker Laser Detector Emission Gain Comment
(nm; %) (nm) (% or V)

Seq. 1 FoxP3 405; 14.2 HyD2 433-467 100.0 With Line
CD4 532; 29.3 HyDA4 543-565 120.0 Average 2
CK18 670; 3.80 HyD5 694-716 100.0

Seq. 2 CD8a 490; 21.0 HyD2 504-531 100.0 With Line
CD3 590; 3.20 HyD4 607-630 100.0 Average 2

Seq. 3 ToPro-3 642;17.0 PMT3 648-667 775.5

%, percentage; CD, cluster of differentiation; CK18, keratin 18; HyD, hybrid detector; nm, nanometer; PMT,
photomultiplier tube detector; Seq., sequence; V, volt.

6.1.5.3. Image processing and data analysis

For visualization and image analysis of mIHC stainings, Imaris 9.5 and 9.6 software was
used. This software allowed the determination of marker-positive cells, their position, and the
shortest distance to a cell belonging to another population. The .lif files from the Leica confocal
microscope were converted to an .ims format, a compatible format to Imaris software. Using the
“Display Adjustment” tool of Imaris, the intensity of each individual channel was adjusted in the
displayed Imaris image, controlling the channel visibility and color by setting the appropriate
minimum and maximum intensity range. With this tool, it was also possible to select the channels
to be displayed in the image (e.g., activating CD3, CD4, and ToPro-3 channels and disabling
FoxP3, CD8a, and CK18 channels), facilitating the visualization of the cells of interest (e.g., Th
cells) without the disturbance of the remaining stainings. Furthermore, quantitative and
phenotypic analyses could be achieved by segmenting imaged cells into individual objects. To
this end, membrane-based Imaris module “Surfaces” was used to create artificial cell surface

renderings, based on the fluorescent signal expressed by the cells of interest, and separated into
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discrete cellular objects via watershed segmentation algorithms. Imaris modules are step-wise
algorithms and the following settings were used:

Step i: Select a pre-saved parameters creation (if applicable) and enable the algorithm
settings “Segment only a Region of Interest”, “Process entire Image finally” and “Shortest
Distance Calculations”. When working with big imaging datasets such as a whole-slide image, it
was recommended to segment a region of interest, adjusting all the parameters in this region,
and finally applying the settings to the entire image;

Step ii: Demark a region of interest, which must contain positive cells for the marker to
be segmented;

Step iii: Select the source channel, i.e., the marker to be segmented;

Step iv: Adjust the threshold in order to capture all the positive staining, excluding as
much as possible areas where no staining is observed. In this step, it was easier if only the marker
(or markers in case of co-localization) of interest and the nuclei were displayed in the image. For
a better separation, “Split Touching Objects” option was enabled with a seed point diameter of
8.00 for the segmentations of the nuclei and CK18* cells and 5.00 for all immune cell markers;

Step v: With the “Quality” filter selected, the value was adjusted until each individual
positive cell would be marked by a single gray dot;

Step vi: Filters such as “Intensity Mean Ch=x Img=1", “Intensity Max Ch=x", and/or “Area”
were used to obtain the segmentation of individual objects positive for a certain marker. The
marker was designated by “Ch=x", being x the number of the channel of the marker of interest.
The segmentation using the Surfaces module presented few challenges, especially when multiple
cells were physically touching one another (e.g., CK18-positive cells) or were clustered (e.g., T
lymphocytes). To overcome this issue that would lead to inaccurate cell segmentation, a nuclear-
based filter (Intensity Center Ch=y Img=1, where y represents the number of the channel of the
nuclear staining) was added to the membrane marker filters;

Step vii: Once the parameters were set up in the region of interest, they were applied to

the entire image.

Afterwards, the set parameters were saved and used in posterior images that would
possess the same marker. From batch to batch, the intensity threshold values were normally
adjusted to allow a better and more accurate segmentation. Once the cell surface objects were
generated, relevant statistics, such as the total number of segmented objects and the shortest
distance of surfaces, were extracted, further analyzed in Excel and plotted using GraphPad Prism
software. For the determination of the percentage of cells in contact, we calculated, among the
total number of cells analyzed, which ones presented a distance of 0.0 um to another cell type. It
is important to note that many of the processing steps described above demanded substantial
hands-on expertise and processing time. Cell segmentation often required empirical testing of
different algorithm settings during the surface creation. Furthermore, Imaris software occasionally
became instable with large image datasets, not allowing the processing of these datasets in a

short period of time. Thus, we concluded that, regardless of the challenges and limitations, image
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analysis using mIHC, confocal microscopy and post-processing with Imaris were useful and

powerful tools to study TME cells, namely distinct immune cell populations.

Good quality of the stained tissue prior to image analysis, meaning minimal

background signal and/or unspecific binding, allows a more accurate image and data processing.

6.1.6. Challenges and Limitations

In the last decade, mIHC and related techniques have been developed to stain and
visualize multiple targets in a single sample, especially in complex tissues such as cancer
identities (Taube et al., 2020). Regardless the noticeable advantage of this technique and the fact
that we were able to establish three distinct manual panels to identify tumor and immune cells,
mIHC also presented inherent challenges and limitations. The most significant limitation of this
technique was the optimization time: the AIC and T cell panels took one year to be designed,
while almost two years were required for the establishment of the 1IC panel. Regarding the primary
antibodies, the main limitations were the commercially availability against the targets of interest
(even though there was a vast selection of antibodies against immune-related targets) and the
production of the antibodies in the same host species (the majority being produced in rat). This
last limitation was partially overcome with sequential staining incubations, which in turn resulted
in a labor-intensive protocol, and the inclusion of directly-conjugated or -labeled primary
antibodies, even though their fluorescent signal was not as intense as the one provided by the
incubation with a secondary antibody. Other limitation was the number of fluorophores that could
be integrated in a single mIHC panel to avoid spectral emission overlap, leading to the limited
selection of 6 distinct fluorescent probes. Furthermore, even though the confocal microscope
used for the image acquisition was equipped with a laser light allowing the manual adjustment of
the emission wavelengths of each fluorophore, there was a limitation of excitation spectrum (from
405 nm up to 670 nm), reducing the number of fluorescent dyes that could be used in the mIHC
panels (e.g., Leica TCS SP8 confocal microscope was not able to detect the AF 350 and AF 700
probes). Regarding the image acquisition, especially the whole-slide image acquisition of the
three panels, it was not a fast process. On one hand, the imaging speed was influenced by the
separate detection of the fluorophores in 3 distinct sequences (Tables 26-28), increasing the
acquisition time compared with the imaging using a single sequence. On the other hand, the scan
of the entire section required the delimitation of the area of interest, the addition of focus points
and the adjustment of these points in each field of view, which also added some additional time
to the image acquisition process. Finally, the following factors created some challenges during
the image analysis of the tissues: 1) the image was only a 2D projection lacking the 3D structure
present in vivo (however, the inclusion of Z-stack would dramatically increase the acquisition time
not allowing the imaging of entire tissues); 2) tumor sections possessed a very heterogenous
cellular content, which usually were not structured and/or organized; 3) the tumor and immune
cells were generally close to each other overlapping and/or forming clusters; and 4) the large

image datasets extended the processing time, however application of automated image analysis
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method led to a more accurate segmentation. Regardless of the limitations and challenges, we
were able to establish mIHC panels, acquire the stainings, and perform the image and data

analyses.

6.1.7. Timing

To give an estimation of the timing implicated in the process from the preparation of the
cryopreserved tissue samples to the data analysis and visualization, we summarized the timings,
as depicted in Table 29. Note that all times in this work were rough estimates influenced by the
number of markers collected, the available imaging equipment as well as the mode of acquisition,
the computational capacity of the image analysis station and the research questions being

addressed.

Table 29. Timings of the multiplexed immunohistochemistry process

Step of mIHC process Timing

Preparation of the cryopreserved tissue (fixation and freezing) 18-24 hours

Preparation of consecutive cuts of cryopreserved tissue 0.5 hours per tissue sample
Performance of mIHC panels 15 hours for IIC and T cell panels;

divided into 2 days;
12 hours for AIC panel that could be
divided into 2 days.

Image acquisition (whole-slide imaging) 1-4 hours per panel
Image processing 8-72 hours computing time per panel
Data analysis and visualization Several days to weeks, depending

on the research question and
investigator’'s computational
expertise

AIC, adaptive immune cell; IIC, innate immune cell; mIHC, multiplex immunohistochemistry.

Once the process of mIHC protocol establishment was concluded, the panels were
applied to study how distinct driver mutations and differentiation status of the tumor may alter the
TME content in PDAC as described in the following section 6.2. Chapter |, Part B of this work.
However, the applicability was not limited to the present work. The established mIHC panels were
also used to understand how the T cell content changes upon in vivo drug treatment in PDAC
(work performed by Jeannine Heetmeyer) and to investigate the TME in other cancer entities such
as colorectal adenocarcinoma (work done by Antonio Zaurito and Zeynep Unal). Furthermore,
the development of the immune cell mIHC panels in our research group also provided the tools
and facilitated the establishment of multiplexed protocols to detect subtypes of CAFs (work
developed by Tatiana Martins). Thus, the mIHC technique may be applied to distinct research
projects, assisting to answer different scientific questions related to the tumor-TME cell

interactions, and ultimately help to improve clinical outcomes.
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6.2. Chapter |, Part B: Driver mutations and tumor differentiation shape the
immune landscape of pancreatic ductal adenocarcinoma
A mIHC approach with specific multiple markers can provide valuable distinguishment of
the tumor and TME compartments and thus allow for a more detailed characterization of the
cancer topography. Additionally, it has the potential to enhance the clinical significance, improving
the diagnosis and guiding the prognosis and treatment strategies. Knowing the numbers or ratios,
cell populations, and spatial location of TME cells, especially of immune cells, within the tumor is
thought to be essential to understand their mechanisms of action. We analyzed the tumor-
associated cellular composition of murine primary PDAC specimens harboring different
oncogenes, such as Kras, Pik3ca, or Braf, and, in the case of Kras tissues, two distinct
differentiation status. These analyses allowed us to assess which populations of immune cells
are present in the TME, how inflammatory cells interact with the malignant cells, and investigate
the impact of the driver mutation and differentiation status modulating and altering the cell content
within the PDAC tissues. As depicted in Fig. 13, the study the TME in PDAC involved a series of
steps as following described: 1) selection of cryopreserved samples according to the genotype;
2) performance of histopathological analysis based on H&E staining to assess the differentiation
status, and acinar, necrotic, and potential imaging areas of each tumor; 3) addition of the tissue
samples that met the necessary requirements to the respective cohort (Kras-, Pik3ca- or Braf-
driven) and subsequential sectioning of the samples in serial consecutive cuts; 4) performance of
IF labeling for CK18, CD45, and PDPN and histocytometry analysis to determine the tumor,
immune, and stromal contents in each cohort; and lastly 5) performance of the mIHC staining and
analysis to assess the specific immune cell populations and their interactions with tumor cells.
Furthermore, we compared the imaging data analyses with RNA-seq bulk tumor data to access
rather this last method reflected the histological observations. The work described in this section
was done together with Tatiana Martins and Fabio Boniolo. The animals used in the described
work were generated, breed and sacrificed by all members of the laboratory of Prof. Dr. med.

Dieter Saur.

6.2.1. Hematoxylin and eosin (H&E) staining helped to define the cohorts to be
analyzed

The usage of GEMMs harboring solely an oncogenic aberration to better understand the
impact of PDAC driver mutations on the TME can unveil new personalized targets according to
the genetic background of the tumor. To provide insights into how the composition of the TME
can be modulated by genetic aberrations such as Kras, Pik3ca, and Braf, we selected
cryopreserved pancreatic tissues harvested from mice harboring one of these oncogenes.
Histopathological analysis was performed based on H&E staining, and cohorts were defined
according to the driver mutation and, in case of Kras tumors, these tissues were additionally

divided regarding their differentiation status, as shown in Fig. 14. Taking advantage of Cre/loxP-
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Fig. 13. Flowchart with the steps involving the study of the tumor microenvironment in pancreatic

ductal adenocarcinoma.

This study ranged from the selection of tissues and establishment of cohorts based on histopathological

analysis to histocytometry analysis and application of the multiplex immunohistochemistry (mIHC) panels to

detect immune and tumor cells. After the selection of cryopreserved tissues based on their driver mutation
(legend continues on the next page)
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based system, we collected tissues from animals that expressed one of the three Kras®'?P,
Pik3cat194’R or Braf'é37E mutations in the pancreas (Fig. 14A). Additionally, the mice from the
Kras model carried one conditional floxed allele for Trp53 that, upon activation of Cre
recombinase, resulted in ablation of this tumor suppressor gene. After a pre-selection of
cryopreserved tissues from the Pdx1-Cre; LSL-Kras®'?®™; Trp53'°¢* (PKP), Pdx1-Cre; LSL-
Pik3ca™047R* (PPI3K), and Pdx1-CreER™; LSL-Braf'®3’¥+ (PBR) mouse models (42, 31, and 14
specimens, respectively), they were cut, and H&E stained. As illustrated in Fig. 14B, the Kras-
driven tissues were divided into differentiated and undifferentiated tumors, being the first ones
characterized by duct-like structures embedded in a desmoplastic stroma, while the higher graded
tumors presented single cell infiltrations (Haeberle & Esposito, 2019). In contrast, the selected
tissues harboring Pik3ca mutation presented differentiated structures surrounded by a more
prominent desmoplastic stromal reaction than the differentiated PKP tumors and we often
observed a lymph node attached to the tumor. Regarding the Braf animals, the pancreatic tissue
of these animals only presented PanINs as previously described by Collisson and colleagues
(Collisson et al., 2012), being these precursor lesions generally surrounded by stromal cells and
normal acinar tissue. After the histopathological evaluation, we defined the Kras, Pik3ca, and Braf
cohorts composed by a total of 8 Kras animals (4 animals with G1/G2 tumors and 4 animals with
G4 tumors), 4 Pik3ca differentiated tumors, and 3 Braf tissues with PanlIN lesions, as summarized
in Fig. 14C. The TME of the selected tissues was further characterized by histocytometry and
mIHC.

6.2.2. Histocytometry analysis showed that driver mutation has a strong impact on the
abundance of tumor microenvironment cells

To identify and quantify major cellular subsets — tumor, immune, and stromal — present
in PDAC tissues, histocytometry analysis was performed (Gerner et al., 2012), as depicted in Fig.
15. We stained the selected tissues from the Kras, Pik3ca, and Braf cohorts with the set of
antibodies CK18, CD45, and PDPN to discriminate between the cancer, immune, and stromal
cells, respectively. Regions of interest of each section were imaged and semiautomatic volumetric

rendering and segmentation of positive cells from each marker were performed using the Imaris

(Kras, Pik3ca, or Braf), the tissues were cut, and hematoxylin and eosin (H&E) staining was performed to
assess the differentiation status of the tumor (well-differentiated or undifferentiated), the percentage of
necrotic and acinar areas was not higher than 20% and if the tissue was big enough to be imaged. When
the sample complied with the necessary requirements, the tissue was added to the respective cohort for
further analysis, whilst other cryopreserved samples were discarded. The selected tissues were cut in
consecutive sections and posteriorly histocytometry and multiplex immunohistochemistry (mIHC) were
performed. For histocytometry, the selected tissues were labeled with keratin 18 (CK18; tumor cells), cluster
of differentiation (CD)45 (CD45; immune cells), and podoplanin (PDPN; stromal cells) to quantify the
phenotypic subsets and determine the cellular ratios based on the segmentation done using Imaris software.
Furthermore, the cryopreserved tissues were stained using the established mIHC panels to detect tumor
and immune populations and the imaging analyses, such as determination of cellular ratios and calculation
of shortest distances between cell populations, were done based on the segmentation on Imaris software.

CD denotes the cluster of differentiation, CK18 the keratin 18, H&E the hematoxylin and eosin staining,
mIHC the multiplex immunohistochemistry, PDPN the podoplanin.
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AA966 14193 LPT1223 TRM-602
B97 P283 Pi3kTg11637

Fig. 14. Kras-, Pik3ca-, and Braf-driven cohorts are defined based on histopathological evaluation
for posterior characterization of the tumor microenvironment in pancreatic ductal adenocarcinoma.
(A) Genetic schemes of Pdx1-Cre; LSL-Kras®?P+; Trp53'o/+ (PKP), Pdx1-Cre; LSL-Pik3cah04R* (PPI3K),
and Pdx1-CreER™?; LSL-Braf'63’®* (PBR) mouse models.

(B) Top, representative scans of murine primary pancreatic tissues stained for hematoxylin and eosin (H&E)
from mice harboring Kras (both differentiated and undifferentiated tumors), Pik3ca (differentiated tumor), or
Braf (pancreatic intraepithelial neoplasias - PanINs) oncogene. H&E staining was also carried out using the
remaining mice of each cohort with similar results.

Scale bars of the fit images indicate 900 um. Bottom, the inserts show an amplified area of each tissue.
Scale bars of the inserts indicate 200 um.

(C) Murine tissues used for the characterization of the tumor microenvironment according to the respective
cohort (Kras-, Pik3ca-, or Braf-driven) and to their grading/differentiation status. The Kras cohort comprised
a total of 8 animals (4 animals with G1/G2 tumors and 4 animals with G4 tumors), Pik3ca cohort was
composed by 4 animals with differentiated tumors, while the Braf cohort comprised of 3 animals with PanIN
lesions.

The histopathological analysis and definition of the tissue cohorts were performed together with Tatiana
Martins and the animals were generated and sacrificed by all the members in the laboratory of Prof. Dr.
med. Dieter Saur. Diff denotes the differentiation/differentiated status, ID the identification number, PanIN
the pancreatic intraepithelial neoplasia, PBR the Pdx1-CreERT?; LSL-Braf'63"¥* mice, PKP the Pdx1-Cre;
LSL-Kras®12P*: Trp53'°/* mice, PPI3K the Pdx1-Cre; LSL-Pik3ca™%47R* mice, Undiff the undifferentiated
status, + the wild-type allele.
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Fig. 15. Driven mutation of pancreatic ductal adenocarcinoma has a stronger impact on the

abundance of tumor microenvironment cells than the differentiation status of the tumor.

(A) Immunofluorescence (IF) staining for keratin 18 (CK18), cluster of differentiation (CD)45, and

podoplanin (PDPN) (upper panels) and respective segmentation (bottom panels) using Imaris 9.5 software

of both differentiated and undifferentiated tumors. IF staining was also carried out using the remaining mice

of each cohort with similar results. Scale bars indicate 100 pm.

(B) All imaged cells were segmented, and their statistical information was imported into FlowJo v10.6.1

software for spatial visualization of the different tumor (CK18*), immune (CD45"), and stromal (PDPN™*)

populations of both differentiated and undifferentiated tumors using dot plots.

(C) Segmented cellular populations were also displayed as density XY positional plots to highlight

regionalized cell distribution.

(D) Pie charts of tumor/metaplastic, immune, and stromal ratios in Kras, Pik3ca, and Braf cohorts. n=4

biologically independent animals were examined in the each Kras and Pik3ca groups, while n=3 biologically

independent animals were analyzed in the Braf cohort, as indicated above the respective pie chart.

The histocytometry analysis was performed together with Tatiana Martins and the animals used for this
(legend continues on the next page)
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9.5 software (Fig. 15A). The CK18, CD45, and PDPN triple IF labeling allowed to observe that
the majority of the imaged area was occupied by cancer cells, regardless of the differentiation
status of the tumor. It is also noteworthy to examine the higher number of CD45* and PDPN* cells
in the differentiated tumor compared to the undifferentiated one. Plotting the 3D surface object
data created after the cell segmentation revealed the discrimination of each cellular subset and
their spatial distribution with patterns similar to the data derived from the IF staining (Fig. 15B).
As expected, the x,y positional dot plots showed that the three cellular types were not spatially
organized in defined areas within the tumor. Moreover, the CD45* cells were in close proximity to
CK18* cells, while the PDPN* cells had the tendency to occupy surrounding areas of tumor cells.
We also observed the localization of computed tumor, immune, and stromal cell surfaces as
density plots (Fig. 15C). CK18 and CD45 markers presented the highest densities in both
differentiated and undifferentiated tumors. In addition, similarly to the dot plots, the density plots
showed that the highly dense areas of CD45" cells corresponded to areas highly occupied by
CK18* cells, while PDPN* cells were present in areas with lower density of cancer cells. As
illustrated in Fig. 15D, the Kras differentiated tumors presented slightly higher percentage of
stromal cells compared to the undifferentiated tissues (17.4% and 12.0%, respectively). In
contrast, the immune cell content appeared to not be drastically affected by the differentiation
status of tumor (12.9% and 15.2% vs. PKP, Undiff). However, it was striking that the Pik3ca-
driven tumors presented an ~2-fold increase of immune cells (22.5% and 12.9% vs. PKP, Diff; p
< 0.05) and ~3-fold higher stromal content (48.1% and 17.4% vs. PKP, Diff; p < 0.0001) in
comparison to the Kras differentiated cohort. Regarding the PBR cohort, it was curious to observe
the balance among the three cell types analyzed, having a similar amount of both CAFs and
metaplastic cells (~35.0% of each cell population), while the immune cells represented 15.0% of
the cellular content in these tissues. Altogether, the histocytometry-based cell positioning
analyses allowed to conclude that immune cells are in closer proximity to cancer cells than CAFs
and that the driver mutation may have a stronger impact on TME abundance than the

differentiation status of the tumor.

6.2.3. Macrophages were the most abundant immune population and Pik3ca-driven
differentiated tumors had high infiltration of adaptive immune cells

To characterize the subtypes of immune cells within the TME of PDAC tissues and
understand how they may be altered by the driver mutation, we applied the mIHC panels
described in the previous section of this work (section 6.1. Chapter |, Part A). Three consecutive
tissue sections of each animal from the Kras, Pik3ca, and Braf cohorts were stained for IIC, AIC,

and T cell panels and whole-slide imaging was performed and analyzed, as depicted in Fig. 16.

analysis were generated and sacrificed by all the members in the laboratory of Prof. Dr. med. Dieter Saur.
CD denotes the cluster of differentiation, CK18 the keratin 18, Diff the differentiated tumor, IF the
immunofluorescence, PanIN the pancreatic intraepithelial neoplasia, PDPN the podoplanin, Undiff the
undifferentiated tumor.
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Fig. 16. Pik3ca cohort presents a high abundance of adaptive immune cells.
(A) Representative images of the three immune cell panels — innate immune cell panel, adaptive immune
cell panel, and T cell panel — applied in three consecutive tissue sections of primary pancreatic tumors from
mice harboring Kras, Pik3ca, or Braf mutation. The markers of each panel are identified below the respective
column of images. Multiplex immunohistochemistry staining was also carried out using the remaining mice
of each cohort with similar results. Scale bars indicate 50 pm.
(B) Top, immune and tumoral cellular content in percentage of each individual animal from the Kras, Pik3ca,
and Braf cohorts included in the analysis of the tumor microenvironment. Bottom, content in percentage of
cytotoxic, helper, and regulatory cells among the cluster of differentiation (CD)3-positive cells of each
individual animal from the Kras, Pik3ca, and Braf cohorts.
(C) Pie charts with the immune and tumoral cellular content of all animals distributed according to their
oncogene (Kras, Pik3ca, and Braf) and grading/differentiation status of the tumors. The smaller pie charts
depict the percentage of cytotoxic, helper, and regulatory T cells among the CD3-positive cells. n=4
biologically independent animals were examined in the each Kras and Pik3ca groups, while n=3 biologically
independent animals were analyzed in the Braf cohort, as indicated after the grading/differentiation status.
Animals used for this analysis were generated and sacrificed by all the members in the laboratory of Prof.
Dr. med. Dieter Saur. % denotes the percentage, CD the cluster of differentiation, CK18 the keratin 18, Diff
(legend continues on the next page)
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As observed in the histocytometry analysis, the mIHC images consistently showed that the PKP
and PBR tissues presented higher number of CK18* cells and consequently lower desmoplastic
reaction compared to PPI3K samples (Fig. 16A). In the three cohorts analyzed, F4/80*
macrophages were the most predominant immune cell subtype, especially on tissues from
animals harboring Pik3ca or Braf mutation. These myeloid cells presented distinct spatial
distributions, being in close proximity or in contact with CK18* cells or far away from the cancer
or metaplastic cells. Curiously, Pik3ca tissues comprised a higher number of AICs, especially
CD3" T cells, compared with Kras and Braf cohorts. Similarly to the macrophages, the
lymphocytes were also found near and distant to CK18* lesions. Analysis of mIHC panels showed
that there was a consistent cellular composition within each analyzed cohort, with special
emphasis on the PKP cohort where all differentiated and undifferentiated tumors presented
similar cellular contents (Fig. 16B). The tumor and metaplastic cells expressing CK18 were the
most abundant cellular type within the tissues followed by F4/80* macrophages. In addition,
compared with Kras and Braf tissues, the Pik3ca ones had a remarkably higher percentage of
both AICs, varying between 5.0-15.0% of T cells and 4.0-8.0% of B lymphocytes in these tissues.
For an in-depth analysis of the T cell subpopulations within the TME, we analyzed these
lymphocytes among the total CD3* cells using the data obtained with the mIHC T cell panel.
Regardless of the heterogenous composition of T cell subtypes among the cohorts and within
each group, CD4* Th cells were the most abundant T lymphocyte subpopulation in all the
analyzed animals, whilst the CD8a* CTLs and CD4" FoxP3* Tregs composition presented a more
extensive variability. Interestingly, no CTLs were detected in half of the PKP differentiated tissues,
and in one PPI3K and one PBR mice, the amount of these T cells was less than 1.5% of all CD3*
cells. Furthermore, to have a general overview of the cellular content within the tumor, we grouped
the 15 analyzed animals according to their driver mutations and grading (Fig. 16C). The Kras
cohort presented the higher number of malignant cells regardless of the differentiation status of
the tumor (59.2% in the differentiated tumors vs. 69.0% in the undifferentiated tumors), followed
by the Braf-driven tissues composed by 49.5% of CK18* cells, and finally the Pik3ca cohort had
~2-fold less tumor content compared to the differentiated Kras tumors. In contrast, the PPI3K
tumors had the higher percentage of immune cells (47.3% in PPI3K, Diff > 35.7% in PBR, PanINs
>17.1% in PKP, Undiff > 15.5% in PKP, Diff), especially of macrophages (31.0%) and AICs (9.9%
and 5.5% of T and B cells, respectively). It is worth noting that the cellular composition of the Braf
tissues seemed to be an intermediate between the Kras and Pik3ca tissues, with a high
percentage of CK18* cells as the Kras tumors and a high amount of both macrophages and T
cells as the Pik3ca tissues. Regarding the general composition of T cell subtypes, the PPI3K

cohort showed the most balanced distribution of these cells with 29.0% of Th cells, 19.8% of

the differentiated tumor, PanIN the pancreatic intraepithelial neoplasia, PBR the Pdx1-CreER™%; LSL-
BrafV6378* mice, PKP the Pdx1-Cre; LSL-Kras®2P*; Trp53'/* mice, PPI3K the Pdx1-Cre; LSL-Pik3cah1047R/+
mice, Undiff the undifferentiated tumor, + the positive or high expression.
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Tregs, and 13.5% of CTLs, while in Braf tissues half of the infiltrated CD3* cells were Th cells.
Although the numbers of CD3* cells were negligible in the PKP cohort (0.7% and 0.9% in the
differentiated and undifferentiated tumors, respectively), it was interesting to note that, from the
lower to the higher graded tumors, there was an increase of both Th cells (from 29.4% to 40.4%,
respectively) and CTLs (from 2.2% to 16.5%, respectively; p < 0.05). Thus, these results showed
that among the immune cells macrophages were the most abundant cells within the TME of PDAC
tissues and the PPI3K cohort was characterized by a high infiltration of AICs, supporting the
evidence that the immune cell content may be influenced rather by the driver mutation than by

the differentiation status of the tumors.

6.2.4. Interactions between immune and tumor cells and between distinct immune cell
populations may favor a tumor-friendly environment

Intercellular communication of cancer cells with different types of cells within their
surrounding TME has an impact in regulating tumor growth and progression as well as in the
therapy efficacy (D'Errico et al., 2019; Holokai et al., 2020). Therefore, using the processed mIHC
data, we explored the interactions between the tumor and immune cells and the cross-talk among
the cells composing the immune system (Fig. 17-19). The IIC panel allowed the study of the
communication between tumor cells and 1ICs, such as macrophages and cDCs, as well as
between these two last immune cell populations (Fig. 17). Regarding the Kras cohort, the
differentiation status seemed to not have an impact on the number of infiltrated F4/80* cells
interacting with CK18* cells (42.9% in PKP, Diff vs. 41.7% in PKP, Undiff), as depicted in Fig.
17A. However, macrophages were in closer proximity to undifferentiated tumor cells compared to
differentiated CK18" cells (median of 2.4 pm and 3.5 pm vs. PKP, Diff; p < 0.0001). Moreover,
despite of being the most abundant immune cell population present in Pik3ca tumors,
macrophages showed to be significantly distant to cancer cells harboring this mutation compared
to Kras-driven ones (median of 24.1 um and 3.5 pm vs. PKP, Diff; p < 0.0001). Interestingly,
Pik3ca tumors also had 2 times less F4/80* cells in direct contact with CK18* cells when compared
to Kras differentiated tissues (19.6% and 42.9% vs. PKP, Diff). Among the three cohorts, Braf had
the shortest distance mean between macrophages and cancer cells (median of 0.4 pm) and the
highest percentage of F4/80* cells in direct contact with CK18* cells (49.1%). Furthermore, the
interactions between cDCs and malignant cells followed a similar tendency as the one presented
by the macrophages in both Kras and Pik3ca cohorts, as illustrated in Fig. 17B. cDCs were found
in closer contact with Kras-driven CK18* cells compared to Pik3ca-driven ones (median of 3.6 um
and 26.4 um vs. PPI3K, Diff; p < 0.0001). However, in contrast to macrophages, CD11c* cells
presented a heterogenous spatial distribution towards Braf-driven CK18" cells, having a distance
ranging between 0.00 um and 326.56 pm, and only 22.3% of the cDCs were detected in direct
contact with the metaplastic cells. Since macrophages and cDCs were reported to synergistically
infiltrate the tumor and to share similar tissue distributions and locations (Bonnardel et al., 2017;

Guiducci et al., 2005), we also verified the intercellular communication between these two IIC
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Fig. 17. Innate immune cells are in closer proximity to Kras-driven tumor cells.
(A) Left, representative images of F4/80 and keratin 18 (CK18) staining in Kras, Pik3ca, and Braf tissues.
Middle, shortest distance between F4/80* and CK18* cells. PKP, Diff: minimum 0.0 pm, median 3.5 pm,
maximum 598.5 um, mean 23.8 um, standard deviation (SD) 47.2 um, standard error of mean (SEM) 0.5
pm. PKP, Undiff: minimum 0.0 um, median 2.4 yum, maximum 376.0 um, mean 21.4 pym, SD 37.0 um, SEM
0.3 um. PPI3K, Diff: minimum 0.0 um, median 24.1 pm, maximum 350.6 um, mean 37.3 um, SD 42.7 um,
SEM 0.2 um. PBR, PanINs: minimum 0.0 um, median 0.4 pm, maximum 376.9 pum, mean 18.0 um, SD 47.6
um, SEM 0.3 um. Right, the percentage of F4/80* cells in contact with CK18* cells according to the driver
mutation and differentiation status.
(B) Left, representative images of cluster of differentiation (CD)11c and CK18 staining in Kras, Pik3ca, and
Braf tissues; the green arrowheads indicate CD11c* cells. Middle, shortest distance between CD11c* and
CK18* cells. PKP, Diff: minimum 0.0 pum, median 3.6 um, maximum 304.7 um, mean 21.9 um, SD 43.2 um,
(legend continues on the next page)
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populations. As showed in Fig. 17C, even though macrophages and cDCs were observed in the
same field of view, only up to ~4.0% of F4/80" cells interacted with CD11c* cells in PKP
differentiated tumors. Thus, the IICs appeared to have a higher degree of cell-to-cell contact with
Kras-driven tumor cells, which may correlate with the balance between pro-tumorigenic and anti-
tumorigenic properties of these immune cells.

We further characterized the intercellular communications between AICs and cancer cells
(Fig. 18). In addition to having the highest amount of infiltrated T lymphocytes, the PPI3K cohort
also presented a significant shortest distance between these AICs and the malignant cells
compared with Kras differentiated tumors (median of 18.1 um and 33.6 um vs. PKP, Diff;
p < 0.0001), as depicted in Fig. 18A. Surprisingly, the Pik3ca-driven tumors did not present a
higher percentage of T cells in direct contact with malignant cells. In fact, all three analyzed
cohorts showed a similar percentage (~18.0%) of CD3"-CK18* cell interactions. In addition, T
cells in the PKP undifferentiated tumors were 1.7-fold closer to malignant cells compared to
differentiated tumors from the same cohort, presenting a similar distance distribution as the PPI3K
tissues. Regarding the B lymphocytes, these cells presented a higher number of intercellular
interactions with tumor cells than the T lymphocytes, especially in the differentiated tissues (Fig.
18B). In contrast, the Kras undifferentiated tumors showed a similar interaction pattern of B and
tumor cells as the T cells (~18.0% of CD3* and CD45R/B220* cells were in direct contact with
CK18* cells). Since in hepatocellular carcinoma, the cross-talk between T and B lymphocytes
showed to have a role in promoting the progression of the tumors (Garnelo et al., 2017), we
assessed the interactions of these two AIC populations in PDAC. Our results showed that both

differentiated and undifferentiated Kras tumors presented a low percentage of cell-to-cell

SEM 2.1 pym. PKP, Undiff: minimum 0.0 pm, median 0.0 pm, maximum 311.9 um, mean 11.6 pm, SD 29.4
pm, SEM 0.8 pm. PPI3K, Diff: minimum 0.0 um, median 26.4 pm, maximum 318.3 pm, mean 49.3 um, SD
57.5 um, SEM 1.6 pym. PBR, PanINs: minimum 0.0 pm, median 17.9 pm, maximum 326.6 um, mean 41.5
pm, SD 51.3 um, SEM 3.6 pm. Right, the percentage of CD11c* cells in contact with CK18* cells according
to the driver mutation and differentiation status.

(C) Left, representative images of F4/80 and CD11c staining in Kras, Pik3ca, and Braf tissues; the green
arrowheads indicate CD11c* cells. Middle, shortest distance between F4/80* and CD11c* cells. PKP, Diff:
minimum 0.0 pm, median 90.2 pm, maximum 2315.3 pm, mean 178.6 um, SD 245.8 uym, SEM 2.0 um. PKP,
Undiff: minimum 0.0 um, median 61.9 um, maximum 411.5 ym, mean 71.2 ym, SD 52.4 ym, SEM 0.5 pm.
PPI3K, Diff: minimum 0.0 pm, median 125.2 um, maximum 934.2 ym, mean 161.2 pym, SD 136.4 um, SEM
0.6 um. PBR, PanINs: minimum 0.0 um, median 223.5 um, maximum 1223.2 um, mean 265.6 um, SD 190.1
pm, SEM 1.2 pm. Right, the percentage of F4/80* cells in contact with CD11c* cells according to the driver
mutation and differentiation status.

Multiplex immunohistochemistry staining was also carried out using the remaining mice of each cohort with
similar results. All scale bars indicate 50 um. Animals used for this analysis were generated and sacrificed
by all the members in the laboratory of Prof. Dr. med. Dieter Saur. n=4 biologically independent animals
were examined in the each Kras and Pik3ca groups, while n=3 biologically independent animals were
analyzed in the Braf cohort. Data represent shortest distance in um between two indicated cell populations
and the dashed lines of the violin plots indicate the median and the doted lines the quartiles; for the
calculation of the cell pairs in direct contact, only the pairs with a 0.00 um of distance were considered. ****p
< 0.0001, two-tailed Student’s unpaired t test between selected pair groups. % denotes the percentage, pm
the micrometer, CD the cluster of differentiation, CK18 the keratin 18, Diff the differentiated tumor, PanIN
the pancreatic intraepithelial neoplasia, PBR the Pdx1-CreER'%; LSL-Braf'%37E* mice, PKP the Pdx1-Cre;
LSL-Kras®12P: Trp53'9¥* mice, PPI3K the Pdx1-Cre; LSL-Pik3cat1%4’R* mice, SD the standard deviation,
SEM the standard error of mean, Undiff the undifferentiated tumor, + the positive or high expression.
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Fig. 18. Adaptive immune cells present more interactions with differentiated tumor cells.
(A) Left, representative images of cluster of differentiation (CD)3 and keratin 18 (CK18) staining in Kras,
Pik3ca, and Braf tissues; the green arrowheads indicate CD3* cells. Middle, shortest distance between
CD3* and CK18* cells. PKP, Diff: minimum 0.0 pm, median 33.6 um, maximum 430.3 pm, mean 53.3 um,
standard deviation (SD) 60.5 um, standard error of mean (SEM) 2.5 pm. PKP, Undiff: minimum 0.0 pm,
median 19.4 pm, maximum 283.9 um, mean 35.0 um, SD 40.6 um, SEM 1.4 um. PPI3K, Diff: minimum 0.0
pm, median 18.1 pm, maximum 365.4 um, mean 34.3 um, SD 43.6 um, SEM 0.3 um. PBR, PanINs:
minimum 0.0 um, median 9.4 um, maximum 308.2 um, mean 27.2 um, SD 49.9 um, SEM 0.8 um. Right,
the percentage of CD3* cells in contact with CK18* cells according to the driver mutation and differentiation
status.
(B) Left, representative images of CD45R/B220 and CK18 staining in Kras, Pik3ca, and Braf tissues; the
magenta arrowheads indicate CD45R/B220* cells. Middle, shortest distance between CD45R/B220* and
(legend continues on the next page)
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interactions (up to 3.0%) and a median shortest distance between T and B cells of ~200 um (Fig.
18C). In contrast, the PPI3K cohort presented a closer communication between these
lymphocytes (median of 16.0 pm and 201.6 um vs. PKP, Diff; p < 0.0001) as well as 21 times
more T cells in direct contact with B lymphocytes in comparison to PKP differentiated tumors.
Thus, the cross-talk between T and B lymphocytes may be influenced by the driver mutation
harbored by the tumor cells.

Although the T cell abundance in the TME of PDAC may vary, previous studies described
that PDAC immunity predominantly comprises of heterogenous infiltrated T Ilymphocyte
populations and their spatial proximity towards the cancer cells is reported to be correlated with
overall patient survival (Carstens et al., 2017; Knudsen et al., 2017). In this regard, differential
immune cell infiltration as well as their spatial distribution could be reflective of distinct
immunosuppressive or immunostimulatory roles within the tumor. We examined the intercellular
communications between CTLs, Th cells, and Tregs and the tumor cells and the interactions
between the T cell subpopulations (Fig. 19). All the T cell subtypes showed to be in significantly
closer proximity to Kras tumor cells than to Pik3ca-driven ones, as depicted in Fig. 19A-C. In
addition, PKP differentiated tumors also presented the highest number of interactions between
tumor cells and T cell subpopulations, especially with CD8a* cells (87.0% and 6.6% vs. PPI3K,
Diff). Moreover, the increased percentages of CTLs, Th cells, and Tregs interacting with
metaplastic cells in the Braf tissues (48.8%, 37.7%, and 43.2%, respectively) may indicate a

crucial role of these three lymphocytic populations in mediating tumor growth control in Braf

CK18* cells. PKP, Diff: minimum 0.0 pm, median 0.6 pm, maximum 289.1 um, mean 26.4 um, SD 51.0 pm,
SEM 6.0 um. PKP, Undiff: minimum 0.0 um, median 68.5 pm, maximum 154.8 pm, mean 71.7 um, SD 57.4
pm, SEM 3.9 um. PPI3K, Diff: minimum 0.0 um, median 13.3 pum, maximum 418.4 pym, mean 33.6 um, SD
46.3 um, SEM 0.4 um. PBR, PanINs: minimum 0.0 pm, median 83.7 pum, maximum 397.4 ym, mean 134.3
pm, SD 117.3 um, SEM 8.0 um. Right, the percentage of CD45R/B220* cells in contact with CK18* cells
according to the driver mutation and differentiation status.

(C) Left, representative images of CD3 and CD45R/B220 staining in Kras, Pik3ca, and Braf tissues; the
green arrowheads indicate CD3* cells, while the magenta ones shortest distance between CD3* and
CD45R/B220* cells. PKP, Diff: minimum 0.0 pm, median 201.6 pm, maximum 2573.5 pm, mean 307.4 pum,
SD 334.1 ym, SEM 14.1 um. PKP, Undiff: minimum 0.0 pm, median 213.9 ym, maximum 916.3 pm, mean
249.1 ym, SD 184.4 uym, SEM 12.9 pm. PPI3K, Diff: minimum 0.0 pm, median 16.0 pm, maximum 857.4
pm, mean 34.1 um, SD 48.4 um, SEM 0.3 um. PBR, PanINs: minimum 0.0 um, median 354.0 pm, maximum
2901.8 um, mean 515.3 um, SD 542.7 um, SEM 8.6 pm. Right, the percentage of CD3* cells in contact with
CD45R/B220* cells according to the driver mutation and differentiation status.

Multiplex immunohistochemistry staining was also carried out using the remaining mice of each cohort with
similar results. All scale bars indicate 50 pm. Animals used for this analysis were generated and sacrificed
by all the members in the laboratory of Prof. Dr. med. Dieter Saur. h=4 biologically independent animals
were examined in the each Kras and Pik3ca groups, while n=3 biologically independent animals were
analyzed in the Braf cohort. Data represent shortest distance in pm between two indicated cell populations
and the dashed lines of the violin plots indicate the median and the doted lines the quartiles; for the
calculation of the cell pairs in direct contact, only the pairs with a 0.00 um of distance were considered. ns
denotes not significant, *p < 0.05, ****p < 0.0001, two-tailed Student’s unpaired t test between selected pair
groups. % denotes the percentage, um the micrometer, CD the cluster of differentiation, CK18 the keratin
18, Diff the differentiated tumor, PanIN the pancreatic intraepithelial neoplasia, PBR the Pdx1-CreER™?;
LSL-Brafv637&* mice, PKP the Pdx1-Cre; LSL-Kras®'2P'*; Trp53°* mice, PPI3K the Pdx1-Cre; LSL-
Pik3caH1047R+ mijce, SD the standard deviation, SEM the standard error of mean, Undiff the undifferentiated
tumor, + the positive or high expression.
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Fig. 19. T cell populations are in closer proximity to Kras tumor cells and Braf metaplastic cells.
(A) Top, representative images of cluster of differentiation (CD)8a and keratin 18 (CK18) staining in Kras,
Pik3ca, and Braf tissues; the green arrowheads indicate CD8a* cells. Bottom left, shortest distance between
CD8a* and CK18* cells. PKP, Diff: minimum 0.0 um, median 0.0 um, maximum 101.3 pm, mean 10.8 pym,
standard deviation (SD) 29.6 um, standard error of mean (SEM) 6.2 um. PKP, Undiff: minimum 0.0 pm,
median 6.8 pm, maximum 197.6 um, mean 23.8 um, SD 35.3 um, SEM 1.4 um. PPI3K, Diff: minimum 0.0
pm, median 20.5 pm, maximum 336.3 pm, mean 27.1 ym, SD 24.8 um, SEM 0.3 um. PBR, PanINs:
minimum 0.0 pm, median 0.7 pm, maximum 134.8 ym, mean 16.0 um, SD 28.3 um, SEM 2.5 pm. Bottom
right, the percentage of CD8a* cells in contact with CK18* cells according to the driver mutation and
differentiation status.
(B) Top, representative images of CD4 and CK18 staining in Kras, Pik3ca, and Braf tissues; the yellow
arrowheads indicate CD4" cells. Bottom left, shortest distance between CD4* and CK18* cells. PKP, Diff:
minimum 0.0 pm, median 22.1 pm, maximum 164.6 pm, mean 35.4 um, SD 38.9 um, SEM 2.0 pm. PKP,
Undiff: minimum 0.0 um, median 16.6 pm, maximum 272.6 pm, mean 34.1 um, SD 45.7 um, SEM 1.2 ym.
PPI3K, Diff: minimum 0.0 pm, median 18.1 pm, maximum 296.9 um, mean 26.2 um, SD 27.6 um, SEM 0.3
um. PBR, PanINs: minimum 0.0 um, median 4.1 pm, maximum 178.5 pm, mean 13.8 um, SD 22.6 um, SEM
0.6 um. Bottom right, the percentage of CD4* cells in contact with CK18* cells according to the driver
(legend continues on the next page)
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animals. Furthermore, among the T cell subpopulations, the highest number of direct
communications was observed between CD8a* and CD4*, particularly in undifferentiated PKP
and differentiated PPI3K tumors (35.5% and 33.6%, respectively), as shown in Fig. 19D-F. In
contrast, the CD8a*" and CD4* FoxP3* cells presented the lowest percentage of interactions,
especially in Pik3ca and Braf tissues (2.9% and 0.8%, respectively). It is also noteworthy to
mention the ~2-fold increased number of interactions between Th cells and Tregs in Pik3ca-
driven tumors compared to the rest of the groups analyzed. Altogether, these results described
that the cross-talk between malignant cell and certain immune cell populations, such as

macrophages, cDCs, and Tregs, appeared to be modulated by the driver mutation, while other

mutation and differentiation status.

(C) Top, representative images of CD4, FoxP3, and CK18 staining in Kras, Pik3ca, and Braf tissues; the
cyan arrowheads indicate CD4* FoxP3* cells. Bottom left, shortest distance between CD4* FoxP3* and
CK18* cells. PKP, Diff: minimum 0.0 pm, median 22.1 pm, maximum 164.6 um, mean 35.4 um, SD 38.9
pm, SEM 2.0 pm. PKP, Undiff: minimum 0.0 pm, median 16.6 pm, maximum 272.6 pm, mean 34.1 pm, SD
45.7 um, SEM 1.2 pym. PPI3K, Diff: minimum 0.0 pm, median 18.1 um, maximum 296.9 pum, mean 26.2 pym,
SD 27.6 um, SEM 0.3 pm. PBR, PanINs: minimum 0.0 pm, median 4.1 um, maximum 178.5 ym, mean 13.8
pm, SD 22.6 ym, SEM 0.6 um. Bottom right, the percentage of CD4* FoxP3* in contact with CK18* cells
according to the driver mutation and differentiation status.

(D) Top, representative images of CD8a and CD4 staining in Kras, Pik3ca, and Braf tissues; the green
arrowheads indicate CD8a* cells, while the yellow ones indicate CD4* cells. Bottom left, shortest distance
between CD8a* and CD4* cells. PKP, Diff: minimum 0.0 um, median 99.2 um, maximum 790.5 um, mean
155.6 pm, SD 182.5 um, SEM 26.1 pm. PKP, Undiff: minimum 0.0 pm, median 8.1 pm, maximum 1103.0
pm, mean 48.3 um, SD 117.5 pm, SEM 4.8 pym. PPI3K, Diff: minimum 0.0 um, median 3.9 pm, maximum
377.8 pm, mean 18.1 ym, SD 31.0 um, SEM 0.4 pm. PBR, PanINs: minimum 0.0 pum, median 29.4 pm,
maximum 246.2 yum, mean 46.7 um, SD 50.4 um, SEM 4.4 um. Bottom right, the percentage of CD8a"* cells
in contact with CD4* cells according to the driver mutation and differentiation status.

(E) Top, representative images of CD8a, CD4, and FoxP3 staining in Kras, Pik3ca, and Braf tissues; the
green arrowheads indicate CD8a* cells, while the cyan ones indicate CD4* FoxP3* cells. Bottom left,
shortest distance between CD8a* and CD4* FoxP3* cells. PKP, Diff: minimum 0.0 pm, median 127.1 pm,
maximum 905.2 pm, mean 170.9 um, SD 173.7 um, SEM 24.8 um. PKP, Undiff: minimum 0.0 um, median
75.8 pm, maximum 2060.0 um, mean 287.3 pm, SD 395.8 um, SEM 16.3 pum. PPI3K, Diff: minimum 0.0
pm, median 27.7 pm, maximum 463.2 ym, mean 49.8 ym, SD 63.6 um, SEM 0.9 um. PBR, PanINs:
minimum 0.0 pum, median 115.6 ym, maximum 758.0 ym, mean 155.1 ym, SD 134.1 pm, SEM 11.8 pm.
Bottom right, the percentage of CD8a* cells in contact with CD4* FoxP3* cells according to the driver
mutation and differentiation status.

(F) Top, representative images of CD4 and FoxP3 staining in Kras, Pik3ca, and Braf tissues; the yellow
arrowheads indicate CD4"* cells, while the cyan ones indicate CD4* FoxP3* cells. Bottom left, shortest
distance between CD4* and CD4* FoxP3* cells. PKP, Diff: minimum 0.0 pm, median 45.4 um, maximum
2255.9 pm, mean 87.6 um, SD 154.5 ym, SEM 3.8 um. PKP, Undiff: minimum 0.0 pm, median 52.0 pum,
maximum 2007.6 um, mean 188.8 um, SD 316.9 um, SEM 9.7 pm. PPI3K, Diff: minimum 0.0 pm, median
37.5 pm, maximum 520.4 ym, mean 30.8 pm, SD 50.1 pym, SEM 0.5 pm. PBR, PanINs: minimum 0.0 pum,
median 59.4 pm, maximum 1637.0 um, mean 107.3 pym, SD 146.9 um, SEM 3.7 um. Bottom right, the
percentage of CD4* cells in contact with CD4* FoxP3* cells according to the driver mutation and
differentiation status.

Multiplex immunohistochemistry staining was also carried out using the remaining mice of each cohort with
similar results. All scale bars indicate 50 um. Animals used for this analysis were generated and sacrificed
by all the members in the laboratory of Prof. Dr. med. Dieter Saur. n=4 biologically independent animals
were examined in the each Kras and Pik3ca groups, while n=3 biologically independent animals were
analyzed in the Braf cohort. Data represent shortest distance in um between two indicated cell populations
and the dashed lines of the violin plots indicate the median and the doted lines the quartiles; for the
calculation of the cell pairs in direct contact, only the pairs with a 0.00 um of distance were considered. ns
denotes not significant, *p < 0.05, ****p < 0.0001, two-tailed Student’s unpaired t test between selected pair
groups. % denotes the percentage, pm the micrometer, CD the cluster of differentiation, CK18 the keratin
18, Diff the differentiated tumor, PanIN the pancreatic intraepithelial neoplasia, PBR the Pdx1-CreER™;
LSL-BrafVs37¥* mice, PKP the Pdx1-Cre; LSL-Kras®'2P'*: Trp53'°* mice, PPI3K the Pdx1-Cre; LSL-
Pik3caH1047R* mjice, SD the standard deviation, SEM the standard error of mean, Undiff the undifferentiated
tumor, + the positive or high expression.
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inflammatory cell types, such as B cells, CTLs and Tregs, seemed to be also influenced by the
differentiated status of the tissue.

6.2.5. Profile of tumor microenvironment cell distribution patterns in pancreatic ductal
adenocarcinoma can be assessed using RNA sequencing bulk tumor samples

mIHC offered a good opportunity to study and characterize the cellular content within the
TME in PDAC tissues and the cross-talk between the different cellular populations. Regardless
of its advantages, it was clear that this imaging technique would not allow high-throughput
assessment of tumor and immune profiles. For this reason, we attempted to introduce a cost-
effective RNA-seq method to study immune and stromal populations in PDAC bulk tumor samples
(25 PK and 6 PPI3K tumors), as depicted in Fig. 20, and compare the data generated by this
sequencing technique and mIHC. Firstly, correlation matrixes based on RNA-seq bulk tumor data
were performed and used to infer communication between TME and tumor cell pairs. As shown
in Fig. 20A, tumor cells correlated negatively with macrophages and B cells in both PK and PPI3K
samples, correlation that was also observed in the imaging data (Fig. 16). In addition, CD8" T
cells correlated positively with B cells and macrophages, especially in the PPI3K cohort, however
these correlations were not clear in the mIHC immune profiling data. Unexpectedly, the malignant
cells presented a contrary correlation with CTLs and Th cells in Pik3ca bulk tumor samples, while
the numbers of both T cell subtypes increased when a reduction of tumor cells was detected in
the cryopreserved tissues analyzed. Finally, the correlations with myCAFs, such as the positive
correlation between myCAFs and macrophages showed in the PK cohort, need to be further
validated using a staining technique.

To systemically understand the central pathways involved in PDAC and how they may
be affected by the driver mutations, we conducted KEGG pathway analysis of the differentially
expressed genes. As depicted in Fig. 20B, several signaling pathways, such as gene
downregulation by Kras activation, p53 pathway, and mTORCL1 signaling, were showed to be
altered, and they were previously reported to be related to p110"1%4’R expression in pancreas
(Eser et al., 2013; Payne et al., 2015). Surprisingly, we did not detect a significant increase of
inflammation-related pathways in the PPI3K samples as observed in the imaging data, indicating
that some signalings can be diluted in the RNA-seq data, due to the cellular abundance and
variety present in bulk tumors (Shen-Orr & Gaujoux, 2013). Regardless of this limitation of the
sequencing technique, we next sought to determine the expression pattern of the genes that were
differentially expressed between the PK and PPI3K cohorts (Fig. 20C). Our analysis identified 57
differently expressed genes and some of them were already described to be TME-related genes.
Hmga2, Fbin2, and Ankrd1 were amongst the genes that were expressed at higher levels in the
PK compared to PPI3K bulk tumors (Table 30). Conversely, Lcn2, Cxcl5, Ccl20, Serpina9, Fcgbp,
and lyd were found to be highly expressed in the PPI3K cohort compared to PK bulk tumors. The
expression of a higher number of inflammation-related genes in the Pik3ca cohort may suggest
that the tissues harboring this mutation have a more inflammatory environment compared to the

ones from the Kras cohort.
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Fig. 20. PPI3K tumors present stronger immune cell interactions based on RNA sequencing bulk

tumor samples.

(A) Left, correlation matrix of Pdx1-Cre; LSL-Kras®2P* (PK) cohort and right, correlation matrix of Pdx1-

Cre; LSL-Pik3ca047R* (PPI3K) samples based on

gene signatures defined in Table 17. Red represents

positive correlation, blue represents negative ones and darker the color, stronger the correlation.
(B) Kyoto Encyclopedia of Genes and Genomes (KEGG) over-representation analysis of signaling pathways
based on differentially expressed genes in PPI3K compared to PK bulk tumors, highlighted in orange the

immune-related Complement pathway.

(C) Volcano plot, where the tumor microenvironment-related genes were highlighted in orange.

These bioinformatic analyses were performed by Fabio Boniolo and animals used for these analyses were
generated and sacrificed by all the members in the laboratory of Prof. Dr. med. Dieter Saur. n=25 biologically
independent PK animals and n=6 biologically independent PPI3K animals were used in these bioinformatic
analyses. KEGG denotes Kyoto Encyclopedia of Genes and Genomes, myCAF the myofibroblastic cancer-
associated fibroblast, PK the Pdx1-Cre; LSL-Kras®12P* mice, PPI3K the Pdx1-Cre; LSL-Pik3cam1047R* mice,

+ the positive or high expression.
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Table 30. Tumor microenvironment-related genes upregulated in Kras and Pik3ca cohorts and their

potential role within the tumor

Cohort  Upregulated gene  TME-related role Ref
PK Hmga2 Hmga2 status in tumor cells significantly correlates (Strell et al.,
with abundance of PDGFRB-defined stromal cells  2017)

Fbin2 Fibulin 2 molecules might induce the metastatic (Avsar et al.,
potential through interaction with other molecules 2019)
present in the TME on lung cancer

Ankrd1 Ankrdl modulates inflammatory responses in (Liu etal., 2015)
myoblasts through feedback inhibition of NF-kB
signaling activity

PPI3K Lcn2 Macrophage-derived lipocalin-2 transports iron in  (Mertens et al.,
the TME and enhances tumor cell proliferation 2018)

Cxcl5 CXCL5 binds to its receptors (e.g., CXCR2) to (W. Zhang et al.,
recruit immune cells and promote angiogenesis, 2020)
tumor growth, and metastasis

Ccl20 Ccl20 signaling from tumor cells or macrophages (W. Chen et al.,
mediates Tregs infiltration into TME 2020)

Serpina9 CD20* B cells produce high levels of Serpina9, (J.Chenetal.,
which directly inhibits the growth of NSCLC cells 2020)

Fcgbp Enriched gene in CD8* T cells, associated with (Lyons et al.,
disease progression in tissues of endodermal origin  2017; Qi et al.,
and metastasis formation in CRC 2016; Stamp et

al., 2012)
lyd Candidate protein regulator of immune trafficking (Qi et al., 2016)

CCL, chemokine ligand; CD, cluster of differentiation; CRC, colorectal cancer; CXCL, chemokine (C-X-C
motif) ligand; CXCR, chemokine (C-X-C motif) receptor; NF-kB, nuclear factor kappa-light-chain-enhancer
of activated B cells; NSCLC, non-small-cell lung carcinoma; PDGFR, platelet-derived growth factor
receptor beta; PK, Pdx1-Cre; LSL-Kras®2P* mice; PPI3K, Pdx1-Cre; LSL-Pik3ca"%4’”* mice; TME, tumor
microenvironment; Treg, T regulatory cell; +, positive or high expression.
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6.3. Chapter I1I: Cdhl deletion does not induce overt epithelial-to-
mesenchymal transition
E-cadherin, encoded by Cdhl, is an adhesion protein of the AJs that interacts with
cytoplasmic catenin proteins (e.g., B-catenin) to support regulation of functional characteristics
and integrity of epithelia (Apte & Wilson, 2005; Huber et al., 2001). Under physiological conditions,
the regulation of the cadherin-mediated cell-cell adhesion ensures homeostasis and maintenance
of the epithelial tissue, while its deregulation is associated with carcinogenesis in the presence of
an oncogene and posterior metastases formation (Kaneta et al., 2020; Serrill et al., 2018). In
pathological conditions, E-cadherin is one of the most studied proteins as a marker of
morphological changes, such as EMT, a process whereby epithelial cells downregulate the
expression of epithelial markers (e.g., E-cadherin and cytokeratin) and upregulate the expression
of mesenchymal proteins (e.g., N-cadherin and vimentin) (Zhou et al., 2017). EMT is triggered by
the activation of transcription factors, such as Snail, Slug and ZEB1/2, which in turn repress E-
cadherin expression. Furthermore, dynamic regulation of E-cadherin is essential for collective cell
migration during tumor dissemination and invasion (Cai et al., 2014; Shamir et al., 2014),
conferring an advantage in survival compared to an individual cell and contributing hence to the
metastatic spread. With regard to pancreatic cancer, reduction or loss of E-cadherin expression
has been observed in up to 60% of human PDAC samples, especially in undifferentiated tumors
(von Burstin et al., 2009). This suggests that the reduction of cell-cell adhesion mediated by E-
cadherin loss promotes tumor progression and invasiveness. However, there is little evidence
that cancers undergo morphological changes due to Cdh1 loss and the precise functional impact
of this loss in EMT induction and PDAC progression remains to be determined. In this study, we
investigated the contributions of E-cadherin in pancreas tumorigenesis using pancreas-specific
Cdh1-KO GEMMs and in vitro models and explored the metastatic potential mediated by the loss
of this epithelial protein. Breedings, mice dissection, and establishment of primary murine PCCs
from Cdh1 mice were done in part by Dr. Kathleen Schuck and the generated data was adapted
to the work described in this section. The control animals and cell lines used for comparison were

generated, breed and sacrificed by all members of the laboratory of Prof. Dr. med. Dieter Saur.

6.3.1. Conditional inactivation of Cdh1l reduced the survival time of Cdhl animals and
increased the incidence of cystic tumors compared to control mice

To elucidate the effects of Cdhl loss on pancreatic tumorigenesis, we generated and
characterized a conditional Cdhl deletion mouse model as well as the primary murine PCCs
established from the tumor mice, as depicted in Fig. 21. We employed conditional Cdhl gene
inactivation regulated through Cre/loxP-based recombination system expression (Derksen et al.,
2006) and crossed the resulting Cdh1" animals with Pdx1-Cre transgenic mice, which expressed
Cre recombinase (Fig. 21A). In addition, the resulting Pdx1-Cre; Cdh1" animals were then crossed
with LSL-Kras®?P*: |LSL-Trp53R72H* mice, resulting in a GEMM with conditional deletion of Cdh1l

in pancreatic tissue upon Cre activation at early embryonic stages of development. As illustrated
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Fig. 21. Conditional Cdh1 deletion shortens the mice lifespan, increases the incidence of cystic
tumors, and upregulates proliferation-related signaling pathways.
(A) Genetic scheme of Pdx1-Cre; LSL-Kras®2P*; Cdh1fl; | SL-Trp53R172H+ genetically engineered mouse

model to study the role of Cdh1l loss.

(B) Left, Kaplan-Meier survival analysis of the following genotypes: PKE" — Pdx1-Cre; LSL-Kras®2P/;
Cdh1" PKEM™ — Pdx1-Cre; LSL-Kras®12P*; Cdh1f*, PK — Pdx1-Cre; LSL-Kras®2P*, Right, Kaplan-Meier

(legend continues on the next page)
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in Fig. 21B, the homozygous deletion of Cdhl, with and without mutant Trp53, significantly
reduced the survival of these animals compared to the respective control mice. Pdx1-Cre; LSL-
Kras®2P*: Cdh1" (PKE"™) animals showed a median survival of 175 days in comparison to Pdx1-
Cre; LSL-Kras®?P* (PK) mice that lived 372 days (p < 0.05). The additional LSL-Trp53R72H/*
allele in mice with homozygous Cdhl (PKPE") shortened the survival to 91 days, ~2-fold less
the median survival time of the Pdx1-Cre; LSL-Kras®2®"*; LSL-Trp53R¥72H* (PKP) mice (152 days;
p < 0.01). Interestingly, the PKPE" mice presented a similar median survival to the PKP animals
(195 days vs. 152 days, respectively), a survival restorage that was not observed in the
heterozygous animals without the Trp53 allele. Furthermore, we macroscopically analyzed the
tumors formed by PKE and PKPE mice as well as by the respective control animals (PK and PKP
cohorts) (Fig. 21C). Even though solid tumors were the most prominent tumor type among the
analyzed animals, it was curious to observe a higher frequency of cystic tumors in animals with
homozygous deletion of Cdh1l comparing to the control mice. This incidence of cystic tumors was
particularly notable between PKPE" and PKP murines, with an ~4-fold increase of this tumor
type in the animals with Cdhl loss (43.8% and 9.5%, respectively; p < 0.05). Regarding the
macrometastases observed in the animals, no clear metastatic pattern seemed to be favored by
the KO of Cdh1 in vivo (Fig. 21D). However, an overall analysis of the metastatic potential of the
animals that loss Cdhl showed a preference to metastasize the liver and lymph nodes. In
addition, it was interesting to notice a high incidence of ascites formation among this GEMM with

an average of 41.7% of PKE and PKPE animals presenting accumulation of peritoneal fluid

survival analysis of the following genotypes: PKPE" — Pdx1-Cre; LSL-Kras®'20"; LSL-Trp53R72H+; Cdh1™M,
PKPE"* — Pdx1-Cre; LSL-Kras®2P#; LSL-Trp53Ri72H+ Cdh1*, PKP — Pdx1-Cre; LSL-Kras®2PH; LSL-
Trp53R172H+  Number of animals analyzed is indicated after each genotype and only tumor mice were
plotted. *p < 0.05; **p < 0.01, log-rank (Mantel-Cox) test.

(C) Tumor type developed by PKE", PKE"*, PKPE" and PKPE"* animals as well as by PK and PKP
control mice. Data represents percentage of tumor type and respective n mice analyzed per genotype is
indicated in the graph. *p < 0.05, ****p < 0.0001, Chi-square test with 95% of confidence interval.

(D) Metastatic potential of PKE-, PKPE-, PK- and PKP-mice bearing solid pancreatic tumors based on
macroscopic observation. Data represents percentage of secondary tumor location and respective n mice
analyzed per genotype is indicated in the graph.

(E) Unsupervised clustering heatmap illustrating the single-sample gene set enrichment analysis (SSGSEA)
hallmark pathway score of PKPE- and epithelial PKP-driven cell lines. Cdhl cell lines are emphasized
based on the animal genotype (PKPE" or PKPE"*) and Cdh1 recombination status (Complete or Partial
recombined for Cdh1" cell lines and Recombined for Cdh1"* ones). Tumor type (solid, solid and cystic,
solid and nodular, cystic and nodular) and morphology of the cell lines (Epithelial, Mixed or Mesenchymal)
are also annotated. The color code of the annotated characteristics is explained in the legend on the right
side of the heatmap. The ssGSEA analysis was performed by Fabio Boniolo. n=9 biologically independent
PKPE" animals, n=5 biologically independent PKPE"* mice and n=21 biologically independent PKP
animals were used in this bioinformatic analysis.

Animals used for these analyses were generated and sacrificed and cell lines were established by all
members of the laboratory of Prof. Dr. med. Dieter Saur. % denotes the percentage, d the day, fl the
conditional allele with the loxP sites, m.s. the median survival in days, n/a the not applicable, PKE"" the
Pdx1-Cre; LSL-Kras®'?P*; Cdh1¥ mice, PKE"* the Pdx1-Cre; LSL-Kras®'?P"*; Cdh1"* mice, PK the Pdx1-
Cre; LSL-Kras®?P* mice, PKPE" the Pdx1-Cre; LSL-Kras®'?P/*; LSL-Trp53R172H+: Cdh1" mice, PKPE"*
the Pdx1-Cre; LSL-Kras®2P*; SL-Trp53R172H* Cdh1"* mice, PKP the Pdx1-Cre; LSL-Kras®?2P*: [ SL-
Trp53R172H* mice, recomb the recombination, sSSGSEA the single-sample gene set enrichment analysis, A
the recombined allele, + the wild-type allele.
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(29.3% vs. PK and PKP animals), which is a source of CTCs (Peterson et al., 2013; Y. Zhang, J.
Zhao, et al., 2020). Moreover, to study Cdh1 loss in vitro and assess the signaling pathways that
may be affected by the deletion of this epithelial gene, we successfully established PCCs from
PKPE mice. As annotated in Fig. 21E, 55.6% of the PCCs generated from PKPE"" animals
presented complete recombination of Cdhl alleles (Cdh14%), assessed by PCR, whilst the
remaining cell lines retained a floxed allele being designated by partially recombined (Cdh14/).
Furthermore, the Cdh142 PCCs did not exhibit a more mesenchymal morphology compared with
both Cdh1#" and Cdh14* malignant cells, suggesting that the inactivation of this gene alone may
not drive EMT. We performed the ssGSEA on the PKPE cell lines using the hallmark gene sets
from the Molecular MSigDB Collections (Liberzon et al., 2015) and compared these samples with
epithelial cells established from PKP mice, as illustrated in Fig. 21E. Regardless of their
recombination status, the Cdhl PCCs were mainly distributed in two clusters in the heatmap
separated by three distinct subgroups of PKP samples: cluster 1 composed by PKP cells (on the
left side of the heatmap), cluster 2 comprised by 4 PKPE cell lines (3 with a mixed morphology
and 1 with mesenchymal features), cluster 3 containing 3 PKP samples, cluster 4 comprising the
remaining 10 Cdhl cell lines and including all the Cdh1 cells with an epithelial morphology, and
finally cluster 5 composed by PKP cells (on the right side of the heatmap). The Cdhl clusters
were especially distinct because, the majority of the Cdhl PCCs from cluster 4 as well as the PKP
cells from the clusters 3 and 5 presented downregulation of pathways related to inflammation
(e.g. inflammatory response, interferon alpha and gamma responses, and complement), EMT
and apical junction, and apoptosis, while these signaling pathways were upregulated in the Cdh1l
cells from cluster 2 and the PKP cells composing the cluster 1. Nevertheless, the two clusters of
PKPE cell lines also shared similar pathway expressions, such as the downregulation of
metabolism-related signalings (e.g. heme and fatty acid metabolism) and upregulation of
proliferation-related ones (e.g. G2M checkpoint, E2F targets, and Myc targets). In addition, the
cell lines completely recombined for Cdhl showed different levels of regulation of Wnt/B-catenin
signaling, suggesting an unclear impact of loss of E-cadherin expression in this pathway.
Altogether, these results suggest that the deletion of Cdh1 at an early stage of the development
and posteriorly in a context of the Kras mutation shortens the survival of animals with loss of the
epithelial gene and increases the frequency of cystic tumors. In vitro, Cdh1 loss does not seem

to induce EMT, but it upregulates proliferation-related pathways in the Cdh1-KO malignant cells.

6.3.2. Tamoxifen-treatment induced a mosaic knockout of Cdhl in Pdx1-Flp animals
and decreased the incidence of high grade tumors compared to control mice

E-cadherin plays a crucial role in the growth and maintenance of the pancreas and
regulation of homeostatic signaling in the postnatal stage (Kaneta et al., 2020; Serrill et al., 2018).
The deletion of Cdhl leads to progressive deterioration of exocrine architecture, significant
reductions of body weight and blood glucose levels, as well as postnatal lethality, which can likely
be attributed to pancreatic insufficiency. In addition, as shown by our endogenous Cdh1-KO

mouse model, deletion of this gene at the postnatal stage posteriorly plays a role in Kras®?P-
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induced PDAC initiation, contributing to a shortened lifespan of the mice compared to control
animals (Fig. 21B). However, it remains unclear whether the loss of Cdhl is also necessary for
tumor progression. Thus, for long-term analysis of the effects of Cdhl deletion, a tamoxifen-
inducible, conditional dual-recombined mouse model independent from the PDAC-initiating
Kras®'?P mutation needed to be employed, as shown in Fig. 22. Pdx1-Flp; FSF-Kras®?P"*; FSF-
Rosa26CAG-CreERT2: Cdh 1™ mice were generated (Fig. 22A) and, at 3 months of age, the animals
were intraperitoneally administrated with tamoxifen (Fig. 22B). This enabled a time- and stage-
controlled tamoxifen-mediated deletion of Cdh1 in Kras®'?P-induced PanIN lesions, as previously
described by Schénhuber and colleagues (Schonhuber et al.,, 2014). Afterwards, Cdhl
recombination in the tissues was assessed by PCR. Due to the mosaic Cre recombination using
the Pdx1 promoter (Gannon et al., 2000) and to the presence of cellular types that do not express
this gene in the pancreas, such as immune cells and fibroblasts, it was not observed a complete
recombination of Cdh1l in the pancreatic tissue. Moreover, similarly to the endogenous Cdh1-KO
mouse model, we also observed a significant reduction of the median survival time of the
tamoxifen-treated Cdh1"" animals, living 110 days less than the non-induced Cdh1"" mice (192
days and 302 days, respectively; p < 0.05; Fig. 22C). Similarly, the mean survival of the tamoxifen-
treated Cdh1™" animals was also significantly shortened in ~170 days compared to the control
Pdx1-Flp; FSF-Kras®?P* (PK) mice (192 days and 364 days, respectively; p < 0.001). Regarding
the survival times of non-treated Cdh1"" and the heterozygous animals, no significant differences
were observed between them and the PK mice. Additionally, we macroscopically analyzed the
primary tumors formed by Cdhl animals (Fig. 22D and 22E) and no significant differences in
pancreas weight were observed within the Cdh1 groups and comparing to the control mice (Fig.
22D). However, as illustrated in Fig. 22E, there was a remarkable higher incidence of cystic
tumors in both tamoxifen-treated Cdh1"" animals (41.9% and 15.4% vs. PK; p < 0.05) and Cdh1*
mice (30.0% and 15.4% vs. PK; p <0.0001). To evaluate tumor differentiation dependent on Cdh1
deletion, we conducted H&E staining for the pancreatic tissues of all animals and two pathologists
independently evaluated the histologic tumor grade (Fig. 22F and 22G). Curiously, we observed
a significant reduction of undifferentiated (G4) tumors in tamoxifen-induced Cdh1" animals in
comparison to the non-treated homozygous mice (6.5% and 19.1%, respectively; p < 0.001; Fig.
22F) and to the PK murines (6.5% and 30.8%, respectively; p < 0.0001). In addition, by collapsing
well (G1) and moderately (G2) differentiated tumors into a low grade category and poor (G3) and
undifferentiated (G4) tumors into a high grade category, we found that the homozygous Cdh1
animals treated with tamoxifen had the highest percentage of low grade tumors and the lowest
percentage of high grade tissues (25.8% each) among the five groups analyzed. Moreover, as
expected, the non-treated Cdhl1" animals presented a similar pattern distribution of
histopathological grading to PK mice, even though the control murines had a higher percentage
of high grade tumors (42.9% and 57.7%, respectively). Thus, the mosaic KO of Cdh1 does not
increase the invasiveness of the pancreatic tumors. Next, we performed IHC labeling for E-

cadherin and it was clear by direct observation of the pancreatic tissues that there was a decrease
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Fig. 22. Tamoxifen-inducible Cdhl-knockout increases the incidence of cystic lesions and reduces

the frequency of high grade tumors.

(A) Genetic scheme of Pdx1-Flp; FSF-Kras®?P*: FSF-Rosa26CAc-CeERT2: Cdh1" mouse model to delete
Cdhl in established pancreatic intraepithelial neoplasia (PanIN) lesions by time- and stage-controlled
tamoxifen (TAM)-mediated CreERT activation. Expression of Kras®?P mutation induces PanlIN lesions and

Cdh1 is deleted upon CreERT™ activation by TAM administration.

(B) Top, scheme of TAM treatment, where selected Cdhl animals were treated at 3 months of age and
analyzed at the endpoint. Middle, genotyping strategy to detect Cdh1 alleles by polymerase chain reaction
(PCR) analysis, where F1 and F2 represent the forward primers and R the reverse one. Bottom, PCR

(legend continues on the next page)
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of this epithelial protein on the tamoxifen-treated Cdh1"" animals (Fig. 22G). This observation
was then confirmed by quantification of E-cadherin-negative lesions. The tamoxifen-induced
Cdh1"" animals presented a significantly higher percentage of E-cadherin-negative lesions in the
pancreatic tumor tissue in comparison to both non-treated homozygous mice (45.8% and 1.4%,
respectively; p < 0.05) and PK murines (45.8% and 7.0%, respectively; p < 0.05). The
recombination efficacy of the in vivo tamoxifen-treatment and consequent mosaic deletion of
Cdh1 were reflected in the heterogenous distribution of negative lesions among the treated mice
as well as by the presence of both E-cadherin-deficient and -proficient lesions in tamoxifen-
induced Cdh1l animals. Altogether, these results showed that in vivo treatment with tamoxifen can
induce mosaic deletion of Cdhl in the Pdx1-Flp mouse model, which leads to an increased
incidence of cystic tumors and E-cadherin-negative lesions within the pancreatic tissues, but it

does not have an impact on the invasiveness of the tumors.

analysis of Cdhl recombination status, where the band at 185 bp represents the wild- type allele, at 309 bp
the floxed allele, and at 450 bp the recombined allele, in a tail (Ta), Cdh142 cell line (CL~%), Cdh14* cell
line (CLA*), and tissues from pancreas (Pa), spleen (Sp), duodenum (Du), stomach (St), intestine (In), liver
(Li), heart (He), lungs (Lu), and kidneys (Ki) from a TAM-treated Cdh1%" animal.

(C) Kaplan-Meier survival analysis of indicated genotypes. The median survival time is in days after the TAM
treatment and the number of animals per genotype are indicated in the legend of the graph, being only
plotted tumor mice. *p < 0.05, ***p < 0.001, log-rank (Mantel-Cox) test.

(D) Left, representative macroscopic view of tumors and spleens from non-TAM-treated and TAM-treated
Cdh1% and Cdh1"* animals as well as from a Pdx1-Flp; FSF-Kras®'?P"* (PK) mouse. Scale bars indicate 1
cm. Right, weight of pancreata from non-TAM-treated and TAM-treated Cdh1™! and Cdh1"*+ animals as well
as from PK mice. Data represents mean + SEM. Cdh1" no TAM treat: mean 0.05 g; n=14 biologically
independent animals. Cdh1™ + TAM treat: mean 0.04 g; n=13 biologically independent mice. Cdh1"* no
TAM treat: mean 0.02 g; n=5 biologically independent animals. Cdh1¥* + TAM treat: mean 0.04 g; n=5
biologically independent mice. PK: mean 0.04 g; n=18 biologically independent animals.

(E) Tumor type developed by non-TAM-treated and TAM-treated Cdh1"" and Cdh1"* animals as well as
from PK mice. Data represents percentage of tumor type and n=4 biologically independent mice were
analyzed per genotype, as indicated in the graph. *p < 0.05, ****p < 0.0001, Chi-square test with 95% of
confidence interval.

(F) Histopathological grading of non-TAM-treated and TAM-treated Cdh1™ and Cdh1"* as well as from PK
animals correspondent to the mice represented in the survival curve in Fig. 22C. The pathological evaluation
was performed by Dr. med. vet. Katja Steiger and Nils Wirges. Data represents percentage of graded tissues
and respective n mice analyzed per genotype is indicated in the graph. ***p < 0.001, ****p < 0.0001, Chi-
square test with 95% of confidence interval.

(G) Left, representative hematoxylin and eosin (H&E) and E-cadherin (E-cadh) stainings of pancreatic
sections from non-TAM-treated and TAM-treated Cdh1"" and Cdh1"* animals as well as from a PK mouse.
Scale bars of the images indicate 100 pm and of the inserts indicate 30 um. Right, quantification of E-cadh-
negative lesions on tissues of non-TAM-treated and TAM-treated Cdh1™ and Cdh1"* as well as from PK
animals. Data represents mean + SEM. Cdh1"" no TAM treat: mean 1.4%; n=4 biologically independent
animals. Cdh1™® + TAM treat: mean 45.8%; n=4 biologically independent mice. Cdh1¥* no TAM treat: mean
0.0%; n=4 biologically independent animals. Cdh1™"* + TAM treat: mean 16.7%; n=4 biologically independent
mice. PK: mean 7.0%; n=4 biologically independent animals. H&E and immunohistochemistry stainings
were also carried out using the remaining mice of each cohort with similar results. *p < 0.05, two-tailed
Student’s unpaired t test between selected pair groups.

Animals used for these analyses were generated and sacrificed by all members of the laboratory of Prof.
Dr. med. Dieter Saur. % denotes the percentage, bp the base pair, CL the cell line, d the day, Du the
duodenum, E-cadh the E-cadherin, fl the conditional allele with the loxP sites, F1 the forward primer 1, F2
the forward primer 2, g the gram, He the heart, H&E the hematoxylin and eosin staining, In the intestine, Ki
the kidney, Lu the lung, Pa the pancreas, PDAC the pancreatic ductal adenocarcinoma, PK the Pdx1-Flp;
FSF-Kras®'2P* mice, R the reverse primer, SEM the standard error of mean, Sp the spleen, St the stomach,
Ta the tail, TAM the tamoxifen, treat the treatment/treated mice, A the recombined allele, + the wild-type
allele.
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6.3.3. Mosaic Cdhl-knockout in primary pancreatic tumors may lead to formation of
distant metastases via seeding of multiple clones

Since the Cdhl PCCs analyzed by ssGSEA (Fig. 21E) presented an upregulation of
several proliferation-related signaling pathways, we were prompted to determine the in vivo
proliferative and metastatic potentials of Cdh1-KO (Fig. 23). We performed IHC labeling for Ki-
67, awidely used cell proliferation marker (Khan et al., 2013; Varga et al., 2019), on the pancreatic
tumor tissues of non-induced and treated Cdh1"" animals as well as from control mice (Fig. 23A).
No differences of Ki-67-positive cell numbers were observed among the groups analyzed, all
presenting ~18.0% of proliferative cells. However, we noticed that the animals with higher number
of proliferative cells corresponded to the ones with lower expression of E-cadherin in the
pancreatic lesions. Furthermore, the potential for metastatic dissemination of Cdh1l deletion was
assessed by analysis of the distribution of macrometastases in distant organs (Fig. 23B).
Evaluation of secondary tumors showed that PCCs typically metastasized to the liver, lungs, and
lymph nodes, as already described by Hingorani and colleagues (Hingorani et al., 2003). The
Cdh1 inactivation did not result in a higher metastatic potential, however a significant decrease
of liver metastases was notable in tamoxifen-treated Cdh1"" animals compared to the non-treated
homozygous mice (31.3% and 38.5%, respectively; p < 0.001; Fig. 23B) and to the PK mice
(31.3% and 42.9%, respectively; p < 0.0001). Curiously, 6.3% of the tamoxifen-treated Cdh1"
animals exclusively presented pulmonary metastases, being the only mice with this metastatic
pattern among the analyzed animals. Next, we performed H&E and E-cadherin stainings in both
hepatic and pulmonary tissues from Cdh1" and PK mice (Fig. 23C, 23D, 23E and 23F).
Compared to the PK animals, the tamoxifen-treated Cdh1"" mice showed a higher percentage of
E-cadherin-negative metastases in the liver (47.8% and 0.0% vs. PK; p < 0.05; Fig. 23C) and in
the lungs (58.1% and 0.0% vs. PK; p < 0.05; Fig. 23D). Similarly to the PPT tissues (Fig. 22G), it
is worth noting that we observed the presence of both E-cadherin-negative and -positive lesions
in the secondary tissues, especially in tissues of individual animals induced with tamoxifen (Fig.
23E and 23F). This result could not only reflect the inter- and intra-tumor heterogeneity of the
primary malignant mass, but also indicate that this heterogeneity has an impact in the consequent
formation of distant metastases. Furthermore, the quantification of the E-cadherin labeling
intensity by optical density followed a reverse tendency as the number of negative lesions for this
epithelial protein, with the treated animals showing the lowest expression of E-cadherin in both
hepatic (0.08 and 0.17 vs. PK; p < 0.01; Fig. 23C) and pulmonary (0.11 and 0.17 vs. PK; Fig.
23D) metastases. Thus, mosaic deletion of Cdhl in the primary tumor appears to lead to the
formation of both E-cadherin-deficient and -proficient lesions in secondary organs, suggesting not
only that the metastatic dissemination may occur via seeding of multiple clones, but also that this

epithelial protein may not be essential for metastases formation in secondary organs.
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Fig. 23. Mosaic deletion of Cdh1in primary pancreatic tumors gives rise to both E-cadherin-negative
and -positive metastatic lesions in secondary organs.
(A) Left, representative immunohistological labeling for Ki-67 of pancreatic sections from non-tamoxifen
(TAM)-treated and TAM-treated Cdh1"" mice as well as from a Pdx1-Flp; FSF-Kras®2®* (PK) animal. Right,
guantification of Ki-67-positive cells in representative primary pancreatic tumor (PPT) tissues. Data
represents mean + SEM. Cdh1" no TAM treat: mean 18.7%; n=4 biologically independent animals. Cdh1""
+ TAM ftreat: mean 18.2%; n=4 biologically independent mice. PK: mean 16.7%; n=4 biologically
independent animals.
(B) Metastatic potential of Cdhl- and PK-mice bearing solid pancreatic tumors based on macroscopic
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6.3.4. Cdh1 cell lines presented a range of recombination status and complete Cdh1-
knockout cells showed an epithelial morphology

To further elucidate the molecular mechanisms underlying the functions of Cdh1 deletion,
we generated primary murine PCCs from pancreatic and metastatic tissues of Cdhl mice (Fig.
24). We successfully established cell lines from homozygous and heterozygous Cdhl tumor
animals, including mice with mutant (Trp53R*72H) or inactivated (Trp53™) Trp53, and from several
origins, such as PPT, liver, lung, lymph node, peritoneum, and ascites (Fig. 24A). Firstly, to
assess loss of Cdhl or E-cadherin expression, we characterized the established cell lines through
PCR, Western Blot, and ICC staining (Fig. 24B, 24C and 24D, respectively). The PCCs were
divided into five distinct groups based on the Cdh1 recombination status: from the Cdh1"" mice,
we had partial recombined (Cdh147; cell lines #1 and #2), complete recombined (Cdh14%; cell
lines #3 and #4), and not recombined (Cdh1™ cell lines #5 and #6) cell lines, while from Cdh1"*
mice there were recombined (Cdh1%*; cell lines #7 and #8) and not recombined (Cdh1"*; cell
lines #9 and #10) cell lines (Fig. 24B). It is noteworthy that the cell line #6 did not present any

recombined band although it was isolated from a tamoxifen-treated animal. At a genomic level,

observation. Data represents percentage of secondary tumor location and respective n mice analyzed per
genotype is indicated in the graph. ***p < 0.001, ****p < 0.0001, Chi-square test with 95% of confidence
interval.

(C) Left, representative hepatic sections presenting metastases from non-TAM-treated and TAM-treated
Cdh1" mice as well as from a PK animal were stained for hematoxylin and eosin (H&E) and E-cadherin (E-
cadh). Middle, quantification of E-cadh-negative lesions. Data represent mean + SEM. Cdh1" no TAM
treat: mean 4.9%; n=3 biologically independent animals. Cdh1"! + TAM treat: mean 47.8%; n=3 biologically
independent mice. PK: mean 0.0%; n=6 biologically independent animals. Right, quantification of optical
density for E-cadh staining in individual hepatic metastases from non-TAM-treated and TAM-treated Cdh1%f
mice as well as from PK animals. Data represent mean + SEM. Cdh1"" no TAM treat: mean 0.16 a.u.; n=10
biologically independent fields of view (FoV) with metastases in total. Cdh1" + TAM treat: mean 0.08 a.u.;
n=11 biologically independent FoV with metastases in total. PK: mean 0.17 a.u.; n=39 biologically
independent FoV with metastases in total. *p < 0.05, **p < 0.01, two-tailed Student’s unpaired t test between
selected pair groups.

(D) Left, representative pulmonary sections presenting metastases from non-TAM-treated and TAM-treated
Cdh1™"" mice as well as from a PK animal were stained for H&E and E-cadh. Middle, quantification of E-
cadh-negative lesions. Data represent mean + SEM. Cdh1" no TAM treat: mean 0.0%; n=1 biologically
independent animals. Cdh1" + TAM treat: mean 58.1%; n=2 biologically independent mice. PK: mean
0.0%; n=3 biologically independent animals. Right, quantification of optical density for E-cadh staining in
individual pulmonary metastases from non-TAM-treated and TAM-treated Cdh1™ mice as well as from PK
animals. Data represent mean + SEM. Cdh1" no TAM treat: mean 0.15 a.u.; n=3 biologically independent
FoV with metastases in total. Cdh1™ + TAM treat: mean 0.11 a.u.; n=5 biologically independent FoV with
metastases. PK: mean 0.17 a.u.; n=14 biologically independent FoV with metastases. *p < 0.05, two-tailed
Student’s unpaired t test between selected pair groups.

(E) Representative hepatic sections presenting E-cadh-positive and -negative metastases from non-TAM-
treated and TAM-treated Cdh1"" mice as well as from a PK animal.

(F) Representative pulmonary sections presenting E-cadh-positive and -negative metastases from non-
TAM-treated and TAM-treated Cdh1™ mice as well as from a PK animal.

H&E and immunohistochemistry stainings were also carried out using the remaining mice of each cohort
with similar results. Scale bars of the images indicate 100 um. Animals used for these analyses were
generated and sacrificed by all members of the laboratory of Prof. Dr. med. Dieter Saur. % denotes the
percentage, a.u. the arbitrary unit, E-cadh the E-cadherin, FoV the field of view, fl the conditional allele with
the loxP sites, H&E the hematoxylin and eosin staining, met the micrometastases, PK the Pdx1-Flp; FSF-
Kras®120* mice, PPT the primary pancreatic tumor, SEM the standard error of mean, TAM the tamoxifen,
treat the treatment/treated mice.
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Fig. 24. Cdh1-knockout does not induce epithelial-to-mesenchymal transition in vitro.

(A) Top, graph with number of Cdh1 cell lines (CLs) analyzed, according to the genotype of the animal from
where the cells were generated and their respective origin. Bottom, graph of the Cdh1 recombination status
assessed by polymerase chain reaction (PCR) and morphology of the CLs represented in the graph above.
The color and mark codes are explained in the legend on the right side of the illustration.

(B) Cdhl recombination PCR from CLs of each recombination group, indicating the in vivo tamoxifen
treatment (above the image) and the recombination status (below the image). DNA from a CL with
endogenous knockout of Cdhl mixed with DNA from a tail of a heterogenous animal were used as positive

control (PC).
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Cdh1#" and Cdh1#* PCCs still presented the floxed or WT alleles respectively, leading to the
expression of E-cadherin in a protein level in most of the cells, while the Cdh14 cell lines lost
Cdh1 and did not show any expression of this epithelial protein (Fig. 24B and 24C). In addition,
ICC labeling confirmed the expression of the E-cadherin in the membrane of cells possessing
floxed and/or WT alleles (Fig. 24D). These cell lines were characterized by having a mixed
composition of E-cadherin-negative and -positive cells, especially the Cdh14" and Cdh14* PCCs
that presented ~60% of negative cells for this cell-cell adhesion protein. Moreover, Cdh142 cell
lines presented a significant increased number of E-cadherin-deficient cells compared with
Cdh1" ones (100.0% and 18.6%, respectively; p < 0.01). It is worth mentioning that the only
Cdh1" cell line composed by 94.8% of E-cadherin-negative cells (Fig. 24D) possessed a
mesenchymal morphology (Fig. 24E), being used as an internal control in further analyses.
Moreover, all the complete Cdh1-KO cell lines did not show any membranous E-cadherin,
although they presented an epithelial morphology (Fig. 24D and 24E). Hence, similarly to the
phenotypes shown by the cell lines generated from the conditional Cdh1-KO GEMM (Fig. 21E),
the Cdh1#2 PCCs from the tamoxifen-inducible mouse model did not exhibit a more mesenchymal
morphology compared to Cdh1"" (0.0% and 25.0%, respectively) and PK (0.0% and 64.7%,
respectively) cells, reinforcing that the inactivation of Cdh1l alone may notinduce EMT. In addition,
we observed an even distribution of cells with epithelial or mixed properties among the Cdh14#
and Cdh1#* cell lines (41.7% of each morphology), while only 16.6% of the cell lines presented a
mesenchymal phenotype. Once this characterization was concluded, we illustrated the cell lines
generated from PPT and metastatic tissues according not only to the respective animal genotype
and if the in vivo tamoxifen treatment was performed or not, but also to their Cdh1 recombination

(C) Immunoblot analysis of E-cadherin expression using protein extracted from the same CLs represented
in Fig. 24B. The in vivo tamoxifen treatment is indicated above the image. Protein extracts prepared from
an epithelial CL (C®) and a CL harboring endogenous Cdhl-KO (CK®) were used as controls.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as loading control.

(D) Left, representative pictures of immunocytochemistry (ICC) staining for E-cadherin (green), Phalloidin
CF633 (red) and DAPI (blue) of CLs grouped based on Cdhl1 recombination PCR. The inserts show the E-
cadherin staining in the respective CL. On the right upper corner of each image is indicated the number
corresponding to the CL analyzed in Fig. 24B and 24C. ICC staining was also carried out using the remaining
CLs of each group with similar results. Scale bars of the images indicate 50 um and of the inserts indicate
25 um. Right, quantification of E-cadherin-negative cells according to Cdhl recombination status. Data
represents mean + SEM. Cdh14: mean 57.1%; n=4 biologically independent CLs. Cdh14/4: mean 100.0%;
n=3 biologically independent CLs. Cdh1": mean 18.6%; n=6 biologically independent CLs. Cdh14*: mean
65.1%; n=3 biologically independent CLs. Cdh1"*: mean 17.6%; n=6 biologically independent CLs. **p <
0.01, one-way ANOVA with post-hoc Tukey test.

(E) Left, representative brightfield pictures of cells according to Cdhl recombination status with the
annotation of the morphology of the respective CL (below the images). On the right upper corner of each
image is indicated the number corresponding to the CL analyzed in Fig. 24B, 24C, and 24D. Scale bars of
the images indicate 100 um and of the inserts indicate 50 um. Right, graph of morphology distribution of
CLs according to Cdhl recombination status. Data represents percentage of CLs with the indicated
morphology and respective n CLs analyzed per group is indicated in the graph.

CLs used for these analyses were established by all members of the laboratory of Prof. Dr. med. Dieter
Saur. % denotes the percentage, bp the base pair, CL the cell line, C¢' the epithelial control cell line, CK®
the Cdh1-knockout control cell line, fl the conditional allele with the loxP sites, GAPDH the glyceraldehyde
3-phosphate dehydrogenase, ICC the immunocytochemistry, kDa the kilodalton, PC the positive control,
PCR the polymerase chain reaction, PPT the primary pancreatic tumor, recomb the
recombined/recombination, SEM the standard error of mean, TAM the tamoxifen, treat the treatment/treated
mice, A the recombined allele, + the wild-type allele.
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status and morphology (Fig. 24A). It was interesting to verify that only 30.2% of the cell lines
established from tamoxifen-treated animals presented recombination of this gene, either
complete (Cdh142) or partial (Cdh1") when generated from Cdh1™ animals or recombined
(Cdh1%*) when established from heterozygous mice. This suggests that Cdh1-KO may confer a
disadvantage for cell growth in vitro and/or simply reflects the heterogeneous composition of the
primary and secondary tumors upon mosaic deletion of Cdhl in vivo (Fig. 22G and 23C-F),
leading then to the establishment either of Cdhl-deficient or -proficient cell lines depending on
the sampling harvested for the establishment of cell lines. Altogether, the results of the in vitro
characterization of PCCs derived from tamoxifen-induced Cdh1 animals allow us to infer that, due
to its mosaic deletion in vivo and/or due to the polyclonality presented by pancreatic and
metastatic tumors (Maddipati & Stanger, 2015), not all the cultured tumor cells were recombined
for Cdhl and/or there is a growth advantage presented by the malignant cells that retain the

expression of E-cadherin.

6.3.5. Genetic, histological, and morphological profiles of the primary pancreatic
tumor can differ from the metastatic profiles

Upon performing a comprehensive characterization of the tamoxifen-inducible Cdh1-KO
mouse model, we detected that the features exhibited by the primary tumor had an impact on the
characteristics of the distant metastases. However, these analyses were done considering a
cohort composed by several animals and cell lines sharing the same genotype, in vivo treatment,
and Cdh1 recombination status, and not the individual mice and respective cell lines. Thus, we
combined the data derived from the ex vivo and in vitro analyses of PPT and metastatic tissues
and cell lines, respectively, to assess how the genetic, histological, and morphological profiles of
the primary tumor of Cdhl mice are revealed on the metastatic sites (Fig. 25). As illustrated in
Fig. 25A, we had the paired data from the primary tumor and metastases of three Pdx1-Flp; FSF-
Kras®'?P; Rosa26"SF-CAG-CreERT2: Ch1™ mice: two non-induced animals (A and B) and one
tamoxifen-treated (animal C). From animal A, 94.5% (52 in 55 lesions) of the analyzed lesions in
PPT tissue were E-cadherin-positive and the cell line derived from this tissue was not genetically
recombined for Cdhl, had an epithelial morphology and 93.5% of the cells expressed E-cadherin
in their membranes. In addition, all the hepatic and pulmonary metastases (19 and 16 metastatic
lesions, respectively) observed in animal A metastatic tissues were E-cadherin-positive, indicating
that in this animal Cdh1-proficient malignant cells from the primary tumor colonized both distal
organs. Regarding the cell lines of metastases from animal A, only the one derived from liver
metastases was successfully established and presented comparable genetic and morphological
profiles as the pair PPT cell line (not recombined for Cdhl and epithelial phenotype). Similarly to
animal A, the mouse B was also not treated with tamoxifen, therefore it was not surprising that
100.0% of the PPT lesions were positive for E-cadherin. However, unexpectedly, this cell-to-cell
protein was not observed in 14.7% (5 in 34 metastases) of the metastases in the liver of the

animal B. Furthermore, in contrast to the mentioned mice, the tamoxifen-treatment of animal C
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Fig. 25. Genetic, histological, and morphological profiles of the tissues and cell lines of primary
pancreatic tumors are not always observed in the metastatic sites.

(A) Phylogenetic reconstructions illustrating the relationship of the primary pancreatic tumor (PPT) and the
respective metastases of three Pdx1-Flp; FSF-Kras®2P*; Rosa26FSF-CAG-CreERT2. Cdh1 mice. The
illustrations are based on data collected from the in vivo, ex vivo, and in vitro characterizations of the
tamoxifen-inducible Cdhl mouse model. The color code of the features is explained in the legend below the
illustrations, being the characteristics of the animal represented by triangles, the histological features by
squares and the cell line characteristics by circles.

(B) llustration of 5 Cdh1" and 5 Cdh1™* mice with respect to their genetic, histologic, immunolabeling, and
morphological profiles of the tissues and cell lines from PPT and metastatic sites. The color code of the
features is explained in the legend on the right side of the illustration; the white squares represent the
missing information.

Animals used for these analyses were generated and sacrificed and cell lines were established by all
members of the laboratory of Prof. Dr. med. Dieter Saur. % denotes the percentage, E-cadh the E-cadherin,
fl the conditional allele with the loxP sites, n/a the not applicable, PPT the primary pancreatic tumor, recomb
the recombination/recombined, TAM the tamoxifen, treat the treatment, A the recombined allele, + the wild-
type allele.
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led to a mosaic deletion of Cdhl in the pancreatic tumor and consequently 77.5% (55 in 71
lesions) of the lesions examined in the primary malignant mass were E-cadherin-negative.
Although the remaining 22.5% of the PPT lesions were Cdh1-proficient, the cell line established
from this tissue was completely recombined for Cdhl, presented an epithelial morphology, and
none of the cells expressed E-cadherin. Regarding the metastatic tissues, the majority of the
hepatic and pulmonary secondary lesions did not express E-cadherin (11 in 11 liver metastases
and 4 in 5 lung metastases). From animal C, we generated a stable cell line from ascites, which
presented the same genetic, immunolabeling, and morphological profiles as the PPT one.
However, as proven by the ex vivo data, not always the primary and secondary tumors share the
same features. For this reason, we gathered the information of 7 additional animals (5 Cdh1™f
and 5 Cdh1" mice, in total) with respect to their genetic, histologic, immunolabeling, and
morphological profiles of the tissues and cell lines from PPT and metastatic sites (Fig. 25B). The
Cdh1": Trp53R172H* animal (fifth mouse represented in the illustration) is worth mentioning
because the genetic and morphological profiles of the PPT and ascites cell lines were different,
with the cells from the primary tumor being partially recombined for Cdhl, presenting a mixed
morphology, and 43.5% of cells being E-cadherin-positive, while cells harvested from ascites
were fully recombined, epithelial, and all were negative for this epithelial protein. Similarly, the
profiles of PPT and the metastases cell lines from the Cdh1™"*; Trp53R72H* gnimal (tenth mouse
represented in the illustration) were also distinct; while the PPT cells were recombined for Cdhl
and presented an epithelial phenotype, the cells from liver and lymph node metastases were not
recombined and exhibited a mixed morphology. In addition, together with the E-cadherin staining
performed on the PPT cell line showing that 68.8% of the cells expressed this protein, we predict
that the primary tumor of the Cdh1%*; Trp53R72*+ animal was composed by Cdh1-proficient and
-deficient malignant cells, which posteriorly led to the generation of cell lines with distinct
characteristics. Thus, these results show that the biological profile of a primary tumor may not

always be mirrored in the distal metastases.

6.3.6. Cell lines with higher recombination efficacy had lower levels of Cdhl protein
after 7 days of 4-OHT treatment, but did not present a growth advantage compared to lower
recombination efficacy cells

To analyze rather Cdh1l deletion influences cell growth in vitro, PCCs from non-induced
Cdh1" mice were firstly cultured and treated with vehicle (EtOH) or 600 nM 4-OHT for 7 days
and DNA and protein were harvested at days 1, 3, 5, and 7. The recombination efficacy of 4-OHT
treatment was assessed by both PCR and Western Blot (Fig. 26A and 26B, respectively). As
illustrated in Fig. 26A, an incubation with 4-OHT for 24 hours was enough to induce partial
recombination of Cdh1, however it was not possible to achieve a fully recombined cell line, even
when the treatment was extended up to 21 days and higher concentrations of 4-OHT were used
(data not shown). At a protein level, we could divide the 4-OHT-treated PCCs into three groups

based on their E-cadherin expression: 1) mesenchymal cell line that served as an internal control
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Fig. 26. Cdh1-knockout induction does not affect the growth and proliferation in vitro.

(A) Left, primary murine pancreatic cancer cells isolated from non-induced Pdx1-Flp; FSF-Kras®12P/*,
Rosa26FSF-CAG-CreBRT2, Cdh1 mice were incubated with Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with fetal calf serum, ethanol (EtOH) as control or with 600 nM of 4-hydroxytamoxifen (4-
OHT) throughout 7 days of treatment. Cdh1 recombination polymerase chain reaction (PCR) was performed
after day 1, 3, 5, and 7 of treatment and the agarose gel electrophoresis result from a mesenchymal, a lower
recombination efficacy, and a higher recombination efficacy cell lines (CLs) is shown in the figure. DNA from
a CL with endogenous knockout of Cdhl mixed with DNA from a tail of a heterogenous animal were used
as positive control (PC). Right, genotyping strategy to detect Cdh1 alleles by PCR analysis, where the floxed
allele has 309 bp, the recombined allele has 450 bp and the wild-type allele has 185 bp.

(legend continues on the next page)
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for subsequent functional experiments; 2) lower recombination efficacy cell lines presented an
expression of E-cadherin during the 7 days of treatment comparable to the expression observed
in the medium and EtOH controls; and 3) higher recombination efficacy when a reduction of E-
cadherin expression was detected throughout the 4-OHT treatment having the lowest levels of
this epithelial protein on day 7 (Fig. 26B). Furthermore, as expected, PCCs with lower
recombination efficacy presented E-cadherin on the cell membrane in both vehicle- and 4-OHT-
treated cells, as showed in Fig. 26C. In contrast, the highly recombined cells expressed this
protein on cell-to-cell junctions when treated with EtOH, expression that was not detected on the
4-OHT-induced cells. These observations based on the ICC labeling for E-cadherin were
confirmed by quantification of negative cells present in these groups. The lower recombination
efficacy PCCs only had up to 15.3% of Cdh1-deficient cells upon 4-OHT treatment. With regard
of the highly recombined cell lines, a significant increase of ~17-fold of E-cadherin-negative cells
was detected between the vehicle- and 4-OHT-treated cells (5.1% and 85.0%, respectively; p <
0.01; Fig. 26C). Regardless of the reduction of E-cadherin expression, we did not observe
remarkable morphological changes in these cell lines throughout the 4-OHT treatment.
Furthermore, cell viability based on metabolic activity, proliferation, and determination of survival
of cancer cells upon 4-OHT treatment were assessed by both MTT and clonogenic assays (Fig.

26D and 26E, respectively). The mesenchymal cell line presented the biggest growth advantage

(B) Representative immunoblot analysis of E-cadherin expression throughout 7 days of EtOH or 4-OHT
treatment from a mesenchymal, a lower recombination efficacy CL, and a higher recombination efficacy CL.
Protein extracts prepared from an epithelial CL (C®) and a CL harboring endogenous Cdh1-knockout (CX°)
were used as controls. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as loading control.
(C) Left, representative pictures of immunocytochemistry staining for E-cadherin (green), Phalloidin CF633
(red) and DAPI (blue) of CLs grouped based on the Cdh1l recombination efficacy. The inserts show the E-
cadherin staining in the respective CL. Immunocytochemistry staining was also carried out using the
remaining CLs of each Cdhl recombination efficacy group with similar results. Scale bars of the images
indicate 50 um and of the inserts indicate 25 um. Right, quantification of E-cadherin-negative cells grouped
according to the Cdhl recombination efficacy. Data represents mean + SEM. Mesenchymal CL: EtOH
mean 100.0% and 4-OHT mean 100.0%; n=1 CL. Lower recombination efficacy CLs: EtOH mean 5.0% and
4-OHT mean 10.1%; n=2 biologically independent CLs. Higher recombination efficacy CLs: EtOH mean
5.1% and 4-OHT mean 85.0%; n=3 biologically independent CLs. **p < 0.01, one-way ANOVA with post-
hoc Tukey test.

(D) MTT assay of a mesenchymal, a lower recombination efficacy CL, and a higher recombination efficacy
CL treated with 4-OHT compared to the correspondent EtOH treatment. Data represent mean + SEM and
this assay was performed over 3 independent experiments. MTT assay was also carried out using the
remaining CLs of each Cdh1 recombination efficacy group with similar results.

(E) Left, clonogenic assay of a mesenchymal, a lower recombination efficacy CL, and a higher
recombination efficacy CL treated with EtOH or 4-OHT. Right, quantification of the number of colonies
formed based on the Cdh1 recombination efficacy. Data represents mean + SEM. Mesenchymal CL: EtOH
mean 182 colonies and 4-OHT mean 174 colonies; n=1 CL. Lower recombination efficacy CLs: EtOH mean
553 colonies and 4-OHT mean 656 colonies; n=2 biologically independent CLs. Higher recombination
efficacy CLs: EtOH mean 350 colonies and 4-OHT mean 290 colonies; n=3 biologically independent CLs.
This assay was performed in triplicates. Clonogenic assay was also carried out using the remaining CLs of
each Cdh1l recombination efficacy group with similar results.

CLs used for these analyses were established by Dr. Kathleen Schuck, a previous member of the laboratory
of Prof. Dr. med. Dieter Saur. % denotes the percentage, bp the base pair, CL the cell line, C®P' the epithelial
control cell line, CKO the Cdh1-knockout control cell line, d the day, DMEM the Dulbecco’s Modified Eagle’s
Medium, EtOH the ethanol, fl the conditional allele with the loxP sites, F1 the primer forward 1, F2 the primer
forward 2, GAPDH the glyceraldehyde 3-phosphate dehydrogenase, kDa the kilodalton, PC the positive
control, PCR the polymerase chain reaction, R the primer reverse, recomb the recombination, SEM the
standard error of mean, 4-OHT the 4-hydroxytamoxifen, A the recombined allele, + the wild-type allele.
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of all tested PCCs, and no differences were observed on the vehicle- or 4-OHT-treated cell lines,
regardless of their recombination efficacy (Fig. 26D). Moreover, the clonogenic assay
corroborated that the number of colonies formed by vehicle- or 4-OHT-treated malignant cells
were comparable despite the different Cdhl recombination efficacies (Fig. 26E). To conclude,
although the Cdh1"" PCCs may present the same genotype and morphological characteristics,
the recombination efficacy of the 4-OHT treatment may vary among these cell lines and the higher
efficacy of recombination does not confer a growth advantage for the Cdhl-KO cells.
Nevertheless, the partial recombination of the Cdh1"" cell lines makes this inducible system not

suitable to study the effect of the complete deletion of this gene in vitro.

6.3.7. Cdhl-knockout clones did not have any growth advantage compared to vehicle-
or 4-OHT-treated cell line and to Cdh1-proficient clones

To overcome the limitations of the inducible in vitro system, Cdh1-KO clones were
generated from 4-OHT-induced Cdh1™ PCCs and further characterized (Fig. 27). Cdh1"" cell
lines that previously showed high recombination efficacy for Cdhl were treated with 4-OHT for 7
days and seeded in the same setting as a clonogenic assay. Growing colonies were picked and
recultured until DNA could be collected. The Cdhl recombination status was assessed by PCR,
as shown in Fig. 27A. We were able to generate 2-20 Cdh1#2 and 3-57 Cdh1" clones per each
cell line, with an ~3-fold lower frequency of complete recombined clones compared with Cdh1"f
ones (10.2% and 28.0%, respectively; Table 31). Cdh1#2 and Cdh1" clones were recultured until
they could be frozen and used for further analyses. Three Cdh1#2 and three Cdh1"" clones from
one cell line (cell line #12) were further characterized by Western Blot, ICC staining, and MTT
and clonogenic assays (Fig. 27B, 27C, 27D, and 27E, respectively). The three Cdh1" clones
showed similar E-cadherin expression to the vehicle-treated cell line, while, as expected, the three
Cdh1#2 clones did not present any epithelial protein although they exhibited an epithelial
morphology (Fig. 27B and 27C). The same was observed in the ICC labeling for E-cadherin,
where E-cadherin expression was detected on the cell membrane of the Cdh1™ clones, in
contrast to the Cdh14 clones that were negative for this epithelial protein (Fig. 27C). In addition
to E-cadherin, we also labeled the clones and the correspondent vehicle- or 4-OHT-treated cell
lines for the proliferation marker Ki-67. Although no significant difference of number of Ki-67-

positive cells was detected among the groups analyzed, there was a slight decrease of

Table 31. Frequency of Cdhl recombined clones derived from Cdhi™f cell lines with high
recombination efficacy upon treated with 4-hydroxytamoxifen (4-OHT) for 7 days

CelllineID  Cdh1#2clones Cdh14" clones Cdh1"f clones Total picked clones
CL #6 20 (21.1%) 72 (75.8%) 3 (3.2%) 95

CL #11 2 (6.5%) 17 (54.8%) 12 (38.7%) 31

CL #12 4 (3.0%) 74 (54.8%) 57 (42.2%) 135

%, percentage; CL, cell line; fl, conditional allele with the loxP sites; ID, identification number; A, recombined
allele.
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Fig. 27. Fully recombined Cdhl clones do not present a growth and proliferative advantage
compared to Cdh1-proficient clones.
(A) Recombination of Cdh1 locus in clones generated from a 4-hydroxytamofien (4-OHT)-treated cell line
(CL) with high recombination efficacy (HRE) assessed by polymerase chain reaction (PCR). Representative
Cdh1# clone is highlighted by a blue rectangle, while the Cdh1" clones are highlighted by orange
rectangles. DNA from a CL with endogenous knockout of Cdh1 mixed with DNA from a tail of a heterogenous
animal were used as positive control (PC).
(B) Representative immunoblot analysis of E-cadherin expression of a CL with HRE including the EtOH- or
4-OHT-treated cells, 3 Cdh1"" clones and 3 Cdh14/ clones. Protein extracts prepared from an epithelial CL
(CeP) and a CL harboring endogenous Cdh1-KO (CK°) were used as controls. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as loading control.
(C) Left, representative pictures of immunocytochemistry staining for E-cadherin (green), Ki-67 (white) and
DAPI (blue) in EtOH- or 4-OHT-treated cells, and Cdh1™ and Cdh14”2 clones. The inserts show the Ki-67
staining in the respective cells. Scale bars of the images indicate 50 um and of the inserts indicate 25 pum.
Right, quantification of Ki-67-positive cells in these CLs and clones (light orange, Cdh1"" clone #1; orange,
Cdh1™ clone #2; red, Cdh1"" clone #3; light blue, Cdh142 clone #4; blue, Cdh1#2 clone #5; dark blue,
Cdh144 clone #6). Data represents mean + SEM. CL + EtOH: mean 72.6%; n=1 CL. CL + 4-OHT: mean
68.9%; n=1 CL. Cdh1"" clones: mean 54.7%; n=3 biologically independent clones. Cdh1#2 clones: mean
66.5%; n=3 biologically independent clones.
(D) First graph, MTT assay of all samples including EtOH- or 4-OHT-treated CLs, 3 Cdh1" clones and 3
Cdh14 clones; Second graph, MTT assay of CLs treated with EtOH or 4-OHT; Third graph, of Cdh1™f
clones; Fourth graph, of Cdh14 clones. Data represent mean + SEM and n=1 CL treated either with EtOH
or 4-OHT were examined as well as n=3 biologically independent Cdh1¥ and Cdh142 clones were
analyzed. This assay was performed over 3 independent experiments.
(E) Clonogenic assay of EtOH- or 4-OHT-treated Cdhl CLs and Cdh1"" and Cdh14 clones. This assay
was performed in triplicates.
CLs used for these analyses were established by Dr. Kathleen Schuck, a previous member of the laboratory
of Prof. Dr. med. Dieter Saur. % denotes the percentage, bp the base pair, CL the cell line, C¢Pi the epithelial
(legend continues on the next page)
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proliferative cells in the Cdh1" clones compared to the Cdh14? ones (54.7% and 66.5%,
respectively). Furthermore, cell viability, proliferation, and survival of the clones were assessed
by both MTT and clonogenic assays (Fig. 27D and 27E). As depicted in Fig. 27D, no significant
growth advantage was detected between vehicle- or 4-OHT-treated cell lines and the generated
clones. However, we interestingly observed that the cell viability was very consistent among the
Cdnh1" clones, in contrast to the Cdh14? clones that followed three different viability patterns.
Cdh1" clone #1 and Cdh1# clone #4, which showed the lowest cell viability, also had a reduced
colony formation in the clonogenic assay in comparison to the remaining clones in the respective
group (Fig. 27E). Thus, the generation of Cdh1-deficient clones might present a good strategy to
overcome the incomplete efficacy of in vitro 4-OHT treatment, however further and more detailed
characterization of these clones must be performed to unveil potential advantages or effects of
Cdh1 deletion in tumor cells.

6.3.8. Animals implanted with Cdhl-deficient clones had a lower incidence of liver
metastases than the ones implanted with Cdh1-proficient clones

To reevaluate the impact of Cdh1 deletion on tumor growth, proliferation, and subsequent
metastases formation, Cdh144 and Cdh1"" clones as well as the respective cell line treated with
vehicle- or 4-OHT were orthotopically implanted into the pancreata of C57BL/6J;129/S6 females
(Fig. 28). As illustrated in Fig. 28A, the Cdh1" #2, Cdh1" #3, Cdh1#2 #4, and Cdh1%2 #6 clones
were selected to be implanted into mice due to their similar number of proliferative cells and cell
viability (Fig. 27C and 27D, respectively). All animals were then monitored and sacrificed 35 days
post-implantation. By macroscopic analysis of the pancreatic tumors, we observed that the cell
line treated with vehicle developed less heterogeneous tumors compared to the remaining groups
analyzed (Fig. 28B). In contrast, the higher heterogeneity of tumor sizes was detected on the
animals implanted with the clones Cdh1%4%, which may be explained by the distinct viability
patterns presented by these clones in vitro (Fig. 27D). Besides the significant difference observed
between the tumor weight from animals inoculated with the cell line treated with EtOH and the
mice implanted with Cdh1"" clones (0.003 g and 0.015 g, respectively; p < 0.01; Fig. 28C), no
other differences were assessed either in tumor weight or volume (Fig. 28C). The Cdh1# clones
developed larger malignant masses in weight (0.019 g and 0.015 g vs. Cdh1" clones) and in
volume (782.5 mm?3 and 466.9 mm? vs. Cdh1"" clones) compared to the Cdh1"" clones. Due to
the contact of the pancreas with the peritoneum, 96.0% (23 in 24 implanted mice) of the implanted
animals showed peritoneal tumors (data not shown). Furthermore, to determine the metastatic
potential of the cell lines treated with vehicle or 4-OHT and of the Cdhl clones, we

macroscopically assessed the metastasized sites and the number of hepatic metastases formed

control cell line, CXO the Cdh1-knockout control cell line, EtOH the ethanol, fl the conditional allele with the
loxP sites, GAPDH the glyceraldehyde 3-phosphate dehydrogenase, HRE the high recombination efficacy,
kDa the kilodalton, PC the positive control, PCR the polymerase chain reaction, SEM the standard error of
mean, 4-OHT the 4-hydroxytamoxifen, A the recombined allele.
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Fig. 28. Liver metastases formation is less frequent in animals implanted with Cdh1-deficient clones.
(A) Schematic representation of the orthotopic implantation setting of vehicle- or 4-hydroxytamoxifen (4-
OHT)-treated Cdh1™ cell lines (CLs) and two Cdh1™ and two Cdh144 clones into C57BL6/J;129/S6
females (n=4 animals per cell line and per clone). The orthotopic implantations were performed together
with Chiara Falcomata, Stefanie Bérthel, and Saskia Ettl. The animals were monitored, and were all
sacrificed 35 days after the orthotopic implantation to assess tumor growth, proliferation, and subsequent
metastases formation.
(B) Pictures of tumor morphology of tumor-bearing mice implanted with EtOH- or 4-OHT-treated Cdh1
CLs as well as Cdh1" or Cdh142 clones. Each small square represents 1 mm.
(C) Left, tumor weight and Right, volume of tumor-bearing animals implanted with EtOH- or 4-OHT-treated
Cdh1 CLs as well as Cdh1"" or Cdh144 clones. Data represent mean + SEM. CL + EtOH: mean 0.003 g
and 128.0 mm?3; n=4 biologically independent animals. CL + 4-OHT: mean 0.011 g and 506.0 mm?3; n=4
biologically independent animals. Cdh1" clones: mean 0.015 g and 466.9 mm3, n=8 biologically
independent animals. Cdh144 clones: mean 0.019 g and 782.5 mm?3; n=8 biologically independent animals.
Orange diamonds represent the animals implanted with the Cdh1"" clone #2, the red ones the mice
implanted with the Cdh1™ clone #3, the light blue squares represent the animals implanted with the Cdh144
clone #4 and the dark blue ones the mice implanted with the Cdh142 clone #6. **p < 0.01, two-tailed
Student’s unpaired t test between selected pair groups.
(D) Left, metastatic potential of tumor-bearing mice implanted with vehicle- or 4-OHT-treated Cdh1"" CLs
as well as Cdh1"" or Cdh144 clones based on macroscopic observation. Data represents percentage of
(legend continues on the next page)
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in each group of animals (Fig. 28D). Curiously, none of the animals implanted with the vehicle-
treated cell line formed metastases and only 50.0% of the mice injected with 4-OHT-treated cells
had liver and diaphragm metastases. Regarding the clones, 87.5% (7 in 8 animals of each group)
of mice implanted with Cdh1" or Cdh14”2 clones presented metastases, especially in the liver.
Hepatic secondary tumors were observed in 75.0% of the mice injected with Cdh1™ clones with
a mean of three metastases per animal, and in 62.5% of the animals implanted with Cdh142
clones with a mean of two metastases per murine. Thus, the Cdhl-deficient clones had a
significant decreased capacity to form liver metastasis compared to the Cdhl1-proficient clones
(62.5% and 75.0%, respectively; p < 0.0001; Fig. 28D). In addition, similarly to the conditional
Cdhl-KO GEMM, it was interesting to observe a high incidence of ascites formation on the
Cdh144 clone-implanted animals, one of the mice presenting up to 4.2 mL of peritoneal fluid. In
conclusion, Cdh1 deletion does not have an impact in tumor size, however it leads to a decrease

of hepatic metastases formation in an orthotopic implantation model.

animals with secondary tumors and respective n mice analyzed per group is indicated in the graph. Right,
number of liver macrometastases of tumor-bearing mice implanted with vehicle- or 4-OHT-treated Cdh1f
CLs as well as Cdh1% or Cdh142 clones based on macroscopic observation. Data represents mean +
SEM. CL + EtOH: mean 0 metastasis; n=4 biologically independent animals. CL + 4-OHT: mean 1
metastasis; n=4 biologically independent animals. Cdh1"" clones: mean 2 metastases; n=8 biologically
independent animals. Cdh14 clones: mean 1 metastasis; n=8 biologically independent animals. Orange
diamonds represent the animals implanted with the Cdh1™ clone #2, the red ones the mice implanted with
the Cdh1™ clone #3, the light blue squares represent the animals implanted with the Cdh142 clone #4 and
the dark blue ones the mice implanted with the Cdh142 clone #6. ****p < 0.0001, Chi-square test with 95%
of confidence interval.

C57BL6/J; 129/S6 females used for these analyses were generated by Magdalena Zukowska and CLs
were established by Dr. Kathleen Schuck, both members of the laboratory of Prof. Dr. med. Dieter Saur. %
denotes the percentage, CL the cell line, EtOH the ethanol, fl the conditional allele with the loxP sites, g the
gram, mm? the cubic millimeter, SEM standard error of mean, 4-OHT the 4-hydroxytamoxifen, A the
recombined allele.
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7. Discussion and Outlook

Chapter |, Part A: Development of 6-color multiplexed immunohistochemistry
protocols for immune-profiling of cryopreserved murine tissues

In this part of the present study, we described the validation of manual mIHC panels with
a range of immune and tumor cell antibodies and the application of these panels for whole-slide
analysis of frozen PDAC tissues using confocal microscopy and imaging analysis Imaris software.
While the general concept of mIHC in FFPE tissues is well-established (Gorris et al., 2018; Parra
et al., 2017; Tsujikawa et al., 2017), the validation of this imaging technique remains a difficult
task due to the lack of detailed studies deconstructing the complex multistep process, guiding
step-wise, and pointing its limitations. In addition, there is also the requirement of a high level of
both technical and interpretation expertise of the tests performed (Howat et al., 2014). Thereby,
we presented a comprehensive mIHC strategy, highlighting critical steps, challenges, and
limitations implicated in the process.

To facilitate the panel development, we selected antibodies that are used for clinical
assessment and would allow the identification of the main innate and adaptive immune
populations, including F4/80 (macrophages), CD11c (cDCs), CD3 (T cells), and CD45R/B220 (B
cells), and the tumor cells with CK18 marker. The uniplex IF stainings and quality controls were
performed to ensure the specificity of the selected antibodies and the best labeling conditions.
The performance of proper controls, extensive revision of all staining controls, and comparison
with stainings obtained by other research groups allowed us to conclude that antibodies against
NCR1/CD335 (#ab199128) and FoxP3 (#ab75763) would not be suitable to integrate the mIHC
panels due to positive labeling in the negative tissue control and wrong cellular localization,
respectively. Only by identification and accurate characterization of expected staining patterns in
well-defined tissue controls is possible to evaluate the quality of the technique and to monitor the
impact of potential analytical changes. In addition, proper titrations of each antibody should have
been done by serial dilution tests on contiguous sections to guarantee that a proper concentration
would be applied in the tissue, avoiding unspecific staining and spillover of signal (Sun et al.,
2021). Nevertheless, the final concentration of the selected antibodies was adjusted, when
necessary, based on the intensity of the fluorescent signal presented on the positive tissue control
and later on the tissue of interest.

One advantage of using cryopreserved tissues is the reduced autofluorescence
presented by these samples in contrast to the strong endogenous fluorescence normally
observed in FFPE tissues, especially in the blue-green range of the emission spectrum (Davis et
al., 2014). Although later we observed a slight autofluorescence on the UV range of the spectrum
while imaging the eFluor 450 directly-conjugated primary antibodies against CD11b and FoxP3,
there was still a high fluorescent signal-to-background ratio. The reduced autofluorescence of our
cryopreserved tissues could be attributed to the fixation method with PFA without methanol for 2
hours instead of PFA/formalin fixation overnight generally used to process the FFPE tissues
(Davis et al., 2014).
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Fluorescence channel spillover, also known as bleed-through or cross-talk, should be
addressed when multiple fluorochromes are applied in a sample. A common solution for reducing
cross-talk is unmixing of the individual fluorophore signals from the merged image post-imaging
acquisition (Lopes et al., 2020). This solution normally requires an accurate spectral library of
fluorescent spectral signatures (or fingerprints) matching the fluorophores used in the multiplexed
sample and is particularly cumbersome for large-scale datasets (Lopes et al., 2020; Sadashivaiah
et al., 2021). In order to obviate the need for spectral unmixing in our whole-slide images, we
integrated up to six distinct fluorophores — eFluor 450, AF 488, AF 532, AF 594, ToPro-3/AF 647,
and AF 680 — into the mIHC panels. The spectral separation of the fluorophores was also
facilitated by the image acquisition using confocal microscopy. Patrticularly, a confocal microscope
equipped with a laser light allows the manual adjustment of the emission wavelengths of each
fluorophore without cross-talk from another probe (Lichtman & Conchello, 2005). Thus, laser
confocal microscopy provides the laboratories with a tool to overcome few limitations related to
intrinsic properties of available fluorophores.

Conventional mIHC involves incubation of antibody cocktails on a single sample, which
requires those antibodies to be produced in different host species. However, since the majority of
the immune cell antibodies is produced in rat, directly-conjugated and -labeled antibodies were
included into the final mIHC protocols. As previously reported by Hunka and colleagues (Hunka
etal., 2020), we also faced some challenges during the selection of conjugated primary antibodies
due to their reduced commercially availability and/or limited fluorophore options. To overcome
this hurdle, upon selection and validation of directly-conjugated antibodies, we purchased
Antibody Labeling Kits to directly label validated, unconjugated primary antibodies with the
desired fluorophore. Labeling of antibodies also revealed to be challenging with the following
possible limitations needed to be considered: 1) the random binding of the dye molecules to the
antibody may have an impact on the epitope binding site; and 2) the under or overlabeling can
result in little or no fluorescence displayed by the directly-labeled antibody. These limitations
probably explain the low efficacy of the antibody labeling, leading to only two primary antibodies
being successfully directly-labeled (CD11c labeled with AF 488 and CD45R/B220 labeled with
AF 594). Moreover, the direct method of staining lacks the signal amplification provided by
secondary antibodies used in the indirect method of IF (Becheva et al., 2018), reflecting in a lower
fluorescent signal presented by the directly-conjugated and -labeled primary antibodies.

Quantum dots, or Qdots, have been reported as having substantial advantages over
traditional organic fluorophores, such as AF or Cy, for a variety of biological imaging (Matea et
al., 2017; Zrazhevskiy & Gao, 2013). These fluorescent nanocrystals exhibit unique optical
properties, including narrow emission spectra, improved brightness, and large Stokes shift (i.e.,
difference between the maximum absorption and emission of a fluorescent molecule), and photo-
stability, which make them ideally suitable for multiplexed profiling. These reasons convinced us
to purchase a secondary antibody conjugated with Qdot 585 to detect the CK18 marker. Contrarily
to previous reports, the purchased Qdot 585 dye did not provide a specific labeling or stronger

fluorescent signal when compared to AF 488 fluorophore. These issues could be attributed to the
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following reasons: 1) the steric hindrance shown by the Qdots, which might be responsible for the
reduced binding between these nanocrystals and the epitope of interest; and 2) to the usage of
PBS solution as washing buffer and/or Vectashield® mounting medium (Abraham et al., 2017;
Prost et al., 2016). We ended up not integrating the Qdot 585 into the final mIHC panels, replacing
this probe by the secondary antibody conjugated with AF 680 for the detection of tumor cells.

During the assemble of the mIHC protocols, especially the one for the detection of IICs,
we noticed that the position of the antibody incubation within the multiplexed staining panel was
an important factor that may affect the signal of the added antibody as well as the remaining
markers within a panel. This issue was previously described by Gorris and colleagues, who
attributed the reduction of signal to the disruption of epitopes and removal of fluorophores due to
repetitive epitope retrieval/microwave treatment (Gorris et al., 2018). Since the staining with
cryopreserved sections does not require antigen retrieval step and we did not attempt to inactivate
fluorophores using this heating method, we hypothesize that the problem might be related to
reduced photostability of certain directly-conjugated and -labeled antibodies, namely Ly6G/Ly6C
conjugated with AF 532 and CD1l1c labeled with AF 488, which may be affected by the
combinatory incubation with other primary antibodies and/or by the repetitive washing steps.
Therefore, we compared our multiplex staining results throughout the whole optimization process,
starting from optimized uniplex to duplex stainings until eventually the 6-color mIHC protocols
were established.

Whole-slide imaging acquisition is typically conducted with a confocal microscope
equipped with low NA objectives that increase the speed of acquisition, but produce images of
modest resolution unsuited to detect weak fluorophores and/or densely packed cells present
within a tissue sample (Blom et al., 2017; Gerner et al., 2012). Throughout the development of
the mIHC panels, we noticed that the 20x objective was suboptimal for accurate signal-cell
allocation, not providing sufficient resolution to obtain morphological details. These issues were
resolved with the 40x/1.30 NA objective, and whole-slide images were acquired. Thus, besides
providing accurate signal allocation of multiple fluorophores, confocal microscopy also allows the
scan of entire tissues in a reasonable time. Importantly, the quality of the obtained image was a
major benefit that posteriorly permitted volumetric tissue reconstruction and imaging analysis. We
performed whole-slide image analysis using Imaris, a software widely used for single cell
segmentation (Gerner et al., 2012; Li et al., 2019). As discussed by Blom and colleagues (Blom
et al., 2017), cellular segmentation can be challenging due to the diversity of cell morphologies in
a single tissue section, to the lack of the intrinsic 3D structure of the tissue, and cell clusters and/or
overlapping usually observed in solid tumors. Since manual tissue image analysis was not an
option, due to its subjective natural and the impracticality to analyze whole tissue sections
comprising thousands of cells, we tested the cell segmentation accuracy provided by Imaris (data
not shown). The results of manual counting of cells of interest were comparable with the ones
obtained by the segmentation algorithms in Imaris, being this software then used for our image
analysis. However, we should point out that Imaris is not an open-source software, requires

specific computational and dedicated workstations to process large datasets, and the
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segmentation can be affected by software instability, as also reported by other researchers (Li et
al., 2019). Such limitations are likely to be temporary, as substantial interest in whole-slide
imaging has promoted the development of novel open-source solutions, such as the CellProfiler
platform (Blom et al., 2017; Kamentsky et al., 2011), for data handling and analysis.

It is clear that mIHC is more sensitive than brightfield imaging and provide more
information than uniplex IF staining, since it allows in situ identification of multiple markers on one
single section. If additional markers need to be detected, cyclic mIHC (Banik et al., 2020; Gerdes
etal., 2013; Lin et al., 2018) or alternative techniques are likely more appropriate, such as imaging
mass cytometry, time-of-flight mass cytometry (CyTOF), or CO detection by indEXing (CODEX)
(Tan et al., 2020). However, like any technique, these methods also present disadvantages,
including specialized equipment, high cost to stain a single slide, impossibility of whole-slide
imaging, and requirement for specialized bioinformatic support for data analysis. Regardless of
the imaging techniques available, it is imperative for the users to understand the hypothesis and
goals of their own work/research before they decide on which method would be more suitable to
achieve their aims.

In conclusion, our study validated and optimized 6-plex mIHC protocols for frozen mouse
PDAC tissues to identify myeloid and lymphocytic populations. In a relative short staining
schedule time, every antigen was unequivocally identified by a single fluorophore without any
extensive management of the slides nor necessity of additional equipment besides a confocal
microscope. In summary, we have provided an easy to follow and repeatable procedure on how
to develop a mIHC protocol having consistent staining for each marker and to obtain high-quality
images and reliable imaging analysis data. We believe these data would provide a framework that
enables a more robust and consistent development of multiplexed imaging techniques in a
research lab setting, and fully customizable antibody panels would make this system a viable

platform for oncological research.

Chapter |, Part B: Characterization of the tumor microenvironment according to
driver mutation and differentiation status of pancreatic ductal adenocarcinoma

In this study, we investigated the TME in PDAC specimens using histopathology,
histocytometry, and mIHC analyses. The imaging approach and analysis enabled quantitative
assessment of stromal and immune infiltrates and provided comprehensive cellular spatial
information. Our findings could lead to the identification of correlations between clinical and
biological features that may bring great insights into the pathogenesis of PDAC and help in the
development of novel immunotherapeutic strategies. Tissues were harvested from mice harboring
different driver mutations, namely Kras®'?P, Pik3cat'%4’R, or Braf'6%®’E, and, in the case of PKP
cohort, the distinction between differentiated and undifferentiated tumors was also made
according to the histopathology analysis. We studied the cellular composition of tumor, stromal,

and immune cells within these tissues based on histocytometry analysis. Furthermore,
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comparison and quantification of specific immune cell populations as well as assessment of cell
cross-talk by calculation of shortest distance amongst distinct cell types were performed using
mIHC technique complemented by imaging acquisition with Leica TCS SP8 confocal microscope
and post-processing imaging analysis with Imaris software.

Tumor driver mutations have proved to have an impact on the malignant cells as well as
to play a role on the surrounding TME (Wellenstein & de Visser, 2018). However, no one to the
best of our knowledge has systematically studied the impact of specific oncogenes on the TME
of PDAC. Due to the high frequency of mutant Kras in PDAC, many studies have been conducted
to investigate the effect of this genetic alteration on the microenvironment (Liou et al., 2015; Tape
et al., 2016). In contrast to Kras, much less is known about the impact of tumor-related Pik3ca
and Braf mutations. To better understand and study the TME on tumors generated by distinct
genetic aberrations, we used GEMMSs harboring solely an oncogenic mutation and characterized
their respective microenvironments. In addition, the infiltration of immune cells has been shown
to be correlated with the differentiation status of the tumor (Goebel et al., 2015; Helm, Mennrich,
et al.,, 2014). Thus, besides the characterization of three distinct driver mutations, we also
attempted to include both differentiated (G1/G2) and undifferentiated (G4) tumors in our cohorts.
The inclusion of these two differentiation status was only possible in the Kras cohort. As observed
in human PDAC (Lemstrova et al., 2017; Schonleben et al., 2006), our Kras mice developed both
differentiated and undifferentiated tumors, while most Pik3ca-driven carcinomas presented poor
or moderate invasiveness. Regarding the Braf animals, as previously described by Collisson and
colleagues (Collisson et al., 2012), these mice did not develop PDAC tumors, however the PanIN
lesions observed in the Braf tissues were generally surrounded by an abundance of stromal cells.
Hence, we analyzed four groups of tissues: Kras, differentiated; Kras, undifferentiated; Pik3ca,
differentiated; and Braf, PanINs.

Histocytometry analysis has the capacity to determine both individual cellular identities
and the precise spatial distribution of multiple populations within highly heterogeneous and
densely packed biological tissues, such as tumor tissues (Gerner et al., 2012). We applied the
histocytometry analysis to directly visualize tumoral, stromal, and immune populations within the
selected tissues and found that Kras differentiated tumors had a slightly higher desmoplastic
reaction compared to undifferentiated tissues. In addition, Pik3ca-driven presented higher
abundance of stromal and immune cells compared to the Kras differentiated tissues. These
results may be explained not only by the distinct genetic aberrations that lead to different TME
content, but also by the high abundance of malignant cells in Kras tumors. Our results corroborate
an early study that showed an inverse correlation between tumor cellularity and stroma content
in human PDAC tissues (Heid et al., 2017). In addition, poorly differentiated tumors have worse
prognosis and reduced therapeutic response, which can also be correlated with the lower
desmoplastic reaction in these carcinomas. Since our Kras mice carried one conditional floxed
allele for Trp53, which usually reduces the survival time of the animals, it was not possible to draw

any conclusion regarding the correlation between the TME content and the prognosis in our study.
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The three fluorescent panels established herein enabled simultaneous evaluation of
myeloid and lymphoid cell presence, respective ratios, and cellular cross-talk in cryopreserved
tumor tissues. Our quantification analysis results revealed how the TME composition varies,
namely the immune cell compartment, dependently on the PDAC driver mutation. Since
macrophages were already described as being one of the most abundant immune cells present
in the TME (Panni et al., 2019; Steele et al., 2020; Thorsson et al., 2018), it was not surprising to
find that these myeloid cells were highly present in all of our cohorts. In contrast, it was striking
that the mutant Pik3ca promoted an infiltration of AICs, especially T lymphocytes, to the
microenvironment. The Pik3ca tumors were previously reported to have a T cell-rich TME in
breast cancer, being the infiltration of these lymphoid cells probably promoted by PI3K/AKT
signaling-mediated activation of the NF-kB pathway (Payne et al., 2015; Yang et al., 2008).
Predicting that the composition of the T cell populations within the TME and their cross-talk may
be detrimental to restrain tumor progression, we also analyzed these cells as well as their spatial
distribution within the microenvironment. We found a higher abundance of Th cells and Tregs
among all tumors and these T cell subpopulations also showed substantially high contact with
CK18* cells. These results could reflect an immunosuppressive microenvironment that led to
tumor restraining (Y. Zhang, J. Lazarus, et al., 2020), especially the ones harvest from animals
harboring Braf mutation. Regarding the CTLs, the Kras differentiated tumors presented a lower
amount of the CD8* T cells compared to the undifferentiated tissues. This observation contradicts
early studies that described a reduction of CTLs in undifferentiated/advanced stage tumors
compared to well-differentiated ones (Goebel et al., 2015; Helm, Mennrich, et al., 2014).
Moreover, a higher number of interactions between CTLs and Th cells were detected in Pik3ca-
driven tumors. These two T cell subpopulations are known to be cooperators in restraining tumor
cell growth (Sivaram et al., 2019). CD4* Th cells secrete cytokines and chemokines, such as IL2
and IFNy, that lead to the recruitment and enhance proliferation of CD8* CTLs, which ultimately
have a cytolytic function in the tumors (Bos & Sherman, 2010). Altogether, our findings could yield
valuable clues that not only provide an insight into the microenvironment of distinct PDAC
oncogenes, but also benefit the development of novel and more targeted immunotherapies for
this cancer entity.

Our work involving the mIHC technique clearly has some limitations, namely the inclusion
of IIC and AIC markers in separate panels, which makes it impossible to study the interactions
between the cells from these two immune systems. Nevertheless, we believe our work could be
a starting point to answer other scientific questions regarding the interactions between myeloid
and lymphoid cells, the T cell status within the TME, and even the composition of PDAC
microenvironment in other genetic backgrounds. Since macrophages were reported to mediate
anti-tumor immune responses orchestrated by CD4* T cells and to impede CD8* T cells from
reaching tumor cells (Fauskanger et al., 2018; Peranzoni et al., 2018), it would be interesting to
study the interactions between macrophages and the different T cell subpopulations in our
tissues. These results could be achieved by modifying the T cell mIHC panel, replacing the

general T cell marker CD3 for the macrophage marker F4/80, for example. Furthermore, since
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the lymphocytic infiltrates have a high impact in the prognosis and response to therapy, it would
be interesting to investigate the phenotype, differentiation, or activation status of T cells observed
in the Pik3ca tumors. For this, a new mIHC or fluorescence-activated cell sorting (FACS) panel
needed to be developed using makers, such as CD57, CD39, Tim3, and Lag3 (Sivakumar et al.,
2021). Finally, taking advantage of the variety of GEMMs available in our research group, it would
be valuable to apply our established mIHC protocols to other mouse models, such as animals
harboring Cdkn2a or Smad4 mutations, expanding the analysis and elucidating our knowledge
regarding the TME on distinct clinically relevant genotypes.

Methods, such as IHC staining and FACS, have been used as gold standards to
characterize the TME composition within a sample (Petitprez et al., 2018). However, each of the
methods has its technical limitations, such as detection of limited number of cell type-specific
markers and might not be generally applicable as a high-throughput technique. In theory, it is
possible to infer the cancer, stromal, and immune cell content of a solid tumor from its bulk gene
expression profile if reference gene expression profiles for each tumor-associated cell type can
be established (Schelker et al., 2017). Based on scRNA-seq data, we defined signatures of
cellular types present in PDAC, including the immune populations detected by mIHC. This
strategy allowed us to assign genes that characterize each cell type, increasing the cell-specific
identification and significantly reducing the spillover effect by removing genes commonly
expressed by distinct populations (Sturm et al., 2019). However, as previously observed by Racle
and colleagues (Racle et al., 2017), Th cells and Tregs cells were hard to distinguish, due to their
highly similar gene expression profiles. For this reason and to guarantee a more accurate
analysis, we grouped the Th cells and Tregs into a single “CD4* T cell” category. Regardless of
this hurdle, RNA-seq bulk tumor data and deconvolution approaches presented here enable the
estimation of correlations among cancer and TME cells, and of the differently expressed genes
between Kras and Pik3ca cohorts. One possible explanation for the differences observed
between the tissue imaging and sequencing data could be the inclusion of different animals in
each method. So, we believe that it would be valuable to link the mIHC and RNA-seq analyses
from the same animal. Nevertheless, we do not exclude the hypothesis that sampling of different
areas of the tumor may also explain the variances between the two methods. Further validation
of the cellular correlations identified by RNA-seq bulk tumor data needs to be performed using a
staining technique. In addition, future analyses are planned, including the identification of the
differently genes involved in cancer cell-intrinsic or -extrinsic mechanisms, taking special
advantage of the available bulk tumor-cell line pairs and performing the same analysis in the RNA-
seq data generated from PCCs. This would allow us to predict the contribution of the tumoral
component as well as the impact of its surrounding microenvironment on gene expression and
on signaling pathways (Li et al., 2018; Miller-Ocuin et al., 2019). Thus, with the development of
novel and more advanced imaging and sequencing methods, we envision that our understanding
of TME cells and their role can be greatly improved.

To summarize, imaging techniques have proven their value in a wide range of in vitro, in

vivo, and ex vivo tissue characterization applications. Histocytometry and mIHC are not
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exceptions and are particularly valuable in characterizing the cellular composition of the TME and
the spatial distribution of different cell entities. Our observations indicate that tumor genetic
characteristics affect the TME abundance and the spatial distribution and cellular interactions
within the microenvironment may provide insights of the role of the inflammatory cells in PDAC.
Thus, imaging techniques can also be effectively used as a metric for predicting clinical outcomes
and therapeutic responses. In addition, together with mIHC, RNA-seq data analysis could provide
important insights into potential interactions within the tumor and guide future development of

biomarkers and therapeutic targets in PDAC.

Chapter II: Role of Cdh1l deletion in vivo and in vitro

The ability of epithelial cells to acquire a mesenchymal phenotype is critical to
fundamental biological processes, such as embryonic development, differentiation, regeneration,
and tumorigenesis (Thiery et al., 2009). In cancer, downregulation or loss of E-cadherin
expression has been widely implicated in the progression, invasiveness, and dissemination of
malignant cells to distant organs (Corso et al., 2013; Liu et al., 2020; Otake et al., 2021). With
regard to PDAC, the reduction or loss of this epithelial protein expression has been observed in
up to 60% of human PDAC samples, especially in undifferentiated tumors (von Burstin et al.,
2009). In pathological conditions, the abrogation of E-cadherin expression is frequently linked to
EMT induction and consequently correlated to poor prognosis and development of resistance to
chemotherapy. However, proof of a role of E-cadherin downregulation as a major driver or a
consequence of EMT is still lacking. Here, we presented in vivo evidence that genetic deletion of
Cdhl does not increase tumor invasiveness of PDAC, although there is an acceleration of the
tumor formation, shortening of lifespan of mice from both conditional and inducible Cdh1-KO
mouse models, and increasing of the incidence of cystic tumors. Moreover, the mosaic deletion
of Cdhl in the tamoxifen-inducible GEMM also leads to a heterogenous malignant cell
composition of the primary and secondary tumors, both presenting E-cadherin-negative and
-positive lesions, and to a decreased frequency of hepatic metastases formation. Furthermore,
our results showed that Cdh1 deletion in cell lines does not promote a switch to a mesenchymal
morphology and does not confer a growth advantage to these cells in vitro. In addition, SSGSEA
revealed that the majority of the Cdh1-KO cells presents downregulation of EMT-, inflammation-,
and apoptosis-related signaling pathways. Finally, in the orthotopic model, the mice implanted
with Cdh1-deficient clones present a lower frequency of liver metastases and a higher incidence
of ascites formation compared to the animals inoculated with Cdh1™ clones.

E-cadherin is considered to act as a tumor suppressor, with mutations in its encoding
gene contributing to tumorigenesis, invasion, and metastasis (Bruner & Derksen, 2018). In
contrast to breast and gastric cancers, pancreatic tumors present a lower prevalence of somatic
mutations of Cdhl with only up to 2.0% of human samples (3 in 143 samples analyzed)
possessing a nucleotide substitution (Busch et al., 2017). The data reported by Busch and

colleagues is corroborated by publicly available datasets, such as the cBioPortal for Cancer
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Genomics, where from 848 PDAC patient samples only 0.6% showed an alteration in this
epithelial gene (3 samples presented amplification of Cdh1, 1 missense mutation, and 1 inframe
mutation). Thus, although the percentage of pancreatic patients possessing genetic alterations in
Cdh1 gene is low compared to other cancer entities, it is important to continue investigating the
role of E-cadherin in cancer, namely in pancreatic cancer, and unravel the potential
consequences of loss of function or expression of this epithelial protein in tumor cells. Mouse
models employed in this study combined the conditional or inducible deletion of Cdhl and
mutational Kras activation in pancreas. Both GEMMs showed loss of E-cadherin expression
shortens the survival time of the respective animals. This result might not be particularly surprising
given the fact that previous studies have already reported that downregulation of E-cadherin
expression is associated with worst prognosis of patients with pancreatic, prostate, or gastric
cancer (Chen et al., 2017; Corso et al., 2013; Ferreira et al., 2018). However, contrarily to the
previous reports, the present work does not show evidence that Cdhl deletion induces EMT or
increases the invasion, migration, and metastatic capacity of the malignant cells. On one hand,
cell lines completely recombined for Cdh1 did not present a more mesenchymal morphology, and,
on the other hand, upon in vivo ablation of this gene, Cdh1¥" animals showed a lower percentage
of high grade tumors when compared to control mice, indicating that decreased expression of E-
cadherin in malignant cells does not increase their invasiveness. The histopathological analysis
can be explained in part by the high incidence of cystic tumors in the tamoxifen-treated Cdh1™f
animals. Cystic lesions are considered to be precursors to invasive pancreatic cancer and somatic
mutations, such as in Rnf43, PI3K (Pik3ca, Tsc2) and Wnt (Apc, Ctnna2, Ctnnbl) signaling
pathway-related genes, were identified in these lesions (Matthaei et al., 2011; Noe et al., 2020).
In the ssGSEA data, we observed different regulation levels of the Wnt/B-catenin signaling as well
as of the PI3K/Akt/mTOR pathway among the Cdhl-depleted cell lines, but these levels do not
seem to be correlated to the cystic tumor type presented by the animals. Thus, these findings
argue that Cdhl is relevant to PDAC progression, growth, and local invasiveness of tumor cells.
Further in-depth mechanistic characterization will answer whether Cdh1l is a promising target for
therapeutic development. Therefore, in the future, whole-exome and transcriptome analyses will
be performed for Cdh1-deficient tumors to identify key genetic aberrations and pathways that may
be future biomarkers or targets for cancer therapy and to unveil potential correlations with the
formation of cystic lesions.

Metastases contribute to most cancer-related deaths. Developing successful therapeutic
approaches to prevent and treat metastatic diseases requires understanding how malignant cells
detach from the primary tumor, survive in the bloodstream, and colonize distant organs. If loss of
Cdh1 would be one of the mechanisms that induces cancer cells to dissociate from the primary
tumor mass, then one would expect that animals with a reduction of E-cadherin expression in the
primary carcinomas would be more likely to present metastases in secondary organs. In the
present study, no clear correlation between Cdh1l deficiency in pancreatic tumors and increased
metastatic rate was detected. Yet, interestingly, our tamoxifen-induced Cdh1™¥" mice developed

fewer liver metastases and showed an increased incidence of lung metastases compared to the
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control animals. The higher percentage of lesions in the lungs may be associated with Cdh1-
related intrinsic mechanisms and/or with the fibrotic microenvironment of the lungs, which might
be suitable for the metastatic colonization and growth of the tumor cells from tamoxifen-treated
animals. In a breast cancer model, malignant cells were shown to secrete ILs, such as IL1a and
IL1B, which in turn induce the production of chemokine ligands Cxcl9 and Cxcl10 in lung
fibroblasts, fueling the growth of lung metastases (Pein et al., 2020). Regardless of potential
tropism of Cdh1-KO PCCs to certain secondary organs, we observed a higher incidence of E-
cadherin-negative of lesions in both liver and lung tissues of tamoxifen-induced Cdh1"" animals.
This result contradicts a previous study by Reichert and colleagues, who reported that sequential
and mosaic Cdh1 deletion in the primary tumor exerts a selective pressure to form E-cadherin-
positive liver metastases and E-cadherin-deficient lung metastases (Reichert et al., 2018). This
difference is likely explained by the small sample size in our study compared to the cohort
analyzed by Reichert and colleagues. Furthermore, we also detected metastases expressing E-
cadherin in metastatic tissues from animals treated with tamoxifen. One explanation for our
findings might be connected to the mosaic deletion of Cdh1 in the primary PDAC tumors of
tamoxifen-induced mice that creates a malignant mass composed by Cdhl-deficient and
-proficient cells, which posteriorly may give rise to metastases with distinct E-cadherin expression
profiles. Regarding the dissemination and seeding of tumor cells in secondary organs,
metastases have been reported to originate from a single clone (monoclonal seeding) or multiple
clones (polyclonal seeding) (Hu et al., 2020; Maddipati & Stanger, 2015). Using multi-color lineage
tracing technology in PDAC GEMMSs, Maddipati and Stanger demonstrated that metastases are
polyclonally seeded by distinct tumor sub-clones and that clonality during metastatic growth may
lead to either monoclonal or polyclonal expansion (Maddipati & Stanger, 2015). Since we did not
account for individual lesions composed by both E-cadherin-expressing and -deficient malignant
cells, we reasoned that the metastases observed in our inducible mouse model may be the result
of distinct single clones detaching from the primary mass, spreading into the secondary organs,
and expanding independently. In addition, the presence of E-cadherin-negative metastatic lesions
also argues with the requirement of MET to drive the formation of metastases. MET, the
phenotypic reverse process to EMT, is considered to be one of the steps required to complete
the metastatic cascade with the tumor cells reacquiring their epithelial properties, namely the re-
expression of E-cadherin, to colonize the secondary organ (Aiello et al., 2018; Padmanaban et
al., 2019; Williams et al., 2019). Padmanaban and colleagues reported that E-cadherin is crucial
for metastasis formation, acting as a survival factor during the detachment from the primary tumor,
systemic dissemination, and seeding in secondary organs by limiting reactive oxygen-mediated
apoptosis (Padmanaban et al., 2019). This leads us to hypothesize that the lack of E-cadherin
expression in our Cdhl models may activate compensatory mechanisms, such as the
upregulation of other cell-to-cell adhesion genes, in the tumor cells, explaining not only the
retention of cell-cell contact in metastatic cells, but also the epithelial phenotype presented by
Cdh1-KO cell lines. These compensatory mechanisms were already reported in non-tumorigenic
breast cells, where loss of Cdhl from the AJs was associated with an upregulation of cell-cell
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adhesion genes encoding proteins involved in other intercellular junctions including TJs and GJs,
while genes related to cell-substrate adhesion, namely ITGA1, COL4A2, and COL8A1, were
significantly downregulated (Chen et al., 2014). In the future, further work will be performed to
histologically analyze a bigger cohort of metastatic tissues from tamoxifen-induced Cdh1"
animals to clarify whether there is a preference of Cdhl-deficient tumor cells to establish
metastases in the lungs. Regarding the TME of tissues metastasized by Cdh1-KO cells, it would
be interesting to look into chemoattractant proteins that represent candidates for a potential cross-
talk between metastatic Cdh1-deficient PCCs and microenvironment cells. Moreover, multiregion
sampling from PPT and metastatic tissues, histological, and RNA-seq analyses to integrate the
morphologic and transcriptomic features of the primary and secondary tumors would allow us to
extensively assess the intratumor heterogeneity of the primary tumor of the tamoxifen-induced
Cdh1" mice and understand how it affects the metastatic dissemination. Finally, to further
analyze compensatory mechanisms for loss of Cdh1, it would be interesting to investigate rather
the downregulation of E-cadherin also leads to upregulation of TJ and GJ proteins in Cdhl-
deleted PDAC tissues and cell lines.

Using primary murine pancreatic tumor cell lines, we provided experimental evidence
supporting that the genetic deletion of Cdhl does not induce EMT nor significantly affects cell
viability and growth in vitro. In addition to the majority of the Cdh1-KO malignant cells presenting
an epithelial morphology, we also observed that these cells were characterized by a
downregulation of EMT and apical junction signaling pathways while predicting the potential
molecular mechanisms underlying the loss of Cdhl by bioinformatics analysis. This result was
consistent with our hypothesis that Cdhl loss is not enough to drive EMT. However, in the
sSGSEA, we also identified a small cluster composed by four Cdh1-KO cell lines, which presented
an upregulation of the EMT signaling. Regarding their morphology, three of the cell lines had
mixed characteristics and the fourth one presented a mesenchymal phenotype. Thus, even
though these samples may have suffered a partial or complete EMT, it is more likely to be
associated to other mechanisms rather than being a consequence of Cdhl deletion, since the
upregulation of this signaling pathway was not observed in all the Cdh1-KO cells. Moreover, the
ssSGSEA also showed a differential expression of inflammation, and apoptosis signalings among
the two clusters of Cdhl-depleted cells, being downregulated in most of these PCCs. Loss of
Cdh1 was already reported to influence the TME, namely the activity and recruitment of immune
cells, in endometrial cancer and melanoma (Shields et al., 2019; Stodden et al., 2015). In
endometrial cancer, inflammatory mediators, such as IL1p and S100a8, secreted by Cdh1l-
depleted tumor cells contributed to the stimulation and recruitment of macrophages into the TME
(Stodden et al., 2015). In melanoma, low expression of E-cadherin in tumors showed to be related
to reduced infiltration of CD8" CD103* lymphocytes, which in turn play a major role in effective
tumor cell lysis (Le Floc'h et al., 2007; Shields et al., 2019). Since immune-mediated destruction
of malignant cells is a major goal of immunotherapy and cells from the inflammatory system can
play dual roles in tumorigenesis, further immune-profiling of E-cadherin-negative expressing

tumors may reveal novel clinical strategies. Apoptosis or programmed cell death is crucial in the
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regulation of tumor formation and blunting of therapeutic responses and can be initiated by
intrinsic (also called mitochondrial) or extrinsic (also designated death receptor) cellular pathways
(Ichim & Tait, 2016). Loss of E-cadherin has been reported to attenuate the extrinsic pathway of
apoptosis, since the absence of this epithelial protein interrupts its bind to the cell-surface death
receptors (DR)4 and DRS5, thus leading to a reduction of caspase-8 activation (Lu et al., 2014).
This previous study corroborates the downregulation of apoptosis signaling observed in our
sSGSEA of Cdh1-KO cell lines, pointing a possible reason why these cells survived despite the
depletion of this epithelial gene. Besides the different regulation levels of the mentioned signaling
pathways, all the Cdh1-KO cells shared similar pathway expressions, such as downregulation of
metabolism-related signalings and upregulation of proliferation-related ones. The cancer cells
require core metabolic functions to support cell survival and proliferation, being fundamental a
coordinated temporal regulation between metabolism and cell cycle (Kaplon et al., 2015).
Together with Cdc20, E-cadherin is one of the essential coactivators of E3 ubiquitin ligase
anaphase-promoting/cyclosome (APC/C), which targets crucial cell cycle proteins for
proteasomal degradation (Li & Zhang, 2009). The decrease in the activity of APC/C-E-cadherin
complex influences the proliferative responses in tumor cells. E-cadherin has also been
associated with other metabolic player of cancer cells, the pyruvate kinase M2 (PKM2), which
controls cell progression and survival through regulation of the glycolytic signaling pathway.
Silencing of PKM2 induces the upregulation of E-cadherin, caspase 7, and Bad expressions and
a decrease of MMP2 and MMP9, hypoxia-inducible factor 1-alpha, and VEGF, impairing cell
proliferation and inducing apoptosis and cell cycle arrest (Miao et al., 2016). Although, these
previous reports and our ssGSEA indicated a correlation between proliferation and E-cadherin,
our ex vivo and in vitro analyses of the tamoxifen-inducible Cdh1 model did not show an increase
of proliferative cells upon Cdh1 deletion. This difference may be in part explained by the fact that
the ssGSEA was performed with cell lines established from the endogenous Cdh1-KO mouse
model, while the other conclusions were taken throughout the characterization of the tamoxifen-
inducible Cdh1l GEMM. Thus, the deletion of this epithelial gene at early embryonic stages may
favor the posterior growth of Cdh1-KO PCCs throughout the development of pancreatic tumor
upon Kras®*?P activation. In the future, it would be interesting to validate the data from the ssGSEA
in PPT tissues from PKPE animals by performing stainings for immune cell markers
(inflammation), Bcl-2 and cleaved caspase-3 (apoptosis), and Ki-67 (proliferation). In addition,
transcriptome analysis will be performed for 4-OHT-treated Cdh1" cell lines and Cdh1-depleted
clones and the comparison with the respective controls may identify another effector molecules
and key mechanisms that are altered by the deletion of Cdh1.

Despite considerable and valuable findings made using cultured cells, this simplified in
vitro system cannot faithfully recapitulate several physiological and pathological processes,
lacking the complexity of the surrounding TME that may impact the cancer cell. Orthotopic
implantations of Cdh1#2 and Cdh1"" clones revealed a low incidence of liver metastases
formation in animals engrafted with Cdh1-deficient clones, similarly to the metastatic potential

observed in the tamoxifen-induced mice. Although, no lung metastases were observed in the

140



Discussion and Outlook

implanted animals, ascites formation was detected in 50% of the animals implanted with Cdh144
clones, as well as in 38.1% of the animals from the endogenous Cdh1-KO mouse model. The
differences regarding the formation of pulmonary metastases observed between the tamoxifen-
inducible and the orthotopic models may be partially explained by the fast process of tumor growth
in the implanted animals that does not allow the malignant cells to reach and colonize the lungs.
Additionally, in pancreatic cancer patients, the presence of ascites indicates advancement of
disease, a grave prognostic sign, and a source of CTCs (Hicks et al., 2016). However, very little
is known about the underlying mechanisms of ascites formation, and it remains unexplained why
certain cancer cells preferentially accumulate in the peritoneal cavity and cause ascites rather
than migrate to a secondary organ. Further histopathological analysis needs to be done to confirm
the absence or presence of micrometastases in both liver and lung tissues of all implanted mice.
Moreover, it would be interesting to explore if there is a correlation between Cdh1 deletion and
ascites formation by analyzing and comparing the transcriptome of CTCs collected from ascites
of Cdh1-KO mice and the paired PPT cell line.

In summary, loss of Cdh1l in pancreatic tumor cells does not enable independent growth,
resulting in neither enhanced invasiveness in vivo and in vitro, nor leading to an EMT. However,
the present study provides clear evidence for Cdhl deletion promoting worse prognosis and
leading to hepatic and pulmonary metastases formation via sub-clonal seeding. Thus, our results
support the hypothesis that KO of Cdhl is not a major contributor to EMT and cell detachment
from the primary tumor mass and may only play a limited role in tumor metastasization. Future
studies regarding the metastatic properties of Cdhl-deficient tumor cells and their interactions
with the microenvironment of secondary organs should be performed to provide precise
understanding of the molecular mechanisms underlying this process and ultimately highlighting

novel therapeutic targets in PDAC.
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