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Chapter1

General introduction and thesis outline

As the second-leading cause of death globally, cancer represents a major public
health concern 1. Lung and breast carcinomas are the most diagnosed, however,
gastrointestinal (Gl) tumors are becoming more and more relevant in terms of mor-
tality despite their lower incidence. Among Gl neoplasms, pancreatic cancer is the
third cause of cancer-related death in the US and the sixth world-wide %3. The 5-
year survival rate of pancreatic cancer has shown an increasing trend in the past
years, reaching 13% in the US. Nonetheless, this rate remains among the lowest for
cancer patients 3.

Histologically, more than 90% of pancreatic cancers cases are represented by pan-
creatic ductal adenocarcinoma (PDAC), which originates from the exocrine cells of
the pancreatic ducts *. The exocrine tissue function is to produce and secrete diges-
tive juices, destined to reach the duodenum through the pancreatic duct, as op-
posed to the endocrine tissue of the pancreas, where islet cells are responsible for
secreting metabolism controlling hormones (e.g. insulin)>. The pathogenesis of
PDAC proceeds as a progressive dysplasia starting from precancerous lesions in the
pancreatic duct. These lesions are classified as pancreatic intraepithelial neoplasia
(PanIN), which are the most common but hard to detect because of the small size,
or intraductal papillary mucinous neoplasms (IPMNs), which are macrocystic lesions
®. However, a single type of originating cell has not been identified for PDAC 7, as
there is evidence that both acinar and ductal cells can generate this tumor type .
The morphological changes observed with PDAC development are accompanied by
several key driver somatic mutations, usually starting with an activating mutation in
KRAS, and followed by a loss of CDKN2A, TP53, BRCA2, and SMAD4/DPC4 >(Figure
1).

The reasons for the dismal prognosis of PDAC resides in its biology and are multi-
faceted. An early diagnosis is hampered by the lack of specific biomarkers or symp-
toms, which occur often in the advanced stage of the disease. This leads to half of
the patients being diagnosed with metastatic disease, which is very difficult to treat.
Modifiable risk factors correlating with PDAC are smoking, alcohol consumption,
obesity, and diets rich in processed meat and saturated fats. Less than 10% of PDAC
cases carry an inheritable genetic variant. When they occur, it is usually in DNA dam-
age repair genes, for example BRCA1, BRCA2 (BReast CAncer gene 1 and 2) and ATM
(Ataxia-telangiectasia mutated) 2.
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Figure 1: Representative model of carcinogenesis in PDAC. Representation of the sequential
grade of lesions observed in pancreatic cells, which ultimately lead to PDAC. With increasing
dysplasia, gene mutations are also accumulated, supporting tumor growth. Adapted from
Morris et al. 2010%,

The tumor microenvironment in PDAC

Besides the molecular characteristics of PDAC cells, the tumor microenvironment
(TME) plays a major role in the disease progression and therapy resistance, eventu-
ally contributing to the bad prognosis. The TME is comprised of cellular and non-
cellular elements, with the latter being particularly abundant in PDAC. PDAC cells
are immersed in a dense desmoplastic reaction, a dysregulated deposit of extracel-
lular matrix (ECM) proteins, including glycosaminoglycans (GAGs) such as hyalu-

ronan, collagens, fibronectin, and tenascin >*°

, which are organized in a three-di-
mensional network. Besides an enrichment in ECM, tumor stroma is populated, sus-
tained and remodeled by cellular players of the TME. In PDAC, these include pan-
creatic stellate cells (PSCs), cancer-associated fibroblasts (CAFs) and immune cells.
Activation of PSCs and CAFs can be triggered by PDAC cells and once activated, they
contribute to the major part of ECM deposit, which ultimately leads to ~90% of the
tumor being represented by stroma. CAFs are a heterogenous population of fibro-
blasts, and research is ongoing to better characterize their different types'!. Among
CAF mediated processes, stromal remodeling (i.e., cross-linking) leads to increased
ECM stiffness. In turn, a stiffer environment can increase tumor aggressive potential

1

and therapy resistance 2. Moreover, CAFs can support PDAC cell growth and
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immune evasion by secreting immune suppressor cytokines (e.g. IL10, TGF-B1 and
galectin-1) and C-X-C motif chemokine ligand (CXCL) 10, inhibiting the anti-tumor
activity of cytotoxic T-cells and NK cells®. Thus, the interplay between the TME and
the tumor cells sustains growth and progression of PDAC and its protection from
the immune system.

Despite progress in resolving the diverse composition of the PDAC TME, attempts
at modulating the stroma to improve therapy response failed so far. For example,
combination strategies using hedgehog signaling inhibitors (IP1-926), pegylated hy-
aluronidase (PEGPH20), or genetic ablation of aSMA+ myofibroblasts, did not prove
superior to chemotherapy alone 3%, Strikingly, while the multifaceted tumor pro-
moting effect of the TME is being further unraveled, the stiff ECM-enriched stroma
may also restrain PDAC expansion, keeping tumor cells confined in their primary site
and preventing metastasis *1%12 |ndeed, a recent analysis on resected patients
showed that a low amount of stromal collagen in PDAC tumors was associated with
poor prognosis and poorly differentiated tumors °. These results indicate that the
TME can play a dual role in PDAC and highlight the need for a deeper understanding
of the interplay of different components of the TME and their influence on PDAC
progression and resistance.

Interestingly, a strategy to decrease tissue stiffness without completely removing an
element of the ECM could be targeting Rho-GTPases. An in vivo PDX study using
fasudil (ROCK inhibitor) to prime the tumor before Gemcitabine/nab-paclitaxel
treatment showed improved drug exposure and reduced metastatic spread, hence
increased efficacy. Collagen production was not affected, but ECM network was less
organized, and fibroblast-ECM interactions were still present but shorter and unsta-
ble 2. Priming with a FAK inhibitor is also a viable strategy that is being investigated
in a phase Ib/lla clinical trial 22(NCT05355298).

Current treatment options

PDAC patients often present with non-specific symptoms and a pancreatic mass or
abnormality may be discovered on imaging tests made for other reasons. The stage
of the tumor and resectability is then defined by computed tomography (CT) or
magnetic resonance imaging (MRI) and can be followed by more imaging to inves-
tigate the presence of metastasis 22. Imaging is confirmed by histological examina-
tion, and the material should be collected for genetic and molecular testing as well.
Before choosing the therapeutic regimen, performance status is also
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evaluated (ECOG). In terms of stage, patients receiving the diagnosis of PDAC are
divided into 4 broad categories: resectable (10-15% of newly diaghosed patients),
borderline resectable (BRPC, 30-35%), locally advanced (LAPC, 30-35%), or meta-
static (non-resectable, 50-55%) 823, Stage and performance status parameters will
be used to decide the therapeutic strategy. Resectable patients can get the only
potentially curative treatment available for PDAC: surgery. Neoadjuvant (pre-oper-
ative) chemotherapy can be used to reduce the tumor and make BRPC and LAPC
patients better candidates for surgery. Adjuvant chemotherapy takes place after
surgery, to reduce the chance of recurrence of the disease 2*%. After a complete
characterization of the tumor (genetic and molecular) and performance status, met-
astatic patients can be enrolled in a clinical trial, proceed with systemic chemother-
apy or palliative care, depending on the clinician indication .

Systemic chemotherapy is still the gold standard because only about 25% of PDACs
harbor molecular alterations that can be specifically targeted. In a retrospective
analysis, patients receiving therapy matched to the molecular alteration had longer
overall-survival compared to those receiving unmatched therapy or without molec-
ular alteration %°. However, new approaches are emerging, which could provide
hope for targeted therapy of a bigger proportion of PDAC patients. KRAS was con-
sidered undruggable, but recently, options for targeting its mutated forms emerged,
such as the non-covalent inhibitor MRTX1133 ?” and the protein degrader ASP3082.
These molecules target the KRAS G12D mutation and are currently being evaluated
in phase I/Il and | clinical studies (NCT05737706, NCT05382559), but the pre-clinical
activity seems to be promising 2?8, Moreover, KRAS inhibitors targeting a different
mutation (G12C) have been recently approved by FDA for the treatment of non-
small cell lung cancer, where that mutation is more common, indicating the poten-
tial for this approach 22. Targeted therapy would represent a promising strategy, but
the access to molecular testing and these advanced therapies is still difficult 2 and
evidence from G12C-mutated KRAS inhibitors shows that emergence of resistance
to these compounds is highly likely 2°.

Immunotherapy is also not providing superior efficacy at the moment®. Available
results of trials with immune checkpoints inhibitors (ICls) are mostly unfavourable
for the treatment of advanced PDAC as monotherapy 3!, contrasting their success in
other tumor types such as metastatic melanoma, non-small cell lung cancer, colo-
rectal cancer, triple-negative breast cancer and head and neck squamous cell
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carcinoma 2. More promising results are obtained combining them with chemo-
therapy but clinical trials are still ongoing to evaluate their efficacy. Patients with
high tumor mutational burden, specifically with homologous recombination defi-
ciencies (HRD), seem to be good targets for the combination as shown in the pre-
liminary results of the phase Il POLAR trial 33(NCT05093231/NCT04666740). Final
results of this trial will be shared in 2026. Moreover, the cancer vaccine GVAX, which
should have an immunostimulatory effect and was expected to boost immune re-
sponse against cancer cells, failed to show a benefit compared to FOLFIRINOX, when
used in combination with the CTL-4 inhibitor ipilimumab, in metastatic PDAC as
maintenance 34, Finally, the mRNA vaccine cevumeran showed encouraging results
in a Phase 1 trial (NCT04161755) where responding patients still have not displayed
recurrence, after 3 years follow-up. However, this result was possible in patients
with resectable PDAC, and the vaccine is now being investigated in a phase Il trial
(NCT05968326). Currently, effective immunotherapy in metastatic patients is not
available.

Despite these promising targeted therapies, the gold-standard for patients with un-
resectable PDAC thus remains chemotherapy using either FOLFIRINOX (5-fluoroura-
cil (5-FU), irinotecan, leucovorin, oxaliplatin) or gemcitabine combined with nano-
particle albumin-bound paclitaxel (nab-paclitaxel) ®*°. Gemcitabine was the first
drug approved for the treatment of PDAC patients, and the recent updates to the
treatment regimens improved the median overall survival to only 12 months. The
choice between the two regimens relies on the performance status of the patients,
since FOLFIRINOX is associated with more adverse events. One major reason for the
unfavorable prognosis is the occurrence of chemoresistance.

Gemcitabine (2’-2’-difluorodeoxycytidine, dFdC) is a nucleoside analogue that, to
achieve its cytotoxic effect, has to first enter the cell through nucleoside transport-
ers (primarily the human equilibrative nucleoside transporter h-ENT1). Subse-
quently, it has to be activated by three phosphorylations, generating dFdCTP 3. The
triphosphate form is recognized as nucleotide and therefore is incorporated into
newly synthesized nucleic acids followed by a subsequent nucleotide, which masks
dFdCTP from repair enzymes. Thus, DNA/RNA synthesis is arrested 3738, Moreover,
gemcitabine inhibits the ribonucleotide reductase (RR)*. Eventually, the sum of the
intracellular effects of dFdC and its metabolites impairs cell replication and leads to

cell death 4%4%,
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Paclitaxel promotes microtubules polymerization by binding to- and stabilizing B-
tubulin heterodimers. Being fundamental for an effective mitosis, interfering with
microtubules dynamics causes and arrest of cell division followed by cell death 4243,
The formulation of paclitaxel as an albumin-bound complex entered the clinical
practice when its combination with gemcitabine was demonstrated to improve
overall survival and progression-free survival of metastatic PDAC patients, com-
pared to gemcitabine monotreatment, in the MPACT phase IIl trial
(NCT00844649)*,

Therapy resistance

The unfavourable prognosis of patients that can only be treated with systemic
chemotherapy is often caused by the occurrence of chemoresistance, which causes
the tumor to cease responding to the treatment. Several mechanisms of resistance
have been described, mostly against gemcitabine. They can be directly linked to its
pharmacology: downregulation of nucleotide transporters (h-ENTs - reducing the
access to the cell) or of the key enzyme starting the sequence of phosphorylation,
deoxycytidine kinase (dCK), upregulation of ribonucleotide reductase (RR) subunits
RRM1 and RRM2, which support the production of new nucleotides, competing
with dFACTP, and upregulation of cytidine deaminase (CDA), de-aminating dFdC,
and therefore preventing its activation. However, clinical trials focusing on these
players as biomarkers produced confusing results **’. Other mechanisms of re-
sistance are related to activation of pathways protecting the PDAC cells against drug
induced damage. For example, increased activation of the anti-apoptotic PI3K/AKT
pathway, constitutive activation of NF-kB or the pro-proliferative MAP kinase path-
way have been described #1.

In addition to changes in the PDAC cells themselves, the desmoplastic TME can also
drive resistance (Figure 2). For example, ECM components can stimulate protective
signals contributing to resistance. CD44 activation by hyaluronan can lead to
PI3K/AKT pathway activation, preventing apoptosis *6. Another study showed how
fibronectin (FN) secreted by PSCs can promote chemoresistance in PDAC cell lines,
by increasing the phosphorylation of ERK1/2. In this study, no activation of AKT was
detected and gemcitabine uptake was not affected. Moreover, PDAC cells grown on
FN-coated surfaces displayed higher resistance to gemcitabine compared to cells
grown on non-coated surfaces *°. Some forms of collagen have also been implicated
in activation of tumor promoting pathways, such as upregulation of Mcl-1 caused
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by collagen type |, which protected PDAC cells from apoptosis when treated with 5-
FU °°. The same integrin is potentially responsible for the membrane type-1 matrix
metalloproteinase (MMT-MMP1) increase observed when cells were grown in
three-dimensional collagen as compared to plastic substrate '3, In turn, MMT-
MMP1 mediated an increased phosphorylation of ERK, increased expression of the
chromatin remodeling protein high mobility group A2 (HMGAZ2), and of histone
acetyltransferases, causing resistance to gemcitabine in PDAC cell lines exposed to
collagen >%°4,

Lastly, mechanical changes in the TME also contribute to resistance. The desmo-

plastic reaction around PDAC cells causes PDAC tissues to be stiffer as compared to
55-57

healthy pancreas

TME
composition
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Figure 2. Influence cell intrinsic and cell extrinsic factors on PDAC chemoresistance.
Chemoresistance in PDAC is multifaceted, and cell intrinsic (red) as well as extrinsic (blue)
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factors from the tumor microenvironment (TME) concur in diminishing treatment efficacy.
Tumor cells (red) can undergo changes at multiple levels in the signalling pathways to pro-
mote resistance. Moreover, altered expression of drug transporters on the cell surface has
been described as possible mechanism of drug resistance. Tumor cells are also surrounded
by a dense and dysregulated stroma, consisting of extracellular-matrix (ECM) proteins, fibro-
blasts, pancreatic stellate cells and immune cells. In addition to the production and remod-
eling of the ECM, these cells can affect tumor cells drug sensitivity through paracrine signals.
Tumor cell metabolism can also be reprogrammed, often in response to altered conditions
in the TME.

The term stiffness refers to the elasticity of the tissue, or the resistance of a material
to load, and increased stiffness means that the elasticity is reduced. Such stiffness
has been shown to contribute to chemoresistance to paclitaxel in PDAC cell lines 2,
The changes in the composition of TME combined with the abnormal growth of the
tumour mass in the confined space of the host organ, generates solid stress °°. In
turn, this stress can compress the tumour vasculature and increase the interstitial
fluid pressure, generating shear stress and reducing the ability of drugs to reach the

tumour 062,

Aim and scope of the thesis

In this thesis | aimed to develop multiple in-vitro models to study molecular mech-
anisms of acquired chemoresistance in PDAC cell lines and study the interplay of
resistant cells with the mechanical properties of the tumor microenvironment, with
the ultimate goal to find alternative therapeutic strategies to overcome this thera-
peutic challenge. In chapter 2 we describe the generation of resistant PDAC cell lines
and we identify ABCB1 upregulation as a common mechanism of paclitaxel re-
sistance. As the relevance of ABC-transporters as targets for alternative therapies is
currently a controversial topic, we discuss in chapter 3 the evidence in favor or
against this idea. In chapter 4, we use a similar approach as in chapter 2 to investi-
gate mechanisms driving gemcitabine resistance. Here, we identify reduced dCK ac-
tivity as a common mechanism, which emerges through different strategies in dif-
ferent cell models. Having investigated the drug-specific mechanisms of chemo-
resistance, we looked for alternative ways to tackle it, by focusing on the interaction
between tumor cells and their microenvironment. Chapter 5 provides an overview
of novel pre-clinical findings and discusses potential opportunities for integrin tar-
geting agents as cancer therapies. In chapter 6, we highlight the role of integrin
a2B1 as a mechano-sensor and a prognostic factor for gemcitabine resistance in

PDAC. Chapter 7 is a review discussing the plasticity of tumor cells and the effect of
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mechanical properties of the tumor microenvironment, and potential therapeutic
opportunities to prevent metastasis. This plasticity is found in chapter 8, where we
observe altered mechanical properties of multiple chemoresistance PDAC cells. Fi-
nally, chapter 9 provides a general discussion and future perspective on the re-
search presented in this thesis. In summary, this thesis describes novel and con-
served mechanisms of resistance to commonly use therapeutic agents in pancreatic
cancer and highlights new aspects of the role of mechanical cues in the context of
chemoresistance.
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