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Chapter 1

Introduction and Outline



Pancreatic Ductal Adenocarcinoma epidemiology, and current thera-
peutic approaches

Pancreatic ductal adenocarcinoma (PDAC), a neoplasm of the ductal cells in the
exocrine pancreas, is the most common type of pancreatic cancer, with 80-85%
of diagnosed pancreatic neoplasms being PDAC [1,2]; hence the terms pancreatic
cancer and PDAC are consequently used interchangeably. PDAC is a grim dis-
ease with a high mortality rate and, despite strenuous efforts to improve disease
outcome, 5-year survival rates remain below 10% [3]. The high mortality rates
are partly attributed to the fact that most patients are diagnosed at a late stage
with advanced disease, and only around 20% of patients are eligible for surgical
resection of the tumor [1,4]. The incidence rate for PDAC is increasing globally,
and around 460.000 new cases are diagnosed every year [5]. Epidemiological
predictions suggest that PDAC will surpass breast cancer and become the third
leading cause of cancer-related death in the next decade [5].

Risk factors for PDAC include tobacco smoking, male gender, diabetes mellitus,
high red or processed meat consumption, chronic pancreatitis [6], and alcohol
abuse [7]. In addition, familial and inherited risk factors are identified in ap-
proximately 10% of PDAC patients, and these germline mutations include muta-
tions in BRCA2, p16, ATM, STK11, PRSS1/PRSS2, SPINK 1, PALB2 genes, and
DNA mismatch repair genes [8].

Treatment of PDAC depends on its disease stage and comprises surgical resec-
tion, radiation therapy, chemotherapy, and palliative care. However, among all
treatments, surgical resection is the only treatment with curative potential [9,10].
PDAC is divided into three stages as resectable/borderline resectable (10-20%
of cases), locally advanced disease/non-resectable (~30% of cases), and meta-
static disease (~60% of cases) [1,4,11]. Patients diagnosed with resectable/bor-
derline resectable tumors may receive post-operative (adjuvant) chemotherapy,
or alternatively preoperative (neoadjuvant) chemotherapy in combination with
radiotherapy [12—14]. According to the PRODIGE-24 trial, patients with resect-
able/borderline resectable tumor who received 6 months of adjuvant (modified)
fluorouracil plus leucovorin, oxaliplatin, and irinotecan (FOLFIRINOX) therapy
had significantly increased disease-free survival (DFS) and around 20 months of

increase in median overall survival (OS) when compared to gemcitabine mono-



therapy [13]. Importantly, however, treatment-associated toxicities are significant
with FOLFIRINOX, and it is only recommended for patients with good perfor-
mance status [4]. Based on these findings, for patients with good post-opera-
tion performance status, FOLFIRINOX became the recommended therapy. For
resectable/borderline resectable patients with poor performance status or with
contraindications, gemcitabine with or without capecitabine combination is still

the treatment alternative [15].

Systemic chemotherapy is also a standard treatment for patients with locally ad-
vanced disease. Although a small portion of patients with a prominent response
to chemotherapy might become eligible for surgery, the vast majority of patients
with the locally advanced disease remain ineligible for surgery, and treatment
only delays progression [15].

In the treatment of metastatic disease, chemotherapy is also the standard treat-
ment, and until recently, gemcitabine monotherapy was used as first-line ther-
apy [16]. Based on the ACCORD-11 phase III trial, which showed that stan-
dard-dose FOLFIRINOX yielded better treatment outcomes based on improved
progression-free survival (PFS) and reduced OS when compared to gemcitabine
monotherapy [17], gemcitabine has been replaced by FOLFIRINOX as first-line
treatment modality [17]. Although the therapeutic benefits of FOLFIRINOX are
superior, associated toxicities are also significant in this patient group, and, sim-
ilar to resectable/borderline resectable patients, FOLFIRINOX is only recom-
mended for those with good performance status [4]. Another phase III clinical
trial (the MPACT trial [18]) demonstrated that nab-paclitaxel, in combination
with gemcitabine, outperformed gemcitabine monotherapy in PFS and OS in pa-
tients with metastatic PDAC. Nab-paclitaxel / gemcitabine combination therapy
was, however, slightly less effective than FOLFIRINOX. Of note, the reduced
cytotoxicity of nab-paclitaxel with gemcitabine combination therapy allows it
to be administered to older patients and those with lower performance status.
Indeed, retrospective analyses suggest that younger and well-performing patients
are likely to benefit from FOLFIRINOX with improved OS compared to patients
with gemcitabine plus nab-paclitaxel [19,20]. Gemcitabine monotherapy is the
only remaining option for patients whose performance status is not fit for FOLF-
IRINOX or nab-paclitaxel regiment [15].




10

Based on the above, it is evident that chemotherapy is the backbone of PDAC
treatment, and a significant challenge in the management of PDAC progression
is the development of chemoresistance. Prolonged exposure to chemotherapeu-
tic reagents leads to increased therapy resistance, which limits therapeutic ben-
efits [21]. Although resistance to other chemotherapeutics is also an increasing
problem in the management of PDAC, interestingly, PDAC cells seem especially
effective in developing resistance against gemcitabine [22]. It is enticing to spec-
ulate that overcoming resistance to gemcitabine could increase its broader ther-
apeutic applicability. This is particularly important considering the substantial
toxicity of FOLFIRINOX as compared to gemcitabine. Several mechanisms have
been proposed that confer resistance to gemcitabine, including shifts in cell states
and associated morphology.

Epithelial-to-mesenchymal transition in PDAC

Throughout embryonic development, cells can undergo transitions between epi-
thelial and mesenchymal cell states. Epithelial cells shift towards the mesenchy-
mal state through a process called epithelial-to-mesenchymal transition (EMT),
which alters the cell membrane's adhesion molecules and presents with loss of
cell polarity, enhancing the cells' migratory behavior. The reversal of EMT, called
mesenchymal-to-epithelial transition (MET), results in the loss of migratory ca-
pacity and adaptation of cell polarity [23,24]. EMT is essential for normal em-
bryonic development, but in cancer, EMT is often attributed to metastasis and
chemotherapy resistance [24]. Tumor cells that gain mesenchymal traits through
EMT can evade the primary tumor, intravasate into the bloodstream, and extrav-
asate into distant tissues to initiate metastatic colonization [25]. Once extrava-
sated, MET triggers the completion of migration and re-initiates proliferation,
thereby promoting metastatic outgrowth (reviewed in reference [26]). Although
it is thought that EMT is the primary driver of metastatic dissemination, it induc-
es more changes than just invasiveness and motility. For instance, activation of
EMT aids cells to evade cell death and confers resistance to senescence [25,27].
Altogether, activation of the EMT pathway results in therapy-resistant, invasive
tumor cells with enhanced survival benefits.



The tumor microenvironment in PDAC

One of the most characteristic hallmarks of PDAC is a very desmoplastic tumor
microenvironment (TME). Indeed, PDAC lesions can consist of 60-80% non-tu-
mor cells, and only 20-40% is made up of tumor cells [28]. At the initial stage
of tumor progression, tumor cells secrete cytokines and chemokines that attract
immune cells to the TME. Recruitment of these immune cells can, in turn, create
a niche environment that enhances tumor progression and induces an invasive
phenotype [29-31]. For instance, recruited non-malignant cells such as myeloid
cells and tissue-resident cells can gain tumor-promoting characteristics within
the tumor microenvironment in response to tumor stimuli [32]. Apart from tumor
cells and cells of the immune system, fibroblasts, extracellular matrix, lymphatic
system, and vasculature, occasionally adipocytes and pericytes are parts of the
TME. Intercellular communication within the tumor microenvironment ecosys-
tem is done through an elaborate array of cytokines, chemokines, extracellular
matrix remodeling enzymes, intercellular interactions, and inflammatory signals

(reviewed in reference [33]).

One of the major players in the TME is the macrophage. Macrophages are spe-
cialized innate immune cells with phagocytic activities that play a critical role
in host defense and tissue homeostasis and respond to intracellular cues, such
as microbial products or cytokines, which result in macrophage polarization.
Macrophages are ubiquitously present in all tissues, differentiated from periph-
eral-blood mononuclear cells [34]. In the past decade, macrophage phenotypes
were categorized as either M1/Classically-activated or M2/Alternatively-acti-
vated macrophages [35,36]. In light of recent findings, macrophage polarization
is now considered a spectrum of phenotypes, with considerable heterogeneity
within tissues, and M1 and M2 phenotypes are considered the extremes of mac-
rophage differentiation [37]. Upon entry into the tissue, monocytes/macrophages
differentiate to sustain tissue homeostasis, and these differentiation patterns differ
from inflammatory responses (M1 phenotype) to wound-healing responses (M2
phenotype) (Fig.1). Thl responses drive the M1 phenotype upon detection of
pathogenic parasites or signals such as lipopolysaccharide (LPS). Due to their
involvement in pathogen clearing and recruiting other lymphocytes, M1 mac-

rophages are classified as pro-inflammatory [38]. In contrast to the M1 pheno-
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type, M2 macrophages are driven by anti-inflammatory cytokines such as 1L-4
and IL-13 [38]. However, as mentioned, macrophage plasticity goes beyond the
dichotomous M1-M2 phenotypes and gains different characteristics in different

tissue environments.

Figure 1
Schematic representation of macrophage differentiation. In response to inflam-

mation or other types of tissue stress, monocytes are recruited from the blood
stream into the tissue, where they are activated to become macrophages (Naive,
MO macrophages (m®)). Depending on the environmental influence, i.e., depen-
dence on the cytokines dominant in the tissue milieu, these MO m® can further
polarize into M1 (with LPS and IFN-y stimulus) or M2 (with IL-4 and IL-13
stimulus) macrophages, or in the tumor microenvironment polarizes to become
tumor associated macrophages (TAMs).

Macrophage infiltration in PDAC is a common phenomenon, and macrophage
populations within the tumor often show high heterogeneity [39]. In cancer, mac-
rophages have initially been considered to possess anti-tumorigenic capacities
due to the secretion of cytotoxic molecules, such as; tumor necrosis factor-alpha
(TNF-a), nitric oxide (NO), Interleukine-12 (IL-12), and reactive oxygen spe-



cies (ROS) [40,41]. However, despite their cytotoxic capacities, macrophages are
now primarily considered to play a role in accelerated tumor progression [42].
Indeed, macrophages are omnipresent in/around tumors in many types of solid
tumors, including PDAC, and typically high macrophage density is associated
with poor prognosis and reduced OS [43—45]. Macrophages in tumors have dis-
tinct, albeit still heterogeneous phenotypes, broadly classified as tumor-associ-
ated macrophages (TAMs). TAMs are a diverse and heterogeneous macrophage
population derived from either tissue-resident macrophages or monocytes [46].
TAMs exhibit high heterogeneity; for example, some subtypes are pro-angiogen-
ic, some exhibit pro-tumorigenic activities and some subtypes secrete pro-inflam-
matory cytokines [47]. Although TAMs are considered an M2-like phenotype, the
heterogeneous nature and secretion of anti-inflammatory and pro-inflammatory
cytokines hint at their unique characteristics.

In addition to macrophages, cancer-associated fibroblasts (CAFs) are among the
most substantial components of the TME. CAFs are the primary producers of fi-
brotic matrix components and other members of the extracellular matrix (ECM),
such as hyaluronic acid (HA) and fibronectin, forming the desmoplastic stroma
[48], which is a well-known hallmark of PDAC [49]. During early tumor progres-
sion, tumor-stroma crosstalk, oxidative stress, and pro-inflammatory cytokines
drive the reprogramming of pancreatic stellate cells (PSCs) through which these
quiescent cells activate and differentiate into CAFs [50,51]. Once differentiated,
CAFs secrete numerous chemokines, cytokines, growth factors, the ECM compo-
nents mentioned above, and metabolites that drive tumor cell growth and instruct
other members of the TME [52-54].

The dense fibrotic deposition in the stroma has biomechanical consequences,
such as increased tissue stiffness, hydrostatic pressure that hampers oxygenations
and drug delivery and causes poor immune cell infiltration [55-57]. Consequent-
ly, it has been hypothesized that the stroma acts as a barrier for efficient delivery
of chemotherapeutics, but clinical trials aimed to target stroma depletion did not
improve outcome [58,59]. Of note, depletion of CAFs in genetically engineered
mouse models of PDAC resulted in high-grade tumors with more aggressive
growth and decreased survival, thereby questioning the stroma's tumor-promot-
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ing role [60,61]. Reflecting these findings to the clinic also reveals that thera-
peutic targeting of stroma in several trials with PDAC patients had no additive
benefit; on the contrary, were reported to be more harmful than gemcitabine or
FOLFIRINOX alone [62—-64].

Acinar to Ductal Metaplasia in the Pancreas

In the human pancreas, two compartments can be defined. One of them is the
endocrine pancreas, composed of islets, where alpha (glucagon production) and
beta cells (insulin production) reside. The other part is the exocrine pancreas
composed of acinar cells, which produces digestive enzymes, and ductal cells,
which transport the digestive enzymes to the duodenum. Despite its nomencla-
ture with emphasis on ductal characteristics (hence named ductal adenocarcino-
ma), the origin of PDAC remains controversial. Nowadays, in light of accumu-
lating evidence, acinar cells are considered more likely to be the cell-of-origin for
PDAC [65-67].

The mechanism through which acinar cells give rise to PDAC relies on their
ability to de-differentiate into duct-like cells under inflammatory stress and onco-
genic hits [68]. This transdifferentiation process is called acinar-to-ductal meta-
plasia (ADM) and is also a common, reversible phenomenon in the regeneration
of the pancreas after (inflammatory) injury [68]. Prior studies have demonstrated
that the premalignant lesions that harbor oncogenic mutations in genes such as
proto-oncogene KRAS or tumor-suppressor TP53 can lead to the formation of
PDAC [69]. Of note, such oncogenic mutations in acinar cells (particularly the
activating KRAS mutation), aberrant growth factor signaling, and/or enhanced
inflammatory states and tissue stress render ADM irreversible. This gives rise to
pancreatic intraepithelial neoplasia (PanIN) [65]. Accumulation of additional on-
cogenic mutations eventually leads to the progression of PanIN to PDAC (Fig. 2)
[70]. More evidence is accumulating, showing that KRAS mutations are the main
drivers of PanIN formation, further contributing to PDAC development [71-73].
In addition to its oncogenic effect, KRAS activation cooperates with the inflam-

matory milieu, making cells more susceptible to malignant transformation [72].
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Figure 2

Schematic representation of ADM and progression towards PDAC. Severe stress
conditions such as inflammation (pancreatitis) can initiate transdifferentiation of
acinar cells into duct-like cells through a process called acinar-to-ductal metaplasia
(ADM). This process is reversible and involved in tissue regeneration, where these
cells proliferate to restore the injured tissue. However, the presence of oncogenic
stress can render ADM irreversible, leading to the onset of low-grade neoplasia
called pancreatic intraepithelial neoplasia (PanIN). PanIN lesions have cancerous
potential and these lesions can progress into pancreatic ductal adenocarcinoma
(PDAC).

Patients with chronic pancreatitis have a higher risk of developing PDAC, and
increased macrophage infiltration in the pancreas is one of the hallmarks of acute
and chronic pancreatitis. In the inflammatory stage, damaged acinar cells release
digestive enzymes and pro-inflammatory cytokines that attract macrophages to
the tissue. In this acute inflammatory milieu, acinar cells can undergo cell death
or ADM [74]. Infiltrated immune cells such as macrophages clear damaged cells
and cell debris but can also further stimulate an immune response by recruiting
T-cells and neutrophils, which can ultimately exacerbate the inflammation[75,76].
A failure to overcome the inflammatory response prevents tissue renewal and
leads to chronic pancreatitis [77]. Inflammatory macrophages drive ADM via the
secretion of inflammatory cytokines such as IL-6, TNF, and CCL5(RANTES)

15



16

[78]. TNF and CCLS secretion can also activate the NF-kB pathway in acinar
cells, increasing extracellular matrix degradation and further accelerating inflam-
mation and ADM [68,79].

Protease Activated Receptor-1 (PAR1)

Protease-activated receptors (PARs) are a family of G protein-coupled receptors
(GPCRs) that mediate intracellular reactions to extracellular proteases. As the
name suggests, PAR activation is dependent on proteolytic cleavage, whereas
other GPCRs are dependent on ligand binding. The proteolytic cleavage of the
N-terminal arm of PARs leads to a conformational change and releases the teth-
ered ligand that interacts with the body of the receptor to initiate intracellular
responses via G-proteins [80—82]. PAR1 is the quintessential member of the PAR
family, which was initially reported to be activated by thrombin and PAR1 was
initially named Thrombin (F2) Receptor [80]. Currently, various proteases are
known to activate PAR1, such as activated protein C (APC), plasmin, coagula-
tion factor Xa and Vlla, granzyme A and B, kallikrein 4, matrix metalloprotease
(MMP)-1, -2, -9, and -13 (brief representation in Figure 3 and in-depth review
in reference [83]).
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Figure 3

Schematic representation of PAR1 with the tethered ligand on the N-terminal arm
and proteolytic cleavage sites. Cleavage of the N-terminal arm of PAR1 can be
executed through different proteases, such as Thrombin, MMP1 and Activated Pro-
tein-C (APC). Different proteases have distinct cleavage sites on the N-terminal
arm, each resulting in a different tethered ligand and a distinct cellular response.

Elevated levels of PAR1 are common in many solid tumor types, such as breast,
lung, gallbladder, and prostate [84—87]. High PARI activity is associated with
increased malignant progression and poor prognosis [84,88,89], cancer cell in-
vasion, and metastasis [90,91]. In vivo studies have shown that PAR1 activity is
tumor-promoting in lung cancer [85], and in a breast cancer model, PAR1 was
shown to be indispensable for tumor growth [84]. Consistent with tumor-promot-
ing activities of PAR1, pharmacological inhibition studies in preclinical setups
have been promising. Indeed, PAR1 antagonist treatment significantly reduced
tumor growth in breast, lung, and ovarian cancers [85,92,93]. In PDAC, high
PARI expression is present in primary tumors and metastatic lesions; further-
more, PAR1 ablation in the host compartment limits tumor growth and re-estab-
lishes gemcitabine sensitivity in murine orthotopic tumor models [88].

Mechanistically, PAR1 activation is essential for the secretion of monocyte che-
moattracting protein-1 (MCP-1, also known as CCL2), one of the critical cyto-
kines that regulate monocyte/macrophage infiltration [94]. As mentioned above,
increased macrophage influx in the tumor microenvironment is of the hallmarks
of poor prognosis. In PDAC, it has been reported that PAR1 deficient mice had
three-fold lower macrophage density in the tumor microenvironment and overall
had decreased tumor size and improved response to gemcitabine therapy [88].
Interestingly, in the same study, it has been reported that PAR1 deficient mice
had three-fold lower macrophage density in the tumor microenvironment and
overall had decreased tumor size and improved response to gemcitabine therapy
[88]. Altogether, these findings suggest that PAR1 acts as a gateway in the mac-
rophage-tumor cell crosstalk in PDAC and is involved in PDAC progression.
However, the exact mechanisms that govern these contributions remain to be

fully elucidated.
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Aim and Outline of this thesis

This thesis aims to elucidate the involvement of PAR1 in PDAC progression with
particular emphasis on the tumor cell-PAR1-macrophage crosstalk. In Chapter 2
of this thesis, we explore the role of PAR1 in mesenchymal differentiation by us-
ing orthotopic tumor inoculation in parallel with shRNA-mediated PAR1 knock-
down in human pancreatic cancer cell lines. Chapter 3 addresses the PAR1-mac-
rophage-tumor cell crosstalk and its contributions to tumor progression. In this
chapter, macrophage secreted proteases are assessed to identify a principal PAR1
activator. Also, in this chapter, the anti-tumorigenic properties of macrophages
are investigated in the initial stages of tumorigenesis (i.e., the anti-tumor effects
of naive macrophages). In Chapter 4, the mechanisms that drive anti-tumorigenic
activities of macrophages are explained in detail by using macrophage models
based on peripheral blood-derived monocyte and monocyte cell cultures. Chapter
5 explains how acinar cells are transdifferentiated into ductal cells in a PAR1-de-
pendent manner. We explore the mechanism ofPAR1 dependency on ductal cell
fate and on the differentiation of acinar cells using cell lines, murine organoids,
and ex vivo models. In Chapter 6, we discuss the involvement of PAR1 in various
cancers and their effect on tumor growth. This commentary review provides a
summary of PAR1 driven effects and observed discrepancies. Finally, in Chapter
7, we summarize and discuss all our data on PAR1 in early tumor formation, dif-

ferentiation, and tumor growth.
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ABSTRACT

Protease activated receptor-1 (PAR1) expression is associated with disease pro-
gression and overall survival in a variety of cancers. However, the importance
of tumor cell PAR1 in pancreatic ductal adenocarcinomas (PDAC) remains un-
explored. Utilizing orthotopic models with wild type and PAR1-targeted PDAC
cells, we show that tumor cell PAR1 negatively affects PDAC growth, yet pro-
motes metastasis. Mechanistically, we show that tumor cell-specific PAR1 ex-
pression correlates with mesenchymal signatures in PDAC and that PAR1 is
linked to the maintenance of a partial mesenchymal cell state. Indeed, loss of
PAR1 expression results in well-differentiated pancreatic tumors in vivo, with
enhanced epithelial characteristics both in vitro and in vivo. Taken together, we
have identified a novel growth inhibitory role of PAR1 in PDAC, which is linked
to the induction, and maintenance of a mesenchymal-like phenotype. The recog-
nition that PAR1 actively limits pancreatic cancer cell growth suggest that the
contributions of PAR1 to tumor growth differ between cancers of epithelial origin
and that its targeting should be applied with care.



INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive disease with
an extremely low survival rate (5-year survival ~7.7%) [1,2]. This high mortality
rate is largely due to late diagnosis with the vast majority of patients presenting
with locally advanced or metastatic disease, and only around 20% of the patients
are eligible for surgical resection. Progress in improving survival has been slow,
and current treatment options are severely inadequate. The only noteworthy prog-
ress has been in lowering mortality rates for patients undergoing resections, and
a small prolongation and improved quality of life in patients with unresectable
disease by chemotherapeutic agents [3]. Novel combination therapies, like for
instance FOLFIRINOX [4] or gemcitabine with Nab-paclitaxel [5], are superior
over single-drug regimens but even in the specific group of patients eligible for

treatment the survival benefit is limited.

A key factor responsible for the poor prognosis in PDAC is a high propensity for
epithelial-to-mesenchymal transition (EMT) of pancreatic cancer cells [6]. EMT,
a biological process where epithelial cells morphologically and phenotypically
transition into mesenchymal cells [7], is associated with invasion and metastasis
in various cancers [8—10]. Loss of epithelial characteristics, as revealed by a loss
of E-cadherin expression in a Snail and/or zinc finger E-box-binding homeobox 1
(ZEB1) dependent manner [11,12], correlates with poor prognosis and poor ther-
apeutic outcome [13,14]. Importantly, suppression of EMT enhances therapeutic

efficacy and survival in a murine pancreatic cancer model [15].

Protease activated receptor 1 (PAR1), also known as the thrombin (F2) receptor,
is a seven-transmembrane G-coupled receptor. As implied by its name, PAR1 is
activated by proteolytic cleavage of a N-terminal extracellular region by pro-
teases such as thrombin, activated protein C and matrix metalloproteases [16].
Interestingly, PAR1 expression is increased in breast, lung, ovarian, and prostate
cancer [17-20] and PAR1 expression correlates with poor prognosis in breast
[21] and lung cancer [22]. In line with these clinical data pointing to a tumor-pro-
moting effect of PAR-1, experimental studies underscore the tumor-promoting
actions of activated PARI1. For instance, PAR1 expression is shown to be re-

quired and sufficient for tumor growth in a breast carcinoma xenograft model
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[17]. Moreover, pharmacological PAR1 inhibition inhibited lung tumor growth
in nude mice [18]; PAR1 silencing decreased tumor growth and metastasis to
the lung in a murine melanoma model [23]; and PARI inhibition in giant cell
tumor of bone restrained tumor growth in vivo [24]. In the setting of pancreatic
cancer, we recently showed that genetic ablation of PAR1 in the pancreatic stro-
ma impeded tumor growth and metastasis [25] suggesting that PAR1 expression
contributes to poor prognosis in pancreatic cancer.

In this manuscript, we addressed the hypothesis that PAR1 could be a prognostic
marker for PDAC. However, we find that the survival of PDAC patients is not
associated with PAR1 expression in bulk tumor tissue. We explain this by the ob-
servation that tumor cell-specific PAR1 expression is linked to the maintenance
of a mesenchymal-like cell state. In an orthotopic pancreatic cancer model, the
loss of tumor cell PAR1 induces well-differentiated tumors with increased epithe-
lial characteristics, and enhanced tumor growth. We thus conclude that tumor cell
PARI actively limits the growth of PDAC likely by playing a role in the induction

and maintenance of a partial mesenchymal phenotype in PDAC.



MATERIALS AND METHODS

Animals

C57BL/6 mice (Charles River Laboratories) were housed at the animal facili-
ty of the Academic Medical Center of Amsterdam. All mice had access to food
and water ad libitum. Institutional Animal Care and Use Committee of Academic
Medical Center approved all animal experiments according to protocol number
DIX102373 and DIX107AA.

Orthotopic pancreatic cancer model

Cultures of Panc02 (kindly provided by Dr. Schmitz, Universitatsklinikum Bonn,
Bonn, Germany) and KP cells (derived from pancreatic adenocarcinomas from
p48-CRE/LSL-KRAS/P53flox/flox KPC mice, kindly provided by Dr. DeNardo,
Washington University Medical School, St. Louis, MO) were trypsinized at 80%
confluency, pelleted, washed twice in phosphate buffered saline (PBS) and re-sus-
pended in 0.9% sterile saline (Sigma, St Louis, MO). During tumor inoculation
mice were given with Tamgesic (0.05mg/kg) and anaesthetized with isoflurane
(2% in CO2). Tumor cells (4x10° cells per animal) were injected directly into
the tail of the pancreas of 8- to 10-week-old mice essentially described as before
[25]. Mice were evaluated for changes in body weight and signs of discomfort or
morbidity, and they were euthanized 4 weeks after tumor cell injection. Whole
pancreata were removed and weighed, followed by fixation in 4% formalin and

embedding in paraffin for further analysis.

Cell culturing

Murine KP and Panc02 cells and human PANC-1, Capan-2, and MIA PaCa-2
cells (ATCC, Manassas, VA) were cultured in high glucose (4.5g/mL) DMEM,
10% fetal bovine serum (FBS), L-glutamine (2mM), penicillin (100 units/mL),
and streptomycin (500 pg/mL) (Lonza, Basel, Switzerland) according to routine
cell culture procedures. Cells were incubated in 5% CO2 incubators at 370C.
Human cell lines were authenticated by STR profiling (Promega PowerPlex) and
tested for mycoplasma by PCR monthly.
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Lentiviral silencing of PAR1

PAR-1 knock down cells were established as described before [25]. Briefly, PAR-
1 (clone TRCNO0000026806 for murine cells and clone TRCN0000003690 for
human cells) and control (clone SHC004) shRNA in the pLKO.1-puro backbone
were purchased from the MISSION shRNA library (Sigma-Aldrich, St. Louis,
MO). Lentivirus was produced by transfecting HEK293T cells with 3rd gen-
eration transfer and packaging plasmids pVSV, pMDL, and pRES using Lipo-
fectamine 2000 (ThermoFisher Scientific, Waltham, MA). 48 and 72 hours after
transfection, supernatant was harvested and 0.45 um filtered (Millipore, Billerica,
MA, USA). 75% confluent PANC-1, MIA PaCa-2 and Capan-2 cells were trans-
duced with 20 pl lentivirus and incubated for 24h. Transduced cells were selected
with 2 pg/ml puromycin (Sigma, St.Louis, MO) for 72h.

PARI1 overexpression

PANC-1 cells were transfected using Lipofectamine 2000 according routine pro-
cedures (ThermoFisher Scientific, Waltham, MA) with pcDNA3.1(+) plasmid
containing PAR1-P2A-eGFP (Genscript, Piscataway, NJ) and pcDNA3.1(+) cod-
ing for eGFP as control (Addgene, Cambridge, MA). 48 hours after transfection,
GFP-positive and GFP-negative single cells were sorted using a Sony Cell Sorter
SH800S (Sony Biotechnology, San Jose, CA). Cells were sorted directly into
RNA lysis buffer of the RNeasy Mini Isolation Kit (Qiagen, Hilden, Germany)
after which RNA was isolated following manufacturer’s instructions.

Flow Cytometry

Cells were harvested with 5 mM EDTA and washed with FACS buffer (1% FBS/
PBS). Cells were stained either with PAR1 (ATAP-2: sc-13503, Santa Cruz
Biotechnology, Dallas, TX) or E-cadherin (24E10; Cell Signaling Technology,
Danvers, MA) as primary antibodies and anti-mouse APC (550826; BD, Frank-
lin Lakes, NJ) and anti-rabbit Alexa 488 (A-11008; Invitrogen, Carlsbad, CA)
secondary antibodies with 1:400 dilution for each antibody. For PAR1 inhibi-
tion on PANC-1, MIA PaCa-2 and Capan-2 wildtype cells, 250 nM Vorapaxar
(SCH530348, Adooq Biosciences, Irvine, CA) was added and cells were ana-
lyzed 48 hours later. In all assays, samples were prepared following the man-
ufacturer’s instructions, and analyzed on FACS Canto II (BD, Franklin Lakes,
NJ). Data were analyzed using FLOWJO v10 (FlowJo LLC, Ashland, OR). Cells



were gates initially based on FCS and SSC for the main cell population and later
FCS-H vs FCS-W for single cells. APC or FITC positive populations were gated
on single cell population based on antibody control samples.

Quantitative Real-Time PCR

Total RNA was isolated with TriReagent (Sigma, St. Louis, MO) and chloroform
separation with repeated ethanol washes. cDNA was synthesized from DNase
treated total RNA by using M-MLV-RT enzyme (Promega, Leiden, Netherlands)
with random hexamers (Qiagen, Hilden, Germany). Real-time quantitative RT-
PCR was performed with Sensifast SYBR No-Rox Kit (Bioline, London, UK)
on a lightcycler LC 480 II (Roche, Basel, Switzerland). Relative expression of
genes was calculated using the comparative threshold cycle (dCt method) and
were normalized for expression of reference gene TBP. Primer sequences of the
analyzed genes are;

hTBP (fw 5’- ATCCCAAGCGGTTTGCTGC-3’;

v 5’-ACTGTTCTTCACTCTTGGCTC-3’),

hF2R(PAR1) (fw 5>-GCAGGCCAGAATCAAAAGCAACAAATGC-3’;

v 5’-TCCTCATCCTCCCAAAATGGTTCA-3’),

hCDHI1 (fw 5’-TGGAGGAATTCTTGCTTTGC-3;

v 5’-CGCTCTCCTCCGAAGAAAC-3’),

hZEB1 (fw 5’-GCACAAGAAGAGCCACAAGTA-3’;

v 5’-GCAAGACAAGTTCAAGGGTTC-3’),

hVIMI1 (fw 5’- AGTCCACTGAGTACCGGAGAC-3’;

rv 5’- CATTTCACGCATCTGGCGTTC-3").

Western Blot

PANC-1 cells were seeded in 6-well plates in DMEM supplemented with 10%
FCS. After 48 hours, cells were lysed in RIPA buffer and Western blots were
performed as described before [49]. In brief, protein samples were boiled in Lae-
mmli buffer with 3% beta-mercaptoethanol for 10 minutes at 95°C, separated
by 10% SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica,
MA). Membranes were blocked for 1 hour in 4% milk in TBS-T and incubated
overnight with antibodies against a-tubulin (1:1000, Santa Cruz, CA) or E-cad-
herin (1:1000, 24E10; Cell Signaling Technology, Danvers, MA) at 4°C. All sec-

ondary antibodies were horseradish peroxidase (HRP)-conjugated from Dako
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Cytomation (Glostrup, Denmark) and diluted according to the manufacturer’s
instructions. Blots were imaged using Lumilight Plus ECL substrate from Roche
(Almere, The Netherlands) on a LAS 4000 imager from Fuji (FujiFilm, Tokyo,
Japan).

Kaplan-Meier Survival Analysis

The following datasets were used: The Cancer Genome Atlas (TCGA)-PDAC
[50], GSE17891 [51], GSE62452 [52], GSE15471 [53], GSE21501 [54]. Ka-
plan-Meier survival analysis was based on median PAR1 (F2R) expression. Ka-
plan-meier analysis and gene expression data were collected and processed for use
in the AMC in-house R2: Genomics Analysis and Visualization Platform (http://
r2.amc.nl). For visualization of gene expression, data were plotted in GraphPad
Prism 7.0 (GraphPad Software Inc, La Jolla, CA, USA).

Gene Set Enrichment Analysis

Datasets used were the tumor expression datasets GSE28735 [55], GSE16515
[56], The Cancer Genome Atlas (TCGA)-PDAC [50], GSE62452 [52], GSE21501
[54], micro dissected tissue expression data: E-MEXP-1121 [57] and cell line
expression data: GSE36133 [58]. GSEA software (Broad Institute, Cambridge,
MA, USA) was downloaded from the Broad Institute website (http://www.broad.
mit.edu/gsea/) and signature sets for cancer mesenchymal transition [59], and
hallmark epithelial to mesenchymal transition (Broad Institute) were download-
ed from the Molecular Signature Database (MSigDB). Expression datasets were
compiled with annotated gene names (.gct), samples were segmented for median
PARI1/F2R expression (i.e. high and low) as phenotype label files (.cls), and sig-
nature sets were assembled (.gmx). One thousand permutations were run on the
phenotype. Datasets were not collapsed to gene symbols (collapse to gene sym-
bols=false) in the GSEA software.

Immunohistochemistry

Histological examination was performed essentially as described before [25].
Briefly, the excised tumor was fixed in formalin, embedded in paraffin and 4-pum-
thick slides were subsequently deparaffinized, rehydrated and washed in deion-
ized water. Slides were stained with hematoxylin and eosin (H&E) according to

routine procedures. For immunohistochemistry, endogenous peroxidase activity



was quenched with 0.3% hydrogen peroxide for 15 min at room temperature,
with antigen retrieval for 10 min at 100°C in 10mM sodium citrate buffer, pH 7.4.
Slides were blocked for 10 min with 5% normal goat serum. Primary antibodies
against, Anti-alpha smooth muscle Actin antibody (ab5694; Abcam, Cambridge,
UK), E-cadherin (24E10; Cell Signaling Technology, Danvers, MA), or Ki67
(1:500, clone Sp6; Neomarkers, Fremont, CA), were added for overnight incu-
bation at 4°C. Slides were subsequently incubated with appropriate HRP-conju-
gated secondary antibodies and DAB staining was used to visualize peroxidase
activity. Slides were photographed with a microscope equipped with a digital
camera (Leica CTR500, Leica Microsystems, Wetzlar, Germany). The number
of Ki67 positive cells were counted in five different fields at 20X magnification,

counting was performed with ImageJ and the expressed count per image.

Immunofluorescence

Cells grown on coverslips were fixed with 4% formaldehyde. F-actin was stained
with (1:1000) Acti-stain 535 (rhodamine) Phalloidin (Tebu Bio, Heerhugowaard,
Netherlands), (1:400) ZEB1 antibody (HPA027524, Atlas Antibodies, Sigma, St.
Louis, MO), (1:400) E-cadherin antibody (24E10; Cell Signaling Technology,
Danvers, MA), (1:1000) DAPI (ThermoFisher Scientific, Waltham, MA), 1:400
secondary antibody Alexa488 conjugated anti-rabbit IgG (ThermoFisher Scien-
tific, Waltham, MA). All reagents/antibodies were dissolved in 1% bovine serum
albumin (Sigma, St. Louis, MO) in PBS with 0.1% Triton X-100 (Sigma, St.
Louis, MO) in PBS. Images were acquired on a Leica SP-8 Confocal Microscope
(Leica, Wetzlar, Germany) at 63X magnification. LUT values of channels were
improved for better visualization in LAS AF software (Leica, Wetzlar, Germany).

Calcium-flux assay

Calcium signaling responses were analyzed using the Fluo-4 Direct™ Calcium
Assay Kit (Invitrogen, Carlsbad, CA) as described before [27]. Cells were chal-
lenged with thrombin (1 U/ml) or PBS. Ca2+ flux was monitored for the indicat-
ed time points on a Bio-Tek HT Multi-Detection Microplate Reader (Winooski,
United States).

MTT cell proliferation assay

Cells at 70% confluency in 96-well plates were serum starved overnight after
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which cell viability was determined using a 3-(4,5-dimethylthiazol- 2-yl)-2,5-di-
phenyltetrazolium (MTT) assay at 0, 24, 48 and 72 hours according to routine
procedures. Measurements were performed on a Synergy HT Biotek Microplate
Reader (Biotek Instrumens, Winooski, VT) at 560nm. Fold changes were calcu-
lated based on optical density at t=0.

Wound-scratch assay

Cells were seeded onto six-well plates and maintained in 10% FCS/DMEM until
confluence. Next, cells were serum staved overnight and a scratch was created in
the center (on the vertical axis) with a p200 pipette tip. Cells were incubated up
to 72h with serum-free DMEM with 25 pM PAR1 agonist peptide TFLLR-NH2
(GL Biochem, Shanghai, China) or solvent control (PBS) as mock. Scratched
area were scanned every 24 hours at 4X magnification with EVOS® FL Cell Im-
aging System. Wound area analysis was performed at fixed locations (400x400)
along the scratch area at each time point. Wound area at t=0 is taken as 100% and
the changes in wound area at each time point was calculated based on the differ-
ence from the area at t=0. Three independent replicates were included for each

measurement (n=3).

Statistical Analysis
Data were presented as Mean + SEM. Statistical analysis was performed with
built-in analysis tool of GraphPad PRISM 7.0. For further details see figure leg-

ends.



RESULTS

Bulk tumor PARI1 expression does not associate with prognosis in PDAC

Previous work on PAR1 has demonstrated a role for PAR1 in tumor progression
in different tumor types leading to poor prognosis in patients with high PAR1
expression levels [17,21,22,25,26]. Therefore, we hypothesized that PAR1 ex-
pression also holds prognostic value in PDAC. To assess this hypothesis, Ka-
plan-Meier survival analysis was performed on four PDAC gene expression sets
dichotomized by median PAR1 expression. Surprisingly, PAR1 expression did
not associate with overall survival in any of the expression sets (Supp. Fig. 1A-
D). However, given that PAR1 expression in these sets is the cumulative expres-
sion obtained from tumor cells, stromal content, and possibly adjacent non-tumor
tissue, we reasoned that further analyses should address if PAR1 signaling in

tumor and stromal compartments contribute differently to tumor growth.

PARI regulates tumor cell differentiation and proliferation

Previously, we showed that PAR1 expression in PDAC stroma drives tumor pro-
gression [25] and the lack of association between PAR1 and overall survival in
PDAC patients lead us to reason that tumor cell-specific PAR1 might counter-
act the tumorigenic stromal PAR1 activity and reduces the detrimental effect on
overall survival. To assess the effect of PAR1 expression on tumor cells and the
suspected counterbalancing activity, cells derived from p48-CRE/LSL-KRAS/
P53flox/flox mice (named KP hereafter) and Panc02 murine pancreatic cancer
cells were transduced with short hairpin RNA against PAR1 (shPAR1) or with
control short hairpin RNA (shCtrl). PAR1 knockdown was confirmed by mea-
suring PAR1-dependent calcium fluxes as described before [27] (Supp. Fig.2A
and B). Importantly, PAR1 knockdown did not affect in vitro proliferation of
both cell lines (Supp. Fig.3A and B). After subsequent orthotopic engraftment to
wildtype C57B1/6 animals, shPAR1 knockdown cells formed significantly bigger
tumors as compared to vector control cells (Figure 1A and B). Subsequent stain-
ings for the proliferation marker Ki67 showed a higher density of Ki67 positive
cells in shPAR1 tumors than in shCtrl tumors (Figure 1C). Histopathological
examination of KP pancreatic cancer sections showed abundant ductal structures
throughout the tumor in the shPAR1 group, whereas poorly differentiated tumors
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lacking apparent ductal structures were observed in the control group (Figure
1D). We next analyzed alpha smooth muscle actin (a-SMA); a marker for ac-
tivated stromal fibroblasts, but did not find any difference in expression of this
marker between shPAR1 and shCtrl tumors (Figure 1E), indicating that PARI
knockdown on tumor cells does not effect stromal recruitment and activation. In
contrast, expression and membrane localization of the epithelial marker E-cad-
herin was markedly increased in shPAR1 tumors as compared to shCtrl tumors
(Figure 1E). Furthermore, in the shPAR1 KP engrafted animals significantly less
macro-metastasis were found compared to shCtrl animals (Figure 1F), mainly to
the spleen. Overall, these data thus suggest that tumor cell PAR1 contributes to
enhanced mesenchymal features.
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Figure 1

PARI1 negatively regulates tumor differentiation and growth. Orthotopic inoculation of (A)
shCtrl (n=8) and shPAR1 (n=8) KP cells and (B) shCtrl (n=7) and shPAR1 (n=8) Panc02
cells. Symbols show individual samples. Error bars show mean + SEM: Mann-Whitney
test (two-tailed). (C) For the KP model, Ki67+ counts per field (at 200X magnification)
for shCtrl (n=5) and shPAR1 (n=5) tumors, error bars show mean + SEM. Mann-Whitney
(two-tailed), ****<0.0001. (D) KP shCtrl (left) and shPAR1 (right) tumor staining with
hematoxylin and eosin at 200X (upper panels) and 400X (lower panels) magnification.
(E) KP shCtrl (left) and shPAR1 (right) tumor immunohistochemistry with a-SMA (upper
panels) and E-cadherin (lower panels) staining. Scale bar is 200um. (F) Macro-metastasis
scores of the KP and Panc02 models, for shCtrl and shPAR1 animals. Group differences
were tested with chi-square distribution tests (for KP group p=0.021, for Panc02 group

p=1).

PARI associates with tumor cell-intrinsic mesenchymal programs

To elucidate the mechanism through which PAR1 impacts on tumor cell differen-
tiation, we performed gene set enrichment analysis (GSEA) [28] for mesenchy-
mal cell state, and differentiation-related genes on PDAC gene expression sets.
The analyses shows that high PAR1 expression was associated with a mesen-
chymal cancer signature, as well as with a hallmark epithelial-to-mesenchymal
transition signature in all expression sets analyzed, including a micro-dissected
tumor cell set. This suggests that tumor cell PAR1 expression is linked to a mes-
enchymal cell state in PDAC (Figure 2A and B). To further confirm that PAR1
activity on tumor cells is associated with a mesenchymal phenotype and with
decreased epithelial characteristics, we correlated PAR1 expression with different
epithelial and mesenchymal markers in a large panel of PDAC cell lines avail-
able in the GSE36133 and GSE57083 datasets. As mesenchymal markers, Zinc
Finger E-Box Binding Homeobox 1 (ZEB1) and Vimentin (VIM) were used and
E-cadherin (CDHI1), cytokeratin 19 (KRT19), CD24, and Epithelial cell adhe-
sion molecule (EPCAM) were used as epithelial markers. PAR1/F2R followed
similar expression patterns with ZEB1 and VIM, whereas PAR1 expression was
inversely correlated with the epithelial markers (especially prominent for CDHI,
KRT19 and EPCAM, see Figure 2C). Furthermore, quantitative correlation anal-
ysis confirmed the strong positive association of F2R with ZEB1 (Figure 2D)
and VIM (Figure 2E) and showed a negative correlation between F2R and CDH1
(Figure 2F).
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Figure 2

PARI1 expression correlates with EMT signatures. (A-B) Gene Set Enrichment Analysis
(GSEA) results of different PDAC gene expression sets with the EMT signature set (A)
[35] and the EMT hallmark gene set (B) (Broad Institute). Enrichment plots are shown
for both signature sets in the TCGA-PDAC expression dataset. Normalized Enrichment
Score (NES), False Discover Rate (FDR) g-value and Family-Wise Error Rate (FWER)
p-value are shown for each tested gene expression set. (C) Gene expression heat map of
pancreatic cancer cell line expression from GSE36133 and GSE57083 for F2R (PAR1),
ZEB1, VIM, CDH1, KRT19, CD24 and EPCAM. Color coding of the heatmap is by log2
transformed gene expression. (D-F) Correlation of PAR1 expression in PDAC cell lines
with ZEB1, Vim and CDH1 in the GSE36133 and GSE57083 datasets. Dots show expres-
sion levels for individual cell lines. 95% confidence interval and linear regression line are
shown; p value is corrected for multiple testing (FDR correction).

For conclusive evaluation of the in silico analysis, we next assessed PAR1 ex-
pression in pancreatic cancer cells isolated from tumors with different differ-
entiation status [29] by flow cytometry and qPCR. These data confirmed that
PARI levels were high in poorly differentiated MIA PaCa-2 cells; intermediate in
moderately differentiated PANC-1 cells and relatively low in well-differentiated
Capan-2 cells (Figure 3A). Subsequently, we performed qPCR-based transcript
analysis for ZEB1 and CDH1 expression and, in line with the in silico data, ZEB1
expression patterns mirrored that of PAR1; high in MIA PaCa-2 cells and low in
Capan-2 cells, whereas E-cadherin (CDH1) expression patterns were opposite to
that of PAR1 (Figure 3B). To functionally ascertain that PAR1 activity is linked
to ZEB1 upregulation and E-cadherin downregulation, we generated PAR1 shR-
NA knockdown MIA PaCa-2, PANC-1 and Capan-2 cell lines (Figure 3C, D).
In agreement with the results above, PAR1 knockdown resulted in a significant
increase in CDH1 expression (Figure 3E) in all of the shPARIcell lines com-
pared to their controls. ZEB1 expression was decreased in PANC-1 and MIA
PaCa-2 shPARI cell lines compared to control cell lines and remained invariably
low in the Capan-2 cell line (Figure 3F). Expression levels of the mesenchymal
marker VIM were significantly decreased in PANC-1 shRNA cells but remained
unchanged in high Vimentin expressing MIA PaCa-2 or low expressing Capan-2
cells (Figure 3G).
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To confirm the expression data on the protein level, we analyzed E-cadherin lev-
els on PANC-1 shCtrl and shPARI1 cells with flow cytometry, western blot, and
immunofluorescence. We opted for PANC-1 cells in these experiments as they
express intermediate levels of PAR1, E-cadherin and ZEB1 allowing efficient vi-
sualization of PAR1 knockdown, without confounding high endogenous ZEB1 or
low/undetectably E-cadherin expression. Consistent with aforementioned results,
all assays showed that PANC-1 shPAR1 cells had a markedly enhanced E-cadher-
in expression (Figure 3H and Supp. Fig. 4A). Increased E-cadherin expression
was accompanied by decreased ZEB1 nuclear localization (Supp. Fig. 4A). In-
creased E-cadherin expression upon PAR1 knockdown in these cell lines led us
question whether we can achieve the same affect with PAR1 inhibition. To test
this, we treated PANC-1, MIA PaCa2 and Capan-2 cells with the PAR1 inhibitor
Vorapaxar and determined E-cadherin surface expression by flow cytometry. In
all cell lines analyzed, treatment with Vorapaxar increased E-cadherin expression
(Supp. Fig. 4B).

Finally, we generated PAR1 overexpressing (PAR1-OE) PANC-1 cells to assess
whether E-cadherin expression could be reduced. To this end, PANC-1 cells were
transfected with PAR1-GFP or control-GFP plasmids after which cells were sort-
ed based on GFP positivity (Supp. Fig. 5A, B). As expected, E-cadherin expres-
sion was nearly absent in GFP-positive PAR1-OE cells but not in GFP-positive
control vector transfected cells, or in cells from the GFP-negative gates (Fig. 3I).
Taken together, we conclude that PAR1 levels are associated with a mesenchymal
cell state and that loss of PAR1 enhances epithelial characteristics of pancreatic
cancer cells, whereas gain of PAR1 diminishes such epithelial characteristics.
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Figure 3

Short hairpin RNA mediated PAR1 knockdown induces E-cadherin and reduces ZEB-
1 expression. (A) PARI1 expression on MIA PaCa-2, PANC-1 and Capan-2 cell lines
by flow cytometry and qPCR analysis. Flow cytometry histograms show cell counts
versus PAR1 (ATAP-2)/APC intensity of the cell lines. Error bars in the qPCR graph
show mean + SEM: one-way ANOVA, ****<0.0001 (B) Relative mRNA expression
levels for CDH1 and ZEB1 in three pancreatic cell lines (Capan-2, PANC-1, MIA
PaCa-2). Symbols show triplicates. Error bars show mean = SEM: one-way ANOVA,
**%%20.0001. (C) Relative PAR1 expression of shPAR1 and shCtrl transduced MIA
PaCa-2, PANC-1 and Capan-2 cell lines in comparison to non-transduced (parent) cells.
(D) Flow cytometry histogram showing the cell count versus PAR1 (ATAP-2)/APC in-
tensity of wildtype (WT), shCtrl and shPARI1 cell lines. Initial gating was based on FCS
and SSC for the main cell population and later FCS-H vs FCS-W for single cells. APC
(PAR1) positive populations were gated on single cell population based on secondary
antibody control. (E-G) Relative expression of CDH1 (E), ZEB1 (F), and VIM1 (G) in
MIA PaCa-2, PANC-1 and Capan-2 shCtrl and PANC-1 shPAR1 cells. Symbols show
quadruplicates. Error bars show mean + SEM: Student’s t-test, ****<0.0001. (H) Upper
panel; flow cytometry histogram showing cell counts versus E-cadherin/Alexa 488 in-
tensity of PANC-1 shCtrl (dark gray) and PANC-1 shPAR1 (green) cells. FITC (Alexa
488/E-cadherin) positive populations were gated on single cell population based on sec-
ondary antibody control. Lower panel; Western blot analysis for E-cadherin in PANC-1
wildtype, shCtrl and shPARI1 cells. a-Tubulin was used as loading control. (I) Relative
E-cadherin mRNA expression levels in PANC-1 PAR1 OE (GFP+), OE negative (GFP
negative) with Control (GFP+) and Control negative (GFP negative) cells. Symbols
show quadruplicates. Error bars show mean £ SEM: one-way ANOVA, ****<(0.0001.

PARTI signaling drives tumor cell migration

One of the functional outcomes of the transition to a more mesenchymal state is
an enhanced migratory behavior and previously ZEB1 was reported to induce tu-
mor cell invasion and enhanced metastatic potential [7,30],. The abovementioned
ZEBI1 downregulation following PAR1 knockdown (shPAR1) in PANC-1 cells
thus raises the question whether this affects the migratory capacities of the cells.
To test this, we performed scratch/wound-healing assays with PANC-1 shCtrl
and shPARI1 cells in the absence or presence of PAR1 agonist peptide TFLLR-
NH2 (PAR1-AP) (Figure 4A and B). After 72 hours, PANC-1 shCltrl cells stimu-
lated with PAR1-AP had higher migration rates than mock controls (Figure 4C),
whereas mock or PAR1-AP treated PANC-1 shPAR1 cells had lower migration



rates than shCtrl cells in all cases (Figure 4D). These findings show that activa-
tion of PAR1 induces the migration of PANC-1 cells. Although not as strong as
agonist peptide induced shCtrl cells, mock treated shCtrl cells also present higher
migration rates than shPARI cells both with or without PAR1-AP stimulation,
meaning that endogenous PAR1 activity already operates the migratory activity
of pancreatic cancer cells. Overall, our findings suggest that PAR1 activity on
tumor cells promotes migration and exhibits enhanced metastatic potential.
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Figure 4

PAR-1 signaling contributes to tumor cell migration. Scratch-healing assays were per-
formed on PANC-1 shCtrl (A) and PANC-1 shPAR1 (C) with mock or 25uM TFLLR-
NH2 (PAR1 agonist peptide). At 80% confluency, cells were scratched on the vertical axis
of the well with a sterile p200 tip. Images were taken at along the scratch every 24 hours
up until 72 hours at 4X magnification on an EVOS FL Cell Imaging System. Scratch size
was measured with ImageJ and calculated based on scratch size at t=0 as 100% (n=3).
Scratch size over time for PANC-1 shCtrl (B) and PANC-1 shPAR1 (D) with or without
the agonist peptide was calculated and put on non-linear one-phase decay curve in Graph-
Pad Prism 7.0.
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DISCUSSION

PARI is generally accepted to promote tumor progression [17,25,31], cancer cell
invasion and metastasis [32,33]. This notion is based on the fact that PAR1 ex-
pression is increased in various cancers types [17-20] and that PAR1 expression
correlates with poor prognosis in breast [21] and lung cancer [22]. Experimental
animal studies also support the notion of PAR1 as a potential tumor-promoting
factor in lung cancer [18]. Correspondingly, PAR1 is shown to be indispensible
and sufficient to promote tumor growth in a breast cancer model [17]. In the cur-
rent manuscript, we however show that PAR1 expression levels are not associated
with the overall survival of PDAC patients and that PAR1 silencing in pancreatic
cancer cells potentiates tumor growth. The observed increase in tumor growth of
orthotopically implanted PAR1 knockdown cells is particularly interesting since
we previously described that PAR1 depletion in the stroma in fact limits tumor
growth [25]. These findings suggest that PAR1 has an opposing activity in the
stroma and tumor cells, and that PAR1 activity in the stroma appears to promote
tumor growth. The opposite role of PAR1 in tumor cells compared to stromal
cells likely explains the lack of association between bulk tumor PAR1 levels and
overall survival in PDAC patients. In addition, it further highlights the complex-
ity of pancreatic cancer and strengthens the notion that specific compartments

need to be targeted in PDAC for efficient tumor control.

Our investigation of PAR1 expression in PDAC bulk tumors and in micro-dissect-
ed tumor cells together with PDAC cell line gene expression datasets shows that
PARI1 expression correlates with EMT related genes. Moreover, downregulation
of PAR1 in the tumor compartment results in enhanced epithelial characteristics
and lower tumor grade. Although the exact molecular mechanism between PAR1
activation and ZEB1 expression are not yet discovered, the increase in E-cadher-
in expression in all shPAR1 knockdown cell lines with a simultaneous decrease
in ZEB1 and the decreased Vimentin expression in PANC-1 shPAR1 cells indi-
cates that PAR1 plays a role in the initiation and maintenance of mesenchymal
differentiation. In addition to its role in maintaining mesenchymal characteristics
in tumor cells, PAR1 activation induces migration in PANC-1 shCtrl cells, indi-
cating a further shift into a mesenchymal phenotype. Moreover, we observed dif-



ferences in macro-metastases scores in the KP model between shPAR1 and shCtrl
tumors. Altogether, these findings strongly suggest that PAR1 activation on tumor
cells initiates mesenchymal differentiation and increases the metastatic potential.
Recent studies have shown that suppression and reversion of EMT stimulates
proliferation and that growth at the metastatic site is dependent on mesenchymal
to epithelial reversion [15,34]. Furthermore, it has recently been reported that
the epithelial status and E-cadherin expression levels mediate cell proliferation
in vitro and promotes xenograft growth in vivo [35,36]. The mechanistic link
between PAR1 and E-cadherin has been demonstrated in a follow up study where
doxycycline was proposed as a novel PAR1 inhibitor and doxycycline treated
cells exhibited increased E-cadherin expression and a significantly decreased
metastatic potential [37,38]. Considering these findings we might bring an ad-
ditional explanation for the increased proliferation in shPAR1 tumors in vivo.
Decreasing PAR1 activity on tumor cell increases E-cadherin expression, thereby
diminishing further differentiation and increasing the proliferative capacity. Fur-
thermore, our observations are in line with work of Krebs et al. [39], who show
less metastasis and more differentiated tumors in ZEB1 conditional knockdown
KPC animals as compared to ZEB1 expressing KPC animals. Despite the notion
to consider these changes as bona fide EMT, we do not observe full conversion
of cells into a mesenchymal phenotype. Recent discussions on EMT also report
intermediate phenotypes in different cell types and refer to them as “metastable”,
implying that these changes can be pushed further or conversely — reversed [40].
Moreover, several intriguing studies indeed show that stable intermediate cell
fates with hybrid epithelial and mesenchymal features exist and play a key role in
metastasis [41,42]. Therefore, we conclude that PAR1-induced changes result in
a hybrid epithelial/mesenchymal state.

PARI silencing in both Panc02 and KP cells results in increased tumor growth
in vivo, however metastasis is only significantly reduced by PAR1 silencing in
the KP model. This could be explained by the fact that the metastatic potential of
grafted wildtype Panc02 cells is low, not allowing a further decrease to become
evident. Indeed, Panc02 cells have been suggested to have a limited metastatic
phenotype [43]. Finally, the different genetic background of the used tumor cell
lines may contribute. KP cells are both Kras and Tp53 mutant whereas Panc02
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cells are Kras wildtype [43,44]. Considering the importance of Kras in human
pancreatic cancer [45] we focused on the KP model for detailed experimental

characterization of PAR1 mediated cell state transitions.

As opposed to the growth inhibitory effect of PAR-1 in vivo, PAR-1 deficiency
does not seem to affect proliferation in vitro. Obviously, 2-D cultures do not ac-
curately mimic the complex nature of stroma-rich pancreatic tumors and indeed
stromal components play crucial roles in cancer cell proliferation. In addition, the
in vitro experiments are performed in growth factor-rich fully oxygenated con-
ditions that may obscure the effect of PAR1 on proliferation under growth factor
and/or oxygen depleted circumstances that exist in vivo. Finally, the growth ad-
vantage of PAR1 deficient cells in vivo is observed after 4 weeks and it may well
be that small differences in growth rate are not observed on a short time scale in
vitro. Overall, this underscores that conclusions based on in vitro proliferation
experiments may not accurately reflect in vivo results and should be interpreted
with care.

Several clinical studies have evaluated the potential clinical efficacy of anticoag-
ulants in pancreatic cancer patients. Indeed, in a retrospective analysis of patients
who received chemotherapy for advanced pancreatic adenocarcinoma the addition
of low molecular weight heparin (LMWH) to standard chemotherapy significant-
ly improved survival in patients with locally advanced or metastatic pancreatic
carcinoma [46]. Opposed to these studies suggesting anticoagulants may increase
overall survival of pancreatic cancer patients, a large randomized-placebo con-
trolled trial did not show any benefit of LMWH in pancreatic cancer patients [47].
Our data showing that tumor cell PAR1 limits pancreatic cancer progression may
provide an explanation for the disappointing efficacy of anticoagulants in PDAC.
Indeed, thrombin is the prototypical PAR1 agonist and thrombin inhibition will
thus inhibit PAR1 signaling on tumor cells, suppress mesenchymal transition, and
enhance tumor cell proliferation. In line with this notion, we previously showed
that thrombin inhibition is less effective in the setting of pancreatic cancer as
compared to stromal PAR-1 depletion and we hypothesized this may be due to the
counteracting effect of thrombin-PAR1 signaling on tumor cells [48].

Overall, we show that, against its anticipated oncogenic role, tumor cell PAR1



limits PDAC progression by enhancing a mesenchymal phenotype of pancreatic
cancer cells. This implies that PAR1 plays a dual role in pancreatic cancer pro-
gression and that any therapeutic strategy focusing on PAR1 should be on the
stromal compartment. Such compartmentalized PAR1 targeting might be chal-
lenging although PAR1-dependent biased signaling, in which different agonists
induce different functional responses, may provide an opportunity. Indeed, iden-
tifying and targeting PAR1 agonists that drive tumor progression in the tumor
compartment, without affecting tumor inhibitory PAR1 signaling on tumor cells,

would be a promising strategy to pursue.
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Supplementary Figure 1

Bulk tumor PARI1 expression does not associate with survival in PDAC. PAR1
high (red) vs. PARI low (gray) Kaplan-Meier overall survival analysis of pancre-
atic ductal adenocarcinoma expression sets: (A) TCGA-PDAC; (B) GSE62452;
(C) GSE15471; and (D) GSE21501. Dichotomization for analysis was by median
expression of PAR1 and performed in R2: Genomics Analysis and Visualization
platform (http://r2.amc.nl).
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Supplementary Figure 2

Short hairpin RNA knockdown confirmation of KP and Panc02 cells via calcium-flux
assay. Calcium-flux response curves of KP (A) and Panc02 (B) shCtrl and shPARI1 cells.
Cells were induced with 1 U/ml thrombin or PBS. Calcium flux was monitored at indicat-
ed time points and measured kinetically on a plate reader.

>

6 KP cells Panc02 cells
= -e-shCtrl = 67
I -m-shPar1 I
Y~ S,
C © C ®©
22 22
(S (S
o & =l
S5 LS 21
3 E
0 T T T 1 0 T T 1
0 20 40 60 80 40 60 80
Time (h) Time (h)

Supplementary Figure 3

Short hairpin RNA mediated PAR1 knockdown in KP (A) and Panc02 (B) murine pancre-
atic cancer cell lines does not affect their proliferation rate. Both KP and Panc02 (shCtrl/
shPART1) cell line proliferation was tested with MTT assays at different time points 0,
24, 48 and 72h. Measurements were performed at 560nm. Fold changes were calculated
based on optical density at t=0.
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Supplementary Figure 4

Suppressing PAR1 decreases ZEB1 nuclear co-localization and increases E-cadherin ex-
pression. (A) Immunofluorescence for E-cadherin (upper panels) and ZEB1 (lower pan-
els) on PANC-1 shCtrl and PANC-1 shPAR1 cells. Filamentous (F-) actin was stained
with thodamine phalloidin, nuclei were stained with DAPI. Detection was done using
an Alexa488 conjugated secondary antibody. Scale bar is 20 pm. Images were acquired
with a Leica SP-8 Confocal Microscope at 63X magnification. (B) Flow cytometry his-
togram shows the cell count versus E-cadherin/Alexa 488 intensity of Mock (blue) and
250 nM Vorapaxar treated (red) PANC-1, MIA PaCa-2 and Capan-2 cells (Left to right,

respectively).
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Supplementary Figure 5

Sorting PAR1-GFP (PAR1-OE) or control-GFP (Control) transfected PANC-1 cells based
on GFP positivity. (A) Bright field and YFP fluorescence images at 4X magnification of
transfected PANC-1 cells. (B) Sorted populations. Initial gates are based on live popu-
lation and further gate was set on single cells. GFP positivity was gated on single cell
population. In both sets, GFP positive and negative populations were sorted.
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Chapter 3

Macrophage-secreted MMP9 induces mesenchymal
transition in pancreatic cancer cells
via PAR1 activation
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ABSTRACT

Purpose: Targeting tumor-infiltrating macrophages limits progression and
improves chemotherapeutic responses in pancreatic ductal adenocarcinoma
(PDAC). Protease-activated receptor (PAR)1 drives monocyte/macrophage re-
cruitment, and stromal ablation of PAR1 limits cancer growth and enhances gem-
citabine sensitivity in experimental PDAC. However, the functional interplay be-
tween PAR1, macrophages, and tumor cells remains unexplored. Here we address
the PAR1-macrophage-tumor cell crosstalk and assess its contributions to tumor
progression.

Methods: PARI1 expression and macrophage infiltration were correlated in
PDAC biopsies using gene expression datasets and tissue microarrays. Medium
transfer experiments were used to evaluate the functional consequences of macro-
phage-tumor cell crosstalk and to assess the contributions of PAR1 to the observed
responses. PAR1 cleavage assays were used to identify the macrophage-secreted
PARI agonist, and the effects of candidate proteases were assessed in medium
transfer experiments with specific inhibitors and/or recombinant agonist.
Results: PAR1 expression correlates with macrophage infiltration in PDAC, and
macrophages induce mesenchymal transition of PDAC cells through PAR1 acti-
vation. Protease profiling identified macrophage-secreted matrix metalloprotease
9 (MMP9) as the relevant PAR1 agonist in PDAC. PAR1 and/or MMP9 inhibi-
tion limited macrophage-driven mesenchymal transition. Likewise, preventing
mesenchymal transition by silencing ZEB1 or by pharmacological inhibition of
the MMPY/PARI1 axis significantly reduced the ability of tumor cells to survive
the anti-tumor activities of macrophages.

Conclusion: Macrophages secrete MMP9, which acts upon PDAC cells PARI
to induce mesenchymal transition. This macrophage-induced mesenchymal tran-
sition supports the tumor-promoting role of macrophage influx, explaining the

dichotomous contributions of these immune cells to tumor growth.



INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers with
reported S-year survival rates of less than 8% [1, 2]. The high mortality rate of
PDAC is mostly due to late diagnosis with the vast majority of patients presenting
with locally advanced or metastatic disease, and only around 20% of the patients
are eligible for surgical resection of the tumor. Despite intense research efforts to
improve and develop therapies, progress in therapeutic outcome has been slow,
and current treatment options are still inadequate [2]. In the recent past, gemcit-
abine was used as first-line therapy, but survival benefits were limited [3]. Novel
combination therapies like, for instance, FOLFIRINOX [4] or gemcitabine with
Nab-paclitaxel [5], are superior over single-drug gemcitabine regimens, but even
these intense combination treatments have limited efficacy. To increase PDAC
survival rates, a better understanding of the mechanisms that contribute to the

poor prognosis is urgently needed.

Macrophages are specialized mononuclear phagocytic immune cells critically in-
volved in host defense and tissue homeostasis [6]. In cancer, macrophages have
traditionally been considered to harbor cytotoxic activity, and numerous studies
indeed show that macrophages may kill tumor cells by secreting cytotoxic mol-
ecules, such as TNF-a, IL-12, nitric oxide (NO), and reactive oxygen species
(ROS) [7, 8]. Despite their cytotoxic capacity, however, macrophages are now
increasingly believed to be pro-tumorigenic and to potentiate tumor growth [9—
11]. High densities of macrophages are commonly seen in many different cancer
types, including PDAC, and they are typically associated with poor prognosis
[9]. Indeed, tumor-associated macrophages have been reported to induce epitheli-
al-to-mesenchymal transition (EMT) [12—14], and blocking macrophage infiltra-
tion to decrease the number of metastatic lesions [15]. Furthermore, macrophage
numbers have been reported to be associated with therapy resistance in pancreatic
cancer [16, 17].

Protease-activated receptor (PAR)1, a seven-transmembrane G protein-coupled
receptor (GPCR), is expressed in many tumor types, and its expression is associ-
ated with tumor progression and poor prognosis [18-21]. In contrast to most GP-

CRs, PAR1 activation requires proteolytic cleavage rather than classical ligand
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binding. PAR1 was initially identified as the thrombin receptor (F2R), but recent-
ly other agonists, such as activated protein C, matrix metalloproteases (MMPs),
and kallikreins, have been described [22]. Agonist-dependent proteolytic removal
of the N-terminal extracellular region of PAR1 releases a tethered ligand that in-
teracts with the body of the receptor to activate signaling pathways that affect nu-
merous pathophysiological responses. In PDAC, PAR1 is abundantly expressed
in both primary tumors as well as in metastases, and genetic ablation of PARI
from the tumor microenvironment limits cancer growth and enhances gemcit-
abine sensitivity in experimental animals [23]. Of note, stromal PAR1 deficiency
is accompanied by a reduced macrophage infiltration into the tumor microen-
vironment, which is a direct effect of PAR1-dependent chemokine production
[23]. In the current study, we explore the functional interplay between PARI,
macrophages, and tumor cells. In doing so, we uncovered a mechanism through
which macrophage-induced mesenchymal transition allows tumor cells to escape

macrophage-dependent cell death.



MATERIALS AND METHODS

Patients

A tissue microarray was prepared from tumor specimens of pancreatic cancer pa-
tients obtained during surgery according to the guidelines of the Medical Ethical
Committee of the Amsterdam University Medical Centers (Amsterdam UMC).
We used anonymized formalin-fixed paraffin-embedded (FFPE) human tissue
samples that were obtained during standard diagnostic procedures, and which
were later made available for scientific research (so-called ‘further use’ of human
tissue). According to the Code of Conduct for dealing responsibly with human
tissue in the context of health research, these biological materials are as such not
subject to any requirement for ethical review or consent from patients [24]. From
selected FFPE blocks with primary PDAC (n = 30), one core of tumor with a
diameter of 1 mm was collected using a TMA instrument (Beecher Instruments,
Silver Springs MD, USA) and inserted in a recipient block. Each recipient block
was sectioned at 4 um, and dried overnight at 37°C.

Immunohistochemistry

PDAC FFPE tissue sections were stained for PAR1 (ATAP-2: sc-13503, Santa
Cruz Biotechnology, Dallas, TX, USA), CD68 (PG-M1, Dako Omnis, Agilent,
Santa Clara, CA) and CD163 (10D6, Thermo Fischer Scientific, Waltham, MA).
Slides were deparaffinized and rehydrated, after which endogenous peroxidase
activity was quenched in 0.5% hydrogen peroxide-methanol solution. Antigen
retrieval was performed for 20 minutes in Tris/EDTA pH 9.0 buffer in a pres-
sure cooker. Primary antibodies directed against CD163 and CD68 were applied
for 60 minutes at room temperature, whereas an anti-PAR1 antibody was ap-
plied overnight at 40C. Slides were subsequently incubated with the appropriate
HRP-conjugated secondary antibodies. To obtain triple staining of single slides,
the same slide was sequentially stained. Following each staining, the sections
were digitized (scanned) using a Philips IntelliSite UFS (Philips Digital Pathol-
ogy Solutions, Best, the Netherlands) followed by a stripping step in which the
colors and bound complexes were eluted from the sections, as described before
[25]. De-stained sections were examined prior to the subsequent immunostaining
to ensure that the previous staining was no longer present. From the acquired dig-

ital images, areas of interest were selected and aligned by non-linear registration
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of the separate images. After creating image stacks and color deconvolution for
NovaRed, false-color images were created for each staining and re-stacked using
Fiji/Image J analysis software (NIH, Bethesda, MD, USA).

Reagents

The following reagents were used: GM6001 (ChemCruz, Dallas, TX, USA),
Vorapaxar (250 nM, Adooq Bioscience, Irvine, CA, USA), L-glutamine (Lonza,
Basel, Switzerland), Penicillin and Streptomycin (Lonza, Basel, Switzerland),
Trypsin-EDTA (Gibco, Thermo Fischer Scientific, Waltham, MA, USA), Puro-
mycin (Sigma, St. Louis, MO, USA), phorbol 12-myristate 13-acetate (PMA;
Merck-Millipore, Burlington, MA, USA), 3-(4,5-dimethylthiazol- 2-yl)-2,5-di-
phenyltetrazolium (MTT), pre-activated recombinant MMP9 and Crystal Violet
(both from Sigma, St. Louis, MO, USA).

Cell culture

Human PANC-1, MIA PaCa-2 and Capan-2 pancreatic cancer cells (ATCC,
Manassas, VA, USA) were cultured in high glucose (4.5g/ml) DMEM (Gibco,
Thermo Fischer Scientific, Waltham, MA, USA) and human THP-1 (ATCC,
Manassas, VA, USA) cells were cultured in RPMI-1640 (Gibco, Thermo Fischer
Scientific, Waltham, MA, USA). All media were supplemented with 10% fetal
bovine serum (FBS, #F7524, Sigma, St. Louis, MO, USA), L-glutamine (2 mM),
except RPMI-1640 for conditioned media experiments, which was supplemented
with 1X GlutaMAX (Gibco, Thermo Fischer Scientific, Waltham, MA, USA),
penicillin (100 units/ml), and streptomycin (500 pg/ml) (Lonza, Basel, Switzer-
land) according to routine cell culture procedures. Cells were incubated in 5%
CO2 incubators at 370C. All PDAC cell lines were authenticated by STR profil-
ing (Promega PowerPlex, Leiden, Netherlands), and tested for mycoplasma by
PCR monthly.

Generation of macrophages and conditioned media

THP-1 cells seeded at 106 in a T75 culture flask (Greiner Bio-One, Kremsmiin-
ster, Austria) were treated with 150 nM phorbol 12-myristate 13-acetate (PMA)
for 24 hours in RPMI-1640 (Gibco, Thermo Fischer Scientific, Waltham, MA,
USA) medium. Next, adherent activated THP-1 cells were washed with fresh

medium to remove PMA, and cells were cultured in fresh medium for another 24



hours, after which the medium was refreshed once more. Conditioned medium
from these MO macrophages (M0-CM), which express CD68 and CD163 but not
CD206 (Sup. Fig. 2A), was collected 48 hours later. After collection, MO-CM
was centrifuged at 1200 RPM for 4 minutes to remove cell debris, filtered using
0.2 um syringe filters (Corning, New York, NY, USA), and stored at 40C. For
experimental procedures, the MO-CM medium was diluted 1:1 with fresh media
to refresh the nutrients and serum content of the medium. M2 macrophages for
phenotype testing (Sup. Fig. 2A), were generated from THP-1 cells, as described
previously [26].

MMP9 cleavage prediction of PAR1

The FASTA sequence of human PAR1 (F2R), Uniprot ID: P25116, was loaded
into the CleavePredict MMP substrate cleavage prediction tool for MMPs (http://
cleavpredict.sanfordburnham.org [27]). After analysis, position weight matrices
(PWM) representative of prediction scores for PAR1 cleavage were exported. In
this analysis, higher PWM scores indicate a more substantial likelihood of cleav-
age at a specific site. A model representing the PAR1 N-terminal arm between
amino acids 33 and 44, as shown in Figure 4, was generated in SWISS-MODEL
(https://swissmodel.expasy.org/) and agonist-specific cleavage sites were colored
using PyMol (https://pymol.org).

MMP9 ELISA
MMP9 concentrations in MO-CM were determined using a commercially avail-
able MMP9 ELISA kit (DY911-05, R&D Systems, Minneapolis, MN, USA) ac-

cording to the manufacturer’s instructions.

Quantitative Real-Time PCR

Total RNA was isolated using a NucleoSpin RNA miniprep kit (Macherey Na-
gel, Diiren, Germany). cDNA was synthesized from DNase-treated total RNA
using M-MLV-RT (Promega, Leiden, Netherlands) and random hexamers (Qia-
gen, Hilden, Germany). Real-time quantitative RT-PCR was performed using a
Sensifast SYBR No-Rox Kit (Bioline, London, UK) on a LightCycler 480 II
(Roche, Basel, Switzerland). Relative expression levels were calculated using
the comparative threshold cycle (dCt method) and normalized for expression of
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the reference gene TBP. Primer sequences of the analyzed genes are shown in
Supplementary Table 1.

PDAC expression datasets

Gene expression datasets were derived from the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/gds) using the R2 microarray analysis and visual-
ization platform (http://r2.amc.nl). Pancreatic tumor expression sets (GSE62452
[28], GSE28735 [29], GSE15471 [30], TCGA-PDAC [31], E-MTAB-6830 [32],
GSE93326 [33] and GSE49149 [34]) were used for expression analysis of PAR1
(F2R), CD68 and CD163. Datasets were dichotomized for F2R, CD68, or CD163

based on the median expression and further analyzed on the same platform.

Secreted alkaline phosphatase (SEAP) assay to detect PAR1 cleavage

HEK 293 cells stably expressing PAR1-SEAP (kindly provided by Dr. Mosnier,
The Scripps Research Institute, La Jolla, CA, USA) were used for reporter assays
as described previously [35]. PAR1-SEAP cells were incubated with 100 nM re-
combinant MMP9 (pre-activated, Sigma, St. Louis, MO, USA), 0.1 U/ml throm-
bin, or solvent control for 30 minutes in serum-free Opti-MEM (Gibco, Thermo
Fischer Scientific, Waltham, MA, USA). Next, the supernatant was removed, and
alkaline phosphatase activity was measured according to the manufacturer’s in-
structions on a Synergy HT Biotek Microplate Reader (Biotek Instruments, Win-
ooski, VT, USA).

Phase contrast microscopy and fluorescence microscopy

MO-CM-induced cellular changes were visualized at 20x magnification with
phase-contrast on a Zeiss AxioVert microscope. Tracking cell behavior in time
was performed with the scanning function on the EVOS® FL Cell Imaging Sys-
tem (Thermo Fischer Scientific, Waltham, MA, USA) at 10x magnification. Un-
labelled Capan-2 cells were visualized with the phase contrast channel on the
EVOS system. Scanned images were analyzed using ImageJ for area measure-
ment (Capan-2).

MTT cell proliferation and Crystal Violet cell viability assays
Cells at 70% confluence in 96-well plates were serum-starved overnight after
which cell proliferation/viability was determined using 3-(4,5-dimethylthiazol-



2-y1)-2,5-diphenyltetrazolium (MTT; 5 mg/ml) or Crystal Violet (0.5% Crystal
Violet in 6% Glutaraldehyde in PBS) at 72 hours according to routine proce-
dures. Cells were incubated with MTT reagent for 3 hours or with Crystal Violet
for 30 minutes. Measurements were performed on a Synergy HT Biotek Micro-
plate Reader (Biotek Instruments, Winooski, VT, USA) at 560 nm for MTT and
600 nm for Crystal Violet. The decrease in proliferation/viability was calculated
based on optical density at t = 0 as 0%.

Flow cytometric detection of Annexin-V for apoptosis

After overnight serum starvation, cells were treated with MO-CM or control
media for 48 hours after which free-floating and attached cells were collected,
re-suspended in Annexin-V binding buffer (BD, Franklin Lakes, NJ, USA) and
transferred to 96-well plates for staining. To each well containing 100 pl cell
suspension, 1 pl anti-Annexin-V FITC antibody (BD, Franklin Lakes, NJ) was
added. After incubation in the dark for 1 hour, cells were washed twice with An-
nexin-V binding buffer and re-suspended in 200 pl fresh buffer. Annexin-V posi-
tivity was next analyzed on a FACS Canto II (BD, Franklin Lakes, NJ, USA). The
gating strategy for FITC positivity was set on the single-cell population (see Fig.
5C). The AnnexinV+ population was determined using antibody control samples
(isotype control) applied to all conditions. For analysis, Geometric Mean Fluo-
rescent Intensity (gMFI) on the FITC channel was used. Gating and data analysis
were performed using FLOWJO v10 (FlowJo LLC, Ashland, OR, USA).

Lentiviral gene silencing

PART1 silenced PANC-1, MIA PaCa-2, and Capan-2 cells were established with
knockdown efficiencies of around 70% for PANC-1 and Capan-2 and around
50% for MIA PaCa-2 cells [36]. For lentiviral silencing of ZEB1, shRNA clones
TRCNO0000017565 and TRCNO000017567 were used. Clone shc004 was used as
control. Lentivirus was produced by transfecting HEK293T cells with 3rd gener-
ation transfer and packaging plasmids pVSV, pMDL, and pRES using Lipofect-
amine 2000 (Thermo Fisher Scientific, Waltham, MA, USA). 48 and 72 hours
after transfection, the supernatant was harvested and 0.45 pm filtered (Millipore,
Billerica, MA, USA). PANC-1 cells were transduced with 40 pl lentivirus and
incubated for 48 hours. Transduced cells were selected with 2 pg/ml puromycin
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(Sigma, St. Louis, MO, USA) for 72 hours, after which the transduction efficien-
cy was analyzed by qRT-PCR for the target gene.

Statistical analysis

Data are presented as mean + SEM. Statistical analysis was performed using
GraphPad PRISM 8.0 (Graphpad Software Inc., La Jolla, CA, USA). Statistically
significant differences were considered with a p-value < 0.05. For further details
of the statistical analyses, see figure legends. P-values are indicated by asterisks
with * p <0.05, ** p <0.01, *** p <0.001, and **** p <0.0001.



RESULTS

PARI1 expression correlates with macrophage markers in human pancreatic
tumors

To explore the functional interplay between PAR1, macrophages, and tumor
cells, we first determined the correlation between PAR1/F2R and macrophages in
both tumor and control pancreatic tissues. To this end, four different PDAC gene
expression sets were dichotomized for tissue status (i.e., tumor or non-tumor),
after which the expression of the macrophage marker CD68 and F2R(PAR1) was
assessed. Both these markers were predominantly high in pancreatic tumor tis-
sue (Fig. 1A). Next, we plotted the expression of the general macrophage mark-
er CD68 and the tumor-associated macrophage marker CD163 versus F2R in
tumor-only datasets (Fig. 1B). In these sets, CD68 and CD163 expression sig-
nificantly correlated (Sup. Fig 1), and both markers correlated with PAR1/F2R
expression (Fig. 1B). Subsequent immunohistochemical analysis of our in-house
PDAC-TMA showed abundant PAR1, CD68, and CD163 expression, but no
co-expression of PAR1 on either CD68- or CD163-positive cells (Fig. 1C). Over-
all, these data confirm that PAR1 is overexpressed in pancreatic tumor tissues and
that PAR1 expression correlates with macrophage numbers in the tumor microen-

vironment, but that macrophages themselves are PAR1-negative.
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Figure 1

PARI1 is predominantly expressed in tumor tissue and correlates with macrophage mark-
ers. (A) Density plots for expression of CD68 (green) and PAR1(F2R) (purple) in the
GSE15471, GSE62452, GSE28735 and GSE62165 datasets. For each set, expression in
pancreatic cancer patients (dark) and non-tumor controls (light) is indicated. Student’s
t-tests were used to determine the significance of the differences in expression between
the tumor and non-tumor control groups. (B) Correlations between F2R and CD68 or
CD163 expression (log2 scale) in the TCGA-PDAC, E-MTAB-6830, and GSE49149
datasets. On the lower right corner of each graph, p-values and Pearson correlation co-
efficients (R) are shown. (C) Pancreatic tumor micro-array staining for CD68, CD163,
PAR1, and H&E. Each layer was scanned separately and generated as virtual stacks in
ImagelJ. The virtual image stack on the right represents CD68 (green), CD163 (blue), and
PARI (red) staining.



Macrophages induce EMT in a PAR1-dependent manner

To assess whether the observed correlation between PAR1 expression and macro-
phage infiltration has any functional consequence, we next focused on the role of
PARI in the macrophage-tumor cell crosstalk. Conditioned medium (CM) from
PMA-induced THP-1 monocytes (characterization shown in Sup. Fig 2A), here-
after called MO macrophages, was applied to PANC-1 pancreatic cancer cells in
the absence or presence of the PAR1 inhibitor Vorapaxar (Fig. 2A). We found that
MO-CM induced fibroblast-like morphological changes in PANC-1 cells, which
was reduced by Vorapaxar-dependent PAR1 inhibition (Fig. 2A). Importantly, the
control conditioned medium (PANC-1-CM) did not induce any morphological
changes (Sup. Fig. 2B), excluding nutrient depletion to cause the effects of MO-
CM. To confirm the specificity of the Vorapaxar results and to show that PAR1
acts on tumor cells, we next incubated PAR1-silenced PANC-1 cells (shPAR1)
(as generated previously [36]) and their controls (shCtrl) with M0O-CM. Control
cells showed similar morphological changes as non-transduced PANC-1 cells,
whereas these changes were less apparent in shPAR1 cells (Fig. 2B).

To molecularly characterize the macrophage-induced morphological changes, we
measured the expression of cell state markers E-cadherin (CDH1), Zinc finger
E-box binding homeobox 1 (ZEB1), and Vimentin (VIM). M0-CM treatment of
PANC-1 and MIA PaCa-2 cells resulted in decreased CDH1 expression and in-
creased ZEB1 and VIM expression (Fig. 2C-D). In line with the reduction in
morphological changes observed by microscopy (Fig. 2A and 2B), PAR1 inhi-
bition diminished M0-CM-induced changes of cell state markers. PAR1 silenced
PANC-1, and MIA PaCa-2 cells showed similar changes as Vorapaxar treated
control PAR1 expressing cells (Fig. 2E-F); M0-CM treatment decreased CDH1
and increased ZEB1 and VIM expression in shCtrl cells, but not in shPAR1 cells
(that already show enhanced epithelial characteristics as described previously
[36]). Of note, and in line with our previous study on the contributions of PAR1
signaling to tumor cell state [36], we found that also in the absence of M0-CM
inhibition of PAR1 (using Vorapaxar) resulted in an epithelial phenotype shift in

cancer cells.
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Figure 2

Macrophages induce EMT of pancreatic cancer cells in a PAR1-dependent manner. (A)
Phase-contrast microscope images of PANC-1 wildtype cells treated with control or MO-
CM medium. PAR1 was inhibited by Vorapaxar (500 nM) using DMSO as a mock con-
trol. Spindle-shaped cells were quantified using the cell counter tool of Image J, after
which the percentage per field was calculated according to the total number of cells.
Shown is the mean = SEM (n = 3); Student’s t-test. (B) Morphology assessment of shCtrl
and shPAR1 PANC-1 cells treated with MO-CM. Spindle-shaped cells were quantified
using the cell counter tool of Image J, after which the percentage per field was calculated
according to the total number of cells. Shown is the mean + SEM (n = 3); Student’s t-test.
In panels A and B, magnification is 20x, and the scale bar indicates 50 pm. (C-D) Relative
mRNA expression of CDH1, ZEB1, and VIM in RPMI-1640 (white) or MO-CM (blue)
treated PANC-1 (C) and MIA PaCa-2 (D) cells. PAR1 was inhibited by Vorapaxar (500
nM) using DMSO as a mock control. Shown is the mean = SEM (n = 4); Student’s t-test.
(E-F) Relative mRNA expression of CDHI1, ZEB1 and VIM in RPMI-1640 (-) or M0-
CM (+) treated PANC-1 (E) or MIA PaCa-2 (F) shCtrl (white) and shPAR1 (gray) cells.
Shown is the mean + SEM (n = 4); Student’s t-test. Relative expression levels, as depicted
in panels C-F, were calculated using the comparative threshold cycle (dCt method) and
normalized to the expression of the reference gene TBP.



To substantiate our findings that loss of PAR1 seems to block a macrophage-me-
diated mesenchymal cell state transition, we correlated stromal macrophage con-
tent with tumor cell phenotype in PDAC. To avoid confounding by stromal cells
expressing mesenchymal markers, we performed these analyses using a laser
capture micro-dissected gene expression set (GSE93326) containing paired stro-
mal and tumor epithelium samples. We used the median expression of CD68 and
CD163 from the stromal samples to dichotomize the matched tumor samples.
Next, we generated differential gene expression plots between CD68 (Fig. 3A)
or CD163 (Fig. 3B) high and low tumor samples. The association with EMT was
highlighted using the Hallmark EMT gene set (derived from MSigDB). Inter-
estingly, most EMT related genes were increased in the CD68 or CD163 high
groups. In line with these findings, gene set enrichment analysis (GSEA) showed
that both CD68 and CD163 expression positively correlated with epithelial sig-
natures (Fig. 3C and D). Overall, these data suggest that macrophage influx cor-
relates with a mesenchymal tumor state.
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Figure 3

Macrophage influx correlates with EMT of cancer cells. High CD68 and CD163 mac-
rophage marker expression in stroma indicate enhanced EMT in epithelial cells. (A-B)
Differential expression analysis of tumor cells dichotomized on the stromal expression
of CD68 (A) or CD163 (B) with genes from the Hallmark EMT signature highlighted
in red. (C-D) Gene Set Enrichment Analysis (GSEA) results for human PDAC cells
from the GSE93326 expression set (dichotomized for median CD68 (C) or CD163
(D)) with the Hallmark EMT signature. Normalized Enhancement Score (NES) and
Family-Wise Error Rate (FWER) p-values are shown on the enrichment plots.

Macrophage-secreted MMP9 activates PAR1 and drives EMT

In order to identify the PAR1 agonist that mediates cancer cell differentiation,
we next analyzed expression levels of all confirmed or suggested PAR1-cleav-
ing proteases in MO macrophages. Although several proteases were found to be
expressed by M0 macrophages, MMP9 was most abundantly expressed with lev-
els approximately 1000-fold higher than those of granzyme B, proteinase 3, and
kallikrein 4 (Fig. 4A). Although MMP9 has been suggested to act as a PARI
cleaving protease [37, 38], detailed experimental proof for its activity on PAR1
has so far not been provided. Therefore, we next assessed whether the N-ter-
minal tethered ligand of PAR1 contains a putative MMP9 cleavage site using
the CleavPredict algorithm [27]. As shown in Figure 4B, this in silico analysis
identified three potential MMP9 cleavage sites in the N-terminal part of PAR1
with the most robust proteolytic cleavage for the P1 position at Serine 42. Inter-
estingly, this predicted MMP9 cleavage site lies directly adjacent to the throm-
bin cleavage site and is similar to the proposed MMP13 cleavage site [39]. To
demonstrate that MMP9 may cleave PAR1, SEAP-PARI reporter cells [35] were
incubated with recombinant MMP9, thrombin (positive control), or PBS (neg-
ative control). Both recombinant MMP9 and thrombin efficiently induced the
proteolytic release of SEAP indicative of PARI1 cleavage (Fig. 4C). To confirm
that macrophage-secreted MMP9 is indeed responsible for the observed mac-
rophage-dependent mesenchymal transition of PANC-1 and MIA PaCa-2 cells,
we next determined MMP9 levels in M0-CM and found that the medium indeed
contains high MMP9 levels (Fig. 4D). Finally, we assessed whether MMP?9 in-
hibition could block the MO-CM-induced mesenchymal transition. As shown in
Figure 4E and 4F, the effects of MMPY inhibition with GM6001 indeed mim-



ic that of Vorapaxar and significantly limited the M0-CM-induced decrease in
CDHI1 and increases in ZEB1 and VIM expression. As for Figure 2 and our pre-
vious work [36], inhibition of MMP9 in the absence of any macrophage-derived
cues conferred an increased epithelial phenotype in MIA PaCa-2 cells (Fig. 4F).

To confirm the role of the MMP9-PAR1 axis in mesenchymal transition and to
assess the general applicability of our findings, we next used Capan-2 cells that
are particularly epithelial and could, therefore, be expected to be more resilient
to fully transition into a mesenchymal state [40]. Capan-2 cells were incubated in
MO0-CM or control medium. M0-CM indeed induced morphological changes (Fig.
4G, white arrows), and these changes were accompanied by decreased CDHI
and increased ZEB1 and Vimentin expression (Fig. 4H). Vorapaxar and GM6001
treatment significantly decreased the M0-CM-induced morphological changes
(Sup. Fig. 3A). Similar to PANC-1 and MIA PaCa-2 cells, direct PAR1 inhibi-
tion by Vorapaxar or indirect inhibition by GM6001 prevented M0-CM-induced
mesenchymal transition of Capan-2 cells as evident from reduced morphological
changes as well as reduced expression of the cell state markers CDH1, ZEB1
and VIM. Considering these results, a picture emerges that macrophage-secreted
MMPO activates PAR1, which further orchestrates mesenchymal differentiation.

PART1 signaling limits macrophage-induced cytotoxicity

Mesenchymal transition is known to cause drug resistance [41], and we aimed to
assess whether macrophage-MMP9-PAR1 driven EMT also impacts resistance.
Contrary to our expectations, however, we found that M0-CM already caused
a substantial decrease in cell viability by itself (Fig. SA and Sup. Fig. 3B-C).
The M0-CM induced cytotoxicity was dependent on the MMP9-PARI1 signaling
axis as both Vorapaxar and GM6001 significantly potentiated macrophage-in-
duced cytotoxicity in PANC-1, MIA PaCa-2 and Capan-2 cells (Fig. SA-B, and
Sup. Fig.3B-C). To exclude that the decreased viability after MO-CM medium
transfer may be due to nutrient depletion, we compared time-matched medium
form PANC-1 cells (PANC-1-CM) with M0-CM and found that the decrease in
viability was specific to MO-CM (Sup. Fig. 4). To formally discriminate between
cytotoxicity or decreased proliferation after M0-CM treatment, we analyzed
Annexin-V positivity in control, and M0-CM-treated PANC-1 and MIA PaCa-2
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Figure 4

Macrophage-secreted MMP9 activates PAR1. (A) Relative mRNA expression levels of
PAR1-cleaving proteases in MO macrophages. The expression levels of F2 (Thrombin),
MMP1, MMP2, MMP9, MMP13, F10 (FX), GZMB, NE, PR3, PRSS3, and KLK4 are
shown as mean £ SEM (n = 4); Student’s t-test. § indicates signals below the detection
limit. (B) MMP9 cleavage prediction of the PAR1 N-terminal amino acid sequence, de-
rived from the FASTA sequence of Uniprot ID: P25116. P1 position, sequence, and PWM
(position weight matrices) are shown together with the mass of the N- and C-terminal
sequences after cleavage. Below the table, a stick representation for the PAR1 N-termi-
nal amino acid sequence, where protease cleavage sites are concentrated, is shown. In
this representation, locations for MMP2 (yellow), MMP1 (blue), Thrombin (Green) and
MMP13, together with MMP9 (red) are indicated. (C) Quantification of PAR1 cleav-
age with 100 nM recombinant MMP9 (rMMP9) and 0.1 U/ml Thrombin in PAR1-SEAP
assays. N = 4. Error bars show mean + SEM. One-way ANOVA. (D) MMP9 levels in
MO0-CM and RPMI-1640 media. Shown is the mean = SEM (n = 4); Student’s t-test. §
indicates signals below the detection limit. (E-F) Relative mRNA expression of CDHI1,
ZEBI1, and VIM in RPMI-1640 (white) or MO-CM (blue) treated PANC-1 (E) and MIA
PaCa-2 (F) cells. MMP9 was inhibited by GM6001 (5 uM) using DMSO as a mock con-
trol. Shown is the mean +£ SEM (n = 4); Student’s t-test. (G) Phase-contrast microscope
image of Capan-2 cells after control (1:1 DMEM+RPMI-1640) and M0-CM treatment.
PAR1 was inhibited by Vorapaxar (500 nM), MMP9 was inhibited by GM6001 (5 pM),
and DMSO served as a mock control. Shown are images at t = 72 hours after the addition
of M0-CM. Magnification is 10x, and scale bars indicate 100 um. (H) Relative mRNA
expression of CDH1, ZEB1, and VIM in RPMI-1640 (white) or MO-CM (blue) treated
Capan-2 cells. PAR1 was inhibited by Vorapaxar (500 nM), MMP9 was inhibited by
GM6001 (5 uM), and DMSO served as a mock control. Shown is the mean + SEM (n =
4); Student’s t-test. Relative expression levels, as depicted in panels E, F, and H, were
calculated using the comparative threshold cycle (dCt method) and normalized to the
expression of the reference gene TBP.
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Figure 5

The PAR1-MMP?9 axis reduces macrophage induced cytotoxicity. (A-B) MTT viability
assay of PANC-1, MIA PaCa-2, and Capan-2 cells in RPMI-1640 (white) or M0-CM
(blue) medium. Shown in the effect of PAR1 inhibition with 500 nM Vorapaxar (A) or
MMP?Y inhibition with 5 pM GM6001 (B). Decreased viability is calculated relative to
the viability of control-treated cells. Shown is the mean + SEM (n = 6); One-way ANO-
VA. (C) Annexin V-FITC+ cells in mock (RPMI-1640), MO-CM, or positive-control
(Gemcitabine) treated PANC-1 and MIA PaCa-2 cells at t = 48 h. Left panel: gating
strategy for the Annexin V+ population. The FITC gate was set on antibody controls.
Right panel: geometric Mean Fluorescent Intensity (gMFI) on the FITC channel (An-
nexin V density) for Mock, M0-CM, and positive-control treated cells from the previ-
ous panel is given. Shown is the mean + SEM (n = 3); One-way ANOVA.



cells. MO-CM treatment indeed induced Annexin-V positivity in both cell lines,
showing that M0-CM drives PDAC cells into apoptosis (Fig. SC). To substantiate
these findings, we next analyzed the effect of PAR1 silencing on MO-CM-induced
cytotoxicity. Under M0-CM treatment, the addition of GM6001 only increased
cytotoxicity in shCtrl cells but did not change the response in shPAR1 PANC-1,
MIA PaCa-2, and Capan-2 cells (Sup. Fig. SA-B). Overall, these data suggest
that the MMP9-PAR1 axis allows tumor cells to escape macrophage-dependent
cell death.

Mesenchymal transition is a prerequisite for tumor cells to survive macro-
phage-induced cytotoxicity

Activation of PAR1 by macrophage-secreted MMP9 results in increased mesen-
chymal transition and reduced cell death of PDAC cells. To functionally ascer-
tain that the mesenchymal transition is causal in the escape of PDAC cells from
macrophage-dependent cell death, we generated ZEBI1-silenced PANC-1 cells
to block their capacity to undergo EMT and, subsequently, exposed these cells
to MO-CM. ZEBI-silenced cells (knockdown efficiency depicted in Sup. Fig. 6)
indeed showed largely diminished cell viability in response to M0-CM compared
to control silenced cells that are capable of mesenchymal transition (Fig. 6A).
Moreover, targeting the MMP9-PARI1 axis in ZEB1-silenced cells did not fur-
ther affect cell viability, confirming that MMP9-PAR 1-dependent mesenchymal
transition is the mechanism by which tumor cells escape macrophage-dependent
cytotoxicity (Fig. 6A). Overall, these data thus show that mesenchymal transition
protects tumor cells from macrophage-induced cytotoxicity (Fig. 6B).
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inducing mesenchymal transition and subsequent resistance to macrophage-induced cy-

totoxicity.



DISCUSSION

Previous work has shown that stromal PAR1 ablation limits pancreatic cancer
progression and potentiates gemcitabine efficacy [23]. In these experiments, di-
minished tumor growth was accompanied by reduced macrophage infiltration
into the tumor [23], and macrophages were found to play a key role in PDAC de-
velopment and progression [42]. Consequently, we hypothesized that PAR1-de-
pendent macrophage-tumor cell crosstalk may contribute to the poor prognosis of
PDAC. Using patient tumor biopsies, we confirmed that PAR1 is overexpressed
in pancreatic tumor tissues and that its expression correlates with macrophage
infiltration into the tumor microenvironment. Of note, we found that macro-
phage-derived signals act on PAR1 to mediate tumor-promoting effects. This is
of particular interest in light of the dichotomous contributions of macrophages to

cancer.

Early during tumor development, bone marrow-derived monocytes are recruit-
ed into the tumor microenvironment as an anti-tumor immune response. These
cells then differentiate into naive (M0) macrophages, and depending on specific
signals from the tumor microenvironment, they subsequently polarize into M2
or tumor-associated macrophages (TAMs), which have been described to induce
EMT in cancer cells and drive metastasis and drug resistance [15—17]. Here, we
assessed the functional interplay between MO macrophages, PAR1 and tumor
cells and found that MO macrophages induce distinct morphological changes in
PDAC cells reminiscent of EMT. This effect was dependent on an MMP9-PAR1
signaling axis, and subsequent experiments with ZEB1-silenced PDAC cells fur-
ther underscored the contributions of mesenchymal transition programs to the
escape of tumor cells from macrophage-induced cytotoxicity. This suggests that
early in the sequence of macrophage recruitment to the tumor microenvironment,
MO macrophage differentiation results in MMP9-PAR1-EMT dependent cross-
talk that facilitates tumor progression.

We found that MO macrophages secrete a PAR1 agonist leading to PAR1-depen-
dent mesenchymal transition of pancreatic cancer cells. Although thrombin is
the first described and best-known PAR-1 agonist, more recently, other agonists
like matrix metalloproteases (MMPs) and kallikreins have been described [22].
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Of these potential PAR1 agonists, we here identified MMP9 as the most likely
endogenous agonist secreted by MO macrophages. Based on MMP9-dependent
PARI internalization, it has previously been hypothesized that MMP9 may acti-
vate PAR1 [38], but functional evidence was not provided. Here, we substantiate
these findings by showing that MMP9 indeed cleaves PAR1. Our in silico anal-
ysis identified Ser-42 of PARI as the most likely MMP9 cleavage site, which is
particularly interesting as Ser-42 was previously identified as an MMP13 cleav-
age site leading to pathological activation of Gaq- and ErbB receptor-dependent
pathways in the heart [39], suggesting that MMP9-dependent cleavage indeed
activates PAR1. In line with this notion, we found that MMP9 inhibition mimics
PART1 inhibition. Indeed, GM6001 and Vorapaxar both block M0-CM-induced
mesenchymal transition and prevent macrophage-induced cytotoxicity. It should
be noted that the genetic silencing of PAR1 by shRNA transduction and pharma-
cological inhibition of PAR1 (Vorapaxar) or MMP9 (GM6001) did not complete-
ly reverse MO-CM-induced EMT. Most likely, this may be due to residual PAR1
expression/signaling, although it cannot be ruled out that macrophages secrete

alternative mediators that induce morphological changes independent of PAR1.

In the current study, we revealed a tumor-promoting effect of the MMP9/PARI1
axis, suggesting that targeting this axis may have clinical benefit. Although PAR1
is generally considered to promote cancer progression [43], PAR1 may, however,
not be the most attractive target to pursue in a cancer setting due to recent ob-
servations showing that genetic elimination of PARI, in fact, aggravates tumor
development [36, 44]. The context-dependent role of PAR1 in tumor biology is
not fully understood, but it is well conceivable that the outcome of PAR1 acti-
vation depends on the activating agonist. Indeed, PAR1 is well known to exert
biased agonism, a process in which different agonists activate multiple signaling
pathways that have distinct or even opposite effects on cell function [35]. Instead
of PAR1, it may thus be better to target MMPO. Interestingly, MMP9 levels have
already been shown to correlate with lymph node involvement and the occur-
rence of distant metastases in pancreatic cancer patients [45]. Moreover, tumor
cell MMPO levels [46], as well as preoperative serum MMP9 concentrations [47],
have been found to significantly correlate with the survival of pancreatic cancer
patients, identifying MMP?9 as a prognostic marker for PDAC survival. Although
the clinical efficacy of MMP9 inhibition in PDAC remains to be established,



recent observations that selective MMP?9 inhibition in combination with mFOLF-
0OX6 showed encouraging clinical activity without additional toxicity in patients
with HER2-negative gastric and gastric/gastroesophageal junction adenocarcino-
mas [48], which suggests that MMP9 inhibition may be promising for enhancing

combined therapeutic benefits.

CONCLUSION

In the early stages of tumor progression, macrophages exert anti-tumor effects.
Here we show that in response to macrophage-secreted MMP9, tumor cells un-
dergo mesenchymal transition in a PAR1-dependent manner. This adds to our
understanding of the pro-tumor contributions of macrophages and may explain
the contradictory contributions of macrophages to pancreatic as well as other

cancers.
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Correlation of CD68 with CD163 expression (on log2 scale) in the TCGA-PDAC,
E-MTAB-6830, and GSE49149 datasets. On the lower right corner of each graph, p-val-
ues and Pearson correlation coefficients (R) are shown.
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Supplementary Figure 2

(A) Relative mRNA expression of CD68, CD163, and CD206 in MO and M2 macro-
phages. Shown is the mean+SEM (n=4); One-way ANOVA. Relative expression levels,
as depicted in this panel, were calculated using the comparative threshold cycle (dCt
method) and were normalized for expression of the reference gene TBP. (B) Phase-con-
trast microscope images of PANC-1 cells under RPMI and 1:1 PANC-CM treatment.
Images are taken at t=72 hours. Magnification is at 10X, and scale bars indicate 100 pm.
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Supplementary Figure 3

(A) Quantification of morphological changes of Capan-2 cells treated with RPMI (white)
or M0-CM (blue). PAR1 was inhibited by Vorapaxar (500 nM), MMP9 was inhibited by
GM6001 (5 uM), and DMSO served as a mock control. Quantification is done at t=72h
(images are shown in Fig. 3G). Shown is the mean+SEM (n=4); One-way ANOVA. (B)
Cell numbers of Capan-2 cells after RPMI (white) or M0-CM (blue) treatment calculated
based on the difference in total cell area at t=96 versus t=0 hours. PAR1 was inhibited
by Vorapaxar (500 nM), MMP9 was inhibited by GM6001 (5 uM), and DMSO served
as a mock control. Shown is the mean+SEM (n=3); Student’s t-test. (C) Crystal Violet
assays of PANC-1, MIA PaCa-2, and Capan-2 cells treated with RPMI (white) or MO-
CM (blue). Shown is the effect of PAR1 inhibition with 500 nM Vorapaxar (A) or MMP9
inhibition with 5 pM GM6001.
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Supplementary Figure 4
MTT viability assays of PANC-1 cells treated with RPMI, PANC-CM, and M0-CM.
Shown is the mean+=SEM (n=4); One-way ANOVA.
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Supplementary Figure 5
MTT (A) and Crystal Violet (B) cell viability assays of PANC-1, MIA PaCa-2, and Ca-
pan-2 cells treated with RPMI (white) or MO-CM (blue). PAR1 was inhibited by Vora-
paxar (500 nM), MMP9 was inhibited by GM6001 (5 uM), and DMSO served as a mock
control. Shown is the mean=SEM (n=6); One-way ANOVA.
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Supplementary Figure 6

Relative ZEB1 mRNA expression of control (shCtrl) and ZEB1 (shZEB1 #1 and shZEB1
#2) silenced PANC-1 cells. Shown is the mean+SEM (n=4); One-way ANOVA. Relative
expression level, as depicted in this panel, was calculated using the comparative thresh-
old cycle (dCt method) and was normalized for expression of the reference gene TBP.
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Early macrophage infiltrates impair pancreatic cancer
cell growth by TNF-a secretion
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ABSTRACT

Background: Pancreatic ductal adenocarcinoma (PDAC) is a grim disease with
high mortality rates. Increased macrophage influx in PDAC is a common hallmark
and associated with poor prognosis. Macrophages have high cellular plasticity,
which can differentiate into both anti- and pro-tumorigenic properties. Here, we
investigated how naive (M0) macrophages differ from other macrophages in their
anti-tumorigenic activities.

Methods: In vitro BrdU proliferation and Annexin V cell death analyses were
performed on PANC-1 and MIA PaCa-2 PDAC cell lines exposed to conditioned
medium of different macrophage subsets. Macrophage secreted factors were
measured by transcript analysis and ELISA. Therapeutic antibodies were used
to functionally establish the impact of the identified cytokine on PDAC prolifer-
ation.

Results: Proliferation and cell death assays revealed that only MO macrophages
harbor anti-tumorigenic activities and that M1, M2, and TAMs do not. mRNA
analysis and ELISA results suggested TNF-a as a potential candidate to mediate
MO macrophage induced cell death. To demonstrate the importance of TNF-a in
MO macrophage-induced cell death, PANC-1 and MIA PaCa-2 cell-lines were
exposed to MO macrophage conditioned medium in the presence of the TNF-a
inhibitor Infliximab, which effectively diminished the anti-tumor activities of MO
macrophages.

Conclusion: Newly tumor-infiltrated naive M0 macrophages exert anti-tumori-
genic activities via TNF-a secretion. Their subsequent differentiation into either
M1, M2, or TAM subsets reduces TNF-a levels, thereby abolishing their cytotox-
ic activity on PDAC cells. These data suggest that reestablishing TNF-a secretion
in differentiated macrophages might yield a therapeutic benefit.



INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), the most common form of pancreatic
cancer, is a highly malignant disease with very poor reported 5-year survival rates
of less than 8% [1]. Despite numerous research efforts and the development of
therapeutics to overcome the low overall survival in PDAC, disease progression
rates and mortality have declined only marginally [2]. High therapy resistance
and complex interactions with the immune system are some of the major features

that limit the efficacy of current treatments against PDAC [3].

As part of the innate immune system, monocytes are recruited to damaged tissue
as the initial response and are subsequently activated to become macrophages.
These newly infiltrated macrophages, also known as naive (M0) macrophages,
then respond to extracellular signals in the tissue and differentiate into either
classically activated macrophages (M1, also known as pro-inflammatory) or al-
ternatively activated macrophages (M2, also known as anti-inflammatory) [4].
However, in tumor tissue, infiltrated macrophages can differentiate into a specific
subset of macrophages known as tumor-associated macrophages (TAMs), which
often harbor M2-like characteristics [5]. Macrophage infiltration in solid tumors
is common, and despite being part of an immune response, it is often associated

with poor prognosis and metastatic disease [6].

In pancreatic cancer, the role of TAMs in metastasis and chemoresistance has
been studied extensively. TAMs are generally considered to be tumor-promoting
members of the PDAC tumor microenvironment, which should be targeted to
limit disease progression [7]. Notwithstanding, when and how the initial anti-tu-
mor macrophage response transitions to a tumor-promoting macrophage pheno-
type are unclear. Given the increasingly recognized importance of the immune
system in cancer and its potential for therapy development, the identification of
anti-tumor macrophage responses could be an essential step forward to harness
the immune responses at play in PDAC. This study demonstrates how naive M0
macrophages differ from further differentiated macrophages in terms of anti-tu-
morigenic activities. We further identify MO macrophage secreted ¢ as a potent
tumor cell-death inducer.
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MATERIAL AND METHODS

Cell-lines and cell culture

Human PANC-1 and MIA PaCa2 pancreatic cancer cells (ATCC, Manassas, VA)
were cultured in DMEM (Gibco, Thermo Fischer Scientific, Waltham, MA) with
4.5 g/mL glucose, and human THP-1 cells (ATCC) were cultured in RPMI-1640
(Gibco). All cell culture media were supplemented with 10% fetal bovine serum
(FBS), L-glutamine (2 mM), except RPMI-1640 media for conditioned media ex-
periments, which was supplemented with 1X GlutaMAX (Gibco), penicillin (100
units/mL) (Gibco), and streptomycin (500 ug/mL) (Lonza, Basel, Switzerland) in
regular cell culture procedures. Cultures were incubated in 5% CO2 incubators
at 370C. All cell lines were authenticated by STR profiling (Promega PowerPlex,
Leiden, Netherlands) and tested for mycoplasma by PCR monthly.

Generation of M0, M1, M2, and TAM macrophages from THP-1 cells

THP-1 cells were initially treated with 150 nM phorbol 12-myristate 13-acetate
(PMA, Sigma, St. Louis, MO, USA) for 24 hours in RPMI-1640 medium. Next,
activated THP-1 cells were washed with fresh medium to remove PMA. Cells
were cultured in refreshed, fully supplemented RPMI-1640 medium for another
24 hours, after which the medium was renewed once more. Without any other ad-
ditions, macrophages were considered MO macrophages at this stage (see Figure
1 for validation). MO macrophages were treated with 1 ng/ml LPS (Ultrapure, In-
vivogen, Toulouse, France) for 24 hours to generate M1 macrophages. M0 mac-
rophages were treated with 20 ng/ml recombinant IL-4 (Peprotech, Rocky Hill,
NJ) and IL-13 (Peprotech) each for 72 hours to generate M2 macrophages. Final-
ly, for the generation of tumor-associated macrophages (TAM), M0 macrophages
were treated with a supernatant mix (collected from PANC-1 and MIA PaCa-2
cells at ~80% confluence) in a 1:1 dilution with fresh complete RPMI-1640 me-
dia for 72 hours. At the end of each incubation, macrophages were washed twice
with a fully supplemented RPMI-1640 medium to remove the cytokines and oth-
er factors from the flask. Media collections were performed after 48 hours of
incubation. Collected media centrifuged at 1200 rpm for 4 minutes to remove cell
debris, filtered using 0.2 um syringe filters (Corning, Corning, New York), and
stored at 40C. For experimental procedures, all conditioned media were diluted



1:1 with fresh media (DMEM) to ascertain the medium’s appropriate nutrient

content.

Generation of monocyte-derived macrophages from peripheral blood mono-
nuclear cells

Peripheral blood mononuclear cells (PBMC) were obtained by Ficoll-Paque (GE
Healthcare, Chicago, IL, USA) density centrifugation from whole blood collect-
ed from a single healthy volunteer (following institutional standard operating
protocol and under the approval of Medical Ethics Review Committee) in lithi-
um-heparin coated blood tubes (BD, Franklin Lakes, NJ). For monocyte isolation
from PBMC, the MACS Monocyte Isolation kit with CD14+ magnetic beads was
used with MACS LS Columns according to the manufacturer’s manual (Miltenyi
Biotec, Bergisch Gladbach, Germany). Isolated monocytes were plated in fully
supplemented RPMI media and treated with either 50 ng/ml M-CSF (Prospec,
Rehovot, Israel) or 50 ng/ml GM-CSF (Prospec) for six days to obtain MO sub-
type monocyte-derived macrophages (MDM); media were refreshed together
with the cytokines every two days. To obtain the M1 and M2 MDM subtypes, all
media were removed on day six, after which the MO macrophages were treated
for 24 hours with 50 ng/ml IFN-y (Peprotech) on the previously GM-CSF treated
group or with 20 ng/ml IL-4 (Peprotech) and IL-13 (Peprotech) on the previously
M-CSF treated group to obtain M1 and M2 MDMs respectively. Conditioned
media from all subtypes were collected and processed as for the THP-1 derived

macrophage media.

Quantitative real-time PCR

Total RNA of the samples was isolated using a NucleoSpin RNA miniprep kit
with DNase treatment (Macherey Nagel, Diiren, Germany), and cDNA from the
samples were synthesized from total RNA (with 1000ng total RNA per sample)
using M-MLV-RT (Promega, Leiden, Netherlands) and random hexamers (Qia-
gen, Hilden, Germany). Quantitative RT-PCR was performed to determine the
mRNA levels, with Sensifast SYBR No-Rox Kit (Bioline, London, UK), mea-
sured on LightCycler 480 II (Roche, Basel, Switzerland). Relative expression
levels were calculated using the comparative threshold cycle (dCt) method and
further normalized to expression of the reference gene TBP. All primer sequences

of the analyzed genes are shown in Supplementary Table 1.
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BrdU proliferation assay

PANC-1 and MIA PaCa2 cells were seeded in black, clear-bottom 96-well plates
(Corning) in DMEM without serum. The following day, macrophage conditioned
media were added in a 1:1 dilution with complete DMEM. BrdU labeling solution
was given to cells after 48 hours of conditioned media treatment. All experimen-
tal steps in the BrdU assay were performed according to the manufacturer’s in-
structions (Chemiluminescent BrdU assay, Roche). Luminescence was measured
on a Synergy HT Biotek Microplate Reader (Biotek Instruments, Winooski, VT).
For testing the functional importance of TNF-a in M0 conditioned medium, we
included human recombinant TNF-a (Sigma) in increasing concentrations from
10 pg to 10 ng and the TNF-a inhibitor Infliximab (Remicade, MSD, Kenilworth,
NJ) at 25 ug/ml.

TNF-a ELISA

A commercially available ELISA kit (R&D Systems, Minneapolis, MN) was
used to determine TNF-a levels from THP-1- and MDM-derived macrophage
supernatants. Samples were measured in 4 biological replicates. All experimental
steps were performed according to the manufacturer’s instructions, and the ab-
sorbance was measured with the Synergy HT Biotek microplate reader (Biotek
Instruments) at 450 and 655 nm.

Flow cytometry detection of Annexin V

Cells were treated for 48 hours with different macrophage supernatants and with
a 1:1 DMEM-RPMI mix as control. Cell supernatants were collected in a tube
to include non-adherent cells. Cells were detached using trypsin, and this cell
fraction was pooled with the cell supernatant in a 15 mL tube. The mix was pel-
leted by centrifugation at 1200 rpm for 5 minutes. The pellet was re-suspended
in Annexin V binding buffer (BD) and distributed to 96-well plates for staining.
Each well contained 100 pl of cell mix and 1 ul Annexin V FITC (BD). The
plate was incubated on ice, in the dark, for 1 hour. After incubation, the plate
was washed twice with Annexin V binding buffer, and cells were re-suspended in
200 pL in the same buffer for measuring. The measurements were performed on
a FACS Canto 11 (BD). Data were analyzed using FLOWJO v10 (FlowJo LLC,
Ashland, OR). Cells were gated initially based on FCS and SSC for the main cell



population, and then on FCS-H and FCS-W to obtain single cells. FITC-positive
populations were gated based on isotype antibody control samples. For quantifi-
cation, Geometric Mean Fluorescent Intensity (gMFI) on FITC values were used.

Statistical Analysis

Data were presented as mean = SEM. Statistical analyses were performed using
GraphPad PRISM 7.0 (Graphpad Software Inc., La Jolla, CA). Differences were
considered statistically significant at a p-value of less than 0.05. For further de-
tails of the statistical analysis, see figure legends. P-values on graphs are indicat-
ed by asterisks with * p < 0.05, ** p <0.01, *** p <0.001, and **** p < 0.0001.
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RESULTS

Anti-tumor activity of macrophages is restricted to the M0 (naive) subset
The crosstalk between newly infiltrated monocytes and other constituents of the
cancer microenvironment (most notably tumor cells) leads to the differentiation
of monocytes into macrophages. Subsequent tumor stimuli then induce differen-
tiation of these macrophages into TAMs, which exhibit pro-tumorigenic proper-
ties [8]. Recent work from our group has shown that MO (naive) macrophages
harbor cytotoxic properties against PDAC cell lines [9], but how this relates to
the tumor-promoting capacities of other macrophage subsets remains unclear. We
hypothesized that, as macrophages differentiate in the tumor microenvironment,
their anti-tumor activities would gradually be lost, with TAMs bearing no an-
ti-tumor activity at all. To test this hypothesis, we turned to an isogenic system
to generate the four major subtypes of macrophages; MO (PMA induced THP-1
monocytes; Fig. 1A), M1, M2, and TAM. Macrophage differentiation was suc-
cessful, as evident from mRNA analysis of the specific markers CD68 (for all
macrophages), CD163 (predominantly for TAM), CD206 (for TAM and M2),
CD80 (for M1), and CD31 (to confirm monocytic lineage) (Fig. 1B).
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Figure 1

Macrophage subsets used in this study. (A) Schematic representation of the macro-
phage differentiation procedure and the resulting macrophage subtypes. (B) Relative
mRNA expression of CD68, CD163, CD206, CD80, and CD31 on the macrophage
subtypes. On the figure shown is the mean + SEM (n = 6); One-way ANOVA was used
to assess statistical significance. Relative expression levels were calculated using the
dCt method and normalized to the expression of the reference gene TBP.

To assess the impact of these different macrophage subtypes on cancer cell viabil-
ity, we cultured PANC-1 and MIA PaCa-2 PDAC cell lines with conditioned me-
dia from the different macrophage subsets. Proliferation was measured by BrdU
incorporation. We found that both cell lines treated with M0-conditioned media
(M0-CM) had significantly fewer proliferating cells when compared to control,
and, of note, compared to all other macrophage media (Fig. 2A). To test whether
this observation was due to MO-CM-induced cell cycle arrest or cell death, we
stained the macrophage media-treated cells with a fluorescently labeled Annexin
V and measured its levels by flow cytometry. This revealed that MO-CM treated
cells had markedly increased Annexin V positivity (Fig. 2B), indicating that MO
macrophages induce apoptosis in PDAC cells, whereas more differentiated mac-
rophage subsets do not.

MO macrophage secreted TNF-a is essential for anti-tumorigenic activities
Next, we investigated potential key cytokines secreted by the macrophage sub-
sets. We included both anti- and pro-inflammatory cytokines involved in tumor
suppression such as TNF-a, IL-1p, and tumor promotion such as IL-10, CCL22,
CXCLS, and TGF-f (selection of cytokines based on ref. [10,11]). Since only MO
macrophages exerted anti-tumor effects, we looked for a significantly different
expression of any cytokine in this particular macrophage subset. mRNA anal-
ysis of selected cytokines revealed a marked increased expression of TNFA in
the MO group (Fig. 3A), whereas other cytokines exhibited either no significant
differences or non-MO specific expression. ELISA measurements of TNF-a in
macrophage media further confirmed that MO macrophages secrete significantly
more TNF-a than do other macrophage subsets (Fig. 3B).
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Figure 2

Anti-tumorigenic activities on PDAC cells are unique to the MO subset of macro-
phages. (A) BrdU proliferation assay of PANC-1 and MIA PaCa-2 cells in RPMI-
1640 (negative-control) or conditioned media from different macrophage subtypes
at t=48 hours. On the figure shown is the mean + SEM (n = 4); One-way ANOVA
was used to assess statistical significance. (B) Annexin V-FITC positive cells in
negative-control (RPMI-1640), conditioned media from different macrophage sub-
types, or Gemcitabine (as positive-control) treated PANC-1 and MIA PaCa-2 cells at
t =48 h. Plotted is the Geometric Mean Fluorescence Intensity (gMFI) on the FITC
channel (Annexin V density). On the figure shown is the mean + SEM (n = 3); One-
way ANOVA was used to assess statistical significance.
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Figure 3

MO macrophages express higher levels of TNF-a. (A) Relative mRNA expression of
TGF-B, TNF-a, IL-1B, IL10, CXCL5, and CCL22 in the indicated macrophage subsets.
On the figure shown is the mean + SEM (n = 4); One-way ANOVA was used to assess
statistical significance. Relative expression levels were calculated using the dCt method
and normalized to the expression of TBP. (B) TNF-a levels in conditioned media from all
given macrophage subsets, measured by ELISA. On the figure shown is the mean = SEM
(n=4); One-way ANOVA was used to assess statistical significance.

The THP-1 cell line is a human monocytic cell line derived from an acute my-
eloid leukemia (AML) patient. Therefore, due to its cancerous nature, the cell line
may exhibit differences from healthy monocytes. We aimed to confirm the role
of TNF-a secretion by M0 macrophages derived from monocyte-derived mac-
rophages (MDMs) isolated from peripheral blood mononuclear cells (PBMC).
CD14+ monocytes were isolated from PBMC and further processed to yield MO
(M-CSF primed or GM-CSF primed), M1, and M2 subtypes (Fig. 4A). To con-
firm the differentiation, phenotype analysis was done by mRNA analysis of spe-
cific surface markers (as for Fig.1); CD68, CD163, CD206, CD80, and CD31
(Fig.4B). As expected, all macrophage subtypes had similar CD69 and CD31
expression, whereas CD80 was only enhanced in M1 macrophages. Importantly,
similar to THP-1-derived MO macrophages, M-CSF and GM-CSF primed MDM
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MO macrophages have significantly enhanced TNF-o secretion compared to
MDM-derived M1 and M2 macrophages (Fig. 4C).
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Isolation and TNF-a expression of CD14+ monocyte-derived macrophages (MDM). (A)
Schematic representation of the macrophage differentiation procedure and the resulting
macrophage subtypes. (B) Relative mRNA expression of CD68, CD163, CD206, CD80,
and CD31 on the macrophage subtypes. On the figure shown is the mean + SEM (n = 4);
One-way ANOVA was used to assess statistical significance. Relative expression levels
were calculated using the dCt method and normalized to the expression of the reference
gene TBP. (C) TNF-a levels in conditioned media from all different macrophage subsets,
measured by ELISA. On the figure, shown is the mean + SEM (n = 4); One-way ANOVA
was used to assess statistical significance

Titration curves with recombinant TNF-o show that TNF-a levels in the range as
secreted by M0 macrophages induces cell death of PANC-1 cells (Sup. Fig. 1).
Following these findings, which strongly point to TNF-a as a critical cytokine in
early-macrophage induced tumor cell death, the question arises whether TNF-a



inhibition can reverse the M0 induced cell death. To test his, we used Infliximab,
a TNF-a inhibitor in clinical use against ulcerative colitis and Crohn’s disease
[12]. Infliximab treatment almost completely diminished the growth-inhibitory
effects of THP-1-derived M0O-CM on PANC-1 and MIA PaCa-2 cell-lines (Fig.
5A). Likewise, treatment with Infliximab prevented THP-1-derived M0O-CM in-
duced apoptosis of both PDAC cell lines (Fig. SB). Interestingly, CM of M-CSF
primed MDM-derived MO macrophages also induced apoptosis of PDAC cells in
a TNF-a dependent manner (Fig. 5C). Altogether these findings suggest that MO
macrophage-secreted TNF-a is a robust anti-tumor cytokine, but that exposure
of macrophages to tumor microenvironmental cues functions to convert macro-

phages into subsets that no longer express sufficient TNF-a to exert anti-tumor

activities.
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Figure 5

Infliximab inhibits the cytotoxic activity of MO macrophages. (A) BrdU proliferation
assay of PANC-1 and MIA PaCa-2 cells in RPMI-1640 (negative-control) or M0-CM
with 25 pg/ml Infliximab where indicated. On the figure shown is the mean £ SEM (n
= 4); One-way ANOVA was used to assess statistical significance. (B) Annexin V-FITC
positive cells in control, MO-CM with or without 25 pg/ml Infliximab where indicated, or
Gemcitabine (as positive control) treated PANC-1 and MIA PaCa-2 cells at t =48 h. Plot-
ted is the Geometric Mean Fluorescent Intensity (gMFI) on the FITC channel (Annexin
V density). On the figure shown is the mean + SEM (n = 3); One-way ANOVA was used
to assess the significance. (C) Annexin V-FITC positive cells in control, MO M-CSF, or
MO GM-CSF with or without 25 pg/ml Infliximab where indicated, or Gemcitabine (as
positive-control) treated PANC-1 and MIA PaCa-2 cells at t = 48 h. Plotted is the Geo-
metric Mean Fluorescent Intensity (gMFI) on the FITC channel (Annexin V density). On
the figure shown is the mean + SEM (n = 3); One-way ANOVA was used to assess the
significance.
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DISCUSSION

Increased inflammation and enhanced macrophage influx in cancer tissue are as-
sociated with poor prognosis and increased risk of developing therapy resistance
and metastasis [13]. Numerous studies in murine PDAC models have shown that
macrophage influx into the tumor is accompanied by gemcitabine resistance and
metastatic burden [14—16]. Despite these tumor-promoting effects [17—19], our
group has previously shown that early macrophage infiltrates instead initially
exert cytotoxic effects on PDAC cells. However, factors secreted by infiltrat-
ed macrophages, such as MMP9, induce epithelial to mesenchymal transition
(EMT) of PDAC cells [9]. This EMT enables PDAC cells to escape cytotoxicity,
also that induced by macrophages, further underscoring the dual contributions
of macrophages to tumor progression [9]. An abundance of studies has reported
tumor-associated macrophages (TAMs; M2-like differentiated macrophages) to
be associated with increased tumor growth and therapy resistance [20], which has
led to the notion that macrophage entry into the tumor should be prevented. How-
ever, clinical trials aimed to block monocyte recruitment to reduce TAM content
did not yield promising results [21]. Consequently, the majority of subsequent
trials have focused on reprogramming TAMs into anti-tumorigenic macrophages
[21]. Our results suggest that this latter approach is most promising, as early
infiltrated macrophages exert strong anti-tumor effects, and their influx should
not be hampered. Ideally, the differentiation of naive MO macrophages should be
blocked. However, a complicating factor for the development of therapies that
target monocyte infiltration into the PDAC tumor tissue (or prevent early differ-
entiation events) is that at the moment of diagnosis, the tumor microenvironment
is at least several years old, and the window of opportunity to retain or boost MO

activity is likely lost.

Although the immune regulation in the tumor microenvironment is a complex
phenomenon, it is known that tumor cells induce the downregulation of pro-in-
flammatory cytokines during TAM differentiation [22]. Bearing in mind that, M0
macrophages to be naive macrophages that have not been exposed to any tumor
tissue (unlike the other more differentiated macrophage subsets), this study sup-
ports the notion that the tumor environment actively instructs macrophages to be

less detrimental to tumor growth. We propose that it is unlikely that the complex



mixture of cues from the tumor microenvironment that instruct macrophages can
be adequately targeted, and instead posit that the macrophage-intrinsic mech-
anisms that suppress TNF-a secretion should be studied. This could preserve
macrophage-mediated cell-death in the tumor. For instance, IL-1 Receptor As-
sociated Kinase-M (IRAK-M) activity is known to be upregulated in tumor-ex-
posed macrophages with significantly high expression in TAMs, which in return,
suppresses TNF-a secretion [23]. Reprogramming TAMs to secrete increased
amounts TNF-a for instance, by exposure to (yet unknown) ligands, could be an

interesting avenue to pursue.

We would like to point out several limitations of our study. In part, these are tech-
nical in nature; a publicly available lymphoma-derived monocyte cell line (THP-
1), and single-donor PBMC isolated monocyte-derived macrophages (MDM) as
a primary monocyte cell culture, were used as in vitro proxies for macrophage
subsets. One of the technical limitations of using healthy primary monocytes is
that obtaining tumor-associated macrophages (TAM) is not possible. Moreover,
although M-CSF and GM-CSF treated MDMs may be considered as naive MO
macrophages, they are already primed towards M2 (M-CSF) or M1 (GM-CSF)
subtypes [24]. Indeed, both cell-surface markers (Fig 4 and [24]) and TNF-a
secretion suggest that especially the GM-CSF-primed MDM-derived M0 macro-
phages are less naive as THP-1 derived MO macrophages. In line with this notion,
M-CSF-primed MDM-derived MO macrophages mimic the results of THP-1-de-
rived MO macrophages, whereas GM-CSF-primed MDMs do not. Most likely,
this is due to the fact that GM-CSF-primed MDMs secrete less TNF-a as com-
pared to M-CSF-primed MDM-derived MO macrophages (Fig 4c). Another lim-
itation of our study is that no in vivo experiments were performed to determine
the contributions of M0 macrophages to tumor growth and the effects of TNF-a
inhibition in such a setting. Finally, an issue that urges clarification in future stud-
ies is the discrepancy between the large difference in cell killing by MO macro-
phages and the complete reliance on TNF-a on the one hand and the relatively
modest difference in TNF-a levels in the macrophage subsets found by ELISA on
the other. This suggests that other cytokines can be at play but that TNF-a levels
determine how the balance of the tumor-promoting and —limiting contributions
of these cytokines add up.
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A more fundamental question arises from the efficacy with which Infliximab
appears to inhibit macrophage-mediated cytotoxicity. If indeed this antibody
prevents the tumor inhibitory effects of early macrophage infiltrates in cancers
(amongst which PDAC), one would expect this to have become apparent from
clinical data and longitudinal studies following the approval of this drug 20 years
ago. One argument to explain this discrepant notion is that for PDAC, it is now
recognized that the progress from premalignant cell-of-origin to full-blown car-
cinoma takes several decades [25]. This implies that any tumor-promoting effects
of TNF-a inhibition may become apparent from epidemiological analyses in the

years to come.

CONCLUSION

Early macrophage infiltrates in the tumor microenvironment are intrinsically an-
ti-tumorigenic, but this is quickly thwarted by differentiation into TAMs that har-
bor pro-tumorigenic activities. The current therapeutic focus has been to block
macrophage entry and thereby TAM content. In this study, we identify TNF-a as
a potent cytokine in early macrophages, which is downregulated following fur-
ther macrophage differentiation. Altogether these findings suggest that restoring
TNF-a expression in TAMs might reverse their pro-tumorigenic potential and

that this could be a more promising strategy than preventing macrophage influx.
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SUPPORTING INFORMATION
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Supplementary Figure 1

Cytotoxicity of human recombinant TNF-a on PANC-1 cell-line is dose-dependent.
PANC-1 cells were treated with human recombinant TNF-a in increasing concentrations
(10 ng to 10 pg). Annexin V-FITC positive cells in control media (black dashed line given
as baseline), or Gemcitabine (as the positive control, purple dash bar given as cell-death
comparison) treated PANC-1 cells at t = 48 h. Plotted is the Geometric Mean Fluorescent
Intensity (gMFI) on the FITC channel (Annexin V density), and decreasing concentration
is plotted on Y-axis. On the figure shown is the mean + SEM (n = 2).
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ABSTRACT

Pancreatic acinar cells have high plasticity and can transdifferentiate into duc-
tal-like cells. This acinar-to-ductal metaplasia (ADM) contributes to tissue main-
tenance but may also contribute to the premalignant transformation that can even-
tually progress to pancreatic ductal adenocarcinoma (PDAC). Macrophages are
key players in ADM, and macrophage secreted matrix metalloproteinase (MMP)-
9 induces ADM through yet unknown mechanisms. As we previously identified
MMP?9 as a novel agonist of protease-activated receptor 1 (PAR1), a receptor that
is known to orchestrate the cross-talk between macrophages and tumor cells in
PDAC, we here assessed the contribution of PARI to pancreatic cell fates. We
found that genetic deficiency for PAR1 increases acinar gene expression programs
in the healthy pancreas and that PAR1 deficiency limits ductal transdifferentiation
in experimental systems for ADM. Moreover, PAR1 silencing in PDAC cells
increases acinar marker expression. Changes in PDAC cell lines were associated
with a downregulation of known Myc-target genes, and Myc inhibition mimics
PARI deficiency in enhancing acinar programs in healthy organoids and PDAC
cells. Overall, we identify the PAR1-Myc axis as a driver of ductal cell fates in
premalignant pancreas and PDAC. Moreover, we show that cellular plasticity
is not unique to acinar cells and that ductal regeneration into acinar-like cells is

possible even in the context of oncogenic KRAS activation.



INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancre-
atic cancer [1]. Five-year survival rates of PDAC are around 9%, and despite in-
tense research efforts to improve the poor outcome, there has been little improve-
ment in the last decades [1,2]. Several features of PDAC contribute to the dismal
prognosis, including the late stage at which the disease is typically diagnosed [3]

and high intrinsic resistance against chemotherapeutics.

In the exocrine pancreas, which facilitates food digestion, two main cell types
exist; acinar cells that produce digestive enzymes and epithelial cells that line
the ducts through which these enzymes are transported to the duodenum. Despite
the strong ductal characteristics and nomenclature of PDAC, the cell of origin
of PDAC development remains the subject of debate. In fact, both acinar and
ductal cells may give rise to neoplasia leading up to cancerous lesions; neverthe-
less, acinar cells are reported to be more susceptible to rapid transdifferentiation
and neoplasm formation, especially during inflammation (i.e., pancreatitis) [4—7].
During inflammatory circumstances, the acinar cell state is plastic, and mature
acinar cells can de-differentiate into progenitor cells and subsequently differen-
tiate into duct-like cells [8]. This acinar-to-ductal metaplasia (ADM) contributes
to the homeostasis of the pancreas. However, oncogenic activations in acinar
cells (typically activating mutations in KRAS) and inflammation of the pancreas
(pancreatitis) can trigger ADM and give rise to pancreatic intraepithelial neopla-
sias (PanIN). Additional oncogenic mutations can accumulate in PanIN lesions,
which may then progress to PDAC [9]. Studies on genetically modified mouse
models have shown TGF-a expression and KRAS mutations as drivers of ADM
and PanIN formation [10]. Additionally, mouse models of cerulein-induced pan-
creatitis have shown that inflammation contributes to PDAC development [7].
Furthermore, KRAS mutations can cooperate with the inflammatory cascade to
accelerate the formation of malignant lesions [11]. Given the importance of main-
taining the appropriate cell fates and lineages for homeostasis and preventing
premalignant transformation, acinar differentiation processes are subject to strict
regulation. This has typically been attributed to transcription factors with activity
in distinct cell populations and (developmental) compartments, but the role of
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G-protein coupled receptor (GPCR) signaling known to be important in embry-

onic development remains underexplored.

Protease-activated receptor-1 (PAR1) is a GPCR family member that is widely
expressed in various tissues in both healthy and disease states. It is activated by
proteolytic cleavage of the N-terminal arm, which liberates a tethered agonist that
binds to its activation domain, thereby initiating intracellular signaling. PAR1 was
initially described to be activated by the coagulation factor thrombin, but other
agonists like MMP1, MMP13, activated protein C, and kallikreins have now been
characterized [12]. Increased PAR1 expression is associated with tumor progres-
sion and poor prognosis in, amongst others, breast, lung, and pancreatic cancer
[13—-16]. In PDAC, an orthotopic xenograft study revealed that tumor growth is
stalled in PAR1 deficient animals [16]. Interestingly, this reduced tumor growth
was accompanied by a significant reduction of macrophage influx into the tumor
microenvironment, suggesting a functional link between PARI1, macrophages,
and PDAC growth [16].

Macrophages that infiltrate the pancreas are critical players in ADM, and mac-
rophage depletion limits the formation of cerulein-induced PanIN lesions [17].
Infiltrated macrophages secrete matrix metalloproteinase-9 (MMP9Y) that targets
acinar cells leading to transdifferentiation into ductal cells. This is particularly in-
teresting as we recently identified macrophage secreted MMP9 as a novel PARI
agonist in the setting of PDAC [18]. In the current manuscript, we address the
hypothesis that PAR1 plays a more central role in cellular differentiation and that
its activation balances acinar and ductal cell fates in the healthy and premalignant
pancreas and PDAC.



MATERIALS AND METHODS

Reagents

Collagenase type 1A (Sigma, St. Louis, MO, St. Louis, MO), Collagen I from rat
tail (Corning, Corning, NY), Trypsin Inhibitor (Gibco, Thermo Fisher Scientific,
Waltham, MA), IMDM (Gibco, Thermo Fisher Scientific, Waltham, MA), fetal
bovine serum (#F7524, Sigma), pre-activated recombinant MMP9 (Sigma, St.
Louis, MO), murine EGF (PeproTech, Rocky Hill, NJ), Vorapaxar (Adooq Bio-
science, Irvine, CA), plpal-12 (palmitate-RCLSSSAVANRS-NH2; GL Biochem
Shanghai, China), 10058-F4 (c-Myc inhibitor; Selleck Chemicals, Houston, TX),
ActinGreen 488 ReadyProbes Reagent (Thermo Fisher Scientific), Dolichos
Biflorus Agglutinin (DBA)-rhodamine (RL-1032, Vector Laboratories, Burlin-
game, CA).

Animal Studies and Ethics approval

C57BL/6 mice (Charles River Laboratories) were housed at the animal facili-
ty of the Academic Medical Center of Amsterdam. All mice had access to food
and water ad libitum. Institutional Animal Care and Use Committee of Academic
Medical Center approved all animal experiments according to protocol number
DIX107AA.

Isolation of Mouse Pancreatic Acinar cells

Pancreata from wildtype and PAR1 deficient C57BL/6 mice were dissected and
washed twice with Hank’s Buffered Saline Solution (HBSS, Gibco, Thermo Fish-
er Scientific). Pancreata were cut with a scalpel to 3-5 mm pieces, after which
acinar cells were isolated, mostly as described before [19]. In detail, the pancreas
pieces were centrifuged at 500 g for 2 minutes to remove debris and supernatant.
For dissociation of cells, pancreas pieces were next treated with collagenase 1A
solution (200 U/ml collagenase 1A, 10 mM HEPES, and 0.25 mg/ml trypsin in-
hibitor in HBSS) for 30 minutes. Dissociated cells were centrifuged at 500 g for
2 minutes and washed twice with wash solution (HBSS supplemented with 5 %
Fetal Bovine Serum (FBS) and 10 mM HEPES) to stop the collagenase reaction.
The cell pellet was resuspended in 1 ml seeding medium (IMDM containing 1%
FBS, 0.1 mg/ml trypsin inhibitor, and 1 pg/ml dexamethasone), passed through
a 100 um cell strainer, collected in 5% FCS-IMDM medium, seeded in 6-well
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plates and incubated for 24 hours to separate non-adherent acinar cells from ad-
herent epithelial and other contaminant cells. The following day, cells in suspen-
sion were centrifuged at 500 g for 2 minutes and embedded in a collagen mixture
(1 mg/ml collagen, 1X PBS, 0.1 M HEPES, 0.75% Sodium Bicarbonate, 0.1 M
NaOH) in 6-well plates with a double 3D layer of 1 mg/ml collagen (bottom layer
without cells, set prior to seeding).

Viability assessment of acinar spheroids

To assess the viability of collagen embedded acini, 2 different methods were
used. First, cells were stained with propidium iodide (PI) at 20pug/ml (final con-
centration). After 20 minutes of incubation phase-contrast images depicting the
explanted acinar cells and TxRed channel images identifying PI positive dead
cells were taken. As positive control for cell death, 0.5 mM NaN3 (sodium azide)
treated spheroids were used. In our second approach, we performed a resazurin to
resofurin reduction (CellTiter Blue) experiment to determine the cells' metabolic
activity. In viable cells, resazurin (blue) is converted to resofurin (pink) through
reductase activity in the mitochondria. The collagen in which the cells are embed-
ded precluded efficient fluorescence read-out, and we have used imaging instead
to reveal color conversion in the viable cells. In this case,0.5 mM NaN3 (sodium
azide) treated spheroids were used as a negative control. Images were taken in
the color mode of phase-contrast imaging. In both methods, pictures were taken
with the EVOS FL cell imaging system (Thermo Fisher Scientific) at 4X, 10X,
and 20X magnification.

Induction of ADM in acinar spheroids

Collagen embedded acinar cells were cultured in IMDM containing 1% FBS, 0.1
mg/ml trypsin inhibitor, and 1 pg/ml dexamethasone. According to a previously
described protocol for ADM [17], acinar cells were treated with 50 ng/ml murine
EGF (PeproTech) or 1 ng/ml recombinant MMP9 for 5 days. At the end of the
experiment, one batch of cells was visualized with the phase contrast channel
of the EVOS FL cell imaging system (Thermo Fisher Scientific) at 20X mag-
nification, after which cells were used to isolate RNA. The other batch of cells
was fixed with 4% formalin and permeabilized with 0.2% Triton-X (Sigma). For
fluorescence imaging, F-actin was stained with Alexa488 conjugated phalloidin
(ActinGreen 488 ReadyProbes Reagent, Thermo Fischer Scientific), and ductal



structures were stained using rhodamine linked DBA (Dolichos Biflorus Aggluti-
nin; Vector Laboratories). After staining, cells were washed with PBS and imaged
with the Yellow Fluorescence (YFP) and Texas-Red channels of the EVOS FL
cell imaging system (Thermo Fisher Scientific) at 20X magnification.

Cell culture

Human PANC-1, MIA PaCa-2, and Capan-2 PDAC cell lines (all obtained from
ATCC, Manassas, VA) and primary PDAC cells (i.e., AMC-PDAC-096 cells gen-
erated from patient-derived xenografts as described previously [20]) were cul-
tured in high glucose (4.5g/mL) containing DMEM (Gibco, Thermo Fisher). All
media were supplemented with 10% fetal bovine serum (FBS, #F7524, Sigma),
L-glutamine (2 mM), penicillin (100 units/mL), and streptomycin (500 pg/mL)
(all Lonza, Basel, Switzerland) according to routine cell culture procedures. Cells
were incubated in 5% CO?2 incubators at 370C. All PDAC cell-lines were authen-
ticated by STR profiling (Promega PowerPlex, Leiden, Netherlands) and tested
for mycoplasma by PCR monthly.

Immunohistochemistry on Paraffin-Embedded Material

Orthotopic KP tumors, isolated murine healthy pancreata, and murine organoids
were fixed in formalin, embedded in paraffin, and 4-pm-thick slides were subse-
quently deparaffinized, rehydrated, and washed in deionized water. Slides were
stained with hematoxylin and eosin (H&E) according to routine procedures. For
immunohistochemistry, endogenous peroxidase activity was quenched with 0.3%
hydrogen peroxide for 15 min at room temperature, with antigen retrieval for 10
min at 100°C in 10 mM sodium citrate buffer, pH 7.4. Slides were blocked for
10 min with Ultra V block (Thermo Fisher Scientific). Primary antibodies against
Cytokeratin 19 (SAB4501670, Sigma) and Amylase (A8273, Sigma) were add-
ed (1:1600 dilution) for overnight incubation at 4°C. Slides were subsequently
incubated with appropriate HRP-conjugated goat anti-rabbit IgG (Brightvision,
Immunologic, VWR, Radnor, PA), after which DAB (Brightvision, Immunolog-
ic, VWR) staining was used to visualize peroxidase activity. Slides were photo-
graphed with a microscope equipped with a digital camera (Leica CTR500, Leica
Microsystems, Wetzlar, Germany).
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RNA-Seq

Total RNA was isolated from shCtrl PANC-1 and shPAR1 PANC-1 cells using
the NucleoSpin RNA miniprep kit (Macherey Nagel, Diiren, Germany). Yield
and purity (260 nm:280 nm) were determined by a Nanodrop ND-1000 (Ther-
mo Fisher Scientific). The integrity (RNA integrity number (RIN) >9.0) of the
resuspended total RNA was determined by using the RNA Nano Chip Kit on the
Bioanalyzer 2100 and the 2100 Expert software (Agilent, Amstelveen, the Neth-
erlands). RNA-sequencing libraries were prepared from 250 ng total RNA using
KAPA RNA HyperPrep with RiboErase (HMR) kits (Roche, Basel, Switzerland).
Libraries were sequenced using the [1lumina HiSeq4000 instrument (Illumina) to
generate single reads (50bp). The sequencing depth was approximately 40 mil-
lion reads per sample. Read quality was assessed by means of the FastQC method
(v0.11.5; http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimmo-
matic version 0.36 [21] was used to trim [llumina adapters and poor-quality bas-
es (trimmomatic parameters: leading=3, trailing=3, sliding window=4:15, mini-
mum length=40). The remaining high-quality reads were used to align against the
Genome Reference Consortium human genome build 38 (GRCh38) [22]. Map-
ping was performed by HISAT2 version 2.1.0 [23] with parameters as default.
Count data were generated by means of the HTSeq method [24]and analyzed
using the DESeq2 method [25] in the R statistical computing environment [26]
(R Core Team 2014. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria). Statistically significant
differences were defined by Benjamini & Hochberg adjusted probabilities < 0.05.
Gene expression extraction was performed via the R2 microarray analysis and
visualization platform (http://r2.amc.nl). Sequence libraries are publicly avail-
able through the National Center for Biotechnology Information (NCBI) gene
expression omnibus (GEO) under the following accession numbers: GSE155010

Murine healthy ductal organoids

Murine pancreatic ductal organoids were cultured according to the previously de-
scribed methodology [27]. Organoid media consisted of Advanced DMEM/F-12
(Gibco, Thermo Fisher Scientific) supplemented with B-27 supplement (Invitro-
gen, Carlsbad, CA), N-Acetylcysteine (Sigma), Nicotinamide (Sigma), Gastrin
(PeproTech), FGF10 (PeproTech), mEGF (PeproTech), and in-house produced
Noggin and RSPO1 (Supplementary Table 1). Media were refreshed twice week-



ly with murine organoid media, and passages were performed weekly with a 1:4
ratio with fresh Matrigel (Corning).

Quantitative Real-Time PCR

Total RNA was isolated with the NucleoSpin RNA miniprep kit (Macherey Na-
gel). cDNA was synthesized from DNase-treated total RNA with M-MLV-RT
(Promega) and random hexamers (Qiagen, Hilden, Germany). Real-time quan-
titative RT-PCR was performed using the Sensifast SYBR No-Rox Kit (Bioline,
London, UK) on a LightCycler 480 II (Roche). Relative expression levels were
calculated using the comparative threshold cycle (dCt) method and normalized
for expression of the reference gene TBP. Primer sequences of the analyzed genes

are shown in Supplementary Table 2.

Lentiviral Gene Silencing

PARI silenced KP, PANC-1, MIA PaCa-2, and Capan-2 cells were established
with knockdown efficiencies of around 70% for KP, PANC-1, and Capan-2 and
around 50% for MIA PaCa-2 cells [28]. The knockdown efficiency of the primary
AMC-PDAC-096 cell line was around 50% (Sup. Fig.2). For lentiviral silencing
of F2R in the human PDAC cells, MISSION shRNA library (Sigma-Aldrich,
St. Louis, MO) clone TRCN0000003690 was used, and for the murine KP cells,
we used MISSION library clone TRCN0000026806. Clone shc004 was used as
control. Lentivirus was produced by transfecting HEK293T cells (ATCC) with
3rd generation transfer and packaging plasmids pVSV, pMDL, and pRES us-
ing Lipofectamine 2000 (Thermo Fisher Scientific). Forty-eight and 72 hours
after transfection, the supernatant was harvested and 0.45 pum filtered (Millipore,
Billerica, MA, USA). Transduced cells were selected with 2 pg/ml puromycin
(Sigma, St. Louis, MO) for 72 hours, after which the transduction efficiency was
analyzed by qRT-PCR.

Gene Set Enrichment Analysis

Datasets used were the tumor expression datasets GSE15471 [29], GSE62452
[30], GSE16515 [31], GSE28735 [32], GSE49149 [33,34], GSE36924 [33,35—
37] and TCGA-PDAC [38]. GSEA software (Broad Institute, Cambridge, MA,
USA) was downloaded from the Broad Institute website (http://www.broad.mit.

edu/gsea/). Acinar and ductal gene signatures were curated based on single-cell
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expression profiling of the human pancreas [39]. Expression datasets were com-
piled with annotated gene names (.gct), samples were segmented for median
PARI1/F2R expression (i.e., high and low) as phenotype label files (.cls), and
signature sets were assembled (.grp). One thousand permutations were run on
the phenotype. Datasets were not collapsed to gene symbols (collapse to gene
symbols=false) in the GSEA software.

Statistical Analysis

Data were presented as mean = SEM. Statistical analyses were performed using
GraphPad PRISM 8.0 (Graphpad Software Inc., La Jolla, CA). Statistically sig-
nificant differences were considered with a p-value of less than 0.05. For further
details of the statistical analysis, see figure legends. P-values are indicated by
asterisks with * p<0.05, ** p< 0.01, *** p<0.001, and **** p<0.0001.



RESULTS

PARI deficiency promotes acinar gene expression programs in the pancreas
In light of the recent identification of macrophage-secreted MMP9 as a driver
of ADM [17] and our data pointing to MMP9 as a novel PAR1 agonist [18],
we hypothesized that PAR1 is the receptor that mediates macrophage-induced
ADM. To test this, we first ascertained whether PAR1 deficiency results in altered
cell fates in the pancreas. Expression levels of known acinar and ductal markers
were measured in pancreata of wildtype and F2R/PARI1 deficient (PAR1-KO)
mice. Expression levels of the acinar cell marker carboxypeptidase Al (Cpal)
and acinar cell-fate transcription factors Ptfla, Nr5a2, and Mistl were strongly
increased in PAR1-deficient pancreata compared to wildtype controls (Fig 1A).
The expression of ductal and centroacinar markers was not different (Fig 1B).
To corroborate the findings in a human setting, we next assessed the association
of PAR1 with acinar and ductal gene sets in human (non-tumor) pancreas gene
expression datasets. Samples were dichotomized for median PAR1 expression
(i.e., PARI-high versus PARI1-low), and gene set enrichment analysis (GSEA)
revealed that PAR1 expression negatively correlates with acinar signatures and
positively correlates with ductal signatures (Fig. 1C).

ADM requires PARI1 activity in vitro

To evaluate the contribution of PAR1 to exocrine pancreatic cell fate, we isolated
acinar cells from wildtype and PAR1-deficient mice and determined expression
levels of acinar (Fig. 2A) and ductal (Fig. 2B) markers. Among all markers test-
ed, only Cpal expression was significantly increased in PAR1 deficient acinar
cells compared to wildtype cells. This suggests that at steady-state and in isolated
cell populations, PAR1 deficiency does not result in an overt phenotype and in-
dicates that additional interactions (as present in vivo such as in Fig. 1C) or cues

are required to reveal the contribution of PAR1 to cell fates.
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Figure 1

PARI deficiency in the pancreas increases acinar-related gene expression. A-B) Relative
mRNA expression in whole pancreata isolated from wildtype (gray) and PAR1 deficient
(PAR1-KO; purple) mice. Shown is the mean+SEM (wildtype n=4-6, PAR1-KO n=4);
* p<0.05; **<0.01; ***<0.001, Student’s t-test. A) Acinar-related marker expression
(Ptfla, Nr5a2, Cpal, and Mistl). Note that samples with poor/missing melt-curve were
excluded from the analysis. B) Ductal-related marker expression (Krt19, Mucl, Sox9)
and centroacinar marker expression (Stmnl). C) Gene Set Enrichment Analysis (GSEA)
results for human non-tumor pancreatic expression sets (dichotomized for median PAR1
expression) with curated acinar (left) and ductal (right) gene signatures. Normalized En-
richment Score (NES) and Family-Wise Error Rate (FWER) p-values are shown for each

tested gene expression set.




To assess whether PAR1 impacts on ADM, we utilized the same acinar cell iso-
lates using recombinant MMP9 or EGF as positive controls for ADM induction
[17]. After 5 days of culturing wildtype acinar spheroids (viability tested, shown
in Sup. Fig.1) in collagen embedded cultures, clusters of acinar cells gave rise to
duct-like budding structures (Fig. 2C). The occurrence of these structures mark-
edly increased following the exposure to MMP9 and EGF. To ascertain the ductal
identity of these structures, cultures were stained with DBA [40], and addition-
ally, F-actin was stained to reveal cell mass. Indeed, DBA staining is markedly
enhanced in MMP9 and EGF-treated cultures. Importantly, in Par1-KO and in
vorapaxar treated wildtype spheroids, there was no visible ductal structure for-
mation (also in the presence of MMP9 or EGF; Sup. Fig. 2A), and these acinar
spheroids were negative for DBA staining (Fig. 2D and Sub. Fig.2B). Subse-
quent transcript analysis revealed that, after 5 days of ADM induction, expression
levels of acinar specific transcription factors Ptfla, Nr5a2, and Mistl and of the
acinar marker Cpal were decreased in wildtype acinar cells, whereas their levels
remained unchanged in PAR 1-deficient acinar cells (Fig. 2E). In line with chang-
es in acinar-related genes, MMP9 and EGF treatment of wildtype acinar cells
led to increased expression levels of the ductal markers Krt19, Mucl, and Sox9
and the centroacinar marker Stmnl (Fig. 2F). Interestingly, under these culture
conditions, the expression of the acinar-specific markers Nr5a2 and Cpal and the
ductal-specific transcription factor Sox9 significantly differed between the two
genotypes in the absence of additional ADM cues (Fig. 2E, F). Altogether these
data suggest that PAR1 contributes to ductal transdifferentiation of acinar cells in

response to macrophage secreted MMP9.
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Figure 2

PAR1 deficiency impairs ADM. A-B) Relative mRNA expression analysis of iso-
lated acinar cells from wildtype (gray) and PAR1-deficient (PAR1-KO; red) mice.
Shown is the mean+SEM (n=4); * p<0.05, Student’s t-test. A) Acinar-related mark-
er expression (Ptfla, Nr5a2, Cpal, and Mistl). B) Ductal-related marker expres-
sion (Krt19, Mucl, Sox9) and centroacinar marker expression (Stmnl). C-D) Epi-
fluorescence images of 3D collagen embedded acinar cells from wildtype (C) and
PAR1-deficient (D) acinar cells. Acinar cells were treated with DMSO as mock and
with 1 ng/ml MMP9, or 50 ng/ml EGF for 5 days. Scale bars indicate 200 pm. Im-
age acquisition was performed on day 5 at 20X magnification with EVOS FL cell
imaging system with YFP and Tx-Red channels. YFP and Tx-Red channels were
merged on Imagel. E-F) Relative mRNA expression analysis of 3D collagen em-
bedded acinar cells from wildtype and PAR1 deficient (PAR1-KO) pancreas cells.
Acinar cells were treated with DMSO (mock) or with 1 ng/ml MMP9 and 50 ng/ml
EGF for 5 days. Shown is the mean + SEM (n=4); * p<0.05; **<0.01; ***<0.001,
One-way ANOVA. E) Acinar-related marker expression (Ptfla, Nr5a2, Cpal, and
Mistl). F) Ductal-related marker expression (Krt19, Mucl, Sox9) and centroacinar
marker expression (Stmnl).

PARI is associated with ductal characteristics in PDAC

The observation that ADM appears to depend on PAR1 activity in vitro raises the
question of whether PAR1 also drives or maintains ductal cell fates in PDAC. To
investigate this, we dichotomized 8 public PDAC gene expression datasets for
PARI expression and applied the abovementioned acinar and ductal gene signa-
tures. GSEA analysis showed increased expression of acinar signatures in most
PAR1-low groups, and all sets showed enhanced ductal signatures in the PAR1-
high group (Fig. 3A). To substantiate these findings, we performed RNA-Seq
and GSEA of previously established shRNA-mediated PAR1 deficient (shPAR1)
PANC-1 cells (knockdown efficiency 70%, see ref [28]). Acinar signatures were
significantly enhanced in shPAR1 PANC-1 cells, and a trend towards a reduced
ductal signature was observed in the PAR1 deficient cells (Fig. 3B, C). Next,
we compared expression levels of key acinar- and ductal-related transcription
factors and markers (Fig. 3D, E). Expression levels of acinar cell-fate driving
transcription factors NRSA2, MIST1, and GATA4 were significantly increased,
whereas the ductal transcription factor SOX9 was markedly decreased in shPAR1
PANC-1 cells.
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Figure 3

PARI1 expression in ductal tumors is associated with increased ductal marker expression.
A) GSEA results for human PDAC expression sets (dichotomized for median PAR1 ex-
pression) with curated acinar (left) and ductal (right) gene signatures. Normalized Enrich-
ment Score (NES) and Family-Wise Error Rate (FWER) p-value are shown for each test-
ed gene expression set. B) Enrichment plots (on GSEA) for shCtrl PANC-1 and shPAR1
PANC-1cells with curated acinar (left) and ductal (right) gene signatures. Normalized
Enrichment Score (NES) and Family-Wise Error Rate (FWER) p-values are shown to-
gether with the plots. C) Z-score expression difference analysis on shCtrl PANC-1 and
shPAR1 PANC-1 cells with curated acinar (upper) and ductal (lower) gene signatures.
Columns indicate data from individual patients. D-E) Normalized expression levels of
acinar-related genes NR5SA2, MISTI1, and GATA4 (D) and ductal-related genes SOX9,
KRT19, and GLIS3 (E) in shCtrl and shPAR1 PANC-1 cells. Shown is the mean + SEM
(n=5); * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001 (Student’s t-test).
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mRNA expression analysis of MIST1 (A), PTF1A (B), KRT19 (C), and SOX9 (D) in

shCtrl and shPAR1 PANC-1, MIA PaCa-2, Capan-2, and 096 PDAC cells. Shown is the

mean = SEM (n=4); * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001, (Student’s

t-test). E-F).
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This was confirmed by shRNA silencing of PAR1 in two additional routinely
used PDAC cell lines (MIA PaCa-2 and Capan-2) and one patient-derived pri-
mary line (AMC-PDAC-096; 096 in short; knockdown efficiency of PAR1 in the
096 shPARI1 cell line shown in Sup. Fig. 3). Transcript analysis of acinar-spe-
cific transcription factors MIST1 and PTF1A showed a significant increase in all
PAR1-deficient PDAC cell lines (Fig. 4A, B). Moreover, expression of the ductal
marker KRT19 and of the transcription factor SOX9 was significantly decreased
in all shPAR1 cell-lines (Fig. 4C, D), with the exception of KRT19 in the 096
line. These data not only confirm that PAR1 is instrumental in the maintenance of
ductal cell fates in cancer but also suggest that loss of its activity can re-establish
acinar cell fates in this context.

We next evaluated KRT19 and amylase expression by immunohistochemistry in
orthotopic tumor cell grafts grown from control or shPAR1-transduced mouse
KRASG12D/TRP53flox/flox (KP) tumor cells [28] (Fig. 5). In shPAR1 tumors,
KRT19 expression was decreased compared to control silenced tumors (shCtrl).
Interestingly, we observed numerous amylase-positive cell clusters in shPARI
tumors, which were (largely) absent in PAR1-proficient (shCtrl) tumors (Fig. 5
with quantification shown in Sup. Fig. 4). This confirms that PAR1 not only
contributes to ductal cell fates but that its absence partly re-establishes acinar cell
identities.



A Cytokeratin-19 B Amylase

shCtrl

shPar1

Figure 5

PARI silencing in murine PDAC grafts increases acinar marker expression. Immuno-
histochemistry (IHC) for cytokeratin-19 (A, C) and amylase (B, D) was performed on
orthotopically inoculated shCtrl (A, B) and shPAR1 (C, D) murine KP tumor sections.
Image acquisition was performed at 4X and 20X magnification on a Leica CTR500 mi-
croscope. Scale bars indicate on 4x magnification 100 um and on 20x magnification 500
pum.
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PARI drives ductal cell fates through Myc activity

To elucidate the pathways downstream of PAR1 that govern cell fates, we per-
formed GSEA analysis with the Hallmark Gene Sets [41] on RNA-Seq data from
shPAR1 and shCtrl PANC-1 cells (Fig. 6A). This analysis revealed a substantial
decrease in Myc target genes in shPARI cells. This is particularly interesting,
given that Myc overexpression in acinar cells has been shown to drive ADM [42].
Consequently, we next assessed whether inhibition of Myc activity impacted on
acinar and ductal cell fates. PTF1A, MIST1, KRT19, SOX9 expression levels in
different (i.e., PANC-1, MIA PaCa-2, Capan-2, and 096) PDAC cell lines were
measured after treatment with a c-Myc-inhibitor (10058-F4)[43]. This revealed
that expression levels of acinar-specific transcription factors were significantly
increased following Myc inhibition (Fig. 6B, C). In line with these changes, Myc

inhibition led to a decrease in ductal marker expression (Fig. 6D, E).

To establish whether Myc functions downstream of PAR1 in the maintenance of
ductal cell fates, we tested Myc inhibition on control and shPAR1 PANC-1 and
MIA PaCa-2 cell lines. In control silenced cell lines, Myc inhibition resulted
in decreased ductal and increased acinar marker expression (dark grey bars in
Fig. 6F-I). However, Myc inhibition did not affect the expression levels of these
markers in shPARI cell lines (compare purple bars to pink bars). Collectively
these findings suggest that PAR1 activity drives ADM and maintains a ductal
phenotype through the activity of Myc.

Inhibition of PAR1 and Myc enhances acinar cell fates in murine ductal or-
ganoids

In tumor contexts, loss or inhibition of PAR1 was able to partially reverse the
ductal phenotype of PDAC cells. To further determine whether PAR1 deficiency
has a similar impact on ductal maintenance or acinar reprogramming in healthy
(non-tumor) ductal cells, we utilized murine ductal organoids. Ductal organoids
were cultured in the presence of the PAR1 inhibitors Vorapaxar or P1-pall2 and
the Myc inhibitor 10058-F4. The expression of acinar markers Ptfla, Nr5a2,
Mistl, and Cpal, and ductal-specific markers Krt19, Mucl, and Sox9, and cen-
troacinar marker Stmnl were measured. Both PAR1 and c-Myc inhibition led
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to an increase in acinar markers during the course of several weeks of treatment
(Fig. 7A). Correspondingly, expression levels of ductal markers gradually de-
creased over time (Fig. 7B). Overall, these results show that PAR1 activation
drives ductal differentiation in acinar cells (Fig.7C) and, more importantly, PAR1
inactivation or Myc inhibition can re-establish acinar cell identities in ductal cells
and shows that such plasticity is not unique to acinar cells.
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Figure 7

Inhibition of PAR1 and Myc enhances acinar regeneration in healthy murine ductal or-
ganoids. A-B) Relative mRNA expression of A) Acinar-related marker expression (Ptfla,
Nr5a2, Cpal, and Mistl). B) Ductal-related marker expression (Krt19, Mucl, Sox9) and
centroacinar marker expression (Stmnl) in murine ductal organoids after treatment with
the PAR1 inhibitors Vorapaxar (1 uM) and plpal-12 (2 uM) or the Myc inhibitor 10058-
F4 (25uM). DMSO was used as a mock treatment. At each passage (i.e., each week), new
inhibitors were added, and RNA was collected from a subset of cells. Fold changes at
each time point were calculated based on the expression of the given marker after mock
treatment. Shown is the mean+SEM (n=4); * p<0.05, ** p<0.01, *** p<0.001, and ****
p<0.0001, One-way ANOVA. A) Acinar-related marker expression (Ptfla, Nr5a2, Cpal,
and Mistl). B) Ductal-related marker expression (Krt19, Mucl, Sox9) and centroacinar
marker expression (Stmnl). C) Schematic representation of the PAR1-Myc axis in ADM.
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DISCUSSION

Transdifferantiation of acinar cells to ductal cells is thought to contribute to tissue
regeneration after injury in the pancreas [17,44]. However, aberrant transdiffer-
entiation of acinar cells into ductal cells during ADM is considered a prerequisite
for malignant transformation [45]. ADM critically depends on macrophage se-
creted MMP9 and subsequent NF-«xB activation in acinar cells [17]. However, the
cellular receptor on acinar cells through which MMP9 activates the NF-kB path-
way and subsequent ADM has not yet been identified. In the current manuscript,
we addressed the hypothesis that PARI1 acts as a key cellular receptor driving
cell fate programs in the exocrine pancreas. This hypothesis is based on previous
work that highlights PAR1 as the orchestrating receptor of macrophage-tumor
cell interactions in PDAC and on the fact that MMP9 has recently been identified
as a novel PAR1 agonist [18]. In line with former findings and with our current
hypothesis, we show that genetic ablation of PAR1 increases acinar-related gene
expression in the healthy pancreas and that PAR1 deficiency limits ductal trans-
differentiation in experimental models for ADM. Moreover, silencing PAR1 in
PDAC cells re-establishes acinar cell identities in these ductal cells. Overall, here
we identify PAR1 as a novel cellular receptor to orchestrate ADM, and we show

that PAR1 governs cellular identity in the (pre)malignant transformed pancreas.

Acinar cells are thought to have the highest plasticity of all pancreatic cell types
and, indeed, rather easily de-differentiate into a progenitor phenotype, after which
they further differentiate into duct-like cells. Acinar (de)differentiation under be-
nign conditions is reversible, but oncogenic KRAS activation renders this mech-
anism irreversible and thereby drives ductal metaplasia [8,46]. KRAS silences
the acinar transcription factors MIST1 and PTF1A while it concurrently induces
expression of the ductal transcription factor SOX9 [17,47]. Silencing the acinar
transcription factors predisposes acinar cells to ductal differentiation [48] and
accelerates ADM [49]. In the current manuscript, we identify PAR1 as a novel
player in acinar (de)differentiation in health and disease. We show that PAR1
inactivation leads to increased expression levels of PTF1A and MIST1, whereas
expression levels of SOX9 and KRT19 decrease. Importantly, this PAR1-depen-
dent shift towards an acinar phenotype is not only evident in healthy acinar cells,

as PARI silencing also increases acinar gene expression in cells from established



PDAC. This suggests that also ductal cells are plastic and able to regenerate into
acinar-like cells, even in the presence of oncogenic KRAS activation. Based on
these findings, we suggest that PAR1 is critical in ADM and that PAR1 inhibition

may prevent malignant progression.

An intriguing finding in our manuscript is the identification of Myc as a down-
stream factor of the PAR1 driven cellular differentiation program. Myc inhibition
in PDAC cells mimics PAR1 inhibition in re-activating the expression of acinar
transcription factors (PTF1A, MIST1, and NR5A?2). Interestingly, Myc activation
is known to drive acinar transdifferentiation. Indeed, acinar-specific Myc over-
expression has been described to enhance ductal metaplasia and induce the for-
mation of neoplasms that display both acinar-like neoplastic cells and duct-like
neoplastic cells [42]. In addition to affecting acinar-ductal tissue homeostasis,
our data show that Myc inhibition leads to the re-expression of acinar-specific
genes in both PDAC and healthy ductal cells. Surprisingly, acinar cell transdif-
ferentiation has not been reported in the range of ductal plasticity in the pancreas
[46]. Our findings here suggest that the PAR1-Myc axis may be a key driver that
prevents transdifferentiation of ductal cells back into acinar-like cells.

Another interesting, and at first glance, surprising finding of our study is that
PART1 deficiency (either by genetic ablation or by pharmacological inhibition)
also limits ADM formation by EGF. However, PAR1 is known to transactivate
the epidermal growth factor receptor (EGFR) in various experimental contexts.
For instance, PAR1 transactivates EGFR in invasive breast carcinoma, thereby
promoting cellular invasion [50]. PAR1-dependent intracellular phosphorylation
of EGFR also induces proliferation of vascular smooth muscle cells [51], where-
as PAR1 also promotes human colon cancer proliferation through EGFR transac-
tivation [52]. Our data underscore the importance of EGFR—PARI1 cross-talk in

cell fate decisions.

PART1 expression levels are known to correlate with cancer progression and overall
survival in different tumor types of epithelial origin [53,54]. Consistent with such
clinical data suggesting a tumor-promoting role of PAR1, experimental studies
provide solid evidence for PAR-1 as a driver of cancer progression. PAR1 induc-

es proliferation, migration, and invasion of cancer cells in in vitro experiments
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[54,55], whereas tumor cell-specific PAR1 overexpression drives tumor growth
in preclinical animal models of breast and prostate cancer [56]. Inline, inhibition
of tumor cell PAR1 [57,58], stromal PAR1 depletion [16,59], or pharmacologi-
cal PARI inhibition [14] consistently suppresses tumor growth in experimental
animal models. In the current manuscript, we extend this notion by showing that
PARI not only drives tumor growth but also contributes to the pre-malignant
stages of PDAC. Of note, this effect of PAR1 may be context-dependent and
could be specific for PDAC. Indeed, an elegant prior study showed that PAR1
deficiency in Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) mice
results in diminished apoptosis in transformed epithelia with subsequent larg-
er and more aggressive prostate tumors [60]. Similarly, PAR1 deficiency on the
Adenomatous Polyposis Coli mutant (APC Min) background resulted in more
and larger adenomas suggesting that PAR1 limits pre-malignant transformation
in prostate and intestinal tumors. In breast cancer, PAR1 deficiency does not seem
to modify spontaneous tumor formation [61], further strengthening the notion
that PAR1 plays a context-dependent role in premalignant transformation.

CONCLUSION

A picture emerges in which PARI is a cellular receptor that governs ductal cell
identity. Its perturbation reveals remarkable cellular plasticity in ductal cells. Fur-
thermore, PAR1 represses acinar transcriptional programs to allow regeneration
after injury. PAR1 activates the Myc pathway that enhances ADM and locks dif-
ferentiated acinar cells in a ductal cell state. Downregulating the PAR1-Myc axis,
in part, destabilizes the ductal phenotype leading to the transdifferentiation of
PDAC cells. Overall, we identify the PAR1-Myc axis as a driver of ductal cell-
fates in healthy, premalignant pancreas and PDAC.
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SUPPORTING INFORMATION

Mock Vorapaxar NaN; (positive control)
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Supplementary Figure 1

Viability of 3D collagen embedded pancreatic acinar cells. A) Acinar spheroids were
treated with mock (DMSO), 1 uM Vorapaxar, and 0.5 mM NaN3 on the day of cell seed-
ing. Pictures were taken 4 days after cell seeding/treatment. Propidium Iodide (20ug/ml)

Propidium lodide (TXRED) Propidium lodide (TXRED)

4x

was supplemented 15 minutes prior to imaging. Phase-contrast and TxRed (red fluores-
cence) images are shown at 4X and 20X magnifications. Scale bars indicate 500 pm on
4X, and 200 um on 20X images. B) Resazurin (blue)- Resofurin (pink) conversion for
detection of mitochondrial activity in acinar cultures. Acinar cells were treated as for pan-
el A. 200 pl of CellTiter Blue reagent (resazurin) was added to 1000 pl of culture media
and was incubated for 4 hours. Phase-contrast images are given at 10X and 20X magnifi-
cations. Scale bars indicate 400 um on 10X, and 200 pm on 20X images. All images are
taken with the EVOS FL cell imaging system.
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Supplementary Figure 2

PARI1 deficiency and PAR1 inhibition limit ductal differentiation of 3D collagen-embed-
ded acinar cells. A) Phase-contrast images of 3D collagen embedded acinar cells from
wildtype and PAR1-deficient acinar cells are shown. Wildtype (upper panel) or PAR1
deficient (lower panel) acinar cells were treated with DMSO as mock or with 1uM Vora-
paxar (only on the wildtype group), and 1 ng/ml MMP9, or 50 ng/ml EGF for 5 days.
Image acquisition was performed on day 5 at 20X magnification with the EVOS FL cell
imaging system. Ductal structures are marked with an asterisk (red). B) Fluorescence
images of 3D collagen embedded acinar cells from wildtype acinar cells with vorapaxar
treatment. Acinar cells were treated with 1 pM vorapaxar and with 1 ng/ml MMP9, or 50
ng/ml EGF for 5 days. Image acquisition was performed on day 5 at 20X magnification
with EVOS FL cell imaging system with YFP (F-actin) and Tx-Red (DBA) channels.
YFP and Tx-Red channels were merged on ImagelJ. Scale bars indicate 200 pm.
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Supplementary Figure 3

shRNA knockdown confirmation of the primary 096 PDAC cell line. Shown mRNA ex-
pression for PAR1 (F2R) is relative to TBP. Shown is the mean+=SEM (n=4); * p<0.05,
Student’s t-test.
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Supplementary Figure 4
Amylase expression increases in shParl tumors in the murine orthotopic KP model. Am-
ylase-positive nuclei were counted on 4X images of 2 independent tumors in both the
shCtrl and shPar1 group with the Image J IHC toolbox for DAB staining and nuclei detec-
tion (https://imagej.nih.gov/ij/plugins/ihc-toolbox/index.html). Shown is the mean+=SEM
(n=2); ** p<0.01, Student’s t-test.
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Chapter 6

PARI1: Not such a good target as anticipated
for cancer patients?

C Arnold Spek, Cansu Tekin, Maarten F Bijlsma

J. Thromb Haemost. 17, 235-238 (2018)
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COMMENTARY

Protease activated receptor 1 (PAR-1), originally identified as the thrombin re-
ceptor on platelets and vascular endothelial cells, is expressed on numerous cells
throughout the body. Tumor cells, and cells in the tumor microenvironment like
cancer-associated fibroblasts, macrophages, T cells and endothelial cells, are no
exception and PAR-1 expression is abundant in a variety of cancer tissues [1,2].
The potential relevance of PAR-1 expression for tumor growth is underscored
by observations that PAR-1 expression levels correlate with cancer progression
and overall survival [1,2]. Consistent with such clinical data hinting towards a
tumor-promoting effect of PAR-1, experimental studies seem to provide solid
evidence for activated PAR-1 as a driver of cancer progression. Indeed, PAR-1
activation induces proliferation, migration and invasion of cancer cells in dif-
ferent in vitro experiments (excellently reviewed in references [2,3]) whereas
tumor cell specific PAR-1 overexpression potentiates tumor growth in preclinical
animal models of breast and prostate cancer (Table 1) [4-6]. In line, shRNA-me-
diated inhibition of tumor cell PAR-1 [7,8], stromal PAR-1 depletion [9,10] or
pharmacological PAR-1 inhibition [11] consistently suppress tumor growth in an-
imal models. As a consequence, the current paradigm dictates that PAR-1 drives
cancer progression based upon which PAR-1 has been suggested as a promising
target for the treatment of cancer [1]. Intriguing recent data are however at odds
with this paradigm and suggest that PAR-1 could also harbor tumor suppressive

functions.



Tumor type

Breast cancer

Breast cancer

Breast cancer

Colon cancer

Colon cancer

Glioma

Lung cancer
Melanoma
Melanoma
Pancreatic cancer
Pancreatic cancer
Prostate cancer

Prostate cancer

Table 1

PAR-1 modulation

PAR-1 deficient mice crossed into
polyoma middle T mice.

PAR-1 overexpressing tumor cells
in wild type animals.

PAR-1 overexpressing tumor cells
in wild type animals.

Wild type tumor cells in PAR-1
deficient animals.

PAR-1 deficient mice crossed with
APC™"" mice.

PAR-1 deficient tumor cells in wild
type animals

Systemic PAR-1 inhibition in wild
type animals.

PAR-1 deficient tumor cells in wild
type animals.

Systemic PAR-1 inhibition in wild
type animals.

Wild type tumor cells in PAR-1
deficient animals.

PAR-1 deficient tumor cells in wild
type animals.

Inducible PAR-1 over-expressing
tumor cells in wild type animals.
PAR-1 deficient mice interbred
with mice carrying the TRAMP
transgene.

Tumor site

Orthotopic

Orthotopic

Orthotopic

Subcutaneous

Orthotopic

Intracranial
Subcutaneous
Subcutaneous
Subcutaneous
Orthotopic
Orthotopic
Subcutaneous

Orthotopic

Animals

C57B1/6 mice

Nude mice

Nude mice

C57BI/6 mice

C57B1/6 mice

NOG mice
Nude mice
Nude mice
Nude mice
C57Bl1/6 mice
C57Bl/6 mice
Copenhagen

rats.
C57B1/6 mice

Key finding

Appearance of palpable tumors, tumor expansion, and metastasis
was indistinguishable between wild-type and PAR-1 deficient
mice.

Large and highly vascularized tumors were generated by cells
over-expressing wild type PAR-1, whereas small or no tumors
developed in cells over-expressing truncated PAR-1 and/or
control cells.

PARI is both required and sufficient to promote growth and
invasion of breast carcinoma cells.

Palpable tumors developed in the same time frame in both wild
type and PAR-1 deficient mice but tumors growing in PAR-1
deficient mice grew significantly slower than those in wild type
mice.

PAR-1-deficient APCM™* mice developed more adenomas than
PAR-1 expressing mice, and the adenomas that formed were
significantly larger.

shRNA-dependent PAR-1 silencing suppressed tumor expansion
and prolonged survival.

Monotherapy with the PAR-1 pepducin P1pal-7 provided 75%
inhibition of lung tumor growth.

Decreased tumor growth in mice injected with PAR-1 silenced
cells.

Decreased tumor growth in mice treated with liposome-
incorporated PAR-1 shRNA.

PAR-1 expression in the microenvironment drove tumor
progression and induced chemoresistance.

Tumor cell PAR-1 negatively affected tumor growth, yet
promoted metastasis.

Doxycycline-dependent PAR-1 induction increased tumor mass
and angiogenesis.

PAR-1 deficiency resulted in larger and more aggressive prostate
tumors.

Overview of studies targeting PAR-1 in experimental animal models of cancer.

Reference

Versteeg et al
[19].

Cohen et al
[4]; Kancharla
et al [20].

Boire et al [5].

Adams et al

9]

Adams et al
[12].

Auvergne et al
[7].

Cisowski et al
[11].

Villares et al
[8].

Villares et al
[8].

Queiroz et al
[10].

Tekin et al
[13].

Yin et al [6].

Adams et al
[12].

159



160

In a recent issue of the Journal of Thrombosis and Haemostasis, Adams and col-
leagues elegantly addressed the importance of PAR-1 in spontaneously develop-
ing tumor models and showed that the genetic elimination of PAR-1 in fact aggra-
vated tumor development [12]. Interbreeding PAR-1 deficient mice with TRAMP
(transgenic adenocarcinoma of the mouse prostate) mice that spontaneously de-
velop prostate tumors led to significantly larger tumors with features of aggres-
sive growth. Moreover, PAR-1 deficient Adenomatous Polyposis Coli min (AP-
Cmin/+) mice developed more and larger adenomas as compared to PAR-1 wild
type APCmin/+ mice. In a concurrently published paper from our own group, we
showed that PAR-1 silencing in cancer cells induced well-differentiated tumors
with enhanced growth characteristics in an orthotopic pancreatic cancer model
[13]. These intriguing novel studies emphasize that the role of PAR-1 in cancer
biology is not as straightforward as anticipated and highlight that PAR-1 may not

be the anticipated promising target for the treatment of cancer.

PAR-1 is traditionally known to be activated by the blood coagulation factor
thrombin and the potential importance of thrombin (or blood coagulation in gen-
eral) in cancer was already described by Bouillard and Trousseau in the 19th
century [14]. Due to an intense research effort, thrombin is now accepted to be a
key player in various cellular processes relevant to tumor growth and metastasis
[3,16]. Initial clinical studies confirmed this notion by showing that anticoagulant
treatment prolonged overall survival of cancer patients, but subsequent studies
were unable to make good on the promise of anticoagulants in cancer treatment.
Although several hypotheses have been put forward, the minimal effect of anti-
coagulants on the overall survival of cancer patients remained puzzling [14]. The
recent papers of Adams [12] and Tekin [13] may provide an interesting explana-
tion. As excellently reviewed in reference [15], most (if not all) of the thrombin
effects are suggested to be PAR-1 mediated. It is thus well conceivable that the
observed tumor-impeding effects of PAR-1 are also thrombin dependent and that
anticoagulant treatment would consequently provoke tumor growth in certain

contexts.

The opposing results from preclinical PAR-1 studies strongly support the no-



tion that PAR-1 plays a context-dependent role in tumor biology. Indeed, stromal
depletion of PAR-1 limits pancreatic cancer progression [10], whereas PAR-1
depletion from tumor cells potentiates tumor growth in a similar orthotopic pan-
creatic cancer model [13]. Likewise, colon cancer growth is inhibited when wild
type (PAR-1 expressing) colon cancer cells are implanted in PAR-1 deficient
mice [9], but is increased in a model in which both tumor and stromal cells are
PAR-1 deficient. It thus seems that PAR-1 exerts an opposing role in the stro-
ma and tumor cells, indicating that the effects seen in PAR-1 targeting studies
may critically dependent on the chosen model (i.e. stromal versus tumor cell
targeting). Of note, all studies that demonstrated that tumor cell PAR-1 drives
tumor progression employed immune-compromised mice (either nude or NOG,
see Table 1 for an overview). Considering the importance of immune cells in
the stromal compartment [16,17], it is tempting to speculate that the presence
or absence of immune cells determines the outcome of tumor cell PAR-1 target-
ing studies. Importantly, the two most recent studies showing that PAR-1 limits
cancer progression [12,13] were performed in immune-competent mice in which
immune cells are omnipresent. The actual importance of PAR-1 on immune cells
in the setting of cancer biology remains to be established however but it would
be interesting to directly compare the growth dynamics of PAR-1 deficient tumor

cells in immune-competent versus immune-compromised mice.

In their search for the mechanism that underlies the growth inhibiting effect of
PAR-1 in TRAMP and/or APCmin mice, Adams and colleagues observed a dra-
matic reduction in apoptotic cells in PAR-1 deficient tumors [12]. Next, they
elegantly showed that activated protein C- but not thrombin- mediated PAR-1
activation induced apoptosis of prostate cancer cells in vitro. The agonist-depen-
dent divergent response of PAR-1, referred to as biased agonism [18], strongly
suggests that the endogenous activating protease(s) dictate(s) the context-depen-
dent role of PAR-1 in tumor progression. Such a hypothesis underscores the im-
portance of the preclinical animal model and the lack of immune cells in nude
mouse models may obscure data interpretation. Indeed, immune cells secrete
PAR-1 agonists like MMPs and Granzymes themselves, whereas they may also
impact upon PAR-1 agonist expression by tumor cells. The lack of immune cells
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thus changes the protease composition in the tumor microenvironment thereby
affecting the dynamics of PAR-1 activation and potentially masking the tumor
suppressive roles of PAR-1. It is however not before we identify the endogenous
PAR-1 agonist driving apoptosis of tumor cells that we could prove or refute this
hypothesis.

The PAR-1-cancer biology field is currently bustling with important questions
remaining to be answered. It is pivotal to fully understand the context-dependent
role of PAR-1 and to assess whether PAR-1 indeed plays opposing roles in tumor
cells and the stromal compartment. Moreover, it will be of great interest to as-
sess whether immune cells are key mediators in PAR-1 dependent tumor growth
and whether tumor cell PAR-1 would be pro-tumorigenic in the absence of im-
mune cells but anti-tumorigenic in their presence. Finally, it has to be established
whether the tumor suppressive and tumor promoting functions of PAR-1 in vivo
are mediated by different PAR-1 agonists and whether specifically targeting the
tumor promoting agonist would hold clinical promise. Irrespective of the answers
to these questions, the paradigm shift from PAR-1 as strictly tumor-promoting to
a potential context-dependent tumor suppressor establishes that PAR-1 is current-
ly not an attractive target to pursue in a cancer setting. Next to potential bleeding
complications that already were a major concern for long term treatment, PAR-1
inhibition may even potentiate tumor development in certain patients. The lat-
ter also directly implies that it will be pivotal to carefully monitor patients on
Vorapaxar treatment not only for bleeding complications but also for unfavorable

effects on tumor development.
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General Discussion and Future Perspectives

PAR1 activation, biased signaling, and the downstream pathway

PARI1 is a member of the G-protein coupled receptor (GPCR) family. The con-
ventional mechanism for GPCR activation involves conformational changes in
the receptor following agonist binding, subsequently translating into the activa-
tion of different downstream G-protein subunits [1]. The PAR family fundamen-
tally differs from other GPCRs and carries their endogenous ligands on the N-ter-
minal arm of the receptor. Receptor cleavage by extracellular proteases releases
the tethered ligand, which then folds back and binds the receptor, initiating the
conformational changes that commence downstream signaling [2]. After proteo-
lytic activation, PAR1 is transported from the cell membrane to the endosome for
degradation in the lysosomes [3].

The first identified PAR1 agonist was Thrombin (gene name: coagulation factor
II, F2); hence PARI is also known as the thrombin receptor (F2R). Thrombin
cleaves the PAR1 N-terminal arm between arginine and serine at position 46,
and this cleavage is considered the canonical mode of activation for this receptor.
However, other proteases such as matrix metalloproteases (MMPs) cleave PAR1
at different sites, and these cleavages are considered non-canonical cleavage
events. The canonical and non-canonical cleavage of PAR1 can result in differ-
ent, albeit subtle conformational changes and allosteric mechanisms that govern
downstream signal transduction [4]. The different pathways can trigger highly
divergent physiological outcomes [5,6]. In addition to canonical and non-ca-
nonical activation of PAR1, some proteases such as elastase and plasmin cleave
PARI further downstream from the activation sites leading to inactivating of the
receptor [7]. The ability of different proteases to interact with the same GPCR to
trigger different signaling pathways that may lead to vastly different physiologi-
cal consequences is called biased signaling (or biased agonism) [8]. Knowledge
of the PAR1 agonist(s) present in a particular context and the site cleaved is es-
sential to understand why certain, often seemingly contradictory, responses are
observed following PAR1 activation [4].



PARI1 activity in epithelial-to-mesenchymal transition and tumor growth

In cancer, the ubiquitous expression of PAR1 and persistent stimulation of its
known downstream pathway components such as AKT, NF-xB, ERK1/2, and
HIF-1a impacts cell growth and apoptosis, thereby aiding tumor growth [9-12].
Furthermore, PAR1 has been shown to transactivate the epidermal growth factor
receptor (EGFR) [13—15] and to interact with the Hippo-YAP pathway, both of
which are signaling cascades known to promote tissue growth and tumorigene-
sis [16]. In agreement, experimental work on PAR1 shows that the majority of
downstream signaling activities contribute to poor prognosis by enhancing tumor
growth [17-21], epithelial-to-mesenchymal transition (EMT) and the resultant
tumor cell motility [17,22-29], and tumor angiogenesis/endothelial barrier func-
tion [18,30,31]. Among all these potential pro-tumorigenic properties, the most
important effect seems to be PAR1-dependent increased cell motility, metastasis,
and invasive growth. PAR1 mediates tumor cell invasiveness through different
mechanisms. For instance, PAR1 activity on tumor cells results in increased ad-
hesion of platelets to tumor cells and of tumor cells to the extracellular matrix
(ECM). As a consequence, it is likely that PAR1 increases ECM invasion, and
platelet interactions protect tumor cells from shear stress in the bloodstream and

allow evasion from immune surveillance [32-37].

Based upon the well-known importance of EMT in tumor cell migration and the
potential involvement of PAR1 in EMT, it is tempting to suggest that PAR1 also
contributes to differentiation to mesenchymal cell states that support metastasis
and consequently poor prognosis in PDAC. In Chapter 2, we address the impor-
tance of PAR1 in the EMT of PDAC cells and show that PAR1 plays a vital role
in the maintenance of a mesenchymal cell state. The key finding of Chapter 2 is
that PAR1 limits tumor growth by inducing EMT, causing tumor cells to reduce
proliferation but instead disseminate from the primary tumor to form distant me-
tastasis. Previous work showed that PAR1 deficiency in the stroma also reduced
metastasis but promoted primary tumor growth. Indeed, the inoculation of wild-
type tumor cells into PAR1 deficient animals (hence PAR1 competent tumor cells
in a PAR1 deficient environment) resulted in smaller tumors as compared to the
inoculation in wild type animals [17]. Together these studies highlight that PAR1
plays a context-dependent pleiotropic role in tumor biology and that PAR1 target-
ing should be approached with caution. For instance, explicitly targeting stromal
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PARI could be an intriguing new concept to reduce the metastatic burden of
PDAC. Alternatively, the identification of PAR1 agonists that specifically medi-
ate the growth inhibitory effect on tumor cells could hold therapeutic promise.
Finally, the efficacy of PAR1 inhibition could be increased by only targeting sig-
naling cascades/PAR1 agonists that mediate the pro-tumorigenic effects of PAR1.

Macrophage influx and PAR1 driven tumor-macrophage crosstalk
Monocyte recruitment to tissues is the innate immune system’s initial response to
tissue damage or inflammation. Upon entry into the tissue, monocytes get activat-
ed to become macrophages, and these newly activated naive macrophages further
differentiate into a broad spectrum of specialized macrophage phenotypes (from
pro-inflammatory to anti-inflammatory) in response to micro-environmental cues
[38]. In many solid tumors, including PDAC, macrophage infiltration is common,
and increased macrophage numbers are often associated with poor prognosis and
enhanced metastasis [39,40]. Interestingly, studies using different solid tumor
models have shown that tumor-associated macrophages (TAMs) induce EMT
[41-43], which (as indicated above) may drive tumor progression and metastasis.
Of particular interest given the above, PAR1 activation induces the secretion of
monocyte chemoattractant protein-1 (MCP-1), a cytokine required for monocyte
recruitment [44]. Furthermore, using an orthotopic pancreatic cancer grafting
model, a previous study showed that PAR 1-deficient animals exhibited decreased
macrophage infiltration into the tumor, accompanied by smaller tumors and in-
creased gemcitabine resistance compared to wild-type animals [17]. These find-
ings suggest that PAR1 may aid metastatic potential and therapy resistance in
cancers by driving monocyte/macrophage infiltration through the production of
MCP-1 [45].

A question that remained is how the recruited macrophages, once migrated into
the tumor, interact with PAR1 to increase tumor progression. In Chapter 3, we
report that naive (M0) macrophages secrete MMP9, we identify MMP9 as a
novel agonist for tumor cell PAR1, and we show that MMP9-dependent PAR1
activation drives EMT. Interestingly, the MMP9-dependent induction of EMT
on tumor cells also renders tumor cells resistant to MO macrophage-induced cy-
totoxicity. The findings in this chapter thus suggest that targeting MMP9 rather



than PAR1 could be effective against PAR1-driven EMT and resistance against
MO0-macrophage-induced cytotoxicity. This would allow specific targeting of the
pro-tumorigenic activities of PAR1, leaving the anti-tumorigenic effects of PAR1
untouched.

In Chapter 4, the anti-tumorigenic activities of naive MO macrophages were fur-
ther analyzed in detail in a PAR1-independent manner. In this chapter, we show
that the anti-tumorigenic capacities of MO macrophages are dependent on TNF-a
secretion. Indeed, naive MO macrophages secrete large amounts of TNF-a, and
TNF-a inhibition prevents M0-induced cytotoxicity. Moreover, the differentia-
tion of naive MO macrophages into specialized subtypes, either by tumor cells
or by specific cytokines, diminishes TNF-a secretion and a loss of the cytotoxic
effects of macrophages.

An essential aspect of MO macrophage differentiation in the tissue microenvi-
ronment (TME) is that their secretion patterns may change after differentiation.
It, therefore, remains to be seen whether M2/TAM differentiated macrophages
still secrete MMP9. In addition, it may well be that differentiated macrophages
predominantly secrete other (PAR1 cleaving) proteases, and the interaction of
these proteases with PAR1 may yield a different cellular outcome due to PARI1
biased signaling [5]. Therefore, protease expression profiling of macrophages at
different stages of differentiation and other members of the tumor microenviron-
ment such as pancreatic stellate cells and cancer-associated fibroblast populations
could yield specific pro-tumorigenic PAR1 agonists. In other words, an in-depth
understanding of PAR1-driven cellular pathways (both up-and downstream of
PARI1 cleavage) together with expression patterns and dynamics of agonists at
different stages in the TME can yield novel therapeutic targets against metastatic

disease or primary tumor progression.

PARI1 activity in acinar-to-ductal metaplasia

Acinar-to-ductal metaplasia (ADM) is an event that occurs in the pancreas,
whereupon injury, pancreatic acinar cells differentiate into duct-like cells with
progenitor cell properties. ADM contributes to tissue regeneration and is essential
for the homeostasis of the pancreas. However, in case of oncogenic mutations or
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sustained stress, ADM can lead to pancreatic intraepithelial neoplasia (PanIN),
which is a common premalignant precursor lesion often observed in PDAC pa-
tients [46,47]. This thesis provides the first clues that PAR1could play a key role
in ADM in the pancreas. As shown in Chapter 5, PAR1 activation induced ductal
differentiation of wild-type acini, whereas PAR1 deficient acini were shown to be
resistant to the induction of ADM. Although of evident importance, PAR1 driven
ADM is not the only novel finding in this chapter. We also showed that silenc-
ing PARI in terminally differentiated PDAC cells provoked a marked increase
in acinar-related gene expression patterns and a decline in ductal transcriptional
programs — an unforeseen but exciting finding as it was previously believed that
terminally differentiated ductal cancer cells could not re-gain acinar cell-related
expression patterns. Our data refute this paradigm and instead show that through
continuous PAR1 inhibition, ductal cell identities can be shifted towards acinar
fates. However, it must be noted that PAR1 knockout mice show no defects in
pancreatic development or ductal structures, suggesting that PAR1 is likely not be
involved in embryonic development of the ductal lineage. Also shown in Chapter
5 is that PAR1 driven maintenance of the ductal lineage is linked to Myc activity.
Myc is a highly deregulated proto-oncogene in >50% of cancers that plays an es-
sential role in cell proliferation, metabolism, and differentiation [48]. Of note, we
show that Myc inhibition mimics PAR1 deficiency in enhancing acinar programs
in healthy organoids and PDAC cells. The underlying mechanism by which the
PAR1/Myc axis drives ADM remains elusive, however. A (future) more detailed
analysis of the molecular mechanism on PAR1-driven ADM incorporating Myc
activity and elucidating PAR1/Myc target genes/pathways may identify essential
players in ductal transdifferentiation. At this moment, it is tempting to speculate
that Myc inhibition, as the secondary member behind PAR 1-initiated ADM, may
yield a novel therapeutic window to prevent disease progression. Importantly,
however, no clinically approved specific Myc inhibitors are currently available.

PAR1-mediated ADM is a potential early event in PDAC development, but pa-
tients are not typically diagnosed at an early stage. Therefore, the big question in
future studies would be whether reversal of ductal cells to acinar-like cells has
therapeutic potential in both premalignant and established PDACs. To this end,
genetic animal models in which the premalignant and the late stages of PDAC
are captured (with and without genetic or pharmacological perturbation of PAR1)



could be used. The reason for using model systems combining PAR1 deficiency
with KRAS mutations is that the KRAS oncogene is one of the most predomi-
nantly mutated genes in human malignancies. In pancreatic cancer, more than
90% of the patient samples are positive for KRAS mutations [49,50]. The con-
stitutively active KRAS G12D mutation is the most frequent KRAS mutation in
the pancreas and is detected frequently in the most common precursor lesions
such as pancreatic intraepithelial neoplasia (PanIN) [51,52]. Furthermore, studies
with mouse models have shown that oncogenic KRAS is a prerequisite for PanIN
formation [53,54]. Therefore, combining PAR1 deficiency with oncogenic KRAS
in a pancreas-specific model to assess disease progression over time can shed a
brighter light on the extent of the therapeutic potential and provide more evidence
for targeting PAR1 (or its activating proteases) in combatting disease progression
in PDAC.

Clinical Relevance and Future Perspectives

Systemic inhibition of PAR1 should be applied with caution, considering that
systemic treatment is not expected to act on tumor cells alone. This is particular-
ly important as blocking thrombin-PAR1 dependent platelet aggregation impairs
coagulation and may lead to bleeding complications. In fact, the TRA*CER trial,
a placebo-controlled phase III trial in which vorapaxar was added to the stan-
dard of care to treat acute coronary syndromes, reported an increased risk of
bleeding in the vorapaxar group, and the trial was terminated prematurely due to
the bleeding complications [55,56]. Instead of PAR1 inhibition, dominant/highly
expressed agonists or downstream signaling pathways (e.g., Myc) in the target
tissue could therefore be more suitable targets to achieve therapeutic goals. In ad-
dition, patient stratification based on PAR1 and/or agonist expression will inform
the dominant agonists in the given subgroup, which could be used for targeted
and personalized therapies.

It would be interesting to address whether PAR1 inhibition or agonist / down-
stream pathway inhibition could be utilized in patients who suffer from acute or
chronic pancreatitis and for those who are at higher risk for developing PDAC.
Furthermore, early-stage inhibition of PAR1 or its protumorigenic agonist could
limit tumor progression and decrease the metastatic burden, thereby increasing
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the window of opportunity for tumor resection. However, it must be noted that
animal studies combining PAR1 deficiency with oncogene-driven pancreatic can-
cer progression are needed to obtain pre-clinical evidence before clinical trials
could be initiated. As already mentioned before, PAR1 inhibition should be han-
dled with care, given that systemic targeting may cause severe bleeding compli-
cations. Again, identifying (and targeting) the protumorigenic PAR1 agonist may
hold more significant clinical promise.
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Summary

Pancreatic Ductal Adenocarcinoma (PDAC) is a highly lethal disease with 5-year
survival rates of around 10%, and pancreatic cancer-associated mortality is be-
coming increasingly common over the years. Unfortunately, despite many years
of research and accumulating knowledge, only a modest improvement is achieved
in patient outcomes. One of the reasons for the high mortality rate is the lack of
effective treatment options. Therefore, research efforts, including those described
in this thesis, are directed towards a better understanding of the underlying mech-
anisms that drive disease progression to ultimately broaden the therapeutic win-

dow.

In this thesis, Chapter 1 provides an introduction to PDAC, macrophages, and
protease-activated receptor-1 (PAR1). PAR1 is well-known to be associated with
disease progression and poor overall survival in different cancer types, and it
was previously shown that stromal PAR1 accelerates tumor growth and induces
chemoresistance in PDAC. To follow up on these previous findings, we focused
in Chapter 2 on the role of tumor cell PAR1 in PDAC progression. Using or-
thotopic mouse models grafted with wild type and PAR1-deficient PDAC cells,
PDAC gene expression datasets, and PDAC cell lines, we show that PARI is
a crucial player in maintaining a partial mesenchymal tumor cell state. Indeed,
PART1 deficient tumors have a well-differentiated morphology in vivo, and gene
expression analysis revealed an association of PAR1 with epithelial characteris-
tics. Furthermore, PAR1 activation significantly enhanced the migratory capac-
ity of PDAC cells, suggesting that its contributions to a mesenchymal-like state
are functionally linked to metastasis. These findings show that the contribution
of PAR1 on tumor cells differs from those previously shown for stromal PAR1.
Therefore, targeting PAR1 in PDAC should be implemented with care.

To further our understanding of how PAR1 drives mesenchymal phenotypes, we
investigated PAR1 interactions with tumor microenvironment (TME) compo-
nents. Since PARI activity was previously shown to correlate with macrophage
infiltration into the tumor in vivo, we next investigated whether PAR1 activity on
tumor cells can be linked to macrophage secreted proteases (i.e., tentative PAR1

agonists). In Chapter 3, using patient data expression sets, we show that amacro-
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phages themselves are not positive for PAR1. To elucidate the interaction of mac-
rophages upon entry into the tumor tissue with tumor cell-expressed PAR1, we
utilized naive macrophages (MO0) in medium transfer experiments. By analyzing
known and potential PAR1 agonists secreted from M0O-macrophages, we identi-
fied MMP9 as the dominant macrophage-secreted PAR1 agonist. Functional as-
says with PAR1 and/or MMP9 inhibitors together in MO-macrophage medium
transfer experiments revealed that MO-macrophages drive epithelial-to-mesen-
chymal transition (EMT) by MMP9-dependent PAR1 activation. Another inter-
esting finding in this chapter was that MO-macrophages had cytotoxic effects on
tumor cells, which could be further increased via PAR1 or MMP9 inhibition.
We proposed that EMT induction could act as a survival mechanism against M0
macrophage-induced cytotoxicity. Indeed, preventing EMT via ZEBI silencing
diminished the ability of tumor cells to survive macrophage-induced cytotoxicity,
further strengthening the notion that MMP9-driven PARI1 activation on tumor
cells induces EMT and enhances tumor cell viability under selective pressure.

The MO macrophage-induced cytotoxicity found in Chapter 3 is an unanticipat-
ed finding. Traditionally, macrophage influx is associated with accelerated tumor
growth, and macrophages are accepted to exert pro-tumorigenic activities. To
understand what drives M0 macrophage-induced cytotoxicity, we investigated
MO macrophage-induced cytotoxicity on PDAC cell lines in Chapter 4. We com-
pared naive MO macrophages to other specifically differentiated macrophages
such as M1, M2, and tumor-associated macrophages (TAMs) in cell viability and
cell death analysis. Interestingly, of all subtypes, only naive MO macrophages
were found to induce cell death. Furthermore, we found that TNF-a secretion was
exceptionally high in the MO subtype and that TNF-a inhibition using Infliximab
diminished the cytotoxic effect of naive macrophages. Altogether, these findings
suggest that reestablishing TNF-a secretion in differentiated macrophages (espe-
cially in the TAM subtype) could potentially re-activate their anti-tumorigenic
properties.

Pancreatic acinar cells show cellular plasticity and, upon injury, can transdiffer-
entiate into duct-like cells to contribute to the tissue remodeling during healing.
This transdifferentiation of acinar cells into ductal cells is called acinar-to-ductal

metaplasia (ADM). In normal tissue homeostasis, ADM is reversible; however,



the presence of oncogenic cues can render ADM irreversible and give rise to
preneoplastic lesions that develop into PDAC. It has been previously shown that
macrophages are key drivers of ADM through macrophage secreted factors such
as MMP9. In Chapter 5, we demonstrated that the tumor cell-macrophage cross-
talk through MMP9-dependent PAR1 activation contributes to ADM and pancre-
atic cell fates. Specifically, we found that PAR1 deficiency increases acinar-re-
lated gene expression in the healthy pancreas and limits ADM in acinar cells
ex vivo. Moreover, silencing PAR1 in PDAC cell lines increases acinar marker
expression. We found that the PAR1-mediated cell identity transitions rely on
Myc activity, and continuous PAR1 and Myc inhibition on ductal organoids was
found to reestablish acinar cell fates, even in tumor cells already committed to
the ductal lineage. In conclusion, in Chapter 5, we identified the PAR1-Myc axis
as a driver of ADM and ductal cell fates in premalignant pancreas and PDAC.
Additionally, we showed that acinar cells are not the only cell type in the exocrine
pancreas that shows cellular plasticity and that ductal cells can also transition into
acinar-like cells even in the context of oncogenic KRAS activation.

In Chapter 6, we present a commentary on a study on PARI in prostate and in-
testinal tumor progression. In this chapter, we discuss how these findings relate to
other findings on PAR1 in different tumor types and compare research outcomes.
Contradicting results from different preclinical studies in PAR1 deficient back-
grounds strongly suggest that PAR1 has divergent roles in tumor biology. The
main focus is to highlight whether, due to different contributions to tumor growth
depending on the context, PAR1 may be a promising target for cancer treatment.
We conclude that the paradigm shift from PAR-1 as strictly tumor-promoting to a
potential context-dependent tumor suppressor establishes that PAR-1 is currently
not an attractive target to pursue in a cancer setting. Next to potential bleeding
complications that already were a major concern for long-term treatment, PAR-1
inhibition may even potentiate tumor development in certain patients. Therefore,
as touched upon in the general discussion section, we envision that explicitly
targeting the protumorigenic PAR1 agonist may hold more significant therapeutic
potential as full-blown PAR1 inhibition.
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Nederlandse Samenvatting

Alvleesklierkanker is een zeer dodelijke ziekte met een gemiddelde overlevings-
duur van ongeveer 9 maanden. Vijf jaar na diagnose is ruim 90% van de patiénten
overleden, terwijl de sterfte na 10 jaar rond de 99% ligt. Een van de belangrijkste
redenen voor dit hoge sterftecijfer is het gebrek aan effectieve behandelingsmo-
gelijkheden. Voor het ontwikkelen van nieuwe behandelingen is het van groot
belang meer inzicht te verkrijgen in mechanismen die ten grondslag liggen aan

alvleesklierkanker.

In dit proefschrift wordt in Hoofdstuk 1 een inleiding gegeven over alvleesk-
lierkanker, een specifieke soort immuuncellen die we macrofagen noemen, en
protease geactiveerde receptor 1 (PAR-1). Het is bekend dat PAR1 is geasso-
cieerd met snelle ziekteprogressie en een relatief korte overleving in verschillen-
de kankertypes. Verder is eerder aangetoond dat PAR1 expressie in cellen ron-
dom de eigenlijke tumorcellen (ook wel stromale expressie genoemd) de groei
van alvleesklierkanker versnelt en daarnaast de tumor minder gevoelig maakt
voor chemotherapie. Gebaseerd op deze eerdere bevindingen hebben wij ons in
Hoofdstuk 2 gericht op de rol van tumorcel PAR1 in de progressie van alvleesk-
lierkanker. Met behulp van muismodellen, genexpressie datasets, en cellijnen,
vonden we dat PAR1 een cruciale rol speelt bij de morfologie van alvleesklier-
kankercellen en de groei van de cellen. PAR1 bevattende alvleesklierkankercellen
bleken langzamer te groeien dan alvleesklierkankercellen zonder PAR1. Naast dit
tumor-remmende effect van PAR1 bleek de PAR1 afhankelijke morfologie veran-
dering echter ook te leiden tot een verhoogde bewegelijkheid van de tumorcellen,
die leidt tot meer uitzaaiingen. Gebaseerd op de snellere groei van tumorcellen
die geen PARI1 tot expressie brengen lijkt het remmen van PARI1 in patiénten, on-

danks dat dit uitzaaiingen zou kunnen voorkomen, op dit moment geen goed idee.

Eerdere studies lieten zien dat de activiteit van PAR1 correleert met de hoeveel-
heid macrofagen in alvleesklierkankerweefsel. In Hoofdstuk 3 laten we zien dat
expressie van PAR1 inderdaad correleert met zogeheten markers voor macrofa-
gen, maar dat macrofagen zelf geen PARI tot expressie brengen. In plaats daar-
van blijken macrofagen een specifiek eiwit (te weten matrix metalloprotease 9;
MMP-9) uit te scheiden dat PAR1 op de alvleesklierkankercellen activeert. Deze
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activatie leidt tot het ontstaan van meer mobiele, makkelijker uitzaaiende alv-
leesklierkankercellen. Een andere interessante bevinding in dit hoofdstuk was dat
macrofagen in staat bleken alvleesklierkankercellen te doden (zoals macrofagen
horen te doen als immuun cellen), maar dat de activatie van PAR1 dit grotendeels
voorkwam. De differentiatie van alvleesklierkankercellen na PAR1 activatie li-
jkt dus te werken als een overlevingsmechanisme tegen macrofaag-geinduceerde
celdood. Het blokkeren van dit resistentie mechanisme in alvleesklierkankercel-
len bleek inderdaad te leiden tot een toename in macrofaag athankelijke celdood.
Dit suggereert dat tumorcellen PAR1 misbruiken om macrofaag-geinduceerde
celdood te omzeilen en dat het remmen van PAR1 mogelijk de effectiviteit van

macrofagen zou kunnen vergroten.

De macrofaag-geinduceerde celdood zoals waargenomen in Hoofdstuk 3 is een
onverwachte bevinding. Traditioneel wordt de instroom van macrofagen in tu-
morweefsel namelijk geassocieerd met versnelde tumorgroei, en macrofagen
worden daarom beschouwd als tumorgroei-bevorderende cellen. Om deze ogen-
schijnlijk tegenstrijdige waarnemingen te verklaren, onderzochten we macro-
faag-geinduceerde celdood van alvleesklierkankercellen in Hoofdstuk 4. Hierbij
bleek dat alleen naieve macrofagen, die pas kort in het tumorweefsel aanwezig
geweest zijn, alvleesklierkankerceldood induceren. Macrofagen die als gevolg
van de interactie met (en instructie door) alvleesklierkankercellen een andere
identiteit aannamen, voorkwamen celdood. Verder vonden we dat de productie
van een bekend tumorcel dodend eiwit (te weten TNF-o) hoog was in naieve,
ongedifferentieerde macrofagen maar niet in gedifferentieerde macrofagen. Het
remmen van TNF-a bleek tenslotte het celdodende effect van naieve / ongedif-
ferentieerde macrofagen te verminderen. Bij elkaar suggereren deze bevindingen
dat het herstellen van de TNF-a secretie in gedifferentieerde macrofagen mogeli-
jk zou kunnen leiden tot een effectievere celdood van alvleesklierkankercellen.

De alvleesklier kan na beschadiging herstellen. Hiertoe differentiéren de acinaire
cellen, de cellen die de verteringsenzymen maken, in een proces dat bekend staat
als acinaire naar ductale metaplasie (ADM). Onder normale omstandigheden is
ADM omkeerbaar en transdifferenti€ren de ductale cellen weer terug naar hun
acinaire oorsprong. De aanwezigheid van specifieke oncogene DNA mutaties

kan ADM echter onomkeerbaar maken en aanleiding geven tot het ontstaan van



alvleesklierkanker. Eerder is aangetoond dat macrofagen bij dit proces een belan-
grijke rol spelen door de uitscheiding van MMP-9. Aangezien we eerder hebben
aangetoond dat MMP9 kan leiden tot PAR1 activatie hebben we in Hoofdstuk 5
bestudeerd of MMP9 via PAR1 bijdraagt aan ADM en het ontstaan van alvleesk-
lierkanker. Hierbij vonden we inderdaad dat acinaire cellen PAR1 gebruiken om
te differenti€ren en dat het remmen van PAR1 ADM voorkwam. Deze data sug-
gereren dat PAR1 een belangrijke rol speelt bij de initiatie van alvleesklierkanker.

Hoofdstuk 6 is een beschouwing van een gepubliceerde studie naar de rol van
PAR1 in prostaat- en darmkankerprogressie. We bespreken hoe de bevindin-
gen uit het gepubliceerde artikel zich verhouden tot andere bevindingen in de
wetenschappelijke literatuur over PAR1 in verschillende tumortypes. Tegenstri-
jdige resultaten van verschillende studies suggereren dat PAR1 onder bepaalde
omstandigheden tumorgroei kan remmen en uitzaaiing kan voorkomen maar dat
het onder andere omstandigheden juist tumorgroei kan bevorderen. Als gevolg
hiervan concluderen we dat het remmen van PAR-1 momenteel geen goede op-
tie is voor kankerpati€énten. Naast potenti€le bloedingscomplicaties als gevolg
van langdurige PAR1 remming zou PAR-1 remming bij bepaalde patiénten zelfs
de ontwikkeling of groei van tumoren kunnen versterken. Daarom denken wij,
zoals we in de algemene discussie uitgebreid beschreven hebben, dat toekoms-
tige onderzoeken zich expliciet moeten richten op de specifieke factoren die de
tumor-bevorderende activiteiten van PAR1 medi€ren. De identificatie van deze
factoren zal de mogelijkheid bieden om de tumor-bevorderende rol van PAR1 te

remmen zonder de tumor-remmende werking te verminderen.
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Plus, your meticulousness, attention to detail and refined taste in how everything
should look was another lesson that I took from you. Many thanks for keeping the
projects and the graphics on a straight trajectory.

Joost Meijers, in the first months of my time in the Netherlands, I started my
internship in your lab and still remember those days with a warm smile on my
face. You were a great mentor to me; I learned a great deal from you. Thank you
for accepting to be on my thesis committee; [ am delighted to see you again, and
it is a great honor.



Hanneke, I admired your strong stand and encouraging presence during the
PION meetings. Louis, you are truly inspiring as a scientist, and your way of
thinking is teaching others a great deal. I am honored to have you both on my

thesis committee.

Alex de Vos, your energetic presence in the G2 lab was genuinely remarkable.
Many thanks for helping me out whenever I am looking for a fringe reagent in the
lab, and also, many thanks for being on my thesis committee.

I want to express many thanks and gratitude to Carlie de Vries and Henri Ver-
steeg for accepting to be on my thesis committee, making time to evaluate and
read my thesis.

Hella, you are definitely the rockstar of the Stolling group, solving problems with
ease and keeping our lovely corner lab in order as if it’s an easy-peasy thing to do.
I enjoyed your gezelligheid and admired your orderliness. It was a great pleasure
to work with you and talk with you. I will never forget your positive attitude, your

laughter against funny stuff happening in and around our lab.

Jan Willem, your dedication and discipline are definitely admirable. In my first
days in the lab, you helped me a lot and taught me a lot, of which I am ever grate-
ful. I always enjoyed your company in the lab and your comments during our
group meetings. [ am thrilled to hear that your scientific career is advancing, and

I am sure many more success stories are ahead of you.

Maaike and Lin, thank you for the gezelligheid in the lab; I wish I had more time
with you in the lab. All the best for your future endeavors.

Kun, as your successor on the PAR1 project, you and your work became corner-
stones for this thesis. I benefited greatly from your animal studies, and for this, we
both can be happy that those animals were sacrificed for a more significant cause.
I really enjoyed your company during our trip to EACR in Manchester. I appre-
ciate all the friendly guidance you gave me both scientifically and for my career.

Brendon, I must thank you for many things. First, for helping me out big time
for the RNA sequencing, setting this straight and running. This was a part where
I learned a lot and had great fun. Second, thank you for your very insightful com-

ments and enthusiastic scientific discussions.
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Onno, Gerrit, and Frederike, without your input and help, one of the chapters
in this book would not be where it is today. Thank you for joining our project,

helping, and teaching me.

Joost and Marieke, words wouldn’t be enough to express my gratitude for you
to help me out during the animal experiments. Without your help, I wouldn’t be

able to finish any of those animal studies.

Leonie, your friendly attitude and curiosity is really remarkable. I hope you never
lose that light in your eyes, and you can keep your interest alive. [ am sure you
will do a great job and get a lot of success out of your Ph.D. Etienne; I am truly
impressed with your strong stand in life and admire your persona (and shirt-sock
combinations). Having you around in the lab was almost like having a sunny day

in the Netherlands. I hope your energy never dies.

Preeti, Paris, Ronja, Vaishali, Nesrin, Clara, and Sanne ten Hoorn, I think
words cannot do the work when I try to express how much I enjoyed our lunch
and coffee breaks. Our close-knitted bond and support for each other were some
of the greatest gifts to have out of my time in CEMM. Preeti, | haven’t met any-
body who has your shining and warm aura. You are an incredible person, and I
have no doubts that you will achieve many great things. Clara, you are a won-
der-woman; your dedication inspires me. Thank you so much for your feedback
and your guidance in our office whenever | wanted to get your opinion. Sanne
ten Hoorn, your energy is definitely lifting others. I admired your go-getter per-
sonality and your friendliness.

Sophie, thank you for helping me out with the organoids and for giving me your
strong support. Anne, you are extremely funny, friendly and hard-working. [ wish
you all the best in life. Veronique, many thanks for your discussion and support.
Eva, I missed you a lot after you have left. Your big smile and helpful attitude
were one of the highlights in my early years. Cynthia, you are the centerpiece
of the Bijlsma lab, and without you, nothing would be the same. Thank you for
helping me out, and I wish you all the best.

Mark, Amber, and Sanne Bootsma, it was a great pleasure to culture together in
the ML2 and thank you for all the laughs and gezelligheid. Maartje, Joyce, Jan-
neke, Kate, Patricia, Robin, and Leandro thanks for the company, talks and ge-
zelligheid during memorable borrels. I had a great time during these happy hours.



Sanne van Neerven, Lisanne, and David, many thanks for your bits of help and
welcoming presence in the lab. I appreciate everything you have done for me.
Rest of the Lexorians, Rana, Alex, Larry, Mei, Veerle, Arezo, Saskia, Mar-
loes, Simone, Roxanne, Kristiaan, Nicolas, Laura, Rana, Tom van den Ende,
Tom van den Bosch thanks for your friendly presence and gezelligheid.

Big thanks go to Joan, Monique, and Jasmin for their indispensable work and
input in the lab. Here another big thank goes to MoniQue and Heleen for their
excellent administrative work and help. Again, CEMM is standing on your shoul-
ders.

My students Behnaz and Faduma taught me who [ am as a supervisor and how [

can improve on this. I hope both of you will achieve your goals in life.
Daniela and Regina, I also would like to thank you for your help around the lab.

Tom Plug, you were one of my favorite supervisors. It was always a pleasure to
talk to you during my internship in G1 and afterward. I want to thank you for your
support in my early years in science. Wil Kopatz, I am ever grateful for your
friendship at G1 lab and your support.

My beloved paranymphs Ronja and Ilkin, thank you for standing with me and
helping me out at this stage in my life. Ronja, your friendship and support are
golden for me. Thank you for all the great times; I hope there will be more of
these good times together. Ilkin, bagladigimiz her agsamay1 beraber tamamladik
ve hayatimdaki varligin i¢in sana minnettarim. Benimle bu savunma siirecini be-

raber yliriidiigiin icin ¢ok tesekkiirler.

Nora, thank you for all the lovely dinners, sharing your cat updates, and enthusi-
asm. [ genuinely enjoyed your friendship, and I wish you all the best.

Nesrin, beni koridorda dev bir giiliimsemeyle karsiladigin glinden bugiine ener-
jin ve dostlugun hi¢ eksilmedi. Bu yolculukta gercek bir yol arkadasi ve destek

oldun bana ve bunun i¢in sana minnettarim.

Selami, laba geldigin giinden itibaren arkadasligimn ve desteginle hep yanimda
oldugun i¢in ¢ok tesekkiirler. Umarim her sey istedigin gibi olur, basarilar seni

bulur.
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Berke, hem Utrecht’te hem G2’de dostlugun ve desteginle hep yanimda oldun.
Bilime duydugun ask ve ilging konulara olan ¢ekimin gercekten 6zenilesi. Ark-
adaghigin ve destegin i¢in ¢ok tesekkiir ederim.

Giil, Nur, Umut, Deniz, Caglar, Efe, Ayca, ve Berke, Utrecht’te bana ikinci bir
aile ve bu siirecte en biiyiik destegim oldunuz. Beraber gecirdigimiz biitiin anlar
icin ¢ok tesekkiirler. Daha nice giizel giinlerde goriismek dilegiyle.

Tatjana, Luka, and Roberto, Katja, thank you for all the wonderful trips, din-
ners, board game nights, and drinks. It was a pleasure hanging out with you and

talking until late at night. I am ever grateful for all of our time.

Ripunjay, Miriam, Max, Johannes, Jan-Matthis, and Emrah, thank you for
giving your support, friendship, and being part of my other friend-family in Ger-

many.

Gizem, Elifcan, Seza, Ugur, Ece, Cansu, Cagan, ve Baris, Kln’deki giinler-
ime sizin dostlugunuz ve desteginiz damgasini vurdu desem yeridir. Akademik
dertlesmelerimiz, desteginiz bu tezin yazildigi giinlerde yasam sevinci oldu,

varliginiza minnettarim.

Emre ve Marie, sizin giizel dostlugunuz ve eksik etmediginiz desteginiz igin size
minnettarim. Merci pour tout, tous les bons moments et votre amitié. Let’s cheer

for the adventures ahead of us.

Didem, Caglar ve Hakan. Ankara’ya ziyaretlerimin en giizel anlar1 ve hig eksik

etmediginiz dostlugunuz i¢in size ¢ok tesekkiir ederim.

Ilkin, Ezgi, Erdi, ve Ferhat, Bilkent’te baslayan yolculuklarimiz sinirlar1 asip
bugiinlere geldi ve biitiin bu yillar boyunca dostlugunuz, varliginiz bana gii¢ ver-
di. Hepinize ayr1 ayri minnettarim. Birlikte daha nice giizel seylere, giinlere ka-

vusmak dilegiyle.



Dilege, biitiin bu siireci benimle beraber el ele yiiriidiigiin i¢in sana ¢ok tesekkiir
ederim. Varliginla ve sonsuz desteginle bana gii¢ oldun, bana ne kadar gii¢lii old-
ugumu yilmadan hep hatirlattin. Sana ne kadar minnettar olsam, ne kadar tesek-
kiir etsem az. Bu yolculugu senin destegin olmadan tamamlamak ¢ok zor olurdu.

Lyi ki varsin.

Canim annem ve babam, sizler olmadan ne bugiinlere gelebilir ne de bu egitimi
tamamlayabilirdim. Bana olan sonsuz desteginiz ve inanciniz igin ¢ok tesekkiir

ederim.
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