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Abbreviations

53631m 53631 mock shRNA stable transfected cell line
53631pkd 53631 Padi4 shRNA stable transtected cell line
Ang-1 Angiopoietin-1

Ang-2 Angiopoietin-2

BSA Bovine serum albumin

BM Bone marrow

Ca? Calcium

CAFs Cancer-associated fibroblasts
CCR2 C-C chemokine receptor 2

DMSO Dimethylsulfoxid

DNA Deoxyribonucleic acid

EVs Extracellular vesicles

IM Inflammatory monocyte

LSM Laser scanning microscope

LOs Large oncosomes

MV Micro-vesicles

Mus Musculus, Mouse

nMs/NM Non-classical monocytes

NR4Al Nerve growth factor 1B

Padi4 Peptidyl Arginine Deiminase 4
PAI1 Plasminogen activator inhibitor 1
PBS Phosphate buffered saline

PDAC Pancreatic ductal adenocarcinoma
RNA Ribonecleic acid

TFPI Tissue Factor Pathway Inhibitor
VEGF Vascular endothelial growth factor
wB Western Blotting

WT Wild type



Summary

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies with a high
mortality-to-prevalence ratio and exhibits the strongest association with activation of blood
coagulation among all carcinomas. In the present study, immunohistochemistry was used to
analyze immune cell recruitment to the site of metastasis upon tail vein injection of two
PDAC cell lines in mice and. Recruitment of non-classical monocytes (nMs) was highly
associated with procoagulant activities of these two cell lines. Moreover, this fibrin-mediated
recruitment of nMs was dependent on the integrin CD11b. The recruitment of non-classical
monocytes was associated with reduced tumor cell extravasation at the site of metastasis in
experiments using cell line 8182. In contrast, non-classical monocytes were linked to
increased extravasation of cell line 53631. The latter line released large amounts of
extracellular vesicles (EVs). EVs can induce expression of angiopoietin-2 by non-classical
monocytes, which might counteract the inhibitory effect of non-classical monocytes on
cancer cell extravasation. Thus, nMs might play a dual role in PDAC extravasation: nMs
might hinder tumour cell extravasation when tumour EVs are absent, but facilitate cancer cell
extravasation when EVs are present. This hypothesis needs evaluation in larger experimental

series.
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Zusammenfassung

Das duktale Adenokarzinom der Bauchspeicheldrise (PDAC) ist eine der t&lichsten
Malignome. Sie hat ein hohes Mortalit&s-zu-Pr&valenz-Verhdtnis und weist unter allen
Karzinomen die sté&kste Assoziation mit der Aktivierung der Blutgerinnung auf. In der
vorliegenden Studie wurde mit Hilfe der Immunhistochemie die Rekrutierung von
Immunzellen an den Ort der Metastasierung im Rahmen der Injektion von zwei PDAC-
Zelllinien in die Schwanzvene von M&usen analysiert. Die Rekrutierung von nicht-
klassischen Monozyten (nMs) war in hohem Mal% mit der prokoagulatorischen Aktivita
dieser beiden Zelllinien verbunden. Dartber hinaus war diese Fibrin-vermittelte Rekrutierung
von nMs von dem Integrin CD11b abh&ngig. Die Rekrutierung von nicht-klassischen
Monozyten war in Experimenten mit der Zelllinie 8182 mit einer verringerten Extravasation
von Tumorzellen am Ort der Metastasierung verbunden. Im Gegensatz dazu waren bei der
Zelllinie 53631 nicht-klassische Monozyten mit einer verstéikten Extravasation assoziiert.
Die letztgenannte Linie setzte grof® Mengen an extrazellul&en Vesikeln (EVS) frei. EVs
k&nen die Expression von Angiopoietin-2 durch nicht-klassische Monozyten induzieren,
was der hemmenden Wirkung von nicht-klassischen Monozyten auf die Extravasation von
Krebszellen entgegenwirken kénnte. Somit kénnten nMs eine doppelte Rolle bei der PDAC-
Extravasation spielen: nMs k&nnten die Extravasation von Tumorzellen hemmen, wenn keine
Tumor-EVs vorhanden sind, jedoch die Extravasation von Krebszellen erleichtern, wenn EVs

vorhanden sind. Diese Hypothese muss in grdd®ren Versuchsreihen evaluiert werden.
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1. Introduction

1.1 Pancreatic cancer

1.1.1 Overview of pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) accounts for over 90% of pancreatic cancers
and is recognized as one of the cancer types with the poorest prognosis (Disease, Injury et
al. 2016, Pishvaian and Brody 2017). Regarding morbidity in North America in 2020,
pancreatic cancer was the tenth most common cancer in males and the ninth in females.
However, pancreatic cancer possessed the highest mortality-to-incidence ratio and led to
47,050 cancer deaths in 57,600 diagnosed cases in 2020, making it the third leading cause
of overall cancer-related death (Collaborators 2019, Siegel, Miller et al. 2020). Due to a
lack of specific clinical manifestations, over 85% of patients were diagnosed with either
metastatic lesions or locally advanced tumors that were unresectable with current surgical
techniques when they first visited an oncologist. The median survival time of these patients
is 12 months and no more than 3% of them can survive over 5 years (Ducreux, Boige et al.
2007, Ryan, Hong et al. 2014, Neoptolemos, Kleeff et al. 2018). Surgical tumor removal
is currently the only method for conquering this fatal disease. Since no promising official
therapeutic strategy has been discovered in the past 10 years, the epidemiologists in both
Europe and the United States have predicted that pancreatic cancer will become the second
most common cause of tumor-related death in the coming 10 years (Rahib, Smith et al.

2014, Ryan, Hong et al. 2014, Are, Chowdhury et al. 2016).

An epidemiological survey validated several factors that increase pancreatic cancer risk,
such as age, ethnicity, tobacco and alcohol consumption, excess weight, glycometabolism
disorders, exposure to some chemicals, sex, and chronic pancreatitis (Smith, Andrews et al.

2019). Even though pancreatic cancer tends to be a silent killer, there are some limited



diagnostic clues. Abdominal pain and weight loss are the most common symptoms, which
are unfortunately nonspecific. The remaining symptoms are mostly dependent on the tumor
location. Lesions located in the head of the pancreas tend to induce obstructive jaundice,
whereas tumors in the body and tail elicit the sudden occurrence of diabetes due to the
destruction of the pancreatic endocrine system (Miller, Nogueira et al. 2019). As both
symptoms are nonspecific and there is no biomarker for the early diagnosis of pancreatic

cancer, surgical interventions are possible only in rare cases.

1.1.2 Kras mutation in pancreatic cancer

Ras genes are named after Rat sarcoma to commemorate the work that identified a cancer-
causing virus in rats in the 1960s in the United States (Harvey 1964, Malumbres and
Barbacid 2003). Ras genes encode Ras proteins, which are mainly involved in
transmembrane cell signal transduction. They are small GTPases and function as an off/on
switch for cellular signals. When Ras proteins are switched on, their downstream genes are
activated inside the cell nuclei. These downstream gene effectors are responsible for cell
proliferation, differentiation, and survival in harsh extracellular conditions. Mutations in
Ras genes can permanently activate Ras proteins and their downstream genes, resulting in
continuous cell growth and, thereafter, the development of malignancy (Goodsell 1999).
Such mutations in Ras genes are widely detected in human carcinomas. The most
commonly mutated genes in human are Kras, Hras, and Nras. In pancreatic carcinoma,
Kras mutation is the predominant mutation. This mutation is found in more than 80% of
pancreatic cancer patients regardless of the cancer stage, and according to some studies,
poorer prognoses can potentially be attributed to higher doses of Kras mutation (Downward

2003, Mueller, Engleitner et al. 2018, Buscail, Bournet et al. 2020).



To date, the mechanisms of Kas signaling remain partially enigmatic. Three main pathways
are of vital importance. These are Raf/Mek/Erk, PI3K/Pdk1/Akt, and the Ral guanine
nucleotide exchange factor pathway (Figure 1) (Lim, Baines et al. 2005, Feldmann, Mishra

et al. 2010, Collisson, Trejo et al. 2012, Eser, Reiff et al. 2013).
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Figure 1 Important downstream effectors of the KRAS signaling pathway. See Ref (Buscail, Bournet
et al. 2020)

The tumorigenic functions of Kras are amplified by numerous cross-signaling circuits via
known autocrine and paracrine mechanisms, especially in PDAC murine models. Although
several questions remain, the consensus is that enhancing Kras expression to a certain
threshold level sustains the proliferation of pancreatic ductal cells. Pancreatic cancer
develops when this proliferation becomes uncontrolled (Ardito, Gruner et al. 2012, Navas,

Hernandez-Porras et al. 2012, Molina-Arcas, Hancock et al. 2013).



1.1.3 Hypercoagulability in pancreatic cancer

In approximately 700 BC, the Indian surgeon Sushruta was the first person to find and
report an association between thrombosis and carcinoma (Khorana 2003). The French
physician Armand Trousseau unveiled that this association was not coincidental, and
venous thromboses occurred more frequently in patients with malignancies in his 1865
cohort study; thereafter, Trousseau studied the hypercoagulative state in cancer (Bariety
1967). The first study to elucidate the correlation between pancreatic malignancy and
thrombosis disorder began in 1938, and in comparison with the 15-25% prevalence of
thrombosis in other types of cancers, more than 60% of pancreatic cancer patients were
documented to experience thrombotic diseases (Sproul 1938). Recent studies have revealed
more detailed information about the relationship between thrombosis and pancreatic cancer.
Patients with malignant lesions located in the body and tail of the pancreas are more
susceptible to developing thrombosis, and tumor location is therefore recognized as an
independent risk factor for thrombosis (Sahni, Baker et al. 2000, Carmeliet 2001). Another
study identified metastatic pancreatic cancer as an essential independent risk factor for
thrombosis, with a 3.3-fold higher prevalence than that observed with localized lesions

(Ikeda, Egami et al. 2003).

Over the past 100 years, researchers have attempted to understand the mechanisms of
hypercoagulability in malignancy, and numerous assumptions have been proposed (Figure

2). However, unfortunately, till now no definite conclusion has been reached.

Concerning pancreatic cancer, tissue factor (TF) is of prime importance in accounting for
the hypercoagulative state. TF is a transmembrane protein expressed mainly in the

subendothelial cells of the vessel wall and triggers the extrinsic pathway of the blood



coagulation cascade. Moreover, TF can also increase the expression of vascular endothelial
growth factor (VEGF) and silence the angiogenesis inhibitor thrombospondin in the tumor
extracellular matrix, promoting angiogenesis and thereby facilitating tumor spread (Yao,
Ryan et al. 2009, Alkim, Sakiz et al. 2012, Wang, Sang et al. 2016). Some clinical studies
have shown that a poor cancer prognosis is associated with high expression of TF in
pancreatic cancer cells (Zhang, Deng et al. 1994, Kakkar, Lemoine et al. 1995, Shigemori,
Wada et al. 1998, Ueno, Toi et al. 2000). To explain why thrombosis typically develops in
extremities that are remote from the original tumor, scientists have hypothesized that TF-
positive microvesicles (MV) could be involved. Specifically, TF-positive MVs are shed
from cancer cells into the bloodstream and can thereby reach different organs. In this case,
blood coagulation can be triggered at a remote site. This hypothesis has already been
confirmed in a mouse model, but further studies in humans are required (Tesselaar, Romijn

et al. 2007, Geddings and Mackman 2013).

Some studies show that pancreatic cancer cells can secrete some prothrombotic proteins
and consequently enhance thrombosis. Heparanase, in addition to its procoagulant activity,
plays a pro-metastatic role by degrading the extracellular matrix (Nadir and Brenner 2016).
Heparanase reduces the activity of tissue factor pathway inhibitor (TFPI) and thereby

enhances the activity of TF (Nadir 2020).

Pancreatic cancer cells can also release proteins that impede fibrinolysis, of which
plasminogen activator inhibitor (PAI-1) is one of the most crucial. Both cytokines and
activated platelets can locally activate PAI-1 and consequently inhibit fibrinolysis (Andren-

Sandberg, Lecander et al. 1992).



Often, a higher level of activated platelets can be detected in pancreatic cancer patients’
plasma compared to healthy blood donors, indicating that their hypercoagulability could be
partly attributed to abnormal activation of platelets. This activation may also result from
proteins secreted by pancreatic cancer cells, such as mucin and podoplanin (PDPN). PDPN
appears to be a poor prognostic indicator in pancreatic cancer (Mezouar, Frere et al. 2016,

Hirayama, Kono et al. 2018, Krishnan, Rayes et al. 2018).
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Figure 2 Major procoagulant effects in pancreatic cancer. See Ref (Campello, llich et al. 2019)

1.1.4 Metastasis

Metastasis indicates the spread of cancer cells from the primary tumor side to remote sites
(Klein 2008). Metastasis involves different steps, including tumor cells’ intravasation,
circulation and extravasation at the site of metastasis formation. Cancer cells can migrate
and intravasate into the vessel system, including not only the blood vessels but also the

lymphatic vessels; thereafter, these cells become circulating cancer cells (Maheswaran and



Haber 2010). Very rarely, these cells evade the blood-based immune system. Indeed, the
blood system is under strict surveillance by systemic immune cells; therefore, most
circulating tumor cells are detected and eliminated, and only a small number escape
immune surveillance. After administrating tumor cells through the tail vein, less than 0.1%
of the injected tumor cells survive and, finally, form the premetastatic niche (Butler and

Gullino 1975, Chang, di Tomaso et al. 2000, Wong, Lee et al. 2001).

1.2 Extracellular vesicles (EVs)
1.2.1 Overview of EVs
Analysis by electron microscopy and other nanoscopic imaging techniques allows

scientists to study EVs. There are many different types of EVs (Figure 3).
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Figure 3 Different subtypes of EVs in cell-to-cell communication. See Ref (Maas, Breakefield et al.
2017)

Exosomes originate from multivesicular bodies (MVBSs), while ectosomes or microvesicles
are shed directly from the plasma membrane. Exosomes are usually smaller than 150 nm;
hence, some researchers call them small EVs (sEVs). Ectosomes or
microvesicles/microparticles are usually larger, with diameters ranging from 200-500 nm.
Usually, the size of the vesicles indicates their origin. Moreover, other types of vesicles
exist, such as large oncosomes, a group of gigantic vesicles budding outward from cancer
cells (usually 1-10 um in diameter), and apoptotic bodies, a subtype of vesicles released

during apoptosis. Hence, currently, the nomenclature of EVs tends to be related to vesicle



biogenesis to reduce misunderstandings (Nabhan, Hu et al. 2012, Rilla, Siiskonen et al.

2014, Minciacchi, Freeman et al. 2015, Tkach and Thery 2016).

EVs were discovered in the late 1960s, and our knowledge of these small vesicles has since
greatly increased (Wolf 1967). EVs were recognized as “cell debris”; however, their lipid
and protein components were later revealed (Dalton 1975). In the past ten years, interest in
EVs has strongly increased due to two crucial findings. First, EVs were found in various
body fluids, such as blood, urine and breast milk. Thus, EVs can act as transmitters of
signals to remote sites. Second, different subtypes of RNAs were detected inside these
vesicles. Such RNA species are stabilized against hydrolysis by RNases in the surrounding
vesicle membrane. Numerous studies have shown that EVs can transfer RNAs between
different cells (Skog, Wurdinger et al. 2008, Cocucci, Racchetti et al. 2009, Abels and

Breakefield 2016, Tkach and Thery 2016).

The molecular mechanisms underlying this communication are still not entirely clear.
Through endocytosis, EVs can be internalized by acceptor cells, and thereafter, their
content can be released into the cytoplasm. Alternatively, internalized EVs can be degraded
in the lysosome, and some of the intravesicular components of EVs, such as proteins and
nucleic acids, can then be translocated to the cytoplasm. Moreover, EVs can directly
interact with cognate receptors in the cell membrane without being internalized, and signals
can subsequently be transduced into the cells through different pathways. Unlike
endocytosis-dependent mechanisms, this transmission mechanism is restricted to certain
cell types, and the signal in the acceptor cell can be evoked rapidly. These two
communication modes are observed in physiological conditions and tumor settings (Costa-

Silva, Aiello et al. 2015, Hoshino, Costa-Silva et al. 2015, Eitan, Suire et al. 2016).



1.2.2 EVs in cancer

EVs have been widely detected in the body fluids of cancer patients and, as a result,
increasing attention has been devoted to the role of EVs in cancer development. In addition
to contributing to the formation of the premetastatic niche, EVs are involved in the

establishment of the tumor microenvironment (TME) (Maas, Breakefield et al. 2017).

The TME is essential for both tumorigenesis and metastasis. For example, endothelial cells
can be educated by tumor-released EVs, driving the establishment of new blood vessels
(angiogenesis) with high permeability. These processes enable tumor cells to acquire
nutritional support and to form premetastatic niches. Fibroblasts, considered one of the
most pivotal factors impeding tumorigenesis, can be transformed by EVs to demonstrate a
pro-tumorigenic phenotype. These pro-tumorigenic fibroblasts are referred to as cancer-
associated fibroblasts (CAFs) (Fabbri, Paone et al. 2012, Gross, Chaudhary et al. 2012,
Phinney, Di Giuseppe et al. 2015). Moreover, tumor-derived EVs educate immune cells.
The antitumor functions of immune cells can be suppressed by the transmission of

oncogenes to the cells via EVs (Greco, Hannus et al. 2001, Beckett, Monier et al. 2013).

Recognizing the importance of the formation of premetastatic niches represents a major
advance in metastasis research, as it sheds light on why certain types of cancer cells prefer
to metastasize to specific organs. Circulating tumor cells and metastatic organs can be
considered seeds and soils (Fidler 2003). Currently, it is believed that some tumor-derived
substances, especially EVs, act as indispensable fertilizers. After interaction with tumor-
derived EVs, the perivascular microenvironment in the metastatic organ can be remodeled
and reshaped (Kucharzewska, Christianson et al. 2013, Lopez-Verrilli, Picou et al. 2013,

Jarmalaviciute and Pivoriunas 2016).
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1.3 Immune cells relevant for vascular metastasis

1.3.1 Overview of monocytes

Monocytes are a subtype of leukocytes and were described over a hundred years ago as
phagocytic mononuclear cells. In the 1970s, the mononuclear phagocyte system (MPS)
concept was proposed, revealing that monocytes were critically responsible for different
innate immune responses (Murray, Webb et al. 1926, van Furth and Cohn 1968, van Furth,
Cohn et al. 1972). Monocytes are generated in the bone marrow (BM) and are similar to
the other myeloid cells derived from common myeloid progenitors (CMPs). These CMPs
can differentiate into granulocytic myeloid progenitors (GMPSs) and then subsequently into
macrophage dendritic cell progenitors (MDPs) and eventually transform into common
monocyte progenitors (cMoPs). cMoPs are considered direct precursors of circulating
monocytes. Circulating monocytes can migrate into infected or damaged tissues and
differentiate into macrophages or myeloid lineage dendritic cells (Akashi, Traver et al.

2000, Fogg, Sibon et al. 2006, Hettinger, Richards et al. 2013).

In the last 50 years, a significant breakthroughs in our understanding of monocyte
physiology was made, categorizing monocytes into 3 heterogeneous subgroups. These are
“classical monocytes or inflammatory monocytes (CD14*CD16 in
humans/Ly6C"9"CD11b* CX3CR1 '* in mice), non-classical monocytes or patrolling
monocytes (CD14"°% CD16" in humans/Ly6C'"" CX3CR1"9" in mice) and intermediate
monocytes (CD147CD16™ in humans)” (Sprangers, de Vries et al. 2016). Intermediate
monocytes may be monocytes transitioning from classical monocytes to non-classical

monocytes (Figure 4).
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Figure 4 Differentiation of human and mouse monocytes in peripheral blood. See Ref (Robinson, Han
et al. 2021)

Therefore, it is likely not plausible to regard intermediate monocytes as a definite subtype
of monocytes (Geissmann, Jung et al. 2003, Ziegler-Heitbrock, Ancuta et al. 2010).
Mediated by the C-C chemokine receptor 2 (CCR2), classical monocytes can exit the BM
and circulate in the peripheral blood. However, the lifespan of mature classical monocytes
in humans and mice is only 1 day, and after that, they can either convert into macrophages
or non-classical monocytes (Serbina and Pamer 2006, Jakubzick, Gautier et al. 2013, Yona,
Kim et al. 2013, Patel, Zhang et al. 2017). Under physiological conditions, only 1% of
classical monocytes differentiate into non-classical monocytes, and it has been
demonstrated that this differentiation is highly dependent on orphan nuclear receptor Nr4al
using Nr4al” mice (Hanna, Carlin et al. 2011). Non-classical monocytes are involved in
patrolling the endothelial cells in different vascular beds. Unlike classical monocytes, non-

classical monocytes have a longer lifespan; 7 days in humans and 2 days in mice. This

12



relatively long lifespan ensures that a considerably large pool of non-classical monocytes
is available that can eventually be replenished by the conversion of classical monocytes

(Debien, Mayol et al. 2013, Lavin, Kobayashi et al. 2017).

1.3.2 Monocytes in Cancer

Monocytes can be recruited to tumor cells at all phases of tumorigenesis (Cho, Seo et al.
2018, Devalaraja, To et al. 2020). Monocytes can induce cancer cell death in different ways.
Moreover, monocytes can engulf tumor materials, such as cell debris or EVs, through
phagocytosis (Gordon and Freedman 2006, Headley, Bins et al. 2016, Yeap, Wong et al.
2017). Tumor EVs can inhibit this engulfment through the expression of CD47. CD172a is
a receptor for CD47 that is widely expressed on the surface of monocytes. Poorer cancer
prognosis is consistent with high expression of CD47 in different cancer types (Jaiswal,
Jamieson et al. 2009, Chao, Alizadeh et al. 2010, Willingham, Volkmer et al. 2012).
Although non-classical monocytes can theoretically increase the recruitment of NK cells,
this largely depends on the number of non-classical monocytes that engulf tumor material.
Since the number of non-classical monocytes represents less than 10% of total monocytes,
the effect of monocytes on NK-cell recruitment is limited (Hanna, Cekic et al. 2015, Kubo,
Mensurado et al. 2017, Plebanek, Angeloni et al. 2017). Monocytes that are differentiated
into tumor-associated macrophages (TAMSs) or monocyte-derived DCs (moDCs) are, in
general, pro-tumorigenic (Anfray, Ummarino et al. 2019, Lurje, Hammerich et al. 2020).
TAMs and moDCs can facilitate tumor cell extravasation and metastasis (Du, Lu et al. 2008,

Lu, Weaver et al. 2012, Franklin, Liao et al. 2014).
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1.4 The role of angiopoietins in tumor angiogenesis

Angiopoietins belong to the vascular growth factor family and are mainly responsible for
angiogenesis during embryonic and postnatal development. Their receptor is the
endothelial Tie-2 receptor. Angiogenesis encompasses several different processes, such as
the sprouting of vessel buds, migration and proliferation of endothelial cells, and
stabilization of both endothelial cells and mesenchymal cells. Angiogenesis plays a major
role in the development of various diseases, ranging from autoimmune diseases to

malignancies (Alves, Montalvao et al. 2010).

Four types of angiopoietins have been discovered: angiopoietin-1 (Ang-1), angiopoietin-2
(Ang-2), angiopoietin-3 (Ang-3), and angiopoietin-4 (Ang-4). Several angiopoietin-like
proteins have also been identified. Angiopoietins consist of “an N-terminal super
clustering domain (SCD), a central coiled-coil domain (CCD) for ligand homo-
oligomerization, a linker region, and a C-terminal fibrinogen-related domain (FReD) for
binding to the Tie-2 receptor”’(Zhang 2020). Ang-1 and Ang-2 can form dimers, trimers,
and tetramers. Formation of such oligomers is a crucial step for their function, as Tie-2 can
be activated only by Ang-1 oligomers, and only oligomerized Ang-2 can antagonize Ang-
1 (Davis, Papadopoulos et al. 2003, Kim, Choi et al. 2005). Perivascular cells such as
pericytes, vascular smooth muscle cells, fibroblasts, and tumor cells are the major cells
expressing Ang-1(Jones, Master et al. 1999, Jones, Chen et al. 2003). Ang-2, an antagonist
of Ang-1, is a secreted protein, which is strongly expressed in endothelial cells. Ang-2 is
stored in Weibel-Palade bodies and can be released through autocrine mechanisms. Ang-2
destabilizes endothelial cells and increases their permeability. Thus, Ang-1 and Ang-2
jointly maintain vascular homeostasis (Oh, Takagi et al. 1999, Kim, Kim et al. 2000, Yuan,

Khankin et al. 2009).
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2. Objectives of the thesis

PDAC is the most procoagulant malignancy in the digestive system; thus, anticoagulant

therapy is recommended for these patients (Sproul 1938, Campello, Ilich et al. 2019).

Previous work suggests that tumor-driven fibrin formation at the site of metastasis might

recruit non-classical monocytes and that the recruited monocytes could play a pivotal role

in regulating tumor cell extravasation. However, the underlying mechanisms of these
effects are unclear. In the present study, the following questions were addressed:

1. Does tumor-associated fibrin formation in the liver microcirculation recruit non-
classical monocytes in response to pancreatic cancer cells? What is the underlying
mechanism enabling fibrin to affect non-classical monocytes?

2. How could monocytes regulate the extravasation of pancreatic tumor cells?

3. What is the effect of EVs on tumor cell extravasation, and why are non-classical

monocytes pro-metastatic after interacting with tumor-derived EVs?
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3. Materials and methods

3.1 Materials

3.1.1 Equipment

Table 1 Equipment

Analytical balance VWR, Avantor

Acidimeter (pH value)

HI1211, HANNA

CO:2 Incubator

CB-S170, Binder

Centrifuge Mikro 22R Hettichlab
Centrifuge Universal 32 Hettichlab
Hettichlab

Centrifuge Rotina 35

Cell culture: Lamin Air flow MSC1.2

Thermo Scientific

Cell sorter

Beckman Coulter

Cryotome decive

Leica CM3050

Electrophoresis and membrane-transferring unit

BIO-RAD Mini-PROTEAN® Tetra

System

Film development device

CURIX60, AGFA

LSM 510 Meta (confocal microscope)

Carl Zeiss

LSRFortessa™ Flow Cytometer

BD bioscience

Micropipettes 2.5 U Eppendorf
Micropipettes 104 Eppendorf
Micropipettes 204 Eppendorf
Micropipettes 1004 Eppendorf
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Micropipettes 200

Eppendorf

Micropipettes 10004

Eppendorf

Neubauer chamber

Improved, Brand

Optical microscope

Axiovert 100, Carl Zeiss

Pipet boy Ratiolab

Power supply unit (WB) BIO-RAD, PowerPAC™ HC
Sarstedt serological pipette 5ml Sarstedt
Sarstedt serological pipette 10ml Sarstedt
Sarstedt serological pipette 25ml Sarstedt
Sarstedt serological pipette 50ml Sarstedt

SpectraMax Plate reader

Molecular Devices

Thermomixer R

Eppendorf

Thermostat water bath

Julabo Labortechnik

Ultracentrifuge

Beckman, Optima™, LE-80K

Vortex Genie 2

Bender & Hobein AG

3.1.2 Kits

Table 2 Kits

Alexa488™ Protein Labeling Kit Invitrogen™ A20181
Alexa555™ Protein Labeling Kit Invitrogen™ A20187
Alexa555™ Protein Labeling Kit Invitrogen™ 4387406
Alexa594™ Protein Labeling Kit Invitrogen™ A10239
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3.1.3 Primary antibodies

Table 3 Primary antibodies

a-CD4 Mus 1:100 Rattus BioLegend® 100442
a-CD8a Mus 1:100 Rattus BioLegend® 100702
a-CD45 Mus 1:50 Rattus AbD Serotec MCA1031GA
CD11b (M1/70) Mus 50ug/ Mus | Rattus Biolegend 101202
a-Ang-1 Mus 1:200-1:500 | Rabbit Abcam ab8451
a-Ang-2 Mus 1:200-1:500 | Rabbit Abcam ab8452
a-mNKp46 Mus 1:500 Goat BioLegend® AF2225
a-CX3CR1 Mus 1:50-1:200 | Rabbit | Novus Biologicals bs-1728R
a-F4/80 Mus 1:100-1:200 | Rattus BioLegend® 123102
a-Fibrin Human 1:150-1:300 Mus WAK NYBT2G1
a-Ly6C Mus 1:200-1:400 | Rattus Invitrogen™ 1804
a-Ly6G Mus 1:50-1:200 | Rattus BD Biosciences 551459
Mouse IgG Mus - Mus Vector BioLab BA9200
Rabbit 1gG Mus - Rabbit Vector BioLab 1-1000
Rat 19G Mus - Rattus Vector BioLab 1-4000
a-Stabilin 11 Mus 1:200 Rattus MBL D317-4
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3.1.4 Secondary antibodies

Table 4 Secondary antibodies

Alexa Fluro 488® Mus 1:500-1:2000 | Donkey Invitrogen™ A32766
Alexa Fluro 488® Rattus | 1:500-1:2000 | Goat Invitrogen™ A48262
Alexa Fluro 488® Rabbit | 1:500-1:2000 | Goat Invitrogen™ A110341
Alexa Fluro 488® Goat 1:500-1:2000 | Donkey Invitrogen™ A110551
Alexa Fluro 546® Mus 1:500-1:2000 | Goat Invitrogen™ A110301
Alexa Fluro 546® Rattus | 1:500-1:2000 | Goat Invitrogen™ A110811
Alexa Fluro 546® Rabbit | 1:500-1:2000 | Goat Invitrogen™ A110351
Alexa Fluro 594® Mus 1:500-1:2000 | Goat Invitrogen™ A327421
Alexa Fluro 594® Rattus | 1:500-1:2000 | Goat Invitrogen™ A110071
Alexa Fluro 594® Rabbit | 1:500-1:2000 | Goat Invitrogen™ A110371

IgG-HRP Rabbit | 1:500-1:2000 | Chicken Santa Cruz Sc-2955
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3.1.5 Antibodies for FACS and cell sorting

Table 5 Antibodies for FACS and cell sorting

a-Ly6G Mus 1:150 Rat FITC BioLegend 127605
a-Gr-1 Mus 1:200 Rat APC BioLegend 108411
a-Gr-1 Mus 1:100 Rat | Percp/Cy5.5 | BiolLegend 108427
a-CD45 Mus 1:200 Rat APC/Cy7 BioLegend 368515
a-CD11b Mus 1:150 Rat FITC BioLegend 101205
a-CD115 Mus 1:150 Rat BV421 BioLegend 135513
a-CD3 Mus 1:150 Rat FITG BioLegend 100203
a-CD4 Mus 1:150 Rat APC BioLegend 100411
a-CD8a Mus 1:150 Rat BV421 BioLegend 100737
a-CD49b Mus 1:100 Rat APC BioLegend 103515
a-F4/80 Mus 1:100 Rat FITC BioLegend 123107

3.1.6 Buffers

Blocking buffer (for staining)

Sterile phosphate buffered saline
2% BSA

0.1%-0.5% Tween 20

Ca?*/Hepes buffer (activation of fibrin formation)

10 mM Hepes
100 mM CacCly,

ddH.0, pH 7.4
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Phosphate Buffered Saline (PBS for washing in process of staining) (1L)

8 g NaCl
0.2 g KH2PO4
0.2 g KClI

1.42 g Na2HPO4-2H20

Tris Buffered Saline (10 X)

0.2M Tris base
1.5M NaCl

ddH20, pH 7.2-7.4

Permabilisation buffer

Sterile phosphate buffered saline
0.5 % - 2% BSA

0.1 % Triton-100x

Tryphan Blue in Phosphate Buffered Saline (calculation of cells)

Sterile commercial Phosphate Buffered Saline 1X
1 mM CaCl;

0.4% Tryphan blue

SDS-PAGE transfer buffer (250ml)

NUPAGE Transfer buffer 1X (dilution in ddH.0)
0.1% Antioxidant

20% Methanol
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Blocking buffer for WB membrane (1L)

1% Tween 20
5% skimmed dry milk (BSA)
Tris buffered saline

Filter with 0.2 mm Whatmann filter paper

Woashing buffer for WB membrane (1L)

0.3% Tween 20

Tris buffered saline

FACS Buffer (500ml)

500ml 1X PBS

2% BSA

2nM EDTA
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3.1.7 Cell lines

Table 6 Cell lines

Cell 5320 PDAC 466 Yes Mus Mesenchymal Kras®'?P, CN-LOH
Cell 16990 PDAC 377 No Mus Epithelial Kras®'?P het

Cell S134 PDAC 274 Yes Mus Mesenchymal Kras®'?P, amp-focal
Cell 53631 PDAC 478 Yes Mus Epithelial Kras®'?P, amp-arm
Cell 8028 PDAC 275 Yes Mus Mesenchymal Kras®'?P, CN-LOH
Cell 8182 PDAC 508 No Mus Epithelial Kras®'?P, het

Cell 8305 PDAC 305 Yes Mus Epithelial Kras®'?P, amp-arm
Cell 8570 PDAC 263 Yes Mus Mesenchymal Kras®?P, CN-LOH
Cell 8661 PDAC 470 Yes Mus Epithelial Kras®P amp-arm
Cell 9091 PDAC 390 Yes Mus Mesenchymal Kras®?® CN-LOH
Cell 9203 PDAC NA Yes Mus Epithelial Kras®?P, het

3.1.8 Mouse models

Table 7 Mouse models

Wild type mouse model:

C57BL/6 M/F 21-25 G ca. 8+ weeks Charles River
Nr4alse 27" mouse model: The Jackson Laboratory (Stock No: 030204),
C57BL/6-Rr39emiCheds3 M/F 21-25 G ca. Institute fUr Prophylaxe und Epidemiologie der
8+ weeks Kreislaufkrankheiten, Ludwig-Maximilian-

Universit& Minchen
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3.1.9 Reagents and chemicals

Table 8 Reagents and chemicals

Aceton Kunst >99.8% Carl Roth GmbH+ Co. 9372.6
Acrylamide/Bis-Acrylamide, 30% Sigma-Aldrich A3574
L&ung

Acetic acid 1L 100% Carl Roth GmbH+ Co. 6755.1
Antioxidant NUPAGE™ NP0005
Falcon® Cell culture bottle (175cm?) Falcon®, Corning 353028
Falcon® Cell culture bottle (75cm?) Falcon®, Corning 353024
DAKO Pen Dako Denmark A/S S2002

Dulbecco’s Modified Eagle Medium Gibco® 41965039

High Glucose

Ethanol (99.8%) Sigma-Aldrich V001229

Fetal Bovine Serum Gibco® A31605
Ibidi Freezing Medium Classic Ibidi 80022
Hydrochloric acid 37%, fuming Carl Roth GmbH+ Co. 4625.1
KOH Carl Roth GmbH+ Co. KO017.1

Methanol ROTISOLV® HPLC Carl Roth GmbH+ Co. KK39.2
Cellstar® 6 well cell culture plate Cellstar® 657160
Cellstar® 12 well cell culture plate Cellstar® 665102
Cellstar® 24 well cell culture plate Cellstar® 662160
Cellstar® 96 well cell culture plate Cellstar® 655160
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Sodium chloride >99,8% Carl Roth GmbH+ Co. 9265.2
Sodium hydroxide 1L Carl Roth GmbH+ Co. K021.1
SuperFrost Plus™ Adhé&ionsobjekttr&ger Fisher scientific 10149870
Phosphate buffered saline Sigma-Aldrich RNBJ9564
Poly-L-Lysine 0.1% (w/v) in H20 Sigma-Aldrich P8920
Mini Protease Inhibitor Cocktail EMERALD 11836153001
Protein Assay Reagent A BIO-RAD 5000113
Protein Assay Reagent B BIO-RAD 5000114
Eppendorf Safe-Lock Tube (1.5ml) Eppendorf Quality™ 0030120159
Eppendorf Safe-Lock Tube (2ml) Eppendorf Quality™ 0030120205
0.C.T.™ Compound Containing SAKURA® 2012102832
Trypan Blue 0.4% for microscopy Carl Roth GmbH+ Co. 1680.1

Trypsin-L&ung aus Schweinepankreas Sigma-Aldrich 59418C-100ML
Tween® 20, for molecular biology,
viscous liquid Sigma-Aldrich P9416
40pm Cell strainer Falcon®, Corning 352340
100pm Cell strainer Falcon®, Corning 352360
15ml centrifuge tube Falcon®, Corning 352096
50ml centrifuge tube Falcon®, Corning 352070
4% to 12% Bis-Tris, 1.5mm, Mini
Protein Gel, 10 well NuPAGE™ NP0335BOX
RIPA-Lyse und Extraktionspuffer Thermo Scientific™ 89901
Protease Inhibitor Thermofisher 36978
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MOPS SDS Running Buffer NuPAGE™ NP0001
Transfer Buffer NuPAGE™ NP00061
Tris buffered saline (TBS-T) SuperBlock™ 37535
ECL Western Blotting Substrate Pierce™ 32106
ECL Prime Western Blotting System Sigma-Aldrich GERPN2232
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3.2 Methods

3.2.1. Animal experimentation protocol

C57BL/6 mice and Nrdalse 27 (C57BL/6-Rr39°MC"ed/3) mice were purchased from Charles
River Laboratory and Jackson Laboratory. The mice were maintained in the pathogen-free
animal facility in Walter Brendel Centrum (WeBex). All experiments were performed in mice
aged 9 weeks to 14 weeks. All the animal experiments were approved by the local Animal
Experimentation Committee (Regierung of Oberbayern, Munich) and were performed in
accordance with the ARRIVE guidelines and regulations. At the end of the experiment, under
inhalation anesthesia with isoflurane, mice were sacrificed by strangulating their neck and then

the liver was harvested for further analysis.

3.2.2. Injection protocols

Briefly, 2x10° of CMPTX-stained PDAC cells were dissolved in a total of 350 | phosphate-
buffered saline and administrated through the tail vein. Apart from WT mice, also
rivaroxaban-treated animals as well as Nr4alse 2"~ mice were analyzed as indicated in Figure

5.

Rivaroxaban is a selective FXa inhibitor widely prescribed to patients with thrombotic
disorders. 2-4h after administration of rivaroxaban, the blood concentration could reach its
peak value and the half-time of its plasma elimination occurs after 9 h (Mueck, Stampfuss et
al. 2014). Therefore, rivaroxaban (3mg/kg) is administrated through tail vein into mice 4h
before tumor cell injection. 6h after tumor cells injection, mice were sacrificed, and the liver

was collected for further analysis.
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Due to the pivotal effect of Nr4al on differentiation from Ly6C"9" to Ly6C'®" monocytes,
Nr4alse 27" mice model was predominant in non-classical monocytes’ studies. Differentiation
from classical monocytes to non-classical monocytes was blocked in Nr4al” mice. However,
meanwhile, the transformation from monocytes to tissue macrophage was largely inhibited in
traditional Nrdal” model as well. In this study, Nrdalse 27" model was applied. In this model,
a Nrdal super-enhancer was deleted in the upstream of Nr4al gene fragment and this depletion
was proved not to reduce the transformation from monocytes to macrophage (Thomas, Hanna

et al. 2016).

1. WT mice extravasation model

Oh 2h 6h 9h

A A A A
Tumor cells sacrifice sacrifice sacrifice
2x10°

2. Rivaroxaban intervention model

Oh 4h 10 h
WT " i
Vehicle (DMSO) i.v. Tumor cells sacrifice
2x10°¢
Oh 4h 10h
WT + y
Rivaroxaban Tumor cells sacrifice
3 mg/kg i.v. 2x10°¢

3. Nrdal_se2”’ extravasation model

0h 6 h

A A
Tumor cells sacrifice
2x10°

Figure 5 Detailed protocols of animal models
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3.2.3 Organ preparation at the end of animal experiments

Under inhalation anesthesia with isoflurane mice were sacrificed by strangulating their neck.
In order to prevent the tissue degradation, organs were removed rapidly through a cross incision
across the chest and abdomen in the mice. After the collection of organs, they were rinsed with
phosphate-buffered saline for several times to remove the contamination of blood. Then the
organs were fixed in 4% PFA solution for 1-2 h and dehydrated in sucrose solution with
gradient concentrations from 10% to 30% overnight. The storage temperature was set as -80

°C.

3.2.4 Tissue cryosections

Tissues harvested from mice were stored at -80°C before use and were embedded into Tissue-
Tek O.C.T.™ prior to cryosection. Tissues were cut into sections with a width ranging from
10-20 pm and were stored at -20°C. Each section has to be check under light microscope to

ensure its intactness.

3.2.5 Tumor cell culture

All the tumor cells referred before (see Table 6) were cultured in DMEM medium with 4.5%
glucose with 10% FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. The cells were
grown in cell culture flasks in a cell incubator (incubation conditions: 37 <C with 20% O and
5% CO.). 1xTrypsin-EDTA solution was employed to split the cells when they were confluent.

Cells were stored as cell stocks in -80 “C with Cryoprotectant Medium.
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3.2.6 Cell lysis
We used RIPA lysis buffer (See Reagents) and plastic cell scrapers to lyse the cancer cells.
After 20 min centrifugation at 16,000q, cell debris was removed by discarding the

supernatant. The pellet containing the cell lysate was analyzed for protein concentration.

3.2.7 Protein estimation

We utilized the Bradford assay to estimate the concentration of cellular proteins. Standard
serum bovine albumin was diluted into different concentrations in accordance with the
instructions from reagent manufacturer using phosphate-buffered saline as medium (from 2
mg/ml to 0.03906 mg/ml). 5 i respective samples and 25 A solution A were pipetted onto 96-
well plate in triplicates. Then 200 | of solution B was added, and, after 15 min, a plate reader
was applied to detect the absorbance at 750 nm. With the help of a standard curve, the

concentration of samples could be calculated.

3.2.8 SDS-PAGE and Western blot

Depending on the different molecular weights of the target protein, we selected polyacrylamide
protein gels with a concentration from 7.5% to 15%. Protein lysates were denatured at 70<C
for 10 min with pre-added loading buffer. We added protein lysate into proper SDS-acrylamide
gels. To control the molecular weight of the loaded protein lysate, a pre-stained protein ladder

was applied.

In running buffer, the proteins were segregated by electrophoresis (running voltage: 80-120 V).
Then, at a constant power supply (125 mA), we transferred all the separated proteins onto
PVDF membranes by application of the Invitrogen blotting system with NUPAGETM Transfer

buffer.
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After blocking for 1h with either 5% skimmed milk or BSA in Tris-buffered saline, we
incubated the blocked membranes in TBS with a respective concentration of primary antibodies
(1:1000-1:5000) at 4<C for at least 12 h. The detailed information for primary antibodies is
indicated in Table 9. Next, the horseradish-peroxidase (HRP)-conjugated secondary antibodies
were added and co-incubated with the membrane for 1 h at room temperature. The development
machine was used to detect the ECL signals representing the respective proteins.

Table 9 Primary antibodies for Western Blotting

a-Ang-1 Mus/Human | 1:1000 Rabbit abcam ab8451
a-Ang-2 Mus/Human | 1:1000 Rabbit abcam ab8452
a-GAPDH | Mus/Human | 1:3000 Rabbit abcam ab181602

3.2.9 Isolation of EVs

After tumor cells had reached confluent in culture flasks, they were cultured in vesicle-free
medium for another 3 days. The supernatants were collected and centrifuged at 350 g for 5 min
in order to remove the contamination of dead cells and of cell debris. The two subgroups of
EVs were obtained after 20 min at 2000xg (large EVs or large oncosomes) and for 2h at
100,000xg without break (exosomes and microvesicles), respectively. EVs were present in the

respective pellets and were maintained at -20<C.

3.2.10 Immunostaining of cryosections

Cryosections (10-15 pm) were thawed at room temperature for 10 min and fixed in 4% of
formalin for 15 min. They were blocked with a blocking buffer for 40-60 min to reduce the
non-specific staining. Primary antibodies were diluted with dilution buffer at the respective

concentrations and incubated with cryosections overnight at 4°C. Then after rinsing twice, they
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were incubated with diluted secondary antibody for 1 h at room temperature. At the end, the
mounting medium was put on the tissue sections and the slides were visualized using a confocal

microscope (LSM 700 Carl-Zeiss Platform).

3.2.11 Imaging and Image analysis

Confocal laser scanning microscopy was applied to detect fluorescence signals in tissue
sections or cells in culture. Using the Carl-Zeiss 510-CLSM system, the following emission
signals could be detected: green (488nm), orange (555nm), and red (594nm) and were
quantitively recorded by the detector. All the images were analysed with ZEN software (Blue

2009/ 2011; Black 2012).

3.2.12 Preparation of blood sample for flow cytometry (FACS) analysis and cell sorting
After inhalation anesthesia with isoflurane, MMF (90l 10% fentanyl+90pd 30%
medetomidine+15 midazolam) was injected into mice abdomen to enhance the sedative
function of the isoflurane. 10-15 min after intensive anesthesia, pain reflexes of mice were
checked. Only when pain reflexes disappeared, blood-drawing directly from left ventricle of
the heart was allowed. Blood samples were then stored with anticoagulant on ice and lysed
with 10X RBC lysis buffer 2-3 times. PBS was applied to terminate the lysis reaction after

each time. Leukocytes were obtained after a 5Smin centrifugation step at 350xg.

3.2.13 Preparation of liver samples for flow cytometry (FACS) analysis

After drawing blood from the left ventricle of the heart, a small incision was made in the right
atrium and 20ml PBS were injected slowly through left ventricle to perfuse the mice. Mice
were sacrificed immediately after perfusion and livers were harvested in ice-cold PBS. Hepatic

tissues were digested in a pre-warmed (37<C) digestive enzyme mixture (100pd

32



collagenase+100d dispase+100pd DNase 1) for 20 min in an incubator and were meshed and
filtered through a 40nm filter. We centrifuged the suspensions for 3 min at 50xg in order to

remove hepatic cells and then collect the immune cells after a 5min centrifugation step at 350xg.

3.2.14 Isolation of non-classical monocytes isolation with cell sorter

Although the process of cell sorting with the cell sorter is time-consuming and requires the
labelling of the target cells before isolation, it can sort almost all kind of cells and the sorted
cells are in general of high purity than with other methods. We obtained immune cells from
the spleen and the peripheral blood and identified non-classical monocytes as CD115+ and

Gr-1- cells. The gating strategy for the sorting of non-classical monocytes is shown in Figure

Gr-1_

SSC Height
FSC: Height

3 0 3 o %
FSC: Height FSC: Area live or dead cD115

Figure 6 Gating strategy for sorting of non-classical monocytes

3.2.15 Flow cytometry (FACS) and cell sorting

The cells were stained in FACS buffer for 40-60 min. Multiparameter flow cytometric analysis
was performed with a LSRFortessa™ Flow Cytometer. The gating strategies were as follows:
neutrophils (CD45+, Ly6G+), classical monocytes (CD45+, CD11b+, CD115+, Gr-1+), non-
classical monocytes (CD45+, CD11b+, CD115+, Gr-1-), CD4+ T cells (CD3+, CD4+, CD8a-),

CD8+ T cells (CD3+, CD8a+, CD4-), NK cells (CD49b+).
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3.2.16 Statistical analysis

For comparison between data of multiple groups, one-way ANOV A with a post hoc Bonferroni
correction was used. Two-tailed unpaired T-test was performed for the comparisons between
two groups. The significance level of P values was set as < 0.05. The asterisks indicate the
following P values: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P<0.0005. Experiments were

repeated at least 3 times and results are given as mean values £SEM.
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4. Results

4.1 Role of intravascular coagulation in the recruitment of non-classical monocytes

4.1.1 Determination of fibrin formation in microvessels in vivo

Previously, procoagulant screening via thromboelastography was performed in 11 PDAC cell
lines sharing the Kras®!2P mutation (Mueller, Engleitner et al. 2018). Cell lines 8182 and 53631
exhibited the strongest procoagulant activities, whereas cell line 9091 had the weakest
procoagulant activity. To test the role of these cell lines in vivo, we injected them into the tail
vein of C57BL/6 (WT) mice to compare their coagulation competence in the liver
microcirculation. The mice were sacrificed 6 h after tumor cell injection, and the livers were
removed to analyze fibrin formation in the liver microvessels. The fibrin depositions in the
microcirculation were much lower in mice injected with cell line 9091 than in those that
received cell line 8182 or cell line 53631 (Figure 7 a-c, f). Thus, the coagulation activities of
the cell lines in vivo mimicked their activities in vitro. Rivaroxaban, a specific FXa inhibitor
used clinically as an anticoagulant, was administered to inhibit fibrin formation in mice injected
with 8182 and 53631 cells. WT mice were preinjected with rivaroxaban or its vehicle (DMSO),
and after 4 h, cell lines 8182 and 53631 were injected through the tail vein. Six hours later,
fibrin formation in liver microvessels was significantly decreased in rivaroxaban-treated mice
compared with the DMSO group. Indeed, tumor-induced fibrin formation in the liver was

reduced by almost 80% in mice treated with rivaroxaban (Figure 7 d, e, g, h).
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Figure 7 Determination of fibrin formation in vivo

a) Representative image indicating fibrin in liver microvessels. Vessels were labeled with Stabilin 11 (green), and
intravascular fibrin was labeled with anti-fibrin antibody (red). Cell line 8182 6 h after injection. Scale bar, 10
um. b) Representative image indicating fibrin in liver microvessels. Vessels were labeled with Stabilin 11 (green),
and intravascular fibrin was labeled with anti-fibrin antibody (red). Cell line 53631 6 h after injection. Scale bar,
10 um. ¢) Representative image indicating fibrin in liver microvessels. Vessels were labeled with Stabilin 11
(green), and intravascular fibrin was labeled with anti-fibrin antibody (red). Cell line 9091 6 h after injection.
Scale bar, 10 um. d) Representative image indicating fibrin in liver microvessels. Vessels were labeled with
Stabilin Il (green), and intravascular fibrin was labeled with anti-fibrin antibody (red). DMSO control with cell
line 8182 injection. Scale bar, 10 um. €) Representative image indicating fibrin in liver microvessels. Vessels
were labeled with Stabilin Il (green), and intravascular fibrin was labeled with anti-fibrin antibody (red).
Rivaroxaban treatment with cell line 8182 injection. Scale bar, 10 um. f) Quantification of fibrin analysis in the
liver microcirculation. The ratio between the area covered by fibrin in the microcirculation and the total
microvessel area was calculated. N=3, ns, no significance, ****, P<0.0005 g) Quantification of fibrin analysis in
the liver microcirculation. Rivaroxaban treated and DMSO control mice were injected with cell line 8182. N=3,
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***x P<0.0005. h) Quantification of fibrin analysis in liver microcirculation. Rivaroxaban treated and DMSO
control mice were injected with cell line 53631. N=3, **** P<0.0005.

4.1.2 Effect of blood coagulation on the recruitment of non-classical monocytes

Recruitment of non-classical monocytes was determined after injection of the cell lines 8182
and 9091. These two cell lines share high transcriptomic similarities but a tremendous
divergence in procoagulant activities both in vitro and in vivo. Six hours after injection of the
cell lines through tail vein, mice were sacrificed, and flow cytometry was conducted to quantify
the presence of non-classical monocytes (CD11b+, CD115+, Gr-1-) in the peripheral blood
(Figure 8 a, b). Monocyte counts were substantially lower in 9091-injected mice than in 8182-
injected mice. The recruitment of non-classical monocytes in the liver microcirculation was
lower in mice injected with cell line 9091 than in those injected with cell line 8182 (Figure 8
c). Considering the differences in procoagulant activities between the two cell lines, we
hypothesized that fibrin formation was important for recruiting non-classical monocytes. To
test this hypothesis, the mice were treated with rivaroxaban. Cell lines 8182 and 53631 were
injected into rivaroxaban-treated mice and DMSO control mice. Six hours later, we quantified
non-classical monocytes with flow cytometry and in parallel with IHC. After rivaroxaban
treatment, significant reductions in blood counts and liver recruitment of non-classical
monocytes were observed (Figure 8 d-i). This finding suggested that blood coagulation was a

pivotal determinant of non-classical monocyte recruitment in the early phase of metastasis.
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Figure 8 Quantification of non-classical monocyte recruitment

a) Representative gate plot for non-classical monocytes in peripheral blood in mice injected with 8182 or 9091
cells. NM=non-classical monocyte. b) Quantification of non-classical monocyte counts in peripheral blood in
mice injected with 8182 or 9091 cells. N=3, *** P < 0.005. c) Non-classical monocyte recruitment in the liver
microvessels was quantified by IHC (8182 vs 9091). N=3, ** P < 0.01. d) Representative gate plot for non-
classical monocytes in peripheral blood in rivaroxaban-treated mice injected with cell line 8182. e) Quantification
of non-classical monocyte counts in peripheral blood in rivaroxaban-treated mice injected with cell line 8182.
N=3, ** P < 0.01. f) Recruitment of non-classical monocytes in the liver microvessels was quantified by IHC.
Cell line 8182 was injected into rivaroxaban-treated mice. N=3, * P < 0.05. g) Representative gate plot for non-
classical monocytes in peripheral blood following rivaroxaban-treatment of mice injected with cell line 53631.
IM=classical monocyte. h) Quantification of non-classical monocyte counts in peripheral blood in rivaroxaban-
treated mice injected with cell line 53631. N=3, *** P < 0.005. i) Recruitment of non-classical monocytes in the

liver microvessels was quantified by IHC. Cell line 53631 was injected into rivaroxaban-treated mice. N=3, ** P
<0.01.
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Gr-1

4.1.3 Interaction of tumor cell EVs with non-classical monocytes

Several studies have shown that non-classical monocytes can engulf EVs (Gordon and
Freedman 2006, Yeap, Wong et al. 2017, Robinson, Han et al. 2021). A phenotype screening
for EV release indicated that cell line 53631 released the most EVs and had a relatively high
ability to recruit non-classical monocytes in vivo. PAD4 is responsible for EV release in this
cell line (Zhang 2020). Cell line 53631 with downregulated PAD4 expression (53631 PAD4
shRNA) and the respective control cell line (53631 mock shRNA) were injected into mice, and
6 h later, the level of non-classical monocytes in peripheral blood was measured by flow
cytometry. In parallel, the liver recruitment of non-classical monocytes was analyzed. Non-
classical monocyte counts in peripheral blood and liver recombinant of non-classical
monocytes were analyzed. The amounts of non-classical monocytes in peripheral blood (Figure

9 a, b) and in the liver (Figure 9 c) were comparable in both cell lines-transplanted mouse

models.
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Figure 9 Levels of non-classical monocytes in the presence of tumor cell lines releasing EVs

a) Representative gate plot for non-classical monocytes in the peripheral blood. Mice were injected with cell lines
53631 with mock shRNA or 53631 with PAD4 shRNA. NM=non-classical monocyte. b) Levels of non-classical
monocytes in peripheral blood. Mice were injected with cell lines 53631 with mock shRNA or 53631 with PAD4
shRNA. N=3; ns, not significant. c) Non-classical monocytes in microvessels of the liver were quantified by IHC.
Mice were injected with cell line 53631 with mock ShRNA or 53631 with PAD4 shRNA. N=3; ns, not significant.
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4.1.4 Dependence of the recruitment of non-classical monocytes on fibrin

In mice injected with 8182 cells, the cell line with the highest procoagulant activity,
rivaroxaban diminished the recruitment and colocalization of non-classical monocytes with
fibrin (Figure 10 a-c). Since the integrin CD11b, which is highly expressed in non-classical
monocytes (Ryu, Petersen et al. 2015, Schmid, Khan et al. 2018), can mediate the interaction
of immune cells with fibrin (Hernandez, Escolar et al. 1997, Smiley, King et al. 2001), we
neutralized CD11b with an anti-CD11b antibody (D'Amico and Wu 2003). Consequently,
microvascular fibrin formation and the arrest of non-classical monocytes in the liver
microcirculation were quantified. Anti-CD11b antibody did not affect fibrin formation but
strongly reduced the recruitment of non-classical monocytes (Figure 10 d, e). Since no
significant increase in dead non-classical monocytes was observed in the morphological
analysis, this reduction in non-classical monocytes was considered as a decrease in non-

classical monocyte recruitment.
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Figure 10 Role of CD11b in the recruitment of non-classical monocytes in the liver microcirculation

a) Representative picture of the colocalization of fibrin (green) with NMs (CX3CR1Md" Ly6C'*%). Mice injected
with cell line 8182. Scale bar, 5 um. b) Colocalization of NMs with fibrin in the liver microcirculation following
rivaroxaban treatment. N=5; **** P < 0.001. ¢) Ratio of NMs colocalizing with fibrin to total NMs in the liver
after rivaroxaban treatment (cell line 8182), N=5; **** P < 0.001. d) Fibrin formation in the liver microcirculation

after application of anti-CD11b neutralizing antibody. N=3; ns, not significant. €) Recruitment of NMs after
treatment with anti-CD11b antibody. N=3 or 4; ** P < 0.01.

4.2 Non-classical monocytes and tumor cell extravasation

4.2.1 Effect of non-classical monocytes on the extravasation of cell line 8182

After injection of anti-CD11b antibody, the extravasation of cell line 8182 was increased.
(Figure 11 a, b). To test whether non-classical monocytes could be responsible for this effect,
we studied Nrdal_se2” mice, which exhibit a more specific deficiency in non-classical
monocytes than Nr4al’ mice (Thomas, Hanna et al. 2016). Flow cytometry was used to
determine the number of non-classical monocytes in the peripheral blood and in the liver. Six
hours after the injection of cell line 8182, the levels of non-classical monocytes were

substantially reduced in Nr4al_se2” mice compared to WT mice (Figure 11 c-e). Conversely,
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the number of Kupffer cells was unchanged (Figure 11 f). To test the effect of non-classical
monocytes on tumor cell extravasation, cell line 8182 was injected into Nr4al_se2”" mice and
WT mice. Six hours after the injection, more tumor cells had extravasated in the Nr4al_se2”
mice than in the WT mice, suggesting that NMs could decrease tumor cell extravasation
(Figure 11 g). Adoptive transfer of non-classical monocytes obtained from WT mice into
Nrdal_se2’ mice increased the levels of non-classical monocytes in Nrdal se2” mice.

Concomitantly, tumor cell extravasation was decreased (Figure 11 h, i, j).
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Figure 11 Effect of non-classical monocytes on the extravasation of cell line 8182

a) Representative images of the extravasation of cell line 8182. Liver microvessels labeled with Stabilin Il (green)
and tumor cells prelabeled with CMPTX (red). Scale bar, 10 um. b) Extravasation of cell line 8182 in the presence
of anti-CD11b antibody (6 h). N=3, *** P < 0.005. c) Flow cytometric detection of the levels of non-classical
monocytes (CD45+ CD11b+ CD115+ Gr-1-) in the peripheral blood of WT mice and Nr4al_se2” mice injected
with cell line 8182. d) Quantitative data of the levels of non-classical monocytes in the peripheral blood of
Nrdal_se2”- mice and WT mice injected with cell line 8182 (flow cytometry). Dots represent different animals.
**** P < (0.0001. e) Quantification of the recruitment of non-classical monocytes in the liver 6 h after 8182
injections in Nr4al_se2” mice and WT mice (8182, 6 h). Dots represent different animals. **** P < 0.0001. f)
Number of Kupffer cells in both Nr4al_se2”- mice and WT mice injected with cell line 8182. Dots represent
different animals. ns, not significant. g) Extravasation of 8182 in WT and Nr4al_se2” mice 6 h after injection.
Dots represent different animals. ** P < 0.01 h) Representative gate plot for non-classical monocytes in peripheral
blood following adoptive transfer of WT-derived non-classical monocytes into Nrdal se2” mice. i)
Quantification of the levels of non-classical monocytes in peripheral blood 6 h after the adoptive transfer of WT-
derived non-classical monocytes in Nr4al _se2” mice. Dots represent different animals **** P < 0.0001. j)
Extravasation of cell line 8182 in Nr4al_se2”mice transplanted with WT-derived non-classical monocytes. N=3,
*P <0.05.

4.2.2 Role of non-classical monocytes in the extravasation of cell line 53631

Since cell line 8182 exhibited the strongest procoagulant activity and the lowest release of EVs,
it represented a good model to specifically study the role of tumor-induced fibrin formation for
tumor cell extravasation. Conversely, cell line 53631 strongly induced fibrin formation and
exhibited a high release of EVs. Hence, we studied how fibrin formation and non-classical
monocytes affected the extravasation of 53631 cells. Rivaroxaban reduced the extravasation of
cell line 53631 (Figure 12 a). Moreover, extravasation of 53631 cells was lower in Nr4al_se2
" mice (Figure 12 b). Following the adoptive transfer of non-classical monocytes into
Nrdal_se2”’" mice, tumor extravasation of 53631 cells increased (Figure 12 c). Thus, non-
classical monocytes potentially facilitated tumor cell extravasation when EVs were present.
Since PADA4 is responsible for the release of EVs by cell line 53631, we injected WT mice with
53631 PAD4 shRNA and 53631 mock shRNA cells that differed in their ability to release EVs.
The recruitment of immune cells was comparable in both cell lines (Figure 12 d). After
treatment with rivaroxaban, recruitment of non-classical monocytes decreased in the presence
of both types of 53631 cells (Figure 12 e, f). In WT mice, the extravasation of 53631 PAD4
shRNA cells was reduced compared to the extravasation of 53631 mock shRNA cells. In

Nrdal_se2”’- mice, the extravasation level of both cell lines was comparable (Figure 12 g). This
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finding suggested that the interaction of non-classical monocytes with tumor EVs was relevant

for tumor cell extravasation.
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Figure 12 Role of non-classical monocytes in the extravasation of cell line 53631

a) Extravasation of cell line 53631 in rivaroxaban-treated mice (53631, 6 h). n=3, ** P < 0.01. b) Extravasation
of 8182 cells in WT and Nrdal_se2” mice 6 h after injection. N=3, *** P < 0.005. c) Extravasation of cell line
53631 in Nrdal_se2”mice receiving adoptive transfer of non-classical monocytes. (53631, 6 h) N=3, * P < 0.05.
d) Immune cell recruitment in the liver microcirculation was quantified 6 h after injection of cell line 53631 mock
shRNA and 53631 PAD4 shRNA cells by IHC. N=6, ns, not significant. Neut, neutrophil; IM, classical monocyte;
NM, non-classical monocyte; CD4+, CD4+ T cell; CD8, CD8+ T cells; NK, natural killer cell. €) Immune cell
recruitment in the liver microcirculation in rivaroxaban-treated mice (53631 mock shRNA cells, 6 h). N=6, ** P
< 0.01, ns, not significant. f) Immune cell recruitment in the liver microcirculation in rivaroxaban-treated mice
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(53631 PAD4 shRNA cells, 6 h). N=6, ** P < 0.01, ns, not significant. g) Extravasation of 53631 mock sShRNA
and 53631 PAD4 shRNA cells in WT and Nr4al_se2” mice (6 h). N=3, *** P < 0.005, ns, not significant.

4.3.1 Potential mechanism underlying the role of non-classical monocytes in the
extravasation of cell line 8182

Given the participation of the Ang-1/Ang-2 system in endothelial barrier function, we analyzed
the expression of Ang-1 in neutrophils, classical monocytes, non-classical monocytes, CD4+
T cells, CD8+ T cells, NK cells, and Kupffer cells in the liver and evaluated the effect of
rivaroxaban. Ang-1 was mostly associated with non-classical monocytes (Figure 13 a).
Rivaroxaban reduced the number of Ang-1* non-classical monocytes (Figure 13 b). No Ang-2
was detected in the recruited immune cells (Figure 13 c). Flow cytometry of non-classical
monocytes in the peripheral blood was applied to quantify those expressing Ang-1 and Ang-2.
This analysis confirmed the percentage of high counts of Ang-1-positive non-classical
monocytes, whereas the association of Ang-2 was very low. Rivaroxaban strongly diminished
Ang-1-positive non-classical monocytes but did not affect Ang-2 expression (Figure 13 d-g).
After CD11b neutralization, the number of non-classical monocytes was reduced dramatically,
especially the number of Ang-1* non-classical monocytes (Figure 13 h, i).

The high expression of Ang-1 in non-classical monocytes could contribute to the inhibition of
tumor cell extravasation by these cells. To test whether fibrin could regulate the expression of
Ang-1 in non-classical monocytes, isolated non-classical monocytes were exposed to fibrin for
4 h in vitro. Flow cytometry results and western blotting showed that fibrin enhanced Ang-1
expression in non-classical monocytes (Figure 13 j-m). Six hours after injection of 8182 cells
and treatment with rivaroxaban, non-classical monocytes were extracted from the mice. After
treatment with rivaroxaban, Ang-1 expression in non-classical monocytes decreased sharply
(Figure 13 n-q). Together, these results indicate that the interaction between non-classical

monocytes and fibrin in vivo and in vitro increased the Ang-1 expression in these cells.
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Figure 13 Potential mechanism allowing non-classical monocytes to impede 8182 cell extravasation

a) Representative images of non-classical monocytes (CX3CR1high Ly6Clow) expressing Ang-1 in the liver.
Ly6C (green) CX3CR1 (orange), Ang-1 (red), DAPI (blue). Scale bar, 5 um. b) Immune cells positive for Ang-1
after rivaroxaban treatment (8182, 6 h). N=3. ****P < 0.001, ns not significant. ¢) Association of Ang-2 with
immune cells after rivaroxaban treatment (8182, 6 h). N=3. ns, not significant. d) Representative gate plot for
Ang-1 or Ang-2 with non-classical monocytes in the peripheral blood 6h after injection of cell line 8182 without
or with rivaroxaban. e) Quantification of Ang-1 positive non-classical monocytes in the peripheral blood in
rivaroxaban-treated mice. N=3. *** P < 0.005. f) Ratios of non-classical monocytes expressing Ang-1 to total
non-classical monocytes in rivaroxaban-treated mice (peripheral blood). N=3. *** P < 0.005. g) Ratios of non-
classical monocytes associated with Ang-2 to total non-classical monocytes in rivaroxaban-treated mice
(peripheral blood). N=3. ns, not significant. h) Recruitment of non-classical monocytes in mice treated with anti-
CD11b neutralizing antibody. N=3. *** P < 0.005. i) Ratios of Ang-1 positive non-classical monocytes to total
non-classical monocytes in mice treated with anti-CD11b neutralizing antibody. N=3. *** P < 0.005. j)
Representative WB of Ang-1 and GAPDH (housekeeping) in non-classical monocytes without and with co-
incubation with fibrin in vitro. k) Densitometric quantification of WB analyses in vitro. N=4, **** P < 0.001. |)
Representative gate plot of Ang-1 positive non-classical monocytes without or with co-incubation with fibrin in
vitro. m) Quantitative data of non-classical monocytes expressing Ang-1 with and without co-incubation with
fibrin in vitro based on flow cytometry. N=3. *** P < 0.005. n) Representative WB of Ang-1 and GAPDH
(housekeeping) in non-classical monocytes after treatment of rivaroxaban. o) Densitometric quantification of WB

50



analyses in vivo. N=4, *** P < 0.005. p) Representative gate plot of Ang-1 positive non-classical monocytes in
rivaroxaban-treated mice. q) Quantitative data of Ang-1 positive non-classical monocytes after treatment with
rivaroxaban. N=3, *** P < 0.005.

4.3.2 Potential mechanism underlying the role of non-classical monocytes in the
extravasation of cell line 53631.

Non-classical monocytes thus appear to play different roles in tumor cell extravasation of cell
lines 8182 and 53631. Since these two cell lines greatly differ in EV release levels, we
considered that EVs might be relevant for the extravasation of 53631. Following the injection
of 53631 mock shRNA and 53631 PAD4 shRNA cells, the expression of Ang-1 and Ang-2 in
non-classical monocytes was analyzed in the liver microcirculation. The number of Ang-1-
positive non-classical monocytes was higher after 53631 PAD4 shRNA cell injection than after
53631 mock shRNA cell injection (Figure 14 a). In contrast, Ang-2 expression was lower in
non-classical monocytes after injection with cell line 53631 PAD4 shRNA than after injection
with 53631 mock shRNA cells (Figure 14 b). Similar results were observed with IHC and flow
cytometry (Figure 14 c-g).

The high association between Ang-2 expression and non-classical monocytes could facilitate
tumor cell extravasation. To test whether EVs could be responsible for Ang-2 expression in
non-classical monocytes, isolated non-classical monocytes were co-incubated for 4h with
tumor-derived EVs in vitro. Flow cytometry and western blotting showed that EVs increased
the number of Ang-2-positive non-classical monocytes (Figure 14 h-k). Non-classical
monocytes were isolated 6 h after injection of 53631 mock shRNA or 53631 PAD4 shRNA
cells. In mice injected with 53631 PAD4 shRNA cells, the number of non-classical monocytes
expressing Ang-2 was significantly lower than after administration of 53631 mock shRNA
cells (Figure 14 1-0). Together, these results indicate that the interaction between non-classical

monocytes and tumor EVs in vivo and in vitro increases their Ang-2 positivity rate.
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Figure 14 Ang-1 and Ang-2 expression in non-classical monocytes in the presence of tumor cells releasing

EVs

a) Ang-1* immune cells 6 h after injection of 53631 mock shRNA or 53631 PAD4 shRNA tumor cells. N=3, ns,
not significant, **** P < 0.001. Neut, neutrophil, IM, classical monocyte, NM, non-classical monocyte, CD4+,
CDA4+ T cell, CD8+, CD8+ T cells, NK, natural killer cell. b) Ang-2* immune cells 6 h after injection of 53631
mock shRNA or 53631 PAD4 shRNA tumor cells. N=3, ns, not significant, **** P < 0.001. c) Representative
gate plot for Ang-1 and Ang-2 positivity of non-classical monocytes in peripheral blood 6 h after injection of
53631 mock ShRNA or 53631 PAD4 shRNA cell lines. d) Ratios of Ang-2* non-classical monocytes to total non-
classical monocytes 6 h after injection of 53631 mock sShRNA or 53631 PAD4 shRNA cells (peripheral blood).
N=3, **** P < 0.001 e) Quantification of Ang-2* non-classical monocytes in the peripheral blood 6 h after
injection of 53631 mock shRNA or 53631 PAD4 shRNA cell lines. N=3, **** P < 0.001. f) Ratios of Ang-1*
non-classical monocytes to total non-classical monocytes 6 h after injection of 53631 mock shRNA or 53631
PAD4 shRNA cell lines (peripheral blood). N=3, **** P < 0.001. g) Quantification of Ang-1* non-classical
monocytes in the peripheral blood 6 h after injection of 53631 mock shRNA or 53631 PAD4 shRNA cells. N=3,
**** P < 0.001. h) Representative WB of Ang-2 association with non-classical monocytes following incubation
with tumor EVs in vitro. i) Densitometric quantification of WB analyses showing in Figure 14 h. N=4, *** P <
0.005. j) Representative gate plot of Ang-2* non-classical monocytes following incubation with tumor EVs in
vitro. k) Quantitation of data of Figure 14 j. N=3. *** P < 0.005. I) Representative WB of Ang-2 association with
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non-classical monocytes 6 h after injection of 53631 mock shRNA or 53631 PAD4 shRNA cell lines. m)
Quantification of the results shown in Figure 14 |. N=4, *** P < 0.005. n) Representative gate plot of Ang-2* non-
classical monocytes 6 h after injection of 53631 mock shRNA or 53631 PAD4 shRNA cell lines. 0) Quantitation
of the results of Figure 14 n. N=3, *** P < 0.005.
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5. Discussion

1. Role of blood coagulation in the recruitment of non-classical monocytes

G12D mutation were selected

In a previous study, a total of 11 PDAC cell lines with the Kras
for procoagulant screening. The results showed that cell lines 8182 and 53631 had the
strongest procoagulant activities. Conversely, cell line 9091 had the weakest procoagulant
activity. In this study, we first sought to determine the role of coagulation in the recruitment
of non-classical monocytes. Rivaroxaban, a direct FXa inhibitor used clinically as an
anticoagulant, was administered to inhibit fibrin formation (Kopytek, Zabczyk et al. 2019).
After rivaroxaban administration, fibrin formation in cell lines 8182 and 53631 decreased
by over 70% compared to the control group. In separate experiments, we analyzed the
recruitment of non-classical monocytes in animals injected with cell lines 8182 and 9091.
We noted that recruitment of non-classical monocytes sharply decreased in mice injected
with cell line 9091 compared to in those injected with cell line 8182. After injection of
rivaroxaban, the arrest of non-classical monocytes was reduced in animals administered
cell lines 8182 and 53631 compared to the DMSO control group. This finding suggested

that blood coagulation is a pivotal factor in inducing the recruitment of non-classical

monocytes and that fibrin can arrest non-classical monocytes.

Monocytes are innate immune cells of the mononuclear phagocyte system. Substantial
evidence indicates that monocytes could be vital regulators of cancer progression and
development (Olingy, Dinh et al. 2019, Gouveia-Fernandes 2020). For instance, Chen et al.
revealed that peritumoral monocytes induce cancer cell autophagy to facilitate the
progression of human hepatocellular carcinoma (Chen, Ning et al. 2018). Moreover, some
studies have revealed that non-classical monocytes can engulf EVs to increase tumor cell

spread (Yona and Jung 2010, Himes, Peterson et al. 2020). Hence, we aimed to clarify the
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role of non-classical monocytes and their interactions with EVs during the early stage of
pancreatic cancer metastasis. Previously, it has been shown that the release of EVs is
reduced in cell line 53631 when the expression of the PAD4 gene is reduced. Interestingly,

knockdown of PAD4 by shRNA did not affect the recruitment of non-classical monocytes.

Several studies have revealed that fibrin is a ligand for the integrin CD11b expressed by
myeloid cells. Immune cells can be activated by the interaction between CD11b and fibrin
(Perez and Roman 1995, Zhang, Yin et al. 2020). Although this activation mechanism has
been reported to be relevant in cancer, the immune cells involved were not non-classical
monocytes (Zhang, Ozdemir et al. 2011, Ozdemir, Zhang et al. 2012). Since non-classical
monocytes patrol and surveil endothelial cells, these cells could potentially detect tumor-
induced fibrin. Indeed, we observed colocalizations between fibrin clots and non-classical
monocytes in the liver microcirculation following the immobilization of the tumor cells.
Therefore, we hypothesized that CD11b might function as a crucial mediator between non-
classical monocyte recruitment and coagulation in cancer. Following injection of anti-
CD11b antibody, the arrest of non-classical monocytes was greatly diminished. Fibrin

formation was not affected.

2. Role of non-classical monocytes in PDAC cell extravasation

Tumor cell extravasation is a key step in the metastasis cascade, which requires interaction
between tumor cells and the endothelium (Desch, Strozyk et al. 2012). Therefore, blocking
tumor cell extravasation is critical for inhibiting tumor metastasis, and exploring the
possible underlying mechanisms of extravasation is important. CD11b was neutralized to

analyze whether non-classical monocytes affect tumor cell extravasation, and the
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extravasation of cell line 8182 was increased. This finding suggested that tumor-induced

recruitment of non-classical monocytes could hinder tumor cell extravasation.

In addition, a mouse model in which non-classical monocytes are largely absent owing to
the pivotal effect of Nr4al on the differentiation of lymphocyte antigen 6C (Ly6C)-high
monocytes into Ly6C-low monocytes was studied (Bharat, McQuattie-Pimentel et al. 2017,
Prabowo, Painter et al. 2019, Zhang 2020, Ren, Li et al. 2021). Specifically, we used
Nr4al_se2” mice, which exhibit a more specific deficiency in non-classical monocytes
than Nrdal” mice due to the deletion of a Nr4al super-enhancer (Thomas, Hanna et al.
2016). Parallel to the massive reduction in non-classical monocytes in this mouse model,
extravasation of the tumor cell line 8182 was increased in the Nr4al_se2” mice compared
to WT mice. This finding indicated that non-classical monocytes could decrease the
extravasation of cell line 8182. Furthermore, the adoptive transfer of non-classical
monocytes into Nrdal_se2” mice decreased the extravasation of the tumor cells, further

indicating that non-classical monocyte could inhibit 8182 tumor cell extravasation.

EVs coordinate multiple systemic pathophysiological processes, such as coagulation,
vascular leakage and reprogramming of stromal cells, to support the pre-metastatic niche
formation and subsequent metastasis (Becker, Thakur et al. 2016, Headley, Bins et al. 2016,
Pfeiler, Thakur et al. 2019). Since cell line 53631 strongly induced fibrin formation and
exhibited a high release of EVs, we used this cell line to study how fibrin formation and
non-classical monocytes contribute to tumor cell extravasation. We found that rivaroxaban
reduced the extravasation of tumor cell line 53631. Interestingly, the extravasation of 53631
cells was lower in Nr4al_se2” mice than in WT mice. Conversely, tumor extravasation of

53631 cells was increased after the adoptive transfer of non-classical monocytes into
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Nr4al_se2” mice. Hence, contrary to observations made with cell line 8182, non-classical
monocytes increased the extravasation of cell line 53631. Thus, we suspected that non-
classical monocytes potentially facilitate tumor cell extravasation when EVs are present.
To confirm the role of EVs, we injected PAD4 shRNA-transfected 53631 cells into WT
mice to evaluate the arrest of non-classical monocyte recruitment and tumor cell
extravasation. The results showed that the 53631 mock shRNA cell line released a large
level of EVs in vivo, whereas the 53631 PAD4 shRNA cell line released a comparably low
level, similar to the results obtained in the in vitro experiments. Moreover, regarding tumor
cell extravasation, mock shRNA-transfected 53631 cells extravasated significantly more
than PAD4 shRNA-transfected 53631 cells. Overall, the results obtained above indicated
that non-classical monocytes can play dual roles in tumor cell extravasation and that their
effect is EV-dependent. When EVs are absent, non-classical monocytes impede tumor cell

extravasation, whereas these cells facilitate tumor cell extravasation when EVs are present.

3. Potential mechanisms underlying the differential roles of non-classical monocytes in
tumor cell extravasation
Angiopoietins, such as Ang-1 and Ang-2, have a wide range of effects on tumor malignancy
via their effect on angiogenesis, inflammation, and extravasation (Shim, Ho et al. 2007).
Ang-1 supports endothelial stabilization via Tie2 activation, which is an important
regulator of tumor cell extravasation (Suri, Jones et al. 1996, Jeansson, Gawlik et al. 2011).
Ang-2 functions as a context-dependent Tie2 agonist/antagonist promoting pathological
angiogenesis, vascular permeability and inflammation (Maisonpierre, Suri et al. 1997, Daly,
Eichtenetal. 2013). In addition, previous studies have revealed that overexpression of Ang-
1 in some cancer types significantly inhibits metastasis, including the metastasis of breast

cancer (Hayes, Huang et al. 2000), colon cancer (Stoeltzing, Ahmad et al. 2003), and
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squamous cell carcinoma (Hawighorst, Skobe et al. 2002). The inhibitory effect of Ang-1
is related to the recruitment of perivascular cells that restrict further expansion of the tumor
vasculature. Other evidence has shown that Ang-2 overexpression is related to tumor
growth, metastasis and malignancy (Tanaka, Mori et al. 1999, Ahmad, Liu et al. 2001, Etoh,
Inoue et al. 2001). Therefore, we investigated whether Ang-1 and Ang-2 participated in the
dual roles of non-classical monocytes in tumor cell extravasation. We found that Ang-1
was expressed only in non-classical monocytes among the intravascular cells. Rivaroxaban
reduced the number of Ang-1+ non-classical monocytes but did not affect the number of
Ang-2+ non-classical monocytes in vivo or in vitro. This finding suggested that the
interaction of non-classical monocytes with fibrin might increase the Ang-1 expression in

non-classical monocytes, thereby attenuating tumor cell extravasation.

To understand why EVs released by 53631 cells could alter the ability of non-classical
monocytes to inhibit tumor cell extravasation, we focused our attention on Ang-2. Thus,
cell line 53631 was utilized to analyze the effect of EVs and whether Ang-2 was involved
in the adverse effect of non-classical monocytes on tumor cell extravasation. We found that
compared to in animals injected with the mock shRNA-transfected 53631 cells, the number
of Ang-2+ non-classical monocytes was decreased in animals injected with PAD4 shRNA-
transfected 53631 cells; a similar effect was observed in vitro. In addition, we found that
EVs enhanced the number of Ang-2+ non-classical monocytes in vitro and in vivo. This
finding suggested that the interaction between non-classical monocytes and tumor cell EVs

increased monocyte Ang-2 expression, likely facilitating tumor cell extravasation.
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4. Limitations of this study

Several limitations of this study must be addressed. Even though procoagulant screening
via TEG was performed in 11 different cell lines previously, only 3 cell lines with
prominent procoagulant activity were studied here. Therefore, all conclusions in this study
should be considered preliminary, and more experiments are required to validate and
solidify the conclusions presented in this thesis. Moreover, all cell lines utilized in this
study were mouse-derived PDAC cell lines. Thus, our conclusions are based on the animal
experiments, which represents a limitation in the translational value of the study.
Subsequent clinical trials and research studies are required to elucidate the value of

anticoagulant therapy for pancreatic cancer patients.

To validate that fibrin formation-induced non-classical monocytes recruitment was
mediated by CD11b, a CD11b neutralizing antibody was administered. As CD11b is a
member of the integrin family of cell adhesion receptors expressed in several immune cells,
the effect of the CD11b neutralizing antibody was comprehensive. More precise methods

could be developed, such as establishing conditional knock-out mice.

The Nr4al_se2”- mouse strain was employed to unveil the role of non-classical monocytes
in pancreatic cancer cell extravasation. After the deletion of an Nr4al super-enhancer
subdomain in this strain, Ly6C'®" monocyte numbers were significantly decreased with
preservation of macrophage gene function. While this model is not perfect, it is widely
accepted and used in the field of non-classical monocytes research. Adoptive monocyte

transplantation was performed to confirm our observations.
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