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Abstract

Pancreatic cancer (PC) is one of the most aggressive cancers in the world and it correlates to
poor prognosis and high mortality due to late diagnosis, even if early diagnosed. Resectable PC
patients have unfavorable outcome due to several factors like chemoresistance by tumor
microenvironment (TME) and by tumor cells per se. Recent studies have focused on TME that
plays a critical role in PC progression, highlighting the strong relationship between the
microenvironment and metastasis. Several extracellular factors are involved in its development and
metastasis. In PC, the protein Annexin A1 (ANXAL) appears overexpressed and may be identified
as an oncogenic factor, also as component in tumor-deriving extracellular vesicles (EVS). Indeed,
these microvesicles are known to nourish the TME. Our published data have highlighted that
autocrine/paracrine activities of extracellular ANXAL depend on its presence in EVs. The aim of
the first and second year of my PhD project has been to investigate the paracrine effect of ANXA1
on cellular components of TME, mainly stromal cells like fibroblasts, endothelial ones to
demonstrate how the ANXAL-EVs complex can stimulate this mechanism. EVs from Wild Type
(WT) and ANXAL1- Knock-Out (KO) MIA PaCa-2 cells, obtained by CRISPR/Cas9 genome editing
system, have been purified from cell conditioned medium by differential centrifugation and then
administrated on stromal cells.

Moreover, as oncogenic factor, ANXAL1l needs to be inhibited, mainly by blocking its
extracellular form, as a new model of cancer adjuvant therapy. Heparan sulfate (HS) is a
glycosaminoglycan of the extracellular matrix known to bind growth factors and cytokines,
generating a kind of reservoir in the extracellular environment. One of these molecules is
represented by ANXAL and previous study has shown that ANXAL notably binds to sulfate
glycans, mainly HS and heparin. In this regard, the second annual aim has been to investigate the

interaction between HS and ANXA1 and how this glycosaminoglycan could influence ANXAL



oncogenic action. In this way, it would be possible to confirm the relevance of ANXAL in PC
progression as actor of the cross-talk among tumor cells and the microenvironment.

In order to amplify the knowledge about the role of ANXA1 on PC stroma, the aim of my third
year has been to demonstrate that the complex ANXA1/EVs modulates the macrophage polarization
further contributing to cancer progression. The WT and ANXAL KO EVs have been administrated
to THP-1 macrophages finding that ANXAL is crucial for the acquisition of a pro-tumor M2
phenotype. The M2 macrophages activate endothelial cells and fibroblasts to induce angiogenesis
and matrix degradation, respectively. Once shown in vitro the multifaceted role of ANXAL1 in the
intensification of PC-stroma cells cross-talk, we have also found a significantly increased presence
of M2 macrophage in mice tumor and liver metastasis sections previously obtained by orthotopic
xenografts with WT cells. Finally during the third year of the PhD program, | had the opportunity to
work at “Institut national de la santé et de la recherche médicale” (INSERM), Marseille (FR), where
I deepened the role of ANXAL in TME using tumor 3D model, both in monoculture and co-culture
with cancer associated fibroblasts (CAFs) and monocytes.

Taken together, our data interestingly suggest the relevance of ANXAL as potential
diagnostic/prognostic and/or therapeutic PC marker. In this way, it would be possible to confirm the
relevance of ANXAL in PC progression as actor of the cross-talk among tumor cells and the

microenvironment.



Preface
My PhD three years course in Drug Discovery and Development at the Department of Pharmacy,
University of Salerno, started in November 2018 under the supervision of Professor Antonello
Petrella.
My research project has focused on studying the role of Annexin 1 (ANXAL) in Pancreatic

Cancer (PC) progression. My research activity is based on achieving three main objectives:

1. Study of effects of extracellular vesicles (EVs) from wild type (WT) and ANXAL-
Knockout (KO) MIA PaCa-2 cells on PC microenvironment, like stromal cells;

2. Study of the role of HS as an inhibitor of ANXALl and as a potential
chemotherapeutic adjuvant;

3. Deepen the role of ANXAL in tumor microenvironment (TME) by tumor 3D model.

In particular, | have achieved the last aim during the three months spent at the “Institut national
de la santé et de la recherche medicale” (INSERM), Marseille (FR), under the supervision of

Professor Richard Tomasini.
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1 Pancreas

1.1 Pancreatic anatomy

The pancreas is an organ of the digestive and endocrine systems of vertebrates. It has an
elongated, uneven and paramedian shape, of 12-20 cm in length and a weight of about 100 grams
and placed in the abdominal cavity in a retroperitoneal position. The name pancreas derives from
the Greek roots ‘pan’ meaning ‘all’ and ‘creas’ meaning ‘flesh’ [1]. It is composed by four parts as
head, neck, body and tail in a manner represented in figure 1.1.

In humans it is found posterior to the stomach, and functions as an anphrine (i.e., endocrine and
exocrine secretion) gland. The pancreas is kept stable in its position by the duodenum, which
houses its head, by the posterior parietal peritoneum, which covers it, and by the pancreaticolienal

ligament, which fixes its tail to the hilum of the spleen.

Splenic artery

Spleen

Pancreatic islets

Bile duct (from
gall bladder)

Common bile duct

Duodenum of
small intestine

Acinar cells
secrete digestive
enzymes

Pancreatic duct

B~ Exocrine acinus

Figure 1.1 Anatomic relationships of the pancreas with surrounding organs and structures; (Micrograph provided by the
Regents of University of Michigan Medical School © 2012)

The tail of the pancreas and the spleen are in the left upper quadrant of the abdomen, instead the

head of the pancreas is in the right upper quadrant just to the right of the midline (Fig. 1.1) [2]:

o the head of the pancreas lies in the loop of the duodenum;



e the tail of the pancreas lies near the hilum of the spleen;

e the body of the pancreas lies posterior to the distal portion of the stomach between the
tail and the neck;

e the portion of the pancreas that lies anterior to the aorta is thinner than the adjacent
portions of the head and body of the pancreas. This region is sometimes designated as
the neck of the pancreas and marks the junction of the head and body;

e the neck of the pancreas is really close to major blood vessels posteriorly including the
superior mesenteric artery, superior mesenteric-portal vein, inferior vena cava, and
aorta;

e the common bile duct passes through the head of the pancreas to join the main duct of
the gland near the duodenum. The portion nearest the liver lies in a groove on the dorsal
aspect of the head;

e the minor papilla where the accessory pancreatic duct drains into the duodenum and the
major papilla (ampulla of Vater) where the main pancreatic duct enters the duodenum

are depicted.[3; 4].

The celiac trunk and the superior mesenteric artery both arise from the abdominal aorta and have
multiple branches that supply several organs including the pancreas. The anastomosis of their
branches around the pancreas provides collateral circulation that generally assures a secure arterial
supply to the organ. Most of the arteries are accompanied by veins that drain into the portal and
splenic veins as they pass behind the pancreas. The superior mesenteric vein becomes the portal

vein when it joins the splenic vein [3].

1.2 The exocrine portion

The exocrine pancreas is a compound acinar gland, divided into two lobules by loose connective

sepiments that branch off from its capsule and into which blood vessels, lymphatic vessels and



nerves run. Each pancreatic lobule is divided into hundreds of acini, spherical cell clusters and
secreting units of the gland. From each acinus, a preterminal duct starts flowing into an intralobular
duct and many of these ducts converge to form an intercalary duct which in turn flows into ducts of
increasing caliber until it flows into the main or accessory pancreatic duct. Pancreatic acinar cells
have a pyramidal shape with the base often in contact with thin capillaries, from which it is
separated from the endothelium and a basal lamina, and with apexes facing the intralobular duct.
They have a rounded nucleus, surrounded on the sides and at the base by a wrinkled endoplasmic
reticulum particularly developed due to their secretory function, a smooth endoplasmic reticulum,
many mitochondria, especially in the basal region, numerous ribosomes; furthermore, in the central
position we find the Golgi apparatus, while in the apical portion of the cell there are large granules
containing electrondensic substances, and zymogen granules. Chemical composition studies of the
zymogen granules, that appear as spherical, have shown that they contain about 12 to 15 different
digestive enzymes, in an inactive form called proenzymes, which make up about 90% of the granule
protein. [5; 6]. The proteins are synthesized in the rough endoplasmic reticulum, processed in the
Golgi and excreted in the lumen of the intralobular duct at the apex of the cell. Each acinar cell is
connected to the adjacent cells by numerous specialized junctions located on the lateral plasma
membrane, while on its basal portion there are often cholinergic nerve endings (excitosecretory and
parasympathetic). The apical portion of the membrane is provided with numerous protrusions.
Stained with hematoxylin-eosin acinar cells are strongly basophilic due to their rough endoplasmic
reticulum, nucleus and ribosomes. Hormonal stimulation of these cells occurs with the release of
duodenal cholecystokinin (CKK) from the duodenum. The centroacinous cells, located in the center
of the berry, are adjacent to the intralobular ducts and are involved in the production of bicarbonate
ions and in the transport of water. These aspects are regulated both neurally by the posterior vagus
nerve through cholinergic endings and hormonally by secretin from the duodenum and jejunum.
The cells that delimit the intralobular ducts are initially flattened, as the caliber of the duct increases

they become first cubic and finally cylindrical. Neuroendocrine cells can be found scattered among
10



the cells of the acini and pancreatic ducts. While the stellate cells, having a central body and long
cytoplasmic processes, embrace a portion or an entire acinus, even if they are also found in the
ductal system. Their function, not fully understood, would seem to facilitate the emptying of the
secretion in the ducts. They are regulated by hormonal stimulation. The integrity of the duct system
is of key importance in preventing entry of the exocrine enzymes into the interstitial space where
they may be activated and cause tissue damage manifest as pancreatitis. The main and interlobular
ducts have thick dense collagenous walls. The connective tissue component of the duct wall
becomes progressively thinner as the ducts branch and become narrower. Intercellular tight
junctions, also called zonula occludens, between duct cells, centroacinar cells and acinar cells play a
major role in preventing leakage of the duct system [5]. Ductal cells express markers such as
cytokeratin 19 (K19), cystic fibrosis transmembrane receptor (CFTR), carbonic anhydrase 1l
(CAII), DBA lectin and transcriptional factors as HNF1p (Hepatocyte Nuclear Factor 1 3), HNF6
(Hepatocyte Nuclear Factor) and Sox9 [7]. The pancreas is primarily an exocrine gland, secreting
pancreatic juice, made up of a variety of digestive enzymes, involved into digestion of food. The
stomach slowly releases partially digested food into the duodenum, the first part of the small
intestine, as a thick and acidic liquid called chyme. The acini, the major functional units of the
pancreas, secrete pancreatic juice, to complete the digestion of chyme in the duodenum. These
secretions collect in the acinus center and then go into the intralobular ducts draining into the main
pancreatic duct which in turn conveys it into the duodenum. In this way, about 1.5 - 3 liters of
pancreatic juice is secreted every day [8]. The cells of each acinus are filled with granules
containing digestive enzymes capable of breaking down carbohydrates, proteins and lipids. These
are secreted in an inactive form called a zymogen or proenzyme. The latters, when released into the
duodenum, are activated by the enzyme enterokinase present in the duodenum. Once activated, the
enzymes are divided into [8]:

e The enzymes that break down proteins: Trypsin (from zymogen trypsinogen), chymotrypsin

(endopeptidases, from zymogen chymotrypsinogen) and carboxypeptidase (exopeptidase). They are
11



protein-digesting enzymes that break proteins down into their aminoacid subunits. These
aminoacids can then be absorbed by the intestines;

e Enzymes involved in fat digestion include lipase, phospholipase A2, lysophospholipase and
cholesterol esterase. Pancreatic lipase is a lipid-digesting enzyme that breaks large triglyceride
molecules into fatty acids and monoglycerides. Bile released by the gallbladder emulsifies fats to
increase the surface area of triglycerides that pancreatic lipase can react with. The fatty acids and
monoglycerides produced by pancreatic lipase can be absorbed by the intestines;

e Enzymes that break down starch and other carbohydrates include amylase. Pancreatic
amylase: it breaks large polysaccharides like starches and glycogen into smaller sugars such as
maltose, maltotriose and glucose. Maltase, secreted by the small intestine, then breaks maltose into
the monosaccharide glucose, which the intestines can directly absorb.

e Enzymes that digest nucleic acid like ribonuclease and deoxyribonuclease. Ribonuclease
breaks down molecules of RNA into the sugar ribose and the nitrogenous bases adenine, cytosine,
guanine and uracil. Deoxyribonuclease digests DNA molecules into the sugar deoxyribose and the
nitrogenous bases adenine, cytosine, guanine, and thymine.

These enzymes are secreted into a bicarbonate-rich fluid that maintains an alkaline pH where the
enzymes work most efficiently and also help neutralize stomach acids entering the duodenum. [8]
Secretion is affected by hormones, including secretin, cholecystokinin and vasoactive intestinal
peptide (VIP), as well as stimulation with acetylcholine from the vagus nerve. Secretin, released by
duodenal S cells in response to stimulation of stomach acid, with VIP increase the secretion of
enzymes and bicarbonate. Cholecystokinin is released by duodenal Ito cells and jejunum primarily
in response to long-chain fatty acids, increasing the effects of secretin. [8] Duct cells secrete a
bicarbonate-rich fluid at a considerable variable flow rate of 0.4 ml/min depending of the state of
pancreas stimulation. This secretion is through a sodium and bicarbonate transporter which acts
following the depolarization of the membrane and is regulated by cAMP-dependent protein kinase

or CFTR protein, which is defective just in cystic fibrosis. Secretin and VIP act to increase the
12



opening of this protein resulting in greater membrane depolarization and increased secretion of
bicarbonate. [8] Several mechanisms act to ensure that the digestive action of the pancreas does not
act to digest the pancreatic tissue itself. For this reason the enzymes are produced like proenzymes
and are packaged in the zymogen granules. They remain inactive until their reach to the duodenal
lumen. For example, once in the duodenum, trypsinogen, the major proteolytic enzyme is converted
to active trypsin by an enzyme called enterokinase, a brush border enzyme expressed in the
duodenal mucosa. The same active trypsin is essential for the activation of other proteolytic and
lipolytic pancreatic enzymes. Finally, acinar cells product also the trypsin inhibitor, which is
packaged in zymogen granules together with trypsinogen and activates small amounts of trypsin

that may form inside the cells or the body of pancreas [9; 10].

1.3 The endocrine portion

The endocrine pancreas is made up of about 1 million islets of Langerhans, cell clusters
(diameter: 100 micrometers) with a rounded shape made up of cords, distributed in particular in the
tail and body of the gland. They are the endocrine cells of the pancreas and secrete insulin,
glucagon and several other hormones. In hematoxylin-eosin staining they appear as poorly colored
cell aggregates in the middle of the strongly basophilic exocrine parenchyma. They do not have
lymphatic vessels but are crossed by a dense plexus of fenestrated capillaries into which they pour
their hormones and have a rich innervation so that almost all cells are in contact with a capillary and
many with nerve endings. Five cell types have been identified within each Langerhans island [11]:

e the a cells are located on the periphery of the island, are quite numerous (15-20% of the
total) and secrete glucagon;

e the P cells are the most numerous (65-80%), mostly located centrally in the islets and secrete
insulin and amylin;

e the y cells are very rare (1-2%) often they are almost all grouped in a single peripheral area

of the island and secrete the pancreatic polypeptide (PP);
13



e the d cells are rare (3-10%), uniformly distributed and secrete somatostatin;

o the ¢ cells are very rare (<1%) and secrete ghrelin.

In humans, the islets are subdivided into units, each of which exhibits a central aggregation of
cells surrounded by varying numbers of peripherally located cells that secrete the other hormones.

The nerve endings present at the base of the plasma membrane of Langerhans islet cells can be
cholinergic, adrenergic, or noradrenergic. The adrenergic endings stimulate the secretion of
glucagon and insulin, the noradrenergic endings inhibit the release of insulin, while they can act in
coordination to regulate the release of somatostatin and PP. These fibers are almost all
parasympathetic.

The endocrine portion of the pancreas controls the homeostasis of glucose in the bloodstream
through insulin and glucagon production. Insulin works to reduce blood glucose levels by
facilitating its absorption by cells (especially skeletal muscles) and promoting its use in the
synthesis of proteins, fats and carbohydrates; it is therefore considered an anabolic hormone. Insulin
is initially synthesized as a precursor called preproinsulin. This is converted into proinsulin and then
cleaved by the C peptide into insulin which is then stored in beta cell granules. Glucose is taken up
in beta cells and broken down. The ultimate effect of this is to cause depolarization of the cell
membrane which stimulates insulin release. By contrast, glucagon, acting typically in an
antagonistic fashion to insulin, functions as a catabolic hormone. It works to increase glucose levels
by promoting its synthesis and the breakdown of glycogen into glucose in the liver. Moreover it
reduces the absorption of glucose into lipids and muscles. Glucagon release is stimulated by low
blood glucose levels or during physical activity [12].

The main factor affecting the insulin and glucagon secretion is the level of glucose in the blood
plasma. Low level stimulates the release of glucagon while high level stimulates the release of
insulin. There are others additional factors that influence the secretion of these hormones:

somatostatin functions in the inhibition of insulin and glucagon secretion, whereas the significance
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of pancreatic polypeptide and ghrelin are unclear [13; 14]. Moreover Some amino acids, by-
products of protein digestion, stimulate the release of insulin and glucagon. Moreover nutrients in
the form of glucose, aminoacids and long chain-free fatty acids (LC-FFAs), absorbed from the
gastrointestinal tract and then detected by B cells, can involve in insulin production and release into
the blood stream. the autonomic nervous system is also involved in maintaining this glycemic
balance. The activation of the beta-2 receptors of the sympathetic nervous system by the
catecholamines, secreted by the sympathetic nerves, stimulates the secretion of insulin and
glucagon; while the activation of the alpha-1 receptors inhibits this secretion. [12] The M3
muscarinic receptors of the parasympathetic nervous system act when stimulated by the right vagus
nerve to stimulate the release of insulin from beta cells. [12]

Studies have shown that the autocrine/paracrine response of insulin is via its receptor
signaling.Although the insulin receptor is present in organs (for example, liver, muscle, fat and
brain) and cells (a cells and B cells of the pancreatic islet) its actions in each of these differ:

e in the liver, insulin promotes glycolysis, inhibits gluconeogenesis, promotes synthesis of

glycogen (glycogenesis) and inhibits the breakdown of glycogen (glycogenolysis);

e in adipose tissue, insulin promotes glucose uptake and glycolysis, the synthesis and storage

of triglycerides (TGs) and the inhibition of lipid breakdown;

e in skeletal muscle, insulin promotes glucose uptake and glycolysis, the synthesis and storage

protein and the inhibition of protein breakdown;

e in bone, insulin acts primarily on osteoblasts to promote osteoclast activity and enhance

production and release of osteocalcin (OCN), a hormone that supports insulin release by the
B cell.

e in the brain, insulin is involved into regulation of female fertility, appetite, and overall

glucose homeostasis.

Regarding its affects in B cell, it sustains cellular growth, survival and function. Finally the

actions of insulin in these tissues support anabolic pathways that lead to the generation of ATP and
15



the conversion of ingested nutrients into the major storage forms of energy (glycogen, protein and
fat) [14]. In contrast glucagon, secreted by a cells, serves to counterbalance the actions of insulin. It
promotes:

e in liver and skeletal muscle, glucagone induces glycogenolysis and inhibits glycogenesis;

e in adipose tissue, the hormone enhances lipolysis and inhibits triglyceride synthesis.
a cells also express cell surface insulin receptor and respond locally to secreted insulin by
suppressing glucagon release.

The gut thanks to incretin hormones (glucagon-like peptide-1 or GLP-1 and glucose-dependent
insulinotropic peptide or GIP), support glucose-dependent insulin secretion and B cell replication.
Both GLP-1 and GIP are proteolytic products of the larger proglucagon peptide, which is also
produced by a cells.

In addition, a healthy gut microbiota profile is thought to be essential to maintain normal B cell
function. Finally, the cells of the central nervous system are known to secrete multiple peptides
(melanin concentrating hormone —MCH-, serotonin and prolactin -PRL- and others) that have been
shown both in vitro and in vivo to support § cell function and proliferation. Likewise, bone-derived

OCN has been shown to support f cell replication and insulin secretion [15; 16].

1.4 Pancreatic carcinoma

1.4.1 Introduction: etiology, epidemiology and symptoms

Pancreatic cancer (PC) is still a highly lethal gastrointestinal cancer with a low 5-year survival
rate and difficulty in early detection. At present, the incidence and mortality of pancreatic cancer
are increasing year by year worldwide, in particular in the United States, Europe, Japan, and China.
Globally, the incidence of PC is projected to increase of 1.1% meaning that pancreatic cancer will
become the second leading cause of cancer death [17; 18] with a 5-year survival rate of only 3%
and a median survival of less than 6 months. An early diagnosis of PC represents now the really

problem of this tumor due to a lack of specific symptoms and limitations in diagnostic methods. To
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date pancreaticoduodenectomy, the first one was in 1935, offers the only possibility of cure,
although surgical intervention alone rarely achieves a curative end point but, for the surgically
resected patients, the 5-year survival increased to 17.5% [19; 20]. The etiology of PC remains
poorly defined, therefore, in order to prevent its insurgence, it is really important have a thorough
and comprehensive understanding of pancreatic cancer risk factors. The exact cause of pancreatic
cancer is unknown, but we can distinguish into non-modifiable and modifiable risk factors,
associated with its development. Non-modifiable risk factors include age, gender, ethnicity, ABO
blood group, microbiota, diabetes mellitus (DM), and family history and genetic susceptibility,
while modifiable risk factors include smoking, alcohol drinking, dietary factors, pancreatitis,
obesity, infection, and socioeconomic status. Some studies have shown that PC is generally
associated with advancing age, from the age of 40, rarely before, and gradually to the age of 80,
with 40-fold increased risk. Its incidence is declining slowly in white men, but it is increasing in
other groups, possibly due to the risk factor of smoking. Women account for 57% of new cases and
smoking, diabetes and obesity increase risk. Instead a link between alcohol or coffee consumption
and PC has not been verified [21-24]. Physical activity, high fruit and vegetable intake and,
possibly, nonsteroidal anti-inflammatory drugs reduce the risk [25]. On the familiary susceptibility,
numerous studies have hilighted an increased risk (approximately threefold) in relatives of PC
patients, it is estimated that 10% of PCs are due to an inherited predisposition [26-29]. Hereditary
PC includes inherited cancer syndromes with a known germline mutation associated with an
increased cancer risk [30]. The PC insorgence is also correlated with Genetic mutations wich
increased the risk. These mutations include: STK11/LKB1, CDKN2A (pl16), BRCAL1/2,
PRSS1/SPINK1/CFTR, mismatch repair genes (MLH1/MSH6/MSH2/PMS2), ATM, and PALB2 (a
new pancreatic cancer susceptibility gene)[31]. This cancer often develops without clear early signs
or symptoms and the eventual manifestations depends on the tumor location within the gland.

Among the signs and symptoms found and known we have:
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e jaundice, into 50% of patients, which is more common with patients whose cancers are
located in the head of the pancreas where tumors can cause obstruction of the adjacent
biliary system [32];

e vague abdominal discomfort, nausea and weight loss;

e duodenal obstruction or gastrointestinal bleeding due to large tumors that advance beyond
the pancreas;

e steatorrhea which can also result from obstruction of the pancreatic duct;

e hyperglycemia and diabetes have been associated with early manifestation of disease;

e abdominal and back pains, anorexia, dyspepsia, gallbladder enlargement, migratory
thrombosis (Trousseaux syndrome), subcutaneous fat necrosis (panniculitis), hyperglycemia,

ascites and depression have been associated in patients with advanced disease[29; 33; 34].

Based on the physiologic development of pancreas, it has been found that metaplasia can be
associated with the increased risk of cancer; in particular pancreatic acinar cells have the capacity to
undergo metaplasia to a ductal cell phenotype, through acute or chronic inflammation, representing
an direct link to pancreatic ductal adenocarcinoma (PDAC). Acinar-ductal metaplasia (ADM) might
represent reprogramming pathway of a progenitor population [35]. Metaplastic acinar structures are
highly proliferative, express Notch target genes, and exhibit mosaic expression patterns for EGFR,

ErbB2, and pErk, reminiscent of the PDAC precursors [36-38].

1.4.2 Pathophysiology

PDAC evolve through noninvasive precursor lesions, most typically pancreatic intraepithelial
neoplasias, acquiring clonally selected genetic and epigenetic alterations along the way. Pancreatic
cancers can also evolve from intraductal papillary mucinous neoplasms or mucinous cystic
neoplasms. Thanks to a global genomic analysis reported in [39], the exomes of 24 PDAC were

sequenced to characterize more fully the genes mutated in PC. The most frequent genetic mutations
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in invasive PDAC are abnormal activation of the KRAS oncogene, inactivation of tumour-
suppressor genes including CDKN2A, TP53, SMAD4, and BRCAZ2, [40] widespread chromosomal
losses, gene amplifications [39], and telomere shortening [41]. The latter and KRAS mutations are
the earliest known genetic abnormalities highlighted, even in low-grade pancreatic intraepithelial
neoplasias [41; 42] and telomere shortening is believed to contribute to chromosomal instability.
Instead the inactivation of TP53, SMAD4, and BRCAZ2 is found in advanced pancreatic
intraepithelial neoplasias and invasive carcinomas [43; 44].

Moreover, in <20% of PC, the genes mutated are oncogenes such as BRAF, MYB, AKT2, and
EGFR, and tumor-suppressor genes such as MAP2K4, STK11, TGFBR1, TGFBR2, ACVRI1B,
ACVR2A, FBXW7, and EP300 [45]. Finally, the frequency of mutated genes like PIK3CG,
DGKA, STK33, TTK, and PRKCG is low in this kind of cancer [46]. Intraductal papillary
mucinous neoplasms share some of the mutations found in pancreatic intraepithelial neoplasias but
with notable differences like the intraductal papillary mucinous neoplasms rarely inactivate
SMADA4. Some studies, using in vivo models like genetically engineered mouse targeting some of
the genes most commonly altered in human PC, have investigated the underlying mechanisms and
the possible therapeutic agents [47]. In addition to the gene alterations, even epigenetic changes like
alterations in DNA methylation and histone modifications and non-coding RNAs can alter gene
function in PC [48]. One of the first studies on PC reported the promoter methylation and gene
silencing for the tumor-suppressor gene CDKNZ2A in neoplasms without genetic inactivation [49].
Only a few classic tumor-suppressor and DNA-repair genes undergo epigenetic silencing in this
cancer like MLH1 and CDH1 which are methylated in a small proportion of tumors. Furthermore
other genes, including CDKN1C, RELN, SPARC, TFPI2,SFN, MSLN, and S100A4 and mucin
genes are frequent targets of these kind of epigenetic alterations in PC [48; 50-57]. Some of these
alterations have been evaluated for their diagnostic or biological relevance [48; 55; 58]. Mutations
involved in microRNA expression seem also to contribute to cancer development and progression.

Overexpression of several microRNAs in PC, including miR-21, miR-34, miR-155, miR-196a and
19



miR-200, is thought to play a major role in neoplastic progression [59-62]. Furthermore, these

microRNAs, easily detectable in human plasma, could be useful diagnostic markers [60].

1.4.3 Tumor microenvironment

In the last 10 years, the scientific community began to consider the tumor microenvironment
(TME) role in PC development and evolution rather than just a supportive or structural tissue to the
tumor. Previously, the first vision on TME led to the substantial development of therapeutic tools
focused on cancer cell targeting, excluding the impact of the stromal compartment, which could be
involved in limited improvement in patients survival. To date, despite the recent knowledge on the
impact of TME, some clinical trials targeting this cellular compartment, have not yet led to better
patient management. This suggests that much more is needed to be discovered on the functional
relationship between the various cell types composing this kind of cancer. It is well established that
PC is made of up to 90% of stromal cells, mainly cancer-associated fibroblasts (CAFs), endothelial,
nerve and immune cells and several studies revealed their key roles in PC development [63; 64].
CAFs have a key role in PC development, progression and chemoresistance. They secrete multiple
extracellular matrix (ECM) components, forming a dense fibrous matrix characteristic of PC. CAFs
are a mixed population of cells originating from resident fibroblasts, bone marrow-derived cells and
pancreatic stellate cells (PSCs) that ,once activated, switch into myofibroblast-like phenotype and
modify their star-like shape into a spindle shape. Activated fibroblats consequently start expressing
alpha-smooth muscle actin (a-SMA), type-I collagen, transforming growth factor-g1 (TGF-B) and
other proteins involved in cell proliferation, migration, ECM remodeling, epithelial to mesenchymal
transition (EMT) and inflammation [65]. The endothelial cells in PC TME are also found [66].
Generally, PC is an extremely hypoxic tumor and is poor vascularized [67]. Under hypoxia,
hypoxia-inducible factor (HIF-1a) drives VEGF upregulation which promotes tumor angiogenesis,
proliferation and metastasis [67]. Finally in TME, macrophages, indicated in this case as tumor-

associated macrophages (TAMs), represent the major immune component and are crucial for cancer
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progression. Most macrophages originate from circulating monocytes and form a heterogeneous
population. A network of molecules, factors and post-transcriptional regulators participate in
directing macrophage polarization, discernible in classically activated macrophages M1 and
alternatively activated macrophages M2 [68]. M1 macrophages are characterized by a pro-
inflammatory phenotype, develop in response to lipopolysaccharides (LPS) or interferon-y (INF-y)
and release interleukin (IL)-1p, tumor necrosis factor-a (TNF-a), IL-6 or IL-12 to induce immune
responses [69]. Instead, the M2 macrophages present an anti-inflammatory phenotype with an
elevated expression of the mannose (CD-206) and scavenger receptor (CD-163) as well as a
secretion of TGF-B1 and IL-10 to promote the remodeling of extracellular matrix and angiogenesis
[70]. Macrophages polarize in M2 group in response to IL-4 and IL-13 and, particularly as TAMs,
they acquire an M2-like pro-tumor phenotype. M2 effects are balanced by the M1 anti-tumor group
[71]. A marked expression of M2-markers in tumor tissues is correlated with a worse diagnosis and
prognosis of cancer patients [72; 73]. In several preclinical studies, TAM depletion has been shown
to reduce metastatic burden, improve response to the chemotherapy drug gemcitabine [74] and alter
gene programmes that define the basal-like/squamous subtype [75].

All these cells, tumoral and stromal cells, with the ECM and extracellular components such as
extracellular vesicles (EVs) form the TME, as like a dense stroma. Their interaction influence, in a
pro- or anti-tumoral manner, cancer development, evolution and resistance to treatments, with a
consequent impact on patients care and survival. Some studies highlighted the implication of
extracellular vesicles in this crosstalk and its consequent impact on PC progression. Therefore the
stroma is not only a mechanical barrier but also constitutes a dynamic compartment critically

involved in the process of tumor formation, progression, invasion and metastasis.

1.4.4 Biomarkers and staging

In recent years, thanks to our knowledge acquired on PC molecular changes, it was possible

identify new serum tumor markers. Currently, there are 6 common tumor biomarkers in PC [76]:
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o CA19-9;

o CA242;

e carcinoembryonic antigen [CEA];
o CA125;

e microRNAs;

e gene mutations (K-RAS, TP53, CDKN2A, Smad4, PDAC1 and BRCAZ2 [77; 78].

The combination of tumor markers and imaging methods may be the first choice for early screening
for PC [79], incresing the sensitivity and the specificity [80]. In last years, advances in cytology and
genomics in combination with serum tumor markers have also improved its early diagnosis. CA19-
9 is the most commonly used indicator for postoperative detection in PC recurrence and prognosis
[81; 82]. B7-H4, IL-6, IL-8, and IL-10 are indicators for assessing poor prognosis in PC [83; 84]. In
recent years, circulating cell-free DNA (CfDNA) and mutation-specific circulating cell-free tumor
DNA (CftDNA) have been identified as new potential biomarkers. The current studies show that
there is a statistically significant correlation between changes in cfDNA and cftDNA concentrations
and treatment response. Therefore, cFDNA and cftDNA may become new biomarkers for evaluating
the efficacy of cancer after treatment, and because of their correlation with the tumor volume of
metastases, they can also be used as tools to estimate tumor volume [85]. Clinical staging classifies
patients into:

e resectable;

e borderline;

e resectable;

e |ocally advanced;

e metastatic disease.

This classification is necessary for initial treatment. Chest imaging is recommended to detect
metastases.
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1.4.5 Treatment

Traditional PC treatment includes surgery, chemotherapy, radiotherapy, and palliative care. In
recent years, research on targeted therapy, immunotherapy, and microbial therapy has become more
and more in-depth, and may be combined with traditional methods for the treatment of PC in the
future. Similarly, the stage of PC determines its treatment. In many clinical trials it has been
demonstrated that surgical resection is more likely if chemotherapy/radiation is given prior to
surgery, in order to obtain a better local tumor control, eliminate potential metastatic lesions and
ultimately improve/increase patient survival and quality of life [86] Chemotherapy alone is
sometimes used for patients too frail to tolerate radiation.

To date, chemotherapy is an important part of the comprehensive treatment of PC. After radical
resection, modified leucovorin, 5-fluorouracil, irinotecan, and oxaliplatin (MFOLFIRINOX) are
often used for 6 months of adjuvant chemotherapy, or 6 months of gemcitabine and capecitabine. In
patients with metastatic PC, the preferred option is the FOLFIRINOX (5-FU, irinotecan, and
oxaliplatin) regimen, gemcitabine and NAB-paclitaxel in combination with chemotherapy. When
patient is not suitable for combination chemotherapy, gemcitabine is the first choice. For patients
with locally advanced PC, combination therapy with chemotherapy (gemcitabine with or without
erlotinib) and radiation therapy is the first choice for this type of patient. Currently, researchers are
investigating other forms of topical therapy such as radiofrequency ablation, high-intensity focused
ultrasound, microwave ablation, irreversible electroporation, and topical anti-KRAS therapy (using
siG12D-Loder). In patients with locally advanced unresectable cancer, neoadjuvant therapy
combined with chemotherapy and surgical treatment is the only opportunity for secondary surgery
in such patients [87]

Immune checkpoint blockade (ICB) therapy, approved for various types of cancer, in PC is not
much considered because this cancer is less immunogenic. The PC microenvironment is thought to

create an immunosuppressive environment. Therefore, there is not a currently immunotherapy
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approved for patients with PC. Monotherapy of CTLA-4 or PD1 inhibitors is essentially ineffective
in PC patients, and many clinical studies have tested immunotherapy in combination with
chemotherapy, chemoradiotherapy, vaccines, and cytokine antagonism in order to improve this
treatment.

There is now strong evidence that the human microbiota plays a key role in regulating PC
development and response to treatment. To date, some studies have confirmed that the intestinal
microflora is able to form a systemic immunity and tumor-specific immunity in PC, but the
mechanism remains to be studied [88; 89].

Finally PC patients need palliative care. They are important like than other treatment in order to
improve the life of patients. Mainly there are 3 approaches form management of patients with
gastric outlet obstruction: percutaneous bile duct drainage, surgical gastrojejunostomy, and

endoscopic duodenal stents [90].
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2. Extracellular vesicles

2.1 Introduction

Intercellular communication is a key characteristic of both for unicellular organisms and for
multicellular organisms. Communication between cells can occur through direct contact, as in the
case of gap junctions, whose permeability is strictly regulated and incurs the passage of molecules
involved in various cellular processes such as proliferation, differentiation, apoptosis and
carcinogenesis [91]

Furthermore, cellular communication can also occur through the binding of released molecules
with receptors present on the surface of target cells, or also thanks to the release of soluble factors
(chemokines, cytokines, growth and hormones). The latters can act in an autocrine way on the same
cell that has them released, in a paracrine way on adjacent cells, or in an endocrine way on distant
cells through biological fluids [92-95]. In last decades, a new mechanism for intercellular
communication has emerged, involving the intercellular transfer of extracellular vesicles. The EVs
serve a variety of purposes, in addition to their functions in communication, they are involved in
transfer of genetic information, removal of dangerous substances and unnecessary metabolites such
as chemotherapeutics or oxidised lipids from cells [96]. It is not sure if the process of vesicle
secretion belongs to all the eukaryotic cells, but for those that do, it seems to be maintained
throughout the evolution timeline. Different types of cells can release distinct types of vesicle.
Moreover, from a single cell may be released EVs of varying size, biogenesis, and cargo, which can
change with the physiological state of the cell. Several number of EVs subtypes have been
identified, and common distinction of EVs rely on size. The smallest diameter of the phospholipid
vesicles can be between 10 and 20 nm, while the upper limit of the EVs is not known. It is known
that the size of apoptotic bodies and "oncosomes"” is in the order of microns (1-to 10-um in

diameter), while mammalian platelets are approximately 2 um in diameter. For this reason, many
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studies therefore concentrate on EVs with a diameter of 1 micron or less. Depending on the size and

their biogenesis, the EVs are divided into three broad classes (Fig. 2.1.1).

Golgi Golgi
Multivesicular [
Endosome endosome
Membrane vesicles Apoptotic bodies Exosomes
(100-2,000 nm) (1-4 um) (40-100 nm)

Figure 2.1.1 EVs classification [97].

The vesicles with the largest diameter are included in the apoptotic bodies group. They are
heterogeneous diameter vesicles, which vary from 200 nm to 5 pm in diameter and are released
from the plasma membrane of cells during programmed cell death. Instead, microvesicles or
ectosomes have a diameter of 100-800 nm and are known to be released from the plasma membrane
of viable cells. Finally, the exosomes represent the smallest group of vesicles, they have a size of
30-150 nm. They are formed when MVBs merge with the plasma membrane and expel their
intraluminal vesicles which are released into extracellular space [98].

These three big groups of EVs, comprise subgroups further divided according to the size of the
particles, biogenesis and biomarkers. They are:

e Oncosomes or large oncosomes are large EVs released by highly aggressive cancer
cells (1000-10,000 nm) [99].

e Migrasomes (up to 3000 nm) are oval-shaped microvesicles containing small
vesicles. the cells that secrete migrasomes from tips of their retraction fibers. These

vesicles are formed and released in migration-dependent manner [100].

26



e Microvesicles or MVs (100-1000 nm) are released from the surface of cells. MVs
share some biomarkers with exosomes, such as CD63, and both the vesicles transport
bioactive cargos between cells [101].

e Exosomes are vesicles (30-100 nm), this group includes three subpopulations of
exosomes: large exosomes (Exo-L, 90-120 nm) and small exosomes (Exo-S, 60-80 nm)
and non-membranous smaller nanoparticle named “exomeres” (< 50 nm) [85]tion-

dependent manner [100].

2.2 Biogenesis

Recent research efforts have highlited the importance of the secretion of MVs from cell plasma
membrane during tumor stadiation. This biogenesis requires rearrangements of the plasma
membrane, including changes in lipid components, protein composition and calcium levels.
Calcium-dependent mechanism triggers with the increase in intracellular calcium, induced by an
external signal, inducing aminophospholipid translocases (flippases and floppases). Calcium ions
are also able to active enzymes, such as gelsolin and calpain, which modify the actin cytoskeleton
allowing the disassembly of the cortical actin. This process determines the curvature and protrusion
of the membrane plasmatic and the consequent release of the vesicle from the membrane [102;
103]. The calcium, however, is not the only second messenger involved in the EVs release
mechanism; in this way it has been shown that the activation of protein kinase C (PKC) trigger the
release of EVs [104-106]. Exosomes and MVs have different type of biogenesis, in distinct sites
within the cells. However, the biogenesis of both entities involves common intracellular
mechanisms and sorting machines. Exosomes are formed from late endosomes induced by the
inward budding of the multivesicular body (MVB) membrane. Invagination of late endosomal

membranes contributes to the formation of intraluminal vesicles (ILVs) in broad MVBs [107].
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2.2.1 ESCRT-dependent mechanisms

One of the most approved mechanisms for the creation of MVBs and ILVs is the endosomal
sorting complex needed for the transport (ESCRT) function. This protein machinery comprises four
complexes (0 through I11) and work with other associated proteins such as VPS4, VTAL, ALIX also
called PDCDG6IP [108]. More in detail, the subunit ESCRT-0 consists of HRS that can bind clathrin
coats and create a protein network on endosomal membranes, collects ubiquitinated cargo proteins
and starts their sorting through the MVB pathway. HRS recruits the tumour-susceptibility
protein (TSG101) of ESCRT-I subunit and ubiquitinated cargo proteins and interacts with ESCRT-
11 [109]. ESCRT-I is then involved in the recruitment of ESCRT-1I1 via ESCRT-II or ALIX. Indeed,
this starting complex is important in initiating ESCRT-III recruitment and assembly. Unlike the
other ESCRT complexes, ESCRT-I1II does not form a stable cytoplasmic complex, but consists of
four core subunits: Vps20, Snf7, Vps24, and Vps2. Some of these subunits form linear polymers
that have been implicated in cargo trapping, membrane deformation and vesicle abscission. At this
step, intervene the AAA-ATPase VPS4 which is involved in the scission of the forming vesicle and
also for the recycling of the ESCRT machinery for subsequent rounds of sorting [110]. It was
demonstrated that ESCRT-II1-associated protein ALIX facilitates intraluminal budding of vesicles
in endosomes and thus exosome biogenesis, following association with syntenin, the cytoplasmic
adaptor of heparan sulphate proteoglycan receptors. Syndecan (heparan sulphate proteoglycan
receptors) cargo creates syndecan assemblies that can recruit syntenin—ALIX. Syntenin interacts
directly with ALIX through LYPX(n)L motifs, supporting the intraluminal budding of endosomal

membranes [111].

2.2.2 ESCRT-independent mechanisms

Moreover, concomitant inactivation of four proteins of the four separate ESCRT complexes does

not preclude the development of MVBs, indicating that MVBs and ILVs that can develop in the
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absence of ESCRT activity [112]. Indeed, recent research favours an alternative mechanism for
sorting exosomal cargo into MVBs in an ESCRT-independent manner, which appears to rely on
raft-based microdomains for lateral segregation of cargo inside the endosomal membrane. Such
micro-domains that contain high concentrations of sphingolipids from which ceramides are
produced. Ceramide may cause the agglomeration of small micro-domains into larger domains that
facilitate domain-induced budding [113]. This ceramide-dependent mechanism highlights the main
role of exosomal lipids as well as tetraspanins in exosomal biogenesis. Tetraspanin CD81, for
example, plays a crucial role in sorting target receptors and intracellular components into exosomes.
However, CD81 acts with tetraspanin-enriched microdomains (TEMSs) as ubiquitous complex
membrane sites for the compartmentalization of receptors and signalling proteins in the plasma
membrane [114].

Over CD81, there are identified other tetraspanins such as CD82 and CD90 to play a role in the
development of microdomains and exosome cargo sorting [115]. These proteins may aggregate and
create rafts with other tetraspanins or other cytosolic proteins, resulting in cytoskeletal remodelling

and micro-domain creation [116].

2.3 Vesicles release

Once the microvesicles are formed, EVs and the exosomes are released in different ways and
times. Microvesicles come out of the plasma membrane faster and in a way dependent on the
interaction between actin and myosin fibers with a subsequent ATP-dependent contraction [117].
Instead, exosome secretion is a longer process in which the transport and apposition of MVBs onto
the plasma membrane is necessary to merge and release ILV into the extracellular environment. The
formed MVBs can either fuse with lysosomes or after incorporation with the plasma membrane are
released in an extracellular environment as exosomes. The transfer of these vesicles through the
cells to cell membrane depends on the interaction with the cytoskeleton and it is regulated by

several proteins. This machinery of the scission/release of MVs includes cytoskeleton (actin and
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microtubules), related molecular motors (kinesins and myosins), molecular switches (small
GTPases) and fusion machines (Soluble NSF Attachment Protein Receptor (SNARES) and tethering
factors). Among the GTPase proteins Rab family is particularly important, even if their involvement
seems cells specific. Rab27a and Rab27b are involved in the release of exosomes from HeLa cells.
In detail, Rab27b regulates the motility of MVBs towards the cell membrane, while Rab27a
promotes their fusion [118]. Instead, other proteins of the Rab family are involved in the release of
exosomes in other cell structures, as in the case of Rab35 in the Oli-neu cells (oligodendroglial cell
lines) [119] and Rabll in the K562 cells (chronic myeloid leukemic cells of the bone marrow)
[120].

The proteins of the SNARE family play a key role in the final step of the membrane fusion
process and release of exosomes. It is necessary that three or four elements of the SNARE family
form a complex. The members of this protein family are known also as R- or Q-SNARE. The
formation of this complex requires one R-SNARE (usually v-SNARE) and three Q-SNAREs
(usually t-SNARES) [121]. Their activity is determined partly by the state of phosphorylation of
these proteins, which influences their localisation and their interaction with SNARE partners, thus
leading to the release of regulated exosomes [122].

The release of EVs from the plasma membrane is induced by stimuli leading to an increment of
intracellular calcium and cytoskeleton remodelling [123]. In comparison to plasma membrane
derived EVs, the exosome secretion is typically studied in the absence of a signal established to

cause this secretion, indeed the intracellular signals involved are not known.

2.4 EVs composition

During their biogenesis, the vesicles incorporate material belonging to the “mother cell”,
including cell-specific proteins, lipids, RNA or even DNA as a "molecular signature”. Indeed, by
studying the pools of vesicles from samples composed of various types of cells (as in the case of

blood) it is possible to discriminate the cell of origin of a vesicle on the basis of its content. Despite
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the selective proteins, particularly in exosomes, there are omnipresent proteins that are most likely
related to biogenesis or exosome functions. Among those always present, there are cytoskeletal
proteins such as tubulin, actin and actin-binding proteins, proteins involved in intracellular
membrane fusions and transport such as annexins and Rab, heat shock proteins, such as the
constitutive isoforms of HSP70 and HSP90, tetraspanins such as CD9, CD63, CD81 and CD82 and
metabolic enzymes.

Even on the basis of the origin of the vesicles their content can change, indeed exosomes derived
via the endolysosomal compartment appear to be most enriched with histocompatibility complex
class Il (MHC class II) and CD37, CD53, CD63, CD81, and CD82 histocompatibility complexes
[124]. As described before, the use of the ESCRT complex for biogenesis requires accessory
proteins. Therefore, regardless of the cell of origin, the exosomes generated in an ESCRT
dependent manner contain proteins ESCRT, Alix, TSG101 and chaperones, such as Hcs70 and
Hsp90 [125]. Then, MHC II, tetraspanine, ESCRT, Alix, TSG101 and heat shock proteins that we
find in all exosomes regardless of the type of parent cell, can be considered exosomal markers
[125]. Instead, MVs compared to exosomes contain more proteins with post-translational
modifications, such as glycoproteins or phosphoproteins [126]. By isolating EVs through a
differential centrifuge, mitochondrial proteins such as Aconitase, Golgi apparatus such as GM130,
endoplasmic reticulum such as Calreticulin and some cytoplasmic proteins such as a-tubulin have
not been found. For this reason the purity of EVs can be confirmed by checking the absence of
these proteins [127]. Through spectrometric analysis, the content of vesicles from ovarian cancer
cells was analysed. These EVs are enriched in proteins that undergo acetylation and
phosphorylation such as phosphatidylinositol-3-kinase, mitogen-activated protein kinase (MAPK).
The presence of kinases which are key signalling molecules can probably explain the ability of
these EVs to affect recipient cells [127]. Exosomes derived from tumour cells and oncosomes are

characterized by MMP inside them. These enzymes are necessary to digest the ECM and improve
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tumour invasiveness and therefore can carry signalling messages from the cells of origin to the
receiving cells [128].

EVs, like cells, are covered with a double-layer phospholipid which, however, is enriched with
sphingomyelin, gangliosides and unsaturated lipids, that suggest a more stable casing than cell
membranes. Instead, their amount of phosphatidylcholine and diacylglycerol is decreased relative to
the membranes in their cells of origin [129].

As with the previous EVs components, the RNA content also varies according to the cell of
origin. The RNA carried by EV is generally less than 200 nucleotides, therefore shorter. In the
vesicles there are both coding and non-coding RNA (miRNA, tRNA, rRNA, small nuclear
(snRNA), small nucleolar (snoRNA) and interacting RNA with piwi (piRNA) [130]. The RNA
transported by EVs can be released to the acceptor cells [131], and it is interesting to note that, for
example, transported miRNAs can regulate the translation of the target mMRNAs in the receiving
cells. This process that can be crucial in tumour progression [132].

Finally, among the material contained in EVs there is also DNA in size from 100 base pairs (bp)
to 2.5 kilobase pairs (kB). The information deriving from the analysis of the genetic material
contained in the vesicles can be exploited as a circulating biomarker in the early diagnosis of

tumours and in the monitoring of the response to treatment [133].

2.5 EVs interactions with cells

Once released, EVs can rapidly degrade, thus releasing their cargo in extracellular environment
close to the cells that released them, or they can reach target sites far from the site of release,
through the circulation in different biological fluids [134; 135]. The messages that these vesicles
carry within them can influence the physiology of the receiving cells, promoting physiological or
pathological changes. However, the process responsible for EVs cell internalisation has generated a
lot of controversy in the literature, because various types of mechanism can be applied for this

communication. Interaction with target cells can occur through different mechanisms (Fig. 2.5.1):
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e protein interaction, binding specific receptors expressed on the surface of target cells, which
can trigger a signaling mechanism and the consequent formation of extracellular complex;

e direct vesicles membrane fusion with target cell membrane and subsequent release of its
contents inside the cell;

e endocytosis.
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Figure 2.5.1 EVs interactions with cells [97].

2.5.1 Protein interaction

The uptake mechanisms of EVs involve protein interactions that facilitate subsequent
endocytosis [136; 137]. The list of specific protein-protein interactions that mediate EVs attachment
and absorption in cells is continuously updated in the literature.

Tetraspanins, as seen above, are very abundant in EVs and play a role in cell adhesion. Based on
this evidence, they could also have a function in EVs uptake [138]. To support this, studies

conducted using antibodies against tetraspanins CD81 or CD9 have reduced the internalization of
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vesicles by dendritic cells. Another class of proteins involved in cell adhesion, and therefore
potential promoters of uptake are integrins. Using antibodies that mask the binding sites of av
(CD51) and B3 (CD61) integrins on the cell surface, results a reduced absorption of EVs in
dendritic cells [139].

Heparin sulfate proteoglycans (HSPG) are highly glycosylated proteins that act as co-receptors
in cells. They are used by viral particles and lipoproteins to enter in the cells. To understand
whether they are also able to promote the entry of EVs into cells, studies have been conducted by
marking both the vesicles and the membrane proteoglycans (syndecan and glypican) of the
receiving cells with fluorescent probes. From this studies a co-localization of both fluorescent
signals was observed, suggesting that HSPG are needed on the cell surface for efficient

internalization of EVs [136].

2.5.2 Cell surface membrane fusion

The fusion is the process whereby two distinct membranes (one of EVs and the other of the
plasma membrane) merge. When the lipid bilayers are close together, they have the outer leaflets in
direct contact. This leads to the formation of a hemi-fusion stalk in which the outer-leaflets are
fused. Subsequently, the expansion of the stalk produces the double layer of the hemi-fusion
diaphragm from which a fusion pore opens. It can be promoted by several factors, such as acid pH,

wich in the extracellular environment has been shown to improve fusion [140].

2.5.3 Endocytosis

The most accredited method for uptake of EVs is endocytosis [141; 142], which can be rapid up
to 15 minutes after exposure [143]. It is also a process that requires energy from cells, indeed the
ability to internalise EVs at 4°C is drastically reduced [136; 142]. Besides requiring energy, EVs

requires a functioning cytoskeleton. Treating cells with cytochalasin D (metabolite that
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depolymerizes actin filaments with inhibition of endocytic pathways) there is a significant reduction

of EVs internalization in a dose dependent manner [137; 142].

The term endocytosis encompasses several mechanisms including clathrin-mediated endocytosis

(CME), phagocytosis, macropinocytosis and plasma or endosomal membrane fusion that are

involved in the uptake of EVs.

Clathrin-mediated endocytosis: it is also called receptor-mediated endocytosis. EVs have
transmembrane molecules on their surface that interact with molecules on cell
membranes. Following this ligand-receptor interaction, the cells internalize molecules by
invagination of the plasma membrane which collapses into a vesicular bud, matures, and
pinches. The resulting intracellular vesicle is covered with clathrin and then merges with
the endosome where it deposits its contents. In ovarian cancer cells [142] and in
phagocytic receptor cells [143] has been observed that the use of chlorpromazine
prevents the formation of clathrin-coated pits on the plasma membrane, reducing the
absorption of EVs by the receiving cells.

Caveolin-dependent endocytosis: caveolae are tiny cave-like invaginations in the plasma
membrane that may be internalised into the cell. Caveolin-1 is a protein necessary and
sufficient for the formation of caveole. A specific knockdown of the CAV1 gene leads to
a reduction of the caveolin-1 protein and to a reduced absorption of EVs, highlighting its
importance [144]. At the same time, the precise role of this path can vary between cell
types and EVs, as with CAV1 knockout in mouse embryonic fibroblast cells which
instead leads to an increase in the absorption of EVs [137].

Macropinocytosis: the EVs may be internalised through macropinocytosis, where the
membrane protrusions stick out from the cell, wrapping up the EVs and enclosing them
to the lumen of the macropinosome. Or, if EVs are stucked in membrane ruffles, are
macropinocytosed. This mechanism requires Na +/H+ exchanger activity and it is also

racl-, actin- and cholesterol-dependent [145]. In microglial, the macropinocytosis of EVs
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derived from oligodendrocytes has been abrogated through different approaches.
Significant reduction in uptake occurred by inhibiting the Na + / H + exchanger. Even
using the molecule NSC23766, small molecules used as inhibitor of racl, the absorption
of EVs by the microglia was reduced [146]. Instead, other studies using inhibitors did not
reduced macropinocytosis in EVs uptake [136; 143; 144].

Phagocytosis: this method is generally used by macrophages and is able to internalize
both small molecules (such as exosomes) and larger molecules. Phosphoinositide 3-
kinase (PI3K) plays a key role in phagocytic processes in facilitating membrane
incorporation in phagosome creation. To study the involvement of PI3K in phagocytosis,
PI3K inhibitor such as wortmannin and LY294002 were administered to macrophages.
Both molecules blocked EV uptake in a dose-dependent manner [143].

Involvement of lipid rafts: the composition of the plasma membrane is not the same in all
its regions, there are regions morphologically represented by accumulations of particular
proteins and lipids. For these lipid accumulations in some areas of the membrane, it
appears thicker. To study the involvement of lipid drafts in EVs uptake, inhibitors of
components belonging to these areas of the plasma membrane were used. Fumonisin B1
and  N-butyldeoxynojirimycin  hydrochloride, molecules that decrease the
glycosphingolipidic composition in the plasma membrane were administered to dendrid
cells by preventing its biosynthesis. Resulted the evidence that the internalization of EVs
has been significantly reduced, suggesting that sphingolipids play an important role in
endocytosis [147]. Protein from these areas of the membrane can also play a key role in
the EVs uptake. Annexin Il may have a role to play in the anchoring of EVs to the plasma
membrane lipid raft domains, whereas Annexin-VI may lead to the trafficking of EVs to

the late endosomal compartment [148].

36



2.6 Role of tumor EVs

EVs play an important and complex role in some pathologies, particularly in tumors. Cancer

cells are able to release EVs, involved in intercellular communication, supporting the tumor

progression. In this way they support tumor growth and expansion, ensuring the survival of the

same cells [149]:

promoting the angiogenesis, because they contain mRNAs or growth factors like VEGF and
HGF involved in this process [150];

promoting the tumor migration and invasion by degradation of the extracellular matrix
through metalloproteases (MMP-2 and -9) and the urokinase activator of plasminogen
(uPA). Once externalised, the MMPs can degrade the components of the extracellular
matrix; while uPA converts the plasminogen into plasmin, also contributing in this case to
extracellular matrix degradation and in addition activating the same MMPs [151-154];
carrying oncogenes that induce the transformation in a more aggressive mesenchymal
phenotype of target cells, favouring tumor progression and metastases;

inducing apoptosis escape (thanks to the elimination of caspase-3 via vesicles) and
acquisition of chemotherapy resistance [155; 156];

participating in the escape from the immune system; on EVs surface is exposed Fas ligand
which, by interacting with the Fas receptor, induce apoptosis of immune cells like T
lymphocytes [157]. Moreover EVs are also capable of interfere with antigen presentation
[158];

influencing the formation of metastatic niches.

2.6.1 EVs role in Pancreatic Cancer

Several studies demonstrated EVs as playing important roles in PC. Migration and invasive

properties are recurrent gain-of-functions for PC tumor cells following autocrine uptake of EVs.

37



Indeed, several studies reported that highly metastatic PC tumor cells-derived EVs are able to
transfer metastatic potential to recipient cells, promoting migration and invasion, as shown in [159]
through the transfer of EVs containing zinc finger protein 4 or by the transfer of EVs carrying the
receptor tyrosine kinase Eph receptor A2 (EphA2) [160]. EVs, reported as key effectors of cell—cell
communication in PC, from its development to evolution, affect cellular physiology in autocrine
and paracrine manners [161-163]. These vesicles, containing biological messengers like
microRNAs, long non-coding RNAs, specific cancer stem cell markers as well as proteins and
lipids, can affect themself or cells of TME, as stromal cells, sustaining cell aggressiveness, [164]
and chemoresistance. The prevalence of stromal cells in PC further reinforces the potential role of
EVs and intercellular communication promoting tumor progression and invasion. Recent studies
have showed that PDAC-derived exosomes play a critical role in pre-metastatic niche formation. As
reported in [165] the exosomes from the pancreatic primary tumor can be taken up by Kupffer cells,
upregulating TGFP secretion and fibronectin production in order to form a fibrotic
microenvironment in the liver, which can recruit macrophages for immunosuppression.
Additionally, a greater number of exosomes are found in stage | PDAC patients who later develop
liver metastasis, indicating that exosomes could promote liver metastasis and may be a diagnostic
marker [165]. In another study of PDAC exosomes it is showed that they are involved in metastasis
to the lung, liver, or both, and also in vehiculation and expression of integrins like a6B4 and a6
[166]. Moreover, exosome integrin uptake by resident cells (lung fibroblasts and epithelial cells,
liver Kupffer cells) activates Src phosphorylation and pro-inflammatory S100 gene expression,

which contributes to pre-metastatic niche formation [166].
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3 Annexin Al
3.1 Introduction

Annexins, also known as lipocortins, are a family of structurally related proteins that bind in a
calcium-dependent manner to anionic membrane phospholipids [166]. They have been discovered
at the end of 70’s and have been identified both in mammalian organisms and in mildews or plants.
The name Annexin derives from the Latin “adnexio”, meaning their main properties to bind and to
keep themselves joined to plasma membranes. In order to identify an annexin protein two principal
parameters are important: the capability to interact with the negative membrane phospholipids
though the Calcium (Ca?" and the presence of a repeated segment of 70 amino acids defined as
“annexin repetition”. This repeated segment is particularly preserved in about all annexins, instead
the NH2-terminal part is more variable. The role of these proteins appears quite important, both in
cytosol and at the plasma membranes, as confirmed by over 100 annexins identified in in 65 animal

species [167; 168].
3.2 ANXAI1 structure

ANXAL1 represents 2-4% of the total cytosolic protein in several cell types and is also located in
the nucleus. The gene of Annexin Al has been the first one to be cloned, it is localized on the
human chromosome 9, particularly at 9912-21.2 and codes for a protein of 38,71 kDa. The
promoter is particularly preserved and presents consensus sequences for some molecules [169].
ANXAL is the first characterised member of the annexin family, comprising twelve proteins,
identified in humans, conventionally referred to as annexin A1-13. The first annexin described with
its crystal structure was the Annexin A5, but the first longer annexin studied by high resolution
crystallography has been just the ANXAL. Each annexin is made up of two main domains: the N-
terminal tail, different in length and sequence, and the C-terminal. The latter includes four

homologous segments (except for annexin A6 which contains eight), numbered from | to IV and
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each consisting of five helices, called A, B, C, D, and E, which accommodates the sites binding

Ca’* cations. The four domains together form a disc with a slight curvature.

Figure 3.2.1 Molecular structure of Annexin Al

As shown in figure 3.2.1, the convex side is situated in front of plasma membrane, on the other
hand, the concave one is accessible for the interactions with the N-term of the same protein or with
other molecular partners [170]. The N-terminal domain of ANXAL contains 41 residues and folds
to form a unit structurally separate, probably on the concave side of the protein core. The first 26
amino acid residues of the N-terminal domain form two a-helices, which are inclined by 60 ° with
respect to each other at the level of the amino acid Glul7. The a-helix between residues 26 and 18
interacts with the surface of segment IV of the central domain, while the other points towards the
convex portion of the molecule. In absence of calcium, the latter partly occupies the position of the
helix D of segment Ill within the protein, which extrudes from the surface. When the N-terminal
domain is hidden within the core protein of ANXAL, it represents the inactive form of the molecule.
Following calcium-mediated binding of annexin to the membrane, the segment Il D helix acquires
the appropriate conformation to bind calcium, forming a type Il binding site. During this process,
the N-terminal domain is expelled from the hydrophobic pocket and becomes accessible from the
concave side of the molecule. It can interact with specific molecules causing aggregation of
membranes through various mechanisms: the interaction of the N-terminal helix with a second

bilayer, the dimerisation of two annexin molecules through the N-terminal helices, or the binding of
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the concave sides of two annexins mediated by a dimer of the S1I00A11 protein, molecular partner
of ANXAL. The N-terminal domain also contains the EGF phosphorylation site (Tyr21). It is
located in the second a-helix and, when the protein is in the inactive state, this residue is hidden
inside a hydrophobic pocket. In absence of calcium, therefore, annexin cannot be phosphorylated

[171].

3.3 Intracellular ANXA1

ANXA1 show a different subcellular distribution, both at the nuclear, cytosolic level and in
association with the membranes, depending of the calcium concentration, which justifies its
participation in different processes, such as proliferation, apoptosis, survival, differentiation and
migration [161; 162; 172; 173]. The N-terminal domain plays a fundamental role in the localization
of ANXAL: its proteolytic cleavage causes a redistribution of this protein from multivesicular
endosomes to late endosomes, as occurs in the internalization of the EGF receptor. ANXAL
together with S100A11 participates in the internal vesiculation process that generates multivesicular
endosomes starting from early endosomes, as this complex is able to connect the membrane
surfaces [171]. Once the forming vesicles evolve through the final fusion process, ANXAL is
phosphorylated by internalized EGF receptors intended for degradation. Phosphorylation makes this
protein susceptible to proteolysis of the N-terminal domain: in this way not only the sequence
required for the localization of annexin in early endosomes is eliminated, but also the binding site
with S100A11. As a result, the S100A11 dimer is released, along with the N-terminal sequence of
ANXA-1, in a process that accompanies actual membrane fission and internal vesicle release. This
annexin involvement may not be essential for endosome maturation and transport, but it may
facilitate kinetics by providing a support structure for membranes [174]. By acting as a substrate for
the tyrosine kinase domain of the EGF receptor, ANXAL inhibits EGF-mediated proliferation. It
can bind the Grb2 protein, which is located upstream of the MAPK signal cascade [173]. ANXAL

exerts a negative regulation of proliferation in different cell types through sustained activation of

41



the ERK cascade. This involves an anomalous organization of the actin cytoskeleton which,
together with the inhibition of cyclin D1 mediated by annexin, causes a block of proliferation [175].
ANXAL is phosphorylated by various kinases, such as those associated with the PDGF receptor, the
hepatocyte growth factor receptor and protein kinase C, thus contributing to its importance in
proliferation [173]. Furthermore the annexins don't contains nuclear targeting sequences but
different reports have indicated the nuclear location of ANXAL [176; 177]. To date, the precise
mechanism leading to ANXAL1 translocation from the cytoplasm to the nucleus, and its functional
relevance are not fully understood. However, some studies have showed the role of nuclear ANXA1
in cell transformation and cancer. ANXAL translocates to the nucleus by mitogenic/proliferative
and DNA-damaging stimuli such as EGF, heat, hydrogen peroxide, sodium arsenite and phorbol 12-
myristate 13-acetate (PMA) [178; 179]. In another study have used inhibitors of different signalling
kinases such as extracellular signal-related kinase (ERK), p38, phosphoinositide 3-kinase (PI13K)
and protein kinase C (PKC), and they identified PKCS as the kinase responsible for ANXAL-
nuclear translocation [179]. PKCS can phosphorylate ANXA1 at Thr24, Ser27 and/or Ser28
residues [180], suggesting that ANXAL nuclear translocation depends on its phosphorylation by
PKC3. Once in the nucleus, ANXA1 is mostly modified by SUMO [181] in Lys257, known as a
site located in a hot spot where several overlapping modulation sites, including a Ca**-binding site
(Asp253, Leu256 and Glu261) and a nuclear export signal (NES), from Leu254 to Asp259, were
co-located [182]. The overlap between NES region and the sumoylation site suggests that this
modification could involve the ANXA1 detention in the nucleus. Two independent studies showed
that ANXAL phosphorylated in the cytoplasm at Tyr21 [183] then translocated to the nucleus [178].
Altogether, these data suggest that nuclear translocation of ANXAL is associated with a

phosphorylation process (tyrosine and possibly threonine and serine phosphorylations).
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3.4 Extracellular ANXA1

In addition to its intracellular localization, ANXA1 can be released and act on specific cells in an
autocrine or paracrine manner. Most times, the protein is externalised during cell activation or due
to stimulation by glucocorticoids. Indeed, they lead to an increase in the synthesis of ANXAL in
different cell types: a treatment with glucocorticoids causes a rapid exocytosis of annexin both in
peripheral and central tissues. They can also induce phosphorylation of this protein and
translocation to the membrane. It is not always completely clear how ANXAL is released from
cells. In the case of polymorphonuclear cells, the extrusion of the granules leads to an enrichment of
annexin on the cell surface, but in cells where this protein is not stored in granules, the secretion is
mediated through a different mechanism. ANXAL does not contain a sequence or other secretory
signal, but the involvement of the ABC-A1 protein, a transmembrane transporter, has been shown.
Furthermore, since it has amphipathic properties, another possibility could be in passing through
pores or channels. In recent years, the importance of Ser27 residue phosphorylation as a secretion
signal has become evident. This post-transcriptional modification is commonly observed prior to
the appearance of ANXAL outside the cells [184]. Since its discovery, in the late 1970s, ANXA1
has been shown to be capable of modulating the immune system to affect a number of anti- and pro-
inflammatory events. Originally described as an inhibitor of phospholipase A2 (PLA2), ANXAl
can affect several components of the inflammatory response, limiting the supply of arachidonic acid
needed for the synthesis of prostaglandins, thus suppressing inflammation. Initially, the inhibition
of PLA2 activity was attributed to a binding of annexin to the substrate rather than to a direct
interaction with the enzyme. This idea has been reconsidered as both a secreted form and a
cytosolic form of this enzyme have been discovered. Cytosolic PLAZ2 is sensitive to calcium and
shows a predilection for arachidonyl-containing phospholipids. This enzyme is mainly involved in
the production of lipid mediators of inflammation, and the activation of arachidonic acid and PLA2

represents a limiting step in the synthesis of these molecules. ANXAL has been shown to inhibit the
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activity of this enzyme directly, rather than through substrate depletion. However, the interaction
between PLA2 and ANXAL1 is unclear and occurs in specific cells [173]. ANXA1 has also been
found in plasma, particularly during inflammatory events such as myocardial infarction. It
specifically inhibits the trans-endothelial migration of leukocytes, limiting inflammation by the
interaction with receptors present on neutrophils and monocytes, which belong to the receptor
family of the Met-Leu-Phe formylated peptide (FPR). FPRs are G-protein-coupled receptors
initially identified as targets for bacterial peptides. The latter direct leukocytes as they migrate to the
site of infection, activating a signal cascade mediated by FPR that leads to a reorganization of the
cytoskeleton necessary for cell movement. ANXAL also binds the FPR2 receptor, also defined
ALXR or receptor of lipoxin A4; in any case, the interaction is mediated by the N-terminal portion
(the first 25 residues), which is found in a free form at the infection sites. The receptor activation
also induces the loss of L-selectin from the leukocyte surface and the detachment of the attached
leukocytes from the activated endothelium. Therefore, through the activation of members of the
FPR family, ANXA1 can act as a regulator of leukocyte migration and as an endogenous anti-
inflammatory protein. Furthermore, since the presence of FPR is not limited to leukocytes only, the
interaction between these receptors and ANXAL can regulate the migratory activity of other cell
types, such as dendritic cells, hepatocytes, astrocytes and type Il alveolar cells [185]. In general,
ANXAL exerts a powerful suppressive effect on the innate immune system, acting on granulocytes
(PMN), monocyte-macrophages and mast cells, along with other different cell types.
Polymorphonuclear leukocytes contain an abundant amount of annexin stored in granules. When
PMNs are activated, the protein is immediately mobilised to the plasma membrane, where it acts
negatively on the FPR2. The action of the protein at this site is terminated in a few minutes by the
action of a membrane-bound enzyme, which cuts the annexin between residues 29 and 33. ANXA1
is also involved in the apoptosis of neutrophils, limiting the inflammatory response [186]. As with
granulocytes, ANXAL is released by macrophages and binds to FPR2, reducing the activity of these

cells, including the release of eicosanoids and superoxide radicals. Mast cells represent a site of
44



intense synthesis of ANXA1, which is on the granules, or within them, and in other compartments,
including the cytoplasm and the nucleus. Through interaction with the FPR2 membrane receptors,
annexin leads to the reduction of histamine secretion and the production of prostaglandin D2
[242184]. ANXAL exhibits a different distribution and function in the cells of the adaptive immune
system: lymphocytes contain a small amount of ANXAL1 and do not bind this protein in the same
way as monocytes / macrophages. In baseline conditions, both annexin and FPR2 are present on the
membrane of T cells. Stimulation of T cells through TCRs leads to the externalisation of FPR2 and
the release of ANXAL. The activation of this receptor by annexin modulates the strength of the
signal mediated by TCR, increasing the levels of transcription factors such as AP-1, NF-kB and
NFAT. An additional anti-inflammatory role of ANXAL is in its ability to mediate the action of
glucocorticoids, as it is involved in the antipyretic effect of these molecules and in blocking the
hyperalgesic effect mediated by COX-2 [187]. Besides intervening in inflammatory processes, such
as glucocorticoids, ANXAL is involved in the regulation of hormonal secretion, suppressing the
release of corticotropin and vasopressin, respectively, from the adenohypophysis and hypothalamus.
It also contributes to the regulating action of glucocorticoids on other pituitary hormones, such as
prolactin, thyroid stimulating hormone, luteinizing hormone and growth hormone. ANXAL appears
to mediate the in vitro glucocorticoid-induced reduction in testosterone production in the testis, and
to exert positive effects on glucose-mediated insulin release from pancreatic cells [187]. In addition
to the role of mediator of the action of glucocorticoids, ANXAL1 is involved in the regulation of
apoptosis: in some cases for its pro-aptotic effect, in others a link between ANXA1 and cell
resistance to apoptosis has been observed. The reason for this difference could be due to the cell

type or the state of differentiation [173].

3.5 Externalized ANXA1

The proteins secreted by eukaryotic use an N-terminal signal peptide to direct their co-translation

to the ribosome of the rough endoplasmic reticulum. Subsequently, they progress to the Golgi
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apparatus and, finally, through secretory vesicles, they are directed to the cell surface or to the

extracellular environment [188]. Studies conducted on ANXAL revealed that this protein lacks the

N-terminal signal peptide necessary for the classic protein externalization; this suggests that

ANXAL could be externalised through different secretory pathways [189]. Furthermore, it has been

observed that, after its externalization, ANXAZ1 undergoes a proteolytic cleavage on the N-terminal

[190]. Thanks to various studies, it has been deduced that ANXAL can be externalised through five

mechanisms:

ANXAL externalisation may depend on a myristylation process. Indeed, the protein
sequence has potential sites for this modification, and PKC can target its myristylated
substrate to the plasma membrane. The passage of ANXAL across the plasma membrane
could be facilitated by lipidization [191];

the ATP-Binding Cassette (ABC)-A1 transporter is involved in ANXAL secretion, but
its inibition can only partially suppress the protein’s externalization, suggesting that other
mechanisms may contribute to its release [192];

it occur in PMNSs, upon adhesion to endothelial cell, by degranulation where the granules
fuse with the plasma membrane and release ANXAL in the extracellular compartment
[193];

by the activation of flippase and scramblase, the lipid bilayer orients itself outward
exposing the phosphatidylserine. Since ANXA1l has a great affinity for acid
phospholipids (in particular phosphatidylserine), it has been hypothesised that this protein
is exposed on the surface of microparticles, for example, released by PMNs [194].

by the fusion of small vesicles, called exosomes, with the plasma membrane. All the
proteins associated with these nano-vesicles could be externalised, including ANXAL

[195].

Studies conducted by [196] highlight the role of EVs containing ANXAL in the intestinal

inflammatory process and in intestinal epithelial lesions acting as a biomarker of inflammation.
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Furthermore, EVs containing ANXA1 mediate tissue wound repair processes: their role in
colonoscopy-induced lesions of the murine intestinal mucosa was studied by [196]. Our previous
study showed the role of ANXAL in promoting the secretion of EVs and their involvement in the
processes of metastasis, in particular in the process of angiogenesis underlying the development of
metastases. The exosomes can induce the formation of new vessels that guarantee an adequate

supply of nutrients and oxygen to the tumour [197; 198].

3.6 ANXAL in cancer

Besides its anti-inflammatory activities, ANXAL role in cancer development and progression
stands out [199]. ANXA1 was initially thought to be useful as a diagnostic or prognostic biomarker
due to its differential expression between normal and tumor tissue samples.

In this context, it has been suggested that ANXAL plays a role in malignant transformation,
activation of oncogenes, inactivation of tumor suppressor genes, induction of proliferation,
apoptosis, chemosensitivity or chemoresistance, cellular migration, invasion and metastasis, [200-
204]

However, ANXA1 can act either as an anti-tumor or as a pro-tumoral factor, depending on
localization and tumor type, and stage [205] and its expression can be upregulated or downregulated
in different cancers, so its role may not be that simple. High ANXAL1 expression levels have been
found in breast cancer [206; 207], melanomas [208], hepatocellular carcinomas [209], pancreatic
cancer [210], colorectal cancers [211], gastric cancer [212], gliomas [213], lung adenocarcinomas
[214; 215] correlating with poor prognosis, lower disease-free survival rates, reduced metastasis-
free survival and lower overall survival [209; 215; 215]. On the contrary, low expression levels of
AnxAl have been observed in squamous head and neck cancer [216], nasopharyngeal carcinoma
[217], esophageal carcinoma [218], prostate carcinoma [219], thyroid cancer [220] and associate
with a worse prognosis, poor differentiation, lower overall survival and higher relapse rates [216;

220; 221].
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3.6.1 ANXAL in breast cancer

The expression of ANXAL in breast cancer (BC), however, is more complicated with
contradictory reports. The protein is down-modulated in estrogen-resistant cells, compared with the
nonmalignant ones and up-modulated in the triple-negative subtype [222] and lymph node
metastasis, when compared to the corresponding primary tumors [207]. ANXAL might act as a
stress protein protecting cells from heat- and estrogen-induced growth arrest, DNA damage and
proliferation in MCF-7 cells, possibly through enhanced ERK activation and inhibited JNK
activation [223; 224]. ANXAL knockdown by siRNA attenuates proliferations of MCF-7 and
MDA-MB-231, suggesting a mitogen function through FPR activation [225; 226]. Moreover, it is
demonstrated the crucial role of ANXAL in supporting the epithelial-mesenchymal transition
(EMT) event, promoting migration, invasion and metastasis formation in BC. RNAi-mediated
ANXA1 knockdown induced EMT and metastasis in non-metastatic cells but the restored
expression reversed EMT and abolished the tumor metastasis [227]. By using the triple-negative
cell line, MDA-MB-231, it is showed that ANXAL promotes the metastasis by enhancing the TGF-
B signaling, resulting in increased phosphorylation of the small mothers against decapentaplegic
homolog 2 (Smad2), with actin reorganization, which facilitates an EMT-like switch [228].
Another study also showed that ANXAL displays pro-angiogenic functions in breast cancer by
supporting the activation of the nuclear factor-kappa B (NF-kB) transcriptional factor [229]. All
these information suggest that ANXAL can perform a double role in BC development, functioning
as oncogene and oncosuppressor. In addition, ANXAL -/- mice showed a particular reduction of the
known EMT markers like vimentin, as well as myosin light-chain kinase which has been reported to

induce Rho-kinase mediated assembly to stress fibers known to be implicated in the EMT [230].
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3.6.2 ANXAL1 in prostate cancer

ANXAL1 dysregulation in prostate cancer (PCa) has been reported by numerous studies with
controversial results. It has been shown that overall ANXAL1 expression is unaffected or
downregulated in in situ PCa whereas cancer microarray databases (Oncomine) show an increase of
the protein expression in the more metastatic PCa stages [219]. In human prostate adenocarcinoma,
particularly in androgenstimulated prostate cancer, the protein is decreased if compared to benign
prostate epithelium; the loss of protein expression is an useful indicator for cancer proliferation and
progression and a potential parameter to evaluate the anticancer drug resistance. ANXAL negatively
mediates IL-6 expression and play a proapoptotic role by mediating p38 and JNK [231-233]. In
vitro, ANXAL expression reduced tumourigenicity and cell viability in prostate cancer cell lines by
enhancing activation of pro-apoptotic signaling pathways [234]. The inverse expression of CK18
and ANXA1 has been well characterized also in prostate cancer cells: luminal cells, with epithelial
phenotype present poor level of ANXAL, instead the basal cells (expressing CK5) has high level of
this protein. Furthermore it has been reported that ANXA1 from prostate-derived cancer-associated
fibroblasts (CAF) is capable of inducing EMT, promoting de novo generation of cancer stem cells
(CSCs) and stimulating the CSC population from prostate cancer cells [235]. Another important
event during the EMT and prostate tumor progression is the break in the dynamic dialog between
ANXAL and cytokeratin 18 (CK18), a cytoskeleton protein, considered as one the most important
epithelial markers. In normal breast tissue but also in benign lesion or breast carcinoma, the
difference in the expression between ANXA1 and CK18 is not significant. During the EMT, in
luminal cells becoming mesenchymal ones, CK18 is lost, on the other hand, ANXAL expression
increases, in this way, ANXAL cannot co-localize with CK18/CK8, a protein complex involved in
the cytoskeleton organization. A very similar situation appears in the prostate cancer where the
ANXAL has been studied in the acquisition of a more aggressive phenotype: the more invasive

prostate cancer cells show not only EMT but also CSCs markers and express an increased level of
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ANXA1L. When the ANXAL expression decreases, the invasive and migratory capability of these
cells falls down together with all the detected markers for EMT and CSCs (like NANOG, Oct-4,
ALDH7AL, CD44 and CD133 as well as Snail and Sox2), beyond to other genes involved in the

acquisition of chemoresistance as ABCG2 [219].

3.6.3 ANXAL in colon rectal cancer

In colon rectal cancer (CRC) ANXAL promotes progression, invasion and metastasis, as
demonstrated by in vitro and in vivo systems and positively correlates with K-ras gene mutations in
tumorigenesis. In CRC the protein through FPR binding elicits signaling pathways related to
chronic inflammation that activate ERK, MAPK and the transcriptional factors, NF-kB and the

signal transducer and activator of transcription 3 (STATS3). [236-240].

3.6.4 ANXAL in lung cancer

ANXAL is up-regulated in A549-LAC and H446-SCLC lung cancer cells and patients’ tissues;
ANXAL is associated with progression, metastasis, drug resistance and differentiation of this cancer
[241-243]. In a study about lung cancer, the authors reported that the expression of ANXAL, A2
and A3 closely related to cisplatin resistance and an up-regulation in cisplatin resistant patients’

tissues appears both in mMRNA and protein levels [244].

3.6.5 ANXA1 in melanoma

The ANXAL expression has been well studied is melanoma. The protein is up-regulated in
metastatic B16 mouse cells and subsequent syngeneic primary tumors when compared with non-
metastatic B16F10 cells. Full-length and cleaved ANXAL levels in human melanoma cell lines
were found to positively correlate with cell invasion and metastasis capacity thanks to its interaction

with the FPRs [245-247]. This effect occurred at least partially through ERK and STAT3
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phosphorylation, which in turn induced the expression of MMP2 and its release to the extracellular
compartment [248; 249]

3.6.6 ANXAL1 in pancreatic cancer

Comparative analysis of protein profiles of pancreatic cancer and normal pancreatic cells had
already highlighted a significant over-expression of ANXAL [250-252].

The protein correlates with poor differentiation, prognosis and drug resistance of PC [250-252].
Previous studies have shown that the ANXAL strongly affects migration and invasion of PC cells.
Exosome proteomic analysis performed by Yu et al., identified ANXAL as one of the proteins
associated to PC metastasis in multiple organs, mostly in liver [253]. The autocrine loop created by
ANXAL on origin/recipient cells, triggering by the protein interaction with the FPRs, has been
elucidated.

Moreover, thanks to the establishment of ANXAL knock-out (KO) MIA PaCa-2 PC cells
through the CRISPR/Cas9 genome editing system, it has been possible to show that the protein is
able to trigger the EMT, leading to a more aggressive phenotype [161-163; 254]. Studies
investigating the mechanisms of ANXA1 secretion have found that this protein is also involved in
the biogenesis of extracellular vesicles (EVs); as a component of these microvesicles enriched in
exosomes (40-100 nm diameter), the protein further contributes to the aggressiveness of PC
[pessolano]. So the ANXAL, in PC, is able to act in autocrine and paracrine manner, essential for

their diffusion in distant sites [161-163].
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4 Heparan sulfate

4.1 Structure, role and function

Heparan sulfate (HS) belongs to the family of glycosaminoglycans (GAGs), macromolecules of
the ECM and characterized by linear polyanionic polysaccharidic structures [255-261]. It is
synthesized as long polysaccharidic chains covalently bound to a serine residue that is part of a
GAG attachment sequence in a protein core, forming HS proteoglycans (HSPGs), or as

unconjugated chains (Fig. 4.1.1).
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Figure 4.1.1 HS structure

In both of these two forms, HS is well described as able to bind a large number of proteins,
including growth factors, cytokines and chemokines, enzymes and enzyme inhibitors, ECM
proteins, and membrane receptors. These binding are usually dominated by charge—charge
interactions between the anionic carboxylate and/or sulfate group of the polysaccharide and basic
amino acids of the proteins [262-264], although other interactions also contribute. HS, synthesized
by most cells is able to affect multiple biological processes, like development and homeostasis, as
well as in many pathological conditions, including inflammation, neoplastic transformation, and
cancer progression [261; 265-275]. Through binding to stromal components, such as laminin,
collagen, and fibronectin, HS participate in the maintenance of ECM integrity. In addition, by
sequestering growth factors, cytokines, and chemokines, HS protect them from protease
degradation, acting as an extracellular reserve, modulating their bioavailability, and allow the

formation of ligand gradients. Moreover, it directly participates in cell signaling as co-receptor for
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high-affinity growth factor receptors and integrins [265; 269; 276; 277]. Anothers characterized
examples are the interaction with the fibroblast growth factor (FGF), platelet-derived growth factor
(PDGF) and vascular endothelial growth factor (VEGF) whose activities are strongly increased in
carcinogenesis.[278] As reported in [279] HS and ANXAL are able to interact each other and this
interaction is mediated by calcium which is further responsible of a great part of ANXA1 functions
[280]. However, there is a lack of information on the biological implication of this complex and on
the HS ability to bind the extracellular form of ANXAL1 which could mean blocking its
autocrine/paracrine and juxtacrine effects, mediated by the interaction with FPRs involving in many
cancers like PC [161-163; 219]. Alterations of HS chains are common in malignant transformation
and progression [281]; in this regard it is being developed for a wide range of disorders, including
cancer [282-286]. A major role in the post-translational modification of HS structure, and
consequently, its bioactivity, is assumed by heparanase and the endosulfatases, Sulf-1 and Sulf-2.
The functions of these enzyme activities during development, homeostasis, tissue repair, and other
physiological processes appear to be positively involved in cancer. In fact, some studies indicate
that the altered expression or activity of these enzymes determines a profound impact on tumor
behavior [287-290]. Since from started a few analyses of clinical studies, as well as prospective
trials, that support a beneficial effect of heparins on cancer patient survival [291-296], in this way
studies have been also conducted on HS. Ongoing clinical trials are designed to test its effect in
cancer progression, prevention of metastasis and chemoresistence in adjuvant, coadjuvant and
preoperative settings [296].

An intensive synthetic effort led to the production of HS derivatives characterized by the ability
to mimic its activities. Thanks to the evidence for a role of HS in essentially all aspects of tumor
biology prompted the development of this class of compounds as anticancer therapeutics. The
beneficial antitumor effects of HS mimetics are presumed mainly to be related to their direct and/or
indirect interference on heparanase activity, adhesion molecules, the tissue factor pathway, and

signaling triggered by chemokines/cytokines, growth factors, tissue-degrading enzymes, or
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endosulfatases. Given the increasingly recognized clinical significance of heparanase, the HS-
specific endo-p-d-glucuronidase implicated in multiple aspects of tumor growth and progression
[297-302], extensive efforts were made to identify agents targeting the HS-degrading activity of this
enzyme [303-307]. Accumulating evidence indicates, however, that HS mimetics can affect tumor
biological behavior by exerting pleiotropic effects through a specific mechanism of action based not
only on heparanase inhibition, but also on the HS functions. he phospho-sulfo-mannan PI-88
(muparfostat) (Fig. 4.1.2) was identified among sulfated oligosaccharides endowed with
antiangiogenic and antiheparanase activity [308; 309]. As an HS structural mimetic non-cleavable
by heparanase, it inhibited the endo-p-d-glucuronidase activity and prevented the release of
proangiogenic growth factors (i.e., FGF1, FGF2, and VEGF) by competing with HS [310]. PI-88
appeared well tolerated in animal studies, and its ability to significantly inhibit tumor growth,

angiogenesis, and metastasis in preclinical models prompted its clinical investigation.
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Figure 4.1.2 HS mimetics

Other mimetic is PG545 (pixatimod). It is a fully sulfated respected to PI-88 (Fig. 4.1.2),

tetrasaccharide functionalized with a cholestanyl aglycone, selected as a lead clinical candidate
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among olisaccharidic HS mimetics of the PG500 series because this modification confers improved
biological activity and reduced anticoagulant activity [311]. PG545 showed antitumor activity in
several murine and human solid and hematological tumor models and potent anti-metastatic effect
in experimental and spontaneous metastasis models; for this reason it is currently undergoing
clinical trials. However, in clinical trials on PC patients, the use of these mimetics in combination

with conventional pharmacological treatments has not been successful.
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5 Three-dimensional (3D) cell model

In the last 10 years the study of tumor biology has undergone a progressive development and
many physiological aspects of the tumor microenvironment have been clarified, but much remains
to be analyzed about the interactions between the tumor and the surrounding environment and what
are the molecular mechanisms underlying that is. A tumor is made up, macroscopically, of a tumor
parenchyma and a non-tumor cellular component (fibroblasts, endothelial and immune system
cells), as well as a complex network of three-dimensionally arranged molecules that form the ECM.
Non-parenchymal cells with ECM are called tumor stroma, and the recent findings attribute to them
important functions in tumor development and growth .The study of neoplastic pathologies has been
mainly conducted for years on in vitro systems developed in two dimensions (2D) where the
cellular immortalized cultures reflecting only partially the morpho-molecular pattern of human
tumor cells and also not reflecting the complexity of the microenvironment in vivo [312]. In this
scenario, three-dimensional (3D) cell cultures represent an alternative and/or parallel approach to
2D, and they are therefore the link between traditional cell culture and in vivo models [313].

3D cell models can accurately reproduce the TME and mimic the regulatory mechanisms that
exist between tumor and stroma. Currently they are used in several studies to identify the role of
adhesion molecules in invasiveness/metastasis formation and angiogenesis, and for tissue
remodeling analysis [314] and to study the penetration and action drugs.

3D cell culture model shows peculiar molecular characteristics closer to the structural
architecture of the tumor in vivo than 2D ones. Currently, the most widespread 3D model is
represented by multicellular tumor spheroids (MCTS), made up of tumor cells or a co-culture of
tumor and stromal cells, which acquire a spherical symmetry organized in a three-dimensional

arrangement (Fig. 5.1.1)
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Figure 5.1.1 Spheroids architecture

The spheroid model was introduced by radio-biologists in 1970 [315]. Spheroids are generally
produced by stabilized cell lines that aggregate homotypically and have morpho-physiological
characteristics that favor cell-cell and cell-matrix interactions [316]. Usually small in vivo tumors
show greater resistance to therapy than monolayer cultured tumor cells. The complex architecture of
the solid tumor is involved in the so-called “multicellular resistance” (MCR), a phenomenon
determined by different cellular mechanisms:

e the stratification in an outer proliferative layer;

e aquiescent intermediate layer;

e an hypoxic and necrotic core; above 400-500 um in diameter, this core is formed, mainly
due to the limited diffusion of oxygen and / or nutrients and the accumulation of catabolites
and toxins [317];

e reduced permeability to drugs;

e inhibition of apoptosis and modulation of the expression of key proteins such as DNA
repair enzymes or topoisomerases [318].

Cancer cells within the spheroid reproduce the same concentric arrangement and, at the same
time, they have a growth pattern similar to early stage solid tumors not vascularized [319].

These characteristics make multicellular tumor spheroids a system closer to the tumor structure
in vivo and make them an excellent alternative for the study of different tumors. Thanks to their

peculiarities, spheroids are used to evaluate the alteration of gene expression of tumor cells during

57



neoplastic development, to test the effect of radiation or the sensitivity to new chemotherapeutic
agents specific for different tumors. To date, the term spheroid differs from the term "aggregate”
which is instead used to describe and possibly discriminate less tightly packed cells from compact
spherical cultures [320].

Moreover in 2D cultures the lack of the stroma is a highly limiting factor considering that, in
certain cancers, the stroma is essential for tissue remodeling. In this regard, in pancreatic cancer,
about 90% of the volume is made up of stroma. Recent studies indicate that the tumor stroma
critically supports tumor growth, drug response, progression and formation of metastases 8. To this
end, researchers turned to 3D cell culture systems to mimic in vivo pancreatic tumor conditions by
obtaining a 3D architecture that provides appropriate ECM proteins, cell-cell communication,
nutrient gradients and hypoxic tumor regions [321; 322]. To date, few studies have showed the

influence of PC cell/fibroblast 3D co-culture or monocyte in vitro.

5.1 3D culture techniques

Although in recent years different techniques have been described for the generation and culture
of tumor spheroids, to date there is no standard reference tecnique to cell-contact surface interaction
[323]. A strategy, well known, still widespread involves the use of continuous agitation of the cell
suspension inside "spinner flasks", in this way spherical aggregates are spontaneously formed and
adhesion is prevented to other substrates. A system similar to cultures in “spinner flasks™ uses
circular agitators or rotating tubes, which keep the cells in suspension between the rotating
cylindrical walls thanks to the microgravity [324]. Both techniques allow to obtain a large number
of spheroids of heterogeneous dimensions and, therefore, are suitable for large-scale production but
they need a large quantities of culture medium and the availability of specific tools. Stationary
culture techniques are simpler and need to seed the cell suspension to a non-adherent surface, plates
coated with organic matrices such as agar, poly-HEMA, Matrigel or collagen are often used

[325].The use of agar-coated 96-well U-bottom plates allows cell aggregation by sedimentation on
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the well concave surface and it is then possible to monitor and manipulate the spheres separately.
The variation in diameter within the plate remains below 5% for different types of spheroids and
remains relatively low when the culture medium is periodically changed [322]. These methods
allow for the formation of homogeneously sized spheroids and allow for the analysis of individual
spheroids, but require careful handling and have the limit to product of the same.

An alternative technique is the "hanging drops" method [318; 326], which represents an effective
variant for spheroids production. It is a simple tecnique, which can be used with different cell lines
and allows the production of spheroids of compact homogeneous dimensions. The rounded bottom
of the suspended drop, facilitates cell aggregation. The method involves the deposition of a small
volume of cells (20-40ul) in the lid of a petri dish or a 96-well plate. By inverting the plate, a
“hanging” drop is formed and the cells, by gravity, accumulate in the bottom of the drop, thus
tending to aggregate into spheroids. To avoid evaporation of the drop, the bottom of the plate is
filled with PBS [327]. This technique has the advantage of being able to form single spheroids of
uniform size, does not require the use of coated plates and also does not require special equipment.
However, the disadvantages are not lacking: it involves an intense manual work for the collection of
the single spheroids, the volume of the suspended drop must be below 50ul, due to the surface
tension that affects the drop retention, the change of the culture medium is practically impossible
and, for this reason, it is only useful for short-term crops. It is therefore not a technique aimed at
large-scale production nor for a long-term study. The automated methods, introduced in recent
years, are instead aimed at a wider tumor spheroids production to be used for preclinical screening.
Tissue engineering has solved some problems of traditional techniques, using scaffolds and
bioreactors. However, the scaffolds do not intrinsically contain the signal molecules necessary to
recreate the cellular microenvironment, such as collagen or matrigel [324]. The use of bioreactors
has instead made it possible to provide for metabolic needs thanks to the perfusion of fluids which
guarantees a continuous external gradient and / or internal nutrient, recreating the tumor micro-

vasculature in vivo. However, these systems have not yet found a routine application in the new
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drug validation or discovery, mainly due to the lack of a well-standardized technique on a large

scale and tested.
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6 Aim of the work

Pancreatic cancer (PC) is one of the most aggressive cancers in the world and it correlates to
poor prognosis and high mortality due to late diagnosis. Several extracellular factors are involved in
its development and metastasis to distant organs. In PC, the protein Annexin A1 (ANXAL) appears
to be overexpressed and may be identified as an oncogenic factor. ANXA1 also explain its action
both in intracellular and extracellular manner, also because it is a component in tumor-deriving
extracellular vesicles (EVs). Indeed, these EVs are known to nourish the tumor microenvironment
(TME). Some studies have highlighted that TME plays a critical role in PC chemoresistance and
progression.

The general aim of this PhD project has been to investigate the paracrine effect of ANXAL on
stromal cells like fibroblasts, endothelial cells and macrophages in order to demonstrate how the
ANXAL-EVs complex can stimulate and sustain the pancreatic TME, both in 2D and 3D cellular
models.

Furthermore as oncogenic factor, ANXAL can need to be inhibited, mainly by blocking its
extracellular form, as a new model of cancer adjuvant therapy. Heparan sulfate (HS) is a
glycosaminoglycan of the extracellular matrix known to bind growth factors and cytokines,
generating a kind of reservoir in the extracellular environment. One of these molecules is
represented by ANXAL. In this regard, another aim was to study the interaction between HS and

ANXAL and how this glycosaminoglycan could influence ANXAL oncogenic action.
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7 Material and methods

7.1 Cell Cultures

MIA PaCa-2 and PANC-1 cells are immortalized epithelial cells of human pancreatic carcinoma.
They were purchased from ATCC (ATCC CRL-1420 and ATCC CRL-1469, respectively for MIA
PaCa-2 and PANCI cells, Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM) containing L-glutamine 2 mM, 10% heat-inactivated fetal bovine serum (FBS),
10,000 U/mL penicillin, and 10 mg/mL streptomycin (Euroclone; Milan, Italy). ANXA1 knock-out
(KO) MIA PaCa-2 cells were created from the wild type (WT) cells through the CRISPR/Cas9
genome editing system, as reported in [162], and kept in selection by 700 pg/mL neomycin
(Euroclone; Milan, Italy). BJ cell line (human immortalized fibroblasts, ATCC CRL2522TM) were
cultured in Eagle’s Minimum Essential Medium (MEM) with 10% FBS, 1% L-glutamine, 1%
sodium pyruvate, 1% NEAA and antibiotics. HUVEC cell line (Human umbilical vein endothelial
cell) (ATCC® PCS-100-010TM, Manassas, VA, USA) was maintained as reported in [280] until
passage 10. THP-1 (ATCC® TIB-202; Manassas, VA, USA) cells were maintained in Roswell Park
Memorial Institute (RPMI; Euroclone; Milan, Italy) 1640 medium with 1% L-Glutamine, 10% fetal
bovine serum (FBS) (Euroclone; Milan, Italy), 1% penicillin and streptomycin and
Bmercaptoethanol (0.05 mM; Sigma Aldrich, St. Louis, MO, USA). Human immortalized CAFs,
obtained in [328] were cultured in DMEM F-12 medium supplemented with 10% FBS and 1%
antibiotic-antimycotic. All cells were maintained at 37 ‘C in a 5% CO%95% air humidified

atmosphere.
7.2 Exosome enrichment

The enrichment of exosomes (to which we will generally refer to as extracellular vesicles, EVS)
obtained from cell culture supernatants was performed as reported in [329]. Briefly, the WT and

ANXA1 KO MIA PaCa-2 cells (1.5 x 10° cm 2, for a total of about 8 x 107 cells), after abundant
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washing with phosphate buffered saline (PBS), were incubated for 24 h in DMEM medium without
FBS. The conditioned medium was thus collected and centrifuged the first time for 5 min at 300x g
at room temperature (RT) to remove the detached cells. It was recovered and centrifuged again for
10 min at 2000x g at 4 "C to remove dead cells, after which it was centrifuged once more at 10,000x
g for another 30 min at 4 "C to remove cellular debris. The supernatant was transferred in tubes and
ultracentrifugated for 70 min at 100,000x g at 4 ‘C. Subsequently, the pellet was washed in PBS and
re-ultracentrifuged at 100,000% g at 4 "C for 70 min. Finally, the supernatant was removed and the
pellet was re-suspended according to the experimental use. The amount of exosomes administered
to the cells was normalized at 20 pug of WT and ANXA1l KO MIA PaCa-2 EVs through the
Bradford assay, as reported in [163]. The normalization allowed for the administration of the same
amount of EV to the cells, derived from the WT and ANXAL1 KO MIA PaCa-2 cells, in all phases

of the experiment. All analyses were performed on fresh isolated fractions.

7.3 Western blotting

Proteins extracted from cells and EVs were examined by Sodium Dodecyl Sulphate -
PolyAcrylamide Gel Electrophoresis (SDS-PAGE). Protein content was extracted by freeze/thawing
in lysis buffer containing protease inhibitors and estimated according to the Biorad protein assay
(BIO-RAD, Hercules, CA, USA), as previously described [163]. A total of 20 ug of proteins were
visualized using the chemioluminescence detection system (Amersham biosciences; Little Chalfont,
UK) after incubation with primary antibodies against ANXAL (rabbit polyclonal, 1:10,000;
Invitrogen; Carlsbad, CA, USA), calreticulin (rabbit polyclonal, 1:1000; Elabscience; Houston, TX,
USA), TSG101 (mouse monoclonal, 1:1000; ThermoFisher Scientific; Waltham, MA, USA), CD81
(mouse monoclonal, 1:200; Becton Dickinson Labware, Franklin Lakes, NJ, USA), CD63 (mouse
monoclonal, 1:200; Biolegend; San Diego, CA, USA), FAP1a (rabbit polyclonal, 1:500; Santa Cruz
Biotechnologies, Dallas, TX, USA), anti-cytokeratin 8 and 18 (1:1000, Santa Cruz Biotechnologies

Dallas, TX, USA), antivimentin (1:1000; Santa Cruz Biotechnologies Dallas, TX, USA) and anti-E-
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Cadherin (mouse monoclonal, 1:1000, Becton Dickinson Labware, Franklin Lakes, NJ), p-actin
(mouse monoclonal, 1:1000; Sigma-Aldrich; St. Louis, MO, USA), GAPDH (mouse monoclonal,
1:1000; Santa Cruz Biotechnologies, Dallas, TX, USA). The blots were exposed to Las4000 (GE
Healthcare Life Sciences; Little Chalfont, UK), tubulin (mouse monoclonal 1:1000; Sigma-Aldrich;
St. Louis, MO, USA). The blots were exposed to Las4000 (GE Healthcare Life Sciences, Little
Chalfont, UK) and the relative band intensities were determined using ImageQuant software (GE

Healthcare Life Sciences). Results were considered significant if p < 0.01.
7.4 Wound-healing assay

The cells were seeded in a 12-well plastic plate at 5 x 10° cells for well. After 24 h at 100%
cellular confluency the wound was produced at the center of the monolayer by gently scraping the
cells with a sterile plastic p10 pipette tip to create a wound area of about 500 pum. After removing
incubation medium and washing with PBS, cell cultures were incubated with respective treatments.
All experimental points were further treated with mitomycin C (10 pg/mL, Sigma Aldrich, St.
Louis, MO, USA) to ensure the block of mitosis. The wounded cells were then incubated at 37 °C
in a humidified and equilibrated (5% v/v CO?) incubation chamber of an Integrated Live Cell
Workstation Leica AF-6000 LX (Leica Microsystems, Wetzlar, Germany). A 10x phase contrast
objective was used to record cell movements with a frequency of acquisition of 10 min on at least
10 different positions for each experimental condition. The migration rate of individual cells was
determined by measuring the wound closure from the initial time to the selected time-points (bar of
distance tool, Leica ASF software, version Lite 2.3.5, Leica microsystem CMS Gmvh). For each
wound 5 different positions were registered, and for each position 10 different cells were randomly

selected to measure the migration distances.
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7.5 Invasion assay

Cell invasiveness was studied using the Trans-well Cell Culture (12 mm diameter, 8.0-fim pore
size) purchased from Corning Incorporated (New York, NY, USA), as reported in [254]. Briefly,
the chambers were coated with Matrigel (Becton Dickinson Labware) that was diluted with 3
volumes of medium serum-free and stored at 37 °C until its gelation. Cells were plated in 350 uL of
medium serum-free at a number of 5 x 10%insert in the upper chamber of the trans-well. the
established treatment was added in 1,4 ml of medium in the lower chambers of each well in
experimental points, previously addition of mitomycin C (10 pg/mL, Sigma-Aldrich;Saint Louis,
MO, USA) to the arrest of mitosis. The trans-well was left for 24 h at 37 °C in 5% CO? -95% air
humidified atmosphere. After that, the medium was aspirated, the filters were washed twice with
PBS 1 x and fixed with 4% p-formaldehyde for 10 min, then with 100% methanol for 20 min. The
filters so fixed, were stained with 0.5% crystal violet prepared from stock crystal violet (powder,
Merck Chemicals) by distilled water and 20% methanol for 15 min. After that, the filters were
washed again in PBS 1 x and cleaned with a cotton bud. The number of cells that had migrated to
the lower surface was counted in 10 random fields using EVOS® light microscope (10 x).(Life

technologies Corporation).
7.6 Tube formation assay

A 24-well plate was coated with Matrigel (Becton Dickinson Labware, Franklin Lakes, NJ,
USA) mixed to EGM-2 1:1 on ice and incubated at 37 °C for 30 min to allow gelation to occur.
HUVEC cells were seeded to the top of the gel at a density of 2 x 10* cells/well in presence or not
of the treatments. Cells were incubated at 37 °C with 5% CO?. After 12 h, pictures were captured
using EVOS® light microscope (10 x) (Life technologies Corporation, Carlsbad, CA, USA). The
length of each tube was measured, and the number of branches was calculated using ImageJ (NIH,

Bethesda, MD, USA) (Angiogenesis Analyzer for ImageJ) software.
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7.7 Gelatin gel zymography

The gelatinolytic activity of metalloproteinases was detected by SDS-PAGE zymography. The
serum-free supernatants, mixed with a standard non reducing loading buffer for SDS-PAGE, were
loaded for electrophoretic run, at 125 V, in a gel 10% polyacrylamide and 0.1% gelatin (for
protease detection; Sigma Aldrich, St. Louis, MO, USA). After the electrophoresis, the gel was
washed in renaturing solution (2.5% Triton X-100) for 1 h to remove SDS, following by incubation
in a buffer of digestion (50 mM of Tris-HCI, pH 7.8, 200 mM of NaCl, 5 mM of CaCl2 and 5 mM
of ZnClI2) for degradation of the substrate for 18 h, at 37 'C. The gels staining was with Coomassie
Brilliant Blue R-250 (Sigma Aldrich, St. Louis, MO, USA) and then washed with destaining

solution (10% methanol and 5% acetic acid) to reveal the areas of digestion such as a light band.
7.8 Measurement of intracellular Ca?* signaling

Changes in intracellular Ca** concentration were monitored using the fluorescent probe Fluo-4
a.m. (Thermo Fisher Scientific; Waltham, MA, USA). Fluo-4 a.m. is a high-affinity Ca®* indicator
with an Aex 470-490 nm and an Aem 520-540 nm. Stock solutions (1 mM) of the AM-ester form
were prepared using a solution of 20% (w/v) pluronic acid F-127 in absolute dimethyl sulphoxide
(DMSO; Sigma-Aldrich; St. Louis, MO, USA). WT and ANXA KO MIA PaCa-2 cells were
trypsinized, washed, and placed in 1.5 ml tubes at 1 x 10° /ml and then incubated with 2.5 uM of
Fluo-4 a.m. in 3% DMSO (final concentration of DMSO in each assay, 0.06%) at 37 °C for 45 min
with complete medium. After de-esterification of Fluo-4 a.m., the cells were washed three times
with PBS containing or not Ca?* (100 uM; Sigma-Aldrich; St. Louis, MO, USA) by centrifugation
(1 min at 300 x g). The fluorescence in each sample was analyzed by a BD FACSCalibur cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA) using the 530/30 filter. Following the addition of N-
Formylmethionyl-leucyl-phenylalanine (fMLP 50 nM; Sigma-Aldrich; St. Louis, MO, UA), Ac2-26
(1 pM), N-tert-butyloxycarbonyl-Met-Leu-Phe (Boc-1 100 pM; Bachem AG; Bubendorf,

Switzerland), HS (10 pg/ml), rapid kinetic measurement of fluorescence was performed by flow
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cytometry; Ca2+-ionophore (ionomycin 1 mM; Sigma-Aldrich; St. Louis, MO, USA) and the
chelating agent EDTA (15 mM, 15 min; Sigma-Aldrich; St. Louis, MO, USA) served as the
positive and negative control, respectively. The Ca2+ levels of PANC-1 and MIA PaCa-2 cells in

PBS were recorded and considered as the baseline of Ca®* concentrations.

7.9 Confocal microscopy

The cells seeded on glass bottom in multiwell plate, after each treatment, were fixed in
p-formaldehyde (4% v/v with PBS; Sigma-Aldrich) for 5 min, permeabilized in Triton X-100 (0.5%
v/v in PBS; Sigma-Aldrich) for 5 min, and then incubated in goat serum (20% v/v PBS; Lonza, NJ)
for 30 min. Then, the cells were incubated with anti-E-cadherin antibody (mouse monoclonal;
1:500, BD Transduction Laboratories, San Jose, CA), anti-vimentin (mouse monoclonal, 1:250;
Santa Cruz Biotechnologies; CA, USA), anti-vinculin (mouse monoclonal, 1:100; Santa Cruz
Biotechnologies, Dallas, TX, USA), anti-COL1A (mouse monoclonal, 1:100; Santa Cruz
Biotechnologies, CA, USA), anti-fibronectin (mouse monoclonal, 1:100; Santa Cruz
Biotechnologies, CA, USA), anti-VE cadherin (mouse monoclonal, 1:100; Santa Cruz
Biotechnologies, CA, USA), anti-cytokeratin 8 and 18 (mouse monoclonal, 1:250, Santa Cruz
Biotechnologies Dallas, TX, USA), rabbit polyclonal antibodies anti-FAP1a (1:250; Santa Cruz
Biotechnologies, CA, USA), anti-aSMA (1:100; Cusabio Life Science, College Park, MD, USA),
anti-VEGF (rabbit polyclonal, 1:100; Santa Cruz Biotechnologies, CA, USA), anti-FGF-2 (1:100;
Santa Cruz Biotechnologies, CA, USA), overnight at 4°C. F-actin was evaluated by 5 pg/ml of
Phalloidin-FITC (Sigma-Aldrich; Saint Louis, MO, USA) for 30 min at RT in the dark. After two
washing steps, the cells were incubated with antirabbit and/or antimouse DyLight (488- and/or
550-conjugate; 1:1,000; ImmunoReagents Inc., NC) for 2 h at RT. To detect nucleus, Hoechst
33342 nucleic acid stain (1:5,000; H1399, Molecular Probes, Thermo Fisher Scientific) was used
and samples were excited with a 458 nm Ar laser. A 488 nm Ar or a 555 nm He-Ne laser was used

to detect emission signals from target stains. The samples were vertically scanned from the bottom
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of the coverslip with a total depth of 5 pm and a 63 % (1.40 NA) Plan-Apochromat oil-immersion
objective. Images and scale bars were generated with Zeiss ZEN Confocal Software (Carl Zeiss
Microlmaging GmbH, Jena, Germany). For immunofluorescence analysis and quantification, final
images were generated using Adobe Photoshop CS4, version 11.0. If suitable, quantifications were
performed from multichannel images obtained using a 63 x 1.4 NA objective and using the ImageJ
software (NIH, Bethesda, MD), as follows. Briefly, 10 field images from a single coverslip from n
= 3 biological repetitions were randomly selected and registered for each experimental condition
identifying 10 distinct cells by Hoechst 33342 nuclear staining. Then, the individual cell total area
was selected using the area selection tool, the fluorescence intensity value was measured and
expressed as Arbitrary Unit (A.U.; the ImageJ software) subtracting background. The obtained

mean value was used to compare experimental groups.

7.10 RNA isolation and quantitative Real Time-Polymerase Chain Reaction (RT-PCR)

MRNA levels of BJ and HUVEC cells were analyzed by real-time PCR using the Light Cycler
480 Il instrument (Roche, Indianapolis, IN, USA). One pg of total RNA extracted from cells with
Trizol reagent was reverse transcribed into cDNA with Transcriptor First Strand cDNA Synthesis
Kit (Roche, Indianapolis, IN, USA). cDNAs were processed using Light Cycler 480 Syber Green |
Master mix and primers for FPR-1 (Bio-Fab research; Rome, Italy) (50 -GGTGAACAGTCCAG
GAGCAG-30, 30 -ACCTCCCTGTGGACGACATA-50), FPR-2 (Bio-Fab research; Rome, Italy)
(50 -CTGGCTACACTGTT CTGCGG-30 , 30 -AGCACCACCTGTAGTTGGAG-50 ), and
Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) (Bio-Fab research; Rome, Italy) (50 -GACCA
GTCAACAGGGGACAT-30 , 30 -CCTGACC AAGGAAAGCAAAG-50 ) following the
manufacturer’s protocols. Results were analyzed using the Delta-Delta CT method. A portion (10
puL) of the RT-PCR product was electrophoresed on a 2% agarose gel in a Tris-acetate-EDTA
buffer. The gel was stained with ethidium bromide and exposed to Las4000 (GE Healthcare Life

Sciences; Little Chalfont, UK
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7.11 Clonogenic assay

The cells were seeded 5 x 105 cells/mL in 6-well plates and after the treatment were cultured for
8 days in fresh medium. They were subsequently fixed with 4% p-formaldehyde, for 10 min, and
then with 100% methanol, for 20 min (both from Sigma-Aldrich; St. Louis, MO, USA). The
cellular staining was performed with crystal violet at 0.5% w/v in a v/v solution of 20% methanol /
distilled water (Merck Chemicals, Darmstadt, Germany) for 30 min at RT. After washing with
deionized water, the colonies were photographed, and then, the dye was dissolved in 1% SDS and
measured at 570 nm by spectrophotometer (Titertek Multiskan MCC/340; Labsystems, Midland,

ON, Canada), as confirmation of the result.
7.12 MTT assay

WT MIA PaCa-2, PANC-1 and HUVEC cells were harvested at the indicated times (24, 48 and
72 h) and cell viability was calculated as previously described in [13]. The optical density (OD) of
each well was measured with a spectrophotometer (Titertek Multiskan MCC/340; LabX; Midland,

ON, Canada) equipped with a 620 nm filter.
7.13 Macrophages generation

THP-1 monocytes differentiated into macrophages (M0) via PMA (Sigma Aldrich, St. Louis,
MO, USA), 320 nM for 6 h, were allowed to recover for an additional 24 h. One dose of 20 ug of
EVs was added for macrophage polarization experiments. After 24 h, the medium was collected,
centrifuged to remove cellular component or debris and subjected to the ELISA test for IL10,

according to the manufacturer’s guidelines (Elabscience, Houston, TX, USA).
7.14 Flow cytometry

WT and ANXA1 KO MIA PaCa-2, PANC-1, BJ and HUVEC cells were harvested at a number

of 1 x 10° and analyzed for FPR-1 and FPR-2, as reported in [330]; whereas THP-1 monocytes at a
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number of 5 x 10°/mL, differentiated in macrophages MO, after the treatment with PC EVs were
analyzed for CD80, CD86, CD206 and CD163 expressions [331]. Briefly, pellets were incubated
on ice for 1 h in PBS 1x containing a primary antibody against FPR-1 (rabbit polyclonal, 1:500,
Santa Cruz Biotechnology; Dallas, TX, USA) or a primary antibody against FPR-2 (mouse
monoclonal, 1:100, Genovac Gmbh; Freiburg, Germany). Then, cells incubated on ice for 1 h in
100 pl of PBS containing AlexaFluor 550 anti-rabbit (1:1000; Molecular Probes; Eugene, OR,
USA) or Alexa-Fluor 550 anti-mouse (1:1000; Molecular Probes; Eugene, OR, USA). Moreover the
macrophage pellets were incubated for 1 h at room temperature (RT) in PBS 1x containing FBS
(2% v/v) and antihuman antibody against CD80, CD86,CD206, CD163 (1:100, Santa Cruz
Biotechnologies, Dallas, TX, USA) and then for another hour with conjugated secondary antibody
(1:100, antimouse). The cells were analyzed with Becton Dickinson FACScan flow cytometer

(Franklin Lakes, NJ, USA) using the Cells Quest program.
7.15 hrANXAL purification

hrANXA1 was obtained transforming BL21(DE3) competent cells with the plasmid pGEX-6-
Annexin Al (NM_000700.2 GI:733606737) purchased from MRC PPU Reagents and Services
(Dundee, Scotland). The protein was overexpressed in lysogeny broth (LB) in the presence of 100
ug/ml ampicillin. 1 L of bacterial cells was grown at 37 'C to OD600 of 0.8 and induced by
isopropyl-1-thio-D-galactopyranoside (IPTG, 1 mM; Sigma-Aldrich; St. Louis, MO, USA). After 6
hr at 37 "C, cells were harbored and pelleted at 5000 g for 15 min at 4 "C, finally resuspended in 40
ml of lysis buffer (PBS, pH 7.4, Euroclone; Milan, Iltaly), adding protease inhibitors cocktail
(Sigma-Aldrich; St. Louis, MO, USA). Cells were lysed using a Vibra-Cells sonicator (Sonics;
Turin, Italy), for 20 min of effective sonication (9.9 pulse/9.9 pause). Cell debris were pelleted at
10,000 g for 30 min at 4 "C and the clarified lysate was filtered using a 0.45 um syringe filter and
loaded onto a 1-mL GSTrap FF column (#17- 5130-02, GE Healthcare Life Sciences;

Buckinghamshire, UK) using an AKTA purifier FPLC (GE Healthcare Life Sciences;
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Buckinghamshire, UK) at the flow rate of 1 ml/min. Glutathione S-transferase (GST)-protein was
eluted using the elution buffer (Tris HCI 50 mM, reduced glutathione 10 mM, both from Sigma-
Aldrich; St. Louis, MO, USA, pH 8.0) over 10 column volumes. Fractions containing the GST-
ANXAL protein were confirmed by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and then pooled. Next, the cleavage of GST was performed using the PreScission
Protease (1:100 with protein; GE Healthcare Life Sciences; Buckinghamshire, UK) for 4 h at 4 °C.
Analysis of cleavage reaction was performed by SDS-PAGE. The cleaved protein was then

separated from the GST on the 1-ml GSTrap FF column.

7.16 Differential scanning fluorimetry (DSF)

DSF was performed with a real time (RT)-PCR Light Cycler 480 Il instrument (Roche; Basilea,
Switzerland). A mix containing human recombinant (hr) ANXA1, 1 uM prepared as reported
above, CaCI2 (100 mM; Sigma-Aldrich; St. Louis, MO, USA), heparan sulfate (HS, Laboratori
Derivati Organici -LDO- S.p.a.; Trino, VC, Italy) from 100 uM to 2 mM and freshly prepared 1x
Sypro Orange dye (Sigma-Aldrich; St. Louis, MO, USA) in phosphate buffered saline 1x (PBS;
Euroclone; Milan, Italy) was added to a white 96 well PCR microplate (Roche; Basilea,
Switzerland). After sealing with Optical Adhesive Film (Euroclone; Milan, Italy), the plate was
directly analyzed in the RT-PCR instrument with a heating cycle from 20 to 95 ‘C with a ramp rate
of 0.06 "C and 10 acquisition per degree. First derivatives of the melting curves were calculated

with LightCycler480® software release 1.5.0 SP4.

7.17 Surface plasmon resonance (SPR)

SPR analysis was performed on a Biacore 3000 system (GE Healthcare Life Sciences;
Buckinghamshire, UK) equipped with research-grade CM5 sensor chip (GE Healthcare Life
Sciences; Buckinghamshire, UK) as described elsewhere [18]. Briefly, the purified human

recombinant full length ANXAL (50 pg/ml in 10 mM sodium acetate, Sigma-Aldrich; St. Louis,
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MO, USA, pH 5.0) and the ANXAL N-terminal peptide, Ac2-26 (Tocris Bioscience, Bristol, UK)
(60 pg/ml in 10 mM sodium acetate, pH 3.5) were immobilized at a flow rate of 10 pl/min by using
standard amine-coupling protocols. A recombinant in-house protein (human Trefoil Factor 1) was
used as negative control and one flow cell was left empty for background subtractions. HS was
dissolved in PBS to obtain a starting solution of 8 mM (HS molar concentration was calculated
considering an average molecular weight of 30 kDa) and diluted in PBS + 0.005% surfactant NP-40
(Sigma-Aldrich; St. Louis, MO, USA). Binding experiments were performed at 25 ‘C, by using a
flow rate of 30 pl/min, with 60 s monitoring of association and 120 s monitoring of dissociation.
Regeneration of the surface was performed, when necessary, by a 10 s injection of 5 mM NaOH
(Sigma-Aldrich; St. Louis, MO, USA). Equilibrium dissociation constants (Kp) were derived from
the ratio between kinetic dissociation (kd) and association (ka) constants obtained fitting data from
all the injections at different concentrations of each compound, using the simple 1:1 Langmuir

binding fit model of the BlAevaluation software (version 4.1).

7.18 Co-culture system

Transwell chambers (12 mm diameter, 8.0 fim pore size, Corning Incorporated, New York, NJ,
USA) with matrigel coating (BD Biosciences, Franklin Lakes, NJ, USA) were used following the
schematic representation reported in figure 7.18.1, to detect macrophage invasion to WT and
ANXAL KO conditioned medium (CM) obtained as the growth medium in contact with WT and
ANXAL KO MIA PaCa-2 cells for 48 h. These CMs were collected and centrifuged at 900 x g or

10 min to remove the cellular debris.
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Figure 7.18.1 Schematic representation of co-culture system.

Then, the macrophages were plated in the upper chamber and in the lower chamber the CMs
were put. Therefore, this co-culture system was also used to detect the BJ and HUVEC cells
invasion to polarized M1 or M2 macrophages, from the upper chamber where cells were seeded at 3
x 10* and 4 x 10%insert, for BJ and HUVEC, respectively. In this case, in the lower chamber, MO
THP-1 pretreated for 24 h with Ac2-26 (1 UM, Tocris Bioscience, Bristol, UK), WT and ANXA1
KO MIA PaCa-2 EVs were plated. After 24 h, all cells were fixed and stained and analyzed as

reported in [332].
7.19 ELISA for VEGF-A

After treatments with WT and ANXAL KO EVs, THP-1 supernatants were collected, and the
secreted VEGF-A amount was detected through the human VEGF-A ELISA Kkit, following the

manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).
7.20 H&E tissue staining and tissue immunofluorescence

Frozen samples of tumor and metastasis tissues were obtained from our previous in vivo study
on mice [162]. In brief, SCID mice (6-8 week-old females) were obtained from Charles River
(ltaly) and bred under pathogen-free conditions in the Animal Facility of the University of Salerno.

The orthotopic implantations were performed in the pancreas by using WT and ANXAL1 KO MIA
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PaCa-2 cells. After 5 weeks from the implantation, mice were sacrificed, and organs (pancreas and
livers) were excised, weighed and analyzed. Metastases lesions on the liver surface were observed
and quantified by gross anatomy using a dissecting microscope.

The frozen tissue sections of 6 um, were cut on a microtome RM2125RT (Leica Microsystems,
Wetzlar, Germany), mounted directly on super frost slides (Thermo Scientific, Waltham, MA,
USA), and processed for haematoxylin and eosin (H&E) staining, as reported in [274] and
immunofluorescence. Briefly for H&E staining, cryostat sections were dehydrated for 5 minutes
with cold acetone and then rehydrated. Next, slides were placed in haematoxylin stain for 9
minutes, rinsed in alcoholic acid, differentiated in 80% alcohol and stained with eosin for 2.5
minutes, rinsed in 95% ethanol, dehydrated with absolute ethanol and cleared in xylene or 4
minutes. The images were taken through the Axio Observer microscope (20x) (Carl Zeiss
Microlmaging GmbH; Jena, Germany) and analyzed using ImageJ software (NIH, Bethesda, MD,
USA). Next, the sections were fixed in a solution of p-formaldehyde (4% v/v in PBS; Lonza) were
permeabilized or not with Triton X-100 (0.5% v/v in PBS; Lonza), blocked with fetal bovine serum
(FBS) (20% v/v in PBS, 0.5% Triton X-100; Lonza, Basilea, Swiss) and then incubated with anti-
CD80 (mouse monoclonal, 1:100; Santa Cruz Biotechnologies, Dallas, TX, USA), anti-CD86
(mouse monoclonal, 1:100; Santa Cruz Biotechnologies, Dallas, TX, USA), anti-CD163 (mouse
monoclonal, 1:100; Santa Cruz Biotechnologies, Dallas, TX, USA), anti-CD206 (mouse
monoclonal, 1:100; Santa Cruz Biotechnologies, Dallas, TX, USA) in determined solution 0.2%
Triton X-100, 3% FBS, 0.02% NaN3, overnight at 4 "C. Then, they were incubated with antimouse
AlexaFluor (488 and/or 555; 1:500; Molecular Probes; Waltham, MA, USA) for 2 h at RT. After
two washing steps, the slice sections were mounted, and the images were acquired using a Leica
SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany). The densitometry analysis was
performed as reported above; in this case, a 40x objective was used, and the whole slide was

evaluated to count nuclei and the related protein signal for each data set. The obtained mean value
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was used to compare experimental groups. Fifteen sections from six animals (three for each

condition of implantation) were selected.
7.21 Monocytes isolation

Human peripheral blood was obtained from “Etablissement Francais du Sang” (EFS). Peripheral
blood mononuclear cells (PBMCs) were isolated from healthy donors' buffy coats by centrifugation
on a density gradient (400 x g for 40 min in Ficoll-Paque Plus, Amersham Biosciences Corp), as
described previously [333]. Following centrifugation, the layer of PBMC was aspirated carefully,
washed and centrifuged at 250 x g for 7 minutes several time in order to remove platelets from
PBMC and have a clear suspension. The PBMCs, resuspended in 20 mL of RPMI complete
medium, were counted (by Vi-CELL™ XR Cell Viability Analyzer, Beckman Coulter) and then
taken the necessary number of cells (10x10° cells) in suspension and centrifuged. The pellet was
suspended in 80 uL of buffer (PBS, 0.5% BSA and 2mM EDTA) and used for monocyte isolation

thanks to positive selection by CD14 beads using autoMACS® Pro Separator (Miltenyi Biotec)
7.22 3D model generation and area analysis

3D co-cultures model were performed by 96 well U-bottom plates (Corning® Costar®, #3799).
In this plate, 5000 tumor cells were seeded per well for mono-culture and 5000 tumor cells and
5000 CAFs fibroblasts and on day 3 10,000 monocytes per well for co-cultures were added. 3D
monocultures and co-cultures models were incubated for 10 days at 37°C with 5% CO? and
monitored in the Incucyte® Live-Cell Analysis System (Sartorius) (6 h repeat scanning, up to the
end) until spheroid formation. After the spheroid growth and shrinkage its size was reported in real
time based on DF-Brightfield image analysis thanks to Incucyte® Spheroid Software Module

(Sartorius).

75



7.23 Counting live cells in 3D model

After 10 days the cells in 3D models were first dissociated using PBS 1x with 10% Trypsin and
then they were counted and analyzed through Vi-CELL™ XR Cell Viability Analyzer (Beckman
Coulter). The Vi-CELL™ Cell Viability Analyzer provides an automatic means to perform the

Trypan Blue Dye Exclusion method.

7.24 Cell viability for 3D model

Cell viability was measured using CellTiterGlo (Promega,) on day 10 according to the supplier’s
instructions. Briefly, equal volume of CellTiterGlo reagent was added to the wells containing
mono/co-cultures with and without monocytes in medium and incubated for 45 min at RT on a
shaker. The cell suspension was then transferred to a black 96 well clear flat bottom plate and the
relative luminescence units (RLU) were measured using a microplate reader (Synergy 2 Plate

reader, Bio-Tek).

7.25 Statistical analysis

Data analysis and statistical evaluations were carried out using Microsoft Excel; the number of
independent experiments and p-values are indicated in the figure legends. All results are the mean +
standard deviation of at least 3 experiments performed in triplicate. Statistical comparisons between
the experimental points were performed using two-tailed t-test comparing two variables.

Differences were considered significant if p < 0.05, p <0.01 and p < 0.001.
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8 Results

8.1 Effects of extracellular vesicles (EVs) from wild type (WT) and ANXA1 knock-out (KO)

MIA PaCa-2 cells on fibroblast migration and invasion

In order to investigate the role of ANXA1 on EVs-dependent metastatic potential of PC cells, we
studied the paracrine effects of EVs derived by WT and ANXA1 KO MIA PaCa-2 cells, obtained
by CRISPR/Cas9 genome editing system, on BJ fibroblasts, one of the cellular components of the
tumor microenvironment [334; 335]. First, the EVs obtained from PC MIA PaCa-2 cells were
characterized by the presence of TSG101 or the absence of calreticulin, used as positive and
negative controls respectively, as previously described [163]. We also showed the exclusive and
abundant expression in EVs of tetraspanins CD63 and CD81, often used for the detection of
secreted microvesicles. Our results also confirmed the different expression of ANXA1, as revealed
by the lack of ANXA1 KO total and EV protein extracts, for both full length and cleaved forms
(Fig. 8.1A).

Once validated, the EV effects on HUVEC motility [163], the BJ cell migration was analyzed by
wound-healing assay as well as the capability of invasion through the coating of Matrigel in
transwells. As shown in Figure 8.1B, and C, BJ cells invaded and migrated more rapidly in the
presence of EVs isolated from WT MIA PaCa-2 cells when compared to those obtained from
ANXAL KO cells and to the untreated controls. In order to support the results obtained with the
invasion assay, we performed a gel zymography to assess the activity of metalloproteinases 2
(MMP2) (e.g., gelatinolytic enzymes), secreted by the cells. The degrading activity of BJ MMP2
was significantly increased in the presence of EVs from WT MIA PaCa-2 compared to the EVs
released by ANXA1 KO cells. This kind of signal appeared evident after 48 and 72 h of treatment
(Fig. 8.1D). Furthermore, the activation of fibroblasts triggers their switch into myofibroblasts. This
phenomenon is related to the increase of the expression of specific protein markers, particularly

relevant of which is the fibroblast activated protein 1o (FAPla), a member of the group Il integral
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serine proteases, and vinculin, a cytoskeletal protein of the focal adhesion plaques [336; 337]. BJ
cells showed a notable increase of levels of FAPla expression when treated with EVs from WT
MIA PaCa-2, more than ANXAL KO EV. The WT EV treatment triggered a marked increase of
traction stresses, with an increase in the expression of vinculin not only with respect to the control
cells, but also with respect to the ANXA1 KO EV treated cells. Furthermore, by this confocal
analysis, we proved that fibroblasts acquired more precise and parallel directionality in the presence

of WT EVs than in the presence of ANXAL KO EV treated cells (Fig. 8.1E).
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Figure 8.1 MIA PaCa-2 extracellular vesicles (EV) effects on BJ cells. (A) Western blot using antibodies against
calreticulin, TSG 101. CD63, CD81, and ANXAL on the protein content of total cell lysates and EV fractions extracted
from the WT and ANXA1 KO MIA PaCa-2 cells. Protein normalization and the check of the sample quality were
performed on GAPDH levels. Analysis of (B) invasion and (C) migration distance of BJ cells treated with EVs from
wild type (WT) and ANXAL knock-out (KO) MIA PaCa-2 cells with relative bright field images. Bar = 50 um. (D)
Gelatin zymography showing increased gelatinolytic activity of MMP-2 of BJ cells. Zymography was performed using
0.1% gelatin gel followed by Coomassie blue staining. (E) Immunofluorescence analysis to detect Fibroblast Activated
Protein 1a (FAPla) and vinculin. Nuclei were stained with Hoechst 33342 1:1000 for 30 min at room temperature (RT)
in the dark. Magnification 63 x 1.4 numerical aperture (NA). Bar = 100 pm. Data represent the mean of three
independent experiments + standard deviation with similar results. *** p < 0.001 treated cells vs. untreated controls;
### p < 0.001 for each point of ANXA1 KO MIA PaCa-2 cells vs. WT one
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8.2 Ac2-26 peptide promoted fibroblasts and endothelial cells motility through FPRs

Once validated the EVs effects on motility and activation of BJ cells in precence of ANXAL, we
focused on the mechanism by which the ANXAL-EVs complex could stimulate stromal cells and
promote their mesenchymal switches.

It has been observed that the secreted form of ANXA1L stimulates a more aggressive phenotype in
cancer cells by its interaction with FPRs [162; 274; 199]. Particularly, the N-terminal mimetic
peptide of ANXAL, Ac2-26, is known to be involved in cell migration and invasion by acting on
these receptors [162; 251].

In this study we assessed these processes on BJ and HUVEC cells, showing an increase in
migration speed (Fig.8.2A and B, for BJ and HUVEC cells, respectively) and invasion ability
(Fig.1C and D, for BJ and HUVEC cells, respectively) of cells treated with Ac2-26 or with the
natural FPR agonist fMLP (formyl-Methionine-Leucine-Phenylalanine), compared to controls. The
FPRs antagonist Boc-1 (N-tert-butyloxycarbonyl-Met-Leu-Phe) significantly inhibited basal and
Ac2-26 or fMLP-stimulated migration. About the in vitro angiogenesis on HUVEC cells, these ones
showed a higher tendency to form capillary-like structures when treated with Ac2-26 and fMLP to a
greater extent than control cells. Additionally, Boc-1 negatively influences angiogenic activity, with
or without treatment (Fig. 8.2E). These events have been further corroborated by the analysis of the

number of branching points and of the relative tube length.
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Figure 8.2 Effects of Formyl peptide receptors (FPRs) agonists and antagonists on BJ and Human umbilical vein
endothelial cell (HUVEC) cells. Results of Wound-Healing assay on (A) BJ and (B) HUVEC cells treated with formyl-
Methionine-Leucine-Phenylalanine (fMLP) (50 nM), Ac2-26 (1 uM), and N-tert-butyloxycarbonyl-Met-Leu-Phe
(Bocl) (100 uM), with related images. Analysis of invasion distance of BJ (C) and HUVEC (D) with relative bright
field images treated or not with FPR agonists and antagonist at the same concentration. Bar = 50 um. (E)
Representative images of tube formation by HUVEC cells seeded for 12 h on Matrigel: Endothelial Cell Growth Basal
Medium-2 (EBM-2) 1:1 with the same treatment. Analysis of tube length and number of branches calculated by ImageJ
(Angiogenesis Analyzer tool) software. Bar = 100 um. Data represent the mean of three independent experiments +
standard deviation with similar results.* p < 0.05; ** p < 0.01; *** p < 0.001 treated cells vs. untreated controls; § p <
0.05; 88 p < 0.01; 888 p < 0.001 for each point of EVs + Boc-1 vs. Boc-1 alone.
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8.3 PC cells-EVs interact with FPRs on human fibroblasts

Once evaluated the activation of FPRs, the mechanism by which PC cells-deriving EVs might
induce the motility of human fibroblasts was investigated. First, we assessed by cytofluorimetric
analysis that FPR-1 and FPR-2 expression on BJ cells does not change in presence of WT and
ANXAL KO EVs (Fig. 8.3A). We confirmed this data through the RT-PCR (Fig. 8.3B). Next, we
examined the migration and invasion distances of these cells treated with EVs derived from WT and
ANXAL KO MIA PaCa-2 cells with or without Boc-1. The results in figure 8.3C and D show that
fibroblasts treated with WT EVs together with Boc-1 migrated and invaded more than the control,
but less than the WT EVs treated cells. The motility effects were inhibited by co-administration of
ANXAl KO EVs plus Boc-1. Finally, to support the results obtained by invasion assay, we
performed gel zymography reporting the activation of MMP2 in BJ cell supernatants. Gel
degradation increased in presence of WT EVs and Boc-1 if compared to not treated and Boc-1

treated cells but also when the FPR-antagonist is co-administered ANXA1 KO EVs (Fig. 8.3E).
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Figure 8.3 EVs interact with FPRs on fibroblasts. (A) Expression of FPR-1 and FPR-2 on BJ cells were analyzed by
flow cytometry. The violet areas in the plots are relative to unstained fibroblasts. FPR-1 and FPR-2 signals are showed
in green for ctrl, in pink for WT EVs and in light blue for ANXA1 KO EVs treated cells for 24 h. (B) Real Time-
Polymerase Chain Reaction (RT-PCR) for FPR-1 and FPR-2, mRNA expression measured on levels of HPRT1. Values
refer to the same experimental points of flow cytometry analysis and are expressed using the delta-delta Ct method to
derive relative fold change. It is also shown the electrophoresis of the FPR-1 and FPR-2 RT-PCR products on 2%
agarose gel stained with ethidium bromide. Results of Wound-Healing assay and (C) invasion analysis with relative
bright field images of BJ cells, treated or not with EVs from WT and ANXA1 KO MIA PaCa-2 cells and Boc1 (100
pUM). Bar = 50 um. (D) Gelatin zymography showing gelatinolytic activity of MMP-2 of BJ supernatants. (E) Data
represent the mean of four independent experiments + standard deviation with similar results.* p < 0.05; ** p < 0.01;
*** n < 0.001 treated cells vs. untreated controls; ## p < 0.01; for each point of ANXAL1 KO MIA PaCa-2 cells vs. WT
one; § p < 0.05; 8§88 p < 0.001 for each point of EVs + Boc-1 vs. Boc-1 alone.
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8.4 ANXA1-containing EVs interact with FPRs on endothelial cells

As for human fibroblasts, FPR-1 and FPR-2 expression remained unmodified also in HUVEC
cells in presence of both WT and ANXAL KO EVs (Fig. 8.4A, B).

Additionally, as shown for BJ cells, EVs induced a signal transduction via FPRs in HUVEC cells
as well. The addition of Boc-1 to WT EVs determined a significant slowdown of the migration and
invasion distances compared to cells treated with WT EVs alone. The same trend, but much less
pronounced, has been observed when Boc-1 was added ANXAL1 KO EVs (Fig. 8.4C, D). Finally,
the inhibition of FPRs through Boc-1 presented a significant effect also on in vitro angiogenesis, for

which we found a rescue of WT EVs action more than ANXAL KO EVs (Fig. 8.4E).
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Figure 8.4 EVs interact with FPRs on endothelial cells. (A) Expression of FPR-1 and FPR-2 on HUVEC cells was
analyzed by flow cytometry. The violet areas in the plots are relative to unstained fibroblasts. FPR-1 and FPR-2 signals
are showed in green for ctrl, in pink for WT EVs and in light blue for ANXAL KO EVs treated cells for 24 h. (B) RT-
PCR for FPR-1 and FPR-2, mRNA expression measured on levels of HPRT1. Values refer to the same experimental
points of flow cytometry analysis are expressed using the delta-delta Ct method to derive relative fold change. It is also
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shown the electrophoresis of the FPR-1 and FPR-2 RT-PCR products on 2% agarose gel stained with ethidium bromide.
Results of HUVEC (C) migration and (D) invasion in presence of WT and ANXA1 KO EVs with or without Boc-1
(100 uM) with relative bright field images. Bar = 50 um. (E) Representative images of tube formation by HUVEC cells
with the related analysis of tube length and number of branches. Bar = 100 um. Data represent the mean of four
independent experiments + standard deviation with similar results. * p < 0.05; ** p < 0.01; *** p < 0.001 for treated
cells vs. untreated controls; # p < 0.05, ## p < 0.01; ### p < 0.001 for each point of ANXA1 KO MIA PaCa-2 cells vs.
WT one; 8 p <0.05; 88 p < 0.01; 8§88 p < 0.001 for each point of EVs + Boc-1 vs. Boc-1 alone.

8.5 WT EVs promoted the fibroblasts switch more than ANXAL1 KO EVs

In TME fibroblasts can differentiate into myofibroblasts forming a tumor-responsive stroma.
Analyzing some of the principal mesenchymal markers, we showed in BJ cells a notable increase of
expression of FAPla, Collagen type I alphal (COL1A) and Fibroblasts Growth Factor 2 (FGF2)
when treated with EVs from WT MIA PaCa-2 than when treated with ANXA1 KO EVs (Fig. 8.5,
panels y-a’, a-c and m-o, respectively).

In presence of Boc-1, the levels of these proteins appeared strongly reduced (panels b’, d, p,
respectively). When this antagonist has been administered together with ANXA1 KO EVs the
signal for these markers became very similar to the untreated cells (panels d’, e and q, respectively),
while an intermediate intensity has been revealed in case of Boc-1/WT EVs (panels ¢’, d and p).
Here we found a significant increase of well-organized stress fibers, as revealed by phalloidin
staining of F-actin, when the cells were treated with WT EVs. Actin polymerization reached an
intermediate situation between ctrl and WT EVs when BJ have been treated with ANXA1 KO EVs.
Again, Boc-1 negatively affected this process and interfered more with WT EVs than with ANXA1
KO EVs (panel g-I). A very similar trend has been observed for vinculin expression, for which WT
and ANXA1 KO EVs confirmed its increase (panels e’-g’). On the other hand, Boc-1 determined a
different formation of vinculin adhesion plaques. Moreover, in case of co-administration, Boc-1
plus WT EVs, this inversion appeared higher than the addition of the mix Boc-1/ANXAL KO EVs
(panels h’-j”). Furthermore, the expression of vimentin resulted not affected by treatments, but
interestingly, this protein appeared much better structured in presence of WT EVs than in presence

of ANXA1 KO EVs. Vimentin organization has been strongly affected by Boc-1 added together
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with WT EVs than with ANXA1 KO EVs (panels s-x). Finally, the confocal analysis allowed us to
show an elongated form and a parallel-organized pattern in almost 100% of the seeded population
in the presence of WT EVs, but less with ANXAL KO EVs. The untreated cells and the cells treated
with Boc-1 resulted in being disorganized and randomly orientated. As far as the expression

markers are concerned, the co-administration of EVs and Boc-1 led to an intermediated behavior.

ctrl EVsWT EVs KO Boc1 EVs WT+Boc1 EVs KO+Boc1

c
=
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Q
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>

vinculin

Figure 8.5 Fibroblasts activation induced by ANXA1-containing EVs. Fibroblasts activation induced by ANXA1-
containing EVs. Immunofluorescence analysis on BJ cells to detect: COL1A (panels a—f), F-actin (panels g-1), FGF2
(panels m-r), vimentin (panels s—x), FAP1a (panels y—d’) and vinculin (panels e’—j’). Nuclei were stained with Hoechst
33342 1:1000 for 30 min at RT in the dark. Magnification 63 x 1.4 NA. Bar = 100 yum.
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8.6 WT EVs is able to induce the EndMT through FPRs

In direct response to vesicles released from a primary tumour, the endothelium can undergo the
Endothelial-to-Mesenchimal Transition (EndMT), acquiring a mesenchymal phenotype. For this
reason, we have investigated by confocal microscopy the effects of EVs from WT and ANXA1 KO
MIA PaCa-2 cells on HUVEC cells. In figure 8.6, in presence of WT EVs, HUVEC disclosed a
greater expression of Vascular Endothelial Growth Factor (VEGF), a-Smooth Muscle Actin
(«SMA), FAP1a and fibronectin (Fig. 8.6, panels a-b, m-n, y-z, and ¢’-f*, respectively), considered
altogether as markers of EndMT.

Furthermore, the expression of these proteins underwent a smaller increase in presence of EVs from
ANXA1 KO clones (panels ¢, o, a’, g’, respectively). Accordingly, Boc-1 was more effective when
FPRs were stimulated by WT EVs than by ANXAL KO (panels d-f, p-r, b’-d’, h’-j’, respectively for
VEGF, aSMA, FAPla, fibronectin). Again, Vascular Endothelial (VE)-cadherin showed an
increased cytosolic expression with WT EVs, than with ANXA1 KO EVs; Boc-1 blocked these
effects and the protein remained linked to cell membrane despite the vesicles stimulation (panels s-
x). Finally, the phalloidin staining allowed us to show the F-actin fibers more sharply with WT EVs
compared to ANXA1 KO EVs.

The intermediate behavior for each related treatment has been reached in presence of the FPRs

antagonist, as for the other markers considered (panels g-1).
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Figure 8.6 EndMT induced by ANXAZ1-containing EVs. Confocal analysis for HUVEC cells in presence of WT
and ANXA1 KO EVs with and without Boc-1, for: VEGF (panels a-f), F-actin (panels g-1), aSMA (panels m-r),
VE-cadherin (panels s-x), FAP1a (panels y-d’), fibronectin (panels e’-j’). Nuclei were stained with Hoechst 33,342
1:1000 for 30 min at RT in the dark. Magnification 63 % 1.4 NA. Bar = 100 um.
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8.7 The PC cell-derived EVs influence the macrophage polarization

The exosomes released by cancer cells preserve an immunomodulatory capability, also
promoting macrophage polarization, mainly as M2-like phenotype. In order to investigate the
paracrine effects of these vesicles on the recruitment of M2 macrophage, we have used the THP-1
monocyte cells. These cells have been pretreated with the phorbol-12myristate-13-acetate (PMA),
320nM for 6 h which allowed the MO macrophagic polarization mainly confirmed by cell adhesion
[338]. Then, the MO population has been treated with a normalized amount of EVs derived from
WT and ANXAL1 KO MIA PaCa-2 cells. After 24 h of treatment, THP-1 cells were harvested, and
the surface markers were detected by flow cytometry to distinguish the two subpopulations:
CD80/86 for M1 and CD163/206 for M2. Thus, figure 8.7A displayed a strong polarization of
macrophages treated with PC EVs into M1 or M2 subpopulation. In particular, WT EVs induced a
high expression mainly of M2 markers compared to the treatment with IL-4 and IL-13 used as
controls. The administration of Ac2-26 proved that this differentiation is due to ANXAL. On the
other hand, ANXA1 KO EVs were able to induce phenotype switch in M1 population with high
levels of its markers as seen in presence of LPS and INFy, as technical controls.

The respective analyses of plots have been highlighted by histograms in figure 8.7B. To confirm
that the WT EVs induced the polarization of macrophages to M2 phenotype, we measured the
production of the cytokine IL-10 (a well-known M2 cytokine) by ELISA (Fig. 8.7C). Actually, a
significant increase of IL-10 amount was found in PC cell-derived EVs-treated macrophages with
respect of ANXA1 KO EVs and interestingly also more than the stimulus induced by the controls

IL-4 and IL-13.
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Figure 8.7 Macrophage polarization. (A) Flow cytometry analysis of M1 cell surface markers (CD80 and CD86) and
M2 (CD163 and CD206) cell surface markers on THP-1 macrophages incubated with LPS+INF-y (M1 induction
cytokines), IL4+IL13 (M2 induction cytokines), Ac2-26 (1 pM) and WT and ANXA1 KO EVs for 24 h. (B) The

histograms showed the expression of these markers on total cells analyzed through flow cytometry. (C) ELISA analysis
of IL10 cytokine expression in THP-1 macrophages treated with LPS+INFy (M1 induction cytokines), IL4+1L13 (M2
induction cytokines) and WT and ANXA1 KO EVs for 24 h. Data represent the mean of five independent experiments
+ standard deviation with similar results. * p < 0.05; ** p < 0.01; *** p < 0.001 for treated cells vs. PMA treated
controls; 88 p < 0.01; 888 p < 0.001 for the point with ANXAL KO EVs vs. Ac2-26; ¥ p <0.05, ¥ p<0.01, ¥¥¥p<
0.001 for ANXAL KO EVs vs WT EVs; # p < 0.05; ## p < 0.01; and ### p < 0.001 for each point vs. IL-4+IL-13.
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8.8 The effects of EVs from WT and ANXAL1 KO MIA PaCa-2 cells on macrophage migration

and invasion.

The metastatic potential of ANXAL, secreted via EVs, has previously studied on endothelial cells
and fibroblasts. Here, we focused on the MO macrophage motility assessing migration and invasion
processes. As shown in figure 8.8A and C, cells migrated and invaded more rapidly in presence of
WT EVs than with ANXA1 KO EVs, both compared to untreated controls (Fig. 8.8B and D
representative bright field images of wound healing and invasion assay, respectively, are reported).

Also, in this case, Ac2-26 confirmed that the exogenous ANXAL was able to induce very similar
effects of WT EVs. Furthermore, we have proved that the WT EVs promoted the proliferation of
these MO macrophages through a colony formation assay, performed as reported in Material and
methods section. We further distinctly reported as the ANXA1 KO EVs were less able to support
cell growth. These results are described both in the bright field images (Fig. 7.8E) and in the

histogram analysis (Fig. 7.8F) obtained from the SDS dissolution of cell-adsorbed crystal violet.
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Figure 8.8 EVs effects on THP-1 macrophages. Analysis of (A) migration and (C) invasion speed of THP-1
macrophages treated with EVs from WT and ANXA1 KO MIA PaCa-2 cells with relative bright field images in (B) and
(D), for migration and invasion respectively. Bar = 50um. (E) Representative images of the clonogenic assay performed

on THP1-macrophages in presence of WT and ANXA1 KO EVs for 24 hrs. (F) Histogram referring to the optical
density (OD) obtained from 1% SDS cell dissolution and read to spectrophotometer. Data represent the mean of three
independent experiments + standard deviation with similar results. * p<0.05; ** p<0.01; *** p<0.001 for treated cells
vs. untreated controls; § p<0.05 for the point with ANXAL1 KO EVs vs. Ac2-26; ¥ p<0.05; ¥¥ p<0.01 for each point
with ANXAL KO EVs vs. WT EVs.
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8.9 ANXAL1 affects the tumor microenvironment

In TME, cancer cells can activate and recruit other cellular elements that contribute to tumor
progression. In order to investigate the role of extracellular ANXAL, indirect co-culture systems
were established between supernatants of WT and ANXAL KO MIA PaCa-2 cells and macrophages
and between EVs-treated macrophages and BJ or HUVEC, as described in Material and methods
section. Thus, we have demonstrated that the conditioned medium (CM) harvested from the WT
MIA PaCa-2 cells induced the macrophage recruitment in a more significant manner if compared
with the ANXAL KO MIA PaCa-2 one. The histogram referred to the panels a, ¢ and e (Fig. 8.9A)
which represent the macrophages in the bottom of the lower chamber in response to CM from WT
and ANXA1 KO cells. In the same figure 8.9B, panels b, d and f are representative of the
correspondent cells stained by crystal violet in the matrigel coating in the upper chamber of
generated system. These last panels confirm that THP-1 cells invaded more rapidly in presence of
the WT cells CM compared to the ANXA1 KO cells one, in line with which we reported above.
Furthermore, the white arrows indicate that in presence of the CM from WT cells, the activated
macrophages produced the typical ejections indispensible for the amoeboid movement capacity
(Fig. 8.9A, panel c). On the contrary, when stimulated with ANXA1 KO cells-CM, macrophages
remained mostly with a rounded monocyte-like appearance, like the untreated condition (Fig. 8.9A,
panel e and a, respectively).

Finally, we have studied that polarized macrophages, obtained by the pretreatment with WT and
ANXAL KO EVs, were differently able to recruit fibroblasts and endothelial cells. To confirm the
peculiar role of the extracellular ANXAL in this process, we also used MO macrophages treated
with Ac2-26 as positive control. Figure 8.9B and C show the invasion of HUVEC and BJ,
respectively. In both cases, as evident by histograms and bright field images, cell enrolment was
significantly enhanced by M2 macrophages compared to M1 ones and mainly to the untreated

control. These results were also confirmed using the supernatant (sup.) of M1 and M2 macrophages
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polarized by WT and ANXAl KO EVs. Furthermore, we studied the ability of polarized
macrophages in M2, following the pretreatment with WT EVs for 24 hours, and M1, thanks to
ANXAL KO ones, to activate BJ and HUVEC motility. To confirm that this process is influenced
by externalized ANXA1, we also used MO macrophages treated with Ac2-26 as positive control.
HUVEC and BJ invasion was significantly enhanced and affected by M2 macrophages compared to
M1 and untreated control. The results were confirmed using only the supernatant (sup.) of M1 and

M2 macrophages polarized by WT and ANXA1 KO EVs.
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Figure 8.9 ANXAL1 effects on TME. (A) Co-colture system performed by THP-1 macrophage invasion assay to WT
and ANXAL1 KO conditioned medium (CM). (B) Bright filed images of THP-1 cells captured in the bottom of the lower
chamber of transwell (panels a, ¢ and €) and representative images of macrophages in the same experimental points
stained by crystal violet in the matrigel coating in the upper chamber of the generated invasion system (panels b, d and
f). Results of (C) HUVEC and (E) BJ cells invasion to polarized M1 or M2 macrophages pretreated for 24 hrs with WT
and ANXA1 KO MIA PaCa-2 EVs, with Ac2-26 (1uM) and with the supernatants of THP-1 pretreated for 24 hrs with
WT and ANXA1 KO MIA PaCa-2 EVs. The relative bright field images were showed in (D) for HUVEC and in (F) for
BJ, respectively. Bar = 50um. Data represent the mean of four independent experiments * standard deviation with
similar results. ** p<0.01; *** p<0.001 for treated cells vs. untreated controls; 8§ p<0.01; 88§ p<0.001 for each point
with ANXA1L KO EVs vs. Ac2-26; ¥ p<0.05; ¥¥ p<0.01; ¥¥¥ p<0.001 for each point with ANXAL1 KO EVs vs. WT
EVs; °° p<0.01; °°° p<0.001 for ANXAL KO EVs sup vs. Ac2-26; 11 p<0.01; 111 p<0.001 for ANXAL KO EVs sup vs.
WT EVs sup; @@@ p<0.001 for WT EVs sup vs. Ac2-26.
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8.10 WT MIA PaCa-2 EVs influence the endothelial cell activation

The significant association between TAMs and angiogenesis in several cancers is a well-known
issue [339; 340]. Additionally, the promotion of this process by ANXA1L in EVs has already been
studied [247]. Thus, we have investigated how polarized M1 or M2 macrophages could influence
the activation of endothelial cells and promote the angiogenesis. Since the vascular endothelial
growth factor-A (VEGF-A) has one of the major mediators of angiogenesis, we measured its
production by ELISA finding a notable increase in the supernatant of macrophages treated with
EVs. In particular, WT EVs acted more efficiently than ANXAL1 KO ones with a significant
difference both if compared to each other and compared to control both at baseline (only following
treatment with PMA for 6 h) and after 24 h more from the seeding with growth medium.
Interestingly, M2 macrophages with WT EVs treatment have secreted more VEGF-A than ANXAL
KO ones. Additionally, the positive effect of Ac2-26 about the induction of VEGF-A section has
been strongly evaluated (Fig. 8.10A). Later, we focused on cell motility evaluating that HUVEC
migrated more rapidly if treated with supernatant of M2 macrophages (WT sup. — obtained from
macrophages after a pre-treatment with WT EVs) compared to M1 supernatant (ANXA1 KO sup. —
harvested from differentiated THP-1 pre-treated with ANXA1 KO EVs) (Fig. 8.10B and C for
representative images). Furthermore, also for the in vitro angiogenesis the capability of macrophage
supernatant to strongly stimulate this process was confirmed.

Notably, the WT EVs sup. promoted a significant number of branching points and the relative
tube length com-pared to ANXAL KO EVs sup. and the untreated control (Fig. 8.10D and E for
bright field images). The macrophage supernatant containing Ac2-26 (Ac2-26 sup.) again
confirmed its positive action in a very similar manner to WT EVs sup. stimulus (Fig. 8.10D and E).
Finally, based on the variation of HUVEC migration speed, we studied their cytoskeletal
reorganization through confocal analysis. Thanks to phalloidin staining, we observed a well-

organized cytoskeleton with more evident F-actin fibers in cells treated with WT EVs sup. when
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compared to other ones (Fig. 8.10F, panels a-d). In this same experimental point, we inversely
found that VE-cadherin expression was significantly reduced compared to the control but also
respect to the ANXA1 KO EVs sup. treated points (Fig. 8.10F, panels e-h). Also, in this case, we
used as control the endothelial cells in presence of their own growth medium (ctrl) and with
HUVEC medium: macrophage growth medium 1:1 (ctrl sup). The experimental point with Ac2-26
was already shown above. These results highlighted by the fluorescence images have been also

proved by the histograms representing the densitometry analysis (Fig. 8.10G).
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Figure 8.10 Endothelial cells activation induced by M2 macrophages. (A) ELISA analysis of VEGF-A expression in
the supernatants of macrophages treated with Ac2-26 (1uM) and WT and ANXA1 KO EVs for 24 hrs. Result of
HUVEC (B) migration and (D) in vitro angiogenesis in presence of THP-1 supernatants pretreated for 24 hrs with WT
and ANXA1 KO MIA PaCa-2 EVs and Ac2-26 (1uM). The relative bright field images are reported in (C) for
migration assay (Bar = 50um) and in (E) for angiogenesis one (Bar = 100 um). (F) Confocal analysis for HUVEC cells:
F-actin (panels a-d) and VE-cadherin (panels e-h) with the related densitometry evaluation in (G). Nuclei were stained
with DAPI 1:1000 for 30 min at RT in the dark. Magnification 63x 1.4 numerical aperture (NA). Bar = 100 um. Data
represent the mean of three independent experiments + standard deviation with similar results. * p<0.05; ** p<0.01; ***
p<0.001 for treated cells vs. untreated controls; § p<0.05; §§ p<0.01; 88§ p<0.001 for ANXAL KO EVs vs. Ac2-26; ¥¥
p<0.01; ¥¥¥ p<0.001 for each point with ANXA1 KO EVs vs. WT EVs; +++ p<0.001 for each experimental point vs.
baseline control t0 meaning the treatment exclusively with PMA (320nM) for 6 hrs; °° p<0.01; °°° p<0.001 for ANXA1
KO EVs sup vs. Ac2-26 sup; 11 p<0.01; 111 p<0.001 for ANXA1 KO EVs sup vs. WT EVs sup; ~ p<0.05; ~~~ p<0.001
for ANXAL KO EVs sup and WT EVs sup vs. ctrl sup
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8.11 TAMs support the fibroblast activation

As shown in figure 8.11 (A and B), the BJ cells migrated more rapidly in presence both of Ac2-
26 and of WT EVs sup. than to those with ANXA1 KO EVs sup. and to untreated control. In order
to support this result, we performed a gel zymography assessing the activity of MMPs secreted by
fibroblasts to degrade the extracellular matrix. Differently from MMP2 whose signal appeared
overall unchanged, the MMP9 underwent a very prominent increase, after 24 h of WT-EVs sup.
treatment as compared to the ANXAL KO-EVs sup. (Fig. 8.11C). Furthermore, activated fibroblasts
are characterized by cytoskeletal changes, as revealed in this case through the marked increase of
well-organized F-actin stress fibers and acquisition of more precise and parallel directionally not
only respect to the control cells but also respect to the ANXA1 KO EVs sup. treated cells (Fig.
8.11E, panels a-d). Another important signal of fibroblast differentiation is the increase of the
expression levels of FAP1a. In BJ cells, this expression notable increase when treated with WT EVs
sup, more than ANXAL KO EVs sup. (Fig. 8.11E, panels e-h). As for HUVEC cells, we used two
technical controls: the first one constituted by the BJ in presence of the growth medium and the
second one by BJ growth medium: macrophage growth medium 1:1 (ctrl sup). Also in this case, we
have not illustrated the experimental point treated with Ac2-26 that was shown previously. This
information appeared evident not only in fluorescence images but also through the densitometry
analysis (Fig. 8.11F). Moreover, the western blotting reported in figure 8.11G, further confirm the

different levels of FAP1a expression which appears absolutely in line with confocal results.
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Figure 8.11 Fibroblasts activation induced by M2 macrophages. Results of (A) wound-healing assay and relative
bright field images (B) of BJ cells with THP-1 supernatants obtained after 24 h with WT and ANXA1 KO MIA PaCa-2
EVs, and Ac2-26 (1 pM). Bar = 50 um. (C) Gelatin zymography showing gelatinolytic activity of MMP-9 of BJ
supernatants. (D) Immunofluorescence assay on BJ to detect: F-actin (panels a—d) and FAP1a (panels e-h) with the
related densitometry analysis (E). Magnification 63 x 1.4 NA. Bar = 100 um. (F) Western blot using antibodies against
FAP1a on protein content of fibroblasts. Protein normalization was performed on tubulin levels. Data represent the
mean of three independent experiments + standard deviation with similar results. * p < 0.05; ** p < 0.01; and *** p <
0.001 for treated cells vs. untreated controls; °° p < 0.01 for ANXA1 KO EVs sup. vs. Ac2-26 sup; 111 p < 0.001 for
ANXA1 KO EVs sup. vs. WT EVs sup; ~ p < 0.05; ~~~ p < 0.001 for ANXA1 KO EVSs sup. and WT EVs sup. vs. ctrl
sup.
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8.12 Characterization of macrophage infiltration in WT and ANXAl KO tumor and

metastases

TAMs are pre-dominantly anti-inflammatory M2-macrophages. Thus, in order to assess the main
phenotype, the WT and ANXA1 KO tissues from mice pancreas and liver, obtained from our
previous study [162], have been analyzed through H&E staining. First, pancreas WT sections
generally displayed multiple injuries, infiltrating ductal-like structures and extensive desmoplastic
stromal reactions (Fig. 8.12A, panel a, star), attributable to high macrophage infiltration (Fig.
8.12A, panel a, white arrows) compared to the ANXA1 KO ones (Fig. 8.12A, panel b). We also
determined whether ANXAL depletion could affect the stromal infiltration in metastasis formation.
Therefore, we analyzed the liver section because it represents one of the first affected organs by the
PC metastatic process. The H&E staining displayed a high infiltration of macrophages in WT livers
(Fig. 8.12A, panel c, white arrows), which were particularly notable in the metastatic niche in the
section, signed by the lost structural integrity and reduced compactness. On the other hand, the
ANXAL KO liver sections retained their red color, integrity and tissue density and showed much
less macrophage infiltration in metastasis lesion (Fig. 8.12A, panel d).

Next, in order to confirm the phenotype of TAMs in tumor and metastasis tissues, their
characterization has been performed by an immunofluorescence assay. As shown in figure 8.12B, a
large number of CD206 and CD163 positive macrophages more than CD80 and CD86 were
observed in the WT pancreatic tumor and in the corresponding liver metastasis sections, suggesting
the relevant presence of M2 macrophages. In contrast, low levels of CD206 and CD163 positive
macrophages were detected in the ANXA1 KO tumor (panels e-h) and metastasis (panels m-p)
tissues, where the main macrophage phenotype was the M1 one, as revealed by CD80 and CD86
signals (panels a, b and i, j for CD80; b, f and k, | for CD86; e, f and m, n for CD163; g, hand o, p
for CD206). These results have been also confirmed by densitometry analysis shown in figure

8.12C.
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Figure 8.12 Macrophage infiltration in SCID mice sections derived from primary pancreatic tumors and livers after
intrapancreatic implantation of WT and ANXA1 KO MIA PaCa-2 cells. In detail, we indicated as WT and ANXA1 KO
pancreas the sections derived from mice in whose pancreas we have previously implanted WT and ANXA1 KO MIA
PaCa-2 cells, respectively, and in which primary tumors have been developed. Additionally, WT and ANXA1 KO
livers represented the hepatic sections in which we had found significantly more metastatic lesions deriving from
tumors originating from WT MIA PaCa-2 cells compared to ANXAL KO ones. (A) Pancreas (panels a and b) and liver
(panels ¢ and d) sections have been stained by H&E. Infiltrating ductal-like structures were labeled by star; macrophage
infiltrations were marked by white arrows. Bar = 100 um. (B) Representative images of CD80 (panels a and b; i and j),
CD86 (panels ¢ and d; k and I) (M1 macrophage markers) and CD163 (panels e and f; m and n) and CD206 (panels g
and h; o and p) (M2 macrophage markers) staining by immunofluorescence in WT and ANXA1 KO mice pancreas and
liver (livers in which we have found metastatic lesions derived from intrapancreatic injection of WT MIA PaCa-2 cells)
sections. (C) The histograms showed the densitometry analysis on immunofluorescence images based on the intensity
of each signal compared to the total number of nuclei. Nuclei were stained with DAPI 1:1000 for 30 min at room
temperature (RT) in the dark. Magnification 40 x 1.4 NA. Bar = 100 um. Data represent the mean of three independent
experiments + standard deviation with similar results.  p < 0.01; " p < 0.001 for ANXAL KO vs. WT cells
xenografts.
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8.13 The ability of ANXAL1 to affect tumor 3D model

In order to investigate how the ANXA1 can affects the TME, 3D model both in mono and co-
culture were established between WT and ANXA1 KO MIA PaCa-2 cells, CAFs and monocytes, as
described in Material and methods section. In figure 8.13.1A we have demonstrated that MIA
PaCa-2 cells, after 10 days, form a compact spheroid with an outer proliferative layer and a hypoxic
and necrotic core that means the cellular interactions as well as compactness. On the other hand,
though the ANXA1 KO MIA PaCa-2 cells show themselves how "aggregate™ which describe less

tightly packed cells from compact spherical cultures like spheroids (Fig. 8.13.1B).

MIA PaCa 2
A to ctrl CAFs CAFs + Mono
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ANXA1 KO MIA PaCa 2
B to ctrl CAFs CAFs + Mono
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A A
s 7 3
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S g LT

Figure 7.13.1 ANXA1 effects on tumor 3D model. (A) 3D model in mono and co-colture system performed by WT
cells and ANXAL KO ones (B) in 96 well U-bottom plates.

10 days

Furthermore, the presence of CAFs in the co-culture with WT tumor cells, compared to ANXA1

KO ones, considerably increased the spheroid formation, also confirmed by the analysis of the
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number of cells, size and viability (Fig. 8.13.2A-F). All tumor cell lines showed increased
proliferation and survival in co-culture with CAFs compared to tumor monocultures. To
determinate the influence of monocyte addition to 3D model co-culture formation, viability and
proliferation, WT and ANXA1 KO MIA PaCa-2 cells and CAFs were co-cultured for 3 days to
form spheroids and freshly isolated monocytes were added (Fig. 8.13.1).

Tumor cells/CAFs/monocytes were incubated for 7 days; then the analysis of the number of
cells, size and viability were performed (Fig. 8.13.2 A-F). As show in figure 8.13.2 the presence of
monocytes in co-culture 3D model did not influence this system if compared with presence of

CAFs, both for WT and ANXA1 KO MIA PaCa-2 3D models.
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Figure 8.13.2 Analysis of WT and ANXA1 KO tumor 3D model. (A-D) Area analysis of 3D model in mono and co-
colture system performed by WT cells and ANXA1 KO ones, with CAFs and monocytes; (B-E) Count of number of
WT and ANXA1 KO MIA PaCaz2 cells; (C-F) Analysis of viability by CellTiterGlo (Promega). Data represent the
mean of three independent experiments + standard deviation with similar results. * p < 0.05; ** p < 0.01; and *** p <
0.001 for treated cells vs. untreated controls.
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8.14 HS directly interacts with ANXA1 N-terminal peptide

ANXAL is involved in PC progression, mainly the extracellular form. Thus, the need to inhibit
its action, has become an appealing cue for the anti-cancer research. Heparan sulfate (HS) is a
glycosaminoglycan of the extracellular matrix known to bind several molecules, as growth factors
and cytokines, generating a kind of reservoir in the extracellular environment. Here, we started our
study by showing the physical calcium-dependent interaction between HS and ANXAL as both full-
length protein and Ac2-26 by biophysical techniques. The direct binding of ANXAL to a series of
sulfated oligosaccharides was recently assessed as a calcium-dependent interaction [279]. A DSF
analysis, based on the shift of protein melting temperature upon specific ligand binding, was first
used to explore the interaction of our human recombinant ANXA1 and our HS preparation. As
shown in Fig. 8.14A, B, we observed a 4.76 ‘C temperature shift in presence of Ca?* ions and
progressively growing melting temperatures (Tm) at increasing concentrations of HS. We did not
observe any temperature shift in absence of Ca®* ions. Since the presence of calcium is known to
induce a conformational change that exposes the N-terminal domain from the core with a
consequent activation of the protein [341], we decided to explore the direct involvement of the N-
terminal domain in the binding to HS. To test this hypothesis, we took advantage of the SPR
technique immobilizing on a sensor chip both the human full length ANXAL and the N-terminal
peptide Ac2-26. As shown in figure 8.14C, D, the associations and dissociations curves of HS
injections showed concentration-dependent responses indicating a direct binding between both the
full-length ANXAL (Kp = 1.3 + 1.0 10" * M) and the N-terminal peptide Kp = 1.5 + 1.5 10” * M.
The direct binding of ANXAL to a series of sulfated oligosaccharides was recently assessed as a
calcium-dependent interaction. This binding has been confirmed in my research laboratory through
DSF and SPR technique both for full-length hrANXAL1 and Ac2-26. We continued the study
evaluating the effects of the HS on migration (Fig. 8.14A) and invasion (Fig. 8.14B) processes of

WT and ANXA1 KO MIA PaCa-2. ANXA1 KO clone did not undergo the action of HS.
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Figure 8.14 Heparan sulphate binding to the full length ANXA1 and the N-terminal peptide Ac2-26. (A) DSF analysis
of the full length ANXAL protein with different concentrations of HS and Ca?* ions as indicated. (B) ANXA1 melting
Temperatures (Tm) of the conditions reported in (A). Sensorgrams obtained from the SPR interaction analysis of HS
binding to immobilized full length ANXAL (C) and the N-terminal peptide Ac 2-26 (D).
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8.15 HS inhibits the migration and invasion rate of WT MIA PaCa-2 cells and not of ANXA1

KO clone

The role of ANXA1 in PC cell motility has been previously elucidated [162; 254]. Once
established the interaction between HS and ANXAL, we continued the study evaluating the effects
of the GAG on migration (Fig. 8.15A and B) and invasion (Fig. 8.15C and D) processes of WT and
ANXA1 KO MIA PaCa-2. Once confirmed the significant slowed motility of MIA PaCa-2 cells
lacking ANXAL, we assisted to a strong decrease induced by HS on both biological processes only
on WT MIA PaCa-2. Indeed, ANXAl KO clone did not undergo the action of HS. The
concentration of this molecule (10 pg/ml) has been chosen through previous migration tests

performed on WT and ANXA1 KO MIA PaCa-2 cells.
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Figure 8.15 Evaluation of migration/invasion rate of WT and ANXA1 KO MIA PaCa-2 cells in presence of HS. (A)
Results from the scratch wound healing assay on WT and ANXA1 KO MIA PaCa-2 cells treated or not with HS (10
pg/ml). (B) Representative bright field images captured by Time Lapse microscope (Leica AF-6000 LX; Leica
Microsystems) of WT and ANXA1 KO MIA PaCa-2 cells at O (coincident with the HS administration) and 24 hr from
produced wounds. Magnification 10x. Bar = 100 um. ***p < 0.001 versus untreated controls; §§8p < 0.001 versus WT
not treated cells. The migration rate was determined by measuring the distances covered by individual cells from the
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initial time to the selected time points (bar of distance tool, Leica ASF software). The data are representative of n =3
independent experiments + SEM. (C) Results of the invasion assay on WT and ANXA1 KO MIA PaCa-2 cells treated
or not with HS (10 ug/ml). The data represent the sum of cells of 15 separate fields per well of n = 5 experiments. *p <
0.05 versus untreated controls; 888p < 0.001 versus WT not treated cells. (D) Representative images of analyzed fields
of the invasion assay captured after 24 hr from the start of the invasion experiment, coincident with the HS
administration. Magnification 20x. Bar = 150 um

8.16 HS reduces the pro-migratory and invasive effects of ANXAL

The Western blot analysis showed in figure 8.16A confirmed the presence of ANXAL only in the
total and supernatant protein extracts of WT MIA PaCa-2 cells. Thus, we replaced the growth
medium of ANXA1 KO cells with WT supernatants, conditioned on cells for 24 h, in presence or
not of HS. As reported in figure 8.16B and 2C, when treated with WT cells medium, containing
ANXAL, the migration and invasion speed of KO MIA PaCa-2 notably increased. Moreover, we
assisted to a significant rescue when WT supernatant has been administered to ANXAL KO cells

together with HS (Fig. 8.16B and C).
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Figure 8.16 HS effects on ANXAL KO MIA PaCa-2 cells in presence of WT cells conditioned medium. (A) Western
blot analysis of total and supernatant protein extract from WT and ANXA1 KO MIA PaCa-2 cells. (B) Results from the
scratch wound healing assay on ANXA1 KO MIA PaCa-2 cells treated or not with HS (10 pg/ml) and/or the medium of
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WT MIA PaCa-2 in which cells have grown for 24 h (WT sup). Representative bright field images captured by Time
Lapse microscope (Leica AF-6000 LX; Leica Microsystems) of ANXAL KO MIA PaCa-2 cells at 0 and 24 h from
produced wounds. Magnification 10x. Bar = 100 pm. **p < 0.01 versus untreated controls; §8p < 0.01 versus cells
treated with WT supernatants. The migration rate was determined by measuring the distances covered by individual

cells from the initial time to the selected time points (bar of distance tool, Leica ASF software). The data are
representative of n = 3 independent experiments = SEM. (C) Results of the invasion assay on ANXA1 KO MIA PaCa-2
cells treated or not with HS (10 pg/ml) and/or the WT sup. The data represent the sum of cells of 15 separate fields per
well of n = 3 experiments. **p < 0.01 and ***p < 0.001 versus untreated controls; 888p < 0.001 versus cells treated
with WT supernatants. Representative images of analyzed fields of the invasion assay captured after 24 hr from the start
of the invasion experiment. Magnification 20x. Bar = 150 um.

8.17 The effects of Ac2-26 on WT MIA PaCa-2 cells are inhibited by HS

The induction of Ca** release from the intracellular compartments by ANXA1 and its N-terminal
peptide Ac2-26 is a well-known concept [184; 342]. In order to focus our efforts on the HS effects
on ANXAL, we continued our analysis on WT MIA PaCa-2 cells. Therefore, the Fluo-4 a. m.
cytofluorimetric assay confirmed the activation of Ca®* intracellular transition when Ac2-26 has
been externally added to cells. Moreover, in case of co-administration of Ac2-26 and HS, the effects
of the ANXAL mimetic peptide has been strongly abrogated. Furthermore, HS interfered with Ca®*
release also when provided alone (Fig. 8.17A). lonomycin and EDTA have been used as technical
controls. Since Ca®* mobilization represents a crucial moment for cell motility [28,29], we further
assessed migration and invasion assays on WT MIA PaCa-2 cells. As expected, Ac2-26 has been
able to induce both processes. However, when this peptide has been added together with HS, this

ability has been significantly abolished (Fig. 8.17B and C).
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Figure 8.17 Assessment of HS action on Ac2-26 on WT MIA PaCa-2 cells. (A) Effects of ionomycin (1 mM), EDTA
(15 mM), as technical controls, Ac2-26 (1 uM) with or without HS (10 pg/ml) on rise in intracellular Ca®* in WT MIA
PaCa-2 cells.*p<0.05; ***p<0.001 versus not treated control; §§8p<0.001 versus Ac2-26. (B) Scratch wound healing
assay and invasion assay (C) on WT MIA PaCa-2 treated for 24hr with Ac2-26 (1uM) and/or HS (10 pg/ml). **p<0.01
versus untreated controls; ***p<0.001 versus untreated controls; §8p<0.01 versus cells treated with WT supernatants;
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8.18 The mesenchymal phenotype of WT MIA PaCa-2 cells is reverted by HS

WT MIA PaCa-2 cells are characterized by a marked mesenchymal phenotype which is further
amplified by ANXAL [343; 344]. In this study, we found the loss of the epithelial cytokeratins 8
(CK8) and 18 (CK18) in presence of Ac2-26, accompanied by an increased expression induced by
HS. Finally, an intermediate condition has been highlighted when Ac2-26 and HS have been
administered together (Fig. 8.18A, panels a-d for CK8 and panels e-h for CK18). No differences in
terms of expression were found for vimentin even if a better filamentous-like organization has been
retained for Ac2-26. This organization, which was lost when cells have been treated by HS, reached
an intermediate feature in presence of both treatments (Fig. 8.18A, panels i-l). These results are
corroborated by the western blot in figure 8.18B. Next, we have studied the capability of WT MIA
PaCa-2 to form spheroids in particularly conditions. We could find that after 24 h, WT MIA PaCa-2
cells continued to stay in a huge aggregate when the spheroid was treated with Ac2-26. On the
contrary, the cell mass scattered in presence of HS. Therefore, we analyzed the
spheroids/aggregates areas by the microscopic images and we evaluated an intermediate situation
with HS that reached very similar features to control cells. Moreover, to confirm the aggressive
behavior of PC cells we analyzed their ability to growth forming colonies proving [345] that the
ANXAL mimetic peptide promoted the formation of WT MIA PaCa-2 cells colonies, behavior
inhibited by HS both alone and together with Ac2-26 (Fig.8.18D). It has been possible to observe
these results in the bright field image and in the histogram related to the dissolution by SDS of cell-
adsorbed crystal violet (Fig. 8.18D). Finally, MTT assay in Fig. 8.18E shows that cell proliferation

is affected by no kind of treatment at 24, 48 and 72 h.
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Figure 8.18 Analysis of HS effects on MIA PaCa-2 cell aggressiveness. (A) Confocal analysis on WT MIA PaCa-2
cells not treated and treated with HS 10 pg/ml and or Ac2- 26 1 uM for 24 hr for CK8 (panels a-d), CK18 (panels e-h)
and vimentin (panels i-l). Magnification 63x 1.4NA. Bar = 10 um. (B) Western blot on protein extract from MIA PaCa-

2 cells analyzed for CK8, CK18, vimentin and p-actin, this latter used as housekeeping. The shown blots are

representative of n = 3 experiments with similar results. (C) Spheroids grown in hanging methylcellulose drops for 7
days. Panels a-d refers to images taken immediately after seeding the spheroids in plate; panels a’-d’ are related to
treatments at 24 hr. Magnification 10x. Bar = 50 um. Spheroids/aggregates area has been calculated. *p < 0.05 **p <

0.01. The shown results are representative of n = 3 independent experiments. (D) Representative images of the

clonogenic assay performed on WT MIA PaCa-2 cells in presence or not of Ac2-26 (1 pM) and/or HS (10 pg/ml) for 24
hr. The histograms refers to the optical density (OD) obtained from 1% SDS dissolution and read to spectrophotometer.

(E) Histogram reported the mean of n =5 MTT analysis at 24, 48 and 72 hr on MIA PaCa-2 cells.
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8.19 The Ac2-26-enhanced aggressive behavior of PANC-1 cells is reduced by HS

In order to amplify the knowledge about the in vitro HS action on PC activity, we have
performed functional assays on PANC-1 cell line that have been described to express ANXA1 but
to not secrete it [161]. First, we assessed the calcium mobilization in presence of Ac2-26 with or
without HS. As found on MIA PaCa-2 cells, Ac2-26 confirmed its ability to promote the Ca*
intracellular transition, this effect is notably reverted in presence of HS. Interestingly, when
administered alone, HS presents no relevant action with respect to the not treated cells (Fig. 8.19A).
The highly aggressive behavior of PANC-1 cells, similarly to MIA PaCa-2 ones, has been
previously evaluated. Particularly, the main EMT markers like E-cadherin and vimentin have been
used to show the pronounced mesenchymal phenotype of this cell line [161; 346]. Here, we used the
immunofluorescence and western blot analysis of these proteins evaluating that Ac2-26 is
responsible to stimulate the EMT features, proved by the decrease of the E-cadherin levels but the
vimentin expression does not change s (Fig. 8.19D, western blot and panel b and f). Furthermore the
confocal analysis highlights a cell fibroblast-like shape (Fig. 8.19D, panel f), typically associated to
a mesenchymal phenotype. Even if we did not find any significant modification about migration
and invasion processes induced by HS, this GAG seems able to cause a slight increase of E-
cadherin and a more pronounced decrease of vimentin (Fig. 8.19D, panels ¢ and g). Interestingly, it
produces a rescue of Ac2-26 effects on the levels of both proteins which return very similar to not
treated cells (Fig. 8.19D, panels d and h). Finally, as reported for MIA PaCa-2 cell line, Ac2-26 and
HS induce no effects on proliferation at 24, 48 and 72 h, either as single treatment or in

coadministration (Fig. 8.19E).
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Figure 8.19 Investigation of the HS effects on PANC-1 cells behavior. Investigation of the HS effects on PANC-1 cells
behavior. (A) Effects of ionomycin (1 mM), EDTA (15 mM), Ac2-26 (1 uM) with or without HS (10 pg/ml) on rise in
intracellular Ca2+ in PANC-1 cells. The histogram shows the fluorescence increment related to calcium intracellular
amount. Data are means £ SEM of n = 3 experiments with similar results. ***p < 0.001 versus not treated control; §8p
< 0.01 versus Ac2-26. (B) Scratch wound healing assay on PANC-1 cells treated or not with Ac2-26 (1 uM) and/or HS
(10 pg/ml). Representative bright field images captured by Time Lapse microscope (Leica AF-6000 LX; Leica
Microsystems) of PANC-1 cells at 0 and 24 h from produced wounds. Magnification 10x. Bar = 100 ym. ***p < 0.001
versus untreated controls; 888p < 0.001 versus Ac2-26 treated cells. The migration rate was determined by measuring
the distances covered by individual cells from the initial time to the selected time points (bar of distance tool, Leica
ASF software). The data are representative of n = 3 independent experiments + SEM. (C) Results of the invasion assay
on PANC-1 cells treated or not with Ac2-26 (1 uM) and/or HS (10 ug/ml). The data represent the sum of cells of 15
separate fields per well of n = 3 experiments. ***p < 0.001 versus untreated controls; §88p < 0.001 versus Ac2-26
treated cells. Representative images of analyzed fields of the invasion assay. Magnification 20 x . Bar = 150 um. (D)
Confocal analysis on PANC-1 cells not treated and treated with HS 10 pg/ml and or Ac2-26 1 uM for 24 hr for E-
cadherin (panels a-d) and vimentin (panels e-h). Magnification 63x 1.4NA. Bar = 10 um. Western blot on protein
extract from PANC-1 cells analyzed for E-cadherin, vimentin and B-actin, this latter used as housekeeping. The shown
blots are representative of n = 3 experiments with similar results. (E) MTT analysis at 24, 48 and 72 h on PANC-1 cells
treated or not with Ac2-26 (1 uM) and/or HS (10 pg/ml). The data derived from the mean of n = 5 experiments with
similar results.
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8.20 The activation of HUVEC cells, enhanced in presence of Ac2-26, is notably inhibited

when the ANXAL peptide is administered together with HS

The pro-angiogenic action of intra- and extracellular ANXAL has been previously highlighted
[347;348]. In this work, the study of angiogenesis started with the evaluation of HUVEC cell
migration and invasion promoted by Ac2-26. In these two processes, as found for WT MIA PaCa-2
cells, HS did not have a significant action on cell speed but was able to revert the positive effect of
ANXAL mimetic peptide (Fig. 8.20A and B). Next, the tube formation assay revealed us that, even
if HS alone did not interfere with the in vitro angiogenesis, it blocked the pro-angiogenic action of
Ac2-26. Particularly, this result is highlighted by the images of capillary-like structures formed on
matrigel coating by HUVEC cells and it is further corroborated by the analysis of the number of
branching points and of the relative tube length calculated as reported in Material and methods
section (Fig. 8.20C). As revealed for PC cells, also HUVEC proliferation appeared not affected by

any treatment at 24, 48 and 72 hours (Fig. 8.20D).
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Figure 8.20 Analysis of migration/invasion rate and in vitro tube formation of endothelial cells with HS and Ac2-26.
(A) Results from the scratch wound healing assay on HUVEC cells treated or not with Ac2-26 (1 uM) and/or HS (10
pg/ml). Representative bright field images captured by Time Lapse microscope (Leica AF-6000 LX; Leica
Microsystems) of HUVEC cells at 0 and 24 hr from produced wounds. Magnification 10x. Bar = 100 um. *p < 0.05;
***p < 0.001 versus untreated controls; §88p < 0.001 versus Ac2-26 treated cells. The migration rate was determined
by measuring the distances covered by individual cells from the initial time to the selected time points (bar of distance
tool, Leica ASF software). The data are representative of n = 3 independent experiments + SEM. (B) Results of the
invasion assay on HUVEC cells treated or not with Ac2-26 (1 uM) and/or HS (10 pg/ml). The data represent the sum of
cells of 15 separate fields per well of n = 3 experiments. ***p < 0.001 versus untreated controls; §888p < 0.001 versus
Ac2-26 treated cells. Representative images of analyzed fields of the invasion assay. Magnification 20x. Bar = 150 pum.
(C) Analysis of tube length and number of branches calculated by ImageJ (Angiogenesis Analyzer tool) software on the
same experimental points of scratch wound healing and invasion assays. The data represent a mean of n =3
independent experiments = SEM, ***p < 0.001 versus untreated control; §8p < 0.01; §88p < 0.001 versus HS treated
cells. Representative images of tube formation by HUVEC cells seeded for 12 hr on matrigel and EBM2 1:1. Bar = 100
pm. (D) MTT analysis at 24, 48 and 72 hr on HUVEC cells treated or not with Ac2-26 (1 uM) and/or HS (10 pg/ml).
The data derived from the mean of n = 5 experiments with similar results.
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8.21 HS blocks the interaction of ANXA1 with FPRs

As reported above, Ac2-26 induces Ca®* release in WT MIA PaCa-2 cells. It is known that this
effect is mediated by its interaction with FPRs [162; 219; 349]. Once assessed by cytofluorimetric
assay that HS does not affect the expression of FPR-1 and FPR-2 isoforms on WT, ANXAL1 KO
MIA PaCa-2 and PANC-1 cells (Fig. 8.21A, C, D), we focused on the evaluation of the receptor
activation. In this case, using fMLP as FPR agonist and Boc-1 as antagonist, we showed that Ac2-
26 triggered the receptor activation on the three cell lines. Particularly, on these cells Boc-1
confirmed its ability to revert the effects of fMLP and Ac2-26. On the other hand, the decrease of
fluorescent signal appeared evident only when HS has been added together with Ac2-26 and not
with fMLP (Fig. 8.21B for WT MIA PaCa-2 cells, D for ANXAL1 KO ones and F for PANC-1).
This aspect underlines the specificity for HS to bind Ac2-26 and not fMLP. Furthermore, the effect
of HS taken alone was significant with respect to not treated cells only on WT MIA PaCa-2 cells

and not on ANXA1 KO clone and on PANC-1 cell line.
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Figure 8.21 Evaluation of the effects of HS on Ac2-26 for Ca2+ mobilization. Cell surface expression of FPR-1 and
FPR-2 in (A) WT, (C) ANXA1 KO MIA PaCa-2 and (E) PANC-1 cells was analyzed by flow cytometry. The violet
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pg/ml) on rise in intracellular Ca2+ in WT (B) and ANXAL KO (D) MIA PaCa-2 and (F) PANC-1 cells. Data are
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colour in this figure legend, the reader is referred to the web version of this article.)
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9 Discussion

PC microenvironment strongly favors malignancy and plays a critical role in tumor progression
[350], revealing a strong relationship between its organization, metastasis and chemoresistance. The
tissue surrounding the PC cells consists of the same cancer cells and stromal ones, e.g. fibroblasts,
endothelial cells, immune cells as lymphocytes and macrophages, and extracellular components,
such as EVs, that sustain the primary tumor in autocrine and paracrine manner. EVs, enriched in
exosomes, released by cancer cells are functional carriers necessary to guarantee cell-cell
communication and their content can have strong effects on the recipient cells. Interesting evidences
have demonstrated that in many models of cancer, including PC [164], exosomes contribute to
tumor progression by the formation of pre-metastatic niches [351; 352]. This finding raised much
interest and led many researchers to implement studies aiming to increase the knowledge of these
structures. Among the most significant elements, ANXA1 was identified as one of the proteins
associated with PC metastasis in multiple organs, mainly in liver [340]. In parallel, our previous
works demonstrated that ANXAL, in its intracellular and extracellular forms, promotes PC
progression respectively acting as a cytoskeletal remodeling factor and as an agonist of FPRs [161;
162]. Moreover, in our last work we have shown that ANXAL is a key actor of EVs isolated from
MIA PaCa-2 PC cells, revealing its importance in the production and/or secretion of these
microvesicles [163].

In this study based on the fact that (i) the extracellular microvesicles have an important role in
PC progression, (ii) ANXAL is involved in the exosomes biogenesis and/or effects and (iii) the
extracellular counterpart of this protein is able to trigger cell motility [161-163], we decided to
investigate the in vitro action of ANXAL/EVs on fibroblasts and endothelial cells and macrophages
as recipient stromal cells. The use of the ANXAl KO MIA PaCa-2, compared to WT one,
confirmed to be a good in vitro model to preliminarily describe the action of the protein of our

interest on tumor microenvironment.
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The different degree of fibroblasts activation depending on the presence of ANXAL in PC
deriving EVs was analyzed, showing their switch into myofibroblasts-like features, as highlighted
by the induced cell motility, metalloproteinases action and increased expression of FAPla and
vinculin.

The interaction of the secreted form of ANXAL with a FPR receptor partner family is known, as
commonly observed in both physiological and pathological models [196]. This binding is able to
trigger calcium mobilization, actin polymerization, adhesion, invasion and focused migration [161;
162; 349]. Therefore, we have used molecules such as fMLP and Ac2-26 as endogenous ligands
and Boc-1 as antagonist to show the main biological events triggered by FPRs leading to a more
aggressive cell phenotype. Once tested the expression and activation of the receptor isoforms 1
(FPR1) and 2 (FPR2) on both BJ and HUVEC cells, it has been possible to show the mechanism by
which the EVs obtained from MIA PaCa-2 were able to bring about a significant variation in the
recipient cell behavior, especially if containing ANXAL. These activities have been assessed in
term of acquisition of a mesenchymal phenotype, which is essential for tumor metastasis [162; 353].
Fibroblasts are known to play an important role on cancer progression, not only in term of
chemoresistance, as consistent physical block against chemotherapeutic agents, mainly because they
can switch into CAFs mimicking the features of myofibroblasts [354-358]. This phenotype is
generally represented by a well-organized rearrangement of cytoskeleton in a parallel cell
orientation. In this study, the action of ANXA1 in EVs on FPRs was assessed by the inhibitory
effect on the migratory and invasive speed in presence of the receptor pan-inhibitor Boc-1. Hence,
this result demonstrates that Boc-1 is able to block the ANXAL effects, as for the classical FPRs
agonists, even if this protein is part of microvesicles. Moreover, these particular responses leading
to a mesenchymal phenotype have also been examined by evaluating the increased expression of
COL1A, FGF2, vinculin and FAPla and the more structured orientation of vimentin and F-actin.
On the other hand, the involvement of both ANXAL and tumor-derived EVs as pro-angiogenic

elements, already widely described in literature [359; 360] confirm the previously described
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interaction of EVs-containing ANXA1 with FPRs [163]. In particularly, here we report the main
biological changes triggering angiogenesis, such as cell functional migration and invasion and
EndMT [359], a process evaluated by the increase of several protein markers such as VEGF,
aSMA, FAPla and fibronectin and the loss of plasma membrane localization of the adhesion
molecule VE-cadherin. All these aspects have been modified in presence of Boc-1 more extensively
in case of WT MIA PaCa-2 cells-deriving EVs as compared to ANXA1 KO cells, highlighting one
more time the involvement of ANXAL in EVs on FPRs, also on endothelial cells. In this study, we
can say that an important issue was explained about the involvement of EVs as vehicle of ANXA1
externalization, which for a long time has been considered essential for disclosure of protein
behavior [199]. On the other hand, until today the precise mechanism of interaction of ANXA1/EVs
with target cells remains controversial. In this scenario, as suggested for other biological systems
[196], we propose that the presence of ANXAL on the external side of the membrane of vesicles
allows these ones to directly interact with FPRs, triggering the activation of receptor-related
downstream events. However, it is not still clear if the EVs are endocytosed by the receiving cells,
as an alternative or even an additional mechanism, which will be investigated for the identification
of ANXAL1 as a potential target for therapy/prevention of PC dissemination. Furthermore, we could
suggest that this FPR-dependent cascade is able to induce a positive loop, culminating in the
increase of microvesicles production and release, which could favor tumor development.

Based on these findings, another important issue brought about is the involvement of tumor EVs
in modulation of the immune response [361-363] influencing immune cells like macrophages.
These latter are known as TAMs when associated to TME, mainly following switch into M2
phenotype, due to specific stimuli. Among these latter, the protein ANXAL plays an important
immunomodulatory role [364]. Thus, we have investigated the ANXA1 effect, as cargo of EVs, on
THP-1 macrophages highlighting its extracellular role in regulating the macrophages polarization in
M2 subpopulation rather than in M1. THP-1 are an immortalized cell line of human leukemic

monocytes and represent a good model for studying monocyte/macrophage differentiation process
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since strongly show up MO0 / M1/ M2 features. Also in this case, we preferred to prove the action of
externalized ANXAL using both its single form, as Ac2-26, [196; 353] and as content of EVs. In
this way, we could hypothesize that the ability of the protein to regulate macrophage behavior could
be due to a paracrine action that the PC deriving secreted form of the protein is able to trigger.
Interestingly, we found very similar results, about the acquisition of a more aggressive behavior.
Indeed, the ANXAL KO EVs are significantly less impacting about this action. These activities
have been evaluated in terms of acquisition of a higher macrophages speed of migration, invasion
and proliferation, all processes strongly involved in the formation of a TME particularly favorable
for tumor progression [68-72; 162;]. Since we have previously demonstrated that the complex
ANXAL/EVs is able to activate endothelial cells and fibroblasts via FPR, we hypothesized that
ANXAL could also affect the macrophages by activating its receptor FPR, as described in
hepatocellular carcinoma where this protein is able to enhance the differentiation into M2
macrophages activating FPR2 and supports their expression of IL-10 [365]. In consideration of the
crucial role of each single cellular TME component, we studied a three-ways cross-talk among PC
cells and TAMs and endothelial cells/fibroblasts. This triple kind of interactions appeared to be
notably mediated by ANXAL which first induces macrophages polarization into M2 and then, this
subpopulation in turn supports the other stromal cellular components also by secreting a series of
factors. Among them, one important factor is just VEGF-A whose secretion by TAMs interestingly
correlates to ANXAL stimulus [365]. We have also associated this finding to the activation of
endothelial cells within the TME, revealed through the induction of migration/invasion processes
and mainly the in vitro formation of capillary-like structures. The significant effects of M2
supernatants, obtained in turn by the effects of Ac2-26 and WT EVs, rather than ANXA1 KO ones,
suggests the strong action of this protein in the promotion of pro-tumor action by the endothelial
cells in TME. On the other hand, CAFs are activated fibroblasts that arise in the TME and playing
an important role on cancer progression [337; 354-357]. Moreover, Cho and colleagues have shown

that CAFs can promote monocyte differentiation into pro-invasive TAMs by secreted factors as
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GM-CSF and IL6 [366]. Instead, in this study, as for the endothelial cells, we have found that
fibroblasts are importantly influenced by M2 macrophages effects as found through the evaluation
of MMP-9 secretion, FAPla expression, F-actin structures and migration/invasion processes
suggesting, once again, and indirect role of ANXAL [367]. Furthermore, ex vivo analysis on
previously obtained tissue sections, specifically both pancreatic tumors and liver metastasis, were
warranted to confirm the predominant M2 macrophage infiltration in both cases. In this way, we
have confirmed how the presence of ANXAL can markedly influence the differentiation and/or the
recruitment of M2 macrophages into both primary tumor and metastasis.

Thus, this work contributes to add another important tile in the knowledge about the role of
extracellular ANXAL in PC progression [162; 163; 208; 280]. This specific action manifests in an
autocrine way and also in a paracrine manner on endothelial cells, fibroblasts and macrophages.
Moreover, we proved that this paracrine effect is further mediated by the macrophage TME
subpopulation. Thus, ANXAL has been revealed to directly induce M2, as pro-tumor, phenotype
and, through these cells, indirectly promotes the activation of PC stroma. In the light of all these
data, it is necessary to understand more the mechanisms operating in TME in order to define
suitable PC therapies and overcome resistance. Therefore, crosstalk between different cells in the
tumor microenvironment plays an important role in tumor growth and tumor-mediated immune
suppression.

2D in vitro models are widely used for the study of cellular physiology and tumorigenesis
Nevertheless, they retain many limits about specific investigation, as for the evaluation of response
to pharmacological treatments, because of several undefined changes that cells, in monolayers, can
acquire losing their original phenotypic and functional characteristics. These limiting features have
been overcome by the establishment of in vivo systems which, in turn, possess important ethic
obstacles and do not allow a factual predictive analysis of human tumor progression and therapies
efficacy, especially about the evaluation of the influence of TME. In this scenario, it has become

necessary the development of new experimental models reflecting in a superior way the in vivo
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situation. The 3D co-culture systems show peculiar molecular characteristics that are closer to the
structural architecture of the tumor in vivo. 3D cell models can accurately reproduce the tumor, the
TME and mimic the regulatory mechanisms that exist between tumor and stroma; in particular these
models are able to provide critical insight on interaction between tumoral cells, desmoplastic
fibroblasts as well as with immune cells involved in cancer progression and therapy resistance.
Currently they are used in several studies to identify the role of adhesion molecules in
invasiveness/metastasis formation and angiogenesis, and for tissue remodeling analysis [314] and to
study the penetration and action drugs. To establish 3D models, most studies focus on one or two
cell lines to observe cell-cell interaction, but to achieve a more realistic in vivo situation, not only
tumor cells and fibroblasts, but also immune cells have to be kept into account [324]. Fibroblasts
and immune cells have been reported to play a key role in tumor initiation, progression and
metastasis of PC and various strategies including immunotherapies are currently being tested [318;
325; 368]. In this regard, we have proved that ANXAL affects the spheroid formation, because the
WT cells have a greater ability to form this 3D model both in moculture and especially in co-culture
with CAFs, if compared to ANXA1 KO ones. These data show that WT cells, thanks to the
presence of ANXAL, are more prone to aggregation and interaction with other cellular components
and that CAFs support spheroid formation and cell survival, in order to improve the formation of
the dense stroma of the TME.

Moreover upon addition of monocytes to our 3D tumor cell/CAFs co-culture, we could not
observe a direct effect on spheroid, so on tumor growth and survival. This data will lead us to
analyze also in this case the effect of extracellular ANXA1 on monocytes phenotype and
differentation, and cytokine profile of the co-cultures.

Generally, the extracellular form of ANXA1 has been detected in human sera in several
conditions. In case of inflammation ANXAL containing-EVs have proved to raise pro-repair and
anti-inflammatory effects and to represent a diagnostic biomarker. Moreover, the prospect of

ANXAL1-containing nanoparticles to deliver therapeutic benefit has also been investigated [369].
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Additionally, the identification of ANXAL as circulating molecule in sera of cancer-affected
patients has been considered as prognostic factor because of its correlation with clinicopathological
conditions [370]. Therefore, as oncogenic factor, ANXAL needs to be inhibited, mainly by blocking
its extracellular form, as a new model of PC adjuvant therapy. Blocking its activity has been a
fascinating research goal in recent years to confirm the biological role of ANXA1, but, surprisingly,
despite the deep information about ANXAL structure and performances in a broad variety of
biological processes, from the inflammation to cancer, no inhibitor molecules have been already
identified. The assessment of the interaction between ANXAL and HS shown by Horlacher and
colleagues [279] has been the starting point of our investigation focusing on the effects that this
binding could have on the involvement of ANXAL in PC and endothelial cells. Moreover, previous
studies have reported that HS mimetics can affect tumor biological behavior by exerting pleiotropic
effects through a specific mechanism of action based not only on heparanase inhibition, but also on
the HS functions. We confirmed the direct association of HS with the full length protein using both
DSF and SPR techniques. Interestingly, for the first time, SPR experiments also revealed a direct
interaction between the GAG and the ANXAL N-terminal mimetic peptide, Ac2-26, showing a
concentration-dependent response. Our analysis established that this interaction results to be
calcium-dependent presumably because of the implication that these ions have on protein folding
[371] and for guaranteeing the electrostatic binding with the HS sulfate groups. The GAGs play an
important role in tumor-stroma cross-talk during cancer development, transformation, growth, and
metastasis [372; 373]. For example, in PC progression glypican-1 and syndecan-1 have been
described to be involved in vesicle trafficking and stroma dysregulation [373-377]. On the other
hand, HS as component of the ECM is largely known to interact with other elements of the
extracellular environment such as growth factors and cytokines leading to numerous biological
events, including pathological ones [378; 379]. The major part of information about HS in
physiopathological events is related to the use of synthetic mimic molecules or mainly to the

HSPGs. Thus, the use of HS as free molecule administered exogenously to the cells appears as an
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uncommon expedient. Here, the in vitro tests have proven that the interaction ANXA1/HS affects
the protein functions as oncogenic factor in PC development. Initially, by the administration of an
exogenous free form of HS, we showed its significant inhibitory effects on the motility of WT MIA
PaCa-2 cells, in contrast to the related and well characterized ANXA1 KO clone. This finding
allowed us to assess the specificity of the HS action just on this protein. Furthermore, the
administration of WT MIA PaCa-2 cells supernatant on the KO counterpart confirmed the pro-
migratory and invasive effects of the endogenous extracellular ANXAL. The rescue induced by HS
reveals the ability of this macromolecule to sequester the protein in the extracellular environment.
Additionally, these effects are evident also on the Ac2-26 and not only limited to the cell motility
but also regarding the main in vitro features of PC aggressiveness. In this context, we considered
the ability of MIA PaCa-2 cells to retain and increase, in presence of Ac2-26, a significant
mesenchymal phenotype confirmed by the lack of cytokeratins 8 and 18, by the well-organized
vimentin cytoskeleton, and the formation of colonies and spheroids. Interestingly, HS is strongly
capable to overall revert PC cell aggressive behavior by inhibiting ANXAL peptide effects and also
when administered alone, probably because of the interference with the endogenous ANXAL
secreted by cells, as stated above [161-163]. These in vitro analyses have been deepened using
PANC-1 cells, as another human primary PC epithelial cell line. It is shown that these cells do not
secrete ANXAL [161]. Thus, the lack of significant effects of HS on all the examined processes can
be reasonably explained by the absence of ANXAL in the supernatants. Nevertheless, this GAG
remarkably reverts what the ANXAL mimetic peptide is able to induce about calcium mobilization,
cell speed and EMT. HS critically regulates the formation endothelial tubes by playing a pro-
angiogenic role. On the endothelial cell-surface, HS is described as responsible for facilitating
various growth factors that in turn mediate endothelial growth signaling. Therefore, this “bank™ of
pro-angiogenic factors is represented by the polysaccharide conjugated with protein cores on cell
membrane [380]. Surprisingly, when administered as free exogenous molecule on our in vitro

model, HS does not affect the HUVEC cells motility and it reports no consequences on capillary
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formation. Also in this case, the interference with the ANXAL pro-angiogenic effects could be
explained by the notably evident rescue of Ac2-26 action. Finally, the interference of calcium
mobilization is one of the ANXAL autocrine/paracrine effects which are inhibited by HS.
Particularly, the ability of this GAG to block selectively Ac2-26 and not fMLP, both of them
promoters of calcium release, confirms the specific affinity of HS for ANXA1 and its mimetic
peptide. Furthermore, this capability explains the mechanism by which this binding is able to hinder
the effects of extracellular ANXAL by preventing the interaction of this protein with FPR, its well-
known receptor partner. Taken together, these findings represent an appealing issue to further
consideration. It is important to underline that GAGs can be characterized by diverse types of
monomeric unit, linkages between each monomer, the position of sulfate groups, and the degree of
sulfation, among the different classes [381]. However, inside the same class, the molecules can
appear with different features: HS occurs naturally in all cells and varies enormously in terms of
degree of sulfation and chain length, which depend on its biological origin. Thus, it would be
interesting to characterize these features, which probably could influence the ANXAL/HS complex
formation. In the first case, the number and the type of sulfation points could modify the
electrostatic strength of the binding. On the other hand, the length of HS chains and the related
different outcomes can be due to the heparanase, the enzyme known to cleave this polymer. These
enzymes have been described to be involved in PC progression, since, as it appears also in other
kind of solid tumors, the cleavage of the HS chains alters the structure and function of HSPG and
gives an important contribution both to the remodeling of the ECM and of the molecules linked to
the cellular surface. Heparanase can also indirectly contribute to neoangiogenesis by the loss of
matrix integrity and the release and diffusion of pro-angiogenic molecules linked to the ECM [382;
383]. MIA PaCa-2 cells express high levels of heparanase which correlates with cell aggressive
behavior [384]. Thus, it would be interesting to evaluate if the HS we added on PC and endothelial
cells undergoes proteolytic cleavages, how this eventual action could interfere with the binding with

ANXAland to study the action that the complex ANXAL/HS can have in vivo. In conclusion,
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targeting oncogenic factors is one of the most pursued strategies in the anti-cancer research. Here,
we showed that the physical interaction between HS and ANXAL is able to inhibit the effects of this
protein on PC cells motility and maintenance of mesenchymal phenotype and on in vitro
angiogenesis. Particularly, HS selectively prevents the activation of FPRs by the N-terminal
mimetic ANXAL peptide. These findings can represent a very appealing issue with an encouraging
impact on the knowledge about the therapeutic approach in PC. Indeed, this study proposes to lay
the basis for the creation of new synthetic molecules with an HS mimetic function playing the
specific role of blocking ANXAL and its pro-tumor effects. Therefore, ongoing clinical trial in
phase | and Il trials in combinational anti-cancer therapy with HS mimetics in metastatic PC,
despite having given promising signs, yielded no significant effects in overall survival [385; 386].

Finally, we have proved that (i) the extracellular microvesicles have an important role in tumor-
stroma comunication, mainly in PC progression and metastatis, (ii) extracellular ANXA1, via EVs,
effects on the cellular counterpart of TME, activating fibroblats in myofibroblasts, inducing the
EndMT for the endothelial cells and macrophage polarization into M2 subpopulation, (iii) this
protein is able to induce spheroids formation. All these data make ANXAL1 as a key mediator of PC
bad behavior suggesting as this protein could become an interesting target to consider in

diagnosis/prognosis phases and/or therapy ones.
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