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SUMMARY

Malignant pleural mesothelioma (MPM) is a rare form of cancer that develops from cells of
the pleural mesothelium and is most commonly associated with exposure to asbestos. Like all
form of cancer, mesothelioma (MES) cells acquire the ability to proliferate in an uncontrolled
manner, invading the surrounding tissue and spreading to distant organs. It has been widely
recognized that tumour growth not only depends on genetic abnormalities accumulating in
cancer cells, but also on the local microenvironment which can provide a permissive niche for

their survival, growth and migration.

Hyaluronic acid (HA), a member of the glycosaminoglycans (GAGs) family, is an abundant
and ubiquitous component of the ECM which plays a fundamental role in cancer progression.
The apparent structural simplicity of HA masks a very complex signalling behaviour that
varies according to its size: high molecular weight HA (HMW-HA) keeps the structural
integrity of tissues while low molecular weight HA (LMW-HA) stimulates cell proliferation,
migration and sprout formation. HA is highly expressed in MPM and it has been shown to
enhance the aggressiveness and spreading of MES cells into adjacent, non-cancerous, stromal

tissues, even though the molecular mechanisms involved are still poorly understood.

Another key component of the tumour microenvironment, that has received increasing
attention, is represented by the complement system, a well-known arm of the innate immunity
which participates in the immune surveillance and homeostasis. In particular Clq, the first
component of the classical pathway, has emerged to exert a wide range of immune-
modulatory functions that are independent from complement activation. We were able indeed
to demonstrate that C1q enhances adhesion, proliferation and migration of murine melanoma

cells in vitro, rendering it an active player in tumor growth.

Based on these findings we decided to investigate the contribution of Clq on MPM
progression. Immunohistochemistry performed on human bioptic speciments revealed that
C1q is abundantly present in all MPM histotypes analysed. C1g seemed to be associated with
monocytoid cells but also with tumour cell membrane and small vessels, suggesting that it
might exert a proangiogenic activity. We also unveiled that Clq is able to interact with
several extracellular matrix components, being HA the strongest interaction partner. Taking

into account that HA is abundantly expressed in MPM, as C1q, these findings raised the



possibility that C1q bound to HA would function as a novel “signalling complex” able to
promote the development and progression of MPM. Several lines of evidence support this
scenario. Firstly, the pro-adhesive properties of C1g on MES cells were clearly enhanced by
Cl1q bound to HA as compared to HA or Clq alone. Secondly, MES proliferation also
resulted increased by C1q bound to HA. These phenotypes were associated with alteration of
the phosphorylation status of components of the MAP3Ks and the mTOR signalling cascades
thus suggesting that C1g-HA complex is able to sustain tumour growth by enhancing several

cancer-related signaling pathways.

Since the effects mediated by C1qg-HA are different from that observed for HA or C1q alone,
these considerations prompted us to hypothesise that Clq deposited in the ECM can
considerably modify the signalling properties of the tumour microenvironment. This could be
additionally affected by another C1g-HA dependent mechanism, which is expected to impact
the HA homeostasis. The expression of all the enzymes involved in the HA synthesis (HASL,
2 and 3) and degradation (hyaluronidase (Hyal) 1, 2 and 3) were analyzed by quantitative RT-
PCR. At the same time, bioinformatics analyses (Oncomine dataset and Kaplan-Meier plotter
platforms) unveiled that HYAL2 and HAS3 overexpression is correlated with worst
prognosis. Whereas HAS3 mRNA appeared to be downregulated upon C1g-HA interaction,
we confirmed the bioinformatics data for HY AL2, whose mMRNA and protein content resulted
both increased. LMW-HA has been proven to play a crucial role in tumorigenesis by affecting
cell proliferation and motility and by exhibiting pro-inflammatory and pro-angiogenic effects.
In addition LMW-HA has been shown to activate the production of reactive oxygen species
(ROS), powerful signalling molecules involved in tumour initiation, promotion and
progression. We also provided evidence that C1lg can contribute to ROS production only in
the presence of LMW-HA. On the basis of these findings we can propose the following
model: C1g-HA interaction, by enhancing HA degradation via HYAL2, feeds LMW-HA
deposition in the tumour microenvironment which, in turn, favours ROS production and
further HA degradation.

In conclusion, we identified C1g-HA interplay as a novel signalling complex able to act
through multiple pathways to sustain tumour growth, in particular by affecting HA
metabolism and by stimulating signal transduction cascades already known to promote MPM

progression.

10


https://www.sciencedirect.com/topics/medicine-and-dentistry/signaling-molecules
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tumor-initiation

INTRODUCTION

Chapter 1. Malignant pleural mesothelioma
1. 1 Molecular Mechanisms of Asbestos-Related Carcinogenesis

Malignant pleural mesothelioma (MPM) is a rare and aggressive form of cancer that develops
from cells of the pleural mesothelium and is most commonly associated with exposure to
asbestos. It is characterized by a long and remarkably variable latency period between
exposure and disease presentation (13-70 years). The life expectancy for mesothelioma
patients is poor since effective treatment options are very limited. Up to 10,000 asbestos-
related mesothelioma cases occur annually in the populations of Western Europe,

Scandinavia, North America, Japan and Australia (Nurminen et al., 2003).

The mesothelial cells of the pleura that lines the lungs are the most frequent site of
mesothelioma development and indeed MPM accounts for 70-80% of all cases. However,
other serosal membranes, such as the peritoneum (peritoneal mesothelioma (PeM); ~25% of
cases), as well as the pericardium and the tunica vaginalis, are also affected. Histologically,
MPM can be classified into three different variants: (i) epithelioid, (ii) sarcomatoid, and (iii)
mixed/biphasic. The lack of sensitive and specific disease subtype-specific markers continues
to hamper the diagnosis of malignant mesothelioma, even though immunohistochemical
(IHC) markers have been improved in recent years. Therefore, when abnormal mesothelial
proliferations are identified by IHC in serosal membranes, it is difficult to distinguish benign
from malignant growths. Currently, diagnosis relies heavily on morphology, where malignant
growths are characterized by deep stromal invasion with dense cells and complex growth
patterns (Husain et al., 2013, Galateau-Salle et al., 2016, Sage et al., 2018).

The International Agency for Research on Cancer (IARC) concluded in 1977 and 1987 that
asbestos fibers qualify as a human carcinogen. At the beginning asbestos-related risks have
mainly been deduced from cases occurring in mine workers and their close relatives (de Klerk
and Reid, 2017). Nowadays, a significant proportion of the newly diagnosed cases of
malignant mesothelioma are the result of other professional occupations, as well as
environmental exposure (Goldberg and Luce, 2009). Together, these data indicate that the

current and future burden of mesothelioma is largely underestimated.

It was suggested that fibers can translocate into the pleural cavity either directly through the

lung parenchyma, and this mechanism may require decades, or along lymphatic/blood
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circulation (Miserocchi et al., 2008). Macrophages can also play a role in fiber translocation
when they undergo phagocytosis of the fibers and drain into the lymph nodes. When fibers
reach the pleural cavity, they are carried in the pleural fluid that is then channeled out into the
lymphatic system through the small openings (called the “stomata”) on the parietal pleura.
Fibers that are long enough fail to get through the stomata and they accumulate around the
openings, causing persistent mesothelial injury which accounts for the initiation of
mesothelioma (Boutin et al., 1996).

Asbestos fibers can cause genetic damage either directly or indirectly. Indirect genotoxicity
involves the generation of free radicals and reactive oxygen species (ROS) (Kamp et al.,
1992). The majority of asbestos types contains iron, in particular chrysotile fibers, which are
able to induce hemolysis and release of iron (Harington et al., 1971). Iron can act as a catalyst
through Fenton reaction to generate hydroxyl radicals, which then damage DNA or other
biomolecules. Another source of ROS are the macrophages, which are recruited to sites of
asbestos deposition. The term “frustrated phagocytosis” has been designated to describe the
phenomenon in which the macrophages fail to consume long fibers and die with a
concomitant massive release of ROS (Donaldson et al., 2010).

Macrophages Hemoglobin adsorption
Fentgn %
Various pro-infl tory molecules
‘ * Cytokines n %%
+ Chemokines Fefr.
* Growth factors *OH
’ * ROS/RNS Fefr, Asbestos fibers
Fofr,

Oxidative stress
‘Frustrated phagocytosis'

Mesothelial cells
FefT®
F Fe
X @ ) Iron overload
Endocytosis Fo
of fibers
4 7 Fe Fe

+ Disruption of mitotic spindles
* DNA double strand breaks

Figure 1: Mechanisms of asbestos-induced mesothelial carcinogenesis. Asbestos fibers can directly induce
oxidative stress via the catalysis of Fenton reaction by iron on the surface or iron in the hemoglobins (Hb)
adsorbed onto the fiber's surface. ROS/RNS can also be produced by macrophages which fail to consume long
fibers (“frustrated phagocytosis™), along with a plethora of proinflammatory molecules. Mesothelial cells take up
asbestos fibers, and the endocytosed fibers can disrupt mitotic spindles or cause DNA double-strand breaks,
leading to chromosomal aberrations. Iron on the endocytosed fibers and its deposition contribute further to
oxidative stress in mesothelial cells (decribed in (Chew and Toyokuni, 2015)).
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Asbestos can also cause genetic damage directly. Mesothelial cells take up asbestos fibers
which, in turn, can cause DNA double-strand breaks (Jiang et al., 2008) or mechanical
disruption of the mitotic spindle during cell division, resulting in chromosomal abnormalities
such as aneuploidy (MacCorkle et al., 2006).

1.2 Asbestos-induced genomic alterations

MPM is caused by a series of genetic changes and alterations, but only a few of them are well
known and decribed. Studies in animals and humans have shown extensive chromosomal
rearrangements and losses: in particular, chromosome 22 is affected, together with
chromosomes 1p, 3p, 6q and 9p (Kaufman and Pass, 2008). The most frequently altered genes
on these loci are important tumour suppressor genes, such as Neurofibromatosis type 2 (NF2)
gene (22912), p16 and pl4 (both located in the CDKNZ2A locus at 9p21) and BRCAL-

associated protein 1 (3p21) (data available on website http://www.ncbi.nlm.nih.gov/gene).

1.2.1 p16™*4* and p14°7F

An important target genetic segment altered in MPM is the CDKN2A locus which contains
the tumour suppressor genes p16™*** and p14”"F (Stone et al., 1995). The role of p16 is to
prevent phosphorylation of pRB by binding CDK4/675, which in turn impedes the cell to
undergo G1/S phases. Furthermore, p14 is the alternative splice variant, which is involved in
MDM2 sequestration or degradation as well as in pRB and p53 stabilisation, leading to the
overall effect of cell cycle arrest in G1 and G2/M phases (Stott, 1998). The consequences of
homozygous deletion of p16™ */p14”RF are cells cycle progression and inhibition of
apoptosis, see on Figure 2 (Chew and Toyokuni, 2015).

1.2.2 Neurofibromatosis type 2 (NF2) gene

Another genomic alteration frequently found in malignant mesothelioma (MM) is the
inactivation of the tumor suppressor gene known as neurofibromatosis type 2 (NF2), that
encodes a product known as moesin-ezrin-radixin-like protein (Merlin), a membrane-
cytoskeleton scaffolding protein, linking actin filaments to cell membrane or membrane
proteoglycans (McClatchey and Giovannini, 2005). In MM, nearly 50% of cases harbor NF2
inactivation, which occurs mainly through homozygous deletion, nonsense mutation, or
missense mutation (Bianchi et al., 1995). A downstream molecular target regulated by Merlin,
Yes-associated protein (YAP), has been shown to mediate survival and proliferation in MM
cells (Yokoyama et al., 2008).
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1.2.3 BRCA1l

The BRCA1-associated protein 1 (BAP1) gene product is a deubiquitinase, that translocates to
the nucleus and interacts with the BRCA1 protein. Recently it was discovered that BRCAL is
also frequently inactivated in MM (Bott et al., 2011). It is a nuclear tumour suppressor that
exerts a central role in the regulation of the cell cycle checkpoint and DNA repair such as
double-strand breaks and interstrand crosslinks (Huen et al., 2010), which occur frequently in
iron-catalyzed oxidative DNA damage (Toyokuni and Sagripanti, 1992).

Oxidative stress

7 | ~N

éonomic instability
7/ \

Homozygous deletion of

|
I
p1slm(4- Ip14AHF + \

Loss of NF2 \

L > |
CDK4) Cyclin D MDM2 |
| L l ’
~ P — /
pRB — = Degradation - YAP /
z /
Cell cycle progression /] Transcription
Apoptosts innibwow >/ fCeII proliferation
Copy number gain /
of proto-oncogenes: . Y V4
JUN, MYC, YAP BAP1 mutation

7

Response to oxidative DNA damage
Altered gene expressions

Figure 2: Genomic alterations observed in MM cells. Homozygous deletion of p16™**/p14”" |eads to the
inactivation of other two important tumour suppressor genes, pRB and p53. NF2 loss results in the absence of its
protein product, Merlin, that normally inhibits its downstream molecule, Y AP. Merlin deficiency results in YAP
translocation into the nucleus, where it acts as transcription co-activator and promotes cell proliferation. BAP1 is
part of a multiprotein complex that is involved in DNA damage response and regulation of gene transcription.
The exact functional consequence of BAP1 mutation in MM remains to be clarified (decribed in (Chew and
Toyokuni, 2015)).

1.3 Asbestos-induced cellular signaling pathways

Activation of intracellular signalling might occur as a result of direct interaction between
asbestos fibers and cell surface receptors. It has been shown that the generation of a massive
amount of ROS and RNS following asbestos exposure both in vitro and in vivo can serve as
an important mediator in the initiation of cellular signalling events (Heintz et al., 2010).

Asbestos fibers are able to trigger intracellular signalling cascades that lead to the activation



of transcription factors, followed by increased expression of target genes.

Asbestos fibers are able to trigger mitogen activated protein kinase (MAPK) pathway, which
consists of several distinct members such as ERK1/2, JNK, and p38 kinases. The major
MAPK pathway member induced by asbestos fibers is ERK1/2. Phosphorylation and
activation of ERK1/2 was suggested to be closely associated with cellular proliferation that is
responsible for the development of MM (Zanella et al., 1996). Two key redox-sensitive
transcription factors frequently activated in mesothelial cells exposed to asbestos fibers are
AP-1 and NF-kB. Treatment of rat pleural mesothelial cells with crocidolite asbestos has been
shown to enhance the expression of JUN and FOS, the main components of the AP-1
transcription complex (Heintz et al., 1993). Asbestos-induced activation of NF-kB has been
shown in many different cell types and it is closely associated with inflammatory responses
(Brown et al., 1999). NF-kB activation is central to the elaborated expression of various pro-
inflammatory cytokines and chemokines by cells exposed to asbestos fibers such as TNF-q,
IL-6, MCP-1, IL-8 and MIP-2 (Yang et al., 2006). Asbestos exposure has also been associated
with overexpression and activation of receptor tyrosine kinases (RTKSs) such as EGFR and c-
MET (Jagadeeswaran et al., 2006). Deletion or mutation of the tumour suppressor NF2 occur
frequently in MM. NF2 encodes for Merlin, a key component of the Hippo signalling
pathway. In the absence of Merlin expression, YAP, a downstream target of Merlin in the
Hippo signalling pathway, becomes activated. Y AP translocates into the nucleus where it acts
as a transcription co-activator and it is be able to promote mesothelial growth (Yokoyama et
al., 2008). Furthermore, enhanced secretion of connective tissue growth factor (CTGF) in
serum has emerged to promote mesothelioma tumorigenicity via a vicious autocrine loop
involving the activation of the B-catenin signalling pathway (Jiang et al., 2014). Phagocytosis
of asbestos fibers by macrophages results in generation of ROS by NADPH oxidase which
then triggers the activation of NALP3 inflammasomes and subsequent secretion of mature
IL1B (Dostert et al., 2008). A key mediator of inflammation in MM, HMGBI1 (high-mobility
group box 1 protein), is also involved in NALP3 inflammasome activation and acts in an
autocrine manner to promote the growth, motility, and survival of MM cells (Jube et al.,
2012). HMGB1 is normally localized in the cell nucleus but, upon exposure to stimuli such as
asbestos fibers, it is released into the extracellular space where it binds to receptors such as
RAGE (the receptor of advanced glycation end products) or TLR (toll-like receptor), leading
to the production of TNF-a and IL-1B, which are important for the malignant transformation
of mesothelial cells (Qi et al., 2013).
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Figure 3. Cellular signalling pathways activated in MM cells in association with those stimulated in
mesothelial cells following asbestos exposure. Overexpression of receptor tyrosine kinases such as EGFR and
c-MET results in the activation of the MAPK pathway. AP-1 and NF-«xB are redox-sensitive transcription factors
that can be activated by the oxidative stress caused by asbestos exposure. Merlin deficiency leads to the
dysregulated Hippo signalling pathway, which cross talks with the TGF-B signalling pathway to activate
transcription of CTGF (an important mediator of MM cell growth) through YAP-TEAD4-Smad3-p300
complex formation. Secreted CTGF creates an autocrine loop and regulates its own expression via the activation
of the B-catenin pathway. ROS also mediate the activation of the NALP3 inflammasome at least partially through
HMGBL, resulting in mature IL-1p secretion, which contributes to an asbestos-related inflammatory response
(decribed in (Chew and Toyokuni, 2015).

1.4 Expression of miRNA in MM

The advent of the next generation sequencing has unveiled roles for RNA transcripts that do
not encode proteins in the regulation of gene expression; these species are termed non-coding
RNAs (ncRNAs). Categorized on the basis of size—small ncRNAs (<200 nt) and long
ncRNAs (>200 nt) — these transcripts have emerged as key regulators of critical processes,

such as the cell cycle, proliferation, and tumorigenesis (Huarte, 2015).

1.4.1 miRNA

Perhaps the most well-studied species of the non-coding transcriptome are microRNAS
(miRNAs), small (18-22 nt) transcripts. These transcripts have emerged as a group of
important regulators of gene expression and they are involved in various pathological
conditions, including cancer. miRNAs have recently been shown to be involved in cellular
stress responses, such as DNA damage, oxidative stress, and other environmental changes
(Leung and Sharp, 2010). Expression of miRNA-126 was shown to be downregulated in
patients with MM, where it inhibits tumour growth by metabolic shift. In addition, miRNA-
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126 can affect mitochondrial energy metabolism by reducing mitochondrial respiration and
upregulating glycolysis-induced energy in an insulin receptor substrate-1 (IRS1)-dependent
manner (Tomasetti et al., 2014). Also, miRNA-126 can be used as a serum diagnostic marker
in combination with another reported MM biomarker, such as soluble mesothelin-related
peptides (SMRPs), to predict the risk of an asbestos-exposed population to develop MM
(Santarelli et al., 2011). Moreover, miRNA expression profile can be used to differentiate the
three different histopathologic subtypes of MM (epithelioid, sarcomatoid, and biphasic). A
lower expression of miRNA-17-5p and miRNA-30c correlates significantly with a better

survival of the sarcomatoid MM patients (Busacca et al., 2010).

1.4.2 Long non-coding RNAs

Long non-coding RNAs (IncRNAs) can exert their regulatory effects on DNA, RNA and
protein levels, and tissue-specific expression patterns have been observed, thus they can be
considered important diagnostic and prognostic markers. Characterizing the landscape of
IncRNA deregulation in MM has the potential to reveal novel insights into mechanisms of
MM-associated gene regulation as well as novel therapeutic intervention points (Quinn et al.,
2015).

1.5 MPM treatment

A big progression for the treatment of the patients with MPM has been made over the past
decade, with the development of novel treatments, including new chemotherapeutic and
immunotherapeutic regimens as well as new surgical techniques. Disease-directed treatment
options available for the management of MPM include systemic therapy, surgery, and
radiation therapy. Surgery is an important treatment modality that may, in selected cases,
most optimally allow for prolonged survival, but only a minority of patients are medically
operable and technically resectable (Ettinger et al., 2012). Chemotherapy is recommended for
non-operable MPM and as a part of multimodal therapy for operable MPM. At the moment
the most widely used chemotherapeutic drugs are represented by pemetrexed, cisplatin,
carboplatin, gemcitabine, vinorelbine, bevacizumab and/or combinations of them (Raynaud et
al.,, 2015). Like chemotherapy, radiation for MPM may be administered either pre- or
postoperatively. In recent years, radiation is increasingly being incorporated into both lung-
removing and lung-sparing multimodal therapy protocols (Rosenzweig, 2017). Most patients
with MPM are diagnosed at advanced stages. Determining the histologic subtype is very

important to guide therapeutic options and to inform prognosis. The three major histologic
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subtypes of MPM are epithelioid, sarcomatoid, and biphasic, in which both epithelioid and
sarcomatoid characteristics are present. Epithelioid histology is the most common and is
associated with a better prognosis and a higher response to treatment when compared to
sarcomatoid and biphasic histologies (Tsao et al., 2009). The resistance of MPM to
conventional treatment and the poor clinical outcome have prompted basic research to better

understanding the MPM biology with the aim to identify new possible molecular targets.

Chapter 2. Extracellular matrix — Hyaluronic acid

1. Tumor microenvironment

It is widely recognized that the local microenvironment plays an important and active role in
cancer development providing favorable conditions for the seeding of cancer cells in a
protective niche that allows the growth and expansion of the tumour mass. Tumour
microenvironment is composed by a variety of cell populations, such as immune cells of all
types, blood and lymphatics vessels and fibroblasts embedded into the extracellular matrix
(ECM) (Yuan et al., 2016). This latter is build-up by a complex meshwork of macromolecules
secreted by different cell types, made up of both proteins and proteoglycans (PGs) with
covalently attached sugar chains, glycosaminoglycans (GAGs). The ECM, besides providing
the structural support of the organ, is instrumental in modulating cell functions such as
proliferation, cytoskeletal organization, differentiation and receptor signalling. Beyond direct
interaction with cellular signalling receptors, the network of macromolecules also functions as
a reservoir for growth factors or signallling molecules, thus influencing cellular behavior
indirectly (Lorusso and Riiegg, 2008).

1.1 Hyaluronic acid (HA)

One of the main component of the ECM, which plays a pivotal role during embryogenesis,
inflammation and cancer, is the carbohydrate - hyaluronic acid or hyaluronan (HA), a
negatively charged, unbranched polymer composed of repeated disaccharides of glucuronic
acid and N-acetylglucosamine (Salwowska et al., 2016). It was first discovered in 1934 by
Karl Meyer and John Palmer, as a component of the vitreus body of cows' eyes and it was
named HA from hyalos (the Greek word for 'glass’) and the uronic sugar found in the

substance (Meyer and Palmer, 1934).
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1.1.1 Chemical structure of HA

As described above HA is a high molecular weight glycosaminoglycan composed of repeating
disaccharide units of N-acetylglucosamine and glucuronic acid [(1—3)-B-dGIcNAc-(1—4)-B-
d-GlcA-] (Weissmann and Meyer, 1954). This relatively simple structure is conserved
throughout all mammals, suggesting that HA is a biomolecule of considerable importance
(Chen and Abatangelo, 1999). In the body, HA occurs in the salt form and is found in high
concentrations in several soft connective tissues, including skin, umbilical cord, synovial
fluid, and vitreous humor. Significant amounts of HA are also found in lung, kidney, brain,

and muscle tissues (Necas et al., 2008).

N-acetyl-D-Glucosamine Glucoronic acid

Figure 4. Structure of hyaluronic acid. Biochemical structure of hyaluronic acid disaccharide “building block”
consisting of N-acetyl-Dglucosamine and glucoronic acid (figure adapted from Adamia et al., 2013).

Under physiological conditions, the backbone of a hyaluronan molecule is stiffened by a
combination of the chemical structure of the disaccharide, internal hydrogen bonds, and
interactions with the solvent. Solutions of HA are exceedingly lubricious and very
hydrophilic. In solution, hyaluronan polymer chain takes on the form of an expanded, random
coil. These chains entangle with each other at very low concentrations, which may contribute
to the unusual rheological properties. At higher concentrations, solutions have an extremely
high but shear-dependent viscosity. A 1% solution is like jelly, but when it is put under
pressure it moves easily and can be administered through a small-bore needle. It has therefore
been called a “pseudo-plastic” material. The extraordinary rheological properties of
hyaluronan solutions make them ideal as lubricants. There is evidence that hyaluronan
separates most tissue surfaces that slide along each other. The extremely lubricious properties
of hyaluronan, meanwhile, have been shown to reduce post-operative adhesion formation
following abdominal and orthopedic surgery. As mentioned, the polymer in solution assumes

a stiffened helical configuration, which can be attributed to hydrogen bonding between the
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hydroxyl groups along the chain. As a result, a coil structure is formed that traps

approximately 1.000 times its weight in water (Necas et al., 2008).
1.1.2 Function of HA

HA is primarily located in the extracellular and pericellular matrix, but it has also been found
intracellularly (Fraser et al., 1997). The biological functions of HA include maintenance of
the elastoviscosity of liquid connective tissues such as joint synovial and eye vitreous fluid,
control of tissue hydration and water transport, supramolecular assembly of proteoglycans in
the ECM (Hascall et al., 2004, Dechert et al., 2006). HA has been proposed to be functionally
important in processes such as embryogenesis, angiogenesis, cell growth and migration,
wound healing, and the formation of high-molecular-mass aggregates with various
proteoglycan (Laurent and Fraser, 1992). HA plays very important roles also in malignancy; it
functions as a template for the assembly of pericellular macromolecules, it interacts directly
with cell surface receptors that transduce intracellular signals, and it promotes anchorage-
independent growth and invasiveness (Toole, 2002). One of the most notable diagnostic
features of MPM is massive pleural effusion containing high levels of hyaluronic acid, even
though the biological correlation between HA and mesothelioma progression is still poorly
understood (Lesley et al., 1992). The apparent structural simplicity of HA masks a very
complex signalling behaviour that varies according to its size (Cyphert et al., 2015). While
high molecular weight HA (over 1 million Da) keeps the structural integrity of tissues,
medium- or low- molecular weight HA stimulates cell proliferation, migration and sprout

formation, all processes responsible for tumour growth and progression (Dicker et al., 2014).

1.2 Biosynthesis of HA

In mammals HA is naturally synthesized by a class of integral membrane proteins called
hyaluronan synthases (HASes), of which vertebrates possess three different variants or
isoforms: HAS1, HAS2, and HAS3 (Lee and Spicer, 2000).

Outside Cell

Inside Cell
NH,

COOH
Central Loop

Figure 5. Structure of mammalian HAS. The mammalian HASs are comprised of seven membrane-spanning
regions and a large cytoplasmic (the figure is from (Adamia et al., 2013)).
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These enzymes are comprised of seven membrane-spanning regions and a large cytoplasmic
loop and they synthesize HA predominantly at the inner face of the plasma membrane
(Weigel et al., 1997). This means that the growing HA molecule is extruded into the
extracellular space via the membrane-spanning domains of the HA synthases as the polymer

grows (Philipson et al., 1985).

HAS enzymes polymerize nucleotide sugars, UDP-glucuronic acid (GIcUA) and UDP-N-
acetylglucosamine (GIcNAc) sequentially to the reducing end of the growing HA molecule
(Weigel et al., 1997). HA lacks a protein backbone which makes this molecule unique
compared to the other GAGs and thus only the presence of nucleotide sugars is required to
synthesize a new HA chain. Although the three isoforms of HAS are very similar (55-71%
amino acid sequence identity), they produce HA of different sizes and are different in
catalytic activity (Itano et al., 1999). HAS1 and HAS2 produce HMW-HA (~ from 2 x 10° to
2 x 10° Da), being HAS2 catalytically more active than HAS1. HAS3 appears to have the
highest rate of synthesis but produces LMW HA (~1 x 10° Da). Variation in the molecular
weight of HA may be required to regulate the diverse biological roles within an organism
(Torronen et al., 2014).

Plasma
Membrane

1 2\
GlcA @ = GlcNAc

Figure 6. Translocation system of HA in the cells. 1., 2. UDP-GIcA (uridine diphospho-glucose) and UDP-
GIcNAc (uridine diphospho-N-acetylglucosamine) binding to the HAS protein; 3., 4. GIcA and GlcNac transfer
by HAS transferase activity. 5. Newly synthesized HA binding to HAS protein and, 6. HA translocation through
the membrane into the ECM (adapted from (Adamia et al., 2013)).

1.3 Degradation of HA

In the human genome there are six known genes coding for hyaluronidase-like sequences, all
of which show an high degree of homology. They include Hyal-1, Hyal-2, Hyal-3, Hyal-4,
and PH-20/Spam1, as well as a pseudogene, Phyall, that is transcribed, but not translated, in

humans. They possess a unique tissue distribution, and except for PH-20, are widely
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expressed. The first three human Hyals (Hyal-1, -2, and -3) are clustered on chromosome
3p21.3 and the latter are similarly clustered on chromosome 7g31.3. Human Hyal-1 and Hyal-
2 are the two major hyaluronidases engaged in HA degradation in somatic tissues. Hyal-2
degrades high molecular weight HA to an approximately 20 kDa product (which corresponds
to about 50 disaccharide units), whereas Hyal-1 can degrade high molecular weight HA to
small oligomers, primarily to tetrasaccharides. Human Hyal-1 is an acid-active (pH = 3.8)
enzyme while Hyal -2 seems to have a broader pH optimum (collected in review Stern and
Jedrzejas, 2006).

1.3.1 Hyaluronidase-1 (HYAL-1)

HYAL-1 is an acid-active enzyme that cleaves HA to tetrasaccharides by hydrolyzing the B1-
4 glycosidic bond between GIcUA and GIcNAc (Frost et al., 1997). Most highly expressed
HYAL-1 mRNA is in the liver, kidney, spleen, and bone marrow, where HA degradation
maintains highest levels (Shuttleworth et al., 2002). HYAL-1 is synthesized as a 52 kDa
protein that is primarily secreted out of the cell and re-internalized by endocytosis where it
undergoes proteolytic cleavage and transforms into 48 kDa mature protein (Puissant et al.,
2014). HYAL-1 deficiency causes abundant HA accumulation in the lysosomes of
macrophages and fibroblasts of joint tissues, resulting in mucopolysaccharidosis (MPS) IX,
which is primarily characterized by an arthritis-like phenotype involving multiple joints
(Triggs-Raine et al., 1999). In addition, a mouse model of HYAL-1 deficiency also exhibited
a similar phenotype, with pathological manifestations limited to the joints (Martin et al.,
2008).

1.3.2 Hyaluronidase-2 (HYAL-2)

HYAL-2 genes are composed of six exons encoding an mRNA that can be translated into a
473 amino acid protein (Strobl et al., 1998). The corresponding polypeptide is predicted to
have an amino-terminal 20 residue endoplasmic reticulum signal sequence that directs the
protein into the Ilumen of the RER where it undergoes glycosylation and
glycosylphosphatidylinositol (GPI) anchor addition (Andre et al., 2011; Rai et al., 2001).
Expression of HYAL2 mRNA was reported in adult and embryonic human and mouse tissues
(Strobl et al., 1998). Northern blot (with human) and Western blot (with mouse) analyses
performed on several tissues have shown that HY AL-2 has a broad mRNA expression pattern
(heart, skeletal muscle, colon, spleen, kidney, liver, placenta, and lung) (Lepperdinger et al.,
1998), except the adult brain, where HYAL-2 enzyme is absent (Strobl et al., 1998). The
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intracellular localization of HYAL-2 has been controversial. It was initially proposed that
HYAL-2 is localized in the lysosomal compartment but since a green fluorescent protein
(GFP)-tag Hyal2 was used in these studies, it turned out that the GFP-tag attached to the C-
terminus of the protein prevented GPI addition to HYAL-2 (Lepperdinger et al., 1998).
Further studies clearly indicated the presence of HYAL-2 at the cell surface as a GPI
anchored protein (Chow et al., 2006; Rai et al., 2001). Moreover, HYAL-2 was found
intracellularly in the mitochondria of L929 fibroblasts (Chang, 2002) and in the nucleus of
blood vessels (de la Motte et al., 2009). More recently it has been demonstrated that
endogenous mouse HYALZ2 is expressed at the plasma membrane of many cell types, but it
can be found intracellularly only in some cell types (Chowdhury et al., 2016). Also the
optimal pH for HYAL-2 enzymatic activity has been controversial. At the beginning it was
suggested that HYAL-2 is catalytically active at both neutral and acidic pH (Lepperdinger et
al., 1998). Subsequently it was reported that neither acidic nor neutral pH were suitable to
allow detection of HYAL-2 dependent HA turnover (Rai et al., 2001). More recent studies are
indicating CD44, a key HA receptor, as the co-factor required to activate HYAL-2 catalytic
activity (Harada and Takahashi, 2007).

1.3.3 Proposed mechanism for HA degradation

The current hypothesis to describe HA degradation is that HMW-HA is anchored to the cell
surface through CD44, HA receptor for endocytosis (HARE, also known as stabilin-2), or
LYVE-1 HA receptors, and HYALZ2, and they are localized in the lipid rafts on the cell
membrane (Harada and Takahashi, 2007; Triggs-Raine, 2015).
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Bletine Figure 7. Proposed model for hyaluronan

o degradation. Hyaluronan (HA) bound to cell- or

wesme  Matrix-associated receptors such as CD44, HARE,

Recaptor or LYVE-1 is proposed to be hydrolyzed to
intermediate-sized fragments by the GPI-linked
HYAL2. The fragments are then internalized by
receptor-mediated endocytosis and transported to
lysosomes. In lysosomes, HYALL cleaves the
intermediate-sized HA fragments to smaller
fragments. These fragments become substrates for
the sequential action of the two exoglycosidases
family enzymes, B-glucuronidase (Gluc) and B-N-
acetylhexosaminidase (Hex) which hydrolyze
terminal GIcA and GIcNAc. The role of HYALS3 is
still unclear (figure described and taken from
Triggs-Raine, 2015).

Endosome

The acidic environment necessary for HYAL2 activity is provided by Na'/H" Exchanger
(NHE2), facilitating the generation of HA polymers of approximately 20kDa (or 50
disaccharide units). In this model, 20 kDa fragments are internalized and transported first to
endosomes and then to lysosomes, where lysosomal HYAL1, together with two lysosomal =-
exoglycosidases, called =-glucuronidase and =-N-acetyl-glucosaminidase, further degrades
the HA into tetrasaccharide units (Triggs-Raine, 2015).

1.4. HA and extracellular matrix

HA is responsible for various important organizational functions such as cell growth,
differentiation, and migration (Paiva et al., 2005; Tsepilov and Beloded, 2015). To stabilize
the integrity of ECM hyaluronan-binding proteins play an important role; they are cell
receptors specific for glycosaminoglycans, in this case HA, and are often called hyaladherins.
Many of these proteins have already been described, and they are characterized by a variety of
functions, including tissue affiliation, cellular localization, specificity, affinity, and other
properties, which are continuously being elucidated (Toole, 1997). It was reported that HA
strongly interacts with two well-known and extensively characterized hyaladherins, namely
CD44 (Aruffo et al., 1990) and Receptor for Hyaluronan-Mediated Motility (RHAMM)
(Hardwick et al., 1992).
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CD44 is a multifunctional cell surface glycoprotein expressed on most cell types (Karjalainen
et al., 2000). Extensive alternative splicing of nine variable exons and different combinational
insertions result in many distinct CD44 splice variants. The standart CD44 is the shortest and
also the most abundantly expressed isoform; the other variants are expressed in a cell-specific
manner and in the pathophysiology of many disorders. CD44 has several important
physiological functions in cell-cell and cell-matrix interactions including proliferation,
adhesion, migration, hematopoiesis, and lymphocyte activation, homing, and extravasation
(Mattheolabakis et al., 2015; Ponta et al., 2003). This variability in cellular activity seems to
rely on the differential expression of the different CD44 splice variants, but also is due to
post-translation modifications such as N- and O-glycosylation, and binding by a variety of
ligands. The diversity of isoform expression, post-translational modifications, abundance and
spatial distribution of CD44 are likely to be critical for the regulation of signalling events, in
particular because high molecular weight hyaluronic acid (HMW-HA) can bind multivalently
to CD44 (Mattheolabakis et al., 2015; Misra et al., 2015; Ponta et al., 2003).

RHAMM, an acidic and coiled-coil protein designated as CD168, has been found on cell
surfaces, as well as in the cytosol and nucleus. RHAMM lacks a transmembrane domain but is
GPIl-anchored to the cell membrane, where it can interact with CD44 and participate in many
cell functions, including cell motility, wound healing, and modification of signal transduction
signalling cascades. RHAMM contains no signal peptide and is thought to be transported, via
unconventional transport mechanisms, to the cell surface, where it associates with the cell
surface via docking with HA synthase, and like CD44, it transduces signals that influence cell
motility (Misra et al., 2015; Toole, 1997).

1.5. Hyaluronic acid and cancerogenesis

A progressive tumour is something more complex than a set of clones of mutant cells, it is
indeed a complicated three dimensional heterogeneous formation sustained by a complex
network of intercellular interactions established among tumour cells, normal cells and the
tumour microenvironment. For invasion and metastasis, the ECM must be degraded and this
degradation is usually associated to changes in its intercellular signal transduction potential.
In fact, HA and the products of its degradation catalysed by hyaluronidases, act as signals
promoting angiogenesis, which guarantees the appropriate supply of nutrients to the actively

dividing cells (Tsepilov and Beloded, 2015). Numerous data have been provided regarding
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the direct participation of HA in the development of the tumour. For instance, enhanced HA
synthesis was shown to promote penetration and spreading of transformed keratinocytes into
epithelial tissues (Toole et al., 2002). Some tumours influence the surrounding cells to
upregulate their HA biosynthesis, whereas in the context of carcinomas it was shown that high
levels of HA are directly produced by malignant cells themselves (Auvinen et al., 2000;
Ropponen et al., 1998). Upregulated levels of HA and hyaluronidase activity are considered
of diagnostic significance for malignant change and carcinogenesis. High amount of HA in
tumor stroma and peritumoral space suggests unfavorable prognosis of breast cancer
(Auvinen et al., 2000) and ovarian cancer (Anttila et al., 2000). In patients affected by
mesothelioma, high amount of HA has been detected in pleural effusions and serum (Afify et
al., 2005; Torronen et al., 2016). The presence of HA and its receptor CD44 have been shown
to facilitate neoplastic cell motility and invasion. The diagnostic relevance of HA and CD44 is
so high that both molecules have the potential to be used as biomarkers in this kind of tumour
(Cortes-Dericks and Schmid, 2017).

Chapter 3. Complement system

1. Complement system

Complement system (C) is a well-known arm of innate immunity, providing an early warning
signal and fast response upon encountering a foreign antigen, although recent findings have
revealed that C orchestrates many other immunological and inflammatory processes, thus
contributing to the maintenance of the homeostasis of different organs and tissues (Walport,
2001). It consists of nearly 50 fluid-phase and membrane proteins, which can be zymogens
(enzymes becoming active upon complement activation), effectors, receptors, or control
proteins. The role of C system is to control the adaptive immunity and to enhance the humoral
immunity. It participates also in removal of apoptotic cells, regulation of the coagulation
system, maturation of synapses, angiogenesis, mobilization of hematopoietic stem-progenitor
cells, regeneration of tissue and lipid metabolism. C acts like a bridge between innate and
adaptive immunity helping to regulate B- and T-cell responses. Apart from these, C is
implicated in several processes including regulation of neuronal networks development, tissue
regeneration and angiogenesis (reviewed by Pio et al., 2014; Ricklin et al., 2010; Sim et al.,
2016).

1.1 Pathways of complement activation
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There are three well-established mechanisms leading to C activation, named classical, lectin
and alternative pathways (Nonaka, 2014; Walport, 2001).

All three C pathways converge on activating the central component C3 but target recognition
and activation mechanisms are different. The first component of the classical pathway is the
C1 complex, which is composed of a C1g macromolecular complex associated with C1r and
Cls, two serine protease proenzymes (Kojouharova et al., 2010). Activation of the classical
pathway is initiated upon binding of C1q either to antibodies of the (Ig)G or IgM families or
endogenous ligands such as dying cells (Nauta et al., 2002), extracellular matrix proteins
(Sjoberg et al., 2009), pentraxins (McGrath et al., 2006), amyloid deposits (Ying et al., 1993),
prions (Mitchell et al., 2007) and DNA (Ying et al., 1993). Binding of C1q activates C1s and
Clr. C1s cleaves C4 into two fragments: C4b, which binds to the cell surface through a
thioester bond, and C4a which diffuses away. Next, C2 binds to C4b and becomes a target for
C1s. The cleavage of C2 generates two fragments: C2a and C2b. This latest fragment remains
bound to C4b, forming the C4bC2b complex known as C3 convertase. Furthermore, C2b acts
as a serine protease and cleaves C3 to C3b and C3a. C3b binds covalently to the cell
membrane through a thioester bond and joins to the C3 convertase and forms the classical
pathway C5 convertase (C4bC2bC3b) (Pangburn and Rawal, 2002). Analogous to the
classical pathway is the lectin pathway which is initated by the binding of mannose-binding
lectin (MBL) and H-, L- or M-ficolins (Thiel, 2007) to molecular patterns (e.g. sugars) found
on pathogens, leading to mannan-associated serine protease (MASP)-2 activation and
subsequent cleavage of C4 and C2, and generation of C4bC2a, the C3-convertase (Matsushita
et al., 2000). The alternative pathway is initiated by spontaneous low-level hydrolysis of C3 -
C3(H20) (Pangburn et al., 1981), which can bind to factor B. Factor B is cleaved by factor D
to form the initial alternative pathway C3 convertase complex (C3(H.O)Bb) (Bexborn et al.,
2008), which begins to convert C3 into C3b and C3a (reviewed by Alawieh and Tomlinson,
2016; Nonaka, 2014).
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Figure 8. Overview of the complement system and complement regulators. Complement system is activated
by one of three pathways. The first one is the classical pathway, via C1q binding to Fc-domains of antigen-
bound antibodies or directly to apoptotic/stressed cells. The second is the lectin pathway, via binding of MBL to
sugar moieties on pathogenic surfaces and glycosylated proteins, and, the third one is the alternative pathway,
through spontaneous hydrolysis of serum complement C3 (“tick-over”) with the involvement of factors B and D.
C3 convertase is formed by the cleavage of C4 and C2 to constitute C4b2a (classical and alternative pathway)
and the alternative pathway C3 convertase is formed by association of C3b with factor B and subsequent
cleavage of factor B by factor D forming C3bBb. C3 cleavage leads to the production of C3b and C3a.
Deposited C3b can further amplify C3 cleavage by recruitment of the alternative pathway, and additionally
serves as an opsonin that is subsequently processed into iC3b and C3d. C3b can also associate with C3
convertase (C4b2a or C3bBb), forming a C5 convertase that cleaves C5 into C5b and C5a. C3a and Cbha are
anaphylatoxins and signal through G-protein coupled receptors. C5b deposits on cell surfaces and recruits
downstream complement proteins C6-C9 leading to the formation of membrane attack complex (MAC).
Uncontrolled complement activation is prevented by several complement regulators, which serve as a
checkpoints at different points in the complement pathway (Figure and text adapted from Alawieh and
Tomlinson, 2016).

C3b is either rapidly inactivated or can bind to complement-activating surfaces and associate
with factor B. Factor B in complex with C3b, can be cleaved by factor D, forming the
predominant alternative pathway C3 convertase (C3bBb). The stability of this convertase is
enhanced by the binding of properdin. The fragment Bb on the C3 convertase cleaves more
C3 and initiates an amplification loop, generating more C3b that can create new alternative
C3 convertases and the C5 convertase (C3bBbC3b) (Hourcade, 2008).

1.2 Complement system in cancers

Inflammation caused by complement system has been recognized as a pathogenic factor for

many chronic inflammatory diseases, such as rheumatoid arthritis, glomerulonephritis,
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atherosclerosis, asthma and multiple sclerosis. Absence, alteration or overactivity of several
complement proteins have been associated with the development of infectious or autoimmune
diseases (Rutkowski et al., 2010).

However, two important reasons justify the study of the role of complement activation in
cancer progression and the effect of its manipulation in cancer therapy. First, the complement
system is an important component of the inflammatory response, which is involved in various
stages of tumorigenesis and cancer progression (Coussens and Werb, 2002); second, C
activation regulates adaptive immune response (Carroll and Isenman, 2012) having therefore
the possibility to regulate T cell response against tumours. From this dualism, a theory arose
according to which the recognition of cancer cells by complement elements creates a selective
pressure, that leads to the expansion of new tumour populations able to control complement
activation and to exploit intermediate activation products (Pio et al., 2014 ). Recently the
protective role of C in cancer has been discussed focusing on the beneficial effect of C-fixing
antibodies that are activators of the classical pathway and are able to inhibit tumour
progression as a result of MAC-mediated cancer apoptosis and C-mediated inflammation
(Macor et al., 2018).

1.3. Complement in immune surveillance against tumours

The C system is one of the immune actors present in the tumour microenvironment which
plays an important role in the control of tumour growth. C activation made by antigen initiates
an inflammatory reaction and the opsonization of the target cell, which can have, in some
cases, killing effect. This is the common role C may have on the control of tumour growth
(Pio et al.,, 2014). Genetic and epigenetic alterations connected with tumour growth
dramatically change the morphology and the composition of the cell membrane. Very
important, for the progression of epithelial cells from a normal to a malignant phenotype, is an
increase in the metabolism of membrane phospholipids (Costello and Franklin, 2005; Griffin
and Kauppinen, 2007). Furtermore, altered glycosylation is considered as a hallmark of cancer
cells (Hakomori, 2002). Lung cancer cell lines were shown to deposit C5 and generate C5a
more efficiently than bronchial epithelial cells. An increased level of C5a was also found in
the plasma samples of patients with non-small-cell lung cancer (Corrales et al., 2012).
Deposition of C3b, C3c and C4 C components was detected in primary lung tumours
(Gminski et al., 1992; Niehans et al., 1996). Elevated levels of C3a and soluble C5b-9 are
present in the intraperitoneal ascitic fluid of patients with ovarian cancer (Bjorge et al., 2005).
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In brain tumours, higher C hemolytic activity and C3 levels have been observed in serum
samples from children with neuroblastoma (Carli et al., 1979). Some of the first evidences for
the activation of the classical pathway of the C have been described in patients with chronic
lymphatic leukemia (Fust et al., 1987), papillary thyroid carcinoma (Lucas et al., 1996),
follicular lymphoma, and mucosa-associated lymphoid tissue lymphoma (Bu et al., 2007).
Activation of lectin pathway was increased in patients with colorectal cancer compared to
healthy patients (Ytting et al., 2004). Moreover, the alternative pathway of C activation by
malignant transformed cells has been found to be activated in lymphoblastoid cell lines
(Budzko et al., 1976) and patients with multiple myeloma (Kraut and Sagone, 1981). Apart
from the traditional pathways of C activation, cancer cells may have the capacity to activate C
by an extrinsic mechanism. This was proved in lung cancer cell lines, characterized by the
ability to produce C5a in the absence of an exogenous supply of serum, which represents the
main source of C components (Corrales et al., 2012). Also human mast cell lines (HMC-1) are
able to produce anaphylatoxins by soluble and membrane-bound serine proteases
independently from complement activation (Amara et al., 2008). The exact trigger for C
activation upon these transformations is still not fully understood, although activation through
immune complexes, antibody binding or direct C1q binding to necrotic and apoptotic cellular
components are all possibilities. The relative contribution of each activation pathway has not
been clarified yet, but increasingly data suggest an influence of all three pathways (Pio et al.,
2014).

1.4 Complement activation can promote tumor growth

The role of C in the tagging and elimination of tumour cells represents a very interesting issue
addressed by many researchers, since it was demonstrated that mice deficient in C3 or C5aR
show decreased tumour growth when compared to wild-type mice (Corrales et al., 2012;
Markiewski et al., 2008). C can assist the escape of tumour cells from immunosurveillance,
promote angiogenesis, activate mitogenic signalling pathways, contribute to cellular
proliferation and resistance to apoptosis, and participate in tumour cell invasion and migration
(Rutkowski et al., 2010) (Figure 9).
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Figure 9. Tumor promoting role of C proteins in the tumor microenvironment. The contribution of C to the
antibody-mediated cancer cell killing remains controversial (Pio et al., 2014)

1.4.1 Complement and immunosupression

Immunosuppression is orchestrated by lymphoid and myeloid cells, recruited and activated in
the tumour microenvironment, including regulatory T cells, tumour-associated macrophages
(TAMs), regulatory dendritic cells and myeloid-derived suppressor cells (MDSCs) (Zou,
2005). The most important points in tumor-derived immunosuppressive mechanisms are: first,
downregulation (or loss) of major histocompatibility complex class I molecules, second,
tumor-associated antigens and third, the secretion of immunosuppressive factors such as
vascular endothelial growth factor (VEGF), TGF-B, IL-10, reactive oxygen species (ROS) and
prostaglandins (Kim et al., 2006). Many recent studies showed that C activation can suppress
immune response. Anaphylatoxin C5a has dose dependent effect on differentiation of
regulatory T cells (Gunn et al., 2012), as well as on recruitment and activation of MDSCs into
tumours. The role of C5a in the immunosuppressive function of MDSCs was confirmed ex
vivo when isolated MDSCs from Cb5aR-deficient mice were unable to inhibit T-cell
proliferation (Markiewski et al., 2008). Moreover, the blockade of Cba signalling
downregulated the expression of key immunosuppressive molecules in a lung cancer mouse
model (Corrales et al., 2012). All these studies suggest that anaphylatoxin molecule C5a can
suppress the T-cell-mediated antitumour response via promoting an immunosuppressive
microenvironment and recruiting regulatory T cells, as well as MDSCs into the tumour (Pio et
al., 2014).

1.4.2 Complement and angiogenesis

The creation of new vessels from pre-existing ones, called angiogenesis or neovascularization,

is a key mechanism of tumour progression and it is directly related to the tumour
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aggressiveness (Carmeliet, 2003). Complement-activated factors can have pro- or anti-
angiogenic role on neovascularization in some disease, such as cancers. Girardi and
colleagues demonstrated an upregulation of anti-angiogenic factor in monocytes after C
activation in an antibody-independent model of spontaneous miscarriage and intrauterine
growth restriction (Girardi et al., 2006). In contrast, the presence of anaphylatoxins C3a and
C5a activates angiogenesis in age-related macular degeneration (Nozaki et al., 2006) through
the induction of VEGF expression and thereby promoting the generation of new vessels in
retinal pigmented epithelium cells. In addition, C3 and MAC are deposited in the eyes of
animals with laser-induced choroidal neovascularization, concomitant with an increase of the
angiogenic factors VEGF, TGF-f2, and basic fibroblast growth factor (Bora et al., 2005).
Moreover, a genetic C3 deficiency in a mouse model of epithelial ovarian cancer enhanced
tumour vascularization by altering the function of endothelial cells (Nunez-Cruz et al., 2012).
However, these studies suggest that C activation may be important in the promotion of
angiogenesis particularly during the early steps of tumor progression, which was confirmed
by in vitro studies using endothelial cells where C5a stimulates chemotaxis and tube
formation in human umbilical endothelial cells (Schraufstatter et al., 2002) and human
microvascular endothelial cells (Nunez-Cruz et al., 2012). Endothelial cell are able to respond
to C5a by activating the expression of genes that participate in endothelial adhesion,
migration, and angiogenesis (Albrecht et al., 2004).

1.4.3 Complement and tumor cell proliferation, migration and metastasis

Invasion and metastasis are the processes in which the C system is actively involved by
different mechanisms. Activation of C system releases both anaphylatoxins C3a and Cba
which decrease expression of E- cadherin and induce epithelial mesenchymal transition
(EMT), the key process in cancer cell invasion and metastasis (Tang et al., 2009). Cancer cells
are able to migrate via degradation of ECM promoted by C proteins (Rutkowski et al., 2010).
Very important proteins is metastatic process are matrix metalloproteinases (MMPSs). When C
system is once activated, C5a signalling through C5aR promotes the release of matrix
metalloproteinases (MMP), in particular MMP-9 is released by macrophages (Gonzalez et al.,
2011; Pio et al., 2014). Overexpression of MMP-1 protected murine melanoma cells from the
damaging effects of C and promoted the formation of lung metastasis in vivo (Rozanov et al.,
2006). In melanoma cells, overexpression of procathepsin-L switched their phenotype from

non-metastatic to highly metastatic (Frade et al., 1998).The role of proteases in this processes

32



is inactivating C proteins and protecting tumour cells from complement attack (Pio et al.,
2014).

2. C1q: the first component of the complement system

C1q is a versatile molecule of the innate immunity that serves as a initiation subcomponent of
the classical pathway of the C activation. The versatility of potent pattern recognition
molecule has fuelled its functional flexibility (Nayak et al., 2012). Clq is a 460-kDa
macromolecule made up of 3 distinct polypeptide chains, A (34 kDa), B (32 kDa) and C (27
kDa), arranged to form 6 triple helical strands with three peptide chains—A, B, and C—forming
a single strand (Brodsky-Doyle et al., 1976; Knobel et al., 1975). Chains A, B and C are the
product of three distinct genes clustering in the same orientation, and in the order A—C-B in
ratio 1:1:1 on the short arm of chromosome 1p (Sellar et al., 1991). Each of the three
polypeptide chains is composed of a short N-terminal region followed by a collagen-like
region (CLR) and a C-terminal globular region, also called the gC1q domain (Sellar et al.,
1991) and in turn has its own ligand specificity capable of recognizing different molecular
patters (Kishore et al., 2004). The two Clq domains can independently interact with a
multiplicity of biological structures including pathogen-associated and cell associated
molecules. In addition, it is the gC1g domain itself that defines the versatility of the Clqg
molecule and defines the interaction between Clq and its self, non-self and altered-self
ligands (reviewed by Ghebrehiwet et al., 2017; Nayak et al., 2012). Similar than other C
components, also C1q is synthesized by resident and recruited cells including fibroblasts,
endothelial cells, tissue specific cells, and macrophages (Agostinis et al., 2017a; Lubbers et

al., 2017) and is released in the tumour microenvironment.
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Figure 10. Structural organization of intact C1g. C1q is a charge pattern recognition protein with MW 460
kDa composed by homologous polypeptide chains, 18 in total (6A, 6B and 6C chains) linked with a collagen-
like region (N-terminal) and a globular head domain (gC1q). (The figure adapted by (Pondman et al., 2017).

2.1 Classical role of Clq

C activation is one of the most important factors causing inflammation in pathologies such as
autoimmune and neurodegenerative diseases, as well as atherosclerosis. Charge pattern
molecule C1q recognises and binds self and non-self ligands directly by gC1q domain or
adaptor molecules, such as IgG/IgM and C-reactive protein (CRP). In addition, C1q has
ability to bind IgG and IgM via ionic bonds and activate classical C pathway through the
binding of the gC1g domain to aggregated IgG or IgM on immune complexes (Ghebrehiwet
et al., 2018; Kishore et al., 2004; Nayak et al., 2010a). Apart from the binding to IgG and C
activation C1q is involved in different cell processes such as apoptosis and coagulation. C1q
binds to the apoptotic cells and surface blebs on apoptotic cells. This binding is able to
activate C system and leads to the removal of the apoptotic cells which is crucial in
maintaining normal homeostasis (Nauta et al., 2002). Inability to remove apoptotic cells
resullts to their accumulation, contributes to cronic inflammation and developes C1g-defiency
disorder, such as systemic lupus erythematosus (SLE) (Nayak et al., 2012). Furthermore, C1q
has an effect on cells function through its autocrine and paracrine functions (Ghebrehiwet et
al., 2017). Binding between Clq and C-Reactive protein (CRP), a strong activator of the
classical C pathway and an important clinical marker of inflammation particularly in cardio-
vascular diseases and cancer (Danesh et al., 2004), induces subsequent C activation and leads
to inflammation following tissue damage, such as atherosclerosis (Bir6 et al., 2007; Nayak et
al., 2012). Classical pathway can be activated on the surface of endothelial cells by Clq
which is leading to inflammation and causes endothelial cell damage (Yin et al., 2007).
Moreover, C1q recognises deposited low density lipoprotein (LDL) on atherosclerotic lesions

and activates C which leads to inflammation (Bir¢ et al., 2007).

C activation that follows binding of Clq invariably leads to inflammation but in some cases
the inflammation can be also protective for the organism as it leads to host defence against
pathogens. When C1q binds to outer membrane proteins of Gram-negative bacteria leads to C
susceptibility of the harmful pathogen (Roumenina et al., 2008). Moreover, also some human
astrovirus exist with special coat proteins that bind to C1lq and inhibit the C activation to

avoid the host immune response (Hair et al., 2010). As well as low molecular mass heparin,
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C1q is able to inhibit C activation in pregnancy and thus hence pregnancy loss (Oberkersch et
al., 2010).

2.2 Alternative role of C1q

Even though Cl1q is a complement initiating molecule, it is also engaged in an array of
processes that are completely independent from C activation (Kishore et al., 2016; Kouser et
al., 2015). C independent functions modulated via C1q are very important for the central
nervous system (CNS) by microglia activation. These phagocytic cells are known to
synthesise C1q and their activation is dependent on extrinsic C1q; they attempt to phagocyte
the opsonised targets, such as apoptotic neurons and amyloid peptides (Fraser et al., 2010).
Recently, C1q has been shown to be expressed locally in the microenvironment of a range of
human malignant tumours, where it can promote cancer cell adhesion, migration, and
proliferation, without involving complement activation (Agostinis et al., 2017b; Bulla et al.,
2016). Cl1q has been shown to be present in the ascitic fluid formed during ovarian cancers
where it can affect tumour cells; this was demonstrated by exogenous treatment with C1q, that
via its globular domain induced apoptosis in an ovarian cancer cell line SKOV3 through TNF-
a induced apoptosis pathway involving upregulation of Bax and Fas (Kaur et al., 2016). In
addition, C1q is able to downregulate the production of the pro-inflammatory cytokines IL-1a,
IL-1b, IL-6 and TNF-ojjand has a neuroprotective role upon activating microglial cells in
order to ingest apoptotic neurons and by suppressing pro-inflammatory cytokine production in
CNS. Opposite from that, C1q can have also neurodegenerative role in CNS by tiggering C
activation (Bonifati and Kishore, 2007). Defective local production of C1q may be involved
in pregnancy disorders, such as pre-eclampsia. Agostinis et al. for the first time demonstrated
a novel role of C1q in physiological and pathological pregnancies (Agostinis et al., 2017a). In
extracellular matrix, C1q binds to various matrix proteins, such as decorin, biglycan, lumican,
laminin and fibronectin and hampers activation of C system (Krumdieck et al., 1992). Binding
of Clq to these proteins, probably via CLR domain, has been implied in deposition and
retention of immune complexes in the basement membrane (Sjoberg et al., 2009). C1qg has a
very important role, which is not connected with C activation also during the early phase of
placental development, promoting trophoblasts cell migration and tissue remodelling. Fetal
cytothrophoblasts express C1q on their surface as a bridge toward the maternal decidua. C1q
can interact with components of the decidua extracellular matrix, thus allowing adhesion and
invasion of trophoblasts (Agostinis et al., 2010). The angiogenic activity of Clq was

supported by its ability to induce new vessel formation in in vitro and in vivo models of
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wound healing. C1q is selectively localized on the vessel endothelium and in the stroma of
wound healing in the absence of C4 and C3 and acts as a unique angiogenic factor (Bossi et
al., 2014). On endothelial cells C1q promotes spreading and adhesion via cC1gR and gC1qR,
abundandly present on human dermal endothelial cells. cC1gR and gC1qgR in association with
adhesion molecules, particularly B; integrins, transduce signals into endothelial cells, thus
promoting their adhesion and spreading to Cl1q-coated cell surfaces (Feng et al., 2002).
Apoptotic cell clearance is mediated by C1q in a complement-dependent and complement-
independent manner. C1q is able to maintain the tissue homeostasis by recognizing blebs or
other molecules exposed on the surface of apoptotic cells. cC1gR on macrophages binds to
the collagen region of bound Clqg and signals for the uptake and phagocytosis of apoptotic
cells through association with CD9 (Ogden et al., 2001). Clq can inhibit platelets adhesion
and aggregation by binding to different C1q receptors expressed on the platelet surface and to
adsorbed IgGs. Platelets activation is the triggering event of the coagulation cascade (Nayak
et al., 2010b). Further researches into the ligand binding capacity of C1q can lead to a better
understanding of the process of inflammation along with many more other cellular processes

including apoptosis and cell adhesion (Nayak et al., 2012).
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RATIONALE AND AIMS OF THE STUDY

Malignant pleural mesothelioma is a rare and aggressive cancer that develops in the pleura, a
thin layer of tissue surrounding the lungs. It is mainly induced by long-term exposure to
asbestos, a naturally occurring silicate mineral, and its incidence and associated mortality rate
are increasing in most countries. Like all form of cancer, mesothelioma (MES) cells acquire
the ability to proliferate in an uncontrolled manner, invading the surrounding tissue and
spreading to distant organs. It has been widely recognized that the local microenvironment is
actively involved in the process of carcinogenesis since it can provide a permissive niche for
tumour cells survival, growth and migration.

Hyaluronic acid (HA), a member of the glycosaminoglycan family, is an abundant and
ubiquitous component of the ECM which has emerged to play a fundamental role in cancer
progression. Interestingly, HA is highly expressed in MPM where it enhances the
aggressiveness and spreading of MES cells into adjacent, non-cancerous and stromal tissues.
Elevated levels of HA can be detected in pleural effusions and serum of the patients affected
by such devastating disease.

Another key component of the tumour microenvironment, that has received increasing
attention, is represented by the complement system, a well-known arm of the innate immunity
which participates in the immune surveillance and homeostasis. In particular C1q, the first
component of the classical pathway, has emerged to act in the tumour microenvironment as a
cancer promoting factor, independently of C activation. We recently unveiled that C1q is able
to interact with several extracellular matrix components, being HA the strongest interaction
partner. Taking into account that HA is abundantly expressed in MPM, as C1q, these findings
raised the possibility that C1q bound to HA would function as a novel “signalling complex”
able to promote the development and progression of MPM.

Here we present novel data showing that C1g bound to HA is able to affect HA homeostasis.
In particular signalling events initiated by C1lq bound to HA on mesothelioma cells are
capable to modify the expression of enzymes responsible for the synthesis and degradation of
HA in the tumour microenvironment. We also provided evidence that C1q can contribute to
ROS production only in the presence of LMW-HA. Based on these findings we can propose
the following model: C1g-HA interaction, by enhancing HA degradation via Hyal2, feeds
LMW-HA deposition in the tumour microenvironment which, in turn, favours ROS

production and further HA degradation.
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MATERIALS AND METHODS

Cell isolation and culture

MES cells were isolated from pleural biopsy specimens. The tissue was finely minced with a
cutter, incubated with a digestion solution composed by 0.5% trypsin (Sigma-Aldrich, Milan,
Italy) and 50 pg/ml DNase I (Roche, Milan, Italy) in Hanks’ Balanced Salt solution with
Ca®*Mg* 0.5mM (Sigma-Aldrich) overnight at 4-C. Next, the enzymatic solution was
changed with collagenase type 1 (3 mg/ml) (Worthington Biochemical Corporation, DBA)
diluted in Medium 199 with Hank’s salts (Euroclone Spa, Milan, Italy) for 30 min at 37°C.
The digestion was blocked with 10% fetal bovine serum (FBS, GIBCO, Life Technology) and
the cell suspension was filtered through a 100 um pore filter (BD Biosciences, Italy).

The cells were seeded in a 12.5 cm? flasks and cultured using Human Endothelial serum free
medium (HESF, Life Technologies), 10% heat-inactivated FBS supplemented with EGF (5
ng/ml), basic FGF (10 ng/ml) and Pennicillin-Streptomicin (Sigma-Aldrich). Fresh medium

was replaced every 2-3 days.

Antibodies

The following antibodies were used: anti-HYALZ2 rabbit polyclonal antibody (Proteintech,
15115-1-AP), anti-HAS3 rabbit polyclonal antibody (Proteintech, 15609-1-AP), anti-M6P-R
mouse monoclonal (Abcam, #2733), anti-Vimentin mouse monoclonal (Santa Cruz), anti-
Calnexin mouse monoclonal antibody (Abcam, #31290), anti-EEA1 mouse monoclonal
antibody (Abcam, #70521), anti-gC1gR mouse monoclonal antibody (74.5.2 clone, Merck
Millipore), anti-LAMP1 mouse monoclonal antibody (Santa Cruz, H4A3 clone), biotinylated
anti-goat 1gG antibody, streptavidin Alexa Fluor 488 conjugated, anti-mouse IgG Cyn3
conjugated and anti-rabbit 1gG FITC conjugated secondary antibodies were from Sigma-
Aldrich.

Coating conditions

Sterile 6-well plates (Corning) or glass round coverslips of 15 mm diameter (Menzel-Glaser)
were incubated ON at 4°C with high molecular weight HA (MW 1.5 MDa, kind gift from
Ivan Donati) at a concentration of 50 pg/mL in bicarbonate buffer, pH 9.6. The day after, the
plate was washed 1-time with dPBS and then incubated ON at 4°C with Clq (Sigma) at a
concentration of 25 pg/mL in dPBS + BSA 0.5 % (Sigma), 0.7 mM CaCl, and 0.7 mM
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MgCl,. After ON incubation, the wells were washed again with dPBS, before seeding the

cells.

Flow cytometry

Mesothelioma cells (5x10°) were fixed (or used live cells) with the fixation reagent
FIX&PERM kit for 15 min at RT in the darkness and incubated with primary antibodies as
listed above for 1 h at 4°C. Antibodies directed against intracellular antigens were diluted in
permeabilization reagent of the FIX&PERM Kkit, while antibodies for cell surface antigens
were diluted in PBS with 1% BSA. Incubation with secondary antibodies anti-mouse-FITC
F(ab)’ (1:50) or anti-rabbit-FITC (1:300) was performed for 30 min on 4°C. Cells were
resuspended in 1% paraformaldehyde, then the fluorescence was acquired with the
FACScalibur (BD Bioscience), and data processed using the software CellQuest.

Adhesion assay

1x10° MES cells, labelled with the fluorescent dye FAST Dil (Molecular Probes, Invitrogen),
were re-suspended in Human Endothelial serum free medium (Life Technologies) containing
0.5% BSA (Sigma), pre-incubated with 10uM of Everolimus (#S1120 Selleckchem) ihibitor
for 45 min at RT and then added to a 96-well plate (wells were coated as described above) for
35 min at 37°C in 5% v/v CO, incubator. For untreated cells, cells without pre-incubation
with Everolimus were used. The unbound cells were removed and the adherent cells were
lysed with 10mM Tris-HCI, pH 7.4 + 0.1% SDS. The plate was read with Infinite200
(absorbance 544 nm, emission 590 nm) (TECAN) and referred to a calibration curve

established with an increasing number of labelled cells.
Red Blood Cells Exclusion Assay

Different MES populations were seeded on a sterile 96 well plate (Corning). Cells were kept
in culture for three days in Human Endothelial serum free medium (HESF), 10 % FBS,
supplemented with 5 ng/mL of epidermal growth factor (EGF, Sigma), 10 ng/mL basic
fibroblast growth factor (bFGF, Immunological Sciences), 1 % penicillin-streptomycin
(Sigma-Aldrich), pH 7.6.

Medium was then removed and replaced by 0.16 % fixed erythrocytes (Institut de
Biotechnologies Jacques Bay) diluted into dPBS, 0.5 % BSA, 0.7 mM CaCl, and 0.7 mM
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MgCl,. Red blood cells were then allowed to settle down, for 20 min at 37°C in 5% v/v CO,
incubator.

As a negative control some wells were treated with hyaluronidase (Sigma, 500 units/mL in
HESFM and 10 % FBS, pH 4.4), for 30 min at 37°C in 5% v/v CO, incubator. Hyaluronidase
was diluted as 1 mg/mL in 0.02 M phosphate buffer (77 mM sodium chloride, 0.01% BSA,
pH 7). After 30 min, medium was removed and replaced by 0.16 % fixed erythrocytes
suspension. Red blood cells were then allowed to settle down, for 20 min at 37°C. Images
were acquired by phase-contrast optical microscope, original magnification 200X with Canon
Power Shot A640 Camera.

Alcian Blue Staining

MES were fixed with cold methanol for 10 min, washed two times with dPBS and stained
with alcian blue dissolved in 3% acetic acid, pH 2.5, for 30 min at RT. After washing in
dPBS, images were acquired by the fluorescence microscope Leica DM 3000 using the Leica
DFC320 camera.

MTT Cell viability assay

Metabolic activity of Rapamycin inhibitor, Everolimus, was determined using MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide) reagent. MES cells were seeded onto
96-well cell plates (Corning) and treated with 10 nM, 100 nM, 1 uM and 10 uM Everolimus
for 72 h at at 37°C in 5% v/v CO; incubator . After treatment MTT (Sigma-Aldrich, USA) at
a final concentration of 0.5 mg/ml was added respectively. Upon 6 h incubation, when MTT
was used, the formed formazan crystals were dissolved in DMSO and the optical density
(OD) measured at 570 nm with a spectrofluorimeter (Titertek Multiskan ELISA reader). Cell
viability was calculated as a ratio of the mean OD value of treated vs. untreated cells.

Epithelial/Mesothelial mesenchymal transition

24-well plates were coated as it was described in Coating conditions. MES cells were seeded
onto different matrices (C1g, HA, C1g-bound HA) at the concentration of 1 x 10° cells/well,
ON at 37°C in 5% v/v CO; incubator in HESF medium, containing 0.5% BSA. No treated
cells were used as a control sample. Cells were washed once with cold dPBS and lysed with
400 ul RNA Lysis Buffer (EuroGOLD). mRNA isolation, reverse transcription and RT-qPCR

analysis were performed as previously described.
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Samples preparation for gPCR

Different MES populations were used for this assay. After preparing the plate with the matrix
of Clq (25 pg/mL), HA (50 pg/mL) and HA + Clq the cells were seeded at a concentration of
9 x 10° cells/well and then collected after 3h, 6h or ON of incubation at 37°C in 5% v/v CO,
incubator. No treated cells were used as a control sample. The cell pellet was washed 1-time
with cold dPBS and centrifuged at 250 x g for 7 min. After centrifugation, cell pellet was
resuspended into RNA Lysis Buffer (EuroGOLD) and stored at -80°C.

RNA isolation and retrotranscription

RNA was isolated from cell lysates using EuroGOLD Total RNA kit (EuroClone) following
manifacturer instructions. Elution of RNA was performed by adding sterile RNAse-free dH,0O
(50ul) directly into the binding matrix of the column, and collection was performed upon
centrifugation at 5.000 x g for 1 min on a fresh tube. RNase inhibitors (1:15) were added.
After isolation, RNA was stored at -80°C.

Isolated total RNA was retrotranscribed to cDNA. Reaction mix is composed of:

- 1 ul reverse transcriptase (Bioline)

- 4 ul SuperScript Mix 5X (Bioline)

- 4 ul isolated RNA

- 11 pl sterile water

Retrotranscription reaction was carried on for 1 h at 42°C, followed by 10 min incubation at

70°C to inactivate the enzyme. CDNA was stored at -20°C.
gPCR

Quantitative real-time PCR (gPCR) was performed to assess the relative mMRNA expression
levels of the genes under investigation. The Reaction mix was composed of the following
reagents:

- 5 ul'iQ SYBR Green Supermix 2X (Applied Biosystem — Life Technology)

- 0.5 mM Primer Forward (see Table 1)

- 0.5 mM Primer Forward (see Table 1)

- 1.0 ul cDNA

- 3.0 pl sterile water

The reaction was carried on with the Rotor-Gene 6000 (Corbett, Explera), setting the cycling

conditions as followed:
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- Denaturation: 60 seconds at 95°C

- Annealing: 30 seconds at the primer Tm

- Amplification: 60 seconds at 72°C

- 45 cycles

In order to verify the specificity of the obtained PCR products, a final melting curve was

performed increasing temperature from 50°C to 90°C at a rate of 0.5°C/10sec.

Gene Tm Sense Sequence Accession number
Forward GGAATAACCTCTTGCAGCAGTTC
HAS1 60 NM_001523.3
Reverse TCATCCCCAAAAG
Forward TCGCAACACGTAACGCAAT
HAS2 58 NM_005328.2
Reverse ACTTCTCTTTTTCCACCCCATTT
Forward CGCAGCAACTTCCATGAGG
HAS3 60 NM_005329.2
Reverse AGTCGCACACCTGGATGTAGT
Forward CGATATGGCCCAAGGCTTTAG
HYAL1 59 NM_153282.2
Reverse ACCACATCGAAGACACTGACAT
Forward GGCCCCACCGTTACATTGG
HYAL2 60 NM_003773.4
Reverse ATTCTGGTTCACAAAACCCTCAT
Forward CTGTGCTGTGGAATGTACCCT
HYAL3 59 NM_003549.3
Reverse GTCATGTTCTGACCGTGAAAATG
Forward GAGCCAAGAGTGAAGAACAGTC
TBP 60 NM_003194.4
Reverse GCTCCCCACCATATTCTGAATCT
E- Forward AAG TGT CCG AGG ACT TTG GCG TGG
60 NM_004360.3
cadherin Reverse CAG CCA GTT GGC AGT GTC TCT CCA -
N- Forward CATCACAGTGGCAGCTGGACTTG
. 60 NM_001792.4
cadherin Reverse GGCCGTGGCTGTGTTTGAAAGG
Forward TCC GAC CCC AAT CGG AAG CCT
SNAIL 60 NM_005985.3
Reverse CCA GGA CAG AGT CCCAGATGA
Forward CGAATGTCGTTGCTGAGTGT
LEF-1 60 NM_016269.4
Reverse GCTGTCTTTCTTTCCGTGCT
B- Forward TCC AGC GTG GAC AAT GGCTAC
i 60 NM_001904.3
catenin Reverse AGCCGCTTTTCT GTCTGG TTC

Table 1. Primers used for qPCR analysis.
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Western blot

Samples preparation: Different MES populations were used for this assay. Cells were
seeded at a concentration of 1 x 10° cells/well on pre-coated (as described in Section Coating
conditions) 6-well plates and incubated ON at 37°C in 5% v/v CO; incubator. No treated cells
were used as control samples. The cells were washed and collected with a scraper in cold
dPBS and centrifuged at 250 xg for 7 min. The cell pellet was resuspended into 100 pL of ice
cold 1 mM Cell Lysis Buffer (Cell Signaling Technology) supplemented with protease
inhibitors (1:100), incubated 10 min on ice and centrifuged at 16.000 x g for 10 min. The
lysates were stored at -80°C.

Before using, lysates were supplemented with 2X Laemmli loading buffer (0.004 % of
bromophenol blue, 10 % 2-mercaptoethanol, 20 % glycerol, 14 % sodium dodecyl sulfate
(SDS, Sigma-Aldrich) and 0.125 M Tris-HCI). The samples were boiled at 95°C for 5 min
and then centrifuged at 16.000 xg for 5 min.

Protein quantification: Bradford assay for protein quantification was performed into a not-
sterile 96 well plate (Corning). Standard curve was prepared using 2 mg/mL BSA. Different
dilutions of the samples in triplicate were measured (4X, 8X and 20X). Bradford reagent
(Sigma) was added to each diluted samples and the plate was measured at 595 nm
immediately and after 5 min, using a PowerWaveX spectrophotometer (BioTek).
Electrophoresis: Mini-PROTEAN Tetra Cell System (BIORAD) was used. Samples were
run on 10% poly-acrylamide (Sigma-Aldrich) gels. Usually 10-15 pg of total protein were
loaded on each lane. Amersham ECL rainbow molecular weight markers enabled simpler
identification of proteins on SDS-polyacrylamide gels (RPN8OOE). Buffer tank and Mini-
PROTEAN Tetra Electrode Assemblay were filled with 1X running buffer (25 mM Tris HCI,
200 mM glycine, 0.1 % SDS). Electrophoresis power supply Consort EV243 (Wolf
Laboratories) was set to 100 V and 25 mA.

To transfer the proteins from the gel onto a 0.2 pm nitrocellulose membrane (GE Healthcare)
Trans-blot Turbo Transfer System (BIORAD) was used. Ponceau S staining (Sigma) was
performed to check equal loading of gels. The membrane was then rinsed in a distilled water
until the background was clean. The membrane was blocked in 5 % skim milk in TBS-T (0.1
M Tris and 1.5 M NacCl, pH 7.6, supplemented with 0.1 % Tween (Sigma)), for 1 h at room
temperature (RT). After blocking the membrane was incubated with the primary antibody
anti-HYAL2 (1:500) in blocking buffer, ON at 4°C on an orbital shaker.

43



Next day, the membrane was washed 3-times in TBS-T and further incubated with anti-rabbit
IgG peroxidase conjugated secondary antibody (Sigma, A0545), diluted into blocking buffer
(1:2000), for 1 h at RT on orbital shaker.

B-actin detection was used as internal loading control. To this aim the nitrocellulose
membrane was incubated with anti-p-actin HRP-conjugated antibody (1:2000), for 30 min at
RT.

Development: Membrane was developed using the ECL Blotting Reagents (GE Healthcare,

RPN2109). ImageJ sofware was used to quantify protein bands from Western blot films.

Immunofluorescence for the intracellular localization of HYAL2

Cells were seeded on glass coverslips of 15 mm diameter (Menzel-Glaser) and allowed to
grow to 70 % confluency. Before use, coverslips were incubated with xylene for 1 h, washed
2-times with acetone for 5 min and incubated with acetone for 2-3 h and after incubated with
> 99.8 % ethanol for additional 2-3 h.

Coverslips were washed with dPBS/0.05 % Tween to remove the medium. Cells were fixed
with 3 % paraformaldehyde (Sigma-Aldrich) for 15 min in the darkness and washed two
times with dPBS/0.05 % Tween. The cells were then permeabilized with 0.1 % Triton X-100
(Sigma-Aldrich) diluted in HEPES buffered saline (HBS, composed by 139 mM NaCl, 2.5
mM KCI, 10 mM HEPES, 10 mM D-glucose, 2 mM CaCl;, and 1.3 mM MgCl; ) for 5 min at
RT. Blocking of unspecific binding sites was performed with dPBS-BSA 2% for 30 min at
RT. Cells on coverslipes were incubated with anti-HYALZ2 rabbit polyclonal antibody (1:50)
diluted in HBS/5 % goat serum for 1 h at RT. To enhance the detection of HYAL2, MES
were incubated first with biotinylated goat anti-rabbit antibody (1:100) in dilution buffer for
30 min at RT, followed by Streptavidin-Alexa Fluor 488 conjugated (1:500) for additional 30
min at RT. The nuclei were stained with DAPI (Sigma-Aldrich, 1:500) for 5 min. Coverslipes
were washed two-times with washing buffer and distilled water and mounted on fluorescence
mounting medium (Dako).

Colocalization with intracellular components: Coverslips were incubated with the
following primary antibodies: anti-LAMP1 (1:50), anti-EEA1 (1:200), anti-gC1q receptor
(1:100) and anti-Calnexin (1:1000) for 1 h at RT. Secondary antibodies used were: anti-mouse
Cy3 conjugated. Nuclei were stained with DAPI (1:500) for 5 min. After placing on a glass
slide with fluorescence mounting medium (Dako) upside down, images were acquired by the
confocal microscope (Nikon Eclipse Ti2, Microscopy Facility of the International School for
Advanced Studies-SISSA, Trieste, Italy).
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Immunofluorescence detection of HA

MES cells, seeded on coverslips, were fixed in 2% paraformaldehyde (PFA) for 20 min on
RT. After fixation cells were washed three times for 2 min. We permebilized the cell
membranes and blocked the unspecific binding site with dPBS containing 1% BSA, 0,1%
Triton X and 50 mM Glycine for 30 min at RT. After incubation cells were washed 3-times
for 2 min. Cells were incubated with Spg/ml Hyaluronic acid binding protein (HABP, Merck
Millipore) and a-Vimentin (Santa Cruz, 1:40) diluted in dPBS with 3% BSA ON on 4°C. a-
Vimentin Ab was included to detect the morphology of the cells. The day after, coverslipes
with the cells were washed 3-times with dPBS for 2 min and incubated with secondary
antibodies Streptavidin Cyn3 (1:100) and a-rabbit FITC (1:300) for 30 min on RT. After 3-
times washing steps for 2 min each, coverslipes were mounted and analysed under confocal

microscope (Nikon Eclipse Ti2).

Surface Biotinylation Assay

MES cells were seeded on HA or C1g-bound HA at a concentration of 1 x 10° cells/well and
incubated ON at 37°C in an air/CO, incubator. No treated cells were used as a control sample.
After, cells were placed on ice, washed 3-times with ice-cold dPBS containing 1 mM MgCl;
and 0.1 mM CaCl; to remove any contaminating protein. After, cells were incubated with EZ-
Link™-Sulfo-NHS-Biotin (1 mg/mL) for 30 min on ice, on an orbital shaker. Cells were
washed 3-times with ice-cold dPBS to remove excess of biotin, and quenching was performed
upon incubation with 0.1 M glycine in dPBS shaking. Cells were then collected with a cell
scraper, washed 3-times with dPBS and cell pellets were resuspended into lysis buffer (10
mM Tris-HCI, 1 % NP-40, 150 mM NacCl, 0.1% protease inhibitors, pH 7.4), kept on ice for
20 min and then centrifuged at 16.000 x g for 10 min at 4°C. Lysates were incubated with
High Capacity Streptavidin Agarose Resin (50 % slurry, 0.02 % sodium azide; Thermo
Scientific) for 2 h at 4°C, rotating. The Agarose Resin was washed 3-times in lysis buffer
supplemented with 0.1 % protease inhibitors. After the last washing step, the solution was
carefully removed and the precipitated biotinylated proteins were eluted in 20 uL Laemmli

buffer. Samples were stored on -80°C or used immediately for Western Blot analysis.

Uptake of exogenous Fluoresceine-labeled HA by MES
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MES cells were seeded on coverslips and allowed to grow for 72 h. Fluorescein-labelled
hyaluronic acid (FA-HA, Sigma) at concentration 10 pg/ml was added directly into the
culture medium and MES were allowed to internalized it during ON incubation at 37°C in 5
% v/v CO, incubator. Next day cells were fixed in 1 % PFA, for 20 min at RT in the darkness
and washed 3-times with dPBS. For permeabilization, quenching and blocking we incubated
them in dPBS containing 1 % BSA, 0,1 % Triton X-100 and 50 mM glycine for 30 min at RT.
Other 3 washing steps were followed by incubation in a humidity chamber with 5 pg/mL of
HABP diluted in dPBS with 3 % BSA for 1 h at RT. After 3 washing steps, MES were
incubated with streptavidin Alexa Flour 594 (1:150) for 30 min at RT in darkness. DAPI was
used for stained the nuclei. After 3-times washing steps, coverslipes were mounted and
analysed under confocal microscope (Nikon Eclipse Ti2).

Measurement of total H,O, production

Hydrogen peroxide production was measured using AmpliFlu Red (Sigma) reagent. MES
cells were seeded on 96-well plate to reach 90% confluence. To assess total H,O,, cell
medium was changed with dPBS + 2%BSA + 0,7 mM MgCl;, and 0.7 mM CacCl, containing
40 uM Amplex Red reagent, 1 ng/ml HRP, 5 pg/ml SOD and 100 uM NaNj in a final volume
of 100 ul. After 5 min of preincubation with Clq (25 pg/ml), HMW HA (50 pg/ml), LMW
HA (200 pg/ml) or LMW HA+Clq the readings were taken at 576 nm with Infinite200
(TECAN).

Statistic analysis

Data were analyzed using Two-way ANOVA, Tukey—Kramer test, and unpaired two-tailed
Student’s t-test or one-way ANOVA with Bonferroni corrections. Results were represented as
mean + SEM. Non-parametric data were assessed by Mann-Whitney U tests and the results
were expressed as median and interquartile range. p values < 0.05 were considered significant.
All statistical analyses were performed using Prism 6 software (GraphPad Software Inc., La
Jolla, CA, USA
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C1q is the first recognition subcomponent of the complement classical pathway, which
acts toward the clearance of pathogens and apoptotic cells. C1q is also known to mod-
ulate a range of functions of immune and non-immune cells, and has been shown to
be involved in placental development and sensorial synaptic pruning. We have recently
shown that C1q can promote tumor by encouraging their adhesion, migration, and pro-
liferation in addition to angiogenesis and metastasis. In this study, we have examined the
role of human C1q in the microenvironment of malignant pleural mesothelioma (MPM),
a rare form of cancer commonly associated with expaosure to asbestos. We found that
C1qg was highly expressed in all MPM histotypes, particularly in epithelioid rather than in
sarcomatoid histotype. C1q avidly bound high and low molecular weight hyaluronic acid
(HA) via its globular domain. C1qg bound to HA was able to induce adhesion and prolif-
eration of mesothelioma cells (MES) via enhancement of ERK1/2, SAPK/INK, and p38
phosphorylation; however, it did not activate the complement cascade. Consistent with
the modular organization of the globular domain, we demonstrated that C1g may bind
to HA through ghA module, whereas it may interact with human MES through the ghC.
In conclusion, C1q highly expressed in MPM binds to HA and enhances the tumor
growth promating cell adhesion and praliferation. These data can help develop novel
diagnostic markers and molecular targets for MPM.

Keywords: comp m
cancer

pleural hy ic acid, cells, C1q,

Abbreviations: MPM, malignant pleural mesothelioma; MES, mesothelioma cells; ECM, extracellular matrix; HA, hyaluronic
acid; ghA, ghB and ghC: globular head region of human Clq A, B and C chain, respectively; MBP, maltose-binding protein;
HMW, high molecular weight; LMW, low molecular weight.
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C1g and Malignant Pleural Mesothelioma

INTRODUCTION

Malignant pleural mesothelioma (MPM) is a rare form of
cancer that develops from cells of the pleural mesothelium
and is most commonly associated with exposure to asbestos
(1). MPM typically develops after a long latency period, which
averages 30-40 years, and the average age of patients is 60 years
(2). MPM is highly invasive to surrounding tissues leading to
the failure of the organs underlying the serosal membranes (3).
Although low in metastatic potential, metastasis in MPM are
more frequent postsurgery; at the autopsy, metastatic diffusion
is observed in 50% of patients (3). Microscopically, MPM shows
mainly one of the three patterns: epithelioid, sarcomatoid, or
biphasic (4).

MPM is an aggressive malignancy; most patients succumb
within 2 years of being diagnosed (5). Treating MPM remains
a challenge. There are two main treatment alternatives: pallia-
tive chemotherapy or multimodal treatment including surgical
resection combined with chemotherapy or radiotherapy, or
both (6). The resistance of MPM to conventional treatment and
poor prognosis has renewed interest in basic research in order
to understand the MPM biology fully with the aim of identify-
ing possible new molecular therapeutic targets.

The local microenvironment, which encourages survival,
growth, and invasion of cancer cells, plays a critical role in
cancer development; the extracellular matrix (ECM) is an
essential constituent of such microenvironment (7). Hyaluronic
acid (HA), a member of the glycosaminoglycan family, is an
abundant and ubiquitous component of the ECM (8). HA is a
negatively charged high-molecular-weight (HMW) polysaccha-
ride (4-800 kDa) which is made up of the repeating disaccharide
(glucuronic acid and N-acetylglucosamine) (9). In the tumor
microenvironment, HA offers a molecular 3D-scaffold for cells
via the assembly of ECM, thus modulating stromal as well as
tumor cells (10). HA, whose multiple functions are dictated by
its molecular size and tissue concentration, relies on balanced
biosynthetic and degradation processes. Increased HA synthesis
has been associated with cancer progression and metastasis (11).
In patients with MPM, large quantities of HA are found in the
tumor tissue although both malignant and benign mesothelial
cells have been found positive for intracytoplasmic HA (12).

The complement system also constitutes the local environ-
ment for cancer as an immune surveillance against malignant
cells due to its ability to promote inflammation and causes direct
cell killing (13). We focused our investigation on Clq, which is
the first recognition subcomponent of the complement classi-
cal pathway. Clq is a potent link between innate and adaptive
immunity by virtue of its ability to bind IgG- and IgM-containing
immune complexes (14). In addition to being involved in the
clearance of apoptotic cells, and thus maintenance of immune
tolerance, C1q also has the ability to directly impact upon cell
differentiation and proliferation, dendritic cell maturation, and
synaptic pruning; functions that are not reliant on comple-
ment activation by Clq (15). Recently, involvement of Clq in
pregnancy via its ability to modulate the endovascular (16) and
interstitial invasion (17) of trophoblast cells in placenta has
also been demonstrated. In addition, we have recently showed
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that Clq is present in several solid human tumor tissues and
is involved in tumor progression (18).

The present study focused on the involvement of Clq in the
proliferation and invasiveness of MPM. We found that Clq can
bind to HA and acquires protumeorigenic properties, leading
to heightened adhesion, migration and proliferation of human
mesothelioma cells (MES).

MATERIALS AND METHODS
Reagent and Antibodies

Hyaluronic acid was a kind gift from Prof. Ivan Donati,
Department of Life Sciences, University of Trieste (19). Clq was
either purified from fresh human serum following the procedure
as described previously (20) or bought from Sigma-Aldrich
(Milan, Italy). The recombinant globular head regions of the A,
B, and C chains (ghA, ghB, and ghC, respectively) were expressed
as fusion proteins linked to maltose-binding protein (MBP) in
Escherichia coli BL21 and purified, as described previously (21).
Poly-1-lysine, bovine serum albumin (BSA) and all reagents were
from Sigma-Aldrich. The following antibodies were used: mono-
clonal antibody (mAb) mouse anti-human C1q was from Quidel
(Quidel Corporation, San Diego, CA, USA), sheep anti-human
Clq and anti-human C4 were purchased from The Binding Site
(Bergamo, Italy). Mouse Monoclonal anti-C5b-9 antibody (aE11)
was from AbCam. Mouse mADb anti-human von Willebrand fac-
tor (vWF), mouse mAb anti-human CD68, rabbit anti-human
Clq, and goat anti-mouse-FITC F(ab)" were purchased from
Dako (Milan, Italy). Mouse mAb anti-human CD44-PE, mouse
mAb anti-human CD45-PE-, or FITC-conjugated, unrelated
mouse IgG1-PE- and FITC-conjugated were from Immunotools
(Friesoythe, Germany). Cy3-conjugated F(ab’), goat anti-mouse
IgG, and FITC-conjugated F(ab’), goat anti-rabbit IgG. Mouse
mAb anti-human Mesothelin and rabbit anti-human Calretinin
were from Santa Cruz Biotechnology (DBA, Milan, Italy). Mouse
monoclonal anti-human Vimentin, goat anti-mouse IgG alkaline
phosphatase (AP)-conjugated, anti-rabbit IgG-AP-conjugated,
and anti-goat IgG- AP-conjugated were from Sigma-Aldrich.

Patients and Specimens
MPM patients who were diagnosed and followed up at the
Department of Pneumology, University Hospital of Cattinara,
Trieste, Italy, were enrolled for this study. None of the patients
received chemotherapy or radiotherapy prior to sampling.
Patients (five male) with reported asbestos exposure under-
went pleuroscopy for diagnosis of pleural effusion. All the pro-
cedures were performed under conscious sedation achieved by
titration of intravenous midazolam and meperidine. Before the
procedure, patients were placed in the lateral decubitus posi-
tion with the pleural effusion uppermost and a bedside chest
ultrasonography was used to determine the entry site. After the
creation of the sterile field and injection of 2% lidocaine in the
intercostal space in order to obtain local anesthesia, a 2-cm skin
incision was made with a scalpel, then blunt dissection of the
chest wall was performed using curved Kelly forceps down to
the parietal pleural. Finally, a trocar was placed into the pleural
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space and the pleuroscope (Karl Storz GmbH, Tuttlingen,
Germany) was inserted to examine parietal and visceral pleura
to obtain parietal pleural specimens using dedicated forceps.
At the end of the procedure, pleuroscope and trocar were
removed and a chest tube was inserted trough the chest wall.
Tissue samples from patients were collected after informed
consent following approval of the ethical considerations by the
Institutional Board of the University Hospital of Trieste, Italy.

Cell Isolation and Culture

Mesothelioma cells were isolated from pleural biopsy specimens.
The tissue was finely minced with a cutter, incubated with a diges-
tion solution composed of 0.5% trypsin (Sigma-Aldrich, Milan,
Italy) and 50 pg/ml DNase I (Roche, Milan, Italy) in Hanks’
Balanced Salt solution with Ca**Mg*" 0.5 mM (Sigma-Aldrich)
overnight at 4°C. Next, the enzymatic solution was replaced
with collagenase type 1 (3 mg/ml) (Worthington Biochemical
Corporation, DBA) diluted in Medium 199 with Hank’s salts
(Euroclone Spa, Milan, Italy) for 30 min at 37°C. The digestion
was blocked with 10% fetal bovine serum (FBS, GIBCO, Life
Technology) and the cell suspension was filtered through a
100 um pore filter (BD Biosciences, Italy).

The cells were seeded in a 12.5 cm” flask and cultured using
Roswell Park Memorial Institute (RPMI) medium 1640 with
GlutaMAX (Life Technologies, Milan, Italy), 45% human
endothelial cells serum-free medium (HESE, Life Technologies),
10% heat-inactivated FBS supplemented with EGF (5 ng/ml),
basic FGF (10 ng/ml), and penicillin-streptomycin (Sigma-
Aldrich). Fresh medium was replaced every 2-3 days. MES were
used at their five to eight passages for all the in vitro experiments.

Met5A cells were purchased from ATCC. These cells were
grown in DMEM supplemented with 10% FBS and 1% antibiotic
mixture (Sigma-Aldrich) and maintained at 37°C in humidified
atmosphere with 5% CO.,.

Pleural Effusions

Malignant pleural effusions (MPEs) were obtained from patients
who underwent thoracentesis after diagnosis of MPM in order
to remove the exudative liquid filling pleural space. The surgery
was performed within the Department of Pathologic Anatomy
of the Hospital of Monfalcone (Gorizia, Italy). MPEs were
immediately stored at 4°C for a maximum of 24 h before being
processed. Approximately 1 Liter of MPE was centrifuged twice
at 250 g for 10 min to remove the cells.

Dose-Determination of Soluble C1q

A 96-well plate (Corning Costar) was coated with sheep anti-
Clq (1:6.000) diluted in carbonate/bicarbonate buffer (100 mM,
pH > 9) and incubated overnight at 4°C. In order to avoid
non-specific binding, the microtite wells were blocked with
2% skimmed milk (SM) in PBS and incubated for 2 h at 37°C.
In the meanwhile, samples to be dose-titrated were prepared
and then added to the wells in triplicate. A standard curve was
prepared using a serial dilution of purified Clq (Sigma-Aldrich)
from 50 to 1.56 ng/ml and the plate was incubated overnight at
4°C. Rabbit anti-human Clq (1:1,000) diluted in PBS + 0.5%
SM + 0.05% Tween was incubated for 1 h at 37°C, followed by
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secondary probing with anti-rabbit IgG-alkaline phosphatase
(AP) conjugate (1:20,000) for 30 min at 37°C. p-nitrophenyl
phosphate (pNPP) was used as substrate, as described above, and
the developed color was measured at 405 nm using the Titertek
Multiskan ELISA Reader (Flow Labs).

Immunohistochemical Analysis

Tissue samples of different MPM histotypes were fixed in 10%
buffered formalin and paraffin embedded. Sections of 4 pm in
thickness were fixed with xylene, 100% EtOH, and 95% EtOH and
then microwaved three times in Tris-HCI/EDTA pH 9.0 buffer
(Dako, Milan, Italy) for 5 min and washed in Tris-buffered saline.
After neutralization of the endogenous peroxidase with H,O;
(hydrogen peroxide) for 10 min, the sections were first incubated
with PBS + 2% w/v BSA + 0.4% w/v Casein for 5 min in order
to block the non-specific sites, and then probed with rabbit anti-
human Clq (1:500) overnight at 4°C. The bound antibodies were
revealed using the Vectastain Elite ABC horseradish peroxidase
(HRP) kit (Vector Laboratories, DBA, Italy). Secondary antibod-
ies were detected by 3-amino-9-ethylcarbazole (AEC) + high
sensitivity Chromogen (Dako). The sections were counterstained
with hematoxylin (Dako). Slides were examined under a Leica
DM 3000 optical microscope and images were collected using
a Leica DFC320 digital camera (Leica Microsystems, Wetzlar,
Germany).

Alcian Blue Staining

After deparaffinizing and rehydrating, the sections were incu-
bated with a solution of 1% Alcian blue dissolved in 3% Acetic
acid, pH 2.5, for 30 min at RT. After washing in tap water for
10 min, the sections were dehydrated well in absolute alcohol and
mounted. Images were acquired by the fluorescence microscope
Leica DM 3000 using the Leica DFC320 camera.

Immunofluorescence Microscopy of MES
Mesothelioma cells cultured at confluence in an eight-chamber
slide (BD Falcon) were fixed with FIX&PERM kit (Invitrogen,
Life Technologies) for 15 min at RT. Incubation with primary
antibodies (as listed earlier) was carried out for 1 h at RT. Cells
were then washed and incubated with corresponding secondary
antibodies (1:300) for 45 min at RT. The nuclei were stained
with DAPI (Sigma-Aldrich). The glass was mounted with the
Fluorescence Mounting Medium (Dako) and covered with a
cover slip. Images were acquired by the fluorescence microscope
Leica DM 3000 using the Leica DFC320 camera.

Flow Cytometry

Mesothelioma cells (5 x 10%) were fixed with the fixation reagent
FIX&PERM kit for 15 min at RT in dark and incubated with pri-
mary antibodies for 1 h at 37°C in a thermomixer (Eppendorf) at
800 rpm. Antibodies directed against intracellular antigens were
diluted in permeabilization reagent of the FIX&PERM kit, while
antibodies for cell surface antigens were diluted in PBS-1% w/v
BSA. Incubation with secondary antibodies anti-mouse-FITC
F(ab)" (1:50) or anti-rabbit-FITC (1:300) was performed for
30 min on ice. Cells were suspended in 1% paraformaldehyde, the
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fluorescence was acquired with the FACScalibur (BD Bioscience),
and data processed using the software CellQuest.

Binding of C1q to MES

Mesothelioma cells were grown to confluence in 96-well tissue
culture plates and incubated directly with increasing concentra-
tions of purified human Clq or preincubated with increasing
concentrations of HA, for 1 h at room temperature. Bound Clq
was revealed by ELISA using mAb anti-human Clq (10 pl/ml)
and alkaline-phosphatase-conjugated secondary antibodies
(Sigma-Aldrich). The color, developed using pNPP (Sigma-
Aldrich; 1 mg/ml) as a substrate, was read at 405 nm using a
Titertek Multiskan ELISA reader (Flow Labs, Milano, Italy).

Coating Conditions

The microtiter wells were coated overnight at 4°C with HMW HA
(50 pg/ml), C1q (20 ug/ml), ghA, ghB, ghC, or BSA (as a negative
control; Sigma-Aldrich) diluted in 100 mM carbonate/bicarbo-
nate buffer, pH 9.6. Clq was allowed to bind (25 pg/ml) to HA
in PBS + 0.5% BSA, 0.7 mM CaCl,, and 0.7 mM MgCl,, overnight
at 4°C.

Adhesion Assay

1 x 10° mesothelial cells or MES, labeled with the fluorescent
dye FAST Dil (Molecular Probes, Invitrogen), were re-suspended
in HESF (Life Technologies) containing 0.1% BSA (HESF + 0.1%
BSA; Sigma), preincubated with 10 uM of ERK (#SCH772984,
Selleckchem), JNK (#SP600125, SIGMA-Aldrich), or p38
(#SB203580, Selleckchem) inhibitors for 30 min at RT and then
added to a 96-well plate (wells were coated as described above) for
35 min at 37°C in 5% v/v CQ, incubator. Then, the unbound cells
were removed and the adherent cells were lysed with 10 mM Tris-
HCI, pH 7.4 + 0.1% v/v SDS. The plate was read via Infinite200
(544 nm, emission 590 nm) (TECAN) using a calibration curve
generated through an increasing number of labeled cells.

Cell Proliferation

The cell proliferation assay was performed using Click-iT® Plus
EdU Proliferation Kits (ThermoFisher). 5 x 10° MES were re-
suspended in HESF + 0.1% BSA medium and seeded to a 96-well
plate, which was earlier coated with Clq, HA or Clq + HA, as
described above. Following adhesion, cells were incubated with
15 uM analog EdU nucleotide (5-ethynyl-2-deoxyuridine) for
DNA incorporation during replication. Cells were then incubated
for 24 h at 37°C, fixed, and set up for a marking reaction by azide
Oregon-Green 488. The signal amplification step included the
incubation with antibody anti-Oregon-Green conjugated with
HRP that reacts with the substrate, Amplx UtraRed, and pro-
duces a bright response that beams fluorescence around red. The
fluorescence was analyzed by TECAN (Tecan, Milan, Italy) in the
excitation/emission range of 535/595 nm.

Apoptosis

Mesothelioma cells grown without serum, were suspended in
0.1% w/v BSA in HEFS, and 2 x 10* cells/well were seeded on
precoated plates. The cells were left to adhere for 1 h at 37°C,
then incubated with 500 uM of H,O, for 6 h, before adding
5 uM of CellEvent™ Caspase-3/7 Green Detection Reagent
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(Life Technologies), a fluorogenic substrate for activated caspases
3and7.

Migration Assay

FAST Dil-labeled (Molecular Probes, Invitrogen, 1:100) MES
(2 % 10° cells) were resuspended in 0.1% w/v BSA in HEFS and
added to the upper chamber of a transwell system. The cells
were allowed to migrate through HTS FluoroBlok systems with
polycarbonate membranes of 8 pm pore size (Falcon) coated
on the lower side, as described above. The plate was read using
Infinite200, as described above.

Scratch Assay

Confluent monolayers of MES (2 x 10°) were seeded in
HESF + 0.1% BSA medium in 24-well plate. A scratch was
placed in the middle of the well with a sterile 200 pl pipette tip.
Subsequently, HA (50 ug/ml) or HA + C1q (20 ug/ml) were added
to the wells. Cells incubated with 10% v/v FBS and as negative
control MES were cultured in HESF/BSA (0.1%) medium with-
out stimuli. Images were acquired by phase-contrast microscope
(Leica).

Phosphorylation of ERK, SAPK/JNK,
and p38 in MES

Pathway analysis was performed as per the manufacturer’s
instructions of the PathScan® Intracellular Signaling Array
Kit (Fluorescent Readout) (#7744; Cell Signaling Technology,
EuroClone, Milan, Italy). Briefly, 24 h serum-starved MES
(1.8 x 10° cells) were left to adhere to HA, or HA-bound-Clg,
as described above for the indicated periods of time at 37°C.
Then, the cells were washed with ice-cold 1x PBS and lysed
in 1x ice-cold Cell Lysis buffer containing a cocktail of pro-
tease inhibitors (Roche Diagnostics). The Array Blocking
Buffer was added to each well and incubated for 15 min at RT.
Subsequently, an equal amount of total lysate (0.8 mg/ml) was
added to each well and incubated for 2 h at RT. After wash-
ing, the biotinylated detection antibody cocktail was added to
each well and incubated for 1 h at RT. Streptavidin-conjugated
DyLight 680 was added to each well and incubated for 30 min
at RT. Fluorescence readout was acquired using the LI-COR
Biosciences Infrared Odyssey imaging system (Millennium
science) and data processed by the software Image studio 5.0.

Detection of the Interaction between
Human C1q (and Its Recombinant
Globular Head Modules) and HA

The microtiter wells were coated overnight at 4°C with either
50 pg/ml HA of different MWs diluted in carbonate/bicarbonate
buffer (100 mM, pH 9.6). The blocking step with PBS + 1% BSA
(2 h at 37°C) was followed by incubation with an increasing
concentration of human C1q or the recombinant globular head
modules (ghA, ghB, and ghC) of human Clq in PBS-Ca**Mg**
(0.7 mM) containing 0.5% BSA (PBS-CaMg-0.5% BSA) over-
night at 4°C. Bound Clq was detected with sheep anti-human
Clq polyclonal antibodies whereas bound ghA, ghB, and ghC
were detected with mouse anti-MBP (1 h at 37°C). The binding
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of anti-Clq was detected using anti-goat IgG-AP conjugate,
whereas the anti-MBP binding was detected using anti-mouse
IgG-AP conjugate for 30 min at 37°C. The phosphatase substrate,
pNPP (Sigma-Aldrich) was dissolved in 0.1 M glycine buffer con-
taining 1 mM MgCl, 1 mM ZnCl,, pH 10.4 at a concentration of
1.5 mg/ml. The absorbance was measured at 405 nm with the
Titertek Multiskan ELISA Reader (Flow Labs).

Evaluation of Complement Activation
Microtitre wells in a 96-well plate were coated with HA (50 pg/ml)
or IgG (10 pg/ml), as described above. Non-specific binding sites
were blocked with PBS-1%BSA for 1 h at 37°C, and then incu-
bated with 20 and 50 pg/ml Clq diluted in PBS-CaMg-0.5%BSA
for 1 h at 37°C. Subsequently, the wells were incubated with
pooled normal human serum (1:100) as a source of comple-
ment components in PBS-CaMg-0.5%BSA and incubated for
30 min at 37°C with gentle shaking. C9 neoantigen detection
was performed using the murine mAb aE11 against C9 neoan-
tigen (kindly provided by Prof. T. E. Mollnes, Oslo, Norway)
and incubated for 1 h at 37°C. The AP-conjugated anti-goat IgG
(Sigma-Aldrich) or anti-mouse IgG (Sigma-Aldrich), used as
secondary antibodies, were incubated 30 min at 37°C. pNPP
(Sigma) was dissolved in glycine buffer at the concentration of
1.5 mg/ml. The absorbance was measured at 405 nm with the
Titertek Multiskan ELISA Reader (Flow Labs).

Statistical Analysis

Data were analyzed using Two-way ANOVA, Tukey-Kramer
test, and unpaired two-tailed Student’s t-test or one-way
ANOVA with Bonferroni corrections. Results were expressed
as mean + SEM. Non-parametric data were assessed by Mann-
Whitney U tests and the results were expressed as median
and interquartile range. p values < 0.05 were considered sig-
nificant. All statistical analyses were performed using Prism 6
software (GraphPad Software Inc., La Jolla, CA, USA).

RESULTS

C1q Is Present in Malignant Pleural

Mesothelioma Specimens

We initially looked for the presence of Clq in a panel of invasive
MPM specimens, including epithelioid, biphasic, and sarco-
matoid (Figure 1A) histotypes. As shown in Figure 1, a strong
positivity for Clq was detected in all tumor specimen types
examined, particularly in epithelioid histotype.

Within the mesothelioma microenvironment, Cl1q was mainly
expressed by monocytoid cells suggestive of tumor-infiltrating
myeloid elements (shown by arrows in the upper panels) and
in the small vessels, as indicated by the black triangles of the
lower panels in Figure 1B. Clq was also diffusely present in
the tumor stroma and associated with the cell membrane of
tumor cells. Immunohistochemical controls of Clq are shown
in Figure 2. The presence of Clq was also detected in the three
pleural exudate by a quantitative ELISA assay. We found out
that the concentration of Clq was found to be about 76 pg/ml
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(+8 pg/ml), approximately two- or threefold lower than our
control serum (about 200 pg/ml).

Binding of C1q to HA does not Activate

the Complement Classical Pathway

Having shown that Clq is abundantly present in the mesothe-
lioma microenvironment, we investigated the ability of Clq to
interact with ECM components. We focused our attention to HA
which is abundantly present in mesothelioma tissue (22). The
presence of HA is clearly evident in Figure 3, where we show
sections obtained from epithelioid and a biphasic mesothelioma
tissue stained with Alcian blue.

We previously demonstrated that Clq is able to bind to a
range of target ligands present in the ECM; this interaction
is particularly strong with HA (17). We confirmed by ELISA
the ability of Clq to bind to HA in a manner similar to IgG
(Figure 4A). We also analyzed the binding of Clq to HA of
different molecular weights (Figure 4B). Our results indicated
that there were no statistically significant differences in Clq
binding to low and high MW-HA. Furthermore, we evaluated
the capability of HA-bound Clq to activate the complement
classical pathway, by measuring the C4 and C9 (neoantigen) (C9
neo) deposition by ELISA. As shown in Figures 4C,D, only Clq
bound to IgG, and not HA-bound Clg, induced complement
activation, and therefore, C4 deposition and C9-neoantigen
formation. In order to localize the Clq interaction with HA,
we analyzed the binding of recombinant forms of individual
globular head modules (ghA, ghB, and ghC) to HA. Our results
indicated that the globular head of C1q A chain (ghA) bound
to HA better than ghB and ghC (Figure 4E), suggesting a dif-
ferential and modular nature of the interaction between the
gCl1q domains and HA.

Isolation and Characterization of Primary

Tumor Cells from MPM Biopsies

Having established that Clq is present in the MPM microen-
vironment and that it can bind to HA, we sought to investigate
the implication of its presence in MPM biology. Therefore, we
isolated MES from a portion of the resected malignant pleura,
obtained during diagnostic pleuroscopy, from five patients
with epithelioid MPM., We compared the MES morphology
with Met5A, a commercial, immortalized mesothelial cell line,
commonly used as a model of healthy cells. MES had mainly
an elongated and filamentous shape and were very heterogene-
ous and multishaped (Figure 5A). It is possible to notice that
there are also some polygonal and more regular cells in culture,
which seem to resemble the epithelial phenotype of Met5A.
Generally, they had an abundant cytoplasm in which vacuoles
or granules were often present, transforming themselves in
signet-ring cells.

We characterized MES for the expression of typical mesothe-
lial markers, such as mesothelin, calretinin, CK8-18, and CD44
by immunofluorescence microscopy. The cells were also positive
for vimentin, a marker of mesenchymal cells (Figure 5B). MES
were positive for the above-mentioned markers. To assess the
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FIGURE 1 | Immunohistochemical analysis for C1q in human mesothelioma. (A) Representative microphotographs showing expression of C1q in different malignant
pleural mesothelioma (MPM) histotypes: epithelioid (i), biphasic (i), and desmoplastic (jii). Streptavidin-biotin-peroxidase complex system with 3-amino-9-
ethylcarbazole (AEC) (red) chromogen; scale bars, 50 pm. (B) Representative microphotographs showing the expression of C1q in tumor-associated stroma of
mesothelioma. Highlighted are monocytoid cells suggestive of tumor-infiltrating myeloid elements (arrows) and neovascular endothelial cells (arrow heads).
Streptavidin-biotin-peroxidase complex system with AEC (red) chromogen; scale bars, 100 pm.

FIGURE 2 | Immunohistochemical controls for C1q. Representative microphotographs showing the immunohistochemistry controls: positive control tissue, lupus
nephritis (A), scale bar, 100 pm; negative control tissue, pleural benign cyst (B), scale bar, 200 pm; negative control reaction, biphasic mesothelioma (C), scale bars,
100 pm. Streptavidin-biotin-peroxidase complex system with 3-amino-9-ethylcarbazole (AEC) (red) chromogen.

purity of isolated primary cells, we performed immunopheno-
typical staining against the classical leukocyte antigen CD45 to
avoid the presence of contaminating leukocytes. Furthermore,
we also found that MES cells were negative for vWF, a common
marker used to detect endothelial cells. Interestingly, all MES

were positive for CD68, a mature macrophage marker, although
they were negative for CD14. Some of these markers were also
analyzed by FACS (Figure 5C; Table 1).

THC-positive staining for C1q in MPM tissues suggested that
Clq may be produced locally. In this regard, C1q expression
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FIGURE 3 | Histochemistry of hyaluronic acid on malignant pleural mesothelioma (MPM). Alcian blue staining highlights hyaluronic acid of epithelioid (A) and
biphasic (B) malignant mesothelioma sections. Scale bars, 100 pm.
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FIGURE 4 | Interaction of C1q with hyaluronic acid. (A) C1q interaction with high-molecular-weight (HMW) hyaluronic acid (HA) and IgG (positive control) by
ELISA. Microtiter wells coated with 50 pg/ml HMW HA or 10 pg/ml IgG were incubated with an increasing concentration of C1q; HA-bound C1q was revealed
with anti-C1q antibodies. C1q bound HA with an affinity similar to IgG. The data are expressed as mean of three independent experiments in triplicates + SEM.
(B) Binding of C1q to different MW HA. Microtiter wells coated with 50 pg/ml HMW-HA (or 5, 20, 800, or 1,500 kDa HA) were incubated with increasing
concentration of C1q and bound C1q was revealed with anti-C1q antibodies. No statistically significant difference was observed between the binding of C1q to low
and high MW-HA was observed. The data are expressed as mean of three independent experiments carried out in triplicates + SEM. (C-D) Evaluation of the ability
of C1g bound to HA to activate the classical pathway of the complement system. Microtiter wells coated with 50 ug/ml HMW HA, or 10 pg/ml IgG were incubated
with 20 and 50 pg/ml C1q. Pool of normal human sera (1:100) was added as a source of complement components and the deposition of C4 (C) and the formation
of C9-neoantigen (C9 neo) (D) were revealed by using specific antibodies against C4 and C9 neoantigen (mAb aE11) by ELISA. The data are expressed as mean of
three independent experiments carried out in triplicates + SEM. (E) Dose response curve of the binding of ghA, ghB, and ghC to HMW HA. Microtiter wells were
coated with 50 ug/ml HMW HA. The wells were then incubated with increasing amounts (0-10 pg/ml) of recombinant C1q globular head modules (ghA, ghB, ghC).
The binding was revealed using anti-MBP antibody. The data are expressed as mean of three independent experiments done in triplicates + SEM.
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FIGURE 5 | Continued

Characterization of mesothelioma cells (MES). (A) Morphological features of the three different populations of MES (MES7, MES9, and MES12) isolated from
malignant pleural mesothelioma (MPM) biopsies. Images were acquired by phase-contrast microscope, Leica original magnification: 200x. (B) Mesothelial cells were
characterized by immunofluorescence for the expression of mesothelin, CK 8/18, vimentin, CD9, CD68 (green), and CD44 (red). Mesothelioma cells were grown to
confluence in eight-chamber culture slides. After fixation and permeabilization, the cells were stained with mAb anti-human mesothelin, CK 8/18, vimentin, CD9, von
Willebrand factor (vWF), CD68, and CD14, followed by anti-mouse-FITC F(ab)’ secondary antibodies or mAb anti-human CD45 and mAb anti-human CD44-PE
conjugate. Nuclei were stained blue by DAPI: original magnification 200x. (C) The expression of mesothelin, CD68, CK8/18, calretinin, and vimentin was confirmed
by FAGS. The expression of these markers (green lines) was compared with appropriate control antibodies (black lines). (D) Binding of C1¢ to MES. Tumor cells
grown to confluence on 96-well tissue culture plates were incubated with increasing concentrations of purified C1q for 1 h at room temperature and the bound C1q
was revealed by ELISA. (E) The binding of 25 pg/ml C1q to MES was detected preincubating the cells with increasing concentration of hyaluronic acid (HA). Bound

TABLE 1 | Marker expression evaluated by FACS analysis on cells isolated from
five different epithelioid mesothelioma tumors.

Marker MES7 MES9 MES12 MES13 MES14
Mesothelin + + + + +
Vimentin ++ ++ + + +
CK8/18 ++ Nd + + +
Calretinin + Nd - + +
VWF - - - Nd -
cDes ++ + + +
CD45 - - - -
CD44 ++ + Nd Nd ++

Data refer to cells between the third and the fifth passage in culture. ++ = positivity
(>50%), + = positivity (<50%), — = negativity, Nd = not done.

was evaluated at both mRNA and protein levels in healthy
(Met5A) and tumor MES. We performed qPCR for three Clq
chains (CIgA, ClgB, and CIqC); none were positive in five
different cell populations (data not shown). Interestingly, Clq
was found to bind strongly to the surface of MES (Figure 5D)
and the extent of binding increased in the presence of HA being
highest at the concentration of 50 pg/ml of HA (Figure 5E).
To investigate the role of bound Clq on complement activation,
we incubated Clg-bearing cells with AB+ human serum and
analyzed the cells for the presence of C4 and C9 neoantigen on
their surface. We failed to detect both complement components
suggesting that binding of Clq to MES is not associated with
complement activation.

C1q Promotes MES Adhesion
and Spreading

To evaluate the ability of Clq to interact with MES, we per-
formed a cell adhesion assay using immobilized Clq. MES
(four different populations) and Met5A cells were labeled with
the fluorescent probe FAST Dil and seeded on to immobilised
Clg, HA or HA-bound-Clq; BSA was used as a negative
control protein. Met5A cells were able to adhere to HA, and
to a less extent, to C1q or HA-bound-Clq (Figure 6A). In con-
trast, MES showed greater adherence to HA; HA-bound-Clq
was able to enhance MES adhesion considerably compared to
HA alone (Figure 6B). All four MES populations showed the
same behavior on HA-bound-Clq, although MES adhesion
to Clq alone varied considerably between patients’ samples
(Figure 7).

The analysis of the adherent MES by phase-contrast optical
microscopy revealed that a high proportion of the cells seeded
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C1q was revealed by ELISA as described above. The data are presented as mean + SEM of three separate experiments.

on to Clq or HA-bound-Clq were spread out, in contrast to
the round morphology exhibited by those attached to HA or
BSA (Figure 6C). In order to understand which module of the
globular domain of Clq was mainly involved in MES adhesion,
MES were stained with Fast DI and allowed to adhere to Clq,
HA or recombinant globular heads (ghA, ghB, ghC) for 30 min.
As shown in Figure 6D, the interaction of the cells with Clq
seems to be mediated by ghC, and to a lesser extent, ghB. The
cells did not seem to interact with ghA.

Since both HMW-HA and LMW-HA are present in the tumor
microenvironment, we investigated the adhesion of MES to
LMW-HA alone or in combination with C1q and we compared
the results with the adhesion to HMW-HA with or without
Clq. We did not observe any statistical difference between the
MES adhesion to LMW or HMW-HA (Figure 6E).

C1q Promotes MPM Tumor Progression by

Favoring MES Proliferation and Migration
We investigated whether C1q might contribute to tumor growth
by stimulating the proliferation of MES. Thus, MES were seeded
on to solid phase Clq, HA, or HA-bound-Clq and the number
of proliferating cells were evaluated using the Click-iT® EdU
Microplate Assay. Our results indicated that HA-bound Clq
was able to enhance the proliferation rate of MES (Figure 8A),
compared to HA or Clq alone.

Clg-induced migration of labeled MES was examined by
monitoring cell migration from the upper chamber through an
insert coated with Clq, or HA-bound-Clq. C1q (60%) was found
to be more effective than HA (~20%), in effecting migration
(Figure 8B). In this assay, we did not observe a synergistic effect
of the double matrix (HA-bound-Clq). In fact, the percentage
of the cell migration due to HA + Clq was comparable to that
observed with Clq alone.

The effect of C1q on the cell migration was also analyzed using
a scratch wound healing assay, monitoring the mobilization of
MES toward the scratched area for 18 h. As shown in Figure 9,
MES stimulated by Clq started to enter the scratched area
and migrated farther than cells exposed to HA after 18 h.

In order to investigate whether C1q was able to protect MES
from apoptosis, serum-starved MES were allowed to adhere on to
the wells, coated with HA or HA-bound-Clq, and then incubated
with 500 uM H,O; for 6 h. Subsequently, the activation of caspases
3 and 7 was detected using a fluorogenic substrate. As shown in
the graph in Figure 8C, the fluorogenic units of the MES on HA
treated with H,O; was double, compared to the untreated cells.
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FIGURE 6 | Effect of C1g on mesothelioma cells (MES) adhesion. Mesothelial cells (Met5A) (A) and four different populations of MES (B) were labeled with the
fluorescent dye FAST Dil and allowed to adhere to microtiter wells precoated with hyaluronic acid (HA), C1qg, HA-bound-C1q, or bovine serum albumin (BSA).

The data are expressed as mean of four independent experiments done in triplicates + SEM. Cell adhesion was measured after 35 min. Results are expressed

as percent of adhesion with reference to a standard curve established using an increasing number of labeled cells. (C) Morphological aspect of one representative
primary cell line adhered to HA, C1qg, HA-bound-C1q, or BSA. Images were acquired via phase-contrast microscopy, original magnification: 200x. (D) MES cells
were labeled with the fluorescent dye FAST Dil and allowed to adhere to microtiter wells precoated with C1q, ghA, ghB, ghC, high molecular weight (HMW)-HA,

or BSA. The data are expressed as mean of four independent experiments carried out in triplicates + SEM. (E) MES were labeled with the fluorescent dye FAST Dil
and allowed to adhere to microtiter wells precoated with HMW-HA, HMW-HA + C1q, low molecular weight (LMW)-HA, or LMW-HA + C1q. The data are expressed

as mean of four independent experiments carried out in triplicates + SEM.
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Surprisingly, MES adhering to C1q or HA-bound-C1q were not
protected from apoptosis induced by oxidative stress (Figure 8C).

C1q Enhances ERK1/2, SAPK/JNK, and
p38 Phosphorylation in MES Cells

To further elucidate the mechanism of the cell activation, we
analyzed the signaling pathways likely to be involved in tumor
cell adhesion, migration and proliferation. We examined more
specifically the activation of three members of the MAPK family,
ERK1/2, SAPK/JNK, and P38 signaling molecules.
Serum-starved MES were allowed to adhere to wells coated
with HA or HA-bound-Clgq, for 5 or 20 min and the phos-
phorylation status of ERK1/2, SAPK/JNK, and P38 was
evaluated by immunofluorescence using PathScan® Intracellular
Signaling Array Kit (Cell Signaling Technology). As shown in

Figures 10A-C, binding of MES to HA-bound-Clq resulted in
the activation of all the signaling molecules, which was clearly
seen at 20 min post stimulation for all pathways and the signal
was significantly higher in the cells adhering to C1q bound to
HA than in cells adherent to HA only. All three MAPK inhibitors
tested in the adhesion assay proved to be effective in reducing
significantly the cell adhesion to C1q bound to HA (Figure 10D).

DISCUSSION

Clq is expressed in the stroma and vascular endothelium of a
number of human malignant tumors, including adenocarcinomas
of colon, lung, breast, and pancreas. In a murine model of
melanoma, Clq was found to promote cancer cell adhesion,
migration and proliferation (18). Thus, as a pro-tumorigenic
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FIGURE 7 | Effects of C1qg on mesothelioma cells (MES) adhesion. Four different populations of MES were labeled with the fluorescent dye FAST Dil and allowed to
adhere to microtiter wells precoated with hyaluronic acid (HA), C1q, HA-bound-C1q, or bovine serum albumin (BSA). The results of each independent experiment,
done in triplicates + SEM are shown in order to highlight differential behavior of these cells. Cell adhesion was measured after 35 min. The results are expressed as
percent of adhesion with reference to a standard curve established using an increasing number of labeled cells.

soluble factor, Clq can promote tumor progression by facilitat-
ing cancer cell seeding and angiogenesis. Here, we investigated
the presence and the role of Clq in MPM for a number of
reasons. MPM is an aggressive neoplasm with a poor progno-
sis, because it is resistant to chemotherapy and radiotherapy.
Therefore, studying the microenvironment of this tumor can
help devise novel therapeutic strategies. In this study, we par-
ticularly focused our attention on the interaction between Clq
and HA and its implication on adhesion and proliferation of
MPM cells. Understanding this Cl1q-HA interaction is of great
importance given a unique expression pattern of Clq in meso-
thelioma tissues and a great relevance of HA in the biology of
the MPM.

IHC revealed that Clq was present in all the histological
variants examined and it seemed primarily associated with
monocytoid cells, indicating that these cells might be the main
source of C1q locally. C1q was also diffusely present in the tumor
stroma and associated with the cell membrane of tumor cells
mainly of the epithelioid histotype. This pattern of expression is
similar to that in other solid tumors (18) and is reminiscent of
its distribution in human decidua (17). There were also areas in
which Cl1q could be found associated with small vessels, raising
the possibility that C1q might exhibit a proangiogenic activity in
this context, similar to that in wound healing (23).
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We first investigated the interaction of purified human Clq
with HA since MPM is associated with a high level of production
of HA (24). HA is highly expressed in MPM because it is respon-
sible for the lubrication of the pleural membranes and is secreted
by the mesothelial cells (25). Here, we demonstrated that HA is
abundantly present in MPM tissues, confirming an earlier study
(22). HA has previously been shown to promote proliferation and
migration of MPM cells through its interaction with hyaluronan
receptor (26). We have previously shown that Clq can interact
with HA (17). Here, we showed that Clq can bind to HMW-HA,
and as expected, this binding does not induce complement acti-
vation. The interaction between C1 and HA has been studied
in the past mainly considering its anti-complement activity (27,
28). The interaction of Clq with synovial HA in rheumatoid
arthritis has been previously reported (29); however, C1q binds
synovial antibodies that are covalently coupled to HA. Heated
and then lyophilized HA binds Clq (and a range of complement
components) better that native HA, probably via polyanionic
charges (30). A comparable binding activity was also observed
for LMW-HA, whose local accumulation can be detected in
the tumor microenvironment as a consequence of enhanced
synthesis and turnover of HMW-HA. Since LMW-HA, but not
HMW-HA, can stimulate a number of biological processes (31,
32), it is likely that Clq can interfere with several functions
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150004 _—T— for murine melanoma cells (18) were also evident for MES. In this
study, we made a significant step forward since we were able to test
S 10000- several populations of MES isolated directly from human patients.
L Here, we demonstrated that the effects mediated by C1q-bound-HA
were different from that observed for HA or C1q alone in terms of
B0 the number of adhering cells as well as morphology indicating that
the presence of C1q can considerably modify the tumor microen-
vironment. The proadhesion effect of C1q seems to be restricted to

HA HA+C1q C1q BSA Untreated

FIGURE 8 | Effects of C1q on mesothelioma cells (MES) migration,
proliferation, and apoptosis. (A-C) The experiments of cell migration,
proliferation and apoptosis were performed as detailed in Section “Materials
and Methods."” (A) MES proliferation. MES were seeded in wells precoated
with hyaluronic acid (HA), C1qg, HA-bound-C1q, or bovine serum albumin
(BSA) and the number of proliferating cells was evaluated using the Click-iT®
EdU Microplate Assay. (B) FAST Dil-labeled MES were allowed to migrate
through a trans-well system polycarbonate membranes coated on the lower
side with HA, HA-bound-C1q, C1q, or BSA. (C) Serum-starved MES cells
were seeded in the wells precoated with HA, C1qg, HA-bound-C1q, or BSA
and incubated with H.0,. Apoptotic cells were ascertained by CellEvent™
Caspase-3/7 (Life Technologies). Data from at least five independent
experiments are presented as mean + SEM.

mediated by HA, such as angiogenesis and inflammation. To
dissect the functional contribution of each chain within the
heterotrimeric globular domain of Clq, we investigated the

the cells isolated from primary tumors while Met5A cells, which
are representative of non-tumor mesothelium, adhere better to HA,
compared to the adhesion on C1q-bound-HA or C1q alone. These
data indicate that C1q can exert differential effects depending on
the cell types and probably expression of putative receptors. Among
various C1q receptors gC1qR, also called HA-binding protein-1, is
an interesting molecule for its ability to bind both the gC1q domain
of C1q and HA. Furthermore, CD44, the main receptor for HA,
has been described as a possible docking signaling molecule for
the interaction with gClq (33). The nature and consequences of
interaction between these cellular receptors and Clq-bound-HA
is currently under investigation. Another interesting observation
is that the adhesion of MES to Clq is predominantly mediated via
the ghC module. Since ghA is the preferential binder to HA, the
gClq domain can act as a bridging molecule for anchoring the
tumor cells to the ECM. Clq-bound-HA was able to promote the
growth and the migration of MES in vitro confirming our previous
results (18), obtained with B16/F10 murine cells and C1q bound to
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FIGURE 10 | Phosphorylation of ERK1/2, SAPK/JUNK, and p38 in
mesothelioma cells (MES). (A-C) MES were allowed to adhere to hyaluronic
acid (HA) or HA-bound-C1q and the phosphorylation status of ERK1/2,
SAPK/JUNK, and p38 was evaluated using total cell lysates with PathScan
Antibody Array Kit (Cell Signaling), as described in the Section “Materials and
Methods.” Data from at least three independent experiments are presented
as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001 (Student’s t-test).

(D) Three different populations of MES were labeled with the fluorescent
dye FAST Dil, preincubated for 30 min at 37°C with P38, ERK, or JNK
inhibitors and then allowed to adhere to microtiter wells precoated with
HA-bound-C1q. The data are expressed as mean of three independent

experiments done in triplicates + SEM. ***p < 0,001 vs, resting.
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fibronectin. The finding that Clq alone did not exert a significant
proliferating effect on MES seen previously on melanoma cells may
be explained by differential response of cells derived from various
tumors to Clq. It is also important to emphasize that this study
was carried out on primary cells, which were freshly isolated from
patients.

The activation of three members of the MAPK family, ERK1/2,
SAPK/JNK, and p38 in this study is also consistent with the previ-
ously reported study (17).

That Clq can act as a tumor promoting factor in MPM
confirms our recent data (18). In addition, Winslow et al. have
observed that the three chains of C1q were highly expressed in the
stroma of breast cancers with poor prognosis (34). On the con-
trary, Hong et al. reported that Clq is involved in the regulation
of cancer cell survival and progression sustaining the activation
of the tumor suppressor WW-domain containing oxidoreductase
(WOX1). Clq downregulation enhanced prostate hyperplasia
and tumorigenesis because of the lack of WOXI activation (35).
Recently, Kaur et al. have reported that Clq, via its gC1q domain,
induced apoptosis in an ovarian cancer cell line SKOV3 via TNF-
a induced apoptosis pathway involving upregulation of Bax and
Fas (36). These contrasting observations appear to suggest that
the function of C1q in the biology of the tumor is complex and
is strongly dependent on the microenvironment. Our hypothesis
is that C1q can be locally produced by non-tumor cells and can
interact differentially to the different ECM components present
in the tumor microenvironment. The presence of Clq or C1 in
soluble phase or bound to the ECM can provide different stimuli
to the tumor cells present in the microenvironment.

In conclusion, Clq is abundantly present in mesothelioma
tissue, interacts with HA, and interferes with adhesion, migra-
tion and proliferation of MES. The role of C1q is more complex
than previously thought and is likely to be dependent on the
tumor microenvironment. The availability of the recombinant
globular domain of Clq may have implications for therapeutic
approaches.
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Isolation and characterization of Malignant Pleural Mesothelioma cells

In our study were enrolled MPM patients followed up at the Department of Pneumology,
University Hospital of Cattinara, Trieste, Italy. All these patients had clinical symptoms
consistent with mesothelioma diagnosis, for instance chest pain or dyspnoea associated with

pleural thickening and exsudative pleural effusion.

Mesotheliolma

hystotype

MES7 BIO M Not determined
MES9 BIO M Epithelioid
MES11BIO M Epithelioid
MES12 BIO M Not determined
MES13 BIO M Biphasic
MES14 BIO M Epithelioid
MES19BIO M Epithelioid
MES22 BIO M Biphasic
MES23 BIO M Epithelioid
MES24 BIO M Epithelioid
MES27 BIO F Epithelioid
MES29 BIO M Sarcomatoid
MES31 BIO M Epithelioid
MES32 BIO M Epithelioid
MES36 BIO M Epithelioid
MES37 BIO M Sarcomatoid
MES39 BIO M Epithelioid

Table 2. Summary of primary MES cells isolated from patients.

None of them received chemotherapy or radiotherapy before the samples were taken. As
previously described we were able to isolate MPM tumour cells (MES) from a portion of the
resected pleura, obtained during pleuroscopy. Final diagnosis, based on pleural histology,
demonstrated that most patients were affected by the most frequent epithelioid hystotype
(Attanoos and Gibbs, 1997). For the second part of the study we enlarged the clinical records

62



of human malignant mesothelioma cells as it is described in Table 2. We observed that the
prevailing histotype of mesothelioma tumour is epithelioid and all patients, except one

female, were men.

Immunophenotypical characterization of primary cells isolated from biopsies

All tumour cells populations isolated from bioptic tissues were deeply characterized both after
isolation and after some passages in order to confirm their mesothelial phenotype. Several
markers were investigated, namely mesothelin, epithelial cytokeratin 8/18 (CK8/18), cell
surface HA-binding glycoprotein CD44, Epithelial-Membrane Antigen (EMA), mesenchymal
CD9 and vimentin. In particular, the expression of all these antigens was examined both by
flow cytometry analysis and by immunofluorescence (IF) assays. All primary cultures isolated

were positive for all mentioned markers.

To test the possible contamination by cells belonging to the immune system, such as
leukocytes and monocytes, or cells of the vasculature, the immunophenotypical staining was
extended to the following markers: CD45, a lymphocyte common antigen expressed on all
leucocytes; CD14, a monocyte differentiation antigen useful for monocytes and macrophages
identification; von Willebrand Factor (VWF), a common marker used for endothelial cells
detection. The positivity for CD45 and CD14 as well as for vVWF was lost at early passages in
all primary cultures. Interestingly, all MES cells were positive for CD68, a mature
macrophage marker, although they were negative for CD14. Some of these markers were also
analysed by FACS (Figure 1).
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Figure 1. Characterization of MES. (A) Mesothelial cells were characterized by immunofluorescence for the
expression of mesothelin, CK 8/18, vimentin, CD9, CD68 (green) and CD44 (red). Mesothelioma cells were
grown to confluence in 8-chamber culture slides. After fixation and permeabilization, the cells were stained with
mADb anti-human mesothelin, CK 8/18, vimentin, CD9, vVWF, CD68, and CD14, followed by anti-mouse-FITC
F(ab)’ secondary antibodies or mAb anti-human CD45 and mAb anti-human CD44-PE conjugate. Nuclei were
stained in blue by DAPI: original magnification 200 X. (B) The expression of mesothelin, CD68, CK8/18,
calretinin and vimentin was confirmed by FACS. The expression of these markers (green lines) was compared
with appropriate control antibodies (black lines).
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C1g enhances mTOR pathway in MES cells

In the previous study we demonstrated that C1q bound to HA is able to induce adhesion and
proliferation of MES cells. This phenotype emerged to rely on the activation of three
members of the MAPK family, namely ERK1/2, SAPK/JNK, and p38 signalling cascades
(Agostinis et al., 2017b).
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Figure 2. Phosphorylation status of mMTOR, AKT and S6 in MES cells. MES were allowed to adhere to HA
or Clg-bound HA and the phosphorylation status of mTOR, AKT Ser and S6 was evaluated by
chemiluminescence using PathScan® Intracellular Signaling Array Kit (Cell Signaling Technology). Binding of
MES to HA-bound-C1q resulted in the upregulation of mTOR, AKT and S6 signalling molecules. Data are
presented as four different MES populations + SD. *p<0.05 p<0.00005

To further elucidate the mechanism of cell activation induced by Clg-bound HA, we
extended our analysis to the mTOR signalling pathway, known to play important roles in a
variety of cellular processes including cell growth, cell survival, motility, transcription and
cell proliferation. Since it has been demonstrated that AKT activation in MES cell lines is
dependent on the coordinated activation of multiple receptor tyrosine kinases (RTKSs) (Zhou
et al., 2014), we aimed at better understanding the signalling properties of C1g-bound HA. To
this aim serum-starved MES were allowed to adhere to wells coated with HA or C1g-bound
HA for 20 min and the phosphorylation status of mTOR, AKT Ser and S6 was evaluated by
read-out using the PathScan® Intracellular Signaling Array Kit (Cell Signaling Technology).
As shown in Figure 2, the phosphorylation status of mTOR, AKT and S6 signalling
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molecules, a downstream target of mTOR pathway, was significantly enhanced in MES
interacting with C1q-bound HA as compared to HA alone.

The biological relevance of mTOR was then evaluated by determining its impact on cell
adhesion upon mTOR inhibition using the rapamycin derivative RADOO01/everolimus
overnight at 10 uMm concentration. Even though everolimus treatment hampered the MES

adhesion irrespective of the matrix used this effect was more pronounced in the case of C1g-
bound HA (Figure 3).
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Figure 3. Effect of mTOR inhibitor RADO01/everolimus on MES adhesion and cell viability. (A) mTOR
inhibitor RADOO1/everolimus (10 uM) was able to reduce cell adhesion in MES cell. (B) All tested
concentrations of inhibitor were not able to reduce cell viability, comparable with no treated MES cells. The data
presented three different MES populations performed in triples. *p<0.05

Induction of Epithelial/Mesothelial mesenchymal transition by HA

Epithelial- or mesothelial-mesenchymal transition (EMT/MMT) is a physiopathological
process by which epithelial cells lose polarization and immotility, thus acquiring
mesenchymal shape and properties. EMT has a central role in both physiological and
pathological processes such as cancer (Sleeman and Thiery, 2011). Typically, EMT switches
gene expression from epithelial characteristic markers E-cadherin and cytokeratin to
mesenchymal N-cadherin, SNAIL, Lymphoid Enhancer Binding Factor 1 (LEF-1), B-catenin
and Fibronectin (FN-1). In particular EMT transition is characterized by the nuclear
translocation of B-catenin (Itano and Kimata, 2008), up-regulation of Fibronectin (FN-1),
downregulation of the epithelial marker E-cadherin (Li et al., 2017), up-regulation of LEF-1

which can also occur independently from B-catenin nuclear translocation (Bleckmann et al.,
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2013; Kobayashi and Ozawa, 2013), upregulation of N-cadherin and SNAIL, both invasion

and metastasis promoting factors (Barrallo-Gimeno, 2005).

E-cadherin N-cadherin SNAIL
xRk
0.15- ns * 061 1.0 ko bk
e L | = —_—
» - ]
3.3 T -] * kK .;U'E, 0.8
& 0.104 a8 041 — = os -
W b et = @l
g 0.05- 3 024 g
= né E 0.24
0.00 T I T I T T 0.0 T T T 0.0 T T T
';_eb F d\o. 0,‘0 -S'eb & d‘o. 0\0. ’;’ab &F d\o. d@
& ¥ «® ¥ o ¥
& Ay & A & A3
LEF-1 Beta Catenin FN-1
054 ns ns 087 —2E =y 31 ol ns
— — @ —d—
@ 044 = ®
g £0s e,
5 034 £ -
.
u © 041 g
3 021 2 24
% 01 < 021 =
. z
[
0.0+ 0.0- 0-
epb & 0’9 G‘Q é'eb & G\o. 0.@. éﬁb &F G\Q 0\0.
< a2 o * & a
& 2 & F & s

Figure 4. Effect of C1g-bound HA on EMT/MMT. MES were seeded onto high molecular weight HA, C1q or
Clg-HA ON. By (PCR analysis we observed upregulated levels of epithelial marker E-cadherin and
mesenchymal marker N-cadherin, but opposite than expected, downregulation of SNAIL, transcription factor for
N-cadherin in samples treated with C1g-bound HA. In addition, mesenchymal markers, such as LEF-1, CTNNB,
FN-1 were not affected by C1g-bound HA. The data are expressed as a mean of at least three different MES
populations carried out in duplicates = SEM.

Recent studies showed that extracellular matrix (ECM) molecules, such as HA, can promote
the convertion of epithelial cells into mesenchymal cells by triggering EMT (Camenisch et al.,
2000). Indeed mice lacking the expression of one of the main HA synthesizing enzymes,
HAS-2, showed several cardiac and vascular abnormalities due to the lack of transformation
of cardiac endothelial cells into mesenchyme (ltano and Kimata, 2008). Conversely,
overexpression of recombinant HAS2 upon adenoviral infection converted normal Madin-
Darby canine kidney cells and MCF-10A human mammary epithelial cells to mesenchyme as
assessed by upregulation of vimentin, dispersion of cytokeratin, and loss of E-cadherin at
intercellular boundaries (Zoltan-Jones et al., 2003). Morevoer, overproduction of HA in
mammary carcinoma cells results in the suppression of E-cadherin expression and nuclear
translocation of B-catenin (Koyama et al., 2007). The results altogether support the notion that

increased HA production can be sufficient to induce EMT.
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On the basis of this knowledge we wanted to test whether our freshly isolated MES cells had
undergone MMT transition and whether C1g-bound HA would represent an active player in
this process. To this aim MES cells were seeded on HA, Clg and C1g-HA matrixes and the
expression of several EMT markers was measured by qRT-PCR after ON incubation. We
observed that MES stimulated by HA downregulated the expression of the epithelial markers
E-cadherin while upregulating all the other mesenchymal markers. In the presence of Clq,
both E-cadherin and N-cadherin were instead upregulated, whereas the other markers
appeared not to be affected, except SNAIL, which was downregulated by Clg-bound HA
(Figure 4).

Based on these data we can conclude that C1q, either alone or bound to HA, cannot be
considered a promoting factor for EMT in MES cells.

MES cells are highly producers of HA

A common clinical feature in patients with MPM is the large amount of hyaluronan found in
their pleural effusions or ascites and in their blood (Cortes-Dericks and Schmid, 2017). It has
been debated whether MES cells are able to synthesise hyaluronan. Indeed several reports
support the notion that HA production occurs predominantly by other cell types present in the
connective tissue, such as fibroblasts, stimulated by the release of growth factor by MES cells
(Klominek et al, 1989: Asplund et al, 1993).

Figure 5. Red blood cell exclusion assay. MES cells demonstrating extracellular HA coat in vitro (A). Upon
treatment with hyaluronidases hyaluronan and the exclusion space were disappeared (B). We can see no
extracellular HA coat produced by MeT5A (C). In all cases the concentration of erythrocytes was the same, but
on image (A), HA coat impedes erythrocytes to reach the plasma membrane. Images were acquired by phase-
contrast optical microscope, original magnification 200X with Canon Power Shot A640 Camera.

If stroma initially provides a nurturing microenvironment that supports tumour cell survival,
growth and invasion, aggressive tumour cells become increasingly autonomous in producing
by themselves all key microenvironmental factors that facilitate their survival during their
spreding and colonization of foreign microenvironments. Not only pericellular HA has
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emerged to sustain activation of oncogenic, anti-apoptotic, and proinvasion/migration signal
transduction pathways but also the intracellular form of HA has been identified and shown to
promote cancer cell growth and malignant behavior (Evanko and Wight, 1999).

Most experimental settings used to address the relationship between HA production and the
malignant phenotype of mesothelioma cells were based on transfection of non-hyaluronan
producing mesothelioma cell line. Since we isolated and characterized several malignant cell
populations we aimed at understanding whether they are capable of synthesising endogenous
HA. To this aim MES cells were seeded at a very low density and incubated for 72 h to allow
them to possibly deposit a pericellular coat. Fixed erythrocytes were allowed to settle on cell
cultures and the coat was visible as an exclusion zone placed between the periphery of the
cells and the erythrocytes. As shown in Figure 5, MES appeared to be surrounded by a halo
able to keep the fixed red blood cells far away from their plasma membrane. This space could
be removed upon hyaluronidase treatment indicating that HA is the main constituent of the
halo which could not be detected in the non-hyaluronan producing mesothelioma cell line
MeT5A (Panel C). The fact that this hyaluronidase-sensitive surface coat, as detected by
exclusion of sedimenting fixed erythrocytes, is made by HA was further supported by Alcian

Blue staining (Figure 6).
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Figure 6. Alcian blue staining of hyaluronic acid on MES and MeT5A cells. MES (A)/MeT5A (B) cells were
seeded on 96-well plate and hyaluronic acid was highlighted by Alcian Blue staining. Alcian blue staining was
seen on the wells with MES cells and intensity decreased on the wells with MeT5A. Images were acquired by
phase-contrast optical microscope, original magnification 200X with Canon Power Shot A640 Camera.

To further characterize the HA production by MES cells we took advantage of a more specific
probe for hyaluronan detection, such as the HA binding protein (HABP) composed of the G1-
IGD-G2 domain of aggrecan proteoglycan, as well as by the Link protein extracted from
bovine cartilage (Hardingham and Adams, 1976; Hardingham and Muir, 1972).

In particular we used a biotin-labeled hyaluronic acid binding protein (HABP) and a

streptavidin-Alexa488 system to visualize endogenous HA while the morphology of the cells
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was given by the immunoreactivity against the intermediate filament protein vimentin. As
show in Figure 7, while the pericellular HA coat is not detectable due to the fact that is easily
lost during immunfluorescence procedure (Rilla K., personal communication) an intense
hyaluronan staining filling the entire cytoplasm of MES cells was detected and clearly

illustrated by the reported z-projections.

Vimentin

- ' ‘ .
\

Figure 7. Immunofluorescence staining of mesothelioma cells for hyaluronic acid. For specific labelling
of hyaluronic acid, MES cells were stained with biotin-labeled hyaluronic acid binding protein (HABP),
while an intermediate filament protein — vimentin allowed us to identify MES cells morfology. We were
able to detect only intracellular localization of HA, but not pericellulal coat, as we expected, and this was
due to fixation during IF procedure. Confocal images were taken at Nikon Eclipse Ti2. Scale bar: 10um

The intracellular HA staining appeared as round vesicular or globular structures prominently
concentrated in the perinuclear region of the cells. To test whether one of the main sources for
intracellular HA could derived from endocytosed extracellular HA we filled the whole
cellular endocytic system by suppling overnight fluorescein-labeled hyaluronan (FA-HA) in
the growth medium. The following day we fixed the cells and processed for endogenous HA
visualization with HABP probe. As shown in Figure 8, we noticed that the fluorescein signal
was restricted to large endosome/endosomal vesicles that did not colocalize with endogenous

intracellular HA (Figure 8).
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Figure 8. Hyaluronan up-take by MES cells. Fluorescein-labeled HA (FA-HA, 10 pg/mL) was added to
MES cells in culture to be taken-up during ON incubation. Cells were then fixed and stained for endogenous
intracellular HA (red). Confocal images were taken at Nikon Eclipse Ti2. Scale bar: 10um

Based on these data we can exclude that HA on the cytoplasm derives from an endocytosed
pool that would require to translocate from the lumen of the endosomal system to the cytosol,
leading to hypothesise a cytosolic synthesis at the inner face of the plasma membrane by
HASes.

RT-gPCR analysis on different MES populations

Several lines of evidence have demonstrated that aberrant HA production is able to affect the
malignant behaviour of cells. Since Clq is abundantly present in all the histological
mesothelioma hystotypes and it binds with high affinity HA, we hypothesised that C1q bound
to HA (Cl1g-HA) may function as novel signalling complex able to affect the properties of the
tumour microenvironment, rendering it pro-tumorigenic. It has been widely demonstrated that
the molecular weight of HA represents an important determinant of HA biological activity. In
fact Low Molecular Weight (LMW)-HA has been proven to play a crucial role in
tumorigenesis by affecting cell proliferation and motility and by exhibiting pro-inflammatory
and pro-angiogenic effects in a variety of experimental systems as compared to High
Molecular Weight (HMW-HA). Since Clqg is similarly able to bind both LMW-HA and
HMW-HA as showed in attached paper (Agostinis et al., 2017b) we wanted to determine
whether C1g-bound HA may differentially affect HA homeostasis by altering the expression
level of the enzymes involved in its biosynthesis and catabolism. Biosynthesis of HA
molecules is regulated by three HA synthases called HAS1, HAS2 and HAS3 (T6rronen et al.,
2014), while HA degradation seems to require up to six different hyaluronidases (HYALL,
HYAL2, HYAL3, HYAL4, PH-20 and the pseudogene HYALP1) being HYAL1, HYAL?2
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and HYALS3 the most abundantly expressed in normal human tissues and cells (Dicker et al.,
2014).
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Figure 9. mRNA expression levels of hyaluronan synthases (HAS1, HAS2 and HAS3) and hyaluronidases
(HYALL, HYAL2 and HYALJ3) isoforms in cultured human MES. The data are expressed as a mean of at
least three to five different MES populations carried out in duplicate + SEM.

Initial quantitative RT-PCR were performed on total mMRNA, extracted from freshly isolated
MES to test the basal level of expression of HAS1, HAS2 and HAS3, and HYAL1, HYAL?2
and HYALS3. As shown in Figure 9, HAS1 and HAS2 together with HYAL1 and HYAL?2
were the predominant synthases and hyaluronidases expressed, respectively, in all MES

populations isolated from different patients.
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Figure 10. mRNA expression levels of HAS1, HAS2 and HAS3 isoforms and HYAL1, HYAL2 and HYAL3
following different soluble treatment of cultured human MES. We analysed the mRNA expression of all
three HA synthases, HAS1, HAS2 and HAS3 (A) and all three hyaluronidases, HYAL1, HYAL2 and HYAL3
(B) on MES treated ON at 37°C and air/CO, incubator with Cl1q (25 pg/ml), LMW HA (200 pg /ml), HMW HA
(50 pg/ml), LMW HA+Clq and HMW+C1q. Untreated MES cells were included as a negative control. The
presented results did not show any statistical difference between different treating conditions on mRNA
expression to any of the mentioned enzymes. The data are expressed as a mean of at least three to five different
MES populations carried out in duplicate £ SEM.
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We proceeded then to assess the possibility that C1q together with HMW and/or LMW would
affect the expression level of mMRNA encoding for the enzymes responsible for HA synthesis
and degradation. We initially stimulated MES cells by adding directly into the growth
medium LMW HA (200 pg /ml) and HMW HA (50 pg/ml) either alone or in the presence of
Clq (25 ug/ml). None of these treatments was able to produce significant changes in the
expression of the genes involved in HA metabolism, in all MES populations tested (Figure
10). Next, MES cells were seeded on immobilized HMW-HA, C1q or C1g-bound HA and
MRNA expression for all HA synthases and hyaluronidases isoforms was measured by qRT-
PCR. Under these conditions it was observed that only HAS3 mRNA expression was
significantly downregulated upon ON incubation of MES on C1g-HA matrix as compared to
HA alone, while only HYAL2 mRNA expression was instead selectively upregulated under

the same experimental conditions (Figure 11).
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Figure 11. mRNA expression levels of HAS1, HAS2, HAS3 and HYAL1, HYAL2, HYAL3. MES were
seeded onto high molecular weight HA, C1q or C1g-HA for ON at 37°C and air/CO, incubator and mRNA
expression of HAS1, HAS2 and HAS3 (A) and HYAL1, HYAL2 and HYAL3 (B) was analyzed. Results showed
downregulation of HAS3 and upregulation of HYAL2 when cells were seeded on C1q-HA comparable to HA
alone. The data are expressed as a mean of at least three to five different MES populations carried out in
duplicate + SEM.

In order not to miss possible changes in the mRNA levels that might have occurred after
shorter incubation time, we measured the mRNA expression levels of HASes (Figure 12) and
HYALs (Figure 13) upon 3 h, 6 h or ON plating.
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Figure 12. mRNA expression levels of HAS1, HAS2, HAS3 isoforms. MES were seeded onto high molecular
weight HA or C1g-HA for 3h, 6h or ON incubation time at 37°C and air/CO, incubator. Cells seeded onto C1g-
HA resulted in downregulation of HAS3 mRNA comparable with the cells seeded on HA alone. The data are
expressed as a mean of at least three to five different MES populations carried out in duplicate £ SEM.
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Figure 13. mRNA expression levels of HYAL1, HYAL2 and HYALS3 isoforms. MES were seeded onto
HMW HA or Clg-HA for 3h, 6h or ON incubation time at 37°C and air/CO, incubator. Results showed
upregulation of HYAL2 mRNA level after ON incubation, respectively. The data are expressed as a mean of at
least three to five different MES populations carried out in duplicate + SEM.
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The time course revealed that only in the condition of ON incubation with immobilized C1g-
bound HA it was possible to appreciate alteration of the mRNA levels for HAS3 and HYAL?2
thus confirming the previous findings.

Clinical significance of HAS3 and HYAL2 mRNA expression in MPM cancer

In order to investigate whether HAS3 and HYALZ2 can serve as potential prognostic markers
for human MPM, we compared the differences in the mRNA level of HAS3 and HYAL2
between mesothelioma cancer and healthy tissues. The data of mRNA expression for HYAL2
on mesothelioma vs normal tissue showed no statistical significance using the Oncomine
platform (Gordon Mesothelioma dataset) (Figure 14) while no available results were
provided for HAS3.

Gordon Mesothelioma Dataset

Figure 14: Pathological significance of
0.5 N HYAL2 expression in MPM. Gordon
Mesothelioma Dataset was used for
bioinformatics analysis to explore
HYAL2 mRNA expression in the MPM.
No significant differences in the mRNA
expression of HYAL2 were observed
-1.5 between lung, pleura and MPM tissue.
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By contrast, HAS3 and HYAL2 mRNA expressions are negatively correlated to an overall
survival rate of mesothelioma affected patients (p < 0.05) as determined by using the
PROGgeneV?2 database, a survival analysis tool (Figure 15, (Goswami and Nakshatri, 2014)

http://watson.compbio.iupui.edu/chirayu/proggene/database). Based on these datasets we

observed that life expectancy in mesothelioma patients characterized by high levels of HAS3
and HYAL2 expression is lower than in patients with low expression level cancer (p<0.05) as

illustrated in The Cancer Genome Atlas (TCGA dataset) (https://cancergenome.nih.gov).
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While our HYAL2 gRT-PCR (Figure 15A) data are in line with the bioinformatic analysis,
this is not the case for HAS3 (Figure 15B), giving instead an opposite outcome. Given this
discrepancy and taking into account that the expression level of HAS3 is barely detectable in
western immunoblotting (data not shown) we decided to focus our investigation on HYAL2

contribution to mesothelioma development/progression.
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Figure 15: Pathological significance of HYAL2 and HAS3 expression in MPM. According to the data from
PROGgeneV2 datasets for HYAL2 (A) and HAS3 (B) mRNA expression were negatively related to an overall
survival rate of the patients with MPM. (p < 0.05). The tables underneath the graphs are reporting the number of
patients tested with high and low levels of expression of the corresponding mRNA.

Up-regulation of HYALZ2 expression by C1g- HA

In order to determine whether the observed increase in HYAL2 mRNA expression level, as
detected in gRT-PCR, would correlate to similar changes in protein content we performed
Western blot experiments on cell lysates obtained upon ON incubation of different MES cell
populations grown on either HA or HA-C1g. HYAL2 GPl-anchored protein was detected
using a rabbit polyclonal antibody raised against the bacterially expressed GST-HYALZ2 99-

448 amino acid residues, which is recognizing a band at around 55-60 kDa.
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Figure 16. C1lg-HA matrix upregulated HYALZ2 protein level in MES cells. MES were seeded on HA and
Clg-HA matrix ON. For control (Ctrl) we took untreated cells. Also on protein level we observed a significant
increase of HY AL2 on the matrix with C1g-HA. The results represent three different MES populations. *p<0,05

Interestingly we found that HYAL2 accumulates upon C1g-HA interaction as compared to
HA alone (Figure 16), thus indicating that the upregulation detected at the mRNA level is

followed by a parallel increase in the corresponding protein content.

Characterization of the intracellular distribution of HYALZ2 in MES

HYAL?2 together with HYAL1 have been implicated as the major players in HA catabolism in
somatic tissues. Both hyaluronidases prefer acidic pH to be enzymatically active, being pH 4
the optimum for HYAL2 (Chow et al., 2006; Lepperdinger et al., 1998). This is the reason
why HY AL2 was expected to be primarily present in lysosomes.

However HYAL2 is a GPl-anchored protein that can fractionate in the plasma membrane
fraction where it only has weak enzymatic activity but it functions as the receptor for
Jaagsiekte sheep retrovirus (Rai et al., 2001). Moreover soluble, nuclear (Hsu et al., 2009) and
mitochondrial (Chang, 2002) localizations for HYAL2 were also described, underlying the
complex intracellular distribution based on its cellular function. The most recent studies of
endogenous mouse HYAL2 indicate that HYAL2 is expressed on the surface of many cells,
but it can be found intracellularly in some cell types (Chowdhury et al., 2016).

To start understanding the cellular distribution of HYALZ2 in MES, total and cell surface
expression of HYAL2 was analyzed by flow cytometry. All cells under investigation
expressed HYALZ2, but only about 30% of them had HY AL2 present on the plasma membrane
(Figure 17).
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Figure 17. Characterization of MES cells for HYAL2. MES were characterized for cell surface and total
(intra- and extracellular) expression of HYAL2. All cells were positive for total HYAL2, when we permebilized
the cells, and only about 30% of cells expressed HYALZ2 on their cell membrane. The expression of HYAL?2
marker (green lines) was compared with appropriate control antibodies (black lines).

Furthermore we assessed the steady-state distribution of endogenous HYALZ2 in our MES
populations by performing co-immunolabelling experiments. Based on the fact that HYAL2
requires acidic pH to be functionally active we initially tested its possible distribution along

the endocytic pathway.

Figure 18. Confocal images of co-localization of HYAL2 with EE1A and LAMP1. MES were co-labelled
with HYAL2 and EE1A, a well recognized marker of the early endosomal compartment, and Lamp1l, a late
endosomal/lysosomal marker. Confocal immunofluorescence microscopy failed to reveal a co-existance of
HYAL2 with both proteins associated with the endocytic compartments. Scale Bar. 10 um

MES cells were therefore co-labeled for endogenous HYALZ2 together with Early Endosome

Antigen 1 (EE1A), a well recognized marker of the early endosomal compartment, and
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Lysosome Associated Membrane Protein 1 (Lampl), a late endosomal/lysosomal marker.
Surprisingly confocal immunofluorescence microscopy failed to reveal a co-existance of
HYAL?2 with proteins associated to the endocytic compartments, which were considered the
optimal localization for HY AL2 activity, given their acidic lumenal pH (Figure 18).

We therefore tested the HYAL2 distribution along the secretory pathway. Calnexin, which is
a chaperone molecule assisting protein folding and quality control in the endoplasmic
reticulum, and the Mannose 6-phosphate Receptor (M6P-R), a transmembrane glycoprotein
which binds newly synthesized lysosomal hydrolases in the trans-Golgi network (TGN) and
delivers them to pre-lysosomal compartments, were co-labeled with HYAL2. While the co-
localization was pretty much intense with the ER resident protein Calnexin, as expected for a
GPIl-anchored molecule as HYALZ, this was very low, though present, in the Golgi apparatus
(Figure 19).

Figure 19. Confocal images of co-localization of HYAL2 with M6PR and Calnexin in MES. Co-localization
was pretty much intense with the ER resident protein Calnexin but very low with M6R, marker for GA. Scale
bar: 10um.

The most striking overlap was observed when gC1q receptor was investigated in co-labeling
experiments (Figure 20). gC1gR/p33 is an ubiquitously expressed, highly anionic cellular
protein of 33 kDA, initially identified and characterized for its ability to interact with the
globular heads of the C1g complement component (Ghebrehiwet et al., 2006). Its intracellular

distribution is still a puzzling issue: gC1lgR seems to be predominantly localized in the
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mitochondria matrix (Dedio et al., 1998; Muta et al., 1997) but it is also found in several other
cellular compartments, such as the endoplasmic reticulum, the nucleus, and the cell surface,
possibly associated with lipid rafts (Braun et al., 2000; Ghebrehiwet et al., 2001; Kittlesen et
al., 2000). Although the biological significance of such complex multicompartmental
distribution is far from being elucidated, the relevance of gC1gR as an important modulator of
various ligand- mediated cellular responses, both inside and outside the cell, is increasingly

recognized.

Figure 20. Confocal images of co-localization of HYAL2 and gClg receptor. Co-localization between
HYALZ2 and gC1q receptor in MES cells was very strongly detectable. Scale Bar: 10 um

C1g-HA does not alter the trafficking of HYALZ2 to the cell membrane

HYAL2 has emerged as one of the genes upregulated upon C1g-bound HA MES stimulation
and, based on flow cytometry assay, we observed that a small fraction of HYALZ is exposed
to the cell surface. We therefore aimed at understanding whether the amount of HYAL2
transported to, or maintained at, the plasma membrane could be affected by C1g-bound HA as
compared to HA alone. To this end, MES cells were seeded onto different matrices and, after
12 h, were subjected to surface biotinylation assay. Cell surface proteins were treated with the
membrane-impermeant sulfo-NHS-biotin reagent, then isolated by binding to Streptavidin
beads and probed with anti-HYAL2 antibody. To check for unspecific protein binding during
surface biotinylation experiments, MES not labelled with biotin were processed together with
biotinylated samples. Western blot detecting the intracellular actin was included to ensure that
similar amount of total lysates, biotinylated or not, were incubated with Streptavidin beads.
No major differences on the total content of membrane-localized HYAL2 was observed in
cells seeded on C1g-bound HA as compared to HA alone (Figure 21). These results seem to
exclude the involvement of Clg-bound HA in drammatically affecting HYAL2 transport

and/or turnover at the plasma membrane of mesothelioma cancer cells.
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Figure 21. HYALZ2 surface biotinylation assay. MES cells were seeded onto HA or HA+C1q and after 12 h of
incubation on matrixes cell surface proteins were treated with the membrane-impermeant sulfo-NHS-biotin
reagent, then isolated by binding to Streptavidin beads and probed with anti-HYAL2 antibody (Bio). To check
for unspecific protein binding during surface biotinylation experiment, not labelled samples with biotin (No Bio)
were processed together with biotinylated samples. Samples were normalized on intracellular B-actin level. No
differences about the total content of membrane-localized HY AL-2 were observed between cells seeded on C1q-

as compared to HA alone.

LMW-HAs are inducers of H,O, production by MES

It has been extensively demonstrated that reactive oxygen species (ROS) production is
triggered by pro-inflammatory LMW-HA (Grishko et al., 2009).
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Figure 22. Extracellular production of ROS
increased by LMW HA in MES cells. H,0,
production by LMW HA-stimulated MES cells has
been shown to be higher comparable with the MES
stimulated with HMW HA or Clq alone. The
fluorescence (F.U.) was measured on Tecan (E/I
535nm/595nm). The means of three to five
experiments performed in triplicate are reported =+
SEM. ***<(,0001



We therefore aimed to test whether MES cells are able to synhtesise ROS and, most
importantly, whether C1g would be able to affect their production. To this aim MES cells
were stimulated with C1q, HA, LMW-HA, and LMW-HA in the presence of C1q and H,0;
released into the medium was measured 5 min after stimulation using Ampiflu Red reagent.
ROS production was enhaced by LMW-HA treatment regardeless of the presence or absence
of Clq, thus suggesting that the complement component is uneffective as shown on Figure
22.
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DISCUSSION

Malignant pleural mesothelioma (MPM) is an highly aggressive cancer, which arises from the
mesothelium lining the pleura and it is associated with a massive exposure to asbestos fibres.
In USA, MPM accounts for 10 cases/million since the incidence in UK and Australia
increases up on 30 cases per million (Robinson, 2012). In Europe the peak is expected around
2020 due to the long latency period between asbestos exposure and diagnosis (30-50 years)
and, due to the fact that exposure to asbestos fibers had just started in 1970 (Peto et al., 1999).
A lot of efforts have been made to find out efficient therapies to cure the disease, being the
standard frontline treatment, namely cisplatin plus pemetrexed chemotherapy, of quite
insufficient efficacy, and no additional validated treatments beyond this first-line therapy are
available nowadays (Scherpereel et al., 2018). The development of new therapeutic strategies
has been hampered by the poor understandings of the pathobiology of the disease and the
molecular mechanisms underlying the formation and progression of MPM.

The establishment of primary cell lines represents an important tool in the study of
mesothelioma at cellular, molecular and genetic levels as well as to test the efficacy of new
therapeutic approaches. We established 17 primary mesothelioma cell lines derived from 16
males and only 1 female diagnosed for MPM. Based on the histological characterization 11
cases belonged to the epithelioid histotype, 2 cases were sarcomatoid, 2 biphasic and only for
2 of them it was not possible to achieve a clear determination of the histotype.

Mesothelioma cells have been isolated from pleural biopsy speciments following the protocol
previously described (Agostinis et al., 2017b). All MES cells were morphologically and
immunophenotypically characterized for the expression of several markers known to be
expressed by this type of cancer such as mesothelin, epithelial cytokeratin 8/18 (CK8/18), cell
surface HA-binding glycoprotein CD44, Epithelial-Membrane Antigen (EMA), mesenchymal
CD9 and vimentin. MES were negative for the common lymphocyte antigen CDA45, the
monocyte differentiation antigen CD14 and the endothelial marker von Willebrand Factor
(VWF). All MES cells were also tested for CD68, a standard macrophages marker,
predominantly localized in late endosomal and lysosomal compartments (Ramprasad et al.,
1995). Surprisingly we observed that MES cells express, on their surface, the macrophage
CD68, as already reported by Philippeaux and colleagues (Philippeaux et al., 2004a).
Moreover, high positivity for CD68 was shown on primary human fibroblast, thus clearly
demonstrating that the expression of CD68 is not restricted to the macrophage lineage (Kunz-
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Schughart et al., 2003). CD68 may provide an additional antigenic marker for the diagnosis of
mesothelioma, as already suggested by Philippeaux (Philippeaux et al., 2004b).

In the present study it was clearly demonstrated that MES cells are actively involved in HA
synthesis, and this HA is not only deposited in the extracellular space to build up the so-called
pericellular coat but also a consistent amount of it is sequestered inside the cell.

The intracellular HA was visualized using specific hyaluronan-binding proteins conjugated to
biotin and detected by fluorescently labeled Strepavidin. Hyaluronan staining appeared to fill
the entire cell, as round vesicular/globular structures, but also as a diffuse pattern often
particularly prominent in the perinuclear region. FA-HA up-take as well as double-labeling
experiments performed with EE1A and Lampl, well-established markers of the endocytic
system (data not shown), seem to exclude the possibility that this intracellular HA derives
from the internalization of an extracellular pool. The first reports attesting the presence of HA
in the cytoplasm were published in the 1970s. Since then intracellular HA has been identified
in the rough endoplasmic reticulum (Londofio and Bendayan, 1988), in the nucleus, mostly
associated with the nuclear periphery and/or nucleoli (Evanko and Wight, 1999), and in the
caveolated portions of the plasma membrane (Eggli and Graber, 1995). This phenomenon was
observed in a variety of cells, including smooth muscle cells, endothelial cells, fibroblasts,
normal mammary epithelial cells, mammary tumor cells and epidermal keratinocytes, but the
functional consequences of this distribution are still poorly understood.

From studies available in the literature, intracellular hyaluronan may be involved in growth
regulation and mitosis. An increase in intracellular hyaluronan was in fact detected in 3T3
cells that have been growth-arrested by serum deprivation and subsequently stimulated by
serum or platelet-derived growth factor (PDGF). Under these conditions, intracellular
hyaluronan appeared to be maximal in the rounded mitotic cells. A similar increase in
intracellular HA was also seen in association with migration of keratinocytes following in
vitro wounding assays (Rilla et al., 2002).

Only limited studies tried to address the source of intracellular hyaluronan, and up to now the
mechanisms involved in its cytosplamic/nuclear synthesis/translocation are still not
completely known. The recognition that hyaluronan is present intracellularly at key times
during cell proliferation and migration suggests that it may have an intracellular mode of
action in the regulation of these processes. MESs are actively dividing cancer cells, therefore
the high abundance of intracellular HA is in line with what was observed in other types of

proliferating cells. One emerging possibility is that the processes of synthesis, uptake,
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translocation, and degradation of HA may be integral to the signalling and regulatory
mechanisms associated with the intracellular hyaluronan-binding molecules (IHABPS), or
hyaladherins. However, most of the functional aspects of intracellular hyaluronan are still

quite speculative and will require further work to be fully elucidated.

Better known is the role played by the extracellular/pericellular HA that cancer cells produce
autonomously and this production has emerged to represent an indicator of their
aggressiveness. These HA pericellular matrices, in fact, seem to facilitate tumour growth and
progression via several mechanisms. They organize and cluster HA receptors on the plasma
membrane and sequester growth factors and cytokines near the cell membrane. Receptor
clustering, in turn, induces the formation of plasma membrane microdomains, such as lipid
rafts, which, in the presence of trapped growth factors and cytokines, can couple and sustain
activation of driver oncogenic anti-apoptotic, and proinvasion/migration signal transduction
cascades. Pericellular coats were also identified as favouring the adhesion of tumour cells to
microvessel endothelium, as it has been shown for metastatic prostate carcinoma cells in
culture (Simpson MA et al., 2002), and breast tumour cells (Veiseh M et al., 2014). It has
been additionally proposed that pericellular HA matrices produce a cancer friendly
microenvironment by stimulating the release of microvesicles from HA-rich cell microvilli
(Koistinen et al., 2015).

Malignant pleural mesotheliomas is in most cases associated with an elevated synthesis of
hyaluronan (Cortes-Dericks and Schmid, 2017; Fujimoto et al., 2013). HA, in fact, is
normally secreted by mesothelial cells, being required for the proper lubrification of the
pleural membrane. The amount of HA produced either by the tumour cells themselves or by
adjacent noncancerous stromal cells has been directly correlated with the invasive and
metastatic behaviour of mesothelioma.

Our studies allowed the identification of C1q as a key component of the mesothelioma
microenvironment. By immunohistochemistry, C1q resulted abundantly expressed in all
mesothelioma histological variants, being particularly high in the epithelioid histotype. We
believe that the tumour-infiltrating myeloid elements, and possibly the endothelial cells of the
small vessels, are the cell types responsible for its local synthesis and deposition. Indeed
macrophages, together with other antigen presenting cells, are well-known producers of Clq
molecules (Faust and Loos, 2002; Loos et al., 1989; Lubbers et al., 2017); endothelial cells

can express several components of both classical and alternative pathways as well as C
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regulatory proteins and C1q production was proven only for the endothelial cells of the
decidua (Bulla et al., 2008).

Interestingly we demonstrated that C1q is able to interact with hyaluronan and this interaction
is not accompanied by complement activation (Agostinis et al., 2017b; Bulla et al., 2016).
These results prompted us to hypothesize that C1q bound HA can modify the signalling
properties of the ECM rendering it even more permissive for the development and progression
of the tumor (Agostinis et al., 2017b). Indeed we discovered that C1q bound to HA is more
efficient, than C1q or HA alone, in enhancing adhesion, spreading and proliferation of MES
cells. Moreover C1g-HA complex was able to activate more efficiently several cancer-related
signalling pathways, as shown by the enhanced phosphorylation status of members of the
MAPK family, ERK1/2, SAPK/INK, and p38 (Agostinis et al., 2017b) and the mammalian
target of rapamycin (mTOR) measured by PathScan approach.

It is interesting to note that the autocrine pericellular HA coats produced by cancer cells are
not sufficient to achieve full metastatic features. It seems of critical importance that tumour
cells acquire the ability to fragment and metabolize HA. Accumulating evidences support the
notion that the so-called low molecular weight HA (LMW-HA) possesses biologic activites
that are pretty diverse from high molecular mass form of HA. LMW-HAs are efficient inducer
of angiogenesis and lymphangiogenesis, activities fundamental for the metastatic process;
they can enhance adhesion and cell motility necessary for cancer cell invasion (Wu et al.,
2015, 2014); moreover LMW-HAs were shown to induce the expression of several
metalloproteinases which are involved in matrix degradation, thus contributing to cancer cells

evasion and dissemination (Fieber, 2004).

HA can be fragmented by at least two mechansisms: it can undergo an enzymatic attack from
one or more of several hyaluronidases (e.g. Hyal 1, 2 or 3) and/or it can be cleaved by oxygen
(and nitrogen) free radicals that are usually elevated in the tumor microenvironment (Stern et
al., 2007). Based on quantitative Reverse Transcription-PCR performed on several MES
populations we consistently detected an increase in the mRNA expression of hyaluronidase
HYAL2 upon seeding the cells on C1g-bound HA matrix. The upregulation of HYAL?2
MRNA was associated with an increase in the expression of the corresponding protein, as
detected by Western blot analysis. HYAL2 is a GPIl anchored protein and this post-
translational modification was shown to aid HYALZ2 association with lipid rafts at the cell
surface (Andre et al., 2011). HYAL2 can also exist in a soluble intracellular form lacking the
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GPI anchor, in certain cell types (Chow et al., 2006). The presence of HYAL?2 at the plasma
membrane was long questioned due to the fact that the optimal pH for HYAL2 activity was
supposed to be acidic since initial studies pointed to a lysosomal localization (Lepperdinger et
al., 1998). In these experiments, the GFP-tag was attached to the C-terminus of HYALZ2 and
the tag was later found to prevent the addition of the GPI anchor to the hyaluronidase, thus
hampering its correct targeting. Subsequent studies suggested HYAL2 to be localized to the
cell surface, mitochondria and nucleus, leaving the localization of HYALZ2 quite enigmatic
(Chang, 2002; Chow et al., 2006).

Moreover, further in vitro characterizations demonstrated that HYALZ2 has an intrinsically
very weak enzymatic activity that can be fuelled upon its interaction with CD44, the main
receptor for HA, which is also associated to lipid rafts (Harada and Takahashi, 2007). Based
on recent findings the following model for HY AL2 functioning has been proposed: first of all,
the main site of action of HYALZ2 is considered to be the plasma membrane; second, HYAL?2
strictly relies on CD44 interaction to actively degrade HA of the pericellular coat; third,
CD44, localized in membrane microdomains enriched in cholesterol and gangliosides, is able
to recruit a specific Na'-H" exchanger whose activity leads to a local acidification with a
concomitant upregulation of HYALZ2 catalytic activity (Bourguignon et al., 2004; Harada and
Takahashi, 2007). Recent observations also pointed to an additional role of HYALZ2 that is
independent from its hyaluronidase activity: upon association, it is able to decluster CD44,
thus hampering CD44 ability to bind surface HA and making the pericellual coat even more
accessible to HYAL-2 mediated break-up (Duterme et al., 2009). This phenomenon has been
described mostly in cancer cells, where it can be induced by HA oligosaccharides, and it
seems to play a critical role in tumour cell migration (Duterme et al., 2009). Based on our
flow citometry assays and surface biotinylation experiments we were able to detect HYAL2
on the cell surface of MES cells and we estimate that about 30% of the total HYALZ2 is indeed
exposed to the extracellular space ready to degrade HA.

Although HYAL2 was accessible to biotin labeling at the cell surface, a large proportion of it
was present within the cell. We therefore performed co-immunolabelling experiments with
several markers of the endocytic-endosomal compartments as well as of the secretory
pathway, and we analyzed them at the confocal microscope. As expected for a GPI-anchored
molecule, HYAL2 co-localization with the ER resident protein Calnexin was pretty much
intense, in agreement with the results obtained by Bourguignon and colleagues (Bourguignon
and Flamion, 2016; Rai et al., 2001).
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Interestingly, the highest overlap was observed when gClg receptor (gClgR) was
investigated in HY AL2 co-labeling experiments. gC1gR is a multifunctional and ubiquitously
expressed cellular protein, maily present on the mitochondria matrix (Dedio et al., 1998; Muta
et al., 1997) but also found in several other intracellular compartments, such as the
endoplasmic reticulum, the nucleus, and the cell surface, possibly associated with lipid rafts
(Braun et al., 2000; Ghebrehiwet et al., 2001; Kittlesen et al., 2000). Three laboratories have
discovered almost simultaneously gClgR and named this protein differently. In 1994
Ghebrehiwet and colleagues identified this protein as the receptor for the globular head of the
C1q complement component (Ghebrehiwet et al., 1994), but almost a decade before the same
molecule was named hyaluronan-binding protein 1 (HABP1) based on its ability to interact
with high affinity to HA and referred to as hyaluronectin (D’Souza and Datta, 1985). Finally
gClg was also cloned as the p32 subunit of the human pre-mRNA splicing factor SF2
(Honor¢ et al., 1993). Over several decades from its identification, myriad of proteins have
been reported to bind to gC1gR/HABP1/p32, underlying the complex role this protein can
play in different cellular processes and at different subcellular districts (Saha and Datta,
2018).

The data collected in our MES populations showed that HYAL2 and gC1gR are following
overlapping trafficking pathways inside the cell, suggesting that they could form a "functional
complex" at the plasma membrane, being both proteins able to associate with lipid rafts. As a
consequence, HYAL2/gC1gR may be found in close proximity to CD44, which is known to
interact directly with HYALZ2, and whose interaction is essential to upregulate HYAL?2
catalytic activity. Taking into account that CD44 and gC1gR are both hyalaldherins, their
proximity may create high affinity anchorage spots for pericellular HA, thus making it more
available for HYAL2 mediated degradation. It is tempting to speculate that gC1gqR, while
recruited by HYAL2/CD44, could undergo conformational changes, thus exposing its binding
sites for the C1q globular heads. In this way C1qg present in the tumor microenvironment
could be enrolled into such macromolecular signalling complex, where it will be able to
promote signalling events via CD44 and/or gC1gR itself. Even though highly speculative, this
proposed working model herein illustrated takes into account the different binding affinities
gC1gR shows toward its ligands. In fact the affinity of gC1gR for hyaluronan is 100 time
higher than that for C1q globular heads (Kd 1x10°M for HA and Kd 1x107"M for gC1q), at
least under physilogical conditions (collected in review Saha and Datta 2018). Being HA

highly packed in the pericellular matrix, it seems more plausible that gC1gR may select HA,
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instead of Clq, as the preferential binding partner. An additional, but not mutually exclusive,
possibility is that Clq, by interacting with HA as an hyalalderin, could affect the three-
dimensional conformation of HA bound to it, making HA more available for CD44 and/or
gC1gR interaction. Based on the pull-down experiments performed upon surface biotinylation
we did not detect significant differences in the surface expression of HYAL2 upon HA or
HA-bound Clq stimulation, while, at the protein level, total HYAL2 appeared to be
upregulated on HA-C1q matrix. On one hand, an increase in HY AL2 surface abundance could
have explained a higher rate of HA degradation, which is connected with the aggressiveness
of the tumour, and therefore expected to occur during mesothelioma progression. On the other
hand, it could be plausible that the catalytic activity of HYALZ2, in complex with CD44 and
possibly with gC1gR, both engaged in HA interaction, is further enhaced by C1q, whithout
the need of significant changes in its surface recruitment. Further studies will be needed to
dissect all the mechanistic steps involved in this complex network of interactions and to
carefully monitor changes in the catalytic activity of HYAL2.

LMW-HA production in the tumor microenvironment could also be supplied by reactive
oxygen species (ROS) (Grishko et al., 2009)-mediated breakage of pericellular/extracellular
HA. MES cells stimulated with LMW-HA were found to increase their ROS production as
compared to HMW-HA but the concomitant presence of Clq was totally uneffective.
Therefore we can conclude that C1q, together with HA, can be seen as the initial driver of HA
enzymatic degradation via HYALZ2, leading to LMW-HA deposition in the tumour

microenvironment which in turn favours ROS production and further HA degradation.

In our analysis of HYAL2 intracellular distribution we often observed bright spots of HY AL2
immunoreactivity specifically localized within the nucleus of MES. Even though we still
neglet what are the functional consequences of this nuclear translocation, it is worth
mentioning that very recently the group of Meran and colleagues (Midgley et al., 2017)
identified HYAL2 as a key regulator of pre-mRNA splicing, dictating the production of CD44
variants at the cell surface. The genomic organization of CD44 relies indeed on twenty exons.
The first five and the last five exons are constant whereas the ten exons located between these
regions undergo to alternative splicing (Naor et al., 1997). The smallest molecule (85-95
kDa), which lacks the whole variable region, is the standard CD44 (CD44s) whereas CD44v6
(CD44 variant exon 6) is the major CD44 isoform that regulates tumour invasion, progression
and metastasis (Salmi et al., 1993). Several MPM cell lines were shown to be positive for

CD44v9 (variable exon 9), including the CD44v8-10, the former being statistically associated
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with NF2 (neurofibromatosis type 2), a common feature of MPM. In this context, it will be
important to establish which CD44 splice variants are expressed by our primary mesothelioma

cell populations.

CONCLUSION

In conclusion, we provided evidences that C1q is highly abundant in malignant pleural
mesothelioma tissues of all hystotype variants (epithelioid, sarcomatoid and biphasic), it
interacts with HA, another key player in tumour growth and progression, whose increased
synthesis has been clearly attested in several MPM patients, and it interferes with adhesion,
migration and proliferation of MES cells. Interestingly, we demonstrated that C1q, in concert
with HA, can alter the signalling properties of the tumour microenvironment, rendering it
even more permissive to cancer survival, growth and migration, through the promotion of HA

catabolism and the activation of several cancer-related signalling pathways.
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