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ABSTRACT

Malignant pleural mesothelioma (MPM), a rare tumour arising from the mesothelial cells
of the pleura, is characterized by poor prognosis and limited therapeutic options. Over recent
years, accumulating evidence has shed light on the controversial role of the complement system
(C) in different tumour types and contexts, suggesting novel perspectives for therapeutic
targeting in selected subgroups of patients. Here, we aimed to determine the prognostic power
of C components in MPM by an innovative tool, the newly defined “Complement Score”, as an
evolution of the classical “Immunoscore”. This system may permit to stratify MPM patients by
combining bioinformatics, immunohistochemical, and survival analysis. Upon bioinformatics
analysis, the protein expression of potentially prognostic C components (C1s, C1INH, Clq,
CFB, and CFI) was evaluated both on tissue microarrays (n = 88) and whole tissue sections (n
= 17) of MPM patients. Univariate analyses were performed to correlate the expression of each
C component with MPM histotype, TILs (CD4*, CD8"), Ki-67, PD-L1, and overall survival.
Interestingly, survival analysis showed that C1gH'®H (32 =6.01; p = 0.01) and CLINH"ICH (2=
5.13; p = 0.02) patients displayed significantly increased survival.

The evidence of a favorable prognostic value of C1qg in MPM was apparently inconsistent
with our previous findings reporting a tumor-promoting role of C1qg. Thus, we attempted to
dissect the potential implication of C1q, in concert with HA, in the response to chemotherapeutic
treatments. We demonstrated that HA-bound C1q could increase MPM cell mortality after
cisplatin treatment, due to increased tumour cell proliferation and downregulation of several
drug efflux transporters, including MDR1. Moreover, we detected a strong correlation between
patients’ response to chemotherapy and the percentage of in vitro cell mortality after cisplatin
treatment in MPM primary cells seeded on HA+C1qg matrix (R = 0.81, p = 0.002). The effect of
HA-bound C1q was investigated also in high-grade serous ovarian cancer to determine whether
it could be tumor-type specific.

Our results confirmed the controversial effect of Clq within the tumour
microenvironment. Moreover, we demonstrated that HA-C1q matrix is the optimal culture
condition to mimic MPM microenvironment and to predict patients’ response to chemotherapy.
The prediction of patient response may allow to move a step towards personalized medicine in

several solid tumours.



INTRODUCTION

CHAPTER 1 - MALIGNANT PLEURAL MESOTHELIOMA: A MANMADE

EPIDEMIC

Malignant mesothelioma is a rare and aggressive cancer arising from the mesothelial cells
of serosal surfaces, such as pleura, peritoneum, pericardium, and tunica vaginalis. The pleural
layer is by far the most commonly affected mesothelium, giving rise to malignant pleural
mesothelioma (MPM) in 80% of cases (Sekido, 2013).

MPM s etiologically associated with the exposure to asbestos fibers. The presence of
asbestos fibers in the pleura confers a long-term risk of developing MPM, usually with a latency
period of 20-50 years. The 5-year survival rate is around 10% due to the low efficacy of the gold
standard treatment based on platinum-pemetrexed combination and a high rate of recurrence (de
Gooijer et al., 2018, Carbone et al., 2019). MPM is a relatively chemotherapy and radiation-
resistant cancer and patients are usually diagnosed in an advanced stage, leading to a median
overall survival (OS) of 8-12 months after diagnosis. Additionally, no validated biomarkers are
currently available to predict the response to first-line therapy. Up to now, several clinical trials
have proposed different immunotherapeutic options to treat MPM patients, showing promising
results (Perrino et al., 2023).

1.1 EPIDEMIOLOGIC FEATURES OF MALIGNANT PLEURAL
MESOTHELIOMA

The first evidence of primary pleural neoplasms was described by Klemperer and Rabin
in 1931 (Klemperer and Coleman, 1992), but the association with asbestos exposure was clearly
reported only in 1960 (WAGNER et al., 1960). MPM is currently considered a worldwide health
issue, despite its actual global burden is still unprecise. Only in 2020, 30,870 mesothelioma
cases were reported globally (Huang et al., 2023). In many European countries, the incidence is
expected to peak in the 2020s due to the long latency period, the persistence of environmental
exposure, and the exponential increase in global asbestos use until the 1970s. In 1973, all types
of asbestos were classified as carcinogenic products by the International Agency for Research
on Cancer (IARC), being progressively banned from use and sale. As a consequence of
occupational factors, mainly regarding construction and shipbuilding industries, MPM

incidence rates are higher in men than in women (Carbone et al., 2012). Even though the



occurrence was initially limited to asbestos workers, the extent of non-occupational exposure
has also aroused increasing interest over recent years. The latter includes para-occupational,
domestic, and environmental exposures (Lacourt et al., 2014). Up to now, there is only weak
evidence of a potential impact of passive exposure in buildings containing asbestos on MPM

incidence.

1.2 RISK FACTORS

The main risk factor associated to MPM is asbestos exposure (WAGNER et al., 1960).
The commercial term “asbestos” refers to a family of naturally occurring fibrous silicate
minerals, usually classified into two different categories: the serpentines and the amphiboles.
Chrysotile (“white asbestos™) is the leading representative of serpentines and is characterized by
short and curly fibres, while crocidolite (“blue asbestos”) is the most common member of
amphiboles, consisting of long and straight fibres (Rge and Stella, 2015). It is not completely
clear yet which kind of asbestos can be mostly accounted for the development of the disease.
The current assumption is that amphiboles persist in the body for a longer period, exerting their
carcinogenic effect over many years; moreover, these fibres can penetrate further into the pleura
because of their elongated shape.

Interestingly, history of asbestos exposure accounts for only 80% of all mesothelioma
cases, whereas the remaining 20% of patients are unable to pinpoint their exposure. Conversely,
only a tiny proportion of people exposed to asbestos, even in large amounts, develops MPM,
suggesting that other factors may be involved (Jasani and Gibbs, 2012). Moreover, rare cases of
mesotheliomas in children have been reported, being not correlated to asbestos exposure
(Brenner et al., 1981).

Other risk factors have been suggested over years. In a small percentage of patients,
exposure to high doses of ionizing radiation to the chest or abdomen may have a long-term effect
on the development of MPM (Cavazza et al., 1996). In the 1990s, a controversial association
between the Simian Virus 40 (SV40) and MPM was hypothesized based on evidence that S\VV40
could lead to mesothelial cell transformation in hamsters (Cicala et al., 1993) and on the
exponential increase in MPM incidence after the administration of SV40-contaminated polio
vaccines (Carbone et al., 2020). Certain familial cases also support the hypothesis of a genetic
predisposition to MPM, commonly attributable to an inactivating germline mutation of BRCA1-

associated protein-1 (BAP1). This tumour suppressor gene encodes a de-ubiquitinase involved



in the modulation of transcription, DNA repair, chromatin regulation, and cell cycle checkpoints
(De Rienzo et al., 2021). Pathogenetic BAP1 germline mutations are autosomal dominant and
are strongly associated with a higher incidence of MPM, being detected in 9-12% of all MPM
patients. Interestingly, the biology of these MPMs is less aggressive and the median survival is
around 5-7 years from diagnosis (Carbone et al., 2022, Carbone et al., 2023).

1.3 MECHANISMS OF ASBESTOS PATHOGENESIS

A complex and multifactorial combination of factors influences the potential association
between fiber load and MPM prognosis. Despite a well-known dose-response pattern of asbestos
exposure with MPM, no risk-free threshold has been identified yet (Yang et al., 2022b).
However, it is widely recognized that asbestos contribution to MPM pathogenesis involves

multifaceted effects ranging from direct to indirect, from genetic to molecular (Figure 1).
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Figure 1. Mechanisms of asbestos-induced chronic inflammation and carcinogenesis in malignant pleural
mesothelioma. The presence of asbestos fibers and the iron-induced release of reactive oxygen species (ROS) or
reactive nitrogen species (RNS) can induce mesothelial cell necrosis. The resultant high-mobility group box 1
(HMGB1) release stimulates macrophages to produce pro-inflammatory cytokines (e.g., TNF-o and IL-1p). In the
unsuccessful attempt to engulf asbestos fibers, macrophages can undergo “frustrated phagocytosis”, further
contributing to ROS production. These factors participate altogether to chronic inflammatory processes resulting
in cellular damage and autophagy induction, thus promoting the survival of damaged mesothelial cells. Moreover,
loss of tumour suppressor genes may further determine the accumulation of surviving mesothelial cells, eventually
leading to oncogenic transformation (VanZandwijk et al., 2022). Abbreviations: BAP1, BRCAZ1-associated protein-
1, CDKN2A, cyclin dependent kinase inhibitor 2A; SETD2, SET domain containing 2, histone lysine

methyltransferase; TP53, tumour protein p53.



Upon inhalation, asbestos fibers remain entrapped in the lung, and some may migrate
via lymphatic vessels to the pleura. Here, asbestos can cause DNA damage both directly,
interfering with the mitotic process and disrupting the mitotic spindle, and indirectly, since the
high iron content of asbestos fibers stimulates mesothelial cells and macrophages to release
reactive oxygen species (ROS) and reactive nitrogen species (RNS). In particular, fibers >10
pm cannot be successfully engulfed by alveolar macrophages, thereby aborting phagocytosis in
a process called “frustrated phagocytosis”, which leads to further generation of reactive
molecules [i.e., hydrogen peroxide (H202), superoxide radical (O2—), and hydroxyl radical
(OH-)]. Consequently, asbestos-induced cytotoxicity and ROS production prompt mesothelial
cell death via a regulated form of necrosis, which has been demonstrated as a pivotal player in
asbestos carcinogenesis: cell necrosis determines high-mobility group box 1 (HMGBL1)
translocation from the nucleus to the cytoplasm and subsequent release into the extracellular
space. In turn, HMGB1 can induce macrophages to a substantial release of pro-inflammatory
cytokines [i.e., tumour necrosis factor-a (TNF-a) and interleukin (IL)-1p], which via NF-«xB
pathway activation preserve mesothelial cells from asbestos-induced cell death and sustain a
chronic inflammatory response, favoring cell malignant transformation (Yang et al., 2010).
Moreover, it has been recently demonstrated that mesothelial cell survival and transformation

after asbestos exposure was induced by HMGB1-driven autophagy (Xue et al., 2020).

1.4 HISTOLOGIC SUBTYPES

MPM is commonly classified as localized or diffuse. It is possible to discriminate among
three different subtypes: epithelioid (60%), sarcomatoid (20%), and biphasic/mixed (20%; a
combination of epithelioid and sarcomatoid components, with at least 10% of each pattern).
Epithelioid MPM is characterized by large polygonal or rounded cells arranged as solid masses
and columns that mainly arise within the lymphatics. In contrast, sarcomatoid MPM derives
from the deep connective tissue of the mesothelium, being characterized by the presence of
spindle or mesenchymal-like cells. These major histologic subtypes have a pivotal impact on
prognosis and treatability. In particular, sarcomatoid histotype has been reported as a poor
prognostic factor for MPM patients, being usually not eligible for surgery and showing a lower
response rate to systemic therapies (van Zandwijk et al., 2013, Mansfield et al., 2014).

The 2021 WHO Classification of Tumours of the Pleura has introduced substantial

changes in MPM classification. First, the prefix “malignant” has been omitted from both



localized and diffuse mesothelioma since all mesotheliomas can be accounted as malignant
(Sauter et al., 2022). The distinction into three main histological subtypes remains unchanged,
although there is an improved characterization of architectural patterns, cytological, and stromal
features. Among the most relevant changes, these appear noteworthy: 1) the loss of BAP1 has
been included among the immunohistochemistry (IHC) markers useful in differential diagnosis
between benign mesothelial proliferation and mesothelioma; 2) diagnosis of biphasic
mesothelioma can be achieved in small specimens even if the amount of epithelioid or

sarcomatoid component is less than 10% (Sauter et al., 2022).

1.5 DIAGNOSTIC ITER AND BIOMARKERS

The diagnosis of MPM is usually overcomplicated by the non-specificity of symptomatic
manifestations. Pleural effusion is initially present in up to 95% of cases. After experiencing
dyspnea and/or chest pain, patients can undergo conventional imaging [i.e., X—ray or Computed
Tomography (CT)] and thoracentesis as the first-line pathological assessment (Bianco et al.,
2018).

MPM diagnosis and classification can be achieved upon histological confirmation via
pleural biopsy. Although pleural fluid cytology can also be very useful, it is not sufficient to
confirm the diagnosis since other neoplasms can show overlapping morphological features.
Being IHC the standard for classification and diagnosis, tumour specimens are assessed with a
large panel of markers to distinguish MPM from other tumours. These include pan-cytokeratin
(usually CAMS.2), cytokeratin 5/6, calretinin, podoplanin (D2-40), and Wilms’ Tumour 1 (WT-
1) as positive markers. Conversely, carcinoembryonic antigen (CEA), CD15, Ber-EP4, Moc-31,
thyroid transcription factor-1 (TTF-1), and B72.3 can be accounted as negative markers (van
Zandwijk et al., 2013).

Despite a growing number of studies, no validated diagnostic and/or prognostic
biomarkers are currently available for MPM. Over the past few years, research interest has
mainly focused on mesothelin (also known as soluble mesothelin-related peptides, SMRP),
osteopontin, CA125, and megakaryocyte potentiating factor (MPF). SMRP can be useful for
disease monitoring, but it is not recommended for routine clinical diagnosis as it lacks sufficient
sensitivity and gives rise to histotype-related biases (Hollevoet et al., 2012). Even in
combination with SMRP, hyaluronic acid (HA) and its major receptor CD44 have been proposed

as putative biomarkers in MPM, due to their increased concentrations in serum and pleural fluids



(Creaney et al., 2013). Lastly, several microRNAs in plasma have been accounted as potential

diagnostic biomarkers for MPM patients without conclusive results (Han et al., 2021).

1.6 TREATMENT

Standard therapeutic approaches for MPM include a combination of surgery,
chemotherapy, and radiotherapy, as single, bimodal, or trimodal treatments.

As concerns the actual effectiveness of MPM surgical resection on survival
improvement, a clear consensus is still lacking among clinicians. Debulking surgical options
comprise extra-pleural pneumonectomy (EPP) and extended pleurectomy decortication (EPD),
which aim to reduce intrathoracic tumour mass with curative or palliative intent. Unfortunately,
most MPM patients are not eligible for radical surgery, which is limited to early stages of
disease, epithelioid subtype, and absence of significant comorbidities (Ricciardi et al., 2018).

Despite being widely delivered for local palliation or as part of a multimodal treatment
regimen, the use of radiotherapy is another controversial issue since limited data are currently
available to support the effectiveness of this approach on survival. In MPM, patients can be
treated with radiation therapy either prophylactically, to avoid tumour seeding at a surgically
instrumented incision site, or for definitive intent after cytoreductive surgery, to prevent local
recurrence and alleviate symptoms (Gomez et al., 2019). Nevertheless, this approach may
concern only some tumour areas and can be complicated by the dose administration, since the
presence of vital structures may determine side effects to heart, lung, liver, and spinal cord (van
Zandwijk et al., 2013). For this reason, radiotherapy can be considered only in a restricted group
of patients presenting optimal performance status and normal renal and pulmonary function.

Even though it has been traditionally considered disappointing due to the low response
rate associated with high systemic toxicity, the chemotherapeutic treatment has represented the

only anti-cancer option to improve survival in MPM until a few years ago.

1.6.1 CHEMOTHERAPY

For over 15 years, the front-line gold standard chemotherapy for MPM has consisted of
cisplatin (alkylating agent) and pemetrexed (antifolate) doublet, after its approval based on the
EMPHACIS study. This phase Il clinical trial demonstrated a significantly improved OS (12.1
vs. 9.3 months) and progression-free survival (PFS; 5.7 vs. 3.9 months) in the

pemetrexed/cisplatin arm as compared to the control arm with cisplatin alone (Vogelzang et al.,
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2003). This regimen is the benchmark against which all other first-line treatments are compared.
Carboplatin regimens also represent an acceptable alternative in elderly MPM patients due to
increased tolerability, easier delivery, and lower renal toxicity. Adding further agents to platin-
derived drugs has not significantly improved survival, except for bevacizumab. The phase Il1
MAPS study evaluated the beneficial effect of adding the antiangiogenic agent bevacizumab to
pemetrexed/cisplatin, followed by maintenance therapy with bevacizumab alone. As compared
to the present standard of care, both OS (18.8 vs. 16.1 months) and PFS (9.2 vs. 7.3 months)
were prolonged, suggesting that this combination might be considered as triplet therapy for
eligible patients (Zalcman et al., 2016).

After first-line treatment, the feasibility of maintenance or continued therapy is still
investigational and requires further examinations. Data from case series suggested that
rechallenge with pemetrexed may represent an effective option in selected patients with
satisfactory responses to the gold standard (Dudek et al., 2020).

Over the last twenty years, additional chemotherapeutic agents have been tested as front-
line single therapies, including other platinum-based drugs, raltitrexed, gemcitabine,
vinorelbine, irinotecan, doxorubicin, and methotrexate. However, their response rate remained
modest (Tsao etal., 2009, Petrelli et al., 2018). Interestingly, four poly (ADP-ribose) polymerase
(PARP) inhibitors (iPARP; i.e., olaparib, rucaparib, talazoparib, and niraparib) are currently
under evaluation in clinical trials based on the enrollment of MPM patients carrying germline
or somatic mutations in BAP1. Up to now, these studies are still limited to phase I or Il (Parisi
etal., 2023).

Unfortunately, almost all MPM patients experience progression after first-line therapy
due to primary and secondary resistance related to pre-target, on-target, and post-target
mechanisms. Insufficient data are currently available about second-line treatments, being

usually confined to single-arm phase Il clinical trials.

1.6.2 THE NEW ERA OF IMMUNOTHERAPY

Immune checkpoint inhibitors (ICIs) can boost an effective tumour-specific T
lymphocyte response by removing the inhibitory signals for T cell activation (Wei et al., 2018).
The main targets of ICls are programmed cell death protein 1 (PD-1), programmed cell death

protein ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), which

11



dampen the anti-tumour functions of T lymphocytes. Their different molecular mechanisms of

action are summarized in Figure 2.
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Figure 2. Schematic overview of immune checkpoint blockade by antibodies anti-CTLA-4, anti-PD-1, and
anti-PD-L1. The cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), mainly expressed by T cells, competes
with the co-stimulatory molecule CD28 for the binding to B7 ligands (B7-1/CD80 and B7-2/CD86) on antigen-
presenting cells (APCs). CTLA4 shows greater avidity and affinity to B7 than CD28, transmitting an inhibitory
signal to T cells and attenuating T cell activation. Anti-CTLA-4 antibodies exert their function by blocking the
inhibitory B7-CTLA-4 signaling, allowing CD28-mediated positive co-stimulation. Programmed cell death protein
1 (PD-1) is expressed by T and B cells, macrophages, and dendritic cells. The interaction of PD-1 to its ligands
[i.e., programmed cell death protein ligand 1 (PD-L1) or PD-L2] expressed on tumour cells dampen CD4* and
CD8* T cell activation. The presence of anti-PD-1 and/or anti-PD-L1 antibodies hampers the PD-1 binding to its
ligand PD-L1, restoring the functionality of exhausted CD8" T cells and resulting in tumour cell killing.
Abbreviations: MHC, major histocompatibility complex; ICI, immune checkpoint inhibitor; TCR, T cell receptor
(Morante et al., 2022).

The recent introduction of ICIs in the clinical practice has drastically changed the
therapeutic landscape of MPM following two decades of little progress and setbacks. In 2020,
the Food and Drug Administration (FDA) approved nivolumab in combination with ipilimumab
as a first-line treatment in patients with unresectable MPM, based on the randomized phase I11
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clinical trial CheckMate 743. In a cohort of 703 patients, nivolumab plus ipilimumab
significantly improved OS compared with standard-of-care chemotherapy (18.1 vs 14.1
months). Immunotherapy showed a particular benefit in non-epithelioid subtype (Baas et al.,
2021). Nivolumab is a fully human anti-PD-1 antibody, while ipilimumab is a fully human anti-
CTLA-4 antibody, so their mechanisms of action are different but complementary: nivolumab
restores the anti-tumour response of T cells, whereas ipilimumab induces T cell proliferation
and de novo anti-tumour T cell responses, also in memory T cells (Wei et al., 2018).

The potential benefits of immunotherapy for treating unresectable MPM have been
explored in several clinical trials, delivering ICIs either as single-agents or as part of
combination regimens. Promising results have been observed in first-line and in second/third-
line settings, as listed in Table 1. Apart from the aforementioned clinical trial CheckMate 743
(Baas et al., 2021), the following trials are noteworthy to be mentioned: nivolumab vs. placebo
in CONFIRM (Fennell et al., 2021), pembrolizumab vs. standard chemotherapy in PROMISE-
MESO (Popat et al., 2020), pembrolizumab plus standard chemotherapy vs. standard
chemotherapy (Piccirillo et al., 2023), tremelimumab vs. placebo in DETERMINE (Maio et al.,
2017), and single-arm durvalumab in PrE0505 (Forde et al., 2020).

Table 1. Immune checkpoint inhibitors and most promising trials in malignant pleural mesothelioma.

Agent Target Class Trials Line | Phase | mOS (months)
] CONFIRM (2021): 10.2vs 6.9
Nivolumab fully human . 2 I
. PD-1 Nivolumab vs. placebo (p = 0.0090)
(Opdivo®) 1gG4
CHECKMATE 743
- . 18.1vs 14.1
Ipilimumab fully human (2021): Nivolumab + 1 1l
CTLA-4 . (p = 0.0020)
(Yervoy®) IgG1 Ipilimumab vs. CHT
PROMISE-MESO
. 10.7vs 124
(2020): Pembrolizumab vs. 2 1l
(p=0.85)
Pembrolizumab — humanized CHT
. -
(Keytruda®) lgG4 IND227 (2023):
. 17.3vs 16.1
Pembrolizumab + CHT vs. 1 1
(p=0.032)
CHT
Tremelimumab fully human DETERMINE (2017):
. CTLA-4 . 2-3 b 7.7vs7.3
(Imjudo®) 19G2 Tremelimumab vs. placebo
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Durvalumab fully human Pre0505 (2020): single
o PD-L1 1 I 20.4
(Imfinzi®) IgG1 arm

Abbreviations: CHT, chemotherapy (i.e., cisplatin + pemetrexed); CTLA-4, cytotoxic T lymphocyte-associated
antigen-4; mOS, median overall survival; p, p-value; PD-1, programmed cell death protein 1; PD-L1, programmed
cell death protein ligand 1.

Unfortunately, approximately 20% of MPM patients are primary refractory to ICls,
determining an urgent need for reliable biomarkers to guide the selection of subgroups of
eligible patients. Histological subtype, PD-L1 expression, and tumour mutational burden are
currently considered the most reliable biological and molecular markers in MPM to drive
therapeutic strategies (Perrino et al., 2023). A deeper characterization of the tumour immune
microenvironment (TIME) of MPM may allow the identification of factors underpinning the
response to ICIs in specific subgroups of patients.

Apart from ICls, other promising immunotherapeutic approaches are currently under
investigation (Figure 3) (Multti et al., 2018, Kuryk et al., 2022). Interestingly, new targetable
immune checkpoint molecules have been identified in MPM, such as V-domain Ig-containing
suppressor of T cell activation (VISTA), lymphocyte activation gene-3 (LAG-3), and T cell
immunoglobulin and mucin-containing protein 3 (TIM-3), supporting an immunosuppressive
microenvironment. Unfortunately, their inhibition with monoclonal antibodies or small
molecules has not led to ground-breaking results yet (Gray, 2021). Instead of limiting the
immunosuppressive features, another approach may be boosting the anti-tumour immunity via
the immunostimulatory agonists OX40/0X40L and Toll-like receptor (TLR)-9, with promising
preclinical results (Kuryk et al., 2022).

Oncolytic virotherapy has shown great potential in treating MPM, also in combination
with I1Cls. ONCOS-102 is, up to now, the main oncolytic adenovirus under investigation upon
intrapleural administration. In a randomized phase | clinical trial, it determined an increase in
the intra-tumoral concentration of cytotoxic T cells, macrophage polarization to M1, and
upregulation of PD-L1, suggesting a potential future combination with ICls (Jaderberg et al.,
2020). The potentiality of cancer vaccination was also explored, emerging as a promising and
safe strategy. In particular, dendritic cells (DCs) are increasingly used as cancer vaccines to
induce CD8* T cell infiltration. Among the antigen-specific preparations, the WT-1-analogue
vaccine is worth mentioning for its capability to induce CD4* and CD8* WT-1-specific

reactions. Phase Il clinical trials are now in the planning stages (Kuryk et al., 2022).
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Adoptive T cell therapy with anti-mesothelin chimeric antigen receptor (CAR) T cells represents
another therapeutic opportunity currently under evaluation in phase I clinical trials. However,
results are too preliminary to draw any conclusions: tolerability was encouraging but outcomes
were not significantly improved (Castelletti et al., 2021).
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Figure 3. Schematic overview of future perspectives in malignant pleural mesothelioma immunotherapeutic
treatment. Emerging immunotherapeutic approaches are currently under investigation in malignant pleural
mesothelioma (MPM) with the purpose of exploiting immune system functions: oncolytic viruses, also in
combination with immune checkpoint inhibitors (ICIs); cancer vaccines (both cell-based and antigen-specific);
adoptive T cell therapy based on the administration of anti-mesothelin (chimeric antigen receptor) CAR T cells;
immunosuppressive factors inhibitors, such as V-domain Ig-containing suppressor of T cell activation (VISTA),
lymphocyte activation gene-3 (LAG-3), and T cell immunoglobulin and mucin containing protein 3 (TIM-3)
inhibitors; immunostimulatory agents, such as OX40/0X40L and Toll-like receptor (TLR)-9. Image created with
BioRender.com, as an adaptation from Kuryk et al. (Kuryk et al., 2022).

15



CHAPTER 2 — THE TUMOUR MICROENVIRONMENT IN MALIGNANT PLEURAL

MESOTHELIOMA

Neoplastic cell populations develop and evolve in a complex and strongly interconnected
environment, comprising a heterogeneous mixture of infiltrating host cells, non-immune stromal
cells (e.g., fibroblasts, endothelial cells), secreted factors, and extracellular matrix (ECM)
components. This integrated system, which constantly evolves and profoundly influences the
faith of cancer growth, is collectively known as tumour microenvironment (TME).

The prevalence of uncommon genetic aberrations (i.e., somatic mutations in tumour
suppressor genes) and the low tumour mutational burden of MPM indicate an extrinsic supply
of stimulatory signals by the cells constituting the TME. Due to the unique features of MPM
carcinogenesis, deep involvement of the TIME can be observed from its initiation: phagocytic
macrophages are responsible for continuous pro-inflammatory signaling, which result in chronic
inflammatory process, ROS production, DNA damage, and malignant transformation.
Subsequently, MPM transformed cells orchestrate the action of tumour-associated macrophages
(TAMs), myeloid-derived suppressor cells (MDSCs), and regulatory T cells (T regs) to sustain
an immune-suppressive and tumour-promoting microenvironment.

The recent introduction of immunotherapy in the clinical practice has revolutionized the
therapeutic landscape of MPM, suggesting that a deep characterization of TME is of paramount
importance for predicting the treatment outcome, particularly with regard to the presence of
infiltrating immune cells (Figure 4). The composition of TME strongly influences the response
to standard treatments and, to a greater extent, to ICIs. The current challenge in MPM is
identifying practical approaches to turn the immunologically ‘cold” MPM TME into a tumour
with sufficient immune cell infiltration to identify and eliminate the target cells successfully.
Moreover, a comprehensive knowledge of TIME may allow the identification of clinically and

prognostically relevant subclasses of MPM patients.
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Figure 4. Graphical representation of the tumour microenvironment in malignant pleural mesothelioma.

Malignant pleural mesothelioma is characterized by a complex and unique tumour microenvironment, comprising

an organized and interconnected network of tumour cells, stromal cells, extracellular matrix (ECM) components,

and several infiltrating immune cells [i.e., tumour-associated macrophages (TAMSs), dendritic cells (DCs), myeloid-

derived suppressor cells (MDSCs), natural killer cells (NK), T and B cells]. Cytokines, chemokines, and growth

factors are produced by tumour, stromal, and immune cells, giving rise to a multi-directional signaling and

reciprocal exchange. Abbreviations: Argl, type-1 arginase; CAF, cancer-associated fibroblast; CCL, C-C motif

chemokine ligand; CCR, C-C chemokine receptor; CD, cluster of differentiation; CTGF, connective tissue growth

factor; CTL, cytotoxic T lymphocytes; CXCR, C-X-C chemokine receptor; EGF, epidermal growth factor; FGF,
fibroblast growth factor; FOXP3, forkhead box P3; GR-MDSC, granulocytic MDSC; HMGB1, high-mobility
group box 1; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; iNOS, inducible nitric oxide synthase; MCSF,

macrophage colony-stimulating factor; MMP, metalloproteinase; MO-MDSC, monocytic MDSC; MPM, malignant

pleural mesothelioma; PD-1, programmed cell death protein 1; PDGF, platelet-derived growth factor; PD-L1,

programmed cell death protein ligand 1; ROS, reactive oxygen species; TGF-p, transforming growth factor-f; Th,

T helper; T regs, regulatory T cells; VEGF, vascular endothelial growth factor; VISTA, V-domain Ig-containing
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suppressor of T cell activation. The image was created with BioRender.com, as an adaptation from Napoli et al.
(Napoli et al., 2021).

2.1 TUMOUR IMMUNE MICROENVIRONMENT

The interaction between tumour cells and immune system can tip the balance between
immunosurveillance and tumour progression through the dynamic “immune editing” process,
consisting of three phases: elimination, equilibrium, and escape. Initially, a competent host
immune system can tackle malignant cells by inducing their apoptotic process. If this process is
not successfully carried out, tumour cells can enter the equilibrium phase and undergo an
immune-mediated dormancy. This phase is tightly dependent on tumour maintenance,
eventually leading to progression. Thus, tumour cells can experience the evasion process
through reduced immune recognition, increased resistance to apoptosis, or maintenance of an
immunosuppressive TME (Dunn et al., 2004).

Tumour-intrinsic factors (e.g., mutations and neoantigens) are typically considered the
leading drivers of immune cell infiltration and activity, indicating the presence of effective anti-
tumour immunity. Considering the relatively modest response rate to ICls, MPM might be
accounted as a ‘cold’ cancer. Interestingly, tumour PD-L1 positivity can vary from 20% to 80%
in MPM, while evidence of its prognostic value remains to be demonstrated. For this reason, a
more profound comprehension of MPM TIME is an urgent need.

As aforementioned, TIME is not only mechanistically involved in the initial phases of
MPM carcinogenesis, but its composition might impact an effective immunotherapy response
or lead to resistance mechanisms (Harber et al., 2021). As a general trend, the TIME in MPM is
highly immunosuppressive, being M2 macrophages, MDSCs, and T regs the prominent
infiltrating cells. Infiltration of effector cells, such as cytotoxic T cells, natural killer (NK) cells,
and T helper cells, can also be frequently observed, showing substantial patient-to-patient
heterogeneity (Chu et al., 2019).

2.1.1 TUMOUR-ASSOCIATED MACROPHAGES

TAMs can be accounted as the predominant leukocyte population within MPM TME,
representing around 20-30% of the total immune infiltrate. TAMs usually derive from
circulating monocytic precursors and are often dichotomized into classically activated (M1) and
alternatively activated (M2) macrophages, even though this classification results poorly

representative of their remarkable microenvironment-dependent plasticity. M1-like
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macrophages display pro-inflammatory and anti-tumour functions, whereas M2-like
macrophages can be seen as pro-tumorigenic due to the release of several cytokines [e.g., IL-1,
IL-6, IL-10, vascular endothelial growth factor (VEGF), and transforming growth factor beta
(TGF-B)]. In MPM, M2-like are the most represented macrophages, and their differentiation is
regulated by ILs (i.e., IL-4, IL-13, and IL-10), which are mainly produced by tumour-infiltrating
lymphocytes (TILs). Although CD163*, CD206*, and type-1 arginase (Argl)* have been
targeted to identify M2-like TAMs in MPM, the recognition of proper markers continues to be
challenging (Harber et al., 2021).

In MPM, TAMs performing M2-like functions can support an immunosuppressive
scenario in the TME via indirect and direct mechanisms. Indirectly, they are responsible for the
secretion of immunosuppressive cytokines (i.e., IL-10 and TGF-), secretion of pro-angiogenic
cytokines, secretion of metabolic enzymes, and expression of immune checkpoint molecules.
They can also directly act towards cytotoxic T-lymphocytes (CTLs) by expressing immune
checkpoints, and by the secretion of arginase and indoleamine 2,3-dioxygenase (IDO), which
can metabolically starve CTLs and inhibit their cytotoxicity (Harber et al., 2021). TAMs
themselves can express PD-L1 on their surface: a recent flow cytometric study revealed that
approximately 95% of TAMs in MPM (characterized as CD14*/HLA-DR"'®") were PD-L1*
(Klampatsa et al., 2019).

A higher percentage of M2-like TAMs (CD163*/CD68" ratio) was significantly
correlated with increased metastatic ability of the tumour and decreased OS of the patients
(Cornelissen et al., 2014). Interestingly, co-culture experiments of M2-like TAMs and MPM
cells have demonstrated increased tumour cell proliferation and chemoresistance after treatment

with cisplatin or pemetrexed (Chéné et al., 2016).

2.1.2 TUMOUR-INFILTRATING LYMPHOCYTES

CD3* TILs, including CD8*, CD4*, and CD4*/forkhead box P3 (FOXP3)* T regs, are
the second most common immune cells in MPM, accounting for approximately 30% of TIME
components (Tanrikulu et al., 2016). MPM TIME is typically enriched in CD8" cells (i.e.,
CTLs), particularly with regard to sarcomatoid MPM (Brockwell et al., 2020).

In many solid tumours, the increasing presence of TILs has been shown to confer a
benefit in terms of OS. Nevertheless, the impact of TIL density in MPM is still debated, probably
due to the heterogeneous distribution of TILs and sample bias. However, it has been reported
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that the number of CD8" TILs in MPM pleural effusions has no prognostic value, while
evaluating the intratumoural immune infiltrate can more accurately predict clinical outcome
(Napoli et al., 2021). In a large cohort study by Chee and co-authors, the CD8* T cell density
was not correlated to outcome when considering the epithelioid subgroup, while a low number
of CD8* T cells was associated with a survival benefit in the non-epithelioid group (Chee et al.,
2017). More recently, low CD4* and high CD8* stromal TILs were described as poor prognostic
factors for patients’ survival in MPM. Considering MPM cases with PD-L1 combined positive
score (CPS) > 1, stromal CD8"'" were a poor prognostic factor, akin to stromal CD4*
peritumoral TILs correlated with worse prognosis. Moreover, a high CD4*/CD8* ratio has been
demonstrated as an independent prognostic factor in survival analysis (Fusco et al., 2020).
FOXP3* CD25" CD4* T regs are extensively present in many solid tumours as a well-
recognized immunosuppressive population. T regs can produce, or can stimulate other cells to
produce, immunosuppressive cytokines (i.e., IL-10, IL-35, and TGF-f). Moreover, they can
inhibit anti-tumour effector functions of NKs via membrane-bound TGF-, and T cells via the
modulation of tryptophan catabolism in antigen-presenting cells (APCs). A higher number of
FOXP3* T cells was significantly correlated with reduced survival in both histological
subgroups of MPM (Chee et al., 2017). Interestingly, T regs can express CTLA-4, and
approximately 70% of T regs displayed positivity for CTLA-4 in MPM. This percentage is
substantially greater than that found in MPM-associated CTLs, providing further mechanistic

insights into the clinical results of CTLA-4 monotherapy in MPM (Klampatsa et al., 2019).

2.1.3 MYELOID-DERIVED SUPPRESSOR CELLS

MDSCs are immature, immunosuppressive myeloid cells, which may be distinguished
into two different subpopulations: the most prevalent polymorphonuclear myeloid-derived
suppressor cells (PMN-MDSCs) and the less common monocytic myeloid-derived suppressor
cells (M-MDSCs). MDSCs are abundantly present in the stroma of MPM (Yap et al., 2017).
They perform ambivalent functions on the immune system, being both immunosuppressive and
immunostimulatory, since they can lead to tumour cell evasion or immune activation depending
on the TME signals. In the TME, MDSCs can be activated by several soluble factors produced
by tumour cells (e.g., prostaglandin E2, VEGF, and IL-1), INF-y produced by T cells, or other
factors released by tumour-associated stromal cells (e.g., IL-1p, IL-4, IL-6, IL-10, and 1L-13)
(Minnema-Luiting et al., 2018). Upon activation, the immunosuppressive and pro-tumour
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effects of these myeloid cells arise via the induction of T reg activity and the production of large
amounts of immunosuppressive molecules, such as IL-10 and TGF-B. Moreover, the production
of the enzyme inducible nitric oxide synthetase (iNOS) and consequent generation of nitric
oxide (NO) can suppress both CD4* and CD8* T cell proliferation and activation, promoting
immune escape, invasion, angiogenesis, and metastasis (Minnema-Luiting et al., 2018). MDSCs
can also produce ROS and peroxynitrite, making T cells ineffective in the interaction with MHC
complex on APCs due to changes in the T cell receptor. MDSC infiltration has been correlated
with increased CTL exhaustion (Harber et al., 2021).

An association between PMN-MDSC/M-MDSC frequency and worse OS/PFS has been
observed in MPM, suggesting further exploration as therapeutic targets (Salaroglio et al., 2019).
The immunosuppressive action exerted by MDSCs was considered as one of the most significant
factors for immunotherapy failure (Minnema-Luiting et al., 2018). Interestingly, it has been
shown that chemotherapeutic approaches can deplete circulating and MPM-infiltrating MDSCs

to lift their pro-tumorigenic effects (Chu et al., 2019).

2.2 EXTRACELLULAR MATRIX AND STROMA: MORE THAN A SCAFFOLD

The communication between stroma, ECM components, and tumour cells is essential to
guarantee a permissive niche for tumour growth and invasion, but also to protect malignant cells
from anti-tumour immune responses. In fact, stroma and ECM are associated with “immune
desert” tumour region, creating a barrier for lymphocytic infiltrate and immune response (Patil
etal., 2018).

Many genes associated with ECM synthesis, remodeling, and receptor interaction are
upregulated in MPM patients, being particularly expressed in the most aggressive histotypes
(Blumetal., 2019). Interestingly, MPM cell lines can directly produce several ECM components
[e.g., integrins, type IV collagen, fibronectin (FN), laminin, metalloproteinases (MMP),
hyaluronic acid (HA)], with autocrine and paracrine effects.

Among the main components recruited in the tumour stroma, cancer-associated
fibroblasts (CAFs) play a pivotal role, being present in most MPM tissues (Li et al., 2011). The
recent isolation of MPM-derived CAFs has strongly suggested their significant impact on MPM
progression, since they can drive migration and proliferation of malignant cells via c-Met/PI3K
and Wnt signaling (Ries et al., 2023). CAFs can synthesize ECM components and MMPs,

favoring the process of ECM remodeling and the subsequent tumour invasion. Moreover, CAFs
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produce high amounts of TGF-f, IL-6, and C-C motif chemokine ligand (CCL)2, which may
contribute to the recruitment and differentiation of immunosuppressive cells, and of the pro-
angiogenic VEGF, promoting the recruitment of endothelial cells and thus angiogenesis (Chu et
al., 2019).

2.2.1 HYALURONIC ACID

HA, as a fundamental component of the ECM, can be listed among the main contributors
to MPM progression. HA is a ubiquitous linear glycosaminoglycan (GAG), constituted by
repeated disaccharide units of glucuronic acid and N—acetylglucosamine. It can exist either as a
large polysaccharide of high molecular weight (HMW-HA, >500 kDa) or as fragments of low
molecular weight (LMW-HA, 7-200 kDa), potentially providing different biological effects
(Figure 5). HMW-HA is involved in anti-inflammatory, immunosuppressive, and anti-
angiogenic processes, whereas LMW-HA fragments can trigger signaling pathways related to
angiogenesis, inflammation, and impaired immune surveillance (Joy et al., 2018). Interestingly,
HA size-dependent signaling can act as a “double-edged sword” based on the different proteins
HA is able to interact with, namely hyaluronan-binding proteins or hyaladherins [i.e., CD44,
receptor for hyaluronan-mediated motility (RHAMM), lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE), hyaluronan receptor for endocytosis (HARE), globular C1lqg receptor
(9C1gR)/p32/hyaluronan-binding protein 1 (HABP1)] (Day and Prestwich, 2002).

An increasingly activated HA metabolism has been frequently observed in several solid
tumours, due to enhanced synthesis or fragmentation of HA. Deregulation of HA metabolism is
associated with tumour progression (Liu et al., 2019, Tammi et al., 2019). In particular, an
increase in LMW-HA generally promotes cell migration, proliferation, neoangiogenesis,
immune cell recruitment, and mesenchymal cell trafficking (Liu et al., 2019). HA fragments
produced by different cell lines have been shown to foster TAM differentiation into M2-like
macrophages and to promote local ROS production (Kuang et al., 2007).

High levels of HA have been detected in sera and pleural effusions of MPM patients,
being considered a potential biomarker to allow differential diagnosis with lung adenocarcinoma
(Cortes-Dericks and Schmid, 2017). HA in pleural fluids can promote cell migration and
invasion via Yes-associated protein 1 (YAPL)/transcriptional co-activator with PDZ-binding
motif (TAZ)-RHAMM axis in MPM (Shigeeda et al., 2017). Evidence about HA production by
fibroblasts can also be found, despite being slightly increased via the release of specific growth
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factors [i.e., platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF)] by
MPM cells (Asplund et al., 1993). Recent insights have demonstrated a more active involvement
of neoplastic MPM primary cells in HA synthesis. Vidergar and colleagues reported the
presence of a pericellular HA coat around MPM cells and HA cable structures, but also a

consistent intracellular pool of HA mainly localized into the cytoplasm (Vidergar et al., 2021).
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Figure 5. Schematic overview of hyaluronic acid metabolism. Hyaluronic acid (HA), as a major component of

the extracellular matrix (ECM), can be found as a gradient of different molecular weights, ranging from high
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molecular weight (HMW) to low molecular weight (LMW). HA size impacts on its biological functions: HMW-
HA is usually associated with physiological processes, whereas LMW-HA has been shown to be involved in
pathological contexts (e.g., inflammation, cancer). Homeostasis is usually guaranteed by an active HA metabolism,
due to a balanced regulation of HA synthesis and degradation. HA synthesis and polymerization occur on the inner
cytoplasmic membrane via three hyaluronan synthases (HASes), namely HAS1, HAS2, and HAS3. HASL1 is the
main enzyme for synthesizing native HMW-HA (10°-107 Da), whereas HAS3 is responsible for the neo-synthesis
of LMW-HA (10-250 kDa). Hyaluronidases (HYALSs) are the enzymes responsible for HA degradation. On the
cell surface, the GPIl-anchored HYAL2 degrades HMW-HA into shorter HA fragments of around 20 kDa; then, its
intracellular degradation continues within lysosomal vesicles via HYALL, in concert with exoglycosidases. HA
fragmentation can be achieved also non-enzymatically by the action of reactive oxygen species (ROS). In
physiological contexts, HMW-HA is primarily degraded by HYAL1 and HYALZ3. In pathological/inflammatory
contexts, HMW-HA is fragmented by HY ALs (mainly HYAL2) and ROS to produce LMW-HA fragments, further
degraded into 200 Da-sized fragments in lysosomes via HYAL1 (Hoarau et al., 2022). Abbreviations: VHMW-HA,
very high molecular weight HA; IL, interleukin; MMW-HA, moderate molecular weight HA; oHA, oligo-

hyaluronic acid; TNF-a, tumour necrosis factor-a.
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CHAPTER 3 — THE COMPLEMENT SYSTEM

The complement system (C) was discovered by Jules Bordet and Paul Ehrlich in the late
19t century as a heat-labile component of plasma able to ‘complement’ the activity of antibodies
during the recognition and elimination of foreign pathogens. Being a powerful arm of innate
immunity, C plays a pivotal role as a first-line defense in the detection of danger signals and
clearance of pathogens, apoptotic and necrotic cells (Merle et al., 2015). However, it functions
also as a bridge between innate and adaptive immunity. C is a complex network comprising over
50 fluid-phase (blood and lymph) and membrane-bound proteins, which are predominantly
synthesized by hepatocytes but may also be produced by tissue-resident and infiltrating cells. C
results as a set of inactive components, sequentially linked to each other and activated in a
cascading manner. Upon interaction with biological surfaces, the inactive zymogens undergo
structural changes and assemble with additional components; they are converted to effector
compounds or active enzymes that, in turn, trigger new substrates and allow the cascade
progression. All these components are strictly organized and regulated to participate in three
independent but interactive activation pathways: classical, lectin, and alternative, converging on
a common terminal pathway (Figure 6) and cooperating in opsonization, production of
anaphylatoxins, membrane attack complex (MAC) formation, and target cell lysis (Walport,
2001, Ricklin et al., 2010). Novel insights into C biology have also identified a cell-autonomous
and intracellularly active C, known as “complosome”, which serves non-classical roles as a

regulator of physiological processes (West and Kemper, 2023).
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Figure 6. Schematic overview of the complement system: activation and regulation. The complement system

(C) activation occurs via three distinct but interacting pathways: classical, lectin, and alternative. The classical
pathway is activated after the recognition of antigen-antibody immune complexes by C1q. The lectin pathway is
initiated by either mannose-binding lectin (MBL), ficolins, or collectin-11. The alternative pathway is activated by
low-grade spontaneous hydrolysis of C3 (“C3 tick-over”). All three pathways’ recognition and activation phases
converge on the formation of C3 convertases and C3 cleavage. The subsequent amplification phase leads to the
formation of C5 convertase, which cleaves C5 and starts the common terminal pathway. C5b forms the membrane-
attack complex with C6, C7, C8, and C9, resulting in target cell perturbation and lysis. Soluble or membrane-bound
C regulators (red boxes) tightly control the entire process at different cascade steps (Giang et al., 2018).
Abbreviations: C1-INH, C1-inhibitor; C3aR, C3a receptor; C4BP, C4b-binding protein; C5aR, C5a receptor; CFl,
factor I; CR1, complement receptor type 1; DAF, decay-accelerating factor; FB, factor B; FD, factor D; MASP,

MBL-associated serine protease; MCP, membrane cofactor protein.

26



3.1 CLASSICAL PATHWAY

The classical pathway is initiated by the binding of C1 complex to antigen-antibody
immune complexes, apoptotic and necrotic cells, or specific acute phase proteins (i.e., C-reactive
protein or serum-amyloid P). The C1 complex consists of the pattern recognition molecule C1q
and two serine proteases, C1r and C1s. The activation process is triggered when C1q recognizes
and binds to the Fc domain of IgM or 1gG bound to an antigen. C1q undergoes a conformational
change inducing the activation of C1r, which, in turn, prompts the proteolytic activity of Cls
(Mortensen et al., 2017). This is followed by the C1s-mediated cleavage of C4 and C2 into two
active components (C4b and C2a) and two smaller inactive fragments released in the fluid phase
(C4a and C2b) (Noris and Remuzzi, 2013). C4b can bind via a thioester bond to cell surfaces
and carbohydrates; thus, C2a can non-covalently attach to C4b, inducing the formation of
C4bC2a complex, also known as the classical pathway C3 convertase. Once attached to a target
surface, this enzymatically active complex is responsible for C3 cleavage into its active

fragments, C3b and the anaphylatoxin C3a (Merle et al., 2015).

3.2 LECTIN PATHWAY

The lectin pathway functionally resembles the classical pathway, although its activation
trigger differs. Mannan-binding lectin (MBL), ficolins (ficolin-L, -M, and -H), or collectins
(collectin-10 and -11) act as pattern-recognition molecules binding to microbial carbohydrate
structures as pathogen-associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs) (Garred et al., 2016). The recognition and binding process triggers MBL
conformational change and complex formation with MBL-associated serine proteases (MASPS).
MASPs are a family of serine proteases which includes three enzymatic proteins (MASP-1,
MASP-2, and MASP-3) and two non-enzymatic factors (Map19 and Map44) (Dobé et al., 2016).
While MASP-3 mostly participates in the alternative pathway, MASP-2 undergoes trans-
activation by MASP-1, creating a dimer and activating the lectin pathway via C4 and C2

cleavage and C3 convertase formation (Degn and Thiel, 2013).

3.3 ALTERNATIVE PATHWAY

In contrast to classical and lectin pathways, the alternative pathway is constitutively

active at basal levels, allowing the system to stay primed for rapid and robust C activation upon
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recognition of foreign structures and pathogens, specifically bacterial endotoxins. Under
physiological conditions, a small fraction of C3 is subjected to constant low-grade activation by

spontaneous hydrolysis (“C3 tick-over”) to C3(H20), which is rapidly inactivated in the
circulation (Pangburn and Miller-Eberhard, 1984). After binding to C3(H20), the plasma

protein factor B (FB) becomes a substrate for the serine protease factor D (FD). The cleavage
of FB determines the release of the small fragment Ba, while the residual fragment Bb remains
bound to C3(H20) generating the fluid phase C3 convertase, C3(H20)Bb. The fluid phase C3

convertase can self-regulate the cleavage of large C3 amounts into C3a and C3b (Thurman and
Holers, 2006). C3b is partly inactivated by hydrolysis, but it can also further interact with surface
components of microbial agents and damaged host cells, inducing association with FB, cleavage
by FD, and generation of the amplification loop of surface-bound C3 convertase (C3bBb). The
rapid amplification loop is also sustained by C3b molecules generated by either the classical or
lectin pathway and deposited on triggered surfaces. The alternative pathway C3 convertases are
short-lived complexes, so they require stabilization by a positive regulator, known as factor P
(FP) or properdin, which extends their half-life by 10-fold (Blatt et al., 2016). Interestingly,
properdin was demonstrated to be not merely a stabilizer of the C3 convertase, but it can also
act as a pattern-recognition molecule, able to bind to microbial surfaces or apoptotic cells and

provide a platform for C3 convertase assembly (Kemper et al., 2010).

3.4 TERMINAL PATHWAY AND MEMBRANE COMPLEMENT ATTACK
FORMATION

Classical, lectin, and alternative pathways converge on the common C3 convertase
formation and subsequent C3 cleavage into the anaphylatoxin C3a and the opsonin C3b. C3b
fragments, generated by one of the three pathways, combine with the C3 convertases to form
the C5 convertases (C4b2aC3b and C3bBbC3b). In turn, C5 convertases cleave C5 into C5b and
the anaphylatoxin C5a (Merle et al., 2015). Upon cleavage, C5b undergoes a dramatic
conformational change and sequentially interacts with the terminal components C6, C7, C8, and
C9. C5b-7 is lipophilic and can bind to the cell membrane, while C8 is the first component to
insert into the lipid bilayer. Then, up to 18 molecules of C9 can form a tubular channel.
Altogether, this results in the assembly of the cytolytic C5b-9 terminal C complex (TCC), which
is commonly called MAC when fully inserted into a cell plasma membrane (Bubeck, 2014).

MAC-mediated cell death can release DAMPS, resulting in further C activation. In pathological
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conditions commonly associated with extensive C activation, a cytolytically inactive TCC
(iTCC) or soluble C5b-9 (sC5b-9) complex has been shown to accumulate in plasma or other
fluids, being able to induce pro-inflammatory and pro-coagulant activities on endothelium
(Tedesco et al., 1997, Dobrina et al., 2002).

3.5 MAIN REGULATORS OF COMPLEMENT ACTIVATION

Excessive or aberrant C activation can be a mere contributor or even the dominant driver
of severe inflammatory conditions (e.g., hereditary angioedema, paroxysmal nocturnal
haemoglobinuria, haemolytic uremic syndrome) or autoimmune diseases (Pouw and Ricklin,
2021). Thus, it is essential that the system is constantly controlled by the action of several
complement regulatory proteins (CRPs) at different steps of the cascade. CRPs are present in
most cells and can be categorized as soluble regulators, membrane-bound regulators, or
receptors for C effector proteins (Zipfel and Skerka, 2009). Membrane-bound CRPs are
relatively nonspecific since they control all three C pathways indiscriminately and inactivate
both C3 and C4, while soluble CRPs are usually more specific for the alternative, classical, or

lectin pathway, inactivating almost exclusively either C3 or C4.

Fluid-phase CRPs. Soluble CRPs are distributed in plasma and other body fluids. They
mainly include C1 inhibitor (C1INH, also known as SERPING1), factor I (FI), C4b-binding
protein (C4BP), factor H (FH), factor H-like protein 1 (FHL1), carboxypeptidase N,
complement factor H-related protein 1 (CFHRL1), clusterin, vitronectin, and properdin (Noris
and Remuzzi, 2013, de Boer et al., 2020).

C1INH regulates the initial step of both classical and lectin pathways, disassembling C1
or ficolin/MBL-MASP complexes, respectively. Moreover, C1INH can also act on the
alternative pathway by interacting with C3b and preventing its binding to FB. However, the
primary regulator at the C3 convertase level is the serine protease FI, which can cleave and
inactivate both C3b and C4b, acting in concert with several cofactors: C4BP is specific to C4b
and classical pathway convertase, whereas FH regulates C3b and C3b-containing convertases.
Carboxypeptidase N acts in all three pathways by degrading the anaphylactic peptides C3a and
C5a to their desArg forms. CFHRL, clusterin (also known as SP-40,40), and vitronectin (also
called S-protein) act on the terminal C pathway, preventing MAC formation. CFHRL1 inhibits
the alternative pathway C5 convertase and binds to C5 and C5b-6; clusterin acts at the level of
C7 but also binds to C8 and C9; vitronectin binds preferentially to C5b-7 and interacts with C9
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to form sC5b-9, inhibiting polymerization. Properdin functions as an activator of the alternative
pathway by stabilizing alternative pathway C3 convertase via binding to C3b and preventing its
cleavage by FH and FI.

Membrane-bound regulatory proteins. Host cells possess CRPs associated with their
cell membranes to prevent undesired C-mediated damage. In particular, five different
membrane-bound CRPs have been characterized: complement receptor type 1 (CR1, also called
CD35 or C3b/C4b receptor), membrane cofactor protein (MCP, also called CD46), decay-
accelerating factor (DAF, also called CD55), CD59 (also known as protectin), and complement
receptor of the immunoglobulin superfamily (CRIg, also called VSIG4) (Zipfel and Skerka,
2009). The transmembrane protein CR1 is a cofactor for FI and a receptor for C3b, iC3b, and
C4b, promoting the decay of both C3 and C5 convertases. MCP is also a cofactor for FI and
participates in C3b and C4b degradation. DAF acts on the C3 convertase stability by accelerating
the dissociation of C4b and C2a. CD59 is the critical regulator of the terminal pathway: upon
binding to C5b-8, it limits the incorporation of the C9 molecules, and prevents MAC formation.
CRIg is a specific inhibitor of alternative pathway, likely upon binding to C3b and regulatory
effect on C5 convertases.

3.6 COMPLOSOME: THE INTRACELLULAR COMPLEMENT SYSTEM

Recent progress in C research has shed light on the compartmentalization of C activation
and effector functions, occurring not only systemically and locally in the extracellular space, but
also in a third location: intracellularly, within sub-cellular compartments and organelles. Thus,
the term “complosome” was coined to identify a cell-autonomous and intracellularly active C,
which mainly serves novel and non-classical functions as an emerging orchestrator of basic
physiological cell processes (West and Kemper, 2023).

Complosome was first discovered in CD4* T cells, followed by its localization across
diverse immune cell populations (i.e., CTLs, B cells, monocytes, macrophages, and neutrophils)
(Arbore et al., 2017, Hajishengallis et al., 2017). Further studies allowed to determine the
presence of the intracellular C in a broad range of non-immune cells (i.e., fibroblasts,
mesothelial cells, hepatocytes, epithelial cells of retina, lung and intestine, kidney endothelial
cells, neurons, and pancreatic p-cells) (West and Kemper, 2023).

Up to now, the key complosome components are C3 and C5, including their activation

fragments and receptors, but also a few regulators (e.g., CD46, CD59, FH, and C1q) have been
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detected, being diffusely localized in the cytoplasm, lysosomes, endoplasmic reticulum, the
outer membrane of mitochondria and, surprisingly, also in the nucleus. This variety of cellular
localizations witnesses the engagement of cellular functions far beyond classical C activation,
including cell metabolism, immune cell proliferation and migration, cellular responses towards
stress in non-infectious settings, autophagy, and transcriptional activity of immune genes (Singh
and Kemper, 2023). Interestingly, intracellular C proteins are encoded by the same genes of
liver-derived or extracellular C components, but they may undergo different structural or post-
translational modifications, being more accessible to specific proteases or differently available
to glycosylation processes. Of note, despite being often autonomously produced by and
operating directly within the cells, C activation fragments or components can be also sourced
from the extracellular space or serum and utilized for intracellular activity, or even re-ingested
after being previously produced and secreted (King and Blom, 2023).

Intracellular C may also contribute to human pathological conditions triggered by C
dysregulation (e.g., infections and infection-associated diseases, autoimmunity and arthritic
diseases, atherosclerosis, diabetes and metabolic syndrome, inflammatory bowel diseases,
kidney diseases, and cancer), suggesting a novel scenario for therapeutic interventions.
Targeting the intracellular C, possibly in combination with classical extracellular C, may
broaden the effect range of C therapeutics and improve patient stratification (West and Kemper,
2023).

3.7 ALTERNATIVE FUNCTIONS OF THE COMPLEMENT SYSTEM: A
DOUBLE-EDGED SWORD IN TUMOUR PROGRESSION

In addition to the well-known classical functions of C, the current view extends C roles
far beyond the mere targeting of intruders, depicting a wide range of emerging non-canonical C
functions (e.g., angiogenesis, mobilization of hematopoietic stem-progenitor cells, metabolism,
brain development, and tissue regeneration). Over the last decade, increasing evidence has
demonstrated the involvement of C in the context of cancer since C components can be locally
produced by both stromal, tumour, and immune cells within the TME. However, the
concentration of C components in the TME depends on both systemic compartment and local
production.

Of note, cancer is perhaps one of the most representative contexts in which C displays

its notorious role as a double-edged sword. It acts as a key player in cancer immunoediting via
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targeting of tumour cells, direct cytotoxicity, and orchestration of immune cells, but it can also
support the chronic inflammatory processes underlying malignant transformation. This
ambivalent behavior seems dependent on cancer type, study model, and/or disease stage.
Bioinformatics gene expression analysis of C components highlighted constant patterns of
expression in human solid tumours (i.e., high expression of classical pathway, alternative
pathway, and regulatory components; low expression of lectin and terminal pathway
components). However, the prognostic significance determined the tumour classification in four
distinct groups: protective C, protective C3, aggressive C, or uncertain significance of C (Revel
et al., 2020b), as graphically summarized in Figure 7. Thus, it seems to be impossible to

formulate a definitive decision about the pro-tumorigenic or tumour-suppressor role of C.
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Figure 7. Prognostic significance of complement gene expression in human solid tumours. Human solid
tumours have been classified in four distinct groups, based on the prognostic significance of complement (C) genes:
protective C, protective C3, aggressive C, and uncertain significance of C. Abbreviations: ACC, adrenocortical
carcinoma; BLCA, bladder carcinoma; BRCA, invasive breast carcinoma; CESC, cervical squamous cell
carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, diffuse large B cell lymphoma;
ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma;
KICH, kidney chromophobe carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary
cell carcinoma; LGG, lower grade glioma; LUAD, lung adenocarcinoma; LUSC, lung squamous carcinoma;
MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD,
prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma;
STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus
endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma. The image was created with

BioRender.com, as an adaptation from Revel and colleagues (Revel et al., 2020b).
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3.7.1 ACTIVATION OF THE COMPLEMENT SYSTEM IN THE TUMOUR
MICROENVIRONMENT: ANTI-TUMOUR EFFECTS

Given its pivotal contribution to host defence, C activation may be accounted as an anti-
tumour player in the TME since the innate immune system usually perceives tumour cells as
noxious and "non self" elements. The expression of specific tumour-associated antigens on cells
undergoing malignant transformation can promote C activation by all three activation pathways,
leading to lytic (or also sublytic) MAC formation at the tumour cell surface. Accordingly, C
deposits have been documented in various solid tumours, suggesting that C activation can occur
at the tumour site or in its vicinity, probably contributing to immunosurveillance of neoplastic
cells via C-dependent cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity
(ADCC) (Macor et al., 2018, Fishelson and Kirschfink, 2019). Deposition of C proteins,
including C1q and C5b-9, was detected in melanoma, breast, colon, lung, and pancreatic cancer
(Bjorge etal., 2005, Bullaetal., 2016, Bandini etal., 2016). Moreover, active products generated
by C activation can also indirectly favour cancer cell eradication by promoting inflammatory
cell recruitment (in particular, M1-like macrophages and NK cells), opsonization, and
phagocytosis (Roumenina et al., 2019b). Local C activation is usually followed by systemic
diffusion of C components, as suggested by studies reporting increased C5a levels in the plasma
of non-small cell lung cancer (NSCLC) (Corrales et al., 2012). Moreover, demonstration of
classical pathway activation in cancer has been obtained from the increased C activity in
biological fluids of patients with lung cancer, thyroid cancer, astrocytoma, lymphoma, leukemia,
or oropharyngeal cancer (Berraondo et al., 2016, Reis et al., 2018).

However, little evidence has been provided about the massive cytotoxic activity of C
towards malignant cells, mainly due to their evasion mechanisms. Novel insights provided by
tumour models have shed light upon a more complex contribution of C in tumour
pathophysiology. Thus, the current hypothesis is that, in the early phases of cancer development,
C has a protective role by limiting tumour expansion. Despite the initial reaction towards
transformed cells determines elimination of the C-sensitive cells, it progressively enriches the
cancer cell population for C-resistant tumour cells (Fishelson and Kirschfink, 2019). Clearly,
the role of C as an effector of tumour cytotoxic responses remains relevant to antibody-mediated

immunotherapy, driving new therapeutic approaches.
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3.7.2 TUMOUR EXPRESSION OF COMPLEMENT REGULATORS

Immune escape can be listed among the hallmarks of cancer since it allows uncontrolled
survival and proliferation of cancer cells. In this process, C failure to destroy tumour cells plays
a fundamental role in the mechanisms by which cancer succeeds in circumventing the immune
system. Thus, malignant cells can protect themselves from C attack, including CDC, by
developing a plethora of extracellular and intracellular mechanisms. Many studies have
demonstrated that the main extracellular mechanism of resistance is provided by the
overexpression of at least one of the membrane CRPs, which usually protect host cells from
unwanted local C activation. The presence of CD46, CD55, and/or CD59 has been detected in
most tumours, while relatively few human cancers express CD35 (Markiewski and Lambris,
2009). This overexpression is a likely effect of the selective pressure during cancer
immunoediting. Tumour cells can also remove MAC from the cell surface by endocytosis or
vesiculation, or they can proceed with MAC incorporation into the cell membrane at sub-lytic
concentrations, leading to pro-tumorigenic pathway activation and increased tumour cell
proliferation, motility, epithelial-to-mesenchymal transition (EMT), and resistance to apoptosis
(Pio et al., 2014, Kolev et al., 2022). Soluble C inhibitors (i.e., C1-INH, FH, FHL1, FI, and
C4BP) can also be secreted by tumour cells in the TME, inhibiting C activation at the C1 and
C3 step of the cascade. For instance, FH has been found in extracellular vesicles (EVs) secreted
by NSCLC tumour cells (Campa et al., 2015). In addition, cancer cells can evade C-mediated
lysis via post-translational modifications of CRPs, production of analogues of CRPs with
overlapping inhibitory functions, and production of proteases (e.g., cathepsins) responsible for
C component cleavage (Kolev et al., 2022). Rozenberg and colleagues have reported that also
heat shock protein (HSP) 90 can protect malignant cells from C-mediated cell lysis by inhibiting,
together with mortalin, C5b-9 formation and/or stability at the cell surface (Rozenberg et al.,
2018).

The successfulness of CRPs in protecting tumour tissues from C-mediated damage has
suggested the idea of inhibiting the function of these regulatory proteins to enhance monoclonal
antibody—based immunotherapy effectiveness. A recent study by Shao et al. demonstrated that
EGF receptor (EGFR)-triggered expression of CD55 and CD59 is able to prevent opsonization
of tumour cells, inhibit anti-tumour immune response and confer resistance to ICIs in lung
tumour cells, suggesting that C can be a unexpected ally of 1Cls (Shao et al., 2022, Roumenina
and Cremer, 2022).
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3.7.3 ROLE OF THE COMPLEMENT SYSTEM IN TUMOUR PROGRESSION

In the context of cancer, perspectives on C have shifted from anti-tumour activities to
the ever-growing evidence that optimal levels of C activation are essential in progressing
tumours to foster local T cell immunosuppression, chronic inflammation, angiogenesis, anti-
apoptotic and metastatic cancer cell signaling, since several C proteins are implicated in many
hallmarks of cancer (Figure 8). In 2008, a pioneering study by Markiewski and colleagues
demonstrated for the first time the importance of C in promoting tumour growth. In particular,
Cbha generated in the TME was shown to suppress the anti-tumour CD8" T cell-mediated
response by recruiting MDSCs. C5a was able to modulate MDSC immunosuppressive effects
regulating the production of ROS and RNS. A further confirmation was given by the blockade
of Cba by using either an antagonist of the C5aR, or C5aR knockout animals, resulting in an
increased number of CD8* CTLs in the tumour site (Markiewski et al., 2008).
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Figure 8. Pro-tumorigenic functions of complement activation in the tumour microenvironment. During
tumorigenesis, a fine interplay among tumour cells, stromal cells, and tumour-infiltrating immune cells occurs in
the tumour microenvironment. All these players sustain the local production of complement (C) components.
Tumour-infiltrating immune cells, in particular those of myeloid origin [i.e., neutrophils, macrophages, myeloid-
derived suppressor cells (MDSCs), and dendritic cells (DCs)], can produce C proteins and pro-inflammatory factors

in the tumour microenvironment, sustaining inflammation. Local release of C products, such as C5a, leads to MDSC
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recruitment, with subsequent immunosuppressive effects on CD8* T cells and promotion of tumour growth.
Moreover, C components can directly modulate CD4* T helper cell responses in a pro-tumorigenic manner and
determine the accumulation of tumour-associated neutrophils and NETosis. C components can also promote

tumour-associated angiogenesis, cell invasion, and metastasis (Reis et al., 2018).

C components can be secreted by both tumour, stromal, and tumour-infiltrating immune
cells, but they can also derive from the circulation and enter the tumour stroma through the
vasculature. C3a and Cba, in concert with their cognate receptors C3aR, C5aR1, and C5aR2,
are unanimously considered the critical modulators of cancer-promoting responses in the TME
(Reis etal., 2018). In different tumour models, C3a/C3aR axis is involved in cell migration, pro-
tumour modulation of macrophages, inhibition of neutrophil and CD4* T cell response,
promotion of EMT, and metastasis. C5a/C5aR axis increases cancer cell proliferation, pro-
angiogenetic properties, motility, and invasiveness (Ajona et al., 2019). Interestingly, C5a
concentration within the TME is correlated with the differentiation of T regs (Gunn et al., 2012).
Besides immune system-related mechanisms, other seminal pathways have also been identified.
In a mouse model of ovarian cancer, the activation of C3aR and C5aR by their respective
anaphylatoxins increased the proliferation of cancer cells via PI3K/AKT signaling (Cho et al.,
2014). In colorectal cancer (CRC), C5a/C5aR signaling was demonstrated to promote the
production of MMP-1 and MMP-9, which are critical for ECM remodelling and tumour
metastasis (Kochanek et al., 2018). Thus, C activation within the TME may increase pro-
metastatic properties by supporting EMT. In ovarian cancer cells, the transcription factor
TWIST1 can upregulate C3 gene expression, determining an increase in C3a. In turn, C3a/C3aR
signaling decreases E-cadherin expression and enhances EMT (Cho et al., 2016). EMT can also
prompt resistance to CDC in lung cancer cells via CD59 upregulation (Goswami et al., 2016).

The altered expression of C components is typically associated with adverse prognosis
and reduced patient survival. Genetic mutations, particularly driver mutations, occur in C genes
at a relatively high frequency across at least 32 cancer types, including lung, pancreatic, and

haematological malignancies (Olcina et al., 2018).
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3.7.4 INTRACELLULAR COMPLEMENT COMPONENTS IN CANCER

Despite remaining largely unexplored up to now, the complosome has also emerged as
an essential regulator of oncogenesis (O'Brien et al., 2023, West and Kemper, 2023), as

summarized in Figure 9.
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Figure 9. Schematic representation of recently characterized intracellular complement components in
cancer cells. Accumulating evidence has focused on novel intracellular, non-canonical functions of complement
(C) components within cancer cells, being mainly involved in tumour initiation, proliferation, and survival, but also
in epithelial-to-mesenchymal transition, apoptosis in response to chemotherapy treatment, and tumour cell
migration and proliferation (O'Brien et al., 2023). Abbreviations: C4ABPA, C4b-binding protein chain A; CFB,
complement factor B; CFI, complement factor I; CTSD, cathepsin D; ERK, extracellular signal-regulated kinase;
FH, factor H; KCTD5, potassium channel tetramerization domain containing 5; KLF5, Kriippel-like factor 5; PI3K,
phosphatidylinositol 3-kinase; TCF, T cell factor.

An intracellular C5a/C5aR1 signaling axis in CRC cells has been recently characterized
by Ding at al. They proposed that C5 cleavage into C5a can be brought about by the protease
cathepsin D in lysosomes and endosomes in a convertase-independent manner. Further

activation of the C5a/C5aR1 axis enhanced f-catenin stability, promoting CRC progression.
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Interestingly, C5aR1 blockade in a CRC murine model hindered carcinogenesis (Ding et al.,
2022). In another study focusing on CRC, significantly reduced intracellular levels of gC1gR
have been detected in intestinal epithelial cells of CRC patients as compared to healthy
individuals. Moreover, the intracellular pool remained in a non-mitochondrial localization,
being associated with increased glycolysis, cell proliferative activity, intestinal malignant
transformation, and poorer prognosis (Sinderhauf et al., 2020). In CRC cells harbouring
mutations in C4b-binding protein chain A (C4BPA), this C regulatory protein was shown to be
retained in the cytoplasm after oxaliplatin treatment: increased C4BPA expression allowed
interaction with RelA, a member of NF-xB family, and regulation of apoptotic processes in
response to oxaliplatin treatment (Olcina et al., 2020).

In clear cell renal cell carcinoma (ccRCC) and lung cancer, FH has been found to be
overexpressed and located in both extracellular and intracellular compartments. Being
extensively expressed in lysosomes, it engages pro-tumourigenic functions distinct from its
membranous counterpart, despite presenting the same structural characteristics. Independently
of intracellular C activation, FH promotes malignant transformation and progression via direct
and indirect transcriptional control of cell proliferation, migration, and survival, being also
associated with poor patient outcomes. These effects were reverted after FH silencing in ccRCC
cell lines (Daugan et al., 2021b). Further evidence determined an essential intracellular and non-
canonical role of C1s in ccRCC, since it supported tumour cell proliferation and modulated the
TME via T cell activation (Daugan et al., 2021a).

3.7.5 ROLE OF THE COMPLEMENT SYSTEM IN THE RESPONSE TO ANTI-CANCER
THERAPY

Due to its immunomodulatory properties in the TME, C can impact the response to
traditional anti-cancer therapies and even more the novel immunotherapeutic treatments. A
seminal paper by Surace and colleagues reported that a transient C activation via both classical
and alternative pathways was induced by radiotherapy due to the increasing presence of cells
undergoing necrosis and apoptosis. In particular, the local production of C3a and C5a was able
to stimulate anti-tumour specific immunity: C3a and C5a induced maturation and activation of
tumour-associated DCs expressing C3aR and C5aR1/C5aR2, and promoted anti-tumour activity
of CD8" T cells (Surace et al., 2015). Conversely, radiotherapy failed to be effective in tumour
control in mice deficient in either C3, C3aR, or C5aR, suggesting a functional involvement of

C in achieving treatment efficacy (Surace et al., 2015).
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The interplay between C and immune cells in the TME may also impact the response to
chemotherapy. In a recent publication by Lu and colleagues, an intra-tumoral subset of inducible
T cell co-stimulatory ligand (ICOSL)* CR2* B cells appeared to be enriched upon neo-adjuvant
chemotherapy as compared to pre-treatment. The presence of ICOSL* CR2* B cells was
significantly correlated with C activation due to chemotherapy-induced immunogenic cell death
and improved OS. In the same setting, chemoresistance and poorer prognosis due to reduced C
activation were observed in patients with CD55 overexpression (Lu et al., 2020). In breast
adenocarcinoma, C activation was protective against tumour growth and correlated to better
chemotherapeutic efficacy (Lu et al., 2020). In endometrioid tumours, CD55 overexpression in
cancer stem cells is associated with resistance to platinum-based therapies, mainly due to
Lymphocyte Cell-Specific Protein-Tyrosine Kinase (LCK) pathway activation (Saygin et al.,
2017).

Regarding immunotherapy, C may influence treatment response by suppressing local
immune cell activities. Of note, an association between C components and the expression of
immune checkpoints has been frequently observed in tumours. In ccRCC, C1qg expression was
correlated with expression of PD-L1, PD-1, CTLA-4, LAG-3, and TIM-3, responsible for T cell
exhaustion (Roumenina et al., 2019a). Moreover, a novel study by Shao et al. demonstrated that
C activation in lung cancer TME confers an advantage for response to immunotherapy: upon
silencing EGFR-upregulated expression of CD55 and CD59, C resulted to be activated and

sensitized lung cancer to checkpoint blockade (Shao et al., 2022).

3.7.6 COMPLEMENT THERAPEUTICS IN CANCER

The emerging role of C as a pivotal contributor to immunoregulatory mechanisms
underlying tumour progression suggests that C may be a promising therapeutic target in cancer.
One of the main concerns should be the choice of the optimal point of intervention along the C
cascade since both advantages and disadvantages can be expected for C inhibition at different
steps of the activation cascade. Despite the ubiquitous activity of C, relatively few side effects
have been reported for C-directed therapy (Pio et al., 2013).

The targeting of anaphylatoxins and their cognate receptors C3aR and C5aR1 has been
commonly proposed as a treatment approach to optimize the clinical efficacy of current
immunotherapies based on the PD-1/PD-L1 axis. Findings from independent groups have

uncovered a synergistic benefit for combined blockade of the immune checkpoint molecule PD-
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L1 and the C5a/C5aR axis, using models of melanoma, lung, and colon cancer. The combination
appeared to be more efficient in hampering tumour growth and metastasis and improving anti-
tumour immunity, as compared to anti-PD-L1 alone (Wang et al., 2016, Ajona et al., 2017).
These studies provided the rationale for starting the STELLAR-001 clinical trial, consisting of
the combined administration of the anti-C5aR1 antibody (IPH5401/avdoralimab) and the anti-
PD-L1 antibody (durvalumab) in advanced solid tumours. Unfortunately, the limited anti-
tumour activity led to early termination of the study. Interestingly, the simultaneous blockade
of C3aR and C5aR1 has also been reported to enhance the efficacy of anti-PD-1 therapy in
melanoma (Wang et al., 2016).

Blockade of membrane-bound C regulators, also in concert with therapeutic antibodies,
has been proposed, demonstrating a successful reduction of tumour cell proliferation in vitro
and tumour growth in mice (Shi et al., 2009). In NSCLC cell lines, CD59 blocking antibodies
or CD59 silencing increased CDC induced by the anti-EGFR monoclonal antibodies
trastuzumab and cetuximab (Zhao et al., 2009). An intriguing alternative is using bi-specific
monoclonal antibodies for the combined targeting of a tissue-specific tumour-associated antigen
and an anti-CRP antibody, such as Crry, CD55, or CD59 (Kourtzelis and Rafail, 2016).

C-inhibitory compounds are currently under evaluation in several clinical trials. They
can exert their inhibitory activity on imbalanced C activation in the TME at the level of classical
(e.g., anti-C1INH or anti-Cls antibody), alternative (e.g., C3 inhibitors, mini-Factor H, Factor
B, or Factor D inhibitors) or lectin (e.g., anti-MASP antibodies) pathway activation, or by
targeting specific effector functions (e.g., C5aR1 antagonists) (Reis et al., 2018).
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CHAPTER 4 — THE COMPLEMENT PROTEIN ClQ: A MULTIFACETED

MOLECULE

4.1 STRUCTURE OF C1Q

Human C1q (460kDa) is the recognition component of the classical pathway of C, which
circulates in the plasma in association with the Ca2+-dependent C1r,-C1s, tetramer to form the

pentameric C1 complex (Calcott and Miuller-Eberhard, 1972). C1g molecule is composed by
two distinct structures: the globular heads are mainly involved in target recognition and binding,
while the collagen-like regions mediate immune effector mechanisms, including interaction
with C1r and C1s and enhancement of phagocytosis (Kishore et al., 2004) (Figure 10).
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Figure 10. Structure of C1q. Intact C1q is a 460 kDa hexameric glycoprotein, assembled from 18 polypeptide
chains (6A, 6B, and 6C). A, B, and C chains consist of 28 kDa, 25 kDa, and 24 kDa, respectively. Each chain
displays a short N-terminal region (3-9 residues), a collagen-like region (81 residues), and a C-terminal globular
(gC1qg) module (185 residues) (A). Disulfide bridges link the N-terminal sequences of A and B chains and two C
chains, which then associate in a basic subunit/doublet (B). Three doublets are linked by strong non-covalent bonds
to give the intact C1q molecule its characteristic hexameric and “bouquet of tulips”-like structure (C) (Ain et al.,
2021).

Clg molecule is an exception among C components since its synthesis occurs
extrahepatically, being mainly produced by cells of myeloid origin (i.e., monocytes,

macrophages, and DCs) and, to a lesser extent, by Kupffer cells, microglial cells, glomerular
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and tubular cells, osteoclasts, mast cells, trophoblasts, endothelial cells, and fibroblasts
(Thielens et al., 2017).

4.2 NON-CANONICAL FUNCTIONS OF C1Q

For several years, the traditionally accepted role of C1q has been the mere recognition
of immune complexes and subsequent activation of the classical pathway, enhancement of
phagocytosis, and programmed engulfment of apoptotic cells. It is now appreciated that C1q
can exert several functions unrelated to C activation (Nayak et al., 2010, Thielens et al., 2017),

as summarized in Figure 11.
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Figure 11. Canonical and non-canonical functions of the complement protein C1q. Although C1q is commonly
identified as a C-initiating molecule, it engages in a plethora of non-canonical functions, comprising the

involvement in angiogenesis, tumour progression, and wound healing. The image was created with BioRender.com.
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In the central nervous system, C1q can activate microglial cells and resident phagocytic
cells and enhance the uptake of apoptotic neurons and amyloid peptides in neurodegenerative
diseases. In this context, C1lgq seems to be responsible for the activation and recruitment of
microglial cells in an autocrine/paracrine manner, but also for the inhibition of pro-inflammatory
cytokine production, exerting an overall neuroprotective role in the brain (Fraser et al., 2010).
Moreover, C1q is involved in the upregulation of genes critical for membrane and cytoskeleton
processes, neurite outgrowth, and synaptic pruning, and in the regulation of the expression of
genes encoding neurotrophins (Benoit and Tenner, 2011).

As regards the cellular processes related to immunity, C1q can stimulate the maturation
of DCs, hamper T cell proliferation and influence cytokine profile, promote the production of
IgG by B-lymphocytes, and impact the negative selection of autoreactive B cells. Moreover,
C1q aids the migration of eosinophils, mast cells, neutrophils, and fibroblast, since it influences
their adhesion to ECM via C1q receptors, but also their survival and differentiation (Nayak et
al., 2012).

Clq s also pivotal in promoting angiogenesis and wound healing. C1q is involved in the
later stages of the regeneration process. By interacting with its receptor gC1gR, C1qg promotes
proliferation and migration of endothelial cells and induces vessel formation (Bossi et al., 2014).
Furthermore, an additional C-independent role of C1q has been suggested in the early stages of
pregnancy, being involved in trophoblast invasion, spiral artery remodeling, and normal
placentation. Extravillous trophoblasts express C1q on their surface for the interaction with
components of the decidual ECM, promoting trophoblast adhesion and invasion. Interestingly,
a defective local production of C1g may cause pregnancy disorders, such as pre-eclampsia
(Agostinis et al., 2010, Singh et al., 2011).

Clq presence has also been detected at sites of atherosclerosis and inflammatory/
vascular lesions, despite its precise role in coagulation has yet to be elucidated. Recent findings
demonstrated that Clg, via its interaction with gC1gR, can initiate extrinsic coagulation in

adventitial fibroblasts and vascular smooth muscle cells (Freda et al., 2023).

4.2.1 C1Q IN THE TUMOUR MICROENVIRONMENT

Over the last few years, Clq has attracted increasing attention for its potential
contribution to carcinogenesis. Upon synthesis in the TME, locally produced C1q can act as a

pro-tumorigenic factor by favouring adhesion, migration, and proliferation of tumour cells,
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independently of C activation. C1qg presence was detected in melanoma, colon, lung, breast, and
pancreatic cancers on the vascular endothelium and in mononuclear cells surrounding the
tumour mass, while it was not expressed by tumour cells (Bulla et al., 2016). However, not all
tumour settings respond to C1q in the same manner. C1q sustains the activation of the tumour
suppressor WOX1 in prostate tissues, being likely responsible for the induction of prostate cell
apoptosis and decreased cell adhesion and proliferation (Hong et al., 2009). In ovarian cancer,
C1q was reported to induce a pro-apoptotic effect in the SKOV-3 cell line, involving Bax and
Fas upregulation (Kaur et al., 2016). C1q seems to exert a dual role in cancer, depending on the
tumour setting analyzed. Bioinformatics survival analysis involving human carcinomas revealed
a favorable prognostic significance of C1q in basal-like breast cancer, while it can serve as an
unfavorable prognostic marker in lung adenocarcinoma and ccRCC (Mangogna et al., 2019a).
Prognostic implications of C1q were also demonstrated in gliomas (Mangogna et al., 2019b).
Recently, C1g was recognized as a prognostic biomarker in cutaneous melanoma, being
associated with immune infiltration (Guo et al., 2023).

High expression levels of C1q have been detected in the TME of MPM, where it was
demonstrated to strongly bind to HA through its globular domain. HA-bound C1q induced pro-
tumorigenic behaviours of MPM cells, by enhancing tumour cell adhesion and proliferation via
enhancement of ERK1/2, SAPK/INK, and p38 phosphorylation. HA binding to C1q did not
activate C, confirming a non-canonical role of C1q (Agostinis et al., 2017). Moreover, HA and
C1q binding was also involved in the regulation of HA metabolism in MPM, increasing the local
production of LMW-HA fragments via HAS3 upregulation (Vidergar et al., 2021) and HA
fragmentation via HY AL2 upregulation (Balduit et al., 2023b).

Within TME, macrophages are considered the leading producers of C1q. Interestingly,
recent studies have demonstrated that macrophages, upon treatment with M2-associated stimuli,
yielded an increase in C1q production. It has been demonstrated that tumour cells can hijack
macrophage-produced C1q to promote tumour growth (Roumenina et al., 2019a). C1q* TAMs
correlate with T cell exhaustion and poor prognosis in numerous cancers (Revel et al., 2022). In
malignant pleural effusions, C1q* TAMs contribute to immunosuppression by impeding CD8*

T cell effects; of note, their targeting enhances the efficacy of ICIs (Zhang et al., 2023).
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4.3 C1Q RECEPTORS IN CANCER
4.3.1 GC10R

gClgR, also named HABP1/C1QBP/p32, is a ubiquitously distributed multi-
compartmental and multi-functional protein, which distinct groups identified as a receptor for
both globular heads of C1g and HA, but it can also interact with a plethora of other proteins
found in the plasma (e.g., factor XI1, HMW kininogen, vitronectin, and thrombin) or on the cell
surface (Ghebrehiwet et al., 2019). Interestingly, gC1gR lacks a consensus motif for the
transmembrane domain, thus it relies on other signaling partners (e.g., pl-integrin and CD44)
(Feng et al., 2002).

Accumulating evidence has reported that gC1qR may contribute to tumour progression,
invasion, and metastasis, being also associated with clinicopathological features of tumours.
gClgR overexpression was observed in several solid tumours, including breast, ovarian,
prostate, melanoma, lung, pancreatic, and colon cancer (Lei etal., 2023). gC1gR overexpression
was found also in all MPM histotypes, being correlated with improved OS in patients receiving
neoadjuvant chemotherapy (Li et al., 2019b). Furthermore, Peerschke et al. reported a
significant reduction in tumour growth after gC1gR blockade in a MPM murine orthotopic
xenotransplant model, paving the way for gC1gR therapeutic targeting (Peerschke et al., 2020).
Due to its role as an immunomodulator of TME, several studies on mice models have led to
propose gC1gR as a relevant target for several anti-cancer therapeutic approaches, such as
monoclonal antibody therapy, small molecules, CAR-T cell therapy, and tumour vaccination
(Lei et al., 2023). Moreover, it is noteworthy to mention the ground-breaking hypothesis of
targeting the C1g—gC1gR axis in the TME as a potential novel checkpoint inhibitor resembling
PD-1/PD-L1 interaction, thereby attenuating the T cell signals directed at attacking the tumour
cells (Ain etal., 2021).

4.3.2 cCI1QR

The receptor for collagen tails of C1q (cC1gR), also known as calreticulin, is a multi-
functional protein. Intracellularly, it may serve as both a molecular chaperone for regulating
glycoprotein folding and a high-affinity Ca?* storage protein. In contrast, its extracellular
localization at the cell membrane plays a major role in the clearance of apoptotic cells and
cellular adhesion. Interestingly, cC1gR has optimal binding to Clq at sub-physiologic ionic
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strength, thus neutral or near-neutral pH has the ability to inhibit most of C1q activities
(Peerschke and Ghebrehiwet, 2014).

In several human cancers, cC1gR is overexpressed and is mainly involved in “eat-me”
pro-phagocytic signals, which promote the engulfment of tumour cells by macrophages. On the
other hand, the impact of cancer cell-intrinsic cC1gR may support tumour development in some
tumour settings, influencing not only malignant transformation but also disease progression and

response to therapy (Fucikova et al., 2021).
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AIM OF THE THESIS

C is a pivotal player in the TME, where it can exert pro- or anti-tumorigenic functions
based on the different tumour types and contexts. The critical involvement of C in tumour
progression suggests the importance of understanding its ambivalent role in different tumours,
in order to obtain novel perspectives for therapeutic targeting in selected subgroups of patients.
A comprehensive knowledge about the actual role of C in cancer progression is impaired by
several limitations of the currently available studies. First, the different contribution of systemic
C proteins and the local activation or production of C components in the TME still need to be
fully elucidated. Moreover, little is known about the regulatory mechanisms underlying the
synthesis and local production of extracellular C components. More importantly, a
comprehensive overview of C in each tumor setting is currently lacking or mainly limited to
bioinformatics analysis that would need to be further validated at the protein level by functional
studies. To clarify these pitfalls, this research project initially aimed to gain a comprehensive
overview of C components in the TME of MPM, in terms of expression, tissue distribution, and
production by immune and tumour cells. Thus, our main aim was to determine the prognostic
and predictive significance of C components in MPM to give insights into the actual contribution
of C in this specific tumour setting.

Secondly, we aimed to bring a fresh eye to the controversial role of C in cancer by
analyzing the interplay between C and extracellular matrix (ECM) components as a potential
orchestrator of the TME. Thus, the second part of the project was mainly focused on the potential
implication of C1q, in concert with HA, in the response to chemotherapy and in the development
of personalized medicine approaches in MPM.

The last part of this project was dedicated to the translation of the experimental procedure
previously designed in MPM to another tumour setting, the high-grade serous ovarian carcinoma
(HGSOC), to determine the potential tumour-type specificity or the expression of more widely

conserved patterns and mechanisms.
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MATERIAL AND METHODS

1 ANTIBODIES AND REAGENTS

The antibodies used are listed in Table 2. HMW-HA (1.5 MDa) was kindly provided by

Prof. Ivan Donati (Department of Life Sciences, University of Trieste, Italy). FN was purchased

by Corning (Milan, Italy). All chemicals were purchased by Sigma.

Table 2. List of primary and secondary antibodies used.

Primary antibodies Vendor Reference Species Clonality Clone
anti-human Clq Dako A0136 rabbit polyclonal n.a.
anti-human C1-inhibitor Invitrogen PAS-31541 rabbit polyclonal n.a.
anti-human Cls Abcam ab134943 rabbit monoclonal EPR9066
anti-human . .
complement factor B Invitrogen PA5-51640 rabbit polyclonal n.a.
anti-human . .
complement factor I Invitrogen PA5-97582 rabbit polyclonal n.a.
anti-human CD44 Invitrogen MAS5-13890 mouse monoclonal 156-3C11
anti-human MD.RI Invitrogen MAS5-32282 rabbit monoclonal SN06-42
/P-glycoprotein
anti-human vimentin Sigma V6630 mouse monoclonal V9
anti-human actin Santa Cruz sc-8432 mouse monoclonal C-2
Biotechnology
anti-human Ki-67 Sigma SAB4501880 rabbit polyclonal n.a.
Secondary antibodies
anti-rabbit IgG HRP- .
conjugated Sigma AP182P donkey polyclonal n.a.
anti-rabbit F(ab'"). IgG Jackson
FITC-conjugated fmmunoResearch | | 11-096-003 goat polyclonal n.a.
anti-mouse F(ab"): IgG Jackson
FITC-conjugated fmmunoResearch | | 1>-096-006 goat polyclonal n.a.
anti-mouse IgG IRDye® LI-COR
630RD Biosciences 925-68070 goat polyclonal n.a.
anti-mouse IgG IRDye® LI-COR
R00CW Biosciences 925-32210 goat polyclonal n.a.
anti-rabbit IgG IRDye® LI-COR
R00CW Biosciences 925-32211 goat polyclonal n.a.

Abbreviations: n.a., not available.
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2 PATIENTS
2.1 MALIGNANT PLEURAL MESOTHELIOMA

Patients enrolled in the current study attended the Pneumology Department of the
“Cattinara” University Hospital (Trieste, Italy). They presented a history of asbestos exposure
and signs/symptoms suggestive of MPM. Pleural biopsy samples were obtained by video-
assisted thoracoscopy/pleuroscopy, as previously described (Agostinis et al., 2017). After
histological confirmation of MPM, a cohort of 24 patients was selected (Table 3). All patients
were male, Caucasian, presented epithelioid histotype, and none of them underwent
chemotherapy or radiotherapy prior to biopsy sampling. The mean age at diagnosis was 76 * 6.4
years. All patients signed an informed consent form, following approval of ethical
considerations by the Comitato Etico Unico Regionale (CEUR, FVG, Italy; number 34/2016).

Table 3. Characterization of the cohort of MPM patients included in the study.

Sex Histotype [Age at diagnosis| Decortication Chemotherapy
MES 7 BIO M Epithelioid 69 No CBDCA + MTA
MES 9 BIO M Epithelioid 70 No No
MES 12 BIO M Epithelioid 79 Yes CBDCA + MTA
MES 14 BIO M Epithelioid 82 No No
MES 19 BIO M Epithelioid 65 No No
MES 36 BIO M Epithelioid 72 No CDDP + MTA
MES 39 BIO M Epithelioid 83 No CBDCA + MTA
MES 41 BIO M Epithelioid 74 Yes CBDCA + MTA
MES 45 BIO M Sarcomatoid 86 No No
MES 46 BIO M Epithelioid 78 No No
MES 49 BIO M Epithelioid 70 No CBDCA + MTA
MES 54 BIO M Epithelioid 74 No CBDCA + MTA
MES 56 BIO M Epithelioid 60 Yes CDDP + MTA
MES 57 BIO M Epithelioid 79 No CBDCA + MTA
MES 59 BIO M Epithelioid 79 No No
MES 61 BIO F Epithelioid 83 No No
MES 65 BIO M Sarcomatoid 75 No CBDCA + MTA
MES 66 BIO M Epithelioid 81 No MTA
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MES 69 BIO M Sarcomatoid 76 No No
MES 72 BIO M Epithelioid 81 Yes No
MES 78 BIO M Epithelioid 76 No CBDCA + MTA
MES 79 BIO M Biphasic 69 No CBDCA + MTA
MES 95 BIO M Epithelioid 80 No n.a.
MES 96 BIO M Biphasic 83 No n.a.

Abbreviations: CBDCA, carboplatin; CDDP, cisplatin; F, female; M, male; MES, malignant pleural

mesothelioma primary cells; MTA, pemetrexed; n.a., not available.

For the IHC analysis performed on tissue microarrays (TMAS), selected MPM cases
were part of a cohort of 88 patients, enrolled at the “Fondazione IRCCS Ca’ Granda — Ospedale
Maggiore Policlinico” (Milan, Italy) between 2008 and 2016, as previously described by Fusco
et al. (Fusco et al., 2020). Histologically, the cohort comprised epithelioid (n = 45), biphasic (n
= 22), and sarcomatoid (n = 4) MPM cases. The study was approved by the Institutional Review
Board (IRB) of the “Fondazione IRCCS Ca’ Granda — Ospedale Maggiore Policlinico” (protocol
number 1685-2019).

For Digital Spatial Profiling (DSP) analysis, MPM cases of biphasic histotype (n = 8)
were selected from a retrospective cohort of 97 patients enrolled at the “Azienda USL-IRCCS
di Reggio Emilia” (Reggio Emilia, Italy) between 2010 and 2021, as previously described by
Torricelli and colleagues (Torricelli et al., 2023). The study was approved by local ethical

committees.

2.2 HIGH-GRADE SEROUS OVARIAN CARCINOMA

Patients included in the study were enrolled at the Obstetrics and Gynecology Clinic of
the Institute for Maternal and Child Health IRCCS “Burlo Garofolo” (Trieste, Italy). They
underwent laparoscopy or laparotomy after diagnosis of a pelvic mass. Histological
confirmation of HGSOC was performed at the Anatomy and Pathological Histology Unit of the
“Cattinara” University Hospital (Trieste, Italy). Nineteen HGSOC patients were enrolled in the
study (Table 4). The mean age at diagnosis was 64.2 + 8.1 years. Inclusion criteria include age
over 18 years and histological confirmation of HGSOC. The enrolled cohort included three
groups of patients: a) patients who did not undergo chemotherapy and/or radiotherapy
treatments prior to sample collection (n = 12); b) patients who underwent neoadjuvant therapy

prior to sample collection (n = 5); c) relapsed ovarian carcinomas (n = 2).
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All patients agreed to sign an informed consent form, following approval of the ethical
considerations by the Comitato Etico Unico Regionale (CEUR, protocol number 4829), the

regional ethical committee for Friuli Venezia-Giulia, Italy.

Table 4. Characterization of the cohort of HGSOC patients included in the study.

dggﬁc?stis Stage | BRCA mutation %Q;fjsﬁt Engc:!)ll%ent Chemotherapy
(Ul/mL)

OVCA 41 74 11B no 7172 a CBDCA

OVCA 43 69 A no 20 a CBDCA + Paclitaxel
OVCA44 | 53 IA | BRCAL (germinal) | 290 c CBDgeAV ;C Eﬁ‘;n“;?)xe' +
OVCA 46 71 1B no 1232 a CBDCA + Paclitaxel
OVCA 47 65 IIB | BRCA1 (germinal) 16 a CBDCA + Paclitaxel
OVCA50 68 lnc no 3175 b CBDCA + Paclitaxel
OVCA®S1 58 11B no 70 a CBDCA + Paclitaxel
OVCA 65 61 I1IB | BRCA1 (germinal) 1899 a CBDCA + Paclitaxel
OVCA 73 52 I"nc no 4 c CBDCA + Paclitaxel
OVCA 83 50 nc no 965 a CBDCA + Paclitaxel
OVCA 88 68 B no 30 b CBDCA + Paclitaxel
OVCA 100 63 I"nc no 1200 a CBDCA + Paclitaxel
OVCA105| 66 IV no 1757 b CBDCA + Paclitaxel +

Bevacizumab

OVCA 107 56 I1IC | BRCAL (germinal) 12 b CBDCA + Paclitaxel
OVCA 110 68 IV | BRCA2 (germinal) 302 a CBDCA + Paclitaxel
OVCA 123 62 n.a. no 29 b CBDCA + Paclitaxel
OVCA 124 78 1A BRCAZ2 (somatic) 51 a CBDCA

OVCA 127 61 "nc no 2426 a CBDCA + Paclitaxel
OVCA 134 77 v no 394 a CBDCA + Paclitaxel

Enrolled groups: a) patients who did not undergo chemotherapy and/or radiotherapy treatments prior to
sample collection; b) patients who underwent neoadjuvant therapy prior to sample collection; c) relapsed
ovarian carcinomas. Abbreviations: CBDCA, carboplatin; OVCA, ovarian cancer primary cells; n.a., not

available.
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3 CELL ISOLATION AND CULTURE

3.1 ISOLATION OF MALIGNANT PLEURAL MESOTHELIOMA PRIMARY CELLS
FROM BIOPSIES

MPM primary cells (MES) were isolated from pleural biopsies of patients enrolled at the
“Cattinara” University Hospital (Trieste, Italy), as previously described (Agostinis et al., 2017).
Briefly, the tissue biopsy was minced with a scalpel and washed into Hank’s Balance Salt
Solution 1, composed of Hank’s Balance Salt Solution (Sigma-Aldrich), supplemented with
1:500 EDTA, 1:500 D-glucose, 1% penicillin-streptomycin (PS, Sigma-Aldrich), 1:1000
gentamicin (Sigma-Aldrich), 1:1000 fungizone, and 7.5% sodium bicarbonate. The tumour
specimen was then incubated with 0.5% trypsin 10x (Sigma-Aldrich) and 50 pg/mL DNase |
(Roche), in addition to Hank’s Balance Salt Solution 2, overnight (ON) at 4°C. Hank’s Balance
Salt Solution 2 was composed of Hank’s Balance Solution, supplemented with 1% PS, 1:1000
gentamicin, 1:1000 fungizone, 1:1000 Ca?*, 1:1000 Mg?*, and 7.5% sodium bicarbonate.

The following day the tissue was incubated with 3 mg/mL of collagenase type 1
(Worthington Biochemical Corporation) and 50 pg/mL of DNase | diluted in Medium 199
(Euroclone), for 30 min at 37°C on an orbital shaker. In order to interrupt the reaction, 10%
foetal bovine serum (FBS, Gibco) was added. The cell suspension was filtered through a 100
uL nylon cell strainer (Falcon) and centrifuged at 250 xg for 7 min. Cells were seeded in a 12.5
cm? flask.

MES cells were cultured in Human Endothelial Serum Free Medium (HESFM, Gibco),
supplemented with 20 ng/mL of epidermal growth factor (EGF, Sigma), 10 ng/mL basic
fibroblast growth factor (bFGF, Immunological Sciences), 1% PS, and 10% FBS. The medium
was changed every 2-3 days.

3.2 ISOLATION OF OVARIAN CANCER PRIMARY CELLS FROM ASCITES

Ovarian cancer primary cells (OVCA) were isolated from peritoneal fluids of patients
enrolled at the Obstetrics and Gynecology Clinic of the Institute for Maternal and Child Health
IRCCS “Burlo Garofolo” of Trieste (Italy), as previously described (Balduit et al., 2020).

Briefly, peritoneal fluids were filtered through a 300 um cell strainer (PluriSelect) to
remove macroscopic debris, and centrifuged at 250 xg for 7 min. Red blood cells (RBCs) were
removed by RBC Lysis Buffer (Roche), following the manufacturer’s protocol. Cells were then
resuspended and cultured in HESFM, supplemented with 20 ng/mL of EGF, 10 ng/mL bFGF,
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1% PS, and 10% heat-inactivated FBS. Cells were maintained at 37°C in a 5% v/v CO2
incubator, in a humidified atmosphere. Medium was changed every 2-3 days.

To determine the purity of OVCA, cytofluorimetric analyses and immunofluorescence
assays were performed using the following markers: epithelial membrane antigen
(EMA)/mucin-1, vimentin, cytokeratin 8/18, CD44, and WT-1, as previously described (Balduit
etal., 2020). In addition, CD45 and von Willebrand Factor were tested to exclude leukocyte and

endothelial cell contamination, respectively.

3.3 CELL LINES

H28, a human epithelioid MPM cell line, was purchased from the American Type
Culture Collection (ATCC; #CRL-5820) and cultured in RPMI-1640, supplemented with 10%
FBS, at 37°C in a 5% v/v CO2 incubator, in a humidified atmosphere. The cisplatin-resistant cell
line, namely H28R, was developed by treating H28 with stepwise increasing concentrations of
cisplatin and cultured under identical conditions.

ZL.34, a human sarcomatoid MPM cell line, and M14K, a human epithelioid MPM cell
line, were kindly provided by Prof. loannis Kalomenidis (National and Kapodistrian University
of Athens, Evangelismos Hospital, Athens, Greece). Cells were cultured in RPMI-1640,
supplemented with 10% FBS, at 37°C in a 5% v/v COz2 incubator, in a humidified atmosphere.

Met5A, a human bronchial epithelial mesothelial cell line, was purchased from ATCC
(#CRL-9444) e cultured in HESFM, supplemented with 20 ng/mL EGF, 10 ng/mL bFGF, 1%
PS, and 10% FBS, at 37°C in a 5% v/v CO2 incubator, in a humidified atmosphere.

SKOV-3 and OVCAR-3 cell lines, obtained by immortalizing ovarian adenocarcinoma
cells, were kindly provided by Prof. Daniele Sblattero (Department of Life Sciences, University
of Trieste, Trieste, Italy). Cells were cultured in RPMI-1640, supplemented with 10% FBS, at
37°C in a 5% v/v COz2 incubator, in a humidified atmosphere.

TYK-nu S (sensitive) and TYK-nu R (resistant) cell lines were kindly provided by the
Turku University (Finland), as part of the HERCULES project (project-hercules.eu). They were
cultured in DMEM, supplemented with 10% FBS, at 37°C in a 5% v/v CO: incubator, in a
humidified atmosphere.

HepG2 (#HB-8065), a human hepatocellular carcinoma cell line, and THP-1 (#TIB-

202), a human leukemia monocytic cell line, were purchased from ATCC and cultured in
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DMEM, supplemented with 10% FBS, at 37°C in a 5% v/v CO2 incubator, in a humidified
atmosphere.

4 IMMUNOHISTOCHEMISTRY ANALYSIS
4.1 WHOLE SECTIONS

Tissue samples were fixed in 10% v/v buffered formalin and then embedded in paraffin
(FFPE). Upon microtome sectioning, 4 pm tissue sections were deparaffinized and rehydrated
with gradually decreasing concentrations of alcohols (xylene - 100% ethanol - 95% ethanol -
70% ethanol - distilled water). Antigen retrieval was achieved using citrate buffer (pH 6) or
Tris-EDTA (pH 9), in a thermostatic bath at 98°C for 30 min. Sections were then allowed to
reach room temperature (RT) and washed in Tris-buffered saline (TBS). After neutralization of
endogenous peroxidases with 3% v/v H202 and blocking of non-specific bindings with
Dulbecco's phosphate buffered saline (DPBS) supplemented with 2% bovine serum albumin
(BSA), samples were incubated with primary antibodies diluted in DPBS and horse serum, ON
at 4°C. After washing with TBS, a secondary antibody conjugated to horseradish peroxidase
(HRP) was added for 30 min at RT. Staining was revealed by adding a chromogenic substrate,
3,3'-diaminobenzidine (DAB; Vector Laboratories, Newark, CA, USA) or 3-amino-9-
ethylcarbazole (AEC; Dako, Agilent, Denmark). Slides were then counterstained with Mayer’s
Hematoxylin (Diapath, Italy). Images were acquired with the Leica DM2000 microscope and
assembled with Photoshop 2023 (Adobe, San Jose, CA, USA).

4.2 TISSUE MICROARRAYS

FFPE sections from 88 MPM patients were used to construct the TMAS. For each tumour
sample, 3 representative tissue cores of 1 mm? were collected and inserted into the TMA paraffin
block (n = 264 total tumour tissue cores). For each case of MPM with biphasic histology,
samples representative of both components (i.e., epithelioid and sarcomatoid) were taken. Four
pm sections were cut from the TMAs and incubated with primary antibodies, using the Dako
Omnis automated staining system (Dako Inc., United States), according to the protocol
previously described by Fusco et al. (Fusco et al., 2020). For each antibody, positive and
negative controls were included in each IHC experiment. Expression was evaluated in terms of
the percentage of positive tumour cells, percentage of positive immune cells, and

presence/absence of deposition at the level of the tumour stroma (+/-). PD-L1 expression was
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evaluated as a combined positive score (CPS), calculating the number of tumour cells, TILs, and

PD-L1P9S macrophages divided by the number of viable tumour cells, multiplied by 100.

5 DIGITAL SPATIAL PROFILING

Biphasic MPM cases (n = 8) were selected starting from a retrospective cohort of patients
undergoing decortication. Within the tumour sections obtained from FFPE blocks, 139 regions
of interest (ROIs) were identified, of which 68 were epithelioid areas and 71 were sarcomatoid
areas. The areas of interest were selected by two expert pathologists based on hematoxylin and
eosin staining and using markers, such as PanCK (cytokeratin), CD45, and Syto13, to trace the
ROIs indicative of the epithelioid or sarcomatoid components. Gene expression analysis was
then carried out with the NanoString GeoMxTM Digital Spatial Profiler, using the Cancer
Transcriptome Atlas panel of 1,800 genes, which included CFB, C1S, CFI, SERPING1, C1QA,
and C1QB. The R package DE-Seq2 was used for differential expression analyses, considering
an FDR (false discovery rate) of 10% (Love et al., 2014).

6 IMMUNOFLUORESCENCE ON COVERSLIPS

Cells (5x10%coverslip) were seeded onto round coverslips with a diameter of 10 mm.
Once 70% confluence was reached, cells were fixed with 3% paraformaldehyde (PFA) for 20
min in the dark. After two washes with DPBS + 0.01% Tween, permeabilization, quenching,
and blocking of non-specific bindings were performed with a solution composed of 1% BSA,
0.1% Triton X-100, and 50 mM glycine diluted in DPBS, for 30 min at RT. Then, incubation
with primary antibodies, diluted in DPBS + 2% BSA, was performed for 1h. Subsequently, cells
were incubated with fluorescein isothiocyanate (FITC)-conjugated secondary antibodies for 30
min at RT in the dark. Finally, nuclei were stained with DAPI (Sigma-Aldrich, 1:1000) for 5
min. Slides were mounted with a fluorescence mounting medium (Dako). Images were acquired
with the Leica DM2000 microscope and assembled with Photoshop 2023 (Adobe, San Jose, CA,
USA).

7 FLOW CYTOMETRY

Cells (5x10%/sample) were fixed with 3% PFA for 15 min in the dark and washed with
DPBS. The cell pellet was incubated with primary antibodies, diluted in saponin A, for 45 min
on ice. Then, a 30-min incubation with FITC-conjugated secondary antibodies was performed

on ice in the dark. Cells were resuspended and fixed in 1% PFA. Fluorescence was measured
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using the AttuneTM NXT Flow Cytometer instrument (Thermo Fisher Scientific, USA) and the
graphs were created with FlowJo™ v10.9 (BD Biosciences, Franklin Lakes, NJ, USA).

8 MICROTITER COATING CONDITIONS

Sterile culture plates (Corning) were incubated with HMW-HA (1.5 MDa), diluted to a
final concentration of 50 pg/mL in bicarbonate buffer at pH 9.6, or with FN (Sacco), diluted to
a final concentration of 50 pg/mL in bicarbonate buffer at pH 9.6, ON at 4°C.

The following day, the plate was washed twice with sterile DPBS and incubated with
recombinant C1q (Sigma-Aldrich), diluted to a final concentration of 25 pg/mL in DPBS,
supplemented with BSA 0.5% (Sigma), 0.7 mM CaClz, and 0.7 mM MgClz, ON at 4°C, or for
2h at 37 °C. Wells were washed again with DPBS, before cell seeding.

9 CYTOTOXICITY ASSAY

Cells (7x10%/well) were seeded in sterile 96-well culture plates and allowed to adhere
ON under standard culture conditions. The next day, cells were treated with different
chemotherapeutic agents using the following concentrations:

* cisplatin (1 pg/mL, 5 pg/mL, 10 pg/mL);

* methotrexate (10 pg/mL);

* mitomycin C (0.4 pg/mL);

* vinblastine (2 pg/mL);

* epirubicin (2 pg/mL);

« AZD2461 (0.4 pg/mL).

The concentrations were selected and tested within a range of reference concentrations
based on a work published by Szulkin et al. (Szulkin et al., 2016). The final concentration was
chosen as the closest to the IC50 (inhibitory concentration of 50%; i.e., the drug concentration
necessary to kill 50% of the cells) in various tumour cell lines we tested in our laboratory.

After treatment with the chemotherapeutic agents for 72h at 37°C, 5% v/v CO, in a
humidified atmosphere, the plate was incubated with the WST-1 reagent (WST-1 Cell
Proliferation Assay Kit, Abcam, Cambridge, United Kingdom) to assess cell viability. WST-1
was added to each well (1:10) and incubated for 3h at 37°C, 5% v/v COg, in a humidified

atmosphere. Cell viability was measured based on the colorimetric reaction, which develops
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under the action of succinate dehydrogenase in metabolically active cells, reducing the
tetrazolium salt WST-1 to formazan.

The absorbance was finally read on the PowerWaveX Select Scanning Microplate
Spectrophotometer (Bio-Tek Instruments, Inc., Winooski, USA) at 450 nm. The percentages of
vitality and mortality corresponding to the treatment with the various chemotherapeutic drugs
were calculated as compared to the untreated control. All the conditions were evaluated in

triplicate. Mortality percentages were calculated using the following formula:

cells treated
]} 00

o% M lity = {1 —
/o Mortality { [untreated cells

10 GENE EXPRESSION ANALYSIS
10.1 ToTAL RNA EXTRACTION

Cells (3x10%/well) were seeded into sterile 24-well culture plates and allowed to adhere
ON. The Total RNA purification kit (Norgen, Thorold, Canada) was used to extract total RNA
from the cell pellets. Cell pellets were lysed in 400 pL Lysis Buffer RL and processed
immediately or stored at -80°C. Following the manufacturer’s protocol, lysates were loaded onto
columns with silica matrix, in addition to 200 pL of ethanol. The columns were centrifuged for
1 min at 3,500 xg, followed by three washes with 400 pL of Wash Solution A. Fifity puL of
Elution Solution A were added during the elution phase, followed by a 2-min centrifugation at
200 xg and a 1-min centrifugation at 14,000 xg. Finally, RNase inhibitor (RNAaseQUT™,
Thermo Fisher Scientific, Waltham, USA) was added, and total RNA samples were stored at -

80°C for subsequent gene expression analyses.

10.2 REVERSE TRANSCRIPTION

Total RNA samples were reverse-transcribed into cDNA with the Techne TC-312
Personal Thermal Cycler (Meena Medical Equipment), using the SensiFAST™ cDNA
Synthesis Kit (BiolineTM, Meridian Life Science®, Memphis, Tennessee) and following the
protocol provided by the manufacturer. Each reaction mix consists of 11 yuL of RNase-free H20,
4 uL of TransAmp Buffer, 4 uL of total RNA sample, and 1 pL of reverse transcriptase. The
reaction was performed for 1h at 42°C (optimal T for the enzymatic activity of the reverse
transcriptase), followed by 10 min ata T > 70°C to inactivate the enzyme. cDNA samples were

stored at -20°C or used immediately for gene expression analyses.
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10.3 REAL-TIME QUANTITATIVE PCR

Gene expression was measured by Real-Time quantitative PCR (qPCR) via the Rotor-
Gene 6000 thermal cycler (Corbett Life Science, Mortlake, Australia), using the Power
SYBER® Green Master Mix kit (Applied Biosystems™, Life Technologies™, Carlsbad,

California). Each reaction mix was composed as follows:

5 uL of Power SYBER® Green Master Mix;

3 UL RNase-free H20;

1 of cDNA sample;

0.5 pL of forward primer and 0.5 pL of reverse primer.

Reaction conditions were set as follows: 45 cycles of denaturation (60 sec at 95°C),
annealing (30 sec at 60°C), and amplification (60 sec at 72°C). TATA box-binding protein

(TBP) gene was chosen as a housekeeping gene to normalize gene expression levels between

different samples. The primers for the analysis of the expression of ATP7A, ATP7B,
CTR1/SLC31A1, CTR2/SLC7A2, GSTP1, GSTT1, MVP/LRP, MRP2/ABCC2, MKI67, PCNA,
and TOP2A genes were kindly provided by Dr. Roberto Verardo (LNCIB — National Laboratory

of the Interuniversity Consortium for Biotechnology, Trieste, Italy). Other primers are listed in

Table 5.

Table 5. Sequences of primers used in Real-Time quantitative PCR.

Gene Primer Forward (5'-3") Primer Reverse (3'-5")
BCRP/ABCG2 5-TGA CGG TGA GAG AAA ACT TAC 5-TGCCACTTTCAGACCT
C1QA 5’-TGG AGT TGA CAA CAG GAG GC 5’-CGA TAT GGC CAG CAC ACAGA
C1QB 5’-ACC CCA GGG ATA AAA GGA GAG 5’-GGC AGA GAA GGC GAT TTT CTG
C1QC 5’-AAG GAT GGG TAC GAC GGA CTG 5-TTT CTG CTT GTATCT GCC CTC
C1S 5-TTT GGC ATG GGT TTATGC TGA 5-GGG TGA AGT AGA GGT GAATCCC
CD44 5’-CTG CCG CTT TGC AGG TGT A 5’-CAT TGT GGG CAA GGT GCT ATT
CFB 5'- GCG GCC CCT TGATAG TTC AC 5'- CAG GGC AGC ACT TGA AAG AG
CFl 5 -TGAGCTGCCTCGTTCCATC 5'- ACCCCACTGAAGTGAAAAGACT
MDR1/ABCB1 5-CCC ATC ATT GCA ATA GCA GG 5-GTT CAA ACT TCT GCT CCT GA
MRP1/ABCC1 5-ATC ACAGGG TTG ATT GTC CG 5-GCG CATTCCTTCTTCCAGTT
SERPING1 5’-CTG GCT GGG GAT AGAGCCT 5’-GAG ATAACT GTTGTT GCGACCT
TBP 5-GAG CCA AGA GTG AAG AACAGTC 5-GCT CCC CAC CAT ATT CTG AATCT
18S 5’-ATC CCT GAA AAG TTC CAG CA 5’-CCC TCT TGG TGA GGT CAATG
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11 STIMULATION OF ISOLATED MACROPHAGES WITH CONDITIONED
MEDIA AND EVALUATION OF C1Q PRODUCTION

Macrophages isolated from human peripheral blood were seeded onto 24-well plates and
maintained under resting conditions in RPMI-1640 medium supplemented with 10% FBS or
stimulated with conditioned media (CM) collected from a pool of MES (n = 5) or the Met5A
cell line (1:1 ratio between CM and RPMI-1640 supplemented with 10% FBS), for 24h.
Subsequently, macrophages were washed with cold DPBS supplemented with Ca?* and Mg?*
ions and lysed into 400 pL of Lysis Buffer RL to proceed with the evaluation of C1QA, C1QB,
and C1QC expression by Real-Time qPCR.

For the protein quantification of C1q, acommercial ELISA kit (Hycult Biotech #HK356-
02) was used, following the instructions provided by the kit. For this experiment, a sample of
MES CM was also included after centrifugation at 120,000 xg ON to remove EVs. The
absorbance was read at 450 nm using the PowerWave X Microplate Reader spectrophotometer

(Bio-Tek Instruments).

12 EVALUATION OF CELL PROLIFERATION

Cells were grown in complete medium until confluence was reached. The cells were left
in starvation for 24h with serum-free medium supplemented with 2% BSA. The cells were then
seeded onto round coverslips with a diameter of 10 mm, previously treated with HA or HA+C1q
matrixes. The following day, immunofluorescence was carried out according to the previously
described protocol. Fixed cells were incubated with the anti-Ki-67 antibody and subsequently
with a FITC-conjugated secondary antibody. The images were acquired with the Leica DM2000
microscope. Five images were acquired for each condition, and the percentage of Ki-67* cells

was calculated using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA).

13 FUNCTIONAL ASSAY OF ABC TRANSPORTERS

The EFLUXX-ID® Green multidrug resistance assay kit (Enzo Life Sciences,
Farmingdale, USA) was used to measure the functionality of ATP-binding cassette (ABC)
transporters (ABCB1/MDR1, ABCG2/BCRP, and ABCC1/MRP1). To precisely measure the
functionality of each transporter, selective inhibitors were provided by the kit and used at the

following concentrations: 5 mM Verapamil (inhibitor of MDR1, also called P-glycoprotein 1),
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50 mM Novobiocin (inhibitor of BCRP), and 10 mM MK-571 (MRP1 inhibitor), resuspended
in DMSO.

Cells (2x10*/well) were seeded onto a sterile 96-well plate, previously coated with HA
or HA+C1q matrixes. Untreated wells were used as controls. Cells were allowed to adhere ON
and then treated with ABC transporter inhibitors and the hydrophobic compound EFLUXX-
ID® Green detection reagent for 30 min at 37°C, 5% v/v COz2, in a humidified atmosphere. Two
control conditions were included (“stained”, in the absence of inhibitors, and “unstained”, in the
absence of inhibitors and EFLUXX-ID® Green detection reagent). The hydrophobic, non-
fluorescent compound EFLUXX-ID® Green detection reagent penetrates the cell membrane. It
is then hydrolyzed into a hydrophilic fluorescent compound (490/514 nm excitation/emission),
which remains trapped in the cell without ABC transporter activity.

During the last 5 min of incubation, propidium iodide (P1) was added to normalize cell
number. Following two washes with DPBS supplemented with 2% BSA, 0.7 mM CaClz, and
0.7 mM MgClz, the cells were lysed, and the fluorescence intensity was measured with the
Infinite® 200 PRO plate reader (Tecan Group Ltd., Mannedorf, Switzerland). The fluorescence
signals of the EFLUXX-ID® Green reagent were normalized to the fluorescence of PI. Finally,
the functionality of each transporter was evaluated with the following formula for calculating

the multidrug resistance factor (MAF):

Finh — FO

MAF =
( Finh

)-100

“Finh” indicates normalization of the EFLUXX-ID® Green fluorescent signal in the
presence of a specific ABC transporter inhibitor, while “F0” indicates normalization of the

EFLUXX-ID® Green fluorescent signal without the specific inhibitor.

14 WESTERN BLOT

Cells (5x10°/well) were seeded onto a sterile 6-well plate, previously coated with HA or
HA+C1qg matrixes, and incubated ON at 37°C, 5% v/v COz, in a humidified atmosphere. Cells
were then harvested with a cell scraper and lysed. Cell lysates were loaded into a 10%
acrylamide gel and separated by SDS-PAGE under reducing conditions. The transfer was then
carried out onto a nitrocellulose membrane using the PowerPRO 300 Power Supply (Cleaver
Scientific Ltd., Rugby, United Kingdom) with the following transfer conditions: 300 V and 200

mA for 90 min. The membrane was incubated with primary antibodies after 1h of incubation
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with skim milk diluted 5% in TBS - Tween (TBST) (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5%
Tween 20). Incubation with B-actin was performed for protein normalization. The membrane
was washed thrice in TBST and incubated with LI-COR IRDye secondary antibodies for 1h at
RT. After three additional washes in TBST, fluorescence was detected with the Odyssey® CLx
near-infrared scanner (LI-COR Biosciences, Lincoln, NE, USA). Image acquisition and data
analysis were performed with Image Studio v5.2 software (LI-COR Biosciences, Lincoln, NE,
USA).

15 BIOINFORMATICS ANALYSIS

Bioinformatics analyses were performed using data collected in The Cancer Genome
Atlas (TCGA) (https://portal.gdc.cancer.gov), TCGA-MESO (MESO, mesothelioma;
https://portal.gdc.cancer .gov/projects/sTCGA-MESO), and TCGA-OV (OV, ovarian serous
cystadenocarcinoma; https://portal.gdc.cancer.gov/projects/TCGA-OV). The data were
downloaded and analyzed independently with the R software, or analyzed using bioinformatics
tools available online, such as Gene Expression Profiling Interactive Analysis (GEPIA)2 (Tang
et al., 2019) and GEPIA2021 (Li et al., 2021). Analyses for the estimation of the different
cellular fractions starting from bulk RNA Sequencing data were carried out using the
GEPIA2021 tool, based on the TCGA-MESO database, and applying three different
deconvolution tools: CIBERSORT (Newman et al., 2015), EpIC (Marciniuk et al., 2015), and
quanTlseq (Finotello et al., 2019).

16 STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism 9.5.0 software (GraphPad
Software, San Diego, USA). The results of cytotoxicity tests were analyzed with the two-way
ANOVA (analysis of variance) statistical test corrected for multiple comparisons or with the
two-tailed Student's t-test. Data were expressed as mean of mortality percentages + standard
error mean (SEM) for experiments carried out on cell lines or mean + standard deviation (SD)
for experiments carried out on different primary cell populations. The statistical analysis relating
to the Kaplan-Meier curves was carried out using the Logrank (or Mantel-Cox) and Gehan-

Breslow-Wilcoxon tests, considering p < 0.05 as significant.

61



RESULTS AND DISCUSSION

CHAPTER 1: THE COMPLEMENT SCORE IN MALIGNANT PLEURAL
MESOTHELIOMA

1.1 BIOINFORMATICS ANALYSIS OF COMPLEMENT COMPONENTS IN
MALIGNANT PLEURAL MESOTHELIOMA

Over recent years, an ever-growing body of research has reported a pivotal role of the C
in the TME of several human cancers, due to its interplay with TIME and the complex
involvement in tumour progression (Revel et al., 2020b, Ain et al., 2021, Kolev et al., 2022, Lei
et al., 2023). Since C is associated with an ambivalent prognostic impact in different groups of
tumours (Roumenina et al., 2019b, Revel et al., 2020a), an in-depth understanding of the TME
composition in terms of C components may provide entry points for novel therapeutic
approaches.

The contribution of C in MPM progression has been scarcely investigated up to now,
with observations limited to a few components. Bioinformatics analysis of the prognostic
significance of C components in human malignancies highlighted a “protective role” of C in
MPM (Roumenina et al., 2019b), thus a higher expression of genes encoding components of the
classical and alternative pathways was associated with good prognosis. Klikovits et al. have
reported a correlation of C4d plasma and tissue levels with tumour volume, chemotherapeutic
response, and MPM patient survival (Klikovits et al., 2017). gC1gR overexpression has been
described in MPM, being associated with increased survival of patients treated with
chemotherapy (Li et al., 2019b). Moreover, Peerschke and colleagues demonstrated that
blocking gC1gR with the monoclonal antibody 60.11 reduced MPM tumor mass due to
enhanced apoptosis and reduced neovascularization (Peerschke et al., 2020) The most
extensively described C component in MPM is C1q, which enhanced tumour cell proliferation,
adhesion, and migration (Agostinis et al., 2017), and was involved in the modulation of HA

metabolism in a pro-tumorigenic manner in MPM (Vidergar et al., 2021, Balduit et al., 2023b).
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To give a preliminary insight into C expression in MPM, we initially performed
bioinformatics analysis based on a publicly available database, namely TCGA-MESO, which
collected raw transcriptomic data of 86 MPM patients. The mMRNA expression levels of C
components were expressed as fragments per kilobase million (FPKM) and classified as high
expression (>100 FPKM), intermediate expression (10-100 FPKM), and low expression (<10

FPKM) C components, as summarized in Figure 12.
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Figure 12. Graphical representation of gene expression profiles of complement components in malignant
pleural mesothelioma. According to raw transcriptomic data of the TCGA-MESO, complement (C) components
can be classified into three categories: high (red), intermediate (yellow), and low (blue) expression components.
MRNA expression levels are reported as fragments per kilobase million (FPKM). The image was created by
BioRender.com. Abbreviations: C1QBP, C1q binding protein/gC1gR; C3AR1, C3a receptor 1; C4BPA/B, C4b-
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binding protein A/B; C5AR1, C5a receptor 1; CFB, complement factor B; CFD, complement factor D; CFH,
complement factor H; CFHR, complement factor H related protein; CFI, complement factor I; CFP, properdin;
CLU, clusterin; COLEC, collectin; CR, complement receptor; CSMD, CUB and Sushi multiple domains; ELANE,
neutrophil elastase; F2, coagulation factor II; FCN, ficolin; ITGAM/X, integrin subunit alpha M/X; ITGB2, integrin
subunit beta 2; MASP, MBL-associated serine protease; MBL, mannose-binding lectin; SERPING1, C1-inhibitor;

VSIG4, V-set and immunoglobulin domain containing 4; VTN, vitronectin.

We observed a prevalent pattern of most human cancers, being characterized by high
expression levels of the classical pathway components, alternative pathway components, and
regulators (in particular, those acting at the level of C1 and C3 convertases), but very low
expression levels of the lectin and terminal pathway components (Roumenina et al., 2019b).
This pattern of expression may support the hypothesis that tumour cells evolve and adapt to
avoid MAC formation and CDC via selective pressure. Thus, C activation at the tumour site can
be mainly sustained by local expression of classical and alternative pathway components to
generate large amounts of tumour-promoting anaphylatoxins (i.e., C3a and C5a). Interestingly,
we found that the three genes coding for C1q (i.e., C1QA, C1QB, and C1QC) pertain to the top
10 most highly expressed genes in MPM, confirming our previous evidence of C1q abundance
and potential importance in this specific tumour setting (Agostinis et al., 2017, Vidergar et al.,
2021, Balduit et al., 2023b).

We should keep in mind that the evaluation of mRNA expression levels in a tumour
setting of interest is particularly sound when compared to the healthy tissue counterpart.
Unfortunately, a comparison of differential gene expression profiles between MPM samples and
normal tissues (i.e., healthy pleural tissue) could not been possible due to the absence of
appropriate control samples in publicly available datasets [e.g., TCGA normal and Genotype-
Tissue Expression (GTEX) Portal].

Due to the potentially weak biological significance, the factors displaying low mRNA
expression levels (<10 FPKM) were excluded from further analyses. Thus, we performed
bioinformatics survival analysis based on gene expression levels to determine the prognostic
significance of high expression and intermediate expression C components in MPM. We took
advantage of two different publicly available bioinformatics tools, namely GEPIA2 and
UALCAN, utilizing RNA-Sequencing data available in the TCGA-MESO dataset (n =86 MPM
patients). The prognostic value was evaluated only in terms of OS since no evidence has been
previously achieved that PFS could be considered a valid surrogate endpoint for OS in MPM,

due to the diagnosis at advanced disease stages and the poor disease outcome (Wang et al.,
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2017). Our results revealed that 7 C activators (i.e., CFB, CFD, C1R, C1S, C4A, C4B, and C3;
Table 6) and 3 C regulators (CFl, C4BPB, and SERPING1; Table 7) could be potentially
associated with a favorable prognostic outcome of the patients, according to the significative p
obtained in at least one tool. Slight differences could be observed when comparing the results
obtained via these two tools, mainly due to the diverse selection of the group cut-off, set at the

median or third quartile of expression, respectively.

Table 6. List of complement activation components and their correlation to overall survival.

Gene GEPIA2 UALCAN
Approved name Log-rank p | HR (high) p (HR) | Log-rankp
CFB complement factor B 0.00057 0.43 0.00079 <0.0001
CFD complement factor D 0.028 0.58 0.031 n.s.
C1QA complement C1qg A chain 0.22 0.74 0.21 n.s.
C10B complement C1q B chain 0.12 0.68 0.12 n.s.
Cc1QcC complement C1q C chain 0.42 0.82 0.4 n.s.
C1R complement C1r 0.033 0.6 0.035 0.0076
C1S complement C1s 0.15 0.71 0.15 0.011

C2 complement C2 0.096 0.66 0.097 n.s.

C3 complement C3 0.0025 0.47 0.0029 0.02
C4A complement C4A 0.0077 0.53 0.0089 n.s.
C4B complement C4B 0.0037 0.5 0.0047 n.s.

Cc7 complement C7 0.13 0.7 0.14 n.s.

GEPIAZ2 uses the Log-rank test, or Mantel-Cox test, for hypothesis testing. The calculation of hazard ratio (HR) is

based on the Cox proportional-hazards model. UALCAN uses Log-rank test. p < 0.05 were considered significant.

Abbreviations: n.s., not significant.

Table 7. List of complement regulators/receptors and their correlation to overall survival.

Gene GEPIA2 UALCAN

Approved name Log-rank p | HR (high) p (HR) | Log-rankp
CD46 CD46/MCP 0.095 0.67 0.099 n.s.
CD55 CD55/DAF 0.34 1.3 0.33 n.s.
CD59 CD59 0.82 0.95 0.83 n.s.
CFH complement factor H 0.46 1.2 0.43 n.s.

CFI complement factor | 0.022 0.58 0.025 0.00044

CLU clusterin 0.36 0.81 0.37 n.s.
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C3AR1 complement C3a receptor 1 0.21 0.73 0.21 n.s.
C4BPA complement component 4 0.34 0.79 0.35 n.s.
binding protein alpha
C4BPB complement component 4 0.62 1.1 0.61 0.0056
binding protein beta
ITGB2 integrin subunit beta 2 0.41 0.81 0.4 n.s.
SERPING1 Cl-inhibitor 0.00033 0.42 0.00049 0.0014
VSIG4 V-set and immunoglobulin 0.71 0.91 0.7 n.s.
domain containing 4
VTN vitronectin 0.55 0.87 0.56 n.s.

GEPIAZ2 uses the Log-rank test, or Mantel-Cox test, for hypothesis testing. The calculation of hazard ratio (HR) is
based on the Cox proportional-hazards model. UALCAN uses Log-rank test. p < 0.05 were considered significant.

Abbreviations: n.s., not significant.

Publicly available bioinformatics tools offer powerful resources and additional
opportunities for scientists, being extraordinarily user-friendly and helpful in setting out further
analyses. However, these web sources also display some limitations. In particular, GEPIA2
retrieves expression data from the TCGA-MESO dataset, which comprises a highly
heterogenous cohort of patients according to histology, age at diagnosis, molecular profiling,
surgery, and chemotherapeutic treatments (Hmeljak et al., 2018). These pitfalls can be easily
overcome by directly analyzing the bulk RNA-Sequencing data deposited in TCGA datasets.
For this purpose, based on our previous evidence of the pivotal role of C1g in MPM (Agostinis
etal., 2017, Vidergar et al., 2021, Balduit et al., 2023b), we repeated the analysis for C1q genes
and we generated Kaplan-Meier plotters for C1QA, C1QB, and C1QC by using raw
transcriptomic data collected in the TCGA-MESO. First, TCGA-MESO cohort, depleted from
the 5 cases of not otherwise specified (NOS) MPM (n = 81), was analyzed by splitting the
patients into two groups — low and high expression of C1QA, C1QB, and C1QC — according to
the median (Figure 13A). We confirmed the absence of any significant difference, consistently
with bioinformatics analysis performed via GEPIA2. Since the histotype-related heterogeneity
of TCGA-MESO cohort represented our main concern, the Kaplan-Meier curves were then
generated by separating the epithelioid histotype (n = 57; Figure 13B) from biphasic and
sarcomatoid histotypes (n = 24; Figure 13C).
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Figure 13. Kaplan-Meier plotters for the prognostic value of C1q genes in malignant pleural mesothelioma.

Kaplan-Meier plots were generated for the evaluation of overall survival in the complete MPM cohort of TCGA-
MESO (n = 81; depleted from not otherwise specified MPM) (A), and in the cohort divided by histotypes:
epithelioid (E, n = 57) (B) or biphasic/sarcomatoid (B + S, n = 24) histotypes (C). Patients were divided into high
(red) and low (blue) expression of C1QA, C1QB, and C1QC, according to the median. Log-rank test between the

two groups was significant for C1QA and C1QB, when analyzing the epithelioid histotype alone. p < 0.05 were

considered significant.
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The biphasic and sarcomatoid histotypes were evaluated together as they usually show a
more rapidly evolving clinical trend than the epithelioid and they share the presence of
sarcomatoid components. In addition, sarcomatoid cases (n = 2) are poorly represented in the
database due to their rarity and could not be individually analyzed for statistical significance.
Interestingly, a higher expression of C1QA and C1QB was associated with longer OS of the
patients only when analyzing the epithelioid histotype (Figure 13B). A proper evaluation of the
histotype-related differences is a key point to consider since these major histologic subtypes
have a pivotal impact on prognosis and treatability. Sarcomatoid histotype has been reported as
a poor prognostic factor for MPM patients (Mansfield et al., 2014).

As discussed above, survival-based bioinformatics analyses are essential to identify
potential prognostic and predictive biomarkers in tumours and can be helpful to drive further
analyses. Some limitations of these tools should also be considered, such as the cohort
heterogeneity, the underlying clinical study designs, and the actual clinical utility of the
identified molecular and genetic biomarkers (Chen et al., 2014). In the field of C, a plenty of
studies has been currently published about the prognostic significance of individual C
components in specific human cancers (Mangogna et al., 2019a, Mangogna et al., 2019b, Chen
et al., 2021, Huang et al., 2021, Yang et al., 2022a). However, they are usually limited to
preliminary in silico analysis and should be confirmed by complex studies involving protein
detection and functional assays. Moreover, evaluating the expression of C genes may not reflect
the actual protein amount of C components present at the tumor site. In fact, there is still a lack
of clarity regarding the different contribution of systemic C proteins, and local activation or
production of C components in the TME. Bioinformatics analysis can only provide information
about C components produced at the tumor site, neglecting the contribution of systemic C
components and C products due to local activation. The assessment of a tumour-specific
“Complement Score”, based on protein evidence, should be combined to the already validated

immune scores for predicting prognosis and determining therapeutic approaches in cancer.
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1.2 IMMUNOHISTOCHEMICAL ANALYSIS OF COMPLEMENT
COMPONENTS IN MALIGNANT PLEURAL MESOTHELIOMA

In the last few years, the study of immuno-oncology has modified the paradigm of cancer
treatment, with ever-growing evidence about the clinical impact of understanding the TME and
immune context to control tumour progression. To date, the development of a successful
immunotherapeutic protocol may be favoured by a preventive evaluation of the so-called
“Immunoscore”, in order to ensure long-lasting clinical responses and enhanced patient benefits
(Galon et al., 2014). Immunoscore is a powerful prognostic and potentially predictive tool which
aims to quantify the in situ immune infiltrate and provide a scoring system of immune cell
density, ranging from 0 (low) to 4 (high). It is commonly based on categorizing the density of
two lymphocyte populations [i.e., CD3* (pan-T cell marker) and CD8* T cells (CTL marker)]
in the tumour core and in the invasive margin, as clinically useful prognostic markers of patient
outcome. Due to its outperformance as compared to the gold standard TNM classification,
Immunoscore has already been validated for colorectal cancer (Pageés et al., 2018). Its robustness
has been under evaluation in several tumours (Galon et al., 2012, Galon et al., 2016), including
MPM (Fusco et al., 2020).

Starting from the Immunoscore model, we aimed to develop the newly defined
“Complement Score”, based on the quantification of potentially significant C components in the
TME of MPM (Balduit et al., 2023a). Bioinformatics analyses described in the previous
paragraph were functional in providing an initial selection of the most promising C markers in
MPM. Considering that around 10-15% of cores are usually lost from any TMA experiment
(llyas et al., 2013), the limited amount of histologic material available on TMAs allowed us to
focus the current investigation only on the five most promising C markers, based on the higher
p, potential biological significance, or literature consultation: CFB, C1s, CFI, C1INH, and C1q.

Once selected the potentially prognostic C markers, we thus proceeded with the
validation of primary antibodies by Western blot analysis to test their specificity, and by IHC
on control tissues (i.e., liver for CFB, C1s, CFl, and C1INH; reactive lymph node for C1q) to
set up the optimal experimental conditions. We then performed IHC on MPM tissue sections.
IHC analyses were performed in parallel on tissue microarrays (TMAS) of 71 MPM patients,
enrolled at the “Fondazione IRCCS Ca’ Granda — Ospedale Maggiore Policlinico” (Milan,
Italy), and on whole section FFPE slides (WSs) of 17 MPM patients, enrolled at the “Cattinara”
University Hospital (Trieste, Italy). Results obtained in IHC analysis detected highly variable
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expression levels of C components among MPM patients. Figure 14 shows representative
microphotographs of C components in a single MPM patient. As a common trend among MPM
patients, we could observe that CFB, C1s, CFI, and C1INH displayed a cytoplasmic positivity
of tumour cells, often only focally, whereas C1q presence was mainly detected as both deposit
and positivity of monocytes/macrophages, as previously reported (Agostinis et al., 2017). C1q
positivity was also observed in the endothelial cells of intra-tumoral neo-vessels. Interestingly,
a high amount of C1q was detected as diffusely deposited in the tumoral stroma and particularly
associated with the cell membrane of tumour cells, suggesting a potential binding of C1q to

tumour cell membrane.
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Figure 14. Immunohistochemical staining for CFB, Cls, CFIl, C1INH, and Clq, in malignant pleural
mesothelioma. Sequential sections of malignant pleural mesothelioma (MPM) tissue were stained with
haematoxylin & eosin (H&E) (A), CFB (B), C1s (C), CFI (D), C1INH (E), and C1q (F). C1INH, C1s, CFB, and
CFI displayed a cytoplasmic positivity of tumour cells, often only focally, whereas C1q presence was mainly
detected as both deposit and positivity of monocytes/macrophages. Staining was detected via 3-amino-9-
ethylcarbazole (AEC) chromogenic substrate. Nuclei were stained with Mayer’s Hematoxylin. Magnification,
100x. Scale bars, 100 pum.

The expression of C components was scored as a percentage of positivity in tumour cells
(TCs), percentage of positivity in immune cells (ICs), and presence/absence of deposit. In
similar studies, a consensus about the optimal scoring method to investigate novel biomarkers

is still lacking. Some rely on either the intensity score, the percentage of immunopositive cells,
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or a multiplication of both (Kim et al., 2016). Here, we decided to exclude the intensity score
for several reasons: in particular, intensity can be extremely subjective and can be altered by
uneven thickness of the section, subtle inconsistencies of manual incubation times, and degree
of background staining. From the statistical and bioinformatics perspective, the optimal scoring
procedure consists in gathering continuous data (i.e., percentage of positive cells), which can be
converted into categorical data if necessary (llyas et al., 2013).

IHC results are summarized in Figure 15, and they give information at different levels,
considering the expression of each C component as a percentage of positive MPM cases (Figure
15A-C) or as a percentage of positive cells (Figure 15D-E).
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Figure 15. Expression of the complement components in malignant pleural mesothelioma, comparing tissue
microarrays and whole sections. Representative histograms of the IHC results obtained in the cohort of tissue
microarrays (TMAs; n = 71) and whole tissue sections (WSs; n = 17), considering the percentage of positive cases

for tumour cells (TCs) (A), immune cells (ICs) (B), and presence of deposit (C). Moreover, the percentage of
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positive TCs (D) and ICs (E) was evaluated for each C component. Numerosity (N) of cases analysed in TMAS is
highly variable since these sections are more prone to tissue loss than WSs. The percentage of positive TCs and
ICs in TMAs and WSs were compared by multiple unpaired t-test, based on the false discovery rate (FDR). “nd”
(“not discovery”) indicates no statistically significant differences between the two cohorts, while “*” indicates a

statistically significant difference between the two cohorts (p < 0.05). SD, standard deviation.

C components were variably expressed among patients, showing positivity in both TCs
and ICs. In line with our previous observations (Agostinis et al., 2017), C1q positivity was never
detected as intracellular or membranous staining in TCs of any of MPM cases, but only in ICs
and as presence of deposit. Except for Clq, almost all MPM cases were positive for C
components when analysing TCs (Figure 15A), while lower percentages of positive cases were
observed when considering I1Cs (Figure 15B). The presence of deposited C components was
variably detected among patients and mainly present for C1q (Figure 15C).

As regard the percentage of positive TCs and ICs for each C component, we performed
multiple t-test to compare the results of TMAs and WSs. Comparable results were obtained only
for C1INH and C1q in TCs (Figure 15D), and for C1q, C1s, and CFB in ICs (Figure 15E). We
should consider the phenomenon of “segregated heterogeneity”, a particular pattern of
heterogeneity of tumours displaying spatially distinct areas of high, low, or even absent
biomarker expression. This phenomenon appears to be more relevant for specific tumour
biomarkers (Allott et al., 2016), and we can hypothesize a similar pattern of expression for some
C components we analysed, justifying a higher grade of discordance between TMAs and WSs.

In our study, TMAs allowed the detection of TC positivity in a higher number of cases,
while IC positivity and presence of deposit were detected in a lower number of cases, as
compared to WSs. Differences may be due to the limited representativeness of intra-tumour
spatial heterogeneity allowed by TMAs: even a small change in the relative proportion of cell
types (TCs or ICs) may determine an alteration in the percentage detected. To this reason,
previous studies demonstrated a substantial agreement between individual cores and the
corresponding WS only when considering a minimum of four cores (Kao et al., 2011).

This analysis was helpful to gain a preliminary insight into the distribution of C
components in MPM TME, and to compare TMAs and WSs as IHC techniques. TMASs represent
a powerful method for undertaking large-scale tissue-based biomarker studies. First, hundreds
of specimens can be processed simultaneously using identical conditions and potentially
generating large amounts of data (i.e., biomarker expression, clinic-pathological parameters, and

survival/recurrence of the patients). Moreover, it is a cost-effective technique, being highly time-
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and reagent-saving. Conversely, the main criticism is represented by the limited amount of tissue
analysed, which may scarcely resemble tumour heterogeneity, particularly in malignant

epithelial tumours (Khouja et al., 2010).

1.3 PRODUCTION OF COMPLEMENT COMPONENTS IN MALIGNANT
PLEURAL MESOTHELIOMA

The tumour has a rich C environment, in which different non-malignant host cell types
and tumour cells contribute to the production of extracellular C components. The tumour cells
are active in producing C proteins in the TME, where they can promote C activation or stimulate
tumour growth directly and independently of the C cascade activation (Roumenina et al.,
2019b). Moreover, immune and non-immune cells (e.g., fibroblasts) are able to express and
secrete C proteins in the TME (Kolev et al., 2022). Liver-derived C components can also reach
the TME via the rich tumour vasculature and contribute to local effects.

In order to better characterize the production of C components in the MPM TME and to
determine the active contribution of tumour cells, we performed Real-Time gPCR on a pool of
primary cells isolated from MPM biopsies (MES, n = 5), as compared to HepG2 (hepatocellular
carcinoma cell line) for CFB, C1S, CFI, and SERPING1, or THP-1 (human leukemia monocytic
cell line) for C1q genes (C1QA, C1QB, and C1QC). All C components were variably expressed
by MES cells (Figure 16A-D), with a particularly high expression of C1S and SERPING1.
These results demonstrated the direct production of C components by MPM tumour cells and
confirmed the high percentage of TC positivity previously observed in IHC.

Up to now, few studies have focused on the local production of C components by tumour
cells. Significantly elevated mRNA and protein expression levels of Cls, CFB, and CFl in
tumour cells have been already observed in cutaneous squamous cell carcinoma, without
evidence of C activation (Riihila et al., 2015, Riihila et al., 2017, Riihila et al., 2020). C1s was
expressed by tumour cells also in ccRCC, where it exerted emerging non-canonical and
intracellular functions (Daugan et al., 2021a). Evidence of CFB expression was reported in
pancreatic ductal adenocarcinoma cell lines (Shimazaki et al., 2021). C1LINH upregulation was
demonstrated in glioblastoma cell lines (Fornvik et al., 2017). Immunostainings of prostate
cancer tissues revealed a weak C1INH positivity in the cytoplasm of tumour cells, reporting a

downregulation as compared to normal prostate tissues (Peng et al., 2018).
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Figure 16. Local production of complement components by primary tumour cells of malignant pleural
mesothelioma. Total mMRNA expression levels of CFB (A), C1S (B), CFI (C), SERPING1 (D), and C1QA,
C1QB, and C1QC (E) were analyzed by Real-Time gPCR. TATA-box binding protein (TBP) was used as a
housekeeping gene to normalize gene expression results. HepG2 (hepatocellular carcinoma cell line) or THP-
1 (human leukemia monocytic cell line) were used as calibrators. Data were expressed as a mean of three
experiments performed on a pool of different MPM populations (n = 5) in technical duplicates + standard
deviation (SD). *p < 0.05; **p < 0.01; ***p < 0.001 (unpaired two-tailed t-test).

As regards C1q, we could not detect any expression of C1QA, C1QB, and C1QC by MES
cells (Figure 16E), so they do not appear to contribute directly to the local production of C1q
in the MPM TME. In physiologic conditions, C1q is synthesized mainly by cells of myeloid
origin (i.e., monocytes, macrophages, DCs), but also by Kupffer cells, glial cells, mast cells,
fibroblasts, endothelial cells, trophoblasts, and epithelial cells (Al-Adnani and McGee, 1976,
van Schaarenburg et al., 2016, Thielens et al., 2017). In the TME, especially TAMs, but also
DCs and CAFs, are the major producers of C1q (Roumenina et al., 2019a, Revel et al., 2022).
Conversely, Clq production by tumour cells has never been demonstrated, even though
activated or proliferating cells, as in the case of tumour cells, can show the presence of Clq

bound to their surface with autocrine and/or paracrine action (Kouser et al., 2015, Ghebrehiwet
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etal., 2017, Ghebrehiwet, 2018, Roumenina et al., 2019b). In ccRCC tumours, Roumenina and
colleagues demonstrated that C1q is mainly produced by a subgroup of M2-like TAMs in the
TME. TAM-derived C1q is hijacked by tumour cells, which produce C1s and C1r, to initiate the
C cascade (Roumenina et al., 2019a).

Starting from the evidence that macrophages are the major producers of C1q in the TME
(Roumenina et al., 2019a), we aimed to investigate whether tumour cells could have an indirect
effect by impacting the synthesis of C1q by macrophages. Thus, resting macrophages were
stimulated with the conditioned media (CM) of MES cells, compared to the CM of a normal
mesothelial cell line, namely Met5A. Analyzing the mMRNA expression of the three C1q genes
by Real-Time gPCR, we could observe that the stimulation with MES CM significantly
increased the expression of C1q genes, as shown in Figure 17A. To confirm this observation
also at the protein level, C1lq production was measured by a commercially available ELISA Kkit.
The results were consistent with our previous observations at the mRNA level, confirming an
increased C1q synthesis (Figure 17B). We then tested the effect of MES CM after ultra-
centrifugation, which was the first technique used to isolate or remove EVs successfully (Théry
et al., 2006). Interestingly, we noticed that CM after ultra-centrifugation could no longer
increase C1q production by macrophages (Figure 17B). These results suggested us that the
tumour cells can indirectly prompt C1qg production by macrophages in the TME and that the
crosstalk between tumour cells and macrophages could be mediated by EVs. The EVs generated
by tumour cells play a pivotal role in cell communication since they contain functionally active
biological material, such as MRNA, miRNA, and proteins, being able to transmit specific signals
capable of determining the fate of surrounding and distant cells via the circulatory and lymphatic
stream (Kalluri and McAndrews, 2023). According to numerous studies, tumour cell-derived
EVs can highly modulate the phenotypes and functions of macrophages, thus promoting tumour

progression (Tian et al., 2023).
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Figure 17. Evaluation of the effect of primary MPM conditioned media on Clqg production by
macrophages. Resting macrophages were stimulated with a pool of conditioned media (CM) of primary
MPM cells (MES; n = 5) or CM of Met5A (normal mesothelial cell line) for 24 h. (A) mRNA expression
levels of C1QA, C1QB, and C1QC were analyzed by Real-Time qPCR. 18S was used as a housekeeping gene
to normalize gene expression results. (B) ELISA was performed to quantify C1q production after stimulation
with Met5A CM, MES CM, or ultra-centrifuged (UC) MES CM. Data were expressed as a mean of three
experiments performed in technical duplicates + standard deviation (SEM). **p < 0.01; ***p < 0.001; ****p
< 0.0001 (paired two-tailed t-test).

Up to this point, our knowledge about C1q production in MPM TME was mainly limited
to a primary involvement of macrophages and an indirect contribution of tumour cells. Thus, we
attempted to characterize TME composition for C1q expression by inferred cell proportion
analysis. Bioinformatics analyses performed via GEPIA2021 webserver allowed to profile
individual cells within MPM tissue by combining three deconvolution tools (CIBERSORT,
EPIC, and quanTlseq) to bulk RNA-Sequencing data of TCGA-MESO. Our results were almost
overwhelming for the three genes (C1QA, C1QB, and C1QC). Thus, we reported only the box
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plots relating to C1QB in Figure 18, as representative. These analyses confirmed that
macrophages, in particular those adhering to an M2-like phenotype, are the major producers of
Clqg in MPM. To a lesser extent, CAFs and activated mast cells also resulted as contributors to
Clqg production in the MPM TME. Endothelial cells and DCs, which were described to
participate in the production of C1q in cancer (Roumenina et al., 2019b), seemed to be not
particularly involved in this process in MPM.

Publicly available tools for deconvolution analysis may allow to infer single-cell
compositions from bulk RNA Sequencing data in a simple manner, but they display several
limitations. Most notably, the high heterogeneity of the TCGA-MESO cohorts with respect to
histotype and treatment could be a possible confounding factor. The validation of novel
deconvolution-based algorithms, measuring absolute proportions of relevant immune cell types
from RNA Sequencing data, or the use of single-cell RNA Sequencing will be needed to dissect
the actual contribution of tumour, immune, and stromal non-immune cells to C components’
production in the TME.
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Figure 18. Bioinformatics analyses for the characterization of Clg production in the tumour
microenvironment of malignant pleural mesothelioma. The box plots represent the expression of the C1QB
gene in dendritic cells (DCs), mast cells (MCs), naive and memory CD4* T lymphocytes, regulatory T
lymphocytes (Tregs), tumour-associated fibroblasts (CAFs), monocytes, macrophages (M®) M0O/M1/M2,
natural killer cells (NKs), eosinophils, neutrophils, and endothelial cells (ECs), in malignant pleural
mesothelioma (MPM), analysing RNA-Sequencing raw data of TCGA-MESO by three deconvolution tools,
namely CIBERSORT, EPIC, and quanTlseq. Abbreviations: A, activated; R, resting; TPM, transcripts per

kilobase million.
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1.4 DIFFERENTIAL EXPRESSION OF COMPLEMENT COMPONENTS IN
EPITHELIOID AND SARCOMATOID MESOTHELIOMA

The histological classification of MPM in three different histotypes (i.e., epithelioid,
sarcomatoid, and biphasic MPM) is prognostically critical, determining both survival outcome
and therapeutic strategies (Richards, 2017). Sarcomatoid histology is usually associated to a
poorer survival rate (Mansfield et al., 2014). Notably, biphasic MPM represents a mix of
epithelioid and sarcomatoid components, being a highly heterogenous entity in which the overall
extent of the sarcomatoid component affects the features and the clinical progression of the
disease. Recent evidence suggested that epithelioid and sarcomatoid MPM do not correspond to
isolated entities but rather two extreme conditions of a cell trans-differentiation process
converting well-differentiated cells into scarcely differentiated phenotypes promoting tumour
aggressiveness. The alteration of the TME, due to the dynamic interplay between tumour cells
and immune cells, suggests an active contribution of the immune system in the transition
towards sarcomatoid morphology (Torricelli et al., 2023).

Aiming to investigate a potential involvement of C in this transcriptionally-driven
structural reorganization, we first performed bioinformatics analysis based on the raw RNA-
Sequencing data collected in the TCGA-MESO in order to gain insight into the differential
expression of C components among MPM histotypes (epithelioid, n = 57; biphasic, n = 22;
sarcomatoid, n = 2). As represented in Figure 19A-D, significantly higher mRNA expression
levels of C components were observed in epithelioid MPM cases as compared to biphasic ones.
Statistical significance was not reached when considering the sarcomatoid histotype, probably
due to its poor representativeness in the TCGA-MESO database. In any case, we could highlight
an overall decrease of C gene expression in the transition from epithelioid to sarcomatoid
histotypes, observing an intermediate expression in biphasic ones. The inverse correlation
between the expression of C components and MPM aggressiveness may suggest a prognostically
favorable role of these proteins. As regards C1q, it was possible to observe an opposite trend,
with slightly enhanced gene expression of all three C1q genes (C1QA, C1QB, and C1QC) in the
transition from epithelioid to sarcomatoid histotype (Figure 19E), even though significance was

not reached in either of the three genes.
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Figure 19. Bioinformatics analysis of complement components in epithelioid, biphasic, or sarcomatoid
malignant pleural mesothelioma. Histograms representing the expression levels of CFB (A), C1S (B), CFlI
(C), SERPINGL1 (D), and C1q genes (i.e., CLQA, C1QB, and C1QC; E), expressed as fragments per kilobase
million (FPKM), in epithelioid (n = 57), biphasic (n = 22), and sarcomatoid (n = 2) histotypes. Bioinformatics
analyses were based on the raw RNA-Sequencing data collected in the TCGA-MESO. Significantly lower
levels of CFB, C1S, CFl, and SERPING1 were observed in biphasic malignant pleural mesothelioma (MPM),
compared to epithelioid MPM. **p < 0.01; ***p < 0.001 (one-way ANOVA).

Based on these promising observations at the mRNA level, we also evaluated the protein
expression levels of C components in MPM histotypes. To this purpose, we analyzed the results
of IHC performed on TMAs, by splitting MPM cases into epithelioid and sarcomatoid/biphasic
histotypes. Contrarily to the mRNA level, we observed no significant difference in the protein

expression when considering both TCs and ICs (Figure 20).
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Figure 20. Expression of the complement components in epithelioid and sarcomatoid malignant pleural
mesothelioma. Histograms representing the expression of complement components, CFB (A), C1s (B), CFI
(C), C1INH (D), and C1q (E), expressed as a percentage of positive tumour (TCs) or immune (ICs) cells, in
epithelioid (e; blue) and sarcomatoid (s; brown) malignant pleural mesothelioma (MPM) cases. Despite the
presence of biphasic MPM cases, all cases were re-reviewed according to the latest World Health
Organization (WHO) classification and dichotomously re-classified as eMPM (i.e., no sarcomatoid
component) or SMPM (i.e., pure sarcomatoid MPM and mixed/biphasic MPM). Immunohistochemical

analyses were performed on tissue microarrays (n = 71). No statistically significant difference was observed
(multiple unpaired t-test).

Based on the novel evidence of a transition from epithelioid to sarcomatoid MPM
(Torricelli et al., 2023), 8 cases of biphasic MPM were selected from a retrospective cohort of
patients from the Pathological Anatomy Unit of the USL-IRCCS of Reggio Emilia. Biphasic
MPM may represent an intermediate condition of this newly characterized transition. Thus,
analyzing tumour sections obtained from FFPE blocks, 139 regions of interest (ROI) were
identified, including 68 epithelioid and 71 sarcomatoid areas. The ROIs were selected by two
expert pathologists according to hematoxylin and eosin staining and markers, such as PanCK
(pan-cytokeratin), CD45, and Syto13, in order to trace the ROIs indicative of the epithelioid or
sarcomatoid components. Figure 21A provides a representative image of the strategy by which
tumoral ROIs were selected within the sections. The gene expression analysis was then carried
out with the NanoString GeoMxTM Digital Spatial Profiler, applying the Cancer Transcriptome
Atlas panel, which includes 1,800 genes of NanoString GeoMxTM. Interestingly, CFB, C1S,
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CFI, and SERPING1 expression appeared to be significantly lower in sarcomatoid components
as compared to epithelioid areas (Figure 21B-E). On the contrary, we observed a higher
expression of C1QA and C1QB mRNA in the sarcomatoid histotype, compared to the epithelioid
one (Figure 21F-G). The C1QC gene was not analyzed since it was not included in the panel

used for the analyses, but we can hypothesize a similar result.
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Figure 21. Evaluation of complement gene expression in epithelioid and sarcomatoid MPM areas by
Digital Spatial Profiling. (A) Representative image of multiplex immunofluorescence based on CD45
(green), Sytol13 (blue), and pan-cytokeratin (PanCK, red) expression, in order to select the regions of interest
for the presence of epithelioid and sarcomatoid components. (B-G) Histograms for the differential expression
of CFB, C1S, CFI, SERPING1, C1QA, and C1QB in epithelioid (n = 68) and sarcomatoid (n = 71) MPM
areas. A higher expression of CFB, C1S, CFI, and SERPING1 was detected in epithelioid areas, while a higher

expression of C1QA and C1QB in sarcomatoid areas. p < 0.05 were considered significant.

These results, albeit preliminary and limited to the transcriptional level, suggested that
C components may have an involvement also in the trans-differentiation from epithelioid to
sarcomatoid MPM. This may be due to the functional relevance and interplay of inflammatory
context, immune system, and C in the mechanisms that drive MPM evolution (Torricelli et al.,
2023). Analyzing the same 8 cases of biphasic MPM, Torricelli and colleagues confirmed a deep
reorganization of the immune landscape during transition, being associated with upregulation of
genes involved in inflammation and increased immune infiltration. A relevant polarization
towards M2-like TAMs and a correlation with T-cell specific immune checkpoints were also
demonstrated in sarcomatoid components (Torricelli et al., 2023). We may suppose that the
higher expression of C1q genes associated to the sarcomatoid components is mainly due to the
increased presence of infiltrating immune cells, in particular M2-like TAMs, able to produce
C1qg. There is accumulating evidence that the sarcomatoid components, in addition to a higher
expression of immune checkpoint molecules (e.g. PD-L1 and CTLA-4) and of T regs (FOXP3*
CD25* CD4* T cells), are enriched in macrophages, MDSCs, DCs, CAFs, and ECs, which are
widely recognized as leading producers of C1q (Blum et al., 2019).

Interestingly, we observed a downregulation of the transcripts of all the other C
components (i.e., CFB, C1S, CFI, and SERPING1) in sarcomatoid areas. This finding may be
explained by a different grade of tumour cellularity. A recent study by Balancin et al. reported
amodest tumour cellularity in sarcomatoid components as compared to the prominent cellularity
of epithelioid histotype (Balancin et al., 2022). We should consider that C1q is produced by
immune infiltrate, while the contribution of tumour cells is fundamental in the production of the
other C components analyzed. The dramatic reorganization of cell distribution between the two
histotypes may determine a reduction in tumour cell proportion in sarcomatoid areas,
consistently with a decreased presence of CFB, C1S, CFl, and SERPING1 transcripts.

Thus, C seems to be indirectly involved in epithelioid-to-sarcomatoid transition in MPM,

being helpful to monitor the dynamic and spatial changes in tumour and immune cell
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distribution. Unfortunately, Digital Spatial Profiling allows only descriptive transcriptomic
studies (Hernandez et al., 2022), which will require further investigation through evidence at the
protein level (e.g., presence of C deposits) and functional studies. The latter are essential to
understand whether C may also functionally contribute to this transcriptionally-driven

transition.

1.5 PROGNOSTIC VALUE OF COMPLEMENT COMPONENTS IN
MALIGNANT PLEURAL MESOTHELIOMA

Over the last few years, the impact of the expression levels of C factors on the survival
of patients diagnosed with cancer has been extensively discussed (Roumenina et al., 2019b).
However, evidence is fragmented and mainly limited to bioinformatics analysis based on gene
expression, without any information about the clinical impact of protein expression levels.

After having extensively characterized the expression, production, and distribution of C
components in MPM, we mainly aimed at determining the prognostic value of their tissue
expression levels, analyzing both TMA and WS results. To this purpose, survival Kaplan-Meier
plotters were generated for determining OS. Patients were split by the median into low
expression (C-°W) and high expression (CH!'GH) of the different C components, considering the
expression levels detected as TC positivity and IC positivity separately. The OS in the two
groups, C-°W and CH!®H was compared using two different statistical tests, the Log-rank (or
Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test. This last approach for comparison of
two survival distributions assigns greater weight to events (deaths) that occur at early time
points. This is even more reasonable in the case of MPM, a tumour showing a relatively short
survival time after diagnosis.

Thus, we generated survival plots for all the factors analyzed in IHC (CFB, C1s, CFl,
C1INH, and C1q), considering the percentage of positive TCs and ICs separately or together,
and considering also the two cohorts (TMAs and WSs) separately or together, in order to obtain
a more comprehensive view. In fact, we should consider that bioinformatics analyses based on
RNA-Sequencing data gave general information about transcripts, considering the overall
contribution of both TCs and ICs.

In our study, the protein expression levels of two factors, CLINH (Figure 22) and C1q

(Figure 23), were significantly associated with patients’ survival.
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Figure 22. Evaluation of the prognostic effect of CLINH in malignant pleural mesothelioma based on
immunohistochemistry results. The Kaplan-Meier curves were generated based on the percentage of tumour
cells (TCs) and immune cells (ICs) positive for C1-inhibitor (CLINH), in the tissue microarrays (TMAS; n =
70) (A-B) and in the whole sections (WSs; n = 17) (C-D). Patients were divided by the median into high (red)
and low (blue) C1INH expression. Survival of the two groups, CLINH-®W and C1INH"'®H was compared
using the Log-rank (or Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test. CLINH can be considered as
a favorable prognostic factor only with regard to the positivity of TCs in the cohort of WSs (Log-rank test: ¥
=5.131, p = 0.0235; Gehan-Breslow-Wilcoxon test: ¥> = 5.769; p = 0.0163).

Analyzing the results for C1LINH (Figure 22), we could observe that higher expression
levels in TCs were significantly associated with longer OS. In the cohort of WSs, C1INH can
be considered as a favorable prognostic factor only with regard to TC positivity, with a
significative p for both Log-rank test (y*> = 5.131; p = 0.0235) and Gehan-Breslow-Wilcoxon
test (x> = 5.769; p = 0.0163) (Figure 22C). On the contrary, no significance was detected when
analyzing TMAs. This may be due to the lower representativeness of tumour heterogeneity since
different tissue cores could include different amounts of tumour stroma or immune infiltrate. It
seems reasonable that only TC percentage could be significantly associated to survival since the

contribution of TCs in C1INH production was more consistent in comparison with ICs, as
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previously shown in Figures 15 and 16. Previous evidence has described that C1INH is
significantly upregulated in pancreatic cancer as compared to normal pancreatic tissue, and high
expression levels of CLINH were correlated with poor survival in patients with pancreatic cancer
(Osther et al., 2019). Similar findings were reported also in glioblastoma, where a survival
benefit was observed after treatment with anti-C1INH in mice inoculated with glioblastoma cells
(FOrnvik et al., 2017). A recent study successfully proposed to combine anti-C1INH treatment
and radiotherapy in glioblastoma with the purpose to activate C and improve the irradiation
efficacy (Liljedahl et al., 2023). Unfortunately, currently available data do not allow us to
express a definitive opinion about the actual role of CLINH in MPM, mainly due to the lack of
information about its expression in the normal pleural tissue. In the past few years, it has become
clear that C1INH has additional functions (e.g., interaction with leukocytes, endothelial cells,
and extracellular matrix components, as a mediator of anti-inflammatory functions) (Bos et al.,
2002), far beyond mere protease inhibition. Thus, further investigations will be required to
unveil potential non-canonical, still unexplored functions of C1INH in this tumour setting.
Analyzing the results for C1q, it is interesting to observe that Gehan-Breslow-Wilcoxon
test was significant both in the cohort of TMAs (Figure 23A) and WSs (Figure 23B), and in
the two combined cohorts (Figure 23C) as well, suggesting that C1q can be considered as a
favorable prognostic factor in MPM. In fact, high expression levels of C1q by ICs appeared to

be significantly associated with increased patient survival.
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Figure 23. Evaluation of the prognostic value of C1q in malignant pleural mesothelioma based on
immunohistochemistry results. The Kaplan-Meier curves were generated based on the percentage of
immune cells (ICs) positive for C1q, in the cohort evaluated using tissue microarrays (TMASs; n = 70) (A), in
the cohort evaluated on whole sections (WSs; n = 17) (B), and in the two combined cohorts (n = 87) (C). In
all curves, patients were divided by the median into high (red) and low (blue) C1q expression. Survival in the
two groups, C1g-°" and C1g"'®", was compared using the Log-rank (or Mantel-Cox) test and the Gehan-

Breslow-Wilcoxon test.

Bioinformatics analyses previously published by our group have already highlighted a
prognostic significance of Clg genes in human carcinomas (Mangogna et al., 2019a) and
gliomas (Mangogna et al., 2019b). In particular, high levels of C1lg were associated with a
favorable prognostic index in basal-like breast cancer (considering DFS) and HER2-positive
breast cancer (considering OS), while an unfavorable prognostic value was predicted in lung
adenocarcinoma and ccRCC (Mangogna et al., 2019a). In more recent years, plenty of studies
focusing on the prognostic implications of C1q have emerged. C1QA, C1QB, and C1QC were
proposed as diagnostic and prognostic biomarkers in skin cutaneous melanoma (Yang et al.,
2022a), osteosarcoma (Huang et al., 2021, Chen et al., 2021), and non-small cell lung cancer
(Kou et al., 2022). However, evidence about the prognostic power of C1q in different tumour
settings has been mainly restricted to bioinformatics studies up to now, which may also not
accurately reflect the tumour biology.

The strong evidence of a favorable prognostic significance of C1lg in MPM tissue was
strikingly unexpected since our previous findings have extensively demonstrated that C1q acts
as a pro-tumorigenic factor in this specific tumour setting (Agostinis et al., 2017, Vidergar et
al., 2021, Balduit et al., 2023b). Nevertheless, we should consider that the role of C components
in cancer, including C1q, depends not only on the tumour setting but also on the tumour context.
Thus, evidence collected through in vitro experiments may not satisfactorily reflect the
contribution of the TME, the different context and timing of the disease, and the effect of a
specific factor/protein on the response to chemotherapeutic treatments. This issue will be

investigated in the next chapter.
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1.6 UNIVARIATE ANALYSIS ON TISSUE MICROARRAYS

As discussed above, one of the most common criticisms levelled against TMASs is that
the small core samples may be not fully representative of the whole tumour tissue, particularly
in highly heterogeneous cancers. Despite their clear limitations, tissue microarrays are powerful
high-throughput tools since they allow the simultaneous analysis of several parameters. In
prognostic arrays, the correlation of TMA-derived data with clinicopathological variables and
clinical follow-up is of significant interest to clinicians and patients, to assess prognosis or
patient outcome.

In collaboration with the research group of Prof. Stefano Ferrero (IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milan, Italy), we had the opportunity to perform univariate
analyses between the expression of C components and several immune-related and clinical
parameters previously analyzed by Fusco and colleagues (Fusco et al., 2020). Univariate
analyses were performed to correlate the expression of each C component with stromal and
peritumoral TILs (CD4*, CD8*), tumour proliferative activity (Ki-67), and PD-L1 expression.

As a first step, IHC analysis performed on TMAs allowed us to evaluate whether C
components could correlate with each other, by considering their expression as the percentage
of positivity in TCs or ICs. Thus, we performed Pearson’s correlation: correlation coefficients
> 0.3 were considered as a “moderate correlation”, while correlation coefficients > 0.5 were
considered as a “strong correlation”. Robust positive correlations were detected among the
percentage of TCs positive for CFI, C1INH, and CFB (Table 8). These findings may suggest a
conserved pattern of C components’ expression. Interestingly, C1q did not correlate with the
expression of the other C components, supporting its non-canonical, C-independent role in
MPM. Moreover, C1q is not produced by TCs unlike the other factors, thus a different pattern

of expression is not surprising.
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Table 8. Evaluation of the Pearson’s correlation coefficient of complement components in malignant

pleural mesothelioma’s tissue microarrays.

% C1INH | % C1INH | % Clq % Cls % Cls % CFB % CFB % CFI % CFI
ICs TCs ICs ICs TCs ICs TCs ICs TCs
9, C1INH | Correlation Coefficient 0.109 -0.004 0.247 0.059 0.274 -0.259 0.374 0.185
2 Significance Level P 0.3686 0.9768 0.0443 0.6345 0.0373 0.0493 0.0015 0.1280
ICs n 70 67 67 67 58 58 69 69
9, C1INH | Correlation Coefficient 0.109 -0.088 0.032 0.456 0.156 0.502 0.243 0.600
Significance Level P 0.3686 04771 0.7977 0.0001 0.2420 0.0001 0.0446 <0.0001
TCs n 70 67 67 67 58 58 ) 69
% C1 Correlation Coefficient -0.004 -0.088 0.112 0131 -0.055 0.076 0.275 0175
q Significance Level P 0.9768 04771 0.3638 0.2856 0.6822 05757 0.0220 0.1494
ICs n 67 67 68 68 57 57 69 69
0, Cls | Correlation Coefficient 0.247 0.032 0.112 0139 0.041 -0.175 0.182 0.046
o Significance Level P 0.0443 0.7977 0.3638 0.2557 0.7622 0.1936 0.1407 0.7137
ICs n 67 67 68 69 57 57 67 67
o, C1g | Correlation Coefficient 0.059 0.456 0.131 0.139 -0.058 0.475 0.133 0.418
Significance Level P 0.6345 0.0001 0.2856 0.2557 0.6680 0.0002 0.2827 0.0004
TCs n 67 67 68 69 57 57 67 67
o, CFB | Correlation Coefficient 0.274 0.156 -0.055 0.041 -0.058 0.063 0.453 0178
Significance Level P 0.0373 0.2420 0.6822 0.7622 0.6680 0.6328 0.0004 0.1844
ICs n 58 58 57 57 57 59 57 57
o, CFB Correlation Coefficient -0.259 0.502 0.076 -0.175 0.475 0.063 0.284 0.688
Significance Level P 0.0493 0.0001 05757 0.1936 0.0002 0.6328 0.0322 <0.0001
TCs n 58 58 57 57 57 59 57 57
% CFI Correlation Coefficient 0.374 0.243 0.275 0.182 0.133 0.453 0.284 0.511
Significance Level P 0.0015 0.0446 0.0220 0.1407 0.2827 0.0004 0.0322 <0.0001
ICs n 69 6 69 67 67 57 57 72
o, CFI | Correlation Coefficient 0.185 0.600 0.175 0.046 0.418 0178 0.688 0511
Significance Level P 0.1280 <0.0001 0.1494 0.7137 0.0004 0.1844 <0.0001 <0.0001
TCs n 69 69 69 67 67 57 57 72

The correlation was measured by Pearson’s coefficient, considering values > 0.3 as “moderate correlation”

(yellow) and > 0.5 as “strong correlation” (red). p < 0.05 were considered significant. Abbreviations: ICs,

immune cells; TCs, tumour cells; p, p-value; n, numerosity.

Moreover, univariate analyses allowed us to evaluate also the different expression of C

components with regard to PD-L1 expression. We first divided MPM cases into PD-L1NEC and

PD-L1"%S, considering PD-L1 CPS > 1 as positive, and we compared the percentage of positive

TCs and ICs for each C component in the two groups (Figure 24).
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Figure 24. Univariate analysis between complement components’ expression and PD-L1 expression in
malignant pleural mesothelioma. Histograms representing the expression of complement (C) components,
CFB (n =58), Clq (n = 70), Cl1s (n = 68), C1INH (n = 69), and CFI (n = 71), expressed as percentage of
positive tumour (TCs) (A) or immune (ICs) (B) cells in tissue microarrays, in PD-L1NE¢ and PD-L1POS
malignant pleural mesothelioma (MPM) cases. The percentage of ICs positive for C1lg was significantly
higher in PD-L1P°S MPMs. **p < 0.01 (unpaired two-tailed t-test).

Interestingly, only C1q expression displayed a significant difference between PD-L1NEC
and PD-L1POS cases, being the percentage of ICs positive for Clq significantly higher in PD-
L1P9S MPMs. These findings were not completely surprising since a very recent publication by
Zhang et al. reported the presence and characterization of a subpopulation of C1gP°S TAMs in
malignant pleural effusions of patients diagnosed with lung cancer. Interestingly, C1g°°> TAMs
were characterized by high expression levels of immune inhibitory molecules, including PD-
L1, and were proposed as a promising target for immunotherapy (Zhang et al., 2023). An
interesting connection between C1qg and immunotherapy has been recently proposed also by
another study, in which high serum levels of C1q before immunotherapy and increased levels
after immunotherapy were significantly associated with the efficacy of combined
immunotherapeutic treatments in lung cancer (Zhang et al., 2021). A recent retrospective study
demonstrated a strong association between Cl1g serum levels, before and after
immunotherapeutic treatment, and the efficacy of combined immunotherapy in esophageal
squamous cell carcinoma (Wen et al., 2023). Thus, an ever-growing body of evidence is moving
towards the study of C1q as a potential biomarker to predict immunotherapy response, maybe
due to its correlation with PD-L1 expression and the presence of immune infiltrate.

Since immune checkpoints are frequently correlated with an increased presence of TILs,
we then performed univariate analysis combining the percentage of C1g°°S ICs and the
positivity for peritumoral TILs (pTILs) and stromal TILs (STILs) in TMAs. Moreover, tumor
proliferative activity (Ki-67 expression) was also evaluated. Consistently with our previous
results about a higher presence of C1g°°S ICs in PD-L1"°S cases, we observed a higher presence
of C1g”°S ICs in sTILsPOS cases (Figure 25).

In conclusion, our results demonstrated a higher positivity for C1q expression associated
to ICs when analysing PD-L1%S and sTILs?®S MPM cases. In concert with our findings,
recently published studies also suggest that C1g may be harnessed as a therapeutic target in

combination with IClIs for anti-tumor immunotherapy or be exploited as a marker for selecting
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patients eligible for ICl-based therapies. However, C1q direct effect in the TME needs to be
further investigated.
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Figure 25. Representative panel of univariate analysis of C1q expression and variables related to
immune infiltrate characterization and tumour proliferative activity. Histograms representing the
percentage of C1g°°S immune cells (ICs) in peritumoral tumor-infiltrating lymphocytes (pTILs)NEG and
pTILsP®S (A) malignant pleural mesothelioma (MPM) cases, also considering the intensity score of TILs’
staining (0-3) (B); in peritumoral CD4* (pCD4*) TILs, dichotomized as 0 (< 25%) and 1 (> 25%) (C); in
peritumoral CD8* (pCD8*) TILs, dichotomized as 0 (< 50%) and 1 (> 50%) (D); in stromal TILs (STILs)NECG
and sTILsPOS (E), also considering the intensity score (0-3) (F); in stromal CD4* (sCD4*) TILs, dichotomized
as 0 (< 25%) and 1 (> 25%) (G); in low (Ki67 score < 10%) and high (Ki67 score > 10%) proliferation cases
(H). *p < 0.05; **p < 0.01; ns, not significant (unpaired two-tailed t-test).
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CHAPTER 2: POTENTIAL IMPLICATION OF C1Q IN DRUG SENSITIVITY AND
CHEMORESISTANCE

2.1 HA-BOUND ClQ CAN MODULATE THE RESPONSE TO
CHEMOTHERAPEUTIC AGENTS

Chemotherapy combining platinum salts (carboplatin or cisplatin) and antimetabolites
(antifolates, such as pemetrexed) is the mainstay of MPM treatment (Cinausero et al., 2018).
Platinum salts are alkylating agents that form covalent bonds with DNA, prevent transcription
and replication, interfere with the cell cycle, and ultimately cause apoptosis. Since cisplatin is
extremely toxic, it is often replaced by carboplatin, especially in nephropathic patients.
Pemetrexed is an antifolate that inhibits thymidylate synthase, dihydrofolate reductase, and
glycinamide-ribonucleotide-formy| transferase, crucial enzymes for the de novo biosynthesis of
purine and thymidine nucleotides.

Unfortunately, only 50% of MPM patients respond to the standard of care treatments,
mainly due to chemoresistance. Although the gold standard platinum-based chemotherapy
generally provides considerably effective initial responses, treatment failures can be observed
after few months. The mechanisms responsible for chemoresistance in MPM have not been well
characterized yet. Primary and secondary resistances to platinum salts are further classified into
pre-target, on-target, and post-target mechanisms (Galluzzi et al.,, 2014). The pre-target
mechanisms are associated with an impaired cell accumulation of xenobiotics due to an
increased functionality of efflux pumps, to a greater activity/availability of scavenger molecules
(e.g., glutathione), or to their sequestration by metallothioneins. As regards on-target
mechanisms, tumour cells may become able to cope with DNA lesions by enhancing repair
mechanisms or tolerance to platinum-DNA adducts. Post-target resistance is probably due to a
greater expression of proteins that inhibit apoptosis, such as survivin and the X-linked inhibitor
of apoptosis protein. Furthermore, neoplastic cells can also develop resistance to pemetrexed
(Zhao and Goldman, 2003).

Interestingly, other non-intrinsic factors influence the response to chemotherapeutic
treatments. It has been shown that the ECM can influence the response to chemotherapeutics,
mainly reducing drug diffusion (Jurj et al., 2022). Our group has also recently demonstrated that
ECM plays a fundamental role in influencing the response of tumour cells to chemotherapeutic

treatments. In particular, HGSOC cells seeded onto HA and FN had revealed completely
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different responses to cisplatin treatment, with HA favouring chemoresistance (Balduit et al.,
2020).

The results about a potentially favourable prognostic value of C1q in MPM, as reported
in the previous chapter, seem to be inconsistent with an array of evidence proving the cancer-
promoting contribution of C1qg in MPM (Agostinis et al., 2017, Vidergar et al., 2021, Balduit et
al., 2023b). Thus, we aimed to investigate whether C1q, via its binding to HA and putative
conformational change, could modulate the response to chemotherapeutics in MPM and the
mechanisms underlying platinum-related chemoresistance. Therefore, in vitro cytotoxicity
assays were performed on two MPM cell lines, H28 (epithelioid MPM) and ZL.34 (sarcomatoid
MPM). After being seeded onto HA or HA+C1qg matrixes, the two cell lines were treated with
different chemotherapeutic agents (i.e., cisplatin, AZD2461, vinblastine, methotrexate,
epirubicin, and mitomycin), as summarized in Figure 26A. The concentrations were chosen
within a range of reference concentrations proposed by Szulkin et al., based on chemosensitivity
profiles of primary MPM cells (Szulkin et al., 2016). We choose the final concentration which,
in several tumour cell lines tested in our laboratory, was the closest to IC50 (inhibitory
concentration 50%; i.e., the concentration of the drug necessary to kill 50% of the cells).
Surprisingly, HA+C1q matrix significantly increased the mortality of H28 epithelioid cells after
treatment with cisplatin and the IPARP AZD2461 (Figure 26B). In contrast, the matrix had no
effect in the sarcomatoid cell line ZL34 (Figure 26C), suggesting a potential histotype-specific
effect of C1g. Results were confirmed in another epithelioid cell line, M14K (data not shown),
to exclude cell line-specific responses.

These results are aligned with the favorable prognostic value of C1q in Kaplan-Meier
plotters, supporting the hypothesis of a potential effect of C1q on the response to chemotherapy.
In fact, considering both the cohorts of TMAs and WSs, most patients underwent first-line
treatments based on platinum-pemetrexed combination, which could have significantly

modified the progression of the disease and impacted on survival time.
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Figure 26. Evaluation of the effect of HA+C1qg matrix in modulating the response to chemotherapeutic
drugs. (A) Representative figure of the different steps of in vitro cytotoxicity assay. Malignant pleural
mesothelioma (MPM) cells were seeded onto a plate previously coated with HA or HA+C1q matrixes. The
next day, the cells were treated with chemotherapeutic drugs for 72h. At the end of the assay, the WST-1
reagent was added to the plate to evaluate cell viability via colorimetric reaction. (B-C) Two MPM cell lines,
the epithelioid H28 (B) and the sarcomatoid ZL34 (C), were seeded onto HA or HA+C1q matrixes and then
treated with different chemotherapeutic drugs for 72h. The following drug concentrations were used: cisplatin
(5 pg/ml), AZD2461 (0.4 pg/ml), vinblastine (2 pug/ml), methotrexate (10 pg/ml), epirubicin (2 pg/ml), and
mitomycin (0.4 pg/ml). HA+C1q matrix significantly increased the mortality of the H28 epithelioid cell line
to cisplatin and AZD2461, while it did not affect the ZL.34 sarcomatoid cell line. Data were expressed as the
mean of at least three experiments performed in triplicate + SEM. *p < 0.05; **p < 0.01 (paired two-tailed t-
test).

2.2 HA-BOUND C1Q INCREASES TUMOR CELL PROLIFERATION

In view of the results reported above, we tried to understand the mechanisms underlying
the modulation of chemosensitivity exerted by C1g. Our group had previously observed that the

interplay between HA and C1q in the TME of MPM was able to confer a pro-proliferative
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stimulus to tumour cells via enhancement of ERK1/2, SAPK/JNK, and p38 phosphorylation
(Agostinis etal., 2017). Notoriously, the main mechanism of cisplatin anti-cancer action consists
in its ability to intercalate into the DNA of actively and rapidly replicating cells. It seems
plausible that a pro-proliferative stimulus could make tumour cells more sensitive to the drug.
This may explain why most studies indicate that an high expression of Ki-67 is associated with
a poor prognosis, but high Ki-67 malignancies actually show a better response to
chemotherapeutic treatments (Mitchison, 2012).

Thus, we seeded both the H28 (epithelioid) and ZL34 (sarcomatoid) cell lines on HA or
HA+C1g matrixes, and evaluated the cells positive for Ki-67, a known marker of cell
proliferation, by immunofluorescence. As expected, HA+C1q matrix promoted cell proliferation
in H28, while no effect was observed in ZL34 (Figure 27A). Therefore, the pro-proliferative
stimulus exerted by C1q only on epithelioid cells could represent a reasonable explanation for
the difference in histotype-specific responses as observed in cytotoxicity tests. For further
confirmation, we also evaluated the modulation of the Ki-67 gene (MKI67) and PCNA, another
proliferation marker, using Real-Time gPCR. Results confirmed that C1q upregulated the

expression of proliferation markers (Figure 27B).
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Figure 27. HA+C1q matrix stimulated cell proliferation in H28 cells. (A) H28 and ZL 34 cells were seeded

onto HA or HA+C1qg matrixes for 24h, then cell proliferation was measured by immunofluorescence. Cells
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were stained with anti-human Ki-67 antibody and then with a FITC-conjugated secondary antibody. In H28,
but not in ZL34, HA+C1q matrix significantly increased cell proliferation. Data were expressed as the mean
of at three experiments performed in technical duplicate £ SEM. **p < 0.01; ns, not significant (paired two-
tailed t-test). (B) H28 cells were seeded onto HA or HA+C1q matrixes for 24h and then evaluated by Real-
Time gPCR for the gene expression of the proliferation markers, MKI67 and PCNA. HA+C1lg matrix
significantly upregulated MKI167 (Ki-67 gene) and PCNA expression. TATA-box binding protein (TBP) gene
was used as a housekeeping gene. Data were expressed as the mean of three experiments performed in
technical triplicate £ SEM. *p < 0.05; ***p < 0.001 (paired two-tailed t-test).

2.3 HA-BOUND C1lQ CAN DOWNREGULATE DRUG EFFLUX
TRANSPORTERS

The second hypothesis we put forward is that C1g could modulate the expression and
functionality of chemotherapeutic efflux pumps, as one of the mechanisms most commonly
associated with the development of chemoresistance to platinum salts. ATP-binding cassette
(ABC) transporters are the primary pumps involved in multidrug resistance, being frequently
overexpressed in human cancers (Adrian et al., 2018, Wang etal., 2021). ABC transporters show
the capacity to extrude chemically different substrates on the opposite side of the membrane,
being coordinated by ATP binding and hydrolysis. They handle both physiological and
pharmacological substrates, impacting drug transport, tumor progression, and regulatory
pathways [e.g., apoptosis, CDC, and immune-regulatory pathways (Bossennec et al., 2018)].
Among ABC transporters, multidrug resistance protein 1 (MDR1), also known as P-
glycoprotein 1 or ABCBL, belonging to the ABCB (MDR/TAP) subfamily, has been frequently
associated with multidrug resistance (Gottesman and Pastan, 2015). Two other important ABC
transporters, namely breast cancer resistance protein 1 (BCRP1)/ABCG2 and multidrug
resistance-related protein 1 (MRP1)/ABCC1, have also been implicated in chemoresistance,
partially sharing substrate specificity with MDR1 (Doyle and Ross, 2003, Chen and Tiwari,
2011).

Thus, we evaluated the effect of HA+C1q matrix on the three main ABC family
transporters (i.e., MDR1, BCRP, and MRP1). The presence of C1qg bound to HA determined a
general downregulation of efflux pumps and, particularly, a significant downregulation of
MDR1, at the mRNA (Figure 28A), protein (Figure 28B), and functional (Figure 28C) levels.
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Figure 28. HA+C1qg matrix downregulated the expression of MDRL1 in the H28 cell line. (A) H28 cells
were seeded on HA or HA+C1q matrix for 24h and then evaluated by Real-Time gPCR for the expression of
the three major ATP-binding cassette (ABC) transporters, namely MDR1/ABCB1, BCRP1/ABCG2, and
MRP1/ABCC1l. HA+C1lq matrix significantly downregulated MDR1 gene expression. The TATA-box
binding protein (TBP) gene was used as a housekeeping gene. Data were expressed as the mean of three
experiments performed in technical triplicates + SEM. *p < 0.05; ns, not significant (paired two-tailed t-test).
(B) MDR1 protein expression was assessed by Western blot in H28 cells seeded on HA or HA+C1q matrix.
Western blot confirmed the downregulation of MDR1 on HA+C1qg matrix. B-actin was used to normalize the
results. (C) MDR1 protein expression was assessed by flow cytometry in H28 cells seeded on HA or HA+C1q
matrix. This assay confirmed the downregulation of MDR1 on the HA + C1qg matrix. (D) The functionality
of ABC transporters was assessed using the eFluxx-1ID® Green multidrug resistance assay kit, after seeding
H28 cells onto HA and HA+C1qg matrixes. Functionality testing confirmed the reduced activity of MDR1
transporter on HA+C1q matrix. Data were expressed as the mean of three experiments performed in in

technical quadruplicates = SEM. **p < 0.01 (paired two-tailed t-test).

Our results suggested that MDR1 downregulation in MPM tumour cells can be
accounted among the mechanisms through which HA+C1q matrix is able to increase the
sensitivity of H28 cell line to the cytotoxic effects of cisplatin.

Noteworthy, the expression of ABC transporters has also been reported on different
immune populations, even though less attention has been given in the context of tumour (van de
Ven et al., 2009). However, we should consider that ABC transporters can confer them

resistance to chemotherapy, analogously to cancer cells, and thereby they can limit the
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corresponding immune suppression of these compounds. Future studies involving more
complex systems may be focused on understanding whether the effect of C1q is mainly directed
towards tumour cells or it may also determine the downregulation of ABC transporters in
immune cells of the TME, driving other ABC-related immunomodulatory functions.

Currently available evidence suggests that other proteins may be responsible for
chemoresistance development in cancer. In addition to the classic ABC family transporters, we
also evaluated the modulation of a panel of additional membrane transporters and proteins
involved in xenobiotic biotransformation (i.e., ABCC2, GSTP1, GSTT1, MVP, CTR1, CTR2,
ATP7A, and ATP7B) via Real-Time gPCR. Consistently, HA+C1qg matrix could downregulate
the expression of these genes (Figure 29A), determining an overall scenario of greater
intracellular accumulation of cisplatin and a lower presence of detoxification mechanisms. In
particular, the genes coding for MRP2/ABCC2, another transporter of the ABC family, GSTP1,
a detoxification enzyme of the glutathione S-transferase family, and ATP7B, a copper
transporter, were found to be significantly downregulated by HA-C1qg matrix. High expression
and activity of GSTP1 were already reported in MPM cell lines (De Luca et al., 2013). Lower
activity and diminished intracellular glutathione levels may correspond to an impairment of the
cisplatin detoxification pathways in MPM, determining a consequently higher cytotoxicity.

In view of its controversial role in the development of chemoresistance in several human
tumours (Yaghobi etal., 2021), as well as its regulatory activity on and physical interaction with
MDR1 (Miletti-Gonzalez et al., 2005, Gerardo-Ramirez et al., 2022), we decided to evaluate
also the potential modulation of CD44. CD44 is a broadly expressed transmembrane
glycoprotein, which is mainly overexpressed in tumour stem cells and is involved in cell
proliferation, differentiation, migration, cytoskeletal modifications, as well as signaling for cell
survival (Naor et al., 2002). The interaction of CD44 with its main ligand HA is responsible for
tumour progression, metastasis, and expression of a chemoresistant phenotype (Yaghobi et al.,
2021), also due to upregulation of MDR1 (Bourguignon et al., 2009).

Consistently with our previous observations for MDR1, CD44 was downregulated after
stimulation with HA + C1q, both at the mRNA level via Real-Time quantitative PCR (Figure
29B), and at the protein level via flow cytometry (Figure 29C) and Western blot (Figure 29D).

All these experiments were also repeated in parallel in the sarcomatoid cell line ZL34 (data not
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shown). In accordance with cytotoxicity tests, HA+C1q matrix exerted no modulatory effect in

the sarcomatoid cell line, confirming the histotype-specific effect of C1q.
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Figure 29. HA+C1q matrix downregulated the expression of efflux transporters and proteins involved
in chemoresistance. (A) H28 cells were seeded onto HA or HA+C1qg matrixes for 24h and then evaluated by
Real-Time gPCR for the gene expression of some drug efflux transporters: MRP2/ABCC2, GSTP1, GSTTL,
MVP, CTR1, CTR2, ATP7A, ATP7B. HA+C1q matrix significantly downregulated the gene expression of the
MRP2/ABCC?2 transporter, the GSTP1 enzyme and the ATP7B transporter. TATA-box binding protein (TBP)
gene was used as a housekeeping gene. Data were expressed as the mean of three experiments performed in
technical triplicates + standard error mean (SEM). *p < 0.05 (paired two-tailed t-test). (B-D) H28 cells were
seeded onto HA or HA+C1q matrixes for 24h. CD44 expression was assessed at the mRNA level by Real-
Time qPCR (B), and at the protein level by flow cytometry (C) and Western blot (D). CD44 was found to be
downregulated after seeding the cells onto HA + C1q. Data were expressed as the mean of three experiments

performed in technical triplicates £ SEM. *p < 0.05 (paired two-tailed t-test).
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2.4 DEVELOPMENT OF A CISPLATIN-RESISTANT MALIGNANT PLEURAL
MESOTHELIOMA CELL LINE

With the purpose to gain an even more complete overview of the role of Clq in
chemosensitivity, we aimed to develop a platinum-resistant cell line as a model to study
chemoresistance in MPM. The development of chemoresistant cell lines is frequently exploited
as a useful biological model in experimental oncology, especially for the study of tumours
presenting phenotypes of multidrug resistance (Amaral et al., 2019). The H28R cell line was
generated through repeated treatments of H28 with stepwise increasing concentrations of
cisplatin. Early as the first treatment, H28R cells showed an increased size with substantial
morphological changes, as compared to the sensitive counterpart (Figure 30A). Vimentin
staining was specifically performed to highlight cell morphology and size increase. Moreover,
H28R showed an increased protein expression of MDR1 and CD44, as indicated by
immunofluorescence (Figure 30A).

Real-Time gPCR experiments were performed in order to demonstrate the acquired
chemoresistance profile of the newly developed cell line through the evaluation of MDR1,
BCRP, MRP1, and CD44 expression. These genes were found to be effectively upregulated in
H28R compared to H28 (Figure 30B). Therefore, in accordance with pre-existing literature data
on tumour cell lines (Schondorf et al., 2003, Yi etal., 2019, Li et al., 2019a, Ke et al., 2021), we
confirmed an upregulation of MDR1 after treatment with platinum derivatives. Interestingly,
cisplatin can upregulate the expression of MDR1 mRNA in various tumour cell lines, including
ovarian, gastric, cervical, and breast cancer (Schondorf et al., 2003, Yi et al., 2019, Ke et al.,
2021). It is widely accepted that cell lines undergoing repeated, long-term exposure to cisplatin
can upregulate MDR-related genes and acquire chemoresistant properties (Choi et al., 2019).
Similar results have been observed for CD44, since CD44 mRNA and protein expression was
upregulated in cisplatin resistant cell lines (Qiao et al., 2023).

Furthermore, cytotoxicity tests with different chemotherapeutic drugs were repeated on
H28R, as previously described for H28. These assays demonstrated the actual resistance of
H28R to cisplatin and AZD2461 treatments (Figure 30C). Finally, we tested the effect of
HA+C1g matrix in cytotoxicity tests, comparing the H28R cell line with its sensitive
counterpart. Interestingly, the presence of C1q restored cell sensitivity to cisplatin treatment in
H28R, significantly increasing their mortality compared to cells seeded only onto HA (Figure
30D).
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Figure 30. HA+C1q matrix increased sensitivity to cisplatin in the resistant H28R cell line. (A)
Morphological and phenotypic characterization of the cisplatin-resistant cell line H28R, compared to its
sensitive counterpart H28. The resistant cell line H28R was developed from H28 through repeated treatments
with progressively increasing concentrations of cisplatin. Cells were characterized for the expression of
vimentin, MDR1, and CD44 (green) by immunofluorescence. Nuclei were labeled with DAPI (blue). H28R

cells showed increased vimentin, MDR1, and CD44 expression compared to their sensitive counterpart H28.
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(B) H28 and H28R cells were evaluated by Real-Time gPCR for the expression of MDR1, BCRP, MRP1, and
CD44. TATA-box binding protein (TBP) gene was used as a housekeeping gene. Data were expressed as the
mean of three experiments performed in technical triplicates £ standard error mean (SEM). **p < 0.01; ***p
<0.001; ****p < 0.0001 (unpaired two-tailed t-test). (C) H28 and H28R cell lines were treated with different
chemotherapeutic drugs for 72h. The following drug concentrations were used: cisplatin (5 pg/ml), AZD2461
(0.4 pg/ml), vinblastine (2 pg/ml), methotrexate (10 pg/ml), epirubicin (2 pug/ml), and mitomycin (0.4 pg/ml).
H28R cells were shown to be significantly more resistant to cisplatin and AZD2461 treatments. Data were
expressed as the mean of three experiments performed in technical triplicates + SEM. **p < 0.01; ***p <
0.001 (unpaired two-tailed t-test). (D) H28 and H28R cell lines were seeded onto HA and HA+C1qg matrixes
and then treated with cisplatin (5 pg/ml) for 72h. HA+C1q matrix re-established cisplatin sensitivity in the
resistant H28R line, significantly increasing mortality. Data were expressed as the mean of three experiments

performed in technical triplicates £ SEM. *p < 0.05; **p < 0.01 (unpaired two-tailed t-test).

2.5 HA-BOUND C1Q IS THE OPTIMAL CULTURE CONDITION TO
PREDICT PATIENT RESPONSE TO CHEMOTHERAPY

Despite promising advances over the last few decades, the scarce effectiveness of gold
standard therapies and the development of chemoresistance remain serious concerns for treating
cancer patients. The a priori evaluation of the most appropriate treatment for patients may be
essential to avoid ineffective and toxic therapies. Moving a step towards personalized medicine,
carefully evaluating the characteristics of the individual patient, represents an even more urgent
clinical need.

As previously discussed, the ECM plays a fundamental role in determining the behaviors
of tumour cells in terms of progression, invasion, and metastasis, but also in chemoresistance
onset (Henke et al., 2019, Jurj et al.,, 2022). Research has recently moved towards the
development of culture systems able to mimic, more or less faithfully, the ECM and the TME,
in order to guarantee the growth of patient-derived tumour cells in a microenvironment as
similar as possible to that of origin, and to mimic tumour cell response to chemotherapy. To
date, the results have not been truly satisfactory (Mehta et al., 2012, Miserocchi et al., 2017).
Most culture conditions (i.e., medium formulation, growth factors, and coating conditions) can
modify the original phenotype of tumour cells, changing their activation state and response to
drugs. In a study previously published by our group, we identified that culturing patient-derived
HGSOC cells onto HA matrix may represent a proper model to potentially predict the patient
response to cisplatin treatment (Balduit et al., 2020). Similarly, we aimed to test the effect of
HA+C1qg matrix in patient-derived MPM cells, since MPM TME is particularly enriched in both
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HA and C1q (Agostinis et al., 2017, Vidergar et al., 2021) and could represent an adequate
model to mimic the original microenvironment of MPM primary cells.

Thus, we evaluated the effect of HA+C1q matrix, as compared to HA or FN (as a control
of a further ECM component) alone, in cytotoxicity tests performed on primary MPM cells
isolated from patients enrolled at the Department of Pneumology, “Cattinara” University
Hospital (n = 24). Even though the first-line treatment consists of the combination of platinum
salts with pemetrexed, cytotoxicity tests were performed by using cisplatin as a single agent.
Drug toxicity assessment of multiple compounds would introduce a considerable number of
experimental variables, mainly involving an in-depth evaluation of synergistic and additive
effects (Kitazono-Saitoh et al., 2012).

Analyzing the average mortality of patient-derived MPM cells after treatment with
cisplatin, no statistically significant effect was observed for any of the three matrixes (Figure
31A). However, some differences in terms of mortality could be observed by evaluating the
contribution of the different matrixes, population by population (i.e., patient by patient), using
a before-after graph (Figure 31B). MPM primary cells could be divided in two clearly distinct
groups according to the response to cisplatin treatment after seeding them onto HA+C1q matrix
(Figure 31C-D). This suggests that the modulatory effect should be different for each
population of MPM primary cells and, therefore, for each patient.

From the initial cohort, we selected a smaller cohort of patients who underwent
chemotherapy and for whom clinical information about chemotherapy response was available
(n = 11), in order to understand whether HA+C1q matrix could represent a promising culture
matrix to potentially mimic drug response and develop personalized medicine approaches. Thus,
we evaluated the Pearson’s correlation coefficient between the cell mortality percentage
observed in the in vitro cytotoxicity tests and the response score to chemotherapy for each
patient. The response score to therapy was assigned based on the radiological response to the
first three cycles of chemotherapy. The score -2 indicates “severe disease progression”, -1 “mild
progression”, 0 “stable disease”, while we grouped both “partial response” and “complete
response” with the score 1. This scoring system represents a simplification of the mRECIST
(modified Response Evaluation Criteria In Solid Tumours) criteria for MPM (Byrne and Nowak,
2004). The mRECIST criteria measure the tumour thickness perpendicular to the chest wall or
the mediastinum at three levels, in order to take into account the irregularity of the neoplasm by

CT. They represent the diagnostic standard in radiation oncology for estimating the response to
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cytostatic treatments. The response assessed by these criteria demonstrated a statistically
significant correlation with OS and pulmonary function (Byrne and Nowak, 2004). The
traditional mRECIST criteria provide only one value to indicate the progression, while we
divided the progression into severe (-2) and mild (-1), in order to discriminate more accurately
potential differences in the individual response to therapy. It is also necessary to report that no

patient included in the cohort presented a score of 1 (i.e., partial or complete response).
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Figure 31. Evaluation of the effect of the HA+C1qg matrix in primary cells isolated from malignant
pleural mesothelioma biopsies. (A) Different primary cell populations isolated from malignant pleural

mesothelioma biopsies (n = 24) were seeded onto hyaluronic acid (HA), HA+C1q, and fibronectin (FN)
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matrixes. However, none of the three matrixes demonstrated a significant modulatory effect on cell mortality
after 72h of cisplatin treatment. Data were expressed as the mean of experiments performed in technical
triplicates + standard deviation (SD). (B) Analyzing the same results with a before-after graph, it was possible
to highlight some modulatory effects among the different matrixes in the individual patient-derived cell
populations. (C-D) Two distinct MPM cell groups could be highlighted according to the response to cisplatin
treatment, one displaying lower response (C) and one displaying higher response (D) onto HA+C1q. *p <
0.05; ****p < 0.0001 (paired two-tailed t-test). (E-F) Evaluation of the correlation between the percentage of
cell mortality obtained in in vitro cytotoxicity tests and patient response score to chemotherapy (n = 11), based
on the Pearson’s correlation coefficient. The response score is thus determined based on the radiological
response after three cycles of chemotherapy: -2, severe progression; -1, mild progression; 0, stable disease.
No patient reported a response score of 1 (i.e., partial or complete response). No correlation was reported for
HA (E), while HA+C1qg matrix showed significant Pearson’s coefficient (R = 0.8116; p < 0.01) (F).

The calculation of the Pearson’s correlation coefficient (or linear regression coefficient)
is based on the measurement of the linear association between two variables and is commonly
indicated with the letter R. An R-value between 0.1 and 0.3 indicates a weak association,
between 0.3 and 0.5 a medium strength association, while between 0.5 and 1 determines a strong
association between two variables. We did not observe any association between the two
variables (in vitro mortality/radiological response) for HA matrix (Figure 31E), while a strong
(R = 0.81) and significant (p < 0.01) correlation was detected when analyzing the effect of
HA+C1qg matrix (Figure 31F). These results suggested that HA+C1q matrix may represent the
best culture substrate to mimic the main features of the MPM TME and to predict patient
response to therapy. A priori identification of non-responders to the gold-standard treatment
may prevent ineffective and highly toxic therapies, and facilitate treatment adjustments. Further
studies will be needed to understand whether HA+C1q could be successfully used to test also
second-line chemotherapeutic treatments and novel promising compounds and target
personalized medicine.

As already mentioned above, the main limitation of this part of the study is the use of
cisplatin as a single agent, rather than the standard cisplatin and pemetrexed combination.
However, the encouraging results that have been obtained demonstrate the solidity of this
system, despite its obvious simplification. The effect of HA+C1q matrix on the response to

combined therapies should be evaluated in the near future.
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CHAPTER 3: THE PROGNOSTIC AND PREDICTIVE VALUE OF C1Q IN HIGH-
GRADE SEROUS OVARIAN CANCER

3.1 BIOINFORMATICS ANALYSIS OF C1Q EXPRESSION IN HIGH GRADE
SEROUS OVARIAN CANCER

Ovarian cancer is the second most common gynecological cancer and the eighth leading
cause of cancer death in women. The most common histological subtype is HGSOC, accounting
for 60-80% of all cases (Lisio et al., 2019). This neoplasm is diagnosed in most patients in an
advanced stage of disease and the recurrence rate is around 70% in stages Il and IV after the
first-line chemotherapy based on platinum salts and taxanes. The prognosis is worse when
radical surgery cannot remove all microscopic disease. HGSOC is a heterogenous cancer,
characterized by TP53 mutations and genomic instability rather than driver mutations. Germline
or somatic mutations in BRCA1 and BRCA2, as well as other genes involved in DNA repair
(e.g., PALB2 and RAD5I1C), are associated with its carcinogenesis and may predict
susceptibility to specific classes of chemotherapeutic agents, including drugs that damage DNA
(platinum salts) and DNA repair inhibitors (iPARP; i.e., olaparib or niraparib). Loss of function
of these genes is associated with homologous recombination dysfunction (Lisio et al., 2019,
Punzén-Jiménez et al., 2022, Mangogna et al., 2023).

The role of C in ovarian cancer is still widely debated and poorly characterized. It has
been recently classified as a tumour that presents upregulation of C compared to the
corresponding normal tissue, but its prognostic significance remains uncertain (Revel et al.,
2020b, Senent et al., 2021). Even regarding the expression and role of C1qg in ovarian cancer,
little evidence is available to date. Bjorge et al. observed elevated levels of C1lq deposits on
isolated tumour cells from ascitic fluids of ovarian cancer patients (Bjorge et al., 2005). In vitro
studies have instead demonstrated how C1q can have anti-tumour effects in ovarian cancer,
inducing apoptosis in the ovarian cancer cell line SKOV-3 via TNF pathway (Kaur et al., 2016).
Another study reported that gC1gR-mediated mitochondria dysfunction was involved in the
paclitaxel-induced apoptosis of the ovarian cancer cell lines SKOV-3 and CAOV-3 (Lv et al.,
2018).

Given the promising results obtained in MPM, we decided to investigate the prognostic
value of C1q also in ovarian cancer, particularly in HGSOC, analyzing its expression at the gene
and protein levels. Bioinformatics analyses via GEPIAZ2 allowed an initial characterization of

C1q gene expression based on the TCGA-OV and GTEX datasets to compare tumour and normal
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tissue. The expression of all three C1q genes (C1QA, C1QB, and C1QC) was upregulated in the

tumour tissue compared to the healthy counterpart (Figure 32A).
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Figure 32. Bioinformatics analyses of C1QA, C1QB, and C1QC gene expression and correlation with

prognosis in ovarian cancer. (A) The GEPIA2 bioinformatics tool was used to determine the gene expression
of C1QA, C1QB, and C1QC in high-grade serous ovarian carcinoma (HGSOC; red box plot) and in healthy
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ovarian tissue (grey box plot), based on the RNA-Sequencing data collected in the TCGA-OV. All three genes
encoding for C1q are significantly upregulated in tumour tissue compared to healthy tissue. (B) Kaplan-Meier
curves for the evaluation of the overall survival based on the data reported in the TCGA-OV for the expression
of C1QA, C1QB, and C1QC in HGSOC (n = 424). Patients were divided into high (red) and low (blue)
expression of C1QA, C10QB, and C1QC, based on the median of expression. (C) Kaplan-Meier curves for the
evaluation of disease-free survival based on data reported in the TCGA-QV for the expression of C1QA,
C1QB, and C1QC in HGSOC (n = 424). Patients were divided into high (red) and low (blue) expression of
C1QA, C10B, and C1QC, based on the median of expression.

We, therefore, continued our investigation by evaluating the potential prognostic
implications of C1QA, C1QB, and C1QC genes in HGSOC, using the data available in the
TCGA-OV to generate Kaplan-Meier curves. To this end, we evaluated survival in terms of both
OS and disease-free survival (DFS). DFS is a reliable surrogate endpoint which permits to obtain
more immediate information on the progress of the disease, as the "relapse” event is often earlier
than the "death"” event in specific tumours (Walia et al., 2023). This is the case of serous ovarian
carcinoma, which presents a longer OS than MPM. Furthermore, DFS parameter is frequently
used for post-surgical or adjuvant precautionary therapy, in which there are no tumour lesions
to evaluate, an event more common in ovarian cancer than in MPM. Considering both OS and
DFS, it was not possible to identify a significant difference in survival (Logrank p > 0.05)
between patients who presented high and low expression of the three genes coding for C1q,
always divided by the median of expression (Figure 32B-C).

These results could be due to a limit of GEPI1A2 since this tool does not allow to separate
the highly heterogeneous cohort of TCGA-OV in more restricted molecular and clinical
subtypes. In fact, TCGA-OV study provided a large-scale integrative view of the mutational
spectrum of HGSOC patients, highlighting a surprisingly conserved driver mutational status
(predominance of TP53, BRCA1, and BRCA2 mutations), but a very high grade of genomic
instability (Network, 2011).

3.2 IMMUNOHISTOCHEMICAL ANALYSIS OF C1Q EXPRESSION IN HIGH
GRADE SEROUS OVARIAN CANCER

To deepen our knowledge about the role and significance of C1q in ovarian cancer, we
focused our investigation about C1q protein expression in a cohort of HGSOC patients.
Therefore, proceeding analogously to MPM, we characterized the protein expression of C1q at

the tissue level via IHC performed on HGSOC whole tissue sections (n = 19). As shown in

107



Figure 33A-B, Clq protein expression levels are considerably lower in HGSOC than in MPM.
The percentage of positivity of Clq staining was assigned to TCs and ICs, separately.
Furthermore, a dichotomous value (+/-) was assigned for the presence or absence of Clq
deposits at the stromal level. Compared to MPM sections, an overall reduced presence of C1q
was observed, highlighting a weak stromal deposition and a variable positivity of ICs present in
the TME. Similarly to MPM, neoplastic cells were negative in all the HGSOC cases evaluated
and we could not detect the presence of C1q deposited/bound on their cell membrane. The
absence of C1q deposition on TCs in HGSOC, as compared to MPM, may be due to the different
pattern of expression of one of its main cellular receptors, that is gC1qR. Previous studies
reported an overexpression of gC1gR in MPM (Li et al., 2019b), while a decrease in gC1gR
expression has been demonstrated in ovarian cancer as compared to healthy control tissues (Lv
etal., 2018).
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Figure 33. Immunohistochemical analysis for C1qg expression in high-grade serous ovarian cancer and
correlation with survival. (A-B) Representative micrographs showing the presence of C1q in high-grade
serous ovarian carcinoma tissues. Micrograph A is representative of the presence of a slight deposition of C1q
in the tumour stroma, while micrograph B shows the presence of positivity for C1g in immune cells (ICs).
Detection system based on the streptavidin-biotin-peroxidase complex with AEC chromogen (red). Nuclei
were stained with Mayer's hematoxylin (violet). A: 100x magnification, B: 200x magnification. Scale bars,
100 um. (C) Kaplan-Meier curves were generated based on the percentage of C1q°°S ICs detected by
immunohistochemistry. Patients were divided into high (red) and low (blue) C1q expression based on the
median. Survival in the two groups, C19-°" and C1q™'®H, was compared by using the Log-rank (or Mantel-
Cox) test and the Gehan-Breslow-Wilcoxon test. No statistically significant differences were observed

between the two groups in terms of survival.

The prognostic value of C1q expression, mainly detected as positivity of ICs, was then
investigated by generating survival curves based on expression groups (low, C1g-°%; high,
C1g™'®H), divided by the median of expression. Both the Log-rank (or Mantel-Cox) test and the
Gehan-Breslow-Wilcoxon test were not significant (Figure 33C). This result confirms previous
transcriptomic data for the correlation of C1qg gene expression and survival, indicating that C1q
cannot be considered a prognostic factor in HGSOC, at least as regards the evaluation of the
immune infiltrate. In the near future, the contribution of the C1q deposited in the tumour stroma,
even though not associated to tumour cell surface, in determining the progression of the disease

and presumably the response to chemotherapy should be further explored.

3.3 ClQ EFFECT IN THE RESPONSE TO THERAPY IN HIGH GRADE
SEROUS OVARIAN CANCER

Ultimately, we aimed to investigate the role of C1q in sensitivity to chemotherapeutic
drugs in HGSOC. Our group has previously published a work in which we identified HA as the
preferential matrix for HGSOC tumour cell culture and as a promising model to mimic their
response to platinum salt-based chemotherapy (Balduit et al., 2020). Therefore, the effect of
HA+C1qg matrix on chemosensitivity was initially evaluated in four HGSOC cell lines, by
comparing two platinum-sensitive cell lines (i.e., OVCAR-3 and TYK-nu S) and two resistant
cell lines (i.e., SKOV-3 and TYK-nu R). In none of the four lines we could observe a modulatory
effect of HA+C1q matrix on the response to cisplatin (Figure 34A). We then evaluated the
effect of HA+C1q in OVCA cells isolated from patients affected by HGSOC (n = 19), using FN
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as a control of a further ECM component. Also in this case, no statistically significant

differences were highlighted among the three matrixes (Figure 34B).
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Figure 34. Effect of HA+C1qg matrix in modulating the response to chemotherapeutic agents in high-

grade serous ovarian cancer. (A) Two cisplatin-sensitive cell lines (OVCAR-3 and TYK-nu S) and two

cisplatin-resistant cell lines (SKOV-3 and TYK-nu R) of high-grade serous ovarian carcinoma (HGSOC) were

seeded onto hyaluronic acid (HA) or HA+C1qg matrixes and subsequently treated with 5 pg/ml cisplatin for

72h. Cell viability was assessed by the WST-1 assay. HA+C1q matrix did not modulate the response to
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cisplatin in any of the four HGSOC cell lines. Data were expressed as the mean of three experiments
performed in technical triplicates + standard error mean (paired two-tailed t-test). (B) Different primary cell
populations isolated from HGSOC ascitic fluids (OVCA, n = 19) were seeded onto HA, HA+C1q, and
fibronectin (FN) matrixes. However, none of the three matrixes demonstrated a significant modulatory effect
on cell mortality after 72h of cisplatin treatment. (C-D) Evaluation of the correlation between the percentage
of cell mortality obtained in in vitro cytotoxicity tests and the patient response score to chemotherapy (n =
19), based on the Pearson’s correlation coefficient (R). The response score is thus determined based on the
radiological response following the first three cycles of chemotherapy: -2, severe progression; -1, mild
progression; 0, stable disease; +1, partial response; +2, complete response. A moderate and significant
correlation was reported for HA (R = 0.493; p = 0.027) (C), while HA+C1qg matrix showed no correlation (R
= 0.353; p = 0.217) (D). (E) OVCA cells were seeded onto HA or HA+C1q matrix for 24h. The gene
expression of MDR1, CD44, and MKI167 was evaluated by Real-Time qPCR. Data were expressed as AACT
compared to the same cell populations seeded on FN and as the mean of experiments performed in triplicate

+ standard deviation (paired two-tailed t-test).

In order to understand whether, similarly to MPM, the HA + C1q matrix could represent
a valid substrate for the in vitro cisplatin treatment of HGSOC cells and the correlation with the
clinical data of the patients, we calculated the Pearson’s correlation coefficient for HA and
HA+C1qg matrixes. As compared to MPM, two further values were added to the response score
previously described: +1 to indicate the “partial response” and +2 to indicate the “complete
response” to the treatment. For HA matrix, we could highlight a moderate and significant
correlation (R = 0.493; p = 0.027) between in vitro mortality and response score of the patients
(Figure 34C), while this correlation was not confirmed for HA+C1q matrix (Figure 34D), as
further proof that the effect of C1q observed in MPM is not attributable to shared mechanisms,
but rather specific to a particular tumour type.

In order to further confirm the ineffectiveness of C1lg in modulating the response to
therapy in HGSOC, we evaluated its effect in influencing the expression of genes coding for
chemotherapeutic efflux pumps (MDR1, MRP1, BCRP, MRP2, GSTP1, GSTT1, MVP, CTR1,
CTR2, ATP7A, and ATP7B) and cell proliferation-related genes (MKI67, PCNA, and TOP2A) in
MRNA samples isolated from OVCA cells previously used in cytotoxicity tests. Figure 34E
shows the results obtained for MDR1, CD44, and MKI67, which do not appear to be significantly
modulated by HA-bound C1qg. The same trend was confirmed for the other genes under

investigation (data not shown).
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In light of these results, it seems unlikely that C1q, even if deposited at the level of the
TME of HGSOC, could have a decisive effect in influencing the prognosis and response to

platinum-based anti-neoplastic treatments.
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CONCLUSIONS

In this thesis, we reached our main purpose to provide an extensive overview about the
landscape of C in MPM. We developed a novel model, defined as “Complement Score”, for the
characterization of C components and their prognostic value in specific tumour settings.
Although transcriptomic analyses can be extremely powerful and useful to pinpoint associations
between C components and clinical outcome, they should be always coupled with in situ
analyses of C proteins. This will allow to fully understand how C modulates tumour cells,
immune cells, and the overall TME. An in-depth understanding of the TME composition in
terms of C components may provide entry points for novel experimental hints and therapeutic
approaches. The assessment of a tumour-type specific “Complement Score”, based on both
bioinformatics analysis and protein/functional evidence, should be combined to the already
validated immune scores for predicting prognosis and determining therapeutic approaches in
cancer.

The results obtained in this study confirmed the controversial role that C1q plays in the
TME. First, the entire plethora of evidence collected in MPM can be ascribed to effects specific
for this tumour setting, since similar results were not confirmed in HGSOC. This may be due to
the higher abundance of C1q in MPM than in other human cancers. Furthermore, it is interesting
to underline how the effects of C1q in MPM are even preferential for a very specific histotype
(i.e., epithelioid MPM), to underline once again the extreme eclecticism of this molecule.

C1q deposited in the TME shows the capability to interact with ECM components, in
particular HA, undergoing a putative conformational change, which may in turn modify its
functions via the activation of novel signaling pathways and determine the fate of tumour
progression. Here, we reported a clear example of how the interplay between C components and
ECM components can act as a potent orchestrator of the TME. In fact, the interaction of C
components with specific ECM components can determine C activation or inhibition and
promote specific non-canonical functions, which can favour or limit tumour progression based
on the tumour model analyzed. An in-depth and tumor-type specific characterization of TME
composition in terms of C components and ECM proteins could be essential to determine their
potential interactions and become a key element for improving drug development, prognosis,
and prediction of therapy response in solid tumors.

At a first analysis, some findings reported in this study may seem inconsistent with the

large body of evidence previously published by our group. C1q, especially by virtue of its
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binding to HA, exerted pro-tumorigenic functions in the TME of MPM, not only enhancing the
adhesion, invasion, and proliferation properties of tumour cells, but also modulating the
expression of enzymes involved in HA metabolism, thus contributing to the maintenance of a
pro-inflammatory microenvironment. However, survival analysis suggested a favourable
prognostic significance of C1qg in MPM. This prompts the question of how high levels of a pro-
tumorigenic factor can be associated with increased survival of the patients. The answer possibly
lies in the diverse tumour timing and the introduction of a further variable: chemotherapy. While
it is true that C1g can modulate signaling pathways that promote more invasive behaviors of
tumour cells, on the other hand it makes them more vulnerable to the effects of platinum-based
antineoplastic agents. In fact, we demonstrated that C1q is responsible for increased cell
proliferation and downregulation of proteins involved in pre-target resistance mechanisms.

To date, the exact mechanism by which C1q can interact with tumour cells and activate
different signaling pathways, depending on the stage of tumour progression, remains an open
question. A plausible hypothesis is the involvement of gC1gR, with whom C1q could recreate
mechanisms similar to those of the PD-1/PD-L1 axis. Ghebrehiwet's group has reported that the
increased expression of gC1gR in MPM is associated with increased survival in patients treated
with chemotherapy (Li et al., 2019b), proposing it as a potential therapeutic target in MPM
(Peerschke et al., 2020). A greater presence of gC1gR on MPM tumour cells could therefore
favor their interaction with the C1q deposited in the TME, making the cells more sensitive to
antineoplastic treatment. gC1gR downregulation in HGSOC may explain the ineffectiveness of
Clq in this tumour. Further studies in this direction will be fundamental to dissect the
mechanisms of interaction between tumour cells and the C1q present in the TME, as well as the
contribution of the ECM and the connected pathways which are potentially involved.

The critical role played by the interaction of C1q with the ECM in the MPM TME is also
demonstrated by the strength of the correlation we observed between the in vitro tests performed
on cells isolated from biopsy and the patient response to therapy. This observation suggests that
HA-bound C1q can recreate culture conditions capable of mimicking the characteristics of the
original TME, potentially offering an easy and standardizable system to predict the patient
response to standard chemotherapy. Such a result could be part of the development of
personalized medicine approaches, which will be useful to avoid treatment with the gold
standard for the patient after having proved its ineffectiveness in in vitro tests. The next step,

although extremely ambitious, involves extending these evaluations to second-line
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chemotherapy drugs or even new formulations, with the aim to determine the most appropriate
treatment for the individual patient.

Ultimately, our preliminary observations about the increased presence of C1q in tumour
samples enriched with stromal TILs and PD-L1 expression may lead to the ambitious proposal
of C1q as a potential biomarker for selecting patients eligible for ICl-based therapies. This
aspect is even more relevant considering the recent FDA approval of the ipilimumab and
nivolumab combination in the treatment of unresectable MPM. Thus, gaining awareness about
the fundamental role of immune system in modulating tumour responses has irreversibly

modified the therapeutic landscape in cancer.
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Simple Summary: Malignant pleural mesothelioma (MPM) is a rare and aggressive tumor char-
acterized by poor prognosis due to late diagnosis and the absence of efficient first-line treatments.
Hyaluronic acid (HA) and the complement protein Clq represent two pivotal players in the MPM
tumor microenvironment by acting in association with effects on cancer cell adhesion, migration and
proliferation. The aim of the current study is to prove HA production by MPM primary cells and to
understand whether HA metabolism modulation could be considered a potential target for future
therapeutic approaches in MPM.

Abstract: Increased hyaluronic acid (HA) production is often associated with cancer progression.
In malignant pleural mesothelioma (MPM), HA is found at elevated levels in pleural effusions and
sera of patients, and it has been widely debated whether MPM cells are able to produce HA by
themselves or through the release of growth factors stimulating other cells. Another key component
of the MPM microenvironment is Clq, which can act as a pro-tumorigenic factor favoring cell
adhesion, migration and proliferation. The aim of the current study was to prove that MPM primary
cells are able to synthesize HA and to inquire the stimulus given by C1q—-HA matrix to HA synthesis.
We confirmed the presence of a HA coat and cable-like structures around MPM primary cells, as well
as an intracellular pool, mainly localized in the cytoplasmic and perinuclear region. After evaluating
HA synthase (HAS) enzymes’ basal expression in MPM primary cells, we found that C1lq bound to
HA was able to impinge upon HA homeostasis by upregulating HAS3 both at the mRNA and the
protein levels. High expression of HAS3 has been correlated with a shorter life expectancy in MPM
by bioinformatical analysis. These data confirmed that C1q bound to HA may exert pro-tumorigenic
activity and identified HAS3 as a potential target in MPM.

Keywords: malignant pleural mesothelioma; cancer; hyaluronic acid; immune system; complement
system; C1q; tumor microenvironment; hyaluronan synthases; HAS3
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1. Introduction

Malignant pleural mesothelioma (MPM) is a rare and aggressive kind of cancer arising
from the mesothelial cells of the pleura. The principal and widely acknowledged risk
factor associated with MPM is asbestos exposure, with a latency period varying from 20 to
50 years [1]. Non-specificity of symptoms, late diagnosis and absence of efficient first-line
therapeutic options ensure an almost certainly poor prognosis [2].

The unique MPM tumor microenvironment, in addition to genetic abnormalities
accumulating in mesothelial cells, is responsible for tumor capacities of migration, invasion
and metastasis [3,4]. Within this context, the extracellular matrix (ECM) and in particular
one of its components, hyaluronic acid (HA), plays a pivotal role in MPM progression [5,6].
HA, as a member of the glycosaminoglycan (GAG) family, has a relatively simple structure
and is abundantly produced throughout all mammalian species [7]. HA synthesis, unlike of
other GAGs, occurs in the plasma membrane and hyaluronan synthases (HAS1, HAS2 and
HAS3) are the integral membrane proteins responsible for its production, showing different
enzymatic activity [8,9]. HA synthase enzymes are glycosyltransferases exerting their
catalytic activity on the inner side of plasma membrane, where they synthetize large and
linear polymers of the repeating disaccharide structure of hyaluronan by adding alternately
the two precursors, uridine diphosphate (UDP)-N-acetylglucosamine and UDP-glucuronic
acid, to the reducing terminus of the chain [10].

Significantly increased levels of HA production are often associated with human
and animal tumors [11]. The contribution of HA to tumor progression is based on two
fundamental mechanisms: the first is the HA metabolism, including the regulation of
HA metabolic enzymes that define the amount and size of HA [12]; the second one is the
binding of HA to cell membrane receptors that activate signaling pathways and modulate
cell functions [13]. Interestingly, the molecular weight of HA may affect its biological
properties [14].

HA synthesis by human MPM cells is an issue that has been widely discussed over the
course of time. MPM is commonly associated with high content of HA; in particular, it can
be found at elevated levels in pleural effusions [15] and sera [16] of patients. Nevertheless,
several studies have suggested that the increased HA synthesis reported in patients affected
by MPM is mostly due to the release of growth factors from tumor cells that may stimulate
other cells to produce HA [17,18].

Another key component of tumor microenvironment is the complement system and,
specifically, its recognition component of the classical pathway, namely C1q. This macro-
molecular complex has been shown to act as a tumor-promoting factor by favoring adhe-
sion, migration and proliferation of cancer cells [19]. C1q has been previously demonstrated
to bind a wide range of target ligands within the ECM and a particularly strong interaction
has been evidenced with HA, enhancing even more tumor-progressing behaviors [20].
Furthermore, we previously demonstrated the high abundance of C1q within the MPM
microenvironment [20].

In the current study, we sought to prove that MPM primary cells isolated from patients
are able to synthesize hyaluronic acid by themselves, also providing some information
about its intracellular localization. In addition, we inquired the stimulus given by the
Clg-HA matrix to HA synthesis.

2. Results
2.1. MPM Cells Are Able to Synthesize Endogenous HA by Themselves

We initially aimed at investigating HA presence in the MPM tumor microenvironment
by histochemical analysis of paraffin-embedded MPM tissue samples stained with the
Alcian blue solution, a cationic dye used for the detection of acidic glycosaminoglycans.
As shown in Figure 1A, a strong positivity for HA could be detected in particular in
tumor-associated stroma.
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Figure 1. (A) Hyaluronic acid (HA) presence in the malignant pleural mesothelioma (MPM) tumor microenvironment.
Histochemical staining with Alcian Blue highlighted HA distribution in MPM tissue sections; in particular, the staining was
visible in tumor-associated stroma. Nuclei were stained with Fast Red. Magnification, 200, scale bar, 100 pm. (B-D) MPM
primary cells are able to produce HA by themselves, as compared to normal mesothelial cells Met5A. Alcian blue staining
in MPM primary cells highlighted the presence of HA around the cells (indicated by black arrows) (B). Hyaluronidase
treatment allowed the removal of HA staining (C). As a further control, Met5A cells, a normal mesothelial cell line, do not
show the capability to produce HA (D). Original magnification, 200, scale bar, 50 um.

Once we had demonstrated HA presence at the tissue level, we proceeded further by
assessing whether MPM primary cells possessed the capability of synthesizing endogenous
HA by themselves. After methanol-based fixation, MPM primary cells were stained with
the Alcian blue dye, highlighting the presence of HA cables around MPM primary cells
(Figure 1B). To confirm the cables as being composed of HA, a hyaluronidase treatment
(500 units/mL) was performed. In Figure 1C, it can be noticed that upon hyaluronidase
addition, the cables around the cells were completely lost. As a further control, the same
experiment was carried out in Met5A, a mesothelial cell line derived from non-cancerous
individuals; furthermore, in this case, we could not detect any blue staining (Figure 1D).

A further investigation about HA production was obtained by red blood cell (RBC)
exclusion assay. MPM primary cells were seeded at low confluence and allowed to deposit
around them a HA pericellular coat for 48 h. When fixed RBCs were added onto the cells
in the culture and enabled to settle down, only MPM primary cells displayed a wide halo
that excluded fixed erythrocytes (Figure 2A,D). This halo was not observed neither on
seeded Met5A (Figure 2C,F) nor upon hyaluronidase treatment of MPM primary cells
(Figure 2B,E).
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Figure 2. Red blood cell (RBC) exclusion assay in MPM primary cells with or without hyaluronidase treatment and in
Met5A cells. Fixed RBCs were added onto MPM primary cells in the culture, highlighting the presence of a HA pericellular
coat around the cells (A,D); hyaluronidase treatment (B,E) was performed to confirm the coat as being composed of HA.
As an additional control, the same experiment was carried out with Met5A (C,F). Original magnification, 100x (A-C),
200x (D-F), scale bar, 50 um.

2.2. Detection of Intracellular HA and HA Cables in MPM Cells

In order to obtain further insights about endogenous HA synthesis by MPM cells,
we took advantage of hyaluronan-binding protein (HABP) as a probe for HA detection.
HA in fact is not immunogenic, but it can be specifically recognized by HABP which
typically comprise the G1 domain of aggrecan or a combination of G1 and the cartilage link
protein [21]. Double-staining experiments were therefore performed using a biotinylated
HABP probe (5 ug/mL) for HA detection together with an anti-vimentin antibody required
to appreciate cell morphology. HABP binding to HA was then revealed upon incubation
with Cy3-conjugated streptavidin. As a control, MPM primary cells were treated with com-
mercially available hyaluronidases with the aim to selectively degrade the pericellular halo
MPM primary cells are used to deploy around them. Interestingly, hyaluronidase-treated
and untreated MPM primary cells showed only intense hyaluronan staining localized in
the cytoplasm, as illustrated by the reported z-projections (Figure 3A-C). This intracellular
HA signal was organized as vesicular/globular structures dispersed within the whole
cellular volume and predominantly evident also in the perinuclear region. The extracellular
hyaluronan coat could not be detected since it is easily lost during the fixation procedure,
therefore impeding appreciation of the differences between the cells treated or untreated
with hyaluronidases (data not shown).

To investigate whether an endocytosed extracellular pool of HA could be the main
source for intracellular HA, we filled the whole endocytic system upon incubating the cells
ON with 10 pg/mL of fluorescein-labeled HA (HA-Fl) supplied in the culture medium.
The following day the cells were fixed and labeled for endogenous HA using the HABP
probe. As shown in Figure 3D-F, the signals deriving from the two HA pools, the one
synthesized by MPM primary cells and deployed extracellularly versus the exogenously
supplied fluorescein-labeled fraction, did not overlap, with the fluorescein signal restricted
to large endosomal vesicles.
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Figure 3. (A-C) HA synthesis by primary MPM cells and its intracellular distribution. MPM primary cells were fixed,
permeabilized and co-stained for vimentin (A) in order to visualize cell morphology; and for HA binding protein (HABP) (B)
in order to detect HA presence inside the cells. Intense HA staining inside the cytoplasm of MPM primary cells was clearly
detected and illustrated by the reported z-projections. The merge (C) allowed the visualization of intracellular HA staining
as vesicular or globular structures prominently concentrated in the perinuclear region of cells. Nuclei were stained in
blue. The presence of an HA pericellular coat could not be detected because of the use of fixatives. Scale bar: 10 um.
(D-F) Endocytosis of exogenous HA by MPM primary cells. Fluorescein-labeled (HA-Fl) (10 pg/mL) was supplied to MPM
primary cells in the culture to be taken up during overnight (ON) incubation (D). Cells were then fixed and stained with
HABP for endogenous intracellular HA detection (E). The two pools do not overlap (F). Nuclei were stained in blue. Scale
bar: 10 um. (G,H) 3D reconstruction of the distribution of HA produced by MPM primary cells. Detection of HA cables,
protrusions that connect adjacent cells, was observed in particular in the perinuclear region.

3D reconstruction of the distribution of HA produced by MPM primary cells allowed
us to identify the presence of HA cables. From the 3D images taken by confocal microscopy,
we could confirm what was previously described in the literature [22], since it was pos-
sible to clearly visualize some HA protrusions (Figure 3G,H) to connect adjacent cells, in
particular the perinuclear region.
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2.3. Intracellular Localization of HA in Cell Organelles

To achieve clearer understanding of the intracellular distribution of endogenous HA,
in particular to distinguish between the possibility of detecting HA mainly sequestered
within intracellular organelles/vesicles or freely dispersed into the cytosol, we performed
a series of immunofluorescence experiments by colabeling HA with specific markers of the
endocytic and secretory pathways (Figure 4). Early endosome antigen 1 (EE1A), lysosomal-
associated membrane protein 1 (LAMP1) and Ras-associated binding protein 11A (Rab11A)
were chosen as target antigens for early endosomes, lysosomes and recycling endosomes,
respectively. Calnexin and Trans-Golgi network membrane protein 38 (TGN38) were used
instead to label endoplasmic reticulum (ER)-to-Golgi and the Trans-Golgi network (TGN)
compartments of the secretory pathway. The detection of just a partial colocalization
with calnexin and Rab11A seems to suggest anyway that HA is mainly localized in the
cytoplasm of the MPM tumor cells.

Figure 4. Intracellular HA distribution along endocytic and secretory pathways. MPM primary cells
were fixed, permeabilized and co-stained for the HA-binding protein (B,E,H,M,P) and markers of
the endocytic pathway, EEA1 (A) and Lamp-1 (D), as well as for secretory pathways, calnexin (G),
TGN38 (L) and Rab11A (O). The overlap allowed excluding colocalization along the endocytic
pathway (C,F), low intensity of colocalization for calnexin (I) and TGN38 (N) and stronger intensity
for Rab11A (Q). Scale bar: 10 um.
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2.4. Basal Expression of HAS Enzymes in MPM Tissue Samples and MPM Cells

As the first step towards the identification of the expression level and the intracellular
distribution of the main enzymes involved in HA synthesis, namely HAS1, HAS2 and
HAS3 isoforms, we performed immunohistochemical labeling on paraffin-embedded
sections derived from MPM tissues (Figure 5A-C) with isoform-specific antibodies. All
three HAS isoforms had similar cytoplasmic and membrane-associated expression within
the tumor region.
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Figure 5. Characterization of HAS enzyme expression at the tissue level in MPM sections and in MPM cells. (A-C) Im-
munohistochemical analysis of HAS enzymes in MPM tissues. MPM sections were probed for the detection of HAS1 (A),
HAS2 (B) and HAS3 (C) expression at the tissue level, showing cytoplasmic and membrane presence of all the three HAS
isoforms within the tumor region. Staining was revealed using a polymer detection kit (Novocastra, Leica Biosystems) and
the AEC (3-amino-9-ethylcarbazole, Dako, Denmark) or DAB (3,3'-diaminobenzidine) substrate chromogen. Slides were
counterstained with Harris Hematoxylin (Novocastra, Leica Biosystems). Magnification, 200, scale bar, 100 um. (D) Basal
mRNA expression level of HAS enzymes in MPM primary cells using quantitative real-time PCR. Higher expression of
HAST and HAS2 was highlighted. TATA box-binding protein (TBP) was used as a housekeeping gene to normalize gene
expression results. Data were expressed as the means of experiments performed on eight different MPM populations in
triplicates = SEM. (E) Basal protein expression level of HAS enzymes in MPM cells using cytofluorimetric analysis. MPM
cells were stained for HAS1, HAS2 and HAS3 and the fluorescence intensity of the cells incubated with primary antibodies
(green line) was compared with unrelated staining (black line). All three enzymes were expressed by MPM primary cells.
Basal protein expression level of HAS enzymes was also evaluated in NCI-H28, a human mesothelioma cell line. HAS
enzyme expression in NCI-H28 cells appeared comparable to the one of MPM primary cells.
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In order to investigate the basal expression levels of the hyaluronan synthases HAS1,
HAS2 and HAS3 in primary cells, we proceeded then with quantitative real-time PCRs of
the total mMRNA samples extracted from freshly isolated MPM cells. As shown in Figure 5D,
HAS1T and HAS? resulted in the predominantly expressed synthetic enzymes in all the eight
MPM primary cell populations, highlighting interesting variability in all the cases. On the
other hand, HAS3 expression was very low when considering the mRNA level. To evaluate
expression of the three isoforms at the protein level, we performed cytofluorimetric analysis.
As shown in Figure 5E, the cells were positively stained for all three HAS enzymes. The
same experiment was also repeated on the NCI-H28 cell line derived from the human
mesothelioma epithelioid histotype, confirming the expression pattern similar to that
observed in primary MPM cells.

2.5. Modulation of HAS Enzyme Expression after HA and C1q Treatment of MPM Cells

Assessment of the basal HAS expression was followed by the evaluation of the in-
fluence exerted by HA and Clq on HAS modulation. Having further demonstrated a
massive presence of HA within the MPM tumor microenvironment, we proceeded with
an immunohistochemical analysis for the detection of C1q in MPM tissues. As shown in
Figure 6, a strong positivity for C1q was detected in MPM specimens, mainly expressed in
the cytoplasm of intratumoral inflammatory cells, in the tumor stroma and in small vessels,
but completely absent in neoplastic cells.

\‘*'.“"

Figure 6. C1q expression within the MPM tumor microenvironment. Immunohistochemical analysis of C1q expression

in MPM specimens highlighted massive presence of Clq in the tumor stroma and in the cytoplasm of monocytoid cells.

Staining was revealed using a polymer detection kit (Novocastra, Leica Biosystems) and the AEC (3-amino-9-ethylcarbazole,

Dako, Denmark) substrate chromogen. Slides were counterstained with Harris Hematoxylin (Novocastra, Leica Biosystems).
Magnification: (A) 200 x, scale bar, 100 um; (B) 400 %, scale bar, 50 pm.

Based on the observations about their presence in the MPM tumor microenvironment,
HA and Clq were initially supplied as soluble “ligand” treatments, but this approach
proved quite ineffective and unsatisfactory (Figure S1). Therefore, we evaluated the
possibility of immobilizing HA in the presence or absence of Clq as a matrix. MPM
primary cells were therefore seeded on these matrixes and total mRNA was purified after
ON incubation with HA and/or Clq. Based on quantitative real-time PCR analysis, the
C1g-HA matrix seemed to significantly increase the HAS3 expression level as compared
to HA alone, whereas HAS1 and HAS2 were not modulated by HA and/or Clq stimuli
(Figure 7A-C).
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Figure 7. HAS modulation in MPM primary cells after treatment with Clq and/or HA. (A-C) Clq and/or HA were
immobilized as a matrix and MPM primary cells, after ON incubation, were analyzed by quantitative real-time PCR,
highlighting upregulation of HAS3 mRNA expression level. Data were expressed as the means of experiments performed
on eight different MPM populations in triplicates & SEM, * p < 0.05. (D,E) Western blot analysis of HAS3 expression in
MPM primary cells seeded onto HA or the HA and Clq matrix. Cell lysates were separated by SDS-PAGE and, after the
transfer process, the membrane was probed with the x-HAS3 primary antibody and a LI-COR IRDye secondary antibody:.
Fluorescence intensity was identified using an Odyssey® CLx near-infrared scanner (LI-COR Biosciences, Lincoln, NE,
USA). Image acquisition, processing and data analysis were performed with Image Studio ver 5.2 (LI-COR Biosciences).
B-actin was used to normalize the results, * p < 0.05. (F,G) Cytofluorimetric analysis of HAS3 expression after the HA (green
line) or the HA and C1q (magenta line) treatment. Fluorescence intensity of the cells incubated with the HAS3 primary
antibody was compared with unrelated staining (black line). Upregulation of HAS3 at the protein level was confirmed in
MPM cells, * p < 0.05.

In order to also confirm HAS3 modulation at the protein level, the cells were seeded
at the same coating conditions and HAS3 expression was evaluated by Western blot and
cytofluorimetric analyses. Both Western blot analysis (Figure 7D,E) and cytofluorimetric
assay (Figure 7F,G) confirmed upregulation of HAS3 expression when the cells were seeded
onto the C1q and HA matrix.

2.6. Clinical Significance of HAS mRNA Expression in MPM

In order to understand whether HAS3 could serve as a potential prognostic target
in human MPM, we took advantage of the bioinformatical survival analysis database
PROGgeneV2, drawing from The Cancer Genome Atlas Mesothelioma (TCGA-MESO)
dataset for the generation of a survival plot. Based on this dataset, we observed that, whilst
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the HAS3 expression level was negatively correlated to life expectancy in MPM patients
(Figure 8): survival rate of patients with high HAS3 expression was lower than of the ones
with low expression (p < 0.01), as illustrated in The Cancer Genome Atlas (TCGA dataset).
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Figure 8. Patients’ clinical outcomes on the basis of HAS1, HAS2 and HAS3 mRNA expression in MPM cancer. HAST and
HAS?2 expression is not correlated to MPM patients’ survival rate, whereas high HAS3 mRNA expression is correlated to a

lower survival rate of mesothelioma patients as determined by using the PROGgene V2 database. p < 0.01.

3. Discussion

Significantly increased levels of HA are often associated with human and animal
tumors [23]. During tumor invasion, changes of the tumor ECM occur due to proteolytic
cleavage of structural proteins, and it is common to find a more hydrated ECM enriched in
HA [24].

MPM is commonly associated with a high content of HA; in particular, it can be found
at elevated levels in pleural effusions and sera of patients [15,16], showing also higher HA
positivity levels around tumor cells as compared to metastatic adenocarcinoma [25]. The
evidence of strong HA presence in the MPM tumor microenvironment was also confirmed
by our histochemical analysis performed both on tissue sections and isolated primary MPM
cells, highlighting intense HA staining in particular in the tumor stroma.

Despite its undeniable presence within the MPM microenvironment, HA production
by human MPM cells is an issue that has been widely debated over the last decades, leading
to contradictory results. An experimental report by Asplund and colleagues supported the
notion that MPM cell lines produce only a small amount of HA as compared to normal
mesothelial cells which synthesize large quantities of HA; conditioned media from human
MPM-derived cell lines were shown to promote HA synthesis in vitro by fibroblasts and
mesothelial cells due to secreted growth factors or other mediators [17]. Similar results
have also been shown in other types of malignancy [26-28].

RBC exclusion assay and Alcian blue staining performed by our group revealed
the presence of an HA pericellular coat surrounding MPM cells isolated from diagnostic
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biopsy and seeded at low density. This capacity was totally absent in Met5A normal
mesothelial cells, proving their inability to synthesize HA by themselves. In addition,
based on double staining immunofluorescence assays, where HA detection by the HABP
probe was associated with several markers for the endocytic and secretory pathways, and
on HA-FI endocytosis experiments, we proved the ability of human MPM primary cells to
synthesize large amounts of HA not enwrapped into organelles/vesicular structures but
freely dispersed into the cytosol.

Despite observing the presence of secreted HA as a well-described component of
the extracellular matrix and its organization in HA cables for cell-to-cell communication
and cell migration [22,29], a considerable pool of the HA located intracellularly was also
detected. It appeared as round vesicular or globular structures filling the whole cell volume
and, in most cases, clustered in the perinuclear region of the cell. Indeed, the presence of
HA in the nuclear periphery and/or nucleoli has already been well-described [30] despite
raising several still unanswered questions about the functional role played by cytosolic
HA. It has also been reported that HA is synthesized in large amounts by mitotic cells,
suggesting an involvement of HA in growth regulation and mitosis [31,32]. The finding
of such a strong presence of intracellular HA in different cell types is also supported by
literature data: intracellular localization of HA has been found to be associated with the
rough ER [33], with heterochromatin and nuclei [34], with caveolae [35] and with cyto-
plasm [36]. Recent findings have also reported the presence of intracellular HA anchored
to the cytoskeleton, being involved in mechano-transduction mechanisms [37].

Experiments based on the use of HA-Fl allowed us to assume that the signals derived
from exogenously supplied HA and intracellular HA pools did not overlap since the
fluorescein signal was restricted to large endosomal vesicles. This result, in addition to
the previous experiment related to HA absence along the endocytic pathway, seemed to
definitively contrast the hypothesis that the intracellular HA derived exclusively from the
internalization of an endocytosed extracellular pool that would require translocation of
the endosomal system from the lumen to the cytosol, leading to speculation of cytosolic
synthesis at the inner face of the plasma membrane.

The enzymes responsible for synthesis, also called HA synthases (HAS1, HAS2,
HASS3), are glycosyltransferases exerting their catalytic activity on the inner side of the
plasma membrane. Mammals express three different isoforms which differ in the range
and quantity of HA oligomers as well as in their enzymatic activity: HAS1 and HAS2
produce high molecular weight (HMW)-HA with an average size of 2 x 10° Da, whereas
HAS3 produces HA chains of smaller sizes that can reach at most 2 x 10° Da [8]. HAS1
synthesizes lower amounts of HA than the other two HAS isoforms; in particular, HAS3 is
the most catalytically active protein [38].

Although hyaluronan synthases are believed to be located exclusively in the plasma
membrane [39], it is possible that, in the context of a tumor, they may be mislocalized
on the intracellular membrane in a way that will end up secreting hyaluronan into the
cytoplasm and/or nucleus of the cell. Dysregulation of HAS gene expression has been
observed in cancer, with the pattern of expression tightly correlated to the cancer type [40].
Based on quantitative real-time PCR, we found that HASI and HAS2 are the isoforms
predominantly expressed in MPM cells, with HAS3 mRNA only poorly represented. These
data are in accordance with the findings of Kanomata and colleagues, who reported that
90% of mesothelioma cases tested in IHC extensively immunoreacted to anti-HAS1 and
HAS?2 antibodies, while HAS3 overexpression was evident only in 40% of the cases [41].
Interestingly, when evaluating HAS espression at the protein level, we were able to detect
consistent expression of all three isoforms both at the tissue and the cell level. This may
be due to the poor correlation between the mRNA and protein expression levels usually
observed in complex biological samples [42].

Another key component of the tumor microenvironment abundantly expressed in
several type of cancers, where it can exert either tumor-promoting functions or anti-
tumorigenic roles [19,43], is represented by the first subcomponent of the complement
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system, the C1q molecule. Since we previously demonstrated that C1q bound to HA is
able to modify the signaling properties of the ECM enhancing adhesion, spreading and
proliferation of MPM primary cells [20], we attempted to determine whether C1q and HA,
either alone or in combination, may differentially impact HA homeostasis by altering the
expression levels of the enzymes involved in its synthesis. Based on quantitative RT-PCR,
we observed that only C1q bound to HA, but not Clq alone, was able to significantly en-
hance HAS3 expression. This effect was selective for HAS3, since no significant modulation
was observed for HAST and HAS?2, and these results were further confirmed at the protein
level, both by cytofluorimetric and Western blot analyses. We may hypothesize that the
modulation could be displayed only when C1q and HA were bound in a matrix because
the binding was able to provoke a conformational change of Clq, altering the signaling
properties of the tumor microenvironment and rendering it even more permissive to cancer
survival, progression and migration through the promotion of HA synthesis.

Interestingly, bioinformatical analysis by PROGgene V2 database allowed us to unveil
that high HAS3 expression levels negatively correlate with survival expectancy in MPM
patients. These observations appeared to be particularly reasonable since HAS3 has been
addressed as the HAS enzyme more active and responsible for the production of smaller
HA fragments, which are commonly associated with metastatic behaviors by promoting
proliferation and invasion [44]. Since its low mRNA expression levels are reasonably offset
by elevated protein expression and enzymatic activity as compared to other HAS [45] and
since it exerts a significant role in cancer progression enriching the tumor microenvironment
with pro-inflammatory and pro-tumorigenic HA fragments, HAS3 could be considered a
future potential target in therapeutic MPM intervention.

4. Materials and Methods
4.1. Reagents and Antibodies

HA was a kind gift from Prof. Ivan Donati, Department of Life Sciences, University
of Trieste. The following antibodies were used: mouse monoclonal anti-vimentin, mouse
monoclonal anti-LAMP1, mouse monoclonal anti-HAS2 (#sc-365263) and mouse mono-
clonal anti-actin purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); mouse
monoclonal anti-EEA1, mouse monoclonal anti-Rab11A, mouse monoclonal anti-calnexin,
mouse monoclonal anti-TGN38, streptavidin Cy3-conjugated and anti-mouse IgG fluores-
cein isothiocyanate (FITC)-conjugated from Abcam (Abcam Inc, Toronto, ON, Canada);
rabbit polyclonal anti-C1q from Dako (Dako, Glostrup, Denmark); rabbit polyclonal anti-
HAS1 (#PA5-50674) from Invitrogen™ (Thermo Fisher Scientific, Waltham, MA, USA);
rabbit polyclonal anti-HAS3 (#15609-1-AP) from Proteintech (Proteintech, Rosemount,
IL, USA); anti-mouse LI-COR IRDye 680RD and anti-rabbit LI-COR IRDye 800CW from
LI-COR Biosciences (LI-COR Biosciences, Lincoln, NE, USA). All chemicals were purchased
from Sigma (Sigma-Aldrich, Saint Louis, MO, USA).

4.2. Patients and Specimens

Patients enrolled in the current study attended the Department of Pneumology, Uni-
versity Hospital of Cattinara, Trieste, Italy, with a symptomatic picture suggestive of MPM.
Patients with reported asbestos exposure underwent video-assisted thoracoscopy, also
known as pleuroscopy, for diagnosis of pleural effusion as previously described [20]. The
eight selected patients were all male, Caucasian, presenting epithelioid histotype; none of
them received chemotherapy or radiotherapy prior to sampling. The mean age at diagnosis
was 76.4 £ 5.1 years.

All patients agreed to sign an informed consent form, following ethics approval by
the Comitato Etico Unico Regionale (CEUR, Friuli Venezia Giulia, Italy; number 34/2016).

4.3. Cell Isolation and Culture

MPM cells were isolated from pleural biopsies of ten enrolled patients following
the previously reported procedure [20]. MPM primary cells were cultured in a Human
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Endothelial Serum Free Medium (HESFM, Gibco) supplemented with 20 ng/mL epidermal
growth factor (Sigma), 10 ng/mL basic fibroblast growth factor (Immunological Sciences),
1% penicillin—streptomycin (Sigma-Aldrich) and 10% heat-inactivated fetal bovine serum
(FBS, Gibco). The cells were maintained at 37 °C in humidified atmosphere with 5% v/v
CO; and the medium was changed every 2-3 days. To assess the purity of isolated primary
cells, they were characterized both by cytofluorimetric analysis and immunofluorescence
assays for the following MPM representative markers: mesothelin, calretinin, cytokeratin
8/18, WT1 and CD44 in addition to CD45 and vWF to exclude leukocyte and endothelial
cell contamination, respectively, as previously described [20].

Met5A cells, a non-malignant human pleural mesothelial line, were purchased from
the American Type Culture Collection (ATCC) and cultured in complete HESFM. NCI-H28
cells, a human mesothelioma cell line, were purchased from the ATCC and cultured in the
RPMI-1640 medium supplemented with 10% FBS.

4.4. Red Blood Cell Exclusion Assay

Met5A and MPM primary cells were seeded onto a sterile 96-well plate for cell
culturing. The cells were grown in a culture medium until 70% confluence was reached. The
medium was then removed and replaced by 0.16% fixed RBCs (Institut de Biotechnologies
Jacques Bay) diluted into dPBS + 0.5% BSA, 0.7 mM CaCl,, 0.7 mM MgCl,. RBCs were
allowed to settle down for 20 min at 37 °C in a 5% v/v CO, incubator.

As a control, MPM primary cells were treated with recombinant hyaluronidases
(Sigma) before the addition of the erythrocytes. Hyaluronidase treatment was performed
as follows: the enzyme resuspended in 0.02 M phosphate buffer, pH 7, 77 mM sodium
chloride, 0.01% BSA, was diluted to 500 units/mL in HESFM + 10% FBS, pH 4.41, and
added to the cells for 30 min at 37 °C in a 5% v/v CO, incubator.

Images were acquired by an optical microscope, original magnification 200 x, with a
Canon Power Shot A640 Camera.

4.5. Alcian Blue Staining

Tissue samples of MPM were fixed in 10% buffered formalin, paraffin-embedded and
stored at 4 °C. Paraffin was steadily removed and sections were rehydrated by washing
them in xylene, 100% EtOH, 95% EtOH, 70% EtOH and distilled water. Tissue sections
were incubated with a solution of 1% Alcian blue dissolved in 3% acetic acid, pH 2.5, for
30 min at RT. After washing them in tap water for 10 min, the sections were dehydrated,
and the nuclei were stained with Nuclear Fast Red.

MPM primary cells were seeded onto glass coverslips and allowed to grow to up to
70% of confluence. The cells were fixed with ice-cold methanol for 10 min at —20 °C and
stained with 1% Alcian blue following the procedure described above. MPM primary cells
were also treated with recombinant hyaluronidases (Sigma) as previously described. Cell
nuclei were stained with hematoxylin. The slides were examined under a Leica DM 3000
optical microscope and images were acquired using a Leica DFC320 digital camera (Leica
Microsystems, Wetzlar, Germany).

4.6. Immunofluorescence Microscopy for the Detection of HA

MPM primary cells in the amount of 5 x 10* were seeded on round coverslips and
allowed to grow to up to 70% of confluence. The cells were fixed with 2% paraformaldehyde
(PFA) for 20 min at RT in the dark. Permeabilization, quenching and blocking were
performed by incubating the cells in 1% BSA, 0.1% Triton X-100 and 50 mM glycine in
dPBS for 30 min at RT. Incubation with primary antibodies and 5 ng/mL HABP (Merck
Millipore) diluted with 3% BSA in dPBS was carried out ON at 4 °C. The following day,
incubation with streptavidin and secondary antibodies (1:300) was performed for 30 min at
RT. Nuclei were stained with DAPI (Sigma-Aldrich, 1:1000) for 5 min. The glasses were
mounted with the Fluorescence Mounting Medium (Dako). Images were acquired using a
confocal microscope Nikon Eclipse Ti2, SISSA facility.
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In colabeling experiments, the following antibodies were used together with HABP:
a-vimentin (1:40), a-calnexin (1:1000), «-Rab11a (1:1000), «-EEA1 (1:200), a«-LAMP1 (1:50),
a-TGN (1:100).

4.7. Detection of Endocytosed HA

MPM primary cells in the amount of 5 x 10* were seeded on round coverslips and
allowed to grow to up to 70% of confluence. HA-FI (Sigma) in the amount of 10 pg/mL
was added directly into the culture medium to be taken up during ON incubation at 37 °C
in a 5% v/v CO, incubator. The following day, the cells were fixed with 1% PFA for 20 min
at RT in the dark. Permeabilization, quenching and blocking were performed by incubating
the cells in 1% BSA, 0.1% Triton X-100 and 50 mM glycine in dPBS for 30 min at RT. MPM
cells were then labeled with 5 ng/mL of HABP diluted in 3% BSA in dPBS for 1 h at RT.
Incubation with streptavidin (1:300) was performed for 30 min at RT in the dark. The nuclei
were stained with DAPI (Sigma-Aldrich, 1:1000) for 5 min. Coverslips were placed on a
glass slide with the Fluorescence Mounting Medium (Dako).

Images were acquired using a confocal microscope Nikon Eclipse Ti2, SISSA facility.

4.8. Immunohistochemical Analysis

MPM tissue samples were fixed in 10% v/v buffered formalin and then paraffin-
embedded. Tissue sections (4 um-thick) were deparaffinized and rehydrated. The antigen
unmasking technique was performed using EDTA-based Novocastra Epitope Retrieval
Solutions (Leica Biosystems), pH 6, in a thermostatic bath at 98 °C for 30 min. The
sections were then brought to room temperature and washed in PBS. After neutralization
of the endogenous peroxidase with 3% v/v HyO, and Fc blocking by a specific protein
block (Novocastra, Leica Biosystems), the samples were incubated ON at 4 °C with the
HAS1, HAS2, HAS3 and Clq primary antibodies. Staining was revealed using a polymer
detection kit (Novocastra, Leica Biosystems) and the AEC (3-amino-9-ethylcarbazole,
Dako, Denmark) or DAB (3,3'-diaminobenzidine) substrate chromogen. The slides were
counterstained with Harris Hematoxylin (Novocastra, Leica Biosystems).

4.9. Flow Cytometry

MPM primary cells in the amount of 5 x 10° were fixed in 3% PFA in the dark for
20 min and incubated with the anti-HAS1, HAS2 and HAS3 primary antibodies diluted
in the permeabilization reagent of the FIX & PERM kit (Invitrogen, Life Technologies,
Carlsbad, CA, United States) for 1 h on ice. Incubation with FITC-conjugated secondary
antibodies was performed for 30 min on ice in the dark. The cells were resuspended and
fixed in 1% paraformaldehyde.

Fluorescence was acquired with the FACScalibur (BD Bioscience) and the data were
processed using the CellQuest software.

4.10. Coating Conditions

Cell culture plates were incubated ON at 4 °C with HMW-HA (MW, 1.5 MDa) at a
concentration of 50 ug/mL in a bicarbonate buffer, pH 9.6. The following day, the plate
was washed with dPBS and then incubated ON at 4 °C or for 2 h at 37 °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
MgCly. Then, the wells were washed again with dPBS before seeding the cells.

4.11. Gene Expression Analysis

MPM primary cells in the amount of 10° were seeded onto HA- or HA+C1q-coated
6-well plates and collected after ON incubation at 37 °C in a 5% v/v CO; incubator. An
untreated sample was also collected. The cell pellet was washed with ice-cold dPBS and
centrifuged at 250 ¢ for 7 min. After centrifugation, the cell pellet was resuspended
into the RNA Lysis Buffer (EuroGOLD) and mRNA was isolated from cell lysates using a
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EuroGOLD Total RNA kit (EuroClone). Isolated mRNA was then retrotranscripted into
cDNA using a SensiFAST cDNA Synthesis Kit (Bioline).

Quantitative real-time PCR was performed to investigate mRNA expression levels of
HAS enzymes using a SYBR Select Master Mix (Applied Biosystems, Life Technology). The
reaction was performed using Rotor-Gene 6000 (Corbett, Explera) following a program
of 45 cycles of denaturation (60 s at 95 °C), annealing (30 s at 60 °C) and amplification
(60sat72°C).

Expression levels of the genes of interest were evaluated using comparative quantifica-
tion based on the reaction efficiency and normalized for the concentration of a housekeeping
gene, TATA box-binding protein (TBP), which is constitutively expressed in tumor cells.
Primers used for quantitative real-time PCR analysis are reported in Table 1.

Table 1. Primers used for quantitative real-time PCR.

Gene Melting Forward Sequence Accession Number
Temperature Reverse Sequence
GGAATAACCTCTTGCAGCAGTTC
HAS1 60 TCATCCCCAAAAG NM_001523.3
TCGCAACACGTAACGCAAT
HAS2 58 ACTTCTCTTTTTCCACCCCATTT NM_005328.2
HAS3 60 CGCAGCAACTTCCATGAGG NM_005329.2

AGTCGCACACCTGGATGTAGT

GAGCCAAGAGTGAAGAACAGTC
TBP 60 GCTCCCCACCATATTCTGAATCT NM_003194.4

4.12. Western Blot Analysis

MPM primary cells in the amount of 10° were seeded onto HA- or HA+C1g-coated
6-well plates and collected after ON incubation at 37 °C in a 5% v/v CO, incubator.
An untreated sample was also collected. Cells lysates were fractioned by 10% SDS-PAGE
under reducing conditions and transferred to a nitrocellulose membrane using a semi-dry
transfer apparatus Trans-Blot Turbo System according to the manufacturer’s protocol (BIO-
RAD). After 1 h of incubation with 5% skim milk in TBST (10 mM Tris, pH 8.0, 150 mM
NaCl, 0.5% Tween 20), the membrane was probed with anti-HAS3 and anti-actin antibodies
ON at 4 °C. Membrane was washed three times for 5 min and incubated with LI-COR
IRDye secondary antibodies for 1 h at RT. After three washing steps, fluorescence intensity
was identified using an Odyssey® CLx near-infrared scanner (LI-COR Biosciences, Lincoln,
NE, USA). Image acquisition, processing and data analysis were performed with Image
Studio ver 5.2 (LI-COR Biosciences).

4.13. Bioinformatical Analysis

Survival analyses were performed with PROGgeneV2 (www.genomics jefferson.edu/
proggene/index.php) using data from The Cancer Genome Atlas Mesothelioma (TCGA-
MESO) dataset [46,47]. All the results were displayed with p-values from a log-rank test;
p < 0.05 was considered significant.

4.14. Statistical Analysis

The data were analyzed using unpaired one-tailed Student’s t-test. Results were
represented as the means &+ SEM; p < 0.05 was considered statistically significant. All statis-
tical analyses were performed using Prism 5.0 software (GraphPad Software Inc., La Jolla,
CA, USA).

5. Conclusions

In conclusion, isolated MPM primary cells were able to synthesize HA by themselves
by creating a pericellular coat and extracellular protrusions, as well as by maintaining an
intracellular pool mainly localized in the cytoplasm and in the perinuclear region. More-
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over, HA synthesis was modulated by the influence of the C1g-HA matrix, which, acting
as a pro-tumorigenic signaling complex, was able to significantly increase HAS3 expression
and consequently enhance production of HA fragments, allowing the identification of a
future potential target in MPM.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/3/416/s1, Figure S1: HASes modulation in MPM cells after treatment with soluble Clq
and/or HA. MPM cells were treated with soluble C1q and/or HA and analyzed for the expression of
HAS1 (A), HAS2 (B) and HAS3 (C) through quantitative Real-Time PCR, showing no statistically
significant differences. TBP was used as a housekeeping gene to normalize gene expression results.
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Clqg stimulates hyaluronic
acid degradation via gCiqR/
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Complement component Clq can act as a pro-tumorigenic factor in the tumor
microenvironment (TME). The TME in malignant pleural mesothelioma (MPM) is
rich in Clg and hyaluronic acid (HA), whose interaction enhances adhesion,
migration and proliferation of malignant cells. HA-bound Clq is also capable of
modulating HA synthesis. Thus, we investigated whether HA-C1q interaction
would affect HA degradation, analyzing the main degradation enzymes,
hyaluronidase (HYAL)1 and HYAL2, and a Clqg receptor candidate. We first
proceeded with the characterization of HYALs in MPM cells, especially HYAL2,
since bioinformatics survival analysis revealed that higher HYALZ2 mRNA levels
have an unfavorable prognostic index in MPM patients. Interestingly, Real-Time
quantitative PCR, flow cytometry and Western blot highlighted an upregulation
of HYALZ after seeding of primary MPM cells onto HA-bound C1q. In an attempt
to unveil the receptors potentially involved in HA-C1q signaling, a striking co-
localization between HYAL2 and globular C1q receptor/HABP1/p32 (gC1gR) was
found by immunofluorescence, surface biotinylation and proximity ligation
assays. RNA interference experiments revealed a potentially regulatory
function exerted by gClgR on HYAL2 expression, since CIQBP (gene for
gC1qgR) silencing unexpectedly caused HYAL2 downregulation. In addition, the
functional blockage of gC1gR by a specific antibody hindered HA-C1q signaling
and prevented HYAL2 upregulation. Thus, Clg-HA interplay is responsible for
enhanced HYALZ expression, suggesting an increased rate of HA catabolism and
the release of pro-inflammatory and pro-tumorigenic HA fragments in the MPM
TME. Our data support the notion of an overall tumor-promoting property of

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1151194/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1151194/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1151194/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1151194/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1151194/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1151194&domain=pdf&date_stamp=2023-06-02
mailto:abalduit@units.it
mailto:rbulla@units.it
https://doi.org/10.3389/fimmu.2023.1151194
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1151194
https://www.frontiersin.org/journals/immunology

Balduit et al. 10.3389/fimmu.2023.1151194

Clqg. Moreover, the overlapping localization and physical interaction between
HYAL2 and gClgR suggests a potential regulatory effect of gClgR within a
putative HA-C1g macromolecular complex.

KEYWORDS

hyaluronic acid, hyaluronidase, Clq, HYAL2, gC1qR/HABP1/p32, reactive oxygen
species, malignant pleural mesothelioma
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1 Introduction

Malignant pleural mesothelioma (MPM) is a rare and
aggressive tumor of the pleural lining, primarily associated with
asbestos exposure. Owing to the non-specific and late-onset
symptoms, as well as the long latency period, its diagnosis is
usually delayed and patient survival is undermined by the absence
of efficient first-line therapeutic options (1). The development of
chemoresistance is another challenge for clinicians, with almost
50% of cases showing resistance to treatments (2).

The tumor microenvironment (TME) plays a critical role in
tumor progression by providing a permissive niche for tumor cell
survival, growth and migration. As a major component of the
extracellular matrix, hyaluronic acid (HA), as well as the enzymes
responsible for its metabolism, are implicated in the regulation of
several aspects of tumorigenesis (3, 4). In its native form, HA is a

Frontiers in Immunology

high molecular-weight (HMW) polymer synthesized by three
plasma membrane hyaluronan synthases (HAS1, HAS2, HAS3),
and degraded enzymatically by hyaluronidases (HYALs) (5), or
non-enzymatically by oxidative stress (6).

Among the six HYALSs present in humans, HYAL] and HYAL2
are the main contributors to HA catabolism in somatic tissues;
HYAL3 and HYAL4 lack intrinsic hyaluronidase activity; HYAL5
(also known as PH-20 or SPAM-1) is a sperm-specific enzyme,
whereas HYAL6/HYALP1 is a pseudogene (5, 7). Recently, novel
proteins have been identified for their extracellular HA-degrading
capacity, namely CEMIP/KIAA1199 and TMEM2 (8, 9).

HYAL2, a glycosylphosphatidylinositol (GPI)-anchored
membrane receptor, binds and cleaves HMW-HA into low
molecular-weight HA (LMW-HA; ~ 20 kDa) fragments at the cell
membrane (10). This mechanism has been proposed to require the
presence and activity of the major HA receptor CD44, which is

frontiersin.org
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essential for intracellular signaling (11). Inside lysosomes, HA is
further processed into oligomeric HA fragments by HYALI,
together with exoglycosidases (12). HYAL activity is fundamental
since the molecular size of HA significantly impacts on its biological
roles: HMW-HA exerts anti-inflammatory, anti-proliferative and
anti-angiogenetic functions, while LMW-HA fragments induce
signaling cascades commonly associated with inflammation,
angiogenesis and diminished tumor immune surveillance (13).
HA size-dependent signaling acts as a double-edged sword relying
on the different proteins HA is able to interact with, namely
hyaladherins or hyaluronan-binding proteins (14). Both HA and
the enzymes involved in its metabolism have been frequently
associated with cancer progression, leading to an overall increased
HA turnover (15). In particular, deregulation of HYAL expression
has been associated with different outcomes in several solid
tumors (7).

The complement system (C), a powerful arm of the innate
immunity, represents a key player in the TME, exerting pro- or anti-
tumorigenic effects depending on the cancer type (16). In particular,
the first recognition subcomponent of the classical pathway, Clq,
has emerged as a cancer promoting factor independent of C
activation (17). Further in silico studies revealed a more complex
scenario for Clq role in cancer, unveiling its potential prognostic
implications in carcinomas (18) and gliomas (19). Clq is highly
expressed in several solid tumors, including MPM (20), where it
strongly binds to HA, enhancing tumor cell proliferation, adhesion
and migration in MPM (20).

Interestingly, the receptor for the globular head of Clq
(gC1qR), also called HA-binding protein 1 (HABP1) or p32, is
able to bind both Clq and HA by virtue of its pleiotropic nature
(21). Despite being predominantly localized in the mitochondria
(22), gC1qR may also be found in other cellular compartments (i.e.,
endoplasmic reticulum, nucleus) and on the cell membrane (23),
suggesting its important role as a modulator of different ligands
both inside and outside the cell. Thus, emerging non-immune
functions of gCIqR have been investigated in recent years,
including its involvement in tumor cell proliferation, migration,
and immune modulation (24). gC1qR overexpression has been
documented in a variety of cancers, including MPM (25, 26).

Since HA-bound Clq is capable of modulating HAS expression
(27), we aimed at determining whether C1q would impact also on
HYAL expression, focusing on the main degradation enzymes,
HYAL1 and HYAL2. Moreover, we investigated the involvement
of gC1qR as a potential receptor involved in the process.

2 Material and methods
2.1 Reagents and antibodies

HA was kindly provided by Prof. Ivan Donati (Department of
Life Sciences, University of Trieste, Italy). The following antibodies
were used: mouse monoclonal anti-lysosomal-associated membrane
protein 1 (LAMPI1) and mouse monoclonal anti-actin were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
mouse monoclonal anti-early endosome antigen 1 (EEA1), mouse
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monoclonal anti-calnexin, mouse monoclonal anti-mannose 6-
phosphate receptor (M6PR), anti-mouse Alexa Fluor 594-
conjugated antibody, anti-rabbit Alexa Fluor 488-conjugated
antibody, rabbit polyclonal anti-HYAL1 (#PA5-79420), rabbit
polyclonal anti-HYAL2 (#PA5-24223) and mouse monoclonal anti-
CD44 (#MA513890) from Invitrogen (Thermo Fisher Scientific,
Waltham, MA, USA); rabbit polyclonal anti-HYAL2 (#15115-1-
AP) from Proteintech (Proteintech, Rosemount, IL, USA); donkey
anti-rabbit HRP-conjugated secondary antibody from Sigma (Sigma-
Aldrich, Saint Louis, MO, USA); anti-mouse LI-COR IRDye 680RD
and anti-rabbit LI-COR IRDye 800CW from LI-COR Biosciences
(LI-COR Biosciences, Lincoln, NE, USA); mouse monoclonal anti-
gCl1qR 74.5.2, rabbit polyclonal anti-gClqR and rabbit polyclonal F
(ab), anti-gC1qR were obtained as described earlier (28).
Recombinant human Clq was purchased from Sigma-Aldrich
(#C1740). All other chemicals were purchased from Sigma-Merck.

2.2 Patients and specimens

Patients included in the study were enrolled at the Department
of Pneumology, University Hospital of “Cattinara” (Trieste, Italy);
they had a history of asbestos exposure and symptoms suggestive of
MPM. Patients underwent video-assisted thoracoscopy/
pleuroscopy for pleural biopsy sample collection, as previously
described (20). After histological confirmation of MPM, a cohort
of ten patients was selected: all patients were male, Caucasian,
presented epithelioid histotype; none of them received
chemotherapy or radiotherapy prior to biopsy sampling. The
mean age at diagnosis was 74.2 + 6.0 years. All patients signed an
informed consent form, following approval of ethical
considerations by the Comitato Etico Unico Regionale (CEUR,
FVG, Italy; number 34/2016).

2.3 Cell isolation and culture

Primary MPM cells were isolated from pleural biopsies, as
previously described (20), and cultured in Human Endothelial
Serum Free Medium (HESFM, Gibco, ThermoFisher)
supplemented with 20 ng/mL of epidermal growth factor (Societa
Italiana Chimici, Life Sciences), 10 ng/mL basic fibroblast growth
factor (Societa Italiana Chimici, Life Sciences), 1% penicillin-
streptomycin (Sigma-Aldrich) and 10% heat-inactivated fetal
bovine serum (FBS, Gibco, ThermoFisher). Cells were cultured at
37°C in 5% v/v CO, incubator and the medium was changed every
2-3 days. To determine the purity of MPM primary cells,
cytofluorimetric analysis and immunofluorescence assays were
performed using the following markers: mesothelin, calretinin,
cytokeratin 8/18, WT1 and CD44. In addition, CD45 and von
Willebrand Factor were used to exclude leukocyte and endothelial
cell contamination, respectively (20). H28 cells, a human MPM cell
line, were purchased from the ATCC (#CRL-5820) and cultured in
RPMI-1640 medium supplemented with 10% FBS. ZL34, a human
MPM cell line, was kindly provided by Prof. Ioannis Kalomenidis
(National and Kapodistrian University of Athens, Evangelismos
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Hospital, Athens, Greece) and was cultured in RPMI-1640 medium
supplemented with 10% FBS.

2.4 Zymography

A 10% acrylamide gel impregnated with 0.17 mg/mL of HMW-
HA (1.5 MDa) was prepared. Cell lysates were mixed with 2X
sample buffer containing no reducing agents (20% glycerol, 63 mM
Tris-HCI, pH 6.8, 2% SDS, 0.1% bromophenol blue) and loaded.
Human serum was loaded as a positive control for acidic HYALs.
SDS-PAGE was run at room temperature (RT) under constant
current conditions (20 mA). Following electrophoresis, gel was
incubated with 2.5% Triton X-100 with agitation for 1h at RT, in
order to remove SDS, and then in a hyaluronidase assay buffer (100
mM sodium formate, 0.15 M NaCl, pH 4.0) for 16h at 37°C. Gel was
transferred for 2h at 37°C to a buffer made up of 100 mM Tris-HCI,
20 mM NaCl, pH 8.0, containing 0.1 mg/mL pronase. Fixation of
the gel was carried out using 20% ethanol and 10% acetic acid for
20 min at RT, followed by staining with 0.5% Alcian blue in 20%
ethanol and 10% acetic acid for 1h at RT, and de-staining with a
solution containing 20% ethanol and 10% acetic acid for 1h at RT.

2.5 Immunohistochemical analysis

MPM tissue samples were fixed in 10% v/v buffered formalin and
then paraffin-embedded. Four pm-tissue sections were deparaffinized
and rehydrated. The antigen unmasking technique was performed,
using citrate buffer, pH 6, or Tris-EDTA buffer, pH 9, in thermostatic
bath at 98°C for 30 min. Sections were then allowed to reach RT and
washed in PBS. After neutralization of endogenous peroxidase
activity with 3% v/v H,O, and blocking of non-specific bindings by
PBS + 2% bovine serum albumin (BSA), samples were incubated with
HYALI and HYAL2 primary antibodies overnight (O/N) at 4°C.
Staining was revealed via anti-rabbit HRP-conjugated secondary
antibody and 3-amino-9-ethylcarbazole (AEC, Dako, Agilent,
Denmark) substrate chromogen. Slides were then counterstained
with Mayer Hematoxylin (Diapath, Italy).

TABLE 1 Primers used for quantitative RT-qPCR.

Gene Melting Temperature (°C)
HYALIL 59
HYAL2 60
CIQBP 60
CD44 60
TBP 60

10.3389/fimmu.2023.1151194

2.6 Microtiter coating of HMW-HA and Clq

Cell culture plates were incubated O/N at 4°C with HMW- HA
(MW 1.5 MDa) at the concentration of 50 pg/mL in carbonate/
bicarbonate buffer, pH 9.6. The following day, the plate was washed
with PBS and then incubated O/N at 4°C or for 2h at 37°C with Clq
at the concentration of 25 pg/mL in 0.5% BSA in dPBS, containing
0.7 mM CaCl, and 0.7 mM MgCl,. Wells were then washed again
with PBS, before seeding the cells.

2.7 RT-qPCR analysis

MPM primary cells (1x10°) were seeded onto HA alone or HA
+C1q-coated 6-well plates and collected after O/N incubation at 37°
C in 5% v/v CO, incubator. An untreated sample was collected as a
control. After centrifugation, cell pellets were resuspended in RNA
Lysis Buffer and mRNA was isolated from cell lysates using RNA
purification kit (Norgen Biotek company, Thorold, ON, Canada).
Isolated mRNA was then converted into cDNA using SensiFAST ™
cDNA Synthesis Kit (Meridian Bioscience, Memphis, TN, USA).

For Real-Time quantitative PCR (RT-qPCR), SYBR Select
Master Mix (Applied Biosystems, ThermoFisher) was used. The
reaction was performed using Rotor-Gene 6000 (Corbett, Explera),
following a program of 45 cycles of denaturation (60 sec at 95°C),
annealing (30 sec at 60°C) and amplification (60 sec at 72°C).
Expression levels of the genes of interest were evaluated with a
comparative quantification based on the reaction efficiency and
normalized against a housekeeping gene, TATA-Box Binding
Protein (TBP), which is constitutively expressed in tumor cells.
Primers used for RT-qPCR analysis are listed in Table 1.

2.8 Flow cytometry

MPM primary cells (5x10°) were fixed in 3% v/v
paraformaldehyde (PFA) for 20 min in dark, and then incubated
with anti-HYAL1 and HYAL2 primary antibodies diluted in the
Permeabilization reagent of FIX & PERM kit (Invitrogen,

Forward sequence

Accession Number
Reverse sequence

CGATATGGCCCAAGGCTTTAG

ACCACATCGAAGACACTGACAT NM_153282.2
GGCCCCACCGTTACATTGG NM 0037735
ATTCTGGTTCACAAAACCCTCAT - ’
ACAACAGCATCCCACCAACAT
NM_001212.4
ATGACAGTCCAACACAAGGGC
CTGCCGCTTTGCAGGTGTA NM 000610.4
CATTGTGGGCAAGGTGCTATT - ’
GAGCCAAGAGTGAAGAACAGTC
NM_003194.4

GCTCCCCACCATATTCTGAATCT

C1QBP, Clq binding protein; HYAL, hyaluronidase; TBP, TATA-box binding protein.
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ThermoFisher), for 1h on ice. Incubation with FITC-conjugated
secondary antibodies was performed for 30 min on ice, in dark.
Cells were resuspended and fixed in 1% PFA. Fluorescence was
acquired using FACScalibur (BD Bioscience) and data processed
using the FlowJo 10.8.2 software.

2.9 Immunofluorescence

MPM primary cells (5x10*) were seeded onto round glass
coverslips and grown to 70% confluence. Cells were fixed with 3%
PFA for 20 min at RT, in dark. Permeabilization, quenching and
blocking were performed by incubating the cells in 1% BSA, 0.1%
Triton X-100 and 50 mM glycine in PBS, for 30 min at RT.
Incubation with primary antibodies, diluted in 2% BSA in dPBS,
was carried out O/N at 4°C. Anti-HYAL2 (1:50), anti-EEA1 (1:200),
anti-LAMP1 (1:50), anti-M6PR (1:1000), anti-calnexin (1:1000),
anti-gC1qR (1:100), were used as primary antibodies.

The following day, incubation with Alexa Fluor 488 or 594-
conjugated secondary antibodies (1:300) was carried out for 30 min
at RT. Nuclei were stained with DAPI (Sigma-Aldrich, 1:1000) for
5 min. Glasses were mounted with Fluorescence Mounting Medium
(Dako). Images were acquired by the confocal microscope Nikon
A1R, SISSA facility.

2.10 Bioinformatics analysis

Survival analyses were performed with GEPIA2 (http://
gepia2.cancer-pku.cn) using data from mesothelioma’s The
Cancer Genome Atlas (TCGA-MESO) dataset, collecting mRNA
from 82 MPM patients (29). Patients’ cut off was set at the median.
All the results were displayed with p-values from a log-rank test. P-
value (p) < 0.05 was considered significant.

2.11 Western blot analysis

MPM primary cells (1x10°) were seeded onto HA- or HA+Clq-
coated 6-well plates and collected after O/N incubation at 37°C in
5% v/v CO, incubator. An untreated sample was collected as a
control. Cells lysates were fractioned by 10% SDS-PAGE under
reducing conditions and transferred to a nitrocellulose membrane
using the semi-dry transfer apparatus Trans-Blot Turbo System
(BIO-RAD). After 1h of incubation with 5% skimmed milk in
TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20),
the membrane was probed with anti-HYALI, anti-HYAL2,
anti-gC1qR, anti-CD44 and anti-actin antibodies O/N at 4°C.
Membrane was washed three times for 5 min, and then
incubated with LI-COR IRDye secondary antibodies for 1h at RT.
After three washing steps, the fluorescence intensity was assessed by
the Odyssey® CLx near-infrared scanner (LI-COR Biosciences,
Lincoln, NE, USA). Image acquisition, processing and
data analysis were performed using Image Studio 5.2
(LI-COR Biosciences).

Frontiers in Immunology

10.3389/fimmu.2023.1151194

2.12 Surface biotinylation assay

Primary MPM cells ( 1x10%/well) were seeded onto HA- or HA
+Clq-coated 6-well plates. After O/N incubation, cells were washed
with ice-cold PBS supplemented with 1 mM MgCl, and 0.1 mM
CaCl, in order to remove contaminating proteins. Cells were then
incubated with EZ-LinkTM- Sulfo-NHS-Biotin (1 mg/mL) for
30 min on ice on an orbital shaker. To remove the excess of
biotin, quenching was performed with 0.1 M glycine for 5 min at
RT under shaking conditions. Cells were collected with a scraper
and washed 3 times with PBS. Cell pellets were resuspended into
lysis buffer (1% NP-40, 150 mM NaCl, 10 mM Tris-HCI pH. 7.4,
0.1% protease inhibitors), kept on ice for 20 min and then
centrifuged at 14,000 xg for 10 min at 4°C. From each lysate, an
aliquot was taken and resuspended into 2X Laemmli buffer. The
remaining lysates were incubated with High Capacity Streptavidin
Agarose Resin (50% slurry, 0.02% sodium azide; Thermo Scientific)
on a rotary shaker for 2h at 4°C. Streptavidin resin was washed 3
times in lysis buffer supplemented with 0.1% protease inhibitors,
followed by centrifugation at 5,000 xg for 5 seconds. After the last
washing step, the whole solution was carefully removed and 20 uL
of 2X Laemmli buffer was added to the resin to elute the biotinylated
cell surface proteins. Samples were either stored at -80°C or used
immediately for Western Blot analysis.

2.13 Measurement of total
H,O, production

Hydrogen peroxide (H,O,) production was measured using
AmpliFlu Red reagent (#92001, Sigma-Aldrich). MPM cells (5x10%)
were seeded onto a 96-well plate and allowed to grow to 90%
confluence. To assess total H,O, production, the medium was
replaced with PBS + 2% BSA + 0.7 mM MgCl, and 0.7 mM
CaCl,, supplemented with 40 uM Amplex Red reagent, 1 pg/ml
horseradish peroxidase, 5 ug/ml superoxide dismutase and 100 uM
NaNj. Cells were stimulated with HMW-HA (50 pg/ml), LMW-HA
(200 pg/ml) and/or Clq (25 pg/ml). After 5 min, fluorescent signal
was read at 576 nm with Infinite200 (TECAN).

2.14 Proximity ligation assay

Proximity ligation assay (PLA) was performed using the
Duolink® In Situ Detection Reagents Orange kit (#¥DU092007,
Sigma-Aldrich). Briefly, MPM primary cells (5x10%) were seeded
onto round coverslips and allowed to grow to 70% confluence. Cells
were fixed with 3% PFA, for 15 min at RT in the dark, and then
permeabilized using 0.1% Triton X-100 for 10 min. Non-specific
binding was blocked using Duolink Blocking Solution for 1h at RT.
Cells were then incubated with primary antibodies diluted in
Duolink Antibody Diluent O/N at 4°C. Following washing in
Wash Buffer A (10 mM Tris, 150 mM NaCl, 0.05% Tween 20),
cells were incubated with secondary antibodies conjugated with
PLUS and MINUS probes, for 1h at 37°C. Negative controls
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included only single primary or secondary antibodies. After two
washing steps in Wash Buffer A, cells were incubated with the
ligation-ligase solution for 30 min at 37°C, followed by an
incubation with amplification-polymerase solution, for over
90 min at 37°C. Cells were washed in the Wash Buffer B (200
mmol/L Tris, 100 mmol/L NaCl) and coverslips were mounted in
Fluorescence Mounting Medium with DAPI. Images were acquired
using Leica DM3000 microscope (Leica, Wetzlar, Germany) and a
Leica DFC320 digital camera.

2.15 siRNA-mediated silencing of
gene expression

H28 cells (3.5x10* or 1.5x10°/well) were cultured in 24-well
plate or 6-well plate respectively, for 24h in complete RPMI
medium. For transfection, the medium was replaced with PS-free
Opti-MEM (Gibco, ThermoFisher) containing 10 nM of
predesigned gene-specific siRNAs for scrambled control, HYAL2,
CD44 or CIQBP (ONTarget SMARTpool Plus, Dharmacon), and
lipofectamine RNAIMAX reagent (Invitrogen). Transfection was
carried out for 72h in a 5% v/v CO, humidified incubator.

2.16 Specific blocking of gC1gR

H28 cells (2x10°/well) were incubated with 40 ug/mL of F(ab’),
anti-gC1qR blocking antibody diluted in RPMI + 0.5% FBS for
30 min at RT. Cells were then centrifuged, resuspended in RPMI +
10% FBS and seeded onto 24-well plate previously coated with HA
or HA+Clq. After O/N incubation, cells were lysed in RNA Lysis
Buffer for RNA extraction.

2.17 Statistical analysis

Data were analyzed using unpaired one-tailed Student’s t-test.
Results were represented as mean + standard deviation (SD) or
standard error mean (SEM). p <0.05 were considered statistically
significant. All statistical analyses were performed using Prism 9.0
software (GraphPad Software Inc., La Jolla, CA, USA).

3 Results

3.1 Hyaluronidases are active and
variably expressed in malignant
pleural mesothelioma

We initially aimed at determining the total HYAL enzymatic
activity in MPM cells. We carried out a zymographic assay by
impregnating a polyacrylamide gel with HA. After running MPM
cell lysates under non-reducing conditions, the gel was dipped in an
acidic buffer to allow enzyme renaturation and restore activity. Gel
staining with Alcian blue highlighted a specific HYAL enzymatic
activity as suggested by the degradation band detected around 55-60
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kDa (Figure 1A). Unfortunately, due to their close MW and similar
pH of activity as well as the low sensitivity/specificity of the assay, it
was not possible to determine the specific contribution of HYALI
and HYAL2 to the total enzymatic activity. However, the
zymography clearly demonstrated that HYALs were active in
MPM cells.

Thus, we examined HYAL expression and distribution in MPM
TME via immunohistochemical analysis of epithelioid MPM tissue
sections, which revealed a cytoplasmic and membrane staining
within the tumor region, despite detecting slightly variable
expression levels of HYALI and HYAL2 among different patients
(Figures 1B, C). As a general trend, HYAL1 appeared to be more
intensely expressed at the tissue level.

To evaluate the basal expression levels of HYAL1 and HYAL?2 in
MPM primary cells, we performed RT-qPCR using total mRNA
extracted from freshly isolated MPM cell populations. Both HYALI
and HYAL2 were found to be highly expressed in the MPM samples
(Figure 1D), revealing an overall higher expression of HYAL2. We
also examined HYAL1 and HYAL2 protein expression levels by
performing cytofluorimetric analyses on MPM primary cells. Both
HYALI1(Figure 1E) and HYAL2 (Figure 1F) were found to be
expressed in MPM cells.

3.2 HYALZ2 is widely distributed within MPM
cells and is present on the cell membrane

Since data on HYAL2 cellular localization are quite conflicting
(30), we revisited its intracellular distribution within MPM primary
cells. Immunofluorescence microscopy was performed via co-
immunolabelling of HYAL2 and some organelle-specific markers.
Due to the acidic pH required for its activity, we first investigated
the co-localization of HYAL2 with specific markers relevant for the
endocytic pathway, such as early endosome antigen 1 (EEAI,
Figure 2A) and lysosomal-associated membrane protein 1
(LAMP1, Figure 2B). Surprisingly, confocal microscopy failed to
reveal co-localization of HYAL2 and the proteins associated with
endocytic pathway. Thus, we turned our attention to the secretory
pathway and endoplasmic reticulum (ER)/Golgi markers, testing in
particular the co-localization with mannose 6-phosphate receptor
(M6PR, Figure 2C) and calnexin (Figure 2D). Co-labelling with
HYAL2 showed a very low signal overlap with the trans-Golgi
network marker, M6PR, but an intense co-localization with the ER
resident protein, calnexin, as expected for a GPI-anchored molecule
such as HYAL2. In order to establish if HYAL2 is localized also on
the cell surface of MPM cells, we performed a flow cytometric
analysis on live cells (Figures 2E-G). Our results confirmed the
presence of a plasma membrane HYAL?2 fraction, indicating that
MPM cells express this enzyme also on their surface.

3.3 HYALZ2 is a potential prognostic marker
in malignant pleural mesothelioma

To investigate the potential prognostic value of HYALs in
MPM, we performed bioinformatics analysis based on gene
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FIGURE 1

Characterization of hyaluronidase (HYAL) activity, distribution and expression in malignant pleural mesothelioma (MPM). (A) Hyaluronic acid
zymography confirmed HYALs' enzymatic activity in MPM. A 10% polyacrylamide gel was impregnated with hyaluronic acid, before running MPM cell
lysates under non-reducing conditions. Human serum was used as a positive control for acidic HYAL activity. Gel staining with Alcian blue dye
demonstrated a specific HYAL enzymatic activity as suggested by the degradation band detected around 55-60 kDa. (B, C) Immunohistochemistry
analyses were performed on epithelioid MPM tissue sections of different patients. A positive cytoplasmic and membrane staining for HYAL1 and
HYAL2 was detected within the tumour region in all the samples analyzed, despite slightly variable expression levels among different patients (B,
higher HYAL1/lower HYAL2; C, lower HYAL1/higher HYAL2). Staining was detected via chromogenic AEC (3-amino-9-ethylcarbazole) substrate.
Nuclei were stained with Mayer Hematoxylin. Magnification, 100x; scale bar, 100 um. (D) Basal mRNA expression levels of HYALs were evaluated by
RT-gPCR in MPM primary cell lysates. Both HYALI and HYALZ2 resulted as highly and variably expressed. TATA-box binding protein (TBP) was used as
a housekeeping gene to normalize gene expression results. Data were expressed as a mean of experiments performed on ten different MPM
populations in triplicates + standard deviation (SD). (E, F) Basal protein expression levels of HYALs were evaluated by flow cytometry. MPM cells were
stained for HYALL (E) and HYAL2 (F) and the fluorescence intensity of the cells incubated with primary antibodies (cyan line) was compared with
unrelated staining (black line). Pseudocolor plots and histograms report the expression of HYALs in one representative experiment.

expression through the survival analysis database GEPIA2, based on
a cohort of 82 MPM patients selected by The Cancer Genome Atlas
Mesothelioma (TCGA-MESQO) dataset. The cohort was divided into

3.4 HA-C1q matrix upregulates the
expression of HYAL2

two groups according to the median of gene expression. The
generation of Kaplan-Mayer plotters did not highlight a
significant correlation between HYAL1 mRNA expression and
patients’ survival (Figure 3A), whereas HYAL2 mRNA expression
levels negatively correlated with life expectancy in MPM patients
(Figure 3B). Thus, the overall survival of patients with high HYAL2
expression appeared to be significantly reduced as compared to
patients with its low expression levels (p < 0.01).
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Having previously demonstrated an abundance of both HA (27)
and the complement protein C1q (17) in MPM TME as well as their
synergistic effect on HAS modulation (27), we sought to assess their
ability to modulate HYAL expression. Treatment of MPM primary
cells with soluble HA and/or Clq did not affect HYAL mRNA
expression, as shown in Figure 4A. We thus immobilized HA with
or without Clq as a matrix, to stimulate MPM primary cells. RT-
qPCR analysis revealed that Clq-HA matrix induced a
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Intracellular and cell surface localization of HYAL2. MPM primary cells were seeded onto rounded coverslips, fixed, permeabilized and stained with
human anti-HYALZ2 in green and human anti-EEAL (A), anti-LAMP1 (B), anti-M6PR (C) and anti-calnexin (D) in red. On the right, the merged
fluorescence is shown. Nuclei were stained in blue with DAPI. Scale bar, 10 pym. (E, F) The presence of HYAL2 on the cell surface was confirmed by
flow cytometry on non-permeabilized cells: secondary antibody alone as control staining (E), compared to HYAL2-stained cells (F). The fluorescence
intensity of the cells incubated with HYAL2 (red line) was compared with unrelated staining (black line) (G). Pseudocolor plots and histograms

present the expression of HYAL2 in one representative experiment

downregulation of HYALI mRNA and a considerable upregulation
of HYAL2 (Figure 4B).

HYAL modulation by HA+Clq matrix, as compared to HA
alone, was also evaluated at protein level via flow cytometry
(Figures 4C-E) and Western blot (Figures 4F, G). These assays
failed to confirm a significant HYAL1 downregulation, whereas
HA-bound Clq upregulated HYAL2 expression at the protein level,
consistent with the RT-qPCR data.
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To examine the consequences of the functional interaction
between Clq and HA, we investigated HA-Clq-mediated
signaling and its impact on plasma membrane trafficking of
HYAL2. Thus, we performed surface biotinylation assay on MPM
cells seeded onto matrixes after O/N incubation. As shown in
Figures 4H, I, biotinylation assay confirmed the presence of a
HYAL2 fraction on the cell membrane and revealed that HA-Clq
matrix brought about HYAL? trafficking to the cell membrane.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1151194
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Balduit et al.

Low HYAL1
—— High HYAL1

Logrank p=0.065
0.8-] HR(High)=0.64
P(HR)=0.071

0.6

0.4

Overall Survival

0.2

0.0

T T T T
20 40 60 80

Months

FIGURE 3

10.3389/fimmu.2023.1151194

1.0 —— Low HYAL2
—— High HYAL2
Logrank p=0.002
0.8 HR(High)=2.2
= P(HR)=0.0023
>
o
Z
5 0.6
[75]
=
<
= 0.4
)
S
0.2
0.0
T T T 7
20 40 60 80
Months

Potential prognostic role of HYALL and HYAL2 in malignant pleural mesothelioma (MPM). HYAL1 (A) and HYALZ2 (B) mRNA expression levels were
correlated to patients’ overall survival by GEPIA2 bioinformatics tool. Kaplan-Meyer plotter were generated using a cohort of 82 MPM patients’ data
collected in The Cancer Genome Atlas Mesothelioma (TCGA-MESO) dataset. The cut-off was set at the median of gene expression. HYAL1
expression did not correlate with MPM patients’ survival rate, whilst high HYAL2 levels correlated with a lower survival rate of MPM patients (hazard

ratio, HR = 2.2; p = 0.0023)

Next, we investigated whether the stimulation with HA and/or
C1q was able to induce reactive oxygen species (ROS) production
by MPM cells. Thus, MPM cells were stimulated with soluble
HMW-HA or LMW-HA, with or without Clq, and the amount
of H,0, released into the medium was measured. Treatment with
soluble LMW-HA, resembling the short HA fragments released in
the TME, induced ROS production by MPM cells (Supplementary
Figure 1), whereas the treatment with HMW-HA and Clq alone
was ineffective.

3.5 HYALZ2 shows a striking co-localization
with gC1gR in MPM cells

In view of HYAL2 presence on the cell membrane and its
upregulation by HA-Clq in MPM cells, we turned our attention to a
potential bridging molecule, gC1qR, which can bind HA as well
Clq. Immunofluorescence assay was performed for the
simultaneous labelling of HYAL2 and gClqR in MPM primary
cells. Immunofluorescence confocal microscopy revealed a striking
co-localization between HYAL2 and gClqR in MPM cells
(Figures 5A-C).

To determine a potential interaction between HYAL2 and
gC1qR on the cell membrane, we carried out surface biotinylation
assay of MPM cells, considering whether HA-Clq matrix could
modulate gC1qR expression. The surface labeling of MPM cells
with a biotinylated derivative confirmed gC1qR presence on the cell
membrane. Similar to HYAL2, MPM cells showed an increased
expression of gClqR, intracellularly and on the cell membrane,
when seeded on HA+Clq matrix (Figures 5D, E).

To examine a possible physical interaction between HYAL2 and
gC1qR, we took advantage of a highly specific and sensitive assay for
the detection of endogenous protein-protein interaction, namely
Duolink PLA technology. MPM cells seeded onto glass coverslips
were fixed, permeabilized and incubated with primary antibodies
(anti-HYAL2, anti-CD44, anti-gC1qR). The close proximity
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between the primary antibodies was demonstrated by the
engagement of the conjugated-complementary DNA strands into
a rolling circle amplification and the generation of in situ
fluorescence signal indicating the presence of a protein-protein
interaction. The assay allowed the detection of an intense HYAL2-
gCIqR interaction visualized by the presence of red dots
(Figure 5F). Moreover, we confirmed the already known
interaction between HYAL2 and CD44 (Figure 5G). In addition,
we also show here gC1qR-CD44 interaction (Figure 5H), suggesting
the presence of a tripartite protein complex (HYAL2-
CD44-gCl1qR).

3.6 gC1gR silencing affects
HYAL2 expression

To understand interdependence of the tripartite interaction
between HYAL2, gClqR and CD44, we carried out short
interfering RNA (siRNA) experiments using H28 (Figure 6) and
Z134 cells (Supplementary Figure 2), two human MPM cell lines.
We initially analyzed HYAL2 mRNA expression in MPM cell lines
silenced for CIQBP (gC1qR gene) or CD44. Interestingly, we found
that the silencing of C1QBP caused downregulation in HYAL2 gene
expression as compared to the control, whereas CD44 silencing did
not affect HYAL2 expression (Figure 6A). Interestingly, HYAL2
silencing had no effect on CIQBP (Figure 6B) and CD44 (Figure 6C)
expression. We were able to validate these observations at the
HYAL2 protein level by Western blot (Figures 6D, E).

In order to determine whether gC1qR may be functionally
involved in the C1q-dependent upregulation of HYAL2, H28 cells
were incubated with an anti-gC1qR blocking antibody before
seeding them onto HA+Clq or HA alone. As shown in
Figure 6F, the blocking of gC1qR hampered the upregulation of
HYAL2 mRNA levels when the cells were cultured on HA+Clgq,
whilst no difference was observed when cells were cultured on
HA alone.
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HYAL modulation by HA and/or C1g matrix in malignant pleural mesothelioma (MPM) primary cells. MPM cells were initially treated O/N with HA
and/or Clqg and total MRNA was analyzed by RT-gPCR (A). MPM primary cells were seeded onto a matrix of HA and/or C1q and HYAL expression
was evaluated by RT-gPCR, highlighting a statistically significant HYAL1 downregulation and HYAL2 upregulation after HA+C1q treatment as
compared to HA alone (B). TATA-box binding protein (TBP) was used as a housekeeping gene. Data were expressed as the mean of experiments
performed on at least five different MPM populations in triplicates + SEM. *p < 0.05, ***p < 0.001. (C-E) Cytofluorimetric analysis of HYALL (C) and
HYAL2 (D) after seeding MPM cells onto HA (black) or HA+Clq (red). (E) Histograms represent HYALL and HYAL2 expression by cytofluorimetric
analysis. Results are expressed considering HA mean of fluorescence intensity as 1 and represent the mean of experiments performed on at least
three different MPM populations. The upregulation of HYAL2 was confirmed. *p < 0.05. (F, G) Western blot analysis for HYAL expression in MPM cell
lysates. Cells were seeded O/N onto HA and HA+C1q matrix, then cell lysates were collected and separated by SDS-PAGE. After transfer, membrane
was probed with anti-HYAL1 and anti-HYAL2 primary antibodies and a IRDye 800CW secondary antibody. Signal intensity was detected using an
Odyssey CLx near-infrared scanner (LI-COR Biosciences, Lincoln, NE, USA). Image acquisition, processing and data analysis were performed with
Image Studio 5.2 (LI-COR Biosciences). Histograms represent the means of experiments performed on at least three different MPM populations.
Blots of representative experiments for HYALL and HYAL2 (F). B-actin was used to normalize the results. **p < 0.01. (H, 1) Surface biotinylation assay
for the detection of HYAL2 fraction present on the cell surface. MPM cells seeded onto HA+C1qg or HA alone were treated with Sulfo-NHS-biotin
reagent, isolating biotinylated cell surface proteins upon binding to a Streptavidin-coated resin, and separated on a 10% SDS-PAGE. Membrane was
probed with anti-HYAL2 antibody by Western blot analysis. MPM cells not labelled with biotin were processed together with biotinylated samples, in
order to control unspecific protein binding to the beads. 3-actin was included to normalize the amounts of total lysates. (I) Histogram for the
quantification of the bands obtained by surface biotinylation assay. *p < 0.05.

4 Discussion

An increasingly activated HA metabolism has been frequently
associated with cancer progression, requiring both enhanced HA
synthesis and degradation (31). In recent years, there has been a
growing interest in the cleavage of anti-inflammatory and anti-
fibrotic HMW-HA into pro-inflammatory and pro-fibrotic
fragments by both HYALs and tissue ROS, which are abundantly
present in the TME. In particular, the overexpression of HYALs has
been reported during cancer metastasis in vitro and in vivo (32-34).
Here, we demonstrate that HYAL1 and HYAL2 are variably
expressed in MPM tissues and primary cells, and they are

enzymatically active.
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A growing body of research has characterized HYAL2
enzymatic activity and its function-dependent localization.
Lepperdinger et al. reported HYAL2 being restricted to only
lysosomal compartment due to the acidic pH required for its
optimal activity (35). HYAL2 protein has been localized, due to
the presence of a GPI anchor, at the cell surface (36) and in lipid
rafts (37), but also in cytoplasm (38), mitochondria (39) and
nucleus (40). Our co-immunolabelling experiments confirmed
the intracellular distribution of HYAL2 in MPM cells, mainly
co-localizing with the ER resident protein calnexin, as expected
for a GPI-anchored protein. Flow cytometry and surface
biotinylation assay also validated HYAL2 presence on the
cell membrane.
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Intracellular and cell surface interaction between HYAL2 and gC1gR. MPM primary cells were seeded onto rounded coverslips, fixed, permeabilized
and stained with human anti-HYAL2 (A) and human anti-gC1gR (B), determining an intense staining for both proteins. On the right, the merged
fluorescence is reported (C). Scale bar, 10 pm. (D, E) Surface biotinylation assay for the detection of gC1gR fraction present on the cell surface. MPM
cells seeded onto HA+C1qg or HA alone were treated with Sulfo-NHS-biotin reagent, isolating biotinylated cell surface proteins upon binding to a
Streptavidin-coated resin, and separated on a 10% SDS-PAGE. Membrane was probed with anti-gC1gR antibody by Western blot analysis (D). MPM
cells not labelled with biotin were processed together with biotinylated samples, in order to control unspecific protein binding to the resin. B-actin
was included to normalize the amount of total lysates. (E) Histogram for the quantification of the bands obtained by surface biotinylation assay. **p
< 0.01. (F-H) Proximity ligation assay for the detection of HYAL2, gC1gR and CD44 interaction. MPM cells seeded onto glass coverslips were fixed,
permeabilized and incubated with primary antibodies (anti-HYAL2, anti-CD44, anti-gC1qR), O/N at 4°C. Coverslips were incubated with a pair of
oligonucleotide-labeled secondary antibodies (PLA probes), then ligase and DNA polymerase. This allows up to 1000-fold amplified signal that is still
tethered to the PLA probe, allowing localization of the signal. HYAL2-gC1gR (F), HYAL2-CD44 (G) and gC1gR-CD44 (H) interactions were detected

Scale bar, 50 pm.

Interestingly, bioinformatics analysis via GEPIA2 tool revealed
that high HYAL2 mRNA expression levels correlated with a poor
prognosis in MPM patients. This is consistent with the fact that
HYAL?2 overexpression and its hyaluronidase activity can generate
LMW-HA fragments, which encourage tumor cell proliferation and
invasion (41).

HA and the complement protein Clq are abundantly present in
the MPM TME (20, 27). We have previously demonstrated that HA-
Clq interaction exerts pro-tumorigenic effects (20) and impacts on
HA synthesis by regulating the expression of HAS3 (27). In this
study, our hypothesis was that the combined effect of HA and Clq
could impact on the hyaluronidase activity of MPM tumor cells.
Interestingly, HA-bound Clq significantly upregulated the
expression of HYAL2 at both mRNA and protein levels. HYAL2 is
GPI-anchored, with an intrinsically weak enzymatic activity, which is
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responsible for the cleavage of HMW-HA polymers into ~20 kDa HA
fragments (42). Thus, its increased expression and activity would
favor an increase in LMW-HA fragments in the MPM TME, which
are potent pro-inflammatory, immunostimulatory and pro-
angiogenic molecules. However, HA fragmentation can also be
brought about by ROS (43), which are abundantly generated
following asbestos fiber uptake during malignant transformation of
mesothelial cells, thereby creating a unique inflammatory
microenvironment. We showed here that the treatment of MPM
cells with LMW-HA, which mimicked the short HA fragments
released in the TME, increased ROS production by MPM cells,
irrespective of Clq presence. Since Monzon et al. reported that
ROS are able to directly stimulate expression of HYAL2 via
p38MAPK-dependent signaling pathway (44), we can hypothesize a
feed-forward loop indirectly triggered by the abundance of C1q in the
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RT-gPCR and Western blot of siRNA-transfected H28 cell line. (A) H28 cell line was transfected with siCTRL, siCIQBP or siCD44 for 72h and HYAL2
gene expression was analyzed by RT-gPCR. HYAL2 mRNA expression was found to be downregulated after CIQBP silencing. TATA-box binding
protein (TBP) was used as a housekeeping gene. Data were expressed as the mean of three experiments performed in duplicates + SEM. *p<0.05 (B,
C) H28 cell line was transfected with siCTRL or siHYAL2 for 72h. CIQBP and CD44 mRNA was evaluated, revealing no effects after HYALZ silencing.
Data were expressed as the mean of three experiments performed in duplicates + SEM. (D, E) Western blot analysis on H28 cell lysates after
transfection with siCTRL, siC1QBP and siCD44. Membrane was probed with a-CD44, a-HYAL2 and a-gC1gR primary antibodies and anti-rabbit or
anti-mouse IRDye 800CW secondary antibodies. Signal intensity was detected using Odyssey CLx near-infrared scanner. Image acquisition,
processing and data analysis were performed by Image Studio 5.2. (E) Histograms represent the means of three experiments performed in duplicate.
B-actin was used to normalize the results. **p<0.01. (F) H28 cells were treated with anti-gC1gR blocking antibodies and seeded onto HA+Clq or HA
alone. HYAL2 expression was then evaluated through RT-gPCR. TBP was used as a housekeeping gene. *p<0.05; **p<0.01.

TME. Clq can increase HYAL2 expression and activity, leading to
enhanced production of LMW-HA fragments in the TME;
additionally, ROS generation precedes upregulation of HYAL2
expression. The complex interplay is also consistent with the
evidence that HA-bound Clq enhances p38 phosphorylation and
the consequent activation of the MAPK pathway (20).

Our data provide evidence that HA-bound Clq upregulates
HYAL2 transport and/or turnover at the plasma membrane of
MPM cells. To identify the chaperone molecule, we came across
gCIqR, which is a receptor for HA as well as Clq. The receptor
was initially characterized for its ability to bind the globular head
domain of Clq (45); subsequent studies revealed its identity as
hyaluronic acid binding protein 1 (HABP1) and mitochondrial
p32 (46). Co-immunolabelling experiments and PLA highlighted
a striking co-localization between HYAL2 and gClqR. It is
reasonable to propose that HYAL2 and gClqR may be
juxtaposed to CD44 on the MPM cell surface, whose interaction
is fundamental for HYAL2 catalytic activity (47). Co-localization
of gCIqR and CD44 in the lipid rafts during lamellipodia
formation has already been reported (48). In fact, gC1qR lacks a
consensus motif for a transmembrane domain and relies on
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signaling partners’ transmembrane domains, such as B1 integrin
and CD44 (49, 50). Since CD44 and gCI1qR are both essential
receptors for HA, their proximity may create high affinity
anchorage spots for pericellular HA, rendering it available ffor
HYAL2-mediated HA fragmentation. This evidence is also
supported by PLA results, which confirmed a physical
interaction among the three proteins.

RNA interference experiment revealed a potential regulatory
function exerted by gC1qR on HYAL2 expression; in fact, silencing
of the CIQBP gene downregulated HYAL2 expression both at
mRNA and protein levels. This observation strengthened our
notion that gC1qR may be critically involved in the signaling
triggered by HA-Clq interaction. Thus, we interrogated if the
Clqg-dependent upregulation of HYAL2 may rely on gClqR
involvement by blocking the receptor with a specific antibody.
The functional blockage of gClqR hindered HA-Clq signaling
and prevented HYAL2 upregulation. It is possible that gC1qR, via
its interaction with HYAL2 and CD44, can undergo conformational
change, thus exposing its binding sites for the gC1q domain. Clq
present in the TME may then interact with gC1qR, HYAL2 and
CD44 complex, and promote signaling.
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The novel interaction between gC1qR and HYAL?2 unveiled
another regulatory role of gC1qR: by acting on HA metabolism,
gClqR may control the key functions of HA in tumor
progression and its involvement in most of the hallmarks of
cancer, such as sustenance of proliferative signaling and tumor-
promoting inflammation, evasion of apoptosis, induction of
angiogenesis, promotion of invasion and metastases,
deregulation of energy metabolism and evasion of the immune
response (4). Our findings lend credence to recent literature
which describe gC1qR as an immunoregulator of TME,
determining progression and metastatic properties of cancer
cells, thus, becoming a novel promising target for
immunotherapy (51). Peerschke et al. already demonstrated
that the blockage of gCIqR with the monoclonal antibody
60.11 caused a reduction in MPM tumor size due to apoptosis
enhancement and decreased neovascularization (26). Thus,
therapeutic targeting of gClqR may be an attractive
proposition due to its pivotal role in regulating different
aspects of TME, comprising HA metabolism.

5 Conclusion

HA-bound Clq enhances HYAL2 expression in MPM cells,
suggesting a resultant increased rate of HA catabolism and the
release of pro-inflammatory and pro-tumorigenic LMW-HA
fragments, which in turn may stimulate MPM cells to release
ROS in the TME. These data are consistent with an overall
tumor-promoting activity of Clq, in concert with HA, in the
MPM TME. The co-localization and physical interaction between
HYAL2 and gClqR (a receptor of both HA and gClq domain),
seem to suggest a potential involvement of gClqR in HA-Clq
signaling, most likely requiring also the contribution of the main
HA receptor CD44.
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