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ABSTRACT
Malignant mesothelioma (MM) is an aggressive neoplasia arising from mesothelial cells that
line serous cavities, such as pleura, peritoneum, pericardium, and vaginal tunic. It is defined
as an occupational disease because it is related to asbestos exposure. It mainly affects people
between 50 and 70 years of age, with a male to female mortality ratio of 4:1. Despite
traditional multidisciplinary treatment, involving the combination of chemotherapy,
radiotherapy and surgery, prognosis remains poor. This is partly due to the delay of the
diagnosis and partly due to the inadequacy of therapeutic approaches. The aim of this
project is to find new therapeutic strategies for the treatment of MM based on a molecular

targeted approach.

In this study the in vitro and in vivo anticancer effects of Bortezomib (Bor), the first selective
and reversible proteasome inhibitor, on MM have been investigated. Bor was able to inhibit
cell growth in a dose- and time-dependent manner; to induce apoptosis in treated cell lines,
both human (H-Meso-1, MM-F1 and MM-B1) and murine (#40a); to modulate the expression
of several molecules deregulated in MM, such as EGFR, ErbB2 and AKT; to induce Unfolded
Protein Response, altering the expression of Grp78, CHOP and BiP. In vivo studies on
C57BL/6 murine MM model have shown that Bor inhibited tumor growth and increased
mice overall survival. Moreover, Bor treatment was able to modulate tumor immune

microenvironment [1].

The ErbB receptor family is often overexpressed in MM patients and the use of EGFR-
targeted drugs can inhibit MM cell proliferation. It is described that the use of a specific
unitarget drugs can induce drug-resistance leading to the activation of different deregulated
signaling pathways, such as those mediated by ErbB family receptor, Hedgehog, Axl, Wnt
[2]. Recent studies in our laboratory, investigated the in vitro and in vivo effects of a specific
inhibitor of ErbB family receptor, Afatinib (AFA), in combination with a multitarget
molecule, Curcumin (CUR). CUR was able to enhance AFA effects increasing the AFA-

induced reduction of the proliferation rate and pro-apoptotic effects in vitro. Indeed, in vivo



AFA-antitumor activity was enhanced by its combination with CUR significantly increasing
mice overall survival [3].

In another study from our laboratory the effects of inhibitors of Hh- (GANT-61) and ErbB
receptors (AFA)-mediated signaling pathways, involved in neoplastic transformation and
progression, were evaluated. The combined treatment with two inhibitors was more
effective than the single treatments in reducing MM growth in vitro and in vivo, overcame
the occurrence of drug resistance.

Based on these results, we are currently studying whether combined treatment using three
different molecular targeted drugs, used at low doses, is more effective than single and dual
treatments in inhibiting tumor growth in MM. Specifically, we are testing the combination
of AFA, with Y15, a FAK inhibitor, and TP-0903, an AxIl inhibitor.

Our preliminary data showed an increase of cell proliferation inhibition, with a proportional
increase in cell death, in all cell lines treated with the triple combination compared to single
and dual treatments in a time-dependent manner. Moreover, the use of 3D cultures has
made possible to study the antitumor effects of these three inhibitors on systems that are
more complex and more representative of in vivo tumor models. Spheroids treated with
AFA, Y15 or TP-0903, used alone or in double combination, showed a significant inhibition
of growth compared to control spheroids, and the triple combination significantly decreases
spheroid growth compared to control, single or double treated spheroids. Finally, the triple

combination reduced cell viability in treated spheroids compared to control ones.

In conclusion, targeted therapy offers significant promise in achieving better treatment
outcomes with fewer side effects than conventional therapies. This study could be helpful

in developing new personalized therapies that are more effective for MM patient.
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INTRODUCTION

1. MALIGNANT MESOTHELIOMA

Malignant mesothelioma (MM) is a rare and aggressive neoplasia that originates from
mesothelium cells lining serous cavities such as pleura, pericardium, peritoneum, and
tunica vaginalis [4]. In adults, mesothelium is a type of monolayer squamous epithelium
that lines the surfaces of all coelomic organs. Histologically, it is marked by its apical and

basal lateral polarity, robust cell-cell adhesion, and the presence of a basal membrane [5].

The most common MM is malignant pleural mesothelioma (MPM) which originates from
both visceral and parietal pleura and involves about 70-90% of diagnosed cases [5, 6]; in
other cases, they typically occur in peritoneum, while pericardium and tunica vaginalis are

affected more rarely [7].

The development of this disease is associated with a multifactorial etiology and consists of
a multistep process that begins with cellular DNA damage and the subsequent promotion
phase in which the genetically modified mesothelial cells overproliferate. Then, a tumor
progression phase follows, in which cells develop a more aggressive phenotype, and

eventually acquire the ability to metastasize and invade other tissues [8, 9].

The "World Health Organization Classification of Tumors of the Lung, Pleura, Thymus, and
Heart" defines this disease as diffuse MM to distinguish it from other localized tumors of
pleura that have different characteristics and clinical course. In fact, besides MM, several
benign tumors can develop in this tissue, including adenomatoid tumors and benign cystic

mesothelioma [6].

MM is a professional neoplastic lesion that predominantly affects men between 50 and 70
years old, with a male to female mortality ratio of 4:1 [8, 10]. It can occasionally affect
children [10]. There is a higher incidence of MM in industrialized countries than in non-

industrialized countries, reflecting the past use and production of asbestos [10, 11].



Each year about 2,000 to 3,000 cases of MM are diagnosed in the United States, partly related
to asbestos exposure. For males born between 1945 and 1950 in Western Europe, researchers
have predicted an increase in the peak of incidence of mesothelioma during the period from

2015 to 2025, especially MPM, due to asbestos exposure in this population [12, 13].

In Italy, the Seventh Report of the National Mesothelioma Registry (ReNaM), dated
December 2020, reports information on 31,572 MM cases diagnosed from 1993 to 2018 [14].
The percentage of cases with an age at diagnosis of less than 45 years is equal to or just less
2% of the total. 35% of patients with MM are between 65 and 74 years old, and 50% of cases
are between 61 and 76 years old. Up to 45 years of age, the disease is very rare (only 1.4% of
registered cases). The mean age at diagnosis is 70 years with no appreciable differences by
gender [14]. The average survival of patients without treatment is around 9-12 months [15],
but even following classic therapy, the survival does not exceed 22 months. Nevertheless,

with current multimodal therapy, 5-year survival is achieved in only 5% of patients [16].

The main risk factor implicated in the pathogenesis of this tumor is asbestos exposure (about
80% of MM) [17]. Although such exposure is a recognized etiologic factor for pleural and

peritoneal MV, its role in the development of pericardial MM is controversial [18].

Other causes have been related to the occurrence of MM and include mineral fibers other
than asbestos, such as erionite found only in Cappadocia and Turkey, ionizing radiation, all
conditions leading to the formation of scarring processes of the pleura, and exposure to

biological agents, including SV-40 virus [19].
2. ASBESTOS

The term "asbestos" identifies mineral fibers with an asbestiform crystalline structure,
composed of silicate of magnesium, calcium and iron. Asbestos occurs naturally combined
with other minerals; it is extracted from quarries and mines by crushing the parent rock,

from which the purified fiber is obtained [10, 20].

There are two distinct geometric types of asbestos fibers: (i) amphibole, consisting of

straight, stiff and brittle fibers, includes amosite (brown asbestos), crocidolite (blue
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asbestos), anthophyllite, actinolite and tremolite; (ii) serpentine consisting of short, flexible

fibers which is mainly represented by chrysotile (white asbestos) [20].

Chrysotile is the most widely used type but, in general, the former type of fibers is more
widespread and still used in different regions of the world carrying a higher risk of MM [21,
22].

Asbestos was widely used in the 1980s and 1990s for the fabrication of a many products in
industrial and civil sectors due to its numerous properties, including resistance to high

temperatures, mechanical insults, chemical and biological agents, and flexibility [21].

These, together with the low cost of production and broad availability in nature, have made
this mineral an extremely versatile material for use in many industries, from transportation

sector to construction, automotive industry, etc. [10, 23].

Several studies have demonstrated the ability of asbestos to flake and reduce into very fine
airborne and inhalable fibers [10]. For this reason, they have been classified as carcinogenic

for humans by the International Agency for Research on Cancer (IARC) [24].

Although strict legislation has been implemented to prevent asbestos exposure through
bans and mine closures in many countries, to date a decrease in the incidence of MM has
not been observed. This is due to the long latency period from the time of asbestos exposure

to the onset of the neoplasia, ranging from 13 to 50 years [25-27].

In Italy, the use of asbestos began to spread extensively during the World Wars in several

sectors, particularly in the textile industry, construction, shipyards, and transportation [28].

Historically, asbestos mining has been one of the most important industrial activities in
northern Italy. In particular, the Balangero mine located in Piedmont was the largest
chrysotile quarry in Europe. Starting in the 1930s, numerous industries emerged in
Piedmont, Apulia, and Lombardy that used asbestos for the production of asbestos-cement.

In fact, the incidence of MM in these areas is still high today [29].



Italy was the first European country to enforce the prohibition of the mining, production
and marketing of asbestos with the legislation of National Law No. 257 of March 27, 1992,

as a transposition of European Directive EEC 91/382 [30].

In 2002, the ISPESL (High Institute for Occupational Prevention and Safety) established a
register reporting established cases of mesothelioma related to asbestos exposure, with the
aim of estimating the incidence, impact and spread of MM in Italy, and the identification of

unknown sources of environmental contamination (DPCM 308/2002) [24].

Moreover, the National Mesothelioma Registry (ReNaM) has carried out surveillance work

on mesothelioma cases, establishing an archive comprising 5,173 cases (3,746 males and

1,427 females) [24, 31].
2.1 Molecular mechanism of cancerogenesis

Asbestos-induced mesothelioma carcinogenesis is associated with a persistent
inflammatory response initiated by ROS, cytokines, chemokines, growth factors, and pro-
inflammatory factors [32, 33]. It is unclear whether asbestos fibers act on mesothelial cells
directly or indirectly [34]. Nevertheless, the current state of knowledge has identified several

mechanisms of action of asbestos-induced carcinogenesis [35].

A first mechanism is the occurrence of frustrated phagocytosis suggesting that inhaled
asbestos fibers can induce prolonged cycles of damage, repair, and local inflammation
resulting in their entrapment between the visceral and parietal pleura. Specifically, the fibers
repeatedly scratch the mesothelial surface, damaging its integrity and leading to the
activation of macrophages [32]. Macrophages, failing to phagocyte the fibers, go to death
thus triggering the inflammatory process associated with a massive production of reactive
oxygen species (ROS) and inflammatory cytokines. This phenomenon induces reiterated
damage of the mesothelial cells, promoting DNA mutations and promoting neoplastic

transformation [32, 36].



A second mechanism is called Fenton reaction, that was hypothesized by Upadhyay and
Kamp, who demonstrated how asbestos fibers can generate tissue inflammation and

promote ROS production into the tissues themself [37].

Asbestos fibers have iron (II) ions (Fe?*) on their surface, which promote the production of
ROS that interacting with cellular components, induce DNA mutations and neoplastic
transformation [36]. Indeed, through Fenton reaction, free Fe(Il) converts hydrogen
peroxide (H202) into hydroxyl radicals (éOH), which oxidize DNA, free nucleic acids,
proteins and lipids [38]. This process induces cytokines release, including tumor necrosis
factor-alpha (TNF-a) released by macrophages and high mobility group box-1 (HMGB-1)
proteins released by necrotic cells, amplifying the inflammatory response and increasing

the number of cells undergoing oxidative damage (Fig. 1) [39].

Chronic inflammation Generation of ROS

***

Germline

mutations
Garmiing i.e.BAP1
mutations

8-0x0- Altered 2' deoxyguanosnne G>T and CA 2
2 deoxyguanosme Watson-Crick base pairing ~ * transversions &
preference
¢ Genome 4 Epigenetic
" instability " alterations

>

“opy-number Somatic ncRNA Changes in
alteratnons ‘mutations deregulation | | methylation
3921 22q12, 9921 CDKN2A YP53

deletions NF2
15926.2 amplification

, Reduced
cell dea

Figure 1. Molecular outcomes of exposure to asbestos fibers. Asbestos-related carcinogenic effects mainly occur through two

mechanisms: activation of chronic inflammation and generation of reactive oxygen species (ROS) [25].
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Oxidative DNA damage, if not adequately repaired, is highly mutagenic and can trigger to
genomic instability, promoting carcinogenesis [25]. Major oxidative lesions include oxidized
DNA bases, abasic sites, DNA single-strand breaks (SSBs), DNA double-strand breaks
(DSBs), and intra- and inter-chain DNA cross-links [25].

In addition, asbestos fibers induce constitutive activation of epidermal growth factor
receptor (EGFR) and hepatocyte growth factor receptor (MET), which are involved in cell
survival and proliferation. Both EGFR and MET are receptors tyrosine kinase (RTK) that
undergo activating mutations or gene amplifications resulting in activation of intracellular
transduction pathways of the MAP kinase cascade and the phosphatidylinositol-3-kinase
(PI3K)/AKT/mTOR cascade [34]. In turn, these pathways culminate in the activation of
activator transcription factor protein-1 (AP-1) and nuclear transcription factor k-B (NF - kB),
which play a pivotal role in regulating the expression of genes involved in inflammation,

proliferation and apoptosis [35, 40].

In addition, asbestos can induce the production of cytokines and growth factors in
mesothelial cells and resident macrophages. These include transforming growth factor-beta
(TGF-B), tumor necrosis factor-alpha (TNF-a), and platelet-derived growth factor (PDGF)
[41].

Finally, in tissue cultures it has been shown that asbestos can physically interact with the

mitotic spindle and induce aneuploidy or other chromosomal damage [42].

Among the genetic alterations found in MM, we find mutations at the 3p21 chromosomal
region that contains the BRCA1-associated protein 1 (BAP-1) gene locus, which is important
in epigenetic regulation, and homozygous deletion of the 22ql2 locus of the
neurofibromatosis type 2 (NF2) gene. This gene encodes for the Merlin protein, an
oncosuppressor inactivated in 40% of MM, and this loss of function promotes the

invasiveness of the neoplasm itself [25, 43].



Again, deletion of the 9p21 locus containing the CDKN2A gene, which encodes for the
oncosuppressor p16INK4a, has been described. This alteration results in loss of cell cycle

control and is present in 80% of MM [34].

3. SIMIAN VIRUS 40

Simian Virus 40 (5V-40) belongs to the family Polyomaviridae and has an oncogenic potential

both in humans and rodents blocking oncosuppressor genes. It is a small heat-resistant virus
with a highly icosahedral capsid [44, 45]. It has a covalently closed double-stranded DNA

genome of 5kbp that can be divided into two different regions:

1. The early region encoding for three "early" non-structural proteins: large T-antigen

(T-ag), small t-antigen (t-ag), 17K T-ag (17KT);

2. A late region encoding for three "late" structural proteins: VP1, VP2, VP3 and a

maturation protein: LP1 or agnoprotein.

The late region is not involved in the cell immortalization process; in contrast, the early
region is responsible for the transforming properties of the virus itself. Specifically, the T-ag
binds to viral and cellular DNA inducing its replication. In addition, it has mutagenic and
clastogenic properties resulting in cellular chromosomal alterations, such as aneuploidies,

chromosome rearrangements, and point mutations [44].

The mechanism of action of T-ag is based on its ability to bind several important cellular
oncosuppressors that prevent proliferation when DNA damage occurs, including p53, pRb,
p130 / Rb2, p107, p400 and p300. By inhibiting p53, T-ag interferes with DNA repair before
the cell can move into the S phase for continuation of the cell cycle. Usually, if the cell does
not repair DNA damages, it goes into apoptosis, but T-ag-mediated inhibition of p53 allows
its mitosis and the mutations propagation. T-ag also has several functions to increase the

transforming potential [44, 46].

SV-40 is able to infect different cell types in different ways. In 2004, H. Pass et al. performed

in vitro experiments on infected mesothelial cells and fibroblasts to specifically demonstrate


https://www.sciencedirect.com/topics/immunology-and-microbiology/polyomaviridae

the sensitivity of mesothelial cells to SV-40 transformation. Their comparison showed that
mesothelial cells survived SV-40 infection and acquired a transformed phenotype; in
contrast, fibroblasts were completely lysed [46]. These results highlight the peculiar tropism
of SV-40 to infect and transform mesothelial cells, but also to cause genetic and epigenetic

alterations when present in human MM cells [47].

4. HISTOLOGICAL CLASSIFICATION AND TNM STAGING

According to the 2021 classification made by the World Health Organization (WHO),
mesothelioma can be divided into benign and preinvasive mesothelial cancers,
adenomatoid cancer, MM in situ, well-differentiated papillary MM, localized MM, and
diffuse MM. The latter can be subdivided into three different histotypes, based on the
presence of cells with epithelial- or spindle-like morphology in the tumor tissue: (i)

epithelioid; (ii) sarcomatoid; and (iii) mixed or biphasic [48].

The epithelioid histotype is characterized by a diffuse growth of globular or polygonal cells
on the pleural surface. Heterogeneity of morphologic patterns often coexists in the same

tumor tissue, correlating with different prognosis [49].

Cytoarchitectural patterns include papillary, tubulo-papillary, trabecular, solid,
micropapillary clear cell, transitional, adenomatoid/microcystic, and deciduoid. In most of
these patterns, cells have a large eosinophilic cytoplasm with nuclear atypia and few mitoses
[50]. In the less differentiated forms, nuclei are hyperchromic, with a prominent nucleolus,
and there is the presence of giant cells [51]. These tumor types represent a critical issue for
differential diagnosis with other types of neoplasms with an epithelial origin. For this
reason, it is necessary the use of immunohistochemical techniques for their discrimination

[52] (Fig. 2).


https://www.sciencedirect.com/topics/medicine-and-dentistry/epigenomics
https://www.sciencedirect.com/topics/medicine-and-dentistry/mesothelioma
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Figure 2. Malignant mesothelioma epithelioid histotype [53].

On the contrary, the sarcomatoid histotype is characterized by the proliferation of fusiform
or mesenchymal-like cells, bundle-organized or arranged in a disordered manner that
infiltrate the soft tissues of the parietal pleura [49]. Desmoplastic variant is rare, difficult-to-
diagnose with an incidence of 2% and causes distant metastasis [51]. The MM cells can
exhibit varying degrees of atypia, ranging from mild to severe, and may display
pleomorphic characteristics such as atypical giant cells, bizarre nuclei, and the presence of
abnormal mitotic spindles. In addition, there is the presence of tumor necrosis foci [50] (Fig.

3).
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Figure 3. Malignant mesothelioma sarcomatoid histotype [53].

Finally, the biphasic histotype is characterized by the mixture of the epithelioid and
sarcomatoid pattern with the presence of at least 10% of cells one of the two components
[49, 50]. Some studies have shown the importance of sarcomatoid elements for diagnosis as

a high percentage of this component results in a poorer prognosis [50] (Fig. 4).

Figure 4. Malignant mesothelioma biphasic histotype [53].
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Among the three different histological types, the epithelioid type has a more favorable

prognosis, in contrast, the sarcomatoid histotype has a worse prognosis [48].

The incidence among the three histotypes may vary among case series, but it can be stated
that about 80% of MM are of epithelioid type, 10% of sarcomatoid origin, and 10%-20% of
biphasic type [50]. Understanding the histotype is crucial for guiding treatment decisions

and improving prognosis.

The histological classification of MM is crucial since it constitutes a prognostic indicator and
allows identifying the best therapeutic strategy, avoiding patients from undergoing invasive

treatments with low probability of benefit [54].
5. CLINICAL PRESENTATION

Common symptoms of MM include dyspnea, usually due to the massive pleural effusion,
often associated with dry cough, chest pain, fatigue, and weight loss [52]. These may be
associated with other aspecific symptoms, such as anorexia, chills, sweating, weakness, and

discomfort [55].

Uncommon symptoms at the onset of neoplasia include spontaneous pneumothorax, lung
collapse, and mediastinal invasion with laryngeal nerve paralysis or superior vena cava
obstruction. Rarely, myalgias, aphonia, dysphagia, abdominal distension, and nausea have

been reported [55].
6. DIAGNOSIS

MM is a neoplasm with a poor prognosis and 100% mortality rate [56]. This is partly due to
the delay of the diagnosis and partly due to the inadequacy of traditional therapeutic

approaches.

MM diagnosis is difficult. For this reason, a multidisciplinary approach, involving
cytohistology, immunohistochemistry, clinical data, radiological imaging and confirmatory
biopsies, is essential to identify the invasion of lung parenchyma and pleura for the

determination of malignancy and to have the certainty of MM diagnosis [57, 58].
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In most cases, the diagnosis can be identified or suspected directly with hematoxylin-eosin
cytological samples derived from pleural effusion. However, morphological diagnosis is
always complemented by immunohistochemistry (IHC) and fluorescence in situ hybridization

(FISH) [57].
6.1 Immunohistochemistry

Immunohistochemistry (IHC) is a technique for the detection of the presence and
localization of specific molecules expressed on target cells. This method is based on the use
of the antigen-antibody conjugation system in combination with a detection system

(enzymatic or fluorescent) that make this reaction visible with microscope [59].

Immunohistochemical staining is used to determine the mesothelial /ineage of the neoplasm
in the differential diagnosis. A panel of immuno-markers can discriminate MM from other
neoplastic or reactive lesions, and discriminate different histotypes from each other as they
have different prognosis. For instance, immunomarkers like pancheratin or calretinin are
valuable in confirming the mesothelial origin of tumor cells. Additionally, studies have
demonstrated that the absence of BAP1 expression or the homozygous deletion of the
CDKNZ2A gene in tissue samples offers 100% specificity in distinguishing MM from benign
tumor [60, 61].

Unfortunately, there is no primary antibody that is exclusively specific for the mesothelial
lineage, the sensitivity and specificity of antibodies vary depending on the type of differential
diagnosis for MM. The utility of IHC may be critical in distinguishing between epithelioid

mesothelioma and pleural metastasis [60].

To date, the biomarkers with the highest specificity and sensitivity in confirming the
mesothelial origin of the tissue under examination appear to be mesothelin, calretinin, WT-
1, CDK5 and CDK6, D2-40 (or podoplanin), and, more recently, HEG-1 has also been
introduced [62]. The generally negative markers for MM are represented by CEA
(carcinoembryonic antigen), B72.3, Ber-EP4, Bg8, MOC-31, CD15, MUC4 and claudin 4 [63,
64].
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In the differential diagnosis between MM and metastasis, the 2017 International Guidelines
recommend the use of two or three mesothelial and two epithelial markers with sensitivity
and specificity of at least 80% [65]. Typically, calretinin, WT-1 and/or D2-40, MOC-31, and

claudin-4 are used [62].

In addition, depending on the type of differential diagnosis, there are IHC markers that are
not expressed in MM and are specific for certain malignancies, for example: TTF-1 and
napsin for lung adenocarcinoma; CD10 and PAXS for renal carcinoma; prostate specific
antigen (PSA) prostate cancer; hormone receptors and mammoglobin for breast cancer; and
GATA-3 for urothelial and breast cancer. However, recent studies have shown that GATA-
3, previously considered specific for non-mesothelial cancers, is actually expressed in MM
as well. In this regard, its use has been proposed for the differential diagnosis between

sarcomatoid MM and sarcomatoid lung carcinoma [66].

In recent years, microRNAs (miRNAs) have also been identified as potential biomarkers for
the diagnosis and prognosis of MM. In particular, Micolucci et al. have reported a panel of
circulating miRNAs (miR126-3p, miR-103a-3p, and miR-625-3p) and a panel of tissue
miRNAs (miR-16-5p, miR-126-3p, miR-143-3p, miR-145-5p, miR-192 -5p, miR-193a-3p, miR-
200b 3p, miR-203a-3p, and miR-652-3p) deregulated in MM, constituting a potential
signature with diagnostic value [67]. miRNA signature increases accuracy of a selected
clinical prognostic criteria increased compared with a model based on clinical factors alone

[68].
6.2 Radiological imaging

Radiological imaging is very important not only in differential diagnosis, but also in

surveillance, staging, and response to treatment of the disease [69].

Computed tomography (CT) of the chest and abdomen is the imaging modality of choice to
evaluate MM. It can demonstrate the extent of the primary tumor, local invasion and intra-
thoracic lymph nodes, and extra-thoracic spread [70, 71]. It is also used to identify signs of

asbestos exposure (e.g., calcified plaques) [72].
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Thoracic magnetic resonance imaging (MRI) is not routinely used to evaluate MM, but it
can provide more accurate staging information in specific scenarios. An advantage of
thoracic MRI is its high sensitivity (greater than CT and other imaging modalities) in

detecting invasion of the thoracic wall, mediastinum, and diaphragm [69, 70].
6.3 TNM staging

Nowadays, the main prognostic factors for MM include the tumor-node-metastasis (TNM)
staging system and histologic classification [71]. This system evaluates the extent of tumor

invasion (T), lymph node involvement (N), and the presence of metastasis (M) (Table 1) [73].

TNM staging is the most important prognostic factor in many malignancies and is often
used to categorize patients in clinical trials. In 1995, researchers from the Staging Project of
the International Association for the Study of Lung Cancer (IASLC) and the International
Mesothelioma Interest Group (IMIG) analyzed available MPM surgical databases and

developed a TNM-based staging system [74].

The eighth edition of the TNM staging system updated based on IASLC recommendations
was published in 2017. This project analyzed 2460 cases from 29 cancer centers spread over
four continents including both surgically treated cases and patients who did not undergo

surgery [71]. The current staging is shown in the table below.

Compared with the 1995 classification, the division of descriptor T1 into Tla and T1b is
eliminated because there were no differences in overall survival (OS = overall survival) times

[73].
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Table 1. Eighth edition of the TNM classification for MM [73].

Stage Definition

Primary tumor (T)

TX Primary tumor cannot be assessed

TO Mo evidence of primary tumor

T1 Tumor limited to the ipsilateral parietal + visceral + mediastinal + diaphragmatic pleura

T2 Tumor involving each of the ipsilateral pleural surfaces (parietal, mediastinal, diaphragmatic, and visceral pleura) with at

least one of the following features:
» involvement of diaphragmatic muscle
* extension of tumor from visceral pleura into the underlying pulmonary parenchyma
T3 Describes locally advanced but potentially resectable tumor. Tumor involving all of the ipsilateral pleural surfaces
(parietal, mediastinal, diaphragmatic, and visceral pleura) with at least one of the following features:
involvement of the endothoracic fascia
extension into the mediastinal fat
solitary, completely resectable focus of tumor extending into the soft tissues of the chest wall
nontransmural involvement of the pericardium
T4 Describes locally advanced technically unresectable tumor. Tumor involving all of the ipsilateral pleural surfaces (parietal,
mediastinal, diaphragmatic, and visceral pleura) with at least one of the following features:
s diffuse extension or multifocal masses of tumor in the chest wall, with or without associated rib destruction
* direct transdiaphragmatic extension of tumor to the peritoneum
» direct extension of tumor to the contralateral pleura
* direct extension of tumor to mediastinal organs
* direct extension of tumor into the spine
» tumor extending through to the internal surface of the pericardium with or without a pericardial effusion, or tumor
involving the myocardium
Regional lymph nodes (N)

MNX Regional lymph nodes cannot be assessed

NO Mo regional lymph node metastases

N1 Metastases in the ipsilateral bronchopulmonary, hilar, or mediastinal (including the internal mammary, peridiaphragmatic,
pericardial fat pad, or intercostal lymph nodes) lymph nodes

N2 Metastases in the contralateral mediastinal, ipsilateral, or contralateral supraclavicular lymph nodes

Distant metastasis (M)

Mo Mo distant metastasis

M1 Distant metastasis present

7. THERAPEUTIC APPROACHES

Although MM prognosis remains poor, in recent years there have been several important
developments in the therapeutic management of MM. In particular, the development of
more effective therapies as well as new discoveries that could improve the diagnosis of MM
and new insights into the pathobiology of the disease [75], allowed the improvement of new

diagnostic and prognostic approaches to develop new therapies such as gene therapy [76].

The most widely used approach for the treatment of MM includes surgery, chemotherapy,
and radiation therapy, used singly or in combination. The choice of these therapeutic
alternatives depends on the stage and the severity of the disease. To date, the gold standard
involves a multimodal approach, applied in both curative and palliative settings, and is

often preferred to increase treatment efficacy and achieve a better survival rate [77].
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Surgery for pleural MM is indicated mainly in multimodal therapies. In general, two
different surgical approaches are used in the management of MM for therapeutic purposes:
palliative and potentially curative. Palliative surgery may include partial pleurectomy with
pleurodesis or thoracoscopy with pleurodesis [77], while potentially curative is based on
pleurectomy/decortication (extended) (P/D) and extrapleural pneumonectomy (EPP) with
the aim of removing all macroscopically visible tumor [57]. Subsequently, adjuvant therapy

is administered with the aim of eliminating possible microscopic debris [78].

However, not all patients are ideal candidates for EPP because of the high risk of post-
operative complications [79]. Therefore, recently there has been a shift in surgeons'
preference towards a (extended) P/D rather than EPP. This trend has been supported by
numerous studies that have shown significantly lower complication rates, lower
perioperative morbidity and mortality with similar (if not higher) to P/D and overall
survival rates. Furthermore, post-operative quality of life (QoL) appears to be worse in
patients after EPP than in P/D due to the more frequent occurrence of complications, such

as pleural empyema and bronchopleural fistula [57].

No chemotherapy regimen results curative on its own; in fact, these treatments are used

palliatively or in multimodal therapies [80].

The most used chemotherapy drugs are cisplatin, pemetrexed, gemcitabine, carboplatin,
ranpirnase, and vinorelbine. Other treatments include methotrexate, vincristine,
vinblastine, mitomycin, doxorubicin, epirubicin, cyclophosphamide, nintedanib, and

ifosfamide [81].

Two chemotherapy regimens are used. The first involves the use of a combination of an
antifolate agent and a platinum compound. Pemetrexed is a potent inhibitor of thymidylate
synthase, an enzyme required for DNA synthesis. Platinum compounds, as cisplatin or
carboplatin, are alkylating agents that work by interacting with the DNA of cancer cells,
reducing tumor growth and proliferation. A multicenter phase III study evaluated
pemetrexed in combination with cisplatin and cisplatin alone in 448 patients; the

combination regimen showed an approximately three-month increase in overall survival
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(OS) [72, 82]. To date, standard systemic therapy consists of a combination of cisplatin and

pemetrexed or cisplatin and raltitrexed [58, 83].

Perioperative chemotherapy is used for pleural MM with the aim of increasing local and
systemic control of the disease. Additionally, cisplatin and pemetrexed are used as pre-
operative treatment to decrease tumor volume and increase the chances of more complete
resection. The combination of cisplatin and pemetrexed has been used in most clinical
studies and has also been combined with surgery and RT in the evaluation of trimodal

therapies [57].

However, in patients who cannot tolerate cisplatin, the combination of carboplatin with

pemetrexed has been shown to be a viable alternative [81].

The second protocol involves the combination of gemcitabine and cisplatin, which offers
similar palliation benefits. Gemcitabine is a false nucleotide that inhibits DNA synthesis; in

fact, when incorporated into DNA, it avoids its polymerization and inhibits its repair [83].

Other commonly applied combination protocols are based on epirubicin (another

anthracycline) together with gemcitabine or cisplatin as first-line therapy [83].

Radiation therapy is not regarded as a standard treatment considering its unsatisfactory
results in MM. The only exception is for a post-surgical use because it is important to
enhance tumor control rate minimizing damage to surrounding healthy tissue [84]. Various
fractionation systems have been used, and the intensity-modulated radiotherapy after EPP
has shown the greatest benefit [85]. Moreover, in palliative care, radiotherapy can help to
alleviate chest wall pain. However, due to the absence of large-scale clinical trials with
conclusive outcomes, the role of radiation therapy remains primarily within clinical trials

and palliative care [86].

However, the research for new therapeutic approaches with fewer side effects and greater

therapeutic effect has led to the formulation of new methodologies (Fig.5).
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Figure 5. Signal transduction and treatments in MM. Combination chemotherapy is the current standard treatment. This is likely
to change in the future as new systemic and targeted drugs are administered based on the molecular characteristics of the tumor [81].

The main ones are immunotherapy and targeted therapy, used alone or in combination with

conventional therapies [47].

7.1 Immunotherapy

Immunotherapy is a treatment that aims to activate the host's immune system to fight the

tumor [87].

The first cancer immunotherapy approach was developed by Coley, who demonstrated the
induction of an immune response and subsequent tumor shrinkage after intratumoral
injection of bacteria [88]. Currently, five different therapeutic approaches are being studied

to artificially evoke an immune system response against cancer:

1. Immune checkpoint inhibitors (ICIs): drugs that can block immune checkpoints.
Immune checkpoints are a normal part of the immune system designed to keep

immune responses from becoming too aggressive. By inhibiting these checkpoints,
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3.

5.

these molecules enable immune cells to produce a stronger response against cancer

[81].

T-cell transfer therapy: treatment that increases the natural ability of T cells to fight
tumors. For this purpose, immune cells are extracted from the tumor, and the ones
most effective against it are either selected or altered in the laboratory to improve
their ability to target cancer cells. These enhanced cells are then multiplied and
reinfused into the patient. This type of treatment is also known as adoptive cell

therapy, adoptive immunotherapy or immune cell therapy [89].

Monoclonal antibodies (mAbs): immune system proteins created in the laboratory
and capable of binding to specific targets on cancer cells with high specificity. In
particular, the antibodies currently available for therapy belong to the class of

immunoglobulins G (IgG) [90].
Cancer vaccines: aim to enhance immune system's response toward cancer cells [91].

Immune system modulators: improve the patient's immune response against cancer.
Some of these agents affect specific parts of the immune system, while others affect

the immune system more generally [92].

Certain types of MM have been found to express high levels of tumor-infiltrating

lymphocytes (TIL) with elevated levels of programmed death-ligand 1 (PD-L1). In light

of this, the use of mAbs targeting PD-1, PD-L1, and CTLA-4 is being explored.

Specifically, the antitumor effects of antibodies such as tremelimumab and ipilimumab

(anti-CTLA-4), nivolumab and pembrolizumab (anti-PD-1), and durvalumab (anti-PD-

L1), either alone or combined with chemotherapy, are currently under investigation for

patients in advanced stages of MM [93].
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7.2 Targeted therapy

Targeted therapy is a therapeutic approach that targets the fundamental processes of

tumorigenesis (i.e.,, cell proliferation, differentiation, programmed cell death and

invasiveness). It represents the foundation of precision medicine [94].

The U.S. Food and Drug Administration (FDA) has approved antineoplastic drugs that

interact with specific molecular targets, classified into two main categories: small molecules

(such as tyrosine kinase inhibitors, TKIs) and mAbs:

Small molecules are drugs with low molecular weight (< 900 dalton) that can easily

enter cells and specifically target intracellular components [94]. These molecules are
mainly TKIs, which cross cell membrane to interact with the catalytic domains of
tyrosine kinase receptors or other kinases involved in intracellular signaling,
blocking signal transduction. The development of targeted therapies began in 1999
with the introduction of imatinib, a TKI used in the treatment of chronic myeloid
leukemia (CML). Following imatinib, numerous other molecularly targeted drugs

were designed and synthetized [95].

mAbs, also known as therapeutic antibodies, are laboratory-produced proteins
designed to bind to specific targets found on cancer cells [94]. Their use marked a
significant advancement in personalized medicine. To date, about one hundred
mAbs (both for hematologic and solid tumors) have been approved by FDA for
cancer treatment, and are commercially available [96]. Because they retain an intact
Fc region, mAbs can trigger antibody-dependent cell-mediated cytotoxicity (ADCC)
by recruiting complement proteins or effector immune cells to the tumor site.
Additionally, mAbs have been employed as targeting vehicles for the delivery of
nanomedicines or nanoparticles loaded with cytotoxic agents. Another strategy
involves conjugating mAbs directly to chemotherapeutic drugs (i.e., auristatin,
maytansin, calicheamicin, or doxorubicin) [97]. However, one of the main limitations

of mAbs is their large size (150 kDa), which becomes even greater when conjugated
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with nanoparticles, resulting in reduced tumor penetration and slower distribution

[98].

Most target therapies act in different ways:

o To help the immune system destroy cancer cells. Cancer cells grow uncontrollably
because they can escape from the immune system. Some target therapies work by
making cancer cells recognizable to the immune system; others by boosting the

immune system to eradicate the cancer [99].

o To prevent cancer cells from growing. Cancer cells, as a result of genetic mutations,

express proteins that induce cell division both in the absence and presence of
proliferation signals. Some target therapies interfere with these proteins, preventing

cell division and slowing uncontrolled tumor growth [100].

o To block angiogenesis. Tumors have to form new blood vessels to grow beyond a

certain size through angiogenesis process. Hence, angiogenesis inhibitors are
designed to interfere with these angiogenetic signals by preventing blood flow or

causing death of the blood vessels themselves [101].

o To vehicle substances that can kill cancer cells. Some mAbs can be combined with toxins,

chemotherapeutic drugs, and radiation. Once these mAbs recognize targets on the
surface of cancer cells, they are absorbed causing cell death. Cells that do not have

the target will not be damaged [94].

o To cause cancer cell death. Cancer cells have devised several strategies to evade the

processes of cell death. Some target therapies, however, are able to induce cell death

by apoptosis [102].

o To eliminate the hormones the tumor needs to grow. Some breast and prostate cancers

require certain hormones to grow. Hormone therapies are a kind of target therapy that
can work in two ways: some prevent the production of specific hormones; others

prevent hormones from acting on target cells [94].
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However, targeted therapy has disadvantages due to the ability of cancer cells to become
resistant to this treatment. For this reason, they may work best when used in combination
with other therapies, such as chemotherapy or radiotherapy. In addition, it is often difficult

to design a specific drug because of the structure or function of the therapeutic target [94].

The most common side effects of targeted therapies include diarrhea and liver problems.
Others might include problems with blood clotting and wound healing, hypertension,
fatigue, sores in the mouth, nail changes, loss of hair color, and skin problems. Skin

problems could include rashes or dry skin [103].
8. DE-REGULATED SIGNAL TRASDUCTION PATHWAYS IN MM

In MM patients, it has been observed both disruptions in the proteasome's proteolytic
pathway [104] and dysregulation of various signaling pathways—such as those involving
receptor tyrosine kinases (EGFR/ErbB2), Hedgehog, Axl, and Wnt—have been observed
[105].

8.1 Proteasome

The levels of intracellular proteins are the result of balancing processes between their
synthesis and degradation, both of which are crucial for normal cell function [106]. Protein
degradation is tightly regulated and occurs via two primary pathways. The first involves
lysosomes, which are vesicular organelles containing acid hydrolases that break down both
endogenous proteins and those internalized from the outside through processes like
endocytosis and pinocytosis [107]. The second pathway is the ubiquitin-proteasome system
(UPS) which involves ubiquitin, a marker for degradation, and the proteasome 26S, a
multienzymatic complex [104] (Fig. 6). Therefore, the UPS includes two distinct steps: i) the
covalent binding of multiple ubiquitin molecules to the substrate protein; (ii) the
degradation of the ubiquitinated protein by the proteasome [107]. This process does not
require compartmentalization and the catalytic complex is ubiquitous functioning in

nucleus, cytoplasm, and in association with the endoplasmic reticulum (ER). It uses ATP-
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dependent mechanisms and involves numerous adjuvant molecules that collectively form

what is known as the "Signalosome" [104, 106].

The UPS is responsible for the degradation of short-lived proteins involved in several

cellular processes, such as:

o Cell cycle progression by proteolysis of specific regulatory proteins;

o Cell growth and proliferation through degradation of oncoproteins and signal
transduction pathway proteins;

o DNA repair;

o Regulation of transcription;

e Regulation of immune and inflammatory response;

o Processing of antigens presented in association with the major histocompatibility
complex class I (MHC I);

o Degradation of abnormal or misfolded proteins [106].

As the proteasome participate in several fundamental cellular processes, its inhibition leads

to cell death, and its malfunctioning can underline numerous pathological events [107].

(U] % 26S
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Figure 6. Representation of the Unfolded Protein System [108].
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8.1.1 The ubiquitination process

Hershko and colleagues identified the ubiquitin conjugation system and its role in marking

proteins that are later to undergo degradation [109].

Ubiquitin is a small protein consisting of 76 amino acids, which can exist freely or be linked
to other proteins either as a single unit (monoubiquitination) or in chains
(polyubiquitination). This process serves various functions, including the regulation of

protein degradation, controlling subcellular localization, and kinases activation [110].

The ubiquitination process involves three enzymes that act sequentially: Ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin-protein ligase

(E3) [111].

Initially, ubiquitin is activated by E1 in an ATP-dependent reaction, forming a thioester
bond between the C-terminal glycine (Gly) of ubiquitin and a cysteine (Cys) residue of E1.
The activated ubiquitin is then transferred to the E2, which delivers it to a ligase (E3) bound
to the substrate protein. E3 facilitates the formation of an isopeptide bond between
ubiquitin's C-terminal Gly and a lysine (Lys) residue on the target protein. If this lacks a Lys
residue, ubiquitin attaches to its N-terminus. This process repeats multiple times, forming a
homopolymeric polyubiquitin chain. Each new ubiquitin molecule binds its Gly76 to the
Lys48 of the previous ubiquitin in the chain. A polyubiquitin chain, consisting of at least
four ubiquitin units, signals the 26S proteasome to degrade the protein and recycle the
ubiquitin molecules. Recent studies show that polyubiquitination at other lysine residues
(i.e. Lys63-linked polyubiquitination) and monoubiquitination are involved in other cellular
processes, as DNA repair, chromatin remodelling, cellular trafficking and endocytosis [112]

(Fig. 7).
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Figure 7. The ubiquitin proteolytic pathway. 1: Activation of ubiquitin; 2: Binding of the protein substrate; 3: Multiple (n) cycles
of conjugation of ubiquitin to the target substrate leading to the formation of a polyubiquitin chain. 3': Similar to step 3, but the
activated ubiquitin is transferred from E2 to a high-energy thiol intermediate on E3. 4: Degradation of the ubiquitin-tagged substrate
by the 26S proteasome complex, resulting in the release of short peptides. 5: Recycling of ubiquitin [113].

The ubiquitin-mediated proteolytic system operates in a hierarchical manner: a single E1
enzyme is responsible for activating ubiquitin; at least 13 different E2 enzymes have been
identified, each working with one or more E3 ligases. Eukaryotic cells contain hundreds of
E3 ligases, so they provide specificity in attaching ubiquitin to target proteins by recognizing
distinct structural motifs [111]. E3 enzymes can belong to two main categories: (i) those
containing a homologous to the E6-associated protein carboxyl terminus (HECT) domain

and (ii) those with a Really Interesting New Gene (RING) domain [110, 114].

E4 enzymes, also known as assembly/elongation factors, assist the formation of ubiquitin

polymer chains.

Besides ubiquitinating enzymes, deubiquitinating enzymes, belonging to the thiol-protease
family, play a role in removing ubiquitin from proteins targeted for degradation and in the
biosynthesis of ubiquitin itself [115]. These enzymes recognize the C-terminal end of

ubiquitin and are categorized into two groups:
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1. Carboxy-terminal ubiquitin hydrolases (UCHs): approximately 25 kDa enzymes
involved in processing pro-ubiquitin and releasing mature ubiquitin from small

molecules or amine/thiol groups [115].

2. Ubiquitin-specific proteases (UBPs), also known as isopeptidases: around 100 kDa
enzymes, which cleave ubiquitin from either free or protein-conjugated forms. Some
UBPs are free-floating, while others are associated with the 19S subunit of the

proteasome, and their activity may be ATP-dependent or independent [115].

8.1.2 Proteasome 26S

The proteasome is crucial for maintaining cellular homeostasis [116]. The most common
form of the proteasome is the 26S, which consists of a 20S core particle (CP) that contains

the protease activity and two 19S regulatory subunits (RPs) [117, 118].

The 19S5 RPs, also known as PA700, flank the central CP, one at each end, and they are made
up of a base and a cap. The base consists of six subunits with ATPase activity and two with
structural function, and directly binds the 20S catalytic core; the lid consists in eight different

subunits, all except one with no catalytic activity [118].

The 19S RP binds the ubiquitinated substrate, an entrance for that substrate opens to the 20S
where it unfolds and then translocates to the 20S catalytic chamber, where degradation into

peptides will occur [118].

The 20S CP is a barrel-shaped structure composed of four stacked rings, two outer a-rings

and two inner B-rings.
Each ring consists of seven subunits.
» a-rings regulate access to the proteolytic chamber, controlling substrate entry.
e P-rings contain the protease active sites responsible for degrading proteins [116].

The proteolytic activity resides on specific 3 subunits (f1, 32, and (35) with a specific and
different substrate preference. The 35 site is the chymotrypsin-like (chymotrypsin-like) site
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and preferentially cleaves after binding of hydrophobic residues, the trypsin-like (trypsin-
like) site (B2) preferentially cleaves after binding basic residues, and the caspase-like

(caspase-like) site (31) cleaves after binding acidic residues [117].

Consequently, the proteasome is not simply a complex of independent proteases but is a

multicatalytic complex that functions only when it is fully intact [116] (Fig. 8).
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Figure 8. 3D structure of the 26S proteasome. (A) The CP shown in red, the RP base shown in blue, and the RP lid shown in
yellow (left). A cartoon representation of the 26S proteasome, highlighting specific functions of the CP and RP during substrate
processing (right). (B) Subunit architecture of 26S proteasome RP. The CP is shown in gray, the Rpt ring is shown in light blue, and

additional Rpn subunits are shown in various colors with their identity indicated [108].

8.1.3 Effect on the cell cycle

The proteasome degrades many cell cycle regulatory proteins such as those that typically
have a short half-life, such as cyclin B1, p21, p27, and oncosuppressive proteins like p53,
thereby promoting cell cycle progression [119]. Many tumors rely on proteasome activity
and are more sensitive to proteasome inhibition than normal cells [120, 121]. Inhibition of
the proteasome leads to toxic effects, including increased reactive oxygen species (ROS) and
accumulation of misfolded and damaged proteins [122, 123]. Cells respond by activating
protective mechanisms as autophagy [124], but severe damage triggers programmed cell
death [125, 126]. Proteasome inhibition also stabilizes tumor suppressor proteins and

prevents cell cycle progression [127].
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8.1.4 Activation of NF- kB

The transcription factor NF-kB regulates genes involved in innate and adaptive immunity,
inflammation, stress response, B-cell development, and lymphoid organogenesis. Its
activation occurs through two pathways: canonical and noncanonical, both requiring

proteasome-mediated degradation of regulatory elements [128].

In canonical pathway, there is a resting state in which NF-«B is sequestered in the cytoplasm
by IxB inhibitory proteins. Upon activation by pro-inflammatory cytokines, the IxB kinase
(IKK) complex phosphorylates IxB, leading to its ubiquitination and degradation by the
proteasome. This process releases the NF-kB/RelA complex, which translocates into the
nucleus to activate gene expression [129]. In the Noncanonical Pathway, the NF-«xB-
p100/RelB complex remains inactive in the cytoplasm. Upon activation, kinases trigger the
IKKoa complex to phosphorylate NF-xB2-p100, which is then ubiquitinated and processed
by the proteasome into the transcriptionally active NF-kB2-p52. The NF-kB2-p52/RelB

complex translocates to the nucleus to induce target gene expression [130].

In addition, NF-«xB is frequently upregulated in tumors and inflammatory diseases,
promoting the expression of apoptosis inhibitory proteins (IAPs) and Bcl-2 in cancer cells
[131]. In this context, the increased proteasome activity plays a pivotal role in influencing
NF-xB activation by controlling the levels of its inhibitor IkB. As a results, NF-kB determines
the transcription of gene involved in cell survival, but also in tumor progression, migration

and angiogenesis [132, 133].
8.2 ErbB receptor family

The ErbB receptor family is a family of transmembrane receptor proteins with tyrosine
kinase activity, and consists of 4 members: HER1(ErbB1, EGFR) epidermal growth factor
receptor, HER2 (ErbB2), for which a specific ligand could not yet be isolated, HER3 (ErbB3)
and HER4 (ErbB4), which bind neuregulins, eregulins and other growth factors of the same
tamily [134]. Upon recognition and binding of specific ligands, these receptors form homo-

and heterodimers in various combinations; this leads to trans- and auto-phosphorylation of
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the receptor cytoplasmic region and subsequent activation of interconnected and
overlapping signaling cascades, resulting in multiple biological responses, including
proliferation, differentiation, cell motility, and inhibition of cell death (Fig. 9). Therefore,
their deregulation plays a pivotal role in tumor growth, angiogenesis, invasion and
metastasis processes, and drug resistance through aberrant activation of several of
intracellular signaling pathways, such as those mediated by Ras/Raf/MEK/ERK and
PI3K/Akt/TOR [135].

Mitogen-Activated Protein (MAP) kinases are a group of serine/threonine kinases that
regulate crucial cellular processes such as proliferation, apoptosis, and survival. Disruptions
in this pathway are linked to pathogenesis of various diseases. The MAP kinase family is
categorized into three main groups: (i) Extracellular signal-Regulated Kinases (ERK1/2),
activated by growth factors and regulates transcription factors in the nucleus; (ii) Jun N-
terminal Kinase (JNK), that responds to stress signals, such as UV radiation, cytokines, and
oxidative stress; and (iii) p38 MAP kinase, activated by stress signals, including cytokines
and environmental stress.

The activation of the MAP kinase pathway begins when specific growth factors bind to
membrane tyrosine kinase receptors, causing these receptors to dimerize and interact with
G proteins. The G protein Ras, which has GTPase activity, activates Raf kinases by recruiting
and phosphorylating them. Raf kinases then phosphorylate MEK kinases at two serine
residues. MEK kinases further phosphorylate ERK1 and ERK2 on specific threonine and
tyrosine residues. Activated ERK1/2 then move to the nucleus to activate various
transcription factors that drive cell growth and prevent apoptosis.

The Ras/Raf/MEK/ERK signaling pathway is commonly altered in cancers. For instance,
activating mutations in Ras are present in approximately 30% of tumors, leading to

sustained activation of ERK1/2 and contributing to cancer progression [136].

The PI3K/Akt/mTOR signaling pathway is involved in various physiological functions,
and its dysregulation is linked to both cancer development and resistance to therapies. The

PI3K (phosphoinositide 3-kinase) family is categorized into three classes: I, II, and III. Class
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I PI3Ks is the most relevant for the PI3K/Akt/mTOR pathway because it facilitates the
transfer of a y-phosphate group from ATP to phosphatidylinositol-4,5-bisphosphate
(PtdIns(4,5)P2), converting it into phosphatidylinositol-3,4,5-triphosphate (PtdIns(3,4,5)P3).
This conversion promotes the recruitment of Pleckstrin Homology (PH) domain-containing

proteins, including Akt, to the inner membrane surface [137].

Akt, a serine/threonine kinase, exists in several isoforms, each with a similar structure: a
central catalytic domain flanked by regulatory and PH domains at the N- and C-terminal
region, respectively. To be fully activated Akt must first translocate to the membrane and
requires a two-step phosphorylation process. Initial recruitment to the cell membrane
triggers a conformational change in Akt, allowing its Thr308 residue to be phosphorylated
by PDK1 (3-phosphoinositide-dependent protein kinase 1). A second phosphorylation, on
Ser473, is carried out by the mMTORC2 complex, completing Akt's activation [138].

Akt activity is tightly regulated by various proteins, including heat-shock protein 90
(HSP90). Cellular stress conditions—such as thermal shock, hypoxia, oxidative stress, and
ultraviolet light—can lead to increased Akt activity. This hyperactivation serves as a
compensatory mechanism, helping cells evade apoptosis under stressful conditions. The
crosstalk between these pathways can impact processes like cell proliferation and migration

[139].
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Figure 9. ErbB family receptors signaling pathways in the regulation of cell growth [140].

Aberrant expression of ErbB receptors can result from transcriptional or post-translational
mechanisms, and mainly from a variety of genetic alterations, such as gene amplification,
mutation, and translocation [134]. Quantitative and qualitative alterations of ErbB receptors
are frequently found in about 30% of solid tumors, including MM, lung, breast, bladder,
prostate, and epidermoid carcinoma of the head and neck cancers. Increased expression of
one or more ErbB receptors, in fact, has been found in many patients with MM [3].
Specifically, increased EGFR signaling plays a significant role in various cancer-related
processes, such as driving cell cycle progression, inhibiting apoptosis, and facilitating
metastasis. The abnormal EGFR signaling leads to excessive cell proliferation, contributing
to tumorigenesis and elevated EGFR levels have been observed in cancer patients,

correlating with an increased risk of relapse and reduced survival rates [3].
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In MPM, EGEFR is overexpressed in approximately 60% of cases, whereas it is absent in
normal pleural tissue [141]. Additionally, at least one member of the ErbB receptor family
is expressed in 88% of these tumors. The expression of ErbB receptors varies with
histological histotype, being most frequent in epithelioid MM. MM have been found to
express EGFR (79.2%), HER2 (6.3%), and ErbB4 (49.0%), but do not express ErbB3 [142, 143].

Recent studies have highlighted how ErbB receptor overexpression correlates with the
cellular ability to evade antitumor immunity. However, the mechanisms by which aberrant
ErbB receptor signaling creates inhibitory effects on the adaptive antitumor response are not

yet fully understood [135].

To date, the European Medicines Agency (EMA) in 2004 and the FDA in 2006 approve
cetuximab, a chimeric mAb capable of binding the extracellular region of EGFR for MM

treatment [144].
8.3 The Gas6/Axl Signaling Pathway

The Axl protein, encoded by the gene of the same name, is one of the Tyro3, Axl, MerTK
(TAM) family members of RTKs [145]. TAM family members are important inflammatory
mediators that inhibit certain signaling pathways activating dendritic cells, natural killer

cells, and macrophages, attenuating their antitumor activity [146].

When activated by the ligand Growth Arrest Specific Gene 6 (Gas6), Ax] promotes survival
transduction signaling pathways, such as those mediated by PI3K/AKT and MAPK/ERK
[147], increases the expression of anti-apoptotic markers (BCL-2, BCL-XL, survivin) and

reduces the activity of pro-apoptotic proteins (BAD and Caspase-3) [146, 148] (Fig. 10).

In cells with low metastatic colonization potential, Axl over-expression leads to increased
migratory and invasive abilities [149]. Indeed, TAM family members are able to stimulate
vascular endothelial growth factor (VEGEF), fibroblast growth factor (FGF), and platelet-
derived growth factor (PDGF) [150].
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In cancers, deregulation of the Gas6/Axl signaling pathway is associated with tumor
growth, invasiveness and metastasis processes, epithelial-mesenchymal transition (EMT),
angiogenesis, drug resistance, immune regulation, and stem cell maintenance [146, 151].
Several studies have shown increased expression of Axl on both cell lines and biopsies from
MM patients [147, 152]. Over-expression of Axl is important for tumor progression and,

often, correlates with patients” outcome and increased tumor aggressiveness [146].

Furthermore, Song W. et al. have shown that Axl protein expression levels are increased
during the course of tumor progression and are associated with the presence of distant
metastasis and reduced survival in patients with MM [153]. Therefore, Axl represents a
promising therapeutic target in the management of this neoplasm [146]. Preclinical studies
have shown that Axl inhibitors are able to stimulate apoptosis of tumor cells and suppress

their ability to migrate and invade [153-155].

In addition, the in vitro use of target molecules that inhibit the action of Axl is able to make
MM cell lines more sensitive to radio- or chemotherapy treatments, induce apoptosis in

tumor cells, or reverse the EMT process [147, 153, 156].
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Figure 10. Gas6/AXL signaling pathways. Diagram of the molecular structure of Gas6 and AXL and signaling pathways involved
in the regulation of cancer cell proliferation, migration, apoptosis, as and the maintenance of cancer stem cells by Gas6/AXL [157].
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8.4 The FAK-Wnt Signaling Pathway

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that plays a pivotal role as a
regulator of integrin-mediated signaling, regulating important cellular processes such as
migration, invasion, angiogenesis, cell survival, and EMT [158] (Fig.11). Overexpression and
activation of FAK have been reported in numerous invasive and metastatic cancers [159],
including thyroid [160], prostate [161], colorectal cancer [162], ovarian cancer [163], MM
[164], head-neck cancer [165]. Although the molecular mechanisms responsible for FAK
overexpression are not completely known, many studies associate increased levels of this

protein with a worse prognosis [158].

Activation of FAK leads to the phosphorylation of downstream targets involved in cell
survival signaling, such as the PI3K/AKT and MAPK/ERK pathways. These activated

pathways help MM cells resist to apoptosis and continue to proliferate [166].

There is growing evidence of a functional interaction between FAK and the Wnt/[3-catenin
signaling pathway during tumor development and progression. The Wnt/[-catenin

pathway, just like FAK, regulates multiple cellular processes [158].

Wnt proteins, in fact, by binding to Frizzled receptors induce phosphorylation of (3-catenin
leading to the regulation of cell proliferation, survival, differentiation and EMT [158, 167].
Finally, the Wnt/[-catenin signaling pathway also appears to be deregulated in MM tumors,
leading to uncontrolled proliferation of tumor cells, promoting blockade of apoptosis and
promoting cell migration [158, 168]. FAK promotes cell survival and migration, while Wnt
signaling can enhance these processes through its impact on cell adhesion and proliferation

[158].

Thus, these two signaling pathways could represent two important therapeutic targets for

the development of new targeted therapies for MM patients.
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Figure 11. FAK signaling pathway in tumorigenesis, angiogenesis, and metastasis. FAK promotes oncogenesis by activating
transcription factors via p53, YAP, RAS/RAF/MEK/ERK, PI3K/AKT and downstream pathways including mTOR, p-catenin or [NK
[169].

9. INHIBITORS

9.1 Proteasome Inhibitors

Proteasome inhibitors (PIs) are one of the most important classes of therapeutic agents for
the treatment of multiple myeloma [95]. Many PIs are short peptides designed to enter the
substrate binding site present in the catalytic subunit. The activity of PIs depends on the C-
terminal portion of the drug reacting with the nucleophilic active site of threonine to form
a reversible or irreversible covalent adduct [170, 171]. Although the proteasome has three
catalytic sites, inhibition of all three does not have a significant effect on protein degradation.
More in detail, inhibition of land (32 has no significant effect on protein degradation;
whereas inhibition of 35 appears to have a reducing effect on protein degradation.
Therefore, many proteasome inhibitors target the 35 site even though they have less activity

on pland B2 [171, 172].
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Three components of this class have been approved by the United States FDA:

1. Bortezomib (Velcade®) which is a reversible inhibitor of the proteasome 26S, with

anti-proliferative and antitumor activity;
2. Carfilzomib (Kyprolys®);

3. Ixazomib (NINLARO®) which is the first compound with oral administration whose

mechanism of action is proteasome inhibition [173, 174].

9.1.1 Bortezomib

Figure 12. Bortezomib molecular structure [175].

Bortezomib (Bor) is a dipeptidyl boronic acid that selectively inhibits the ubiquitin pathway
of the proteasome, which plays a role in the degradation of many intracellular proteins [176]

(Fig. 12).

The full chemical name of this drug is ((1R)-3-methyl-1 - ({(25)-3-phenyl2 - ((pyrazin-2-

ylcarbonyl) amino) pro-panoyl} amino)-butyl) acid [175].

Rapidly proliferating cancer cells require high ER activity for proper protein folding,
assembly, and transport, which leads to ER stress. Due to inadequate vascularization and
rapid growth, cancer cells encounter unfavorable conditions, such as hypoxia and starvation
[177]. Tumor hypoxia is a key factor that promotes tumor progression, reduces therapeutic
response, and compromises patient survival [178]. Inhibition of the 26S proteasome
contributes to ER stress, being responsible for the antitumor effects of proteasome inhibitors.

Misfolded proteins are normally degraded by the proteasome, but if they are not cleared,
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they can form aggregates, exacerbating ER stress. If this stress persists, the survival signal
activated by the unfolded protein response (UPR) system can activate the apoptotic
pathway. This highlights the importance of the 26S proteasome in the regulation of ER stress
and cell survival. Therefore, inhibition of proteasome in cancer cells promotes apoptosis,

exerting an antitumor effect [177, 179].

In addition, inhibition of proteasome activity by Bor leads to the accumulation and
increased transcription of BH3-only proteins, such as PUMA, BIM, NOXA, and BIK [180].
These proteins can antagonize anti-apoptotic Bcl-2 family members like Bcl-xL and Mcl-1 or
activate pro-apoptotic proteins like Bax and Bak, promoting apoptosis through effector

caspases activation [181, 182].

Notably, NOXA induction is a critical mechanism for Bor-mediated apoptosis, driven by c-
Myc and independent of p53 [183]. Bor-induced apoptosis is also associated with the
activation of c-Jun N-terminal kinase (JNK), reactive oxygen species (ROS) formation,
cytochrome c release, and the activation of both intrinsic (caspase 9-mediated) and extrinsic
(caspase 8-mediated) apoptotic pathways. Bor has been shown to selectively induce

apoptosis in some neoplastic cells, but the nature of its selectivity remains unclear [183].

Still, NF-xB is involved in suppression of apoptosis and induction of cancer cell
proliferation, invasion, metastasis, carcinogenesis and angiogenesis of cancer cells [184].
Through the proteasome inhibition, Bor stabilizes the NF-kB complex in the cytoplasm,
leading to reduced NF-kB-dependent gene expression [185]. Finally, it has been described
that Bor can induce cell cycle arrest by affecting the expression of cell cycle regulators, such
as cyclins and cyclin-dependent kinases (CDKs), thereby hampering the multiple myeloma

cells proliferation [186].

In 2003, Bor received approval from the US FDA for use as a drug in the treatment of
multiple myeloma relapse and in 2008 as a therapy in previously untreated multiple
myeloma. It was also approved in 2006 for the treatment of refractory or relapsed mantle
cell lymphoma and, in 2014 for the treatment of previously untreated mantle cell lymphoma

[187, 188].
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Therefore, Bor has significantly improved the treatment of multiple myeloma, but drug
resistance and relapse remain common issues [189]. Resistance mechanisms include changes
in proteasome subunit composition and expression, as well as mutations in the (35 binding
pocket, though these mutations haven't been confirmed in patients [190]. Additionally,
drug-resistant cells exhibit transcriptomic alterations, such as increased expression of anti-
apoptotic proteins like Bcl-2 and heat shock proteins (HSP27, HSP70, HSP90), which help
manage misfolded proteins. Extrinsic factors, including the bone marrow
microenvironment and RNA dysregulation, also play a role in resistance to Bor [191]. Recent
studies in our laboratory have been shown that Bor inhibited cell proliferation, triggered
apoptosis, modulated the expression and activation of pro-survival signaling transduction
pathways proteins activated by ErbB receptors and inhibited proteasome activity in vitro in
head and neck carcinoma (HNCC) cell lines. Moreover, intraperitoneal administration of
Bort delayed HNCC tumor growth in vivo, protracted survival and adjusted tumor
microenvironment by increasing tumor-infiltrating immune cells (CD4+ and CD8+ T cells,
B lymphocytes, macrophages, and Natural Killer cells) and by decreasing vessels density.
Bort treatment modified the expression of proteasome structural subunits in transplanted

HNCC cells [192].

While Bor has shown notable efficacy in hematological malignancies, it has also been tested
in solid tumors like non-small cell lung cancer (NSCLC), breast cancer, and prostate cancer
[193, 194]. However, Bor had demonstrated limited therapeutic success compared to

hematologic cancers [195, 196].

Bor is typically administered intravenously at different doses depending on the treatment
cycle, both as a monotherapy and in combination with other drugs. Combination therapies
generally yield higher response rates but also greater toxicity compared to monotherapy

[187].

The main obstacles to Bor therapy are its side effects, such as fatigue, peripheral neuropathy,
thrombocytopenia, gastrointestinal disturbances, and cardiac abnormalities that may be the

cause of decreasing the effective dose or, even, result in discontinuation of therapy [197-
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199]. To improve the antitumor effects and reduce the general toxicity associated with Bor,
next-generation proteasome inhibitors are being developed. Changes include irreversible
inhibition of the proteasome, inhibition of all three enzyme sites, and oral rather than

intravenous administration [200].

This are prompted ongoing research and the development of second-generation proteasome

inhibitors to address its limitations and side effects [191].

9.2 Tyrosine Kinase Inhibitor (TKIs)

In recent years, TKIs have been developed and categorized by their binding modes [201]:

o Type 1 inhibitors: compete with ATP, binding to the active conformation of the
kinase (DFG-in) and forming hydrogen bonds in the kinase's adenine region. They

typically occupy the ATP-binding site and extend into nearby areas [202].

o Type 2inhibitors: compete with ATP but target the inactive conformation (DFG-out)
of the kinase, engaging an additional hydrophobic pocket (allosteric site). Imatinib is

a key example [203].

« Allosteric inhibitors: interact with the allosteric site of the protein outside the ATP-
binding region, regulating negatively or positively enzymatic activity. These
inhibitors have high selectivity as they exploit binding sites characterized by high
variability among the various tyrosine kinases. Cobimetinib, a MEK inhibitor, is an

example [201, 204].

o Covalent inhibitors: form irreversible covalent bonds with the enzyme’s active site,

often reacting with a nucleophilic cysteine residue [201, 205].
Each class offers different levels of specificity and effectiveness.

These drugs have been shown to possess high selectivity, high efficacy, low side effects, ease
of preparation and high efficacy in the treatment of chronic myeloid leukemia (CML), non-
small cell lung cancer (NSCLC), renal cell carcinoma (RCC), compared to traditional

chemotherapy antineoplastic agents [206].
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TKIs can be divided into EGFR and HER2 inhibitors, VEGFR inhibitors, anaplastic
lymphoma kinase (ALK) inhibitors, and Ber-Abl inhibitors [206]. First generation TKIs have
been studied to bind reversibly to ATP binding sites, while second generation TKIs are

irreversible inhibitors [207].

9.2.1 Afatinib
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Figure 13. Afatinib molecular structure [208]

Afatinib (AFA), known by the commercial name Giotrif®, is a small molecule (TKIs), is an
ATP-competitive molecule that irreversibly binds and inhibits the tyrosine kinase activity of
members of the epidermoidal growth factor (ErbB) family including EGFR, HER2 and HER4
[209]. It binds covalently to the residue of cysteine 797 of EGFR and residue of cysteines 805
and 803 of HER2 and HER4, respectively. This binding results in a reduction of self- and
trans-phosphorylation between ErbB dimers and an inhibition of the signaling pathway of

all of the ErbB receptor family members (PanErbB Inhibitor) [210-212] (Fig. 13).

AFA has been demonstrated to inhibit the survival of lung cancer cells carrying the T790M
mutation of the EGFR gene on xenograft (tumor cell resistance related mutation, for first

generation TKIs), leading to regression of the expression of ErbB2 initially [213].

The activity of AFA has also been tested on MM cells, even in combination with other drugs.
Specifically, the effect of AFA was evaluated in association with crizotinib, a drug used in
NSCLC able to inhibit MET, Alk and ROS-1 kinases. It has been shown that the combined
treatment determines the inhibition of MM cell proliferation than single treatments. The
combination of AFA and crizotinib increases the inhibition of phospho-Akt and phospho-

ERK1 /2, involved in cell survival signaling pathway [214]. Another study on MM cells was
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conducted to evaluate the synergistic effect of AFA and trastuzumab (anti-HER2 mAbs). An
increase in the ADCC mechanism has been observed, with promising anticancer effects
[215]. This suggests that the use of AFA in combination with inhibitors of other cellular

pathways represents a good therapeutic strategy to improve the prognosis of MPM [216].

Recently, a MPM patient harboring both G719C and S768I mutations of EGFR was
successfully treated with AFA [217]. These results suggest the ability of this small molecule
to recognize both wild-type EGFR and mutated EGFR cancers [207, 217].

However, other clinical studies using EGFR TKIs in MM have not reported clinical efficacy
[218]. Mechanisms of resistance to EGFR inhibition by TKIs could be due to a simultaneous
activation of alternative pathways and rare mutation of EGFR in MM [219]. Hence, our lab
has investigated the effects of AFA in combination with a multitarget polyphenol, Curcumin
(CUR). Our results demonstrate that CUR enhanced AFA effects by increasing the reduction

of MM cell proliferation in vitro and inhibiting mouse tumor growth in vivo [3].

9.2.2 TP-0903 (Dubermatinib®)

Figure 14. TP-0903 molecular structure [220]

TP-0903, whose trade name is Dubermatinib®, is a potent and selective inhibitor of the Axl
receptor tyrosine kinase, the high expression of which correlates with EMT, metastatic

process, and drug resistance in several cancer types, including MM [153] (Fig. 14).

TP-0903 is an orally available small molecule (Fig. 14) that follows a mechanism of
competitive inhibition with ATP as it possesses a heterocyclic portion that mimics adenine

resulting in binding of the inhibitor itself to the active conformation of Axl. It also targets
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other kinases, including the three members of the TAM family, Aurora A, JAK2, ALK, ABL1
and VEGFR2 [221-223].

Yuqing Zhang's 2021 study showed that the use of TP-0903 in combination with
chemotherapy and/or immunotherapy for the treatment of pancreatic cancer has antitumor
and immunomodulatory effects. It has also been shown that treatment with TP-0903 results
in a shift toward a more differentiated tumor phenotype. In conclusion, these results suggest
that TP-0903 is effective in counteracting cell signaling pathways that support tumor

progression in vivo [224].

TP-0903 is currently being evaluated in an initial phase I study in patients with advanced

solid tumors, including MM [146, 154, 224, 225].

The drug is still in experimental stages but has shown promising preclinical results in
targeting AXL and reducing tumor growth in cancers where AXL overexpression plays a

crucial role [226, 227].

Its combination with existing chemotherapy or immunotherapy strategies is also being
explored, as dual approaches may yield better outcomes in patients with resistant or

advanced MM [228].

9.2.3Y15

Figure 15. Y15 molecular structure [229]

Y15 is a specific inhibitor of Focal Adhesion Kinase (FAK), which inhibits its
autophosphorylation, reducing the viability of tumor cells and blocking their growth (Fig.

15). FAK is expressed in all cells at basal level, but it is over-expressed in most solid tumors,
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as it is involved in angiogenesis, metastatic process and invasion. Y15 specifically blocks
tyrosine-397 phosphorylation of FAK and total phosphorylation of FAK in a dose- and time-
dependent manner. Moreover, this inhibitor, by blocking FAK, leads to overexpression of
DKk, an inhibitor of Wnt; consequently, use of this small molecule results in simultaneous

inhibition of two deregulated pathways in MM [158].

Y15 has been shown to have antitumor and antiproliferative effects, alone or in combination

with chemotherapeutic agents, both in vitro and in vivo, in various cancer models [230].

It has been used to investigate the role of FAK in cancer and explore its potential as a
therapeutic target [166]. Clinical research involving Y15 is less advanced compared to some
other FAK inhibitors, but it represents an important tool for studying FAK's role in cancer

and evaluating potential therapeutic strategies [169].
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AIM OF THE RESEARCH

The aim of this research project is to find new targeted therapeutic strategies for the
treatment of MM based on a molecular targeted approach in order to specifically inhibit the

tumor growth.

To this aim, the in vitro and in vivo antitumoral effects of Bor, a 26S proteasome inhibitor, on

MM tumor growth have been investigated.

For in vitro studies, three MM cell lines of different histotypes (MM-B1, biphasic histotype;
MM-F1, fibromatous histotype; H-Meso-1, epithelial histotype) and one murine MM cell
line of epithelial histotype (#40a) were used. For in vivo studies, C57BL/6 mice were
intraperitoneally inoculated with pristane, and after a week, transplanted with syngeneic

#40a cells that grow forming ascites.

It is well described that the ErbB receptor family is often overexpressed in MM patients and
the use of EGFR-targeted drugs can inhibit MM cell proliferation. However, the use of
unitarget drugs can induce drug-resistance leading to the activation of different deregulated
signaling pathways, such as those mediated by ErbB family receptor, Hedgehog, Axl, Wnt
[2, 105]. The in vitro effects of a specific inhibitor of ErbB family receptor, AFA, in
combination with other two unitarget drug, Y15, a specific inhibitor of FAK and TP-0903, a
selective inhibitor of the AxI receptor tyrosine kinase, were also investigated using three-

dimensional cell culture techniques.

The results obtained could be useful for development of new therapeutic strategies for MM

patients.
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MATERIAL AND METHODS

Cell Lines and Treatments

Human MM cell lines (MM-F1 (fibromatous), MM-B1 (biphasic), and H-Meso-1
(epithelioid)) were kindly provided by Prof. Antonio Procopio (Universita Politecnica delle
Marche, Ancona, Italy) [231, 232]. The murine MM cell line #40a was kindly provided by Dr.
Agnes Kane (Department of Pathology and Laboratory Medicine, Brown University,
Providence, RI, USA) and previously described by Goodglick et al. (1997) [233]. The #40a
cell line was derived from the 40-cell line after two passages in the peritoneal cavity of
C57BL/6 mice following administration of pristane one week before cells transplantation.
These passages allow the selection of cells, which reproducibly form ascites when

intraperitoneally injected in mice [233].

H-Meso-1 cells have an epithelial morphology, while MM-B1 and MM-F1 cells have biphasic
and sarcomatous features, respectively [233]. The murine cell line has an epithelial

morphology [233].

Cells were maintained in DMEM (Dulbecco’s modified Eagle’s medium) containing 10%
fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/ml streptomycin (complete
medium). The cells were grown at 37 °C in a humidified incubator with an atmosphere of

5% COQO.o.

Bor was dissolved in DMSO. For treatments, cells were incubated for the indicated times in
the presence of Bor at various concentrations (dose range: 6.25-100 nM) or vehicle control

(DMSO<0.1%).

AFA (Sigma-Aldrich, Milan, Italy), Y15 and TP-0903 (Sellechem) were dissolved in DMSO.
For treatments, cells were incubated for the indicated times in the presence of AFA (dose
range 0.6-10 uM), Y15 (dose range 0.6-10 uM), TP-0903 (dose range 25-400 nM) or vehicle
control (DMSO<0.1%).
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Sulforhodamine B Assay

Cell proliferation was investigated by Sulforhodamine B (SRB) (Sigma-Aldrich, Milan, Italy)
assay, which allows the quantification of proliferating cells by measuring the cellular
protein content of adherent cultures. SRB is a dye, which stoichiometric binds to basic
aminoacids under mild acidic conditions and dissociates using basic conditions [192]. Cells

were seeded at 5x10%/well in 96-well plates and incubated at 37°C to allow cell attachment.

After 24 hours, the medium was changed and the cells were treated with Bor (6.25-100 nM)

for 24, 48 and 72 hours.

In each experiment, cells treated with vehicle of the compounds (DMSQO) have been included

as negative controls.

After treatments, cells were fixed with 50 pl/well of 50% cold trichloroacetic acid (TCA) for
1 hour at 4°C. After four washes with distilled water, the plates were air-dried and stained
for 30 min with 100 ul/well of 0.4% (wt/vol) SRB in 1% acetic acid. After four washes with
1% acetic acid to remove the unbound dye, the plates were air-dried, and cell-bound SRB
was dissolved with 100 pl/well of 10 mM pH 10 unbuffered Trizma Base solution. The
optical density (O.D.) of the samples was determined at 540 nm with a spectrophotometric
plate reader. The survival percentage was calculated by normalization of their O.D. values
to those of the control cultures treated with DMSO. All experiments were performed in

triplicate and repeated three times [2].

Bor was dissolved in DMSO and used for cellular treatments at scalar concentrations (6.25
nM, 12.5 nM, 25 nM, 50 nM, 100 nM) for 24, 48 and 72 hours. DMSO was used as control

(CTR) in the same quantities used for treatments (DMSO < 0.1%).
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Trypan Blue Exclusion Test

For trypan blue exclusion test, cells were seeded at 5 x 10*/well in 24-well plates and

incubated at 37°C to allow cells attachment.

After 24 hours, the medium was changed and cells were treated for 24, 48 and 72 hours with
Bor (range 6.25 - 100 nM) or with DMSO.

Both adherent and suspended cells of each well were harvested and stained with trypan
blue dye (Sigma-Aldrich, Milan, Italy) and counted with optic microscope [234]. The
experiments were performed in triplicates and repeated three times. Percentage of cell death

was determined compared to the total number of cells [235].

FACS Analysis

Asynchronized, log-phase growing cells (at 60% confluence, approximately 2.5x10%/well in
6-well plates) were treated with Bor or DMSO in complete culture medium. Z-VAD-FMK
was used at a final concentration of 40 uM for 2 hours before adding the treatments. After
48 hours adherent as well as suspended cells were collected, centrifuged at 1500 rpm for 10
min and washed twice with cold phosphate-buffered saline (PBS). The cell pellets were re-
suspended in 70% ethanol and incubated for 1 hour at -20°C. The cells were then washed
twice with cold PBS, centrifuged at 1500 rpm for 10 min, incubated for 1 hour in the dark
with propidium iodide (25 pg/ml final concentration in 0.1% citrate and 0.1% Triton X-100)
[236]. Flow cytometry analysis was performed using a FACSCalibur cytometer with
CellQuest Pro 5.2 software (BD Biosciences, San Jose, CA, USA).

Preparation of Cell Lysates

About 1.5x10¢ cells were seeded in 100 mm tissue culture dishes 24 hours prior to the
addition of treatments. Lately, cells were treated with Bor 12.5 nM, Bor 25 nM or DMSO
and, after 14, 24 or 48 hours of treatment, were harvested by scraping and centrifuged at

1200 rpm for 5 minutes at 4°C.

The sedimented cells were washed twice with cold PBS and then lysated 25 minutes on ice

using RIPA lysis buffer (Triton X-100 1%, SDS 0.1%, NaCl 200 mM, Tris HC1 50 mM pH 7.5,
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PMSF 1 mM, NasOVi 1 mM). The mixtures were then centrifuged at 10000 rpm for 10 min
at 4°C [237]. The protein assay was performed using the colorimetric method (Bradford
protein assay), based on Coomassie Brillant Blue dye binding to proteins, primarily
targeting basic (arginine) and aromatic (tryptophan, tyrosine, phenylalanine) amino acids.
Small amount of cell lysate (1ul) was diluted in the cuvettes with 800 pl of distilled water
and stained with 200 pl of staining (Biorad); the protein concentration of the samples was
determined by densitometry using a spectrophotometer with a wavelength of 595 nm. The
optical density (O.D.) of each sample was compared with those obtained from a standard

curve obtained using known concentrations of bovine serum albumin (BSA).

Western Blotting

Western blotting was performed using gels with different percentage of polyacrylamide (10,
12 or 15%). 80 ug of cell lysate were resolved in 10-15% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), a method that allows protein separation
by mass. Then, proteins were transferred on nitrocellulose membrane by electrophoresis for
1 hour at 30 V and the transfer of proteins were verified with Ponceau red staining of the
membrane. After the transfer, non-specific binding sites were blocked by incubation with a
5% solution of skimmed milk powder diluted in PBS. After blocking, the membranes were
incubated with specific primary antibodies for the protein to be identified, at the
concentration of 1-2 pg/ml overnight in agitation at 4°C. After washing with PBS containing
0.1% Tween 20 (PBS-T), the filters were incubated with goat anti-mouse or anti-rabbit IgG,
peroxidase-conjugated secondary antibodies and, finally, developed by chemiluminescence
using photographic plates [192]. Protein expression was detected using the enhanced
chemiluminescence system ECL LiteAblot (Euroclone, Milan, Italy). Actin or tubulin were
used as endogenous control for equal loading. Image]J 1.53e software (National Institutes of
Health, USA) was used to analyze the optical density (O.D.) of each autoradiographic band

after blot scanning.
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Treatment of C57BL/6 mice with Bor intraperitoneally transplanted

with #40a cells

Groups of 6-to-8-weeks-old C57BL/6 mice (10 mice for each group) were intraperitoneally
(i.p.) injected with 0.2 ml of suspension containing 1.5x10° #40a cells in phosphate-buffered
saline (PBS) 1 week following a 500 pl pristane i.p. injection. The mice were then separated

into two experimental groups:

- group I: mice treated with Bor administered in the peritoneum (0.50 mg / kg body weight,
dissolved in PBS + DMSO);

- group II: control mice treated with PBS + DMSO administered in the peritoneum.

The treatments were started concurrently with the inoculation of MM cells and were
administered twice a week thereafter. Isolation of the murine mesothelioma #40a cell line
was previously described [233]. Investigation has been conducted in accordance with the
ethical standards, following the Declaration of Helsinki. A veterinary surgeon was present
during the experiments. The animal care, both pre- and post-experimentation, was carried
out by trained personnel. Mice were bred under pathogen-free conditions at the University
of Rome "Tor Vergata" animal facility and were handled in accordance with European Union
and institutional guidelines for animal research. The research project was conducted with
the formal approval of the local animal care committees (institutional and national), and all
animal experiments were registered according to legal requirements (Authorization from

Ministry of Health no. 179_2020-PR).

Analysis of antitumor activity in vivo

The growth of #40a cells in the peritoneal cavity of C57BL/6 mice leads to the development
of ascites. Therefore, the mice's abdominal circumference was measured prior to cell
inoculation and then monitored weekly until the tumor-bearing mice were euthanized
either upon showing initial signs of distress or when their abdominal circumference

expanded to 12 cm.
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Phenotypical analysis of immune cells from the ascitic fluid of C57BL/6

mice transplanted with #40a cells

Groups of 6-to-8-weeks-old C57BL/6 mice (5 mice per group) were i.p. inoculated with #40a
cells and treated with Bor or PBS-DMSO as previously described. The treatments began
simultaneously with the MM cell inoculation and continued for up to 30 days, after which
mice were euthanized. To collect tumor cells and immune cells recruited to the tumor
microenvironment, a peritoneal lavage was performed by injecting 5 ml of cold PBS into the
peritoneal cavity, followed by gentle massage for 30 seconds to dislodge the tumor and
immune cells into the PBS that was then recovered. These cell suspensions were then using
density gradient centrifugation with Pancoll separating solution (PAN-Biotech Cat #P04-
69600) to isolate mononuclear immune cells from tumor ones and erythrocytes present in
the ascitic fluid. Spleens were also harvested, and spleen cells were obtained by passing
spleen tissue through a cell strainer. Red blood cells lysis was performed to remove
contaminating erythrocytes (Roche Cat #11814389001). Multicolor flow cytometry was then
performed to characterize the phenotype of immune cells contained in the ascitic fluid
compared to those from the spleen. Dead cells were excluded using fixable Viability Dye
eFluor780 (eBioscience, San Diego, California, Cat #65-0865-14) for 30 minutes at room
temperature. Surface staining was carried out by incubating cells with antibodies for
20 minutes at 4°C in PBS containing 2% FBS. Intracellular staining was achieved using True-
Nuclear™ Transcription Factor Buffer Set (Sony Biotechnology, Cat #2722005) following the
manufacturer’s instructions. Before IFN-y staining, cells were stimulated for 4 h at 37 °C
with Cell Stimulation Cocktail plus protein transport inhibitors (eBioscience Cat #00-4975-
03). Data were acquired and analyzed using CytoExpert Acquisition and Analysis Software
Version 2.5 on a Cytoflex instrument (Beckman Coulter). For the gating strategy,
lymphocytes were selected based on SSC-A and FSC-A and dead cells were excluded from

the analysis.
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Tumor spheroid growth and drug-treatment

Tumor spheroids were generated by plating 2 x 10° cells/well of MM-B1 and MM-F1 cell
lines in 96-well round-bottom ULA plates (Corning B.V. Life Sciences, Amsterdam, The
Netherlands). Plates were incubated at 37°C, 5% CO? and 95% humidity for 4 days and then

treated with:

e Scalar concentrations of Y15 (1.25 uM, 2.5 uM, 5 uM, 10 uM and 20 uM);

e Scalar concentrations of AFA (1.25 uM, 2.5 uM, 5 uM, 10 uM and 20 uM);

e Scalar concentrations of TP-0903 (0.05 uM, 0.1 uM, 0.2 uM, 0.4 uM, 0.8 uM).
e Double combination with Y15 (5-10 uM) + AFA (5 uM);

e Double combination with Y15 (5-10 uM) + TP-0903 (0.1 uM);

e Double combination with AFA (5 uM) + TP-0903 (0.1 uM);

e Triple combination with Y15 (5-10 uM) + AFA (5 uM) + TP-0903 (0.1 uM).

DMSO was used as control vehicle (CTR) in the same quantities used for treatments (DMSO
< 0.1%). Responses to drug treatment were assessed by measuring the diameter of the
spheroids at regular intervals of 24, 48 and 72 hours from images captured with an inverted
microscope equipped with a CCD camera and Image] software analysis

(http://imagej.nih.gov/ij). The experiments were performed in duplicates and repeated three

times.

3D viability assay

Viability of MM-B1 and MM-F1 spheroids was measured using the Real Time Glo MT assay
(Promega). Specifically, spheroids were seeded as triplicate into 96-well plates and treated

with the following doses of inhibitors, used alone or in double or triple combination:
e Y155 uM for MM-F1 cell line and 10 pM for MM-B1 cell line;
o AFA 5 uM for both MM-F1 and MM-B1 cell lines;

o TP-0903 0.1 uM for both MM-F1 and MM-B1 cell lines.
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DMSO was used as control (CTR) in the same quantities used for treatments (DMSO <0.1%).
Blank cell-free control was also included. Then, plates were incubated at 37 °C overnight.
MT Cell Viability Substrate and NanoLuc® Enzyme were added to the spheroids at the
concentration of 2X. Luminescence was monitored for up to 72 hours using Glomax reader

(Promega).

Statistical analysis

Statistical analysis was performed using the GraphPad Prism software, version 8.0 (La Jolla,
California). Data distribution for cell survival, different phases of the cell cycle and cell death
were preliminarily verified using the Kolmogorov-Smirnov test, and the data sets were
analyzed by one-way analysis of variance (ANOVA), followed by the Newman-Keuls test.
Differences in the intensity of immunoreactive bands were determined using a two-tailed
Student’s t-test. Values with p<0.05 were considered statistically significant. Survival curves
and differences in tumor volumes in mice abdomen were assessed using the Kaplan-Meier
method and compared with a log-rank test (Mantel-Cox) [238]. Flow cytometry results,
specifically differences in the frequency of stained cells, were also evaluated using a two-
tailed Student’s t-test.

Additionally, data from 3D in vitro experiments were analyzed by one-way analysis of
variance (ANOVA) followed by the Newman-Keuls test (GraphPad Prism 8.0 software). In

all studies, the significance threshold was set at p<0.05.
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RESULTS

Effect of Bor on the inhibition on human and mouse MM cell survival and

death.

In order to determine the effect of the proteasome inhibitor, Bor, on cell survival and death,
SRB and Trypan blue exclusion assays, respectively, were performed on human (H-Meso-1,
MM-F1, MM-B1) and murine (#40a) MM cell lines after exposure to increasing doses of Bor
(6.25 nM, 12.5 nM, 25 nM, 50 nM and 100 nM) or DMSO (used as control) for 24, 48 and 72

hours.

SRB assay demonstrated that Bor inhibited cell growth in a dose- and time-dependent
manner in all cell lines treated. Notably, Bor's effect became statistically significant after 48
hours of treatment at all tested concentrations in MM-F1 and MM-B1 cell lines, and at

concentrations of 12.5 nM or higher in H-Meso-1 and #40a cell lines (Fig. 16).
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Figure 16. Effect of Bor on MM cells survival. The survival of human (MM-B1, MM-F1, H-Meso-1) and murine (#40a) cell lines
was evaluated by the SRB assay after 24, 48, and 72 hours of treatment with Bor or DMSO. The percentage of surviving cells treated
with the compound was calculated by normalizing the O.D. value to that of the control cultures (DMSO). The results are expressed
as mean + standard deviation (SD) of three independent experiments performed in triplicate (*p<0.05; *p<0.01; #p<0.001 vs. DMSO).
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Bor concentration that causes the inhibition of 50% (IC50) of the cell growth was also
determined for each cell line (Table 2) Our results show that MM-B1 was the most sensitive,
whereas H-Meso-1 was the less sensitive cell line, after 48 h of treatment.

Table 2. Bor concentrations at 50% of cell growth inhibition (IC50) on human and murine
MM cell lines.

Hours of Bor
ICs0+ SD (nM)
treatment

48 21.7+2.7
MM-F1

72 182+1.2

48 15.0+1.0
MM-B1

72 13.3+0.8

48 62.3+13.9

H-Meso-1
72 16.9+1.5
48 30.0+3.9
#40a
72 219+3.8

In addition, Trypan blue exclusion assay allowed to distinguish viable cells from necrotic
ones. As shown in Figure 17, Bor was able to significantly increase the percentage of dead
cells in a dose- and time-dependent manner after 24, 48 and 72 hours, in all MM cell lines

tested compared to control.
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Figure 17. Effect of Bor on MM cell lines death. The death of human (MM-B1, MM-F1, H-Meso-1) and murine (#40a) cell lines
was demonstrated by the Trypan blue assay after 24, 48, and 72 hours of treatment with Bor or DMSO. The results are expressed as

mean + SD of three independent experiments performed in triplicate (*p<0.05; *p<0.01; #p<0.001 vs. DMSO).

Effect of Bor on apoptosis and cell cycle distribution on human and murine

MM cell lines.

To determine the effect of Bor on apoptosis and on the modulation of cell cycle, flow
cytometric analysis (FACS) of cellular DNA content was carried out. Human (MM-B1, MM-
F1, H-Meso-1) and murine (#40a) MM cell lines were treated for 48 hours with increasing

doses of Bor (6.25 nM - 50 nM) or DMSO as control.

As shown in Fig. 18, Bor treatment significantly increases the percentage of cells in the
subG1 phase, compared to DMSO, in all cell lines treated. Specifically, in MM-B1 and #40a
cell lines, the percentage of sub-G1 cells increased at Bor concentrations of 6.25 nM or higher,
while in MM-F1 and H-Meso-1 cell lines, a significant increase in the sub-G1 fraction was

observed at concentrations of 12.5 nM and 25 nM, respectively (Fig. 18).

Overall, the increase in sub-G1 cells was accompanied by a reduction in the G0/G1 phase in

all cell lines, on the contrary the S and G2/M phases decreased in a cell-dependent manner
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and only at selected Bor concentrations. Cells in the sub-G1 phase are characterized by
hypodiploid DNA content, which is typically, though not exclusively, associated with

apoptosis.

To corroborate Bor’s role in inducing apoptosis, MM cells were treated with Bor at the
highest concentration (50 nM) in the presence of a universal caspase inhibitor, Z-VAD-FMK.
In all MM cell lines, the percentage of sub-Gl1 fraction was significantly reduced when Bor
was combined with Z-VAD-FMK, confirming that Bor is able to induces apoptotic cell death
(Fig. 18).
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Figure 18. Effect of Bor on cell cycle distribution and apoptotic process. Cells were treated with Bor at the concentrations range
of 6.25 nM — 50 nM, for 48 hours and then analyzed by FACS analysis. Stacked bar graphs showing the percentage of cells in subG1,
GO/G1, S, and G2/M phases of the cell cycle. Percentage of cells in different phases was obtained from two independent experiments
and calculated with CellQuest Pro 5.2 software. Results represent mean values from two independent experiments. Statistical
significance of the effect of Bor vs DMSO and Bor 50nM + Z-VAD-FMK vs Bor 50 nM were calculated with one-way ANOVA (x
p<0.05; *p<0.01, # p<0.001).
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Effect of Bor on the expression of molecules involved in apoptosis in human

and murine MM cell lines.

To confirm Bor's effect on inducing apoptosis in MM cells, the levels of Bax, Bcl-2, cleaved-
caspase 3, cleaved poly (ADP-ribose) polymerase-1 (PARP-1), and YH2AX were examined
through Western blotting (Fig. 19). Bor increased the levels of the pro-apoptotic Bax protein
in all cell lines, and a decreasing in the levels of the anti-apoptotic Bcl-2 protein was
evidenced in MM-B1, H-Meso-1, and #40a cells (Fig. 19a). Consequently, Bor treatment
significantly increased the Bax/Bcl-2 ratio in MM-F1 (p<0.05), MM-B1 (p<0.01), H-Meso-1
(p<0.01), and #40a (p<0.05) cell lines compared to DMSO-treated cells (Fig. 19b).

The proteasome inhibitor is able to determine the cleavage of Caspase 3 and its activation in
all cell lines tested, as indicated by the presence of the specific band corresponding to the
cleaved form of the protein in the Western blotting analysis (Fig. 19a). Activated-Caspase 3
promotes the proteolytic inactivation of PARP-1, which leads to impaired DNA repair and
prevents DNA repair-associated cell survival [239, 240]. In line with this, Bor treatment
increased the levels of the 89 kDa cleaved PARP fragment in MM-F1, MM-B1, and H-Meso-
1 cells (Fig. 19a). Additionally, DNA fragmentation during apoptosis is known to trigger the
phosphorylation of histone H2AX at Ser139, creating the yH2AX form [241, 242]. A
significant increase in YH2AX levels was observed in all cell lines after Bor treatment
compared to DMSO-treated controls (Fig. 19a, c). Notably, H-Meso-1 showed the smallest
increase in YH2AX levels, which correlated with its lower percentage of cells with
hypodiploid DNA content, as revealed by FACS analysis. In conclusion, these results

confirm the induction of apoptosis in Bor-treated MM cells.
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Figure 19. Effects of Bor on molecules involved in apoptotic process in human and murine MM cell lines. a. The expression
of Bax, Bcl-2, cleaved caspases 3, PARP-1, cleaved PARP-1 and yH2AX was evaluated by Western blotting analysis following
treatment for 48 hours of MM cells with Bor 25nM or DMSO as reported in Materials and Methods. Actin was used as internal
control. b, ¢. Densitometric ratios between Bax and Bcl-2 (b), and between yH2AX and Actin (c). The densitometric analysis of the
bands was calculated using the Image] 1.53e software after blot scanning of two independent experiments and expressed as mean + SD
values (*p<0.05; **p<0.01; ***p<0.001).

Furthermore, to verify Bor's effect on the proteasome inhibition, Bor-treated MM cell lysates
were analyzed through Western blot using an anti-ubiquitin antibody. Elevated levels of
ubiquitinated proteins were detected in all cell lines following Bor treatment (Fig. 20),

supporting Bor-induced proteasome inhibition [192].
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Figure 20. Effect of Bor on protein ubiquitination. Western blotting analysis was performed on lysates from human and murine
MM cell lines treated with Bor (12.5 and 25 nM) or DMSO for 14 or 24 hours. Blots were probed with an anti-ubiquitin antibody.

Actin was used as internal control.

Effect of Bor on autophagy and ER stress in human and murine MM cell

lines.

Autophagy is one of the mechanism of cells to respond to stressors. It has been demonstrated
that Bor can influence autophagy and the resistance to Bor treatment is potentially being
linked to the activation of autophagic process [243, 244]. In order to demonstrate whether
Bor was able to induce autophagy in MM cell lines, the expression of proteins involved in
the autophagic flux including the selective autophagy substrate Beclin-1, p62/SQSTM-1, and
the levels of the autophagosome marker Microtubule-Associated Protein Light Chain 3-1I
(LC3-II) was analyzed by Western blotting in Bor-treated cells and compared to DMSO-
treated cells used as control (Fig. 21). Modulation in the expression of LC3-II and SQSTM-
1/p62 are interconnected since an increase in LC3-II could indicate either higher
autophagosome formation or reduced autophagosome clearance. Therefore, concomitant
changes in LC3-II and SQSTM-1/p62 levels help distinguish between autophagy induction
and impaired autophagic flux [245].

In the murine #40a MM cell line, Bor treatment increased both LC3-II and SQSTM-1/p62
levels, suggesting that Bor inhibits autophagic flux (Fig. 21a, ¢, d). In the three human MM
cell lines (MM-F1, MM-B1 and H-Meso-1), Bor increased LC3-II levels but did not

significantly affect SQSTM-1/p62 expression levels (Fig. 21a, ¢, d). Additionally, Beclin-1, a
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protein involved in various autophagic processes and known for its anti-apoptotic functions
[246], was reduced by Bor in two human MM cell lines (MM-F1 and H-Meso-1) and the
murine #40a MM cell line (Fig. 21a, e). While Bor’s effects on these autophagy markers were
cell line-specific, the overall data imply that Bor may interfere with autophagic flux in

human MM cell lines and decrease it in murine MM cell line.
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Figure 21. Effect of Bor on autophagy in MM cell lines. Western blotting analysis was performed on human and murine MM cells
treated with Bor 25nM or DMSO as reported in Materials and Methods. Tubulin was used as an internal control.

b-e. Densitometric ratios between LC3-1 and Tubulin (b); LC3-II and Tubulin (c); SQSTM-1/ p62 and Tubulin (d); Beclin-1 and
Tubulin (e). The densitometric analysis of the bands was calculated using the Image] 1.53e software after blot scanning of two
independent experiments and expressed as mean + SD values (*p<0.05; **p<0.01; **p<0.001).

Proteasome inhibitors, like Bor, trigger ER stress by preventing the degradation of
misfolded and unfolded proteins. Since cancer cells are often already under ER stress due
to their high rates of protein, proteasome’s inhibition further worsens ER stress. This
activates the Unfolded Protein Response (UPR), a cellular mechanism designed to restore
normal ER function by reducing protein synthesis, increasing the capacity to fold proteins
or leading to apoptosis [247, 248]. To evaluate Bor's effect on ER stress and UPR in human
and murine MM cells, the expression of Glucose-Regulated Protein 78/ Binding
immunoglobulin Protein (GRP78/BiP), an ER chaperone with anti-apoptotic functions, and
CCAAT-enhancer-binding protein homologous protein (CHOP), a key protein in ER stress-
induced apoptosis, were examined through Western blotting analysis [249, 250].
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GRP78/BiP levels were significantly elevated in all human and murine Bor-treated MM cell
lines (Fig. 22a, b), suggesting that Bor induces ER stress and activates the UPR [247].
However, Bor treatment reduced significantly CHOP expression in the three human MM
cell lines, but had no significant effect on CHOP levels in the murine #40a MM cell line (Fig.
22a, c). These findings suggest that, in MM cell lines treated with Bor, UPR activation does

not contribute to apoptosis but may instead reduce sensitivity to Bor's cytotoxic effects.
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Figure 22. Effect of Bor on ER stress in MM cell lines. a. Western blotting analysis was performed on human and murine MM
cell lines treated with Bor 25 nM or DMSO for 48 hours as reported in Materials and Methods. Tubulin was used as internal control.
b, c. Densitometric ratios between GRP78 and Tubulin (b), and between CHOP and Tubulin (c). The densitometric analysis of the
bands was calculated using the Image] 1.53e software after blot scanning of two independent experiments and expressed as mean + SD
values (*p<0.05; **p<0.01; **p<0.001).
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Effect of Bor on the expression and activation of ErbB receptors (EGFR and
ErbB2) and pro-survival signaling transduction pathway molecules (ERK,

p38, AKT) in human and murine MM cell lines.

In MM, overexpression and deregulation of ErbB receptors family can activate the MAP
kinase and phosphoinositide 3-kinase/AKT signaling pathways, which contribute to cancer
cell proliferation, survival, and drug resistance [2, 251].

In order to elucidate the effects of Bor treatment on signaling pathways deregulated in MM,
the expression of EGFR and ErbB2, along with the activation of key downstream pro-
survival signaling proteins such as ERK1/2, AKT and p38, was analyzed by Western blotting
analysis (Fig. 23)

Although Bor modestly increased of EGFR levels in H-Meso-1 cell line and decreased it in
#40a cell line, no significant changes in its expression were observed in MM-F1 and MM-B1
cell lines treated with Bor compared to control ones (Fig. 23a, b). Bor reduced ErbB2
expression levels in MM-B1, H-Meso-1, and #40a cell lines, but no change was observed in
MM-F1 cell line (Fig. 23a, c). Thus, Bor reduced the expression of at least one of the two ErbB
family receptors (EGFR and ErbB2) in all MM cell lines examined, excluded MM-F1.

The activation of the MAPKs, ERK1 and ERK2 is also reduced by Bor treatment in all MM
cell lines analyzed. Specifically, it lowered the phosphorylated levels of both ERK1 and
ERK2 in MM-F1 and MM-B1 cell lines, while a reduction in the phosphorylation of at least
one of the two kinases was determined in H-Meso-1 and #40a cell lines (Fig. 23a, d, e).
Conversely, Bor increased AKT phosphorylation in all treated human MM cell lines (Fig.

23a, f), but had no significant effect on p38 activation/phosphorylation (Fig. 23a, g).
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Figure 23. Effect of Bor on the expression and activation of signaling pathway molecules in MM cell lines. Expression of
EGEFR, ErbB2, expression and activation of ERK1/2, Akt and p38, in MM-F1, MM-B1, H-Meso-1 and #40a cell lines were evaluated
by Western blotting analysis following treatment with Bor or DMSO for 48 hours as described in Materials and Methods. Actin was
used as internal control. b—h. Densitometric ratios between EGFR and Actin (b), ErbB2 and Actin (c), phospho-ERK1 and ERK (d),
phospho-ERK2 and ERK (e), phospho-AKT and AKT (f), phospho-p38 and p38 (g). The densitometric analysis of the bands was
calculated using the Image] 1.53e software after blot scanning of two independent experiments and expressed as mean + SD values
(*p<0.05; **p<0.01; **p<0.001).

In vivo effects of treatment with Bor on the growth of MM #40a cells in

C57BL / 6 mice.

C57BL/6 mice (10 per group) were intraperitoneally (i.p.) inoculated with 1.5x10° MM #40a
cells and simultaneously treated via i.p. injection with 0.5 mg/kg of Bor dissolved in PBS-
DMSO, while the control group (CTR) received only the vehicle (PBS-DMSO). The
treatments were administered twice a week. Tumor growth, which induces ascites, was
monitored by measuring the mice’s abdominal circumference prior to cell inoculation and

weekly afterward.
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After four weeks of treatment, Bor-treated mice exhibited a significant reduction in
abdominal circumference compared to CTR mice (p=0.015, mean value 7.1+0.6 vs. 7.9+0.7
cm) (Fig. 24a). By week five, the difference was more pronounced compared to control mice
(p=0.0003, mean value 7.4+0.8 vs. 9.1+0.8 cm). After seven weeks, all CTR mice had been
euthanized due to excessive abdominal circumference (=12 cm), whereas 50% of the Bor-
treated mice were still alive (Fig. 24b).

Consequently, the median survival of the Bor-treated mice was significantly longer than that
of the CTR group (p=0.02, 7.2 vs. 5.7 weeks) (Fig. 24b). Survival analysis using the log-rank
test (Mantel-Cox) revealed a Hazard Ratio (HR) of 4.1 for CTR mice compared to Bor-

treated mice (Table 3).
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Figure 24. Bor reduced tumor growth and increased survival of C57BL/6 mice i.p. injected with syngeneic MM #40a cells.
a) Difference in mean abdominal circumferences among C57BL/6 mice treated with Bor and control ones (CTR). b) Differences in
mean  survival  duration  of  C57BL/6  mice  treated  with  Bor or PBS + DMSO  (CIR).

The numbers of treated mice are reported in the section “Materials and Methods”.

Table 3. Analysis of the survival in C57BL/6 mice after treatment with Bor or vehicle (CTR)
by the log-rank test (Mantel-Cox).

Variable Contrast Hazard Ratio 95% HR confidence limits p value Median Survival
(HR) Lower Upper (weeks)
Treatment CTR vs Bor 4.1 1.28 13.11 0.0172 5.75vs7.25
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In vivo effect of Bor on the frequency of immune cells infiltration in the
tumor microenvironment of C57BL/6 mice transplanted with syngeneic #40a

MM cells.

To assess the impact of Bor on the phenotype and frequency of immune cells recruited to
the tumor microenvironment, two groups of five mice were injected i.p. with MM #40a cells,
treated with Bor or PBS-DMSO (CTR), and sacrificed after 30 days. Immune cells from the
ascitic fluid were collected through peritoneal lavage and analyzed by flow cytometry, with
spleen cells from the same mice serving as controls. The gating strategy for identifying

leukocyte subpopulations is shown in Figure 25.
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Figure 25. Gating strategies for leukocyte subpopulations identification. a) Flow cytometry gating strategy used to characterize
B cells (CD3-B220*), MDSCs (CD3-CD11b"'F4/80-Gr-1*) and TAMs (F4/80*CD11b*) in the spleens or ascitic fluids of C57BL/6 mice
i.p. transplanted with MM #40a cells. b) Flow cytometry gating strategy used to characterize CD4 and CD8 T cells (CD4+ or CD8+),
activated T cells (CD4*CD69* or CD4*CD25%r CD8*CD69* or CD8*CD25*), and expression of PD-1 and IFN-y on CD4 and CD8
T cells in the spleens or ascitic fluids of C57BL/6 mice i.p. transplanted with MM #40a cells. Leukcocytes were gated based on SSC-A
versus FSC-A, and dead cells were excluded with Fixable Viability Dye.
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In Bor-treated mice the frequency of CD4+ and CD8+ T lymphocytes in the spleen resembled
that of the CTR mice (Table 4). However, in the ascitic fluid, CD4+ T lymphocyte frequency
was significantly reduced in Bor-treated mice compared to CTR mice (Bor 5.1+2.4 vs. CTR
13.842.7, p<0.001), while CD8+ T lymphocyte levels remained comparable (Table 4, Fig. 26a).
The frequency of B lymphocytes (CD3-/B220+ cells) significantly decreased in the spleen of
Bor-treated mice (Bor 23.9+3.0 vs. CTR 30.4+5.0, p<0.05), with a non-significant trend toward

a decrease in ascitic fluid (Table 4, Fig. 26a).

Table 4. Frequency of immune infiltrate in spleen and peritoneal ascitic fluid of C57BL/6
mice transplanted with syngeneic #40a murine MM cells.

Spleen Ascites
Cells CTR Bor p value CTR Bor p value
CD4+ 18.8+3.7 19.6+3.8 ns 13.8+2.87 5.1+2.4 p <0.001
CD8g+ 18.0£3.2 18.6+2.1 ns 14.4+1.1 12.8+6.1 ns
B cells 30.4+5.0 23.9+3.0 p<0.05 222455 17.7+2.1 ns
MDSC 56.6+18.0 70.2+5.2 ns 26.6+8.8 22.1+9.6 ns
TAM 3.6+3.7 1.2+0.3 ns 13.0£2.9 11.8+2.1 ns

MDSC = myeloid-derived suppressor cells; TAM = tumor-associated macrophages; ns = not significant

Myeloid-derived suppressor cells (MDSCs), an immune population characterized by their
ability to suppress T cell responses and regulate innate immunity by modulating
macrophages cytokines production, were identified as CD3+/CD11bH/F4/80—/Gr1+ cells.
Their frequency in the spleen was similar between Bor-treated and CTR mice, and although
lower in ascitic fluid than in the spleen, the MDSC frequency was comparable between Bor-
treated and CTR mice (Table 4 Fig. 26a). Tumor-associated macrophages (TAMs), identified
as F4/80+/CD11b+ cells, were more abundant in ascitic fluid than in the spleen, but showed

no significant difference between Bor-treated and CTR mice (Table 4 Fig. 26a).
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Figure 26. Effect of Bor on the immune cells frequency and on the T cells functional status in the tumor microenvironment.
a) Frequency of CD4+ and CD8+ T lymphocytes, B lymphocytes, Myeloid-derived suppressor cells (MDSCs) and Tumor associated
macrophages (TAMs) in the spleen (SPL) and peritoneal ascitic fluid (ASC) of tumor-bearing mice (day 30) treated with Bor (n=5) or
CTR (n=5), as assessed by flow cytometry. b) Frequency of CD4+/CD69+, CD8+/CD69+ and of CD4+/CD25+, CD8+/CD25+ T
lymphocytes in the spleen (SPL) or in the peritoneal ascitic fluid (ASC) of tumor-bearing mice (day 30) treated with Bor (n=5) or with
CTR (n=5), as assessed by flow cytometry. c Frequency of CD4+/PD-1+, CD8+/PD-1+ and of CD4+/IFN-y+, CD8+/IFN-y+ T
lymphocytes in the spleen (SPL) or in the peritoneal ascitic fluid (ASC) of tumor-bearing mice (day 30) treated with Bor (n=5) or with
CTR (n=5), as assessed by flow cytometry. Reported are mean + SD values. Statistical significance of the differences observed between
Bor- and CTR-treated mice was evaluated by Student t-test (*p<0.05; **p<0.01; ***p<0.001).
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In vivo effect of Bor on the functional status of T cells recruited to the tumor
microenvironment in C57BL/6 mice transplanted with syngeneic #40a MM

cells.

The functional status of CD4+ and CD8+ T lymphocytes infiltrating the ascitic fluid of mice
i.p. injected with MM #40a cells was assessed by flow cytometry, focusing on activation
markers, cytokine production, and expression of the immune checkpoint inhibitor

Programmed Cell Death 1 (PD-1).

T cell activation markers, CD69 and CD25, were first examined. In the spleen, similar
frequencies of CD25+ and CD69+ T lymphocytes were observed between Bor-treated and
CTR mice (Table 5, Fig. 26b). However, Bor-treated mice showed more than twice the
frequency of CD4+/CD69+ cells in ascitic fluid compared to CTR mice (Bor 34.2+3.9 vs. CTR
13.149.0), while no significant differences were seen in CD8+/CD69+ cells between the
groups (Table 5, Fig. 26b). Regarding the CD25 activation marker, Bor led to a significant
increase in both CD4+/CD25+ (Bor 32.1+7.8 vs. CTR 14.5+7.2) and CD8+/CD25+ T cells (Bor
6.9+2.7 vs. CTR 2.4+1.3) in the ascitic fluid (Table 5, Fig. 26b).

Table 5. Frequency of T lymphocytes expressing CD69 and CD25 activation markers in
spleen and peritoneal ascitic fuid of C57BL/6 mice injected with murine #40a MM cells.

Spleen Ascites
Cells CTR Bor p value CTR Bor p value
CD4+CD69* 11.4+2.1 10.0+£1.3 ns 13.1+9.0 34.2+3.9 p<0.01
CD8+*CD69+ 6.1+1.6 5.9+1.0 ns 21.8+2.2 25.1+8.9 ns
CD4+CD25* 9.8+2.2 9.8+1.4 ns 14.5+7.2 32.1+7.8 p<0.01
CD8+*CD25* 2.31£0.8 1.7+0.2 ns 2.4+1.3 6.9+2.7 p<0.01

ns = not significant

PD-1, a key inhibitory receptor that allows cancer cells to evade T cell-mediated immune
responses, was also analyzed. Bor -treated mice had reduced frequencies of both CD4+/PD-
1+ and CD8+/PD-1+ cells in the spleen compared to CTR mice (CD4+/PD-1+: Bor 9.9+2.1 vs.
CTR 16.2+2.7;, CD8+/PD-1+: Bor 1.3+0.3 vs. CTR 2.1+0.5). Similarly, the number of CD8+/PD-

1+ cells in the ascitic fluid was lower in Bor-treated mice compared to controls (Bor 14.8+3.4
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vs. CTR 20.6+3.6) (Table 6, Fig. 26c). Additionally, Bor treatment significantly increased the

proportion of T cells producing IFN-vy in the ascitic fluid, both in CD4+ (Bor 28.2+8.7 vs. CTR

14.3+3.3) and CD8+ (Bor 54.2+5.3 vs. CTR 34.4+13.3) cells (Table 6, Fig. 26c¢).

Table 6. Frequency of T lymphocytes expressing PD-1 and IFN-y in spleen and peritoneal
ascitic fluid of C57BL/6 mice injected with #40a murine MM cells.

Spleen Ascites
Cells CTR Bor p value CTR Bor p value
CD4+PD-1* 16.2+2.7 9.9+2.1 p=<0.01 29.9+0.6 28.6+8.2 ns
CD4TFN-v+ 4.8+1.3 3.8+0.4 ns 14.3+3.3 28.248.7 p<0.01
CD8+* PD-1+ 2.1+£0.5 1.3+0.3 p<0.05 20.6+3.6 14.8+3.4 p<0.05
CDS8*IFN-v* 18.2+3.6 16.9+1.4 ns 34.4+13.3 54.2+5.3 p<0.01

ns = not significant

These results suggest that Bor promotes T cell activation in MM-bearing mice by reducing
PD-1 expression and enhancing IFN-y production. Together with findings from in vitro
experiments, the data indicate that Bor delays MM progression by both directly inhibiting

tumor growth and stimulating T cell-mediated immune responses.
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The ErbB receptor family is often overexpressed in MM patients and the use of EGFR-
targeted drugs can inhibit MM cell proliferation. It is described that the use of a specific
unitarget drugs can induce drug-resistance leading to the activation of different deregulated
signaling pathways, such as those mediated by ErbB family receptor, Hedgehog, Axl, Wnt
[2]. Recent studies in our laboratory, investigated the in vitro and in vivo effects of a specific
inhibitor of ErbB family receptor, AFA, in combination with a multitarget molecule, CUR.
CUR was able to enhance AFA effects increasing the AFA-induced reduction of the
proliferation rate and pro-apoptotic effects in vitro. Indeed, in vivo AFA-antitumor activity
was enhanced by its combination with CUR significantly increasing mice overall survival
[3].

In another study from our laboratory the effects of inhibitors of Hh- (GANT-61) and ErbB
receptors (AFA)-mediated signaling pathways, when used alone or in combination has been
evaluated, demonstrating that combined treatment with two inhibitors counteracting the
activation of two different signaling pathways involved in neoplastic transformation and
progression, such as those activated by ErbB and Hh signaling, is more effective than the
single treatments in reducing MM growth in vitro and in vivo, overcame the occurrence of

drug resistance [2].
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BioRender.com
Based on these results, we are currently studying whether combined treatment using three
different molecular targeted drugs, used at low doses, is more effective than single and dual

treatments in inhibiting tumor growth in MM.

Effect of Y15, AFA and TP-0903 on MM spheroids growth.

The aim of this project is to evaluate the effects of three specific inhibitors, AFA, an EGFR
tamily inhibitor, Y15, a FAK inhibitor, and TP-0903, an Axl inhibitor used alone or in
combination, on MM tumor growth in vitro, using a 3D cellular model. For this purpose, we
first evaluated the capability of human (MM-F1, MM-B1 and H-Meso-1) and murine #40a
MM cell lines to form spheroids, three-dimensional systems that are more complex and

more representative of in vivo tumor models. Although MM-B1 and MM-F1 were able to
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generate good tumor spheroids when plated under specific conditions described in the
Materials and Methods, H-Meso-1 and #40a cells, the human and murine epithelioid

histotype of MM were not able to form stable spheroids (Fig. 28).
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Figure 28. MM 3D spheroids formation. Human (MM-B1, MM-F1, H-Meso-1) and murine (#40a) MM cell lines were plated at
different concentration to form tumor spheroids and monitored for 8 days. Scale bar = 50um.

#40a

In order to evaluate the antitumoral effects of AFA, Y15 and TP-0903, four-day-old 3D tumor
spheroids derived from MM-B1 (Fig. 29) and MM-F1 (Fig. 30) were treated with increasing
concentrations of the single inhibitors, in particular Y15 (dose range 1.25 - 20 uM), AFA
(dose range 1.25 — 10 uM) and TP-0903 (dose range 0.05 — 0.8 uM) for 24, 48 and 72 hours.
MM tumor spheroids diameter was monitored daily. As shown in the figures 29-30, all
compounds tested were able of inducing dose- and time-dependent inhibition of MM
spheroid growth. Notably, MM-F1 spheroids are more sensitive to the Y15 inhibitor, in fact
drug efficacy can be observed already at the concentration of 5 uM, while MM-B1 spheroids
are most resistant. In contrast, sensitivity to AFA is similar in both MM-F1 and MM-B1
spheroids, already at (5 uM concentration the spheroids diameter results reduced
significantly. Lower concentrations of TP-0903 are sufficient to reduce spheroid growth, in

fact significant effects can be seen already at the contraction of 0.1uM.
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Figure 29. Effect of Y15, AFA and TP-0903, used alone, at different concentrations on MM-B1 tumor spheroids. MM tumor
diameter measurement at 24, 48 and 72 hours after treatments. Statistical significance was calculated with one-way ANOVA. (*p<0.05,
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Figure 30. Effect of Y15, AFA and TP-0903, used alone, at different concentrations on MM-F1 tumor spheroids. MM tumor
diameter measurement at 24, 48 and 72 hours after treatments. Statistical significance was calculated with one-way ANOVA. (*p<0.05,

**p<0.01). Scale bar = 50um.

The lowest concentrations of Y15, AFA and TP-0903 that demonstrated an effect on the

growth of MM tumor spheroids were used to test the antitumoral effects of the different

combinations of the inhibitors on MM spheroids growth.
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MM spheroids were treated with the following inhibitors concentrations, used alone or in

double or triple combination:
e Y155 uM for MM-F1 cell line and 10 uM for MM-B1 cell line;
o AFA 5 uM for both MM-F1 and MM-B1 cell lines;
o TP-0903 0.1 uM for both MM-F1 and MM-B1 cell lines.

The growth of the MM spheroids was assessed by measuring their diameter after 24 and 48
hours of treatment. As illustrated in Figure 31, the MM-B1 spheroids did not exhibit a
significant reduction in growth when treated with single inhibitors or in double

combinations.

Hence, the use of the single treatments with Y15 10 uM and AFA 5 uM do not affect the
inhibition of cell growth compared to control (DMSO). This is probably due to the use of its
low concentrations. An appreciable antiproliferative effect is observed in MM-B1 spheroids
treated with AFA 5 uM at 48 hours. The double combination with AFA 5 uM + TP-0903 0.1
uM and the triple combination (Y15 10 uM + AFA 5 uM + TP-0903 0.1 uM) appears to be
effective already 24 hours compared to treatments with Y15 10 uM, AFA 5 uM, Y15 10 uM
+ AFA 5 uM, Y15 10 uM +TP-0903 0.1 uM and the control (DMSO). However, a further
significant inhibition in MM-B1 cell growth is observed at 48 hours after administration of

triple treatment (Y15 10 uM + AFA 5 uM + TP-0903 0.1 uM).

Therefore, the triple combination still led to a significant reduction in MM tumor spheroids
diameter compared to the control, single, and double treatments at 48 hours after its

administration.
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Figure 31. Effect of Y15, AFA and TP-0903 used alone or in combination on MM-B1 tumor spheroids. A) Photos of tumor
spheroids at 24 and 48 hours of treatment. Scale bar=50um. B) Measure of tumor diameter after 24 and 48 hours of treatment.
Statistical significance was calculated with Dunnet multiple comparison test. (*p<0.05, **p<0.01, **p<0.001). Scale bar = 50 um.

In contrast, the MM-F1 spheroids treated with single inhibitors or in double combinations
showed a reduced diameter compared to the control group. The triple combination with
Y15, AFA, and TP-0903 was able to significantly inhibits MM spheroids growth compared
to the control, to single treatments, and double combinations at 48 hours after their

administration.

As shown in Figure 32, the diameter of MM-F1 spheroids treated with the single
combination of Y15 5 uM, AFA 5 uM and the double combination (AFA 5 uM + TP-0903 0.1
puM) had no difference compared to the control spheroids at 24 hours, on the other hand
MM-F1 spheroids treated with TP-0903 0.1 uM showed a reduced diameter already at 24
hours after its administration. In addition, double treatments with Y15 5 uM + AFA 5 uM

and AFA 5 uM + TP-0903 0.1 uM determine a relevant reduction in MM-F1 spheroids
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diameter at 48 hours compared to single treatments with Y155 uM and AFA 5 uM and to
control (DMSO). Indeed, double treatments with Y15 5 uM + TP-0903 0.1 uM significantly
inhibit cell growth in MM-F1 spheroids both at 24 and 48 hours compared to control
(DMSO). Finally, tumor spheroids treated triple combination with Y155 uM + AFA 5 uM +
TP-0903 0.1 uM visibly reduce their diameter already at 24 hours, and after 48 hours further
spheroid’s impairment results, leading to reduction in spheroid diameter in a time-

dependent manner.
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Figure 32. Effect of Y15, AFA and TP-0903 used alone or in combination on MM-F1 tumor spheroids. A) Photos of MM tumor
spheroids after 24 and 48 hours of treatment. Scale bar=50um. B) Tumor diameter measurement at 24 and 48h after treatments.

Statistical significance was calculated with Dunnet multiple comparison test. (*p<0.05, **p<0.01, **p<0.001). Scale bar = 50 um.
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Effect of low-dose combination of Y15, AFA and TP-0903 on the cell viability

of tumor spheroids.

The cell viability of MM-F1 and MM-B1 tumor spheroids treated with the inhibitors Y15,
AFA and TP-0903, used at low doses in single, double and triple combination of the specific
inhibitors or with the vehicle control (DMSO) has been evaluating using the Real Time Glo
MT assay (Promega), which quantify ATP using a luminescence endpoint measurement,

which serves as a surrogate indicator of cell viability.

As shown in the Figure 33, cell viability of MM-B1 spheroids treated with the inhibitors in
double combination (Y15 10 uM + AFA 5 uM; Y15 10 uM + TP-0903 0.1 uM; AFA 5 uM + TP-
0903 0.1 uM) appears to be reduced 72 hours after treatment. Furthermore, a significant
reduction in cell viability of the triple-treated (Y15 10 uM + AFA 5 uM +TP-0903 0.1 uM)

tumor spheroids occurs compared with single, double treatments and the control (DMSO).
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Figure 33. Cell viability assay on MM-B1 tumor spheroids after treatment with Y15, AFA and TP-0903, used alone or in
combination. The cell viability was assessed by Real-time Glo MT-assay (Promega) measuring the luminescence after 24, 48 and 72
hours of treatment. Statistical significance was calculated with one-way ANOVA at 72h. (*p<0.05; *p<0.01; #p<0.001; § p<0.0001 vs.
DMSO). *RLU= Relative Light Unit
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On the other side, in MM-F1 tumor spheroids result more sensitive to the double treatment
with AFA 5 uM + TP-0903 0.1 uM at 72 hours compared with single, double treatments and
DMSO. Even in this MM tumor spheroids, the triple combination with Y155 uM + AFA 5uM

+TP-0903 0.1uM significantly inhibits cell viability in a time-dependent-manner (Figure 34).
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Figure 34. Cell viability assay on MM-F1 tumor spheroids after treatment with Y15, AFA and TP-0903, used alone or in
combination. The cell viability was assessed by Real-time Glo MT-assay (Promega) measuring the luminescence at 24, 48 and 72
hours of treatment. Statistical significance was calculated with one-way ANOVA at 72h. (*p<0.05; *p<0.01; #p<0.001; § p<0.0001 vs.
DMSO). *RLU= Relative Light Unit

These preliminary data show that the low dose combination of three different inhibitors
targeting three different signal transduction pathways deregulated in MM is more effective
in inhibiting MM growth in a 3D cellular model, corroborating that the contemporary
inhibition of different pathways could avoid the overcome of drug resistance and could be
helpful in decreasing the doses of the pharmacological molecules employed in the

anticancer therapy.
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DISCUSSION

Malignant mesothelioma (MM) is a rare and aggressive neoplasm that originates from the
mesothelial cells lining the serous cavity, such as the pleura, peritoneum, pericardium, and
tunica vaginalis. It mainly affects people between 50 and 70 years old, with a male to female

mortality ratio of 4:1 [1].

MM is considered a professional disease because its onset is correlated in 80% of cases with
asbestos exposure [252]. However, there are other etiological causes related to it, such as SV-
40 infection, genetic predisposition, exposure to ionizing radiation and other biological

factors [253].

In particular, several studies have shown that asbestos-induced tumorigenesis is associated
with the onset of chronic inflammation caused by the infiltration of asbestos fibers in the
intrapleural space, which promotes production of ROS and pro-inflammatory cytokines
leading to DNA damage and triggering the progression of neoplastic transformation [254].
In addition, asbestos activates membrane receptors with tyrosine kinase activity such as

EGFR or TNEFR, promoting cell proliferation [255].

Diagnosis is difficult mainly due to the high cytological and histological polymorphism of
the lesion itself. Notably, according to the 2021 WHO classification, MM can be classified
into three different histotype depending on the presence of globular or spindle cells in the
tumor tissue: (i) epithelioid; (ii) sarcomatoid; and (iii) biphasic or mixed [256]. The incidence
of the three histotypes differs among case studies; however, the epithelioid one is the most

common accounting for 80% of all diagnosed MM [257].

Nowadays, the gold standard for MM treatment is surgery, chemotherapy, and
radiotherapy, used alone or in combination, depending on the disease's stage and severity.
Despite a multimodal approach, combining these therapies, is preferred to increase efficacy
and survival rates, MM prognosis remains poor [49]. This partly due to the delay of the
diagnosis (reached at 6-8 months) and partly due to the inadequacy of available therapeutic

approaches. Effectively, untreated MM patients have a mean survival of about 6 months,
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with most deceasing within 24 months of diagnosis [72]. The average overall survival of MM
patients treated with single-agent chemotherapy is around 7-8 months, and only a small

number of drugs exhibit a response rate of 15-20% [258].

The MM treatment involves a combination of cisplatin and pemetrexed. However, this
approach is largely palliative, with limited efficacy in extending survival (response rate of
approximately 40%) [72, 82]. Studies have demonstrated that adding anti-angiogenic

therapy to first-line treatment can improve overall survival [259, 260].

In addition, combination of surgery with chemotherapy and/or radiotherapy continues to
be explored as a means of improving outcomes, particularly with the use of hyperthermic
intraperitoneal chemotherapy (HIPEC) in order to extend survival rate [72, 261]. Despite
these advances, therapeutic strategies for MM are generally considered "life-extending

treatments" [262].

In recent years, significant advances have been made in the therapeutic management of this
neoplasm. These include the development of more effective treatments, new diagnostic
tools, and deeper insights into the disease's pathobiology, all of which have led to improved
diagnostic and prognostic approaches and potential new therapies, such as targeted therapy

[263].

These novel strategies include inhibitors targeting molecules involved in deregulated
pathways, involving mTOR, angiogenesis, folate, receptor tyrosine kinases, and
cyclooxygenase, as well as synthetic lethal treatments, miRNA-based treatments, oncolytic
viral therapies, and immunotherapy, used either alone or in combination with

chemotherapy [72, 262, 264-266].

Alternative approaches are based on inhibitors of the ubiquitin-proteasome pathway and
other deregulated signaling transduction pathways, such as those mediated by ErbB family
receptor, Hedgehog, Axl, Wnt [2, 267]. Thus, molecules involved in these signaling

pathways could be used to develop novel therapeutic targeted therapy protocol.
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Bor is a 26S proteasome inhibitor that is used primarily in the treatment of certain types of
cancer, especially multiple myeloma [186]. By inhibiting the proteasome 26S, Bor disrupts
the degradation of ubiquitinated proteins involved in various cellular process, including cell
cycle and apoptosis. This drug is often administered intravenously or subcutaneously and
is typically used in combination with other drugs to enhance its effectiveness. Like many
cancer treatments, it can have side effects, including neuropathy, fatigue, and
gastrointestinal problems. Its use and dosage are usually carefully managed to balance

efficacy with minimizing adverse effects [268].

AFA is a TKI that irreversibly binds to EGFR, HER2, and HER4, inhibiting their signaling
pathways. This molecule targets both mutated and wild-type EGFR [269]. However,
acquired resistance to TKIs treatment inevitably develops in cancer patients, remaining a
significant biological challenge. Phenomena of drug-resistance to TKIs may result from the

concurrent activation of alternative signaling pathways [219, 270].

TP-0903 is a potent and selective inhibitor of the Axl receptor tyrosine kinase, high
expression of which correlates with EMT, metastatic process, and drug resistance in several
cancer, including lung cancer, pancreatic cancer, colorectal cancer, neuroblastoma and MM
[224, 225, 271]. TP-0903 is an orally available small molecule that follows a mechanism of
competitive inhibition with ATP binding to AxI’s active conformation. It also targets other

kinases, including the three members of the TAM family, JAK2, ABL1 and VEGFR2.

Y15 is a specific inhibitor of FAK, which blocks its autophosphorylation in a dose e time
dependent manner, reducing the viability and growth of tumor cells. FAK is over-expressed
in most solid tumors, such as MM, head and neck cancer, colorectal cancer, glioblastoma
and thyroid cancer. It is involved in angiogenesis, metastatic process and invasion. Y15 has
been shown to have antitumor and antiproliferative effects, alone or in combination with
chemotherapeutic agents, both in vitro and in vivo. While clinical research on Y15 is less
advanced compared to other FAK inhibitors, it remains a valuable tool for understanding

FAK’s role in cancer and exploring its therapeutic potential [272].
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The aim of this study is to find new targeted therapeutic strategies for the treatment of MM

based on a molecular targeted approach in order to specifically inhibit the tumor growth.

In this study, we investigated the effects of Bor on cell survival, cell cycle distribution and
modulation of apoptotic and pro-survival pathways in human MM cell lines of different
histotypes cultured in vitro [1]. Further, using a mouse MM cell line that reproducibly forms
ascites when intraperitoneally injected in syngeneic C57BL/6 mice, we investigated the
effects of intraperitoneal Bor administration in vivo on both tumor growth and the
modulation of the tumor immune microenvironment. Firstly, based on the in vitro results
conducted on all four MM cell lines (MM-F1, MM-B1, H-Meso-1 and #40a), Bor can inhibit
MM cell proliferation with IC50 values in the range of 10 < ICso < 100 nM and 10 < ICso < 25
nM after 48 and 72 hours of treatment, respectively. These values align with those
previously reported in studies on MM cells [252, 273] and are lower than the peak plasma
levels observed in patients with solid tumors after i.v. administration of Bor [274]. Trypan
blue staining showed that the inhibition of MM cell growth was accompanied by an increase
in cell death, primarily occurred through apoptosis, as indicated by the increase in cells with
a hypodiploid, sub-G1 DNA content. Supporting the induction of apoptotic cell death, Bor
treatment increased Bax/Bcl-2 ratio, the levels of cleaved caspase 3 and YH2AX in all MM
cell lines analyzed [275].

Different mechanisms can contribute to determining the sensitivity to cell death following
Bor treatment. Previous studies have highlighted high proteasome activity and expression
[104, 276], along with dysregulation of the NOXA-dependent mitochondrial apoptotic
pathway [277], as factors that may reduce Bor's cytotoxic efficacy in MM cells. In this context,
we here focused on two cellular responses that can be triggered by proteasome inhibition:

autophagy and the ER stress-induced UPR [1].

Discordant findings have been reported regarding the effect of Bor on autophagy in cancer
cells. Some studies suggest that Bor induces autophagy as an alternative protein
degradation mechanism, helping cancer cells survive from the toxic effects of proteasome

inhibition. Conversely, other studies have shown different outcomes [192, 243, 278]. The
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autophagic response to Bor treatment has not been previously investigated in MM cells to
our knowledge. Although the effects of Bor on the autophagy markers appeared to be cell
line-dependent, the concurrent changes of LC3-II, SQSTM-1/p62 and beclin-1 levels we
observed in Bor-treated cells indicate that Bor disrupts with the autophagic activity of
human MM cell lines and decreases autophagy in the mouse MM cell line. Therefore,
autophagy induction does not appear to play a role as a rescue mechanism that may

decrease Bor efficacy on MM [1].

Regarding ER stress and UPR markers, Bor treatment activates a pro-survival mechanism
in MM cells by increasing the anti-apoptotic GRP78/BiP protein and reducing the pro-
apoptotic CHOP protein. GRP78/BiP, an ER-resident chaperone, plays a crucial role in
regulating ER stress by binding and inhibiting UPR upstream activators, PKR-like ER kinase
(PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6),
based on the level of unfolded proteins in the ER lumen. In ER stress conditions, unfolded
proteins accumulate and are bound by GRP78/BiP, which in turn dissociates from PERK,
IRE1 and ATF6, leading to UPR activation. While the different UPR pathways are primarily
aimed at restoring cellular homeostasis, in case of severe or unresolved ER stress some UPR
signaling branches will commit cells to death by apoptosis [279, 280]. CHOP, a transcription
factor induced via PERK/ATF4 pathway, plays a pivotal role in the pro-apoptotic branch of
UPR by downregulating the expression of Bcl-2 family proteins, promoting ROS
production, and exacerbating proteotoxic stress [279, 280]. In line with our results, Bor
treatment increased GRP78/BiP levels in all MM cell lines analyzed, consistent with ER
stress and UPR activation [249]. However, the concurrent reduction of CHOP levels
observed in three human MM cell lines and the unchanged CHOP levels observed in the
murine cell line suggest that Bor-induced UPR activation has a pro-survival effect,

potentially reducing MM cell sensitivity to Bor's cytotoxicity [1, 281].

That evasion from UPR-mediated apoptosis can be involved in mediating resistance to Bor
cytotoxicity in MM cells has been previously reported in a study performed using a MM cell

line adapted to grow in the presence of increasing Bor concentrations (up to 40 nM) over a
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period of more than six months [282]. Our data, obtained using four different MM cell lines,
suggest that primary resistance to UPR-mediated apoptosis may as well be an intrinsic
common feature of MM cells. Remarkably, these results have therapeutic implications, since
they highlight that the combination with modulators of the UPR, some of which are already
clinically available [279, 283], may represent a possible strategy to overcome Bor resistance
in MM. In this respect, ER stress signaling is emerging as a key pharmacological target for

MM treatment [284].

Considering the involvement of aberrant ErbB signaling in MM [2, 285] and the evidence of
the regulation of the levels of ErbB receptors, such as EGFR and ErbB2, by proteasomal
degradation [286, 287], we also investigated whether Bor treatment could affect the
expression of EGFR and ErbB2 and the activation of downstream pro-survival signaling
effectors [1]. The treatment resulted in reduced levels of at least one among EGFR and ErbB2
receptors in all cell lines except MM-F1. We recently reported a similar downregulation of
EGFR and ErbB2 levels in Bor-treated head and neck carcinoma cells [192]. However, in the
present study, Bor appeared to modulate EGFR levels in a cell line-dependent manner in
MM, whereas more consistent effects were observed regarding ErbB2, whose levels were
lowered by the proteasomal inhibitor in three out of the four MM cell lines investigated. The
reduction of ErbB2 levels following treatment with proteasome inhibitors has also recently
been observed in breast cancer cell lines, where it has been ascribed to both transcriptional
downregulation and the induction of lysosomal degradation mechanisms [288]. As for the
activation of the pro-survival pathways mediated by ERK1/2, AKT, and p38, Bor treatment
was found to reduce the phospho-activation of ERK1 and/or ERK2 in all cell lines, had no
significant effects on p38 phosphorylation levels, but increased the phosphorylation of AKT
in the three human MM cell lines [1]. In fact, Bor has been reported to either activate or
inhibit AKT in a cell type-dependent manner, and the downregulation of phospho-AKT is
regarded as an important determinant of Bor-induced apoptosis in cancer cells [192, 289,
290]. Notably, in addition to its activation in response to growth factor receptors stimulation,
AKT can also be activated by GRP78/BiP in ER stress conditions [291]. Moreover, the

downregulation of AKT activity appears to play a crucial role in the induction of CHOP
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expression during ER stress [292]. Taken together, these considerations suggest that the type
of ER stress induced by Bor in human MM cells may lead to the activation of AKT via the
upregulation of GRP78/BiP; in turn, AKT may concur to reduce CHOP levels and impair the
pro-apoptotic branch of the UPR. This latter hypothesis is indirectly supported by the
observation that following Bor treatment CHOP expression was reduced in the three human
MM cell lines showing increased phospho-AKT levels. While further studies are required to
define the actual mechanisms responsible for Bor-induced AKT activation in MM cells, the
reported findings point to the use AKT inhibitors as a therapeutic strategy aimed at
increasing the apoptotic response of MM cells to Bor [290, 293]. The efficacy of Bor in
mediating MM growth inhibition in vivo has been previously demonstrated in a study
performed on immunodeficient (nude xid) mice carrying i.p. xenografts of human (REN)
MM cells [273]. In the present study, we used a different model established in
immunocompetent C57BL/6 mice, in which the growth of i.p. transplanted syngeneic #40a
MM cells reproducibly leads to ascites formation [2, 235, 294, 295]. The results obtained
using this model confirm the ability of Bor to suppress MM growth in vivo and extend mice
survival [1]. In particular, while vehicle-treated mice had a median survival of 5.7 weeks,
that of Bor-treated mice was of 7.2 weeks, with a Hazard Ratio for control vs. Bor-treated

mice equal to 4.1.

Thanks to this model, we also evaluated the frequency and phenotype of immune cell
populations recruited to the tumor site in mice transplanted with #40a MM cells and treated
with Bor or vehicle for 30 days [1]. In fact, although MM has been traditionally regarded as
a non-immunogenic tumor, further studies have clarified that it is infiltrated by a non-
negligible number of immune cells that, however, are functionally impaired via multiple
factors operating in its immunosuppressive microenvironment [33, 296-298]. In particular,
the infiltration of MM tissues by hypofunctional lymphocytes has been reported by several
authors and lately, due to the great clinical interest in ICIs, many studies have been focused
on the involvement of lymphocyte inhibitory receptors such as PD-1 in MM immune escape

[298-300].
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When comparing the frequencies of CD4+, CD8+, B lymphocytes, MDSCs and TAMs in mice
spleens with those in the ascitic fluids, we found significantly different values for MDSCs
and TAMs only. At the tumor site MDSCs had a reduced frequency, while TAMs had an
increased frequency as compared to the spleen. Still, the frequencies of both immune types

were similar in the Bor-treated and CTR groups [1].

When comparing the frequency of the immune populations in the spleens of Bor-treated
and CTR mice, the only significant change was a reduction in the frequency of B
lymphocytes in the Bor-treated group, which however was not paralleled by a decreased
frequency at the tumor site. Indeed, when comparing the frequency of the immune
populations in the ascitic fluids of Bor- and vehicle-treated mice, the only significant change

was a reduction in the frequency of CD4+ lymphocytes in the Bor-treated group.

More widespread differences were instead observed as regards the functional status of T
lymphocytes from Bor-treated as compared to CTR mice. First, the ascitic fluids of Bor-
treated mice had an increased frequency of both CD4+ and CD8+ T lymphocytes expressing
the activation marker CD25, and an increased frequency of CD4+ T lymphocytes expressing
the early activation marker CD69. Remarkably, this effect of Bor appeared specific for CD4+
and CD8+ cells recruited at the tumor site, since the same T populations collected from mice
spleens showed no significant changes in the proportion of cells expressing the two markers.
Next, consistent with the previous finding, Bor treatment resulted in a significant increase
in the proportion of tumor-recruited CD4+ and CD8+ T cells expressing IFN-y, a main
cytokine marker for the activity of tumor-infiltrating lymphocytes [298], while it had no
significant effects on the amount of IFN-y+ T cells in the spleen. Finally, Bor treatment
resulted in negative regulation of PD-1 expression in T cells. In contrast with the previous
findings, the effect of Bor on the expression of the PD-1 immune checkpoint receptor was
not limited to the lymphocytes recruited to the tumor site, since the proportion of CD8+/PD-
1+ cells was reduced both in the spleen and ascitic fluid, and that of CD4+/PD-1+ cells in the
spleen of the drug-treated mice [1]. Overall, these findings indicate that Bor can sustain the

activation of CD4+ and CD8+ T cells. Thus, besides its direct growth inhibitory and pro-
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apoptotic effects on tumor cells, Bor could delay MM progression by promoting the
activation of T cell-mediated immune responses. Furthermore, by overcoming the
exhaustion of T cells recruited in the tumor microenvironment, Bor could improve the
outcomes of immunotherapy approaches in MM patients, as reported in preclinical studies

performed on different cancer types [301, 302].

According to two phase II clinical trials where the therapeutic efficacy of Bor on MM was
investigated alone (NCT00513877) or in combination with cisplatin (NCT00458913), the
proteasomal inhibitor failed to significantly improve clinical outcomes [303, 304]. However,
in both studies, Bor was administered i.v., whereas the therapeutic potential of
intracavitary-administered Bor has not yet been investigated in patients with MM to our
knowledge. Nonetheless, clinical results obtained in patients with recurrent ovarian cancer
and myelomatous pleural effusions indicate that the intrapleural/intraperitoneal
administration of Bor is feasible and has promising antitumor activity [305, 306]. In fact, that
the anticancer properties of Bor are currently underexploited for the treatment of solid
tumors is evidenced by the many efforts which have recently been devoted to the
development of Bor-based drug delivery systems that may improve its accumulation at the
targeted tumor site [307]. Furthermore, a definitive assessment of Bor clinical utility for the
treatment of MM would require the definition of criteria for the selection of patients to enroll
in clinical trials [303]. An interesting avenue to explore in this regard may be to evaluate the
possible impact of the mutational status of the de-ubiquitinating enzyme BRCA-1-
associated protein BAP1 on the therapeutic outcome of Bor treatment. Indeed, BAP1 is a
tumor suppressor frequently inactivated in several cancers including MM and its depletion
has been reported to decrease tumor cells sensitivity to Bor, raising the hypothesis that this
proteasomal inhibitor may have an increased efficacy in MM patients whose tumors express

the wild type BAP1 protein [308, 309].

Furthermore, the frequent overexpression of ErbB family receptors in MM has justified

testing EGFR-TKIs in MM patients [310]. However, it is described that the use of unitarget
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drugs can induce drug-resistance leading to the activation of alternative signaling pathways

already mentioned [285, 311].

Previous studies in our laboratory have shown that the use of inhibitors that simultaneously
inhibit two different signaling pathways may have greater efficacy in inhibiting tumor
growth. Bei et al. had demonstrated that a combined treatment using AFA, an EGFR-TKI, in
combination with GANT-61, a specific GLI1/2 inhibitor, that target two different pathways
involved in cancer development and progression, was more effective than single-pathway
inhibition in reducing tumor growth both in vitro and in vivo in MM [2]. The study by
Benvenuto et al. had pointed out that CUR, a natural polyphenolic compound able to target
several molecules involved in cell proliferation, cell death, autophagy, angiogenesis,
invasion, migration, metastasis and chemoresistance, can potentiate AFA antitumor activity

in MM both in vitro and in vivo [3].

Based on this evidence, we focused on the use of a combined treatment using AFA in
combination with other two unitarget drugs, Y15, a FAK inhibitor, and TP-0903, an Axl
inhibitor, used at low doses, in order to simultaneously inhibit three distinct aberrantly
activated signaling transduction pathways in MM. For this purpose, we employed 3D tumor
spheroids obtained from two human MM cell lines (MM-F1 and MM-B1).

Several studies have highlighted that, unlike traditional 2D cell cultures, which grow as flat
monolayers, 3D spheroids provide a more realistic and complex environment resembling
the in vivo counterparts in morphology, interactions with other cells and extracellular
matrix, gene and protein expression levels, sensitivity to external factors, proliferation and
differentiation status [312]. Hence, three-dimensional cell culture models closely mimic the
architecture of solid tumors, making them useful in experimental cancer research for
studying tumor biology, drug response, and resistance. The integration of 3D assay models
is becoming increasingly popular for the purpose of furthering translational biology [313].
Preliminary data showed that MM tumor spheroids treated with AFA, Y15 and TP-0903,
used singly or in a double combination, showed less growth than control spheroids. A

significantly greater decrease in spheroid growth was obtained after treating tumor
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spheroids with the triple combination of the inhibitors. These results are also consistent with
the cell viability assay confirming that triple treatment (AFA + Y15 + TP-0903) decreases the
number of viable cells of tumor spheroids compared to control, single and double
treatments in a time-dependent manner.

The combined treatment with three inhibitors (AFA + Y15 + TP-0903) could affect not only
cell cycle and survival of MM cancer cells, but also other biological events, such as invasion
and EMT, inhibiting migreation, angiogenesis and metastasis formation [314, 315].
Therefore, further experiments should be conducted to evaluate cell migration, cell death
and the modulation of the implicated molecular transduction pathways. At last, in vivo
experiments have just been approved, to study the effects of the three inhibitors on C57BL6

mouse models, analyzing the immune infiltrate recalled in the tumor microenvironment.

In conclusion, these studies may have new clinical implications for the development of new
targeted therapy approaches for MM as molecularly targeted therapy offers significant
promise in achieving better treatment outcomes with fewer adverse effects than
conventional therapies. Nevertheless, given the peculiar characteristics of MM, which is
marked by high local invasiveness and low metastatic efficiency [1], clinically effective
concentrations of the compound can be directly delivered to the tumor site in MM patients
through intracavitary approach [316, 317]. These factors, along with the findings presented
here, justify the need for future studies to further investigate the therapeutic potential of
combination regimens for treating MM patients.

However, challenges such as resistance development and patient heterogeneity remain

substantial obstacles.

Tutti i diritti riservati. “Il presente documento e distribuito secondo la licenza Tutti i diritti riservati."
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