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1. Introduction

1.1. Pleural mesothelioma

1.1.1. Epidemiology

Mesothelioma is a relatively rare malignancy, accounting for less than 1% of all cancer
incidence (1). Pleural mesothelioma (PM), or as often referred to, malignant pleural
mesothelioma (MPM), is the most common form affecting 80-85% of all patients,
followed by peritoneal mesothelioma with 10-15%. The other two localizations
(pericardial and testicular) cover less than 5% of all mesothelioma cases (2).

The primary cause of PM is occupational or environmental exposure to asbestos (3).
There is a long latency in the development of mesothelioma; 20-40 years can pass from
asbestos exposure until the first symptoms appear (4-6).

The incidence of PM varies globally; however, it tends to be higher in industrialized
countries with a history of heavy asbestos use. Worldwide the most affected regions are
Northern Europe, Australia, and New Zealand. Meanwhile, the most documented cases
in Europe are in the UK, Netherlands, Malta, and Belgium (7, 8). Although many
countries have issued bans on asbestos usage, approximately 80% of the world’s
population still lives in countries where asbestos usage is not restricted (9, 10). Due to the
continued mining and usage complicated by the long latency period between asbestos
exposure and the onset of the disease, global PM incidence is still predicted to rise in the
upcoming decades (11).

About three-quarters of the patients are male; this could be attributed to the differences
in occupational asbestos exposure (1). However, non-occupational exposure is higher in
women (12). Female PM patients have significantly longer survival, which might be
linked to the supposed dose-dependent effects of ashbestos exposure (13-15). This dose-
dependent toxicity was confirmed by in vitro testing of mesothelial cell cultures exposed
to asbestos fibers (16). At diagnosis, most patients are older than 65 years of age (17),
whereas the median age is 73 years (1). Patients diagnosed younger than 40 years have
significantly better overall survival (OS) (18).

1.1.2. Etiology

Asbestos exposure

PM is an aggressive malignancy arising from the serosal lining of the chest cavity. The
connection between PM and asbestos exposure is well-established (19, 20). Asbestos is a
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collective term for six variations of fibrous silicate minerals, which can be sorted into
amphibole and serpentine. All six types are considered carcinogenic, although to a
varying extent (21). Exposure to the straighter, needle-like, amphibole asbestos
(crocidolite, amosite) holds a considerably higher risk of developing PM than serpentine
(chrysotile) exposition (22, 23). Because of its excellent tensile strength, heat- and
chemoresistance, and electricity-insulating attributes, asbestos was widely used in many
industrial and household products, dating back to the Stone Age (24).

Non-asbestos related PM

Besides asbestos, other factors can also contribute to the pathogenesis of PM.
Nevertheless, non-asbestos-related PMs are relatively rare (10-30% of all cases) (25).
Exposure to mineral fibers that have similar properties to asbestos, like erionite, is
suspected to be a risk of PM (26). Moreover, erionite showed more potent effects in rats
than asbestos by inducing PM in all animals injected intrapleurally with erionite (27).
Evidence suggests that long and rigid multi-wall carbon nanotubes (CNTs) may cause
PM in experimental animal models (28, 29). However, there is currently no evidence
indicating that exposure to CNTs poses a risk of PM in humans (30). As CNTs can be
biopersistent and share morphological similarities with asbestos, inhaled CNTs might
lead to chronic inflammation and tissue damage in the pleura (31). Further studies are
necessary to fully understand the potential risks associated with CNTs in PM.

The role of Simian virus 40 (SV-40) is highly controversial in the pathogenesis of PM. In
hamsters, intrapleural SV-40 injection resulted in the development of PM in all animals
(32). Meanwhile, SV-40-like DNA sequences were found in 60-80% of human PM tissue
samples of French, American, and other origins (33-36). Still, in Turkish and Finnish
human PM samples, the presence of any SV-40 sequences was not detectable (37, 38). In
addition, in vitro studies suggest that SV-40 and asbestos are cofactors in the
carcinogenesis of PM (16).

Exposure to ionizing radiation is a known carcinogen and risk factor for multiple cancers.
Although extremely rare, evidence shows that PM can also develop in individuals who
receive radiation therapy for lymphoma (39).

Genetic predisposition

A small percentage of PM is attributed to autosomal dominant germline

mutations/deletion of the tumor suppressor gene (TSG) encoding BRCAZ1-associated



protein—1 (BAP1) (40, 41). The germline BAP-1 mutation is associated with the BAP1
tumor predisposition syndrome (BAP1-TPDS), which leads to the development of
various tumoral entities including PM (42). Of note, PM patients carrying germline BAP1

mutations are mostly female (>60%) and are diagnosed at a younger age (43, 44).

1.1.3. Asbestos-induced pathogenesis

The neoplastic transformation of mesothelial cells is a complex process driven by
multiple factors (45). The main components of asbestos-induced pathogenesis are
summarized in Fig.1. Inhaled asbestos fibers migrate rapidly through the airway
epithelium to the surface of the pleura (46). Since these fibers are biopersistent they stay
in the pleura for decades thus inducing chronic inflammation that eventually leads to
genomic instability and the development of PM (47). Moreover, asbestos fibers cause
irritation, repeated tissue damage and impaired repair cycles. This constant irritation also
leads to macrophage accumulation in the pleura and lungs (48). Asbestos provokes
mesothelial cells to release inflammatory cytokines and growth factors, creating a pro-
tumor microenvironment (49). Moreover, recruited macrophages release tumor necrosis
factor o (TNFa), which stimulates mesothelial cells to proliferate and protects them from
apoptosis by activating the NF-xB pathway (50). In addition, asbestos fibers can directly
generate genomic aberrations by causing DNA damage through mechanical interference
with chromosomes (47, 51, 52). Reactive oxygen species (ROS), released by
macrophages and mesothelial cells, also lead to DNA damage (53). The high mobility
group box 1 (HMGBL1) release also contributes to the promotion of chronic inflammation
through asbestos-induced macrophage and mesothelial cell necrosis (54).

The genetic landscape of PM is characterized by mutations in TSGs and subsequent loss
of functions of tumor suppressor proteins (55, 56). The most common mutations affect
the p53 DNA repair and PI3K-AKT signaling pathways. The most frequently mutated
genes include BAP1 with up to 67%. The mutation of the cell cycle regulator gene, cyclin-
dependent kinase inhibitor 2A (CDKN2A), which is also known as p16 is seen in 40-45%
of the patients. The apoptosis regulator neurofibromatosis type 2 (NF2), is mutated in 20-
50%, the TP53 in 5-8% and the histone methyltransferase encoding gene SETD?2 is
mutated in approximately 10% of PM patients (57-61). So far, no oncogenic driver
mutation has been identified in PM (62).
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Figure 1. The main components of asbestos-induced PM pathogenesis
ROS: Reactive oxygen species, HMGB1: High mobility group box 1, TNF a: tumor necrosis factor a,
GF: growth factors. Created with BioRender.com.

It has been determined that specific genetic changes can affect prognosis; mutated TP53
significantly decreases survival (55), while BAP1 loss is associated with improved
outcomes (63). Currently, no biomarker is validated for PM screening or as a single
diagnostic test (64).

1.1.4. Histopathology and classification

The mesothelium is the serosal membrane lining of the body cavities. In the thoracic
cavity, this is called the pleura, and consists of two single-cell layers: the parietal pleura
is attached to the surface of the chest wall, and the visceral pleura covers the lungs. PM
can originate from either layer, although it more frequently arises from the parietal layer
and then spreads to the visceral pleura (65). The pleura is a common site of metastasis
and the differential diagnosis between PM and other cancer metastases is often
challenging (66). Despite the improving tendency, approximately 14-50% of PM
diagnosis turns out to be incorrect when further validated (67). Accordingly, the
guidelines issued by the International Mesothelioma Interest Group (iMig) recommend
the evaluation of at least two positive markers to confirm the mesothelial origin and two
negative markers to exclude carcinomas. The recommended panel of markers and the

frequency of their expressions in PM are summarized in Table 1. (68).
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Table 1. Immunohistochemical markers and their frequency of expression (%o)
in PM for differential diagnosis recommended by iMig (68)

Positive (mesothelial) markers Negative (carcinoid) markers
Wilms’ tumor 1 (WT1) 70-95 | Claudin 4 (CLDN4) 0
Cytokeratin 5 (CK5/6) 75-100 | Thyroid transcription factor 1 (TTF-1) 0
Podoplanin (D2-40) 90-100 | Carcinoembryonic antigen (CEA) <5
Calretinin (CALB2) 100 BerEp4 <20
Mesothelin (MSLN) 100 Napsin A (NAPSA) 0

MOC31 2-10
BG8 (LewisY) 3-7

The WHO updated the classification of diffuse PM in 2021 (69). Three main histological
subtypes were defined: epithelioid (50-70%), sarcomatoid (10-20%), and a transitional
category, biphasic (10-20%) (70). Epithelioid tumors (Fig.2A) usually comprise of round
epithelioid cells with eosinophilic cytoplasm and show low frequency of nuclear atypia
and mitosis (68). Meanwhile, sarcomatoid PM (Fig.2C) is morphologically more
heterogenous, composed of a haphazardly arranged sheet of elongated spindle-like cells
within a fibrous stroma. Tumor cells display a significant range of morphological
characteristics, exhibiting both plump and thin cytoplasm and varying degrees of nuclear
atypia. Additionally, they may show a wide range of mitotic counts (68). The biphasic

PK (Fig.2B) is characterized by both epithelioid and sarcomatoid components, each

comprising a minimum of 10% of the tumor area (71).

Figure 2. Representative images of the three main histological subtypes of PM
A. Epithelioid, B. Biphasic, C. Sarcomatoid. (Images were kindly provided by Karin Schelch.)

Survival time is greatly affected by tumor histology. Epithelioid tumors have the best
prognosis with a median overall survival (mOS) of 14.4 months. For sarcomatoid and
biphasic PMs, the mOS is 5.3 and 9.5 months, respectively (72). Non-epithelioid tumors
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are considered more aggressive and also chemoresistant (73). Accordingly, the amount
of sarcomatoid component in biphasic subtype tumors has a prognostic value; less than
20% or 50% spindle cell element means significantly longer survival (74, 75).

Appropriate histological subtyping of PM is crucial because it is a robust prognostic factor
and determines treatment decisions (68). Unfortunately, this histological classification
fails to accurately reflect the tumor diversity observed through molecular and clinical
perspectives (76). Molecular classification based on large-scale omics and NGS studies

raises the possibility of new types of classification (55, 59, 77-79).

1.1.5. Treatment modalities

PM is an aggressive and therapy-resistant cancer with a dismal prognosis (80).
Unfortunately, the currently available treatment options are ineffective, and the mOS of
unresectable patients remains between 8-14 months (81). Generally, the 5-year survival
rate is 12% and the survival outcomes are poor even for stage | patients (16%) (82).
Most patients are diagnosed in an already advanced stage (49.8% of patients get
diagnosed at stage 1V) (1). The therapeutic options for these patients are limited; the
backbone of the treatment is platinum-pemetrexed chemotherapy (ChT). In order to
improve the clinical outcomes, first-line ChT is often complemented with the anti-
angiogenic agent bevacizumab. Moreover, the role of immunotherapy in the treatment of
PM is also increasing since several clinical trials suggests that immunotherapeutic agents
might be efficient. Accordingly, the combination of nivolumab and ipilimumab
constitutes an alternative option for first-line therapy (83). A recent retrospective study,
based on 41,074 PM patients treated between 2004 and 2020 reported that 50.5% of
included individuals received ChT, 27.6% underwent surgical resection, and 8.6% were
treated with radiotherapy. Notably, only 5.4% of included patients received
immunotherapy in the study period on average. Yet, the use of immunotherapy increased
significantly between 2004 and 2020 (from 0.6% to 27%) (1).

The combination and sequence of treatment modalities are not standardized, and the role
of multimodal therapy is debatable. The MARS randomized trial suggested that
extrapleural pneumonectomy (EPP) may not provide any advantages as part of a trimodal
therapy and could potentially harm patients (84). On the contrary, another study
demonstrated OS improvement in patients who received multimodal therapy, including

surgery and ChT (85). Nevertheless, the following factors should be taken into
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consideration when designing treatment strategies for PM patients: stage, histology, age,
performance status (PS), comorbidities, and the patient’s preferences (86).

Surgery

Surgery has a role not only in the treatment but also in the diagnosis and palliative care
of PM (86). Curative-intent surgery is controversial in PM since macroscopic complete
resection (MCR) is hard to achieve. Therefore, treatment guidelines recommend surgery
(as part of multimodal treatment) only for a highly selected group of patients with early-
stage disease and non-sarcomatoid histology (87). Although surgery has been
demonstrated to improve the 5-year survival for epithelioid patients by 10-15%, patients
with non-epithelioid tumors may not benefit from this treatment modality (88-91). To
enhance efficacy, surgery is recommended to be complemented by neoadjuvant or
adjuvant ChT and, in some cases, radiotherapy (92).

In total, four surgical options are available for PM treatment; two of them have a curative
intent (93). Extended pleurectomy/decortication (EPD) refers to the removal of the
parietal and visceral pleura and the excision of all visible tumors, whereas EPP is the
radical removal of the parietal and visceral pleura, and also parts of the diaphragm,
pericardium, and lung (93). Based on a meta-analysis of 2903 patients treated surgically,
the lung-sparing EPD showed favorable outcomes and a lower perioperative mortality
rate; therefore, it is the preferred surgical approach (94). The other two procedures
(pleurectomy/decortication, partial pleurectomy) are applied to improve symptom control
and quality of life (95).

Systemic therapy

It is recommended to consider systemic ChT for all PM patients with PS scores of 0-2, as
it is widely regarded as the best available treatment option (86). The standard first-line
ChT for PM patients is a platinum agent (cisplatin or carboplatin) combined with the
antimetabolite pemetrexed (96, 97). PM patients who received a combination of cisplatin
and pemetrexed experienced a notable improvement in median survival although the
benefit was only 3 months. The mOS for cisplatin monotherapy was 9.3 months and the
combinational therapy was able to increased it to 12.1 months. This treatment also
resulted in significantly higher response rates (RR) (96). Although the RR for cisplatin-
pemetrexed ChT was 41% in this initial trial (96), a subsequent non-randomized study of
1704 patients revealed RRs of only at 26.3% (98). Another trial tested the efficacy of
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antifolate raltitrexed in a similar setup and got similar results: raltitrexed improved mOS,
progression-free survival (PFS), and RR compared to cisplatin monotherapy (99). For
patients unfit to tolerate cisplatin's toxicity, the alternative is carboplatin, which
demonstrated comparable RR and mOS (98). Unfortunately, the positive effects of
systemic treatment do not last long; within 6 months, many patients experience disease
progression (96, 99). Currently, no validated second-line treatment has been established
(100).

Immunotherapy

The phase 111 CheckMate 743 study tested the efficacy of immune checkpoint inhibitors
(ICIs) nivolumab and low-dose ipilimumab in treatment-naive unresectable PM patients.
The OS was significantly longer in the immunotherapy group compared to those receiving
platinum-pemetrexed ChT, and the 3-year survival was also improved (23% vs. 15% in
the ChT group). The benefit was comparable regardless of histotype, but there was no
significant benefit in PFS (83). Based on these results, the nivolumab-ipilimumab regime
is a newly approved first-line alternative, especially for non-epithelioid patients. Several
other ICIs were tested for second- or subsequent-line treatments, with modest activity
(101-104). Although therapeutic outcomes have improved, some data indicates that a
particular group of patients may experience hyperprogression due to immunotherapy
(105).

Targeted therapy

The phase Il MAPS trial evaluated the efficacy of the combinational treatment of
cisplatin-pemetrexed ChT and the anti-angiogenic agent bevacizumab in unresectable PM
patients. A significant benefit in mOS was evident compared to the standard ChT group
(16.1 months vs. 18.8 months) (106). Although bevacizumab is currently not included in
the standard-of-care ChT, the National Comprehensive Cancer Network (NCCN)
guideline recommends the combination of bevacizumab with cisplatin-pemetrexed ChT
(92).

In preclinical studies, various anti-angiogenic agents demonstrated effective
antineoplastic activity. However, the outcomes of subsequent clinical trials were
controversial (106-110). As of now, there has not been any other anti-angiogenic drug
that has shown a considerable increase in OS in phase 11 trials (111). This highlights the

importance of further investigations of anti-angiogenic therapies in PM.

14



The advancements of multi-omics technologies explored many new possible therapeutic
targets. Although some showed promising preliminary results, the clinical application of
these drugs is yet to be established (112, 113).

Radiotherapy

Radiotherapy is often used after cytoreductive surgery as part of a multimodal therapeutic
plan or as palliative care to manage chest pain. Due to its limited effectiveness, it is
generally not recommended as a standalone treatment option (114). The diffuse nature of
PM and the vicinity of vital organs in the thorax further complicates the application of

radiotherapy (86).

1.2. Tumor-associated angiogenesis

The process of new blood vessel formation from the already existing ones is called
angiogenesis. It is a physiological process during tissue development and wound healing,
but it plays a fundamental role in the malignant transformation that leads to cancer (115).
Tumor vascularization is a complex and multifactorial process that has substantial
scientific literature. Due to the constraints of this thesis, only topics that closely relate to
our findings will be briefly discussed.

Solid tumors rely on the formation of a complex vascular network to sustain their growth
and metastatic potential. Moreover, tumor vascularization has an important role in
therapy resistance mechanisms (116). Research indicates that solid tumors typically cease
development once they reach a size of 2-3 mm and enter a dormant state, but rapid growth
will occur once these dormant tumors are placed into a well-vascularized environment
(117, 118).

The process of angiogenesis is tightly regulated by the dynamic interplay between pro-
and anti-angiogenic factors (119). In tumor angiogenesis, the transcription factor
hypoxia-inducible factor 1 (HIF1) is an essential inducer of pro-angiogenic cytokine
production. Under hypoxic conditions, the dimerization of HIF1 subunits activates
different signaling pathways (VEGF/VEGFR, Notch, PI3BK/AKT/mTOR) to propagate
angiogenesis through endothelial cell (EC) proliferation, migration, and survival (120,
121).
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1.2.1. Vascular endothelial growth factor (VEGF) family

In 1971, Judah Folkman proposed his theory about the essential role of neovascularization
in the growth of solid tumors (117). Folkman assumed that diffusion is insufficient for
nutrient and oxygen supply for the growing tumors above a certain size. He also
hypothesized that tumor cells secret tumor-angiogenesis factor (TAF) to communicate
with blood vessels and induce angiogenesis (122). TAF was also referred to as vascular
permeability factor (VPF), but later this cytokine was identified as VEGF (123, 124).
Nowadays, VEGF is recognized as the most potent, hypoxia-dependent factor of
angiogenesis induction (125).

The VEGF family consists of signaling molecules, VEGF-A, VEGF-B, VEGF-C, VEGF-
D, and placental growth factor (PIGF), and the receptor tyrosine kinases VEGFR-1,
VEGFR-2, and VEGFR-3. VEGF-A can bind to both VEGFR-1 and VEGFR-2 (Fig.3).
VEGFR-1 has higher binding but lower kinase  VEGF-B PIGF  VEGF-A VEGF-C VEGF-D
activity than VEGFR-2 (126). The VEGFR-1 \ / / l /){ /
receptor, exists in membrane-bound and soluble
forms, the soluble form is a “trap receptor”
(127). The primary role of VEGFR-1 in
angiogenesis is the regulation of VEGFR-2
signaling (128). VEGF-B and PIGF can also _

bind to VEGFR-1 (Fig.3), but their role in F'g;:;r?a\éiiii ;es‘;i":;re:”d

angiogenesis regulation is less defined (129). Created with BioRender.com.

VEGFR-1 VEGFR-2 VEGFR-3

The role of PIGF is controversial; some studies found PIGF to enhance angiogenesis
(130), while others proved its anti-angiogenic potentials (131). VEGFR-2 is highly
expressed on lymphatic and vascular ECs and also on tumor cells (132, 133). The main
regulator of angiogenesis is the VEGF-A/VEGFR-2 axis; it mediates multiple signaling
pathways (ERK/PI3K/Akt, FAK, NCK/p38/MAPK) to execute functions leading to
sprouting angiogenesis through EC proliferation, migration, and survival (134-138).
Additionally, VEGF-A acts as a vasodilator and enhances the permeability of
microvessels (139). VEGF-C is also a mediator of angiogenesis through the binding to
VEGFR-2, but its main function is the regulation of lymphangiogenesis through the high
affinity binding to VEGFR-3 (Fig.3). VEGF-D also binds to VEGFR-3 (Fig.3) and
regulates lymphangiogenesis (140).
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Research proved that VEGF is produced by both tumor and stromal cells, and its secretion
Is connected to tumor progression, elevated vessel density, invasiveness, metastasis, and
tumor recurrence (141). VEGF receptor mutations and VEGF overexpression is directly

linked to enhanced angiogenesis and tumor development (142-144).

1.2.2. Mechanisms of tumor vascularization

Previously, tumor vascularization was thought to be the result of the tumor-induced
proliferation of host tissue capillaries by endothelial sprouting (ES). Since several other
vascularization mechanisms were identified, these processes often occur concurrently in
physiological and pathological angiogenesis (145).

Endothelial sprouting

The main events of ES are tip cell selection by lateral inhibition, sprout extension by EC
proliferation and migration towards the VEGF gradient, and lumen formation by
connecting the sprout’s lumen to the parent vessel (146). Ausprunk and Folkmann
described this series of events starting with the postcapillary venule dilation, the loss of
cell-cell interactions, and basement membrane (BM) degradation resulting in vessel
fenestrations. Then, ECs lose polarity and migrate toward the angiogenic stimuli. After
the ECs form a tube and a lumen, new BM is synthesized and stabilized by pericytes
(147). This model has been further developed by Paku and Paweletz. They described a
model where the polarity of ECs and the BM of the sprouting vessels is maintained except
for the tip of the sprout. During the sprouting, BM on the tip is continuously synthesized,
and pericytes are recruited (148). This model offers a better explanation for some issues
unexplained by the first model, like loss and regain of EC polarity and lumen formation
before BM synthesis.

Intussusceptive angiogenesis

A lesser-known form of tumor network formation is called intussusceptive angiogenesis
(IA). In this process, the insertion of connective tissue columns called pillars into the
vessel lumen splits the vessel into two. 1A increases the complexity of the intratumoral
capillary network, thus providing additional space for ES. First, an intraluminal
endothelial bridge is formed, and BM degradation allows the EC to attach to underlying
collagen bundles. Then, the actin cytoskeleton pulls this collagen through the vessel
lumen (149). This process does not require EC proliferation; therefore, it is faster than

sprouting. Vessels going through 1A are better stabilized and more resistant to the effects
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of antivascular therapies. Therefore, it is a possibility that tumors can switch from ES to
IA to evade the consequences of VEGF inhibition (150-152). VEGF-signaling is implied
in the regulation of intussusception, but its exact role in controlling vessel sprouting
versus intussusception is still not fully understood (153).

Vessel co-option

Vessel co-option refers to the incorporation of host tissue capillaries without disrupting
its structure. This method frequently occurs in tissues with abundant vasculature, like
lungs and liver (154). In these tissues, tumor cells invade normal tissue by growing along
the existing vessels and hijacking the vasculature. VVascular co-option is emerging as an
important factor associated with anti-angiogenic therapy resistance (155, 156). This
process is also faster than ES and independent of EC proliferation.

Vasculogenic mimicry

Some aggressive tumors demonstrated the unique ability to form vessel-like structures to
build their vascular network. In vasculogenic mimicry (VM), instead of ECs, the cancer
cells de novo form vessel-like structures. When tumor cells undergo dedifferentiation,
they can develop endothelial-like phenotypes and create channels that facilitate the
transfer of nutrients and blood (157). Several molecular mechanisms, including the
activation of epithelial-to-mesenchymal transition (EMT) pathways contribute to the
establishment of VM (158).

It appears that none of the primary angiogenic cytokines including VEGF, takes part in
the regulation of the creation of these vessel-like structures (157).

Glomeruloid angiogenesis

These structures consist of tightly associated capillary loops with differing BM thickness,
resembling renal glomeruli hence the name. This type of microvascular proliferation is
highly associated with glioblastoma multiforme (159). Glomeruloid angiogenesis does
not require extensive EC proliferation since it is more like a re-organization of
intratumoral capillaries rather than a form of true angiogenesis (160). The process's
molecular mechanism remains unclear. Sundberg et al. suggests that VEGF plays a vital
role in inducing glomeruloid body formation and maintaining these vessels (161). The
vessels are able to supply enough oxygen and nutrients to prevent necrosis in tumors;

therefore, it is considered a poor prognostic factor in some types of cancer (162).
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Postnatal vasculogenesis

In postnatal vasculogenesis bone marrow-derived endothelial progenitor cells (EPCs) are
incorporated into the EC layer of intratumoral vessels as a response to tumor-derived pro-
angiogenic factors including VEGF, (163). After incorporation, EPCs differentiate into

EC and secrete pro-angiogenic factors to attract additional EPCs to the scene.

1.2.3. Antivascular therapy

The idea of targeting tumor vascularization to impair tumor progression and metastasis
was raised along with the establishment of the basic principles of tumor-associated
angiogenesis (117). Given the crucial role of tumor vascularization in cancer progression,
antivascular therapies have been explored to disrupt oxygen and nutrient supplies to block
tumor development and metastasis (160). The majority of antivascular therapies target
VEGF or other growth factor-dependent vascularization methods, although it seems to be
insufficient to hamper tumor progression effectively. Research found that VEGF
inhibition induced apoptosis only in the developing capillaries but not in the already-
established vascular networks (164). Moreover, tumors are able to switch to alternative
vascularization mechanisms to bypass the effects of the blockade of a single pathway,
further reducing the effectiveness of such drugs (145).

Bevacizumab

Bevacizumab (Avastin) is a recombinant humanized monoclonal anti-VEGF antibody
(mAB) and is the first-ever approved antivascular drug for treating colorectal cancer
(CRC) (165). Today, besides CRC, it is used to treat various types of solid tumors
including non-small cell lung cancer, and renal-, ovarian- and cervical cancers. Notably,
since 2016 it is also recommended for the treatment of PM in combination with standard
ChT (106).

Nintedanib

Nintedanib is an oral small molecule receptor tyrosine kinase inhibitor (RTKI) with
activity against the tyrosine kinase receptors VEGFR-1 - 3, PDGFR a, B, and FGFR-1 -
3(166). Nintedanib has demonstrated preclinical and clinical anticancer potential and has
been approved for the second-line treatment of lung adenocarcinoma and idiopathic
pulmonary fibrosis (167, 168).

Vessel normalization theory
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The abnormal vasculature in tumors contributes to hypoxia, inadequate drug delivery, and
increased interstitial pressure, which can hinder the effectiveness of the applied
treatments. The vessel normalization theory proposes that restoring the balance of tumor
blood vessels can improve drug delivery, reduce metastasis, and enhance the overall
efficacy of anticancer therapies (169). Tumors often exhibit a chaotic and disorganized
vascular network characterized by tortuous, leaky, and irregularly shaped blood vessels
(146). These vessels are functionally compromised leading to poor blood flow, and thus
to uneven distribution of oxygen, nutrients and therapeutic agents. The abnormal
vasculature also promotes the extravasation of cancer cells into the bloodstream
facilitating metastasis. According to this theory, the normalization process helps to restore
vessel integrity, improve blood flow, reduce vessel leakiness, and enhance oxygenation
within the tumor microenvironment. Moreover, increased immune cell infiltration
enables a more robust antitumor immune response (170). Preclinical research
demonstrated that propagating vessel normalization could improve cancer therapy by
increasing blood flow and oxygenation to tumors, making conventional treatments more

effective and reducing the risk of metastasis (171, 172).

1.2.4. Angiogenesis in PM

Evidence suggests that angiogenesis is important in PM development (173). A study
found 2-3 folds higher serum levels of VEGF in PM patients compared to other cancer
patients and healthy individuals (174). PM patients had higher levels of serum VEGF than
individuals with documented asbestos exposure but without PM (175). Moreover, PM
patients’ tumor tissue samples showed higher microvessel density (MVD) than other
cancers, and higher MVD correlates with poor survival (176). Besides VEGF, many other
pro-angiogenic factors are known for their role in angiogenesis regulation; platelet-
derived growth factor (PDGF) is proven to be a crucial autocrine stimulator and has an
importance in the pathogenesis of PM (177, 178). Fibroblast growth factors (FGFs) were
also implicated in PM pathogenesis, with their role in stimulating proliferation and
migration (179). High FGF-2 expression correlates with increased tumor aggressiveness
and poor prognosis (180).

Notably, two prognostic factors are linked to angiogenesis in PM: high circulating VEGF

levels and increased MVD are both negative prognosticators (175, 181).
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2. Objectives

PM is arare but fast-growing thoracic malignancy characterized by rapid progression and
poor prognosis (182). The vasculature plays an essential role in the advancement of solid
tumors and in hypoxia-mediated chemo- and radiotherapy resistance (183). Tumor
vasculature can be very diverse in appearance and in formation (184). Besides sprouting
angiogenesis, the most well-known way of tumor vascularization, several alternative
vascularization methods are known today. One of these mechanisms is called vascular
co-option. In this process, the tumors gain vasculature without neo-angiogenesis by
incorporating the already existing vascular network of the host tissues (145). Combining
antivascular agents with ChT can improve cancer treatment effectiveness. Based on
previous research, it has been concluded that angiogenesis is a crucial factor in the biology
of PM (173). So far, bevacizumab (anti-VEGF antibody) is the only molecular-targeted
therapy available for treatment of PM (86). However, bevacizumab is anticipated to be
effective only in tumors expressing high levels of VEGF (107). Effective personalized
treatment methods for PM require further exploration of key vascularization mechanisms

and the development of novel anti-angiogenic approaches.

Our research aimed to assess the microanatomical steps of PM vascularization by
investigating the vascularization processes of orthotopically implanted human PM
nodules and their protein- and gene expression backgrounds. We also assessed the in vitro
characteristics of the PM cells according to their motility, invasion potential, and
interaction with ECs in spheroid co-cultures. Moreover, we analyzed the role of secreted
VEGF-A in tumor-induced vascular plexus formation. Finally, we studied the antitumor
and antivascular effects of two anti-angiogenic drugs (bevacizumab and nintedanib) in
vitro and in orthotopic human PM xenograft models. We compared the effectiveness of
these agents in monotherapies and in combinations with conventional ChT regimes.

All animal experiments were performed following the ARRIVE guidelines and were
approved by the Animal Care and Use Committee of Semmelweis University in
compliance with National Institute of Health (NIH) guidelines for the care and use of

animals.
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3. Methods
3.1. Celllines

In total 20 PM cell lines, one immortalized mesothelial cell line, and three normal
mesothelial cell cultures were used in our studies. SPC111, SPC212, and M38K cells
were established from human biphasic PMs and kindly provided by Prof. R. Stahel
(SPC111 and SPC212, University of Zurich) and by Prof. V.L. Kinnula (M38K,
University of Helsinki). The epithelioid cell lines P31 and 12 were kindly provided by
Prof. K. Grankvist (P31, University of Umea) and Prof. A. Catania (12, University of
Milano). The VMC and Meso PM cell lines were established at the Medical University
of Vienna. The non-malignant mesothelial cell line Met5A (ATCC CRL-9444) was
purchased from the American Type Culture Collection. The NP normal mesothelial cell
cultures were established from pleura tissue samples of patients operated on for
spontaneous pneumothorax. HUVEC primary endothelial cells were purchased from
Lonza and maintained in EGM2 medium. PM and mesothelial cells were maintained in
RPMI-1640 or DMEM supplemented with 10% Fetal Bovine Serum (FBS) and 1%
penicillin-streptomycin solution. All cell lines were maintained at 37°C in a humidified
incubator with 5% CO2.

We also studied VEGF-A overexpressing SPC111 (SPC111-RFP-VEGF-A), SPC111-
RFP, SPC111-mCherry and P31-mCherry cells. These transgenic cell lines were
generated by infection with replication incompetent pseudotyped retroviruses and
subsequent antibiotic selection. For that, the open reading frames of mCherry, RFP or
VEGFA121 were subcloned into the retroviral expression plasmids pQCXIP or pQCXIN
from Clontech. The retroviral expression plasmids were then co-transfected into HEK293
cells with the helper plasmids pVVSV-G and p-gag-pol-gpt to generate viral particles. Viral
particles were harvested after 72 hours and used for infection of target cells without
enrichment. PM cells stably expressing the transgenes from the pQCXIP or pQCXIN
constructs were selected by treatment with puromycin (0.8 pg/ml) or G-418 (500 pg/ml),

respectively, for two weeks.

3.2.  Animals
For the in vivo experiments eight-week-old male SCID mice were used. All animal
experiments were carried out in accordance with the ARRIVE guidelines (185) and with

the animal welfare regulations of the host institutes.
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According to the institutional animal welfare guidelines, all mice were maintained on a
daily 12-h light/12-h dark cycle and were housed under pathogen-free conditions in
microisolator cages with laboratory chow and water ad libitum. Body weights were
monitored every other day, and animals demonstrating severe stress or 20% of weight

loss were euthanized.

3.3. Orthotopic PM model

Under anesthesia (Ketamine-Xylazine, 80:12 mg/kg,), a midline incision was made on
the chest of the mice, muscles on the right side were separated and cells (2x10% SCP111
cells or 1x10° P31 cells) were injected between the 2" and 3" ribs. Before the tumor cell
inoculation, the analgesic, butorphanol (0,4 mg/kg) were administered intramuscularly.
To study the vascularization of PM nodules, animals were sacrificed at 5, 7, 12, 21, 24,
29, 31 and 35 days after SPC111 cell injection, 4, 42 and 52 days after P31 cell injection
and 3, 4 and 7 days after SPC111-RFP-VEGF-A cell injection.

In the next set of experiments, we studied the in vivo effects of nintedanib treatment. Once
PM nodules reached a macroscopically visible size (28 days after tumor implantation),
mice (n=9/group) were randomized into treatment and control groups. For the survival
experiments, animals with human P31 PM growing in the thoracic cavity received 1.
nintedanib per os (PO, 50 mg/kg), 2. nintedanib intraperitoneally (IP, 50 mg/kg), 3.
solvent PO or 4. solvent IP. Animals were weighed three times a week and euthanized
when they showed significant morbidity. Nintedanib was dissolved either in
methylcellulose (PO treatment) or in DMSO (IP treatment).

For the tumor growth experiment, P31 or SPC111 tumor-bearing animals were
randomized into the following groups (n=9/group): 1. solvent IP, 2. cisplatin (3 mg/kg,
dissolved in 0.9% NaCl IP) and pemetrexed IP (30 mg/kg, dissolved in 0.9% NaCl), 3.
nintedanib IP (50 mg/kg, dissolved in DMSO), 4. bevacizumab IP (10 mg/kg), 5. cisplatin
and pemetrexed in combination with nintedanib IP, 6. cisplatin and pemetrexed in
combination with bevacizumab IP.

The treatments started 21 and 12 days after P31 and SPC111 tumor cell inoculation,
respectively. In both sets of experiments, cisplatin was applied once weekly, pemetrexed
and nintedanib were administered five times a week on consecutive days, while
bevacizumab was injected twice weekly. Body weight was checked thrice a week. The
experiments were terminated on the 28th day (P31 tumors) and 16th day (SPC111 tumors)
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of treatments due to signs of distress in the control groups. Two hours before the mice
were sacrificed, 500 mg/kg 5-bromo-2’-deoxyuridine (BrdU) in 0.9% NaCl was injected
IP. Tumor nodules were harvested, weighed, and frozen in liquid nitrogen.

For comparing two groups, Mann-Whitney U tests were applied. One-way ANOVA with
Tukey’s multiple comparison test was used for the comparison of more than two groups.
The correlations between different parameters were calculated by Spearman correlation
test. Kaplan-Meier curves for animals' survival were evaluated and the log-rank test was
used to establish the significance of the difference. All statistical analysis was performed
by using GraphPad Prism 5.0 software. P values are given as two-sided and were
considered statistically significant below 0.05.

3.4. Immunofluorescence analysis: whole-mount samples

After euthanizing the mice diaphragms were fixed by injecting 2% paraformaldehyde (4
°C) into the abdomen (2 ml) and into the thorax (1 ml). After 15 minutes, the diaphragm
was removed and washed in phosphate buffered saline (PBS). The sample was
permeabilized with 1.25% Triton-X 100 (15 min, RT). After washing, samples were
incubated overnight with CD31 antibody. After 8 hours of washing in PBS, samples were
incubated overnight with the appropriate secondary antibody. After another 8-hour
washing, samples were put onto slides, covered (Fluorescence mounting medium), and

analyzed by confocal laser scanning microscopy using the Bio-Rad MRC-1024 system.

3.5.  Immunofluorescence analysis: frozen sections

The diaphragm was removed, then tumors were cut out and embedded into cryomatrix as
follows: Cryomolds were filled half full with cryomatrix and were frozen in isopentane
chilled with liquid nitrogen. Cut-out diaphragms with tumors were put onto a teflon card
and were frozen to ensure that the samples remained flat. The frozen samples were put
on the top of the frozen cryomatrix and the mold was filled with cryomatrix and quickly
frozen. Frozen sections cut perpendicular to the surface of the diaphragm (15 pm) were
fixed in methanol (at -20 °C) for 10 minutes and incubated at room temperature for 1 hour
with a mixture of primary antibodies (Table 2.). After washing, sections were incubated
for 30 minutes with appropriate secondary antibodies. Samples were analyzed by

confocal laser scanning microscopy using the Bio-Rad MRC-1024 system.
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Table 2. Antibodies and fluorescent dyes used for immunofluorescence
Antibody Species Dilution
CD31 Rat monoclonal 1:50
Laminin Rabbit polyclonal 1:200
PanCK Rabbit polyclonal 1:100
BrdU Mouse monoclonal 1:50
SMA Mouse monoclonal 1:200
Fibronectin Rabbit polyclonal 1:200
Human Collagen type | Rabbit polyclonal 1:50
Collagen type | Rabbit polyclonal 1:50
Lyve-1 Rabbit polyclonal 1:200
Alexa Fluor 488 Donkey-anti-rat 1:400
Alexa Fluor 488 Donkey-anti-mouse 1:400
Alexa Fluor 555 Donkey-anti-mouse 1:400
Alexa Fluor 555 Donkey-anti-rabbit 1:400
DAPI (100pg/ml) 1:50
TOTO-3 (1 mM) 1:500

3.6. Electron Microscopy

Tumor-bearing animals were anesthetized as mentioned above and perfused via the left
ventricle with PBS for 10 minutes and with a mixture of 4% paraformaldehyde and 1%
glutaraldehyde in PBS for 15 minutes at room temperature. Diaphragms with tumors were
removed, cut into 1-2 mm pieces, and immersed in the same fixative for an additional 2
hours. Pieces were post-fixed in 1% OsO4 and 0.5% K-ferrocyanide in PBS for 2 hours,
dehydrated in a graded series of acetone and embedded in Spurr’s mixture. Samples were
analyzed on semithin sections stained by 0.5% toluidine blue (pH 8.5). Ultrathin sections,
cut by an RMC MT-7 ultramicrotome, were contrasted with uranyl-acetate and lead

citrate and analyzed using a Philips CM10 electron microscope.

3.7. Determination of the tumor cell proliferation index (PI)

Animals received 200 mg/kg BrdU 1 hour prior to termination. Immunolabeled (PanCK,
BrdU, DAPI) and scanned (Pannoramic Scanner) frozen sections of SPC111 tumor
colonies were divided into four quarters according to the supply of the nutrients (Q1: area
of the tumor facing the lung, Q2: area of the tumor facing the diaphragm, Q3, Q4: area of
the tumor facing the vascular proliferations located at the two sides of the sectioned tumor
colonies. Proliferating (BrdU labeled) and all tumor cells (DAPI) were counted

(Pannoramic Viewer software). The Pl was defined according to the next formula: Pl (%)
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= (number of proliferating cells/number of all cells) x 100. The presence of vascular
proliferations and lack of intratumoral vessels was monitored by appropriate serial
sections (CD31, laminin) from at least 4 different depths of the tumor nodules. Samples
containing intratumoral vessels were omitted. The average size of the examined tumors
was 1034+255 x 355+77 pm.

3.8. ELISA

PM cells were seeded in the appropriate culture medium. On the next day, the medium
was replaced with serum-free medium and cells were incubated for 24 hours. Adherent
cells were lysed in RIPA buffer and protein concentration was determined using the
Pierce BCA kit. VEGF-A was measured in the supernatant by ELISA (DVEO0O) and

secretion was calculated as pg VEGF-A/ml.

3.9. Spheroid formation

For endothelial sprout growth assay, HUVEC, P31 and SPC111 spheroid aggregates were
created by seeding cells in aggregation chambers that do not support cell adherence. The
chambers were then incubated in EGM-2 medium for 1 day allowing cells to self-organize
into spheroid aggregates. These aggregates were collected and embedded in 3 mg/ml
fibrin gel prepared as described earlier (186). Briefly, 3 mg/ml human fibrinogen was
combined with 200 U/ml aprotinin, 2 U/ml human thrombin, 2.5 mM CaCl2 and 2 U/ml
human factor XIII, then HUVEC and P31 or SPC111 aggregates were added and the
solution was transferred and allowed to gelate in circular wells. These 6 mm diameter
circular open wells of 50 ul volume were created by filament-deposition (*3D") printing
(Ultimaker V2) of poly-lactic acid (PLA) well walls in 35-mm tissue culture dishes using
a customized technique described recently (187). Fibrin gels containing the two types of
spheroid aggregates were covered with 3 ml EGM-2 medium supplemented with 40 ng/ml
bFGF, 40 ng/ml VEGF, 80 nM PMA, and 50 pg/ml ascorbic acid as described earlier
(188) and they were kept at 37 °C in a humidified incubator with 5% CO2 atmosphere.

Spheroid size ranged between 300 and 400 ums in diameter.

3.10. Endothelial sprouting anisotropy analysis

Anisotropy of the sprout arbor growing from endothelial (HUVEC) aggregates in contact
with PM spheroids in fibrin gel co-cultures was measured on the basis of sprout
morphology and by using a modified Sholl analysis (189) developed earlier (190). The
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algorithm’s source code is shared at https://github.com/gulyasmarton/SproutAnalysis/.
Brightfield z-stack images with z-steps of 20 um were collected from the sprouting cell
aggregates fixed with 4% paraformaldehyde and stained with toluidine-blue. The ImageJ
software was used to segment the images for individual sprout identification. Based on
the binarized 2D images and the optical system’s depth-of-field parameter (10 microns),
we generated voxels and created a 3D reconstruction of the entire volume of the sprout
arbor.

Next, we inserted concentric cylinders separated with a radial distance of 20 um into the
reconstructed volume and identified areas where sprout segments traversed the cylinder
surfaces. We applied the ImageJ particle detection algorithm (191) to identify individual
sprouts. We used these identified sprout segments to create vectors pointing from the
center to a given cylinder. Vectors were then normalized into the unit range and averaged
to yield the anisotropy value for each sprout arbor. Thus, the value 0 corresponds to a
fully isotropic arbor morphology while 1 corresponds to a fully anisotropic arbor where
all sprouts extend in the same direction. The sprout anisotropy measure was calculated
for several sprout arbors and the pooled data were subjected to statistical analysis.

Four radii of invaded area around of each aggregate were measured using ImageJ.
Average values were determined, then each average radius was normalized by the average
radius of original aggregates (R/R0). At least 7 aggregates were measured and averaged
for each substrate and each cell line. Statistical analyses were performed using Student’s

unpaired t-test.

3.11. Invasion assays

Spheroids of SPC111 or P31 cells were transferred onto TC plastic or fibronectin-coated
(5 pg/ml) surfaces. Other spheroids were embedded in collagen type I gels (1.7 mg/ml)
and were prepared following the manufacturer’s instructions. Finally, some aggregates
were embedded in combined collagen/fibronectin gels, which was produced by mixing
fibronectin (10 pg/ml final concentration), human factor FXIII (2 U/ml) and thrombin
(0.2 U/ml) to 1.7 mg/ml collagen type I gel.

Gels were made and kept in 6 mm diameter PLA wells, 3D printed on 35-mm culture
dishes (187). First, 30 pul gel solution was poured into the wells and was allowed to form
a 0.5 mm thick gel (measured at the center of the well) at 37°C for 30 minutes. Then to

each well, a few spheroids were added within an additional 30 ul of gel solution, which
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was layered on the surface of the already solid hydrogel. After gelation at 37°C, for 30
minutes the 1 mm thick spheroid-containing gel sandwiches were submerged in DMEM
medium supplemented 10% FBS. Multi-field phase-contrast mosaic images of the
aggregates were taken after seeding and after 48 hours by using a Leica DM IRB inverted
microscope equipped with a motorized stage (Marzhauser SCAN-1M), a 10X HC-PLAN
objective (NA 0.25, working distance 11.0 mm), and an Olympus DP70 CCD camera.

3.12. RNA isolation, reverse transcription and real-time qPCR

Isolation of total RNA from cell lines was performed using TRIzol Reagent.
Contaminating DNA was removed with TURBO DNA-free kit. One ug total RNA per
sample was reverse-transcribed with a high-capacity cDNA reverse transcription kit as
recommended by the supplier.

Real-time qPCR was performed by the ABI 7500 Fast Real-time PCR system, the
following ABI TagMan assays were used according to the manufacturer’s instructions:
COL1A1 (Hs00164004_m1), PDGFRA (Hs00183486_m1), PDGFRB
(Hs00387364_m1), FGFR1 (Hs00915134 gl), FGFR2 (Hs00256527_m1), FGFR3
(Hs00179829_m1), VEGFR1 (Hs01052961), VEGFR2 (Hs00911700_m1) and VEGFR3
(Hs01047677_m1). GAPDH (Assay ID: Hs02786624 gl1) was used as endogenous
control. The relative gene expression was calculated using the AAC(T) method described

by Livak and Schmittgen (192).

3.13. Array comparative genomic hybridization (array CGH)

Isolation of genomic DNA and array CGH analysis were performed as described
previously (193) using 4x44K human whole genome oligonucleotide-based arrays
(Agilent). Labeling and hybridization procedures were performed according to the
instructions provided by Agilent using the SureTag DNA Labeling Kit. Slides were
scanned with a G2505B Micro Array Scanner (Agilent). Feature extraction and data
analysis were carried out using the Feature Extraction and Agilent Genomic Workbench
software, respectively. Gene dose was categorized into normal, gain, amplification
(ampl), loss, and deletion (del). This was done by calculating the mean signal (log2 ratio)
of the respective number of oligonucleotides present on the microarry for each gene (2
oligonucleotides for VEGFR2, 3 for PDGFRA, 5 for PDGFRB, 5 for FGFR1, 1 for BAP1,
3 for CDKN2A, 4 for NF2). Borders for gain or loss were set to +0.2 or -0.2, and for
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amplification or deletion to +1 or -1. In case of partial gene loss or deletion, mean signals
for each part of the gene were calculated.

3.14. Chemosensitivity assays

To determine cell viability, sulforhodamine B (SRB) assay was performed as published
(194). PM cells were seeded in 96-well plates 24 hours prior to drug exposure and then
treated with different cisplatin and nintedanib concentrations for 72 hours. In order to
study drug interactions, combination indices (CI) were calculated according to Chou and
Talalay (195) with the CalcuSyn software (Biosoft). Cl values <0.9, from 0.9 to 1.1, or
>1.1 represented synergism, additive effects or antagonism between nintedanib and

cisplatin, respectively.

3.15. Clonogenic assay

Cells were seeded into 6-well plates at densities of 1x10° to 2x10° cells/well 24 hours
before treatment. Medium containing fresh drugs was added every 4 days. After 7 and 14
days, cells were washed with PBS, fixed with the mixture of methanol and acetic acid and
stained with crystal violet as published (179). Plates were scanned with TissueFaxs. Cell

colonies were then destained and clonogenicity was quantified by a plate reader.

3.16. In vitro proliferation and apoptosis assays

For the BrdU incorporation assay, cells (1.5x10* per well) were plated on cover slips in a
24 well plate in cell culture medium containing 10% FBS. After 24 hours, cells were
treated with different concentrations of nintedanib. 48 hours later the slides were
incubated with 10 uM BrdU for 2 h at 37°C, washed with PBS and fixed with Histofix
for 10 minutes. For BrdU staining, cells were permeabilized with Triton X, DNA was
denatured with 2N HCI for 15 minutes, blocked with 2% non-fat dry milk for 20 minutes
and then incubated with a BrdU antibody (mouse, 1:50 in PBS) for 60 minutes, followed
by appropriate secondary antibody and DAPI and finally covered in Prolong Gold
Antifade reagent. Images were taken with an LSM 700 laser scanning microscope. The
ratio of BrdU and DAPI-positive nuclei were counted in at least 2000 cells in total to
determine the percentage of proliferation.

For the TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay,
cells were plated and treated as described above. After 2 days of incubation with
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nintedanib, slides were fixed in Histofix and TUNEL staining was performed using an
in-situ cell death detection kit according to the manufacturer’s instructions.

3.17. Analysis of in vitro migratory activity

2D videomicroscopy measurements were carried out as described previously (196).
Briefly, cells were plated on 24-well plates and incubated overnight in cell culture
medium supplemented with 10% FBS. For measurements, culture medium was changed
to COz-independent medium supplemented with 10% FBS. Cells were cultured in a
custom designed incubator built around an inverted phase-contrast microscope (World
Precision Instruments). Images were taken every 5 minutes from 3 neighboring
microscopic fields. Nintedanib was added after 24 hours of observation and cells were
followed for an additional 24 hours. The captured pictures were analyzed with a cell-

tracking program and the migrated distance was determined as described earlier (196).

3.18. Immunohistochemical analysis of xenograft tumors

Consecutive 10 um frozen sections were prepared and fixed in methanol (for
hematoxylin, CD31 and BrdU staining) or 4.5% Histofix (for cleaved caspase-3 staining).
For microvessel labeling, the slides were incubated with rat monoclonal anti-mouse CD31
antibody (dilution 1:50) followed by Alexa 555-conjugated anti-rat 1gG. To detect
apoptotic cells, sections were incubated with cleaved caspase-3 antibody (dilution 1:400)
and anti-rabbit FITC. To determine the proliferation rate of tumor cells, anti-BrdU mAB
(dilution 1:50) and FITC-conjugated anti-mouse IgG were applied. Nuclei were stained
with DAPI. Slides were scanned by TissueFAXS (TissueGnostics) and ImageJ was used
to analyze the images as described recently (197). Relative microvessel areas (MVAS)
were calculated by counting the number of CD31-positive pixels in the total tumor area.

The percentages for cleaved caspase-3 and BrdU-positive pixels were also determined.

3.19. Magnetic Resonance Imaging (MRI)

For MRI imaging, terminated mice without thoracotomy were placed in a 50 ml falcon
tube head first and fixed in 10% formaldehyde. Tubes were inserted in a small volume
resonator for MRI on a 9.4 Tesla Scanner (Biospec 94/30). T2- weighted imaging of the
mouse thorax was carried out in axial, sagittal and coronal planes with the following
sequence parameters: time of echo = 25.58 ms, time of repetition = 1904.86 ms, flip angle
= 90°, FOV = 30.720x30.720 mm, number of averages = 9, RARE factor = 8, slice
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thickness = 0.6 mm, slice number = 23, matrix size = 256x256 (coronal and sagittal) and
320x320 (axial). The overall examination time was approximately 30 minutes per sample.

For assessment of images the in-built software Paravision 6.0 was used.
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4. Results

4.1. Tumor vascularization in PM

4.1.1. Early process of vascularization

To better understand the mechanisms of tumor vascularization in PM, human PM cell
lines were injected orthotopically into the pleural cavity of immunodeficient mice. Then,
intrathoracic tumors were allowed to grow until the animals became moribund. Animals
injected with SPC111 cells showed severe distress after 28-35 days, while it took 42-45
days for animals injected with P31 cells to reach this state. At this time, PM nodules, 1-3
mm in size, were observable all over the chest cavity, including the diaphragmatic
(Fig.4A) and costal (Fig.4B) surfaces of the parietal pleura. We found that the early
process of tumor vascularization is identical in the two orthotopic PM models we
examined. Upon macroscopical examination, the two cell lines displayed similar
dissemination patterns and morphological characteristics. However, SPC111 nodules

reached this state slightly faster, explaining why the mice became moribund more quickly

than the ones inoculated with P31 cells.

Figure 4. PM nodules on the surfaces of the chest cavity

A. SPC111 nodules scattered on the entire surface of the diaphragm 24 days after injection of tumor cells.
Inset shows a single nodule surrounded by a highly vascularized area of abundant dilated vessels. B. P31
nodules located on the costal surface of the parietal pleura, 42 days after orthotopic injection. Arrows point
at representative nodules. Scale bars: 1 mm

The diaphragms were removed whole, and analyzed by confocal (whole-mount
preparation and frozen sections) and electron microscopy. The results showed that both
PM cell lines induced dense, tortuous vascular proliferations that bulged into the pleural

space and covered large areas of the diaphragm. The vessels of these vascular
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proliferations were dilated and arranged irregularly; in contrast, the normal vessels of the
diaphragm are narrow and run parallelly (Fig.5A-B). PM nodules stimulated pleural
angiogenesis peritumorally and also distant from the tumor site. Regardless of the
duration of the experiment, the vascular proliferations were not confined to regions
covered by tumors but were found throughout the surface of the diaphragm. This tumor-
independent capillary plexus growth on the pleural surface was observed in both groups,

and these vascular deposits were homogenous between cell lines.

Figure 5. Whole-mount immunostaining of PM nodules on the surface of the
diaphragm

A. Vascular proliferations (CD31, green) surround small SPC111 colonies (mCherry, red, arrows) on
the surface of the diaphragm, 21 days after tumor cell injection. B. Immunostaining of CD31 (green),
and P31 tumor cells (mCherry, red), 52 days after tumor cell injection. Arrows point at the periphery of
the nodule. The mCherry expression of P31 cells in this colony is low. Vascular proliferations are present
around and inside the nodule. Tumor cells are also visible in the efferent lymphatic vessel (arrowheads).
Scale bar (A, B): 100 um

4.1.2. Mechanisms of tumor-induced vascular plexus formation

We thoroughly examined the vascular plexuses to gain a deeper understanding of PM-
induced angiogenesis. Our findings suggest that both ES and IA contribute to the
formation of PM-induced vascular plexus. The growing capillary plexuses elevated above
the original diaphragmatic surface while remained covered by the mesothelium (Fig.6A).
We used 3D reconstruction of CD31 stained samples and observed numerous blind
endothelial sprouts and intraluminal pillars of different sizes within these capillary
plexuses (Fig.6B-C).
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Figure 6. Early-stage capillary plexus proliferations on the surface of the
diaphragm

A. Semi-thin cross-section of a capillary plexus elevated above the surface of the diaphragm 35 days
after SPC111 tumor cell injection. Arrows point at the mesothelial cover. Scale bar: 50 um B. Horizontal
view of a whole mount sample 12 days after SPC111 tumor cell injection. CD31 (green) staining shows
numerous endothelial sprouts (arrows) located above the diaphragm's original vasculature. Scale bar: 25
pm C. CD31 (green) staining 5 days after SPC111 tumor cell injection. Pillars of different sizes
(hallmarks of intussusceptive angiogenesis) appear as black holes (arrows) within the tortuous vascular
plexus. Scale bar: 50 um

The first step and a distinctive feature of IA is the formation of transluminal pillars
within the vessel lumens (149). By electron microscopic analysis, close to the original
surface of the diaphragm, we found that the pillars contained collagen bundles, which
are basal components of these structures (149) (Fig.7A). However, higher above the
diaphragmatic surface, these pillars, consisted of fibronectin-rich amorphous
extracellular matrix (ECM), instead of the collagen bundles (Fig.7B). Accordingly, at
this level, a loose fibronectin-containing matrix is concentrated around the
microvessels, embedding capillaries. This provisional matrix showed signs of

maturation as collagen fibers appeared around the vessels.
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Figure 7. Electron micrographs of tumor-induced vessel proliferations
A. A vessel close to the level of the original surface of the diaphragm. Cross section of a pillar (P) is
visible within the vessel lumen (L). Right upper inset: the pillar is composed of a collagen core (C)
covered by endothelial cells (EC). Right lower inset: the endothelium of the vessels undergoing
intussusceptive angiogenesis contains fenestrations (arrows). Scale bar: 1 um B. A vessel above the
original surface of the diaphragm containing a pillar (arrow). Right upper inset: higher magnification
endothelial cells (EC) cover amorphous material in the core of the pillar (arrow). Left lower inset:
immunohistochemical staining shows that in a capillary lumen (L), fibronectin (red) is located in the
core of a pillar (arrow) which is surrounded by CD31 (green) positive endothelial cells (arrowheads).
Scale bar: 2 um (B), 1 um (right upper inset), 10 pm (left lower inset)

The endothelium of the proliferating capillaries had fenestrations (Fig.7A right lower
inset). Alpha-smooth muscle actin (SMA)-positive pericytes surrounded the capillaries
of the vascular plexuses. In contrast, pericytes of the capillaries situated deeper in the
diaphragm were negative for SMA. In late-stage tumor nodules, SMA-positive

myofibroblasts were embedded in fibronectin and collagen type | matrix (Fig.8A-B).

Figure 8. Maturation of capillary plexuses

A. Avascular SPC111 tumor sample on day 21, CD31 (green) and fibronectin (red). The ECM of the
tumor contains fibronectin. At the lower part of the micrograph, fibronectin covers the regularly arranged
muscle fibers (appear black). Scattered capillaries are visible among the muscle fibers. B. Late-stage (35
days) SPC111 sample, SMA (green), and collagen type | (red). The high-power micrograph shows that
the SMA-positive myofibroblasts are embedded in collagen type | containing matrix. A-B Scale bar: 50
pm
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4.1.3. Differences in the vascularization process of the two examined cell lines
Although the early vascularization of the two cell lines was uniform, we found
significant differences in tumor vascularization during later stages. To be able to
analyze the relationship between the developing vasculature and the growing tumor
nodules from the earliest stage, the tumor cells were labeled by a red fluorescent
protein, mCherry. At a very early stage (4-5 days following inoculation), a few tumor
cells were located within small vascular proliferations (Fig.9A-B). However, the
growing SPC111 colonies pushed away capillary proliferations and remained avascular
for up to 2-4 weeks (Fig.9C-D).

Figure 9. Early vascularization of PM nodules

A. Small vascular proliferation above the original vasculature of the diaphragm. A low number of tumor
cells (mCherry, red, arrow) can be observed 5 days after inoculation of SPC111 tumor cells. Whole
mount sample stained for CD31 (green). B. A low number of P31 tumor cells (mCherry, red, arrows)
can be observed within and around the small vascular proliferation 4 days after tumor cell inoculation.
Whole mount sample stained for CD31 (green). C-D. SPC111 nodule (mCherry, red) 21 days after tumor
inoculation on the surface of the diaphragm. Vascular proliferations (CD31, green) were pushed away
by the SPC111 colony (red). For clarity, the green (CD31) channel shows that there are no vessels within
the SPC111 nodule shown in C. Under the nodule, normally parallelly arranged vessels of the diaphragm
are visible (arrows). Scale bars: 25 um
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In SPC111 tumors, microvessels appeared only at a later stage of development, around 5
weeks after inoculation. The first step of SPC111 tumor vascularization is a desmoplastic
reaction underneath the tumor nodule. The deposition of desmoplastic connective tissue
at the base of the tumor colonies, mainly at the center, preceded SPC111 vascularization.
The tumor subsequently invaded this desmoplastic matrix, as malignant cells appeared
between the layers of the ECM (Fig.10A). The aforementioned process resulted in the
incorporation of an ECM network into the avascular tumors forming connective tissue
paths (Fig.10A). This matrix consisted of collagen type I, fibronectin, and myofibroblasts
(Fig.10B). Using species-specific antibodies, we were able to establish the mouse origin
of this matrix (Fig.10B).

Figure 10. Connective tissue deposition in SPC111 tumor nodules
A. Semi-thin section of an SPC111 tumor shows the separated and elevated layers of the desmoplastic
matrix (arrows) at the basal part of the tumor colony as a result of the invasion and growth of the tumor
cells. B. SPC111 sample on day 29 stained for CD31 (green) and mouse-specific collagen type | (red).
The vessels are located at the center of the tumor base and are embedded into collagen type | containing
desmoplastic matrix of mouse origin. The vessels follow the connective tissue paths toward the inner
part of the nodule (arrowheads). Scale bar: 50 um
During the process of tumor vascularization, first, small capillaries originating from the
vessels of the diaphragm appeared in the desmoplastic connective tissue beneath the
colonies (Fig.11A). Subsequently, these vessel proliferations sprouted further into the
tumor through the engulfed connective tissue paths (Fig.11B-C) and remained confined
to this compartment. (Fig.10B). With the help of 3D reconstruction, we concluded that
connective tissue layers form a continuous network and layers become elevated by tumor

cells which penetrate between the layers of the matrix.
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Figure 11. Sprouting angiogenesis in SPC111 nodules

A. The base of an SPC111 tumor nodule on day 29. Vessels are labeled by CD31 (green), the matrix is
stained by collagen type | (red). The initial phase of vascularization of the tumor nodule shows the
appearance of the vessels (arrows) in a collagen-containing desmoplastic matrix located beneath the
tumor nodule. Diaphragm (D), tumor (T). Scale bar: 50 um B. Section of a 29-day-old SPC111 tumor
nodule, CD31 (green) and fibronectin (red). Fibronectin highlights the SPC111 tumor nodule (T) and the
diaphragm (D). One vessel sprouts towards the tumor center from the desmoplastic matrix at the base of
the tumor nodule (arrow). Inset: the sprouting vessel (CD31, green, arrow) is continuous with the vessels
located in the desmoplastic tissue (arrowhead). Scale bar: 200 um (B), 25 um (inset) C. The high-power
micrograph shows a sprout (CD31, green, arrows) oriented toward the tumor center (T). The sprout is
embedded in collagen type | containing connective tissue (red). Note that the sprout is continuous with
the vascular network of the diaphragm (arrowhead). Scale bar: 25 pm

In contrast, P31 tumor nodules developed into well-vascularized tumors from an early
stage, as the P31 cells continuously invaded and incorporated the network of the
proliferating vessels (Fig.12). As for the ECM composition of P31 tumors, we observed
large amounts of collagen type | and fibronectin scattered among the tumor cells.
Fluorescent staining of frozen sections of late-stage P31 tumors showed high amounts of
fibronectin deposited evenly in the nodule and vessels are regularly arranged within the

fibronectin matrix trunks.

Figure 12. Vascularized late-stage P31 nodule
P31 nodule on day 42 is well-vascularized according to CD31 (green) labeling. Laminin (red) reveals
the borders of the diaphragm and the tumor nodule. Scale bar: 200 pm
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ECM deposition plays a crucial role during tumor vascularization. With
immunofluorescent staining, we found significantly higher collagen type | accumulation
in P31 tumors (Fig.13B). Interestingly, our studies using species-specific collagen type |
antibodies revealed that in P31 tumors, the majority of collagen type | was of human
origin, concentrated in the center of the tumors (Fig.13B). On the other hand, SPC111
tumors were almost entirely negative for human-specific collagen type | staining
(Fig.13A). To confirm this finding at the mMRNA level, we analyzed the expression of the
human COL1A1 gene with real-time PCR in both cell lines. We found that the relative
expression levels of the COL1ALl were significantly higher in the P31 compared to
SPC111. (Fig. 14).

Figure 13. Distribution of collagen type I of human origin in PM nodules

A. Late-stage SPC111 tumor nodule (35 days) stained for CD31 (green), human-specific collagen type
I (red) and TOTO-3 (blue). The tumor is mainly negative for human-specific collagen type I (red). Only
a small amount of deposited human collagen type I is present (arrows). B. P31 tumor nodule (42 days)
stained for CD31 (green), human-specific collagen type I (red) and TOTO-3 (blue). The nodule contains
a large amount of collagen type | (red) of human origin scattered throughout the tumor. The collagen
staining shows higher intensity in the central part of the tumor. Note that the diaphragm is negative for
the human-specific collagen. Scale bar (A, B): 200 pm
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Figure 14. Real-time PCR shows that the relative expression level of COL1A1
is significantly higher in the P31 cell line.
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4.1.4. Nutrition of avascular SCP111 nodules

We used BrdU incorporation assay to reveal the role of vascular proliferations in the
nutrition of the avascular SPC111 nodules. According to the supply of nutrition, we
divided frozen sections of SPC111 tumor colonies into four quarters: Q1: area of the
tumor facing the lung, Q2: area of the tumor facing the diaphragm, Q3, Q4: area of the
tumor facing the vascular proliferations located at the two sides of the sectioned tumor
colonies (Fig.15). Based on the Pls, our analysis showed that the vasculature of the
diaphragm provided the highest level of nutrients to the avascular tumors through
diffusion (Q2). Below this were the BrdU counts of tumor areas next to the vascular
plexuses located at the periphery of the tumor colonies (Q3-Q4). Interestingly, the lowest

proliferation rate was detected at the area closest to the lungs (Q1) (Fig.15).

Figure 15. BrdU staining of a frozen section of an SPC111 nodule on day 29.

To determine the proliferation rates of the different regions of the tumors, the nodules were divided into
four quarters (Q1-Q4). Samples were stained for BrdU (proliferating cells, green), panCK (tumor cells,
red) and TOTO-3 (all cell nuclei, blue). Scale bar: 100 pm
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4.1.5. The role of VEGF-A in vascular plexus formation
Our investigation involved studying how VEGF-A expression in PM cells affects
vascularization. The baseline VEGF-A expression profiles of our two investigated cell

lines differed greatly. P31 cells express a much higher level of VEGF-A than SPC111
cells (Fig.16).
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Figure 16. ELISA detection of secreted VEGF-A in conditioned medium from P31
and SPC111 cell cultures

To reveal the role of VEGF-A in PM vascularization, we stably transduced SPC111 cells
with retroviral constructs to overexpress VEGF-A. We concluded that VEGF-A is an
important promoter of vascular plexus proliferation in PM. As expected, compared to the
control SPC111-RFP cells, the transfected SPC111-RFP-VEGF-A cells secreted a
significantly higher amount (1.97 pg/ml versus 10750.47 pg/ml, respectively) of VEGF-
A (Fig.17A). The increased production of VEGF-A by PM cells resulted in accelerated
capillary plexus formation. The process was observable from day 4 after tumor cell
injection and increased rapidly by day 7 (Fig.17B-C). This ultimately led to the coverage
of the entire surface of the diaphragm by vascular proliferations, leading to the death of
the animals by day 7, even without the appearance of macroscopic tumor colonies.
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Figure 17. VEGF-A overexpression in the SPC111 cell line
A. VEGF-A ELISA shows that compared with the control SPC111-RFP cells, SPC111-RFP-VEGF-A

cells secreted 5.5 x 103-fold the amount of this key angiogenic factor. B. Whole mount sample 4 days
after injection of vascular endothelial growth factor A (VEGF-A) overexpressing SPC111 tumor cells.
CD31 (green) labeling shows the appearance of the capillary plexuses throughout the whole surface of
the diaphragm. Lymph vessels (Lyve-1, red) show normal morphology. C. Whole mount sample 7 days
after injection of VEGF-A overexpressing SPC111 tumor cells. CD31 (green) labeling shows a high
density of the capillary plexuses above the surface of the diaphragm. Lymph vessels (Lyve-1, red) show
normal morphology. Scale bar (B, C): 200 pm
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4.1.6. Interaction of PM cells with endothelial sprouting in vitro

To investigate the influence of PM cells on the growth of endothelial sprouts in vitro, we
created a co-culture assay of sprout-forming aggregates of HUVEC cells and spheroids
of P31 or SPC111 PM cells. The presence of the two PM cell lines caused significant
differences in the spatial structure of multicellular HUVEC sprout arbors in these co-
culture assays. To quantify our findings, we calculated anisotropy index values ranging
from 0 to 1, where the anisotropy of a symmetric sprout arbor is close to 0, whereas a
heavily distorted arbor is characterized by an anisotropy index close to 1. SPC111
spheroids displayed significantly higher endothelial sprout arbor anisotropy compared to
P31 spheroids (p<0.05, Fig.18A). P31 spheroids allowed HUVEC sprouts to grow with
minimal spatial distortion, whereas SPC111 spheroids repealed endothelial sprouts

resulting in a highly anisotropic sprout arborization (Fig.18B).
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Figure 18. Interaction of PM cells with endothelial sprouting in vitro

A. In vitro endothelial sprouting morphology is influenced by the presence of PM spheroids. Quantitative
sprout arbor anisotropy analysis. Columns are mean anisotropy values (+SEM) of endothelial sprout
arbors in the presence of P31 (n=5) or SPC111 (n=3) PM spheroids. * indicate significant difference by
Student’s t-test (p*=1.07x105, p**=7.8x104, p***= 3.1x10"%3). B. Representative HUVEC aggregates
with different sprout arbors developed when co-cultured for 4 days in fibrin gel with P31 (left) or SPC111
(right) PM spheroids. Sprout anisotropy vectors (yellow arrows) indicate the distortion of developing
sprout arbors by the proximity of PM cells. Yellow segments of red circles indicate extending sprouts.
Scale bar: 100 pum
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4.1.7. 2D and 3D motility of PM cells in vitro

We conducted additional in vitro tests to better understand the background of the
differences seen in the vascularization of SPC111 and P31 tumors. We examined the
migratory and invasive capacity of the PM cell lines and also analyzed the motile and
invasive activity of spheroid-forming P31 and SPC111 cells. Our results were consistent
with our previous in vivo findings; P31 cells demonstrated significantly higher spreading
(motility) on plastic and fibronectin-coated plastic surfaces. Moreover, we saw higher
invasive capacity in collagen type | and collagen type | plus fibronectin containing gels
of the P31 cells (Fig.19).
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Figure 19. Spreading ability of SPC111 and P31 cell spheroids

SPC111 and P31 spheroids spreading on plastic or fibronectin coated surfaces (first four columns).
Invasive activity of the spheroids in collagen type | and fibronectin/collagen type | mixed gels (second
four columns). Average values were determined, then each average radius (R) was normalized by the
average radius of original aggregates (R0). Significant differences are marked by * (p< 0.05).
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4.2. Effects of anti-angiogenic treatment in PM

The role of anti-angiogenic therapies in PM is already established, and multiple drugs
showed preclinical potential, but sadly no clinical benefit came out of these results except
for bevacizumab. We tested the multitarget RTKI, nintedanib against PM in vitro and in

vivo, in mono- and combinational therapies.

4.2.1. RTK expression profiles and genomic characterization PM cell lines

In order to more accurately predict the effectiveness of nintedanib in PM cell lines in
vitro, we determined the transcript levels of the key target molecules of nintedanib in 20
PM cell lines (listed in Table 3.). For controls, an immortalized mesothelial cell line
(Met5a) and three primary mesothelial cell cultures (NP1, NP2, NP3) were used.
PDGFRA, VEGFR-1 - 3, FGFR-2, and FGFR-3 were expressed only by some cell lines
and at relatively low levels. PDGFRB and FGFR-1 mRNAs could be detected in each
tumor cell line and in most of the non-malignant control cell lines, although with varying
expression levels (Fig.20). Importantly, all of the examined PM cell lines were double
positive for PDGFRB and FGFR-1. Moreover, we found that PM cells had elevated
FGFR-1 expressions compared to the control cells (Fig.20; p<0.05).
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Figure 20. Target RTKSs of nintedanib in control mesothelial and in PM cells

MRNA levels of PDGFRA and -B, VEGFR-1 - 3, and FGFR-1 - 3 in three normal mesothelial cell lines
(red dots), in the immortalized Met5A cell line (red dots) and in PM cells (blue dots; n=20). Horizontal
lines represent mean. FGFR-1 mRNA levels are significantly higher in the PM cell lines (*P<0.05; vs.
controls).
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We analyzed if there is an association between the histological subtypes of PM and the
MRNA levels of PDGFRB, FGFR-1, or other RTKSs. No correlation was found between
any receptor expression profiles and the tumor histotypes. While sarcomatoid and
biphasic PM cells showed similar expression patterns, the epithelioid group was more
heterogeneous. Regarding the cell lines used for the in vivo vascularization experiments
(P31 and SPC111), the FGFR-1 expression levels were similar, while the PDGFRB
transcript level was higher in P31 cells. The other target RTKs of nintedanib cannot be
detected on the mRNA level in either cell line.

Genomic profiling of PM cells revealed that specific TSGs are frequently mutated in PM.
In our PM cell lines, we identified the most common mutations in BAP1, NF2, and
CDKN2A TSGs. We could not find any association between the mutational status or the

copy number changes and nintedanib sensitivity (Table 3.).

4.2.2. Effects of nintedanib treatment in vitro

First, we determined 1C50 values for nintedanib and cisplatin in all 20 PM cell lines
(Table 3.). PM cells were exposed to different concentrations of nintedanib for 72 hours.
Cell viability was determined by SRB assay, and dose-response curves were plotted to
determine IC50 values for each cell line. IC50 values for control cell lines differed
between 1.1 uM (Met5a) and 4.1 uM (NP3). PM cells also showed a wide range of
sensitivity with IC50 varying from 1.6 uM to 5.9 uM (Table 3.). Regarding the IC50s, no
association was found with the histological subtype (Fig.21) or mRNA expression profile
of target RTKs.
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Figure 21. 1C50 values of nintedanib in control and PM cell lines

Mesothelial control (n=2) and PM cells (n=20) were incubated for 72 hours with different concentrations
of nintedanib, then viability was determined with SRB assay. IC50 values are shown as mean+SD.
Colors green, red, blue and yellow indicate control mesothelial, epithelioid, biphasic, and sarcomatoid

PM cells, respectively.
In long-term growth assays, P31 and SPC111 cell lines, nintedanib was able to effectively
inhibit clonogenicity at much lower concentrations than their IC50 values (Fig.22). For
clonogenic survival analysis, PM cells were seeded at low densities, treated with different
concentrations of nintedanib and incubated for 10 days than clonogenicities were
determined. Crystal violet was dissolved, and intensity was quantified to determine

clonogenicity.
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Figure 22. Clonogenic survival analysis of P31 and SPC111 cells
PM cells were treated with different concentrations of nintedanib and incubated for 10 days. Data
(mean+SD) is taken from three independent experiments.
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Table 3. Histological subtypes, drug sensitivity data, and copy number changes of
target RTKs in PM cell lines
S copy number
. . . . isplati
Cell line | Histological | Nintedanib | =, =7 VEGFR-2 PDGFRA PDGFRB FGFR-1
subtype IC50 (nM) M
(M) log2 log2 log2 log2

ratio | status ratio | status | ratio status ratio | status
P31 epithelioid 19 4.3 -0.13  normal | -0.24 loss 0.03 normal -0.41 loss
12 epithelioid 3.3 3.8 -0.00  normal 0.28 gain | -0.08 normal -0.09  normal
VMC6 epithelioid 45 3.0 -0.09  normal | -0.85 loss 0.49 gain 0.18  normal
VMC12 | epithelioid 2.4 11 -0.48 loss 0.18 normal | 0.39 gain 0.00  normal
VMC20 | epithelioid 45 11 -0.49 loss 0.16 normal | 0.11 normal 0.01  normal
VMC23 | epithelioid 2.9 6.4 -0.38 loss -0.28 loss | -0.01 normal 0.32 gain
VMC28 | epithelioid 45 4.2 -0.22 loss -0.85 loss 0.55 gain 0.09  normal
Meso103 | epithelioid 4.7 3.1 -0.21 loss -0.27 loss | -0.45 loss 0.30 gain

. 0.05/  normal -
Meso110 | epithelioid 3.7 10 -0.83 loss -0.62 loss 0.56 Jloss 0.58 gain
Meso189 | epithelioid 1.7 22 0.03 normal | -0.07 normal | 0.23 gain 0.20 gain
Meso62 | sarcomatoid 2.2 4.1 -0.12 normal 0.17 normal | -0.49 loss 0.04  normal
Meso80 | sarcomatoid 4.0 0.6 -0.12  normal 0.01 normal | -0.03 normal -0.66 loss
Mes0100 | sarcomatoid 3.9 1.9 -0.48 loss 0.16 normal | -0.69 loss 0.08  normal
SPC111 biphasic 5.9 0.7 0.47 gain 0.36 gain | -0.01 normal 0.36 loss
SPC212 biphasic 2.0 1.9 -0.49 loss -0.63 loss 0.06 normal 0.54 gain
M38K biphasic 2.3 1.8 0.32 gain 0.24 gain | -0.36 loss 0.17  normal
VMC40 biphasic 2.4 3.7 -0.23 loss -0.28 loss 0.15 normal 0.52 gain
VMC46 biphasic 34 0.4 -0.92 loss -0.66 loss 0.15 normal 0.64 loss
. . 0.86/ .

VMC48 biphasic 1.6 1.2 -0.11  normal | -0.31 loss 033 9ain floss | -0.12  normal
Mes092 biphasic 3.2 1.9 0.00  normal | -0.06 normal | 1.10 ampl. -0.02  normal

Several studies suggest that RTKSs targeted by nintedanib can interfere with ChT in other
malignancies (198-200). To investigate nintedanib’s impact on ChT, P31 and SPC111
cells were treated with different concentrations of nintedanib and cisplatin, alone or in
combination. P31 cells are relatively responsive to nintedanib (IC50: 1.9 uM) but
insensitive to cisplatin (IC50: 4.3 uM). SPCI111 cells proved to be more resistant to
nintedanib (IC50: 5.9 uM) than P31 cells (Table 3.). On the other hand, P31 is more
resistant to cisplatin than SPC111 (IC50s are 4.3 uM vs. 0.7 uM, respectively; Table 3.).
Notably, an additive effect between nintedanib and cisplatin was observed at certain
concentrations in both cell lines (Fig.23). However, no synergism between nintedanib and
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cisplatin was evident in either cell line (Fig.23). Furthermore, there was no correlation
found between cisplatin and nintedanib sensitivities in our panel of 20 human PM cell
lines (Table 3.).

P31 SPC111
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0 1 2 3 4 5 0 1 2 3 4 5
cisplatin (M) cisplatin (uM)
=¥ 1 pM/L nin -~ 3 uM/L nin

Figure 23. Viability after 72 hours of treatment with different concentrations of

nintedanib and cisplatin alone or in combination

Viabilities were measured with SRB assay and combination indices (CI) were calculated. Cl values <0.9,
from 0.9 to 1.1, or >1.1 represent synergism, additive effects or antagonism between nintedanib and
cisplatin, respectively. Data (mean = SD) from three independent experiments are shown.

To investigate the effects of nintedanib on tumor cell proliferation, we performed BrdU
incorporation assays in five different PM cell lines. Nintedanib exhibited a significant
antiproliferative effect in a dose-dependent manner in each investigated PM cell line
(Fig.24A). To study the apoptosis inductive ability of nintedanib, TUNEL assays were
performed (Fig.24B). The TUNEL assay was developed to detect DNA fragmentation
during apoptosis. Apoptosis rates were significantly elevated upon nintedanib treatment
only in two cell lines (SPC212, VMCA40) (Fig.24B).
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Figure 24. Effects of nintedanib on PM cell proliferation and apoptosis

A. PM cells were treated with nintedanib for 48 hours, and the proliferation rate was measured by BrdU

assay. A significant reduction of cell proliferation could be observed upon nintedanib treatment in all

five PM cultures. Columns, mean for three experiments; bars, SEM. *p<0.05. B. To measure the ratio of

apoptotic cells in PM cultures TUNEL staining was performed, and cultures were exposed for 48 hours

to increasing concentrations of nintedanib. Columns, mean for three experiments; bars, SEM. * p<0.05.
To test the anti-migratory effects of nintedanib, five human PM cell lines were chosen
with different nintedanib sensitivities based on the 1C50 values (Table 3.). Cell cultures
were treated with nintedanib (1uM or 3uM) or solvent in a CO2-independent medium
with 10% FBS for 24 hours and cell migration was analyzed with videomicroscopy.
Nintedanib treatment in both tested concentrations was able to significantly reduce the

migratory activity of each cell line (Fig.25).
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Figure 25. Impact of nintedanib treatment on the migration of PM cells in vitro
Nintedanib showed a significant anti-migratory potential at both concentrations in all tested cell lines
(*p<0.0001 versus control).
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4.2.3. Effects of nintedanib treatment in vivo

After the promising results of the in vitro experiments, we wanted to test the in vivo
efficacy of nintedanib in the treatment of PM. We used the same cell lines (P31, SPC111)
in the same orthotopic PM model as in the vascularization experiments. In two sets of
experiments, PM cells were injected intrapleurally, into the thoracic cavity of SCID mice.
Effects of nintedanib treatment on the survival of orthotopic tumor-bearing animals

In the first set of experiments, nintedanib was administered either PO or IP at 50 mg/kg
concentration. The therapy started on the 21% day after tumor cell inoculation because, at
this time, macroscopic tumor nodules are already present on the pleural surfaces. For this
set of experiments, P31 cells were chosen because P31 cells highly express PDGFRB and
FGFR-1 receptors and are relatively sensitive to nintedanib and resistant to cisplatin
(Table 3.).

During the treatment period nintedanib was well tolerated by the animals, without any
signs of toxicity. To further corroborate the antitumor effects of nintedanib, in vivo PM
growth was also examined by MR imaging. 25 days after tumor implantation, the control
animals had significant intrathoracic tumor burden, and the considerable reduction of

tumor mass in nintedanib-treated animals was evident (Fig.26).

Figure 26. Representative images of orthotopically growing human PM nodules
Representative macroscopic (upper panel) and MR (lower panel) images of orthotopically growing
human PM nodules (day 25) in control and nintedanib (IP) treated mice. In MR images, arrows mark the
tumor rims.
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We assessed the effects of nintedanib on the survival of animals with orthotopic human
P31 tumors. Although the survival of PO-treated animals showed a favorable trend, no
significant benefit was proven (P=0.059; vs. PO control; Fig.27A). However, nintedanib
was able to significantly prolong the survival of mice when it was administered IP
(p=0.0008; Fig.27A). Moreover, IP administered nintedanib was also able to significantly
inhibit the relative weight loss of the animals (P=0.0337, Fig.27B). In accordance we
observed a better overall condition at the end of the experiment of these animals. Our
interpretation of these data is that IP administered nintedanib not only prolongs the
survival of mice with orthotopically growing human PM but also interferes with PM-
induced cachexia.
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Figure 27. Nintedanib prolongs survival of mice bearing orthotopically growing
PM

A. Kaplan-Meier curves for the survival of human PM-bearing mice treated with nintedanib, according
to the route of drug administration. Animals treated with nintedanib IP had significantly longer survival
times than those treated with vehicle (Co) IP only (P=0.0008). B. Relative body weight changes of
human PM-bearing mice. *P=0.0337 versus IP controls.

Effects of nintedanib treatment on in vivo tumor growth

In the second set of experiments, we investigated the efficacy of nintedanib, combined
with standard-of-care ChT, in P31 and SPC111 orthotopic xenografts. The animals were
treated IP, as in the aforementioned set of in vivo experiments this route of administration
proved to be superior to PO treatment. Besides the control group, the animals were
assigned to the following treatment groups: cisplatin-pemetrexed, nintedanib or
bevacizumab in monotherapy, and combination therapy of cisplatin-pemetrexed with
either nintedanib or bevacizumab. In both cell models, mice treated with

cisplatin/pemetrexed ChT alone or nintedanib alone, significantly reduced tumor burden
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was evident (versus untreated controls) (Fig.28). Combined chemo- and anti-angiogenic
regimens (either nintedanib or bevacizumab) also demonstrated significant in vivo tumor
growth-inhibitory potential in both cell models when compared to untreated control
tumors (Fig.28). In accordance with the previous finding of Li Q et al. (107), bevacizumab
was effective only against P31 tumors (versus control) with high baseline VEGF-A levels
(Fig.16). Bevacizumab monotherapy could not provide therapeutic benefit in the SPC111
model where tumor cells had markedly low baseline VEGF-A levels (Fig.16, Fig.28).
Another key observation in this set of experiments is, that combining nintedanib with
standard ChT produces significantly higher responses than ChT alone. These responses
were comparable (P31) or superior (SPC111) to those achievable by combination of
bevacizumab and ChT (Figure 25). Moreover, in contrast to bevacizumab, nintedanib
monotherapy proved to be a more effective inhibitor of in vivo tumor growth than

standard ChT in P31 tumors (Fig.28).
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Figure 28. Effects of different mono- or combined chemo- and anti-angiogenic
therapies on in vivo PM tumor-growth

Nintedanib inhibits the growth of orthotopically growing PM more effectively than standard-of-care ChT
or bevacizumab. Total tumor weight of P31 (left panel) and SPC111 (right panel) xenografts in each
mouse was determined. Columns, means for ten mice per group; bars, SD; *p<0.05, **p<0.005,
***p<0.0005, ****p<0.0001. Co: control; CP: cisplatin/pemetrexed; Nin: nintedanib; B: bevacizumab;
CP+Nin: cisplatin/pemetrexed + nintedanib; CP+B: cisplatin/pemetrexed + bevacizumab

Effects of nintedanib treatment on angiogenesis

We also examined the antivascular and antitumoral effects of nintedanib treatment.
Morphometric analysis using the endothelial marker CD31 revealed a strong tendency for
increased MVAs in control P31 tumors with high baseline VEGF-A expression as
compared with untreated SPC111 tumors with low baseline VEGF-A (2.7+1.2% vs.
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1.24+0.8%, respectively; P=0.067). In accordance with the potent in vivo PM growth
inhibitory effect of nintedanib, significantly lower MV As were present in tumors treated
with nintedanib (alone or in combination) in both models (vs. controls; Fig.29A).
Interestingly, though, no significant reduction was found in MV As of either model treated
with bevacizumab with or without ChT (Fig.29A). The robust antivascular effects of
nintedanib were accompanied by increased intratumoral necrosis in both models. This
was most prominent in the combined nintedanib-ChT groups (Fig.29B). Nintedanib
monotherapy was able to significantly increase PM cell apoptosis compared with controls
(P=0.0317; Fig.29C) and also decreased proliferation in P31 tumors (P=0.0341; Fig.29D).
However, no other treatment caused significant changes in tumor cell apoptosis and
proliferation rates. Furthermore, we failed to identify any obvious associations between

PM cell apoptosis and proliferation and the net in vivo tumor growth inhibitory effect of
nintedanib presented in Figure 28.

C
A, P31 25 _sket T e - P3 s sPCIN
£ — O = S
P P "’ "
g oos ‘® ® 3
5, 8. st g,
P < [=3 [=3
> = 05 g: g
: 0 : 0.0 < 0 < 0
P & & ?® x‘\\ocg,g’ [ I K‘\\ooq,p PR x‘\\ooq,e
& & &
D
B . P31 “ — . P3H —_ SPC111
— = — =
_— - = <56
§sn §:n g ’ g
® » S s 2
D 2 B0 § B 4
8 g 5 3
R gn £, =2
2 2 £ £
0 0 0 0
0 R & PR O R & O E B PR R PR PR
[GEN RN Cg“‘;dz- [ 6’5\6* & q"\cg & qécf

Figure 29. Antivascular and antitumor effects of nintedanib and bevacizumab

For quantifications of A. angiogenesis, B. tumor necrosis, C. apoptosis and D. proliferation, MVDs
(vessel areas per total areas) and percentages of necrotic tumor regions and the ratios of apoptotic and
proliferating PM cells were determined across the entire areas of P31 and SPC111 tumor sections.
Columns, means for 10 mice per group; bars, SD *P<0.05, **P<0.005 A. Frozen tissue sections were
labeled with the endothelial marker CD31. B. Necrotic area ratios are shown in the percentage of the
whole tumor section. C. The apoptotic rate is expressed as the percentage of cleaved caspase-3-positive
cells. D. The ratio of proliferating PM cells was assessed by BrdU labeling. Co: control; CP:

cisplatin/pemetrexed; Nin: nintedanib; B: bevacizumab; CP+Nin: cisplatin/pemetrexed + nintedanib;
CP+B: cisplatin/pemetrexed + bevacizumab
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5. Discussion

In the studies discussed here, human PM cell lines were implanted orthotopically into the
thoracic cavity of immunodeficient mice to examine the process of tumor vascularization
and the effects of anti-angiogenic treatments. In mesothelioma research, orthotopic tumor
cell implantation is not a commonly used method due to the complexity of the
implantation technique and the challenges in monitoring tumor development and therapy
response (201). The histological subtyping of PM has a substantial prognostic and
possibly predictive value (202). Therefore, we implanted cells derived from two distinct
histological subtypes to analyze the vascularization processes and the impact of
nintedanib treatment. To establish orthotopic tumor models, we engrafted an epithelioid
(P31) and a biphasic (SPC11) PM cell line intrapleurally into SCID mice.

After tumor cell implantation, animals were sacrificed at specific time points to study the
progress of tumor development. The diaphragms, along with the tumor nodules sitting on
the surface of the diaphragms, were removed and fixed in formalin. By analyzing these
whole-mount samples, we were able to examine the tumor-induced vascularization
thoroughly. At the very early stages, intact diaphragmatic lymphatic vessels were present
in both of our in vivo models below the mesothelium but above the blood vessels. During
the development of vascular proliferations, blood vessels elevated above lymphatics but
remained covered by the mesothelium. Baluk et al. (203) described a similar vascular
growth phenomenon in airways, with a tet-on inducible transgenic system producing
VEGF. They found that induced VEGF expression caused ES and vessel proliferation.
Moreover, this neovasculature elevated above the BM of the epithelium, protruding into
the airway lumens. In this study, the authors described a fenestrated endothelium of the
vessels due to VEGF-induced angiogenesis; this finding was also collaborated by several
other studies (204-206). In accordance, a fenestrated endothelium was observed in the
neovasculature in our models.

Although the initial stages of tumor nodule formation were similar, our two models
exhibited notable differences in the subsequent vascularization processes. Interestingly,
tumor-induced capillary plexuses did not seem to impact significantly SPC111 tumor
expansion. The progressing SPC111 nodules pushed away the surrounding
neovasculature and remained avascular for several weeks. The SPC111 cells in spheroid-

forming assays demonstrated a higher cohesive strength in vitro; this could explain the
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inability of tumor cells to invade the induced vasculature and simply displace it while
growing.

In contrast, P31 tumors continuously assimilated the surrounding tumor-induced
vasculature into the growing nodules. Moreover, P31 cells deposited a high amount of
ECM within the tumor nodules, providing an appropriate environment for vascular
sprouting. We observed that a compelling amount of collagen type | of human origin was
scattered throughout the nodule. To further support this observation, mMRNA expression
levels were measured by gPCR. P31 cells expressed significantly higher levels of
COL1A1 compared to SPC111 cells. Previous studies proved that mesothelial cells
produce many fibrous components in humans, including collagen, which forms a thin
layer of connective tissue under the pleura (207-209). Moreover, a study found evidence
of subtype-specific ECM production in PM and that ECM differences are able to
influence the migratory ability of tumor cells (210). Another study demonstrated in vivo
PM tumor-growth reduction after collagen inhibitor treatment, suggesting the importance
of collagen in PM growth and proposing a potential therapeutic target (211).

The tumor nodules of SPC111 began to vascularize only in the later stages of
development. The first and most crucial step in the vascularization process was the
accumulation of a desmoplastic matrix at the base of the nodules. Then this matrix,
accompanied by myofibroblasts, became incorporated into the tumor mass layer-by-layer,
perhaps by its contractile nature (212). This incorporated connective tissue provides
suitable space for vessels of the diaphragm to sprout into the tumor nodules. Interestingly,
in contrast to P31 tumors, the SPC111 nodules were highly negative for collagen type |
of human origin confirmed by species-specific antibody immunofluorescence staining. In
SPC111, most of the accumulated ECM is of mouse origin, proving that activated
fibroblasts and not the tumor cells deposited it. The importance of host tissue fibroblast
in the development of tumor stroma has been established by several studies (213).
Similar tumor growth patterns and the possible role of vessel co-option in anti-angiogenic
therapy resistance mechanisms were described previously in other tumor types (184). In
liver metastasis of colorectal cancer (CRCLM), three main categories of histopathological
growth pattern (HGP) are recognized (214). In the desmoplastic type HGP, tumor tissue
is surrounded by a well-defined rim of fibroblasts and immune cells separating it from

the host tissue. In the pushing HGP, tumor cells do not infiltrate the host tissue, but instead
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push it away as the tumor progresses. In these HGP types, the primary method of
vascularization is through sprouting angiogenesis. On the other hand, in the replacement
HGP, tumor cells replace the host tissue hepatocytes, and sinusoidal vessels are co-opted
by the tumor to ensure their blood supply (184). In CRCLM, HGP has a prognostic value
and it might also have therapeutic implications (184).

The central region at the base of the SPC111 colonies demonstrated the most pronounced
infiltration and incorporation of the ECM, leading to a radial arrangement of the
connective tissue inside the nodules. This area has been in contact with the underlying
tissue for the longest time. The microenvironment in this area supports invasiveness by
allowing ES from the diaphragm.

VEGF-A plays a crucial role in both physiological and pathological vascularization
processes (215). VEGF-A secretion measured by ELISA was significantly lower in
SPC111 cells than in P31 cells. Therefore, to analyze the effects of VEGF-A secretion,
we significantly increased the VEGF-A expression of SPC111 cells with the help of an
RFP-VEGF-A-coding retroviral construct. The VEGF-A overexpression of tumor cells
caused rapid vascular proliferation development, which elevated above the diaphragmatic
surface. Ultimately, tortuous microvascular structures covered the whole surface of the
diaphragm but without the presence of macroscopic tumor nodules. Furthermore, these
vascular proliferations were present not only in the vicinity of tumor colonies but further
away on the surface of the diaphragm. This highlights the key role of secreted VEGF-A
in tumor-induced capillary development. Previous studies have shown that VEGF plays
a major role in regulating cytokines and promoting angiogenesis in solid tumors (146,
216). Unfortunately, the early death (after 7 days) of VEGF-A overexpressing SPC111
tumor-bearing mice made it impossible to further study the impact of increased VEGF-A
levels on tumor vascularization patterns.

The essential role of VEGF-A in angiogenic processes made it a well-established target
for antitumor treatments (217). Currently, the standard first-line systemic therapy for the
treatment of PM patients is often supplemented with the anti-angiogenic drug
bevacizumab, based on the evidence of the MAPS trial. In this phase 3 study, the addition
of bevacizumab to the standard systemic therapy significantly increased the OS of
unresectable PM patients from 16.1 to 18.8 months (106). Likewise, cediranib (a small-

molecule RTKI) in combination with pemetrexed-cisplatin ChT prolonged the PFS of PM
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patients in a phase 2 randomized trial (218). These results suggest that combinational anti-
angiogenic therapy has the potential to improve the survival of PM patients. Therefore,
with the help of in vitro and in vivo PM models, we examined nintedanib’s antitumor and
antivascular activity. Nintedanib is a small molecule RTKI targeting VEGFR-1 - 3,
FGFR-1 - 3, and PDGFR o, B signaling (166).

First, we analyzed the expression profiles of nintedanib’s target receptors by qPCR in 20
human PM cell lines. For control, we used an immortalized mesothelial cell line and three
primary mesothelial cell cultures. The results showed that all PM cell lines express
relatively high levels of FGFR-1 and PDGFRB, although only the FGFR-1 expression
was significantly elevated in PM cell lines compared with control cells. PDGFRA and
VEGFR-2 expressions were also measurable in certain cell lines, while the expressions
of the other target RTKs were negligible in all of the tested cell cultures and cell lines.
This is in line with the findings of several previous studies (177, 179, 219).

The importance of PDGFRA and VEGFR-2 signaling in PM is implicated by a
retrospective study that analyzed samples of advanced-stage mesothelioma patients. They
observed mutations in nintedanib target genes in approximately one-third of PM patients
(60). Although other studies in the genomics of PM failed to confirm these results. (55,
56).

It is assumed that with FGF, PDGF, and VEGF secretion, PM cells can promote their
growth and survival through distinct autocrine signaling loops. In accordance, a study
demonstrated that VEGF is able to induce PM growth in vitro through the
phosphorylation of VEGFR-1 and -2 (220). The same research concludes that molecules
of the VEGF/VEGFR axis are expressed in human PM tissues. VEGF or VEGFR-2
neutralizing antibody treatment can effectively reduce tumor cell proliferation. Numerous
studies established the autocrine growth-promoting impacts of PDGF/PDGFR and
FGF/FGFR pathways in PM (177, 179, 180) and in different solid tumors (221). Based
on these reports and our observations, it can be concluded that nintedanib has a direct
antitumor effect in vitro in parallel to its anti-angiogenic potential. This is also supported
by the dose-dependent inhibition of PM growth following nintedanib treatment.

A previous study reported that PM cells possess a significantly high capacity for
migration, surpassing even the migratory potential of malignant cells found in highly

metastatic tumors like lung cancer or melanoma (196). Our results proved that nintedanib
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can effectively inhibit in vitro PM cell migration. Besides, there is evidence that
nintedanib can impair the movement of fibroblasts in patients with idiopathic pulmonary
fibrosis (222).

Various studies have previously explored the efficacy and interactions of anti-angiogenic
agents in combination regimens. Several studies demonstrated that FGFR-1 inhibition is
able to increase the effectiveness of ChT in PM (179) and breast cancer (223). Moreover,
PDGFR inhibition showed synergistic effects with paclitaxel and doxorubicin treatment
in breast cancer, both in vitro and in vivo (199). In lung cancer cells, the overexpression
of VEGFR-2 resulted in platinum resistance, and this induced resistance decreased when
VEGFR-2 signaling was suppressed with the help of small interfering RNAs. This
suggests that blocking VEGFR-2 may help reduce platinum resistance in cancer (198).
Our results concluded that the combined use of nintedanib and cisplatin has an additive
antineoplastic effect on human PM cells in vitro.

The robust in vivo antitumor effects of nintedanib were also evident from our results.
When administered IP, nintedanib monotherapy was able to significantly prolong the
survival time and reduce the body weight loss of mice in the orthotopic P31 mesothelioma
model. The survival times of PO-treated animals were also prolonged, but this benefit
was not statistically significant. A possible explanation for this observation is that the
intrathoracic concentration of nintedanib could have been higher following IP
administration. It has been reported that the lymphatic capillary system of the diaphragm
directly connects the peritoneal and thoracic cavities both in mice and humans (224, 225).
Further investigation is required to determine the mechanism and effectiveness of this
trans-diaphragmal drug transfer. However, our results suggest that administering
nintedanib IP could produce a more potent antitumor effect in PM, despite being approved
for oral administration in the clinic.

Because of its superior efficacy, all drugs were administered IP in the subsequent
experiments. In our murine model, we observed a significant advantage in combining
standard ChT with nintedanib. The anti-angiogenic agents, nintedanib and bevacizumab
showed similar potential in reducing in vivo tumor growth in tumors with high levels of
VEGF-A expression. Our results suggest that nintedanib is just as effective as
bevacizumab, which is currently used as the standard angiogenesis inhibitor in clinical

settings (92, 226). Furthermore, we observed that nintedanib surpasses the effectiveness
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of bevacizumab in inhibiting the growth of human PM nodules with low baseline VEGF-
A expression. Bevacizumab monotherapy was only effective in high VEGF-A-expressing
P31 tumors but did not provide any therapeutic advantage in the SPC111 model with low
VEGF-A expression. Therefore, our findings suggest that combining nintedanib with ChT
could be a better choice of treatment for PM patients with low VEGF-A expression.
Consistent with this, previous research demonstrated that bevacizumab effectively
suppressed the orthotopic growth of PM cells with a high level of VEGF-A expression
(EHMES-10); however, it did not have the same impact on the MSTO-211H PM cells
that produced low levels of VEGF (107). It is important to consider that the initial levels
of VEGF detected in our PM cell lines may have undergone changes through in vivo
tumor progression. Therefore, validated VEGF-A-related biomarkers or other indicators
are needed to predict the effectiveness of anti-angiogenic treatment before the patients
can benefit from these findings (227).

Including ours, several preclinical results provided a rationale for the concept of LUME-
Meso trials to evaluate the therapeutic potentials of nintedanib in combination with
cisplatin/pemetrexed ChT for patients with unresectable PM. Unfortunately, nintedanib
treatment was unable to meet the expectations and is no longer considered for further
exploration in combination with cisplatin and pemetrexed ChT for the treatment of PM
patients (111). The results of the phase 2 part of the LUME-Meso trials were promising;
nintedanib prolonged the PFS of patients compared to the placebo group. The median OS
was 18.3 months versus 14.2 months (228). Unfortunately, in the confirmatory phase 3
trial, the results failed to meet the primary endpoint, and the addition of nintedanib to
standard ChT did not improve the PFS (111). The only major change in the protocol
between the two phases was that in phase 3, only patients with epithelioid subtype were
included because the observed benefits were more prominent in this subgroup of patients
in phase 2 setting (111). Otherwise, the reasons behind the inconsistency between the
trials are undetermined.

Accompanying the direct in vivo antitumor effects of nintedanib, notable anti-angiogenic
effects were observed in our research. Our research indicates that nintedanib exhibits
more potent anti-angiogenic and antineoplastic effects than bevacizumab. In both cell
lines, a significant reduction in vascularization of nintedanib-treated tumors (vs. control)

was evident, regardless of the presence of concurrent ChT. However, in bevacizumab-
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treated animals, the same effect was only observable in P31 tumors with high baseline
VEGF-A levels, where the results suggested a strong tendency for reduced
vascularization.

The IC50 values of nintedanib found in our in vitro assays are higher than the
pharmacologically achievable tissue concentrations in mammals, which ranges from 200-
450 nmol/L (166). This suggests that the antivascular potential of nintedanib is the key
component in its in vivo tumor growth-inhibiting effects. Further supporting this
conclusion, in a previous study, nintedanib’s 1C50 values in EC cultures were about one
order of magnitude lower than the 1C50s we experienced for PM cells (166).
Interestingly, anti-angiogenic RTKIs have both antivascular and direct antitumor effects,
but these actions may partially contradict each other regarding tumor progression. There
is evidence that RTKI treatment can destroy the tumor microvasculature; this capillary
reduction can lead to insufficient RTKI penetration into the tumor tissue, resulting in
limited drug delivery and reduced efficacy (197).

Our study reveals that nintedanib exhibits similar levels of effectiveness as a single agent
and in combination with cisplatin/pemetrexed ChT in human PM xenografts. Although
nintedanib and ChT demonstrated additive effects in vitro, the combination of nintedanib
does not enhance PM growth inhibition in vivo. These findings align with the results of a
previous research, which demonstrated that while nintedanib synergizes with gemcitabine
in pancreatic cancer in vitro and exhibits potent antitumor effects in vivo, the combination
of nintedanib and gemcitabine does not result in synergistic tumor growth reduction in
mice bearing human pancreas cancer xenografts (221). However, in other studies of
human pancreas and lung cancer xenografts, nintedanib significantly enhanced the
activity of ChT (229). Moreover, nintedanib "normalized" the vasculature in human A549
lung cancer xenografts (230) and in an in vivo model of pulmonary fibrosis (231).

At the moment, it remains uncertain whether anti-angiogenic medication can enhance the
performance of ChT. Based on Jain and colleagues' vessel normalization theory,
bevacizumab can "normalize” the erratic tumor vasculature, which may result in
enhanced delivery of chemotherapeutic agents (232). Contrary to this, clinical data has
raised serious concerns about the effects of bevacizumab on the uptake of ChT in solid
tumors, as it appears to have a reducing rather than improving effect (233). In addition, a

study by Kutluk-Cenik and colleagues demonstrated that nintedanib therapy reduced the
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pericyte coverage in capillaries and decreased the delivery of doxorubicin in human
pancreatic cancer xenografts (229). These results contradict the vessel normalization
concept. It is possible that anti-angiogenic therapy disrupts the vasculature instead of
normalizing, thereby compromising drug delivery by eliminating the pericyte coverage
of tumor capillaries. This is due to the vital role of the PDGF/PDGFR axis in pericytes
and the pericyte layer's crucial contribution to vessel wall stability (232).

There is some important translational relevance in our findings. The differences in the
vascularization patterns might contribute to the inconsistent therapeutic effects of the
tested anti-angiogenic agents. Insufficient penetration of anticancer agents into the tumor
nodules might lead to reduced efficacy in PM neoplasms with avascular, "pushing”
growth patterns compared to well-vascularized tumors exhibiting invasive growth
patterns. Additionally, our data support the idea that anti-angiogenic therapy in PM may
not be universally suitable for every patient or setting. Predictive biomarkers and
advanced patient selection methods are crucial to increase patient outcomes.

Our results have a few possible limitations. First, there are some known differences in the
anatomy of the human and mouse diaphragm. The sub-mesothelial connective tissue layer
in mice is almost unrecognizable (234, 235). In contrast, in humans, a vascularized, thick
collagen layer under the mesothelium is probably blocking the development and elevation
of vascular proliferations on the surface of the diaphragm, as seen in mouse models. Thus,
the findings in murine models might not accurately replicate pathogenesis in humans. It
is possible that similar to late-SPC111 tumors, the collagen layer could be integrated into
the tumor and form pathways of connective tissue that aid the growth of tumor
vasculature.

Another potential limitation of this study is the use of human PM cell lines in
immunodeficient mice. Cell-derived xenografts (CDXs) are standard models in cancer
research, including PM, because of their high reproducibility (236). However, extended
culture conditions can lead to karyotypic changes and genomic instability, compromising
their ability to accurately replicate human tissue and disease (237, 238). Moreover,
immunodeficient mouse models lack the immunological aspects of tumorigenesis.
Therefore, it is necessary to validate our findings in immunocompetent models,

specifically in asbestos-induced or genetically engineered mouse (GEM) models.
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Finally, the connection between histological subtypes and tumor vascularization in PM
has yet to be established (181, 239). Additional research is necessary to reveal potential

connections between histological features, diverse vascularization patterns, and treatment

outcomes in PM.
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6. Conclusions

To the best of our knowledge, our study was the first to report two distinct vascularization
patterns in orthotopic xenografts of human PM. Moreover, we were the first to test the in
vivo efficacy of the triple angiokinase inhibitor nintedanib in these orthotopic PM
xenograft models. Our findings most likely bear translational relevance and can assist in
developing new therapeutic approaches for this deadly malignancy.

We showed that the two tumor models we investigated use significantly different
mechanisms to develop intratumoral vasculature. In the invasive growth pattern (P31),
tumor nodules vascularize from an early stage by the invasion and co-option of the
peritumoral capillary plexuses. On the contrary, in the pushing/desmoplastic growth
pattern (SPC111), tumor nodules remain avascular for an extended period of time. Then,
the vascularization process starts with the deposition of a desmoplastic matrix underneath
the tumor nodules. This matrix enables the endothelial ingrowth from the diaphragmatic
vessels to develop a nutritive vasculature.

Significant differences were also seen in the in vitro characteristics of the two cell lines.
The epithelioid P31 cell line was significantly more invasive, motile, and also less
repellent to HUVEC sprouts in co-cultures than the biphasic SPC111 cell line.

Secreted VEGF-A has an important role in the regulation of capillary plexus formation
on the diaphragmatic surface, as proved by the results obtained from the VEGF-A
overexpressing SPC111 transfected model.

Our preclinical testing on the potential of nintedanib as a treatment for PM vyielded
promising results. We determined that the target receptors of nintedanib are co-expressed
on human PM cells. Furthermore, nintedanib inhibits PM cell growth, proliferation, and
migration in vitro. Moreover, we showed that nintedanib potently reduces tumor growth
and vascularization in mice with orthotopically growing human PM xenografts.
Interestingly, these in vivo antivascular and antineoplastic effects of nintedanib are more
robust in tumors with low baseline VEGF-A expression than the effects of bevacizumab.
Our findings offer valuable insights into the formation and vascularization of PM nodules
and provide evidence that nintedanib has the potential to inhibit angiogenesis and tumor
growth in PM, both in vitro and in vivo. These results can potentially form the foundation
for personalized therapeutic approaches and future biomarker studies in PM patients.
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7. Summary

PM is a rare and aggressive cancer that remains challenging to treat since no truly
effective treatment option has been yet established. Tumor vasculature plays a vital role
in the progression and therapy resistance mechanisms of solid tumors, making it a
potential therapeutic target. Previous studies proved that PM is an angiogenic tumor, and
based on the benefits of bevacizumab treatment, anti-angiogenic therapy plays an
essential role in the care of PM patients. Understanding how PM vascularizes may
provide insights into potential targets for therapeutic interventions. We studied
vascularization and anti-angiogenic therapy responses of PM nodules using human PM
cell lines from different subtypes. Epithelioid (P31) and biphasic (SPC111) cells were
orthotopically implanted into the thoracic cavity of immunodeficient mice to establish
orthotopic tumor colonies. By analyzing the tumor nodules growing on the surface of the
diaphragm, we found significant differences between the vascularization processes of the
two cell lines. The P31 tumors grow well-vascularized nodules from early stages of
development, while the SPC111 tumors remained avascular for weeks. The initial step of
SPC111 tumor vascularization is a desmoplastic matrix deposition at the base of the
nodules. Then the layer-by-layer incorporation of this matrix by the tumors facilitate the
vascular ingrowth from the sprouting of diaphragmatic vessels. On the molecular level,
significant differences were found in COL1A1 mRNA expression and VEGF-A protein
secretion; both are overexpressed in the well-vascularized P31 cell line. The crucial role
of VEGF-A in the development of vessel proliferations was confirmed by the extensive
diaphragmatic capillary growth induced by the orthotopically implanted VEGF-A
overexpressing xenografts. Significant differences were also observed in the in vitro
behavior of the cell lines. Accordingly, P31 was more invasive, motile, and less repellent
toward HUVEC sprouts in co-cultures. Our in vivo PM xenograft study was the first
preclinical study that analyzed the preclinical therapeutic efficiency of nintedanib in PM.
We examined the expression of nintedanib’s target receptor tyrosine kinases in 20 PM
and 4 control cell lines and showed that they are (co)expressed in PM cells. Nintedanib
effectively decreases PM proliferation and migration in vitro. Our findings also indicate
that nintedanib demonstrates significant VEGF-A expression-independent PM growth
inhibition in vivo, ultimately leading to reduced tumor burden and longer survival rates

for PM-bearing animals.
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