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Malignant pleural mesothelioma (MPM) is an aggressive cancer of the lung lining that is associated with asbestos
exposure. Due to a lack of effective biomarkers coupled with a long latency period from asbestos exposure to cancer
development, prognosis of MPM is poor with an average survival of 8-14 months following diagnosis. Pre-clinical
investigations aimed to develop novel biomarkers and treatment strategies are urgently needed to improve MPM
diagnosis and treatments available to MPM patients. Novel protein and microRNA biomarkers constitute promising
diagnostic biomarkers of MPM; and treatment strategies such as targeted-, immune- and viro-therapy exhibit promising
efficacy.
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| 1. Introduction

Malignant pleural mesothelioma (MPM) is a rare, highly aggressive, and incurable cancer of the mesothelium lining the
pleural surface of the lungs as a consequence of past exposure to the carcinogen, asbestos. The International Agency for
Research on Cancer has established that all fibrous forms of asbestos are carcinogenic to humans and are associated
with MPM disease development 2. MPM is the most common type of mesothelioma, accounting for approximately 80%
of all mesothelioma cases; with less common forms of mesothelioma affecting the peritoneum, pericardium, and the
tunica vaginalis Bl. Although MPM is considered to be rare in comparison to other cancer types, the global incidence of
MPM has increased significantly worldwide due to the past widespread and augmented use of asbestos in building
materials over the past century. As such, The World Health Organisation estimates that approximately 125 million people
are exposed annually worldwide to the carcinogenic mineral fibres in both the workplace and at home; accounting for an
estimated 38,000 to 43,000 mesothelioma-related deaths each year MEIE, There are few effective biomarkers and
treatment options available to MPM patients in the clinical setting, attributing to a poor associated median survival of only
12-18 months following first-line standard chemotherapy with cisplatin and pemetrexed [ patient treatment is further
compounded by the fact that MPM is typically associated with a long latency period, with disease symptoms commonly
manifesting anywhere between 30-60 years on average following initial asbestos exposure @19 Consequently, a
definitive diagnosis of MPM can be challenging and is usually attained upon performing an invasive biopsy procedure and
subsequent histological analysis; at which point the disease is often at an advanced stage and treatment with curative
intent is largely ineffective 1. To address this issue, substantial research efforts have been conducted over the past
years, having provided valuable insights into the carcinogenic properties of asbestos fibres and their associated molecular
alterations; as well as significant pre-clinical studies that have provided the foundation for the potential development of
innovative diagnostic and treatment strategies. In particular, pre-clinical research efforts have focused on identifying and
evaluating the performance of less-invasive circulating biomarkers, such as blood-based protein or microRNA (miRNA)
biomarkers, to assess their potential clinical utility as diagnostic biomarkers of MPM. Alternative pre-clinical studies have
focused on the development of innovative MPM-specific treatment strategies, with promising advancements having been
made in areas such as targeted therapy, immunotherapy, and virotherapy. Despite these exhaustive research efforts, the
precise mechanisms responsible for the genesis of MPM following asbestos exposure are yet to be completely elucidated
and consequently, the diagnosis and treatment of MPM ultimately remains ineffective. Hence, continued basic science
research involving the use of current and biologically-relevant pre-clinical models is crucially important to mitigate the
ongoing asbestos-related disease health burden and the current clinical limitations associated with the diagnosis and
treatment of MPM.

This review will summarise the current understanding of the pathogenesis of MPM and associated molecular
mechanisms/characteristics, as determined by past pre-clinical research. Furthermore, this article will provide a
comprehensive overview of some of the most significant MPM-related pre-clinical studies that have focused on the
development of improved diagnostic biomarkers and treatment strategies. As such, research publications relevant to
previous and current pre-clinical diagnostic and treatment development strategies for MPM were selected as the inclusion



criteria for the purpose of this review. Finally, we conclude by proposing future research directions that could potentially
improve the translational potential of prospective MPM-based pre-clinical research.

| 2. Pre-Clinical Research

Our current knowledge of the aetiology, biological mechanisms, predisposing factors, and potential treatments for MPM
has predominantly arisen from basic science or pre-clinical research. Such research has typically involved a mixture of in
vitro cell culture-based and in vivo animal-based (predominantly rat and mice) experimental work. The majority of MPM-
based studies can best be categorised into three key research themes; namely disease mechanism, diagnosis, and
treatment development. This review provides a comprehensive overview of these key research themes and the significant
cutting-edge MPM studies that comprise them. Given that MPM is the most commonly/frequently diagnosed form of
mesothelioma, the vast majority of past research investigations have predominantly focused on this cancer type. This
review will therefore place particular emphasis on research relating to the disease mechanism, diagnosis, and treatment
of MPM.

2.1. Disease Mechanism

A number of studies conducted over the past 20 years have led to the identification of dysregulated or aberrant molecular
mechanisms that play a role in the development and progression of MPM. These studies have primarily focused on
elucidating the chronic inflammatory processes that lead to MPM pathogenesis, as well as the subsequent or
predisposing genetic and molecular alterations that lead to disease progression; including alterations to tumour
suppressor genes and oncogenes that are unique to MPM tumours. This following section therefore discusses the
molecular mechanisms and genetic factors that are known to mediate MPM development and progression.

2.1.1. Pathogenesis

The widely accepted view of MPM pathogenesis is that upon inhalation, the asbestos fibres migrate to the pleura where
they directly interact with the human pleural mesothelial cells of the lung and induce a chronic inflammatory response,
which over time can lead to malignant transformation 2. The key contributing molecular processes that have been
proposed include: (i) DNA damage induced by reactive oxygen species (ROS) and reactive nitrogen species (RNS)
generated by asbestos fibre-exposed mesothelial cells and pleural macrophages attempting to phagocytose the asbestos
fibres; (ii) the asbestos fibres absorb a variety of proteins and chemicals, which may result in the accumulation of
hazardous carcinogens; and (iii) the asbestos fibre-exposed mesothelial cells and macrophages release cytokines and
growth factors, such as high-mobility group box 1 (HMGB1) and tumour-necrosis factor-a (TNF-a), which additionally
contribute to chronic inflammation and promote malignant transformation of mesothelial cells that have acquired DNA
damage [1SIM4IISIIGNLT - 55 jllustrated in Figure 1. This inflammatory-induced malignant transformation can also be
attributed to nuclear factor-kappa B (NF-kB) signalling, which augments the survival and proliferation of parietal
mesothelial cells 1812 Ashestos-induced chronic inflammation also induces aberrant alterations to molecular signalling
events, such as aberrant phosphorylation of various protein kinases (e.g., mitogen-activated protein and extracellular
signal-regulated kinases 1 and 2), which in turn promotes oncogene activation and loss of tumour suppressor genes;
which collectively lead to an induction of abnormal mesothelial cell proliferation and heightened risk of MPM development
[20121]  The most frequently identified molecular alterations to tumour suppressor and oncogenes involved in MPM
development are discussed in detail below.
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Figure 1. Overview of asbestos-induced mesothelial cell injury leading to the development of malignant pleural
mesothelioma (MPM). Asbestos fibres are inhaled and migrate to the pleura of the lungs where they become lodged in the
mesothelial tissue. The asbestos fibres induce direct mechanical injury to the mesothelial cells, which induces a chronic
inflammation response. This process involves the release of ROS and RNS (not shown) from the iron-containing asbestos
fibres and frustrated pleural macrophages that attempt to phagocytose the asbestos fibres. This inflammation process
induces cellular DNA damage and aberrant cell signalling, which promotes malignant transformation of the mesothelial
cells and cell survival. This ultimately culminates in the development of MPM. All images were created with
BioRender.com (accessed on 14 September 2021). Abbreviations: ROS, reactive oxygen species; RNS, reactive nitrogen
species; MPM, malignant pleural mesothelioma.

2.1.2. Tumour Suppressor Genes in MPM

Tumour suppressor genes play an important role in cell cycle regulation, normally acting to inhibit cell proliferation, and
their inactivation is one of the key molecular events that promote tumour development. The BRCA1-associated protein 1
(BAP1) gene is a tumour suppressor gene located on chromosome 3p21.3 that is commonly found to be inactivated via a
germline mutation in individuals with a genetic predisposition for MPM development (13l BAP1 has been reported to be
implicated in crucial biological processes such as cell cycle regulation, DNA damage response, and chromatin dynamics
(22 The multi-domain BAP1 protein, which is encoded by the BAP1 gene, functions as a tumour suppressor
deubiquitinating enzyme which regulates gene transcription, cellular differentiation, DNA damage repair, cell metabolism,
and apoptosis (23, In addition to its own tumour suppressor activity, BAP1 induces an accumulation of other DNA-repair
proteins at sites of DNA damage 24, A mutation of the BAP1 gene typically results in a truncated BAP1 protein that is
presumed to be degraded prematurely, which impedes its tumour suppressor function 29, |t has been shown that
heterozygous germline BAP1 mutations (BAP1 *'7) induce cell metabolism alterations associated with augmented aerobic
glycolysis, which in turn induces reprogrammed cellular events that favour carcinogenesis and tumour growth [25],
Aberrant BAP1 expression and somatic truncated BAP1 mutations are typical characteristics of sporadic MPM, with their
frequency being variable across different tumour sub-types 2827], |t has been highlighted that many inactivating mutations
occur randomly and are scarcely shared across different MPM biopsies, with the exception of BAP1 which was confirmed
to be mutated in 41% and 58% of MPM tumours in two recent next-generation sequencing (NGS) studies conducted by
Guo et al. and Lo lacono et al., respectively; implying that BAP1 is a putative driver mutation for a majority of MPM cases
(28129] |nterestingly, no MPM patients possessing BAP1 germline mutations have been reported to have a known history
of occupational exposure to asbestos; indicative that the development of MPM is not directly associated with amount or
duration of exposure to asbestos 4. This has been supported by an in vivo study, whereby it was observed that BAP1 */~
mice were significantly more prone to MPM tumour development following exposure to very low doses of asbestos fibres
that have rarely induced MPM in wild-type mice 4. Moreover, this study demonstrated that the BAP1 *'~ mice exposed to
low doses of asbestos developed MPM at the same rate as wild-type mice exposed to ten-fold higher doses. These
findings have therefore yielded the conclusion that germline BAP1 heterozygosity enhances susceptibility to the



carcinogenic effects of low doses of asbestos and has highlighted the potential for the development of therapies designed
to restore BAP1 activity.

A high frequency (approximately 25-60%) of somatic BAP1 mutations in MPM has been found to be associated with
alterations to other tumour suppressor genes, such as p16/cyclin-dependent kinase inhibitor 2a (CDKNZ2A), p19/alternate
reading frame (ARF) and p15/cyclin-dependent kinase inhibitor 2b (CDKN2B) BAE8l cDKN2A, CDKN2B, and ARF are
present in all healthy (i.e., non-malignant) cells and are essential for normal cell cycle control. CDKN2A in particular,
encodes crucial cell cycle regulatory proteins, such as the p16 and p14 ARF proteins, which in turn induces a positive
regulation of the p53 tumour suppressor 24!, Additionally, the ARF gene promotes p53-dependent cell apoptosis £2l. Both
CDKNZ2A and CDKNZ2B encode cyclin-dependent-kinase (CDK) inhibitors, which impede the activity of cyclin-dependent
kinase 4 (CDK4) and cyclin-dependent kinase 6 (CDKS6). In turn, this contributes to G;-phase cell cycle regulation 28!,
CDKN2A, CDKN2B, and ARF have frequently been found to be inactivated by point mutations, aberrant expression, and
epigenetic silencing; inducing malignant mesothelial cell transformation upon exposure to asbestos in both in vitro and in
vivo models B738 cDKN2A gene deletion occurs in approximately 70-80% of all MPM cases B449 The homozygous
deletion of p16/CDKN2A and pl19/ARF results in a loss of function of both the p53 and retinoblastoma protein (pRb)
tumour suppressors, which consequently leads to a failure of cell cycle arrest 1. This has been evidenced by a study
which showed that the combined inactivation of p16/CDKN2A and p19/ARF expression in vivo was associated with an

accelerated initiation of MPM tumourigenesis and reduced survival compared with the inactivation of either gene alone
[42]

Neurofibromin 2 (NF2) is an example of another tumour suppressor gene that is frequently inactivated in MPM, as
evidenced by either a gene mutation or deletion in up to 38% and 29% of MPM samples, respectively 4324l The link
between NF2 and MPM tumourigenesis has been exemplified in a study that showed asbestos-treated NF2 *~ mice
exhibited an accelerated MPM tumour growth compared to the wild-type controls. Furthermore, biallelic inactivation was
detected in all tumours of the NF2 *~ mice, as opposed to 50% of tumours in the wild-type controls B8. The NF2 gene is
located on chromosome 22g12 and encodes the tumour suppressor, merlin, which interacts with a variety of proteins to
modulate signal transduction cascades such as mTOR, focal adhesion kinase (FAK), and Hippo signalling pathways.
Hence, these pathways have generated considerable research interest for the development of novel targeted therapeutic
strategies, which are discussed in a following section of this review.

Less frequent mutations have been detected in MPM biopsies for the tumour protein p53 (TP53) tumour suppressor gene
that encodes the p53 transcription factor, with one particular study identifying a somatic TP53 mutation occurrence of up
to 17% in MPM patient-derived biopsies 3], Furthermore, the in vivo deletion of TP53 in mice was found to initiate MPM
tumourigenesis, which was associated with secondary BAP1 and NF2 loss 48],

Epigenetic changes in DNA methylation and histone modifications are known to induce the silencing of tumour suppressor
genes and promote genomic instability. DNA methylation is a cellular process that involves the covalent addition of methyl
groups to the cytosine of CpG dinucleotides that are abundant in CpG islands (CGl). A downregulation of gene expression
is associated with DNA methylation, which is mediated by silencing of CGI promotors by DNA-methyltransferase 1
(DNMT1). It has been proposed that asbestos-induced ROS production may promote global hypomethylation in affected
mesothelial cells by inducing the expression of the ten-eleven translocation methylcytosine (TET) enzymes, which
facilitates the process of active demethylation of hydroxymethylcytosine; thereby evading interference by DNMT1 [AZI148],
Global hypomethylation of CpG dinucleotides that do not form CGIl has been detected in tumour tissue, whereas
hypermethylation has been observed within promotor regions, resulting in aberrant initiation of transcription and genome
instability 44BY. A class of small non-coding RNA's, microRNA (miRNA), are known epigenetic regulators and they
themselves can also be regulated by epigenetic alterations. Both DNA hypomethylation and hypermethylation, as well as
histone modifications, play a role in the regulation of miRNA promotor expression. Cancer onset and progression have
been linked to epigenetic alterations in tumour suppressor miRNA expression, with a dysregulation and irreversible loss of
tumour suppressor miRNA function having been widely reported for MPM 28151, The tumour suppressor miRNAs; miR-
34, miR-145, and miR-126, have been found to be downregulated in MPM tissues and cell lines due to a mechanism that
involves hypermethylation of their promoter regions 22581541551 Several studies have shown that miR-126 expression is
downregulated in tumour tissue in comparison to non-tumour tissue, and its restoration was found to impede tumour cell
growth, migration, invasion, and tumourigenesis BEIB7B8] Hypermethylation of the CGI in the epidermal growth factor-like
domain-containing protein 7 (EGFL7) intron 2, which contains the transcriptional initiation site of EGFL7 mRNA and miR-
126, has been detected in MPM and was found to be significantly associated with poor survival 521, An inhibition of DNA
methylation and histone deacetylation has been shown to be associated with an activation of miR-126 in other non-MPM
cancer types, thus providing confirmatory evidence that miR-126 is epigenetically regulated B9,



Previous studies have indicated that Poly(ADP-ribose) polymerase-1 (PARPL1) is linked to asbestos-induced DNA damage
and repair, whereby it has been suggested that PARP1 activity is impeded by asbestos exposure and consequently leads
to a high level of DNA instability and induction of malignant transformation L6263l pespite this, a loss of PARP1 activity
does not correlate with a loss in its expression, given that a number of studies have demonstrated an upregulation of
PARP1 expression in MPM biospecimens 163l An upregulation of both miR-126 and EGFL7 has been demonstrated in
the MPM cell line, H28, upon knocking down PARP1, which was associated with an increase in DNMT1 levels 64] These
results ultimately highlight the involvement of PARP1 and DNMT1 in tumour suppressor miRNA regulation in MPM.

Additional tumour suppressor miRNAs that have been found to be significantly downregulated in MPM biospecimens
include those of the miR-15 and miR-16 families. This finding was established upon noting a significant downregulation of
miR-15 and miR-16 expression in MPM patient-derived tumour samples and cell lines in comparison to normal
mesothelial cells and tissue; whereby a restoration of their expression in both in vitro and in vivo models resulted in an
inhibition of MPM cell and tumour growth 851881, A similar anti-tumour response has also been reported for the in vitro and
in vivo administration of miR-193a-3p mimics; another type of tumour suppressor miRNA which was found to be
significantly downregulated in MPM B2 Collectively, the aforementioned downregulated tumour suppressor miRNAs
represent promising candidates for therapeutic manipulation and have therefore garnered increasing research interest in
relation to their potential utility as a novel treatment option for MPM, as discussed further in a later section of this review.

The various types of aforementioned tumour suppressor genes that mediate the development and progression of MPM
are summarised below in Table 1.

2.1.3. Oncogenes in MPM

The functional role of an oncogene is to promote malignant cell transformation by inducing cell proliferation and inhibiting
apoptosis, thus favouring tumour growth and survival. The epidermal growth factor receptor (EGFR) is one such
oncogene that is overexpressed in MPM €8, EGFR is a notoriously known oncogene in many cancer types, and its gene
product is a transmembrane glycoprotein belonging to the tyrosine kinase receptor family 2. The interaction between
EGFR and its ligand induces cell proliferation, cell motility and, inhibits apoptosis and the expression of extracellular
matrix proteins 89 The correlation between EGFR over-expression and MPM development has been exemplified by a
previous study, which detected an induction of EGFR phosphorylation in asbestos-exposed rat pleural mesothelial cells
[79. The vascular endothelial growth factor (VEGF) and its associated receptor, VEGFR, are also members of the tyrosine
kinase family that have been found to be over-expressed in human MPM specimens. Their over-expression in MPM has
been shown to play an active role in tumour growth by promoting angiogenesis and lymphangiogenesis /1. Hence, EGFR
and VEGF have attracted considerable research interest for the development of MPM therapeutic strategies that target
and inhibit their function [Z2IZ3],

A number of upregulated miRNAs that exhibit oncogenic functions, termed oncomiR’s, have been reported for MPM. Two
examples include miR-182-5p and miR-183-5p; both having been shown to promote proliferation and invasion in MPM cell
lines, with a reduction of these functions being demonstrated upon treatment with miRNA inhibitors 4. Another example
of an miRNA with oncogenic activity in MPM is miR-24-3p, which was found to be overexpressed in both MPM cell lines
and tumour samples 2. This miRNA is known to regulate a number of genes that mediate cell adhesion and
communication, and a knockdown of miR-24-3p was shown to impede migration and invasion in both in vitro and in vivo
models. Intriguingly, in contrast to the aforementioned upregulated oncogenic miRNA, an oncogenic miRNA, miR-320a,
which is downregulated in MPM has been reported recently 8. The oncogenic status of miR-320a was elucidated after
stable ectopic overexpression of this particular miRNA induced an enhanced proliferation and migration ability in the MPM
cell line MSTO-211H. Furthermore, it was shown that an induction of p53 over-expression in MPM cell lines was
associated with an upregulation of miR-320a and its related miRNAs, miR-200a and miR-34a [8; both of which are
known to target and reduce levels of the programmed death-ligand 1 (PDL-1) 778 An over-expression of PDL-1 in MPM
has been linked to its ability to evade an immune-mediated anti-tumour response and is associated with poor patient
prognosis ZABI Collectively, these findings imply that low expression of miR-320a, miR-34a, and miR-200a in MPM can
be attributed to a defective p53-mediated response, which consequently promotes a high expression of PDL-1 and enable
MPM cells/tumours to evade immune detection.

The Notch signalling pathway has been identified as an oncogenic mediator of MPM, having been found to be
dysregulated in human MPM biopsies 1. Notch signalling acts as a mediator of short-range cell-to-cell interactions,
which involves the regulation of genes controlling cellular processes, such as cell death, proliferation, activation of
differentiation, and acquisition of specific cell fates [29. Increased levels of Notch 1 and reduced levels of Notch 2,
encoded by the NOTCH1 and NOTCH2 genes, respectively, have been detected in established biopsy-derived MPM cell
lines compared to their normal mesothelial cell counterparts 1. |t has been determined that Notchl impedes the



phosphatase and tensin homolog, PTEN, and activates the PI3K/Akt/mTOR signalling cascade, which promotes growth
and survival of MPM tumour cells; indicative of Notch 1's associated oncogenic role in MPM Bl Notch 2 however, has
been established as a positive transcriptional regulator of PTEN and in contrast to Notch 1, leads to the suppression of
PI3K/Akt/mTOR signalling. This has been evidenced by the re-expression of Notch 2 in vitro, which was shown to induce
MPM cell cytotoxicity L. An inhibition of Notch signalling has been shown to successfully cause a reduction of tumour
cell proliferation and inhibition of tumour growth, both in vitro and in vivo, for other non-MPM cancer types (82](83] Hence,
the Notch signalling pathway represents an attractive target for therapeutic intervention of MPM. Despite the known role of
Notch signalling in MPM tumourigenesis, combined with the reported efficacy of Notch inhibition in other cancer types,
limited research efforts have been conducted in relation to Notch pathway inhibitors and their potential efficacy in MPM.

The different types of aforementioned oncogenes that mediate the development and progression of MPM are summarised
below in Table 1.

Table 1. Summary of some of the key genes and miRNAs frequently altered in MPM.

Gene Chromosomal General

Gene/miRNA Name - - Specific Function Alteration Reference
Symbol Region Function
. Tumour DNA damage repair
BRCAi;i:;oglated BAP1 3p21.3 suppressor and cell cycle Gene deletion [26]127]
P gene regulation
p16/cyclin- Tumour
dependent kinase CDKN2A 9p21 suppressor Cell cycle regulation Gene deletion (3213911401
inhibitor 2A gene
p15/cyclin- Tumour
dependent kinase CDKN2B 9p21 suppressor  Cell cycle regulation  Gene deletion [2][33][38]
inhibitor 2B gene
19/alternate readin, Tumour
P frame 9 ARF 9p21 suppressor Cell cycle regulation Gene deletion [32][42]
gene
Tumour Regulation of cell
Neurofibromin 2 NF2 22q12 suppressor proliferation, Gene deletion [38][43]ra4]
gene motility, and survival
Tumour
Tumour protein p53 Tp53 17p13.1 suppressor Cell cycle regulation Gene deletion [451146]
gene
Epidermal Growth EGFR 7p11.2 Oncogene Pr'omotes. Overexpression e8]
Factor Receptor angiogenesis
Vascular Endothelial Promotes . [z1]
Growth Eactor VEGF 6p21.3 Oncogene angiogenesis Overexpression
Notch homolog 1, Promotes cell
translocation- proliferation, . [81]
associated NOTCH1 9g34.3 Oncogene differentiation and Overexpression
(Drosophila) survival
Suppresses cell
Notch homolog 2 NOTCH2 1p12 Tumour proliferation, Underexpression 81
(Drosophila) suppressor - .
motility and survival
Promote cell
miR-182-5p, miR-183- i, proliferation, . [Z4](75]
5p and miR-24-3p NI/A N/A OncomiR’s adhesion and Overexpression
invasion
miR-320a, miR-34a . Suppress the . [ze]
and miR-200a NI/A N/A OncomiR’s expression of PDL-1 Underexpression

2.2. Emerging Biomarkers for the Diagnosis of MPM

The diagnosis of MPM in the clinical setting is challenging. Suspected cases of MPM require sampling of pleural fluid for
biochemical and cytological analyses, however, cytological yield is typically low in MPM and biopsies are usually required
in order to identify the histological sub-type of the tumour to facilitate a definitive diagnosis 841851, Bjopsies are obtained
through invasive surgeries, such as via a percutaneous needle biopsy procedure or video-assisted thoracoscopic surgery
(VATS). The choice of biopsy procedure is highly dependent on the distribution and morphology of the disease, the



patient's suitability for invasive surgery, and the availability of services (e.g., trained staff and resources) 14,
Unfortunately, the VATS procedure is not always feasible to perform on patients who are elderly or of declining health. The
use of less-invasive biomarkers has proven to be useful diagnostic tools for other cancers types 88, however, to date,
less-invasive biomarkers that have been investigated for MPM are incapable of providing an accurate diagnosis;
rendering them unsuitable for clinical implementation. Continued pre-clinical research to identify/validate novel less-
invasive biomarkers that are highly sensitive and specific for MPM is greatly warranted and would represent a significant
advancement for the diagnosis of MPM. This has therefore become a key priority area of investigation in previous MPM-
focused biomarker studies. Some of the most widely studied biomarkers for MPM include mesothelin, megakaryocyte
potentiating factor, osteopontin, fibulin-3, high mobility group box 1 (HMGB1), and various miRNA; all of which are
summarised below.

Mesothelin is a cell adhesion glycoprotein that is over-expressed in MPM. It has garnered considerable research interest
as a potential MPM diagnostic biomarker after it was established that 87% of patients diagnosed with mesothelioma
exhibited increased levels of serum mesothelin compared to healthy asbestos-exposed, non-asbestos-exposed
individuals and individuals with other malignant or inflammatory lung diseases 788l Follow-up studies have also
confirmed the high specificity of effusion-derived mesothelin for MPM, with one particular study reporting a 95%
specificity; albeit with a relatively low associated sensitivity of 67% B9, Less promisingly, results derived from a meta-
analysis of data generated from 4491 individuals, consisting of 1026 diagnosed with MPM; reported a sensitivity of only
329% for serum mesothelin, despite a high specificity of 95% 2%, Whilst the diagnostic potential of mesothelin has been
determined to be favourable in patients with advanced-stage epithelioid tumour sub-types, it is less useful in sarcomatoid
tumour sub-types that rarely express mesothelin 1129 Additionally, serum mesothelin levels were found to be increased
in only 15% of suspect MPM individuals prior to diagnosis [2U; further indicative of mesothelin’s unsuitability as a
biomarker for early detection of MPM. Despite these limitations, the soluble mesothelin-related peptide (SMRP) is still the
only blood-based biomarker that has been clinically validated and Food and Drug Administration (FDA)-approved for the
monitoring of patients diagnosed with epithelioid or biphasic mesothelioma 22, Fibulin-3 is another circulating glycoprotein
that has garnered considerable research interest as a potential biomarker for MPM, exhibiting a similar specificity to that
of mesothelin’s reported value of 95% when measured in plasma, albeit with a lower specificity of just 52% in pleural
effusion [, Unfortunately, fibulin-3 has been reported to exhibit a poorer associated sensitivity in comparison to soluble
mesothelin in terms of providing a reliable MPM diagnosis; yielding a sensitivity of 59% and 22% in pleural effusion- and
plasma-derived patient samples, respectively 23, Rather, fibulin-3 appears to have better potential as a prognostic
biomarker after it was established that high levels of fibulin-3 in patient serum correlated with advanced stage MPM [24],
The extracellular cell adhesion protein, osteopontin, has also attracted considerable attention as a potential circulating
biomarker for MPM after osteopontin levels were found to be significantly higher in the serum of MPM patients in
comparison to healthy asbestos-exposed individuals with a reported specificity and sensitivity of 78% and 86%,
respectively 931, Despite this promising finding, a subsequent study determined that osteopontin is incapable of
differentiating between asbestos-induced MPM, pleural metastatic carcinoma, and benign pleural lesion; indicative of its
unreliability as an MPM diagnostic biomarker [28l. A recent meta-analysis has further established osteopontin's
unsuitability as a diagnostic biomarker for MPM upon determining that there was no significant difference between the
blood osteopontin levels of MPM patients with other cancer type patients 4. A promising proteomics-based biomarker
detection technique, using SOMAscan technology, was utilised to explore the usefulness of a 13-protein biomarker panel,
which was able to differentiate between MPM and control samples with a sensitivity and specificity of 93% and 91%,
respectively 28], Furthermore, this 13-protein biomarker was remarkably sensitive for the detection of MPM individuals
with varying pathologic stages of disease; with a positive detection of 77%, 93%, 96%, and 96% for stage |, Il, lll, and IV
cases, respectively. These results provide a strong foundation for prospective research focused on assessing their
usefulness for surveillance and early diagnosis of MPM in high-risk populations.

As previously discussed, one of the hallmarks of cancer epigenetics is the aberrant global hypomethylation and regional
hypermethylation of many tumour suppressor genes. These dysregulated methylated genes have therefore attracted
research interest in terms of exploring their utility as potential MPM-specific diagnostic biomarkers. In particular, one
promising study has highlighted that three gene loci, Estrogen Receptor 1 (ESR1), Solute Carrier Family 6 Member 20
(SLC6A20), and Spleen Tyrosine Kinase (SYK) have a markedly elevated frequency and/or degree of methylation in MPM
in comparison to non-tumour lung tissue. Furthermore, the combination of all three was determined to yield a sensitivity
and specificity of 92% and 73%, respectively, upon an evaluation of these gene loci in the aforementioned collection of
tissues 29, These dysregulated genes therefore warrant further investigation to assess their potential as biomarker
candidates for MPM detection; particularly prospective studies that aim to assess their specificity and sensitivity using a
larger cohort of MPM and non-MPM (other cancer type) specimens, as well as in pleural fluid and/or blood derived from
MPM patients.



A class of non-coding RNA, miRNAs, have been reported extensively for many different cancer types, including MPM,
however, their clinical potential as diagnostic biomarkers for MPM is still an area undergoing active investigation. Asbestos
exposure is known to induce early changes in miRNA expression and therefore a number of miRNA candidates have been
proposed as potential biomarkers for early detection of MPM development 199, Typical miRNA signatures that have been
determined for MPM include the overexpression of miR-30b*, miR-197-3p, miR-1281 and miR-32-3p, and deletion of miR-
34*, miR-429 and miR-203 LOUL02][103] ‘Additionally, elevated levels of miR-29c* and miR-625-3p have been detected in
MPM patient-derived plasma and serum samples compared to those derived from healthy subjects 62, however, it is yet
to be determined whether these biomarkers are capable of identifying asbestos-exposed individuals with a prospective
MPM diagnosis. Interestingly a number of miRNAs have demonstrated specificity for distinct MPM tumour sub-types. For
instance, the expression of miR-135b, miR-181a-2*, miR-499-5p, miR-517b, miR-519d, miR-615-5p, and miR-624 are
uniquely characteristic of the epithelioid subtype; the expression of miR-218-2*, miR-346, miR-377*, miR-485-5p, and
miR-525-3p are characteristic of the biphasic sub-type; and the expression of miR-301b, miR-433, and miR-543 are
characteristic of the sarcomatoid sub-type 191, Hence, these unique MPM sub-type-specific miRNA signatures present an
opportune avenue for research aimed to further validate their usefulness as potential clinical biomarkers for a differential
diagnosis of MPM based on sub-type. Additionally, previous research efforts have highlighted the potential of miRNAs to
distinguish MPM from other cancer types, such as the miR-200 family in distinguishing MPM from lung adenocarcinomas
[204]1205] ysing an extensive cohort of lung adenocarcinoma and MPM tissue samples, Benjamin et al. demonstrated that
the combination of miR-192, miR-193a-3p, and miR-200c, was able to differentiate between the two malignancies with a
specificity and sensitivity of 94% and 100%, respectively 194 The potential utility of these miRNAs as less-invasive
biomarkers of MPM remains to be seen, and prospective studies should address this by assessing their specificity and
sensitivity in blood samples obtained from large cohorts of MPM and lung adenocarcinoma patients.

A novel class of non-coding RNA, circular RNAs (circRNAs), constitute a promising blood-based biomarker candidate for
early detection of MPM. These differ from linear mRNA, being that they are covalently closed single-stranded RNAs
lacking 5' caps or 3' poly(A) tails, which are generated from pre-mRNA's by a process known as backsplicing 2081107,
CircRNAs are highly stable in blood circulation, have a longer associated half-life, and are resistant to exonuclease-
mediated degradation compared to their linear counterparts; making them desirable biomarker candidates for blood-based
diagnostic applications 208109110l There is growing evidence that indicates their overexpression correlates with
tumourigenesis, including malignancies of the lung (including MPM), liver, breast, prostate, bladder, colorectal, ovarian,
central nervous system, and stomach; as well as several haematological malignancies 121, It has been proposed that
circRNAs promote tumourigenesis by binding to and impeding the function of tumour-suppressor miRNA; a mechanism
coined “miRNA sponging”. Normally miRNAs primarily bind to the 3' untranslated regions (UTR’s) of specific mRNA
targets, whereby they function as post-transcriptional regulators of gene expression for various cellular events, including
cell proliferation, migration, differentiation, and apoptosis 21211131 As 4 result of recent circRNA profiling, a majority of
circRNAs are now known to harbor complementary binding sites for “tumour suppressor” miRNA, implying that they are
capable of binding to and inactivating the miRNA; thus impeding their interaction with their mRNA targets 114l This is
supported by growing evidence that have identified a clear trend in over- and under-expression of circRNAs and miRNAs,
respectively, in many cancer types, including lung adenocarcinoma, colorectal, gastric, and breast cancer 112, Whilst
circRNA-based biomarker development is still in its infancy, recent related investigations have highlighted the potential for
circRNA-based diagnostic and therapeutic strategies to play an important role in cancer management. Such studies
include the circRNA profile and bioinformatics analyses carried out by Li et al. and Zhu et al., which have identified two
circRNAs as potential biomarkers for early detection of acute myeloid leukaemia and lung adenocarcinoma, respectively
[L16]117]  CjrcRNA expression in MPM has been scarcely explored, however, our recent microarray analysis study,
conducted on nine different MPM cell lines, revealed upregulated levels for 290 different circRNAs; many of which were
found to harbor predicted binding sites for tumour suppressor miRNAs previously shown to be downregulated in MPM
tumour samples and cell lines 118 Hence, these upregulated circRNAs constitute potential biomarker candidates that
warrant further investigation using an extensive cohort of MPM patient biospecimens to assess their specificity and
sensitivity for MPM detection.

Continued pre-clinical research to identify and validate improved novel biomarkers for their potential application to clinical
diagnostics for MPM is urgently needed. However, whilst it is essential to continue pre-clinical research that aims to
improve clinical capacity to detect and diagnose suspect patients with MPM, it is equally important to conduct pre-clinical
studies that aim to improve and increase the number of therapeutic options available to newly diagnosed MPM patients.

A summary of the aforementioned protein and miRNA biomolecules that have been investigated in relation to their
potential as diagnostic biomarkers of MPM is provided below in Table 2.

Table 2. Biomarkers that have been investigated in regards to their diagnostic potential for MPM.
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2.3. Treatment Development
2.3.1. Current Standard of Care

The gold standard therapeutic strategies currently available to MPM patients typically involve surgery combined with
radiotherapy and/or chemotherapy for resectable tumours, and chemotherapy or radiotherapy only for unresectable
tumours. Only a select minority of patients are eligible for a complete tumour resection; either via lung-sacrificing surgery,
such as an extrapleural pneumonectomy (EPP), or lung-sparing surgery, such as a pleurectomy/decortication (P/D) 121,
EPP surgery is considerably more beneficial than P/D being that it has an associated average overall survival (OS) benefit
of 40 months compared to just 23 months for P/D [129 Despite the evident OS benefit of EPP surgery, the surgical
procedure is high-risk and prone to technical complications such as haemorrhage, empyema, atrial fibrillation, and acute
respiratory distress syndrome (ARDS); contributing to a 30-day patient mortality rate of 2-5% after EPP surgery 129,
Patients with unresectable disease are usually treated with palliative systemic chemotherapy, consisting of 4 to 6 cycles of
combination chemotherapy with platinum and antifolates 21, Up until 2020, the FDA- and European Medicines Agency
(EMA)-approved cisplatin-pemetrexed combination was the only form of frontline therapy for MPM, having demonstrated a
modest increased median survival from 9 to 12 months in most advanced stage MPM patients who are not eligible for
surgery 122 Unfortunately, only around 40% of MPM patients are responsive to this first-line chemotherapy &l. Recently a
new first-line combination therapy regimen, involving the combination of nivolumab and ipilimumab, was approved by the
FDA for patients with unresectable MPM, as determined from an open-label, randomised, phase 3 study (CheckMate
743). This new treatment regimen is associated with a median overall patient survival of 18 months, which is a significant
improvement to the conventional cisplatin-pemetrexed combination therapy 223!, Despite this recent advancement, there
are currently no approved second- or third-line chemotherapy agents available for treatment of MPM and no clear
supportive evidence for the use of neoadjuvant or adjuvant chemotherapy 121, Clearly, there is a desperate need to
conduct basic science pre-clinical research that aims to advance and expand therapeutic options for MPM given the
limited and modest associated benefits of the current standard of care. To address this unmet need, a number of studies
have been carried out in recent years to test and develop innovative therapeutic strategies for MPM. Such novel treatment
strategies that have been (and are still being) explored include targeted therapies, immunotherapies, and virotherapies,
which are discussed in detail below.

2.3.2. Targeted Therapies

Past research efforts involving a comprehensive genomic profiling of MPM has aided in the detection and characterisation
of MPM-specific genetic alterations that represent actionable therapeutic targets for novel MPM treatment strategies.



Kinase inhibition, angiogenic inhibition, tumour suppressor genes, and mesothelin are some of the key molecular
mechanisms/targets that have been tested for the development of improved MPM treatment strategies.

Receptor tyrosine kinases (RTKs) are a large family of cell cycle regulatory receptors that are commonly over-expressed
and activated in MPM (241 The activation of these receptors induce biochemical signalling cascades that cause the
transduction of aberrant cell growth signalling, which ultimately leads to cancer development and progression. Hence,
RTKs represent a potential therapeutic target for MPM and therefore this has attracted research aiming to investigate
strategies of RTK inhibition and associated anti-tumour activity. MPM tumours secrete pro-angiogenic factors, such as
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and vascular endothelial growth factor (VEGF), all
of which are linked to cancer cell proliferation. High levels of EGF, PDGF and VEGF have been reported in serum and
pleural effusions derived from MPM patients, and have been linked to poor prognosis and patient survival [123]1126][127]
The humanised monoclonal antibody against VEGF, bevacizumab, has demonstrated efficacy and been approved for the
treatment of several cancers, such as metastatic renal and colorectal cancer, and non-small cell lung cancer.
Unfortunately, clinical trials involving MPM patients treated with bevacizumab have not demonstrated a similar efficacy,
whereby the addition of bevacizumab to first-line chemotherapy failed to increase the median survival of MPM patients
(128][129][130]- 5heit with the exception of a recent phase IlI trial where bevacizumab-treated patients displayed a modest
increase in survival of 2.6 months compared to the standard care treated cohort . Clinical trials involving the use of the
imatinib and dasatinib antibody inhibitors against the PDGF beta-receptor (PDGFRf), which is known to be over-
expressed in mesothelioma cell lines, have similarly yielded disappointing results in regards to patient survival [1311(132](133]
(1341 Furthermore, inhibitors of EGFR, such as erlotinib and gefitinib, have also failed in clinical trials despite the
overexpression of EGFR in MPM specimens [233ll138] |nterestingly, a reduction of angiogenesis and MPM tumour mass
and enhanced tumour sensitivity to chemotherapy drug treatment have been demonstrated in the pre-clinical setting, upon
the administration of plasminogen activator inhibitor-1 (PAI-1) to mice bearing intrapleural tumours with high VEGF-A
expression 137138l Therefore, the use of PAI-1 inhibitors represents a promising therapeutic strategy for MPM that
warrants further exploration. Another promising therapeutic strategy is the suppression of MPM tumour growth via the
inhibition of fibroblast growth factor receptors (FGFRs). Fibroblast growth factor 2 (FGF2) levels have been shown to
correlate to tumour aggressiveness and poor patient survival and its down-regulation has been shown to induce the
suppression of mesothelioma cell proliferation without affecting the growth of non-malignant cells 232, An impairment of
MPM cell proliferation and migration, both in vitro and in vivo, have been demonstrated upon the inhibition of fibroblast
growth factor receptor 1 (FGFR1), as well as enhancing tumour response to chemotherapy drug or ionising irradiation
(140 These studies have therefore demonstrated the potential for the development of novel FGFR-based treatment
strategies for MPM and warrant further pre-clinical investigation.

An alternative tyrosine kinase that has been identified as a potential therapeutic target for MPM is the focal adhesion
kinase (FAK) protein. FAK, also known as protein tyrosine kinase 2 (PTK2), is located in the cytosol and regulates cellular
adhesion, proliferation, migration, and survival; in addition to being critical for cancer stem cell survival and maintenance
121 |n many cancers, FAK overexpression has been linked to aggressive tumour behaviour and promotes immune
evasion, resulting in tumour survival and progression 141[142]143][144] - Anproximately 35-40% of patients with MPM
possess mutations in the neurofibromatosis type 2 (NF2) gene, which encodes the protein Merlin 1221, Functional merlin
normally inhibits FAK activation, however it has been demonstrated that in NF2-mutated MPM tumour cells, stable
overexpression of FAK induces enhanced tumour invasiveness; which decreased significantly upon restoring Merlin
expression 48], A recognition of the tumour-promoting role of FAK in MPM has prompted the development of FAK small
molecule inhibitors and research investigating their potential for use in MPM-based targeted therapies. The small
molecule FAK inhibitor, defactinib, yielded promising results in pre-clinical studies in NF2-deficient MPM in vitro and in
vivo 2471 however, it failed to display any enhanced therapeutic benefit in a subsequent phase II clinical trial in MPM
patients and consequently the trial was suspended in late 2015 121, An alternative FAK inhibitor, PND-1186 (otherwise
known as VS-4718), has demonstrated promising efficacy as a potential treatment option for MPM after it was found that it
inhibited proliferation and induced apoptosis in MPM cells lacking Merlin expression 148 The preferential anti-tumour
effect of PND-1186 in Merlin-deficient MPM cells suggests that Merlin is a potential predictive biomarker for an enhanced
MPM tumour sensitivity to PND-1186. This postulation is also evidenced by an earlier Phase | clinical trial whereby Merlin-
deficient MPM patients treated with the FAK inhibitor, GSK2256098, exhibited an increased progression-free survival
(PFS) and disease stabilization 1491, Additionally, the expression of the tumour-suppressor protein, E-cadherin (CDH1),
has been identified as another predictive marker of MPM tumour response to FAK inhibition after a study by Kato et al.
revealed that a subset of Merlin-deficient MPM cells with E-cadherin-positive expression exhibited resistance to PND-
1186 treatment 129, To address the issue of MPM resistance to FAK inhibitor treatment, prospective pre-clinical studies
exploring the efficacy of FAK inhibitor treatments in combination with other functional biomolecules, such as tumour
suppressor miRNA mimics, are greatly needed. For instance, a previous bioinformatics study of miRNA expression in



MPM has indicated that a number of down-regulated tumour-suppressor miRNAs have a strong link to FAK involvement
151 The replacement of these down-regulated miRNAs with functional miRNA mimics may potentially be the key to
sensitizing E-cadherin-positive MPM to FAK inhibitor treatment.

Tumour suppressor inactivation (i.e., loss-of-function) constitutes one of the most typical mutational events in MPM
tumours. BAP1 and CDKNZ2A are tumour suppressor genes that are frequently inactivated in MPM, and have therefore
attracted widespread research interest focused on exploiting these altered genes as potential candidates for the
development of targeted therapies 152153]1154]155] BAP]-mutant MPM cell lines have been shown to be significantly less
sensitive than the wild-type counterpart when exposed to the chemotherapy drug, gemcitabine, with significantly less DNA
damage being detected in the BAPI-mutant cells 1381 Hence, research efforts have focused on exploring treatment
options that can potentially sensitise BAP1-deficient MPM to chemotherapy drug treatment. One particular option that has
been investigated is the induction of synthetic lethality of alternate DNA repair pathways, such as through the
administration of poly-ADP ribose polymerase (PARP) inhibitors, which have been proven to induce cell death in BAP1-
deficient MPM cell lines BHIS7] promisingly, it has recently been established that the BAP1 mutation status alone does
not confer MPM cell sensitivity to PARP inhibition. Rather a combination of both PARP inhibitor and the chemotherapy
drug, temozolomide, was found to exhibit efficacy in BAP1-deficient MPM cell lines with an associated high and low
expression of Schlafen 11 and O-6-Methylguanine-DNA Methyltransferase (MGMT), respectively 228l Hence, it has been
proposed that such a treatment strategy would be ideal for MPM patients whose tumours possess these combined
genetic traits. Furthermore, BAP1 inactivation has been considered to play a key role as an epigenetic regulator
associated with the polycomb repressive complex 2 (PRC2) and an enhancer of the zeste homolog 2 (EZH2) pathway. As
such, MPM with BAP1 loss have been shown to be sensitised to EZH2 inhibition, both in vitro and in vivo 133, A phase II
trial involving treatment of mesothelioma patients with the EZH2 inhibitor, tazemetostat, demonstrated a promising
disease control rate of 51% at 12 weeks 169,

In addition to BAP1-targeted strategies, researchers have investigated therapeutic strategies that are specific to the
CDKNZ2A mutation of MPM tumours. CDKN2A encodes the ADP-ribosylation factor (ARF, commonly known as p14) and
INK4A (commonly known as p16), and function by regulating the expression of the p53, and pRB tumour suppressors;
ultimately leading to G1 arrest and GO arrest/apoptosis, respectively 229, The whole INK4a/ARF locus is typically deleted
in more than 70% of human mesothelioma cell lines, which is associated with a loss of function of p53 and pRb, and a
consequent failure of cell cycle arrest. It has been shown however, that the restoration of p14ARF via adenoviral p14ARF
transfection in human mesothelioma cell lines, induces cell cycle arrest, growth inhibition and apoptosis; which was
associated with increased p53 levels and dephosphorylation of pRB 81, Alternatively, researchers have investigated
therapeutic strategies that exploit INK4A and its downstream targets, such as cyclin-dependent kinase 4 (CDK4) and
CDKa®6. The presence of INK4A is associated with an inhibition of CDK4 and CDKG6 activity, which leads to cell cycle arrest.
In INK4A-deficient MPM cells however, CDK4 and CDK6 remain active and promote cell cycle progression. Therefore
researchers have employed small molecule inhibitors of CDK4 and CDK®6, such as abemaciclib, to induce apoptosis in
MPM tumours and a suppression of tumour growth when used in conjunction with radiation in MPM mouse models (1621,
These promising results have led to a current clinical trial (NCT03654833 (MiST)) investigating the efficacy of abemaciclib
in p16INK4A-deficient MPM patients. The direct restoration of INK4A via gene therapy has also been investigated in pre-
clinical models of mesothelioma and has demonstrated promising anti-tumour activity. In particular, the transduction of
MPM cells with the INK4A-expressing adenovirus, Adpl6, has been shown to effectively induce cell cycle arrest, reduced
cell growth, and eventual cell death (1631 Furthermore, the restoration of INK4A in mesothelioma xenografts was shown to
be associated with an inhibition of tumour growth and a reduction in tumour size and spread 263l Despite these promising
results, the re-expression of INK4A via gene therapy has not yet been tested in clinical trials.

Tumour suppressor miRNA have been investigated for their potential role as an MPM targeted therapy option. As
discussed previously, a downregulation of miR-16 in MPM cells and tumours is associated with MPM cell/tumour growth.
To address this, a restoration of miR-16-5p was investigated both in vitro and in vivo upon reverse transfecting MPM cells
with miR-16-5p mimics and administering miR-16-5p-loaded minicells to MPM xenografted tumours, respectively €8], This
study demonstrated that the synthetic restoration of miR-16 in the MPM cells inhibited their growth and sensitised them to
chemotherapy drug treatment with pemetrexed and gemcitabine. Furthermore, the intravenous administration of the miR-
16-5p-loaded minicells to the tumour-bearing mice resulted in a consistent and dose-dependent inhibition of MPM tumour
growth. Additionally, the in vitro and in vivo restoration of the tumour suppressor, miR-193a-3p, displayed similar
promising results; inducing an inhibition of MPM cell growth and induction of apoptosis and necrosis in vitro, and inhibition
of xenograft tumour growth in vivo 2. The results from these studies ultimately provided the supportive basis for a phase
| clinical trial, MesomiR-1; the first and only in-man miRNA study to date, which investigated the safety and optimal dose
of a miR-16-based mimic delivered via anti-EGFR antibody-targeted bacterial minicells, dubbed TargomiR’s. Results
generated from this trial validated the safety of the treatment in all 27 patients, with one patient exhibiting an objective



response X84 and stable disease in a further 15 patients 1631, Given that only one objective response was attained out of
the 27 patients, it has been proposed that a combination treatment approach involving miRNAs combined with other
treatment modalities (i.e., chemotherapy) may be necessary in order to elicit an enhanced anti-tumour response 1621,
Additionally, the use of alternative miRNA mimics consisting of both two active 5p and 3p arms have been proposed, as
well as alternative delivery systems to more accurately deliver the miRNA mimics to MPM tumour cells 1681,

Other targeted therapy studies have investigated tumour-specific antigens as potential therapeutic targets for MPM, such
as mesothelin. Mesothelin is typically expressed at low levels in most normal tissue types, however, it is overexpressed in
a variety of solid tumour types, including MPM B4, The exact biological function of mesothelin overexpression in MPM is
not known, however, pre-clinical evidence suggests that mesothelin plays a role in cell adhesion after it was identified as
being the receptor for cancer antigen-125 (CA-125); an interaction which causes heterotypic adhesion and facilitates
tumour metastasis 187168l For these reasons, mesothelin has been deemed a potential therapeutic target for novel MPM
therapies and has attracted considerable research interest. Three different types of mesothelin-targeting agents have
been explored, which include anti-tumour antibodies/ antibodies-drug conjugates, mesothelin-targeting vaccines, and
mesothelin-targeting recombinant T cells ¥4, In particular, the humanised antibody, amatuximab, has shown encouraging
anti-tumour activity in combination with chemotherapy drugs against mesothelin-expressing tumours, via inhibition of the
interaction between mesothelin and cancer antigen 125 (CA- 125) 189701 The immunotoxin, SS1P, consisting of the
variable fragment of amatuximab linked to the cytotoxic bacterial toxin Pseudomonas exotoxin A has also exhibited
enhanced anti-tumour activity against mesothelin-expressing cancers, including tumour cell lines derived from ascites of
patients with peritoneal mesotheliomas 472l Despite this, SS1P has shown only modest activity and responses in
treated patients of phase | clinical trials, which has been attributed to the immune-induced formation of neutralizing
antibodies acting on SS1P after the first cycle of treatment. To overcome this associated immunogenicity limitation of
SS1P, a less immunogenic version (RG7787) has been developed and tested pre-clinically in mesothelin-expressing
cancers [73lI174]  Alternative mesothelin-specific antibody-drug conjugates that have been investigated in pre-clinical
models include aMSLN-MMAE and BAY 94-9343; both of which have exhibited enhanced anti-tumour activity in pre-
clinical models compared to standard chemotherapy drug treatment 172781 |n addition to mesothelin-specific antibodies,
genetically modified mesothelin-targeting vaccines have also been investigated for therapeutic potential. In addition to
mesothelin-specific antibodies, recent research has focused on vaccine-based targeting of mesothelin-expressing tumour
cells. The mesothelin-expressing CRS-207 is a genetically modified Lysteria monocytogenes attenuated vaccine, which
has demonstrated therapeutic efficacy in pancreatic tumour-bearing pre-clinical murine models 74, The in vitro and in
vivo pre-clinical testing of CRS-207 in MPM is scarcely reported in the literature, however, a recent clinical-based study
has revealed the vaccine has promising therapeutic potential in treated MPM patients; resulting in disease control for 89%
of patients and 31% showing a reduction in tumour size 78],

Alternative pre-clinical studies have highlighted argininosuccinate synthetase 1 (ASS1) as a promising targeted therapy
candidate for MPM. ASS1 is a rate-limiting enzyme that controls the production of arginine; a known precursor to
biomolecules (e.g., nitric oxides and polyamines) that play a role in tumourigenesis LZ180181] A stydy by Szlosarek et
al. established that 63% of MPM patient-derived tissue samples exhibited either reduced or absent ASS1 levels.
Furthermore, this study demonstrated that ASS1-negative MPM cell lines showed a marked decline in cell viability upon
withdrawal of arginine from the culture medium, thus highlighting the potential role of arginine depletion therapy for ASS1-
negative MPM patients 282, This led to a phase Il multicentre study which assessed the efficacy of a pegylated arginine
deiminase (Adi-PEG 20), an arginine-depleting enzyme, in patients with ASS1-negative MPM. The Adi-PEG 20-treated
group exhibited a modest increase in median PFS (3.2 months) in comparison to the group without Adi-PEG 20 treatment
(2 months) 1831 Additionally, a phase | dose escalation study demonstrated that the combination of Adi-PEG 20 with
cisplatin and pemetrexed was associated with a 78% response rate in a small cohort of ASS1-deficient thoracic cancer
patients (including MPM) 284, A phase 2/3 clinical trial (NCT02709512) is further investigating the efficacy of Adi-PEG 20
treatment in combination with standard cisplatin-pemetrexed therapy in ASS1-negative MPM patients.

The main types of targeted therapies that have been investigated with respect to treatment development for MPM are
summarised below in Figure 2. A summary of some of the key clinical trials that have arisen from pre-clinical targeted
therapy-based MPM studies are shown in Table 3.
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Figure 2. Summary of the key therapeutic strategies that have been explored by researchers investigating potential new
treatment options for malignant pleural mesothelioma (MPM). The three key therapeutic strategies include targeted
therapies (e.g., kinase inhibitors, such as PND-1186), immunotherapies (e.g., immune checkpoint inhibitors of PD-L1 and
PD-1), and virotherapies (e.g., oncolytic measles virus-mediated tumour cell death). All images were created with
BioRender.com (accessed on 14 September 2021). Abbreviations: FAK, focal adhesion kinase; miRNA, microRNA; CAR
T, chimeric antigen receptor T cell; MHC, major histocompatibility complex; PD-1, programmed cell death protein 1; PD-
L1, programmed death-ligand 1.

Table 3. Key clinical trials that have arisen from pre-clinical MPM studies.
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2.3.3. Immunotherapies

There has been growing research interest in immunotherapy as a potential treatment option for MPM after several
reported cases of spontaneous regression of MPM identified an associated lymphocyte infiltration in the tumour, which
correlated to improved patient survival 18711881189 Hence, recent research has focused on strategies to modulate the
immune system in order to enhance or facilitate the efficiency of the immune system to elicit an anti-tumour response.
Promising types of emerging immunotherapy strategies for MPM include immune checkpoint blockade (ICPB), chimeric
antigen receptor (CAR) T cell therapy, T regulatory cell modulation, and neoantigen vaccination.

It has been established that MPM tumours are capable of evading elimination by the immune system; mediated by the
involvement of T-cell inhibitory molecules, such as the cytotoxic T-lymphocyte-associated protein 4 (CLTA-4), programmed
cell death protein 1 (PD-1), and PD-L1. PD-L1 is known to be expressed in many cancer cells, including MPM, and is
associated with a poorer MPM patient median survival of 5 months as opposed to 14.5 months for MPM patients with
tumours lacking PD-L1 &Y, The binding of PD-L1 to PD-1 on T-cells impedes immune responses against the tumour by
inhibiting T-cell proliferation and activation. Thus, tumours that express PD-L1 are capable of evading cytotoxic T-cell
activity. Researchers have therefore focused on methods that aim to intervene and disable the interaction between PD-L1
and PD-1, such as through the use of immune checkpoint inhibitors that are able to block this interaction and enable T-
and B-cell re-activation 229, Typical immune checkpoint inhibitors include the monoclonal antibodies tremelimumab,
pembrolizumab, and avelumab, which act against CTLA-4, PD-1, and PD-L1, respectively. These antibodies have yielded
promising clinical results in melanoma and other cancer types 21181 Fyrthermore, the blockade of the PD-1/PD-L1
interaction and an associated inhibition of tumour growth has been demonstrated in animal models for non-MPM-based
studies 12211931 | imited pre-clinical data has been published for ICPB in MPM however, although a number of ICPB-
based clinical studies for MPM have been conducted. The KEYNOTE-28 trial in particular, whereby MPM patients were
treated with pembrolizumab, demonstrated some promising results; with up to 28% of patients exhibiting a beneficial
response to the drug and another 48% achieving a stable disease response 183, |n contrast, one of the most extensive
trials for ICPB in MPM, whereby relapsed MPM patients were treated with tremelimumab, reported that 81% of MPM
patients died without a significant difference in overall survival between the drug-treated and placebo-treated cohort 194,
In an effort to improve MPM patient response to ICPB therapy, researchers have resorted to testing the combination of
ICPB with other immune-modulatory molecules, targeted therapies, anti-angiogenic agents, chemotherapy drugs, or
radiotherapy 12, The use of immune checkpoint inhibitors in combination with chemotherapy agents has particularly
been shown to have enhanced therapeutic benefit in MPM. This was effectively demonstrated in both pre-clinical models
and human subjects upon combining the immune checkpoint inhibitor, anti-PD-1, with the chemotherapy drug,
gemcitabine, which resulted in an enhanced tumour control and survival outcome when compared to treatment with either
agent alone 1261 The combination of anti-PD-1 ICPB with other types of chemotherapy agents, such as cisplatin and
paclitaxel, have been shown to exhibit enhanced anti-tumour immunity in other thoracic cancer types, commonly inducing
a 50% tumour regression, however, their efficacy is yet to be established for MPM 227 The use of radiotherapy in
combination with ICPB is a promising alternative however, having been investigated in MPM in a recent in vivo study by
Wu et al. This study effectively demonstrated a significant inhibition of tumour growth in murine MPM models, which was
associated with an increased T cell infiltration into the tumour, upon subjecting them to local radiotherapy in combination



with the antibody-mediated blockade of the immune-suppressive cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
(298] The use of tumour suppressor miRNA mimics in combination with ICPB also constitutes a potential therapeutic
strategy for MPM that warrants investigation. The rationale for this is based on a previous study by Kao et al., which
demonstrated that PD-L1 overexpression in a cohort of 72 patients was associated with a downregulation of tumour
suppressor miRNAs miR-15b, miR-16, miR-193a-3p, miR-195, and miR-200c [129]. This same study demonstrated that the
treatment of MPM cells with miR-15a and miR-16 mimics led to a downregulation in PD-L1 mRNA and protein levels.

An alternative to the ICPB immunotherapy-based approach that has been explored for MPM is CAR T cell therapy. This
form of immunotherapy, based on adoptive cell transfer, involves the generation of T cells that are engineered to
recognise specific antigen receptors on the tumour cells. For instance, a study carried out by Klampatsa et al.
demonstrated increased cytotoxicity and cytokine release in a panel of four MPM cell lines after patient T-cells were
engineered via retroviral transduction to express a panErbB-targeted CAR, co-expressed with a chimeric cytokine
receptor in order to promote interleukin-4-mediated CAR T cell proliferation 299, Alternative studies have employed
mesothelin-targeting recombinant T cells to explore their associated therapeutic potential in MPM in both pre-clinical in
vitro and in vivo models, having exhibited robust anti-tumour activity in MPM [201[2021  An in vivo study effectively
demonstrated the potential efficacy of CAR T cell therapy for MPM, whereby an intrapleural mesothelioma mouse model
treated with mesothelin-specific CAR T cells injected into the peritoneum resulted in potent and prolonged anti-tumour
immunity 223, Other targets that have been explored for CAR T cells include components of the stroma of tumours, such
as the fibroblast-activating protein (FAP). FAP-specific CAR T cells have exhibited efficacious results in murine
subcutaneous MPM models with minimal associated toxicity, which resulted in a phase | clinical trial of human FAP-
specific CAR T cells via intrapleural administration in MPM patients (208],

Other researchers are investigating the potential utility of neoantigen vaccination as a means to stimulate the immune
system to initiate an immune-mediated anti-tumour response against MPM. The aim of neoantigen vaccination is to prime
the host immune system to recognise and target the foreign MPM tumour cells. Neoantigens arise as a result of mutations
to oncogenes and tumour suppressor genes, oncogenic viruses, oncofoetal proteins, or overexpression of proteins 1291,
They constitute attractive candidates for the development of immune-mediated anti-tumour vaccines given that they; (i)
exhibit high binding affinities for T cell and human leukocyte antigen (HLA) receptors, (ii) their expression is restricted only
to tumour cells, and (iii) their collective binding affinity and specificity effects enable them to bypass central tolerance and
issues associated with autoimmunity 224, |In order to elicit an immune-mediated anti-tumour response, the neoantigens
must be presented to T cells upon binding to MHC molecules. Neoantigen vaccination represents a potential form of
personalised therapy that is uniquely tailored to individual MPM patients on the basis that their tumour sample can be
sequenced using next-generation sequencing (NGS) technology to detect aberrant mutation expression of the
neoantigens via RNAseq, and MHC binding potential determined in silico 2222051 The capacity to identify MPM tumour-
specific neoantigens using NGS platforms and capability of vaccinating patients with their own tumour-specific
neoantigens has stimulated considerable research interest in anti-cancer vaccination strategies for MPM. One recent
study conducted by Sneddon et al. utilised pleural effusion samples collected from 27 mesothelioma patients to screen
and identify potential tumour cell-derived neoantigens. A median value of up to 68 different neoantigens was found to be
responsive to CD8+ T cells, with a particularly strong CD8+ T cell response being detected for a predicted neoantigen
produced by a spontaneous mutation in the ROBO3 gene [2%€] This is just one example of a pre-clinical study that
provides justified evidence that neoantigens represent promising actionable targets for the development of personalised
MPM anti-tumour vaccines. Neoantigen vaccination development for MPM is still in its infancy however, and further pre-
clinical research is required to completely elucidate its efficacy and feasibility as a potential new treatment option for MPM
patients.

The most common types of immunotherapies that have been investigated in relation to MPM are summarised in Figure 2.
A summary of some of the key clinical trials that have arisen from pre-clinical immunotherapy-based MPM studies is
shown in Table 3.

2.3.4. Virotherapies

Oncolytic virotherapy is a promising experimental strategy that has been explored as a potential therapeutic option for
MPM given that viruses are capable of infecting tumour cells and inducing cell lysis following replication. Oncolytic viruses
are capable of inducing host cell death and antigen release; a process which subsequently stimulates the immune system
via the activation of both the innate and adaptive immune responses, thus triggering an anti-tumour immune response.
MPM tumours are an ideal candidate for assessing the efficacy of viral-induced oncolysis given that the pleural location
and (mostly) localised tumour growth allows convenient access to direct intratumoural injection of the virus 24, Further
advantages of using viruses to treat MPM is that they can be engineered to increase their selectivity for tumour cells, as
well as being utilised as a means of gene therapy by therapeutically altering the infected tumour cells via gene transfer



2971 A number of different viruses including adenovirus, vesicular stomatis virus, replication-competent retrovirus,
measles virus, and the genetic engineered Newcastle disease virus have been assessed in pre-clinical MPM studies with
promising results. A recent pre-clinical virotherapy-based study utilised an engineered adenovirus harbouring a deletion in
the E1A-Conserved Region 2, to infect and replicate in cancer cells with a defective retinoblastoma pathway, including
MPM cells. This adenovirus demonstrated cytotoxicity in vitro and reduced tumour growth in vivo in the MPM cells and a
murine xenograft model, respectively 2% Alternatively, an oncolytic measles virus, genetically modified with an interferon
B (IFNB) gene insertion, was found to induce cell death and retard tumour growth in in vitro and in vivo pre-clinical models
of MPM, respectively, which was associated with prolonged survival time 299, The replication-competent neuroattenuated
Herpes Simplex Virus (HSV-1716) has also exhibited potential as a form of oncolytic virotherapy for MPM. The HSV-1716
virus was shown to induce MPM cell cytotoxicity and lysis in vitro, which was associated with reduced tumour growth and
significantly prolonged survival in MPM murine models when used in combination with chemotherapy and radiotherapy
(2101 Thjs study yielded a promising clinical trial which showed an acceptable safety profile in MPM patients treated
intrapleurally with HSV-1716, with more than half of the treated patients displaying evidence of anti-tumour
immunogenicity and experiencing prolonged survival, as indicated in Table 3 [ Alternatively, a study utilising
adenovirus vectors expressing interferon (IFN)-gamma, in combination with the expression of the co-stimulatory molecule
CD40L, demonstrated significant suppression of in vivo tumour formation compared to untreated controls 212, Vaccinia
viruses designed to infect tumour cells and elicit an anti-tumour immune response have also exhibited efficacy for
treatment of MPM. In patrticular, the replication-competent GLV-1 h68 virus has been shown to induce lysis in multiple
MPM cell lines, which correlated to reduced tumour burden and prolonged survival in MPM murine models following
intrapleural delivery of the virus (2131,

The key types of virotherapies that have been investigated in relation to MPM are summarised in Figure 2.
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