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Abstract: Malignant pleural mesothelioma (MPM) is a rare malignancy characterized by very poor
prognosis and lack of treatment options. Immunotherapy has rapidly emerged as an effective tool
for MPM, particularly for tumors of non-epithelioid histology. At the same time, comprehensive
genomic sequencing may open the way to new-generation targeted-drugs able to hit specific MPM
molecular vulnerabilities. These innovations will possibly enrich, but also dramatically complicate,
the elucidation of treatment algorithms. Multidisciplinary integration is urgently needed.
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1. Introduction

Malignant pleural mesothelioma (MPM) is a deadly malignancy arising from mesothe-
lial cells of the pleural surface, accounting for fewer than 1% of all cancers [1-3]. Asbestos
exposure, usually occurring in the workplace, is the leading cause of MPM through the
induction of chronic inflammation and macrophages releasing DNA-mutagenic oxidizing
agents. Other risk factors include occupational radiation and prior chest radiotherapy [4].
Very rarely, germline mutations in breast-related cancer antigens (BRCA)-associated protein
1 (BAP1) can be passed in families [5,6].

The histological classification of MPM includes three main subtypes: epithelioid,
sarcomatoid (including the desmoplastic and lymphohistiocytic variants), and biphasic.
The epithelioid histology is associated with a more favorable prognosis and occurs in
60-80% of patients, whereas the sarcomatoid histology (20% of cases) has worse outcomes,
with a lower chance of response to therapy [7].

Multimodality therapy including induction platinum-based chemotherapy, surgical re-
section (pleurectomy /decortication with mediastinal lymph node sampling or extrapleural
pneumonectomy), and sometimes radiation therapy is generally offered to young patients
with good performance status, localized disease, and epithelioid histological subtype [8,9].

Based on the results of the EMPHACIS trial, combination therapy with cisplatin
(CDDP) and pemetrexed (PEM) has been for long the cornerstone of first-line treatment for
patients with advanced, unresectable MPM [10]. The carboplatin—-PEM regimen showed
comparable efficacy to CDDP-PEM in a phase II study; therefore, in clinical practice it
should be preferred for patients with a poor performance status (PS) and/or comorbidi-
ties [11]. The clinical role of second-line therapy for progressive or relapsed disease is still
undefined, and no post-progression validated treatment has emerged. Pemetrexed-based
re-treatment should be considered for patients who have obtained a PFS greater than
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3 months with first-line therapy [12,13], while other active drugs, such as gemcitabine and
vinorelbine, can be used for platinum-refractory patients with a good PS [14-16].

However, in a comprehensive perspective, the introduction of the pemetrexed-based
strategies has produced negligible survival improvements, and the prognosis of MPM is still
very poor with an overall 5-year survival rate < 10%, further underscoring the urgent need
for more effective therapies. In the last few years, new therapeutic approaches focusing on
three different research areas (immunotherapy, functional loss of tumor suppressor genes,
and angiogenesis) have been investigated for MPM treatment. Here, we critically review
these new emerging options of treatment for MPM, moving from the actual therapeutic
strategies to upcoming practice-change future approaches.

2. Immunotherapy

Immunotherapy (IO) has opened a new era in the management of thoracic malig-
nancies, and several immune checkpoint inhibitors, targeting the cytotoxic lymphocyte
antigen 4 (CTLA4) and programmed Death-1/Programmed Death-Ligand 1 (PD-1/PD-L1)
signaling axis, have been approved for the treatment of lung cancers.

In the last years, several clinical trials have successfully investigated the activity of IO
in MPM treatment, firstly for recurrent/relapsed disease and, more recently, as an upfront
treatment compared to platinum—pemetrexed-based chemotherapy (Table 1).

In a retrospective analysis conducted by Patil and colleagues [17], a sample of 99 MPM
specimens were profiled for immune gene expression and PD-L1 expression, proposing a
classification in three subgroups according to the degree of inflamed phenotype: 60% of
the samples analyzed showed an inflamed status, making mesothelioma a good theoretical
candidate to immunotherapy.

Table 1. Selected Clinical Trials investigating Immunotherapy in MPM.

Name Trial ID 10 Agent Phase No. Treatment Arms Result/ Endpoint
pts Status
Relapsed/Recurrent MPM
MESOT-TREM-2008 [18] NCT01649024. Tremelimumab II 25 Tremelimumab Negative ORR
(15 mg/kg every 90 days)
MESOT-TREM-2008 [19] NCT01655888. Tremelimumab II 29 Tremelimumab Negative ORR
(10 mg/kg every 4 weeks)
DETERMINE [20] NCT01843374.  Tremelimumab 1B 571 lemelimumab (10mg/kg) oo iie 0s
vs. placebo
. Pembrolizumab
KEYNOTE-028 [21] NCT02054806 Pembrolizumab I 25 (10 mg kg q14) / ORR
KEYNOTE-158 [22] NCT02628067 ~ Pembrolizumab 11 11g Lembrolizumab200mgq2l oo oo ORR
up to 35 cycles
PROMISE-Meso [23] NCT02991482 Pembrolizumab i 114 Pembrolizumab vs. CHT Negative PFS
JAVELIN Solid Tumor [24] NCT01772004 Avelumab IB 53 Avelumab (10 mg/kg q14) Negative ORR
NivoMes [25] NCT02497508 Nivolumab I 38 Nivolumab (3 mg/kg q14) Positive DCR
MERIT [26] JapicCTI163247 Nivolumab II 34 Nivolumab (3 mg/kg q14) Positive ORR
CONFIRM [27] NCT03048474 Nivolumab I 332 Nivolumab (240 mg q14) Positive PFS/0S
NCT03075527 [28] NCT03075527  remelimumab + 11 19 Trem+Durv(@Cycles) = \ooopive ORR
Durvalumab Durv
NIBIT-Meso-1 [29] NCTO2588131  \remelimumab + I g0  Trem+Durv (4 Cycles) - Positive ORR
Durvalumab Durv
MAPS2/IFCT1501 [30] NCT02716272 Ipilimumab + I 125 Nivolumab +/— Positive ~ 12W DCR
Nivolumab Ipilimumab
INITIATE [31] NCT03048474 Ipilimumab + I 35  Nivolumab + Ipilimumab Positive ~ 12W DCR

Nivolumab
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Table 1. Cont.
Name Trial ID 10 Agent Phase No. Treatment Arms Result/ Endpoint
pts Status
Upfront treatment
Ipilimumab + CDDP + PEM vs. IPI + .
Checkmate 743 [32] NCT02899299 Nivolumab 1 92 NIVO Positive oS
. CDDP + PEM +/— Active, not

IND-227 NCT02784171 Pembrolizumab II-11T 520 PEMBRO recruiting PFS/0OS
PrE505 [33] NCT02899195 Durvalumab I 55 CDDP + PEM + DURVA Positive (O3]
DREAM [34] ACTRN Durvalumab I 54 CDDP + PEM + DURVA Positi PFS

- 1261600170415 M ostive
DREAM3R NCT04334759 Durvalumab I 480 CDDP + PEM +/— DURVA  Recruiting oS
ETOP BEAT-meso trial NCT03762018 Atezolizumab 1 320 CBDC_'_?j i?%/[z_'—OBEVA Recruiting PFS, OS

List of abbreviations: Trem = Tremelimumab; Durva: Durvalumab; IPI = ipilimumab; NIVO = Nivoliumab; PEMBRO = pembrolizumab;
CDDP = cisplatino; PEM = pemetrexed; ATEZO = atezolizumab; ORR = objective response rate; DCR = disease control rate; 12W
DCR = disease control rate at 12 weeks; PFS = progression-free survival; OS = overall survival.

2.1. Single-Agent Immunotherapy

To date, tremelimumab is the only an anti-CTLA4 inhibitor tested as monotherapy
in MPM. Based on encouraging clinical and immunological activity in the two single-arm
MESO-TREM studies [18,19], tremelimuab was tested in a larger placebo-controlled trial.
In the DETERMINE study [20], 571 pre-treated MPM patients were randomized (2:1) to
tremelimumab (10 mg/kg every 4 weeks for seven cycles and then every 12 weeks) or
placebo. There were no significant differences in response or survival between the two
groups (mOS 7.7 months for tremelimumab vs. 7.3 months for placebo (p = 0.408). Although
there seemed to be a trend in the sarcomatoid group in favor of tremelimumab, the number
of patients was too small to detect a significant difference.

In the phase 1b trial KEYNOTE-028, which evaluated pembrolizumab (an anti-PD-1
mAb) 10 mg/kg q14 in PD-L1-positive solid tumors, a cohort of 25 patients with MPM
exhibited a median OS of 18 months and DCR of 72%, with 4 patients maintaining a
response for about two years [21]. In the multicohort, single-arm, phase 2 KEYNOTE-158
study [22], 118 patients with pre-treated MPM and biomarker-evaluable tumor samples
were enrolled to receive pembrolizumab 200 mg intravenously every 3 weeks for up to
35 cycles. The primary study endpoint was ORR, and only 10 patients (8%; 95% CI; 4-15)
had an objective response; the median DOR was 14-3 months (range: 4.0 to over 33.9), and
60% of objective responses were ongoing at 12 months. The median overall survival was
10-0 months (95% CI 7.6-13.4), and the median progression-free survival was 2.1 months
(2.1-3.9). Objective responses were observed independently of PD-L1 expression (6/77 PD-
L1+ MPM; mDOR 17.7 months [range 5.8-33.9+] and 4/31 PD-L1-negative MPM; mDOR
10.2 months [4.0-16.6]). Similarly, in the phase 3 PROMISE-Meso trial [23], 114 patients
with pre-treated MPM (notably, almost 90% of patients had an epithelioid histology) were
randomized to receive Pembrolizumab or investigator’s choice chemotherapy (gemcitabine
or vinorelbine). Despite an ORR of 22% for pembrolizumab (vs. 6% in the chemotherapy
arm), mOS was 10.7 months in the experimental arm versus 11.7 months in the control arm.

Avelumab (anti-PD-L1 mADb) as a single agent in 53 pe-treated MPM was tested in the
phase Ib JAVELIN Solid Tumor trial [24], achieving a dismal mOS of 10.7 months, although
in patients achieving a response, the median DOR was 15.2 months.

In the NivoMes phase 2 study, a population of 38 patients with relapsed MPM was
treated with nivolumab 3 mg/kg q14, obtaining a 3-month DCR of 50% and an ORR of
24%. The role of nivolumab as a salvage therapy was confirmed by the phase 2 MERIT trial
and, most recently, by the phase 3 placebo-controlled CONFIRM trial: 332 patients were
randomized 2:1 to nivolumab 240 mg q14 or placebo, stratified by histology (epithelioid
vs. non epithelioid); the study met its two co-primary endpoints, showing an investigator-
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assessed mPFS of 3.0 vs. 1.8 months (HR 0.62, p < 0.001) and an investigator-assessed mOS
of 9.2 vs. 6.6 months (HR 0.72, p = 0.02) in favor of nivolumab [25-27].

2.2. Combination Therapy

As seen in other malignancies, there can be an additive or synergic effect when
combining ICIs or ICI with chemotherapy. Two phase 2 trials evaluated the activity of
tremelimumab plus durvalumab in relapsed MPM. The NCT03075527 trial did not meet
its endpoints of activity in the interim analysis [28]. The NIBIT-Meso-1 phase 2 trial
enrolled 40 patients who were treated with tremelimumab (1 mg/kg) and durvalumab
(20 mg/kg) every 4 weeks for four cycles, followed by maintenance with durvalumab up
to nine cycles; the results were promising, as 28% of patients achieved a PR, and mOS was
16.6 months [29].

The phase 2 MAPS2/IFCT1501 trial was a two-arm non comparative study where
125 patients were randomized 1:1 to nivolumab (3 mg/kg every 2 weeks) or nivolumab plus
ipilimumab (1 mg/kg every 6 weeks): the primary endpoint was a 3-month DCR > 40%
that was reached in both arms (44.4% in the nivolumab arm and 50% in the nivolumab plus
ipilimumab arm); ORR was 26% in the combination arm and 19% in the nivolumab arm,
while mOS was, respectively, 15.9 months and 11.9 months [30]. The activity of this combo
was confirmed in the phase 2 trial INITIATE, which evaluated 35 patients with MPM in the
second-line setting treated with nivolumab 240 mg q14 plus ipilimumab 1 mg/kg every
6 weeks, achieving a DCR of 68% and an ORR of 29% [31].

With regard to the first-line scenario, the paradigm of treatment will be deeply trans-
formed following the results of the phase 3 CheckMate 743. A total of 605 patients,
stratified by histology (epithelioid vs. non epithelioid) and sex, were randomized 1:1 to
standard platinum—pemetrexed chemotherapy or nivolumab (3 mg/kg q2w) plus ipili-
mumab (1 mg/kg q6w) until disease progression, inacceptable toxicity, or completion of
two years of treatment. The study met its primary endpoint: mOS was 18.1 months in the
experimental arm versus 14.1 months in the control arm (HR 0.74, p = 0.002). Nevertheless,
considering the subgroup analysis, the benefit was not consistent in patients with an ep-
ithelioid histology, for whom mOS was 18.7 months versus 16.5 months (HR 0.86, 95%CI
0.69-1.08); on the contrary, the subgroup who showed the greatest survival advantage
was the non-epithelioid one, which historically is refractory to the standard chemotherapy
treatment: mOS was 18.1 months with the ICI combo versus 8.8 months in the control
group (HR 0.46) [32].

This different response to immunotherapy is consistent with previous pre-clinical
studies and may be related to the different tumor microenvironment of epithelioid and
sarcomatoid /biphasic MPM. In the above-mentioned study [35] carried out by Pasello et al.,
the biphasic/sarcomatoid histotype was characterized by higher infiltration of CD8+ T
lymphocytes and CD68+ macrophages and also by higher PD-L1 expression; these features,
which are markers of aggressiveness, are associated with a lower response to chemotherapy
but may be the reason why immunotherapy works better [17]. Similarly, Alay et al.
analyzed a large collection (1 = 516) of MPM and identified three subgroups according to
the relative infiltration of cytotoxic T cells and T-helper 2 cells; the third group (high levels
of cytotoxic T cells and low levels of T-helper?2 cells) was characterized by an inflamed gene
signature and by a better prognosis; the authors also speculated that this subgroup might
show better response to immunotherapy [36].

The combination of PD-1-blocking agents and chemotherapy has been successfully
evaluated in different solid malignancies, and multiple randomized studies are running also
for MPM patients. The first results of combining durvalumab with cisplatin—-pemetrexed in
the first line are hopeful. In the Australian DREAM study [35], the primary endpoint was
progression-free survival at 6 months (PFS6), measured according to mRECIST for MPM
and analyzed in the intention-to-treat population: after a median 28.2-month follow-up, 31
(57%; 95% CI 44-70) of 54 patients were alive and progression-free at 6 months. Similarly,
the American counterpart study (PrE0505) reported a median OS of 20.4 months, exceeding
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the pre-specified criteria for clinically meaningful improvement of 19.0 months, which
corresponded to a 58% improvement in the median OS of 12.0 months associated with a
pemetrexed—cisplatin historical control. The 6-, 12-, and 24-month OS rates were 87.2%,
70.4%, and 44.2%, respectively, while the corresponding PFS rates were 69.1%, 16.4%,
and 10.9%. The median PFS was 6.7 months [36]. An international world-wide phase III
randomized study (DR3AM) with this combination is currently ongoing, and results are
expected in 2024 (Clinicaltrials.gov no. NCT04334759).

The IND-227 study (Clinicaltrials.gov no. NCT02784171) has been initiated to de-
termine the value of pembrolizumab in the first-line setting. The phase II part of this
study had three treatment arms: single-agent pembrolizumab, cisplatin/pemetrexed, or a
combination of the three agents. In the ongoing phase III part, the patients are randomized
to platinum—pemetrexed plus pembrolizumab or to the same chemotherapy alone. Primary
results will be available in 2022.

The ETOP BEAT-meso trial (Clinicaltrials.gov no. NCT03762018) is currently enrolling,
and 320 patients will be randomized so to receive platinum—pemetrexed-bevacizumab
with or without atezolizumab. The primary endpoint is PFS. The first results are expected
in 2024.

3. Targeting Functional Loss of Tumor Suppressor Genes (TSGs)

In an effort to identify actionable targets in MPM, the use of massive parallel sequenc-
ing has revealed frequent deletions or loss-of-function mutations of tumor suppressor genes
(TSGs), most often cyclin-dependent kinase inhibitor 2A (CDKN2A), BRCA1l-associated
protein-1 (BAP1), and chaperone proteins [37,38]. Despite TSG are not directly targetable,
aberrant cancer genome rewires biochemical networks, leading to synthetic lethal vulnera-
bilities and providing alternative approaches for targeting TSG-driven MPM (Table 2).

3.1. CDKN2A

The cyclin-dependent kinase inhibitor 2A (CDKN2A) is a tumor suppressor gene
located at chromosome 9p21.3 that encodes two functionally unrelated proteins, i.e.,
pl6INK4a and p14ARF. The p16INK4a protein is a CDK inhibitor that acts in the inacti-
vation of retinoblastoma proteins (Rb), leading to failure of cell cycle arrest. The p14ARF
protein is a key protein cell cycle regulator that inhibits the degradation of p53 [38-40].
Loss of the 9p21 locus is common in MPM, and CDKN2A deficiency is potentially as-
sociated with vulnerability to CDK4/6-targeted therapies. In the SIGNATURE trial, the
efficacy of Ribociclib in CDK4/6 pathway-activated malignancies including five MPM was
tested, with a dismal ORR of 2.9% (Clinicaltrials.gov no. NCT02187783). Abemaciclib is
being investigated in MPM bearing pl6lnk4a deficiency, as an arm (MiST2) of a larger
molecular-driven phase II trial (Clinicaltrials.gov no. NCT03654833).

3.2. BAP-1

The BRCA1l-associated protein 1 carboxy-terminal hydrolase (BAP1) is a tumor sup-
pressor gene that encodes a deubiquitinating enzyme that plays a crucial role in the
regulation of several biological processes, including DNA double-strand breaks (DSBs)
response and epigenetic regulation through chromatin remodeling. Germline mutations in
BAP1 have been identified in families with “BAP1 cancer syndrome”, characterized by the
predisposition to developing benign atypical melanocytic lesions, uveal melanomas, and
MPM. Additionally, BAP1 somatic mutations/inactivation have been also frequently found
in sporadic epithelioid MPM (57-63%) and have been associated with a better response
to platinum-based chemotherapy [36,37,41,42]. Similar to BRCA1/2-deficient cancers,
mutation in the BAP1 gene leads to homologous recombination-deficient (HRD) tumors
and increases the reliance on poly ADP ribose polymerase (PARP)-mediated DNA repair
pathways; therefore, PARP1/2 inhibitors can induce synthetic lethality in MPM.

In a single-arm, phase II trial with prospective molecular stratification (Mesothelioma-
Stratified Therapy 1 [MiST1]), patients with relapsed cytoplasmic-BAP1-deficient or BRCA1-
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deficient mesothelioma (pleural or peritoneal or other primary localization), received
rucaparib 600 mg twice a day orally, for up to six cycles of 28 days. In this molecularly
selected population, rucaparib met the primary outcome of the study, achieving 58% of
disease control rate at 12 weeks (95% CI 37-77; 15/26 patients) and 23% at 24 weeks (95% CI:
9-44; 6/26 patients); all reported toxicities were manageable [43]. Niraparib, another PARP
inhibitor, has also been evaluated in patients with BAP-1-negative metastatic relapsed or
refractory solid tumors (ClinicalTrials.gov no. NCT03207347).

However, recent pre-clinical studies [44,45] showed that the BAP1 status does not
determine the sensitivity to PARP inhibitors in patient-derived mesothelioma cell lines,
which is surprising and in contrast with previous observations. Several possibilities
can be envisioned to explain these discrepancies, including the presence of co-occurring
mutations leading to a BAP-1-status-independent HRD phenotype and/or different BAP1
splice isoforms affecting the sensitivity of MPM cells to PARP inhibition. Consequently,
further investigations about HRD status are needed to guide PARP-targeted therapy for
patients with BAP1-mutant MPM.

Additionally to direct synthetic lethality, treatment of HRD-tumors with PARP in-
hibitors generates significant levels of DNA damage, which has the potential to further
increase the tumor mutational burden, promoting neoantigen release and upregulating both
interferons and PD-L1 expression, suggesting a potential complementary and synergistic
role with immune checkpoint inhibitors. Based on this rationale, a phase II single-arm study
has been planned to investigate efficacy and safety of the combination of niraparib and
dostarlimab, a PD-1 inhibitor, in patients with HRD-positive and PD-L1 > 1% advanced
non-small-cell lung cancer (NSCLC) and/or MPM [46].

As a chromatin regulator, BAP1 works as the catalytic subunit of the Polycomb re-
pressive deubiquitinase (PR-DUB) complex that removes mono-ubiquitin from histone
H2A [47]. Consequently, BAP1-altered MPM cells are critically dependent on the activity of
enhancer of zeste homolog 2 (EZH2), the functional enzymatic component of the Polycomb
Repressive Complex 2, an alternative transcriptional complex involved in histone methyla-
tion.

Vorinostat, a histone deacetylase inhibitor (HDI), was compared to placebo in a large
phase III trial (VANTAGE-014) in patients with advanced MPM who had previously failed
one or two chemotherapy regimens. Despite a statistically but not clinically significant
improvement of PFS from 6.1 to 6.3 weeks (HR 0.75, 95%C1 0.63-0.88; p = 0.001), the study
failed its primary endpoint OS (30.7 vs. 27.1 weeks; HR 0.98 95%CI 0.83-1.17; p = 0.86).
Belinostat, another histone deacetylase inhibitor, did not show any clinical activity as
well [48,49].

The selective EZH2 inhibitor tazemetostat was recently evaluated in a multipart
phase II study including patients affected by relapsed or refractory MPM with BAP1
inactivation. Tazemetostat met the primary endpoint with 47% of 12-week DCR (n = 35/74),
despite the ORR per RECIST version 1.1 was only 3% (n = 2/74). Grade >3 treatment-
emergent adverse events (TEAEs) occurred in <5% of patients, and there was no treatment
discontinuation or death due to TEAEs. Based on these findings, tamezostat showed
antitumor activity in BAP1-deficient MPM with well-tolerated toxicity, supporting further
clinical exploration [50].

3.3. Molecular Chaperones

Chaperone proteins assist other proteins to reach properly conformational folding and
aid the assembly or disassembly of macromolecular structures. By helping to stabilize par-
tially unfolded proteins, chaperone proteins are essential to face the increased demand for
protein transporting across membranes required for tumor growth, providing a potential
target for anti-cancer drugs.

Hsp90 (heat shock protein 90) is a molecular chaperone that mediates the post-
translational stabilization of critical oncogenic signaling molecules, via a repertoire of
client proteins that include oncogenic kinases relevant to MPM such as AXL and MET [51].
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Additionally, thymidylate synthase is an Hsp90 client and can be downregulated by inhibi-
tion of Hsp90, enhancing DNA damage induced by antifolates and platinum chemother-
apy [52,53].

Ganetespib, a highly selective small-molecule Hsp90 inhibitor, was combined with
upfront pemetrexed-platinum chemotherapy in the phase I/II MESO-02 trial [54]. Results
from the dose-escalation phase showed that the combination was well tolerated and had
promising antitumor activity. At the maximum tolerated dose of ganetespib (200 mg/m?),
ORR was 56% (10/18 patients), DCR was 83% (15/18 patients), and median PFS was
6.3 months (95% CI, 5.0-10.0). One responder exhibited disease control beyond 50 months.
In preclinical assays [55], acquisition of aneuploidy has been reported as a mechanism of
resistance to Hsp90, and in the exploratory analysis global loss of heterozygosity was asso-
ciated with shorter time to progression (HR 1.12; 95% CI, 1.02-1.24; p = 0.018). Nevertheless,
this result must be interpreted cautiously because increasing genomic instability per se
may be negatively prognostic, and the study was underpowered to detect any interaction
between specific copy number alterations and sensitivity to Hsp90 inhibition.

4. Targeting Angiogenesis

Mesothelioma cells produce high amounts of endothelial growth factor (VEGF) and
express VEGFR-1 and VEGFR-2 receptors; therefore, angiogenic proteins play a key role
either as autocrine growth factors or as vascular permeability inducers of pleural effu-
sion [56-60]. Consequently, there is a strong rationale for inhibiting angiogenesis in MPM
in order to improve symptoms, reduce the number of invasive pleural procedures, and
prolong patient life.

The addition of anti-angiogenic agents to first-line platinum doublets has been investi-
gated in two large phase Ill trials (Table 2). In the MAPS study, the addition of bevacizumab
to CDDP-PEM only slightly prolonged median OS (mOS) in comparison to CDDP-PEM
(18.8 vs. 16.1 months), at the cost of increased grade 3—4 toxicities and class-specific ad-
verse events [61]. Despite National Comprehensive Cancer Network guidelines include
the optional addition of bevacizumab to CDDP-PEM chemotherapy, this regimen is not
licensed by Regulatory Agencies.

More recently, in the phase II SWOG S0905 trial [62], chemotherapy-naive patients
with MPM of any histologic subtype were randomly treated with cediranib or placebo
and platinum—pemetrexed for six cycles, followed by maintenance cediranib or placebo.
Adding cediranib did not produce improvement in the primary endpoint PFS (7.2 months
vs. 5.6 months, HR = 0.71; 80% CI: 0.54 to 0.95; p = 0.062), and no difference in overall sur-
vival was observed (10 vs. 8.5 months, HR = 0.88 80% CI: 0.67-1.17; p = 0.28). Additionally,
the cediranib arm reported more grade >3 toxicity, including diarrhea, dehydration, hy-
pertension.

Similarly, in the phase III part of LUME-Meso trial, the combination of CDDP-
PEM with nintedanib, an anti-angiogenic multikinase inhibitor, failed to improve PFS
in chemotherapy-naive patients with unresectable epithelioid MPM, despite earlier posi-
tive findings in the phase II part of the study [63].

In second-line setting, several multi-kinase inhibitors with antiangiogenic activity were
tested in early-phase trials, but none of them showed convincing efficacy for continuing
their clinical development [64—66].

NGR-hTNF is a vascular-targeting drug that increases the penetration of intratumoral
chemotherapy and T cell infiltration by modifying the tumor microenvironment. The phase
III NGRO15 trial, including 400 patients with refractory MPM, compared the combination
of NGR-hTNF and single-agent chemotherapy (gemcitabine, vinorelbine, or doxorubicin)
with chemotherapy alone [67]. The study did not meet its primary endpoint, as overall
survival did not differ between the two treatment groups (median 8.5 months [95% CI:
7.2-9.9] in the NGR-hTNF group vs. 8.0 months [6.6-8.9] in the placebo group; hazard
ratio 0-94, 95% CI 0.75-1.18; p = 0.58). Nevertheless, patients with short treatment-free
interval (TFI) after first-line therapy (<median 4.8 months) had better OS and PFS with
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the addition of NGR-hTNF to chemotherapy. Interestingly, this survival benefit was
maintained after a 3-year follow-up, deserving a confirmatory randomized trial including
only short TFI patients.

The RAMES Study, an Italian multicenter phase II trial, explored the efficacy and
safety of the addition of ramucirumab (RAM), an antibody selectively directed against
the extracellular domain of VEGFR-2, to gemcitabine (GEM) as a second-line treatment.
The study showed a borderline statistically significant (HR 0.71; p = 0.057) and a clinically
meaningful improvement of OS in the ramucirumab arm, with an increase of median value
in the intention-to-treat population by more than 6 months (from 7.5 to 13.8 months). In
the RAM-GEM arm, the survival advantage was not correlated to TTP at first-line therapy
(13.6 months in TTP < 6 months and 13.9 months in TTP > 6 months) and histotypes
(13.8 months in the epithelioid and 13.0 months in non-epithelioid). The RAM-GEM
combination showed a reasonable safety profile, with a low rate of severe adverse events,
including class-related toxicities. The genetic profiling of tissue samples from 110/164
patients enrolled failed to discover predictive markers for response to ramucirumab [42,68].

Table 2. Selected Clinical Trials investigating targeted drugs in MPM.

Trial ID Target Phase No. pts Result/Status Endpoint Biomarker
Targeting functional loss of tumor suppressor genes (TSGs)
CDKN2A
o 106 ‘ CDK4/CDKs,
Ribociclib NCT02187783 CDK4/6 I (5 MPM) Negative ORR CDKN2A
CCND1/CCND3
Abemaciclib NCT03654833 CDK4/6 i 120 Recruiting DCR P16INK4A
BAP-1
Rucaparib [43] NCT03412097 PARP 1/2 A 26 Positive DCR BAP1/BRCA1
Niraparib NCT03207347 PARP 1/2 I 47 Recruiting ORR BAP-1/HRD
Vorinostat [48] NCT00128102 HDAC il 661 Negative OS None
Niraparib/dostarlimab [46] NA PARP 1-2/PD-1 I 35 Planned PFS HRD/PD-L1 > 1%
Tazemetostat [50] NCT02860286 EZH2 I 74 Positive DCR BAP-1
Chaperones
Ganetespib [54] NCT01590160 Hsp90 I-11 18 Positive S;fFe;y’ None
Targeting angiogenesis
Bevacizumab [61] NCT00651456 VEGF il 448 Positive oS None
Cediranib [62] NCT01064648  VEGFR/PDGFR I 92 Negative PFS None
Nintedanib [63] NCT01907100 VEGFR/PDGFR I 458 Negative PFS None
NGR-hTNF [67] NCT01098266 Multiple I 400 Negative oS None
Ramucirumab [69] NCT03560973 VEGFR il 161 Positive oS None

List of abbreviations: CDK4/6: Cyclin-dependent kinase 4/6; CDKN2A: cyclin-dependent kinase inhibitor 2A; CCND1/CCND?3: cyclin
D1/D3; p16INK4a: cyclin-dependent kinase inhibitor 2A, CDKN2A, multiple tumor suppressor 1; PARP 1/2: poly [ADP-ribose] polymerase
1/2; BAP1: BRCAl-associated protein-1; BRCA: Breast cancer type 1 susceptibility protein; HRD: Homologous recombination Deficiency;
HDAC: Histone deacetylases; PD(L)-1 Programmed cell death protein (ligand)-1; EZH2: enhancer of zeste homolog 2; Hsp90: heat shock
protein 90; VEGF(R): Vascular endothelial growth factor (receptor); PDGFR: Platelet-derived growth factor receptors; ORR = objective
response rate; DCR = disease control rate; PFS = progression-free survival; OS = overall survival.

5. Critical Discussion

MPM is a rare, aggressive malignancy with limited treatment options. The role of
surgery is limited, because only few patients are surgical candidates and a complete
microscopic resection is rarely realistic; moreover, the evidence supporting a multimodal
strategy is weak due the lack of prospective randomized trials.

After decades of trial failures, immunotherapy is rapidly emerging as an important
tool for the treatment of MPM, resulting in a fast change of treatment algorithms. In the
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pivotal phase III trial Checkmate 743, ipilimumab and nivolumab led to a significantly
4-month mOS improvement in a first-line setting compared to platinum-based doublet
chemotherapy (18.1 vs. 14.1 months; HR 0.74 96.6% CI: 0.60-0.91; p = 0.0020). Nevertheless,
the survival benefit in overall population seems to be mostly related to the overwhelming
superiority of the IO combination in the non-epithelioid subgroup, where chemotherapy
performed poorly, as expected (18.1 vs. 8.8 months; HR 0.46, 95% CI: 0.31-0.68). Conversely,
the IO combination did not show clear superiority compared to chemotherapy in epithelioid
MPMs (18.7 months vs. 16.5 months; HR: 0.86, 95%CI: 0.69-1.08). Despite the trial was
not powered to detect differences among epithelioid and non-epithelioid subgroups, these
findings cannot be ignored because the histological subtype was a stratification factor
and the non-epithelioid histology subgroup was numerically sufficient (25% of the overall
population) to affect overall outcomes. Additionally, the NIVO plus IPI treatment arm
showed similar outcomes compared to the standard CT arm for mPFS (6.8 vs. 7.2 months,
HR 1.00, 95% 0.82-1.2) and ORR (40% vs. 43%), but the responses were more durable
in IO-treated patients (2-year DOR: 32% vs. 8%), suggesting the existence of undefined
predictive biomarkers.

At the same time of immunotherapy development, comprehensive genomic stud-
ies have revealed cancer collateral vulnerabilities contextually related to specific genetic
alterations, which offer promising molecularly driven strategies. Particularly, targeting
BAP-1-deficient tumors through PARP inhibition and/or enhancing platinum-pemetrexed-
associated lethality thought Hsp90 inhibitors resulted as effective translational opportuni-
ties, deserving further clinical development and integration in multimodality approaches.
Lastly, anti-angiogenetic drugs failed to produce significant results in unselected patients,
and the question rises whether angiogenesis should still be considered an adequate ther-
apeutic target in MPM or whether identification and careful selection of patients on the
basis of their pro-angiogenic tumor features is needed.

In conclusion, the above-mentioned innovative therapeutical strategies are likely to
enrich, but also dramatically complicate, clinicians” decision. Upfront immunotherapy
marks a significant milestone for non-epithelioid MPM, which is usually refractory to
chemotherapy and characterized by poorer prognosis. Nevertheless, a treatment algorithm
for epithelioid MPM is far to be elucidated: in a future scenario, integration between new
surgical techniques, genomic profiling, and emerging systemic therapies will be crucial for
selecting the best treatment choices for each patient and maximize the survival benefits.

Author Contributions: Conceptualization: E.V., EL.; writing—original draft preparation: E.V,, A.S.,
M.C., M.D.S.; methodology, writing—review and editing validation, supervision: SM., G.T,, E.B.;
project administration: E.B., EL. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest for any aspect of the submitted work.

References

1. Furuya, S.; Chimed-Ochir, O.; Takahashi, K.; David, A.; Takala, J. Global Asbestos Disaster. Int. J. Environ. Res. Public Health 2018,
15,1000. [CrossRef] [PubMed]

2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics. Cancer J. Clin. 2021, 71, 7-33. [CrossRef] [PubMed]

3. I Numeri del Cancro in Italia 2020. Associazione Italiana Registri Tumori. Available online: https:/ /www.registri-tumori.it/cms/
pubblicazioni/i-numeri-del-cancro-italia-2020 (accessed on 14 April 2021).

4. Cavazza, A,; Travis, L.B.; Travis, W.D.; Wolfe, ].T.; Foo, M.L.; Gillespie, D.J.; Weidner, N.; Colby, T.V. Post-irradiation malignant
mesothelioma. Cancer Interdiscip. Int. J. Am. Cancer Soc. 1996, 77, 1379-1385. [CrossRef]

5. Ohar, J.A,; Cheung, M.; Talarchek, J.; Howard, S.E.; Howard, T.D.; Hesdorffer, M.; Peng, H.; Rauscher, EJ.; Testa, ].R. Germline
BAP1 Mutational Landscape of Asbestos-Exposed Malignant Mesothelioma Patients with Family History of Cancer. Cancer Res.
2016, 76, 206-215. [CrossRef] [PubMed]

6.  Betti, M.; Casalone, E.; Ferrante, D.; Romanelli, A.; Grosso, F.; Guarrera, S.; Righi, L.; Vatrano, S.; Pelosi, G.; Libener, R.; et al.

Inference on germlineBAP1mutations and asbestos exposure from the analysis of familial and sporadic mesothelioma in a
high-risk area. Genes Chromosom. Cancer 2015, 54, 51-62. [CrossRef]


http://doi.org/10.3390/ijerph15051000
http://www.ncbi.nlm.nih.gov/pubmed/29772681
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
https://www.registri-tumori.it/cms/pubblicazioni/i-numeri-del-cancro-italia-2020
https://www.registri-tumori.it/cms/pubblicazioni/i-numeri-del-cancro-italia-2020
http://doi.org/10.1002/(SICI)1097-0142(19960401)77:7&lt;1379::AID-CNCR24&gt;3.0.CO;2-Y
http://doi.org/10.1158/0008-5472.CAN-15-0295
http://www.ncbi.nlm.nih.gov/pubmed/26719535
http://doi.org/10.1002/gcc.22218

J. Clin. Med. 2021, 10, 2290 10 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Husain, A.N.; Colby, T.V.; Ordéiiez, N.G.; Allen, T.C.; Attanoos, R.L.; Beasley, M.B.; Butnor, K.J.; Chirieac, L.R.; Churg, A.M.;
Dacic, S.; et al. Guidelines for pathologic diagnosis of Malignant Mesothelioma: 2017 Update of the consensus statement from the
International Mesothelioma Interest Group. Arch. Pathol. Lab. Med. 2018, 142, 89-108. [CrossRef]

Kindler, H.L.; Ismaila, N.; Armato, S.G.; Bueno, R.; Hesdorffer, M.; Jahan, T.; Jones, C.M.; Miettinen, M.; Pass, H.; Rimner, A.; et al.
Treatment of malignant pleural mesothelioma: American Society of Clinical Oncology clinical practice guideline. J. Clin. Oncol.
Off. ]. Am. Soc. Clin. Oncol. 2018, 36, 1343. [CrossRef] [PubMed]

Baas, P.; Fennell, D.; Kerr, K.M.; Van Schil, PE.; Haas, R.L.; Peters, S. Malignant pleural mesothelioma: ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2015, 26, v31-v39. [CrossRef]

Vogelzang, N.J.; Rusthoven, ].].; Symanowski, J.; Denham, C.; Kaukel, E.; Ruffie, P.; Gatzemeier, U.; Boyer, M.; Emri, S.; Manegold,
C.; et al. Phase III Study of Pemetrexed in Combination with Cisplatin Versus Cisplatin Alone in Patients With Malignant Pleural
Mesothelioma. J. Clin. Oncol. 2003, 21, 2636-2644. [CrossRef]

Santoro, A.; O’Brien, M.E.; Stahel, R.A.; Nackaerts, K.; Baas, P.; Karthaus, M.; Eberhardt, W.; Paz-Ares, L.; Sundstrom, S.; Liu, Y.;
et al. Pemetrexed plus cisplatin or pemetrexed plus carboplatin for chemonaive patients with malignant pleural mesothelioma:
Results of the international ex-panded access program. J. Thorac. Oncol. 2008, 3, 756-763. [CrossRef]

Ceresoli, G.L.; Zucali, PA.; De Vincenzo, F,; Gianoncelli, L.; Simonelli, M.; Lorenzi, E.; Ripa, C.; Giordano, L.; Santoro, A.
Retreatment with pemetrexed-based chemotherapy in patients with malignant pleural mesothelioma. Lung Cancer 2011, 72, 73-77.
[CrossRef]

Zucali, P;; Simonelli, M.; Michetti, G.; Tiseo, M.; Ceresoli, G.; Collova, E.; Follador, A.; Dico, M.L.; Moretti, A.; De Vincenzo, F,;
et al. Second-line chemotherapy in malignant pleural mesothelioma: Results of a retrospective multicenter survey. Lung Cancer
2012, 75, 360-367. [CrossRef]

Stebbing, J.; Powles, T.; McPherson, K.; Shamash, J.; Wells, P.; Sheaff, M.T.; Slater, S.; Rudd, RM.; Fennell, D.; Steele, ].P. The
efficacy and safety of weekly vinorelbine in relapsed malignant pleural mesothelioma. Lung Cancer 2009, 63, 94-97. [CrossRef]
Mutlu, H.; Glindiiz, $.; Karaca, H.; Buytikgelik, A.; Cihan, Y.B.; Erden, A.; Akca, Z.; Coskun, H.S. Second-line gemcitabine-based
chemotherapy regimens improve overall 3-year survival rate in patients with malignant pleural mesothelioma: A multicenter
retrospective study. Med. Oncol. 2014, 31, 74. [CrossRef] [PubMed]

Zucali, P.A.; Ceresoli, G.L.; Garassino, I.; De Vincenzo, F.; Cavina, R.; Campagnoli, E.; Cappuzzo, F.,; Salamina, S.; Parra, H.].S.;
Santoro, A. Gemcitabine and vinorelbine in pemetrexed-pretreated patients with malignant pleural mesothelioma. Cancer 2008,
112, 1555-1561. [CrossRef]

Patil, N.S.; Righi, L.; Koeppen, H.; Zou, W.; 1zzo, S.; Grosso, E; Libener, R.; Loiacono, M.; Monica, V.; Buttigliero, C.; et al.
Molecular and Histopathological Characterization of the Tumor Immune Microenvironment in Advanced Stage of Malignant
Pleural Mesothelioma. . Thorac. Oncol. 2018, 13, 124-133. [CrossRef]

Calabro, L.; Morra, A.; Fonsatti, E.; Cutaia, O.; Amato, G.; Giannarelli, D.; Di Giacomo, A.M.; Danielli, R.; Mutti, L.; Maio, M.
Tremelimumab for patients with chemo-therapy-resistant advanced malignant mesothelioma: An open-label, single-arm, phase 2
trial. Lancet Oncol. 2013, 14, 1104-1111. [CrossRef]

Calabro, L.; Morra, A.; Fonsatti, E.; Cutaia, O.; Fazio, C.; Annesi, D.; Lenoci, M.; Amato, G.; Danielli, R.; Altomonte, M.;
et al. Efficacy and safety of an intensified schedule of tremelimumab for chemotherapy-resistant malignant mesothelioma: An
open-label, single-arm, phase 2 study. Lancet Respir. Med. 2015, 3, 301-309. [CrossRef]

Maio, M.; Scherpereel, A.; Calabro, L.; Aerts, J.; Perez, S.C.; Bearz, A.; Nackaerts, K.; Fennell, D.A.; Kowalski, D.; Tsao, A.S.;
et al. Tremelimumab as second-line or third-line treatment in relapsed malignant mesothelioma (DETERMINE): A multicentre,
international, randomised, double-blind, placebo-controlled phase 2b trial. Lancet Oncol. 2017, 18, 1261-1273. [CrossRef]

Alley, EEW.; Lopez, J.; Santoro, A.; Morosky, A.; Saraf, S.; Piperdi, B.; van Brummelen, E. Clinical safety and activity of
pembrolizumab in patients with malignant pleural mesothelioma (KEYNOTE-028): Preliminary results from a non-randomised,
open-label, phase 1b trial. Lancet Oncol. 2017, 18, 623-630. [CrossRef]

Yap, T.A.; Nakagawa, K.; Fujimoto, N.; Kuribayashi, K.; Guren, TK.; Calabro, L.; Shapira-Frommer, R.; Gao, B.; Kao, S.; Matos,
L; et al. Efficacy and safety of pembrolizumab in patients with advanced mesothelioma in the open-label, single-arm, phase 2
KEYNOTE-158 study. Lancet Respir. Med. 2021. [CrossRef]

Popat, S.; Curioni-Fontecedro, A.; Dafni, U.; Shah, R.; O'Brien, M.; Pope, A.; Fisher, P.; Spicer, J.; Roy, A.; Gilligan, D.; et al. A
multicentre randomised phase III trial comparing pembrolizumab versus single-agent chemotherapy for advanced pre-treated
malignant pleural meso-thelioma: The European Thoracic Oncology Platform (ETOP 9-15) PROMISE-meso trial. Ann. Oncol.
2020, 31, 1734-1745. [CrossRef]

Hassan, R.; Thomas, A.; Nemunaitis, J.J.; Patel, M.R.; Bennouna, J.; Chen, EL.; Delord, ]J.P.; Dowlati, A.; Kochuparambil, S.T.;
Taylor, M.H.; et al. Efficacy and Safety of Avelumab Treatment in Patients with Advanced Unresectable Mesothelioma: Phase 1b
Results from the JAVELIN Solid Tumor Trial. JAMA Oncol. 2019, 5, 351-357. [CrossRef]

Quispel-Janssen, J.; van der Noort, V.; de Vries, J.F.; Zimmerman, M.; Lalezari, F; Thunnissen, E.; Monkhorst, K.; Schouten, R.;
Schunselaar, L.; Disselhorst, M.; et al. Programmed Death 1 Blockade with Nivolumab in Patients with Recurrent Malignant
Pleural Mesothelioma. J. Thorac. Oncol. 2018, 13, 1569-1576. [CrossRef] [PubMed]

Okada, M,; Kijima, T.; Aoe, K.; Kato, T.; Fujimoto, N.; Nakagawa, K.; Takeda, Y.; Hida, T.; Kanai, K.; Imamura, F; et al. Clinical
Efficacy and Safety of Nivolumab: Results of a Multicenter, Open-label, Single-arm, Japanese Phase II study in Malignant Pleural
Mesothelioma (MERIT). Clin. Cancer Res. 2019, 25, 5485-5492. [CrossRef]


http://doi.org/10.5858/arpa.2017-0124-RA
http://doi.org/10.1200/JCO.2017.76.6394
http://www.ncbi.nlm.nih.gov/pubmed/29346042
http://doi.org/10.1093/annonc/mdv199
http://doi.org/10.1200/JCO.2003.11.136
http://doi.org/10.1097/JTO.0b013e31817c73d6
http://doi.org/10.1016/j.lungcan.2010.12.004
http://doi.org/10.1016/j.lungcan.2011.08.011
http://doi.org/10.1016/j.lungcan.2008.04.001
http://doi.org/10.1007/s12032-014-0074-9
http://www.ncbi.nlm.nih.gov/pubmed/24958517
http://doi.org/10.1002/cncr.23337
http://doi.org/10.1016/j.jtho.2017.09.1968
http://doi.org/10.1016/S1470-2045(13)70381-4
http://doi.org/10.1016/S2213-2600(15)00092-2
http://doi.org/10.1016/S1470-2045(17)30446-1
http://doi.org/10.1016/S1470-2045(17)30169-9
http://doi.org/10.1016/S2213-2600(20)30515-4
http://doi.org/10.1016/j.annonc.2020.09.009
http://doi.org/10.1001/jamaoncol.2018.5428
http://doi.org/10.1016/j.jtho.2018.05.038
http://www.ncbi.nlm.nih.gov/pubmed/29908324
http://doi.org/10.1158/1078-0432.CCR-19-0103

J. Clin. Med. 2021, 10, 2290 11 0f 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Fennell, D.; Ottensmeier, C.; Califano, R.; Hanna, G.; Ewings, S.; Hill, K.; Wilding, S.; Danson, S.; Nye, M.; Steele, N.; et al. PS01.11
Nivolumab Versus Placebo in Re-lapsed Malignant Mesothelioma: The CONFIRM Phase 3 Trial. J. Thorac. Oncol. 2021, 16, S62.
[CrossRef]

Venkatraman, D.; Anderson, A.; Digumarthy, S.; Lizotte, PH.; Awad, M.M. Phase 2 study of tremelimumab plus dur-valumab for
previously-treated malignant pleural mesothelioma (MPM). J. Clin. Oncol. 2019, 37, 8549. [CrossRef]

Calabro, L.; Morra, A.; Giannarelli, D.; Amato, G.; D’'Incecco, A.; Covre, A.; Lewis, A.; Rebelatto, M.C.; Danielli, R.; Altomonte,
M.; et al. Tremelimumab combined with dur-valumab in patients with mesothelioma (NIBIT-MESO-1): An open-label, non-
randomised, phase 2 study. Lancet Respir. Med. 2018, 6, 451-460. [CrossRef]

Scherpereel, A.; Mazieres, ].; Greillier, L.; Lantuejoul, S.; D6, P.; Bylicki, O.; Monnet, I.; Corre, R.; Audigier-Valette, C.; Locatelli-
Sanchez, M.; et al. Nivolumab or nivolumab plus ipilimumab in patients with relapsed malignant pleural mesothelioma
(IFCT-1501 MAPS2): A multicentre, open-label, randomised, non-comparative, phase 2 trial. Lancet Oncol. 2019, 20, 239-253.
[CrossRef]

Disselhorst, M.J.; Quispel-Janssen, J.; Lalezari, F.; Monkhorst, K.; de Vries, ].E; van der Noort, V.; Harms, E.; Burgers, S.; Baas, P.
Ipilimumab and nivolumab in the treatment of recurrent malignant pleural mesothelioma (INITIATE): Results of a prospective,
single-arm, phase 2 trial. Lancet Respir. Med. 2019, 7, 260-270. [CrossRef]

Baas, P.; Scherpereel, A.; Nowak, A K.; Fujimoto, N.; Peters, S.; Tsao, A.S.; Mansfield, A.S.; Popat, S.; Jahan, T.; Antonia, S.;
et al. First-line nivolumab plus ipilimumab in unresectable malignant pleural mesothelioma (CheckMate 743): A multicentre,
randomised, open-label, phase 3 trial. Lancet 2021, 397, 375-386. [CrossRef]

Forde, PM.; Sun, Z.; Anagnostou, V.; Kindler, H.L.; Purcell, W.T.; Goulart, B.H.L.; Dudek, A.Z.; Borghaei, H.; Brahmer, J.R.;
Ramalingam, S.S. PrE0505: Phase II multicenter study of anti-PD-L1, durvalumab, in combination with cisplatin and pemetrexed
for the first-line treatment of unresectable malignant pleural mesothelioma (MPM)—A PrECOG LLC study. J. Clin. Oncol. 2020,
38, 9003. [CrossRef]

Nowak, A.K,; Lesterhuis, W.J.; Kok, P.S.; Brown, C.; Hughes, B.G.; Karikios, D.J.; John, T.; Kao, S.C.; Leslie, C.; Cook, A.M.; et al.
Durvalumab with first-line chemo-therapy in previously untreated malignant pleural mesothelioma (DREAM): A multicentre,
single-arm, phase 2 trial with a safety run-in. Lancet Oncol. 2020, 21, 1213-1223. [CrossRef]

Pasello, G.; Zago, G.; Lunardi, F; Urso, L.; Kern, I; Vlacic, G.; Grosso, E.; Mencoboni, M.; Ceresoli, G.L.; Schiavon, M.; et al.
Malignant pleural mesothelioma immune microenvi-ronment and checkpoint expression: Correlation with clinical-pathological
features and intratumor heterogeneity over time. Ann. Oncol. 2018, 29, 1258-1265. [CrossRef]

Alay, A.; Cordero, D.; Hijazo-Pechero, S.; Aliagas, E.; Lopez-Doriga, A.; Marin, R.; Palmero, R.; Llatjos, R.; Escobar, I.; Ramos,
R.; et al. Integrative transcriptome analysis of malignant pleural mesothelioma reveals a clinically relevant immune-based
classification. J. Immunother. Cancer 2021, 9, e001601. [CrossRef]

Bueno, R.; Stawiski, E.W.; Goldstein, L.D.; Durinck, S.; De Rienzo, A.; Modrusan, Z.; Gnad, F; Nguyen, T.T,; Jaiswal, B.S.; Chirieac,
L.R.; et al. Comprehensive genomic analysis of malignant pleural mesothelioma identifies recurrent mutations, gene fusions and
splicing alterations. Nat. Genet. 2016, 48, 407-416. [CrossRef]

Hmeljak, J.; Sanchez-Vega, F.; Hoadley, K.A; Shih, ]J.; Stewart, C.; Heiman, D.I; Tarpey, P.; Danilova, L.; Drill, E.; Gibb, E.A.; et al.
Integrative Molecular Characterization of Malignant Pleural Mesothelioma. Cancer Discov. 2018, 8, 1548-1565. [CrossRef]
Cheng, J.Q.; Jhanwar, S.C.; Klein, W.M.; Bell, D.W.; Lee, W.C.; Altomare, D.A.; Nobori, T.; Olopade, O.I.; Buckler, A.J.; Testa, J.R.
p16 alterations and deletion mapping of 9p21-p22 in malignant mesothelioma. Cancer Res. 1994, 54, 5547-5551.

Jongsma, J.; Van Montfort, E.; Vooijs, M.; Zevenhoven, J.; Krimpenfort, P.; Van Der Valk, M.; Van De Vijver, M.; Berns, A. A
Conditional Mouse Model for Malignant Mesothelioma. Cancer Cell 2008, 13, 261-271. [CrossRef]

Frizelle, S.P; Grim, J.; Zhou, ]J.; Gupta, P; Curiel, D.T.; Geradts, J.; Kratzke, R.A. Re-expression of p16INK4a in mesothelioma cells
results in cell cycle arrest, cell death, tumor suppression and tumor regression. Oncogene 1998, 16, 3087-3095. [CrossRef]

Testa, ].R.; Cheung, M.; Pei, ].; Below, ].E.; Tan, Y.; Sementino, E.; Cox, N.J.; Dogan, A.U.; Pass, H.I. Germline BAP1 mutations
predispose to malignant mesothelioma. Nat. Genet. 2011, 43, 1022-1025. [CrossRef] [PubMed]

Pagano, M.; Ceresoli, L.G.; Zucali, P.A.; Pasello, G.; Garassino, M.; Grosso, F; Tiseo, M.; Parra, H.S.; Zanelli, F.; Cappuzzo, F; et al.
Mutational profile of malignant pleural mesothelioma (MPM) in the phase Il RAMES study. Cancers 2020, 12, 2948. [CrossRef]
Fennell, D.A.; King, A.; Mohammed, S.; Branson, A.; Brookes, C.; Darlison, L.; Dawson, A.G.; Gaba, A.; Hutka, M.; Morgan, B.;
et al. Rucaparib in patients with BAP1-deficient or BRCA1-deficient mesothelioma (MiST1): An open-label, single-arm, phase 2a
clinical trial. Lancet Respir. Med. 2021. [CrossRef]

Rathkey, D.; Khanal, M.; Murai, J.; Zhang, J.; Sengupta, M.; Jiang, Q.; Morrow, B.; Evans, C.N.; Chari, R.; Fetsch, P; et al.
Sensitivity of Mesothelioma Cells to PARP In-hibitors Is Not Dependent on BAP1 but Is Enhanced by Temozolomide in Cells
With High-Schlafen 11 and Low-O6-methylguanine-DNA Methyltransferase Expression. J. Thorac. Oncol. 2020, 15, 845-859.
[CrossRef] [PubMed]

Yu, H.; Pak, H.; Hammond-Martel, I.; Ghram, M.; Rodrigue, A.; Daou, S.; Barbour, H.; Corbeil, L.; Hebert, J.; Drobetsky, E.; et al.
Tumor suppressor and deubiquitinase BAP1 promotes DNA double-strand break repair. Proc. Natl. Acad. Sci. USA 2014, 111,
285-290. [CrossRef]


http://doi.org/10.1016/j.jtho.2021.01.323
http://doi.org/10.1200/JCO.2019.37.15_suppl.8549
http://doi.org/10.1016/S2213-2600(18)30151-6
http://doi.org/10.1016/S1470-2045(18)30765-4
http://doi.org/10.1016/S2213-2600(18)30420-X
http://doi.org/10.1016/S0140-6736(20)32714-8
http://doi.org/10.1200/JCO.2020.38.15_suppl.9003
http://doi.org/10.1016/S1470-2045(20)30462-9
http://doi.org/10.1093/annonc/mdy086
http://doi.org/10.1136/jitc-2020-001601
http://doi.org/10.1038/ng.3520
http://doi.org/10.1158/2159-8290.CD-18-0804
http://doi.org/10.1016/j.ccr.2008.01.030
http://doi.org/10.1038/sj.onc.1201870
http://doi.org/10.1038/ng.912
http://www.ncbi.nlm.nih.gov/pubmed/21874000
http://doi.org/10.3390/cancers12102948
http://doi.org/10.1016/S2213-2600(20)30390-8
http://doi.org/10.1016/j.jtho.2020.01.012
http://www.ncbi.nlm.nih.gov/pubmed/32004714
http://doi.org/10.1073/pnas.1309085110

J. Clin. Med. 2021, 10, 2290 12 0f 13

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Passiglia, F.; Bironzo, P.; Righi, L.; Listi, A.; Arizio, F.; Novello, S.; Volante, M.; Scagliotti, G.V. A Prospective Phase II Single-
arm Study of Niraparib Plus Dostarlimab in Patients with Advanced Non—-small-cell Lung Cancer and/or Malignant Pleural
Mesothelioma, Positive for PD-L1 Expression and Germline or Somatic Mutations in the DNA Repair Genes: Rationale and Study
Design. Clin. Lung Cancer 2021, 22, e63—e66. [CrossRef]

LaFave, L.M.; Béguelin, W.; Koche, R.; Teater, M.; Spitzer, B.; Chramiec, A.; Papalexi, E.; Keller, M.D.; Hricik, T.; Konstantinoff, K.;
et al. Loss of BAP1 function leads to EZH2-dependent transformation. Nat. Med. 2015, 21, 1344-1349. [CrossRef]

Ramalingam, S.S.; Belani, C.P; Ruel, C.; Frankel, P; Gitlitz, B.; Koczywas, M.; Espinoza-Delgado, I.; Gandara, D. Phase II Study of
Belinostat (PXD101), a Histone Deacetylase Inhibitor, for Second Line Therapy of Advanced Malignant Pleural Mesothelioma. J.
Thorac. Oncol. 2009, 4, 97-101. [CrossRef] [PubMed]

Krug, L.M,; Kindler, H.L.; Calvert, H.; Manegold, C.; Tsao, A.S.; Fennell, D.; Ohman, R.; Plummer, R.; Eberhardt, E.E.E.; Fukuoka,
K.; et al. Vorinostat in patients with advanced ma-lignant pleural mesothelioma who have progressed on previous chemotherapy
(VANTAGE-014): A phase 3, dou-ble-blind, randomised, placebo-controlled trial. Lancet Oncol. 2015, 16, 447-448. [CrossRef]
Zauderer, M.G.; Szlosarek, PW.; Le Moulec, S.; Popat, S.; Taylor, P,; Planchard, D.; Scherpereel, A.; Jahan, T.M.; Koczywas, M.;
Forster, M.; et al. Safety and efficacy of tazemetostat, an enhancer of zeste-homolog 2 inhibitor, in patients with relapsed or
refractory malignant mesothelioma. J. Clin. Oncol. 2020, 38, 9058. [CrossRef]

Okamoto, J.; Mikami, I.; Tominaga, Y.; Kuchenbecker, K.M.; Lin, Y.-C.; Bravo, D.T.; Clement, G.; Yagui-Beltran, A.; Ray, M.R,;
Koizumi, K.; et al. Inhibition of Hsp90 Leads to Cell Cycle Arrest and Apoptosis in Human Malignant Pleural Mesothelioma. J.
Thorac. Oncol. 2008, 3, 1089-1095. [CrossRef]

Lee, ] H.; Park, ].H.; Jung, Y.; Kim, ].H.; Jong, H.S.; Kim, T.Y.; Bang, Y.J. Histone deacetylase inhibitor enhances 5-fluorouracil
cy-totoxicity by down-regulating thymidylate synthase in human cancer cells. Mol. Cancer Ther. 2006, 12, 3085-3095. [CrossRef]
[PubMed]

Roh, J.L.; Kim, E.H.; Park, H.B.; Park, ].Y. The Hsp90 inhibitor 17-(allylamino)-17-demethoxy geldanamycin increases cisplatin
antitumor activity by inducing p53-mediated apoptosis in head and neck cancer. Cell Death Dis. 2013, 4, €956. [CrossRef]
[PubMed]

Fennell, D.A.; Danson, S.; Woll, PJ.; Forster, M.; Talbot, D.C.; Child, J.; Farrelly, L.; Sharkey, A.J.; Busacca, S.; Ngai, Y.; et al.
Ganetespib in Combination with Pemetrexed—Platinum Chemotherapy in Patients with Pleural Mesothelioma (MESO-02): A
Phase Ib Trial. Clin. Cancer Res. 2020, 26, 4748-4755. [CrossRef] [PubMed]

Chen, G.; Bradford, W.D.; Seidel, C.W.; Li, R. Hsp90 stress potentiates rapid cellular adaptation through induction of aneuploidy.
Nat. Cell Biol. 2012, 482, 246-250. [CrossRef] [PubMed]

Zebrowski, B.K,; Yano, S.; Liu, W.; Shaheen, R M.; Hicklin, D.J.; Putnam, J.B.; Ellis, L.M. Vascular endothelial growth factor levels
and induction of permeability in malignant pleural effusions. Clin. Cancer Res. 1999, 5, 3364-3368. [PubMed]

Aoe, K; Hiraki, A.; Tanaka, T.; Gemba, K.-I.; Taguchi, K.; Murakami, T.; Sueoka, N.; Kamei, T.; Ueoka, H.; Sugi, K.; et al.
Expression of vascular endothelial growth factor in malignant mesothelioma. Anticancer. Res. 2007, 26, 232-247.

Ohta, Y.; Shridhar, V.; Bright, R K.; Kalemkerian, G.P.; Du, W.; Carbone, M.; Watanabe, Y.; Pass, H.I. VEGF and VEGF type C play
an important role in angiogenesis and lymphangiogenesis in human malignant mesothelioma tumours. Br. J. Cancer 1999, 81,
54-61. [CrossRef] [PubMed]

Strizzi, L.; Catalano, A.; Vianale, G.; Orecchia, S.; Casalini, A.; Tassi, G.; Puntoni, R.; Mutti, L.; Procopio, A. Vascular endothelial
growth factor is an autocrine growth factor in human malignant mesothelioma. J. Pathol. 2001, 193, 468-475. [CrossRef] [PubMed]
Yin, T.; Wang, G.; He, S.; Shen, G.; Su, C.; Zhang, Y.; Wei, X,; Ye, T;; Li, L.; Yang, S.; et al. Malignant pleural effusion and
ascites induce epitheli-al-mesenchymal transition and cancer stem-like cell properties via the vascular endothelial growth factor
(VEGF)/phosphatidylinositol 3-kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) pathway. J. Biol. Chem. 2016, 291,
26750-26761. [CrossRef] [PubMed]

Zalcman, G.; Mazieres, J.; Margery, J.; Greillier, L.; Audigier-Valette, C.; Moro-Sibilot, D.; Molinier, O.; Corre, R.; Monnet, I.;
Gounant, V.; et al. Bevacizumab for newly diagnosed pleural mesothelioma in the Mesothelioma Avastin Cisplatin Pemetrexed
Study (MAPS): A randomised, controlled, open-label, phase 3 trial. Lancet 2016, 387, 1405-1414. [CrossRef]

Tsao, A.S.; Miao, J.; Wistuba, LI; Vogelzang, N.J.; Heymach, J.V.; Fossella, EV.; Lu, C.; Velasco, M.R.; Box-Noriega, B.; Hueftle, ].G.;
et al. Phase II trial of cediranib in combination with cisplatin and pemetrexed in chemotherapy-naive patients with unresectable
malignant pleural mesothelioma (SWOG S0905). J. Clin. Oncol. 2019, 37, 2537. [CrossRef] [PubMed]

Scagliotti, G.V.; Gaafar, R.; Nowak, A.K.; Nakano, T.; van Meerbeeck, ].; Popat, S.; Vogelzang, N.J.; Grosso, F.; Aboelhassan, R.;
Jakopovic, M,; et al. Nintedanib in combination with pemetrexed and cisplatin for chemotherapy-naive patients with advanced
malignant pleural mesothelioma (LUME-Meso): A double-blind, randomised, placebo-controlled phase 3 trial. Lancet Respir. Med.
2019, 7, 569-580. [CrossRef]

Dubey, S; Janne, P.A.; Krug, L.M.; Pang, H.; Wang, X; Heinze, R.; Watt, C.; Crawford, J.; Kratzke, R.A.; Vokes, E.E ; et al. A Phase
II Study of Sorafenib in Malignant Mesothelioma: Results of Cancer and Leukemia Group B 30307. J. Thorac. Oncol. 2010, 5,
1655-1661. [CrossRef] [PubMed]

Papa, S.; Popat, S.; Shah, R.; Prevost, A.T,; Lal, R.; McLennan, B.; Cane, P; Lang-Lazdunski, L.; Viney, Z.; Dunn, ].T,; et al. Phase 2
Study of Sorafenib in Malignant Mesothelioma Previously Treated with Platinum-Containing Chemotherapy. J. Thorac. Oncol.
2013, 8, 783-787. [CrossRef]


http://doi.org/10.1016/j.cllc.2020.07.014
http://doi.org/10.1038/nm.3947
http://doi.org/10.1097/JTO.0b013e318191520c
http://www.ncbi.nlm.nih.gov/pubmed/19096314
http://doi.org/10.1016/S1470-2045(15)70056-2
http://doi.org/10.1200/JCO.2020.38.15_suppl.9058
http://doi.org/10.1097/JTO.0b013e3181839693
http://doi.org/10.1158/1535-7163.MCT-06-0419
http://www.ncbi.nlm.nih.gov/pubmed/17172411
http://doi.org/10.1038/cddis.2013.488
http://www.ncbi.nlm.nih.gov/pubmed/24336076
http://doi.org/10.1158/1078-0432.CCR-20-1306
http://www.ncbi.nlm.nih.gov/pubmed/32669375
http://doi.org/10.1038/nature10795
http://www.ncbi.nlm.nih.gov/pubmed/22286062
http://www.ncbi.nlm.nih.gov/pubmed/10589746
http://doi.org/10.1038/sj.bjc.6690650
http://www.ncbi.nlm.nih.gov/pubmed/10487612
http://doi.org/10.1002/path.824
http://www.ncbi.nlm.nih.gov/pubmed/11276005
http://doi.org/10.1074/jbc.M116.753236
http://www.ncbi.nlm.nih.gov/pubmed/27756837
http://doi.org/10.1016/S0140-6736(15)01238-6
http://doi.org/10.1200/JCO.19.00269
http://www.ncbi.nlm.nih.gov/pubmed/31386610
http://doi.org/10.1016/S2213-2600(19)30139-0
http://doi.org/10.1097/JTO.0b013e3181ec18db
http://www.ncbi.nlm.nih.gov/pubmed/20736856
http://doi.org/10.1097/JTO.0b013e31828c2b26

J. Clin. Med. 2021, 10, 2290 13 0f 13

67. Nowak, A.K.; Millward, M.J.; Creaney, ].; Francis, R.J.; Dick, LM.; Hasani, A.; Van Der Schaaf, A.; Segal, A.; Musk, A.W.; Byrne,
M.]. A Phase II Study of Intermittent Sunitinib Malate as Second-Line Therapy in Progressive Malignant Pleural Mesothelioma. J.
Thorac. Oncol. 2012, 7, 1449-1456. [CrossRef]

68. Pagano, M.; Ceresoli, G.L.; Zucali, P.A ; Pasello, G.; Garassino, M.C.; Grosso, F.; Tiseo, M.; Parra, H.].S.; Zanelli, F.; Cappuzzo, E;
et al. Randomized phase II study on gem-citabine with or without ramucirumab as second-line treatment for advanced malignant
pleural mesothelioma (MPM): Results of Italian Rames Study. J. Clin. Oncol. 2020, 38, 9004. [CrossRef]

69. Gregorc, V.; Gaafar, R.M.; Favaretto, A.; Grossi, F,; Jassem, ].; Polychronis, A.; Bidoli, P,; Tiseo, M.; Shah, R.; Taylor, P; et al.
NGR-hTNF in combination with best investigator choice in previously treated malignant pleural mesothelioma (NGR015): A
randomised, double-blind, placebo-controlled phase 3 trial. Lancet Oncol. 2018, 19, 799-811. [CrossRef]


http://doi.org/10.1097/JTO.0b013e31825f22ee
http://doi.org/10.1200/JCO.2020.38.15_suppl.9004
http://doi.org/10.1016/S1470-2045(18)30193-1

	Introduction 
	Immunotherapy 
	Single-Agent Immunotherapy 
	Combination Therapy 

	Targeting Functional Loss of Tumor Suppressor Genes (TSGs) 
	CDKN2A 
	BAP-1 
	Molecular Chaperones 

	Targeting Angiogenesis 
	Critical Discussion 
	References

