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Abstract: Malignant pleural mesothelioma is an aggressive tumor of the pleura with an overall poor

prognosis. Even with surgical resection, for which only a subset of patients are eligible, long term disease free

survival is rare. Standard first-line systemic treatment consists of a platinum analog, an anti-metabolite, and

sometimes anti-angiogenic therapy, but there is currently no well-established standard therapy for refractory

or relapsed disease. This review focuses on efforts to develop improved systemic therapy for the treatment

of malignant pleural mesothelioma (MPM) including cytotoxic systemic therapy, a variety of tyrosine

kinase inhibitors and their downstream effector pathways, pharmacologic targeting of the epigenome, novel

approaches to target proteins expressed on mesothelioma cells (such as mesothelin), arginine depletion

therapy, and the emerging role of immunotherapy. Overall, these studies demonstrate the challenges of

improving systemic therapy for MPM and highlight the need to develop therapeutic strategies to control this

disease.
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Introduction

Malignant pleural mesothelioma (MPM) arises from the
normal mesothelioma cells of the pleura and is generally
associated with a poor prognosis, as many patients are
diagnosed with advanced disease, and long-term disease free
survival is rare even in the early stage setting. Physicians in
the United States diagnose approximately 2,500 new cases
per year (1). MPM affects more men than women with an
incidence ratio of 3.8:1, and men have a lower overall 5-year
survival (4.5%) compared to women (13.4%) (2). The
median age of diagnosis in the United States is 72 years.
Asbestos exposure was first identified as a cause of MPM
in the 1960%, and it is estimated that up to 80% of cases
of MPM are related to asbestos exposure with the onset
of disease generally occurring 20-70 years after exposure
through mechanisms of chronic inflammation (3-5). The
incidence of MPM in the United States has stabilized over
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the past few years likely due to decreased asbestos use
since the 1970’ (1); however, the incidence of MPM in
developing countries is expected to increase and represents
a substantial health and economic burden (6,7). Risk factors
for mesothelioma also include environmental, occupational,
and para-occupational exposure to asbestos and other
mineral fibers such as erionite (8). Prior chest radiation
therapy or occupational radiation also increases the risk
for developing mesothelioma (9-15). Familial variants of
mesothelioma exist as well: for example, two families with
strong family history of mesothelioma without an associated
history of exposure to asbestos or other mineral fibers were
found to have familial mutations in BRCA associated protein 1
(BAPI), a tumor suppressor gene, that either affects the
gene’s promoter or forms a premature stop codon (16).
Somatic mutations of BAP-1 have also been identified in
57-63% of cases (17).

Approximately 60% of patients with MPM present

Transl Lung Cancer Res 2017;6(3):295-314



296

with pleural effusion, dyspnea, and chest wall pain (18).
The disease is typically locally invasive or even more
extensive at presentation. The diagnosis of MPM requires
adequate tissue in the context of appropriate clinical,
radiographic, and surgical findings. Thoracoscopic biopsy
is considered the gold standard diagnostic method and
case series have reported diagnostic sensitivity to range
from 94-98% (19-21). CT-guided needle biopsy is also
commonly used and has a reported sensitivity of 83-88%
(22-26). The International Mesothelioma Interest Group
(IMIG) established diagnostic criteria based on cytology.
These have low sensitivity ranging from 32-76%, because
of the challenges in distinguishing a collection of benign
mesothelial cells from invasive mesothelioma, but a
high positive predictive value approaching 100% (27).
Markers used to distinguish MPM from other types of
pleural masses include cytokeratin 5/7, Wilm’s Tumor 1
(WTTI), D2-40 (podoplanin), and calretinin, Pathologists
classify MPM tumors into three histological subtypes:
epithelioid, sarcomatoid (which includes desmoplastic and
lymphohistiocytic variants), or biphasic. The epithelioid
histology occurs in 50-60% of patients and has a more
favorable prognosis. The sarcomatoid histology comprises
approximately 20% of cases and is associated a less favorable
prognosis, as well as a lower chance of response to therapy.

Once the diagnosis is made, patients are staged based
on the IMIG TNM staging system. All patients undergo
CT imaging of the chest and abdomen, and ideally PET/
CT scan is performed in patients being considered for
surgery to evaluate for extrathoracic spread. Surgeons will
often use MRI of the chest and/or abdomen for further
evaluation when there is suspected diaphragmatic, spine, or
vascular invasion. Additional procedures can be performed
to exclude extra-pleural disease, including VATS to evaluate
the contralateral pleura, and laparoscopy to rule out
peritoneal spread prior to resection.

Management options presented to patients with MPM
are determined based on the age and functional status
of the patient and on the stage (including lymph node
involvement), histology, and resectability of the disease.
Younger patients with good performance status, epithelioid
histology, and localized resectable disease can generally be
offered multimodality therapy with systemic chemotherapy,
surgical resection, and sometimes radiation therapy (28,29).
Another article in this issue of Translational Lung Cancer
Research discusses surgical options for MPM; however, we
will briefly mention here that surgical options are generally
limited to patients with the epithelioid subtype of MPM and
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consist of pleurectomy/decortication (P/D) with mediastinal
lymph node sampling or extrapleural pneumonectomy
(EPP). Patients who will not benefit from P/D or EPP can
be offered palliative systemic chemotherapy, depending on
their functional status. While palliative radiation therapy
can help improve symptoms from invasive disease, definitive
radiation therapy has not been shown to be effective after an
incomplete surgical resection and has elevated toxicity to the
intact lung (30). While aggressive therapy is more effective
in patients with early, limited MPM with epithelioid history
(31,32), most patients present with higher stage disease or
cannot tolerate extensive surgical resection due to advanced
age and/or medical co-morbidities. These patients should be
considered for systemic therapy. Even with treatment, MPM
has a poor prognosis with median survival of approximately
one-year and cure is very rare (33-35). The limited efficacy
of therapy for MPM highlights the need to develop more
effective therapies for MPM which is challenged by the
heterogeneity of MPM (with three pathological subtypes),
the relatively low incidence of the disease, and the degree
of difficulty with assessment of response. Here, we review
recent efforts to improve systemic therapies for MPM with
ongoing trials listed in Zables I and 2.

Cytotoxic chemotherapy for MPM

Surgical resection alone does not generally mitigate
microscopic localized or metastatic disease, so adjuvant
chemotherapy has been evaluated and shown to provide
added benefit (28). Patients with medically inoperable
mesothelioma are managed with observation, best supportive
care, or systemic chemotherapy. Anti-metabolites such as
pemetrexed, raltitrexed, and methotrexate, platinum analogs
(cisplatin and carboplatin), gemcitabine, vinorelbine, and
doxorubicin have activity in MPM with single-agent response
rates of 7-20% (36). Anti-folate therapy with pemetrexed,
combined with platinum therapy, with or without
bevacizumab, is the current standard first-line systemic
therapy for advanced or unresectable MPM (37,38).

The history leading to establishing anti-folate, platinum,
and bevacizumab as front-line therapy spans decades. In
the late 1980’ and 1990’, randomized trials evaluated
the efficacy of multiple single-agent chemotherapeutics
including anthracyclines, topoisomerase inhibitors, taxanes,
alkylating agents, and platinum analogues in MPM with
low response rates of 0-13%, progression free survival of
2-5 months, and median overall survival ranging 5-8 months
(39-43). Overall, single agent chemotherapy was persistently
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Table 2 Ongoing immunotherapy clinical trial in malignant pleural mesothelioma (as of April 20, 2017)

Trial Clinical trial ~ Estimated Dat

ra Study drug(s) Clinical trial title inicat tria stimate Phase ae Status
category number enroliment opened
Anti-PD-L1 Durvalumab Open Label, Phase Il Study of Anti- NCT02899195 55 Il 8-Sep-16 Pending
therapy Programmed Death-Ligand 1 Antibody,

Durvalumab (MEDI4736), in Combination With
Chemotherapy for the First-Line Treatment of
Unresectable Mesothelioma

Durvalumab A Phase 2 Study of Durvalumab in NCT03075527 40 Il 2-Mar-17 Recruiting
Combination With Tremelimumab in Malignant patients
Pleural Mesothelioma

Durvalumab A Single Arm, Phase Il Clinical Study of NCT02588131 40 Il 26-Oct-15 Recruiting
Tremelimumab Combined With the Anti-PD-L1 patients
MEDI4736 Monoclonal Antibody in Unresectable
Malignant Mesothelioma Subjects: The NIBIT-

MESO-1
Durvalumab Window of Opportunity Phase Il Study Of NCT02592551 20 Il 19-Oct-15 Recruiting
MEDI4736 or MEDI4736 + Tremelimumab patients

In Surgically Resectable Malignant Pleural
Mesothelioma

Anti-PD-1  Pembrolizumab A Phase Il Study of the Anti-PD-1 Antibody NCT02399371 65 Il 13-Mar-15 Recruiting
therapy Pembrolizumab in Patients With Malignant patients
Mesothelioma

Pembrolizumab A Pilot Window-of-opportunity Study of the Anti- NCT02707666 15 Il 29-Feb-16 Recruiting
PD-1 Antibody Pembrolizumab in Patients With patients
Resectable Malignant Pleural Mesothelioma

Pembrolizumab A Multicentre Randomised Phase Il Trial NCT02991482 142 Il 9-Dec-16 Pending
Comparing Pembrolizumab Versus Standard
Chemotherapy for Advanced Pre-treated
Malignant Pleural Mesothelioma

Nivolumab CheckpOQiNt Blockade For Inhibition of Relapsed NCT03063450 336 1l 10-Feb-17 Recruiting
Mesothelioma (CONFIRM): A Phase Il Double- patients
Blind, Placebo Controlled Trial to Evaluate the
Efficacy of Nivolumab in Relapsed Mesothelioma

Nivolumab A Randomized Phase Il Study Evaluating NCT02716272 125 Il 9-Mar-16 Ongoing,
Efficacy and Safety of 2nd or 3rd Line Treatment no longer
by Nivolumab Monotherapy or Nivolumab Plus recruting
Ipilimumab, for Unresectable Malignant Pleural patients

Mesothelioma (MPM) Patients

Anti-PD-1  Nivolumab and A Phase Ill, Randomized, Open Label Trial of NCT02899299 600 1 31-Aug-16 Recruiting
and anti-  Ipilimumab Nivolumab in Combination With Ipilimumab patients
CTLA4 Versus Pemetrexed With Cisplatin or Carboplatin

as First Line Therapy in Unresectable
Pleural Mesothelioma

Tremelimumab A Single Arm, Phase Il Clinical Study of NCT02588131 40 Il 26-Oct-15 Recruiting
and Durvalumab Tremelimumab Combined With the Anti-PD-L1 patients
MEDI4736 Monoclonal Antibody in Unresectable
Malignant Mesothelioma Subjects: The NIBIT-
MESO-1
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been found to have a modest response in patients with
mesothelioma, with slightly better responses of around 23%
(95% CI: 19.7-26.8) observed with cisplatin across many
clinical trials (36,44).

Combination of pemetrexed added to platinum therapy

In 2003, Vogelzang et al. published the landmark phase III
EMPHACIS trial reporting that addition of pemetrexed to
cisplatin improved outcomes for patients with MPM (37).
Chemotherapy naive patients who were not eligible for
curative surgery were randomized to 500 mg/m’ pemetrexed
and 75 mg/m’ of cisplatin (n=226) or cisplatin alone (n=222)
every 21 days. The addition of pemetrexed to cisplatin
improved the response rate from 16.7-41.3% compared
to cisplatin alone. The median time to progression was
significantly longer in the pemetrexed plus cisplatin group
at 5.7 months compared to 3.9 months in the cisplatin
alone group (P=0.001). The median overall survival in
the pemetrexed group was 12.1 months compared to
9.3 months in the cisplatin alone group (P=0.02). Similarly,
van Meerbeeck et /. conducted a European randomized
phase III clinical trial (EORTC) with 250 patients
randomized to cisplatin 80 mg/m’ either alone or with
raltitrexed 3 mg/m’ (45). The response rate was 13.6%
in the cisplatin alone arm and 23.6% in the cisplatin plus
raltitrexed arm (P=0.056). Similar to the EMPHACIS
trial (37), the addition of this anti-folate therapy to cisplatin
improved median overall survival by three months from
8.8 months (95% CI: 7.8-10.8) to 11.4 months (95% CI:
10.1-15.0).

In clinical practice, carboplatin is often substituted for
cisplatin due to its reduced risk of toxicity (46). Phase II data
demonstrated the efficacy of pemetrexed (500 mg/m’) plus
carboplatin AUC 5 in MPM (47-49). Santoro ez 4l. reported
a slightly lower response rate of 21.7% (95% CI: 18.8-24.8)
for carboplatin-based chemotherapy compared to a response
rate of 26.3% (95% CI: 23.2-29.6) for cisplatin-based
chemotherapy when combined with pemetrexed. However,
this study observed that time to progression and 12-month
survival were essentially equivalent with both regimens (50).

Gemcitabine with platinum therapy

Gemcitabine appears to be an active drug in MPM as well.
A retrospective series of 81 MPM patients treated first-
line with a platinum analog plus gemcitabine (n=40) or
pemetrexed (n=41) showed that the efficacy of gemcitabine
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and pemetrexed platinum doublets are similar (51). Byrne
et al. observed partial responses in 10 out of 21 (47.5%,
95% CI: 26.2-69) patients with MPM treated with cisplatin
100 mg/m’ on day 1 and gemcitabine 1,000 mg/m’ on days
1, 8, 15 of a 28-day cycle for six cycles (52). This same
regimen was further evaluated in a multicenter phase II study
with 52 patients with MPM of which 17 (33%, 95% CI:
20-46) had a partial response (53). Kalmadi et al. reported a
12% response rate (95% CI: 5-24%) with cisplatin divided
into weekly doses at 30 mg/m’ to reduce toxicity (54). Ak
et al. found no difference in survival between patients who
received platinum therapy with pemetrexed compared to
those who received platinum therapy with gemcitabine (55).
Carboplatin with gemcitabine has also been tested in
MPM with a response rate of 26% (95% CI: 15-40%) with
acceptable toxicity (56). Overall, gemcitabine combined
with platinum agents appears to be an active regimen in
MPM; however, there is heterogeneity between trials with
response rates ranging 12-48% and median survival ranging
from 9.5 to 12 months (52-54,57,58).

Vinorelbine

Single agent therapy with the semisynthetic vinca alkaloid
vinorelbine has a response rate of 24% with low toxicity (59).
In the front line setting, vinorelbine combined with
oxaliplatin has a 23% response rate (95% CI: 9-44%) (60).
In the relapsed setting, patients who have had a prior
chemotherapy demonstrated a 16% response rate to
vinorelbine 30 mg/m’ for 6 weeks (61). A phase III trial
randomized 409 patients to receive active symptom control
with or without chemotherapy which consisted of either
four cycles of mitomycin C 6 mg/m’, vinblastine 6 mg/m’,
and cisplatin 50 mg/m’ every 21 days, or 12 weekly doses
of vinorelbine 30 mg/m’ (62). Overall, there was a trend
towards improvement in survival with vinorelbine; however,
the study was underpowered due to poor accrual in the
setting of platinum and pemetrexed becoming preferred
first-line therapy for MPM (37,62-64).

2" line and salvage therapy

Generally, patients of good performance status who relapse
after frontline therapy can be considered for retreatment
with the initial regimen depending on the interval of
disease control, or second line therapy with gemcitabine
or vinorelbine based on the evidence discussed above.
Patients in the EMPHACIS trial who received post-study
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chemotherapy had a statistically prolonged survival with an
adjusted hazard ratio of 0.56 (CI: 0.44-0.72), demonstrating
benefit of additional systemic therapy after first line
treatment (65). Prior to cisplatin and pemetrexed becoming
the first-line standard of care, Jassem ez /. showed that
pemetrexed increased progression free survival in previously
treated, pemetrexed-naive patients (66). Patients with
relapsed disease after pemetrexed-based first-line therapy
can be considered for retreatment with pemetrexed based
chemotherapy if disease control is achieved for more than
12 months after administration of first line therapy (67).
There are ongoing investigations regarding the role of
maintenance pemetrexed therapy, because this approach
has a superior overall survival in patients with non-small
cell lung cancer (68,69). A case report demonstrated that
pemetrexed maintenance therapy is feasible in MPM (70),
and a clinical trial investigating the efficacy of pemetrexed
maintenance is currently ongoing (clinicaltrials.gov

NCT01085630).

Anti-angiogenic therapy

Tumor growth requires angiogenesis, the growth of new
blood vessels into a tumor to supply oxygen and other
nutrients (71). Several anti-angiogenesis strategies have
been tested clinically in MPM. Thalidomide was first shown
to inhibit angiogenesis in a corneal micro-pocket assay (72).
Based on these, and other findings (73), clinical investigators
have tested thalidomide in patients with MPM. The
randomized phase III NVALT 5 trial compared thalidomide
maintenance therapy to best supportive care after at
least four cycles of pemetrexed with platinum therapy.
Unfortunately, no benefit was noted in time to progression
(3.6 months in the thalidomide group versus 3.5 months
in the best supportive care group) with the addition of
thalidomide maintenance to first-line chemotherapy (74).
The Mesothelioma Avastin Cisplatin Pemetrexed Study
(MAPS) was initiated as a phase II trial to determine if
adding bevacizumab, a monoclonal antibody against the
endothelial cell mitogen Vascular Endothelial Growth
Factor-A (VEGF-A), to cisplatin and pemetrexed provided
clinical benefit. This study met the primary outcome with
27 patients out of 47 patients achieving disease control at
6 months without unexpected toxicity signals. The
study then expanded to a randomized, controlled, open-
label, phase III trial with 448 patients. The addition of
bevacizumab to cisplatin and pemetrexed significantly
increased overall survival to 18.8 months in patients who
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received bevacizumab, cisplatin, and pemetrexed (n=223)
vs. 16.1 months in patients who received cisplatin and
pemetrexed (n=225) (38). Based on this trial, consideration
should be given to bevacizumab in front-line therapy with
pemetrexed and cisplatin or carboplatin in clinical practice.

Clinical trials have also investigated the efficacy of
small molecule inhibitors of angiogenesis. Nintedanib
is an intracellular inhibitor of tyrosine kinase receptor
signaling with specificity for VEGRI1-3, platelet derived
growth factor receptor (PDGFR)-a and -, and fibroblast
growth factor receptor (FGFR)1-3. Grosso et al. presented
positive data at the 17" TASLC World Conference on Lung
Cancer reporting the addition of nintedanib versus placebo
to chemotherapy with cisplatin and pemetrexed increased
progression free survival (9.4 vs. 5.7 months, P=0.0174).
There was also a preliminary trend towards improved
overall survival (18.3 vs. 14.5 months, P=0.4132) but
further investigation is needed to statistically confirm this
survival benefit (75). Cediranib is a potent small molecule
inhibitor of VEGFR1-3, c-Kit, and PDGFR- signaling
(76,77). Patients with MPM who had previously been
treated with platinum containing therapy demonstrated
a 9-10% response rate to therapy with cediranib 45 mg
po daily (78,79). Tsao er al. reported the phase I portion
of the SWOG 0905 evaluating cediranib combined with
standard of care platinum and pemetrexed therapy followed
by cediranib maintenance therapy in chemotherapy naive
patients with unresectable MPM (80). Patients who received
6 cycles of cediranib in combination with platinum and
pemetrexed therapy followed by cediranib maintenance
therapy (20 mg daily) had a median PFS of 13 months
and OS of 16 months, which is better than expected from
historical controls (37,80).

Sunitinib, which targets VEGFR1-3, demonstrated a
response in only one treatment naive patient out of 35
total enrolled, in a study including MPM patients with and
without prior therapy (81). Similarly, vatalanib demonstrated
a low response rate in a phase II study (82). Sorafenib, a
potent inhibitor of the RAS/MEK pathway which also
targeted VEGFR and cKIT, had a response rate of 6% at a
dose of 400 mg po BID in patients with unrespectable MPM
with or without prior therapy (83). Another phase II trial
reported that 36% patients treated with sorafenib 400 mg
po BID were progression free at 6 months (84). While
these findings are comparable to other small molecular
inhibitors of angiogenesis, additional studies are needed to
determine if this translates into clinical benefit. As discussed
below, pre-clinical studies demonstrate efficacy of sorafenib
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combined with everolimus in mesothelioma xenografts (85),
which provides a rationale for combination studies with
multiple agents.

PDGFR inhibitors

Normal mesothelial cells express PDGFR-a while
mesothelioma tumors express both PDGF-AA and PDGF-
BB ligands as well as PDGFR-a and PDGFR-p (86-88).
While the staining pattern of PDGFR-f immunoreactivity
in frozen sections of MPM are consistent with MPM tumor
cell expression of PDGFR-B, the function of PDGFR-p
within tumor cells, as opposed to the associated stroma,
has not been well described. The finding of high PDGF-
AA and PDGF-BB ligands and PDGFR-a and PDGFR-p
expression in MPM tumors led to the hypothesis that
targeting PDGEFR signaling could provide clinical benefit.
Several receptor tyrosine kinase inhibitors active against
PDGEF/PDGEFR signaling have been developed, including
imatinib and vatalanib (described above). Imatinib is best
characterized for its efficacy in chronic myelogenous
leukemia (CML) and gastrointestinal stromal tumors
(89,90). While pre-clinical models showed that imatinib
caused apoptosis in MPM cells lines and synergizes with
gemcitabine (91), several phase I/1I trials did not show
efficacy imatinib monotherapy in patients with MPM. In a
phase II study using imatinib at a dose of 200 mg BID, none
of the 11 patdients had a response (92) and, in another phase
IT study, none of the 17 MPM patients had a response to
imatinib at a dose of 600 mg BID (93). Similarly, negative
results were observed in a study in the Netherlands where
25 patients were treated with imatinib with doses ranging
from 400 to 800 mg po BID without clinical response (94).
The results of these three clinical trials show that single
agent imatinib does not appear to offer clinical benefit to
patients with MPM.

Several pre-clinical models indicated that imatinib
reduces the interstitial pressure of tumor tissue and therefore
could perhaps enhance delivery of other therapeutics (95).
Further, in vitro studies demonstrate synergy between
imatinib and gemcitabine or pemetrexed (96). With this
rationale, a phase I study evaluated imatinib in combination
with cisplatin and pemetrexed in 17 patients with MPM
who had never received chemotherapy (97). Tsao er al.
tested a regimen of cisplatin 75 mg/m’, pemetrexed
500 mg/; m’, and imatinib mesylate 600 mg po BID; however,
the regimen was only tolerable in good performance status
patients. Seven out of the 17 patients received two cycles of
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therapy or less. By RECIST criteria, 1 patient had a partial
response, and 3 had a minor response. Six patients were able
to complete 6 cycles of chemotherapy and demonstrated a
median progression free survival of 9.6 months and overall
survival of 22.4 months. While this is higher compared to
historical controls, this study was not designed to determine
if the addition of imatinib to cisplatin and pemetrexed
provided clinical benefit (97). In the setting of refractory
MPM, a phase I study combined imatinib mesylate
with gemcitabine where 1 patient out of 5 had a partial
response (98). A phase II study is currently underway
evaluating efficacy of imatinib in combination with
gemcitabine in patients with MPM who had previously
been treated (clinicaltrials.gov NCT02303899).

MET/HGF inhibitors

The mesenchymal-epidermal transition factor (MET)
proto-oncogene encodes a receptor tyrosine kinase that,
upon being bound by the ligand Hepatocyte Growth Factor
(HGF), transduces signals from the extracellular matrix
into the cytoplasm. This activates several signaling cascades
including the RAS-ERK, PI3 kinase-AKT, or PLC gamma-
PKC, which regulate physiological processes including
proliferation, migration, and survival. Over-expression,
amplification, and mutation in Met have been described in
MPM cell lines and inhibition of MET reduces proliferation
of MPM cells in vitro (99). However, there currently are
no studies, to our knowledge, evaluating efficacy of MET
inhibitors in MPM.

EGFR inhibitors

Prior studies reports that the percentage of MPM tumors
that express epidermal growth factor receptor (EGFR)
ranges from 32-97% (100-106). Preclinical studies
demonstrate sensitivity of MPM cell lines to EGFR
inhibitors (107). These findings have led to the hypothesis
that targeting EGFR could be beneficial. There are two
approaches to target EGFR which have been shown to be
effective in patients with EGFR-mutated NSCLC, head
and neck cancer, and RAS wild-type colon cancer. Small
molecules, such as gefitinib and erlotinib, cross the plasma
membrane of the targeted cell and bind to the intracellular
domain of EGFR and inhibit EGFR signaling. Monoclonal
antibodies, such as cetuximab, bind to the extracellular
domain of EGFR and inhibit downstream signaling.
Unfortunately, there is little evidence of efficacy from
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targeting EGFR in MPM. In a phase II study, none of the
63 MPM patients responded to single agent erlotinib in the
front line setting despite high expression of EGFR (103).
In a phase II trial evaluating single-agent gefitinib in the
front line setting, only 2 out of 43 patients responded to
therapy and thus the investigators of this study concluded
that gefitinib is not active in MPM (104). A clinical trial
evaluating cetuximab in combination with pemetrexed and
either cisplatin or carboplatin in the front line setting is

ongoing (clinicaltrials.gov NCT00996567).

PISK/AKT/mTOR pathway inhibitors

Phosphatidylinositol-4,5-bisphosphate 3-kinases (PI3K)
s are composed of an 85 kDa regulatory subunit and a 110
kDa catalytic subunit that phosphorylates phosphatidyl
inositol as a mechanism of intracellular signal transduction
through mammalian target of rapamycin (mTOR)/AKT/
ERK pathways regulating proliferation, differentiation,
motility, and survival (108). Mutations in genes involved
in PI3K signaling have been identified in MPM and are
thought to contribute to the pathogenesis of MPM (109).
Everolimus inhibits PI3K through binding mTOR and
is FDA approved for metastatic breast cancer, renal cell
carcinoma, subependymal giant cell astrocytoma, GI and
lung neuroendocrine tumors, and for prevention of graft
failure (110-113). Unfortunately, patients with MPM who
had progressed after first line therapy did not respond to
everolimus in a phase II study (114). Preclinical models
have demonstrated promising efficacy in MPM patient
derived xenograft models with a combination of everolimus
and sorafenib (85) suggesting that the combination of
receptor tyrosine kinase and mTOR inhibition could be
effective. Other inhibitors of PI3K/mTOR are currently in
clinical trials. A first in-human study is underway with the
PI3K/mTOR inhibitor LY3023414, a small molecule that
functions as a selective ATP-competitive inhibitor of PI3Ka
and mTOR, DNA-PK in iz vitro studies (clinicaltrials.
gov NCT01655225). A phase I study evaluating safety
and tolerability of apitolisib, a potent small molecule
inhibit of PI3K and mTOR, reported a partial response
in 2 out of 26 MPM patients (115). Recently, in vitro
studies demonstrated that targeting MET and PI3Ks
provides synergistic inhibition of MPM cell proliferation
and migration, induction of apoptosis, and reduction
in growth of an MPM patient derived xenograft mouse
model (116), which provides a rationale for combinatorial
therapy.
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Targeting epigenetic regulators

A comprehensive genomic analysis identified mutations in
BAPI in 23% of MPM samples (117). Similarly, somatic
mutations in BAPI have been reported in approximately
20% of cases of MPM (118) and linkage analysis
demonstrated that germ-line mutations in BAPI are
associated with familial MPM (16). The BAPI gene encodes
a ubiquitin hydrolase that functions as a catalytic unit of
the polycomb repressive deubiquitinase complex crucial
for regulating gene expression and facilitating DNA repair
(119,120). The recurrent mutations in BAPI prompted
investigation into the use of histone deacetylate inhibitors
in MPM. A phase I trial reported a partial response in
2/13 patients with MPM (121). The phase III clinical trial
VANTAGE-014 sought to determine if vorinostat could
improve overall survival as a 2" or 3"-line agent. On this
trial, 661patients were enrolled across 90 international
centers, and randomized in a double blind fashion to receive
either vorinostat 300 mg or matching placebo twice daily on
days 1, 2, 3, 8, 9, 10, 15, 16, and 17 of a 21-day cycle. The
study found that median overall survival for patients who
received vorinostat was 30.7 weeks (95% CI: 26.7-36.1)
vs. 27.1 weeks (23.1-31.9) for placebo (hazard ratio 0.98,
95% CI: 0.83-1.17, P=0.86), demonstrating that vorinostat
given as a second-line or third-line therapy did not improve
overall survival (122). Similar clinical findings were noted
for another histone deacetylase inhibitor, belinostat (123).
While these clinical studies demonstrate lack of benefit after
pharmacologic inhibition of histone deacetylase to target
epigenetic regulation in MPM, a preclinical study identified
synthetic lethality with pharmacologic inhibition of
enhancer of zeste 2 polycomb repressive complex 2 subunit
(Ezh2) in MPM cells lacking Bapl (124). A phase II study
evaluating efficacy of the EZH2 inhibitor tazemetostat in
patients with both Bapl-deficient and wild-type relapsed
or refractory MPM is currently ongoing (clinicaltrials.gov
NCT02860286).

Focal adhesion kinase (FAK) inhibitors

NF-2 encodes the tumor suppressor Moesin-ezrin-
radixin-like protein (Merlin), a protein that functions as
a membrane-cytoskeleton scaffold. Merlin inhibits FAK,
a ubiquitously expressed intracellular protein localized to
areas where the cell membrane attaches to the extracellular
matrix. FAK integrates signals from integrins, which
are cell surface glycoproteins that interact with the

Transl Lung Cancer Res 2017;6(3):295-314



Translational Lung Cancer Research, Vol 6, No 3 June 2017

extracellular matrix, into downstream effector pathways
to regulate cell migration, adhesion, invasion, and self-
renewal (125). Consequently, loss of NF-2/Merlin leads to
tumorigenesis through dysregulation of migration which
leads to an invasive phenotype. Germ-line loss of function
mutations or deletions of NF2 cause neurofibromatosis, a
disorder characterized by development of schwannomas,
meningiomas, and ependymomas. Somatic mutations
leading to loss of NF2 have been described in numerous
cancers, including MPM. The recently published
comprehensive genomic profiling of MPM identified
mutations in NF-2 in 19% of cases (117).

Defactinib is a second generation small molecule
inhibitor of FAK. Pre-clinical models demonstrated
that maintenance therapy with defactinib delayed tumor
regrowth in MPM patient derived xenograft models (126).
In a phase I study, one patient with MPM was reported to
have radiographic stable disease while on defactinib for
24 weeks at a dose of 400 mg (127). Interestingly, another
phase I study with a different FAK inhibitor, GSK2256098,
reported that MPM patients with documented loss of
Merlin had increased median PFS at 23.4 weeks (n=14)
compared to MPM patients with preserved Merlin
expression who had median PFS at 11.4 weeks (n=9) (128).
This study was not designed to show a statistically
significant difference in PFS but suggested that further
studies could consider patient stratification based on NF2
mutations status or levels of Merlin expression. Overall,
these studies provided a rationale for a phase IIb study
to evaluate defactinib as maintenance therapy in MPM
patients after first line therapy with pemetrexed and a
platinum agent. Unfortunately, this phase II study has
been terminated after enrollment of 344 patients due to
lack of observed efficacy (COMMAND, clinicaltrials.gov
NCT01870609).

Hsp90 inhibition

Heat shock proteins (HSPs) constitute a large family of
proteins involved in protein folding and maturation. The
major groups of HSPs are classified based on molecular
weight of which HSP90 has been implicated in multiple
malignancy types (129). Targeting HSP90 is an attractive
therapeutic strategy as HSP90 functions to stabilize and
fold multiple client proteins involved in cancer cell signaling
such as EGFR, IGF-1R, CDK4, AKT, ErbB2, c-Met, BCR-
ABL, RET, androgen receptors, Fms-like tyrosine kinase 3
(FLT3), BRAF, NF-«B, Raf-1, HER2/Neu, NPM-
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ALK, p53, neuronal nitric oxide synthase (nNOS), and
HIF-1o (129). Ganetespib binds to and inhibits HSP90,
resulting in the proteasomal degradation of oncogenic
client proteins (130). A phase I/II clinical trial (MESO-02,
clinicaltrials.gov NCT01590160) evaluating ganetespib with
platinum in the front-line setting has completed accrual and
results are pending.

Proteasome inhibition

The potent proteasome 20S inhibitor bortezomib is approved
for use in multiple myeloma (131). The mechanism through
which bortezomib inhibition of the proteasome leads to
cancer cell death is not fully understood but is thought that
disruption of the single proteasome target affects multiple
signaling pathways. Bortezomib induces cell cycle arrest and
is synergistic with cisplatin in MPM cell line i vitro (132). In
the second line setting, only 1 out of 23 patients treated with
bortezomib and cisplatin demonstrated a partial response in
a single arm phase II study (133). In the front-line setting,
the response rate to bortezomib combined with cisplatin
in MPM was reported at 28.4% (95% CI: 18.9-39.5%)
with a median overall survival of 13.5 months (85% CI:
10.5-15 months). Unfortunately, the progression free survival
at 18 weeks was 53% (80% CI: 42-64%) which was below
the threshold to predict success of cisplatin and bortezomib
in a phase III study and there are no further plans to study
bortezomib with cisplatin (134).

Immuno-targeting of mesothelin

Chang er 4l. first identified mesothelin as the antigen of the
K1 monoclonal antibody generated from mice immunized
with an ovarian cancer cell line (135). The mesothelin gene
encodes a 69 kD protein which is cleaved into a 40 kD
and 32 kD fragment. The 40 kD fragment is anchored
to the surface of mesothelial cells lining the pleura by a
GPI-linked membrane-bound protein. MPM expresses
mesothelin at high levels since this malignancy arise from
normal mesothelial cells. The physiologic function of
mesothelin is unknown and mice lacking mesothelin do not
have a phenotype (136). The high expression of mesothelin
on MPM compared to normal tissue implies that mesothelin
could be an effective target for immune guided therapies.
Against this background, multiple anti-mesothelin
therapeutic strategies have been developed including
the monoclonal antibody amatuximab, an antibody-drug
conjugates with the fully human anti-mesothelin antibody
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intetumumab (NFT), and recombinant immunotoxins.

Amatuximab

The mouse-human chimeric IgG1k monoclonal antibody
amatuximab has a binding affinity of 1.5 nM for human
mesothelin (137). Two phase I clinical trials identified
a maximum tolerated dose of 200 mg/m’; however, no
responses were seen in patients with MPM who received
this agent (138,139). In a phase II study, amatuximab
combined with pemetrexed and cisplatin in patients with
unresectable epithelioid MPM did not show overlapping
toxicities (140). The addition of amatuximab to pemetrexed
and cisplatin did not prolong PFS longer than historical
controls; however, median OS was 14.8 months compared
to the historical control of 13.3 months for pemetrexed
and cisplatin along. A phase II double blind placebo
controlled study in six centers is ongoing (clinicaltrials.gov
NCT02357147).

Antibody-drug conjugates

There are currently three different antibody-drug conjugates
targeting mesothelin expressing cells in clinical trials (141).
The concept of a “magic bullet” delivering a potent
chemotherapeutic to cancer cells and not normal healthy cells
was first proposed over a century ago (142). Today, standard
of care oncology practice utilizes antibody-drug conjugates
with the approval of trastuzumab-emtansine (TDM1) (143)
and brentuxumab vedotin (144-146). Antibody drug
conjugates seek to utilize the specificity of antibody affinity
to deliver highly potent cytotoxic agents specifically to
cancer cells. While conceptually simple, the effectiveness
of an antibody-drug conjugate depends on the effectiveness
of the antibody, drug, and the linker fastening the drug to
the antibody. After systemic administration, the antibody-
drug conjugate binds the targeted epitope on the surface of
the cancer cell which then internalizes the antibody-drug
conjugate by receptor mediated endocytosis (147). Once
internalized, the cytotoxic drug is released from the antibody
through either hydrolysis, enzymatic cleavage, of degradation
of the antibody depending on the linker used.

Anetumab ravtansine is currently undergoing clinical
testing in MPM. Phage library display panning led to the
identification of Fab MF-T which binds mesothelin with
10 nM affinity (148). The conjugation of MF-T to the
maytansinoid tubulin inhibitor DM4 through a hindered
disulfide linker generated the antibody-drug conjugate
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anetumab ravtansine (BAY94-9343) (148). The uptake
of the DM4 toxin causes inhibition of mitosis through
targeting microtubule polymerization (149). Further,
neighboring cells are also affected through a phenomenon
known as “bystander cytotoxicity” where active drug
metabolites diffuse into neighboring cells (150). A phase I
study of intravenously infused anetumab ravtansine every
3 weeks in 147 cancer patients identified a maximum tolerated
dose of 6.5 mg/kg. The investigators identified keratopathy,
asymptomatic increase in serum aminotransferase levels,
and gastrointestinal upset as adverse events. In a subset of
patients with MPM treated with anetumab ravtansine at
the maximum tolerated dose of 6.5 mg/kg i.v. every 3 weeks
(n=16), 31% of patients had a partial response and 44% of
patients has stable disease for an overall disease control rate
of 75% (151) (clinicaltrials.gov NCT01439152). Encouraged
by these results, these investigators are currently performing
a phase II trial in 2"'-line metastatic pleural mesothelioma
(clinicaltrials.gov NCT02610140).

Using antibody-drug conjugate technology, the humanized
mouse anti-mesothelin antibody 7D9 was linked to
monomethyl auristatin E via a lysosomal protease-cleavable
valine-citrulline dipeptide linker, and has demonstrated
promising activity in preclinical models (152). A phase Ia/
II study of a mesothelin-directed antibody drug conjugate
with an undisclosed cytotoxic drug (BMS-986148) was
initiated in patients with advanced solid tumors, including
mesothelioma, and this study is currently recruiting patients
for enrollment (clinicaltrials.gov NCT02341625).

Recombinant immunotoxins

"Two novel agents, SS1P and RG7787 (LMB-100), link anti-
mesothelin moieties to portions of Pseudomonas endotoxin
A (141). These agents have potent efficacy in vitro (153)
and the anti-tumor effect is enhanced in mouse models
with prior administration of paclitaxel which is thought to
decrease interstitial tumor pressure and increases tumor
uptake of recombinant immunotoxin (154-156). Phase I
studies have shown that both bolus and infusional doses
of SS1P were complicated by generation of neutralizing
antibodies to the pseudomonas endotoxin (157,158).
Hassan et al. markedly delayed the development of these
neutralizing antibodies by administering pentostatin and
cyclophosphamide before and during administration of
SS1P to deplete T and B lymphocytes. Of the 10 patients
with chemotherapy-refractory MPM, 3 had major tumor
regression and antibody formation was markedly delayed,
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allowing for more cycles to be given (159). Hollevoet
et al. de-immunized the effector moiety of the pseudomonas
endotoxin A and fused it with a mesothelin targeting
moiety to generated RG7787 (156). This recombinant
immunotoxin has activity in MPM patient derived xenograft
models (160). RG7787 was renamed LMB-100 and there is
currently a phase I study accruing patients to evaluate the
maximum tolerated dose of RG7787/LMB-100 in patients
with MPM (clinicaltrials.gov NCT02798536).

Arginine depletion

Preclinical models demonstrated that arginine deprivation
is synthetically lethal in MPM cells that do not express
argininosuccinate synthetase 1 (ASS1) (161). Approximately
60% of MPM tumors have loss of ASS1. Ubiquitous
expression of ASS1 in normal cells offers a wide therapeutic
window for arginine depletion therapy as the toxicity to
normal cells is low. A phase II multicenter study compared
administration of pegylated arginine deiminase (Adi-PEG
20, 36.8 mg/m’ i.m. weekly) in addition to best supportive
care to best supportive care alone in patients with ASS1
negative MPM (162). The study enrolled 201 patients,
of which 97 were found to have ASS1 deficient disease as
defined by >50% low expressing cells as visualized by an
anti-ASS1 antibody. As an aside, the investigators were
unable to determine the ASS1 status of 21 patients and
the remaining 83 ASS1 positive patients were analyzed
for overall survival. Szlosarek er al. reported a PFS hazard
ratio of 0.56 (95% CI: 0.33-0.96) with a median PFS of
3.2 months in the Adi-PEG 20 group compared to 2.0
months in the best supportive care group alone (P=0.03) (162).
The authors observed nonfebrile neutropenia, gastrointestinal
toxicity, and fatigue as the most common adverse events. A
phase I dose escalation study which combined Adi-PEG 20
with cisplatin and pemetrexed provided a signal of efficacy
with a 78% response rate (7 out of 9 patients) (163). These
findings are consistent with demonstrated efficacy of arginine
depletion therapy in other malignancies (164-167). A phase
2/3 study is currently recruiting patients with MPM with low
ASS1 expression to evaluate the efficacy of Adi PEG 20 in
combination with pemetrexed and cisplatin (clinicaltrials.gov
NCT02709512).

Immunotherapy

The advances in immunotherapeutic approaches for MPM
are reviewed in more detail elsewhere in this issue of
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Translational Lung Cancer Research. However, highlights
of recent immunotherapy trials will be presented here. The
immune compartment has proven to be a key component
of the tumor microenvironments role in tumor initiation,
progression, and response to therapy (168). Targeting
molecular regulators of immune function, namely cytotoxic
lymphocyte antigen 4 (CTLA4) and Programmed Death-1/
Programmed Death-Ligand 1 (PD/PD-L1) signaling axis
have emerged as effective therapeutic strategies in multiple
cancers (169). Recent efforts have focused on determining
if MPM is responsive to immunotherapy. MPM has a
high variability of lymphocytic infiltration, but prolonged
survival is associated with a higher presence of lymphoid
cells (170). Additionally, PD-L1 expression is variable, is
associated with populations of infiltrating T cells, and may
be more associated with sarcomatoid histology and a worse
prognosis (171-174). Multiple clinical trials have sought to
determine or are currently determining if MPM responds
to immune mediated therapies (Table 2).

CTLA4 inbibition

Tremelimumab is a selective human IgG2 monoclonal
function blocking antibody against CTLA4 that blocks
interaction with B7 and promotes anti-tumor effects of
tumor infiltrating leukocytes (169). In the second-line
setting, 2 out of 29 patients with MPM (7%) demonstrated
a durable partial response to tremelimumab 15 mg/kg
every 90 days (MESOT-TREM-2008) (175). Retrospective
exposure-response analysis of data from melanoma
suggested the dosing schedule of tremelimumab 15 mg/kg
every 90 days resulted in underexposure to tremelimumab.
A single-arm phase 2 study was then performed to evaluate
the efficacy of tremelimumab 10 mg/kg every 4 weeks for
6 doses, followed by dosing every 12 weeks until disease
progression. Four out of 29 patients were found to have
a response and 15 out of 29 patients were found to have
disease control with median duration of 10.9 months
(95% CI: 8.2-13.6). Unfortunately, results of the double
blind, placebo controlled DETERMINE (clinicaltrials.gov
NCT01843374) study showed tremelimumab monotherapy
is not superior to placebo for the primary endpoint of
overall survival (tremelimumab vs. placebo median OS 7.7
vs. 7.3 mo; HR =0.92; 95% CI: 0.76-1.12, P=0.408) (176).
Clinical studies that determine the efficacy of combining
CTLA4 blockade with PD-1/PD-L1 blockade are
ongoing (Table 2, clinicaltrials.gov NCT02899299 and
NCT02588131).
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Programmed death-1/programmed death ligand-1
inhibition

T lymphocytes express PD-1 which, upon binding to PD-
L1 or PD-L2 on the surface of a potential target cell,
inhibits cytotoxic killing of that target cell (169). MPM
cells may inhibit the anti-tumor immune response and
evade T lymphocyte mediated cell killing by expression
of PD-L1 (169). Monoclonal antibodies against PD-1
(pembrolizumab and nivolumab) or PD-L1 (avelumab,
atezolizumab, durvalumab) block the interaction of tumor
cell expressed PD-L1 with PD-1 on the surface of T
lymphocytes and thereby aim to inhibit the anti-tumor
immune response. The Keynote-028 trial reported that
7 out of 25 PD-L1 positive MPM patients had a partial
response to monotherapy with pembrolizumab (10 mg/kg
every 2 weeks). The overall response rate of 28% and
disease control rate of 76% are better than expected in the
second line setting (177). In a single center phase II study,
patients with MPM were treated in the second line setting
with nivolumab 3 mg/kg every two weeks until progression
or toxicity. Five out of 38 patients had a partial response
and the disease control rate was 50% at 12 weeks (178).
Lastly, a phase I study evaluating safety and treatment
related toxicity of avelumab, a fully human anti-PD-L1
IgG antibody, reported an overall response rate of 14.3%
in PD-L1 positive patients with unresectable MPM, and
a response rate of 8% in patients with MPM without PD-
L1 expression (179). These results indicate that targeting
the PD-1/PD-L1 axis in MPM appears promising. Phase
IIT trials evaluating PD-1/PD-L1 blockade in the setting
of first-line therapy for MPM or relapsed disease and
clinical studies combining CTLA4 inhibitors (above) with
PD-1/PD-L1 blockade in patient with MPM are currently
ongoing (Table 2). Further, efforts to identify predictors
of response to immunotherapy, such as tumor molecular
features or characterization of tumor immune infiltrates,
could inform patient selection for immunotherapy.

Conclusions

To date, the combination of pemetrexed, either cisplatin
or carboplatin, and the optional addition of bevacizumab,
is standard therapy for MPM in the frontline setting.
Currently, there is no approved therapy for refractory
disease, but gemcitabine and vinorelbine have activity in
some patients, and immunotherapy is increasingly used
off-label. Even with systemic therapy, median overall
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survival is approximately one year and the chance of long-
term survival is low. Many approaches are being pursued
to evaluate novel therapeutic strategies to improve
response rates, identify second-line therapies, determine
if maintenance therapy is beneficial, and develop optimal
regimens for the elderly and frail. The lack of “single driver
mutations” identified in MPM presents a challenge to the
development of molecular targeted therapies for MPM
and highlights a need for a better understanding of MPM
biology towards developing personalized approaches to
therapy. Furthermore, the heterogeneity of MPM, the
relatively low incidence of the disease, and the challenge
to assess radiographic and clinical response to therapy pose
barriers to developing more effective systemic therapies.
Despite these challenges, mesothelin targeting, arginine
depletion, and immunotherapy appear to be among the
most promising of the emerging therapeutic strategies.
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