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Chapter

Immunocheckpoint Blockade in
Malignant Pleural Mesothelioma

Nobukazu Fujimoto

Abstract

Targeting immunocheckpoint with immunomodulatory monoclonal antibodies
has proven to be an effective antitumor strategy across a variety of cancers. The
immunosuppressive tumor microenvironment in malignant pleural mesothelioma
(MPM) has suggested that MPM might benefit from this kind of immunotherapy.
In recent years, immunocheckpoint inhibitors (ICIs) have shown encouraging
results for patients with MPM. Antibodies against programmed death 1 (PD-1)
and PD-ligand 1 (PD-L1) have demonstrated favorable response, progression-free
survival, and overall survival. The toxicity profiles were similar to those observed
with ICIs in other malignancies, like melanoma and non-small cell lung cancer, and
they appeared to be manageable. Nivolumab, an anti-PD-1 antibody, was approved
in Japan for advanced or metastatic MPM patients resistant or intolerant to other
chemotherapies. Important future issues include developing a combination therapy,
where ICIs are combined with other agents (including other ICIs), and developing
biomarkers for determining which patients might respond well and which might
experience unacceptable toxicities.
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1. Introduction

Malignant pleural mesothelioma (MPM) is a rare pleural malignancy that is
associated with asbestos exposure. Gemba et al. reported that more than 70%
of malignant mesothelioma cases in Japan were associated with occupational or
environmental asbestos exposure [1]. MPM is a highly aggressive neoplasm with a
poor prognosis; the median overall survival (OS) is only about 12 months. Systemic
chemotherapy with platinum plus pemetrexed is the recommended first-line
systemic therapy for advanced MPM [2]. Some clinical trials have examined the
efficacy of new agents to improve the results of the platinum/pemetrexed combina-
tion; however, no new agent has demonstrated significant clinical efficacy. Thus,
the pemetrexed/platinum combination remains the standard treatment.

Currently, there is no recommended treatment option for MPM after first-
line platinum/pemetrexed chemotherapy. Re-treatment with pemetrexed-based
chemotherapy is a reasonable option for patients that achieved durable disease
control with the first-line chemotherapy [3]. Other treatment options of salvage
chemotherapy include vinorelbine and gemcitabine; however, the median OS with
these agents only ranges from 5 to 10 months [4, 5]. Other experimental agents,
such as angiogenesis inhibitors [6] or tyrosine kinase inhibitors [7], have not
demonstrated efficacy.
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Targeting immunocheckpoint with immunomodulatory monoclonal antibodies
was shown to be an effective antitumor strategy across a variety of cancers [8]. The
immunosuppressive tumor microenvironment in MPM has suggested that MPM
might benefit from this kind of immunotherapy [9, 10]. In fact, in recent years,
immunocheckpoint inhibitors (IClIs) have shown some encouraging results for
patients with MPM.

In this chapter, we review recent clinical findings on several ICIs, including
anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) antibody, anti-
programmed death 1 (PD-1) antibody, and anti-PD-ligand 1 (PD-L1) antibody, for
treating patients with MPM.

2. Anti-CTLA-4 antibody

Anti-CTLA-4 antibody was the first ICI described for treating MPM. Phase II stud-
ies demonstrated that tremelimumab, a selective human monoclonal antibody against
CTLA-4, showed favorable activity as a second-line treatment for MPM [11, 12].
However, a double-blind study that compared tremelimumab to placebo in subjects
with previously treated, unresectable malignant mesothelioma (DETERMINE study)
failed to demonstrate differences in OS or progression-free survival (PFS) between the
treatment and placebo groups [13]. After that, anti-CTLA-4 antibodies were studied in
combination with an anti-PD-1 or anti-PD-L1 antibody.

3. Anti-PD-L1 antibody

Avelumab is a human IgG1 monoclonal antibody that targets PD-L1 [14]. A
phase 1b open-label study (JAVELIN solid tumor) was conducted in patients with
unresectable mesothelioma that progressed after platinum/pemetrexed treatment;
patients were enrolled at 25 sites in three countries [15]. Of 53 patients treated,
the objective response rate (RR) was 9% (95% confidence interval [95%CI]:
3.1-20.7%); one patient experienced a complete response, and four patients
experienced a partial response. Responses were durable (median, 15.2 months;
95%CI: 11.1 to non-estimable) and occurred in patients with PD-L1-positive
tumors (RR: 19%; 95%CI: 4.0-45.6) and PD-L1-negative tumors (RR: 7%; 95%CI:
0.9-24.3), based on a 5% or greater cutoff for PD-L1 expression. The median PFS
was 4.1 months (95%CI: 1.4-6.2), and the 12-month PFS rate was 17.4% (95%CI:
7.7-30.4). The median OS was 10.7 months (95%CI: 6.4-20.2).

4. Anti-PD-1 antibody
4.1 Pembrolizumab

A nonrandomized, phase Ib trial was conducted to test pembrolizumab in
patients with PD-1-positive MPM that had been treated previously. In the prelimi-
nary report, 20% of patients experienced an objective response, 72% experienced
disease control, and the median OS was 18 months (95%CI: 9.4 to non-estimable)
[16]. Then, a phase II trial assessed pembrolizumab activity in 65 unselected
patients with MPM [17]. The objective RR was 19% and the disease control rate was
66%. The median PFS was 4.5 months (95%CI: 2.3-6.2), and the median OS was
11.5 months (95%CI: 7.6-14).
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After those promising results, pembrolizumab was used off-label in Switzerland
and Australia [18]. A total of 93 patients (48 from Switzerland and 45 from
Australia) were treated. In those cohorts, the overall RR was 18%, the median PFS
was 3.1 months, and the median OS was 7.2 months. Among patients with the non-
epithelioid histological subtype, pembrolizumab treatment improved the objective
RR (24% vs. 16%; p = 0.54) and the median PFS (5.6 vs. 2.8 months; p = 0.02).

4.2 Nivolumab

Another anti-PD-1 antibody, nivolumab, was first tested in recurrent MPM in
the Netherlands [19]. In that single-center trial, patients with MPM received 3 mg/
kg intravenous nivolumab every 2 weeks. Of the 34 patients included, eight patients
(24%) displayed a partial response and another eight displayed stable disease,
which resulted in a disease control rate of 47%. Japanese investigators also evaluated
the efficacy and safety of nivolumab for advanced MPM in patients that were resis-
tant or intolerant to prior chemotherapy [20]. Thirty-four patients were enrolled,
and 10 patients (29.4%, 95%CI: 16.8-46.2) showed an objective response in a central
assessment. Objective RRs were 25.9, 66.7, and 25.0% for epithelioid, sarcomatous,
and biphasic histological subtypes, respectively (Figure 1). The median OS and PFS
were 17.3 and 6.1 months, respectively (Figure 2a and b). Based on these findings,
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Figure 1.

A waterfall plot of the MERIT study vesults, which demonstrates the maximum percentage changes compared
to baseline in target lesions of each patient, according to histological subtype (Ref. [20]).
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Kaplan-Meier curves show survival for all patients and for patients grouped according to programmed death-
ligand 1 (PD-L1) expression in the MERIT study (Ref. [20]). (a) Overall survival (OS); (b) progression-free
survival (PFS). HRs compare the PD-L1 > 1% group to the <1% group. CI, confidence interval; HR, hazard

ratio; NR, not reached.
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nivolumab was approved in Japan for patients with advanced or metastatic MPM
that are resistant or intolerant to previous chemotherapy.

Although the effect requires confirmation in larger clinical trials, nivolumab and
pembrolizumab might offer hope for patients with MPM.

5. Toxicity

The toxicity of these ICIs was acceptable in MPM. A study on pembrolizumab
toxicity found grade 3 and 4 events, including adrenal insufficiency (3%), pneumonitis
(3%), skin rash (3%), colitis (1.6%), confusion (1.6%), hepatitis (1.6%), and hypergly-
cemia (1.6%), and one grade 5 event of hepatitis (1.6%) [17]. In a study on nivolumab,
adverse events of any grade occurred in 26 patients (76%), including fatigue (29%)
and pruritus (15%) [19]. In that study, treatment-related grade 3 and 4 adverse events
were reported in nine patients (26%); most events were pneumonitis, gastrointestinal
disorders, and laboratory disorders. One treatment-related death was due to pneumo-
nitis, but it was probably initiated by concurrent amiodarone therapy. These toxicity
profiles were similar to those observed in other malignancies, including melanoma and
non-small cell lung cancer (NSCLC), and they appeared to be manageable.

6. Future perspectives

Based on the promising results described above, ICIs could play a primary role in
the treatment of MPM. An important issue for the future is whether ICIs can be com-
bined with other agents, including other ICIs. For example, given the synergy between
the PD-1/PD-L1 and CTLA-4 pathways in T-cell activation, a combination treatment
with antibodies that target PD-1 or PD-L1 and CTLA-4 warrants investigation [22].

NIBIT-MESO-1 was an open-label, nonrandomized, phase II study that investi-
gated the efficacy and safety of first- or second-line tremelimumab, a monoclonal
antibody against CTLA-4, combined with durvalumab, a monoclonal antibody
against PD-L1 [23]. In that study, patients with unresectable pleural or peritoneal
mesothelioma received one dose of intravenous tremelimumab and durvalumab
delivered every 4 weeks, for a total of four doses. This was followed by maintenance
treatment with intravenous durvalumab. Of 40 patients, 11 (28%) displayed an
objective response. The median PFS was 5.7 months (95%CI: 1.7-9.7), and the
median OS was 16.6 months (95%CI: 13.1-20.1). Toxicity related to treatment was
generally manageable and reversible.

Another multicenter, randomized, phase II study was conducted in France [24]. In
that study, patients were randomly allocated to nivolumab or nivolumab plus ipilim-
umab. In the intention-to-treat population, the primary endpoint, 12-week disease
control, was achieved by 25 (40%; 95%CI: 28-52) of 63 patients in the nivolumab group
and by 32 (52%; 95%CI: 39-64) of 62 patients in the combination group. The most
frequent grade 3 adverse events were asthenia (N = one [2%] with nivolumab vs. three
[5%] with the combination), an asymptomatic increase in aspartate aminotransferase
or alanine aminotransferase (N = none with nivolumab vs. four [7%] of each with the
combination), and an asymptomatic increase in lipase (N = two [3%] with nivolumab
vs. one [2%] with the combination). These findings indicated that the combination
of anti-CTLA-4 and anti-PD1/PD-L1 antibodies appeared to be active and had a good
safety profile in patients with MPM. Currently, there is an ongoing phase III, random-
ized, open-label trial for testing nivolumab in combination with ipilimumab vs. peme-
trexed with cisplatin or carboplatin as a first-line therapy in unresectable MPM. The
primary endpoint of the study, OS, will be reported in the near future.
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Cisplatin 75 mg/m? day1
Pemetrexed 500 mg/m?, day1
Nivolumab 360 mg/body, day1

Nivolumab
360 mg/body, day1

Every 3 weeks for 4-6 cycles Every 3 weeks
lllf//— -\\\

Key erigibility criteria

M Age =20

M Pathologically confirmed malignant pleural mesothelioma

B Untreated, metastaticor unresectable disease

B Measurablelesion designated by Modified RECIST criteira

B ECOGPS:oor1

A /
Design: Non-randomized, openlabel, multicenter phase IT
Enrollment: 18
Locations: Okayama Rosai Hospital, Okayama University Hospital,

Yamaguchi-Ube Medical Center, Shikoku Cancer Center Hospital
UMIN trial No: 000030892

Figure 3.

Overview of a phase 11 trial for testing a first-line combination chemotherapy with cisplatin/pemetrexed and
nivolumab for treating unvesectable malignant pleural mesothelioma (Ref. [21] ). RECIST, vesponse evaluation
criteria in solid tumors; ECOG, eastern cooperative oncology group; PS, performance status.

The combination of an anti-PD-1/PD-L1 antibody and conventional chemo-
therapy is also under investigation. Nowak et al. presented results from a phase II
trial that tested durvalumab combined with cisplatin/pemetrexed in MPM [25].
The primary endpoint, PFS at 6 months, was 57% (N = 31/54; 95%CI: 45-68),
the median PFS time was 6.9 months (95%CI: 5.5-9.0), and the objective RR was
48% (95%CI: 35-61). Grade 3-5 adverse events occurred in 36 patients, including
neutropenia in 13%, nausea in 11%, anemia in 7%, fatigue in 6%, and any grade of
peripheral neuropathy in 35%. The authors have conducted another phase II study
to test the combination of nivolumab and cisplatin/pemetrexed, which is currently
in progress (Figure 3)[21]. A large-scale randomized study for testing the combi-
nation of pembrolizumab and cisplatin/pemetrexed is also in progress. Based on
whether these combination regimens, which include anti-PD1/PD-L1 antibodies,
demonstrate sufficient activity, safety, and tolerability as first-line treatments, the
standard regimen of cisplatin/pemetrexed might be replaced.

Another important issue is whether biomarkers can be developed to determine
which patients might expect a response and which might expect unacceptable tox-
icity. Previous studies in patients with MPM have shown that tumors with positive
PD-L1 expression were associated with worse survival outcomes compared to
those with negative PD-L1 expression [26]. Although an optimal PD-L1 expres-
sion threshold could not be identified, a trend was observed, where a higher
RR and more durable PFS were associated with increasing PD-L1 expression, in
studies on pembrolizumab [17, 18] and nivolumab [20]. In some neoplasms, the
tumor mutation burden or the tumor microenvironment was associated with the
response to ICIs; however, those associations have not been established as bio-
markers in MPM.

7. Conclusion

The prognosis of MPM remains poor. Recent encouraging results have sug-
gested that a PD-1/PD-L1 blockade might be an effective treatment option
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for MPM. Although the effect requires confirmation in larger clinical trials,
nivolumab and pembrolizumab might offer hope for patients with MPM. Further
study is warranted to develop more effective treatment strategies, such as com-
bining ICI with other ICIs or with conventional chemotherapy, and to establish
biomarkers for distinguishing patients that might respond to treatment from
those likely to develop unacceptable toxicities.
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A Phase II Trial of First-Line Combination
Chemotherapy With Cisplatin, Pemetrexed, and
Nivolumab for Unresectable Malignant Pleural

Mesothelioma: A Study Protocol
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Abstract

Background: The purpose of this study is to assess the efficacy and safety of combination chemotherapy with
cisplatin, pemetrexed, and nivolumab for unresectable malignant pleural mesothelioma (MPM). Patients and
Methods: Patients with untreated, advanced, or metastatic MPM who meet the inclusion and exclusion criteria will be
included. A total of 18 patients will be enrolled from 4 Japanese institutions within 1 year. Combination chemotherapy
with cisplatin (75 mg/m?), pemetrexed (500 mg/m?), and nivolumab (360 mg/person) is administered every 3 weeks for
a total of 4 to 6 cycles. Then, maintenance therapy with nivolumab will be administered until disease progression,
unacceptable toxicities, or the patient’s condition meets the withdrawal criteria. The primary end point is the centrally
reviewed overall response rate. The secondary end points include the disease control rate, overall survival,
progression-free survival, and adverse events. Conclusion: This phase |l trial evaluating first-line combination
chemotherapy for unresectable MPM commenced in January 2018. This is the first prospective trial to evaluate the
effect of an anti-programmed death-1 antibody combined with cisplatin and pemetrexed for unresectable MPM.

Clinical Lung Cancer, Vol. 19, No. 5, e705-7 © 2018 The Author(s). Published by Elsevier Inc. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Asbestos, Immune checkpoint inhibitor, Maintenance, Programmed death-1, Prospective study

Introduction

Malignant pleural mesothelioma (MPM) is a highly aggressive
tumor that arises from mesothelial-lined surfaces and has a poor
survival rate." MPM occurs more frequently in men (80%) than in
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women, and the peak age of onset is between 60 and 80 years old.”
The industrial use of asbestos has been banned in Japan since 2006,
but the incidence of MPM is expected to continue to increase for the
next few decades because of the past usage of asbestos.” Treatment of
MPM is challenging. Most of the cases are diagnosed at an advanced
stage and are treated with systemic chemotherapy. Combination
chemotherapy with cisplatin and pemetrexed is the standard treat-
ment regimen; however, the median overall survival (OS) is only
approximately 12 .months.* Recently, the additional use of bev-
acizumab improved OS when used with cisplatin and pemetrexed in
unresectable MPM.” However, the prolongation of the OS was <3
months. In addition, it can be administered only to bevacizumab-
eligible patients. On the basis of these facts, cisplatin and peme-
trexed is still considered the standard treatment regimen, thus, addi-
tional treatment options are urgently needed.

Nivolumab is a human monoclonal antibody that targets the
programmed death (PD)-1 cluster of differentiation 279 cell surface
membrane receptor. Binding of PD-1 to its ligands, PD ligands 1
and 2, results in the downregulation of lymphocyte activation.
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Figure 1 Overview of the Study Design

Cisplatin 75 mg/m?2 day1
Pemetrexed 500 mg/m?, day1
Nivolumab 360 mg/body, day1

Nivolumab
360 mg/body, day1

Every 3 weeks

Every 3 weeks for 4-6 cycles

Key erigibility criteria

M Age=20

M Pathologically confirmed MPM
B Untreated .

I ort
M Measurable lesion designated by Modified RECIST criteira
B ECOGPS:0Oor1

-
Design: Non-randomized, openlabel, multicenter phase I
Enroliment: 18
Locations: Okayama Rosai Hospital, Okayama University Hospital,
Yamaguchi-Ube Medical Center, Shikoku Cancer Center Hospital
UMIN trial No: 000030892

Abbreviations: ECOG = Eastern Cooperative Oncology Group; MPM = malignant pleural me-
sothelioma; PS = performance status; RECIST = Response Evaluation Criteria in Solid Tumors.

Nivolumab inhibits the interaction between PD-1 and its ligands,
promotes immune responses, and triggers antitumor activity. It has
already been approved by the Ministry of Health, Labor, and
Welfare, Japan for multiple types of cancer including malignant
melanoma, non—small-cell lung cancer, and gastric cancer in Japan.
Additionally, a phase II trial showed there was a favorable response
with nivolumab for previously treated MPM.®

A recent report indicated that platinum drugs enhance the
effector immune response through modulation of PD-ligand 1.
These encouraging results might extend to the first-line treatment
of MPM with the hope of enhancing the antitumor response,
particularly in combination with the current standard chemo-
therapy. Unfortunately, no prospective clinical trial is being
conducted to evaluate the combination of nivolumab and cisplatin/
pemetrexed. Thus, we launched the current trial to assess combi-
nation chemotherapy with cisplatin, pemetrexed, and nivolumab
for MPM.

Table 1 Key Inclusion Criteria

1. Age: older than 20 years at the date of informed consent
2. Pathologically-confirmed pleural malignant mesothelioma

3. Advanced or metastatic malignant pleural mesothelioma that is untreated and
unresectable

4. Patients who have a measurable lesion designated according to modified
RECIST criteria

5. Tumor sample available to test for programmed death-ligand 1 expression
6. Eastern Cooperative Oncology Group performance status is 0 or 1

7. Life expectancy is >90 days

8. Oxygen saturation measured using pulse oximeter is >94%

9. Meet the defined lab value criteria

10. Females of childbearing potential who agree to prevent pregnancy and
lactation for at least 5 months after the last administration of nivolumab

11. Men who agree to contraception for at least 7 months after the last
administration of nivolumab

12. Patients who understand the study contents and provide written consent by
their own free will

Abbreviation: RECIST = Response Evaluation Criteria in Solid Tumors.
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Table 2 Key Exclusion Criteria

. History of anaphylaxis induced by any drug

. Autoimmune disease

. Double cancer

. Metastasis to the brain or meninges

. Interstitial lung disease or pulmonary fibrosis

. Diverticulitis or peptic ulcer

. Pleural effusion that requires drainage every 2 weeks or more
. Pericardial effusion or ascites that requires drainage

9. Uncontrollable cancer pain

10. Transient ischemic attack, cerebrovascular accident, thrombosis, or
thromboembolism within 180 days

11. Uncontrollable severe cardiovascular disease

12. Anticoagulant therapy

13. Uncontrollable diabetes

14. Receiving treatment for a systemic infection

15. Obviously positive for human immunodeficiency virus

16. HTLV-1 antibody-positive, HBs antigen-positive, or HCV antibody-positive.
Either HBs antigen positive or HBc antibody-positive and HBV-DNA detection
if HBs antigen is negative

17. History of treatment for T-cell regulation

18. Surgery with local or surface anesthesia within 14 days
19. Surgery with general anesthesia within 28 days

20. Pleurodesis within 14 days

21. Pleurodesis treated with picibanil within 28 days

22. Adhesion surgery of the pericardium or peritoneum

23. Radiation therapy for pain relief within 14 days

24, Radiopharmaceutical therapy within 56 days

25. Administration of unapproved drugs within 28 days or an unapproved
antibody within 90 days

26. Administration of systemic adrenal cortical hormone or immunosuppressive
agents

27. Women who are or might be pregnant or lactating

28. Patients who are incapable of giving consent (for example, because of
dementia)

29. Any other inadequacy for this study

0 N o O AW N =

Abbreviations: HB = hepatitis B; HBV = hepatitis B virus; HCV = hepatitis C virus;
HTLV = human T-cell leukemia virus.

Patients and Methods
Objectives/End Points

This study will assess the efficacy and safety of the first-line
combination therapy of cisplatin, pemetrexed, and nivolumab for
advanced or metastatic MPM. The primary end point is the cen-
trally reviewed overall response rate. The secondary end points
include efficacy evaluated according to the: (1) response rate assessed
by investigators; (2) disease control rate; (3) OS; (4) progression-free
survival; (5) duration of response; and (6) time to response. Safety

and adverse events will also be evaluated.

Study Design/Study Setting

This is a single-arm, prospective, nonrandomized, non-
comparative, open-label, multicenter, phase II trial. Figure 1 shows

an overview of the study design.
Eligibility Criteria

All patients who meet the main inclusion and exclusion criteria
(Tables 1 and 2) will be invited for screening. Written informed



consent must be obtained by an investigator from the patient before
any screening or inclusion procedure. This study will be conducted
in compliance with the principles of the Declaration of Helsinki,
and the protocol was approved by the institutional review board of
each of the participating hospitals.

Intervention

Treatment is composed of 2 sequential phases: the combination
phase and the maintenance phase. In the former, cisplatin (75 mg/mz),
pemetrexed (500 mg/mz), and nivolumab (360 mg/person) will be
administered intravenously. Nivolumab was kindly provided by Ono
Pharmaceutical Co, Ltd. This treatment will be repeated every 3 weeks
with a total of 4 to 6 cycles. If patients have not progressed during the
combination phase, maintenance therapy with nivolumab will be
administered until disease progression, unacceptable toxicities, or the
patient’s condition meets the withdrawal criteria.

Nivolumab was administered at a dose of 240 mg/person
biweekly in recent clinical trials®® including the one for MPM that
showed encouraging clinical utility and acceptable toxicity profile.®
Both of cisplatin and pemetrexed are usually administered every 3
weeks. Under the consideration of practical utility and dose in-
tensity, we planned to administer nivolumab every 3 weeks with the
dose of 360 mg/person. The combination of nivolumab (10 mg/kg)
and pemetrexed/cisplatin every 3 weeks showed an acceptable
toxicity profile and encouraging antitumor activity in patients with
advanced non—small-cell lung cancer.” On the basis of these find-
ings, nivolumab will be administered at a dose of 360 mg/person,
every 3 weeks, in the current study.

Outcome Measurement/Follow-up
Response is evaluated using the modified Response Evaluation
Criteria in Solid Tumors.'® The OS is defined as the duration from

study registration until the date of death or the last patient visit.

Statistical Considerations

The target number of patients is 18 for the current phase II
study. If we assume that there would be 6 to 12 patients with a
response, the response rate would be 33.3% to 66.7%. In this case,
the estimated accuracy indicates the range between the point esti-
mate of the response rate and the lower confidence limit (2-sided
95% confidence coefficient on the basis of exact test) would be
18% to 22%. An OS curve will be constructed using the
Kaplan—Meier product limit method.

Discussion

There is a medical need for improved treatments for MPM. This
study is, to our knowledge, the first clinical trial to evaluate the
effect of combining an immune checkpoint inhibitor and platinum-
based chemotherapy for MPM. In addition, to our knowledge, this
is the first investigator-initiated prospective clinical trial evaluating
systemic chemotherapy for MPM that complies with Good Clinical
Practice in Japan.

Nobukazu Fujimoto et al

Conclusion

A phase II trial of first-line combination chemotherapy for
unresectable MPM commenced in January 2018. This study is, to
our knowledge, the first prospective trial to evaluate the effect of an
anti—PD-1 antibody combined with cisplatin and pemetrexed for
unresectable MPM.
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Antifolates are a class of drugs effective for treating malignant pleural mesothelioma
(MPM). The majority of antifolates inhibit enzymes involved in purine and pyrimidine
synthesis such as dihydrofolate reductase (DHFR), thymidylate synthase (TYMS), and
glycinamide ribonucleotide formyltransferase (GART). In order to select the most suitable
patients for effective therapy with drugs targeting specific metabolic pathways, there is
a need for better predictive metabolic biomarkers. Antifolates can alter global metabolic
pathways in MPM cells, yet the metabolic profile of treated cells has not yet been
clearly elucidated. Here we found that MPM cell lines could be categorized into two
groups according to their sensitivity or resistance to pemetrexed treatment. We show
that pemetrexed susceptibility could be reversed and DNA synthesis rescued in drug-
treated cells by the exogenous addition of the nucleotide precursors hypoxanthine and
thymidine (HT). We observed that the expression of pemetrexed-targeted enzymes in
resistant MPM cells was quantitatively lower than that seen in pemetrexed-sensitive
cells. Metabolomic analysis revealed that glycine and choline, which are involved in
one-carbon metabolism, were altered after drug treatment in pemetrexed-sensitive but
not resistant MPM cells. The addition of HT upregulated the concentration of inosine
monophosphate (IMP) in pemetrexed-sensitive MPM cells, indicating that the nucleic
acid biosynthesis pathway is important for predicting the efficacy of pemetrexed in MPM
cells. Our data provide evidence that may link therapeutic response to the regulation of
metabolism, and points to potential biomarkers for informing clinical decisions regarding
the most effective therapies for patients with MPM.

Keywords: tumor metabolism, mesothelioma, antifolate therapy, purine, pyrimidine

Abbreviations: ECAR, extracellular acidification rate; IMP, inosine monophosphate; MPM, malignant pleural
mesothelioma; MTA, 5-methylthioadenosine; MTAP, methylthioadenosine phosphorylase; PRPP, phosphoribosyl
diphosphate.
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INTRODUCTION

Malignant pleural mesothelioma is a locally invasive and rapidly
fatal malignancy linked to asbestos exposure (Liu et al., 2017;
Yap et al, 2017). MPM develops in the pleural cavity and is
highly resistant to a number of therapeutics, with prognosis
of patients remaining poor (Creaney and Robinson, 2017;
Liu et al, 2017; Scherpereel et al, 2018). A combination
of pemetrexed (PMX, also called Alimta or LY231514) and
cisplatin has been the first line chemotherapy regimen for more
than a decade (Vogelzang et al., 2003; Scagliotti et al., 2008;
Liu et al, 2017). Pemetrexed is an antifolate that is able to
simultaneously inhibit the synthesis of purines and pyrimidines
(Shih et al., 1997). In clinical use, treatment with pemetrexed
plus cisplatin and vitamin supplements resulted in superior
survival, time to progression, and response rates compared to
treatment with cisplatin alone in patients with MPM(Vogelzang
et al, 2003; Scagliotti et al., 2008). Pemetrexed and its
polyglutamated derivatives inhibit thymidylate synthase (TYMS),
dihydrofolate reductase (DHFR), and glycinamide ribonucleotide
transformylase (GART), all of which are involved in the de
novo biosynthesis of thymidine and purine nucleotides (Shih
et al., 1997;Yap et al., 2017). Antimetabolite agents, including
pemetrexed, induce an imbalance in the cellular nucleotide pool
and inhibit nucleic acid biosynthesis that results in arresting the
proliferation of tumor cells and inducing cell death(Zhao and
Goldman, 2003; Yap et al., 2017).

The discovery of oncogenic driver mutations has allowed
the identification of druggable targets and development of new
therapies using small molecule tyrosine kinase inhibitors (TKI)
aimed at the relevant patient populations (Irmer et al., 2007;
Levitzki, 2013; Hylebos et al., 2016). Comprehensive genomic
analysis of MPM identified recurrent mutations, gene fusion
and splicing alterations (Bueno et al., 2016). Through integrated
analyses, alterations were identifled in Hippo, mTOR, histone
methylation RNA helicase and TP53 signaling pathways in
MPM (Bueno et al., 2016). Other studies demonstrated that
the most frequent genetic variations clustered into two main
pathways (Hylebos et al., 2016). The first altered pathway was the
TP53/DNA repair pathway with genetic variations in TP53, BAP1
and CDKN2A genes, and the second pathway was the PI3K/AKT
pathway, with genetic variations in KIT, KDR, PIK3CA and NF2
genes, respectively (De Rienzo et al., 2016; Hylebos et al., 2016).
However, there has been a paucity of new actionable mutations in
MPM as drug targets.

Accumulating evidence shows that genetic mutations in
cancer-driver genes, tumor suppressors, and amplified oncogenes
are linked to specific alterations in metabolic pathways in cancer
cells, involving proteins such as isocitrate dehydrogenase (IDH),
fumarate hydratase (FH), MYC, K-RAS and BRAF (Levine and
Puzio-Kuter, 2010; Cairns et al,, 2011; Cheong et al.,, 2012;
Dejure and Eilers, 2017; Palm and Thompson, 2017). The
Warburg effect, the phenomenon in which cancer cells exhibit
intense glucose consumption with production of lactate despite
abundant oxygen availability, has been recognized since the
1930s (Vander Heiden et al., 2009; Lunt and Vander Heiden,
2011; Soga, 2013). Genetic mutations in tumor cells might cause

several unique metabolic phenotypes that are critical for cancer
cell proliferation in MPM. The frequent loss of CDKN2A (at
9p21) in MPM typically includes the homozygous co-deletion
of MTAP (Illei et al., 2003). Specifically, MTAP catalyzes the
reversible phosphorylation of MTA to the purine adenine and
5-methylthioribose-1-phosphate and PRMTS5 inhibition induced
metabolic vulnerability (Kryukov et al., 2016; Mavrakis et al.,
2016; Yap et al, 2017). The MTAP protein plays a crucial
role in polyamine metabolism involving salvage of adenosine
and methionine from the substrate MTA (Bertino et al., 2011;
Makinoshima et al., 2018).

One-carbon metabolism involving the folate and methionine
cycle integrates carbon units from amino acids and generates
diverse outputs, such as the biosynthesis of nucleotides, lipids and
proteins in cancer cells (Yang and Vousden, 2016; Ducker and
Rabinowitz, 2017; Newman and Maddocks, 2017). Glycine can
be utilized for de novo purine biosynthesis by two mechanisms:
direct incorporation into the purine backbone or further
oxidation by the glycine cleavage system (GCS) to yield one-
carbon units for nucleotide synthesis and cellular methylation
reactions (Amelio et al., 2014; Newman and Maddocks, 2017).
The GCS has also been implicated in cell transformation and
tumorigenesis (Zhang et al., 2012). Given the high proliferation
rate of cancer cells and the requirement of nucleotides for
proliferation, cancer cells have a large demand for one-carbon
units for nucleotide synthesis (Yang and Vousden, 2016; Ducker
and Rabinowitz, 2017; Newman and Maddocks, 2017). To this
day, chemical variants of these initial folate antagonists such as
methotrexate and pemetrexed constitute a major class of cancer
chemotherapy agents and are used as frontline chemotherapy for
diverse cancers (Zhao and Goldman, 2003).

In this paper, we characterized the metabolic features of
mesothelioma using a non-targeted metabolic profiling strategy
based on capillary electrophoresis-mass spectrometry (CE/MS).
MPM cell lines were categorized into two groups according to
their susceptibility to pemetrexed treatment. Using end product
rescue, we showed that treatment with pemetrexed mainly targets
pyrimidine biosynthesis rather than purine biosynthesis in MPM
cells. We also demonstrated a metabolic response including
one-carbon cycle against pemetrexed treatment in sensitive or
resistant MPM cells. Our results link the antifolate therapeutic
response to the regulation of metabolism and imply that the levels
of glycine and IMP are potential biomarkers that may inform the
clinical utility of specific targeted therapies to treat patients with
MPM.

EXPERIMENTAL PROCEDURES

Materials

MPM an aggressive malignancy affecting pleural surfaces, is
divided into three main histological subtypes. The epithelioid
and sarcomatoid subtypes are characterized by cuboid and
fibroblastoid cells, respectively. The biphasic subtype contains
a mixture of both. Commercially available cell lines were
purchased from the American Type Culture Collection (ATCC),
which included MSTO-211H (biphasic), NCI-H28 (epithelial),
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NCI-H226 (epithelial), NCI-H2052 (epithelial) and NCI-H2452
(epithelial). 3 MPM cell lines (TCC-MESO1 (epithelial),
TCC-MESO2 (epithelial), and TCC-MESO3 (biphasic)) were
established from Japanese patients with MPM and some of the
biological characteristics were analyzed in a previous report
(Yanagihara et al, 2010). All cell lines were cultured in
RPMI-1640 supplemented with 10% FBS. RPMI-1640 (R8758),
glucose minus RPMI-1640 (R1383), phosphate buffered saline
(PBS), hypoxanthine, thymidine, 2-deoxy-D-glucose (2DG) and
MTA were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Fetal bovine serum (FBS) was purchased
from Biowest (Nuaille, France). Dimethyl sulfoxide (DMSO)
and glucose were purchased from Wako Pure Chemicals
Industries (Osaka, Japan). Pemetrexed was purchased from
Selleck (Houston, TX, United States). Cell Counting Kit-8
was purchased from Dojindo Laboratories (Kumamoto, Japan).
FluxPak XF24 assay pack and XF glycolysis stress test kit
was purchased from Seahorse Bioscience (North Billerica, MA,
United States). Propidium iodide (PI) was purchased from
Thermo Fisher Scientific (Waltham, MA, United States). Mini-
PROTEAN TGX Precast Gel, Trans-Blot Turbo Transfer System
and Trans-Blot Turbo Transfer Pack were purchased from Bio-
Rad Laboratories, Inc. (Hercules, CA, United States). Primary
antibodies specific for DHFR, GART and TYMS were purchased
from Abcam (Cambridge, United Kingdom) and primary
antibody to phospho-RB1 (pRB1), RB1, p21 and GAPDH
were purchased from Cell Signaling Technologies (Danvers,
MA, United States). The peroxidase-linked secondary antibodies
for WB, HRP-linked sheep anti-mouse IgG and donkey anti-
rabbit IgG, were purchased from GE Healthcare Biosciences
(Pittsburgh, PA, United States). Oligomycin was purchased from
Merck Millipore (Darmstadt, Germany). SYBR Premix Ex Taq
and primers were purchased from TaKaRa Bio (Shiga, Japan).
Ribonuclease A (RNase A) was purchased from Roche Applied
Science (Penzberg, Germany) and contaminating DNase was
inactivated at 80°C for 30 min.

Cell Survival Assay and Proliferation

Assay

MPM cells were seeded in RPMI-1640 containing various
concentrations of pemetrexed in 96-well cell culture plates. After
72 h of incubation, cell viability was analyzed usinga WST-8 assay
using the Cell Counting Kit-8. The pemetrexed concentration
against the percent of cell survival was plotted using all MPM cell
lines. The ICsg values were calculated using Graph Pad Prism 7
software (GraphPad Software, Inc., La Jolla, CA, United States).
For rescue experiments, MPM cells were cultured in complete
medium supplemented with 100 uM hypoxanthine alone, 16 uM
thymidine alone or mixed hypoxanthine plus thymidine in the
presence of pemetrexed.

Cell Cycle Analysis

Cell cycle distribution was analyzed by flow cytometry. PBS,
pemetrexed or pemetrexed + HT treated cells were harvested,
washed twice with PBS, and fixed in 70% ethanol overnight at
—20°C. Fixed cells were harvested and washed twice with PBS,

incubated with 1 ml of PBS containing 40 pg/ml propidium
iodide and 100 pg/ml RNase A for 30 min at 37°C. Stained
cells were analyzed using a Becton Dickinson FACSMelody
instrument (Franklin Lakes, NJ, United States). FlowJo software
(FlowJo, LLC, Ashland, OR, United States) was used for data
analysis and generation of graphs. Single cell populations were
gated and the percentage of cells in the various stages of the
cell cycle (GO/G1, S, and G2/M phases) was determined by the
Watson Model.

Measurement of ECAR and OCR

ECAR and OCR were measured with a XF glycolysis stress
test kit according to the manufacturer’s instructions (Seahorse
Bioscience, Agilent). In brief, 4.5 x 10% cells were plated
onto XF24 plates in RPMI-1640 (10% FBS, 2 mM glutamine)
and incubated at 37°C, 5% CO; overnight. Cells were washed
with assay medium (minus glucose and unbuffered RPMI-
1640 (SIGMA R1383)), replaced with assay medium, and then
placed at 37°C in a CO;-free incubator for 30 min. ECAR
and OCR were monitored using a Seahorse Bioscience XF24
Extracellular Flux Analyzer over time and each cycle consisted
of 3 min mixing, 3 min waiting, and 3 min measuring. Glucose,
oligomycin and 2DG were diluted into XF24 media and loaded
into the accompanying cartridge to achieve final concentrations
of 10 mM, 5 pM, and 100 mM respectively. Injections of the
drugs into the medium occurred at the time points specified.

Western Blotting

Cells were lysed in CST lysis buffer on ice for 2 min
and centrifuged at 15,000 x g for 10 min. The protein
content of supernatants was measured by BCA assay (Pierce).
Equivalent amounts of protein samples were separated via 4-
20% SDS/PAGE, transferred to PVDF membranes, and incubated
overnight with primary antibodies (1:1000 dilution). The primary
antibodies used in this study are listed in the materials. ECL anti-
rabbit IgG HRP-linked whole antibody (1:10,000; GE Healthcare)
was used as secondary antibody. Signals were detected using
ECL Western Blotting Detection reagent (GE Healthcare) and
FUSION FX (VILBER, France). The intensity of bands was
quantified using Fusion Capt Advance FX7 software.

Quantitative RT-PCR

Cells were washed with PBS and total RNA from the MPM
cell lines was isolated with TRIzol Reagent (Invitrogen).
Complementary DNA (cDNA) was synthesized using the
SuperScript VILO ¢DNA synthesis kit (Invitrogen). Primers
for metabolic genes were purchased from TaKaRa Bio (Japan).
Real-time RT-PCR was carried out with specific primers and
a QuantStudio 3 Thermo Fisher Scientific (Waltham, MA,
United States). GAPDH was used for normalization as control
and the relative quantitation value compared to the calibrator for
that target is expressed as 2~ (¢t=C¢),

Metabolite Measurements
Metabolic extracts were prepared from 1-5 x 106 MPM
cells with methanol containing internal standard solution
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(Human Metabolome Technologies; HMT, Inc., Tsuruoka, Japan)
and analyzed using a capillary electrophoresis (CE)-connected
electrospray ionization/time-of-flight mass spectrometry (ESI-
TOFMS) and capillary electrophoresis tandem mass spectroscopy
(CE-MS/MS) system (CARCINOSCOPE, Human Metabolic
Technologies, Tsuruoka, Japan). Procedures for metabolite
measurements were as previously described (Makinoshima
et al,, 2014, 2018). In brief, cells were washed twice in 5%
mannitol solution and then treated with 800 wL of methanol
and 550 pL of Milli-Q water containing internal standards
(H3304-1002, HMT, Inc., Tsuruoka, Japan). The metabolite
extract was transferred into a microfuge tube and centrifuged
at 2,300 x g and 4°C for 5 min. Next, the upper aqueous
layer was centrifugally filtered through a Millipore 5-kDa
cutoff filter to remove proteins. The filtrate was centrifugally
concentrated and resuspended in 50 L of Milli-Q water for CE-
MS analysis. Cationic compounds were analyzed in the positive
mode of CE-TOFMS and anionic compounds were analyzed
in the positive and negative modes of CE-MS/MS according
to the methods developed by Soga and Heiger (2000) and
Soga et al. (2002, 2003). To obtain peak information including
m/z, migration time (MT), and peak area, detected peaks by
CE-TOFMS and CE-MS/MS were extracted using automatic
integration software (MasterHands, Keio University, Tsuruoka,
Japan and MassHunter Quantitative Analysis B.04.00, Agilent
Technologies, Santa Clara, CA, United States, respectively).
Concentrations of metabolites were calculated by normalizing
the peak area of each metabolite with respect to the area of
the internal standard and by using standard curves obtained by
three-point calibrations.

Statistical Analyses

Unless otherwise indicated, results were reported as the
mean =+ SD. Statistical analyses were done by two-tailed Student’s
t-test and p-values were indicated as * < 0.05, ** < 0.01 and
*#% < 0.005. For metabolomic data analysis we used Welch
t-test and p-values were indicated as * < 0.05, ** < 0.01, and
X < 0.001.

RESULTS

IC50 Measurements in 8 Mesothelioma

Cell Lines Treated With Pemetrexed

We analyzed the in vitro sensitivity of MPM cell lines to the
antifolate inhibitor pemetrexed through proliferation assays.
MPM cell growth inhibition dose-response curves of pemetrexed
are shown in Figure 1. The cytotoxic effect of pemetrexed on
human MPM cells was analyzed using a WST-8 cell counting
kit after 72 h of exposure. The ICsy value was defined as the
dose of pemetrexed required to produce a 50% reduction in the
viability of MPM cells. ICs values were measured in 8 MPM cell
lines after 72 h treatment with pemetrexed and found to range
from 47.4 nM to >10,000 nM (Figure 1) as follows: MSTO-
211H (47.4 nM), NCI-H28 (84.1 nM), NCI-H226 (1950 nM),
NCI-H2052 (135 nM), NCI-H2452 (>10,000 nM), TCC-MESO1
(435 nM), TCC-MESO2 (94.3 nM), TCC-MESO3 (883 nM).

200+

150
= o H28
B o H226
T H2052
S 100+ —e— H2452
a - 211H
= —o— MESO1
o —e— MESO2

50+ —e— MESO3

0 T T

0.0001 0.001 0.01 0.1 1 10
Pemetrexed (uM)

FIGURE 1 | Pemetrexed treatment represses cell growth of MPM cells. WST-8
assay with pemetrexed. Cells were treated with the indicated concentration of
pemetrexed for 72 h, and their viability was assessed by the WST-8 assay. The
% viability data are shown as the mean + standard deviation (SD) (n = 6). Error
bars indicates the range of SD. Blue line: MSTO-211H, Orange line: NCI-H28,
Gray line: NCI-H226, Yellow line: NCI-H2052, Red line: NCI-H2452, Black line:
TCC-MESO1, Green line: TCC-MESO?2, and Purple line: TCC-MESQOS. The

in vitro half maximal inhibitory concentration (ICsg) of pemetrexed for the
growth of MPM cell lines was calculated as the following values for each cell
line: NCI-H28 = 84.1 nM, NCI-H226 = 1950 nM, NCI-H2052 = 135 nM,
NCI-H2452 = >10,000 nM, MSTO-211H = 47.4 nM, TCC-MESO1 = 435 nM,
TCC-MESO2 = 94.3 nM, and TCC-MESO3 = 883 nM.

We found that MPM cell lines could be categorized into two
groups according to their susceptibility to pemetrexed treatment.
In agreement with previous findings (Satoh et al., 2017), the
NCI-H2452 cell line was resistant to pemetrexed treatment as
compared to other MPM cell lines. MSTO-211H was highly
sensitive to pemetrexed in the nanomolar range as compared to
the pemetrexed-resistant cell line NCI-H2452 (Figure 1). For the
rest of this paper, we utilized the MSTO-211H and TCC-MESO2
cell lines as pemetrexed-sensitive cells and the NCI-H2452 cell
line as pemetrexed-resistant cells.

End Product Reversal Studies of
Pemetrexed in MPM Cells

To confirm the target specificity of pemetrexed, we tested the
ability of exogenous nucleotide precursors (hypoxanthine and
thymidine) to rescue the antiproliferative effects of pemetrexed
on either sensitive or resistant MPM cells (Figure 2). The
cytotoxic effect of pemetrexed on human MPM cells was analyzed
using the WST-8 cell counting kit after 72 h of exposure. The
addition of either hypoxanthine (HXN) or thymidine (THY) did
not change the cell proliferation rate as compared to PBS control
(Figures 2A-C). Treatment with PMX significantly reduced cell
growth in both sensitive and resistant MPM cells (Figures 2A-C).
In agreement with previous findings (Shih et al., 1997), the
addition of HXN partially rescued PMX cytotoxicity in TCC-
MESO2 but had no effect for MSTO-211H and NCI-H2452
cell lines (Figure 2). Next, we found that the addition of THY
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pemetrexed in MPM cells.
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FIGURE 4 | Expression levels of target genes involved in one-carbon metabolism in pemetrexed-sensitive vs. pemetrexed-resistant MPM cells. (A) mRNA
expression was evaluated by real-time RT-PCR using the A ACT method normalized to the housekeeping gene GAPDH. Asterisks show significant difference from
NCI-H2452 cells. Error bars indicate s.d. (n = 6). *P < 0.05, **P < 0.01, ***P < 0.005 vs. control by two-tailed Student’s t-test. (B) Representative images of
Western blotting (WB) characterizing proteins involved in one-carbon metabolism. Equivalent amounts of proteins from whole-cell lysates were subjected to WB
analysis to detect the indicated proteins. GAPDH was used as a loading control.

Treatment of MPM Cells With
Pemetrexed Alters Cell Cycle

Populations

To characterize the impact of pemetrexed treatment on cell cycle
progression, we performed cell cycle analysis in MPM cells fixed
and stained with PI (propidium iodide). The DNA content of
the cells treated with pemetrexed for 6 h is shown in Figure 3,
while the data for 24 h is shown in Supplementary Figure S1.
Cell cycle distributions were determined by flow cytometric
analyses of MSTO-211H, TCC-MESO2 and NCI-H2452 cells
treated with PBS or 1 pM pemetrexed, which is a relatively high
concentration of pemetrexed for a short period of time (6 h). In
pemetrexed-treated MSTO-211H cells, we observed a significant
accumulation in the GO/G1 phase (47.7 £+ 0.4%) of the cell
cycle compared with 37.8 & 0.1% in G1 when treated with PBS
control (Figure 3A). The treatment of MSTO-211H cells with
pemetrexed also induced S phase cell cycle arrest at 50.7 £ 0.1%
of the cell population in the presence of pemetrexed as compared
to 45.8 &= 1.2% with PBS control. Cell cycle arrest was released

when HT solution was added into culture medium (Figure 3A).
In both pemetrexed-sensitive cell lines, MSTO-211H and TCC-
MESO2, the G2/M cell population was decreased after treatment
with pemetrexed. MSTO-211H cells in G2/M were changed from
12.8% = 0.1 to 0.0% and TCC-MESO?2 cells in G2/M were altered
from 9.5 + 1.0% to 7.7 & 0.4% (Figures 3A,B). Similarly, we
observed statistically significant G1 arrest after treatment with
pemetrexed in NCI-H2452 cells (Figure 3C). As the treatment
with pemetrexed altered cell cycle in MPM cells, we analyzed the
levels of proteins involved in cell cycle regulation using Western
blot (WB). WB analyses of pRB1, RB1 and p21 did not evidence
substantial changes in their levels upon pemetrexed treatment
(Supplementary Figure S2).

Expression Level of Pemetrexed Target

Molecules

Pemetrexed and its polyglutamated derivatives mainly inhibit
thymidylate synthase (TYMS), dihydrofolate reductase (DHFR),
and glycinamide ribonucleotide transformylase (GART), all of
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FIGURE 5 | Quantification of metabolites involved in the one-carbon pathway. Intracellular concentration (pmol/million cells) of key metabolites involved in the
one-carbon metabolic pathway after treatment with pemetrexed is shown. Error bars indicate s.d. (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control by Welch
t-test. Total metabolites were extracted with methanol from MSTO-211H (A), TCC-MESQO2 (B), or NCI-H2452 (C) cells treated with PBS (black), 1 pM PMX (red) or
1 uM PMX + HT (blue) for 6 h. Representative metabolites such as glycine (Gly), serine (Ser), and choline are shown.

which are involved in the de novo biosynthesis of thymidine and
purine nucleotides (Supplementary Figure S3). To investigate
the efficacy of one-carbon metabolic pathway inhibition against
MPM cells, we investigated whether the expression levels of
pemetrexed targets involved in this pathway were different
in pemetrexed sensitive vs. resistant MPM cell lines. Several
prior studies showed that TYMS overexpression is one of the
major factors leading to resistance in pemetrexed-resistant
cells and that regulation of DHFR, RFC, and FPGS expression
is associated with acquired resistance to antifolate (Zhao and
Goldman, 2003). Therefore, we measured the expression level
of TYMS, DHFR and GART at the transcriptional and protein
levels. Transcriptional expression of genes encoding pemetrexed-
target enzymes was measured by RT-PCR (Supplementary
Table S1). Interestingly, as shown in Figure 4A, we observed
that DHFR, GART, and TYMS mRNA expression levels
were all significantly higher in pemetrexed-sensitive cells as

compared to the pemetrexed-resistant NCI-H2452 cells (DHFR:
MSTO-211H = 4.7-fold, TCC-MESO2 = 6.5-fold; GART:
MSTO-211H = 35.5-fold, TCC-MESO2 = 23.0-fold;
TYMS: MSTO-211H = 2.3-fold, TCC-MESO2 = 1.9-fold).
To confirm the mRNA results, we analyzed protein levels
by WB. Representative images of WB results are shown in
Figure 4B and quantitative analysis is shown in Supplementary
Figure S4. Differences in DHFR protein levels in PMX-sensitive
MSTO-211H and TCC-MESO2 cells as compared to PMX-
resistant NCI-H2452 cells were not statistically significant
(Supplementary Figure S4, P = 0.055). Consistent with the
mRNA expression data, the expression of GART (MSTO-211H:
3.4-fold, TCC-MESO2: 3.3-fold), and TYMS proteins (MSTO-
211H: 71.9-fold, TCC-MESO2: 81.4-fold) was found to be higher
in pemetrexed-sensitive cells as compared to the pemetrexed-
resistant NCI-H2452 cells (Supplementary Figure S4). Relative
levels of GAPDH protein were not changed in MSTO-211H and
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FIGURE 6 | Quantification of metabolites involved in purine salvage pathway. Intracellular concentration (pmol/million cells) of key metabolites involved in the purine
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TCC-MESO2 as compared to NCI-H2452 cells (Supplementary
Figure S4). The lower level of pemetrexed target molecules in
the pemetrexed-resistant NCI-H2452 cells as compared to the
sensitive cells suggests that the one-carbon metabolic pathway
is altered and that the resistant cells may survive by bypassing
folate related pathways.

Glycolytic Activities Are Not Altered in
MPM Cells After Treatment With

Pemetrexed

The expression level of enzymes in pemetrexed-sensitive cells was
different from resistant cells, suggesting that metabolic profiles
could be altered in cells sensitive or resistant to pemetrexed
treatment. In cancer cells, the Warburg effect, whereby glucose
is consumed with secretion of lactate despite abundant oxygen
availability, has been recognized since the 1930s (Vander Heiden

et al, 2009; Lunt and Vander Heiden, 2011; Soga, 2013).
We hypothesized that glycolytic activity would be correlated
with pemetrexed sensitivity. To test this idea, we measured
the glucose-induced ECAR, an indicator of lactate production,
and the oxygen consumption rate (OCR), an indicator of
oxidative phosphorylation (OXPHOS), using a flux analyzer.
Basal levels of ECAR at the beginning of measurements, which
indicated non-glycolytic acidification, were low in all MPM cells
(Supplementary Figure S5). Equivalent ECAR was observed
in MPM cells both pre- and post-treatment with an ATPase
inhibitor oligomycin to induce maximum cellular glycolytic
capacity (Supplementary Figure S5). At the final step, the
addition of 2-deoxy-D-glucose (2DG), an inhibitor of glycolysis,
completely shut down extracellular acidification (Supplementary
Figure S5). ECAR was not statistically different in sensitive
or resistant MPM cells either with or without pemetrexed
(Supplementary Figure S5).
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Alterations in Metabolic Pathways in the

Response to Pemetrexed Treatment

To investigate whether treatment of MPM cells with pemetrexed
affects global cancer metabolism, we employed metabolomics
analysis. Intracellular metabolites were extracted with methanol
and analyzed using capillary electrophoresis time-of-flight mass
spectrometry (CE-TOFMS) (Soga et al., 2003) and the profile of
117 quantified metabolites is shown in Supplementary Table S2.
Principal component analysis (PCA) and heatmap analysis of
metabolomics datasets within the indicated cell lines and culture
conditions are shown in Supplementary Figure S6. The amount
of adenosine triphosphate (ATP), which is the molecular unit
of currency of intracellular energy transfer, was not changed in
any of the three tested cell lines after pemetrexed treatment for
6 h (Supplementary Table S2). Thymidine was not detected in
MPM cells under any experimental conditions (Supplementary
Table S2). With respect to one-carbon metabolism, glycine
was significantly decreased in pemetrexed-sensitive cells after
treatment with pemetrexed, but not in the resistant NCI-H2452
cells (Figure 5). On the other hand, choline accumulated in
pemetrexed-sensitive cells after pemetrexed treatment, but not
in resistant NCI-H2452 cells (Figure 5). Although the folate
metabolic pathway is linked with the methionine cycle and
polyamine biosynthesis pathways (Supplementary Figure S3),
intermediate metabolites were not changed by pemetrexed
treatment in both pemetrexed-sensitive and resistant cells
(Supplementary Table S2).

The addition of exogenous hypoxanthine and thymidine is
sufficient to provide the end product of the pemetrexed block and
to permit DNA synthesis for cell division (Figure 2). Although
intracellular thymidine was not detected in MPM cells under any
experimental condition (Supplementary Table S2), intracellular
hypoxanthine was detected in TCC-MESO2 and NCI-H2452 cells
(Figure 6). Metabolome analysis revealed that HT treatment
with pemetrexed significantly decreased the levels of PRPP in
both pemetrexed-sensitive and pemetrexed-resistant cell lines
(Figure 6). On the other hand, IMP, which is a product of
the purine salvage pathway, was increased in the pemetrexed-
sensitive MPM cells treated with pemetrexed + HT solution
(Figures 6A,B), but not in resistant NCI-H2452 cells (Figure 6C).

MTAP Expression and MTA Effect for

MPM Cell Survival

A previous study has shown homozygous deletion of CDKN2A
and co-deletion of the MTAP gene in the majority of clinical cases
of MPM (Illei et al., 2003). To determine the status of MTAP
expression in MPM cell lines used here, we quantified MTAP
mRNA expression levels by RT-PCR. MTAP gene expression
was detected in the pemetrexed-sensitive MSTO-211H and TCC-
MESO?2 cells, but not in pemetrexed-resistant NCI-H2452 cells
(Figure 7). Given our observation that pemetrexed treatment
with HT solution significantly decreased the levels of PRPP in all
MPM cells whereas IMP was upregulated in pemetrexed-sensitive
but not pemetrexed-resistant cells (Figure 6), we hypothesized
that MTA changed the pemetrexed sensitivity of MPM cells. To
test this, we added MTA to the culture medium and measured
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FIGURE 7 | MTAP expression in MPM cells and effect of MTA on MPM cell
survival. (A) MTAP mRNA expression was evaluated by real-time RT-PCR
using the A ACT method normalized to the housekeeping gene GAPDH.
< indicates not detected (N.D.). Error bars indicate s.d. (n = 6). (B-D) Addition
of 5’-deoxy-5'-(methylthio)-adenosine (MTA) represses drug-resistant cells.
NCI-H2452 cell survival (%) was measured in the presence of 0.1 mM MTA
co-treated without (B) or with either 1 M (C) or 10 uM pemetrexed (D). The
data are shown as the mean + s.d. (n = 6). Error bars represent one
s.d.*P < 0.05, **P < 0.01, ***P < 0.005 vs. control by two-tailed Student’s
t-test.

survival of the NCI-H2452 pemetrexed-resistant cell line treated
with 0, 1, or 10 pM pemetrexed (Figure 7). As predicted, the
addition of MTA to the culture media of the drug-resistant cell
line, NCI-H2452, resulted in a growth-repressive phenotype, as
reflected by decreased cell survival (Figure 7B). In contrast,
the addition of MTA to the culture media of NCI-H2452 cells
treated with pemetrexed resulted in a more pemetrexed-resistant
phenotype (Figures 7C,D). These results indicate that the
vulnerability to targeting of the one-carbon metabolic pathway
in MPM cells may be dependent on the purine biosynthesis
pathway.

DISCUSSION

Antifolate is feasible chemotherapeutic option to treat MPM in
the clinic. Most antifolate drugs including pemetrexed inhibit
DHFR, TYMS and GART molecules involved in purine and
pyrimidine biosynthesis. There still exists a need to develop
predictive metabolic biomarkers that would allow stratification of
patients for effective therapy with pemetrexed targeting the one-
carbon metabolism pathway. In this paper, we found that MPM
cell lines could be categorized into two groups based on their
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sensitivity to pemetrexed treatment. Hypoxanthine and
thymidine, which are end products of the pemetrexed-targeted
metabolic pathway, are sufficient to cancel the cytotoxic effects
of pemetrexed. Moreover, we found that the expression of
pemetrexed-targeted enzymes was lower in pemetrexed-resistant
MPM cells than in pemetrexed-sensitive cells on a molecular
basis. Metabolomic analysis revealed that glycine and choline,
which are involved in one carbon metabolism, were altered after
treatment in pemetrexed-sensitive MPM cells, but not in resistant
cells. In addition, the supplementation of HT induced higher
concentrations of IMP in pemetrexed-sensitive MPM cells.
Finally, we showed that the addition of MTA altered pemetrexed-
sensitivity in MTAP-negative NCI-H2452 cells, indicating that
the nucleic acid biosynthesis pathway is important for predicting
the efficacy of pemetrexed in MPM cells.

The lower level of pemetrexed target molecules in the
pemetrexed-resistant NCI-H2452 cells suggests that they may
survive by bypassing folate related pathways (Figure 4). In
addition, the level of intracellular glycine was decreased after
treatment with pemetrexed in the sensitive MSTO-211H
and TCC-MESO2 cells (Figure 5). In contrast to glycine,
serine accumulated only in the MSTO-211H cells (Figure 5).
Accumulating evidence indicates that serine and glycine
metabolism is important for cancer growth and proliferation
(Jain et al., 2012; Zhang et al., 2012; Kim et al., 2015; Ducker
et al, 2017). The enzyme serine hydroxymethyltransferase
(SHMT) catalyzes the conversion of serine and tetrahydrofolate
(THF) into glycine and 5,10-methylene-THF (Supplementary
Figure S$3). Similarly, the enzyme glycine decarboxylase
(GLDC) catalyzes the conversion of glycine and tetrahydrofolate
(THF) into ammonia, carbon dioxide and 5,10-methylene-
THF (Supplementary Figure S3). Although serine is the
predominant source of one-carbon units in cancer cells
(Labuschagne et al., 2014), the level of glycine was more
dramatically down-regulated than serine (Figure 5). Glycine
consumption and synthesis are correlated with rapid cancer
cell proliferation and glycine metabolism supports de novo
purine nucleotide biosynthesis. Moreover, the metabolic
enzyme GLDC is critical for tumor-initiating cells in non-
small cell lung cancer (NSCLC) (Zhang et al., 2012). Further
investigation would be needed to characterize in greater detail
the molecular mechanisms that control glycine metabolism in
MPM cells.

Several studies have suggested that TYMS is a predictive
biomarker for the use of pemetrexed in NSCLC (Bukhari and
Goudar, 2013). However, these associations are controversial.
Prior studies showed that TYMS overexpression was one of the
major factors leading to resistance in pemetrexed-resistant cells
(Zhao and Goldman, 2003). However, our study demonstrated
the opposite results (Figure 4). This suggests that differences
in degree of pemetrexed-resistance and patterns of resistance
may be attributed to multiple factors that include drug transport
and polyglutamination as well as changes in cellular folate
pools that must be assessed and considered in pemetrexed-
resistant MPM cells. A recent report showed that the balance
between folic acid uptake, activation and utilization plays a
crucial role in the response to pemetrexed-based chemotherapy

and prognosis in MPM (Mairinger et al., 2017). We observed
that the addition of HXN partially rescued PMX cytotoxicity
in TCC-MESO2 cells but had no effect in MSTO-211H and
NCI-H2452 cell lines (Figure 2). With regards to the difference
between MSTO-211H and TCC-MESO2 cells in the treatment
of PMX + HXN, we speculate that pemetrexed mainly inhibits
the pyrimidine biosynthesis pathway in MSTO-211H cells and
inhibits both pyrimidine and purine biosynthesis pathways in
TCC-MESO2 cells. Our results showed that the combination
of hypoxanthine plus thymidine completely rescued the growth
repression induced by pemetrexed (Figure 2). We reasoned
that the treatment with HT solution might induce the mRNA
expression level of PMX-target genes involved in one-carbon
metabolism. However, the mRNA levels in both PMX-sensitive
vs. PMX-resistant MPM cells was almost equivalent even
after treatment with HT solution (Supplementary Figure S7).
Therefore, the measured concentrations of hypoxanthine and
thymidine in the serum or within the tumor tissue of MPM
patients may directly correlate with non-responsiveness for
pemetrexed treatment. To test this idea, we will need to analyze
nucleic acid metabolites in clinical samples for these and other
potential biomarkers to predict therapeutic response in MPM.
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Abstract

Background: Malignant pleural mesothelioma (MPM) is a fatal and rare disease that is caused by the inhalation of
asbestos. Treatment and care requests made by MPM patients to their physicians were collected and analyzed.

Methods: This cross-sectional survey was part of a larger study (N = 133) regarding the quality of life of MPM
patients. Specific responses to two open-ended questions related to patients’ requests regarding treatment and
care were quantified, analyzed and divided into categories based on content.

Results: Responses (N =217) from MPM patients (N =73) were categorized into 24 subcategories and then abstracted
into 6 categories. The majority of requests were related to patient-physician communication. Patients wanted clear and
understandable explanations about MPM and wanted their physician to deliver treatment based on the patient’s
perspective by accepting and empathizing with their anxiety and pain. Patients expected physicians to be dedicated to
their care and establish an improved medical support system for MPM patients.

Conclusion: Patients with MPM had a variety of unmet needs from their physicians. Physicians who provide care to
MPM patients should receive training in both communication skills and stress management. A multidisciplinary care
system that includes respiratory and palliative care for MPM patients should be established.

Keywords: Asbestos, Communication, Mesothelioma, Patient-centered care, Support

Background

Globally, exposure to asbestos in the workplace is now
considered one of the main causes of work-related
deaths with one-half of these deaths attributable to can-
cers, including malignant pleural mesothelioma (MPM)
[1]. The number of deaths from MPM in Japan was
greater than 1400 in 2015 [2]. This number is expected
to grow by 2040 [3]. MPM is fatal [4, 5] and causes
debilitating physical symptoms, such as pain, dyspnea,
fatigue, loss of appetite, and sweating [6]. Patients with
MPM also experience emotional difficulties, including
the shock of diagnosis [7], anxiety and depression [8], or
guilt and shame [9]. In addition, patients have com-
plained of a lack of information about the disease and a
lack of compensation from their insurance providers
[10]. Patients have also expressed anger toward their
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employers who did not alert them to the hazards of
asbestos [8, 11], in response to their own ambivalence
toward working in an unhealthy environment versus
supporting their family [8], and as a result of the stress
of dealing with asbestos-related lawsuits [8, 12, 13]. For
patients with MPM, a multidisciplinary approach invol-
ving a psychologist specialized in taking care of cancer
patients and their families is recommended [14]. In
Japan, physicians are the major source of information
and support for patients with MPM. Unfortunately,
some patients with MPM have not been well informed,
and physicians were unable to meet their needs. This
lack of rapport and communication eventually led to dis-
satisfaction with their attending physician and had a
negative impact on patients’ quality of life (QOL) [10].
Given the importance of the physician-patient relation-
ship, it is important to further investigate what MPM
patients need from their physicians to address their
current gap in knowledge of the disease. The current
study is part of a larger study regarding the QOL of

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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patients with MPM. The aim is to determine the needs
of patients within the health services by quantifying the
requests to their physicians and qualitatively analyzing
their answers to two open-ended questions regarding
these requests.

Methods

Study design

This study is a part of a major study about QOL and
intention of care among MPM patients. This study is a
cross-sectional descriptive study that used a mailed sur-
vey [15]. In brief, an invitation to participate in the study
was sent to 422 cancer hospitals in Japan; 64 hospitals
(15.2%) agreed to participate. In February 2016, the
participating hospitals distributed 438 questionnaires to
their patients with MPM. Additional questionnaires were
mailed in March 2016 to 94 MPM patients who were
identified through patient and family support groups,
which have 15 branches in Japan. The completed ques-
tionnaires were mailed back to the researchers by the
end of April 2016. Basic demographic and medical data
of the participants were gathered using a separate
researcher-constructed, patient self-administered ques-
tionnaire. The questionnaire contained 72 questions re-
garding the QOL of MPM patients and related factors.
In total, 88 (20.1%) questionnaires were returned. Of the
94 questionnaires that were sent to the patients and
family support groups, 45 (47.9%) were returned. In
total, 133 questionnaires were collected, and 73 (54.9%)
participants answered the two open-ended questions
referred to as “requests to physicians.” Table 1 describes
the characteristics of the participants. In the current study,
we evaluated the answers to open-ended questions: (1)
“What do you request from your doctor about your
diagnosis and treatment?” and (2) “Describe the attitude
and words you want from your doctor (Additional file 1).”

Data analysis

Basic medical and demographic information was tallied,
and the percentages and mean values were calculated. The
answers to the questions were analyzed using the qua-
litative content analysis procedures of Graneheim and
Lundman [16]. Initial categories were created by grouping
similar words and phrases. The authors discussed the
definitions and examples that emerged through the con-
tent analysis to enhance the representation and add clarity
to categories, definitions, and examples. Responses that
were not easily ascribed to a specific category were dis-
cussed and assigned to an appropriate category when the
research team achieved 100% consensus. This process was
repeated until all the responses were coded [17]. Finally,
two researchers verified all the answers and tallied the
number of times each category and subcategory was men-
tioned. The prevalence was compared between patients
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Table 1 Demographic and Medical Characteristics of the Study
Participants (N=73)

Characteristic Response n %
Gender Male 61 836
Female 12 164
Age in years (mean = SD) 668+113
MPM Treatment Received
Surgery | did not have 43 589
| had 30 411
Chemotherapy | never had 13 17.8
| had before 29 39.7
I am having now 31 425
Radiotherapy | never had 52 712
| had before 19 260
| am having now 2 2.7
Palliative care | never had 39 534
| had before 9 123
| am having now 25 342
ECOG Performance 0 12 164
Status
1 40 54.8
2 7 96
3 13 17.8
4 1 14
Relationship with Their Very good 30 41.1
Physician
Good 31 425
Moderate 9 123
Not very good 2 2.7
Poor 1 14

ECOG, Eastern Cooperative Oncology Group; SD, standard deviation

who received palliative care and those who did not receive
palliative care. Comparisons between independent groups
were performed using the chi-square test.

Ethical considerations

Ethical approval for the study was obtained from the
Okayama Rosai Hospital Ethics Review Board. Eligible
MPM patients received written information about the
study, including their right to confidentiality, to refuse
participation, or to withdraw at any point in the study
without penalty.

Results

Requests to the physician

The 217 requests by 73 respondents were categorized
into 24 subcategories and were finally integrated into six
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categories. Table 2 displays the categorized requests to
physicians by MPM patients.

Understandable explanations to meet patient’s needs

Among the 217 requests, 80 concerned explanations from
their doctor. The most frequent requests were to tell the
cause of the symptoms, explain the curability and prog-
nosis of the disease, and provide a treatment plan (n = 41).

“A doctor told me You have 2 years to go.” However, I
was so healthy and could not imagine how this could

be happening. I was in a panic because I did not know
what to do next. Later, another doctor said ‘Live as

Page 3 of 7

you lived. When you have pain, I will introduce you to
a doctor for pain.” This explanation gave me back my
life.” (#18 Male)

The second most frequent request was to provide infor-

mation about their disease in simple words (n = 12).“There
is no change, the same as the last time.” [He] does not
explain anything. How is it the same? Is it good or bad?
Why does he think so? If he based his diagnosis upon
data, show them to me.” (#47 Male)

Patients with MPM exhibited great concern regarding
examinations. They wanted their physician to explain

Table 2 Requests to Physicians by MPM Patients (217 requests; N =73)

Categories Times % of
Subcategories mentioned Sample
1. Understandable explanation to meet the patient's needs 80
1.1 Explain the cause of the symptoms, curability and prognosis of the 41 56.2
disease, and provide a treatment plan
1.2 Use simple words 12 164
13 Explain the purpose, benefits, risk and results of examinations 10 14.0
14 Inform about all treatment options 10 14.0
1.5 Give advice about daily activities 3 4.1
1.6 Spend enough time on explanations 2 2.7
1.7 Confirm patient’s understanding and allow them to ask questions 2 2.7
2. Patient-centered treatment 39
2.1 Minimize the physical impact of treatment 11 15.1
22 Do not give up on the treatment 10 14.0
23 Respect patient's intention 9 12.3
24 Careful clinical assessment to not miss clinical signs of progression 9 123
3. Improvement of treatment and support systems for MPM 35
3.1 Develop country-wide specialized care system 16 219
32 Develop new drugs 10 14.0
33 Improve information systems 9 12.3
4. Emotional support 32
4.1 Be kind and cheerful 1 15.1
42 Sympathize with patient’s anxiety 10 14.0
43 Have a reliable attitude 6 82
44 Empathy for victims of asbestos 3 4.1
45 Visit patient as often as possible 2 2.7
5. Customize “breaking the bad news” 24
5.1 Tell everything including bad news 17 233
52 Do not inform about bad news 5 6.8
53 Customize the contents and the way of informing 2 27
6. Dedication to the treatment of MPM 7
6.1 Confront intractable disease 4 54
6.2 Learn about MPM 3 4.1

MPM, malignant pleural mesothelioma
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the purpose, benefits and risks, and results of exami-

nations (n =10).“Explain concretely why I need an
examination and do not forget to tell me the results,
including my data compared with normal levels. Being
well-informed and knowing my results eases my
anxiety and gives me a sense of control. 1 feel that I
am not that bad yet.” (#72 Male)

“I want to know if the chemotherapy worked on my
tumor.” (#10 Male)

In addition, the respondents wanted to know all the
treatment options (n=10).“I need to know the latest
treatment.”(#81 Male)

“Does any treatment work for patients with MPM?”
(#89 Male)

Furthermore, some respondents wanted advice about prepar-
ation. (n = 3)“My doctor let me know the benefits of palliative
care and advised me to introduce it at an early stage. It

was helpful because I had time to prepare.” (#72 Male)

Patients with MPM wanted their physician to spend

enough time on explanations (n = 2).“I know doctors are
very busy. However, please understand that each
patient needs time to understand what you said.
Please do give us information so that we can
understand one thing and then go further with the
explanation. If you only explain things one-by-one, we
never understand and get confused.” (#2 Male)

Finally, patients with MPM wanted their physician to

confirm their understanding of the explanation and

allow them to ask questions (n=2).“My doctor always
asks me ‘Is there anything you want to ask me?’ You
will never know how greatly I appreciate him. It is the
greatest gift for patients.” (#45 Male)

Patient-centered treatment
Eleven patients requested the minimization of the physical
impact of the treatment.

“I do not want to suffer from heavy treatment. Just
relieve my pain and let me stay at home until the last
day.” (#78 Male)

Other respondents wanted their physician to not give up
on treatment (n=10).“My doctor said I cannot receive
chemotherapy any more, but I really want to receive

treatment. I hope my doctor never gives up on my
treatment ... .I feel safe as long as I receive treatment.”
(#75 Male)
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Nine respondents commented that their physician should

respect patients’ intentions because they were not treated

in the way they wanted.“My doctor came to me and said,
‘Move to another hospital. The members of the medical
conference decided not to treat you here anymore.” How
can they say that? Patients are completely reliant on
their doctors; at the very least, treatment must include
the patient’s perspective.” (#120 Male)

“I hope my doctor not only treats my tumor but also
takes care of me. I am not a box with cancer, but a
living person.” (#123 Male)

Another 9 patients with MPM wanted their physician to

perform a careful clinical assessment to not miss clinical

signs of progression (n=9)."I want my doctor to check
very carefully to identify progress as soon as possible
because MPM has no effective treatment. However, he
repeats the same examination in a mechanical way.
This makes me uneasy.” (#99 Male)

Need for improvement of treatment and a support system
for MPM

Some patients described specific suggestions to improve
support systems. The participants wanted the develop-
ment of country-wide specialized care systems (n =16),
development of new drugs (n = 10), and improvement of
information systems (1 = 2).

“Because MPM is a difficult disease, I want to be
treated by a specialist. I am disappointed that there is
no specialist in my area.” (#36 Male)

“Develop a test for early disease detection and develop
a medical care service as soon as possible.” (#12 Male)

“We need a liaison to consult with about MPM. It is so
hard to collect information about the disease and hospitals
for individual patients and their family.” (#113 Male)

Emotional support

The participants wanted their physicians to be kind and
cheerful (7 =11), to sympathize with patients’ anxiety (n
=10), to have a reliable attitude (7 =9), and to visit the
patient as often as possible (n = 2).

“No one can cheer me up but the doctor. I want my
doctor to say, it is alright.’ I was so happy when he
said, ‘Let’s work together’.”(#8 Male)

“When I am very anxious, I ask my doctor the same
question many times. He says, [ explained that before,
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didn’t I?” He is angry, and it makes me more anxious.
I hope he allows me to ask questions as many times as
I want.” (#102 Male)

“My doctor pays attention to the computer and does not
look at me. I hope he looks me in the eye.” (#113 Male)

“My doctor came to me and smiled at me. It was only for
a minute, but it worked and made me feel so relieved. I
want him to come as often as possible.” (#45 Male)

Furthermore, patients with MPM wanted to be considered

as a victim of the use of asbestos and expected their phy-

sician to have empathy with victims of asbestos (n = 3).“If I
were to die from another cancer, I would not suffer like
this. I am so resentful that I will die from asbestos; this
feeling prevents me from facing my problems. How dare
my doctor say ‘patients with MPM are not the only ones
who are suffering?” (#106 Male)

Customize “breaking the bad news”

Some of the participants wanted their physicians to in-
form them about everything including bad news (n = 17).
In contrast, some did not want to be informed about
bad news (n=5) or requested that doctors customize
the content and way of presenting bad news (1 = 2).

“I want my doctor to tell me everything, including bad
news.” (#64 Male)

“I was already shocked to learn that I have MPM; it
was cruel to tell me the time I had left.” (#112 Male)

“Don’t tell me the bad news. Just let me know
something good.” (#75 Female)

Dedication to the treatment of MPM
Patients wanted their physicians to confront the intractable
disease (7 = 4) and to learn more about MPM (1 = 3).

“I hope my doctor has enough ambition and passion to
battle the difficult disease of MPM.” (#127 Male)

“My doctor’s priority is to make money from us. They
do not have the spirit to take care of us on our
deathbed.” (#120 Male)

“Doctors are the only hope for patients. I beg them to
learn more about MPM.” (#65 Male)

We compared these categorized requests according to
MPM patients with or without palliative care. MPM
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patients who did not receive palliative care described more
requests concerning understandable explanations, need for
improvement of treatment and support systems, and dedi-
cation to the treatment of MPM than those who received
palliative care. Among these requests, there was statistical
significance concerning communication regarding the cause
of the symptoms, curability and prognosis of the disease,
and treatment plan (p = 0.030) (Additional file 2: Table S1).

Discussion

This study was part of a larger study about the QOL of
MPM patients and sought to reveal their healthcare-re-
lated needs, particularly regarding interactions with their
physician. Patients with MPM wanted their physicians to
provide supportive communication, patient-centered care,
and an attitude of dedication and commitment to their
treatment. Most requests to their physicians concerned the
content and method of communication. Patients wanted
precise information about their condition, even if it was
raw data from examinations. Patients also wanted the doc-
tor to explain in laymen’s terms how the condition would
affect their daily lives. A previous study of patients with
MPM also identified the difficulty of physicians in establi-
shing rapport and engaging in a fruitful two-way communi-
cation [18]. The style of communication requested by
patients with MPM was similar to studies of other cancers:
a two-way exchange of information [19, 20]; and communi-
cation to provide the patient with data [21, 22]. Additio-
nally, patients wanted to be allowed to ask questions
[22], to be treated by physicians with insightful and
empathetic attitudes [23, 24], and to be assured of
on-going support [24].

The requests for emotional support were clearly evident
in this study. The need for physicians to provide emotional
support was documented in previous studies [23, 24],
including one in which physicians were considered the
most important source of psychological support [25]. In
particular, our study indicated that MPM patients had an
extra need for empathy due to their perception of being
victims of asbestos. Additionally, the diagnosis of MPM en-
gendered deep resentment given the circumstances sur-
rounding their exposure to asbestos [10, 12, 26], feelings of
injustice [12], and feelings of being traumatized [27].

This study also indicated that many patients with
MPM wished for clear and complete information about
their disease and its prognosis, while a smaller number
of patients wanted the information to be delivered in a
more indirect and vague manner. Yanagihara reported
that Japanese patients wanted bad news to be minimized
and to be conservative [28]. Patients with MPM were
reported to have high levels of uncertainty and feelings
of a lack of control leading to psychosocial distress since
receiving their diagnosis [29]. Physicians should take
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these differences into account when they present the
diagnosis and prognosis of MPM to their patients.

It is fundamental that any treatment is the result of
mutual decision-making between the patient and the
physician. Our study demonstrated the frustration of
some patients with MPM who could not receive chemo-
therapy due to a safety issue, leaving them feeling not
cared for or abandoned. In addition, the current study
indicated that patients who did not receive palliative
care described more requests than those who received
palliative care. One possible explanation would be a dif-
ficulty of physicians to tell the curability and prognosis
of the disease to the patients. Miyashita et al. evaluated
end-of-life cancer care in designated cancer centers and
palliative care units and reported that care evaluation
score was lower in designated cancer centers than in
palliative care units concerning physical care by phy-
sician, help with decision making, and knowing what to
expect about future condition [30]. Unfortunately, Japan
has a limited care system for patients with MPM [31].
An integrated care and support system is urgently
needed with a multidisciplinary approach that includes
physicians, nurses, psychologists, support groups, and
medical social workers.

Patients with MPM also expect their physicians to have
updated knowledge about MPM and continued interest in
searching for new methods of treatment. Patients certainly
did not want their doctor to be stymied or to give up on
them. Budych et al. previously indicated that patients with
rare diseases prefer that their physician make most of the
decisions regarding their care [32].

Limitations of this study include a low participation rate
from hospitals (approximately 20%), although approxi-
mately half of the questionnaires were returned from the
support groups. This study is also biased toward patients
in the early stages of MPM and those with a good re-
lationship with their physicians. However, given that other
studies support the findings of this research, the risk of
this bias is less of a concern. Further research should
include a longitudinal, mixed-methods study that utilizes
standardized instruments in addition to interviews with
patients and physicians to shed more light on the specific
needs of both groups.

Conclusion

This study indicated that patients with MPM had a
variety of needs unmet by their physicians, even if they
were in the early stages of the disease, and most had
good relationships with their physicians. In addition, the
current study indicated that patients who did not receive
palliative care described more requests than those who
received palliative care. Physicians should consider
introducing shared decision-making and empathic ver-
bal and nonverbal communication with dedication to
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the treatment of MPM. Physicians who provide care
to MPM patients should receive training in both
communication skills and stress management. A
multidisciplinary care system that includes respiratory and
palliative nurse specialists should be established for
patients with MPM.

Additional file

Additional file 1: Questionnaire about quality of life of people with
malignant pleural mesothelioma. (DOCX 17 kb)

Additional file 2: Table S1. (DOCX 22 kb)
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Abstract

Purpose: Malignant pleural mesothelioma (MPM) is a
rare and aggressive malignancy with poor prognosis.
Patients with MPM who do not respond to standard first-
line chemotherapy have limited treatment options. We
evaluated the efficacy and safety of nivolumab, an immune
checkpoint inhibitor, for the treatment of advanced or
metastatic MPM.

Patients and Methods: Japanese patients with unresect-
able, advanced, or metastatic MPM resistant or intolerant
to <2 regimens of chemotherapy and >1 measurable lesion
(s) were enrolled. Patients received nivolumab 240 mg
intravenously every 2 weeks until progressive disease or
unacceptable toxicity. The primary endpoint was objective
response rate by central assessment according to the Mod-
ified Response Evaluation Criteria in Solid Tumors.
Adverse events (AEs) and treatment-related AEs (TRAEs)
were evaluated.

Introduction

Malignant pleural mesothelioma (MPM) is a rare and
aggressive malignancy, responsible for 1,550 malignancy-
related deaths in Japan in 2016 (1). In Japan, MPM is
more common in men than women given their increased
likelihood of occupational exposure to asbestos, and MPM
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Results: Thirty-four patients were enrolled between July
2016 and October 2016. Median follow-up was 16.8 (range:
1.8-20.2) months. Ten (29%, 95% confidence interval, 16.8-
46.2) patients showed a centrally assessed objective response.
The objective response rates were 26% (7/27), 67% (2/3), and
25% (1/4) patients for epithelioid, sarcomatoid, and biphasic
histologic subtypes, respectively. Median duration of response
was 11.1 months with a 68% disease control rate. Median
overall survival and progression-free survival were 17.3 and
6.1 months, respectively. The objective response rate was 40%
with programmed death-ligand 1 expression >1% and 8%
with <1%. Thirty-two patients (94%) experienced AEs and 26
(76%) experienced TRAEs.

Conclusions: Nivolumab met the primary endpoint as
second- or third-line treatment for patients with MPM and
showed promising efficacy with manageable toxicity.

See related commentary by Mansfield and Zauderer, p. 5438

most commonly affects elderly people (median age, 68 years;
ref. 2, 3), in part, because of the long latency of the effects
of asbestos exposure, which typically occur 30-50 years
postexposure (4).

The median survival for patients with MPM is 7.9 months
based on studies of newly diagnosed patients in Japan (2, 5).
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Translational Relevance

Malignant pleural mesothelioma (MPM) is a rare malig-
nancy with poor prognosis, and patients who do not respond
to first-line chemotherapy have limited treatment options. In
this (multicenter, open-label, single-arm, Japanese phase II
study in malignant pleural mesothelioma) study, we evaluated
the efficacy and safety of nivolumab, an immune checkpoint
inhibitor, for the treatment of advanced or metastatic MPM in
patients intolerant or resistant to <2 regimens of chemother-
apy. Nivolumab yielded an objective response rate of 29%,
median overall survival of 17.3 months, and progression-free
survival of 6.1 months. Its efficacy appeared promising in all
histologic subtypes (epithelioid, sarcomatoid, and biphasic)
and in PD-L1 >1% and <1% patients, although our sample
size was small. Nivolumab showed manageable toxicity.
While our study lacked a comparator, our findings reflect those
of similar trials and suggest that nivolumab provides a clinical
benefit and is a potential second- or third-line treatment
option for MPM.

Most patients are diagnosed with advanced-stage MPM and
receive first-line chemotherapy with pemetrexed and cisplatin
(PC). This regimen provides a survival benefit over cisplatin
alone (12.1 months and 9.3 months, respectively; ref. 6). Carbo-
platin is less toxic and more convenient than cisplatin, and
combination therapy for MPM with carboplatin and pemetrexed
has been evaluated, yielding an overall survival (OS) and pro-
gression-free survival (PFS) comparable with that of PC (7-9).
Furthermore, adding bevacizumab to PC significantly improved
survival benefit by 2.7 months in comparison with PC (10).
However, patients with MPM who do not respond to first-line
treatment with PC have no standard treatment. National Com-
prehensive Cancer Network (NCCN) guidelines recommend
treatment with nivolumab with or without ipilimumab (11) and
pembrolizumab is also a treatment option, but no drug had yet
been approved for second-line treatment of MPM before starting
this study.

Programmed death ligand 1 (PD-L1) is the ligand to the human
programmed death-1 (PD-1) receptor. It is expressed in the
tumors of patients with MPM (12-15): in 40% of patients with
MPM according to one clinical investigation (12) and in 70%
according to data from archived patient tissue (13). PD-L1
expression is correlated with a poor prognosis in MPM (12-15).
Nivolumab is a human mAb to the PD-1 receptor that inhibits the
interaction between PD-1 and its ligands, PD-L1 or PD-L2. Fur-
thermore, nivolumab is approved for the treatment of various
subtypes of malignancies (16).

We hypothesized that nivolumab would be a potential second-
or third-line treatment option for MPM. Thus, the multicenter,
open-label, single-arm, Japanese phase II study in MPM (MERIT)
study evaluated the clinical efficacy and safety of nivolumab in
Japanese patients with advanced or metastatic MPM resistant/
intolerant to <2 regimens of platinum-based chemotherapy in
combination with pemetrexed. This study started before the
NCCN guideline recommended nivolumab for second-line treat-
ment of MPM (11).
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Patients and Methods

Study design and patients

This was a multicenter, open-label, single-arm phase II study
conducted from June 16, 2016 to March 14, 2018 (data cut-off
date), at 15 centers in Japan (Supplementary Table S1). The study
was conducted in accordance with the Declaration of Helsinki
and Good Clinical Practice guidelines. The study protocol was
reviewed and approved by the institutional review board of
each site before study initiation. This study is registered with
clinicaltrials.jp (JapicCTI-163247). All patients provided written
informed consent.

Selection and description of patients

Eligible patients were men and women ages >20 years with
histologically confirmed MPM, unresectable advanced or met-
astatic MPM without surgery, or MPM resistant or intolerant to
<2 regimens of chemotherapy including platinum-based com-
bination therapy with pemetrexed; and had >1 measurable
lesion(s) as defined in the Modified Response Evaluation
Criteria in Solid Tumors (mRECIST) in MPM (17) and con-
firmed by imaging within 14 days before enrollment, available
tumor tissue samples (fresh or archival) for analysis of PD-L1
expression, and an Eastern Cooperative Oncology Group per-
formance status of 0 or 1. Main exclusion criteria were severe
hypersensitivity reactions to any other drug, including antibody
products; concurrent autoimmune disease or a history of
chronic or recurrent autoimmune disease; multiple primary
cancers; brain or meningeal metastases; current or history of
interstitial lung disease or pulmonary fibrosis diagnosed on the
basis of imaging or clinical findings; and previous treatment
with nivolumab, anti-PD-1 antibody, anti-PD-L1, or PD-L2, or
any other therapeutic antibodies or pharmacotherapies for T-
cell regulation.

Procedures

Patients received 240-mg nivolumab via intravenous 30-min
infusion every 2 weeks on day 1 of each cycle until any criterion
for nivolumab discontinuation was met (Supplementary Table
S2). Neither dose nor administration mode of nivolumab
could be adjusted. Therapies prohibited during the study peri-
od included immunosuppressants, corticosteroids at doses
exceeding 10 mg/day prednisone equivalent, antitumor thera-
pies (e.g., chemotherapy, molecular-targeted therapy, and
immunotherapy), concurrent radiotherapy, pleurodesis, and
surgical therapies for malignant tumors.

Patients underwent tumor imaging by computed tomography
or magnetic resonance imaging every three cycles. The target
lesions in pleura were measured uni-dimensionally as the largest
tumor thickness perpendicular to the chest wall or mediastinum
according to modified RECIST (17); those in nonpleura were
measured according to RECIST version 1.1.

PD-L1 expression analysis was performed in a central labora-
tory (Cancer Genetics, Inc.) using (fresh or archival) tumor tissue
samples with 28-8 antibody (Dako). One or more formalin-fixed,
paraffin-embedded (FFPE) blocks of tumor tissue samples col-
lected by core needle biopsy, excisional biopsy, or incisional
biopsy of >5 FFPE unstained slide samples (serial tissue sections)
were analyzed for PD-L1 status. Each tumor tissue sample was
required to contain >100 evaluable tumor cells. PD-L1-positive
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status was defined as membranous staining in >1% of tumor
cells. Samples were classified as "not evaluable (NE)" if the
biological conditions of the sample rendered the stained cell
membranes difficult to assess, even if the samples otherwise met
the evaluation criteria.

Outcomes

The primary endpoint was centrally assessed objective
response according to mRECIST. The objective response rate
was defined as the proportion of patients whose best overall
response was complete response (CR) or partial response (PR).
Secondary endpoints were investigator-assessed objective
response rate and percent change in the sum of tumor sizes
of target lesions; disease control rate, OS, PFS, duration of
response, time to response, and best overall response assessed
centrally. In addition, subgroup analyses of tumor response,
PES, OS by PD-L1 expression (<1% and >1%), and histologic
subtype were performed.

OS was defined as the time from the first nivolumab dose to
death from any cause. PFS was defined as the time from the first
nivolumab dose to progressive disease (PD) or death from any
cause. Disease control rate was the percentage of patients whose
best overall response was CR, PR, or stable disease (SD).

Adverse events (AEs) and treatment-related AEs (TRAEs) were
monitored throughout the study period and graded according
to the Japanese translation (Japan Clinical Oncology Group
edition) of the NCI Common Terminology Criteria for Adverse
Events, version 4.0. AEs of special interest were prespecified as
endocrine disorders, gastrointestinal toxicity, hepatotoxicity, pul-
monary toxicity, nephrotoxicity, skin toxicity, and hypersensitiv-
ity/infusion reactions.

Statistical analysis

As there was no available standard treatment for the target
population, the lower threshold for response was setat 5%, and an
expected objective response rate of 19% was used for this study.
We calculated that >29 patients would be required to detect a
significant difference in the objective response rate with a power of
80% and a one-sided significance level of 0.025. To account for
the estimated 10% dropout rate, we planned to recruit 32 patients.
The full analysis set was used for the analysis of the efficacy
endpoints, and the safety analysis set for the analysis of baseline
demographic and clinical characteristics and safety endpoints.
Frequency distribution and summary statistics were used for
baseline characteristics. The objective response and disease con-
trol rates and their two-sided 95% confidence intervals (CI) were
calculated. Medians and two-sided 95% ClIs for OS, PFS, and
duration of response were calculated using the Kaplan-Meier
method. OS and PFS rates, and their two-sided 95% Cls, were
calculated at 6 and 12 months depending on the duration of
follow-up. The percentages of patients with best overall response
of CR, PR, SD, PD, and NE were calculated. Statistical analyses
were performed with SAS version 9.3 (SAS Institute Inc.).

Results

Most patients were male (29/34 patients, 85%), with a median
age of 68.0 years; 27/34 patients (79%) had an epithelioid
subtype (Table 1). Patients received a median of 12.5 (range,
1-42) doses; the median duration of treatment was 6.8 (range,
0.03-19.1) months. The median relative dose intensity was 96%
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Table 1. Baseline demographic and clinical characteristics

Nivolumab N = 34

Sex
Male 29 (85)
Female 5 (15)
Age, years, median (range) 68.0 (43-78)

Body mass index, kg/m? median (range)
Number of prior treatment(s)

22.1(15.8-29.0)

1 24 (71)

2 10 (29)
Performance status

0 13 (38)

1 21(62)
Previous systemic therapy
First line

Pemetrexed + cisplatin/carboplatin 319N

Pemetrexed + cisplatin + BBI608 2 (6)

Pemetrexed + cisplatin + bevacizumab 1(3)
Second line

Gemcitabine 309

Pemetrexed + cisplatin/carboplatin 309

Pemetrexed 2 (6)

Other 2 (6)
PD-L1 status

>1% 20 (59)

<1% 12 (35)

NE 2(6)
Histological subtype

Epithelioid 27 (79)

Biphasic 4 (12)

Sarcomatoid 309

NOTE: Data are n (%), unless otherwise stated.

(range, 62%-112%). Six patients (18%) were still on treatment,
and 28 (82%) discontinued treatment at data cutoff. The reasons
for discontinuation included PD (22 patients, 65%); unequivocal
clinical progression attributable to PD (5 patients, 15%); devel-
opment of grade >2 interstitial lung disease or pneumonitis (4
patients, 12%); lack of nivolumab administration for 6 weeks due
to AE onset (2 patients, 6%); and continuation of treatment
judged as inappropriate by the principal investigator (1 patient,
3%). Some patients had more than one reason for discontinua-
tion. All 34 patients were included in both the full and safety
analysis sets. Median follow-up was 16.8 (range, 1.8-20.2)
months.

Ten (29%; 95% CI, 16.8-46.2) of 34 patients had an objective
response by central assessment (Table 2), and all were PR. The
response rate by site according to mRECIST was identical. The
disease control rate was 68% (95% CI, 50.8-80.9; Table 2).
Regarding the best overall response, 10 (29%) patients had PR,
13 (38%) had SD, 9 (26%) had PD, and 2 (6%) were NE (Table 2).
In addition, central review confirmed that 1 patient had no
measurable lesions.

The Kaplan-Meier curves for OS and PFS are shown in Fig. 1A
and B. Median OS was 17.3 months (95% CI, 11.5-not reached),
with OS rates of 85% (95% CI, 68.2-93.6) and 59% (95% CI,
40.6-73.2) at 6 and 12 months, respectively. Median PFS was
6.1 months (95% CI, 2.9-9.9), with PFS rates of 52% (95% CI,
33.5-66.9) and 32% (95% CI, 16.4-47.9) at 6 and 12 months,
respectively. At data cutoff, 3 of 10 patients (30%) had an ongoing
response. The median duration of response was 11.1 months
(95% CI, 3.5-16.2), with median time to response of 2.63 (range,
1.0-6.9) months. Among responders, the median reduction in
target lesions from baseline (depth of response) was 61% (inter-
quartile range, 48-72).
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Table 2. Efficacy of nivolumab

Tumor shrinkage was observed in all histologic subtypes,
N Tumor response (95% CI)  especially in 6 of 7 patients with either sarcomatoid or biphasic

Objective response rate (n = 34) 10 29% (16.8-46.2) histologic subtype, slight tumor growth was observed in 1 remain-
E?A;Zili'f'a(ﬁ 1)27) ]7 ggz//: Efg__:;é? ing patient. Therefore, the disease control rate in sarcomatoid/
Sarcomatoid (n — 3) 2 67% (20.8-93.9) biphasic patients was 100% (Fig. 2A). Tumor shrinkage was

Disease control rate (n = 34) 23 68% (50.8-80.9) observed, regardless of PD-L1 status. Among PD-L1 evaluable

Best overall response rate (n = 34) patients, tumor shrinkage occurred in 14 of 20 (70%) patients
CR 0 0% (0.0-10.2) with PD-L1 expression >1% and 4 of 12 (33%) patients with PD-
PR 10 29% (16.8-46.2) L1 expression <1% (Fig. 2A). A long duration of response was
23 ]33 ;g:ﬁ’ (239-550) recorded with a median duration of 11.1 months (95% CI, 3.5-

NE 5 6% 16.2; Fig. 2B). Patients with tumor shrinkage tended to maintain

NOTE: All results are from the central assessment according to mRECIST. 95% the turnor. res.ponse (Fig. 3). R . .
Cls were calculated using the Wilson method; 95% Cls were not calculated for The objective respoqse rate by histologic subtype is reported
the PD or NE categories. in Table 2. The objective response rates were 26%, 67%, and
25% for epithelioid, sarcomatoid, and biphasic histologic
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subtypes, respectively. The subgroup analysis of OS and PFS by
histologic subtype exhibited trends, with prolonged OS and
PES for patients with nonepithelioid subtype (Supplementary
Fig. S1A and B). Results of tumor response analysis by PD-L1
expression are shown in Supplementary Table S3. The objective
response rate differed by PD-L1 expression (40% for >1% vs.
8% for <1%, respectively). Similar trends were observed among
patients with different PD-L1 expression levels (>5% vs. <5%
and >10% vs. <10%). The subgroup analysis of OS and PFS by
PD-L1 status exhibited trends, with prolonged OS and PFS for
patients with PD-L1 >1% versus <1% [hazard ratio (HR) for OS
0.542 (95% CI, 0.208-1.415; P = 0.2021); HR for PFS 0.725
(95% CI, 0.316-1.668; P = 0.4490); Fig. 1A and B|.
All-cause AEs occurring in >5% of patients are shown
in Table 3. Most patients (94%) experienced AEs and 16
(47%) patients experienced grade >3 AEs. A total of 26 patients
(76%) experienced TRAEs, and 11 patients (32%) experienced
Grade >3 TRAEs. Serious AEs occurred in 14 patients (41%),
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with 11 patients (32%) having serious TRAEs. Four patients
(12%) experienced AEs leading to study treatment discontin-
uation [two events of interstitial pneumonia (1, grade 2; 1,
grade 3) and two events of pneumonitis (both grade 3)]. No
fatal AEs occurred between study start and either 28 days after
the last nivolumab dose or the start of poststudy treatment.
Regarding TRAEs with an incidence of >10%, rash occurred in 6
patients (18%); lipase increased, 5 (15%); and diarrhea and
amylase increased, 4 each (12%).

The following AEs of special interest occurred: type 1 dia-
betes mellitus in 1 patient (3%), hypopituitarism in 1 patient
(3%), hypothyroidism in 2 patients (6%); and blood thyroid
stimulating hormone decreased, blood thyroid stimulating
hormone increased, and thyroid function test abnormal in
1 patient (3%) each; diarrhea in 6 (18%) patients; gamma-
glutamyltransferase increased in 2 patients (6%); alanine ami-
notransferase increased, aspartate aminotransferase increased,
blood bilirubin increased, and blood alkaline phosphatase
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Figure 3.

Percent change in target tumor size over time. Central assessment was performed according to mRECIST.

increased in 1 patient (3%) each; interstitial lung disease and
pneumonitis in 2 patients (6%) each; blood creatinine increased
in 1 patient (3%); rash in 6 patients (18%), rash maculopapular
in 2 patients (6%), and blister, eczema, rash pruritic, skin exfo-
liation, and urticaria in 1 patient (3%) each; and hypersensitivity
in 1 patient (3%). Grade 3-4 AEs of special interest were diarrhea,
gamma-glutamyltransferase increased, and pneumonitis in 2
patients (6%) each, and type 1 diabetes mellitus, hypopituitarism,
alanine aminotransferase increased, aspartate aminotransferase
increased, interstitial lung disease, and rash and hypersensitivity
in 1 patient each (3%).

Discussion

MPM is a very aggressive malignancy with a poor prognosis. To
develop better therapies for mesothelioma, recent research has
focused on the role of immune cells within the tumor microen-
vironment. Treatment with immune checkpoint inhibitors, which
reactivate immune responses that are silenced by immune check-
points, has shown promising results (18).

The present results suggest that patients with advanced or
metastatic MPM resistant or intolerant to the standard treatment
may benefit from treatment with nivolumab. Previous studies of
standard treatment in advanced or recurrent MPM reported
response rates of 0%-2% with placebo or best supportive care
and 0%-4.5% with investigational products (19-21). Efficacy of
nivolumab for pretreated MPM was reported in previous studies
(MAPS2 and NivoMes trials; ref. 22, 23). In addition, the
KEYNOTE-028 study showed an objective response rate (inves-
tigator assessed according to RECIST guideline, version 1.1) of
20% (95% CI, 6.8-40.7) in previously treated patients with PD-
L1-positive MPM receiving pembrolizumab 10 mg/kg every
2 weeks (24). In this study, an objective response rate of 29%
was confirmed by central assessment according to mRECIST in
patients with MPM and was concordant with the results of other
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similar studies (22-24). These results suggest that anti-PD-1
antibodies have a high potential for becoming a new treatment
option for MPM.

Sarcomatoid or biphasic histologic subtypes are known pre-
dictors of poor prognosis (25), and PC therapy has little effect on
these histologic subtypes (26). In this study, the objective
response in patients with sarcomatoid and biphasic histologic
subtypes was 2 of 3 and 1 of 4 patients, respectively. These results
indicate that nivolumab had a beneficial effect in these histologic
subtypes for which no previous treatment has been shown to be
effective. This further supports the use of immune checkpoint
inhibitors as potential treatment options to manage MPM. Inter-
estingly, the PD-L1 expression rate was >50% in the three
responders with sarcomatoid and biphasic histologic subtype
(data not shown). However, these results should be interpreted
with caution as there were only 7 patients with these subtypes.
Further study in a larger number of patients with these histologic
subtypes is warranted to confirm our findings.

Previous studies have shown that positive PD-L1 expression
status has been associated with worse survival outcomes com-
pared with negative PD-L1 expression status (14, 15). In this
study, both PD-Ll-positive and PD-Ll-negative patients
responded to nivolumab, and although not significant, differ-
ences in OS and PFS with PD-L1 expression status favored positive
PD-L1 expression. While promising, these results must be con-
sidered in the context of the study design and size, and the fact that
the PD-L1 analysis was exploratory. A greater number of patients
showing PD-L1 expression responded to nivolumab, although
some patients without PD-L1 expression also showed responses.
This study was not powered to study differences in response or
survival between categories of PD-L1 expression, but this is a
critical area for future study in larger, comparative trials.

Patients who have PD after initial chemotherapy are generally
expected to have a poor prognosis, advanced symptoms,
and worsened condition compared with chemotherapy-naive
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Table 3. AEs
Nivolumab
N=34
Any grade  Grade 3-4
Any AEs 32 (94) 16 (47)
Most common AEs by preferred term (>5% of patients)
Viral upper respiratory tract infection 10 (29) 0 (0)
Weight decreased 7 (21 0 (0)
Diarrhea 6 (18) 2 (6)
Rash 6 (18) 103
Pyrexia 6 (18) 0 (0)
Lipase increased 5(15) 4 (12)
Stomatitis 5(5) 1(3)
Nausea 5 (15) 0 (0)
Amylase increased 4 (12) 2 (6)
Decreased appetite 4 (12) 2 (6)
Arthralgia 4(12) 0 (0)
Vomiting 309 0 (0)
Fatigue 309 0 (0
Malaise 309 0 (0)
Upper respiratory tract infection 309 0 (0)
Gamma-glutamyltransferase increased 2 (6) 2(6)
Pneumonitis 2 (6) 2 (6)
Anemia 2 (6) 103
Hypophosphatemia 2 (6) 1(3)
Interstitial lung disease 2 (6) 103
Hypothyroidism 2 (6) 0 (0)
Constipation 2 (6) 0 (0)
Dental caries 2 (6) 0 (0)
Mucosal inflammation 2 (6) 0 (0)
Edema peripheral 2 (6) 0(0)
Lymphocyte count decreased 2 (6) 0 (0)
Hyperkalemia 2 (6) 0 (0)
Hypoalbuminemia 2 (6) 0 (0)
Myalgia 2 (6) 0 (0)
Dyspnea 2 (6) 0(0)
Pneumothorax 2 (6) 0 (0)
Rash maculo-papular 2 (6) 0 (0)
AEs leading to discontinuation of study treatment 4(12) 3(9
AEs leading to interruption of study treatment 15 (44) 10 (29)

NOTE: Data are presented as n (%).

patients. In fact, a PFS of 1.6-1.7 months and an OS of 5.4-
4.9 months was reported in patients with MPM resistant/
intolerant to standard treatment who received single-agent
vinorelbine, single-agent gemcitabine, or both agents (27).
Conversely, in this study, the median PFS and median OS were
6.1 months and 17.3 months, respectively, which were com-
parable with the results of previous studies in patients requiring
second- and third-line treatment with nivolumab with or
without ipilimumab (22, 23) and pembrolizumab (24). These
findings suggest that nivolumab provides a clinical benefit and
could be considered an option for second- or third-line treat-
ment for MPM.

Regarding the safety profile, of the 34 patients receiving nivo-
lumab, 32 (94%) and 26 (76%) patients experienced AEs and
TRAEs, respectively. No deaths related to AEs were reported.
Nivolumab is approved for the treatment of various cancer types
and has been administered to many patients. In our opinion, the
safety profile of nivolumab in this study did not differ greatly from
that in other cancer types for which nivolumab has already been
approved.

In conclusion, the primary endpoint was met in patients with
advanced or metastatic MPM resistant or intolerant to maximally
two regimens of chemotherapy including platinum-based com-
bination therapy with pemetrexed who received nivolumab as
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second- or third-line treatment. Nivolumab showed a promising
overall response rate of 29% and appeared to yield encouraging
PFS and OS results across a range of histologic subtypes, and in
patients with PD-L1 expression. Nivolumab had a manageable
toxicity profile. Adequately powered, randomized, controlled
trials are needed before definitive conclusions can be drawn
regarding the survival benefits of nivolumab.
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ABSTRACT

Platinum-based chemotherapy is commonly used as the
standard first-line treatment for unresectable malignant
pleural mesothelioma (MPM). However, in recent times,
immune-checkpoint inhibitors (ICls) have led to a paradigm
shift. Herein, we review relevant literature and ongoing
trials of ICls used as both first-line and salvage therapies.
Specifically, in the Japanese single-arm, phase |l trial, the
MERIT trial, nivolumab, an antiprogrammed cell death 1
(PD-1) antibody showed favorable efficacy when used as
a salvage therapy. Currently, multiple ICI monotherapy or
combination therapy trials have been conducted, which
could provide further evidence. Among available ICls, the
anti-PD-1 antibody is promising for unresectable MPM,
despite the limited efficacy of anti-CTLA4 monotherapy.
Ongoing studies will further confirm the potential efficacy
of ICls for MPM, as observed across other malignancies.
It is also crucial to identify any clinically useful predictive
biomarkers that could reveal ICls with maximal effects in
MPM.

INTRODUCTION

With increasing utilization of asbestos, the
incidence of mesothelioma is considered to
increase worldwide. Asbestos consumption
in the USA has rapidly declined over the last
40 years, which has resulted in a consider-
able decline in mesothelioma incidence.' In
Japan, the number of deaths had increased
from 500 in 1995 to 1550 in 2016. Mesothe-
lioma manifests mainly in the pleura, peri-
toneum and pericardium, although most
commonly in the pleura.”

The major role of chronic inflammation
and local tumor suppression in tumorigen-
esis observed in some experimental models
led to the investigation of immunotherapy
for malignant pleural mesothelioma (MPM).”
There have been intensive investigations on
the efficacy and safety of immune-checkpoint
inhibitors (ICIs) in the treatment of unresect-
able advanced diseases.” > Herein, we high-
light relevant study results, as well as designs

and concepts of ongoing studies in both first-
line and salvage settings.

Known biology
Among approximately 400 different mineral
fibers present in nature, six fibers (amphi-
boles fibers (crocidolite, actinolite, tremolite,
anthophyllite and amosite) and serpentine
fiber (chrysotile)) are called as ‘asbestos”.’
They are carcinogenic and have been
associated with mesothelioma.” 7 Further-
more, exposure of the chest to therapeutic
ionizing radiation, usually performed to treat
lymphomas, has been causally linked to meso-
thelioma, especially in young patients.*"’
The accumulation of genetic aberrations
can induce malignancies. Recently, The
Cancer Genome Atlas program investigated
genetic alterations in mesotheliomas using
next-generation sequencing (NGS)."" The
results revealed frequent mutations in BAP1,
CDKN2A, NF2, TP53, LATS2 and SETD2."' *
Recently, a considerably higher number of
genetic alterations in mesotheliomas has been
detected than thatdetected by NGS, including
point mutations, minute deletions and copy
number changes.13 1 Furthermore, the vast
array of genetic alterations in mesothelioma
may lead to producing neoantigens, which
correlate with the clonal expansion of tumor-
infiltrating T lymphocytes."” ” These findings
suggest that, in contrast to the hypotheses
based on NGS studies, mesothelioma may be
immunogenic."”

Rationale for the development of immunotherapy
A hallmark of cancer is immune evasion, in
which the immune system does not mount an
effective antitumor response.'® Programmed
cell death 1 (PD-1) is a negative costimulatory
receptor expressed primarily on the surface
of activated T cells'” ™® and is involved in main-
taining peripheral tolerance. The binding of
PD-1 to one of its ligands, PD-L.1 or PD-L2,
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can inhibit a cytotoxic T-cell response.'” * Tumors can
co-opt this pathway to escape T-cell-induced antitumor
activity.”' ™

The biology of MPM shows significant heterogeneity in
both tumor and the microenvironment. Several studies,
on T-cell-inhibitory receptors and chemokines, have indi-
cated the prognostic role of lymphocytes and the occur-
rence of immunosuppression in MPM.*** In a melanoma
model, PD-1 blockade increased the proportion of
antigen-specific CTLs that recognized melanoma targets
by degranulation, suggesting increased recognition effi-
ciency for cognate peptide.”® The increased frequency
and absolute number of antigen-specific CTLs by PD-1
blockade resulted from augmented proliferation, and
not decreased apoptosis. These findings have led to the
extensive development of agents blocking immunocheck-
points and their clinical investigation in various malig-
nancies including MPM.

Biomarker in the ICI treatment of MPM
Some sensitive and specific immunohistochemistry
markers including calretinin and WT1 are used for diag-
nosing mesothelioma.* However, markers for treatment
efficiency have not been established. Generally, PD-L1
expression level is used as the representative maker for
predicting the efficacy of ICIs. In the ICI monotherapy
with the salvage setting in non-squamous cell non-small-
cell lung cancer, the PD-L1 expression level affected the
survival efficacy,”” while its influence was weakened when
combined with platinum-based chemotherapy in the first-
line setting.™

In MPM, 20%-70% of the specimens tested are usually
PD-L1 positive.”” Such a wide range can be attributed to
several factors. It could be because tumors are hetero-
geneous in nature.’ It could be partially attributed to
the antibodies used; SP-263 is the most commonly used
antibody,?'o’32 and the others include clones E1L3N and
28-8.% Furthermore, the histological subtype influences
its frequency; PD-L1 expression is higher in non-epithelial
mesotheliomas.” The cut-off levels of PD-L1 positivity
vary among trials.”” Considering that the positive rates
were reported from different small studies with a small
number of accrued patients, the data may be limited and
actual rates of expression have hardly been studied. In
addition to this, whether the ICI efficacy is truly depen-
dent on the PD-L1 expression level is still controversial.

ICls in the first-line settings

The standard treatment for unresectable, advanced
malignant mesothelioma is chemotherapy, although with
a very poor prognosis.”® Similar to its use in non-small-
cell lung cancer,” ™ cisplatin (CDDP) and pemetrexed
(PEM) combination therapy (CDDP/PEM) approved by
the US Food and Drug Administration (FDA) in 2004,
is strongly recommended as the firstline treatment for
mesothelioma.”” Moreover, molecularly targeted agents
have been developed to augment cytotoxic chemotherapy.
For instance, a randomized phase III MAPS study showed

that adding bevacizumab to platinum doublets improved
survival (HR of overall survival (OS) and progression-free
survival (PFS): 0.77 (95% CI: 0.62 to 0.95); p=0.0167 and
0.61 (0.50 to 0.75); p<0.0001, respectively).*® However,
this regimen is yet to be approved by the FDA. A double-
blind, randomized, placebo-controlled phase III study,
the LUME-Meso trial of CDDP and PEM with or without
nintedanib, a multikinase inhibitor for unresectable
epithelioid MPM, showed that the primary endpoint,
PFS, was not met."” Even with such an aggressive chemo-
therapy, OS for unresectable mesothelioma remains <12
months.*

Given the limitations in the efficacy of existing cyto-
toxic chemotherapy in MPM and recent advances in
tumor immunology across various malignancies, ICIs
have been investigated for the treatment of unresectable
mesothelioma. A single-arm, Durvalumab with Firstline
Chemotherapy in Mesothelioma study examined treat-
ment efficacy after adding durvalumab, a PD-L1 inhibitor,
to CPPD/PEM, in 54 patients with untreated, unresect-
able MPM™ (table 1). PFS (the primary endpoint) at 6
months was 57%, and the objective response rate (ORR)
was 48%, with a median duration of response of 6.5
months. Immune-related adverse events of grade 3 and
higher, occurred in eight patients (15%), including lipase
elevation (n=1), pancreatitis (n=1) and renal impairment
(n=1).

The Canadian Cancer Trials Group haslaunched a phase
II/II study for unresectable MPM, to verify treatment
efficacy following the addition of pembrolizumab, a PD-1
antibody, to the standard CPPD/PEM (NCT02784171)
(table 2). The use of durvalumab as the first-line immu-
nochemotherapy is also under evaluation, sponsored by
PrECOG (NCT02899195). Japanese investigators are also
conducting an exploratory phase II trial, using nivolumab
combined with the standard CPPD/PEM, in patients
with untreated, unresectable MPM.*" Furthermore, a
large-scale, randomized phase III study, the CheckMate
743 study is currently investigating the survival advan-
tage of the nivolumab/ipilimumab combination immu-
notherapy, versus platinum/PEM, in 606 patients with
untreated, unresectable MPM (NCT02899299).

Single-agent ICI therapy in the salvage setting

Although the salvage setting is discussed before advance-
ments in the firstline setting, currently available agents
in the salvage setting rarely work in MPM, with a median
survival time (MST) of <6 months.”! Vorinostat, a histone
deacetylase inhibitor, was proven not to have any survival
advantage in a placebo-controlled randomized phase III
trial, the VANTAGE-014 trial,52 without earlier trial result
confirmation.

Thus far, four ICIs have been tested as an immuno-
therapy against relapsed tumors (table 1). A single-
center, single-arm phase II study, the NivoMes trial, with
single-agent nivolumab, an anti-PD-1 antibody showed
that 16 (47%) of the 34 registered patients with recur-
rent MPM achieved disease control at 12 weeks (8 with
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Table 2 Ongoing relevant trials

No of
Primary  planned Study

Trial Country Phase RCT Regimen endpoint pts PS start date Registration no
Front-line setting
Canadian group Canada 2/3 Yes Cis- oS 126 0-1 07/10/16 NCT02784171

pem=pembrolizumab
CM743 Gilobal 3 Yes  Nivolumab/ipilimumab OS 606 0-1  25/10/16 NCT02899299

Versus p-pem
Pre0505 USA 2 No Cis-pem/durvalumab  OS 55 0-1  13/06/17 NCT02899195
JME-001 Japan 2 No Cis-pem/nivolumab OR 18 0-1 20/01/18  UMINO00030892
Salvage setting
Confirm UK 3 Yes  Nivolumab versus (O] 336 0-1  28/03/17 NCT03063450

placebo

Cis-pem, cisplatin and pemetrexed; OS, overall survival; p-pem, platinum (cisplatin or carboplatin) and pemetrexed; PS, performance

status; pts, patients; RCT, randomized controlled trial.

partial response (PR) and 8 with stable disease (SD)) 2 n
this population, PD-L1 expression did not predict treat-
ment responses. A Japanese single-arm phase II study,
the MERIT study, also examined the efficacy and safety
of nivolumab monotherapy in 34 patients with MPM with
a history of prior chemotherapy.” The primary endpoint,
ORR, was 29% (10/34), which was dependent on tumor
PD-L1 expression, with an ORR of 40% and 8% when
PD-L1 expression was >1%and <1%, respectively. The
median PFS and MST were 6.1 and 17.3 months, respec-
tively. Twenty-six patients (76%) experienced treatment-
related adverse events (TRAEs). In essence, these results
led to the approval of nivolumab in Japan for unresect-
able recurrent pleural mesothelioma.

A single-agent pembrolizumab, anti-PD-1 antibody
trial (KEYNOTE-028) demonstrated that 5/25 (20%) of
previously treated patients with MPM achieved PR, while
13 (52%) had SD, with no treatmentrelated deaths or
discontinuations.” The Chicago group also conducted a
pembrolizumab monotherapy phase II trial in 65 patients
with pretreated mesothelioma.’® Nineteen per cent of the
patients achieved PR, without unexpected AEs. The ORR
was associated with PD-L1 expression; 7%, 26%, and 31%
in patients harboring tumors with PD-L1-expression level
of <1%, 1%-49% and >50%, respectively. The study also
showed a median PFS and OS of 4.5 and 11.5 months,
respectively.

With avelumab, a human anti-PD-L1 IgG, antibody, a
phase Ib monotherapy trial (JAVELIN) was conducted in
53 patients with pretreated malignant mesothelioma.”’
Despite the 9% response in the whole cohort, ORR
seemed different, stratified by the PD-L1 expression
level in patients with PD-L1-positive (19% (3 of 16)) vs
PD-Ll-negative tumors (7% (2 of 27)), considering a 25%
PD-L1 cut-off. The median PFS was 4.1 months, whereas
the MST extended to >10 months. Five patients (9%) had
grades 3—4 TRAESs, without treatment-related deaths.

Tremelimumab, an anti-CTLA4 antibody, was also evalu-
ated in a salvage setting. In Europe, two single-arm, phase

II monotherapy trials showed preliminary efficacy, with
an ORR of 3%-7%."" Following these trials, a random-
ized phase IIb study, the DETERMINE study, revealed
that tremelimumab failed to significantly prolong OS
compared with that of placebo, in 571 patients with previ-
ously treated malignant mesothelioma. The MST showed
no difference between treatment groups, with 7.7 and 7.3
months in the tremelimumab and placebo arms, respec-
tively (HR 0.92, 95% CI 0.76 to 1.12).%

ICI combination therapy in salvage settings

Given that enhanced immunogenicity can be achieved by
combining PD1 or PDL1 and CTLA4 inhibitors,” several
studies evaluating the combination of anti-CTLA-4 and
anti-PD-[L]1 antibodies have been reported. A phase II
study, the NIBIT-MESO-1 trial, investigated an ICI combi-
nation of tremelimumab and durvalumab for unresect-
able mesothelioma.” Subjects who had refused first-line
platinum-based chemotherapy, or subjects with disease
progression after a maximum of one line of platinum-
based therapy, were enrolled. Eleven (28%) of 40 patients
had an immune-related objective response. The median
PFS and MST were 5.7 and 16.6 months, respectively.
Baseline tumor PD-L1 expression did not correlate
with the immune-related objective response, and seven
patients (18%) had grades 3—-4 TRAEs.

A combination therapy of nivolumab and ipilimumab,
over nivolumab monotherapy, was examined in a random-
ized phase II trial (IFCT MAPS2).”" A total of 125 patients
with relapsed MPM were allocated to the combination
therapy or monotherapy arm. Disease control rate (DCR),
set as the primary endpoint, was 50% and 44%, whereas
the ORR was 28% and 19%, respectively. As expected, the
combination therapy had an increased risk of AE, with
grades 3—4 of 26% and 14%, respectively. Three (5%) of
62 combination group patients had toxicities that led to
death (hepatitis, encephalitis and acute kidney failure).
When restricted to high PD-L1 tumors (>25%), either of

4 Hotta K, Fujimoto N. J Immunother Cancer 2020;8:6000461. doi:10.1136/jitc-2019-000461
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the regimens seemed effective, with ORRs of 63%-71% in
the post hoc analyses.

Similar to this MAPS2 trial, a single-arm study, the
INITIATE study,” evaluated the efficacy of nivolumab
and ipilimumab in mesothelioma refractory to at least
one line of platinum-based chemotherapy. Of the 34
patients included in efficacy assessment, 10 (29%)
attained PR and 13 (38%) attained SD, resulting in a DCR
(primary endpoint) of 68%. Despite the smallerscale,
non-randomized design, this study could reproduce the
tolerance and efficacy results obtained from the MAPS2
trial. It also showed a relationship between tumor PD-L1
expression and the efficacy of this combination therapy.

Based on the aforementioned completed trials, several
MPM trials are either ongoing or being initiated. The
most pivotal is the one initiated by Cancer Research
UK: a randomized, double blind placebo controlled
CONFIRM trial of nivolumab versus placebo in patients
with relapsed mesothelioma (NCT03063450). A total of
336 patients will be recruited from 25 institutes in the UK
over a 4-year period. All patients will be treated for 12
months, except in situations of progress or withdrawal. It
will be intriguing if this reproduces the Japanese MERIT
study results.”*

Overall, anti-PD-1 antibodies exhibited promising
results when used alone as a salvage therapy after the first-
line chemotherapy.”

Unresolved, unmet needs for MPM ICI therapy

Compared with clinical trials targeting other malig-
nancies, the majority of prior MPM trials employed
‘small-scale’ and ‘single-arm’ designs, and their primary
endpoints were set at only ORR or DCR. No clear
survival advantage of ICI has been demonstrated through
randomized trials. This is mainly because of the extremely
small patient population, and mostly exploratory-type
trials.” However, favorable responses and survival data
could be observed across the studies, which are better
than historical data. Considering the current limita-
tions of treatment options in the salvage setting, ICI is
now a potential rational and medically useful option for
patients with unresectable, relapsed MPM, in the absence
of any contraindications. Undoubtedly, well-designed
randomized trials provide accurate and consistent data
(ie, CONFIRM trial (NCT03063450); table 2). The accu-
mulation of forthcoming relevant data through ongoing
clinical trials is important for establishing better ICI use
in daily practices.

Among toxicities induced by ICIs, pulmonary toxicity
has to be properly managed, as it can be one of the most
common causes of ICI-related death. The most common
lung toxicity observed in patients receiving ICI treatment
is pneumonitis.61 In our review, as shown in table 1, it
occurred in 2%-12% of the patients (median; 6%) in all
the trials evaluating ICIs. This seemed almost consistent
with that observed in other cancers. The patterns of onset
and severity may also vary, and MPM often has charac-
teristics of limited reserve in pulmonary function at the

baseline. These findings suggest the importance of vigi-
lance and rapid response. Thus, physicians still should
recognize that the diagnosis of pneumonitis is particularly
challenging and failure to detect and treat pneumonitis
in a timely manner could lead to poor clinical outcomes.

Another unmet need is the identification of predictive
biomarkers of ICI effects. Compared with other malig-
nancies, progress in mesothelioma biomarker research
is limited. Some of the single-arm ICI studies reveal
the correlation between responses and higher PD-L1
expression. However, as insufficient survival data were
generated, more established outcome data are needed
to confirm the value of PD-L1 immunohistochemistry
as a predictive biomarker for the OS effect. Recently,
the tumor mutational burden (TMB) analysis using
the whole exosome sequence has garnered attention in
nivolumab therapy.”* Moreover, in lung cancer, no associ-
ation between TMB and PD-L1 expression was revealed.”
Rather, a combination of them would be of value as a
predictive biomarker. Nevertheless, only a few precise
biomarkers for ICI efficacy assessments seem to exist in
MPM clinical trials, besides PD-L1 expression. Further
development of new biomarkers is also required for unre-
sectable mesothelioma.

A majority of patients diagnosed with untreated, unre-
sectable mesothelioma exhibit all expected symptoms at
the initial presentation, and thus, do not meet the eligi-
bility criteria to participate in clinical trials. Therefore,
study results have to be interpreted cautiously, taking
into consideration how each of them can be applied per
in-care patient, during daily clinical practices.

In the future, more novel immunotherapy results will
be made available, which could possibly lead to further
drastic changes in unresectable MPM treatment. Our
goal is to carefully evaluate any relevant information and
deliver better patient treatment.

CONCLUSIONS

MPM prognosis has been poor with the standard platinum
chemotherapy. Recently, in the salvage setting, anti-PD-1
antibodies yielded favorable ORR. Nivolumab is approved
for use in Japan. Ongoing studies will further confirm the
potential efficacy of ICIs for MPM, as observed across
other malignancies. It is also crucial to identify any clin-
ically useful predictive biomarkers that could reveal the
ICIs with maximal effects in MPM.
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ABSTRACT ARTICLE HISTORY
Introduction: Platinum-based chemotherapy is the current first-line standard therapy for unresectable Received 19 August 2019
malignant pleural mesothelioma (MPM). Recently, immune-checkpoint inhibitors (ICl) have been inten- Accepted 9 December 2019

sively investigated as treatment options for this disease. Nivolumab, an anti-programmed cell death KEYWORDS

(PD)-1 agent, was one of the first drugs used and is representative of available ICls. Mesothelioma; immune
Areas covered: This review discusses previous relevant reports and current ongoing trials of nivolumab. checkpoint inhibitor; PD-1;
The efficacy and safety of nivolumab have been investigated mostly in second-line or later treatment PD-L1; CTLA-4
settings as both monotherapy and in combination with other ICls. Particularly, nivolumab monotherapy

yielded promising efficacy with an objective response rate of 29% and median overall survival of

17.3 months in salvage settings in the single-arm, Japanese phase 2 trial (MERIT). Notably, the study

led to Japanese approval of nivolumab for unresectable recurrent MPM. Several trials with monotherapy

or cotherapy with nivolumab have commenced, including randomized trials of nivolumab monotherapy

vs. placebo in the salvage setting, and cotherapy with nivolumab and ipilimumab vs. the platinum

doublet in the frontline setting.

Expert opinion: Nivolumab seems like a reasonable option for unresectable, relapsed MPM despite the

lack of randomized trial data. Ongoing pivotal trials will confirm its efficacy.

1. Introduction Various types of tumor cells have been shown to exhibit upre-
gulated PD-L1 expression levels, which enables them to escape
the immune response and keep proliferating [11]. Based on this
background knowledge, anti-CTLA4, PD-1, and PD-L1 antibodies
have been widely developed against various advanced malig-
nancies. In this review, among the available immune-checkpoint
inhibitors (ICl), we specifically discuss nivolumab, which blocks
the PD-1 receptor, focusing on relevant previous trial reports and
ongoing trials of unresectable MPM both in the first-line and
salvage settings.

Malignant pleural mesothelioma (MPM) is a rare and aggressive
malignancy that occurs in the mesothelial surface of the pleural
and peritoneal cavities, and the pericardium [1]. The disease is
closely associated with asbestos exposure and approximately
80% of MPM cases are caused by occupational or environmental
exposure [2-6]. Despite policies banning asbestos use in Western
countries, MPM has continued to increase in many countries
where asbestos is still extensively used. It is expected that
500,000 new cases of MPM will be diagnosed in men with
occupational exposure in Europe alone [7]. The prognosis of
MPM is poor, with a median survival time (MST) of 18 months 2. Basic information on nivolumab
and a 5-year overall survival (OS) rate of < 5% [8]. In particular,
those with unresectable, advanced disease at the initial presen-
tation characteristically have a worse prognosis than patients in
earlier stages. This disappointing outcome is principally due to
the lack of efficient screening methods and effective systemic
therapy [9,10]. Therefore, innovative agents are urgently antici-
pated and required.

The role of peripheral immune tolerance with the co-
inhibitory immune-checkpoint molecules cytotoxic
T-lymphocyte antigen 4 (CTLA-4) and programmed cell death 1
(PD-1) and its ligand (PD-L1) have been extensively investigated.
PD-L1 is a transmembrane protein that binds to PD-1 and is
expressed on cytotoxic T cells and other immune cells [11,12].

Nivolumab is a human monoclonal antibody (HuMAb; immu-
noglobulin G4 [IgG4]-S228P) that targets the PD-1 cluster of
the CD279 cell surface membrane receptor [13,14] (See Box 1).
Nivolumab is expressed in Chinese hamster ovary cells and is
produced using standard mammalian cell culture and chroma-
tographic purification technologies. The agent was approved
for the treatment of several types of tumors in various coun-
tries including the United States of America and Japan in 2014
and the European Union in 2015.

The interaction of PD-1 with its ligands, PD-L1 and PD-L2,
can be blocked by nivolumab, leading to enhanced T-cell
proliferation and interferon (IFN-y) release in vitro [15].
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Nivolumab binds with high affinity to activated human T-cells
expressing cell surface PD-1 and cynomolgus monkey PD-1.
Through a mixed lymphocyte reaction, nivolumab enhances
reproducible IFN-y release in a concentration-dependent man-
ner [16].

In a population pharmacokinetic model, the overall distri-
butions of nivolumab exposure are comparable after treat-
ment with either 3 mg/kg or 240 mg nivolumab. The
predicted range of nivolumab exposure following a 240 mg
fixed dose across a 35 to 160 kg weight range is maintained
well below corresponding exposure to the well-tolerated
10 mg/kg biweekly dosage of nivolumab. That is why a flat
dose has been adopted in more recent nivolumab clinical
trials.

The clinical activity and safety of nivolumab have been
evaluated in patients with various malignancies including
melanoma, non-small cell lung cancer (NSCLC), renal cell car-
cinoma, classical Hodgkin lymphoma, urothelial carcinoma,
and head and neck carcinoma as a monotherapy or in combi-
nation with chemotherapy, targeted therapies, and other
immunotherapies. In contrast, in mesothelioma, the clinical
establishment of nivolumab has progressed slowly mainly
because of the extremely small patient population and the
difficulty associated with their accrual into relevant trials.

3. Nivolumab in the first-line setting

Patients with unresectable disease are often treated with sys-
temic cytotoxic chemotherapy not as a cure but for disease
management. Currently, the doublet chemotherapy of cispla-
tin and pemetrexed, antifolates, is the standard regimen for
patients with frontline, unresectable MPM [17], followed by
the regular approval in NSCLC [18-25]. However, the efficacy
of this regimen is limited, with an objective response rate
(ORR) of up to 30-40%, and some cancer-related symptoms
can be relieved with the therapy, while the median OS is
approximately 1 year in this disease setting [26].

Platinum agents can enhance the effector immune
response through modulation of PD-L1 [27]. The observed
encouraging results might extend ICl use to first-line treat-
ment of MPM, particularly in combination with the standard

Table 1. Relevant nivolumab trial results in the salvage setting.

platinum-based chemotherapy. Based on this background
knowledge, ICls have been tested in untreated, unresectable
mesothelioma. Unfortunately, to date, no nivolumab trials
have been reported (Table 1), while the potential benefit of
adding durvalumab, a PD-L1 inhibitor, to the cisplatin and
pemetrexed standard regimen was tested in 54 patients with
untreated, unresectable MPM [28]. The study showed promis-
ing results and the primary endpoint of progression-free sur-
vival (PFS) at 6 months was 57%, with an ORR of 48% and
median duration of response of 6.5 months.

In parallel with this promising trial, in January 2018 we
commenced a phase 2 trial of nivolumab as a third agent in
combination with the standard chemotherapy of cisplatin and
pemetrexed for untreated, unresectable MPM [29] (Table 2).
The primary endpoint is centrally reviewed ORR, while the
secondary endpoints are disease control rate (DCR), OS, PFS,
and adverse events (AEs). This is an exploratory trial with
a target enrollment of 18 Japanese patients with good perfor-
mance status.

As a different approach, the survival advantage of frontline
combination immunotherapy with nivolumab and ipilimumab
over platinum and pemetrexed is currently under investiga-
tion in 606 patients with unresectable MPM. This is the indus-
try-sponsored, large-scaled, randomized phase 3, CheckMate
743 study (NCT02899299), initiated in October, 2016, with an
estimated completion date of 15 April 2022.

4. Single-agent nivolumab in the salvage setting

No systemic treatment has been proven effective for mesothe-
lioma refractory to first-line platinum doublet therapy in ran-
domized clinical trials. Although multiple systemic therapeutic
options have been investigated, there has been little progress
[30]. Cotherapy with vinorelbine or gemcitabine or re-
challenge with platinum therapy is often chosen in clinical
practice, but is rarely effective [31,32]. Therefore, this challen-
ging situation has created the most reasonable clinical setting
for developing new treatment strategies using ICls.

Currently, four ICls have been tested in the second-line or
later setting, including nivolumab as a monotherapy or in com-
bination with other ICls. Single-agent nivolumab was evaluated

Trial Year Phase RCT Drug Primary endpoint No. ORR mPFS (mo) MST (mo) Ref.

MERIT 2018 2 No Nivolumab OR 34 29% 6.1 17.3 [34]

NivoMes 2018 2 No Nivolumab DCR 34 24% 2.6 11.8 [33]

MAPS2 2019 2 Yes Nivolumab/ipilimumab DCR 62 28% 5.6 15.9 [36]
Nivolumab 63 19% 4.0 11.9

INITIATE 2019 2 No Nivolumab/ipilimumab DCR 34 29% 6.2 NR [37]

Abbreviations: RCT; randomized controlled trial, ORR; objective response rate, mPFS; median progression-free survival, MST; median survival time, DCR; disease

control rate, OS; overall survival, NR; not reached.

Table 2. Ongoing relevant nivolumab trials.

Primary No. of
Trial Country  Phase  RCT Setting Regimen endpoint  planned pts  Study start date  Registration No.
CM743 Global 3 Yes Frontline  Nivolumab/ipilimumab vs. p-pem 0S 606 25/10/16 NCT02899299
JME-001 Japan 2 No Frontline  cis-pem/nivolumab OR 18 20/01/18 UMIN000030892
CONFIRM UK 3 Yes Salvage Nivolumab vs. placebo 0S 336 28/03/17 NCT03063450

Abbreviations: RCT, randomized controlled trial; pts, patients; cis-pem, cisplatin and pemetrexed; p-pem, platinum (cisplatin or carboplatin) and pemetrexed; OS,

overall survival; OR, objective response.
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in a single-center, single-arm phase 2 trial (NivoMes) for patients
with recurrent MPM [33]. The study revealed a DCR at 12 weeks,
set as the primary endpoint, of 47% (16 of 34), including eight
partial responders [33], while PD-L1 expression failed to predict
responses in this population. The median PFS and MST were 2.6
and 11.8 months, respectively, and nine (26%) patients devel-
oped grade > 3 treatment-related AEs, including gastrointestinal
disorders and pneumonitis. The investigators documented that
single-agent nivolumab had meaningful clinical efficacy and
a manageable safety profile in previously treated patients
with MPM.

Japanese investigators conducted the single-arm phase 2
MERIT study, assessing the efficacy of nivolumab monotherapy
in 34 previously treated patients with pleural MPM [34]. The
primary endpoint was centrally defined ORR while AEs, PFS,
and OS were also evaluated. The ORR was 29% (10/34, 95%
confidence interval [Cl]: 16.846.2), which was clearly affected
by PD-L1 expression level, with an ORR of 40 and 8% in PD-
L1 = 1% and <1%, respectively. The ORR also seemed to be
differently stratified by histologic subtypes: 26%, 67%, and
25% for epithelioid, sarcomatoid, and biphasic histologies,
respectively. The survival data were also favorable with med-
ian PFS and MST of 6.1 and 17.3 months, respectively while 26
patients (76%) experienced treatment-related AEs. The results
of this study led the Japanese government to approve nivo-
lumab monotherapy for unresectable recurrent MPM.

5. Combination nivolumab and anti-CTLA-4
antibody in the salvage setting

Assuming that combining ICls can enhance their upregulation
of tumor immunogenicity [35], the combination of an anti-
CTLA-4 antibody with nivolumab was investigated in several
clinical trials. A randomized phase 2 trial (IFCT MAPS2) evalu-
ated the benefits of a combination of nivolumab and ipilimu-
mab over nivolumab monotherapy in MPM progression after
first-line or second-line pemetrexed and platinum-based treat-
ments (Supplemental Figure 1) [36]. A total of 125 relapsed
MPM patients were allocated to the cotherapy or monother-
apy arm. The primary endpoint of disease control at 12 weeks
in the first 108 patients was met in both groups: 27 (50%, 95%
Cl: 37-63) of 54 in the combination arm and 24 (44%, 95% Cl:
31-58) of 54 patients in the monotherapy arm reached cen-
trally assessed disease control at 12 weeks. The efficacy of
both regimens was enhanced especially in high PD-L1-
expressing tumors (>25%), with an ORRof 63% to 71%.
Sixteen (26%) of 61 patients in the combination arm and
nine (14%) of 63 in the monotherapy arm had grade > 3
toxicities, and the most frequent were hepatic injury, asthenia,
and lipase increase. The authors concluded that nivolumab
monotherapy or nivolumab plus ipilimumab cotherapy both
showed promising activity in relapsed patients with malignant
pleural mesothelioma, without unexpected toxicity.

In addition to the MAPS2 trial, the efficacy of nivolumab
plus ipilimumab was also investigated in the single-arm, phase
2 INITIATE trial in patients with mesothelioma refractory to
platinum-based chemotherapy [37]. The primary endpoint was
also set as disease control at 12 weeks. Thirty-four patients
were evaluable for the response assessment at 12 weeks, and
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10 (29%) and 13 (38%) achieved partial response (PR) and
stable disease (SD), respectively, resulting in a DCR of 68%
(23/34, 95% CI: 50-83). Notably, this study showed similar
safety and efficacy results to those of MAPS2 trial [36,37].
This study also showed the association of tumor PD-L1 expres-
sion with the efficacy of the cotherapy. The most common AEs
were skin disorders, infusion-related reactions, and fatigue.
Grade 3 treatment-related AEs were reported in 12 (34%) of
the 35 patients.

Along with these reported trials, UK investigators have
commenced a randomized, placebo controlled, double blind
trial (CONFIRM) comparing nivolumab monotherapy with
a placebo in the salvage setting (NCT03063450). The study
will recruit 336 patients with mesothelioma who have
a history of at least one prior line of treatment at 25 institutes
in the UK over a 4-year period. All patients are to be treated
for 1 year. The primary endpoint is set as OS while the sec-
ondary endpoints are ORR, safety, and patient-oriented out-
come. The actual study start date was 28 March 2017, and the
estimated study completion date will be July 2021.

6. Conclusion

We have reviewed clinical trial results and ongoing trials
related to nivolumab therapy in unresectable MPM. In the
frontline setting, the addition of nivolumab to standard cyto-
toxic chemotherapy is being investigated to overcome the
current poor prognosis. With the expectation of enhancing
tumor immunogenicity, the combination of anti-CTLA-4 anti-
body and nivolumab is also under investigation. In the salvage
setting, the single-arm, phase 2 MERIT trial showed a favorable
ORR of 29% [34], leading to the approval of nivolumab mono-
therapy in Japan. Other trials have also successfully demon-
strated similar efficacy of this agent. Although, to date, no
randomized trials have demonstrated a robust survival advan-
tage of nivolumab over other therapies, ongoing pivotal trial
may confirm its efficacy.

7. Expert opinion

Nivolumab has been extensively evaluated for efficacy and
safety in treating unresectable MPM (Table 2) [33,34,36,37],
similar to investigations conducted in other malignancies
[38]. However, in contrast to trials of other tumors, MPM trials
were often designed as single-arm studies with small sample
sizes and OS or PFS was not set as the primary endpoint
[33,34,36,37]. Thus, in terms of activity, it is still unknown
whether nivolumab monotherapy possesses true survival
advantage over other therapies because of the insufficient
efficacy data.

However, the following critical points should be considered
a focus: 1) single-agent pembrolizumab, another PD-1 anti-
body, also showed an ORR of approximately 20% with MST of
12 to 18 months; 2) no clearly effective agents are currently
available in the salvage setting; and 3) the ORR in the MERIT
study was better than that in studies of other malignancies
(i.e. ORR of 19%-20% in the study of nivolumab monotherapy
for recurrent NSCLC [39,40]). Thus, some, but not all patients
could benefit substantially from anti-PD-1 antibodies in the
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Box 1. Drug summary box.

Drug name Nivolumab (OPDIVO)
Phase Approved
Indication

Japan.
Pharmacology See the previously published review article [35].
description
Route of Intravenous infusion

administration
Chemical structure See the previously published review article [35].

Pivotal trial

OPTIVO is indicated for the second — or later-line treatment of mesothelioma by the Ministry of Health, Labor and Welfare of

The MERIT study [34], a single-arm, Japanese, phase Il clinical trial of nivolumab in the treatment of patients with malignant pleural

mesothelioma in the second- or third-line setting. The study showed nivolumab monotherapy showed activity. This directly led to the
approval of nivolumab for mesothelioma treatment in Japan.

salvage setting. Moreover, based on the low incidence of
mesothelioma, we assume that the approval based only on
the results of single-arm phase Il clinical trials is reasonable,
making the agent available to more patients.

However, it is important to note that after approval, the
activity of nivolumab should be cautiously reevaluated
through post-market surveillance and relevant research with
larger study populations. In addition, verification of the
approval in large-scale randomized trials is essential, and it is
worth paying special attention to the expected results of the
CONFIRM trial (NCT03063450). Whether the Japanese MERIT
study results would be reproduced by this trial is of great
interest [34].

In addition, Mansfield and colleagues stressed the impor-
tance of using contemporaneous synthetic control groups to
develop surrogate/predictive markers for efficacy [41]. Such an
approach would herald the next potential trend of strategies
for designing clinical trials of ICls in the treatment of rare
malignancies including mesothelioma.

Similarly, in other malignancies including melanoma, renal
cell carcinoma, and NSCLC [42], cotherapy with nivolumab and
ipilimumab may also have a potent survival advantage even in
untreated, unresectable MPM. Consequently, the Checkmate
743 trial (NCT02899299) may directly change the existing
treatment strategy in the frontline setting. Further accumula-
tion of forthcoming relevant data is strongly needed to
improve the use of ICls in daily clinical practice. Ongoing
relevant studies are currently strongly expected to further
confirm the role of immunotherapy in several disease settings,
in addition to MERIT study results, hopefully leading to
changes in the current historical prognosis of mesothelioma.
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In this article of EBioMedicine, Mankor and colleagues [1] report
the results of immune monitoring of peripheral blood immune cell
subsets in patients with malignant pleural mesothelioma (MPM)
treated with so-called immune checkpoint inhibitors (ICls). Combina-
tion treatment with anti-PD-1/anti-CTLA-4 antibodies induced an
increase in the proliferation and activation of T cells. In addition,
patients who responded to the combination treatment had low fre-
quencies of naive CD8 T cells and high frequencies of effector mem-
ory CD8 T cells expressing cytokines, such as granzyme-B and
interferon-y. These findings suggest that immune monitoring of
peripheral blood immune cell subsets may provide information for
predicting clinical benefit from ICI-ICI combination therapy.

MPM is strongly associated with asbestos exposure and has con-
tinued to increase in many developing countries. The combination of
platinum and pemetrexed is considered a standard regimen, but
median survival is approximately 1 year [2]. There is no established
treatment option once cases are refractory or intolerable to the regi-
men. The immunosuppressive tumor microenvironment in MPM
suggests that patients may benefit from this kind of immunotherapy.
In recent years, some encouraging results of ICIs have been reported
for MPM. In a Japanese single-arm phase Il study examining the effi-
cacy and safety of nivolumab monotherapy, the primary endpoint,
objective response rate, was 29%, and the median progression-free
and overall survival were 6.1 and 17.3 months, respectively [3]. These
results led to the approval of nivolumab in Japan for unresectable
recurrent MPM. However, the efficacy of anti-PD-1 antibody has not
been established in randomised clinical studies.

Recently, the combination of nivolumab and ipilimumab was
demonstrated to significantly improve overall survival compared to
standard chemotherapy in the Checkmate-743 study [4]. An impor-
tant clinical issue is to determine which patients can expect a
response or unacceptable toxicity, as not all patients could benefit
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from the treatment, and some specific adverse events have been
reported for the ICI-ICI combination. Some studies have revealed the
correlation between responses and higher PD-L1 expression. In
MPM, however, more established outcome data are needed to con-
firm the value of PD-L1 expression as a predictive biomarker. The
tumor mutation burden and tumor microenvironment are associated
with the response to ICIs in some neoplasms, but their roles as bio-
markers have not been shown in MPM.

In this study, Mankor and colleagues show that patients who respond
to combination treatment with nivolumab and ipilimumab have low fre-
quencies of naive CD8 T cells and high frequencies of cytokine-express-
ing effector memory CD8 T cells. A strength of this monitoring is that it
can be performed before treatment induction. Notably, there are some
limitations in this study, including a limited number of responding
patients. However, the findings suggest that immune monitoring of
peripheral blood immune cell subsets may act as a biomarker predicting
a clinical benefit from ICI combination therapy. A prospective study with
more subjects should be planned to validate these findings. In addition,
basic or translational research to identify the mechanisms of action of T
cells and cytokines against mesothelioma cells is warranted.

As a future perspective, the combination of an anti-PD-1 or anti-
PD-L1 antibody and conventional chemotherapy is also under inves-
tigation. Nowak et al. recently presented favorable results from a
phase II trial testing durvalumab, an anti-PD-L1 antibody, combined
with cisplatin/pemetrexed in MPM [5]. A large-scale randomised
study for testing the combination of pembrolizumab, another anti-
PD-1 antibody, and cisplatin/pemetrexed is also ongoing. Platinum
agents can enhance the effector immune response through modula-
tion of PD-L1 [6]. Further development of new biomarkers to deter-
mine patients who would benefit from ICI-ICI combinations, ICI plus
chemotherapy, or conventional chemotherapy is also needed.

A new era in systemic chemotherapy for MPM has just begun.
Immune monitoring would be the key to choosing appropriate
treatments.
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First-line nivolumab plus ipilimumab in unresectable
malignant pleural mesothelioma (CheckMate 743):
a multicentre, randomised, open-label, phase 3 trial

Paul Baas, Arnaud Scherpereel, Anna K Nowak, Nobukazu Fujimoto, Solange Peters, Anne S Tsao, Aaron S Mansfield, Sanjay Popat, Thierry Jahan,
Scott Antonia, Youssef Oulkhouir, Yolanda Bautista, Robin Cornelissen, Laurent Greillier, Francesco Grossi, Dariusz Kowalski,
Jerénimo Rodriguez-Cid, Praveen Aanur, Abderrahim Oukessou, Christine Baudelet, Gérard Zalcman

Summary

Background Approved systemic treatments for malignant pleural mesothelioma (MPM) have been limited to
chemotherapy regimens that have moderate survival benefit with poor outcomes. Nivolumab plus ipilimumab has
shown clinical benefit in other tumour types, including first-line non-small-cell lung cancer. We hypothesised that
this regimen would improve overall survival in MPM.

Methods This open-label, randomised, phase 3 study (CheckMate 743) was run at 103 hospitals across 21 countries.
Eligible individuals were aged 18 years and older, with previously untreated, histologically confirmed unresectable
MPM, and an Eastern Cooperative Oncology Group performance status of 0 or 1. Eligible participants were
randomly assigned (1:1) to nivolumab (3 mg/kg intravenously once every 2 weeks) plus ipilimumab (1 mg/kg
intravenously once every 6 weeks) for up to 2 years, or platinum plus pemetrexed chemotherapy (pemetrexed
[500 mg/m?2 intravenously] plus cisplatin [75 mg/m?2 intravenously] or carboplatin [area under the concentration-
time curve 5 mg/mL per min intravenously]) once every 3 weeks for up to six cycles. The primary endpoint was
overall survival among all participants randomly assigned to treatment, and safety was assessed in all participants
who received at least one dose of study treatment. This study is registered with ClinicalTrials.gov, NCT02899299,
and is closed to accrual.

Findings Between Nov 29, 2016, and April 28, 2018, 713 patients were enrolled, of whom 605 were randomly
assigned to either nivolumab plus ipilimumab (n=303) or chemotherapy (n=302). 467 (77%) of 605 participants
were male and median age was 69 years (IQR 64-75). At the prespecified interim analysis (database lock
April 3, 2020; median follow-up of 29-7 months [IQR 26-7-32-9]), nivolumab plus ipilimumab significantly
extended overall survival versus chemotherapy (median overall survival 18-1 months [95% CI 16-8-21-4] vs
14-1 months [12-4-16-2]; hazard ratio 0-74 [96-6% CI 0-60-0-91]; p=0-0020). 2-year overall survival rates were
41% (95% CI 35-1-46-5) in the nivolumab plus ipilimumab group and 27% (21-9-32-4) in the chemotherapy
group. Grade 3—4 treatment-related adverse events were reported in 91 (30%) of 300 patients treated with nivolumab
plus ipilimumab and 91 (32%) of 284 treated with chemotherapy. Three (1%) treatment-related deaths occurred in
the nivolumab plus ipilimumab group (pneumonitis, encephalitis, and heart failure) and one (<1%) in the
chemotherapy group (myelosuppression).

Interpretation Nivolumab plus ipilimumab provided significant and clinically meaningful improvements in overall
survival versus standard-of-care chemotherapy, supporting the use of this first-in-class regimen that has been
approved in the USA as of October, 2020, for previously untreated unresectable MPM.

Funding Bristol Myers Squibb.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Introduction

Malignant pleural mesothelioma (MPM) is a highly
aggressive cancer and typically unresectable at diagnosis,
with less than 10% of patients surviving 5 years or
beyond."” Historically, age, sex, tumour grade and stage,
and histology have been shown to be independent
prognostic factors. Notably, worse prognosis has been
reported for non-epithelioid histology versus the
epithelioid subtype.* Until October, 2020, platinum
agents plus folate antimetabolites, such as pemetrexed,
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have been the only approved first-line treatment
regimens for MPM since 2004.** However, long-term
survival outcomes remain poor with chemotherapy;*”
bevacizumab has been added to these regimens™ but its
use varies across regions. As such, there is an urgent
need for new and effective therapeutic options.
Nivolumab, a fully human anti-programmed cell
death 1 (PD-1) antibody, and ipilimumab, a fully human
anti-cytotoxic T-lymphocyte 4 (CTLA-4) antibody are
immune checkpoint inhibitors with distinct but
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Research in context

Evidence before this study

We searched PubMed and abstracts from major oncology
congresses for studies published from database inception until
Oct 2, 2020, relevant to unresectable malignant pleural
mesothelioma (MPM) and cancer immunotherapy regimens,
with a focus primarily on first-line phase 3 trials, using search
terms that included, but were not limited to (“mesothelioma”
AND “nivolumab”) OR “chemotherapy” OR “pembrolizumab”
OR “atezolizumab” OR “avelumab” OR “durvalumab” OR
“ipilimumab” OR “tremelimumab” OR “PD-1" OR “PD-L1" OR
“CTLA-4" (full names and abbreviations). Although we
identified several studies assessing immunotherapy in MPM,
we found no published randomised phase 3 studies
investigating the efficacy or safety of immunotherapy
regimens in the first-line setting. Various phase 1 and 2 studies
in previously treated patients with MPM have suggested that
immunotherapy regimens might provide clinical benefit.
Notably, the multicentre, open-label, single-arm, phase 2
MERIT study led to the approval of nivolumab monotherapy
for unresectable recurrent MPM in Japan. However, with
recommended first-line systemic treatments limited to
chemotherapy since 2004, with or without bevacizumab,
there remains a need for new and effective therapeutic
options. In the single-arm phase 2 DREAM study, first-line
durvalumab plus chemotherapy exhibited promising activity
in 54 patients with MPM, but the combination requires
evaluation in a larger, randomised, phase 3 study. CheckMate
743 was designed to investigate the efficacy and safety of
nivolumab plus ipilimumab versus chemotherapy. A previous
non-comparative phase 2 trial (MAPS2) and single-arm

complementary mechanisms of action. Ipilimumab
induces T-cell proliferation and de-novo anti-tumour
T-cell responses, including in memory T cells, whereas
nivolumab restores the function of existing anti-tumour
T cells." Nivolumab plus ipilimumab is approved in
various tumours® and has shown durable overall survival
benefit in melanoma,” renal cell carcinoma,” and in
non-small-cell lung cancer (NSCLC).® Furthermore,
National Comprehensive Cancer Network (NCCN)
Clinical Practice Guidelines in Oncology (NCCN
guidelines) recommend nivolumab with or without
ipilimumab as a preferred treatment option (category 2A)
in second-line or later MPM settings based on results
from three phase 2 trials,** including the multicentre,
open-label, randomised, non-comparative IFCT-1501
MAPS?2 trial that showed encouraging clinical activity of
the combination therapy.”

CheckMate 743 is a phase 3 study designed to assess
efficacy and safety of first-line nivolumab plus ipilimumab
versus platinum plus pemetrexed chemotherapy in
unresectable MPM. Here we present results from the
prespecified interim analysis, which has led to nivolumab
plus ipilimumab gaining approval in the USA.?

phase 2 study (INITIATE) assessing nivolumab plus ipilimumab
in MPM showed that this regimen was tolerable and exhibited
encouraging clinical activity.

Added value of this study

Here we provide results from the randomised CheckMate 743
study, which is the first phase 3 study to show significant and
clinically meaningful improvements in overall survival with
immunotherapy versus standard-of-care platinum plus
pemetrexed chemotherapy for first-line treatment of
unresectable MPM. This regimen was found to show clinical
benefit and tolerability, thus providing patients with a new
first-line chemotherapy-free treatment option. Notably,
survival with nivolumab plus ipilimumab was similar in patients
with both non-epithelioid and epithelioid histologies,
suggesting that the regimen could be considered for all patients
with unresectable MPM. Responses were durable, with a 2-year
duration of response rate of 32% of immunotherapy-treated
patients. The safety profile of nivolumab plus ipilimumab was
consistent with that observed in first-line non-small-cell lung
cancer at this dose and schedule and no new safety signals were
reported.

Implications of all the available evidence

Nivolumab plus ipilimumab can provide notable and clinically
meaningful improvements in overall survival versus the current
standard of care. Data from CheckMate 743 support a
favourable clinical benefit-risk profile for nivolumab plus
ipilimumab. Nivolumab plus ipilimumab is now indicated in the
USA and Brazil as a first-line treatment for unresectable MPM.

Additionally, NCCN guidelines recommend nivolumab
plus ipilimumab as a preferred first-line option (category
2A) for patients with biphasic or sarcomatoid histology
and is also an option for those with epithelioid histology.

Methods

Study design and participants

CheckMate 743 is a global, open-label, randomised,
controlled, phase 3 study run at 103 hospitals across
21 countries (appendix pp 2—4, 22). Eligible patients were
aged 18 years or older with histologically confirmed
unresectable MPM that was not amenable to curative
therapy (surgery with or without chemotherapy), and an
Eastern Cooperative Oncology Group performance status
of 0 or 1.” Unresectability of the disease was determined
by the investigator at individual sites using local standards.
Patients must have completed any previous palliative
radiotherapy 2 weeks or longer before initiating study
treatment, with no residual signs of toxicity, and have
measurable disease according to the modified Response
Evaluation Criteria in Solid Tumors (mRECIST)® for
pleural mesothelioma. Patients without measurable
pleural lesions but with metastatic non-pleural lesions
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measurable per RECIST version 1.1 could be considered
for inclusion after consultation with the study’s medical
monitor. Patients were required to have tumour samples
available for programmed cell death ligand 1 (PD-LI)
testing. Baseline laboratory tests required to assess
eligibility included white blood cell counts, neutrophils,
platelets, haemoglobin, serum creatinine, alanine amino-
transferase, aspartate aminotransferase, and total bilirubin
(appendix p 6).

Exclusion criteria included brain metastases (unless
resected or treated with stereotactic radiotherapy and
asymptomatic with no evolution within 3 months before
study inclusion), autoimmune disease, and previous
treatment with drugs targeting T-cell costimulation or
checkpoint pathways. Patients were excluded if they
presented with primitive peritoneal, pericardial, tunica
vaginalis, or testis mesotheliomas. Other exclusion
criteria included inadequate haematological, renal, or
hepatic function; known HIV infection; or interstitial
lung disease that was either symptomatic or might affect
the detection or management of suspected drug-related
pulmonary toxicity. Patients with current or previous
malignancy with less than 3 years of complete remission
(except for non-melanoma skin cancers and in-situ
cancers) requiring or likely to require concurrent
intervention during the study period were ineligible, as
were patients requiring systemic corticosteroids (>10 mg
daily prednisone or equivalent) or immunosuppressive
medication within 14 days of the first dose of study drug.
More detail on eligibility criteria are in the appendix (p 5)
and study protocol (appendix pp 27-410).

An institutional review board or independent ethics
committee at each study centre approved all versions
of the protocol. An independent Data Monitoring
Committee provided general oversight of efficacy and
safety for the trial. The trial was done in accordance
with the Declaration of Helsinki and the International
Conference on Harmonisation Good Clinical Practice
guidelines. All patients provided written informed
consent.

Randomisation and masking

Patients were enrolled and randomly assigned (1:1) using
an interactive web response system, stratified by sex
and histology (epithelioid vs non-epithelioid [including
sarcomatoid and mixed subtypes]) to nivolumab plus
ipilimumab or platinum plus pemetrexed chemotherapy.
The trial was open label and so patients and investigators
were not masked to treatment assignment.

Procedures

Participants in both treatment groups were pretreated
with folic acid (350-1000 pg orally daily) and vitamin B12
(1000 pg intramuscularly) 1 week before administration
of the first dose of study drug (appendix p 5). Partici-
pants in the experimental group were given nivolumab
(3 mg/kg intravenous infusion once every 2 weeks) plus
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ipilimumab (1 mg/kg intravenous infusion once every
6 weeks). Nivolumab was administered first, followed by
ipilimumab. Participants in the chemotherapy group
were given an intravenous infusion of cisplatin
(75 mg/m2) or carboplatin (area under the concentration-
time curve 5 mg/mL per min) plus pemetrexed
(500 mg/m2) every 3 weeks for a maximum of six cycles.
Treatment was continued until disease progression,
unacceptable toxicity, or for 2 years for immunotherapy.
Treatment with nivolumab plus ipilimumab was
permitted beyond disease progression if prespecified
requirements were met (appendix p 7). Dose reductions
were permitted for chemotherapy, but not for nivolumab
or ipilimumab; concomitant use of corticosteroids was
permitted. Patients could receive subsequent therapy
upon the discontinuation of study treatment in either
group at the discretion of the investigator.

Tumour assessments were done 6 weeks after the date
of the first dose of study drug and then every 6 weeks
for the first 12 months. After 12 months, tumours were
assessed every 12 weeks until blinded independent
central review (BICR) confirmed disease progression per
mRECIST or RECIST version 1.1 criteria, or both. At
the time of investigator-assessed initial radiographic
progression, the site had to request the blinded indepen-
dent central review of progression from a third-party
radiology vendor (E-research Technologies in St Louis,
MO, USA); if progression was not confirmed, treatment
could continue.

Adverse events were assessed at baseline and
continuously throughout the study and during follow-up.
Adverse events were graded according to the National
Cancer Institute Common Terminology Criteria for
Adverse Events (version 4.0). Select adverse events
consisted of a list of preferred terms with potential
immune aetiology grouped by specific category (gastro-
intestinal adverse events, pulmonary adverse events,
renal adverse events, hepatic adverse events, skin adverse
events, infusion reactions, and endocrinopathies). The
definition for serious adverse events is in the appendix
(p 6). Treatment-related adverse events were defined as
those reported between the first dose of study drug and
30 days after the last dose of study drug. According to
study sponsor practice, only events that led to death
within 24 h were documented as grade 5 events and
reported as deaths here. Events leading to death more
than 24 h after onset are reported with the worst grade
before death.

Tumour histology was determined by individual
sites using local protocols. Archival or fresh formalin-
fixed paraffin-embedded tumour samples were collected
before randomisation. Optional on-treatment fresh
tumour samples were collected at weeks 6-8 and at
disease progression, at the discretion of the investigator.
Samples were sent to a central laboratory (Cancer
Genetics, Rutherford, NJ, USA, and for patients in
China, PD-L1 testing was done at Covance, Shanghai) to
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determine the proportion of tumour cells showing
plasma membrane PD-L1 staining of any intensity using
the validated immunohistochemical 28-8 pharmDx assay
(Dako, Carpinteria, CA, USA).

Laboratory tests were done within 14 days before
randomisation and within 3 days before each dose. Full
details of all assessments done are in the appendix (p 6).
Hepatitis C RNA and HIV (where locally mandated) tests
were done at screening only. All tests had to be done at
follow-up visits 1 and 2.

Outcomes

The primary endpoint was overall survival in all patients
randomly assigned to treatment after the US Food
and Drug Administration provided guidance to change
progression-free survival from a coprimary endpoint to a
secondary endpoint (protocol amendment April 25, 2019;

713 patients enrolled

108 excluded
84 no longer met inclusion criteria
11 withdrew consent
4 adverse event
2 poor compliance or non-compliance
6 died
1other reason

v

| 605 randomly assigned to treatment |

v

v

| 303 assigned to nivolumab plus ipilimumab |

| 302 assigned to chemotherapy

3 did not receive allocated treatment
1 withdrew consent
2 no longer met inclusion criteria

18 did not receive allocated treatment
3 patient request
11 withdrew consent
3 no longer met inclusion criteria
1 not reported

A4

v

w

00 received allocated intervention

| | 284 received allocated intervention

5 still on treatment

12 adverse event
drug

13 other reason
4 not reported

295 discontinued treatment
182 disease progression
59 study drug toxicity

4 patient request
6 patient withdrawal of consent
10 maximum clinical benefit
1 poor compliance or non-compliance
4 no longer met inclusion criteria

0 still on treatment
284 discontinued treatment
44 disease progression
24 study drug toxicity
9 adverse event unrelated to study
drug
10 patient request
3 patient withdrawal of consent
1 lost to follow-up
2 maximum clinical benefit
2 other
189 not reported
176 completed six cycles

unrelated to study

y

A

303 analysed in efficacy analysis
300 analysed in safety analysis

302 included in efficacy analysis
284 included in safety analysis

Figure 1: Trial profile
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appendix p 7).* Overall survival was defined as the time
from randomisation to the date of death due to any cause.
Secondary endpoints were progression-free survival,
objective response rate, time to response, duration of
response, and disease control rate (radiographic tumour
assessments per adapted mRECIST for pleural lesisons
and RECIST [version 1.1] for the other lesions by BICR)
in all patients randomly assigned to treatment, as well as
overall survival, progression-free survival, and objective
response rate by PD-L1 expression.

Progression-free survival was defined as the time from
randomisation to the date of the first documented tumour
progression or death due to any cause. Participants who
died were considered to have progressed on the date of
death. Participants who received subsequent therapy
without previous reported progression were considered
to have progressed on the date of death or were censored
at the date of last evaluable tumour assessment before or
on initiation of subsequent therapy. Objective response
rate was defined as the proportion of patients with a best
overall response of partial response or complete response
and disease control rate was defined as the proportion
of patients with a best overall response of complete
response, partial response, or stable disease. Duration
of response was defined as the time between the date of
first response to the date of the first documented tumour
progression, or death due to any cause, whichever
occurred first.

Exploratory endpoints included safety and tolerability
in all treated patients. Analysis of other exploratory
endpoints that are ongoing but not reported here
include pharmacokinetics, biomarkers, patient-reported
outcomes, and immunogenicity; a full list is in the
appendix (pp 119-122).

Statistical analysis
For the primary endpoint of overall survival, a sample of
approximately 600 patients randomly assigned to
treatment with 473 deaths would provide 90% power to
detect a target hazard ratio (HR) of 0-72 with a two-sided
type 1 error of 0-05, by means of a log-rank test. One
prespecified interim analysis of overall survival was
planned for superiority at approximately 403 deaths
(85% of total anticipated events). At the time of database
lock for the interim analysis, 419 patients had died
(89% of total anticipated events); the boundary for
declaring superiority for overall survival was a p value of
less than 0-0345, based on the Lan-DeMets alpha
spending function with O’Brien-Fleming boundaries.
None of the secondary endpoints were included in the
testing procedure; therefore, we did no formal statistical
testing or allocation of alpha values for progression-free
survival, objective response rate, and disease control rate.
We included all patients randomly assigned to
treatment in demographic and efficacy analyses. We
stratified analyses for overall survival and progression-
free survival by sex and histology. We estimated HRs
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and Cls (96-6% Cls for the overall survival primary
analysis [alpha adjusted for interim analysis], and
95% CI elsewhere) using a stratified Cox proportional
hazards model with treatment group as a single
covariate. We checked the proportional hazards
assumption only for the primary endpoint of overall
survival by adding a time-dependent covariate, defined
by treatment-by-time interaction, into the stratified Cox
regression model of overall survival. We estimated
survival curves and rates using the Kaplan-Meier
method. We calculated exact two-sided 95% Cls for
objective response and disease control rates using the
Clopper-Pearson method. We did prespecified descrip-
tive subgroup analyses for overall survival, summarised
using HRs (with 95% ClIs) calculated using an unstra-
tified Cox proportional hazards model. Safety analyses
included all patients who received at least one dose of
study drug. We also did exposure adjusted safety
analyses, taking into account all on-treatment events on
the basis of the total exposure time. We calculated the
person-year exposure as the sum over the participants’
exposure expressed in years. More details on all
analyses are in the appendix (pp 7-8).

We did all statistical analyses using SAS software
(version 9.2). An independent Data Monitoring Com-
mittee reviewed efficacy and safety data on a periodic
basis and at the time of the preplanned interim analysis.
This trial is registered with ClinicalTrials.gov,
NCT02899299.

Role of the funding source

The study was designed by the funder (Bristol Myers
Squibb) and study steering committee. The funder had a
role in data collection with the investigators, data analysis
and interpretation in collaboration with the authors, and
the writing of the report by funding professional medical
writing assistance. All authors had full access to all the
data in the study and had final responsibility for the
decision to submit for publication.

Results
Between Nov, 29, 2016, and April 28, 2018, we enrolled
713 patients, of whom 605 were eligible and randomly
assigned to nivolumab plus ipilimumab (n=303) or
chemotherapy (n=302). 300 participants in the nivolumab
plus ipilimumab group and 284 in the chemotherapy
group received at least one dose of study drug (figure 1).
At the prespecified interim analysis (database lock
April 3, 2020), the median follow-up for overall survival
was 29-7 months (IQR 26-7-32-9), with a minimum
of 22-1 months. Baseline characteristics were well
balanced between treatment groups (table 1). 467 (77%) of
605 participants were male and median age was 69 years
(IQR 64-75). Overall, 456 (75%) of 605 patients had
epithelioid tumour histology.

As of database lock, five (2%) of 300 patients in
the nivolumab plus ipilimumab group who received
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Nivolumab plus Chemotherapy
ipilimumab group  group (n=302)
(n=303)
Age, years 69 (65-75) 69 (62-75)
<65 71(23%) 96 (32%)
265 to <75 154(51% 127 (42%)
>75 78 (26%) 79 (26%)
Sex
Male 234.(77%) 233 (77%)
Female 69 (23%) 69 (23%)
Region
North America 32 (11%) 27 (9%)
Europe 177 (58%) 175 (58%)
Asia 26 (9%) 39 (13%)
Rest of the world* 68 (22%) 61 (20%)
Eastern Cooperative Oncology Group performance statust
0 114 (38%) 128 (42%)
1 189 (62%) 173 (57%)
Smoking status
Current or former 173 (57%) 171 (57%)
Never 127 (42%) 122 (40%)
Unknown 3 (1%) 9 (3%)
Histology
Epithelioid 229 (76%) 227 (75%)
Non-epithelioid 74 (24%) 75 (25%)
Sarcomatoid 35 (12%) 36 (12%)
Mixed or other 39 (13%) 39 (13%)
Stage
1 12 (4%) 20 (7%)
2 23 (8%) 22 (7%)
3 103 (34%) 106 (35%)
4 60 (53%) 9 (49%)
Not reported 5(2%) 5(2%)
Previous cancer therapy
Radiotherapy# 29 (10%) 28 (9%)
Systemic therapy§ 1(<1%) 0
PD-L1 status
Quantifiable 289 (95%) 297 (98%)
<1%9 57/289 (20%) 78/297 (26%)
=1%9 232/289 (80%) 219/297 (74%)
Data are median (IQR) or n (%). PD-L1=programmed cell death ligand 1. *Includes
Australia, Brazil, Chile, and South Africa. TOn a score of 0 to 5, with higher scores
indicating greater disability. One patient in the chemotherapy group had a
baseline Eastern Cooperative Oncology Group performance status of 2 (protocol
deviation). £Previous radiotherapy was provided for palliative support, pain
management, or prophylactic track irradiation for tumour biopsy. SDue to
incorrect data entry, one patient was reported as having previous systemic cancer
therapy in the nivolumab plus ipilimumab group. f[Calculated as a proportion of
quantifiable patients.
Table 1: Baseline characteristics

treatment remained on treatment and no patients in the
chemotherapy group remained on treatment (figure 1).
The main reasons for treatment discontinuation in
the nivolumab plus ipilimumab group were disease
progression (182 [61%)] of 300) and study drug toxicity
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Overall survival (%)

Number at risk

(number censored)

Nivolumab plus
ipilimumab group

Chemotherapy group

Overall survival (%)

Nivolumabplus  Chemotherapy
ipilimumab group group
Median overall survival (95% CI), months 181 (16-8-21-4)  14-1(12:4-16-2)
Hazard ratio 0-74 (96-6% Cl 0-60-0-91); p=0-0020

5 68% (95% C1 62:3-72-8)

58% (95% Cl 51.7-63-2);
; 6o,  41%(95% C1351-46-5)

27% (95% Cl 21~9-32.4) :

— Nivolumab plus ipilimumab group

—— Chemotherapy group ‘
T T T T T T T T T T T T 1
3 6 9 12 15 18 21 24 27 30 33 36 39
273 251 226 200 173 143 124 101 65 30 11 2 0
@ @ 6 @ a) @4 @@6) (29 (49 (76) (93) (101) (103)
268 233 190 162 136 113 95 62 38 20 11 1 0
(15) (18) (20) (20) (20) (21) (23) (36) (55) (66) (73) (82) (83)
Nivolumabplus  Chemotherapy
ipilimumab group group

\ Median overall survival (95% Cl), months 18-7 (16-9-22-0)  16-5(14-9-20-5)
o6y Hazard ratio 0-86 (95% Cl 0-69-1-08)
69% (95% Cl 63-0-75-0)

0 3 6 9 12 15 18 21 24 27 30 33 36 39
Number at risk
(number censored)
Nivolumabplus 229 207 192 172 154 135 109 96 77 47 22 6 2 0
ipilimumabgroup  (0) (1) (3) (4 (6) (7) (10) (12) (23) (40) (60) (74) (77) (79)
Chemotherapy group 227 204 182 159 140 118 101 85 57 36 18 9 1 0
(0) (11) (13) (14) (14) (14 (15 @@7) (29) (45 (56) (63) (70) (71)
Nivolumabplus  Chemotherapy
100 ipilimumab group group
90- Median overall survival (95% CI), months 18-1(12:2-22.8) 8.8 (7-4-10-2)
80 Hazard ratio 0-46 (95% Cl 0-31-0-68)
< 704 63% (95% C1 50-9-72-9)
T 60- ‘
>
2 50
T 404 38% (95% Cl 27-0-49-5)
g : ‘
© 30+ 32%(95%C121.7-435) |
20 :
104 :
0 8% (95%C13-3-167) !
T T T T T T T T T T T T 1
0 3 6 9 12 15 18 21 24 27 30 33 36 39
Number at risk Time since randomisation (months)
(number censored)
Nivolumabplus 74 66 59 54 46 38 34 28 24 18 8 5 0 0
ipiimumabgroup  (0) (1) (@) @) @) @4 @ @ 6) (9 @6) (19 (4 (24
Chemotherapygroup 75 64 51 31 22 18 12 10 5 2 2 2 0 0
0 @ () (6 (6 (6 (6) (6) (7) (10 (100 (10) (12) (12)
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(59 [20%]); 25 (8%) of 300 patients completed 2 years of
immunotherapy. During the study, one patient in the
nivolumab plus ipilimumab group discontinued study
drug but received subsequent therapy from the investi-
gator before BICR confirmation of disease progression.
In the chemotherapy group, 176 (62%) of 284 patients
completed all six cycles; 44 (16%) discontinued due to
disease progression and 24 (8%) due to study drug
toxicity. Median duration of treatment was 5-6 months
(IQR 2-0-11-4) in the nivolumab plus ipilimumab group
and 3-5 months (IQR 2-7-3.7) in the chemotherapy
group (appendix p 9). The median number of nivolumab
doses received was 12-0 (IQR 5:0-23-5) and of
ipilimumab was 4-0 (2-0-7-0). After randomisation,
104 (34%) of 302 patients in the chemotherapy group
were given cisplatin and 180 (60%) were given
carboplatin; 29 (28%) of 104 patients given cisplatin
switched to carboplatin after the first dose due to
investigator decision. The median number of doses of
cisplatin was 5-0 (IQR 3-0-6-0), of carboplatin was
6-0 (4-0-6-0), and of pemetrexed was 6-0 (4-0-6-0).
Further information on treatment exposure is in the
appendix (pp 9-10).

In the nivolumab plus ipilimumab group, 134 (44%)
of 303 patients were given subsequent systemic therapy,
ten (3%) were given subsequent immunotherapy, and
131 (43%) were given subsequent chemotherapy. In the
chemotherapy group, 123 (41%) of 302 patients were
given subsequent systemic therapy, 61 (20%) were given
subsequent immunotherapy, and 95 (31%) were given
subsequent chemotherapy (appendix p 11).

The study met its primary endpoint at the prespecified
interim analysis according to the recommendation of
the independent Data Monitoring Committee. Given
that the study was able to reject the null hypothesis at
the interim analysis, this analysis is considered final.
Median overall survival was 18-1 months (95% CI
16-8-21-4) with nivolumab plus ipilimumab versus
14-1 months (12-4-16-2) with chemotherapy, with a
stratified HR of 0-74 (96-6% CI 0-60-0-91; p=0-0020;
figure 2). The p value for the time-dependent covariate
was 0-9646, indicating that there was no evidence of a
non-constant treatment effect over time. Overall survival
rates at 1 year were 68% (95% CI 62-3-72-8) versus 58%
(51-7-63-2) and at 2 years were 41% (35-1-46-5) versus
27% (21-9-32-4). Overall survival was similar between
chemotherapy regimens: median overall survival was
13-7 months (95% CI 11-8-17-9) with pemetrexed plus
cisplatin, and 15-0 months (12-2-17-9) with pemetrexed
plus carboplatin (appendix p 25). Overall survival
favoured nivolumab plus ipilimumab across most

Figure 2: Overall survival in all randomised patients (A) and in patients with
epithelioid tumour histology (B) and non-epithelioid tumour histology (C)
The hazard ratio in part A is stratified by sex and histology. The hazard ratios in
parts B and C are from unstratified Cox proportional hazard models.
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subgroups, although survival in patients aged 75 years
and older (n=157) was similar between treatment groups
(figure 3). Notably, overall survival was improved
with nivolumab plus ipilimumab versus chemotherapy
regardless of histology (study stratification factor;
figure 2). We found some evidence of higher treatment
effect in patients with non-epithelioid histology
(HR 0-46 [95% CI 0-31-0-68]) than in those with the
epithelioid subtype (0-86 [0-69-1-08]). Median overall
survival with nivolumab plus ipilimumab was similar
between non-epithelioid and epithelioid subtypes
(18-1 months [95% CI 12.2-22-8] vs 18-7 months
[16-9-22-0]), as were 2-year overall survival rates (38%
[95% CI 27-0-49-5] vs 42% [35-0-48-1]). By contrast,
median overall survival with chemotherapy differed
substantially between non-epithelioid and epithelioid
subtypes (8-8 months [95% CI7-4-10-2] vs 16 - 5 months
[14-9-20-5]), as did 2-year overall survival rates (8%
[95% CI 3-3-16-7] vs 33% [26-8-39-5]). Overall survival
benefit by tumour PD-L1 expression level for nivolumab
plus ipilimumab versus chemotherapy was greater in
patients with tumour expression of PD-L1 of 1% or
higher (HR 0-69 [95% CI 0-55-0-87]) than in patients
with expression of less than 1% (0-94 [0-62-1-40];

figure 3; appendix pp 23-24). Nonetheless, median
overall survival with nivolumab plus ipilimumab was
similar in patients with tumours with PD-L1 expression
of 1% or higher (18-0 months [95% CI 16-8-21-5]) and
of less than 1% (17-3 months [95% CI 10-1-24-3]);
1-year survival rates were 70% (95% CI 63-4-75-3) and
59% (45-5-70-9); and 2-year survival rates were 41%
(34-3-47-2) and 39% (25-9-51-3; appendix pp 23-24).
Conversely, median overall survival with chemotherapy
differed between patients with PD-L1 expression of 1%
or higher (13-3 months [95% CI 11-6-15-4]) and less
than 1% (16 -5 months [13-4-20-5]); 1-year survival rates
were 55% (95% CI 48-2-61-8) and 64% (52-3-73-9);
and 2-year survival rates were 28% (22-1-34-7) and 25%
(15-5-35-0; appendix pp 23-24).

The minimum follow-up for progression-free survival
was 19-8 months. Median progression-free survival was
similar between treatment groups: 6-8 months (95% CI
5-6-7-4) with nivolumab plus ipilimumab and 7- 2 months
(95% CI 6-9-8-0) with chemotherapy (HR 1-00 [95% CI
0-82-1-21]). However, progression-free survival rates at
2 years were numerically greater with nivolumab plus
ipilimumab (16% [95% CI 11-7-21-5]) versus chemo-
therapy (7% [4-0-11-7]; figure 4).

Number of Median overall survival (months) Unstratified hazard ratio
patients for death (95% Cl)
Nivolumab plus ipilimumab  Chemotherapy
group (n=303) group (n=302)
All randomly assigned 605 181 141 — @ 0-75(0-62-0-91)
Age, years
<65 167 17-2 133 — 0-76 (0-52-1-11)
65to <75 281 203 149 — 0-63 (0-48-0-83)
=75 157 169 154 —— 102 (0-70-1-48)
Sex
Male 467 17'5 137 —— 0-74(0-60-0-92)
Female 138 21-4 180 — 0-76 (0-50-1-16)
ECOG performance status*
0 242 20-7 195 —— 0-87(0-64-1-19)
1 363 17:0 116 — 0-66 (0-52-0-85)
Tumour histology
Epithelioid 456 187 165 — o 0-86 (0-69-1:08)
Non-epithelioid 149 181 88 —@— 0-46 (0-31-0-68)
Stage of cancer
3 209 239 163 —— 0-61(0-44-0-86)
4 309 16.7 10-8 — 0-67 (0-52-0-87)
PD-L1 expression subgroups
PD-L1<1% 135 173 165 ] E— 0-94 (0-62-1-40)
PD-L121% 451 180 133 —— 0-69 (0-55-0-87)
0-‘25 0!5 1.0 2’0 4!0
“— —>
Favours nivolumab plus ipilimumab  Favours chemotherapy

Figure 3: Overall survival in predefined patient subgroups

ECOG=Eastern Cooperative Oncology Group. PD-L1=programmed cell death ligand 1. *One patient in the chemotherapy group had a baseline performance status of 2

(protocol deviation).
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Number at risk
(number censored)
Nivolumab plus
ipilimumab group
Chemotherapy group

Number at risk
(number censored)
Nivolumab plus
ipilimumab group
Chemotherapy group

Progression-free survival (%)
(%]
o
1

Proportion with response (%)
1%
o
1

Nivolumab plus  Chemotherapy
ipilimumab group group

7:2(6:9-80)

Median progression-free survival 6-8 (5-6-7-4)
(95% Cl), months

Hazard ratio 1.00 (959 €1 0-82-1.21)

— Nivolumab plus ipilimumab group
—— Chemotherapy group

3

198 135 89 64 52 45 36 22 15 7 2 0

(1) (34 41) (51) (54) (54) (57) (66) (72) (79) (83) (85)

222 144 71 44 33 27 21 10 6 3 1 0

(49) (63) (75 (81) (82) (82) (83) (86) (90) (91) (93) (93)
Nivolumab plus ~ Chemotherapy
ipilimumab group group

Median duration of response 11-0 (8-1-16-5) 6-7(5-3-7-1)

(95% Cl), months

120
(0)
129
(0)

Time since randomisation (months)

98 74 54 45 41 37 21 12 8 2 2 0

(5) (10) (12) (16) (16) (16) (28) (36) (39) (44) (44) (46)
99 57 33 23 19 16 8 3 1 1 0 0
(8 (16) (18) (220 (23) (23 (25 (8 (9 (9 (29 (29

Figure 4: Progression-free survival in all patients randomly assigned to treatment (A) and duration of
response in confirmed responders (B)

Progression-free survival and duration of response are both per blinded independent central review. The hazard
ratio in part A is stratified by sex and histology.

382

An objective response was reported in 120 of 303 patients
(40%; 95% CI 34-1-45-4) in the nivolumab plus
ipilimumab group versus 129 of 302 patients (43%; 95%
CI 37-1-48-5) in the chemotherapy group (table 2). Com-
plete responses were only observed in the nivolumab plus
ipilimumab group (five [2%] of 303 patients). Disease
control was seen in 232 of 303 patients (77%; 95% CI
71-4-81-2) with a median time to response of 2-7 months
(IQR 1-45-3-27) for the nivolumab plus ipilimumab
group versus 257 of 302 (85%; 95% CI 80-6-88-9) with a
median time to response of 2-5 months (IQR 1-41-3-02)
for the chemotherapy group. Median duration of response
in all confirmed responders was 11-0 months (95% CI
8.1-16-5) in the nivolumab plus ipilimumab group versus
6-7 months (95% CI 5-3-7-1) in the chemotherapy group
(figure 4). The 2-year duration of response rate was 32%

Nivolumabplus  Chemotherapy
ipilimumab group group
(n=303) (n=302)
Objective response rate
n (%) 120 (40%) 129 (43%)
95%Cl 34-1-45-4 371-485
Best overall response
Complete response 5(2%) 0
Partial response 115 (38%) 129 (43%)
Stable disease 112 (37%) 125 (41%)
Non-complete response and 0 3(1%)
non-progressive disease
Progressive disease 55 (18%) 14 (5%)
Unable to determine 4 (1%) 5 (2%)
Not reported 12 (4%) 26 (9%)
Disease control rate
n (%) 232 (77%) 257 (85%)
95% Cl 71-4-81-2 80-6-88-9
Time to response, months
Median 27 25
IQR 1-45-3-27 1-41-3-02
Duration of response, months
Median 11.0 67
95% Cl 81-16-5 53-71
Proportion of patients with a response of at least 1year or 2 years*
At 1year 47% 26%
95% Cl 37-56 18-34
At 2 years 32% 8%
95%Cl 23-41 3-15
Data are n (%), unless indicated otherwise. Minimum follow-up for objective
response rate was 19-8 months. *Estimates are based on Kaplan-Meier estimates
of duration of response.
Table 2: Tumour response, as per blinded independent central review, in
all patients randomly assigned to treatment

(95% CI 23-41) in the nivolumab plus ipilimumab group
versus 8% (95% CI 3-15) in the chemotherapy group.
Safety is summarised in table 3, and all reported
grade 3 and 4 treatment-related adverse events are listed
in the appendix (pp 13-16). Of 300 patients treated with
nivolumab plus ipilimumab, 28 (9%) discontinued
ipilimumab early. In the chemotherapy group, dose
reductions occurred in 89 (31%) of 284 participants who
were given pemetrexed, 18 (17%) of 104 patients who
were given cisplatin, and 85 (41%) of 209 participants
who were given carboplatin, whereas dose reductions
were not permitted for the nivolumab plus ipilimumab
group. Grade 3—4 treatment-related adverse events were
reported in 91 (30%) of 300 participants treated
with nivolumab plus ipilimumab and 91 (32%) of
284 participants treated with chemotherapy. Any-grade
serious treatment-related adverse events were reported
in 64 (21%) patients treated with nivolumab plus
ipilimumab versus 22 (8%) patients treated with
chemotherapy; grade 3—4 treatment-related serious
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Nivolumab plus ipilimumab group (n=300) Chemotherapy group (n=284)
Grade 1-2 Grade 3 Grade 4 Grade 1-2 Grade 3 Grade 4

Any 148 (49%) 79 (26%) 12 (4%) 141 (50%) 73 (26%) 18 (6%)

Diarrhoea 52 (17%) 10 (3%) 0 19 (7%) 2 (1%) 0

Pruritus 46 (15%) 3 (1%) 0 1(<1%) 0 0

Rash 40 (13%) 3(1%) 0 15 (5%) 0 0

Fatigue 38 (13%) 3 (1%) 0 50 (18%) 5(2%) 0

Hypothyroidism 32 (11%) 0 0 0 0 0

Nausea 29 (10%) 1 (<1%) 0 97 (34%) 7 (2%) 0

Anaemia 5(2%) 1(<1%) 0 70 (25%) 32 (11%) 0

Decreased appetite 27 (9%) 2 (1%) 0 48 (17%) 2 (1%) 0

Constipation 12 (4%) 0 0 41 (14%) 1(<1%) 0

Vomiting 8 (3%) 0 0 35 (12%) 6 (2%) 0

Asthenia 25 (8%) 0 0 32 (11%) 12 (4%) 0

Increased lipase 7 (2%) 11 (4%) 2 (1%) 0 1(<1%) 0

Colitis 3(1%) 7 (2%) 0 1 (<1%) 1 (<1%) 0

Increased amylase 10 (3%) 6 (2%) 1 (<1%) 1(<1%) 0 0

Thrombocytopenia 0 2 (1%) 0 16 (6%) 4 (1%) 6 (2%)

Neutropenia 0 1(<1%) 1(<1%) 28 (10%) 31(11%) 12 (4%)
Data are n (%). Safety was assessed in all patients who received at least one dose of study drug. Treatment-related adverse events with an incidence of 10% in any group or
grade 3 or 4 severity with an incidence of 2% in any group are shown. All grade 3 and 4 events are listed in the appendix (pp 13-16). Treatment-related adverse events
included those reported between the first dose of study drug and 30 days after the last dose of study drug. *Only events that led to death within 24 h were documented as
grade 5 and reported as deaths. Events leading to death >24 h after onset are reported with the worst grade before death.
Table 3: Summary of treatment-related adverse events in all treated patients*

events were reported in 46 (15%) patients treated with
nivolumab plus ipilimumab versus 17 (6%) treated with
chemotherapy (appendix pp 17-19). Any-grade treatment-
related adverse events that led to discontinuation (due to
either component of the regimen) were reported in
69 (23%) of 300 patients treated with nivolumab plus
ipilimumab and 45 (16%) of 284 patients treated with
chemotherapy, and 45 (15%) patients treated with
nivolumab plus ipilimumab and 21 (7%) patients treated
with chemotherapy had grade 3—4 events that led to
discontinuation (appendix p 20).

The most frequent any-grade treatment-related adverse
events were diarrhoea in the nivolumab plus ipilimumab
group (62 [21%] of 300 patients) and nausea in the
chemotherapy group (104 [37%] of 284 patients). The
most frequently reported any-grade serious treatment-
related adverse events were colitis in the nivolumab plus
ipilimumab group (nine [3%]) and anaemia in the
chemotherapy group (six [2%]; appendix pp 17-19). The
median exposure time was 6-5 months (IQR 2-99-12-22)
for nivolumab plus ipilimumab and 4-5 months
(3-65—4-68) for chemotherapy. Treatment exposure was
220-3 person-years with nivolumab plus ipilimumab
and 94-5 person-years with chemotherapy. The overall
exposure-adjusted incidence of treatment-related adverse
events was 502-1 per 100 person-years with nivolumab
plus ipilimumab versus 1355 -3 per 100 person-years with
chemotherapy.

A summary of treatment-related select adverse events
(those with a potential immunological cause), time to

www.thelancet.com Vol 397 January 30, 2021

onset and resolution of treatment-related select adverse
events, the proportion of patients requiring immune-
modulating concomitant medication (mostly cortico-
steroids), and the duration of use of immune-modulating
concomitant medication are shown in the appendix
(p 21). The most commonly reported any-grade treatment-
related select adverse events with nivolumab plus
ipilimumab were skin (108 [36%] of 300 patients) and
gastrointestinal (66 [22%]) events. Overall, 198 (66%) of
300 patients who were given nivolumab plus ipilimumab
died, with 183 (61%) deaths due to disease progression.
212 (75%) of 284 patients given chemotherapy died, with
199 (70%) deaths due to disease progression. Three (1%)
treatment-related deaths occurred in the nivolumab plus
ipilimumab group, due to pneumonitis, encephalitis, and
heart failure. One (<1%) treatment-related death occurred
in the chemotherapy group due to myelosuppression.

Discussion

To our knowledge, CheckMate 743 is the first large,
randomised, phase 3 study to show significant and
clinically meaningful improvement in overall survival
with immunotherapy versus standard-of-care platinum
plus pemetrexed chemotherapy for first-line treatment
of unresectable MPM. Based on these results, in
October, 2020, the US Food and Drug Administration
approved nivolumab plus ipilimumab for this patient
population.” With a median follow-up of 29-7 months,
nivolumab plus ipilimumab provided durable survival
benefit versus chemotherapy, with a 50% improvement
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in the 2-year overall survival rate (41% vs 27%).
Furthermore, estimated rates of patients who still had
a response at 2 years was 8% with chemotherapy
versus 32% with nivolumab plus ipilimumab. The safety
profile of nivolumab plus ipilimumab in this study was
consistent with that seen previously in NSCLC at this
dose and schedule® and no new safety signals were
reported.

The frequencies of grade 3 or 4 serious treatment-
related adverse events and those leading to discon-
tinuation were higher with nivolumab plus ipilimumab
than with chemotherapy; however, most were manageable
and resolved with steroids or supportive treatment.
Moreover, when treatment-related adverse events were
adjusted for exposure, the overall incidence of treatment-
related adverse events was lower with nivolumab plus
ipilimumab than with chemotherapy.

Benefit with nivolumab plus ipilimumab was observed
in most subgroups assessed, with the exception of patients
aged 75 years or older. However, these subgroups were
small and did not have statistical power. As such, results
from these subgroup analyses should be interpreted
with caution. Importantly, benefits were observed across
histological groups, albeit at different magnitudes. For
example, median overall survival with nivolumab plus
ipilimumab was consistent between patients with
epithelioid histology (18-7 months; HR 0-86 [95% CI
0-69-1-08]) and non-epithelioid histology (18-1 months;
HR 0-46 [0-31-0-68]), showing clinically meaningful
survival improvements across both groups; l-year and
2-year overall survival rates were also similar between the
two histological subgroups. Notably, in the epithelioid
subgroup, nivolumab plus ipilimumab showed an
improvement of 2 months in median overall survival
compared with chemotherapy, with an HR favouring
nivolumab plus ipilimumab despite the 95% CI
overlapping 1. Furthermore, the 2-year overall survival rate
in the epithelioid subgroup showed a long-term benefit of
nivolumab plus ipilimumab with a 9% absolute difference
versus chemotherapy. The larger magnitude of benefit
observed in the non-epithelioid subgroup was primarily
driven by the inferior effect of chemotherapy in the non-
epithelioid subtype, as previously reported.’ This
difference in outcomes between the subgroups treated
with chemotherapy could not be attributed to the type of
chemotherapy received because exploratory data from
CheckMate 743 suggest that patients derive a similar
overall survival benefit regardless of platinum backbone;
median overall survival was similar between pemetrexed
plus cisplatin and pemetrexed plus carboplatin.

Median progression-free survival and objective response
rates were each numerically similar for nivolumab plus
ipilimumab and chemotherapy. Median progression-free
survival was similar to results from previously reported
clinical trials in recurrent MPM.** The progression-free
survival Kaplan-Meier curves crossed at approximately
8 months, reflecting more rapid, although not durable,

disease control with chemotherapy. However, radiographic
assessments in MPM can be challenging because of the
absence of distinguishable tumour margins over time and
successive CT evaluations.”? Thus, overall survival is
considered to be a more objective and reliable endpoint in
this tumour type. Notably, nivolumab plus ipilimumab
provided long-term overall survival benefit, although the
slight early survival benefit observed with chemotherapy
was not durable.

The duration of response and durable survival benefit
observed with nivolumab plus ipilimumab in patients
with MPM in CheckMate 743 builds on the existing body
of evidence that shows extended survival benefit with
this dual immunotherapy regimen across a number of
other tumour types, including NSCLC.®** Ipilimumab
is hypothesised to drive memory T-cell production leading
to durable responses when combined with nivolumab."
Results of the current study also corroborate the pro-
mising activity seen with anti-PD-1 or anti-PD-L1, and
anti-CTLA-4 combination therapies in phase 2 studies in
second-line or later settings of MPM,*** and support the
use of dual immunotherapy over single-agent anti-PD-1
or anti-CTLA-4 inhibitors, which have shown little benefit
over chemotherapy.””

Some treatment guidelines (eg, NCCN guidelines)
include the optional addition of the anti-angiogenic agent
bevacizumab to platinum plus pemetrexed chemotherapy
for first-line treatment of MPM in select patients, based
on the survival benefit seen in a phase 3 trial;>* however,
this regimen is not approved by regulators. Nonetheless,
given the durable survival benefit seen in CheckMate 743,
combining nivolumab plus ipilimumab with other
therapies, including anti-angiogenic agents or, as approved
for NSCLC in May, 2020, a short course of chemotherapy,”
merits investigation to determine whether survival
outcomes can be further enhanced. Similarly, future trials
assessing the benefit of second-line targeted therapies (eg,
bevacizumab and ramucirumab) after nivolumab plus
ipilimumab treatment are warranted.

Reliable biomarkers to predict the benefit of dual-
agent immunotherapy in the treatment of MPM have not
yet been identified. Although PD-L1 expression is an
established biomarker for single-agent immunotherapy in
NSCLC,” its role in predicting treatment outcomes with
dual immunotherapy regimens has not been established.
More specifically, in MPM trials investigating immuno-
therapies, the association between PD-L1 expression and
efficacy is inconsistent.”** In CheckMate 743, overall
survival outcomes with nivolumab plus ipilimumab were
similar in the subgroups with less than 1% and with 1% or
higher PD-L1 expressions and better outcomes were seen
with nivolumab plus ipilimumab than with chemotherapy
at 2 years in both subgroups. However, survival with
chemotherapy was better in patients with tumour PD-L1
expression of less than 1% than those with expression of
1% or higher. These observations suggest that absence of
PD-L1 expression might be indicative of better prognosis
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with chemotherapy. However, these descriptive and
exploratory data should be interpreted with caution given
their potential limitations—ie, PD-L1 expression was not a
stratification factor in the study and the sample size of the
PD-L1 expression less than 1% group was small. As such,
the potential for imbalances in known or unknown
prognostic factors does not allow us to draw definitive
conclusions. Better characterisation of this heterogeneous
disease using transcriptomic and epigenetic profiling
should guide future patient selection and therapeutic
strategies, and aid in the identification of novel
biomarkers.”?

In summary, firstline nivolumab plus ipilimumab
provided a significant and clinically meaningful improve-
ment in overall survival versus platinum plus pemetrexed
chemotherapy. Nivolumab plus ipilimumab has a
favourable clinical benefit-risk profile that has led to
approval in the USA and should be considered as a new
standard of care for previously untreated patients with
unresectable MPM, regardless of histological subtype.
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SUMMARY

Malignant peritoneal mesothelioma (MPeM) is a highly
malignant neoplasm of the peritoneum, which carries a
poor prognosis. A 70-year-old man, who was employed
in the shipbuilding industry and exposed to ashestos for
50 years, was found to have a low-density lesion in the
peritoneum around the liver and spleen, associated with
multiple mediastinal and parasternal lymphadenopathy.
Laparoscopic exploration was performed, and biopsy
specimen analysis led to a diagnosis of MPeM. Initial
systemic chemotherapy comprising cisplatin and
pemetrexed yielded a modest cytoreductive effect.
However, 4 months later, the patient presented with
abdominal distension and anorexia. CT images revealed
massive ascites, bowel obstruction and an enlarged
intra-abdominal tumour, which was considered
progression of the MPeM. The patient was treated with
nivolumab. Bowel obstruction was improved after the
first administration, and his sense of abdomen distension
completely disappeared after the third administration.
This case supports the utility of immunotherapy in MPeM.

BACKGROUND

Malignant peritoneal mesothelioma (MPeM) is a
highly malignant neoplasm occurring in the perito-
neum, which is associated with a poor prognosis.
There is no established treatment strategy for
this disease, and patients with MPeM are usually
treated following the strategy for malignant pleural
mesothelioma. In recent years, several encouraging
reports have demonstrated that malignant pleural
mesothelioma shows a positive clinical response to
immunocheckpoint inhibitors. However, no clinical
study has examined the utility and safety of immu-
nocheckpoint inhibitors for MPeM treatment. Here,
we report a case of MPeM which showed a signifi-
cant clinical response to nivolumab treatment.

CASE PRESENTATION

A 70-year-old man, who had been employed in the
shipbuilding industry and exposed to asbestos for
22 years between 16 and 38 years, was identified
as hepatitis B virus-positive by a blood test. Further
examination using abdominal CT scan revealed a
low-density lesion in the peritoneum around the
liver and spleen, associated with multiple medias-
tinal and parasternal lymphadenopathy. Positron
emission tomography/CT scan revealed 18F-fluoro-
deoxyglucose (FDG) accumulation in the peritoneal
lesion. Laparoscopic exploration was performed,
and histopathological analyses of the biopsy spec-
imen revealed a sheet-like proliferation of epithelial
cells with round nuclei and conspicuous nucleoli.
Immunohistochemical analyses demonstrated that
these cells were positive for calretinin, D2-40 and

cytokeratin 5/6, and negative for desmin, carci-
noembryonic antigen and thyroid transcription
factor-1. Based on these findings, the patient was
diagnosed with MPeM, epithelioid subtype.

INVESTIGATIONS

This patient was referred to our hospital, where
he received systemic chemotherapy comprising
cisplatin and pemetrexed. Six cycles of this treat-
ment yielded a modest cytoreductive effect. Four
months later, the patient was admitted to another
hospital due to bowel obstruction. He received
conservative treatment, but continued to exhibit
abdominal distension and anorexia. CT images
showed massive ascites, bowel obstruction and
an enlarged intra-abdominal tumour, which was
considered to be the progression of the MPeM
(figure 1A).

Nivolumab therapy was initiated as a salvage
treatment. After the first nivolumab administra-
tion, the bowel obstruction was improved. The
patient’s sense of abdomen distension completely
disappeared after the third nivolumab administra-
tion. After the fourth administration, CT images
demonstrated remarkable reduction of the abdom-
inal tumour (figure 1B). Nivolumab therapy did not
result in any specific adverse event, except for grade
1 skin eruption (according to Common Toxicity
Criteria of Adverse Event V.5).

Figure 1  (A) CT images of the abdomen reveal

a soft tissue lesion on the omentum (bold arrow);
lymphadenopathy adjacent to pericardium fat
(arrowheads) and dilatation and fluid accumulation of
the small intestine, which indicate intestinal obstruction
(narrow arrows). All of these findings suggest the
progression of malignant peritoneal mesothelioma. (B)
CT images after the fourth administration of nivolumab
reveal significant improvement of all of the previous
findings.

BM)
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OUTCOME AND FOLLOW-UP

The patient was administered 24 courses of nivolumab without
disease regrowth. Further administration was suspended due to
financial reasons. At this time, the patient had been progression
free for 10 months after discontinuation without any cancer
treatment.

DISCUSSION

Malignant mesothelioma (MM) is mainly found in the pleura
and peritoneum, with some reports indicating that 80% occur
in the pleura and 10%-20% in the peritoneum.' MPeM arises

Patient’s perspective

At diagnosis:

| had no symptoms and | was fully active, so | was very
shocked when | was given the diagnosis of malignant peritoneal
mesothelioma. | was exposed to ashestos when | worked at a
shipyard, when | was 17-20 years old. | was afraid of what will
happen to me in the future. | was getting in shape by going to
the gym, so | was sure to overcome my disease. | want to set
myself up as an example to other patients with mesothelioma
who can survive long.

At the presentation of disease progression, small intestinal
obstruction:

| was informed of the disease progression. My doctor said
that there were few treatment options, and he suggested that
| receive treatment with nivolumab. | thought it would be far
better than doing nothing at all, so | decided to receive the
nivolumab treatment.

After the third administration of nivolumab:

My abdomen has dented! | feel grateful that my doctor has
treated me with nivolumab. | feel like people on the news,
because | have watched the TV news that reported that the
researchers who discovered programmed death-1 protein have
been given the Nobel Prize. Now | can eat a lot, so | feel the
benefit of nivolumab every day.

At the discontinuation of nivolumab:

| was very shocked to hear that | could not continue the
nivolumab treatment because Worker's Compensation will not
support the treatment anymore. | gradually feel more positive
these days, so from now on, | will proactively do what | can.

Learning points

» There is no established treatment strategy for patients with
malignant peritoneal mesothelioma (MPeM).

» Immunocheckpoint inhibitors have proven useful for
malignant pleural mesothelioma in recent years.

» A well-designed clinical study is warranted to examine
whether nivolumab should be considered as a new treatment
option for MPeM.

in peritoneal mesothelium cells, and is classified into epithe-
lioid, sarcomatoid and biphasic subtypes. Yan et al found that
92% of cases were the epithelioid subtype and 8% the biphasic
subtype.” Asbestos exposure is considered a main cause of
MPeM, though the association is weaker than with malignant
pleural mesothelioma.’

No standard MPeM treatment has yet been established.
Selected patients receive cytoreductive surgery and hyper-
thermic intraperitoneal chemotherapy.® For patients with inop-
erable disease, systemic chemotherapy is the most common
alternative treatment option, typically using a combination of
cisplatin and pemetrexed, since pemetrexed has been approved
for malignant pleural mesothelioma. One report of MPeM cases
describes a chemotherapy response rate of 38%, and a median
overall survival of 15.4 months.” In the salvage setting after
chemotherapy failure, currently available agents rarely work
against MM. In Japan in 2018, nivolumab was approved for
malignant pleural mesothelioma that is refractory to primary
chemotherapy, based on the favourable results of a phase II clin-
ical study.® To date, no report has described the utility of immu-
nocheckpoint inhibitors for MPeM treatment.

The drastic and durable clinical response to nivolumab in the
current case of MPeM suggests the utility of immunotherapy in
MPeM. A well-designed clinical study is warranted to examine
whether nivolumab should be considered as a new treatment
option for MPeM.
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ABSTRACT

Introduction: We examined the long-term efficacy and
safety of nivolumab, a human monoclonal antibody that
inhibits interactions between the programmed cell death
protein-1 receptor and its ligands (programmed death-
ligand 1 and programmed death-ligand 2), in Japanese pa-
tients with malignant pleural mesothelioma (MPM).

Methods: Japanese patients with previously treated MPM
(one or two regimens) were enrolled in a single-arm, phase
2 study and received nivolumab intravenously 240 mg
every 2 weeks until progressive disease or unacceptable
toxicity. The primary end point was the centrally assessed
objective response rate. Other end points included overall
survival (0S), progression-free survival (PFS), treatment-
related adverse events, and patient-reported outcomes
(Lung Cancer Symptom Scale for mesothelioma and Euro-
QOL visual analog scale). Patient enrollment started on June
16, 2016. Here, we report 3-year follow-up data (cutoff
date: November 12, 2019).

Results: Thirty-four patients were enrolled. The centrally
assessed objective response rate was previously reported
(29.4%). The 2- and 3-year OS rates were 35.3% and 23.5%,
respectively, and the corresponding PFS rates were 17.0%
and 12.7%. Median OS and PFS were 17.3 and 5.9 months,
respectively. Eight patients were alive at 3 years of follow-
up. Nivolumab was well tolerated and no new safety signals
were found. The patient-reported outcomes were main-
tained without marked deteriorations during the study.

Conclusions: Our results reveal clinically relevant long-
term efficacy and safety of nivolumab for the treatment of
MPM.

© 2021 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Malignant pleural mesothelioma; Nivolumab;
Programmed death-1; Japan

Introduction

Malignant pleural mesothelioma (MPM) is a rare,
highly aggressive malignancy that is mostly due to
occupational exposure to asbestos and is more common
in older males."® In previous Japanese studies, the me-
dian survival of patients with newly diagnosed MPM was
just 7.9 months, generally because most patients are
diagnosed at an advanced stage.”” The U.S. National
Comprehensive Cancer Network guidelines for MPM
recommend pemetrexed plus cisplatin (or carboplatin)
with or without bevacizumab as first-line chemo-
therapy.” However, most patients fail to respond to first-
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line chemotherapy, necessitating subsequent systemic
therapy, which may now involve pemetrexed (if not
administered as first-line chemotherapy or as rechal-
lenge), nivolumab with or without ipilimumab, or
pembrolizumab.*

Nivolumab, a human monoclonal antibody that in-
hibits interactions between the programmed cell death
protein-1 receptor and its ligands (programmed death-
ligand 1 [PD-L1] and PD-L2), was approved in Japan
(August 2018) for patients with pemetrexed-platinum
doublet-treated MPM on the basis of the results of the
Multicenter, Open-label, Single-arm, Japanese Phase II
study in Malignant Pleural Mesothelioma (MERIT)
study,” which enrolled 34 Japanese patients. After a
median follow-up of 16.8 months, 10 patients had an
objective response and the median overall survival (0S)
was 17.3 months.”

To our knowledge, there are no published studies
reporting the 3-year OS after second-line treatment.
Here, we report the results obtained at the 3-year follow-
up of patients enrolled in the MERIT study, including the
efficacy outcomes for all patients and according to PD-L1
expression and MPM subtype (epithelioid or non-
epithelioid), changes in quality of life (QOL) (determined
using the EuroQOL visual analog scale [EQ-VAS] and
Lung Cancer Symptom Scale for mesothelioma [LCSS-
Meso] average symptom burden index), and treatment-
related adverse events (TRAEs).

Materials and Methods

MERIT was an open-label, single-arm, phase 2 study
performed at 15 centers in Japan. Its design is described
in more detail in our previous report.” This study
adhered to the Declaration of Helsinki and Good Clinical
Practice and was registered on clinicaltrials.jp (JapicCTI-
163247).

Patients

The full eligibility criteria are described in our pre-
vious report.” Briefly, males and females aged at least 20
years were eligible if they had histologically confirmed
MPM, unresectable advanced or metastatic MPM without
surgery, MPM resistant or intolerable to one or two
previous chemotherapeutic regimens (platinum and
pemetrexed), and at least one measurable lesion defined
according to the modified Response Evaluation Criteria
in Solid Tumors (mRECIST) for MPM.® Key exclusion
criteria included history of severe hypersensitivity re-
actions to other drugs (including antibody products),
concurrent or history of autoimmune disease, multiple
primary cancers, brain or meningeal metastases, current
or history of interstitial lung disease or pulmonary
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fibrosis, and previous treatment with immune check-
point inhibitors (ICls), therapeutic antibodies, or drugs
targeting T-cell regulation. All patients provided written
informed consent for participation in the study.

Study Design

All patients were treated with nivolumab at a dose of
240 mg by intravenous infusion every 2 weeks (one cycle)
on day 1 of each cycle. Its dose or administration mode
could not be adjusted. As previously explained,” nivolu-
mab was to be continued until the patient met one of the
discontinuation criteria: documentation of progressive
disease (PD); unequivocal clinical progression; grade 2 or
higher interstitial lung disease, grade 2 or higher eye
disorder that did not improve to grade 1 or less with
topical treatment, and a causal relationship with nivolu-
mab could not be excluded; grade 3 or higher broncho-
spasm, neurotoxicity, hypersensitivity reaction, infusion
reaction, or uveitis for which a causal relationship with
nivolumab could not be excluded; no administration of
nivolumab for 6 weeks after the previous dose (unless
nivolumab is withheld for at least 6 weeks for steroid
tapering); or the investigator or subinvestigator deemed it
necessary to discontinue treatment in consideration of the
efficacy or safety of nivolumab. Immunosuppressants,
corticosteroids at doses of at least 10 mg/day prednisone
equivalents, antitumor therapies, concurrent radiotherapy,
pleurodesis, and surgical therapies for malignant tumors
were prohibited. Tumor imaging (computed tomography
or magnetic resonance imaging) was performed every
three cycles. Target lesions in the pleura were measured
unidimensionally as the largest tumor thickness perpen-
dicular to the chest wall or mediastinum according to
mRECIST.® Nonpleural lesions were measured according
to RECIST version 1.1. PD-L1 expression was assessed as
previously described.” PD-L1-positive status was defined
as membranous staining in at least 1% of tumor cells.

End Points

The primary end point was the objective response
rate (ORR), with central assessment according to
mRECIST, and was defined as the proportion of patients
with a complete response or partial response (PR).
Secondary end points included the investigator-assessed
ORR, changes in tumor size, disease control rate, OS,
progression-free survival (PFS), duration of response,
time to response, and best overall response (BOR)
assessed centrally. Tumor responses were assessed in all
patients combined and in patients divided into sub-
groups by PD-L1 expression (<1% or >1%) and histo-
logic subtype (epithelioid, sarcomatoid, or biphasic) in
prespecified analyses. QOL was assessed using the
EQ-VAS and the LCSS-Meso symptom burden index’ at
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enrollment and at each study visit. Safety was evaluated
in terms of laboratory tests, AEs, and TRAEs. AEs and
TRAEs were graded according to the National Cancer
Institute Common Terminology Criteria for Adverse
Events, version 4.0.

Statistical Analyses

As previously noted, a sample size of at least 29 pa-
tients was sufficient to detect a significant ORR with a
power of 80% and a one-sided significance level of
0.025, on the basis of an expected ORR of 19%.° We also
performed a landmark analysis of OS according to the
BOR at 3 months for patients who survived for at least 3
months. All analyses were performed using standard
methods at 95% confidence levels. Wilson’s method was
used to determine the 95% confidence intervals (Cls) for
the ORR, disease control rate, and BOR. All analyses were
conducted using SAS version 9.3 (SAS Institute Inc., Cary,
NQ).

Role of the Funding Source

This work was funded by Ono Pharmaceutical Co.,
Ltd., Japan, and Bristol-Myers Squibb, United States. The
sponsors contributed to the study design, data collection,
data analysis, data interpretation, and writing of the
clinical study report.

Results

Patients

Patient enrollment started on June 16, 2016, and
patients were followed up to the data cutoff date,
November 12, 2019. Forty-three patients were
screened (provided consent), and nine were excluded
because they did not meet the inclusion criteria or
withdrew their consent. A total of 34 patients were
enrolled and treated with nivolumab, including 29
males (85.3%) and five (14.7%) females. Their char-
acteristics are described in Supplementary Table 1 and
in our previous report.” The minimum follow-up was
36 months. The median follow-up was 17.3 (range:
1.8-39.9) months for all 34 patients and 38.0 (range:
37.0-39.9) months for seven censored patients
included in the end-of-study analysis.

Overall Response Rate

The centrally assessed ORR was unchanged from our
previous report at 29.4% (95% CI: 16.8%-46.2%; 10 of
34 patients), with PR in 10 patients (Table 1). In most
patients with PR or stable disease, their responses were
maintained for a long period of time (Supplementary
Fig. 1), up to approximately 2 years. Table 1 reveals
the ORR in subgroups of patients, including the previ-
ously reported ORR by histologic subtype and PD-L1
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Table 1. Responses to Nivolumab (N = 34)

Outcome n/N (%)® 95% Cl
BOR
CR 0/34 (0.0) 0.0-10.2
PR 10/34 (29.4) 16.8-46.2
Stable disease 13/34 (38.2) 23.9-55.0
PD 9/34 (26.5) n/c
NA 2/34 (5.9) n/c
Response rate by subgroup
Sex
Male 7/29 (24.1) 12.2-42.1
Female 3/5 (60.0) 23.1-88.2
Age (y)
<65 3/11 (27.3) 9.7-56.6
>65 7/23 (30.4) 15.6-50.9
ECOG PS
0 4/13 (30.8) 12.7-57.6
1 6/21 (28.6) 13.8-50.0
Histologic subtype
Epithelioid 7/27 (25.9) 13.2-44.7
Sarcomatoid 2/3 (66.7) 20.8-93.9
Biphasic 1/4 (25.0) 4.6-69.9
Number of prior treatment(s)
1 9/24 (37.5) 21.2-57.3
2 1/10 (10.0) 1.8-40.4
PD-L1 status
>1% 8/20 (40.0) 21.9-61.3
<1% 1/12 (8.3) 1.5-35.4
NA 1/2 (50.0) 9.5-90.5

BOR, best overall response; CR, complete response; ECOG PS, Eastern
Cooperative Oncology Group performance status; NA, not assessable; n/c,
not calculable; PD, progressive disease; PD-L1, programmed death ligand-1;
PR, partial response.

“Percentages are calculated by the number (N) of patients within that
subgroup.

status.” The present analyses newly revealed that the
ORR was lower in patients with two previous treatments
than in patients with one previous treatment.

OS and PFS

The 2- and 3-year OS rates were 35.3% and 23.5%,
respectively, and the median OS was 17.3 months (95%
Cl: 11.5-26.6 months) (Fig. 14). The 2- and 3-year PFS
rates were 17.0% and 12.7%, respectively, and the me-
dian PFS was 5.9 months (Fig. 1B).

In PD-L1-positive patients, the 2- and 3-year OS rates
were 35.0% and 15.0%, respectively, and the median OS
was 19.1 months. The 2- and 3-year PFS rates were
18.9% and not calculable, respectively, and the median
PFS was 7.2 months. In PD-L1-negative patients, the 2-
and 3-year OS rates were both 33.3%, and the median OS
was 11.6 months. The 2- and 3-year PFS rates were both
16.7%, and the median PFS in this subgroup was 2.9
months.

OS and PFS according to the histologic subtype of
MPM are shown in Figure 2. Owing to the small numbers
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of patients with sarcomatoid or biphasic histologic sub-
types, these patients were pooled together (as non-
epithelioid subtype). In this subgroup, the median OS
was 26.6 months, with 2- and 3-year OS rates of 57.1%
and 42.9%, respectively (Fig. 24). The median PFS was
18.2 months, whereas 2- and 3-year PFS rates were
42.9% and not calculable, respectively (Fig. 2B). In pa-
tients with the epithelioid histologic subtype, the median
0S was 15.7 months and the 2- and 3-year OS rates were
29.6% and 18.5%, respectively (Fig. 24). The median
PFS, 2-year PFS, and 3-year PFS were 3.9 months, 9.6%,
and 9.6%, respectively (Fig. 2B).

We also performed a landmark analysis of OS in
patients with a best response of PR, stable disease, or
PD (Supplementary Fig. 2). The median OS in these
three subgroups was 20.9, 19.9, and 8.0 months,
respectively.

Patient Status at 3 Years and Poststudy
Treatments

Eight patients were alive at 3 years of follow-up,
including seven at the database lock (Fig. 3). These
seven patients were on a poststudy treatment at the
cutoff date. They included four with epithelioid, two with
biphasic, and one with sarcomatoid histologic subtypes.
Four patients were treated with nivolumab for 2 years
and one patient for 3 years. Eighteen patients received
subsequent systemic treatments, as listed in
Supplementary Table 2, including nivolumab in three
patients. Nivolumab was not rechallenged as subsequent
treatment in patients with PD, but one patient was
switched to commercially available nivolumab after
completing the clinical study, one patient started on
commercially available nivolumab after the patient
requested discontinuation of the clinical study upon
approval of nivolumab in Japan, and one resumed nivo-
lumab after discontinuation due to an AE.

Comparison of 3-Year Survivors and Nonsurvivors

In an exploratory analysis, we compared the char-
acteristics and BOR between patients who survived for
3 years and nonsurvivors (Supplementary Table 3).
Although there was an imbalance in the numbers of
patients in these two groups, we observed no marked
differences in their patient characteristics, except for
the distribution of Eastern Cooperative Oncology Group
performance status (ECOG PS) of 0 and 1, with a
significantly higher proportion of patients with ECOG
PS of 0 among 3-year survivors (p = 0.033). The pro-
portion of patients with a BOR of PR or stable disease
was not significantly different between the two groups
(75.0% in 3-year survivors and 65.4% in nonsurvivors,
p = 0.640).
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A 100 N 2-year OS 3-year OS
% (95% Cl) % (95% Cl)
All patients 34 353 (19.9-51.0) 23.5 (11.1-38.6)
80 PD-L1<1% 12 33.3(10.3-58.8) 33.3 (10.3-58.8)
PD-L121% 20 35.0(15.7-55.2) 15.0(3.7-33.5)
60
S
%]
(o]
40
i i
1 1
1 1
2041 | | All patients
: 1
HR: PD-L1 21% vs PD-L1 <1% ' ! PD-L121%
0.98 (95% Cl: 0.43-2.23), p = 0.969 : :
0 T T T T T T T T T T T T T 1
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42
Time (months)
Number at risk
All patients 34 33 29 24 20 20 16 14 12 1 10 9 8 2 0
PD-L1<1% 12 1 10 7 4 4 4 4 4 4 4 4 1 0
PD-L121% 20 20 17 15 14 14 10 9 7 6 5 4 3 1 0
B 100 N 2-year PFS 3-year PFS
% (95% Cl) % (95% Cl)
All patients 34 17.0 (6.3-32.0)  12.7 (3.7-27.6)
80 PD-L1<1% 12 16.7 (27-41.3) 16.7 (2.7-41.3)
PD-L121% 20 18.9 (4.9-39.8) n/c
60 —
X
7]
[T
o
40
204 .
i
. —t |
HR: PD-L1 21% vs PD-L1 <1% ' — | All patients
0.82 (95% CI: 0.37-1.82), p = 0.629 : PD-L1 21% :
0 T T T T T T T I T T T I T
0 3 6 9 12 15 18 21 24 27 30 33 36 39
Time (months)
Number at risk
All patients 34 21 17 12 10 7 6 5 4 3 1 1 1 0
PD-L1<1% 12 5 4 4 3 3 3 2 2 2 1 1 1 0
PD-L121% 20 14 12 7 6 4 3 3 2 1 0 0 0 0

Figure 1. (A) OS and (B) PFS in all patients and in patients divided into subgroups by PD-L1 expression. Cl, confidence in-
terval; HR, hazard ratio; n/c, not calculable; OS, overall survival; PD-L1, programmed death-ligand 1; PFS, progression-free

survival.

Quality of Life

QOL was evaluated in terms of the EQ-VAS and LCSS-
Meso symptom burden scale. Both outcomes were
maintained over time among patients with available data
(Fig. 4A-D).

Safety
We previously reported that TRAEs occurred in 26
patients (76.5%), including grade 3 to 4 TRAEs in 11

(32.4%) by the cutoff date of March 14, 2018,>° and
no additional TRAEs were observed thereafter until
the cutoff date of November 12, 2019. There were no
grade 5 TRAEs. The most common TRAEs were rash
(six patients), lipase increased (five patients), and
diarrhea and amylase increased (four patients each).
Other TRAEs that occurred in at least two patients
are listed in Table 2. Grade 3 or 4 TRAEs included
lipase increased in four patients and diarrhea,

— 141 —
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N 2-year OS 3-year OS
A 100 % (95% Cl) % (95% Cl)
All patients 34 35.3 (19.9-51.0) 23.5 (11.1-38.6)
Epithelioid 27 29.6 (14.1-47.0)  18.5 (6.7-34.8)
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2.10 (95% CI: 0.73-6.11), p = 0.171 : :
0 T T T T T T T T T T T I T 1
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42
Time (months)
Number at risk
All patients 34 33 29 24 20 20 16 14 12 1 10 9 8 2 0
Epithelioid 27 26 23 18 15 15 11 10 8 8 7 6 5 2 0
Biphasic or Sarcomatoid 7 7 6 6 5 5 5 4 4 3 3 3 3 0 0
B 100 N 2vearPFS 3-year PFS
% (95% Cl) % (95% Cl)
All patients 34 17.0 (6.3-32.0)  12.7 (3.7-27.6)
80 Epithelioid 27 9.6 (1.7-25.8) 9.6 (1.7-25.8)
Biphasic or
Soromatod [ 429(9.8-734) nic
60 -
e
(]
s
o 4 .
40 to i
1 1
: Biphasic or :
: Sarcomatoid :
1 | 1
20 ! ' ! All patients
L ;
HR: Epithelioid vs Biphasic or Sarcomatoid : T : b o
2.79 (95% Cl: 1.03-7.56), p = 0.043 : : Epithelioid
0 T T T T T T T 1 T T T 1 T
0 3 6 9 12 15 18 21 24 27 30 33 36 39
Time (months)
Number at risk
All patients 34 21 17 12 10 7 6 5 4 3 1 1 1 0
Epithelioid 27 14 1 6 5 3 2 2 2 2 1 1 1 0
Biphasic or Sarcomatoid 7 7 6 6 5 4 4 3 2 1 0 0 0 0

Figure 2. (A) OS and (B) PFS according to histologic subtype. Patients with biphasic or sarcomatoid histologic subtypes were
pooled and compared with patients with the epithelioid histologic subtype. Cl, confidence interval; HR, hazard ratio; n/c, not

calculable; 0S, overall survival; PFS, progression-free survival.

amylase increased, and pneumonitis in two patients
each.

Discussion

The MERIT study evaluated the efficacy and safety of
nivolumab in Japanese patients with MPM, and led to the
approval of nivolumab for this indication in Japan. Until
now, long-term survival rates of patients with MPM have
remained poor, with limited benefit of chemotherapy.
For example, second-line pemetrexed in combination

with best supportive care (8.4 versus 9.7 months for best
supportive care alone)’ did not elicit marked improve-
ments in 0S. The introduction of ICIs has improved the
prognosis of MPM. In the MAPS2 study, which enrolled
patients with relapse after one or two lines of therapy,
the median OS in nivolumab-treated patients was 11.9
months from the time of randomization (median follow-
up of 20.1 months in the overall study population).’
Therefore, we analyzed the OS and PFS at a 3-year
follow-up in the MERIT study. We observed a
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Figure 3. Swimmer plot of treatment duration, response to nivolumab, and follow-up period. BOR, best overall response; NA,
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response; SD, stable disease.

promising long-term survival of nivolumab-treated pa-
tients with a 3-year OS rate of 23.5%.

Although PD-L1 expression status was associated
with the ORR, there were no significant differences in 0S
or PFS at 2 or 3 years between PD-L1-positive and PD-
L1-negative patients. These results suggest that long-
term survival in patients with nivolumab-treated MPM
is not dependent on PD-L1 expression status. However,
owing to the small number of patients, our findings may
warrant confirmation in a future study with a larger
number of patients or using a patient registry.

The histologic subtype of MPM is considered to be
a prognostic factor for MPM, because patients with the
biphasic or sarcomatoid histologic subtypes typically
have worse prognosis after chemotherapy than pa-
tients with the epithelioid histologic subtype.'"'? In
the present analyses, the survival outcomes, especially
PFS, were quite favorable in the patients with

nonepithelioid subtypes. Furthermore, as in our pre-
vious report,5 the ORR was also more favorable in
patients with the nonepithelioid subtypes relative to
that in patients with the epithelioid subtype. Thus,
patients with nonepithelioid histologic subtypes ten-
ded to have better outcomes, although the reason for
this is unknown. Further research is needed to
investigate whether genomic alterations may explain
the differences in survival with nivolumab between
patients with nonepithelioid and epithelioid subtypes
of MPM.

It is noteworthy that eight patients were alive at 3
years. There were no marked differences in patient
characteristics between 3-year survivors and non-
survivors except for ECOG PS at baseline.

Beyond assessing the efficacy of nivolumab in terms
of tumor responses, we also examined its impact on QOL.
We found that QOL, measured using the EQ-VAS and
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LCSS-Meso symptom burden index, was maintained over
time in this cohort of nivolumab-treated patients. The
stability of QOL in nivolumab-treated patients observed
here may reflect the potential clinical benefit of nivolu-
mab in terms of long-term survival, especially in
responders.

The MERIT study also monitored the safety of nivo-
lumab in patients with MPM. Of note, despite the longer
follow-up of patients in the present analyses, we detec-
ted no additional TRAEs (any grade or grades 3-4) since
the previous cutoff date,™® supporting the long-term
safety of nivolumab in this patient population.

Another promising strategy for the treatment of MPM
involves combining nivolumab with ipilimumab, a CTLA-
4 antibody. This strategy was tested in the CheckMate
743 study, in which nivolumab plus ipilimumab signifi-
cantly extended OS compared with chemotherapy
(median: 18.1 versus 14.1 months, hazard ratio = 0.74,
p = 0.002) with a median follow-up of 29.7 months."
Thus, this combination is expected to become a stan-
dard of care for MPM in the future. However, nivolumab
monotherapy after second-line treatment may be useful
for ICI-naive patients.

Our findings should be discussed in the context of the
limitations of the study, notably the single-arm design
and the sample size (34 patients). Furthermore, the
subgroups included in the analyses of overall response
and survival were small, which might introduce some
bias because the study was not powered to detect dif-
ferences among subgroups. Therefore, we must take care
when generalizing the results to a broader population of
patients treated with nivolumab in clinical practice, and
our findings should be confirmed in future studies with
more patients.

In conclusion, the 3-year follow-up of the MERIT
study reveals the longer-term efficacy and safety of
nivolumab with survival for more than 3 years in some
patients and a clinical benefit as second- or third-line
therapy for patients with MPM.

Data Availability

Qualified researchers may request Ono to disclose
individual patient-level data from clinical studies through
the following website: ClinicalStudyDataRequest.com. For
more information on Ono’s Policy for the Disclosure of
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Table 2. TRAEs in Two or More Patients (N = 34) References

Any Grade Grades 3-4
Any 26 (76.5) 11 (32.4)
Most common AEs by preferred term (in >2 patients)
Rash 6 (17.6) 1(2.9)
Lipase increased 5 (14.7) 4 (11.8)
Diarrhea 4 (11.8) 2 (5.9)
Amylase increased 4 (11.8) 2 (5.9)
Stomatitis 3 (8.8) 1(2.9)
Weight decreased 3 (8.8) 1(2.9)
Decreased appetite 3 (8.8) 1(2.9)
Fatigue 3 (8.8) 0 (0.0)
Malaise 3 (8.8) 0 (0.0)
Arthralgia 3 (8.8) 0 (0.0)
Pneumonitis 2 (5.9) 2 (5.9)
Interstitial lung disease 2 (5.9) 1(2.9)
Hypothyroidism 2 (5.9) 0 (0.0)
Nausea 2 (5.9) 0 (0.0)
Vomiting 2 (5.9) 0 (0.0)
Mucosal inflammation 2 (5.9) 0 (0.0)
Pyrexia 2 (5.9) 0 (0.0)
Lymphocyte count decreased 2 (5.9) 0 (0.0)
Rash maculopapular 2 (5.9) 0 (0.0)

Note: Data are presented as n (%).
AE, adverse event; TRAE, treatment-related AE.

Clinical Study Data, please see the following website:
https://www.ono.co.jp/eng/rd/policy.html.
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