
Pegargiminase Plus First-Line Chemotherapy in Patients
With Nonepithelioid Pleural Mesothelioma
The ATOMIC-Meso Randomized Clinical Trial
Peter W. Szlosarek, MD, PhD; Benjamin C. Creelan, MD; Thomas Sarkodie, MD; Luke Nolan, MD, PhD; Paul Taylor, MD; Olga Olevsky, MD;
Federica Grosso, MD; Diego Cortinovis, MD; Meenali Chitnis, MD, PhD; Amy Roy, MD; David Gilligan, MD; Hedy Kindler, MD;
Dionysis Papadatos-Pastos, MD, PhD; Giovanni L. Ceresoli, MD; Aaron S. Mansfield, MD; Anne Tsao, MD; Kenneth J. O’Byrne, MD;
Anna K. Nowak, MD, PhD; Jeremy Steele, MD; Michael Sheaff, MD; Chiung-Fang Shiu, MSc; Chih-Ling Kuo, MSc; Amanda Johnston, PhD;
John Bomalaski, MD; Marjorie G. Zauderer, MD; Dean A. Fennell, MD, PhD; for the ATOMIC-Meso Study Group

IMPORTANCE Arginine deprivation using ADI-PEG20 (pegargiminase) combined with
chemotherapy is untested in a randomized study among patients with cancer. ATOMIC-Meso
(ADI-PEG20 Targeting of Malignancies Induces Cytotoxicity-Mesothelioma) is a pivotal trial
comparing standard first-line chemotherapy plus pegargiminase or placebo in patients
with nonepithelioid pleural mesothelioma.

OBJECTIVE To determine the effect of pegargiminase-based chemotherapy on survival
in nonepithelioid pleural mesothelioma, an arginine-auxotrophic tumor.

DESIGN, SETTING, AND PARTICIPANTS This was a phase 2-3, double-blind randomized clinical
trial conducted at 43 centers in 5 countries that included patients with chemotherapy-naive
nonepithelioid pleural mesothelioma from August 1, 2017, to August 15, 2021, with at least 12
months’ follow-up. Final follow-up was on August 15, 2022. Data analysis was performed
from March 2018 to June 2023.

INTERVENTION Patients were randomly assigned (1:1) to receive weekly intramuscular
pegargiminase (36.8 mg/m2) or placebo. All patients received intravenous pemetrexed
(500 mg/m2) and platinum (75-mg/m2 cisplatin or carboplatin area under the curve 5)
chemotherapy every 3 weeks up to 6 cycles. Pegargiminase or placebo was continued until
progression, toxicity, or 24 months.

MAIN OUTCOMES AND MEASURES The primary end point was overall survival, and secondary
end points were progression-free survival and safety. Response rate by blinded independent
central review was assessed in the phase 2 portion only.

RESULTS Among 249 randomized patients (mean [SD] age, 69.5 [7.9] years;
43 female individuals [17.3%] and 206 male individuals [82.7%]), all were included
in the analysis. The median overall survival was 9.3 months (95% CI, 7.9-11.8 months) with
pegargiminase-chemotherapy as compared with 7.7 months (95% CI, 6.1-9.5 months) with
placebo-chemotherapy (hazard ratio [HR] for death, 0.71; 95% CI, 0.55-0.93; P = .02).
The median progression-free survival was 6.2 months (95% CI, 5.8-7.4 months) with
pegargiminase-chemotherapy as compared with 5.6 months (95% CI, 4.1-5.9 months) with
placebo-chemotherapy (HR, 0.65; 95% CI, 0.46-0.90; P = .02). Grade 3 to 4 adverse events
with pegargiminase occurred in 36 patients (28.8%) and with placebo in 21 patients (16.9%);
drug hypersensitivity and skin reactions occurred in the experimental arm in 3 patients
(2.4%) and 2 patients (1.6%), respectively, and none in the placebo arm. Rates of poststudy
treatments were comparable in both arms (57 patients [45.6%] with pegargiminase vs 58
patients [46.8%] with placebo).

CONCLUSIONS AND RELEVANCE In this randomized clinical trial of arginine depletion with
pegargiminase plus chemotherapy, survival was extended beyond standard chemotherapy
with a favorable safety profile in patients with nonepithelioid pleural mesothelioma.
Pegargiminase-based chemotherapy as a novel antimetabolite strategy for mesothelioma
validates wider clinical testing in oncology.
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C ancers with loss of argininosuccinate synthetase 1
(ASS1), a tumor suppressor and urea cycle enzyme, are
critically dependent on arginine for survival and intrin-

sically sensitive to amino acid deprivation strategies.1 Peg-
ylated arginine deiminase (ADI-PEG20; pegargiminase) de-
grades arginine into citrulline and ammonia and triggers
cytotoxicity in multiple ASS1-silenced cancers preclinically,
with evidence of single-agent activity in the clinic.2-13 Malig-
nant pleural mesothelioma has among the lowest 5-year sur-
vival rate of any solid cancer, estimated at 5% to 10%.14 Pre-
viously, we reported a significant 1.2-month progression-free
survival (PFS) benefit for pegargiminase and best supportive
care compared with best supportive care alone in the phase 2
ADAM (Arginine Deiminase And Mesothelioma) randomized
clinical trial.15 Patients preselected for ASS1 deficiency using
immunohistochemistry testing had a worse survival when
compared with patients with ASS1-proficient disease, validat-
ing ASS1 as a prognostic and predictive biomarker.

To optimize arginine deprivation, we identified that pegar-
giminase sensitized mesothelioma and related arginine-
auxotrophic tumors to the antifolate pemetrexed by suppress-
ing the de novo synthesis and salvage of thymidine.16 This
exploited a metabolic rewiring of ASS1-negative cancers to
divert aspartate from arginine biosynthesis to the production
of pyrimidines for tumor anabolism.17,18 The phase 1 TRAP trial
of pegargiminase combined with pemetrexed and cisplatin in
patients with ASS1-deficient thoracic cancers revealed good
safety and a high disease control rate (93.5%-100%).19,20

The median overall survival (OS) was 10 to 14 months and in-
cluded patients with pleural mesothelioma, especially the non-
epithelioid subtype, where the median OS historically has been
around 6 months with standard chemotherapy. Nonepitheli-
oid mesothelioma exhibited a 3-fold higher rate of tumoral ASS1
deficiency compared with the epithelioid subtype (60% vs
20%). Moreover, twice as many patients enrolled with non-
epithelioid than epithelioid disease, despite the former rep-
resenting approximately one-third of mesothelioma cases.14

Mechanistically, we identified reduced 18-FLT uptake by 24
hours of pegargiminase monotherapy and robust metabolic re-
sponses on completion of chemotherapy using positron emis-
sion tomography, corroborating the thymidine salvage path-
way as a downstream target of pegargiminase.21 Based on these
findings, the ATOMIC-Meso phase 2-3 trial evaluated the pri-
mary efficacy and safety of adding pegargiminase or placebo
to standard chemotherapy with pemetrexed and platinum
(cisplatin or carboplatin) in patients with chemotherapy-
naive nonresectable nonepithelioid pleural mesothelioma.22,23

Methods
Trial Oversight
Polaris Pharmaceuticals, Inc, sponsored the ATOMIC-Meso trial
and provided the trial drugs in collaboration with the aca-
demic institutions to develop the study, which was con-
ducted according to Good Clinical Practice guidelines and the
Declaration of Helsinki. Written informed consent was ob-
tained from all patients. An independent data and safety moni-

toring board (DSMB) provided oversight of efficacy and safety.
Protocol approval was secured by an independent ethics com-
mittee at each site. The study followed the Consolidated Stan-
dards of Reporting Trials (CONSORT) reporting guideline.

Patients
Patients were aged 18 years or older with histologically proven
nonresectable and treatment-naive nonepithelioid pleural me-
sothelioma. Patients had evaluable disease by modified Re-
sponse Evaluation Criteria in Solid Tumors (RECIST) criteria
for pleural involvement and RECIST, version 1.1, criteria for
metastatic lesions. Additional inclusion criteria included
Eastern Cooperative Group performance status of 0 or 1, ad-
equate organ function, and minimum expected survival of 3
months. Key exclusion criteria included symptomatic brain or
spinal cord metastases, uncontrolled intercurrent illness, re-
cent major surgery, pregnancy, allergy to pegylated or Esch-
erichia coli products, and prior therapy with pegargiminase.
Race and ethnicity was collated to understand disease differ-
ences, trial access, pathophysiology, and response to therapy.
Clinical site trial data managers entered the race and ethnic-
ity data based on the medical records, and all database en-
tries had principal investigator oversight.

Study Design
Eligible patients were randomized to receive weekly pegar-
giminase, 36 mg/m2, or placebo intramuscularly in a double-
blinded fashion and up to 6 cycles of standard pemetrexed and
cisplatin chemotherapy (trial protocol and statistical analysis
plan in Supplement 1 and Supplement 2, respectively). All pa-
tients received standard supplementation with hydroxyco-
balamin (1000 mcg intramuscularly every 9 weeks), folic acid
(400 mcg orally daily) commencing 7 days prior to cycle 1, and
dexamethasone (4 mg twice daily starting the day before in-
travenous chemotherapy for 3 days) prophylaxis with each new
cycle. The initial dose of pegargiminase or placebo was ad-
ministered 48 hours before the first dose of cytotoxic drugs
(eFigure 1 in Supplement 3). Substitution of carboplatin was

Key Points
Question What is the effect on survival of the arginine-depleting
agent pegargiminase combined with standard platinum and
pemetrexed chemotherapy in patients with nonepithelioid
pleural mesothelioma?

Findings In this pivotal randomized placebo-controlled phase 3
trial in 249 patients with nonepithelioid pleural mesothelioma,
pegargiminase-chemotherapy increased significantly
the median overall survival by 1.6 months and quadrupled the
survival at 36 months compared to placebo-chemotherapy.
Pegargiminase-based chemotherapy was well tolerated with
no new safety signals.

Meaning Arginine deprivation with pegargiminase is a novel
cancer chemotherapy that improves survival in patients with
nonepithelioid pleural mesothelioma and warrants additional
studies in arginine-dependent cancers with poor survival
outcomes.
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permitted from cycle 1 in patients who did not or were not ex-
pected to tolerate cisplatin. Pegargiminase or placebo was
continued until progression, toxicity, or 24 months.

Randomization
Patients were randomized 1:1 in this double-blind study to the
pegargiminase group or the placebo group from 43 centers
worldwide and stratified according to nonepithelioid histo-
logic subtype (biphasic vs sarcomatoid). Randomization was
performed centrally using SAS Programming (SAS Institute)
with a randomly selected block size of 4. The randomization
number was assigned based on information obtained from the
interactive web response system. Unblinding was permitted
only in the event of an emergency.

Outcomes
The primary efficacy end point for the phase 2 portion of the
study was objective (complete and partial) response rate (ORR)
via blinded independent central review. The secondary end
point of the phase 2 portion was the duration of response by
blinded independent central review. The ORR was tested once
at the completion of the phase 2 portion by the Interim Analy-
sis Group and DSMB for the purposes of accelerated approval
only. Regardless of this decision, the study then moved to the
primary efficacy end point for the phase 3 portion, which was
OS. Secondary end points for phase 3 were PFS, safety, phar-
macodynamics, immunogenicity, and pharmacokinetics of
the pegargiminase-chemotherapy arm.

Statistical Analysis
Approximately 176 participants (88 per arm) were planned to
be enrolled in the phase 2 portion of the trial, with response
rate as the primary outcome measure, and 386 participants
(193 per arm) in the whole phase 2-3 trial, with the phase 3
primary outcome measure of OS. The sample size calcula-
tion for the efficacy end point of response rate assumed that
the ORR in the placebo-chemotherapy arm would be 15%.24

A total sample size of 176 participants (88 per arm) in the
phase 2 portion of the study provided approximately 87%
power to detect an improvement in the response rate from
15% to 35% at the first interim analysis. The treatment
groups were compared using the Cochran-Mantel-Haenszel
test, stratified by tumor histologic subtype (biphasic vs sar-
comatoid). The significance level and coverage probability
used in the response rate analysis was based on an α = .05
(2-sided).

The sample size calculation for the OS assumed that the
median OS was 6 months in the placebo-chemotherapy arm.
Assuming a median OS of 8.4 months in the pegargiminase-
chemotherapy arm (corresponding to a 40% improvement in
survival and a hazard ratio [HR] of 0.714), 338 OS events pro-
vided power of approximately 87% for the OS analysis.
Based on DSMB recommendations, the original planned
sample size was changed from 386 participants to all
enrolled up to August 15, 2021 (249 participants), and the
number of deaths required for the original planned final
analysis of OS was changed from 338 to the actual number of
deaths occurring by August 14, 2022. The estimated power

with 249 participants was predicted to be in a range of 73%
to 80% if the true HR was in a range of 0.71 to 0.68.

The primary and final analysis of OS was performed at
study conclusion. The treatment effect on OS was evaluated
using the stratified log-rank test (stratified by tumor histo-
logic subtype). The significance level used in the OS calcula-
tion at the final analysis was based on an α = .05 (2-sided).
There was an interim analysis of OS once 50% of the planned
OS events for the phase 3 occurred, which was used to deter-
mine whether to terminate the study for futility or for pos-
sible sample size reestimation for the phase 3 portion of the
trial as described in the statistical analyses plan (Supple-
ment 2). Analyses were performed using SAS, version 9.4 (SAS
Institute).

Results
Patients
From August 2017 to August 2021, a total of 249 patients with
advanced nonepithelioid pleural mesothelioma were ran-
domly assigned to receive pegargiminase-chemotherapy (125
patients) or placebo-chemotherapy (124 patients), as de-
picted in Figure 1 and in eFigure 2 in Supplement 3. The trial
was stopped after the second interim analysis on the recom-
mendation of the DSMB, after consultation with the US Food
and Drug Administration, due to positive results favoring the
experimental arm. Thus, enrollment ceased in August 2021,
and follow-up was continued until August 2022.

Apart from more Australasian patients in the placebo-
chemotherapy arm (6 [4.8%] in the pegargiminase-
chemotherapy arm vs 16 [12.9%] in the placebo-chemo-
therapy arm; P = .048), the demographic and clinical
characteristics of both study groups were well balanced at
baseline (Table 1). There was a male predominance (206
[82.7%]), and a majority of patients were of Eastern Coopera-
tive Oncology Group status 1, although with a nonsignificant
increase in the control group (97 [78.2%] vs 87 [69.6%] in the
experimental arm; P = .12). Histologic subtype and disease stage
were distributed similarly across both groups.

Most patients discontinued treatment due to disease pro-
gression in the pegargiminase group (85 patients [68.0%]) and
in the placebo group (84 patients [67.7%]), with death during
treatment occurring in 5 patients (4.0%) and 10 patients (8.1%),
respectively. One patient was receiving study treatment at the
time of analysis in September 2022; treatment continued for
2 months before stopping for disease progression. Six pa-
tients (4.8%) receiving pegargiminase and 0 patients receiv-
ing placebo completed therapy 2 years from randomization
(eTable 1 in Supplement 3). Poststudy therapies were compa-
rable in the 2 groups: 57 patients (45.6%) in the pegargimi-
nase group and 58 patients (46.8%) in the placebo group re-
ceived various systemic anticancer therapies, including
immune checkpoint inhibitors (16.8% vs 8.9%, respectively,
P = .77) and chemotherapy. Palliative radiotherapy was
administered to 14 patients (11.2%) in the pegargiminase
group and 14 patients (11.3%) in the placebo group (eTable 2
in Supplement 3).
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Overall Survival
At the time of the database lock on August 19, 2022, all pa-
tients had a minimum of 12 months of follow-up for survival.
A total of 105 patients (84.0%) in the pegargiminase group and
116 patients (93.5%) in the placebo group had died. OS was sig-
nificantly longer in the pegargiminase group (median, 9.3
months; 95% CI, 7.9-11.8 months) than in the placebo group
(median, 7.7 months; 95% CI, 6.1-9.5 months). The stratified
HR for death was 0.71 (95% CI, 0.55-0.93; P = .02), and the
1-year OS rate was 41.4% (95% CI, 32.7%-49.9%) in the pegar-
giminase group and 31.4% (95% CI, 23.5%-39.7%) in the pla-
cebo group (Figure 2A). Notably, the survival curves diverged
early and remained separate throughout the course of the
study. A therapeutic plateau was reached by 36 months with
3- to 4-fold more patients alive in the pegargiminase group
compared with the placebo group (11.9% vs 3.3%; eTable 3 in
Supplement 3).

PFS and Tumor Response
The PFS was also significantly longer in the pegargiminase
group (median, 6.2 months; 95% CI, 5.8-7.4 months) than in
the placebo group (median, 5.6 months; 95% CI, 4.1-5.9
months). The stratified HR for disease progression or death was
0.65 (95% CI, 0.46-0.90; P = .02) (Figure 2B; eTable 4 in Supple-
ment 3). The ORR was 13.8% in the pegargiminase group and
13.5% in the placebo group (P = .95 using the Cochran-Mantel-

Haenszel test; phase 2 portion only in eTable 5 in Supple-
ment 3). The median duration of response (the phase 2 sec-
ondary end point) was not determined in the pegargiminase
group due to high censoring and was 4.6 months (95% CI,
3.7-11.8 months) in the placebo group (HR, 0.34; 95% CI, 0.10-
1.14; P = .09; eTable 6 in Supplement 3). Disease control (ORR
and stable disease) at the 12-week assessment was numeri-
cally greater in the pegargiminase group (85.1%; 95% CI,
75.8%-91.8%) than in the placebo group (76.4%; 95% CI, 66.2%-
84.7%) (P = .15). Additional exploratory subgroup analyses
are summarized in eFigure 3 in Supplement 3.

Exposure, Safety, and Pharmacodynamics
The median (range) number of doses of pegargiminase was 18
(1-104) compared with 14 (1-69) doses of placebo, with around
a median (range) of 4 (1-6) doses of pemetrexed and platinum
in both groups (eTable 7 in Supplement 3). A total of 46 pa-
tients (36.8%) in the pegargiminase group and 42 patients
(33.9%) in the placebo group received at least 1 dose of carbo-
platin during chemotherapy. Treatment-emergent adverse
events (TEAEs) were similar between groups, with 246 pa-
tients (98.8%) reporting at least 1 TEAE, with nausea, fatigue,
and constipation being the most common with pegargiminase-
chemotherapy and nausea, fatigue, and anorexia with placebo-
chemotherapy (eTables 8-10 in Supplement 3). There were 7
patients (5.6%) in the pegargiminase-chemotherapy group and
12 patients (9.7%) in the placebo-chemotherapy group with
fatal TEAEs, 3 of which were possibly related to pegargimi-
nase (n = 2; sudden death, sepsis) or placebo (n = 1; sepsis).
TEAEs leading to discontinuation occurred in 25 patients
(20.0%)receiving pegargiminase and 17 patients (13.7%) re-
ceiving placebo (eTable 11 in Supplement 3). Grade 3 or higher
TEAEs occurred in 36 patients (28.8%) receiving pegargimi-
nase and 21 patients (16.9%) receiving placebo (P = .03), with
anaphylactic hypersensitivity and skin reactions occurring in
3 patients (2.4%) and 2 patients (1.6%) in the pegargiminase
group, respectively, and none in the placebo group (Table 2).
Anaphylactic hypersensitivity occurred with subsequent dos-
ing of pegargiminase, usually within cycle 1, and was managed
using steroids, and depending on severity was either discon-
tinued or administered with hydrocortisone and chlorpheni-
ramine prophylaxis. Adding pegargiminase to chemotherapy
increased neutropenia (grade 3 or higher) rates by 3-fold, but
not sepsis and fever. Plasma arginine level declined with a re-
ciprocal increase in citrulline level and antipegargiminase
antibodies, which were detected in 37 of 38 patients (97.4%)
by week 25 with pegargiminase (eFigure 4 in Supplement 3).

Discussion
ATOMIC-Meso is a pivotal phase 3 trial conducted in patients
with nonepithelioid pleural mesothelioma that evaluated stan-
dard first-line chemotherapy with the first-in-class arginine-
depleting agent pegargiminase or a matched placebo. Both the
primary end point of OS and the secondary end point of PFS
validate pegargiminase combined with antifolate-based
chemotherapy as a novel cancer treatment, in this first (to our

Figure 1. CONSORT Diagram

249 Patients randomized

125 Discontinued pegargiminase
85 Progressive disease
19 Adverse event
8 Withdrawal by patient
5 Death
2 Physician decision
6 Othera

125 Discontinued study
105 Death

2 Withdrawal by patient
18 Otherb

249 Patients included in safety population
(received ≥1 dose of study medication)

125 Randomized to pegargiminase-
chemotherapy (ITT population
and PP population)

124 Discontinued placebo
84 Progressive disease
14 Adverse event
12 Withdrawal by patient
10 Death
3 Physician decision
1 Missing

124 Discontinued study
116 Death

8 Otherc

124 Randomized to placebo-
chemotherapy (ITT population
and PP population)

ITT indicates intention-to-treat; PP, per-protocol.
a Other refers to stable disease, trial completion/stable disease, and patient

continuing in the expanded phase.
b Other refers to study completion for the majority of patients with a reason of

other, 1 patient with study termination, 2 patients moving away, 1 patient with
an unknown reason, and 1 patient who continued treatment in the blinded
expanded phase.

c Other refers to study completion.
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knowledge) histologic subtype–driven study of nonepitheli-
oid mesothelioma. The pegargiminase group had a 29% lower
risk of death and a 35% lower risk of progression compared with
placebo group (HR of 0.71 and 0.65, respectively, by the log-
rank test).

Recently, the mesothelioma therapeutic landscape has
shifted to favor immune checkpoint blockade over platinum-
based chemotherapy. The CheckMate 743 study yielded a
significant 4-month median OS benefit for ipilimumab and
nivolumab compared with pemetrexed and platinum chemo-
therapy (18.1 months vs 14.1 months) that was largely driven
by nonepithelioid histologic subtype (18.1 vs 8.8 months; strati-
fied HR for death, 0.46), leading to US Food and Drug Admin-
istration approval in October 2020.25 While not replacing

frontline immunotherapy with the more modest survival im-
provement in the ATOMIC-Meso study, pegargiminase none-
theless provides an incremental chemotherapeutic advance for
patients with essentially chemotherapy-refractory nonepithe-
lioid disease. Thus, deployment of pegargiminase would be en-
visaged second-line alongside platinum-pemetrexed. How-
ever, pegargiminase-based chemotherapy remains a practical
up-front consideration for patients with active autoimmune
disease. Overall, ATOMIC-Meso remains the largest study, to
our knowledge, that is focused on nonepithelioid mesothe-
lioma, and, significantly for an aggressive disease pheno-
type, approximately 50% of patients accessed subsequent
therapies in both study treatment groups. Around 5% of pa-
tients receiving pegargiminase and none receiving placebo

Table 1. Baseline Patient Characteristics

Characteristic

Patients, No. (%)

P value
Pegargiminase-chemotherapy
(n = 125)

Placebo-chemotherapy
(n = 124) Total (N = 249)

Age, y

Mean (SD) 69.5 (7.98) 69.4 (7.91) 69.4 (7.93)
.88a

Median (range) 71.0 (28-84) 70.0 (34-86) 71.0 (28-86)

Sex

Female 23 (18.4) 20 (16.1) 43 (17.3)
.64b

Male 102 (81.6) 104 (83.9) 206 (82.7)

Region

North America 31 (24.8) 22 (17.7) 53 (21.3)

.048bEurope 88 (70.4) 86 (69.4) 174 (69.9)

Australasia 6 (4.8) 16 (12.9) 22 (8.8)

Race and ethnicity

Asian 5 (4.0) 5 (4.0) 10 (4.0)

.34c
Black or African American 3 (2.4) 0 3 (1.2)

White 116 (92.8) 116 (93.5) 232 (93.2)

Unknown 1 (0.8) 3 (2.4) 4 (1.6)

ECOG performance status

0 38 (30.4) 27 (21.8) 65 (26.1)
.12b

1 87 (69.6) 97 (78.2) 184 (73.9)

Stage of pleural mesothelioma

I 0 2 (1.6) 2 (0.8)

.39c

IA 8 (6.4) 5 (4.0) 13 (5.2)

IB 16 (12.8) 12 (9.7) 28 (11.2)

II 12 (9.6) 16 (12.9) 28 (11.2)

IIIA 18 (14.4) 18 (14.5) 36 (14.5)

IIIB 13 (10.4) 21 (16.9) 34 (13.7)

IIIC 0 1 (0.8) 1 (0.4)

IV 28 (22.4) 29 (23.4) 57 (22.9)

Unknown 30 (24.0) 20 (16.1) 50 (20.1)

Histologic subtype

Biphasic 60 (48.0) 60 (48.4) 120 (48.2)
.95b

Sarcomatoid 65 (52.0) 64 (51.6) 129 (51.8)

Prior radiotherapy

Yes 4 (3.2) 9 (7.3) 13 (5.2)
.17c

No 121 (96.8) 115 (92.7) 236 (94.8)

Prior surgery

Yes 18 (14.4) 19 (15.3) 37 (14.9)
.84b

No 107 (85.6) 105 (84.7) 212 (85.1)

Abbreviation: ECOG, Eastern
Cooperative Oncology Group.
a P value comparing

pegargiminase-chemotherapy
to placebo-chemotherapy is based
on the t test.

b P value comparing
pegargiminase-chemotherapy to
placebo-chemotherapy is based
on the χ2 test.

c P value comparing
pegargiminase-chemotherapy to
placebo-chemotherapy is based on
Fisher exact test due to categories
with fewer than 5 patients.
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completed 2 years of weekly therapy, highlighting a subgroup
of patients displaying exquisite sensitivity to arginine deple-
tion that warrants further molecular characterization.

Consistent with prior studies, patients in the ATOMIC-
Meso trial experienced prolonged arginine suppression with
the triplet therapy over pegargiminase monotherapy, as-
cribed to the concurrent use of steroids and pemetrexed.15,19

Furthermore, our data justify revisiting the role of peme-
trexed maintenance therapy, which has underperformed in
mesothelioma.26 Nevertheless, how mesothelioma develops
resistance to pegargiminase beyond a role for antidrug neu-
tralizing antibodies needs to be addressed.23 Several studies
in ASS1-silenced cancers identified reexpression of ASS1 via pro-
moter demethylation, allowing tumors to bypass arginine re-
striction via the recycling of citrulline into argininosuccinate

for subsequent conversion to arginine by argininosuccinate
lyase.20,27 Additional pathways of pegargiminase resistance
may involve metabolic rewiring via polyamines, autophagy,
and macrophage recruitment.20,28-30

Our study also signals further work to be done in epithe-
lioid mesothelioma, the subtype that predominated in the ASS1-
directed ADAM study.12 Accordingly, a recently characterized
functional inverse relationship between ASS1 and the deubiq-
uitinase BRCA1-associated protein (BAP1) provides a route for
pegargiminase-based chemotherapy in epithelioid mesothe-
lioma on biomarker selection.31 Several phase 3 studies of che-
moimmunotherapy are also ongoing, including DREAM3R,32

which is assessing first-line platinum and pemetrexed plus the
programmed death-ligand 1 inhibitor durvalumab, com-
pared with standard chemotherapy or dual immune check-

Figure 2. Overall and Progression-Free Survival in Phase 3 Patients (Intention-to-Treat Population)
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Analysis population was the
intention-to-treat population, which
included all randomized patients.
A, Overall survival (OS) was
calculated as the time from
randomization until death. In the
event that no death was documented
prior to study termination or analysis
cutoff, OS was censored at the last
known date the patient was known to
be alive (using last contact day or last
dose day). Total number of patients
from the analysis population was
249, including 25 censored (17 from
pegargiminase-chemotherapy group,
8 from placebo-chemotherapy
group) and 224 with OS events (108
from pegargiminase group, 116 from
placebo group). The 48-month
survival percentage was not
computed in the pegargiminase
group due to the large number of
censored patients (eTable 3 in
Supplement 3). The blue vertical
dashed lines indicate the 12-, 24-,
and 36-month follow-up. B,
Progression-free survival (PFS) was
calculated as the time from
randomization until date of tumor
progression or death. In the event
that no tumor progression or death
was documented prior to end of
treatment, analysis cutoff, or the start
of confounding anticancer therapy,
PFS was censored at the date of the
last tumor assessment demonstrating
no tumor progression. Total number
of patients from the analysis
population was 249, including 104
censored (54 from pegargiminase
group, 50 from placebo group) and
145 with PFS events (71 from
pegargiminase group, 74 from
placebo group). Tick marks indicate
censoring.
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point blockade, potentially further improving survival out-
comes for patients with mesothelioma, especially those with
the epithelioid histologic subtype.33-35 Moreover, durvalumab-
chemotherapy recorded a median OS of 9.2 months in non-
epithelioid disease (compared to 24.3 months for epithelioid
disease).34 Recently, the IND.227 phase 3 study reported the
exploratory analyses for pembrolizumab-chemotherapy vs
chemotherapy, noting a median OS of 12.3 months in nonepi-
thelioid disease (compared to 19.8 months for epithelioid dis-
ease), highlighting the important role of frontline doublet im-
munotherapy, especially for nonepithelioid mesothelioma.35,36

The clinical development of asparaginase for the treat-
ment of acute lymphoblastic leukemia in the 1960s estab-
lished the paradigm of amino acid deprivation to treat malig-
nant disease.37 Our novel data add further impetus to the field
of cancer metabolism and particularly targeting specific amino
acids.38,39 Importantly, multimodality regimens of pegargimi-
nase with chemo-immunotherapy warrant evaluation in pa-
tients with arginine-dependent cancers closely allied with a
deeper appreciation of the host-tumor context, which will be
fundamental to deploying pharmacological modulators of
arginine metabolism effectively.40-48

Limitations
First, the DSMB recommended early trial discontinuation due
to positive results; however, additional factors, specifically the
first-line approval of ipilimumab and nivolumab for mesothe-

lioma and the COVID-19 pandemic, potentially affected the
treatment effect size. Second, ASS1 biomarker validation may
have offered greater study robustness but ultimately was not
required for patient enrollment (Supplement 1) due to con-
cerns over the sensitivity of the antibody between the com-
mercial and academic laboratories. Third, there was no dif-
ference in the ORR, highlighting the need for better assessment
tools in this disease. Fourth, almost twice as many patients in
the pegargiminase-chemotherapy arm accessed ipilimumab
and nivolumab immunotherapy (16.8% vs 8.9%) compared to
the placebo-chemotherapy arm, potentially affecting long-
term survival. Indeed, post hoc sensitivity analysis revealed
an impressive median OS; however, this was numerically higher
in the placebo group compared to the pegargiminase group
(25.3 months vs 19.3 months, P = .77; eTable 12 and eFigure 5
in Supplement 3). Fifth, while quality of life was not mea-
sured in ATOMIC-Meso, in the prior ADAM study, there was
no detrimental effect on quality of life in patients receiving
weekly intramuscular pegargiminase compared with best
supportive care alone.15

Conclusions
This global randomized clinical trial in patients with treatment-
naive nonepithelioid pleural mesothelioma demonstrated
significantly improved OS with pegargiminase-chemotherapy

Table 2. Treatment-Emergent Adverse Events (TEAEs) Grade 3 or Higher Related to Pegargiminase or Placebo

System organ class/preferred terma

Patients, No. (%)

P valuebPegargiminase-chemotherapy (n = 125) Placebo-chemotherapy (n = 124)
Patients reporting ≥1 related TEAE grade ≥3 36 (28.8) 21 (16.9) .03

Blood and lymphatic disorders 12 (9.6) 5 (4.0) .13

Anemia 6 (4.8) 3 (2.4) .50

Neutropenia 6 (4.8) 2 (1.6) .28

Investigations 12 (9.6) 5 (4.0) .13

Neutrophil count decreased 7 (5.6) 2 (1.6) .17

Platelet count decreased 4 (3.2) 2 (1.6) .68

White blood cell count decreased 3 (2.4) 0 .25

Gastrointestinal disorders 4 (3.2) 2 (1.6) .68

Nausea 2 (1.6) 1 (0.8) >.99

General/site administration 3 (2.4) 3 (2.4) >.99

Skin (rash, maculopapular) 2 (1.6) 0 .50

Fatigue 2 (1.6) 2 (1.6) >.99

Infections and infestations 3 (2.4) 2 (1.6) >.99

Neutropenic sepsis 2 (1.6) 1 (0.8) >.99

Metabolism and nutrition disorders 2 (1.6) 3 (2.4) .68

Hyponatremia 2 (1.6) 0 .50

Immune system disorders 4 (3.2) 0 .12

Anaphylactic reactionc 3 (2.4) 0 .25
a Adverse events (AEs) were coded to system organ class and preferred term

using MedDRA, version 19.1. At each level of summarization (any event, system
organ class, and preferred term), patients reporting more than 1 related and
grade 3 or higher AE were counted only once. Related AEs were those reported
as possibly, probably, or definitely related to pegargiminase or placebo.

b P value comparing pegargiminase-chemotherapy to placebo-chemotherapy
is based on Fisher exact test.

c For 1 patient in the pegargiminase-chemotherapy group who had a grade 3
anaphylactic reaction TEAE considered related to pegargiminase, additional
information was obtained that led the sponsor to disagree with the diagnosis.
The most common TEAEs leading to pegargiminase discontinuation were
anaphylactic reaction (3 patients [2.4%]) and fatigue, pyrexia, and cardiac
arrest (2 patients [1.6%] each) (eTable 11 in Supplement 3).
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compared with chemotherapy alone. The pegargiminase-
pemetrexed-platinum triplet was safe and validates
arginine deprivation as a novel therapeutic antimetabolite

strategy for patients with nonepithelioid mesothelioma.
Additional studies of pegargiminase-based regimens are war-
ranted in patients with other urea cycle–dysregulated cancers.
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