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Abstract
Recurrent small-cell lung cancer (SCLC) has limited chemotherapy options. Here, we report the outcome of the
first trial of arginine-deprivation therapy (pegargiminase, ADI-PEG 20) in patients with relapsed/refractory SCLC.
The best overall response to pegargiminase in SCLC was stable disease. Recent molecular stratification including
MYC status and immune checkpoint blockade may leverage arginine-lowering therapy in SCLC going forward.
Background: Pre-clinical studies indicated that arginine-deprivation therapy using pegylated arginine deiminase
(pegargiminase, ADI-PEG 20) may be effective in patients with argininosuccinate synthetase 1 (ASS1)-deficient small-
cell lung cancer (SCLC). Patients and Methods: Patients were enrolled into either a ‘sensitive’ disease cohort (� 90
days response to first-line chemotherapy) or a ‘refractory’ disease cohort (progression while on chemotherapy or < 90
days afterwards or � third-line treatment). Patients received weekly intramuscular pegargiminase, 320 IU/m2 (36.8 mg/
m2), until unacceptable toxicity or disease progression. The primary endpoint was tumor response assessed by
Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 with secondary endpoints including tolerability, pharma-
codynamics, and immunogenicity. Results: Between January 2011 and January 2014, 22 patients were enrolled: 9 in
the sensitive disease cohort and 13 in the refractory disease cohort. At a pre-planned interim analysis, the best overall
response observed was stable disease in 2 patients in each cohort (18.2%). Owing to the lack of response and slow
accrual in the sensitive disease cohort, the study was terminated early. Pegargiminase treatment was well-tolerated
with no unexpected adverse events or discontinuations. Conclusion: Although pegargiminase monotherapy in
SCLC failed to meet its primary endpoint of RECIST-confirmed responses, more recent molecular stratification,
including MYC status, may provide new opportunities moving forward.
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Introduction
An estimated 1.6 million new lung cancers are diagnosed every

year with small-cell lung cancer (SCLC) accounting for around
13% of cases.1 Primary SCLC is associated with a cigarette-
smoking history and derives from neuroendocrine precursor
cells. SCLC is typified by a rapid proliferation rate together with a
high response rate (w70%) to chemotherapy in the first-line
setting.1,2 However, the majority of patients with extensive
SCLC will relapse with a median progression-free survival (PFS)
of 5.5 months and a median overall survival of 9.6 months.3

Response rates to second-line treatment are much poorer, being
around 10% for patients with refractory disease (< 3 months
treatment-free interval) and 20% for patients with sensitive dis-
ease (> 3 months).1
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Efficacy of ADI-PEG 20 in SCLC
Auxotrophy is the inability of an organism to synthesize an
organic compound necessary for its growth.4 At the cellular level,
this has been exploited in the treatment of T-cell acute lympho-
blastic leukemia (T-ALL) by the use of L-asparaginase. T-ALL cells
are auxotrophic for asparagine owing to a lack of the enzyme
asparagine synthetase, in contrast to normal cells.5,6 Similarly, many
tumor types have been found to be auxotrophic for arginine.
Arginine is involved in the regulation of multiple cellular pathways,
including proliferation via polyamines and mammalian target of
rapamycin signaling, and as the precursor for nitric oxide involved
in endothelial, immune, and neuronal cell biology.7 Normal cells
contain argininosuccinate synthetase 1 (ASS1), which converts
citrulline to arginine, thereby providing an endogenous supply.
However, many tumors downregulate ASS1, forcing them to be
dependent on exogenous arginine (ie, arginine auxotrophic).8-11

This has been studied most extensively in hepatocellular carci-
noma (HCC) and melanoma, but has also been identified in a range
of other tumor types.7,12 An important mechanism of ASS1
downregulation is hypermethylation of the promoter, first identified
in mesothelioma, although other mechanisms also play a role,
including promoter repression by hypoxia-inducible factor-1a.11,13

Downregulation of ASS1 leads to aspartate being shunted into
increased pyrimidine synthesis and thereby tumor proliferation;
thus bypassing the production of argininosuccinate and urea.14

Notably, downregulation of ASS1 leads to a dependence on exog-
enous arginine that can be exploited therapeutically by catabolizing
enzymes. One such approach is via arginine deiminase (ADI), which
catalyzes the irreversible conversion of L-arginine to citrulline and
an ammonium ion.15 This was identified from Mycoplasma species
and inhibited tumor growth in vitro.16,17 However, in vivo, it is
highly immunogenic with a short serum half-life, both of which
were improved by conjugating ADI to polyethylene glycol (20,000
Da; ADI-PEG 20; pegargiminase).18 The initial phase I/II trials
were undertaken in HCC and melanoma owing to their high fre-
quency of ASS1 loss.19,20 Pharmacodynamic results showed that
serum arginine was reduced to an undetectable level within 24
hours of the first ADI-PEG 20 injection and persisted for at least 7
days. The initial response rates in HCC and melanoma were
promising, with no grade 3 or 4 toxicity observed from ADI-PEG
20.19,20 Loss of ASS1 is a potential predictive biomarker to argi-
nine deprivation therapy, with 53% of ASS1-deficient patients
treated with ADI-PEG 20 having either a partial response or stable
disease (SD) compared with 10% of ASS1-proficient patients with
melanoma (P ¼ .041).10

Pre-clinical data using SCLC cell lines and xenografts showed
that 45% to 50% of tumors were negative for ASS1.21 ADI-PEG 20
reduced the growth of ASS1�, but not ASS1þ, cell lines in vitro.
Similarly, arginine deprivation led to a dose-dependent reduction in
the size of ASS1� xenografts in vivo, whereas ASS1þ xenografts
were resistant.21 Therefore, the efficacy and safety of ADI-PEG 20
was examined in patients with ASS1-deficient SCLC.

Materials and Methods
Patients

Eligible patients were 18 years of age or older with histologically
confirmed SCLC in which < 5% of tumor cells expressed ASS1 as
determined by immunohistochemistry (0 or 1þ by ASS1
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immunohistochemistry using mAb 195-21-1 from Polaris Phar-
maceuticals, Inc, San Diego, CA). ASS1 levels were determined on
archival tissue samples. Eligible patients must have had at least 1
previous line of chemotherapy prior to enrollment and have re-
fractory/relapsed disease that was measurable by Response Evalua-
tion Criteria in Solid Tumors (RECIST) 1.1.22 Patients had an
Eastern Cooperative Oncology Group performance status of � 2 as
well as adequate hematologic, renal, and hepatic function. Exclusion
criteria included metastatic disease to the central nervous system,
unless treated and stable, as well as a history of seizures. Prior
treatment with ADI-PEG 20 was not allowed.

Study Design
This was an open-label, 2-arm, non-randomized phase II study

conducted across 8 centers in the United States, Taiwan, the United
Kingdom, Germany, and Belgium. Cohort 1 enrolled patients with
‘sensitive’ disease who had maintained an appropriate response for
90 days or more after 1 previous line of chemotherapy. Cohort 2
enrolled patients with ‘refractory’ disease who had either progressed
while on chemotherapy or within 90 days of completing treatment.
Patients who required a third line of treatment, irrespective of the
response duration to the initial 2 lines of chemotherapy (ie, sensitive
or refractory), were also enrolled in Cohort 2. Each cohort was to be
enrolled in 2 stages. In the first stage, 15 patients were to be enrolled
in Cohort 1 and 12 patients in Cohort 2. If 3 or more patients met
the primary endpoint (tumor response) in Cohort 1, then an
additional 13 patients were to be accrued. If 2 or fewer patients met
the primary endpoint in Cohort 1, then the study would be
terminated and declared negative for this cohort. For Cohort 2, 1 or
more patients had to meet the primary endpoint for an additional 4
patients to be accrued. If no patients achieved the primary endpoint
in Cohort 2, then the study would be terminated and declared
negative.

Treatment
Both cohorts received the same treatment regimen, consisting of

4 weekly intramuscular administrations of ADI-PEG 20, 320 IU/
m2 (36.8 mg/m2) followed by a 1-week follow-up (1 cycle) as
defined by earlier phase I/II studies.19,20,23 No dose adjustment was
allowed. If toxicity warranted a delay of 4 or more days, then the
dose was omitted. Patients were withdrawn if 2 consecutive doses
were omitted. Additional treatment cycles were permitted in the
absence of disease progression requiring other therapeutic
interventions.

End Points and Assessments
The primary endpoint for clinical efficacy was tumor response,

defined as complete response (CR) or partial response (PR) as
assessed by RECIST 1.1. Tumors could be assessed using any
appropriate imaging. Tumor assessments could occur every 4 to 8
weeks, depending on local standard practice.

Secondary endpoints were the safety and tolerability of ADI-PEG
20 (assessed using National Cancer Institute Common Terminology
Criteria for Adverse Events [NCI-CTCAE] version 4.0); to measure
changes in the plasma arginine and citrulline levels associated with
ADI-PEG 20 treatment; to investigate the association between
plasma arginine and citrulline levels and the primary endpoint; to



Table 1 Demographic Characteristics at Baseline

All Patients (n [ 22), n (%)

Age, y

Median (range) 62.5 (49-83)

Gender

Male 14 (64)

Female 8 (36)

Country

United States 11 (50)

Taiwan 6 (27)

United Kingdom 3 (14)

Germany 1 (4.5)

Belgium 1 (4.5)

Race

White 14 (64)

Asian 6 (27)

Black or African heritage 1 (4.5)

Unknown 1 (4.5)

ASS1 assay result

Negative 11 (50)

<5% cells positive 11 (50)

Abbreviation: ASS1 ¼ argininosuccinate synthetase 1
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investigate the immunogenicity of ADI-PEG 20 by measuring anti-
ADI-PEG 20 antibodies over time; and to estimate overall survival
(measured from initial date of treatment).

Statistical Analysis and Ethical Considerations
The sample size for each cohort was determined through a Simon

2-stage Minimax design with type I error and type II error set to
0.05 and 0.2, respectively.

In Cohort 1, patients with sensitive disease, a 15% response rate
was considered not promising (based on a pooled analysis assessing
the efficacy of current standard treatment, topotecan, that indicated
a response rate of 18%), and a 35% response rate was considered
promising. A minimum of 15 and a maximum of 28 subjects were
to be enrolled in this cohort.

In Cohort 2, patients with refractory disease and any patient in
need of third-line therapy, a 5% response rate was considered not
promising (based on there being no established effective treatment
for these patients), but a 25% response rate was considered prom-
ising. A minimum of 12 and a maximum of 16 patients were to be
enrolled in this cohort.

All statistical analyses were performed using Statistical Analysis
Software (SAS) Version 9.2 or higher for Windows.

The study was performed in accordance with good clinical
practice and Institutional Review Board approval. All patients
provided written informed consent. ClinicalTrials.gov number
NCT01266018.

Results
Patients

Between January 2011 and January 2014, 22 patients were
enrolled; 9 with sensitive disease and 13 with refractory disease,
across 8 international sites. The age range was 49 to 83 years, with a
median of 62.5 years (Table 1). Fourteen (64%) patients were male,
and 11 (50%) were recruited from the United States, with 6 (27%)
from Taiwan, 3 (14%) from the United Kingdom, and 1 (4%) each
from Belgium and Germany. Eleven (50%) patients were negative
for ASS1, and 11 (50%) had < 5% cells positive.

Tumor Response
No patient had a CR or PR as their best overall response. Two

(22%) patients in the sensitive disease cohort and two (15%) in the
refractory disease cohort had a best overall response of SD or 18.2%
(4/22) overall. One patient with SD in the refractory disease cohort
had a biochemical response as assessed by a drop in serum lactate
dehydrogenase during the first month of ADI-PEG 20 therapy. The
remainder had progressive disease. One patient was withdrawn from
the sensitive disease cohort as it was determined that it was in the
best medical interests of the patient by the investigator, and one was
withdrawn from the refractory cohort owing to clinical evidence of
disease progression. As such, both patients were non-evaluable with
regard to the primary endpoint.

As no patient in the refractory cohort had a radiologic response to
ADI-PEG 20, thereby failing to meet the pre-specified interim
analysis criteria for further accrual, and there was poor recruitment
to the sensitive disease cohort, the study was terminated early.
Overall survival was not analyzed owing to the premature termi-
nation of the study.
Tolerability and Safety
The median treatment duration was 6.1 weeks in the sensitive

cohort (range, 0.1-7.0 weeks) and 2.1 weeks (range, 0.1-15.1 weeks)
in the refractory disease cohort. Similarly, the median number of
doses received was 6.0 (range, 1-8) in the sensitive disease cohort
and 3.0 (range, 1-16) in the refractory disease cohort. This is in line
with expectations as the sensitive disease group, by definition, had
responded to previous chemotherapy and therefore probably had
less aggressive disease.

The administration of ADI-PEG 20 320 IU/m2 to patients with
SCLC was not associated with adverse events (AEs) or laboratory
abnormalities that were unexpected (Table 2). AEs of any type were
reported in 21 (95%) of the 22 patients with 6 (27%), 3 (14%), and
3 (14%) patients experiencing grade 3, 4, or 5 events, respectively.
Ten (45%) patients experienced serious AEs. AEs were assessed as
being treatment-related in 12 (54%) patients. Three (14%) patients
had their treatment discontinued owing to AEs related to disease
progression.

The most common AEs of any grade were fatigue (10 patients;
45%), decreased appetite (7 patients; 32%), and dyspnea (5 pa-
tients; 23%). Nine (41%) patients experienced at least 1 grade 3 to
4 AE. Of these AEs, 10 related to decreased blood cell counts
(including febrile neutropenia) and were experienced by 3 (14%)
patients. The remainder were dyspnea (4 patients; 18%), cough (1
patient; 4.5%), somnolence (1 patient; 4.5%), asthenia (1 patient;
4.5%), and non-cardiac chest pain (1 patient; 4.5%). The most
common treatment-related AEs of any grade were fatigue (5 pa-
tients; 23%), leukopenia (3 patients; 14%), neutropenia (3 patients;
14%), injection site reaction (3 patients; 14%), decreased appetite
(3 patients; 14%), and nausea (3 patients; 14%). Four (18%)
Clinical Lung Cancer Month 2020 - 3
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Table 2 Reported Adverse Events Based on the Common Terminology Criteria for Adverse Events (CTCAE 4.0)

Adverse Event

All Reported Events Treatment-related Events

All Grades, n (%) Grade 3-4, n (%) All Grades, n (%) Grade 3-4, n (%)

Any 21 (95) 9 (41) 12 (54) 4 (18)

Constipation 4 (18) 0 (0) 0 (0) 0 (0)

Nausea 4 (18) 0 (0) 3 (14) 0 (0)

Vomiting 4 (18) 0 (0) 2 (9) 0 (0)

Diarrhea 3 (14) 0 (0) 2 (9) 0 (0)

Fatigue 10 (45) 0 (0) 5 (23) 0 (0)

Asthenia 4 (18) 1 (4.5) 0 (0) 0 (0)

Neutropenia 3 (14) 3 (14) 3 (14) 3 (14)

Leukopenia 4 (18) 3 (14) 3 (14) 3 (14)

Lymphopenia 1 (4.5) 1 (4.5) 1 (4.5) 1 (4.5)

Thrombocytopenia 3 (14) 2 (9) 2 (9) 2 (9)

Febrile neutropenia 1 (4.5) 1 (4.5) 1 (4.5) 1 (4.5)

Decreased appetite 7 (32) 0 (0) 3 (14) 0 (0)

Dysgeusia 2 (9) 0 (0) 2 (9) 0 (0)

Dyspnea 5 (23) 4 (18) 0 (0) 0 (0)

Cough 4 (18) 1 (4.5) 0 (0) 0 (0)

Wheezing 3 (14) 3 (14) 0 (0) 0 (0)

Somnolence 1 (4.5) 1 (4.5) 0 (0) 0 (0)

Non-cardiac chest pain 1 (4.5) 1 (4.5) 0 (0) 0 (0)

Pruritis 2 (9) 0 (0) 2 (9) 0 (0)

Injection site reaction 3 (14) 0 (0) 3 (14) 0 (0)

Efficacy of ADI-PEG 20 in SCLC
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patients had treatment-related AEs at a maximum grade of 3 or 4
(none had grade 5) that were all related to low blood cell counts,
including 1 episode of febrile neutropenia. In 1 patient, hematologic
toxicity was exacerbated by receiving 2 accidental overdoses of ADI-
PEG 20. Injection-related AEs occurred in 3 (14%) patients and
were all grade 1 in severity. Three (14%) patients, all in the re-
fractory disease cohort, had the study drug withdrawn owing to
disease progression. Three patients died within 30 days of the last
administration of the study drug. The causes were reported as dis-
ease progression in 2 patients and cardiac arrest in 1 patient, with
none assessed as being related to ADI-PEG 20.

Hematologic testing showed a tendency for neutrophil,
lymphocyte, and white blood cell counts to mildly decrease (grade 1
or less) by cycle 1, day 15, and then to recover to their baseline
levels by day 29. In previous clinical trials of ADI-PEG 20, increases
in amylase, lipase, uric acid, and liver transaminases were seen. In
this study, the number of patients tested at baseline for amylase (6
of 9 patients in the sensitive disease cohort) and lipase (5 patients in
the sensitive disease cohort and 1 patient in the refractory disease
cohort) were too small to draw any meaningful conclusion. No
notable changes in any other clinical chemistry test, including uric
acid, alanine aminotransferase, and aspartate aminotransferase, were
seen apart from the decrease in serum lactate dehydrogenase
described above, and identified as a treatment-related effect.

Pharmacodynamics and Immunogenicity
The arginine, citrulline, and anti-ADI-PEG 20 antibody levels

were determined for 21 (95%) patients with available plasma
samples. A total of 121 plasma samples were assessed. No signifi-
cance difference in the pharmacodynamics was seen between the 2
nical Lung Cancer Month 2020
cohorts (Figure 1). Weekly treatment with ADI-PEG 20 320 IU/m2

(36.8 mg/m2) was sufficient to reduce plasma arginine levels to <

50% baseline for approximately 50 days, with a reciprocal rise in
citrulline levels. However, by day 58 (the last day for which samples
were analyzed), the mean arginine and citrulline levels were trending
back towards their baseline levels. These changes correlated with the
appearance of antibodies against ADI-PEG 20.

Discussion
This phase II study of arginine deprivation by ADI-PEG 20 in

patients with relapsed or refractory SCLC failed to meet its
primary endpoint, with no objective responses to treatment seen.
This, coupled with slow accrual in the sensitive disease cohort,
led to the trial being terminated early. The AEs seen in this study
were expected for the study population and ADI-PEG 20 ther-
apy. No patients discontinued owing to treatment-related AEs,
and no deaths were attributable to the study drug. Fatigue,
decreased appetite, and leucopenia were the most common
treatment-related AEs, in line with the findings of other
studies.24,25

The lack of objective responses is consistent with recent trials
using ADI-PEG 20 monotherapy in other tumor types. Although a
small-scale phase I/II trial with 19 patients suggested a meaningful
response rate in HCC, this was not borne out in larger phase II and
III trials with objective response rates of 0.5% to 3%.19,25,26

Similarly, a randomized phase II study in ASS1-deficient malig-
nant pleural mesothelioma (MPM) failed to record any objective
responses.24 However, an improvement in PFS of 1.2 months was
seen in ADI-PEG 20-treated patients with mesothelioma compared
with best supportive care alone (P ¼ .03), highlighting that



Figure 1 Pharmacodynamics and Immunogenicity Studies. The Mean Arginine Levels (Top), Citrulline Levels (Middle), and Serum
Levels of anti-ADI-PEG 20 (Bottom) for Patients Treated With ADI-PEG 20 in the Sensitive Disease Cohort (Cohort 1), the
Refractory Disease Cohort (Cohort 2) and Both Cohorts Combined (All) are Shown by Day on Study
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response rate alone may be insensitive in measuring the activity of
arginine-depleting agents. Moreover, post-hoc analysis revealed that
the PFS improvement was proportional to the degree of ASS1
deficiency, with > 75% loss being associated with the best survival
outcomes compared with > 50% to 75% deficiency.24 This SCLC
study required > 95% loss of ASS1 expression, indicating that this
is unlikely to be the reason for the negative outcome.
Furthermore, the duration of arginine deprivation has been
linked to overall survival, with prolonged arginine deprivation
beyond 4 weeks linked to better outcomes across studies in mela-
noma, HCC, and MPM.10,23,27 In this small study, the duration
patients spent on pegargiminase therapy varied most notably in the
refractory SCLC disease cohort (up to 16 weeks). This may indicate
that there is a subgroup of ASS1-deficient patients with SCLC who
Clinical Lung Cancer Month 2020 - 5
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derive more benefit from pegargiminase and warrant further
investigation. Indeed, one possibility is that these represent the
MYC-driven variant SCLC subgroup characterized recently as
exquisitely sensitive to ADI-PEG 20 using patient-derived xeno-
grafts of SCLC.28 In contrast, cells of the more common classic or
MYCL-driven subtype were resistant to arginine deprivation.28

Unfortunately, owing to limited material from patients enrolled in
this study, retrospectively testing for MYC status was not feasible.
However, future studies of pegargiminase, at least potentially for
monotherapy, would require SCLC molecular subtyping rather than
ASS1 status alone in patient selection.29

Antibodies to ADI-PEG 20 appeared by day 50, consistent with
prior monotherapy ADI-PEG 20 studies.23,26,30,31 These may act to
limit the efficacy of ADI-PEG 20. Other resistance mechanisms
have been described, including re-expression of ASS1 via hypoxia-
inducible factor-1a as well as autophagy.13,21 Increased autophagy
has been observed in SCLC cells in vitro in response to ADI-PEG
20 treatment and may provide a means of supplying arginine when
exogenous levels are low.21 Similarly, the tumor microenvironment
has been implicated in supplying amino acids when exogenous levels
are low, either through micropinocytosis or stromal cells.12,32,33

Therefore, multiple mechanisms exist to maintain arginine ho-
meostasis when plasma levels are low, and consequently pegargi-
minase alone, as with asparaginase monotherapy for T-ALL, will be
limiting as a single agent. This is supported by the first phase III
study of ADI-PEG 20 monotherapy in second-line treatment of
advanced HCC that did not show a PFS or overall survival
advantage versus placebo.25

There is a biochemical rationale for combining ADI-PEG 20
with chemotherapy. ASS1 positivity is associated with sensitivity to
platinum chemotherapy, whereas ASS1 loss is a predictor of resis-
tance.34-36 Loss of ASS1 correlates with increased levels of thymi-
dylate synthase (TS) and dihydrofolate reductase, target enzymes of
pemetrexed chemotherapy.12 High levels of TS have been associated
with resistance to pemetrexed.37,38 ADI-PEG 20 has been
demonstrated to suppress TS and dihydrofolate reductase and
thereby potentiate the effect of pemetrexed chemotherapy.12

Therefore, given the heterogeneity of ASS1þ and ASS1� cells in
most tumors, a triplet combination of platinum plus pemetrexed
and ADI-PEG 20 may prove more effective than either doublet
chemotherapy or ADI-PEG 20 monotherapy.39 This approach has
shown promise in nonesmall-cell lung cancer, MPM, and relapsed
glioblastoma, with larger scale trials ongoing.40,41 Finally, with the
recent incremental survival benefit of combining programmed
death-ligand 1 blockade with carboplatin and etoposide as front-line
therapy for extensive SCLC, there are additional avenues that merit
further study.42,43 Specifically, pegargiminase has been shown to
induce programmed death-ligand 1 expression in tumor cell lines
and promote a T cell infiltrate in syngeneic tumour models.44

Moreover, urea cycle-deficient cancers, including functional loss
of ASS1, may be more tractable to immunometabolic strategies in
general.45 Indeed, a phase I/II study is underway of a bioengineered
form of human arginase 1, pegzilarginase, combined with pem-
brolizumab specifically in patients with relapsed SCLC
(ClinicalTrials.Gov Identifier: NCT03371979).46 In summary,
combination studies will be critical in defining the role of depleting
arginine as a novel anti-metabolite strategy for SCLC.
nical Lung Cancer Month 2020
Conclusion
In conclusion, the use of pegargiminase monotherapy in patients

with relapsed or refractory SCLC failed to meet its primary
endpoint, with no tumor responses seen in either cohort. Four
(18%) patients (2 in each cohort) had a best response of SD. The
study was therefore terminated early. The treatment was well-
tolerated with no unexpected AEs or discontinuations.
Clinical Practice Points

� SCLC is an aggressive form of lung cancer with limited effective
treatment options after first-line chemotherapy.

� Many tumors, including 45% to 50% of SCLC, are auxotrophic
for arginine, usually via downregulation of ASS1. As such, these
tumors are unable to produce endogenous arginine and are
dependent on an exogenous supply.

� This can be exploited therapeutically using ADI-PEG 20
(pegargminase), which showed efficacy in preclinical studies
involving ASS1-deficient SCLC xenografts.

� This paper reports the first trial of ADI-PEG 20 in patients with
relapsed/refractory SCLC, recruited into a ‘sensitive’ disease
cohort (� 90 days response to first-line chemotherapy; 9 pa-
tients) or a ‘refractory’ disease cohort (progression while on
chemotherapy or < 90 days afterwards or � third-line treatment;
13 patients). The primary end point was tumor response rate by
RECIST 1.1.

� At a pre-planned interim analysis, the best overall response
observed was SD in 2 (18.2%) patients in each cohort. Owing to
the lack of objective response and to slow accrual in the sensitive
disease cohort, the study was terminated early.

� The outcome of this trial indicates that pegargiminase mono-
therapy is unlikely to be an effective treatment for recurrent/
refractory SCLC. However, recent preclinical work has indicated
that MYC status may identify a subpopulation of patients with
SCLC who are sensitive to arginine deprivation monotherapy,
and further combination trials are planned employing this
stratification biomarker.

� Additionally, arginine-lowering agents combined with immune
checkpoint blockade are being tested in the clinic, including in
SCLC, based on preclinical immunometabolic cooperation.
Acknowledgments
The authors would like to thank the Sponsor, Ludwig Institute

for Cancer Research, New York, NY, the clinical investigators and
their respective institutions, Drs Jim Thomson and Bor-Wen Wu,
Polaris Pharmaceuticals Inc for supplying the ADI-PEG 20, and the
patients and their families who participated in the study.

Disclosure
This study was co-funded by the Sponsor Ludwig Institute for

Cancer Research, New York, NY and Polaris Pharmaceuticals Inc,
San Diego, CA. The Sponsor was involved in the study design;
collection, analysis, and interpretation of the data; the final
approval; and the decision to submit the manuscript. P.E.H. has
received honoraria from MSD and Eisai. A.J. and J.B. are employees
of Polaris Pharmaceuticals Inc. N.E.R. has received consulting/

http://ClinicalTrials.Gov


Peter E. Hall et al
advisory honoria from AbbVie, BMS, Merck, Celgene, Astrazeneca,
Novartis, Pfizer, G1 Therapeutics, EMD Serano, and Genentech,
and research funding from Merck. P.W.S. has received honoraria
from Merck and Co Inc, Merck KGaA, Roche, and Bristol-Myers
Squibb, and is a recipient of research funding from Polaris Phar-
maceuticals, Inc. The remaining authors have stated that they have
no conflicts of interest.
References
1. Früh M, De Ruysscher D, Popat S, Crino L, Peters S, Felip E, ESMO Guidelines

Working Group. Small-cell lung cancer (SCLC): ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up. Ann Oncol 2013; 24(Suppl 6):
vi99-105.

2. Rodriguez E, Lilenbaum RC. Small cell lung cancer: past, present, and future. Curr
Oncol Rep 2010; 12:327-34.

3. Foster NR, Qi Y, Shi Q, et al. Tumor response and progression-free survival as
potential surrogate endpoints for overall survival in extensive stage small-cell lung
cancer: findings on the basis of North Central Cancer Treatment Group trials.
Cancer 2011; 117:1262-71.

4. Delage B, Fennell DA, Nicholson L, et al. Arginine deprivation and arginino-
succinate synthetase expression in the treatment of cancer. Int J Cancer 2010; 126:
2762-72.

5. Jaffe N, Traggis D, Das L, et al. Favorable remission induction rate with twice
weekly doses of L-asparaginase. Cancer Res 1973; 33:1-4.

6. Richards NGJ, Kilberg MS. Asparagine synthetase chemotherapy. Ann Rev Bio-
chem 2006; 75:629-54.

7. Patil MD, Bhaumik J, Babykutty S, Banerjee UC, Fukumura D. Arginine
dependence of tumor cells: targeting a chink in cancer’s armor. Oncogene 2016; 35:
4957-72.

8. Dillon BJ, Prieto VG, Curley SA, et al. Incidence and distribution of arginino-
succinate synthetase deficiency in human cancers: a method for identifying cancers
sensitive to arginine deprivation. Cancer 2004; 100:826-33.

9. Szlosarek PW, Grimshaw MJ, Wilbanks GD, et al. Aberrant regulation of argi-
ninosuccinate synthetase by TNF-alpha in human epithelial ovarian cancer. Int J
Cancer 2007; 121:6-11.

10. Feun LG, Marini A, Walker G, et al. Negative argininosuccinate synthetase
expression in melanoma tumours may predict clinical benefit from arginine-
depleting therapy with pegylated arginine deiminase. Br J Cancer 2012; 106:
1481-5.

11. Delage B, Luong P, Maharaj L, et al. Promoter methylation of argininosuccinate
synthetase-1 sensitises lymphomas to arginine deiminase treatment, autophagy and
caspase-dependent apoptosis. Cell Death Dis 2012; 3:e342.

12. Phillips MM, Sheaff MT, Szlosarek PW. Targeting arginine-dependent cancers
with arginine-degrading enzymes: opportunities and challenges. Cancer Res Treat
2013; 45:251-62.

13. Tsai WB, Aiba I, Lee SY, Feun L, Savaraj N, Kuo MT. Resistance to arginine
deiminase treatment in melanoma cells is associated with induced argininosucci-
nate synthetase expression involving c-Myc/HIF-1alpha/Sp4. Mol Cancer Ther
2009; 8:3223-33.

14. Rabinovich S, Adler L, Yizhak K, et al. Diversion of aspartate in ASS1-deficient
tumours fosters de novo pyrimidine synthesis. Nature 2015; 527:379-83.

15. Shirai H, Blundell TL, Mizuguchi K. A novel superfamily of enzymes that catalyze
the modification of guanidino groups. Trends Biochem Sci 2001; 26:465-8.

16. Miyazaki K, Takaku H, Umeda M, et al. Potent growth inhibition of human
tumor cells in culture by arginine deiminase purified from a culture medium of a
Mycoplasma-infected cell line. Cancer Res 1990; 50:4522-7.

17. Sugimura K, Ohno T, Kusuyama T, Azuma I. High sensitivity of human mela-
noma cell lines to the growth inhibitory activity of mycoplasmal arginine deiminase
in vitro. Melanoma Res 1992; 2:191-6.

18. Feun L, Savaraj N. Pegylated arginine deiminase: a novel anticancer enzyme agent.
Expert Opin Investig Drugs 2006; 15:815-22.

19. Izzo F, Marra P, Beneduce G, et al. Pegylated arginine deiminase treatment of
patients with unresectable hepatocellular carcinoma: results from phase I/II studies.
J Clin Oncol 2004; 22:1815-22.

20. Ascierto PA, Scala S, Castello G, et al. Pegylated arginine deiminase treatment of
patients with metastatic melanoma: results from phase I and II studies. J Clin Oncol
2005; 23:7660-8.

21. Kelly MP, Jungbluth AA, Wu BW, Bomalaski J, Old LJ, Ritter G. Arginine
deiminase PEG20 inhibits growth of small cell lung cancers lacking expression of
argininosuccinate synthetase. Br J Cancer 2012; 106:324-32.

22. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evaluation criteria in
solid tumours: revised RECIST guideline (version 1.1). Eur J Cancer 2009; 45:
228-47.
23. Yang TS, Lu SN, Chao Y, et al. A randomised phase II study of pegylated arginine
deiminase (ADI-PEG 20) in Asian advanced hepatocellular carcinoma patients. Br
J Cancer 2010; 103:954-60.

24. Szlosarek PW, Steele JP, Nolan L, et al. Arginine deprivation with pegylated
arginine deiminase in patients with argininosuccinate synthetase 1-deficient
malignant pleural mesothelioma: a randomized clinical trial. JAMA Oncol 2017;
3:58-66.

25. Abou-Alfa GK, Qin S, Ryoo BY, et al. Phase III randomized study of second
line ADI-PEG 20 plus best supportive care versus placebo plus best supportive
care in patients with advanced hepatocellular carcinoma. Ann Oncol 2018; 29:
1402-8.

26. Glazer ES, Piccirillo M, Albino V, et al. Phase II study of pegylated arginine
deiminase for nonresectable and metastatic hepatocellular carcinoma. J Clin Oncol
2010; 28:2220-6.

27. Abou-Alfa GK, Qin S, Ryoo B-Y, et al. Phase III randomized study of second line
ADI-peg 20 (A) plus best supportive care versus placebo (P) plus best supportive
care in patients (pts) with advanced hepatocellular carcinoma (HCC). J Clin Oncol
2016; 34(15 Suppl):4017.

28. Chalishazar MD, Wait SJ, Huang F, et al. MYC-driven small-cell lung cancer is
metabolically distinct and vulnerable to arginine depletion. Clin Cancer Res 2019;
25:5107-21.

29. Rudin CM, Poirier JT, Byers LA, et al. Molecular subtypes of small cell lung
cancer: a synthesis of human and mouse model data. Nat Rev Cancer 2019; 19:
289-97.

30. Ott PA, Carvajal RD, Pandit-Taskar N, et al. Phase I/II study of pegylated arginine
deiminase (ADI-PEG 20) in patients with advanced melanoma. Investig New Drugs
2013; 31:425-34.

31. Szlosarek PW, Luong P, Phillips MM, et al. Metabolic response to pegylated
arginine deiminase in mesothelioma with promoter methylation of arginino-
succinate synthetase. J Clin Oncol 2013; 31:e111-3.

32. Commisso C, Davidson SM, Soydaner-Azeloglu RG, et al. Macropinocytosis of
protein is an amino acid supply route in Ras-transformed cells. Nature 2013; 497:
633-7.

33. Zea AH, Rodriguez PC, Atkins MB, et al. Arginase-producing myeloid suppressor
cells in renal cell carcinoma patients: a mechanism of tumor evasion. Cancer Res
2005; 65:3044-8.

34. Helleman J, Jansen MPHM, Span PN, et al. Molecular profiling of platinum
resistant ovarian cancer. Int J Cancer 2006; 118:1963-71.

35. Melaiu O, Cristaudo A, Melissari E, et al. A review of transcriptome studies
combined with data mining reveals novel potential markers of malignant pleural
mesothelioma. Mutat Res 2012; 750:132-40.

36. Nicholson LJ, Smith PR, Hiller L, et al. Epigenetic silencing of arginino-
succinate synthetase confers resistance to platinum-induced cell death but
collateral sensitivity to arginine auxotrophy in ovarian cancer. Int J Cancer
2009; 125:1454-63.

37. Righi L, Papotti MG, Ceppi P, et al. Thymidylate synthase but not excision repair
cross-complementation group 1 tumor expression predicts outcome in patients
with malignant pleural mesothelioma treated with pemetrexed-based chemo-
therapy. J Clin Oncol 2010; 28:1534-9.

38. Takezawa K, Okamoto I, Okamoto W, et al. Thymidylate synthase as a deter-
minant of pemetrexed sensitivity in non-small cell lung cancer. Br J Cancer 2011;
104:1594-601.

39. Allen MD, Luong P, Hudson C, et al. Prognostic and therapeutic impact of
argininosuccinate synthetase 1 control in bladder cancer as monitored longitudi-
nally by PET imaging. Cancer Res 2014; 74:896-907.

40. Beddowes E, Spicer J, Chan PY, et al. Phase 1 dose-escalation study of
pegylated arginine deiminase, cisplatin, and pemetrexed in patients with argi-
ninosuccinate synthetase 1-deficient thoracic cancers. J Clin Oncol 2017; 35:
1778-85.

41. Hall PE, Lewis R, Syed N, et al. A phase I study of pegylated arginine deiminase
(pegargiminase), cisplatin, and pemetrexed in argininosuccinate synthetase 1-
deficient recurrent high-grade glioma. Clin Cancer Res 2019; 25:2708-16.

42. Horn L, Mansfield AS, Szczesna A, et al, IMpower133 Study Group. First-line
atezolizumab plus chemotherapy in extensive-stage small-cell lung cancer. N Engl J
Med 2018; 379:2220-9.

43. Paz-Ares L, Dvorkin M, Chen Y, et al, CASPIAN investigators. Durvalumab plus
platinum-etoposide versus platinum-etoposide in first-line treatment of extensive-
stage small-cell lung cancer (CASPIAN): a randomised, controlled, open-label,
phase 3 trial. Lancet 2019; 394:1929-39.

44. Brin E, Wu K, Lu HT, He Y, Dai Z, He W. PEGylated arginine deiminase can
modulate tumor immune microenvironment by affecting immune checkpoint
expression, decreasing regulatory T cell accumulation and inducing tumor T cell
infiltration. Oncotarget 2017; 8:58948-63.

45. Lee JS, Adler L, Karathia H, et al. Urea cycle dysregulation generates clinically
relevant genomic and biochemical signatures. Cell 2018; 174:1559-70.e22.

46. Agnello G, Alters SE, Rowlinson SW. Preclinical safety and antitumor activity of
the arginine-degrading therapeutic enzyme pegzilarginase, a PEGylated, cobalt-
substituted recombinant human arginase 1. Transl Res 2020; 217:11-22.
Clinical Lung Cancer Month 2020 - 7

http://refhub.elsevier.com/S1525-7304(20)30234-5/sref1
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref1
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref1
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref1
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref2
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref2
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref3
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref3
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref3
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref3
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref4
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref4
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref4
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref5
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref5
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref6
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref6
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref7
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref7
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref7
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref8
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref8
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref8
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref9
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref9
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref9
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref10
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref10
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref10
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref10
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref11
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref11
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref11
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref12
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref12
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref12
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref13
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref13
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref13
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref13
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref14
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref14
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref15
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref15
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref16
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref16
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref16
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref17
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref17
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref17
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref18
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref18
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref19
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref19
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref19
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref20
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref20
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref20
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref21
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref21
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref21
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref22
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref22
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref22
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref23
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref23
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref23
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref24
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref24
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref24
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref24
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref25
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref25
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref25
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref25
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref26
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref26
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref26
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref27
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref27
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref27
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref27
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref28
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref28
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref28
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref29
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref29
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref29
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref30
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref30
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref30
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref31
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref31
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref31
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref32
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref32
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref32
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref33
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref33
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref33
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref34
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref34
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref35
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref35
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref35
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref36
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref36
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref36
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref36
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref37
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref37
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref37
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref37
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref38
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref38
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref38
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref39
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref39
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref39
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref40
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref40
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref40
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref40
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref41
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref41
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref41
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref42
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref42
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref42
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref43
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref43
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref43
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref43
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref44
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref44
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref44
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref44
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref45
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref45
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref46
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref46
http://refhub.elsevier.com/S1525-7304(20)30234-5/sref46

	Phase II Study of Arginine Deprivation Therapy With Pegargiminase in Patients With Relapsed Sensitive or Refractory Small-c ...
	Introduction
	Materials and Methods
	Patients
	Study Design
	Treatment
	End Points and Assessments
	Statistical Analysis and Ethical Considerations

	Results
	Patients
	Tumor Response
	Tolerability and Safety
	Pharmacodynamics and Immunogenicity

	Discussion
	Conclusion
	Clinical Practice Points

	Acknowledgments
	Disclosure
	References


