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ABSTRACT

Introduction: Single-agent monoclonal antibody therapy
against programmed death-ligand 1 (PD-L1) has modest
effects in malignant pleural mesothelioma. Radiation ther-
apy can enhance the antitumor effects of immunotherapy.
Nevertheless, the safety of combining anti-PD-L1 therapy
with stereotactic body radiation therapy (SBRT) is un-
known. We present the results of a phase 1 trial to evaluate
the safety of the anti-PD-L1 antibody avelumab plus SBRT
in patients with malignant pleural mesothelioma.

Methods: This was a single-arm, investigator-initiated trial
in patients who progressed on prior chemotherapy. Avelu-
mab was delivered every other week, and SBRT was
delivered to one lesion in three to five fractions (minimum
of 30 Gy) followed by continuation of avelumab up to 24
months or until disease progression. The primary end point
of the study was safety on the basis of grade 3þ non-
hematologic adverse events (AEs) within 3 months of SBRT.

Results: Thirteen assessable patients received a median of
seven cycles (range: 2–26 cycles) of avelumab. There were
27 grade 1, 17 grade 2, four grade 3, and no grade 4 or 5
avelumab-related AEs. The most common were infusion-
related allergic reactions (n ¼ 6), anorexia or weight loss
(n ¼ 6), fatigue (n ¼ 6), thyroid disorders (n ¼ 5), diarrhea
(n ¼ 3), and myalgia or arthralgias (n ¼ 3). There were 10
grade 1, four grade 2, one grade 3, and no grade 4 or 5
SBRT-related AEs. The most common were diarrhea (n ¼ 3),
chest pain/myalgia (n ¼ 2), fatigue (n ¼ 2), cough (n ¼ 2),
dyspnea (n ¼ 2), and nausea/vomiting (n ¼ 2).

Conclusions: Combination avelumab plus SBRT seems tolerable
on the basis of the prespecified toxicity end points of the first
stage of this Simon two-stage design phase 1 study.

� 2022 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-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Keywords: Malignant pleural mesothelioma; Stereotactic
body radiation therapy; Avelumab; Safety; Phase I Study

Introduction
Malignant pleural mesothelioma (MPM) remains an

almost universally lethal diagnosis. There is currently no
standard of care for second-line therapy after initial
progression. A randomized trial in the United Kingdom
revealed that single-agent nivolumab had improved
median overall survival (OS) compared with placebo.1

Nevertheless, single-agent checkpoint inhibition alone
seems to have only modest effects in mesothelioma.1–3

Radiation therapy (RT) is a highly effective local
treatment modality for MPM that can be used in the
neoadjuvant, adjuvant, or palliative settings.4–7 Biologi-
cally, ionizing radiation can increase antigen exposure,
enhance the T-cell receptor repertoire in tumor-
infiltrating lymphocytes, and increase the secretion of
proinflammatory cytokines,8–13 thus providing a ratio-
nale for postulated synergy with immune checkpoint
inhibitors. The ideal radiation dose to achieve optimal
immunomodulatory effects seems to be in the range of 6
to 10 Gy per fraction.4,14–16 Checkpoint inhibition after
thoracic chemo-RT has become the standard of care for
inoperable stage III NSCLC.17 The phase 2 non-
randomized KEYNOTE-799 study was the first to reveal
the safety and promising response rates of concurrent
chemo-RT with pembrolizumab in patients with stage III
NSCLC.18 Furthermore, concurrent thoracic RT and
checkpoint inhibition is the subject of ongoing studies
for NSCLC (e.g., PACIFIC-2; clinicaltrials.gov:
NCT03519971; NRG LU-004; clinicaltrials.gov:
NCT03801902) but has not been tested in MPM. We
therefore designed this phase 1 study to evaluate the
safety of combining avelumab, an antiprogrammed
death-ligand 1 (anti–PD-L1) IgG1 monoclonal antibody,
with thoracic stereotactic body RT (SBRT) using
moderately high hypofractionated doses.

Materials and Methods
Fifteen patients were enrolled after written informed

consent on this institutional review board-approved
phase 1 study (NCT03399552) between January 2018
and September 2019. Key inclusion criteria were path-
ologically confirmed MPM (any histologic subtype), no
plan for surgical resection, at least one prior line of
chemotherapy, at least one targetable lesion appropriate
for SBRT and one nontarget lesion for observation, age
more than or equal to 18 years, Karnofsky performance
status greater than or equal to 70%, and adequate he-
matologic, renal, and hepatic function. Exclusion criteria
were prior RT precluding SBRT, current immunosup-
pressive medications at greater than 10 mg/d predni-
sone equivalent, active autoimmune disease, known
hypersensitivity to avelumab, rapid widespread disease
progression on prior immunotherapy, prior investiga-
tional or other systemic therapy within 4 weeks from
study treatment, residual grade greater than or equal to
1 adverse events (AEs) from prior systemic therapy,
concomitant use of other systemic therapies, pregnancy,
active infection, serious unstable medical illness, and
continuous oxygen use.
Treatment Plan
For each patient, one targetable lesion that required

palliation was selected for SBRT, and at least one
nontarget lesion was observed to assess effects of

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Illustration of SBRT target and nontarget lesions. (A) Lesion targeted by SBRTwith corresponding dose cloud of the
radiation treatment plan. (B) Lesions not targeted by SBRTand used as a control to evaluate the effect of avelumab alone or
potential synergy of SBRT and avelumab outside the radiation field. SBRT, stereotactic body radiation therapy.
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avelumab alone (Fig. 1). Common criteria to select the
target lesion for SBRT included pleural lesions invading
the chest wall causing pain, invading the spine or cost-
overtebral joint causing pain, and putting the patient at
risk of cord compression in case of further disease pro-
gression, and impending or present perihilar airway or
vascular compromise. Biopsy of both lesions was done at
baseline and after two cycles of avelumab and SBRT.

Immunotherapy
Patients received avelumab 10 mg/kg every other

week at the discretion of the treating medical oncologist.
Standard supportive medications were administered.
After two priming doses of avelumab, patients under-
went SBRT and continued avelumab thereafter for up to
24 months or disease progression. Treatment beyond
disease progression was permissible at the discretion of
the treating medical oncologist.

SBRT Technique
Patients were immobilized in supine position with

their arms raised in a customized a-cradle. Gross tumor
volume was delineated on the basis of computed to-
mography (CT) scan at simulation and positron emission
tomography scan within 6 weeks from treatment start. A
four-dimensional CT was performed to account for
respiratory motion and create an internal target volume.
The clinical target volume was defined as the internal
target volume plus a 2 mm margin. A planning target
volume was generated using a 5 mm margin. SBRT was
delivered in three to five fractions (minimum total pre-
scription dose of 30 Gy) with 6 mV photons using the
volumetric arc technique. Tissue inhomogeneity correc-
tion was used. The goal was to deliver the prescription
dose to greater than or equal to 95% of the planning
target volume while respecting normal tissue constraints
(Supplementary Table 1). All SBRT treatments were
planned in Eclipse and delivered on Varian linear ac-
celerators (Varian Medical Systems).
Follow-Up
Patients were evaluated 1 month after RT and sub-

sequently every 2 months. CT scans were performed at
baseline and every other month after RT completion.
Biomarker Analyses
Exploratory studies on proinflammatory cytokines

(interferon gamma, tumor necrosis factor-a, interleukin
(IL)-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13) in
peripheral blood samples obtained at baseline, 2 weeks
post-SBRT, and 2 months post-SBRT were performed.
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Figure 2. Swimmer’s plot of patient outcomes. Overall survival, progression-free survival, and current status are indicated as
found in the figure legend. PD-L1, programmed death-ligand 1; RECIST, Response Evaluation Criteria in Solid Tumors.
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Cytokine levels were measured using the MSD V-PLEX
Proinflammatory Panel 1 (Meso Scale Diagnostics, LLC).

Next-generation sequencing was performed using
the Memorial Sloan Kettering—Integrated Mutation
Profiling of Actionable Cancer Targets (MSK-IMPACT),
which is a Food and Drug Administration–approved
assay that detects genetic alterations involving 341
(version 1), 410 (version 2), or 468 (version 3) cancer-
associated genes.19,20 Patients were selected and con-
sented for tumor genomic testing to identify genetic
alterations that are readily actionable or candidates for
clinical trial as part of routine clinical care. Tissue sam-
ples analyzed by MSK-IMPACT were collected and
sequenced before enrollment. The genes selected had
greater than a 5% driver alteration frequency. The
OncoPrint (Fig. 2) was made using cBioPortal (https://
www.cbioportal.org/).

Immunohistochemistry for PD-L1 (Cell Signaling
Technology, Danvers, MA; clone E1L3N) was performed
on patient tissue. Appropriate control tissue was used
for the PD-L1 antibody. PD-L1 was interpreted as a
percentage of at least partial membranous expression in
the tumor cells.
Study End Points and Statistical Considerations
The primary objective was to determine the safety of

avelumab plus SBRT on the basis of grade greater than
or equal to 3 radiation pneumonitis (i.e., hospitalization
or requiring oxygen) following the National Cancer
Institute Common Terminology Criteria for Toxicity and
Adverse Event version 4.0 reporting. Toxicities were
considered acute if they occurred within 3 months after
SBRT. Patients were assessable for the primary end
point if SBRT was completed and two or more doses of
avelumab were administered.

A two-stage design was used with 13 patients
enrolled in the first stage. If three or more patients
experienced grade greater than or equal to 3 AEs, the
trial would be stopped and declared unsafe. Otherwise,
enrollment would be extended to 27 patients. This
stopping rule had a power of 80% to declare the true AE
rate of 0.1 or lower safe and a type I error rate (a) of 5%
declaring the true AE rate of 0.3 or higher unsafe.

Secondary end points included the overall response
rate of the irradiated and predetermined nonirradiated
lesions, progression-free survival (PFS), and OS. All im-
aging studies were reviewed by a reference radiologist
(S.H.) according to the Response Evaluation Criteria in
Solid Tumors (RECIST) version 1.1.

Results
Patient Characteristics

Of the 15 patients enrolled in the study, two were not
assessable for the safety or efficacy end point (Fig. 3).
One patient had disease progression before SBRT and
therefore did not reach the first time point for evalua-
tion. Another patient had a grade 3 allergic reaction with
the first infusion of avelumab, could not safely receive
additional doses of avelumab, and therefore came off
study. The characteristics of the 13 assessable patients

https://www.cbioportal.org/
https://www.cbioportal.org/
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Figure 3. CONSORT diagram.
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are found in Table 1. Median follow-up was 8.9 months
(range: 4.3–32.7 mo). Median age at enrollment was 71
(range: 51–82) years, and the median Karnofsky per-
formance status was 90% (range: 80%–90%). Ten pa-
tients were enrolled for second-line therapy, two for
third-line therapy, and one for fourth-line therapy.
Table 1. Patient, Disease, and Treatment Characteristics

Patient Characteristics (N ¼ 13) n (%)

Median age, y (range) 71 (51–82)
Median KPS (range) 90 (80–90)
Sex
Male 11 (85)
Female 2 (15)

Smoking status
Current or former 8 (62)
Never 5 (38)

Asbestos exposurea

Yes 6 (46)
No 4 (31)
Unknown 3 (23)

Histologic subtype
Epithelioid 9 (69)
Biphasic 2 (15.5)
Sarcomatoid 2 (15.5)

Stage at diagnosis
I–IIIA 9 (69)
IIIB–IV 4 (31)

Prior systemic therapy lines
1 10 (77)
2 2 (15)
�3 1 (8)

Prior radiation
Yes 6 (46)
No 7 (54)

Median TMB (n ¼ 11)
Mutations per megabase (range) 1.8 (0–6.1)
Median PD-L1 expression (n ¼ 12) (range) 0% (0–80%)
aSelf-reported classic occupational exposure.
KPS, Karnofsky performance status; PD-L1, programmed death-ligand 1;
TMB, tumor mutation burden.
None had received prior immunotherapy. All patients
had biopsy-proven recurrence or disease progression
after prior therapy. Nine patients had epithelioid, two
had biphasic, and two had sarcomatoid histologic sub-
types. Six patients had previous RT but were still
deemed amenable to SBRT. In addition, 11 patients had
next-generation sequencing of their tumor tissue per-
formed, and the median tumor mutation burden (TMB)
was 1.8 (range: 0–6.1 mutations per megabase [mt/
Mb]). Twelve patients had PD-L1 immunohistochemistry
of their tumor tissue performed, and the median tumoral
PD-L1 expression was 0% (range: 0%–80%). One pa-
tient’s tumor had a PD-L1 expression of 80%, another
patient’s tumor had a PD-L1 expression of 30%, two
patients had a PD-L1 expression of 1%, and the
remaining eight patient’s tumors were PD-L1 negative.

Treatment Characteristics
Patients received a median of seven (range: 2–26)

cycles of avelumab for a median duration of 3.5 months.
The median SBRT dose was 30 Gy in three fractions
(range: 24–35 Gy in three to five fractions).

Safety of Avelumab and SBRT
The stage 1 primary safety end point was met with

limited efficacy observed; therefore, the study did not
continue to stage 2. Early stopping rules as defined in the
biostatistics section were not met. Treatment-related
AEs that were possibly, probably, or definitely treat-
ment related are listed in Table 2 (avelumab-related
AEs) and 3 (SBRT-related AEs). Two of 13 patients
experienced a total of four grade 3 nonhematologic
treatment-related AEs. These included an infusion-
related allergic reaction, chest wall pain, myalgia, and
anorexia. There were no avelumab-related grade 4 or 5
AEs observed.

Avelumab-related grade 2þ AEs (Table 2) were most
often infusion-related allergic reactions (n ¼ 6), followed
by anorexia or dehydration in three patients and fatigue
or hypothyroidism in two patients each.

SBRT-related grade 2þ AEs (Table 3) included one
patient with grade 3 noncardiac chest pain, likely rep-
resenting a pain flare after SBRT, which was the only
grade 3 SBRT-related toxicity. Three patients experi-
enced grade 2 AEs that were possibly SBRT related,
including cough in one, diarrhea and myalgia in another,
and fatigue and dyspnea in a third patient. There were
no SBRT-related grade 4 or 5 AEs observed.

Response of Irradiated and Nonirradiated
Lesions

Nine of 13 assessable patients underwent the first CT
scan 2 months post-SBRT for RECIST assessment; two



Table 2. Treatment-Related Adverse Events Possibly, Probably, or Definitely Attributed to Avelumab

Events Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 Total

Allergic infusion reaction 0 5 1 0 0 6
Anorexia or weight loss 3 2 1 0 0 6
Fatigue 4 2 0 0 0 6
Diarrhea 2 1 0 0 0 3
Myalgia or arthralgiaa 1 1 1 0 0 3
Hypothyroidisma 1 2 0 0 0 3
Hyperthyroidisma 2 0 0 0 0 2
Noncardiac chest pain 1 0 1 0 0 2
Dyspnea 1 1 0 0 0 2
Mucositis 1 1 0 0 0 2
Pruritus/rash 2 0 0 0 0 2
Fever/chills 2 0 0 0 0 2
Blood bilirubin increased 0 1 0 0 0 1
Dehydration 0 1 0 0 0 1
Palmar-plantar erythrodysesthesia syndrome 1 0 0 0 0 1
Dysgeusia 1 0 0 0 0 1
Headache 1 0 0 0 0 1
Eye redness or scleral erythema 1 0 0 0 0 1
Gastroesophageal reflux 1 0 0 0 0 1
Vomiting 1 0 0 0 0 1
Cough 1 0 0 0 0 1

Note: Toxicities were graded using the CTCAE, version 4.0.
aImmune-related adverse event.
CTCAE, Common Terminology Criteria for Adverse Events.
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patients had clinical progression before the RECIST
assessment time point; two other patients had grade 2
and 3 infusion-related allergic reactions and were taken
off protocol before the RECIST assessment. Of the
remaining nine patients who were available for RECIST
assessment, the irradiated lesion had a partial response
in one patient and stable disease in eight patients
(Fig. 4A). Seven of nine irradiated lesions demonstrated
some shrinkage (Fig. 4A). All irradiated lesions were
locally controlled at the end of follow-up.

The nonirradiated lesion demonstrated stable disease
in five patients and disease progression in four patients,
with no partial or complete responses (Fig. 4B). In seven
of nine patients, the nonirradiated lesion had an increase
compared to baseline at the time of SBRT.
PFS, OS, and Patterns of Recurrence
The median PFS and OS in all assessable patients

were 3.7 months and 12.1 months, respectively
(Supplementary Fig. 1A and B). All but one patient were
deceased at the time of this analysis. There were two
outliers with progression at 12.6 and 16.7 months and
seven patients with survival more than 12 (range: 12.1–
45.2) months (Fig. 2).

There was no clear correlation of clinical response
with PD-L1 expression, though most patients (n ¼ 8) had
0% PD-L1 expression. One patient with 30% tumoral
PD-L1 expression had a PFS of 9.2 months, and one
patient with 80% tumoral PD-L1 expression had a PFS of
1.4 months. Similarly, there was no clear association
between TMB and PFS. The patient with the highest TMB
(6.1 mt/Mb) had a PFS of 2.8 months, and a patient with
a TMB of 3.5 mt/Mb had a PFS of 9.2 months. The two
outliers with the longest PFS had 0% PD-L1 expression
and no TMB analysis available.
Exploratory Analyses of Proinflammatory
Cytokines in the Peripheral Blood

We did not observe any significant correlation of the
examined proinflammatory cytokines in the peripheral
blood with clinical response, including baseline levels,
change from baseline to 2 weeks post-SBRT, or 2 months
post-SBRT (data not shown; p>0.5). The most common
mutations detected by MSK-IMPACT were truncating
BAP mutations in three patients and deep deletions of
CDKN2A and CDKN2B in five patients.

Discussion
There is currently no Food and Drug Administration–

approved second-line therapy for patients with MPM.
This study represents the first prospective trial
combining anti–PD-L1 therapy with SBRT as second-line
therapy in patients with MPM. We reported that SBRT
and avelumab can be safely combined. We did not
observe synergistic or excess toxicity per pre-defined
AEs; only two patients experienced grade 3þ toxicity.



Figure 4. Response assessment of target lesions. To characterize the effects of avelumab alone and in combination with RT,
only one lesion was irradiated per patient. Subsequently, both irradiated and nonirradiated lesions were monitored. (A)
Response of irradiated lesion. (B) Response of nonirradiated lesion. Coloration denotes CR, PR, SD, and PD as indicated in the
figure legends. CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; RT, radiation
therapy.
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In fact, the toxicities seemed additive and independently
either related to avelumab (mostly infusion-related
allergic reactions) or SBRT (mostly chest wall pain,
possibly related to RT or the underlying tumor).

This also represents the first prospective study on the
use of SBRT for MPM. Although others have studied the
use of palliative RT with palliative or slightly hypo-
fractionated doses (SYSTEMS-1 and -2),6,7 we used
moderately higher doses with a median biologically
effective dose of 60 Gy (range: 43–60 Gy; a/b ¼ 10),
given in three to five fractions. These doses have a higher
chance for extended local control, and indeed we
observed that all nine patients who were assessable at
the first imaging time point maintained local control of
the irradiated lesion. Because many of these pleural
targets were naturally located in or near the chest wall
Table 3. Treatment-Related Adverse Events Possibly, Probably,

Events Grade 1 Grade 2

Diarrhea 2 1
Noncardiac chest pain or myalgia 1 0
Fatigue 1 1
Cough 1 1
Dyspnea 1 1
Nausea or vomiting 2 0
Fever 1 0
Gastroesophageal reflux disease 1 0

Note: Toxicities were graded using the CTCAE, version 4.0.
CTCAE, Common Terminology Criteria for Adverse Events.
or the mediastinal pleura and perihilar zone and the goal
was to obtain palliation and immune modulation in
synergy with avelumab, we did not use ablative SBRT
doses of biologically effective dose greater than 100 Gy,
which has been reported to be optimal for peripherally
located parenchymal early stage NSCLCs or lung metas-
tases of various histologies.21–23 With these doses, we
did not observe any unexpected AEs not previously
known to occur with SBRT in general. We also did not
observe an increased risk of SBRT-related AEs when
combining it with avelumab relative to existing literature
on AEs from SBRT alone.

Unfortunately, we did not observe a synergistic
oncologic effect of the combination of avelumab and
SBRT. We did not observe any abscopal effects either
in this patient population. The overall response rate
or Definitely Attributed to SBRT

Grade 3 Grade 4 Grade 5 Total

0 0 0 3
1 0 0 2
0 0 0 2
0 0 0 2
0 0 0 2
0 0 0 2
0 0 0 1
0 0 0 1
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to avelumab was in line with previously reported
single-agent anti–PD-L1 studies, but not superior in
combination with SBRT. One possible reason may be that
PD-L1 expression was relatively low with eight of 12
tumors having 0% PD-L1 expression. Although this may
be affected by sampling error and small tissue speci-
mens, it would align with the lack of response in most
patients.

Last, we did not observe changes in proinflammatory
cytokines in the peripheral blood correlating with
response. We attempted to compare the outliers of best
and worst responders but did not detect a pattern cor-
responding with clinical responses. These analyses may
be limited by the small sample size of our study.

Our study has some limitations. Although there was
no signal of excess toxicity and the combination of ave-
lumab and SBRT seemed safe, the sample size is small as
the study was stopped after completion of accrual to the
first planned stage of this phase 1 study. Thus, a larger
study would be needed for a more robust toxicity
assessment. Similarly, the small sample size limited us in
assessing the oncologic effects of avelumab plus SBRT.
Although the effects seemed additive rather than syn-
ergistic, a larger study may detect a subset of patients
who may particularly benefit from this combination
therapy. Furthermore, correlative analyses were limited
by only one patient having responded to avelumab.
Analysis of a larger cohort may allow us to detect dif-
ferences in the baseline immune phenotype or response
of immune biomarkers to the combination therapy that
would allow selection of patients with a greater response
to therapy. Nevertheless, even the ability to find safety
and tolerability of this regimen with additive effects of
avelumab and SBRT is worthwhile and assuring.

In conclusion, SBRT in combination with avelumab is
feasible and tolerable with an acceptable rate of AEs.
This study provides the first prospective data on the use
of SBRT for MPM and on combining thoracic SBRT with
checkpoint inhibition for MPM. Although the effect
seems additive rather than synergistic, we found that
SBRT is highly effective as a local treatment option for
patients with MPM. Further research needs to be done to
optimize the combination with immunotherapy and
maximize the immunologic effects.
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