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Fixed-dose pembrolizumab (200 mg absolute, day 1, every 3 wk) for

the treatment of malignant pleural mesothelioma did not result in
survival benefit in the phase 3 PROMISE-meso trial compared with

second-line chemotherapy. Because of lack of validated imaging

response criteria, responder subgroups with potential survival

benefit have not yet been identified. Here, we administered high-
dose pembrolizumab (10 mg/kg, day 1, every 2 wk) considering the

KEYNOTE-028 trial and assessed the prognostic value of PET

metabolic response in patients with chemotherapy-resistant malig-

nant mesothelioma of the pleura or peritoneum. Methods: Data
from 27 patients with baseline and follow-up 18F-FDG PET/CT im-

aging were retrospectively analyzed. RECIST, version 1.1; modified

RECIST; and PERCIST using both tumor lesion metabolic activity

in a 1 cm3 spheric region of interest of up to 5 target lesions
(PERCISTSULpeak) and metabolic tumor volume PERCIST (PERCISTMTV)

were applied separately to categorize responders in CT and PET

imaging studies. Progression-free survival (PFS) and overall survival
(OS) were compared between responders and nonresponders using

Kaplan–Meier and log-rank analyses. Programmed cell death protein

1 ligand expression status was assessed, and its association with

outcome was investigated. Results: Twenty-seven patients had
18F-FDG PET/CT imaging at baseline and after at least 4 cycles

pembrolizumab. Median PFS and OS were 3.4 and 15.1 mo, respec-

tively. Response rates were 7%, 7%, 30%, and 30% based on

RECIST, modified RECIST, PERCISTSULpeak, and PERCISTMTV re-
sponse criteria, respectively. Response according to PERCISTMTV

predicted prolonged OS or PFS (P, 0.01), whereas all other imaging

criteria and programmed cell death protein 1 ligand expression did
not. Conclusion: 18F-FDG PET metabolic volume response predicts

survival in patients with malignant mesothelioma receiving high-dose

pembrolizumab. These results should prompt inclusion of PET re-

sponse assessment in future phase 3 clinical trials.
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Patients with malignant mesothelioma of the pleura have a
poor prognosis, with a median overall survival (OS) of between 12
and 18 mo and a 5-y survival rate of less than 5% (1). Patients with
peritoneal mesothelioma have an even more dismal prognosis (2). On
progression after first-line chemotherapy, therapeutic options are lim-
ited and have moderate efficacy (3,4). The KEYNOTE-028 phase Ib
trial of pembrolizumab revealed high disease control rates as evi-
denced by patient CT scans and a median OS of 18 mo in patients
for whom standard therapies fail (5). Of note, a subset of these pa-
tients achieved durable responses after programmed cell death protein
1 inhibition. However, only RECIST was applied to assess imaging
response. Here, we compare currently available response criteria for
pembrolizumab treatment in malignant mesothelioma in a real-world
setting, including PET-based response assessment. Our aim was
early identification of patients who achieve a durable response to
high-dose pembrolizumab, justifying this costly treatment regimen
and avoiding further costs and adverse events in nonresponders.

MATERIALS AND METHODS

This was a single-arm retrospective study of patients receiving
high-dose pembrolizumab (10 mg/kg, day 1, every 2 wk) off-label for

a maximum of 2 y after approved by each patient’s health insurance
company (Supplemental Fig. 1; supplemental materials are available

at http://jnm.snmjournals.org). After pembrolizumab became com-
mercially available in June 2015, applications for use were submitted

for every patient without autoimmune disease whose disease progressed
after at least 1 line of platinum- and pemetrexed-based combination

chemotherapy. The inclusion criteria for the study required a PET/CT
examination at baseline and after 4 cycles, as per clinical routine for off-

label use of expensive drugs. One patient received his scan after 5 cycles
for logistic reasons. Applications for high-dose pembrolizumab were

stopped after approval of the fixed-dose regimen in March 2017. Patients
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received high-dose pembrolizumab from June 2015 to December 2017.

Follow-up was finished in December 2019. The institutional review
board (or equivalent) approved this study, and all subjects gave written

informed consent.

Image Acquisition and Analysis

Dual-modality PET/CTwas performed on a Siemens Biograph mCT
or a Siemens Biograph Duo system. Patients received a mean dose of

260 MBq of 18F-FDG (range, 206–343 MBq) and were scanned after a
mean of 65 min after injection (range, 49–105 min). The CT images

were used for PET attenuation correction. Diagnostic CT scans with
intravenous and oral contrast agents were performed, with the exception

of 2 patients with reduced kidney function. Follow-up imaging was
performed on the same scanner as was used for baseline imaging.

On image analysis, readers were masked to the outcomes of the
patients. Morphologic response from baseline and follow-up PET/CT

was analyzed by an experienced radiologist using RECIST, version
1.1, and revised modified RECIST for Assessment of Response in

Malignant Pleural Mesothelioma, version 1.1 (modified RECIST, or
mRECIST) (6). Metabolic response was analyzed using PERCIST in 2

ways: the first was with tumor lesion metabolic activity in a 1 cm3

spheric region of interest of up to 5 target lesions (PERCISTSULpeak),

and the second was with whole-body metabolic tumor volume (MTV),
defined as the volume of all lesions with uptake above 1.5 times the

mean uptake in liver plus 2 SDs of uptake in the liver (PERCISTMTV).
An MTV of 0 cm3 in the follow-up scan was classified as complete

response. A decline in MTV by at least 30% was classified as partial
response, and an increase by at least 30% was classified as progressive

disease. New lesions were automatically encompassed by MTV mea-
surements (given that they were above the evaluation threshold) and

were not automatically considered progression, as long as there was
no MTV increase of 30% or more (7).

Programmed Cell Death Protein 1 Ligand (PD-L1)

Expression Profile

Formalin-fixed and paraffin-embedded tissue samples were obtained
for routine diagnostics and stained in standard hematoxylin and eosin.

Dried paraffin slides were generated from the tissue blocks. Further steps
were performed with a Ventana Benchmark Ultra automated immune

histochemical slide staining system using the antibody clone 28-8 (Abcam).
Immunostainings were evaluated by a pathologist, whose experience was

confirmed in round-robin tests, by scanning each slide under low-power
(·20) and high-power (·200) magnification. PD-L1–positive tumor cells

were identified by continuous membrane staining. Positive tumor cells
were quantified as percentage per slide (positive tumor rates with refer-

ence to the whole tumor on the slide).
Adverse events were recorded and graded using the Common

Terminology Criteria for Adverse Events, version 4.0.

Statistical Analysis

OS and progression-free survival (PFS) of response groups and PD-
L1 expression profiles were compared using Kaplan–Meier methods

and log-rank testing. P values lower than 0.05 were regarded as sta-
tistically significant. Statistical analysis was performed using R statis-

tics (version 3.4.1, www.r-project.org).

RESULTS

Fifty-two patients with malignant mesothelioma experienced
progression at least after first-line chemotherapy and were deemed
eligible for pembrolizumab treatment (Supplemental Fig. 1). Be-
cause of denied applications from health insurance companies or
death before or shortly after the baseline PET/CT examination, 37
patients started pembrolizumab treatment after baseline PET/CT.

However, because of clinical deterioration and early abruption of
treatment, only 27 patients underwent baseline and follow-up PET/
CT after 4 cycles and were evaluable for this analysis. The patient
characteristics are summarized in Table 1.
Median follow-up was 29.7 mo. Median OS and PFS were 15.1

and 3.4 mo, respectively (Fig. 1). Treatment with high-dose pem-
brolizumab was well tolerated (Supplemental Table 1).

TABLE 1
Patient Characteristics (n 5 27)

Characteristic Data

Sex

Male 23 (85.2%)

Female 4 (14.8%)

Median age at diagnosis (y) 68 (range, 51–82)

IMIG/IASLC stage (if applicable)

2 3 (11.1%)

3 8 (29.6%)

4 16 (59.3%)

Histologic subtype

Epitheloid 21 (77.8%)

Sarcomatoid 3 (11.1%)

Biphasic 2 (7.4%)

Desmoplastic 1 (3.7%)

Prior lines of chemotherapy

2 13 (48.1%)

3 8 (29.6%)

$4 6 (22.2%)

PD-L1 expression

0% 12 (44.4%)

1%–49% 11 (40.7%)

50%–100% 3 (11.1%)

Missing 1 (3.7%)

IMIG/IASLC5 International Mesothelioma Interest Group/Inter-

national Association for the Study of Lung Cancer.

Data are n followed by percentage in parentheses, except for
age.

FIGURE 1. PFS (A) and OS (B) in 27 mesothelioma patients who were

treated with pembrolizumab and underwent baseline and follow-up PET

imaging. Median PFS was 3.4 mo; median OS was 15.1 mo.
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All but 1 patient died because of malignant disease. The
objective response rates of RECIST, mRECIST, PERCISTSULpeak,

and PERCISTMTV were 7.4%, 7.4%, 29.6%, and 29.6%, respec-

tively. Table 2 demonstrates response groups identified by each set

of criteria. RECIST and mRECIST were concordant in 23 of 27

(85.2%) patients, and PERCISTSULpeak, and PERCISTMTV were

concordant in 14 of 27 (51.2%) patients. Only response identified

by PERCISTMTV was associated with longer PFS and OS (PFS,

median of 1.7 vs. 13.5 mo; OS, median of 9.2 vs. 24.5 mo; both

P , 0.01). Kaplan–Meyer curves presenting survival stratified by

imaging response are presented in Figure 2 and Supplemental

Figure 2. PD-L1 expression was available for 26 of 27 (96.3%)

patients; approximately half the patients had tumors with a lack of

PD-L1 expression. Expression profiles could not be associated

with response by any imaging criteria (Supplemental Table 2).

There was no significant difference in OS or PFS between patients

whose tumors express PD-L1 and those whose tumors did not

(Supplemental Fig. 3).

DISCUSSION

Malignant mesothelioma remains a disease with limited treat-
ment options. For patients with locally advanced or metastatic
disease, combination chemotherapy consisting of a platinum
compound and pemetrexed is the standard of care (8). Currently,
no second-line standard of care exists. Therefore, experimen-
tal treatment with programmed cell death protein 1 inhibitors
such as pembrolizumab instead of single-agent chemotherapy
with gemcitabine or vinorelbine seems to be justified, if health
insurance companies are willing to support this proposal and re-
imburse the high expenses of currently available checkpoint
inhibitors.
Although 18F-FDG PET/CT has been studied for the assessment

of response to therapy in mesothelioma, the use of this imaging
modality in response assessment and as a surrogate for patient
benefit in clinical trials has not been validated (6). At present,
18F-FDG PET is not a validated tool for the assessment of treat-
ment response in clinical trials.

In this retrospective study, we demon-
strated that an early change in PET meta-
bolic volume identifies patient responders
to pembrolizumab. This finding is of par-
ticular relevance, as both RECIST and
mRECIST, commonly used in clinical trials,
have not been able to predict survival in this
setting. Potentially, RECIST fails to identify
partial responders in the assessment of
nonspheroid disease, which is a general
problem in mesothelioma. Especially in
immunotherapy, the morphology or thick-
ness as assessed by mRECIST might not be
the best marker of response, as an early
increase in thickness after T-cell infiltration
and inflammatory response might occur.
Furthermore, PET is noninvasive and allows
rapid and reproducible quantification of
disease—a capability that is of specific use
in mesothelioma, given the rather sheetlike,
nonspheroid growth of these tumors. Early
detection of responding patients can identify
those for whom expensive continuation of
high-dose pembrolizumab results in clin-
ically relevant, improved survival and is
justified.
Low, fixed-dose pembrolizumab (200 mg

absolute, day 1, every 3 wk) for the treatment

TABLE 2
Response Rates of PET/CT Imaging Using Different Response Criteria

Criteria Objective response CR/CMR PR/PMR SD/SMD PD/PMD

RECIST* 2 (7.4%) 0 (0%) 2 (7.4%) 12 (44.4%) 12 (44.4%)

mRECIST* 2 (7.4%) 0 (0%) 2 (7.4%) 11 (40.7%) 13 (48.1%)

PERCISTSULpeak 8 (29.6%) 1 (3.7%) 7 (25.9%) 10 (37.0%) 9 (33.3%)

PERCISTMTV 8 (29.6%) 0 (0%) 8 (29.6%) 6 (22.2%) 13 (48.1%)

*1 patient with no measurable target lesion at baseline.

Data are n followed by percentage in parentheses.

FIGURE 2. OS stratified by responders (blue) and nonresponders (red) identified by different

response assessment criteria. Log-rank test revealed that only PERCISTMTV responders (D)

showed significantly longer survival than nonresponders (median, 9.2 vs. 24.5 mo).

IMMUNOTHERAPY RESPONSE IN MESOTHELIOMA • Ferdinandus et al. 193



of malignant pleural mesothelioma did not result in survival benefit
in the phase 3 PROMISE-meso trial compared with second-line
chemotherapy (9). In contrast, in phase 1b trials investigating
high-dose pembrolizumab in 25 patients with malignant pleural
mesothelioma whose tumors had to express PD-L1, PFS was 5.4
and OS was 18 mo (5). In our study, less than half the patients had a
tumor with PD-L1 expression and received pembrolizumab as sec-
ond-line treatment, and no association between PD-L1 expression
and response was observed. A recently published retrospective study
investigating different dosing schemes for pembrolizumab (mainly a
low, fixed dose of pembrolizumab) in 93 patients with malignant
pleural mesothelioma as second- and further-line treatment demon-
strated rather low median PFS and OS times (3.1 and 7.2 mo, re-
spectively) (10). The heterogeneity of currently available evidence
highlights the need for an accurate early-response biomarker to iden-
tify individual patients benefitting from immunotherapy.
To the best of our knowledge, no other prospective study has been

published on the value of PET/CT diagnostics in predicting response
and improved survival due to PD1-antibody treatment in mesotheli-
oma patients. A decline in 18F-FDG PET/CT MTV or total-lesion
glycolysis is associated with longer survival in mesothelioma patients
undergoing pemetrexed-based chemotherapy (11,12). Here, we find a
similar association in patients undergoing immunotherapy.
Although our study benefited from a homogeneously treated

cohort and long-term follow-up (all but one of the patients died), it
had a few limitations. Primarily, our sample size did not allow us
to draw definitive conclusions on whether PET in general, and
MTV response assessment specifically, are able to guide therapeutic
management in this setting. Second, patients with malignant
mesothelioma of the pleura or the peritoneum were included; the
latter is associated with a dramatically poorer prognosis (2). Finally,
patients who succumbed to their disease before follow-up PET/CT
after 4 cycles could not be considered in the efficacy analysis.

CONCLUSION

We demonstrated that PERCIST-derived metabolic volume re-
sponse predicts survival in pretreated patients with malignant
mesothelioma receiving high-dose pembrolizumab. No other imag-
ing criteria predicted survival. The results warrant inclusion of PET
response assessment in future clinical trials and routine practice.
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KEY POINTS

QUESTION: Is response to immunotherapy in mesothelioma

measurable, and does it predict survival?

PERTINENT FINDINGS: We performed a retrospective study and

tested whether tumor response classified by RECIST, mRECIST,

PERCISTSULpeak, or PERCISTMTV was associated with improved

OS. Only volumetric response was associated with longer OS.

IMPLICATIONS FOR PATIENT CARE: Volumetric PET response

criteria should be implemented in future clinical trials and are

useful for monitoring patients receiving off-label immunotherapy

after first-line treatments have failed.
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