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ABSTRACT
Background: Programmed Cell Death 1-Ligand 1 (PD-L1) and Programmed Death Protein 1 (PD-1)
blocking antibodies are promising immunotherapies for malignancies. We have previously shown PD-L1
expression in 40% of malignant mesothelioma (MM); however, the temporal and spatial heterogeneity of
its expression has not been thoroughly studied. We compared PD-L1 expression between paired primary
and metastatic MM.
Design: Pathology files (1995–2016) were searched for MM with tissue from multiple sites and/or time
points. PD-L1 (clone SP263) expression was reviewed by 2 authors. Mesothelioma cell lines (H2461, One
58, EM-MESO) were cultured with or without vinorelbine or pemetrexed. Following incubation, PD-L1
expression (clone MIH1) was analyzed by flow cytometry.
Results: 64 patients (53 men, median age, 64 years) with epithelioid (N D 50), biphasic (N D 11) or
sarcomatoid (N D 2) MM or well differentiated papillary mesothelioma (N D 1) (pleural, n D 56; peritoneal,
n D 8) were included. Patients had a subsequent specimen from the primary site (n D 48), from a
metastasis (n D 6), or both (n D 10). Reviewers agreed on PD-L1 expression in 133 of 151 (88%)
specimens. There was agreement of PD-L1 expression between paired primary lesions obtained at
separate time points in 47 of 58 (81%) and between paired primary and metastatic lesions in 11 of 16
(69%) cases. A significant increase in PD-L1 expression was observed in all 3 MM cell lines (p < 0.003 each)
following exposure to vinorelbine but not to pemetrexed.
Conclusion: Overall there is good agreement in PD-L1 expression between paired MM lesions; however,
the 19–31% of cases with discordant PD-L1 expression, and the dynamics of PD-L1 expression may limit its
use as a predictive biomarker for therapy.
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Introduction

Malignant mesothelioma (MM) is an aggressive disease of sero-
sal surfaces including pleura, pericardium and peritoneum. The
prognosis of MM in general is poor with overall survival, rang-
ing from 14–15 months for epithelioid malignant pleural meso-
thelioma to less than 6 months for some patients with
sarcomatoid mesothelioma despite treatment.1 While some
patients with early stage and epithelioid subtype of MM might
be surgical candidates2,3 the majority of patients with MM will
not be considered for surgery. Moreover, the survival benefit of
surgical intervention of MM remains controversial.4 Non-sur-
gical patients are most commonly treated with chemotherapy
including a Folate antagonist. However, chemotherapy typically
improves survival by only about 3 months and has limited effi-
cacy as second line treatment.5-7 Therefore, new therapeutic
alternatives are urgently needed.

Recently, the engagement of programmed death protein 1
(PD-1) expressed on T cells with programmed cell death
1-ligand 1 (PD-L1) on tumor cells has been shown to hamper

the immune response of the T cells against the tumor cells.8-10

Anti-PD-1 and anti-PD-L1 agents have been developed to
interrupt this interaction and to boost the antitumoral immune
response of T cells. Initial results are promising. For instance,
patients with stage IV non-small cell lung cancer with PD-L1
expression by over 50% of tumor cells treated with anti-PD-1
as first line therapy had a better survival than patients treated
with chemotherapy.11 Patients with advanced melanoma, who
were treated with anti-PD-1, had a 34% response rate.12 Fur-
thermore, we have shown that PD-L1 is expressed in 40% of
MM with 94% of sarcomatoid mesotheliomas, 52% of biphasic
and 21% of epithelioid MM expressing PD-L1.13 Others have
since detected PD-L1 expression in MM at similar rates.14

Because of these findings, clinical trials using anti-PD-1 and
anti-PD-L1 agents are underway for the treatment of MM. Pre-
liminary reports suggest that approximately 20–30% of meso-
thelioma patients also respond to PD-1 targeted therapies.

Our experience and evidence in the literature suggests that
PD-L1 expression can be heterogeneous within tumors.15-17
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However, the temporal and spatial heterogeneity of its expres-
sion has not been thoroughly studied in MM. Specifically, it
has not been shown whether PD-L1 expression varies between
primary MM and metastasis or between primary MM and sub-
sequent biopsy or resection of the tumor. Studies in non-small
cell carcinoma of the lungs have revealed heterogeneity of PD-
L1 expression in 12 of 32 (37.5%, k D 0.01) cases with multifo-
cal lung cancer18 and in 10 of 73 (14%, kD 0.71) cases of paired
primary lesions and brain metastases.17 This information is
important in MM because if PD-L1 expression is heteroge-
neous then primary tumors, metastases and/or recurrences
may not respond to anti-PD-1 or anti-PD-L1 equally. Further-
more, if PD-L1 expression is required for treatment selection,
sampling error may affect treatment decisions. We therefore
studied primary MM for PD-L1 expression and compared its
expression with available material from metastases and/or sub-
sequent tissue from the MM. We also assessed how PD-L1 is
affected by cytotoxic chemotherapy agents since biopsies for
biomarker evaluation may be obtained after failure of prior
therapies.

Materials and methods

Patient population

Pathology archives were searched for cases of MM (1995–
2016). After cases were identified pathology reports were
explored for subsequent tissue material from metastases, recur-
rences and/or subsequent biopsies or resections of the MM. All
cases were reviewed by a thoracic pathologist (ACR) to confirm
the diagnosis. Primary MM, metastases and subsequent biop-
sies/resections of the MM were subtyped according to the
WHO into epithelioid, biphasic and sarcomatoid subtype.19

Medical records were studied for patient demographics,
treatment and outcome. The study was approved by the
Institutional Review Board of Mayo Clinic Rochester
(IRB#13–005053).

PD-L1 immunohistochemistry

Consecutive sections of formalin-fixed paraffin-embedded
(FFPE) tissue were cut at 4 microns and stained with hematox-
ylin eosin and with antibody to the PD-L1 antigen (clone
SP263, Ventana Medical Systems, Inc., Tucson, AZ, US). Mem-
branous PD-L1 expression was considered positive. PD-L1
expression was scored as percent tumor cell staining of all
tumor cells by 2 of the authors (SBST, ACR). PD-L1 expression
was also categorized for some of the analysis as 0 [< 1% tumor
cells express PD-L1 (considered negative)], 1 (1–10%), 2 (>
10–50%) and 3 (> 50%). Disagreements in scoring were solved
by consensus between the 2 authors who scored the cases.

PD-L1 expression by mesothelioma cell lines

Mesothelioma cell lines [H2461, One 58, and EM-MESO
(the last one was kindly provided by Dr. Edward Moon,
University of Pennsylvania)] were cultured at 5 £ 104/well/
ml in 24-well plates with or without vinorelbine (Sargent
Pharmaceuticals Schaumburg, IL, USA) at a dose of 5.5

mg/ml for 36–40 hours or pemetrexed (Lilly USA, LLC,
Indianapolis, IN, USA) at 1, 10 or 50 nM for 24 and 48
hours. After incubation, cells were washed and stained with
mouse anti-human PD-L1 antibody (clone MIH1, eBio-
science, San Diego, CA, USA) or isotype control antibody
(mouse IgG1, clone MOPC-21, BioLegend, San Diego, CA,
USA). The expression of PD-L1 was analyzed by flow
cytometry. Each cell line was tested 3 times in triplicate.
PD-L1 expression was presented as percent of PD-L1-posi-
tive cells. The mean of each triplicate run was calculated
followed by the mean of the 3 experiments.

Summary of data and statistics

Descriptive statistics were used to summarize patient character-
istics. The Wald method was used to calculate confidence inter-
vals. Agreement for PD-L1 expression (any versus none) was
calculated using Cohen’s kappa coefficient (k). A circos dia-
gram was used to visually demonstrate the agreement between
cases.20 When more than 2 lesions were available for a subject,
the lesions were categorized as concordant if all lesions were in
agreement, and discordant if any of the lesions were not in
agreement. The limits of agreement were determined with the
Bland-Altman method to assess semi-quantitative PD-L1
expression between paired lesions. The paired t test was used to
compare PD-L1 expression before and following exposure to
vinorelbine or pemetrexed. Prism 6 for Mac OS X (GraphPad
Software, Inc.) was used for analysis.

Results

Patient characteristics and specimens of malignant
mesothelioma

64 patients with MM and available material from the primary
tumor, and metastasis and/or subsequent biopsy or resection
from the tumor were identified in the pathology archives.
Patient demographics, primary tumor sites, sites of subsequent
tissue and follow up are summarized in Table 1. Subsequent
biopsies/resections showed different MM subtypes in 11 cases
(Table 1). Patients had a subsequent specimen from the pri-
mary site [N D 48, 0.1–132 months (median, 4) after initial
specimen], from a metastasis [N D 6, 7–120 months (median,
17)], or both [N D 10, 0.3–57 months (median 4.5)]. Metastatic
sites from which specimens were obtained include lymph node
(n D 9), skin and soft tissue (n D 3), brain (n D 2), liver, lung,
peritoneum, pleura, and bone (n D 1, each). Some patients
(n D 3) had biopsies from multiple metastases.

Distribution of PD-L1 expression between primary
malignant mesothelioma and metastasis and/or
subsequent tissue of primary site

A total of 151 specimens were reviewed and stained with anti-
PD-L1 antibody. Reviewers agreed on PD-L1 expression in 133
of 151 (88%) specimens. There were 8 specimens with differen-
ces greater than 10% semi-quantitative estimates between
reviewers among positive cases including 1 specimen with a dif-
ference > 20%, 6 specimens with a difference of 20%, and 1
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with 15% difference. An additional 10 cases had a 10%
difference.

Fifty-eight cases had paired specimens from the primary
lesion. Twenty-nine of 58 (50.0%) cases showed PD-L1

expression in the initial specimen; 30 of 58 (51.7%) subsequent
specimens revealed PD-L1 expression (Table 2). Sixteen cases
had specimens from the primary lesion and metastases. Six of
16 (37.5%) cases showed PD-L1 expression in the primary
lesion; 7 of 16 (43.7%) metastases expressed PD-L1 (Table 2).

There was agreement of PD-L1 expression (any vs. none)
between the paired primary lesions obtained at different time
points in 41 of 58 cases (71%, 95% CI 58–81%; k D 0.411, 95%
CI 0.177 to 0.645) (Fig. 1A–F). There was also agreement of
PD-L1 expression (any vs. none) between paired primary and
metastatic lesions in 9 of 16 cases (56%, 95% CI 33–77%; k D
0.067, 95% CI ¡0.386 to 0.519). In the limits of agreement
analysis (Bland-Altman test) there was a bias of ¡0.75 (95% CI
¡47 to 45; Fig. 2). Table 2 shows the differential expression of
PD-L1 in primary tumor site and metastasis or subsequent
specimen in MM (Fig. 1G–L). Fig. 3 illustrates the aggregate
agreement of PD-L1 expression between paired primary
lesions, and between primary lesions and metastases.

Thirty-seven (57.8%) patients received chemotherapy
between the first and the subsequent specimen; 3 of these
patients received vinorelbine. Thirty-seven of 64 (57.8%)
patients were treated with chemotherapy (Table 1) between
initial and subsequent specimen. In 8 of 37 (21.6%) patients
PD-L1 expression increased in the subsequent specimen
(Fig. 1M–R). These patients were treated with cisplatin and
pemetrexed (n D 3) or cisplatin and gemcitabine, chemother-
apy (agents unknown), intraperitoneal chemotherapy, mitomy-
cin C, or carboplatin and gemcitabine (n D 1 each).

Dynamics of PD-L1 expression with chemotherapy

We analyzed 3 human MM cell lines for expression of PD-L1
with or without the treatment with pemetrexed which is often
combined with a platinum agent in the frontline treatment of
MM, or the commonly used, second- or third-line agent for
MM, vinorelbine. We identified a significant increase in PD-L1
expression in all 3 MM cell lines including H2461 (mean differ-
ence 44.1%, 95% CI 28.9–59.4%, pD 0.0004), One 58 (mean dif-
ference 13.5%, 95% CI 6.9–20.2%, p D 0.0025) and EM-MESO
(34.7%, 95% CI 21.9–47.5%, p D 0.0006; Fig. 4) following

Table 1. Demographics of study population (nD64).

Characteristic Results

Age, years, median (range) 64 (37–76)
Male sex, N (%) 53 (82.8%)
Primary tumor site, N (%)

Pleura 56 (87.5)
Peritoneum 8 (12.5)

Histology of malignant mesothelioma, N (%)
Epithelioid 50 (78.1)
Biphasic 11 (17.2)
Sarcomatoid 2 (3.1)
Well differentiated papillary mesothelioma 1 (1.6)

Subsequent specimen, N (%)
Primary site 48 (75.0)
Metastasis 6 (9.4)
Primary site and metastasis 10 (15.6)

Subsequent specimen with different MM
component (nD 11)

Morphology N
Original Subsequent

specimen
Epithelioid Biphasic 2
Sarcomatoid Biphasic 1
Epithlioid Sarcomatoid 1
WDPMa Epithelioid 1
Biphasic Epithelioid 5
Biphasic Sarcomatoid 1

Follow up, months, median (range)
Overall 4 (0.1–132.0)
Patients with subsequent biopsy from
Primary site 4 (0.1–132.0)
Metastasis 17 (7.0–120.0)
Primary site and metastasis 4.5 (0.3–57.0)

Chemotherapy between primary diagnosis
and subsequent specimen, N (%)

37 (57.8)

Carboplatin & Pemetrexet 14
Cisplatin & Pemetrexet 9
Cisplatin & Gemcitabine 5
Chemotherapy, agents unknown 3
Intraperitoneal chemotherapy 2
Temsirolimus CCI-779 compound 1
Mitomycin-C 1
Mitomycin-C, doxorubicin & cisplatin 1
Carboplatin & Gemcitabine 1
Additional treatment with vinorelbine 3

aWDPM, well differentiated papillary mesothelioma

Table 2. Differential expression of PD-L1 in primary tumor site and metastasis or subsequent specimen in malignant mesothelioma.

PD-L1 expression
Overall* Epithelioid MM Biphasic MM

Initial
specimen

Subsequent
specimen / metastasis

Number (%) of MM
at different time
points (N D 58)

Number (%) of
primary MM and

metastasis (N D 16)

Number (%) of MM
at different time
points (N D 46)

Number (%) of
primary MM and

metastasis (N D 14)

Number (%) of MM
at different time
points (N D 9)

Number (%) of
primary MM and
metastasis (N D 2)

Concordant
Negative Negative 23 (40) 7 (44) 20 (43) 7 (50) 3 (33) 0
Positive Positive, expression score same

as in initial specimen
18 (31) 2 (12) 14 (30) 1 (7) 2 (22) 1 (50)

Discordant
Negative Positive 6 (10) 3 (19) 5 (11) 3 (21) 0 0
Positive Negative 5 (9) 2 (12) 4 (9) 2 (14) 1 (11) 0
Positive Positive, expression score higher

than in initial specimen
1 (2) 2 (12) 1 (2) 1 (7) 0 1 (50)

Positive Positive, expression score lower
than in initial specimen

5 (9) 0 2 (4) 0 3 (33) 0

�2 (of 2) sarcomatoid mesotheliomas had concordant PD-L1 expression scores in the initial specimen and subsequent specimen; 1 mesothelioma had discordant (negative
to positive) PD-L1 expression scores in the initial specimen (well differentiated papillary mesothelioma) and subsequent specimen (epithelioid MM). MM, malignant
mesothelioma
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exposure to vinorelbine. There was no increase in expression of
PD-L1 following treatment with pemetrexed in H2461 (mean
difference 14.5%, 95% CI ¡18 to 47%, p D 0.20), One 58 (mean
difference 4%, 95% CI ¡1 to 9%, p D 0.07) or EM-MESO
(mean difference¡12%, 95% CI¡33 to 9%, pD 0.13).

Discussion

We have found that the detection of PD-L1 on tumor cells dif-
fers among approximately 20% of primary MM lesions sampled
at multiple time points and 30% of paired primary and meta-
static MM lesions. Although there was minimal bias detected
between 2 authors who scored all cases overall in our limits of
agreement analysis, the wide confidence interval demonstrated
that expression of PD-L1 by tumor cells within the same lesion

or among paired lesions can be significantly discordant. Fur-
thermore, we have shown that PD-L1 expression is upregulated
in vitro following exposure to the commonly used chemothera-
peutic agent vinorelbine but not pemetrexed. With the contin-
ued development of PD-1 and PD-L1 inhibitors for MM, this
degree of heterogeneity of PD-L1 expression challenges the use
of PD-L1 testing for treatment selection. These data emphasize
the need for better predictive biomarkers for PD-1 and PD-L1
axis inhibitors.

In our study, the agreement in PD-L1 expression between
primary and metastatic lesions of MM was 69%. Our findings
confirmed previous studies in non-small cell lung cancers, clear
cell renal cell carcinomas and breast cancers that revealed het-
erogeneity of PD-L1 expression in 12 to 38%, 21% and 6% of
paired primary and metastatic lesions, respectively.17,18,21-24 In
addition, a study that compared PD-L1 expression in biopsies
with resection specimens of non-small cell lung cancers found
a discordance rate of 48%.25 In that study, biopsy specimens
had underestimated PD-L1 expression in all cases. There are
multiple possible reasons for this variation including sampling,
treatment, variations in histologic subtype of MM, and interob-
server variability. Although we used whole tissue sections (in
contrast to tissue cores as used in microarrays in some studies),
the majority of our specimens were biopsies given the aggres-
sive nature of MM and only very few patients undergoing
resection of the tumor. Moreover, previous studies have shown
that PD-L1 expression can be heterogeneous within a tumor.
In fact in a study on breast cancer PD-L1 expression varied
among multiple tissue cores in 50% of tested cases.22 Variation
among multiple blocks of whole tissue sections with at least
1 cm2 tumor in each block was lower with 6% in a study of
non-small cell lung cancers.16 These studies show that although
whole tissue sections certainly alleviate some of the variation,

Figure 1. A–F. Malignant pleural mesothelioma, sarcomatoid subtype; PD-L1 expression is similar in biopsy and resection specimen. A. The biopsy specimen reveals
sheets of neoplastic cells that grow in a tumefactive pattern. B. The tumor cells are spindled and arranged in a haphazard distribution; increased mitotic activity is noted.
C. There is diffuse membranous staining of the tumor cells by PD-L1 (60% of tumor cells). D, E. The pneumonectomy specimen shows similar morphologic features and
PD-L1 expression resembles that of the biopsy (70% of tumor cells, F). G–L. Malignant pleural mesothelioma, epithelioid subtype, resection specimen and recurrence after
4 years; PD-L1 expression was high in the primary tumor but only rare tumor cells expressed PD-L1 in the recurrent tumor. G. The primary tumor comprises tumor cells of
epithelioid cytology (H) together with immune cells in a fibrotic background. I. The tumor cells diffusely express PD-L1 (70% of tumor cells; insert, arrow points toward
tumor cell). J. The recurrent malignant mesothelioma shows a predominance of epithelioid tumor cells with only rare intermixed immune cells (K). L. While some of the
immune cells express PD-L1, expression of PD-L1 by the tumor cells is only 1%. M–R. Malignant pleural mesothelioma, epithelioid subtype; resection specimen and biopsy
of bone metastasis one year later (metastasis was of sarcomatoid subtype). While the resection specimen was negative for PD-L1 in the tumor cells the metastasis showed
high expression of PD-L1. M. The resection specimen of the primary tumor comprises sheets of tumor cells that are of epithelioid cytology (N). O. PD-L1 is expressed in
immune cells but not in tumor cells (arrow points toward PD-L1-positive immune cells). P. The biopsy from the bone metastasis shows also sheets of tumor cells, however,
those are of spindled appearance (Q). R. Ninety % of tumor cells express PD-L1. Magnification hematoxylin and eosin,£ 40 (A, D, G, J, M, P),£ 400 (B, E, H, K, N, Q). PD-L1-
stained slides, £ 200 (C, F, I, L, O, R), £ 600 (I insert).

Figure 2. Limits of agreement between paired specimens. The difference in
expression PD-L1 expression by tumor cells is plotted against the average
expression.
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there is intratumoral heterogeneity of PD-L1 expression. Our
own observation in daily practice confirms heterogeneous
expression of PD-L1 within single tumors.

Treatment may also alter PD-L1 expression on tumor
cells. Indeed, we observed a significant increased expression
of PD-L1 in MM cell lines following treatment with vinorel-
bine. Vinorelbine is a vinca alkaloid with a potent antitumor
activity, related to their ability to prevent the polymerization

of microtubules and to disrupt mitotic spindles.26 While
treatment with vinorelbine as first line therapy is question-
able in MM, it has shown responses as second- or third-line
in some patients with MM.27 Interestingly, treatment with
pemetrexed which is commonly used in combination with a
platinum agent in the first line setting for MM did not affect
PD-L1 expression in the cell lines we tested. Although the
mechanism by which PD-L1 expression is increased by

Figure 3. Circos diagram of agreement between paired specimens. In the figure the arbitrarily assigned first lesions are on the left side of the circle and separated by PD-
L1 positive (top) and PD-L1 negative (bottom) lesions. The paired lesions are on the right side of the circos diagram and are also separated by PD-L1 positive (top) and
PD-L1 negative (bottom) classification. The red ribbons connect the paired lesions with agreement in PD-L1 expression and the blue ribbons connect the paired lesions
with discordant PD-L1 expression as defined in the methods section.

Figure 4. Expression of PD-L1 by human mesothelioma cell lines in the presence of vinorelbine. Histograms are the representative data of 3 independent experiments.
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MM-cells following treatment with vinorelbine is not clear,
the different mechanisms of action between vinorelbine and
pemetrexed are suggestive of possibilities. For example, the
interference with microtubule function may affect PD-L1
expression in ways that inhibition of purine and pyrimidine
synthesis does not. In addition, PD-L1 expression was higher
in a subsequent MM specimen in a fifth of our patients who
received chemotherapy. A study in a xenograft mouse model
of MM confirmed that PD-L1 expression on MM cells might
be altered following chemotherapy.28 In that model, treat-
ment with the investigational drug trametinib reduced
expression of PD-L1 while 4-MU-treatment led to an
increase in PD-L1 expression. The combination of trametinib
and 4-MU also resulted in higher expression of PD-L1 than
4-MU treatment alone.

PD-L1 expression differs between subtypes of MM. We have
previously shown that PD-L1 expression is more common and
more diffuse in sarcomatoid MM than biphasic or epithelioid
MM.13 In the current study, half of primary MM was of epithe-
lioid subtype. In addition, in some cases the MM subtype dif-
fered between paired primary lesions and primary lesions and
metastases which might have contributed to the heterogeneity
in PD-L1 expression.

Even though interobserver variability was low in our study
and consensus was used in discordant cases, reproducibility
might contribute to different results of PD-L1 expression
between paired lesions. Our interobserver agreement was simi-
lar to a study in non-small cell lung cancers in which 5 patholo-
gists scored expression of PD-L1 on tumor cells with an
intraclass correlation coefficient of 94% agreement.16

Our study has some limitations. First, while we used whole
tissue specimens for the analysis of PD-L1 expression, the
majority of the specimens were from biopsies and therefore
sampling bias cannot be excluded in some specimens specifi-
cally given the known regional heterogeneity of PD-L1 within
tumors. Second, as treatment is not standardized for patients
with MM and patients were collected over many years, treat-
ments varied between individual patients.

In conclusion, our findings in MM emphasize that disagree-
ment in PD-L1 expression on tumor cells occurs between
paired primary lesions or primary lesions and metastases and
has to be considered by the physicians who treat patients with
MM with anti-PD-1 or anti-PD-L1 inhibitors.
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