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Abstract
Purpose: Therapies targeted to the immune checkpoint mediated by PD-1 and PD-L1 show antitumor activity in a subset of
patients with non–small cell lung cancer (NSCLC). We have now
examined PD-L1 expression and its regulation in NSCLC positive
for the EML4–ALK fusion gene.
Experimental Design: The expression of PD-L1 at the protein and
mRNA levels in NSCLC cell lines was examined by ﬂow cytometry
and by reverse transcription and real-time PCR analysis, respectively.
The expression of PD-L1 in 134 surgically resected NSCLC specimens
was evaluated by immunohistochemical analysis.
Results: The PD-L1 expression level was higher in NSCLC cell
lines positive for EML4–ALK than in those negative for the fusion
gene. Forced expression of EML4–ALK in Ba/F3 cells markedly

Introduction
The interaction of programmed cell death–ligand 1 (PD-L1,
also known as B7-H1 or CD274) expressed on antigen-presenting
cells and parenchymal cells with its receptor programmed cell
death–1 (PD-1, also known as CD279) on T cells is a physiologic
mechanism underlying escape from immune activity (1). PD-L1 is
also expressed by various human tumors, resulting in inhibition
of the immune response to the cancer cells and consequent
facilitation of tumor progression and metastasis (2–5). A high
level of PD-L1 expression in several types of malignancy has been
associated with a poor clinical outcome, although some ﬁndings
remain controversial (6–9). Recent clinical trials have shown that
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increased PD-L1 expression, whereas endogenous PD-L1 expression in EML4–ALK–positive NSCLC cells was attenuated by treatment with the speciﬁc ALK inhibitor alectinib or by RNAi with ALK
siRNAs. Furthermore, expression of PD-L1 was downregulated by
inhibitors of the MEK–ERK and PI3K–AKT signaling pathways in
NSCLC cells positive for either EML4–ALK or activating mutations
of the EGFR. Finally, the expression level of PD-L1 was positively
associated with the presence of EML4–ALK in NSCLC specimens.
Conclusions: Our ﬁndings that both EML4–ALK and mutant
EGFR upregulate PD-L1 by activating PI3K–AKT and MEK–ERK
signaling pathways in NSCLC reveal a direct link between oncogenic drivers and PD-L1 expression. Clin Cancer Res; 21(17); 4014–21.
2015 AACR.

inhibition of the PD-1–PD-L1 interaction with antibodies speciﬁc
for these proteins is a promising approach to cancer treatment
(10, 11). The expression level of PD-L1 at the tumor cell surface
has been found to correlate with the likelihood of a response to
PD-1– or PD-L1–targeted therapy (11). The molecular mechanisms responsible for the regulation of PD-L1 expression in tumors
remain unclear, however.
Oncogenic drivers play central roles in tumorigenesis as well as
in tumor cell survival and proliferation. Non–small cell lung
cancer (NSCLC) is at the forefront of molecularly targeted therapy
as a result of rapid advances in our understanding of its genetic
drivers (12, 13). Mutations of the EGFR gene that result in
constitutive activation of the receptor tyrosine kinase have, thus,
been identiﬁed as oncogenic drivers in a subset of NSCLC tumors
(14–16), and tyrosine kinase inhibitors (TKI) speciﬁc for EGFR
have had a substantial impact on treatment outcome in patients
with such tumors (13, 17, 18). We and others recently showed that
PD-L1 expression in NSCLC is upregulated as a result of EGFR
mutation, implicating oncogenic drivers in regulation of the
expression of immunosuppressive molecules (19, 20). Chromosomal rearrangement involving the anaplastic lymphoma kinase
(ALK) and echinoderm microtubule–associated protein–like 4
(EML4) genes also deﬁnes a distinct molecular subset of NSCLC,
with the resulting fusion gene manifesting pronounced transforming activity (21, 22). Treatment with ALK-targeted TKIs has
also been established for patients with EML4–ALK fusion–positive NSCLC (13, 23–27). We have now examined the role of
EML4–ALK rearrangement in PD-L1 expression in NSCLC cells. In
addition, we examined the signaling pathways that modulate PDL1 expression in NSCLC cells harboring driver oncogenes, including ALK fusions and mutated EGFR.
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Translational Relevance
Therapies targeted to the immune checkpoint mediated by
PD-1 and PD-L1 show promising efﬁcacy for various tumors. A
high PD-L1 expression level in tumors is thought to be
associated with poor clinical prognosis as well as with the
response to such targeted therapies. The regulation of PD-L1
expression in tumors has remained ill-deﬁned, however. Activating mutations of the EGFR, which are responsible for a
subset of non–small cell lung cancer (NSCLC), have been
found to induce PD-L1 expression. We now show that PD-L1
expression is induced by the EML4–ALK fusion gene, which
deﬁnes another molecular subset of NSCLC. Furthermore,
EML4–ALK and mutant EGFR modulate PD-L1 expression via
common downstream signaling pathways mediated by PI3K–
AKT and by MEK–ERK. Our ﬁndings suggest that oncogenic
drivers induce immune escape in NSCLC by upregulating PDL1, and they provide a basis for the development of therapies
targeted to PD-1–PD-L1 for such oncogene-driven tumors.

Materials and Methods
Cell culture and reagents
PC9, 1-87, and LK87 cells were obtained as previously
described (20, 28); HCC827, H1975, H1650, H2228, H322,
A549, H23, H2122, H1437, H1573, H1944, H157, H460, and
H1299 cells were obtained from the ATCC; and 11_18 cells were
kindly provided by Y. Maehara (Kyushu University), H596 cells
by T. Mitsudomi (Kinki University, Osaka, Japan), and H3122
cells by P. J€anne (Dana-Farber Cancer Institute, Boston, MA).
These human NSCLC cell lines were cultured in RPMI-1640
medium (Gibco) or DMEM (Gibco), each supplemented with
10% FBS. Human cell lines were authenticated by short tandem
repeat proﬁle using the Cell ID System (Promega). Mouse Ba/F3
cells were obtained from RIKEN BioResource Center Cell Bank
and were maintained in RPMI-1640 medium supplemented with
10% FBS and with 10% WEHI-conditioned medium as a source of
murine IL3. All cells were maintained under a humidiﬁed atmosphere of 5% CO2 at 37 C. For in vitro studies, alectinib (Selleckchem), erlotinib (Cell Signaling Technology), LY294002 (Cell
Signaling Technology), U0126 (Cell Signaling Technology), and
S3I-201 (Selleckchem) were each dissolved in DMSO (Wako) and
stored at 20 or 80 C for a maximum of 2 weeks.
Plasmid transfection
An expression vector for EML4–ALK was established as previously described (29). A Cell Line Nucleofector Kit V was obtained
from Lonza. Isolated Ba/F3 cells (2  106) were suspended in 100
mL of Nucleofector solution containing 2 mg of plasmid DNA and
were then subjected to electroporation according to program X001 with the use of a Nucleofector II Device (Amaxa Biosystems).
RNA interference
Cells were plated at 50% to 60% conﬂuence in 6-well plates or
25-cm2 ﬂasks, and then incubated for 24 hours before transient
transfection for 48 hours with siRNAs mixed with the Lipofectamine reagent (Invitrogen). The siRNAs speciﬁc for ALK mRNA
(ALK-1, 50 -ACACCCAAAUUAAUACCAA-30 ; ALK-2, 50 -UCAGCAAAUUCAACCACCA-30 ) as well as a nonspeciﬁc siRNA (50 -
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GUUGAGAGAUAUUAGAGUU-30 ) were obtained from Nippon
EGT. All data presented were obtained with the ALK-1 siRNA, but
similar results were obtained with the ALK-2 siRNA.
Flow cytometric analysis
Cells were stained with biotinylated monoclonal antibodies to
human PD-L1 or to mouse PD-L1 (eBioscience) as well as with
phycoerythrin-labeled streptavidin (BD Biosciences) for ﬂow
cytometric analysis with a FACS Calibur instrument equipped
with CELLQuest software (BD Biosciences).
RT and real-time PCR analysis
Total RNA was extracted from cells with the use of an RNeasy
Mini Kit (Qiagen) and was subjected to reverse transcription (RT)
with the use of PrimeScript RT Master Mix (Takara). The resulting
cDNA was then subjected to real-time PCR analysis with the use of
SYBR Premix Ex Taq II (Takara) and a Thermal Cycler Dice Real
Time System II (Takara). The PCR primers (forward and reverse,
respectively) included those for PD-L1 (50 -CAATGTGACCAGCACACTGAGAA-30 and 50 -GGCATAATAAGATGGCTCCCAGAA-30 )
and 18S rRNA (50 -ACTCAACACGGGAAACCTCA-30 and 50 -AACCAGACAAATCGCTCCAC-30 ). The amount of PD-L1 mRNA was
normalized by that of 18S rRNA.
Immunoblot analysis
Immunoblot analysis was performed as previously described
(28). Rabbit polyclonal antibodies to human phosphorylated
ALK (Y1604), to ALK, to phosphorylated EGFR (Y1068), to EGFR,
to phosphorylated AKT, to AKT, to phosphorylated ERK, to ERK,
to phosphorylated STAT3, to STAT3, and to b-actin were obtained
from Cell Signaling Technology. All antibodies were used at a
1:1,000 dilution. Horseradish peroxidase–conjugated goat antibodies to rabbit immunoglobulin G were obtained from Abcam.
Immune complexes were detected with the use of Pierce Western
Blotting Substrate Plus (Thermo Scientiﬁc) and the ChemiDoc
XRSþ system (Bio-Rad).
Patients and ALK fusion analysis
We screened consecutive patients who underwent surgical
resection of their NSCLC between January 1998 and December
2010 at Kurume University Hospital. In the present study, we
included only patients who had not been treated with chemotherapy or radiotherapy before surgery and whose tumors were
wild-type for EGFR and were evaluated for ALK status. ALK fusions
were identiﬁed by ﬂuorescence in situ hybridization. The present
study conforms to the tenets of the Declaration of Helsinki and
was approved by the Institutional Review Board. All patients
provided written informed consent.
Immunohistochemical analysis of PD-L1 expression in tumor
specimens
Surgical specimens were ﬁxed in 10% neutral-buffered formalin and embedded in parafﬁn. Sections were depleted of parafﬁn
with xylene, rehydrated with a graded series of ethanol solutions,
and treated with H2O2 in methanol to block endogenous peroxidase activity. Immunohistochemical analysis of PD-L1 expression in the human tumor specimens was performed as previously
described (20). Each slide was incubated for 30 minutes with
rabbit polyclonal antibodies to human PD-L1 (Lifespan Biosciences). The intensity of staining was evaluated according to the
following scale: 0, no staining; 1, weak staining; 2, moderate
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Table 1. Cell surface expression of PD-L1 and PD-L1 mRNA abundance in lung cancer cell lines classiﬁed according to oncogene status and histology
Cell line
EGFR status
ALK status
Histology
PD-L1 mRNAa
Surface PD-L1b
HCC827
del(E746–A750)
Wild-type
Adeno
30.93
442.74
H1975
L858RþT790M
Wild-type
Adeno
21.65
355.92
PC9
del(E746–A750)
Wild-type
Adeno
13.41
278.39
11_18
L858R
Wild-type
Adeno
9.54
130.18
H1650
del(E746–A750)
Wild-type
Adeno
3.04
111.44
H2228
Wild-type
EML4–ALKv3
Adeno
11.98
275.88
H3122
Wild-type
EML4–ALKv1
Adeno
9.86
231.03
H322
Wild-type
Wild-type
Adeno
0.75
45.23
A549
Wild-type
Wild-type
Adeno
0.75
28.17
1-87
Wild-type
Wild-type
Adeno
0.57
71.88
LK87
Wild-type
Wild-type
Adeno
0.46
26.89
H23
Wild-type
Wild-type
Adeno
0.42
14.95
H2122
Wild-type
Wild-type
Adeno
1.85
43.93
H1437
Wild-type
Wild-type
Adeno
1.82
26.10
H1573
Wild-type
Wild-type
Adeno
0.76
35.11
H1944
Wild-type
Wild-type
Adeno
2.24
48.13
H157
Wild-type
Wild-type
Adenosquamous
12.61
138.37
H596
Wild-type
Wild-type
Adenosquamous
5.39
80.87
H460
Wild-type
Wild-type
Large cell
1.67
22.53
H1299
Wild-type
Wild-type
Large cell
0.95
54.44
Abbreviation: Adeno, adenocarcinoma.
PD-L1 mRNA abundance was determined by RT and real-time PCR analysis and was normalized by that of 18S rRNA.
b
Surface expression of PD-L1 was determined by ﬂow cytometry and is presented as MFI values.
a

staining; and 3, strong staining. The proportion of all tumor cells
found to express PD-L1 was determined and then multiplied by
the staining intensity score to obtain a ﬁnal semiquantitative Hscore (maximum value of 300 corresponding to 100% of tumor
cells positive for PD-L1 with an overall staining intensity score of
3). All immunohistochemical images were evaluated by two
experienced observers (A. Kawahara and M. Kage) who were
unaware of the identity of the specimens, and the mean of the
two determinations was used for further analysis.
Statistical analysis
For in vitro studies, quantitative data are presented as means 
SD (unless indicated otherwise). Data analyses were performed
with GraphPad Prism for Windows (GraphPad Software). The
relation between PD-L1 expression in tumor specimens and other

A

patient characteristics, including ALK fusion status, was examined
with the use of the Wilcoxon rank-sum test two-sided as performed with JMP 10 software (SAS Institute). A P value of <0.05
was considered statistically signiﬁcant.

Results
PD-L1 mRNA and protein abundance in NSCLC cell lines
according to EGFR and ALK status
We ﬁrst measured the surface expression of PD-L1 and PD-L1
mRNA abundance in NSCLC cell lines whose EGFR mutation and
ALK fusion status had been previously determined (Table 1). Five
of the cell lines (HCC827, H1975, PC9, 11_18, and H1650)
harbor EGFR mutations and two (H2228 and H3122) harbor
the EML4–ALK fusion gene, whereas the other lines examined are
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Figure 1.
PD-L1 surface expression and mRNA abundance in NSCLC cell lines according to EGFR mutation and ALK translocation status. A, expression of PD-L1 at the
cell surface in a panel of NSCLC cell lines, including ﬁve harboring EGFR mutations, two positive for EML4–ALK fusion, and 13 wild-type for EGFR and ALK was
determined by ﬂow cytometry. Each point represents the MFI for PD-L1 in one cell line. The mean value for PD-L1 expression in each group of cell lines is
indicated by the horizontal bar. Each determination was repeated at least twice. B, PD-L1 mRNA abundance in the NSCLC cell lines was determined by quantitative
RT-PCR analysis and normalized by that of 18S rRNA. Each point corresponds to the normalized value for PD-L1 mRNA level in one cell line, with the mean
value for each group of cell lines being indicated by the horizontal bar.
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PD-L1 expression is induced by the EML4–ALK fusion protein
To investigate the effect of EML4–ALK rearrangement on PD-L1
expression, we transfected Ba/F3 cells with an EML4–ALK expression vector. Immunoblot analysis with antibodies to phosphorylated or total forms of ALK conﬁrmed the expression and
phosphorylation of EML4–ALK in the transfected cells (Fig. 2A).
Quantitative RT-PCR analysis revealed that EML4–ALK expression
resulted in a marked increase in the abundance of PD-L1 mRNA in
Ba/F3 cells. To exclude the possibility that this ﬁnding was the
result of a nonspeciﬁc effect of transfection, we examined the
action of alectinib, a potent and selective inhibitor of ALK.
Alectinib blocked EML4–ALK phosphorylation, and it reduced
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the other wild-type cell lines, these data overall suggested that
increased expression of PD-L1 is associated with ALK fusion as
well as with EGFR mutation.
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wild-type for both EGFR and ALK. Consistent with our previous
results (20), ﬂow cytometric analysis revealed that the surface
expression of PD-L1 in cell lines with EGFR mutations was higher
than that in most lines that are wild-type for EGFR and ALK, with
average mean ﬂuorescence intensity (MFI) values of 265 versus 48
(Fig. 1A). In both EML4–ALK–positive cell lines, the surface
expression of PD-L1 was also greater than that in the lines with
wild-type EGFR and ALK, with average MFI values of 253 versus 48
(Fig. 1A; Supplementary Fig. S1). The results of quantitative RTPCR analysis of PD-L1 mRNA were consistent with those of ﬂow
cytometric analysis. The abundance of PD-L1 mRNA was, thus,
also greater in cells harboring EML4–ALK than in most of those
that are wild-type for EGFR and ALK, with mean normalized
values of 11 versus 2 (Fig. 1B). Whereas two wild-type cell lines
(H157 and H596) with an adenosquamous histology showed
higher levels of PD-L1 mRNA and surface protein compared with
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H3122

NT siRNA
ALK siRNA

1.0

0.5

H2228
0.0

siRNA: NT

ALK

PD-L1

Figure 2.
Effect of EML4–ALK on PD-L1 expression. A, left, Ba/F3 cells were transfected with an expression plasmid for EML4–ALK, cultured for 6 hours, and then incubated in
the presence of alectinib (60 nmol/L) or DMSO vehicle for 18 hours. The cells were then lysed and subjected to immunoblot analysis with antibodies to
phosphorylated ALK (pALK), to total ALK, and to b-actin (loading control). Parental Ba/F3 cells were examined as a control. The bands detected by the antibodies
to phosphorylated or total ALK correspond to the EML4–ALK fusion protein. Middle, RT and real-time PCR analysis of PD-L1 mRNA in cells treated as in
the left. Normalized data are expressed relative to the value for parental Ba/F3 cells, are means  SD of triplicates, and are representative of three independent
experiments. Right, ﬂow cytometric analysis of PD-L1 surface expression in cells treated as in the left. B, left, H2228 cells were incubated in complete medium
with or without 60 nmol/L alectinib for 24 hours, after which cell lysates were subjected to immunoblot analysis as in A. Middle, RT and real-time PCR
analysis of PD-L1 mRNA in cells treated as in the left. Data are representative of three independent experiments. Right, ﬂow cytometric analysis of PD-L1 surface
expression in cells treated as in the left. C, left, H3122 and H2228 cells were transfected with a nontargeting (NT) siRNA or a siRNA speciﬁc for ALK mRNA
for 48 hours, after which cell lysates were subjected to immunoblot analysis as in A. Middle, RT and real-time PCR analysis of PD-L1 mRNA in cells treated as in the left.
Data are representative of three independent experiments. Right, ﬂow cytometric analysis of PD-L1 surface expression in cells treated as in the left.
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the amount of PD-L1 mRNA in Ba/F3 cells expressing EML4–ALK
almost to the level of that in parental Ba/F3 cells. Flow cytometric
analysis revealed that EML4–ALK also increased the level of PD-L1
expression at the surface of Ba/F3 cells and that this effect was
markedly inhibited by alectinib. These results indicated that the
EML4–ALK fusion protein upregulates PD-L1 expression at the
mRNA and protein levels.
We next examined the effect of alectinib on endogenous PDL1 expression in EML4–ALK–positive cell lines (Fig. 2B). Alectinib blocked EML4–ALK phosphorylation in H2228 cells, and
this effect was accompanied by downregulation of the amounts
of PD-L1 mRNA and surface protein. We further investigated
the effect of EML4–ALK depletion by RNAi on PD-L1 expression in H3122 and H2228 cells (Fig. 2C). Immunoblot analysis
conﬁrmed that transfection of these cells with an ALK-targeted
siRNA resulted in depletion of the fusion protein. Knockdown
of EML4–ALK resulted in marked decreases in both the abundance of PD-L1 mRNA and PD-L1 surface expression in both
H3122 and H2228 cells. We obtained similar results with a

second siRNA targeted to a different sequence within EML4–
ALK mRNA (data not shown). Together, these ﬁndings indicated that PD-L1 expression is increased as a result of the
increased ALK tyrosine kinase activity in cells positive for
EML4–ALK rearrangement.
Inhibition of PI3K–AKT or MEK–ERK signaling downregulates
PD-L1 expression in NSCLC cells harboring EGFR mutations or
EML4–ALK
We found that PD-L1 expression is induced by the EML4–
ALK fusion protein in NSCLC cell lines. To identify the downstream signaling pathways that regulate PD-L1 expression in
cells with either EGFR mutations or ALK fusions, we ﬁrst
examined the effects of speciﬁc inhibitors of PI3K (LY294002),
the ERK kinase MEK (U0126), and STAT3 (S3I-201) on PD-L1
expression in HCC827 and H3122 cells, which harbor mutated
EGFR and the EML4–ALK fusion gene, respectively. Alectinib
inhibited EML4–ALK phosphorylation as well as phosphorylation of the downstream targets STAT3, AKT, and ERK in H3122
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Figure 3.
Effects of inhibitors of PI3K–AKT, MEK–ERK, and STAT3 signaling on PD-L1 expression in EGFR mutation–positive (HCC827) and EML4–ALK fusion–positive (H3122)
cells. A, HCC827 or H3122 cells were incubated in the presence of erlotinib (100 nmol/L), alectinib (60 nmol/L), LY294002 (10 mmol/L), U0126 (20 mmol/L),
S3I-201 (100 mmol/L), or DMSO vehicle for 24 hours, after which cell lysates were subjected to immunoblot analysis with antibodies to phosphorylated or total forms
of EGFR, ALK, STAT3, AKT, or ERK as well as with those to b-actin (loading control). B, RT and real-time PCR analysis of PD-L1 mRNA in cells treated as in A.
Normalized data are expressed relative to the value for DMSO-treated cells, are means  SD of triplicates, and are representative of three independent experiments.
C, ﬂow cytometric analysis of PD-L1 surface expression in cells treated as in A. Colored and gray traces correspond to drug- and DMSO-treated cells, respectively.

4018 Clin Cancer Res; 21(17) September 1, 2015

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on April 10, 2021. © 2015 American Association for Cancer Research.

Published OnlineFirst May 27, 2015; DOI: 10.1158/1078-0432.CCR-15-0016

PD-L1 Expression in NSCLC Positive for EML4–ALK

were due to nonspeciﬁc effects of LY294002 or U0126, we
transfected H3122 cells with siRNAs speciﬁc for AKT or ERK
mRNAs. Immunoblot analysis conﬁrmed that transfection of
the cells with each siRNA resulted in the marked and selective
depletion of the targeted protein (Supplementary Fig. S3A).
Consistent with the effects of LY294002 and U0126, the
amount of PD-L1 mRNA was suppressed as a result of AKT or
ERK depletion (Supplementary Fig. S3B). Overall, these data
indicated that PD-L1 expression is regulated by the PI3K–AKT
and MEK–ERK signaling pathways in both EGFR mutation–
positive cells and ALK fusion–positive cells.

cells, whereas the EGFR–TKI erlotinib attenuated EGFR phosphorylation as well as phosphorylation of STAT3, AKT, and ERK
in HCC827 cells (Fig. 3A). Erlotinib also downregulated PD-L1
expression at the mRNA and surface protein levels in HCC827
cells, similar to the action of alectinib in H3122 cells (Fig. 3B
and C). The PI3K inhibitor LY294002 and the MEK inhibitor
U0126 similarly downregulated PD-L1 expression as well as
attenuated AKT and ERK phosphorylation, respectively, in both
HCC827 and H3122 cells (Fig. 3). In contrast, the STAT3
inhibitor S3I-201 attenuated STAT3 phosphorylation, but had
no effect on PD-L1 expression at the mRNA or surface protein
level in HCC827 and H3122 cells (Fig. 3). We further investigated the effects of LY294002 and U0126 on PD-L1 expression
in Ba/F3 cells transfected with the EML4–ALK expression vector.
Treatment of the transfected cells with LY294002 or U0126
resulted in downregulation of PD-L1 mRNA abundance (Supplementary Fig. S2). To exclude the possibility that these results
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Immunohistochemical analysis of PD-L1 expression in tumor
specimens
Finally, we performed immunohistochemical analysis to
examine PD-L1 expression in ALK rearrangement–positive
NSCLC specimens (Fig. 4A). A high-expression level of
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Figure 4.
Relation between immunohistochemical staining score for PD-L1 in NSCLC specimens and patient characteristics. A, immunohistochemical analysis of PD-L1 in two
NSCLC tissue sections showing either strong (top) or weak (bottom) staining intensity. PD-L1 immunoreactivity was detected at the cell membrane or in the
cytoplasm (or both) of tumor cells. Original magniﬁcation, 400. B, signiﬁcant association of overall PD-L1 staining H-score with sex, smoking status, tumor
histology, or ALK fusion status. Data are presented as box-and-whisker plots, and P values were determined with the Wilcoxon rank-sum test.
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PD-L1 has previously been associated with the presence of EGFR
mutations (20), with such mutations and EML4–ALK fusions
having been found to be mutually exclusive. We screened tumor
specimens from 134 patients with NSCLC wild-type for EGFR,
including 11 individuals harboring EML4–ALK (Supplementary
Table S1). Consistent with previous observations (20), expression
of PD-L1 was signiﬁcantly higher in tumors from women than in
those from men (P < 0.001), in those with an adenocarcinoma
histology than in those with a squamous cell carcinoma histology
(P < 0.001), and in those from never-smokers than in those from
smokers (P < 0.001). PD-L1 expression was also signiﬁcantly
higher in tumors positive for ALK rearrangement than in those
wild-type for ALK and EGFR (P < 0.001; Fig. 4B). These results,
thus, revealed that a high PD-L1 expression level in resected
NSCLC tumors was positively associated with the presence of
EML4–ALK.

Discussion
Accumulating evidence suggests that PD-L1 is expressed in
many types of human cancer, including NSCLC (2–5). The precise
mechanisms by which PD-L1 expression is regulated have
remained unclear, however. We have now found that PD-L1 is
expressed at a higher level in NSCLC cells positive for EML4–ALK
than in those wild-type for both EGFR and ALK. We further
showed that forced expression of EML4–ALK in Ba/F3 cells
resulted in the upregulation of PD-L1 expression at the mRNA
and protein levels. Conversely, the speciﬁc ALK inhibitor alectinib
or RNAi with siRNAs speciﬁc for ALK mRNA suppressed expression of PD-L1 in NSCLC cells positive for EML4–ALK. Our results,
thus, indicate that PD-L1 expression is induced in NSCLC cells by
the EML4–ALK tyrosine kinase, with this induction being a key
event in the pathogenesis of ALK fusion–positive NSCLC.
Expression of PD-L1 was previously shown to be induced via
the MEK–ERK or STAT3 signaling pathway in several hematologic
neoplasms (30–33). PD-L1 expression in various solid tumors
was also found to be increased as a result of activation of the PI3K–
AKT pathway due to dysfunction of phosphatase and tensin
homolog (PTEN; refs. 34–37). Given that the EML4–ALK tyrosine
kinase activates various downstream signaling pathways, including those mediated by STAT3, MEK–ERK, or PI3K–AKT (22, 38),
we focused on the possible role of these three major pathways in
the induction of PD-L1 expression in NSCLC positive for ALK
rearrangement. With the use of speciﬁc inhibitors of MEK and
PI3K, we found that PD-L1 expression is upregulated via MEK–
ERK and PI3K–AKT signaling in EML4–ALK fusion–positive
NSCLC cells. In contrast, a STAT3 inhibitor had no substantial
effect on PD-L1 expression in such cells. This latter ﬁnding differs
from the previous observation that PD-L1 expression was induced
through MEK–ERK and STAT3 pathways in NPM–ALK fusion–
positive anaplastic large cell lymphoma (32, 33), suggesting that
PD-L1 expression in ALK fusion–positive tumors is modulated via
different signaling pathways in a manner dependent on tumor cell
type or the fusion partner of ALK. We and others recently revealed
that mutant forms of EGFR also induce expression of PD-L1,
although the downstream signaling pathways of EGFR responsi-

ble for this effect were not identiﬁed (19, 20). We now show that
MEK–ERK and PI3K–AKT pathways regulate PD-L1 expression in
EGFR mutation–positive NSCLC cells, indicating that two distinct
oncogenes, EGFR and ALK, share common signaling pathways for
regulation of PD-L1 expression in NSCLC.
In the present study, we also investigated whether expression of
PD-L1 differs according to ALK fusion status in resected NSCLC
tumors. Immunohistochemical analysis revealed that a high level
of PD-L1 expression was positively associated with the presence of
ALK rearrangement, consistent with our results indicating that
EML4–ALK induces PD-L1 expression in NSCLC. A recent study
also found that PD-L1 expression as detected by immunohistochemical analysis tended to be higher in NSCLC tumor specimens
positive for ALK rearrangement than in those negative for EGFR
mutation and ALK translocation (39). We previously found that a
high-expression level of PD-L1 was associated with the presence of
EGFR mutations in NSCLC (20). Given that PD-L1 expression in
tumors is correlated with the likelihood of a response to therapies
that target the PD-1–PD-L1 interaction (11), further studies are
warranted to evaluate the efﬁcacy of immunotherapies such as
treatment with immune checkpoint inhibitors for such oncogenedriven NSCLC.
In conclusion, with the use of cell lines and human tumor
specimens, we have identiﬁed EML4–ALK as a key determinant of
PD-L1 expression in NSCLC. We further showed that both EML4–
ALK and mutant forms of EGFR modulate PD-L1 expression via
common downstream pathways mediated by MEK–ERK and by
PI3K–AKT. Our ﬁndings, thus, indicate that oncogenic drivers
play a direct role in induction of PD-L1 expression and thereby
contribute to immune escape in NSCLC.
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