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Abstract Immunocheckpoint inhibitors targeting the
programmed cell death-1 (PD-1) and PD-1 ligand 1 (PD-
L1) axis have shown promising results in patients with
non-small-cell lung cancer (NSCLC). Recent research has
shown that epidermal growth factor receptor (EGFR) sign-
aling affects PD-L1 expression in NSCLC cells; however,
the mechanism regulating PD-L1 expression in tumor cells
remains unclear. Using immunohistochemistry, we evalu-
ated the impact of expression of PD-L1 and EGF family
receptors EGFR and human epidermal growth factor recep-
tor 2 (HER2) in tumor cells from 91 patients with patho-
logical Stage IA-IITA NSCLC. Overexpression of PD-L1
was observed in 14% of the resected tumors, and associated
with poor recurrence-free survival (p=0.021) and overall
survival (p=0.033). PD-L1 expression is positively corre-
lated with EGFR expression and inversely correlated with
HER2. NSCLC cell lines were treated in vitro with the
EGFR ligand EGF with or without inhibition of EGFR or
HER?2, after which PD-L1 expression was evaluated using
flow cytometry. Consistent with previous reports, PD-L1
expression was clearly enhanced by EGF. EGFR-tyrosine
kinase inhibitors or EGFR small interfering RNA (siRNA)
blocked EGF-induced PD-L1 overexpression in NSCLC
cell lines, but HER2 siRNA did not. Moreover, our findings
suggest that PD-L1 expression could be partially regulated
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via the PI3K/AKT and JAK/STAT pathways. We conclude
that PD-L1 overexpression is associated with poor progno-
sis and is positively correlated with EGFR expression but
inversely correlated with HER2 expression in NSCLC. We
also showed that EGFR and HER?2 have different effects on

EGF-induced PD-L1 expression in NSCLC cell lines.
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Abbreviations

Ad Adenocarcinoma

APC Allophycocyanin

CEA Carcinoembryonic antigen

CI Confidence interval

CTL Cytotoxic T lymphocyte

EGFR Epidermal growth factor receptor

FDG-PET/CT BE_fluorodeoxyglucose positron
emission tomography/computed
tomography

HER2 Human epidermal growth factor recep-
tor 2

H-score Histoscore

IHC Immunohistochemical staining

IASLC/ATS/ERS International Association for the Study
of Lung Cancer/American Thoracic
Society/European Respiratory Society

NSCLC Non-small-cell lung cancer

oS Overall survival

p- Phosphorylated-

PD-1 Programmed cell death-1

PD-L1 Programmed cell death-1 ligand 1

PE Phycoerythrin

RFS Recurrence-free survival

ROC Receiver operating characteristic
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siRNA Small interfering RNA

Sq Squamous cell carcinoma

SUV L« Maximum standard uptake value
TKI Tyrosine kinase inhibitor
Introduction

The interaction between programmed cell death-1 (PD-1)
and PD-1 ligand 1 (PD-L1) could inhibit T-cell activation
and proliferation, which leads to the immune evasion of
tumor cells [1-3]. Recent clinical studies with immuno-
checkpoint inhibitors targeting the PD-1/PD-L1 axis have
shown promising results in patients with several types of
cancer, including non-small-cell lung cancer (NSCLC)
[4-7]. Some studies have reported that overexpression
of PD-L1 was correlated with improved prognosis [8, 9],
while others have described its expression as a poor prog-
nostic factor for clinical outcome in patients with NSCLC
[10-12]. The epidermal growth factor (EGF) family recep-
tors EGFR and human epidermal growth factor receptor 2
(HER2) are transmembrane tyrosine kinase receptors and
activate downstream pathways of these receptors [13].
Although the mechanism regulating PD-L1 expression in
tumor cells remains unclear, recent research has revealed
that EGFR affects PD-L1 expression in NSCLC cells
[14-16]; however, no report to date has evaluated the rela-
tionship between PD-L1 and HER2.

In the present study, we evaluated the expression of
PD-L1 in relation to the EGF family receptors EGFR and
HER2 using immunohistochemistry (IHC) in resected
pathological Stage I-IITA NSCLC tissue samples, and
determined the relationship between expression of these
receptors, clinicopathological characteristics, and survival.
In addition, in vitro assays were performed to assess the
mechanism of regulation of PD-L1 expression via EGFR/
HER?2 signaling.

Our findings suggested that PD-L1 overexpression
in tumor cells can be used as a predictive factor of poor
clinical outcome. In addition, PD-L1 expression is posi-
tively correlated with EGFR overexpression in patients
with NSCLC, while, interestingly, it is inversely cor-
related with HER2 overexpression in these patients. It
is well known that PD-L1 expression is upregulated by
interferon (IFN)-y [1]. Moreover, other stimuli such as
EGFR [14-16] and EMLA4-ALK [17] signaling are also
known as inducers of PD-L1 in NSCLC. Our in vitro
findings suggested that EGF-induced PD-L1 expres-
sion could be partially regulated via the PI3K/AKT and
JAK/STAT pathways in NSCLC cells. These results sug-
gest a promising area of focus for therapies targeting the
EGFR signaling pathway to eliminate tumor cells via
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downregulation of PD-L1 in NSCLC. On the other hand,
HER?2 has different roles from that of EGFR in the regu-
lation of PD-L1 expression.

Materials and methods
Patients and specimens

Our research was approved by the Kawasaki Medi-
cal School ethics committee (No. 1227-3), and written
informed consent was obtained from all patients for the
use of specimens. This retrospective study included 91
patients with primary invasive adenocarcinoma or squa-
mous cell carcinoma who underwent evaluation with
BE_fluorodeoxyglucose positron emission tomography/
computed tomography (FDG-PET/CT) scans (Discov-
ery ST Elite; GE Healthcare, Fairfield, CT, USA) before
undergoing lobectomy with lymph node dissection in our
department between January 2007 and January 2011.
Data regarding this patient population have previously
been published [18]. Histologic diagnosis was based on
hematoxylin and eosin staining according to the World
Health Organization 2004 criteria [19] and the Interna-
tional Association for the Study of Lung Cancer/Ameri-
can Thoracic Society/European Respiratory Society
(IASLC/ATS/ERS) classification of lung adenocarcinoma
[20]. Pathological stages were defined according to the
7th edition of the TNM classification [21]. The postop-
erative follow-up strategy employed in our institute was
previously described [18].

Immunohistochemical staining

IHC was performed on the surgically resected tissues using
the following antibodies: a mouse monoclonal anti-PD-L1
antibody (1:100, clone SP142, Spring Bioscience, Pleas-
anton, CA, USA), EGFR (1:50, clone A-10, Santa Cruz
Biotechnology, Dallas, TX, USA), and HER2 (1:100, clone
3B5, Santa Cruz Biotechnology), according to a previously
described protocol [18]. Two investigators (R. Okita and A.
Maeda) who had no prior knowledge of the corresponding
clinicopathological data jointly quantified the immunoreac-
tivity of each molecule. The intensity scoring for staining
was defined as follows: “0”: no staining, “I14”: weak stain-
ing that was visible only with high magnification, “24:
moderate staining (between 14and 34), and “3+4”: strong
staining that was visible with low magnification. The his-
toscore (H-score) was calculated according to the following
formula: 1 X (%cells 1+)+2 X (%cells 2+)+3 X (%cells
34) [22].
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Cell culture and reagents

Human lung adenocarcinoma cell lines A549, LC2/Ad, and
RERF-LC-KJ were obtained from Riken BRC through the
National BioResource Project of the Ministry of Education,
Culture, Sports, Science and Technology (Tsukuba, Japan),
while human adenocarcinoma cell line PC-9 was obtained
from the Immuno-Biological Laboratories cell bank
(Gunma, Japan). All cell lines were authenticated by geno-
typing with the PowerPlex 16 STR system (Promega, Mad-
ison, WI, USA) and maintained as previously described
[23]. Gefitinib (Cayman Chemical, Ann Arbor, MI, USA),
lapatinib (Selleckchem, Houston, TX, USA), LY294002
(Cayman Chemical), PD98059 (Cayman Chemical), and
tofacitinib (Selleckchem) were dissolved in DMSO (Sigma-
Aldrich, St. Louis, MO, USA), while EGF (R&D Systems,
Minneapolis, MN, USA) was dissolved in PBS (-).

Flow cytometric analysis

Extracellular staining with fluorochrome-conjugated anti-
bodies was performed according to standard flow cyto-
metric staining protocols as previously described [24]. The
following antibodies were used for flow cytometry: phy-
coerythrin (PE)-labeled PD-L1 (clone 29E.2A3), allophy-
cocyanin (APC)-labeled EGFR (clone AY13), PE-labeled
HER?2 (clone 24D2), and the isotype control PE-labeled
or APC-labeled anti-mouse IgG2ak (clone MOPC-173)
antibodies, which were all obtained from BioLegend
(San Diego, CA, USA). Cells were acquired on a FACS-
Canto II flow cytometer with the FACSDiva software (BD
Biosciences, San Diego, CA, USA) via FL2 filter (Dye
488 nm) for PE-labeled antibodies and FL4 filter (Dye:
633 nm) for APC-labeled antibodies, then analyzed with
the FlowJo software 6.4.7 (Treestar, Ashland, OR, USA).

Small interfering RNA assay

NSCLC cell lines were grown at 30% confluence in 12-well
plates, then transfected with EGFR-targeting small inter-
fering RNA (siRNA) (#L-003114-00-0005, Dharmacon,
Lafayette, CO, USA), HER2-targeting siRNA (#L-003126-
00-0005, Dharmacon), or control siRNA (#L-001810-10-
05, Dharmacon) with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) and Opti-MEM I medium (Invitro-
gen), as previously described [23]. After 24 h incubation,
transfected cells were treated with EGF or left untreated for
24 h, then further analyzed.

Western blot analysis

Cell extracts were prepared and the protein concentrations
were assessed using the bicinchoninic acid assay (Takara

Bio, Kusatsu, Japan), after which immunoblotting was per-
formed using the iBlot2 dry blotting system (Life Technol-
ogies, Carlsbad, CA, USA) and visualized with enhanced
chemiluminescence prime detection reagent (GE Health-
care, Fairfield, CT, USA) and the LAS-4000 camera sys-
tem (Fuji film, Tokyo, Japan), as previously described [23].
The following antibodies were used: EGFR (clone 1F4),
HER?2 (clone 44E7), phosphorylated (p)-EGFR (Tyr1068,
clone D7AS5), p-HER2 (Tyr1221/1222, clone 6B12), and
B-actin (clone 8H10D10) (Cell Signaling Technology, Bev-
erly, MA, USA). Membranes were stripped using strip-
ping buffer (Takara Bio) for 30 min and reprobed up to two
times.

Statistical analysis

Receiver operating characteristic (ROC) curves for EGFR,
HER2, and PD-L1 to predict 2-year recurrence-free sur-
vival (RFS) were generated to determine the expected cut-
off value that yielded optimal sensitivity and specificity.
Differences in means were evaluated with the unpaired ¢
test or Mann—Whitney test, while correlation analysis was
evaluated with Spearman’s rank correlation test. Chi-square
tests or Fisher’s exact tests were performed to compare
the expression levels of PD-L1, EGFR, and HER2 among
patients. Kaplan—Meier survival analysis was performed
to determine the associations between PD-L1, EGFR,
and HER2 expression and RFS or overall survival (OS).
The significance of the differences in RFS or OS between
groups was estimated using the log-rank test. The above
statistical analyses were performed using GraphPad Prism
6.01 (GraphPad Software, La Jolla, CA, USA). Univari-
ate and multivariate analyses were performed using the
Cox-proportional hazards model to identify the independ-
ent prognostic factors with SPSS statistical package 17.0
(SPSS, Chicago, IL, USA). In all cases, a value of p <0.05
was considered significant.

Results
Clinical characteristics

Patients with histories of other malignancy, limited resec-
tion, non-curative resection, or adenosquamous carci-
noma, as well as those who had received radiotherapy or
chemotherapy prior to surgery, were excluded from the
present study. Therefore, a total of 91 patients with pri-
mary invasive adenocarcinoma or squamous cell carcinoma
who had undergone lobectomy with node dissection were
enrolled. The median follow-up time was 41.4 months
(range 1-80 months) for RFS and 48.2 months (range
1-89 months) for OS.
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Representative IHC patterns for EGFR, HER2, or
PD-L1 are shown in Supplementary Fig. 1. The expected
cut-off values for the H score of each molecule accord-
ing to ROC curves (Supplementary Fig. 2) are as follows:
EGFR: H-score £100, HER2: H-score £150, and PD-L1:
H-score £100. Of the total 91 tumors, 12 cases (13%)
showed EGFR overexpression, 35 cases (38%) showed
HER?2 overexpression, and 13 cases (14%) showed PD-L1
overexpression in tumor cells. EGFR overexpression was
correlated with histology (p <0.001), histologic grade
(p=0.030), lymphatic invasion (p =0.010), vascular inva-
sion (p=0.049), and lymph node metastasis (p <0.001),

while HER2 overexpression was correlated with sex
(p<0.001), smoking status (p=0.006), maximum stand-
ardized uptake value (SUV_, ) on FDG-PET/CT scan
(»<0.001), tumor size (p =0.038), histology (p <0.001),
histologic grade (p <0.001), pleural invasion (p =0.017),
vascular invasion (p<0.001), and pathological stage
(»<0.001). PD-L1 overexpression was correlated with
sex (p=0.004), smoking status (p=0.002), SUV,,, on
FDG-PET/CT scan (p<0.001), histology (p=0.003),
histologic grade (p=0.003), lymph node metastasis

(p=0.015), and pathological stage (p =0.014) (Table 1).

Table 1 Clinicopathological characteristics by expressions of EGFR, HER2, and PD-L1 in 91 patients with NSCLC

EGFR expression HER?2 expression PD-L1 expression
Characteristic Number (n=91) Low High P Low High p Low High P
Age, 67.8 (37-83) 673+86 709+64 0.166 683+89 669+75 0439 67.7+83 68.0+94 0919
Sex
Male 59 (65%) 49 10 0.150 44 15 <0.001 46 13 0.004
Female 32 (35%) 30 2 12 20 32 0
Smoking®
Never 33 (37%) 31 2 0.123 14 19 0.006 32 1 0.002
Current or former 57 (63%) 47 10 41 16 45 12
CEA (ng/ml) 94+285 67+65 0747 1244336 38+33 0135 95+287 6.1+44 0.669
SUV ax 7.0+£5.5 10.1£3.1 0.058 9.4+54 42433 <0.001 6.5+5.0 124+4.8 <0.001
Tumor size (mm) 30.6+13.4293+12.2 0.767 32.7+13.1 268+12.8 0.038 29.7+13.5349+10.6 0.190
Histology
Ad 71 (78%) 67 <0.001 37 34 <0.001 65 6 0.003
Sq 20 (22%) 12 19 1 13 7
Histologic grade
Gl 38 (42%) 37 0.030 14 24 <0.001 38 0 0.003
G2 29 (32%) 22 7 19 10 23 6
G3 24 (26%) 20 23 1 17 7
Pleural invasion
Negative 59 (65%) 50 0429 31 28 0.017 52 7 0.370
Positive 32 (35%) 29 3 25 7 26 6
Lymphatic invasion
Negative 66 (73%) 61 0.010 37 29 0.081 56 10 0.701
Positive 25 (27%) 18 19 6 22 3
Vascular invasion
Negative 54 (59%) 50 0.049 25 29 <0.001 49 0.098
Positive 37 (41%) 29 8 31 6 29 8
Lymphnode metastasis
NO 72 (79%) 67 5 <0.001 41 31 0.080 65 7 0.015
N1-2 19 21%) 12 7 15 4 13 6
Pathological stage
1A 35 (38%) 33 2 0.096 13 22 <0.001 34 1 0.014
IB-IIIA 56 (62%) 46 10 43 13 44 12

CEA carcinoembryonic antigen, SUV,,,,.

Bold values indicate p < 0.05
#Data not available for one patient
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PD-L1 overexpression as an indicator of poor prognosis
in resected NSCLC

Survival analysis was performed in 91 patients who under-
went curative resection for pathological Stage I-IITA
NSCLC. The results indicated that HER2 overexpression
was associated with improved OS (p=0.045), while PD-L1
overexpression was associated with poor RFS (p=0.012)
and OS (p<0.001). EGFR overexpression had no impact
on clinical outcome (Fig. 1).

Next, Cox regression analyses were performed to deter-
mine the predictive value of clinical variables for RFS or
OS. Univariate analysis showed that lymphatic invasion,
vascular invasion, lymph node metastasis, and PD-L1
expression status were potential predictors of RFS. Con-
sistent with past reports [25, 26], multivariate analysis
revealed lymphatic invasion to be a poor prognostic fac-
tor, and PD-L1 overexpression was also identified as an
independent poor prognostic factor for RFS (Table 2). The
association between clinical variables and OS was fur-
ther investigated. Univariate analysis showed that pleural
invasion, vascular invasion, lymph node metastasis, low

Fig. 1 Recurrence-free survival
and overall survival in patients
with NSCLC. Kaplan—-Meier
(a): recurrence-free survival
(RFS) or (b): overall survival
(OS) curves in patients with
expression status of EGFR,
HER2, or PD-L1. Significantly

[

Percent survival

expression of HER2, and overexpression of PD-L1 were
potential predictors of OS. Multivariate analysis revealed
only PD-L1 overexpression to be a poor prognostic factor
for OS (Table 2).

PD-L1 overexpression is positively correlated
with EGFR expression but inversely correlated
with HER2 expression in resected NSCLC tissue
samples

It was recently shown that EGFR driver mutation-positive
tumors overexpressed PD-L1 in NSCLC tissues [14, 15],
but there have been no published reports assessing the
correlation between the expression of PD-LL1 and EGFR
or HER2. To further evaluate this finding, correlations
between the H scores of PD-L.1 and EGFR or HER2 were
evaluated. Linear regression with Spearman’s rank correla-
tion analysis showed that the H score of PD-L1 positively
correlated with the H score of EGFR (r=0.225, p=0.027),
while the H score of PD-L1 inversely correlated with the H
score of HER2 (r = —0.605, p<0.001) in resected NSCLC
tissue samples (Fig. 2).

better overall survival was noted 0 1000 2000
for the group with high HER2 RES
expression than that with low
HER?2 expression. Significantly
worse RES and OS were noted
for the group with high PD-L1
expression than that with low
PD-L1 expression. Data were
analyzed using log-rank test
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Table 2 Cox-proportional hazard model for RES and OS (n=91)

Univariate

Multivariate

Hazard ratio (95% CI)

p value

Hazard ratio (95% CI) p value

RFS
Sex (male vs female)
Smoking® (non- vs smoker)
Histology (Ad vs Sq)
Pleural invasion (neg vs pos)
Lymphatic invasion (neg vs

pos)

Vascular invasion (neg vs pos)

0.818 (0.364-1.837)
1.066 (0.483-2.351)
1.070 (0.403-2.842)
1.553 (0.713-3.383)
5.244 (2.391-11.498)

3.749 (1.667-8.432)

Lymphnode metastasis (neg vs pos) 8.087 (3.673-17.806)

EGFR expression (low vs high)

HER?2 expression (low vs high)

PD-L1 expression (low vs high)
oS

Sex (male vs female)

Smoking® (non- vs smoker)

Histology (Ad vs Sq)

Pleural invasion (neg vs pos)

Lymphatic invasion (neg vs pos)

Vascular invasion (neg vs pos)

Lymphnode metastasis (neg vs pos)

EGFR expression (low vs high)
HER?2 expression (low vs high)
PD-L1 expression (low vs high)

1.989 (0.748-5.289)
0.471 (0.198-1.123)
3.045 (1.217-7.619)

0.554 (0.218-1.405)
1.835 (0.721-4.670)
0.823 (0.302-2.238)
2.406 (1.037-5.585)
2.061 (0.900-4.720)
2.247 (1.302-3.877)

1.729 (0.580-5.154)
0.340 (0.126-0.913)
4.504 (1.894-10.707)

0.627  1.551(0.272-8.836)  0.621
0.874  1.249(0.220-7.077)  0.802
0.892  2.392(0.732-7.816)  0.149
0.268  0.985(0.336-2.885) 0.978
<0.001 3.151(1.024-9.694)  0.045
0.001  1.300 (0.550-3.073)  0.549
<0.001 2.772(0.873-8.799)  0.084
0.168  1.184 (0.367-3.824)  0.777
0.089  0.567(0.183-1.759)  0.326
0.017  4.103 (1.235-13.629) 0.021
0.213  1.365(0.196-9.485)  0.753
0.203  1.304 (0.216-7.884)  0.772
0.702  1.732(0.557-5.383)  0.343
0.041  1.952(0.697-5.470)  0.203
0.087  1.066 (0.335-3.390) 0.914
0.004  1.309 (0.589-2.911)  0.509
3.727 (1.611-8.623) 0.002  2.030 (0.627-6.575)  0.238
0.326  1.505 (0.440-5.145) 0.514
0.032  0.549 (0.150-2.002)  0.363
0.001  3.315(1.102-9.972)  0.033

RFS recurrence free survival, OS overall survival, CI confidence interval, Ad adenocarcinoma, Sq squamous cell carcinoma, PD-L1 programed

death ligand 1
Bold values indicate p < 0.05
“Data not available for one patient
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Fig. 2 PD-LI expression in NSCLC tissue positively correlates with
EGFR expression and inversely correlates with HER2 expression. a
H score of PD-L1 in 91 NSCLC tissues positively correlates with the

PD-L1 expression is regulated via EGFR signaling
in NSCLC cells

Basal expression levels of EGFR, HER2, and PD-L1 in
four NSCLC cell lines were evaluated with flow cytometry
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H score of EGFR. b H score of PD-L1 inversely correlates with the H
score of HER2 in resected NSCLC tissues. Data were analyzed using
Spearman’s rank correlation test. *p <0.05

and are shown in Supplementary Fig. 3. To analyze the
ability of EGFR or HER2 signaling to influence PD-L1
expression, NSCLC cell lines were cultured in the pres-
ence or absence of the EGFR ligand EGF for 24 h. Con-
sistent with the findings of a previous report [14-16], EGF
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upregulated PD-L1 expression in NSCLC cell lines (Sup-
plementary Fig. 4a). To assess the influence of EGF on
PD-L1 expression via EGFR or HER2 signaling, cancer
cells were pretreated with the EGFR-tyrosine kinase inhibi-
tor (TKI) gefitinib or the EGFR/HER?2 dual TKI lapatinib
followed by EGF, after which PD-L1 expression was evalu-
ated using flow cytometry. Interestingly, neither gefitinib
(Supplementary Fig. 4b) nor lapatinib (Supplementary
Fig. 5) was able to downregulate the basal expression of
PD-L1 in three of the four cell lines, but gefitinib clearly
blocked EGF-induced upregulation of PD-L1 expression
in all four cell lines (Supplementary Fig. 4c), suggesting
that basal expression of PD-L1 and EGF-induced PD-L1 is
regulated via different mechanisms. To assess these mecha-
nisms more specifically, EGFR or HER2 expression was
silenced by siRNA in three PD-L1 high-expressing cell

lines (PC-9, RERF-LC-KIJ, and LC2/ad cells). Western blot
analysis showed that the addition of EGFR/HER2-targeting
siRNA led to lower EGFR/HER?2 expression levels in these
cell lines (Supplementary Fig. 6). To determine whether
the EGFR/HER2 pathway regulates EGF-induced PD-L1
expression, expression of PD-L1 was analyzed in cell lines
pre-treated with EGFR- or HER2-targeting siRNA followed
by EGF exposure. Consistent with the results obtained with
EGFR-TKIs, neither EGFR- nor HER2-targeting siRNA
decreased the basal expression of PD-L1 in these cell
lines, although HER?2 siRNA could attenuate basal expres-
sion of PD-L1 in PC-9 cells. Interestingly, EGFR-target-
ing siRNA clearly attenuated EGF-induced enhancement
of PD-L1 expression, although HER2-targeting siRNA
could not block EGF-induced PD-L1 expression in the cell
lines (Fig. 3). It is well known that the main downstream

a PC-9 LC2/ad RERF-LC-KJ
£  SiEGFR siHER2 &  siEGFR siHER2 & SiEGFR SiIHER2
ED B 3
o . o o
o o o ) V
> PD-L1 > PD-L1
/\ :Iso ‘ :siCtr [/ | :SIEGFR/HER2
b £  siCtr-EGF £  siCtr-EGF £  siCtr-EGF
3 3 34k
8 3 3
2 \ 2 2 3
§ . . T E § 5 > i m
® —> PD-L1 e € —> PD-L1
c /\:Iso ‘ : siCtr l”“ :siCtr-EGF
% SIEGFR-EGF siHERz-EGFE SIEGFR-EGF siHER2-EGF§ SIEGFR-EGF siHER2-EGF
3 - B 3
o o o
B I ®
o o 4]

> PDL1" > PDL1"

> POLT

Fig. 3 Silencing EGFR blocks EGF-induced PD-L1 but silencing
HER?2 does not. a PD-L1 expression in cells treated with small inter-
fering RNA (siRNA) targeting each EGF family receptor (siEGFR or
siHER?2) or control siRNA (siCtr) for 48 h, after which expression of
PD-L1 was assessed by flow cytometry. b PD-L1 expression in cells
treated with control siRNA for 24 h followed by EGF for 24 h, after

[\1so [/ :SiCtrEGF /| :SIEGFRHER2-EGF

which PD-L1 expression was evaluated. ¢ PD-L1 expression in cells
treated with siRNA targeting EGFR or HER2 or control for 24 h
followed by 100 ng/mL of EGF for 24 h, after which expression of
PD-L1 was evaluated. Representative data from at least three inde-
pendent experiments are shown
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pathways of EGF family receptor are PI3K/AKT, RAS/
RAF/MAPK, and JAK/STAT [27]. We then assessed which
downstream signaling pathway of EGFR/HER2 regulated
the expression of PD-L1 in NSCLC cell lines. Interestingly,
inhibitors of PI3K or JAK marginally downregulated basal
expression of PD-L1, while MEK1 inhibitor did not. EGF-
induced enhancement of PD-L1 expression was also mar-
ginally blocked by PI3K inhibitor or JAK inhibitor, but not
by MEKI1 inhibitor (Fig. 4).

Discussion

In the present study, we have shown that overexpression
of PD-L1 in NSCLC tissue is independently associated
with poor prognosis in terms of both RFS and OS. This
finding was consistent with the results of previous stud-
ies [10-12]. One reasonable hypothesis to explain why

PD-L1 overexpressing tumors have poor clinical out-
comes is that the upregulation of PD-L1 in tumor cells
inactivates cytotoxic T lymphocytes (CTLs), leading to
evasion from host immunity.

Interestingly, we also found that PD-L1 overexpression
was significantly associated with male sex, smoking his-
tory, higher SUV .., squamous cell carcinoma histology,
higher histological grade, node metastasis-positive status,
and advanced pathological stage in resected NSCLC tis-
sue samples. To the best of our knowledge, there have
been no previous studies regarding the relationship
between PD-L1 expression and SUV , or histological
grade in NSCLC. It is interesting that tumors with high
SUV ..« values or dedifferentiated tumors had high lev-
els of PD-L1 expression. One possible reason for these
findings is that these tumors have been immunoselected
based on the overexpression of PD-L1 and have enlarged,
resulting in larger size with dedifferentiation, as PD-L1
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cultured in the presence or absence of LY294002, PD98059, or tofac-
itinib for 24 h followed by 100 ng/mL of EGF for 24 h, and then the
expression of PD-L1 was assessed by flow cytometry. Representative
data from three independent experiments are shown
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overexpression in tumors attenuates T-cell anti-tumor
immunity [28, 29].

We additionally showed that PD-L1 overexpression
positively correlates with the expression of EGFR, while
it is inversely correlated with the expression of HER2 in
resected NSCLC tissue samples. It may be easy to under-
stand why EGFR expression positively correlates with
PD-L1 expression, as EGFR regulates PD-L1 expression
and EGFR driver mutation positive cell lines express high
PD-L1 compared with cell lines with wild-type EGFR
oncogene [14, 15]. It is known that A549 and RERF-LC-KJ
are wild-type EGFR, while PC-9 and LC2/ad cell lines har-
bor EGFR driver mutation [15, 30]. In line with previous
studies, we showed that A549 cell expresses low PD-L1,
while both PC-9 and LC2/ad cells express high PD-L1.
Interestingly, EGFR wild-type RERF-LC-KJ also expresses
high PD-L1 and suggested that other oncogene muta-
tion also affects the expression of PD-L1 in NSCLC cells.
Indeed, our in vitro data also suggested that EGF enhanced
PD-L1 expression and that either EGFR-TKIs or EGFR
siRNA could block EGF-induced PD-L1 overexpression in
cell lines. However, the interesting finding is that neither
EGFR-TKIs nor EGFR siRNA could downregulate basal
expression of PD-L1 in three of four NSCLC cell lines.
After EGF binds to EGFR, EGFR undergoes homo- or het-
erodimerization with other EGF family receptors such as
HER?2. In the field of anticancer therapy, EGFR is a thera-
peutic target in NSCLC with EGFR driver mutations, while
HER?2 is a therapeutic target in breast cancer with HER2
overexpression. Thus, our next interesting finding regards
the role of HER2 in the expression of PD-L1. The dual
EGFR/HER?2 TKI lapatinib shows similar effects to those
of gefitinib on basal expression of PD-L1 in NSCLC cell
lines, suggesting that additional inhibition of HER2 with
EGFR has no additional effect on the expression of PD-L1.
In addition, HER2 siRNA has no effect on basal expres-
sion of PD-L1 or EGF-induced enhancement of PD-L1 in
LC2/ad and RERF-LC-KJ cell lines, suggesting that EGF-
induced upregulation of PD-L1 depends mainly on EGFR,
but does not depend on HER?2 in these two cell lines. The
main pathways involved in the downstream signaling of
EGFR/HER?2 are PI3K/AKT, RAS/RAF/MAPK, and JAK/
STAT [27]; therefore, we attempted to block each pathway
with specific signal inhibitors, and found that both PI3K/
AKT and JAK/STAT inhibitors marginally downregulated
basal PD-L1 expression as well as EGF-induced PD-L1
expression in NSCLC cell lines, but MEK1 inhibitor did
not. These findings suggested that PD-L1 expression is
not regulated by one specific downstream pathway but by
both the PI3K/AKT and JAK/STAT pathways, although
other unknown pathways may also regulate the expres-
sion of this molecule. The mystery is that HER2 expres-
sion was inversely correlated with the expression of PD-L1.

We are presently unable to explain this finding, but one
possible hypothesis is that PD-L1 high-expressing tumors
are residual tumors following attack by IFN-y from CTLs.
In addition to our group, several others have reported that
the HER2 oncogene downregulates MHC class I mol-
ecules [31, 32], which are required for tumor recognition
by CTLs. Theoretically, HER2 low-expressing tumors have
high expression of MHC class I molecules and are attacked
by CTLs with IFN—y, which induce PD-L1 overexpres-
sion [33, 34]. On the other hand, HER2 high-expressing
tumors have low expression of MHC class I molecules,
resulting in escape from CTLs; therefore, PD-L1 expres-
sion is not induced. Another possibility is that EGFR and
HER?2 have different roles in the regulation of PD-L1, as
silencing EGFR or HER2 demonstrated different effects
on the expression of PD-L1 in NSCLC cells. If EGFR
is silenced, EGF family receptor signaling will depend
mainly on HER2/HER3 heterodimers, as HER2 lacks its
own ligand and HER3 has no kinase activity [35]; there-
fore, EGF, a ligand of EGFR, has no effect on this signal-
ing. On the other hand, if HER?2 is silenced, EGF family
signaling will depend on both EGFR/EGFR homodimers
and EGFR/HER3 heterodimers, and EGF could still acti-
vate signaling pathways of EGFR. We found that HER2
siRNA enhanced basal expression of PD-L1, and moreover,
HER?2 siRNA did not block but enhanced the EGF-induced
PD-L1 expression in PC-9 cells, suggesting that HER?2 is
a negative regulator of PD-L1 expression in this cell line.
The possibility that it will be easier for PC-9 cells to dem-
onstrate attenuated HER2 expression by HER2 siRNA
than LC2/ad and RERF-LC-KJ cells, as PC-9 cells have
lower levels of HER2 expression than the other two cell
lines, might be another possible reason why HER2 siRNA
showed a different effect on PD-L1 expression compared
with HER2 high-expressing LC2/ad and RERF-LC-KJ
cells.

Theoretically, EGFR mutation-positive tumor cells that
express higher PD-L1 would provide a good predictive bio-
marker for PD-1/PD-L1 targeting therapy. However, recent
studies have shown that second line PD-1/PD-L1 targeting
therapy could not improve OS over that with docetaxel in
patients with EGFR-mutated NSCLC [36, 37]. The muta-
tion burden is considered a predictive factor for treatment
with immunocheckpoint inhibitors including PD-1/PD-L1
targeting drugs [38], and EGFR-mutated lung adenocar-
cinomas have a significantly lower mutation burden than
EGFR wild-type tumors [39]. These findings provide a bio-
logical explanation for the results of clinical trials.

Taken together, PD-L1 overexpression in tumor cells
is correlated with worse prognosis in NSCLC patients,
and is correlated positively with EGFR overexpression
but inversely with HER2 expression. Our findings suggest
that tumors expressing higher levels of PD-L1 are more
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aggressive and that administration of adjuvant chemother-
apy should be considered for patients with these tumors.

Our in vitro findings suggested that EGFR and HER2
have different effects on the expression of PD-L1 and that
both the PI3K/AKT and JAK/STAT pathways partially
regulate PD-L1 expression in NSCLC cells. Attenuation of
PD-L1 expression by specific signal inhibitors is a promis-
ing strategy for the treatment of NSCLC and further inves-
tigation to understand the mechanisms of PD-L1 regulation
in cancer cells, particularly via downstream signaling of
EGFR and HER?2, should be considered.
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