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a b s t r a c t

Non-small-cell lung cancer (NSCLC) is a severe disease threatening human health. Targeted therapy of
epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs) has obtained potent efficacy in
the treatment of NSCLC patients. However, the effects of EGFR-TKIs on tumor immune microenvironment
are unclear. In this study, we show that NSCLCs with EGFR mutation express higher programmed cell
death ligand 1 (PD-L1) than NSCLCs with wild type EGFR. The EGFR activation is also associated with
high expression of PD-L1. The EGFR-TKI gefitinib can reduce PD-L1 expression, via inhibiting NF-kB, in
EGFR mutant NSCLC in vitro and in vivo. These findings elucidate a novel anti-tumor mechanism of EGFR-
TKI and provide the possibility of combined strategy of targeted therapy and immunotherapy for EGFR
mutant NSCLC patients.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Lung cancer is the leading cause of cancer-related deaths around
the world [1]. Non-small-cell lung cancer (NSCLC) is the most
common histological type, which accounts above 80% of all lung
cancer [2]. In spite of a rapid development of traditional operation,
platinum-based chemotherapy and radiotherapy, the advanced and
metastatic NSCLC patients still have a poor prognosis [3]. Therefore,
novel andmore effective strategies are urgently required. Currently,
the targeted therapy of epidermal growth factor receptor (EGFR)-
tyrosine kinase inhibitors (TKIs), gefitinib and erlotinib, has become
the first-line therapy in EGFR mutant NSCLC patients [4]. In the
tumor microenvironment, the immune inhibitory cells (Treg,
MDSC, TAM) and cytokines (TGF-b, IL-10) can lead to immune
tolerance and escapes of tumor cells [5]. Immunotherapies target-
ing immune “checkpoints” such as programmed cell death 1 (PD-
1), programmed cell death ligand 1 (PD-L1) and cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4), have been reported to
ssociated antigen-4; DMSO,
eceptor; LNA, locked nucleic
erase chain reaction; PD-1,
eath ligand 1; PNA, peptide
s, tyrosine kinase inhibitors;
obviously prolong the median progression-free survival of patients
suffering tumors [6,7]. However, the effects of EGFR-TKIs on tumor
immune microenvironment are unclear.

Recently, it is reported that NSCLC cell lines harboring EGFR
mutations express a higher level of PD-L1 than those with other
mutations [8], but the potential mechanism remains unexplored.
Therefore, we hypothesized that EGFR-TKIs could reduce the
expression of PD-L1 and ameliorate the immune response in EGFR
mutant NSCLC. In this study, we found that EGFR-TKIs reduced the
expression of PD-L1 in both EGFR-TKIs sensitive and acquired-
resistant NSCLC in vitro and in vivo, which is dependent on NF-kB
signaling pathway. These findings provide a novel anti-tumor
mechanism of EGFR-TKIs and clues for the individual strategies
for the combination of EGFR-TKIs and immunotherapy.

2. Materials and methods

2.1. Cell lines and regents

The human NSCLC cell lines PC-9, HCC827, NCI-H1650, NCI-
H1299, NCI-H460 and SPC-1A were purchased from the American
TypeCulture Collection (Mannassas, VA, USA) and cultured in RPMI-
1640 (Hyclone, USA) supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin/streptomycin. These cell lines were last
tested and authenticated by short tandem repeat profiling in
September, 2014. Gefitinib (Iressa,ZD1839) was purchased from
AstraZeneca and dissolved in dimethyl sulfoxide (DMSO). EGFR-
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TKIs resistant PC-9 cells (PR) cells were generated by treatment
with 1 mM gefitinib for three months, and cultured with medium
containing 1 nM gefitinib. The IC50to gefitinib was assessed by Cell
Counting Kit-8 (Boster, Wuhan, China). PR cells did not harbor T790
mutation as identified by EGFR mutation detection.

2.2. EGFR mutation detection

EGFR mutations were identified by the peptide nucleic acid
(PNA)elocked nucleicacid (LNA) polymerase chain reaction (PCR)
clamp method according to the manufacturer's directions (Roche,
NJ, USA).

2.3. In vivo xenograft experiment

Severe combined immune-deficient mice (female, 4e6-week
old) were purchased from the Chinese Academy of Medical Sci-
ences (Beijing, China). Mice were raised in laminar flow cabinets
under specific pathogen-free conditions. For xenograft experi-
ments, 3 � 105 PC-9 cells were resuspended in 200 ml PBS and
injected into the right armpit of nude mice. The tumor growth was
determined weekly. When the tumor volume reached about
500mm3, the engraftedmicewere divided into two groups: vehicle
and gefitinib group. Themice in gefitinib group were given gefitinib
(20 mg/kg, i.g.) resuspended in 100 mlNS with 1% methylcellulose
and 0.2% Tween-80, while mice of vehicle group were given 100 ml
NS with 1% methylcellulose and 0.2% Tween-80. When the lowest
tumor volume in the gefitinib group reduced to ~200mm3 (43 days
post tumor implantation), all the mice were sacrificed and the tu-
mor tissues were harvested for experiments. Mouse care and use
was performed in accordance with local ethical guidelines.

2.4. Small interfering RNA (siRNA) transfection

NF-kB p65 gene expression was inhibited by siRNA obtained
commercially from Genepharma (Shanghai, China). We transfected
p65 siRNA and negative control siRNA into PC-9 and PR cell lines
respectively at a concentration of 60 nM according to the manu-
facturer's protocol. Then the medium was replaced at 6 h after
transfection and cells were further culturing for 48 h. Gene
silencing was confirmed by western blotting.

2.5. Supplementary materials and methods

Additional materials and methods, including flow cytometry,
real-time PCR, immunofluorescence, and western blotting are
shown in the supplementary information.

2.6. Statistical analysis

All quantitative data were expressed as the mean ± s.d. Statis-
tical analysis was performed by the independent samples t-testor
one-way ANOVA. The difference was considered statistically sig-
nificant when P < 0.05. All statistical analyses were carried out with
SPSS18.0 software.

3. Results

3.1. The expression of PD-L1 in NSCLC is regulated by EGFR
activation

To determine the relationship between the expression of PD-L1
and EGFR activation, we examined 6 types of NSCLC cell lines with
different EGFR status. PC-9, HCC827 and H1650 harbored mutant
EGFR on exon 19 (Supplementary Fig. 1), while H460, H1299 and
SPC-1A harboring wild-type EGFR. EGFR mutations on exon 19 in
NSCLC have been shown to involve in constitutive tyrosine kinase
phosphorylation and unattenuated signaling [9]. Flow cytometric
analysis revealed that the expression of PD-L1 was much higher in
EGFRmutant cell lines (PC-9, HCC827 and H1650) than that in EGFR
wild-type cell lines (H460, H1299 and SPC-A1) (Fig. 1A and B).
These results suggest a positive association between PD-L1
expression and EGFR activation.

In order to further verify whether EGFR activation could induce
PD-L1 expression, we utilized recombinant human EGF (100 ng/
ml), a well-known EGFR ligand, to stimulate H460 cells, one of
NSCLC cell lines harboring wild-type EGFR. After 24 h, incubation
with EGF resulted in a significant increase of PD-L1 mRNA and
protein in H460 cells (Fig. 1C and D). These results indicate that the
expression of PD-L1 was positively regulated by EGFR activation.

3.2. EGFR-TKIs reduce the expression of PD-L1 in EGFR-TKI sensitive
and acquired-resistant NSCLCs

Small molecular TKIs of EGFR, gefitinib and erlotinib, have been
approved and shown efficacy for the first-line therapy of EGFR
mutation positive NSCLCs [10]. Moreover, the main anti-tumor
mechanisms of EGFR-TKIs have been proved to inhibit angiogen-
esis and induce apoptosis [11,12]. However, the effect of EGFR-TKIs
on immune microenvironment of tumor has not been reported.
According to our above findings, we hypothesized that TKIs of EGFR
might reduce the expression of PD-L1 in EGFR mutant NSCLCs. We
first stimulated PC-9 cells with different concentrations of gefitinib
(0, 2.5, 5, 10, and 100 nM). After incubation for 48 h, we found that
the expression of PD-L1was down-regulated in PC-9 cells in a dose-
dependent manner (Fig. 2A and B). We next treated PC-9 cells with
100 nM gefitinib for different times (0, 6,12, 24, and 48 h). Similarly,
we also observed a gradual PD-L1 decrease in PC-9 cells (Fig. 2C and
D). Immuofluorescence staining further confirmed the reduction of
PD-L1 by gefitinib (Fig. 2E). Likewise, the expression of PD-L1 of
HCC827 cells, another EGFRmutantNSCLCs,was down-regulatedby
gefitinib in dose- and time-dependent manners (Supplementary
Fig. 2A). Of interest, EGF could partially reverse the reduction of
PD-L1 induced by gefitnib (Supplementary Fig. 2B). These data
indicate that gefitinib could reduce the expression of PD-L1 in EGFR-
TKI sensitive NSCLCs.

In spite of exciting efficacy of EGFR-TKIs treatment, it ultimately
caused acquired drug-resistance, and the medium response dura-
tions ranged 8 to 13 months [13]. It's known that gefitinib treat-
ment couldn't affect growth or apoptosis of EGFR-TKI resistant
NSCLCs. However, whether gefitinib affect the expression of PD-L1
in gefitinib acquired-resistant NSCLC remains unclear.

We established the gefitinib acquired-resistant PC-9 cells (PR),
in which IC50 to gefitinib reached ~20 mM (ten times higher than
that to gefitinib-sensitive PC-9) (Supplementary Table 1). We found
that the expression of PD-L1 in PR cells was much higher than that
in PC-9 cells (Fig. 2F), which implied the alternative signalingmight
regulate PD-L1. Next, we treated PRwith different concentrations of
gefitinib (0, 2.5, 5, 10, and 100 nM) for 48 h or treated with 100 nM
gefitinib for different times (0, 12, 24, and 48 h). Interestingly,
consistent with the effect of gefitinib on PC-9, the expression of PD-
L1 in PR was also reduced in dose- and time-dependent manners
(Fig. 2G, H and Supplementary Fig. 2C, D). These results suggest that
gefitinib could reduce the expression of PD-L1 in gefitinib acquired-
resistant NSCLCs.

3.3. Gefitinib reduces the expression of PD-L1 in PC-9 cells in vivo

We next questioned whether gefitinib could reduce PD-L1in
NSCLCs in vivo. We subcutaneously injected PC-9 cells (3 � 105)



Fig. 1. EGFR activation is associated with PD-L1 expression in NSCLC. (A) The representative data of PD-L1 determined by flow cytometry in EGFR wild type NSCLC (H460, H1299
and SPC-A1) and EGFR mutant NSCLC (PC-9, HCC827, and H1650). (B) The statistical analysis of PD-L1 flow cytometry. (C) After H460 cells were treated with human recombinant
EGF (0, 50, and 100 ng/ml) for 48 h, PD-L1 was examined by flow cytometry. (D) The mRNA expression of PD-L1 in H460 treated with EGF was examined by Real-time PCR and
normalized tob-actin. All experiments were performed threetimes and data were expressed as mean ± s.d. *P < 0.05, **P < 0.01.
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into 6-8 week-old female nude mice. As the volume of tumor
reached about 1000 mm3, the mice were given gefitinib (20 mg/kg,
i.g.) every other day until the volume of tumor decreased to
200 mm3 (Fig. 3A). The volume of tumors from the gefitinib group
was much smaller than that from the vehicle group (Fig. 3B and C).
Consistently, the weight of tumors in the gefitinib group was also
significantly lower than that in the vehicle group (p < 0.05,
Fig. 3D).

Then the expression of PD-L1 in tumors from grafted mice was
assessed by flow cytometry and immunofluorescence. Consistent
with the results in vitro, we found that the expression of PD-L1 in
gefitinib group was much lower than that in the vehicle group
(Fig. 3E-G). These findings indicate that gefitinib could reduce the
expression of PD-L1 in PC-9 cells in vivo.
3.4. The reduced expression of PD-L1 by gefitinib is dependent on
NF-kB signaling pathway

NF-kB signaling pathway plays a key role in inducing PD-L1
expression in monocytes [14]. NF-kB is also one of the most
important downstream pathways of EGFR activation in regulating
proliferation and chemotherapy resistance of tumor cells [15]. Thus
we hypothesized that NF-kB signaling pathway could be involved in
regulation of PD-L1 by EGFR activation. To test our hypothesis, we
examined the NF-kB expression in EGFR wild-type and mutant
NSCLC cell lines. We found that the nuclear NF-kB expression was
higher in EGFR mutant cell lines than that in EGFR wild-type cell
lines (Fig. 4A). Moreover, the expression of PD-L1 was also down-
regulated by PTDC, a chemical NF-kB inhibitor, in a dose-
dependent manner in PC-9 cells (Fig. 4B). These data indicate that
NF-kB might be required for the elevated PD-L1 expression in EGFR
mutated NSCLCs.

To further confirm the role of NF-kB in transcriptional stimu-
lation of PD-L1, we silenced endogenous p65 expression by a
specific siRNA. PC-9 and PR cell lines were transfected with p65
siRNA or negative control siRNA. Western blotting assay showed
that p65 siRNA could efficiently inhibit p65 expression but not b-
actin after 48 h of siRNA transfection compared to the effect of
negative control siRNA (Fig. 4C). In addition, in comparison to
negative control group, a significant attenuation of PD-L1 expres-
sion was observed both in PC-9 and PR cell lines 48 h after
treatment with p65 siRNA (Fig. 4D). The results were consistent
with the effect of PDTC. Collectively, these data indicate that NF-kB
is required for the elevated PD-L1 expression in EGFR mutated
NSCLCs.

To determine whether the reduced expression of PD-L1 by
gefitinib was dependent on NF-kB, we examined the NF-kB activity
in PC-9 and H1299 cells treated with different doses of gefitinib. As
shown in Fig. 4E, the NF-kB activity was significantly inhibited by
gefitinib in PC-9 cells. However, gefitinib could not inhibit the NF-
kB activity in H1299 (Supplementary Fig. 3). Consistently, the re-
sults of immunofluorescence revealed that gefitinib significantly



Fig. 2. EGFR-TKI reduces the expression of PD-L1 in EGFR sensitive and acquired-resistant NSCLC. (A) After PC-9 cells were treated with different doses of gefitinib (0, 2.5, 5, 10,
100 nM) for 48 h, PD-L1 was examined by flow cytometry. (B) The statistical analysis of PD-L1 expression in (A). Experiments were performed threetimes and data were expressed
as mean ± s.d. Compared to control group (the white column), *P < 0.05, **P < 0.01. (C) After PC-9 cells were treated with 100 nM gefitinib for different time (0, 6, 12, 24, 48 h), PD-L1
was examined by flow cytometry. (D) The statistical analysis of PD-L1 expression in (C). Experiments were performed threetimes and data were expressed as mean ± s.d. Compared
to control group (the white column), *P < 0.05, **P < 0.01. (E) Immuofluorescence staining of PD-L1 in PC-9 cells treated with gefitinib. (F) Flow cytometric analysis of PD-L1
expression in PC-9 and PR. (G) PD-L1 expression in PR cells was examined by flow cytometry after treated with 100 nM gefitinib for different time (0, 12, 24, 48 h). The experi-
ments were performed threetimes and data were expressed as mean ± s.d. Compared to control group (the white column), *P < 0.05. (H) PD-L1 expression in PR cells was examined
by flow cytometry after treated with different dose of gefitinib (0, 2.5, 5, 10, 100 nM) for 48 h. The experiments were performed threetimes and data were expressed as mean ± s.d.
Compared to control group (the white column), *P < 0.05, **P < 0.01.
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attenuated NF-kB activity in tumors compared with that treated
with vehicle (Fig. 4F). Taken together, gefitinib reduced PD-L1
expression dependent of NF-kB signaling pathway.

4. Discussion

EGFR-TKIs were initially found to promote tumor regression
through inhibiting proliferation and inducing apoptosis of tumor
cells. They can also decrease vascular endothelial growth factor
(VEGF) expression and tumor angiogenesis [11]. However, whether
EGFR-TKIs affect the tumor immune microenvironment has not
been reported.

PD-L1 is a co-inhibitory molecule expressed generally on APCs
(macrophages, DCs), activated T cells, B cells and tumor cells [16].
By binding to its receptor PD-1, which is mainly expressed in
activated T cells, PD-L1 induces the apoptosis, anergy, unrespon-
siveness, and exhaustion of T cells [17,18]. Overexpression of PD-L1
has been reported to correlate with poor prognosis in a number of
human cancers, including breast cancer, kidney cancer, ovarian
cancer and NSCLCs [19].

In the present study, we found that NSCLC cell lines harboring
EGFR mutations showed a higher level of PD-L1 than those with
wild type EGFR. Moreover, administration of EGF caused a signifi-
cant increase of PD-L1 in EGFR wild type NSCLCs. These findings
indicated that constitute EGFR activation is associated with
expression of PD-L1, which is consistent with few recent studies. A
positive correlation between EGFR mutations and PD-L1 over-
expression has been reported in surgically resected NSCLC [20],
whereas other oncogenic mutations, such as K-ras and ALK, were
not associated with PD-L1 elevation [21], suggesting that EGFR



Fig. 3. Geftinib reduces the tumor growth and PD-L1 expression of tumor cells in PC-9-xenografted mice model. (A) The schedule of experiment in vivo. 7 � 105 PC-9 cells were
injected into the right armpit of nude mice. When the tumor volume reached about 500 mm3, the engrafted mice were given gefitinib (20 mg/kg, i.g.) or vehicle (100 ml NS). When
the tumor volume in the gefitinib group reduced to ~200 mm3 (43 days post tumor implantation), all the mice were sacrificed and the tumor tissues were harvested for exper-
iments. (B) The curve of xenografts tumor volumes (n ¼ 5 in each group). The results were expressed as mean ± s.d. of n ¼ 5 mice each group. (C) Images of xenografted tumor at
harvest day. (D) Tumor weight of xenografted tumor at harvest day. The results were expressed as mean ± s.d. of n ¼ 5 in vehicle group, n ¼ 4 in gefitinib group. Compared to vehicle
group, *p < 0.05, **p < 0.01. (E) Flow cytometricanalysis of PD-L1 expression in tumor cells. The results were expressed as mean ± s.d. of n ¼ 5 in vehicle group, n ¼ 4 in gefitinib
group. Compared to vehicle group, *p < 0.05, **p < 0.01. (F) PD-L1 expression of tumor cells in vehicle and gefitnib group. (G) Immuofluorescence staining of PD-L1 of tumor cells in
vehicle and gefitnib group.
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activation, rather than K-ras or ALK, regulates the PD-L1 expression
in NSCLCs.

NF-kB was found to bind the promoter of PD-L1 and promote its
expression in monocytes [14]. We next speculated EGFR might
induce PD-L1 expression through NF-kB signaling pathway.
Consistent with our speculations, nuclear NF-kB expression in EGFR
mutant NSCLC was higher than that inwild type NSCLC. In addition,
inhibition of NF-kB with PDTC and siRNA reduced the expression of
PD-L1. Moreover, we found that gefitinib reduced PD-L1 expression
in gefitinib-sensitive NSCLC in vitro and in vivo through inhibiting
NF-kB pathway. These findings illustrated a novel anti-tumor
mechanism of EGFR-TKIs treatment in EGFR mutant NSCLC.

Given the NSCLC patients treated with EGFR-TKIs ultimately
acquired drug-resistance owing to T790M mutation and c-met
amplification [22,23], and EGFR-TKIs could not inhibit cell prolif-
eration or induce apoptosis of tumor cells, whether they also
regulate PD-L1 in the acquired resistant NSCLCs is not clear. We
found EGFR-TKIs acquired resistant NSCLC expressed higher PD-L1
than sensitive NSCLC, which further suggests that the increased PD-
L1 may correlate with the EGFR-TKIs acquired resistance. Interest-
ingly, gefitinib could partly reduce the PD-L1 expression in gefitinib
acquired resistant NSCLC. This could be explained by inhibition of
NF-kB activity by gefitinib.

Recently, immunotherapy has been the mainstream of cancer
treatment. The development of antibodies of “immune check-
point”, such as CTLA-4, PD-1 and PD-L1, results in an increase in
median survival in patients with melanoma, renal cancer and
NSCLC. Therefore, we speculate that in EGFR-TKIs sensitive NSCLC
patients, the targeted therapy may have a synergistic effect with
CTLA-4 antibody, but may not with PD-1/PD-L1 antibody treat-
ment, whose efficacy is dependent on high expression PD-L1 on
tumor cells. Likewise, wild type EGFR NSCLC patient with low
expression of PD-L1 could not response to PD-1/PD-L1 antibody
treatment. However, in EGFR-TKIs acquired-resistant NSCLC pa-
tients, EGFR-TKIs combination with PD-L1/PD-1 may bring a better
effect. These speculations, which are needed to be further proved,
would provide novel combined strategies for NSCLC patients
harboring various EGFR mutations.



Fig. 4. NF-kB pathway is involved in reduction of PD-L1 by EGFR-TKI. (A) The cytoplasmic and nuclear expressionof NF-kB in EGFR mutant and wild type NSCLC. (B) Flow cytometric
analysis of PD-L1 in PC-9 treated with different dose of PDTC (0, 50, 100 mM) for 48 h. (C) Representative western blotting assay evaluating p65 expression of PC-9 and PR untreated
(Un) or 48 h after negative control (NC) or p65 siRNA transfection. (D) Flow cytometric analysis of PD-L1 in PC-9 and PR untreated (Un) or transfected with negative control (NC) or
p65 siRNA 48 h later. (E) The NF-kB activity in PC-9 cells treated with different dose of gefitinib (0, 2.5, 5, 10, 100 nM) for 48 h. (F) Immuofluorescence staining of NF-kB activity in
PC-9 xenografted tumor in vehicle and gefitinib group.
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In summary, our results showed that EGFR activation could
induce PD-L1 expression and EGFR-TKIs could inhibit the induction
of PD-L1 on EGFR mutant NSCLC in vitro and in vivo, which were, at
least partially, dependent on NF-kB pathway. These results not only
illustrated a novel anti-tumor mechanism of EGFR-TKIs, but also
provided potential thinking to the combined therapeutic effect of
EGFR-TKIs and immunotherapy.
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