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Abstract 

While cancer development and progression can be controlled by cytotoxic T cells, it is also known that 
tumor-specific CD8+T cells become functionally impaired by acquiring a group of inhibitory receptors 
known as immune checkpoints. Amongst those, programmed death-1 (PD-1) is one of the most 
recognized negative regulators of T cell function. In non-small lung cancers (NSCLCs), the aberrant 
activation of epidermal growth factor receptor (EGFR) is known to induce PD-L1 expression and 
further the treatment with gefitinib, a tyrosine kinase inhibitor (TKI) for EGFR, decrease the expression 
of PD-L1 on NSCLC. Given the acquired resistance to gefitinib treatment frequently observed by 
developing secondary-site mutations limiting its efficacy, it is important to understand the downstream 
mechanism of activated-EGFR signaling for regulating PD-L1 in NSCLC. In this study, we demonstrated 
that AKT-STAT3 pathway could be a potential target for regulating the surface expression of PD-L1 on 
NSCLCs with aberrant EGFR activity and, further, the inhibition of AKT or STAT3 activity could 
down-regulate the expression of PD-L1 even in gefitinib-resistant NSCLCs. These results highlight an 
importance of AKT-STAT3 pathway as a promising target for potentiating anti-tumor immune 
responses by regulating PD-L1 expression on cancer cells with aberrant EGFR activity. 
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Introduction 
It has been widely appreciated that the immune 

system can recognize and control nascent transformed 
cancer cells known as the process called cancer 
immune-surveillance [1, 2]. While cytotoxic T cells 
recognize tumor-specific antigens and consequently 
eliminate cancer cells, it is also known that the 
antigen-specific CD8+T cells become functionally 
exhausted upon chronic stimulation [3]. Among the 
mechanism of such T cell exhaustion, a group of 
inhibitory receptors known as immune checkpoints 
that negatively regulate T cell function has been 
extensively explored [4]. The molecule called 
programmed death-1 (PD-1) is one of the most 
recognized negative regulators of T cell function [5]. 
In the context of cancer, specific genomic subsets and 
oncogenic mutations are known to correlate to the 
expression level of PD-L1 on cancer cells, which is a 
specific ligand for PD-1, leading to T cells inactivation 

and subsequent escape from immune-surveillance 
[6-8]. Given the importance of the interaction between 
PD-1 and its ligands for cancer cells escaping from the 
host immune responses, an inhibition of PD-1/PD-L1 
pathway has been shown to regain the effector 
function of antigen-specific T cells against cancer cells 
[5, 9].  

Non-small cell lung cancers (NSCLCs) are the 
most common and aggressive type of lung cancer 
with a high mortality rate [10, 11]. In concert with 
their high malignancy, NSCLCs are known to express 
high levels of PD-L1 that contribute to their poor 
prognosis and immune suppression status [12, 13]. In 
addition to its success in melanoma treatment [14, 15], 
clinical studies of PD-1 or PD-L1 targeted therapy by 
using monoclonal antibodies in patients with 
advanced or metastatic NSCLCs have been 
successfully conducted [4, 16, 17]. Considering such 
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responses of NSCLCs to PD-1 checkpoint therapy, the 
manipulation of PD-1/PD-L1 interaction can be an 
attractive strategy to overcome cancer immune escape 
in NSCLCs. 

While a group of oncogenic mutations have been 
known to correlate to PD-L1 expression on cancer 
cells [6, 7, 18, 19], the aberrant activation of epidermal 
growth factor receptor (EGFR) signaling in NSCLCs 
driven by a mutation of EGFR can be responsible for 
evading host immune responses through 
up-regulation of PD-L1 expression on NSCLCs [8, 20]. 
EGFR is a member of the ErbB family of receptor 
tyrosine kinases and its mutations have been regarded 
as a hallmark of NSCLC progression [21]. EGFR 
mutations cause the constitutive activation of its 
downstream signaling pathways associated with 
cellular proliferation and survival, which include 
mitogen-activated protein kinases (MAPKs), 
phosphoinositide 3-kinase (PI3K) and signal 
transducer and activator of transcription 3 (STAT3) 
pathways [22, 23]. The small molecule inhibitors for 
EGFR-tyrosine kinase, such as gefitinib, have been 
developed for treating cancer cells bearing exon 19 
deletions or L858R point mutation of EGFR that 
render sensitivity to those tyrosine kinase inhibitors 
(TKIs) [23]. Despite an initial response to gefitinib, the 
disease often relapses because NSCLCs show a 
resistance against gefitinib treatment by acquiring a 
secondary T790M mutation in EGFR [24-26], therefore 
it is important to explore an alternative strategy for 
treating those drug-resistant cancer cells.  

In this study we sought to determine the 
important downstream pathway in EGFR signaling 
which regulates the expression of PD-L1 on NSCLCs 
for developing a new approach to enhance anti-tumor 
immune responses by modulating a PD-1 immune 
checkpoint. Our present results indicate that 
AKT-STAT3 pathway can be a potential target for 
regulating a surface expression of PD-L1 on NSCLCs 
with aberrant EGFR activity. We further 
demonstrated the inhibition of either AKT or STAT3 
could down-regulate the expression of PD-L1 even in 
gefitinib-resistant NSCLCs. These results highlight an 
importance of AKT-STAT3 pathway as a promising 
target for potentiating anti-tumor immune responses 
by regulating PD-L1 expression on cancer cells with 
an aberrant EGFR activity. 

Materials and Methods 
Reagents 

The EGFR-TKI (Gefitinib) was purchased from 
Cayman Chemical (MI, USA). The AKT inhibitor 
(MK-2206) was purchased from Active Biochemicals 
(Wan Chai, Hong Kong). The PI3K inhibitor 

(LY-294002), the MEK inhibitor (U0126), the 
JNK-inhibitor (SP600125) and the EGFR-TKI 
(PD153035) were purchased from Merck Millipore 
(MA, USA). The JSI-124 was purchased from Sigma 
Aldrich (MO, USA). The mTOR inhibitor (Rapamycin) 
was purchased from Santa Cruz Biotechnologies (CA, 
USA). Recombinant human EGF was obtained from 
R&D System, and HGF was purchased from Pepro 
Tech (NJ, USA). All of the chemical inhibitors were 
dissolved in DMSO and the final concentration of 
DMSO was less than 0.1%. Primary antibodies against 
pEGFR (Y1068), pAKT (Ser473), STAT3, pSTAT3 
(tyr705), pSTAT3 (ser727), and pERK (Thr-202, 
Tyr-204) were obtained from Cell Signaling 
Technology (MA, USA). Antibodies against EGFR, 
PCNA, AKT, α-Tubulin and β-actin were obtained 
from Santa Cruz Biotechnologies (CA, USA). 

Cell lines  
PC-9 and R-PC-9 cells were kind gifts from Dr. 

Kiura (Okayama University, Japan). LUt-99, A549 and 
PC-14 cells were obtained from the American Type 
Culture Collection (ATCC), MD, USA. All cells were 
cultured in RPMI-1640 medium (Invitrogen, CA, 
USA). Media were supplemented with 10% 
heat-inactivated fetal calf serum, 2 mM L-glutamine, 
100 units/ml penicillin, and 100 μg/ml streptomycin. 
Cells were maintained at 37˚C in a humidified 
atmosphere of 5% CO2. 

Flowcytometry  
Cells were stained with the PE-conjugated 

anti-Human PD-L1 cloneM1H1 (cBioscience, CA, 
USA). The cells’ flow was assessed using Accuri™C6 
(BD Biosciences, MI, USA). The data was analyzed by 
the Flowjo software (TreeStar, OR, USA) and the 
PD-L1 levels were determined by calculating the 
Median Fluorescence Intensity (MFI). 

Western blot analysis 
Western blot analysis was performed as 

previously described [27]. Briefly, whole cell lysates 
were collected by lysis buffer (25 mM HEPES pH 7.7, 
0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% 
Triton X-100, 20 mM β -glycerophosphate, 1 mM 
sodium orthovanadate, 1 mM phenylmethylsulfonyl 
fluoride (PMSF), 1 mM dithiothreitol (DTT), 10 
mg/ml aprotinin and 10 mg/ml leupeptin). Equal 
amounts of protein were resolved by electrophoresis 
on acrylamide gels (7.5 or 10%) and transferred to 
Immobilon-P nylon membrane (Millipore, Bedford, 
MA). The membranes were blocked with BlockAce 
(Dainippon Pharmaceutical, Co. Ltd., Osaka, Japan) 
for at least 2 h, and probed with the indicated primary 
antibodies overnight, followed by the appropriate 
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conjugated secondary antibodies. The bands were 
visualized using ECL reagents (Amersham 
Bioscience, Piscataway, NJ). 

Nuclear translocation analysis 
Nuclear translocation analysis was performed as 

previously described [28]. In brief, cells were 
suspended in 400 µl buffer A (10 mM Hepes pH 7.9, 
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM 
DTT, 1 mM PMSF, 20 mM β-glycerophosphate, 1 mM 
sodium orthovanadate, 10 μg/ml aprotinin, and 10 
μg/ml leupeptin) with 25 μl 10% Nonidet P-40 and 
the supernatants cytoplasmic fractions were collected. 
The nuclear pellets were suspended in 50 μl buffer B 
(20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 
mM EGTA, 1 mM DTT, 1 mM PMSF, 20 mM 
β-glycerophosphate, 1 mM sodium orthovanadate, 10 
μg/ml aprotinin and 10 μg/ml leupeptin) to yield the 
nuclear fractions. Immunoblot was conducted as 
indicated in the Western blot analysis section. 

Statistical analysis 
The results are expressed as MFI ± S.E. Statistical 

significance was evaluated by either Student’s t-test or 
one-way ANOVA followed by Bonferroni post-hoc 
test. 

Results 
Aberrant EGFR activation drives higher 
expression of PD-L1 on NSCLC cell lines  

To first determine the association between the 
activation status of EGFR signaling pathway and 
PD-L1 expression on NSCLC, we analyzed the PD-L1 
expression of NSCLC cell lines with different 
EGFR-mutation statuses. We compared the basal 
expression levels of PD-L1 between the EGFR 
mutated NSCLC cells (PC-9 cells) and the EGFR 
wild-type NSCLC cells (LU-99, A549, and PC-14 cells). 
As shown in Figure 1A, PD-L1 expression of PC-9 was 
significantly higher than those of EGFR wild-type cell 
lines (Figure 1A). In accordance with the higher 
PD-L1 expression, EGFR mutated PC-9 cells showed 
consistently higher expression of phosphorylated 
AKT, STAT3 and ERK along with EGFR compared to 
the other EGFR wild-type NSCLC cells though there 
were substantial differences in their total EGFR 
expression (Figure 1B). Given that PI3K/AKT, STAT3 
and MAPK pathways are the downstream targets of 
EGFR signaling, these results indicate that the 
activation status of EGFR and its downstream 
pathways may be associated with the expression level 
of PD-L1 on NSCLC.  

 
Figure 1. Aberrant EGFR activation status correlates with higher 
expression of PD-L1 on NSCLC cell lines. (A) PD-L1 expression on EGFR 
wild-type (PC-14, A549, and LU-99, histograms with thin lines) or EGFR-mutant 
(PC-9, filled histogram) NSCLC cell lines are shown as histograms (upper panel) or as 
median fluorescence intensity (MFI) (lower panel) determined by flow cytometry. (B) 
The expression of indicated proteins in EGFR wild-type (PC-14, A549, and LU-99) or 
EGFR-mutant (PC-9) NSCLC cell lines are shown determined by western blotting. 
β-actin was used as an internal control.  
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Figure 2. Effect of gefitinib on PD-L1 expression of PC-9 cells and 
downstream pathways of EGFR signaling. (A) PC-9 cells treated with gefitinib 
at the indicated dose for 48 hours and the PD-L1 expression are shown as median 
fluorescence intensity (MFI) determined by flow cytometry. (B) PC-9 cells were 
treated with 0.1 µM gefitinib for the indicated time and the PD-L1 expression are 
shown as median fluorescence intensity (MFI) determined by flow cytometry. (C) The 
expression of indicated proteins in PC-9 cells treated with 0.1 µM gefitinib for the 
indicated time are shown determined by western blotting. β-actin was used as an 
internal control. Results from 3 independent experiments are shown and the 
significant differences between indicated groups are shown as *p<0.05 and **p<0.01 
compared to control group (CTRL). The control group was cells treated with the 
same amount of vehicle (DMSO). 

We next examined the effect of gefitinib on 
PD-L1 expression of PC-9 cells bearing exon 19 
mutation of EGFR, which determines the 
responsiveness to gefitinib. As shown in Figure 2A, 
the expression of PD-L1 on PC-9 cells was 
down-regulated by gefitinib treatment in a 
concentration-dependent manner. We also found that 
the time-dependent effect of gefitinib to 
down-regulate PD-L1 expression on PC-9 cells and 
the maximum response was observed at 24 h (Figure 
2B). As shown in Figure 2C, we observed that PD-L1 
downregulation upon gefitinib treatment was 
accompanied by the inhibition of pEGFR and its 
downstream pathway as seen in the pAKT, pERK and 
pSTAT3 expression. Collectively, these results 
strongly suggest that the aberrant EGFR activation 
can be an important driver for the higher expression 
of PD-L1 on NSCLCs. 

AKT-STAT3 pathway is responsible for 
regulating EGFR-driven PD-L1 expression on 
NSCLC cells 

To determine a key EGFR-downstream pathway 
that is responsible for PD-L1 expression on NSCLCs, 
we used small molecule inhibitors for the PI3K/AKT 
and MAPK pathways. As shown in Figure 3A, the 
inhibitors for PI3K (LY-294002: LY), AKT (MK-2206: 
MK) and mTOR (Rapamycin: Rapa) significantly 
down-regulated the PD-L1 expression on PC-9 cells 
whereas the inhibitors for ERK (U0126: U) and JNK 
(SP600125: SP) did not. These results clearly indicate 
that PI3K/AKT pathway, but not MAPK pathway, 
can be responsible for PD-L1 expression on PC-9 cells. 
Furthermore, we observed the inhibitors for PI3K and 
AKT reduced the phosphorylation status of STAT3 to 
a similar extent as gefitinib treatment (Figure 3B). 
While the treatment with both AKT inhibitor (MK) 
and ERK inhibitor (U) showed reduced cytosolic 
STAT3 expression, AKT inhibitor, but not ERK 
inhibitor, inhibited the nuclear STAT3 expression in 
PC-9 cells (Figure 3C). Importantly, treatment with 
JAK/STAT3 inhibitor (JSI-124) significantly reduced 
the expression of PD-L1 on PC-9 cells (Figure 3D). 
Considering the combination of AKT inhibitor and 
STAT3 inhibitor did not show any additional effect on 
PD-L1 expression of PC-9 cells compared with either 
treatment alone (data not shown), the presented 
results indicate an importance of AKT-STAT3 
pathway for regulating PD-L1 expression on 
EGFR-mutant PC-9 cells. 

 We then investigated whether AKT-STAT3 
pathway is also responsible for PD-L1 expression in 
EGFR wild-type NSCLC cells upon the ligand 
activation of EGFR. As shown in Figure 4A, the 
expression of PD-L1 on EGFR wild-type LU-99 cells 
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was significantly up-regulated by treating with 
recombinant EGF (rEGF) in a dose-dependent 
manner. In concert with the up-regulation of PD-L1 
expression, we also detected the phosphorylation of 
AKT and STAT3 in LU-99 cells treated with rEGF 

(Figure 4B). Importantly, the treatment with either 
AKT inhibitor or STAT3 inhibitor significantly 
inhibited the rEGF-driven PD-L1 up-regulation on 
LU-99 cells (Figure 4C) along with the inhibition of 
AKT or STAT3 phosphorylation, respectively (Figure 

4D). Collectively, we clearly 
demonstrated that AKT-STAT3 
pathway is responsible for 
regulating PD-L1 expression driven 
by both mutation-driven and the 
ligand-driven EGFR activation in 
NSCLC cells. 

Targeting AKT-STAT3 
pathway bypasses 
gefitinib-resistance to regulate 
PD-L1 expression on R-PC-9 
cells 

NSCLC is known to frequently 
acquire resistance against gefitinib 
by developing an additional 
mutation, which eradicates its 
efficacy [24-26]. To investigate 
whether AKT-STAT3 pathway can 
be a potential target for modulating 
PD-L1 expression on NSCLCs 
acquiring gefitinib-resistance, we 
employed R-PC-9 cells, which is a 
gefitinib-resistant cell line of PC-9 by 
harboring T790M secondary EGFR 
mutation. There was no significant 
difference in the PD-L1 expression 
or the activation status of AKT and 
STAT3 between PC-9 and R-PC-9 
(data not shown). Contrary to 
original PC-9 cells, R-PC-9 cells did 
not change their PD-L1 expression 
upon gefitinib treatment (Fig. 5A) 
confirming gefitinib-resistance of 
R-PC-9 cells even in PD-L1 
regulation. Finally, we tested the 
effect of AKT inhibitor or STAT3 
inhibitor on the expression of PD-L1 
on R-PC-9 cells. As shown in Figure 
5B, either a treatment with AKT 
inhibitor or STAT3 inhibitor 
significantly down-regulated the 
expression of PD-L1 on R-PC-9 cells. 
These results strongly indicate that 
the AKT-STAT3 pathway can be an 
attractive target to bypass 
gefitinib-resistance for regulating 
PD-L1 expression in NSCLCs.  

 
Figure 3. AKT-STAT3 pathway is responsible for regulating mutant EGFR-driven PD-L1 
expression on NSCLC cells. (A) PD-L1 expression on PC-9 cells treated with the indicated inhibitors for 24 
hours are shown as median fluorescence intensity (MFI) determined by flow cytometry. . doses of inhibitors used 
are as follow: LY (20 µM LY-294002), MK (20 µM MK-2206), RAPA (100 nM rapamycin), U (5 µM U0126), and SP 
(20 µM SP600125) (B) The expression of indicated proteins in PC-9 cells treated with the indicated inhibitors for 
24 hours are shown determined by western blotting. β-actin was used as an internal control. Pathways inhibition 
was confirmed by western blot for the indicated proteins (lower panel). (C) Cytoplasmic and nuclear fractions 
were collected and The expression of STAT3 protein either in cytosolic or nuclear fraction of PC-9 cells treated 
with MK (20 µM MK-2206) or U (5 µM U0126) are shown determined by western blotting. α-tubulin or 
proliferating cell nuclear antigen (PCNA) was used as an internal control of cytosolic or nuclear protein, 
respectively. (D) PD-L1 expression on PC-9 cells treated with JSI (20 µM JSI-124) for 24 hours are shown as 
median fluorescence intensity (MFI) determined by flow cytometry. Results from 3 independent experiments are 
shown and the significant differences between indicated groups are shown as *p<0.05 and **p<0.01 compared to 
control group (CTRL). The control group was cells treated with the same amount of vehicle (DMSO). 
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Figure 4. AKT-STAT3 pathway is responsible for regulating EGF-induced PD-L1 expression on NSCLC cells. (A) PD-L1 expression on LU-99 cells treated with 
human recombinant EGF at indicated dose for 24 hours are shown as median fluorescence intensity (MFI) determined by flow cytometry. Results from 3 independent 
experiments are shown and the significant differences between indicated groups are shown as * **p<0.01 compared to non-treated group. (B) The expression of indicated 
proteins in LU-99 cells treated with human recombinant EGF at indicated dose for 24 hours are shown determined by western blotting. β-actin was used as an internal control. 
(C) PD-L1 expression on LU-99 cells co-treated with human recombinant EGF (50 ng/ml) and MK (20 µM MK-2206) or JSI (20 µM JSI-124) for 24 hours are shown as median 
fluorescence intensity (MFI) determined by flow cytometry. (D) The expression of indicated proteins in LU-99 cells co-treated with human recombinant EGF (50 ng/ml) and MK 
(20 µM MK-2206) or JSI (20 µM JSI-124) for 24 hours are shown determined by western blotting. β-actin was used as an internal control. Results from 3 independent experiments 
are shown and the significant differences between indicated groups are shown as *p<0.05 compared to group treated with EGF alone. 

 
Discussion 

In this study we identified that AKT-STAT3 
pathway can be a novel downstream target of EGFR 
signaling for regulating PD-L1 expression on 
NSCLCs. Importantly, we further demonstrated the 
inhibition of either AKT or STAT3 activity can bypass 
a resistance to regulate PD-L1 expression in response 
to gefitinib treatment. Given the inhibition of both 
AKT and STAT3 did not show an additive effect on 
PD-L1 down-regulation, there should be the 
redundancy of AKT and STAT3 in the inhibition of 
PD-L1 expression on EGFR-activated cells. 
Considering recent attention of immunotherapy by 
modulating PD-1/PD-L1 interaction between the host 
immune system and cancer cells [5, 9], our present 
findings pave the way for sensitizing 
gefitinib-resistant NSCLCs to endogenous anti-tumor 
host immune response and/or T cell-dependent 

immunotherapy. Although it has been known that the 
inhibition of EGFR signaling can attenuate PD-L1 
expression on NSCLCs [8, 20, 29], there was no link 
between AKT-STAT3 pathways to regulate PD-L1 
expression on NSCLCs as a downstream of EGFR 
signaling. Consistent with our findings, AKT/mTOR 
pathway is known to lead the activation of STAT3 [30] 
and PI3K-mediated STAT3 activation was shown to 
regulate PD-L1 in BRAF-mutant melanoma cells [31]. 
Additionally, AKT pathway was reported to 
contribute to PTEN-mediated PD-L1 regulation in 
breast cancer [18]. Furthermore, a direct binding of 
STAT3 to the PD-L1 promoter was reported in 
antigen-presenting cells [32] suggesting the direct 
regulation of PD-L1 expression by STAT3 at a 
transcriptional level.  

In clinic, NSCLC patients initially respond to 
gefitinib or other EGFR TKIs, however the relapse of 
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disease by acquiring drug-resistance through 
developing a second-site EGFR mutation in cancer 
cells has been a major obstacle [24-26]. Thus, it is 
important to develop an alternative approach to 
target such acquired drug-resistance of NSCLC. In 
this regard, we specifically showed that the inhibition 
of AKT-STAT3 pathway can down-regulate PD-L1 
expression not only on PC-9 cells that respond to 
gefitinib, but also on the gefitinib-resistant R-PC-9 
cells harboring an additional mutation. In addition to 
AKT-STAT3 pathway, p38MAPK pathway is known 
to be involved in EGFR signaling [33, 34]. Of note, p38 
inhibitor did not show any effect on PD-L1 expression 
in R-PC-9 (data not shown) suggesting that p38MAPK 
pathway might not be involved in regulating PD-L1 
expression as a downstream of EGFR signaling.  

 

 
Figure 5. Inhibition of AKT-STAT3 pathway bypasses gefitinib-resistance 
to regulate PD-L1 expression on R-PC-9 cells. (A) PD-L1 expression on PC-9 
or R-PC-9 cells treated with or without gefitinib (1 µM) for 48 hours are shown as 
median fluorescence intensity (MFI) determined by flow cytometry. (B) PD-L1 
expression on R-PC-9 treated with MK (20 µM MK-2206) or JSI (20 µM JSI-124) for 
24 hours are shown as median fluorescence intensity (MFI) determined by flow 
cytometry. Results from 3 independent experiments are shown and the significant 
differences between indicated groups are shown as *p<0.05, **p<0.01 compared to 
control group (CTRL). The control group was cells treated with the same amount of 
vehicle (DMSO). 

 
While AKT-STAT3 pathway is widely known as 

important for cancer cell malignancy, accumulative 
evidences also suggest it can be a potential target for 
regulating host immune responses against cancer cells 
[35]. It has been reported that STAT3-deficiency in 

CD8+ T cells leads to a proactive phenotype in 
response to its TCR stimulation [36] and STAT3 
inhibits tumor accumulation of CD8+ T cells through 
regulating CXCR3/CXCL10 chemokine axis [37, 38]. 
Additionally, STAT3 inhibitor is known to potentiate 
the T cell cytotoxicity by attenuating regulatory T cell 
function [37, 38]. Furthermore, AKT pathway is 
shown to impair memory CD8+ T cell differentiation 
and its functional activity that can be cancelled by 
inhibiting AKT [39]. Collectively, targeting 
AKT-STAT3 pathway should be a promising strategy 
to potentiate anti-tumor immune responses by 
supporting both cancer cell intrinsic and cancer cell 
extrinsic mechanism as shown in PD-L1 
down-regulation on cancer cells with an aberrant 
EGFR activity and to enhance host anti-tumor T cell 
immune responses, respectively.  
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