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Abstract
Skin toxicity is the most common toxicity caused by Epidermal Growth Factor Receptor

(EGFR) inhibitors, and has been associated with clinical efficacy. As EGFR inhibitors

enhance the expression of antigen presenting molecules in affected skin keratinocytes,

they may concurrently facilitate neo-antigen presentation in lung cancer tumor cells contrib-

uting to anti-tumor immunity. Here, we investigated the modulatory effect of the EGFR inhib-

itor, erlotinib on antigen presenting molecules and PD-L1, prominent immune checkpoint

protein, of skin keratinocytes and lung cancer cell lines to delineate the link between EGFR

signaling pathway inhibition and potential anti-tumor immunity. Erlotinib up-regulated MHC-

I and MHC-II proteins on IFNγ treated keratinocytes but abrogated IFNγ-induced expres-

sion of PD-L1, suggesting the potential role of infiltrating autoreactive T cells in the damage

of keratinocytes in affected skin. Interestingly, the surface expression of MHC-I, MHC-II,

and PD-L1 was up-regulated in response to IFNγmore often in lung cancer cell lines sensi-

tive to erlotinib, but only expression of PD-L1 was inhibited by erlotinib. Further, erlotinib sig-

nificantly increased T cell mediated cytotoxicity on lung cancer cells. Lastly, the analysis of

gene expression dataset of 186 lung cancer cell lines from Cancer Cell Line Encyclopedia

demonstrated that overexpression of PD-L1 was associated with sensitivity to erlotinib and

higher expression of genes related to antigen presenting pathways and IFNγ signaling path-

way. Our findings suggest that the EGFR inhibitors can facilitate anti-tumor adaptive

immune responses by breaking tolerance especially in EGFR driven lung cancer that are

associated with overexpression of PD-L1 and genes related to antigen presentation and

inflammation.
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Introduction
Lung cancer remains a leading cause of cancer death in the Unites States, with 158,040 esti-
mated death to occur in 2015 [1]. Despite recent advances in multi-modality treatment strat-
egy, the relapse rate for early stage lung cancer is significant. Only 16.8% of patients with lung
cancer of all stages survive more than 5 year, and 5 year survival rate for advanced stage or met-
astatic lung cancer patients are dismal [2].

Epidermal Growth Factor Receptor (EGFR) Tyrosine Kinase Inhibitors (TKIs) are frontline
therapy for advanced or metastatic non-small cell lung cancer (NSCLC) with sensitizing EGFR
mutations such as exon 19 deletion or exon 21 L858R mutation [3]. About 10% of Caucasian
and up to 50% of Asian patients with NSCLC harbor sensitizing mutations and respond to
EGFR inhibitors resulting in a dramatic disease control with the improvement of symptoms.
Median duration of the response ranges from 9–14 months and most patients eventually
develop the resistance to EGFR inhibitors through various resistant mechanisms [4]. One of
resistant mechanisms is the acquisition of the resistant mutation, T790M, and it has been
reported to occur in 50% of patients after the disease progression on EGFR inhibitors [5,6].

Skin toxicity is the major toxicity associated with EGFR inhibitors including TKIs and
blocking antibodies such as cetuximab or panituzumab [7–9]. Acneiform skin rash occurs up
to 70–80% of patients during the course of therapy with EGFR inhibitors, and can be treated
with topical steroid and antibiotics [9]. However, it often becomes severe enough to compro-
mise the quality of life, thus results in interruption or cessation of the treatment. Interestingly,
the severity of skin rash due to EGFR inhibitors has been associated with the better response
rate, progression free survival, and overall survival from two large phase III clinical trials [10].
Subsequently, it has been used as a biomarker to optimize dosing of EGFR inhibitors to treat
advanced NSCLC patients in recent phase II clinical trial [11].

EGFR signaling pathway is thought to play an essential role in skin repair and inflammation
[12]. The blockade of EGFR signaling pathway enhances the inflammation in skin through up-
regulation of chemokines, and recruits mononuclear cells including T cells, Natural Killer cells
(NK), macrophages, and TRAIL-positive dendritic cells [13–17]. In addition, EGFR inhibitors
have been shown to up-regulate MHC-I, and MHC-II, CIITA complex on IFNγ treated skin
keratinocytes, implying the potential role of infiltrating autoreactive T cells in the damage of
skin [18]. Similar immune-modulatory process by EGFR inhibitors may take place in certain
malignancies. For example, EGFR inhibitors can up-regulate the expression of MHC-II and
CIITA compartment on head and neck squamous cell carcinoma cell line and augment antigen
specific anti-tumor T cell responses [19]. Most recently, EGFR inhibitors have been shown to
down-modulate baseline PD-L1 expression, a prominent immune-checkpoint protein, on
selected non-small cell lung cancer cell lines with sensitive EGFR mutations that expressed
high baseline level of PD-L1 proteins [20–22]. As the PD-L1 proteins were reportedly overex-
pressed on selected lung cancer biopsy or surgical specimen from harboring sensitive EGFR
mutations [23–25], it is possible that EGFR inhibitors can promote anti-tumor T cell responses
in lung cancer via up-regulation of antigen presenting pathway while down-modulating PD-L1
expression in concurrent fashion as with skin keratinocytes.

The inhibition of PD-1 and PD-L1 axis has emerged as new immunotherapeutic with dra-
matic and durable responses in certain solid tumors including melanoma, non-small cell lung
cancer, renal cell carcinoma etc, especially in patients with the overexpression of intratumoral
PD-L1 proteins [26–29]. Co-targeting other immune check point proteins such as CTLA-4,
LAG-3, and Tim-3, with blockade of PD-1/PD-L1 is a potential approach to synergize clinical
responses in immunotherapy, as demonstrated by phase I clinical trial [30] and multiple pre-
clinical studies [31–33]. Combination immunotherapy with cytotoxic chemotherapy or
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radiotherapy is another approach to augment anti-tumor immunity likely through several
immune-potentiating mechanisms, and is being evaluated in the setting of clinical trials [34].
Lastly, several clinical trials evaluating targeted therapy such as ALK or EGFR inhibitors in
non-small cell lung cancer or BRAF inhibitors in melanoma for combination immunotherapy
are currently on-going, but further investigations are needed to elucidate the precise immune-
mediated mechanism of action to enhance anti-tumor immunity.

Here, we investigated the effect of EGFR signaling inhibition on skin keratinocytes and various
lung cancer cell lines for the expression of MHC-I, MHC-II, and PD-L1, and impact on T cell
mediated tumor killing in order to delineate the link between EGFR signaling pathways to anti-
tumor immunity. Lastly, we investigated the correlation of PD-L1 expression to sensitivity to EGFR
inhibitors and expression of various genes critical for antigen presenting pathways using drug sensi-
tivity and gene expression dataset of 186 lung cancer cell lines from Cancer Cell Line Encyclopedia.

Materials and Methods

Cells and cell culture
Human immortalized keratinocytes, HaCaT cells were grown in RPMI 1640 media (Life Technol-
ogies, Grand Island, NY) supplemented with 10% Fetal Bovine Serum (FBS, Life Technologies,
Grand Island, NY). All lung cancer cell lines (Table 1) were obtained from American Type Cul-
ture Collection (ATCC, Manassas, VA), and grown in RPMI 1640 supplemented with 10% FBS.

Antibodies and cytokines
Fluorescein-conjugated Anti-HLA-A,B,C, Allophycocyanin-conjugated anti-HLA-DR, Phyco-
erythrin-conjugated anti-PD-L1 antibodies were obtained from BD Bioscience (San Jose, CA).
Human recombinant Interferon (IFN)γ was purchased from Peprotech (Rocky Hill, NJ). Epi-
dermal growth factor (EGF) was purchased from Life Technologies (Grand island, NY). Erloti-
nib was purchased from Sellect Chemicals (Houston, TX).

Flowcytometry
HaCaT or various lung cancer cell lines were seeded in triplicates in 96 well plate a day prior to
assay, and treated with IFNγ in different concentrations ranging from 1 pg/ml to 1000 pg/ml in

Table 1. Lung Cancer Cell lines used in the evaluation of PD-L1 protein expression.

Cell Line Histology EGFRMutations EC50* IC50*

HCC827 Adenocarcinoma delE746-A750 0.02933 0.03891

NCI-H3255 Adenocarcinoma L858R 0.07416 0.07517

HCC4006 Adenocarcinoma delL747-A750 0.11025 0.12425

HCC2935 Adenocarcinoma delE746-S752 0.18314 0.28077

NCI-H1650 Adenocarcinoma delE746-A750 0.06451 8

A549 Adenocarcinoma Wildtype 2.39471 8

NCI-H441 Adenocarcinoma Wildtype 3.36504 8

NCI-H2023 Adenocarcinoma Wildtype 8.32822 8

NCI-H1299 Large cell neuroendocrine Wildtype 8.62741 8

NCI-H1975 Adenocarcinoma T790M, L858R 8.81917 8

NCI-H661 Large cell carcinoma Wildtype NA 8

*EC50 (half maximum effective concentration) and IC50 (half maximum inhibitory concentration) of Erlotinib for various lung cancer cell lines have been

previously reported in CCLE.

doi:10.1371/journal.pone.0160004.t001
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the presence or absence of erlotinib at a concentration of 10 μM for 24 hours. Next, cells were
trypsinized to a single cell suspension and stained with fluorochrome-conjugated antibodies
against MHC-1, MHC-II, and PD-L1 in phosphate Buffered Saline (PBS) containing 2% FBS
and 0.05% sodium azide for 30 minutes. After washing, cells were subjected to high-throughput
flowcytometry in 96 well format using FACSCanto II (BD bioscience, San Jose, CA). Acquisi-
tion data were analyzed using FlowJo Software version 10 (Tree Star, Ashland, Or), and pre-
sented as mean fluorescence intensities (MFIs) ± standard deviation (SD) of triplicates for each
staining for MHC-I, MHC-II, and PD-L1, respectively.

Reverse Transcription quantitative Polymerized Chain Reaction
(RT qPCR)
Half to one million of lung cancer cells or HaCaT cells were seeded in 6 well plate a day prior
to experiment, then treated with IFNγ at a concentration of 100 pg/ml in the presence or
absence of erlotinib at a concentration of 10 μM for 24 hours. Trypsinized cells were subjected
to the isolation of a total RNA (tRNA) using RNeasy Plus Micro kit from Qiagen (Valencia,
CA) according to manufacturer’s instruction. The tRNA was quantified using Cytation Cell
Imaging Multi-Mode Readers (Biotek, Winooski, VT). All tRNA samples were measured as 2.0
of Optical Density (O.D.) 260:280 ratio. RNA integrity was assessed for selected tRNA, and
RNA Integrity Number (RIN) ranged from 9.5 to 10. One μg of tRNA was used to generate
complementary DNA (cDNA) using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA).
Next, qPCR was performed in quadruplicates to evaluate the relative expression of PD-L1 to
house keeping gene, actin transcripts using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA) and CFX96 TouchTM Real-Time PCR Detection system (Bio-Rad,
Hercules, CA). Primers used in qPCR were synthesized from Sigma-Adrich (St. Louis, MO),
and include PD-L1 (forward primer 50-TATGGTGGTGCCGACTACAA -30, reverse primer
50-TGGCTCCCAGAATTACCAAG-3), actin as endogenous control (forward primer 50-
TCCTGTGGCATCCACGAAAC-30, reverse primer 50-GAAGCATTTGCGGACGAT-30).
Data was analyzed using CFX managerTM Software (Bio-Rad, Hercules, CA).

Cytotoxic T cell assay
H441, HLA-A2+ lung cancer cells were seeded to 6 well plates and pretreated with or without
10 μM erlotinib in the presence or absence of MART-1 27M (AAGIGILTV) peptide or
CMV pp65 (NLVPMVATV) control peptide at a concentration of 10 μg/ml for 24 hours. Next,
typsinized lung cancer cells were then labeled with calcein-acetoxylmethyl (AM) (Molecular
Probes, OR) at concentration of 10 μg/ml for 30 minutes at 37°C, and used as target cells after
washing off unlabeled calcein-AM. Subsequently, MART-1/HLA-A2 specific cytotoxic T cells
(1007G) were added at different effector;target ratios to 5000 target cells in 100 μl of complete
media in quadruplicates in V-bottom 96-well plate. After incubation for 4 hours at 37°C, 50 μl
of supernatant was transferred to 96-well special optics low fluorescence assay plate to measure
calcein-AM release using Cytation (BioTek, VT) (excitation at 485 nm, emission at 528 nm).
Spontaneous release represents calcein-AM release of target cells in media alone, and maxi-
mum release represents calceim-AM release of target cells in media containing 2% Triton X-
100. Specific lysis was calculated according to following formula: [(test release-spontaneous
release)/(maximum release-spontaneous release)]x100.

Comprehensive cell line encyclopedia (CCLE) data analysis
The gene expression dataset of 186 lung cancer cell lines and drug sensitivity data of 91 lung cancer
cell lines were obtained at the following site [35]: http://www.broadinstitute.org/ccle/home. Lung
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cancer cell lines were divided into two groups, PD-L1high and PD-L1low lung cancer cell lines,
according to median log2 Robust Multi-array Average (RMA) values. Log2 RMA values were used
to evaluate selected gene expression between PD-L1high and PD-L1low lung cancer cell lines.

Statistical Analysis
All statistical analysis was performed using Prism version 6.0 (GraphPad, La Jolla, CA). Wil-
coxon-Mann-Whitney test was used to compare Log2 RMA values of selected gene expression
between PD-L1high and PD-L1low lung cancer cell lines, T cell mediated cytotoxicity on lung
cancer cell lines treated with or without erlotinib, and surface expression of MHC-I, MHC-II,
and PD-L1 of various cell lines treated with IFNγ and/or erlotinib Non-parametric Wilcoxon
test was used for paired analysis to evaluate the impact of EGFR inhibitors on surface expres-
sion of MHC-I, MHC-II, and PD-L1 proteins between IFNγ or Erlotinib treated or untreated
lung cancer cell lines sensitive or resistant to erlotinib.

Results

Erlotinib up-regulates the expression of antigen presenting molecules
but abrogates PD-L1 expression on IFNγ treated human keratinocytes
In order to elucidate the immune-mechanism of skin rash caused by EGFR inhibitors, we first
investigated the modulatory effects of erlotinib, one of EGFR inhibitors, on the expression pat-
tern of antigen presenting molecules and PD-L1 on skin keratinocytes. Previously, one of
malignant skin keratinocyte cell line, A431, was used to demonstrate the synergistic effects of
EGFR inhibitors on the expression of MHC-I and MHC-II because this particular cell line
expresses abnormally high level of EGFR compared to normal skin keratinocytes, thus the
effect of EGFR inhibition would be accentuated [18,36,37]. Here, we decided to use another
skin keratinocyte cell line, HaCaT cells for our analysis because they are known to express a
comparable level of EGFR to primary skin keratinocyte so that we could extrapolate the modu-
latory effect of EGFR inhibitors observed in HaCaT cells to what might happen in primary skin
keratinocytes in physiologic condition [37].

As expected, HaCaT cells up-regulated the surface expression of bothMHC-I andMHC-II with
IFNγ treatment. However, only the expression of MHC-I on HaCaT cells was slightly increased by
the treatment with EGFR inhibitor, Erlotinib. Both treatments did not alter the surface expression
of EGFR on HaCaT cells (Fig 1A). Next, we examined the synergistic effect of erlotinib in combina-
tion with IFNγ on the expression of MHC-I, MHC-II, and PD-L1 (Fig 1B). First, all of the MHC-I,
MHC-II, and PL-D1 expression were up-regulated by IFNγ treatment in a dose dependent manner.
The surface expression of MHC-I andMHC-II was further augmented in the presence of erlotinib
and IFNγwhich confirmed the previous observations [18]. On the contrary, erlotinib abrogated
IFNγ induced PD-L1 expression onHaCaT cells (Fig 1B). The down-modulation of PD-L1 by Erlo-
tinib was at the level of mRNA transcript demonstrated by quantitative RT PCR (Fig 1C). Taken
together, EGFR inhibitors can up-regulate antigen presenting proteins while down-regulating
PD-L1, negative immune-regulator on skin keratinocytes in the area of inflammation, thus can pro-
mote immune-mediated damages by infiltrating autoreactive T cells in affected skin.

Erlotinib abrogates IFNγ induced PD-L1 expression in lung cancer cell
lines without adversely affecting the expression of antigen presenting
proteins
Pollack at al has previously reported that EGFR inhibitors synergistically up-regulated the
expression of antigen presenting proteins in one of squamous cell carcinoma (SCC) of head
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Fig 1. EGFR inhibitor differentially modulates the expression of antigen presentingmolecules and PD-L1 on
HaCaT cells. (A) HaCaT cells were treated with IFNγ at concentration of 1000 pg/ml or erlotinib at concentration of
20 μM for 24 hours, and assessed for surface expression of MHC-I, MHC-II, and EGFR. Erlotinib up-regulated the
expression of MHC-I on HaCaT cells while IFNγ upregulated both MHC-I and MHC-II. Neither treatments affected
EGFR expression. Gray dotted line: unstained HaCaT cells, gray solid line: untreated HaCaT cells stained for MHC-I,
MHC-II, or EGFR. Black dotted line: erlotinib treated HaCaT cells stained for MHC-I, MHC-II, or EGFR. Black solid
line: IFNγ treated HaCaT cells stained for MHC-I, MHC-II, or EGFR. (B) HaCaT cells were treated with IFNγ at
different concentrations ranging 1 pg/ml to 1000 pg/ml in the presence or absence of erlotinib at concentration of
10 μM for 24 hours, and assessed for surface expression of MHC-I, MHC-II, and PD-L1 in Mean Fluorescence
Intensity (MFI). While the expression of MHC-I and MHC-II on HaCaT cells was further up-regulated in the presence
of erlotinib and IFNγ at all dose range tested for MHC-I and at a greater than 1pg/ml for MHC-II compared to IFNγ
alone, IFNγ induced overexpression of PD-L1 was abrogated by the addition of erlotinib to IFNγ at a greater than 100
pg/ml. The experiment shown here was performed in triplicates, and a representative of three independent
experiments.(C) A total RNA from HaCaT cells treated with or without erlotinib, IFNγ, or EGF was assessed for the
relative expression of PD-L1 transcripts via Reverse Transcription quantitative Polymerase Chain Reaction (RT-
qPCR) in quadruplicates. Erlotinib treatment resulted in statistically significant decrease in PD-L1 transcripts on
HaCaT cells P-value less than 0.05 (*) was determined as being statistically significance. “NS” represent “statistically
not-significant”.

doi:10.1371/journal.pone.0160004.g001
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and neck cancer cell lines among other cell lines originated from various cancer such as mela-
noma or colon cancer [18]. To our knowledge, the potential modulation of antigen present-
ing molecules by EGFR inhibitors has not been demonstrated in the setting of lung cancer
despite EGFR inhibitors are most commonly used in the treatment of lung cancer among
other malignancies. Therefore, we assessed a series of lung cancer cell lines with wide range
of known sensitivity to erlotinib (Table 1) for the impact of EGFR inhibitors on MHC-I,
MHC-II, and PD-L1 expression in the presence or absence of inflammatory cytokine, IFNγ
(Figs 2, 3 and 4).

First, there was a trend towards a higher expression of PD-L1 and MHC-I in lung cancer
cell lines sensitive to erlotinib (EC50<8) compared to those resistant to erlotinib (EC50 �8),
but it was not statistically significant likely due to the heterogeneity of lung cancer cell lines
and small number of lung cancer cell lines tested (Figs 2B and 4B). There was a minimal
expression of MHC-II in all lung cancer cell lines tested, and this is anticipated as MHC II
genes are not typically expressed in non-hematopoietic cells without an inflammatory signal
such as IFNγ (Fig 3B). The treatment with IFNγ up-regulated the surface expression of
MHC-I, MHC-II, and PD-L1 more frequently on lung cancer cell lines sensitive to erlotinib
than on those resistant erlotinib (Figs 2C, 3C and 4C), suggesting that EGFR-driven lung can-
cer may be immunologically reactive.

Erlotinib altered the expression of antigen presenting molecules on several lung cancer cell
lines tested but there was no consensus trend towards either up-regulation or down-regulation
likely again due to the heterogeneity of lung cancer tumor cell lines (Figs 2C & 3C). For exam-
ple, HCC2935, H1650, and H1975 up-regulated the expression of MHC-I upon the treatment
with erlotinib in the presence of IFNγ, while HCC827 and H1650 potentiated the MHC-II
expression. In contrast, erlotinib uniformly down-regulated baseline PD-L1 expression on
untreated lung cancer cell lines sensitive to erlotinib, although it was not statistically significant
(Fig 4B, p = 0.0781). In addition, it significantly inhibited the IFNγ induced overexpression of
PD-L1 proteins especially in EGFR driven lung cancer cell lines (p<0.05) (Fig 4C). Further
analysis using quantitative RT-PCR confirmed that the down-regulation of PD-L1 expression
by erlotinib was at the level of gene transcription (Fig 4D).

EGFR inhibitors enhance T cell mediated tumor killing
Although EGFR inhibitor, an effective therapy for EGFR driven lung cancer, has been shown
to down-modulate PD-L1 on lung cancer cell lines in our study and other reports [20,21],
whether it leads to better T cell mediated tumor killing has not been clearly demonstrated. Pre-
viously, Chen at al attempted to show improved tumor killing using co-culture system with
HCC827 as target tumor cells and peripheral blood mononucleate cells (PMBC) from random
donor and did not observed improved tumor killing by alloreactive T cells when a combination
therapy with PD-1/PD-L1 blockade and EGFR inhibitors was used [20]. This was likely due to
the difficulty to modulate the cytotoxic function of less well-defined alloreactive T cells. Thus
further investigation is needed to evaluate EGFR inhibitors for modulating T cell mediated
tumor killing in antigen specific manner.

Therefore, we decided to take advantage of already established cytotoxic T cell line (CTL)
specific for MART-1 (M27) peptide restricted to HLA-A2 as effector T cells (Fig 5B).
HLA-A2+ lung cancer cell line, H441, was chosen as target lung cancer cells as H441 expressed
a detectable level of PD-L1 proteins that were down-modulated by EGFR inhibitor (Fig 2A and
Fig 5A). H441 lung cancer cells were pretreated with or without EGFR inhibitor in the presence
of MART-1 (M27) peptide or CMV pp65 protein-derived control peptide, and used as target
cells for Mart-1/HLA-A2 specific CTL in standard CTL assay. As shown in Fig 5C, Mart-1/
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HLA-A2 specific CTL efficiently lysed H441 in the presence of cognate peptides but not control
peptide, and there was a significant increase in T cell mediated cytotoxicity when H441 was
pretreated with EGFR inhibitor even at lower effector:target (5:1) ratio. Considering H441 is
not the most sensitive cell line to EGFR inhibitor compared to ones with sensitive EGFR muta-
tions (e.g. HCC827 or HCC4006), it is possible to extrapolate our results that EGFR inhibition
could facilitate neo-antigen specific T cell responses and subsequent tumor killing in lung can-
cer especially with sensitive EGFR mutations.

Fig 2. Differential effects on MHC-I in lung cancer cell lines by IFNγ and EGFR inhibitors. Various lung cancer cell
lines were treated with IFNγ at a concentration of 1000 pg/ml in the presence or absence of erlotinib at concentration of
10 μM for 24 hours, and assessed for surface expression of MHC-I. (A) The average mean fluorescence intensities
(MFIs) ± standard deviation (SD) of MHC-I staining were represented as bar graphs.(B and C) For further statistical
analysis, lung cancer cell lines were divided into two groups according to the half maximum effective concentration, EC50

(EC50 <8 vs EC50 � 8) of erlotinib, and average MFI of MHC I for individual cell line was represented as a single dot for
further statistical analysis to assess the impact of treatment with IFNγ and/or erlotinib on MHC I expression within group
of lung cancer cell lines sensitive to erlotinib (EC50 <8) or resistant to erlotinib (EC50 �8) There was a trend toward higher
expression of MHC-I in untreated lung cancer cell lines sensitive to erlotinib (BB), and the treatment with IFNγ further up-
regulated the expression of MHC-I more often on lung cancer cell lines sensitive to erlotinib compared to lung cancer cell
line resistant to erlotinib (C). The addition of erlotinib to untreated or IFNγ treated lung cancer cell lines did not
significantly altered the expression of MHC-I in most cell lines regardless of sensitivity to erlotinib (B and C).
Abbreviations used in this experiment are as follow, E: erlotinib, I: IFNγ. The experiment shown here was performed in
triplicates, and a representative of three independent experiments. P-value less than 0.05 was determined as statistically
significance. “NS” represent “statistically non-significant”.

doi:10.1371/journal.pone.0160004.g002
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PD-L1 over-expressing lung cancer cell lines display inflammatory
phenotype
As we observed a higher expression of antigen presentation molecules and PD-L1 especially in
response to inflammatory signal, IFNγ, in lung cancer cell lines sensitive to EGFR inhibitors,
we assessed the baseline expression of various immune-related genes in lung cancer cell lines
from Cancer Cell Line Encyclopedia (http://www.broadinstitute.org/ccle) in relation to the
PD-L1 expression. The gene expression profiles of 186 lung cancer cell lines were retrieved
from CCLE database, and 186 lung cancer cell lines were divided into two groups, PD-L1high

and PD-L1low according to the median expression value of PD-L1 (Fig 6A). PD-L1high lung

Fig 3. Differential effects on MHC-II in lung cancer cell lines by IFNγ and EGFR inhibitors. Various lung cancer cell
lines were treated with IFNγ at a concentration of 1000 pg/ml in the presence or absence of erlotinib at concentration of
10 μM for 24 hours, and assessed for surface expression of MHC-II. (A) The average MFI ± SD of MHC-II staining were
represented as bar graphs. (B and C) Lung cancer cell lines were divided into two groups according to the half maximum
effective concentration, EC50 (EC50 <8 vs EC50 � 8) of erlotinib, and average MFI of MHC-II for individual cell line was
represented as a single dot for further statistical analysis to assess the effect of IFNγ and/or erlotinib on the expression of
MHC-II. There was only minimal baseline expression of MHC-II in untreated lung cancer cell lines regardless of
sensitivity to erlotinib (B), but the treatment with IFNγ significantly up-regulated the expression of MHC-II more often on
lung cancer cell lines sensitive to erlotinib compared to lung cancer cell line resistant to erlotinib (C). The addition of
erlotinib to untreated or IFNγ treated lung cancer cell lines did not significantly altered the expression of MHC-II in most
cell lines (B and C). Abbreviations used in this experiment are as follow, E: erlotinib, I: IFNγ. The experiment shown here
was performed in triplicates, and a representative of three independent experiments. P-value less than 0.05 (*) was
determined as being significant, “ns” represents “not statistically significant”.

doi:10.1371/journal.pone.0160004.g003
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Fig 4. EGFR inhibitor down-regulates the PD-L1 expression on lung cancer cell lines. Various lung cancer cell lines
were treated with IFNγ at a concentration of 1000 pg/ml in the presence or absence of erlotinib at concentration of 10 μM
for 24 hours, and assessed for surface expression of PD-L1. (A) The average MFIs± SD of PD-L1 staining were
represented as bar graphs in (A) (B and C) Lung cancer cell lines were divided into two groups according to EC50 (EC50

<8 vs EC50� 8) of erlotinib, and average MFI of PD-L1staining for individual cell line was represented as a single dot in
dot plots for further statistical analysis to assess the influence of IFNγ and/or erlotinib on PD-L1 expression. There was a
trend toward higher expression of PD-L1 in untreated lung cancer cell lines sensitive to erlotinib, and erlotinib treatment
down-regulated PD-L1 expression on lung cancer cell lines sensitive to erlotinib but not statistically significant (B). The
treatment with IFNγ significantly up-regulated the expression of PD-L1 proteins on lung cancer cell lines sensitive to
erlotinib, and the addition of erlotinib significantly inhibited IFNγ-induced PD-L1 overexpression on lung cancer cell lines
sensitive to erlotinib (C). Abbreviation used in this experiment is as follows. E: Erlotinib, I: IFNγ. The experiment shown
here was performed in triplicates, and a representative of three independent experiments. (D) Various lung cancer cells
were cultured in the presence or absence of erlotinib at a concentration of 10 μM for 24 hours, and the total RNA was
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cancer cell lines were associated with a higher expression of EGFR compared to PD-L1low lung
cancer cell lines, suggesting that not only sensitive EGFR mutation but also overexpression of
EGFR is associated with a higher baseline expression of PD-L1 (Fig 6B and Table 2). Addition-
ally, the higher expression of EGFR in lung cancer cell lines correlated to the higher level of
PD-L1 expression (Pearson’s correlation coefficient r = 0.4851 p<0.0001, Table 3). Drug sensi-
tivity data to EGFR inhibitor that were available for 91 out of 186 lung cancer cell lines in
CCLE database were compared between PD-L1high and PD-L1low lung cancer cell lines (Fig
6C). As expected, PD-L1high lung cancer cell lines were more sensitive to the inhibition of
EGFR signaling pathway compared to PD-L1low lung cancer cell lines, and the inverse

isolated for Reverse Transcription quantitative Polymerase Chain Reaction (RT-qPCR) performed in quadruplicates to
evaluate the expression of PD-L1 transcripts. The relative PD-L1 expression of individual lung cancer cell line treated
with erlotinib to untreated control was represented as a single dot. Lung cancer cell lines were again divided into two
groups according to EC50 (EC50 <8 vs EC50 � 8) of erlotinib. Erlotinib down-regulated PD-L1 expression at the transcript
level, and inhibitory effect was more pronounced in lung cancer cells sensitive to EGFR inhibitors. P-value less than 0.05
was determined as statistically significance. “NS” represent “statistically non-significant”.

doi:10.1371/journal.pone.0160004.g004

Fig 5. EGFR inhibitor increases antigen specific T cell mediated tumor killing. (A) The expression of
HLA-A2 on HLA-A2+ lung cancer cell line, H441, was confirmed using flowcytometry. (B) Mart-1 (M27)
specific cytotoxic T cell line (CTL), 1007G, was stained with anti-CD3 and Mart-1 (M27)/HLA-A2 tetramer to
confirm the antigenic specificity. More than 90% of T cells expressed T cell receptors specific for Mart-1
(M27)/HLA-A2 tetramers. (C) H441 cells pretreated with or without erlotinib in the presence or absence of
Mart-1(M27) or pp65 control peptide were used as target cells for standard cytotoxic T cell (CTL) assay using
Mart-1(M27) specific CTLs as effector T cells. Percent Specific cytotoxicity was calculated as follows: [(test
release-spontaneous release)/(maximum release-spontaneous release)] × 100. Mart-1 (M27) specific CTL
efficiently lysed H441 only in the presence of Mart-1 peptide but not control peptide, and the treatment of
erlotinib significantly increased T cell mediated killing. The experiment shown here was performed in
quadruplicates, and a representative of two independent experiments.

doi:10.1371/journal.pone.0160004.g005
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Fig 6. Overexpression of PD-L1 is associated with higher expression of EGFR and immune-related genes, and
sensitivity to EGFR inhibitors. (A) Lung cancer cell lines (N186) from Cancer Cell Line Encyclopedia (CCLE) database
were divided into two groups according to median expression of PD-L1 at Log2 Robust Multi-array Average (RMA), 5.087.
Mean Log2 RMAs of PD-L1 expression of PD-L1high and PD-L1low groups were 7.171 ±1.508 and 4.578 ± 0.2630,
respectively. (B) EGFR expression of PD-L1high and PD-L1low lung cancer cell lines, and correlation between EGFR and
PD-L1 expression (C) The half maximum inhibitory concentration (IC50) of Erlotinib for PD-L1high lung cancer cell lines (N51)
and PD-L1low lung cancer cell lines (N40). (D) Expression of MHC-I and genes associated with MHC-I antigen presentation
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from PD-L1high and PD-L1low lung cancer cell lines. (E) Expression of MHC-II and genes associated with MHC-II antigen
presentation from PD-L1high and PD-L1low lung cancer cell lines. (F) Expression of genes associated with inflammation from
PD-L1high and PD-L1low lung cancer cell lines. PD-L1high lung cancer cell lines are associated with higher expression of
EGFR and sensitivity to erlotinib (B and C). In addition, PD-L1high lung cancer cell lines express genes associated with
MHC-I and II antigen presenting pathways higher than PD-L1low lung cancer cell lines (D and E). Significantly higher
expression of IL-6 and positive regulators for IFNγ signaling pathway such as STAT1, STAT3, and IRF9 were associated
with PD-L1high lung cancer cell lines, while the expression of negative regulators for IFNγ signaling pathway such as
IRF2BP2 and SIN3A were significantly lower in PD-L1high lung cancer cell lines (F). P values were calculated byWilcoxon-
Man-Whitney test and summarized as follows, ****: p < 0.0001, ***: p = 0.0001 to 0.001, **: p = 0.001 to 0.01, *: p = 0.01
to 0.05, ns: p > 0.05.

doi:10.1371/journal.pone.0160004.g006

Table 2. The expression of immune-related genes associated with PD-L1High vs PD-L1Low expressing lung cancer cell lines from CCLE.

Gene Function PD-L1high (N93) RMA* (mean ±SD) PD-L1low (N93) RMA* (mean ±SD) P value

CD274 Program Death Receptor Ligand -1 7.171 ± 1.508 4.578 ± 0.2630 < 0.0001

EGFR Epidermal Growth Factor Recepor 7.292 ± 1.015 6.135 ± 1.051 < 0.0001

MHC I Antigen Presenting Pathway

HLA-A HLA-A 12.60 ± 1.264 11.96 ± 1.394 0.0001

CALR Calreticulin 8.329 ± 0.6181 8.121 ± 0.5782 0.0177

TAP1 Transporter associated with Antigen Processing 1 8.405 ± 1.277 7.224 ± 1.840 < 0.0001

TAP2 Transporter associated with Antigen Processing 2 7.011 ± 0.7768 6.174 ± 0.8587 < 0.0001

PSMB9 Proteasome Subunit Beta Type 9, LMP2 8.546 ± 2.000 6.799 ± 2.255 < 0.0001

PSMB8 Proteasome Subunit Beta Type 8, LMP7 9.014 ± 1.709 7.508 ± 2.101 < 0.0001

TAPBP TAP binding protein 6.567 ± 0.7486 5.998 ± 0.6676 < 0.0001

MHC II Antigen Presenting Pathway

HLA-DRB HLA-DR 7.186 ± 1.983 5.995 ± 0.9363 < 0.0001

LAMP2 Lysosome-associated membrane protein 2 9.197 ± 0.7668 8.340 ± 0.8500 < 0.0001

HLA-DM HLA-DM 6.270 ± 1.115 5.840 ± 0.5174 0.0398

HLA-DO HLA-DO 4.895 ± 0.7233 4.458 ± 0.4282 < 0.0001

CD74 HLA-DR antigens-associated invariant chain 6.310 ± 1.284 5.526 ± 0.4654 < 0.0001

Genes Associated with Inflammation

IL6 IL-6 6.868 ± 2.209 5.055 ± 1.521 < 0.0001

IL6R IL-6 receptor 5.963 ± 0.9303 5.283 ± 0.8316 < 0.0001

IL6ST IL-6 signal transducer 9.028 ± 1.072 7.550 ± 1.459 < 0.0001

STAT1 Signal transducer and activator of transcription 1 8.543 ± 0.7359 8.015 ± 0.7340 < 0.0001

STAT3 Signal transducer and activator of transcription 3 9.515 ± 0.6805 9.316 ± 0.7612 0.0228

IRF1 Interferon regulatory factor 1 7.086 ± 0.8899 6.172± 0.9304 < 0.0001

IRF9 Interferon regulatory factor 9 8.847 ± 1.223 7.815 ± 1.143 < 0.0001

IRF2BP2 Interferon regulatory factor-2 (IRF2) binding protein 9.492 ± 0.6546 9.854 ± 0.6941 0.0005

SIN3A SIN3 transcription regulator family member A 7.526 ± 0.5169 7.758 ± 0.5702 0.0039

Chemokines and Chemokine Receptors

IL-8 Neutrophil chemotactic factor 7.649 ± 2.516 5.946 ± 2.512 < 0.0001

CXCL5 Neutrophil chemotactic factor 5.523 ± 3.025 1.927 ± 0.1998 < 0.0001

CXCL12 Stromal cell-derived factor 1 5.523 ± 3.025 4.184 ± 1.927 0.5955

CXCR1 IL-8 receptor 5.414 ± 0.3376 5.281 ± 0.2860 0.0039

CXCR4 CXCL12 receptor 4.799 ± 1.436 6.438 ± 2.449 < 0.0001

CXCR7 CCL12 receptor 5.386 ± 2.138 6.195 ± 2.761 0.1505

*Gene expression signal was normalized using Robust Multi-array Average (RMA), and represented in log2 RMA.

doi:10.1371/journal.pone.0160004.t002
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correlation was observed between overexpression of PD-L1 and IC50 value (Pearson’s correla-
tion coefficient r = -0.2113, p = 0.0443,Table 3).

As we showed that lung cancer cell lines sensitive to EGFR inhibitors expressed a trend
towards higher baseline levels of MHC-I and PD-L1, and also higher expression of PD-L1,
MHC-I, and MHC-II in response to IFNγ, we investigated whether PD-L1 overexpression is
associated with overexpression of other immune-related genes in 186 lung cancer cell lines
from CCLE database. The expression profiles of selected immune-related genes involved in
antigen presentation, inflammation, and chemokines and their receptors were retrieved, and
compared between PD-L1high and PD-L1low lung cancer cell lines (Fig 6D–6F and Table 2).
PD-L1high lung cancer cell lines showed a greater expression of selected genes involved in class
I antigen presenting pathway (HLA-A, Calr, TAP1&2, PSMB9, PSMB8, TAPBP) and class II
antigen presenting pathway (HLA-DR, LAMP2, HLA-DM, HLA-DO, and CD74) (Fig 6D and
6E), and inflammation such as IL-6 and STAT3, and several positive regulators of transcription

Table 3. The correlation between expression of immune-related genes and PD-L1 of lung cancer cell lines from CCLE.

Gene Function Pearson’s Coefficient (r) P value

IC50 The half maximum inhibitory concentration -0.2113 0.0443

EGFR Epidermal Growth Factor Recepor 0.4851 < 0.0001

MHC I Antigen Presenting Pathway

HLA-A HLA-A 0.2969 < 0.0001

CALR Calreticulin 0.2032 0.0054

TAP1 Transporter associated with Antigen Processing 1 0.3723 < 0.0001

TAP2 Transporter associated with Antigen Processing 2 0.4894 < 0.0001

PSMB9 Proteasome Subunit Beta Type 9, LMP2 0.3971 < 0.0001

PSMB8 Proteasome Subunit Beta Type 8, LMP7 0.3943 < 0.0001

TAPBP TAP binding protein 0.4860 < 0.0001

MHC II Antigen Presenting Pathway

HLA-DRB HLA-DR 0.2590 0.0004

LAMP2 Lysosome-associated membrane protein 2 0.3701 <0.0001

HLA-DM HLA-DM 0.1055 0.1517

HLA-DO HLA-DO 0.3666 < 0.0001

CD74 HLA-DR antigens-associated invariant chain 0.3225 < 0.0001

Genes Associated with Inflammation

IL6 IL-6 0.4057 < 0.0001

IL6R IL-6 receptor 0.3740 < 0.0001

IL6ST IL-6 signal transducer 0.4853 < 0.0001

STAT1 Signal transducer and activator of transcription 1 0.3373 < 0.0001

STAT3 Signal transducer and activator of transcription 3 0.08563 0.2452

IRF1 Interferon regulatory factor 1 0.4212 < 0.0001

IRF9 Interferon regulatory factor 9 0.4716 < 0.0001

IRF2BP2 Interferon regulatory factor-2 (IRF2) binding protein -0.2020 0.0057

SIN3A SIN3 transcription regulator family member A -0.2837 < 0.0001

Chemokines and Chemokine Receptors

IL-8 Neutrophil chemotactic factor 0.3496 < 0.0001

CXCL5 Neutrophil chemotactic factor 0.2093 0.0042

CXCL12 Stromal cell-derived factor 1 0.0616 0.4031

CXCR1 IL-8 receptor 0.1663 0.0233

CXCR4 CXCL12 receptor -0.4254 < 0.0001

CXCR7 CCL12 receptor -0.1519 0.0385

doi:10.1371/journal.pone.0160004.t003
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factors involved in IFNγ signaling pathway (STAT1, IRF9) (Fig 6F) compared to PD-L1low

lung cancer cell lines. Again, the overexpression of PD-L1 proteins in lung cancer cell lines was
correlated to the higher expression of genes associated with antigen presentation and inflam-
mation, confirming our findings (Table 3). Interestingly, PD-L1high lung cancer cell lines were
associated with higher expression of certain chemokines such as IL-8 and CXCL5 (neutrophil
chemotactic factors), and chemokine receptor such as CXCR1 (IL-8 receptor) while PD-L1low

lung cancer cell lines were associated with higher expression of CXCR4 and CXCR7 that are
essential for lung cancer progression and angiogenesis (Tables 2 and 3) [38,39]. Our findings
imply that EGFR driven lung cancer cell lines may have distinct inflammatory phenotype with
a potential to elicit anti-tumor T cell responses.

Discussion
Human keratinocytes are an essential component in the skin immune system as they can regu-
late both innate and adaptive immune responses through the production of various cytokines,
chemokines, and anti-microbial peptides in response to skin injury, inflammation, and infec-
tions [40,41]. In addition, they can serve as non-professional antigen presenting cells through
up-regulation of antigen presenting molecules–MHC-I and MHC-II in certain inflammatory
conditions, e.g., in psoriasis, likely in response to IFNγ or other inflammatory cytokines such
as TNFα [41–43]. Pollack et al investigated potential effects of EGFR inhibition on the expres-
sion of MHC-I, MHC-II, and CIITA complex of skin keratinocytes, and found that indeed
EGFR inhibition augmented IFNγ induced expression of MHC-I, MHC-II, and CIITA com-
plex, thus suggesting a potential interplay of autoreactive T cells in the mechanism of EGFR
induced skin rash [18]. PD-L1, one of the prominent immune-check point proteins that play a
crucial role in maintaining immune-tolerance under normal physiological condition is up-reg-
ulated by various inflammatory signals such as TNFα or IFNγ to prevent further tissue damage
from excessive inflammation [44,45]. Such up-regulation of PD-L1 on keratinocytes in the area
of inflammation is thought to protect the epidermis from damages by autoreactive T cells [46–
48]. Although EGFR inhibition can synergistically up-regulate MHC-I and MHC-II on kerati-
nocytes with IFNγ, whether or not it alters IFNγ induced PD-L1 expression on keratinocytes
has not been previously reported. In the current study, we investigated the effects of the EGFR
inhibitor, erlotinib, on the concurrent expression of MHC-I and MHC–II, and PD-L1 to define
the potential impact of EGFR inhibition on autoreactive T cell responses to human skin kerati-
nocytes. We found that EGFR inhibition did abrogate PD-L1 expression in IFNγ-treated
human keratinocyte HaCaT cells, while augmenting the expression of MHC-I and MHC-II.
These observations suggest that EGFR inhibition may promote the immune-mediated damage
to skin keratinocytes by infiltrating autoreactive T cells in the affected skin, contributing to the
immune-mechanism of skin rash caused by EGFR inhibition.

As the clinical benefit derived from the treatment with EGFR inhibitors is associated with
the severity of the skin toxicity in lung and colorectal cancer, we hypothesized that in addition
to the well-known cytotoxic effects of EGFR inhibition, a similar modulation of antigen pre-
senting molecules and PD-L1 proteins by EGFR inhibition in tumor cells may be implicated in
augmenting anti-tumor immune responses, thus contributing to an additional mechanism of
anti-tumor activity in these cancers. Therefore, we investigated the impact of EGFR inhibition
on the expression of antigen presenting molecules and PD-L1 proteins in lung cancer cell lines
with a wide range of in vitro sensitivity to erlotinib, one of the three EGFR inhibitors that have
been approved for the first line therapy of EGFR-mutated lung cancer.

First, we observed a distinct difference in the expression pattern of antigen presenting mole-
cules and PD-L1 between lung cancer cell lines sensitive to erlotinib (EC50 <8) and those
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resistant to erlotinib (EC50 �8). There was a trend toward higher baseline surface expression of
PD-L1 and MHC-I proteins in lung cancer cell lines sensitive to Erlotinib, and significantly
increased expression of MHC-I, MHC-II, and PD-L1 in response to IFNγ in lung cancer cell
lines sensitive to erlotinib when compared to those resistant to erlotinib. This is an interesting
and important finding, suggesting that there might be a crosstalk between the EGFR and IFNγ
receptor mediated signaling pathways that are essential in the transcriptional control of
immune-related genes especially for classical antigen presenting pathway involving MHC-I
and MHC-II.

Overexpression of PD-L1 has been implicated as a mechanism of immune-evasion in lung
cancer as well as other solid tumors, and has been reported to be associated with the presence
of sensitizing EGFR mutations in selected lung cancer cell lines [20–23] and resected non-
small cell lung cancer [23–25]. Here, we confirmed a trend toward higher expression of PD-L1
proteins in lung cancer cell lines sensitive to EGFR inhibitors, and demonstrated for the first
time that the expression of PD-L1 can be further up-regulated in the presence of IFNγ espe-
cially in lung cancer cell lines sensitive to EGFR inhibitors. Further, the analysis of gene expres-
sion dataset of 186 lung cancer cell lines from CCLE revealed that the overexpression of PD-L1
is associated with higher expression of EGFR and sensitivity to EGFR inhibitors, higher expres-
sion of genes related to MHC-I and MHC-II antigen presenting pathways, inflammation and
IFNγ signaling pathway, and chemokines for certain inflammatory immune cells such as neu-
trophils. Our findings indicate that PD-L1high lung cancer cell lines display a pro-inflammatory
phenotype with great potential for neo-antigen presentation and recruiting immune cells that
are essential to initiate anti-tumor immunity. As the overexpression of PD-L1 in EGFR-driven
lung cancer cells may be a mechanism of immune-tolerance to evade the tumor killing by infil-
trating immune cells, the PD-1 and PD-L1 axis can be a reasonable therapeutic target to break
the immune-tolerance and to enhance anti-tumor immunity in EGFR-driven lung cancer.

Blockade of PD-1/PD-L1 axis is the novel immunotherapeutic modality with a striking clin-
ical efficacy in the treatment of many solid tumors such as melanoma, renal cell carcinoma,
non-small cell lung cancer, and certain malignancies with mismatch-repair deficiency [26–29].
Anti-PD1/PD-L1 blocking strategies appear to be more effective for the treatment of lung can-
cers in patients with a history of smoking[49], which comprise a very small proportion of
EGFR-mutated lung cancers but a significant proportion of tumors with high while type EGFR
expression and high mutation density when compared to tumors that arise in oligo-smokers
[50,51]. As we demonstrated that there is a positive correlation between EGFR expression and
PD-L1 expression status, the overexpression of EGFR may be a determinant of treatment
response to immunotherapy targeting PD1/PD-L1 axis in the lung cancers that arise in these
smoking population. Thus, the EGFR overexpression as a predictive biomarker of response to
in PD1/PD-L1 blocking strategies warrants further investigations.

The presence of intratumoral infiltrating PD-1high CD8+ T cells and their subsequent expan-
sion upon PD-1/PD-L1 blockade predicts the effective tumor regression, suggesting the direct
role of anti-tumor T cell responses in immunotherapy strategies that target the PD-1/PD-L1
axis [21,52]. EGFR inhibitors have been previously reported to down-regulate PD-L1 expres-
sion in lung cancer cell lines carrying sensitizing EGFR mutations, suggesting that they may
potentially function as immune-modulators in addition to their direct cytotoxic effects on
tumor cells [21,22]. Here, we extend current knowledge by demonstrating that down-regula-
tion of PD-L1 by EGFR inhibitors is not restricted to lung cancer cell lines carrying sensitizing
EGFR mutations, but also observed in lung cancer cell lines with wild type EGFR in a wide
range of sensitivity to EGFR inhibitors (e.g. H441), and that EGFR inhibitors abrogate the
IFNγ-induced overexpression of PD-L1 without adversely affecting the expression of antigen
presenting molecules in lung cancer cell lines. Further, we were able to show that EGFR
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inhibition can indeed enhance antigen specific T cell mediated tumor killing. Thus, our find-
ings suggest that the EGFR inhibitors may potentially facilitate anti-tumor adaptive immune
responses by breaking tolerance especially in lung cancers with sensitizing EGFR mutations or
EGFR overexpression that are associated with over-expression of PD-L1.

In summary, we seek to elucidate a novel immune-mechanism of EGFR inhibitor-induced
skin rash and corresponding anti-tumor immunity in lung cancer. First, we demonstrated that
PD-L1 overexpression in lung cancer is associated with increased sensitivity to EGFR inhibi-
tors, and a higher expression of EGFR and genes critical to neo-antigen presentation, and that
down-modulation of PD-L1 may be an additional mechanism of anti-tumor activity of EGFR
inhibitors in augmenting anti-tumor T cell responses. Thus, our study provides a rationale for
conducting clinical studies to investigate combination therapy with EGFR inhibitors and PD1/
PD-L1 axis blocking antibodies especially in EGFR-driven lung cancer with either as a result of
sensitizing mutations or overexpression of wild type EGFR.

Author Contributions
Conceived and designed the experiments: JI ACH RP. Performed the experiments: JI ACH.
Analyzed the data: JI ACH RP. Contributed reagents/materials/analysis tools: CH CB. Wrote
the paper: JI ACH CH CB JJMWH RP.

References
1. Siegel RL, Miller KD, Jemal A (2015) Cancer statistics, 2015. CA Cancer J Clin 65: 5–29. doi: 10.3322/

caac.21254 PMID: 25559415

2. Howlader N, Noone AM, krapcho M (2014) SEER Cancer Statistics Review, 1975–2011. Available at
http://seercancergov/csr/1975_2011.

3. Ettinger DS, Wood DE, Akerley W, Bazhenova LA, Borghaei H, Camidge DR, et al. (2015) Non-small
cell lung cancer, version 6.2015. J Natl Compr Canc Netw 13: 515–524. PMID: 25964637

4. Reguart N, Remon J (2015) Common EGFR-mutated subgroups (Del19/L858R) in advanced non-
small-cell lung cancer: chasing better outcomes with tyrosine kinase inhibitors. Future Oncol 11: 1245–
1257. doi: 10.2217/fon.15.15 PMID: 25629371

5. Kobayashi S, Boggon TJ, Dayaram T, Janne PA, Kocher O, Meyerson M, et al. (2005) EGFRmutation
and resistance of non-small-cell lung cancer to gefitinib. N Engl J Med 352: 786–792. PMID: 15728811

6. PaoW, Miller VA, Politi KA, Riely GJ, Somwar R, Zakowski MF, et al. (2005) Acquired resistance of
lung adenocarcinomas to gefitinib or erlotinib is associated with a second mutation in the EGFR kinase
domain. PLoS Med 2: e73. PMID: 15737014

7. Li T, Perez-Soler R (2009) Skin toxicities associated with epidermal growth factor receptor inhibitors.
Target Oncol 4: 107–119. doi: 10.1007/s11523-009-0114-0 PMID: 19452131

8. Shin DM, Donato NJ, Perez-Soler R, Shin HJ, Wu JY, Zhang P, et al. (2001) Epidermal growth factor
receptor-targeted therapy with C225 and cisplatin in patients with head and neck cancer. Clin Cancer
Res 7: 1204–1213. PMID: 11350885

9. Molinari E, De Quatrebarbes J, Andre T, Aractingi S (2005) Cetuximab-induced acne. Dermatology
211: 330–333. PMID: 16286741

10. Wacker B, Nagrani T, Weinberg J, Witt K, Clark G, Cagnoni PJ (2007) Correlation between develop-
ment of rash and efficacy in patients treated with the epidermal growth factor receptor tyrosine kinase
inhibitor erlotinib in two large phase III studies. Clin Cancer Res 13: 3913–3921. PMID: 17606725

11. Brahmer JR, Lee JW, Traynor AM, Hidalgo MM, Kolesar JM, Siegfried JM, et al. (2014) Dosing to rash:
a phase II trial of the first-line erlotinib for patients with advanced non-small-cell lung cancer an Eastern
Cooperative Oncology Group Study (E3503). Eur J Cancer 50: 302–308. doi: 10.1016/j.ejca.2013.10.
006 PMID: 24246704

12. Pastore S, Mascia F, Mariani V, Girolomoni G (2008) The epidermal growth factor receptor system in
skin repair and inflammation. J Invest Dermatol 128: 1365–1374. PMID: 18049451

13. Pastore S, Mascia F, Gulinelli S, Forchap S, Dattilo C, Adinolfi E, et al. (2007) Stimulation of purinergic
receptors modulates chemokine expression in human keratinocytes. J Invest Dermatol 127: 660–667.
PMID: 17039239

Immune-Modulation by EGFR Inhibitors

PLOS ONE | DOI:10.1371/journal.pone.0160004 July 28, 2016 17 / 20

http://dx.doi.org/10.3322/caac.21254
http://dx.doi.org/10.3322/caac.21254
http://www.ncbi.nlm.nih.gov/pubmed/25559415
http://seercancergov/csr/1975_2011
http://www.ncbi.nlm.nih.gov/pubmed/25964637
http://dx.doi.org/10.2217/fon.15.15
http://www.ncbi.nlm.nih.gov/pubmed/25629371
http://www.ncbi.nlm.nih.gov/pubmed/15728811
http://www.ncbi.nlm.nih.gov/pubmed/15737014
http://dx.doi.org/10.1007/s11523-009-0114-0
http://www.ncbi.nlm.nih.gov/pubmed/19452131
http://www.ncbi.nlm.nih.gov/pubmed/11350885
http://www.ncbi.nlm.nih.gov/pubmed/16286741
http://www.ncbi.nlm.nih.gov/pubmed/17606725
http://dx.doi.org/10.1016/j.ejca.2013.10.006
http://dx.doi.org/10.1016/j.ejca.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24246704
http://www.ncbi.nlm.nih.gov/pubmed/18049451
http://www.ncbi.nlm.nih.gov/pubmed/17039239


14. Mascia F, Mariani V, Girolomoni G, Pastore S (2003) Blockade of the EGF receptor induces a deranged
chemokine expression in keratinocytes leading to enhanced skin inflammation. Am J Pathol 163: 303–
312. PMID: 12819035

15. Paul T, Schumann C, Rudiger S, Boeck S, Heinemann V, Kachele V, et al. (2014) Cytokine regulation
by epidermal growth factor receptor inhibitors and epidermal growth factor receptor inhibitor associated
skin toxicity in cancer patients. Eur J Cancer 50: 1855–1863. doi: 10.1016/j.ejca.2014.04.026 PMID:
24857781

16. Mascia F, Cataisson C, Lee TC, Threadgill D, Mariani V, Amerio P, et al. (2010) EGFR regulates the
expression of keratinocyte-derived granulocyte/macrophage colony-stimulating factor in vitro and in
vivo. J Invest Dermatol 130: 682–693. doi: 10.1038/jid.2009.336 PMID: 19890352

17. Guttman-Yassky E, Mita A, De JongeM, Matthews L, McCarthy S, Iwata KK, et al. (2010) Characterisa-
tion of the cutaneous pathology in non-small cell lung cancer (NSCLC) patients treated with the EGFR
tyrosine kinase inhibitor erlotinib. Eur J Cancer 46: 2010–2019. doi: 10.1016/j.ejca.2010.04.028 PMID:
20621734

18. Pollack BP, Sapkota B, Cartee TV (2011) Epidermal growth factor receptor inhibition augments the
expression of MHC class I and II genes. Clin Cancer Res 17: 4400–4413. doi: 10.1158/1078-0432.
CCR-10-3283 PMID: 21586626

19. Kumai T, Matsuda Y, Oikawa K, Aoki N, Kimura S, Harabuchi Y, et al. (2013) EGFR inhibitors augment
antitumour helper T-cell responses of HER family-specific immunotherapy. Br J Cancer 109: 2155–
2166. doi: 10.1038/bjc.2013.577 PMID: 24045666

20. Chen N, FangW, Zhan J, Hong S, Tang Y, Kang S, et al. (2015) Upregulation of PD-L1 by EGFR Acti-
vation Mediates the Immune Escape in EGFR-Driven NSCLC: Implication for Optional Immune Tar-
geted Therapy for NSCLC Patients with EGFRMutation. J Thorac Oncol 10: 910–923. doi: 10.1097/
JTO.0000000000000500 PMID: 25658629

21. Akbay EA, Koyama S, Carretero J, Altabef A, Tchaicha JH, Christensen CL, et al. (2013) Activation of
the PD-1 pathway contributes to immune escape in EGFR-driven lung tumors. Cancer Discov 3:
1355–1363. doi: 10.1158/2159-8290.CD-13-0310 PMID: 24078774

22. Lin K, Cheng J, Yang T, Li Y, Zhu B (2015) EGFR-TKI down-regulates PD-L1 in EGFRmutant NSCLC
through inhibiting NF-kappaB. Biochem Biophys Res Commun 463: 95–101. doi: 10.1016/j.bbrc.2015.
05.030 PMID: 25998384

23. Azuma K, Ota K, Kawahara A, Hattori S, Iwama E, Harada T, et al. (2014) Association of PD-L1 overex-
pression with activating EGFRmutations in surgically resected nonsmall-cell lung cancer. Ann Oncol
25: 1935–1940. doi: 10.1093/annonc/mdu242 PMID: 25009014

24. D'Incecco A, Andreozzi M, Ludovini V, Rossi E, Capodanno A, Landi L, et al. (2015) PD-1 and PD-L1
expression in molecularly selected non-small-cell lung cancer patients. Br J Cancer 112: 95–102. doi:
10.1038/bjc.2014.555 PMID: 25349974

25. Tang Y, FangW, Zhang Y, Hong S, Kang S, Yan Y, et al. (2015) The association between PD-L1 and
EGFR status and the prognostic value of PD-L1 in advanced non-small cell lung cancer patients treated
with EGFR-TKIs. Oncotarget 6: 14209–14219. PMID: 25895031

26. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. (2012) Safety, activ-
ity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med 366: 2443–2454. doi: 10.
1056/NEJMoa1200690 PMID: 22658127

27. Brahmer JR, Tykodi SS, Chow LQ, HwuWJ, Topalian SL, Hwu P, et al. (2012) Safety and activity of
anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med 366: 2455–2465. doi: 10.1056/
NEJMoa1200694 PMID: 22658128

28. Weber JS, D'Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al. (2015) Nivolumab versus che-
motherapy in patients with advanced melanoma who progressed after anti-CTLA-4 treatment (Check-
Mate 037): a randomised, controlled, open-label, phase 3 trial. Lancet Oncol 16: 375–384. doi: 10.
1016/S1470-2045(15)70076-8 PMID: 25795410

29. Le DT, Uram JN,Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. (2015) PD-1 Blockade in Tumors
with Mismatch-Repair Deficiency. N Engl J Med 372: 2509–2520. doi: 10.1056/NEJMoa1500596
PMID: 26028255

30. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, et al. (2013) Nivolumab plus
ipilimumab in advanced melanoma. N Engl J Med 369: 122–133. doi: 10.1056/NEJMoa1302369
PMID: 23724867

31. Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, et al. (2012) Immune inhibitory mol-
ecules LAG-3 and PD-1 synergistically regulate T-cell function to promote tumoral immune escape.
Cancer Res 72: 917–927. doi: 10.1158/0008-5472.CAN-11-1620 PMID: 22186141

Immune-Modulation by EGFR Inhibitors

PLOS ONE | DOI:10.1371/journal.pone.0160004 July 28, 2016 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/12819035
http://dx.doi.org/10.1016/j.ejca.2014.04.026
http://www.ncbi.nlm.nih.gov/pubmed/24857781
http://dx.doi.org/10.1038/jid.2009.336
http://www.ncbi.nlm.nih.gov/pubmed/19890352
http://dx.doi.org/10.1016/j.ejca.2010.04.028
http://www.ncbi.nlm.nih.gov/pubmed/20621734
http://dx.doi.org/10.1158/1078-0432.CCR-10-3283
http://dx.doi.org/10.1158/1078-0432.CCR-10-3283
http://www.ncbi.nlm.nih.gov/pubmed/21586626
http://dx.doi.org/10.1038/bjc.2013.577
http://www.ncbi.nlm.nih.gov/pubmed/24045666
http://dx.doi.org/10.1097/JTO.0000000000000500
http://dx.doi.org/10.1097/JTO.0000000000000500
http://www.ncbi.nlm.nih.gov/pubmed/25658629
http://dx.doi.org/10.1158/2159-8290.CD-13-0310
http://www.ncbi.nlm.nih.gov/pubmed/24078774
http://dx.doi.org/10.1016/j.bbrc.2015.05.030
http://dx.doi.org/10.1016/j.bbrc.2015.05.030
http://www.ncbi.nlm.nih.gov/pubmed/25998384
http://dx.doi.org/10.1093/annonc/mdu242
http://www.ncbi.nlm.nih.gov/pubmed/25009014
http://dx.doi.org/10.1038/bjc.2014.555
http://www.ncbi.nlm.nih.gov/pubmed/25349974
http://www.ncbi.nlm.nih.gov/pubmed/25895031
http://dx.doi.org/10.1056/NEJMoa1200690
http://dx.doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://dx.doi.org/10.1056/NEJMoa1200694
http://dx.doi.org/10.1056/NEJMoa1200694
http://www.ncbi.nlm.nih.gov/pubmed/22658128
http://dx.doi.org/10.1016/S1470-2045(15)70076-8
http://dx.doi.org/10.1016/S1470-2045(15)70076-8
http://www.ncbi.nlm.nih.gov/pubmed/25795410
http://dx.doi.org/10.1056/NEJMoa1500596
http://www.ncbi.nlm.nih.gov/pubmed/26028255
http://dx.doi.org/10.1056/NEJMoa1302369
http://www.ncbi.nlm.nih.gov/pubmed/23724867
http://dx.doi.org/10.1158/0008-5472.CAN-11-1620
http://www.ncbi.nlm.nih.gov/pubmed/22186141


32. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC (2010) Targeting Tim-3 and
PD-1 pathways to reverse T cell exhaustion and restore anti-tumor immunity. J Exp Med 207: 2187–
2194. doi: 10.1084/jem.20100643 PMID: 20819927

33. Jing W, Gershan JA, Weber J, Tlomak D, McOlash L, Sabatos-Peyton C, et al. (2015) Combined
immune checkpoint protein blockade and low dose whole body irradiation as immunotherapy for mye-
loma. J Immunother Cancer 3: 2. doi: 10.1186/s40425-014-0043-z PMID: 25614821

34. Drake CG (2012) Combination immunotherapy approaches. Ann Oncol 23 Suppl 8: viii41–46. doi: 10.
1093/annonc/mds262 PMID: 22918927

35. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. (2012) The Cancer
Cell Line Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature 483: 603–
607. doi: 10.1038/nature11003 PMID: 22460905

36. Cichocki M, Szaefer H, Krajka-Kuzniak V, Baer-DubowskaW (2014) The effect of resveratrol and its
methylthio-derivatives on EGFR and Stat3 activation in human HaCaT and A431 cells. Mol Cell Bio-
chem 396: 221–228. doi: 10.1007/s11010-014-2157-5 PMID: 25063218

37. Quadros MR, Peruzzi F, Kari C, Rodeck U (2004) Complex regulation of signal transducers and activa-
tors of transcription 3 activation in normal and malignant keratinocytes. Cancer Res 64: 3934–3939.
PMID: 15173005

38. Wu YC, Tang SJ, Sun GH, Sun KH (2015) CXCR7mediates TGFbeta1-promoted EMT and tumor-initi-
ating features in lung cancer. Oncogene.

39. Sun X, Cheng G, Hao M, Zheng J, Zhou X, Zhang J, et al. (2010) CXCL12 / CXCR4 / CXCR7 chemo-
kine axis and cancer progression. Cancer Metastasis Rev 29: 709–722. doi: 10.1007/s10555-010-
9256-x PMID: 20839032

40. Bernard FX, Morel F, Camus M, Pedretti N, Barrault C, Garnier J, et al. (2012) Keratinocytes under Fire
of Proinflammatory Cytokines: Bona Fide Innate Immune Cells Involved in the Physiopathology of
Chronic Atopic Dermatitis and Psoriasis. J Allergy (Cairo) 2012: 718725.

41. Steinhoff M, Brzoska T, Luger TA (2001) Keratinocytes in epidermal immune responses. Curr Opin
Allergy Clin Immunol 1: 469–476. PMID: 11964729

42. Kim BS, Miyagawa F, Cho YH, Bennett CL, Clausen BE, Katz SI (2009) Keratinocytes function as
accessory cells for presentation of endogenous antigen expressed in the epidermis. J Invest Dermatol
129: 2805–2817. doi: 10.1038/jid.2009.176 PMID: 19554018

43. Im JS, Tapinos N, Chae GT, Illarionov PA, Besra GS, DeVries GH, et al. (2006) Expression of CD1d
molecules by human schwann cells and potential interactions with immunoregulatory invariant NK T
cells. J Immunol 177: 5226–5235. PMID: 17015708

44. Greenwald RJ, Freeman GJ, Sharpe AH (2005) The B7 family revisited. Annu Rev Immunol 23: 515–
548. PMID: 15771580

45. Ou JN, Wiedeman AE, Stevens AM (2012) TNF-alpha and TGF-beta counter-regulate PD-L1 expres-
sion on monocytes in systemic lupus erythematosus. Sci Rep 2: 295. doi: 10.1038/srep00295 PMID:
22389764

46. Okiyama N, Katz SI (2014) Programmed cell death 1 (PD-1) regulates the effector function of CD8 T
cells via PD-L1 expressed on target keratinocytes. J Autoimmun 53: 1–9. doi: 10.1016/j.jaut.2014.06.
005 PMID: 25047812

47. Ritprajak P, Hashiguchi M, Tsushima F, Chalermsarp N, AzumaM (2010) Keratinocyte-associated B7-
H1 directly regulates cutaneous effector CD8+ T cell responses. J Immunol 184: 4918–4925. doi: 10.
4049/jimmunol.0902478 PMID: 20363965

48. Youngnak-Piboonratanakit P, Tsushima F, Otsuki N, Igarashi H, Machida U, Iwai H, et al. (2004) The
expression of B7-H1 on keratinocytes in chronic inflammatory mucocutaneous disease and its regula-
tory role. Immunol Lett 94: 215–222. PMID: 15275969

49. Gettinger SN, Horn L, Gandhi L, Spigel DR, Antonia SJ, Rizvi NA, et al. (2015) Overall Survival and
Long-Term Safety of Nivolumab (Anti-Programmed Death 1 Antibody, BMS-936558, ONO-4538) in
Patients With Previously Treated Advanced Non-Small-Cell Lung Cancer. J Clin Oncol 33: 2004–
2012. doi: 10.1200/JCO.2014.58.3708 PMID: 25897158

50. Govindan R, Ding L, Griffith M, Subramanian J, Dees ND, Kanchi KL, et al. (2012) Genomic landscape
of non-small cell lung cancer in smokers and never-smokers. Cell 150: 1121–1134. doi: 10.1016/j.cell.
2012.08.024 PMID: 22980976

51. Clark GM, Zborowski DM, Santabarbara P, Ding K, Whitehead M, Seymour L, et al. (2006) Smoking
history and epidermal growth factor receptor expression as predictors of survival benefit from erlotinib
for patients with non-small-cell lung cancer in the National Cancer Institute of Canada Clinical Trials
Group study BR.21. Clin Lung Cancer 7: 389–394. PMID: 16800964

Immune-Modulation by EGFR Inhibitors

PLOS ONE | DOI:10.1371/journal.pone.0160004 July 28, 2016 19 / 20

http://dx.doi.org/10.1084/jem.20100643
http://www.ncbi.nlm.nih.gov/pubmed/20819927
http://dx.doi.org/10.1186/s40425-014-0043-z
http://www.ncbi.nlm.nih.gov/pubmed/25614821
http://dx.doi.org/10.1093/annonc/mds262
http://dx.doi.org/10.1093/annonc/mds262
http://www.ncbi.nlm.nih.gov/pubmed/22918927
http://dx.doi.org/10.1038/nature11003
http://www.ncbi.nlm.nih.gov/pubmed/22460905
http://dx.doi.org/10.1007/s11010-014-2157-5
http://www.ncbi.nlm.nih.gov/pubmed/25063218
http://www.ncbi.nlm.nih.gov/pubmed/15173005
http://dx.doi.org/10.1007/s10555-010-9256-x
http://dx.doi.org/10.1007/s10555-010-9256-x
http://www.ncbi.nlm.nih.gov/pubmed/20839032
http://www.ncbi.nlm.nih.gov/pubmed/11964729
http://dx.doi.org/10.1038/jid.2009.176
http://www.ncbi.nlm.nih.gov/pubmed/19554018
http://www.ncbi.nlm.nih.gov/pubmed/17015708
http://www.ncbi.nlm.nih.gov/pubmed/15771580
http://dx.doi.org/10.1038/srep00295
http://www.ncbi.nlm.nih.gov/pubmed/22389764
http://dx.doi.org/10.1016/j.jaut.2014.06.005
http://dx.doi.org/10.1016/j.jaut.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25047812
http://dx.doi.org/10.4049/jimmunol.0902478
http://dx.doi.org/10.4049/jimmunol.0902478
http://www.ncbi.nlm.nih.gov/pubmed/20363965
http://www.ncbi.nlm.nih.gov/pubmed/15275969
http://dx.doi.org/10.1200/JCO.2014.58.3708
http://www.ncbi.nlm.nih.gov/pubmed/25897158
http://dx.doi.org/10.1016/j.cell.2012.08.024
http://dx.doi.org/10.1016/j.cell.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/22980976
http://www.ncbi.nlm.nih.gov/pubmed/16800964


52. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. (2014) PD-1 blockade
induces responses by inhibiting adaptive immune resistance. Nature 515: 568–571. doi: 10.1038/
nature13954 PMID: 25428505

Immune-Modulation by EGFR Inhibitors

PLOS ONE | DOI:10.1371/journal.pone.0160004 July 28, 2016 20 / 20

http://dx.doi.org/10.1038/nature13954
http://dx.doi.org/10.1038/nature13954
http://www.ncbi.nlm.nih.gov/pubmed/25428505

