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Abstract

Resistance to antitumor immunity can be promoted by the oncogenic pathways operational
in human cancers, including the epidermal growth factor receptor (EGFR) pathway. Here
we studied if and how EGFR downstream signaling in head and neck squamous cell carci-
noma (HNSCC) can affect the attraction of immune cells. HPV-negative and HPV-positive
HNSCC cell lines were analyzed in vitro for CCL2, CCL5, CXCL9, CXCL10, IL-6 and IL-13
expression and the attraction of T cells under different conditions, including cetuximab treat-
ment and stimulation with IFNy and TNFa using gPCR, ELISA and migration experiments.
Biochemical analyses with chemical inhibitors and siRNA transfection were used to pinpoint
the underlying mechanisms. Stimulation of HNSCC cells with IFNy and TNFa triggered the
production of T-cell attracting chemokines and required c-RAF activation. Blocking of the
EGFR with cetuximab during this stimulation increased chemokine production in vitro, and
augmented the attraction of T cells. Mechanistically, cetuximab decreased the phosphoryla-
tion of MEK1, ERK1/2, AKT, mTOR, JNK, p38 and ERK5. Chemical inhibition of EGFR sig-
naling showed a consistent and pronounced chemokine production with MEK1/2 inhibitor
PD98059 and JNK inhibitor SP600125, but not with inhibitors of p38, PI3K or mTOR. Combi-
nation treatment with cetuximab and a MEK1/2 or JNK inhibitor induced the highest chemo-
kine expression. In conclusion, overexpression of EGFR results in the activation of multiple
downstream signaling pathways that act simultaneously to suppress type 1 cytokine stimu-
lated production of chemokines required to amplify the attraction of T cells.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy
worldwide. The risk factors of HNSCC are tobacco and alcohol use or an infection with high-
risk human papillomaviruses, in particular type 16 (HPV16) [1]. Previous studies have shown
that patients with strongly T-cell infiltrated HNSCC display better survival [2-4]. Interestingly,

PLOS ONE | https://doi.org/10.1371/journal.pone.0203402 September 7, 2018

1/18


https://doi.org/10.1371/journal.pone.0203402
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203402&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203402&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203402&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203402&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203402&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203402&domain=pdf&date_stamp=2018-09-07
https://doi.org/10.1371/journal.pone.0203402
https://doi.org/10.1371/journal.pone.0203402
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/

@° PLOS | ONE

EGFR mediated suppression of chemokine production

the group of patients with an HPV-induced HNSCC have a much better prognosis than their
HPV-negative counterparts [5] and this was related to heavy tumor-infiltration by activated
CD4+ and CD8+ T cells [6-8]. Importantly, a prospective study on the role of tumor-specific
T-cell responses in HNSCC showed that the viral antigens in HPV16+ HNSCC triggered an
intratumoral IFNy- and TNFo-producing HPV-specific T cell response which shaped a favor-
able type 1 immune contexture and was strongly associated with a good clinical response to
standard (chemo)radiotherapy [9]. HNSCC patients that are refractory to first line therapy
may respond upon treatment with an anti-programmed cell death protein-1(PD-1) monoclo-
nal antibody [10]. Together, these data reveal that the immune response play an important
role in HNSCC but also that in many cases such a response is lacking.

The epidermal growth factor receptor (EGFR) is frequently overexpressed in cancers of
patients with poor prognosis and is found in 80-90% of HNSCC [11]. EGFR overexpression
results in increased cell proliferation, cell migration and resistance to apoptosis. Based on this
anumber of agents targeting EGFR have been developed and are now used to treat HNSCC
patients, one of which is the monoclonal antibody cetuximab [12]. Cetuximab blockade of
EGFR will inhibit tumor growth, DNA damage repair, and metastasis. It does so by interfering
with the binding of the natural ligands to EGFR as well as by inducing receptor endocytosis,
thereby disrupting EGFR signaling. Furthermore, cetuximab may also trigger antibody depen-
dent cell-mediated cytotoxicity [13] More recent data, however, suggest that activation of
EGEFR signaling itself also bears an immune regulatory component. EGFR activation represses
MHC class I and II expression [14] as well as promotes the expression of PD-L1 in lung can-
cers and HNSCC [15, 16]. Furthermore, the presence of an EGFR mutation is related to lower
T-cell infiltration [17]. The downstream targets of EGFR include the Raf-MEK-ERK pathway,
the MAP3K pathway and the PI3K-AKT-mTOR pathway [18]. Interestingly, loss of PTEN
resulted in decreased T-cell infiltration and resistance to PD-1 blocking in preclinical models
of melanoma. T cell infiltration and tumor control could be restored by blocking PI3K-AKT
signaling using the inhibitor PI3K [19]. These data suggest that the EGFR downstream signal-
ing pathways may, similar to other recently reported oncogenic pathways [20, 21], attenuate
tumor immunity by preventing T cell infiltration.

In order to study if and how EGFR downstream signaling may affect immune infiltration,
we made use of HPV- and HPV+ HNSCC cell lines which were stimulated with type 1 cyto-
kines in the absence and presence of cetuximab or inhibitors of molecules downstream of the
EGFR. We show that blocking EGFR with cetuximab inhibits the activation of several path-
ways downstream of EGFR and results in an increased production of inflammatory chemo-
kines and attraction of T cells when the tumor cells are stimulated with IFNy and TNFo.
Mechanistically, EGFR signaling suppressed type 1 cytokine-induced chemokine production
in a MEK and JNK dependent fashion.

Material and methods
Cell culture

The HNSCC cell lines were obtained from the University of Michigan (Ann Arbor, MI, USA)
and designated as UM-SCC. We obtained UM-SCC4 and UM-SCC19 (both HPV negative) as
well as UM-SCC47 and UM-SCC104 (both HPV16-positive) in 2012. The cells were cultured
in RPMI 1640 (Gibco/ Thermo Fisher Scientific (TFS) Bleiswijk, the Netherlands) with 10%
Fetal Calf Serum (PAA laboratories; Pashing, Austria) and penicillin/streptomycin (TFS).
Microsatellite analysis was performed in July 2016 by BaseClear (Leiden, the Netherlands) to
assure cell line authentication when the experiments were performed. Mycoplasma was tested
on a monthly basis and found negative.
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Patients and specimens

All patients signed an informed consent approved by the Institutional Review Board (IRB
#99-06) of the University of Pittsburgh Cancer Institute. Peripheral venous blood samples
were obtained from HNC patients with stage III/IVA disease, receiving neoadjuvant single-
agent cetuximab on a prospective phase II clinical trial (UPCI 08-013, NCT 01218048). Serum
and plasma specimens were isolated from blood specimens and stored in aliquots frozen at -80
Celsius until cytokine determination. A representative sample of plasma/serum specimens
from 20 patients was selected for cytokine determination. Demographics: 12 patients were ran-
domly with age ranging from 49 to 93 years old. Samples of frozen serum specimens were
thawed at room temperature for 15 minutes before starting the protocols. Human CXCL-9
(cat#DCX900, Sensitivity: 11.3 pg/mL) ELISA quantikine kits (R&D systems, Minneapolis,
MN) and Human CXCL10 (cat# HCYTMAG-60K-PX29) Milliplex kit (Millipore, Minneapo-
lis, MN) were determined according to the manufacturers protocol.

Reagents

Recombinant human TNFo (Rhtnf-a, Invivogen/bioconnect,France), Recombinant Human
Interferon-y (11343536, Immunotools, Germany). Cetuximab (5 mg/ml; Merck serono, USA),
rituximab (10 mg/ml; Roche, Switzerland), rapamycin (50 nM; Selleckchem, Germany),
PD98059 (50 uM; Selleckchem), GW5074 (20 uM; Selleckchem), LY294002(25 pM; Selleck-
chem),SP600125 (20 pM; Selleckchem). Pamapimod (0,5uM Selleckchem), JSH-23(10uM,
Selleckchem), and T-5224(20uM, Apexbt, USA). The concentration of GW5074, SP600125,
LY-294,002, PD98059, Rapamycin was chosen on basis of previous results [22]. The concentra-
tion of Pamapimod (0,5uM Selleckchem), JSH-23(10uM, Selleckchem), and T-5224(20uM,
Apexbt) was according to instruction of the manufacturer.

RNA expression analysis

Total RNA was isolated using the RNeasy Plus Mini Kit (74134 Qiagen) according to the man-
ufacturer’s instructions. Total RNA (0.5-1.0 pg) was reverse transcribed using the SuperScript
III First Strand synthesis system from Invitrogen. TagMan PCR was performed (each sample
in triplicates) using TagMan Universal PCR Master Mix and pre-designed, pre-optimized
primers and probe mix for CCL2, CCL5, CXCL9, CXCL10, IL6, IL1p and GAPDH (Applied
Biosystems, Foster City, USA). Threshold cycle numbers (Ct) were determined using the CFX
PCR System (Bio-Rad, Veenendaal, The Netherlands), and the relative quantities of cDNA per
sample were calculated using the AACt method using GAPDH as the calibrator gene.

Western blot analysis

Polypeptides were resolved by SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a nitrocellulose membrane (Bio-Rad, Veenendaal, The Netherlands). Immune detec-
tion was achieved with primary antibodies against Phospho-c-Raf (Ser338, 9427T), Phospho-
MEXK1/2 (Ser217/221, 9154T), Phospho-ERK1/2 (Thr202/Tyr204, 4370T), Phospho-AKT
(Ser473, 4060T), Phospho-mTOR (Ser2448, 5536T), Phospho-SAPK/JNK (Thr183/Tyr185,
4668T), Phospho-p38 MAPK (Thr180/Tyr182, 4511T), Phospho-Erk5 (Thr218/Tyr220, 3371s),
IRF-1(8478s), IRF-3(11904), anti- anti-acetyl-p65 (Lys310,3045), anti-phospho-p65 (Ser536,
3033), STATI (#9172, CST), phospho-STAT1 (Tyr701, #9167) HRP-coupled anti-mouse
(#7076s) and HRP-coupled anti-rabbit (#7074s) secondary antibodies were purchased from
CST, USA. IFRD1(T2576) and B-actin (A5316) were purchased from Sigma-Aldrich.
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Chemoluminescence reagent (#170-5060, Bio-Rad) was used as substrate and signal was
scanned using the Chemidoc and accompanying Software (Image Lab Software Version 5.2.1,
Bio-Rad).

Enzyme-linked immunosorbent assays (ELISAs) on cell supernatants

CXCL9 and CXCL10 were performed according to the manufacturer’s instruction (PeproTech,
London, UK).

Chemotaxis assays

The assay for chemotaxis was performed in 24-well plates (Costar, Cambridge, MA) carrying
6.5 mm Trans-well with 3.0 um pore polyester membrane insert (CLS3472, Sigma). CD14-de-
pleted PBMC were washed once and suspended at 20°10° cells/ml in serum free RPMI 1640
medium. Supernatant were placed in the lower compartment, and cells were loaded onto the
inserts at 2*10°/100pL each individual assay. Chambers were incubated for 4h in a 5%
CO2-humidified incubator at 37°C. After the incubation period, numbers of CD14-depleted
PBMC migrating to the lower chamber were counted by flow cytometry (BD Accuri™ C6)
using counting Beads (C36950, Thermofisher) and analyzed using FlowJo v10.0.8 (Treestar,
Olten, Switzerland). All conditions were tested in triplicate. Statistic evaluation was performed
using the Student t test.

Flow cytometry methods for EGFR expression

Expression of EGFR was analyzed by flow cytometry using phycoerythrin (PE)-coupled
mouse-anti-human EGFR (1:20, BD Biosciences, Breda, The Netherlands). Per live gate,
50,000 cells were recorded using the BD FACS Calibur with Cellquest software (BD Biosci-
ence) and data were analyzed using Flowjo.

Ethics statement

This study is part of a larger study P07-112, approved by the local medical ethical committee of
the Leiden University Medical Center (LUMC) and in agreement with the Dutch law.

Results

EGEFR signaling suppresses IFNy/TNFa-mediated production of immune
cell attracting chemokines

In order to test the effects of EGFR signaling on T cell attraction, we used the two HPV-negative
UM-SCC4 and UM-SCC19 and the two HPV-positive HNSCC cell lines UM-SCC47 and
UM-SCC104 for the expression of CCL2, CCL5, CXCL9, CXCL10, IL-6 and IL-1f by qPCR. All
4 cell lines display high EGFR expression (S1 Fig) and were able to signal via their IFNy and
TNFa receptors as shown by us before [9]. The cells were stimulated with or without a combi-
nation of IFNy and TNFo. as well as pre-treated with either the EGFR blocking antibody cetuxi-
mab or as control rituximab, a monoclonal antibody against CD20, for 48 hours as this will
allow for functional effects of EGFR blockade on downstream targets without causing overt
effects on cell density [22]. While both IFNy and TNFo are able to increase the expression of
certain chemokine genes, their combination results in even higher gene expression (S2 Fig).
Treatment with the EGFR blocking antibody cetuximab alone didn’t alter the expression of
cytokines. However, when the tumor cells were also stimulated with the type 1 cytokine IFNy
and TNFo an increased expression of CCL2, CCL5, CXCL9, CXCLI10 and IL-6 was detected
when compared to treatment with the control antibody (Fig 1A). In addition, cetuximab led to
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Fig 1. EGFR signaling suppresses IFNy/TNFa-mediated production of immune cell attracting chemokines. Two HPV- HNC cell lines (UM-SCC4 and UM-SCC19)
and two HPV+ HNC cell line (UM-SCC47 and UM-SCC104) were stimulated with 1pg/mL rituximab or 1ug/mL cetuximab as indicated. After 48h, the cells were
treated with 50IU/mL IFNy and 30ng/mL TNFo. (A)After 24h, the expression levels of the genes indicated were determined by RT-qPCR. Gene expression was
normalized against GAPDH mRNA levels. Similar results were observed in two independent experiments. (B) After 48h the concentration of CXCL9 was determined by
Enzyme-linked immunosorbent assay in supernatants of three different experiments. (C) The supernatant isolated after 48h were used to study CD14-depleted PBMC
migration in trans well assays. P value were determined by unpaired t-tests. Ns: no significance. “P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

https://doi.org/10.1371/journal.pone.0203402.g001

the decreased expression of IL- 13 (Fig 1A). Several of the chemokines produced by the tumor
cells, including CXCL9 and CXCL10, are important with respect to their capacity to attract T
cells. Analysis of the supernatants isolated from the cultures of treated cells showed an increased
amount of cytokines produced when the EGFR was blocked (Figs 1B and S3). Interestingly, the
levels of these two chemokines were also found to be increased in many patients with head and
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neck cancers after treatment with cetuximab (53 Fig). In addition, the tumor cell supernatant
was used to study lymphocyte migration. In all 4 cases, enhanced lymphocyte infiltration was
observed when PBMC where incubated with tumor cell supernatant of cetuximab treated IFNy/
TNFo. stimulated cancer cells (Fig 1C). This included both CD4+ and CD8+ lymphocytes (54
Fig). In conclusion, EGFR signaling in squamous cell carcinoma cells from the head and neck
represses the production of several IFNy/TNFo-induced T-cell attracting chemokines.

Cetuximab blocks the activation of several downstream EGFR signaling
pathways

In order to understand the mechanism underlying the repression of chemokine production
by EGFR signaling, an analysis of the downstream EGFR signaling pathways was executed.
The phosphorylation of the proteins in the Raf-MEK-ERK pathway, the PI3K-AKT-mTOR
pathway and the MAP3K pathway was analyzed. Cetuximab treatment led to the reduction
of Raf-MEK-ERK pathway and PI3K-AKT-mTOR pathway in UM-SCC4, UM-SCC47 and
UM-SCC104, but not in UM-SCC19. In addition, phosphorylation of p38 and ERK5 was
decreased in all cell lines upon cetuximab treatment (Fig 2).

Previously, we had found that EGFR blocking by cetuximab may also lead to the reduction
of IFRD1. IFRD1 blocks enhanced cytokine production by recruiting HDAC1/3 in order to
prevent acetylation of to the nucleus translocated phosphorylated p65 [22]. Therefore, also the
expression and activation of multiple transcription factors was analyzed. Indeed, EGFR block-
ing decreased IFRD1 expression in the cell lines UM-SCC4 and UM-SCC104, but only in
UM-SCC104 this resulted in increased p65 acetylation. The lack of an effect on UM-SCC4 was
expected as it also failed to show p65 phosphorylation (S5 Fig). In UM-SCCA47, cetuximab
treatment resulted in increased STAT1 nuclear translocation and increased phosphorylation
of p65 (S5 Fig) but this was not found in the other cell lines.

Interferon regulatory factors (IRF), in particular IRF1 and IRF3, have been found to regu-
late chemokine production [23, 24]. Therefore, IRF1 and IRF3 were knocked-down in
UM-SCC4 and UM-SCC47. This showed that CXCL10 but not CXCL9 expression was depen-
dent on the IRF3 in both cell lines and partly on IRF1 in UM-SCC47 (S6 Fig). No effects were
seen on the expression of the other cytokines. Furthermore, cetuximab plus IFNy/TNFa treat-
ment of the cells had no major effects on the expression of IRF1 and IRF3 or phosphorylation
of STATI (S5 Fig). In addition, knock-down of p65 affected the expression of CXCLI0 but had
no consistent effect on the expression of the other cytokines. (56 Fig). Moreover, we used the
NFkB-inhibitor JSH-23 and AP1-inhibitor T-5224 but this did not have an impact on the gene
expression of the 3 tested chemokines (S7 Fig). These data suggests that the increased levels of
cytokines, in the squamous cell carcinoma cells from the head and neck, are induced by cetuxi-
mab plus IEFNY/TNFo independent of the NFxB and AP1 pathways.

Opverall, these data show that blocking of the EGFR affects its downstream signaling path-
ways, albeit differently in individual cell lines. Furthermore, the positive effects on chemokine
production observed in all cell lines could not be attributed to the down- or up-regulation of
one particular signaling pathway or transcription factor.

The MEK and JNK pathways downstream of EGFR repress chemokine
expression

To mimic the effects of EGFR blocking, several chemical inhibitors of the molecules in the
pathways downstream of EGFR were used followed by stimulation with IFNy/TNFa (Fig 3).
Each of the cell lines responded individually to these inhibitors but the most pronounced
effects were seen when the MEK1/2 inhibitor PD98059 and the JNK inhibitor SP600125 were
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Fig 2. Cetuximab blocks the activation of several downstream EGFR signaling pathways. (A) Two HPV- HNC cell lines (UM-SCC4 and UM-SCC19) and two
HPV+ HNC cell line (UM-SCC47 and UM-SCC104) were stimulated with 1ug/mL rituximab or 1pg/mL cetuximab as indicated. After 48h, the cells were treated
with 50IU/mL IFNy and 30ng/ml TNFa. for 24h. The protein expression levels of the phosphorylated proteins were measured by Western blotting in whole cell
extracts. B-actin served as loading control. (B) Relative density of proteins were quantified over B-actin. The expression levels of rituximab treatment were set as 1.
Similar results were observed in two independent experiments. P value were determined by unpaired t-tests. Ns: no significance. *P < 0.05, **P < 0.01, ***P < 0.001,

P < 0.0001.

https://doi.org/10.1371/journal.pone.0203402.g002

used. In the HPV-negative HNC cell lines UM-SCC4 and UM-SCC19, MEK]1 and JNK inhibi-
tion led to the most pronounced increase in chemokine expression. In the HPV-positive HNC
cell lines UM-SCC47 and UM-SCC104 blocking of JNK signaling resulted in the strongest
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https://doi.org/10.1371/journal.pone.0203402.9003

increase of chemokine gene expression (Fig 3). The results of PI3K and mTOR inhibition were
more variable between the cell lines and less pronounced when compared to MEK and JNK
inhibition (Fig 3), despite the strong inhibition of downstream activation (S8 Fig). P38-signal-
ing is known to regulate cytokine production [25], but the use of the p38 inhibitor pamapimod
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did not affect chemokine expression when the cells were stimulated with IFNy/TNFo. (S7 Fig).
Thus, the EGFR-mediated suppression of IFNy/TNFa induced chemokine expression in squa-
mous cell carcinoma cells from the head and neck primarily is mediated by both the MEK and
JNK signaling pathways.

IFNy/TNFa-induced chemokine production is c-RAF dependent

Following EGFR signaling the RAF protein kinases become activated and translate the signal
to the downstream MEK and MAP3K pathways, hence it would be logical to block this
upstream target. EGFR blockade by cetuximab induced only a slightly decrease of c-RAF phos-
phorylation (Fig 2). However, treatment of the cell lines with the c-RAF inhibitor GW5074
resulted in a reduced expression of CCL5, CXCL9 and CXCL10 following IFNy/TNFao. stimula-
tion in all cell lines and this negative effect could not be rescued by co-treatment of the cells
with cetuximab (Fig 4). Potentially, this inhibition is related to the increased phosphorylation
of ERK1/2 and MEK]1 observed when the c-RAF inhibitor GW5074 was used (S8 Fig). Inter-
estingly, blocking of c-RAF by GW5074 increased the expression levels of IL-1f3 an effect that
was partly reduced by cetuximab (Fig 4). These data suggest that c-RAF signaling is a domi-
nant factor in the IFNy/TNFa-mediated induction of chemokine expression in the HNC cell
lines. Our observations are sustained by other studies showing that activation of the IFNyR
and the TNFR can result in the activation of RAF [26, 27].

Synergistic effects of MEK and JNK inhibition with cetuximab shows that
different signaling pathways act simultaneously

In order to test if blocking of MEK1, JNK or mTOR downstream of EGFR would mimic the
results obtained when treating the cells with cetuximab, the tumor cells were incubated with
cetuximab and/or one of the chemical inhibitors PD98059 (MEK), SP600125 (JNK) and Rapa-
mycin (mTOR) and then stimulated with IFNy/TNFa. Blocking of MEK1 or JNK resulted in
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Fig 4. IFNY/TNFa-induced chemokine production depends on c-RAF signalling and is not blocked by cetuximab. The HPV- HNC cell line UM-SCC4 and the HPV
+ HNC cell line UM-SCC47 were stimulated with 1pug/mL rituximab or 1ug/mL cetuximab as indicated for 72h, 20 uM GW5074 (c-RAF inhibitor) as indicated for 48h,
50IU/mL IFNy and 30ng/ml TNFa: as indicated for 24h. The expression levels of the genes indicated were determined by RT-qPCR. Gene expression was normalized
against GAPDH mRNA levels. Similar results were observed in two independent experiments. P value were determined by unpaired t-tests. Ns: no significance.

*P < 0.05,**P < 0.01, ***P < 0.001, ****P < 0.0001.

https://doi.org/10.1371/journal.pone.0203402.g004
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an enhanced expression of all three chemokines to a level that was similar or higher to those
seen when cetuximab alone was used (Fig 5A and 5B). When the cells were treated with a com-
bination of cetuximab and MEK or JNK, the expression levels of CCL5, CXCL9 and CXCL10
increased, confirming that not one but multiple pathways downstream of the EGFR act in con-
cert to block IFNy/TNFa. -induced chemokine expression by these cancer cell lines. At the pro-
tein level, JNK inhibition of IFNy/TNFa stimulated UM-SCC4 and UM-SCCA47 cells resulted
in an increased secretion of CXCL9 to a level that was not increased by additional EGFR block-
ing using cetuximab (Fig 6). Notably, blocking of mTOR again had variable effects and failed
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Fig 5. Synergistic effects of MEK and JNK inhibition with cetuximab shows that different signalling pathways act simultaneously. The HPV-
HNC cell line UM-SCC4 and the HPV+ HNC cell line UM-SCC47 were stimulated with 1pug/mL rituximab or 1ug/mL cetuximab as indicated for
72h, a specific inhibitor as indicated for 48h, 50IU/mL IFNy and 30ng/ml TNFa as indicated for 24h. The expression levels of the genes indicated
were determined by RT-qPCR. Gene expression was normalized against GAPDH mRNA levels. (A)50uM of PD98059 (MEK1 inhibitor) was used. (B)
20puM of SP600125 (JNK inhibitor) was used. Similar results were observed in two independent experiments. P value were determined by unpaired t-
tests. Ns: no significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

https://doi.org/10.1371/journal.pone.0203402.g005

PLOS ONE | https://doi.org/10.1371/journal.pone.0203402 September 7, 2018 10/18


https://doi.org/10.1371/journal.pone.0203402.g005
https://doi.org/10.1371/journal.pone.0203402

o @
@ : PLOS | ONE EGFR mediated suppression of chemokine production

A B
* k%
1000+ - - —
—— *kk
g 800+ N
—
2
— 600 1 “
(2] * deke
|
O 4004 -
X
(&)
200 1 N
0 T T T T
+ + - - + + - - + + - - + + - - Rituximab
- _ + + - - + + - - + + - - + + Cetuximab
- + - + - + - + - + - + - + - + |FNy+TNFa
- - - - + + + + - - - - + + + + JNK inhibitor

Fig 6. JNK inhibition increases the production of CXCL9 in IFNy/TNFa-stimulated tumor cells. The cell lines A) UM-SCC4 and B) UM-SCC47 were stimulated
with 1ug/mL rituximab or 1ug/mL cetuximab as indicated for 72h, and the JNK specific inhibitor SP600125 as indicated for 48h, 50IU/mL IFNy and 30ng/ml TNFo as
indicated for 24h. After 48h the concentration of CXCL9 was determined by Enzyme-linked immunosorbent assay in the supernatants P value were determined by
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https://doi.org/10.1371/journal.pone.0203402.9006

to recapitulate the effect of cetuximab on CXCL9. In addition, the levels of the chemokines did
not always increase when the cells were treated with cetuximab and the mTOR inhibitor when
compared to treatment with cetuximab only (S7 Fig). In conclusion, overexpression of EGFR
results in the activation of the JNK and MEK signaling pathways that act simultaneously to
downregulate the IFNy/TNFa production of chemokines required to attract T cells (Fig 7).

Discussion

In this study, we analyzed the immune regulatory properties of EGFR signaling in head and
neck cancer cells and showed that it suppresses type 1 cytokine-induced expression of CCL2,
CCL5, CXCL9, CXCL10 and IL-6 while promoting the expression of IL-14. Blocking of the
EGEFR with cetuximab when tumor cells were stimulated with the type 1 cytokine IFNy and
TNFa resulted in the amplification of the production of the T-cell attracting chemokines and
resulted in an increased migration of CD4+ and CD8+ lymphocytes in chemotaxis assays in
vitro. In vivo, cetuximab treatment enhanced the serum levels of CXCL9 and CXCL10 in
patients with head and neck cancer. Our data are in line with previous studies showing that
EGFR mutated tumors display an uninflamed phenotype [17] and that cetuximab treatment
may lead to increased T-cell infiltration in head and neck cancers [28, 29]. Whilst others
observed that EGFR inhibition can lead to the direct increased secretion of proinflammatory
cytokines, including IL2, IL4, IL6, IL8, GMCSF [30], our study showed an increased expres-
sion of CCL2, CCL5, CXCL9, CXCL10 after EGFR blockade only when the tumor cells were
stimulated with IFNy and TNFo. Mechanistic studies revealed that the EGFR mediated the
repression of chemokine production through the activation of multiple downstream signaling
pathways, predominantly via JNK and MEK]1, that act simultaneously. In melanoma, the B-raf,
B-catenin and PTEN-PI3K/mTOR oncogenic pathways have been identified as direct repres-
sors of tumor-infiltration by T cells [20, 21, 31]. We show that the EGFR-signaling pathway
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Fig 7. Schematic representation of EGFR mediated repression of chemokine production. EGFR signalling
suppresses IFNy/TNFa related production of T cell attracting cytokines, including CCL5, CXCL9 and CXCL10 mainly
through activation of JNK and MEK1 signaling. Inhibition of EGFR signaling with cetuximab, JNK inhibitor SP600125
and/or MEKI1 inhibitor PD98059, restores the IFNy/TNFa stimulated production of T cell attracting cytokines.

https://doi.org/10.1371/journal.pone.0203402.9007

complements this list albeit that it acts a bit different in that it suppresses the type 1 cytokine
mediated amplification of tumor infiltration by T cells, via blockade of the production of T-
cell attracting chemokine by tumor cells when stimulated with type 1 cytokines.

Interestingly, blocking of the downstream molecule c-RAF by GW5074 blunted the
IFNy/TNFa induced expression of the T-cell attracting chemokines while it enhanced the
expression of IL-1f confirming earlier reports that RAF can be activated by both IFNy [27,
32] and TNFa [33], and revealing an important role for c-RAF in relaying the signals
induced by IFNy and TNFa that lead to cytokine production. The enhanced expression of
IL-1p after GW5074 treatment was related to an increased phosphorylation of MEK1 and
ERK1/2, indirectly confirming that activation of EGFR-downstream MEK and ERK affect
IFNy/TNFa induced chemokine secretion in head and neck cancer. Blocking of the EGFR
by cetuximab enhanced the expression of the T-cell attracting chemokines but lowered the
expression of IL-1J Potentially, this contributes to the intratumoral T cell responses as IL-
1B may indirectly suppress the proliferation and function of these T cells via tumor associ-
ated fibroblasts that start to express COX-2 and PD-L1 [34]. In addition, IL-1f induces the
accumulation of immune suppressive myeloid derived suppressor cells [35]. Thus, cetuxi-
mab treatment may not only amplify the attraction of T cells but also allow for the accumu-
lation of more effective T cells in the tumor.

T cell infiltration of head and neck cancers is a positive prognostic factor in head and neck
cancer [2-4, 36]. The EGFR-mediated suppression of IFNy/TNFo mediated amplification of
the T-cell infiltrate in these cancers bears strong similarities with observations in skin inflam-
mation disorders. Also, here IFNy and TNFa promote de novo synthesis of numerous chemo-
kines responsible for the attraction of immune cells but this reaction is suppressed by active
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EGEFR signaling. Blockade of the EGFR pathway increases chemokine production and leads to
enhanced immune cell infiltration of the skin [37] Interestingly, in these skin disorders the
activation of EGFR was the result of increased levels of soluble EGFR ligands produced by ker-
atinocytes in response to IFNy and TNFo. present in the milieu [37], suggesting that EGFR-
mediated suppression of chemokine production can occur because of constitutive EGFR-sig-
naling but also as result of an adaptive negative feed-back loop. Other reported immune escape
mechanisms that can play a role because of constitutive or adaptive EGFR-signaling are the
expression of PD-L1 and the inhibition of antigen processing via dephosphorylation of STAT1
in cancer cells [16, 38, 39]. Notably, in one (UM-SCC47) of the 4 HNSCC cell lines studied
cetuximab treatment increased the level of phosphorylated STAT1 in the nucleus.

In order to study the mechanism underlying EGFR-mediated suppression of chemokine
expression we analyzed its downstream pathways. Previously, we found that EGFR was overex-
pressed in HPV-infected keratinocytes and resulted in the upregulation of interferon-related
developmental regulator 1 (IFRD1) which suppressed IFNy/TNFa induced chemokine expres-
sion by preventing the acetylation of RelA [40]. The involvement of IFRD1 was also studied in
the HPV-negative and HPV-positive cell lines used in this study. Potentially it plays an addi-
tional role in one (UM-SCC104) of the 4 cell lines but not in the other cell lines. Furthermore,
we found quite a variability in the expression and phosphorylation of the proteins downstream
of the EGFR. However, in combination with the data obtained when specific pathway inhibitors
were used it became clear that in all cell lines the suppression of chemokine production was
mediated via the EGFR downstream molecules MEK1 and JNK. One possible acting mecha-
nism is the destabilization of the newly synthesized mRNAs via the activation of MEK/ERK
[41]. Interestingly, sustained ERK activation is also a part of the normal regulatory pathway of
IFNy signaling mediated by the suppressor of cytokine signaling 1 [32]. Another reported MEK
related mechanism influencing chemokine expression is the enhanced nuclear translocation of
IRF-1 [23, 42], but this was not observed by us. A third non-exclusively occurring MEK/ERK-
related mechanism which may play a role is the ERK negative feedback phosphorylation that
inactivates RAF signaling [43], which we have shown is important for relaying the signals of the
IFNYR and TNER in our system. Inhibition of EGFR signaling has also been reported to stimu-
late the expression and activation of NOX4 resulting in hydrogen peroxide-induced oxidative
stress, consequently leading to activation of NFkB and AP-1 with as result the induction of pro-
inflammatory cytokines. This mechanism is not likely to play a role in the suppression of IFNy/
TNFo mediated chemokine production as inhibition of AP1 or NF«B did not influence the
expression levels of the tested chemokines. The downstream molecules P38 and JNK play a cru-
cial role in biosynthesis of cytokines [44]. Our results showed no role for P38 while JNK did
influence IFNy/TNFo mediated chemokine production. Especially in the HPV+ HNC cell lines
the impact of JNK inhibition was stronger than that of MEK/ERK inhibition. JNK knock-out
macrophages also display higher levels of the chemokines CCL5, CXCL9 and CXCLI0 after stim-
ulation with IFNYy and potentially this is related to modulation of the mRNA expression levels
[45], suggesting that similar to MEK/ERK also JNK may regulate chemokine expression in the
head and neck cancer cells by controlling mRNA stability.

In conclusion, we provided evidence that overexpression of EGFR in head and neck cancer
cells results in the activation of multiple downstream signaling pathways that act simultaneously
to repress the type 1 cytokine mediated amplification of tumor T cell infiltration by suppressing
the production of T-cell attracting chemokines. Our experiments highlight a dominant role for
the downstream MEK and JNK pathways in this process. Interfering with this process may
increase the efficacy of current T-cell based immunotherapies, not only in head and neck cancer
but also in several others types of cancer where overexpression of EGFR is found. Direct inhibi-
tion of MEK and JNK via targeted therapy is not likely to help the antitumor response as these
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pathways are also important for the proliferation, polarization and cytotoxic capacity of T cells
[44], leaving direct blocking of the EGFR as the best possible current option.

Supporting information

S1 Fig. EGFR surface protein expression. Histograms of EGFR expression by two HPV-
HNC cell lines UM-SCC4 and UM-SCC9 and two HPV+ HNC cell lines UM-SCC47 and
UM-SCC104 as determined by flow cytometry. TC-1 is the mouse cell line that served as nega-
tive control and which can’t be stained by the antibody, HPV16+ keratinocytes served as the
positive control.

(EPS)

$2 Fig. Chemokine expression after cetuximab treatment. HPV- HNC cell line UM-SCC4
and HPV+ HNC cell line UM-SCC47 were stimulated with 1ug/mL rituximab orlug/mL
cetuximab as indicated. After 48h, the cells were treated with 50IU/mL IFNy and/or 30ng/ml
TNFo as indicated for 24h, The expression levels of genes as indicated were determined by
RT-qPCR. Gene expression was normalized against GAPDH mRNA levels. Similar results
were observed in two independent experiments. P values were determined by unpaired t-tests.
Ns: not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

(EPS)

$3 Fig. Chemokine production. (A)Two HPV- HNC cell lines (UM-SCC4 and UM-SCC19)
and two HPV+ HNC cell lines (UM-SCC47 and UM-SCC104) were stimulated with 1ug/mL
rituximab or 1ug/mL cetuximab as indicated. After 24h, the cells were treated with 50IU/mL
IFNy and 30ng/ml TNFa as indicated for 48h. The OD value in supernatants of CXCL9 and
CXCL10 was determined by Enzyme-linked immunosorbent assay. P values were determined
by unpaired t-tests. Ns: not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
(B) Peripheral venous blood samples were obtained from HNC patients with stage III/IVA dis-
ease, receiving neoadjuvant single-agent cetuximab in a prospective phase II clinical trial. A
representative pre- and post-treatment sample from 12 randomly selected patients (all Cauca-
sian, age 49-93 years old) were used for cytokine determination.

(EPS)

S4 Fig. Enhanced migration of T cells after cetuximab treatment. UM-SCC4 was stimulated
with 1pg/mL rituximab or 1ug/mL cetuximab as indicated. After 24h, the cells were treated
with 50IU/mL IFNy and 30ng/ml TNFo. as indicated for 48h. CD14-depleted PBMCs migra-
tion towards supernatants was determined by trans well assay. The number of CD4+ and CD8
+ T cells within migrated CD14-depleted PBMC was determined by flow cytometry. P values
were determined by unpaired t-tests. Ns: not significant. *P < 0.05, **P < 0.01, ***P < 0.001,
P < 0.0001.

(EPS)

S5 Fig. Biochemical analyses of signalling pathways. (A) Two HPV- HNC cell lines
(UM-SCC4 and UM-SCC19) and two HPV+ HNC cell lines (UM-SCC47 and UM-SCC104)
were stimulated with 1pg/mL rituximab or 1pg/mL cetuximab as indicated. After 48h, the cells
were treated with 50IU/mL IFNy and 30ng/mL TNFa as indicated for 24h. The protein expres-
sion levels of IRF1, IRF3, IFRD1, p65-acetylation, p65-phosphorylation, phosphor-STAT1
Tyr701 and Phospho-STAT1 Ser727 as detected by Western blotting (WB) in whole cell
extracts. B-actin served as loading control. (B)Two HPV- HNC cell lines (UM-SCC4 and
UM-SCC19) and two HPV+ HNC cell lines (UM-SCC47 and UM-SCC104) were stimulated
with lug/mL rituximab or lug/mL cetuximab as indicated. After 48h, the cells were treated
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with 50IU/mL IFNYy, 30ng/ml TNFo as indicated for 24h. The protein expression levels of
IRF1, IRF3, p65, STAT1 as detected by Western blotting (WB) in nuclear extracts is shown.
Histone3 served as loading control.

(EPS)

S6 Fig. Chemokine expression after blockade of signalling pathway proteins IRF1, IRF3 or
p65. (A,B) Expression of CXCL9 and CXCLI10 in HPV- HNC cell line UM-SCC4 and HPV

+ HNC cell line UM-SCC47 transfected with control siRNA (siControl) or siRNA targeting
IRF1 or IRF3 stimulated with or without 1ug/mL rituximab or 1ug/mL cetuximab as indicated.
After 24h, the cells were treated with 50IU/mL IFNy and 30ng/ml TNFo as indicated for 24h.
Gene expression was normalized against GAPDH mRNA levels and standardized against
siControl. Similar results were observed in two independent experiments. P value were deter-
mined by unpaired t-tests of siControl group compared with siIRF1 and silRF3 group, respec-
tively. Ns: not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C) Expression
of CCL5, CXCL9 and CXCL10 in HPV- HNC cell line UM-SCC4 and HPV+ HNC cell line
UM-SCC47 transfected with control siRNA (siControl) or siRNA targeting P65 stimulated
with or without 1ug/mL rituximab or lug/mL cetuximab as indicated. After 24h, the cells were
treated with 50IU/mL IFNy and 30ng/ml TNFa as indicated for 24h. Gene expression was nor-
malized against GAPDH mRNA levels and standardized against siControl. Similar results
were observed in two independent experiments. P values were determined by unpaired t-tests
of siControl group compared with silRF1 and siIRF3 group respectivley. Ns: not significant.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

(EPS)

S7 Fig. Chemokine expression after blockade of signalling pathway proteins AP1, NFkB,
p38 or mTOR. HPV- HNC cell line UM-SCC4 and HPV+ HNC cell line UM-SCC47 were
stimulated with1pg/mL rituximab or 1pg/mL cetuximab as indicated for 72h, (A)10puM JSH-
23 (NFxB inhibitor) and 20uM T-5224 (AP-1 inhibitor), or (B) 0,5 uM pamapimod (P38
inhibitor), or (C) 50nM Rapamycin(mTOR inhibitor) as indicated for 48h, 50IU/mL IFNy
and 30ng/ml TNFa as indicated for 24h. The expression levels of CCL5, CXCL9 and CXCL10
were determined by RT-qPCR. Gene expression was normalized against GAPDH mRNA lev-
els. Similar results, were observed in two independent experiments.

(EPS)

S8 Fig. Signalling pathway inhibitor controls. UM-SCC4 was stimulated with (A) 20 uM
SP600125 (JNK inhibitor), (B) 50uM PD98059 (MEK1 inhibitor), (C) 50nM Rapamycin
(mTOR inhibitor), (D) 25 uM LY-294,002 (PI3K inhibitor), (E)20uM GW5074 (c-RAF inhibi-
tor) for 2h, then the cells were treated with 50IU/mL IFNy and 30ng/ml TNFo. for different
time points as indicated. The expression levels of proteins as indicated were detected by West-
ern blotting (WB) in whole cell extracts. B-actin served as loading control. Similar results were
observed in two independent experiments.

(EPS)
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