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Abstract: Epidermal growth factor receptor (EGFR) is highly expressed in head and neck squamous cell carcinoma
(HNSCC) and related to cancer progression. The resistance to anti-EGFR therapy remains a major clinical problem
in HNSCC. In this study, we found that TOLL-like receptor 4 (TLR4) was highly expressed in 50% of EGFR overex-
pressed HNSCC biopsies, which correlated to worse prognosis in patients. In HNSCC cell lines, activation of TLR4
reversed cetuximab-induced the inhibition of proliferation, migration and invasion. LPS induced of TLR4 signaling
was potentiated under cetuximab treatment, showing increased activation of downstream NF-kB and MAPK path-
ways. Accordingly, cetuximab treatment also increased expression of TNF-a, COX2, and other molecules involved
in TLR4 induced tumor inflammation. Mechanistically, we found inhibition of EGFR by cetuximab led to decreased
phosphorylation of Src and sequentially Src-medicated activation of Cbl-b. This inhibited Cbl-b-mediated degrada-
tion of the key TLR4 adaptor protein MyD88 and activated TLR4 signaling. TLR4 or MyD88 overexpressed CAL27
and SCC4 cells grew faster and were more resistant to cetuximab and gefitinib both in vitro and in vivo. Out study
delineates a crosstalk between EGFR and TLR4 pathways and identified TLR4 as a potential biomarker as well as a
therapeutic target in overcoming the resistance to anti-EGFR therapy of HNSCC.
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Introduction can bind to EGFR with similar affinity to its na-
tural ligands (EGF and TGF«) and prevent acti-
vation of downstream signaling pathways [5]. It
can also induce antibody-dependent cellular

cytotoxicity and suppress nuclear EGFR trans-

Epidermal growth factor receptor (EGFR) pro-
tein as well as mMRNA are reported to be overex-
pressed in 40% to 90% of head and neck squa-

mous cell carcinomas (HNSCC), which is corre-
lated to increased tumor growth and metasta-
sis, poor prognosis, and resistance to chemo-
therapy and radiotherapy [1, 2]. Several EGFR-
targeted therapies have been approved for the
treatment of HNSCC, including small-molecule
tyrosine kinase inhibitors (e.g., gefitinib and
erlotinib) and monoclonal antibodies against
EGFR (e.g., cetuximab, panitumumab and zalu-
tumumab) [3]. Among these, cetuximab is the
most intensively studied and the only FDA ap-
proved EGFR inhibitor for use in HNSCC [4].
Cetuximab is a chimeric human-murine immu-
noglobulin (Ig) G1 monoclonal antibody that

port and activation of DNA-dependent protein
kinase [6]. Currently, for treating HNSCC, cetux-
imab is approved in combination with radiother-
apy in locally-advanced disease [7], as a single
agent in platinum-refractory recurrent or meta-
static disease [8], and in combination with pla-
tinum (carboplatin or cisplatin) and 5-fluoroura-
cil as the first line therapy in recurrent or meta-
static disease [9].

However, cetuximab as a monotherapy shows
limited efficacy with a low (only 10-13%) initial
response rate (known as primary drug resis-
tance), and the majority of patients may devel-
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op acquired drug resistance even after a good
initial response [10]. This has stimulated a
growing interest in understanding the mecha-
nisms of EGFR blockage resistance. Inflamma-
tion was reported to play a vital role in cetux-
imab resistance. Inflammatory cytokines, inclu-
ding IL1A, IL1B and IL8, have been found to be
associated with reduced sensitivity and prima-
ry resistance to cetuximab in colorectal can-
cers [11]. Oncogenic transformation of cells
may induce inflammatory signaling pathway,
resulting in increased secretion of pro-inflam-
matory cytokines and consequently tumor
growth [12]. Therefore, inflammation may be
associated with primary resistance to EGFR
inhibitors in a wide variety of cancers by sup-
porting the proliferation of malignant cells [13].

Toll-like receptor 4 (TLR4) is an innate immune
receptor involved in recognition of inflamma-
tion-associated microbial and self-ligands [14].
Activation of TLR4 and similar receptors in im-
mune cells has important defense functions
such as increased survival, motility, and inva-
sion of pathogen-fighting cells [15]. TLR4, a
natural lipopolysaccharide (LPS) receptor, is
also highly upregulated in cancer cells in bre-
ast, ovarian, prostate and other tumors [16,
17]. Paclitaxel can be regarded as a functional
analogue of LPS, and causes dimerization of
TLR4, which in turn activates the NF-kB path-
way, leading to upregulation of numerous pro-
survival proteins and induces resistance to
paclitaxel dependent chemotherapy [18, 19].
One study reported that phosphorylation of
EGFR depends on the activation of TLR4/Src
axis, and EGFR is required for TLR4 to activate
the proliferation signaling [20]. This indicates
that EGFR and TLR4 pathway may crosstalk
when regulating cancer cell growth, invasion,
and migration, and affect sensitivity to antitu-
mor drugs. However, the relationship and the
underlying mechanism between TLR4 and re-
sistance to EGFR-target therapy in HNSCC
remain unknown.

In this study, we detected an increase of TLR4
expression in 50% of HNSCC tumor biopsies,
which was correlated to the resistance to cetux-
imab therapy. Mechanistically, EGFR blockade
by cetuximab suppressed activation of Src and
led to decreased Cbl-b mediated degradation
of MyD88. Increased MyD88 activated TLR4
signaling and induced cytokines as well as anti-
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apoptotic proteins, resulting a negative feed-
back which caused resistance to EGFR block-
ade.

Materials and methods
Reagents

LPS and rapamycin were purchased from
Sigma (St. Louis, MO, USA). M-PER® mammali-
an protein extraction reagent, NE-PER nuclear
and cytoplasmic extraction reagents, BCATM
Protein Assay Kit and SuperSignal West Fem-
to Maximum Sensitivity Substrate were pur-
chased from Pierce (Rockford, IL, USA). Anti-
bodies against Lamin A (sc-56137), GAPDH (sc-
47724), p65 (sc-71675), p-p65 (sc-136548),
c-jun (sc-166540), p-c-jun (sc-53182), TAK1
(sc-7967), bel-2 (sc-509), bel-xl (sc-8392), INOS
(sc-7271), COX-2 (sc-19999), c-Src (sc-130124),
p-c-Src (sc-81521), Chl-b (sc-376409), MyD88
(sc-136970), and TLR4 (sc-293072) were pur-
chased from Santa Cruz Biotechnology (Dallas,
TX, USA). Antibody against p-TAK1 (ab109404)
was purchased from Abcam (Cambridge, MA,
USA). ELISA kits for TNF-a, PGE2 and NO were
purchased from R&D Systems (Minneapolis,
MN, USA).

Cell culture

Human head and neck squamous cell carcino-
ma SCC4, SCC9 and CAL27 cell lines were
purchased from the American Type Culture
Collection and cultured as previously reported
[21]. Cells were maintained in DMEM medium
containing 10% fetal calf serum (FCS; Gibco
Grandlsland, NY), 0.29 mg/ml glutamine, 100
units/ml penicillin, and 100 ug/ml streptomy-
cin at 37°C in a humidified atmosphere of 5%
CO..

2

Clinical specimens, RNA extraction and qRT-
PCR

HNSCC tissues and adjacent non-tumor tissues
(at least 5 cm away from the tumor site) were
obtained from surgical specimens. The proto-
col was approved by the Ethical Committee of
Shanghai Ninth People’s Hospital, Shanghai
Jiao Tong University School of Medicine, and
written informed consent was obtained from
all participants. The specimens were excised
immediately after resection of tumor and pre-
served in liquid nitrogen. They were classified
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into two groups based on the relative expres-
sion of TLR4/GAPDH as examined by qRT-PCR.
The total RNA was extracted from both cell
lines and tumor tissues with Trizol reagent
(Invitrogen, USA) according to the manufactur-
er's instructions, and then reverse transcrib-
ed to cDNA. The cDNA was subjected to gPCR
assays for determination of TLR4 mRNA levels
(primer sequences are listed in Table S1).

Response assessment of cetuximab treatment

Modified Response Evaluation Criteria in Solid
Tumors (RECIST) were applied to assess the
response after cetuximab treatment. The crite-
ria were, Complete Response (CR): all target
lesions disappear and pathological lymph no-
des reduce in short axis to <10 mm. Partial
Response (PR): the sum of diameters of target
lesions decrease at least 30%. Progressive
Disease (PD): the sum of diameters of target
lesions increase at least 20% and the sum
also absolutely increase at least 5 mm. Stable
Disease (SD): Neither sufficient shrinkage for
PR nor sufficient increase for PD [37]. Patients
with CR or PR responses were considered as
sensitive to cetuximab treatment, patients with
SD or PD were defined as resistant.

Construction of transiently and stably trans-
fected cells

The overexpressed plasmids products (Cbl-b
and c-Src) were purchased from Gene Pharma
(Shanghai, China) and transfected according to
the manufacturer’s instructions. The sequenc-
es for the overexpressed plasmids of Cbl-b and
c-Src were shown in Table S2. Lentiviral vectors
overexpressing TLR4 and their negative control
were constructed by Gene Pharma (Shanghai,
China). SCC4 and CAL27 cells were infected
with 50 MOI (multiplicity of infection) of lentivi-
ral vectors according to the manufacturer’s
instructions. Stably transfected cells were cul-
tured with 5 pg/mL puromycin for 2 weeks. The
efficiency of plasmids and lentiviral infection
was evaluated by gPCR and western blotting.

Cell proliferation assays

Cell growth was measured with CCK-8 accord-
ing to the manufacturer’s instructions [21].
Cells were seeded in 96-well plates, pretreat-
ed with 1 yg/mL LPS for 6 h and then incubat-
ed in fresh medium with 1 ug/mL cetuximab for
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48 h. Then, each well was incubated with 10 pl
of CCK-8 solution for 4 h at 37°C. The absor-
bance was measured at 450 nm using a
spectrophotometer.

Wound-healing assays

Transfected cells were seeded in 6-well plates,
and wounds were scraped uniformly in mono-
layer cells using a 10 uL pipette tip. Cells were
washed thrice with PBS to remove floating
cells. Cell migration across the wound line was
observed after O h and 24 h of wounding, and
the fields of view were randomly selected and
photographed under a microscope. All assays
were performed independently in triplicate.

Cell invasion assays

In vitro cell invasion assays were performed
using matrigel coated 24-well chambers and
microfilters (5 um pored polycarbonate filters),
respectively, according to the manufacturers’
instructions (BD Bioscience, Bedford, MA). Bri-
efly, after rehydration of the chambers, CAL27
cells were stimulated with 1 pg/ml LPS for 24 h
in the presence or absence of a gradient con-
centration of rapamycin. Then, they were har-
vested and seeded in 200 ul of DMEM plus
5% FBS in the upper chamber (1x10° cells per
chamber) and in 600 pul of DMEM plus 10%
FBS in the lower chamber, respectively. Migra-
ted CAL27 cells were stained with leucocrystal
violet. The number of cells in the membrane
was counted in 20 randomly selected field
views at 100x for 24 h.

Cell apoptosis analysis

Apoptotic rate of HNSCC cells was detected
by Annexin-V-FITC apoptosis detection kit (BD,
Franklin Lakes, NJ, USA). Then the HNSCC cells
stained with FITC-Annexin V and Pl were evalu-
ated by measuring the fluorescence of at least
10,000 cells each sample using FACS Calibur
flow cytometer (Becton-Dickinson, CA, USA).

Enzyme linked immunosorbent assays (ELISA)

SCC4 and CAL27 cells were seeded in a T25
culture bottle at a density of 3x108/bottle,
and supernatants were collected 24 h later.
The TNF-a, PGE2 and NO levels were detected
using a human TNF-a, PGE2 and NO enzyme-
linked immune detection kit according to the
manufacturer’s instructions (R&D Systems).
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Extraction of cytoplasmic/nuclear proteins,
co-immunoprecipitation (Co-IP) and Western
blotting

Cells were cultured and transfected with ex-
pression vectors. SCC4 and CAL27 cells were
harvested and lysed for ColP or immunoblot-
ting assays after transfection for 48 h. The
total, cytoplasmic and nuclear proteins were
extracted using a Nuclear/Cytosol Fractiona-
tion Kit (BioVision, San Francisco, USA) accord-
ing to the manufacturer’s instructions. For ColP
assays, cells were lysed in 500 pl of lysis buf-
fer (20 mM Tris with pH 7.4, 50 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 0.5% SDS, 0.5% deoxycho-
late, and protease inhibitors). To efficiently sol-
ubilize keratins, cells were treated with 2%
Empigen BB (Sigma). Then, 500 ug of lysate
aliquots (1 pg/ul) were precleared with 50 ul of
protein A-Sepharose beads (Upstate Biotech-
nology, Lake Placid, NY, USA) for 2 h at 4°C. An
appropriate amount of rabbit anti-LRP16, rab-
bit anti-Flag (Sigma), rabbit anti-ERx (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or
rabbit nonspecific 1gG (Clontech) was then
added and incubated overnight at 4°C. Then,
100 ul of pre-blocked agarose beads were
added to the mixture and incubated for ano-
ther 2 h at 4°C. Bound proteins were washed
three times, eluted in SDS sample buffer, re-
solved by SDS-PAGE, and analyzed by immu-
noblotting using mouse anti-c-Src (Abgent, San
Diego, CA, USA), mouse monoclonal anti-Flag
(Sigma), rabbit anti-MyD88, mouse anti-Cbl-b
and rabbit anti-B-actin (Santa Cruz Biotech-
nology). Western blotting was briefly described
as the cells were lysed in lysis buffer. Cellular
proteins were loaded and separated on SDS-
PAGE. After that, they were transferred to a
nitrocellulose membrane (Amersham Bioscien-
ces Piscataway, NJ) by the standard electric
transfer protocol. The membrane was blocked
and probed with primary antibodies and then
with HRP-labeled second antibodies (DAKO,
Carpinteria, CA). Peroxidase color was visualiz-
ed with TMB membrane Peroxidase Substrate
(KPL, Gaithersburg, MD). The results of western
blot were normalized using GAPDH in total and
in cytoplasm with Lamin A in nucleus, quanti-
tated by software Image J.

Xenograft nude mouse model

For in vivo tumor growth assays, SCC4 and
CAL27 cells transfected with lentiviral vectors
overexpressing TLR4 were subcutaneously im-
planted to the left upper flank region of male
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mice (1x10° cells per mouse). Cetuximab and
TLR4 inhibitor were peritoneally injected and
tumor volume was measured every 3 days us-
ing calipers as follows: tumor volume (mm?3) =
(LxW?)/2, where L was the length and W was
the width. About 6 weeks later, mice were euth-
anized and tumors were excised for standard
histological analysis. Cetuximab-resistent xe-
nograft was selected and transplanted subcu-
taneously into mice as previously described.
TLR4 inhibitor (TAK242) was peritoneally inject-
ed and tumor volume was measured every 3
days as previously described. All animal experi-
ments were approved by the Animal Experi-
mental Ethical Committee of the Shanghai Jiao
Tong University and performed according to the
guidelines on the care and use of animals for
scientific use.

Immunohistochemistry

For histological analysis, the tumors of pati-
ents and nude mice were fixed in 10% formalin
for at least 24 h and embedded with paraffin.
The sections were stained with hematoxylin
and eosin (H&E) for morphological analysis or
with specific primary antibody of TLR4 (Santa
Cruz, USA) using a 2-Solution DAB Kit (Invitro-
gen, USA) according to the manufacturer’s ins-
tructions. The staining levels were classified as
negative (no or weak) or positive (moderate or
strong) staining.

Fifty pairs of HNSCC tissues were examined by
IHC. Two pathologists blinded to patient data
were invited to independently examine the cel-
lular location of TLR4 and compare the staining
between tumor and normal tissues for each
case. Immunohistochemistry stain score = pos-
itive cell score x staining intensity score [38].
The percentage of positive cells was graded as
follows: <10% (grade 0), 10-25% (grade 1),
25-50% (grade 2), 50-75% (grade 3), and >75%
(grade 4). Immunohistochemical staining inten-
sity was graded as follows: O (no staining), 1
(bright yellow), 2 (orange), and 3 (brown). The
total score of <1, 2-4, 5-8 and >9 was defined
as negative, low, moderate and high expressed,
respectively.

Statistical analysis

Data were represented as mean * standard
deviation (SD) of at least three independent
experiments. Statistical analysis was perform-
ed using Student’s t-test. P values less than
0.05 were considered to be significant.
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Table 1. Clinicopathologic characteristics and COX regression
analysis of prognostic factors in forty eight HNSCC patients who

received cetuximab therapy

pathological roles and relation-
ship with EGFR expression re-
main unknown. Here, we col-

Number COX regression analysis

lected data from forty-eight

Clinicopathologic parameters

of cases Chi-Square scores P value

HNSCC patients who received

Tobacco
Yes 29 1.7732
No 16
Alcohol
Yes 21 0.0737
No 24
Sex
Male 33 1.7732
Female 12
Age
>60 27 2.3838
<60 18
Tumor site
tongue 27 0.2058
Gingiva 4
Buccal 1
Palate 3
Oropharynx 1
Retromolar region 2
Month floor 7
Tumor stage
T1 0 0.1699
T2 5
T3 8
T4 32
Nodal stasus
NO 13 1.8247
N1 16
N2 16
N3 0
Pathological differentiation grade
| 13 1.2210
-1 14
Il 15
1 1

cetuximab therapy (see Table 1
for clinicopathological parame-
ters) and found that mRNA
expression of both EGFR and
TLR4 were more highly expre-
0.7861 ssed in HNSCC tissues than
those found in adjacent nor-
mal tissues (Figure 1A). Fur-
0.1830 thermore, the expression level
of TLR4 was significantly corre-
lated to EGFR expression with
0.1226 a Pearson coefficient of 0.895
(Figure 1B). When enrolled pa-
tients were divided into sensi-
tive (CR/PR, n=27) and resis-
tant (SD/PD, n=21) groups, we
observed by immunohistoche-
mistry a significantly higher pro-
tein expression of TLR4 on the
surface of tumor cells in the
resistant group as compared to
the sensitive group (Figure 1C).
Consistently, in Kaplan Meier
0.6802 analysis, patients bearing tu-
mors with a higher expression
of TLR4 which were more resis-
tant to cetuximab therapy dis-
played a poorer overall survi-
val (OS) rate as well as disease
free survival (DFS) rate (Figure
1D, 1E). These results indicat-
ed that TLR4 expression levels
in HNSCC cells were signifi-
cantly correlated to EGFR ex-
0.2692 pression and cetuximab thera-
py response.

0.1830

0.6501

0.1768

Activation of TLR4 promoted re-

Results

Correlation of TLR4 expression with EGFR ex-
pression and cetuximab response in HNSCC
patients

TLR4 was previously reported to be implicated
in drug resistance and also highly expressed in
HNSCC biopsies and promote tumor progres-
sion [18-22]. However, its physiological and

458

sistance to cetuximab therapy

In order to investigate the role of TLR4 in anti-
EGFR therapy, we first determined the concen-
tration of cetuximab in tissue culture experi-
ments as 100 pg/mL according to its IC50s in
HNSCC cell line SCC4, SCC9O and CAL27 (Figure
2A-C), which are cetuximab sensitive cell lines.
Cells were then pretreated with LPS for 6 hours
to activate TLR4 and subsequently treated with
cetuximab for 48 hours. We found that cetux-
imab inhibited HNSCC cell proliferation, while

Am J Cancer Res 2020;10(2):454-472
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Figure 1. High TLR4 expression was related to resistance to anti-EGFR therapy. A. Relative mRNA expression of TLR4 and EGFR (n=25). B. Correlation between
TLR4 and EGFR expression. C. Representative image of different TLR4 staining intensity (negative, low, moderate and high) in HNSCC patients before the cetuximab
therapy who were resistant (n=21) or sensitive (n=27) to cetuximab. D. Five-year overall survival (Kaplan-Meier method and log-rank test) in HNSCC patients who
received cetuximab therapy (n=48). E. Disease free survival (DFS) in HNSCC patients who received cetuximab therapy (n=48). Data were represented as mean +
SD of at least three independent experiments. *P<0.05, **P<0.01, ***P<0.001.
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activation of TLR4 enhanced cell proliferation
and reversed the inhibitory effect of cetuximab
in SCC4, SCC9 and CAL27 cells (Figure 2D).
LPS treatment also reversed cetuximab-indu-
ced the inhibition of HNSCC cell migration and
invasion (Figure 2E, 2F) and reversed cetux-
imab-induced the apoptosis in CAL27 cells
(Figure 2l). To confirm that the LPS effect was
mainly mediated by TLR4, we also overexpre-
ssed or knocked down TLR4 expression in
CAL27 cells. Furthermore, cells were transfect-
ed by siRNA or plasmid to inhibit or activate
TLR4 expression and subsequently treated
with cetuximab for 48 hours. As expected,
overexpression of TLR4 increased CAL27 cell
migration and invasion and showed more re-
sistant to the cetuximab treatment, whereas
knocking down TLR4 in CAL27 led to reduced
migration and invasion and showed more sen-
sitive to the cetuximab treatment (Figure 2G,
2H). On the molecular level, LPS treatment or
TLR4 overexpression led to activation of NF-kB
and MAPK pathways (Figure 2J, 2K), both of
which were critical for cell survival under EGFR
blockage. Accordingly, the expression of anti-
apoptotic proteins, such as Bcl-2 and Bcl-xl,
was upregulated by LPS priming or TLR4 over-
expression (Figure 2J, 2K). Thus, activation of
TLR4 could lead to primary resistance to ce-
tuximab therapy.

Inhibition of EGFR increased signaling events
downstream of TLR4

In order to further investigate whether TLR4
activation was associated with acquired resis-
tance to anti-EGFR therapy, we examined TLR4
activation induced signaling and cytokines un-
der EGFR inhibition. CAL-27 cells were pretreat-
ed with cetuximab and then were transfected
by siRNA or plasmid to inhibit or activate TLR4
expression. It revealed that overexpression of
TLR4 after cetuximab treatment aggravated
cell migration and invasion compared with
cells disposed with cetuximab alone, whereas
knocking down TLR4 led to reduced migration
and invasion compared with cells disposed
with cetuximab alone (Figure 2A, 2B). SCC4
cells were pretreated with cetuximab and then
stimulated with LPS. Cetuximab induced a
time-dependent activation of phosphorylated
p65/RelA and phosphorylated c-jun, which
were key transcription factors of NF-kB and
MAPK pathways, respectively (Figure 3C, 3D).

460

Similar results were obtained when SCC4 cells
were pretreated with gefitinib and stimulated
with LPS (Figure 3C). We also fractionated cell
lysates and observed that p65 and c-jun were
increased in the nucleus while p-p65 and p-c-
jun were increased in the cytoplasm (Figure 3E,
3F). All these results indicated that inhibition
of EGFR by cetuximab and gefitinib led to in-
creased signaling events downstream of TLR4.

EGFR inhibition increased TLR4 induced
tumor-associated inflammation

TLR4 activation is known to upregulate TNF-q,
PGE2 and NO which are critical for tumor
immune microenvironment. As inhibition of
EGFR increased signaling events downstream
of TLR4, we further investigated whether it
might have an effect on TLR4 induced tumor-
associated inflammation. Indeed, treatment
with cetuximab or gefitinib resulted in a sub-
stantial increase in TNF-a (Figure 4A), PGE2
(Figure 4B) and NO (Figure 4C) in CAL27 cells.
There was also an increase in the expression
of COX2 (PGE2 synthetase) and iNOS (NO syn-
thetase) (Figure 4D). These results suggest
TLR4 induced tumor-associated inflammation
was increased after EGFR inhibition.

EGFR inhibition stabilized TLR4 adaptor
MyD88

Degradation of MyD88, a TLR adaptor protein,
was reported to be an important negative regu-
lation mechanism in TLR4 signaling [32]. As
TLR4 downstream signals (NF-kB and MAPK)
were increased by EGFR inhibition, we investi-
gated whether cetuximab and gefitinib pretreat-
ment may alter TLR4 adaptor proteins. Western
blot analysis demonstrated that TLR4 ligation
induced gradual down-regulation of MyD88
protein over time (Figure 5A). In contrast, cetux-
imab or gefitinib pretreatment led to increased
level of MyD88 proteins (Figure 5A). Previous
research found that Src may promote Cbl-b
medicated degradation of MyD88. The activa-
tion of Src after cetuximab or gefitinib pretreat-
ment was decreased irrespective of TLR4 acti-
vation status, as assessed from a phospho-Src
antibody (Figure 5A). We next performed im-
mune-precipitation experiments to confirm the
interactions between c-Src, Cbl-b, and MyD88
proteins. As shown in Figure 5B, 5C, cetuximab
or gefitinib treatment led to reduction of c-Src
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SCC9 and CAL27 cells were seeded in 96-well plates and cultured in media containing serum, pretreated with 1 ug/ml LPS or PBS for 6 h. EGFR was inhibited with
100 pg/mL cetuximab for 48 h, cell proliferation was measured using CCK8 assay; CAL27 cells were seeded in 6-well plates, pretreated with 1 ug/ml LPS or PBS
for 6 h and cultured with 100 pg/mL cetuximab for 48 h, cell invasion (E) was measured using transwell assay and cell migration (F) was measured by the wound
healing assay; CAL27 cells were transfected by TLR4 siRNA or TLR4 overexpressed plasmid, then cultured with 100 ug/mL cetuximab for 48 h, cell invasion (G)
was measured using transwell assay and cell migration (H) was measured by the wound healing assay respectively; (I) The cell apoptosis rate was examined by
Annexin-V-FITC staining using flow cytometry; (J, K) Cell extracts for MAPK kinase (c-jun, p-c-jun), NF-kB kinase (TAK1, p-TAK1, IKKa/B, p-IKKa/B, p65, p-p65) and
anti-apoptotic proteins (Bcl-2, Bcl-xl) were subjected to Western blotting. Data were represented as mean + SD of at least three independent experiments; *P<0.05,
**P<0.01, ***P<0.001.
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Figure 3. Inhibition of EGFR increased TLR4 signaling. CAL-27 cells were pretreated with 100 ug/mL cetuximab for 2 h, and then were transfected by TLR4 siRNA or
TLR4 overexpression plasmid, cell invasion (A) was measured using transwell assay and cell migration (B) was measured by the wound healing assay respectively;
(C) SCC4 cells were pretreated with 100 pg/mL cetuximab for 2 h, and then stimulated with 1 pg/mL LPS for O, 15, 30, 60 min, the expression of p-p65 and p-c-jun
were detected by western blot; (D) The relative expression of p-p65 and p-c-jun/GAPDH were measured by Image J; (E) SCC4 cells were pretreated with 100 pg/mL
cetuximab for 2 h, and then stimulated with 1 ug/mL LPS for 24 h, then the expression of p-p65 and p-c-jun were detected; (E) The nucleus proteins were extracted
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and the expression of p65, p-p65, c-jun and p-c-jun in nuclear were detected by Western blotting respectively; the
relative expression of p65, p-p65, c-jun and p-c-jun/Lamin A in nucleus were measured by Image J; (F) The cyto-
plasmic proteins were extracted and the expression of p65, p-p65, c-jun and p-c-jun in cytoplasm were detected
by Western blott; the relative expression of p65, p-p65, c-jun and p-c-jun/GAPDH in cytoplasm were measured by
Image J; Data were represented as mean * SD of at least three independent experiments; *P<0.05, **P<0.01,
***pP<0.001.
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Figure 4. Inhibition of EGFR increased TLR4 induced tumor-associated inflammation. CAL27 cells were cultured in
12-well plates, pretreated with 100 pg/mL cetuximab or gefitinib for 2 h, and then stimulated with 1 yg/mL LPS for
24 h. Supernatants were collected and analyzed for cytokine TNF-a (A), PGE2 (B) and NO (C) production using ELI-
SAs. (D) The expression of PGE2 and NO synthetase was detected by western blotting using anti-COX2 and anti-iNOS
antibodies. Data were represented as mean + SD of at least three independent experiments; *P<0.05, **P<0.01;
***%pP<0.001.

and Cbl-b proteins and increased level of 6B). Similarly, there was an increase in the
MyD88. Thus, EGFR inhibition may decrease protein expression of iNOS, indicting high pro-
the activation of Src and Cbl-b-mediated de- tumor inflammation for TLR4 overexpressed
gradation of MyD88 and potentiate TLR4 sig- CAL27 cells. Cetuximab therapy led to more
naling. severe pro-tumor inflammation in TLR4 overex-

pressed CAL27 cells than in control CAL27
TLR4 overexpressed HNSCC cells grew faster cells. Meanwhile, cetuximab therapy upregu-
and were more resistant to cetuximab therapy lated the expression of TLR4 and MyD88, but
in vivo and in vitro had no effect on TRIF expression (Figure 6C).

To investigate the therapeutic effect of TLR4,
The above results showed that TLR4-induced cetuximab and TLR4 inhibitor (TAK242) were
inflammatory response played a critical role in peritoneally injected and tumor volume was
anti-EGFR therapy in vitro, we further explored measured every 3 days. The results showed
the role of TLR4 signaling in vivo. Compar- that cetuximab in combination with TAK242
ed with control animals, TLR4 overexpressed revealed the best response in all groups (Fig-
CAL27 cells grew faster and were more resis- ure 6D, G6E). Furthermore, we established
tant to cetuximab therapy (Figure 6A). The pro- cetuximab-resistant in vivo model to examine
tein expression of iINOS was assayed in order the response to the combined therapy. It
to further confirm pro-tumor inflammation in showed that TAK242 combined therapy could
nude mice upon anti-EGFR therapy (Figure overcome the acquired cetuximab resistance
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ced TLR4 signaling by overex-
pressing MyD88 promoted
tumor growth and resistance
to cetuximab therapy through
increasing pro-tumor inflam-
mation.

100 pg/mL cetuximab, gefitinib, 1gG or DMSO for 2 h and then stimulated

with 1 pg/mL LPS for 24 h. Western blotting was performed using anti-p-Src

Discussion

and anti-MyD88 antibodies at 0, 3, and 6 h, respectively. Co-IP and western

blotting showed the interaction of Cbl-b with MyD88 (B) and that of Src with
Cbl-b and MyD88 (C). Data were represented as mean * SD of at least three
independent experiments; *P<0.05, **P<0.01; ***P<0.001.

(Figure 6F). All these results indicated that
enhanced TLR4 signaling by overexpressing
TLR4 promoted tumor growth and resistance
to cetuximab therapy through increasing pro-
tumor inflammation.

MyD88 overexpressed HNSCC cells grew
faster and were more resistant to cetuximab
therapy in vivo

We then investigated the in vivo function of
TLR4 signal in tumor progression and anti-
EGFR therapy. MyD88 overexpressed animal
models were established, and then cetuximab
was peritoneally injected and tumor volume
was measured every 3 days (Figure 7A). MyD88
overexpressed SCC4 cells grew faster and were
almost resistant to cetuximab therapy. In order
to further confirm pro-tumor inflammation in
tumor nude mice upon anti-EGFR therapy, the
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The clinical efficacy of EGFR-
targeted therapies remains
limited in HNSCC due to pri-
mary and acquired drug resis-
tance [23]. This study showed that TLR4 was
significantly correlated to primary and acquired
resistance to cetuximab in HNSCC, and a cross
talk between TLR4 and EGFR signaling was ob-
served through a MyD88-Cbl-b-Src pathway.
Thus, targeting TLR4 signaling might improve
clinical efficacy of EGFR-targeted therapies in
HNSCC by reversing cetuximab resistance.

TLRs are crucial components of the innate
immune response to bacterial and viral patho-
gens [24]. However, they may also contribute to
tumor growth and progression [25]. Our previ-
ous study has shown that TLR4 was expressed
in HNSCC cells and played a vital role in induc-
ing tumor proliferation by activation of NF-kB
and secretion of pro-inflammatory cytokines
(IL-6, VEGF, TGFB and PGE2) [26]. This study
further investigated the dysregulation of TLR4
in clinic. We found that activation of TLR4 pro-
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Figure 6. TLR4 overexpressed CAL-27 cells grew faster and were more resistant to cetuximab in vivo and in vitro. (A) CAL-27 cells transfected with overexpression
vectors of TLR4 or control vectors were injected into nude mice. Cetuximab was peritoneally injected 7 days later and tumor volume was measured every 3 days.
(B) IHC analyses of iNOS expression in tumor tissues (200x). (C) The expression of TLR4, MyD88 and TRIF in xenograft was measured by RT-PCR. CAL-27 cells
transfected with overexpression vectors of TLR4 (E) or control vectors (D) were injected into nude mice. Cetuximab combined with TAK242 was peritoneally injected
7 days later and tumor volume was measured every 3 days. (F) Xenograft resistant to cetuximab was implanted subcutaneously. Cetuximab and TAK242 were
peritoneally injected 7 days later and tumor volume was measured every 3 days. Data were represented as mean + SD of at least three independent experiments;

*P<0.05, **P<0.01; ***P<0.001.
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Figure 7. MyD88 overexpressed SCC4 cells grew faster and were more resistant to cetuximab in vivo. (A) SCC4 cells transfected with overexpression vectors of
MyD88 or control vectors were injected into nude mice. Cetuximab was peritoneally injected 7 days later and tumor volume was measured every 3 days. The rela-
tive mRNA expression of iNOS (B), COX2 (C) and TNF-a (D) extracted from tumor tissues was measured. (E) The expression of TLR4, MyD88 and TRIF in xenograft
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was measured by RT-PCR. SCC4 cells transfected with overexpression vectors of MyD88 (F) or control vectors (E)
were injected into nude mice. Cetuximab and TAK242 were peritoneally injected 7 days later and tumor volume was
measured every 3 days. Data were represented as mean + SD of at least three independent experiments; *P<0.05,

**P<0.01; ***P<0.001.

moted cell proliferation, migration and invasion
in HNSCC by NF-kB and MAPK pathway. A high
expression of NF-kB in tumor cells was associ-
ated with tumor progression and chronic inflam-
mation due to its anti-apoptotic properties [27].
In this study, anti-apoptotic proteins and the
secretion of TNF-a, PGE2 and NO were upregu-
lated. TNF-oa, PGE2 and NO were major media-
tors of inflammation-induced cancers that were
upregulated in various solid tumors [28, 29].
TNF-a« was involved in primary and acquired
resistance to anti-EGFR therapy in non-small
cell lung cancer [30]. COX-2/PGE2 could regu-
late HIF2a activity to reduce the sensitivity of
sorafenib (EGFR tyrosine kinase inhibitor) [31],
indicating that overexpression of TLR4 might
induce continuous activation of EGFR signaling
and primary resistance to cetuximab therapy.

Another important finding of our study was that
EGFR signaling could feedback via TLR4 signal-
ing to induce acquired resistance to cetuximab
(Figure 8). Cetuximab could lead to decreas-
ed Cbl-b-mediated degradation of MyD88 by
attenuating Src activation, which stabilized the
structure of TLR4 and ensured continuous acti-
vation of TLR4 signaling. A previous study found
that phosphorylation of Syk could promote deg-
radation of MyD88 and TRIF via Cbl-b and sub-
sequently inhibit TLR4 signaling in macropha-
ges [32]. Cbl-b was an E3 ubiquitin-protein
ligase that could degrade MyD88 and TRIF
via polyubiquitination. The phosphorylation of
TLR4 would activate the signaling pathway of
its two downstream molecules MyD88 and
TRIF [33]. We found that c-Src could form a
functional protein complex with Cbl-b and
MyD88. Src was the direct downstream molec-
ular of EGFR, and cetuximab would cause the
blockade of Src phosphorylation. TLR4 exerts
its functions through MyD88 dependent and
independent pathways [34]. In MyD88-inde-
pendent pathway, TRIF phosphorylates TRAF3
to activate IRF3, recruit IKKe/TBK1 and pro-
mote the secretion of B-interferon [35]. Our
results showed that EGFR inhibitors could con-
tinuously activate TLR4 signaling rather than
TRIF signaling by Src-Cbl-b-MyD88 pathway,
indicating that EGFR regulated TLR4 signaling
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by MyD88 ubiquitination. The sensitization of
TLR4 in turn promoted tumor growth, and the
cross talk between EGFR and TLR4 signaling
ultimately resulted in acquired resistance to
EGFR targeted agents.

In our in vivo study, we examined the effect of
TLR4 and EGFR inhibition in orthotopic and
cetuximab-resistant xenograft models. The
combination of cetuximab with TAK242 was
highly effective in inhibiting tumor growth in
both models, while EGFR inhibition or TAK242
alone was not so effective. TAK242 was a TLR4
inhibitor that could selectively inhibit TLR4-
mediated production of cytokines and NO [36].
We further established a MyD88 overexpressed
xenograft model to verify the role of MyD88 in
the cross talk between EGFR and TLR4 signal-
ing. As expected, we found a significant reduc-
tion in tumor growth by combined inhibition of
TLR4 and EGFR compared with that by EGFR
inhibition alone. Importantly, the secretion of
pro-inflammatory cytokines (TNF-a, PGE2 and
NO) was also reduced upon the combined ther-
apy, suggesting that this approach is therapeu-
tically useful in HNSCC.

In summary, our results demonstrate for the
first time that TLR4 signaling is involved in pri-
mary and acquired resistance to cetuximab in
HNSCC, and the combination of EGFR and TLR4
is more effective than EGFR alone. The underly-
ing mechanism may be attributed to the cross
talk between TLR4 and EGFR signaling through
a MyD88-Cbl-b-Src pathway. Our results may
provide some insights into further clinical inves-
tigation of concomitant EGFR/TLR4 inhibition
as a novel strategy for the treatment of cetux-
imab-resistant HNSCC, especially when tumors
are progressed after cetuximab therapy.
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Table S1. The primer sequences for PCR

gene Forward Primer (5'—3’) Reverse Primer (5'—3’)
EGFR GTGTGCCACCTGTGCCATCC GCCACCACCAGCAGCAAGAG
TLR4 TGGTGTGTCGGTCCTCAGTGTG AGCCAGCAAGAAGCATCAGGTG
MyD88 CGCCGCCTGTCTCTGTTCTTG GGTCCGCTTGTGTCTCCAGTTG
TRIF AGGACGCCATAGACCACTCAGC CCAGGGGCAGGAAGGGGATG

Table S2. The sequences for the overexpreessed cbl-b and src plasmid

gene sequence

cbl-b

src

atgggcet atttgtgtgt taatttcatt tggttcttgg gaataacgac tcaccgegtt gatttaaaga aagaactaaa attccagatg gecaaactcaa tgaatggeag aaaccetggt ggte-
gaggag gaaatccecg aaaaggtcga attttgggta ttattgatge tattcaggat geagttggac cecctaagea agetgecgea gatcgeagga cegtggagaa gacttggaag
ctcatggaca aagtggtaag actgtgecaa aatcccaaac ttcagttgaa aaatagecca ceatatatac ttgatatttt gectgataca tatcageatt tacgacttat attgag-

taaa tatgatgaca accagaaact tgcccaactc agtgagaatg agtactttaa aatctacatt gatagectta tgaaaaagtc aaaacgggea ataagactct ttaaagaagg
caaggagaga atgtatgaag aacagtcaca ggacagacga aatctcacaa aactgtcect tatcttcagt cacatgetgg cagaaatcaa ageaatcttt cccaatggte aatte-
caggg agataacttt cgtatcacaa aagcagatge tgctgaattc tggagaaagt tttttggaga caaaactatc gtaccatgga aagtattcag acagtgectt catgaggtec acca-
gattag ctctggectg gaagcaatgg ctctaaaatc aacaattgat ttaacttgca atgattacat ttcagttttt gaatttgata tttttaccag getgtttcag ccttgggget ctattttgeg
gaattggaat ttcttagetg tgacacatce aggttacatg geatttctca catatgatga agttaaagca cgactacaga aatatagcac caaacccgga agctatattt teeggttaag
ttgcactcga ttgggacagt gggecattgg ctatgtgact ggggatggga atatcttaca gaccatacct cataacaagc ccttatttca agecctgatt gatggeagea gggaaggatt
ttatctttat cctgatggga ggagttataa tectgattta actggattat gtgaacctac acctcatgac catataaaag ttacacagga acaatatgaa ttatattgtg aaatgggcete
cacttttcag ctctgtaaga tttgtgcaga gaatgacaaa gatgtcaaga ttgagecttg tgggeatttg atgtgeacct cttgecttac ggeatggeag gagteggatg gtcagggetg
cectttetgt cgttgtgaaa taaaaggaac tgageccata atcgtggacc cetttgatce aagagatgaa ggetccaggt gttgeageat cattgacccc tttggeatge cgatgetaga
cttggacgac gatgatgatc gtgaggagtc cttgatgatg aatcggttgg caaacgtecg aaagtgcact gacaggeaga actcaccagt cacatcacca ggatectcte cccttgecca
gagaagaaag ccacagcctg acccactcca gatcccacat ctaagectge caccegtgec tectegectg

a tgggtagcaa caagagcaag cccaaggatg ccagecageg gegecgeage ctggagecceg cegagaacgt geacggegct ggeggggecg cttteceege ctegeagace
cccagcaage cagectegge cgacggecac cgeggeccca gegeggcctt cgeeceegeg gecgecgage cecaagetgtt cggaggctte aactcectegg acaccgteac cteece-
geag agggegggcc cgotggecgg tggagtgacc acctttgtgg cectctatga ctatgagtct aggacggaga cagacctgte cttcaagaaa ggegageggc tecagattgt caa-
caacaca gagggagact ggtggetggc ceactegcte ageacaggac agacaggeta catceccage aactacgtgg cgecctecga ctecateeag getgaggagt getattttgg
caagatcacc agacgggagt cagageggtt actgetcaat gecagagaace cgagagggac cttectegtg cgagaaagtg agaccacgaa aggtgectac tgoctctcag tgtet-
gactt cgacaacgcc aagggectca acgtgaagea ctacaagatce cgcaagetgg acageggegg cttctacate acctcecgea cecagttcaa cagectgeag cagetggtgg
cctactactc caaacacgce gatggectgt gecaccgect caccaccgtg tgececacgt ccaagecgea gactcaggge ctggecaagg atgectggga gatecctegg gagte-
getge ggctggaggt caagetggge cagggctgct ttggegaggst gtggatgege acctggaacg gtaccaccag ggtggecate aaaaccetga agectggeac gatgteteca
gaggocttee tgcaggagge ccaggtcatg aagaagctga ggcatgagaa getggtgeag ttgtatgotg tggtttcaga ggageccatt tacatcgtca cggagtacat gageaagggg
agtttgetgg actttctcaa gggggagaca ggcaagtace tgeggetgec tecagetggtg gacatggetg ctecagatege ctecaggeatg gegtacgtgg ageggatgaa ctacgte-
cac cgggaccttc gtgcagecaa catcctggtg ggagagaacc tggtgtgcaa agtggecgac titgggetgg cteggeteat tgaagacaat gagtacacgg cgeggcaageg
tgccaaattc cccatcaagt ggacggetee agaagetgee ctetatggec gettcaccat caagteggac gigtggtect tegggatect getgactgag ctcaccacaa agggacgggt
gocctacect gggatggtga accgegagst gotggaccag gtggageggg getaccggat gocctgeceg ceggagtgte cogagtecct geacgaccte atgtgecagt getggeg-
gaa ggagectgag gageggecca cettegagta cetgeaggcc ttectggagg actacttcac gtecaccgag ceccagtace agecegggga gaacctcetag




