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Mucus hypersecretion and eosinophil infiltration are important characteristics of eosinophilic inflammation in
upper airways, such as allergic rhinitis and chronic rhinosinusitis with nasal polyp. EGFR transactivation induces
mucus and inflammatory cytokine secretion from airway epithelial cells. However, the roles of EGFR in eosino-
philic inflammation in upper airways are still unknown. The purpose of the study is to elucidate the effects of
the EGFR inhibitor AG1478 on eosinophilic airway inflammation. AG1478 significantly inhibited thrombin-in-
duced GM-CSF secretion from nasal epithelial cells and thrombin-induced secretion of eotaxin-1 and RANTES
from nasal fibroblasts. Intranasal instillation of AG1478 inhibited OVA-induced goblet cell metaplasia, mucus pro-
duction and eosinophil/neutrophil infiltration in rat nasal epithelium, as did intraperitoneal injection of AG1478.
These results indicate that EGFR transactivation plays an important role in eosinophilic airway inflammation. In-
tranasal instillation of an EGFR inhibitor may be a new therapeutic approach for the treatment of intractable eo-
sinophilic inflammation in upper airways.

Mucus

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Mucus hypersecretion and eosinophil infiltration are important
characteristics of eosinophilic airway inflammation such as allergic rhi-
nitis (AR), chronic rhinosinusitis with nasal polyp (CRSWNP) and bron-
chial asthma [1-3]. A variety of inflammatory mediators and
inflammatory cells are involved in the process of eosinophilic airway in-
flammation, and granulocyte macrophage-colony stimulating factor
(GM-CSF), eotaxin-1, regulated upon activation, normal T cell expressed
and secreted (RANTES), and vascular endothelial growth factor (VEGF)
are important cytokines that stimulate the infiltration, activation and
survival of eosinophils [4,5].

Activation of the coagulation system occurs in patients with eosino-
philic airway inflammation [6]. We previously demonstrated the pres-
ence of thrombin in nasal secretions from patients with allergic
rhinitis or CRSWNP [7,8]. Thrombin is an effector enzyme of the coagu-
lation system with important biological functions not only in thrombo-
sis and hemostasis but also in inflammation [9]. We previously reported
that nasal epithelial cells and fibroblasts express all four protease-acti-
vated receptors (PARs: PAR-1, PAR-2, PAR-3, PAR-4), and that thrombin

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyp; EGFR, epidermal
growth factor receptor; GM-CSF, granulocyte macrophage-colony stimulating factor;
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stimulates secretion of the MUC5AC mucin, platelet-derived growth fac-
tor (PDGF) and vascular endothelial growth factor (VEGF) from cultured
airway epithelial cells via PAR-1 [7,8,10]. We also reported that throm-
bin and FXa (activated coagulation factor X) stimulate the secretion of
eotaxin-1, IL-8, TGF-B and fibronectin from cultured human nasal fibro-
blasts via PAR-1 or PAR-2 [11]. These results indicate that activation of
the coagulation system is implicated in eosinophilic inflammation
through the stimulation of mucus hypersecretion and cytokine produc-
tion by thrombin and FXa.

Eosinophil-epithelial cell interactions play a crucial role in the initia-
tion and development of eosinophilic inflammation. We demonstrated
that co-culture of human airway epithelial (NCI-H292) cells and eosin-
ophilic EoL-1 cells or peripheral eosinophils stimulates secretion of the
MUC5AC mucin, IL-8, PDGF and VEGF from the epithelial cells [12]. Epi-
dermal growth factor receptor (EGFR) signaling is important for mucin
production in response to stimulation of airway epithelial cells by aller-
gens, viruses, neutrophil elastase, and cigarette smoke [13]. We found
that an EGFR tyrosine kinase inhibitor suppressed secretion not only
of the MUC5AC mucin, but also of IL-8, PDGF and VEGF that was induced
by eosinophil-epithelial cell interactions, and that metalloproteinase-
mediated EGFR transactivation of epithelial cells is involved in this pro-
cess [12].

The EGFR is expressed in the epithelial cells of upper and lower air-
ways, and it is up-regulated in allergic rhinitis, CRSWNP and bronchial
asthma [14-16]. Thrombin-induced secretion of the MUC5AC mucin
from cultured airway epithelial cells was significantly inhibited by the
EGFR inhibitor AG1478. In our previous study, we evaluated the effects
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of AG1478 using an in vivo rat model with LPS-induced nasal inflamma-
tion, and found that intranasal instillation of AG1478 significantly
inhibited LPS-induced goblet cell metaplasia, mucus production and
neutrophil infiltration in rat nasal mucosa, as did intraperitoneal injec-
tion of AG1478 [17].

In the present study, to elucidate the effects of the EGFR tyrosine ki-
nase inhibitor AG1478 on mucus hypersecretion and eosinophil infiltra-
tion in eosinophilic airway inflammation, we examined (1) the in vitro
effects of AG1478 on thrombin-induced secretion of GM-CSF, eotaxin-1
and RANTES from cultured human nasal epithelial cells or fibroblasts,
and (2) the in vivo effects of AG1478 on ovalbumin (OVA)-induced gob-
let cell metaplasia, mucus hypersecretion and eosinophil infiltration in
the nasal mucosa of OVA-sensitized rats. The inhibitory effects of intra-
peritoneal injection and intranasal instillation of AG1478 were exam-
ined and compared.

2. Materials and methods
2.1. Cell culture and determination of GM-CSF, eotaxin-1 and RANTES

Nasal polyps were obtained during endoscopic surgery from three
patients with CRSWNP. Informed consent was obtained from all subjects
before sampling. The clinical protocol was approved by the Shiga Uni-
versity of Medical Science Institutional Review Board for Clinical Inves-
tigation. Nasal epithelial cells were scratched from nasal polyps using
dedicated curettes (Panasonic, Ehime, Japan). Nasal epithelial cells
were suspended in supplemented basal epithelial growth medium
(BEGM; Lonza Corp., Walkersville, MD, USA) and cultured in a type I col-
lagen—coated 25-cm? flask (Iwaki, Tokyo, Japan) in a humidified incuba-
tor at 37 °C with 5% CO,. Once confluent, nasal epithelial cells were
subcultured and seeded in type I collagen-coated 24-well tissue culture
plates (Iwaki).

Submucosal tissues of nasal polyps were cut into small pieces, and
nasal polyp fibroblasts were expanded in 75-cm? flasks in Dulbecco's
modified Eagle's medium (DMEM, WAKO, Tokyo, Japan) supplemented
with 10% FBS, 100 pg/ml penicillin, and 100 pg/ml streptomycin, in a hu-
midified incubator at 37 °C with 5% CO,. Once confluent, fibroblasts
were subcultured and seeded onto 24-well tissue culture plates.

After incubation of the confluent cells (epithelial cells or fibroblasts)
for 18 h in basal medium without supplements, thrombin (Nacalai
Tesque, Tokyo, Japan) and/or AG1478 were added and the cells were in-
cubated for an additional 24 h. Supernatants were collected and stored
at —20 °C until use. The concentrations of GM-CSF, eotaxin-1, and
RANTES in cell supernatants were determined using DuoSet immunoas-
say kits (R&D Systems, Minneapolis, MN, USA), following the
manufacturer's protocol.

2.2. Mucus hypersecretion and eosinophil infiltration in rat nasal
epithelium

The experimental protocol was approved by the Committee for An-
imal Care and Ethics of Shiga University of Medical Science and it was
carried out following the guidelines of the National Institute of Health.
Sensitization and challenge of rats were performed as previously de-
scribed [18]. Specific pathogen-free male Fisher-344 rats at 6 weeks of
age were used in this study. Rats were sensitized with an intraperitoneal
injection of 1 ml of saline solution containing 200 g of OVA (grade V;
Sigma-Aldrich Corp., St Louis, MO, USA) and 5 mg of aluminum hydrox-
ide (Al(OH)3) on days 1, 2, 3, and 11. On days 19, 20 and 21, rats were
anesthetized with isoflurane and intranasally challenged with OVA by
instillation of 0.1 ml of saline solution containing 10 mg of OVA into
both airways of the nasal cavity once per day. On day 22, rats were anes-
thetized with isoflurane and sacrificed. Sham-challenged rats received
0.1 ml saline solution in the same manner. AG1478 (1 or 10 mg/kg) dis-
solved in 0.3 ml dimethyl sulfoxide (DMSO) was intraperitoneally
injected at 1 h before the intranasal challenge with OVA, or AG1478 (1

or 10 mg/kg) dissolved in 0.05 ml DMSO was intranasally instilled at
1 h after the intranasal challenge with OVA for 3 consecutive days
(Figs. 3A and 4A).

The rats were painlessly killed with an intraperitoneal overdose of
sodium pentobarbital at 24 h after the last intranasal OVA instillation.
The head of each rat was removed, fixed in 10% neutral buffered forma-
lin for 72 h, and then decalcified in 5% trichloroacetic acid for 7 days. The
nasal cavity was transversely sectioned at the level of the incisive papilla,
and the tissue block was embedded in paraffin. Tissue sections 4 um-thick
were stained with Alcian blue-periodic acid-Schiff (AB-PAS) and hema-
toxylin. The percentage area of AB-PAS-stained mucosubstance in the ep-
ithelial surface was determined by an image analyzer in which a region of
nasal epithelium over 2 mm in width (1 mm each side of the nasal sep-
tum) at the center of the septal cartilage. The infiltrating eosinophils
and neutrophils in nasal mucosa were examined by hematoxylin-eosin
staining. The numbers of eosinophils and neutrophils in nasal septal mu-
cosa were counted over both sides of the nasal septal cartilage under a
microscope using an oil immersion objective lens (magnification: x
1000). All measurements were done by one blinded observer.

2.3. Statistical analysis

All data are expressed as means and standard deviation (SD). The
significance of differences between variables was assessed by analysis
of variance with post hoc analysis using the Tukey-Kramer test or the
Steel-Dwass test. Statistical analyses were carried out using the
StatView 5.0 software package (Abacus Concepts, Berkeley, CA, USA).
P values < 0.05 were considered to indicate a significant difference.

3. Results

3.1. Invitro effects of AG1478 on the secretion of GM-CSF from nasal epithe-
lial cells

Cultured nasal epithelial cells were incubated with thrombin (0.01,
0.1, or 1 U/ml), EXa (0.01, 0.1, or 1 U/ml) or PAR agonist peptides for
24 h, following which the level of GM-CSF secreted into the cell super-
natant was examined. Thrombin and FXa dose-dependently stimulated
GM-CSF secretion from cultured nasal epithelial cells (Fig. 1A and B).
PAR-1 and PAR-2 agonist peptides also significantly stimulated GM-
CSF secretion whereas PAR-3 and PAR-4 agonist peptides showed no ef-
fect (Fig. 1C). AG1478 (0.1 or 1 uM) dose-dependently inhibited GM-
CSF secretion from both of unstimulated and thrombin (1 U/ml)-stimu-
lated nasal epithelial cells (Fig. 2A).

3.2. In vitro effects of AG1478 on the secretion of eotaxin-1 and RANTES
from nasal fibroblasts

Thrombin (1 U/ml) also significantly stimulated the secretion of
eotaxin-1 and RANTES from cultured nasal fibroblasts. AG1478 (10
uM) significantly inhibited eotaxin-1 secretion from unstimulated
nasal fibroblasts (Fig. 2B). And AG1478 (1 or 10 uM) dose-dependently
inhibited eotaxin-1 and RANTES secretion from thrombin (1 U/ml)-
stimulated nasal fibroblasts (Fig. 2B and C).

3.3. In vivo effects of AG1478 on mucus production and eosinophil
infiltration

We first examined the effects of intraperitoneal injection of AG1478
on OVA-induced changes when AG1478 was injected one hour prior to
intranasal OVA challenge in OVA-sensitized rats (Fig. 3A). Intranasal in-
stillation of OVA for 3 consecutive days into OVA-sensitized rats at 1 h
after injection of control DMSO significantly induced hypertrophic and
metaplastic changes of goblet cells in the nasal septal epithelium. A
few goblet cells were observed in the control groups of intranasal instil-
lations of saline instead of OVA at 1 h after intraperitoneal injection of
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Fig. 1. Effects of thrombin (A), FXa (B) and the PAR agonist peptides PAR-1, PAR-2, PAR-3, and PAR-4 (C) on the secretion of GM-CSF from cultured nasal epithelial cells (n = 6). The effects
of PAR agonist peptides are shown as percent secretion of GM-CSF relative to control. Thrombin, FXa, and PAR-1 and PAR-2 agonists significantly stimulated the secretion of GM-CSF; *P <

0.05, analysis of variance with post hoc analysis using the Tukey-Kramer test.

either DMSO or AG1478. Intraperitoneal injection of AG1478 (1 or
10 mg/kg) 1 h before OVA challenge dose-dependently inhibited OVA-
induced goblet cell metaplasia and mucus production in rat nasal epi-
thelium (Fig. 3A, B and C). Such intraperitoneal injection of AG1478,
but not of DMSO, also significantly and dose-dependently suppressed
OVA-induced infiltration of eosinophils and neutrophils into rat nasal
epithelium (Fig. 3D and E).

We next examined the effects of intranasal instillation of AG1478 on
OVA-induced changes when AG1478 was administered one hour post
intranasal OVA challenge in OVA-sensitized rats (Fig. 4A). A few goblet
cells were observed in the control groups of intranasal instillation of sa-
line 1 h before intranasal instillation of DMSO or AG1478. Intranasal

instillation of AG1478 (1 or 10 mg/kg) one hour after intranasal instilla-
tion of OVA dose-dependently inhibited OVA-induced goblet cell meta-
plasia and mucus production in rat nasal epithelium whereas DMSO
instillation had no effect (Fig. 4B and C). Such intranasal instillation
with AG1478, but not with DMSO, also significantly and dose-depen-
dently suppressed OVA-induced infiltration of eosinophils and neutro-
phils into rat nasal epithelium (Fig. 4D and E).

4. Discussion

Allergic airway inflammation is associated with increased vascular
permeability and leakage of plasma coagulation factors, leading to
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Fig. 2. Effects of the EGFR inhibitor, AG1478, on the thrombin-induced secretion of GM-CSF from nasal epithelial cells (A), and of eotaxin-1 (B) and RANTES (C) from nasal fibroblasts (n =
6). AG1478 (0.1 or 1 pM) dose-dependently inhibited thrombin (1 U/ml)-induced secretion of GM-CSF from nasal epithelial cells and of eotaxin-1 and RANTES from nasal fibroblasts. *P <

0.05, analysis of variance with post hoc analysis using the Tukey-Kramer test.
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activation of the coagulation system in the extravascular space [19,20].
Tissue factor (TF) is an important initial upstream protein in the extrin-
sic coagulation cascade and the most potent stimulator of this cascade.
Leakage of coagulation factors into the tissues induces factor Vlla to
bind to TF on the cell surface, and the resulting complex binds to factor
X, converting it to the activated form FXa, ultimately leading to throm-
bin formation and fibrin deposition [21]. The coagulation system is acti-
vated in allergic inflammation of upper airways. We previously found
significant concentrations of thrombin in nasal secretions from patients
with AR or CRSWNP, and that thrombin was significantly increased after
provocation with a disc of the house dust mite in AR patients [7,8]. We
also previously found that infiltrating eosinophils expressed TF, and that
TNF-a or thrombin enhanced the TF activity of epithelial cells [7,22].
Coagulation factors such as thrombin and FXa play important roles
not only in thrombosis and homeostasis, but also in inflammation
through interactions with PARs that are expressed on epithelial cells
and fibroblasts [23]. PAR-1 is a major receptor for thrombin, and PAR-
2 for FXa. Thrombin stimulates the secretion of the MUC5AC mucin
and profibrotic cytokines such as PDGF and VEGF from nasal epithelial
cells via PAR-1 [7,8,10]. Thrombin also stimulates the chemotaxis of

human eosinophils via PAR-1 [24]. GM-CSF, eotaxin-1 and RANTES are
important cytokines for the infiltration, activation and survival of eosin-
ophils [4]. Cultured nasal epithelial cells were shown to produce signif-
icant amount of GM-CSF in patients with AR or CRSWNP [25]. Higher
concentrations of GM-SCF in nasal lavage fluids have been reported in
patients with chronic rhinitis or aspirin-exacerbated respiratory disease
[26,27]. In the present study, thrombin and FXa stimulated the secretion
of GM-SCF from cultured nasal epithelial cells via PAR-1 or PAR-2. Nasal
fibroblasts are major sources of eotaxin-1 and RANTES in allergic in-
flammation [28,29]. We previously found that cultured nasal fibroblast
produced eotaxin-1, and that thrombin and FXa stimulated eotaxin-1
production via PAR-1 or PAR-2 [11]. These results indicate that airway
inflammation activates the coagulation system, and that PARs-mediated
responses provide a direct link between coagulation and allergic
inflammation.

In the present study, the EGFR tyrosine kinase inhibitor AG1478 sig-
nificantly inhibited thrombin-induced secretion of GM-CSF from cul-
tured nasal epithelial cells and thrombin-induced secretion of eotaxin-
1 and RANTES from cultured nasal fibroblasts. These results indicate
that EGFR transactivation in both epithelial cells and fibroblasts is
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crucial for thrombin-induced secretion of GM-CSF, eotaxin-1 and
RANTES. The EGFR ligand family participates in various cellular func-
tions, such as proliferation, migration, angiogenesis, differentiation,
and survival [14,30], and EGFR expression is upregulated in the nasal
mucosa of allergic rhinitis or CRSWNP [15,16,31]. We previously report-
ed that thrombin enhanced the mRNA expression of the EGFR in cul-
tured nasal epithelial cells [7]. EGFR signaling is transactivated by
various extracellular stimuli such as lipid mediators, toll-like receptor li-
gands, reactive oxygen species, and PAR ligands [32]. We previously dem-
onstrated that eosinophil-epithelial cell interactions assayed by the co-
culture of epithelial cells with eosinophils stimulated secretion of the
MUC5AC mucin, PDGF, VEGF, and IL-8 from epithelial cells, and that the
EGFR inhibitor AG1478 suppressed these secretions of the MUC5AC
mucin and cytokines [12]. A principle mechanism of EGFR transactivation
in epithelial cells involves activation of matrix metalloproteinases of the
ADAM (a disintegrin and metalloproteinase) family. Ligand-shedding de-
pendent transactivation of the EGFR is mediated by ligands such as
amphiregulin and TGF-ot, which are cleaved from their membrane-an-
chored forms by activated metalloproteinase. Although important roles
of EGFR signaling have been reported in bronchial and alveolar fibroblasts
[33,34], this is the first report to show inhibitory effects of the EGFR inhib-
itor AG1478 on cytokine secretion from nasal fibroblasts.

Mucus hypersecretion and eosinophil infiltration are common char-
acteristics of allergic airway inflammation [3]. In the present study, hy-
perplastic and metaplastic changes of goblet cells and eosinophil
infiltration were induced by intranasal instillation of OVA into the
nasal epithelium of OVA-sensitized rats. Intraperitoneal injection of
the EGFR inhibitor AG1478 1 h before the intranasal instillation of
OVA significantly inhibited antigen-induced goblet cell metaplasia,
mucus production and the infiltration of eosinophils and neutrophils.
In previous studies, intratracheal instillation of AG1478 suppressed gob-
let cell metaplasia in OVA-induced allergic inflammation of rat lung
[35], and oral administration of the EGFR inhibitor gefitinib attenuated
eosinophil infiltration and airway hyperresponsiveness in OVA-induced
allergic inflammation of mouse lung [36]. These results indicate that
EGFR inhibitors may have a new therapeutic potential for the treatment
of intractable eosinophilic inflammation such as nasal polyposis and
bronchial asthma.

In the present study, intranasal instillation of AG1478 1 h after intra-
nasal administration of OVA also significantly inhibited antigen-induced
goblet cell metaplasia, mucus production and infiltration of eosinophils
and neutrophils in rat nasal epithelium. The inhibitory effects of AG1478
were equivalent whether it was administered by intranasal instillation
or intraperitoneal injection. The EGFR tyrosine kinase inhibitors,
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gefitinib, erlotinib and afatinib are clinically-used anticancer drugs that
have systemic adverse effects such as dermatitis, mucositis, diarrhea,
gastrointestinal bleeding and intestinal pneumonia [37]. Intranasal
local instillation of an EGFR inhibitor will be a useful way for drug ad-
ministration because it may avoid such systemic adverse effects.
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