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Staphylococcus aureus lipoteichoic acid induces the secretion of MUCSAC by
activating NADPH oxidase/ROS/TACE/TGF-o/EGFR pathway in human
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Abstract

Aims: The present study is to investigate the effect of Lipoteichoic Acid (LTA) on the secretion of
MUCSAC by nasal mucosa cells, as well as the underlying mechanism.

Methods: Human nasal epithelial cell line HNEpC was incubated with 10, 20 or 30 pg/ml LTA for 0-24 h.
Enzyme-linked immunosorbent assay was used to determine the concentrations of secreted MUCSAC
and Transforming Growth Factor (TGF)-o. Quantitative real-time polymerase chain reaction was
performed to determine the expression of MUCSAC mRNA. Fluorescence resonance energy transfer
analysis was carried out to detect the production of Reactive Oxygen Species (ROS) and the enzymatic
activity of tumor necrosis factor-a converting enzyme (TACE). Western blotting was used to identify the
cell membrane localization of p47phox and p67phox subunits of Duox1 and the phosphorylation of
Epidermal Growth Factor Receptor (EGFR). The effect of Duox1/ROS/TACE/TGF-o/EGFR signaling
pathway on MUCSAC secretion was examined by treating the cells with siRNA of Duox1, ROS inhibitor
N-acetyl-cysteine, siRNA of TACE, TGF-a neutralizing antibody, or EGFR inhibitor AG-1478.

Results: LTA increased the expression and secretion of MUCSAC in dose- and time- dependent manners,
possibly via Duox1 and ROS. In addition, LTA promoted the enzymatic activity of TACE via ROS.
Moreover, LTA induced the secretion of MUC5AC by promoting the secretion of TGF-o via TACE and
by the activation of EGFR that was dependent on binding with TGF-a.

Conclusion: The present study demonstrates that LTA induces the expression and secretion of MUCS5AC

via Duox1/ROS/TACE/TGF-o/EGFR signaling pathway in HNEpC cells.

Keywords: Staphylococcus aureus, Lipoteichoic acid, Epidermal growth factor receptor, Tumor necrosis factor-a

converting enzyme, Transforming growth factor-o, MUCS5AC.

Introduction

Chronic Rhinosinusitis (CRS) is a kind of nasal mucosa cilia
dysfunction caused by multiple factors, and genetic factors,
infection factors, immune function disorder and environmental
factors are important causes of CRS [1]. One of the prominent
pathophysiological features of CRS is the increase of nasal
mucus secretion and the decrease of cilia clearance, which lead
to mucus deposition and bacterial colonization [2]. As a result,
damages of the mucus cilia clearance system are aggravated,
and a vicious circle is formed. Mucin is an important
component of nasal and sinus mucus, and is mainly secreted by
nasal epithelial goblet cells. At present, there are more than 20
known mucin genes, which can be classified into secretory and
membrane-associated mucins. Among these mucins, MUC5AC
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is the most important mucin in airway secretions. Under
physiological conditions, MUCS5AC is mainly secreted by
goblet cells, playing important roles in maintaining airway
humidification and epithelial cell functions. Therefore,
MUCSAC is a non-specific barrier for respiratory system to
resist external stimulations. However, mucin secretion is
enhanced under certain pathological conditions, such as
pathogen infection or smoking. Bacterial infection is a
common cause of airway mucus hypersecretion, and it can
induce the accumulation of inflammatory cells in the airway.
Inflammatory cells cause goblet cell hyperplasia and
hypertrophy in airway epithelia, leading to mucus
hypersecretion [3]. Studies show that expression of MUC5AC
is increased in ethmoid sinus mucosa in CRS [4]. Excessive
secretion of mucus can block the lumen of the respiratory tract,
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leading to severe airflow limitation, and reduces mucociliary
clearance and local defense function, leading to recurrent
respiratory tract infection [5]. An important factor in the
pathogenesis of CRS is infection by bacteria, such as aerobic
Staphylococcus aureus (S. aureus) and Staphylococcus
epidermidis, as well as anaerobic Gram-negative bacilli and
Propionibacterium. Among these bacteria, S. aureus is the
commonest.

It is reported that the pathogenesis of CRS is related with some
pathogen-associated molecular patterns of S. aureus, such as S.
aureus enterotoxin B [6] and Lipoteichoic Acid (LTA) [7]. LTA
not only maintains the integrity of bacterial cell wall [8,9], but
also plays an important role in the adhesion of bacteria to host
cells [10], inducing the production of Reactive Oxygen Species
(ROS), nitric oxide, acid hydrolase and alexin by neutrophils
and macrophages [11]. Studies show that LTA plays important
roles in innate immune response [12,13]. LTA can be
recognized by toll-like receptor 2 and bind with CD14
molecule, leading to the secretion of pro-inflammatory
mediators by activated mononuclear cells, as well as septic
shock and multiple organ failures [14,15]. However, it is still
unclear whether LTA participates in the secretion of MUC5AC
by nasal mucosa.

After bacterial infection, the secretion of MUCSAC is
regulated by multiple signaling pathways, including Epithelial
Growth Factor Receptor (EGFR), ROS [16], Mitogen-
Activated Protein Kinases (MAPKSs), and adamalysin family.
In mammalian cells, NADPH oxidase (NOX) is one of the key
enzymes generated by ROS in the body. It mainly includes 7
subtypes such as Nox1, Nox2, Nox3, Nox4, Nox5, Duox1 and
Duox2 [17]. Duox1 is expressed mainly in epithelial cells of
thyroid gland, bronchus and respiratory tract [18]. It is
discovered that treatment with Phorbol-12-Myristate-13-
Acetate (PMA) activates Duox1 in airway epithelia, which
promotes the secretion of ROS and activates a series of
downstream signaling pathways, including TNF-a-Converting
Enzyme (TACE) [19,20], EGFR [21] and Protein Kinase C
(PKC), finally leading to increased MUCSAC secretion [22].
However, it is not clear whether these pathways are involved in
the secretion of MUCSAC mediated by LTA treatment. In the
present study, we investigate the effect of LTA on the secretion
of MUCS5AC by nasal mucosa cells, as well as the underlying
mechanism.

Materials and Methods

Cells

Human nasal epithelial cell line HNEpC was purchased from
American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 100 IU/ml penicillin and 100 pg/ml
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA)
at 37°C and under 5% CO,. When reaching 80-90%
confluency, the cells were treated with 10, 20 or 30 pg/ml LTA
for different time periods for further studies.
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Before transfection, 5 x 10* HNEpC cells were seeded onto 6-
well plates containing 1.5 ml serum-free medium and cultured
for 24 h. When reaching 70-90% confluency, 10 pl siRNA

(TACE siRNA sequences: forward, 5’-
GGUUUUAAAGGCUAUGGAATtt-3>  and reverse, 5’-
UUCCAUAGCCUUUAAAACCtg-3’; Duox1 siRNA

sequences: forward, 5’-GGACUUAUCCUGGCUAGAGtt-3’
and reverse, 5’-CUCUAGCCAG GAUAAGUCCtg-3’;
RiboBio Co., Ltd., Guangzhou, China) and 5 pl Lipofectamine
2000 (Thermo Fisher Scientific, Waltham, MA, USA) were
mixed with 250 pl serum-free medium, respectively, in
individual Eppendorf tubes. After standing still for 5 min, the
mixtures in the two Eppendorf tubes were mixed and kept at
room temperature for 20 min, followed by addition into each
culture well. The final concentration of TACE siRNA was 100
nmol/L. Four hours later, the medium was replaced by fresh
RPMI-1640 medium supplemented with 10% fetal bovine
serum, and the cells were cultured under normal condition for
48 h before use.

MTT assay

HNEpC cells were seeded into 96-well plates at a density of 5
x 103/well and cultured at 37°C for 4 h. Then, the cells were
treated with 10, 20 or 30 pg/ml LTA for 36 h. After treatment,
MTT solution with a final concentration of 5 mg/mL was
added, and the cells were incubated at 37°C for 2 h. After
incubation, 100 pL. DMSO was added, followed by thorough
mixing. Absorbance was read at 570 nm using a reader (n
Quant, BioTek, Winooski, VT, USA). Relative cell
viability=absorbance of treatment group/absorbance of control
group % 100%.

Quantitative real-time polymerase reaction (qRT-
PCR)

HNEpC cells (2 x 10) were ground into powder in liquid
nitrogen and mixed with 1 ml Trizol (Thermo Fisher Scientific,
Waltham, MA, USA) for lysis. Then, total RNA was extracted
using phenol chloroform method. The purity of RNA was
determined by A260/A280 using ultraviolet spectrophotometry
(Nanodrop ND2000, Thermo Scientific, Waltham, MA, USA).
Then, cDNA was obtained by reverse transcription using
Reverse Transcription System (Takara, Dalian, China) from 2
pg RNA and stored at -20°C.

SYBR Green qRT-PCR kit (Takara, Dalian, China) was used to
detect MUCS5AC mRNA expression, using GAPDH as an
internal reference. The reaction system (20 pl) was composed
of 10 wl SYBR EX Tag-Mix, 0.5 pl forward primer
(MUCSAC, 5’-CCTTCGACGGACAGAGCTAC-3’; GAPDH,
5’-CAATGACCCCTTCATTGACC-3’), 0.5 pl reverse primer
(MUCSAC, 5’-TCTCGGTGACAACACGAAAG-3’; GAPDH,
5’-GATCTCGCTCCTGGAAGATG-3’), 1 pul cDNA and 8 pl
ddH,0. PCR condition was: initial denaturation at 94°C for 3
min; 40 cycles of denaturation at 94°C for 30 s, annealing at
50°C for 30 s and elongation at 72°C for 30 s (ABI 7500;
Thermo Fisher Scientific, Waltham, MA, USA). The 2-4ACt
method was used to calculate the relative expression of
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MUCS5AC mRNA against GAPDH. Each sample was tested in
triplicate.

Enzyme-linked immunosorbent assay (ELISA)

HNEpC cells were seeded onto 6-well plates. When reaching
80-90% confluency, the cells were incubated with different
concentrations of LTA. The supernatant was then collected for
ELISA assay (R&D System, Minneapolis, MN, USA)
according to the manufacturer’s manuals, and absorbance at
450 nm was measured. According to plotted standard curves,
the contents of TNF-a and MUCS5AC were calculated.

Western blotting

HNEpC cells treated with LTA were collected and resuspended
in relaxation buffer (100 mM KCI, 3 mM NaCl, 3.5 mM
MgCl,, 1 mM EGTA, 10 mM Hepes, 0.5 mM
phenylmethylsulfonyl fluoride) containing protease inhibitor.
After ultrasonication, the samples were centrifuged at 600 Xg
under 4°C for 10 min. The supernatant was then centrifuged at
100,000 Xg under 4°C for 30 min. The cell deposition was
resuspended using relaxation buffer and centrifuged again at
100,000 Xg under 4°C for 30 min. The sediment was the cell
membrane component. Extraction of total protein was
performed according to a literature [23]. Protein samples (20
pg) were then mixed with sodium dodecyl sulfate loading
buffer before denaturation in boiling water bath for 5 min.
Afterwards, the samples were subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The
resolved proteins were transferred to polyvinylidene difluoride
membranes on ice (100 V, 2 h) and blocked with 5% skimmed
milk at room temperature for 2 h. Then, the membranes were
incubated with mouse anti-human phosphorylated or non-
phosphorylated EGFR primary antibodies (1:1,000; Cell
Signaling Technology, Danvers, MA, USA), mouse anti-human
p47phox (1:1,000), rabbit anti-human p67phox (1:1,000), or
mouse anti-human B-actin primary antibodies (1:2,000; Santa
Cruz Biotechnology, Dallas, TX, USA). After extensive
washing with phosphate-buffered saline with Tween 20 for 3
times of 15 min, the membranes were incubated with rabbit
anti-mouse horseradish peroxidase-conjugated IgG antibody
(1:5,000; Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h
at room temperature before washing with phosphate-buffered
saline with Tween 20 for 3 times of 15 min. Then, the
membrane was developed with enhanced chemiluminescence
detection kit (Sigma-Aldrich, St. Louis, MO, USA) for
imaging. Image lab v3.0 software (Bio-Rad, Hercules, CA,
USA) was used to acquire and analyse imaging signals. The
relative contents of proteins were calculated against B-actin.

Molecular probe detection

Intracellular ROS level was determined using 2°, 7’-
dichlorodihydrofluorescein diacetate (H,DCFDA; Sigma-
Aldrich, St. Louis, MO, USA) as fluorescent probe. The cells
were incubated with H,DCFDA dye (final concentration, 5
pmol/L) at 37°C in dark for 30 min. After washing with sterile
phosphate-buffered saline for 3 times, the cells were
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resuspended. Fluorescence intensity was determined by a
reader (Synergy HT, BioTek, Winooski, VT, USA) using
excitation wavelength of 485 nm and emission wavelength of
530 nm. Relative fluorescence intensity was calculated.

Fluorescence resonance energy transfer analysis

TACE activity was determined by fluorescence resonance
energy transfer assay according to the manufacturer’s manual
(Anaspec, Fermont, CA, USA). Substrate QXL™520/5-FAM
(provided by the kit) was specifically degraded by TACE, and
QXL™520 failed to quench fluorescent molecule 5-FAM. By
measuring the fluorescence intensity of 5-FAM, the activity of
TACE is proportionally reflected. Fluorescence intensity was
determined by a reader (Synergy HT, BioTek, Winooski, VT,
USA) using excitation wavelength of 490 nm and emission
wavelength of 520 nm. Relative fluorescence intensity of
experimental groups was calculated against the values of the
control group.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0
software (GraphPad Software, Inc., San Diego, CA, USA). The
data were expressed as means * standard deviations and
analysed using single-factor analysis of variance. Differences
with P<0.05 were considered statistically significant.

Results

LTA increases the expression and secretion of
MUCS5AC in dose- and time-dependent manners

To determine the secretion and expression of MUCSAC,
ELISA and qRT-PCR were used. The data showed that
treatment with LTA (10, 20 or 30 pg/ml) for 24 h significantly
enhanced the level of MUCSAC secretion in a dose-dependent
manner (P<0.05) (Figure 1A). In addition, treatment with 30
pg/ml LTA enhanced the secretion of MUCSAC in a time-
dependent manner, reaching a peak at 16 h (Figure 1B). MTT
assay showed that treatment with 30 pg/ml LTA for 36 h did
not affect cell viability (Figure 1C). qRT-PCR showed that the
expression of MUC5SAC mRNA was significantly elevated by
treatment with LTA (10, 20 or 30 pg/ml) in a dose-dependent
manner (P<0.05) (Figure 1D). Moreover, treatment with 30
pg/mL LTA also promoted the expression of MUC5AC mRNA
in a time-dependent manner, reaching a peak at 18 h (Figure
1E). The results suggest that LTA increases the secretion and
expression of MUCSAC in dose- and time- dependent
manners.

LTA increases the production of MUCS5AC via Duoxl1
and ROS

To measure the level of ROS, H2DCFDA was used as
molecular probe. To detect the activation of Duoxl, Western
blotting was carried out. The data showed that LTA treatment
significantly increased intracellular ROS level in a dose-
dependent manner, but 1 mmol/L Apocynin (NOX inhibitor)

5022



reversed the effect of LTA (30 pg/ml) on ROS level (Figure
2A). In addition, treatment with LTA (30 pg/ml) enhanced the
expression of p67phox and p47phox on cell membrane, while 1
mmol/L.  Apocynin inhibited the enhanced expression of
p67phox and p47phox on cell membrane (Figure 2B). Of note,
silencing of Duoxl expression by its siRNA significantly
reduced ROS level in the cells (P<0.05) (Figure 2C) and
MUCSAC secretion by the cells (P<0.05) (Figure 2D).
Furthermore, inhibition of ROS by its inhibitor, N-Acetyl-
Cysteine (NAC), significantly decreased the secretion of
MUCS5AC (P<0.05) (Figure 2E). These results indicate that
LTA increases the production of MUCSAC via Duoxl and
ROS.
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Figure 1. Effect of LTA treatment on the secretion and expression of
MUCSAC. (A) Secretion of MUCS5AC by HNEpC cells after treatment
with 0, 10, 20 or 30 ug/ml LTA for 24 h. ELISA was performed to
measure the content of MUC5AC. N=3-5. *P<0.05 compared with 0
ug/ml LTA group. (B) Secretion of MUCSAC by HNEpC cells after
treatment with 30 ug/ml LTA for 0, 4, 8, 16, 24, 36 or 48 h. N=3-5.
*P<0.05 compared with 0 h group. (C) MTT assay of viability of cells
treated with 10, 20 or 30 ug/ml LTA for 36 h. N=3-5. (D) Relative
expression of MUC5AC mRNA by HNEpC cells after treatment with
0, 10, 20 or 30 ug/ml LTA for 16 h. Quantitative real-time polymerase
chain reaction was used to determine the level of MUC5AC mRNA.
N=3-5. "P<0.05 compared with 0 ug/ml LTA group. (E) Relative
expression of MUC5AC mRNA by HNEpC cells after treatment with
30 ug/ml LTA for 0, 4, 8, 12, 18 or 36 h. N=3-5. *P<0.05 compared
with 0 h group.

LTA promotes the enzymatic activity of TACE via
ROS

To test TACE activity, fluorescence resonance energy transfer
assay was employed. Treatment with LTA (10, 20 or 30 pg/ml)
for 30 min enhanced the enzymatic activity of TACE in a dose-
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dependent manner (P<0.05) (Figure 3A). In addition, treatment
with 30 pg/ml LTA enhanced the activity of TACE in a time-
dependent manner (Figure 3B). Of note, silencing of Duox1
expression by its siRNA significantly reduced TACE
enzymatic activity (P<0.05) (Figure 3C). Similarly, inhibition
of ROS by its inhibitor, NAC, also significantly decreased the
enzymatic activity of TACE (P<0.05) (Figure 3D). Moreover,
treatment with TACE siRNA or inhibitor (TAPI) significantly
decreased the secretion of MUCSAC induced by LTA (Figures
3E and 3F). These results suggest that LTA promotes the
enzymatic activity of TACE via ROS.
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Figure 2. Effect of DuoxI/ROS pathway on the secretion of
MUCSAC. (A) Relative ROS level in HNEpC cells after treatment
with 0, 10, 20 or 30 ug/ml LTA alone for 24 h, or treatment with 30
ng/ml LTA for 24 h following preincubation with 1 mmol/L Apocynin.
H2DCFDA dye was used to identify the content of ROS. N=3-5.
*P<0.05 compared with 0 ug/mL LTA group; *P<0.05 compared with
30 ug/ml LTA group. (B) Expression of p47phox and p65phox on the
membrane of HNEpC cells treated with 0 or 30 ug/ml LTA alone for
30 min, or 30 ug/ml LTA for 30 min following preincubation with 1
mmol/L Apocynin. Western blotting was employed, using Ga as
internal reference. (C) Expression of Duoxl in HNEpC cells afier
transfection with scrb or siRNA of Duoxl. The cells were treated with
0 or 30 ug/ml LTA for 18 h. N=3-5. "P<0.05 compared with 0 ug/ml
LTA group; *P<0.05 compared with 30 ug/ml LTA+scrb group. (D)
Secretion of MUC5AC by HNEpC cells afier transfection with scrb or
SIRNA of Duox1. The cells were treated with 0 or 30 ug/ml LTA for 18
h. ELISA was performed to measure the content of MUC5AC. N=3-5.
**P<0.01 compared with 0 ug/ml LTA group; *P<0.05 compared with
30 pug/mL LTA+scrb group. (E) Secretion of MUC5AC by HNEpC
cells after treatment with 5 or 10 ug/ml NAC. The cells were treated
with 0 or 30 ug/mL LTA for 18 h. N=3-5. **P<0.01 compared with 0
ug/ml LTA group; *P<0.05 compared with 30 ug/ml LTA group.

LTA induces the secretion of MUC5AC by promoting
the secretion of TGF-a via TACE

To measure the secretion of TGF-a by HNEpC cells, ELISA
was performed. The data showed that treatment with LTA (10,
20 or 30 pg/mL) for 12 h enhanced the secretion of TGF-a in a
dose-dependent manner (P<0.05) (Figure 4A). In addition,
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silencing of TACE by its siRNA significantly decreased the
secretion of TGF-a (P<0.05) (Figure 4B). Similarly, treatment
with TAPI also significantly reduced the secretion of TGF-a
(Figure 4C). Treatment with TGF-a neutralizing antibody
significantly decreased the secretion of MUCSAC (P<0.05)
(Figure 4D). These results indicate that LTA induces the
secretion of MUCS5AC by promoting the secretion of TGF-a
via TACE.
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Figure 3. Effect of LTA on the enzymatic activity of TACE. (4)
Relative TACE activity of HNEpC cells after treatment with 0, 10, 20
or 30 ug/mL LTA for 30 min. Fluorescence resonance energy transfer
assay was employed to detect TACE enzymatic activity in cell
supernatants. N=3-5. "P<0.05 compared with 0 ug/ml LTA group. (B)
Relative TACE activity of HNEpC cells after treatment with 30 ug/mL
LTA for 0, 15, 30, 60 or 120 min. N=3-5. *P<0.05 compared with 0
min group. (C) Relative TACE activity of HNEpC cells after
transfection with scrb or siRNA of Duox1. The cells were treated with
0 or 30 ug/ml LTA for 30 min. N=3-5. *P<0.05 compared with 0
ug/ml LTA group. *P<0.05 compared with 30 ug/ml LTA+scrb group.
(D) Relative TACE activity of HNEpC cells after treatment with 5 or
10 ug/ml NAC. The cells were treated with 0 or 30 ug/ml LTA for 30
min. N=3-5. "P<0.05 compared with 0 ug/mL LTA group. *P<0.05
compared with 30 pg/ml LTA group. (E) Secretion of MUCS5AC
induced by LTA after treatment with TACE siRNA. The cells were
treated with 0 or 30 ug/ml LTA for 30 min. N=3-5. **P<0.01
compared with 0 ug/ml LTA group. *P<0.05 compared with 30 ug/ml
LTA+scrb group. (F) Secretion of MUCSAC induced by LTA after
treatment with inhibitor (TAPI). The cells were treated with 0 or 30
ug/ml LTA for 30 min. N=3-5. **P<0.01 compared with 0 ug/ml LTA
group. *P<0.05 compared with 30 ug/ml LTA+scrb group.
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Figure 4. Effect of LTA on TGF-a and MUC5AC. (4) Secretion of
TGF-o. by HNEpC cells after treatment with 0, 10, 20 or 30 ug/ml
LTA for 12 h. ELISA was used to measure the enzymatic activity of
TACE. N=3-5. "P<0.05 compared with 0 ug/ml LTA group. (B)
Secretion of TGF-o by HNEpC cells after transfection with siRNA of
TACE. N=3-5. "P<0.05 compared with 0 ug/ml LTA group. *P<0.05
compared with 30 ug/ml LTA+scrb group. (C) Secretion of TGF-a by
HNEpC cells after treatment with 0 or 30 ug/ml LTA for 1 h, or
treatment with 30 ug/ml LTA after preincubation with 5 or 10 umol/L
TAPI for 30 min. N=3-5. "P<0.05 compared with 0 ug/ml LTA group.
#P<0.05 compared with 30 ug/ml LTA group. (D) Secretion of
MUCSAC by HNEpC cells after treatment with 0 or 30 ug/ml LTA or
treatment with 30 ug/ml LTA following preincubation with 1 or 10
ug/ml TGF-o. neutralizing antibody. N=3-5. **P<0.01 compared with
0 ug/ml LTA group; *P<0.05 compared with 30 ug/ml LTA group.

LTA induces the secretion of MUC5AC by the
activation of EGFR that is dependent on binding with
TGF-a

To detect the phosphorylation of EGFR, Western blotting was
carried out. Treatment with 30 pg/mL LTA for 15, 30 or 60 min
increased phosphorylated EGFR in a time-dependent manner,
but pre-treatment with 10 pg/ml TGF-o neutralizing antibody
for 30 min decreased the phosphorylation of EGFR (Figure
5A). Furthermore, pre-treatment with 1 or 5 pg/ml EGFR
neutralizing antibody for 30 min significantly reduced the
content of MUCSAC after treatment with 30 pg/mL LTA
(P<0.05) (Figure 5B). Similarly, pre-treatment with 1 or 10
umol/L EGFR inhibitor AG-1478, also significantly decreased
the secretion of MUCSAC after treatment with 30 pg/ml LTA
(P<0.05) (Figure 5C). The results suggest that LTA induces the
secretion of MUCSAC by the activation of EGFR that is
dependent on binding with TGF-a.
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Figure 5. Function of EGFR on MUC5AC secretion induced by LTA.
(4) Expression of phosphorylated EGFR in HNEpC cells after
treatment with 30 ug/ml LTA for 0, 15, 30 or 60 min or treatment with
30 ug/ml LTA for 60 min following preincubation with 10 ug/ml TGF-
o neutralizing antibody for 30 min. Western blotting was used to
determine the phosphorylation of EGFR. (B) Secretion of MUC5AC
by HNEpC cells after treatment with 0 or 30 ug/ml LTA for 18 h, or
treatment with 30 ug/ml LTA for 18 h following preincubation with 0,
1 or 5 ug/ml EGFR neutralizing antibody for 30 min. ELISA was
performed to measure the content of MUCSAC. N=3-5. *"P<0.0]
compared with 0 ug/ml LTA group; *P<0.05 compared with 30 ug/ml
LTA group. (C) Secretion of MUCSAC by HNEpC cells after
treatment with 0 or 30 ug/ml LTA for 1 h, or treatment with 30 ug/ml
LTA for 1 h following preincubation with 0, 1 or 10 umol/L AG-1478
for 30 min. N=3-5. ™P<0.01 compared with 0 ug/mL LTA group;
#P<0.05 compared with 30 ug/mL LTA group.

Discussion

Mucus hypersecretion is one of the main pathological features
of mucus hypersecretion in CRS, and its mechanism of action
involves the regulation of multiple signaling pathways,
including MAPKs, NF-kB and AP-1. The signaling pathways
activated by different stimuli are wusually different.
Pseudomonas aeruginosa lipopolysaccharide-induced
MUCS5AC mucin expression is activated vie PKC/NADPH
oxidase/ROS/TGF-a and EGFR/PI3K/Racl/NADPH/ROS/
MMP-9 signaling pathways [24,25], while Streptococcus
pneumoniae and S. aureus-derived LTA activates immune cells
via Toll-Like Receptor (TLR)-2, Lipopolysaccharide-Binding
Protein (LBP), and CD14, whereas TLR-4 and MD-2 are not
involved [26]. This suggests that signaling pathways activated
by different stimuli are different, leading to different MUC5AC
regulation mechanisms. It is believed that MUCS5AC secretion
is mainly regulated by EGFR [27,28]. It is believed that
MUCSAC secretion is mainly regulated by EGFR [27,28].
EGFR is a transmembrane tyrosine kinase. Its extracellular
domain can be converted from monomer to dimer after binding
with a variety of ligands, and its intracellular domain has
kinase activity and can induce the phosphorylation of multiple
downstream substrates. However, it is never reported whether
EGFR participates in the transaction process in nasal mucosa
epithelial cells. The present study also shows that the level of
EGFR phosphorylation in nasal epithelial cells at resting state
is very low. Treatment with 30 pg/ml LTA for 15-30 min
induces EGFR phosphorylation, which lasts for more than 60
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min. Treatment with EGFR kinase inhibitor AG1478 or
blocking receptor epitope of EGFR with specific neutralizing
antibody has inhibited the production of MUCSAC. This
suggests that EGFR signaling pathway participates in the
expression of MUCS5AC after LTA treatment, and this process
is dependent on the binding of ligand with EGFR.

The activation of EGFR is ligand-dependent or non-ligand-
dependent [29,30]. Common ligand molecules of EGFR
include bidirectional regulatory proteins, epidermal regulators,
heparin binding growth factors and TGF-a [10]. PAMPs of a
variety of pathogenic microorganisms can induce airway
epithelial cells to secrete a variety of EGFR ligands, which can
then be combined with EGFR to participate in the expression
of a variety of inflammation-related molecules [8,9]. The
process of activation of ligand receptor by the binding of
ligand molecules with receptors is referred to as transaction
[21,28,31]. The present study shows that LTA treatment
induces the secretion of TGF-a by nasal epithelial cells.
Treatment with TGF-o neutralizing antibody prevents the
binding of TGF-a with EGFR, EGFR phosphorylation level is
inhibited, and MUCS5AC is reduced. These results suggest that
SEB-induced MUCSAC secretion is dependent on the binding
of TGF-a with EGFR.

The ligands that are produced by airway epithelia, such as pro-
TGF-a, are usually anchored to cell membrane in the form of
inactive precursors, and only after enzyme digestion, they can
be transformed to active form and released to extracellular
matrix, where they bind EGFR to exert their transaction
activity [32]. In this process, TACE breaks TGF-a precursor
and transforms it into soluble TGF-a [33]. The present study
shows that the enzymatic activity of TACE is low in nasal
mucosa epithelial cells at resting status, and treatment with 30
pg/ml LTA for 15 min activates TACE. After treatment with
the siRNA or inhibitor of TACE, the secretion of MUCS5SAC
induced by LTA is significantly decreased, suggesting that
TACE mediates the enzyme digestion of TGF-o and
participates in the enhanced expression of MUCSAC induced
by LTA.

To further understand the regulatory mechanism by which LTA
induces MUCSAC, we have investigated the upstream pathway
of TACE. It is generally believed that TACE is activated via
two mechanisms, one is represented by ROS and the other is
represented by phorbol ester. ROS exposes the catalytic site of
TACE by oxidizing cysteine in the anterior domain, while
phorbol ester exposes catalytic domain by changing
extracellular domain conformation of TACE via the activation
of protein kinase C [34,35]. The present study discovers that
treatment with LTA for 30 min significantly promotes the
production of ROS, and treatment with ROS inhibitor reduces
TACE activity, suggesting that ROS is located upstream of
TACE, and ROS production is regulated by NOX. Duox is a
member of NOX family, including Duox1 and Duox2 subunits.
Like other NOX, Duox is composed of membrane-binding cell
pigment b558, gp9lphox and p22phox, and cytoplasmic
p47phox, p67phox, p40phox and Racl2, among which
ph91phox is the catalytic core [36,37]. A study shows that
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Duox1 plays important roles in MUCSAC secretion induced by
lipopolysaccharides [38]. The present study also discovers that
LTA treatment promotes the assembly of Duox1, and p47phox
and p67phox are translocated to cell membrane, where they
bind with gp91phox to form enzyme complex with catalytic
functions. After treatment with siRNA or Apocynin, the levels
of ROS and MUCSAC are significantly reduced, suggesting
that MUCSAC secretion induced by LTA is regulated by
Duox1/ROS/TACE signaling pathway.

In conclusion, the present study demonstrates that after
infection by S. aureus, LTA induces the secretion of MUCS5AC
by nasal mucosa epithelial cells. This suggests that infection by
S. aureus induces the overexpression of MUCSAC and
aggravates COPD. If nasal inflammation persists, increased
mucus synthesis and secretion cause airflow limitation. In the
meantime, excessive accumulation of mucus can destroy the
nonspecific defense function of the airway, being beneficial for
pathogenic bacteria colonization that further aggravates
infection. Of note, Duoxl/ROS/TACE/EGFR signaling
pathway is involved in the secretion of MUCSAC induced by
LTA. However, this is not the only pathway. For example,
MUCSAC has binding sites of nuclear factor-xB and Spl,
which may also participate in the secretion of MUCSAC
[39,40]. In the future, more studies are needed to elucidate the
exact pathogenesis of CRS.
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