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Purpose: Fungi, rhinoviruses (RVs), and eosinophils are associated with upper respiratory diseases. We evaluated the effects of fungal stimulation
and eosinophil co-culture on the expression of mucin genes in RV-infected nasal polyp epithelial cells. Methods: Nasal polyp epithelial cells were
obtained from chronic rhinosinusitis patients. Cultured epithelial cells were stimulated with Alternaria and Aspergillus with or without RV-16 infection.
The epithelial cells were co-cultured with eosinophils for 16 hours. MUC4, MUC5AC, MUC5B, and MUC8 mRNA expressions in the epithelial cells
were quantified using real-time RT-PCR. To determine the underlying mechanism, nuclear factor-«B (NF-kB), activator protein-1 (AP-1), and mitogen-
activated protein kinase (MAPK) inhibitors were used to inhibit mucin gene expression. Results: Fungi and RV-16 induced mucin gene expression
in nasal polyp epithelial cells. However, there was no synergistic increase in mucin gene expression, with the exception of MUC4 mRNA expression
stimulated by 25 pg/mL Aspergillus. When RV-16-infected epithelial cells were stimulated with fungi and then co-cultured with eosinophils, MUC4,
MUC5B, and MUC8 mRNA expressions increased. Mucin gene expression was inhibited by NF-«B inhibitors. Conclusions: RV-16, airborne fungi,

and eosinophils may exacerbate the inflammatory process in nasal mucosal diseases by enhancing mucin gene expression.
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INTRODUCTION

Fungi are ubiquitous and deposited continuously on the air-
way mucosa with inhalation. Airborne fungi are rarely patho-
genic in healthy individuals. However, immunological reactions
to fungi have been suggested as an etiologic factor in chronic
rhinosinusitis (CRS) and asthma. Evidence acquired over the
last decade supports a role of fungi as not only an etiology but a
risk factor for respiratory diseases.' Fungal proteins and enzymes
induce immunological and inflammatory responses. Proteases
from fungal extracts are potent inducers of epithelial cell des-
quamation and facilitate antigen access to target tissues that can
cause direct activation of cells. Their proteolytic activity leads to
the production of proinflammatory cytokines by direct activa-
tion of epithelial cells. These chemical mediators influence the
migration and activation of inflammatory cells.?

Rhinoviruses (RVs) are the major cause of respiratory tract in-
fections, which can be complicated by otitis media, sinusitis,
and bronchitis. RVs infect nasal epithelial cells and cause local
inflammatory responses that are associated with increased num-
bers of neutrophils, eosinophils, and lymphocytes in nasal se-
cretions. The manifestations of RV-induced respiratory inflam-
matory responses are thought to be the result of virus-induced
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chemical mediators.** Viral inflammation causes impaired mu-
cociliary clearance and edematous ostiomeatal obstruction,
leading to the development of CRS. Most bacterial rhinosinus-
itis cases are believed to result from a preceding viral respirato-
ry infection.

Nasal polyps are edematous projections that originate from
the nasal mucosa and of which inflammation is a major feature.
In contrast to acute rhinosinusitis, the etiology and pathogene-
sis of CRS and nasal polyps are not well understood. Eosinophils
are inflammatory cells and play an important role in the patho-
genesis of CRS with polyps via release of their cytotoxic granule
proteins.® Eosinophil toxic proteins can damage the respiratory
mucosa and play a role in the immune defense against large
pathogens, such as fungi and parasites.’

Mucus hypersecretion is one of the major symptoms of upper
and low airway inflammation. An increased surface area, as a
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result of mucosal hypertrophy and nasal polyps, increases the
production of mucus and inflammatory cytokines, such as IL-6,
IL8, and TNF-o, increasing mucin expression at the level of
transcription, translation, or both.?® Local inflammatory condi-
tions trigger the upregulation of mucin genes and enhance the
production of mucin. These alterations in mucus secretion can
have negative effects on mucosal protection and predispose to
disease development.

Fungi, RVs, and eosinophils are associated with upper respi-
ratory diseases, such as allergic rhinitis and CRS with or with-
out polyps, through the production of chemical mediators by
direct or indirect activation of epithelial cells. However, to date,
no study has assessed the effects of interactions among fungi,
eosinophils, and RVs on the expression of mucin by nasal polyp
epithelial cells, an important pathological process in CRS. The
aim of this study was to evaluate the effects of fungal stimulation
and eosinophil co-culture on the expression of mucin genes in
RV-infected nasal polyp epithelial cells.

MATERIALS AND MEHTODS

Nasal polyp epithelial cell (NPEC) culture

Nasal polyps were obtained from 12 patients undergoing en-
doscopic sinus surgery. Patients were excluded if they had an
allergy or asthma, had received systemic or topical steroids, or
had taken antibiotics or antihistamine medications during the
4 weeks preceding the study. Allergy status was defined using
the skin prick test or multiple allergen simultaneous test-che-
miluminescent assay. Patient immunologic status, recent viral
infection or vaccination, and asthma were determined on the
basis of medical and clinical histories.

The study was approved by the Institutional Review Board of
Daegu Catholic University Medical Center. Each patient signed
a consent form that outlined the objectives of the research and
experiments.

Specimens were placed in Ham'’s F-12 medium supplement-
ed with 100 international units (IU) of penicillin, 100 pg/mL
streptomycin, and 2 pg/mL amphotericin B, and were then
transported to the laboratory. NPECs were isolated by the pro-
tease digestion method. The polyps were rinsed with Ham’s
F-12 medium supplemented with antibiotics and incubated
with dispase (Life Technologies, Gaithersburg, MD, USA) in
Ham'’s F-12 medium for 16 hours at 4°C. After incubation, NPECs
were isolated by gentle rinsing with culture medium. Cell sus-
pensions were filtered through a No. 60 mesh cell-dissociation
sieve and centrifuged (1,000 rpm, 5 minutes, room tempera-
ture). The cell pellet was then resuspended in Ham’s F-12 medi-
um supplemented with antibiotics, 150 pg/mL glutamine, 5 pg/
mlL transferrin, 25 ng/mL epithelial growth factor, 15 pg/mL en-
dothelial cell growth supplement, insulin 5 IU/mL, 200 pM tri-
iodothyronine, 100 nM hydrocortisone, and 10% fetal bovine
serum (FBS). Cell suspensions (10° cells/mL) were plated in
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6-well culture plates and placed in a 5% CO. humidified incu-
bator at 37°C. The culture medium was changed after 24 hours
and every 2 days thereafter.

RV-16 infection of NPECs and activation with fungi

RV serotype 16 (RV-16) was purchased from the American
Type Culture Collection (Manassas, VA, USA). Viral stocks were
prepared by infection of sensitive cell monolayers (Ohio HeLa),
as previously described.’ Second-passage NPECs were seeded
in 24-well plates at a density of ~1X10°/mL and incubated for
24 hours at 37°C. In the RV-16 infection group, the cells were
washed with phosphate-buffered saline (PBS) and infected with
RV-16 at a multiplicity of infection (MOI) of 1 for 8 hours in FBS-
free culture medium. This MOI was adopted on the basis of
previous observations that it resulted in the greatest cytokine re-
lease." In the control group, the cells were cultured without RV-
16 infection.

After 8 hours, supernatants were harvested, the cells were
washed with PBS, and then RV 16 infected epithelial cells were
activated with endotoxin-free Alternaria alternata (10 and 50
pg/mL) and Aspergillus fumigatus (10 and 25 pg/mL; Greer Lab,
Lenoir, NC, USA). After a 24 hours incubation, the supernatants
and epithelial cells were harvested and stored at -70°C until as-
sayed. The Alternaria and Aspergillus concentrations used were
based on a previous study and preliminary activation experi-
ments; maximal cytokine production was found at 50 pg/mL
Alternaria and 25 pg/mL Aspergillus; no toxicity to the epitheli-
al cells or eosinophils occurred with use of these levels.?

Co-culture of RV-16-infected NPECs and eosinophils

Eosinophils were isolated from peripheral blood obtained
from normal healthy volunteers after they provided informed
consent. The procedure was approved by the Institutional Re-
view Board of Daegu Catholic University Medical Center.

Isolation was performed according to a method described
previously, with minor modifications.? Briefly, heparinized ve-
nous blood was layered onto 1,085 g/mL Percoll prepared in pi-
perazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) buffer (Sigma-
Aldrich, St. Louis, MO, USA) and centrifuged (1,000 g, 30 min).
The supernatants and mononuclear cells at the interface were
removed carefully, and the erythrocytes in the sediment were
lysed by suspension in hypotonic sterile water. The remaining
granulocyte pellet was mixed with anti CD 16 antibody conju-
gated with magnetic particles (Miltenyi Biotec, Sunnyvale, CA,
USA) and incubated for 30 minutes. Resuspended cells were
separated using a magnetic cell separation system. After the
cells were eluted with PIPES buffer, eosinophil counts and pu-
rity were determined. The purity of the eosinophils, as deter-
mined by Randolph’s staining, exceeded 95%.

To determine whether fungi had a synergistic effect on mucin
gene expression in RV-16-infected NPECs, RV-16-infected NPECs
were stimulated with fungi for 24 hours, and then treated with
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1% paraformaldehyde in PBS for 1 hour at room temperature to
inhibit the synthesis of the cytokines that maintain intercellular
interactions. Before co-culturing, the NPECs were washed sev-
eral times with PBS because fungi alone could induce the ex-
pression of mucin genes. The medium was then replaced with
RPMI 1640 containing 10% FBS with or without eosinophils. Af-
ter 16 hours, the supernatants and epithelial cells were harvest-
ed and stored at -70°C until assayed.

Mucin gene expression by NPECs and inhibition study with
transcription factor inhibitors

After stimulation with fungi or co-culture with eosinophils,
the cell pellets were placed in cryo-tubes, and 1 mL of TRIzol
reagent was added. RNA was extracted according to the manu-
facturer’s protocol (Roche Diagnostics, Mannheim, Germany).
The purity and concentration of RNA were evaluated using a
spectrophotometer (Beckman, Mountain View, CA, USA). From
the amplified cDNA, quantitative polymerase chain reaction
(PCR) of MUC4, MUC5AC, MUC5B, MUCS8, and B-actin was
performed in the same 96-well plate using the SYBR Green PCR
core kit (PE Applied Biosystems, Foster City, CA, USA) with the
GeneAmp 5700 system (PE Applied Biosystems). The primer
sequences and amplified products were as follows: MUC4 sense
5'-CGC GGT GGT GGA GGC GTT CTT-3' and antisense 5’-GAA
GAA TCC TGA CAG CCT TCA-3’ (101 bp), MUC5AC sense 5'-
TCA TCA TCC AGC AGC AGG GCT-3’ and antisense 5'-CCG
AGC TCA GAG GAC ATA TGG G-3’ (103 bp), MUC5B sense 5'-
TGC CCCTTG TTC TGT GAC TT-3’ and antisense 5’-ACG CAC
TTC ATC TGG TCC TC-3’ (194 bp), MUCS8 sense 5'-GAC AGG
GTT TCT CCT CAT TG-3' and antisense 5’-CGT TTA TTC CAG
CAC TGT TC-3’ (240 bp) and B actin sense 5'-ACA GGA AGT
CCC TTG CCA TC-3’ and antisense 5'-AGG GAG ACC AAA
AGC CTT CA-3’ (248 bp). The annealing temperatures were
54°C for MUC4 and MUCS5B, 60°C for MUC5AC, and 56°C for
MCUS8. All samples were amplified in triplicate. Then, mRNA
expression levels were normalized to the median value for
B-actin. For relative quantitation of mRNA levels, the 2*¢"
method was used.

For inhibition experiments, nuclear factor-kB (NF-«B) inhibi-
tor (BAY 11-7082), activator protein-1 (AP-1) inhibitor (curcum-
in), and mitogen-activated protein kinase (MAPK) inhibitor (SB
203580) were purchased from Calbiochem (San Diego, CA, USA).
Bay 11-7082 and curcumin were dissolved in dimethyl sulfox-
ide, and SB 203580 was dissolved in water. NPECs were pre-
treated with transcription factor inhibitors for 1 hour. Mucin
gene expression in epithelial cells was determined after treat-
ment with fungi.

Statistical analysis

All experiments were performed at least 5 times; results were
comparable. Results are presented as means =+ SD. Differences
in mucin gene expression were assessed by the Kruskal-Wallis
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test between the groups, and the effects of transcription factor
inhibitors were compared by one-way ANOVA using SPSS soft-
ware (ver. 19.0; SPSS Inc., Chicago, IL, USA). Differences were
considered significant if P values were less than 0.05.

RESULTS

Mucin gene expression in RV-16-infected NPEC and fungal
stimulation

When the NPECs were stimulated with Alternaria, MUCA4,
MUCS5AC, and MUC8 mRNA expressions were increased sig-
nificantly compared with unstimulated cells. Aspergillus induced
only MUC5AC mRNA expression. RV-16 infection alone also
induced MUC4, MUC5AC, and MUC8 mRNA expression. How-
ever, when RV-16-infected epithelial cells were stimulated with
fungi, there was no further (synergistic) increase in mucin gene
expression, with the sole exception of MUC4 mRNA expression
in the presence of 25 pg/mL Aspergillus (Fig. 1).

Mucin gene expression after co-culture of RV 16-infected
NPECs and eosinophils

When NPECs were co-cultured with eosinophils with or with-
out fungal stimulants, only MUC4 mRNA expression was signif-
icantly increased by Alternaria (50 pg/mL) and Aspergillus (25
pg/mL). When RV-16-infected NPECs were co-cultured with
eosinophils, mucin gene expression was not affected. However,
when these epithelial cells were pre-treated with fungi, MUC4
(Alternaria and Aspergillus), MUC5B and MUCS (Alternaria),
mRNA expressions were increased significantly. However, Al-
ternaria-induced MUC4 mRNA expression was not synergisti-
cally increased with RV-16 infection of NPECs (Fig. 2).

Mucin gene expression after pre-treatment with transcription
factor inhibitors

When RV-16-infected NPECs were pre-treated with transcrip-
tion factor inhibitors, MUC4, MUC5AC, MUC5B, and MUC8
mRNA expressions were inhibited significantly by the NF-xB
inhibitor. Furthermore, the NF-«B inhibitor inhibited Alternar-
ia-induced mucin gene expression significantly. However, the
NF-«B inhibitor inhibited only MUC4 mRNA expression in the
presence of Aspergillus (Fig. 3).

DISCUSSION

Respiratory epithelial cells play important roles in the initia-
tion, maintenance, and regulation of innate and adaptive im-
mune responses. Mucus maintains hydration and has impor-
tant protective functions in mucosal defenses by entrapping
particulates, such as bacteria and viruses. However, mucus hy-
persecretion is one of the major symptoms of upper and lower
airway inflammation. Twenty-one human mucin genes have
been identified. Normal sinus and nasal mucosa express MUC1,
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Fig. 1. Quantification of mucin gene expression in nasal polyp epithelial cells stimulated with Alternaria and Aspergillus with or without rhinovirus-16 (RV-16) infec-
tion for 24 h. MUC4, MUC5AC, and MUC8 mRNA expression levels were increased significantly by Alternaria; however, only MUC5AC mRNA expression was in-
creased by Aspergillus. RV-16 also induced MUC4, MUCBAC, and MUC8 mRNA expression. When RV-infected epithelial cells were stimulated by fungi, MUC4, MUC
5AC, and MUC8 mRNA expression levels were increased. Values are expressed as means £ SD of 6 independent experiments. Alt: Alternaria (pg/mL), Asp: Asper-
gillus (ug/mL), RV: rhinovirus-16-infected, (-} unstimulated. *significantly higher than unstimulated cells, 'significantly higher than RV-infected cells.
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Fig. 2. Quantification of mucin gene expression in nasal polyp epithelial cells co-cultured with eosinophils and stimulated with Alternaria and Aspergillus with or
without rhinovirus-16 (RV-16) infection for 16 h. Values are expressed as the means+ SD of 6 independent experiments. Alt: Alternaria (ug/mL), Asp: Aspergillus (ug/
mL), RV: rhinovirus-16-infected, EO: eosinophils, (-): unstimulated.*significantly higher than unstimulated cells, "significantly higher than RV-infected cells.
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Fig. 3. Effects of curcumin, SB 203580 and BAY 11-7082 on the expression of mucin genes. SB 203580 (MAPK inhibitor) inhibited MUC4 and MUC5AC mRNA ex-
pression and BAY 11-7082 (NF-«B inhibitor) inhibited MUC4, MUC5AC, MUC5B, and MUC8 mRNA expression. Values are expressed as the means = SD of 5 inde-
pendent experiments. Alt: Alternaria (ug/mL), Asp: Aspergillus (pg/mL), V: thinovirus-16 infected, (-): non-stimulated. *P<0.05.

MUC2, MUC4, MUC5AC, MUC5B, MUC?7, and MUC8." MUC4
and MUCS5AC are the most highly expressed mucin genes in
healthy nasal mucosa, and MUC4, MUC5AC, MUC5B, and
MUCS are upregulated in chronic sinusitis or nasal polyp tis-
sues.'”" In this study, we evaluated these 4 mucin genes. Fun-
gal protein and enzymatic allergens react with specific recep-
tors on respiratory epithelial cells, such as protease-activated
receptors and Toll-like receptors. They induce the production
of proinflammatory cytokines and chemokines, which may en-
hance mucin production and mucin gene expression by epi-
thelial cells. In this study, Alternaria and Aspergillus were used
to activate NPECs because these are common pathogens in na-
sal secretions and respiratory tract diseases. MUC4, MUC5AC,
and MUC8 mRNA expressions were increased by Alternaria;
however, only MUC5AC mRNA expression was increased by
Aspergillus. Thus, Alternaria may more strongly induce the pro-
duction of mucus and be associated with the aggravation of re-
spiratory symptoms. Our results are consistent with a previous
report that Aspergillus fumigates induces MUC5AC expression
in bronchial epithelial cells.'®

Respiratory RV infection is the major cause of the common
cold and is linked to the exacerbation of various airway diseas-
es. RV infection of the nasal mucosa leads to an early transient
neutrophil infiltration and causes a local inflammatory re-
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sponse that is associated with the production of cytokines and
kinins.* These chemical mediators may up-regulate the mRNA
expression of mucin genes and RV infection may directly acti-
vate mucin gene expression even in the absence of inflamma-
tion.* In this study, RV-16 infection of NPECs enhanced MUC4,
MUC5AC, and MUC8 mRNA expression. Although we did not
investigate mechanisms underlying the activation of mucin
gene expression, RV-16-induced chemical mediator produc-
tion and direct effects on NPECs may influence the expression
of mucin genes. The production of IL-6, IL-8, and GM-CSF
within NPECs induced by infection with RV-16 is significantly
enhanced upon exposure to airborne fungi. When RV-16-in-
fected NPECs were co-cultured with eosinophils, IL-6 and tu-
mor necrosis factor-a production was increased by fungal ex-
posure.'”” In this study, only MUC4 mRNA expression was in-
creased significantly when fungi-stimulated epithelial cells
were co-cultured with eosinophils. There was some synergism
between RV-16 infection and airborne fungal exposure in en-
hancing mucin gene expression in NPECs. Alternaria en-
hanced mucin gene expression in a dose-dependent manner.
These effects may be associated with the increased production
of chemical mediators from NPECs. When NPECs were stimu-
lated by fungi, maximal cytokine production was found at 50
pg/mL Alternaria and 25 pg/mL Aspergillus. Alternaria and As-
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pergillus also enhanced the production of cytokines from RV-16
NPEC in a dose-dependent manner.'""® Increased production
of chemical mediators also may more strongly activate eosino-
phils or RV-16, and fungal allergens enhance the expression of
intracellular adhesion molecule-1 (ICAM-1) of epithelial cells,
which may interact with the ligands of eosinophils, such as leu-
kocyte function-associated antigen-1. Takafuji et al. suggested
that CD18-dependent adhesion of eosinophils to activated air-
way epithelial cells may be involved in enhancing eosinophil
degranulation.”” Human nasal polyp-conditioned media acti-
vated eosinophils, with the production of superoxide and eo-
sinophil-derived neurotoxin.”” When RV-16-infected NPECs
were stimulated with airborne fungi and co cultured with eo-
sinophils, MUC4, MUC5B, and MUC8 mRNA expression levels
were increased. These results suggest that the clinical symp-
toms of eosinophilic inflammatory disease, such as bronchial
asthma, allergic rhinitis, and CRS, aggravate RV infection and
fungal exposure by enhancing the production of mucus by re-
spiratory epithelial cells. However, fungi and RV-16-induced
mucin gene expression patterns differed according to the pres-
ence of eosinophils.

To activate the transcription of mucin genes, each stimulant
acts through a distinct cell-surface receptor, a distinct signaling
pathway, and a distinct gene-regulatory element.'” Among these
elements, MAPK, NF-«B, and AP-1 are key transcription factors
that orchestrate the expression of many genes involved in in-
flammation. Alternaria enhances the production of chemical
mediators through NF-kB-dependent pathways.** Mucin gene
transcription is generally regulated by the Sre/Ras/MAPK/
pp90rsk cascade, which leads to the activation of the transcrip-
tion factor NF-«B, the epidermal growth factor receptor, and
the extracellular signal-regulated kinase pathway. In this study,
fungi- and RV-16-induced MUC4, MUC5AC, MUC5B, and
MUC8 mRNA expressions were significantly inhibited by the
NF-kB inhibitor. The overexpression of these mucin genes
might be associated with the various inflammatory mediators
produced by epithelial cells upon fungal and RV-16 stimula-
tion.

The results of this study demonstrate that fungi, RV-16, and
eosinophils induce mucin gene expression in primary NPECs.
Airborne fungi modulate the immunological reactions of virus-
infected respiratory epithelial cells not only by influencing the
production of chemical mediators but also by enhancing the
expression of mucin genes. There was some synergism between
RV-16 and airborne fungal exposure in terms of enhancing mu-
cin gene expression. When RV-16-infected epithelial cells were
stimulated with fungi then co-cultured with eosinophils, MUC4,
MUCS5B, and MUC8 mRNA expression levels were enhanced
significantly. NF-kB seems to be one of the most important
transcription factors controlling mucin gene expression in
NPECs. Our results suggest that exposure of RV-infected NPECs
to airborne fungi and eosinophils may be associated with mu-
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cin gene overexpression, which can enhance mucus produc-
tion by upper respiratory epithelial cells.
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