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Purpose: Asthma exacerbation from human rhinovirus (HRV) infection is associated with deficient antiviral interferon (IFN) secretion. Although
chronic rhinosinusitis (CRS), an inflammatory upper airway disease, is closely linked to asthma, IFN-B responses to HRV infections in human nasal
epithelial cells (HNECs) from CRS patients remain to be studied. We evaluated inflammatory and antiviral responses to HRV infection in HNECs from
CRS patients. Methods: HNECs, isolated from turbinate tissue of 13 patients with CRS and 14 non-CRS controls, were infected with HRV16 for 4
hours. The HRV titer, LDH activity, production of proinflammatory cytokines and IFN-P proteins, and expression levels of RIG-I and MDAS mRNA
were assessed at 8, 24, and 48 hours after HRV16 infection. Results: The reduction in viral titer was slightly delayed in the CRS group compared to
the non-CRS control group. IL-6 and IL-8 were significantly increased to a similar extent in both groups after HRV infection. In the control group,
IFN-B production and MDA5 mRNA expression were significantly increased at 8 and 24 hours after HRV16 infection, respectively. By contrast, in the
CRS group, IFN-B was not induced by HRV infection; however, HRV-induced MDAS mRNA expression was increased, but the increase was slightly
delayed compared to the non-CRS control group. The RIG-I mRNA level was not significantly increased by HRV16 infection in either group. Conclu-
sions: HRV-induced secretion of proinflammatory cytokines in CRS patients was not different from that in the non-CRS controls. However, reduc-
tions in viral titer, IFN-B secretion, and MDAS mRNA expression in response to HRV infection in CRS patients were slightly impaired compared to
those in the controls, suggesting that HRV clearance in CRS patients might be slightly deficient.
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INTRODUCTION

The airway epithelium, which plays a central role in defense
against respiratory viruses, regulates both innate and adaptive
immunity. The innate immune responses of the epithelium
control the invasion and replication of viruses, while the adap-
tive immune system acts to effectively eliminate viruses." Hu-
man rhinoviruses (HRVS), positive-sense single-stranded RNA
(ssRNA) viruses belonging to the Picornaviridae family, are the
most frequent pathogenic cause of upper respiratory tract in-
fections (URIs) in adults and children.*® HRV infections com-
plicate sinusitis and otitis media, exacerbate asthma, cystic fi-
brosis, and chronic obstructive pulmonary disease, and cause
lower respiratory tract infections in neonates, elderly, and im-
munocompromised patients.*

In human bronchial epithelial cells (BECs), HRV is initially
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recognized through pattern recognition receptors, such as Toll-
like receptors (TLRs) and RNA helicases, including retinoic acid
inducible gene-I (RIG-I) and melanoma differentiation-associ-
ated gene 5 (MDAb5).>® RIG-I and MDAS5 detect double-strand-
ed RNA (dsRNA) generated during the replication of RNA vi-
ruses and induce antiviral responses.* RIG-I is required for type
Iinterferon (IFN) production in response to paramyxovirus, in-
fluenza virus, and Japanese encephalitis virus, whereas MDA5
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is critical not only for IFN-B and IFN-y-induced protein-10 (IP-
10) secretion, but also for interleukin (IL)-6 production in re-
sponse to picornavirus.” IFN- is a central component of the
early antiviral response in virus-infected cell, and associated
with apoptotic responses to virus infections in antiviral de-
fense.*® HRV-infected airway epithelial cells release cytokines
and chemokines, including IL-6 and IL-8, which recruit inflam-
matory cells of the innate immune system.*"°

Chronic rhinosinusitis (CRS) is one of the most common
chronic airway diseases." HRV has been detected in 21% of ep-
ithelial scraping samples from the inferior turbinate of CRS pa-
tients." It was also found to be the most prevalent respiratory
virus in CRS patients and the only virus with a significantly dif-
ferent infection rate between CRS patients and controls."” Thus,
HRYV infections may have significant implications for the muco-
sal inflammation of CRS.

The pathophysiological features of CRS are strongly associated
with those of asthma." Some studies have demonstrated that
atopic characteristics among asthmatic children may be a criti-
cal risk factor for acute wheezing attacks provoked by viral respi-
ratory tract infections, especially HRV infections."'® A profound
increase in HRV release and impaired production of HRV-in-
duced IFN-f protein have been observed in asthmatic BECs."” In
another study, asthmatic BECs showed a delayed and deficient
HRV16-induced type I IFN response, which was associated with
a hyperresponsive airway and a positive response to the skin
prick test.' These results indicate that increased susceptibility to
HRYV infections coupled with impaired antiviral IFN production
in asthmatic patients may be responsible for asthma exacerba-
tion by RV infection. However, the innate immune response to
HRV in patients with CRS remains to be studied. We therefore
investigated deficient proinflammatory cytokine secretion and
IFN-B responses to HRV in patients with CRS.

MATERIALS AND METHODS

Subject

The inferior turbinate mucosal tissues were harvested from 13
adult patients with CRS who underwent endoscopic sinus sut-
gery and turbinoplasty for the treatment of CRS and chronic
hypertrophic rhinitis between August 2011 and March 2012 at
Asan Medical Center, Seoul, Korea. All CRS patients fulfilled the
established diagnostic criteria for CRS, such as having 2 or
more of the following signs and symptoms: mucopurulent na-
sal drainage, nasal obstruction, facial pressure-fullness, hypos-
mia for more than 12 weeks, and inflammation documented by
nasal endoscopic and computed tomography findings." Pa-
tients with fungal sinusitis, odontogenic sinusitis, current im-
munotherapy, or cystic fibrosis were excluded from the CRS
group. The 14 non-CRS controls were adult volunteers who un-
derwent turbinoplasty for the treatment of chronic hypertro-
phic rhinitis. Controls suffered from nasal congestion lasting
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more than 12 weeks in association with enlarged inferior turbi-
nates. The presence of sinusitis in the control group was ruled
out based on the individual’s history and the results of nasal en-
doscopy, plain sinus X-ray, and/or computed tomography (CT)
imaging. The CRS group included 10 CRS patients with nasal
polyps (CRSWNP) (73.9%) and 3 CRS patients without nasal
polyps (CRSsNP) (26.1%).

All subjects had no history of asthma or viral URI and had not
received intranasal or oral corticosteroids during the 4-week
period before surgery. A positive result to the allergy test was
found in 2 of the 13 CRS patients (15.4%) and in 4 of the 14 non-
CRS controls (28.6%). This study was approved by the Institu-
tional Review Board of Asan Medical Center, and all partici-
pants gave written informed consent.

Cell culture

Cell isolation and preparation of inferior turbinate mucosal tis-
sue were performed as previously described.” Briefly, the inferi-
or turbinate mucosa tissues were minced into 2-3 mm?® pieces
and incubated overnight in Dulbecco’s Modified Eagle’s Medi-
um: Nutrient Mixture F-12K (DMEM: F12K; GIBCO, Grand Is-
land, NY, USA) containing 0.1% (w/v) dispase (Godo Shusei, To-
kyo, Japan). Fetal bovine serum (GIBCO) was added to the sepa-
rated cells to inactivate dispase. The cells were isolated by cen-
trifugation, washed with phosphate-buffered saline (PBS), and
grown in airway epithelial growth medium (AEGM; PromoCell,
Heidelberg, Germany), with medium replacement every other
day. After reaching 80% to 90% confluence, human nasal epithe-
lial cells (HNECs) were trypsinized with a 0.1% trypsin-ethylene
diamine tetraacetic acid solution, washed with PBS, and seeded
onto 12-well plates at a density of 2 X 10° cells/mL.

HRV16 infection

HRV16 was obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA) and viral stocks were generated by
infection of susceptible cells (Ohio HeLa cells), as previously
described.” HNECs were infected with HRV16 at a 1:1 multi-
plicity of infection or exposed to PBS alone for 4 hours at 33°C,
washed with PBS, and incubated at 33°C in AEGM. Successful
HRV16 infections in HRV16-infected cells were confirmed by
the semi-nested reverse transcriptase-polymerase chain reac-
tion (RT-PCR), as previously described.”* Briefly, picornavirus
RNA was reverse transcribed and amplified using primers OL26
(5"-GCACTTCTGTTTCCCC-3") and OL27 (5’-CGGACACCC
AAAGTAG-3"). Subsequently, the 388-bp picornavirus PCR
product was amplified using the primers OL26 and JWA-1b
(5"-CATTCAGGGGCCGGAGGA-3"). The PCR products were
detected by gel electrophoresis on 1.8% agarose containing 0.5
g/mL ethidium bromide in Tris-acetate-ethylene diamine tet-
raacetate buffer and visualized under UV light. Successful in-
fection with HRV16 was confirmed by identifying of a 292-bp
RV-specific RT-PCR band.
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Measurement of virus titer and cell lysis

The virus titer in the treated cell supernatants was calculated
with the tissue culture infection doseso (TCIDso). MRC-5 human
fetal lung fibroblasts (ATCC) were treated with a serial 10-fold
dilution of each viral supernatant from separate wells at 8, 24,
and 48 hours after HRV infection, incubated at 33°C in mini-
mum essential medium (GIBCO) for 7 days, and checked daily.
Lactate dehydrogenase (LDH) release was measured to deter-
mine cell lysis, an indicator of the degree of cell death caused
by viral infection. LDH activity was measured using the LDH
assay kit (BioVision, Mountain View, CA, USA) according to the
manufacturer’s protocol.

Quantification of IL-6, IL-8, and IFN-3

The secretion of IL-6, IL-8, and IFN- into culture superna-
tants was quantified using enzyme-linked immunosorbent as-
say kits for IL-6 and IL-8 (R&D Systems, Minneapolis, MN,
USA), and IFN-B (PBL Interferon Source, Piscataway, NJ, USA),
according to the manufacturers’ protocols. The protein levels
were measured at 8, 24, and 48 hours after HRV16 infection in

Table. Primer sequences of AIG-Iand MDA5 mRNA

RV-induced Cytokine and IFN-3 Responses in CRS

HNECs from patients with CRS and control subjects.

Real-time quantitative PCR of RIG-/ and MDA5 mRNA

Total RNA was extracted from cells with TRIzol (Invitrogen,
Gaithersburg, MD, USA) and qualified and quantified with a
spectrophotometer (NanoDrop® ND-1000; NanoDrop Tech-
nologies, Wilmington, DE, USA). cDNA was synthesized from
500 ng total RNA with the RevertAid™ First Strand cDNA syn-
thesis kit (Fermentas, Vilnius, Lithuania), according to the
manufacturer’s protocol. Real-time PCR was performed with a
LightCycler” 480 (Roche Diagnostics, Rotkreuz, Switzerland);
each reaction mixture consisted of 0.5 pL. RNA and 0.5 pL of 10
pmol forward and reverse primers for RIG-I and MDAS5 (Table).
The results were normalized to the B-actin level.

Statistical analysis

Statistical analysis was performed using the SPSS statistical
software package (version 12.0; SPSS, Chicago, IL, USA). Data is
expressed as the mean *standard deviation. Differences be-
tween the groups were analyzed with a Mann-Whitney test or a

Gene name Synonym Forward primer (5'-3') Reverse primer (5'-3')

DDX58 RIG-I GCTGATGAAGGCATTGACATTG CAGCATTACTAGTCAGAAGGAAGCA
[FIH1 MDA5 CCCATGACACAGAATGAACAAAA CGAGACCATAACGGATAACAATGT
B-actin CCCAAAGTTCACAATGTGGC AAGTGGGGTGGCTTTTAGGA

DDX58, DEAD (Asp-Glu-Ala-Asp) box polypeptide 58; IFIH, interferon induced with helicase C domain 1.
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Fig. 2. Secretion of proinflammatory cytokines from HNECs into the culture supernatant. Levels of IL-6 (A) and IL-8 (B) at 8, 24, and 48 hours. IL-6 and IL-8 secretion
were significantly increased to a similar extent in both CRS patients and controls after HRV16 infection, except for IL-6 levels at 48 hours and IL-8 levels at 8 hours.

*P<0.05; **P<0.01; *P<0.05, control group compared with the CRS group.

Wilcoxon signed-rank test. A P value of less than 0.05 was con-
sidered statistically significant.

RESULTS

HRV16 titer and LDH activity

In HNECs from control subjects, the viral titers in the culture
supernatant at 8, 24, and 48 hours after HRV16 infection were
3.9510.58, 3.31+£0.64, and 2.54+0.10 logTCIDso/mL, respec-
tively, demonstrating a decrease in viral titers over time (P=
0.011 from 8 to 24 hours and P=0.007 from 24 to 48 hours; Fig.
1A). By contrast, the viral titers in the culture supernatant from
patients with CRS did not significantly change between 8
(3.7710.58) and 24 hours (3.70£0.71) (P=0.553), but decreased
between 24 and 48 hours (2.7240.28) (P=0.007; Fig. 1A). How-
ever, there were no significant overall differences in the HRV16
titers between control subjects and patients with CRS at each
sampling time point (P>0.05 for each).

LDH activities were significantly higher at 8 and 24 hours after
HRV16 infection in the control group, whereas LDH activities
were significantly higher at 48 hours after HRV16 infection in
the CRS group (Fig. 1B). There were no differences in LDH ac-
tivity between the control and CRS groups at each sampling
time point (P>0.05 for each).

HRV16-induced release of IL-6 and IL-8
IL-6 and IL-8 release was significantly induced in both CRS
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patients and controls at 8, 24, and 48 hours after HRV16 infec-
tion (Fig. 2A and B). There were no differences in IL-6 secretion
at 8 and 24 hours after HRV16 infection between the 2 groups.
The IL-6 levels were significantly higher from CRS patients in
HRV16-infected HNECs than from controls at 48 hours after in-
fection (P=0.028; Fig. 2A). However, IL-8 levels were signifi-
cantly lower from CRS patients in HRV16-infected HNECs than
from controls at 8 hours after infection (P=0.028; Fig. 2B). Oth-
erwise there were no significant differences in the IL-8 levels at
the different time points between HNECs from HRV16-infected
CRS patients and those from controls (Fig. 2B).

HRV16-induced IFN-( protein levels

IFN-B protein was induced in HNECs from controls at 24
hours after HRV16 infection (P=0.028). On the other hand,
there was no significant increase in the IFN- protein level in
HNECs from patients with CRS at 48 hours (Fig. 3).

Basal and HRV16-induced RIG-I and MDA5 mRNA expression
levels

The basal mRNA expression levels of RIG-I and MDA5 were
measured in unstimulated HNECs at 8 hours. No significant
differences were found in mRNA expression levels of RIG-I
(P=0.766) and MDAS5 (P=0.710) between uninfected HNECs
from controls and those from CRS patients.

In each group, RIG-I and MDA5 mRNA expression levels were
compared between the PBS and HRV subgroups (Fig. 4). RIG-I
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Fig. 4. RNA helicase mRNA expression in HNECs after HRV16 infection. (A) RIG-I mRNA was not significantly increased by HRV16 infection in either group. (B)
MDA5 mRNA expression was significantly increased at 8 hours after HRV16 infection in the control group and at 24 hours in the CRS group. *P<0.05.

mRNA levels did not increase significantly following HRV16 in-
fection, either in controls or in patients with CRS, at each sam-
pling time point (Fig. 4A). MDA5 mRNA expression was higher
in control HNECs at 8 hours after HRV16 infection (from 3.28 +
1.21X10™ to 5.19+1.58X10*, P=0.037; Fig. 4B). In patients
with CRS, MDA5 mRNA expression was significantly higher at
24 hours after HRV16 infection (from 1.76 +£0.37X 10" t0 2.79+
0.76 X10*, P=0.028; Fig. 4B).

DISCUSSION
CRS, a significant health problem with a large socioeconomic

burden, causes considerable physical symptoms and markedly
impacts quality of life.*** Clinically, respiratory viral infections
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have been implicated in the exacerbation of CRS. However, in-
nate immune responses to HRV infection, the most common
cause of UR]J, in CRS patients have not been well studied. Here,
we report slightly slower viral clearance and milder impairment
of IFN-B production after HRV infections in HNECs from pa-
tients with CRS than in those from non-CRS controls. This is the
first report to show that antiviral responses to HRV infections in
patients with CRS are slightly deficient.

In our previous study, HRV16 infection stimulated IL-6 and
IL-8 production in an organ culture model after 48 hours. How-
ever, no significant differences in the production of these cyto-
kines or in the infection rate of HRV16 were observed between
turbinate tissue from patients with CRS with nasal polyps and
those from normal subjects.” In our present study, although
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HRV induced higher IL-6 levels at 48 hours after HRV infection
in HNECs from CRS patients and lower IL-8 levels at 8 hours
than in non-CRS controls, there were no significant overall dif-
ferences in HRV16-induced IL-6 and IL-8 protein levels be-
tween CRS patients and controls. These results are in agree-
ment with those of our previous study,” although the present
study was conducted with a primary cell culture model that ad-
ditionally assessed antiviral responses to HRV16 infection. Our
results suggest that HNECs from patients with CRS and control
subjects do not differ considerably in terms of proinflammatory
cytokine secretion. This may be because HNECs are less re-
sponsive to HRV infection than human BECs.*!

Intracellular viral RNA sensors, including RIG-I and MDA5,
play a key role in HRV16 recognition and virus-induced IFN re-
sponses in human BECs,**”* and pattern recognition receptors,
such as TLR3, TLR7, TLR9, RIG-1, and MDA-5, have been
shown to be expressed in the epithelium of normal inferior tur-
binate.” Moreover, RIG-1 and MDA-5 were reported to be ex-
pressed in nasal polyp tissue.”” In response to HRV infection,
MDADS5 recognizes the dsRNA produced upon viral replication
and mainly mediates IFN-P release.*® RIG-I and MDA5 are also
needed for maximal HRV-induced proinflammatory cytokine
secretion and inhibition of these receptors increases HRV repli-
cation.® Deficient HRV-induced IFN-B production has been re-
ported in BECs from patients with asthma,'"'®* chronic obstruc-
tive pulmonary disease,® and cystic fibrosis,* and is related to
chronic airway inflammation."”” IFN- has a strong, long-lasting,
and dose-dependent protective effect against HRV infection in
BECs.*> However, little is known about the induction of RIG-I
and MDA5 and the production of IFN- after HRV16 infection in
HNECs from CRS patients. In the present study, IFN- protein
levels and basal and HRV-induced RIG-I and MDA5 mRNA lev-
els were measured 8, 24, and 48 hours after HRV16 infection in
HNECs from patients with CRS and controls. In HNECs from
patients with CRS, we found that IFN-B protein induction was
impaired and that MDA5 mRNA expression was slightly delayed
after HRV infection, suggesting that this may have been respon-
sible for the slight delay in HRV clearance. However, there was
no clear-cut difference between anti-HRV16 responses in
HNECs from CRS patients and control subjects. This may be be-
cause the IFN-f response was very weak in both groups; IFN-B
protein was only increased at 24 hours after HRV infection in
HNEC:s from control subjects and remained unchanged at 8 and
48 hours. The weak IFN-f response to HRV in HNECs is in line
with the result of other studies showing that IFN-B expression
does not contribute to the main first-line defense against respi-
ratory virus infection in HNECs and that IFN-f is not detectable
in nasopharyngeal washes in infants with respiratory syncytial
virus infection.**** RIG-I and MDA5 were induced at 8-12 hours
after HRV infection in BECs, but they were not constitutively ex-
pressed.® In the present study, RIG-I was not significantly in-
duced by HRV16 infection in either group. This result is in agree-
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ment with the finding that RIG-I is not important for IFN pro-
duction in response to picornavirus.” HNECs from CRS patients
showed a similar basal level and only a slightly delayed induc-
tion of MDA5 mRNA expression compared to HNECs from con-
trol subjects. We hypothesized that HRV-induced aggravation of
CRS may be attributable to a defect in the immune response to
HRYV infection in HNECs from CRS patients, as previously ob-
served in BECs from asthmatics. However, our results showing
that HNECs from CRS patients and non-CRS patients had simi-
lar proinflammatory cytokine secretion after HRV infection and
that the antiviral responses in HNECs from CRS patients were
only slightly impaired does not clearly support this hypothesis.
Our results suggest that HNECs from CRS patients use different
responses to HRV infection to those of BECs from asthmatic pa-
tients.

The present study has some limitations. We used the inferior
turbinate tissue, but not the ethmoid sinus mucosa, from CRS
and control subjects, although the ethmoid sinus mucosa may
be more prone to HRV infection than the inferior turbinate mu-
cosa. However, we were forced to employ the inferior turbinate
tissue because the experiments required large amounts of nasal
epithelial cells. It was practically impossible to obtain healthy si-
nus epithelium for the experiments. Inferior turbinate tissues
from patients undergoing septoplasty have also been used as
control tissue in several studies.***® We analyzed the HRV-in-
duced immune response of CRS patients regardless of their NP
status because the proportion of patients with CRSsNP was
small. Therefore, our results cannot be used to infer differences
in immune responses to HRV infection between CRSWNP and
CRSsNP patients. Also, we did not use differentiated HNECs cul-
tured at an air-liquid interface; thus, the results may not com-
pletely reflect the full response to HRV infections in human na-
sal epithelium. Although the air-liquid interface is generally a
better culture system for the investigation of inflammatory re-
sponses after HRV infections in HNECs, we have obtained re-
sults similar to those of other studies using a submerged in vitro
system for HNEC cultivation.'***”* HRV16-induced cell viabili-
ty and apoptosis, and the level of intracellular viral RNA in
HRV16-infected HNECs could not be assessed due to the re-
striction in the number of cell passages permitted by this culture
system and the limited amount of cellular RNA that can be ob-
tained from this system. Pattern recognition receptor-mediated
signaling involves a complex pattern of protein-protein interac-
tions and modifications, including phosphorylation and ubiqui-
tination."” However, as we did not examine for changes in pro-
tein interactions and modifications, we cannot exclude the pos-
sibility that HRV16 infections in HNECs involve such changes

CONCLUSIONS

We found that HNECs from CRS patients showed slightly im-
paired responses to HRV infection, such as a slightly delayed
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clearance of HRV, a mild impairment of IFN-f protein produc-
tion, and a slight delay in MDA5 mRNA expression. Unlike
BECs from asthmatics, it was difficult to conclude that anti-
HRV16 responses in HNECs from CRS patients are markedly
impaired compared to those in HNECs from non-CRS controls.
The results indicate that HNECs from CRS patients may re-
spond differently to HRV infection than the lower airway epi-
thelial cells of asthmatic patients.
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