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Clarithromycin decreases rhinovirus replication and cytokine
production in nasal epithelial cells from subjects with bronchial
asthma: effects on IL-6, IL-8 and IL-33
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Abstract Rhinoviral infection is associated with an

increased risk of asthma attacks. The macrolide clar-

ithromycin decreases cytokine production in nasopharyn-

geal aspirates from patients with wheezing, but the effects

of macrolides on cytokine production in nasal epithelial

cells obtained from asthmatic subjects remain unclear.

Here, human nasal epithelial cells were infected with type-

14 rhinovirus (RV14), a major RV group. Titers and RNA

of RV14 and cytokine concentrations, including IL-1b and

IL-6, were higher in the supernatants of the cells obtained

from subjects with bronchial asthma (asthmatic group) than

in those from the non-asthmatic group. Pretreatment with

clarithromycin decreased RV14 titers, viral RNA and

cytokine concentrations, and susceptibility to RV14

infection. Pretreatment with clarithromycin also decreased

IL-33 production, which was detected after infection.

Pretreatment with clarithromycin decreased the expression

of intercellular adhesion molecule-1, the receptor for

RV14, after infection, the number and fluorescence inten-

sity of the acidic endosomes through which RV RNA

enters the cytoplasm, and the activation of nuclear factor

kappa-B proteins in nuclear extracts. These findings sug-

gested that RV replication and cytokine production may be

enhanced in nasal epithelial cells obtained from subjects

with bronchial asthma and may be modulated by

clarithromycin.

Keywords Bronchial asthma � Clarithromycin � Cytokine �
Nasal epithelial cell � Rhinovirus

Introduction

Rhinovirus (RV) infection is a major cause of exacerbation

of bronchial asthma, and it induces frequent and long

periods of lower airway symptoms in adult asthmatics

(Nicholson et al. 1993; Johnston et al. 1995; Corne et al.

2002; Yamaya 2012a). Several events induced by RV

infection have been suggested to be associated with the

exacerbation of bronchial asthma, including increased air-

way responsiveness, eosinophil accumulation in airways,

increases in smooth muscle contraction and mucus secre-

tion (Lemanske et al. 1989; Fraenkel et al. 1995; Inoue

et al. 2006). Furthermore, a higher frequency of colds in

asthmatic adults and a higher detection rate of RV in

asthmatic children with symptoms of a cold have been

reported (Minor et al. 1974; Tarlo et al. 1979).

RV infection-induced cytokines, such as IL-5, IL-13,

IL-25 and IL-33, are associated with persistent and severe
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asthma (Jackson et al. 2014; Beale et al. 2014). IL-1b and

IL-33 enhance intercellular adhesion molecule (ICAM-1)

expression in the airway epithelial cells and endothelial

cells (Terajima et al. 1997; Demyanets et al. 2011; Choi

et al. 2012). Because ICAM-1 is the receptor for the major

RV types (Greve et al. 1989), the increased ICAM-1

expression in airway epithelial cells in asthmatic subjects

(Wegner et al. 1990; Manolitsas et al. 1994) may cause

increased susceptibility to RV infection (Manolitsas et al.

1994).

A variety of drugs decrease the frequency of asthma

exacerbation, including inhaled corticosteroids, inhaled

corticosteroids and long-acting b2 agonists, leukotriene

receptor antagonists and anti-IgE antibodies (Pauwels et al.

1997; Sin et al. 2004; Ohta et al. 2009); however, many

patients still have frequent and persistent asthma attacks

due to respiratory infections (Wark and Gibson 2006), and

they continue to have uncontrolled asthma symptoms

despite treatment with inhaled corticosteroids (Bateman

et al. 2004). Although antibodies for IL-5 and IL-13

improve lung function in asthmatic patients and decrease

asthma exacerbations (Haldar et al. 2009; Corren et al.

2011), further development of agents to decrease asthma

exacerbation is required.

Treatment with clarithromycin decreases the fre-

quency of exacerbation in refractory asthma with neu-

trophilic inflammation (Simpson et al. 2008), improves

pulmonary function, and decreases the eosinophil count

in peripheral venous blood in children with asthma (Wan

et al. 2016). Macrolides have several effects on airway

epithelial cells, including inhibiting the replication of

respiratory viruses, inhibiting the production of inflam-

matory cytokines and mucin induced by virus infection

(Suzuki et al. 2002; Inoue et al. 2006; Yamaya et al.

2010, 2012b), inhibiting IL-13-induced goblet cell

hyperplasia (Tanabe et al. 2011) and stimulating

mucociliary transport (Rubin et al. 1997). Furthermore,

clarithromycin has been found to decrease cytokine pro-

duction in the nasopharyngeal aspirates of children with

wheezing (Fonseca-Aten et al. 2006) and in sinonasal

mucosal explants from patients with eosinophilc and non-

eosinophilic chronic rhinosinusitis (Zeng et al. 2015).

However, the inhibitory effects of clarithromycin on RV

replication and the production of the inflammatory

cytokines have not been studied in airway epithelial cells

obtained from asthmatic patients.

In the present study, we examined the inhibitory effects

of clarithromycin on the type-14 rhinovirus (RV14)

infection, RV infection-induced cytokine production and

the expression of ICAM-1, the receptor for RV14 (Greve

et al. 1989), by using human nasal epithelial (HNE) cells

obtained from patients with bronchial asthma.

Materials and methods

Human nasal epithelial cell cultures

The HNE cells were obtained from excised nasal speci-

mens from the coronoid processes of asthmatic (n = 15,

age: 45 ± 5 years; 5 females and 10 males, asthmatic

group) and non-asthmatic (n = 12, age: 63 ± 3 years; 7

females and 5 males, non-asthmatic group) subjects

undergoing endoscopic endonasal sinus surgery. The

allergic diseases and the reasons to conduct endoscopic

surgery on the subjects are summarized in Table 1.

Among the asthmatic subjects, nine also had chronic

sinusitis, four had eosinophilic chronic sinusitis, one had

pyogenic granuloma and one had sinus mycosis. The

asthmatic subjects also had eosinophilia greater than 500/

lL in their peripheral venous blood. The specific serum IgE

antibody levels were greater than 170 IU/mL for at least

one common inhalant allergen in all of the subjects in the

asthmatic group. Bronchial asthma was defined according

to the 2015 Global Initiative for Asthma (GINA) guidelines

(2015).

The HNE cells were isolated using 0.05% protease, and

primary cultures of HNE cells were cultured in plastic

tubes (Becton–Dickinson, Franklin Lakes, NJ, USA), in

96-well plates or on coverslips in Petri dishes, as described

previously, depending on the experiment (Lusamba Kalonji

et al. 2015). We were able to obtain only a limited number

of HNE cells, ranging from 3 9 106 to 8 9 106, from

specimens from each patient; therefore, the cells were used

for the experiments according to the number of isolated

cells. We examined the effects of clarithromycin on RV14

proliferation and cytokine production, and then performed

experiments to study the mechanisms underlying the inhi-

bitory effects of clarithromycin and to study cell damage.

Furthermore, when the cells isolated from the asthmatic

patients were used, experiments were performed using the

cells obtained from both types of asthmatic patients, i.e.,

those who had chronic sinusitis and eosinophilic chronic

sinusitis, to match the allergic condition associated with the

causes of endoscopic surgery.

None of the patients were being treated with oral ster-

oids at the time of surgery. This study was approved by the

Tohoku University Ethics Committee (IRB number:

2015-1-730, 2016-1-802).

Human embryonic fibroblast cell culture

Human embryonic fibroblast (HEF) cells (HFL-III cells,

Riken Bio Resource Center Cell Bank, Cell No: RCB0523;

Tsukuba, Japan) were cultured as previously described

(Lusamba Kalonji et al. 2015).
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Viral stock

The RV14 (a major RV group) stock was prepared from a

patient with a common cold by infecting HEF cells as

previously described (Lusamba Kalonji et al. 2015).

Detection and titration of viruses

RV14 in the supernatants (cell-culture medium) was

detected and titrated using HEF cells with endpoint meth-

ods (Lusamba Kalonji et al. 2015). The rates of RV14

release into the supernatants are expressed as TCID50

(tissue culture infective dose) units/mL (Lusamba Kalonji

et al. 2015).

Quantification of rhinoviral RNA

To quantify the RV14 RNA content and b-actin mRNA

expression levels in the HNE cells, a two-step real-time

quantitative reverse transcription (RT)-PCR assay using the

TaqMan technique was performed using TaqMan� Gene

Expression Master Mix (Applied Biosystems, Bedford, CA,

USA), as previously described (Lusamba Kalonji et al. 2015).

RT-PCR for b-actin was also performed as previously descri-

bed (Lusamba Kalonji et al. 2015). The expression of the RV

RNA was normalized to the constitutive expression of the b-
actin mRNA.

Viral infection of epithelial cells

Infection of the HNE cells with RV14 (100 lL in each

tube, 1.0 9 104 TCID50 units/100 lL, 2.0 9 10-2 TCID50

units/cell) was performed using previously described

methods (Lusamba Kalonji et al. 2015). The cells in the

tubes were cultured at 33 �C with rolling.

Pretreatment with clarithromycin

HNE cells were pretreated with either clarithromycin

(10 lM unless otherwise specified) or vehicle [0.05%

dimethyl sulfoxide (DMSO)] for 3 days (72 h) before

infection to examine the effects of clarithromycin on

RV14 release, RV14 RNA replication, ICAM-1 expres-

sion, endosomal acidification, cytokine secretion and NF-

jB activation. The concentration of clarithromycin

(10 lM) was chosen on the basis of the serum concen-

tration in clinical use (Yamaya et al. 2010). Alternatively,

the cells were cultured in medium alone. To examine the

effects of clarithromycin on cell functions other than

endosomal acidification, the cells were also treated with

clarithromycin or the vehicle or cultured in medium alone

Table 1 Characteristics of the subjects

Subject

number

Asthmatic subjects Non-asthmatic subjects

Allergic diseases and

condition

Causes of endoscopic

surgery

Subject

number

Allergic diseases and

condition

Causes of endoscopic

surgery

1 BA CS 1 ND CS

2 BA CS 2 ND CS

3 BA CS 3 ND CS

4 BA CS 4 ND CS

5 BA CS 5 ND CS

6 BA CS 6 ND SM

7 BA CS 7 ND SM

8 BA CS 8 ND SM

9 BA CS 9 ND SM

10 BA PG 10 ND SM

11 BA SM 11 ND CS ? SM

12 BA ? ECS ECS 12 ND SC

13 BA ? ECS ECS – – –

14 BA ? ECS ECS – – –

15 BA ? ECS ECS – – –

BA bronchial asthma, CS chronic sinusitis, ECS eosinophilic chronic sinusitis, PG pyogenic granuloma, SC sinus cyst, SM sinus mycosis, ND not

determined; Allergic diseases and condition were searched but not found
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after RV14 infection until the end of the experimental

period.

Collection of the supernatants for measurement

To examine the effects of clarithromycin on viral release,

the supernatants were collected at 1 days (24 h), 3 days

(72 h) and 5 days (120 h) after infection. In the prelimi-

nary experiments, the secretion of IL-6, IL-8 and IL-33 into

the supernatants increased 72 h after infection. Therefore,

to examine the effects of clarithromycin on the secretion of

the inflammatory cytokines, the supernatants were col-

lected before infection and at 72 h after infection.

Effects of clarithromycin on the susceptibility

to rhinovirus infection

Epithelial cells were pretreated with clarithromycin

(10 lM) or vehicle for 72 h before infection, and the

effects of clarithromycin on cellular susceptibility to RV14

infection were evaluated as previously described (Lusamba

Kalonji et al. 2015).

Measurement of ICAM-1 expression and cytokine

production

The membrane-bound form of ICAM-1 was examined via

flow cytometry analysis using an anti-human CD54 anti-

body and a mouse IgG1, j isotype control (FC) antibody

(BIOLEGEND), as previously described (Suzuki et al.

2002). ICAM-1 mRNA levels were also examined via two-

step, real-time, RT-PCR analysis using the methods

described above (Quantification of rhinoviral RNA) with a

forward primer designed for ICAM-1 (Lusamba Kalonji

et al. 2015).

The concentration of the soluble form of ICAM-1

(sICAM-1) and the levels of IL-1b, IL-5, IL-6, IL-13, IL-
25 and IL-33 in the supernatants were examined using

specific enzyme-linked immunosorbent assays (ELISAs).

Measurement of the changes in the acidic endosomes

The distribution and fluorescence intensity of the acidic

endosomes in the cells were measured with LysoSensor

DND-189 dye (Molecular Probes, Eugene, OR, USA), by

using live-cell imaging, as previously described (Lusamba

Kalonji et al. 2015).

NF-jB assay

The presence of the p50 and p65 subunits in the nuclear

extracts was assessed using a TransFactor Family Colori-

metric Kit-NF-jB (BD Bioscience/CLONTECH)

according to the manufacturer’s instructions, as previously

described (Lusamba Kalonji et al. 2015).

Measurement of airway epithelial cell damage

To examine HNE cell damage, the viability of the cells

adhered on the culture vessels of plastic tubes were mea-

sured by trypan blue exclusion. Lactate dehydrogenase

(LDH) concentrations in the supernatants were also

measured.

Statistical analysis

The results are expressed as the mean ± SEM. For com-

paring data between the two groups, Student’s t tests or

Mann–Whitney U tests were performed. For comparing

data between more than two groups, analysis of variance

(ANOVA) and subsequent post hoc analysis with Bonfer-

roni correction was used. For all analyses, values of

p\ 0.05 were considered significant. The number of

donors from whom the cultured HNE cells were obtained is

referred to as n.

Results

Effects of clarithromycin on rhinovirus replication

in nasal epithelial cells from subjects with bronchial

asthma

First, we examined the effects of clarithromycin on rhi-

novirus replication in HNE cells. RV14 was detected in the

supernatants of HNE cells obtained from subjects in the

asthmatic group (asthmatic subjects) (Fig. 1a) and in the

non-asthmatic group (non-asthmatic subjects) (Fig. 1b) at

24 h. The viral titers in the supernatants increased signifi-

cantly over time for the first 3 days (72 h), and consistent

viral titers were detected at 5 days (120 h) after infection

(Fig. 1a, b). The viral titers in the supernatants of the cells

obtained from the asthmatic subjects were significantly

higher than those obtained from non-asthmatic subjects

(Fig. 1c).

Clarithromycin (10 lM) pretreatment of the HNE

cells obtained from subjects in both groups resulted in

significantly lower RV14 viral titers in the supernatants

than those from cells pretreated with the vehicle

(Fig. 1a–c). The viral titers of the cells obtained from

subjects in both groups pretreated with the vehicle did

not differ from the titers of the cells without any treat-

ment (Fig. 1c).

RV14 RNA was consistently observed in the HNE

cells from 24 h after infection in the cells obtained from
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asthmatic (Fig. 1d) and non-asthmatic (data not shown)

subjects. Subsequent increases were observed between 24

and 72 h after infection, and maximal levels of RV14

RNA were observed at 72 h after infection (Fig. 1d).

The RV14 RNA levels in the cells obtained from the

asthmatic subjects were significantly higher than those in

the cells from the non-asthmatic subjects (Fig. 1e). Pre-

treatment of the HNE cells obtained from subjects in

both groups with clarithromycin resulted in RV14 RNA

levels at 72 h after infection that were significantly lower

than those of the cells pretreated with the vehicle

(Fig. 1e). The RV14 RNA levels in the cells obtained

from both groups pretreated with the vehicle did not

differ from the levels in the cells without any treatment

(Fig. 1e).

Effects on susceptibility to rhinovirus infection

To examine the effects of clarithromycin on the suscepti-

bility to rhinovirus infection, we measured the minimum

dose of RV14 that was necessary to cause infection. This

minimum dose in the HNE cells pretreated with the vehicle

did not differ from that in the untreated cells (Fig. 1f). In

contrast, pretreatment of the cells with clarithromycin

significantly decreased the susceptibility of the cells to

RV14 infection. The minimum dose of RV14 that was

Fig. 1 a, b The time courses of viral release in the supernatants of the cells that were obtained from asthmatic (a) or non-asthmatic (b) subjects
and pretreated with clarithromycin (10 lM) (open circles) or the vehicle (closed circles) at different times after RV14 infection. c Viral release in
the supernatants of the cells that were obtained from asthmatic (BA) or non-asthmatic (non-BA) subjects and pretreated with clarithromycin

(RV ? CAM) or the vehicle (RV), or of the untreated cells (RV ? Untreated) collected 72 h after RV14 infection. d The time-courses of RV14

RNA replication in the cells from asthmatic subjects obtained at different times after RV14 infection. e Replication of RV14 RNA in the cells

that were obtained from asthmatic (BA) or non-asthmatic (non-BA) subjects and pretreated with clarithromycin (RV ? CAM) or the vehicle

(RV), or in the untreated cells (RV ? untreated) 72 h after infection. f The minimum dose of RV14 necessary to cause infection in the HNE cells

pretreated with the vehicle or clarithromycin (CAM), or in the untreated cells (untreated). a–f The results are presented as the mean ± SEM from

nine (a–c), three (d, e), or four (f) subjects. The results of RV14 RNA (d, e) are expressed as the relative amount of RNA expression (%)

compared with that of the peak level of RV14 RNA expression in cells that were obtained from the asthmatic subjects and pretreated with the

vehicle 72 h after infection. Significant differences from the cells pretreated with the vehicle are indicated by *p\ 0.05 and **p\ 0.01 (a, b, f).
Significant differences from the cells that were obtained from the asthmatic subjects pretreated with the vehicle are indicated by ?p\ 0.05 and
??p\ 0.01 (c, e), and significant differences from the cells that were obtained from the non-asthmatic subjects and pretreated with the vehicle

are indicated by §p\ 0.05 (c, e)

530 M. Yamaya et al.

123



necessary to cause infection in the cells pretreated with

clarithromycin was significantly higher than that for the

cells pretreated with the vehicle alone (Fig. 1f).

Effects on ICAM-1 expression

We examined the effects of clarithromycin on the

expression of ICAM-1, the receptor for the major group of

RVs (Greve et al. 1989), to study the mechanisms

underlying the anti-rhinoviral effects of this drug. The

expression of the membrane-bound form of ICAM-1 was

assayed via flow cytometric analysis. Seventy-two hours

after RV14 infection, the HNE cells exhibited higher

ICAM-1-specific fluorescence intensity than that in the

untreated cells before infection (Fig. 2c, f, g). Pretreat-

ment and treatment with clarithromycin decreased the

Fig. 2 a–g ICAM-1 expression assayed by flow cytometry in the cells obtained from the asthmatic subjects before (Vehicle, CAM, untreated)

(a–c) and 72 h after (RV, RV ? CAM, RV ? untreated) (d–f) RV14 infection pretreated with clarithromycin (CAM, RV ? CAM) or the

vehicle (Vehicle, RV), or in the untreated cells before (untreated) or after (RV ? untreated) infection. The median value of the ICAM-1-specific

fluorescence intensity in the cells treated with the vehicle before infection was set to 1.0 (g). h, i Expression of ICAM-1 mRNA (h) and sICAM-1

concentrations in the supernatants (i) before (Vehicle, CAM, untreated) and 24 h after (RV, RV ? CAM, RV ? untreated) RV14 infection in the

cells that were obtained from the asthmatic subjects and pretreated with clarithromycin (CAM, RV ? CAM) or vehicle (Vehicle, RV), or in the

untreated cells before (untreated) or after (RV ? untreated) infection. The expression of ICAM-1 mRNA was normalized to the constitutive

expression of b-actin mRNA. The mean value of the expression of ICAM-1 mRNA in the cells treated with the vehicle before infection was set to

1.0. g–i The results are presented as the mean ± SEM from three (g) or five (h, i) subjects. Significant differences from the values for the cells

pretreated with the vehicle (Vehicle) before infection are indicated by *p\ 0.05. Significant differences from the values for the cells pretreated

with the vehicle after infection (RV) are indicated by ?p\ 0.05
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increases in the intensity that would otherwise be induced

by RV14 infection (Fig. 2d, e, g), although clarithromycin

did not change the baseline ICAM-1-specific fluorescence

intensity (Fig. 2a, b, g).

We also examined the effects of clarithromycin on the

ICAM-1 mRNA expression. The levels of ICAM-1 mRNA

expression in the cells obtained from asthmatic subjects

increased after RV14 infection (Fig. 2h). When the cells

were pretreated and treated with clarithromycin before and

after infection, the ICAM-1 mRNA expression decreased

after infection (Fig. 2h). In contrast, pretreatment of the

cells with clarithromycin did not decrease the baseline

ICAM-1 mRNA expression relative to the levels detected

in the cells pretreated with the vehicle before RV14

infection (Fig. 2h).

The levels of ICAM-1 mRNA expression in the cells

that were obtained from the asthmatic subjects and pre-

treated with the vehicle before infection did not differ from

those of the untreated cells cultured in the medium alone

(Fig. 2h). Similarly, at 72 h after infection, the levels of

ICAM-1 mRNA expression in the cells pretreated with the

vehicle did not differ from those of the untreated cells

cultured in the medium alone.

The sICAM-1 concentrations in the supernatants of the

cells obtained from the asthmatic subjects were higher 72 h

after RV14 infection (Fig. 2i). When the cells were treated

with clarithromycin before and after infection, the sICAM-

1 concentrations in the cells decreased after RV14 infection

(Fig. 2i). In contrast, pretreatment of the cells with clar-

ithromycin tended to result in sICAM-1 concentrations

lower than those in the cells pretreated with the vehicle

before RV14 infection, although the results did not reach

statistical significance (Fig. 2i).

The concentrations of sICAM-1 in the cells that were

obtained from the asthmatic subjects and pretreated with

the vehicle did not differ from those in the untreated cells

before infection (Fig. 2i). Similarly, the concentrations of

sICAM-1 in the cells pretreated with the vehicle did not

differ from those in the untreated cells at 72 h after

infection.

Effects on the acidification of endosomes

To study another mechanism underlying the anti-rhinoviral

effects of this drug, we also examined the effects of clar-

ithromycin on the pH of endosomes, where RV14 RNA

enters into cytoplasm (Mellman et al. 1986; Casasnovas

and Springer 1994).

Pretreatment with clarithromycin decreased the number

of acidic endosomes in the HNE cells obtained from the

asthmatic subjects (Fig. 3a–c). Moreover, pretreatment

with clarithromycin decreased the fluorescence intensity

Fig. 3 a–c Distribution of the

acidic endosomes exhibiting

green fluorescence in HNE cells

obtained from asthmatic

subjects 72 h after pretreatment

with clarithromycin (CAM, 10

lM) (c) or the vehicle (b), or
untreated cells (a). Data are

representative of four different

experiments (Bar = 100 lm).

d The fluorescence intensity of

the acidic endosomes in the

cells 72 h after pretreatment

with clarithromycin (CAM) or

the vehicle, or in the untreated

cells (untreated). The mean

value of the fluorescence

intensity in the vehicle-treated

cells was set to 100%. The

results are presented as the

mean ± SEM from eight

subjects. Significant differences

from the values for the cells

pretreated with the vehicle are

indicated by *p\ 0.05
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compared with that of cells that were pretreated with the

vehicle and untreated cells cultured in medium alone

(Fig. 3d). Pretreatment with the vehicle for 72 h did not

alter the number of acidic endosomes in the cells, on the

basis of the presence of green fluorescence (Fig. 3b) and

the fluorescence intensity of the acidic endosomes (Fig. 3d)

compared with the intensity in the untreated cells.

Effects on cytokine production

To study the anti-inflammatory effects of clarithromycin,

we measured the cytokine levels in the supernatants. Sig-

nificant levels of IL-6 and IL-8 were detected in the

supernatants of the untreated cells and the cells pretreated

with the vehicle obtained from non-asthmatic and asth-

matic subjects. The levels of IL-6 and IL-8 in the cells from

the asthmatic subjects were higher than those in the cells

from the non-asthmatic subjects before infection (Table 2).

Furthermore, the levels of IL-6 and IL-8 in the cells that

were obtained from non-asthmatic and asthmatic subjects

and pretreated with clarithromycin were lower than those

in the cells pretreated with the vehicle before infection

(Table 2). The levels of IL-6 and IL-8 in the untreated

HNE cells before infection did not differ from the levels in

the cells pretreated with the vehicle.

RV14 infection increased the secretion of IL-6 and IL-8

in the supernatants of the untreated cells and the cells pre-

treated with the vehicle at 72 h after infection (Table 2). The

levels of IL-6 and IL-8 in the cells obtained from the asth-

matic subjects were higher than those of the cells obtained

from the non-asthmatic subjects after infection (Table 2).

Furthermore, the levels of IL-6 and IL-8 in the cells that

were obtained from the non-asthmatic subjects and pre-

treated with clarithromycin were lower than those of the

cells pretreated with the vehicle after infection (Table 2).

Similarly, the levels of IL-6 and IL-8 in the supernatants of

the cells that were obtained from the asthmatic subjects and

pretreated with clarithromycin were lower than those of the

cells pretreated with the vehicle after infection (Table 2).

The levels of IL-6 and IL-8 in the untreated cells from both

groups did not differ from the levels in the cells pretreated

with the vehicle after infection.

Before infection, the supernatants of the cells did not

contain a significant amount of IL-33, but a significant

amount was detected after infection (Table 2). The levels

of IL-33 in the cells obtained from the asthmatic subjects

were higher than those in the cells from the non-asthmatic

Table 2 Effects of

clarithromycin on release of

cytokines in human nasal

epithelial cells

Non-BA subjects BA subjects

Before RV infection After RV infection Before RV infection After RV infection

IL-6 (ng/mL)

Untreated 1.4 ± 0.2 4.4 ± 0.3* 4.0 ± 0.3* 58.2 ± 4.5**??��

Vehicle 1.5 ± 0.2 4.6 ± 0.3* 3.9 ± 0.3* 57.6 ± 4.7**??��

CAM 0.6 ± 0.1* 2.7 ± 0.1*� 1.6 ± 0.2? 14.4 ± 1.2*?§

IL-8 (ng/mL)

Untreated 7.6 ± 0.5 16.8 ± 1.5* 14.1 ± 1.3* 36.8 ± 2.4**?�

Vehicle 7.8 ± 0.6 17.1 ± 1.6* 14.8 ± 1.2* 37.3 ± 2.2**?�

CAM 3.4 ± 0.2* 8.2 ± 0.7� 6.5 ± 0.5? 22.7 ± 1.4*?§

IL-33 (pg/mL)

Untreated ND 4.8 ± 0.2* ND 34.8 ± 2.2**??��

Vehicle ND 4.5 ± 0.2* ND 35.7 ± 2.3**??��

CAM ND 3.1 ± 0.1*� ND 14.9 ± 1.2*?§

The levels of cytokines in the supernatants before and after RV14 infection in the cells obtained from non-

asthmatic and asthmatic subjects pretreated with clarithromycin (CAM) or the vehicle (Vehicle), or in the

untreated cells (Untreated)

BA subjects subjects in the asthmatic group, CAM clarithromycin, Non-BA subjects subjects in the non-

asthmatic group, RV rhinovirus; ND significant levels were not detected (\1.65 pg/mL)

The results are presented as the mean ± SEM of five samples. Significant differences compared with cells

obtained from the non-asthmatic subjects that were pretreated with the vehicle alone (Vehicle) before

infection are indicated by * p\ 0.05 and ** p\ 0.01. Significant differences compared with cells obtained

from the asthmatic subjects pretreated with the vehicle alone (Vehicle) before infection are indicated by
?p\ 0.05 and ??p\ 0.01. Significant differences compared with vehicle-pretreated cells obtained from

non-asthmatic and asthmatic subjects after RV14 infection are indicated by �p\ 0.05 and ��p\ 0.01, and
§p\ 0.05, respectively
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subjects after infection (Table 2). Furthermore, the levels

of IL-33 in the cells that were obtained from non-asthmatic

and asthmatic subjects and pretreated with clarithromycin

were lower than those in the cells pretreated with the

vehicle after infection (Table 2).

The concentrations of IL-5, IL-13 and IL-25 were lower

than the detection limits (\4 pg/mL for IL-5,\16 pg/mL

for IL-25 and\6 pg/mL for IL-13).

Effects on NF-jB

To study the mechanisms underlying the anti-inflammatory

and anti-rhinoviral effects of clarithromycin, we measured

the effects of clarithromycin on NF-jB activity, because

NF-jB increases the gene expression of ICAM-1 and pro-

inflammatory cytokines and regulates endosomal pH (Zhu

et al. 1996; Papi and Johnston 1999; Yamaya et al. 2016).

Pretreatment of the HNE cells obtained from the asth-

matic subjects with clarithromycin resulted in lower levels

of NF-jB p50 and p65 in the nuclear extracts than those in

the cells pretreated with the vehicle before RV14 infection

(Fig. 4a, b).

RV14 infection increased the amount of NF-jB p50 in

the cells pretreated with the vehicle, and clarithromycin

decreased the amount of p50 after infection when the cells

were pretreated before infection and treated after infection

with clarithromycin (Fig. 4a).

RV14 infection tended to increase the amount of NF-jB
p65 in the cells pretreated with the vehicle, and clar-

ithromycin tended to decrease the amount of p65 following

infection when the cells were treated with clarithromycin

before and after infection, although the results did not

reach statistical significance (Fig. 4b).

The amount of NF-jB p50 and p65 in the untreated cells

[0.33 ± 0.02 optical density (OD), n = 4, and 0.42 ± 0.03

OD, n = 3] did not differ from the cells pretreated with the

vehicle (p[ 0.02) before RV14 infection.

Effects on cytotoxicity

We examined the cytotoxic effects of clarithromycin to

demonstrate that the decreased production of ICAM-1 and

pro-inflammatory cytokines in the cells pretreated with

clarithromycin after RV 14 infection was not caused by the

cytotoxic effects of this drug.

Pretreating the HNE cells with clarithromycin (10 lM)

or the vehicle for 72 h did not increase the proportion of

dead cells among the attached cells (98 ± 1% in clar-

ithromycin, 98 ± 1% in the vehicle, and 97 ± 1% in the

medium alone) (p[ 0.20; compared with pretreatment

with the vehicle, n = 4). Furthermore, pretreatment with

clarithromycin for 72 h did not change the concentrations

of LDH in the supernatants (34 ± 3 IU/L in clar-

ithromycin, 32 ± 3 IU/L in the vehicle, and 33 ± 3 IU/L

in the medium alone; p[ 0.20, n = 5).

Discussion

In the present study, we demonstrated that pretreatment

with the macrolide clarithromycin decreased the RV14

titers and cytokine concentrations in the supernatants of

primary cultures of human nasal epithelial (HNE) cells as

Fig. 4 Amount of p50 (a) and p65 (b) in the nuclear extracts of the HNE cells obtained from the asthmatic subjects before (Vehicle, CAM) and

72 h after (RV, RV ? CAM) RV14 infection. The cells were pretreated with clarithromycin (CAM, 10 lM) or vehicle (Vehicle) for 72 h before

infection or were pretreated starting at 72 h before infection and treated until 72 h after infection with clarithromycin (RV ? CAM) or the

vehicle (RV). The results are expressed as the optical density (OD) and are given as the mean ± SEM for cells from four subjects. Significant

differences compared with the vehicle alone before infection (Vehicle) are indicated by *p\ 0.05. Significant differences compared with

pretreatment with the vehicle after infection (RV) are indicated by ?p\ 0.05
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well as RV14 RNA replication within the cells obtained

from asthmatic and non-asthmatic subjects. Pretreatment

with clarithromycin decreased the mRNA and protein

expression of ICAM-1, the receptor for the major group of

RVs (Greve et al. 1989), after RV14 infection. Pretreat-

ment with clarithromycin also decreased the number and

fluorescence intensity of acidic endosomes through which

RV RNA enters the cytoplasm (Pérez and Carrasco 1993;

Casasnovas and Springer 1994) and increased the mini-

mum dose of RV14 necessary to cause a viral infection.

These findings suggested that clarithromycin inhibited

RV14 infection partially by decreasing the production of its

receptor and the number of acidic endosomes.

Macrolide antibiotics, including erythromycin and clar-

ithromycin, decrease the replication of respiratory viruses,

such as RV, influenza virus and respiratory syncytial virus

(Suzuki et al. 2002; Yamaya et al. 2010, 2012). Macrolide

antibiotics also decrease the production of pro-inflamma-

tory cytokines, such as IL-1b and IL-6, and a major com-

ponent of mucin, MUC5AC, in human tracheal epithelial

(HTE) and HNE cells infected with RV (Suzuki et al. 2002;

Inoue et al. 2006). We observed that pretreatment with the

macrolide clarithromycin decreased the production of IL-6

and IL-8 in the supernatants after RV14 infection. These

findings suggested that the anti-inflammatory effects of

macrolides may contribute to the lower frequency of

exacerbation and improved symptoms in severe neu-

trophilic asthma (Simpson et al. 2008).

ICAM-1 expressed on the cells is the site of attachment

for the major group of RVs, such as RV14 (Greve et al.

1989). RVs form RV-soluble ICAM-1 complexes, and

these complexes release viral RNA (Casasnovas and

Springer 1994). Furthermore, after attaching to ICAM-1,

RVs are internalized, delivered to endosomes, where they

release RNA after exposure to the acidic pH in the endo-

somes (Mellman et al. 1986; Casasnovas and Springer

1994). Thus, the entry of RV14 RNA into the cytoplasm in

infected cells appears to be mediated by destabilization due

to receptor binding, endosomal acidification, or both

(Casasnovas and Springer 1994). In contrast, infection of

HeLa cells and HTE cells by RV14 is inhibited by the

macrolide bafilomycin A1 (Pérez and Carrasco 1993;

Suzuki et al. 2001). Endosomal pH is regulated by the

vacuolar H?-ATPase (Mellman et al. 1986) and ion

transport across Na?/H? exchangers (Nass and Rao 1998).

The macrolide bafilomycin A1 inhibits vacuolar H?-

ATPase (Pérez and Carrasco 1993) and increases endoso-

mal pH (Pérez and Carrasco 1993; Suzuki et al. 2001). In

the present study, the ICAM-1 expression in the HNE cells

was decreased by clarithromycin treatment after RV14

infection, and this treatment increased the endosomal pH in

the cells. Therefore, the decreased expression of ICAM-1

and increased pH in the acidic endosomes through the

inhibition of vacuolar H?-ATPase might be associated with

the decrease in RV14 proliferation, as shown previously

(Pérez and Carrasco 1993; Suzuki et al. 2001; Lusamba

Kalonji et al. 2015). Furthermore, in addition to these

mechanisms, Gielen et al. have suggested that azi-

thromycin has anti-rhinoviral activity through the up-reg-

ulation of anti-virus substrate IFNs (Gielen et al. 2010).

We demonstrated that pretreatment of HNE cells with

clarithromycin decreased the ICAM-1 expression and the

production of pro-inflammatory cytokines after RV14

infection and increased the endosomal pH in the absence of

RV14 infection. NF-jB increases the gene expression of

ICAM-1, vacuolar H?-ATPase (van der Kraan et al. 2013)

and pro-inflammatory cytokines, such as IL-6 (Zhu et al.

1996; Papi and Johnston 1999). We have previously

reported that the decreased production of ICAM-1 and pro-

inflammatory cytokines, including IL-6 and IL-8, and the

increased endosomal pH in HTE and HNE cells by ery-

thromycin and the non-antibiotic macrolide EM900 is

associated with inhibition of NF-jB (Suzuki et al. 2002;

Lusamba Kalonji et al. 2015). Furthermore, treatment with

an inhibitor of NF-kB, caffeic acid phenethyl ester,

increases endosomal pH in HNE cells (Yamaya et al.

2016). The inhibition of NF-jB activity exerted by clar-

ithromycin that was observed in the present study are

consistent with the findings of a previous study showing

that clarithromycin decreases NF-jB activation in HTE

cells after influenza virus infection (Yamaya et al. 2010).

Thus, the decreased production of ICAM-1, IL-6 and IL-8

and the increased endosomal pH by clarithromycin through

the modulation of NF-jB activation may be associated

with anti-viral and anti-inflammatory effects.

In contrast, the production of IL-33 is enhanced by

inflammatory substrates, such as TNF-a (Kempuraj et al.

2013), whose release is enhanced in response to RV

infection (Terajima et al. 1997; Suzuki et al. 2002), and IL-

33 activates NF-kB (Funakoshi-Tago et al. 2011). There-

fore, the decreased production of IL-33 by clarithromycin

may be partially caused by the decreased production of

inflammatory substrates through the inhibition of NF-kB by

clarithromycin.

The 12-, 14- and 15-membered macrolides, including

EM900, erythromycin and azithromycin, have anti-rhi-

noviral effects (Suzuki et al. 2002; Gielen et al. 2010;

Lusamba Kalonji et al. 2015), and we demonstrated the

anti-rhinoviral effect of the 14-membered macrolide clar-

ithromycin. In contrast, the 16-membered macrolide teli-

thromycin does not decrease RV replication (Gielen et al.

2010); however, another 16-membered macrolide, bafilo-

mycin A1, has anti-rhinoviral effects (Pérez and Carrasco

1993; Suzuki et al. 2001). On the basis of these findings,

anti-rhinoviral activities may differ among the types of

macrolides.
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The relationship between the structure of clarithromycin

and its anti-inflammatory and anti-viral effects has been

unclear. Sugawara et al. have demonstrated that the mod-

ification of the N,N-dimethylamino group on the des-

osamine moiety of EM900, an analogue of erythromycin,

changes its anti-inflammatory activity (Sugawara et al.

2012). Similarly, Bosnar et al. have demonstrated that

erythromycin-derived macrolides, including clar-

ithromycin, characterized by N0-substituted 20-O,30-N-car-
bonimidoyl bridged desosamine sugars, have anti-

inflammatory effects (Bosnar et al. 2012); however, those

studies have not shown a decrease in ICAM-1. In the

present and previous studies, we have demonstrated that

macrolides, including clarithromycin and erythromycin,

may decrease RV14 replication through reducing ICAM-1

expression via the modulation of NF-jB (Suzuki et al.

2001, 2002; Lusamba Kalonji et al. 2015); however, no

study has investigated the relationship between the struc-

ture of clarithromycin and the decrease in ICAM-1

expression and the modulation of NF-jB.
A macrolide and a potent inhibitor of the vacuolar H?-

ATPase bafilomycin A1 (Pérez and Carrasco 1993)

decreases RV replication through increasing pH of acidic

endosomes (Pérez and Carrasco 1993; Suzuki et al. 2001).

Regarding the structure of bafilomycin A1, Shibata et al.

have demonstrated that the absence of two methyl groups

located at C-6 and C-8 causes a conformational change in

the macrocyclic core structure of bafilomycin A1, and this

change is necessary for binding to the vacuolar H?-ATPase

(2015); however, no study has demonstrated the relation-

ship between the structure of clarithromycin and the

binding activity to the vacuolar H?-ATPase.

Thus, the findings reported by three study groups (Su-

gawara et al. 2012; Bosnar et al. 2012; Shibata et al. 2015)

have suggested the relationship between the structure of

macrolides and the anti-viral and anti-inflammatory activ-

ities; however, further studies are required to clarify the

structure–function relationship of clarithromycin.

Asthmatic patients have bronchial epithelial cells and

bronchoalveolar lavage cells that exhibit defective RV-in-

duced IFN production (Wark et al. 2005), which is corre-

lated with the severity of RV-induced asthma exacerbation

and RV replication (Contoli et al. 2006). This mechanism

has been suggested to cause RV infection-induced asthma

exacerbations (Jackson and Johnston 2010).

Furthermore, the increased ICAM-1 expression has been

observed in the airway of asthmatic subjects (Wegner et al.

1990; Manolitsas et al. 1994), although ICAM-1 expression

has not been found to be different between asthmatic

subjects and healthy controls in a report by Wark et al.

(2005). We also observed increased ICAM-1 expression in

HNE cells obtained from asthmatic subjects in the present

study. Because ICAM-1 is the receptor for the major group

of RVs, including RV14 (Greve et al. 1989), increased

ICAM-1 expression may increase susceptibility to RV

infection, as suggested by Manolitsas et al. (1994). The

increased RV replication and cytokine production in the

asthmatic subjects in the present study was consistent with

previously reported findings in in vitro (Contoli et al. 2006;

Jackson et al. 2014) and in vivo (de Kluijver et al. 2003;

Jackson et al. 2014). Therefore, enhanced RV14 replication

and cytokine production in the airway in asthmatic subjects

may cause more severe airway inflammation and subse-

quent asthma exacerbation.

In the present study, clarithromycin also decreased the

production of IL-33 after RV infection in HNE cells,

although the levels of IL-33 have been found to be lower

than those in nasal lavage fluids after experimental RV

infection in an in vivo study (Jackson et al. 2014). IL-33

induces mucin gene expression and goblet cell hyperplasia

(Ishinaga et al. 2016). Furthermore, the IL-33-induced

production of IL-5 and IL-13 in innate type-2 lymphoid

stimulates airway eosinophils in allergic patients (Barnes

2015). Clarithromycin has been found to inhibit mucus

hypersecretion and IL-13-induced goblet cell hyperplasia

(Rubin et al. 1997; Tanabe et al. 2011) and to inhibit IL-33

mRNA expression by sinonasal mucosa in an explant

model study (Zeng et al. 2015). The anti-inflammatory

action of macrolides during allergic inflammation has been

demonstrated in mice with steroid-insensitive inflammation

(Essilfire et al. 2015). These findings suggest that the

inhibitory effects of macrolides on mucus hypersecretion

and eosinophil stimulation induced by IL-33 may also be

associated with improved pulmonary function and eosino-

philic inflammation in children with asthma (Wan et al.

2016).

Jackson et al. have reported the up-regulation of

inflammatory substrates, including IL-5, IL-13 and IL-33,

after experimental exposure to RV in nasal lavage samples

in an in vivo study and in the supernatants of human

bronchial epithelial cells in an in vitro study (2014). In

contrast, we did not detect significant amounts of IL-5 and

IL-13 in the supernatants of the cells. The production of IL-

33 was detected in the supernatants after RV14 infection,

but the levels were lower than those reported by Jackson

et al. (2014). The reasons for these differences are unclear;

however, we used primary cultures of HNE cells in which

inflammatory cells, such as eosinophils, and fibroblasts are

absent (Yamaya et al. 2016). Furthermore, the culture

methods, including the culture medium components, that

we used in the present study were different from those in

the report by Jackson et al. (2014). Therefore, the absence

of cells other than epithelial cells and the differences in the

types of epithelial cells and in the culture methods may be

associated with the differences in cytokine production

observed in the present study. The mild severity of
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asthmatic symptoms in the subjects in the present study

may also be related to the low IL-33 values, as observed by

Jackson et al. in nasal lavage samples from asthmatic

subjects with mild symptoms (2014).

Pretreatment with clarithromycin decreased the expres-

sion of ICAM-1 after RV14 infection, although this pre-

treatment did not decrease ICAM-1 expression before

infection. In contrast, erythromycin decreased ICAM-1

expression in the HTE cells before infection, as we have

previously reported (Suzuki et al. 2002). The precise rea-

sons for these differences are unclear, but treatment with

EM900, the non-antibiotic macrolide, also has not been

found to have significant inhibitory effects on the ICAM-1

expression in HNE cells before RV infection (Lusamba

Kalonji et al. 2015). Differences in cell type may be

associated with the effects of clarithromycin on ICAM-1

expression before infection; however, the decreased

ICAM-1 expression induced by RV infection may have

been associated with decreased RV replication in the pre-

sent study.

We have previously reported that RV14 titers and

cytokine concentrations, including IL-6 and IL-8, in the

supernatants, RV14 RNA replication and susceptibility to

RV14 infection are higher in HNE cells obtained from

allergic subjects, including patients with bronchial asthma

and allergic rhinitis, than in cells from non-allergic subjects

(Yamaya et al. 2016). The ICAM-1 expression and the

number and fluorescence intensity of acidic endosomes

were higher in HNE cells from the allergic subjects. The

abundance of p50 and p65 subunits of transcription factor

NF-jB in the nuclear extracts of cells from allergic sub-

jects was also greater than that in non-allergic subjects.

Therefore, the increased RV14 replication observed in

HNE cells obtained from the asthmatic subjects in the

present study may have been partly associated with the

enhanced ICAM-1 expression and decreased endosomal

pH through NF-jB activation, as previously reported

(Yamaya et al. 2016).

Treatment of the cells with clarithromycin did not

change the viability of HNE cells or LDH levels in the

supernatants, thus indicating no apparent cytotoxicity from

clarithromycin, as we have previously demonstrated in

HTE cells (Yamaya et al. 2010). Therefore, the decreased

production of pro-inflammatory cytokines and ICAM-1

after RV 14 infection was not likely to be caused by

cytotoxic effects of clarithromycin.

In conclusion, an evaluation of the results of this study is

limited because we used a cellular model that consisted of

culturing the HNE cells under immersed feeding condi-

tions; however, RV replication and cytokine production

may be enhanced in nasal epithelial cells obtained from

asthmatic subjects and may be modulated by

clarithromycin.
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