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Low-Dose Carbon Monoxide Inhibits Rhinovirus Replication in
Human Alveolar and Airway Epithelial Cells
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Carbon monoxide (CO) and nitric oxide (NO) exhibit physiological properties that include the activation of
guanylate cyclase. NO inhibits replication of rhinovirus (RV), a major cause of the common cold and
exacerbation of bronchial asthma and chronic obstructive pulmonary disease. However, the anti-rhinoviral
effects of CO remain unclear. This study investigated whether the exogenous application of low-dose CO
could inhibit RV replication in human alveolar and airway epithelial cells. A549 human lung carcinoma cells
with alveolar epithelial features and primary cultures of human tracheal epithelial (HTE) cells were
pretreated with CO (100 ppm) and infected with a major group RV, type 14 RV (RV14). CO exposure
reduced RV14 titers in the supernatants and RV RNA levels in A549 and HTE cells. The treatment with a
guanylate cyclase inhibitor, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one, reversed the inhibitory effects of
CO exposure on RV14 replication in A549 cells. Pretreatment of A549 cells with 8-Br-cGMP, a cell-
permeable cGMP analog, caused the decrease in RV14 replication, while CO exposure increased cGMP
production. CO exposure also increased the expression levels of interferon (IFN)-y mRNA and protein. In
contrast, pretreatment with CO did not increase DNA fragmentation and did not reduce the expression of
intercellular adhesion molecule-1, the RV14 receptor, or the number of acidic endosomes, through which
RV RNA enters the cytoplasm. These findings suggest that low-dose CO may decrease RV14 replication
in alveolar and airway epithelial cells. IFN-y production, which is induced by CO exposure via guanylate

cyclase activation-mediated cGMP production, may be involved in RV14 replication inhibition.
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Introduction

Rhinoviruses (RVs) are the major cause of the
common cold as well as the most common acute infection
illnesses in humans (Turner et al. 1982). RVs are also
associated with acute exacerbation of bronchial asthma and
chronic obstructive pulmonary diseases (COPD) (Nicholson
et al. 1993; Seemungal et al. 2001). Several mechanisms of
RV-induced exacerbation of these diseases have been pro-
posed, including virus-induced mucus hypersecretion, air-
way inflammation, and smooth muscle contraction (Yamaya
2012; Yamaya et al. 2012).

Carbon monoxide (CO) is produced endogenously by
heme oxygenase (HO) (Maines 1988) and is present in
measurable quantities in the exhaled air of normal subjects
(Jarvis et al. 1980). Exhaled CO and arterial blood car-
boxyhemoglobin concentrations are increased in patients
with inflammatory pulmonary diseases, including bronchial
asthma, COPD and interstitial lung disease, and upper

respiratory tract infections (Zayasu et al. 1997; Yasuda et al.
2005; Hara et al. 2017).

Similar to nitric oxide (NO), CO is a small diatomic
gaseous molecule formed when one carbon atom bonds
with one O, atom. CO exhibits physiological properties
mediated in part by activation of guanylate cyclase (Stone
and Marletta 1994). CO binds with the heme moiety of
purified soluble guanylate cyclase to activate this enzyme
and increase cyclic guanosine monophosphate (cGMP) lev-
els (Briine and Ullrich 1987; Kharitonov et al. 1995).
Inhaled CO reduces lung inflammation and decreases air-
way hyperresponsiveness in mice, and these effects are also
mediated through cGMP (Chapman et al. 2001; Ameredes
et al. 2003). NO inhibits RV replication and RV-induced
cytokine production in human respiratory epithelial cell
lines (Sanders et al. 1998). Based on these findings, we
hypothesized that CO may inhibit RV replication in human
alveolar and airway epithelial cells.

In the present study, we examined the inhibitory effects
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of low-dose CO exposure on RV 14 infection in A549 cells,
a lung carcinoma cell line with alveolar epithelial features
(Lieber et al. 1976), and primary cultures of human tracheal
epithelial (HTE) cells. The implications of guanylate
cyclase, cGMP and interferon (IFN)-y were also analyzed to
elucidate the mechanism by which CO affects RV14 repli-
cation. Additionally, we studied the effects of CO exposure
on intercellular adhesion molecule-1 (ICAM-1) expression
and on the distribution of acid endosomes, which are asso-
ciated with RV14 attachment and entry in airway epithelial
cells (Greve et al. 1989; Casasnovas and Springer 1994).

Methods

A549 and human tracheal epithelial cell cultures

A549 human lung carcinoma cells were obtained from the Cell
Resource Center for Biomedical Research, Institute of Development,
Aging and Cancer, Tohoku University. A549 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal
bovine serum (FBS) in flasks (25 cm? surface area; Becton Dickinson,
Franklin Lakes, NJ, USA) and then plated at 4 x 10° viable cells/mL
in plastic tubes (16 mm in diameter and 125 mm in length; Becton
Dickinson) or on coverslips in petri dishes as previously described
(Yamaya et al. 2014).

We also used primary cultures of human tracheal epithelial
(HTE) cells, which were isolated and cultured using methods previ-
ously reported (Yamaya et al. 1992, 2014). HTE cells were cultured
in plastic tubes at a density of 5 x 10° viable cells/mL in 1 mL of
DMEM-Ham’s F-12 medium (DF12 medium) containing 2%
Ultroser G (USG) (Yamaya et al. 2014). Tracheas for cell cultures
were obtained after death from 5 patients (mean age 73 + 3 y; 2
females, 3 males) under a protocol approved by the Tohoku
University Ethics Committee (2017-1-765 and 2018-1-16). The
causes of death included acute myocardial infarction (n = 2), malig-
nant tumors other than lung cancer (n = 1), congestive heart failure (n
= 1) and malignant lymphoma (n = 1).

Human embryonic fibroblast cell cultures

Human embryonic fibroblast (HEF) cells (HFL-III cells, Riken
Bio Resource Center Cell Bank, Cell No: RCB0523; Japan) were cul-
tured as previously described (Yamaya et al. 2014).

Viral stock

The RV14 (a major group RV) stock was prepared from a
patient with a common cold by infecting HEF cells as previously
described (Yamaya et al. 2014).

Viral detection and titration

RV14 in the supernatants (cell culture medium) was detected
and titrated using HEF cells and endpoint methods by infecting HEF
cells in plastic 96-well plates (Becton Dickinson) with 10-fold serial
dilutions of virus-containing culture supernatants (Numazaki et al.
1987; Condit 2013; Yamaya et al. 2014). The presence of the typical
RV14 cytopathic effects was observed at 7 days. RV14 release rates
into the supernatants are expressed as the tissue culture infective dose
(TCIDsp)/mL (Yamaya et al. 2014).

RV RNA quantification
To measure RV RNA levels and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) mRNA expression levels, we performed
real-time quantitative polymerase chain reaction with reverse
transcription (RT-PCR) using the Tagman technique (Roche
Molecular Diagnostic Systems, Mannheim, Germany), as previously
described (Yamaya et al. 2014). RV RNA expression level was
normalized to the constitutive GAPDH mRNA expression level.

Epithelial cell viral infection and collection of supernatant and RNA

A549 and HTE cells were infected with RV14 [300 uL per tube,
1.0 x 10° TCIDs, /mL in A549 cells, multiplicity of infection (MOI)
of 0.06; 200 L per tube, 1.0 x 10° TCIDs, /mL in HTE cells, MOI of
0.04] for 60 min using previously described methods (Yamaya et al.
2014). The cells were cultured at 33°C in 1 mL of DF12 medium
containing 2% USG.

The supernatants and RNA were collected or extracted before
infection (0 h) and at 24 h and/or 72 h after infection.

Cell treatment with CO and agents

In many in vivo experiment reports, animals were exposed to
100-1,000 ppm CO, most commonly 250 ppm of CO, for 1 h per day
(Motterlini and Otterbein 2010; Chan et al. 2016), and 250 ppm of
CO was considered “low-level of CO” (Ameredes et al. 2003) for in
vivo experiments. Furthermore, 200 ppm CO was determined to be a
ceiling for life and health (Earnest et al. 1997).

Therefore, we reduced the CO concentration to 100 ppm and
the exposure time to 10 min to avoid cytotoxicity. A549 cells or HTE
cells were pretreated with bubbling air or 100 ppm of CO gas for 10
min per day for 72 h before infection and for an additional 72 h after
infection.

For exploring whether cGMP would mimic the effects of CO
exposure, A549 cells were pretreated with 8-Br-cGMP (0.2 mM or 2
mM; Sigma-Aldrich, St. Louis, MO, USA) before infection and
treated after infection (Koetzler et al. 2009). A549 cells were also
pretreated and treated with the guanylate cyclase inhibitor 1H4-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 30 uM; Enzo Life
Sciences, Farmingdale, NY, USA) to examine the role of guanylate
cyclase (Koetzler et al. 2009).

cGMP, IFN-y and ICAM-1 measurements

To elucidate the mechanism underlying the inhibitory effects of
CO exposure, we measured cyclic GMP concentrations in
supernatants with a Cyclic GMP assay kit (R&D Systems,
Minneapolis, MN, USA). IFN-y concentrations in whole-cell proteins
and IFN-y mRNA levels in A549 cells were measured with a
Quantikine Human IFN-y Immunoassay kit (R&D Systems) and real-
time RT-PCR, respectively.

We also measured the expression levels of ICAM-1, the recep-
tor for RV14 (Greve et al. 1989), using A549 and HTE cells. ICAM-1
mRNA and the concentrations of a soluble form of ICAM-1 (sICAM-
1) in the supernatants were analyzed using real-time RT-PCR and a
Quantikine Human sICAM-1 immunoassay kit (R&D Systems) as
previously described (Yamaya et al. 2014). The expression level of
ICAM-1 or IFN-y mRNA was normalized to the constitutive expres-
sion level of GAPDH mRNA.

Measurement of acidic endosomal changes

The distribution and fluorescence intensity of acidic endosomes
through which RV RNA enters the cytoplasm (Pérez and Carrasco
1993; Casasnovas and Springer 1994) in A549 cells were measured
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with LysoSensor DND-189 dye (Molecular Probes, Eugene, OR,
USA) (Yamaya et al. 2014). A549 cells were pretreated with air or
100 ppm CO exposure for 10 min each day for 72 h.

Assessment of DNA fragmentation via cell death detection ELISA

Cell viability was assessed with Cell Death Detection ELISA
Plus (Roche Applied Sciences, Mannheim, Germany) (Fortenberry et
al. 1999) using supernatants (conditioned medium) from A549 cells.
This kit is based on a quantitative sandwich enzyme immunoassay
principle and utilizes mouse monoclonal antibodies directed against
DNA and histones. This immunoassay allows apoptosis-specific
detection and quantification of mononucleosomes and oligonu-
cleosomes, which are released into the cytoplasm of apoptotic cells.
Nucleosomes were photometrically detected at 405 nm by measuring
peroxidase activity. The final absorbance was obtained by subtracting
the observed absorbance of the negative control.

Statistical analysis
The results are expressed as the means + SEM. Statistical anal-
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yses were performed using two-way repeated measures analysis of
variance (ANOVA). Subsequent post hoc analyses were performed
using Bonferroni’s method. Student’s t-tests were performed for
comparisons between two groups. Values of p < 0.05 were consid-
ered significant for all analyses. In the experiments using HTE cell
cultures, n refers to the number of donors (tracheae) from whom the
cultured epithelial cells were obtained. All analyses were performed
using SPSS version 20 (IBM Japan, Tokyo, Japan).

Results

Effects of CO exposure on RV14 replication

RV 14 was detected in the supernatants of A549 cells at
24 h, and the viral titers progressively increased between 24
h and 72 h after infection (Fig. 1A). Pretreatment of the
cells with CO resulted in significant decreases in the viral
titers 24 h and 72 h after infection (Fig. 1A).

Similarly, RV14 was detected in the supernatants of
HTE cells at 24 h, and the viral content was progressively
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Fig. 1. Effects of CO exposure on RV14 replication and DNA fragmentation.

(A) and (B): Time course of viral release in the supernatants of A549 (A) and HTE (B) cells obtained at different times
after RV14 infection. Cells were pretreated by exposing them to air (open circles) or CO gas (closed circles) for 10 min
per day for 3 days before RV14 infection and until the experiment ended after infection. RV 14 release rates into the su-
pernatants are expressed as the tissue culture infective dose (TCIDs,)/mL.

(C) and (D): RV14 RNA expression in A549 (C) and HTE (D) cells before (0 h) and at 24 h and 72 h after RV14 infec-
tion detected by real-time quantitative RT-PCR. RV14 RNA expression was normalized to the constitutive expression
of GAPDH mRNA. Cells were pretreated by exposing them to air (Air) or CO gas (CO) before and after RV14 infec-

tion.

(E): DNA fragmentation in A549 cells at 24 h after RV 14 infection. The potency of DNA fragmentation is expressed as

the absorbance value at 405 nm.

(A)-(E): The results are expressed as the means + SEM of five samples (A549 cells) or five tracheal epithelial cell lines
(HTE cells). Significant differences between cells exposed to CO or air are indicated by *p < 0.05 and **p < 0.01.
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increased between 24 h and 72 h after infection (Fig. 1B).
Again, treatment of the cells with CO caused the significant
decrease in the viral titers at 72 h (Fig. 1B).

The inhibitory effects of CO exposure on RV14 RNA
replication in A549 cells were further evidenced by real-
time quantitative RT-PCR analysis. RV14 RNA replication
in the cells was consistently observed 24 h after infection
and was increased between 24 h and 72 h (Fig. 1C).
Pretreatment of the cells with CO decreased the RV14 RNA
levels at 24 h and at 72 h after infection (Fig. 1C).

Similarly, RV14 RNA replication in HTE cells was
consistently detected at 24 h and 72 h after infection (Fig.
1D). Pretreatment of the cells with CO caused the decrease
in the RV14 RNA level 72 h after infection (Fig. 1D).

We also examined the cytotoxic effects of CO expo-
sure on A549 cells after RV14 infection. At 24 h after
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infection, the levels of DNA fragmentation in the culture
supernatants of the A549 cells pretreated with CO for 72 h
were lower than the levels in supernatants from cells pre-
treated with air (Fig. 1E).

Effects of guanylate cyclase activation and cGMP on RV14
replication

The binding of CO with guanylate cyclase activates
guanylate cyclase and increases cGMP levels (Briine and
Ullrich 1987; Kharitonov et al. 1995). We, therefore, exam-
ined the role of guanylate cyclase activation on the inhibi-
tory effects of CO exposure on RV14 replication.
Pretreatment of A549 cells with the guanylate cyclase
inhibitor ODQ (30 uM) (Koetzler et al. 2009) reversed the
decrease in RV 14 titers (Fig. 2A) and RV14 RNA replica-
tion (Fig. 2B) induced by treatment with CO exposure at
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Fig. 2. Effects of ODQ or cGMP on RV 14 replication or cGMP production.

(A) and (B): Viral release in the supernatants (A) or the RV14 RNA level (B) before and at 24 h and 72 h after infection
in A549 cells pretreated with ODQ (30 M) or vehicle for 3 days in the presence of air or CO exposure before infection
and until the experiment ended after infection. RV14 RNA expression was normalized to the constitutive expression of
GAPDH mRNA. The results are expressed as the means + SEM of five samples (in A549) or five different tracheae.
Significant differences after infection from air exposure are indicated by *p < 0.05. Significant differences after infec-
tion from CO exposure in the absence of ODQ are indicated by 'p < 0.05.

(C) and (D): Time course of viral release in the supernatants of A549 cells pretreated with 8-Br-cGMP (2 mM) (closed
diamonds) or vehicle (open circles) obtained at different times after infection (C), and RV14 RNA expression in A549
cells pretreated with 8-Br-cGMP (0.2 mM or 2 mM) at 72 h postinfection (D). Cells were pretreated with 8-Br-cGMP
for 3 days before infection and until the experiment ended after infection. The results are expressed as the means +
SEM of five samples. Significant differences from RV 14 infection in the absence of 8-Br-cGMP (Air+RV14 or veh:

vehicle) are indicated by *p < 0.05 and **p <0.01.

(E): cGMP concentrations in the supernatants of A549 cells exposed to air or CO in the absence or presence of ODQ. Sig-
nificant differences from air exposure or CO exposure in the absence of ODQ are indicated by **p < 0.01 or p < 0.01.
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72 h after infection.

We examined the effects of 8-Br-cGMP, a cell-
permeable cGMP analog (Koetzler et al. 2009), to deter-
mine whether cGMP would mimic the effects of the CO
exposure. 8-Br-cGMP (2 mM) significantly decreased the
viral titers in the supernatants of A549 cells at 24 h and 72
h (Fig. 2C) after infection and dose-dependently decreased
the RV14 RNA level 72 h after infection (Fig. 2D).

Effects of guanylate cyclase inhibition on cGMP production
increased by CO exposure

We also examined the effects of CO exposure on
c¢GMP production and guanylate cyclase activation. CO
exposure markedly increased cGMP levels in the superna-
tants of A549 cells (Fig. 2E), and pretreatment of the cells
with the guanylate cyclase inhibitor ODQ resulted in the
decrease of CO exposure-induced cGMP production (Fig.
2E).

Effects of CO exposure on IFN-y production

Because CO exposure reduced RV 14 titers in the
supernatants, we examined the effects of CO exposure on
the cellular level of IFN-yp that inhibits RV replication
(Sentsui et al. 2010). IFN-y mRNA expression levels were
significantly increased at 24 h and 72 h after RV14 infec-
tion in A549 cells with air exposure (Fig. 3A), and CO
exposure caused the further increase in IFN-y mRNA
expression levels induced by RV 14 infection (Fig. 3A).

Similarly, IFN-y protein levels were increased signifi-
cantly at 24 h and 72 h after RV14 infection in A549 cells
with air exposure, and CO exposure further increased the
IFN-y protein levels increased by RV14 infection at 24 h
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Fig. 3. Effects of CO exposure on IFN-y production.

and 72 h after infection (Fig. 3B).

Effects of CO exposure on ICAM-1 expression

We also examined the effects of CO exposure on the
expression of ICAM-1, the receptor for RV14. ICAM-1
mRNA expression levels in A549 and HTE cells were unal-
tered by the pretreatment with CO before infection (Fig.
4A, B). ICAM-1 mRNA expression levels were increased
24 h after RV14 infection (Fig. 4A, B). CO exposure
increased ICAM-1 mRNA expression levels at 24 h after
infection compared with those of the cells treated with air
(Fig. 4A, B).

The sICAM-1 concentration in the supernatants of the
A549 and HTE cells was unaltered by the pretreatment with
CO before RV14 infection (Fig. 4C, D). In contrast,
sICAM-1 concentrations in the A549 and HTE cells
exposed to air and CO increased at 24 h after infection (Fig.
4C, D). The sICAM-1 concentrations at 24 h after infection
in cells pretreated with CO tended to be higher than those
in the A549 and HTE cells pretreated with air (Fig. 4C, D),
but the difference was not significant (Fig. 4C, D).

Effects of CO on acidic endosomes

We also examined the effects of CO exposure on acidic
endosomes through which RV RNA enters the cytoplasm.
Acidic endosomes in uninfected A549 cells were stained
green with LysoSensor DND-189 (Fig. 4E, F). The distri-
bution (Fig. 4E, F) and fluorescence intensity (Fig. 4G) of
the acidic endosomes (stained green) in cells exposed to
CO did not differ from those in the cells exposed to air.

IFN-y (pg/mg protein)

Air CO Air CO Air CO

0h 24h 72h

IFN-y mRNA expression (A) and IFN-y protein production (B) in A549 cells before and at 24 h and 72 h after RV14
infection. Cells were pretreated by exposure to air or CO for 10 min per day for 3 days before RV 14 infection and until
the experiment ended after infection. IFN-y mRNA and IFN-y protein expression levels were normalized to the consti-
tutive expression level of GAPDH mRNA and total protein, respectively. The results are expressed as the means + SEM
of five samples. Significant differences from air exposure before infection are indicated by *p < 0.05 and **p < 0.01.
Significant differences from air exposure after infection are indicated by 'p < 0.05 and "'p < 0.01.
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Fig. 4. Effects of CO exposure on ICAM-1 expression and acidic endosomes.

(A)-(D): ICAM-1 mRNA expression (A and B) and sSICAM-1 concentrations (C and D) in the supernatants of A549 (A
and C) or HTE cells (B and D) before (0 h) and 24 h after RV14 infection. Cells were pretreated by exposure to air or
CO for 10 min per day for 3 days before infection and until the experiment ended after infection. The expression of
ICAM-1 mRNA was normalized to the constitutive expression of GAPDH mRNA. The results are expressed as the
means £ SEM of five samples (in A549 cells) (A and C) or five tracheal epithelial cell lines (in HTE cells) (B and D).
Significant differences from air exposure before infection are indicated by *p < 0.05 or **p < 0.01. Significant differ-
ences from air exposure 24 h after infection are indicated by "p < 0.05.

(E) and (F): Distribution of acidic endosomes exhibiting green fluorescence in A549 cells at 72 h after pretreatment with
exposure to air (E) or CO (F) for 10 min per day for 3 days (magnification x 200).

(G): The fluorescence intensity of acidic endosome in A549 cells at 72 h after pretreatment with exposure to air or CO
for 10 min per day for 3 days. The fluorescence intensity was measured in 100 cells, and the mean value of the fluores-
cence intensity in the air-exposed cells was set to 100%. The results are expressed as the means + SEM of four samples.

Discussion

In the present study, we demonstrated that exposure of
A549 and HTE cells to CO significantly decreased RV 14
titers in the supernatants and viral RNA replication in the
cells. Pretreatment of A549 cells with the guanylate cyclase
inhibitor ODQ reversed the inhibitory effects of the CO
exposure on RV14 titers and RV14 RNA replication, and
pretreatment of the cells with 8-Br-cGMP decreased the
RV 14 titers and RV14 RNA replication, although the
concentration of 8-Br-cGMP (0.2 and 2 mM) (Koetzler et
al. 2009) used in the present study was much higher than
that observed in the culture supernatants (Fig. 2D, E). CO
exposure increased cGMP production in A549 cells, and the
guanylate cyclase inhibitor ODQ inhibited the cGMP pro-
duction induced by CO exposure. CO exposure also
increased IFN-y production in infected and uninfected A549

cells. CO modulates the guanylate cyclase-GMP signaling
pathway (Verma et al. 1993; Hawkins et al. 1994), and
8-Br-cGMP induces IFN-y production in type 1 T-cells
(Niedbala et al. 2002). These findings suggest that CO
exposure may decrease RV14 replication in alveolar and
airway epithelial cells by increasing IFN-y, which inhibits
RV replication (Sentsui et al. 2010), via cGMP production
induced by guanylate cyclase activation.

In the present study, cells were exposed to 100 ppm
CO for 10 min per day for 72 h before infection. In many
in vivo experiment reports, animals were exposed to 100-
1,000 ppm CO, most commonly to 250 ppm CO, for 1 h per
day (Motterlini and Otterbein 2010; Chan et al. 2016), and
250 ppm CO was considered “low-level of CO” (Ameredes
et al. 2003) for in vivo experiments. Furthermore, 200 ppm
CO was determined to be a ceiling for life and health
(Earnest et al. 1997). Because we were unable to find any
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in vitro reports describing a suitable CO concentration, we
reduced the CO concentration to 100 ppm and exposure
time to 10 min to avoid cytotoxicity.

In fact, treatment with CO exposure did not increase
the levels of DNA fragmentation, and did not reduce
ICAM-1 expression or the number of acidic endosomes in
A549 cells. Although we did not measure the pH of the
culture medium, the color of the culture medium, which
contained phenol red, of the cells exposed to CO was simi-
lar to that of the cells exposed to air during the cell culture
in an incubator. These findings suggest that 100 ppm CO
exposure had no apparent cytotoxicity and that the reduced
RV 14 replication observed in the cells exposed to CO might
not be caused by cytotoxic effects of CO exposure in the
present study.

CO is toxic and lethal to living things in high doses
(> 1,200 ppm) (Chance et al. 1970; Earnest et al. 1997), and
CO is an industrial pollutant, resulting in chronic hypoxia
at high levels (Schwela 2000). However, the discovery of
the physiological actions of NO introduced the idea that a
small and ubiquitous diatomic gas molecule other than O,
may be associated with many cellular processes (Palmer et
al. 1987); thus, novel physiological actions of CO, includ-
ing those on airway inflammation and hyperresponsiveness
(Chapman et al. 2001; Ameredes et al. 2003), were investi-
gated.

Unlike NO, which interacts indiscriminately with sev-
eral intracellular targets, CO reacts exclusively with transi-
tion metals. Because of its inherent chemical reactivity, CO
is relatively stable compared with NO (Boczkowski et al.
2006). Endogenous CO production occurs via constitutive
HO (HO-2) and inducible HO (HO-1) activity, which are
also the enzymes that catabolize heme (Maines 1988;
Motterlini and Otterbein 2010).

CO has been studied as a cytoprotective and homeo-
static molecule with important physiological and patho-
physiological signaling capabilities in the lung (Chapman et
al. 2001), airways (Ameredes et al. 2003), platelets (Briine
and Ullrich 1987) and muscle (Chan et al. 2016). CO was
reported to relieve pulmonary arterial hypertension in sheep
experiencing hypoxia (Nachar et al. 2001). Furthermore,
CO inhalation has been suggested for clinical use due to its
anti-inflammatory effects against ventilator-induced lung
injury (Dolinay et al. 2004). Thus, the therapeutic potential
of CO for clinical applications is being discussed (Rosas et
al. 2018).

We previously reported that various agents, including
macrolides, inhaled corticosteroids, f, agonist and muco-
lytic agents, inhibited RV14 replication in HTE cells
(Yamaya 2012; Yamaya et al. 2012; 2014) by reducing
expression of ICAM-1, the RV14 receptor (Greve et al.
1989), and the number of acidic endosomes, through which
RV RNA enters the cytoplasm (Casasnovas and Springer
1994; Pérez and Carrasco 1993). However, in the present
study, CO exposure did not decrease ICAM-1 expression
levels in A549 and HTE cells or the number of acidic endo-

somes in A549 cells, suggesting that CO exposure inhibits
RV 14 replication via mechanisms other than reducing RV14
attachment and entry via acidic endosomes.

In summary, CO exposure inhibited RV 14 replication
in human alveolar and airway epithelial cells. The inhibi-
tory effect of CO on RV 14 replication may occur partially
via a guanylate cyclase activation pathway to induce cGMP
and subsequently produce IFN-y. Our data suggest that
applying low-dose CO may be a potential therapy for RV
infection and infection-induced exacerbation of bronchial
asthma and COPD.
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