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Background: Some investigators find a deficiency in IFN
production from airway epithelial cells infected with human
rhinovirus in asthma, but whether this abnormality occurs with
other respiratory viruses is uncertain.
Objective: To assess the effect of influenza A virus (IAV) and
respiratory syncytial virus (RSV) infection on IFN production
and viral level in human bronchial epithelial cells (hBECs) from
subjects with and without asthma.
Methods: Primary-culture hBECs from subjects with mild to
severe asthma (n 5 11) and controls without asthma (hBECs;
n 5 7) were infected with live or ultraviolet-inactivated IAV
(WS/33 strain), RSV (Long strain), or RSV (A/2001/2-20 strain)
with multiplicity of infection 0.01 to 1. Levels of virus along with
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IFN-b and IFN-l and IFN-stimulated gene expression (tracked
by 29-59-oligoadenylate synthetase 1 and myxovirus (influenza
virus) resistance 1 mRNA) were determined up to 72 hours
postinoculation.
Results: After IAV infection, viral levels were increased 2-fold in
hBECs from asthmatic subjects compared with nonasthmatic
control subjects (P < .05) and this increase occurred in concert
with increased IFN-l1 levels and no significant difference in
IFNB1, 29-59-oligoadenylate synthetase 1, or myxovirus
(influenza virus) resistance 1mRNA levels. After RSV infections,
viral levels were not significantly increased in hBECs from
asthmatic versus nonasthmatic subjects and the only significant
difference between groups was a decrease in IFN-l levels
(P < .05) that correlated with a decrease in viral titer. All these
differences were found only at isolated time points and were not
sustained throughout the 72-hour infection period.
Conclusions: The results indicate that IAV and RSV control and
IFN response to these viruses in airway epithelial cells is
remarkably similar between subjects with and without asthma.
(J Allergy Clin Immunol 2014;nnn:nnn-nnn.)

Key words: Asthma, IFN, influenza A virus, respiratory syncytial
virus, primary-culture airway epithelial cells

The IFN production and signaling pathway is critical for
defense against viral infections because it is required for
controlling viral replication.1,2 Accordingly, there is considerable
interest in whether variation in the IFN system might account for
susceptibility to viral infection. In that regard, it has been
recognized that individuals with asthma may be more susceptible
to respiratory viral infections and more likely to exhibit slower
viral clearance and worse respiratory symptoms, including
exacerbations of their underlying disease.3-7 In fact, respiratory
viral infections are perhaps the most common trigger of asthma
exacerbations.5,7-10 Moreover, infection with some types of
viruses, for example, respiratory syncytial virus (RSV) and
human rhinovirus (HRV), is also implicated in the development
of asthma in early childhood.11-21 Thus, it is natural to consider
that any possible increase in the incidence or severity of viral
infection in asthma might be due to a deficiency in antiviral
defense, and in particular a suboptimal pathway for IFN produc-
tion or signaling.6

A further extension of the proposal for IFN deficiency in
asthma derives from the role of the airway epithelial cell in host
defense. For example, the IFN response of airway epithelial cells
appears to be required for adequate defense against respiratory
viruses in experimental mouse models.22 However, the concept
remains to be formally proven in experimental systems and the
data for IFN deficiency in asthma remain controversial. Some
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RSV: R
espiratory syncytial virus
UV: U
ltraviolet
reports indicate that human bronchial epithelial cells (hBECs)
isolated from asthmatic subjects and then placed in culture will
produce lower levels of IFN-b and IFN-l in response to infection
with HRV-A16 and that this deficiency will lead to increases in
viral level.23-25 These observations have led to clinical trials of
IFN treatment to prevent and/or attenuate the impact of viral
infections in asthma. In contrast, a series of other reports shows
no significant difference in IFN production or signaling in
response to HRV-A16 infection in hBECs isolated and cultured
from asthmatic compared with nonasthmatic subjects.26-28

There are many possible reasons for the difference in study
outcomes, but one particular concern is the nature of the cell
culture system used to assess the IFN system. In particular, the
use of undifferentiated cells cultured under submerged
conditions versus well-differentiated cells maintained under
air-liquid interface conditions might have profound effects on
the susceptibility to viral infection. It is uncertain whether well-
differentiated cell cultures (that mimic physiologic conditions) or
undifferentiated cultures (that might mimic epithelial damage in
pathologic conditions) are more relevant to natural infection
in vivo. The evidence for IFN deficiency in cells from subjects
with asthma was found in undifferentiated cultures,24 and at least
1 group was unable to confirm this abnormality despite similar
culture conditions.28 However, in both cases, the studies include
only a limited number of conditions to optimize viral yield and
the main end point of viral titer can be difficult to monitor if
viral replication rates are low. Moreover, HRV replication varies
significantly with temperature and strain,29 adding additional
complexity to defining any differences in HRV control. For
example, studies reporting a defect in asthma used the HRV-
A16 strain23,24 whereas the study finding no difference used
HRV-A1.28 Furthermore, the previous studies aimed at HRV but
did not address other types of viruses despite experimental
evidence that paramyxovirus and influenza virus replicate at
high efficiencies in the lower airways and in airway epithelial
cell cultures andmay cause more severe and longer lasting airway
disease in experimental models studied in vivo30,31 and perhaps in
the setting of clinical infections as well.16,21,32,33

On the basis of these uncertainties, we reasoned that it would be
useful to reexamine viral level and IFN response in airway
epithelial cells under comprehensive conditions that are
optimized for virus-induced IFN production. In addition, given
the difficulties in reaching firm conclusions for HRVinfection, we
aimed to assess other types of respiratory viruses that are
also sensitive to IFN actions and are implicated in asthma
pathogenesis. We included RSV, which has not yet been assessed
in this type of system despite its association with asthma. We also
assessed influenza A virus (IAV), which was also implicated in
asthma exacerbations and was found to disproportionately affect
people with asthma in the latest US epidemic of influenza.32,33

An initial study of IAV (using the H3N2 A/Bangkok/1/79 strain)
found no significant difference in viral clearance and no loss
of IFN production in hBECs from asthmatic compared with non-
asthmatic subjects.34 However, this study used well-differentiated
hBEC cultures so the results cannot be compared directly with the
original reports of IFN deficiency in asthma. It therefore remains
uncertain whether reports of RSV and IAV link to asthma in
humans might be a consequence of IFN deficiency and/or higher
viral levels and/or more severe disease.

Here, we assess viral level and IFN production and action after
inoculation with RSVand IAV in primary-culture hBECs obtained
from asthmatic and nonasthmatic subjects and cultured under
submerged conditions. We chose these culture conditions to best
capture the difference in viral level and IFN production found in
previous reports and to avoid intersubject differences in the
degree of airway epithelial cell differentiation that might itself
influence viral infection and antiviral response. We utilize well-
characterized strains of RSV (RSV Long and RSVA/2001/2-20)
and IAV (IAV WS/33), and we establish conditions for high-level
viral replication and monitor both type I IFN (marked by IFN-b)
and type III IFN (marked by IFN-l) production as well as IFN-
stimulated gene (ISG) expression over a full 72-hour time course of
infection. Despite this comprehensive approach, we find a remark-
able similarity rather than a significant difference between airway
epithelial cells from asthmatic versus nonasthmatic individuals,
suggesting that innate epithelial control over 2 key respiratory
pathogens (RSVand IAV) is preserved in this disease state.

METHODS

Study subjects
Eighteen subjects (11 asthmatic subjects and 7 nonasthmatic control

subjects) were recruited for the study and were characterized as summarized

in Table I (for all asthmatic subjects) and detailed in Table E1 in this article’s

Online Repository at www.jacionline.org (for each asthmatic severity subset).

For asthmatic subjects, the diagnosis and severity of asthma were based on

National Asthma Education and Prevention Program (NAEPP) guidelines,35

symptoms of asthma were reported within the past 12 months, and reversible

airway obstruction (defined as >_12% and 200 mL increase in FEV1 with

inhaled bronchodilator) and bronchial hyperreactivity (defined as a provo-

cative concentration of methacholine causing a decline in FEV1 of 20% or
<_16 mg/mL) were present on pulmonary function testing. The clinical charac-

teristics of asthmatic and nonasthmatic subjects for each group of experiments

were not significantly different from the group as a whole. For nonasthmatic

control subjects, participants were required to be in good overall health with

no history of asthma, allergy, or nasal or sinus disease. For all subjects, atopic

status was defined as 1 or more positive allergy skin test result to a panel of 14

prevalent US-wide aeroallergens, or alternatively, a positive result to allergen-

specific IgE (8 types) by ImmunoCAP assay if skin testing could not be per-

formed. None of the study participants had significant bronchospasm, history

of respiratory failure requiring intubation, bronchial or upper respiratory tract

infection (including sinus infection) within the month before assessment, and

history of tobacco smoking in the year before assessment. All subjects provided

informed consent under a study protocol that was approved by the Human

Studies Committee of the Washington University Institutional Review Board.
Cell isolation and culture
Primary-culture human tracheal epithelial cells (hTECs) were isolated as

described previously36 from samples obtained from lung transplant donors

http://www.jacionline.org


TABLE I. Clinical characteristics of asthmatic and nonasth-

matic subjects

Characteristic Nonasthmatic Asthmatic P value

n 7 11

Age (y) 26.3 6 4.0 31.8 6 2.4 .222

Sex (%M/%F) 43/57 36/64 .335

Atopy, n (%) 5 (71) 9 (82) 1.0

IgE (Iu/mL) 65.8 6 41.4 402.5 6 111.8 .011

FEV1 (L) 3.9 6 0.35 3.0 6 0.26 .061

FEV1 (%pred) 102.6 6 3.7 85.1 6 3.8 .007

Maximum FEV1 post-BD 4.0 6 0.4 3.4 6 0.3 .190

%change FEV1 post-BD 3.5 6 1.3 14.3 6 3.4 .011

PC20 (mg/mL) >16 1.6 6 0.5 <.0001

% ICS, n (%) 0 (0) 5 (45)

Values are presented as means 6 SEM, and P values are based on Fisher exact test for

sex and atopy comparisons or unpaired t test for other comparisons. The

characteristics for the total group of nonasthmatic and asthmatic subjects were not

significantly different for the subsets of nonasthmatic (n 5 6) and asthmatic (n 5 8

and 9) subjects used for the analysis of RSV inoculations.

BD, Bronchodilator; F, female; ICS, inhaled corticosteroid; M, male; PC20,

provocative concentration of methacholine that causes a 20% decrease in FEV1.
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with no evidence of underlying lung disease (including asthma) based on

standardized guidelines.37 For the present study, hTEC cultures were

maintained on collagen-coated tissue culture plates in bronchial epithelial

growth medium (BEGM; Lonza, Walkersville, Md) under submerged

conditions to prevent further cell differentiation as described previously.38

Primary-culture hBECs were obtained from endobronchial brushings of 6

separate segmental or subsegmental airways in the lower lobes performed

with an epithelial cytology brush (Medical Engineering Lab, Inc, Shelby,

NC) guided by flexible fiberoptic bronchoscopy. The cells were rinsed from

the brush into Dulbecco modified Eagle medium/F12 media and were kept

on ice for transport. The harvested cells were disaggregated with a vortex

mixer, pelleted by centrifugation, resuspended in Ham’s F12 media, and

treated with pronase for 15 to 30 minutes at 258C before transfer to bronchial

epithelial growth medium (Lonza) and culture on collagen-coated 12-well

tissue culture plates. Cells were passaged once and then stored under liquid

nitrogen in medium containing 10% dimethyl sulfoxide and 20% FBS. For

viral infection experiments, vials of frozen cells were thawed, cultured for

3 to 6 days to achieve confluence, and then trypsinized and plated on

collagen-coated 12-well plates for study at passage 3 under submerged culture

conditions.
Virus infection conditions
Infection conditions were optimized using primary-culture hTECs that

were cultured on collagen-coated 12-well tissue culture plates in BEGM at a

density of 53 104 cells/well. Cultured cells were infected with IAVA/WS/33

lab strain or RSV Long lab strain (multiplicity of infection [MOI] of 0, 0.01,

0.1, or 1.0) or RSVA/2001/2-20 clinical isolate strain39 (MOI of 0, 0.01, or

0.10) in BEGM for 1 hour and then washed twice with Dulbecco’s phos-

phate-buffered saline. At 8, 24, 48, and 72 hours after viral inoculation, cell

lysates and supernatants were collected to determine levels of virus as well

as IFNB1 and IFNL1,2/3 mRNA and/or IFN-b and IFN-l1,2/3 protein using

real-time quantitative PCR assay and ELISA.

Based on the optimization in hTECs as described above, hBEC cultures

were inoculated with IAVA/WS/33 (MOI, 0.01), RSV Long (MOI, 1), or RSV

A/2001/2-20 (MOI, 1) or an equivalent amount of ultraviolet (UV)-inactivated

virus in BEGM for 1 hour and then washed with DPBS. Triplicate samples

were assessed for each experimental condition. At 8 to 72 hours after

inoculation, cell supernatants were collected and adherent cells were lysed

using Trizol (Life Technologies, Carlsbad, Calif). Cell supernatants and

lysates were stored at 2808C and then used to purify RNA using the 96-well

viral RNA and 96-well Quick RNA kits (Zymo Research Corporation, Irvine,

Calif), respectively.
Assessment of cytopathic effect
The LDH Cytoxicity Kit (Roche Applied Sciences, Indianapolis, Ind) was

used according to the manufacturer’s instructions. For the present

experiments, 50 mL of lactate dehydrogenase solution was incubated with

50 mL of cell supernatant for 30 minutes at 258C and absorbance was

determined at 490 nm and comparedwith background at 700 nm in flat-bottom

clear 96-well plates on a Synergy 4 plate reader (BioTek, Winooski, Vt).
Assays of RNA levels
To quantify the released viral level, RNA from cell supernatants was

subjected directly to real-time quantitative PCR reactions using the TaqMan

Fast Virus 1-Step master mix (Life Technologies). To quantify cellular viral

level and host gene expression, cellular RNAwas used to generate cDNAusing

the High Capacity cDNA kit (Life Technologies) and then subjected to real-

time quantitative PCR assay in accordancewith the Minimum Information for

Publication of Quantitative Real-Time PCR Experiments guidelines.40,41

Assays were performed in duplicate in 384-well plates using 3-mL

reactions and a LightCycler480 thermocycler (Roche Applied Sciences).

29-59-Oligoadenylate synthetase 1 (OAS1) and myxovirus (influenza virus)

resistance 1 (MX1) levels were assessed using quantitative PCR assay primers,

probes, and standards as described previously.42,43 The IAV level was

monitored using a quantitative PCR assay for the PA gene (segment 3)

with forward and reverse primers and probe 59-ggccgactacactctcgatga-39,
59-tgtcttatggtgaatagcctggttt-39, and 59-agcagggctaggatc-39, respectively, and
a plasmid containing the PA gene as a standard. The RSV level was

monitored using a quantitative PCR assay for the L gene using

forward and reverse primers and probe 59-tccctacggttgtgatcgataga-39,
59-tgatgggaagtagtagtgtaaagttggt-39, and 59-aggtaatacagccaaatc-39, respec-

tively, and a plasmid containing the L gene as a standard. Levels of IFNL1,

IFNL2/3, and IFNB1 mRNA were determined using the Hs00601677_g1,

Hs00820125_g1, and Hs01077958_s1 TaqMan assays (Life Technologies),

respectively. Levels of IFNB1 mRNA copy number were quantified using a

plasmid standard, and relative levels of IFNL1 and IFNL2/3 mRNA were

determined using dilutions of RNA from hTECs infected with IAV (MOI, 1)

as a semi-quantitative standard. All values were normalized to the level of

OAZ1 mRNA (1 3 103 copies per sample) as described previously.42
Assays of IFN levels
To quantify IFN-l levels, cell supernatants were analyzed with the human

IFN-l1/3DuoSet ELISA kit (R&DSystems,Minneapolis,Minn) according to

the manufacturer’s instructions. To quantify IFN-b levels, cell supernatants

were incubated in high-binding white half-area plates overnight at 48C. Plates
were then washed with PBS and incubated with mouse-antihuman IFN-b

antibody (cloneMMHB-3, PBL Interferon Source, Piscataway,NJ) for 2 hours

at 258C, and then with horseradish peroxidase–conjugated goat-antimouse–

conjugated secondary antibody for 1 hour followed by Glo chemiluminescent

substrate (R&D Systems). Luminescence was determined using a Synergy 4

plate reader. Assay sensitivity was 30 pg/mL.
Statistical analysis
Statistical analysis was performed with Graphpad Prism software (version

6; Graphpad Software, La Jolla, Calif). Unpaired parametric t test and Fisher

exact test were used to compare clinical characteristics. Welch’s correction

for t test was used for comparison of data sets with unequal variances.

Two-way ANOVA with Bonferroni adjustment for multiple comparisons

was used to detect any differences in the values for viral level or effect in cells

from asthmatic and nonasthmatic subjects inoculated with live and

inactivated virus. Thus, comparisons were made for the set of values after

live and UV-inactivated virus in asthmatic and nonasthmatic subjects at

each postinoculation time point. Two-way ANOVA was also used to detect

any difference in values after live virus infection in asthmatic versus non-

asthmatic subjects over the time course of the experiment. Data are

represented as mean 6 SEM, and a P value of less than .05 was considered

as significant.



FIG 1. Viral level and IFN response for IAV (A/WS/33 strain, MOI, 0.01) infection in hBEC cultures from

asthmatic (n 5 11) and nonasthmatic (n 5 7) subjects. A, IAV RNA levels in cell lysate and supernatant at

indicated times postinoculation (p.i.). B, IAV-induced cell toxicity marked by LDH release in cell supernatant.

C, IFNB1, IFNL1, and IFNL2/3 mRNA levels. D, IFN-l protein levels in cell supernatant. E, OAS1 and

MX1 mRNA levels. #P < .05 for the set of values for IAV and UV-inactivated IAV (IAV-UV) in asthmatic

and nonasthmatic subjects at each time point. The numbers in red indicate the fold-difference in the value

for IAV in asthmatic versus nonasthmatic subjects at time points of statistical significance. LDH, Lactate
dehydrogenase.
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RESULTS

IFN and ISG levels after IAV infection
Screening experiments in hTEC cultures (that were available in

greater numbers than hBECs) examined a broad range of viral
inoculation levels to establish conditions for viral replication and
IFN production. Initial experiments indicated that hTEC and
hBEC cultures exhibited similar levels of viral replication and
consequent viral titer based on inoculation with IAV (strain
A/WS/33) (see Fig E1 in this article’s Online Repository at www.
jacionline.org). For this viral strain, an MOI of 0.01 resulted in
maximal IFNB1 and IFNL1,2/3 mRNA and IFN-b and IFN-l
protein levels (see Fig E2 in this article’s Online Repository at
www.jacionline.org and data not shown). Similarly, inoculation
with IAV (MOI, 0.01) resulted in a marked increase in viral
RNA levels in hBECs cultured from asthmatic and healthy non-
asthmatic subjects (Fig 1, A). In both types of subjects, the
levels of virus in cell lysates and supernatants increased more
than 1000-fold with a similar time course over 72 hours. Levels
of viral RNA in cell lysates from asthmatic subjects were approx-
imately twice the level compared with nonasthmatic subjects at

http://www.jacionline.org
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http://www.jacionline.org


FIG 2. Viral level and IFN response for RSV (Long strain, MOI, 1) infection in hBEC cultures from asthmatic

(n5 9) and nonasthmatic (n5 6) subjects. A, RSV RNA levels in cell lysate and supernatant. B, RSV-induced

cell toxicity marked by LDH release in cell supernatant. C, IFNB1, IFNL1, and IFNL2/3 mRNA levels. D, IFN-l

protein levels in cell supernatant. E, OAS1 and MX1 mRNA levels. ###P < .001 and #P < .05 for the set of

values for RSV and RSV-UV in asthmatic and nonasthmatic subjects at each time point. ***P < .001 and

*P < .05 for the values for RSV in asthmatic versus nonasthmatic subjects over the time course of the exper-

iment. The numbers in red indicate the fold-difference in the value for RSV in asthmatic versus nonasth-

matic subjects at time points of statistical significance. LDH, lactate dehydrogenase; p.i., postinoculation.
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24, 48, and 72 hours after inoculation, but these differences
were significant only at 24 hours. Similarly, there was no signif-
icant difference in virus-induced cytopathic effect (based on
lactate dehydrogenase release) between hBECs from asthmatic
and nonasthmatic subjects at any time point after inoculation
(Fig 1, B).

In concert with IAV replication, IFNB1mRNA levels increased
approximately 100-fold while IFNL1 mRNA levels increased
by 1000-fold and IFNL2/3 mRNA levels by 500-fold after
inoculation with IAV comparedwithUV-inactivated IAVin hBECs
from asthmatic and nonasthmatic subjects (Fig 1, C). None of the
increases in IFNmRNA levels was significantly different between
hBECs from asthmatic and nonasthmatic subjects. IFN-b protein
levels in cell supernatants were below the limit of detection for
all samples (data not shown), but IFN-l levels progressively
increased to a maximum of approximately 50 pg/mL after IAV
inoculation (Fig 1, D). IFN-l levels were increased by 16-fold in
hBECs from asthmatic compared with nonasthmatic subjects at
24 hours postinoculation, but levels were not significantly different
between the 2 groups at later time points.



FIG 3. Viral level and IFN response for RSV (A/2001/2-20 strain, MOI, 1) in hBEC cultures from asthmatic

(n5 8) and nonasthmatic (n5 6) subjects. A, RSV RNA levels in cell lysate and supernatant. B, RSV-induced

cell toxicity marked by LDH release in cell supernatant. C, IFNB1, IFNL1, and IFNL2/3 mRNA levels. D, IFN-l

protein levels in cell supernatant. E, OAS1 and MX1 mRNA levels. ###P < .001, ##P < .01, #P < .05

for the set of values for RSV and RSV-UV in asthmatic and nonasthmatic subjects at each time point.

***P < .001 and *P < .05 for the values for RSV in asthmatic versus nonasthmatic subjects over the time

course of the experiment. The numbers in red indicate the fold-difference in the value for RSV in

asthmatic versus nonasthmatic subjects at time points of statistical significance. LDH, lactate dehydroge-

nase; p.i., postinoculation.
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In addition to increases in viral and IFN levels, we found
induction of representative ISG expression marked by OAS1 and
MX1 mRNA levels after IAV inoculation (Fig 1, E). Both viral
level and ISG expression were increased 2- to 3-fold at selected
time points in hBECs from subjects with severe asthma than in
subjects without asthma after IAV inoculation, but in general
each group exhibited similar levels of IAV RNA and ISG
expression (see Fig E3 in this article’s Online Repository at
www.jacionline.org). Moreover, similar to the case for IAV
and IFN levels, there were nearly identical levels of ISG
expression in hBECs from asthmatic versus nonasthmatic
subjects (Fig 1, E). Taken together, the results provide evidence
of a relatively minor and transient delay in control of IAV
replication but otherwise intact IFN production, ISG expression,
and IAV control in hBECs from asthmatic compared with
nonasthmatic subjects.
IFN and ISG levels after RSV infection
Screening experiments in hTEC cultures showed that RSV

(Long strain) at an MOI of 0.01 to 1.0 resulted in maximal IFNB1
and IFNL1,2/3 mRNA and IFN-l protein levels (at an MOI of 1)

http://www.jacionline.org


FIG 4. Correlations between levels of virus in cell supernatants versus levels of IFNB1, IFNL1, IFNL2/3, and
OAS1mRNA for hBECs obtained from all the asthmatic and nonasthmatic subjects and inoculated with IAV,

RSV Long, or RSV A2001/2-20. Lines represent fits to a linear regression of log values. Values for viral levels

represent mRNA copy number per microliter of cell supernatant. p.i., Postinoculation.
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(see Fig E4), so this inoculum was used for hBEC experiments.
Inoculation with RSV-Long (MOI, 1) resulted in marked
increases in viral RNA levels in hBECs cultured from asthmatic
and nonasthmatic subjects (Fig 2, A). In both types of subjects,
the levels of virus in cell supernatant and lysate increased
(;13 106-fold) with a similar time course over 72 hours. Levels
of viral RNA in cell lysates and supernatants were decreased
slightly (1.4-2-fold) in hBECs from asthmatic compared with
nonasthmatic subjects at 48 and 72 hours after inoculation but
were no different at all other time points. Similarly, there was
no significant difference in virus-induced cytopathic effect
between hBECs from asthmatic and nonasthmatic subjects at
any time point after inoculation (Fig 2, B).

In concert with RSV-Long replication, IFNB1 mRNA levels
increased 10- to 100-fold while IFNL1 and IFNL2/3mRNA levels
increased by 1 3 105-fold after inoculation with RSV-Long
compared with UV-inactivated RSV-Long in hBECs from asth-
matic and nonasthmatic subjects (Fig 1, C). Levels of IFNB1
mRNA were no different between asthmatic and nonasthmatic
subjects, and IFNL1 and IFNL2/3 mRNA levels were decreased
only slightly (1.7-2.8-fold) at only 4 of 8 time points (IFNL1 at
8, 24, and 48 hours and IFNL2/3 at 24 hours after inoculation)
in hBECs from asthmatic compared with nonasthmatic subjects
(Fig 2, C). However, IFN-l protein levels in cell supernatants
were no different at any time points between asthmatic and
nonasthmatic subjects (Fig 2,D). IFN-b protein levels were again
below the detection limit of the assay (data not shown). Induction
of representative ISG expression marked by OAS1 and MX1
mRNA levels was no different in hBECs from asthmatic versus
nonasthmatic subjects (Fig 2, E). Moreover, we found very few
significant differences in the levels of RSV RNA, IFN mRNA
and protein, or ISG expression in hBECs across the subgroups
of subjects with mild, moderate, and severe asthma as well as
subjects without asthma (see Fig E5 in this article’s Online
Repository at www.jacionline.org).

To validate results with a second RSV strain, we also assessed
the effects of RSVA/2001/2-20 infection on IFN production and
ISG expression in hBECs again at anMOI of 1 based on screening
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experiments in hTEC cultures. Inoculation with RSVA/2001/2-
20 (MOI, 1) resulted in less than 10-fold increases in viral RNA
levels in cell lysates and approximately 100-fold increases in viral
RNA cell supernatants from hBECs cultured from asthmatic and
nonasthmatic subjects (Fig 3, A). Levels of viral RNA in cell
lysates were decreased 2.4- to 5.7-fold and in cell supernatants
by 2.2-fold in asthmatic compared with nonasthmatic subjects,
but no differences in cytopathic effect were found between groups
(Fig 3, B). The lack of a difference is consistent with similar
values for RSV in cell supernatants in which most of the RSV is
found (viral RNA levels were 7 3 106-fold greater in cell
supernatant than in lysate). Similarly, levels of IFNB1, IFNL1,
and IFNL2/3 mRNA and IFN-l protein as well as OAS1 and
MX1mRNAwere generally no different in hBECs from asthmatic
versus nonasthmatic subjects (Fig 3, C-E). Thus, the slight
(2.2-2.5-fold) decrease in IFNL mRNA levels in hBECs from
asthmatic subjects at 8 hours after inoculation was no longer
found at later time points and was not reflected in any significant
decrease in IFN-l protein level in hBECs from asthmatic versus
nonasthmatic subjects (Fig 3, C and D). Moreover, we found no
significant and consistent differences in the levels of RSV
RNA, IFNmRNA and protein, or ISG expression in hBECs across
the subgroups of subjects with mild, moderate, and severe asthma
as well as subjects without asthma (see Fig E6 in this article’s
Online Repository at www.jacionline.org). We again found a
significant decrease in RSV RNA levels in cell lysates from
subjects with mild and severe asthma compared with subjects
without asthma, but no comparable difference in subjects with
moderate asthma versus subjects without asthma and no
corresponding difference in RSV RNA levels in cell supernatants
in any subset of asthmatic versus nonasthmatic subjects.

Together, these results with RSV Long and RSVA/2001/2-20
also indicate that IFN production, ISG expression, and control of
viral level in hBECs is remarkably similar between asthmatic and
nonasthmatic subjects. Indeed, an analysis of IFN response
(marked by IFNL1,2/3 and OAS1 mRNA expression) across a
wide range of experimental conditions reveals a remarkably
consistent and positive correlation between viral level and IFN
response (Fig 4). The data therefore indicate that increased viral
levels and the associated increase in disease severity are likely
to be accompanied by increased levels of IFN production
(particularly IFNL) and ISG expression (eg, OAS1) across
asthmatic and nonasthmatic subject groups, and this relationship
is not disrupted by a genetic or acquired deficiency of IFN
production or signaling.
DISCUSSION
Our study shows that the IFN response to 2 key respiratory viral

pathogens, IAV and RSV, is remarkably similar in airway
epithelial cells obtained from asthmatic and nonasthmatic
subjects. This conclusion is based on data from the use of
well-characterized systems for isolation and primary-culture of
human airway epithelial cells, infection with commonly used
strains of IAV (A/WS/33 strain) and RSV (Long strain and
A/2001/2-20 strain), and quantification of released and cell-
associated viral level as well as IFN production (marked by type I
IFN-b and type III IFN-l) and downstream ISG expression
(marked by OAS1 and MX1 mRNA level). In addition, our study
included a full range of experimental conditions to optimize viral
replication and virus-induced IFN production and to assess a full
time course for viral and host response and of subjects with vary-
ing degrees of asthma severity. It is possible that other conditions
for viral inoculation could reveal a difference between cells from
asthmatic versus nonasthmatic controls, but a significant
difference appears unlikely given the broad range of time points
and consequent levels of virus and IFN production that were
assessed in our study. Together, the results support the presence
of a vigorous antiviral response of the IFN production and
signaling cascade in airway epithelial cells from asthmatic and
nonasthmatic subjects in response to IAV and RSV. The findings
imply that other aspects of the antiviral response or other aspects
of host defense might underlie any alteration in the clinical illness
associated with IAVor RSV infection in the susceptible asthmatic
population.

We recognize that there has been disagreement on the state of
the antiviral IFN response in asthma. As noted in the beginning of
the article, some studies report a deficiency in IFN production
(type I and III) in airway epithelial cells isolated from asthmatic
subjects and then challenged with HRV23,24 whereas other studies
find no difference in the IFN response to this virus or other
viruses28,34,44 or to other Toll-like receptor–dependent stimuli
of IFN production.45 Here, we discuss 3 major reasons for this
discrepancy and the implications for asthma pathogenesis and
treatment.

First, the difference in antiviral IFN response among studies
may be related to the type of virus that is being studied and the
possibility that different viruses might elicit distinct types of IFN
responses from the host cell. In that regard, RNA viruses are
subject to rapid mutation and consequent alterations in their
capacity to elicit and/or subvert the host response. Thus, it is
difficult to fully exclude subtle variations in viruses between and
even within laboratories that might influence host response.
However, both the previous studies of HRV and the present
analysis of IAV and RSV find predominant induction of IFN-ls
and lesser production of IFN-b as a rather stereotyped response of
airway epithelial cells.46,47 These findings suggest the develop-
ment of a similar antiviral IFN response to each of these related
RNAviruses. We recognize that we limited our analysis to a small
subset of a complex IFN response but the same subset was used in
studies that did find a deficiency.23,24 Similarly, others find that the
kinetics of the pathogen recognition can influence the antiviral
response,48 but we were careful to include measurements over a
relatively long time course in our study. Nonetheless, we cannot
fully rule out the possibility that other IFN subtypes (eg, IFN-a
and IFN-k) and/or their target ISGs are deficient in cells from
asthmatic subjects, but it appears unlikely that any differences
between studies would reflect divergence in stimulation or end
points of the antiviral IFN response.

Second, the difference in antiviral IFN response among studies
could depend on the types of asthmatic subjects selected for study.
In particular, it is possible that asthma severity might influence
antiviral response given the differences in immune characteristics
among mild, moderate, and severe asthma subsets. Here, we
found no effect of disease severity on the antiviral IFN response or
viral level, although our study was not powered to fully analyze
this issue.We also could not assess the separate influence of atopy,
given the high prevalence of atopic reactivity in our population of
asthmatic and nonasthmatic subjects and in the endogenous
population at large. As introduced above, we and others
have reported an influence of atopic status on the antiviral IFN
response of immune cells49,50 and airway epithelial cells.51 Thus,
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althoughwe found no clear difference in antiviral IFN response or
viral level in relation to asthma severity or concomitant atopy, this
issue may deserve further study with extension to mechanism if
any difference is found.

Third, the difference in antiviral IFN response among studies
could be related to airway epithelial cell culture conditions. Our
observation of an intact IFN response to IAV-A/WS/33 infection
is corroborated by a study of IAV-A/Bangkok/1/79 infection that
also found unimpaired induction of IFN-b and ISG mRNA in
hBECs isolated from asthmatic subjects and studied under
air-liquid interface conditions, which allow for epithelial cell
differentiation.34 Similarly, others found no difference in HRV
levels in hBECs cultured under air-liquid interface conditions
from asthmatic and nonasthmatic subjects, although they did
not assess IFN response.26 Thus, it appears unlikely that epithelial
differentiation under these culture conditions is likely to explain
any difference between asthmatic and nonasthmatic subjects.
However, we also recognize that our laboratory and others report
decreased IFN production in immune cells isolated from
asthmatic subjects52,53 as well as subjects at risk for asthma,50

and even passaged epithelial cell cultures can contain immune
cells that are carried through the preparative stages of these
culture systems.54,55 Indeed, immune cell carryover may be
more prominent if cells are isolated from airways involved in
inflammatory disease. In that regard, decreased IFN responses
have also been detected in epithelial cells cultured from other
inflammatory airway conditions, such as chronic obstructive
pulmonary disease and cystic fibrosis.56,57 Thus, study of cell
cultures that are not carefully screened for immune cell contam-
ination may mistakenly attribute an alteration in IFN production
to properties of airway epithelial cells.

Despite all these issues, our results still appear to rule against
an airway epithelial cell deficiency in IFN production or signaling
and instead suggest adequate control of viral replication and
clearance at the level of the airway epithelial cell. It is still
possible that other aspects of the antiviral epithelial response are
altered in asthma and thereby explain different outcomes from
viral infection in these types of patients. For example, there are
increased numbers of airway mucous cells in asthma and this
subset of airway epithelial cells may have inherent differences in
susceptibility to viral infection58,59 as well as a distinct influence
on innate and adaptive immune responses that indirectly affect
viral clearance.60,61 However, these aspects of epithelial cell
biology would not be expected to respond to an approach aimed
at correcting IFN deficiency, for example, administration of
inhaled IFN formulations. Instead, correction of the underlying
alteration in airway epithelial remodeling36 may represent a
more rational strategy to decrease the severity of respiratory viral
infections.

Our study was designed to take advantage of in vitro conditions
that isolate the airway epithelial cells and thereby provide better
control over the complex immune response that is found in vivo.
Nonetheless, our findings provide some insight into previous
observations in asthmatic and healthy subjects with natural and
experimental infections with respiratory viruses and either
monitored for IFN production or subject to IFN treatment. Indeed,
this diagnostic and therapeutic approach began shortly after the
discovery of IFN.62 Since that time, some studies showed that
IFN induction or administration might reduce respiratory viral
infection63-66 whereas other studies found no effect in otherwise
healthy subjects67 or in those with chronic respiratory disease.68
Presumably, these data on efficacy and associated adverse effects
underlie the fact that IFN treatment is not generally used for
antiviral therapy and fit with the idea that endogenous IFN
production is already optimal in most individuals. In that regard,
some reports suggest that increasing IFN levels may be harmful in
asthmatic subjects with viral infections.69-71 We also observed
transient increases in IFN production and ISG expression in
samples from asthmatic compared with nonasthmatic subjects,
but the relationship of these changes in vitro to outcomes
in vivo still needs to be defined. Ongoing studies aimed at
enhancing the physiologic reserve in the IFN signaling
system42,43,72 should help to address this issue and perhaps
provide a means to decrease the severity of respiratory viral
infection and the consequent postviral induction and/or
exacerbation of chronic obstructive lung disease that has been
found experimentally and clinically.38,73

We thank the Pulmonary Epithelial Cell Core for support in isolating and

maintaining cells from endobronchial brushings and lung transplant donors.

Clinical implications: The airway epithelial response to 2major
respiratory pathogens (IAV and RSV) appears preserved in
asthma, suggesting that a separate mechanism accounts for
more severe infections with these viruses in asthma.
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FIG E1. Titration of IAV inoculum in hTEC and hBEC cultures. Time course

for levels of IAV PA RNA for MOI 0 to 1.0 in hTEC and hBEC cultures from

nonasthmatic control subjects. p.i., Postinoculation.
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FIG E2. Titration of IAV inoculum for optimal IFN expression in hTEC cultures. A, Time course for levels of

IAV PA RNA for MOI 0 to 1.0. B, Corresponding levels of IFNB1mRNA. C, Levels of IFNL1mRNA.D, Levels of

IFN-l in cell supernatant. p.i., Postinoculation.
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FIG E3. Viral level and IFN response for IAV (A/WS/33 strain, MOI, 0.01) infection in hBEC cultures from

subjects with mild (n 5 2), moderate (n 5 6), and severe (n 5 3) asthma as well as subjects without asthma

(n5 7). A, IAV RNA levels in cell supernatant and lysate. B, IAV-induced cell toxicity marked by LDH release

in cell supernatant. C, IFNB1, IFNL1, and IFNL2/3 mRNA levels. D, IFN-l protein levels in cell supernatant.

E, OAS1 and MX1 mRNA levels. Numbers in red represent fold-difference between asthmatic and

nonasthmatic subjects at indicated time points. ***P < .001 and *P < .05 for comparisons over time for

asthmatic versus nonasthmatic subjects. IAV-UV, UV-Inactivated IAV; LDH, lactate dehydrogenase;

p.i., postinoculation.
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FIG E4. Titration of RSV (Long strain) inoculum for optimal IFN expression in hTEC cultures. A, Time course

for levels of RSV L RNA for MOI 0 to 1.0. B, Corresponding levels of IFNB1mRNA. C, Levels of IFNL1mRNA.

D, Levels of IFN-l protein in cell supernatant. p.i., Postinoculation.
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FIG E5. Viral level and IFN response for RSV (Long strain, MOI, 1) infection in hBEC cultures from subjects

with mild (n 5 2), moderate (n 5 5), and severe (n 5 2) asthma as well as subjects without asthma (b 5 6).

A, RSV L RNA levels in cell supernatant and lysate. B, RSV-induced cell toxicity marked by LDH release in cell

supernatant. C, IFNB1, IFNL1, and IFNL2/3 mRNA levels. D, IFN-l protein levels in cell supernatant. E, OAS1
and MX1 mRNA levels. Numbers in blue represent fold-difference between moderate asthmatic and

nonasthmatic subjects at indicated time points. ***P < .001 and *P < .05 for comparisons over time for asth-

matic versus nonasthmatic subjects. LDH, Lactate dehydrogenase; p.i., postinoculation.
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FIG E6. Viral level and IFN response for RSV (A/2001/2-20 strain, MOI, 1) infection in hBEC cultures from

subjects with mild (n 5 2), moderate (n 5 4), and severe (n 5 2) asthma as well as subjects without asthma

(n5 6). A, RSV RNA levels in cell supernatant and lysate. B, RSV-induced cell toxicity marked by LDH release

in cell supernatant. C, IFNB1, IFNL1, and IFNL2/3 mRNA levels. D, IFN-l protein levels in cell supernatant.

E, OAS1 and MX1 mRNA levels. Numbers in red represent fold-difference between subjects with severe

asthma and subjects without asthma at indicated time points. Numbers in orange represent

fold-difference between subjects with mild asthma and subjects without asthma at indicated time points.

**P < .01 and *P < .05 for comparisons over time for asthmatic versus nonasthmatic subjects. LDH, Lactate
dehydrogenase; p.i., postinoculation.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

PATEL ET AL 11.e6



TABLE E1. Clinical characteristics of asthmatic severity subsets and nonasthmatic subjects

Characteristic Nonasthmatic

Asthmatic

Total Mild Moderate Severe

n 7 11 2 6 3

Age (y) 26.3 6 4.0 31.8 6 2.4 42.0 6 9.9 29.8 6 3.3 29.0 6 1.9

Sex (%M/%F) 43/57 36/64 0/100 50/50 33/67

Atopy, n (%) 5 (71) 9 (82) 2 (100) 5 (83) 2 (66)

IgE (Iu/mL) 65.8 6 41.1 402.5 6 111.8 68.0 6 52.4 622.3 6 175.6 251.0 6 73.0

FEV1 (L) 3.9 6 0.35 3.0 6 0.26 2.5 6 0.40 3.1 6 0.43 3.2 6 0.76

FEV1 (%pred) 102.6 6 3.7 85.1 6 3.8 89.5 6 4.6 81.4 6 7.1 89.6 6 5.8

Maximum FEV1 post-BD 4.0 6 0.4 3.4 6 0.3 3.1 6 0.01 3.6 6 0.4 3.4 6 0.85

%change FEV1 post-BD 3.5 6 1.3 14.3 6 3.4 17.3 6 16.6 16.4 6 5.7 8.1 6 2.6

PC20 (mg/mL) >16 1.6 6 0.5 2.3 1.0 6 0.5 2.2 6 1.3

% ICS, n (%) 0 (0) 5 (45) 0 (0) 2 (33) 3 (100)

Values are presented as mean 6 SEM.

BD, Bronchodilator; F, female; ICS, inhaled corticosteroid; PC20, provocative concentration of methacholine that causes a 20% decline in FEV1.
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