
Induction and Antagonism of Antiviral Responses in Respiratory
Syncytial Virus-Infected Pediatric Airway Epithelium

Rémi Villenave,a* Lindsay Broadbent,a Isobel Douglas,b Jeremy D. Lyons,b Peter V. Coyle,c Michael N. Teng,d Ralph A. Tripp,e

Liam G. Heaney,a Michael D. Shields,a,b Ultan F. Powera

Centre for Infection and Immunity, School of Medicine, Dentistry, and Biomedical Sciences, Queens University Belfast, Belfast, Northern Irelanda; The Royal Belfast Hospital
for Sick Children, Belfast, Northern Irelandb; The Regional Virus Laboratory, Belfast Trust, Belfast, Northern Irelandc; Joy McCann Culverhouse Airway Disease Research
Center, Department of Internal Medicine, University of South Florida Morsani College of Medicine, Tampa, Florida, USAd; Department of Infectious Diseases, University of
Georgia, Athens, Georgia, USAe

ABSTRACT

Airway epithelium is the primary target of many respiratory viruses. However, virus induction and antagonism of host responses
by human airway epithelium remains poorly understood. To address this, we developed a model of respiratory syncytial virus
(RSV) infection based on well-differentiated pediatric primary bronchial epithelial cell cultures (WD-PBECs) that mimics hall-
marks of RSV disease in infants. RSV is the most important respiratory viral pathogen in young infants worldwide. We found
that RSV induces a potent antiviral state in WD-PBECs that was mediated in part by secreted factors, including interferon
lambda 1 (IFN-�1)/interleukin-29 (IL-29). In contrast, type I IFNs were not detected following RSV infection of WD-PBECs. IFN
responses in RSV-infected WD-PBECs reflected those in lower airway samples from RSV-hospitalized infants. In view of the
prominence of IL-29, we determined whether recombinant IL-29 treatment of WD-PBECs before or after infection abrogated
RSV replication. Interestingly, IL-29 demonstrated prophylactic, but not therapeutic, potential against RSV. The absence of ther-
apeutic potential reflected effective RSV antagonism of IFN-mediated antiviral responses in infected cells. Our data are consis-
tent with RSV nonstructural proteins 1 and/or 2 perturbing the Jak-STAT signaling pathway, with concomitant reduced expres-
sion of antiviral effector molecules, such as MxA/B. Antagonism of Jak-STAT signaling was restricted to RSV-infected cells in
WD-PBEC cultures. Importantly, our study provides the rationale to further explore IL-29 as a novel RSV prophylactic.

IMPORTANCE

Most respiratory viruses target airway epithelium for infection and replication, which is central to causing disease. However, for
most human viruses we have a poor understanding of their interactions with human airway epithelium. Respiratory syncytial
virus (RSV) is the most important viral pathogen of young infants. To help understand RSV interactions with pediatric airway
epithelium, we previously developed three-dimensional primary cell cultures from infant bronchial epithelium that reproduce
several hallmarks of RSV infection in infants, indicating that they represent authentic surrogates of RSV infection in infants. We
found that RSV induced a potent antiviral state in these cultures and that a type III interferon, interleukin IL-29 (IL-29), was in-
volved. Indeed, our data suggest that IL-29 has potential to prevent RSV disease. However, we also demonstrated that RSV effi-
ciently circumvents this antiviral immune response and identified mechanisms by which this may occur. Our study provides
new insights into RSV interaction with pediatric airway epithelium.

Airway epithelium is an extremely important barrier to respi-
ratory pathogens. It is also the primary infection target for

many respiratory viruses. Elucidating the interactions between re-
spiratory viruses and airway epithelium is fundamental to under-
standing aspects of their pathogenesis. We recently developed and
characterized models of respiratory syncytial virus (RSV) infec-
tion based on well-differentiated pediatric primary airway epithe-
lial cells derived from pediatric bronchial (WD-PBECs) or nasal
(WD-PNECs) brushings (1, 2). RSV is the primary viral cause of
infant hospitalizations in the first year of life and is capable of
repeated infections throughout life (3). Despite its original isola-
tion in 1957 (4), no effective RSV therapies or vaccines are avail-
able. The mechanisms by which RSV causes disease and is capable
of repeated infections in humans remain an enigma. Our models
reproduce several hallmarks of RSV infection in vivo, suggesting
that they provide authentic surrogates with which to study RSV-
induced innate immune responses and interaction with human
airway epithelium (1, 2).

We previously reported secretion of high levels of CXCL10, an

interferon (IFN)-stimulated gene (ISG) product, from RSV-in-
fected WD-PBECs (1, 2). This is consistent with the induction of
an IFN-mediated antiviral response to infection. IFNs are a heter-
ogeneous family of cytokines with well-characterized capacities to
induce antiviral states in cells (5–7). They include types I (IFN-�/
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�), II (IFN-�), and III (IFN-�s), only the first and last of which are
expressed by airway epithelial cells upon appropriate stimulation
(8–10). Despite considerable CXCL10 secretion, we detected no
IFN-�/� secretion from RSV-infected WD-PBECs, while little or
no IFN-�/� was detected in nasal or bronchoalveolar lavages from
RSV-infected infants (1, 2, 11–13). In contrast, little is known
about IFN-�s responses to RSV infection of airway epithelium in
vitro and especially in vivo. IFN-�s comprise three closely related
molecules designated IFN-�1 (IL-29), IFN-�2 (IL-28A) and
IFN-�3 (IL-28B) (IFN-�2 and -�3 share 96% identity) (14). They
are induced by viruses, such as influenza A virus and rhinovirus,
and inhibit replication of HCV and HIV. Interestingly, we and
others recently demonstrated that IFN-�s, rather than IFN-�/�,
were induced following RSV infection of primary monolayer or
well-differentiated nasal and bronchial epithelial cell cultures (2,
15). This suggested a role for IFN-�s in RSV-induced antiviral
responses. IFN-�s induce antiviral states by signaling through a
heterodimeric receptor complex composed of IL-28R� and IL-
10RA (14). This activates signal transduction through the Jak/
STAT pathway in a manner that is virtually identical to IFN-�/�,
resulting in phosphorylation of mainly signal transducer and
activator of transcription 1 (STAT1) (pSTAT1) and STAT2
(pSTAT2) and, to a lesser extent, STAT3, STAT4, and STAT5.
This is followed by pSTAT homo- or heterodimerization, com-
plexing with IFN regulatory factor 9 (IRF9), nuclear translocation
and induction of numerous ISGs, such as CXCL10 or the potent
antiviral protein MxA (14, 16–18).

In the current study, we explored the induction of antiviral
responses following RSV infection of WD-PBECs. We found that
RSV induced a potent antiviral state against the related Sendai
virus (SeV), which was mediated, in part at least, by secreted fac-
tors, including IFN-�1/IL-29. We also demonstrated that RSV-
induced IL-29 secretion from WD-PBECs reflected IL-29 secre-
tions in lower airway samples from RSV-infected infants. These
RSV-induced secreted factors also demonstrated prophylactic an-
tiviral activity against RSV, albeit with lower potency than against
SeV. Pretreatment of WD-PBEC cultures with a high dose of IL-29
reduced RSV replication, suggesting the prophylactic potential of
IL-29. Interestingly, RSV nonstructural proteins NS1 and NS2,
which we and others have previously shown to antagonize IFN-�/
�-mediated antiviral responses (19–21), were critical for RSV
growth in WD-PBECs and antagonism of IL-29-induced antiviral
responses. We also found that in WD-PBECs, RSV-infected cells
had significantly reduced MxA/B and pSTAT2 expression levels
compared to surrounding noninfected cells, indicating active an-
tagonism of antiviral responses by RSV but restriction of this an-
tagonism to infected cells. In summary, our data provide novel
insights into the induction and antagonism of antiviral responses,
and in particular IL-29, following RSV infection of human airway
epithelium.

MATERIALS AND METHODS
Cell lines and viruses. HEp-2 and Vero cell lines were cultured as previ-
ously described (22). The origin and characterization of the clinical isolate
RSV BT2a were previously described (23). Recombinant RSV expressing
enhanced green fluorescent protein (eGFP) (rA2-eGFP) was generated by
cloning a cassette consisting of the eGFP ORF-NS1 gene end signal-NS1
gene start signal into an antigenomic cDNA (D53) of RSV at the position
of the NS1 ATG. This scheme inserts an additional transcription unit
encoding eGFP at the first position in the genome, preserving the RSV
sequence from the leader through the NS1 5= untranslated region. The

eGFP containing D53 was then used to recover recombinant RSV in
BSR-T7 cells as described previously (20, 24, 25). The production of re-
combinant RSV expressing eGFP in place of NS1 and NS2 (rA2-�NS1/2-
eGFP) has been described (26). rA2-eGFP and rA2-�NS1/2-eGFP stock
production and titrations were performed in Vero cells. Virus stocks were
harvested and stored as previously described (27). The rescue, character-
ization, stock production, and titration of rSeV/eGFP were previously
described (22).

WD-PBEC culture and infection. WD-PBEC culture was described
previously (28). Briefly, primary PBECs were obtained by bronchial
brushings from healthy children undergoing elective surgery, expanded
in culture flasks, and seeded onto collagen-coated Transwell inserts
(6.5-mm diameter, 0.4-�m pore size). Once confluence was reached, api-
cal medium was removed to create an air-liquid interface (ALI) and trig-
ger differentiation into pseudostratified mucociliary epithelium. Cultures
were infected 3 to 4 weeks after ALI, as previously described (28), with the
multiplicities of infection (MOIs) specified in the figure legends. Virus
stocks were diluted in Dulbecco modified Eagle medium (DMEM) where
necessary. Inoculum or DMEM only was added to the apical surface, and
the cultures were incubated for 1.5 h at 37°C in 5% CO2, followed by five
rinses with 500 �l of DMEM. The last rinse was retained as the 2-h virus
titration point. Every 24 h thereafter, apical rinses and basal medium were
collected to determine virus growth kinetics and IFN responses, respec-
tively. Infected and control cultures were monitored daily by light and UV
microscopy, where appropriate (Nikon Eclipse TE-2000U). eGFP quan-
tification in infected cultures was performed by using ImageJ software
(http://rsbweb.nih.gov/ij/).

Immunofluorescence staining and enzyme-linked immunosorbent
assay (ELISA). Immunostaining of the cultures was previously described
(28). Briefly, WD-PBECs were rinsed with phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde for 20 min. Cultures were
washed and stored in PBS at 4°C until used. For immunofluorescence
staining, cultures were permeabilized with PBS plus 0.2% Triton X-100
(vol/vol) for 2 h and blocked with 0.4% (wt/vol) bovine serum albumin in
PBS for 30 min. RSV-infected cells were detected by using an anti-RSV
F-specific mouse monoclonal antibody (MAb; clone 133-1H conjugated
with Alexa 488, 1:200, Chemicon, USA). MxA/B was detected using an
anti-human Mx mouse MAb (Santa-Cruz, clone C-1, 1:200). pSTAT1 and
pSTAT2 were detected using mouse anti-human pSTAT1 (pY701) MAb
(BD Biosciences, 1:200) and rabbit anti-human pSTAT2 (Tyr690) poly-
clonal antibody (Antibodies-Online, Inc., GA; 1:200), respectively. The
mouse anti-Mx and pSTAT1 (pY701) MAbs were detected with Alexa-
568-conjugated goat anti-mouse IgG1 (Invitrogen, 1:500), while rabbit
polyclonal antibodies were detected with Alexa-568-conjugated goat anti-
rabbit IgG(H�L) (Invitrogen, 1:500) polyclonal antibodies. Inserts were
mounted on microscopy slides and nuclei were counterstained using
DAPI (4=,6=-diamidino-2-phenylindole) mounting medium (Vectashield).
Fluorescence was detected by confocal laser scanning microscopy (TCS
SP5; Leica). MX and p-STAT fluorescence intensities were determined by
using confocal images of infected cultures in ImageJ by dividing the
raw integrated density by the area of each individual cell. This was done
for 	120 RSV-infected and noninfected cells.

IL-29 (IFN-�1), pan-IFN-�, and IFN-� concentrations in WD-PBEC
basal media and in clinical samples were measured using human IFN-�1
ELISA kits (eBioscience, United Kingdom), human IFN-� ELISA kits
(R&D Systems), and human pan-IFN-� ELISA kits (Mabtech, Sweden).
All ELISAs were undertaken according to the manufacturers’ instructions.
IL-28A (IFN-�2) was detected by using a custom Milleplex kit, according
to the manufacturer’s instructions (Merck-Millipore, United Kingdom).

Superinfection, conditioned medium, and IFN-� treatment. Super-
infection experiments were undertaken by infecting WD-PBECs with
RSV BT2a (MOI 
 4) for 72 h and superinfecting them with rSeV/eGFP
(MOI 
 0.1), as described previously, for 144 h (28). Conditioned me-
dium (CM) experiments were performed by transferring basal medium
from mock (CMCON)-infected or RSV-infected WD-PBEC cultures incu-
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bated with (CMRSV��IL-29) or without (CMRSV) neutralizing antibody
against IL-29 (R&D Systems; MAb 15981, 10 �g/ml) at 72 h postinfection
(hpi) into the basal compartment of fresh cultures derived from the same
individuals. After 24 h, conditioned cultures were infected with rSeV/
eGFP. To assess the antiviral effects of IFN-�1/IL-29 against RSV, rSeV/
eGFP, rA2-eGFP, and rA2-�NS1/2-eGFP, fresh WD-PBECs or Vero cells
were treated before or after infection with IFN-�1/IL-29 (Peprotech,
United Kingdom). Antiviral effects were determined by measuring eGFP
fluorescence and/or virus growth kinetics.

Lower airway sampling. Samples were obtained from 10 infants
(mean age, 0.31 years; range, 0.06 to 1.3 years) with severe RSV disease
who were treated in the pediatric intensive care unit of the Royal Belfast
Hospital for Sick Children. Samples were direct tracheobronchial aspi-
rates or deeper suction samples obtained after the instillation of 2 ml of
saline. All sampling was clinically indicated and not performed for re-
search purposes. Fourteen uninfected and otherwise healthy children
(mean age, 1.7 years; range, 1 to 2.4 years) acted as controls with blind
nonbronchoscopic bronchoalveolar lavage samples obtained (after the
instillation of 10 ml of saline) at the time of intubation for an elective
surgical procedure (29). All RSV-infected infants were confirmed as hav-
ing mono-infections by using a multiplex virus reverse transcriptase-PCR
(RT-PCR) strip for 12 respiratory viruses, as previously described (30).

Statistical analyses. Data obtained in vitro are presented as means �
the standard errors of the mean (SEM), and skewed data were log trans-
formed before comparisons were made by using the Student paired t test
or by comparing the areas under the curves using GraphPad Prism 5.0.
The data from RSV-infected and control children were compared by using
a Mann-Whitney t test and GraphPad Prism 5.0. A P value of �0.05 was
considered statistically significant.

Ethics. This study was approved by The Office for Research Ethics
Committees Northern Ireland (ORECNI). Written informed parental
consent was obtained.

RESULTS
RSV infection induces an antiviral state in WD-PBECs. RSV in-
fection of WD-PBECs generally occurred in noncontiguous or
small clusters of ciliated epithelial cells (1, 2). This suggested the
possibility that infection induced an antiviral state in neighboring
noninfected cells that limited viral spread. To detect the induction
of antiviral responses, we used rSeV/eGFP, since SeV replicates
efficiently in WD-PBECs but is restricted in human cells pre-
treated with human IFN (22, 28, 31). WD-PBECs (n  3 donors)
were mock infected or infected with RSV BT2a (MOI�4). After 72
h, the cultures were superinfected with rSeV/eGFP (MOI 
 0.1).
Fluorescence was monitored, and apical washes were collected for
virus titration every 24 h postinfection with rSeV/eGFP for 144 h.

Preinfection with RSV potently inhibited rSeV/eGFP replication,
as evidenced by greatly diminished eGFP expression and rSeV/
eGFP growth kinetics (Fig. 1). Thus, RSV infection induced a
strong antiviral state in WD-PBECs.

IFN-�1/IL-29 is the predominant IFN following RSV infec-
tion in vivo and in vitro. Previous work from us and others re-
ported little or no IFN-�/� secretion following RSV infection of
infants or airway epithelial cells in vitro (1, 32). In contrast, IL-29
was evident after RSV infection of primary airway (nasal) epithe-
lial cells in vitro (2, 15). To confirm and extend these findings, we
determined the IFN-�/�, IL-28A, and IL-29 concentrations in
lower airway samples from infants hospitalized with severe RSV
infections (n  8 to 10) and uninfected controls (n  11 to 14).
Apart from one RSV-infected individual with low levels of IFN-�,
no IFN-�/� was detected in lower airway samples from infected
infants (Fig. 2A and B). In contrast, IL-29 was significantly ele-
vated in lower airway samples from RSV-infected patients com-
pared to controls (Fig. 2C), although IL-28A was not (Fig. 2D).
Furthermore, IL-29 concentrations in basolateral medium from
RSV-infected WD-PBECs were significantly increased compared
to controls and were similar to those in lower airway samples (Fig.
2E). Thus, our RSV/WD-PBEC model reproduced IL-29 re-
sponses to RSV infection in vivo. Similarly, CMRSV from 2/5 RSV-
infected WD-PBECs had only low levels of IL-28A at 96 hpi (Fig.
2F). The cumulative data suggest that IL-29 is an important IFN
protagonist induced by RSV infection of infants and WD-PBECs
and consequently might be responsible for the RSV-induced an-
tiviral responses. Whether IFN-�/� are implicated in these anti-
viral responses, in contrast, is unlikely, although this remains to be
definitively confirmed.

Secreted factors, including IL-29, are implicated in the RSV-
induced antiviral state. To determine whether secreted factors,
including IL-29, were implicated in the antiviral state induced in
RSV-infected WD-PBECS, cultures (n  2 to 3 donors) were
mock infected or infected with RSV BT2a (MOI 
 1 or 4). At 72
hpi, CMRSV (with or without anti-IL-29 [10 �g/ml]) and CMCON

were transferred to uninfected cultures derived from the same
individuals. The cultures were infected 24 h later with rSeV/eGFP
(MOI 
 0.1). eGFP expression (Fig. 3A and B) and rSeV/eGFP
growth kinetics (Fig. 3C) indicated that factors secreted from
RSV BT2a-infected WD-PBECs were responsible, in part, for
the RSV-induced antiviral effects. Importantly, when CMRSV

was preincubated with anti-IL-29 (CMRSV � �IL-29), the abil-

FIG 1 Preinfection of WD-PBECs with RSV induces an antiviral effect. WD-PBECs (n  3 donors) were mock infected or infected with RSV BT2a (MOI 
 4).
At 72 hpi, RSV- and mock-infected cultures were superinfected with rSeV/eGFP (MOI 
 0.1). (A) RSV-infected and mock-infected cultures were monitored by
UV microscopy every 24 h (original magnification, �4). These photos are representative of duplicate cultures from three individual donors. (B) eGFP expression
was quantified every 24 h by measuring the percentage of green pixels in three different microscope fields. (C) Virus growth kinetics were determined by titrating
rSeV/eGFP in apical washes at 24-h intervals after infection. The data are presented as means � the SEM log10 fluorescent focus units (FFU)/ml.
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ity of CMRSV to abrogate rSeV/eGFP infection was significantly
reduced, suggesting an important role for IL-29 in the antiviral
effect of CMRSV.

IL-29 attenuates rSeV/eGFP replication in WD-PBECs. To
confirm that IL-29 has antiviral activities in airway epithelium,
WD-PBECs (n  2 to 3 donors) were pretreated for 24 h with 100
or 1,000 pg of IL-29/ml before infection with rSeV/eGFP (MOI 

0.1). These concentrations represented high physiological and su-
perphysiological concentrations of IL-29, respectively, relative to
IL-29 concentrations evident in CMRSV and lower airway samples.

IL-29 demonstrated a dose-dependent suppression of eGFP ex-
pression following rSeV/eGFP infection, although both doses re-
sulted in substantial reductions in eGFP expression relative to
controls (Fig. 4A and B). Furthermore, rSeV/eGFP growth kinet-
ics were significantly reduced following pretreatment with both
IL-29 doses (Fig. 4C), although these reductions, even at the
higher dose, were lower than those evident after CMRSV pretreat-
ment (Fig. 3C). The data demonstrated that IL-29 has antiviral
activities in airway epithelium and may account for some, but not
all, of the antiviral activity associated with CMRSV.

FIG 2 Type III IFN, but not type I IFN, is detected after RSV infection in vivo and in vitro. Lower airway samples from infants hospitalized for severe RSV
infection (n  8 to 10 donors) and healthy controls (n  11 to 14 donors) were analyzed for pan-IFN-� (A), IFN-� (B), IL-29 (C), or IL-28A (D) by ELISA. The
data are presented as means � the SEM. Statistical analyses were undertaken using a nonparametric t test, followed by a Mann-Whitney test. ***, P  0.0005.
WD-PBECs (n  5 donors) were infected with RSV (MOI 
 4). IL-29 (E) or IL-28A (F) secretions in the basolateral medium of RSV- and mock-infected cultures
harvested at 24 and 96 hpi were measured. Since the medium was replaced every day, the data correspond to IFN secretions within the preceding 24 h. Values are means
� the SEM. **, P � 0.01.

FIG 3 RSV-induced antiviral effect is partially mediated by IL-29. WD-PBECs (n  2 to 4 donors) were infected with RSV BT2a (MOI 
 4) or mock infected.
At 72 hpi, the basal medium of mock (CMCON)- or RSV-infected cultures incubated with (CMRSV��IL-29) or without (CMRSV) neutralizing antibody against
IL-29 (10 �g/ml) was transferred into the basal compartment of fresh cultures from the same individual donor. Twenty-four hours later, the cultures were
infected with rSeV/eGFP (MOI 
 0.1). (A) eGFP expression in CMCON-, CMRSV��IL-29-, and CMRSV-treated rSeV/eGFP-infected WD-PBECs over time
(original magnification, �4). (B) eGFP expression was quantified every 24 h by measuring the percentage of green pixels in five random microscopic fields. (C)
Virus growth kinetics were determined by titrating rSeV/eGFP in apical washes at 24-h intervals after infection. The data are presented as means � the SEM log10

FFU/ml. Areas under the curves were calculated and compared by using an unpaired Student t test. **, P � 0.01; ***, P � 0.001.
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CMRSV and IL-29 prophylaxis attenuates RSV growth in
WD-PBECs. To assess CMRSV antiviral activity against RSV, WD-
PBECs cultures (n  2 donors) were mock-infected or infected
with RSV BT2a (MOI 
 4). At 72 hpi, CMCON and CMRSV were
transferred to uninfected cultures derived from the same individ-
uals. CM-treated cultures were infected with rA2-eGFP (MOI 

0.1) 24 h later, and the fluorescence was monitored for 96 h (Fig.
5A). The eGFP expression data demonstrated a similar, albeit
lower, antiviral effect of CMRSV against RSV compared to rSeV/
eGFP (Fig. 5A). This was also reflected in significantly reduced
rA2-eGFP growth kinetics in CMRSV-treated compared to
CMCON-treated WD-PBEC cultures (Fig. 5B).

To assess whether IL-29 had prophylactic or therapeutic po-
tential against the clinical isolate RSV BT2a, cultures (n  2 to 3
donors) were untreated or treated with IL-29 for 24 h before in-
fection (MOI 
 0.01; 1 or 100 ng/ml) or at 2 or 24 hpi (100 ng/ml).
Pretreatment with 100 ng of IL-29/ml significantly reduced RSV
replication (P � 0.05), whereas pretreatment with 1 ng of IL-
29/ml did not (Fig. 5C). In contrast, IL-29 did not demonstrate
therapeutic potential against RSV under our experimental condi-
tions (Fig. 5D). The cumulative data from Fig. 3 and 5 suggested
that RSV is more resistant to CMRSV and IL-29 than rSeV/eGFP
and that the antiviral activity of CMRSV against RSV in WD-
PBECs is similar to that evident following pretreatment with 100
ng of IL-29/ml. In view of the considerably lower levels of IL-29
evident in CMRSV than those used in these experiments, IL-29 is
unlikely to be solely responsible for the limited spread of RSV in
WD-PBECs.

RSV NS proteins antagonize IL-29-mediated antiviral ef-
fects. The relative resistance of RSV to IL-29 suggested efficient
antagonism of the IFN-� signaling pathway in WD-PBECs. We
and others have shown that RSV NS1 and NS2 are responsible for
antagonizing IFN-�/� signaling through degradation of pSTAT2
(19, 33). However, the capacity of RSV NS1/2 to antagonize IFN-
�-mediated innate immune responses is unknown. To determine
whether these proteins were implicated in antagonizing IL-29-
induced responses in WD-PBECs, cultures were initially infected

with recombinant RSV expressing eGFP, either wild-type (rA2-
eGFP) or lacking NS1 and NS2 (rA2-�NS1/2-eGFP) (MOI 
 0.1).
Although rA2-eGFP grew efficiently in WD-PBECs, replication of
the NS1/2-deleted mutant was virtually abrogated (Fig. 6), indi-

FIG 4 Influence of IL-29 pretreatment on rSeV/eGFP growth in WD-PBECs. WD-PBECs (n  2 to 3 donors) were pretreated with IL-29 (100 or 1,000 pg/ml)
or mock treated. Twenty-four hours later, cultures were infected with rSeV/eGFP at an MOI 
 0.1. (A) UV microphotographs were taken every 24 hpi. Original
magnification, �4. (B) eGFP expression was quantified every 24 hpi by measuring the percentage of green pixels in three random microscopic fields. Virus growth
kinetics were determined by titrating rSeV/eGFP in apical washes at 24-h intervals after infection (C). The data are presented as means � the SEM log10 FFU/ml.
Areas under the curves were calculated and compared by using an unpaired Student t test. *, P � 0.05.

FIG 5 CMRSV and IL-29 pretreatment attenuates RSV growth in WD-PBECs.
WD-PBECs (n  2 donors) were infected in duplicate with RSV BT2a (MOI 

4) or mock infected. At 72 hpi, the basal medium of mock (CMCON)- or
RSV-infected (CMRSV) cultures was transferred into the basal compartment of
fresh cultures from the same individual donor. Twenty-four hours later, the
cultures were infected with rA2-eGFP (MOI 
 0.1). (A) eGFP expression was
quantified every 24 h by measuring the percentage of green pixels in three
different microscopic fields. (B) Virus growth kinetics were determined by
titrating rA2-eGFP in apical washes at 24-h intervals after infection. WD-PBECs
(n  2 to 3 donors) were pretreated with IL-29 (1 or 100 ng/ml). (C) Twenty-four
hours later, the cultures were infected with RSV BT2a at MOI 
 0.01. WD-PBECS
(n  3 donors) were infected with RSV BT2a at an MOI of 0.01. (D) At 2 or 24 hpi,
infected cultures were treated with IL-29 (100 ng/ml). The virus growth kinetics
presented in panels C and D were determined by titrating RSV in apical washes
every 24 h after infection. The data are presented as means � the SEM log10

TCID50/ml. Areas under the curves were calculated and compared by using an
unpaired Student t test. *, P � 0.05; **, P � 0.01.

RSV and Innate Immunity in Airway Epithelium

December 2015 Volume 89 Number 24 jvi.asm.org 12313Journal of Virology

http://jvi.asm.org


cating that NS1 and/or NS2 were critical for RSV replication in
WD-PBECs. This result precluded the use of WD-PBECs to ad-
dress antagonism of IL-29-mediated antiviral responses by RSV.
Since both the mutant and the wild-type viruses grew efficiently in
Vero cells and these cells were sensitive to IFN-�s stimulation (34,
35), we addressed the role of RSV NS1/2 in IL-29 antagonism in
Vero cells. The cells were pretreated with IL-29 (1 or 100 ng/ml) or
mock treated for 24 h before infection with either rA2-eGFP or
rA2-�NS1/2-EGFP (MOI 
 0.1). Treated and control cultures
were subsequently incubated for 72 h in the presence or absence of
IL-29, respectively. Pretreatment with 1 ng of IL-29/ml had no
effect on rA2-eGFP replication, as indicated by eGFP expression
kinetics, whereas 100 ng/ml did have an effect (Fig. 7A and C). In
comparison, pretreatment with either dose of IL-29 had much
more dramatic effects on rA2-�NS1/2-eGFP replication than
rA2-eGFP (Fig. 7B and D). Thus, RSV NS1/2 proteins are impli-
cated in antagonizing IL-29-mediated antiviral responses.

RSV antagonizes pSTAT2 and MxA/B expression in WD-
PBECs. To gain insight into the mechanisms behind RSV antag-
onism of the antiviral responses induced in WD-PBECs, we
looked at the capacity of RSV to antagonize Jak/STAT signaling
and MxA/B expression on a single cell basis within individual
infected and surrounding noninfected cells. Since MxA/B expres-
sion is a reliable marker of IFN bioactivity (36), we initially con-
firmed that RSV infection, IL-29 treatment, or CMRSV treatment
induced MxA/B expression in WD-PBECs (Fig. 8A and B). Fur-
thermore, when CMRSV was pretreated with anti-IL-29, MxA/B
expression was virtually abrogated, demonstrating that MxA/B
induction following CMRSV treatment was in large part mediated
by IL-29 (Fig. 8B and C). We and others previously reported that
RSV NS proteins block the IFN-�/�-stimulated Jak/STAT signal-
ing pathway by targeting pSTAT2 for proteasomal degradation
(19, 37). To study RSV antagonism of Jak/STAT signaling and
MxA/B expression in WD-PBECs, cultures (n  3 to 4 donors)
were infected with RSV (MOI 
 0.1), subjected to daily apical
rinses and basolateral medium changes, fixed, permeabilized, and

costained for RSV F and either pSTAT1, pSTAT2, or MxA/B at 144
hpi (Fig. 9). The pSTAT1 fluorescence intensities were similar in
both infected and noninfected cells (Fig. 9E and F). In contrast,
the pSTAT2 protein was significantly diminished (Fig. 9C and D),
while the MxA/B proteins were virtually absent (Fig. 9A and B), in
RSV-infected compared to surrounding noninfected cells. Thus,
antagonism of the RSV-induced IFN-mediated antiviral re-
sponses was restricted to infected cells and implicated the pertur-
bation of the Jak/STAT signaling pathway by pSTAT2 downregu-
lation.

DISCUSSION

Innate immune responses are critical first lines of defense against
virus infection (38, 39). The capacity for viruses to antagonize or
circumvent these responses is essential for their successful repli-
cation. Our RSV/WD-PBEC model provided a unique opportu-
nity to study the induction and antagonism of innate antiviral
immune responses by RSV in a morphologically and physiologi-
cally authentic model of pediatric bronchial epithelium. We ex-
ploited the fact that RSV infection does not lead to gross destruc-
tion of WD-PBECs to establish superinfection experiments with
rSeV/eGFP. rSeV/eGFP was particularly useful for these experi-
ments since it replicates very efficiently in untreated WD-PBECs
but is sensitive to human IFN (28, 31). These characteristics pro-
vided the unique opportunity to establish a novel bioassay to
study RSV-induced antiviral responses in WD-PBECs based on
SeV-derived eGFP expression and SeV growth kinetics.

Our rSeV/eGFP superinfection bioassay unambiguously dem-

FIG 6 rA2-�NS1/2-eGFP does not infect WD-PBECs efficiently. WD-PBEC
cultures were infected in duplicate with either rA2-eGFP or rA2-�NS1/2-
eGFP (MOI 
 1) for 96 h. (A) Representative fluorescence pictures were taken
at 96 hpi. (B) rA2-eGFP or rA2-�NS1/2-eGFP titers at 96 hpi were measured.
The data are presented as means � the SEM log10TCID50/ml. ***, P � 0.001. FIG 7 RSV NS1/2 partially counteract IL-29-mediated antiviral effects. Vero

cells were pretreated with IL-29 (1 or 100 ng/ml) or nontreated. At 24 h post-
treatment, the cells were infected with rA2-eGFP (A) or rA2-�NS1/2-eGFP (B)
(MOI  0.1). Cultures were monitored by UV microscopy every 24 hpi (orig-
inal magnification, �4). (C and D) Infections were undertaken in triplicate,
and a surrogate for virus replication kinetics was quantified by measuring the
percentage of eGFP coverage of three to five microscope fields at each time
point. The data are presented as means � the SEM eGFP area (percentage of
the whole image) and are representative of three independent experiments in
triplicate. Areas under the curves were calculated and compared by using an
unpaired Student t test. ***, P � 0.001.
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onstrated that RSV induced a potent antiviral response in WD-
PBECs and that basolaterally secreted factors were, in part,
responsible for this antiviral activity. Importantly, IFN-�s, partic-
ularly IL-29, but not IFN-�/�, were detected in RSV-infected
WD-PBECs. This is consistent with Okabayashi et al. (15), who
showed a predominance of IL-29 secretion from RSV-infected
primary and immortalized nasal epithelial cell monolayers. A ma-
jor finding of our study is the preponderance of IL-29 and the
absence of detectable IFN-�/� in lower airway samples from RSV-
infected infants, suggesting that IFN-�s, and in particular IL-29,
are the principal IFNs responding to RSV infection in vitro and in
vivo. The lack of detectable IFN-�/� in CMRSV, as reported previ-
ously (1), and in lower airway samples from infants hospitalized
with RSV, as reported here, is consistent with earlier clinical ob-
servations (11–13). It is unclear whether this lack of detectable
IFN-�/� in CMRSV is due to a failure to stimulate these responses
and/or active antagonism of induction by RSV NS1/2. Indeed,
using immortalized cell lines, RSV NS proteins were shown to
antagonize IFN-�/� induction by interacting with RIG-I, disrupt-
ing association of IRF-3 with CBP and, thereby, IRF-3 binding to
the IFN-� promoter, and suppressing activation and nuclear
translocation of IRF-3 (19, 40, 41), They also antagonized IFN-
�/� signaling by inducing proteasome-mediated degradation of
pSTAT2 (19, 37). In addition, RSV NS1 and, to a lesser extent, NS2
were shown to decrease cellular levels of TRAF3 and IKK�, both
key members of the IFN response pathway (42). However, Killip et
al. recently demonstrated that even when viral IFN-�/� antago-
nists were deleted, the paramyxovirus PIV5 failed to activate the
IFN-� promoter, suggesting that members of the Paramyxoviri-

FIG 8 MxA/B expression is induced following RSV infection and IL-29 or
CMRSV treatment of WD-PBECs. (A) WD-PBECs were either mock infected,
RSV BT2a infected (MOI 
 0.1) for 96 h, or treated with IL-29 (1 ng/ml) for 24
h. Cultures were fixed and stained for MxA/B (red), and nuclei were counter-
stained with DAPI (blue). Confocal images show typical staining in WD-
PBECs from three individual donors (original magnification, �63). (B and C)
MxA/B expression after treatment with CMRSV is mediated in large part by
IL-29. WD-PBECs (two independent cultures from one donor) were incu-
bated with either CMRSV or CMCON alone or combined with a neutralizing
antibody against IL-29 (10 �g/ml) for 24 h. Cultures were fixed and stained for
MxA/B, and nuclei were counterstained with DAPI. The MxA/B signal was
quantified in five individual fields from each culture, and the mean fluores-
cence was calculated and plotted. **, P � 0.01; ***, P � 0.001.

FIG 9 RSV blocks the expression of MxA/B, pSTAT2 but not pSTAT1 in infected WD-PBECs. WD-PBECs were either mock- or RSV-infected (MOI 
 0.1) for
96 h. Cultures were fixed and stained for either MxA/B (A), pSTAT1 (C), or pSTAT2 (E) (red); RSV was detected using a fluorescein isothiocyanate (FITC)-
conjugated anti-RSV-F-specific antibody (green). Confocal images show typical staining from WD-PBECs derived from three different individual donors
(original magnification, �63). The fluorescence of MxA/B (B), pSTAT1 (D), and pSTAT2 (F) in RSV-infected and uninfected cells within RSV-infected
WD-PBEC cultures was quantified by dividing the raw integrated density by the area of 	120 individual cells. The fluorescence was quantified by using ImageJ
software. The data are presented as means � the SEM. ***, P � 0.0005.
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dae are very inefficient at inducing IFN-�/� responses (43). The
corollary, however, is that the IFN antagonistic capacities of these
viruses likely evolved to cope with IFN-�s, rather than IFN-�/�,
responses.

Therefore, we evaluated the capacity of RSV NS1/2 to antago-
nize IFN-�1/IL-29-mediated antiviral effects. We demonstrated
that NS1 and/or NS2 were essential for RSV resistance to IL-29-
mediated antiviral activity in Vero cells and for replication of RSV
in WD-PBECs. At a cellular level in WD-PBECs, we showed that
RSV infection inhibited the IFN-inducible Jak/STAT pathway
through pSTAT2 suppression, with concomitant reduction of the
expression of the IFN-induced antiviral GTPases, MxA/B (18).
However, this inhibition in WD-PBECs was restricted to infected
cells. Since MxA and MxB are reliable markers of IFN bioactivity
and IL-29 was the only IFN detected in CMRSV, our cumulative
data are consistent with a model in which RSV infection induces
IL-29-mediated antiviral activity in WD-PBECs but that RSV
NS1/2 proteins efficiently antagonize these responses only in in-
fected cells through pSTAT2 degradation. Although IFN-�/�
were not detected in our assays, the possibility remains that very
low biologically active levels were present. Further work is there-
fore needed to definitively exclude their role in RSV-induced an-
tiviral responses in WD-PBECs.

There is an increasing body of evidence confirming the capac-
ity of IL-29 to induce antiviral states in infected cells (5, 8, 44). Our
data extend this IL-29 capacity to SeV and RSV. We found no
evidence that IL-29 has therapeutic potential against RSV infec-
tion. However, we present evidence that IL-29 has prophylactic
potential against RSV, as demonstrated by retarded RSV growth
kinetics in IL-29 pretreated WD-PBECs compared to untreated
controls. These data provide the rationale for further studies on
IL-29 prophylaxis to modulate RSV pathogenesis. This is of par-
ticular interest for individuals at risk for severe illness due to RSV
infection, although more work is needed to better understand
IL-29 responses in vivo. Moreover, the IL-29-mediated antiviral
effects against RSV, combined with the tissue restriction of the
type III IFN receptor to epithelial cells, the liver, and some leuko-
cytes, suggest that IL-29 prophylaxis may result in limited toxici-
ties that are typical of type I IFN therapy (45). Indeed, early data
from clinical trials using IFN-� to treat chronic hepatitis C virus
support this possibility (46).

Our evidence suggests the exciting prospect of potentially
novel potent antiviral molecules in CMRSV that are not explained
by its IL-29 content alone. Neutralizing IL-29 eliminated a large
portion of the antiviral activity of CMRSV. However, CMRSV dem-
onstrated greater antiviral potency than 1 ng of recombinant IL-
29/ml, which represents an �25-fold increase relative to the mean
IL-29 concentration in CMRSV. Therefore, it is possible that other
molecules in CMRSV act in synergy with IL-29 to exert its impres-
sive antiviral activities. Indeed, such synergistic antiviral activity
was previously reported for IFN-�/� and IFN-� against herpes
simplex virus 1, hepatitis C virus, and severe acute respiratory
syndrome-associated coronavirus (47–49). However, further
work is required to identify such molecules and determine
whether such synergy is evident in our WD-PBEC model.

Finally, there is increasing molecular diagnostic evidence dem-
onstrating concomitant dual or multiple respiratory viral infec-
tions in individuals (50, 51). Debate is ongoing as to whether such
dual/multi-infections result in exacerbated disease compared to
mono-infections. Extrapolation of our data to the clinic suggests

that a primary infection with RSV would result in the induction of
an antiviral state in the airway epithelium that may greatly com-
promise the capacity of subsequent viruses to infect and replicate,
unless the second virus was adept at circumventing the pre-estab-
lished innate immune responses. This is consistent with a recent
study showing that infection with multiple respiratory viruses cor-
related with less severe disease (52).

In conclusion, our study significantly advances our under-
standing of RSV induction and antagonism of type III IFN re-
sponses in human airway epithelium. Importantly, it provides the
rationale for dissecting the molecular mechanisms by which these
occur and the possible exploitation of IL-29 as a novel RSV pro-
phylactic, either alone or in combination with other, yet-to-be
discovered CMRSV antiviral molecules.
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