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Airway epithelial cells are key initial innate immune responders in the fight against respiratory viruses, primar-
ily via the secretion of antiviral and proinflammatory cytokines that act in an autocrine/paracrine fashion to trigger 
the establishment of an antiviral state. It is currently thought that the early antiviral state in airway epithelial cells 
primarily relies on IFNβ secretion and the subsequent activation of the interferon-stimulated gene factor 3 (ISGF3) 
transcription factor complex, composed of STAT1, STAT2 and IRF9, which regulates the expression of a panoply of 
interferon-stimulated genes encoding proteins with antiviral activities. However, the specific pathways engaged by 
the synergistic action of different cytokines during viral infections, and the resulting physiological outcomes are still 
ill-defined. Here, we unveil a novel delayed antiviral response in the airways, which is initiated by the synergistic 
autocrine/paracrine action of IFNβ and TNFα, and signals through a non-canonical STAT2- and IRF9-dependent, 
but STAT1-independent cascade. This pathway ultimately leads to the late induction of the DUOX2 NADPH oxidase 
expression. Importantly, our study uncovers that the development of the antiviral state relies on DUOX2-dependent 
H2O2 production. Key antiviral pathways are often targeted by evasion strategies evolved by various pathogenic vi-
ruses. In this regard, the importance of the novel DUOX2-dependent antiviral pathway is further underlined by the 
observation that the human respiratory syncytial virus is able to subvert DUOX2 induction.
Keywords: antiviral; cell signaling; innate immunity; inflammation; NADPH oxidase; interferon
Cell Research (2013) 23:673-690. doi:10.1038/cr.2013.47; published online 2 April 2013

npgCell Research (2013) 23:673-690.
© 2013 IBCB, SIBS, CAS    All rights reserved 1001-0602/13  $ 32.00 
www.nature.com/cr

Introduction

The mucosal linings of the airways are constantly ex-
posed to an array of microbial pathogens including life-
threatening respiratory viruses. Control of the host-mi-
crobe homeostasis at the mucosal epithelium is essential 
to prevent microorganism-triggered inflammatory dis-
eases. In addition to acting as a physicochemical barrier, 

airway epithelial cells (AECs) are also responsible for 
key immune responses in the fight against viruses. AECs 
rapidly recognize invading respiratory viruses to actively 
trigger the production of antiviral substances including 
peptides and cytokines that limit invasion and spread of 
the pathogens. Additionally, AECs produce proinflamma-
tory cytokines and chemokines, leading to immune cell 
recruitment and activation at the infection sites. Thus, 
the molecular pathways engaged upon viral infection 
of AECs and the resulting antiviral state are crucial for 
pathogen clearance and host recovery.

The current picture of the innate immune response 
proposes that in AECs, viral nucleic acids are sensed 
by pattern recognition receptors (PRRs) of the Toll-like 
receptor (TLR) and RIG-I-like receptor (RLR) families. 
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The downstream signaling cascades culminate into the 
activation of NF-κB and interferon regulatory transcrip-
tion factor  3 (IRF-3), which regulate the expression 
of genes encoding proinflammatory cytokines such as 
tumor necrosis factor α (TNFα), and antiviral cytokines, 
primarily type I (α and β) and type III (λ1-3) interferons 
(IFNs) [1]. Secreted type I IFNs bind to their cognate re-
ceptors, interferon-α/β receptor (IFNAR), resulting in the 
activation of the JAK/STAT signaling pathway and the 
subsequent formation of the interferon-stimulated gene 
factor 3 (ISGF3) transcription factor complex composed 
of STAT1, STAT2 and IRF9. ISGF3 activation is a pre-
requisite for the establishment of a robust antiviral state 
through the induction of numerous interferon-stimulated 
genes (ISGs) encoding antiviral proteins that modulate 
protein synthesis, cell growth and apoptosis [2]. Under-
standing the molecular mechanisms underlying the es-
tablishment of the antiviral state in AECs is the focus of 
intensive researches aimed at identifying novel antiviral 
genes and their regulatory pathways.

The NADPH oxidase enzymes Dual Oxidase 1 and 
2 (DUOX1 and DUOX2) originally identified in the 
thyroid have been shown to be expressed in mammalian 
epithelial tissues, including epithelial barriers constantly 
exposed to microbes, such as the respiratory and intes-
tinal tracts [3]. Increasing evidence has been reported to 
support the role of DUOX1 and DUOX2 in host defense 
against bacterial invasion at mucosal surfaces through the 
generation of H2O2 [3, 4]. While DUOX1 is induced fol-
lowing stimulation with IL-4 and IL-13, typical T helper 
(Th) 2 cytokines, DUOX2 is induced by the Th1 cytokine 
IFN-γ [5]. Additionally, DUOX2 is upregulated follow-
ing infection with rhinovirus (RV) or Paramyxoviridae 
viruses, and in response to stimulation with polyinosine-
polycytidylic acid (poly (I:C)), a synthetic double-strand-
ed RNA analog [6, 7]. Together, these findings suggest 
that DUOX2 might also be involved in regulating the 
host defense against viral infection.

In this study, we show that DUOX2 is a late antiviral 
gene induced by an autocrine/paracrine pathway specifi-
cally triggered in AECs by the synergistic action of two 
major cytokines, IFNβ and TNFα secreted upon Sendai 
virus (SeV) infection, a model of Paramyxoviridae vi-
ruses. We further unveil that the combination of IFNβ 
and TNFα acts through a novel, non-canonical signaling 
pathway dependent on STAT2 and IRF9, but entirely 
independent of STAT1. Functional analyses reveal that 
DUOX2-derived H2O2 is essential for AECs to mount 
an antiviral response specifically triggered by the syn-
ergism of IFNβ and TNFα. Importantly, we also reveal 
that respiratory syncytial virus (RSV), the most impor-
tant etiological viral agent of pediatric respiratory tract 

diseases worldwide, has evolved mechanisms to coun-
teract DUOX2 expression, allowing RSV to escape the 
DUOX2-mediated antiviral response. This observation 
highlights the importance of DUOX2 as a key molecule 
in the antiviral innate immune response.

Results

SeV infection induces DUOX2 and DUOXA2 expression 
in AECs

We previously reported that SeV infection of the A549 
alveolar epithelial cell line induced DUOX2 mRNA 
expression, as demonstrated by RT-PCR [7]. Here, a 
detailed characterization of DUOX2 mRNA and protein 
expression following SeV infection was performed in 
different cell line models of AECs and non-transformed 
primary normal human bronchial epithelial cells (NH-
BEs). First, A549 cells were infected with SeV for vari-
ous times. Quantitative RT-PCR (qRT-PCR) analyses 
revealed significant induction of DUOX2 mRNA levels 
starting at 24 h post infection (hpi) (Figure 1A, upper 
panel). Interestingly, induction of the classic early an-
tiviral gene interferon-induced protein with tetratrico-
peptide repeats 1 (IFIT1) started from 3 hpi and peaked 
between 6 hpi and 9 hpi (Figure 1A, lower panel). Thus, 
DUOX2 belongs to a category of late virus-induced 
genes. DUOX2 induction was confirmed at the protein 
level by immunoblot analyses using anti-DUOX1/2 an-
tibodies (Figure 1B). Although we and others previously 
reported that DUOX1 is not expressed in non-infected 
or SeV-infected A549 cells [7, 8], the specific detection 
of DUOX2 protein was confirmed by small interfering 
RNA (siRNA)-mediated knockdown of DUOX2 (Figures 
3E, 5A and 6).

Functional expression of DUOX2 at the plasma mem-
brane depends on the concomitant expression of its mat-
uration factor DUOXA2 [9]. As DUOX2 and DUOXA2 
genes are individually transcribed from the same bidirec-
tional promoter [9], DUOXA2 expression pattern likely 
resembles that of DUOX2. Indeed, DUOXA2 mRNA ex-
pression was induced in SeV-infected A549 cells, follow-
ing kinetics similar to that of DUOX2 (Figure 1C). Infec-
tion of A549 cells with UV-treated SeV (SeV-UV) that is 
unable to replicate, failed to induce DUOX2 expression, 
indicating that virus replication is essential for triggering 
the induction of DUOX2 expression (Figure 1D). To fur-
ther demonstrate that DUOX2/DUOXA2 gene expression 
is responsive to SeV infection in AECs, we used polar-
ized Calu-3 cells that were cultured at an air-liquid inter-
face (ALI-Calu-3) and formed a tight monolayer. Calu-3 
is a human serous gland cell line of sub-bronchial origin. 
ALI-Calu-3 are widely used in the studies of airway bar-
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rier function and ion secretion and were recently shown 
to be a suitable model for studying viral infections [10]. 
Monolayers of ALI-Calu-3 exhibiting good integrity, as 
determined by a transepithelial electric resistance (TEER) 
of ≥800 Ω.cm2, were used in the experiments. Infection 

of ALI-Calu-3 with SeV on the apical side resulted in 
DUOX2 and DUOXA2 mRNA induction starting at 24 
hpi (Figure 1E and 1G) and detectable DUOX2 protein 
levels at 48 hpi (Figure 1F). Importantly, DUOX2 and 
DUOXA2 mRNA induction was also confirmed in pri-

Figure 1 DUOX2 and DUOXA2 are induced upon SeV infection in AECs. (A-C) A549 cells were infected with SeV (40 
HAU/106 cells) for the indicated times. (D) A549 cells were infected with SeV or UV-treated SeV (40 HAU/106 cells) for the 
indicated times. (E-G) Polarized Calu-3 cells cultured for 10 days in ALI (ALI-Calu-3) and presenting an UAR ≥ 800 Ω.cm2 
were infected with SeV (40 HAU/106 cells) at the apical side for the indicated times. In A, C, D, E and G, total RNA was ex-
tracted. DUOX2, IFIT1 or DUOXA2 mRNA absolute copy numbers were quantified by qRT-PCR. In B and F, DUOX2 protein 
expression was analyzed by immunoblot analyses using anti-DUOX1/2-specific antibodies. In D, SeV N protein expression 
was detected using anti-parainfluenza antibodies. Equal loading was verified using anti-tubulin or anti-actin antibody. All data 
are presented as mean ± SD. Statistical analyses were conducted using one-way ANOVA with Tukey post-test, except in D, 
where analysis was performed using a t-test. Statistical significances are presented compared with the non-infected control, 
except in D, where the SeV-infected condition is compared with SeV-UV-infected condition. *P < 0.05, ***P < 0.001. The dot-
ted line in qRT-PCR graphs represents the threshold of detection. IB, immunoblot; NS, non specific; hpi, hours post-infection; 
HAU, hemagglutinin units; UAR, unit area resistance.
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mary NHBEs infected with SeV for 24 h (Figure 7A). 
Altogether, these results demonstrate that DUOX2 and 
DUOXA2 are late virus-induced genes in human AECs.

SeV-induced DUOX2/DUOXA2 expression results from 
an autocrine/paracrine mechanism

The delayed induction of DUOX2 and DUOXA2 
expression during SeV infection suggests that their ex-
pression might require de-novo protein synthesis and/or 
secretion of regulatory factor(s). To test this hypothesis, 
we harvested the supernatants of SeV-infected A549 
cells (SN-SeV). The supernatants were then treated with 
UV irradation (SN-SeV-UV) to impair the replication 
capacity of newly secreted virions, and consequently 
these virions should no longer be able to induce DUOX2 
expression (as shown in Figure 1D). Stimulation of 
fresh A549 cells with SN-SeV-UV (Figure 2A) still led 
to induction of DUOX2 and DUOXA2 mRNA to levels 
corresponding to 64 ± 12% and 88 ± 33%, respectively, 
of those induced by the direct SeV infection (Figure 2B 
and 2D). Treatment with SN-SeV-UV also efficiently up-
regulated DUOX2 protein expression (Figure 2C). Heat 
inactivation of SN-SeV-UV abolished DUOX2 mRNA 
and protein induction (Figure 2E). These results suggest 
that protein factors released into the supernatants of in-
fected cells play a major role in the induction of DUOX2/
DUOXA2 expression. Next, the possibility that apoptosis 
of infected cells could contribute to the release of these 
factors was ruled out. The cells were infected with SeV 
in the presence of the pan-caspase inhibitor Z-VAD-
FMK to block apoptosis as demonstrated by the efficient 
inhibition of PARP cleavage (Figure 2F). However, 
blockade of apoptosis failed to interfere with the capacity 
of the resulting SN-SeV-UV to induce DUOX2 mRNA 
expression (Figure 2F), demonstrating that DUOX2 in-
duction does not result from caspase-dependent apoptotic 
processes triggered by SeV infection. Altogether, these 
results highlight for the first time that DUOX2/DUOXA2 
induction in virus-infected AECs results from an auto-
crine/paracrine mechanism. 

IFNβ and TNFα synergize to induce DUOX2 and DU-
OXA2 expression

Next, we sought to determine the identity of the 
soluble factor(s) responsible for SeV-stimulated induc-
tion of DUOX2/DUOXA2. Although type I (α and β) and 
type III (λ1-3, also known as IL28/IL29) IFNs are the 
most abundant cytokines secreted following viral infec-
tion, stimulation of A549 cells with recombinant IFNβ 
(Figure 3A and 3B) or IFNα2b, IL28 or IL29 (data not 
shown) failed to induce significant increase in DUOX2 
or DUOXA2 mRNA levels. Interestingly, previous re-

ports revealed that IFNβ can synergize with TNFα to 
induce a late antiviral state distinct from the early state 
induced by IFNβ alone [11, 12]. Thus, we tested the pos-
sibility that DUOX2/DUOXA2 induction could be driven 
by the combination of IFNβ and TNFα. Multiplex ELISA 
analyses confirmed the presence of both IFNβ and TNFα 
in the SN-SeV derived from A549 cells (Figure 3C). 
Interestingly, stimulation of A549 cells with a combina-
tion of recombinant IFNβ and TNFα led to a significant 
increase in DUOX2 and DUOXA2 mRNA and DUOX2 
protein levels as compared with stimulation with either 
cytokine individually (Figure 3A and 3B). Similar results 
were observed in primary NHBEs (Figure 7B). Several 
other combinations of IFNα, IFNβ or TNFα with IFNλ 
(IL28/IL29) were tested, but none of them resulted in 
DUOX2 induction (Supplementary information, Figure 
S1). To demonstrate the importance of IFNβ and TNFα 
in the capacity of SN-SeV-UV to induce DUOX2/DU-
OXA2 expression, siRNA was used to knock down type 
I IFN receptor chain 1, IFNAR1, and TNFα receptor, 
TNFRSF1A. Depletion of either of the receptors led to 
decreased DUOX2 mRNA induction following SN-SeV-
UV treatment as compared with control cells (Figure 
3D). Importantly, the combination of IFNβ and TNFα, 
similar to SeV infection, induced catalase-sensitive H2O2 
production (Figure 3E). The H2O2 induction was also dra-
matically reduced by DUOX2 silencing using a specific 
siRNA, demonstrating that DUOX2 is a main source for  
and IFNβ- and TNFα-stimulated H2O2 generation (Figure 
3E). Altogether, these results unveil the synergistic action 
of IFNβ and TNFα in the autocrine/paracrine regulation 
of DUOX2/DUOXA2 expression during viral infection.

DUOX2 induction is mediated by a non-canonical, 
STAT2/IRF9-dependent, but STAT1-independent pathway

To further identify the mechanisms involved in virus-
triggered induction of DUOX2 expression, an RNAi 
strategy was pursued to individually knock down each 
subunit of the ISGF3 complex, STAT1, STAT2 and 
IRF9. Surprisingly, while knockdown of STAT2 and 
IRF9 strongly diminished SN-SeV-UV-induced DUOX2 
mRNA and protein expression compared with the control 
cells, STAT1 knockdown (mediated by siSTAT1(1)) did 
not impair DUOX2 induction (Figure 4A). Similar re-
sults were obtained using another STAT1-specific siRNA 
(siSTAT1(2)) (Figure 4B). Although siSTAT1(1) led to 
an increase of DUOX2 mRNA expression (Figure 4A), 
this increase was not reproduced with siSTAT1(2) (Figure 
4B), and the effect was therefore not considered specific. 
By contrast, both STAT1-specific siRNAs efficiently in-
hibited IFNγ-induced interferon regulatory factor (IRF1) 
expression (Figure 4C).
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Figure 2 SeV induces DUOX2 and DUOXA2 expression through secreted proteins. (A) A schematic outline of the timeline 
used for experiments in B-F. (B-D) A549 cells were stimulated with untreated (SN-SeV) or UV-treated supernatants (SN-SeV-
UV) from SeV-infected (40 HAU/106 cells) for 24 h (C, D) or the indicated times (B). SeV infection (40 HAU/106 cells, 24 h) 
was conducted as comparison. (E) A549 cells were stimulated with SN-SeV-UV or SN-SeV-UV subjected to heat treatment. 
In B, D and E, DUOX2 or DUOXA2 mRNA expression was analyzed by qRT-PCR. In B, C, and E, immunoblot analyses were 
performed to measure the protein expression levels of phosphorylated STAT1 (STAT1-P-Tyr701), STAT1, SeV, DUOX2 or 
IFIT1. (F) A549 cells were treated for 24 h with SN-SeV-UV generated from cells exposed to DMSO (SN-SeV-UV/DMSO) or 0.1 
mM Z-VAD-FMK (SN-SeV-UV/Z-VAD-FMK). DUOX2 mRNA expression was analyzed by qRT-PCR. PARP cleavage was as-
sessed in SeV-infected A549 cells treated with DMSO or Z-VAD-FMK, as well as in cells stimulated with SN-SeV-UV/DMSO 
or SN-SeV-UV/Z-VAD-FMK. qRT-PCR data are presented as mean ± SD. Statistical analysis was conducted using one-way 
ANOVA with Dunnett post-test, except in E and F, where a t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 3 Costimulation by IFNβ and TNFα efficiently induces DUOX2 and DUOXA2 expression and DUOX2-dependent H2O2 
production. (A, B) A549 cells were stimulated with recombinant IFNβ and/or TNFα for 24 h. SeV infection (40 HAU/106 cells, 
24 h) was conducted for comparison. DUOX2 or DUOXA2 mRNA absolute copy numbers were analyzed by qRT-PCR. In 
A, DUOX2 protein expression was analyzed by immunoblot analyses. (C) A549 cells were infected with SeV (40 HAU/106 

cells). IFNβ and TNFα levels in the supernatants were measured by Multiplex ELISA. (D) A549 cells were transfected with 
control siRNA (siCTRL) or siRNA targeting IFNAR1 using a mixture of siIFNAR1(1) and siIFNAR1(2), and/or siRNA targeting 
TNFRSF1A using siTNFRSF1A. Forty-eight hours post-transfection, cells were stimulated with SN-SeV-UV for 24 h. IFNAR1 
expression levels were analyzed by qRT-PCR and TNFRI levels were detected by immunoblot analyses. (E) A549 cells were 
stimulated as in A. Where indicated, the cells were transfected with siCTRL or siRNA targeting DUOX2 (siDUOX2(1)) 48 h 
prior to stimulation. H2O2 production was analyzed using the HVA assay. Where indicated, catalase was added at 400 U/ml. 
All qRT-PCR and H2O2 measurement data are presented as mean ± SD. Fold induction is calculated over the corresponding 
non-stimulated condition. The pointed line in graphs represents the threshold of detection. Statistical analysis was conducted 
by one-way ANOVA using Tukey multiple comparison analysis. *P < 0.05, **P < 0.01, ***P < 0.001. 
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In the ISGF3 complex, activated STAT2 is phospho-
rylated on Tyr690. To evaluate whether STAT2-Tyr690 
phosphorylation is also required in the non-canonical 
pathway leading to DUOX2 induction, the JAK kinases 
inhibitor, AG490, and the specific inhibitor of the JAK 
kinase Tyk2, Bayer-18, were used. Both inhibitors ef-
ficiently inhibited STAT2-Tyr690 phosphorylation and 
dramatically reduced DUOX2 induction in IFNβ- and 

TNFα-stimulated cells (Figure 4D). Interestingly, ki-
netic analysis of STAT2 phosphorylation in response to 
IFNβ and/or TNFα, revealed that although TNFα alone 
was not sufficient to trigger STAT2 phosphorylation, it 
helped to enhance IFNβ-induced STAT2 phosphorylation 
during an extended period of time. Additionally, TNFα 
alone was able to increase IRF9 expression (Figure 4E). 
The impacts of TNFα on IRF9 expression and on STAT2 

Figure 4 DUOX2 induction is regulated in a STAT2/IRF9-dependent, STAT1-independent manner. (A-C) A549 cells were 
transfected with siRNA specific for STAT1, STAT2 or IRF9. Forty eight h post-transfection, cells were stimulated with SN-SeV-
UV for 24 h in A and B or IFNγ for the indicated time in C. (D) A549 cells were pretreated with AG490 (100 µM), Bayer-18 (100 
µM) or DMSO (vehicle) for 1 h before stimulation with IFNβ and TNFα for 24 h. In A, B and D, DUOX2 mRNA absolute copy 
number was analyzed by qRT-PCR and DUOX2 levels were expressed as % of the siCTRL condition (A, B) or as % of the 
control cells (D). In A-E, DUOX2, STAT2-P-Tyr690, STAT2, STAT1-P-Tyr701, STAT1, IκBα-P-Ser32, IκBα, or IRF9 protein lev-
els were analyzed by immunoblot. All qRT-PCR data are presented as mean ± SD. Data were analyzed by one-way ANOVA 
with Dunnett post-test. *P < 0.05, *** P < 0.001.
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phosphorylation most likely contribute to the activation 
of the non-canonical STAT2/IRF9 pathway during co-
stimulation by IFNβ and TNFα. TNFα is well known to 
trigger NF-κB-dependent gene expression. However, no 
significant differences were observed in IκBα phospho-
rylation and degradation between TNFα-stimulated- and 
IFNβ/TNFα-costimulated cells (Figure 4E). Additionally, 
ectopic expression of the widely used super-repressor of 
NF-κB pathway, IκBα2N∆4 [13], did not prevent SN-
SeV-UV-induced DUOX2 expression (Supplementary 
Figure S3), strongly suggesting that NF-κB is unlikely 
to be involved in IFNβ- and TNFα-mediated induction 
of DUOX2. Hence, a non-canonical signaling pathway 
involving IRF9 and phosphorylated STAT2, but not 
STAT1, mediates the IFNβ- and TNFα-dependent induc-
tion of DUOX2 in AECs during SeV infection. 

DUOX2 is essential for AECs to mount an antiviral de-
fense

It has not yet been assessed whether DUOX2 is one 
of the numerous virus-induced genes that allow the host 
to mount an antiviral response. To evaluate the antiviral 
role of DUOX2, SN-SeV-UV generated from A549 cells 
or a combination of IFNβ and TNFα were used to stimu-
late A549 cells transfected with control siRNA (siCTRL) 
or two different DUOX2-specific siRNAs (siDUOX2(1) 
and siDUOX2(2)). The antiviral responses of the target 
cells were then monitored through their capacity to limit 
the replication of a recombinant RSV encoding GFP 
(RecRSV-GFP) (Figure 5A). As shown in Figure 5B, 
siCTRL-transfected, SN-SeV-UV-treated cells efficiently 
restricted RecRSV-GFP replication as compared with 
siCTRL-transfected cells. Importantly, in the absence of 
DUOX2, SN-SeV-UV-treated cells were less effective in 
restricting RecRSV-GFP replication as compared with 
siCTRL-transfected, SN-SeV-UV-treated cells. Thus, in 
the absence of DUOX2, cells mount a less-efficient an-
tiviral response following stimulation with SN-SeV-UV. 
Similar results were obtained in the context of IFNβ and 
TNFα costimulation (Figure 5C, upper panel). Impor-
tantly, DUOX2 siRNA did not alter the antiviral state in-
duced by IFNβ alone (Figure 5C, lower panel) that failed 
to trigger DUOX2 expression (Figure 3A), highlighting 
the specific role of DUOX2 in the antiviral state mounted 
in response to IFNβ and TNFα costimulation. Addition-
ally, the antiviral effect triggered by IFNβ and TNFα was 
inhibited by the treatment with catalase, thereby demon-
strating that the antiviral state relies on H2O2 production 
(Figure 5D). The role of DUOX2 in the establishment of 
the IFNβ- and TNFα-dependent antiviral response was 
also confirmed in primary NHBEs (Figure 7B). Alto-
gether, these results are the first to unveil the contribution 

of DUOX2 to the development of the antiviral state in 
AECs. 

Next, to elucidate how DUOX2 enhances the antiviral 
state, multiplex ELISA analyses were performed to mea-
sure type I and type III IFN levels, the major antiviral 
cytokines secreted during viral infection of AECs, in the 
supernatants of A549 cells that were transfected with 
siCTRL or siDUOX2(1)/(2) and infected with SeV. In-
terestingly, absence of DUOX2 significantly diminishes 
IFNβ levels at 24 hpi and 32 hpi, and IFNλ levels at 32 
hpi (Figure 6A). On the other hand, TNFα levels were 
not significantly changed (Figure 6A). Despite the obser-
vation that siDUOX2(1)-mediated DUOX2 knockdown 
diminished TNFα levels, although not significantly, the 
result was not confirmed using siDUOX2(2) (Figure 6A). 
Similar results were observed in primary NHBEs (Figure 
7C). Importantly, none of the cytokine levels were signif-
icantly altered by DUOX2 knockdown at 6 hpi, thereby 
suggesting that DUOX2 controls the sustained levels of 
IFNβ and IFNλ specifically at late stages of viral infec-
tion. Importantly, the effects of DUOX2 depletion on 
levels of the cytokines could not be explained by the 
changes of their respective mRNA levels (Figure 6B). 
Thus, our results demonstrate that DUOX2 is a key fac-
tor in the establishment of an antiviral state triggered by 
the synergism between IFNβ and TNFα, and that it acts 
at least in part through the regulation of IFNβ and IFNλ 
protein levels at late time points of infection. 

RSV interferes with the expression of DUOX2
The aforementioned data clearly highlight a new anti-

viral pathway occurring in the airway epithelium, which 
is mediated by the synergism between IFNβ and TNFα 
involving the induction of DUOX2. Key antiviral path-
ways are often targeted by evasion mechanisms evolved 
by pathogenic viruses, including RSV [14]. Thus, we 
next sought to determine whether RSV is capable of 
evading the DUOX2-dependent antiviral response. First, 
A549 cells were infected with RSV for various periods. 
As shown in Figure 8A, RSV infection induced only 
weak levels of DUOX2 mRNA compared with SeV in-
fection. RSV infection failed to induce detectable levels 
of the DUOX2 protein, even when the multiplicity of 
infection (MOI) was increased from 3 to 10 (Figure 8B). 
Analysis of DUOXA2 mRNA levels again revealed a 
barely detectable induction during RSV infection, which 
was significantly lower than the one observed during 
SeV infection (Figure 8C). Similar results were observed 
in the ALI-Calu-3 model (Figure 8D-8F). Importantly, 
IFNβ and TNFα levels in the supernatant of RSV-
infected A549 cells were close to those detected in the 
supernatant of SeV-infected A549 cells (Figure 8G vs 
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Figure 3C). Hence, the decreased DUOX2 and DUOXA2 
induction during RSV infection could not be attributed to 
a deficiency in the production of IFNβ or TNFα. Interest-
ingly, UV-treated supernatants derived from RSV-infect-
ed A549 cells (SN-RSV-UV), when used as in Figure 2A, 
induced DUOX2 mRNA expression to levels correspond-
ing to 305 ± 125% of those induced by direct RSV infec-
tion (Figure 8H) and detectable levels of DUOX2 protein 
(Figure 8I). Similar to our observation in the context of 

SeV infection, knockdown of STAT2 and IRF9, but not 
of STAT1, prior to SN-RSV-UV stimulation, impaired 
DUOX2 induction (Figure 8J). Altogether, these results 
demonstrate that cytokines secreted in response to RSV 
infection are capable of inducing DUOX2 expression, 
but the presence of the virus in the cells interferes with 
DUOX2 induction, allowing RSV to escape the DUOX2-
mediated antiviral response. 

Figure 5 DUOX2 is necessary for the establishment of an H2O2-dependent antiviral state. (A) A schematic outline of the ex-
perimental timeline used for experiments in B-D. (B-D) A549 cells were transfected with siCTRL, siDUOX2(1) or siDUOX2(2) 
before being stimulated with SN-SeV-UV or with IFNβ and TNFα for 24 h. DUOX2 expression was analyzed by immunoblot 
analyses using DUOX1/2 antibody. Twenty-four h post-stimulation with SN-SeV-UV or cytokines, cells were infected with re-
combinant RecRSV-GFP at a MOI of 1 for 72 h and the release of infectious viral particles was quantified by plaque forming 
unit assay. Catalase was added 6 h prior to RecRSV-GFP infection in D. All data are presented as mean ± SD. Data were 
analyzed by one-way ANOVA with Dunnett post-test, siCTRL vs siDUOX2(1) or siDUOX2(2) in B and C, or IFNβ + TNFα vs 
IFNβ + TNFα + catalase in D. *P < 0.05, **P < 0.01, ***P < 0.001.
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Discussion

AECs are the first line of defense against respiratory 

virus infection. The efficiency of the innate antiviral state 
mounted by AECs critically influences the outcome of 
viral infection. In the current paradigm, the antiviral state 

Figure 6 DUOX2 regulates secreted levels of type I/III IFNs at the late stages of viral infection. (A) A549 cells were transfect-
ed with siCTRL, siDUOX2(1) or siDUOX2(2), and 48 h post-transfection, cells were infected with SeV (40 HAU/106 cells) for 
the indicated times. DUOX2 expression was analyzed by immunoblot analyses using DUOX1/2 specific antibodies. Release 
of IFNβ, IFNλ and TNFα  was measured by multiplex ELISA. (B) A549 cells were transfected with siCTRL or siDUOX2(2) 
for 48 h and infected as in A for the indicated times. IFNβ, IFNλ (IL-28A and IL-29) and TNFα mRNA absolute copy numbers 
were analyzed by qRT-PCR. Data were analyzed by two-way ANOVA with Bonferroni post-test. *P < 0.05, **P < 0.01, ***P < 
0.001. The dotted line in qRT-PCR graphs represents the threshold of detection. 
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Figure 7 DUOX2 induction controls a late IFNβ/TNFα-dependent antiviral state in NHBEs. (A) NHBEs were infected with SeV 
(40 HAU/106 cells) for 24 h. DUOX2 or DUOXA2 expression levels were analyzed by qRT-PCR. (B, C) NHBEs were trans-
fected with siCTRL or siDUOX2(1) and then stimulated with IFNβ and TNFα for 24h before RecRSV-GFP infection (B), or 
infected with SeV for the indicated times (C). DUOX2 expression levels were analyzed by qRT-PCR. In B, infectious virion re-
lease was quantified as described in Figure 5. In C, release of IFNβ, IFNλ and TNFα was measured by multiplex ELISA. Data 
were analyzed by one-way ANOVA with Dunnett post-test in B. Data were analyzed by two-way ANOVA with Bonferroni post-
test in C. *P < 0.05, **P < 0.01, ***P < 0.001. The dotted line in qRT-PCR graphs represents the threshold of detection.

in infected AECs is primarily dependent on type I IFNs-
mediated activation of the JAK/STAT signaling cascade 
that ultimately leads to the transcriptional control of ISGs 
by the ISGF3 complex. Here, we highlight a novel antivi-

ral pathway occurring in AECs, which is initiated by the 
synergistic autocrine/paracrine action of IFNβ and TNFα, 
and signals through an IRF9- and STAT2-dependent, but 
entirely STAT1-independent, non-canonical cascade to 
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Figure 8 SN-RSV-UV triggers higher expression of DUOX2 than direct RSV infection. (A, C) A549 cells were infected with 
RSV at an MOI of 3 for the indicated times. SeV infection (40 HAU/106 cells) was conducted for comparison. (B) A549 cells 
were infected with RSV at an MOI of 3 or 10 or with SeV at 40 HAU/106 cells for 24 h. (D-F) ALI-Calu-3 cells were infected 
with RSV at an MOI of 3 for the indicated times, or for 24h in E. (G) A549 cells were infected with RSV at an MOI of 3 for 24 h. 
IFNβ/TNFα levels in the supernatants were measured by multiplex ELISA. (H, I) A549 cells were stimulated with SN-RSV or 
UV-treated supernatants (SN-RSV-UV) for 24 h. RSV infection (MOI = 3, 24 h) was conducted for comparison. (J) A549 cells 
were transfected with siRNAs as in Figure 4A, and 48 h post-transfection, cells were stimulated with SN-RSV-UV for 24 h. In A, 
C, D, F, H, and J, DUOX2 or DUOXA2 mRNA levels were quantified by qRT-PCR. These values are presented as % DUOX2 
induction in H and J. In B, E, H, I and J, immunoblot analyses were performed to analyze the protein expression of DUOX2, 
STAT1-P-Tyr701, STAT1, RSV, STAT2 or IRF9. All qRT-PCR data are presented as mean ± SD. Data were analyzed by one-
way ANOVA with Tukey post-test except in J, where a Dunnett post-test was used; *P < 0.05, **P < 0.01, ***P < 0.001. The 
pointed line in qRT-PCR quantification data represents the threshold of detection. 



www.cell-research.com | Cell Research

Karin Fink et al.
685

npg

Figure 9 Model of the innate immune antiviral response triggered by IFNβ and TNFα in AECs. SeV infection of AECs triggers 
the secretion of IFNβ and TNFα. Binding of IFNβ to its cognate receptor activates the “classic” antiviral pathway mediated by 
the ISGF3 TF. Additionally, the synergism between IFNβ and TNFα induces late DUOX2 expression through a non-canonical 
antiviral signaling pathway. This pathway involves STAT2 and IRF9, but is entirely independent of STAT1. Late DUOX2 induc-
tion and H2O2 production is essential for the cells to mount an efficient antiviral state, at least in part through the regulation 
of IFNβ and IFNλ levels at late time points of infection. The importance of this novel airway antiviral defense mechanism is 
underlined by the observation that pathogenic RSV is able to counteract DUOX2 induction, suggesting that RSV has evolved 
a strategy to evade the DUOX2-dependent antiviral response.

establish a late antiviral state mainly controlled by the 
DUOX2 NADPH oxidase (Figure 9). 

Virus infections trigger the secretion of multiple an-
tiviral and proinflammatory cytokines that bind to their 
cognate receptors to engage specific signaling pathways. 
Although it seems intuitive that secreted cytokines do not 
act independently, but rather simultaneously to foster the 
antiviral response, the specific outcomes resulting from 
their cooperation have barely been described. The syner-
gism between IFNβ and TNFα was first reported in 1988 
[15]. However, it was only recently discovered, through 
microarray profiling, that IFNβ and TNFα synergize to 
drive the expression of a panel of late genes that define 
a distinct antiviral state. These genes are not responsive 
to IFNβ or TNFα alone, or they are only responsive to 
one of the cytokines when used separately [11, 12]. Here, 
we uncover that in AECs, DUOX2 and DUOXA2 belong 
to this category of late genes that are not significantly 
induced by IFNβ or TNFα alone, but are remarkably 

induced to high levels in response to the combination 
of IFNβ and TNFα. Previous attempts to identify the 
mechanisms underlying the specific regulation of genes 
dependent on IFNβ and TNFα synergism were performed 
through bioinformatic analyses of the promoters of this 
panel of genes in order to identify enrichment of specific 
transcription factor (TF)-binding sites. However, no 
specific TF was identified [11]. Here, through a targeted 
strategy using siRNA, we demonstrate for the first time 
that the synergistic action of IFNβ and TNFα engages 
a specific STAT2- and IRF9-dependent, but STAT1-
independent, signaling pathway. Interestingly, our results 
reveal that TNFα contributes to IRF9 induction and that 
TNFα synergism with IFNβ induces an enhanced and 
sustained activation of JAK-mediated STAT2 phosphory-
lation. Thus, IRF9 induction and STAT2 phosphorylation 
likely contribute to the activation of the non-canonical 
STAT2/IRF9 pathway during costimulation by IFNβ/
TNFα. This is consistent with previous reports that TNFα 
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mediates the activation of JAKs [16, 17]. It remains to 
be determined whether this STAT2- and IRF9-dependent 
pathway is responsible for the regulation of all the other 
genes previously identified to be responsive to the com-
bination of IFNβ and TNFα. Other studies have proposed 
that TNFα synergizes with IFNβ through an autocrine/
paracrine loop. Indeed, TNFα can induce the secretion of 
IFNβ in an IRF1-dependent manner, thereby controlling 
the expression of specific late genes through the classic 
JAK/STAT pathway [12, 18, 19]. However, this loop is 
unlikely to be involved in the induction of DUOX2 in 
our system, as TNFα alone is not sufficient to activate 
DUOX2/DUOXA2 expression. 

Previous reports have described the capacity of 
STAT2 and IRF9 to activate gene transcription inde-
pendently of STAT1 [20-24]. However, none of these 
studies have linked the activation of the STAT2/IRF9 
pathway to the specific synergistic action of IFNβ and 
TNFα. Interestingly, in the absence of STAT1, STAT2/
IRF9 display only limited DNA-binding affinity to the 
typical interferon-sensitive response element (ISRE) 
targeted by the IRF9 DNA-binding domain [20], and the 
consensus DNA-binding sequence for this non-canonical 
complex remains to be determined. The possibility that 
the STAT2/IRF9 complex binds to a yet uncharacter-
ized consensus-responsive element would explain the 
failure of the previous bioinformatic strategy aimed at 
identifying TFs acting downstream of IFNβ and TNFα, 
as it was based on the databases of known DNA-binding 
consensus sites [11]. It is noteworthy to mention that all-
trans retinoic acid (ATRA) was reported to stimulate the 
STAT2/IRF9-dependent induction of RIG-G gene expres-
sion [25]. Interestingly, ATRA was shown to be a potent 
inducer of DUOX2 in AECs [26]. 

To date, the regulation of DUOX2/DUOXA2 expres-
sion has been mainly investigated in thyrocytes, as well 
as in airways and gut epithelial cells following bacte-
rial infection [6, 27-29]. Our observation that DUOX2/
DUOXA2 were induced following SeV infection in three 
different AEC models, A549, ALI-Calu-3 and NHBEs, 
adds to the picture of the previously reported RV-induced 
DUOX2/DUOXA2 expression in primary AECs [6, 30-
32]. Importantly, SeV is a member of the Paramyxo-
viridae family of negative sense single-stranded RNA 
(ssRNA) viruses, whereas RV belongs to the Picorna-
viridae family containing positive sense ssRNA viruses. 
Furthermore, poly (I:C) used to engage TLR3 also induc-
es DUOX2 expression in primary AECs [6]. Altogether, 
these data strongly support the idea that the DUOX2-
dependent antiviral pathway might be relevant to a broad 
number of respiratory viruses. Interestingly, infection by 
RSV barely triggered detectable induction of DUOX2/

DUOXA2 expression. In contrary, SN-RSV-UV was a 
potent inducer of DUOX2/DUOXA2, thus suggesting that 
the presence of replicating RSV interferes with DUOX2/
DUOXA2 induction. This is of particular significance, as 
most human pathogenic viruses have evolved strategies 
to circumvent the key mechanisms of the innate antiviral 
response for their own replication needs [14]. Thus, the 
observation that DUOX2/DUOXA2 expression is the tar-
get for viral evasion points to the importance of DUOX2 
in the capacity of the host to mount an efficient antiviral 
response. In this line, we unveil for the first time that 
DUOX2 is critical for the outcome of respiratory virus 
infections through its key function in the establishment 
of the antiviral state specifically induced by the synergis-
tic action of IFNβ and TNFα secreted during SeV infec-
tion. The capacity of RSV to counteract this novel antivi-
ral pathway adds to its previously recognized capacity to 
interfere with other key antiviral events, including RIG-
I-dependent signaling or IKKε, TRAF3 or STAT2 stabil-
ity [33, 34]. Altogether, these evasion mechanisms con-
tribute to the development of RSV-associated diseases. 
Interestingly, DUOX2 expression is decreased in patients 
with cystic fibrosis (CF) [35]. Thus, our data shed lights 
on a potential mechanism for the increased susceptibility 
of CF patients to respiratory virus infections [36].

Up to date, the demonstration of a role of DUOX2 in 
the antimicrobial defense has been restricted to bacte-
rial infections. This function of DUOX2 appears to be 
evolutionarily conserved. In Drosophila, absence of the 
DUOX homologue at epithelial surfaces profoundly al-
ters the outcome of intestinal bacterial infection and fly 
survival [37]. At airway surfaces, H2O2 in combination 
with the secreted lactoperoxidase (LPO) enzyme and 
thiocyanite forms the microbicidal compound hypothio-
cyanate. To date, studies based on the use of antioxidant 
enzymes support the necessity of H2O2 in the LPO-
dependent antibacterial defense [38]. Further studies sug-
gest that DUOX2 is a source of H2O2 production in the 
airways [39, 40]. However, none of these studies have 
clearly demonstrated a functional connection between 
DUOX2-mediated H2O2 production and LPO-dependent 
airway antibacterial defenses. Whether the H2O2/LPO 
system contributes to the antiviral defense still remains to 
be clarified. In vitro studies have shown that the products 
of LPO activity, hypothiocyanate and hypoiodous acid, 
possess virucidal properties [41-43]. However, no data 
are available showing this activity in an in vivo context. 
In our setting, the H2O2/LPO system is unlikely to have 
a role based on the following observations. First, LPO is 
not secreted from in vitro cultured AECs [44] and all the 
studies that previously demonstrated an LPO-dependent 
antimicrobial function required the addition of LPO in 
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the experiments [38, 39, 43]. However, here we observe 
an antiviral effect of DUOX2 without the ectopic addi-
tion of LPO. Moreover, we do not observe an antiviral 
effect of the supernatant in a cell-free system (Supple-
mentary information, Figure S2). Rather than a role in 
the synthesis of extracellular virucidal components, we 
identify a significant role of DUOX2 in the regulation 
of secreted levels of IFNβ and IFNλ, but not of TNFα 
(Figure 6A), nor IFNα, IFNω, IFNγ, IL6, or IL1α (data 
not shown). Interestingly, DUOX2 specifically regulates 
IFNβ and IFNλ levels at late time points of infection 
(starting at 24 hpi and 32 hpi, respectively), but not at the 
early time point (6 hpi). Hence, DUOX2 seems to play 
a role in sustaining the levels of IFNβ and IFNλ during 
viral infection. Further studies will be required to unveil 
how DUOX2 fosters sustained IFNβ and IFNλ levels 
in the supernatants of the infected cells. An interesting 
working model would be that, through its capacity to 
diffuse across membranes, DUOX2-derived H2O2 could 
modulate intracellular signals to regulate the production 
and/or secretion of IFNβ and IFNλ. A similar mechanism 
was previously implicated in the DUOX2-dependent reg-
ulation of NF-κB activity, and the thereof resulting IL-8 
production and neutrophil recruitment [45]. The closely-
related homolog of DUOX2, DUOX1 that is also ex-
pressed in AECs was previously shown to regulate EG-
FR-dependent signaling [46, 47]. Additionally, DUOX1-
derived H2O2 was shown to regulate intracellular protein 
phosphatase activities [48, 49]. Although intracellular 
signaling modulation is a likely mechanism, regulation 
of IFN expression in our system is not due to altered 
transcriptional regulation, as IFNβ and IFNλ mRNA 
levels were not affected by the specific knockdown of 
DUOX2 using siRNA. Thus, it is unlikely that DUOX2-
dependent production and/or secretion of IFNs involve 
the signaling cascades leading to NF-κB and ISGF3 TFs, 
which are key regulators of ISGs. It is noteworthy to 
mention that a recent publication has identified DUOX2 
as a potential regulator of proinflammatory responses via 
shedding of the soluble TNFR in human AECs following 
TLR3 stimulation by poly (I:C) [50]. However, we did 
not observe an effect of DUOX2 knockdown on TNFR 
shedding during SeV infection (data not shown).

In conclusion, our study unveils a key function of 
DUOX2 in the establishment of a late antiviral state trig-
gered by the synergistic autocrine/paracrine action of 
IFNβ and TNFα secreted during respiratory virus infec-
tion. Importantly, induction of the antiviral state by the 
combination of IFNβ and TNFα is specifically driven 
by a STAT2/IRF9-dependent, STAT1-independent non-
canonical signaling pathway. Thus, our study reveals a 
novel antiviral signaling cascade that acts in a late fash-

ion compared with the classic ISGF3-dependent antiviral 
pathway.

Materials and Methods

Chemicals
The JAK inhibitor AG490 and the Tyk2-specific inhibitor 

Bayer-18 inhibitors were obtained from Enzo life Sciences and 
Symansis, respectively.

Cell culture 
All media and supplements were purchased from Gibco, except 

for primary cell culture for which reagents were obtained from 
Clonetics. A549 cells (American Type Culture Collection, ATCC) 
were grown in F-12 nutrient mixture (Ham) medium supplemented 
with 10% heat-inactivated fetal bovine serum (HI-FBS) and 1% 
L-glutamine. Calu-3 cells (ATCC) were grown under submerged 
conditions in MEM medium supplemented with 10% HI-FBS, 1% 
L-glutamine, 1% sodium pyruvate and 1% non-essential amino 
acids. For Air-Liquid Culture (ALI), Calu-3 cells were plated at 
a density of 0.2 × 106 cells/cm2 onto Greiner Transwell inserts 
coated with collagen VI (Sigma-Aldrich) for at least 16 h. Calu-
3 cells were kept under submerged conditions for 48 h before 
medium in the apical compartment was removed. Cells were kept 
in ALI (ALI-Calu-3) culture for 10-14 days before conducting 
Transepithelial Electric Resistance (TEER) measurement with a 
Voltohmmeter (World Precision Instruments). Experiments were 
performed using ALI-Calu-3 having TEER measures equal to 
or higher than 800 Ω.cm2. NHBE were obtained from Clonetics, 
cultured in BEGM medium (Clonetics) and used until maximum 
passage 3. Vero cells (ATCC) were cultured in DMEM medium 
supplemented with 10% HI-FBS and 1% L-glutamine.

Virus infections
SeV Cantell strain was obtained from Charles River Labora-

tories. The initial stock of RSV A2 strain was obtained from Ad-
vanced Biotechnologies, Inc. The initial stock of recombinant RSV 
encoding GFP (RecRSV-GFP) was a generous gift from Dr PL 
Collins (NIH, Bethesda). Amplification and purification of RSV 
and RecRSV-GFP was performed as previously described [51]. 

SeV infection was conducted at 40 hemagglutinin units (HAU) 
per 106 cells in serum free medium (SFM) for 2 h, after which the 
medium was supplemented with 10% HI-FBS. RSV or RecRSV-
GFP infection was conducted at a MOI of 3 or 1, respectively, in 
medium containing 2% HI-FBS. Infection of ALI-Calu-3 was con-
ducted the day after TEER measurement using viruses diluted in 
SFM (SeV) or 2% HI-FBS containing medium (RSV) and added 
apically onto Transwells. After 2 h, the apical medium was taken 
off and the infection was pursued in ALI condition. SeV infection 
of NHBE was conducted with 40 HAU/106 cells in BEGM.

Preparation of supernatant from infected cells
For generation of supernatant from SeV- or RSV-infected cells, 

A549 cells were infected as described above. At 2 hpi, the virus 
was taken off and the medium was replaced with Opti-MEM Re-
duced Serum media (Invitrogen). The infection was pursued for 
22 h. Thereafter, the supernatant was harvested and cell debris 
eliminated by centrifugation. Where indicated, the supernatant 
was treated with UV for 20 min. To generate SN from A549 cells 
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treated with Z-VAD-FMK (Calbiochem), A549 cells were pretreat-
ed with 0.1 mM Z-VAD-FMK or DMSO (vehicle) for 1 h before 
infection. Z-VAD-FMK was present throughout the infection. For 
heat treatment, SN-SeV-UV was either left untreated or heated for 
15 min at 80 °C.

Stimulation with recombinant cytokines
Recombinant IFNβ and TNFα (Feldan) were used at a final 

concentration of 1 000-5 000 IU/ml and 10-50 ng/ml, respectively, 
in F12 nutrient mixture (Ham), supplemented with 2% HI-FBS. 
Where indicated, cells were pretreated with AG490 (100 µM) or 
Bayer 18 (100 µM) or the corresponding vehicle DMSO for 1 h 
before cytokine stimulation.

Virus titration by plaque forming unit assay
The supernatant of A549 cells infected with RecRSV-GFP 

was harvested at 72 hpi. Serial dilutions of the supernatant were 
performed in DMEM (Gibco) containing 2% HI-FBS and used to 
infect confluent Vero cells for 2 h. Following this period, the me-
dium was replaced with 1% methylcellulose in DMEM containing 
2% HI-FBS. Infection was pursued for 7 days and fluorescent lysis 
plaques were visualized using a Typhoon apparatus (Molecular 
Dynamics) and counted using the ImageQuantTL colony counting 
analysis tool. 

siRNA Transfection
RNAi oligonucleotides (see Supplementary information, Table 

S1 for sequences) were purchased from Dharmacon, except for 
siDUOX2(1), which was from Invitrogen. Transfection was per-
formed as previously described [52] using Oligofectamine reagent 
(Invitrogen) and pursued for 48 h before viral infection or SN or 
cytokine stimulation.

Immunoblot analysis
Whole-cell extracts (WCE) were prepared on ice in Nonidet 

P-40 (Igepal; Sigma) lysis buffer [53], quantified by a Bradford 
protein assay (Bio-Rad), and resolved by SDS-PAGE, followed by 
immunoblot analysis. Proteins were immunodetected using anti-
actin (Millipore), anti-ISG56 (IFIT1; Novus Biologicals), anti-
IRF1 (Santa Cruz), anti-IRF9 (BD Transduction Laboratories), 
anti-parainfluenza (obtained from Dr J Hiscott, McGill University, 
Montreal, Canada), anti-PARP (Cell Signalling), anti-RSV (Chem-
icon International), anti-IκBα-P-Ser32, anti-IκBα anti-STAT1-
P-Tyr701, anti-STAT2-P-Tyr690, anti-STAT1, anti-STAT2 (all 
from Cell Signaling), and anti-a-tubulin (Santa Cruz) antibodies 
diluted in phosphate-buffered saline (PBS) containing 0.5% Tween 
(Sigma Aldrich) and either 5% nonfat dry milk or 5% BSA (Sigma 
Aldrich). For DUOX2 and TNFRI immunodetection, WCE were 
prepared at room temperature in 125mM Tris/HCl (pH 6.8), 10% 
glycerol, 2% SDS and 0.1 M DTT followed by sonication (2 × 20 s) 
and heating to 70 °C for 10 min. WCE were quantified using a RC/
DC protein assay (Bio-Rad). 150 µg WCE were resolved by SDS-
PAGE. DUOX2 was immunodetected using the anti-DUOX1/2 
specific antibodies previously described in [54]. TNFRI was im-
munodetected using the anti-TNFRI/TNFRSF1A antibodies (R&D 
Systems). The membranes were further incubated for 1 h with 
horseradish peroxidase (HRP)-conjugated secondary antibodies 
(Kirkegaard and Perry Laboratories or Jackson Immunoresearch 
Laboratories). Immunoreactive bands were visualized by enhanced 

chemiluminescence using the Western Lightning Chemilumines-
cence Reagent Plus (Perkin-Elmer Life Sciences) and detected us-
ing a LAS4000mini CCD camera apparatus (GE healthcare).

 
Quantitative RT-PCR (qRT-PCR) analyses

Total RNA was prepared using the RNAqueous-96 Isolation Kit 
(Ambion) following the manufacturer's instructions. Total RNA 
(1 µg) was subjected to reverse transcription using the QuantiTect 
Reverse Transcription Kit (Qiagen). PCR amplifications were per-
formed with the Fast start SYBR Green Kit (Roche). Sequences 
of oligonucleotides (Invitrogen) are presented in Supplementary 
information, Table S2. Absence of genomic DNA contamination 
was analyzed using a reaction without reverse transcriptase. De-
tection was performed on a Rotor-Gene 3000 Real Time Thermal 
Cycler (Corbett Research). For DUOX2, DUOXA2, IFNΒ, IL28, 
IL29, IFIT1, TNFα, β-actin and S9 genes qRT-PCR amplifica-
tions, standard curves of absolute quantification expressed as copy 
number and PCR efficiencies were obtained using serial dilutions 
of DUOX2-HA-pcDNA3.1 (a generous gift from Dr Grasberger, 
University of Michigan, Ann Harbor, MI, USA), DUOXA2-pCR4-
TOPO, IL28-pCR4-TOPO, IL29-pCR4-TOPO, β-actin-pCR2.1-
TOPO, ISG56-pCR2.1-TOPO, IFNβ-pCR2.1-TOPO, TNFα-
pCR2.1-TOPO, and S9-pCR2.1-TOPO. Gene-specific absolute 
mRNA copy numbers were normalized to β-actin or S9 mRNA 
absolute copy numbers. For IFNAR1 real-time amplification, serial 
dilutions of cDNA derived from IFNAR1 expressing A549 cells 
were used to determine primer efficiency and linearity of PCR 
reaction. IFNAR fold induction was calculated using the ∆∆ Cycle 
threshold (Ct) method [55]. 

Multiplex ELISA
SeV and RSV infections were conducted in Opti-MEM Re-

duced Serum media (Invitrogen). Where applicable, virus infection 
was performed 48 h post siRNA transfection. Fifty microlitres of 
SN were analyzed using the VeriPlex Human Interferon Multiplex 
ELISA (PBL Interferon) according to the manufacturer’s instruc-
tions. The ELISA plate was imaged with the Q-View Imager and 
data analysis was performed using the Q-View Software (Quansys 
Biosciences).

H2O2 measurement
Extracellular H2O2 production was measured using homovanil-

lic acid (HVA)-based fluorimetric assay as previously described 
[56]. Briefly, following stimulation, cells were incubated in Krebs-
Ringer-Hepes solution containing 0.44 mM HVA and 0.1 mg/ml 
horseradish peroxidase for 2 h at 37 °C. Where indicated, catalase 
was added at 400 U/ml. At the end of the incubation period, fluo-
rescence was quantified with an excitation wavelength of 315 nm 
and an emission wavelength of 425 nm on a HT Synergy (Biotek) 
plate reader. H2O2 concentration values were assigned using a 
H2O2 standard curve.

Statistical analyses
All quantification data are presented as the mean ± standard de-

viation (SD). Statistical significance for comparison was assessed 
using the Prism 5 software (GraphPad). Statistical significance 
was evaluated using the following P-values: P < 0.05 (*), P < 0.01 
(**) or P < 0.001 (***).
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