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Epithelial cells of the lung are the primary targets for respiratory viruses. Virus-carried single-stranded
RNA (ssRNA) can activate Toll-like receptors (TLRs) 7 and 8, whereas dsRNA is bound by TLR3 and a
cytoplasmic RNA helicase, retinoic acid-inducible protein I (RIG-I). This recognition leads to the activation of
host cell cytokine gene expression. Here we have studied the regulation of influenza A and Sendai virus-induced
alpha interferon (IFN-�), IFN-�, interleukin-28 (IL-28), and IL-29 gene expression in human lung A549
epithelial cells. Sendai virus infection readily activated the expression of the IFN-�, IFN-�, IL-28, and IL-29
genes, whereas influenza A virus-induced activation of these genes was mainly dependent on pretreatment of
A549 cells with IFN-� or tumor necrosis factor alpha (TNF-�). IFN-� and TNF-� induced the expression of
the RIG-I, TLR3, MyD88, TRIF, and IRF7 genes, whereas no detectable TLR7 and TLR8 was seen in A549
cells. TNF-� also strongly enhanced IKK� mRNA and protein expression. Ectopic expression of a constitu-
tively active form of RIG-I (�RIG-I) or IKK�, but not that of TLR3, enhanced the expression of the IFN-�,
IL-28, and IL-29 genes. Furthermore, a dominant-negative form of RIG-I inhibited influenza A virus-induced
IFN-� promoter activity in TNF-�-pretreated cells. In conclusion, IFN-� and TNF-� enhanced the expression
of the components of TLR and RIG-I signaling pathways, but RIG-I was identified as the central regulator of
influenza A virus-induced expression of antiviral cytokines in human lung epithelial cells.

Influenza A viruses are negative-strand RNA viruses that
are capable of infecting a variety of avian and mammalian
species. In humans, influenza A viruses cause widespread ep-
idemics. The primary targets of influenza virus, parainfluenza
virus, and other respiratory viral pathogens are the epithelial
cells of the upper respiratory tract. Influenza viruses can also
infect dendritic cells (DCs) and macrophages, which elicit a
strong cytokine production response to the infection. At early
phases of infection, influenza A virus-infected macrophages
produce alpha/beta interferon (IFN-�/�) and tumor necrosis
factor alpha (TNF-�), which are the key cytokines regulating
innate immune responses. IFN-�/� and TNF-� directly inhibit
viral replication and activate NK cells, DCs, and macrophages.
However, influenza A virus nonstructural protein 1 (NS1) (3)
has been shown to interfere with host cell IFN production (12,
20). Recently, two novel IFN-�/�-related cytokines, interleu-
kin-28A/B (IL-28A/B; also called IFN-�2/3) and IL-29 (IFN-
�1), were described (18, 41). Like that of IFN-�/�, IL-28 and
IL-29 gene expression is activated during viral infections, and
the corresponding proteins have antiviral activity. The IL-28
and IL-29 receptor is a heterodimeric class II cytokine receptor
consisting of IL-28R� and IL-10R�. IL-28 and IL-29 activate

the Jak-STAT signaling pathway (18, 41). Thus, IL-28 and
IL-29 may contribute to the activation of innate immunity by a
mechanism similar to but independent from that of IFN-�/�.

In viral infections, innate immune responses are initiated
when viruses or their genetic material is recognized by cellular
pattern recognition receptors (PRRs), including Toll-like re-
ceptors (TLRs) (16, 45). Recently, it was shown that single-
stranded RNA (ssRNA) from influenza A virus is recognized
by TLR7 and TLR8 (6, 14, 27), leading to the production of
IFN-�/�. Viral dsRNA is formed during the replication cycle
of many RNA viruses and is recognized by TLR3. TLR3 acti-
vation leads to the production of IFN-�/� and other cytokines
(2). Although TLRs play important roles in the establishment
of the antiviral response, accumulating evidence suggests that
other PRRs are involved in the activation of the IFN response
in viral infections. Recently, a cytoplasmic RNA helicase, ret-
inoic acid-inducible protein I (RIG-I), was reported to bind
viral dsRNA and activate IFN-� gene expression (48).

Signal transduction via TLRs requires a conserved Toll/IL-1
receptor domain, which recruits adapter molecules to the re-
ceptor complex (1). Most TLRs utilize a common adapter
molecule, MyD88. TLR3, however, signals independently of
MyD88 via an adapter called Toll/IL-1 receptor domain-con-
taining adapter inducing IFN-� (TRIF) (1). TRIF is known to
associate with I�B kinase ε (IKKε) and TANK-binding kinase
1 (TBK1), which are the virus-activated kinases that regulate
the phosphorylation and activation of IRF3 and subsequent
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IFN-�/� production (10, 15, 32, 40). In contrast to TLRs, little
is known about the signaling molecules involved in RIG-I-
induced gene activation.

For the present study, we have analyzed the regulation of
IFN-�, IFN-�, IL-28, and IL-29 gene expression in human lung
epithelial cells in response to influenza A and Sendai virus
infections. Sendai virus infection readily activated the expres-
sion of the IFN-�, IFN-�, IL-28, and IL-29 genes, whereas
influenza A virus-induced activation of these genes was depen-
dent on pretreatment of A549 cells with IFN-� or TNF-�.
IFN-� and TNF-� strongly activated RIG-I and TLR3 gene
expression, whereas the TLR7 and TLR8 genes were not ex-
pressed in A549 cells. A dominant-negative form of RIG-I
inhibited influenza A virus-induced IFN-� promoter activity in
TNF-�-pretreated cells. Our results suggest a role for RIG-I
in influenza A virus-induced expression of antiviral cytokines
in human lung epithelial cells.

MATERIALS AND METHODS

Cell culture and viruses. A549 human lung carcinoma cells (ATCC CCL185)
were maintained in Eagle’s minimal essential medium supplemented with 0.6
�g/ml penicillin, 60 �g/ml streptomycin, 2 mM L-glutamine, and 10% heat-
inactivated fetal calf serum (Integro, Zaandaam, The Netherlands). Influenza
A/Beijing/353/89 (H3N2) virus, wild-type (wt) influenza A/Udorn/72 (H3N2)
virus, influenza A/Udorn/72 CPSF mutant virus, which has a mutation in the
NS1A gene that prevents the interaction of the NS1A protein with the 30-kDa
subunit of the cleavage and polyadenylation specificity factor (CPSF) (31), and
Sendai (strain Cantell) virus were grown in 11-day-old embryonated eggs as
previously described (34). The infectivity titers of the stock viruses in A549 cells
were 2 � 107 PFU/ml for the wt Beijing and Udorn viruses, 1 � 107 PFU/ml for
the Udorn CPSF mutant virus, and 4 � 107 PFU/ml for Sendai virus. In all
experiments, 2 PFU/cell of influenza A or Sendai virus was used. With these virus
doses, all cells were infected (data not shown).

Cytokines. Human leukocyte IFN-� was provided by the Finnish Red Cross
Blood Transfusion Service (Helsinki, Finland) and was used at 100 IU/ml.
TNF-� was purchased from R&D Biosystems (Abingdon, United Kingdom) and
used at 10 ng/ml.

Transfections. The IKKε expression vector has been described previously (40).
RIG-IC and �RIG-I plasmids were prepared as described previously (48). Ex-
pression constructs were transfected into A549 cells, using FuGENE 6 transfec-
tion reagent (Roche Molecular Biochemicals) according to the manufacturer’s
instructions. For luciferase assays, the cells were transfected with the indicated
expression plasmids, a Renilla luciferase expression plasmid, and a firefly lucif-
erase reporter under the control of the IFN-� promoter. The firefly and Renilla
luciferase activities were measured using a dual-luciferase reporter assay system
(Promega) and a Victor multilabel reader (Wallac).

Real-time PCR. Real-time PCR quantification of different type I IFNs and
IL-29 was done as previously described (5).

RNA isolation and Northern blot analysis. Total cellular RNA was isolated
with an RNeasy kit (QIAGEN, Valencia, CA) according to the manufacturer’s
instructions. Samples containing equal amounts of RNA (10 �g) were size
fractionated in 1% formaldehyde-agarose gels, transferred to nylon membranes
(Hybond; Amersham, Buckinghamshire, United Kingdom), and hybridized with
specific probes. IFN-� (36), IFN-� (35), MyD88 (37), TLR3, TLR7, TLR8 (29),
TRIF, IKKε, TBK1, IRF7, IL-28, and IL-29 (42) probes have been described
previously. The probe for RIG-I was cloned from total cellular RNA obtained
from Sendai virus-infected macrophages by reverse transcription-PCR (RT-
PCR) using oligonucleotides TGTTTCCAGGGATCCCAGCAATGA and AC
TTCACATGGATCCCCCAGTCATGGC. Ethidium bromide staining of rRNA
bands was used to ensure equal RNA loading. The probes were labeled with
[�-32P]dATP (3,000 Ci/mmol; Amersham), using a random-primed DNA label-
ing kit (Boehringer, Mannheim, Germany). The membranes were hybridized
(Ultrahyb; Ambion, Austin, TX), washed with 1� SSC (0.15 M NaCl plus 0.015
M sodium citrate)–0.1% sodium dodecyl sulfate (SDS), and exposed to Kodak
AR X-Omat films at 	70°C using intensifying screens.

Oligonucleotide DNA precipitation. To analyze the activation and DNA bind-
ing of IRF3 and IRF7 in A549 cells, the cells were left unstimulated or stimulated
with IFN-� or TNF-� followed by infection with influenza A virus for 6 h. The

cells were harvested, nuclear extracts were prepared, and an oligonucleotide
precipitation assay was carried out as previously described (42). PRDI-III of
the IFN-� gene (GGATCCCACTTTCACTTCTCCCTTTCAGTTTTC) and
the PRD-like element of the IFN-�14 gene (GGATCCGGAAAGCCAAAAG
AGAAGTAGAAAAAAA) were used to study the DNA binding of IRF3 and
IRF7, respectively (25).

TLR3 protein expression. TLR3 protein expression was studied as previously
described (47).

Western blot analysis. For Western blot analyses, A549 cells were stimulated
with IFN-�, TNF-�, or a combination of both. Proteins (10 �g) from cellular
extracts were separated by 10% SDS-polyacrylamide gel electrophoresis (10%
SDS-PAGE) using the Laemmli buffer system. Separated proteins in gels were
transferred to Immobilon-P membranes (Millipore, Bedford, MA) with an Iso-
phor electrotransfer apparatus (Hoefer Scientific Instruments, San Francisco,
CA) at 200 mA for 2 h. Binding of primary and secondary antibodies (Abs) was
performed in phosphate-buffered saline (pH 7.4) containing 5% nonfat milk for
1 h at room temperature. Goat anti-IKKε, rabbit anti-IRF3, and rabbit anti-IRF7
Abs were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
RIG-I Abs were prepared by immunizing guinea pigs four times at 4-week
intervals with Escherichia coli-expressed glutathione S-transferase–�RIG-I
(amino acids 1 to 284) (50 mg/immunization). Horseradish peroxidase-conju-
gated anti-guinea pig (P0141; Dako A/S, Glostrup, Denmark), anti-goat (P0449;
Dako), and anti-rabbit (P0448; Dako) immunoglobulins were used as secondary
Abs. The protein bands were visualized on Hyper-Max film using the ECL
chemiluminescence system (Amersham).

RESULTS

Kinetics of IFN-�, IFN-�, IL-28, and IL-29 gene expression
in virus-infected lung epithelial A549 cells. Epithelial cells,
DCs, and macrophages in the lungs are the targets for respi-
ratory viruses. We have previously shown that influenza A and
Sendai viruses differ in the ability to induce cytokine expression
in human macrophages (28, 33, 34). For this report, we studied
the expression of the IFN-�, IFN-�, IL-28, and IL-29 genes in
A549 lung epithelial cells in response to influenza A and Sen-
dai virus infections. To study the kinetics of type I IFN and
IL-29 gene expression, total cellular RNA was isolated at dif-
ferent time points after infection, and the expression of the
IFN-�1, IFN-�2, IFN-�, and IL-29 genes was studied by real-
time RT-PCR. Influenza A virus was able to induce weak
IFN-�1 and IFN-�2 responses and somewhat more expression
of IFN-� and IL-29 mRNAs. IFN-� mRNA expression was
initially seen 3 h after infection, whereas the other IFN types
and IL-29 mRNA started to accumulate 6 h after infection
(Fig. 1A). Sendai virus, in contrast, induced IFN-� and IL-29
mRNA expression very rapidly (at 3 h), and 50- to 80-fold
higher mRNA expression levels were seen in Sendai virus-
infected cells than in influenza A virus-infected cells. Sendai
virus infection had little effect on IFN-� mRNA expression
(Fig. 1A). To confirm the results obtained by RT-PCR, we
performed Northern blot analyses. In influenza A virus-in-
fected A549 cells, weak IFN-�, IFN-�, IL-28, and IL-29
mRNA expression was seen 12 and 24 h after infection (Fig.
1B). In Sendai virus-infected cells, the expression of these
genes was rapid, high levels of IFN-�, IFN-�, IL-28, and IL-29
mRNAs were detected 6 h after infection, and the genes per-
sisted in an up-regulated state for up to 24 h (Fig. 1B). As a
whole, Sendai virus induced much higher expression levels of
the IFN-�, IL-28, and IL-29 genes in A549 cells than did
influenza A virus.

IFN-� and TNF-� pretreatment enhances influenza A virus-
induced IFN-�, IL-28, and IL-29 gene expression in A549 cells.
It is well established that IFN-� genes are regulated by a
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positive feedback mechanism by IFN-� and IFN-� during virus
infection (23, 46). We have previously shown that IFN-� en-
hances influenza A virus-induced expression of antiviral cyto-
kines in human primary macrophages (42). Like IFN-�/�,
TNF-� is produced at early times of infection and has an
important role in enhancing innate immune responses. To
study whether IFN-� and TNF-� would positively regulate
virus-induced IFN-�, IL-28, and IL-29 gene expression in lung

epithelial cells, A549 cells were pretreated with IFN-� and
TNF-� for 24 h, followed by infection with influenza A virus
for 6 h. IFN-� and TNF-� clearly enhanced influenza A virus-
induced expression of the IFN-�, IL-28, and IL-29 genes in
A549 cells (Fig. 2).

Influenza A NS1A CPSF mutant virus is a more potent
activator of IL-28 and IL-29 gene expression than wild-type
virus. It has been shown that the influenza A virus NS1A
protein interferes with the host cell IFN response by inhibiting
the posttranscriptional processing of cellular mRNAs (20). To
address the role of NS1A in influenza A virus-induced IFN-�,
IFN-�, IL-28, and IL-29 responses, wt and CPSF-binding-de-
fective NS1A mutant Udorn viruses were used (31). A549 cells
were infected with wt or CPSF mutant Udorn virus for 6 h,
total cellular RNA was isolated, and IFN-�, IFN-�, IL-28, and
IL-29 mRNA expression was analyzed by Northern blotting
(Fig. 3). Strongly enhanced IFN-�, IFN-�, IL-28, and IL-29
mRNA expression was seen in IFN-�- and TNF-�-pretreated
cells that were infected with wild-type or CPSF mutant virus. In
addition, the CPSF mutant virus was a more potent activator of
IFN-�, IFN-�, IL-28, and IL-29 mRNA expression than the
wild-type virus (Fig. 3).

IFN-� and TNF-� activate RIG-I and TLR3 mRNA and
protein expression in A549 cells. RIG-I, TLR3, TLR7, and
TLR8 are PRRs that detect viral RNAs. TLR7 and TLR8 are
involved in ssRNA recognition, whereas RIG-I and TLR3 me-
diate dsRNA-induced IFN gene expression (2, 6, 14, 27, 48).
Since IFN-� and TNF-� pretreatment enhanced virus-induced
IFN-�/�, IL-28, and IL-29 gene expression, we studied whether
these cytokines would stimulate RIG-I or TLR expression in
A549 cells. In line with previous studies (29, 42, 47, 48), IFN-�
activated RIG-I and TLR3 gene expression in A549 cells

FIG. 1. Kinetics of IFN-�, IFN-�, IL-28, and IL-29 gene expression
in virus-infected lung epithelial cells. A549 cells were infected with
influenza A H3N2 (A/Beijing/353/89) or Sendai (strain Cantell) virus
(multiplicity of infection, 2). At the times indicated, the cells were
collected and total cellular RNA was isolated. (A) Quantitative RT-
PCR analysis was carried out for virus-induced expression of the
IFN-�1 and IFN-�2 subtypes, IFN-�, and IL-29 (IFN-�1). All quan-
tification data are presented as ratios to the glyceraldehyde-3-phos-
phate dehydrogenase level. (B) RNA samples (10 �g/lane) were sub-
jected to Northern blot analysis with IFN-�2, IFN-�, IL-28, and IL-29
probes. Ethidium bromide staining of rRNA bands was used to control
for equal RNA loading.

FIG. 2. IFN-� and TNF-� enhance influenza A virus-induced
IFN-�, IL-28, and IL-29 gene expression. A549 cells were left un-
treated or pretreated with IFN-� (100 IU/ml) or TNF-� (10 ng/ml) for
24 h, followed by infection with influenza A virus (A/Beijing/353/89;
multiplicity of infection, 2) for 6 h. The cells were collected, total
cellular RNA was prepared, and IFN-�, IL-28, and IL-29 mRNA
expression was studied by Northern blotting.
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(Fig. 4A). Surprisingly, TNF-� also clearly enhanced RIG-I
and TLR3 mRNA synthesis, although with delayed kinetics
compared to that of IFN-� (Fig. 4A). Furthermore, IFN-� and
TNF-� had an additive effect on RIG-I and TLR3 mRNA
expression. Similarly, both IFN-� and TNF-� induced RIG-I
and TLR3 protein expression in A549 cells (Fig. 4B and C). In
line with our previous observations (47), no detectable expres-
sion of TLR7 or TLR8 mRNA was seen in untreated or cyto-
kine-stimulated A549 cells (data not shown).

IFN-� and TNF-� enhance the expression of genes involved
in the TLR/RIG-I signaling pathway. The recognition of vi-
ruses by PRRs activates antiviral genes via recruitment of
adapter proteins and protein kinases to the receptor complex.
Most TLRs utilize a common adapter, MyD88, whereas TLR3
also signals via TRIF (1). TRIF associates with kinases IKKε
and TBK1, which phosphorylate the transcription factors IRF3
and IRF7 (10, 40). To further study putative positive feedback
mechanisms in IFN-�- and TNF-�-pretreated cells, we carried
out Northern blot analyses of cytokine-stimulated cells (Fig. 5A).
IFN-� and TNF-� enhanced MyD88 mRNA synthesis 3 h and
6 h after cytokine stimulation, respectively. IFN-�- and TNF-
�-induced TRIF expression was seen already 3 h after the
cytokine treatment. IFN-� had no effect on IKKε and TBK1
mRNA expression, whereas TNF-� strongly activated both
IKKε mRNA and protein expression in A549 cells (Fig. 5A and
B). TNF-� also up-regulated TBK1 mRNA expression. IRF3
was expressed at a basal level in A549 cells, and its expression
was not affected by cytokine stimulation (Fig. 5B). In IFN-�-

FIG. 4. IFN-� and TNF-� activate RIG-I and TLR3 mRNA and
protein expression in A549 lung epithelial cells. (A) A549 cells left un-
treated or stimulated with IFN-� (100 IU/ml), TNF-� (10 ng/ml), or their
combination for the times indicated. Total cellular RNA was prepared, and
RNA samples (10 �g/lane) were subjected to Northern blot analysis with
RIG-I and TLR3 probes. Ethidium bromide staining of rRNA bands was
used to control for equal RNA loading. (B) A549 cells left untreated or
stimulated with IFN-� (100 IU/ml), TNF-� (10 ng/ml), or their combination
for 24 h. RIG-I protein expression was studied by Western blotting. To
control for equal loading, the membranes were stained with anti-STAT5
Ab. (C) The cells were left untreated or treated with IFN-� (100 IU/ml),
TNF-� (10 ng/ml), or their combination for 24 h. After treatment, the
cells were collected and prepared for immunoprecipitation with anti-
TLR3 Ab. After immunoprecipitation, the samples were run in 10%
SDS-PAGE gels under reducing conditions. To control for equal loading,
the membranes were stained with Ponceau S and then immunoblotted
with anti-TLR3 Ab.

FIG. 3. Expression of IFN-�, IFN-�, IL-28, and IL-29 mRNAs in
wild-type and CPSF-binding-defective NS1A mutant Udorn virus-in-
fected cells. A549 cells were left untreated or pretreated with IFN-� (100
IU/ml) or TNF-� (10 ng/ml) for 24 h, followed by infection with wild-type
or CPSF mutant influenza A/Udorn/72 virus for 6 h. IFN-�, IFN-�, IL-28,
and IL-29 gene expression was studied by Northern blotting.
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and TNF-�-stimulated cells, IRF7 mRNA and protein expres-
sion was clearly activated (Fig. 5A and B). In conclusion, we
observed that IFN-� and TNF-� enhanced the expression of
the signaling components known to be involved in the activa-
tion of IFN-�/� gene expression.

IFN-� or TNF-� pretreatment is essential for enhanced influ-
enza A virus-induced activation of IRF3. IFN-� and TNF-�
enhanced IRF7 expression, whereas IRF3 expression was not
affected by these cytokines. The effects of IFN-� and TNF-� on
influenza A virus-induced activation of IRF3 and IRF7 were
further studied with the oligonucleotide immunoprecipitation
method. Low basal DNA binding of IRF3 to the IFN-� pro-
moter PRDI-PRDIII region was seen in untreated A549 cells.
Influenza A virus infection itself did not clearly enhance IRF3
binding to the IFN-� promoter PRDI-PRDIII region, whereas
a strong enhancement in IRF3 binding was seen in influenza A
virus-infected cells that had been pretreated with IFN-� or
TNF-� (Fig. 6). IRF7 binding appeared to be associated with
the overall expression of IRF7 (compare Fig. 6 to Fig. 5), and
no further enhancement of its binding to the IFN-�14 PRD-
like element was seen in influenza A virus-infected cell extracts
(Fig. 6).

IKK� and a constitutively active form of RIG-I induce
IFN-�, IL-28, and IL-29 gene expression. It has previously
been shown that ectopic expression of IKKε (40) and a con-
stitutively active form of RIG-I, �RIG-I, that contains the two
caspase recruitment domains induces IFN-� expression (48).
To study whether overexpression of IKKε or �RIG-I would
result in the activation of IL-28 and IL-29 gene expression, we
transfected A549 cells with IKKε and �RIG-I expression plas-
mids. As shown in Fig. 7, overexpression of IKKε or �RIG-I
activated the endogenous IFN-�, IL-28, and IL-29 genes in
A549 cells.

RIG-I is involved in influenza A virus-induced expression of
IFN-�. Gene targeting studies have shown that TLR3 is not

FIG. 5. IFN-� and TNF-� induce the expression of genes involved
in the TLR/RIG-I signaling pathway. (A) A549 cells left unstimulated
or stimulated with IFN-� (100 IU/ml) and/or TNF-� (10 ng/ml) for the
times indicated. Total cellular RNA was prepared, and RNA samples
(10 �g/lane) were subjected to Northern blot analysis with MyD88,
TRIF, IKKε, TBK1, and IRF7 probes. (B) A549 cells were stimulated
with IFN-�, TNF-�, or their combination for the times indicated.
IKKε, IRF3, and IRF7 protein expression was studied by Western
blotting. To control for equal loading, the membranes were stained
anti-STAT5 Ab.

FIG. 6. IFN-� and TNF-� enhance influenza A virus-induced IRF3
and IRF7 DNA binding. A549 cells were left untreated or pretreated with
IFN-�, TNF-�, or their combination for 24 h, after which the cells were
infected with influenza A virus (A/Beijing/353/89). After 6 h of infection,
nuclear extracts were prepared and precipitated with oligonucleotides
containing the promoter elements of the IFN-�14 or IFN-� gene. IRF3
and IRF7 binding was visualized by Western blotting.
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required for IFN-�/� production in virus-infected cells (6, 7, 9,
27). Similarly, in our experiments, transfection of TLR3 into A549
cells did not enhance the expression of antiviral cytokines in
response to influenza A virus infection (data not shown). To study
the role of RIG-I in influenza A virus-induced expression of
antiviral cytokines, we used a dominant-negative form of RIG-I,
RIG-IC. To enhance the expression of endogenous RIG-I, the
cells were treated with TNF-�, followed by transfection with the
RIG-IC expression plasmid and infection with the CPSF mutant
influenza A virus (Fig. 8). IFN-� mRNA synthesis was measured
using a dual-luciferase assay. RIG-IC expression clearly reduced

virus-induced IFN-� reporter activity in TNF-�-pretreated A549
cells. These results suggest that RIG-I is involved in influenza A
virus-induced expression of IFN-�.

DISCUSSION

We have previously shown that A549 lung epithelial cells are
highly susceptible to influenza A virus infection and that low
levels of IFN-�/� are secreted from virus-infected cells (35).
Recently, two IFN-�/�-related cytokines, IL-28A/B and IL-29,
were described (18, 41). We have previously shown that IFN-�
enhances TLR- and virus-induced expression of the IL-28 and
IL-29 genes in human primary macrophages (42). In the
present study, we analyzed the regulation of IFN-�, IFN-�,
IL-28, and IL-29 gene expression in human lung epithelial cells
in response to influenza A and Sendai virus infection. Sendai
virus infection in A549 cells resulted in rapid and efficient
expression of the IFN-�, IFN-�, IL-28, and IL-29 genes. In
contrast, influenza A virus-stimulated A549 cells expressed
these genes at high levels only when the cells were pretreated
with IFN-� or TNF-�. This up-regulation correlated with en-
hanced expression of RIG-I and TLR3. Similarly, the expres-
sion of MyD88, TRIF, IKKε, TBK1, and IRF7, signaling com-
ponents involved in the activation of IFN gene expression, was
up-regulated in response to TNF-� stimulation. It is well es-
tablished that most IFN-� genes are regulated by a positive
feedback mechanism by IFN-�/� during virus infection (23,
46). Our finding that TNF-� can also prime cells for high
IFN-�/� production is a novel one and suggests an important
role for TNF-� in enhancing innate immune responses during
viral infections.

TLRs play a crucial role in the mammalian host defense
against microbes. TLRs recognize conserved structural com-
ponents of microbes and activate intracellular signaling path-
ways leading to the production of cytokines (1). TLRs that
have been associated with virus-induced cytokine production
include TLR4, which recognizes the fusion protein of respira-
tory syncytial virus (22), and TLR2, which induces chemokine

FIG. 7. Activation of endogenous IFN-�, IL-28, and IL-29 gene
expression by ectopic expression of IKKε and a constitutively active
form of RIG-I. A549 cells were mock transfected or transfected with
an IKKε expression vector (A) or �RIG-I expression vector (B). After
24 h of transfection, the cells were collected, and total cellular RNA
was prepared. Endogenous IFN-�, IL-28, and IL-29 mRNA expression
was studied by Northern blotting.

FIG. 8. A dominant-negative form of RIG-I (RIG-IC) inhibits
IFN-� reporter activity in TNF-�-pretreated and influenza A virus-
infected cells. A549 cells were left untreated or pretreated with TNF-�
(10 ng/ml) for 24 h and then transfected with IFN-� reporter and
Renilla luciferase constructs, with or without a RIG-IC expression
plasmid. After 24 h, cells were infected with influenza A/Udorn CPSF
mutant virus for 18 h. Firefly and Renilla luciferase activities were
measured, and firefly/Renilla luciferase ratios (FF/Ren rlu) were cal-
culated.
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production in response to measles virus infection (3). TLR2
and TLR9 are involved in the activation of the innate immune
response against herpes simplex virus (19, 21, 26). TLR3 is a
receptor for dsRNA, whereas TLR7 and TLR8, which are
preferentially expressed in macrophages or DCs, are activated
by ssRNA originating from influenza A virus or other RNA
viruses (2, 6, 14, 27). Our results show that in human lung
epithelial cells, TLR7 and TLR8 are not the crucial compo-
nents in virus-induced IFN-�, IL-28, and IL-29 gene expres-
sion, since A549 cells appear to be devoid of TLR7 and TLR8
expression (47; data not shown) and yet virus-induced cytokine
gene expression occurred at a high level. In addition to TLRs,
it was recently shown that the RNA helicase RIG-I is a cyto-
plasmic receptor for dsRNA (48). In our experimental setting,
IFN-� and TNF-� induced high expression levels of RIG-I and
TLR3 in A549 cells, which correlated with an enhanced re-
sponsiveness of the cells to influenza A virus infection. There-
fore, RIG-I or TLR3 could be involved in the activation of
IFN-�/�, IL-28, and IL-29 genes in response to influenza A
virus infection. However, gene targeting studies have shown
that TLR3 is not required for IFN-�/� production in virus-
infected cells (6, 7, 9, 27). In accordance with these studies,
transfection of TLR3 into A549 cells did not enhance the
expression of antiviral cytokines in response to influenza A
virus infection (data not shown). In our transfection experi-
ments, a constitutively active form of RIG-I (�RIG-I) induced
IFN-�, IL-28, and IL-29 gene expression. In addition, a dom-
inant-negative form of RIG-I (RIG-IC) effectively inhibited
influenza A virus-induced IFN-� promoter activity in TNF-�-
pretreated A549 cells. These results show that TNF-�-induced
RIG-I, not TLR3, mediates influenza A virus-induced IFN-�
gene expression in human lung epithelial cells. Previously, it
has been shown that RIG-I is involved in Newcastle disease
virus and hepatitis C virus recognition (4, 11, 44). Our results
suggest that RIG-I is involved in influenza A virus recognition.

The binding of microbial components to TLRs activates target
genes via adapter proteins and protein kinases that are associated
with or recruited to the receptor complex (1). Most TLRs utilize
a common adapter, MyD88, whereas TLR3 and TLR4 also signal
independently of MyD88 via TRIF. TRIF associates with IKKε
and TBK1, which phosphorylate the transcription factors IRF3
and IRF7. Gene targeting studies have shown that IKKε and
TBK1 are essential for TLR- and virus-induced activation of
IFN-�/� genes (10, 15, 32, 40). Here we show that both IFN-�
and TNF-� up-regulate MyD88 and TRIF expression. In contrast
to IFN-�, TNF-� also up-regulated TBK1 and especially IKKε
expression in epithelial cells. Furthermore, in transfection exper-
iments, enhanced IKKε expression resulted in the activation of
IFN-�, IL-28, and IL-29 gene expression. Previously, it has been
shown that IFN-� promoter activity is induced by ectopic expres-
sion of IKKε (10, 40). Our results show that IFN-� as well as
IL-28 and IL-29 gene expression can be activated via an IKKε-
dependent pathway.

The molecular mechanisms of IFN-�/� gene regulation have
been extensively studied. Gene disruption studies have shown
the critical roles of IRF3 and IRF7 in the activation of IFN-�/�
genes (38). IRF3 is mainly responsible for the initial activation
of IFN-� gene expression, whereas enhanced expression of
IRF7 leads to the production of the majority of IFN-� subtypes
(24, 46). Our results show that like that of IFN-� genes, effi-

cient expression of the IL-28 and IL-29 genes during influenza
A virus infection is also dependent on IFN-� or TNF-� prim-
ing. IRF3 activation and enhanced binding to the IFN-� pro-
moter PRDI-III element were seen only in influenza A virus-
infected cells that had been primed with IFN-� or TNF-�. In
contrast to that of IRF3, the DNA binding of IRF7 appeared
to be dependent on IFN-�- and TNF-�-induced IRF7 expres-
sion, suggesting that the IRF7 protein itself has some intrinsic
DNA binding activity. Similar to that of IRF3, the transcrip-
tional activity of IRF7 does, however, require activation by
virus infection (17, 39, 43).

Many viruses have evolved mechanisms to interfere with the
activation of host antiviral responses. Sendai virus C proteins
target STAT proteins for degradation, leading to defective IFN
signaling (13), whereas the influenza A virus NS1A protein has
been shown to interfere with the production of IFN-�/� (12,
20). Initially, we observed that influenza A virus-infected A549
cells express the IFN-�, IFN-�, IL-28, and IL-29 genes at low
levels (Fig. 1). However, after IFN-� or TNF-� priming, A549
cells expressed these genes very well. To address the role of
NS1A in influenza A virus-induced cytokine gene expression,
we used an NS1A mutant in which the NS1A protein is defec-
tive in its ability to bind to CPSF and interfere with host cell
mRNA processing (31). In these experiments, we observed
that in spite of a functionally defective NS1A protein, influenza
A virus-induced IFN-�, IFN-�, IL-28, and IL-29 gene expres-
sion was greatly dependent on IFN-� or TNF-� priming (Fig.
4). Our results strongly suggest that IFN-� and/or TNF-� prim-
ing, followed by enhanced expression of PRRs and their sig-
naling molecules, is a crucial factor in influenza A virus-in-
duced expression of antiviral cytokine genes. This does not,
however, rule out the role of the wild-type NS1A protein as an
antagonist of IFN-�/� synthesis (8) or as a destabilizer of IFN
mRNAs (30), since in our experiments we also observed higher
cytokine mRNA levels in influenza A CPSF mutant virus-
infected cells.

In conclusion, our results show that IFN-� and/or TNF-�
priming of human lung epithelial cells is an essential factor for
influenza A virus-induced production of antiviral cytokines.
IL-28 and IL-29 were found to be produced by epithelial cells
at high levels, which may have an important role in activating
the innate immune response and in restricting the spread of
influenza A virus infection. Our results also suggest that RIG-I,
but not TLR3, is involved in influenza A virus recognition in
epithelial cells.
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