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Induction of Proinflammatory Cytokines in Primary Human
Macrophages by Influenza A Virus (H5N1) Is Selectively
Regulated by IFN Regulatory Factor 3 and p38 MAPK1

Kenrie P. Y. Hui,* Suki M. Y. Lee,* Chung-yan Cheung,* Iris H. Y. Ng,* Leo L. M. Poon,*
Yi Guan,* Nancy Y. Y. Ip,† Allan S. Y. Lau,‡ and J. S. Malik Peiris2*§

The hyperinduction of proinflammatory cytokines and chemokines such as TNF-�, IFN-�, and CCL2/MCP-1 in primary human
macrophages and respiratory epithelial cells by the highly pathogenic avian influenza H5N1 is believed to contribute to the unusual
severity of human H5N1 disease. Here we show that TNF-�, IFN-�, and IFN-�1 are the key mediators directly induced by the
H5N1 virus in primary human macrophages. In comparison with human influenza (H1N1), the H5N1 virus more strongly acti-
vated IFN regulatory factor 3 (IRF3). IRF3 knockdown and p38 kinase inhibition separately and in combination led to a sub-
stantial reduction of IFN-�, IFN-�1, and MCP-1 but only to a partial reduction of TNF-�. IRF3 translocation was independent
of p38 kinase activity, indicating that IRF3 and p38 kinase are distinct pathways leading to cytokine production by H5N1 virus.
We conclude that IRF3 and p38 kinase separately and predominantly contribute to H5N1-mediated induction of IFN-�, IFN-�1,
and MCP-1 but only partly control TNF-� induction. A more precise identification of the differences in the regulation of TNF-�
and IFN-� could provide novel targets for the design of therapeutic strategies for severe human H5N1 influenza and also for
treating other causes of acute respiratory distress syndrome. The Journal of Immunology, 2009, 182: 1088–1098.

I nfluenza H5N1 viruses continue to transmit zoonotically,
causing severe human disease, and pose a pandemic threat.
The mechanisms underlying its pathogenesis remain uncer-

tain. Increased viral replication competence, capacity for dissem-
ination beyond the respiratory tract, and unusual tissue tropism
have all been proposed to be relevant to pathogenesis (1). In ad-
dition to these mechanisms, there is in vitro and in vivo evidence
that cytokine dysregulation contributes to the pathogenesis of hu-
man H5N1 disease (2–5).

Macrophages are present in most tissues including the lung and
are central players in both innate and adaptive immune responses
against viruses and other intracellular pathogens. Alveolar epithe-
lial cells and macrophages have been identified as targets of H5N1
virus infection within the human lung in autopsy studies and in ex
vivo cultures (6, 7). Humans and mice infected with H5N1 viruses
have markedly elevated numbers of macrophages in the lung (4,

8). When compared with human influenza virus (e.g., H1N1)-in-
fected macrophages in vitro, H5N1 virus-infected human primary
macrophages produce higher levels of cytokines and chemokines
such as TNF-�, IFN-�, IL-6, IL-1�, CXCL10/IFN-�-inducible
protein 10 (IP-10),3 CCL5/RANTES, CCL2/MCP-1, CCL3/MIP-
1�, and CCL4/MIP-1� (2, 8, 9). Similarly, H5N1 viruses hyper-
induce chemokines such as IP-10 and MCP-1 from primary respi-
ratory epithelial cells in vitro (3). H5N1 virus genotypes differ in
their capacity to induce cytokines in vitro (9), but the precise viral
and genetic determinants underlying this high cytokine inducing
phenotype are not well understood. Patients with H5N1 disease
have higher serum levels of IP-10 and MCP-1 than patients in-
fected with seasonal influenza (4, 5). The serum concentrations of
these mediators were higher in patients with fatal H5N1 disease
than in those who survive and are correlated with viral load in the
respiratory tract. TNF-� is associated with the pathogenesis of
acute respiratory distress syndrome, and chemokines such as IP-10
and MCP-1 are chemoattractants of monocytes and macrophages
that may amplify the inflammatory response. Lungs of mice in-
fected with some isolates of H5N1 virus such as A/Thailand/SP/
83/2004 have markedly elevated levels of macrophage tropic che-
mokines (MCP-1, MIP-1�) compared with those infected with
H1N1 virus (8). Thus, these findings support the hypothesis that
differential host responses might contribute to the pathogenesis of
human H5N1 disease. It is relevant that the pathogenesis of the
1918 Spanish influenza pandemic is also believed to be associated
with cytokine dysregulation (10, 11) and provides an interesting
parallel with human H5N1 disease. Mice with disrupted CCR2 or

*Department of Microbiology, Li Ka Shing Faculty of Medicine, University of Hong
Kong, Hong Kong Special Administrative Region, China; †Department of Biochem-
istry, Hong Kong University of Science and Technology, Hong Kong Special Ad-
ministrative Region, China; ‡Department of Paediatrics and Adolescent Medicine, Li
Ka Shing Faculty of Medicine, University of Hong Kong, Hong Kong Special Ad-
ministrative Region, China; and §HKU-Pasteur Research Centre, Hong Kong Special
Administrative Region, China

Received for publication February 26, 2008. Accepted for publication November
12, 2008.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by Central Allocation Grant HKU 1/05C from the Re-
search Grants Council of Hong Kong Special Administrative Region (to J.S.M.P.);
Grant 05050112 from the Research Fund for Control of Infectious Disease, Health,
Welfare and Food Bureau of the Hong Kong Special Administrative Region Gov-
ernment (to A.S.Y.L.); and Funding AoE/M-12/06 from the Area of Excellence
Scheme of the University Grants Committee.
2 Address correspondence and reprint requests to Dr. Malik Peiris, Department of
Microbiology, Li Ka Shing Faculty of Medicine, University of Hong Kong, Univer-
sity Pathology Building, Queen Mary Hospital, Pokfulam, Hong Kong Special Ad-
ministrative Region, China. E-mail address: malik@hkucc.hku.hk

3 Abbreviations used in this paper: IP-10, IFN-�-inducible protein 10; CHX, cyclo-
heximide; IRF3, IFN regulatory factor 3; M, matrix; MFI, median fluorescence in-
tensity; MOI, multiplicity of infection; RIG-I, retinoic acid-inducible gene I; siRNA,
small interfering RNA; TBK-1, TANK-binding kinase 1; USF-2, upstream transcrip-
tion factor 2; SB203580, p38 kinase inhibitor; MDCK, Madin-Darby canine kidney;
COX2, cyclooxygenase 2.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00

The Journal of Immunology

www.jimmunol.org

 at H
ong K

ong U
niversity of Science &

 T
echnology on June 22, 2014

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


TLR-3 genes infected with mouse-adapted influenza viruses had
improved survival despite increased viral load in the lung (12, 13).
Thus, a better understanding of the mechanisms underlying the
cytokine hyperinduction mediated by H5N1 virus could contribute
to the development of novel therapeutic options for managing
H5N1 disease and a potential H5N1 pandemic. Furthermore, these
studies may provide insights into other cytokine-driven lung pa-
thologies including acute respiratory distress syndrome.

Cytokines and chemokines are activated in a complex autocrine
and paracrine cascade. In the differentially activated cytokine re-
sponse induced by H5N1 virus, it is not clear which of these me-
diators are primarily induced by the virus and which ones result
from autocrine or paracrine feedback. Additionally, the cell-sig-
naling pathways responsible for such cytokine activation are not
fully understood. The p38 kinase is a member of the MAPK su-
perfamily, which plays important roles in signal transduction in a
wide range of biological processes such as cytokine synthesis, cell
survival, and apoptosis. Treatment with p38 kinase inhibitor
(SB203580) shows a suppressed production of inflammatory me-
diators such as TNF, IL-1, IL-6, CXCL8/IL-8, and GM-CSF (14).
p38 kinase is essential for virus-induced cytokine production by
bronchial epithelial cells including IL-6, IL-8, and GM-CSF (15–
17). We have shown that p38 kinase is involved in the hyperin-
duction of TNF-� expression in H5N1-infected macrophages (18),
although the mechanisms underlying this hyperinduction of cyto-
kine by H5N1 influenza virus have not been elucidated. Recent
studies have reported hyperactivation of phospho-p38 kinase with
increased cytokine concentrations in plasma samples of patients
infected with severe seasonal influenza A virus (19). However,
there is a lack of information concerning the role of p38 kinase on
the production of other cytokines and chemokines mediated by
H5N1 virus infection.

IFN regulatory factor 3 (IRF3) is a transcription factor of IFN-�.
Upon viral infection, I�B kinase � and TANK-binding kinase 1
(TBK-1) phosphorylate IRF3, leading to activation and ho-
modimerization of the molecule. Dimerized IRF3 complexes with
transcriptional coactivators p300, and CREB accumulates in the
nucleus (20, 21), initiating the transcription of IFN-� (22). Influ-
enza virus nonstructural 1 (NS1) gene or its products help the virus
evade the IFN antiviral systems by blocking IRF3 activation and
the subsequent transcription of IFN-� promoter (23). Its role in the
differential hyperinduction of cytokines mediated by H5N1 virus
remains to be defined.

In this study, we have examined the involvement of IRF3 and
p38 kinase in the induction of cytokines and chemokines in human
macrophages infected with human seasonal influenza H1N1 and
highly pathogenic influenza A virus H5N1. Because monocyte cell
lines might not reflect physiological reality, we have conducted
these studies on primary human monocyte-derived macrophages,
even though this is a more challenging model for experimentation.

Materials and Methods
Reagents and Abs

SB203580 was purchased from Calbiochem, cycloheximide (CHX) was
from Sigma-Aldrich, and rabbit polyclonal Abs against human IRF3 and
upstream transcription factor 2 (USF-2) were from Santa Cruz Biotech-
nology. Mouse mAb against human actin was purchased from Chemicon,
and HRP- and FITC-conjugated secondary Abs were products of ZyMed.

Cells and viruses

PBMCs were separated from buffy coats of healthy donors (from the Hong
Kong Red Cross Blood Transfusion Service) by Ficoll-Paque (Pharmacia
Biotech) density gradient centrifugation and purified by adherence (2). The
purity of the monocyte preparations was confirmed by immunostaining for
CD14 (BD Biosciences). The cells were allowed to differentiate for 14 days

in RPMI 1640 supplemented with 5% heat-inactivated autologous plasma.
Macrophages were seeded onto 24-well (1.5 � 105 cells/well) tissue cul-
ture plates for studies of mRNA expression. Differentiated macrophages
were incubated in serum-free macrophage medium (Life Technologies)
supplemented with 0.6 �g/ml penicillin and 60 �g/ml streptomycin (Sig-
ma-Aldrich) 1 day before virus challenge.

H5N1 influenza viruses A/HK/483/97 (483/97) and A/Vietnam/3212/04
(3212/04) were isolated in Madin-Darby canine kidney (MDCK) cells from
patients with H5N1 disease. The genetic sequences of the hemagglutinin
genes of these two viruses indicate that they are highly pathogenic avian
influenza viruses belonging to clade 0 and clade 1 H5N1 viruses respec-
tively. The other 7 gene segments of the two viruses have different origins
and they are designated as two different genotypes (24). A/HK/54/98
(H1N1; 54/98) was a seasonal human influenza virus isolated in MDCK
cells. These viruses were cultured in MDCK cells and purified by pread-
sorption to and elution from turkey RBC (2) to avoid carryover of cellular
mediators which may confound the experimental observations. Virus stock
was aliquoted and stored at �80°C until use.

Virus infection and drug treatment

Differentiated macrophages were infected at a multiplicity of infection
(MOI) of 2. After 45 min of virus adsorption, the virus inoculum was
removed, and the cells were washed once and incubated in serum-free
macrophage medium supplemented with 0.6 �g/ml penicillin, 60 �g/ml
streptomycin, and 2 �g/ml N-p-tosyl-L-phenylalanine chloromethyl ke-
tone-treated trypsin (Sigma-Aldrich). At the times indicated, aliquots of
culture supernatant were collected for cytokine analysis, and RNA was
extracted from cells for analysis of cytokine gene expression. At 8 h after
infection, replicate cell monolayers were fixed and analyzed by immuno-
fluorescent staining specific for influenza virus nucleoprotein (DAKO Ima-
gen). When CHX or SB203580 were used in these experiments, the drug
was applied 45 min before infection, and the same concentrations were
maintained throughout the infection process.

Small interfering RNA (siRNA)-mediated gene silencing

siRNA against human IRF3 and control siRNA were obtained from Am-
bion and Qiagen, respectively. Human macrophages were transiently trans-
fected by using the Human Macrophage Nucleofector Kit (Amaxa Biosys-
tems). In brief, macrophages were detached with 5 mM EDTA and a cell
scraper, and 2 � 106 cells were transiently transfected with 3 �g of siRNA
using 100 �l of Macrophage Nucleofector Solution according to the man-
ufacturer’s instructions. Four days after transfection, cells were infected
with influenza virus at a MOI of 2. Two other different siRNAs targeting
IRF3 were used in three independent experiments. The three siRNAs had
different target sites and their sequences were as follows: IRF3 1 sense
sequence, GGAGGAUUUCGGAAUCUUCtt; IRF3 1 antisense sequence,
GAAGAUUCCGAAAUCCUCCtg; IRF3 2 sense sequence, GCUC
UGCCCUCAACCGCAA; IRF3 2 antisense sequence, UUGCGG
UUGAGGGCAGAGC; IRF3 3 sense sequence, UGGAUGAGUUAC
UGGGUAA; IRF3 3 antisense sequence, UUACCCAGUAACUCA
UCCA.

The efficiency of transfection was measured with FITC-conjugated
siRNA. Flow cytometric analysis was used to measure the percentage of
FITC-positive cells, which were regarded as transfected cells.

Quantification of mRNA by real-time quantitative RT-PCR

DNase-treated total RNA was isolated by means of an RNEasy Mini kit
(Qiagen) and reverse transcribed by using polydeoxythymidylate primers
and Superscript III reverse transcriptase (Invitrogen) and quantified by re-
al-time PCR analysis with a LightCycler (Roche Diagnostics). The meth-
ods used for quantifying cytokine and �-actin mRNA have been described
previously (2).

Immunofluorescent staining assay

Macrophages were seeded on coverslips and infected with influenza virus
for 3 h. Immunofluorescence staining procedures were modified from a
previously published method (25). Cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.2% Triton X-100 dissolved in PBS. Cells
were washed with PBS and first stained with rabbit anti-IRF3 Ab. After a
washing with PBS, the cells were subsequently stained with fluorescein-
conjugated anti-rabbit IgG Ab (ZyMed). Cell nuclei were stained with 1
�g/ml 4�,6�-diamidino-2-phenylindole (Sigma-Aldrich) and mounted in
50% glycerol in PBS.
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Preparation of cytoplasmic, nuclear proteins, and whole-cell
extract

Nuclear and cytosolic fractions of macrophages were prepared using a
modification of a previously published method (26). In brief, the macro-
phages were washed in PBS and lysed with cold buffer A (50 mM HEPES
(pH 7.4), 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, protease
inhibitor mixture (Roche Diagnostics), phosphatase inhibitor mixture set II
(Calbiochem), and 0.5% Nonidet P-40) on ice for 20 min. The cell lysates
were removed with a cell scraper, and the cytoplasmic portion of the lysate
was harvested by centrifugation for 5 min at 4°C. The nuclear pellet was
resuspended in 75 �l of ice-cold buffer C (10% glycerol, 50 mM HEPES
(pH 7.4), 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, protease
inhibitor mixture (Roche Diagnostics) and phosphatase inhibitor mixture
from Calbiochem), and the nuclei were disrupted on ice with agitation for
15 min. The nuclear protein extract was clarified by centrifugation at
12,000 � g for 10 min at 4°C.

Whole-cell extracts were prepared by lysing macrophages with cold
whole-cell lysis buffer (50 mM KCl, 1% Nonidet P-40, 25 mM HEPES (pH
7.4), 1 mM DTT, protease inhibitor mixture (Roche Diagnostics), and
phosphatase inhibitor mixture from Calbiochem) on ice for 10 min. The
cell lysates were collected with a cell scraper, and the whole-cell extract
was harvested by centrifugation at 13,000 rpm for 10 min at 4°C. The
protein content was determined with a Bio-Rad Protein Assay (Bio-Rad
Laboratories) using BSA as a standard.

Western blot analysis

For Western blot analysis, 30 �g of whole-cell lysate, 15 �g of cytoplas-
mic protein, and 1 �g of nuclear protein were heat denatured in sample
buffer (62.5 mM Tris (pH 6.8), 35% glycerol, 2% SDS, 5% 2-ME, 0.05%
bromophenol blue). The proteins were separated by electrophoresis on 8%
SDS-PAGE and transferred to polyvinylidene difluoride membranes. The
membranes were blocked in PBS containing 5% (weight-to-volume ratio)
skim milk for 1.5 h and immunoblotted with Abs to USF-2, as a marker for
the nuclear fraction, actin (Chemicon International), as marker for the cy-
toplasmic fraction, and IRF3 (Santa Cruz Biotechnology). Bound Abs were
visualized by incubation with HRP-coupled goat anti-rabbit or anti-mouse
IgG Abs (ZyMed) and ECL plus solution (GE Healthcare).

Quantification of cytokines by ELISA

Culture supernatants were collected at various time points postinfection
and were irradiated with UV light (CL-100 Ultra Violet Cross-linker) for
15 min to inactivate infectious agents (2). The concentrations of cytokines
and chemokines in culture supernatants were quantified by ELISA assays
(R&D Systems). The detection limits for the ELISA development kits are
as follows: IFN-�, 32–2000 pg/ml; TNF-�, 16–1000 pg/ml; MCP-1, 16–
1000 pg/ml; and IP-10, 31–2000 pg/ml.

Phosphoepitope staining for flow cytometric analysis

The procedures of intracellular epitopes staining were modified from the
protocol described by Krutzik and Nolan (27). Human macrophages were
detached with cold 10 mM EDTA after incubation at 4°C for 60 min. Cell
suspensions were infected with mock or influenza viruses and cultured in
an ultralow attachment plate (Corning) for various times. Infected human
macrophages were fixed with CytoFix and CytoPerm buffer (BD Bio-
sciences) for 10 min and pelleted. After replacement with 4% paraformal-
dehyde, the cells were permeabilized with Perm III buffer (BD Bio-
sciences) and incubated at 4°C for 30 min; 4 � 105 cells were washed
twice in staining buffer and incubated with 100 �l of diluted anti-TBK-1
phosphorylated at Ser172 Ab (1:10, v/v; BD Biosciences) at room temper-
ature for 1 h. The cells were washed with 2 ml of staining buffer and
resuspended in 200 �l of staining buffer for flow cytometric analysis. Anal-
ysis was performed on a FACSCalibur cytometer (BD Biosciences)
equipped with a 488 nm laser and emission filter for PE. Comparison was
made on the median fluorescence intensity (MFI) of the samples. The per-
centage increase of the MFI was calculated by dividing the difference be-
tween the MFI of infected and uninfected samples by that of the uninfected
sample and multiplied by 100 at the corresponding time point.

Results
Kinetics of cytokine and chemokine induction by influenza
viruses

Because macrophages are a major source of cytokine production
during infection, we compared the gene expression of IFN-�,
TNF-�, IFN-�1, MCP-1, IL-1�, IP-10, MIP-1�, and RANTES in

influenza virus (54/98 H1N1, 483/97 H5N1, 3212/04 H5N1)-in-
fected primary human macrophages by quantitative real-time PCR.

The induction of TNF-� mRNA by different H1N1 human iso-
lates and two H5N1 human isolates was measured 6 h postinfec-
tion in differentiated primary human macrophages. All three low-
pathogenic human H1N1 viruses induced much less TNF-�
mRNA expression than the two highly pathogenic H5N1 human
isolates (Fig. 1A). We then investigated the induction of cytokines
and chemokines by 54/98 (H1N1), 483/97 (H5N1), and 3212/04
(H5N1) viruses in the following experiments.

The cytokine and chemokine mRNA induced in primary hu-
man macrophages after infection with H5N1 viruses (483/97
and 3212/04) or H1N1 (54/98) virus is shown. IFN-�, TNF-�
and IFN-�1 mRNA began to increase as early as 3 h postinfec-
tion of 483/97 and 3212/04, whereas MCP-1, IL-1�, IP-10,
MIP-1�, and RANTES did not increase until 6 h later (Fig. 1B).
The mRNA level of influenza A matrix (M) gene expression was
measured. 54/98 (H1N1) replicated at a level comparable with
those of 483/97 and 3212/04. These results suggest that the up-
regulation of cytokine expression seems not to be related to the
replication level. Fig. 1 shows the mean of three independent ex-
periments, each from a different donor. UV-irradiated viruses did
not induce cytokine or chemokine expression (Fig. 1C) suggesting
that the induction of cytokines and chemokines after infection re-
quires replicating virus.

Effect of protein synthesis inhibition on cytokine and chemokine
gene expression

To determine which of these cytokines and chemokines are in-
duced directly by virus replication rather than via the autocrine/
paracrine feedback effects from other cytokines, a protein synthe-
sis inhibitor, CHX, was used to treat the macrophages throughout
the process of influenza virus infection. In fact, the mRNA levels
of some cytokines (e.g., TNF-�) in mock infected cells were en-
hanced after CHX treatment, and this might be related to the re-
moval of a negative feedback mechanism of cytokine induction.
However, the up-regulation of IFN-� (Fig. 2A), TNF-� (Fig. 2B),
and IFN-�1 (Fig. 2C) in CHX-treated cells was further enhanced
by virus infection, demonstrating that the induction of these cyto-
kines was not inhibited by CHX treatment.

In contrast, the increase of other cytokines and chemokines (in-
cluding MCP-1, as in Fig. 2D, and IP-10, as in Fig. 2E) mRNA
levels vs mock was greatly suppressed by treatment with CHX,
suggesting that de novo protein synthesis is required for the in-
duction of these genes. The effect of CHX pretreatment on IL-1�
expression was variable (Fig. 2F). Because TNF-� is one of the
most abundant cytokines secreted by the infected macrophages,
the concentrations of TNF-� were measured by ELISA to ex-
amine the inhibitory effect of CHX treatment. In two indepen-
dent experiments, TNF-� was detected in supernatants of infected
macrophages at indicated time points with 483/97 (H5N1) and
3212/04 (H5N1) viruses but not in those with 54/98 (H1N1) (Fig.
2G), whereas in the presence of 30 or 100 �M CHX, there was no
detectable TNF-� in culture supernatants after 483/97 or 3212/04
infection.

Direct activation of IRF3 by H5N1 viruses

Because IFN-� was differentially up-regulated by 483/97 (H5N1)
and 3212/04 (H5N1) viruses compared with 54/98 (H1N1) virus,
the activation of IRF3 was examined. IRF3 is an essential tran-
scription factor for the expression of IFN-� (28). It is constitu-
tively expressed in the cytoplasm of resting cells. Following viral
infection, dsRNA transfection, or the presence of stress inducers,
the kinases TBK-1 and I�B kinase � are activated leading to the
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phosphorylation of IRF3 which dimerizes and translocates into the
nucleus leading to IFN-� gene transcription. By using flow cy-
tometry analysis with mAb against TBK-1 phosphorylated at
Ser172, we found that 483/97 virus induced greater activation of
TBK-1 (21.5, 29.0, and 17.09% vs mock at 1, 2, and 3 h postin-
fection, respectively) than 54/98-infected macrophages (11.5, 6.5,
and 4.8% vs mock at 1, 2, and 3 h postinfection, respectively) as
shown in Table I and Fig. 3.

At 3 h postinfection with 54/98 (H1N1), 483/97 (H5N1), and
3212/04 (H5N1) at a MOI of 2, translocation of IRF3 into the
nucleus was detected by an immunofluorescent staining assay, and
the number of cells with IRF3 translocation per total cells in three
representative low-power fields was counted. The number of cells
with IRF3 translocation was greater in 483/97 virus (49 of 100
cells)- and in 3212/04 virus (41 of 100 cells)-infected macrophages
than in those infected with 54/98 virus (6 of 100 cells). Moreover,

FIGURE 1. Influenza virus-medi-
ated cytokines and chemokines ex-
hibit different expression kinetics and
are dependent on virus replication.
Differentiated primary human macro-
phages were infected with influenza
viruses as indicated at a MOI of 2. A,
Cell lysates were collected at 3 h
postinfection (pi), and the expression
of TNF-� mRNA was measured by
using real-time PCR. Results are ex-
pressed as mean � SD. �, p � 0.05;
��, p � 0.01; compared with 54/98-
infected cells. B, Differentiated pri-
mary human macrophages were in-
fected with 54/98 (H1N1), 483/97
(H5N1), or 3212/04 (H5N1) at a MOI
of 2. Mock infected cells served as
controls. Cell lysates were collected
at 3 and 6 h postinfection and ana-
lyzed by real-time PCR for mRNA
expression of cytokines, chemokines,
and influenza A M gene as indicated.
Undetectable cytokines or chemo-
kines in mock samples were assigned
one copy for calculation of fold
change. Results are presented as
means � SEM of three independent
experiments. �, p � 0.05; ��, p �
0.01; ���, p � 0.001; compared with
mock infected cells at corresponding
time points. By comparing with 54/98
(H1N1), statistical significance was
observed in the expression of IFN-�
and TNF-� at 3 h postinfection with
483/97 and 3212/04 (p � 0.05)
whereas at 6 h postinfection with
483/97 and 3212/04, statistical signif-
icance was observed in the expression
of IFN-�, TNF-�, MCP-1, IL-1�, and
RANTES (p � 0.05). C, Viruses with
or without UV irradiation were used
to infect primary human macrophages
at a MOI of 2. RNA was extracted 6 h
postinfection, and the expression of
cytokines, chemokines, and influenza
A virus M gene mRNA were mea-
sured by real-time PCR. mRNA ex-
pression of each target gene was nor-
malized to �-actin mRNA expression.
Results are expressed as mean �
SEM. �, p � 0.05; ��, p � 0.01; com-
parison was made as indicated.
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treatment of the cells with CHX did not prevent the nuclear trans-
location of IRF3 after 54/98 (11 of 100 cells), 483/97 (51 of 100
cells) or 3212/04 (54 of 100 cells) infection (Fig. 4A). Western
blotting results also showed that in the absence of CHX treatment,
both H5N1 viruses induced more IRF3 translocation into the nu-
clei than 54/98 virus. In the presence of CHX treatment, both
H5N1 viruses again induced more nuclear translocation of IRF3
than 54/98 (H1N1) virus (Fig. 4B). Taken together, these findings
indicate that IRF3 activation and translocation are directly induced
by influenza viruses and that H5N1 viruses are more potent than
H1N1 viruses in this regard.

Dependence of cytokine and chemokine expression on IRF3

To confirm the involvement of IRF3 in the expression of cytokines
and chemokines induced by the H1N1 (54/98) and H5N1 (483/97
and 3212/04) viruses, siRNA targeted specifically against the
mRNA of IRF3 was transfected into primary human macrophages.
The efficiency of transfection was measured by using a FITC-con-
jugated siRNA and flow cytometric analysis. FITC-positive cells
were regarded as transfected cells and the average of transfected
cells was �61% of the whole population in three independent
experiments. To define the effects of siRNA transfection on the

FIGURE 2. Influenza virus in-
duced transcription of IFN-�, TNF-�,
and IFN-�1 mRNA is independent of
protein synthesis. A–F, Differentiated
primary human macrophages were in-
fected with 54/98 (H1N1), 483/97
(H5N1), or 3212/04 (H5N1) at a MOI
of 2 in the presence of CHX at indi-
cated concentrations. Mock infected
cells served as controls. At 3, 6, and
8 h postinfection, cell lysates were
collected and analyzed by real-time
PCR for mRNA expression of IFN-�
(A), TNF-� (B), IFN-�1 (C), MCP-1
(D), IP-10 (E), and IL-1� (F). The
mRNA expression of each target gene
was normalized by �-actin mRNA
expression. G, The concentrations of
TNF-� in the culture supernatant
were measured by ELISA at the indi-
cated time points after 54/98 (H1N1),
483/97 (H5N1), or 3212/04 (H5N1)
infection at a MOI of 2 in two differ-
ent donors.
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cytokine mRNA kinetics on the host cells, we first quantitated the
mRNA levels of IFN-�, TNF-�, and RANTES as well as the target
gene IRF3 at 2, 4, 8, and 10 days after the transfection by real-time
PCR analysis. At 4 days posttransfection, IRF3 gene expression
was still reduced by 57% compared with cells transfected with
control siRNA (Fig. 5A), and the protein level of IRF3 in siRNA-
transfected cells were determined by Western blotting (Fig. 5B).
After 4 days posttransfection, the cells retained good viability
and there was no detectable up-regulation of IFN-�, TNF-�,
and RANTES mRNA response resulting from the siRNA trans-
fection. The cells were challenged with 54/98 (H1N1), 483/97
(H5N1), or 3212/04 (H5N1) viruses to determine the impact of
siRNA gene silencing on virus induced innate host responses.
Three siRNAs targeting different regions of the IRF3 gene were
used separately in the experiments, and the experiments were re-
peated in macrophages isolated from three different donors. The
cytokine expression profiles after virus infection were similar
among the three siRNAs. A representative result using IRF3
siRNA 1 is shown in Fig. 5, C–E.

The IRF3 dependence of 3212/04 (H5N1) virus-induced cyto-
kine responses was comparable with those of 483/97 (H5N1), as
shown in Fig. 5. The expression profiles of the cytokines following
IRF3 knockdown could be categorized into four groups (Fig. 5C).
In the first group, the mRNA expression of IFN-�, IFN-�1, and
IP-10 decreased substantially by �80% in the IRF3-silenced cells
at both 3 and 6 h postinfection with 483/97 (H5N1). These findings
indicated that H5N1 virus-induced IFN-�, IFN-�1, and IP-10 pro-
duction was largely dependent on IRF3. This is in agreement with
previous reports that IRF3 is a transcription factor of IFN-�, IFN-
�1, and IP-10 (29, 30). However, the reduction of IP-10 expression

may also be secondary to the inhibition of IFN-�. The second
group comprised genes that were partially inhibited by IRF3 si-
lencing and included TNF-� which was inhibited 35–48% in
483/97 (H5N1)-infected cells (Fig. 5C). Thus, IRF3 and/or its
downstream gene products contribute to the activation of signaling
pathways, leading to TNF-� production by H5N1 viruses, but this
is not the only pathway activating this cytokine. The third group of
cytokines, MCP-1, MIP-1�, and RANTES, was reduced by 63, 32,
and 53%, respectively, at 6 h postinfection. These were shown to
be chemokines that appeared later after virus infection, and the
expression of MCP-1 required de novo protein synthesis (i.e., in-
hibited by CHX shown in Fig. 2). Taken together, the above results
suggest that MCP-1 expression may be induced by autocrine/para-
crine pathways such as those mediated by IFN-�, TNF-�, IFN-�1,
or all of them. The fourth group of cytokines, such as IL-1�, was
not inhibited by IRF3 knockdown (Fig. 5C).

Protein concentrations of IFN-�, TNF-�, MCP-1, and IP-10
were measured in culture supernatants of siRNA-transfected and

FIGURE 3. H5N1 virus differentially activates TBK-1 compared with
H1N1 virus. Primary human macrophages were infected with 54/98
(H1N1) or 483/97 (H5N1) at a MOI of 2. Uninfected cells served as con-
trols. Cells were fixed at different periods after infection as indicated. Phos-
phorylation of TBK-1 was measured using mAb against phosphorylated
TBK-1 at Ser172 and analyzed on a flow cytometer. Results are the per-
centage increase in MFI � SD of three separate experiments, compared
with that of uninfected samples. �, p � 0.05; ��, p � 0.01; compared with
54/98 at corresponding time points.

FIGURE 4. H5N1 viruses differentially activate IRF3 translocation
compared with H1N1 virus. Differentiated primary human macrophages
were infected with 54/98 (H1N1), 483/97 (H5N1), or 3212/04 (H5N1) at a
MOI of 2 in the absence or presence of 30 �M CHX. Mock infected cells
served as controls. A, Immunofluorescence staining assay of IRF3 trans-
location. At 3 h postinfection, the cells were fixed with 4% parafor-
maldehyde. Permeabilized cells were stained with anti-IRF3 Ab and
FITC-conjugated secondary Ab. Cell nuclei were stained with 4�,6�-dia-
midino-2-phenylindole. Arrowheads, Cells with IRF3 translocation. B,
Western blotting of IRF3 in nuclear protein fraction. After 3 h of infection,
nuclear fractions were collected, and the translocation of IRF3 was ana-
lyzed by Western blotting. USF-2 was used as a marker for nuclear content
and loading control. Results are of a representative experiment taken from
three separate experiments. The density of the protein band was measured
by using Alpha Ease FC software (Alpha Innotech). Values in parentheses
are relative densities of IRF3 to USF-2.

Table I. Phosphorylation of TBK-1 (serine 172) after influenza virus
infection in human macrophages

Postinfection Period (h)

Increase of MFI (%)a

54/98 (H1N1) 483/97 (H5N1)

1 11.51 � 1.15 21.52 � 4.58*b

2 6.47 � 3.69 29.02 � 6.48**c

3 4.8 � 4.41 17.09 � 9.34

a Percentage increase of the median fluorescent intensity (MFI) was calculated by
dividing the difference of MFI between infected and uninfected samples by that of the
uninfected sample and multiplied by 100 at the corresponding time points.

b �, p � 0.05 compared with 54/98 at corresponding time points.
c ��, p � 0.01 compared with 54/98 at corresponding time points.
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483/97 (H5N1)-infected macrophages by ELISA. During 483/97
infection, supernatants from IRF3 siRNA-transfected macrophages
had lower concentrations of IFN-�, TNF-�, MCP-1, and IP-10

(Fig. 5D) than did control siRNA-transfected macrophages. Infec-
tion with 54/98 (H1N1) showed a similar dependence on IRF3 in
the transcription of cytokines although the level of induction was

FIGURE 5. H5N1-mediated cytokine and chemokine expression exhibits differences in their dependence on IRF3. A and B, IRF3 knockdown by RNA
interference. Primary human macrophages differentiated for 10 days in vitro were transfected with 3 �g of siRNA targeting IRF3 (IRF3 siRNA) or control
(ctr) nontargeting siRNA. Four days after transfection, IRF3 mRNA was measured by real-time PCR. After normalization to the �-actin mRNA level, the
knockdown efficiency was calculated by comparison with cells transfected with control siRNA. Results are presented as mean � SEM from three
independent experiments. ���, p � 0.001, compared with control siRNA (ctr siRNA)-transfected cells. B, Whole-cell lysates were collected 4 days
posttransfection, and the protein level of IRF3 was determined by Western blotting. Human primary macrophages were transfected with control nontar-
geting siRNA (lane 1), IRF3 siRNA 1 (lane 2), IRF3 siRNA 2 (lane 3), and IRF3 siRNA 3 (lane 4). Actin was used as a loading control. Results are of
a representative experiment taken from three separate experiments. C and D, Effect of IRF3 knockdown on cytokine and chemokine expression after H5N1
infection. Four days after transfection with IRF3 or control siRNA, macrophages were infected with 483/97 (H5N1). C, Cell lysates were collected at 3
and 6 h postinfection and analyzed by real-time PCR for mRNA expression. mRNA expression of each target gene was normalized to �-actin mRNA
expression. Results are expressed as mean � SEM. �, p � 0.05; ��, p � 0.01; ���, p � 0.001; compared with control siRNA-transfected cells at
corresponding time points. D, The concentrations of cytokine and chemokine in the culture supernatant were measured by ELISA at 18 h of 483/97
infection. Results are of a representative experiment taken from two separate experiments. E, Effect of IRF3 knockdown on cytokine expression after H1N1
infection. The transfection conditions and experimental setup were the same as 483/97 infection in C. Cell lysates were collected 3 and 6 h postinfection
and analyzed by real-time PCR for mRNA expression. mRNA expression of each target gene was normalized to �-actin mRNA expression. Chemokines
including MCP-1 and IL-1� were not up-regulated at 6 h postinfection after 54/98 infection, and their data are not shown. Results are expressed as mean �
SEM. ��, p � 0.01 compared with control siRNA transfected cells at corresponding time points.
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lower than 483/97 (H5N1; Fig. 5E). The mRNA expression of
IFN-� was greatly dependent on IRF3 (77.85 and 82.96% at 3 and
6 h postinfection, respectively), whereas TNF-� gene expression
was partially inhibited by 39–53% in IRF3 knockdown
macrophages.

Combination effect of IRF3 knockdown and SB203580 on
cytokine expression

We have previously reported that p38 kinase is involved in 483/97
(H5N1)-mediated TNF-� expression (18); we now report that
IRF3 knockdown caused partial inhibition of H5N1-induced
TNF-� expression, and we investigated the combined effects of
these two interventions on H5N1-induced cytokine expression.

Both IRF3 and p38 kinase play a role in the regulation of the
expression of 483/97 (H5N1)-induced cytokines and chemokines.
Either IRF3 knockdown or SB203580 treatment individually
caused �80% (the average of three independent experiments) de-
crease in IFN-� mRNA expression after 3 h of infection (Fig. 6A).
A combination of these two interventions further reduced IFN-�
mRNA expression by �14%. The effect of IRF3 knockdown or
SB203580 treatment on the expression of IFN-�1 was similar to
that of IFN-�. H5N1-induced TNF-� transcription was inhibited
39% by IRF3 knockdown and 43% by SB203580 treatment sep-
arately, at 3 h postinfection. Combination of both IRF3 knock-
down and SB203580 treatment caused an additive effect on the
inhibition of TNF-� mRNA expression (59% in 3212/04-infected
cells, 67% in 483/97-infected cells). Cytokines and chemokines
expressed at 6 h postinfection showed different patterns of depen-

dence on p38 kinase. The inhibition of MCP-1 and IP-10 tran-
scription by SB203580 treatment was greater than that of MIP-1�
and RANTES (Fig. 6B). Combination treatment strongly sup-
pressed the expression of both MCP-1 and IP-10. In contrast,
IL-1� mRNA level was not inhibited by either intervention sepa-
rately or both in combination. The SB203580 treatment did not
prevent H5N1-induced translocation of IRF3 into the nuclei at
concentrations up to 10 �M at 3 h postinfection (Fig. 6C).

Discussion
A recently isolated H5N1 strain from Vietnam (3212/04) and one
isolated during the outbreak in Hong Kong in 1997 (483/97) share
the high cytokine inducing phenotype even though they belong to
two different genotypes of H5N1 virus (24). These viruses were
found to differentially up-regulate IFN-�, TNF-�, IFN-�1, MIP-
1�, MCP-1, IL-1�, IP-10, and RANTES in human primary mac-
rophages when compared with H1N1 (54/98)-infected cells. Hy-
perinduction of cytokine may therefore contribute to pathogenesis
and be one of a number of different ways in which influenza vi-
ruses become highly pathogenic. We showed here and in previ-
ously published data (2) that other H1N1 (Fig. 1A) and H3N2
viruses share the low-cytokine-inducing phenotype. Viral replica-
tion was examined by measuring the mRNA level of influenza A
M gene (Fig. 1B). The higher cytokine and chemokine expression
induced by 483/97 and 3212/04 in comparison with 54/98 (H1N1)
was not necessarily associated with higher levels of virus replica-
tion. Moreover, infection with 54/98 (H1N1) at a MOI of 20 raised
the M gene expression, but this high viral replication level did not

FIGURE 6. Combining IRF3 knockdown and p38 kinase inhibitor treatment further reduces H5N1-mediated expression of cytokine and chemokine. A
and B, Primary human macrophages were allowed to differentiate 10 days in vitro. The cells were transfected with 3 �g of siRNA-targeting IRF3 (IRF3
siRNA) or control nontargeting siRNA (ctr siRNA). Four days after transfection, the macrophages were preincubated with p38 kinase inhibitor SB203580
(SB) at 2.5 �M for 45 min or mock treated before H5N1 virus challenge. Cell lysates were collected at 3 and 6 h of infection and analyzed by real-time
PCR for mRNA expression. The data for early cytokines IFN-�, TNF-�, and IFN-�1 (A) are shown at 3 h, and those for the late cytokines MCP-1, IP-10,
MIP-1�, RANTES, and IL-1� (B) are shown at 6 h postinfection. The categorization of cytokine induction as early and late was based on data from Fig.
1. The mRNA expression of each target gene was normalized to �-actin mRNA expression. Results are expressed as mean � SEM. �, p � 0.05; ��, p �
0.01; comparison was made as indicated. C, IRF3 translocation is not inhibited by the p38 kinase inhibitor. Differentiated primary human macrophages were
preincubated with p38 kinase inhibitor SB203580 and throughout the infection process at concentrations indicated for 45 min or mock treated before 483/97
(H5N1) virus challenge at a MOI of 2. At 3 h postinfection, nuclear fractions were collected, and the translocation of IRF3 was analyzed by Western
blotting. USF-2 was used as a marker for nuclear content and loading control. Results are from a representative experiment and repeated at least three times.
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lead to greater levels of cytokines than in those infected with
483/97 (H5N1) and 3212/04 (H5N1) at a MOI of 2 (data not
shown).

The two H5N1 viruses induced mRNA expression of IFN-�,
TNF-�, and IFN-�1 at an earlier time point (3 h postinfection),
whereas MCP-1, IL-1�, IP-10, MIP-1�, and RANTES (Fig. 1B)
were expressed at 6 h postinfection. The time course of their ap-
pearance suggested that IFN-�, TNF-�, and IFN-�1 were probably
the cytokines directly induced by the virus (Table II).

The protein synthesis inhibitor, CHX did not suppress the
mRNA expression of IFN-� (Fig. 2A), TNF-� (Fig. 2B), and
IFN-�1 (Fig. 2C) in response to viral infection, indicating that
these cytokines were induced directly by the virus even in the
absence of de novo protein synthesis. The observation that mRNA
levels of some cytokines were enhanced after CHX treatment in
virus-infected cells may be related to the removal of negative feed-
back mechanism of cytokine induction as a result of blocking pro-
tein synthesis. In any event, IFN-�, TNF-�, and IFN-�1 are not
autocrine/paracrine responses induced by other cytokines nor do
they require expression of viral proteins for their induction (Table
II). On the other hand, the up-regulation of MCP-1 (Fig. 2D) and
IP-10 (Fig. 2E) mRNA was blocked by CHX treatment, suggesting
that this activation of genes following virus infection requires pro-
tein synthesis. The human influenza virus 54/98 (H1N1) induced
similar cytokine kinetics and susceptibility to inhibition by CHX
compared with H5N1 although the responses were lower in mag-
nitude. Because IFN-� and IFN-�1 are the early cytokines differ-
entially up-regulated by H5N1 viruses, we then focused on one of
their transcription factors, IRF3. Although there are previous stud-
ies showing that influenza virus induced proinflammatory cyto-
kines via the activation of NF-�B (31, 32) and p38 MAPK (18),
there is not much information on the role of IRF3 in the induction
of TNF-�.

Immunofluorescence staining and Western blotting of IRF3 in
influenza virus-infected human macrophages revealed that both
H5N1 and H1N1 viruses activated IRF3 and caused its transloca-
tion into the nucleus but the magnitude of this effect was greater
with the H5N1 viruses. The difference correlated well with the
IFN-� mRNA expression levels induced by these viruses, suggest-
ing that the IRF-3 translocation was associated with functional
activity. IRF3 translocation was not inhibited by the presence of
CHX, indicating that de novo protein synthesis was not required
for its activation by the virus (Fig. 4). Taken together, these find-
ings demonstrated that H5N1 differentially activated IRF3, that
this IRF3 was functional, and that this activation was directly me-
diated by the virus.

To evaluate the dependence of H5N1- and H1N1-induced cy-
tokine production on IRF3, siRNA specific to mRNA of IRF3 was
transfected into human primary macrophages. Because the trans-
fection efficiency (61%) in the human primary macrophage is com-
parable with the overall reduction of IRF3 mRNA in the whole-
cell population (57%), it is likely that there is close-to-complete
knockdown of IRF3 mRNA in cells that were successfully trans-
fected. Therefore, the incomplete knockdown of IRF3 in the
whole-cell population is more likely to be due to the incomplete
transfection efficiency of these primary cells rather than the silenc-
ing capability of the IRF3 siRNA. Even though the knockdown of
IRF3 was not complete, IFN-� and IFN-�1 (Fig. 5C) transcription
was almost completely blocked by siRNA treatment. IRF3 is the
key transcription factor in their induction (30, 33), and our results
show the regulatory role of IRF3 in H5N1-induced IFN-� and
IFN-�1 expression. Furthermore, we provide evidence that influ-
enza virus-induced activation of IRF3 regulates TNF-� induction.
In contrast to IFN-�, the expression of TNF-� was only modestly
inhibited in IRF3-knocked down macrophages. This may be due to
the incomplete knockdown of IRF3, but the comparison with the
effect on IFN-� suggests that TNF-� expression is only partly
mediated via IRF3. A similar pattern of IRF3 dependence was
observed in 54/98 (H1N1)-induced mRNA expression of IFN-�
and TNF-�, although the level of induction by 54/98 was much
lower than that of 483/97 (Fig. 5E).

The IRF3 knockdown also decreased the transcription of many
chemokines including IP-10, RANTES, MCP-1, and MIP-1� (Fig.
5C). However, based on the kinetics of cytokine and chemokine
induction after influenza virus infection and the experiments with
CHX treatment, these chemokines appear to be a result of an au-
tocrine or paracrine secondary cascade. IRF3 knockdown sup-
pressed IP-10 expression to an extent similar to that of IFN-�; but
because of its dependence on de novo protein synthesis, it is prob-
ably induced by secreted mediators (possibly IFN-� and/or IFN-
�1) rather than directly by H5N1 infection. This hypothesis is sup-
ported by the results of others showing that neutralizing Abs
against IFN-�/� substantially abolished IP-10 expression induced
by influenza A virus in macrophages (34). Both IRF3 and NF-�B
regulate RANTES expression (35–37). We found that IRF3
knockdown caused only partial inhibition of RANTES expres-
sion, suggesting that IRF3 only partly accounts for H5N1-in-
duced RANTES expression. Evidence that IFN-�/� induces
MCP-1 (38) may explain the substantial suppression of MCP-1
expression after 6 h of H5N1 infection in IRF3 knockdown mac-
rophages (Table II). The effect of IRF3 knockdown on the pro-
duction of cytokine and chemokine mRNA after 483/97 infection

Table II. Summary of cytokine and chemokine mRNA expression after H5N1 (483/97) infection of macrophages

Cytokine or
Chemokine

Expression
Kineticsa

Direct Up-
Regulation by Virus

Infectionb
Effect of IRF3
Knockdownc

Effect
of p38

Inhibitorc

Effect of IRF3
Knockdown and
p38 Inhibitorc

IFN-� Early Yes 2222 2222 22222
TNF-� Early Yes 22 22 222
IFN-� 1 Early Yes 2222 222 2222
CCL2/MCP-1 Late No 222 222 2222
CXCL10/IP-10 Late No 2222 2222 22222
CCL3/MIP-1� Late I 22 22 222
CCL5/RANTES Late I 22 22 222
IL-1� Late I —d —d —d

a “Early” represents the up-regulation of the gene �6-fold when compared to mock-infected cells at 3 h postinfection. “Late” represents those genes that were up-regulated
�6-fold compared to mock-infected cells at 3 h but with �6-fold up-regulation at 6 h postinfection.

b “I” represents indeterminate.
c The reduction of mRNA expression following IRF3 knockdown and/or p38 inhibitor treatment is expressed as follows: 2, �25% reduction; 22, 26–50% reduction;

222, 51–75% reduction; 2222, 76–90% reduction; 22222, �91% reduction.
d No inhibition.
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was confirmed by assaying IFN-�, TNF-�, IP-10, and MCP-1 pro-
tein concentrations in culture supernatants by ELISA. IRF3 siRNA
transfection led to a reduction in the production of secreted cyto-
kines (IFN-� and TNF-�) and chemokines (IP-10 and MCP-1) in
the supernatants following 483/97 infection when compared with
supernatants from cells transfected with control siRNA (Fig. 5D).
Although 54/98 (H1N1) induced less cytokines and chemokines
when compared with 483/97 (H5N1) and 3212/04 (H5N1) vi-
ruses (Fig. 1), the H1N1 virus exhibited a similar dependence
on IRF3 for the induction of IFN-� and TNF-� mRNA expres-
sion (Fig. 5E).

Proinflammatory cytokine induction was independent of de
novo protein synthesis. Because UV-irradiated virus elicited little
or no response (Fig. 1C), we conclude that viral replication is
required to trigger the innate immune sensing, leading to the in-
duction of cytokines or chemokines in 483/97 (H5N1) and 3212/04
(H5N1) infection. Retinoic acid-inducible gene I (RIGI-I) and
MDA-5, which are innate immune sensing receptors of ssRNA
situated in the cytoplasm, are likely candidates for initiating IRF3
activation. The role of these receptors in H5N1 virus-associated
hyperinduction of cytokines and chemokines needs further
investigation.

Previous reports have shown that p38 kinase regulates influenza
virus-induced RANTES expression in bronchial epithelial cells
(39) and is involved in TNF-� production during H5N1 infection
(18). Therefore, we explored the effect of IRF3 knockdown and
p38 kinase inhibitor treatment both singly and in combination on
H5N1-induced cytokine and chemokine expression. Western blot
analysis on H5N1-infected macrophages revealed that treatment of
these cells with p38 kinase inhibitor did not affect the translocation
of IRF3 (Fig. 6C). Whereas IRF3 knockdown or p38 kinase in-
hibitor treatment alone caused partial reduction of TNF-� expres-
sion after 483/97 or 3212/04 infection at 3 h, combination treat-
ment led to a further reduction of TNF-� expression (Fig. 6A). The
partial reduction of TNF-� expression by these interventions sug-
gests that 483/97-induced TNF-� may be also regulated by other
transcription factors and/or kinases. In contrast to TNF-�, IFN-�
expression was approximately 80% abolished by either p38 kinase
inhibitor (SB203580) or IRF3 knockdown but was further sup-
pressed by a combination of the two interventions. IFN-�1 showed
a similar pattern of expression to IFN-�. These results indicate that
both IRF3 and p38 pathways separately play a role in H5N1-in-
duced TNF-�, IFN-�, and IFN-�1 expression. Although IRF3 and
p38 kinase contribute to the expression of TNF-� and IFN-�, there
are significant differences in their regulation (Table II). Data
shown in Fig. 6B indicate that those later expressed (6 h postin-
fection) cytokines and chemokines were regulated by IRF3 and
p38 kinase to a different degree.

In this study, we have shown that the up-regulation of MCP-1
and IP-10 expression in response to 483/97 (H5N1) and 3212/04
(H5N1) was reduced in the absence of protein synthesis and is
likely to be induced as part of the autocrine/paracrine cascade.
Partial inhibition of MCP-1 and IP-10 by IRF3 knockdown and
p38 kinase inhibition implies that mediators under the regulation
of these pathways are playing a role on the transcription of MCP-1
and IP-10. MIP-1� and RANTES transcription were partially de-
pendent on IRF3 and/or p38 kinase, suggesting that they regulate
the mRNA expression of the induction of these cytokines by 483/
97. The mRNA expression of IL-1� after 483/97 infection is not
reduced by IRF3 knockdown or p38 kinase inhibition, indicating
that IL-1� is regulated by different mechanisms. Neither IRF3 nor
p38 kinase appear to affect IL-1� and activation of the
inflammasome.

H1N1 induced a smaller extent of IRF3 activation than with the
two H5N1 virus (483/97 and 3212/04)-infected macrophages. Be-
cause IRF3 can be activated by interaction of dsRNA with TLR-3
or RIG-I during virus replication (40–42), one may also hypoth-
esize that more competent viral replication may provide stronger
signals for triggering innate sensing receptors, which may lead to
a stronger induction of cytokines and chemokines. However, as
discussed previously, the high-cytokine-induction phenotype of
483/97 (H5N1) and 3212/04 (H5N1) viruses seems not to be solely
related to more competent viral replication.

It has been shown that NS1 protein of human influenza viruses
allows the virus to evade the antiviral defenses of the host by
inhibiting IRF3 activation and the consequent transcription of
IFN-� (23, 43). This may be the reason for the lower capacity of
H1N1 to induce cytokine and chemokine responses. A chimeric
H1N1 virus containing the NS1 gene of H5N1 was associated with
a partial but not complete reconstitution of the high-cytokine phe-
notype in human macrophages (2). Furthermore, mice infected
with H1N1 (WSN) virus possessing the 1997 H5N1 NS gene had
increased amounts of proinflammatory cytokine production (44).
Whether the NS1 gene of the avian H5N1 virus directly promotes
the activation of IRF3 (and the subsequent IFN-� production) or
alternatively is less able to perform its role as an IFN antagonist in
mammalian cells as efficiently as human H1N1 virus which has
evolved to coexist with the mammalian host, remains to be inves-
tigated. In addition to the NS gene, other viral internal genes or the
combination of those genes may also contribute to the hyperin-
duction of cytokine by H5N1 viruses.

We recently reported that mediators from H5N1 virus-infected
macrophages amplify and broaden the cytokine cascade through
their interaction with alveolar epithelial cells. We also showed that
cyclooxygenase 2 (COX2) plays a regulatory role in this cytokine
cascade and that COX2 inhibitors modulate this response (45). In
mice infected with H5N1 virus, others have shown that COX2
inhibitors enhanced the beneficial effect of antiviral drugs (46).
Therefore, the inhibition of the early secreted cytokines will mark-
edly attenuate the downstream cytokine cascade in H5N1-infected
macrophages.

In conclusion, our results suggest that TNF-�, IFN-�, and
IFN-�1 are directly induced by H5N1 virus and in turn play an
important role in the subsequent autocrine/paracrine cytokine cas-
cade. We demonstrate that IRF3 and p38 kinase play important
roles in H5N1-mediated up-regulation of IFN-�, TNF-�, and
IFN-�1 transcription. These results also indicate that there are dif-
ferences in the pathways leading to the induction of TNF-� and
IFN-� by H5N1. These pathways may potentially be exploited for
selective therapeutic interventions that may attenuate TNF-� in-
duction without completely abrogating the antiviral IFN-� induc-
tion. If confronted with an H5N1 influenza pandemic, therapies
that minimize immunopathology associated with innate immunity
without impairing effective host defense may be invaluable ad-
juncts to antiviral therapy (47).
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