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ABSTRACT

Highly pathogenic avian influenza virus infection is associated with severe mortality in both humans and poultry. The mecha-
nisms of disease pathogenesis and immunity are poorly understood although recent evidence suggests that cytokine/chemokine
dysregulation contributes to disease severity following H5N1 infection. Influenza A virus infection causes a rapid influx of in-
flammatory cells, resulting in increased reactive oxygen species production, cytokine expression, and acute lung injury. Proin-
flammatory stimuli are known to induce intracellular reactive oxygen species by activating NADPH oxidase activity. We there-
fore hypothesized that inhibition of this activity would restore host cytokine homeostasis following avian influenza virus
infection. A panel of airway epithelial and immune cells from mammalian and avian species were infected with A/Puerto Rico/8/
1934 H1N1 virus, low-pathogenicity avian influenza H5N3 virus (A/duck/Victoria/0305-2/2012), highly pathogenic avian influ-
enza H5N1 virus (A/chicken/Vietnam/0008/2004), or low-pathogenicity avian influenza H7N9 virus (A/Anhui/1/2013). Quanti-
tative real-time reverse transcriptase PCR showed that H5N1 and H7N9 viruses significantly stimulated cytokine (interleukin-6,
beta interferon, CXCL10, and CCL5) production. Among the influenza-induced cytokines, CCL5 was identified as a potential
marker for overactive immunity. Apocynin, a Nox2 inhibitor, inhibited influenza-induced cytokines and reactive oxygen species
production, although viral replication was not significantly altered in vitro. Interestingly, apocynin treatment significantly in-
creased influenza virus-induced mRNA and protein expression of SOCS1 and SOCS3, enhancing negative regulation of cytokine
signaling. These findings suggest that apocynin or its derivatives (targeting host responses) could be used in combination with
antiviral strategies (targeting viruses) as therapeutic agents to ameliorate disease severity in susceptible species.

IMPORTANCE

Highly pathogenic avian influenza virus infection causes severe morbidity and mortality in both humans and poultry. Wide-
spread antiviral resistance necessitates the need for the development of additional novel therapeutic measures to modulate over-
active host immune responses after infection. Disease severity following avian influenza virus infection can be attributed in part
to hyperinduction of inflammatory mediators such as cytokines, chemokines, and reactive oxygen species. Our study shows that
highly pathogenic avian influenza H5N1 virus and low-pathogenicity avian influenza H7N9 virus (both associated with human
fatalities) promote inactivation of FoxO3 and downregulation of the TAM receptor tyrosine kinase, Tyro3, leading to augmenta-
tion of the inflammatory cytokine response. Inhibition of influenza-induced reactive oxygen species with apocynin activated
FoxO3 and stimulated SOCS1 and SOCS3 proteins, restoring cytokine homeostasis. We conclude that modulation of host im-
mune responses with antioxidant and/or anti-inflammatory agents in combination with antiviral therapy may have important
therapeutic benefits.

Zoonotic, highly pathogenic avian influenza (HPAI) H5N1 vi-
rus remains an ongoing pandemic threat worldwide following

its emergence in 1996 (�60% mortality) (1). This virus has now
become endemic in many regions of the globe ensuring ongoing
opportunities for virus evolution through acquisition of point
mutations or swapping of gene segments. More recently, a novel
low-pathogenicity avian influenza (LPAI) H7N9 virus (A/Anhui/
1/2013 H7N9) has emerged in China with a mortality rate of 31%
(2). The H7N9 virus contains mutations that are associated with
adaptation in mammals and respiratory droplet transmission in
ferrets (Q226L in HA and E627K in PB2) (3, 4). If this virus also
becomes endemic in poultry, as per H5N1, opportunities for hu-
man H7N9 transmission may increase given the lack of preexist-
ing immunity in the population.

Cytokines are essential for the resolution of the infection.
However, there is growing evidence suggesting that elevated host

cytokine dysregulation (“cytokine storm”) contributes to many of
the clinical signs associated with avian influenza virus infection.
Elevated cytokine and chemokine levels (e.g., gamma interferon-
induced protein 10 [IP-10], macrophage inflammatory protein
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1� [MIP-1�], interleukin-6 [IL-6], interferon alpha [IFN-�],
IFN-�, monokine [MIG], monocyte chemoattractant protein 1
[MCP-1], and IL-8) have been noted in the serum of H7N9- and
H5N1-infected patients (5, 6). Moreover, significantly higher
concentrations of cytokines and chemokines have been found in
fatal H5N1 and H7N9 virus infection cases (6, 7). This dysregula-
tion has also been noted using in vitro human primary airway cell
culture systems following HPAI H5N1 or H1N1 virus infection
with elevated expression of IL-6, IP-10, IFN-�, tumor necrosis
factor alpha (TNF-�), and RANTES (regulated on activation, nor-
mal T cell expressed and secreted) compared to LPAI virus con-
trols (8).

A number of factors are thought to contribute to overall cyto-
kine dysregulation, one of which is the expression of reactive ox-
ygen species (ROS). Previous studies have demonstrated that
infection with influenza A viruses induces a rapid influx of inflam-
matory cells into lungs resulting in the production ROS (9). ROS
are essential, potent microbicidal agents that are known to kill
ingested microorganisms within phagosomes. Excess production
of ROS, however, has been associated with acute lung injury con-
tributing significantly to morbidity and mortality following avian
influenza virus infection (10).

Nox2 is the catalytic subunit of the phagocyte NADPH oxidase
(NOX), a large multisubunit enzyme complex involved in phago-
cytic ROS production (11). Moreover, Nox2-containing NADPH
oxidase is a major source of superoxide production in phagocytes,
neutrophils, macrophages, and dendritic cells after acute infection
(11). It is also important to note that Nox2 expression has been
detected in human lung epithelial A549 cells (12). Previous studies
using low-pathogenicity mouse-adapted H1N1 or H3N2 influ-
enza virus strains have shown that administration of apocynin, a
Nox2 inhibitor, improves disease outcomes after infection (9).
The anti-inflammatory effects of apocynin administration ob-
served in wild-type mice mimicked responses in Nox2�/y mice,
suggesting the involvement of Nox2 in the regulation of cytokine
production following influenza virus infection in mice (9). These
results, along with others, have contributed to an increased focus
on the development of intervention strategies with the ability to
modulate deleterious host immune responses, such as those trig-
gered by ROS, in an attempt to ameliorate disease severity (9).
This is particularly important given the documentation of H5N1
and H7N9 influenza virus antiviral drug resistance (2, 13). The
data presented here provide important mechanistic evidence to
suggest that apocynin or its derivatives could be used therapeuti-
cally to reduce immunopathology following H5N1 or H7N9 avian
virus infection, resulting in amelioration of disease severity.

The suppressors of cytokine signaling (SOCS) family members
are key regulators of cytokine homeostasis. Their expression is
tightly controlled to avoid excessive inflammatory damage while
maintaining effective control of pathogens. SOCS1 and SOCS3 are
two potent signaling suppressors that can be induced by IL-6 and
IFNs (types I and II), and both have the ability to regulate IL-6 and
IFN signaling in vitro (14). It is therefore not surprising that one of
the mechanisms used by influenza A viruses to counteract host
antiviral immunity is the suppression of type I IFN signaling via
induction of SOCS1 and SOCS3.

Although significant progress has been made in our under-
standing of H5N1 and H7N9 viruses at the molecular level, the
mechanisms that determine disease pathogenesis and immunity
in the host are poorly understood. We undertook a comprehen-

sive comparative analysis of immune responses in airway epithe-
lial cells and macrophages derived from different host back-
grounds following HPAI H5N1, LPAI H7N9, LPAI H5N3, and
PR8 H1N1 virus infection. Our results suggested that treatment
with the ROS inhibitor apocynin abrogated inflammatory re-
sponses via a SOCS1- and SOCS3-mediated mechanism and in-
volved the transcription factor FoxO3 and the TAM receptor
tyrosine kinase, Tyro3. Our findings not only highlight the impor-
tance and complexity of host-pathogen interactions, but also
identify pathways that can be targeted for the development of
immunomodulatory strategies to control overactive host immune
responses. As such, we propose and support the synergistic use of
host-targeting strategies with currently available antiviral thera-
pies to ameliorate severe disease following avian influenza virus
infection.

MATERIALS AND METHODS
Cell culture. All cell lines were provided by the tissue culture facility of
CSIRO Australian Animal Health Laboratory (AAHL). A549 adenocarci-
nomic human alveolar basal epithelial cells, Madin-Darby canine kidney
(MDCK) cells, chicken HD-11 macrophage and DF-1 embryo fibroblast
were maintained in Ham F-12 K medium (Gibco), RPMI 1640 medium
(Invitrogen), and Dulbecco modified Eagle medium (Gibco), respec-
tively, supplemented with 10% fetal calf serum, 100 U/ml penicillin, and
100 �g/ml streptomycin (Gibco), and maintained at 37°C, 5% CO2.

Viruses. Viral stocks of A/Puerto Rico/8/1934 H1N1 (PR8) were ob-
tained from the University of Melbourne. LPAI A/duck/Victoria/0305-2/
2012 H5N3 virus (H5N3) was obtained from the State of Victoria Depart-
ment of Primary Industries, the HPAI A/chicken/Vietnam/0008/2004
H5N1 (H5N1) and LPAI A/Anhui/1/2013 H7N9 (H7N9) viruses were
obtained from CSIRO AAHL and the World Health Organization (WHO)
Collaborating Centre for Reference and Research on Influenza (Victoria,
Australia), respectively, and were prepared using standard methods in
10-day-old embryonated eggs. A single stock of virus was prepared for use
in all assays. All H5N3, H7N9, and H5N1 experiments were performed in
biosafety level 3 laboratories (BSL3) at CSIRO AAHL.

In vitro infection studies. Cells were infected with influenza A viruses
at multiplicities of infection (MOI) of 0.01 or 2 as indicated in the text and
as previously described (8). Fifty percent tissue culture infectious dose
(TCID50) assays were carried out on MDCK cells to determine virus rep-
lication in various cell lines. The endpoint of viral dilution leading to
cytopathic effect in 50% of inoculated wells was estimated by using the
Spearman and Kärber method (15). For low-pathogenicity virus (PR8,
H5N3, and H7N9) infection studies, a final concentration of 0.5 �g/ml
TPCK (L-1-tosylamide-2-phenylethyl chloromethyl ketone)-treated tryp-
sin (Worthington) was included in the medium postinoculation.

Detection of ROS and immunofluorescent staining. Monolayers of
cells were infected with influenza virus in the presence of 1% dimethyl
sulfoxide (DMSO) control or 1 mM apocynin. At 24 h postinfection (hpi),
ROS levels in the cytoplasm of live cells was measured by adding 5 �M
CellROX Deep Red reagent according to the manufacturer’s instructions.
In parallel experiments, cells were fixed with 4% Paraformaldehyde, per-
meabilized, and incubated with anti-influenza nucleoprotein (NP)
monoclonal antibody (kindly provided by Paul Monaghan, CSIRO
AAHL) and Alexa Fluor 488-coupled secondary goat anti-mouse
IgG(H�L) antibody (Dako). Nuclei were rapidly stained with DAPI
(4=,6=-diamidino-2-phenylindole). Fluorescence staining was digitally
scanned using a Thermo Fisher Scientific CellInsight personal cell imager,
and intensities were quantified by CellInsight software (Thermo Fisher
Scientific).

Quantitative real-time reverse transcriptase PCR (qRT-PCR). Con-
fluent monolayers of A549 cells were infected at an MOI of 2, while DF-1
and HD-11 cells that are more sensitive to HPAI influenza virus infection
were consistently infected with all influenza virus strains with an MOI of
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0.01. Total RNA was extracted from cells using RNeasy minikit (Qiagen)
and treated with RNase-free DNase (Promega) according to the manufac-
turer’s instructions. cDNA was prepared using SuperScript III first-strand
synthesis SuperMix (Invitrogen). The mRNA concentrations of genes of
interest were assessed using TaqMan gene expression assays (Applied Bio-
systems) with commercial TaqMan primers and probes, with the excep-
tion of chicken �-actin (forward primer, 5=-TGCGTGACATCAAGGAG
AAG-3=; reverse primer, 5=-GACCATCAGGGAGTTCATAGC-3=; probe,
5=-FAM-TGTGCTACGTCGCACTGGATTTCGA-NFQ-3=) (16) and in-
fluenza matrix (M) gene (forward primer, 5=-CTTCTAACCGAGGTCG
AAACGTA-3=; reverse primer, 5=-GGTGACAGGATTGGTCTTGTCT
TTA-3=; probe, 5=-FAM-TCAGGCCCCCTCAAAGCCGAG-NFQ-3=)
(17). Probes that expand exons were chosen wherever possible. All
assays were performed in duplicate using an Applied Biosystems
StepOnePlus real-time PCR system. The PCR conditions were 50°C for
2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min. Gene expression was normalized to �-actin mRNA
using the 2–		CT method where expression levels were determined
relative to uninfected cell controls. Copy numbers of M gene were
determined by generation of a standard curve.

Western blot analysis. Infected or uninfected A549 cells were lysed in
RIPA buffer supplemented with protease inhibitors (cOmplete, Mini,
EDTA-free protease inhibitor cocktail tablets; Roche). Equal amount of
proteins were loaded and resolved by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (Bio-Rad). Membranes were probed
with antibodies against SOCS1 (mouse monoclonal antibody; MBL),
SOCS3 (mouse monoclonal antibody; BioLegend), phospho-FoxO3
phosphorylated at serine 253 (rabbit polyclonal antibody; Cell Signaling)
(18), followed by incubation with horseradish peroxidase (HRP)-conju-
gated sheep anti-mouse secondary antibody (Millipore) or goat anti-rab-
bit IgG secondary antibody (Life Technologies) wherever appropriate.
�-Actin (rabbit monoclonal antibody, HRP conjugated; Cell Signaling) or
GAPDH (glyceraldehyde-3-phosphate dehydrogenase; rabbit monoclo-
nal antibody; Cell Signaling) were used as loading controls. Proteins were
visualized using Pierce ECL Plus Western blotting substrate (Thermo Scien-
tific). The protein band intensity was quantified using Fiji software (version
1.49J10) (19), normalized against �-actin or GAPDH, and expressed as fold
changes compared to the control.

Statistical analysis. Differences in cytokine and chemokine mRNA
levels between experimental groups were evaluated by two-way analysis of
variance (ANOVA), followed by a Bonferroni multiple-comparison test.
Differences in immunofluorescence or protein densitometry between two
experimental groups were evaluated by using the Student t test. Differ-
ences were considered significant at a P value of 
0.05. The data are
shown as means � the standard deviations (SD). The statistical analyses
were performed by using GraphPad Prism for Windows (v5.02).

RESULTS
In vitro influenza A virus replication kinetics. The in vitro repli-
cation kinetics of A/Puerto Rico/8/1934 H1N1 (PR8), A/duck/
Victoria/0305-2/2012 (H5N3) and A/chicken/Vietnam/0008/2004
(H5N1) viruses in all five cell lines was determined and compared
using TCID50 assays. The H7N9 virus emerged in 2013 and, al-
though asymptomatic in birds, shows significant mortality in hu-
mans (5). As such, H7N9 replication kinetics were included in our
analysis, and replication was compared in the A549 and HD-11
cell lines. Virus replication in all cell lines followed a similar pat-
tern: H5N1 � PR8 � H5N3 (Table 1). H5N1 viruses had compa-
rable replication kinetics in DF-1 and HD-11 cells, both of which
were higher than that observed for A549 cells (Table 1).

The sensitivity of avian cell lines to H5N1 virus was validated
through the use of anti-influenza NP immunofluorescence stain-
ing. At an MOI of 0.01, NP protein expression in infected chicken
cell lines (Fig. 1B and C) was comparable to that observed in A549

(Fig. 1A). It is important to note that A549 cells were infected at an
MOI of 2. These results clearly suggest that H5N1 viruses are ca-
pable of infecting avian and mammalian cell lines from a range of
hosts and that avian cells are more susceptible to avian influenza
virus infection.

The low-pathogenicity H5N3 avian virus replicated most effi-
ciently in the chicken macrophage HD-11 cell line (Table 1). This
was consistent with stronger NP protein immunofluorescence
staining (Fig. 1C). Our data suggest that avian macrophages are
primary targets for influenza viruses.

H7N9 virus had comparable replication kinetics in A549 and
HD-11 cells (Table 1), suggesting that differences in human and
avian pathogenicity is not related to replication capacity in these
two hosts under these conditions. Compared to H5N1 virus,
H7N9 replication kinetics were significantly lower in HD-11 cells,
and at early time points (3 and 6 hpi) in A549 cells (Table 1).

Expression of cytokines and chemokines following infection
with influenza A viruses. IL-6, IFN-�, CXCL10, and CCL5 levels
have previously been shown to be elevated in patients and animals
infected with H5N1 or 1918 “Spanish Flu” (6, 20). We therefore
set out to determine expression of these above-mentioned cyto-
kines and chemokines following PR8, H5N3, and H5N1 virus in-
fection in all cell lines using qRT-PCR. It is important to note that
the chemokine CXCL10 is not expressed in chickens (21). As such,
CXCL10 was not assessed in DF-1 and HD-11 cells. Finally,
H7N9-induced cytokine and chemokine production was only ex-
amined in A549 airway epithelial cell lines and HD-11 macro-

TABLE 1 Comparative analysis of viral replication in supernatants of
influenza virus-infected cells using the TCID50 assay

Virus and time
postinfection (h)

Mean log(TCID50/ml) � SDa

A549 DF-1 HD-11

PR8 H1N1
3 3.50 � 0.82 2.88 � 0.52# 3.00 � 0.53
6 2.75 � 0.50### 3.13 � 0.52## 3.25 � 0.71#
18 4.25 � 0.50### 4.13 � 1.06### 4.88 � 1.41###
24 4.75 � 0.50### 4.25 � 0.89### 6.25 � 0.71**###†††

LPAI H5N3
3 1.66 � 0.35### 1.75 � 0.50### 1.50 � 0.00###
6 1.63 � 0.35### 3.25 � 0.50*** 2.25 � 0.50###†
18 2.00 � 0.58### 3.25 � 0.50**### 2.75 � 0.50###
24 3.50 � 0.76### 3.75 � 0.50### 8.00 � 0.58**#†††

HPAI H5N1
3 4.25 � 0.71 4.00 � 0.58 4.00 � 0.58
6 4.75 � 0.50 4.50 � 0.00 4.50 � 0.00
18 6.50 � 0.93 9.75 � 0.50*** 9.50 � 0.00***
24 7.13 � 0.92 9.25 � 0.50*** 9.50 � 0.00***

LPAI H7N9
3 2.25 � 0.35### NDb 1.00 � 0.87###
6 2.50 � 0.00### ND 3.50 � 0.87
18 4.00 � 0.71 ND 5.50 � 1.75###
24 7.13 � 0.18 ND 6.42 � 1.88###

a *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared to the corresponding virus
infection in A549 cells at the same time point). #, P 
 0.05; ##, P 
 0.01; ###, P 
 0.001
(compared to the H5N1 counterparts within the same cell line). †, P 
 0.05, †††, P 

0.001 (DF-1 versus HD-11). Data are expressed as the means from three individual
experiments and were analyzed with two-way ANOVA using a Bonferroni post-test.
b ND, not determined.
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phage cell lines, two cell types that are major targets of influenza A
viruses.

In general, among the virus strains tested, H5N1 consistently
induced significantly higher levels of IL-6, IFN-�, and CXCL10
compared to PR8- and H5N3-infected cells (Fig. 2), which is con-
sistent with elevated cytokine profiles described in the literature
for H5N1 infection in patients (6) and animals (20). Comparison
of the two avian cell lines showed that only minimal cytokine
production was induced in DF-1 cells by PR8 and H5N3 viruses
(Fig. 2B).

CXCL10, also known as IP-10, is produced by various cell types
in response to IFN-� and is elevated during viral infection (22). In
A549 cells, CXCL10 induction by H5N1 virus was considerably
higher than that observed for PR8 or H5N3 virus at �18 hpi (Fig.
2A). Interestingly, H5N1 and H7N9 induced similar levels of IL-6
and CXCL10 mRNA expression in A549 cells (Fig. 2A) and IL-6 in
HD-1 cells (Fig. 2C), which is consistent with clinical observations
of patients infected with H5N1 and H7N9 where similar levels of
IL-6 and CXCL10 were detected in sera (5). IFN-� mRNA expres-
sion was not significantly elevated following H7N9 infection in
both A549 and HD-11 cells (Fig. 2A and C).

CCL5, also known as RANTES, is induced in response to in-
flammatory stimuli, such as respiratory syncytial virus (23) and
influenza A virus infection (24), acting as a potent chemoattrac-
tant for leukocytes at inflammatory sites. Interestingly, although
not statistically different, the trend associated with CCL5 expres-
sion favored H5N1 � PR8 � H5N3 viruses in A549 airway epi-
thelial cells (Fig. 2A) and chicken macrophage HD-11 cells (Fig.
2C). Only H5N1 significantly upregulated CCL5 in the DF-1
chicken fibroblast cells (Fig. 2B). Interestingly, following H7N9
infection, CCL5 mRNA expression was not altered in HD-11 cells
but was highly upregulated in A549 cells (5,310-fold increase)
compared to H5N1 infection (870-fold increase) (Fig. 2A). The
contrast in CCL5 mRNA expression in mammalian versus avian
cell lines is intriguing as H7N9 infection can be fatal in humans yet
asymptomatic in birds. These results suggest that CCL5 levels mir-
ror the state of the host inflammatory response. Indeed, high levels
of CCL5 in airway epithelial cells have been previously correlated
with respiratory virus infection (23, 24). We therefore propose
that CCL5 could be used as a potential biomarker for monitoring
the state of the host immune response during avian influenza virus
infection in mammalian and avian species.

Inhibition of influenza A virus-induced cytokine and chemo-
kine production by the Nox2 inhibitor, apocynin. Previous studies
involving Nox2-knockout mice infected with laboratory strains of
influenza virus (X31, H3N2; PR8, H1N1) showed reduced inflam-
matory infiltrates, decreased production of ROS, and ameliora-
tion of disease compared to wild-type controls (9). This response
was also mimicked in vivo using the Nox2 inhibitor, apocynin.
With this in mind, we analyzed influenza virus-induced cytokine
and chemokine production after in vitro influenza virus infection
in the presence or absence of apocynin. In A549 cells, H5N1-
induced IL-6 (330-fold), IFN-� (546-fold), and CXCL10 (2,844-
fold) mRNA expression was significantly reduced following the
addition of apocynin (Fig. 3A). PR8- and H5N3-induced cytokine
production in A549 cells was not markedly affected (Fig. 3A).
H5N1-induced IL-6 mRNA expression in DF-1 cells, as well as
IL-6, IFN-�, and CCL5 mRNA expression in HD-11 cells was
significantly reduced by the addition of apocynin (Fig. 3B). Inter-
estingly, elevated IFN-� expression was only halved by apocynin
in HD-11 cells (Fig. 3C), suggesting that apocynin treatment
could preserve antiviral activity while reducing overproduction of
inflammatory cytokines in chicken cells (Fig. 3C).

Apocynin treatment of mice in vivo has been shown to reduce
inflammation and ROS production and was associated with a
small decrease in overall virus titer in the lung (9). We therefore
assessed the effects of apocynin on viral replication using qRT-
PCR and immunofluorescence staining for each virus and cell
type. Apocynin treatment did not affect matrix (M) gene copy
number in vitro with numbers comparable between DMSO con-
trol and apocynin-treated groups after infection in all cell types at
24 hpi (Fig. 3). These observations were further validated using
anti-influenza NP immunofluorescence staining. Similar levels of
influenza NP protein were detected between DMSO control and
apocynin-treated cells (A549 [Fig. 1A], DF-1 [Fig. 1B], and HD-11
cells [Fig. 1C]) infected with PR8, H5N3, or H5N1 virus at 24 hpi.

Apocynin treatment reduces ROS production in influenza
virus-infected cells. Activated inflammatory cells and infected
epithelial cells are thought to produce large amounts of ROS after
infection with influenza virus leading to the induction of NF-
B
and the production of a variety of cytokines (25, 26). Inhibition of

FIG 1 Immunofluorescence staining of influenza-infected cells. The influenza
viral NP protein (green) was detected by immunofluorescence using a mouse
anti-NP monoclonal antibody in A549 (A), DF-1 (B), and HD-11 (C) cells
infected with PR8, H5N3, or H5N1 in the presence of 1% DMSO vehicle
control or 1 mM apocynin at 24 hpi. Uninfected cells treated with 1% DMSO
for 24 h were used as negative controls. DAPI staining (blue) shows the total
nuclei.
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Nox2-mediated ROS production may therefore facilitate reduc-
tions in cytokine expression following infection. Our observations
show that influenza-stimulated ROS production correlated with
elevated levels of cytokine. Moreover, H5N1 infection resulted in
greater ROS production compared to that induced by PR8 or
H5N3 (Fig. 4). Apocynin treatment significantly inhibited influ-
enza virus-induced ROS production when used with all three vi-
ruses and all cell types (Fig. 4).

Apocynin increases mRNA and protein expression of SOCS1
and SOCS3 in influenza A virus-infected A549 cells. SOCS1 and
SOCS3 are the key negative regulators of cytokine signaling. Previous
research suggests that influenza viruses manipulate SOCS expression
and function to modulate antiviral cytokine production to promote
virus replication and survival (27, 28). In A549 cells, SOCS1 (Fig. 5A)
and SOCS3 (Fig. 5B) mRNA was detected over a 24-h time course
with all influenza viruses tested, although the kinetics of expression
were clearly different for each virus. SOCS1 and SOCS3 mRNA levels
were elevated slightly but not significantly by PR8 and H5N3 influ-
enza virus infection (Fig. 5A and B). In contrast, H5N1 infection
significantly upregulated SOCS1 (101-fold increase) and SOCS3 (45-
fold increase) mRNA expression, peaking at 24 hpi compared to un-
infected controls (Fig. 5A and B). The H7N9 virus stimulated similar
patterns of SOCS1 and SOCS3 gene expression as H5N1, but�4-fold
less (Fig. 5A and B).

We next investigated whether the inhibition on cytokine pro-
duction by apocynin involved upregulation of SOCS1 and SOCS3
gene expression in influenza A virus-infected A549 cells. Both PR8
and H5N3 failed to stimulate significant SOCS1 and SOCS3
mRNA expression and treatment with apocynin did not alter ex-
pression levels (Fig. 5C and D). H7N9 infection significantly in-

creased SOCS1 (23-fold increase) and SOCS3 (11-fold increase)
mRNA expression but was not affected by apocynin (Fig. 5C and
D). In contrast, apocynin significantly enhanced H5N1-induced
upregulation of both SOCS1 (230-fold increase; Fig. 5C) and
SOCS3 mRNA expression (60-fold increase; Fig. 5D).

As H5N1 infection induced high levels of SOCS1 and SOCS3
mRNA that were further augmented by apocynin treatment, we
next analyzed their protein levels by Western blotting in A549 cells
treated with apocynin (0.1, 0.5, and 1 mM) at 6 and 24 hpi to
validate our gene expression data. The SOCS1 and SOCS3 protein
expression profile strongly correlated with the kinetics of mRNA
expression following H5N1 infection (Fig. 5A and B). Minimal
amounts of SOCS1 and SOCS3 proteins were detected at 6 hpi, but
were clearly visible at 24 hpi (Fig. 5E). The addition of apocynin
enhanced SOCS1 protein expression in a time- and dose-depen-
dent manner (Fig. 5E). Similar results were also observed for
SOCS3, although SOCS3 was not as highly promoted as SOCS1
(Fig. 5E). The impact of apocynin on SOCS1 and SOCS3 protein
expression occurred rapidly (6 hpi), suggesting that posttransla-
tional protein modification, but not de novo protein synthesis, was
affected. These results suggest that the addition of apocynin to
cultures contributes to the inhibition of influenza virus-induced
hypercytokinemia through an as yet fully defined mechanism in-
volving regulation of SOCS1 and SOCS3 gene expression. More-
over, they indicate that restoration of cytokine homeostasis may
be possible following HPAI H5N1 infection.

To ensure that upregulation of SOCS1 and SOCS3 mRNA ex-
pression in H5N1-infected, apocynin-treated A549 cells was
highly specific and not generally applicable to all SOCS gene fam-
ily members, SOCS2 mRNA expression was evaluated in influenza

FIG 2 Cytokine and chemokine gene expression profiles in influenza virus-infected human and chicken cell lines. (A to C) A549 cells (A), DF-1 cells (B), and
HD-11 (C) cells were infected with influenza viruses as indicated. Differences were expressed as the fold change compared to uninfected cells calculated using the
2–		CT method. The data shown are the means � the SD (*, P 
 0.05; ***, P 
 0.001 [PR8 versus H5N1]; #, P 
 0.05; ###, P 
 0.001 [H5N1 versus H5N3]; †††,
P 
 0.001 [H5N1 versus H7N9]).
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virus-infected A549 cells. SOCS2 gene expression was not induced
by influenza virus infection (Fig. 5F). Moreover, apocynin had no
significant impact on SOCS2 gene expression following infection
(Fig. 5G). This strongly suggests that apocynin manipulates a
pathway involving upregulation of SOCS1 and SOCS3 to control
cytokine/chemokine production.

H5N1 and H7N9 influenza viruses induce cytokine produc-
tion by modulating the transcription factor FoxO3 and the TAM
receptor tyrosine kinase, Tyro3. Several factors involved in reg-
ulating the expression of SOCS proteins have been described in
the literature. One such regulator is Forkhead box O transcription
factor 3 (FoxO3), a member of the FoxO family. FoxO3 plays a
critical role in preventing overactive antiviral inflammatory re-
sponses (29). It has also been shown to bind the SOCS3 promoter,
resulting in augmentation of its expression in a mouse pro-B cell
line (30). Phosphorylation of FoxO3 by Akt at serine 253 (phos-
pho-FoxO3-Ser253) has previously been shown to result in cyto-
plasmic retention of FoxO3, preventing target gene activation
(18). We therefore investigated the involvement of FoxO3 in the
SOCS regulatory pathway (identified by our apocynin/ROS stud-
ies) by measuring the level of endogenous phospho-FoxO3-
Ser253 using Western blot analysis. The results showed that phos-
pho-FoxO3-Ser253 levels increased after H5N1 infection in A549
cells at 24 hpi compared to mock-treated, uninfected cells. This
increased phosphorylation was abolished by apocynin treatment

(Fig. 6A). Interestingly, H7N9 infection resulted in significantly
greater accumulation of phospho-FoxO3-Ser253 compared to
H5N1 infection, which was also reduced by the addition of apoc-
ynin (Fig. 6A). These results highlight the fact that H5N1 and
H7N9 influenza virus infection may be driving the phosphoryla-
tion of FoxO3 at Ser253, reducing SOCS3 expression, thus con-
tributing to the overproduction of cytokines and chemokines. The
elevated SOCS3 protein expression shown in Fig. 5E is likely to
reflect the overall result of host-pathogen interactions, suggesting
that unknown host regulatory mechanisms may be involved in the
upregulation of SOCS1 and SOCS3 proteins. More importantly,
apocynin may increase SOCS3 expression through modulation of
ROS production, which in turn may decrease the phosphorylation
of FoxO3 at Ser253 via Akt (a serine/threonine-specific protein
kinase) after H5N1 or H7N9 virus infection.

The TAM receptor protein tyrosine kinases, Tyro3, Axl, and
Mer, have also been associated with regulation of SOCS1 and
SOCS3 expression (31). These tyrosine kinases are activated upon
infection and initiate the transcription of SOCS1 and SOCS3
genes through activation of the Toll-like receptor signaling to
limit cytokine overproduction and inflammation (32). Moreover,
activation of TAM receptors can be modulated by cytokines that
are produced in response to infection (32) and by ROS (33). We
therefore set out to investigate the possible involvement of TAM
receptors in the SOCS regulatory pathway in A549 cells at 24 hpi.

FIG 3 Anti-inflammatory effects of apocynin in human and chicken cell lines infected with influenza viruses. (A to C) A549 cells (A), DF-1 cells (B), and HD-11
(C) cells were infected with influenza viruses as indicated in the presence of 1% DMSO control or 1 mM apocynin for 24 h. Negative controls included uninfected
cells cultured in medium supplemented with 1% DMSO or 1 mM apocynin. The level of influenza M gene was expressed as the log of its cDNA copy number
relative to 106 cells. The data shown are the means � the SD (*, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 [PR8 versus H5N1]; #, P 
 0.05; ##, P 
 0.01; ###, P 
 0.001
[H5N1 versus H5N3]; †, P 
 0.05; ††, P 
 0.01; †††, P 
 0.001 [H5N1 versus H7N9]).
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Addition of apocynin alone had no effect on the gene expression of
TAM receptors, as shown in the uninfected A549 cells (Fig. 6B to
D). Both Tyro3 and Mer mRNA expression was significantly in-
duced following H5N1 infection compared to uninfected con-
trols, but only Tyro3 expression was further enhanced with the
addition of apocynin (Fig. 6C and D). H7N9 infection also in-
creased Tyro3 expression; however, apocynin had no additive ef-
fects (Fig. 6D). Further analysis of total Tyro3 protein expression
showed a marked reduction following H5N1 and H7N9 infection
of A549 cells compared to uninfected controls (Fig. 6E). The effect
of apocynin on total Tyro3 protein expression in H5N1-infected
A549 cells was minimal and completely absent in H7N9-infected
A549 cells (Fig. 6E), suggesting ROS does not play a major role in
regulating Tyro3 protein expression. These results highlight an
unexpected inverse correlation between Tyro3 mRNA and pro-
tein expression in H5N1- and H7N9-infected A549 cells. It is im-
portant to note here that Tyro3 is a substrate of the E3 ubiquitin
ligase Cbl-b (34) and that the NS1 protein of H5N1 has been
shown to affect protein ubiquitination in order to evade immune
surveillance (35). The inverse correlation between Tyro3 mRNA
and protein in H5N1- and H7N9-infected A549 cells may suggest

that infection results in the enhancement of Tyro3 ubiquitination
and degradation, resulting in the disruption of innate immunity.
A recent study analyzing TAM receptor expression in lung tissues
from PR8-infected mice demonstrated increased gene expres-
sion levels of all three TAM receptors at the acute stage of
infection (day 2) (36). Moreover, TAM receptor expression
was differentially modulated by PR8 virus in mouse myeloid-
derived macrophages and DCs in vitro (36). Together, these
results suggest that the expression of TAM receptors may be
modulated differentially depending on the influenza virus
strain, cell type, and/or in vivo system. In addition to promot-
ing phosphorylation of FoxO3 at Ser253 by Akt as demon-
strated above, overproduction of cytokines and chemokines
following H5N1 and H7N9 influenza virus infection may be
associated with inhibition of Tyro3 protein expression and its
downstream targets, SOCS1 and SOCS3. The elevation of
SOCS1 and SOCS3 expression following influenza virus infec-
tion, as shown in the present studies (Fig. 5E) and in other
literature (27, 28, 37), is likely to reflect the combined effect of
a dynamic interaction between the host and the pathogen, re-
sulting in the modulation of multiple signaling pathways

FIG 4 Apocynin reduced ROS production in influenza-infected human and chicken cell lines. (A to C) A549 cells (A), DF-1 cells (B), and HD-11 cells (C) were
infected with influenza viruses as indicated in the presence of 1% DMSO control or 1 mM apocynin for 24 h. Uninfected cells cultured in medium containing 1%
DMSO were used as negative controls. ROS production (red) was detected by immunofluorescence with CellROX Deep Red reagent, and the total nuclei were
shown with DAPI staining (blue). Fluorescence was analyzed and quantified using a CellInsight system. ROS fluorescence was normalized against DAPI staining.
The data represent the mean ROS fluorescence � the SD from three experiments (**, P 
 0.01; ***, P 
 0.001 [compared to H5N1-infected cells with the same
DMSO or apocynin treatment]; ##, P 
 0.01; ###, P 
 0.001 [compared to H5N1-infected cells treated with DMSO control]).
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(Fig. 7). Additional studies will be necessary to determine the
exact role of TAM receptors/Tyro3 protein in the host-patho-
gen interaction.

DISCUSSION

The emergence and high mortality rates associated with HPAI
H5N1 and LPAI H7N9 avian influenza viruses make these viruses
a pandemic threat. Moreover, disease severity and high fatality
rates reported in humans have been associated with virus-induced
cytokine dysregulation and hyperactive inflammatory responses
in the host (5–7). A positive correlation between cytokine levels
and virus pathogenicity has also been observed in ducks (38) and
chickens (39) infected with HPAI H5N1. Our data clearly demon-
strate that HPAI H5N1 consistently stimulates more cytokine pro-
duction (especially IL-6, IFN-�, and CXCL10) than low patho-
genic influenza viruses in various cell lines. The contribution of
“cytokine storm” or “hypercytokinemia” to pathogenesis of HPAI
H5N1 influenza virus itself remains controversial. Variable levels

of cytokine expression (either markedly elevated or undetectable)
have been demonstrated in lung tissue extracted from deceased
patients following HPAI H5N1 virus infection (40). Other litera-
ture suggests that suppression of the cytokine response alone may
not be sufficient to provide adequate protection, as has been noted
in mice infected with human H5N1 isolates (41). On the other
hand, however, there is clear evidence of hypercytokinemia in
H5N1- and H7N9-infected humans (5–7) and chickens (39).
Moreover, functional microarray analysis of lung samples ob-
tained from infected ferrets has shown overexpression of genes
involved in IFN signaling, especially CXCL10 (42). Treatment of
H5N1-infected ferrets with a potent antagonist of CXCL10 recep-
tor resulted in reduced viral loads in the lungs, improved clinical
symptoms, and prolonged survival (42). There have also been el-
evated levels of IL-6 documented in cerebrospinal fluid and se-
rum/plasma samples associated with influenza virus-induced
neurological disorders in children (43, 44). As such, the overall

FIG 5 Expression of SOCS1, SOCS3, and SOCS2 in A549 cells infected with PR8, H5N3, H5N1, or H7N9. SOCS1 (A) and SOCS3 (B) gene expression levels in
A549 cells after influenza virus infection were measured by qRT-PCR over a 24-h time course. The effects of apocynin on SOCS1 (C) and SOCS3 (D) gene
expression in uninfected and infected A549 cells were also determined at 24 hpi. The data shown are the means � the SD. *, P 
 0.05; ***P 
 0.001 (compared
to uninfected cells in medium with 1% DMSO); ###, P 
 0.001 (compared to H5N1); †††, P 
 0.001 (significantly different between infected cells treated with
DMSO control and apocynin). (E) Protein expression of SOCS1 and SOCS3 in A549 cells infected with H5N1 in the absence or presence of 0.1, 0.5, or 1 mM
apocynin at 6 or 24 hpi. Representative Western blots and quantification of protein band intensity from three individual experiments are shown. The protein
band intensity data represent the means � the SD (*, P 
 0.05; **, P 
 0.01; ***, P 
 0.001). SOCS2 gene expression levels were also analyzed during a 24-h time
course (F) or at 24 hpi in the presence of 1% DMSO or 1 mM apocynin (G). The “0” time point represents uninfected cells cultured in medium only.
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contribution of host inflammatory cytokine and chemokine re-
sponses to the severity of H5N1 influenza virus pathogenesis in
various host species remains to be fully elucidated. Ideal therapies
for avian influenza virus infection may therefore require a combi-
nation of antiviral treatment and modulation of the host immune
response to improve disease outcomes. In the present study, we
demonstrated for the first time that apocynin treatment signifi-
cantly inhibited influenza virus-induced ROS production and cy-
tokine upregulation in various cell lines, including human airway
epithelial A549 cells, chicken fibroblasts, and macrophage cell
lines, possibly via a SOCS1- and SOCS3-mediated mechanism of
action at least in A549 cells. The downstream effects of ROS acti-
vation are complex since ROS concentration has the ability to
differentially affect the same signaling pathways (45). Our studies
suggest that apocynin treatment may modulate multiple pathways
(e.g., FoxO3 signaling) involved in regulation of SOCS1 and
SOCS3 expression in an attempt to restore ROS homeostasis
through the downregulation of cytokine/chemokine responses
following influenza virus infection.

The impact of host responses on disease outcomes is an area of
considerable interest. Taubenberger and coworkers used a ROS
scavenger, EUK-207, to reduce lung pathology and improve sur-
vival following infection of mice with the reconstructed 1918
“Spanish Flu” virus (46), further validating our apocynin-based

observations. Both EUK-207 and apocynin treatment resulted in
decreased oxidation and infiltration of inflammatory cell in the
lungs of infected mice (9, 46). In a similar fashion, neither EUK-
207 nor apocynin had impact on viral replication in vitro. In our in
vitro system, apocynin specifically inhibits influenza virus-in-
duced deleterious ROS overproduction in infected cells, leading to
upregulation of SOCS1 and SOCS3 and inhibition of cytokine
production. We concede that the largely simplified clonal cell line
infection model described herein may not reflect the complexity
of interactions in vivo after apocynin treatment of a whole organ-
ism. As such, the impact on immune cell populations via cell-
specific signaling pathways or regulatory factors may not be fully
elucidated and requires further investigation. Future studies will
analyze host innate and adaptive immune responses after apoc-
ynin treatment in numerous influenza virus-infected animal
models.

The present study identified the involvement of two signaling
molecules, FoxO3 and Tyro3, in the regulation of SOCS3 and/or
SOCS1 expression (30, 32) (Fig. 7). FoxO transcription factors are
involved in the regulation of diverse physiological and patholog-
ical processes, including immunity, apoptosis, oncogenesis, and
damage repair in response to oxidative stress (47). As such, the
FoxO family are downstream targets of multiple signaling path-
ways that tightly control subcellular localization, activation, and

FIG 6 Effects of apocynin on the expression of phospho-FoxO3-Ser253 and TAM receptors in influenza virus-infected A549 cells. (A) The presence of
phospho-FoxO3-Ser253 protein was determined in A549 cells infected with H5N1 and H7N9 in the presence of 1% DMSO or 1 mM apocynin at 24 hpi. Gene
expression levels of the TAM receptors Axl (B), Mer (C), and Tyro3 (D) were analyzed by qRT-PCR. *, P 
 0.05, ***, P 
 0.001 (compared to uninfected
controls); #, P 
 0.05; ##, P 
 0.01; ###, P 
 0.001 (compared to H5N1 virus infection group); †††, P 
 0.001 (significantly different between infected cells
treated with DMSO control and apocynin). (E) Total endogenous Tyro3 protein expression was analyzed in A549 cells infected with H5N1 and H7N9 in the
presence of 1% DMSO or 1 mM apocynin at 24 hpi. Representative Western blots and quantification of protein band intensity from three individual experiments
are shown. The protein band intensity data represent mean � the SD (*, P 
 0.05; **, P 
 0.01).
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phosphorylation of FoxOs (47). Accumulating evidence suggests
that FoxO plays an important role in protecting cells from oxida-
tive damage and maintaining homeostasis of cellular ROS levels.
Two signaling pathways, the PI3K/PKB (Akt) (influences cyto-
plasmic retention and inactivation of FoxO) and C-Jun N-termi-
nal protein kinase (JNK; influences nuclear translocation and ac-
tivation of FoxO) pathways, have been implicated in this process
(18). The activation of both pathways depends on the state and
overall level of stress (e.g., nutrition starvation and oxidative stress
level) (48). ROS regulation of FoxO activity is extremely complex.
ROS production can influence posttranslational modifications on
FoxO proteins, leading to either activation or inactivation of FoxO
activity and/or a shift in transcriptional targets (45). Phosphory-
lation of FoxO3 by PKB at Thr32, Ser253, or Ser315 has been
shown to result in cytoplasmic retention and inactivation of
FoxO3 (18). PKB activity is promoted by ROS and correlates with
increased levels of inactivated, phosphorylated FoxO3 at Thr32
and Ser253 (48). In contrast, stress-responsive JNK-mediated
FoxO phosphorylation stimulated upon ROS exposure promotes
nuclear localization and activation of FoxO transcriptional activ-
ity resulting in upregulation of antioxidant enzymes (manganese

superoxide dismutase [MnSOD] and catalase) and reduction of
cellular ROS levels (45). The present study demonstrated that
H5N1 infection can stimulate significant ROS production in in-
fected cells, which can be reduced through exposure to apocynin.
This coincided with an increase in phospho-FoxO3-Ser253 (inac-
tivated FoxO3) that was also reduced with apocynin treatment of
A549 cells at 24 hpi. Our results therefore suggest that ROS are
involved in the regulation of FoxO3 phosphorylation. Moreover,
we suspect that inhibition of influenza virus-induced ROS pro-
duction by apocynin may in fact adjust ROS level to a point en-
abling inactivation of the PI3K/PKB pathway and enhancement of
FoxO3 activity. This in turn drives SOCS3 expression to reduce
cytokine production following H5N1 infection (Fig. 7).

TAM receptors are negative regulators of innate immunity af-
ter infection, acting in part, via the upregulation of SOCS1 and
SOCS3 to maintain homeostasis of the host inflammatory re-
sponses (32). Previous studies have demonstrated elevated TAM
receptor expression levels after PR8 infection in a mouse model
(36). Our in vitro gene expression observations (Fig. 6C and D)
produced similar results and we have now extended these initial
findings to include Tyro3 protein expression. Interestingly, we
noted that Tyro3 protein expression was inhibited by H5N1 and
H7N9 viruses at 24 hpi (in contrast to Tyro3 gene expression) and
might be responsible for cytokine overproduction by decreasing
SOCS1 and SOCS3 protein expression (Fig. 7). These findings in
combination with the accumulation of influenza-induced phos-
pho-FoxO3-Ser253 strengthen the argument that SOCS1 and
SOCS3 protein expression levels (Fig. 5E) are influenced by a
complex and dynamic interaction between the host and pathogen.
The interplay between a virus and host is complex and therefore
difficult to simplify and, as such, the field has been unable to
carefully tease apart the mechanisms driving aberrant cytokine
and chemokine responses in severe disease. A clear “power strug-
gle” exists where, on the one hand, influenza A viruses attempt to
downregulate SOCS1/SOCS3 through enhancement of phospho-
FoxO3-Ser253 expression and inhibition of Tyro3 expression re-
sulting in cytokine dysregulation, while, on the other hand, cur-
rently unidentified host cell factor(s) partially counteract this
action through upregulation of SOCS1/SOCS3 in an attempt to
restore cytokine homeostasis. When the host is not completely
overwhelmed by the infection as is the case in our in vitro system,
the overall result is increased SOCS1 and SOCS3 protein expres-
sion. Apocynin assists the host by inhibiting ROS production,
reducing phospho-FoxO3-Ser253, and increasing SOCS1 and
SOCS3 expression. It is therefore not surprising that variable
SOCS1 and SOCS3 mRNA and protein expression levels have
been reported in human cells (27, 28, 37) following influenza virus
infection given the fact that various cell types, influenza virus
strains, and/or experimental conditions may influence outcomes.
Future studies will need to be conducted in biologically relevant
innate immune cells to fully characterize the role of FoxO and
TAM receptors following influenza virus infection.

Our present study and emerging evidence from others (9, 46)
clearly demonstrates that antioxidant agents or ROS scavengers
are attractive and promising therapeutics agents for the treatment
of influenza virus infection that could be used in combination
with current antiviral agents. We have demonstrated that apoc-
ynin exhibits anti-inflammatory properties in various cell types
(avian versus mammalian; epithelial versus macrophage) and is
especially efficacious in cells infected with highly pathogenic vi-

FIG 7 Schematic diagram showing the proposed mechanism for influenza
virus-induced cytokine dysregulation and the anti-inflammatory effects of
apocynin. SOCS1 and SOCS3 expression are positively regulated by FoxO3
and the TAM receptor, Tyro3. The infection of influenza virus, especially
HPAI H5N1 and LPAI H7N9 influenza viruses, causes increased ROS produc-
tion and hypercytokinemia. Influenza virus-mediated cytokine dysregulation
can be induced by enhancing the accumulation of the inactivated phospho-
FoxO3-Ser253 (Fig. 6A). This in turn reduces SOCS3 expression and contrib-
utes to the overproduction of cytokines and chemokines following influenza
virus infection. H5N1 and H7N9 infection also inhibit Tyro3 expression in
infected cells (Fig. 6E), interrupting the transcription of SOCS1 and SOCS3,
resulting in cytokine dysregulation. In addition, yet to be identified host fac-
tors may also influence gene expression in an attempt to restore cytokine
homeostasis, resulting in an upregulation of SOCS1 and SOCS3 (Fig. 5E, 24
hpi). Treatment of influenza virus-infected cells with apocynin significantly
reduces influenza virus-stimulated cytokine/chemokine overproduction (Fig.
3) via the upregulation of SOCS1 and SOCS3 (Fig. 5E). One of the underlying
mechanisms suggests that apocynin influences the host immune response by
reducing influenza virus-induced ROS production, which in turn reduces
phospho-FoxO3-Ser253 accumulation (Fig. 6A) and upregulation of SOCS3
(Fig. 5E). Apocynin also elevates SOCS1 expression through a yet-to-be-de-
termined mechanism.
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ruses, such as H5N1. We show the involvement of two potential
pathways: PKB/Akt-FoxO3 signaling and the TAM receptor,
Tyro3. Apocynin may modulate multiple pathways (e.g., FoxO3
phosphorylation) via manipulation of ROS production, resulting
in increased expression of the negative regulators of cytokine sig-
naling, SOCS1 and SOCS3. Since SOCS1, SOCS3, FoxO3, and
TAM receptors all play important roles in regulating innate im-
munity, the anti-inflammatory effects of apocynin may be appli-
cable to other inflammatory diseases, such as arthritis (49) and
asthma (50). In addition, these four proteins are highly conserved
across species, including human and chicken (the protein identi-
ties were assessed using NCBI BLAST: SOCS1, 61%; SOCS3, 81%;
FoxO3, 89%; and Tyro3, 69%). It is likely that the involvement of
PKB/Akt-FoxO3 and TAM receptor signaling pathways in influ-
enza virus-induced cytokine dysregulation also exists in chicken
and requires further investigation. In conclusion, we support the
use of agents (e.g., apocynin or ROS scavengers) that minimize
immunopathology induced by excessive ROS production or cyto-
kine dysregulation in order to improve survival rates following
avian influenza A virus infection.
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