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ABSTRACT

Influenza virus infection causes severe respiratory disease such as that due to avian influenza
(H5N1). Influenza A viruses proliferate in human epithelial cells, which produce inflammatory cy-
tokines/chemokines as a “cytokine storm” attenuated with the viral nonstructural protein 1 (NSI1).
Cytokine/chemokine production in A549 epithelial cells infected with influenza A/HIN1 virus (PR-8)
or nonstructural protein 1 (NS1) plasmid was examined in vitro. Because tumor necrosis factor-a
(TNF-«t) and regulated upon activation normal T-cell expressed and secreted (RANTES) are predomi-
nantly produced from cells infected with PR-8 virus, the effects of mRNA knockdown of these cytokines
were investigated. Small interfering (si)TNF-o« down-regulated RANTES expression and secretion of
RANTES, interleukin (IL)-8, and monocyte chemotactic protein-1 (MCP-1). In addition, siRANTES
suppressed interferon (IFN)-y expression and secretion of RANTES, IL-8, and MCP-1, suggesting that
TNF-« stimulates production of RANTES, IL-8, MCP-1, and IFN-y, and RANTES also increased IL-8,
MCP-1, and IFN-p. Furthermore, administration of TNF-a promoted increased secretion of RANTES,
IL-8, and MCP-1. Administration of RANTES enhanced IL-6, IL-8, and MCP-1 production without
PR-8 infection. These results strongly suggest that, as an initial step, TNF-« regulates RANTES pro-
duction, followed by increase of IL-6, IL-8, and MCP-1 and IFNs concentrations. At a later stage, cells
transfected with viral NS1 plasmid showed production of a large amount of IL-8 and MCP-1 in the
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presence of the H,0,-myeloperoxidse (MPO) system, suggesting that NS1 of PR-8 may induce a
“cytokine storm” from epithelial cells in the presence of an H,0,-MPO system.

Key words bronchial epithelial cells, influenza viral NS1, myloperoxidase, regulated upon activation normal T-cell expressed

and secreted.

Influenza virus infection causes severe respiratory disease
such as that caused by avian influenza virus A (H5N1),
which produces a wide range of clinical manifestations,
including asymptomatic infections, mild to severe respi-
ratory disease, diarrhea, vomiting, abdominal and pleu-
ritic pain in the early stages and severe disease with high
morbidity and mortality (1). Since 2004, 10 young pa-
tients have died of A/H5NI1 infection in Vietnam. Com-
monly occurring prognostic indicators for ARDS and
death are leukocytopenia and thrombocytopenia (2, 3).
Most patients with influenza virus infection of the H5N1
subtype manifest ARDS during their clinical course, of-
ten followed by deterioration and death from respiratory
failure. The histopathology of these cases confirms that
ARDS is a disorder of the respiratory system (4). Indeed,
the serious prognosis of these patients is due to the res-
piratory manifestations, because influenza viruses repli-
cate in the epithelial cells of the respiratory tract (5). On
the other hand, H5N1 influenza infection also results in
systemic tissue damage mediated by immunological re-
sponses, inflammatory cytokine levels in the blood in-
creasing dramatically during severe infections (6-8). In
addition, other types of influenza virus infection cause re-
duced production of MCP-1, RANTES, IL-8, and IP-10 in
the late stages of infection. Moreover, pretreatment with
TNF-a or IFN-a greatly enhances influenza-A-virus-
induced chemokine production (9). Thus, TNF-¢, I[FN-¢,
MCP-1,RANTES, and IL-8 play keyroles in the early stages
of influenza virus infection of epithelial cells. Thus, innate
immunology responses occur when influenza viruses in-
fect epithelial cells. Many studies using PR-8 have shown
that cytokines are produced from human lung tissue mod-
els in response to influenza virus PR8 (H1N1) infection.
In addition, influenza A/PR/8/34 virus infection results in
significant induction of genes involved in the IFN path-
way (10). Moreover, PR-8 influenza virus infection in
cells rapidly activates mitogen activated protein kinase
signaling in vitro. When influenza A virus replicates in
epithelial cells, macrophages and leukocytes respond by
producing chemokines and proinflammatory cytokines.
Uncontrolled viral replication and the associated “cy-
tokine storm” of IL-6, IL-8, IP-10, MIG, and MCP-1 is
responsible for this infection’s serious clinical manifesta-
tions and poor outcomes (6, 11, 12). In fact, our previous
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study showed that IL-12p40 and TNF-R2 in plasma and
IL-6R in NPA increase in ARDS patients infected with
influenza virus (13). In addition, HIN1 (PR-8)-virus-
infected mice show severe ARDS in pulmonary epithelial
cells.

Thus, virus-infected macrophages and dendritic cells
can produce significant amounts of TNF-« and type I
IFNs in response to influenza A infection. These cytokines
may act locally in virus-infected tissues to enhance the
expression of proteins involved in virus recognition and
signal transduction. The cytokine priming leads to strong
virus-induced activation of transcription factors and en-
hanced secondary cytokine and chemokine responses in
later phases of influenza A virus infection (9). Type I IFNs
and inflammatory cytokine expression are attenuated with
viral NS1, which is a potent virulence factor for influenza
A virus (14). The NSI protein of influenza A virus is a
multifunctional protein that contributes significantly to
disease pathogenesis by modulating many virus and host-
cell processes (15, 16). In addition, NS1 has the ability
to limit IFN- B induction by both pre-transcriptional and
post-transcriptional nuclear processes (17). Recently, NS1
has been demonstrated to induce apoptosis of epithelial
cells (18). Furthermore, MPO activity increases in the
plasma of patients with influenza virus infection (13).
Neutrophil-derived MPO in the inflammation of lung in-
fected with influenza virus causes pulmonary pathology,
in which recruitment and activation of neutrophils are
associated with oxidative tissue damage (19).

In the present study, we examined the sequential order
of the stream of cytokines and chemokines produced in
A549 epithelial cells infected with PR-8 in vitro. In ad-
dition, we analyzed the role of neutrophil-derived MPO
and NS1 of PR-8 in “cytokine storms” associated with
influenza infection.

MATERIALS AND METHODS

Viruses

Human influenza A/(HIN1)PR-8 virus was originally ob-
tained from the strain collection of the National Institute
of Infectious Disease (Tokyo, Japan).
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Preparation of nonstructural protein
1 plasmid

The full length of cDNA encoding NS1 of PR-8 was am-
plified by primers combined with EcoRI and Xhol sites.
The cDNA fragment was ligated into the pCR II-TOPO
vector (Invitrogen, Carlsbad, CA, USA), and DH5a-T1}R
Escherichia coli (Invitrogen) was transformed with the vec-
tor for subcloning. The purified plasmid was treated with
EcoRI and Xhol enzymes, and ligated with pCMV-myc
vector (Clontech, Palo Alto, CA, USA) treated with same
enzyme pair to create the pPCMV-myc-NS1 construct. The
construct was amplified with DH5a-T1® E. coli, and puri-
fied using a QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) after electrophoresis.

Culture of human alveolar epithelial cell line
A549

Human alveolar epithelial cell line (A549) cells were main-
tained in DMEM (Sigma-Aldrich, St Louis, MO, USA)
containing 10% FBS (Gibco, Gaithersburg, MD, USA),
100 units/mL penicillin, and 100 units/mL streptomycin
in tissue culture flasks (Corning, Cambridge, MA, USA)
at 37°C in a 5% CO, incubator.

Virus infection to A549 cells

Monolayers of A549 cells at a concentration of
1 x 10° cells/ml in 6-well plates incubated for 24 hr
(1 x 10°) were infected with the viruses at 1000 pfu di-
luted in Opti-MEM (Invitrogen). This titer as pfu of the
virus was employed for optimal minimization of the con-
centration into the A549 cells. After 1 hr the infective solu-
tion was removed; the cells washed twice with DMEM and
supplemented with a growth medium of DMEM, 5% FBS,
100 units/mL penicillin, and 100 units/mL streptomycin
and incubated at 37°C in a 5% CO, incubator.

Transfection of nonstructural protein
1 to A549 cells

A549 cells were transfected with pCMV-myc ligated
with NS1 (pCMV-myc-NS1) at a concentration of
0.008 pg/mL in 3 mL of DMEM culture medium contain-
ing 1% of 100 units/mL penicillin and 100 units/mL strep-
tomycin, and 5% FBS using lipofectamine 2000 reagent
(Invitrogen). Transfection followed the procedure pro-
vided by the manufacturers: the cells were incubated
for 6 hr after being washed twice with DMEM and re-
placement of the growth medium with DMEM, 5% FBS,
100 units/mL penicillin, and 100 units/mL streptomycin
at 37°C in a 5% CO, incubator. Production of NS1 in
the cells transfected with NS1 plasmid was determined by
mRNA expression.
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Transfection of small interfering RNA
to A549 infected with PR-8

siRNA of the following eight cytokines: silFN-c, silFN-p,
siTNF-«, silL-18, silL-6, silL-12p40, siRANTES, and
siIL-5 (Sigma Genosys siRNA Service, Sapporo, Japan)
were transfected into A549 cells using lipofectamine
RNAIMAX (Invitrogen). After transfection of siRNA into
A549 cells (1 x 10° cells/mL) according to the standard
procedure supplied by the manufacturers, they were in-
cubated for 6 hr. The cells were then washed twice with
DMEM and infected with PR-8 for 1 hr. Then the cells
were washed twice with DMEM, placed in a growth
medium of DMEM, 5% FBS, 100 units/mL penicillin, and
100 units/mL streptomycin, and incubated at 37°C in a
5% CO, incubator. Cells and culture fluid were harvested
at 2 and 4 days after infection.

Administration of recombinant tumor
necrosis factor-oc and recombinant regulated
upon activation normal T-cell expressed

and secreted to uninfected-A549 cells

R tumor necrosis factor-a or rRANTES at a concentra-
tion of 10 ng/mL in Opti-MEM (Invitrogen) was added
to the uninfected-A549 cells at a concentration of 1 x
10° cells/mL in 6-well plates. The cells were incubated for
1 hr and washed with DMEM. After further incubation in
DMEM containing 5% FBS, 100 units/mL penicillin, and
100 units/mL streptomycin for 2 days at 37°C in a 5% CO,
incubator, the culture fluid was obtained from the wells.

Administration of human myeloperoxidase
to A549 cell culture infected with PR-8
or nonstructural protein 1

Human myeloperoxidase was isolated from neutrophils
of volunteers as has been described elsewhere (20). After
infection with PR-8 or transfection with NS1 plasmid, the
A549 cells were cultured for 2 hr at 37°C in a 5% CO,
incubator, then hMPO (1 and 3 units/mL) in PBS con-
taining 0.001% BSA (ICN Biomedicals 81-028, Aurora,
OH, USA) was added to the cells with H,O, (0.01 mM in
PBS). The cells and culture fluid were harvested at 2 and
4 days after infection.

Polymerase chain reaction

Total RNA was extracted from the cells with Isogen
(Nippon Gene, Toyama, Japan) and 1.0 pg of the to-
tal RNA was transcribed to first strand of cDNA us-
ing a Rever Tra Ace a-First Strand cDNA Synthesis Kit
(Toyobo, Osaka, Japan) in a total of 20 nL. Using a primer
set for internal and target genes, the PCR was performed
in 1.5 mM MgCl, and 0.2 pmol of primers and Taqg DNA
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Polymerase Hot Start (Takara, Kyoto, Japan) in a total
reaction volume of 20 uL. The PCR used the following
protocol: denaturation at 95°C for 3 min, 95°C for 30 sec,
60°C for 1 min, and 72°C for 5 min for 25-35 cycles, and
then 4°C.

Quantitative polymerase chain reaction
analysis of gene expression by using SYBR
Green

The differential expression data were validated by qPCR.
One hundred nanograms of total RNA from control and
infected A549 cells was used for qPCR analysis. All gPCR
assays were performed in the same format and run on the
StepOne Real-Time PCR System in a 48-well plate (ABI
Life Technologies, Carlsbad, CA, USA). The reaction was
performed from cDNA using the SYBR Green PCR Master
Mix QuantiTect (ABI, Life Technologies) according to the
manufacturer’s instructions using primers (Supplemen-
tal Table 1). Reaction efficiency was calculated by using
serial 10-fold dilutions of the housekeeping gene encod-
ing GAPDH and sampled with identical cycle conditions:
95°C for 5 min, and 45 cycles of PCR at 95°C for 15 sec
and 60°C for 60 sec.

Determination of concentration of cytokines
and chemokines

Cytokines and chemokines in culture fluid were measured
by a multiplex assay (Bio-Plex, Bio-Rad, Hercules, CA,
USA) after centrifugation of culture fluid harvested from
A549 cell cultures. Human RANTES Immunoassay ELISA
(Quantikine, R&D Systems, Minneapolis, MN, USA) and
a IL-12p40 minikit (BD OptEIA) was used.

Cell proliferation assay for survival rate

A MTT assay kit (Roche, Mannheim, Germany) was used
for survival rate calculation. MTT labeling reagent (10 uL
of 0.5 mg/mL) provided in the kit was added to the cul-
tured cells in a 96-well microplate with flat-bottom wells
in a total volume of 100 uL, and then incubated for 24 hr
at 37°C in a 5% CO, incubator. Solubilization solution
(100 L) was added to each well and the spectrophoto-
metric absorbance of the samples was measured with a
microplate reader at a wavelength of 550 nm.

Statistical analysis

Analysis of variance was used to evaluate the statistical
significance of the data in the quantitative analysis of cy-
tokines and chemokines, using Student’s t-test. Differ-
ences with P values > 0.05 were considered significant.
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RESULTS

Survival of A549 cells during influenza virus
infection

When human A549 cells were infected with PR-8 influenza
virus at 1000 pfu viral NS1 gene was expressed at 2 days
post-infection, and its degree of expression was reduced
at 4 days post-infection (Fig. 1a). The survival rate of the
infected cells was not significantly different from that of
uninfected cells (Fig. 1b). No morphological differences
between infected and uninfected cells were observed at 2
and 4 days post-infection (Supplemental Fig. 1).

Amounts of cytokine in A549 cells after
influenza virus infection

Inflammatory cytokines such as IL-12p40, TNEF-R2,
TNF-a, IL-6, IL-12p70, and IL-6 increase in the plasma
and/or NPA in patients infected by avian (A/H5N1) in-
fluenza virus (13), and IFN-q, IFN-y and IL-10 in patients
infected with other influenza viruses (6, 21, 22). We, there-
fore, measured these cytokines/chemokines in the culture
fluid of cells infected with PR-8 virus in vitro. Produc-
tion of TNF-a and RANTES was remarkably enhanced at
2 days after infection (P = 0.01 and 0.044, respectively,
Fig. 2a). Expression of RANTES and IL-6 in the A549
cells was significantly promoted by the infection at 2 days
(P = 0.046 and 0.021, respectively), but not increased at
4 days (Fig. 2b). These results indicate that mRNA expres-
sion of TNF-o, RANTES, and IL-6 was predominantly
produced from the A549 cells as a result of influenza
virus infection. Other cytokines and chemokines, such
as type I and II IFNs and IL-12p40, were slightly pro-
moted, whereas mRNA expression of IL-1p, IL-5, IL-8,
IL-12p35, IL-6R, TNF-R2, MCP-1, M-CSF, and GM-CSF
was not up-regulated by the infection (Fig. 2¢). We also
measured amounts of cytokine and chemokine in the cul-
ture fluid of the infected cells. IL-6, IL-8, MCP-1, and
MIP-18 were slightly induced, but there was no difference
in the amounts of IL-1, IL-2, IL-4, IL-5, IL-10, IL-12p70,
IL-13, IL-17, G-CSE, GM-CSE, and IFN-y (Supplemental
Fig. 2).

Knockdown of transcripts of interferon-«
and -3, tumor necrosis factor-q,
interleukin-13, -6, and -5, regulated upon
activation normal T-cell expressed and
secreted and interleukin12p40 with small
interfering RNA

To investigate further the system by which release of in-
flammatory mediators such as cytokines and chemokines
is amplified in associated with infection, knockdown pro-
cedures using siRNA were applied. siTNF-« significantly
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the target genes IFN-q, IFN- B, IFN-y, TNF-«, RANTES,
IL-6, IL-8, and GM-CSF (data not shown).

As shown in Figure 3, siTNF-« suppressed secretion of
RANTES, IL-8, and MCP-1 into the culture fluid of the in-
fected cells at 2 days post-infection (P = 0.01, 0.002, and
0.00001, respectively). In addition, the siTNF-« signifi-
cantly reduced the amount of RANTES, IL-8, and MCP-1
at 4 days (P = 0.03, 0.003, and 0.03, respectively). More-
over, sSiIRANTES reduced secretion of RANTES, IL-8, and
MCP-1 into the culture fluid of the infected cells at 2 days
(P =10.0005, 0.006, and 0.004, respectively), and then sup-
pressed the amount of RANTES (P = 0.015) in the culture
fluid at 4 days (Fig. 3). It also slightly reduced the amounts
of IL-8, MCP-1, MIP-18, and IFN-y, but not of TNF-«
(Fig. 3). We did not find any differences in amounts of
other cytokines and chemokines, such as IL-18,1L-2, IL-4,
IL-5,1L-6, IL-7,1L-10, IL-12p70, IL-13, IL-17, G-CSF, and
GM-CSE, in the culture fluid of the cells at 2 and 4 days
post-infection. These results suggest that TNF-« stimu-
lates production of RANTES, IL-8, MCP-1, and IFN-y,
and RANTES enhances production of IL-8, MCP-1, and
IFN-y, but not of TNF-¢, in A549 cells during influenza
virus infection.

Effect of r tumor necrosis factor-o and r
regulated upon activation normal T-cell
expressed and secreted on cytokine
production of uninfected A549

To examine the relationship between TNF-« and RANTES
in infection, we mimicked an inflammatory process in
A549 cells using rTNF-« and rRANTES. Addition of
'TNF-«a to the culture fluid markedly increased the se-
cretion of RANTES, IL-8, and MCP-1 from uninfected
A549 cells (P = 0.000007, 0.00005, and 0.0000003, re-
spectively), and slightly increased TNF-« and IL-6 pro-
duction in the cells (Fig. 4). Moreover, administration of
rRANTES also markedly enhanced IL-6, IL-8 and MCP-1
production (P = 0.02, 0.000006, and 0.000003, respec-
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tively) in the culture fluid of the A549 cells (Fig. 4). These
results provide evidence that in the inflammatory process
soluble TNF-« protein first stimulates RANTES produc-
tion, and then the released RANTES induces production
of large amounts of IL-8 and MCP-1.

Inhibitory role of viral nonstructural protein
1 in cells damaged by H,0,-myeloperoxidase

Myeloperoxidase is a multifunctional enzyme with unique
abilities that is involved in both host defense and tissue
damage at inflammatory sites. MPO activity is increased in
the plasma of patients infected with avian influenza viruses
(13). A recent report of ARDS induced by avian influenza
virus infection A suggested that there is a relationship be-
tween MPO and IL-12 (13). We therefore analyzed the role
of MPO in cell damage during influenza virus infection. In
addition, because it is known to be a key factor influenc-
ing the severity of inflammation and epithelial damage, we
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also examined the role of NS1 of influenza virus in an in
vitro system. First, microscopic observations showed that
almostall A549 cells were damaged at 2 days after infection
(Supplemental Fig. 4). In contrast, cells transfected with
NS1 plasmid showed survival advantages compared to
PR-8-infected cells (Fig. 5a). In addition, administration
of H,O, and MPO under uninfected or infected condi-
tions did not result in significant differences in damage
and survival rate (Fig. 5a). However, cell damage caused
by H,0, and MPO administration (3 units/mL) was sig-
nificantly diminished by transfection with NS1 plasmid
(P =0.049, Fig. 5a), indicating that NS1 significantly pro-
tects against this type of cell damage compared with that
caused by PR-8 infection. We next quantitated the con-
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Fig. 5. Explosion of IL-8 and MCP-1
secretion by NS1 of influenza virus
collaborating with the H,0,-MPO axis.

(a) The influence of H,0,-MPO on the survival
rate of A549 cells infected with PR-8 (white bars)
or NS1 (black bars). (b) Cytokine production of
A549 cells infected with NS1 plasmid (black
bars) or PR-8 (white bars) in the presence of
H,0; and MPO. Data are shown as mean + SD
of results from three individuals. *P < 0.05;

**P < 0.01 (Student’s t-test).
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centrations of cytokines and chemokines in the culture
fluid of cells that had been subjected to PR-8-infection
or NS1 plasmid transfection in the presence or absence
of H,O, and MPO (3 units/mL). The increased release
of RANTES from cells infected with PR-8 was suppressed
by NS1 transfection (Fig. 5b). In addition, production of
RANTES was decreased by the addition of MPO to the
PR-8-infected cells (Fig. 5b white bar), but there was no
change in concentrations of IL-8 and MCP-1. Surprisingly,
addition of MPO to cells transfected with NS1 markedly
enhanced concentrations of IL-8 and MCP-1 compared
with PR-8 infection, but did not change the amounts of
RANTES and IL-6 produced (Fig. 5b). These results indi-
cate that NS1 produces a large amount of the chemokines
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IL-8 and MCP-1 in association with the H,O,-MPO
system.

DISCUSSION

H5N1 viruses mainly infect type Il alveolar epithelial cells,
causing damage to lung tissue. Histopathology of samples
from patients shows diffuse alveolar damage, reflecting
how severely this infection damages the respiratory system
(23). H5N1 infection can rapidly proceed to serious res-
piratory failure with a poor lower survival rate (fulminant
ARDS) (4). In addition, the concentrations of cytokines
and chemokines, such as IL-12p40, TNF-R2, TNF-q, IL-6,
IL-12p70, and IL-6R, are greatly increased in the plasma
and NPA of ARDS patients with H5N1 infection (13).
Other types of influenza viruses besides H5N1 can induce
INF-o, INF-y, and IL-10 (21, 22). HIN1 (PR-8) virus
infection targets epithelial cells in mice, causing severe
ARDS.

In the present study, concentrations of TNF-ox and
RANTES had increased significantly by 2 days after PR-8
infection. On the other hand, mRNA of TNF-a and
RANTES was strongly increased in PR-8-infected cells
and that of IFN-«, IFN-g, IFN-y, and IL-12p40 slightly
increased. These results confirm that influenza virus infec-
tion can induce expression of RANTES by normal human
bronchial and nasal epithelial cells (24) and that H5N1
is more potent in inducing IP-10, TNF-«, and RANTES
(25). IFN-o and TNF- « have a significant role in priming
epithelial cells to produce more cytokines and chemokines
in influenza A virus infection (9). In addition, influenza
A viruses induce IL-6, IL-8, and RANTES secretion from
transformed bronchial epithelial cell lines in vitro (26),
and the amounts of cytokines IL-6, TNF-¢, IFN-y, IL-10,
MCP-1, and MIP-1« and MIP-1p increase in nasal lavage
fluid in influenza A infection (27). On the other hand,
in experiments in vitro, large amounts of IL-6 and IL-8
are released by normal human bronchial epithelial cells
and by a human alveolar epithelial cell line treated with
swine dust, which is a strong stimulus for IL-8 produc-
tion by both bronchial epithelial cells and human alveo-
lar macrophages (28, 29). These results strongly suggest
that primary influenza A virus infection results in cy-
tokine and chemokine production in human epithelial
cells and that production of these factors may have a se-
rious impact on the establishment of inflammation and
virus-specific immune responses. Cytokines TNF-« and
RANTES were being secreted from human epithelial cells
A549 by 2 days after infection in the present in vitro study,
suggesting that, in addition to the abundant cytokine se-
cretion by infected macrophages in the alveolar region,
TNF-« and RANTES from epithelial cells play a key role
in creating “cytokine storm”. Furthermore, virus-infected
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A549 cells express mRNA for the cytokines and
chemokines TNF-«, RANTES, IFN-«, IEN-8, IFN-y, and
IL-12p40. In response to influenza virus infection, airway
epithelial cells may express TNF-«, RANTES, and IFNs.

When influenza A virus infects epithelial cells, it repli-
cates in them. Macrophages and leukocytes respond to this
infection by producing chemokines and proinflammatory
and other immunoregulatory cytokines, leading to in-
flammation and alveolar damage. siRNA-induced knock-
down of strong expression of inflammatory cytokines (30)
clarifies the potential for induction of inflammatory cy-
tokines and interferon responses to influenza infection
(31). siRNA provides specific and robust gene silenc-
ing that can improve our understanding of gene expres-
sion and production of cytokines and chemokines. In the
present study, siTNF-« suppressed increased expression
of RANTES and IFN-y in cells and secretion of RANTES,
IL-8, and MCP-1 by cells infected with PR-8. Moreover,
siRANTES suppressed increased expression of IFN-y in
these cells and secretion of RANTES, IL-8, and MCP-1 by
them. Furthermore, in the present study administration
of r'TNF-« enhanced release of RANTES, IL-8, MCP-1,
and IL-6 from uninfected A549 cells. Administration of
rRANTES also enhanced the secretion of IL-6, IL-8, and
MCP-1 from the cells, but not of TNF-«. These results
strongly suggest that TNF-« protein may be initially re-
leased from epithelial cells, then stimulate RANTES pro-
duction downstream, following which released RANTES
may sequentially induce the production of IL-6, IL-8, and
MCP-1. Taken together, these results of studies on siRNA
and administration of rTNF-a and rRANTES strongly
suggest that production of RANTES may enhance stim-
ulation of production of IL-6, IL-8, and MCP-1 in A549
cells infected with PR-8 virus. Therefore, TNF-«, MCP-1,
IL-8,and RANTES are primary cytokines and chemokines
of cells that are associated with the pathogenesis of ARDS
and may amplify the inflammatory response.

Finally, MPO, a multifunctional enzyme that is mainly
found at sites of neutrophil accumulation, is involved in
tissue damage at inflammatory sites in addition to its pri-
mary role in host defense. MPO activity is increased in
the plasma of patients infected with influenza virus H5N1
(13). MPO not only plays an important role in the de-
velopment of lung neutrophilia but also indirectly con-
tributes to chemokine and cytokine production that may
govern inflammatory processes (13, 32). In the present
study, MPO provided evidence of damage to A549 cells
infected with PR-8 virus. On the other hand, NS1 of type
A influenza plays a key role in the regulation of produc-
tion of cytokines by epithelial cells (33). However, we ob-
served an improvement in the survival rate of A549 cells
transfected with NS1 plasmid which we attributed to re-
covery from damage caused by the H,0,-MPO system.
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Fig. 6. A scheme for sequential secretion and explosion of
“cytokine storm” in bronchial epithelial cells infected with in-
fluenza viruses. The first step is TNF-a released from bronchial epithelial
cells infected with influenza virus enhances induction of RANTES secre-
tion. In a later phase the epithelial cells associated with viral NS1 pro-
tein may enhance production of large amounts of chemokines IL-8 and
MCP-1 in the presence of the H,0,-MPO system, suggesting that NS1
of PR-8 may play a key role in “cytokine storm” when the H,0,-MPO
system is active.

Surprisingly, cells transfected with NS1 showed greatly en-
hanced concentrations of IL-8 and MCP-1 in the culture
fluid. These results suggest that NS1 of PR-8 may cause
production of the chemokines IL-8 by neutrophils and
MCP-1 by macrophages transfected with NS1, strongly
suggesting collaboration with the H,O,-MPO system in
epithelial cells. On the other hand, NS1 protein is consid-
ered to be an IFN antagonist (33) and a multifunctional
protein with three domains that have a number of reg-
ulatory functions during influenza virus infection (34).
Therefore, explosion of IL-8 and MCP-1 induced by the
NS1-H,0,-MPO system seems to be one of the roles of
NS1 in epithelial cells.

The H,0,-MPO system occurs in activated neutrophils,
one of the first cells to immigrate to sites of inflammation.
Influenza A virus infection causes acute inflammatory dis-
ease of the lung, recruiting neutrophils and macrophages
in response to chemokines IL-8 and MCP-1. When acti-
vated, these cells produce degranulation in the lung tissue
due to agents such as MPO. MPO enhances mRNA ex-
pression of IL-1«, IL-18, and TNF-« (19) and may play
key roles in acute lung injury, resulting in respiratory dys-
function (13). In addition, reactive oxygen intermediates
produced from these cells have been shown to stimulate
the production of inflammatory cytokines (19). Our study
shows that NS1 and H,0,-MPO stimulate chemokine
production associated with inflammatory responses. In
addition, in the present study we found greatly increased
concentrations of IL-8 and MCP-1 in NSI-transfected
cells. This finding is similar to the observation that MPO
promotes the development of lung neutrophilia and in-
directly influences subsequent chemokine and cytokine
production by other cell types in the lung (35). Therefore,
for influenza A virus the biological activities of NSI are
likely to be potent virulence factors that implicate viral
presence and inhibition of immunity. Indeed, in human
virus strains and primary human cells the respective trun-
cated NS1 polypeptides of the mutant viruses are poorly
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expressed and only barely detectable in overexposed blots
compared to the clearly visible amounts observed in TX
WT-infected A549 cells (14). In addition, Schultz-Cherry
et al. reported that the multimerization domain of the
NSI1 protein, but not the effector domain, is required for
apoptosis (36). However, this mutation is not sufficient to
inhibit apoptosis using whole virus. In fact, the NS1 gene
shows reduced pathogenesis and protection from wild-
type influenza virus infection (18, 37) if the H,O0,-MPO
system is not present at the influenza infection site. Taken
together, these observations strongly suggest that TNF-«
regulates RANTES production, which leads to increases
in IL-6, IL-8, MCP-1, and IFN concentrations. Further-
more, in the presence of the H,0,-MPO system viral NS1
protein produced in the cells is associated with enhanced
production of large amounts of the chemokines IL-8 by
neutrophils and MCP-1 by macrophages, suggesting that
NS1 of HIN1 (PR-8) influenza virus may play a key role in
“cytokine storm” when the H,0,-MPO system is active.
In the initial stages of influenza viral infection, RANTES
secretion, which is stimulated by TNF-«, enhances in-
duction of IFN-y in the bronchial epithelial cells. The
subsequent synthesis of NS1 protein may enhance IL-8
and MCP-1 in the presence of the H,O,-MPO system
produced by activated neutrophils (Fig. 6).
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article:

Supplemental Fig. 1. Morphology of A549 cells dur-
ing infection with PR-8. Morphological observations of
infected-A549 cells 2 and 4 days after infection. Bar in
micrograph: 100 pm.

Supplemental Fig. 2. Protein production and gene
expression of cytokines and chemokines in A549 cells
after infection. Quantitation of protein production of
cytokines and chemokines. Data are shown as mean £ SD
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of results from three individuals. *P < 0.05 (Student’s
t-test).

Supplemental Fig. 3. Knockdown of expression of
TNF-a and RANTES genes. Attenuated expression of
TNF-o;, RANTES, and IFEN-y genes by knockdown sys-
tem with siTNF-« and siRANTES. Black bars, A549 cells
transfected with siTNF-a or siRANTES; white bars, con-
trols (transfected with siGAPDH). Data are shown as
mean =+ SD of results from three individuals. *P < 0.05;
**P < 0.01 (Student’s t-test).

Supplemental Fig. 4. Morphology of A549 cells in-
fected by PR-8 or transfected with NS1-plasmid collab-
orating with the H,0,-MPO axis. 2 days post-infection.
Bar in micrograph: 100 pm.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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