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Abstract: The role and pathological significance of apoptosis in an influenza virus-infected host has been hotly debated.
Influenza virus-induced apoptosis was primarily thought to be a host defense mechanism to limit virus replication and
eliminate viruses from the host; however, the virus has mechanisms not only to overcome but to utilize apoptosis for its
efficient replication. Virus-induced apoptosis also plays a role in developing symptoms. Understanding the mechanisms
underlying virus-induced apoptosis could enable us to conquer the threat of influenza.
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1. INTRODUCTION

Apoptosis is characterized by nuclear condensation and
fragmentation of cell bodies into apoptotic bodies that are
rapidly engulfed by macrophages or neighboring cells [1].
Apoptosis occurs in many pathological processes, such
as cancer cells, inflammatory cells, microbe-infected cells,
metabolically abnormal cells and so on [2].

A variety of viruses have been shown to induce apoptosis
or programmed cell death in a host [3-5]. Many strains
of influenza A virus, including highly pathogenic avian
influenza A virus, as well as B virus have been shown to
induce apoptosis in a variety of cells both in vitro and in vivo
[6-9].

It has been thought that apoptosis is primarily a host de-
fense mechanism, limiting virus replication and eliminating
viruses from the host; however, much evidence has shown
that many viruses have mechanisms to overcome apoptosis
and are able to replicate efficiently before apoptosis
completes, and to utilize the mechanism of apoptosis [4, 10,
11].

This paper summarizes recent information on influenza
virus-induced apoptosis and offers potential therapy.

Il. INFLUENZA VIRUS-INDUCED APOPTOSIS
IN NATURAL HOSTS AND EXPERIMENTAL
ANIMALS

Apoptosis was observed in alveolar epithelial cells,
spleen lymphocytes and lung leukocytes in specimens from
patients who had died from infection with the highly virulent
H5N1 virus [12, 13]. H5N1 virus infection caused notable
apoptosis of activated dentritic cells (DCs) in the lung and
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draining lymph nodes in macaques [14]. Virulent avian in-
fluenza A viruses induced apoptosis in vascular endothelial
cells of chickens [15].

Many influenza viruses induced apoptosis in a variety of
primarily cultured cells or cell lines, such as lymphocytes,
bronchiolar epithelial cells, chicken embryonic cells, macro-
phages, and myeloid DCs [7, 16-20].

This evidence indicates that influenza virus infection
causes apoptosis in natural hosts, and apoptosis plays roles in
the pathogenesis of influenza virus by destroying cells. Since
apoptotic cells were less frequent than cells that harbored
virus antigens, apoptosis seems to be either a direct or an
indirect consequence of virus infection, [16, 21].

I11. MECHANISMS OF
INDUCED APOPTOSIS

1) Host Factors

INFLUENZA  VIRUS-

H3NZ2 virus infection increased the expressions of both
Fas and Fas ligand (FasL) on HeLa cells, thereby Fas/FasL
ligation on the surface of virus-infected cells was predicted
to cause apoptosis [6, 22, 23]. Inhibitory anti-Fas or FasL
antibodies partially suppressed virus-induced apoptosis [23,
24]. Apoptotic human peripheral lymphocytes induced by
H1IN1 or H3N2 virus expressed Fas in high density, whereas
monocyte-derived macrophages (MDM) increased FasL ex-
pression after virus exposure, also implicating the role of
Fas/FasL ligation [16]. Exposure of human MDM to H5N1
virus upregulated tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), and tumor necrosis factor-o. (TNF-
o), which sensitized co-cultured T-cells to apoptosis [25]. In
mice infected with HIN1 virus, TRAIL and its ligand of
DR5 were induced in NK, CD4+ and CD8+ T cells [26].
Administration of inhibitory anti-TRAIL monoclonal anti-
body to mice significantly delayed virus clearance, implying
that TRAIL plays a role in the immune response to virus
infection [26].
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Influenza virus infection activated initiator caspases-8, 9
and effecter caspase-3 [27, 28]. H5N1 virus also signifi-
cantly activated caspases-3, 8, and 9 in primary alveolar
epithelial cells [20]. Transfection of H5N1-encoded non-
structural protein 1 (NS1) into epithelial cells also activated
caspases-3, 7, and 8, as well as FasL expression [29].

The dominant negative form of double-stranded RNA-
activated protein kinase (PKR) in HelLa cells suppressed
H3N2 virus-induced cell death and Fas expression [30]. Ac-
tivated PKR itself induced several pro-apoptotic genes, in-
cluding p53, Bax, Fas, and recruitment of caspases-8, 9 by
the cytoplasmic protein Fas-associated death domain
(FADD) [31-33]. Interferon (IFN)-o/p sensitized the fibro-
blasts to FADD-dependent apoptosis, which is possibly regu-
lated by PKR [34]. H3N2 virus infection activated apoptosis
signal-regulating kinasel (ASKZ1) in human bronchial epithe-
lial cells, which resulted in the phosphorylation of c-Jun-
NH,-terminal kinase (JNK) and p38 mitogen-activated pro-
tein kinase (MAPK) [35]. ASK1” mouse embryonic fibro-
blast (MEF) was defective in caspase-3 activation after in-
fluenza virus infection, indicating that influenza virus-
induced apoptosis depends on ASK1 [35].

2) Virus Factors

Neuraminidase (NA) facilitated the cleavage of latent
transforming growth factor (TGF)-p into the active form,
which induces apoptosis in cells [36]. Monocyte-expressing
PB1-F2, encoded by the +1 reading frame of PB1, under-
went apoptosis, suggesting that this protein kills immune
cells against influenza virus [37]. PB1-F2 permeabilized and
destabilized the mitochondrial membrane, leading to leakage
of cytochrome C [38-40]. While NS1 reportedly induced
apoptosis [29, 41], mutant HIN1 virus deleted with NS1
increased apoptosis in virus-infected cells [42]. The latter is
possibly through its ability to inhibit type | IFN production
[43], which potentiates cells to apoptosis [24]. NS1 seems to
be a universal antagonist of double-stranded RNA-induced
signaling processes, including IFN [10]. Recently, NS1
reportedly activated phosphatidylinositol-3-kinase (PI3K),
which resulted in the activation of its effecter of Akt, a
survival signal cascade [44, 45]. This led to subsequent
inhibition of caspases-3, 9 and glycogen synthase-kinase
3p and limitation of the virus-induced cell death program
[44, 45].

The above evidence indicates that a variety of host and
viral factors are involved in virus-induced apoptosis. Further
in vivo experiments will be required to understand the pre-
cise mechanisms of how each pathway works either mutually
or independently.

IV. ROLE OF APOPTOSIS IN INFLUENZA VIRUS
REPLICATION

Alveolar macrophages and neutrophils phagocytosed
influenza virus-infected cells by recognizing phosphatidyl-
serine (PS), which is externalized during apoptosis [46, 47].
Phagocytic elimination of virus-infected cells almost com-
pletely inhibited virus growth in vitro [48]. When phagocytic
activity was inhibited by PS-binding protein of annexin V,
inflammation and lethality were enhanced [49]. Apoptosis is
thus regarded as a host defense mechanism against virus
infection [50].
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However, influenza virus may efficiently replicate before
apoptosis completes [51], or make more viruses by removing
apoptotic cells that have already been used to replicate [52].
Influenza virus production was impaired by overexpression
of Bcl-2 [7, 53], inhibition of caspase-3 [28], inhibition of
Raf/MEK/ERK cascade [54], or inhibition of PI3K/Akt cas-
cade [55]. The impairment of virus growth correlated with
the retention of viral ribonucleoprotein complexes (RNPSs) in
the nucleus irrespective of treatments. Nuclear export of
RNP complexes may depend on rather passive diffusion due
to apoptosis than active export machinery because this proc-
ess was not inhibited by a specific inhibitor of nuclear export
[28]. Viral replication was also partially impaired by inhibit-
ing nuclear factor kB (NF-kB), which resulted in suppres-
sion of the expression or function of TRAIL or Fas/FasL, the
expression of which is reportedly required for efficient viral
propagation [56].

The above evidence indicates that influenza virus ac-
quires the ability to utilize apoptosis for its propagation.
While the virus may be able to resist or rather utilize apopto-
sis for efficient propagation in the early phase of apoptosis,
the host may utilize apoptosis to eliminate dying cells com-
pletely in the late phase.

V. LINKAGE OF INFLUENZA VIRUS-INDUCED
APOPTOSIS TO SEVERITY OF DISEASE

Marked activation of pro-inflammatory and cell death
pathways after influenza virus infection have a definitive
role in the pathogenesis of influenza [57]. The chemokine
regulated on activation, normal T cells expressed and se-
creted (RANTES) was induced in epithelial cells after H3N1
virus infection [58]. Caspase inhibitors enhanced the expres-
sion of pro-inflammatory cytokine release in epithelial cells
after influenza virus infection, suggesting that apoptosis lim-
its cytokine release [17]. H5NZ1-infected macrophages
strongly induced apoptosis in co-cultured T-cells [25] and
virus infection induced apoptosis in numerous leukocytes in
the lung [13], suggesting that induction of apoptosis relates
to lympho- and leukopenia, respectively.

H5N1 virus replicated in monocyte-derived and myeloid
DCs and caused cell death, which could be inhibited by pre-
treatment of DCs with IFN-a and Toll-like receptor (TLR)
ligands [19]. Virus-induced massive death of DCs may im-
pair the induction of virus-specific immune responses. Alter-
natively, IFN-o induced by H5N1 virus may potentiate viral
production from DCs and lead to sustained viremia by inhib-
iting cell death of DCs. Apoptosis of activated DCs in the
lungs and draining lymph nodes was observed in macaques
infected with H5N1 virus, which resulted in the deregulation
of adaptive immune responses [14]. Mice infected with fully
reconstructed 1918 H1N1 virus showed marked and sus-
tained activation of pro-inflammatory and cell-death path-
ways, while those infected with less virulent viruses induced
less host immune response accompanied by less severe pa-
thology [59].

The above evidence suggests that cell death responses
contribute to severe immunopathology.

VI. ANTI-APOPTOTIC THERAPY

JNK and PI3K cascades have been considered to be an
anti-apoptotic target [10, 11]. Although JNK and PI3K cas-
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cades play pro- and anti-apoptotic roles, respectively, inhibi-
tors of these cascades resulted in strong impairment of viral
propagation [10, 11]. Inhibition of NS1 to prevent activation
of the PI3K cascade could also be a useful way of restricting
influenza A virus replication [60]. Caspase-3 might be a tar-
get for anti-viral intervention, since compiling studies in
animals infected with several viruses showed that the condi-
tions were designed to inhibit caspases and reduce disease
severity, even though there were conflicting effects on the
viral titer [5]. Another novel strategy to reduce disease sever-
ity has been discussed to raise the phagocytic activity of
macrophages or neutrophils that engulf virus-induced apop-
totic cells [50].

These compounds targeting cellular factors meet the cri-
teria for potential anti-influenza agents: not toxic to a variety
of cell types and no tendency toward induction of resistant
virus variants [10, 11]; however, there are difficulties in us-
ing compounds as they may globally affect other related fac-
tors, or their effect may be limited to specific strains.

Alternatively, anti-apoptotic therapy may support contin-
ued viral replication, worsening the clinical outcome or
spreading infection. Furthermore, the overall effects by using
these compounds might be difficult to anticipate, since the
influence of one pathway can thereafter affect multiple sig-
nal transduction cascades through feedback loops. We there-
fore have to prudently take into consideration the balance
between disease severity and the potential adverse effects of
these compounds.

VII. CONCLUDING REMARKS

Apoptosis has been offering a novel aspect on influenza
virus research. Various signaling pathways of apoptosis in-
duced by influenza virus infection have been described in the
past decade and new pathways are being unraveled owing to
the remarkable advancement of general research on apopto-
sis. As the compiled evidence indicates a significant role of
virus-induced apoptosis in developing diseases, as described
above, defining its mechanisms will provide novel therapeu-
tic aids against influenza. To confront the devastating threat
of recurrent pandemics of influenza viruses, it is urgently
necessary to elucidate the regulatory role of apoptosis in host
immune responses using a relevant animal model, since de-
regulated innate immune responses reportedly contribute to
severe pathogenesis due to the highly pathogenic H5N1 virus
[61].

REFERENCES
[1] Steller H. Mechanisms and genes of cellular suicide. Science 1995;
267: 1445-9.

[2] Thompson CB. Apoptosis in the pathogenesis and treatment of
disease. Science 1995; 267: 1456-62.

[3] Shen Y, Shenk TE. Viruses and apoptosis. Curr Opin Genet Dev
1995; 5: 105-11.

[4] Teodoro JG, Branton PE. Regulation of apoptosis by viral gene
products. J Virol 1997; 71: 1739-46.

[5] Clarke P, Tyler KL. Apoptosis in animal models of virus-induced
disease. Nat Rev Microbiol 2009; 7: 144-55.

[6] Takizawa T, Matsukawa S, Higuchi Y, Nakamura S, Nakanishi Y,
Fukuda R. Induction of programmed cell death (apoptosis) by in-
fluenza virus infection in tissue culture cells. J Gen Virol 1993; 74:
2347-55.

[7] Hinshaw VS, Olsen CW, Dybdahl-Sissoko N, Evans D. Apoptosis:
a mechanism of cell killing by influenza A and B viruses. J Virol
1994; 68: 3667-73.

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Takizawa and Nakanishi

Fesq H, Bacher M, Nain M, Gemsa D. Programmed cell death
(apoptosis) in human monocytes infected by influenza A virus.
Immunobiology 1994; 190: 175-82.

Mori I, Komatsu T, Takeuchi K, Nakakuki K, Sudo M, Kimura Y.
In vivo induction of apoptosis by influenza virus. J Gen Virol 1995;
76: 2869-73.

Ludwig S, Planz O, Pleschka S, Wolff T. Influenza-virus-induced
signaling cascades: targets for antiviral therapy? Trends Mol Med
2003; 9: 46-52.

Ehrhardt C, Ludwig S. A new player in a deadly game: influenza
viruses and the PI3K/Akt signalling pathway. Cell Microbiol 2009;
11: 863-71.

Uiprasertkul M, Kitphati R, Puthavathana P, et al. Apoptosis and
pathogenesis of avian influenza A (H5N1) virus in humans. Emerg
Infect Dis 2007; 13: 708-12.

Gu J, Xie Z, Gao Z, Liu J, Korteweg C, et al. H5N1 infection of the
respiratory tract and beyond: a molecular pathology study. Lancet
2007; 370: 1137-45.

Baskin CR, Bielefeldt-Ohmann H, Tumpey TM, et al. Early and
sustained innate immune response defines pathology and death in
nonhuman primates infected by highly pathogenic influenza virus.
Proc Natl Acad Sci USA 2009; 106: 3455-60.

Ito T, Kobayashi Y, Morita T, Horimoto T, Kawaoka Y. Virulent
influenza A viruses induce apoptosis in chickens. Virus Res 2002;
84:27-35.

Nichols JE, Niles JA, Roberts NJ Jr. Human lymphocyte apoptosis
after exposure to influenza A virus. J Virol 2001; 73: 5921-9.
Brydon EW, Smith H, Sweet C. Influenza A virus-induced apopto-
sis in bronchiolar epithelial (NCI-H292) cells limits pro-
inflammatory cytokine release. J Gen Virol 2003; 84: 2389-400.
Mok CKP, Lee DCW, Cheung CY, Peiris M, Lau ASY. Differen-
tial onset of apoptosis in influenza A virus H5N1- and H1N1-
infected human blood macrophages. J Gen Virol 2007; 88: 1275-
80.

Thitithanyanont A, Engering A, Ekchariyawat P, et al. High
susceptibility of human dendritic cells to avian influenza H5N1
virus infection and protection by IFN-a and TLR ligands. J
Immunol 2007; 179: 5220-7.

Daidoji T, Koma T, Du A, et al. H5N1 avian influenza virus in-
duces apoptotic cell death in mammalian airway epithelial cells. J
Virol 2008; 82: 11294-307.

Gu J, Xie Z, Gao Z, et al. H5N1 infection of the respiratory tract
and beyond: a molecular pathology study. Lancet 2007; 370: 1137-
45.

Wada N, Matsumura M, Ohba Y, Kobayashi N, Takizawa T,
Nakanishi Y. Transcription stimulation of the Fas-encoding gene
by nuclear factor for interleukin-6 expression upon influenza virus
infection. J Biol Chem 1995; 270: 18007-12.

Fujimoto I, Takizawa T, Ohba Y, Nakanishi Y. Co-expression of
Fas and Fas-ligand on the surface of influenza virus-infected cells.
Cell Death Differ 1998; 5: 426-31.

Takizawa T, Fukuda R, Miyawaki T, Ohashi K, Nakanishi Y. Acti-
vation of the apoptotic Fas antigen-encoding gene upon influenza
virus infection involving spontaneously produced beta-interferon.
Virology 1995; 209: 288-96.

Zhou J, Law HKW, Cheung CY, Ng IHY, Peiris JSM, Lau YL
Functional tumor necrosis factor-related apoptosis-inducing ligand
production by avian influenza virus-infected macrophages. J Infect
Dis 2006; 193: 945-53.

Ishikawa E, Nakazawa M, Yoshinari M, Minami M. Role of tumor
necrosis factor-related apoptosis-inducing ligand in immune re-
sponse to influenza virus infection in mice. J Virol 2005; 79: 7658-
63.

Takizawa T, Tatematsu C, Ohashi K, Nakanishi Y. Recruitment of
apoptotic cysteine proteases (caspases) in influenza virus-induced
cell death. Microbiol Immunol 1999; 43: 245-52.

Wurzer WJ, Planz O, Ehrhardt C, . Caspase 3 activation is essential
for efficient influenza virus propagation. EMBO J 2003; 22: 2717-
28.

Lam WY, Tang JW, Yeung ACM, Chiu LCM, Sung JJY, Chan
PKS. Avian influenza virus A/HK/483/97(H5N1) NS1 protein
induces apoptosis in human airway epithelial cells. J Virol 2008;
82:2741-51.

Takizawa T, Ohashi K, Nakanishi Y. Possible involvement of
double-stranded RNA-activated protein kinase in cell death by
influenza virus infection. J Virol 1996; 70: 8128-32.



Role and Pathological Significance of Apoptosis Induced by Influenza

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Balachandran S, Kim CN, Yeh W-C, Mak TW, Bhalla K, Barber
GN. Activation of the dsRNA-dependent protein kinase, PKR,
induces apoptosis through FADD-mediated death signaling. EMBO
J1998; 17: 6888-902.

Gil J, Esteban M. Induction of apoptosis by the dsSRNA-dependent
protein kinase (PKR): mechanism of action. Apoptosis 2000; 5:
107-14.

Gil J, Garcia MA, Esteban M. Caspase 9 activation by the dsSRNA-
dependent protein kinase, PKR: molecular mechanism and rele-
vance. FEBS Lett 2002; 529: 249-55.

Balachandran S, Roberts PC, Kipperman T, . Alpha/beta interfer-
ons potentiate virus-induced apoptosis through activation of the
FADD/Caspase-8 death signaling pathway. J Virol 2000; 74: 1513-
23.

Maruoka S, Hashimoto S, Gon Y, . ASK1 regulates influenza virus
infection-induced apoptotic cell death. Biochem Biophys Res
Commun 2003; 307: 870-6.

Schultz-Cherry S, Hinshaw VS. Influenza virus neuraminidase
activates latent transforming growth factor . J Virol 1996; 70:
8624-9.

Chen W, Calvo PA, Malide D, et al. A novel influenza A virus
mitochondrial protein that induces cell death. Nat Med 2001; 7:
1306-12.

Chanturiya AN, Basafiez G, Schubert U, Henklein P, Yewdell JW,
Zimmerberg J. PB1-F2, an influenza A virus-encoded proapoptotic
mitochondrial protein, creates variably sized pores in planar lipid
membranes. J Virol 2004; 78: 6304-12.

Yamada H, Chounan R, Higashi Y, Kurihara N, Kido H.
Mitochondrial targeting sequence of the influenza A virus PB1-F2
protein and its function in mitochondria. FEBS Lett 2004; 578:
331-6.

Zamarin D, Garcia-Sastre A, Xiao X, Wang R, Palese P. Influenza
virus PB1-F2 protein induces cell death through mitochondrial
ANT3 and VDACL. PLoS Pathog 2005; 1: e4.

Schultz-Cherry S, Dybdahl-Sissoko N, Neumann G, Kawaoka Y,
Hinshaw VS. Influenza virus NS1 protein induces apoptosis in cul-
tured cells. J Virol 2001; 75: 7875-81.

Zhirnov OP, Konakova TE, Wolff T, Klenk H-D. NS1 protein of
influenza A virus down-regulates apoptosis. J Virol 2002; 76:
1617-25.

Krug RM, Yuan W, Noah DL, Latham AG. Intracellular warfare
between human influenza viruses and human cells: the roles of the
viral NS1 protein. Virology 2003; 309: 181-9.

Ehrhardt C, Wolff T, Pleschka S, et al. Influenza A virus NS1
protein activates the PI3K/Akt pathway to mediate antiapoptotic
signaling responses. J Virol 2007; 81: 3058-67.

Ehrhardt C, Marjuki H, Wolff T, et al. Bivalent role of the phos-
phatidylinositol-3-kinase (PI3K) during influenza virus infection
and host cell defence. Cell Microbiol 2006; 8: 1336-48.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

The Open Antimicrobial Agents Journal, 2010, Volume 2 25

Shiratsuchi A, Kaido M, Takizawa T, Nakanishi Y. Phosphatidyl-
serine-mediated phagocytosis of influenza A virus-infected cells by
mouse peritoneal macrophages. J Virol 2000; 74: 9240-4.
Hashimoto Y, Moki T, Takizawa T, Shiratsuchi A, Nakanishi Y.
Evidence for phagocytosis of influenza virus-infected, apoptotic
cells by neutrophils and macrophages in mice. J Immunol 2007;
178: 2448-57.

Fujimoto I, Pan J, Takizawa T, Nakanishi Y. Virus clearance
through apoptosis-dependent phagocytosis of influenza A virus-
infected cells by macrophages. J Virol 2000; 74: 3399-403.
Watanabe Y, Hashimoto Y, Shiratsuchi A, Takizawa T, Nakanishi
Y. Augmentation of fatality of influenza in mice by inhibition of
phagocytosis. Biochem Biophys Res Commun 2005; 337: 881-6.
Nakanishi Y, Hashimoto Y, Takizawa T, Shiratsuchi A. Mecha-
nisms and consequences of phagocytosis of influenza virus-
infected cells. Anti-inflamm Anti-allergy Agents Med Chem 2008;
7:97-100.

Kurokawa M, Koyama AH, Yasuoka S, Adachi A. Influenza virus
overcomes apoptosis by rapid multiplication. Int J Mol Med 1999;
3:527-30.

Stray SJ, Air GM. Apoptosis by influenza viruses correlates with
efficiency of viral mMRNA synthesis. Virus Res 2001; 77: 3-17.
Olsen CW, Kehren JC, Dybdahl-Sissoko NR, Hinshaw VS. bcl-2
alters influenza virus yield, spread, and hemagglutinin glycosyla-
tion. J Virol 1996; 70: 663-6.

Pleschka S, Wolff T, Ehrhardt C, et al. Influenza virus propagation
is impaired by inhibition of the Raf/MEK/ERK signalling cascade.
Nat Cell Biol. 2001; 3: 301-5.

Shin Y-K, Liu Q, Tikoo SK, Babiuk LA, Zhou Y. Effect of the
phosphatidylinositol 3-kinase/Akt pathway on influenza A virus
propagation. J Gen Virol 2007; 88: 942-50.

Wurzer WJ, Ehrhardt C, Pleschka S, et al. NF-kB-dependent
induction of tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and Fas/FasL is crucial for efficient influenza virus
propagation. J Biol Chem 2004; 279: 30931-7.

Brydon EW, Morris SJ, Sweet C. Role of apoptosis and cytokines
in influenza virus morbidity. FEMS Microbiol Rev 2005; 29: 837-
50.

Matsukura S, Kokubu F, Kubo H, et al. Expression of RANTES by
normal airway epithelial cells after influenza virus A infection. Am
J Respir Cell Mol Biol 1998; 18: 255-64.

Kash JC, Tumpey TM, Proll SC, et al . Genomic analysis of in-
creased host immune and cell death responses induced by 1918 in-
fluenza virus. Nature 2006; 443: 578-81.

Hale BG, Randall RE, Ortin J, Jackson D. The multifunctional
NS1 protein of influenza A viruses. J Gen Virol 2008; 89: 2359-76.
The Writing Committee of the World Health Organization (WHO)
Consultation on Human Influenza A/H5. Avian Influenza A
(H5N1) Infection in Humans. N Engl J Med 2005; 353: 1374-85.

Received: January 15, 2010

© Takizawa and Nakanishi; Licensee Bentham Open.

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.

Revised: April 10, 2010

Accepted: April 12, 2010



