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Molecular Correlates of Influenza A HSN1 Virus Pathogenesis in Mice
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Highly pathogenic avian influenza A HSN1 viruses caused an outbreak of human respiratory illness in Hong
Kong. Of 15 human H5N1 isolates characterized, nine displayed a high-, five a low-, and one an intermediate-
pathogenicity phenotype in the BALB/c mouse model. Sequence analysis determined that five specific amino
acids in four proteins correlated with pathogenicity in mice. Alone or in combination, these specific residues
are the likely determinants of virulence of human H5N1 influenza viruses in this model.

The molecular determinants and related mechanisms that
make certain influenza viruses highly pathogenic for mamma-
lian species, including humans, remain poorly understood.
Both viral factors and host factors may determine virulence.
Numerous studies have shown that influenza virus virulence in
mammalian species is a polygenic trait, which may require a
critical constellation of genes (4, 21, 32, 33). The phenotypes of
virulence and pathogenicity are distinct from that of host
range. Influenza viruses that infect one species, such as birds,
are often restricted in their ability to replicate in other host
species, such as humans, by host range determinants. However,
in 1997, highly pathogenic avian H5N1 viruses infected poultry
in the live-bird markets of Hong Kong and caused an outbreak
of 18 human cases of respiratory illness, including six deaths (6,
8, 30, 34). The majority of individuals who experienced severe
illness or died from the HSN1 infection were 13 to 60 years old
and had no known risk factors for complications from influ-
enza (5).

The HS5N1 viruses are the only highly pathogenic avian vi-
ruses that have been documented to cause an outbreak of
respiratory disease in humans. An earlier study of humans
exposed to chickens infected with an HSN2 virus failed to find
any evidence of human infection with this highly pathogenic
avian virus (2). The 16 H5N1 viruses isolated from humans
during the 1997 outbreak had avian virus genomes; the hem-
agglutinin (HA) and neuraminidase (NA) genes showed no
evidence of adaptive change for humans (3). The outbreak
created a new awareness that avian influenza viruses could
spread directly from poultry to humans and cause severe re-
spiratory disease in humans, but the molecular basis of the
HSNI1 virus virulence in humans was not evident.

The BALB/c mouse was previously shown to be a useful
mammalian model for the evaluation of human H5N1 virus
pathogenesis (11, 13, 17). H5N1 viruses replicate efficiently in
the respiratory tract of mice without prior adaptation. Viruses
exhibiting high lethality (pathogenicity) replicated in extrapul-
monary sites, including the brain, while growth of viruses of
low lethality was restricted to the respiratory tract of mice (11,
17). All 16 human H5NI1 viruses possessed a multiple basic
amino acid motif at the cleavage site between HA1 and HA2
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and were lethal for experimentally infected chickens (3, 6, 11,
27, 30). The basic amino acid motif, a key molecular feature of
avian viruses of the H5 and H7 subtypes that are highly patho-
genic for chickens (23), allows the HA to be cleaved by ubig-
uitous proteases of the subtilisin family (26) and enables these
viruses to replicate systemically in birds. The fact that human
H5N1 viruses of low pathogenicity for mice possessed the
motif but did not replicate systemically or cause lethal disease
in mice (11, 17) suggested that other molecular features are
associated with the high pathogenicity of H5N1 viruses in
mammalian species. We now investigate the molecular de-
terminants that distinguish 15 H5N1 viruses of high and low
pathogenicity in mice.

The origin and outcome of human disease associated with 15
HS5NI1 viruses isolated from confirmed cases in Hong Kong in
1997 and the antigenic profile and relative pathogenicity of the
viruses for mice are shown in Table 1. Viruses were grown in
Madin-Darby canine kidney (MDCK) cells and/or the allantoic
cavity of 10-day-old embryonated hens’ eggs at 37°C for 24 h.
Fifty percent egg infectious dose (EIDs) titers were deter-
mined by serial titration of viruses in eggs and were calculated
by the method of Reed and Muench (20). The 50% lethal dose
(LDsy) of the viruses for 6- to 8-week-old female BALB/c mice
(Charles River Laboratories, Wilmington, Mass.) was deter-
mined as previously described (17) and used as a marker for
pathogenicity. LDy, titers were expressed as the EIDs, value
corresponding to 1 LDs,. Viruses with an LD, of >10% were
considered to be of low pathogenicity, while viruses with an
LDy, of <10*° were considered to be of high pathogenicity.

Previously, the HSN1 viruses were distinguished into two
antigenically and genetically distinct subgroups based on the
absence (group A) or presence (group B) of a potential N-
linked glycosylation site at residues 154 to 156 (H3 numbering)
in the HA1 region of the HA molecule (3, 27). While all five
viruses of low pathogenicity for mice belonged to group A, the
nine viruses that were highly pathogenic for mice included all
seven group B viruses and two group A viruses. A/Hong Kong/
156/97 (HK/156), a group A virus, gave an intermediate phe-
notype of pathogenicity in mice (Table 1). Therefore, the pres-
ence or absence of the glycosylation site in HA1 alone could
not explain the differences in pathogenicity observed in mice.

The complete nucleotide sequences for all coding regions of
all gene segments of nine of the H5N1 viruses were determined
by direct cycle sequencing of PCR products generated by re-
verse transcription-PCR from MDCK cell-passaged (XC1 or
XC2) stocks by using gene-specific primer sets as previously
described (3; M. Shaw, L. Cooper, X. Xu, et al., submitted for
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TABLE 1. Characteristics and mouse pathogenicity phenotypes of influenza A H5N1 viruses isolated from humans

H5N1 Origin Case Passage Antigenic Amino acids Mouse Mouse pathogenicity

virus Age (y1) Sex outcome history® group” in HA1¢ LDs,? phenotype®
HK/481/97 2 Male Recovered E2 A NXA 1047 High
HK/483/97 13 Female MV, died CIE3 B NXT 10*4 High
HK/485/97 24 Female MV; recovered C2E2 B NXS 10>° High
HK/491/97 4 Male Recovered CIE2 B NXS 10%° High
HK/503/97 1 Male Recovered CIE2 B NXS 10*° High
HK/514/97 25 Female MV; died CXE2 B NXS <10'? High
HK/516/97 60 Female MYV; died C2E2 A NXA <10'? High
HK/532/97 14 Female Recovered CXE2 B NXT <10'? High
HK/542/97 19 Female MV; recovered CXE3 B NXS <10'? High
HK/156/97 3 Male MV; died E3 A NXA 105 Intermediate
HK/486/97 5 Female Recovered C2E3 A NXA >10%° Low
HK/488/97 2 Male Recovered C1E4 A NXA >10%° Low
HK/507/97 3 Female Recovered CI1E2 A NXA >10%° Low
HK/538/97 3 Male Recovered CXE3 A NXA >10%° Low
HK/97/98 34 Female MV; died CXE4 A NXA >1007 Low

“ Number of passages in a given host cell type: C, MDCK cells; E, embryonated eggs; X, unknown.

® As defined in Bender et al. (3).

¢ HA residues 154 to 156 encode a potential glycosylation site defined by NXS/T, where X is not proline. GenBank accession numbers for H5S HA sequences are

AF036356 (30), AF046096-97 (27), and AF102671-82 (3).

4 LDs,s were determined by inoculating groups of five lightly anesthetized mice intranasally with 10%> to 10> EIDs, of virus in a volume of 50 pl. Mice were checked
daily for 14 days, and the LDsgs were calculated as previously described (17). LDsgs are expressed as the EIDs, corresponding to 1 LDs,.
¢ Viruses with an LDs, of >10% were considered to be of low pathogenicity, and viruses with an LDy, of <10> were considered to be of high pathogenicity.

MV, mechanical ventilation required.

publication). This analysis identified five residues that segre-
gated with the mouse pathogenicity phenotype in genes that
encoded the NA, matrix (M1) protein, and viral polymerases
PB1 and PB2. To confirm this finding, partial sequence analysis
was conducted on these four gene segments from the same
virus stocks that were used to determine the pathogenicity
phenotype in mice (Table 2). Amino acid residues I or T at
residue 223 in the NA, K or R at 198 and I or M at 317 in PB1,
and K or Q at 355 in PB2 correlated with high and low patho-
genicity, respectively, in all 15 viruses analyzed. The amino acid
at position 15 (I or V) in the M1 protein correlated with high
(I) and low (V) pathogenicity in 14 of the HSN1 viruses. HK/
485/97, a virus of high pathogenicity, possessed a unique codon

(ACC) relative to all other H5N1 viruses analyzed, encoding a
threonine at position 15 in the M1 protein. This result suggests
either that threonine at this position is permissive for the
high-pathogenicity phenotype or that substitution of this resi-
due alone is insufficient to alter the mouse pathogenicity phe-
notype of the virus.

Amino acid 223 in the N1 NA corresponds to residue 222 of
N2 NA, a conserved framework residue in the enzyme active
site in the head of the NA molecule (7). HSN1 viruses of the
low-pathogenicity phenotype possess a threonine at this posi-
tion, creating a potential glycosylation site (N-X-T) in the
enzyme active site. Previously, the neurovirulence of mouse-
adapted A/WSN/33 virus was correlated with the loss of a

TABLE 2. Nucleotide and deduced amino acid residues in the NA, M1, PB1, and PB2 proteins that correlate with
mouse pathogenicity phenotype”

Nucleotide (nt) or residue (aa) at indicated position

H_5N1 Mouse pathogenicity NA Ml PBI PB2
virus phenotype
nt 668 aa 223 nt 68 aa 15 nt 617 aa 198 nt 975 aa 317 nt 1090 aa 355

HK/481/97 High T 1 A I A K A 1 A K
HK/483/97 High T 1 A I A K A 1 A K
HK/485/97 High T 1 ACC T A K A 1 A K
HK/491/97 High T 1 A I A K A 1 A K
HK/503/97 High T 1 A I A K A 1 A K
HK/514/97 High T 1 A I A K A 1 A K
HK/516/97 High T 1 A I A K A 1 A K
HK/532/97 High T 1 A I A K A 1 A K
HK/542/97 High T 1 A I A K A 1 A K
HK/156/97 Intermediate T 1 A I A K A 1 A K
HK/486/97 Low C T G \% G R G M C Q
HK/488/97 Low C T G \% G R G M C Q
HK/507/97 Low C T G \% G R G M C Q
HK/538/97 Low C T G \% G R G M C Q
HK/97/98 Low C T G \% G R G M C Q

“ GenBank accession numbers for nucleotide sequence data are as follows: PB2, AF036363, AF258837, AF258839-40, and AF258843-53; PB1, AF036362, AF258818,
AF258820-21, and AF258824-34; PA, AF036361, AF257193, AF257195-96, and AF257199-209; NP, AF036359, AF255744, AF255746-47, and AF255750-67; NA,
AF102657-70 and AF296752; M, AF036358, AF255365, AF255367-68, and AF255371-84; and NS, AF036360, AF256178, AF256180-81, and AF256184-94.
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glycosylation site at residue 146 in the head of the N1 NA (16).
Goto and Kawaoka (12) reported that the absence of this gly-
cosylation site together with the presence of a carboxyl-termi-
nal lysine (residue 453) was associated with the binding of
plasminogen by the NA, which facilitated and enhanced HA
cleavage and conferred a broader tissue tropism on this virus.
However, the molecular features important for this mechanism
of virulence have been observed only in the laboratory-derived
A/WSN/33 virus and not in any wild-type viruses, including the
HS5NI1 viruses. Other studies have suggested a role for the NA
in influenza virus-induced apoptosis, which has been impli-
cated as a mechanism of pathogenicity among influenza viruses
(18, 22). Interestingly, the highly pathogenic H5N1 virus HK/
483/97 induces peripheral blood lymphocyte depletion and apo-
ptosis in the spleens and lungs of infected mice, whereas HK/
486/97, a virus of low pathogenicity, does not (31). Because the
specific residues in the PB1, PB2, and M1 proteins that corre-
lated with mouse pathogenicity were not located in any of the
defined functional domains of these proteins, their contribu-
tion to the mechanism(s) of virulence remains unknown.

Because the human H5NI1 viruses are a genetically closely
related group of viruses (3, 15), it was possible to associate the
five specific molecular markers in the NA, PB1, PB2, and M1
genes with the two distinct phenotypes of pathogenicity ob-
served in mice. To investigate the prevalence of these specific
residues in other influenza A viruses, nucleotide sequence
alignments for the four gene products were performed using
available sequence data (downloaded from the GenBank viral
nucleotide database in March and April 2000), including se-
quences from human, avian, swine, and equine influenza A
viruses. No significant distribution of the specific residues as-
sociated with high or low pathogenicity for mice in this study
was observed, most likely because of the relatively low genetic
relatedness of influenza A viruses from different species. Nev-
ertheless, the analysis revealed that residues Thr-223 in the NA
and Arg-98 in PB1 were unique to the HS5N1 viruses of low
pathogenicity and that Glu-355 in PB2 was found only in the
human HS5N1 viruses of low pathogenicity and in four avian
HS5N1 viruses isolated from birds in Hong Kong in 1997.

In earlier studies, investigators compared wild-type viruses
with either mouse-adapted virus or reassortants derived from
parental viruses of distinct pathogenicity phenotypes. In mice,
pneumovirulence and neurovirulence were associated with the
HA, NA, M, and one or more polymerase genes (4, 21, 32, 33).
However, the specific amino acid residues identified in the NA,
M1, PB1, and PB2 genes in the present study have not been
previously associated with pathogenicity. It is possible that
additional molecular markers for pathogenicity were not de-
tected because the findings from complete sequence analysis of
nine of the human H5N1 viruses were used to direct partial
analysis of the remaining viruses. Mutations in the polymerase
genes of influenza viruses have previously been reported to
determine host range (1, 29), temperature sensitivity, and, in
some instances, attenuation of influenza viruses for mice, fer-
rets, and humans (25, 28). Mutations in the M protein have
been associated with host range, growth, and virulence pheno-
types. Growth properties of influenza viruses can be deter-
mined by specific mutations in individual gene segments or by
the constellation of genes present in the virus.

Although HK/156/97 was shown to be of intermediate patho-
genicity in this study, the genotype was that of the high-patho-
genicity viruses, a finding consistent with the results of others
who have characterized HK/156/97 as being highly pathogenic
for BALB/c mice (9, 11, 13, 24). The molecular basis for the
apparent attenuation of virulence of the HK/156/97 virus used
in this study is unknown, but biological and molecular heter-
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ogeneity of this virus isolate has been reported (11, 14). Pas-
sage of HK/156/97 in mice was shown to increase the virulence
of the virus (13, 14, 24). One other virus, HK/482/97, consistent-
ly yielded an indeterminate mouse pathogenicity phenotype
and a genotype that consisted of a mixture of the residues as-
sociated with high and low pathogenicity in M1, PB1, and PB2.
Gao et al. (11) found that HK/482/97 virus passaged exclusively
in MDCK cells exhibited low pathogenicity in mice. Therefore,
it is possible that the original HK/482/97 isolate, like HK/156/
97, was biologically heterogeneous.

While two distinct pathogenicity phenotypes were observed
in this inbred mouse model, a broader spectrum of pathoge-
nicity was observed in humans infected with the HSN1 viruses.
In particular, the age of an infected individual was an impor-
tant factor associated with severity of disease (34). Some of the
deaths associated with H5N1 infections occurred late in the
course of hospitalization, following extended periods of me-
chanical ventilation and other complications. The mouse patho-
genicity phenotype of four viruses failed to correlate with the
severity of disease observed in humans. Three of the viruses
that were highly pathogenic for mice were isolated from chil-
dren =4 years of age who had mild disease. One virus of low
pathogenicity for mice was isolated from a 34-year-old woman
with systemic lupus erythematosus who succumbed to a lethal
HS5NI1 infection. Therefore, in addition to the general virulence
of the H5N1 viruses, age, underlying medical conditions, and
other unknown risk factors may have contributed to the sever-
ity of disease in humans. Nevertheless, the fact that HSN1 vi-
ruses of high pathogenicity induced symptoms of disease
similar to those observed in severe and fatal human cases,
including viral pneumonia, multiorgan involvement, leuko-
penia, and death, suggests that the mouse is an appropriate
model with which to better understand the molecular basis of
influenza virus virulence in mammalian species. However, at
present it is not possible to distinguish between molecular
determinants responsible for general virulence in mammals
and those responsible for specific virulence in mice.

The use of plasmid-based reverse genetics techniques (10,
19) will enable an evaluation of the contribution of each of the
specific amino acid residues identified here, either alone or in
various combinations, to the pathogenicity phenotype in mice.
While it is likely that the polygenic nature of pathogenicity
differs among influenza viruses and among host species, the
molecular determinants of pathogenicity in this mammalian
model may provide a framework for the future identification of
influenza A viruses with the potential to cause severe disease.

We thank the Epidemiology Section of the Influenza Branch, CDC;
Paul Saw, K. H. Mak, Wilina Lim, and others from the Hong Kong
Department of Health for the acquisition of specimens and isolation of
the H5N1 viruses; Xiyan Xu, Sarah Cantrell, Mark Hemphill, and
Alexander Klimov for contributing to the sequence analysis; and
Nancy Cox for critical review of the manuscript.

REFERENCES

1. Almond, J. W. 1977. A single gene determines the host range of influenza
virus. Nature 270:617-618.

2. Bean, W. J., Y. Kawaoka, J. M. Wood, J. E. Pearson, and R. G. Webster.
1985. Characterization of virulent and avirulent A/Chicken/Pennsylvania/83
influenza A virus: potential role of defective interfering RNAs in nature.
J. Virol. 54:151-160.

3. Bender, C., H. Hall, J. Huang, A. Klimov, N. Cox, A. Hay, V. Gregory, W.
Lim, and K. Subbarao. 1999. Characterization of the surface proteins of
influenza A (H5N1) viruses isolated from humans in 1997-1998. Virology
254:115-123.

4. Brown, E. G., and J. E. Bailly. 1999. Genetic analysis of mouse-adapted
influenza A virus identifies roles for the NA, PB1, and PB2 genes in viru-
lence. Virus Res. 61:63-76.

5. Centers for Disease Control and Prevention. 2000. Prevention and control of
influenza: recommendations of the Advisory Committee on Immunization



10810

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

NOTES

Practices (ACIP). Morb. Mortal. Weekly Rep. 49:1-38.

. Claas, E. C., A. D. Osterhaus, R. van Beek, J. C. de Jong, G. F. Rimmel-

zwaan, D. A. Senne, S. Krauss, K. F. Shortridge, and R. G. Webster. 1998.
Human influenza A H5N1 virus related to a highly pathogenic avian influ-
enza virus. Lancet 351:472-477.

. Colman, P. M., J. N. Varghese, and W. G. Laver. 1983. Structure of the

catalytic and antigenic sites in influenza virus neuraminidase. Nature 303:
41-44.

. deJong, J. C., E. C. Claas, A. D. Osterhaus, R. G. Webster, and W. L. Lim.

1997. A pandemic warning? Nature 389:554.

. Dybing, J. K., S. Schultz-Cherry, D. E. Swayne, D. L. Suarez, and M. L.

Perdue. 2000. Distinct pathogenesis of Hong Kong-origin H5N1 viruses in
mice compared to that of other highly pathogenic H5 avian influenza viruses.
J. Virol. 74:1443-1450.

Fodor, E., L. Devenish, O. G. Engelhardt, P. Palese, G. G. Brownlee, and A.
Garcia-Sastre. 1999. Rescue of influenza A virus from recombinant DNA. J.
Virol. 73:9679-9682.

Gao, P., S. Watanabe, T. Ito, H. Goto, K. Wells, M. McGregor, A. J. Cooley,
and Y. Kawaoka. 1999. Biological heterogeneity, including systemic replica-
tion in mice, of H5N1 influenza A virus isolates from humans in Hong Kong.
J. Virol. 73:3184-3189.

Goto, H., and Y. Kawaoka. 1998. A novel mechanism for the acquisition of
virulence by a human influenza A virus. Proc. Natl. Acad. Sci. USA 95:
10224-10228.

Gubareva, L. V., J. A. McCullers, R. C. Bethell, and R. G. Webster. 1998.
Characterization of influenza A/HongKong/156/97 (H5N1) virus in a mouse
model and protective effect of zanamivir on H5N1 infection in mice. J. In-
fect. Dis. 178:1592-1596.

Hiromoto, Y., T. Saito, S. Lindstrom, and K. Nerome. 2000. Characterization
of low virulent strains of highly pathogenic A/Hong Kong/156/97 (H5N1)
virus in mice after passage in embryonated hens’ eggs. Virology 272:429-437.
Hiromoto, Y., Y. Yamazaki, T. Fukushima, T. Saito, S. E. Lindstrom, K.
Omoe, R. Nerome, W. Lim, S. Sugito, and K. Nerome. 2000. Evolutionary
characterization of the six internal genes of HSN1 human influenza A virus.
J. Gen. Virol. 81:1293-1303.

Li, S., J. Schulman, S. Itamura, and P. Palese. 1993. Glycosylation of neur-
aminidase determines the neurovirulence of influenza A/WSN/33 virus.
J. Virol. 67:6667-6671.

Lu, X., T. M. Tumpey, T. Morken, S. R. Zaki, N. J. Cox, and J. M. Katz. 1999.
A mouse model for the evaluation of pathogenesis and immunity to influ-
enza A (H5N1) viruses isolated from humans. J. Virol. 73:5903-5911.
Morris, S. J., G. E. Price, J. M. Barnett, S. A. Hiscox, H. Smith, and C.
Sweet. 1999. Role of neuraminidase in influenza virus-induced apoptosis.
J. Gen. Virol. 80:137-146.

Neumann, G., T. Watanabe, H. Ito, S. Watanabe, H. Goto, P. Gao, M.
Hughes, D. R. Perez, R. Donis, E. Hoffmann, G. Hobom, and Y. Kawaoka.
1999. Generation of influenza A viruses entirely from cloned cDNAs. Proc.
Natl. Acad. Sci. USA 96:9345-9350.

Reed, L. J., and H. Muench. 1938. A simple method of estimating fifty
percent endpoints. Am. J. Hyg. 27:493-497.

Scholtissek, C., A. Vallbracht, B. Flehmig, and R. Rott. 1979. Correlation of
pathogenicity and gene constellation of influenza A viruses. II. Highly neu-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

J. VIROL.

rovirulent recombinants derived from non-neurovirulent or weakly neuro-
virulent parent virus strains. Virology 95:492-500.

Schultz-Cherry, S., and V. S. Hinshaw. 1996. Influenza virus neuraminidase
activates latent transforming growth factor B. J. Virol. 70:8624-8629.
Senne, D. A, B. Panigrahy, Y. Kawaoka, J. E. Pearson, J. Suss, M. Lipkind,
H. Kida, and R. G. Webster. 1996. Survey of the hemagglutinin (HA) cleav-
age site sequence of H5 and H7 avian influenza viruses: amino acid sequence
at the HA cleavage site as a marker of pathogenicity potential. Avian Dis. 40:
425-437.

Shortridge, K. F., N. N. Zhou, Y. Guan, P. Gao, T. Ito, Y. Kawaoka, S.
Kodihalli, S. Krauss, D. Markwell, K. G. Murti, M. Norwood, D. Senne, L.
Sims, A. Takada, and R. G. Webster. 1998. Characterization of avian H5N1
influenza viruses from poultry in Hong Kong. Virology 252:331-342.
Snyder, M. H., R. F. Betts, D. DeBorde, E. L. Tierney, M. L. Clements, D.
Harrington, S. D. Sears, R. Dolin, H. F. Massab, and B. R. Murphy. 1988.
Four viral genes independently contribute to attenuation of live A/Ann
Arbor/6/60 (H2N2) cold-adapted reassortant virus vaccines. J. Virol. 62:
488-495.

Stieneke-Grober, A., M. Vey, H. Angliker, E. Shaw, G. Thomas, C. Roberts,
H. D. Klenk, and W. Garten. 1992. Influenza virus hemagglutinin with
multibasic cleavage site is activated by furin, a subtilisin-like endoprotease.
EMBO J. 11:2407-2414.

Suarez, D. L., M. L. Perdue, N. J. Cox, T. Rowe, C. Bender, J. Huang, and
D. E. Swayne. 1998. Comparisons of highly virulent HSN1 influenza A
viruses isolated from humans and chickens from Hong Kong. J. Virol. 72:
6678-6688.

Subbarao, E. K., Y. Kawaoka, and B. R. Murphy. 1993. Rescue of an
influenza A virus wild-type PB2 gene and a mutant derivative bearing a
site-specific temperature-sensitive and attenuating mutation. J. Virol. 67:
7223-7228.

Subbarao, E. K., W. London, and B. R. Murphy. 1993. A single amino acid
in the PB2 gene of influenza A virus is a determinant of host range. J. Virol.
67:1761-1764.

Subbarao, K., A. Klimov, J. Katz, H. Regnery, W. Lim, H. Hall, M. Perdue,
D. Swayne, C. Bender, J. Huang, M. Hemphill, T. Rowe, M. Shaw, X. Xu, K.
Fukuda, and N. J. Cox. 1998. Characterization of an avian influenza A
(HSNT1) virus isolated from a child with a fatal respiratory illness. Science
279:393-396.

Tumpey, T. M., X. Lu, T. Morken, S. R. Zaki, and J. M. Katz. 2000.
Depletion of lymphocytes and diminished cytokine production in mice in-
fected with a highly virulent influenza A (H5N1) virus isolated from humans.
J. Virol. 74:6105-6116.

Ward, A. C. 1996. Neurovirulence of influenza A virus. J. Neurovirol. 2:
139-151.

Ward, A. C. 1997. Virulence of influenza A virus for mouse lung. Virus
Genes 14:187-194.

Yuen, K. Y., P. K. Chan, M. Peiris, D. N. C. Tsang, T. L. Que, K. F.
Shortridge, P. T. Cheung, W. K. To, E. T. F. Ho, R. Sung, A. F. B. Cheng, and
Members of the HSN1 Study Group. 1998. Clinical features and rapid viral
diagnosis of human disease associated with avian influenza A H5NT1 virus.
Lancet 351:467-471.



