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Received 23 December 2008/Accepted 17 March 2009

Highly pathogenic avian influenza viruses (HPAIV) differ from all other strains by a polybasic cleavage site
in their hemagglutinin. All these HPAIV share the H5 or H7 subtype. In order to investigate whether the
acquisition of a polybasic cleavage site by an avirulent avian influenza virus strain with a hemagglutinin other
than H5 or H7 is sufficient for immediate transformation into an HPAIV, we adapted the hemagglutinin
cleavage site of A/Duck/Ukraine/1/1963 (H3N8) to that of the HPAIV A/Chicken/Italy/8/98 (H5N2), A/Chicken/
HongKong/220/97 (H5N1), or A/Chicken/Germany/R28/03 (H7N7) and generated the recombinant wild-type
and cleavage site mutants. In contrast to the wild type, multicycle replication of these mutants in tissue culture
was demonstrated by positive plaque assays and viral multiplication in the absence of exogenous trypsin.
Therefore, in vitro all cleavage site mutants resemble an HPAIV. However, in chicken they did not exhibit high
pathogenicity, although they could be reisolated from cloacal swabs to some extent, indicating enhanced
replication in vivo. These results demonstrate that beyond the polybasic hemagglutinin cleavage site, the
virulence of HPAIV in chicken is based on additional pathogenicity determinants within the hemagglutinin
itself or in the other viral proteins. Taken together, these observations support the notion that acquisition of
a polybasic hemagglutinin cleavage site by an avirulent strain with a non-H5/H7 subtype is only one among
several alterations necessary for evolution into an HPAIV.

Highly pathogenic avian influenza viruses (HPAIV) cause
fowl plague in poultry (2), resulting in devastating losses.
Moreover, transmission of H5N1 or H7N7 HPAIV to humans
(5, 6, 9, 19) raises the concern that these viruses might evolve
into a new human pandemic strain. An essential step in the
replication of influenza A viruses is proteolytic processing of
the trimeric hemagglutinin (HA). Only cleaved HA is able to
expose the N terminus of the HA2 fragment within the endo-
some at low pH for mediating fusion of the virion envelope
with the endosomal membrane (14, 22, 34). Most influenza
virus strains contain an HA cleavage site (HACS) with only a
single basic amino acid residue which is cleaved by tissue-
restricted proteases only (16), thereby limiting spread in the
infected host. In contrast, HPAIV carry a polybasic HACS
leading to proteolytic activation by the ubiquitous protease
furin (16, 32). This different type of activation results in very
broad, nonrestricted organ tropism and a highly pathogenic
phenotype in poultry (31). Intriguingly, beside the polybasic
HACS, the second common feature of all HPAIV is the H5 or
H7 subtype. None of the other HA subtypes have so far been
found to be associated with HPAIV. Beside the polybasic
HACS (17), additional molecular correlates of virulence were
found within the HA itself (18, 24), the neuraminidase (3, 4, 7,
13), the NS1 protein (8, 15, 20, 21, 26), and the polymerase
complex together with the nucleoprotein (9–11, 24, 25, 27, 28,

33). However, for natural hosts such as the chicken, such stud-
ies are rather scarce. In this study, we investigated whether the
acquisition of a polybasic HACS by an avirulent avian strain
with a serotype different from H5 or H7 would be sufficient for
transformation into a highly pathogenic phenotype or result in
low pathogenicity and, thus, reveal the existence of additional
pathogenicity determinants. Therefore, we introduced the po-
lybasic cleavage sites from three different HPAIV into the HA
of the avirulent avian strain A/Duck/Ukraine/1/1963 (H3N8)
and analyzed the obtained HACS mutants and the wild type in
regard to in vitro properties and virulence in chicken.

MATERIALS AND METHODS

Recombinant viruses. The cloning of all eight viral gene segments of strain
A/Duck/Ukraine/1/1963 (H3N8) into the vector pHW2000 (12) has been de-
scribed previously (29). Modification of the HACS regions was performed by
site-directed QuikChange mutagenesis; the primer sequences are available on
request. Recombinant viruses were rescued essentially as described previously
(10) and propagated in 11-day-old embryonated chicken eggs. After virus rescue,
the gene composition and presence of the expected cleavage sites of the mutants
were verified by sequencing following reverse transcription-PCR from isolated
viral RNA (data not shown).

Plaque assays and growth curves. Plaque assays were performed as described
previously (30) either in the presence of 2 �g/ml N-tosyl-L-phenylalanine chlo-
romethyl ketone (TPCK)-treated trypsin (Sigma, Taufkirchen, Germany) or in
the absence of any exogenous protease. The volume of inoculum was 333 �l.
Growth curves on Madin-Darby canine kidney (MDCK) cells and quail fibro-
sarcoma (QT05 6) cells in the presence of 2 or 1 �g/ml TPCK-treated trypsin,
respectively, and in the absence of any exogenous protease in the supernatant
were determined by titration of cell culture supernatants at 0, 8, 48, and 96 h
pastinoculation at a multiplicity of infection of 10�2 by plaque assay on MDCK
cells without trypsin in case of the HACS mutants and with trypsin in case of the
wild-type A/Duck/Ukraine/1/1963 (H3N8). The reported plaque titers are the
averages from two independent experiments.
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Western blotting. MDCK cell cultures were infected with virus in the presence
of either 2 �g/ml TPCK-treated trypsin or no protease for 16 h in minimal
essential medium containing 0.2% bovine serum albumin. Proteins from super-
natant were separated on sodium dodecyl sulfate–8% polyacrylamide gels and
electrotransferred to nitrocellulose membranes. For detection of HA, a mono-
clonal mouse antibody to A/Shangdong/9/93 (H3N2) (3HG3, 1:100,000, incu-
bated overnight at room temperature; HyTest Ltd., Turku, Finland) and as a
secondary antibody a mouse-specific goat immunoglobulin G Fab fragment
conjugated with horseradish peroxidase (1:20,000, 1 h at room temperature;
Dianova, Hamburg, Germany) were used, followed by chemiluminescence
(Supersignal West Pico chemiluminescent substrate kit from Pierce).

Animal experiments. Ten 4-week-old White Leghorn specific-pathogen-free
chickens were infected oculonasally with each virus. Each bird was observed daily
for clinical signs and classified as healthy (0), sick (1) (exhibiting one of the
following: respiratory symptoms, depression, diarrhea, cyanosis, edema, or ner-
vous symptoms), severely sick (2) (severe or more than one of the previously
mentioned symptoms), or dead (3), as described previously (1). In addition,
chickens exhibiting slight depression were given a classification of 0.5. For virus
isolation, cloacal swabs were taken and diluted in 1 ml phosphate-buffered saline
(PBS) prior to plaque titration.

RESULTS

Generation of recombinant viruses. In order to obtain dif-
ferent HACS mutants of an avirulent avian strain, we replaced
the HACS and adjacent amino acid residues of influenza virus
A/Duck/Ukraine/1/1963 (H3N8) with those of A/Chicken/
Italy/8/98 (H5N2), A/Chicken/Hong Kong/220/97 (H5N1), or
A/Chicken/Germany/R28/03 (H7N7) by site-directed mu-
tagenesis. To address possible structural constraints within the
HA of the parent virus, we chose three polybasic HACSs of
various lengths and with different types of adjacent amino acids
(Table 1). The wild type (DkUkr63-Wt) or the HACS mutants
(DkUkr63-It89HACS, DkUkr63-Hk220HACS, or DkUkr63-
R28HACS) were rescued by cotransfection of plasmids encod-

ing the wild-type or mutated HA genes together with plasmids
encoding the PB2, PB1, PA, NP, NA, M, and NS genes of
A/Duck/Ukraine/1/1963 (H3N8).

Introduction of a polybasic cleavage site leads to trypsin-
independent replication in vitro similar to that of HPAIV. In
order to investigate whether the cleavage site mutants are
dependent on trypsin for multicycle replication, plaque assays
were performed with DkUkr63-Wt and mutants DkUkr63-
It89HACS, DkUkr63-Hk220HACS, and DkUkr63-R28HACS on
MDCK cells in the presence and in the absence of trypsin.
Whereas DkUkr63-Wt proved to be dependent on trypsin for
plaque formation, as expected for a low-pathogenic avian in-
fluenza virus, all three HACS mutants formed plaques inde-
pendent of exogenous trypsin (Fig. 1A). For demonstration of
activation cleavage of the HA precursor HA0, Western blot
analyses of supernatants from virus-infected MDCK cells were
performed. In accordance with the plaque assays, the HA0 of
DkUkr63-Wt remained uncleaved in the absence of trypsin,
whereas the HA0 precursors of the HACS mutants were
cleaved into the HA1 and HA2 fragments to various extents.
DkUkr63-It89HACS displayed efficient HA0 cleavage, whereas
in the case of DkUkr63-Hk220HACS and DkUkr63-R28HACS,
the cleavage was incomplete (Fig. 1B). Moreover, the latter
two mutants displayed an additional peptide with a molecular
weight slightly higher than that of the HA1 fragment, in par-
ticular in the presence of trypsin, suggesting aberrant HA mat-
uration. Analysis of multicycle growth kinetics corresponded to
the plaque formation and proteolytic activation pattern of the
HA. In contrast to DkUkr63-Wt, which required trypsin for
productive replication in both MDCK and QT6 cells, all cleav-
age site mutants replicated independently of the addition of
trypsin (Fig. 2). However, mutant DkUkr63-R28HACS grew
considerably less efficiently in QT6 cells irrespective of the
presence or absence of trypsin, correlating with the formation
of very small plaques and inefficient proteolytic HA activation
(Fig. 1 and 2).

Nevertheless, in contrast to the wild type, all three HACS
mutants undergo multicycle replication in vitro, and their HA0
is processed in the absence of an exogenous protease. The
independence of viral replication from exogenous trypsin is
indicative of proteolytic activation by furin (32). These are
features attributed only to HPAIV.

TABLE 1. Generated recombinant viruses with their HACSs and
adjacent amino acid residues

Virus HACSa

DkUkr63-Wt ...................................................................NVPEKQT----R
DkUkr63-It98HACS .........................................................NVPQ--RRRKKR
DkUkr63-Hk220HACS ....................................................NTPQRERRRKKR
DkUkr63-R28HACS.........................................................NVPEIP-KRRRR

a Underlining and boldface indicate amino acid residues differing from the
cleavage site and close vicinity of HA of DkUkr63-Wt and basic amino acid
residues, respectively.

FIG. 1. In vitro replication of DkUkr63-Wt in comparison with the HACS mutants DkUkr63-It98HACS, DkUkr63-Hk220HACS, and DkUkr63-
R28HACS. (A) Plaque assays on MDCK cells in the presence and in the absence of trypsin. (B) Western blots of supernatants from infected MDCK
cells incubated in the presence (T) and in the absence (�) of trypsin, using a monoclonal antibody specific to an HA of the H3 serotype.
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Pathogenicity in chicken. To investigate the virulence of the
cleavage site mutants in vivo, five groups of 10 chickens each
were infected oculonasally with either DkUkr63-It89HACS

(1.7 � 106 PFU/animal), DkUkr63-Hk220HACS (1.7 � 106

PFU/animal), DkUkr63-R28HACS (7.2 � 104 PFU/animal), or
DkUkr63-Wt (1.7 � 106 PFU/animal) or mock infected by the
administration of PBS and were observed for 10 days. (Due to
its inefficient growth, DkUkr63-R28HACS had to be adminis-
tered at a lower dosage.) All animals inoculated with PBS,
DkUkr63-Wt, and DkUkr63-Hk220HACS exhibited no symp-
toms. Eight DkUkr63-It89HACS-infected animals displayed
slight transient depression; two animals (no. 3 and 9) further
developed central nervous symptoms (Fig. 3). Chicken no. 3
exhibited a head inclination on day 9 after infection, whereas
chicken no. 9 showed a slight head inclination on day 6, which
decreased during the following days. We then determined the
titers of shed virus in cloacal samples from day 5 by plaque
assay beginning with undiluted inoculum from four animals of
each group, including those with central nervous symptoms.
Animals which had been inoculated with PBS, DkUkr63-Wt,

or DkUkr63-Hk220HACS did not shed virus, whereas in the
cloacal samples from four animals inoculated with DkUkr63-
It89HACS and from one animal inoculated with DkUkr63-
R28HACS, virus could be detected at a titer of up to 103.7 PFU
per swab. Remarkably, virus could be reisolated only from
animals which already had developed or proceeded to show
signs of disease (Table 2). In contrast to trypsin-independent
replication in vitro, the insertion of a polybasic cleavage site
into the HA of the avirulent DkUkr63-Wt did not cause im-
mediate transformation into an HPAIV; however, cloacal
shedding of virus in accordance with clinical symptoms sug-
gests enhanced replication in chicken.

DISCUSSION

In this study, we addressed the question of whether the
acquisition of a polybasic HACS by an avirulent strain with a
serotype different from H5 or H7 is sufficient for its transfor-
mation into an HPAIV or whether additional pathogenicity
determinants within the HA itself or other viral proteins would

FIG. 2. Multicycle growth curves of DkUkr63-Wt (blue), DkUkr63-It98HACS (red), DkUkr63-Hk220HACS (orange), and DkUkr63-R28HACS
(brown) on MDCK and QT6 cells in the presence (diamonds) and in the absence (circles) of trypsin.

FIG. 3. Virulence in chickens. Survival and disease after oculonasal inoculation with PBS (mock), DkUkr63-Wt, DkUkr63-It98HACS, DkUkr63-
Hk220HACS, or DkUkr63-R28HACS. The birds were observed for 10 days for clinical signs and classified as healthy (0), slightly ill (0.5), or ill (1);
the daily clinical index (DCI) was calculated from the sum of individual clinical scores from all birds divided by the number of animals per group
(10 chickens). Chickens 3 and 9 from the group infected with DkUkr63-It98HACS developed central nervous symptoms.
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be required. To take into account possible structural con-
straints within the HA of the parental wild-type virus, we
selected three polybasic HACSs of various lengths and with
different adjacent amino acids. Accordingly, we replaced the
HACS of the avirulent avian H3 strain A/Duck05 /Ukraine/1/
1963 (H3N8) and neighboring amino acid residues with those
of the HPAIV A/Chicken/Italy/8/98 (H5N2), A/Chicken/Hong
Kong/220/97 (H5N1), or A/Chicken/Germany/R28/03 (H7N7).
Previously, it has been shown in transient expression studies
that the insertion of additional basic amino acids into the
cleavage site of an H3 HA from a human strain results in
intracellular proteolytic cleavage (23). However, at present,
the consequence of this finding for in vivo replication and
virulence could not be tested. In agreement with the previous
observation, we demonstrated that a polybasic cleavage site
introduced into the HA of an apathogenic avian influenza virus
can result in equivalent cleavage activation and thus support
multicycle replication in vitro independent of trypsin, a com-
mon feature of HPAIV strains. Cleavage of the HA0 precursor
of DkUkr63-Hk220HACS and DkUkr63-R28HACS was incom-
plete in MDCK cells in the absence of trypsin. However, this
did not affect viral growth in cell culture. This incomplete
cleavage could be attributed to steric incompatibilities of the
inserted polybasic HACS with the HA of DkUkr63-Wt. The
extent of proteolytic activation of the HA may determine
the efficiency of replication in vivo, i.e., cloacal shedding and
pathogenicity as observed with DkUkr63-It89HACS. Simulating
the natural route of infection, oculonasal infection of chicken
did not result in death, nor did the animals show severe symp-
toms indicative of fowl plague. Thus, despite HPAIV-like
properties in vitro and cloacal shedding to some extent, in
contrast to the wild-type parental virus, replication of the
HACS mutants in the animal is still restricted compared with
that of an HPAIV. Currently it is unclear whether after infec-
tion at a higher dose, more of the DkUkr63-R28HACS-infected

animals would have exhibited severe signs of disease. Virus
reisolation from cloacal swabs failed after infection with the
parental DkUkr63-Wt or DkUkr63-Hk220HACS. The absence
of detectable infectivity in cloacal swabs does not per se ex-
clude viral genome replication but could also be due to im-
pairment of later stages of viral replication, resulting in inef-
ficient release of infectious virions. However, virus could be
reisolated from one animal after infection with DkUkr63-
R28HACS and from four animals after infection with DkUkr63-
It98HACS. Remarkably, virus isolation coincided with the oc-
currence of clinical symptoms in these animals. Taken
together, the results indicate that although all three cleavage
site mutants did not display a highly pathogenic phenotype in
chicken, the virus reisolation from cloacal swabs indicates en-
hanced replication in vivo, suggesting incomplete adaption.

In conclusion, our data support the notion that the presence
of a polybasic HACS is not the sole determinant for virulence
in chicken. These results demonstrate that beyond the poly-
basic HACS, the virulence of HPAIV in chicken is based on
additional pathogenicity determinants within the HA itself or
other viral proteins. Therefore, the evolution of an HPAIV
from a low-pathogenic avian influenza strain involves more
alterations than the acquisition of a polybasic cleavage site.

ACKNOWLEDGMENTS

We thank Tim Harder for providing us the A/Duck/Ukraine/1/1963
virus. We are very grateful to Cindy Meinke, Kathrin Müller, Anne
Brandenburg, and Nadine Müller for very skillful technical assistance.

This work was supported by the Forschungssofortprogramm Influ-
enza of the German government and by the European Commission
[SSPE-CT-2006-44372 (Innflu)].

REFERENCES

1. Alexander, D. J. 2008. Avian influenza, p. 465–481. In B. Vallat (ed.), Man-
ual of diagnostic tests and vaccines for terrestrial animals, 6th ed. OIE, Paris,
France.

2. Alexander, D. J. 2000. A review of avian influenza in different bird species.
Vet. Microbiol. 74:3–13.

3. Baigent, S. J., and J. W. McCauley. 2001. Glycosylation of haemagglutinin
and stalk-length of neuraminidase combine to regulate the growth of avian
influenza viruses in tissue culture. Virus Res. 79:177–185.

4. Banks, J., E. S. Speidel, E. Moore, L. Plowright, A. Piccirillo, I. Capua, P.
Cordioli, A. Fioretti, and D. J. Alexander. 2001. Changes in the haemagglu-
tinin and the neuraminidase genes prior to the emergence of highly patho-
genic H7N1 avian influenza viruses in Italy. Arch. Virol. 146:963–973.

5. 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.

6. de Jong, M. D., C. P. Simmons, T. T. Thanh, V. M. Hien, G. J. Smith, T. N.
Chau, D. M. Hoang, N. V. Chau, T. H. Khanh, V. C. Dong, P. T. Qui, B. V.
Cam, Q. Ha do, Y. Guan, J. S. Peiris, N. T. Chinh, T. T. Hien, and J. Farrar.
2006. Fatal outcome of human influenza A (H5N1) is associated with high
viral load and hypercytokinemia. Nat. Med. 12:1203–1207.

7. Deshpande, K. L., C. W. Naeve, and R. G. Webster. 1985. The neuramini-
dases of the virulent and avirulent A/Chicken/Pennsylvania/83 (H5N2) in-
fluenza A viruses: sequence and antigenic analyses. Virology 147:49–60.

8. Fernandez-Sesma, A., S. Marukian, B. J. Ebersole, D. Kaminski, M. S. Park,
T. Yuen, S. C. Sealfon, A. Garcia-Sastre, and T. M. Moran. 2006. Influenza
virus evades innate and adaptive immunity via the NS1 protein. J. Virol.
80:6295–6304.

9. Fouchier, R. A., P. M. Schneeberger, F. W. Rozendaal, J. M. Broekman, S. A.
Kemink, V. Munster, T. Kuiken, G. F. Rimmelzwaan, M. Schutten, G. J. Van
Doornum, G. Koch, A. Bosman, M. Koopmans, and A. D. Osterhaus. 2004.
Avian influenza A virus (H7N7) associated with human conjunctivitis and a
fatal case of acute respiratory distress syndrome. Proc. Natl. Acad. Sci. USA
101:1356–1361.

10. Gabriel, G., B. Dauber, T. Wolff, O. Planz, H. D. Klenk, and J. Stech. 2005.
The viral polymerase mediates adaptation of an avian influenza virus to a
mammalian host. Proc. Natl. Acad. Sci. USA 102:18590–18595.

11. Hatta, M., P. Gao, P. Halfmann, and Y. Kawaoka. 2001. Molecular basis for

TABLE 2. Virus titers from cloacal swabs taken from chickens on
day 5 after infection in relation to occurrence of clinical

symptoms during the experiment

Virus Chicken Symptoms Virus titer
�log10 (PFU/swab)�

DkUkr63-Wt 1 No —a

2 No —
4 No —
6 No —

DkUkr63-It98HACS 1 Yes 2.6
2 Yes 3.1
3 Yes 3.7
9 Yes 3.4

DkUkr63-Hk220HACS 1 No —
2 No —
3 No —
4 No —

DkUkr63-R28HACS 1 No —
2 No —
3 No —
4 Yes 2.6

a —, no virus detected.

VOL. 83, 2009 INFLUENZA A VIRUS HEMAGGLUTININ CLEAVAGE SITE 5867

 on M
ay 5, 2021 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


high virulence of Hong Kong H5N1 influenza A viruses. Science 293:1840–
1842.

12. Hoffmann, E., G. Neumann, Y. Kawaoka, G. Hobom, and R. G. Webster.
2000. A DNA transfection system for generation of influenza A virus from
eight plasmids. Proc. Natl. Acad. Sci. USA 97:6108–6113.

13. Hoffmann, E., J. Stech, I. Leneva, S. Krauss, C. Scholtissek, P. S. Chin, M.
Peiris, K. F. Shortridge, and R. G. Webster. 2000. Characterization of the
influenza A virus gene pool in avian species in southern China: was H6N1 a
derivative or a precursor of H5N1? J. Virol. 74:6309–6315.

14. Huang, R. T. C., K. Wahn, H. D. Klenk, and R. Rott. 1980. Fusion between
cell membranes and liposomes containing the glycoprotein of influenza virus.
Virology 104:294–302.

15. Jiao, P., G. Tian, Y. Li, G. Deng, Y. Jiang, C. Liu, W. Liu, Z. Bu, Y. Kawaoka,
and H. Chen. 2008. A single-amino-acid substitution in the NS1 protein
changes the pathogenicity of H5N1 avian influenza viruses in mice. J. Virol.
82:1146–1154.

16. Klenk, H. D., and W. Garten. 1994. Host cell proteases controlling virus
pathogenicity. Trends Microbiol. 2:39–43.

17. Klenk, H. D., and R. Rott. 1988. The molecular biology of influenza virus
pathogenicity. Adv. Virus Res. 34:247–281.

18. Kobasa, D., A. Takada, K. Shinya, M. Hatta, P. Halfmann, S. Theriault, H.
Suzuki, H. Nishimura, K. Mitamura, N. Sugaya, T. Usui, T. Murata, Y.
Maeda, S. Watanabe, M. Suresh, T. Suzuki, Y. Suzuki, H. Feldmann, and Y.
Kawaoka. 2004. Enhanced virulence of influenza A viruses with the haem-
agglutinin of the 1918 pandemic virus. Nature 431:703–707.

19. Koopmans, M., B. Wilbrink, M. Conyn, G. Natrop, H. van der Nat, H.
Vennema, A. Meijer, J. van Steenbergen, R. Fouchier, A. Osterhaus, and A.
Bosman. 2004. Transmission of H7N7 avian influenza A virus to human
beings during a large outbreak in commercial poultry farms in the Nether-
lands. Lancet 363:587–593.

20. Li, Z., Y. Jiang, P. Jiao, A. Wang, F. Zhao, G. Tian, X. Wang, K. Yu, Z. Bu,
and H. Chen. 2006. The NS1 gene contributes to the virulence of H5N1 avian
influenza viruses. J. Virol. 80:11115–11123.

21. Lipatov, A. S., S. Andreansky, R. J. Webby, D. J. Hulse, J. E. Rehg, S.
Krauss, D. R. Perez, P. C. Doherty, R. G. Webster, and M. Y. Sangster. 2005.
Pathogenesis of Hong Kong H5N1 influenza virus NS gene reassortants in
mice: the role of cytokines and B- and T-cell responses. J. Gen. Virol.
86:1121–1130.

22. Maeda, T., and S. Ohnishi. 1980. Activation of influenza virus by acidic
media causes hemolysis and fusion of erythrocytes. FEBS Lett. 122:283–287.

23. Ohuchi, R., M. Ohuchi, W. Garten, and H. D. Klenk. 1991. Human influenza
virus hemagglutinin with high sensitivity to proteolytic activation. J. Virol.
65:3530–3537.

24. Pappas, C., P. V. Aguilar, C. F. Basler, A. Solorzano, H. Zeng, L. A. Perrone,
P. Palese, A. Garcia-Sastre, J. M. Katz, and T. M. Tumpey. 2008. Single gene
reassortants identify a critical role for PB1, HA, and NA in the high virulence
of the 1918 pandemic influenza virus. Proc. Natl. Acad. Sci. USA 105:3064–
3069.

25. Salomon, R., J. Franks, E. A. Govorkova, N. A. Ilyushina, H. L. Yen, D. J.
Hulse-Post, J. Humberd, M. Trichet, J. E. Rehg, R. J. Webby, R. G. Webster,
and E. Hoffmann. 2006. The polymerase complex genes contribute to the
high virulence of the human H5N1 influenza virus isolate A/Vietnam/1203/
04. J. Exp. Med. 203:689–697.

26. Seo, S. H., E. Hoffmann, and R. G. Webster. 2002. Lethal H5N1 influenza
viruses escape host anti-viral cytokine responses. Nat. Med. 8:950–954.

27. Snyder, M. H., A. J. Buckler-White, W. T. London, E. L. Tierney, and B. R.
Murphy. 1987. The avian influenza virus nucleoprotein gene and a specific
constellation of avian and human virus polymerase genes each specify atten-
uation of avian-human influenza A/Pintail/79 reassortant viruses for mon-
keys. J. Virol. 61:2857–2863.

28. Snyder, M. H., M. L. Clements, D. Herrington, W. T. London, E. L. Tierney,
and B. R. Murphy. 1986. Comparison by studies in squirrel monkeys, chim-
panzees, and adult humans of avian-human influenza A virus reassortants
derived from different avian influenza virus donors. J. Clin. Microbiol. 24:
467–469.

29. Stech, J., O. Stech, A. Herwig, H. Altmeppen, J. Hundt, S. Gohrbandt, A.
Kreibich, S. Weber, H. D. Klenk, and T. C. Mettenleiter. 2008. Rapid and
reliable universal cloning of influenza A virus genes by target-primed plas-
mid amplification. Nucleic Acids Res. 36:e139.

30. Stech, J., X. Xiong, C. Scholtissek, and R. G. Webster. 1999. Independence
of evolutionary and mutational rates after transmission of avian influenza
viruses to swine. J. Virol. 73:1878–1884.

31. Steinhauer, D. A. 1999. Role of hemagglutinin cleavage for the pathogenicity
of influenza virus. Virology 258:1–20.

32. Stieneke-Groeber, 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.

33. Tumpey, T. M., C. F. Basler, P. V. Aguilar, H. Zeng, A. Solorzano, D. E.
Swayne, N. J. Cox, J. M. Katz, J. K. Taubenberger, P. Palese, and A.
Garcia-Sastre. 2005. Characterization of the reconstructed 1918 Spanish
influenza pandemic virus. Science 310:77–80.

34. White, J. M., K. Matlin, and A. Helenius. 1981. Cell fusion by Semliki Forest,
influenza, and vesicular stomatitis viruses. J. Cell Biol. 89:674–679.

5868 STECH ET AL. J. VIROL.

 on M
ay 5, 2021 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/

