JVAC-7405; No.of Pages6

Available online at www.sciencedirect.com

ScienceDirect %beaae

www.elsevier.com/locate/vaccine

Vaccine xxx (2007) XXX—XXX

Generation of an attenuated H5N1 avian influenza virus
vaccine with all eight genes from avian viruses

Huoying Shi, Xiu Fan Liu*, Xiaorong Zhang, Sujuan Chen, Lei Sun, Jianhong Lu

Animal Infectious Disease Laboratory, School of Veterinary Medicine, Yangzhou University,
88 Daxue Road (South), 225009 Yangzhou, Jiangsu, People’s Republic of China

Received 29 July 2007; accepted 7 August 2007

Abstract

In the face of disease outbreaks in poultry and the potential pandemic threat to humans caused by the highly pathogenic avian influenza
viruses (HPAIVs) of HSN1 subtype, improvement in biosecurity and the use of inactivated vaccines are two main options for the control of
this disease. Vaccine candidates of influenza A viruses of HSN1 subtype have been generated in several laboratories by plasmid-based reverse
genetics with hemagglutinin (HA) and neuraminidase (NA) genes from the epidemic strains of avian viruses in a background of internal
genes from the vaccine donor strain of human strains, A/Puerto Rico/8/34 (PR8). These reassortant viruses containing genes from both avian
and human viruses might impose biosafety concerns, also may be do if C4/F AIV would be a live attenuated vaccine or cold-adaptive strain
vaccine. In order to generate better and safer vaccine candidate viruses, we genetically constructed attenuated reassortant HSN1 influenza A
virus, designated as C4/F ALV, by plasmid-based reverse genetics with all eight genes from the avian strains. The C4/F AIV virus contained
HA and NA genes from an epidemic strain A/Chicken/Huadong/04 (H5SN1) (C4/H5N1) in a background of internal genes derived from a low
pathogenic strain of A/Chicken/F/98(HIN2). The reassortant virus was attenuated by removal of the multibasic amino acid motif in the HA
gene by mutation and deletion (from PQRERRRKKR | G to PQIETR | G). The intravenous pathogenicity index (IVPI) of C4/F AIV virus was
0, whereas that of the donor virus C4/H5N1 was 3.0. The virus HA titer of C4/H5N1 in the allantoic fluid from infected embryonated eggs
was as high as 1:2048. The inactivated vaccine prepared from the reassortant virus C4/F AIV-induced high HI titer in vaccinated chickens
and gave 100% protection when challenged with highly pathogenic avian influenza virus of HSN1 subtype.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction the unprecedented magnitude of the bird flu prevail in some

countries of the world [5,6]. During 2003-2006, a highly

Influenza virus is a globally important respiratory
pathogen which causes a high degree of morbidity and mor-
tality in humans and animals annually [1]. Avian influenza A
viruses bear all 16 hemagglutinin (HA) and 9 neuraminidase
(NA) subtypes. Since the late 1990s, some of avian influenza
A viruses have transmitted directly from birds to humans,
such as HS subtype highly pathogenic avian influenza (HPAT)
[2-4]. H5N1 (HPAIV) is continuously undergoing anti-
genic change to escape the host’s acquired immunity, so
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pathogenic avian influenza A (H5N1) virus caused poultry
disease in Asian countries and infected many people [7], most
of these individuals had close contact with poultry. There-
fore, aside from active surveillance measures that monitor
the transmission of these viruses to poultry, the develop-
ment of an HSN1 AIV vaccine may be the best strategy to
protect poultry against the threat of an HSN1 influenza epi-
demic or pandemic. The effectiveness of the vaccines that
are currently available for influenza depends primarily on
the antigenic “match” of the circulating viruses with the
strains used for vaccination. However, not all viruses that
are closely related are suitable for vaccine production, some
grow poorly in eggs. To overcome the classical methods of
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selecting reassortants and time-consuming multiple passag-
ing of viruses, a plasmid-based system is developed to rapidly
generate infectious influenza viruses. Generally, the reassor-
tants are generated by plasmid-based system combined with
the high virus yield of the laboratory strain PR8 and the
virus expressing of the glycoprotein of the currently circu-
lating strain [8—10]. Influenza PRS is a laboratory strain of
influenza, that is also known to be neurovirulent and lethal for
mice. For a big poultry industry in a country, there needs inac-
tivated preparations on a large scale, there might be potential
risk to vaccine recipients. Moreover, these reassortant viruses
would be live attenuated vaccine or cold-adaptive strain vac-
cine and capable of inducing broad mucosal and systemic
responses. Therefore, we generated an attenuated reassor-
tant HSN1 AIV vaccine candidate with all eight genes from
avian viruses by reverse genetics, that is, the vaccine seed
virus derived a modified H5 HA from the HSN1 AIV virus,
the N1 NA from the HSN1 AIV, and the internal genes of
A/Chicken/Shanghai/F/98 (HON2) that would confer the high
growth phenotype in eggs. The generation and phenotypic
properties of the reassortant C4/F virus were described.

2. Materials and methods
2.1. Viruses and cells

A/Chicken/Huadong/04 (H5N1) (C4/H5N1) and
A/Goose/Huadong/04 (HSN1) (G4/H5N1) viruses isolated
in China in 2004, and A/Chicken/Shanghai/F/98 (HIN2) (F)
AIV isolated in Shanghai in Mainland China in 1998 [11].
They were propagated in the allantoic cavity of 10-day-old
embryonated eggs of specific-pathogen-free (SPF) origin.
Transfections were carried out in COS-1 (African green
monkey kidney fibroblast-like) cells (Invitrogen Corp.,
Carlsbad, CA) maintained in Dulbecco’s minimal essential
medium with 0.3% bovine serum albumin (Invitrogen Corp.,
Carlsbad, CA), and HEPES (Invitrogen Corp., Carlsbad,
CA). All experiments using infectious pathogenic avian
influenza viruses (H5NI1, HO9N2), including the work
with animals, were conducted using biosafety level 3+
containment procedures.

2.2. Plasmids

All eight genes of influenza F were amplified by reverse
transcriptase-polymerase chain reaction (RT-PCR) from viral
RNA and cloned into pHW2000 [12], following the plasmids
were constructed pHW201-PB2, pHW202-PB1, pHW203-
PA, pHW204-HA, pHW205-NP, pHW206-NA, pHW207-M
and pHW208-NS [12].

2.3. H5 HA plasmid

The H5 HA gene was amplified in two parts by RT-PCR
from viral RNA of C4/H5NI, using primers designed to

delete the multibasic amino acid cleavage site as indicated
in Fig. 1. The PCR products were cloned into pUC19 in a tri-
molecular ligation reaction. The multiple basic amino acids
of the HA cleavage site (PQRERRRKKR | G) of C4/H5N1
that are associated with the virulence of the HS5 avian
influenza virus in chickens and mammals were changed
into PQIETR | G, a characteristic of low pathogenicity avian
influenza viruses by site directed mutagenesis [8]. The insert
was then subcloned into pHW?2000 [13].

2.4. Transfection

The C4/F (H5N1) reassortant virus was generated by
plasmid-based reverse genetics, cotransfecting eight plas-
mids (HA and NA derived from C4/H5N1 viruses, and the
remaining six gene transcription plasmids from F strain) into
COS-1 cells using Lipofectamine 2000 (Invitrogen Corp.,
Carlsbad, CA) [13]. About 24 h after transfection, the cells
were scraped into the media and injected into embryonated
eggs. The harvest from the first passage in eggs was injected
into additional eggs. The transfectant viruses (C4/F and F)
were identified in the allantoic fluid from the second egg pas-
sage, respectively. After 20 serial passages and adaption in
embryonated chicken eggs of specific-pathogen-free (SPF)
origin, the growth properties of the C4/F reassortant were
confirmed.

2.5. Pathogenicity studies in chickens

Groups of eight 4-week-old SPF white leghorn chick-
ens were inoculated with wild-type C4/H5N1, C4/F, or F
transfectant viruses at a standard dose, 0.2ml of a 1:10
dilution of stock virus, by the intravenous (i.v.) route,
respectively [14]. Oropharyngeal and cloacal swabs were
collected for virus isolation on day 3 postinoculation (p.i.)
or on the day of death in chickens that died before day
3, and virus isolation titers were determined. All surviv-
ing chickens were euthanized and bled, and sera were
tested for evidence of seroconversion by HI tests on day
14 p.i.

2.6. Pathogenicity studies in BALB/c mice

50% mouse lethal doses (MLDs5p) of the HSN1 wild-type
C4/H5N1, the C4/F and F transfectant viruses were deter-
mined by inoculating groups of six 6—8-week-old female
BALB/c mice intranasally (i.n.) with serial 10-fold dilutions
of the viruses [8]. Mice were checked daily for signs of
disease for 21 days p.i.

To investigate the ability of the viruses to replicate
in different organs, group of eight 6-8-week-old female
BALB/c mice were infected in. with 50 x 10° pul 50%
eggs infectious dose (EIDsp) of each virus and four mice
from each group were euthanized on days 4 and 6 p.i.,
respectively. Lung, tracheal and brain tissues were harvested
and homogenized in 1 ml phosphate-buffered saline (PBS)
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Wild-type:

CCT CAA AGA GAG AGA AGA AGA AAA AAG AGALGGA CTA TTT

Pro Gln Arg Glu Arg Arg Arg

Modified H5 sequence:
CCT CAA ATT GAG ACA AGA
Pro  GIn e Glu  Thr Arg

Lys Lys Arg LlGly Leu Phe

IGGA CTA TIT
iG]y Leu Phe

Fig. 1. Modified the cleavage site of HA of C4/H5N1. The arrow indicates the site at which HA1 and HA2 are cleaved.

and the tissue homogenates were titered in eggs, as described
previously [15].

2.7. Immunogenicity and efficacy of
formalin-inactivated vaccines in chickens

Virus was inoculated into the allantoic cavities of 10-day-
old embryonated eggs and harvested after 72 h incubation
at 35°C. To detect the content of the HA protein, we run
the SDS-PAGE of the freshly harvested allantoic fluid and
scanned the gel using the GeneSnap software of Bio Imaging
Systems (SYNGENE), and protein of the HA band (which
has been confirmed by Western blotting analysis using the
H5 HA DNA vaccine immunized SPF chicken antisera in
the preliminary analysis) was quantified with the GenTools
software using the standard BSA protein. Then, the virus
was inactivated by adding 0.2% formalin (v/v) and kept at
37 °C for 24 h. Inactivation was confirmed by the absence of
detectable infectivity after two blind passages of formalin-
treated allantoic fluid in embryonated eggs. The inactivated
allantoic fluid was emulsified in two parts of paraffin oil
(Hangzhou Oil Refining Company, Hangzhou, China) (v/v),
which is currently used commercially as adjuvant for veteri-
nary vaccine production. The HA protein content in the final
vaccine preparation is 9.6 pg/ml [16].

Three groups of ten 7-day-old white Leghorn SPF chick-
ens were injected intramuscular (i.m.) with 0.3 ml PBS or
0.3ml formalin-inactivated vaccine preparations (contain-
ing 3.1 wg HA protein). Sera were collected randomly from
10 chickens of each group 3 weeks postvaccination (pv)for
HI antibody detection using the WHO standard method.
Ten chickens from each group were challenged with 100
EIDs of the homologous virus C4/H5N1 or heterogeneous
virus G4/H5N1 intranasally at 3 weeks pv. Oropharyngeal
and cloacal swabs of the chickens were collected on day 4
postchallenge for virus titration, and chickens were observed
for disease signs and death for 2 weeks after challenge.

3. Results

3.1. Generation of the C4/F reassortant virus and
confirmed it in vitro growth properties

The HA gene of HSN1 viruses encoded a multibasic amino
acid motif in the connecting peptide, which is associated

with the systemic spread of viruses and high pathogenicity in
chickens [2]. The HA gene was mutagenized as indicated in
Fig. 1 to alter the multibasic cleavage site seen of C4/H5N1
virus to that of or low pathogenical avian influenza A viruses.

The plasmids were cotransfected in COS-1 cells that con-
tained the HA and NA of C4/H5N1 and the six plasmids
encoding the internal genes of F strain. The genotypes of
the transfectant viruses (C4/F) were confirmed by restric-
tion fragment length patterns and partially sequencing the
F-derived genes and sequencing the full-length HS HA and
N1 NA genes. The sequences of the HA and NA were iden-
tical to those of the corresponding plasmids. The HA titers
of the transfectant viruses C4/F was found in the majority
of infected eggs to be 1280-2048 and infectivity titer of
8.0logio ELDsp/ml in the allantoic cavity of embryonated
eggs. The recombinant C4/F virus was shown by HI assay
to be antigenically identical to the parental virus C4/H5N1.
After 20 serial passages and adaption in embryonated chicken
eggs of SPF origin, the C4/F reassortant showed good growth
property and stable HA titer as high as 1:2048. The attenu-
ated virus with an intravenous pathogenicity index (IVPI) of
zero in chickens was steady.

3.2. Pathogenicity and replication in chickens

The data presented in Table 1 indicated that the removal
of the multibasic amino acid cleavage site in the HA resulted
in loss of pathogenicity of the C4/F transfectant virus for
chickens. When the viruses were administered to groups
of eight chickens in i.v., the HSN1 wild-type viruses were
lethal in 100% of chickens, with a mean time to death of
1.5 days, all chickens shed virus in the oropharynx and
cloaca, with mean titers of 6.4 +0.251ogjo EID5p/ml and
3.8 £0.521og;¢ EIDso/ml, respectively. In contrast, the C4/F
and F transfectant viruses were not lethal for chickens, few
of the birds inoculated with the F transfectant virus shed low
titers of virus in the oropharynx and cloaca, and all birds
seroconverted, virus shedding was detectable in Oropharyn-
geal or cloacal swabs of chickens that received C4/F i.v., and
seroconverted with mean titers of 4.2 4+ 1.51 log;o EID5p/ml
and 2.5 £ 2.201log;o EID5¢/ml, respectively.

3.3. Pathogenicity and replication in BALB/c mice

As shown in Table 2, the C4/H5N1 viruses could repli-
cate in the tracheae, lungs and brains of mice and were
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Table 1

Pathotyping and replication of intravenously administered the C4/F transfectant and the two parent viruses in chickens®

Virus Mortality (death/total) Virus isolation from swabs® Seroconversion®
Oropharyngeal (shedding/total (titers)) IVPI Cloacal (shedding/total (titers))

F 0/8 5/8 (<1.040)¢ 0 1/8 (<1.0+0)° 8/8

C4/H5N1 8/8 8/8 (6.4 +0.25)¢ 3 8/8 (3.8 £0.52)° 8/8

C4/F 0/8 8/8 (424 1.51)4 0 8/8 (2.5+£2.20) 8/8

2 Groups of chickens were infected intravenously (i.v.) with 0.2 ml 1:10 dilution of stock viruses.
b Oropharyngeal and cloacal swabs were collected for virus titration on day 3 after inoculation. Virus titers were expressed as the mean & S.D. logjo EIDso/ml

from eight chickens.

¢ Chickens were euthanized 2 weeks after infection and sera were harvested.

4 P <0.05 compared with titer in corresponding swabs from C4/H5N1, C4/F or F inoculated chickens.
¢ P <0.05 compared with titer in corresponding swabs from C4/H5N1 or F inoculated chickens.

lethal for BALB/c mice (MLDsg 3.51log1g EID50/50 wl). The
donor of the internal genes, F, was a mildly pathogenic
avian influenza virus strain in chickens [11], virus replica-
tion was not detected in the tracheae, lungs and brains of
mice inoculated with the F virus. The titers of C4/F viruses
in the tracheae and lungs were 1.1 % 1.781logig EID5¢/ml
and 2.1 £ 1.89log19 EIDso/ml, respectively, while the titers
of C4/H5N1 viruses were 4.2 4 1.591ogjo EIDsp/ml and
5.3 +4.601og;o EIDso/ml, respectively. So the C4/F trans-
fectant virus replicated to lower titers than the HS5NI1
wild-type in trachea and lungs of mice, not isolated from
brain, and not lethal for BALB/c mice. The virus was detected
at a very low titer on day 6 in the brains of two of four mice
inoculated with the wild-type H5N1 virus (C4/H5N1).

3.4. Immunogenicity and protective efficacy of a
formalin-inactivated C4/F virus vaccine

Single intramuscular (i.m.) dose (0.3ml formalin-
inactivated vaccine preparations containing 3.1 ng HA
protein) of formalin-inactivated vaccines were prepared from
the wild-type C4/H5N1 and the C4/F. To evaluate the immune
response, we vaccinated 7-day-old chickens with one dose.
Three weeks after immunization, the C4/F vaccine-induced
higher HI titers to C4/H5N1 and G4/H5N1 than did wild-type

Table 2

C4/H5N1. The C4/F formalin-inactivated vaccine protected
chickens from subsequent challenge with 100 ELDsq of
C4/H5NI1 virus, as did the formalin-inactivated wild-type
C4/H5N1 vaccine. Under these conditions, none of the
vaccinated birds developed disease signs, but 1 out of 10
vaccinated chickens with C4/F vaccine shed virus in their
trachea and feces, and 6 out of 10 vaccinated birds with
C4/H5N1 vaccine shed virus from their tracheae and 2 of
10 from their feces. All chickens, which were mock vac-
cinated with PBS in control group, died within 1.5-3 days
(Table 3).

4. Discussion

Measures for the control of emerging and reemerging
HS5NT1 influenza include the use of inactivated vaccines and
improvement in biosecurity. Development of vaccines against
HS5 HPAIV pose several problems not previously encountered
in the generation of influenza vaccine candidates. First, HPAI
viruses are lethal to embryonated eggs, which limits growth
in a high titer. Second, the multibasic amino acid motif at the
HA cleavage site is believed to contribute to the virulence
of these viruses in humans as well as in domestic poultry.
Plasmid-based reverse genetics [10,13,18-20], is a powerful

Pathogenicity and replication of the C4/F transfectant and the two parent viruses in BALB/c mice

Virus?® Day Shedding/total (titer) MLDso¢ (logjo EIDsg)
Tracheae® Lungs” Brain®
C4/H5N1 4 3/4 (4.2 4+ 1.59)4 3/4 (5.3 £4.60) 2/4 (2.5+0.51) 35
6 2/4 (<1.0£0) 2/4 (1.3 £0.58) 1/4 (<1.0+0)
F 4 0/4 0/4 0/4 0
6 0/4 0/4 0/4
C4/F 4 1/4 (1.1+1.78)4 3/4 (2.1+£1.89) 0/4 0
6 1/4 (<1.0 £ 0) 2/4 (<1.0£0) 0/4

a 10 EIDsy of each virus was administered in 50 plin.

b Virus titers were calculated by the method of Reed and Muench [16], and are expressed as logjg EIDso mean £ S.D. of organs harvested from four mice.

The lower limit of detection of virus in organs was 1.01log;o EIDso/ml.

¢ 50% mouse lethal doses were determined by intranasal (i.n.) inoculation of groups of six mice with serial 10-fold dilutions of virus stock over a range from

107! to 10710,

4 P <0.05 compared with corresponding titers in C4/H5N1 or C4/F inoculated mice.
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Table 3

Immunogenicity and protective efficacy of a formalin-Inactivated vaccine prepared from the C4/F transfectant virus

Immunogen?® HAI antibody titer against® Protection against challenge®
C4/H5N1 G5/H5N1 Swabs virus titerd Percent survival®
Oropharyngeal Cloacal C4/H5N1 G5/H5N1
C4/H5N1 208 None 7/10 (<1) 2/10 (<1) 100f 1008
C4/F 512 64 1/10 (<1) 1/10 (<1) 100f 1008
PBS 0 0 ND (dead) ND (dead) of 02
ND: not done.

4 Groups of 7-day-old SPF chickens were vaccinated with 0.3 ml of the vaccine preparations or PBS i.m.

b Serum samples were collected 3 weeks after inoculation vaccine.

¢ Chickens were challenged i.m. 3 weeks after inoculation vaccine with 100 EIDsg of C4/H5N1 or G5/HSN1 wite-type (wt) viruses.
4 Virus titers determined on day 4 p.i. are expressed as the mean log;o EIDso/ml # S.D. of 10 chickens per group.
¢ Percentage survival at 21 days for groups of 10 chickens that were challenged with the lethal C4/H5N1 or G5/H5N1 virus.

f P<0.001 compared with the titer in PBS group.
& P<0.001 compared with the titer in PBS group.

tool to generate ideal avian-human (AH) reassortant influenza
vaccine candidates [9,21-26]. The AH reassortant influenza
A vaccines were developed using the high virus yield of the
laboratory strain PR8 with the expression of the glycopro-
tein of the currently circulating strain avian influenza virus
H5NI1. The removal of the multibasic amino acid motif in
the HA gene, associated with high pathogenicity in chickens,
and the new genotype of the HSN1/PR8 transfectant virus,
attenuated the virus for chickens and mice without altering
the antigenicity of the HA. We believed that PR8 used a donor
of internal genes of human vaccine may be suitable, because
the virus derives from human origin and reduce the potential
risks for cross-species transmission. Whereas for the vac-
cine of avian influenza, PR8 can replicate in mice [8], even
if it used as inactivated preparation, would require height-
ened biocontainment to protect workers and the environment,
which would be prohibitive for large scale vaccine production
[18-27]. So in this study, we developed an attenuated HSN1
avian influenza virus vaccine with all eight genes from avian
viruses, a reassortant C4/F converted the basic amino acids of
HA gene seen in the C4/H5N1 viruses to the sequence motif
seen in avirulent avian influenza viruses, was generated by
reverse genetics with two surface genes from C4/HS5N1 and
the remaining six genes from F, which is not pathogenic and
replicate for mice and low pathogenic for chickens. After 20
serial passages and adaption in embryonated chicken eggs of
SPF origin, the C4/F reassortant showed good growth char-
acteristic with the HA titer as high as 1:2048. The attenuated
virus with an IVPI of zero in chickens was stable, and espe-
cially replicated to lower titers than the HSN1 wild-type in the
trachea and lungs of mice, and was not lethal for chicken and
mice. This data indicated that although the C4/F transfectant
virus replicated in the trachea and lungs of mice, the attenu-
ation phenotypes in the HA and the accompanying genotype
are associated with a loss of virulence for chicken and mice.
On the other hand, the reassortant viruses would used as a
live attenuated or cold-adaptive strain vaccine candidate that
would induce broad mucosal and systemic responses, and
increase biosafety in human [28].

The pathogenicity of the virus and the sequence of its
HA gene were not changed when the virus was passaged in
embryonated chicken eggs. To determine the protective effi-
cacy of the inactivated vaccine made of C4/F reassortant,
7-day-old white Leghorn SPF chickens were immunized.
The HI titers were higher in chickens immunized with the
inactivated vaccine of C4/F than those immunized with the
inactivated vaccine of wild-type C4/H5N1. All chickens
immunized with either C4/F or C4/H5N1 inactivated vac-
cine were completely protected from wild-type H5N1 or
G4/H5N1 challenge 21 days pv. So C4/F with formalin-
inactivated vaccines that was sufficiently related to the
wild-type H5N1 viruses to elicit cross-protective immunity
was sought as a candidate surrogate avian vaccine virus.

Acknowledgements

This study was supported by foundation item: National
Key Technologies R&D Program of China (grant no.
2006BAD06AO01), National High-Tech Research and Devel-
opment Program of China (grant no. 2006AA10A205)
to X Liu, National Natural Science Foundation of China
(30670079). The Key and Basic Programs for College of
Jiangsu Province (05KJA23016) and Project Granted by Chi-
nese Ministry of Agriculture (200183). We are grateful to
Dr. Robert G. Webster in St. Jude Children’s Research Hos-
pital for giving 8-plasmid-system, and thanks Prof. George
G Brownlee in Oxford for providing 12-plasmid-system. We
also thank Dr. Shamaila. Ashraf help me revise this paper.

References

[1] Cox RJ, Brokstad KA, Ograz P. Influenza virus: immunity and vaccina-
tion strategies. Comparison of the immune response to inactivated and
live, attenuated influenza vaccines. Scand J Immunol 2004;59:1-15.

[2] Subbarao K, Klimov A, Katz J, Regnery H, Lim W, Hall H, et al.
Characterization of an avian influenza A (H5N1) virus isolated from a
child with a fatal respiratory illness. Science 1998;279:393-6.

Please cite this article in press as: Shi H, et al., Generation of an attenuated HSN1 avian influenza virus vaccine with all eight genes from
avian viruses, Vaccine (2007), doi:10.1016/j.vaccine.2007.08.011



dx.doi.org/10.1016/j.vaccine.2007.08.011

JVAC-7405; No.of Pages6

6 H. Shi et al. / Vaccine xxx (2007) xxx—xxx

[3] Subbarao K, Shaw MW. Molecular aspects of avian influenza (HSN1)
viruses isolated from humans. Rev Med Virol 2000;10:337-8.

[4] Mounts AW, Kwong H, Izurieta HS, Ho Y, Au T, Lee M, et al. Case
control study of risk factors for avian influenza A (H5N1) disease, Hong
Kong, 1997. J Infect Dis 1999;180:505-8.

[5] Cauthen AN, Swayne DE, Schultz CS, Perdue ML, Suarez DL. Contin-
ued circulation in China of highly pathogenic avian influenza viruses
encoding the hemagglutinin gene associated with the 1997 H5N1 out-
break in poultry and humans. J Virol 2000;74:6592-9.

[6] Bartlett JG. Planning for avian influenza. Ann Intern Med
2006;145(2):141-54.

[7] Palese P, Garcia-Sastre A. Influenza vaccines: present and future. Clin
Invest 2002;110:9-13.

[8] Subbarao K, Chen HL, Swayne D, Mingay L, Fodor E, Brownlee GG,
et al. Evaluation of a genetically modified reassortant HSN1 influenza
A virus vaccine candidate generated by plasmid-based reverse genetics.
Virology 2003;305:192-200.

[9] Hoffmann E, Krauss S, Perez D, Webby R, Webster RG. Eight-
plasmid system for rapid generation of influenza virus vaccines. Vaccine
2002;20(25-26):3165-70.

[10] Hoffmann E, Mahmood K, Yang CF, Webster RG, Greenberg HB, Kem-
ble FG. Rescue of influenza B virus from eight plasmids. Proc Natl Acad
Sci USA 2002;99(17):11411-6.

[11] Lu JH, Liu XF, Shao WX, Liu YL, Wei DP, Liu HQ. Phylogenetic
analysis of eight genes of h9n2 subtype influenza virus: a Mainland
China strain possessing early isolates’ genes that have been circulating.
Virus Genes 2005;31(2):163-9.

[12] Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR. Universal primer
set for the full-length amplification of all influenza A viruses. Arch Virol
2001;46(12):2275-89.

[13] Hoffmann E, Neumann G, Kawaoka Y, Hobom G, Webster RG. A
DNA transfection system for generation of influenza A virus from eight
plasmids. Proc Natl Acad Sci USA 2000;97:6108—-13.

[14] Chen HL, Subbarao K, Swayne D, Chen Q, Lu XH. Generation and
evaluation of a high-growth reassortant HON2 influenza A virus as a
vaccine candidate. Vaccine 2003;21:1983-8.

[15] Lu X, Tumpey TM, Morken T, Zaki SR, Cox NJ, Katz JM. A mouse
model for the evaluation of pathogenesis and immunity to influenza A
(H5N1) viruses isolated from humans. J Virol 1999;73:5903-11.

[16] Tian G, Zhang S, Li Y, Bu Z, Liu P, Zhou J, et al. Protective efficacy in
chickens, geese and ducks of an H5N1-inactivated vaccine developed
by reverse genetics. Virology 2005;3341:153-62.

[18] Garcia-Sastre A, Palese P. Genetic manipulation of negative-
strand RNA virus genomes. Annu Rev Microbiol 1993;47:765-
90.

[19] Fodor E, Devenish L, Engelhardt OG, Palese P, Brownlee GG, Garcia-
Sastre A. Rescue of influenza A virus from recombinant DNA. J Virol
1999;73:9679-82.

[20] Neumann G, Watanabe T, Ito H, Watanabe S, Goto H, Gao P, et al.
Generation of influenza A viruses entirely from cloned cDNAs. Proc
Natl Acad Sci USA 1999;96:9345-50.

[21] Lipatov AS, Webby RJ, Govorkova EA, Krauss S, Webster RG. Efficacy
of H5 influenza vaccines produced by reverse genetics in a lethal mouse
model. J Infect Dis 2005;191:1216-20.

[22] Marsh GA, Tannock GA. The role of reverse genetics in the develop-
ment of vaccines against respiratory viruses. Expert Opin Biol Ther
2005;5:369-80.

[23] Nicolson C, Major D, Wood JM, Robertson JS. Generation of influenza
vaccine viruses on Vero cells by reverse genetics: an H5N1 can-
didate vaccine strain produced under a quality system. Vaccine
2005;23:2943-52.

[24] Webby RJ, Perez DR, Coleman JS, Guan Y, Knight JH, Govorkova
EA, et al. Responsiveness to a pandemic alert: use of reverse genetics
for rapid development of influenza vaccines. Lancet 2004;363:1099—
103.

[25] Liu M, Wood JM, Ellis T, Krauss S, Seiler P, Johnson C, et al. Prepara-
tion of a standardized, efficacious agricultural HSN3 vaccine by reverse
genetics. Virology 2003;314:580-90.

[26] Webster RG, Webby RJ, Hoffmann E, Rodenberg J, Kumar M, Chu
HJ, et al. The immunogenicity and efficacy against HSN1 challenge of
reverse genetics-derived HSN3 influenza vaccine in ducks and chickens.
Virology 2006;351:303-11.

[27] Katz JM, Garg S, Sambhara S. Influenza vaccines: current and future
strategies. In: Kawaoka Y, editor, Influenza virology: current topics.
England; 2006. p. 216.

[28] Kawaoka Y, Krauss S, Webster RG. Avian to human transmission of
the PB1 gene of influenza A virus in the 1957 and 1968 pandemics. J
Virol 1989;63:4603-8.

Please cite this article in press as: Shi H, et al., Generation of an attenuated HSN1 avian influenza virus vaccine with all eight genes from
avian viruses, Vaccine (2007), doi:10.1016/j.vaccine.2007.08.011



dx.doi.org/10.1016/j.vaccine.2007.08.011

	Generation of an attenuated H5N1 avian influenza virus vaccine with all eight genes from avian viruses
	Introduction
	Materials and methods
	Viruses and cells
	Plasmids
	H5 HA plasmid
	Transfection
	Pathogenicity studies in chickens
	Pathogenicity studies in BALB/c mice
	Immunogenicity and efficacy of formalin-inactivated vaccines in chickens

	Results
	Generation of the C4/F reassortant virus and confirmed it in vitro growth properties
	Pathogenicity and replication in chickens
	Pathogenicity and replication in BALB/c mice
	Immunogenicity and protective efficacy of a formalin-inactivated C4/F virus vaccine

	Discussion
	Acknowledgements
	References


