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Abstract
The protection of poultry from H5N1 highly pathogenic avian influenza A (HPAI) and Newcastle
disease virus (NDV) can be achieved through vaccination, as part of a broader disease control
strategy. We have previously generated a recombinant influenza virus expressing; (i) an H5
hemagglutinin protein, modified by the removal of the polybasic cleavage peptide and (ii) the
ectodomain of the NDV hemagglutinin – neuraminidase (HN) protein in the place of the ectodomain
of influenza neuraminidase (Park, M.S., et al., 2006. Proc Natl Acad Sci U S A, 103 (21), 8203–
8208). Here we show this virus is attenuated in primary normal human bronchial epithelial (NHBE)
cell culture, and demonstrate protection of C57BL/6 mice from lethal challenge with an H5 HA-
containing influenza virus through immunisation with the recombinant virus. In addition, in-ovo
vaccination of 18-day-old embryonated chicken eggs provided 90% and 80% protection against
highly stringent lethal challenge by NDV and H5N1 virus respectively. We propose that this virus
has potential as a safe in-ovo live, attenuated, bivalent avian influenza and Newcastle disease virus
vaccine.
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1. Introduction
Influenza viruses are enveloped, segmented RNA viruses, classified in the family
Orthomyxoviridae. Of the three influenza virus genera (Influenzavirus A, B, and C),
Influenzavirus A viruses pose the most significant threat to human and animal health, and are
subdivided into 16 HA subtypes [1]. Aquatic avian species are the main reservoir of all type
A influenza subtypes, and although each subtype is normally non-pathogenic in waterfowl and
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poultry, subtypes H5 and H7 have occasionally become highly pathogenic in some avian
species [2], including gallinaceous poultry [3,4], and waterfowl [5,6], and can constitute a
serious veterinary health problem.

Between 1996 and the present day, outbreaks of H5N1 highly pathogenic avian influenza
(HPAI) in poultry in Asia have caused significant economic and public health difficulties [7].
As of the 25th June 2007, 43 countries have seen outbreaks of H5N1 HPAI
(http://www.oie.int) in poultry, resulting in the culling or death of upwards of 200 million
poultry. Contrary to HPAI infection in poultry, HPAI infection in domestic ducks is lethal
considerably less often, and surviving ducks shed virus over a prolonged period without
presenting signs of disease [8]. Transmission of H5N1 viruses between gallinaceous poultry
and domestic ducks has been implicated in establishing endemicity of HPAI viruses in Asia,
and in the continuing global spread of these viruses [9] [8].

Newcastle disease virus is a non-segmented, negative sense RNA virus of the genus
Avulavirus, subfamily Paramyxovirinae, family Paramyxoviridae. It is a highly contagious
avian disease agent, transmissible to poultry and over 250 other species of birds. Mortality
from infection with virulent strains of NDV can reach 100 percent in poultry flocks unprotected
by vaccination [10], and thus vaccination is relied upon in most countries with commercial and
non-commercial poultry production.

Traditionally, control of HPAI has been achieved through the culling of infected flocks.
However, where HPAI is endemic to a large geographical area, with virus infecting poultry
and indigenous wildfowl, the culling of infected poultry flocks alone has not proven sufficient
to eradicate disease. Thus, a comprehensive strategy which incorporates each of the following
measures has been recommended by OIE/FAO in collaboration with WHO (www.OIE.int)
(OIE/FAO International Scientific Conference on Avian Influenza, Paris (France), 7–8th April,
2005) to prevent the outbreak and spread of influenza: (i) sufficient biosecurity in farms and
industrial units, (ii) a coordinated regional or national surveillance and diagnostic program,
(iii) the culling of all infected poultry, and (iv) the vaccination of uninfected flocks. In addition,
immunisation of poultry can benefit human public health by limiting the source of virus
responsible for transmission to human or intermediate mammalian hosts.

The development of an efficacious live bivalent vaccine against avian influenza virus and NDV
is therefore desirable. Practical considerations regarding the development of such a vaccine
include price per dose, speed of production, choice of substrates for growth of virus, efficacy
in poultry populations, safety, and acceptance by regulatory agencies [11].

Previously we have reported the rescue of a chimeric bivalent virus which expressed the surface
antigens HN of NDV and HA of H5N1 (attenuated by removal of the polybasic cleavage site)
[12]. However, this virus provided no protection in 5-week-old chickens from lethal challenge
by either H5N1 or by NDV, and the mechanism for this lack of protection was unknown.
Furthermore it was unknown whether the antigenic proteins were incorporated into the
chimeric virion. Here we provide evidence of virion incorporation of the HA protein, low
growth of challenge virus in three-week-old chickens following vaccination in-ovo, and
protection of mice against a lethal challenge with an H5 HA-containing mouse adapted
influenza virus. In addition, we show the virus to be highly attenuated in differentiated normal
human bronchial epithelial (NHBE) culture, and crucially, demonstrate protection to chickens
from challenge with both HPAI and NDV following in-ovo vaccination of 18-day-old specific
pathogen free (SPF) chicken embryos.
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2. Materials and Methods
2.1. Cells

293T cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. Cells were maintained at 37°C in 5% CO2. Cryopreserved normal human
bronchial cells (NHBE) (Cambrex) were cultivated as previously described [13]. Briefly, cells
were passaged twice in bronchial epithelial growth medium (BEGM) (Cambrex) supplemented
with retinoic acid and seeded onto Transwell-Clear Permeable filters (12mm diameter, 0.4μm
pores; Corning Inc.) at a density of 5 × 104 cells/filter. Before seeding, filters were coated with
collagen I from human placenta (Sigma). Cells were submerged for one week in 1:1 mixture
of DMEM and BEGM medium containing necessary supplements and growth factors. At full
confluence, media was removed from the apical surface and cells maintained at the air-liquid
interface for 2 weeks. Medium was replaced every second day when cells were submerged and
daily when cells were incubated at the air-liquid interface. Cell differentiation was confirmed
by the presence of ciliated cells using monoclonal anti-β-tubulin antibodies (Sigma).

2.2. Viruses
Newcastle disease virus (Hitchner B1 strain), influenza A/WSN/33 (H1N1) and A/PR/8/34
(H1N1) viruses were generated by reverse genetics as previously described ([14], [15], [16]),
and propagated in 10-day-old embryonated chicken eggs. Influenza A/Memphis/7/01 (H1N1)
was propagated in 10-day-old embryonated chicken eggs.

2.3. Generation of recombinant influenza viruses
Chimeric influenza virus expressing the NDV HN ectodomain (designated VN/HN virus), was
generated using reverse genetics as previously described [12]. Briefly, 1μg each of 15 plasmids
was transfected into 293T cells in monolayer. Each transfection contained vRNA expression
plasmids for the A/Vietnam/1203/04 PA, PB1, PB2, HALo, NP, M and NS segments, and the
chimeric HN segment, in addition to protein expression plasmids pCAGGS WSN –PA, PB1,
PB2, NP, HA, NA, and NS1 (pCAGGS expression plasmid was kindly provided by J.
Miyazaki, Osaka University, Osaka, Japan [17]). The HALo plasmid encodes the HA segment
from A/Vietnam/1203/04, modified to remove the encoded polybasic cleavage site. Forty-eight
hours following transfection, supernatants were harvested, and transfectant virus passaged into
10-day-old embryonated eggs.

Recombinant WSN/HALo virus was obtained as described above, except that the vRNA
expression plasmids encoded A/WSN/33 PA, PB1, PB2, NP, NA, M and NS segments and the
A/Vietnam/1203/04 HALo segment [12].

2.4. Western blot of purified virions
Virus particles were purified from the allantoic fluid of 10-day-old embryonated chicken eggs
by centrifugation through a sucrose cushion. Virus pellets were resuspended in NTE buffer
(NaCl 100mM, Tris pH 7.4 10mM, EDTA 1mM) and further purified through a 30 – 60 %
sucrose gradient. Viral proteins were separated under reducing conditions on a 12% SDS-
PAGE acrylamide gel, transferred to nitrocellulose membrane and probed with H5 HA specific
primary antibody (HALo Mab #8) overnight at 4°C, washed, and probed with rabbit anti-mouse
IgG peroxidase conjugate (Dakocytomation; Carpinteria, CA). HA specific protein bands were
visualised using ECL protein detection system (PerkinElmer Life Sciences; Boston, MA.).

2.5. Viral growth
Ten day-old embryonated chicken eggs were inoculated with recombinant VN/HN virus, and
incubated for 48h at 37°C. Virus present in allantoic fluid was subsequently passaged at limiting
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dilution in 10-day-old embryonated chicken eggs until maximal growth was obtained. The titre
of virus stocks was determined by plaque assay on MDCK cells. Plaque phenotype was
examined in the presence and absence of trypsin.

2.6. Growth kinetics of virus in 10-day-old embryonated chicken eggs
Ten day-old embryonated chicken eggs were inoculated with recombinant VN/HN virus.
Allantoic fluid was harvested, and subsequently assayed for viral growth at 0h, 24h, 48h, and
72h time points. The titre of virus present in allantoic fluid was determined by plaque assay
on MDCK cells.

2.7. Growth kinetics of virus in Normal Human Bronchial Epithelial (NHBE) Cultures
Cultures of differentiated NHBE cells (Cambrex) were washed extensively with growth
medium to remove accumulated mucus, and infected with VN/HN or influenza A/Memphis/
7/01 (H1N1) virus at an MOI of 0.001 in the absence of exogenous TPCK trypsin. Following
infection, cells were maintained at the air-liquid interface, and cell culture supernatant was
harvested at 0h, 24h, 48h, 72h and 96h time points, following the addition of medium to the
apical surface of the cells for 30 minutes. The titre of virus released into the cell culture
supernatant at each time point was determined by plaque assay on MDCK cells.

2.8. Mean Death Time (MDT) of 10-day-old embryonated chicken eggs
The pathogenicity of the VN/HN virus in 10-day-old embryonated eggs was determined by
MDT. Groups of six 10-day-old embryonated eggs were inoculated with 100 μl of 10-fold
serial dilutions of virus or sham inoculated with PBS by the chorioallantoic sac route. Eggs
were incubated at 37°C and candled at 6 hour intervals for 5 days. Eggs were scored as alive
or dead, and the time of death recorded. The highest dilution which killed all embryos was
determined to be the minimum lethal dose. MDT was calculated as the mean time of death in
eggs inoculated with the minimum lethal dose of virus.

2.9 Lethality of WSN/HALo virus in mice
Six- to 8-week-old C57BL/6 mice were intranasally inoculated (n = 4) with 102, 103, 104,
105 or 106 PFU of WSN/HALo virus in 50 μl of phosphate buffered saline (PBS). Animals
were monitored daily for mortality, weight loss or other signs of disease over a two week period.

Animals were sacrificed if they lost greater than 20% of their body weight, or showed obvious
signs of distress.

2.10. Immunisation and infection in mice
Six to 8-week-old C57BL/6 mice were intranasally inoculated (n = 4) with 105.7 PFU of VN/
HN virus in 50 μl of phosphate buffered saline (PBS), or with a mock PBS inoculum. Mice
were monitored daily for weight loss or other signs of disease over a two week period. Three
weeks after the initial inoculation, mice were boosted by a second intranasal inoculation of
105 PFU of VN/HN virus. Vaccinated mice were challenged three weeks later with 106 PFU
of WSN/HALo virus which is equivalent to 101.8 (62.5) MLD50 by intranasal route, and
monitored daily for weight loss or other signs of disease over a two week period.

2.11. Immunisation and infection in chickens
Groups of 2 week-old SPF White Leghorn chickens (n = 20) were inoculated with 107.2

EID50 of VN/HN virus in 0.1 mL of PBS either intranasally (IN) or by eyedrop, or sham
inoculated with PBS by both IN and eyedrop routes. This dose was 102 EID50 greater than the
standard ND virus vaccine field dose. At 5 weeks of age, 10 chickens from each group were
challenged with either 106.1 EID50 of influenza A/Vietnam/1203/04 (H5N1) by intranasal route
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or with 105.3 EID50 of the Fontana strain of vNDV by intranasal/eyedrop (50/50) route in 0.1
mL of PBS.

2.12. Immunisation in-ovo and challenge in chicken
18-day-old SPF White leghorn chicken embryos were inoculated in-ovo with 105.2 EID50 of
VN/HN virus or sham inoculated with 0.1 mL of PBS. At 3 weeks post hatching, 10 chickens
from each vaccinated group were challenged intranasally with 106.1 EID50 of influenza A/
Vietnam/1203/04 (H5N1) virus, or challenged by intranasal/eyedrop route with 105.2 EID50
of Fontana strain of vNDV in 0.1 mL PBS. Oropharyngeal and cloacal swabs were taken 2
days post-challenge and assayed by quantitative real-time RT-PCR (RRT-PCR) for AI virus
and NDV for respective challenge groups.

2.13. Quantitative Real-time RT-PCR (qRRT-PCR)
RNA was extracted from oral or cloacal swab material as follows: 100μl of swab material was
added to 750μl of Trizol LS (Invitrogen Inc., Carlsbad, CA) and 150μl RNA grade water. The
sample was mixed by vortexing and incubated at room temperature for 10 minutes, then
200μl of chloroform was added. The samples were mixed by vortexing and incubated at room
temperature for ten minutes then centrifuged for 15 minutes at approximately 12 000×g. The
aqueous phase was collected and RNA isolation was completed by extracting the RNA from
the aqueous phase with the MagMAX AI/ND viral RNA isolation kit (Ambion, Inc. Austin,
TX) in accordance with the kit instructions using the KingFisher magnetic particle processing
system (Thermo Scientific, Waltham, MA).

The A/Vietnam/1203/04 (H5N1) HPAI virus and Fontana strain of vNDV were used as the
source of the RNA for the quantitative standards for their respective treatment groups. Virus
stocks in allantoic fluid were diluted in brain heart infusion broth (BHI) (Becton-Dickinson,
Sparks, MD) and titrated in embryonated chicken eggs by standard methods [18]. Whole virus
RNA was extracted from ten-fold dilutions of titrated virus as described for swab material.
Real-time RT-PCR for the influenza matrix gene or avian paramyxovirus-type 1 matrix gene
was performed as previously described [19,20]. Virus titres in samples were calculated based
on the standard curves by the Smart Cycler II (Cepheid, Inc. Sunnyvale, CA) software.

2.14. Statistical methods
All statistical operations were performed with Sigma Stat Version 2.03 (SPSS, 1992–1997).
The unpaired t-test was used to compare two groups if the groups contained normally
distributed data with equal variance. If these requirements were not met, the Mann-Whitney
test (rank sum test) was used instead. P-values < 0.05 were considered statistically significant.

For statistical purposes, negative RRT-PCR samples were assigned titre values equal to the
detection limit of the RRT-PCR run minus 100.1 EID50/mL. Mean titres from groups containing
negative RRT-PCR values were reported with a ≤ symbol. The detection limit of each RRT-
PCR run was calculated from the standard curve, setting the cycle threshold value equal to the
number of cycles run. Negative HI samples were assigned a well number of 0.01.

3.0. Results
3.1. Biological characterization of the virus

To determine the stability of the HALo and NA-HN genes in the VN/HN virus, we passaged
the recombinant virus 10 times in 10-day-old embryonated SPF chicken eggs. RT-PCR was
performed on virion RNA from the tenth passasge, and the sequence of the recombinant NA-
HN segment was shown to be unchanged from the original plasmid sequence. The sequence
of the HALo segment remained unchanged at the polybasic cleavage site, exhibiting the
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avirulent consensus amino acid sequence PQRETR ↓ G. One amino acid change was noted in
the HA protein around the region of the receptor binding site (S203F; H3 numbering). Virus
was shown to require TPCK trypsin for efficient growth in MDCK cells (data not shown).

3.2. Incorporation of HALo protein into the virion
Incorporation of HALo protein into virions was confirmed by Western blot. Bands
corresponding to the HA0 and HA1 proteins were observed at the expected molecular sizes
for VN/HN virus and control WSN/HALo virus, but were not observed for WSN virus or mock
extract (Fig 1A). The identity of the HALo protein was verified by PNGase F treatment:
following deglycosylation, Western blot analysis demonstrated migration of HA0 and HA1
protein bands of the expected molecular sizes of 62.5 and 32 kDa respectively (Fig 1B). The
most likely reason for the difference in mobility of the H5 HA proteins derived from WSN/
HALo virus and VN/HN virus, as observed in Fig. 1, is a difference in glycosylation of the
two proteins. WSN/HALo virus was grown in MDCK cells, while VN/HN virus was grown
in eggs. It has been previously established that the HA molecule from egg-grown influenza
virus is glycosylated to a lesser extent, and the glycosylation is less branched in nature, relative
to the HA of MDCK cell-grown virus [21] [22] resulting in differences in mobility of the
proteins in SDS-PAGE.

3.3. Growth of VN/HN virus in 10-day-old embryonated eggs
Multicycle growth of the bivalent virus VN/HN was studied in 10-day-old embryonated SPF
chicken eggs. Infections were carried out at a low MOI (100 PFU/egg) and infectious virus in
the allantoic fluid of eggs was titrated on MDCK cells in the presence of TPCK trypsin at the
time points indicated (Fig. 2a). The VN/HN virus replicated in embryonated chicken eggs to
a titre of 107 PFU/mL, which corresponds to approximately 2 logs lower growth than that
observed for the high growth influenza A/PR/8/34 virus.

3.4. Mean Death Time
Ten day-old embryonated chicken eggs inoculated with VN/HN virus demonstrated a MDT
of 81h, and maximum titres of virus were achieved by 48h (Fig. 2a). Similarly, influenza A/
PR/8/34 has a MDT in 10 day-old-eggs of greater than 96h [23], while peak titres are achieved
by 48h. Both viruses are therefore suitable for growth in eggs. In contrast, H5N1 HPAI viruses
have been shown to have a MDT of around 44h [23], which prevents the use of 10-day-old
eggs as a substrate for the growth of these viruses. These data demonstrate that the bivalent
VN/HN virus is sufficiently attenuated for the use of embryonated eggs as a substrate for virus
growth.

3.5. Growth of virus in mammalian models
3.5.1. Growth of VN/HN virus in Differentiated Normal Human Bronchial
Epithelial (NHBE) cell cultures—To determine the ability of the bivalent virus to grow in
human cells, multicycle growth of the VN/HN virus or of a human control virus, influenza A/
Memphis/7/01 (H1N1) was carried out in differentiated normal human bronchial epithelial
(NHBE) cultures. Infections were carried out at a low MOI (0.001) in the absence of exogenous
trypsin and infectious virus released to the cell culture supernatant was titrated on MDCK cells
at the time points indicated in figure 2b. The VN/HN virus was shown to be incapable of
replication in differentiated NHBE culture, while the control virus, A/Memphis/7/01 (H1N1)
could replicate to a titre of 108 PFU/mL under identical conditions (Fig. 2b).

3.5.2. Lethality of WSN/HALo virus in mice—We required a mouse lethal influenza virus
bearing an H5 HA protein, to be used as a challenge virus in a vaccination - challenge study.
To this end, we engineered a recombinant virus containing seven gene segments from the
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mouse adapted influenza strain A/WSN/33, and the HA segment from A/Vietnam/1203/04,
modified by the removal of the polybasic cleavage site. The 50% mouse lethal dose
(MLD50) of the resultant WSN/HALo virus was determined. Groups of four animals were
inoculated intranasally with 102, 103, 104, 105 or 106 pfu, as determined by plaque assay on
MDCK cells. The status of each mouse was then monitored daily for weight loss and signs of
disease. The results obtained (shown in Fig 3a) were used to calculate the MLD50 by the method
of Reed and Muench [24]. The 50% lethal dose was found to be 104.2 PFU, indicating that
WSN/HALo virus is suitable for use as a lethal H5 HA-containing challenge virus in
vaccination studies.

3.5.3. Immunisation and challenge in mice—Groups of 4 mice (C57BL/6) were infected
intranasally with 105.7 PFU of VN/HN virus or mock infected with PBS and monitored daily
for weight loss and other symptoms of disease. Infected mice exhibited no signs of disease,
and no difference in weight was observed between the PBS control group and the infected
group (Fig. 3b.). All animals in the infected group recovered fully. Mice were boosted at three
weeks post vaccination with 105 PFU of VN/HN virus or PBS as appropriate. At 3 weeks post
boost, 25% of mice infected with VN/HN virus had developed a quantifiable increase in
antibody to H5 HA as assayed by HI. Upon challenge with a lethal dose of WSN/HALo virus
(62.5 MLD50), at three weeks post boost, 100% of VN/HN vaccinated mice were protected
from death, and displayed only a modest and transient weight loss between days 2 and 5 post
challenge. In contrast, all sham inoculated mice died when challenged with WSN/HALo virus
(Fig. 3c).

3.6. Immunisation in-ovo and challenge in chickens
To examine the efficacy of the VN/HN virus as a vaccine, 18-day-old embryos of SPF chickens
were vaccinated with 105.2 EID50 of VN/HN virus. 75% of chickens developed quantifiable
HI titres to NDV by three weeks of age while only 30% of chickens had measurable immune
response to H5 avian influenza virus and the titres were minimal (Table 1). No sham inoculated
birds developed HI titres to either virus. Upon challenge with highly virulent NDV (105.2

EID50), at three weeks of age, 90% of VN/HN vaccinated chickens were protected from death
and upon challenge with influenza A/Vietnam/1203/04 (H5N1) (106.1 EID50), 80% of VN/HN
vaccinated chickens were protected from death. In contrast, all sham vaccinated chickens died
when challenged with either virulent virus. Ninety-four percent of surviving chickens mounted
a quantifiable anamnestic response to NDV, and 88% of surviving chickens mounted a
quantifiable anamnestic response to H5 avian influenza virus. Both of the VN/HN-vaccinated
groups displayed a significant increase in protective antibody titre 14 days post-challenge.
Although all of the VN/HN-vaccinated birds that died lacked detectable antibodies to both AI
virus and vNDV before challenge, not all of the VN/HN-vaccinated birds lacking detectable
antibodies died. These survivors may have possessed antibodies detectable by a more sensitive
assay, and cellular immunity could have helped clear the infection.

The challenge HPAI virus replicated to very high titres in the respiratory and alimentary tracts
of all sham vaccinated birds while significantly fewer chickens in the VN/HN vaccine group
had recoverable challenge virus from respiratory and alimentary tracts and of much lower titres
(Table 1). By contrast, the challenge vNDV replicated to high titres in respiratory tract of all
sham vaccinated chickens and was also recovered from alimentary tract in most chickens but
at very low titres. In the VN/HN vaccinated chickens, similar numbers of birds had virus in
respiratory tract but the titres were significantly lower than those in the sham group. No
challenge vNDV was recovered from the alimentary tract of vaccinated birds.

Significantly less challenge virus was shed from the respiratory and intestinal tracts of the VN/
HN-vaccinated group compared to the sham-vaccinated group 2 days post-challenge with A/
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VN/1203/04. If the medians for the VN/HN-vaccinated group are used for comparison (see
footnotes for Table 1), at least a 103–4 fold reduction in shedding of the challenge virus was
achieved. The reduction in viral shedding observed in VN/HN-vaccinated birds following
challenge with vNDV was smaller, but statistically significant. The mean titre of oral swab
samples from the VN/HN-vaccinated group was at least 100.9 fold lower than that from the
sham-vaccinated group, and none of the cloacal swab samples from the VN/HN-vaccinated
group were virus positive.

3.7. Immunisation and challenge in chickens
Following a single vaccination of VN/HN virus in 2-week-old white leghorn chickens, no
quantifiable HI titres to NDV or to H5 avian influenza were observed in sera by three weeks
post vaccination (Table 2). No sham inoculated birds developed HI titres to either virus. Upon
challenge with either the Fontana strain of vNDV or A/Vietnam/1203/04 (H5N1) HPAI virus,
at three weeks post vaccination, no protection was observed in any birds. All sham inoculated
chickens died when challenged with either vNDV or HPAI virus. The VN/HN virus grew to
very low titres in 2-week-old chickens, and interestingly, was detected only in cloacal swabs
but not from tracheal swabs of vaccinated birds as shown in Table 2. This minimal replication
in the birds may explain the lack of immune response and the absence of protection from
challenge.

4.0. Discussion
We describe the characterisation of an attenuated live bivalent influenza virus with potential
for use as a vaccine against the economically important pathogens H5 HPAI virus and vNDV.
We have previously generated a recombinant influenza virus expressing the ectodomain of the
HN protein from NDV B1 virus in place of the influenza neuraminidase ectodomain [12]. As
this virus expresses the major antigenic proteins of both influenza virus and NDV, the H5 HA
protein and the HN protein respectively, we reasoned that it should elicit immune responses
against both agents. The evaluation of the bivalent virus for efficacy as a live attenuated vaccine
confirmed that a single inoculation into 18-day-old chicken embryos provided protection
against a lethal challenge of Fontana strain of vNDV in 90% of vaccinated chickens at three
weeks of age, with significant reduction in challenge virus replication in respiratory and
alimentary tracts. Furthermore, HI antibody responses to NDV were generated in these
chickens, and titres were boosted following challenge. Similarly, protection against a lethal
challenge of HPAI was observed at three weeks of age in 80% of VN/HN vaccinated chickens,
with a significant reduction in the number of infected chickens and decreased virus replication
in respiratory and alimentary tracts. These results demonstrate the potential of a bivalent
influenza virus for in-ovo immunisation against NDV and HPAI. Detailed hatchability records
were not maintained during the present work, and future studies would be required to examine
the impact of in-ovo vaccination with this virus on hatchability. The purpose of the initial study
was to provide a proof of concept that in-ovo administration would produce post hatch
protective immunity against virulent challenge and not to investigate hatchability, which would
require a study involving several hundred eggs. Post hatch vaccination with VN/HN vaccine
virus failed to elicit sufficient viral replication to provide measurable serological response and
no protection resulted from lethal HPAI virus and vNDV challenge. This was presumably due
to over-attenuation of the virus which prevented efficient growth in the post-hatch bird, which
would possess a more fully developed immune system than that present in an 18 day old chicken
embryo.

The use of an influenza virus as a live attenuated vaccine vector has several advantages. Firstly,
influenza is known to produce a strong humoral and cell mediated immune response, and as
an RNA virus, cannot integrate into the host cell genome. Furthermore, the virus grows quickly
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in embryonated eggs and requires minimal downstream processing, rendering the production
of a live attenuated virus cost-effective. These benefits are amplified in the case of a multivalent
vaccine, where one immunisation can lead to protection from two pathogens. Furthermore, the
use of an in-ovo vaccination strategy allows for the protection of chickens from as early as
three weeks of age. Thus we propose that recently developed reverse genetics techniques
[15] are ideal for the generation of effective, economical and convenient bivalent live
attenuated vaccines.

In addition to the influenza virus-based bivalent vaccine virus described herein, three NDV-
based bivalent, live attenuated vaccine viruses have recently been described [12] [25] [26].

Several properties shared by NDV and influenza virus make them suitable starting points for
the design of live attenuated vaccines. Both viruses possess an RNA genome which does not
integrate into host cell DNA, and the ability to stably incorporate foreign genes over multiple
passages in culture. The bivalent vaccine approach can therefore be applied to either influenza
virus or NDV platforms. The value of the bivalent approach applies equally to vaccines based
on both viruses. Firstly, this approach avoids the difficulties associated with simultaneous
vaccination using multiple live attenuated viruses (the presence of one virus may have adverse
effects on the growth or immunogenicity of a second virus). Secondly, the bivalent vaccine
approach lowers the burden of cost for vaccination, both at the stage of vaccine production and
administration. Thirdly, both the NDV and influenza virus based vaccine approaches are
compatible with the DIVA (Differentiating Infected from Vaccinated Animal) strategy for
vaccination. In vaccination with either bivalent NDV or influenza virus based vaccine, the
recipient animals will lack an immune response to antigen which is present in the natural virus.
One difference between the NDV based vaccine viruses and the influenza based bivalent
vaccine is that the current influenza based virus is too highly attenuated to provide protection
against challenge when administered to two week old chickens; the NDV based viruses are not
over-attenuated to this degree. It remains to be seen whether further research can produce an
influenza based vaccine which will provide comparable protection to that shown by the NDV
based viruses in two week old birds. Conversely, it remains to be demonstrated whether NDV
based vaccines would be efficacious when administered in-ovo. A MDT in egg of >80 h
observed with NDV based bivalent virus (Park et al., 2006) suggests that NDV is likely to be
suitable for in-ovo vaccination in addition to its application in the vaccination of older birds.

The high pathogenicity of currently circulating H5N1 strains creates two difficulties for vaccine
production: (i) the viruses are too virulent to be grown to a maximum titre in 10-day-old
embryonated eggs, the industry standard substrate for the production of inactivated influenza
vaccines, and (ii) high containment facilities are required in order to protect workers and the
environment. Both issues have been addressed herein by the use of reverse genetics technology.
The removal of nucleotides encoding the polybasic cleavage site in the HA resulted in the
generation of an attenuated recombinant virus suitable for growth in embryonated chicken
eggs. The virus grew to maximal titre in 48h, considerably shorter than its MDT of 81h,
demonstrating that 10-day-old eggs can be safely and conveniently used for the production of
the vaccine. The attenuated nature of our influenza based bivalent virus was further confirmed
in two week old White Leghorn chickens. In contrast to H5N1 HPAI influenza virus, which
killed chickens with a mean death time of 1.6 days (Table 1), our live attenuated bivalent virus
did not cause death or signs of disease in chickens, grew to very low titres, detectable only in
the cloaca, and was actually over-attenuated for use as a vaccine in chickens of this age; i.e.
not producing a protective immune response.

It was observed that there was a change in the hemagglutinin protein at residue 203 (H3
numbering) which altered a seine to a phenylalanine. While the change of residue at position
203 of the hemagglutinin protein may simply be a neutral mutation resulting from passage of
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the virus at limiting dilution in eggs, it is also possible that the alteration was an adaptive
mutation to growth in eggs. Egg adaptive changes in the hemagglutinin molecule have been
previously reported for human influenza A virus [27]. Alternatively, the mutation in the
hemagglutinin molecule may have acted to compensate for a putative imbalance between the
hemagglutination and neuraminidase activities of the virus, which may have arisen as a result
of the replacement of the wt neuraminidase with the NA-HN protein. Further experiments are
necessary to determine the exact role, if any, played by the hemagglutinin S203F mutation to
the fitness of the virus.

In the mouse model, we observed that VN/HN virus offered complete protection from challenge
with a lethal dose (62.5 MLD50) of a mouse adapted recombinant virus containing the A/
Vietnam/1203/04 HALo segment, indicating that influenza based bivalent viruses may also be
suitable as mammalian vaccines. A bivalent influenza based virus vaccine with a background
of the mouse adapted strain of influenza A/WSN/33, which incorporated the ectodomain of
Sendai virus HN in place of the ectodomain of the WSN neuraminidase has recently been
reported. This virus afforded protection to mice from challenge with both a mouse adapted
influenza strain, and a mouse adapted parainfluenza virus [28].

Our recombinant vaccine need not be grown in high containment facilities because while the
introduction of a polybasic cleavage site into the HA of H5 and H7 influenza viruses correlates
strongly with pathogenicity [29,30], over at least 10 passages in eggs, the virus was shown to
be stable in the region of the polybasic cleavage site, with no introduction or substitution of
nucleotides observed. Furthermore, an assessment of the growth of the virus in differentiated
NHBE cell culture (Fig. 2b) demonstrated that, while contemporary human influenza A virus
replicated to high titres, the bivalent virus was unable to grow to detectable titres. Thus the
bivalent virus would not be predicted to replicate or cause disease in humans, and this
attenuation suggests that the VN/HN virus can be used safely for the manufacture of live
attenuated vaccine. In mice, doses of up to 105.7 PFU of the bivalent virus were shown to be
tolerated with no observable ill-effects. In contrast, the wild-type A/Vietnam/1203/04 (H5N1)
virus has been shown to be highly pathogenic in mice, with a 50% mouse lethal dose as low
as 102.2 EID50 [31].

In summary, we have demonstrated that an influenza based live attenuated bivalent vaccine
can protect chickens against mortality and morbidity from both HPAI and Newcastle disease
virus. Furthermore we would predict that similar bivalent viruses could be applied to the
prevention of disease caused by other pathogens in many animal hosts. Future studies should
be conducted with the attenuated bivalent VN/HN vaccine to verify the lack of reduced
hatchability following in-ovo vaccination, the potential use of the in-ovo vaccination as a
priming vaccine followed by post-hatch boost with other AI vaccines, and a risk assessment
on environmental safety of the attenuated bivalent VN/HN vaccine.
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Fig. 1.
Western blot analysis of purified virion preparations. A. Incorporation of H5 specific HALo
protein into the VN/HN virion is shown by the presence of specific bands corresponding to the
uncleaved HA0 and to the HA1 subunit of hemagglutinin. Corresponding HA0 and HA1 bands
were also present in the WSN/HALo lane (positive control), but not in WSN virus and mock-
infected lanes (negative controls). B. Treatment of VN/HN sample with PNGase F leads to the
deglycosylation of the HALo protein, visualised as faster migrating forms of the HA0 protein
and the HA1 subunit. No bands were present in the WSN lanes (negative control).
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Fig. 2.
A. Growth of VN/HN virus in 10-day-old embryonated eggs. Eggs were infected with A/PR/
8/34 (H1N1) virus or with VN/HN virus at a low MOI (100 PFU/egg). Virus in allantoic fluid
was quantified by plaque assay on MDCK cells at the timepoints indicated. B. Growth of VN/
HN virus in NHBE culture. Normal human bronchial epithelial cultures were infected at an
MOI of 0.001 with A/Memphis/7/01 (H1N1) or with VN/HN virus. Virus released to the culture
supernatant was quantified by plaque assay on MDCK cells at the timepoints indicated.
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Fig. 3.
Fig. 3A. Suceptibility of mice to infection with WSN/HALo virus. Groups of C57BL/6 mice
(n = 4) were intranasally inoculated with 102 103 104 105 or 106 PFU of WSN/HALo virus.
Body weight was assessed daily and is expressed as the average percent change in body weight
for each group of animals. B. Body weight of mice following vaccination with VN/HN virus.
C57BL/6 mice (n = 4), inoculated with 105.7 PFU of VN/HN virus, or sham vaccinated with
PBS (n = 4), demonstrated no weight loss or other signs of disease over a two week period.
C. Protection of mice from lethal challenge with WSN/HALo virus. PBS treated control mice
(n = 4) and mice vaccinated with 105.7 PFU of VN/HN virus (n = 4) followed by a boost with
105 PFU of VN/HN virus three weeks post vaccination were challenged with 62.5 MLD50 of
WSN/HALo virus at six weeks post vaccination. Body weights of mice were followed for 14
days. VN/HN vaccinated mice demonstrated a slight and transient weight loss between days
two and five, whereas all PBS inoculated control mice rapidly lost weight and were sacrificed
on day 4 post challenge.
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