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En relacién con el expediente de la referencia y dando cumplimiento a la Gltima
providencia recaida sobre este asunto por medio del presente escrito me permito
manifestarles lo siguiente:

1. Se modifica el titulo de esta solicitud de patente como sigue:

VIRUS QUIMERICOS DE LA ENFERMEDAD DE NEWCASTLE QUE
PRESENTAN PROTEINAS DE SUPERFICIE NO NATIVAS
2. De conformidad con precisas instrucciones de mi representada adjunto un
nuevo capitulo reivindicatorio, revisado y corregido.

3. La Solicitante ha decidido elegir el grupo de reivindicaciones dirigidas a los
virus quimericos de la enfermedad de Newcastle (NDV) y cancelar sin perjuicio
el objeto reivindicado virus quiméricos de la influenza. El juego de
reivindicaciones modificadas contiene dos reivindicaciones independientes: Las
Reivindicaciones 1 y 5. Asi, la Solicitante asevera que esta objecion queda
superada.

4. En lo que respecta a los términos de las reivindicaciones que se refieren a
polipéptidos y &cidos nucleicos, la sociedad Solicitante sostiene con respeto
que estos términos como, por ejemplo, proteina de fusion F, proteina de fusion
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HN, proteina F, proteina HN, antigeno protector, son bien entendidos por la
persona medianamente versada en la materia técnica correspondiente y se
describen en la especificacion de la solicitud tal como fue radicada (ver, p.ej, la
Seccién 2.1.2 comenzando en la p. 5; la Seccién 5.2 comenzando en la p. 48; y
la Seccion 5.3 comenzando en la p. 51). Por consiguiente, no dificultan
determinar la extension del objeto que se pretende proteger. Ni representada
anota tambien que el requisito de caracterizar los polipéptidos y &cidos
nucleicos citados en las reivindicaciones por sus secuencias respectivas de
aminoacidos y nucleétidos seria indebidamente laboriosa porque limitaria de
forma injusta el alcance de la proteccién de lo que considera su invencién y
complicaria innecesariamente el pliego de reivindicaciones, porque esto exigiria
enumerar varias secuencias que cubren los diversos genotipos revelados del
NDV, algunos de los cuales pueden variar en un Unico aminoacido o
nucledtido. Por ultimo, el Solicitante desea anotar que las secuencias
especificas no son importantes para la invencion. El concepto inventivo aqui
reivindicado se basa por 1o menos en parte en la observacion de que los NDV
quiméricos con proteinas de fusion HN y F son capaces de inducir inmunidad
protectora contra el NDV y un antigeno extrafio independiente y esto no es

dependiente de ninguna secuencia particular de aminoacidos o nucleétidos.

En lo que respecta a las objeciones de las referencias D2 (“Peeters”) y D3
("Zimmer”), Peeters construyo un NDV quimérico sencillamente intercambiando
los dominios HN entre NDV y APMV4, otro paramixovirus de la misma familia.
Zimmer construy6 un virus Sendai quimérico (SeV) que expresa una proteina F
de fusién del virus sincicial respiratorio (RSV)/SeV — de nuevo el virus
quimerico resultante se basa en dos paramixovirus. La persona medianamente
versada en la técnica habria esperado que las proteinas de los paramixovirus
quiméricos de Peeters y Zimmer se expresaran e incorporaran a sus
respectivas columnas vertebrales de paramixovirus porque los virus que se
usan vienen de la misma familia. La persona medianamente versada en la
técnica no habria esperado que otro tanto fuese cierto para un columna
vertebral de paramixovirus que expresa una proteina de fusion que comprende
por lo menos un epitope de un antigeno que no es un antigeno de
paramixovirus (p.ej., una columna vertebral de NDV - paramixovirus, y un
epitope de influenza — ortomixovirus), como lo exigen las reivindicaciones
modificadas que aqui presentamos. Ver, p.ej, Zimmer en 10467, primer
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paragrafo, en donde explica los diferentes mecanismos por los cuales las
glucoproteinas de membrana de los ortomyxovirus y paramixovirus intermedian
el ingreso a la célula.

Hacemos notar ademas que Zimmer generd sus virus quiméricoes para
estudiar la funcion de las glucoproteinas de superficie RSV y SeV, y concluyé
que “SeV recombinante que contiene RSV-F quimérico como la unica
glucoproteina que representa una herramienta Util para el analisis ulterior del
papel de RSV-F en el ingreso del virus”. Zimmer, en 10476, Gltima oracion; ver
también Zimmer en 10468, primer paragrafo completo. Zimmer no ensefa ni
sugiere generar virus quiméricos basados en dos virus no relacionados con el
propdsito de inmunizar o vacunar contra uno o los dos virus. Peeters no hace
nada para subsanar esta deficiencia. En efecto, Peeters seleccioné el APMV4
porgue “no ha sido asociado con enfermedad” (pagina 1617, columna derecha,
primer paragrafo complleto), y (como lo reconocié el Examinador en el Oficio) la
pagina 1623, primera paragrafo de la Discusion en Peeters dice lo siguiente:

‘el propésito de producir el NDV quimérico recombinante descrito en
este informe no fue generar una vacuna mas segura O mas
inmunogénica, sino generar una vacuna que permita la diferenciacion
serologica entre animales vacunados y animales infectados por
cepas de campo del NDV.”

Por consiguiente, la persona medianamente versada en la técnica no podria
haber deducido obviamente de Peeters o Zimmer que se pudiera generar una
vacuna mas segura e inmunogénica contra dos agentes causales de
enfermedad (p.ej., NDV e influenza) de diferentes familias. Mas bien, estos se
Cuentan entre los hallazgos inesperados que subyacen el nivel inventivo de la
invencion que aqui se reivindica.

La invencion que aqui se reivindica se basa, en parte, en el resultado de que
los NDV quiméricos reivindicados, con proteinas de fusién F o HN del NDV que
contienen antigenos que no son antigenos de paramixovirus, son capaces de
inducir inmunidad protectora contra virus causantes de enfermedad no
emparentados. Por ejemplo, los ejemplos de trabajo de las Secciones 6.2 y 6.3
de la especificacion de la solicitud en cuestion demuestran |a generacion de
NDV quimérico seguro e inmunogénico que porta una proteina de fusion NDV
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Flinfluenza HF. Ver, p.ej., la descripcion en § [00249] que hace puente entre las
paginas 90 y 91; ] [00250] que hace puente entre las paginas 94 y 95; y 1
[00263] que hace puente entre las paginas 96 y 97.

Como se demuestra en ] [00262] en la pagina 96 de la descripcién, las
proteinas de fusién de fa invencion que aqui se reivindica también tienen la
propiedad inesperada de una mejor expresion e incorporacion dentro de los
virus quimeéricos de NDV. Este resultado inesperado de mejor expresion e
incorporacion de las proteinas de fusion fue confirmado en Park et al., 20086,
PNAS 103:8203-8208 (“Park,” una copia del cual adjuntamos a la presente),
publicado en una revista revisada por pares después de la fecha de prioridad
de la solicitud en estudio. En Park, se demostré que una proteina quimérica
con un ectodominio HA de la influenza aviar y los dominios de transmembrana
y citoplasmatico de la proteina F del NDV con un sitio de ruptura de proteasa
modificado tiene una mejor incorporacion dentro de virus NDV modificados.
Ver, p.ej., Park, Resumen y el paragrafo que hace puente entre las paginas
8205 y 8206. Ademas, tanto Park como los ejemplos de trabajo de las
Secciones 6.2 y 6.3 de la especificacion demuestran que un NDV modificado
con una proteina F de NDV quimérico/proteina HA de influenza aviar no se
gener6 con éxito, también despierta inmunidad protectora contra NDV e
influenza aviar. Ver la especificacion en, p.ej., § [00249] que hace puente entre
las paginas 90 y 91; y § [00263] que hace puente entre las paginas 96 y 97; y
Park, Resumen y péagina 8206, primer paragrafo completo. Ademas, oftra
publicacion posterior a la fecha de radicacion, Nayak et al., 2009, PLoS ONE
4:e6509 (“Nayak,” una copia del cual adjuntamos a la presente), informa sobre
la mejora de incorporacion y expresion de una proteina quimérica que tiene un
ectodominio HA de la influenza aviar y los dominios de transmembrana y
citoplasmatico de la proteina F del NDV en virus NDV quimericos. Ver, p.ej,
Nayak, Resumen; y pagina 2°, 3° y 7° paragrafos completos.

8. Con base en lo anterior, la invencién que aqui se reivindica es novedosa,
inventiva, y no obvia con respecto a las Referencias D2 (Peeters) y D3

(Zimmer). La sociedad Solicitante por consiguiente solicita respetuosamente
que se retire el rechazo en relacion con estas referencias.

9. Se adjuntan, debidamente corregidos, el formulario petitorio y la caratula.
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10.Igualmente se acompafia el comprobante de pago por concepto de
reivindicaciones adicionales por valor ¢ $ 840.000.00, recibo No. ! SH Ogb

Renuncio al término faltante de traslado, y les solicito otorgar el privilegio de
patente de invencion dentro de este expediente.

De Ustedes Atentamente,

LUIS‘%%%E

T.P. No. 68.995 del C.S.J.

e



Engineered viral vaccine constructs with dual
specificity: Avian influenza and Newcastle disease

Man-Seong Park*, John Steel*, Adolfo Garcia-Sastre*, David Swayne', and Peter Palese**

*Department of Microbiology, Mount Sinai School of Medicine, New York, NY 10029; and 'Southeast Poultry Research Laboratory, Agricultural

Research Service, U.S. Department of Agriculture, Athens, GA 30605-2195
Contributed by Peter Palese, March 29, 2006

Avian influenza viruses of the H5 and H7 hemagglutinin subtypes,
and Newcastle disease virus (NDV), are important pathogens in
poultry worldwide. Specifically, the highly pathogenic H5N1 avian
influenza virus is a particular threat because it has now occurred in
more than 40 countries on several continents. Inasmuch as most
chickens worldwide are vaccinated with a live NDV vaccine, we
embarked on the development of vaccine prototypes that would
have dual specificity and would allow a single immunization
against both avian influenza and Newcastie disease. Using reverse
genetics, we constructed a chimeric avian influenza virus that
expressed the ectodomain of the hemagglutinin-neuraminidase
gene of NDV instead of the neuraminidase protein of the H5N1
avian influenza virus. Our second approach to creating a bivalent
vaccine was based on expressing the ectodomain of an H7 avian
influenza virus hemagglutinin in a fusogenic and attenuated NDV
background. The insertion into the NDV genome of the foreign
gene (containing only its ectodomain, with the transmembrane
and cytoplasmic domains derived from the F protein of NDV)
resulted in a chimeric virus with enhanced incorporation of the
foreign protein into virus particles. A single immunization of
chickens with this improved vaccine prototype virus induced not
only a 90% protection against an H7N7 highly pathogenic avian
influenza virus, but also complete immunity against a highly
virulent NDV. We propose that chimeric constructs should be
developed for convenient, affordable, and effective vaccination
against avian influenza and Newcastle disease in chickens and
other poultry.

chicken | Newcastle disease virus | pandemic | avian influenza virus
hemagglutinin

n recent years, outbreaks of high-pathogenicity avian influenza

(HPAT) have been reported in Asia and Furope (1, 2). These
outbreaks involving HSNI or H7N7 influenza viruses resulted in
lethal infections in domestic poultry and the death of a limited
number of pcople (2-4). The current HISNI viruscs have been
circulating among poultry in China in recent years (5, 6) and,
although migratory birds are considered to be the primary reservoir
of these viruses, transmission from infected poultry back to migra-
tory birds is belicved to have contributed to the increased geo-
graphical distribution of the viruscs (7). Currently, the H5NI virus
has cmerged from Asia, spreading across Europe and Africa (8).
Wholcsale culling of poultry was shown to be a successful strategy
for cradicating HSN1 outbreaks in Hong Kong in 1997 and in The
Netherlands in 2003 (9). Because human victims of recent HPAI
outbreaks have had close contact with infected poultry (10), it
follows that the prevention of interspecics transmission of avian
influcnza viruses (AlVs) may be accomplished by eradicating A1V
in poultry through slaughter. However, for cconomic and practical
reasons, the destruction of infected poultry alone is no longer
considered the method of choice for the control of this disease. In
addition, for cthical and ecological reasons, the culling of migratory
wildfowl is considered an unacceptable practice. Recently, the
World Organization for Animal Health and the Food and Agri-
culture Organization of the United Nations recommended that
vaccination of poultry be considered for the control of AIV (11).

www.pnas.org/cgi/dei/10.1073/pnas.0602566103

In addition, it has been reported that vaccination of chickens with
inactivated HS vaceine in a field study was successful in interrupting
virus transmission (12). Recently, China has accepted vaccination
as a component of its ATV control program. Accordingly, the entire
poultry population in China is to be vaccinated (13).

As part of our approach to the development of vaccines with
dual specificity against A1V and Newecastle discase virus (NDV),
we report here on the construction of an avian HS influenza
virus in which the ectodomain of the avian neuraminidasc (NA)
is replaced with that of the hemagglutinin-neuraminidase (IHN)
protein of an NDV. The latter protein is thc major antigen of
NDYV that has becn shown to elicit a protective immunc responsc
in chickens (14, 15). Construction of this virus was made possible
by using the reverse genetics technology described in ref. 16. A
bivalent influenza virus expressing the parainfluenza HN
cctodomain was also reported recently (17).

Our second approach to the development of a bivalent vaccine
is based on the NDV platform. NDV is a highly contagious avian
discasc agent of the genus Avudavirus, belonging to the family
Paramyxoviridae and can vary in virulence (18). Over 250 specices of
birds, including poultry, are susceptible to NDV (19). Mortality
from either highly virulent NDV or HPALI infection can reach up
to 100% in unvaccinated poultry flocks. Therefore, the develop-
ment of a combined vaccine against A1V and NDV would be of
benefit to the poultry industry and would imprave public health by
reducing the HPALI load in vaccinated poultry below the level of
transmissibility to pcople.

We and others have previously established reverse genctics
systems to manipulate the genome of NDV (20, 21, 31, 32), allowing
the generation of recombinant NDVs (rNDVs) that express foreign
proteins. We have previously shown that immunization with ’INDV
expressing the influenza A/WSN/33 (HIN1) virus (WSN) hem-
agglutinin (HA) protein protected mice from challenge with «
lethal dose of WSN (21). On the basis of these results, we first
attempted to develop a bivalent vaccine against NDV and HPA1117
virus by using a nonfusogenic INDV vector expressing the WT
HPAI H7 HA profcin ({NDV/B1-H7). Howcver, immunization of
chickens with this INDV/BI-H7 induced only partial immunity
against HPAL and highly virulent NDV (22). Here, we have
developed and evaluated a bivalent vaccine candidate against both
AlIV and NDV for poultry that is based on the fusogenic rNDV
vector expressing a chimeric HA protein. This vaccine shows
improved protection against both pathogens in a chicken challenge
model.

Conflict of interest statement: Mount Sinai School of Medicine owns patent positions for
reverse genetics of negative-strand RNA viruses {(A.G.-S. and P.P.).
Freely available online through the PNAS open access option,

Abbreviations: HPAI, high-pathogenicity avian influenza; AlV, avian influgnza virus; NDV,
Newcastle disease virus; NA, neuraminidase; HN, hemagglutinin-neuraminidase; rNDV,
recombinant NDV; HA, hemagglutinin; WSN, influenza A/WSN/33 (H1N1) vitus; ¢HN,
chimeric HN; EIDso, egg 50% infectious dose; MDCK, Madin-Darby canine kidney; vRNA,
viral RNA; CEF, chicken embryo fibroblast; MDT, mean death time; F, fusion protein; HI,
hemagglutination inhibition; pNDV, parental NDV; vNDV, velogenic NDV,
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Fig. 1. Generation of a transfectant influenza virus bearing a chimeric

NA-HN segment. (A) Schematic diagram of the viral RNA (vRNA) encoding the
influenza virus NA NDV HN chimeric segment. The vRNA consists of the first
127 nucleotides of the WSN NA vVRNA, which includes the 19 nucleotides of the
noncoding region and the nucleotides encoding the cytoplasmic tail, the
transmembrane domain, and the start of the NA stalk. This domain is followed
by the nucleotides encoding amino acids 51-576 of the NDV HN protein,
comprising the HN ectodomain and tandem stop codons (TAG TAG). The last
domain representsthe 185 nucleotides of the 5’ end of the ORF of the WSN NA
(157 nucleotides) and of its 5’ noncoding region (28 nucleotides). (8) vRNAs of
purified recombinant VN/HN virus. RNAs extracted from recombinant WT
WSN and VN/HN viruses were separated through a 2.8% polyacrylamide gel
containing 7 M urea and were visualized by silver staining. The positions of the
polymerase (Ps), HA (WSN), HAlo (VN 1203), NP, M, and NS segments are
indicated. The RNA encoding the NA protein is absent from the VN/HN virus.
A contaminating 18S ribosomal RNA band is indicated. (C) Expression of ¢cHN
protein. MDCK cells were infected with influenza VN/HN virus or with WT
WSN. Infected cells were incubated for 16 hr at 37°C, fixed, and permeabilized
with methanol. Specific antigens present in the virus were detected by im-
munofluorescence with anti-NDV HN monoclonal antibody (781}, anti-
influenza H1 HA monoclonal antibody (2G9), and polyclonal anti-influenza H5
HA serum.

Results

Generation of a Virus Expressing Influenza Virus and NDV Antigens. To
obtain a candidate live bivalent vaccine virus for protection against
both avian HS5 influenza and NDV, we constructed a transfectant
influenza virus (designated VN/HN virus) with a chimeric scgment
in which the encoded NA cctodomain, responsible for NA activity,
was replaced with the ectodomain from the NDV HN protein
(cHIN) (Fig. 14). Because of their importance in the formation of
infectious virus (23, 24), the cytoplasmic tail and transmembrane
domains of the influenza NA protein were retaincd. Numerous
reports have indicated that the polybasic cleavage peptides of the
H5 HA and H7 HA proteins are required for high pathogenicity of
viruses in chickens (25). Thus, as a stratcgy to attenuate the
transfectant virus while retaining the HS antigen, we removed the
polybasic clcavage site and replaced it with a consensus sequence
derived from avirulent HS HA strains. The introduction of aden-
osine residucs into the nucleotide sequence encoding the HA
cleavage peptide of avirulent HS influenza strains has been asso-
ciated with spontancous conversion to virulence. This introduction
is postulated to occur through a mechanism of polymerase slippage
(26): therefore, to minimize the opportunity for the reintroduction
of adenosine residues, we altered the codon usage in the region,of
the cleavage peptide, resulting in the formation of an avirulent HA

8204 | www.pnas.org/cgi/doi/10.1073/pnas.0602566103
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Fig.2. Modification of the cdleavage site of the F protein of rNDV. (A) Schematic
representation of the rNDV/B1 genome with two or three amino acid changes in
the cleavage site of their F proteins. The modified cleavage sites are known to be
recognized by ubiquitous proteases. The peptide bond that is cleaved in the £
protein is indicated with a slash. (B) Syncytia formation in CEF cells infected by
rNDVs with modified F proteins, CEF cells were infected, with a multiplicity of
infection of 0.001, with rNDV/B1, rNDV/F2aa, and rNDV/F3aa viruses. Infected
cells were incubated at 37°C, and then viral spreading by cell fusion was moni-
tored every 24 hr by immunofiuorescence assay.

consensus sequence designated HAlo. A transfectant virus con-
taining HAlo and cHN expressing segments derived from con-
structs encoding these alterations was generated by a modified
version of the cDNA-based rescue of Fodor ef al. (106).

To be of usc as a vaccine, a virus must grow cfficichtly in cggs or
cell culture. The recombinant virus was amplified in 10-day-old
embryonated chicken cggs and grew to a titer of 8.0 logo egg 50%
infectious dose (EIDs,) per milliliter in this substrate. In Madin-
Darby canine kidney (MDCK) cell culture, the virus grew to a titer
of 5 X 10% plaque-forming units per milliliter and produced plaqucs
approximately two-thirds of the size of WSN.

The incorporation of viral RNA (vVRNA) into the chimeric viral
particle was examined by acrylamide gel electrophoresis of purificd
virion RNA. The presence of cight viral segments was obscrved,
with the chimeric HN segment, which has a predicted size of 1,911
nt, migrating between the PA and HAlo scgments (Fig. 18). The
identity of the HA and ¢HN segments was confirmed by RT-PCR,
and the segments were sequenced by using segment-specific prim-
ers. Incorporation of the cHN segment was shown to be stable for
cight passages in embryonated chicken cggs by acrylamide gel
clectrophoresis of purificd virion RNA (data not shown). Further-
more, cxpression of the recombinant HAlo and ¢HN proteins
during viral infection was confirmed by immunofluorescence.
MDCK cells infected with VN/HN virus expressed HAlo and cHN
proteins 16 hr after infection, whercas, in cells infected with the
control WSN, HA but not HN protein was expressed (Fig. 1C).

Generation of Fusogenic rNDV Mutants. Previously, a nonfusogenic,
rNDV virus (\NDV/BI) expressing the H7 HA protein was unable
to generate the required immunogenicity to completely protect
chickens against H7 HPAI and highly virulent NDV (22). To
overcome this limitation, we have developed two INDV mutants,
tNDV/F2aa and tNDV/F3aa, in which the cleavage site of the F
protein was replaced with onc containing one or two extra arginine

Park et al.



Table 1. MDT of rNDVs in embryonated chicken eggs

Trypsin requirement Inoculation,

Virus (cell culture) EIDso MDT, hr
rNDV/B1 Yes 10 113
1 122
rNDV/F2aa No 10 100
1 104
rNDV/F3aa No 10 80
1 84
rNDV/B1-H7 Yes 10 Alive
1 Alive
rNDV/F3aa- No 10 128
chimericH? 1 140

MDT has been used to classify NDV strains. Velogenic NDV strains take <60
hr to kill the embryos, whereas mesogenic NDV strains and lentogenic NDV
strains take 60-90 hr and >90 hr, respectively.

residucs (Fig. 24). These clecavage sites can be activated by ubiq-
uitously expressed proteases of the furin family (27). Infection of
chicken cmbryo fibroblast (CEF) cells with fNDV/F2aa and
rNDV/F3aa, and not with tNDV/B1, resulted in the formation of
syneytia (giant multinucleated cclls that aid in the spread of the
virus) in the absence of exogenously added protease (Fig. 25). In
addition, INDV /F3aa induced syncytia more rapidly in CEF cells
than did rfNDV/F2aa. Thus, it was postulated that improved
spreading of the virus in immunized animals may enhance immu-
nogenicity against the inscrted foreign protein. Hence, we sclected
the fusogenic 'INDV/F3aa as a backbone vector to develop a
bivalent vaccine designed to protect poultry against AIV and NDV.

Mean Death Time (MDT) Analysis of rNDV Platform Vectors in Embry-
onated Chicken Eggs. NDV can be classified as highly virulent
(velogenic), intermediate (mesogenic), or low-virulent (lentogenic)
on the basis of its pathogenicity for chickens. Because the presence
of a fusion protein (F protein) with a multibasic cleavage site is
known to bc an NDV virulence factor, we assessed the pathoge-
nicity of rNDVs with modified F protcin in 10-day-old embryo-
nated chicken eggs. The MDT of chicken embryos infected with
NDVs corrclates with virulence i vivo (19). Lentogenic strains,
which causc asymptomatic infections in birds, are characterized by
MDTs of >90 hr; mesogenic strains, which causc respiratory
discase in birds, have MDTs between 60 and 90 hr; and velogenic
strains, which causc severe discase in birds, have MDTs of <60 hr.
The MDT of rNDV/F2aa was indicative of a lentogenic strain,
whereas that of INDV/F3aa was typical of a mesogenic strain.
Neither of these strains had MDTs typical of a highly virulent
(velogenic) strain (Table 1). On the basis of these data, INDV /F3aa
vector would represent a lower threat to birds and is thus suitable
as a backbone to develop a bivalent vaccine for the protection of
poultry against A1V and NDV,

Generation of a Fusogenic rNDV Vector Expressing the Ectodomain of
AV HA Protein. To construct a chimeric HA gene for insertion into
a fusogenic 'NDV, the ectodomain of the H7 HA protein from
A/chicken/NY/13142-5/94 (H7N2) was fused with the transmem-
branc domain and cytoplasmic tail regions derived from the NDV
F protcin. This chimeric H7 HA gene was then inserted between the
P and M genes of the INDV /F3aa vector, resulting in the formation
of rNDV/F3aa-chimericH7 (Fig. 34). tNDV/F3aa-chimericH7
viruswas rescucd from cDNA by using the methods described in ref.
21. The presence of the inserted chimeric H7 HA gene in the viral
genome was confirmed by RT-PCR and sequencing (data not
shown). The growth kinetic of INDV/F3aa-chimericH7 in embry-
onated chicken cgps was compared with that of the parental
rNDV/F3aa (Fig. 38). The virus expressing the chimeric H7 HA
protein grew more slowly than the virus without the insert, and
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fFig. 3.  Construction and characterization of the fusogenic rNDV vector ex-
pressing HPAI H7 HA protein. (A) Schematic representation of rNOV/F3aa-
chimericH7 cDNA construct. The ectodomain of the H7 HA protein was fused with
the transmembrane domain and cytoplasmic tail of the NDV F protein. This
chimeric H7 HA gene was inserted between the P and M genes of the rNDV/F3aa
vector. (B) Comparison of viral growth kinetics. Ten-day-old embryonated
chicken eggs were inoculated with 100 plaque-forming units of each virus, and
allantoic fluids were harvested at different time points (24, 48, and 72 hr after
inoculation). Viral titers (tissue culture 50% infective dose, TCIDgp) in Vero cells
were determined by immunofluorescence assay with an anti-NDV rabbit serum
and an anti-rabbit 1gG FITC-labeled antibody (DAKO). (C) Expression of the WT H7
HA protein or the chimeric H7 HA protein in cells infected with rNDVs. Infected
cells were harvested at 36 hr after infection, and cell lysates were used for
immunoblotting analysis. (D) Incorporation of chimeric H7 HA protein into rNDV
virions was increased as compared with that of WT H7 HA protein. rNDV/B1-H7
and rNDV/F3aa-chimericH7 were purified from allantoic fluids of infected em-
bryonated chicken eggs. The viral proteins from rNDV/B1-H7 or rNDV/F3aa-
chimericH7 were separated on an SDS/10% polyacrylamide gel. The viral proteins
were transferred to a nitrocellulose membrane, and the H7 HA proteins were
detected by chemiluminescence with an anti-chicken H7 HA polyclonal antibody
and an anti-chicken igG peroxidase-labeled antibody (Jackson timmunoResearch).

maximal titers were about a log lower. Interestingly, the MDT of
this virus was that of a lentogenic strain (=128-140 hr) (Tablc 1).
Expression of the chimeric H7 HA protein from rNDV/IF3aa-
chimericH7 was confirmed by Western blotting of infected Vero
cells 36 hr after infection (Fig. 3C).

improved Incorporation of AIV H7 HA Protein into rNDV Virions. We¢
postulated that expression of the chimeric H7 HA protcin contain-
ing the heterologous transmembranc and cytoplasmic tail regions
of the NDV F protein would be associated with enhanced incor-
poration into yfNDV virions. To address this question, INDV/
BJ-H7 and tNDV/F3aa-chimericH7 virions were purificd as de-
scribed in Materials and Methods. The amounts of H7 HA protein
or NDV viral protein from rNDV/BI1-H7 or rNDV/F3aa-
chimericH7 were measured by Western blotting using anti-chicken
ALV H7 polyclonal antibody or anti-rabbit NDV polyclonal serum.
As expected, incorporation of chimeric H7 HA protein into tNDV
virions was significantly increascd comparcd with that of WT H7
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Table 2. HI serology and survival of chickens before and after challenge

Hl serology before
challenge (GMT)

Hi serology 14 days after
challenge (GMT)

AlV/H7 NDV Challenge No. of AlV/H7 NDV
Vaccine group* antigen antigen virus survivors antigen antigen
rNDV/F3aa-chimericH7, 1% 8/10(11) 10/10 (49) vNDV 10/10 9/10(15) 10/10 (416)
rNDV/F3aa-chimericH7, 1% 7/10 (10) 10/10 (49) HPAIV 9/10 9/9 (2,048) 9/9 (37)
rNDV/F3aa-chimericH7, 2% 8/10 (13) 9/10 (56) vNDV 10/10 7/10(17) 10/10 (315)
rNDV/F3aa-chimericH7, 2% 5/10(9) 9/10 (60) HPAIV 9/10 8/8 (955) 8/8 (30)
pPNDV, 2% ' 0/10 10/10 (34) vNDV 10/10 0/10 10/10 (294)
pNDV, 2X 0/10 10/10 (56) HPAIV 0/10 NA NA
Sham, 2X 0/10 0/10 vNDV 0/10 NA NA
Sham, 2X 0/10 0/10 HPAIV 3/10 0/3 0/3

Chickens were vaccinated with rNDV containing the AIV H7 HA gene (rNDV/F3aa-chimericH7), pNDV, or sterile tissue culture fluid
(sham), followed by challenge with vNDV and A/Human/Steele/59 (H7N7) HPAI virus (HPAIV). Hl serology is shown as no. of chickens
with Hl-positive serum/no. of chickens vaccinated; values in parentheses are geometric mean titer (GMT). NA, not applicable.

*n = 10 birds per group; 1% = one vaccination; 2X = two vaccinations.

HA protein (Fig. 3D). These data suggest that the transmembrane
and cytoplasmic tail regions of the NDV F protein play a major role
in the improved incorporation of the foreign protein into the viral
surface.

Immunization and Challenge of Chickens. After one or two vaccina-
tions with rNDV/F3aa-chimericH7, 50-30% of the chickens inoc-
ulated had hemagglutination inhibition (HI) titers to H7 A1V, and
90-100% of the chickens had HI titers to NDV (Table 2). In
contrast, all chickens immunized twice with the parental NDV/B1
(PNDYV) had HI titers to NDV but none had titers to H7 A1V. All
sterile tissue culture media (sham)-infected birds lacked HI titers to
cither virus. When challenged with a highly virulent strain of NDV
(velogenic NDV, vNDV), 100% of INDV /F3aa-chimericH7- and
pNDV-immunized chickens were protected. By .comparison, 90%
of rINDV/F3aa-chimericH7-vaccinated chickens were protected
from HPA1 H7 virus, but nonc of pND'V-vaccinated chickens were
protected from HPAL H7 virus. By contrast, 100% and 70% of
sham-infected birds died when challenged by vNDV and HPAT H7
virus, respectively. The survivors mounted an anamnestic response
evidenced as a 4-fold or greater rise in HI titer for the respective
challenge virus, except for the three survivors in the sham-HPA1
H7-virus challenge group which had no serological evidence of
being infected. '

Discussion

Vaccination against A1V in poultry can play an important role in
reducing virus shedding and raising the threshold for infection and
transmission. It is believed that vaccination with a high-quality
vaccine against AV can be part of an effective control program, In
conjunction with culling, quarantine, improved serological surveil-
lance, and high biosccurity, the control of outbreaks of HPAL in
poultry, as well as the prevention of transmission of HPAI (o
humans. is possible. Because the vaccination of poultry with live
vaccines against NDV is mandatory in many countries (19), the
devclopment of bivalent vaccines should be made a priority. Such
vaccines would reduce the burden of vaccine production and
administration in comparison with individual vaccination. For thesc
reasons, we have focused on the development of live bivalent
viruses that show potential as vaccines against the major economic
pathogens A1V and NDV.

First, by reverse genetics, we produced an influenza virus (VN/
HN) that expresses the cctodomain of the NDV HN protein in
place of the influenza virus NA. The HN of NDV has been shown
to be the major antigen eliciting a protective immune responsc in
chickens (14, 15). We reasoned that the HN protein would confer
protection against NDV and provide the necessary NA activity in
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the absence of the endogenous NA protein. The VN/TIN virus grew
efficiently in embryonated chicken cggs and stably expressed the
cHN scgment, both of which characteristics arc fundamental re-
quirements for a successful vaccine. However, preliminary cxper-
iments using VN/HN to vaccinate 2-weck-old White leghorn
chickens revealed that this virus is possibly too attenuated in vive to
induce a highly protective immunc response in chickens (data not
shown). Experiments are needed to examine the ability of VN/HN
to induce a protective response after immunization of chick em-
bryos in ovo. Such an approach requircs a more highly attenuated
vaccine strain than that used for vaccination of hatched chickens.

Next, we chose NDV as a bivalent vaccine vector because it
posscsses several properties that make it suitable for use in viral
vaccine development. The RNA genome of the virus does not
integrate into host cell DNA. Furthermore, the INDV vector can
stably incorporate an inserted foreign gene over multiple passages
and, becausce it is a respiratory virus, it can provide a convenient
platform for rapid, cfficient, and economical mass immunization of
poultry. These benefits are multiplied in the case of a multivalent
vaccine; one immunization can lead to protection from two or morc
pathogens. Whercas simultancous vaccination with multiple live
attenuated viruses may lead to complications if the presence of one
virus interferes with the growth or immunogenicity of another, such
problems are circumvented entirely by the usc of a single bivalent
virus vaccine. Thus we propose that, by using recently developed
reverse genetics techniques (20, 21), it is possible to develop a new
generation of effective, economical, and convenient bivalent live
attenuated vaccines.

An outbreak of HPA]1 H7N7 in The Netherlands in 2003, in
which 30 mitlion chickens were slaughtered, involved the transmis-
sion of H7N7 to 89 persons and led to the death of a veterinarian.
In addition, an HPAI H7N3 virus emerged in Canada in 2004 that
also transmitted to humans (2, 3). Accordingly, in the present study
we produced rNDV that expressed the H7 HA protein, with the
intention of protecting poultry from HPAI H7 and NDV, and
showed its efficacy in chickens. We suggest that the HAs from
genetic variants of HPAT HSNIT or HPAT H7N7 viruscs, as well as
from other potential pandemic strains such as HIN2, could be
inserted into the rNDV fusogenic vector to develop bivalent
vaccines against these A1V strains and NDV. In addition, the INDV
vector can potentially harbor two different subtypes of HA as extra
transcriptional units, opcning the possibility for the development of
bivalent vaccines that protect poultry against multiple HPAI
strains.

One limitation in the use of regular vaccines against A1V or
NDV is that vaccinated poultry frequently cannot be differentiated
from naturally infccted birds, making scrological surveillance dif-
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ficult to perform. However, vaccination of birds with a bivalent
vaccine like rNDV/F3aa-chimericH7, which induces an immune
responsc against H7 FA and NDV in chickens, makes serological
surveillance against avian influenza possible because vaccinated
animals Jack immune responses against antigens present in whole
influcnza. Therefore, our bivalent vaccine would be suitable for usc
as a “differentiating infected from vaccinated animals™ (DIVA)
vaccine. NDV vaccines based on lentogenic strains of NDV are
widely used in poultry. A chimeric NDV/A1V bivalent vaccine
would be administered in the same way as the conventional NDV
vaccines, but would confer protection against both NDV and A1V,

Velogenic NDV strains are able to spread efficiently to neigh-
boring cells upon infection of a variety of cells in the absence of
cxogenous proteasces. This property is partially mediated by the F
protein of the virus. The F protein of NDV is synthesized as an
inactive precursor (FO) that necds to be cleaved into a heterodimer
(F1-F2) to be functional. Cleavage of the F protein is mediated by
a host protease that recognizes a cleavage site between the Fl and
I2 subunits. When the FI-F2 heterodimer is expressed on the
surface of infected cells, it induces fusion between the infected cell
and the neighboring cells, resulting in the formation of syncytia,
Because the induction of syncytia helps the spread of the virus from
ccll to cell, the use of a vaccine with a velogenic NDV-derived F
cleavage site in poultry may raisc potential safety concerns, How-
ever, when we introduced a multibasic cleavage site in the F protcin
of the highly attenuated rNDV/B], the resulting viruses did not
acquirc the characteristics typical of velogenic strains with MDTS of
<60 hr in chicken embryos.

We postulated that enhanced incorporation of the H7 HA
protein into rNIDV virions may afford a better humoral immune
responsc, resulting in higher levels of protection in chickens against
highly pathogenic A1V. However, it was previously observed that
virion incorporation of an influenza virus WSN HA protein
expressed from rNDV was lower than the homologous HA protein
expressed from influenza virus (21). If the H7 HA protein con-
tained the cytoplasmic tail and transmembrane domains of the
NDV envelope glycoprotein (F), which are required for efficient
viral assembly, in place of its own, this resulted in enbanced
incorporation of HA into the viral particle and in improved
immunogenicity of the virus. Indeed, the usc of an improved NDV
vector that had enhanced cell-to-cell transmission and allowed for
cfficicnt incorporation of the avian HA into virus particles resulted
in 90% protection against challenge with type A HPAI strains and
complete protection against velogenic NDV,

In summary, the use of reverse genetics systems for the con-
struction of chimeric influenza or NIDV viruses provides a practical
stratcgy for the protection of poultry against existing and newly
cmerging viruses of HPAI as well as against NDV. It is expected
that these approaches will also prove useful in the development of
bivalent vaccines for other pathogens.

Materials and Methods

Cells and Viruses. 293T and Vero cells were maintained in DMEM
with 10% FBS. CEF cells, prepared from 10-day-old specific-
pathogen-free embryos (Charles River Laboratories, SPAFAS,
Preston, CT), and MDCK cells were maintained in Eagle’s MEM
with 10% I'BS. WSN was generated by plasmid-based reverse
genetics, as described in ref. 16, and propagated in MDCK cells, We
have previously generated a full-length infectious clone of NDV,
PTINDV/BI (21). INDV was proliferated in embryonated chicken
cges.

Construction of vRNA Expression Plasmids from Influenza A/Vietnam/
1203/04(H5N1). cDNAs derived from influenza A/Victnam/1203/
04(HSNI) RNA (kindly provided by Terrence Tumpey, U.S. Cen-
ters for Disease Control and Prevention, Atlanta) by RT-PCR were
cloned between a Poll promoter and a hepatitis delta virus ri-
bozyme present in the pPoll-SapI-RT plasmid (28). Full-length
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cDNAs for seven of the cight viral scgments from influenza
A/Vietnam/1203/04(H5N1) virus were amplified by PCR with
primers that are competent for the subsequent cloning of the
full-length viral segments into pPoll-Sapl-RT, allowing the pro-
duction of exact negative-sense VRNAS. In this way, scven segments
of influenza A/Vietnam/1203/04(H5N1) virus were cloned into
pPoll-Sapl-RT. To construct a chimeric VRNA scgment encoding
the ectodomain of the NDV HN protein (Fig. 1), the region
corresponding to the ectodomain of the NDV HN (i.c., amino acids
51-576), followed by tandem stop codons, was amplificd by PCR
and inscrted between the first 127 nucleotides and the last 185
nucleotides of the WSN NA vRNA.

Modification of HA to Remove the Polybasic Cleavage Peptide. pPo-
11VNI1203-HAlo was designed to produce the HA vRNA in which
nucleotides 1014-1038 of the HA coding sequence were altered to
a consensus sequence that was bascd on avirulent avian strains of
influenza A HS. The nuclcotide sequence was altered from CAA
AGA GAG AGA AGA AGA AAA AAG AGA GGA o CAG
CGG GAG ACG CGG GGA. The codon usage in this region was
madified to lessen the prescnce of adenosine residucs in the
nucleotide sequence and to minimize opportunity for the reintro-
duction of adenosinc residues by polymerase slippage, and the
resultant introduction of basic residucs into the HA protcin cleav-
age site (20). Therefore, the encoded amino acid sequence in this
region was altered from QRERRRKKR | G to QRETR |G
{where the arrows indicate cleavage sites).

Generation of Transfectant Influenza Virus. To gencrate the chimcric
influenza virus expressing the NDV HN ectodomain, 1 pg cach of
15 plasmids was transfected into 293T cclls in monolaycr. Each
transfection contained vRNA expression plasmids for the A/Vict-
nam/1203/04 PA, PB1, P32, HAlo, NP, M, and NS scgments; the
cHN segment; and the protein expression plasmids pPCAGGS-PA,
PB1, PB2, NP, HA, NA, and NSI (pCAGGS cxpression plasmid
kindly provided by J. Miyazaki, Osaka University, Osaka) derived
from WSN (29). At 48 hr after transfection, supernatants were
harvested, and transfectant virus was passaged into 10-day-old
embryonated chicken cggs. RNA scgments of transfectant virus
were visualized as described in ref. 30.

Generation of rNDVs with a Modified Cleavage Site in Their F Proteins.
To generate INDV/F3aa, two PCR fragments were generated by
using primers (regions of overlap are shown underlined) F3ua-1(+),
5'-GGA TCC CGG TTG GCG CCC TCC AGG-3' with Flaa-
H(—), 5'-AAa GCG CCt CTG TCT CCy CCC TCC AGA TGT
AGT CAC AG-3';.and F3aa-2(+), 5'-GGe GGA GAC AGa GGC
GCt TYA TAG GCG CCA TTA TTG G-3' with F3aa-2(—)
5'-CCA TAT TCC CAC CAG CTA GAT TGT-3'; and
pTINDV/BI as the template. The nuclcotides shown in Jowercase
arc mutated to modify the amino acid scquence of the cleavage site
of the F protein from that of the NDV/B1 strain (GGRQGR | L)
to GRRORR | F* (amino acids modified arc shown in italics). Thesc
overlapping fragments werc combined by PCR using primers
F3aa-1(+) and F3aa-2(—). The resulting PCR fragment was cloned
into pSLIF3aa. The Stul-Notl fragment (nuclcotides 4646-4952) of
PSLE3aa was cxcised to replace the corresponding fragment in the
pTINDV/BI plasmid, resulting in the formation of the pTINDV/
F3aa plasmid, which was used to generate iNDV/F3aa virus by
reverse genetics. For generation of INDV/F2aa, PCR mutagenesis
was performed by the same strategy described above, with primers
F2aa-1(+), 5'-GGA TCC CGG TTG GCG CCC TCC AGG with
F2aa-1(-) 5'-AAG GCG CCt CTG 1CT CCp CCC TCC AGA
TGT AGT CAC AG-3'; and F2aa-2(+), 5'-GG¢ GGA GAC AGa
GGCGCCTTATAG GCG CCATTATTG G-3' with F2aa-2(—)
5'-CCA TAT TCC CAC CAG CTA GAT TGT-3': and
pTINDV/BI1 as the template. Two overlapping PCR fragments
were combined by PCR using primers F2aa-1(+) and F2aa-2(-),
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resulting in modification of the clcavage site from GGRQGR | L
to GRRQRR | 1..

Generation of a Fusogenic rNDV Vector Expressing the Chimeric H7 HA
Protein. To construct the chimeric 147 HA gene as an extra
transcriptional unit of the INDV/F3aa, the fragment containing
the transmembrane (TM) and the cytoplasmic tail (CYTO)
of the NDV F gene was initially produced by PCR using
primers HpaNDV F(TM+CYTO)P, 5'-cg GTT AAC CTC
ATT ACC TAT ATC GTT TTG ACT-3'; and SacNhe
NDVIE(TM+CYTO)M, 5'-cg GAG CTC AAG CTA GCT TAT
CACATTTTT GTA GTG GCT CTC ATC TG-3'; and the NDV
F genc as a template. This PCR product was digested with Sacl and
Hpal and then cloned into the plasmid pNhe-NDV-GE/GS, which
possesses the gene end and the gene start signals of NDV, to
produce plasmid pNhe-NDV-GE/GS-NDVF(TM+CYTO). As
the next step, allowing the conncction of the H7 HA ectodomain
with the TM and CYTO region of the NDV F, the region encoding
the H7 HA cctodomain was amplified by PCR using the primers
SpeH7(ECTO)P, 5'-cg ACT AGT CCG CCA CCA TGA ACA
CICAAATTCTGG CAT TCA T-5"; HpaHT(ECTO)M, 5'-cgG
TTAACGTCTTTG TATCCA CTACTCAAT TTCAC-3'; and
the H7 HA gene from A/chicken/NY /13142-5/94(HTN2) as the
template. This PCR product was digested with Spel and Hpal and
then inscrted into the cassette plasmid pNhe-NDV-GE/GS-
NDVE(TM+CYTO). In a final step, the cassette plasmid was
digested with Nhel to cut out the chimeric H7 HA gene. This DNA
fragment was cloned between the P and M genes of pTINDV/
F3aa, forming pTINDV/F3aa-chimericH7. The INDV/F3aa virus
expressing the chimeric H7 HA protein was then rescued from
PTINDV /FF3aa-chimericH7 by using reverse genetics (21).

Viral Growth Kinetics. rINDVs (100 plaque-forming units per cgg)
were inoculated into 10-day-old embryonated chicken eggs. Allan-
toic fluids were harvested to determine viral titers at different time
points (24, 48, and 72 hr). The tissuc culture 50% infective dose
(TCIDsp) of cach virus present in the allantoic fluid was determined
by immunofluorcscence assay.

Immunofluorescence Assays. MIDCK cells infected with transfectant
influenza virus were fixed and permeabilized with ice-cold meth-
anol. Viral antigens were detected with anti-NDV HN monoclonal
antibody (7B1), anti-influenza H1 HA monoclonal antibody (2G9),
and anti-influenza H5 HA polyclonal scrum. For the analysis of
NDV growth, confluent Vero cells were infected with the IND Vs,
which were harvested at 24, 48, and 72 hr. Infected cells were fixed
with 2.5% formaldehyde containing 0.1% Triton X-100. Fixed cells
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were treated with anti-rabbit NDV polyclonal antibody, washed,
and stained with FITC-conjugated anti-rabbit immunoglobulins
(DAKO).

MDT. To check the pathogenicity of INDVs in embryonated chicken
egps, MDT was determined. Briefly, five 10-day-old embryonated
chicken eggs were infected with serial 10-fold dilutions of viruscs.
The eggs were incubated at 37°C and monitored two times daily for
7 days. The time to kill embryos was recorded. The highest dilution
that killed all embryos was determined to be the minimum lethal
dose. The MDT was calculated as the mean time for the minimum
lethal dose to kill the cmbryos.

Western Blotting. Dishes (100 mm in diameter) of confluent Vero
cells were infected with rNDVs at a multiplicity of infection of 1.
Cell extracts were prepared in RIPA buffer (0.15 mM NaCl/0.05
mM Tris-HCl, pH 7.2/1% Triton X-100/1% sodium deoxycholate/
0.1% SDS) at 36 hr after infection. Equal amounts of protein were
analyzed by SDS/PAGE. H7 HA and NDV-dcrived protcin were
immunablotted by using anti-rabbit NDV polyctonal or anti-
chicken ATV H7 polyclonal sera. The incorporation of H7 HA
protein into virions was also determined by Western blotting. For
this Western blot, virus particles from the allantoic fluid of infected
cmbryonated chicken eggs were purificd through a sucrose cushion,
and the total amount of protein from cach virus was measured with
the Bradford assay. kit (Bio-Rad). Equal amounts of protein were
analyzed by immunoblotting as described above.

Immunization and Challenge of Chickens. Whitc Leghorn chickens
were vaccinated once or twice by eyedrop in the conjunctival sac
with 1057-%! mean chicken ElDsy of iINDV /F3aa-chimericH7, or
twice with 10542 EIDsy of pNDV, or twice with sterile tissue
culture media (sham) at 2 and 4 weceks of age. At 6 weeks of age,
the chickens were challenged intranasally with the Fontana strain
of vNDV (10> EIDsy per bird) or A/Human/Steele/59 (H7N7)
HPAT (10°! EIDsy per bird). The survivors were bled and killed at
14 days after challenge. HI serological titers were determined by
using standard procedures. All challenge experiments were donc at
the U.S. Department of Agriculture (USDA) poultry rescarch
laboratory in Athens, GA, in accordance with USDA guidclines.
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Abstract 1 : ; i

)

Background: nghly-pathogenlc avian influenza virus (HPAIV) and; Newcastle' disease virus (NDV) are the two" most

important poultry viruses in the world. Natural low-virulence NDV strams have: been used as vaccines over the past 70 years -
with proven track records. We have previously developed a reverse genetlcs system to produce low-virulent NDV vaccine f
strain LaSota from cloned ¢DNA. This system allows us to use NDV as a vaccme vector for other avian pathogens. /

Methodology/Principal Finding: Here, we constructed two recombmant NDVs (rNDVs) each of which expresses. the 1
hemagglutinin (HA) gene of HPAIV H5N1strain A/Vietnam/1203/2004 from an_ added gene. In one, NDV (rNDV-HA), the 1’
open reading frame (ORF) of HA gene was expressed without modtflcatlon In the second, rNDV (rNDV-HAF), the ORF was
modified so that the transmembrane and cytoplasmic domains of the encoded HA gene were replaced with those of the
NDV F protein. The insertion of either version of the HA ORF did not increase, the virulence of the INDV vector, The HA
protein was found to be incorporated into the envelopes of both rNDV~HA and rNDV—HAF However, there was an enhanced
incorporation of the HA protein in rNDV-HAF. Chickens immunized ‘with'a single dose of either INDV-HA or rNDV- HAF/
induced a high titer of HPAIV H5-specific antibodies and were completely protected agamst challenge with NDV as well as{

i

lethal challenges of both homologous and heterologous HPAIV H5N1 L : . e ]

Conclusion and Significance: Our results suggest that these chlmenc viruses have potent|a| as safe and effective blvalent
vaccines against NDV and. HPAIV. These vaccines will be convenient and affordable, which will be highly. beneficial to the
poultry industry. Furthermore, immunization with these vaccines will permlt serological differentiation of vaccinated and

avian influenza field virus infected animals. ! : SR }
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Introduction 62 countrics. FION1 HPAIV also has caused zoonotic infections in

humans, resulting in 406 confirmed cascs and 254 deaths to date
[3,4]. The transmission of HAN1 HPATLV from birds to humans
remains a serious threat to public health. Therefore, control of
H5NI1 virus infections in poultry is not only important for the
poultry industry, but also for preventing HONI infection in
humaus.

Traditionalty, HPAL is controlled by climination of infected
flocks. Duc to economical reasons, culling of infected flocks is ne
longer a practical miethod for control of Al in cither developed or
developing countries. Although vaccination has been recommend-
cd by the World Organization for Animal Health (OIL) and the
TFood and Agriculture Organization (FAQ) to control Al few
cllective Al vaccines arc available [5]. For the most part, these
consist of inactivated preparations of whole influenza viruscs,
inactivated vaccines are not commonly used because of

Avian Influcnza (Al) is an cconomically-important discase of
poultry worldwide. The ctiologic agent is a scgmented negative-
strand RNA virus in the genus Influenza virus A of the family
Orthomyxoviridae. Avian influenza virus (AIV) strains are divided
into subtypes based on scrological reactions of the two swface
glycoproteins, the hemagglutinin (HA) and neuraminidase (NA).
There are 16 different HHA (I11-H16) and 9 different NA (N1-N9)
subtypes [1,2]. In addition, AIV strains arce further classificd into
two different pathotypes, Jow  pathogenic (LP) and  highly
pathogenic (HP). Historically, HPAIV of subtypes 15 and H7
have caused severe discase and high mortality in poultry. Since
1996, HPALV strains of subtype H5NT have emerged recenty in
Asia have caused disease in poultry around the world, resulting in
the culling or death of more than 500 million poultry in more than However,

‘@) PLoS ONE | www.plosone.org 1 August 2009 | Volume 4 | Issue 8 | e6509



the high cost and the difliculty in “dilferentiating infected from
vaccinated animals” (DIVA). Live attenuated vaccines arc not
used beeause of concern that the vaccine viruses may, through
cither mutation or gencetic reassortment with cireulating strains,
beeome virulent [G]. To overcome these diflicultics, several
strategies have been developed based on in wine expression of A
by DNA vaccines |7,8] or by vectors based on adenovirus
[9,10,11], fowl pox virus [12,13,14,15], baculovirus [16,17,18],
infectious laryngotracheitis virus (ILTV) [19,20], or Newcastle
disease virus (NDV) [21,22,23,24).

Of all Al vaccine strategics, FIA protein expressed i wivo using
NDV as a vector has shown the most promising results [21,22,23).
NDV is a non-segmented, negative-strand RNA virus helonging to
genus Audavius in the Tamily Parampxovividae. Viralent NDV strains
cause a severe respiratory and neurologic discase in poultry world
wide. Naturally-occurring  avirulent NDV  strains have  heen
successfully used as vaccines for more than 70 years. Development
of reverse genetic systems has allowed manipulation of the genome
of NDV {25,26,27] and generation of rceombinant NDVs that
express forcign proteins from added genes [24,28,29]. Scveral
groups have used NDV reverse genctic systems to develop vaceines
against AIV subtypes H5 {21,23) and H7 [22].

There have been two independent studies to develop hivalent
vaccines against NV and HPAL H5 virus [21,23], with different
levels of suceess. In one study, the HA gene from an H5N2 virus
was inscrted between the Foand HN genes of NDV [23]. This
recombinant NDV protected chickens against both NDV and
HON2 virus, but some vaccinated chickens showed signs of clinical
discase when challenged with highly- pathogenic H3N2 virus. In
the other study, the HA gene from an H5N] virus was inserted
hetween the P and M genes of NDV (21]. This recombinant NDV

protected chickens against hoth NDV and two diflerent strains of

TISNT viruses isolated in China. .

In this stucly, we have attempted to develop improved bivalent
vaccines against NDV and HPAL 15 virus by using recombinant
NDV (rNIDV) vaccine strain LaSota as a vector to express the HA
protein from an HPAL H5N1T virus. Two different sNDVs were
constructed expressing different forms of the A protein: one
vector ('(NDV-HA) expressed an unmaodified form of HA, while
the other (lNDV-HAF) cxpressed a version of HA in which the
HA  cctodomain  was fused  with  the  transmembrane  and
cytoplasmic domains derived from the T protein of NDV. This

resulted in a chimeric HA protein with enhanced incorporation of
foreign proteins into NDV particles. The protective efficacies of

both these bivalent vaccines were compared in chickens by
challenge with a lethal dosc of highly-virulent NDV  and
homologous and heterologous H3NT HPAIV. Our results showed
that a single immunization with cither of the candidate bivalent
vaccines completely protected against both pathogens in chickens.
A Afurther enhanced incorporation of the 115 HA into NDV
particles was observed in INDV-HAT vaccine than into yNDV-
HA vaccine, indicating a better ability of this virus to induce
neutralization antibody response in chickens.

Results

Generation of rNDVs expressing two versions of the HA
protein of H5N1 AlV

Two different sNDVs were constructed expressing diffcrent
versions of the HA protein of HPAIV strain A/Viemam/ 1208/
2004, a virus isolated from a fatal human infection [30]. In cach
construct, the HPAIV coding scquence was placed under the
control ol NDV transcriptional signals and inscrted, by reverse
genetics, hetween the I and M genes in the NDV LaSota avirulent

@. PLOS ONE | www.plosone.org
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vaccine strain (igure  1A). Onc construct, rNDV-IIA, was
designed to express the unmodifiecd HA protein; the other
("NDV-HATL), was designed to express a chimeric TIA protein in
which the ectodomain off HA was fused with the transmembrane
domain and cytoplasmic tail region of the NDV I' protein
(Figure 1A, constructs 1 and 2, respectively). Both recombinant
viruses were recovered using the reverse genetics method
described previously {31]. The structure of cach 1A insert in
the genome of these viruses was confirmed by RT-PCR and
nucleotide sequence analysis (data not shown),

Expression of thé native and chimeric forms of the HA
protein by INDV

The expression of the two versions of the 115 HA protein in DF1
cclls infected with tNDV-IIA and fNDV-HAT were analyzed by
Western bDlot using polyclonal chicken TSN ALV antiserum

(Figure 1B). Immunoblot analysis detected three bands in lysates of

cells infected with ’INDV-HA or iNDV-HAF: these represented (3)
the inactive HA precursor HAOQ, with an apparent molecular
weight of ~65,000 for fNDV-HA (Figurc 1B, Lanc 3), and
~66,000 for yNDV-IAF (Figure 1B, Lane 4), (i) the N-
terminally-derived  proteolytic cleavage product HAT with an
apparent molecular weight of ~40,000 for both viruses, and (i)
the G-terminally-derived proteolytic cleavage HA2 ol apparent
molecular weight ~25,000 for yNDV-HA and ~28,000 for
fNDV-HAF. The diffcrences in - apparent size reflected  (he
dilferent transmembrance and cytoplasmic domains. As cxpected,
HA was not detected in DF1 cells that were mock-infected
(Figure 1B, Lanc 1) or infected with eNDV empty vector
(Figure 1B, Lane 2).

We also used immunofluorescence to localize expression of the
native and chimeric HA proteins in DF-1 cells infected with the
recombinant viruses. Intraccllular expression was investigated in
cells that were fixed and permeabilized with Triton detergent
(Figure 11D). Positive staining was observed for cells infected with
INDV-HA or yNDV-HAF using chicken antiserum for NDV
(Figure 11, upper pancl) or H5N1 ATV (Figure 11, lower pancls).

Incorporation of AV HA protein into the rNDV virion
The recombinant vivuses (NDV, tNDV-HA and rfNDV-IIAT)
were partially purified from  allantoic fluid by sucrosc density
gradicnt centrifugation. Incorporation of ATV HA into the rNDV
envelope was analyzed by Western blot assay (Figure 1C) and
immunogold clectron microscopy (Figure 2). Western blot analysis
of purificd viruses with anti HONT ALV antibodies did not detect
any bands for rfNDV, as expected (Figure 1C, Lane 1), whereas
HAL and HA2 bands were detected in hoth xNDV-HA and
rNDV-HAF (Tigure 1C, Lanes 3 and 2). The inactive precursor
HAOQ that was dcrected in infected cells (Figure 1B) was not
detected in purified viruses (Figure 1C). There were two-fold morc
HATL and HA2 proteins in virions of rNDV-IAF, compared (o
rNDV-TIIA, as determined by densitometry analysis of the hands.
The band intensitics were normalized against NDV 1IN protein as
an cndogenous  control. This suggested  that fusion  of  the
transmembrane domain and cytoplasmic tail region of NDV I
protein with the HA cctodomain enhanced incorporation of 131A

protein into NDV particles, This was consistent with the results of

immunoclectron  microscopy  (TFigure 2). Antiserum  to NDV

dirceted the deposition of gold particles on the envelopes of

fNDV, yNDV-HA, and rINDV-HAF, as cxpected (Figure 2, wpper
pancls). Antiscrum to FIGN1 AIV dirccted deposition to the
cnvelopes of 'INDV-HA and sNDV-HAF (Figure 2, lower pancl).

As expected, there was no gold particle deposit on the envelope of

tNDV. There was significantly more gold particle deposit on the
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Figure 1. Construction and characterization of recombinant NDVs expressing unmodified or chimeric versions of the H5 HPAIV HA
protein. (A) Schematic diagram depicting the rNDV LaSota genome with insertion of an added gene engineered to express unmodified HA
(construct 1) or chimeric HA consisting of the HA ectodomain fused to the transmembrane and cytoplasmic domains of the NDV F protein (construct
2). In the inserted sequence, the foreign HA coding sequence was preceded by an NDV gene junction containing gene-end (GE) and gene-start (GS)
transcription signal: this results in the HA ORF being under the control of a set of transcription signals such that it is expressed as a separate mRNA.
(B) Expression and processing of H5 HA and chimeric HA in DF1 cells infected with the respective rNDVs and analyzed by by Western blot analysis
using chicken polyclonal HSN1 AIV antibodies. HA specific bands were not detected in lysates of mock-infected DF1 cells (Lane 1) or cells infected
with rNDV empty vector (Lane 2). In contrast, lysates of cells infected with rNDV-HA (Lane 3) or rNDV-HAF (Lane 4) contained uncleaved inactive
precursor (HAO) and proteolytically cleaved HA1 and HA2/HA2-F proteins. (C) Incorporation of the H5 HA protein in purified rNDV particles, detected
by Western blot analysis. HA-specific bands corresponding to the cleaved HA1 and HA2/HA-F2 species were detected in preparations of purified
particles of INDV-HA (Lane 2) and rNDV-HAF (Lane 3), but not the empty vector iNDV (lane 1), (D) Immunofluorescence analysis of DF 1 cells infected
with rNDV, rNDV-HA and rNDV-HAF and processed for intracellular expression of NDV proteins (upper panels) and H5 HA protein (lower panel),
detected using chicken polyclonal anti-NDV and anti-H5N1 AIV antibodies.

dol:10.137 1/journal.pone.0006509.9001
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Figure 2. Immunoelectron microscopy of purified virions of rNDV, rNDV-HA and rNDV-HAF, analyzed using mouse monoclonal
antibodies against the NDV HN protein (upper panel) or chicken polyclonal antibodies against HSN1 AIV (lower panel).

doi: 10,137 1/journal. pone.0006509.g002

envelope of INDV-HAF than on i NDV-HA with same amount of

anti HONT ATV antibodies (Figure 2, lower panel). This suggested
that the chimeric version of the HA protein was incorporated
more elliciently into the NDV envelope than the native HA
|)!'ll|t’il!.

Biological characterization of rNDV expressing the native
or chimeric HA protein

The multicvele growth kinetics of tNDV-HA and rNDV-HAF
were compared with those of the parental fNDV. Our results
demonstrated similar kinetics of growth between ¥NDV and
rNDV-HA, whercas eiNDV-HAF grew more slowly and achieved

a maximal titer that was approximately one log lower than those of

parental *NDV diters (Figure 3A). Similar plaque sizes were
observed for ’NDV and rNDV-HA, but a slightly smaller plaque
size was observed for INDV-HAF (Figure 3B). The pathogenicities
ol wild type NDV strain LaSota (wt LaSota) and parental 1NDV,
PNDV-HA and 1NDV-HAF were evaluated by the mean death
time (MDY test in embryonated chicken cggs. The MDTs for
these viruses were 105 h (we NDV), 110 b (e NDV), 112 h (! NDV-
HA) and>120 h (f{NDV-HAF). According to OIE guidelines, an
NDV strain s considered lentogenic or avirulent, il the MDT
value is=90 h [32], and thus the two rNDVs expressing the two
versions of HA are avirulent viruses, Indeed, the presence of the
added native or chimerie HA gene conferred attenuation o the
NDV vector.

Immunogenicity and protective efficacy in chickens
against highly-virulent NDV challenge

To evaluate protective ellicacy, groups of chickens were
imoculated by the oculonasal route with wt NDV LaSota (the
natarally attenuated vaceine strain that was the parent for the
NDV veetors), or with the recombinant tYNDV-HA and rNDV-
HAF viruses, or were left unimmunized as a control group
{Table 1), The birds were challenged 21 days later by the
oculonasal route with highlyv-virulent NDV strain Texas-GB, All of
the chickens that had been immunized with biologically-derived

@ PLoS ONE | www.plosone.org

wt LaSota, rNDV-HA, or rfNDV-HAF were completely protected
from NDV challenge, with no evidence of virus shedding and
without any discase signs (Table 1), In contrast, all of the chickens
in the unvaccinated control group died within 3 days afier
challenge (Table 1). Each of the NDV immunizations induced a
substantial titer of NDV-specific HI serum antibodics when
assayed on day 21 prior to challenge. However, the mean antibody
titers induced by rNDV-HA and tNDV-HAF were approximately
one and two logy less than that of wt NDV, respectively (Table 1).
This modest reduction in immune response to the vector might

= 1074
(A
("
& 10
o 10’J
™
L}
g 14 “* v
5 10" = NDV-HA
-] —4 TNDV-HAF
w1074
; 10' T L) T Ll L) L) L]
0 8 18 24 32 40 48 56

Infection time (h)
rNDV-HA

Figure 3. Multicycle growth kinetics (A) and plagque morphol-
ogy (B) of the rNDV, rNDV-HA and rNDV-HAF viruses in DF-1
cells,

doi:10.1371/journal.pone,0006509.g003
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Table 1. NDV-specific serum antibody responses following immunization with NDV-HA or NDV-HAF and survival of chickens
following virulent NDV strain Texas-GB challenge’.

Response to immunization Protection of chickens post challenge?

Chicken group ‘No. of birds seropositive - Mean NDV serum antibody Hl titer (10g3)  Oral shedding Cloacal shedding No. of survivors

Uninfected control  0/10 0.00 10/10 4/10 0/10

DY fasots) T et b T T o s ol e L
YNDV-HA 1010 5.50£070 oo 010 om0
YNDV-HAF 1010 43020637 UL Topne o0 10n0

'Chickens in groups of 10 were vaccinated on day 0 with wtNDV, tNDV-HA, or INDV-HAF. On day 21, serum samples were taken and the birds were challenged with 10*
ELDsp of virulent NDV strain Texas GB.

*Shedding of challenge virus was detenmined by inoculation of oropharyngeal (oral) and cloacal swab samples into of embryonated chicken eggs followed by HA tests
of allantoic fluid. All of the uninfected contro! birds died by day 3, and oral and cloacal samples were taken at the time of death. For the other birds, samples were

taken on day 3.
doi:10.1371/journal.pone.0006509.t001

reflect inercased attenuation of the rfNDVs associated with the
insertion of the HA gene, as indicated above by the MDT assay, or
might reflect an effect on expression of the NDV KN protein (the
antigen-specilicity of the antibodics measured by the HI assay) duc
to the presence of the upstream forcign gene, or both.

Protective efficacy in chickens against homologous and
heterologous HPAIV challenge

As a result of genctic drift, there exists considerable antigenic
diversity in the HA protein among HAN 1 viruses, resulting in distinet
clades and subclades within the HA of the 5N lincage viruscs.
Currenty, two clades arc circulating among poultry, namely clade |
that includes the A/Vietnam/1203/2004 strain represented in the
NDV veetors, and clade 2.2 that includes the A/Egret/Egypt/01/

2006 virus. Thercfore, we were interested in cvaluating the ability of

the NDV-HA and -HAF vectors to provide protection against
challenge with the clade 1 and clade 2.2 HPAIV. Groups of chickens
were vaceinated with iNDV, s NDV-HA, tNDV-HAF, or were left
unvaccinated. The pre-challenge scra collected at 21 days post-
vaccination had mean NDV HI antibody titers (logy) of 5.3020.94,
5.1520.95 and 4.5020.70 for rYNDV, rNDV-HA and rNDV-TIAF,
respectively  (Table 2), Thus, the reduction in NDV-specific

antibodics associated with the presence of the forcign HA genc
was less than in the preceding experiment shown in Table 1. The
mcan HPAIV HI scrum antibody titers (fogy) in birds immunized
NDV, 'NDV-HA or NDV-HAY were 0, 4.57£1.06 and
4.531.36, respectively, against the homologous  A/Vicmam/
120372004 virus, and were 0, 2.92%1.09, and 2.38%1.35,
respectively, against the heterologous A/Egret/Egypi/01/2006
virus (Table 2). The rNDV-HA- and rNDV-TIAF-vaccinated birds
were completely protected from intranasal challenge by 100 CLDsq
doses of cither the homologous or heterologous HPATY, with no
clinical discasc signs or deaths (Table 2). In contrast, all of the
chickens in the unvaccinated control and rNDV-vaccinated (cmpty
vector) groups died within 24-48 h following challenge with the A/
Vietnam/1203/2004 virus, and within 48-72 I following challenge
with the A/Egret/Egypt/01/2006 vivus. The birds that died from
the latter virus had signs of greenish white diarshea and hemorrhagic
signs in the legs and combs.

Shedding of vaccine and challenge viruses in infected
chickens

Shedding of NDV vaccine and HPAIV challenge viruses was
monitored by taking oral and cloacal swaly samples on day 3 post-

Table 2. NDV- and HPAIV-specific serum antibody responses following immunization with INDV-HA and rNDV-HAF and survival of
chickens after homologous and heterologous HPAIV challenge.

Response to immunization (samples taken on 21 day)

Groups: lurbhn;unlzinc;;m\;lb;a;/“ -
Challenge HPAIV (no. of birds)’

Mean NDV serum HI
antibody (log,)

No. of birds seropositive .. Mean sérum Hl antibody
to the indicated HPAIV ;.

No. of survivors following challenge

(fogs) to indicated HPAIV ", on day 21 with the i|ij\_dicated HPAIV

Uninfected/Viet (5) ’ /5 0 0/5
ety e ) R e e
rNDV/Viet (5) (5.30:0.94)2 ors 0 o/s ‘
INDV/Egypt (5) o 0 : o |
rNDV/Viet (10) (5.15:‘:0‘95)2 10/10 - 4.57+1.06 10/10

rNDV/Egypt (10) v - oo Caswies e oo L
YNDV/Viet (10) (4.50£0.70) 10/10 4535136 10110

(NDV/Egypt (100 10/10 2382135 oo )

*Mean of the viruses in #1 and #2.
doi:10.1371/journal.pone.0006509.t002

PLoS ONE | www.plosone.org

'Chickens in groups of 5 or 10, as indicated, were vaccinated on day 0 with wtNDV, INDV-HA, or INDV-HAF. On day 21, serum samples were taken and the birds were
challenged with 100 CLDso of the indicated HPAIV. Groups are named according to the immunizing NDV vector and the HPAIV strain used in the HI assays and
challenge. Viet = homologous A/Vietnam/1203/2004; Egypt = heterologous A/Egret/Egypt/01/2006.
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immunization and days 3, 5, and 7 post-challenge. The presence
of infections NDV vector or HPAIV  challenge virus was
determined by inoculation of cmbryonated chicken cggs and
confirmation of virus replication by FA assay. No cloacal shedding
was observed for any of the NDV wvaccine viruses post-
immunization, consistent with the attenuated nature of the NDV
veetor (Table 3). All of birds immunized with tNDV and rNDV-
HA were positive for oral shedding, but only 14 out of 20 birds
immunized with ¥NDV-HATF were positive for oral shedding.
Analysis of shedding of NDV vaccine virus was performed to
conlirm immunization and its replication in chickens. Although
the exact time at which vaccine virug stopped shedding was not
determined, NDV fentogenic vagcine straing known to shed 5 days
post immunization. Following challenge with homologous or
heterologous TIPATV, no HPAIV shedding was observed in
INDV-1A- and sNDV-HAF-immunized birds at 3, 5 and 7 days
post-challenge. In contrast, both oral and cloacal shedding of
challenge viruses were observed in all {(oral) or most (cloacal) of the
unvaccinated  and fNDV  (empty  vector) -vaccinated  Dirds,
respectively, of the challenge virus. The shedding results of only
day 3 post-challenge are shown in Table 3.

Comparison of pre- and post-HPAIV challenge serum
antibody responses by the DIVA strategy

The pre-challenge sera collected from birds at 21 days post-
immunization with ¥NDV-HA and rNDV-HAT were compared
with sera collected at 10 days post-challenge with HPAI A/
Vietnam/1203/2004 or A/Lgret/Egypt/01/2006 viruses. Un-
vaccinated control and ¥NDV (empty vector) vaccinated chickens
did not survive the HPAIV challenge, hence pre- and post
challenge comparison was not carried out. The comparison was
carried out using a commercially available ATV NP ELISA that
provides the basis to differentiate between birds vaecinated with an
NDV-bascd veetor (which would not stimulate antibodics against
HPAIV NP) and infected birds (in which an NP-specific response
would occur). Pre- and post-challenge scra also were analyzed by a
commercial NDV ELISA tcst and an HI assay using the respective
homologous or heterologous FIPATV strain. There was litde or no
change in NDV aniibody titers detected by NDV ELISA following
HAPLV challenge, as might be expected (Table 4). However, in
both rNDV-HA- and yNIDV-HAF- vaccinated birds, the HPAIV
HI titers were increased by one and two logy units following A/
Victnam/1203/2004 and  A/Egret/Lgypt/01/2006  challenge,
respectively, However, both the pre- and post-challenge sera of
rNDV-HA- and rNDV-I1AT-vaccinated birds were negative for
ALV NP antibody by AIV NP ELISA. "T'he lack of a detectable
response to the AIV. NP protein following HPAIV challenge
suggested that there was little or no challenge virus replication.

NDV Vectored Vaccines for AIV

Neutralization of diverse HPAIV strains with sera from
birds immunized with NDV-HA or NDV-HAF

The ability of scra from vaccinated chickens (from the study
described in Tables 2-4) to neutralize homologous and heterol-
ogous strains of HPAIV was assessed by virus neutralization (VN}
and HI tests (Table 5). Both rfNDV-HA and syNDV-HAT clicited
scrum antibodics that rcacted with H5NI clade 1 viruses (A/
Vietnam/1203/2004, A/Hong Kong/213/2006), clade 2.2 virus
(A/Egret/Egypt/01/2006) and an H5N2 virus isolated from
chickens  (A/Pcnnsylvania/8/3/83) by HI tests, and which
neutralized cach of these viruses by VN tests. This result indicated
that the antibodics induced by rNDV-TIIA and rINDV-HAF have
abilitics to neutralize a broad range o HPAL 15 subtype viruses.

Discussion

In the past twelve years, HPAT HINT viruses have not only
devastated poultyy industrics but also have become a major public
health concern [3,4]. These  viruses  have shown  continuous
increases in genctic and antigenic heterogencity, as well as
dissemination in Asia, Afvica and Europe. In order to limit the
infection of H3NT viruses in poultry, there is a need to develop
vaccines that provide broad and effective immumity and protection
against these viruses. One vaccine that has shown promising
results is based on using NDV as a vector o express the HPAIV
HA protein from an added gene [21,22,23). Newceastle discase is

an cconomically important discase ol poultry, and vaccination of

poultry with live NDV vaccines is readily achicved and is
mandatory in many countrics. Thercfore, development of an
cflicacious live bivalent vaccine against AIV and NDV has several
advantages, including price per dose, casce of administration, and
ability to differentiate infected from vaccinated animals.

Our goal is to develop NDV as a vaccine vector for protection
of birds against FIPAIV H5 subtype virus infections. Previously,
two rescarch groups have published results deseribing generation
of NDV recombinant vaccines against HPAL 15 subtype virus
[21,23]. In the present study, we have generated improved
recombinant NDV vaccines that provide greater protection in
chickens against homologous and heterologous HPAL HS virus
challenges than those previously obscrved. Veits of al,, 23]
generated an yYNDV in which the HA gene from an 115N2 virus
was inserted between Foand HN genes of NV clone 30, a
derivative of strain LaSota. Although their »NDV protected
chickens from lethal NDV and highly-pathogenic HON2 virus
challenges, some vaccinated chickens showed signs of discasc when
challenged with FISN2 virus, indicating only partial protection. Ge
el al[21] constructed an yNDV in which the 1A gene from an
HPAL H5NI virus isolated from an wild bird in China was

Table 3. Frequency of shedding of the NDV-based vaccine viruses and HPAIV challenge viruses'.

rNDV-based vaccine virus

HPAIV challenge virus

A/Vietnam/1203/2004 A/Egret/Egypt/01/2006
Chicken groups Oral Cloacal Oral Cloacal Oral Cloacal
Uninfected control B - 5/5 4/5 5/5 4/5
rNDV 10/10 0/10 5/5 4/5 5/5 3/5
rNDV HA 20/20 0/10 010 010 0/10 0/10
rNOV HAF 14/20 0/10 0/10 0/10 0/10 0/10

into embryonated chicken eggs followed by HA tests for virus growth.
doi:10.1371/journal.pone.0006509.t003

@ PLoS ONE | www.plosone.org

'From the experiment in Table 2. Shedding was determined by collecting oral and cloacal swabs on 3 day post vaccination and 3 day post challenge and inoculation
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Table 4. Comparison of pre-challenge (day 21) and post-challenge (day 31) NDV- and HPAIV-specific serum antibody titers’.

Groups: Imﬁunlzlng virus/Challenge
HPAIV (no.of birds)?

Mean NDV serum ELISA titer®®

Mean serum HI antibody (log,)

to the indicated HPAIV? Mean HPAIV NP ELISA titer (OD)?

Pre- Post- Pre- Post- . Pre-i Post-
T :
rNDV-HA/Viet {10) 1.39::0.38 1.39:0.38 4.40+0.96 5.80%0.78 0.074:+0.012 0.082:::0.013
) . o R O e ) . N
rNDV-HA/Egypt (10) 1.25%037 ° 1.224:0.23 290+1.10 4.90:+1.42 ; 0.07]‘:0.008 0.084+:0.007 i
rNDV-HAF/Viet (10) 1.25%0.37 1194046 445+1.78 5.18+1.71 0.071::0.004 0.088::0.033
]rNDV-HAF/Egypt (10 1.12+042 1102016 2.80%1.61 490073 0.06{\310.005 - 0.095:+0.033

'Continuation of the experiment in Tables 2 and 3.

Viet = A/Vietnam/1203/2004; Egypt = A/Egret/Egypt/01/2006.
22Commercial NDV ELISA assay {Synbiotic Corporation, San Diego, CA).
3The challenge virus was used for the HI antibody assays.

doi:10.1371/journal.pone.0006509.t004

inserted between the P and M. genes of NIDV strain LaSota. The
recombinant virus protected chickens from the discase following
challenges with NDV and homologous and heterologous 115N
HPAIV. However, the heterologous challenge virus was detected
from the lung, spleen, kidney and brain of onc of three chickens at
3 days post-challenge. In that study, both the challenge viruscs
used were selected from the same geographic arca and having
95% similarity in 1A gene. Therefore, there is a need to improve
NDV-vectored AIV vaccines to provide complete protection
against homologous and heterologous chalienge viruscs isolated
from clifferent geographic arcas.

In our study, we have generated two diflerent rINDV cxpressing
the H3 HA protein. In one tNDV, the HA genc was expressed in
native, unmodificd form, while in the other it was modilicd to
contain the transmembrane and cytoplasmic region of NDV F
protein in place of its own. This was done with the idea that this
would provide for enhanced incorporation into the NDV particle.
‘The unmodified and maodificd HA genes were inserted separately
between the P and M genes of NDV strain LaSota. Both of the
recombinant vaccine viruses induced high levels of serum antibody

that efficientdy neuwalized NDV as well as lour different strains of

HPAL 115 subtype viruses, which included three H5N1 viruses
isolated from a humans and onc HON2 virus isolated from a

and heterologus HPAIV strains.

"Commercial HPAIV NP ELISA assay (Synbiotic Corporation, San Diego, CA). Negative control 0D =0,083 and Positive control OD = 0.867.

poultry outhbreak in the U.S. Both of the recombinant viruses
completely protected chickens against otherwisce-lethal NIDV and
HPAI H5N1 virus challenges. The challenge viruses used were
isolated from Vietham and Egypt. None of the vaccinated animals
shed detectable amounts of challenge virus, demonstrating the
cfficacy of our vaccines. Furthermore, none of the vaccinated
chickens had a deteetable serum antibody response to the NP
protein of ATV after 10 days of challenge, suggesting that there was
little or no challenge virus replication in vaccinated chickens.
An idcal Al vaccine should clicit robust protective immune
responses against a broad range of homologous and heterologous
15 influenza strains. Therefore, it is necessary to sclect the HA
gene from a virus thae can represent most 115 strains of that
nature. In our study, we chose the HA gene from A/Vietnam/
120372004 virus for generation of recombinant NDV. "This H5N1
vitus belongs genctically to clade 1 and persists in Asia. The
heterologous HSNT  challenge  virus A/LEgret/Egypt/01/2006
uscd in this study belongs to clade 2.2 and persists in Africa.
There is approximately 7% amino acid divergence between the

HAL portions of the two viruses [33]. Single vaccinations of

INDV-HA or -HAF complctely protected chickens against hoth
clade 1 and clade 2.2 challenge viruses. Analysis of the pre-
challenge scrum ncutralizing antibody responses of vaccinated

Table 5. Serum antibodies induced by NDV-HA or NDV-HAF: HI and virus-neutralizing (VNT) antibody titers against homologous

Serum antibody titers against the indicated HPAIV strains

immunizing virus  Vietnam/1203/2004 (H5N1)

Egret/Egypt/2006 (H5N1) "~ Hongkong/213/2006 (HSN1) Pen:r\sy|van|a/s[3/1§83‘(HsNz)

Mean HPAIV HI titer (log,)'

rNDV 0 0

rNDV- HA 4572106 292:1.09
YNDV- HAF 4532136 2384142
Mean VNT titer {log,)'

rNDV 0 o

YNDV- HA 5.19:1.23 2602099
fNDV- HAF 5304146 3494147 -

o ‘ s g
519093 298128
5.19%1.23 2961161
0 ; 0 |
5232081

6.78:0.93

687107 5423123

doi:10.1371/journal.pone.0006509.t005

@ PLoS ONE | www.plosone.org

'Sera are from the experiment in Table 2, taken 21 days following a single immunization with the indicated virus expressing the HA of the Vietnam/1203/2004 strain.
The numbers of animals in the groups were: rNDV (n=10), rINDV-HA (n =20}, rNDV-HAF {n = 20). Note that the text uses VN for virus neutralization, rather than VNT.

August 2009 | Volume 4 | Issue 8 | e6509

\6



[* ]

chickens to H5NI virases showed that there was higher
ncutralizing  activity against the homologous clade 1 virus
compared to the heterologous clade 2.2 virus, which was an
mdlication of the antigenic differences between the two clades.
Nonetheless, the protection conferred by the NDV-HA and NDV-
HAF vaccine viruses was sufliciently broad to protect against both
HPAIV challenge viruscs.

It was previously obscrved that replacement of the transmem-
brane and cytoplasmic tail regions of the H7 HA protein with
those of the NDV I¥ protein enhanced incorporation of HA into
NDV particles [22]. In that stucly, enhanced incorporations of the
H7 HA protein into NDV particles improved the immunogenicity
of the virus. However, this result could not be interpreted heeaunse
the authors simultancously change the I protein cleavage site from
a mono-hasic to a pouly-basic motif] swhich likcly would have the
cffect of increasing replication, spread, and immunogenicity.
Nonctheless, only 90% of the vaceinated chickens were protected
against challenge with the HPAIV 117 viras, In our study, we have
followed the same strategy and cxamined the incorporation of H5
HA protein into NDV particles. Our Western blot and immunc
clectron mieroscopy results confirmed that replacement of the
transmembranc and cytoplasmic tail domain of H5 HA protein
with those of the NDV F protcin cnhanced incorporation into
NDV particles and improved the immunogenicity of the virus by
completely protecting (100%) the chickens against NDV and
HPAL 15 challenges.

Because expression of the FI5 HA protein of a highly pathogenic
HPALV, and in particular its incorperation into the NDV virion,
may alter the virulence of the NIDV vector, we examined the
pathogenicity of the recombinant viruses by the MDT method in
embryonated chicken eggs [32]. Our results did not show any
increase in pathogenicity of our recombinant viruscs comparcd to
that of the parent strain LaSota, which is currently used as a
vaccine. However, comparison of growth kinctics of the recom-
hinant virus showed that the virus expressing the chimeric H5 HA
protein grew about a logie lower, than the NDV parent or the
virus expressing the unmodificd H5 HA protcin. Similar slow
growth kinetics were observed for the virus expressing the chimeric

H7 TIA protein [22]. It is possible that enhanced incorporation of

chimeric HA may have aflccted the agsembly process of NDV.
A concern we wanted to examine is whether enhanced
incorporation of the chimeric 5 HA protein may decrease the
incorporation of the NDV T protein into the NDV virion. The F
protcin of NDV is a major immunogenic protein and any

reduction in the amount of this protcin may alter the cflicacy of

the NDV vaccine. Analysis of the proteins of purified parental and
recombinant viruses by coomassic bluc staining did not show any
difference in the amount of F protcin hetween parental and
recombinant viruscs, suggesting that the incorporation of the
chimeric M5 HA prowin did not take the place of the F protein on
the NDV virion (data not shown).

In this study, both of the recombinant NDV vaccine viruscs,
rNDV-HA and eNDV-HAF, induced similar levels of I and VN
antibodics and provided complete protection against challenges
with highly virulent NDV and HPAI 115 viruses. However, further
studics involving larger numbers of chickens and  additional
heterologous challenge viruses will e necessary to determine
which of the two vaccine viruses is superior: namecly, the NDV-HA
virus that replicatcs somewhat better but incorporates a lesser
amount of HPATV HA, or the NDV-HIAF virus that replicates less

well (and is more attenuated) but incorporates a greater amount of

HA. Our results demonstrated that the NDV-vectored ALV
vaccines generated in this study could be used as bivalent vaccines
against NDV and HPA] M5 virus in chickens.

@ PLoS ONE | www.plosone.org
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Materials and Methods

Viruses and cells

Madin-Darby Canine Kidney (MDCK), human epidermoid
carcinoma (HEp-2), and chicken ecmbryo fibroblast (DIF1) cell lines
were obtained from  the American Type Culture  Collection
(ATCC, Manassas, VA). MDCK and HEp-2 cclls were grown
in Eagle’s minimal cssential medium (EMEM) containing 10%
fetal bovine serum (FBS) and maintained in EMEM with 5% FBS.
DFI cclls were grown in Dulbecco’s minimal cssential medium
(DMEM) with 10% FBS and maintained in DMEN with 5% FBS.
Recombinant NDV (fNDV) strain LaSota was gencrated  as
previously deseribed [31,34]. The 1PALV strains, A/Vietnam/
120372004 (H5N1) and A/Hong Kong/213/2006 (LISNI), were
obtained from the Genters for Discase Control and Prevention
(CDC), Adanta GA. The HPALV strain A/Egret/Egypt/01/2006
(F5N1) was obtained from Dr. Danicli Perez and the HPAIV
strain HONZ strain (A/Pennsylvania/8/371983) was a ficld isolate
maintained in our virus repository. The viruses were propagated in
9-clay-old specific pathogen free (SPI) embryonated chicken cgps.

Virus titration

The tivation of XNDVs and AlVs was carricd out by infecting
DIl and MDCK cells, respectively. The rNDV titers were
determined by plaguc assay in DF1 cclls using a 0.8% methylecl-
lulose overlay and 5% allantoic fluid. "The infected cells were
incubated at 37°C for 3 to 4 days, until the development of plagucs
was apparent. The cell monolayers were then fixed with methanol
and staincd with crystal violet for the enumeration of plagues. The
HPALV titers in 50% cend point tissue culture infectious dose
(TCIDy) units/ml were determined on monolayers of MDCK cclls
using the Reed and Muench method [36]. For both NDVs and
AIVs, FIA titers were determined using chicken RBCs [32). Egg
infeetive dose 50 (JU1D50) was determined by infecting 5 eggs per
group for cach 10-fold serial dilution. Followiig 24 h of infection,
cggs were harvested for allantoic fluid and the presence of virus was
confirmed by HA test. Similarly, chicken embryo lethal dose 50
(ELD3q) was determined by obscrving 50% movtality in embryos at
cnd point dilutions after 48 I of infection. 'The 50% cnd point titer
was determined by the Reed and Muench method {36]. For HPALV
challenge viruses, the chicken lethal dose of 50 (CLDgy) was
determined by infecting 3 chickens (D-wk-old) per group, and the
50% cnd point for the lethal dose was determined by the Reed and
Muench methoed [36].

Generation of rNDVs containing HPAIV HA coding
sequence

The construction of a full-length ¢DNA of the antigenomic
RNA of NDV strain LaSota was reported earlier [31,34]. The
present study used a previously-deseribed derivative that had heen
modificd to contain a unique Pme T restriction enzyme site
between the P and M genes [31]. The HA open reading frame
(ORT) from HPAIV strain A/Vietam/120372004 (115N1) virus
was  PCR-amplificd using primers  (115HAPmel  sense- 5'-
CCGTTTAAACTTA _ GAAAMAANTACGGGTAGAAGGCATA
CGCCACCAT GGAG-3' and antisense 5'-GGGTTTAAACT -
TAGATACAAANTCCT GCACTGG-3") that introduced an NDV
gene junction, including gene end (underlined), intergenic, and
gene start (underlined) signals, on the upstream side and Pme 1
sites (italic) on both sides. The H5 HA gene was finrther modified
to create a sccond version in which the HA cctodomain was fused
to the transmembrance and cytoplasmic domains ol the NDV F
protein by overlapping PCR using primer H51APmel sense and
HS5HAF antisense primer (5'-GGCTTTAAACTTAGATACAA-
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ATCCTGCACTGG-3). The ¢DNA tcmplates used for over-
lapping PCR were amplilicd by HSHA Pmel sense primer
and antisense  primer (3'- GTAATGAGAGCAGATGTG-
CTTTGGTATATCCCTATGCTCTCC-3', region correspond-
ing 1A is underlined) from H5 HA templatc and also ampli-
fied by sense primer  (3'-GGAGAGCATAGGGATATAC-
CAAMGCACATCTGCTCTCATTAC-3', region corresponding
NDV is underlined) and H5HAF antisense from NDV I¥ ¢cDNA
template. Altering the transmembrane and cytoplasmic domains
changed the length of the HA ORF {from 1707 nt to 1767 nt. The
PCR products were cloned into full- length NDV plasmid at the
unique Pme 1 site between the P and M genes. The total genome
length was maintained as a multiple of six, which is required for
cflicient NDV replication [35). In order to decrease the possibility
of any mutation or deletion of parts of the NDV genome during
propagation in bacteria, the transformed bacteria were grown at
30°C. The HA genes of the resulting plasmids, pNDV-HA and
pNDV-IIAF, were sequenced to confirm the corvect HA gene
structure and the absence of any deletion or undesired mutation.
Our results showed that the plasmids pNDV-HA and pNDV-HAF
were quite stable in bacteria and no mutation or deletion was
detected. The NDV recombinants were recovered by transfecting
these plasmids along with support plasmids into 1Ep-2 cells by the
previously deseribed procedure [31,34).

Expression of H5 HA in cells infected with rNDVs

The HA protein expression by the rNDVs was examined by
Waestern blot and immunofluorescence assays. DFIL cells were
infeeted at a multiplicity of infection (MOI) of 0.01 and were
harvested at 48 h post- infection, lysed and analyzed by Western
blot using polyclonal chicken 113N1 (post-infection) antiscrum. To
examing the incorporation of 115 HA and H5 HAT into NDV
particles, Western blot analysis was carried out using purilicd virus
and polyclonal chicken H3NI (post-infection) antiscrum. The
band intensitics in the western blot were normalized using an
NDV-IIN monoclonal antibody. Immunofluorescence assays were

performed to evaluate cell surface and intracellular expression of

HA protein. Bricfly, DF1 cells were infected with the recombinant
viruses at an MNOI of 0.01 PFU. At 48 h post-infection, the
mfected DIFY cells were fixed with 4% para-formaldchyde. For
internal H35 TIA expression, cclls were permeabilized with 0.2%
Triton X 100 in PBS for 10 minutes. The primary antibodies used
were chicken polyclonal anti-H5 HA and the secondary antibodics
uscd were goat anti-chicken conjugated with FITC. The cclls were
analyzed with a fluorescent microscope.

Immunoelectron microscopy

The rNDVs purificd by sucrose density gradient from allantoic
fluid of infected embryonated eggs were adsorbed to parlodion-
filmed carbon-coated nickel grids. The grids were blocked in PBS
containing 2% globulin-frec BSA and incubated with chicken anti-
NIV HN monoclonal antiscrum  or  chicken ani-115 HA
polyclonal antiscrum. Grids were washed in blocking solution
and incubated in goat anti-chicken or anti- mouse 1gG antiscrum
conjugated to 6 nm gold beads (Aurion, Costerweg 5, The
Netherlands). The grids were then negatively stained with 2%
ammonium  molybdate for 3 min and  cxamined under a
transmission clectron microscope.

Growth characteristics of the recombinant viruses in DF1
cells

The growth kinctics of TNDV, rNDV-IIA and rNDV-HAF
were determined by multicycle growth curves in DIFL cells. DF1

@ PLoS ONE | www.plosone.org
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cells in duplicate wells of six-well plates were infected with viruses
at a MOI of 0.01 PFU. After 1 h of adsorption, the cclls were
washed with DMEM and then covered with DMEM containing
5% TBS and 5% allantoic fluid. The ccll culture supernatant
samples were collected and replaced with an cqual volume of fresh
mcedium at 8-hour intervals until 64 hours postinfection. The
titers of virus in the samples were quantified by plague assay in
DF1 ccells.

Pathogenicity of recombinant viruses in embryonated
chicken eggs

The pathogenicity of the recombinant viruses were determined
by the MDT test in 9- day-old cembryonated chicken cggs
according to a standard protocol [32]. Bricfly, 10-fold scrial
dilutions of fresh infective allantoic fluid ranging from 107° o
107" dilutions were made with sterile PBS. 0.1 ml of cach dilucnt
was injected into the allantoic cavitics of five 9-day-old SPF
cmbryonated  chicken  cggs (Bee Eggs Company, PA) and
incubated at 37°C. Each cgg was examined three times daily for
7 days, and times of embryo death were recorded. The minimum
Jethal dosc is the highest virus dilution that causcs all cimbyyos
inoculated with that dilution to dic.

Immunization and challenge experiments
In experiment one (Table 1), groups of 2-week-old SPF chickens

. . . i} ~ -
were immunized through the oculonasal route with 107 E1Dsy of

biologically-derived wild type NDV LaSota or recombinant virus
rNDV  (empty vector), rNDV-IIA or rNDV-LAF, and an
additional group of birds was left uninfected. Three days post-
immunization, oropharyngeal (oral} and cloacal swabs were
collected for detection of NDV shedding. Three weeks post-
immunization, pre-challenge serum samples were collected from
all of the birds, and all of the birds were challenged with 10"
LELDsg of virulent NDV strain Texas-GB through the oculonasal
route. Oral and cloacal swabs were collected on day 3 post-

challenge for shedding. In experiment two (Tables 2-5), groups of

birds were immunized in the smmc way except that the
liologically-derived LaSota control was replaced by its recombi-
nant version fNDV. Three weeks post-immunization, serum
samples were collected and the animals were challenged through
the intranasal route with 100 CGLDsg of the homologous 11IPAIV
A/Vietnam/1203/2004 virus or the heterologous 11PAIV A/
Egret/Egypt/01/2006  virus. To monitor  shedding  of the
challenge viruses, oral and cloacal swabs were collected on day
3 post-infection. Isolation of NDV vaccine vector or HPAIV
challenge virus from swabs was carried out by inoculation in 9-
day-old ecmbryonated chicken eggs. The chickens were observed
daily for 10 days for discase symptoms and mortality, and the
presence of NDV or HPAIV was confirmed by HA assay using
chicken erythrocytes. Post-challenge scrum was collected from the
swrviving birds belore sacrifice after 10 days of challenge. All
challenge studies were performed in a BSL3 (Ag) containment
facility certified by the USDA and CDC.

Serological analysis

The antibody levels of serum samples collected from chickens
vaccinated with YNDVs were evaluated by hemagglutination (LTA),
HA inhibiton (HI), viras ncutralization (VN) and cnzyme-linked
immunosorbent assays (ELISA) using standard protocols [36].
Chross-reactivity of immunized chicken sera were conducted by VN

and HI tests against four homologous and heterologous strains of

influcnza viruses. The homologous clade 1 115N strains included
(A/Victnam/1203/2004 and A/Hongkong/213/2006), and het-
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crologous strains included clade 2.2 H5N1 virus (A/Egret/Egypt/
0172006) and the H5N2 virus (A/Pennsylvania/8/3/1983). A
commercial ATV NP ELISA kit and NDV ELISA kit (Synbiotic
Corporation, San Dicgo, CA) were used to detect antibodics
against the NP antigen of type A influcnza viruses and whole NDV
antigen of NDVs.
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Reivindicaciones

1. Un NDV quimérico, que comprende un genoma empacado que comprende una
secuencia de nucleodtidos que codifica una proteina de fusion F que tiene los dominios de
transmembrana y citoplasmatico de una proteina F y por lo menos un epitope de un
ectodominio de un antigeno protector de un agente infeccioso diferente de NDV o de un
antigeno asociado con una enfermedad que esta anclado por el C terminal, de manera que la
proteina de fusién F se expresa e incorpora dentro de‘I NDV quimérico, que se caracteriza
porque el antigeno no es un antigeno de paramixovirus. '

2. El NDV quimérico de la reivindicacion 1, que se caracteriza porque el agente

infeccioso es un patdgeno infeccioso.

3. El NDV quimérico de la reivindicacién 1 o 2, en el cual el genoma comprende
una secuencia de nucledtidos que codifica una proteina F, de manera que la proteina F se
expresa e incorpora dentro del NDV quimérico.

4, El NDV quimérico de la reivindicacion 1 o 2, en el cual la secuencia de
nucleétidos que codifica la proteina de fusion F remplaza la secuencia de nucledtidos que

codifica la proteina F def NVD y |a proteina de fusion F suple la funcién de la proteina F.

5. Un NDV quimérico, que comprende un genoma empacado que comprende una
secuencia de nucleotidos que codifica una proteina de fusién HN que tiene los dominios de
transmembrana y citoplasmatico de una proteina HN y por lo menos un epitope de un
ectodominio de un antigeno protector de un agente infeccioso diferente de NDV o de un
antigeno asociado con una enfermedad que esta anclado por el N terminal, de manera que la
proteina de fusion HN se expresa e incorpora dentro del NDV quimérico, que se caracteriza

porque el antigeno no es un antigeno de paramixovirus.

6. El NDV quimérico de la reivindicacion 5, que se caracteriza porque el agente

infeccioso es un patdgeno infeccioso.

7. El NDV quimérico de la reivindicacion 5 o 6 en el cual el genoma comprende
una secuencia de nucleétidos que codifica una proteina HN, de manera que la proteina HN se

expresa e incorpora dentro del NDV quimérico.

8. El NDV quimérico de la reivindicacion 5 o 6 en el cual la secuencia de
nucleétidos que codifica la proteina de fusién HN remplaza la secuencia de nucleotidos que

codifica la proteina HN del NDV y la proteina de fusion HN suple la funcién de la proteina HN.



9. El NDV quimérico de cualquiera de las reivindicaciones 1 a 4, que se
caracteriza porque el antigeno es el ectodominio de un antigeno de hemaglutinina de un virus
de la influenza.

10. El NDV quimérico de cualquiera de las reivindicaciones 5 a 8, que se
caracteriza porque el antigeno es el ectodominio de un antigeno de neuraminidasa de un virus
de la influenza.

11. El NDV quimérico de la reivindicacién 9, que se caracteriza porque el virus de
la influenza es un virus de la influenza aviar.

12. ElI NDV quimérico de la reivindicacion 10, que se caracteriza porque el virus de
la influenza es un virus de la influenza aviar.

13. El NDV quimérico de cualquiera de las reivindicaciones 1 a 12, que se
caracteriza porque los dominios de transmembrana y citoplasmatico de la proteina de fusiéon F
o la proteina de fusion HN provienen de la cepa LaSota del NDV.

14. El NDV quimérico de cualquiera de las reivindicaciones 1 a 3 0 5 a 13, que se
caracteriza porque la proteina F es genéticamente modificada en el sitio de ruptura, de manera

que la actividad fusogénica esta aumentada.

15. El NDV quimérico de la reivindicacion 14, que se caracteriza porque el sitio de
ruptura genéticamente modificado comprende a un sitio de ruptura de muitiples bases.

16. El NDV quimérico de cualquiera de las reivindicaciones 1 a 15 que se
caracteriza porque la proteina de fusion F contiene bien sea ninguin residuo de aminoéacidos del
ectodominio de la proteina F, o bien contiene un fragmento d;el ectodominio de la proteina F
que no retiene la actividad del ectodominio de la proteina F; o que se caracteriza porque la
proteina de fusion HN contiene bien sea ningun residuo de aminoacidos del ectodominio de la
proteina HN, o bien contiene un fragmento del ectodominio de la proteina HN que no retiene la

actividad del ectodominio de la proteina HN.

17. El NDV quimérico de la reivindicacion 16, que se caracteriza porque la proteina

de fusion F no contiene residuos de aminoacidos del ectodominio de la proteina F.

18. ElI NDV quimérico de la reivindicacion 16, que se caracteriza porque la proteina
de fusion F contiene un fragmento del ectodominio de la proteina F que no retiene la actividad
del ectodominio de la proteina F.

19. El NDV quimérico de la reivindicacion 16, que se caracteriza porque el
fragmento del ectodominio de la proteina F esta entre 1y 15 residuos del ectodominio de una

proteina F del NDV que se encuentra inmediatamente adyacente al dominio de transmembrana

)
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de la proteina F; o que se caracteriza porque el fragmento del ectodominio de la proteina HN
esta entre 1 y 15 residuos del ectodominio de una proteina HN del NDV que se encuentra

inmediatamente adyacente al dominio de transmembrana de la proteina HN.

20. El NDV quimérico de la reivindicacion 19, que se caracteriza porque el
fragmento del ectodominio de la proteina F esta entre 1 y 15 residuos del ectodominio de una
proteina F del NDV que se encuentra inmediatamente adyacente al dominio de transmembrana
de la proteina F.

21. El NDV quimérico de cualquiera de las reivindicaciones 1 a 20, que se
caracteriza porque la secuencia que codifica la proteina de fusion se inserta entre los genes P y
M del genoma NDV.

22. El NDV quimérico de cualquiera de las reivindicaciones 1 a 21, que se

caracteriza porque el NDV quimérico tiene una columna vertebral de la cepa LaSota del NDV.

23. El NDV quimérico de cualquiera de las reivindicaciones 1 a 22, que se

caracteriza porque el NDV quimérico esta atenuado.

24. Un método para producir una formulacién inmunogénica, el cual meétodo

comprende:

(a) propagar el NDV quimérico de cualquiera de las reivindicaciones 1 a 23 en un huevo

embrionado o una linea celular que es susceptible de infectarse con el NDV; y
(b) recoger la progenie del virus,

que se caracteriza porque el virus se cultiva hasta obtener cantidad suficiente y en condiciones
suficientes para que el virus esté libre de contaminacion, de manera que la progenie del virus

es apropiada para usar en una formulacién inmunogénica.

25. Una molécula de ADN recombinante que codifica el NDV quimérico de

cualquiera de las reivindicaciones 1 a 23.

26. Una formulacién inmunogénica que comprende el NDV quimérico de cualquiera
de las reivindicaciones 1 a 23.

27. La formulacion inmunogénica de la reivindicacién 26 para usar en la prevencion

de una enfermedad asociada con una infeccioén viral.

28. La formulacion inmunogénica de la reivindicacion 27, que se caracteriza porque

la infeccidn viral es causada por el NDV.



29. La formulacién inmunogénica de la reivindicacién 27 o 28, que se caracteriza
porque la infeccion viral es causada por el virus de la influenza.

30. La formulaciéon inmunogénica de la reivindicacion 29, que se caracteriza porque
el virus de la influenza es el virus de la influenza aviar.

31. La formulaciéon inmunogénica de la reivindicacién 26 para usar en la induccién

de una respuesta inmunitaria al NDV y al antigeno en un ave.

32. La formulacién inmunogénica de la reivindicacién 26 para usar en la induccion

de una respuesta inmunitaria al antigeno en un ser humano.

33. El NDV quimérico de cualquiera de las reivindicaciones 1 a 23 en la
preparacion de un medicamento 'para inducir una respuesta inmunitaria al NDV y al antigeno en

un ave.

34, El NDV quimérico de cualquiera de las reivindicaciones 1 a 23 en la
preparacion de un medicamento para inducir una respuesta inmunitaria al antigeno en un ser

humano.

35. El NDV quimérico de cualquiera de las reivindicaciones 1 a 23 en la
preparacion de un medicamento para prevenir una enfermedad asociada con una infeccion

viral.

36. ElI NDV quimérico de la reivindicacion 35, que se caracteriza porque la infeccion
viral es causada por el NDV.

37. El NDV quimérico de la reivindicacion 35 o 36, que se caracteriza porque la

infeccion viral es causada por el virus de la influenza.

38. El NDV quimérico de la reivindicacion 37, que se caracteriza porque el virus de
la influenza es el virus de la influenza aviar.

!
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