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Fecha de Presentacién Internacional 01/Diciembre/20086

Como resultado del Examen de Fondo realizado, con fundamento en el Articulo 45
de la Decision 486 de la Comisién de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion: Folios 4 a 111 2/Julio/2008
Reivindicaciones: Folios 112 a 117 2/Julio/2008
Dibujos: Folios 118 a 127 2/Julio/2008
Listado de Secuencias: Folios 128 a 143 2/Julio/2008
Prioridad: US 60/741,833 2/Diciembre/2005
US 60/802,864 22/Mayo/2006

2. Analisis de la Prioridad

Se acepta la reivindicacion de Prioridad porque esta solicitud fue presentada dentro
del plazo establecido (Art. 9 D 486), y su contenido técnico corresponde con el de la
prioridad reivindicada.

3. Objeto de la invencién

Titulo de la solicitud: “Virus quiméricos que presentan proteinas de superficie no
nativas y uso de :as mismos”.
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El problema planteado en esta solicitud consiste en la necesidad de suministrar un
virus para la inmunizacién en contra de dos agentes infecciosos.

Para resolver este problema técnico la solicitud en estudio proporciona virus
quiméricos ARN de hebra negativa.

El objeto de la presente Solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP): A61K 39/00, 39/15.

4. Excepcidn a la Patentabilidad (Art 20 D 486 literal (d))

El objeto de las reivindicaciones 32 y 33 no es patentable de acuerdo con el Art
citado.

5. De la Solicitud de Patente
Titulo

Eltitulo no corresponde con el objeto de la solicitud porque hace referencia al uso, el
cual no se considera materia patentable, por lo cual se sugiere al Solicitante hacer la
correccién necesaria.

Reivindicaciones (Art 30 D 486, Art 22 PCT)

El capitulo reivindicatorio no es conciso porque contiene un excesivo nlimero de
reivindicaciones independientes, lo cual hace dificil definir cual es el objeto que se
busca proteger. Se sugiere al solicitante combinar la reivindicacion 13 con la
reivindicacion 1, la reivindicacion 14 con la reivindicacion 2, Ia reivindicacién 15 con
la reivindicacion 3, la reivindicacién 16 con la reivindicacién 4, la reivindicacion 17
con la reivindicacion 6 y la reivindicacién 18 con la reivindicacion 7, redefiniendo las
respectivas dependencias. Por ejemplo, la diferencia entre las reivindicaciones 1y 13
consiste en que la reivindicacién 1 reclama “salvo influenza”, mientras que la
reivindicacion 13 menciona la expresion “diferente de la influenza”.

El capitulo reivindicatorio no es conciso porque utiliza las expresiones “un segmento
NA empaquetado de virus de influenza”, "que codifica una proteina de fusion
neuroaminidasa’, “nucleétidos que codifican un ectodominio de un antigeno
neuroaminidasa de un agente infeccioso”, “un segmento HA empaquetado de virus
de influenza”, “que codifica una proteina de fusion hemaglutinina”, “nucleétidos que
codifican un ectodominio de un antigeno enlazante/fusogénico del receptor de un
agente infeccioso”, “un primer marco de lectura abierto que codifica una proteina
hemaglutinina de influenza aviar”, “un segundo marco de lectura abierto que codifica
una proteina de fusion de hemaglutinina”, “un primer marco de lectura abierto que
codifica una proteina neuraminidasa de influenza aviar”, “un segundo marco de
lectura abierto que codifica una proteina de fusion neuraminidasa”, “nucleotidos que
codifican un ectodominio de un antigeno HN de NDV”, “un segmento empaguetado
de! gen NS1", "un segmento HA gue tiene un marco de lectura abierto modificado

(...)", "una molécula de ADN recombinante que codifica el segmento (...}, "una
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secuencia nucledtida que codifica una proteina de fusion F que tiene los dominios
(...)". “un epitopo de un ectodominio de un agente protector de un agente infeccioso
diferente de NDV o de un antigeno asociado con una enfermedad”, “una secuencia
que codifica una proteina F", “una secuencia nucleétida que codifica una proteina de
fusion HN", “una secuencia nucledtida que codifica una proteina HN”, lo cual dificulta
determinar la extension del objeto que se busca proteger. Se recuerda al solicitante
que un polipéptido y un acido nucleico se caracterizan por sus secuencias de
aminoacidos y nucleétidos, respectivamente.

Se requiere al Solicitante hacer las aclaraciones necesarias.
6. Unidad de invencion (Art 25 D 486)

La Solicitud no cumple con el Requisito de Unidad de Invencion porque se refiere a
2 Grupos Inventivos.

Los Grupos Inventivos estan definidos por las siguientes caracteristicas esenciales:

1% Un virus quimérico de influenza aviar. Reivindicaciones 1 — 23,
2° Un NDV quimérico. Reivindicaciones 24 — 30.

No se guarda un concepto comun inventivo porque ios Grupos 1y 2 estan dirigidos a
virus cuyos genomas tienen caracteristicas estructurales diferentes. Mientras el
genoma del virus de la influenza es segmentado, el genoma del virus de la
enfermedad de Newcastle (NDV) no lo es.

Se sugiere presentar las Solicitudes Divisionales que considere necesarias, 6 limitar
la solicitud inicial a una sola invencién, eliminando de ella las otras invenciones.

7. Determinacion del Estado de la Técnica
El estado de la técnica se determiné con base en la fecha de presentacion de la

solicitud de prioridad: Diciembre 2 de 2005, y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud:

item Documento Titulo Fecha de Publicacion
. Live Bivalent Vaccine for
D1 Journa!'of Virology, Vol. Parainfluenza and Influenza Virus Junio/2005
79, Paqg. 6674-6679 Infections

Generation of a recombinant
. , chimeric Newcastle disease virus
D2 Vacc1r112.1\éo1lé123! Pag. vaccine that allows serological 8/Febrero/2001
—— differentiation between vaccinated

and infected animals
A Chimeric Respiratory Syncytial
Virus Fusion Protein Functionally

D3 Journal of Virology, Vol.

; Replaces the F and HN Agosto/2005
79, Pag. 10467-10477 Glycoproteins in Recombinant
Sendai Virus
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D1 http://ivi.asm.org/content/79/11/6674 divulga un virus quimérico de influenza aviar
(Resumen).

D2  hitp:/fwww.ncbi.ntm.nih.gov/pubmed?term=11166884 divulga un NDV quimérico
(Resumen).

D3 http://ivi.asm.org/contenti79/16/10467 divulga un RSV quimérico en el que el
ectodominio de la proteina F reemplaza el ectodominio de la proteina F del virus
Sendai (SeV) (Resumen).

8. Examen de Patentabilidad (Art 14 D486)
Nivel Inventivo (Art18 D486)
Grupo Inventivo 1

La reivindicacién 1 consiste en un virus quimérico de influenza aviar, que
comprende un segmento NA empaquetado de virus de influenza que codifica una
proteina de fusidon neuroaminidasa, en el cual el marco de lectura abierto NA es
modificado de modo que los nucledtidos que codifican el ectodominio NA son
reemplazados por nucleétidos que codifican un ectodominio de un antigeno
neuroaminidasa de un agente infeccioso, salvo influenza, que esta anclado por el
extremo-N, de modo que la proteina de fusidn neuraminidasa es expresada e
incorporada en el virus quimérico de influenza aviar,

Comparacién de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas esenciales D1

Un virus gquimérico de influenza aviar, que Un virus quimérico de influenza aviar, que
comprande un segmento NA empaquetado de comprende un segmente NA que codifica una
virus de influenza que cedifica una proteina de proteina de fusidn neuroaminidasa,

fusion neuroaminidasa,

{Resumen) i
en el cual el mareo de lectura abierto NA es en el cual el marco de lectura abierto NA es !
modificado de modo que los nucledtidos que madificado de modo que los nucledtidos que !

codifican el ectodominio NA son reemplazados | codifican el ectodominio NA son reemplazados
por nucietdtidos que codifican un ectodominio de ! por nuciedtidos que codifican un ectodominio de
un antigeno neuroaminidasa de un agente : HN de parainfluenza.
infeccioso, salvo infiuenza, que esta anclado por

el extremo-N, de modo que la proteina de fusion | (Resumen)
neuraminidasa es expresada e incorporada en
el virus quimérico de influenza aviar.

Eldocumento D1 se considera el estado de |a técnica cercano a la invencion definida
en la reivindicacién 1 porque D1 divulga un virus quimérico de influenza aviar, que
comprende un segmento NA que codifica una proteina de fusion neuroaminidasa en
el cual el marco de lectura abierto NA es modificado de modo que los nucleétidos
- que codifican el ectodominio NA son reemplazados por nucleétidos que codifican un
ectodominio de HN de parainfluenza (Resumen).
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La diferencia entre la invencion, definida en la reivindicacion 1 y el virus quimérico de
D1 consiste en que el marco de lectura abierto NA es modificado de modo que
codifican un ectodominio de un antigeno neuroaminidasa.

El efecto que logra el incluir un ectodominio de un antigeno neuroaminidasa es que
permite obtener una vacuna ambivalente.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invenciéon se
puede formular asi: “como modificar el virus quimérico de influenza conocido en D1
para obtener una vacuna ambivalente”.

Sin embargo, el mismo documento D1 ensefa que el marco de lectura abierto NA es
modificado de modo que los nucledtidos que codifican el ectodominic NA son
reemplazados por nucleédtidos que codifican un ectodominio de HN de parainfluenza,
el cual tiene funcionalidad hemaglutinina (HN) y neuroaminidasa (NA) (Resumen),
para obtener una vacuna bivalente.

En consecuencia, la persona del oficio normalmente versada en la materia, buscaria
expresar proteinas de no-influenza en lugar de proteinas nativas, como NA
heterdloga para proveer un virus quimérico capaz de inducir una respuesta inmune.
La persona del oficio normalmente versada en la materia se veria motivada a
modificar el virus quimérico de D1 porque el virus quimérico es capaz de expresar de
forma estable el ectodominio HN del virus de parainfluenza, el cual es un
Paramixovirus, para obtener una vacuna bivalente, la cual puede ser atenuada a!
introducir mutaciones en proteinas conocidas en el estado del arte como NS1”.

De manera que la solucidn propuesta por esta solicitud en la reivindicacion 1y en las
reivindicaciones 2 — 23, es obvia y no tiene Nivel Inventivo.

Grupo Inventivo 2

La reivindicacion 24 consiste en un NDV quimérico que comprende un genoma
empaqguetado, que comprende una secuencia nucleétida que codifica una proteina
de fusion F que tiene los dominios de transmembrana y citoplasmico de una proteina
F y al menos un epitopo de un ectodominio de un agente protector de un agente
infeccioso diferente de NDV o de un antigeno asociado con una enfermedad, que
esta anclado por el extremo C, de modo que la proteina de fusion de la proteina F es
expresada e incorporada en el NDV quimérico.

Comparacién de las caracteristicas técnicas esenciales, con fas del Estado de la Técnica:

empaquetado, que comprende
una secuencia nucledtida que
codifica una proteina de fusion
F que tiene los dominios de

nucledtida que codifica una
proteina de fusidn HN que tiene
fos dominios de transmembrana
y citoplasmico de una proteina

__Caracteristicas esenciales D2 D3 o
Un NDV quimerico que|Un NDV quimérico que | Un RSV quimérico en el que el
comprende un genoma | comprende una secuencia | ectodominio de la proteina F

reemplaza el ectodominio de la
proteina F del virus Sendai
(SeV)

t J. Schickli, et al. Plasmid-only rescue of influenza A virus vaccine candidates. Philosophical
transactions of the Royal Society of London, Vol. 356, Pag. 1965-1973. 29/Diciembre/2001.

Expediente 08-67535

ler Art 45



198

transmembrana y citoplasmico | HN de NDV y el dominio | (Resumen)
de una proteina F y al menos | globular inmunogénico HN de
un epitopo de un ectodominio | un paramixovirus aviar tipo 4
de un agente protector de un | (APMV 4),

agente infeccioso diferente de
NDV o de un antigeno | (Resumen)
asociado con una enfermedad,
que estd anclado por el
extremo C, de modec que la
proteina de fusion de la
proteina F es expresada e
incorporada  en el  NDV
quimerico,

Los documentos D2 y D3 se consideran el estado de la técnica cercano a la
invencion definida en la reivindicacion 24 porque:

D2 divuiga un NDV guimérico que comprende una secuencia nucledtida que codifica
una proteina de fusion HN que tiene los dominios de transmembrana y citoplasmico
de una proteina HN de NDV y el dominio globular inmunogénico HN de un
paramixovirus aviar tipo 4 (APMV 4) (Resumen).

La diferencia entre la invencidn, definida en la reivindicacion 24 y el NDV quimérico
de D2 consiste en la sustitucion del ectodominio de la proteina F de NDV por al
menos un epitopo de un ectodominio de un agente protector de un agente infeccioso
diferente de NDV.

El efecto que logra el incluir la sustitucién del ectodominio de la proteina F de NDV
es que permite obtener una vacuna ambivalente.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invencion se
puede formular asi: "cémo modificar el NDV quimeérico conocido en D1 para obtener
una vacuna ambivalente”.

Sin embargo, la utilizacion del ectodominio de ia proteina F de forma heteréloga en
otro virus para generar una vacuna ambivalente ya esta divulgada en el documento
D3 que se refiere a un RSV quimérico en el que el ectodominio de la proteina F
reemplaza el ectodominio de la proteina F del virus Sendai (SeV) (Resumen), donde
los virus RSV y SeV pertenecen, al igual que el virus NDV, a la familia Paramixovirus
y donde la sustitucion no inhibe ia habilidad de SeV de infectar las células, debido al
papel de la proteina F de RSV en unién a receptor y subsecuente infeccion,

En consecuencia, ia persona del oficio normalmente versada en la materia, incluiria
la sustitucién del ectodominio de la proteina F del Paramixovirus de D3 en el NDV
quimeérico de D2 para llegar asf al objeto de la reivindicacion 24 de la solicitud, por lo
cual se considera obvia. La persona del oficio normalmente versada en la materia se
veria motivada a modificar €l NDV quimérico de D2 porque D2 ensefia que es
necesario diferenciar animales vacunados de aquellos infectados mediante la
utilizacion de vacunas marcadoras, que comprenden la inclusién de secuencias
heterdlogas, sin afectar la habilidad de! virus de afectar las células, y porque D3
ensefa que la sustitucion del ectodominio de la proteina F en otros Paramixovirus
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permite {a obtencién de un virus quimérico, sin afectar la habilidad del virus de
infectar las células.

De manera que la solucién propuesta por esta solicitud en la reivindicacion 24 y en
las reivindicaciones 25 - 30, es obvia y no tiene Nivel Inventivo.

9. Conclusidon

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

item Documento Reivindicaciones afectadas Requisito que afecta
Journal of Virology,
D1 Vol. 79. P4g. 6674- 1-23 Nivei inventive
6679

e e s+ 4 e {n e —_— - - H —— -i

Vaccine, Vol. 19, , .
D2 Paq. 1616.1627 24 - 30 Nivef Inventivo

Journal of Virology,
D3 Vol 79 Pag, 24 - 30 . Nivel inventivo |
10467-10477 |

En cumplimiento del articulo 45 de |la Decision 486 de la Comision de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir de la fecha de notificaciéon de la presente comunicacién. En caso
de no dar respuesta al presente requerimiento, o si a pesar de la respuesta
subsistieran los impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término
faltante para dar respuesta a este requerimiento y presentarla por escrito.

Notn‘lquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal e}, del
ca quinto del titulo primero de la Circular Unica No. 10 de 2001,

JESUSFERNEL GARCIA GARCIA

Directorde Nuevas Creaciones (E)

El anterior rgquegimiento fue notificado por fijacién en lista, de fecha
i W7

Elaborado por: Juan David Moncaleano,P
Revisado por: Consuelo Leguizamén.
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Influenza and human parginfluenza virus infections are of both medical and economical importance.
Currently, inactivated vaccines provide subuplimal protection against influenza, and vaccines for human
parainfluenza virus infection are not available, underscoring the need for new vaecines against these respi-
ratory discases, Furthermore, to reduce the burden of vaccination, the development of multivalent vaccines is
highly desivable, Thus, to devisc a single vaccine that would elicit immunc responscs against both influenza and
parninfluenza viruses, we used reverse genetics to generate an influenza A virus that possesses the coding
region for the hemagplutinin/neuraminidase ectodomain of parainfluenza virns instead of the influenza virus
nevraminidase, The recombinant virus grew efliciently in eggs but was attenuated in mice. When intrunasally
immunized with the recombinant vaccine, all mice developed antibodies against both influenza and parain-
fluenza vireses and survived an otherwise tethal challenge with cither of these viruses. This live hivalent
accine has obvious advantages over combination vaccines, and its method of generation could. in principle,
be applied in the development of a “cocktail” vaccine with efticacy against several different infectious disenses.

Influenza and human parainfluenza virus infections rank
high among human respiratory diseases worldwide. Influenza
accounts for 3 1o 5 million cases of severe illness each year,
250,000 to 500.000 of which are fatal, while an estimated 16.300
to 96.500 people arc hospitalized because of human parainftu-
cnza virus infections (see the World Health Organization web-
site al hipy/Avww.whouint!). Considerable effort has been ex-
pended to devefop useful vaccines against influenza and
human parainfluenza viruses. Inactivated influenza virus vac-
cines are safe and effective in prevenling inAuenza virus-re-
lated hospitalization and death. but the immune response trig-
gered hy these vaccines is suboptimal and short lived. requiring
annual vacgination (12). By contrast, live attenuated influenza
virus vaccines elicit robust humoral and cellular respanses that
are predicled to be long lived {6} For human parainfluenza
viruses. neither inactivated nor live vaceines are available, Al-
though no data are available {rom studies with humans. for-
makin-inactivated vaceines for parainfluenza virus in animals
aggravate the syniptoms of infection upon challenge with ho-
molognus virus (23), as previously shown in humans and ani-
mal madels given inactivated vaccines for respiralory syneylial
virus (RSV) (a close relative of parainfluenza virus) (5. 9). This
enhancement of pathogenicity was not ohserved for a live at-
tenvated candidare vaccine, which proved to be effective in
animal studies {22}, Thus, for the prevention of botl influenza

* Corresponding author. Mailing address: Division of Virology, De-
partment of Microbivlogy and Tmmunglogy., Institute of Medical Sei-
ence. University of Tokyo. 4-6-1 Shirokanedai, Minato-ku, Tokyo
[08-$639, Japan. Phone: 81 3 3449 S304, Fax: §1 3 5449 5408. E-mail:
kawaokal@ims,u-fokyvo.ac jp.
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and human parainfluenza virus infections, live attenuated vac-
cines are likely 10 be more effective than inactivated vaccines.

Multivalent vaccines containing protective antigens against
several infectious agents have been developed as a means Lo
reduce the burden of repeated childhood vaccinations (1).
With the exception of the MMR (measles. mumps, and vu-
bella) preparalion. they are based on inactivated vaccines be-
cause propagation of one vaccine virus strain might interfere
with the growth of the other vaccine component(s) (24). A
possible solution to this problem would be to procuce a single
vaccine virus possessing several antigens that elicit protection
against two or more infections agents,

Influenza A virus {famity Orthonpaxoviridae, characterized by
a segmented. negative-strand RNA genome) is considered an
attractive vaccine vector candidate. It elicits strong humaosal
and cellular responses {0}, its gename is amenable 1o genelic
madification (7. 21), and the availability of 15 hemagalutinin
(A} and 9 neuraminidase (NA} subtvpes (HA and NA are
the major vizal antigens) would allow repeated immunization.
However, early attempls o express foreign proteins from re-
combinant influenza viruses failed due w the genetic instability
of the forcign genes (13). This Kmitation was recently over-
come when we identified regions in influenza viral RNA
(vVRNA} segments thal govern the efficient incorporation of
VRNA into virions (8. 33). These incorporalion signals, which
reside in the coding regions, have heen explaited for the stable
expression of foreign proleins from influenza viruses (27. 33y

Thus. using our knewledge of influenza vRNA incorporation
signals, we aimed 1o create a bivalent live vaccine that would
provide protection against both influenza and parainfluenza
virus infections. This objective was pursued by generating an
influenza A viris in which the ectudomain of the NA was
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m\t 1330t peerusne. - o - - 157nt,_ 28nt .
NA/MNect NA 1-37aa HN 51-578an lsto L
vRNA i . . i
+ L » —
3 incorporation signal HN chimeric protein 5" incerporation signa!

FIG. 1. Schematic diagram of NA/HNect vRNA. NA/HNect vRNA encodes the 3’ noncoding region of NA vRNA {19 nuclentides). 183
nucleatides of the NA coding frame (the start codon located in this region has been replaced by GCG). aming acids 1 1o 37 af WEN NA {cncoding
the cytoplasmic iail, the transmembrane region, and a portion of the NA stalk). amino acids 61 to 370 of SeV HN {encoding the SeV HN
ectodomain), two sequential stop codons (TAA TAG). 1587 nuclentides of the NA reading frame. and the 57 noncoding region of NA vIRNA,

replaced by that of the N, & parainfiuenza virus protective
antigen, and then evaluating the protective potential of the
vaccine in a mouse model.

MATERFALS AND METHODS

Cells, 2981 human embryonic kidney vells (a derivative of the 203 line inte
which the gene for simian virus 40 T antigen was inserted) and Madin-Darby
canine kidney (MDCK) cells were maintained in Pulbecco’s modified Fagle
medium supplemented with 10% fetal calf serum and in minimum essential
medium contsining 3% newhorn calf serum, 1espectively, All cells were main-
tamned al 37°C in 5% C0..

Viruses. Influenza A/WSN/I3 (FTIN1} virus (WSN) was generated by plasmid-
hased reverse genetics as previously deseribed (21 and propagated in 10-day-cld
embryonated chicken £ggs. A murine parainficenza virus tvpe L. Sendai virus
(SeV: strain Enders) was propagated in [f-day-old embryonated chicken eggs.

Plasmid construction, Plasmid pPolINA(aFHINA/MNect (Fig, 1), which was
used for the production of a negitive-sense vRNA containing the coding se-
guence for yn NA-HN chimeric protein between the 3" and §° NA vRiNA
incorporation signals (81, was generaied as follows, The region correspanding to
the WSN NV cytaplasmic tail, transniembrane domain, and a portion of the stalk
e aming acids | 1o 37 of W8N NA) was amplified by PCR. Likewise, we
amplified the region correspanding 1o the SeV HN ectodomain {ie., aming acids
Al 10 576 of SeV HN). followed by lwo consecutive stap codons. The jesultant
PCR products were inserted between the 3 and 3° N& vRNA incorporation
signals {i.e.. the 3’ noncoding region plus the frst 182 nucleotides [nt] of the
cading region with replocement of the sturt codon, ATG by GG and the §°
aoncoding region plus the last 157 a1 of the coding region). The recombinant
infinenza viral eDNA thus produced was inserted herween RNA polvmerase 1
promater and € rminator seqiences.

Generation of influenza virus expressing SV HN antigen. To generate influ-
£nza virus expressing SeV HN prowin. designated FluH/Se VHN, we performed
reverse genetics as previously described {I1), Briefly. eight RNA polvimerase
L-driven plasmids for (ranseription of all eight influenza vRNA segments. includ-
ing the NA/HNect segment, were trandected inlo 2937 cells as previously de-
scribed (110 We then corransleaied oclls with five eukaryotic protein expression
prasmids enceding NA. as well as the PA. P}, PB2, and NP proteins, which are
required oy replication and wranseription of vRNAs, Two days posttransfection,
virus was cellected from the supernatunt of iransfected cells, grown once in
10-day-old embryonated chicken cgps. and stared a1 —80°C until used in exper-
iments,

Experimental infection. The piuihogenicity of FluH/SeVHN was tested by
intranasal infection of 4-week-ulid female BaLB/ mice (The Jacksun Labora.
tory, Bar Harbor. MEY that were anesthetized with isoflurane. Survival limes and
body weights were monitored daily far 14 days after infection. Three days postin-
fectinn, thiee wice per group were ewthanized to determine virus titers in nasa)
turhinates and lungs. The duse lethal to 530°% of mice (MLDyy) infected with
wild-type WSN or SeV was rletennined by intranasally innculation of f-week-ald
femate BALB/ mice with 10-fold serial ditutions of virus under anesthetization:
infected mice were ohserved daily for 14 days.,

To evaluate the protective efficacy of FluH/SeVHN against challenge with
lethal doses of wild-type viruses, we infected cach mouse intranasally with FluH/
SeVHN (107, 10™% or 107" 50% epg infectious doses {ETDsp)mousel. As
contrals, we intected mice intranasally with tormahn-inactivated virus (equiva-
lent to 1Y EfDgemouse) o phosphate-buffered suline {PBS). Twenty.seven
days later, seram samples as well as trachea-lumg 20 nasal washes were collectesd
trom a subset of mice and examined far virus-specific immunoglobulin A (igA)
o7 1gG o anubadies by go enzvine-linked inmunosarbent assay (ELISAY (130,

Briefly, wells of Tmmwlon JHB (Thenna Labsystems. Frazklin, MA)Y plates weie
coated with puriticd andd detergent-ieated WEN r SeV and blacked with PBS
containing 10 mgml hovine serum albumin, After ncubation of virus-conied
wells with 1est samples. bound antibodies were detevied with gom antiomuogse
TeA or 1gG conjugated 1o horseradish peronidase (Kirhegaard & Perry Labora-
tories Inc.. Gaithersburg, MDI. Statistical analyses were performed with Siu-
dencs r test. Twenly-gight days after infection, the remaining mice were chal-
lenged intranasalty with 10 MLDsp of wild-type WSEN or SeV and monitwred
daily for swivival and body weight for 28 days. Virus (ilers were determined in
organs frem tive mice per group at 3 davs postchallenge.

RESULYTS

Gencration and characterization of an infleenza A virus
cxpressing 5S¢V HN antigen. To generafe an influenza virus-
hased live. bivalent vaccine. we chose the influenza A/WSN/33
(HLINT} virus and the Enders strain of SeV, a murine type |
parainflucnza virus, since both cause lethal infection in mice,
providing a uselul animal model with which 10 evaluate vaccine
eflicacy. Mareover, we recently mapped the sequences that
mediate ellicient WEN NA vRNA virion incorporation 1o (83
nt. corresponding to the amino-terminal coding region of NA,
and to [57 ot. corresponding to the carboxy-terminal coding
region of this protein. in addition 1o the 3’ and 3’ noncading
regions (8). With (his information. we were able (0 gencrate a
recombinant WEN virus expressing the ectodomain of SeV HN
(designated FluH/SeVHNY), as described in Materials and
Methods. To determine if FluH/SeVHN expressed both the
SeV HN and WSN HA glycoproteins, we infected MDCK cefls
with this virus or wild-type WSN (as a control) and stained cells
48 h later with antibodies to SeV HN, WSN HA, or influenza
virus NP. Cells infected with influenza virus expressed HA and
NP proteins (Fig. 2) but not SeV HN. whereas cells infected
with FluH/8eVHN expressed both influenza virus HA and NP
proteins and the SeV HN protein,

To determine whether the NA-HN chimeric protein was
expressed on the cell surface, we performed a flow cytometry
analysis of HN antigen on 293T cells (ransfected wilh
pPOlINA(GLNA/HNect plasmid. encoding the chimeric HN
protein and those expressing the three polymerase and NP
proteins. HN antigens were detected on the surface of these
cells but not on control cells, which did nat receive the poly-
merase [ plasmid. Next. 10 determine whether FluH/Se VHN
virus particles possess the HN anligen. we carried out ELISA,
Briefly. wells of ITmmulon 2HB plates were gouted with purified
and detergent-treated FIuH/SeVHN, WSN. or SeV: SeV HN
and influenza virus NP were detecled by manoclanal antibod-
ies. The wells coated with FluH/SeVHN or SeV reacted with
antibodies against SeV HN protein. while those coated with
WSN did nol (dala ant shown). By contrast, the wells coated
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FluH/SeVHN virus

Wild-type infiuenza virus

Anti-influenza i
HA !

L -1.
v *
Anti-influenza p
NP
. ; v

FiG, 2. Expression of SeV HN and WSN HA by FluH/SeVHN.
MDCK cells were infected with FluMH/SeVHN or wild-type WSN and
overlaid with 1.0% agarose, Infected cells were incubated for 2 days a1
37°C. fixed with Tormalin, and tremed with 0.1% Triton X-100 in I'BS.
Viral antigens were detected by immunostaining with anti-Sev HN
monaclonal antibodies. anti-WSN HA monaclonal antibadies. ar an
anti-influenza virus NP monoclonal aniihody.

with FIUH/SeVHN or WSN, but not SeV, reacted with an
anfihody against influenza virus NP, These results demonstrate
that SeV HN antigen is present in FluH/SeVHN virions.

For vaecine production, the virus must grow to high titers,
We therefore evaluated the titers of the recombinant virus
grown in MDCK cells or embryvonated chicken eges. In MDCK
cells, FluH/Se VHN replication was attenuated compared with
that of wild-rype influenza virus (1.0 % 10® PEUjml versus 1.6
X 167 PFU/mI). resulting in pinpoint plaques only {Fig. 2). In
cggs. however, FluH/Se VRN replicated ro titers comparable to
those of wild-tvpe influcnza virus (10™° ElD/ml for the
former versus 0% ElDg/m) for the latter).

The stability of FluH/SeVHN was assessed by passaging the
virus 10 times in embrvonated chicken eggs. During 10 serial
passages. FluH/SeVHN virus grew well. with titers ranging
from 10%° EID;so/ml fo 10°® EID./ml. Even after 10 serial
passages in egps. 88% of the plagues expressed SeV HN when
tested in MDCK cells. and only one mutation {Asn to Lys at
amino acid position 229) was found in the NA/HNect vRNA.
Since not ali virions of even wild-type influenza virus contain
all eight RNA segments (17). the finding that nat all of the
FluH/Se VN plaques expressed the NA/HNeet was anifici-
puted. These results demonsirate that influenza vRNA pack-
aging signals can be exploited 1o stably express foreign genes,

Pathogenicity of FluH/SeVHN virus in mice. Auenuation in
animals is a critical requirement for live vaccines. We therefore
determined the pathogenicity of FluH/SeVHN virus in mice by
intranasally infecting them with 1037 10%% or 107 EID,y/
mouse of recombinant virus that had been passed once in eggs.
Mice inoculated with 107" ElDg, or less showed no overt
symptoms of illness. Thus, the MLD,, of FluH/SeVHN virus
was calculated 10 be >107 EID.y/mouse, while that of wild-

b Virol.

TABLE 1. Replication uf FluHSeVHN inmice”

Amt of FinHSeVHN Virus fiter (maun log g ELDg ~ 51 g) in

virusimouse (E1D ¢,

Nasal turbinates Lungs
! 40 =12 44 2038
™3 4.0 = (66 4.3 = 160
107 392029 4.6 = D88

7 BALBfr mice were intranasally inoculated with FluH SeVHN virus, Three
mice per group were euthanized on day 3 postinoculation tor virus ttration.

type WSN virus in mice nf the same age was 1(+? EID.y/mnuse
{16). Virus titers in the lungs of mice (three mice/group) in-
oculated with 1077, 10, or 107 E1Dg, of FluH/SeVHN virus
ranged from 107 to 10 EIDy/g at 3 days postinfection
(Tuble 1). while those in nasal turbinates ranged from 1057 10
10*? EID. /o, lower than liters measered alter inoculation
with 10°* EIDy, of wild-tvpe influenza virus (107 EID, /g for
lung and 0™ EIDg/g for nasal wrbinates) (16). Considered
together, the results indicate that FluH/Se VHN virus is highly
attenuated in mice.

Antibody responses of mice immunized with FluH/SeVHN
virns. To determine if infection of mice with FluH/SeVHN
induces antibodies against both SeV and WSN. we intranasaltv
inoculated the animals with 107107, or 107 EID, af virus.
Mice intranasally inoculated with PBS or a dose equivalent to
0™ ElDs, of formalin-inactivated vaceine virus served as
controls. Twenty-seven days after inoculation, mice were cu-
thanized, and their sera. as well as trachea-lung and nasal
washes, were tested [or IgA and IgG anlibody levels against
both viruses by ELISA (Fig. 3). Compared to mice infecled
with PBS or formalin-inactivated virus, those infected with
10%* or 107 EIDj, of FluH/SeVHN virus had elevated anti-
body levels to SeV in trachea-lung washes (hoth IgA and 1gG)
and in sera (Ig(3), but not in nasal washes, For mice inoculated
with 10%* EIDy, of vaccine virus. antibody titers to SeV did not
increase significantly. For the antibody response to WSN. bath
IgA and 1gG antibody titers were significantly elevated (£ <
0.01) in alt samples derived from mice infected with FluH/
ScVHN. Mice inoculated with PBS or formalin-inactivated
vaccine virus did nol show any significant TgA or 12G antibody
response Lo either WSN virus or SeV. These results indicale
that 210™° EIDs/mouse of FluH/SeVHN virus induces sig-
nificant antibody responses against both WSN and SeV in
mice,

Protective cficacy of FluH/SeVHN. To evaluale the protec-
tive efficacy of FluH/SeVHN, we immunized mice with live
viras (10°2 105% or 107 EID.,). formalin-inactivated vaccine
virus {equivalent to 10" EIDy,,). or PBS and challenged them
with 1{F MLD,, of wild-type SeV (1007 PFUMouse) or WEN
(10%F PFU/mouse) at 28 days pustimmunization. Mice immu-
nized with 104% or 107 EIDy, of live FluHISeVHN virus were
completely protected {rom challenge with a lethal dose of Se'V,
while iomunization with 107 EIDy, provided anly partial
protection {Table 2). By contrast, control animals immunized
with formalin-inactivated virus or PBS died on days 6 to 10
postchallenge. For mice immunized with 107 % ElDy, of live
vaccing virus, SeV giters in Jungs and nasal wrbinates were
lower than in mice immunized with PBS on day 3 posichal-
lenge (Student’s s test: P < (0.05). However. virus titers in the
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FIG, 3, Detection of virug-speeific antihodies in samples of immn-
nized mice. Mice were intranasally invoculated with live FluH/Se VHN
(10%10%% or 107 EIDyg,). inactivated FIuH/SeVHN (equivalent 1o

10%% EIDyg), or PBS. Samples (nasal wash, trachea-lung wash. or
serum) from five mice per group were nbiained 27 davs postinunwni-
zation, kgA (while bars) and 1aG (grav bars) levels in the samples ol
individual mice were detecied by ELiSA. as described in Materials and
Methiods. Results are expressed as the mean absorbances (= standard
deviations} of undituted samples (nasal and rachea-lung washes), 1:2
diluted samples (detection ol ami-S5eV antibodies in sera), or 1:100
diluted samples (derection of anti-WSN antihodics in scra), Asterisks
(* or **) indicate significance difference from samples derived trom
mice immunized with PBS{*, P < 6.01;: *", P - 0.012).

organs of mice immunized with lower doses were not signifi-
cantly lower than those in the control group, in spite of the
protection observed in the immunized groups (Table 2). Con-
ceivably. viral clearance at later time points postchallenge
might have been more efficient in the immunized animals. All
mice that survived SeV challenge lost hody weight with a max-
imum loss of approximately 26% oceurring by day 6 or 7
postchallenge (Fig. 4). After challenge with lethal doses of
WEN, none of the mice immunized with $five vaceine virus dicd
or showed weight loss: by contrast. mice immunized with for-

VACCINE FOR PARAINFLUENZA AND INFLUENZA VIRUSES 0677

Body weight (g}

] 7 14 ral 28
Days posichallenge

FIG. 4. Bodyweights of immunized mice after challenge with lethal
doses of wild-type SeV. PBS-(reated control mice (1 = 6) and mice
immunized with 1073 EID;, of FluHSe VHN (n = 7) were challenged
with 100 MLDg, of SeV at 28 days postimmunization (day @ on graph,
Closed circles, mice immunized with 107 * PFU of FluH/Se VHN virus;
closed triangles. PBS-treated mice (note that all animals in this group
had died by day 8 posichallenge. compared with nane in the vaceine

group): epen circles, nanchallenged control mice.

malin-inactivated virus or PBS succumbed to infection (Table
3). WSN titers in lungs and nasal turbinates of mice immunized
with vaeccine virus were helow fhe detection limits (<100
FFU/g) on day 3 postchallenge. Taken together, these data
indicate that FluH/SeVHN provides efficient protection of
mice against challenge willi lethal doses of SeV or W8N,

DISCUSSTON

Here, we describe the development of a live bivalent vaceine
againsl two major respiralory infections: influenza virus and
parainfluenza virus. Using reverse genetics, we produced a
recombinant influenza virus, FluH/SeVHN. that cxpresses the
ectodomain of SeV HN (an aniigen that elicits protection
against 5S¢V infection) instead of the influenza virus NA, which
is not as importani as the HA for induction of a protective
unmupe respense (19). Flul/SeVHN protected mice against
lethal challenge with influenza and murine parainfucnza vi-
ruses. [t also replicated ctftciently in cggs, stablv expressed the
HN antigen, was highlv attenuated in mice, and induced pro-
tective antibodies against both parainfluenza and influenzy

TABLE 2. Protection of mice immunized with FluH/SeVHN virus against wild-type SeV challenge?

Amt of vaccine virus/

No. of survivarsino, Virue titer {fmean = S0 lng,, PFL

Vicine
) mause (ElDe) tested Nazal wrbmnates Lungs

Live FluH/S¢VHN virus 1052 i 7.1 =01 68 =04

L 17 6.7 4.2 6.4 = 0.2

1072 47 6.5 =101 6.7 = 0.3
Formalin-inactivated FluH/ Equivalent to 10 057 73202 74=02

SeVHN virus

PBS /6 71 =03 7.1 =0

" BALBc mice were intranasally infected under anesthesia with [0 MLy, of wild-tvpe SeV on dav 28 postimmunization and monitored for 28 days after challenge.
Five mice from each virus-immunized group were euthanized on day 3 postchallenge tor virus titration.
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1. ViraL.

TABLE 3. Protection of mice immunized with FluH/Se VHN against wild-type WSN challenge”
. .o - e PEL
: : amt nf vaccine virus Na. of survivorsino. Vitus titer {mean =~ S logy, PFULD
Vaccine . .
mane (E1L5) tested Nasal turhinates Lungs
Live FluH/SeVHN virus 173 7 ND ND
Lo 7 ND ND
107* i ND ND
Formalin-inactivaied Equivatent to 108 * 7 3T = 02 =02
FluH/Se VHN virus
PRS 0/6 8.7 =101 Bi=02

* BALB.c mice were intranasally infected under apesthesia with 10 MLD., of wild-type WSN at 28 days postimmunization aud moenitnred for 28 davs alter challenge.
h\e mice from euch virns-immunized group were euthanized on day 3 postchatlenge for viru ritration.

"NDL noudetectable (detection imin, < 100 PFU AR

viruses in these animals. Henee. it mects the basic require-
ments [or a live altenuated vaccine.

The development of viral veclor systems for vaceine delivery
is being vigorously pursued. DNA viruses and positive-sense
RNA viruses have attracted the most attention as possible
vaccine vectors, although with the advent of reverse genetics.
the potential of negative-sense RNA viruses can be explored as
well. Tn contrast to DNA viruses. the genetic material of RNA
viruses {with the exception of members of the Retroviridac
family) cannot be integrated into the host cell genome, adding
to their biological safety. Among the group of nonsecgmented
negative-sense RNA viruses, Newcastle discase viras (20), ve-
sicular stomatitis virus (14, 26), rinderpest virus (323, and Sen-
dai virus (18. 30) have been tesled as vaccine veclors. The use
of segmented negative-sense RNA viruses as vaccine vectors
has been impeded by the difficulty of artificially generating
viruses that contain multiple gene segments (eight for influ-
enza A virus), Morcover. early attempts 1o express foreign
genes from a ninth segment were not encouraging, due 1o
genetic instability {153, These limisations have been overcome
will the establishment of a plasmid-based reverse genetics
system for influenza virus (21) and aur recent identification of
segment-specific vivion incorporation signals in the influenza
vRINA segments (8, 33), Here, we extended our garlier findings
hy gencrating an influcnza A virus that contains a parainflu-
enza virus HN eclodomain and by demonstrating the protec-
tive eflicacy of this new vaccine candidate in a mouse model.

The high mutation rate and the polential reassoriment of
influenza viruses have raised some concern aver their use as
live vaccines. The recently approved live attenoated influenza
virus vaccine relies on a limited number of amino acid replace-
ments to confer the reguisite cold-adapted. temperature-sen-
sitive, and attenuated phenotypes: hence, point mulations
could result in the loss of such phenotypes. By contrast. the
vaceine virus described in this report is attenuated through
replacement of the NA ectodomuin with that of SeV HN. so
that peint mtutations are highly unlikely to result in a loss of
allenuation.

Combined vaceination, in which recipients are immunized
with vaccines for multiple pathogens at once. is highly desir-
able in the clime. However. simultaneous immunization with
two or more live vaceine viruses can result in immunization
failure if one virus affects the replicatton and/or viral pathoge-
nicily of the other viruses {243, With vector systems. immune
responses against veclor compnnents can present major obsta-

cles, prohibiting repeated immunization with the same vector
backbone, as noted for adenaviral vectors {23%. In our ap-
proach, the immunogenicity of the influenza virms vector is
considered beneficial. since it would elicit immune responscs
against a societally and economically important pathogen, Tn-
deed. we found that an influenza virus expressing the SeV HN
ectodomain induced significant antibody levels apainst hoth
influenza and parainfluenza viruses and fullv protected immu-
nized mice from challenge with lethal doses of the parental
viruses. Swayne et al. (29), using a stratepy similar to ours.
generated a recombinant Newcusile discase virus that ex-
pressed the HA protein of an avian influenza virus: however,
the vaceine failed 1o fulty protect chickens from challenge with
lethal doses of Newcasile disease or influenza virus. This dis-
crepancy may reflect differences in the immunogenic potential
of the two viruses. the doses used for protection and:or chal-
ienge. or the tvpe of animal model used.

The known protective effect of the SV HN ectodamain
during vival infection led us to choose it as an $eV antigen. in
addition. we anticipated that its sialidase activity would com-
pensate lor the lack of this enzvime in the neuraminidase.
deficient influenza A virus vector, Efficient replication of WSN
NA/HNuvct vitus in cggs and poor replication i cggs of a
recombinant virus expressing green fluareseent protein instead
of NA (hence lucking sialidase activity: data not shown) sub-
stantiated tlus concept. The effect of balanced HA and NA
activities an inlluenza virus replication depends on culure
system (ie.. mammalian cell culture and embryonated chicken
eges) (3. 31). For example, WSN viruses with deletions in the
stalk region of the NA protein replicated as well as wild-tvpe
WSN virus in cultured cells; however. some of these mutamt
viruses replicated poorly in embryanated chicken eggs (2). For
FluH/SeVHN virus, we replaced the NA ectodomain with that
of SeV HN. likely affecting the balance between the receptor-
binding and -destroying activities of the viral glveoproteins and
resulting in atienuated phenotypes in cell culture. By contrast.
the imbalanced HA and NA aclivities were overcome in 2ggs.
atlowing ellicient FluH/SeVHN replication.

The FluH/SeVHN virus we generated appears 1o have the
essential properties of an ideal live vaccine. Tt is safe. peneti-
cally stable. and strongly immunogenic, and its growth profile
in vitre is compatsble with the requirements for efficient vac-
cine production. Hence. our resulls could apen a new avenue
lor the production o multivalent vacecines. For example. the
live influenza virus vaccing currenidv in use is a misture of two
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type A viruses (subtypes HIN] and H3NZ) and a type B virus.
Thus, by replacing the NA of these influenza vivuses with three
diffcrent genes encoding the HNs of human parainfluenza vi-
rus types 1 and 3 (the two most common human parainfluenza
viruses) and the G or F of RSV, one could generate a protec-
tive cacktail vaccine against six lypes of respiratory tract infec-
tions, Human parainfluenza virus and RSV infection primarily
occur in the first year of life, and influenza can zalsa oceur in
parients under 6 months of age (10). Although live influenza
virus vaccine is nat currently recemmended far children under
5 yvears of age. the safety and efficacy of live attenuated influ-
enza virus vaccines in infants under 1 vear of age have been
shown (4. 11. 28). Moreover, the safety and efficacy of the
curreat live attenuated influcnza virus vaecine can be further
improved by using reverse genetics. Thus, we believe that in-
fluenza virus-based vaccines for vounger children wilf be used
in the future. Ullimately. by exploiting the known packaging
signals of influenza vRNAs, it may be possible o add genes
encading the protective antigens of any infectious agent.

ACKNOWLEDGMENTS

We thank Yutaka Fujii for scientific advice. Martha McGregor and
Krisna Weldls for excellent techaical assistance. the animal care staff a1
the University of Wiscansin-Matlison for the professional care of mice,
and John Gilbert for editing the manuscript.

This study was supported by National Institute of Allergy and In-
fectious Diseases Public Health Service rescarch grams: by CREST
{Japan Science and Technology Ageney): by grants-in-md from the
Ministry of Education. Culture. Sports, Science, and Techaology of
Japan: by the Minisuy of Health, Labor, and Welfare of Japan: and by
research fellowships of the Japan Sacielv for the Promotion of Science
for Young Scientists,

REFERENCES

. Capiaun, C.. ). Poolnon, B. Hoet. 1. Bogaerts, and F. Andre, 2003, Devel-
opment and clinical testing of multivalens vaccines based on a diphtheria-
tetanus-acellular pertussis vaceine: dificullies encountered and  lessons
learned. Vaceing 21:2273-2287,

- Castrweed, M. R., and Y, Kawaoka, [993. Rialogic impattance nf nenramin-
idase stalk lenglh in influengzg A vivus. 1. Vinol, §7:755-764.

3. Clavijo. A, D. B. Tresnon. R. Jolle, and L, M. Zhou. 2002. Contparison of
embrynnated chicken eges with MDCK cell culiure for the isolation of swine
influenza virus, Can I. Vet Res, 66:317-121.

4. Clements, M, L.. M. K. Makhene, R. A. Karron. B. R. Murphy, M. C.
Steinhoff, nnd K. Subbarae. 1996, Eftective immunization with live attenu-
ated influenza A virus can be achieved in carly infancy. Pediatriic Care
Center. L Infect. Dis, 17314431,

5. Collins, P. L., and B, R. Murphy. 2002, Respiralory syncytial virns: reverse
genctics and vaccine strategies. Virology 196:204-211.

6. Cox, R. L. K, A, Brokstad, and T, Ogra. 200.. Inflitenza virus: immunity and
voccinatian strategies. Comparison of the 1mmune response to inactivated
and live. atienuated influenza vaceines. Seand. 1. Immunal. 59:1-15.

. Fodor. E.. L. Devenish, 0, G, Engelhardt, P. Palese. . G, Brownlee, and A.
Garcia-Sastre. 1999, Rescue of influenza A virus (rom recombinant DNA.
1. ¥Virol, 7%9679-9682.

R Fujil, Y., H. Goto, T, Watanabe, T. Yoshlda, and Y. Kawaoka, 2003, Selective
incerporation of infhiensa virus RNA segments inta virions. Proc, Natl,
Acad. Sen USA 100:2002-2007.

9. Fulginiti. ¥. A, I. L Eller, Q. F. Sieher, 1. W. Jovner, M. Minamitani, and
6. Melklejohm, 190%. Respiratary vius immunization. L A feld trial of mwo
mactvaled sespiratory virus vaceines; an agquenus uivalenl paiainfluenza
virgs vaccine and an alum-precipitated respiratory syacytial virus vaceine.
A J Epsdemiol, §9:435348,

10. Glezen, W. P, L. H. Faber, A, L. Frank, W, €, Gruber, und P. A. Pieidra,
1997 Influenza virus intections in nfants. Pediatr. tnfect. Dis. 1. 16:1065—
[[EERR

11 Gruber. W. ., K. Kirschner, 8. Tollefson, 1 Thempson, G. Reed, K. M.
Edwards. and P. F. Wright, 1993, Camparison of monavalent and trivalent
live antenuated influenza vacvines in voung children. 1. Infect, Dis, 168:53-
&0,

12 Harper. 8. A K. Fukuda. N. 1. Cox, and C. B. Bridges. 2003, Using live.

altenuated influenza vaceing Lur prevention and conirel of influenza: sup-

1

n

=)

VACCINE FOR PARAINFLUENZA AND INFLUENZA VIRUSES  nnl9

plemental recommendutions of the Advisory Commitiee on lmmunization
Practices (ACIP). Morh. Mortal. Whiy. Rep. Recomm, Rep. 32(RR-13):1-5,

. Kida, H. L. K, Brewn. and R. G. Wehster. 1982, Biological activity of

monnclonal antibodies 16 operationally defined antigenic 1egions on the
Lemaggletinin moleculs of A:Seal Mascachusans 180 (HINTY influensa vi-
rus. Virotogy 122:38-47,

4. Kretzschmar, L., L. Buonetore. M. J. Schnell. and 1. K. Rese. 1997, High-

eficiency incorporation of funchional influenzy viray glycoprutams into re-
combinant vesicular stamauis viruses. | Viral, 7150823980,

. Luytjes, W., M. Krystal, M. Enami. ). . Pavin. and P. Palese. 1989, am-

plification, expression. and packaging of foreiga gene by influenza vires. Cell
39:1107-1115.

. Maedn, Y. H. Goto, T. Horimota, A. Takada, and Y. Kawaoka. D4, Bin-

logical significance of the U residue at the =3 position of the mRNA
sequences of inlluenga A viral segments PR and NA. Virne Res. 100; [53-
L57.

. Martin, K. and A. Helenius. 1991, Nuclear transport of influenza virus

ribrnucleopreteins: the viral mutrix protzin (M1) promotes export and in-
hibits import. Cell 67:117-130.

. Matano, T.. M. Kobayashi, H. Igarashi, A. Takeda, H. Nakamusa, M. Kann,

C. Sugimoro, K. Mori, A, lida, T. Hirata, M. Hasegawn, T, Yoasa. M.
Miynzawa, Y. Takahashi, M, Yasunami, A, Kimwea, 1, H, O'Connor, 1. L
Watkins, nnd ¥, Nagai, 2004, Cvtotoxic T Iymphocyie-hased coniral of sim-
ian immunodeficiency virus replication in a preclinical AIDS vaceine trial. 1.
Exp. Mod. 19917091718,

. Mozdzanowska. K., K. Maiese, M, Furchner, and W. Gerhard. 1999, Treat-

ment of influenza virus-infected SCLL mice with nanncutralizing anribodics
speeilic for the transmembiane proweins marrix 2 and seuramigidine reduces
the pulmonary virus titer but fails to clear the infection. Virnlogy 254:1 38—
146,

L Nakayn, T 3o Cros, M5, Park, Y, Nakuya. H. Zheng, A. Sagrers, k. Villur,

A, Garela-Sastre, and P. Palese. 2001, Recombmant Neweastle disease virus
as a vieeine veclar. ). Virel, 75 11R6%-1 1873,

. Neamann, G.. T, Watanabe, H. ltn, 5. Watarabe, H. Gota, P, Gao, M,

Hughes. 1), R, Peree, R, Donis, K. Hoffiann, G. Hobem, aod Y. Kawioha,
1999, ¢reneration of influenza A viruses entirely from cloned eDNAs. Proc.
Marl. Avicl. Suil USA 9603454530,

22 Newman, . T L AL Riggs, 8. K. Surmaen, J. M. McAaliffe, 1) A Muliuibai,

P. L. Colllns. B. R. Murphy, and AL H, Skiadopoulos. 2002, Generation of
recomhinant human parainfluenza viros tvpe | veccine candidates by impoer-
tation of lemperalure-sensitive and aitepating muations {rom hetemlo-
gous paranyxoviruses. J. Virol, 78:20]7-2028,

. Ottodini, M. G D, D Porter, ¥. G, Hemming, and G. A, Prince. 2000

Enhanced pulmonary pathology m cotion yats upen challenge aller immu-

nization with fnactivated paramfiuenza virus 3 vaccines. Viral Immunol.
13:231-236.

24. Pichicherg, M. E, 2000. New combination vaccines. Pediate, Clin, North Am.

47:407-426.

. Ritter. T.. M. Lehmann, and H. D. Volk. 2002 Improvements m gene ther-

apy: averting the immune response to sdenoviral vectors, BioDrugs 16:3-10,

1. Raberts, A., K. Kretzschmir, A. S, Perkins, |. Farman, R. Price, L. Buona-

core, Y. Kawaoka, and J. K. Rose. 1098, Vaccination with a recombinant
vesicular stomatitis virus oxpressing an influenza virus hemagglutinin pro.
vides complete protection from influenza vitus challenge. J Vol 72:14704-
4711,

. Shinya, K.. ¥, Fojii. H. Ite, T. lto, and Y. Kawanka, 2104, Characterization

af 3 neuraminidase-deficient inflignza & virus ds a polential gene delivery
vector and a live vaceine. J. Viroh 78:30B3-3088,

. Steinhoff, M. C.. N. A, Halsev, M. H. Wilsan, B. A, Burns, R, K. Samerndin.

L. F. Fries, B, R. Murphy, and M. L. Clements, 1990, Comparison of iive
alenvated cold-adapted and avian-human influenza ABethesda 83 (HAND)
reasseriant virus vaceines in infants and childeen. J, Intect. Dis, 162:394-401,

9, Swayne, D, £, 1. L. Svarer, 8. Schultz-Cherry, T, M, Tumpey, D. J. King. T.

Nakayi. P, Palese, and A GuevissSastre, 2003, Reenmbinant paramyaonirus
type l-avian infienya-t? virus as a vaceine for protection of chickens
against influenza and Newcastle discase. Avian Dis. 47:1047-. 1040,

. Takimoto, 1., ). L. Hursite, C Coleclough, C. Prouser, S, krishnamurths,

X. Zhan, K. Boyd, R, A, Scroggs. B, Brown, Y. Nagai, A, Portaer, aud K, &,
Slohad. ZUhd, Recambinant Sendai virus expressing the & glyeoprotem ni
respiratory syneytial virus (RSVY clicits mmune protection againgt RSV
1. Viral, 78:604 36047,

. Wagner, R, M. Matrosovich, and H. D. Klenk. 2002, Functional halance

between huemagelusinin and neuraminidase in inRuenza viruy infechons
Rev, Med, Viiel, 12:150-]66.

. Walsh, E. ., M. D. Baron, L. F, Rennie. P'. Monaghan. J. Anderson. and T,

Barrett. 2000, Recombinant rinderpest vaccings expressing membrane-an-
chared proteins as genetic markers: evidence of exclusion of marker protem
from the virus envelape. J, Vienl, 74:10163-10175.

. Watanabe, T.. S, Watanahe, T. Noda, Y. Fujii, and Y. Kawanka. 2003

Explaitation of nucleic acid packaging signals 10 generate a novel influenza
virus-hased vector stably expressing two foreign genes, J. Virol, 77:10375-
16383,

1sanb Aq z10z L1 Ainr uo /Bio wse Al dyy wos) papeojumoq



g THE ROYAL
Wile SOCIETY

doi 10,1098, r<11,200).0479

Plasmid-only rescue of influenza A
virus vaccine candidates

J. H. Schickli, A. Flandorfer, T. Nakaya, L. Martinez-Sobrido,
A. Garcia-Sastre and P. Palese’

Department of Alicrobiolagy. Mount Sinai School of Medicine, One Gustave Leey Place, Newe Jork, N1 10020, 154

The potential threas of another influenza virus pandemic stimulates discussion on how o prepare for
such an event. The most reasonable prophylactic approach appears 10 be the use of effcctive vaceines.
Since wfuenza and other negative-stranded RNA viruses are amenable to genetic mampulation using
transfeetion by plasmids, it is possible to outline new reverse geneties-based approaches for vaccinarion
against influenza viruses, We suggest three approaches. First, we use a plasmid-only rescue swsiem that
allows the rapid generation of high-yield recombinant vaccine strains. Second, we propose developing
second-generation live influenza virus vaccines by construeting an attenuated master strain with deletions
in the NS protein, which acts as an interferon antagonist. Third, we suggest the use of Neweastle discase
virus recombinants expressing influenza virus hacmagglutinin proteins of pandemic fepizootic) strains as
novel vaccine vectors for use in animals and possibly humans.

Keywords: influenza A virus; interforon; Neweastle discase vivus: vaccine:
TEVETSE CENECS; Virts vectors

1. INTRODUCTION

Tnfluenza A virus causes widespread respiratory discase in
humans and animals, placing great demands on the
health-care system during outbreaks. Influenza virus is an
enveioped virus with eight segments of negative-sense
RNA encoding genes for ac least 10 proteins. The haemag-
chunnin (HA! and newraminidase (NAD surface glyveo-
prawing  contain the antigenic  deternunants
responsible for the induction of neutralizing immune
responses, Subtvpes of inflaenza A viruses have been
defined based on the anmtigenicity of the ITA and NA
surface glycoproteins. Small antigenic changes in HA and
NA can cause antigenic drift, and reassortment between
two strains may lead to antigenic shift with possibly a
change in subtype. Both mechanisms, antigenic drift and
anugenic shift, allow the virus to escape the protective
immunce system of the human host. For these reasons,
influenza strains  are plobally monitored and
vaceines are re-evaluated on an annual basis. Since 1977,
hoth H3N2 and HINI subiypes have been circulating in
the human population ‘Havden & Palese 1997, Bascler
el ef. 2000,

Current. inflnenza tormalin-
inscivated  preparations of viruses. If the circulating
strain grows poorly owr i parvcularly viralens, then
manulaciuring procedares might imvolve making anti-
genically similar reassortam viruses  ‘which  requires
scleetion of anc particular reassortant from a mixtare)
‘Kilbaurne e af. 1971 or growing multiple passages to
select for a virus suitable for vaccine production. These
procedures are time-consuming and unpredictable.

major
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Live attenvated vaccines have shown pramise of in-
ducing a longer-lasting  protective immune  response.
Nasal administration of an attcnuated cold-adapted in-
fluenza virus has been reported o induce IgA antibodies
in the respiratory tract as well as a humoral antibody
respanse and provides effective protection from homo-
typic influenza vivus infeedm in field trials Belshe o al.
1998, 200041 For use in vaceines, live attennated viruses
also need o he subjected 10 reassortant procedures 1o
mcorporate the HA and NA of eireulating influenza virus
strains { Maassah & Brvaae (9993,

T overcome the difficulties of selecting veassortants ane
time-consuming mualiple passaging ol viruses. we suggest
the use of a plasmid-only system to rapidly generate
vaccine strains. Recently, plasmid-based reverse generics
systems were developed o generate infectious influenza
viruses (Fodor of o/ 1999; Neumann ¢f ol 1999 Hoflimann
ef al. 2000a,6). The plasmids include four protein-
expression plasmids for the three polymerase proteins
(PBL, PB2 and PA) and nucleoprotein {NP) proweins plus
eight hPOLL transeription plasmids that encode the viglu
viral gene segments (Newmann ef al, 1994 Fodor o af. 1999
Here, we demonsirate nge of the plasmid-based system o
generate mAuenza A viruses with the HA and NA subtypes
of currently circulaning strains: one is an HIN) and the
ather is an HIN2 subiype viros, The remaining six geae
segments are provided by the infuenza A ' Puerto Rico, 8
3+ (PRE; virus thar grows to high vield in embrvonated
chicken eggs and has been used wr generate high-yvield
reassortant vaceine strains Kilbourne of of, 1971, We
obiained the recombinant vaceine srain as early as
48-72] following transfection of cells with the 12 plasmicls,

As an alternative o the developmen of cold-udipied
influenza viruses for live attenuated vaccines, we SUZEeaT
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Table 1. Comparison of nucleotide and amino-acid sequences of influenza A‘Pueria Rico /8% Maunar Sinai and
published PRE viruses,

(The eight vRNA segments of ArggPoerto Rico.8/54/Mount Sinai " JHSY were eloned into hPOLI plasmids and then seruenced
at the Mount Sinai Scheal af Medicine DNA Sequencing Core Facility, T'he nuclestide or amine acid as it appears in the
GenBank datahase for AfPuerto Rico/8/34 viruses {left side of number} is compared with the corresponding nuclentide ar aming
acid as sequenced in the hNPOLT plasmids used for virus rescue right side of number). Accession numbers for the A'Pueren Rico!
{3 Mount Sinai virns genes are PR2, AF3891; PB1, AF380011G; PA, AF389117: HA, AF389118; NP, AT38911% NA,
AF3895290; M, AF389121; and NS, AF389192. Accession numbers for the published Afluerto Rico8/34 virus genes are PR, (71
GO484 PRI G2 324807 PA, G2 AOBNR; HA, GL: 822000 NP, GT: 324709; NA, G1: 324507 M, GI: 60788; and NS, G1: 524835,

PR2 PBl PA HA
nucleoticle amino acid nucleatide amine acid nucleotide aminn acid nuclentide amineg arid
(27094 silent 9T silent CyyIT silent TGOA ¢ns
G3424 M1035] 1826 A33G T228A silent G140A silent
ATING KZ3iR T421C silent A3G6C silent CLaHA Tl46N
C8327T silent G433A silent CHINA silent AT 473 AR
AY23G R2GIR A4 KI175N G346A silent CHIa N A6
G933A 309D GO17A R208K AVTEDTG stlenti (GI87A stlent
T1269C silent AB31G silent 12334 silent T'B30C S200P
craogr sitent GH24C L300 C123771 silent TG4 A [204}
Cl422A silent CrO02A silent 269 silent GH3RT R2GON
G1527T silent Tlis2c silem AN3G silent TI3BA F3nay
{13307 silent Al 427 HA163L C1e20T silent T1015C 135387
GI537A VA0 T1331C stlent CIh72A 1.5501 Cliaor silent
GLRLSA silene T1364G silent G12A silent TI2A S348T
coanmT silent GEa74T SA5071 T1776( silent
[SRIENYE alent T1896L stlent
21324 RN TI1962C: silent
TErdad stlent 1'2045C silent
AZ23RG silent G203 silent
A21060 sitent

NP NA M NS
nucleoticde amino acid nucleotide amino acid nucleoticde amino acid nuclentide aminn acid
T340 silent 430 18T TaRA silent TI73C silent
12820 silent (103A RI28K G361 stlent 11760 sileny
G3064 silent TREOC: silent Ch35') silent Cao97T sitent
TAAC silent ASGDG K314F GB3HA silent A320C EIOIT
ARG siteni G2t sitent Ta2uC silent Ad4G sitent
GO21A sthent GUIBTA silent, A575G allent
(:1330A silem AL12290 [403 M1 G763A VRO in NEPTT

113720 T4318 ABLHG silent

" rg indicates that the virus was obtained by reverse genetics.

 A471-473 indicates a deletion in nt47), 472, 473 compared with HA, G1: 52290,

+on

using @ virus with deletions in the non-structural {N$)-1
protein as a donor strain. We lave found thar infuenza
virus mutants that do not express the NSI prowein are
severely  attenuated  in o interferon {IFN)-competent
systemwis. but can grow in STAT | -/ mice and Vera
cells {Gavcia-Sastre o al. 19%8q: Talon o al. 20002). In
addition, viruses with mutated NSU proteins have an
mtermediate level of attenuation Clalon o of. 20000, A
prohable advaniage of a deledon mmant for use as an
attenuated vaccine is the reduced possibility of reversion,
A third approach to improve curvemly available influ-
chea virus vaccines may he (e incorporate the antigenic-
ally important HA and NA genes into a heterologous
vaccine veetor, To explore this approach, we have pur an
influenza virus HA into Neweastle disease virus {NDV),

Piyl. Trans, R, Sec. Lond. B {2001)

NEPrelers i the nuelear export protein encaded by the N§ gene,

that may he used as an avian, or possibly human.
vaceine, Tn this manner, an anti-HA immune response
can be induced while avoiding exposure w highly viralent
influctiza virus strains.

These three approaches can be used 1o rapidly, repro-
ducibly and safely generate vaccines expressing the HA
andfor NA of circulating influenza A virus strains for nee
in formalin-inactivated, live attenuated or hetevologous
VIFuS vaccinge preparasions,

2. PLASMID-ONLY RESCUE OF
INFLUENZA A/PR/8/34 VIRUS
Reverse transeription—polymerase chain reaction ' R7-
PGR} products encoding the cight viral RNA yRNAS
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hPOLI tanscription
plasmids:

Arg/Puerto Ricof
IdMount Sinai (THS)

hPOLI FB2

hPOLI transcription
plasmids:

A/Puerio Rico/8/34 or.
AfNew Caledonia/20/99 or,
AfMoscow/10/99 vims
strain

protein expression plasmids:
AMWSN/IS strain

RZ B-uctin PR2
WPOLI PRI o7 HA | A A TP |
EEE— -
hPOLI RZ f-actin PBI
hPOLI PA RZ A A A S o AT LI
. NA f-actin PA
NP hPOLI
"POL o R7 —
hPoLI M B-actin NP
N T
LI NS
hPO 7

v

transfection into cells

MDCK cells

293T cells

rescred recombinant virus

Figure 1. Strategy to rescue recombinant influenza virus containing six gene segments from the high-yield AjPuerto Rice, 8,34
virns with HA and NA gene semments from cither the A/Puerto Rico/8/34, the A/ New Caledaniaz20/99 or the AyMascow 10,94
strain. MDCK and 2937 cells were transfected with Lipofertamine 2000 wizh 12 plasmids. The 12 plasmids included six hPOLT
rranscription plasmids encoding the indicated gene segmenrs of the influenza AlPuerto Rirai8:34 strain, rwo hPOLI transeription
plasmids encoding the HA and NA gene segments of either the A:Puerto Rico/8/34. the AjNew Caledoniaf20/89 o the A/
Moscow 0% strain and four protein-expression plasmids encoding PB2, PBL. PA. and NP genes of the influenza A:\WSN 33
srain, Fortyeeight ro 72 h following wranslection, rescued virus in the supernatant was derected by hacmagglutination titre.

segments of the strain nfluenza AfPuerio Rico/8/34
(HINL (PR} were cloned into hPOLI iranscription
plasmids that have a (runcated human polvmerase I
promater at the 5 vRNA end and a heparitis delta virus
ribozyme positioncd downstream to cleave precisely at
the 3" vRNA end of the tanscribed RNA. Fhis tvpe of
plasmid has previously been used 1o suceesstully express
‘medleld influenza virus genes {Neumanu # of. 1994, 1999;
Pleschka of al. 1990, Foder e #1999, DNA sequencing
revealed several nueleatide differences between s cight
vRNA wegmients cloned inte the WPOLID transcriprion
plasmids and rhe ACPR B34 virus segqnences avaitable in
GienBank fable L Comparing all eight vRNA segments,
we fonud 94 nucleotide  differences. resulting in 30
predicted amino-acid difterences. Tt shouid be noted that
the sequences used for the comparison were obtained in
the years 1980-1982 when sequencing may not have heen
as reliable as today. Also, genertic drift during passage of
the PRE virus (in eggs) could account for the differences.
Finally, the PR8 viruses used in different laboratorics

Phil. Truns. R, Sor, Lowd, B 2001

may indeed possess different genoiypes. The cloned
sequences have been submitted o the GenBank database
under the name Arg/PuertoRico:8/31;Meunt  Sinai
(JHSY Using standard cloning procedures, the open

reading [rames of the genes of PBI. PB2, PA and NP of

influenza A/WSN I3 virus were cloned o proreine
expression plasmids under o chicken B-sctin promoter
{(Niwa of 2l 1991} These four proteins ave the minimal set
required tor encapsidation, wanseripion and replication
of the eight VRNAS [Huang o of. 1990; Pleachka o o/,
19486,

For virus rescue. all 12 plasmids were transfeeted it a
D mixture of 2931 and MDCIC cells, as depicted in
figure 1. For wransfection, 0.3 g of each plasmid (G ug
toral) were fransfected into 10% cells wsing 6l Lipo-
fectamine 2000 (GIBCO, Grand Tsland, NY USA, We
consistently achicved transfectinn efliciencies of 80-90%,
in 2937 cells {as estimated by co-transfection of a GFP
plasmid under o CMV promeater). Because influenza A
viruses grow w high ditres in MDCK cells, the misture

0%
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Figure 20 Growih curves of rescued influenza ATPR 8134
virus and wi APRAGE viras in eggs. Eggs were inoculaced
with & PFU of cither reseucd ATPRUB/534 ar we AJPR 3,34
virus, in teiplicate. AU ES, 24, 48 and 66 h post-inoculation,
100 Wl allantole fiuid were removed and thie ttre was measured
by haemagglutination of chicken red bloed cells, Each point is
the average huemagglutination titre of three eggs.

of 293T and MDCK cells provides a good growth
envitonment for the rescued viras, Sixteen hours post-
transfection the cells were fed with Dulbecen's modified
Fagles medium  [GIBCO) containing 10mM  Hepes
(GIBCQ:, 0.3% hovine albumin {ICN  Biemedicals,
Aurora, OH, USA;, 200 Uml™" penicillin G sodium with
200pgmi~" swreptomycin sulphate  {GIBCOY,  and
Lpug mi=t TPCK-trvpsin (Sigma. St. Louis, MO, USA)
Forty-eight 1o 72 h post-transfection the supernatant ypi-
cally showed a haemagglutination thre of approximately
100 as measured by haemagglutination of 0.25% chicken
redd blood cells. The supernatant was used w0 inoculate
10-day-old cmbryonated chicken cges. Forty-cight hours
afier inoculation, virns e in the allamoie Auid was
measured by haemagglutinaion and/or plaque formation
m MDCK cells, The virus titre of rescued AJPR[8/34
virus was typically 3000 and the supernatant had
approximately 107 plague forming vnits {(PFUY ml =",

I arder w confirm that the rescucd A7 PR8/3 virus
grow hke wild-tvpe (wr) ATPR:8/34 virus, 10-cav-old
embryonated chicken eggs were innculated with 5 or
J00PFL per egg, in ariplicare. Allantoic fluid  was
exiracted at roughly 12 b itervals for 66 h and hacmag-
plitiniation tires were measured to guantify virus in
atlanwoic fluids. As seen in figure 2, the rescued and the
wit AIPRJB: 34 viruses had comparable grow(h kinetics,
bath reaching a hacmagghuination titre of approximately
3000 by 48 h after inoculation with 3 PFU per cgg.

3. PLASMID-ONLY RESCUE OF
RECOMBINANT H1INT VIRUS

For the 2000-2001 and the 20012002 influenza virus
scasons, the recommendation for influcnza virus vaccines
includes an influenza AfNew Caledonia /20009 1ike HIN]
strain. Lvephilized influenza A "' New  Caledoniaj20;99

Fhil. Trans, R. Sars Lond, B 2001

(HIND} virus 7CDC no, 95044140, from passage E4/EL
Bf30/99) was kindly provided by Alexander Klimov a
the Center for Disease Control [CDC) in Adanta, GA.
USA) The virus was reconstituted in sterile water and
passaged once in 13-day-old embrvonated chicken eggs.
¥irus from the allanwic uid was direclly used in RT-
PCR 10 amphfy the HA and NA geacs using primers
corresponding o the non-coding regions af the vRNA,
{Sequences of all primers used are available upon
requestt Standard cloning techniques were emploved to
insert the eDNA segments inte hPOLI transeriptinn plas-
mids, As with the rescue of AJPRJE34 vivus deseribed
above {(§2) vescue of high-titre vecombinant PR&/ New
Caledonia {G~2) virus was achieved hy transtecting 12
plasmids into a mixture of 293T and MDCK celis. The
rescued virus grew to high drres (typically hacmagglurin-
ation titres of 3000% in eggs as well as in MDOK cells
Itypically 10* PFUmI T

Ao confirm thar the HA segment in the vescued PRE/
New Caledonia (6 +2) virus was derived from the New
Caledoma stram, RNA was extracted from the recombi-
nant virus, A/PR/8{34 virus and New Caleconiaf20;99
virus grown in eggs. RT-PCR was done with the primers
3NC and HA972 as depicied in figure 3a. These primers
amphified the HA gene segmaens of both A/PR /8,34 and
A New Caledonia/20/99 strains. A set of contrals withow
the RT enzyme had no produces. which confitmed that
the PCR products were derived from rescued virus. as
opposed 1o residual plasmid ¢DNA [rem the wanslection
procedure {data not shown). (Similar controls withouw
RT enzvme were done for all subsequemt RT-PCR re-
actinus described) Unique Xho T oand Apa | vestriction
enzyme sites confirmed that the HA gene of the recomis-
nam virus was derived from the A New Caledonia {20/99
virus, Similariv, we confirmed thar 1the NA segment in
the PR8/New Caledonia (6+2' virus was derived from
the A/ New Caledonia/20:99 strain. RT-PCR was dene
with the primers NA,602 and NA 1345 that were chasen
because they reengnize regions conserved between the
NA genes of both the AJPRB/34 and the A/ New Cale-
domaj20/99 srrains as depicted in Agure 34, The restricr-
ion fragment length polvinorphiam (RFLP; patterns
using the restriction enzymes Neo Tand Hpa T eonfirmed
thar the NA gene of the recombinant virus was cderived
from the A; New Caledonia/ 20099 viras,

To demonstrate that the rescued virus was a PR8/New
Caledonia {6+ 2} recombinam, RT-PCR was done an the
matrix protein ‘M) and PBI genes as well. RIT-PUR
products from primers ML127 and M 4495 were digested by
Hind TH, which cut ouly the product derived from the M
gene of A New Caledonia/20/99 virus. Similarly, the P
gene segments amplified by the primers PBLI245 and
PBL,1836 [bllowed by digestion with the restricton cnzyme
Sat 1 confirmed that the PBI gene of the recombinant was
derived from the A PR /8134 virus {(figure 34).

4. PLASMID-ONLY RESCUE OF
RECOMBINANT H3N2 VIRUS

Since 1968, influrnza A viruses of the HANY suboype
have been civculating in humans. The current HAN?
strain. A/ Moscow 10,99 1CDC no. DAD0HRRT. passags

E2 K30 B26,99 wag kindly provided by Alexander

104
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Figure 3. Characterization of the rescucd PR8/New Caledoniaf20/99 (6 + 2} recombinant vires, RT-PCR was performed on
rescued PR#ENew Caledonia/20/99 {5+ 2} recombinant {Rec virus, the wi A/New Galedania 1200499 “NGY virus o rescued
AfPuerio Rieof815 + (PRB; virus as deseribed in the text (§35. The PCR producis were digested by the indicated resiriction

eneymwes. {a; Analysis ol the HA and NA gene segments of the Rec vivus, NG virug and PRE vivus. -4, Analysis of the M and

PBI gene segmenss of the Ree virus, NC virus and PRS virus.

Klimeow at the QDC. The lyophilized vivus was reconsrit-
uted in sterile water and passaged once in [0-day-nld
embryonated chicken epgs. 1o clone the MA gene, we
designed primers using nucleotides in the cleavage site
that 15 conserved among HA proteins of the H3 subtype
ancl in the non-coding region of ihe 3" and 5" ends of the
vRNA commoen 1o all of the infloenga virus segmenis.
With these primers we introduced an Mlu 1 site in the
cleavage site without changing the amino-acid scquence.
In arder 1o clone the NA gone, we first determined the
sequences of the non-coding regions. Using that sequence
wnformation, primers specific for the AjMoscow({10/99
NA gene were designed. Standard cloning procedures
were subsequently used 10 clone the PCR products imn
the hPOLT vector as described abave [§2),

As described for the ather twoe viruses, recombinant
PR/ Moscony (G- 2) virus was readily rescued 48-72h

Elid. Trans. R. Sac. Lond. B (2001}

follosving transfeetion. T confirm that the NA and Ha
scgments i the recombinant PRE; Moscow 6+ 2 virus
were derived from the influenza AJ Moscow /10,99 sirain,
RT-PCR was again done on the two parenral virnses as
well as the recombinant virus. This time, hawever, RT.
PCR was performed with two sets of primers: oue sci
unigue for A Mazscon /10/949 and one set unigue [ A;
Puerte Rice/8/31 virus. RFLP patterns confirmed that
the NA and HA gene segments of the recombinant vires
were derived from AfMoscow/ 10,99 virus fAgure 4o, o
addition, RI-PCR products with primers HA,220 and
NC were cleaved by the restricrion enzvime Mlu T, indi-
cating that the rescued virus was derived frem the trans-
fected plasmids (data not shown).

The other six gene segments were derived from A PR,
8734 virus. This was confirmed by amplification using
PR8-specific primers for cach of the NP M. NS [figure

ALY
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{en Lanes 1.2, 3: ] .
Moscow prirner NA 627 NA gene Rec Mos PRS
Rec Mos PR Rec Mos PRY ' o L
— EcoRV il A
NA gene 2 3 ¢ 5 6 "

primer 5 NC

Lunes 4. 3, 6:
PRS primer NA 602
—»

NA gene Rec Mos PRE
<+ Neo ]

primer 8 XC
10100 - Q

son-f > g

Lanes 1,2. 3: HA gene Rec Mos PRE

Rec Mos PR Rec Mos PR8  Moscow primer HA 22 Sac !
—Pp
HaA gene l - 2 _3 - .4 3 6 -—
Maoscow primer 3 HA Mlu [ 100G -] &y
- 300 - - , =
1600 - . i
500 - =
Lanes 4.5, 6:
PRS primer HA 241
—p
HA gene Rer Mos PR
<+ Bam Hi
PRE primer HA 972
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300 -
(h
Rec Mns PRE water Rec Mos PRS waler Rec Mos PRS water
ather NP M NS
genes r—— . .

Figure 4. Characterization of the rescucd PRB Moscow/ 1089 (6 ~ 2° recombinant virns. RT-POR was perfrmed an reseurd
PRE Moscaw, 10:99 6 - 20 recombinant "Rec” virus, the we A, Masenw; 10,09 Mot virus and rescued A Puerie Rieo '8 %4
“PRE" virus as deseribed in the 1ext 7§47 The PCR products were digested by the indicnied resiviction enzvines, o) Analysis of
the NA and HA gene segments of the Rec virus, Mos virus and PR virus. (h) Analysis of the NP, M and NS segments of the Ree
virns, Mos vivus snd PR3 wiyus,
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Figure 3. Growth curves of rescued high-vield recombinant
viruses. Fggs were inaculated with 20 PTU per egg, in
triplicate. Avthe indicated tme-points, 100wl allanioic fuid
were remaved tomeasure the uoe by haemagglutination of
chicken red bleod cells, () The growth curves of A/PR /8,34
virus, AfNew Calecdonia /2099 virus and the recombinant
PRB/New Caledomai20/99 6 =2, virus ure compared,

(8) The growth curves of AJPRJB 3T virus, Af Moseow/10/99
virus and the recombinant PREMoscaw/ 100 6+ 25 virus
are compured,

40} and polymerase {PBI. PB2 and PA genes (data not
shown). ]

5. GROWTH CURVES OF (6+2)
RECOMBINANT VIRUSES

We found that the recombinant viruses grew to high
titres in eggs (figure 3) as well as MDCK cells (dara not
shown). Ten-day-old embryonated chicken epgs were
inoculated with 20 PFLT (figure 3) or 300 PFU {data not
shown} per egg. in wiplicate. The rescued recombinant
viruses grew slightly hetter than the wt AjNew Caledonia/f

Lhit. Trans. R. Sor. Lond. B 2001

20099 or wt Af Mascow[10/%9 viruses, The recombinam
viruses grew o hacmagglutination titres nearly as high as
the influenza AJPR/8B/34 virus, suggesting that the 6 ¢ 2
recombinans made with this plasmid-only rescue svetem
may he candidates fin high-yvield vaccine strains expres-
sing the HA and NA genes of current HINT and HAN?
viruses.

6. LIVE INFLUENZA VIRUS VACCINE STRAINS
WITH DELETIONS IN THE NS1 GENE

Tt an efforr 1o design novel live attenuared vaccines we
have explored the charactervisiics of influenza viruses with
mulations in the N&I gene. DeINSTinfluenza A virus, tha
lacks the NSI protein, can grow in Vero cells, G-day-old
embryonated chicken eggs and STAT 1 —/— mice
titres comparable with that of wi AjPucrio Rico 8.54
virus. However, the delNS1 virus does not grow well in
MDCK cells. 10-day-old embryonated chicken eggs or wr
{(BALBJc or C37BL6} mice {Gargia-Sasire of al. 19984q).
Vero cells, voung emibrvonated eggs (less than 8 davs old)
and STAT 1 knockout mice are all deficient in IFN signal-
ling, thal is a potemt host delence against virus infection
tGarcin-Sastre of al, 19986 Durhin o ol 20000 In addi-
ton, [FN-z and TFN-B mRNA transeripion is induced
i mause embryonic fibroblasts or human 29371 cells
infected with del NS virus, but not A:PR 834 viris
(Wang o af. 2000, The N8I protein is a viral ITFN antago-
nist and could bie a target for engineering live atienualed
vaccine strains, The delNSI vivus mav be toa atenuateed
in humans o be suiiable {or vaccines. However, we have
found that a mruncated NSI protein, expressing the firs
99 or 126 amine acids of the NSI protein, is an inter-
mediate LFN antagonist and influenza virms NS1L99
expressing the truncated protein stimulates a betrer anti-
body response in mice than delNSI virus (Talon e af.
20004}, Thus, an influenza virus with a truncated NSI
protein may he a good master strain for live attenuated

viral vaccines enginecred to axpress HA and NA genes af

cpidemie or pandemic strains.

4

7. RESCUE OF RECOMBINANT NDV
EXPRESSING INFLUENZA VIRUS HA

NDV is a member of the Paramyxoviridare family tha
can cause disease in birds. Like influenza virus, NDV has
a negativessense RNA genome  and  reverse geneties
procedures have been used o genervate infeetions virus
from cells 1transtected with ¢DNA {(for reviews, see Palese
et ol 1996, Garcin-Sasire 1998 Roberss & Rose 1998
NDV  has a non-segmented,  singlessiranded  RNA
genome of 13186 nuclecotides that eneodes six protins:
NP P M, fision prowein, HN and an RNA-dependem
RXNA polymerase. The HA gene of influenza APWSN 33
virts was cloned beoween the Poand M genes of the
cDNA of the NDV vaceine stram Hitchner Bl and infec-
tious virns was rescued [ Nakava ef al. 2001) This recombi-
nant rNDVIBLI-HA virus was found to express the HA
protein (by immunosiaining) and grew in embryvonated
chicken eggs. although to titres roughly | log lower than
the wit NDV virus. Mice immunized with the rNDV; Bl-
HA vivus developed an anti-HA antibody response and
were protected against challenge by influenza AJWSX 33

1\ L
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virus, indicating that NDV may have potential as an
cflective vaecine vector and that the influenza virus HA
protein is immunogenic in the context of a heterologous
virus {Nakava ef of, 2001),

8. CONCLUSIONS

Currently licensed manufacturing procedures for in-
fluenza virns vaccines invelve growing virus strains or re-
assartants exprassing the HA and NA of the cireulating
er antigenically similar sirains followed by formalin in-
activation. Sinee 1977 influenza A vivns H3N2 and HIND
subtypes have heen circulating in humans, We  have
shown that the A and NA genes ol the two influcnza A
virus strains currently recommended for vaccine produc-
tion can he successfully combined witl the six ather
segments of the high-yicld influenza A PR /8/34 virus 1o
generate a recombinant virns that graws well in eggs,
suggesting that this system s suitable for generating
candidate vaccine strains, The plasmids encoding the six
RNA segments of the donor strain AJPR/8/34 virus
provide an immutable genetic background. These plas-
mirs can be easily stored and distribuied for use as new
strains and subtypes emerge in the human population,

Formalin-inactivated  vaccines  induce 2 humoral
immune response that does not provide complete protec-
tion from iufluenza in afl recipiews. Live attenuated
vaccines may provide longer-lasting immurity and
broader protection against variant sirains. An attenuated
cold-adapied virus administered intranasally has been
shown 1o be proteciive in field 1rials [ Maassab & Bryan
199%: Treannr of al. 1999, Belshe ef al. 2000485 and it is
currently  heing  developed  for use in humans. We
suggest a second generation live influenza virus vaccine
that is based on attenuation afforded by deletion mura-
tons in its N8I gene. Such NSl-modified virnses mav
have advantages over eold-adapted influenza viruses for
LSe a5 vacreines.

A live attenuated vaccine virus should replicate walt
enough in the host o stimulate a protective immune
respanse without causing disease. Viruses with mutations
in NSl may be more immunostimulatory compared with
viruses expressing an intact NSI protein. Infection sith
influenza virus induces produciion of both TFN (ype 1
{(IFNea and =B} and type I {IFN-y), that in 1un
stimulale a wide range ol responses in ithe host (Hennet
etal 1992 Muller of al. 1994; Van den Brock of of, 1995
Welsh et al. 1996: Price ef al. 2000; Durbin ot al, 2000)
II'N-y stimulares activation of ‘' cells in a manner that
enhances a Thl response. leading o a protective eytolvtic
T-lymphoevte vesponse. Tt is dkelvy that NSl-modified
influenza viruses induce a higher 1FN-a and -B and
LFN-y response than does wi Jor cold-adpated) virus,

Consequently, it is possible that infuenza virus vaccine
strains with mutations in the N8I may induce an
enhanced antiviral immunity as compared with live
attennated influenza viris vaccines expressing a wt NSI
protein. Toaddition. the required dose needed per patient
of an influenza vires vaccine attmuated by deleiions in
the NSL gene may be lower than the dose used for eold-
adapled vaccines. A lower dose would allow lor distribu-
tion of lyophilized vaccine formulations as opposed to a
coid chain of frozen materials as required for higher-dose

Phel, Trans, R. Sec. Lond. B {2001

vaccines. Ultimately, these reduced manufacturing costs
would cnable more people 0 reccive influenza virus
varcines,

The thivd approach for influenzi viras viceine candid-
ates 13 incorporating the antigenic HA of influenza A
viruses into a vaceine strain of a heterologous virus such as
NDV, that is avirulent in hwnans | Schiremacher of o/,
1998). A heterologous virus may represent a uselul vector
for the presenration of antigens of influcnza viruses that are
particularly viralent. \We have imvroduced the HA gene af
influenza AJWSN/33 viras inie the genome of the
Hitchiner Bl vaccine sorain of NDV, The recombinant
rNDVIBL-ITA virus induced a protective anti-TTA antibady
response in mice. Such a recombinant NDV vaccine may
be used to inhibit the spread of influenza virus in an avian
population and may serve as a vaceine vectar in humans,

With all three approaches that we have suggested, only
the HA and NA genes need to he reconed as new
pandemic (epidemic) strains of influenza A virus arise,
Thus, generation of vaccine straing of recombinant
influenza viruses or rNDV/BI-ITA for use in formalin-
mmactivated ar live attenuated vaceine preparations can be
reproducible, sale and rapid.

This work was partially supporred by grans from the U'$
National Tostitutes of Health 10 A.G-8. and P.F and by the
Avstrian Science Fund ww AF. JILS. was supported by NiL
training grant number T32-A107647, The awhors alse wish o
thank lara Willey for her help with developing the influenza A
virus rescue procecure,
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A Chimeric Respiratory Syncytial Virus Fusion Protein Functionally

Replaces the F and HN Glycoproteins in Recombinant
Sendai Virus
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Entry of most paramy~oviruses is accomplished by separate attachment and fusion proteins that function in
a cooperative manncr. Becanse of this close interdependence, it was not possible with most paramyxoviruses
to replace either of the two protagonists by envelope glycoproteins from related paramysoviruses. By using
reverse genetics of Sendaj virus (Se¥), we demonstrate that chimerie respiratary syneytial virus (RSV) fusion
proteins containing vither the evtoplasmic domain of the SeV {usion protein or in addition the transmembrane
domain were efficiently incorporated into SeV particles provided the homotypic $eV-F wag deleted. In the
presence of SeV-F, the chimerie glycoproteins were incorporated with significantly lower efficiency, indicating
that determinants in the ScV-F cctodomain exist that contribute to glycoprotein uptake. Recombinant S¢V in
which the homotypic fusion protein was replaced with chimeric RSV fusion protein replicated in a trypsin-
independent manner and was neutralized by antibodics directed to RSV-F. However, replication of this virus
also relied on the hemagglutinin-neuraminiduse (HN) as pretreatment of cells with neuraminidase signifi-
cantly reduced the infection rate. Finally, recombinant SeV was generated with chimeric RSV-F as the only
cnvclope glycoprotein, This virus was not neutralized by antibodics to ScV and did not use sialic acids for
attachment, It replicated more slowly than hybrid virus containing HN and produced lower virus titers. Thus.
on the one hand RSV-F can mediate infection in an autonomous way while on the other hand it aceepts support

by a heteralogous attachment protein.

The membrane glycoproteins of enveloped viruses play a
crucial vole in the infection process. Thev mediate virus bind-
ing to cellelur receptors and induce fusion between the viral
and celhitar membranes. For several viruses, including mem-
bers of Lhe families Quthanmwevindue and Rewroviridae, binding
and {usion are functions of the same envelope glycopralein. A
dillerent surategy is accomplished by members of the Tamily
Paramiyxovividee which have separate attachment and fusion
proteins.

The fusion (F) proteins of paramyxoviruses are typical type
I fusion proteins. They are synthesized as inactive precursor
prateins that have to be proteolytically cleaved into disulfide-
linked subunits to be biologically active (19). For most
paramyxoviruses, this cleavage occurs at a multibasic cleavage
motif that is recognized by the ubiguiteus endoprotease furin
in the trans-Golgi network, An exampic for this type of acti-
vation is the F prolein of respivatory syacytial virus (RSV) (49).
I contrast, Sendai virus {SeV) and some apathogenic New-
castle disease virus sirains contain a single arginine residue at
the cleavage sites and are activated by trypsin-iike proteases
that are secreted hy a restricted subset of cells or by coinfecting
bacteria (40. 41). Viruses of this category vsually require ad-
dition of trypsin for multistep replication in cell culture. What-

* Corresponding author. Mailing address: Insting fiir Virologie,
Tierdiratliche Hochschule Hannover, Binteweg 17, 1-30539 Han-
nover. Germany, Phone: 39 511 933 8460, Fax: 49 311 953 8808,
E-mail: Gert.Zimmer¢iiho-hannover.de.

ever prolease is involved in the processing of the fusion pro-
tein, in either case a streteh of hydrophobic amine acids, the
so-called fusion peptide. is located at the N terminus of the
membrane-anchored subunit, The fusion peptide is probably
buried in the native protein unless a conformautionul change
leads to its exposure at the surtace of the molecule. Only in this
position it interacts with the target membrane and initiates the
[usion process (23). For the influenza virus hemagghutinio and
other viral fusion proteins. the conformational chunge re-
quired for this process has been shown to ocour in response to
acidic pH (7. 9. 44). In contrast. fusion by paramyxoviruses
takes place at neutral pH and therelore a diflerent trigger for
the conformational change must exist. A large body of evi-
denee indicates that the mujority of paramyxovirus fusion pro-
teins lack any cdetectable fusion activity in the absence nf the
viral attachment protein (1. 6, 11, 14, 26-23, 39). In addition.
atlempts w0 replace the homologous attachment protein with
one from a related virus were mostly not suceessful (6. 14, 39,
46). These findings led 10 the hypothesis that the two proleins
act in a cooperative manner. Tt is believed that binding of the
attachment protein 1o the cellular receplor induces conflnrma-
tional changes in this pratein. which in turn trigger canforma.
tional changes in the fusion protein (233, Two members of the
Paraniyxoviridae family apparently do not follow this rule. The
fusion proteins of simian virus 3 and RSV show fusion activity
in the absence of the respective attachment protein (1, 10, 31,
30). Inaddition. RSV attachment protein G was demonsirated
to be dispensalble for virus replication in ceil culture. indicating
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TABLE |, Oligonucleotides nsed for construction of chimeric genes

Piimer S'aseeuence-37
RE-ST e L TTTGAATTCACGCGTACAATGGAGTTGC
CAATCCTCAAAGC
RSViSeV-F-AS ... .GATCGTAATCACAGTATTTGTGGTTGATT
TACCAGC
RSV/ISeV-F-S .. .. AAATCAACCACAAATACTGTGATTACGAT
CATAGTAG

SeV-F-ASe i AAAGAATTCGCGCGCTCATCTTTTCTCAG
CCATCGCATCAAACC '

CATTGACCTTTTGAGTCTACAGTATAGGA
GCAGTCCAACAGCAATTA

Tail-S.en GGACTGCTCTTATACTGTAGACTCAAAAG

GTCAATGCTAATGGGTAAT

TTTTGTCGACATGGAGTTGCCAATUCTCA
AAGCAAATGC

TTTTCTCOAGTTCTCATCTTTTCTCAGCCA
TCGCATCAAACCC

Taill-AS e

SeVLF-AS2

“ Cleavage sites nf restriction endonucleases are underlined. Nucleatides that
are part of esther the RSV-F o the SeV.F open reading frame are shawn in bald,
P P £

that RSV-F also has a receptor-binding function (18, 42). Fur-
ther evidence for this assumption comes from the observation
that RSV-F can bind to glycosaminoglycans such as heparin
(12). Nevertheless, the G plycoprotein was found (o support
virus attachment to the cell surface (17, 31, 43).

In this study, we nsed reverse geneties to analyze RSV-F
. protein function in the context of infectious SeV. We show that
chimeric RSV-F is incorporated into SeV virions and can {unc-
tionally subsiitute for the SeV {usion protein and the hemag-
glutinin-neuraminidase {HN). However. in the presence of HN
the intrinsic receptor-binding activity of RSV-F is dominated
by the SeV attachment protein,

MATERIALS AND METHODRS

Ceils. Vera and Hela cells were grown in Dulbecen's modilied Eagle's me-
dium (DMTM) supplemented with 3% fetal bovine serum {FBS). Baby hamster
kidney cells (BHK-21) were maintained in Eavte's minfmal essential mecdium
(EMEM) contuining ponessential anine acids i 5% FBS.

Primary antibadies. Purified and luoresecin isathioevanate (FITC)-conju-
galed goat sera directed 1o human parainfluenza virus rvpe | (anti-PIV1) were
purchased from Acris (Hiddenhausen. CGermanyy, Monocional antibodies i
rected 1o RSV F prstein {inti-REV-F1 were purchased from Serotec (Dissel-
dorl. Germany: clone RSVI2I6} and Acris {Mab9C3). Monaclanal aniibodias
Mah1® and Mabl12 were kindly provided tv Geralgine Tavior (Institute for
Animal Health, Compton, United Kingdom} A polvelonal antiserum against
SeV (ant-Se V) wus produced in rabbits by imausnizacion with sucrose gradieat-
putified virus. For generation of o monospecific aniiserum direcied againss the
SeV-F cytoplasmic domain (anti-SeFtail), the peptide CRHMYTNGGFDAM
AEKR was covalently hnked by an N-(-«-mateimide-succinimide ester 1o key-
hole limpet hemuovyanin (Sigma) as currier proiein and used for immunization of
tabbits with ABM-ZK (Linaris GmbH. Bentingen. Germany) as adjuvant.

Construction of chimeric RSV-F genes. Plasmids pTMI-hF. containing the F
gene of human REV (HRSV: Long strain (301, and pCDINA3.L-8eVF. contain-
ing the F gene of SeV {Fushimi sirain). were used as templares for construction
ol chimeric RSV-F pene casseites by an overlapping-PCR technique. Otigonu-
clentides used fer the construction of the chimeric genes are listed in Table 1.
The RSV-F pratein ecrodamain (amine acids -1 ta 524} was amplified from
PIMI-bE vsing Ffir DNA polymerase (MBI Fermentas) and the primer pair
hF-51 and REV/SeV.F-AS. The part of the SeV-F gene ereading the teansmemn-
brane and cytoplasmic domains (amino acids 500 1o 565) was amplified from
pCDNAL |-8eV-F using the oliponucleotides REV/SeV-F-§ and SeV-F-A%. The
two PCR products were punfied {(QLAGEN PCR purification kit). mived i a
molar rane of 1. and heated for 2 min a1 95°C far denateration. The mndare
wis then incubated a1 66°C for M0 s to allow the two fragments to anneal ta ench
other. Hyhridization was medhaied by nverlapping complementary sequences at
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the 5° ends of the uligooucleotides REVISeV-F.-S and REV:SeV-F-AS, reper
rively. A complete douhle-sirnaded DNA hybrid was obtained ufrer incubating
the mixwire with Pfic polvmerase al 72°C for 9 min. The chimeric F gene (F,MC)
was suhsequently amplified with the primers hF-8 and SeV-F-AS and cloned into
the EcoRI site of pCDNASZ | iInvilrogem), The same technique was used to
generate the FyyC chimera where the cviaptasmic domain of the R$V-F protem
wits replaced with the corresponding domain of the SeV.F protein, The RYV-F
protein cewwdomain and the tranamembrane domain {amino acids 1 1o 550y were
amplilied from pTMI-hF using primers hF-§ and Tail-AS. The region of the
SeV-T gene encoding the cvtoplasmic demuin of the pratein (anting acids 324 o
565} was amplified from pCDNAZ.1-8¢V-F with the oligonucleatides Tail-8 and
SeV-1-AS All uther veps for generation and doning of the hvbrid gene were
perfurmed as deseribed shove,

Generution of recanbinunt SeV. For generation of SeV{RSV-F), SeVI(F,, O
and SeVIF MO authentic nr chimeric RSV-T genes were inserted into an
wdditional transeription gnit located between the P and M enes o a modiicd
SeV cenome using Mlul and BssHII restriction sies (3). SeV-3F(F . Sev-
AFFMUL SeVAFAHN{FLOGEM, end SoV-AFAHN(F, MO GFP) ge-
NOMSE were constrecied using a genomic ¢cDNA plasnnd where the ongmal F
and BN apen reading frames had been replaced with unique restrichion sites
(5all insread of ¥ and Xhol instead of 1IN), each flanked by the original
ranscription start and swop signals (4). The F € and F MC chimeras [sce
previons sectign) were amplificd by PCR using eligonucleotides hE-52 and Scv-
F-ASZ and imerted into the Sall and Xhol sites of the plasntid pT™MI. The
authenlicity ol the chimerie genes was verified by DNA sequencing, aad ¢he
chimeric genes were then inseited as Sall-Xhol fragments inta the compatible
Sall site (F position) of the muditied SeV genome, Subsequendy. the Xhol site
(BN position) in the modified genome was filled with the open reading frame of
either the enhanced green fluorescent protein (GFPY gene or the AN gene, All
resultitg recombinant 32V genomes were designed to follow the “rule of six™ (8).
Recombinant viruses were recovered (rom transfecied Hela cells acearding 10
the previously described procedure (24). To facilitate initial virus rescue. expres-
sion ptasmids encoding the autologous SeV-F and HN proteins were included in
the plasmid mixture used for ranslection, Recavered vilus was prapagoted on
Vero cells. Virs stocks were prepared from the fifth and sixth passages and used
Tor all Mnllowing cxperiments.

Replication kinetics and virus tltration. Confluent Vern cell moaslavers in
siv-well plates were inneulated with virus at a muoliiplicity of infection (MO1) nf
0.05. Three wells were inlfected in parailel with each virus, Afier adsorption (3 h
ab I7CY. the inoculum wis removed and the cells were washed three rimes
before 2.5 miof nedium (without FBSY wirs added. In somu expetiments, acety -
lated trypsin (Sigma) was added 10 the medium (1.0 pgandy, At 2448, and 72 1

postinfection. S0-ul aliquats were laken and replaced with the same volunie of

fresh medium. The aliquots were flash-frozen in liguid aitrogen and stored at
~80°C. Virnses vete tirated in duplicate on Vera vells grown in Yswell mivie
titer plates. The ells were inoculated with 10-fld ditutions af virus (40 plweli
for 2 b at 37°C nd overlaid with medium containing 2% FRS and 014977 meth-
vicellulase (Sigr-a). At day 2 postintection, the medivm was removed and the
eells washed w26 with phosphate-buffercd saling (PBS) and fixed with 372
puraformaldeby. = for 20 min at room femperature. Excess paraformaledebede
was quenched w h 01 M ghveine i PBS for § min. The cells were mcubated {or
O min at room . mperature with anti-P1V 1 (1:500 in PRS). washed three times
with PBS, and it wuhated tor | h a1 room 1emperature with a horseradish per-
oxidase-linked v bit unfiserum directed to goat immunoglobolin {5:300 in PBS:
Dake). Following: thyee washing steps. the cells were incubated for 135 min with
AEC peronidase ubsirale (1.7 mM 3-amino-%-ethylcarhacole. 01147 H. Oy in 50
mM sodium acel. e buffer. pH 5.0). Immunostained cells were counted under an
inverse light mici: scope. Titers of infectious recombinam SeV expressing GFP
were determined on Vers cells by end point dilution and counting of GFPp-
expressing eflls u der a luorcscenee microscope.

Playue reductio 1 assay. Senal dilntions of polyelonal anti-SeV serum or ami-
REV-F monocion | antibody misture (Mabl 3, Mab]9. RSV3I2Z14]) were prepared
in DMEM, and | 0 pl of each dilution was incubated with 16 pl of virus (2 =
i PFU/mD far b min ar 25C and then added to confluem Vero cells in Q6-weli
mierotiter plates ¢ 0 wliwell. three paralicls). Following incubation for 90 min a1
37C. 200 g el i TEM contaming 0,95 methvicellulose was added o each well.
The cells were s ained 48 h postinfection ax described above, The antibody
concentration tha produced 304 focus reduction was calculated.

Neuraminidase treatment of cells. BHK-21 vells were seeded into 24-well
plates (130,000 ¢ 'swell). The fodlowing dav. the eells were incubated for &) min
at ATC with 250 o) of EMEM containing 300 mlj ot atlinin-purilied nearamin-
idase from Closn, disn pesfiivgens {N-2133 Sigma) (NA™ cells) Control ceils
were left untrean 1 (NA™ cells), The cells were washed hvice and mlected with

L\

1sanb Ag 210 ‘L1 Ainr uo /Buo wse Al dny wouy papeojumoq



Vor. 79. 2003

recambinang SeM (MOL of 103 for 60 min at room temperature, wished three
times, and meubated for 2000 au 27°C with EMEM containing 277 FBS and (.95
methyleellulose The cells were stained with FITC-canjugated anti-PINT (1:200)
for 60 min at °C suspended in PBS. and analyzed by How cvinmety. Infection
hy SeV-AFIRN(E LGP and SeV-AFAHNF,MOGEP) was directly mon-
itored takmg advantage of the GFP reporter.

Western hlot analysis of SeV particles. Contluznt monolavers of Vern cells
grown in 75vm- lasks were inoculated withs recombinant SeV (MO of 105) far
Fboar 3PC Therewfrer. the celly were wushed and maintained fior 72 b a0 37°C,
For SeV(DsRed). SeV(RSV-F). SeV(F,,Ch and SeV{F 4 MC). medium lacking
FBS and supplemented with 1 gp of acervlated trvpsin/ml was used. For all other
recombinant SeVs, the cells were incubated with medium containing 2 FBS.
The cell culture supernatants were harvested and subjected o low-speed cen-
trifugation (2000 X g. 15 min, 4°C) 10 remove cell debris. An aliquot of each
supernatant was taken and titrated hy plaque assay as described above, Viruses
in the remaining supernatant (about 20 mt) were pelleted theough a 25 sucrose
cushion by sltracentrifugarion (10300 % g, 60 min. 4°C) and dissolved in 400 pl
of 3DS sample bulfer, The volume was adjusted corresponding to the caleulaled
virus titers. Aliquots (3 1L corresponding w 3 = 10 PFU) of the samples were
tun on sedivn dodecyl sulfate (SD8)-polyacrylamide gels under nonredusing
conditiony and transferred 1o nitreceliulose by the semidry blotting techniyue,
The niviacellulose membranes were ineobited Tor 60 min at 4°C with either
anti-SeV {1:10L,000), anti-hPTVI (11000, ant-Se V-Ttail (1:300). or and-REV-I
(11,000 each), The blots were washed and subsequently incubated with hiotin-
viated secondare antibedies that were specific for the immunnglobulin G ([0}
fraction of the respective specics (1:1,000; Sigmnl. Finally. the blols were incu-
hated for 60 min with a sizepravidin-peroxidase complex (1:1.000; Amersham
Biosciences) and the antigens were visualized by enhanced chemiluminescence
{Roche Dingnostics).

Immunnflunrescence snalysis, Vero cells grown on | 2-mm-diameter eover-
<lips were infected with recombinant SeV's at an MO! of 1) PFU/cell for 60 min
at 27°C. washed once. and maintained in medium with 3% FBS, Twenty-tfour
hours postinfection. the cells were tived with 3% paraformaldehyde in PBS for 20
min 2t room wmperalure and subscquenily incubated for § min ar room teni-
peraiure with PBS containing 0,1 M glveine. The celis were stained by incubation
with a 112000 dilution of anti-SeV serum tollowed by incubacion in the dark with
a 1500 diluzion of FITC-conjugated goat anti-rabbit 1gG serum (Sigma). Both
mcubations were performed ai raom wemperature for 60 min. For detechon of
RSV-T antigen. the celis were subsequently incubated with anti-R$V-F mono-
clomal anubody (1:200; Serotec) and sheep Cy3-conjugated anti-mouse TeG se-
rum  1-:500; Sigma). Conventional epiffucrescence was performed with a Zeiss
Axioplan 2 microscape.

Electron microscopy, Immunoelectran mictoscopic analysis of virus particles
wis performed as described previously (34, 213, with small modifications. Briefiy,
2 drop of virus suspension in DMEM containing 392 paraformaldehyde was
depasiled on a Formvar carhon-enated gickel grid for 1 min, Escess fluid was
ahsnzrhed with filler paper, and the g1ids were finated for 10 min an a drop of PBS
containing 2% hovine terum albumin and 0.2 Tween 20. indirect immuno-
stuining win perfurmed by incubution of the samples for 60 min either with a
mouse monoctonal anti-RSV-F antibody (Mab%C5: 1:50) or with a goal poly-
clonal anti-PIV1 antibody (1:200) in PRS containing 275 bovine serum albumin
and 024 Tween 20. The bound antibodies were detected with a donkev anti-
motise 1gG antibody conjugated with 12-nm-thanieter gold particles (Dinnova)
and with a rabbit anti-goat IgG amibody comugated with 10-nm-diameter gotd
particles (BBInternational). respectively. The samples were washed with PBS,
negatively stained with 2% phosphotungstic acid. and examined with a Zeiss 10v
electron micruseope. Micrographs were scanned using the Leafscan 43 software.
and the surface arca of the virus particles was determined using the Raytest
TINA saftware. The number of gald particles hound 1o the virions was calcuiated
fram Mo 20 pucrographs at a primary magnificalion of 350,000, The labeling
density (inean = standard devintion) was expressed as the number of gold
patticles per 10,000 nm® of vitus particie area. Dilerences in labeling between
different virus specimens were statistically evaluated by Studem's 1 tes,

RESULTS

Generation of recombinant SeV encoding native or chimeric
RSV.F. The modular organization of negative-strand RNA
virus genames allows both deletion and insertion of genes. To
study the functions of the HRSV tusion protein (RSV-F) in the
context of SeV infection, we generated a series of modificd

SENDAI VIRUS ENCODING CHIMERIC RSV-F PROTEIN
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SeV genomes based on the Fushimi strain (Fig. 1), First, an
additional rranseription unit was assembled into the intergenic
region between the P and M genes, Into this transcription uait,
four different transgenes were inserted taking inte account the
“rule of six” (8). We oblained the Jollowing virus genomes: (i)
SeV{RSV-F) with an comodified version of the RSV-F open
reading [rame. (i1} SeV(F_,C} with a chimeric gene ¢ncoding
the ectodomain and transmembrane domain of RSV-F and the
cytoplasmic domain (C) of the SeV fusion protein (SeV-F).
(i) SeV(F ,MC) with a chimeric F gene encoding the RSV-F
ectodomain and the SeV-F transmembrane (M) and cytoplas-
mic domains, and (iv) SeV(DsRed) containing the ¢cDNA of
the red fluorescent protein DsRed originating fram the maring
organism Discosona sp. As DsRed is unrefated 1o RSV-T and
shows no fusion activity, SeV(DsRed) was regarded s a con-
Irol construct.

The insertion of native and chimeric RSV-F genes into the
SeV genome was expecled 1o result in virus particles with two
fusion proteins pravided the heterologous glycoproleins would
he tncorporated into the viral envelope (see below). In order to
determine whether RSV-F can funclionally substitute for
S¢V-F, we constructed additional recombinant SeV genomes
by replacing ihe SeV-F gene with cither of the two chimeric F
proteins, resulting in SeV-AF(F,C) and SeV-AF(F_ MC)
(Fig. 1B). It should be noted that these genomes do not contain
un additional transeription unit and are therefore shorter than
the modified SeV genomes mentioned above. Howcever. they
correspond approximately to the length of an unmaodificd Sev
genome. Since RSV-F has been reported 10 have recepior-
binding activity (12), we wanted o know whether the chimeric
F proteins would alsa substitute for the HN glycoprolein of
SeV. To address this question. the HN gene in SeV-AF(F,_C)
and S5eV-AF(F,MC} was replaced with the enhanced GFP.
resulting in the genomes SeV-AFAHN(F,, C/GFP) and ScV-
AFAHN(F  MC/GFP). respectively. Using a previously pub-
lished procedure (24}, all recombinant $eVs were successfully
recovered from the ceil culture supernatant of transfected
HeLa cells, Te monitor RSV-I expression in infected BHK-2]
cells, an immunefiuorescence analysis using anti-SeV and anti-
RSV.F antibodics was performed (Fig. 2). RSV-F was de-
tected al the cell surface of SeV(RSV-F). SeV(F,C).
SeV(F, MC). and SeV-AF(F_ ,MC) but not in cells that had
been infected with SeV(DsRed). Similar results were oblained
with SeV-AF(F,,0). SeV-AFAHN(F,C/GFP). and SeV-AFAHN
(F.,MC/GFP) (data not shown).

Deletion of SeV-F allows chimeric RSV-F protein to he ef-
ficiently incorporated into SeV virions. An important aspect of
recombinant enveloped viruses thut encode heleralogous viral
glycoproteins is the possibility that these glvcoproteins might
be fncorpoerated into the virus envelope. To address this ques-
tien, we purified the recombinant SeV particles from the su-
pernatant of infected Vero cells by ultracentrifugation through
a 25%% suerose cushion and analyzed them by immunogold
eleciron microscopy using two different antibodics. The paly-
clonal anti-PIVI serum was characterized by Westera blol
analysis and was found to predominantly react with SeV-F and
SeV-HN (for comparison. see Fig, 5¢), Figure 3 shows thai this
antibody strongly reacted with SeV(DsRed). SeV(RSV-F).
SeV(F ,MC). and SeV-AF(F,,MC) particles, all containing at
least une SeV glycoprotein. In contrast. SeV-AFAHN(F M/
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FIG. 1. Generation of recombinant SeV using authentic and chimeric RSV-F genes. (A) The predicred tansmembrane and cvtoplasmic
domains of the fusion proteins from HRSV (Long sirain) and SeV (Fushimi sirain) and the chimeric fusion proteins F . C and F MC are showa.
Scquences derived fram SeV-F are in boid type. (B) Schematic representation of the recombinant SeV genomes, The designations of the
recombinant viruses that arg based on the modificd genomes are shown below the schemes.

GFP) lacking hoth SeV-F and ScV-HN was rarcly recognized
by anti-PIV1. The gold labeling of some virions is supposed to
be due 1o a weak reaction of the antibody with the SeV nu-
cleoprotein, HRSY was not stained with anti-PIVI at all,
Monoclonal antibody Mab9C5 recognizes an epitope of the
RSV-F ectodomain (data not shown). It showed a strong re-

anti-Sev

onti-RSV-F

> . g e, .s- - ;?3'

FIG. 1. Indirect immunofluorescence analysis of infected BHK-21 cells, Cells were infected wilh the indiczied recombinant SeV

agtion with MRSV viriens. while staining of SeV(DsRed) par-
ticles was not observed. SeV(RSV-F) was rarely labeled by
Mab9C5, and only single gold particles were found bound 1o
some virions, Increased [labeling was observed with Sev
(FoMCY. which expresses a chimeric RSV-F protein. indical-
ing that the SeV-F derived C-terminal sequences of F ,MC

(MOI = 100}

and fixed with parafor maldchvde 200 b postinfection, The cells were stained cither with @ rabbit ant-SeV serum or with a mouse anti-R&V-F
antibady as indicated on the left. FITC-conjugated antirodies directed to rabbit [gG ar mouse [gG were used as secondary antihodies,
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189nb AQ Z10z 'L 1L Anp uo /B0 wise 1Al dny woly papeojumoq



VaL., 79, 2005

antl-PiVi

SeV-AF(F,MC)

-SeV-AFAHN
(FoMC/GFP)

[

anti-P1V1
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anti-RSV-F

FIG. 3. Tmmunugold labeling of viruses. The indicated viruses were concentrated [rom the culture supernatant of infected Vere celis and fixed
with 3% paraformaldehyde. The viruses were labeled with the indicated primary antibodies and gold-labeled secondary antibodies as described in
Matcrials and Methods. (A) Labeling of recombinant SeV, (B) Staining of HRSV {Long strain). Bars, 100 nm.

contribuled to glycoprotein incorporation. In the absence of
SeV-F. the chimeric plycoprotein was most eflciently incorpo-
rated. as indicated by the verv strong labeling of SeV-AF
{F;,MC) and SeV-AFAHN(F, ,MC/GFP), Figure 4 shows a
guantification of the immunogold labeling analysis. A signifi-
cant difference between 3eV-AF(F,MC) and SeV-AFAHN
(F o MC/GFP) was not observed. indicating that the deletion of

SeV.HN did not [urther improve the incorporation of the
chimeric Tusion proteins.

Western biot analysis was performed to confirm the results
obtained by the immunogold labeling approach. Afier the con-
centraled virions had heen dissolved in $DS§ sample buffer, the
viral proteins were separated by SDS-polyacrvlamide pel elec-
irophoresis under nonreducing conditions. transterred to ni-
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FIG. 4. Quantification of RSV-F antigen in HRSV and recombi-
nant SeV particles. Following staining with 2 monoclonal anti-RSV-F
antibody. the numbes of gold particles bound ta the virions was cal-
culated from 10 to 20 micrographs. The labeling density {(mean =
stundard deviarion] was expressed as the number of gold parricles per
10,000 nm® of virus particle area. Mean values and standard deviations
are shown. Significant differences in the labeling were statistically gval-
uated by Student’s 7 test.

irnceliulose membranes. and probed with several antibodies
{(Fig. §). When a mixture of monoclonal antibodies directed to
the RSV-F ectodomain was used (panels a and a’), a smail
amount of antigen was detecled in SeV(F,,C) and SeV
(F.wMC) but nat in SeV(DsRed) and SeV(RSV-F) particles,
The chimeric glycoproteins F,,C and F,,MC were incorpo-
rated into the recombinant particles with similar efficiency.
suggesting that the SeV-F transimembrane domain in SeV
(Fo,MC) exerts no promoting effect on glycoprotein uptake
(pancl a’. cempare lanc 3 with lune 4; pancel a, compare lane 3
with Tane 6 and lane 7 with lanc §). In agrcement with the
immunogold labeling presented above. incorporation of cither
chimeric RSV-F plycoprotein was dramatically improved when
the recombinant viruses lacked SeV-F (panel a, lanes 5 to §).
This suggesits that in SeV{F,, C} and SeV(F  MC), SeV-F com-
petes with the chimeric RSV-F proteins for incorporation into
the virus envelope. The lower signal cbtained with chimcric
RSV-F protein in SeV-AF(F_,,C} and SeV-AF(F MC) (panel
4. lanes 5 and 6) compared to the stronger signals detected
with  SeV-AFAHN(F_, C/GFP) and SeV-AFAHN(F, MC/
GFP) (lanes 7 and 8) is probably due 1o the differentiai capac-
ity of the antigens to renature on the nitroceliulose membrane
following SDS-polyacrylamide gel clectruphoresis. In contrast
to chimeric RSV-F of SeV-AFAHMN(F,C/GFP) and Scv-
AFAHN(F ,MC/GFP), chimeric RSV-F in SeV-AF(F_.C) and
SeV-AF(F  MC) is desialylaied by the action of SeV-HN. The
lack of sialic acids probably makes renaturation of the glyco-
proteins more difficult and hampers recognition by the mono-
clonal antibodies that act in a conformation-dependent man-
ner. In SeV(F,, C) (lane 3) and SeV-AFAHN(F . C/GFP) (lane
7, an additional band of approximately 140 kDa was detected
that probably represents a dimeric form of ¢himeric RSV-F.
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FIG. 5. Incorpuration of chimeric RSV-F info SeV particles. Vere
cells were infected with the indicated viruses (03 PFLUcell) and
incubuted at 37°C with serum-delicient medium. Virions released into
the cell culture supernatant were pelleted through a sucrose cushion by
uliracentrifugation, separated by SDS-polvacviumide gel electro-
phoresis. and analyvsed by Western blot assay using the indicated an-
tibedics, The amount of sample applicd o cach gel was normalized to
infectious virus {iters. (Panel a'y To allow detection of minor bands.
the amaount of the sumples applicd to the gel was sealed up (threefoll)
and the chemiluminescence signal was collected over a longer Lime
interval, The virus antigens detected are indicated on the right,

The band was not observed with SeV(F_ MC) (Jane 8 and
SeV-AFAHN(F  MC/GFP) (lane 8).

As the use ol different antibodies for detection of SeV-F on
the one hand and the chimeric F proteins on the other hand
did not allow us to directly compare the uptake of these glv-
coproteins, we emploved a monospecific antibody that was
directed to a lingar epitope of the SeV-F cytoplasmic demain
(Fig. 5b). In SeV(DsRed). SeV(RSV-F) SeV(F,C). and
SeV(F,,,MC) particles (lanes | to 4). this antibody recognized
a band of 65 kDa representing SeV-F, which was absent in
SeV-AF(F, Q). SeV-aF(F ,MC). SeV-AFAHN(F,, C/GEP),
and SeV-AFAHN(F,MC/GFPY (lanes 5 10 8). In addition to
SeV-F. 4 band of 75 kDa representing chimeric F protein was
detected in SeV(F,_,,C) and SeV(F,,MC) pariicles (lanes 3 and
4). Compared 10 SeV-F, these glycoproleins were less efli-
ciently incorporated inta the SeV envelope, suggesting that
also determinanis in the SeV-F ectodomain must exist that are
involved in glycoprotein uptake. Like the antibody direcied 1o
the RSV-F cctadomain (panel a). the ant-Se V-Fiail antibody
strongly reacted with the chimeric F proteins incorporated into
SeV-AR(F ). SeV-AF(F ,MC). SeV-AFAHN(F,, C-GFP).
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and SeV-AFAHN(F_ MC/GFP) {pancl b, lanes 5 to ), while
only & faint bund wus detectable in SeV(F,C) and Scv
(FepMCY (Tanes 3 and 4). This indicates that incorporation of
the chimeric glveoproteins is significintdy enhanced in the ab-
sence ol SeV-F. As ajready observed with ant-RSV-F (panel
al. a dimeric form of the chimeric F ,C glveoprotein was also
detected with anti-SeV-Fiail (panel b. lanes 5 and 7).

A polyvclonal goat antibody directed 10 human parainfluenza
virus type T (hPEVI1) was found to primarily react in Western
blot assays with the two SeV glycoproteins, SeV-F in its mo-
nomeric form with an apparent molecular mass of about 65
kKDa and SeV-HN in its dimeric and tewameric forms with
relative molecular masses of about 140 and 280 kDa, respec-
tively, MN was found to be ubsent in SeV-AFAHN(F,,,C/GFP)
and ScV-AFAHN(F  MC/GFPY particles (Fig. 3¢, lanes 7 and
8). These two viruses, as well as ScV-AF(F,CY and SeV-
AF(F ,MC). were also proven in this way 1o contain no SeV-F
antigen (panel c. lanes 5 to 8). A very [aint band comigrating
wilh SeV.F represents the SeV nucleoprotein, which is also
recagnized 10 some extent by the anti-hPIV 1 antibody {panei ¢,
fanes 5 10 8). The samples loaded on the gels were normalized
to equal infectious titers (approximaiely 3 3 10° PFU/ane). As
a conirol for the amount of virus particles applied. the matrix
pratein of SeV was detected using a polvclonal rabbit antibody
directed to purified SeV particles (panel d).

Chimeric RSV-F protein is tunctionai and mediates trypsin-
independent replication of SeV. Euach of the recombinant vi-
ruses SCVRSV-F) SeV(F MO, and ScV{F_,C) contains two
genes that encode different fusion proteins. SeV-F is proteo-
lytically activaled by secreted trypsin-like enzymes. As many
established cell lines do not produce such enzymes. SeV nor-
mally requires the addition of a protease to the medium to be
infectious. Tn contrast, RSV-F is cleaved and activated intra-
cellularly by the ubiquitous Golgi protease furin and hence
does not require the addition of trypsin to be fusion active. As
the chimeric F proteins conlain the RSV-F ectodomain. they
are also expected to act independently of trypsin. Thus. on the
basis uf trypsin requirement it should be possible to diserimi-
nate between virus infections mediated by one or the other
fusion protein. Te analyze the function of the heterologous
fusion protein in the context of SeV infection, the kinetics of
virus replication in the presence or absence of trypsin were
studied. Vero cells were infected with the recombinant SeV
using an MOI of 0.05 PFU/ell, and aliquots of cell culture
supernatant were collected over a 3-day period at 24-h inter-
vals. The virus titers were quantified by a plague assay facili-
tated by immunological staining of SeV antigens. Figure 6A
shows thal SeV-DsRed and SeV-RSV-F replicated well if the
medium was supplemented with acetylated trypsin {1 pg/ml)
whereas no significant replication was detected in the abscnee
of trypsin. indicating that expression of native RSV-F does not
lead to rrypsin-independent replication of recombinant SeV,
This linding agrees well with our observation that unmedified
RSV-F is not incorporated into SeV particles (see above).
Though chimeric fusion proteins were incorporated into SeV
particles in addition to SeV-F {sec above). analysis of SeV
(F.yMC) and SeV(F_, C) revealed anly very slow trypsin-inde-
pendent replication (Fig. 6B), suggesting that the fraction of
chimeric F protein in the viral envelope is probably ton small
to support replication. In the presence of trypsin, $eV-F was

SENDAI VIRUS ENCODING CHIMERIC RSV-F PROTEIN
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FIG. 6. Multistep replication of recombinant SeV in Vero cells.
Triplicate cell monolavers in six-well dishes were infected with the
indicated viruses a1 an MOl of 0.05 and incubated at 37°C with me-
dium in either the absence or the presence of trvpsin ay indicated on
the right-hand side of the figure. Aliquots were taken at the indicated
times and titrated in duplicate by plaque assay on Vero cells. Each
point shown represenis the mean titer from three wells of infecied
cells. Standard deviations are indicated. For reasons of presentarion,
the figure has been divided into three parts. [AY Comparison of
SeV(DsRed) with SeV{RSV-F): (B) comparison of SeV(F 1 and
SeV(F MC) with SeV-AF(F  MC): (C) comparison of SeV-AF()--
wMCY with SeV-SF(FLC) and SeV-AFAHN(F, ,MCIGFP) ind SeV-
AFAMN(F,, CAGEP).

activated and both viruses showed replication kincrics similar
o SeV{(DsRed) (compare Fig. 6B with A). In contrast to these
viruses. addition of trypsin to the cell culture medium did pot
affect SeV-AF(F . MC) replication as this virus lacked the
SeV-F gene. Nevertheless. this vitus replicated as efficiently as
trypsin-activated SeV(F  MC) and Se¢V(F,,C). When replica-
tion of SeV-AF(F . MC) was compared with SeV-AF(F_,,C). it
was found that SeV-AF(F MC) replicaled more efficiently.
producing titers that were approximately 1 order of magnitnde
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TABLE 2. Neatralization of recombinant SeV

Neutratizing antilody tirer”
Vius
AnenSeV Anti-REVE

SeV({DsRed} 2400 2200
SeV(RSV.F) 2,400 < X0
SeV(lF,O) 2,400 <200
SeV(F MO} 2400 <110
SeV-AF(F, (O 2400 25,610
SeV-AF(F MOy 2,400 2.800
SeV-aF-aHN (F, C/GFP) < 200 SO0
SeV.AF-AHN (F M/GFP) < 200 51200
HRSV <220() 51,200

“ A plegue reduction gssiv was peformed m determine the newtralizing titer
afl polyclonzl anii-SeV serum ar anti-RSV-F monoclanal antibady mixture. Fal-
lewing preincubation of virus with serial antibody dilutions, the mixture was
inoculated with Vero cells and then overlaid with medium containing 0,97
methyleellulose. The eclls were staied 48 b postinfeetion as deseribed in Ma-
terials and Methods. The neutratization titers were detemined as the reciproenl
of the antibody dilution ar which 507 fouony reduction was observed.

higher than the titers produced by SeV-AF(F_,C) (Fig. 6C). In
general. the infectious virus titers reached a maximum at 72 h
postinfection. From that time on, the titers decreased, proba-
bly due (o the increasing cytopathic effect.

SeV with chimeric RSV-F protein as the only envelope gly-
coprotein is infectious. The resulls presented above demon-
strated that a modificd RSV-F protein is capable o function-
ally replace the fusion prolein of ScV. Because recent reports
have shown that RSV mutanis or recombinant RSV lacking
attachment protein G are infectious and are able 10 replicate in
cell culture (18, 42). we asked whether chimeric RSV-F will
also substitute for SeV atachment pratein HN. SeV-
AFAHN(F, C/GFP) and SeV-AFAHN(F_ MC/GFP) were
used to test this hypothesis. Trvpsin-independent replication of
these viruses in the presence of FBS showed that the amount
of chimeric fusion protein incorporated into the virions is suf-
ficient to support both funclions. receptor binding and fusion
C(Fig. 6C). In this viral background. we did not deteet uny
significant  differences between the replication of  Sev-
AFAHN(F, C/GFP) and SeV-AFAHN(F MC/GEP), How-
ever, replication of these viruges resulted in significantly lower
virus titers compared Lo SeV-AF(F MC), indicating that the
HN glycoprotein in Lhe latter viruses supports virus replication.

Neutralizing antibodies differentially affect recombinant
Se¥. Use of neutralizing antibodies directed to RSV-F pro-
vides an additional approach 10 estimale the contribution of
the heteralogous tusion pratein 1o SeV replication. Vice versa.
recombinant SeV infection dependence on or independence
from SeV glycoproteins can be determined using neutralizing
antibodics thut kind to the ScV cnvelope glycoproteins. We
used @ plague reduction assay 1o study the effea of serjul
antibody dilutions on the infection of Vero cells by the recom-
binant SeVs. The results are summarized in Table 2. Infection
with SeV{DsRed) was inhibited by a polvclonal anti-SeV se-
rum, while an antibody mixture conmtaining three different
monaclanal antibodies directed against RSV-F had no effect
on this virus. The neutralizing potential of anti-RSV-F was
demonstrated with HRSV. which was completely inhibited
even al very high ditutions of (his antibody mixiure. As ex-
pected. anti-SeV serum showed no inhibitory activity toward
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FIG. 7. Imporiance of sialic acids lor infection with recombinani
ScV. BHK.2Y cells were treated with . perfringens neuraminidase
(NA  celis) or lefs untreated (NA™ cells) prior ta eculation with the
indicated viruses. Eighteen hours postinfection, rhe cells were stamed
with FITC-conjugated anti-PIV]. suspended, and analyzed by flow
cytometry (5000 cclls of cach sampie). Infection with Scv-
AFAHN(F  ,MC/GFP) and SeV-AFAF HN(F,, C/GTP) was monitored
by tuking advanage of the GFP reporter, The infeciion rate of (NA™)
cells was 1045w 20°%. The ratio of intected (NA™) cells 10 infected
{NAT) cells was calculated. Mean values and standard deviations of
three to four experiments are shown,

HRSV, Recombipant viruses SeV(RSV-F), SeV(F,, MC). and
SeV(F.,C) showed behavior similar 1o that of SeV(DsRed):
e ami-RSV-I" had no apparen: inhibitory effect. With recam-
hinant SeV lacking both SeV-F and SeV-HN. a phenotype
similar 10 1that of HRSV was observed: SeV.AFAHN(F_ C
GFPY and SeV-aFIHN{F, MC/GFP) were neniradized by an-
-RSV-F but not by anti-SeV. An interesting phenotvpe was
found with SeV-AF(F_,,C) and SeV-AF(F MC) since these
recombinants were sensitive 1o both anti-RSV-F and auti-SeV.
A possible explanation for (his phenotype is that the polycional
antibodies bound 1o HN in the envelope and thereby also
blocked RSV-F function by steric hindrance.

SeV-HN dominates over the receptor-binding properties of
chimeric RSV-F. Our data provided evidence that RSV-F acts
in an awtonomous way, mediating attachment and fusion of a
heterologous virus in the absence ol any other viral glycopro-
tein. On the other hand. our results also indicate that i HN is
prosent it contributes to replication as the recombinants
SeV-AF(F,C) and ScV-AF(F MQ) praliferated much more
cfficiently than SeV-AFAHN{F_,C/GFP) and SeV-AFAMN
{F,MC/GFP) (Fig. 6C). To {urther assess the role of HN in
these hybrid viruses. we studied whether removai of the recep-
lor determinant for HN from the cel surfuce allects infection
and therefore freated BHK-21 cells with haclerial neuramini-
dase prior to infection with recombinant SeV. Fwenty hours
Jater. the cells were analvzed for SeVoantigen or GFP expres-
sion by flow cvtometry (Fig. 7). 1t turned out thar nearamini-
dase treaunent reduced inlection with SeV{DsRed). S¢V{T-
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aChand SeV(F  MC) by more than 99¢%:. On the other hand.
the  recombinants  SeV-AFAMN(F,C/GFPY  and  SeV-
AFAHN(F  MC/GEFP), which lacked HN, did not require the
presence of sindic acids for infection. Rather, an enhanced
infection rate of about 140% was detected following neuramin-
idnse treatment. indicating that sialic acids mighl have a mask-
ing effect on the recognition ol ceilular receptors by RSV-F. In
striking contrast 10 the latter viruses. remaval of sialic acids
from cell surface glycoconjugates reduced infection with SeV-
AF(F,C) and SeV-AF(F,,MC) by 60% and 76%. respectively.
Taking intg account that about 10% of the remaining receptor-
binding activity was still due to HN binding to sialic acids that
were not removed. a significant portion of the sialic acid-
independent receptor-binding activity wis probably mediated
by the chimeric RSV-F protein. However, it should be consid-
cred that the binding of RSV-F to cellular receptors would
probably have been less pronounced if the cells had not heen
treated with neuraminidase. Together, these findings indicate
that the HN protein of SeV-AF(F,C} and SeV-AF(F,,MC)
contributed significantly to virus attachment.

DISCUSSION

Virus morphogenesis. Cytoplasmic domains of viral glyco-
prateins have been shown to play an impaortant role in assem-
bly und infectivity of many enveloped negative-strand RNA
viruses (15, 320 35, 36, 38, 47). 11 s generally believed that
during the budding process these demains interact with cytos
plasmic viral components. in particular with the malrix pro-
teins. which provide a link between the viral envelope and the
nucleocapsid. Interactinn belween the glvcoproiein tatl and the
matrix protein has been shown {or some viruses to be very
specific with the consequence that heterologous glvcoproteins
are not incorporated into the virus particle (36). In some cases,
replacement of the cytoplasmic domain with sequences from a
homologous virus glycaprotein was found to result in signifi-
cantly improved uptake of the tareign glycoprotein {25, 36, 48).
On the other band, there are also viruses that incorporate
heterologaus membrang proteins in @ rather unspecific man-
ner. For example. unmadified RSV-F was found to be incor-
porated into vesicular stomatilis virus with an efficiency similar
o that of a chimeric RSV-F glycoprotein thal contained the
cytoplasmic domain lrom the vesicular stomalitis virus G gly-
coprotein (10). In the present work, we found that the RSV-F
protein was not mcorporated into SeV virions unless its cyto-
plasmic domain was replaced with the corresponding domain
Irom SeV-F. In agreement with previous reparts {13, 37), this
result provides further evidence for a crucial rofe of the SeV-F
cyteplasmic domain in SeV particle tormation. We found that
the presence of the humotypic transmembrane domain did not
further improve the uptake of chimerie RSV-F. However.
there must be determinants in the SeV-F cotodomain that arc
involved in glycoprotein uptake. Analysis of SeV(F,,C) and
SeV(F.,MC) showed that chimeric RSV-F was incorporated
info SeV virions with low elliciency in the presence of SeV-F.
whereas its uptake was dramatically enhanced if SeV-F was
deleted. Since SeV-F and F  MC share the same cytoplasmic
and transmembrane domains. we conciude that the ectodo-
mains of the glycoproteins account for these differences. From
the vesicular slomaritis virus glycoprotein, it is known that a
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membrane-proximal repion in the ectodomain contributes to
assembly of this rhabdovirus (30). We cannot exelude the pos.
sthility that there i« o similar domain present in SeV-F. Be-
sides, it has to be considered that the homotvpic parainfluenza
virus glycoproteins F and HN are phvsically associated with
each other (6. 4. 33, 39, 46). Therefore. it is possible that
SeV-HN contributes 10 SeV-F uptake by interacting with its
ectodomain whereas it does not bind to the unrelated RSV-F
ectodomain. However. in the absence of SeV-F these pessihle
recruitment mechanisms cannot compete with uptake of chi-
meric RSV-F.

Role of chimeric RSV-F in ScV infection. Chimeric RSV-F
was shown in this study to mediate trypsin-independent repli-
cution of recombinant SeV. This finding indicates that modi-
fications a1 the RSV-F C terminus are fully compatible with the
functions of this glvecoprotein. This is remarkable as many
other [usion proteins have been found nol to loleraw any
modifications of their cvtoplasmic domains like elongations.
truncations. or heterologous sequences (2. 29. 34, 43), Chi-
meric RSV-F allowed the generation of infectious $eV lacking
bath SeV-F and SeV-HN, confirming the notion that RSV-F
exhibits fusion and receptar-hinding activities (18, 42). Tt is
evident that the amount of incorporated chimeric fusion pro-
tein was sufficient to mediate attachment of these viruses to
cell surface receptors. However, recambinant SeV combining
chimeric RSV-TF with HN produced signilicantly higher fiters
thin ScV conraining only chimeric RSV-F though both virus
types were found to contain similar amounts of chimeric
RSV-F. This observation suggests that HN acted as an addi-
tanal attachment protein and contsibuted 1o virus entry and
replication. Tn accordance with this view. infection by SeV-
AF(F,,C) and SeV-AF(F,MC) for the most patt required the
presence of sialic acids on the hosr cell, Based on these find-
ings, we speculate thal in the context of SeV-AF(F_.C) and
SeV-AF(F_,MC) the function of chimeric RSV-F differs from
its autonomous function in SeV-AFAHN(F_ C/GFP) and SeVv-
AFAHN(F, MC/GFP). The reduced receptor-binding activity
of chimeric RSV-F in SeV-AF(F_ () und SeV-AF(F,, ,MC) iy
suppused to be due to the presence of HN, which might lead to
a different spatiul distribution of the chimerie fusion protein in
the viral envelope compared to the situation in SeV-AFAHN,
In the absence of HN. the chimeric R§V-F molecutes probably
can more easily cooperale with each other. favoring a multi-
valent interaction with cellular receptors. In addition. we can-
not exclude the possibility that the SeV-F transmembrane
and/or cyteplasmic domain in chimeric RSV.F mediates an
interaction with HN, which in turn might mask the R§V.-F
recepior-binding domain. Interestingly. compared to SeV-
AF(F,,0). infection by SeV-AF(F.,,MCY appeared to be more
dependent on HN (Fig. 7), fuvering the idea that the trans-
membrane anchor contributes fo this binding. Such an intimate
inferaction beiween the two glycoproteins would also explain
why anti-SeV polyclanal antiseruny showed peutralizing activ-
ity toward SeV-AF(F.C) and SeV-AF(F ,MC). When the un-
tibodies bound o HN. they might have blocked the low recep-
tor-binding activity of RSV-F due to steric hindrance.
Altogether, it appears that HN performs an accessory function
in SeV-AF(F_ C) and SeV-AF(F  ,MC) similar to that of the
R3V-G protein, which supports RSV attachment but never-
theless is dispensable for virus replication in cell culture (31).
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Assistance by HN appeared to be more pronounced with
SeV-AF(F,MCY compared o SeV-aF(F,,C). which repli-
cated 10 significantly lower tirers, This difference was only
apparent in the presence of HN, s replication of Sev-
AFAHN(F  MC) and SeV-AFAHN(F ,C) did not significantly
differ [rem each ather, The higher fitness of SeV-AF{F ,MC)
compared 10 SeV-AF(F,,C) is supposed 1o be related to Lhe
transmembrane region in ¥ ,MC. The presence of the homo-
typic transmembrane domain may provide enhanced virion
slability by. for example. supporting interaction of chimeric
RSV-F with the BN glvenprotein. However. this phennmenan
requires further analysis io confirm this assumption.

[n contrast (o many ather paramysoviruses. RSV does not
use sktlic avid residues for anachment 1o the host cell surface
and does not express 4 neuraminiduse, Rather. RSV was found
to bind to glyveosaminoglyeans (223 by virtue of both the at-
tachment protein RSV-G and the {usion prolein RSV-F (43).
In this swdy. we found that neuraminidase treatment of target
cells rendered them more susceptible 10 infection by SeV-
AFAHN(F,,MC) and SeV-AFAHN(F,C) while infection by
all other SeV recombinants was negatively affecied, A similar
effect of neuraminidase treatment on RSV fusion and infection
was reported by Barretto et al,, though they found that inlec-
tivity was increased by treating virions with neuraminidase, but
not by treating target ceile (3). Though the reason for this
discrepuancy is not known gt the moment. recombinant SeV
containing chimeric RSV-F as the only glycoprotein represents
a uscful teol to further unalyze the role of RSV-F in virus
CRLY.
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