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RESPUESTA AL AUTO NOTIFICADO POR FIJACION EN LISTA NO. 332

DEL 24 DE SEPTIEMBRE DE 2010, OFICIO NO. 12569 (EXAMEN DE PATENTABILIDAD)

ALVARO CORREA ORDONEZ, mayor de edad y vecino de Bogoti D.C., identificado tal como
aparece al pie de mi firma, en mi cardcter de apodecrado de la sociedad en referencia, doy

respuesta al auto emanado por ese Despacho dentro del términe de legal:

1. Objeciones del Examinador

1.1 Reivindicaciones:

El Examinador menciona que la reivindicacion 2, que es dependiente de la 1, menciona
acidos nucleicos que comprenden una longitud mayor a la caracterizada en la reivindicacidn
1 puesto que ahora se caracteriza la longitud total de las secuencias, lo cual hace que esta
reivindicacion dependiente no especifique o limite la invencién sino que por el contrario la

amplié.
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Con relacion a la reivindicacién 7, su Despacho menciona que dicha reivindicacién no
aporta caracteristicas técnicas de la invencién, sino que trata es de un uso que se le puede dar

a la misma.

Por Gltimo, con relacion a la reivindicacién 8, su Despacho establece que no estd
definido por sus caracteristicas técnicas, esto es por su estructura, secuencias CDRs, lo cual no
permite limitarlo. Adicionalmente, la reclamacién propuesta implica un proceso biologico

natural.

1.2 Excepciones a la patentabilidad
Su Despacho asevera que las reivindicaciones 5 y 6 tratan de un método de tratamiento
aplicado a animales o humanos y que segin la norma comunitaria los métodos de diagnéstico

y tratamiento estan excluidos de patentabilidad, la materia rectamada no podri ser patentada.
1.3 Analisis de patentabilidad

Su Despacho establece que los documentos D1 (Chang, et.al, 2000. Journal of Virology, vol
74, N0.9:4244-4252), y D2 (WO 98/37911) y D3 (WO 99/63095) afectan el requisito de

nivel inventivo de fa presente invencién debido principalmente a lo siguiente:

“El documento D3 divulga moléculas de dcido nucleico que contienen unidades de
franscripcion las cuales codifican antigenos de proteinas M y E de Flavivirus. Entre Ios
Savivirus pueden estar el virus de la encefalitis Japonesa, dengue, fiebre amarilla y virus de

encefalitis de Si. Louis.

Las diferencias entre D3 y la solicitud son dos:
1. Los posibles flavivirus que pueden hacer parte del antigeno que compone la molécula

de DNA. puesto que D3 no menciona los flavivieus: virus Powassan y virus West Nile,

Sin embargo, dada la indicacién en la solicitud que el segundo flavivirus puede ser
seleccionado de un grupo determinado de Flavivirus, es decir, que no siempre contienc el
virus Powassan o el virus del Oeste del Nilo, entonces esta diferencia no siempre esta

presente.
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2 La secnencia seiial wtilizada, puesto que en D3 se emplea la secuencia seiial es el
promotor temprane del citomegalovirus, mientras que en la solicirud se emplea la secuencia

sefial de una proteina estructural del virus de la encefalitis Japonesa,

Sin embargo, esta diferencia resulta derivada del conocimiento que tenia el experto en la
maleria a partir del estado del arte. D1 ya habia realizado preparaciones de vacuna en las

cuales se utilice segmentos de DNA derivado del virus de la encephalitis japonesa.

Por lo tanto, un experto en la materia podceia haber desarrollado la invencién tal como es
descrita en la solicitud, a partir de las ensefianzas de D1 y D3, puesto que la combinacion de

los dos tipos de vacunas alli divulgadas da lugar a una construccion como Ia de la solicitud.

Adicionalmente, en el estado del arte existian otras divulgaciones que le habrian servido al
experto en la materia para haber desarrollado la invencién tal como es planteada, este es ¢l
caso de D2, dicho documento divulga vacunas quiméricas de flavivirus, es decir, producidas a

partir de segmentos de varios flavivirus,

La diferencia entre D2 y la solicitud en estudio es que esta tiltima tiene una secuencia sefial
derivada del virus de la encefalitis japonesa y no del virus de fiebre amarilla. Sin embargo, D1
va habia realizado preparaciones de vacuna en las cuales se utilice segmentos de DNA

derivado del virus de la encefalitis japonesa.

En diche documento se compara las secuencias entre el plasmido fabricado a partir de los
genes M y E de este virus contra los mismos segmentos de otros flavivirus, y sugiere la mayor

efeétividad del virus JEV en lograr titulos anticuerpos inmunizantes.

Concluye su Despacho que la materia reivindicada no puede considerarse inventiva frente a

las divulgaciones de D1y D3 o D1 y D2.
2. Argumentos a favor de la patentabilidad de la solicitud

Con el objeto de atender a las observaciones del examinador y de conformidad con el articulo

34 de la Decision 486 que permite al solicitante en cualquier momento del trédmite efectuar
f

maodificaciones a la solicitud sin que se amplié [a invencidn originalmente presentada, me

permito presentar un nuevo capitulo reivindicatorio conformado por 4 reivindicaciones,
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En particular, se cancelaron las reivindicaciones 5 a 8 y se modificd Ia reivindicacion 1 en la
cual se especifica que el antigeno quimérico comprende la secuencia del virus de encefalitis

Jjaponesa y un segundo flavivirus.

Con relacidn a la observacion de su Despacho en cuanto a que la reivindicacidn 2, que es
dependiente de la 1, menciona acidos nucleicos que comprenden una longitud mayor a la
caracterizada en la reivindicacion 1 puesto que ahora se caracteriza la longitud total de las
secuencias, lo cual hace que esia reivindicacion dependiente no especifigue o limite la
invencion sino que por el contrario la ampli¢, mi representada aclara que la reivindicacion 1
es mas amplia que la reivindicacién 2 ya que la reivindicacion | requiere solamente que el
constructo  de acido nucleico incluya porciones de las secuencias mencionadas

(especificamente las regiones codificadoras del constructo).

Por el contrario, la reivindicacion 2, requiere que la molécula del acido nucleico

especificamente incluya la secuencia completa de nucledtidos de la indicada SEQ 1D NOs.

Sin embargo, para superar la anferior observacion, se presenta la reivindicacién 2 como una

reivindicacidon independiente.

2.1 Nivel inventivo

El nivel inventivo de una solicitud se encuentra definido en el Articulo 18 de la Decision 486
y se establece cuando “si para una persona del oficio normalmente versada en la materia
1éenica correspondiente, esa invencian no Inibiese resultado obvia ni se hubiese derivado de

manera evidente del estado de la téenica”.

De conformidad con del anterior articulo, mi representada considera respetuosamente que los
documenios citados por su Despaclio D1 (Chang, et.al, 2000. Journal of Virology, vol 74,
N0.9:4244-4252), y D2 (US 6,696,281) no afectan el nivel inventivo de la solicitud en

estudio por las siguientes razones:

Se hace notar a su Despacho que las reivindicaciones 5 a 8 se cancelaron del pliego
reivindicatorio.
Por otro lado, la reivindicacion 1 se modificéd de tal forma que se especifica que el antigeno

quimérico comprende la secuencia del virus de encefalitis Japonesa y de un segundo
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flavivirus.
2.1.1  Con relacion a la combinacion de D1y D3

Respetuosamente mi representada considera que su Despacho estd confundido acerca de las
ensefianzas de los documentos D1 y D3. Ambos documentos describen el trabajo del inventor
y revelan los constructos idénticos del acido nucleico del virus de encefalitis Japonesa (JEV)-
Pedje2-7, pCEJE, pREJE y pRCIE (Por favor, ver el ejemplo 2 del documento D3 y la pagina
4246, columna 2 de DI1). Tedos los constructos del dcido nucleico del JEV incluyen una
secuencia sefial del JEV (desde la proteina prM) y codifica las pmteinaé My E del JEV (Sin

embargo, los construcios varian en ¢l tipo de promotor y en la sefial polyA).

Aunque, D3 también describe la cohélruccién de vectores similares del acido nucleico para
otros flavivirus, incluyendo el virus de fiebre amarilla, el virus de encefalitis St Louis y el
virus del dengue, ninguno de los documentos D1 o D3 ensefian o sugieren combinar una
secuencia seiial del JEV con un antigeno desde un segundo flavivirus o un antigeno quimérico

que tenga la secuencia de aminodcidos del JEV y de un segundo flavivirus.

Las ensefianzas de los documentos D1 y D3 se limitan a los constructos del acido nucleico

que tienen secuencia de un anico flavivirus.,

Por el contrario, las reivindicaciones modificadas que ahora se presenian como respuesta a
esle examen de patentabilidad requieren que el Acido nucleico codifique una secuencia seiial y
un antigeno desde un segundo flavivirus (que no es JEV) o un antigeno quimérico que

contienc Ta secuencia del JEV y un segundo flavivirus.

Adicionalmente, la reivindicacion 1 especifica que la sccuencia seial es una secuencia seiial
del JEV modificada con ingenieria de la SEQ 1D NO: 14 o SEQ ID NO:27, secuencias de las

cuales no se enseflan ni se sugieren en ninguno de los dociimentos D1 y D3.

Por lo tanto, a partir de [as enseiianzas de D1 ¥ D3 no hubiera sido obvio combinar una
secuencia sefial de un primer flavivirus (fal como el JEV) con un antigeno de un segundo
flavivirus 0 un antigeno quimérico con una secuencia de dos diferentes flavivirus. En
particular, no habria sido obvio que ial combinacién resultara en un constructo de Acido

nucleico que una vez se introduce en la célula, fuera capaz de expresar un antigeno
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inmunogenico de flavivirus (tal como particulas subvirales de flavivirus) tal como el inventor

lo demostrado en la presente solicitud de patente.

Adicionalmente, no habria sido obvio o predecible que el constructo de acido nucleico que
codifica una secuencia seiial del JEV en combinacidn con wn antigeno de un segundo
ﬂa\;'i\’il'lls, o en combinacién con un antigeno de lavivirus quimérico, seria capaz de expresar
el antigeno de flavivirus en cantidades suficientes para permitir el uso del antigeno de
flavivirus en ensayos de diagndstico de flavivirus, o permitir el uso del dcido nucleico como

una vacuna del DNA del flavivirus.
2.1.2  Con relacion a la combinacion de D1y D2

Como se menciond anteriormente, D1 no enseiia ni tampoco sugiere combinar una secuencia
sefial del JEV, particularmente una secuencia sefial del JEV manipulada/modificada de SEQ
ID NO: 14 o SEQ ID NO: 27, con un antigeno de un segundo flavivirus o un antigeno
quimérico con la secuencia de JEV y un segundo flavivirus, De igual forma, D2 no ensefia ni
tampoco sugiere una secuencia sefial del JEEV en combinacidn con un antigeno de un segundo
flavivirus, o en combinacién con un antigeno quimérico que tiene secuencias de aminodcidos

del JEV y un segundo flavivirus.

Mas bien lo que ensefia D2 es ¢l virus de fichre amarilla en el cual la secuencia nucleotida
para priM/E ha sido retirada o truncada tal que se produce la proteina prM/E no funcional del
virus de la fiebre amarilla. La secuencia prM/E del virns de la fiebre amarilla se reemplaza

con una secuencia de nucledtidos que codifica la proteina prM/E de un segundo flavivirus.

A partir de las ensefianzas de D3 no se tiene claridad si la secuencia sefial prM del virus
quimérico se deriva del virus de fiebre amarilla, o si la secuencia prM/E del segundo
flavivirus incluye la secuencia seiial prM. Sin embargo, ninguna posibilidad conduce a la
ensefianza de una secuencia sefial del JEV en combinacién con un antigeno a partir de un
segundo flavivirus, o en combinacion con un antigeno quimérico que comprende la secuencia

del JEV y un segundo flavivirus tal como se reivindica en la presente invencion.
3. Argumentos adicionales a favor del nivel inventivo:

Se hace notar a su Despacho que el inventor de la presente solicitud ha publicado un
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nimera de manuscritos que claramente demuestran las propiedades superiores de los

constructos del acido nucleico del flavivirus reclamado.

Adicionalmente, la solicitud por si misma describe propiedades inmunogenicas

superiores de las vacunas del flavivirus reclamadas.

Por lo tanto, mi representada desea presentar los siguientes argumentos y copias de
publicaciones del inventor asi como otros documentos que se relacionan a continuacion. las
copias adjuntas se presentan como evidencia del nivel inventivo de las composiciones

reclamadas.

Como se describe en el ejemplo 11 de la presente solicitud, una inyeccion
intramuscular tinica del constructo pCBWN del virus West Nile (que codifica la secuencia
seiial prM del JEV y las proteinas M y E del virus West Nile) provocd anticuerpos
neutralizantes en caballos y suministré una completa proteccion contra la inoculacion del
virus del tipo silvestre. Por el contrario, todos los caballos sin vacunar se infectan con el virus
West Nile tipo silvestre, y 7 de los 8 animales sin vacunar desarrollan viremia. Este trabajo se

describe ademés en Davis et al (). Virol 75:4040-4047,2001).

El éxito de los métodos reivindicados se evidencia ademas por el departamento de agricultura
de los Estados Unidos de América (USDA) aprobade (Julio, 2005) del pCBWN como una
vacuna veferinaria para la prevencién de la infeccién del virus West Nile en caballos. La
licencia USDA del pCBWN es la primera licencia otorgada para una vacuna DNA para uso en
animales. Adjunto se encuentra una copia de la gacetilla de prensa de la USDA que reporta el
otorgamiento de dicha licencia. Esta vacuna también muestra que protege céndores de
California en peligro de extincién por la infeccion del virus del West Nile (Chang et al,,
Vaccine 25:2325-2330, 2007). La vacuna contra el virus de West Nile provoco inmunidad
proteciora no solamente en pajaros adultos, sino también en polluelos v en pollitos recién

encubados.

Adicionalmente, los condores cautivos de California fueron protegidos contra el virus West
Nile que circula naturalmente durante el periodo de estudio. Por favor, note que la vacunacién
de los condores de California, pCBWN se modificd para reemplazar el gen resistente a
ampicilina con un gen resistente a kanamycina. (Por favor, ver paginas 2326 de Chang et al.

2007) pero es por lo demis idéntico al constructo revelado en la presente invencion.
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Ademas, Martin et al. (J. Infect. Dis. 196:1732-1740, 2007) describe un ensayo
clinico para humano en fase 1 de la vacuna DNA contra el virus West Nile que es andloga al
pCBWN. Como el pCBWN, la vacuna humana (VRC-WNVDNAOt7-00VP) contiene una
secuencia de sefial modificada del JEV (SEQ ID NO:14) y el antigeno prM/E del virus West
Nile (Por favor, ver ta columna izquierda, pagina 1734 de Martin et al). La vacuna humana
fue segura y bien tolerada, y provocéd células T y respuestas del anticuerpo en sujetos
vacunados. En gran medida, la vacuna humana provocé anticuerpos neutralizanies en todos
los sujetos que recibieron un régimen de 3 dosis, a los niveles mostrados para ser protegido

contra la infeccidn del virus de West Nile tipo-silvestre en caballos (ver resumen y figura 2).

Con relacion al virus de encefalitis St. Louis, el ejemplo 12 enseiia que la dosis tinica
del plasmido pCDSLE4- 3, que contiene una unidad transcripcional codifica la secuencia
prM del JEV y una proteina M y una proteina E del virus de encefalitis St. Louis, resulta en
seroconversion del 100% de los animales inoculados. Adicionalmente, una publicacién de
fecha de prioridad posterior del inventor y sus colegas (Purdy el al., 1. Clin. Microbiol. 42
(10%4709-4717,2004) describe el constructo de flavivirus (pCB8SI2) que incluye la secuencia
seiial del JEV, de la proteina ]-n'M del virus de encefalitis St. Louis (SLEV) y una proteina E
quimérica con 80% de la secuencia del aminoacido SLEV vy un 20% de ia secuencia de
aminodcido JEV (ver figura 1 la secuencia de sefial JEV se abrevia “JESS”, La expresion
transitoria de pCBSJ2 resulta en “una secrecion mejorada dramaticamenie de la SLEV VLPs”
comparada con pCDSLE4MUA4, un plasmido codifica 1a longitud completa del prM SLEV y
de las proteinas E (ver pagina 4712). La expresion eficiente del flavivirus VLLPs es importante

para la produccion de un antigeno recombinante para ensayos de diagnostico del flavivirus.

Adicionalmente, la capacidad de un constructo DNA del flavivirus para producir

eficientemente VLI es critica cuando se uliliza como una vacuna DNA.,

Ademas, el inventor ha demostrado que una unidad transcripcional que codifica una
secuencia sefial del JEV prM, la proteina M del virus del dengue y una proteina £ quimérica
que comprende una secuencia de aminoacidos del virus del dengue y JEV que es capaz de
provocar inmunridad protectora contra la infeccion del virus del dengue en ratones vacunados.
Estos estudios se describen en el ejemplo 20 de [a actual solicitud y se describe ademéas ¢n
una publicacion de Chang et al (Virology 306:170-180, 2003). Los estudios hechos por Chang

¢t al, demuestran que el constructo de la vacuna del virus del dengue (pCR8D2-2J-2-9-1)
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provoca anticuerpos neutralizantes en ratones y confiere profeccién pasiva para cachorros

lactantes de hembras vacunadas cuando se inoculan con el virug de dengue tipo silvestre,

De conformidad con lo anteriormente expuesto, existe mas que una amplia evidencia
para demostrar que las moléculas del acido nucleico del flavivirus reivindicado muestran
ventajas significantes con respecto al arte previo y por lo tanto, la presente invencién es

inventiva.

En virtud de lo anterior, solicito respetuosamente que se estudie el nuevo capitulo
reivindicatorio y se acepten los argumentos arriba expuestos y en consecuencia, se otorgue el

privilegio de patente de invencién para el invento que se tramita en este expediente.

Atentamente,

Anexos: Capitulo reivindicatorio modificado

Publicaciones (6) que sustentan el nivel inventivo.

MGTMOGDMS-#542034-V1-P2003_00096-0850TERCER_MEMORIAL_AUTO_DE_FONDO.DOC



REIVINDICACIONES

Un acido nucleico aislade que comprende una unidad
transcripcional que codifica una secuencia de rseﬁal de
una proteina estructural del wvirus de la encefalitis
Japonesa y un antigenc flavivirus inmunogénico, en donde
el antigeno es de un segundo flavivirus seleccionado del
grupo gque consiste de virus de fiebre amarilla, virus
dengue serotipo 1, virus dengue serotipo 2, virus dengue
serotipo 3, virus dengue serotipo 4, virus Powassan,
virus de encefalitis San Louis y virus West Nile, o el
antigeno es un antigeno quimérico gque comprende la
secuencia de aminoadcido del virus de encefalitis Japonesa
y un seqgundc flavivirus seleccionado del grupo que
consiste de wvirus de fiebre amarilla, ﬁirus dengue
serotipo 1, virus dengue serotipo 2, virus dengue
serotipe 3, virus .dengue serotipo 4, wvirus Powassan,
virus dé encefalitis San Louls y virus West Nile, en
donde la unidad transcripcional dirige la sintesis del
antigeno, en donde el acido nucleico aislado es ADN, la
seCuenéia de senial es una secuencia de sefial de virus de
encefalitis Japonesa construido mediante ingenieria que
tiene la secuencia de l1la SEQ ID No: 14 o SEQ ID No:27, vy
.el antigeno se selecciona del grupo que consiste de una
proteina M, una proteina E, tanlte¢ una proteina M como una
proteina E, una porcién de una proteina M, una porcidn de
una proteina E, y tanto una porcién de una proteina M
comc una porcidén de una proteina E, o cualquier

combinacién de estos, que comprende una secuencia de



nucledtido seleccionada del grupo gue consiste de las
posiciones 911-2987 de la SEQ ID No: 15, posiciones 910-
2965 de 1la SEQ.ID No:19, posiciones 910-2986 de la SEQ ID
No: 21, posiciones 910-2953 de 1a SEQ ID No: 23,
posiciones 910-2964 de la SEQ ID No:

44 y las posiciones

910-2964 de la SEQ ID No: 46.

El acido nucleico que comprende una secuencia de
nucledtido seleccionada del grupo que consiste de la SEQ

ID No: 15, SEQ ID No: 19, SEQ ID NO: 21, SEQ ID No: 23,

SEQ ID NO:44, y SEQ ID NO: 46.

Una célula que comprende el 4&cido nucleico de la
reivindicacién 1 y que expresa Y que secreta el antigeno

flavivirus inmunogénico de la reivindicacioén 1.

Una composicién para la prevencidén o tratamiento de
infeccién mediante un flavivirus que comprende el Acido
nucleico de la reivindicacidn 1 Y un portador
farmacéuticamente aceptable para inmunizar un sujeto

contra la infeccidén mediante un flavivirus.

MGTBOGRMS-1542213-V 1-P2003_000096-NUEVO_PLIEGO_RE| VINDICATORIO_TERCER_FONDO.DOC
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Abstract

West Nile virus (WNV) has caused significant morbidity and mortality in humans, mammmals, and both native and exotic birds in Narth
Aunerica since its emergence in New York City in 1999 and its subsequent spread westward. Prior to the arrival of WNV 1o the western
United States, prospective vaccination was conducted for the entire population of endangered California condors, both in captivity and in
the wild. Here we show that this vaccine is safe for condors, stimulates protective immunity in adults, nestlings, and newly hatched chicks.
Most importantly, we demonstrale protection of captive birds exposed to naturally circulating WNV during the 2004 transmission season. The
prospective vaccination of the entire population of California condors before the arrival of WNV has thus potentially saved this endangered

specics from subsequent lethal WNV encephalitis, and possible extinction.

Published by Elsevier Lid.

Keywords: West Nile virus; DNA vaccine; California condors

1. Introduction

The California condor (Gymnogyps californianus) once
soared over mnuch of the North American continent, but the
condor population was reduced to only 22 individuals by
1982 due o a variety of factors predominately associated
with human activities. The species was deemed endangered
in 1974, Soon after that, the California Condor Recovery
Program was founded in order to reverse this decline and
to establish two separate, sustainable wild populations. By
2005, the condor population had increased steadily to 273,
including 135 birds in captive breeding programs, 127 field-
released birds, and 11 birds in ficld pens awaiting relcase
(http:/fwww.peregrinefund.org/condor factsheet.asp).

* Corresponding author. Tel.: +1 970 221 6497, fax: +1 970 226 3599,
E-mail address: gxc7@cde.gov (G.-1.]. Chang). .
! Present address: Moorpark College, Moorpark, CA, USA.

0264-410X/5 - see front matler. Published by Elsevier Lid.
doi: 10.1016/).vaccine 2006,11.036

West Nile virus (WNV) has spread throughout most
of North America, the Caribbean islands, and portions of
Central America since its emergence in New York City in
1999 [1,2]. Phylogenetic analysis indicated that the NY-99
virus was most closely related to a WNYV isolated from a
dead goose in Israel in 199§ [3]. This virus strain causes
significant morbidity and mortality in humans, mammals,
and both native and exotic birds. As of 28 Sepiember
2005, 18.520 human cases were confirmed in the United
States, including 716 fatalities. WNV is known to infect
al least 35 species of mammals and 334 species of birds
(http:/iwww.nwhe.usgs.gov/disease_information/wesl_nile_
virus/affected_species.jsp). Birds in the Corvidae family are
particularty vuluerable to WNV infection; 100% mortality
has becn observed in scveral experiments [4,5]. Falconi-
Jormes {raptors), including the vulture and condor family
Cathartidae, are particuiarly vulnerable to WNV infection
[6]. Although primarily mosquito-borne, certain bird species
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may become infected with WNV after ingesting dead
animals that were carrying the virus [6]). California condors
are opportunistic scavengers, feeding only on the carcasses
of animals. In addition to the risk posed by virus-infected
mosquitoes, this scavenger behavior may increase (e risk of
WNYV infection significantly for field-released birds. Thus,
prospective immunization of the entire condor popuiation
before (he spread of WNV (o the western United States may
deem essential to the survival of this species.

In the summer of 2002, researchers from the Califormnia
Condor Recovery Team (CCRT) learned that experimental
inoculation of captive birds with the formalin-inactivated
WNYV vaccine licensed for horses (Fort Dodge Animal
Health, Fort Dodze, [A) failed to stimulate deteclable newtral-
izing antibodies [7]. An experimental DNA vaccine, proven
to protect against WNV infection in several mammal and
bird species [8,9], was therefore considered to be the only
viable alternative for protecting the condor population, Here
we show that: (1) this vaccine is safe for California condors;
(2) the vaccine stimulates protective neutralizing aniibedies
in adults, nestlings, and newly hatched chicks; (3) this vaccine
protects vaccinated captive birds from naturally circulating
WNYV during the 2004 transmission season.

2. Materials and methods
2.1, Condors and vaccine

This vaccination was conducted based on the approved
animal use protocol joined developed by the Centers for Dis-
ease Control and Prevention (CDC) and the CCRT. Four
Andean condors (Villtur gryphus, close relative of California
condors and not in the endangered species list) and six Cal-
ifornia condors (not essential for breeding program) in l.os
Angeles Zoo (LAZ) were selected for the pilot experiment
{Table 1) to address the risk of acute adverse reactions cavsed
by undelectable levels of residual antibiotics, Escherichia
coli-derived endotoxin or Aln-gel in the vaccine. Remain-

Table 1

r
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ing population of California condors were then recruited to
the follow-up study.

The vaccine DNA (pVWN) used in this study was mod-
ified by replacing the ampiciilin resistance gene in the
published pCBWN construct [3] with a kanamycin resistance
gene derived from the pVAX plasmid (Invitrogen, Carls-
bad, CA). COS-1 cells transformed with pVWN expressed
WNV premembrane/membrane (prM/M) and envelope ()
proteins in the form of extracellular virus-like particles (data
not shown). The pVWN plasmid DNA produoced at CDC,
National Center for Infectious Diseases, Division of Vector-
Borne Infectious Diseases (DVBID), Fort Collins, Colorado,
was used {o vaccinate 4 Andean condors and 34 California
condors maintained in LAZ. To produce this plasmid DNA,
E. coli strain X1L.-] Blue cells (Stratagene, La Jolla, CA) were
transformed with the pVWN plasmid and propagated for
14-16h in 1x LB broth containing 100 pg/ml of kanamycin.
The plasmid DNA was extracted, purified with an EndoFree
plasmid Giga kit (Qiagen Inc., Valencia, CA), and resus-
pended in an elution bufTer (0.5 M Tris, pH 8.5). For each
batch of purified plasmid, automated DNA sequencing was
performed with a CEQ 8000 Genetic Analysis System (Beck-
man Coulter, Fullerton, CA) according to the manufacturer's
recommended procedure. Purified plasmid DNA containing
the correct sequence was used to formulate the experimental
vaccine. The phosphate-buffered saline (PBS-DNA solution
was combined with 19 aluminum phosphate pel (Alu-gel;
Superfos Biosector, Frederikssund, Denmark) to obtain a
final concentration of 500 g DNA/ml/dose. The vaccine for
the remaining condors was produced and donated by Alde-
vron, LL.C (Fargo, ND).

2.2, Vaccination, serum collection and the
plagque-reduction neutralization test (PRNT)

Two-dose regimen (500 pg/1.0ml/dose, 3-week apart)
was followed if the situation permits. The vaccine was given
by intramuscular injection on the leg muscle. Captive birds
were kept under constant observation for the first 8 h after

Filol study to determine the safety and immunogenicity of WNV DINA vaccine in endangered California condors

Species and iD Age (Y and M) 909 plaque-reduction neutralization antibody titer (PRNTy0)

Pre-vaccinaied serum Day postvaccination (DPV) serum

SLEV® WNV? DPV WINV DPV WNV? DPV WNV
Andean C-1 3I7Y10M 604 4 21 64 60 64 416 16
Andean C.2 37YLOM nd’ <4 21 64 a0 256 * 416 12
Andean C-3 SM nd <4 21 128 60 128 281 32
Andean C-4 oYeM 4 4 21 128 60 128 403 32
Calif. C-1 6Y6M nd <d 21 8 60 16 386 16
Calif. C-2 6Y6M : nd <4 21 4 60 32 386 16
Calif. C-3 4YT™M nd nd nd nd 60 2 385 16
Calil. C-4 4Y8M 4 4 21 128 60 ] 386 3z
Calif, C-5 1Y5M nd < 21 128 60 64 386 64
Caiif. C-6 18Y6M nd <4 21 <4 60 i28 nd nd

nd, not done; year and month {Y and M); St. Louis encephalitis virus (SLEV); West Nile virus (WNWV),

% Virus nsed in PRNT,

Y
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each vaccination, and then followed by daily observation for
10 days. One to 21l of serum was collected from birds in the
pilot study before each vaccination and 60-day postvaccina-
tion (BODPV). However, vaccination and serum colleclion of
captive condors in the breeding program was carried out in
a manner that would minimize disturbing the birds’ normal
breeding activities. Field-released birds in Northern Arizona,
Southern Catifornia and Baja California were also vaccinaled
and serum coliected when the birds were captured for medical
or other reasons. Thus, a large numbers of field-released birds
received only one dose of vaccine and no postvaccination
serum specimens were available for some wild birds. Conse-
quenily, the timing of the second vaccination and the follow-
up serum collections varicd across individuals and deviated
from the standardized regimens in the pilot experiment.

All serum specimens were assaycd for the presence of
protective antibodies by plague-reduction neutralization tests
at the CDC laboratory. WNV-specific antibody titers were
measured in serum samples using a PRNT, as previously
described [8]. Bricfly, 100 pi of the 0-fald serial dilution
of each serum sample was ndded 1o in a $6-well microtiter
plate. A stock solution of WNV-NY-99-4132 (four Vero pas-
sages) with a viral titer of approximately 200 plaque forming
unit/100 pl was added to each serum dilution in equal vol-
wne (100 wl). The serum/virus mixturcs were incubated at
37°C and 5% CO; for 1 h and then 100 ul was inoculated in
duplicate onto G-well Vero cell plates. The plates were treated
willi the doublc overlay method as previously described and
the average number of plaques for each sample was com-
pared to the average number of plaques produced by a virus
back titration to determine the end-point of the 90% of mean

neutralization. For the S1. Louis encephalitis virus (SLEV)

EPRNT, strain MSI-7 was used.

2.3. Expression of WNV nonstructural protein-1 (N§-1)
and NS-1-capture enzyme-linked immunosorbent assay
{ELISA)

The recombinant WNV-NS-1 protein to identifly natural
exposure of WNV in vaccinated birds was produced from
a stably transformed cell line (COS-WNV-NS-1) that has
been selected for constitutive expression and secretion of NS-
] protein into culture media. The NS-1 expression plasmid
was constructed by inserting the entire coding region of the
WNV-NS-1 gene, amplified from the NY-99 strain, into a
plasmid containing an engincered Japanese encephalitis virus
signal sequence [8]. The authenticity of the N$-1 protein was
confirmed by using two methods: an indirect fluorescent anti-
body assay {IFA}using a WNV-specific mouse hyperimmune
ascitic fluid or the NS-1-specific mouse monoglonal antibody
T17, and an antigen-capture enzyme-linked immunosorbent
assay using hyperimmune rabbit anti-WNV-NS-1 antiscrum
as the capture antibody and T17 as the indirect detector (data
not shown).

For the direct NS-1-capture ELISA, the ELISA plate was
coated overnight at 4°C with 1:100 dilutions of the con-
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dor serum specimens, washed with washing buffer (PBS
with 0.05% Tween-20) five times, then incubated for 1 h at
37°C with an optimal concentration of recombinant NS-1
protein or media derived from normal COS-1 cell cul-
ture. The NS-1 protein had been titrated by antigen-capture
ELISA to determine the concentration that consistently gen-
eraled an ODysp of ~1.0. The unbound NS-1 was removed
by washing the plale five times with washing buffer. The
bound NS-1 was detected by incubation with a 1:5000 dilu-
tion of antibody TI7, followed by a peroxidase-conjugated
goat anti-mouse IgG. The ELISA results werc expressed as
positive-lo-negative ratio (P/N) values. Positive {P) values
were calculated by averaging the Aysg values obtained from
the experimental serum samples incubated with positive viral
antigen. Negative (N) values werc delenmined as the average
Aasp for the experimental sera incubated with the normal
COS-1 cell antigen.

2.4. Statistical analysis

One-way analysis of variance (AVOVA) and Student-
Newman—Keuls lest were used to determining the influence
of the postvaccination serum collection intervals on the neu-
tralizing antibody titers using MedCalc statistical package
{Berkiey, CA),

3. Results and discussions

3.1. Safety and protective antibodies response in
vaccinated condors

The first concern in this study, as with any new vaccine
or with vaccination in a previously untested species, was the
risk of acute adverse reaclions. Additionally, because the con-
dor courtship starts at the beginning of the year; the vaccine
would ideally need to be administered no later than carly
December in order to minimize any impact on the caplive
brecding program caused by capture and restraint. 1n the pilot
study, three caplive Andean condors in LAZ were vaccinaled
to address vaccine safely concerns. These birds were kept
under constant observation for the first & b after each vacei-
nation, and then followed by daily observation for ) days;
acule adverse reactions or other vaccine-related incidences
were not observed. The research team therefore expanded
the pilot study and selected onc additional Andean condor
and six California condors of low breeding value to receive
the first dose ol vaccine. )

Allcondors in the pilot experiments showed excellent neu-
tralizing antibody responses by 60DPV. Calif. C-6, the only
bird without a detectable PRNT titer by 21DPV, showed a
significant increase in PRNT titer after the second vacci-
nation, consistent with the strong priming response of this
vaccine (Table 1}, Its PRNTyg titer reached 128 at GODPV.
Pre-existing antibodies against SLEV (an endemic American
flavivirus in the same antigenic complex) that cross-reacted

[
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with WNV in 3 of the 10 experimental birds (Table 1} had no
alfect on the birds” ability to efficiently raise WNV neutral-
izing antibody after vaccination, The age of the experimental
birds [ranging from 5 months (5M) to 37 years and 9 months
37YIM)] did not influence the antibody response. In later
follow-ups, the neutralizing antibody titers remained between
16 and 64 in serum specimens collected from 281 to 416DPV
{Table 1). No onasual behaviors, health changes, or side
effects were observed for any of the four Andean or six
California condors in the pilot experiment. The experimen-
tal vaccine, therefore, appeared to be safe and efficacious in
slimulating protective immunity in vaccinated birds.

Due to the urgent nature of this study and the encouraging
safety and immunogenicity results, researchers in the CCRT
expanded the vaccination regimen to include all condors in.
the three captive breeding facilities, The entire population
of California condors, captive and field-released, received
at least one dose of the vaccine by the end of 2004. No
health, behavior or breeding changes have occurred that can
be attributed to the vaccine. Pre-vaccine serum specimens
were collected from 193 condors and at least | postvacei-
nation specimen was collected for 167 of these birds. Many
of these birds had multiple postvaccination sera collections
up to 724DPV, thus providing a detailed pre-postvaccination
data set for detailed examination of the immunogenicity of
this WNV DNA vaccine. Thirteen pre-vaccine specimens
contained neutralizing antibodies (PRINTgqg > 4) against St.
Louis encephalitis virus (data not shown). Overall, almost
90% of birds with postvaccination sera collections (PYC)
seroconverled (PRNTgg = 4) and newtralizing antibody titers
continued to increase until about 1 year postvaccinalion
(excluding the single bird with a sixth collection, one-
way ANOVA: F-ratio =45.58, p<0.001). Furthermore, the
Student-Newman—Keuls test indicated a statistically sig-
nificant difference berween PVCIL, PVC2, and PVC3, The

Table 2

neutralizing antibody titer was highest in PVC4; however,
there was no statistical difference hetween the third, fourth
ot fifth collections,

3.2. Vaccination protected condors from namral WNV
infection

WNV was first isolated in California in July 2003 from
a pool of Culex rarsalis mosquitoes collected from hmperial
County in Southern California. Soon after, the virus had dis-
persed to the city of Riverside and into Los Angeles County
{10]. Los Angeles County conducts intense mosquito surveil-
lance in the areas surrounding LAZ. The first WNV-positive
mosquito pools were detected on 7 July 2004 including one
WNV-positive pool sampled near the condorholding area. All
captive condors in the Southern California breeding Facilitics
had been vaccinated by summer 2003. Condor serum spec-
imens collected before and after 7 July indicated that, some
of these vaccinated condors might be exposed to naturally
circulating WNV in 2004.

The first indications of natural infection with WNV were
increases in PRNT titers of greater than 4-fold in 8 of 12
available paired serum specimens collected before and after
7 July 2004 from LAZ (Table 2). The PRNT titers ranged
from <4 to 64 before, and increased to 256 to >4096 after
July 7 (Tahle 2). These large magnitude PRNT increases are
indicative of exposure to WNV. Amongst the condors, sim-
ilar increases (though lower magnitude) were only observed
for some individuals following secondary vaccination, and
these eight birds had all received their final vaccinations by
summer 2003. Moreover, very similar large magnitude paired
sera PRNT titer increases were observed in WNV DNA vac-
cinated and experimentally challenged mice and horses [8).

Limited virus replication in the vaccinated host from
natural exposure is expecled to generate antibodies to the

Serological evidences supporting the potential natural exposure of West Nile virus in the DNA vaccine immunized California condors

D Semim collected before July 07, 2004 Serum collected after Tuly 07, 2004
Collection day DPV Serological assay Collection day DPY Serological assay
PRINT ELISA PRNT ELISA
90% NS-1 90% NS-1
1 11/13/2003 336 6 <2 072272004 587 236 219
93 08/07/2003 233 2 <2 08/04/2004 595 4096 13.7
120 114132003 352 g <2 07/22/2004 603 2048 2.62
139 0B/15/2003 206 < <2 1072772004 © 643 $12 2.44
320 11/13/2003 76 <4 <2 0712712004 i 2048 14.6
180 114142003 385 16 <2 08/09/2004 653 >4006 <2
189 117132003 76 2 <2 013172004 336 2048 <2
290 01/15/2004 135 8 <2 0R/04/2004 136 2048 <2
214 06/15/2004 369 4 <2 12/01/2004 543 4 <2
295 L12712003 an’ 32 <2 07/3172004 337 8 <2
315 11/13/2003 76 8 <2 07126/2004 332 4 <2
319 117132003 76 4 <2 0712612004 332 16 <2

The enzyme-linked immunosorbent assay (ELISA) results are expressed as positive/negative (P/N) values. Only PAN =2 is 'intcrprctcd_ as a positive resuf

aguinst NS-1 protein. PRNT, placque-reduction neniralization test.
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Table 3
Persistence of maternally ransferred antibodies and influence of persisting antibodies on inwnunolagical responses of vaccinated newly hatched eondor chicks
Female Chick
1D Collection  FRNT 1D Haich date  Posthatched and pre-vaccination collection Poslvaccination collection day
DPH{d) PRNT DPH(d) PRNT DPH{d) PRNT DPV(d) PRNT DPV(d) PRNT
Unvaccinated group
11 07/31/2003 128 340 050912004 32 2
84 0972272003 32 i 03/09/2004 5 16
1t 11/18/2003 <4 333 047222004 64 <4
31 03/2572004 32 338 05/04/2004 31 g 91 4 124 <4
69 0972172003 32 344 05/i5/2604 31 16 91 <4 119 4
Vaccinated group
39 07/31/2003 128 332 04/2172004 31 16 9l 4 121 4 18 32
192 1171972003 4 328 041172004 92 <4 ? 16
1 07/31/2003 128 355 06/2472004 31 4 9l <4 29 32
43 03/12/2003 32 351 05/28/2004 29 "8 54 <4 33 >128 71 " >128

2. the day of collection is unknown; DPH, day-posthatch; PRNT, 90% plaque-reduction neutralization test; DPY, duy-postvaccinations.

nonsiructural proteins, including the antigenic NS-1 in par-
ticular. Becausc the vaccine only contains the structural prM
and E proteins, vaccinated condors with detectable anti-NS-1
antibodies provide serological evidence of natural infection.
Thus, a direct NS-1-capture ELISA was developed for detect-
ing anti-NS-1 antibodies in serum specirnens {(Table 2). All
12 available serun pairs collected before July 7, 2004, were
ELISA-negative for anmi-NS-1 antibodics (P/N < 2, Table 2).
Four birds were negative for anti-NS-1 antibodies, who main-
tained similar PRNT afier 7 July. However, five of eight
suspecled WNV-exposed condor serum specimens collecled
after 7 July 2004 were anti-NS-1 antibody-positive (P/N = 2,
Table 2). We were not able {o conduct a virus isolation
experiment, the definitive demonstration of WNV infection,
with any of these serum specimens as they had becn heat-
mactivated.

Because of the general susceptibility of raptors to, and the
documented deaths of native black vullures (Coragyps atra-
sy and turkey vulture {Cathartes aura) from lethal WNV
encephalitis [3,11], WNV infection is probably lethal to Cal-
ifornia condors. In fact, two California condor deaths due to
WNYV infection have been decumented recently. A 3-month
old wild-hatched chick that died 25 August 2005, tested
positive for WNV (Press release, US Fish and Wildlife Ser-
vice (09-13-2005). Another 9-month old immature condor,
witich had not been vaccinated and was in a holding pen
awaiting ficld release, died in February 2005. The suspected
cause of death was WNV since viral RNA was detected in
multiple internal organs collected during autopsy (Rideout,
personal communication). A separate study of maternal anti-
body prevalence and chick vaccination demonstrated that
PRNT titers of all unvaccinated chicks dropped 1o <4 by 91
days posthatching (Table 3). We speculate that maternal anti-
bodies had diminished Lo below protective levels and resulted
in the deaths of these two birds upen exposure to WNV. These
cases support the lethality of WNV infection for condors and
demonstrate a potentially devastating loss of California con-

dors had this endangered species been left unprotected against
WNV.

Four chicks with (liter > 4) or without (titer <4) mateinal
antibodics were vaccinated with one dose of vaccine between
54 and 121 days after hatching. Vaccinated chicks showed
rise in neutralizing antibody titers {ranging from 16 1o >128)
at 18-38 days postvaccination, regardless of their maternally
transferred antibody status and age (Table 3). Bascd upon
these results and observations the CCRT currently recom-
mends vaccinating newly hatched captive chicks at the age of
1-2 months, and allempting to vaccinate wild-hatched chicks
in their nests providing that they arc accessible.

4. Conclusion

Introduction of WNV inlo the United States in 1999 has
created major concerns for human and animal health and for
wildlife conservation. In addition o the normal transmis-
sion to humans involving the bite of an infected mosquito,
transfusion-related WNV infection has seriously jeopardized
the safety of blood supply [12]. Currently, there is no human
vaccine available to reduce the risk of WNV infection. Aclive
surveiliance in conjunction with costly mosquilo control
and individual protection are the only available strategies
to combat the potentially devastating effects of this disease
in humans. The predecessor of this experimental vaccine,
pCBWN, was the first fully licensed DNA vaccine, which
was licensed by the US Department of Agriculture for use
in horses (Press rclease APHIS 07-18-2005). Additionally,
a human WNV DNA vaccine trial utilizing the transcription
unit derived from the vaccine in this work is currently being
conducted through the National Institutes of Health (Press
release NIH-NIAID 04-18-2005). Since the entire popula-
tion of California condors 1s monilored closely by CCRT, this
study provides a unique opportunity to investigate and under-
stand the causal correlations beiween PRNT liter, primary
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vaceine failure and immune protection; and to address the
potential long-term effects on DNA vaccine related adverse
evenis. This detailed and long-term vaccine study has there-
fore not only protecied a highly endangered species from
lethal WNV infection but it has and will continue o produce
importanl insights relevant to ongoing human WNV DNA
vaccine development and trials.
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A West Nile Virus DNA Vaccine Induces
Neutralizing Antibody in Healthy Adults during
a Phase 1 Chnical Trial |
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(See the article by Ledizet et &l, on pages 1741-8, and the editorial commentary by Petersen and Roehrig, on pages
17121-3)

Background. West Nile virus (WNV) is a mosquitoborne flavivirus that can cause severe meningitis and enceph-
alitis in infected individuals. We report the safety and immunogenicity of a WNV DNA vaceine in its first phase 1
human study.

Methods.  Asingle-plasmid DNA vaccine encoding the premembrane and the envelope glycoproteins of the NY99
strain of WNV was evaluated in an open-label study in 15 healthy adults. Twelve subjects completed the 3-dose
vaccination schedule, and all subjects completed 32 weeks of evaluation for safety and immunogenicity, The devel-
opment of a vaccine-induced immune response was assessed by enzyme-linked immunosorbant assay, neutralization
assays, intracelluar cytokine staining, and enzyme-linked immunospot assay.

Results.  The vaccine was safe and well tolerated, with no significant adverse cvents. Vaccine-induced T cell and
antibody responses were detected in the majority of subjects. Neutralizing antibody to WNV was detected in all
subjects who completed the 3-dose vaccination scheclule, at levels shown to be protective in studies of horses, an

incidental natural host for WNV.
Conclusiois.
Trial registration,

Further assessment of this DNA platform for human immunization against WNV is warranted.
ClinicalTrials.gov identifier: NCT00106769.

West Nile virus {WNV) is a vectorborne member of
the Flavivirus genus, which includes several clinically
and economically important human pathogens, such
as yellow fever virus, 4 scrotypes of dengue virus, and
Japanese encephalitis virus (JEV}. WNV was initially
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isolated in Uganda in 1937 and was first recognized in
the United States in 1999, when it caused an epidemic
of encephalitis and meningitis in New York City.
WNYV has since spread across North America [1] and
into portions of Central and South America [2, 3]. In
2005, there were 3000 cases of WINV infection in hu-
mans reported in the United States, and, as of 11 De-
cember 2006, 4052 cases had been reported for the
vedr in 42 slates [4, 5].

WNYV naturally exists as an enzootic infection in mos-
quitoes and birds, although a large number of incidental
hosts have been identified, including humans, horses,
and alligators {&]. The principal form oftransmission to
humans is from the bite of an infected mosquilo. There
is no evidence of person-to-person spread, but trans-
mission of WNV has occurred by blood transfusion, by
organ lransplantation, by breast-feeding, transplacen-
tally, and in the laboratory {1, 7].

1732 « JID 2007:196 (15 December) « Martin ct al.
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WNV infections in humans can be severe but are often sub-
clinical or may present as a mild to moderate febrile illness. Ap-
proximately 1in 150 infected persons have a serious illness with
involvement of the central nervous system 8], and, although
cases of severe WNV infection (including meningitis and en-
cephalitis) have been reported in otherwise healthy young adults
[9], the risk of severe disease and dcath increases in elderly per-
sons and in immunocompromised individuals [2}. The first
known genetic risk factor for severe and fatal WNV infection has
recently been described in patients with the defective CCR5 al-
lele, CCR5A32, and is possibly related to a lack of CCRS regula-
tion of WNV-infected leukocytes (10, 11]. Although intrave-
nous immunoglobulin has been investigated as a therapeutic
intervention for severe cases of WNV [12], the standard of care
for WNV infection is supportive.

Severai lines of evidence suggest an important role for anti-
body in protection from and clearance of flavivirus infections
[13]. Surface envelope (E) proteins are the primary target for the
humoral response against flavivirus infection. The mature WNV
virion is composed of 180 copies of the E protein, arranged swith
an unusual herringbone icosahedral symmetry. The E protein is
thought to mediate interactions with the cell surface and pro-
motes fusion between viral and cellular membranes. In addition,
virions incorporate a second protein, the premembrane {prM)
proiein, which is cleaved during virion maturation into a smaller
virion-associated membrane (M) peptide. Of interest, expres-
sion of the prM and E proteins in cells results in the formation
and release of a virus-like subviral particle that shares many of
the structural, antigenic, and functional properties of mature
infectious virus.

Since its introduction into North America, WNV infection of
horses has become a significant problem, with a 30%—40% mor-
tality rate and as many as 5000 cases of sick horses per year since
1999 [14. 15]. A formalin-inactivated whole-virns WINV vaccine
for the prevention of WNYV infection in horses {Innovator; Fort
Dodge Animal Health) has been available since 2002 and is being
evaluated in other species [7, 16}, A recombinant canarypox-
based vaccine (Recombitek; Merial) expressing the prM and E
genes has been shown to induce nentralizing antibodies and pro-
tect horses against experimental challenge with WNIW [17] and
was approved for veterinary use in the United States in 2004. A
yellow fever—-WNV chimeric vaccine was also licensed by the US
Department of Agriculiure {USDA) in 2007 for use in horses
[18]. The equine DNA vaccine, pCBWN (Fort Dodae Animal
Health in colluboration with the Centers for Disease Control and
Prevention (CDC]), also encodes for the prM and E proteins
rom WNV and, in WNV challenge studies in both mice and
horses, elicits neutralizing antibody and confers protection
againstviremia {19]. In July 2005, this DNA vaccina was ticensed
by the USDA for the prevention of WNV infection in horses and
represents the first license granted for a DNA vaccine for use in
animals {14). The DNA vaccine licensed for use in horses has

recently been shown to protect endangered California conders
from WNV infection [20].

Several approaches for the development of a vaccine in ho-
mans are also being investigated, A live attenuated WNV vaccine
based on chimeric flavivirus technology {(ChimeriVax—West
Nile; Acambis) has completed phase 1 and is currently in phase 2
trials [21]. Several other vaccine approaches have shown prom-
ise in animal models, including a recombinant canarypox vector
expressing the prM and E genes [17], a recombinant subunit’
vaccine expressing I and nenstructural protein 1, and a live at-
tenuated recombinant measles vaccine expressing the secreted
form of the E glycoprotein of WNV [22].

Candidate IXNA vaccines have heen evaluated in phase 1 stud-
ies of healthy adults and have been shown to be safe and immu-
nogenic for other pathogens, including H1V and Ebola virus [23,
24], A promising vaccine appronch for the prevention of WNV
infection is a single-plasmid recombinant DNA vaccine encod-
ing the WNV prM and E proteins described in the present report
of a phase 1 clinical trial. This approach is unique ameong the
potential WNV candidate vaccines being investigated for use in
humans in that it eliminates the concern typically associated
with live attenuated vaccines. It neither induces nor is suscepti-
ble to antivector immunity, which is a concern in vector-based
gene-delivery vaccine candidates. Inaddition, it encodes for pro-
teins that have the potential to form a multivalent antigen in
vivo, has the ability to induce T cell and neutralizing antibody
responses, and it is very similar to the DNA vaccine licensed for
the prevention of WNV infection in horses [19].

SUBJECTS, MATERIALS, AND METHODS

Study design.  The Vaccine Research Center (VRC) 302 proto-
col was a single-site, open-label, phase 1 study to examine the
safety, tolerability, and immune response to an investigational
recombinant DNA WNV vaccine. Healthy adult subjects 18~50
years of age whao were negative for WNV 1gG were recruited at
the VRC, National Institute of Allergy and Infectious Diseases
(NIAID}, National Institutes of Health (NIH). The experimental
guidelines of the US Department of Health and Human Services
were followed in the conduct of the clinical research, and the
protocol was approved by the NIAID Institutional Review
Board. Fifteen subjects were enrolled between 18 April and 7
October 2005, Vaccine was administered on study days 0,28 (27
days), and 56 (£7 days), with at least 21 days between injections.

Vaccine (VRC-WNVDNA017-00-VP) was administered at a
4-mg dose via intramuscular injection in the lateral deltoid by
use of the Biojector 2000 Needle-Free Injection Management
System. The dose and route studied in this trial were based on
clinical trials of VRC DNA vaccines for other pathogens [23-25).
Adverse reactions and subject safety were cvaluoted by labora-
tory and clinical evaluations at scheduled study visits. Adverse
events were coded using the Medical Dictionary for Regulatory
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Activities (MedDRA), and the severity of adverse events was
graded using a scale of 0 to 5 (based on the NTH Division of AIDS
table for grading the severity of adverse events; version 1.0; De-
cember 2004), Local and systemic solicited reactogenicity—in-
.cluding pain, erythema, swelling, myalgia, malaise, headache,
chills, nausea, and temperature—was collected by subject self-
report on 5-day diary cards after each injection. Subjects were
followed for a total of 32 weeks, and the study was comnpleted in
July 2006.
Vaccine. VRC-WNVDNAQ17-00-VP is composed of a sin-
gle, closed, circular plasmid DNA macromolecule {VCI.-6428)
constructed 1o preduce the prM and E proteins of the WNV I
glycoprotein. The plasmid was based on an analogous construct
shown to protect mice and horses from virus challenge {19]. The
plasmid encodes for a single polypeptide encornpassing a mod-
ified signal sequence from JEV fused upstream of the WNV prM
and I coding sequences cloned into the expression vector VR-
1012 (CMV backbone). This backbone encoding the CMV pro-
moter and 5' intron A was also used to construct a 4-plasmid
HIV multiclade DNA vaccine previously shown to be safe and
immunogenic in healthy adults {23]. The coding sequence for
the first 6 aa was optimized for expression in humans by using
commuonly used codons. The WNV prM and E sequence in VCL-
6428 is identical to that in the NY99 human WNV isolate. In
vitro expression of this gene product results in the formation of
noninfectious virus-like particles called “subviral particles”
{5VPs). The plasmid in this vaccine is incapable of replication in
animal cells and does not permit the generation of an infectious
virion even if recombination or gene duplication were to occur.

This DNA vaccine has been produced in bacterial cell cultures
containing a kanamycin-selection medium. The process in-
velved Escherichia coli [ermentation, purification, and formula-
tion as a sterile, liquid, injectable dosage form for intramuscular
injection. Aller growth of bacterial cells harboring the plasmid,
the plasimid DNA was purified from cellular components.

Vaccine was prepared under current good manufacturing
practice conditions by Vical, The vaccine was manufactured at a
4-myg dose in PBS and met lot-release specifications before use in
the clinical trial.

Measurement of antibody responses by ELISA.  Duplicate
wells of serial dilutions of volunteer serum samples were incu-
bated for 1 h at.37°C on commercially available WNV recombi-
nant antigen—coated plates (Focus Technologies), followed by
horseradish peroxidase— conjugated antibody (30 min at room
temperature) and tetramethylbenzidine subserate (10 min at
room temperature). Color development was stopped by the ad-
dition of 0.9 mel/L sulfuric acid, and plates were read within 30
min at 450 nm on the Molecular Devices Spectramax 384-plus
ELISA plate rcader. The mean optical density for each dilution
was corrected for the mean optical density of the same ditution
of the preimmunization sample. End-point titers for each vol-

Table 1.
roliment,

Summary of demegraphic characteristics at en-

All vaccinees

Category, parameter (n=15)

Sex _

Male 10 (67}
Fernale 5(33)
Age

18--20 years C2013) .
21-30 years 9 (60)
31-40 years - 2{13)
41-50 years 2{13)
Mean + SD 285=82
Range 1944

Race . R ' :
American [ndian/Alaska Native 0
Asian : .0
Black or African American 2013}

" Native Hawaiian or other Pacific Islander 0 :
White 13 (87}
Multiracial . . - 0.
Otherfunknown 0

Ethnicity , ' '
Nan-Hispanic/Latino 14 (93}
Hispanic/Latino 17

Body mass index
<18.5 g . o
18.5-24.9 6 {40)
25.0-29.9 Aty
=30.0 2013}
Mean + SD ‘264
Range 21.0-34.8

Education ] . _
Less than high school graduate : 0
High school graduate/GED 5133}
College/university 9 (60)

- Advanced degree 17

NOTE. Data are no. (%) ol subjects, unless gtherwise indicated.
Age represaents age at enrollment day. Height and weight (used for
calculation of body mass index) were from screening evaluation befare
enioliment. GED, General Educational Development.

unteer were established as the last dilution wilh a corrected pre-
immunization OD >0.2.

Measurerent of neutralizing antibody responses by plague
reduction neutralization (PRNT). PRNT was performed
with Vero cells, as previously described [26], using NY99-6480
virus. End-point titers were determined for 50% and 75%
plaque reduction. '

Measurement of antibody-mediated neutralization by use
of reporter-virus particles (RVPs), WNV RVPs composed of
the structural proteins of the NY99 strain of WV and a sub-
genomic replicon were produced by complementation in
BHX-21 cells, as described elsewhere [27], Antibody-mediated
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neutralization was measured using a Raji B lymphoblastoid cell
line that expresses the WNV attachment factor CD209L {DC-
SIGNR), as described elsewhere [28]. WINV RVPs were incu-
bated wilh serial 3-fold dilutions of volunteer serum at room
temperature for 2 h and then added to 5 X 104 cells plated on
the day of the assay. The concentration of RVPs used in each
experiment was validated empirically to establish assay condi-
tions of antibody access at all informative points of the dose-
response profile for each volunteer. Infection was monitered asa
function of green fluorescent protein expression (encoded by
the replicon) at 48 h after infection by flow cytometry. Data were
analyzed by curve fitting and nonlinear regression in order to
describe the shape of the dose response and calculate an ECs.
Data are presented as the reciprocal dilution of serum corre-
sponding to the ECgp and are adjusted to consider the final
300- L volume of the neutralization reaction.

Measurentent of T cell responses by enzyme-Tinked -
nospot (ELISpot) assay.  ELISpot assay was performed on sub-

ject samples at baseline and at weeks 2, 6, 8, 10, 12, and 32, as .

described elsewhere [24]. Cells were stimulated ovémig]rl with
vaccine insert—specific peptide pools (WNV-E and WNV-M) at
2 X 10% cells/well. Results are expressed as mean spot-forming
cells per million peripheral blaod mononuclear cells,

Measurement of T cell responses by intracelluar cytokine
staining (ICS). CD4* and CD8" T cell responses were mea-
sured by ICS at baseline and at weeks 2, 6, 8, 10, 12, and 32, as
described elsewhere [24]. Cells were stimulated with vaccine in-
sert—specific peptide pools (WNV-E and WNV-M). Cells were
permeabilized, washed, and stained with directly conjugated
anti-human CD3, CD4, CD8, interferon (TFNY—v, and interleu-
kin (IL)-2 antibodies and were assessed for CDS‘ CD8,CD4, and
IFN-¥/1L-2 expression on a FACSCalibur flow cytometer (BD
Immunocytometry Systems).

Statistical methods. All assays are treated as binary (re-
sponders/nonresponders). We use the usnal central, exact 95%
confidence intervals (Cls) for binomial rates. We are 97.5% con-
fident that the true response rates in the antibody assays are
higher than the lower limit. Calculations were done using R soft-
ware (version 2.3.1; R Foundation). A positive T cell response for
ICS and ELISpot data was based on composite criteria as previ-
ously described in 4 published studies of candidate vaccines [23,
24, 29]. SAS (version 9.0; SAS Institute) and S-plus (version 6.2;
Insightful) were used for analyses.

RESULTS

Study population demographics, A total of 15 healthy adults
were enrolled. Table 1 includes demographic data on subject sex,
age, race/ethnicity, body mass index (BMI, calculated as weight
in kilograms divided by the square of height in meters), and
educational level at the time of enrollment. The subject popula-
tion was 67% male, with a mean age of 28.5 years. Subjects were

Table 2. Summary of maximal local

and systemic reactogenicity.

All vaccines

Symptom, intensity (r=15)
Local reactogenicity '
Pain/tenderness
Hone 2(13.3}
Mild 11173.3)
Moderate 2(13.3
Swalling
None ~66.0
Mild 9 (60.0)
Moderate 0
Redness
Mone 5(33.3)
Mild 10 [66.7}
Muodarate a
Any local symptom
None 116.7}
Mild 12 {B0.0)
) Moderate ) 2(13.3) )
Systemic reaciogenicity
Malaise ‘ ‘
None 11(73.3)
Mild - 3(20.0
Maderate 167
Myalgia ‘ .
MNone 13186.7)
Mild 0 ‘
Maoderate 2(13.3)
Headache
None 11{73.3)
Mild 3{20.00
Moderate 1(6.7)
Chitls _
Nane 14 (33.3)
Mild 0 ‘
Moderate 16,7
Nausea
Nona 14 {93.3)
Mild - 0
Moderate 1(6.7)
Temperature :
MNong 15 (100)
Mild 0
Moderate 0
Any systemic symptom -
Nona 9(60.0)
Mild . 4(26.7)
Moderate *2(13.3)

NOTE. Data are no. (%) of subjects, unless oth-
erwise indicaied. Local injection site reactions were
recorded by clinicians 30-45 min after an injection
and were then recorded as self-assessments at
home by suhjects on a 5<lay diary card. Systemic
reactions were recorded as seH-assessments at
home by sulyects on a 5-day diary card afler each
injection, There were no reports of severe local or

systemic sympioms after vaceination.
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Tahle 3. Antibody titers.

Reciprocal PRNT titer

Reciprocal ELISA titer 75%
Subject Week 12 Week 32 50%. week 12 Week 12 Week 32
A 480 S0 32 16 16
B Not done 90 Not done Not done 8
Ca g K Hegative Negéti\?e ' Negalive Negative  Negative
D 1920 30 64 32 8
E _ -480 . - Negalive - B4 32 6
F 1920 30 32 4 8
G 120 30 4 Negative B
He 120 Negative 2 ' Negative Z
| " 480 .30 64 32 16
J 1920 90 128 BT 8
K 480 - 90 - 64 16 32
L 1920 90 128 32 16
M 480 30 B4 , .8 .8
N 7680 810 16 4 4
o 480 90 16 16 2

NOTE. Reciprocal titers are shown for each subject as assessed by ELISA and plaque-
reduction neutralization {PRNT) at weeks 12 and 32. Positive responses are reported as a

reciprocatl titer.

* Received 1 dose of vaccine.
® Received 2 doses of vaccine.

predominantly white (87%) and non-ispanic/Latino (939%).
The mean BMI was 26, All subjecis had an educational level of
high school or higher, with 60% having college-level degrees,

The diary cards showed that 93% (14/15) of
subjects reported at least 1 local injection site symptom (mild 1o

Vaccine safety.

moderate pain/tenderness, mild induration, or mild skin ery-
thema) after a vaccination. When systemic symptoms were re-
corded on diary cards, they were primarily mild and included
malaise, myalgia, headache, and nausea. No subjects reported
tever or severe reactogenicity (table 2), A superficial, self-limited
cutaneous erosion of ~1 cm in diameter, which healed without
treatment or sequelae, was noted after 1 vaccination; this was
similar to superficial skin erosions observed with a candidate
HIV DNA vaccine also administered by Biojector [29].

There were no serious adverse events, Twelve of 15 subjects
completed the vaccination schedule. Three subjects were with-
drawn from the vaccination schedule because of concomitant
illness; 2 after the second vaccination and 1 afler the first vacei-
nation. One subject developed a benign grade 1 condition, aqua-
genic wrinkling of the palins, which occurred 12 days after the
second vaccination and comtinued intermittently through the
follow-up period. This condition has been described afier ad-
ministration of COX-2 inhibitors [30] and in people with cystic
fibrosis (CF) gene mutations [31]. This Stlbjcct had not taken
concomitant medications, was healthy, and had a negative eval-
uation for CF gene mutations after the onset of this benign con-
dition. One subject experienced a grade 2 methicillin-resistant

Staphylococcus aureus skin infection distant to the vaccination
site, 2 weeks after the second vaccination. One subject was given
a diagnosis of streplococcal pharyngitis and vaginal candidiasis,
which occurred 25 days after the first vaccination. These events
resolved without residual sequclae.

Safety and immunogenicity data for all subjects (n = 15) are
included in this intent-to-treat analysis through the time points
available. All subjects were followed for 32 weeks for safety and
imimune response; 1 subject who completed the 3-dose vaccina-
tion schedule did not present for the study visit and blood col-
lection at week 12; therefore, that subject’s week 12 immune
response could not be assessed. Overall, study vaccinations were
well tolerated and safe in the healthy subjects {age range, 1944
years}).

Antibody responses. Vaccine-induced humoral immune
responses were assessed at weeks 8, 12, and 32. Subjects are rep-
resented by an identifier on the basis of age (dcsignated by the
letters A—O). Vaccine-induced antibody, assessed by ELISA at
week 12 relative to baseline, was present in all subjects who re-
ceived 2 or 3 doses of vaccine {table 3).

To determine whether vaccine-induced WNV-specific anti-
body could neutralize virus, 2 different methods were used to
detect antibody-mediated neutralization. First, neutralizing ti-
ters for each subject at weeks 12 and 32 were estimated using
PRNT on Vero cells, Vaccine-induced neutralizing antibody was
detected in all vaccinees who completed the 3-dose vaccination
schedule and were assessed at week 12 {11/11 [100%; 95% CI,
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Figure 1. Serum samples from vaccinees at week 8 {before the third vaccination), week 12 {4 weeks after the third vaccination), and week 32,
assessed for the presence of neutralizing antibody by a West Nife virus reporter-virus particle (RVP) neutralization assay. The X-axis shows individual
vaccine clinical trial subjects, and the Y-axis shows the log,y reciprocal ECe neutrafizing antibody titer. Subject 8 was not assessed at the week 17
time point because of visit noncompliance. Subjects G and H received 2 doses of vaccine, Subjeci C received 1 dose of vaccine. NO, not done.

71.5%-100%]) and week 32 (12/12 [100%; 95% CI,
73.5%-100%]). A response was also seen at week 32 in both
subjects who received 2 doses of vaccine (table 3).

To complement the PRNT, neutralization profles of serum
from each volunteer at weeks 8, 12, and 32 was studied using a
recently described quantitative approach. WNV RVPs are

10° «

1w

Lag,, reciprocal neutralizing antibedy tlter

pseudoinfectious virions that are capable of a single round of
infection and that allow WNV entry to be measured as a function
of reporter gene expression. For each vaccinee, a profile of the
neutralization activity in serum at each collection point was
measured using 7 or 8 dilutions of serum. In agreement with
data from the PRNT, neutralizing antibody was demonsirated in
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Figure 2. Serum samples from vaccinees at week 12 (4 weeks after the third vaccination) and serum samples from horses 3 weeks after receipt
of a 1-mg dose of pCBWN West Nile virus (WNV) DNA vaccine, assessed by WNV reporter-virus particles {RYP) neutcalization assay and by plaque
reduction neutralization {PRNT). The X-axis shows individual vaccine clinical triat subjects or horse samples, and the Y-axis shows the log,q reciprocal
antibody titer. Subject B was not assessed at the week 12 time point because of visit noncompliance. Subjects G and H received 2 doses of vaccina,

Subjeet C roceived 1 dose of vaccine. VRC, Vaccine Rosearch Center.
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Figure 3.

T cell responses specific for West Nile virus (WNV}) DNA vaccing insert—specific peptide poots (WNV-E fleft}and WNV-M [right}). assessed

by enzyma-linked immunaspot (ELISpot) assay and intracelluar cytokine stafning (ICS). Dala are shown for the entirg study (weeks 3—32). The magnitude
of ELISpot and ICS responses are shown in the top graphs, and the frequency of responses among all subjects is shown in the bottom graphs. The
threshold for positivity by ELISpot assay is a mean of 59 sfc per million peripheral blood mononuclear cells. For ICS responses, a posilive response
required that the Pvalue from a Fisher's exact test of the difference betwsen the antigen-specific response and the negative control response be <<.01
and that the antigen-specific response be at least 0.0241% {for CD3*CD4* responses) or at least 0.0445% (for CD3*CD8* responses) higher than the

negative contral response.

all subjects who received 3 doses of vaccine and in 1 subject who
received 2 doses of vaccine. Subjects developed neutralizing an-
tibody after the second vaccination by week 8; antibody titers
typically peaked at week 8 or 12 and remained positive at week
32, albeit at a lower level (figure 1).

To compare the magnitude of the neutralization response
clicited by this DNA vaccine in humans to a response that con-
fers protection to challenge by WINV, we evaluated the neutral-
izing titers in serum obtained from horses that received an
cquine WNV DNA vaccine (Fort Dodge Animal Health and the
CIE) encoding for the same construct as tlie vaccine used this
clinical trial. That vaccine is USDA approved for use in horses
and has been shown to elicit neutralizing antibody by PRNT
[19]. We evaluated serum from a sample of these horses by the

RVP neutralizing antibody assay. The postvaccination titers 3
weeks after a single 1-mg dose of the WNV DNA vaccine in
horses was similar to the titers elicited in humans in this dinical
trial after 2 or 3 doses of vaccine (figure 2).

T cell responses.  The majority of vaccine-specific T cell re-
sponses were clicited against WNV-E, and CD4~ T ccll responses
were more frequent than CD8' T ccll responses. The peak {re-
quency and nragnitude of the response occurred between weeks
8 and 12 (figure 3). Vaccine-specific T cell responses to WNV-E
were detected by ELISpot assay in 8 {53%) of 15 subjects. CD4*
T cell responses to WNV-E as measured by 1CS were detected in
14 (93%) of 15 subjects. AT cell response was not induced in the
subject who received only 1 injection. A T cell response to
WNV-M was detected in 4 (27%) of 15 subjects, and a CD8* T
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cell response as measured by 1CS was detected in 1 subject and
was present against both WNV-E and WNV-M.

DISCUSSION

WNV represents an economically and medically important re-
emerging flavivirus that continues to cause morbidity and mer-
tality in North America. The virus has spread across North and
Central America and into South America since its emergence in
New York in 1999, Neutralizing antibody is known to provide
protection against flaviviruses in animal models and humans. A
DNA vaccine encoding for WNV proteins prM and E protects
horses from WNV infection in a challenge model [15] and is
currently USDA approved for veterinary use,

Production of bacteria-derived plasmid DNA vaccines has
many favorable features, including (1) ease and flexibility of
construction, (2) scalable manufacturing cdpaciry, (3) stabitiry,
(4) intracellular production of vaccine antigen, (5) transient ex-
pression, (6) no induction of antivector immunity, (7) induc-
tion of both T cell and antibody responses, and (8) low occur-
rence of systemic reactogenicity.

This WNV candidate vaccine was well tolerated in 15 healthy
subjects. The rate and severity of reactogenicity reported is sim-
ilar to that reported in previous studies of an Ebola virus DNA
vaccine [24] and a multiclade HIV DNA vaccine [23].

DNA vaccines have been shown to be safe and to elicit
vaccine-induced humoral and cellular immune responses for
HIV and Ebola virus [23-25], Although these DNA vaccines are
able to elicit virus-specific antibodies detected by immunopre-
cipitation and Western blolting or by ELISA [23, 32], they have
not been highly efficient at eliciting neutralizing antibadies, pos-
sibly because these viruses are generally less sensitive to antibody
neutralization. The ability of this WNV DNA vaccine to elicit
neutralizing antibody could possibly be due to the formation of
virus-like particles produced by the vaccine-encoded proteins. E
and prM are known targets of WNV-neuatralizing antibody, and
SVP formation may allow for the authentic antigenic sites con-
strained by presentation: in the icosahedral structure to effi-
ciently induce the relevant antibody specificity.

The T cell immune response and neutralizing antibody elic-
ited by this WNV DNA vaccine further suggests that needle-free
immunization of DNA plasmids can reproducibly elicit signifi-
cant cellular and humoral immune responses and merits further
clinical investigation. The consistent humoral immunity elicited
by the WNV DNA vaccine described here likely reflects a com-
bination of factors, inctuding in vivo SVP formation, optimiza-
tion of vector design, the purity of the DNA product, delivery,
and sensitive immunological assays. This clinical trial represents
the first report of neutralizing antibody activity elicited by a
DNA vaccine in humans. Although further studies are needed,
including investigation of the possibility of dose reduction, this
level of neutralizing antibody activity is known to be protective

in animal medels of infection [19] and suggests that DINA plas-
mid immunization is & promising vaccine approach for the pre-
vention of WNV infection, Correlates of protection from animal
models of infection are essential to determine the efficacy of
candidate vaccines designed to prevent emerging infectious dis-
eases. Established correlates of protection applied to the US
Food and Drug Administration Animal Rule could potentially
be used to license a vaccine for the prevention of WINV infection
in humans and to establish efficacy for licensure of vaccines
against other emerging and reemerging infectious diseases.
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Abstract

We have constructed a series of plasmids enceding premembrane (prM) and envelope (E) protein genes of dengue virus type 2(DEN-2).
These plasmids included an authentic DEN-2 prM-E construct (pCBD?2-14-6), and two chimeric constructs, 90% DEN-2 E-10% Japanese
encephalitis (JE) virus E (pCB9D2-1J-4-3) and 80% DEN-2 E-20% JE E (pCB8D2-2J-2-5-1). Moncclonal antibody (MADB) reactivity
indicated that all three plasmids expressed authentic DEN-2 virus E protein epitopes representative of flavivirus domains 1, 2, and 3.
However, only the pCB8D2-2J-2-9-1 construct secreted high levels of prM, M (membranc), and E proteins into the culture fluid of
plasmid-transformed COS-1 cells. The major portion of the prM and E proteins expressed by COS-1 cells transformed by pCBD2-14-6 or
pCB9D2-4-3 plasmids remained membrane-bound. The results supported the notion that an unidentified membrane retention sequence is
located between E-397 and E-436 of DEN-2 virus E protein. Replacing the catboxyl-terminal 20% of DEN-2 E (397-450) with the
corresponding JE sequence had no effect on anti-DEN-2 MAb reactivity, indicating that this region is antigenically inert, although it is
required for antigen secretion. Plasmid pCBD2-2J-2-9-1, which expressed secrcted forms of prM/M and E that have the potential to form
subviral particles, was superior to other constructs in stimulating an antibody response. Ninety percent neutralization titers ranging from 1:40

to >1:1000 were observed in seven of nine scrum specimens from pCB3

D?2-2]-2-9-1-immunized mice. Eleven of twelve 2-day-old neonatal

mice. derived from a pCB8D2-2J-2-9-1 immunized female mouse, survived intraperitoneal challenge of DI_-:N-Z New Guinea C virus.

© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

1Dengue (DEN) fever, an acute infection that occurs in
subtropical and tropical areas, is the most important arthro-
pod-borne viral disease of humans {Monath, 1934). DEN
viruses belong to the family of Flaviviridae, genus Sflavivi-
rus. There are four distinct DEN virus serotypes: DEN-1, -2,
.3, and -4. Infection with any of these viruses may be

_ % Comesponding author. Fax: +1.970-221-6476.
E-mail address: gac1@cde.gov (G-1.1. Chang). -
U Curent address: Tri-Service General Hospital, Taipei, Taiwan,
RO.C

asymptomatic, or cause a self-limited febrile illness known
as dengue fever (DF). In a small percentage of cases, how-
ever, infection results in a life-threatening dengue hemor-
rhagic fever or dengue shock syndrome (DHF/DSS). There
are approximately 100 million cases of DF occurming annu-
ally worldwide and an estimated 500,000 hospitalized DHF/
DSS reported. A safe and effective DEN vaccine is essential
to provide protection for all four virus serotypes in DEN
endemic and epidemic regions of the world. A live-attenu-
ated DEN vaccine has shown promising results in phase 1
clinical trials (Bhamarapravati and Sutee, 2000; Kanesa-
thasan et al., 2001). The reverse genetic technique using
infectious cDNA clones derived from yellow fever (YF)
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vacceine virus {17D), attenvated DEN-2 vaccine virus (PDX-
53), and genetically engineered, attenuvated DEN-4
{814669) has greatly increased the potential of creating 2
-genetically engineered, live-atienuated chimeric DEN vac-
cine (Blaney et al., 2001; Guirakhoo et al,, 2000; Huang et
al,, 2000).

The use of DNA-based vaccinzs is a novel and prom-
ising immunization appreach for the development'of fia-
viviros vaccines (Chang et al,, 2001). Few of the flavi-
virus DNA vaccines have been evaluated in the
experimental animals other than mice. Candidate DNA
vaccine for Russian spring-summer encephalitis, Central
European encephalitis, and DEN-1 viruses have been
evalualed in nonhuman primates (Kochel et al., 2000;
Raviprakash et al,, 2000; Schmaljchn et al., 1999). Jap-
anese encephalitis (JE) virus DNA vaccine was evaluated
in swine (Konishi et al. 20000). Recently, we reported the
development of highly immunogenic, recombinant DNA
vaccines for JE and West Nile {WN) viruses that induced
protective immunity in mice fellowing a single intramus-
cular (im) injection (Chang et al., 2000, Davis et al,
2001). The recombinant WN virus construct also induced
protective immunity in horses following a single im in-
jection (Davis et al., 2001).

The protective immunity induced after DNA vaccination
may correlate with the ability of plasmid DNA to direct
synthesis of secreted premembrane/membrane (prM/M) and
envelope (E) proteins by the host eells. COS-1 cells trans-
formed with tick-borne encephalitis (TBE), JE or WN plas-
mids secreted the TBE, JE or WN prM/M and E proteins in
the form of extracellular subviral particles (EPs) into the
culture flvid {Allison et al,, 1999; Davis et al., 2001; Hunt et
al., 2001). The highly immunogenic, noninfectious EPs
have potential not only as biosynthetic subunit vaccines but
also as serodiagnostic antigens lo replace virus-infected
suckling mice brain preparations (Davis et al,, 2001; Hunt et
al., 2001; Konishi and Fujii, 2002; Konishi et al., 1997,
2001). In the present study, we have identified a potential
membrane retention region between E-397 and E-436 of
DEN-2 virus E protein. Replacing DEN-2 virus E-436 to
E-450 with the corresponding E region of JE virus to con-
struct a chimeric plasmid containing 90% DEN-2 E and
10% JE E gene had only minor effect on the prM and E
secretion, However, the DEM-2-JE virus chimeric plasmid,
consisting of the transmembrane signal sequence of JE
virus, followed by prM and 80% E (E-1 to 397) of DEN-2,
and 20% E of JE virus {corresponding to DEN-2 E-397 to
E-450), secreted prM/M and E proteins efficiently in plas-
mid transformed COS-1 cells. The immune response in
mice after im immunization of DEN-2 plasmids correlated
with the efficiency of prM/M and E secretion. Only the
construct efficiently secreting prM/M and E antigens had

“the capacity to stimulate high-titered neutralizing (Nt} an-

tibodies in plasmid-vaccinated mice.

Resulls
Tronsient expression of DEN-2 virus recombinant antigen

Expression of the prM and E genes of DEN-2 virus or a
chimeric E gene from a combination of DEN-2 and JE virus
sequences {(80% DEN-20% JE cr 90% DEN-10% JE) was
accomplished by separate wansformations of each of the
three recomnbinant DEN-2 DNA plasmids into COS-1 cells.
The basic plasmid design was based on results from previ-
ous studies with JE virus and WN virus recombinant plas-
mids in which plasmid-transformed cells expressed and
secreted authentic viral proteins into the cell culture fluid
(Chang et al., 2000; Davis et al,, 2001). Transient expres-
sion of DEN-2 recombinant proteins was initially assessed
by Ag-capturs ELISA of cell-culture supernatants and by
immunoflucrescence antibody assay (IFA) of acetone-fixed,
transformed COS8-1 cells (Chang £t al., 20C0). The optimum
antigen expression was determined 1o be 48 h following
electroporation.

Epitope mapping of the E protein expressed by transiently
transformed COS-1 cells

The DEN-2 protein expressed by each of the recombi-
nant plasmids was evaluated by IFA using 2 panel of murine
monoclonal antibodies (MAbs) with known reaclivily to
DEN-2 virus (Table 1) (Henchal et al., 1985; Reehrig et al,,
1998). The MAb panel included antibodies reactive with
each of the three antigenic domains of the E protein of
flaviviruses as wel) as prM and C proteins (Guirakhoo et al,,
198%; Rey et al,, 1995). The MAbs specific for flavivirus
antigenic Domains 2 and 3 showed nearly identical quali- |
tative teactivity with DEN-2 virus and each of the three
plasmid-expressed proteins. Domein 1 specific MAb
1B4C-2 also showed a similar reactivity pattern with all
expressed proteins. However, two of the Domain 1 specific
MADbs, 2B3A-1 and 9A4D-1, were much less reactive with
E protein expressed by plasmids pCBD2-14-6 and
pCBYD2-1J-4-3 as shown by endpoint titration (values in
parentheses, Table 1). Comparison of the endpoint titers
revealed the apparent poor expression of epitopes C3 and
C4 in constructs containing 100% DEM-2 E and 50%
DEN-2 E-10% JE E. MAb 212, specific for prM, had the
same reactivity with antigen expressed by all three plasmids.
Anti-C MADb 1A2A-1 reacted well with DEN-2 vims and had
low-level, nonspecific reactivity with the plasmid-expressed
viral proteins, which included prM and E, but not C.

Comparison of secreted protein and membrane-bound
protein produced by each of the thrze DEN-2
recombinant plasmids

Similar amounts of cell-culture fluid were harvested
from COS-1 cells 48 h posttransformation for each recom-
binant DEN-2 plasmid. The DEN-2 viral antigens secreted
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Characterization of DEN-2 E glycoprotein epilopes expressed by the recombinant DEN-2 plasmids as determined by the indirect immunofiuorescence
antibody assay (IFA)

Antibody Controls* Plasmid construct®

MADb (epitopc)” Antigenie domain® PRNT? DEN-2-infected Normal pCBD2-14-6 pCBSD2-1)4-3 pCB3D2-21:2-9-}
cells cells (100D2-E) {(50D2-E-10JE-E) (80D2-E-20/E-E)

4G2 2 +- 4+ — 44 4+ 4+

6BGC-1 (AY) 2 +/- 4+ —_ 44 4 144

4E5 (A2) 2 Yes i+ —_— 34+ 34+ 2-3+

IB7 (A5} 2 Yes 34+ 44 4+ 2-3+

1B4C.2(CL) 1 No 3=4+ (8000) —_ 2=-3+ (4000} 2-34 (4000} 2-3+ (8000)

2B3A-1 (C3) ] No 34+ (=3200) 3+ (100 2+ (100) 2-3+ (=3200)

9A4D-1 (C4) I No 34+ —_ 2-3+ (400) 1-3+ (400) 34 (=12800)

3H5 (BY) 3 Yes 44, —_ 4+ 44 4+

10A4D-2 (B3) 3 Yes T2=34 —_— 344+ 3-44 2-3+

1AID-2 (B4) 3 Yes 4+ —_ 34+ 4+ 34+

9Di2-6 T Yes -4+ 2-3+ 2-3+ 34+

2H2 prM ’ No 4+ — 4+ 34+ 34+

1A2A-1 Capsid No 2-3+ —_— 1+ 2+ 1=2+

2 [FA substrates were acetone-fixed COS-1 cells, infected with DEN-2 16681, uninfected controls, or transformed with a DEN-2 recombinant plasmid.

® Monoclona! antibodies were used at a predetermined optimum dilution based on reactivity with DEN-2 16681 virus. For some MAbs, endpoint titers,
shown in parentheces, are reporied and for others, only qualitative values are reported based on a scale from 1+ 10 4+, with 3=4+ considered positive, 2+
equivocal, and 1+ negative. '

¢ Antigenic domains based on the E-glycoprotein of TBE virus (12, 30). )

% Plague-reduction neutralization activity at a 1:100 dilution of ascitic fluid, using 1 90% plaque-reduction endpoint, except for 4G2 and 9D12-6, for which

a 50% ncutralization endpoint is reported (14, 33).

into untreated culture supernatants were first assessed by
Ag-capture ELISA (Table 2). The cells transformed with
1009% DEN-2 E and 90% DEN-2 E-10% JE E plasmids did
not secrete DEN-2 viral antigens in replicate transformation
experiments, thus, were ELISA-negative in unconcentrated
culture supernatants. However, cells transformed with the
80% DEN-2 E-20% JE E plasmid secreted DEN-2 viral
antigens and demonstrated ELISA tiiers between 1:8 and
1:32 in different transformation experiments. To increase

the antigen concentration that may be undetectable by either
Ag-capture ELISA or Western blot, an equivalent volume of
the culture fluid from each plasmid was concentrated 100-
fold by polyethylene glycol (PEG) precipitation, followed -
by ethanol extraction to remove PEG, which interfered with
subsequent analysis by polyacrylamide gel electrophoresis.
The relative amount of secreted antigen expressed by each
plasmid was determined by Ag-capture ELISA analysis of
both PEG-precipitated and ethanol-extracted cell-culture

Table 2
Detection of secreted and membrane-boend DEN-2 recombinant protein by antigen-capturc ELISA

Plasmid Sample type Endpoint ELISA titer
pCBD2-14-5 (100D2-E} Culture fluid : <I:1
PEG-precipitated culture fuid® <1:10
PEG-precipitated, ethanol-extracted culture fluid® <1:20
Hydrophobic membrane protein preparation® 1:160
pCB9D2-1]14-3 (S0D2-E-10JE-E) Culture fluid <1l
) PEG-precipitated culture fluid® <1:10
i PEG-precipitated, cthanol-extracted culture Auid® <1:20
Jl Hydrophebic membrans protein preparation® 1:30
pCB8D2-2).2-9-1 (3012-E-20JE-E) Culture fluid 1:8-1:32
PEG-precipitated culture fluid® 1:640
PEG-precipitated, ethanol-extrcted culture fuid” 1:80
Hydrophobic membrane protein preparation® 1:80
pEGFP Culture fluid <}:l
PEG-precipitated culture Auid" <1:10
PEG-precipitated, ethanol-extracted culwre fuid® <1:10
Hydrophobic membrane protein preparation® <1:10

3 Culture supernatant from plasmid-transformed cells was precipiated with 10% polyethylene glycol {PEG) and resuspended in 1/100th of eriginal volume.
b PEG-precipitated culture supematant was extracted with 49 ethanol to remove PEG and the pellet was resuspended in 175 of the volume extracted.
€ Hydrophobic membrane fractions were prepared as described under Matenals and methods.
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Fig. 1. Comparison of secreted and membrane-bound recembinant protein by Western blot. (A) Analysis of secreted recombinant antigen following
PEG-precipitation and ethanol extraction of culrure fluid for DEN-2 plasmids pCBAD2-24-2-9-1 (E0D2E), pCBOD2-1)-4-3 (SODIE), and pCBD2-14-6
* {1COD2E), and control plasmid pEGFP. Lane | (V), purified DEN-2 virus stained by Giold Blot (Owl Separation Sysiems, Portsmouth, NH). Reactivity of

sccreted, recombinant antigen from each plasmid with (), anti-envelope (B) specific MAb 1A6A-3; (b). & mixwre of MAD 1ABA-8, anticapsid (C) specifie
MAb 1A2A-1, antiserumn specific for a DEN-2 virus membrane (M) protein peptide (M protein aa 1-34), and antiserum specific for DEN-2 virus premembrane
{prM) protein; and (c), normal mounss ascites. (B) Analysis of recombinant plasmid-iransformed cell hydrophobic membrane proteins. Lane 1 (V), purified
DEN-2 virus stained by Gold Blot; Lane 2 {V), reactivity of purified DEN-2 virus with a mixture of MAb 1A6A-8, MAD 1A2A-1, antiserum specific for
DEN-2 virus M protein, and antiserum for DEN-2 virus prl protein. Reactivity of isolated hydrophobic membrane. proteins from zach plasmid-transformed
cell line with (a), MADR 1A6A-2; (b). & mixtore of MAD 1A5A-8, MAB 1A2A-1, sntiserum specific for DEN-2 virus M protein, and antiserum for DEN-2

virus prM protein; and (), normal mouse ascites,

finid preparations (Table 2). Secreted antigen was detected
only from cells transformed. with pCB8D2-2J-2-5-1, which
contained 80% DEN-2 E and 20% JE E genes, The recom-
binant plasmids containing either 100% DEN-2 E or 50%
DEN-2 E-10% JE E genes produced no ELISA-deteciable
antigen in the culture fluid, despite efforts to concentrate
expressed protein.

Western blot analysis was also used to evaluate the

prodnction of secreted antigen by each of the DEN-2 re-
combinant plasmids. For comparison purposes, equivalent
volumes of PEG-precipitated, ethanol-exiracted cell-culture
supernatant were run on NuPAGE gradient gels, electro-
blotted to nitrocellulose, and analyzed using MAbs or poly-
clonal antisera capable of reacting with alt DEN-2 structural
proteins (Fig. 1A). Western blot analysis showed greater
sensitivity in detecting recombinant antigen than Ag-cap-
ture ELISA since DEN-2-specific proteins were detected in
the culture fluid from two of the plasmids, pCB8D2-2J-2-
9-1 and pCBYD2-1J-4-3. Plasmid pCBBD2-2J-2-9-1 ex-
pressed the greatest amount of secreted antigen which was
shown to be composed of E, prM, and M proteins. The
amount of M protein seemed to be vanable for replicate
transformations, perhaps due to varying efficiency of prtM
processing (data not shown). Relatively less secreted
anticen was produced by pCB9D2-1J-4-3, and barely

detectabie levels were found for the pCBD2-14-6 prepa-
ration, which appeared to contain relatively less ex-
pressed E protein, especially if the nonspecific reactivity
of the E-specific MAb, 1A6A-8, on the control pEGFP
was taken into consideration (Fig. 1A, lanes a, b for 14-6
and GFP). )

Since E, prM, and M are membrane-assceiated proteins
throughout their intracellolar synthesis, any assessment of
the expression of these proteins by the three recombinant
DEN.-2 plasmids should include an evaluation of cell-mem-
brane preparations from plasmid-transformed cells. The
Mem-PER Mammalian Membrane Protein Extraction Re-
agent Kit (Pierce, Rockford, IL) was used to isclate the
integral mmembrane proteins from equivalent nurnbers of
transformed cells for each recombinant plasmid. Hydropho-
bic proteins were separated from hydrophilic proteins by
phase partitioning. Preliminary analysis by Ag-capture
ELISA indicated that the hydrophilic protein fraction was
nonreactive (data not shown); however, the hydrophobic
protein fractions from COS-1 cells transformed with each of
the recombinant DEN-2 plasmids had similar titers in
ELISA tests (Table 2). These results indicated that recom-
binant antigen was expressed by all three plasmids follow-
ing transformation, but was not always secreted.

Confirmation of the ELISA resuits for the hydrophobic

-
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Table'3
Immmunogenicity of three DEN-2 recombinant plasmids in ICR mice
Plasmid DNA® Mouse No. ELISA on DEN-2 virus PRNT on PRNT on JE
. DEN-2 virus* virus'
'S'f:vr::n 3 wha, i.cvr‘e:cn 6 wks, ?::E:": :"" Endpoint titer Endpoint titer
e 9 wks, p.v. 9 wks, p.v.
1100 1400 1100 1:400
pCBaD2-2J-2-9-1 Pool, 1,2,4-10 ND? ND + + 64,000 ND ND
{B0D2-E-20JE-E) 1 + + + + 54,000 >1000 <2
2 + + + + 32.000 >1000 <2
4 + + + + 16,000 200 <2
5 + + + + 4000 <10 <2
6 + + + + 16,000 200 <2
7 + - + + 64,000 100 <2
8 + - + + 8000 40 <2
9 + + + + 6400 <2 <4
10 + + + + 64,000 >1000 <2
pCRYD2.1J-4-2 Pool, 1-10 ND ND + + 1000 ND <
(90D2-E-10JE-E} 1 - - + - 400 <10 ND
2 + - + + 200 <i0 ND
3 + + + + 4000 <2 =4
4 + - + - 200 <10 ND
5 - - + + 400 <i0 ND
] + + + + 4000 <2 2
7 - +/- - - 100 <10 ND
8 - - - - 200 <10 ND
9 + - + - 4000 <2 <2
10 - - -+ + 4000 <2 <2
pCBD2-14-6 Pool, 1~10 ND ND + - 200 <2f <28
(100D2-E) 1 - - - - 400 <10 ND
. 2,3,6-9 - - - - <100 ND ND
4 + + + + 1000 <2 <3
5 - - + - 2000 8 <2
' i0 + - - - <100 ND ND
PEGFP Paool, 1-10 - ND - ND <100 <2 <2

% PRNT, plague-reduction neuvralization test, 90% neutralization endpoint.

b Mice wers immunizad iniramuscularly with 100 ug plasmid DNA on weeks 0 and 3.

¢ ELISA screens used sera diluted 1:100 and 1:400.
4 ND, not done.

®Poal, 1,2,4,5 7. 8 i

f Pool, 2, 3. 6-10.

% Pool, 1-3, 6-10.

protein fractions was accomplished by Western blot (Fig.
1B). Equivalent volumes of hydrophobic protein frac-
tions from each of the plasmid-transformed cells were di-
juted according to the manufacturer's recommendations for
SDS—polyacrylamide gel electrophoresis to reduce band and
lane distortion. Immunoblotting with E-, prM-, C-, and
M-specific MAbs or polyclonal antisera showed that ali
three recombinant DEN-2 plasmids produced similar
amounts of recombinant antigen composed of E and prM.
No M protein was detected, cither because it was not pro-
cessed from prM or because the levels were too low to be
detected. Despite efforts to reduce band distortion, high
levels of detergent in the hydrophobic protein samples ap-
parently caused E and prM to run in a slightly aberrant
manner (slower migration) compared to samples without
such high concentrations of detergents (compare E and prM
migration in Figs. 1A and 1B).

Comparison of the immune response in mice vaccinated
with three different DEN-2 recombinant DNA plasmids

To compare the extent and functionality of antibody
responses stimulaied by DNA vaccination, 3-week-old ICR
mice were immunized by im injection with 100 pg of either
pCB8D2-2]-2-9-1, pCBYD2-1J-4-3, pCBD2-14-6, or
pEGFP on weeks 0 and 3. Outbred mice were selected for
this study to provide the genetic heterogeneity expected in
nonhuman primates planned for future study. Mice were
bled 3, 6, and 9 weeks afier the primary immunization.
Individual and pooled sera were lested by indirect ELISA,
using screening ditutions of 1:100 and 1:400 at 3 and 6
weeks postvaccination and endpoint titrations at 9 weeks
postvaccination. Nine-week sera were also tested by plagque
reduction neutralization test (PFRNT) with both DEN-2 and’
JE viruses. The ELISA results showed that after one immu-
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nization (3-wesk sera) all mice given pCB8D2-21-2-9-1 had
seroconveried, whercas only 50% of pCB9D2-1)-4-3- and
20% of pCBD2-14-6-vaccinated mice reacted with DEN-2
virus (Table 3). By 9 weeks postvaccination, all mice vac-
cinated with either pCB8D2-2J-2-9-1 or pCBYD2-1]-4-3
demonstrated anti-DEN-2 ELISA reactivity; however, the
geometric mean titers were significantly different, 1:20,000
vs 1:708, respectively. Only 40% of pCBD2-14-6-immu-
nized mice had anti-DEN-2 ELISA titers greater than 1:100.
A Western blot of pooled 9-week sera from pCB3D2-2J-2-
9-1-immunized mice on purified DEN-2 virus showed that
the immunedominant response was to the E glycoprotein,
with only slight reactivity detected to prM and M (data not
shown).

An even more significant result in terms of evaluating the
vaccine -potential of the three DEN-2 plasmids was the
induction of virus-Nt antibody in seven of nine mice im-
munized with pCB8D2-23-2-9-1. The titers reported are
based on a 90% plaque-reduction endpoint (Tabie 3); how-
ever, if a 70 or 50% neutralization endpoint is used, nine of
nine sera have PRNT titers of =1:2 or =1:40, respectively
{data not shown). Ninety percent neutralization titers ranged
from 1:40 to >1:1000 for the seven sera with Nt activity.
None of the mice immunized with pCB9D2-1J-4-3 pro-
duced Nt antitody, and only 1 of 10 sera from pCBD2-14-
6-vaccinated mice neutralized virus, but at a titer of enly
1:8. We did not challenge these vaccinated mice with
DEN-2 virus since 12-week-old ICR mice are resistant to
DEN-2 virus challenge by either intraperitoneal (ip) or in-
tracranial route. For the purpose of comparison, mice chal-
lenged with DEN-2 New Guinea C strain by the ip route had
a mean neutralization titer of 1:10 (Konish et al., 2000a).

Since two of the recombinant plasmids contained JE
virus E-gene sequences, all sera were evaluated for JE virus
Nt activity; however, no activity was detected at the 90%
neutralization endpoint for mice in any of the immunization
groups. Mice immunized with the control plasmid pEGFP
showed no reactivity to either DEN-2 or JE viruses.

Passive protection of neonatal mice derived from
pCB8D2-2]-2-9-1-vaceinated female

Female ICR mice were vaccinated with one dase of 1C0
1g/100 121 of pCR8D2-2J-2-9-1 plasmid DNA at the age of
3 weeks. For evaluation of passive protection by maternal
antibody, pups were obtained from a female that had Nt titer
of 1:160 at 9-weeks postvaccination. Pups were challenged
ip at 2 days after birth with 50,000 PFU/50 pl of NGC virus,
Pups from an onvaccinated female, challenged at 1 day after
birth with 50,000 PFU/50 pl of NGC virus, were used as
unvaccinated controls, Eleven of 12 pups nursed by the
vaccinated mother (PRNT titer of 1:160) survived viral
infection, whereas none of 12 pups, receiving 50,000 PFU
virus, from the control mother survived. Limited DEN-2
virus replication occurred in the survived pups since DEN-2

ELISA antibody (i:100) was detected in the serum of all
survived pups at 25 days posichallenge.

Discussion

The use of plasmid vectors to express prM/M and E
proteins that are able to stimulate a protective immune
response is a novel and promising approach for the davel-
opment of flavivirus vaccines (Chang et al,, 2001). It is also
an impontant step toward the development of a stably trans-
formed cell line that constitutively produces and secretes
noninfections subviral particles as the potential source of a
biosynthetic subunit vaccine and serodiagnostic antigen.
Vaccination with the recombinant plasrnid results in endog- .
enous expression of prM and E proteins and stimulates
anti-prM and E antibedy responses in the host. We have
designed a recombinanl eukaryotic exprassion plasmid that
contains optimized transcriptional and translational ele-
ments that enhanced the expression and secretion of JE and
WN virus prM/M and E proteins into the culture medium of
transiently transformed cells (Chang et al., 2000; Davis et
al., 2001). Initially, the same strategy was applied to con-
struct a recombinant DEN-2 plasmid, pCBD2-14-6, consist-
ing of the authentic DEM-2 prM and E gene regions. Anti-
genic mapping of DEN-2 proteins expressed by the
transformed COS-1 cells indicated that the prM and E
proteins had a similar flucrescence intensity and MAb re-
activity compared to virus-infected cetls (Table 1). How-
ever, the staining pattern observed with plasmid-trans-
formed cells was a globular pattern of intensely stained,
large inclusion bodies as compared to the virus-infected
cells, which showed a more evenly dispersed or diffused
staining pattemn.

Svrprisingly, these pCBD2-14-6-transformed COS-1
cells failed to secrete a DEN-2 antigen detectable by Ag-
capture ELISA, and plasmid vaccination failed to stimulate
anti-DEN-2 virus Nt antibody in im immunized mice (Table
3). Studies with recombinant vaccinia virbses expressing
C-terminally truncated E proteins suggested that the first
392 amino acids of the DEN-4 virus E sequence are eritical
in maintaining proper antigenic structure of the E protein
and that the C-terminal 20% of DEN-4 E contains a mem-
brane retention signal (Men et al. 1991). A similar mem-
brane retention signal may also present in the. C-terrninal
region of DEN-2 E and could have cansed an intracellular
accumulation of viral protein and a resultant pattern of
globular fluorescent staining in the pCBD2-14-6-trans-
formed, acetone-fixed cells. This IFA staining patiern was
not cbserved in the JE or WN recombinant plasmid-trans-
formed cells (Chang et 21, 2000; Davis et al., 2001). We,
therefore, constructed two additional plasmids, pCB9D2-1]-
4-3 and pCB8D2-2J-2-9-1, for which 10 or 20% of the
C-terminal DEN-2 E was replaced with the ¢cormresponding
region of JE virus E protein. The pCB9D2-11-4-3 plasmid
secreted very low levels of prM and E proteins, detectable
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only by Western blot in transiently transformed COS-1
cells; only pCB8D2-2J-2-9-1-transformed cells secreted
DEN-2 virus prM/M and E proteins that could be detected
both by Ag-ELISA and Western blot (Fig. | and Table 2).
Particle assembly and secretion is influenced by prM and
E interaction. Studies on TBE virus have indicated that
interactions between prM and the ectodomain of E are
involved in prM-mediated intracellular transport of prM-E
hetercdimers. Interactions between prtM and both a pre-
dicted stem region (H2) and a first transmembrane region
(TM) of E are factors stabilizing the prM-E interaction,
presumably leading lo particle formation (Allison et al.,
1999). Replacement of the C-terminal 20% of DEN-2 E
with the comesponding JE E sequence to construct
pCB8D2-2]-2-9-1 resulted in DEN-2 prM and chimeric E
. secretion, most likely in a particulate form [based on the
immunogenic quality of this antigen (Table 3)]. The major
portion of the prM and E proteins expressed by pCBD2-
14-6- and pCB9D2-4-3-transformed COS-1 cells remained
_membrane-bound {Table 2 and Fig. 1). This result substan-
tiated the cbservation that a membrane relention sequence,
similar to an unidentified sequence in DEN-4 virus E, is also
present in the C-terminal stem region of the DEN-2 E
protein. It also provided evidence that H2 and TM1 of JEE
could interact with DEN-2 ptM, perhaps stabilizing the
prM-E interaction leading to prM/M and E protein secre-
tion. The prM processing resulted in M protein-containing
virion oceurs at the latest stage during flavivirus maturation.
The prM protein is essential for maintaining proper con-
formation and secretion of the E protein during prM-E
maturation (Aberle et al.,, 1999; Allison et al., 1995}. For
Murray Valley encephalitis virus, the ectodomain of E pro-
tein interacting with priV has been estimated to be between
amnino acids 200 and 327 (Guirakhoo et al., 1992). Recom-
binant vaccinia viruses expressing C-terminally truncated E
proteins suggest that the first 392 amino acids of the DEN-4
virus E sequence is required for proper antigenic structure
(Men et al, 1991). We believe that proper prtM and E
interactions as well as the structural integrity of E are
mainiained in the protein expressed by all three DEN-2
constructs. Replacement of the C-terminatl 20% of E in
pCB8D2-2]-2-9-1, conserving 397 amino acids of authentic
DEN-2 E, was expected to have 2 minimum effect on the
antigenic structure of E and to preserve prM-E intcractions.
Interactions of the prM and stem-anchor region of E are not
virus-species specific. Replacing the stem-anchor region of
DEN-2 E with the corresponding JE sequence had no effect
on MAb reactivity (Table 1), indicating that this region is
antigenically inert, but is'required for prM/M and E secre-
tion, and possibly assembly of prM/M-E containing EPs.
The plasmid construct responsible for secreting EPs of
TBE virus prtM and E protein was superior to constructs
producing primarily intracellular or soluble forms of E pro-
tein in terms of extent and functionality of the antibody
response (Aberle et al., 1999). Here we demonsirated that
the ability of DEN-2 plasmid DNA to stimulate Nt antibody

was correlated with the secretion of prM/M and E (Fig. 1,
Tables 2 and 3). The morphology and physical character of
secreted prM and E were not investigated in this study. It is
likely that prM/M and E secreted by the pCB8D2-21-2-9-1
construct forms EPs, which represent a potent immunogen
with multiple, protective antigens presented on the particle
surface.

Previous attempts to develop a DEN-2 virus DNA vac-
cine has resulted in various degrees of success (Kochel et

"al, 1997; Konishi et al,, 2000a; Simmons et al;, 2001).

Vector components in those studies are similar to the
present study, in which RNA transeripts of the DEN insert .
are regulated by the cytomegalovirus early gene promoter
and bovine growth hormone poly(A) termination signal.
However, the Nt-inducing efficiency of DNA vaccine in
mice is significantly higher in our study than previous re-
ports. Of the prM and E gene regions reported in the pre-
vious publications, one construct is similar to our 160%
DEN-2 plasmid (Konishi et al., 2000a), and the other con-
tains only 91% of the E gene (Kochel et al., 1997). Kozak's
consensus sequence used in our construct could enhance the
translation efficiency of the DEN-2 insert {Chang et al,,
2000). The transmembrane signal peptide sequence (derived
from JE virus) used in our construct has improved cleavage
probability and could influence the proper translocation as
well as processing of prM/M and E proteins. Signal peptide
differences in various constructs may account for the dif-
ference in protein translocation, cleavage site presentation,
and carrect topology of prM and E proteins (Chang et al,,
2001). However, it is highly probable that the higher Ni-
inducing efficiency of the 80% DEN-2 E construct in mice
in the present study. is due to the synergistic effects of
transcripiional and translational elements that increase both
the secrelability and the particle formation of DEN-2 piM
and E proteins. Coimmunization of the immunostimulatory
CpG motif-containing pUCI9 plasmid, including plasmid-
expressing murine GM-CSF in the vaccine regimen, or
replacing the C-terminal 43 amino acids of E with lyso-
some-associated membrane retention sequence, imptoved
the antibody response to the DEN-2 vaccine (Porter ct al,,
1998; Raviprakash et al., 2001).

Apge-dependent resistance 1o viral infection in outbred
mice has been observed in flaviviruses, including four se-
rotypes of DEN, YF, St. Louis encephalitis, and JE viruses.
The development of a consistent challenge protocol to ad-
dress protective efficacy is essential for future multivalent
DNA vaccine trials in mice. Previously, we observed that
maternal antibodies could provide passive protection in neo-
natal mice from JE virus induced encephalitis by ip chal-
lenge (Chang ct al, 2000). The protective efficacy in the
baby correlated with the mother’s serum Nt antibody titer. A
similar strategy of immunizing female mice with the 80%
DEN-2 E-20% JE E construct indicated that, indeed, ma-
ternal antibody capable of Nt DEN-2 virus could also pro-
vide passive protection in nconatal mice from DEN-2 virus
ip challenge. Thus, enhancement of the vaccine potential of
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Oligonuclectides used to construct DEN-2 virus prtM-E expression plasmids, and the junction region of chimeric DEN-2 and JE E Indicated

100% DEN-2-prM-E:

D2Kas!-438°
CD2Motl-2402

5 TGTGCAGGCGCCTICCATTTAACCACACGTAACG
5" TCOGAGCGGCLGCTTCAACTAATTAGGCCTGCACCATGALTC

90% DEN-2.E & 10% JE-E:

N
CD2BstX1-2244
JE-2281

Cspé

90-10 Junction:

S'CTTATCGAAATTAATACGACTCACTATAGG
S ATAGATTGCTLCAAACACTIGGTGO
5 ACTCCATAGGOAAAAGCCOTTCACC
5 GCOGAGCTCTAGCATTTAGCTGACACTATAG
DEN-2+ —JE :
Letu His Gin Val Phe Gly Gly Ala Phe Arg Thr
CTC CAC CAA GTG TTT GGT GGT GCC TIC AGA ACA

80% DEN-2-E & 20% JE-E:

i &' CTTATCGAAATTAATACCACTCACTATAGG
CD2BsmBI-2057 5 GAATTCGTCTCACTTCCTTTICTTAAACCAGTTCAGCTTC
JEBsmBI-2175 5' GOAATTCGICTCCGAAGCACGCTGGGCAAGG
CsP6 5 CCGAGCTCTAGCATTTAGGTGACACTATAG Y
DEN-2+ —JE
§0-20 Junction: Asn Trp Lys Lys Gly Ser Thr ZLew Gly Lys Al
AAC TGG TIT AAG AAA GGA  AGC ACG CTG GGC GeEC

® Restriction enzyme Sites enceded in oligonucleotides were highlighted by bold, italics, and underlined functions,

flavivirus DNA can be achieved by manipulation of an
expression plasmid for enhancing transcription and transla-
tion, promoting correct polyprotein processing and assem-
bly, and targeting prM/M and E proteins for secretion.
We have constructed recombinant plasmids which se-
crete prM and E proteins for DEN-1 and DEN-3, similar to
the 80% DEN-2 E construct in this stady (G. J. Chang,
unpublished results). We have also established DEN-1, -2,
and -3 plasmid-transformed cell lines that constitutively
express and secrete prM/M and E proteins for these three
viruses. Objectives of an ongeing study are to obtair both
DEN-4 and YF plasmid constructs and to establish DEN-4
and YF prM/M and E antigen-preducing cell lines. Using
candidate DNA vaccines for the four DEN serotypes, YF,
IE, and W viruses, a future study will address the vaccine
potential of the formulated combination vaccine cocktails,
based on the disease prevalence in different geographic
regions. Noninfectious prM/M and E antigen-producing cell
lines can provide biosynthetic subunit vaccines as well as
standardized, noninfectious serodiagnostic antigens.

Materials and methods
Cell culture ond virus strain

C08-1 cells (ATCC, Manassas, VA; 1650-CRL) were
grown at 37°C with 5% CO, in Dulbecco’s modified Ea-
gle’s minimal essential medium (DMEM, GIBCO, Grand
Island, NY) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Hyclone Laborateries, Inc., Logan,
UT), 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 20 ml/l 7.5% NaHCQ;, 100 U/mi penicillin, and 100
pg/ml streptomycin. Vero and C6/36 cells were grown

under the same conditions used for COS-1 cells. DEN-2
virus strain-16681 was used for ¢cDNA cloning, IsG ELISA,
and the PRNT, Virus was propagated in C6/36 cell culture.
Virus used for immunological or bicchemical studies was
purified by precipitation with 7% polyethylene glycol
(PEG-8000; Fisher Scientific, Fair Lawn, NJ), foliowed by
ultracentrifuzation on 30% glycerol-45% potassium tartrate
gradients (Obijeski et al., 1976).

Mouse brain adapted DEN-2 Mew Guinea C strain virus
was used in the passive challenge experiment. This strain
was propagated in suckling mouse by intracranial injection,
and a 10% suspension of homogenized mouse brain was
used for the challenge study.

Plasmid construction

Genomic RNA was extracted from 150 p! C6/36 cell-
culture medium infected with DEN-2 (16681} using the
QlAamp Viral RNA Kit (Qiagen, Santa Clarita, CA). Ex-

tracted RNA, resuspended in 80 pl DEPC (Sigma, St

Louis, MO), was used as a template in a reverse transcrip-
tase-PCR (RT-PCR) for the amplification of DEN-2 virus
prM/M and E genes. Primer sequences (Table 4) were
designed based on the published sequence (Kinney et al,,
1997). Restriction enzyme site KasI was incorporated at the
5'-terminus of the cDNA amplicon. An in-frame termina-
tion codon, followed by a Notl restriction site, was intro-
duced at the 3'-terminus of the ¢DNA amplicon. The
DEN-2 virus cDNA amplicon was digested with Xasl and
Norl enzymes and inserted into the Kasl and Norl sites of a
pCBIESS vector to form the 100% DEN-2 E plasmid,
pCRD2-14-6, The pCBIESS vector was derived from the
pCBamp plasmid which contained the cytomegalovirus
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: h DEN2-prM . " ¥ DEN2Z-pem
pCBD2-14-6 ‘ pCB9D2-1J-4-3 { pCB8D2-2J-2-9-1§
(100% DENI-E). orfd 0% DENZ-E-10MIE) o) (0% DENZ-EJOWEE) g
N ".1" y
DENI-E ¥ 30% DEN2-E

BGH g
20% JEV-E

BCH W ey
10% JEV-E-

Flg. 2. Schemalic representations of plazmid vectors pCBD2-14-6 (100% DEN2-E), PCBSD2-1)-4-3 (90% DEN2-E-10% JE-E), and pCB8D2-2J-2-9-1 (80%
DEN2-E-20% JFE-E). These plasmids include the humen cytomegalovirus (CMV) early gene promoter, JE virus signal sequence, DEN-2 virus prM and E
gene cegion (amino-terminal 100, 90, or 80%), JE virus E gene region (carboxyl-terminal 10 or 20%), and bovine growth hormone poly(A) signal (BGH).

carly gene promoter, translational control element, and en-
gineered JE signal sequence clement (Davis et al,, 2601).

To construct the 90 and 80% DEN-2 E plasmids, the
1009 DEN-2 plasmid, pCBD2-14-6, and the JE plasmid,
pCBJE1-14, were used as the PCR templates to amplify
DEN-2 end JE DNA sequence, respectively (Chang et al.,
2000). Primer sets to obtain the DEN-2 and JE gene frag-
ments are listed in Table 4. T7 and SP6 priming sites are
found in the pCBamp plasmid, derived from original
pcDNA-3 plasmid (Invitrogen, Carlsbad, CA). PCR-ampli-
fied DNA fragments for the 90% DEN-2-10% JE E gene
were digested with Bs¢XI restriction endonuclease, ligated
with T4 DNA ligase, digested with Kasl and Notl enzymes,
and inserted into the Kasl and Nerl sites of the pCBJESS
veclor to obtain the plasmid pCB9D2-17-4-3. PCR-ampli-
fied DNA fragments for the 80% DEN-2-20% JE E gene
were digested.with BsmBl, ligated with T4 DNA ligase,
digested with Kas! and NofI enzymes, and inserted into the
Kasl and Nod sites of the pCBJESS vector (o obtain the
plasmid pCB8D2-2J-2-9-1. Schematic representations of
the three plasmid constructs are shown in Fig. 2. The 30%
DEN-2-10% JE E and the 80% DEN-2-20% JE E junction
regions are shown in Table 4.

Automnaied DNA sequencing was performed on an ABI
Prism 377 Sequencer (Applied Biosystems/Perkin—Elmer,
Foster City, CA) according to the manufacturer’s recom-
mended procedures. The recombinant plasmids that had
correct prM and E sequences were identified.

Transient expression of DEN-2 recombinant antigen in
COS-1 cells by electroporation

COS-1 cells were electroporated separately with each
DEN-2 -plasmid or green fluorescent protein expression
plasmid control (pEGFP, Clontech, San Francisco, CA)
using the protocol described previously (Chang et al,
2000). Electroporaied cells were seeded onto 75-cm? culture
flasks and incubated at 37°C with 5% CO,. Six hours
following electroporation, the growth medium was replaced
with a maintenance medium containing 2% fetal bovine
serum, Tissue-culture medium and cells were harvested

separately 48 h following electroporation for antigen char-
acterization.

Epitope mapping using DEN-2 E-specific monoclonal
antibodies

Forty-eight hours following electroporation, adherent
cells were trypsinized, resuspended in phosphate-buffered
saline solution (PBS) containing 5% goat serum, spotted on
a 12-well spot-slide, and air dred. Cells adhered to the
spot-slide were fixed with acetone for 10 min at ~20°C and
allowed to air dry. E-protein-specific monoclonal antibodies
were used to detect protein expression by the indirect IFA,
as described previously (Chang et al., 2000).

Characterization of the recombinant DEN-2 virus antigen’
Tissue-culture medium was harvested 48 h following
electroporation. Antigen-capture (Ag-capture) ELISA was
used to detect secreted DEN-2 virus antigen in the culture
medium of transiently transformed COS-1 cells. MAD 4G2
and horseradish peroxidase conjugated MAb 6B6C-1 were
used to capture the DEN virus antigens and detect captured
antigen, respectively (Chang et al., 2000; Hunt et al., 2001). -
Recombinant antigen in the medium was concentrated by
precipitation with 10% PEG-8000. The precipitant was re-
suspended in TNE buffer (50 mM Tris, 100 mM NacCl, 10
mM EDTA, pH 7.5) to 1/100th of the original volume,
clarified by centrifugation, and stored at 4°C. Recombinant
antigen concentrated by PEG precipitation and resuspended
in TNE buffer was extracted with 4% ethanol to remove
residual PEG (Hunt et al., 2001). Ethanol-extracted anti-
gens, hydrophobic membrane proteins from the transformed
cells, and gradient-purified DEN-2 virions were analyzed
under non-denaturing conditions on a NuPAGE, 4-12%
Bis-Tris gradient gel in an Excel Plus Electrophoresis Ap-
paratus (Invitrogen Corp.), followed by electroblotting onto
nitrocellulose membranes vsing a Excel Plus Blot Unit
(Invitrogen Corp.). DEN-2 virus-specific protein was de-
tected by Western blot using DEN-2 virus-specific MAbs
1AGA-8 (E-specific) and 1A2A-1 (capsid-specific), as well
as rabbit antiserum-specific for DEN-2 prM and mouse
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serum-specific for a peptide composed of amino acids 1-34
of the DEN-2 M protein, and normal mouse ascitic fluid as
a negative control (Muray et al, 1963, Roehrig et al,,
1998).

Forty-¢ight hours foltowing electroporation, transformed
cells for each plasmid were trypsinized and aliquots con-
taining 5 X 108 cells were resuspended in PBS. These cell
samples were processed {or membrane protein extraction
using the Mem-PER Mammalian Membrane Protein Exirac-
tion Reagent Kit (Pierce) following the manufacturer’s pro-
teeol, Both hydrophobic and hydrophilic proteins were 1so-
lated. This procedure was developed for enrichment of
integral membrane protein found in the hydrophobic phase.
Both hydrophobic and hydrophilic fractions were anaiyzed
by Ag-capture ELISA for DEN-2 recombinant antigen; the
hydrophobic fraction was atso examined by Western blot as
described above.

Mouse vaccination and challenge

Groups of 10 three-week-old female ICR outbred mice
were vsed in the study. Mice were injected im with
pCBD2-14-6, pCBYOD2-1J-4-3, pCB&D2-23-2-9-1, or
pEGFP on weeks O and 3 with a dose of 100 ug in 2
volume of 100 p! per mouse. The plasmic DNA was
purified from XL-1 blue cells with EndoFrze Plasmid
Giga Kits (Qiagen) and resuspended in PBS, pH 7.5, at a
concentration of 1.0 pg/ul. Mice that received 100 pg
pEGFP were used as plasmid-vaccinated controls. Mice
were bled every 3 weeks following injection, and the
DEN-2 virus-specific antibedy response was evalyated by
indirect ELISA and PRNT.

For evaluation of passive protection by maternal anti-
tedy, pups were obtained from mating of nenimmunized
males with immunized females 9 weeks following a single
vaccination of pCB8D2-2]-2-9-1 (100 pg/ 100 plin PBS) at
3 weeks of age. Pups from unvaccinated females were used
as the challenge control. Pups were challenged, ip, at Gto2
days after birth with 50,000 PFU/50 p of NGC virzs and
observed daily for 3 weeks. Postchallenge serum was col-
Jected from mice that survived challenge and was scresned
by the IgG-ELISA at 1:100 and 1:400.

Serological tests

Pre- and postvaccination Serum specimens were {ested
for antibody binding ability to purified DEN-2 virus by
BLISA, for Nt antibedy by PRNT, and for antibodies that
recognize purified DEN-2 virus proteins by Western blot-
ting. PRNT was performed with Vero cells, as previously
described (Chang et al., 2000), using DEN-2 (16631) and JE
{Nakayama) viruses. Endpoints were determined at a 90%
plague-reduction level.
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USDA ISSUES LICENSE FOR WEST NILE VIRUS DMA VACCIME FOR HORSES

WASHINGTON, July, 18, 2005~The W.5. Deparimant of Agriculture 1oday announced that it has issued a
license 10 Fo:t Dodge Laboratories, Inc. of Fort Codge, lowa, a division of Wyeth, for a vaccine to protect
horses from viremia caused by the West Nile virus (WNV).

The horse vaccine, which was developed through a collaboration of the Centers for Disease Control and
Fort Dodge, is the first fully licensed WNV DNA vaccine for animals in the United Stales. The vaccine
contains genes for two WNV proteins, and therefore, does not contain any whole WNV, live or killed.
Once the horse’s cells begin making proleins from the virus, they trigger a protective immune response.

In graniing full licensure, USDA's Center for Veterinary Biologics determined that the vaccine's safety
and eflicacy have been satisfacterity demonsirated. Studies looking at how long the vaccine maintains its”
immunity are ongoing. However, the label contains a caution that vaccinaied horses may not be eligible
for export, as current commercially used tesis may not be able to differentiate between this vaccine,
conventional vaccines and horses that have been exposed 1o the actual virus,

WNV, a mosquile-borne disease, was first detected in the Uniled States In 1899, The virus, which can
cause encephalitis or inflammation of the brain in animals and, in some cases, humans, has been found
in Africa, western Asia, the Middie East and the Mediterranean region of Europe. it has spread 1o all 48
of the Continental United States.

WNV Infection in horses may include both eentral nervous system and peripheral nervous system signs.
From the first inlreduction of the virus in 1999 through December 2004, there have been 22,602 reported
eguine cases. Approximately one-third of horses that become ill with WNV die or must be euthanized.

This technology represents a new generation of vaccines. Traditional vaccine development involves
either passing a disease-producing virus through a different species or cell type until it ne longer causes

; disease but does create immunity, or by killing the virus in such a manner that allows it to produce

immunity but no disease in the recipient. DNA vaccines, by contrast, use specific fragments of a
pathogen's unigue genelic material to stimulate a targeted immune response fram the host.

Once licensed by USDA, a product of this nature can be marketed to the public. For information on the
vaccine, contact Ft. Dodge Laboaratories, Inc., at 1-8Q00-685-5656. .

#

Note 1o Reporiers: USDA news releases, program announcements and media advisories are available

on the Internet. Go to the APHIS news release page at http://www.aphis.usda.gov/lpa/news/press.html.
Also, anyone with an e-mail address can sign up to receive APHIS press releases automatically. Send

an e-mail message to lyris@mdrdlyriss10.aphis.usda.gov and leave the subject blank. In the message,
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Noninfectious Recombinant Antigen for Detection of St. Louis

Encephalitis Virus-Specific Antibodies in Serum by
- Enzyme-Linked Immunosorbent Assay
David E. Purdy, Amanda J. Noga, and Gwong-Jen J. Chang*

Arbovirus Diseases Branch, Division of Vector-Borne Infectious Diseases, National Center for Infectious
Diseases, Ceniers for Disease Control and Prevention, Public Healily Service, U.S. Departinent
of Health and Human Services, Fort Collins, Colorado

Received 26 March 2004/Returned for modification 17 May 2004/Accepled § July 2004

Proper surveillance of virus activity and a timely response to viral outbreaks depend upon the rapid
diagnosis of viral infections, The immunoglobulin M (IgM) antibody-capture enzyme-linked inununosorbent
assay (MAC-ELISA) is a fast, sensitive test routincly used for the diagnosis of the medically imporiant West
Nile and 81, Louis encephalitis Aaviviruses. However, the suckling mouse brain-derived (SMDB) antigen used in
this assay is tedious to prepare and has a risk of expusing personncl (o live virus and hazardous chemicals. We
report the development of a St. Louis encephalitis virus (SLEV) noninfectious recombinant antigen that is a
safc and casily produced alternaiive antigen for use in diagnostic assays. The expression plasmid pCB35J2,
containing the premembrane and envelope structural protein-encoding regions of SLEV, was constructed Lo
express scereted extracellufar virus-like particles (VLPs) from CIO cells. Blind-coded huntan serum panels
were asscrubled from patients having recent SLEY, West Nile virus (WNV), Powassan virus, or La Crosse
cncephalitis virus infections (o assess the sensitivity and specificity ol assays with SLEV VLP or SMB antizen.
MAC-ELISAs with cither antigen had comparable sensitivity for the detection of IghM antibodies against SLEV.
Iiportantly, when these two antigens were tested against 2 human sernm pancl from patients having recent
WNY or Powassan virus infections, the SLEV VLPs were less likely than SMB antigen to detect flavivirus
cruss-reactive Igd antibodies. An optimized IgG antibody capture ELISA (GAC-ELISA) with both WNY and
SLEV VLIs was developed to circumvyent the frequently observed higher background in the antigen-capture
1gG-ELISA (ACG-ELISA). For the detection of 1gG antibodies against WNV, the GAC-ELISA resulted in a
statistically significant higher perfurmance accuracy (P = 0.003) than the ACG-ELISA when the WNY VLP
antigen was used in both assays. However, no statistical difference was observed in the assay performance of

the GAC-ELISA with SLEV VLP or the ACG-ELISA with SLEV SMD antigen.

St. Louis encephalitis virus (SLEV), a member of the genus
Flavivivus in the family Flaviviridae, was the leading cause of
epidemic faviviral encephalitis in the United Slates prior to
the introduction of West Nile virus (WNV) in late 1999. This
mosquilo-borne arbovirus, transmitted primarily by Culex spe-
cies, is distributed throughout the lower 48 states, with periodic
epidemics occurring mostly in the Midwest and Southeast.
Between 1964 and 2002, over 4,500 human cases of SLEV
infection were reported, with a national average of 118 re-
poried cases per year (G. L. Campbell, Centers for Discase
Control and Prevention, personal communication). The last
major outbreak, from 1974 1o 1977, involved 33 states and over
2,500 reported cases (16, 17). More recent outbreaks occurred
in Florida in 1990 (226 rcported human cases} (2, 9), Louisiana
in 1998 and 2601 (18 and 71 cases, respectively) (3, 4), and
Texas in 2002 (19 cases; G. L. Campbell, Centers for Discase
Control and Prevention, personal communication). Most
SLEV infections are not clinically apparent or only present as
a nonspecific flu-like illness; therefore, the vast majority re-

main undiagnosed. Infection may progress to scvere diseasc,

* Corresponding author. Mailing address: Division of Vector-Borne
Infectious Diseases, National Center for Infectious Discases, Centers
for Disease Contrel and Prevention, P.O. Box 2087, Fort Cotlins, CO
80522, Phone: (970) 221-6497. Fax: (970) 221-6476. E-mail: gxe7@edc

.gov.
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such as meningoencephalilis with a case falality rate of 5 1o
20% (24). The clderly are especially at risk [or progression to
severe disease and death.

Intensive surveillance of flaviviral outbreaks provides valu-
able information applicable to the control and prevention of
virus activily. A standardized 1gM antibedy-capture cnzyme-
linked immunosorbent assay (MAC-ELISA) protocol was pre-
viously developed for the rapid screening of human serum
saimples for various arboviral infections (15). This assay serves
as a valuahle teal for the presumptive diagnosis of acute fla-
viviral infections and [acilitales the processing of numerous
serum samples. HMowever, the use of arbovirus antigens pre-
pared from virus-infected suckling mouse brains in this diag-
nostic assay may expose the personnel to infeclious agents and
hazardous chemicals during antigen production. In addition,
the procedure for this anligen preparation is lime consuming,
costly and tedious. During natural flavivirus infection, cimply
virus-like particles consisling of viral premembrane, membrane
(M), and envelopc () structural proleins are produced in
addition to infectious virus {21). These noninfectious virus-like
particles (VLPs) do no{ contain nucleocapsid but are structur-
ally and physiochemically similar to infectious virion particles,
We have developed an expression system to produce secreted
extracellular VLPs Jor several Maviviruses in mammalian celi
cullure. African green monkey kidney (COS-1) cells trans-

73
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TABLE 1. Oligonucleotides nsed for cloning of 100% and §0%
SLEV premembrane-E protein-encoding cDNA into
expression plasmids

Construet and

i lieonucleotide sequenca’
primers Olig, eclide sequenc

pCDSLE4AMIA

SLE-Afel-463 5" AAAAGAAAAAGCGCTTTGCAGTTATCAAC

CTATCAGGGGAA

CSLE-Noul-2447 5" AAAAGAAAAAGCCGCCGCTCAGGCTTGCA
CGCTGGTTGCCA

pCRRsI2

T? 5" CTTATCGAAATTAATACGACTCACTA
TAGG

CSLE-RemB1-2150 5" AATGCTCGTCTCGCTTCCCTCTTTGTGCCA
GTGGTAGTTA

JE-BsmB1-2175 5 GGAST'TCGTCTCGGMGCACGCI'GGGC
AAG

c§Ps .5 GgggGCTCTAGCAI TTAGGTGACACT
AT

“ Restriction endonuclease sites are indicated by bol<, italicized, and under-
lined font.

formed with expression plasmids containing the premembrane
and E structural proteins of either Japanese encephalitis virus
(TEV) or WNV secrefed VLPs into lissue culfure Auid at high
antigen capture (AC) enzyme-linked immunosorbent assay
(ELISA) titers {6, 8, 12). Replacement aof the C terminus of
dengue virus type 2 E protein (amino acids E-397 o E-493) with
the J2V homologous region was necessary, however, for high-
level secretion of dengue virus type 2 VLPs (7). This region is
belicved 1o contain a putative membrane retention signal localed
between amino acids 2-397 and E-436 that prevents efficient
budding of VLPs from the cytoplasmic membrane.
Noninfeclious recombinant antigen prepared by polyethylene
ghycol precipitation of VLPs secreted into tissue culture fluid by a
stably transformed COS-1 cell line was shown to be a safe and
sensitive alternative to virus-infected suckling mouse brain-de-
rived (SMB) antigens for diagnosis of JEV and WNV infections
(5, 12). The WNV VLP antigen was shown to have sensitivity
comparable to that of WNV SMDB antigen for detecting IgM and
InG antibodies against WINV (8). In 2001, public health service
laboratories in the United States replaced the traditional WINV
SMB antigen with WNV VLPs for use in dingnostic assays (8, 19).
Prior to the introduction of WINV in 1999, SLEV was the
only mosquito-borne Navivirus resuliing in significant human
morbidity and mortality in the United States Both WNV and
SLEV are members of the JEV serocomplex. The recent ex-
pansion of WNV across the United States and the subsequent
cocirculation with SLEV in some regions has complicated se-
rodiagnosis due to the presence of flavivirus group-reactive
antibodies clicited by either viral infection. However, antibod-
ies produced during SLEV infection were generally found to
be more cross-rcactive than those produced during WNV in-
fection (14). Simultaneous testing of these human serum sam-
ples for WNV and SLEV antibodies, thus, is necessary in order
to identify the virus responsible for the most recent infection.
We present here a procedure for 1he production and puri-
fication of SLEV VLPs in tissue culture. A SLEV premem-
brang and E protein expression plasmid, pCB8SJ2, was con-
structed for {ransient expression of viral structural proteins in
Chinese hamster ovary (CHO) cells, and the sccreted VLPs
were partially purified and concentrated by ultracentrifugation.

I. CLiv. MiCROBIOL.

Four human serum panels were assembled to compare the
sensitivity and specificity of SLEV VLPs and SMB antigen in
detecting IaM and IgG antibody. These serum panels consistecl
of scra from patients infected with two members of the JEV
serocomplex, SLEV and WNV, as well as two Norih American
arboviruses, Powassan virus (a member of the lick-borne fla-
viviruses), and La Crosse virus, a member of the family Bun-
yaviridae). Additionally, an oplimized IgG anlibody capture
(GAC)-ELISA for both SLEV and WNV was developed in
order {o circumvent frequently observed higher background
absorbance agninst normal CHQ cell antigen in the antigen
capture IgG ELISA (ACG-ELISA).

MATERIALS AND METHORS

Cell culture and virus strain, CHO-K] cells (CCL-61; American Type Culture
Collection, Mannassas, Va.) were grown in Dulbecen's moditied Engle’s medi-
um/F12 (Gibco Labaoratories, Grand Island, N.Y.). Human embryonic kidney
(293) cells (ATCC CRI-1573), African grecn monkey kidney (COS-1) cells
(ATCC CRL-1650), and C6/36 mosquito cells were grown in Dulbecco’s modi-
lied Eagle's medium (Gibco Laboratorics). All media were supplementad with
1(% heat-inactivated fetal bovine serum (HyClone Lahoratories. Inc, Logan,
Utah). 1 mM sodium pyruvate, 0.0 mM minimal essential medium nonessential
aming acids, penicillin (100 U/ml}, aad 100 g of streptomycin per ml, and all
ceils were grown at 37°C with 5% CO.. SLEV (strain MSL-7) propagated in
C6/36 celt cnlture was used for RNA exteaction, reverse transeriplion-PCR
(RT-PCR), ¢<DNA cloning, and protein analysis. For use in the Western blot,
virus was purified by precipitation with 7% polyethylene glycol 8000 (Fisher
Sciealific, Fair Lawn, N.1.), followed by ultracentrifugation on 30% glycerol—
45% potassinm tartrate geadients (18).

Constructlon of expresslon plasmids, The pCDST.E4MU4 plasmid was con-
strurted by inserting the SLEV premembrane and E genes into pCDNA-3
(Invitrogen Carp., Carlsbad, Calif.) as previously deseribed for nther flaviviruses
(3, 6, 8, 12). Briefly, the QTAamp Viral RNA kit (Qiagen Inc., Valencia, CaliL.}
was used according to the manofacturer’s recommended procedures to extract
genomic RMA from 140 i of C6/36 ceil culture supernntant containing SILEV,
MSI-7 strain, Extracter RNA was used as the template for production of cDNA
conlpining the SLEV premembrane and E protein-encoding sequences with the
Qingen OneSiep RT-PCR kit (Qiagen Inc.).

P'rimer seruences conlaining 1he appropriate restrictinn enzyme sites for clon-
ing (Table 1) were designed based an the published sequence (23). The cDNA
was digested with Afel and Notl and then ligated into Afel- and Notl-digested
pCINA-S, This SLEV premembrane-E plasmid and the pCDIE2-7 (6) plasmid
were used as the PCR templates to amplify SLEV and JEV cDNA sequences,
respectively, with the approprinte primer sets listed in Table 1. The PCR prod-
uets for the SLEV premembrane and 80% E and 20% JEV E prolein-encoding
sequences were digested with BsmBIl and ligated. This ligation product was then
PCR amplified with primers T7 and cSP6, This amplicon was digested with Kpnl
and Notl and then inserterl into the pnl and Netl sites of the pCBamp plasmic
(6) to create pCB8SI2 (Fig, 1)

Automated DNA sequencing was performed on a CIEQ 8000 genetic aralysis
system (Beckman Coulter, Fullerton, Calif.) according to the manufacturer's
recommencied procedures. The recombinant plasmids that had the ¢nrrect se-
quence were identified.

Electroporation of tissue endture cells with plismid DNA. Ior transformation,
tissue culture cells were grown to 90 10 100% confluence in 130-cm® culture
flasks, trypsinized, and resuspended in ice-cold phosphate-buffered saline (PBS)
1o a fingt density of 1.5 % 107 cells/ml. For each reaction, 0.5 ml of this cell
suspeénsinn was electroporated with 30 pg of plasmid DNA in a 0.4-cm electrode
gap cuvette with a Bio-Rad Gene Pulser il (Bin-Racd Laborntories, Hercules.
Calif.) set at 230 V and 975 pF. Two separate eleciroporation reactions were
combined and seeded onto a single 150-em® culture flask containing 40 ml of
growth medium, Tissue culture medium was harvested 48 h following electro-
poration, clarilied by centrifugation at 10,000 rpm for 30 min at 4°C in a Sorval
F-16/250 rotor, and stored at 4°C for further analysis. The AC-ELISA was
performed with Havivirus E-specific, group-renctive monoclonal antibodies 4G2
(11) and 6BAC-1 conjugated to horseradish peroxidase (20) (Jackson Immunc-
Ingical Laboratories, Inc., West Grove, Pa.) to capture and detect secreted VLPs,
respectively, as previously described (6, 12).
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FIG. 1. pCB3S5I2 plasmid map for expressing SLLEV structural pro-
teins. This plasmid contains the human cytomegalovirus (CMV) early
gene promoter, Japanese encephalitis virus (JEV) signal sequence
(JESS), SLEV premembranc (prM) and envelope (E, N-terminal
8095) gene regions, and JEV E (C-terminal 20%), and bovine growth
hormone poly(A) signal {BGH) for expression of premembrane and
recombinant E proleins in tissue culture cells,

Characterization of SLEY extracetlutur YLPs. The SLEY VLI's were concen-
traled and partially purified [rom clarified tissue culture medium Ly uliracentrif-
ugation at 19,000 rpm for 8 to 16 h in @ Beckman Coulter type 19 rotor at 4°C,
The pellet was resuspended in TN buffer (50 mM Tris, 100 md NaCl, pH 7.5)
to 1/50th the original volume. aliquoted inte 1-ml samples, and stored at —70°C.
For use in assays, aliguots were thawed unce and stored at 4°C for up to 1 week,
then discarded, For comparison of noninfectious recombinant antigen purifica-
tion and concentration protocols. SLEV VLPs were also precipitated [rom clar-
ified tissue culture mediem with 109% polyethylene glycal 8000 fur 4 1o 12 h at 4°C
(12). The precipitant was collected by centrifugation at 10,000 rpm for 30 min at
A4°C in a Sorval F-16/250 rotor, ang the pellet was resuspended as above, SLEV
VLPs and gradient-purified virions were analyzed under nondenaturing condi-
tions on a NuPAGE 4 to 12% Bis-Tris gradient gel in an XCell SureLock
Mini-Cell electrophoresis apparatus {Invitrogen Corp.), [ollowed by electroblot-
ting onto nitrocellulose membranes with an XCell 1 Blot module (knvitrogen
Corp.). SLEV proteins were detected by Western blol with mouse hyperimmune
ascitic {luid (HIAF} against SLEV (MS31-7} and Ravivirus E-protein cross-reac-
tive moneclonal antibody 4G2. Total protein was detected with the Owl Pro-Blue
kit (Owl Separalion Systcms, Portsmouth, M.H.} as per the manufacturer's rec-
ommended protocol.

Human serum. Scrum specimens were obtained from the Diagnostic and
Relerence Laboratory, Arbovirus Diseases Branch, Division of Vector-Borne
Infectious Diseases, Centers {or Disease Contral and Prevention. Panels were
asscmbled by selecting serumn specimens collected from 1999 to 2005 having
neutralizing antibody titers to WNV (n = 18), SLEV(n = 12}, Powassan virus {n
= 5), ar La Crosse virus {n = 5), as deiermined by the gold standard 90%
plague-reductivn neutralization test. The flavivirus responsible for the most
recent infection was defined as that virus having o neutralizing antibody titer al
least fourfold grealer than any olher virus lesied. Pasilive-tu-negative absor-
bance ratios of these specimens for MAC- or ACG-ELISA with SLEV SMB,
WHNY SMB, or WNY VLPs were determined by Arbovirus Diseases Branch's
dingnostic laboratory and are listed in Table 2.

ELISA prutocols. SLEV VLPs and normal CHQ cell culture antigen were pre-
pared as described above. Lyophilized preparations of WNV VLP antigen and
normal COS-1 cell culture antigen, prepared as previously described (8), were
resuspended in 0.5 ml of distilled water. Antigens were independently titraled
apainst a pusitive control serum sample with a twofuld dilulion serics and standard-
ized by selecting a dilution that yielded an absorbance of 0.8 t0 1.2 at 450 nmn (A459).

For deteeting the presence of virug-specilic 1gM in serum panels with the
VLPs, the MAC-ELISA was performed as described previously (15} with some
modifications. Briefly, the inner 60 wells of Immulon IT HB flat-bottomed 96-well
plates {Dynatech Industries, Inc., Chantilly, Va.) were ceated overnight at 4°Cin
a humidified chamber with 75 pl of goat anti-human lgM (Kirkegaard & Perry
l.aberatories, Gaithersburg, Md.} diluted 1:2000 in coating buffer (0.015 M

ELISA SENSITIVITIES WITH ALTERNATIVE ANTIGENS
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sodium carbonale, 9.035 M sodium bicarbonate, pH 9.6%, Wells were blocked
with 300 ul of StartingBlock (PBS) blocking buffer (Picree, Rockford, 111} ac-
cording 1o the manufacturer’s recummended procedure, Dried plates were
stored with desiccant at 4°C until use, In our hands, the use of plates that had
been coated with capture antibody, blocked, and then dried as per the manu-
facturer’s recommended procedure bad similar activily in detecting antiviral IgM
and IgG antibodies after storage at 4°C for up to 2 weeks.

Patient sera and positive and negative antibody controls were diluted appro-
priately in wash buffer {PBS with 0.5% Tween 20), added to welis (50 plaveli),
and incubated at 37°C for 1 h in a humidified chamber, Test and negative human
control sera were diluted 1:400 as recommended (13). Positive coatrol sera for
SLEV and WNV were diluted 3:3,000 amd 1:200, respectively. Positive and
negalive control antigens were tested with each patient serum sample in tripli-
cate by diluting appropriately in wash buffer and adding 50 pl tw appropriate
wells for incubation at 4°C overnight in a humidified ehamber. Horscradish
peroxidase-conjugated G136C-1 was diluted 1:6,000 in PBS containing 0.5%
Tween 2G and 5% nonfat dry milk, and 50 pl was added to each well and
incubated at 37°C for 1 h in 2 humidified chamber, Bound conjugate was de-
tected by adding 75 wl of 3,3'5,5"-tetramethylbenzidine (TMB3; Neogen Corp.,
Lexington, Ky.} substrale and incubating at rovm temperature fur 10 min. The
substrate reaclion was stopped with 50 ul of 1 N H,50, and reactions were
measured al an A gz, with an 2L 312e Bio-Kinctics microplate reader (Bio-Tek
Instruments, Inc., Winooski, Vt.).

For detection of virus-specific 1gG in serum samples with VLPs. the GAC-
ELISA was performed essentially as described above for the modified MAC-
ELISA with the following exception: plates were initially coated with goat anti-
man [gG (Kirkegaard & Perry Laboratories), diluted 1:2,000, 10 capture 1gG
antibadies (rom patient serun, :

Test validation and calenlition of positive/negallve absorhance ratio values.
Test validation and positive-to-negative ratio values were deteemined according
to the procedure of Martin et al. (14). Brielly, an internal pusitive and negative
serum control were included in each 96-well plate for test validative, For a
testing plate to be considered valid, the average A4, for the positive serum
comtrol reacted with positive viral antiger must be a1 least two times greater than
the average A,z for the smue positive serum contsol reacted with the negative
tissue culture fluid antigen. Each patient senum sample was validated in the sitme
manner. This verifics that significant A |54 values against viral antigen are not due
to nonspecific binding of serum antibodies to tissue culture fiuid componenis.

Iositive values for each specimen were determined as the average Asq, for the
patient serum sample reacied with positive viral antigen. Negative values
were determined for individuul 96-weil plates as the average A,y for the
normal human serum control reacted with the positive viral antigen, A spec-
imen was classified as a validated-positive sample if it had a positive/negative
ratio of =3.0.

Statistical analysis. The receiver operating characteristic (ROC) curve, a plot
of sensitivity versus specificily, was applied to determine the discriminatory
accuracy of tests in question with MedCalc sialistical puackape (Berkley, Calif.}
{22). The accuracy is measured by the area under the ROC curve (AUC) A
parametric method with a maximum likelihood cstimator was used to caleulate
the AUC and 95% confidence interval (26). The AUC measures the discrimi-
natoty power, that is, the ability of a test to corrcctly classify thase with or
without disease. An AUC approaching 1 indicates that the test is highly sensitive
as well as highly specific; an AUC approaching 0.5 indicates that the test is
neither sensitive nor specific. We used the following criteria to define the discase
statle and the assizned nomerical value was applied to transform the positive/
negittive ratia value for ROC analysis: 0 = positive/neginive absorbance ratio of
<2 (definitive negalive}, 1 = positive/negalive tativ of 22 and <3 (preswinplive
pusitive), 2 = positive/negative ratio of =3 and <4 (positive), and 3 = positive/
negative tatio of =4 {definilive posilive). The comparative ROC was used to
calculate the significance level and determine an assay’s performance.

Culcolation of positive nnd negative prediction value. A positive/negative ratio
of <3 or =3 for a given specimen was classified as assay negative or positive,
respectively. A 2 by 2 table was prepared which categorized four quadrants as
Lrut positive, true negative, false negative, and false pusilive. The positive pre-
diction value is the percentage of true positives/(lrue positives + false positives),
and the negative prediction value is the pereentape of true negatives/(false
negatives + true negatives). y

RESULTS

Transient expression, concentration, and characterization
of SLEV VLPs. Tissue culture cells transiently iransformed by
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TABLE 2. ELISA detection of IgM and 1gG antibodies in human serum samples with various diagnostic antigens

Positive/negative ratio”

eci PRNTy®
Specimen M - s
Panel
SLEV WNV SLEV WNV
MNo.  Day post onset SLEV WHNY
VLP ShiB* VLP SMB” VLP SMB! VLP SMn? VLP?
SLEV 1 3 1,280 160 8.27 2.64  10.80 3.08 9.82 469 2310 7.49
2 0 320 10 7.33 9.03 241 2.23 1.83 2.58 1.17 242
3 D 1,280 20 .42 8.28 4,29 4.61 1.68 323 1.49 4.07
4 5 2,560 40 10,70 7.82 3.50 2.46 2.67 3435 1.66 270
3 0 160 10 9.96 3.97 2.92 225 2.59 2,74 1.75 3.28
) ] 10,240 80 10.60 911 2.89 2.67 5.30 249 337 3.61
7 18 160 40 640 10.50 6.68 8.60 393 19.80 520 14.20
8 4 640 200 1246 9832 1490 .54 2.29 4.56 2.14 6.72
9 0 50 <10 8.11 847 2,749 231 1.45 3353 1.13 216
10 a 1,280 20 2.81 868 1110 7.00 5.06 533 2.67 .63
11 0 320 20 8.56 9.08 8.27 532 2.04 5.85 1.90 5.51
12 21 1,280 i 11.80 871 4370 8M 208 354 2.96 513
No. positive 12 11 8 7 4 9 3 9
WNV 1 10 S0 320 273 2.00 8.38 13.60 6.30 21.00 3.90
2 ] 40 160 337 2.80 7.88 9.65 570 17.50 2.30
3 12 40 160 1.70 200 18.66 11.20 470 1590 2.80
4 6 1,280 1.28 2.10 9.27 1.66 2.40 7.16 270
5 0 40 1,280 2.62 340 3470 1.84 290 1430 .00
f 10 320 1.29 2.50 8.61 5717 360 1340 3.60
7 10 540 1.98 270 18.60 4.09 470 9.60 EXL
8 14 40 6d() 2.02 270 1950 1.67 310 532 3.70
9 24 320 1,280 4.34 2.80 3300 13.00 500 23.60 5.70
10 9 46 5120 345 430 3380 2.66 00 1160 4.30
11 3 80 1,280 334 3600 239D 2.95 744 1820 7.76
12 0 1,280 2.66 420 33.40 236 7.05 1490 527
13 0 40 2,560 212 270 2630 2.64 240 1840 4.80
14 4 20 640 218 410 3710 2.20 260 1250 444
15 9 80 320 3.69 340 8.13 11.30 410 21.30 2.60
16 16 40 1,280 2,14 5.0 28.80 a.n1 3,00 1530 S.10
17 160 2,560 1.48 2.30 5.76 12.80 840 2030 6.20
18 4 20 640 1.49 270 1650 1.71 5,57 6.66 5.87
No. positive 5 5 18 9 14 18 14
Powassan virus 1 19 20 1.81 2.00 1.23 092 111 270 1.32 1.70
2 15 <10 <10 2.43 5.00 1.85 310 137 4.30 1.62 3.06
3 112 0.60 1.05 0.51 0.90 * 0.54 1.50
4 1.62 3.0 190 290 1.09 2.80 1.05 1.90
5 3 1.23 110 113 077 1.90 * 217 *
No. positive ] 2 ] 1 0 1 0 1
La Crossre Virus 1 30 1.03 0.88 097 (.47 1.14 0.89 1.33 (.90
2 34 1.06 036 102 094 1L.06 1.50 1.06 1.40
3 24 1.12 1.00 229 9,60 0.97 1.20 0.96 110
4 62 0.99 0.88 1.03 052 0.539 082, 092 0.90
5 10 1.08 110 1.03 1.30 1.15 (.92 1.05 1.00
No positive 0 0 0] 1 0 0 0 0

“ PRNTyy, plaque reduction neutralization test; titers represent 90% plaque reduction endpoints reported by the reference laboratory.
¥ Values represent ratios caleutated by the method indicated in Materials and Methnds, Untess specilied. the 1aM or 158G capture ELISA protocol was used., Positive

ratios of =3 are shown in bold.
“ Ratios reported by the reference laboratory.

4 Ratios reparted by the reference laboratory. The antigen capture 1gG-ELISA {ACG-ELISA) protocal was user. *, specimens failed the test validation due to high

background absorlance against the normal cell antizen.

electroporation with plasmid DNA, pCDSLE4MUA4, encoding
the full-length SLEV premembrane and E proteins expressed
these proteins intracellularly, as determined by the indirect
immunofivorescence antibody assay (data not shown), but did
not secrete VLPs into the tissue culture (luid cfficiently. The
AC-ELISA titers for SLEVY antigen in tissue culture faid were
less than 1:4 at 48 h afier plasmid transformation for multiple

attempts (data not shown). However, transient expression with
pCB8SJ2 (Fig. 1), containing a replacement of the C-terminal
20% of the SLEV E protein with that of JEV, resulted in the
dramatically enhanced secretion of SLEV VLPs, Three types
of tissue culture cells were compared for oplimal secretion
when transformed with pCB85J2. CHO cells were Tound to be
the optimal cell line for this purpose. VLP secretion measured
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by the AC-ELISA was higher in CHO cells (1:32) than COS-1
cells (1:4). Plasmid-transformed CHO and 293 cells secreted
VLPs to similar titers; however, CHO celis attached to Llissue
culture [tasks morc tightly than 293 cells, a characteristic that
is preferable for process and production purposes. Al further
production of SLEV VLPs was therefore conducted with CHO
cells.

A comparison of two noninfectious recombinant antigen
purification protocols was made to determine if a simpler ul-
tracentrifugation procedure could be used to prepare VLP
antigen. Equal volumes of transienlly transformed CHO cell
tissue culture fluid were piepared by either precipitation with
10% polyethylene glycol or ultracentrilugation. Both concen-
tration methods yielded similar titers of VLPs. However, the
SLEV antigens conceniraled by ultracentrifugation were
¢leaner than by polyethylene glycol precipitation. In a total
protein staining gel, a continuous smear of protein was ob-
served for samples prepared by polyethylene glycol precipita-
tion, making the identification of discrete individual bands
difficult, whercas discrete protein bands could be easily dis-
cerned {from samples prepared by ultracentrifugation (data not
shown). Therefore, the ultracentrifugation was used to prepare
the SLEV VLP antigen.”

The purity and prolein identity of the resuspended prepara-
tion werc analyzed by a tolal protein stain {Fig. 2A} and a
Western blot with SLEV HIAF and the flavivirus group-reac-
tive, E-specific monoclonal antibody 4G2. SLEV HIAF de-
tecled protein bands corresponding 1o the size for SLEV pre-
membrane and E proteins (=20 and 55 kDa, respectively) for
both purified SLEV (MSI-7) and SLEV VLPs (Fig. 2B, lancs
i and 2, respectively). Monoclonal antibody 4G2 detected the
E protein as an appropriately sized band in the SLEV VLP
sample (Fig. 213, lanc 4). Nonspecilic binding was not detected
with either antibody preparation when reacted with CHO neg-
ative antigen prepared identically Lo VLPs (Fig. 2B, lanes 3 and
5).

Comparisun of ELISA formats for detection of IgG in WNV
dingnosis. Several altempts 10 utilize ACG-ELISA wilh SLEV
and WNV VLPs in this study resulted in a high background
absorbance against pormal CHO cell antigens (13). A panel of
18 serum samples (Table 2), collecied between 2002 and 2003
from WNV-infccted paticuts, was used to develop the GAC-
ELISA for detection of WNV 1gG antibody (Table 2). IFor Lhis
panel, 14 of 18 samples were previously determiined to be
positive (positive/ncgative ratio values of =3.0; range, 3.0 to
7.76; average, 4.80) by the ACG-ELISA. Tesling this panel by
GAC-ELISA resulted in 18 posilive samples (positive/negative
ratio values of =3.0; range, 5.32 to 23.6; average, 15.1).

The RGC analysis was applied [o compare the performance
accuracy of lwo protocols. The WNV panel was designated the
disease pancl and the remaining three serum pancls, SLEV,
Powassan virus, and La Crosse virus, were combincd as the
nondisease pancl (Table 3). The AUCs of 0.95 and 0.70 for
GAC- and ACG-IZLISA, respectively, indicaled that the GAC-
EL1SA protocol had higher sensilivily and specificity than the
ACG-ELISA (Table 3 and Fig. 3). The test performance be-
tween the two protocols was statistically significant at the level
of 0.003. The GAC-ELISA had a higher positive prediction
value than the ACG-ELISA (86 versus 64%, respectively) and,
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FIG. 2. Detection of SLEV structural proteins in virions and extra-
cellular virus-like particles (VLPs). (A) Total protcin stain of SLEV
VLPs partially purilied and concentrated by ultracentrilugation (lane
2). Lane 1 contains SceBlue PlusZ prestained protein standards with
molecular masses indicated 10 the left (in kilodaitons). (B) Reuactivity
of purified SLE virion protein {lane 1), pelleted SLEV VLPs (lanes 2
and 4), and pelleted normal CHO tissue culture fluid {lanes 3 and 5)
with mousc hyperinunune ascitic fluid against SLEV strain MS1-7
{lanes 1-3) or llavivirus group-reactive E-protein specific monoclonal
antibody 4G2 (lane 4 and 3). Bands corresponding to envelope (E),
premembrane (prM), and cleaved membrane (M) proteins are indi-
cated to the right.

addilionally, the GAC-ELISA had a negative prediction value
of 100%, comparcd to 78% with ACG-ELISA.

Dctection of SLE viral antibody by ELISA. A panel of 12
SLEV-infecled serum samples, conlirmed by the plague reduc-
tion neulralization test, was used in this study (Table 2). The
TgM antibody was tested by lhe MAC-ELISA with SMB anti-
gen or VLPs. Usc of SMB antigens in the MAC-ELISA de-
tected 11 of 12 positive samples (posilive/negative ratio values
of =3.0; range, 7.82 to 10.5; average, 8.93). Replacing SMB
antigens with SLEV VLPs in the MAC-ELISA detected 12 of
12 positive samples (positive/negative ratio values of =3.0;
range, 6.40 to 12.4; averase, 9.36). ROC analysis with various
combined pancls as the nondisease panel indicated that there
was no stalistically significant difference in the performance of
MAC-ELISA with cither VLPs or SMIB antigen, with the sin-
gle exception of SLEV against the combined WNV and Po-
wassan virus panc! (Table 4, P = 0.05). Comparcd to SMB
anligen, this annlysis also indicuted that SLEV VLP had a
higher positive predictive value and negalive predictive value
(Tablc 4).

TABLE 3. ROC curve determination of sensitivity and specificity of
WNV 1gG deiection by antigen-caplure IgG or 1gG antiody-
capture ELISA

Predictive value (%)

ELISA AUC (95% C1) [P]

Positive Negative
ACG 0.70 (0.53-0.84) [0.003] 64 78
GAC 0.95 {0.83-0.99) 86 100

4
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FIG. 3. Comparative ROC curves corresponding ta the GAC- and ACG-ELISA results with WNV VLPs as the antigen, as shown in

Table 3.

When the same panel was tested for the presence of I1gG
antibody by ACG-ELISA, nse of SLEV SMB antigen detected
nine positive specimens (75%, Table 2). However, the higher
absorbance against normal CHO cell antigens prohibited the
use of VLIS with the ACG-ELISA protocol. Thus, the GAC-
ELISA protocol developed and verified with the WNV panel
was applied to test IgG antibodies in the SLEV panel. This
protocol greally reduced the background absorbance against
normal cell antigen but also reduced the number of 1gG-pos-
itive specimens 10 33% (4 out of 12; Table 2). However, ROC
analysis with various combined panels as the nondisease panel
indicated that therc was no statistically significant differences
between the performance of GAC- and ACG-ELISA (Table
5).

Detection of cross-reactive antibodies. As shown in Table 2,
use of SLEV SMB antigen in either MAC- or ACG-ELISA for
WNV-infecled patients detected cross-reactive TgM and IaG
antibodies in § (44%) and 14 (789%), respectively, of the 18

WHNV.positive serum samples. However, the SLIZV VLPs de-
tecied cross-reactive antibody in anly 5 (28%%) and 9 (50%%) of
the same 18 samples by MAC- and GAC-ELTISA, respectively.
Cross-reactive IgM antibodies in 8 of 12 (67%) SLE V-infected
serum samples were detected by WNV VLPs, compared to 7 of
12 (58%) detected by WNV SMB antigen. The WNV VIPs
detected cross-reactive IgG antibody in 3 of 12 (25%) SLEV-
infected samples by GAC-ELISA and WNV SMB antigen de-
tected 9 of 12 (73%) of these samples by ACG-ELISA.
SLEV and WNV VLPs were used to test against WNV,
SLEV, and Powassan virus panels to determine the extent of
Igh and IgG cross-reactivity against flaviviruses commonly
associaled with human discase in North America in MAC- and
GAC-ELISAs, respectively. The comparative ROC analysis
(Table 6) indicated that SLEV VLPs performed significantly
belter than WNV VLPs in MAC-ELISA (AUCs of 0.97 and
0.79, respectively), and WNV VLPs performed significantly
better than SLEV VLPs in GACTLISA (AUCs of 0.94 and

TABLE 4. IgM antibody detection by the IsM antibody-capture ELISA with either SLEV VLP or suckling mouse brain-derived antigens

Sera”

Predictive value {%)

Antigen AUC (95% C1) [P]
Disease panel Nondisease panel Positive Negarive
SLEV WNV + POWV + LACV SMB 0.86 {(.71-0.95) [0.03] 52 95
VLP 0.98 (0.88-0.99) 7 100
SLEV WNV + POWY SMB 0.82 (0.66-0.93) [0.03] 52 93
YLP 0.98 (0.86-0.99) 71 100
SLEV POWV + LACV SMB 0.93 (0.74-0.99) {0,23] 8s 89
VLP 1.00 (0.84-1.00) 100 100
SLEV WNV SMB 0.81 (0.63-0.93) [0.06] 58 N
VLP 0.97 (0.84-0.99) 71 100
SLEV POWY SMB 0.37 (0.62-0.98) [0.14] 85 75
VLP 1.00 (0.80-1.00}) 100 100
SLEV + WNV POWY + LACV SMB 0.37 (0.72-0.95) [0.81] 90 42
VLP 0.88 (0.74-0.96) 100 43
SLEV + WNV + POWV LACY SME 0.97 (.86-1,00) [0.09] 100 26
VLEP 0.86 (0.71-0.95) 100 22

"POWY, Powassan virus; LACV, LaCrosse virus.
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TABLE 5. Comparison of IgG antibody detection with either SLEV VLP or suckling mouse brain-derived antigens

Sera” Predictive value (%o}
- - ELISA Antigen AUC (55% CI) [#)
Disease panel Nandisease panel Positive Nepative

SLEV WNV + POWV + LACV ACG SMB 0.59 (0.43-0.75) [0.89] 33 31
GAC VLP 0.58 (1.41-0.73) K31 70
SLEV WNV + POWYV ACG SMB 0.51 (0.33-0.68) [0.92] 33 73
GAC VLr (.52 (0.34-0.69) i1 64
SLEV POWY + LACY ACG SMB 0.87 {0.66-0.97) [0.97] 9 75
' GAC VLP 0.88 (0.67-0.97) 100 56
SLEV WNV ACG SMB 0.56 {0.37-0.74) [0.84] 39 57
GAC Vip (.58 (0.39-0.76) 31 53
SLEV POWY ACG SMB 0.74 ((1.43-0.92) [0.34) 90 57
GAC VLP 0.88 (0.63-0.98) 100 38
SLEV LACV ACG SMB 1.00 (0.80-1.00) [115] 100 63
GAC VLP 0.88 (0.63-0.98) 100 38
SLEV + WNV + POWV LACV ACG SMB 1.00 (0.91-1.06) [0.03] 100 31
- GAC VP 0.33 (0.63-0.93) 100 i8

SLEV + WNV LACY ACG SMB 1.04 (0.90-1.00) [0.07] 100 42
GaC VLP 0.85 (0.73-097) 100 22
SLEV + WNV POWY ACG SMB .76 (0.58-0.89) [0.24] 96 36
GAC VLFP 0.88 (0.73-0.97) 100 23

* See Table 4, footnote a,

0.58, respectively) in detecting flavivirus cross-rcactive anti-
bedies.

Threc tissue culture cell lines were compared for their ability
to secrete SLEV VLPs when transiently translormed with
pCB385I2 plasmid DNA. COS-1 cells, previously shown 1o cffi-
ciently secrele JEV, WNV, and dengue virus type 2 VLPs (7, §,
12}, did not secrete SLIZV VLPs clliciently in this sludy. Both
CHO and 293 celis secreted SLEV VLPs at equally high tilers,
but 293 cclls were found to be impractical for production and
preparation due 1o their weak adherence 1o tissue culture flasks.
CHO cells had additional advanlages over COS-1 cells for their
usc in production of Aaviviral VLPs, including their shorter gen-
eration time and higher ccll density per 150-cm™ cullure flask.
These factors decrease both the time and amount of medium and
maiesials required (o produce the large guaniilics of antigen
necessary [or supporling nationwide surveillance.

Secretion of VLPs into tissue culture {luid and ultracentrif-
ugation as the only purification and concentration procedure
additionally reduced the time and cffort required for nonin-
{ectious recombinant antigen production compared to previ-

DISCUSSION

An expression plasmid was constructed for the extracellular
secretion of SLEV VLPs by CHO cclls. As reported previously
in our dengue virus type 2 study (7), use of the native viral
full-lenglh premembrane and E protein-encoding sequence re-
sulted in accomulation of these proteins intracellularly, but
VLPs wcre uot efficiently secreled. Replacement of the C-
terminal 20% of the SLEV E protein (amino acids E-405 to
EE-501) with the corresponding JEV E region increased secre-
tion of VLPs by at Icast cightfold. This result subslantiates the
previous observation and suggests the presence of a putative
membrane retention signal in the C-terminal region of the E
protein, This region consists of two a-helical segments (H1 and
H2) and twe transmembranc a-helices'(T1 and T2) involved in
the proper E-E and premembrane-E helero- or homodimer

interactions necessary for secretion. The finding that the den-
gue virus type 2 90%-JEV 10% E protein construct did not
secrete VLPs implicates H1 and/or H2 in forming the proper
interactions required for efflicient VLP {formation and budding
(7). Identification of the specific amino acid(s) involved in
these interactions is currently being investigated for SLEV and
all four denguc virus serotypes.

ously described protocels with polyethylene glycol precipita-
tion, This simple pelleting procedure provided a product of
higher purity which could be used as a diagnostic antigen as
well as a prolein preparation readily examined by immuno-
chemical techniques without the prerequisite ethanol extrac-
tion necessary for removal of residual polyethylene glycol {12).
The presence of polyethylene glycol in a sample results in

TABLE 6. Flavivirus cross-reactive IgM and IgG antibody detcction by IgM and IgG antibody-caplure ELISAs
with SLEV and WNV VLP antigens

Sera” Predictive value (%)
ELISA Antigen AUC (95% interval)
Panel 1 Panel 2 : Positive Megalive
MAC SLEV WNV + POWY SLEV 0.97 (0.84-0.99) 706 100
WNV SLEV + POWYVY WINY 0.79 {0.62-0.91) 69.2 100
GAC SLEV WNV + POWV SLEV 0.58 {0.39-0.76) 30.7 63.6
WNV SLEV 4+ POWV WNV 0.94 (0.81-0.99) 85.7 100

" See Table 4. footnote 4.
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aberrant protein band migration in ge! electrophoresis. Addi-
tionally, polyethylene glycol precipilates much of the serum
prolein present in fissue culture fluid and results in a contin-
uous smear in a total protein stain, making identification of
discrete bands difficult.

Electron microscopy, density gradient analysis, and hemag-
glutination assays indicated that JEV VLDPs secreted from a
stably transformed COS-1 cell line mimicked the virion strue-
ture of JEV (12). Epitope mapping of the I proteins of JEV
and dengue virus type 2 VLPs with panels of E-specific mono-
clonai antibodies, including the conformation-dependent anti-
bodies 4G2 and 6B6C-1, suggested that the E protein present
in these particles was properly [olded and similar to the E
protein of virion particles (6, 7). In the current study, Western
blot examination of pelleted tissue culture fluid preparations
from pCB8SJ2-transformed CHO cells with SLEV HIAF re-
vealed protein bands corresponding in size to native virus pre-
membrane and E proteins, and the E-specific monoclonal an-
tihody 4G2 detected a single E protein band. These results
supported the expectation thal SLIEV premembrane and E
proteins were expressed and secreled by CHO cells and that
these proteins presumably self-assembled into particle form.

Several flaviviruses, including JEV, SLEV, and dengue virus
type 2, conlain N-linked glycosylation siles in the E proteins.
SLEV MSI-7 has two potential glycosylation sites in the E
protein, and the degree of glycosylation in the proteins may
allect their migration in acrylamide gels. The Western blot
analysis of SLEV MSI-7 virions with HIAF detected a doublet
{Fig. 2B, lane 1) at =50 kDa. These bands were previously
investigated and found (o correspond to slow-migrating glyco-
sylated and fast-migrating nonglycosylated forms of the E pro-
tein, designated E and E,, respectively (23). Heterogeneous
glycosylation of SLE viricns has been demonstrated, and gly-
cosylation does not appear to be essential for epitope confor-
miation and recognition by monoclonal antibodies (235). Com-
parison of SLEV VLPs with purified virus in a Western blot
with either HIAF or monoclonal antibody 4G2 (Fig. 2) re-
vealed that the fast-migrating, potentially nonglycosylated F,
form is apparently the dominant form present in SLEV VLPs.
This presumptive nonglycosylated E,, was readily detected by
SLEV HIAF, monoclonal antibody 4G2, or virus-specific igM
and 1gG antibodies present in human serum.

The IgG-ELISA developed previously by Johnson et al. (13)
has been employed successfully to detect antiflaviviral 1sG
antibody in patient specimens (8, 13). In our experiments,
however, use of this antigen capture format with both WNV
and SLEV VLPs resulted in a high backeround absorbance
against normal CHO cell antigens, precluding the screening of
serum panels al the recommended serum ditution of 1:400.
Additionally, as noted in Table 2, ACG-ELISA results were
not interpretable for two Powassan virus-infected serum sam-
ples tesied on SMB antigens. Johnson et al. noted that this
background absorbance of antibody-positive serum reacted on
normal mouse brain antigen became a significant problem
when specimens were tested at a dilution of less than 1:400.

To circumvent this problem, we ecmployed the GAC-ELISA,
a protocol similar in format to MAC-ELISA (15). This 1sG
antibody capture ELISA format, described by Erdman ¢t al.
{10), uses plate-bound goat anti-human IgG to capture serum
TeG antibody to reduce nonspecific background absorbance.

I. CLIN, MICROBIOL.

One potential disadvantage of the GAC-ELISA is the capture
of TaG antibodies of unknown specificity as well as virus-spe-
¢ific antibodies. High concentrations of 1gG anlibodies of un-
known specificity may compete with and inhibit the caplure of
the relatively small amounts of virus-specific IsG antibodies,
thereby reducing the sensitivity of the assay. Although there
was no statistically significant difference belween the perfor-
manece of cither lesl, concerns about the lower number of
positivily detected by the GAC-ELISA with SLEV VLPs com-
pared to the ACG-ELISA with SLEV SMB antigen (Tables 2
and 5) were raised. However, the GAC-ELISA had higher
sensitivity and specificity than the ACG-ELISA when WNV
VLPs were used (o detect anlivical 1eG antibody in WNV-
infected patient serum samples (Tables 2 and 3).

‘These apparently contradictory results might indicate that
the detection of a greater number of IgG-posilive serum sam-
ples in the ACG-ELISA contributed to the presence of cross-
reactive nonstructural proteins in the SMB preparation, Test-
ing of the Powassan virus and La Crosse virns serum panels
with the SLEV and WNV VLPs in both MAC- and GAC-
ELISAs resulted in specificities of 100%, whereas the specific-
ities of the corresponding ELISA format with the SME anti-
gens with these panels were lower. Both TgM and IgG serum
antibodies conltribute to the ncutralizalion of virus in the
plaque reduction neutralization lest; therefore, for samples
which are found 1o have a recent viral mfection by plague
recluction neulralization 1est but which do not have defectable
liters of specific IgG antibody by ELISA, neutralization must
be due to TIgM antibodies. Tor the two SLEV-infected samples
(2 and 5 in Table 2) that tested negative for SLEV-specitic [aG
antibody by either GAC-ELISA or ACG-ELISA, SLEV-spe-
cific IeM antibgdy was detected with either the SLEV SMB or
VLP antigen.

MAC-ELISAs with cither VLP or SMB anligen as the se-
rodiagnostic antigen had comparable sensitivity and specificity
(Table 4) for the detection of serum IgM aniibady produced in
response 1o SLEV infection. The positive predictive value as
well as 1he negative predictive value for a given test are im-
portant determinants when the assay is implemented as the
tool for disease surveillance. The positive and negative predic-
tive values determine the true positive and negaiive disease
states, respectively, for a given specimen under the specified
assay condition. In general, VLPs had a higher positive pre-
dictive value and negative predictive valie than SMT antigens,
and therefore selecting VLPs as the antigen of choice should
enhance the performance of disease surveillance 1o determine
the disease prevalence.

The ease of production, safety, adequate sensitivity for de-
lection of true positives, and low cross-reaclivity with anti-
WNV 1gM antibedy make the use of SLEV VLPs in MAC-
ELISA screening of patienl serum samples preferable to that
of antigens derived from suckling mouse brain preparations.
The use of a stably transformed cell clone to constitutively
secrete VIPs would also allow standardization and large-scale
production of this flaviviral noninfections recombinant anti-
gen. A cell line stably transformed with the SLEV premem-
brane-E {80% SLEV-20% JE) protein-coding region is cui-
rently heing developed in our laboraiory.
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Introduction of West Nile (WN) virus into the United States in 1999 created major human and animal health
concerns. Currently, no human or veterinary vaccine is available to prevent YN viral infection, and mosquito
control is the only practical strategy (o combat the spread of disease. Starting with a previeusly designed
cukaryotic expression vector, we constructed a recombinant plasinid {pCBWN) that expressed the YWN virus
prM and I proteins. A single intramuscular injection of pCBWN DNA induced protective immunity, prevent-
ing WN virus infection in mice and horses. Recombinant plasmid-transformed COS-1 cells expressed and
secreted high levels of WN virus prM and E proteins into the culture medium. The medium was treated with
pelyethylene plycol to concentrate proteins. The resultant, containing high-titered recombinant WN virus
anligen, proved to be an excellent alternative to the more traditional suckling-mouse brain YN virus antigen
used in the immunoglobulin M (IgM) antibody-capture and indirect IgG cnzyme-linked immunosorbent
assays. This recombinant antigen has great potential to become the antigen of choice and will facilitate the
standardization of reagents and implementation of YN virus surveillance in the United States and cisewhere.

Between fale August and carly September 1999, New York
City and surrounding areas experienced an outbreak of viral
encephalitis that caused seven deaths with 62 confirmed cases.
Concurrent with this outbreak, local health officials observed
increased mortalities among birds (especially crows) and
horses. The outbreak was subsequently shown to be caused by
West Nile {WN) virus, based on monoclonal antibody (MAb)
mapping and gemonic sequences detected in human, avian,
and mosquito specimens {4, 17, 22). Virus activily detected
during the ensuing winter months (5, 6, 13) indicated that the
virus had established iiself in North America. In 2000, surveil-
lance data reporled from the northeastern and mid-Atlantic
states confirmed an intensified epizootic-cpidemic transmis-
sion and a geographic expansion of the virus. Numerous cases
of infection in birds, mosquitoes, and horses as well as cases in
humans were documented (G).

WN fever is a4 mosquite-borne flavivirus infection thal is
transmitted to vertebrales primarily by various species of Cufex
mosquitocs. Like other members of the Japanese encephalitis
(JE) antigenic complex of viruses, including JE, St. Louis en-
cephalitis (SLE), and Murray Valley encephalitis viruses, WN
virus is maintainedin a natural cycle between arthropod vee-
tors and birds. The virus was first isolated from a febrile human
in the West Nile districi of Uganda in 1937 (38). It was soon
recognized as one of the most widely distribuled flaviviruses,
wilh its geographic range including Alrica, the Middle East,

* Corresponding author. Mailing address: P.O. Box 2087, Foit Col-
tins, CO 80522-2087. Phone: {970) 221-6497. Fax: (970) 221-6476.
E-mail: pxe7@cde.gov.
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western Asia, Europe, and Australia (18). Clinicaily, WN fever
in humans is a self-limited acute febrile illness accompanied by
licadache, myalgiu, polyarthropathy, rash, and lymphadenopa-
thy (28). Rarely, though, acuile hepalitis or pancreatitis has
been reported, and cases in clderly patienis are somctimes
complicated by encephalitis or meningilis (7).

Currently, no human or velerinary vaccine is available to
prevenl WN virus infection, and mosquite control is the only
practical strategy to combal the spread of diseasc. Recently, we
reported the develepment of a highly immunogenic recombi-
nant DNA vaccine for JE virus thal induced prolective immu-
nily in mice following a single intramuscular (i.m.) injection
(8). COS-1 cells transformed with this plasmid secreted the
premembrane (prM) and envelope (E) proteins in the form of
extrucellular subviral particles (EPs) inlo cullure medium. We
also demonsirated that partially purificd EPs not only induced
a protective inumune response in mice, bul more importantly
could scrve as a noninfectious recombinant antigen (NRA) in
both immunoglebulin M (TgM)-antibody capture (MAC) and
indirect 1gG enzyme-linked immunoesorbent assays (ELISAs)
(A. R, Hunt and G. J. Chang, submitted for publication).
Because WIN virus is closely related to JE virus, a recombinant
WN virus plasmid was constructed in this study to investigate
ils potential as a source of NRA for diagnosis and as a candi-
date DNA vaccine to prevent WN virus infection.

MATERIALS AND METHQDS

Cell culture and virus strain, COS-1 cells (American Type Culture Collection,
Manassas, Vu; 1050-CRL) were grown at 37°C witls 5% €O, in Dulbeceo’s
modified Eagle’s medium (DMEM,; Gibco, Graad Island, N.Y.) supplemented
with 10% heat-inactivaled lelal bovine serum {FBS; Hyclone Laboratorics, [ne,
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FIG. 1. Map of the WN virus geaomic region (top) and oligenucleotides wsed in RT-PCR to constuct the transcription unit for the expression
of W virus prM and E coding regions (bottom). Potential transmembrane helices of viral proteins are indicated by biack boxes.

Logan, Utah), 1 m sodium pyruvate, 1 miv nenessential amino acids, 17 ml per
liter of 7.5% NaHCO;. 5 ml per liter of 1 M HEPES (Bio Whiltaker, Walkers-
ville, Md.}, 100 L of penicillin per ml, and 100 ug of streptamycin per ml. Vero
cells were grown under the same conditions wsed for COS-1 cells. Twa WN virus
strains (NY99-6480, a mosquito isolite, and BC757, a bird isntate), isolated from
the outbreak in New York in 1999, were used for challenge experiment or
mosquito inoculation, The NY99-6480 strain was propagated in the Vera cell
culinre, The BCT87 strain was passer once in snckling-moause brain. The NY90-
6480 strain used for immunological or bivchemical studies was gradient purified
by precipitating in 7% polyerhylene glycol 8000 (PEG-8000; Fisher Scientific,
Fair Lawn, N.L) followed by uliracentrifugation on 30% glycerol—13% potassium
lartrate gradients (30}

Constructinn of plasmid expressing WN virus prdM and E proteins. Genomic
RINA was excracted lrom 150 pl of Vera cell eulture medinm infected with sirain
NY89-6480 using a QlAamp viral RNA kit (Qiagen, Santa Clacita, Catif.).
Extracted RNA, resuspended in 80 ! of diethyl pyrocarbonate-treated water
(Sigma. St. Louis, Mo.), was used as a lemplate in a reverse transeriptase-PCR
(RT-PCR} for the amplification of WN virus prM and E genes. Primer sequences
(Fig. 1) were designed based on the published sequence (12), Restriction enzyme
sites for BoaBl and KasT were incorporated at the 3° terminus of the cDNA
amplicon. An in-frame termination codon foliowed by a No#! restriction site was
introduced al the 3* terminus of the tDNA amplicon. The RT-PCR and molecu-
lar cloning protocols used are essentially identical to those reported previously ().

The WN virus cDNA amplicon was digested with Kast and Not] enzymes, and
the resulting 998-bp (nucleotides —1470 to 2468) fragment of the cDNA was
inserted into the KasT and Not] sites of a pCIBIESS veetor to form an interme-
diate plasmid, pCI3INT. pCBJESS was derived Irom the pCBamp plasmid, which
contained the cytomepalovirus early gene promater and translational control
¢lement and engincered JE virus signal sequence element (8) (Fig. 1). The
¢DNA amplican was subsequently digested with BsmB1 and Kas! enzymes, and
the remaining 1,003-bp fragment (nt 466 10 196%) was inserted into (the Kasl
site of pCHINT vector to forr pCBWN (Fig, 2). Automated DNA sequencing
was performed on an ABI Prism 377 sequencer (Applied Biosystems/Perkin
Elmer, Foster City, Calif.) according to the manufacturer’s recommnended pro-
cedures. The recombinant plasmid which had a correct prM and E sequence was
identified (22),

Lnunachemical characterization of the recombingant WN vicus untigen,
COS-1 cells were electroporated with plasinitd pCBWN wsing the protocol de-

scribed in a previous publication (8). Electroparated cells were seeded onto
75-cm? cultnre fiasks or in a 12-well tissue culiere dish containing one sterile
coverslip per well. All flasks and 12-well plates were kept at 37°C in a 39% CO,
incubator. Fosty hours following electroparation, coverslips containing adherent
cells were remnved from the wells, washed briefly with phosphate-buffered saline
(PBS), fixed with acetone for 2 min at room temperature, and aliowed to air dry.
The Ravivirus E protein-specific MAb 4G2 (17), WN virus mouse hyperimmune
ascitic Muid (RIAF), and normal mouse serum (NMS) at a 1:200 dilution in PBS
were used as the primary antibucies to detect protein expression by an indirect
immuncfluorescence antibody assay (1I°A), as described previously (8),

Tissue collure medivm was harvested 40 and 80 h following electroporation.
Antigen capiure (Ag-cnpture) ELISA was used to detect secreted WiN virus
antigen in the culture medinm of transiently transformed COS-1 cells. MAb 4G2
and horseradish peroxidase-conjugated MAb 6B6C-1 were used (o capture the
WN virus antigens and detect captured aniigen, respectively (8, 15, 34).

Amp ;
(pnl (201)

JE virus signal sequence

pCBWN YVWN virus priv]

{5308 hp)

NotI (2994)

FIG. 2. Map of the recombinant WN virus plasmid pCBWN. The
transeriplion nnit contains the human cytomegalovirus carly gene pro-
moter {CMV), JE virus signal sequence, WN virus prM and E gene
region, and bovine growth hormone poly(A) signal (BGH).
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WN virus antigen in the medium was concentrated by precipitalion with 10%
PEG-8000. The precipitant was resuspended in TNE bufler (50 mM Tris, 100
mivi NaCl, 10 mM EDTA [pH 7.5]}, clarified by centrifugation, and stored at 4°C,
Alternatively, the precipitant was resuspended in lyophilization buffer (0.1 M
Trizima and 0.4% bovire serum albumin in borate-saline buller {pH 9.003, lyoph-
ilized, and stored at 4°C. Lyophilized preparations were used as the antigen for
the cvaluation in MAC- and indirect 1eG ELISAs.

WN virus antigen concenirated by PEG precipitation and resuspended in TNE
bufler was extracted with 7.0% ethanol to remove residual PEG (2). Ethanol-
extracied antigens and gradieal-purificd WN virions were analyzed on a Nu-
PAGE 4 to 12% gradient bis-Tris gei in an Excel Flus electrophoresis apparatus
(Invitrogen Corp., Carlsbad. Calif.) and maonitored by electroblotiing onto ni-
trocellulose membranes using an Excel Plus blot unit (Invitrogen Corp.), WN
virug-specific protein was detected by Western blot using WN virus-specific
mouse HIAF and MAb 4G2. and NMS was used as a negative serum control (8).

MAC- and indirect IgG ELISAs. The qualities of lvophilized WN virus NRA
produced by Lhe pCBWHN-transfarmed COS-1 cells described in the previuus
seclion were cvalunied by ELISAs. One vial of lyophilized NRA, representing
antigen harvested from 40 mi of tissue culture fluid, was reconstituted in 1.0 ml
of distilled water and compared with-the reconstituted WN virus-infected suck-
ling mouse brain (SMB) antigen provided as lvophilized B-propiclactone-inac-
tivated sucrose-acetone exiracts in our facility (9). Coded human specimens were
tested concurrently wilh antigens in the same test at 1he developmental stage.
The MAC- and 13G ELISA protocols employed were identical to the published
methods {18. 24), Human serum specimens were obtained from the serum bank
in our facility, which consists of specimens sent to the division for WN virus
confirmation testing during the 1999 vutbreak. In these Lests. screening MAC-
and IgG ELISAs were performed on a 1:400 specimen dilution. Specimens
vielding a positive/negative (P/N) optical density (OD) ratio of between 2 and 3
aic considered suspected positives. Suspect serum specimens were tested [urther
in lwo other1ests, ELISA end-peint tilratien and plaque reduction neutralization
test {PRNT), for confirmation. Specimens registering P/N ratios of =3.0 are
considered positive,

Animal vaceinntion and proteclion studies. Groups of 10 3-week-old female
ICR outbred mice were used in the studyv. Mice were injecled Lm. with a single
duse of pCBWN or green flurorescent protein (GIPy-expressing plusmid
(pEGFP) DNA (Clonetech, San Fraacisco, Calif.). The plasmid DNA was pu-
rified from Escherichin coli XL-1Blue cells with EndoFree Plasmid Giga kits
{Qingen) and resuspended in 'S (pH 7.5) at 1.0 pg/ul. Mice that received 100
we of pPEGFP were used as unvaccinated controls. Mice were injected with the
pCBWN plasmid at a dose of 100, 10, 1.0, or 0.1 pg in a voleme of 100 ul. Groups
that received 10, 1.0 or 0.] pg of pCBWN were vaccinated by the electrotransfer-
mediated in vivo pene delivery protocol using the EMC-830 square-wave elec-
troporator {Genetronics 1nc., San Dicgo, Calif.). The clectretranster protocol
was based on the method reported by Mir et al. (25). Immediatety following
DNA injection, transcutancous electric pulses were applied by two stainless siee!
plate clectrodes, placed 4.5 to 5.5 nnu apart, at each side of the leg. Electrical
contact with the leg skin was ensured by completely wetting the leg with Pi3S.
Two sets of fuur pulses of 40 V/mn 25 ms in duration with a 200-ms interval
between pulses were applicd. The polarity of the electrode was reversed between
the sets of pulses to cohance elecirotransfer efficiency.

Mice were bled every 3 weeks [ollowing injection, and the WN virus-specific
antibudy responsc was evalualed by Ag-caplure ELISA and PRNT, Chullenge
experiments were performed by twe methads. Hall of the mouse groups were
challenged intraperitoneally (ip.) a1 § weeks postvaccinativn with 1,000 30%
lethal doses (1.Dy,) (1,025 PIFUA00 pl) of NY99-6480 virus. The LDy, was
determined previously by i.p. inoculation of 10-week-old adult ICR mice (dala
rot shown). The remairing mice were each exposed to the bites of three Criler
tritneniorhynchus mesquitoes that had been infected with NY99-6480 virus 7 davs
prier te the challenge experiment, Mosquitoes were allowed to feed on mice until
they were fully engerged. Mice were observed twiee daily for 3 weeks after
challenge.

Mixed-bred mares and geldings of various ages used in this study were shown
to be WIN virus and SLE virus antibody negative by ELISA and PRNT. Four
horses were injecied Lin. with a single dose (1,000 wp/1,000 pl in PI3S {pH 7.5]}
of pCBWN plasmid. Serum specimens were collected every other day for 38 days
prior 10 virus challenge. and the WN virus-specific antibody response was eval.
uated by MAC- or IgG ELLSA and PRNT.

Two days prior 1o virus challenge, 12 horses {4 vaceinated and 8 control} were
relocated into a biesafety level 3 containment building al Colorado State Uni-
versity. The eight unvaccinated contred hotses were the subset of a study that was
designed to investigate WN virus-induced pathogenesis in horses and the poten-
tial of horses 1o serve as amplifying bosts (M. L. Bunning, R. A. Buwen. B. Davis,
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FIG, 3. Comparison of Weslern blot reactivily between NRA pro-
duced by pCBWN-transformed COS-1 cells (A) and gradient-purificd
WN virion proteins (V). WN virus-specific mouse HIAF, flavivirus
E-specific cross-reactive MAb 4G2, and eastern equine encephalitis
virus monaclonal antibody (EEE MAb) were used at a 1:200 dilution
in the assay. Sizes are shown in kilodaltons.

N, Kumar, M. Godsey, D. Baker, 1. Hettler, and C. 1. Mitchell, submiuted for
publicaticn). Horses were each challenged by the bite of 14 or 15 dedes albop-
ictus masquitoes that had been infected by NY99-G425 or BC787 virus 12 days
prior to horse challenge. Masguitoes were allowed to feed on horses for 10 min.
Hurses were examined for signs of discase twice daily, Body temperalure was
recorded, and serumn specimens were collected twice daily trom days 0 {day of
infection} to 10 and then once daily through day 14. Pulse and respiration were
recorded daily after challenge, The collected serum samples were tesled by
plague titration for detection of viremia and by MAC- or TG ELISA and PIRNT
for antibudy response. Vaceinated horses were euthanized by pentobarbital over-
dose at 14 days after virus challenge and necropsied for gross pathologicat and
histupathclogical examination. and their carcasses were incinerated within the
containment lacility.

Servlogical tests. Pre- and postvaceination as well as postchallenge serum
specimens were tested far antibody-binding ability 10 purified WN virion or
recombinant antigen by ELISA, for neutralizing (Nt) antibody by PRNT, and for
antibodies that recognize purified WN virus proteins by Western blotting (8, 27),
PRNT was performed with Vero cells, as previously described (8), using NY99-
6480 virus. Endpoints were determined at a 0% plaque-reduction level,

RESULTS

Plasmid construct and transient expression of WN virus
antigen. Expression of the prM and E genes of WN virus was
assayed by transfection of plasmid pCBWN intg COS-1 cclls.
This plasmid was constructed by inserting the WN virus cDNA
that encoded the sequence belween the prv and E genes into
the pCBJESS vector to obtain pCBWN (Fig. 2). WN virus-
specilic protein was detccted by [FA on transiently trans-
formed COS-1 cells (data not shown). These cells also secreted
E, prM, and M proteins into the culture medium, that were
detecled by WN virus HIAF or flavivirus E protein-reactive
MAbL 4G2 in a Western blot analysis. All three proteins had a
similar reactivily and were identical in size to the gradient-
purified virion E, prM, and M proteins (Fig. 3).

NRA as an antigen for diagnostic ELISA. An Ag-capture
ELISA employing favivirus group-reactive anti-E MAD 4G2
and 6B6C-1 was used to detect NRA secreted into the culture
fuid of pCBWN-lransformed COS-1 cells. The antigen could
be detected in the medium 1 day following transformation, and
the maximum ELISA titer {1:32 to 1:64) in the culture fluid
without further concentration was observed belween days 2
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TABLE 1. IgM and IgG reactivity to NRA and SMB antigen in a panel of coded human serum specimens”

IELISA tiler
Specimen no. ~IgM 1eG Nt anlibody
(day postonset) SMB SMB titer
NRA NRA
NY99 virus Eg-101 virng SLE virus NY9Y virus Eg-101 virus SLE virus

Positive control 4.19 4.46 5.16 4.54 5.00 4.82 ND
1(20) 7.42 7.15 6.59 3.74 132 6.30 312 7.93 1:1,280
2014 4.26 3.12 4.34 1.14 1.14 1.31 1,40 18 ND
3(16) 6.00 5.39 6.18 2.08 1.61 1.85 1.93 253 <1:10
4 (30) 3.04 223 247 1.21 8.48 7.83 6.34 NB 1:160
5 (68) 5.01 5.85 6.28 1.44 1.10 1.14 1.19 102 ND
(D 7,30 4.11 3.51 111 B.57 8.54 7.76 11.54 1:320
7(43) 1.90 1.76 2.69 0.79 7.82 7.66 6.40 3.61 ND
8(20) 1.12 0.98 0.95 0.0 1.53 1.64 1.70 ND ND
9{B 1.53 1.37 217 1.13 6.88 7.12 6.07 ND 1:3120
10(3) 6.43 4.69 6.04 1.87 3.94 423 4.38 2.3 <1:10
11(7N 6.71 4.59 5.78 1.86 3.74 4.30 3.48 2.74 1:2
12 (10) 1.14 1.06 117 0.96 6.30 6.59 31 7.28 ND
13(7) 1.13 0.90 1.13 133 1.20 138 141 ND ND
14 (6) 7.43 6.64 8.03 1.71 790 7.05 .44 4.69 1:80
15(3) 7.44 6.98 332 289 2,96 3.04 243 244 1:160
16 (13} 2.88 2.30 417 1.01 1.07 1.37 - 1.47 1.80 <1:10
17 (4) 1.20 0.85 0.90 1.07 0.94 1.34 1.34 1.4% ND
18(8) 1.09 .97 1.01 ND 0.67 0.77 0.75 ND ND
19(73) 1.04 0.96 0.95 N 0.71 0.80 0.79 ND ND
20 (8) 1.10 1.0 .M ND .72 0.82 0.82 NI NI
21{0) 1.06 0.92 (.88 091 0.79 0.88 1.11 0.50 ND
Total no. positive 11 11 13 10 10 10

“ SLE virus MAC and 1gG ELISAs were conducted as a separate test. Nt antibody titer was assayed in a2 90% plaque reductien neutralization test against WN virus.

ND, not done,

and 4. NRA was concentrated by PEG precipitation, resns-
pended in lyophilization buffer, and lyophitized for preserva-
tion. For diagnostic test development, one vial of lyophilized
NRA was reconstituted with 1.0 m] of distilled water and ti-
trated in the MAC- or indirect 1oG ELISA usinz WN virus-
positive and -negative reference human sera (18, 24). Dilutions
to 1:320 and 1:160 of the NRA were found to be the optimal
concentrations for vse in MAC- and TgG ELISA, respectively.
These dilutions resulted in a P/N OD,, ratio of 4.19 and 4.54
for MAC and TgG tests, respectively {Table 1). The WN virus
SMB antigens produced by the N'Y99-6480 and Eg101 strains
were used at a 1:320 and 1:640 dilution for MAC-ELISA and
a 1:120 and 1:320 dilution for 1eG ELISA. The negative con-
trol antigens, PEG precipitates of the cullure medium of nor-
mal COS8-1 cells and normal SMB antigen, were uscd at the
same dilutions as the respeclive NRA and SMB antigens. Tu-
man serum specimens, dituted to 1:400, were tested concur-
rently in tripticate with virus-specific and negative control an-
tigens. For the positive test result to be valid, the OD,, for the
test scrum reacted with viral antigen (P} had to be at least

twofold greater than the corresponding OD value of the sanie °

serum reacted with negative control antigen (N),

The reactivities of NRA and NY99-0648, EglQl, and SLE
virus SMBs were compared by MAC- and TgG ELISAs using
21 coded human scrum specimens (Table 1). Of the 21 spec-
imens, 19 had similar results on all three antigens (8 negative
and 11 suspect or positive), Eighteen specimens were also
tested separately using SLE virus SMB antigen. Only 3 of 13
JZg-101 SMB-positive specimens were suspect or positive in the
SLE virus MAC-ELISA (Table 1). None of the WN antigen-

negative specimens was positive by SLE virus MAC-ELISA.
This result provided further evidence that anti-WN virus IgM
did nol cross-react significantly with other flavivirns antigens
{39) and was specific 1o diagnose acuie WN virus infection
regardless of the antigen (NRA or SMB) vsed in the test. All
of the specimens were also tested concurrently by indirect IgG
ELISA, and 10 of 21 specimens were positive wilh al! ihree
anlizens.

The two discrepant serum specimens (7 and 9), both from
the same patient, collected on day —3 and day —43 after onset
of discase, respectively, were TsM nepative with NRA and
NY99-6480 SMB antigen and suspecl for IgM positive to Eeo-

'101 SMB antigen in the screening test (Table 1). To investigate

these two discordant specimens further, six sequentiaily col-
lected specimens from this patient were retested by end-point
MAC- and IgG ELISAs. A greater than 32-fold serial increase
in the MAC-ELISA titer between days 3 and 15 could be
demonsirated with all antigens (Table 2). Cerebrospinal fluid
collecled on day 9 aflter onset of disease also confirmed that
this pali¢cnt indeed was recently infected by WN virus, The
cerebrospinal fluid had an IgM P/N reading of 13.71 and 2.04
against Eg-10] and SLE virus SMB antigens, respectively (data
not shown). All other specimens had an end-point JgM titer of
1:1,600 or less with all three antizens when using the absclute
P/N cutoft of 3.0. Compatible IgG titers were observed with all
three antigens used in the test.

Immunogenicity and protective efficacy of candidate DNA
vaceine in 1CR mice. ICR mice were immunized by i.m. injec-
tion of pCBWN or pEGPF, The mice were bled 3 and 6 weeks
after immunization. Individnal sera were tested by 1eG ELISA,
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TABLE 2. Comparisc_m of ELISA titers” obtained with three Equine Mouse
anligens on scqueniial serum specimens from one patient
1gM titer 18G titer 0 5 7 + 0 3 6 g+
Day :
postonsct NRA Snil3 NRA SMB
NYG&e Eg-101 NY99  Eg-101 . Coian
g L Lo o D wer ) o
3 <1400 <1400 <1:400 1:1,600 1:3,200 1:3,200 45 . , b
15 1:6,400 >1:12,800 >1:12,800 1:1,600 1:1,600 1:3,200 ‘ !
30 <1:400  <1:400 1:1,600  1:3,200 1:3,200 1:3,200 .
4F <1400 <1:400 <1:400 1:3200 1:3,200 1:3,200 . prM
204 <1400 <1400 <1:400 1:2800 1:1,600 1:1,600 15 .
344 <1400  <1:400 <1:400 1:800  L:1,600 1:800 ' iR } —_s C
“ Titers were calculated using an absolute P/N rativ cutolf of 3.0. g= - I : R O\, |

* Random sample 9 in Table 1.
¢ Random sample 7 in Table 1.

and pooled scra from 10 mice in each group were assayed by
PRNT. All the mice vaccinated with pCBWN had 1gG ELISA
tilers ranging from 1:640 to 1:1,230 3 wecks afier vaccination
(data not shown). The pocled sera collected at 3 and 6 weeks
in the test I group had an N1 antibody titer of 1:80 (Table 3).
None of the serum specimens from pEGFP control mice dis-
played any ELISA or Nt anlibody to WHN virus.

To determine if the single i.m. vaccination of pCBWN could
protect mice from WN virus infection, we challenged mice with
NY%9-6480 virus eilher by i.p. injection or by exposure to the
bite of virus-infected Cufex mosquitoes. It was evident that the
presence of WN virus antibody correlated with proteclive im-
munity, since all mice jnununized with WN virus DNA re-
mained heallhy after virus challenge (Table 3). All control
mice developed symptoms of central nervous sysiem infection
4 10 6 days later and died an average of 6.9 and 7.4 days afier
ip. or infected-mosquite challenge, respectively. In the vacci-
nated group, the pooled sera collected 3 weeks afler virus
challenge (9 weeks postimmunization) had Nt antibody titers

TABLE 3. Evalualion of protective immunity conferred by
DNA vaccine for WN virus in mice

: ; . Avg
Test uEL“(;S:é" Titer® on wk pav: Challenge 9% Sur- survival
method®  vival lime
{ng) 3 6 (days)
1 pCBWN
100.0 1:80  1:80 1640 ip. 100
100.0 1:80  1:80 1:320  Mosy. 160
pEGFP (contrel)
100.0 <110 <1:10 i.p. 0 6.9
100.0 <110 <1:10 Mosy. 0 74
11 pCBWN
100.0 1:160 ip. 100
10.0, E 1:160 i.p. o
1.0, B 1:80 ip. 100
0L, E - ) 1:40 i.p. 100
pEGFP (control)
100.0 <1:10 ip. 0 7.0

¢ Groups of 10 ICR mice were Immunized via a single Lm. injection or im.
followed by electrotransfer (E).

bt Serum neutralization titers of postvaccination (p.v.} pooled sera were deter-
mined as described in Materials and Methods. Week 9 sera were collecied from
the surviving mice 3 weeks afler virus challenge.

¢ Mice were challenged by i.p. injection of 1,000 LDy, of virus or by exposure
10 the bite of three virus-infected mosquitoes (Muosg. ).

FiG. 4. WN virus-specific reactivity of pre- and postchallenge se-
rum specimens obtaincd from mice and horses immunized with WHN
virus DNA vaccine. Pooled serum specimeuns from the mice and horses
used in the cxperiments were tested at a 1:25 dilution by Western blot
analysis using purified WN virion as the antigen. Western blot results
obtained with pooled horse sera collected before DNA vaccination
(week 0), 5 wecks postvaccination or before virus challenge (weck 5),
and 2 weeks postchalienge {week 7). Positive horse serum (lane +) was
from control horse 16, which had PRNT titer of >1.280 on week 4
alter virus challenge. Wesiern blot results obained with pooled mouse
sera collected before DNA vaccination (week 0), 3 and 6 weeks pust-
vaccination or before virus challenge (weeks 3 and 6), and 3 weeks
postchallenge (week 9). Mouse HIAT at a 1:250 dilutivn was used as
the positive control (lane +). Sizes arc shown in kilodaltons,

of 1:320 or 1:640 (Table 3). Pooled vaccinated mouse sera re-
acled only with E protein in the Western blot analysis (Fig. 4).
Enhancing immuonogenicity of the candidate vaceine by elec-
trotransfer. Mir ct al. reported that ihe local application of
electric pulses increases tie efficicncy and reproducibility of in
vivo plasmid transfer to muscle fibers after i.m. injection (25).
Tu determine if this unique electrotransier protocol increases
the immunogenicity of the candidale vaccine, we immunized
groups of 10 mice by this technique with pCBWN (10.0 10 0.1
pg per animal). At 6 wecks after immunization, all ¢lectro-
transfer-immunized groups hiad a pooled Nt titer equal Lo or
greater than 1:40 and were completely prolecicd from virus
chailenge (test I in Table 3). The group immunized by elec-
trotransfer with 0.1 g of DNA, the lowest dose tested in this
study, had an N1 titer of 1:40, represcating only a fourfold
dilference compured with animals receiving 100 pg of pPCBWN
by im. injection. This resull suggested that electrotransfer
could be an alternative immunization protocol to enhance the
immunogenicity and protective clicacy of our DNA vaccine.
Innnunogenicily and protective efficacy of the candidate vac-
cine in horses. Four horses were vaccinaled 1.m. with a single
dose of pCBWN and bied every other day prior 1o infected-
mosquito challenge on day 3%. No syslemic or local reaction
was observed in any vaccinated horse. Individual horse sera
were lesled by PRNT. Vaecinated horses developed Nt anti-
body tilers of =1:5 belween days 14 and 31 {Table 4). Endpoint
tilers for vaccinated horses 5, 6, 7, and 8 on day 37 (2 days prior
to mosquito challenge) were 1:40, 1:5, 1:20, and 1:20, respec-
tively. To determine if the DNA vaccine could protect horses
{from WN virus infection, we challenged vaccinaled and unvac-
cinated control horses by allowing each horse to be bitten by
approximaltely 15 virus-infected mosquitoes, Horses vaccinated
with the pCBWN plasmid remained healthy afler virus chal-
lenge. None of them developed detectable viremia or fever
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TABLE 4, Serum Nt antibody titers and protective immuniry elicited by a single i.m. injection of WN virus DNA vaccine in horses

Titer
Sample (day) Vaccinaled horse no. Unvaccinated control herse no.
5 6 7 8 b 10 14 E3

Postvaccination

12 <1:10 <1:10 <1:10 <1:10

14 1:10 <1:10 <1:10 <1:10

1a 1:10 <1:10 <1:10 <1:10

18 1:4¢ <1:10 <1:10 <1:10)

20 1:40 <1:10 <1:10 <1:10

22 1:40 <1:10 1:10 <1:10

28 1:40 <i:10 1:20 1:10

31 1:40 1:3 1:20 110

37 1:40 1:5 1:20 1:20
Postchallenge

2 1:40 1:5 1:20 1:20 <1:2 <1:2 <1:2 <1:2

4 ’ 1:40 1:10 1:20 140 <12 <1:2 <1:2 <1:2

6 1:40 1:10 1:40 1:40 <12 <12 <1:2 <1:2

8 1:80 1:20 1:40 1:40 1:80 <71:10 <1:10 <1:10

10 1:80 120 1;40 1:80 >1:32 <110 <110 1:160

12 1:160 1:40 1:80 1:160 >1:320 120 1:20 >1:320

14 >1:320 1:40 1:160 1:160 >1:320 1:160 1:10 1160
Viremia titer? range {day) 1.3-24(4) 1.0-1.6 (6) 13-2.2(2)

“ Viremia titer was expressed as log,, Vero cell PFU/ml of serum.

from days 1 to 14, All unvaccinaled control horses became
infected with WN virus after exposure to infected-mosquito
bites. Seven of the cight unvaccinaled horses developed vire-
mia that appeared during the first & days after virms challenge.
Viremic horses developed Nt antibody between days 7 and 9
after virus challenge. The only horse from the entire study to
display clinical signs of disease was horse 11, which became
febrile and showed neurologic signs beginning § days after
infection. This horse progressed to severs clinical disease
within 24 h and was euthanized on day 9 (Bunning et al,,
submiited). Four horses, 9, 10, 14, and 15, presenting viremia
for 0,2, 4, or 6 days were selected and used as examples in this
study (Table 4). Virus titers ranged from 109 PFU/m! of
serum in horse 10, the lowest level detectable in our assay, to
10! PFU/ml in horse 9. Horse 14 did not develop delectable
viremia during the test period, However, this horse was in-
fected by the virus, as eviderced by Nt antibody detected after
day 12.

Anamnestic Nt antibody response was not ohserved in vac-
cinaled horses, as evidenced by the gradual increase in Nt titer
during the experiment. Existing Nt antibody in the vaccinated
horse prior to mosquito challenge could suppress initial virus
infection and replication. Without virus replication, the chal-
lenge virus antigen provided by infected mosquitoes may not
contain sullicient antigen mass 1o stimulate an anamnestic im-
mune tesponse in the vaccinated horse, All vaceinated horses
were euthanized 14 days after virus challenge. Gross patholog-
ical and histopathological lesions indicative of WN virus infec-
tion were not ohserved (data not shown). '

DISCUSSION

We previously designed a recombinant eukaryotic expres-
sion plasmid that contained an optimal genetic consteliation to
enhance the expression and secretion of JE virus prM and E

proteins into the cullure medium of a stably transformed cell
line. A single i.m. injection of recombinant plasmid DNA in-
duced a long-lasting protective immunity and prevented I in
mice (8). The recombinant anligens, formed as EPs that were
produced by this stably transformed cell linc, also elicited high
anll-JE viras Nt antibody (Hunt and Chang, submitted). Our
PEG-concentrated recombinant JE virus antisen has also
proven Lo be an excellent alternative to traditional SMRB anti-
gen used in the diagnostic MAC- and indirccl 1gG ELISAs
(Hunl and Chang, submitted).

The same strategy was applicd to construct a recombinant
WN virus plasmid, pCBWN, in the present study. We theo-
rized that an effective TE virus transmembrane signal peptide
(TSP) is one of the most important faclors that influence
downstream protein translocation and topology, thus diclating
correct processing of JE virus prM and E proteins by the host-
encoded signalase and endopeptidase (8). In the present study,
the WN virus-encoded TSP was replaced by JE virus TSP (Fig.
1). As expecled, transiently transformed COS-1 cells expressed
and secreted prM/M and E proteins inte the culture medium,
which could be detected by Ag-capture ELISA. Western blot
analysis confirmed the presence of three major proteins iden-
tical in size to the IE, prM, and M of gradient-purified WN viri-
ons (Fig. 3). More importantly, prM-to-M processing was very
similar between the recombinant anligen and virion protein.

The SignalP computer program was used to calenlate the
cleavage site (C), signal peptide (S), and combined cleavage
site () scores of JE virus and WN virus TSP by the method of
Niclsen et al. {29). As predicted, SignalP indicated thal re-
placement of WN virus TSP for JE virus TSP did not adversely
effect the proper signalase cleavage site. Replacement for JE
virus TSP did increase raw cleavage sile (C), signal peptide (S),
and combined cleavage site (Y) scores significantly (data naot
shown). More importantly, the most significant predictor of the
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‘TSP (Y} was increascd [rom 0.375 to 0.617. The physical prop-
erlies of the recombinanl antigen expresscd by plasmid
pCBWN were not characlerized in {his study. Physical struc-
ture and sccretion of the antigen expressed by a recombinant
plasmid can influence the vaccine potential of favivirus DNA
vaccines. The recombinant antigen expressed by plasmid
PCBWN could assemble and form a secreted EP that is very
similar to the well-characterized JE and tick-borne encephalitis
virus antigens (3, 21; Hunt and Chang, submiued). It has been
demonstrated that the plasmid construct encoding an EP of
tick-borne encephalitis virus prM and E prolein is Lhe most
potent vaccine construct of a series of plasmids expressing
different forms of the E protein (1). This observation shows
that our WN virus plasmid has excellent vaccine potential in
mice and horses and supports the notion that a portion of WiN
virus prM and E proteins is likely expressed and secreted as
LEPs.

The usc of the prM-1Z gene casselle as the flavivirus DNA
vaccine has been reported for dilferent straing of JE virus (8,
19, 23) and other flaviviruses, such as SLE virus (31), denguc
scrotype 1 and 2 viruses (20, 32, 33), Murray Valley cncepha-
litis virus (11), and Russian spring-summer encephalitis and
tick-borne Central European encephalitis viruses (36). In gen-
cral, vaccine potential, measured by induction of Nt antibody
and protective efficacy by virus challenge, can be improved by
mulliple im., intradermal, or gene gun-mediated intradermal
deliverics of DINA vaccine. The gene gun immunization en-
hances the uplake of DNA by the professional antipen-pre-
senling cells in the derniis and the opportunity for intracellular
processing of in vivo-synthesized antigen directly in these cells
(10). However, gene gun immunization requires that plasmid
DNA be applied lo the surface of gold beads (12), a step that
could become expensive if multiple vaccine administrations are
nceded. In addition, the amount of DNA on gold particles that
can be administered in a single application is usually limited to
2.5 pp per mg of gold beads. Studies conducted in monkeys
with Russian spring-summer and tick-borne Central European
encephalitis virus DNA vaccines have indicated that between 3
and 12 applications per monkey may be require 1o achieve the
effective vaccination dosage (33).

Electroporation is commonly used to introduce foreign
DNA into prokaryotic and eukaryotic cells ex vivo, Recently,
Mir et al. described a similar procedure thal uses electric
pulses to enhance foreign DNA uplake by muscle fiber (25).
They demonstrated that this im. electrotransfer method in-
creases reporier and therapeutic gene expression by several
orders of magnitude in varicus muscles in mouse, rat, rabbit,
and monkey models. Furthermore, its clinical application, elec-
trochemotherapy, is being pursued in oncology. Using WN
virus DNA, we demonstrated that the i.m. electrotransfer
method las the potential to improve the immunogenicity of
the DNA vaccine. The lowesl dose tested (0.1 jug of DNA per
aniinal) is sullicient to induce complele protective immunity by
our vaccine in mice (Table 3). The short, intense electric pulse
applied in the current protocol is safe and well tolerated in
humans (14, 26, 37). However, an attempt to apply this method
lo equines was not successiul due to intolerance of this host to
the electric current {data not shown).

As a sale allernative to the traditional SMB antigen prepa-
ration and to streamline production ellorts, we have cloned

J. VIROL.

and derived a stably transformed COS-1 cell line, C2, that
constilulively expresses and secretes recombinant WN virus
anligen into the culture medium (G. J. Chang and D. Holmes,
unpublished data). The anligen produced by C2 cells has been
used Lo replace the lransicntly expressed recombinant antigen.
Thus far, 250 vials of recombinant WN virus antigen have been
produced and more than 100 vials have been shipped to vari-
ous states and local health departments for their surveillance
activilies. Each vial contains a sufficient amouni of anligen to
lest at least 230 specimens concurrently and in triplicate by
MAC- and IgG ELISAs. Based on our cstimation, each vial of
NRA contains an equivalent amount of antigen produced by
four-fifths of a suckling mouse brain. Thus, it has great poten-
tial to become the antigen of choice, with-a major impact on
the standardization of flavivirus reagents and implementation
of WN virus surveillance in the United States and elsewhere.

We believe that NRA prepared by our technique could also
be used as a biosynihetic subunit vaccine, since feasibility has
been demonsiraled previously for the antigenically related JE
virus (21; Hunt and Chang, submitted). Currently, we have
directed our efforts to using the pCBWN plasmid as a candi-
date DNA vaccine lo prevent WN virus encephalitis in horses.
Studics to define an optimal vaccine regimen, long-term im-
imunogenicily and eflicacy, and ficld safety are in progress. As
an altcrnative approach, vaccination could be achieved by
priming the host with DNA, followed by a boosler injection
with NRA.
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ADDENDUM IN PROOY

Recently, Kenishi el al. (15, Konishi, A. Fujii, and P. W.
Mason, J. Virol. 75:2204-2212, 2001) reporied ihe isalation of
a CHO cell line conslitutively producing subviral extracellular
particles of JEV only after climination of the prM processing
site. In Lthe present study, a line of COS cells producing WNV
subviral particles with an intact processing site was obtained.
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