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Como resultado del examen de fondo realizado, con fundamento en el Articulo 45 de la
Decision 486 de la Comision de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion:
Reivindicaciones:

Dibujos:
Secuencias:
Prioridad:

12-069004-00000-0000
12-069004-00000-0000
12-069004-00008-0000
12-069004-00000-0000
12-069004-00000-0000
BR P10904020-0

2. Analisis de la Prioridad

26/Abril/2012
26/Abril/2012
14/Marzo/2014
26/Abril/2012
26/Abril/2012
01/Octubre/2009

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

prioridad reivindicada.

3. Objeto de la invencion

De acuerdo con lo establecido en el numeral 1.2.2.2 del capitulo primero del Titulo 10
de la Circular Unica para efectos del examen de patentabilidad, se tendra en cuenta la
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tasa pagada por el solicitante al momento de comenzar el examen para las
reivindicaciones adicionales; esto es que cuando la solicitud contenga méas de diez (10)
reivindicaciones y no se haya pagado la tasa complementaria, sélo se estudiaran las
cubiertas por la tasa pagada. En el presente caso se estudiara la totalidad del capitulo
reivindicatorio 12-069004-00008-0000 (reivindicaciones 1-9).

Titulo de la solicitud: “Método plasmideo y composicion para inducir una respuesta
inmune contra virus de la dengue basado en vacunas de ADN y virus quiméricos”.

El problema planteado en esta solicitud consiste en necesidad de obtener vacunas de
ADN mas eficaces y capaces de inducir un aumento de la respuesta inmune.

Para resolver este problema técnico la solicitud en estudio proporciona una
composicién de vacunas contra los cuatro serotipos del virus del dengue a partir de la
construccion de plasmidos recombinantes.

El objeto de la presente solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP): A61K 39/12, C12N 7/01, C12N 15/40, C12N 15/86, A61P 31/14.

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

El objeto de las reivindicaciones 1-2 no es patentable de acuerdo con el Art citado.
Aunque las reivindicaciones mencionan un proceso para mejorar la eficacia de la
proteccion corresponden a un método de tratamiento que no es objeto de
patentabilidad.

De la solicitud de patente

Reivindicaciones (Art 30 D 486, Art 22 PCT)

1- La composicién de las reivindicaciones 3-5 debe ser caracterizada a partir de los
elementos que la conforman y las proporciones de los mismos. Los virus quiméricos
y las vacunas deben ser definidos a partir de su estructura, es decir por la secuencia
de nucledtidos. La reivindicacién no es clara al no mencionar la composicion de
vacuna de ADN, se menciona su forma de obtencién pero no que comprende, ni las
secuencias especificas. El virus quimérico debe ser definido a partir de su estructura
indicando la secuencia del virus modificado.

2- El término virus quimérico 17D no es claro. El virus debe ser definido a partir de su
estructura, es decir a partir de su secuencia de nucleétidos.

3- El kit de la reivindicacion 6 esta conformado por un elemento que ya habia sido
reclamado en las reivindicaciones precedentes, de esta manera dicha reivindicacion
parece referirse es al uso dado a dichos elementos lo cual no es objeto de
patentabilidad. Se le recuerda al solicitante que un kit esta conformado por
preparaciones combinadas de componentes individuales, donde tales componentes
forman una unidad funcional dirigida a un uUnico proposito, y se encuentra
caracterizado por sus compuestos. Se sugiere eliminar dicha reivindicacién.

4- El capitulo reivindicatorio no es conciso porque contiene un excesivo numero de
reivindicaciones independientes, lo cual hace dificil definir cual es el objeto que se
busca proteger.

5- Las reivindicaciones 7, 9 no son concisas, porque presentan una excesiva
complejidad, lo cual dificulta determinar la extension del objeto que se busca
proteger. El plasmido reivindicado debe ser definido a partir de su estructura. Se
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sugiere definir el plasmido por su secuencia especifica y no por la secuencia
codificada por el plasmido.

6- Las reivindicaciones 7-10 no son claras ni concisas. Se sugiere definir el plasmido
por su secuencia especifica y no por la secuencia codificada por el pladsmido.

7- Las reivindicaciones 8 y 10 no son claras al no indicar el nimero de la secuencias
(SEQ ID NO:). Se sugiere eliminar la referencia al nimero de Genebank e incluir el
namero de secuencia.

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

La solicitud no cumple con el requisito de unidad de invencion porque se refiere a 2,
grupos inventivos. El concepto comudn inventivo es vacuna de ADN contra el dengue,
concepto divulgado por Imoto et al., 2006 (Vaccine, vol. 25, no. 6: 1076-1084, Mota el
atl.,, 2005 (Vaccine, Vol. 23: 2469-3476) y D1. El primer grupo inventivo resuelve el
problema mediante el uso de vacunas de ADN en combinacion con virus quimérico. El
segundo grupo inventivo resuelve el problema al escoger el péptido sefial y la porcién
particular de la proteina E del virus del dengue.

Los grupos inventivos estan definidos por las siguientes caracteristicas esenciales:

1° Reivindicaciones 3-6. Composicion/kit comprendiendo una vacuna de ADN y virus
guiméricos abarcando el virus vacunal de la fiebre amarilla contra el virus del dengue.

2° Reivindicaciones 7-10. Plasmido recombinante codificando la proteina del sobre viral
E por cada serotipo del virus del dengue.

Se le sugiere al solicitante restringir la materia a patentar en un solo concepto comudn
inventivo especificando el avance tecnoldgico sobre el estado de la técnica. Esto se
logra entre otras formas definiendo las caracteristicas esenciales de la invencion y
mostrando las otras caracteristicas particulares como dependientes, pero sin perjuicio
de la concisibon de las nuevas reivindicaciones tanto independientes como
dependientes.

El solicitante también puede realizar una o mas de las divisionales de acuerdo a los
grupos de conceptos técnicos inventivos presentados en esta solicitud, esto claro, sin
ampliar el objeto inicial de la invencion.

6. Determinacion del Estado de la Técnica
El estado de la técnica se determindé con base en la fecha de presentaciéon de la

solicitud de prioridad: octubre 01 de 2009, y se encontraron los siguientes documentos
gue anticipan el objeto de esta solicitud:

item Documento Titulo Fecha de Publicacién
D1 Raviprakash et al., “Advances in dengue vaccine Agosto/2009
2009. Human Vaccines development”
5:8, 520-528.
D2 Guirakhoo et al., 2004. “Safety and Efficacy of Chimeric Mayo/2004
Journal Of Virology, p. Yellow Fever-Dengue Virus
47614775 Tetravalent Vaccine Formulations
in Nonhuman Primates”

El documento D1 divulga vacunas de ADN con virus quimérico de fiebre amarilla (Pags.
524 y 525).
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El documento D2 divulga una vacuna que comprende como vector el virus de la fiebre
amarilla 17D para la construccion de un virus quimeérico YF-DEN1 a DEN-4, para el
tratamiento de los 4 serotipos del dengue (Resumen, Pag. 4762).

7. Examen de Patentabilidad (Art 14 D486)

Nivel inventivo (Art18 D486)

Examen de patentabilidad Grupo 1

La reivindicacion 3 consiste en: “Una composicion vacunal contra el virus del dengue
que consiste en (...)"

Comparacion de las caracteristicas técnicas esenciales, con las del estado de la técnica:

Caracteristicas esenciales D1 D2

Composicién vacunal Composicién vacunal No menciona

Vacuna ADN contra los 4 serotipos del Vacuna de ADN (Pag, No menciona

dengue 524, Col.1)

Virus quimérico 17d fiebre amarilla Virus quimérico de fiebre | Virus quimérico de fiebre

modificado amarilla (Pag. 524, Col. amarilla 17D (Pag. 4762)
1, pag. 525, Col. 1)

Vehiculo farmacéuticamente aceptable Adyuvante (Pag. 525, No menciona
Col. 1)

El documento D1 se considera el estado de la técnica cercano a la invencién definida
en la reivindicacion 1 porque divulgan vacunas de ADN con virus quimérico de fiebre
amarilla (Pags. 524 y 525).

La diferencia entre la invencion, definida en la reivindicacion 1 y la vacuna de D1
consiste en la presencia del virus modificado quimérico 17d.

No es claro el efecto que logra el incluir la presencia del virus modificado quimérico 17d.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invencion se puede
formular asi: “como obtener una vacuna alternativa a la conocida en D1 para la
induccion de la respuesta inmune”.

Sin embargo, la utilizacion de virus quimérico de fiebre amarilla 17D — dengue para el
tratamiento de dengue, ya esta divulgada en el documento D2 que se refiere a una
vacuna que comprende como vector el virus de la fiebre amarilla 17D para la
construccion de un virus quimérico YF-DEN1 a DEN-4, para el tratamiento de los 4
serotipos del dengue (Resumen, Pag. 4762). Adicionalmente, la utilizacién de vacunas
de ADN contra el virus del dengue efectivas en la induccion de la respuesta del sistema
inmune y la sugerencia de usar dos vacunas de fiebre amarilla en combinacion con
vacunas quimeéricas (Pag. 524, Col. 1, Parr. 1), ya esta divulgada en el documento D1
gue se refieren a vacunas de ADN con virus quimérico de fiebre amarilla (Pags. 524 y
525).

De acuerdo a los ejemplos presentados no es claro el efecto técnico de la vacuna
comparada con las vacunas de ADN (para pE1D2). De acuerdo con las figuras 3Ay 3B
se obtienen resultados similares con pE1D2 y pE1D2+17D-D2. Los resultados de
pE1D2 corresponden a dos dosis mientras que los de pE1D2+17D-D2 corresponden a
3 (2 de pE1D2y una de 17D-D2), no es posible determinar si las diferencias obtenidas
en los resultados son a causa de una dosis adicional o a causa del virus 17D-D2.

En consecuencia, el la persona del oficio normalmente versada en la materia, incluiria
vacunas quiméricas de fiebre amarilla 17D-dengue del documento D2 en las vacunas
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de ADN y quiméricas de D1 para llegar asi al objeto de la reivindicacion 3 de la
solicitud. Por lo cual se considera obvia.

Las reivindicaciones dependientes 4-6 no cumplen con el requisito de nivel inventivo
(Art. 18).
8. Conclusién

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

item Documento Reivindicaciones afectadas Requisito que afecta
D1 Raviprakash et al., 2009. Human 3-6 Nivel inventivo
Vaccines 5:8, 520-528.
D2 Guirakhoo et al., 2004. Journal Of 3-6 Nivel inventivo
Virology, p. 4761-4775

9. Respuesta a los argumentos del seiior solicitante

Argumentos con respecto a la unidad de invencion

El sefior solicitante argumenta que las reivindicaciones cumplen con el requisito de
unidad de invencion, al tener como concepto comun inventivo un plasmido construido
con la insercion de la secuencia (dominio Ill) de la proteina E de la envoltura virica del
virus del dengue sin la porcién C-terminal.

Se aclara que el Mota et al., 2005 divulga constructos de ADN codificando el dominio I
de la proteina E de cada uno de los 4 serotipos del dengue (Pag. 3470-3471), que
Imoto et al, 2006 divulga vacunas de ADN para el tratamiento del dengue, por lo que no
cumplen con un concepto comun inventivo.
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En cumplimiento del articulo 45 de la Decision 486 de la Comision de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir del dia siguiente de la fecha de notificacion de la presente comunicacion.
En caso de no dar respuesta al presente requerimiento, 0 si a pesar de la respuesta
subsistieran los impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término faltante de
sesenta (60) dias para dar respuesta a este requerimiento y presentarla por escrito.

Finalmente, se le recuerda al solicitante que si como respuesta a este requerimiento llegara
a modificar el capitulo reivindicatorio y éste contenga mas de diez (10) reivindicaciones, no
pagard la tasa de modificacidbn voluntaria pero si la correspondiente al pago por
reivindicacion adicional.

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal e), del
capitulo quinto del titulo primero de la Circular Unica No. 10 de 2001.

_—

—

JOSE LUIS SALAZAR LOPEZ
Diractor de Nuevas Craaciones (c)

El anterior requerimiento fue notificado por fijacion en lista, de fecha 2014-06-17

Elabord: Lina Maria Lizaraso Trespalacios
Reviso: Consuelo Leguizamon Leguizamon
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Review

Advances in dengue vaccine development

Kanakatte Raviprakash,!2:* Gabriel Defang,! Timothy Burgess'2 and Kevin Porter! 2

"Naval Medical Research Center; Silver Spring, MD USA; 2Department of Medicine; Uniformed Services University of Health Sciences; Bethesda, MD USA

Key words: dengue, vaccine, review, tropical medicine, flavivirus

Dengue viruses are the most important arboviruses causing
human disease. Expansion of the disease in recent decades to
include more geographical areas of the world, an appreciation of
the disease burden and market potentials have spurred a flurry of
activity in the development of vaccines to combat dengue viruses.
Recent progress in this area and some of the obstacles associated
with this development are discussed.

Introduction

Dengue viruses (DV) belong to the family Flaviviridae. The
four serotypes of DV (DV-1 to DV-4) are transmitted primarily
by Aedes aegypti mosquitoes and cause acute infection leading
to dengue fever (DF). A natural infection by any DV serotype
provides long-term protection only against re-infection by the same
serotype. Secondary DV infections by a different serotype, which
are common in endemic areas, are often associated with severe
and sometimes fatal disease outcomes, dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS).!? Dengue viruses are
endemic to tropical and subtropical regions of the world, putting
nearly two fifths of the world population at risk of infection.
An estimated 50-100 million infections occur each year with about
500,000 cases of DHE, making DV the most important arbovirus
causing human disease.? There has been a steady expansion of the
disease in recent decades. Epidemic dengue infections are currently
documented in over 60 countries compared to nine countries in
1970. Explosive epidemics have been reported in recent years with
the isolation of more virulent strains of DV.3-> Global expansion
of DV transmission has heightened awareness of the burden of
DV infections.®” The growing incidence of dengue is attributed to
the expansion of the mosquito vector, urbanization, travel and the
difficulty in sustaining effective vector control measures over long
periods of time. A vaccine to prevent DV infections is currently a

world health priority.
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Challenges to DV Vaccine Development

The genome of DV consists of positive strand RNA of about
11 kb. The single open reading frame is translated into a poly-
protein from which three structural [Capsid (C), pre-membrane/
membrane (prM) protein and envelope (E)] and seven non-struc-
tural (NS-1, -2A, -2B, -3, -4A, -4B and -5) proteins are produced
by specific cleavage using cellular and virus coded proteases.?
Despite this simple genomic structure and only a handful of
virus specific proteins, a poor understanding of the biology and
pathogenesis of DV poses significant challenges to vaccine devel-
opment. It is interesting that one of the most successful vaccines
ever developed is against a highly related flavivirus, yellow fever
virus (YFV), whose genome and antigen structures are very similar
to those of DV.

What distinguishes DV from YFV is the difference in diversity
and pathogenesis of DV. In contrast to a single serotype of YFV,
DV exists as four antigenically distinct serotypes (DV-1 to DV-4),
each of which is capable of causing human disease. Infection by
any one DV serotype, elicits immune responses protective only
against re-infection from the same serotype. More intriguing
is the epidemiologic observation that severe dengue disease
(DHEF/DSS) is more often associated with secondary dengue
infections.®? This has led to the hypothesis of antibody dependent
enhancement (ADE) of DV infection in which antibodies from
a primary infection bind but do not neutralize the virus during a
secondary infection, and the virus-antibody complex gains entry
into target cells via the Fc receptor.!®!! Although ADE has been
demonstrated in certain cultured cells infected with DV in pres-
ence of dilute anti-dengue antiserum, in vivo ADE has not been
convincingly demonstrated. Since only a small fraction of individ-
uals with secondary dengue infections develop DHF/DSS, there
could be other as yet unknown host and/or virus factors involved
in severe dengue disease. Halstead et al.!? have articulated the
“original antigenic sin” theory for DV, where the antibody and T
cell responses to secondary heterologous DV infections are greatly
influenced by the serotype of the primary DV infection. During a
heterologous secondary DV infection, similarity of B-cell and T-cell
epitope sequences between serotypes of primary and secondary DV
infections can result in rapid expansion of pre-existing memory
B-cells and T-cells compared to naive cells, leading to low-avidity
antibody and T-cells to the infecting serotype. Low-avidity T

2009; Vol. 5 Issue 8



Dengu vaccines

Table 1 Current animal models for DV infection

Species Inoculation route Viremia Antibody Disease Ref
Mouse

Balb/CJ Intra-cranial No Yes Paralysis/death 64
AG129 IP Yes Yes variable 19
SCID-Hu (HepG2) IP Yes No DHF/DSS-ike 20
SCID-Hu (K562) IP Yes No variable 21
NOD/SCID SC Yes No DF/DHF-like 22
RAG-Hu IP/SC Yes Yes No* 23
Non-human primates

Rhesus monkeys (M. mulatta) SC Yes Yes No 27-29,76
Cynomolgus monkeys (M. fasicularis) SC Yes Yes No 24, 58
Pig-tail monkeys (M. nemestrina) SC Yes Yes No @
African green monkeys (Cercopithecus aethiops) SC Yes Yes No #
Owl monkeys (Aotus nancymae) SC Yes (some serotypes) Yes No 26, 30

*Fever noted; @Porter K, unpublished; #Kochel T, unpublished.

cells, in addition to not being able to eliminate DV infected cells,
can produce predominantly pro-inflammatory cytokines contrib-
uting to immunopathogenesis.!? These postulates and observations
raise the concern that vaccines producing immunity to just one
or two serotypes of DV may increase the risk for DHF/DSS in
subsequent DV infections. Thus, a dengue vaccine is expected to
produce robust protective immunity to all four DV serotypes.

A major obstacle to dengue vaccine development is the
knowledge gap regarding pathogenesis of DV and a poor under-
standing of the contribution of different immune responses toward
protection and/or disease. For example, a natural DV infection
elicits both humoral and cellular immune responses. A majority
of neutralizing antibodies is directed against the E protein;
however, anti-NS1 antibodies that are non virus neutralizing are
also produced, and have been shown to activate complement in
vitro.'%15 Immunization of mice with recombinant vaccinia virus
or DNA vaccine expressing DV2 NS1 gene has been shown to
protect mice from lethal virus challenge.16’17 However, studies in
non-human primates are not available and the role of anti-NS1
antibodies in human DV immunity and/or disease is unclear.
DV infection also elicits significant cellular immune responses,
a majority of which is directed against non-structural proteins.
Although there is epidemiologic data to support the notion that
virus-neutralizing antibodies are sufficient to provide protection
from virus infection, the role(s) of antibodies to non-structural
protein NS1, as well as the role of cellular immune responses are
not clearly understood. This gap in knowledge stems primarily
from a lack of a proper animal model in which to study disease
and protection from disease. A number of animal species including
goats, dogs, pigs, guinea pigs, hamsters, rabbits, rats and mice have
been reported to show no signs of DE/DHF when infected with
DV.!8 Historically however, suckling mice intra-cranially inocu-
lated with mouse-adapted DV have been used as a model. These
mice develop paralysis leading to death. This model is not repre-
sentative of natural disease in humans following DV infection,

www.landesbioscience.com

and as such has limited value in DV pathogenesis and vaccine
studies. Recently, a number of mouse models for denue infection
have been described. These and the non-human primate models
in use are listed in Table 1. Johnson and Roehrig!® showed that
when AG129 mice lacking IFNa/B/y receptor genes were infected
by intraperitoneal administration of mouse-adapted DV2, they
developed viremia and hind leg paralysis leading to death. Dengue
infection of SCID mice engrafted with human hepatocarcinoma
(HepG2) cells?® or human erythroleukemia (K562) cells?! have
been reported. More relevant is perhaps the NOD/SCID mouse
model reconstituted with human dendritic cells. These mice were
shown to actually exhibit some DF-like symptoms and viremia
when inoculated subcutaneously with DV.22 Some of these models
may be useful in understanding DV pathogenesis, but the immu-
nodeficient background makes them unsuitable for vaccine studies.
Immunocompetent humanized mice produced by xenografting
of human CD34* hematopoitic stem cells into RAG27yc¢” mice
not only became viremic after DV2 infection, but also produced
human immune responses.23 However, engraftment levels as well
as antibody responses varied widely; only 60% (six out of ten)
of mice had measurable IgG antibody and only one of six mice
had neutralizing antibody. Furthermore, there was no correla-
tion between the level of human cell engraftment and the level of
viremia.

Non-human primates have been widely used as the model of
choice for DV vaccine studies. Although none of the many primate
species tested presents signs of DF/DHF when inoculated with
DV, they support limited virus replication resulting in three to
eight days of viremia. Vaccine developers have used these models
to determine if a vaccine candidate is capable of reducing the dura-
tion and/or magnitude of viremia. While rhesus (Macaca mulatta)
and cynomolgus (M. fasicularis) monkeys have been routinely
h,2429 we have also demonstrated the
usefulness of pigtail macaques (M. nemestrina, unpublished) and
the New World Owl (Aotus nancymae) monkeys.?30 Because

used in DV vaccine researc
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Table 2 Current status of DV vaccine candidates

Vaccine* Monovalent (M)/ Current status Ref
Tetravalent (T)

LAV T Clinical Trials 36-39
rLAV T Clin Trials 44-47
YFV-DV T Clinical Trials 59
PIV M Pre-clinical (NHP) 84
Subunit M Clin Trial, expected in 2009 85
DNA M Clinical Trial q

T Clinical Trial, expected in 2010
VRP T Pre-clinical (NHP) 24, @
Ad-vectored T Clinical Trial, expected in 2010
Replivax M Preclinical (mice) 94

*LAV (Live Attenuated Virus Vaccine); rLAV (recombinant LAV); YFV-DV (Yellow Fever Virus-Dengue
Virus chimera); PIV (Purified Inactivated Virus vaccine); VRP (VEE Replicon Particle). "Beckett et al.,
unpublished; @Raviprakash et al., unpublished.

none of these models presents dengue disease (DF/DHF), the
crucial test for vaccine candidates in terms of providing protec-
tion from virus infection without increasing the risk for DHF in
secondary infections can not be answered until late stage clinical
trials involving a large number of subjects in DV endemic areas
over long periods of time.

DV vaccine researchers have historically used independent, non-
standardized, laboratory-specific protocols to measure immune
responses and protection from virus challenge in non-human
primate models, making it difficult to compare vaccine candidates
from different laboratories. Neutralization titers are derived using
a variety of assays, cell lines, virus strains and procedures, and there
is lack of consensus regarding antibody levels deemed to be protec-
tive. Because it is expensive to maintain non-human primates for
extended periods of time, and also because the antibody response
to many vaccine candidates wanes over a period of time, there is a
tendency to minimize the time between vaccination and virus chal-
lenge. Studies in which vaccinated monkeys are challenged with
live virus at different time points after vaccination?®27-?% make
meaningful comparisons of different vaccine candidates difficult.

A comparison of three different assays to measure neutralizing
antibodies®! has underscored the need to develop and accept a
uniform platform. Recently, the World Health Organization and
the Pediatric Dengue Vaccine Initiative (PDVI) have initiated
efforts to address these issues. Some guidelines and commentaries
regarding measurement of dengue specific antibody and cell medi-
ated immune responses have been put forth.>?33 Adherence to
a standard set of reagents and protocols will help coalesce DV
vaccine studies and lead to a more meaningful interpretation of
results.

Though an absolute correlate of protection has not been
rigorously established, it is generally accepted that induction
of DV-neutralizing antibodies is the key metric for DV vaccine
immunogenicity. Although this is viewed primarily as a measure of
vaccine potency, of key importance in evaluating a tetravalent DV
vaccine is the ability of an assay to discriminate between serotype-
specific and serotype-cross reactive antibodies contributing to
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protection from, and enhancement of DV infections respectively.
Such assays currently employ cells and antibody dilutions that are
physiologically different from those expected in in vivo situations.
Demonstration of enhancement of infection in physiologically
relevant cells such as primary dendritic cells (DC) or Raji cells
expressing DC-SIGN, using undiluted serum samples may provide
a better insight into the true ability of antibodies to cause infec-
tion enhancement in in vivo situations. Establishing methods with
undiluted serum samples has been a challenge so far. In addition
to antibody analysis, systematic analysis of cell mediated immune
responses including enumeration of memory B and T cells in large
numbers of DF and DHF patients will help define correlates of
protection and severe disease.

Notwithstanding these challenges, significant progress has
been made in the development of DV vaccines. Expansion of the
disease to include new geographic areas and recognition of the
disease burden and market potential by the private sector have
fueled recent developments and brought DV vaccine development
to the forefront. Table 2 lists different vaccine platforms and their
current status.

History of DV Vaccine Development

Live Attenuated Virus Vaccines (LAV). The approach of using
live attenuated DV to develop an effective dengue vaccine dates
back to the 1940s when then Lieutenant Colonel Albert Sabin
observed that serial passage of a Hawaii strain of dengue virus in
mice resulted in a dramatic change in the pathogenic properties of
the virus.34 Volunteers inoculated with this attenuated virus exhib-
ited no systemic symptoms, but did manifest a maculopapular
rash and petechiae on the feet and ankles. Inoculations with the
attenuated virus resulted in low-level viremia as indicated by the
extreme difficulty in infecting susceptible Aedes aegypti mosqui-
toes intentionally fed on volunteers. The anti-dengue immunity
inducted by the live attenuated vaccine provided protection against
homologous virus challenge, beginning 12 days after vaccine
administration. The long-term protective efficacy of this vaccine
was not evaluated. During World War II, Sabin produced a live
attenuated dengue vaccine in the form of brain and spinal chord
extracts made from the fifteenth mouse brain passage of dengue
virus. Field-testing of this vaccine was planned in the theatre
of military operations, but the war ended before testing could
take place. Concerns about using mouse brain and spinal chord
preparations for vaccine production subsequently arose and this
approach was later abandoned.

Because of the worldwide severity of dengue disease and its
potential threat to deployed forces, United States Armed Forces
Epidemiology Board initiated collaborative scientific efforts in
1971 at the University of Hawaii to develop a dengue vaccine
based on virus attenuation in tissue culture. At about the same
time, a similar approach was also launched in Thailand under the
auspices of World Health Organization. Collectively, these research
efforts resulted in several attenuated monovalent and tetravalent
vaccine candidates that were evaluated in separate Phase 1 clinical

trials.35-37
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In a phase 1 trial of tetravalent LAV vaccine developed jointly
by Mahidol University and Aventis Pasteur, seven different
formulations were tested as single dose or two-dose vaccines in
Thai adult volunteers.?8 It was noted that the symptom index (SI)
in vaccinees was up to 9 times higher than placebo control after
one dose, and up to 18 times higher after two doses. Only 35%
and 71% of vaccinees seroconverted to all four serotypes after
one dose and two doses respectively. High neutralizing antibody
was demonstrated only for DV-3. Two of the seven formulations
deemed safest by their symptom indices, had lower antibody titers
than the other five. In a follow up study, two vaccine formulations
were tested in healthy Australian adults.?® In addition to other
adverse systemic reactions, severe rash was observed in eight of
the nine volunteers. High antibody titers were demonstrated only
to DV-3, and the trial was discontinued. It is informative to note
that the authors of this study wrote, “Managing viral interfer-
ence and balancing attenuation to produce acceptable tetravalent
immunogenicity with minimal reactogenicity may be a recurring
problem for future multivalent live vaccines”.?? Failure to achieve
acceptable tetravalent seroconversions has also been noted in other
clinical trials of LAV vaccines developed by the Walter Reed Army
Institute of Research.3%40 In a more recent study using two previ-
ously tested and one new tetravalent LAV formulations, after two
doses spaced six months apart, only 36-63% of vaccinated indi-
viduals developed tetravalent neutralizing antibodies.4!

A potential drawback of deriving attenuated viruses by passage
in cell culture is the accumulation of random, unintended muta-
tions in antigen coding sequences which could lead to reduced
immunogenicity. For example, sequence determination of attenu-
ated DV-1 virus has revealed a number of amino acid changes in the
E antigen compared to its parent strain.*? To address these prob-
lems, scientists at the National Institutes of Health have employed
recombinant DNA technology to produce full length infectious
clones of DV virus genomes and have produced attenuated DV
by introducing targeted deletions in the 3'-untranslated region
of the genome by site directed mutagenesis. These techniques
have also allowed for construction of intertypic chimeric viruses.
Men et al.® produced a series of dengue-4 viruses containing
deletions in the 3'-untranslated region of the genome. A mutant
virus containing a 30 nucleotide deletion in the 3'-untranslated
region (rDen4A30), was shown to be attenuated in cell culture as
well as in rhesus macaques, yet immunogenic. In a phase 1 clinical
trial with 20 human volunteers, a single inoculation of 10° PFU
(plaque forming units) of this vaccine candidate was reasonably
well tolerated and produced virus neutralizing antibodies in all
20 vaccinated individuals.** Mild and transient rash, neutropenia
and elevated ALT were noted in some individuals. A follow up
clinical trial with single inoculations of reduced doses (103-10!
PFU) of this vaccine candidate demonstrated reduced reactoge-
nicity and 95-100% seroconversion.*> Reduced hepatotoxicity
was also achieved by introducing additional mutations into the
NS-5 coding sequence.*® Similar human safety and immuno-
genicity profile has also been described for rDenlA30 vaccine
candidate,*” but a rDen3A30 virus was found to be underat-
tenuated.*® Intertypic chimera vaccine candidates for DV2 and
DV3 have been produced in which DV2 or DV3 prM and E
genes are expressed from the attenuated rDen4A30 background.
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Blaney et al.*? have evaluated tetravalent DV vaccines formulated
by mixing such genetically engineered LAV in rhesus monkeys.
Although some formulations led to un-uniform antibody response
to the four DV serotypes because of serotype interference and/
or dominance, one particular formulation was shown to produce
broad, protective neutralizing antibody responses against each of
the four serotypes.

Need for Other Vaccine Platforms

Although LAVs have moved the farthest in terms of develop-
ment and clinical trials, problems in developing and formulating
a tetravalent DV vaccine linger. Striking a balance between immu-
nogenicity and attenuation of each DV serotype, and attaining
uniformity of immune responses to four serotypes in a mixed
tetravalent formulation have not been easy. As discussed earlier,
mixed tetravalent formulations have presented problems related to
reactogenicity, serotype dominance and competition.

Recombination is also a potential concern when dealing with
mixed formulations of live, replicating viruses. RNA viruses can
recombine within and between species. A classic example is the
emergence of Western equine encephalitis virus as a recombinant
between a Sindbis-like virus and the Eastern equine encephalitis
virus.>° Homologous recombination among flaviviruses, however,
has been controversial and the possibility remains largely theo-
retical.>1-53

Although some of the problems associated with LAVs are
addressed by genetically engineered recombinant attenuated
viruses, similar difficulties in formulating a tetravalent mixture
may be expected. Edelman®# has argued in favor of LAV because
it induces long lasting neutralizing antibodies that mimic natural
infection. Conversely, one can also argue against mimicking
immune responses produced by natural infection, because it is
precisely these responses that are thought to increase the risk of
severe dengue disease during secondary infections. In addition
to neutralizing antibodies, other immune responses are induced
against both structural and non-structural components of LAV,
which are usually not measured, nor are their roles in protection
and disease clearly understood. Homotypic immunity against
re-infection by the same serotype has been observed in spite of
low to undetectable neutralizing antibody at the time of infection,
indicating that memory responses and not neutralizing antibody
titers per se at the time of infection, may be more important.
Thus it may be beneficial to create vaccines based on a subset of
DV genome using other platforms.

Yellow fever virus-dengue virus chimeras. As mentioned
earlier, YFV vaccine based on a live attenuated strain of YFV, a
closely related flavivirus, is one of the most successful vaccines
to date. The vaccine strain of YFV is suitably attenuated, yet
highly immunogenic. Immune responses elicited by attenuated
YFV provide long-term protection from YFV infection. The close
genomic and antigenic relatedness of YFV and other flaviviruses
suggests the idea of chimeric viruses in which the backbone of
the attenuated YFV is retained and genes for structural antigens
are replaced by those of other flaviviruses. Taking advantage of
this idea, Monath and others at Acambis constructed YFV-JE
(Japanese encephalitis virus) chimeric vaccine. This vaccine was
found to be safe and a single dose induced protective levels of
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neutralizing antibody in human clinical trials.?>%6 A phase 2,
multiple site clinical trial of YFV-JE vaccine (single dose) along
with currentdy licensed JE vaccine (inactivated mouse brain
vaccine, two doses) is currently on-going.’” Building on the
successes of YFV-JE chimera, Monath, Guirakhoo and others have
produced a series of chimeric YEV-DV strains expressing antigens
from each of the four DV serotypes. A tetravalent vaccine formu-
lation produced by mixing the four monovalent vaccines in equal
proportions was shown to be safe and effective in cynomolgus
monkeys,?>38 and protected vaccinated monkeys from viremia
when challenged with any of the four dengue virus serotypes, with
the exception of one of six animals in DV-1 and DV-4 groups
showing 1 day breakthrough viremia.’® A phase 1 clinical trial of
DV-2 monovalent vaccine demonstrated that the safety profile of
the chimeric DV vaccine was very similar to that of the widely
used YFV vaccine and that 100% and 92% of YFV-naive subjects
vaccinated with 10° and 103 p.f.u. respectively, seroconverted to
DV but not to YFV.>? Furthermore, this trial also demonstrated
that individuals previously vaccinated with YFV vaccine can
still be successfully vaccinated with YEV-DV chimeric vaccine.
Interestingly, individuals previously vaccinated with YFV vaccine
produced more serotype cross-reactive immune responses when
vaccinated with DV-2 chimeric vaccine. Some recent discussions
have highlighted lingering potential safety concerns regarding
YFV-DV chimeric vaccines.®%-0!

DNA vaccines. The two DV vaccine candidates in advanced
development, based on LAV and chimeric YFV, both utilize repli-
cating viruses. As such, the problems associated with mixtures
of live, replicating viruses discussed above apply to both of these
platforms. Since these vaccine candidates are still in clinical trials,
it would be beneficial to develop second generation DV vaccines
based on non-replicating systems. Naval Medical Research Center
has taken the lead in these areas and has developed a series of
vaccine candidates based on naked plasmid DNA and infectious
but non-replicating viral vectors. Similar to the vaccines based on
live replicating viruses, DNA vaccines and vaccines based on viral
vectors induce de novo intracellular synthesis of target antigens,
thus mimicking natural infection.

A DNA vaccine is simply a plasmid shuttle vector expressing
antigen(s) of interest. Most of the plasmid vectors used in the
development of DNA vaccines utilize the human cytomegalovirus
(hCMV) promoter to drive the expression of protein antigens.
A number of DNA vaccines against a variety of infectious agents
and cancer antigens have been described and a few of them have
advanced to human clinical trials.®3 In initial proof-of-principle
studies of dengue DNA vaccines, Kochel, Porter and others
demonstrated that mice injected intradermally with a DNA vaccine
construct expressing DV-2 pre-membrane protein (prM) and trun-
cated envelope protein (tE) elicited virus neutralizing antibodies®
and the antibody levels and protection from an intracranial virus
challenge increased when the vaccine was administered with
pUC plasmid DNA containing immunostimulatory sequences.®>
A different DV-2 DNA vaccine expressing prM and full length
E genes was used to vaccinate rhesus macaques via genegun. These
animals elicited neutralizing antibodies and provided significant
protection from live virus challenge.?” Using dengue-1 as the
model, Raviprakash et al. later showed that a vaccine construct
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expressing prM and full length E but not truncated E, produced
virus like particles in transfected cells and elicited stable, neutral-
izing antibodies in vaccinated mice.®® The dengue-1 DNA vaccine
expressing prM and full length E (DIME) was also shown to be
immunogenic in two primate models (Aotus and Macaca) and when
vaccinated monkeys were challenged with live dengue-1 virus, they
had significantly reduced viremia compared to control animals.?®
It is interesting to note that vaccinated rhesus macaques produced
relatively lower neutralizing antibody titers compared to Aotus
monkeys, but rhesus macaques were better protected from viremia.
This could mean that different animal species may have different
thresholds for protective antibody levels and/or the vaccine elicited
different memory responses in different species. These studies also
revealed that different routes of immunization may be optimal in
different animal species; intradermal vaccination was better than
the intramuscular route in Aotus monkeys, whereas the intramus-
cular route was better in rhesus monkeys. In both primate models,
the DNA vaccine elicited only modest neutralizing antibody
response. While these initial studies provided a proof of concept
for dengue vaccines based on DNA plasmids, they also underscored
the need for methods to improve neutralizing antibodies in vacci-
nated animals. Several approaches were tried in Aotus monkeys
which included co-injection of a DV-1 DNA vaccine with plasmids
containing human immunostimulatory sequences or expressing
Aotus specific GM-CSF gene, and vaccine delivery by a needle-free
Biojector device. A mixture of these plasmids, when injected using
the Biojector elicited significantly higher dengue virus neutral-
izing antibodies and provided superior protection from viremia
following challenge with live dengue-1 virus.> However, this study
did not allow for measurement of contribution from each of the
vaccine components to the overall improvement achieved. In a
different approach, a DV-2 vaccine was modified by replacing the
membrane anchor and cytoplasmic domains of E with those of
lysosome associated membrane protein (LAMP). It was argued that
targeting the antigen to lysosomes where class II MHC is located
would enhance class II presentation of antigen and lead to better
antibody responses. The modified dengue antigen (D2MEL) was
shown to co-localize with class I MHC in lysosomes, and mice
vaccinated with this vaccine elicited significantly higher dengue-2
neutralizing antibodies.®”-% However, a similar approach with other
DV serotypes did not result in antigen trafficking to lysosomes
(Raviprakash K, unpublished). While reasons for this phenomenon
are not clearly understood, it is possible that the linear Y-Q-T-1
sequence in the cytoplasmic domain of LAMP protein (presumed
lysosome targeting signal) is required but may not be sufficient to
target the protein to lysosomes. Exploring other ways to modulate
antigen trafficking to lysosomes may be beneficial. A tetravalent
dengue DNA vaccine in which 4 monovalent vaccine constructs
(DIME, D2ME-LAMP, D3ME and D4ME) were mixed, was
formulated in a non-ionic/cationic lipid adjuvant and tested in
rhesus monkeys. The vaccine elicited neutralizing antibodies to all 4
dengue serotypes and the titers were three-fold higher compared to
unformulated vaccine (Raviprakash et al., unpublished).

As previously stated, a dengue vaccine must produce protective
immune responses to all four dengue serotypes. The approaches
discussed so far, including LAV and YFV-DV chimeric vaccines,
rely on developing four monovalent vaccines to produce a mixed
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tetravalent vaccine formulation. This obviously increases the
complexity of the vaccine and the costs associated with produc-
tion. The novel gene shuffling technology pioneered by Maxygen
Inc., was used to produce individual DNA vaccine constructs that
express chimeric E antigen containing epitopes from all 4 dengue
serotypes.’” Many such shuffled tetravalent vaccine constructs
were immunogenic in mice and produced neutralizing antibodies
against all four serotypes. These vaccine constructs also produced
neutralizing antibodies to all four serotypes in vaccinated rhesus
monkeys, although neutralization titers were only moderate.?8
Such chimeric tetravalent DNA vaccines have obvious advantages
and further investigation using different adjuvants and methods
of delivery would be beneficial. Sanofi-Pasteur’s recent acquisition
of Acambis,’® as well as rights to gene shuffling technology from
Maxygen,”! suggests the opportunity to test chimeric shuffled
tetravalent DNA vaccine constructs using YFV backbone.

Vaccines based on viral vectors. A DNA vaccine relies on the
passive uptake of plasmid DNA by cells. Limited efficiency of this
uptake appears to be the major factor contributing to the relatively
poor success to date of DNA vaccines in primates and humans.
Many techniques such as use of adjuvants, delivery by genegun
and electroporation of DNA into recipients have been described
to improve the uptake of DNA and expression of antigens by
host cells. However, these techniques are currently not suitable
for clinical application. An alternate way to enhance uptake is to
deliver the nucleic acid sequences via a recombinant viral vector.
By using replication-defective viral vectors, it may be possible to
avoid the problems associated with mixtures of replicating viruses
associated historically with LAV. Some viral vectors may even be
able to accommodate antigen sequences for more than one dengue
serotype, thus reducing the complexity of final tetravalent vaccine
formulations.

Recombinant adenovirus vectors have been widely used in the
construction of a number of vaccine candidates for infectious
agents and cancer antigens.”>’? Many of these vaccine candidates
have advanced to clinical testing. Adenovirus vectors offer the
advantage of expressing multiple antigens from a single recombi-
nant vector, making multivalent vaccines easier to produce. This is
especially important in the case of DV where a tetravalent vaccine
is mandated. Khanam et al.”4 have described a recombinant
adenovirus that expressed in-frame linked domain 3 of DV-2 and
DV-4 E proteins. This vaccine construct elicited serotype specific
bivalent antibodies and T cell responses in vaccinated mice.
In order to express the complete E protein in its natural conforma-
tion, Holman et al.”> developed two bivalent vaccine constructs,
one expressing prM and E genes of DV-1 and DV-2 and the other
those of DV-3 and DV-4. These bivalent vaccine constructs elicited
bivalent neutralizing antibodies in vaccinated mice. A tetravalent
DV vaccine formulated by mixing the two bivalent constructs was
recently tested in a rhesus macaque model.”® Vaccinated animals
not only produced high titer neutralizing antibodies against all
four DV serotypes, but were also completely protected from or
had significantly reduced viremia when challenged with any of
the four DV serotypes. Both short term (one month after vaccina-
tion) and long term (six months after vaccination) protection were
demonstrated. This promising tetravalent DV vaccine is awaiting
evaluation in a phase 1 clinical trial.

www.landesbioscience.com

A frequently discussed potential problem with recombinant
viral vectors is the influence of preexisting immunity against the
viral vector. For example, it has been argued that a vaccine based
on adenovirus vector may not function optimally in individuals
pre-exposed to adenoviruses, or one may not be able to use
such vaccines for repeated administration. At least in the rhesus
macaque model, it has been shown that immunity to vector
components decline over time and that repeat immunizations are
possible below certain thresholds.”® It may also be possible to over-
come the influence of preexisting anti-vector antibody by using a
higher dose of vaccine.””

Vectors based on viruses that are generally not pathogenic to
humans have been used to address the influence of preexisting
anti-vector antibody; herd immunity to these vectors is not gener-
ally found in human populations. A recombinant MVA (modified
vaccinia Ankara) expressing DV-2 truncated E protein induced
antibodies in monkeys and protected them from virus challenge.”®
However, a similar recombinant virus expressing DV-4 antigen
failed to produce antibodies. Replicons of alphaviruses, especially
VEE (Venezuelan equine encephalitis virus), have been success-
fully used in developing vaccine candidates against a number of
infectious agents.””8! The genome of VEE minus the structural
protein genes (capsid and glycoprotein) is cloned into a plasmid
vector containing T7 promoter. The gene of interest is cloned into
this vector in place of the structural genes and under the control of
VEE 26S promoter (plasmid 1). The VEE glycoprotein and capsid
genes are cloned separately into plasmid vectors (plasmids 2 and 3).
All three plasmids are transcribed in vitro with T7 polymerase and
RNA purified. When a mixture of these three RNAs is transfected
into BHK (baby hamster kidney) cells, the cells produce recom-
binant VEE replicon particles, which are purified and used as
vaccines.8? A DV-1 vaccine based on VEE replicon particle (VRP),
expressing DV-1 prM and E proteins produced both neutral-
izing antibody and T cell responses in vaccinated balb/C mice
(Raviprakash K, unpublished). A combination of a DV-1 DNA
vaccine and the recombinant VRP vaccine was tested in cyno-
molgus monkeys in a prime-boost vaccination approach in which
animals were primed with DNA vaccine and boosted with VRP
vaccine. Animals vaccinated with this approach were completely
protected against a DV-1 virus challenge.?* White et al.3% have
used weanling mice born to dengue immune mothers to demon-
strate that VEE replicon based DV vaccines can be successfully
used in the presence of pre-existing anti-dengue antibody.

Other vaccine approaches. Other DV vaccine approaches
currently under evaluation include purified inactivated virus (PIV)
vaccines, recombinant subunit vaccines and approaches utilizing
more than one vaccine platform in a heterologous prime-boost
vaccine regimen. A DV-2 PIV was prepared by formalin inac-
tivation of virus grown in vero cells.3% This vaccine candidate
elicited neutralizing antibodies in vaccinated mice and monkeys;
however, protection from viremia in monkeys was less than that
reported for LAV vaccine.3485 Formulating PIV in ASO5 adju-
vant (a proprietary adjuvant consisting of alum, QS21 fraction of
saponin and monophosphoryl lipid A) increased the neutralizing
antibody titers; although no viremia was detected in vaccinated
animals following virus challenge by cell infectivity assay, TagMan
RT-PCR assay showed circulating viral RNA.8> In a separate study
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using unadjuvanted DV-2 PIV, Simmons et al.8¢ have reported
moderate neutralizing antibodies in vaccinated rhesus macaques.
When challenged with live DV-2 virus, no viremia was detected
in vaccinated monkeys by cell infectivity assay; however, a single
day of viremia for two of the four vaccinated animals was reported
using a different assay.

Most of the efforts to develop a subunit vaccine for DV have
focused on the E protein because most of the virus-neutralizing
antibodies are directed against this antigen. A number of different
formats of E protein have been tested; these include the whole
E protein, truncated E protein, only the domain 3 (or B domain)
of E protein, and prM and E proteins expressed as virus-like parti-
cles. Simmons et al.3” expressed B domain of DV-2 E protein as
a fusion protein with E. coli maltose binding protein (MBP). The
purified fusion protein was immunogenic in mice and immunized
mice were protected from an intra cranial challenge with live DV-2.
Similar MBP fusion proteins were produced for DV-1, DV-3 and
DV-4 and the mixture of four antigens elicited tetravalent neutral-
izing antibodies in vaccinated mice.®® Recently, Zhang et al.%?
have recently expressed the dengue virus E protein domain 3
by itself, without fusion to any other protein. The antigen is
expressed as inclusion bodies in E. coli cells, which can be puri-
fied. Purified antigen inhibited infection of cells in culture by
DV, and elicited DV specific antibodies in mice. Histidine tagged
domain 3 of DV-2 E protein was also expressed in a Nicotiana
plant using a TMV (tobacco mosaic virus) based vector,”’ and
the purified plant-produced antigen was weakly immunogenic in
mice. Amexis and Young?! used computer algorithms to identify
B-cell epitopes of DV-2 E protein. Mice vaccinated with a mixture
of 12 synthetic B-cell epitopes in the MAP (multiple antigenic
peptide) carrier format produced significant levels of neutral-
izing antibody. Scientists at Hawaii Biotech have produced a
truncated E protein (r80E) containing the amino terminal 80%
of DV-2 E in Drosophila cells. Purified antigen was formulated
with different adjuvants and tested in rhesus monkeys.®> Although
some formulations of this recombinant antigen produced high titer
virus-neutralizing antibodies, circulating viral RNA could still be
detected by PCR amplification of the serum samples of challenged
animals. Sub-viral particles extruded by a cell line stably expressing
prM and E genes of DV-2 have been used as an immunogen by
Konishi and Fujii.?? These particles were weakly immunogenic
in mice which is in contrast to a DV-1 DNA vaccine shown to
produce sub-viral particles in transiently transfected cells.4?

Flavivirus replicons capable of a single cycle of infection have
been recently developed as vaccine candidates. JE and WNV
(West Nile virus) containing genomes devoid of capsid encoding
sequences were propagated in cells constitutively expressing capsid
protein. Pseudoinfectious replicons produced by this method
have been shown to elicit neutralizing antibodies in mice and
hamsters.°"?3 Using a similar approach, Suzuki et al.?* have
produced a DV-2 pseudoinfectious replicons. This vaccine candi-
date elicited neutralizing antibodies in AG129 mice and vaccinated
mice survived significantly longer when challenged with lethal
doses of DV2 virus.

Although many of these DV vaccine platforms including LAYV,
DNA, PIV and subunit antigens have shown promise in pre-clin-
ical and/or early clinical trials, a satisfactory stand-alone-vaccine
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against DV is still elusive. This has led to, in recent years, testing of
combination vaccines delivered either together or in a heterologous
prime-boost regimen. Simmons et al. used a number of combina-
tions of DV-2 MBP fusion protein subunit vaccine and DV-2
DNA vaccine to vaccinate mice.””> Highest neutralizing antibody
titers were seen in mice vaccinated with subunit vaccine alone
or a combination of subunit and DNA vaccine. However, mice
vaccinated with the combination vaccine showed a more balanced
distribution of different IgG subclasses compared to exclusive
IgG1 response elicited by subunit vaccine alone. Vaccinating with
a mixture of a tetravalent DNA vaccine and DV-2 sub-viral particle
subunit vaccine has also been reported to result in increased anti-
body titers.”® A prime-boost vaccination study in rhesus macaques
using different combinations of DV-2 PIV, subunit MBP fusion
protein and DNA vaccine has recently been described.3¢ None of
the two prime-boost regimens (DNA followed by subunit vaccine,
and DNA followed by PIV) resulted in increase in neutralizing
antibody titers. High titer neutralizing antibody titers were seen
in animals vaccinated with three doses of DNA/PIV or DNA/
subunit combination vaccine. However, significant protection
from viremia upon challenge was reported only for animals vacci-

nated with yhree doses of PIV alone.
Summary and Future Direction

Several different approaches to DV vaccine development
are in varying stages of evaluation. Early enthusiasm about the
tetravalent LAV approach gave way to realization of the difficul-
ties in achieving a satisfactory balance between reactogenicity and
immunogenicity in clinical trials, and significant efforts have been
devoted to optimizing tetravalent mixtures. It remains to be seen if
recombinant, genetically engineered LAV candidates can surmount
some of these problems. YFV-DV chimera vaccines are prom-
ising and it will be interesting to see how this platform performs
in a currently on-going clinical trial. Adenovirus vector-based
DV vaccines have shown superior performance in pre-clinical
studies in non-human primates. Evaluation of these candidates in
clinical trials as stand-alone vaccines and as part of a heterologous
prime-boost regimen with DNA vaccine is expected in the near
future.

DV vaccine development will likely advance much more rapidly
if efforts and resources newly focused on developing a suitable
animal model of dengue disease are successful. Of particular utility
would be the development of a model using immunocompetent
animals, permitting realistic evaluation of immune responses to
candidate immunogens unimpeded by constraints imposed by the
model background. A recent NIAID workshop and subsequent
RFP on Animal Models of Infectious Diseases including dengue,
can be expected to hasten and expand the growing field of
dengue animal model exploration. It will be equally important to
persist with the current thrust in research for understanding the
mechanisms of DV disease, pathogenesis and immunity. A clearer
understanding of these mechanisms will help design safer and
more effective DV vaccines for the future.

Another key advance that will move closer the goal of an
effective, licensed DV vaccine would be the achievement of inter-
laboratory uniformity in the animal models and protocols used
for vaccine testing as well as laboratory methods used to measure
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efficacy of vaccine products. Different non-human primate models
of dengue viremia have been employed with occasionally differing
outcomes. Lack of consensus regarding specific immunological
read-outs has been a concern for some time and has recently been
addressed by WHO technical advisory panels. Multicenter efforts
to standardize testing parameters should receive renewed attention
to permit meaningful comparisons of novel vaccine platforms.

In the final analysis the safety and efficacy of candidate dengue
vaccines will be determined only by large prospective clinical trials
in populations at risk for natural dengue infection. The logistical
and ethical costs associated with such trials are large, particularly
given the potential for immune-mediated disease enhancement of
natural dengue infection and attendant concerns regarding vaccine
safety. Careful preclinical and early clinical evaluation and down-
selection of multiple candidate DV vaccine approaches will ensure
licensing of a safe and effective vaccine for dengue viruses in the
near future.
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To construct chimeric YF/DEN viruses (ChimeriVax-DEN), the premembrane (prM) and envelope (E) genes
of yellow fever (YF) 17D virus were replaced with those of each wild-type (WT) dengue (DEN) virus repre-
senting serotypes 1 to 4. ChimeriVax-DEN1—4 vaccine viruses were prepared by electroporation of Vero cells
with RNA transcripts prepared from viral cDNA (F. Guirakhoo, J. Arroyo, K. V. Pugachev, C. Miller, Z.-X.
Zhang, R. Weltzin, K. Georgakopoulos, J. Catalan, S. Ocran, K. Soike, M. Ratteree, and T. P. Monath, J. Virol.
75:7290-7304, 2001; F. Guirakhoo, K. Pugachev, J. Arroyo, C. Miller, Z.-X. Zhang, R. Weltzin, K. Georgako-
poulos, J. Catalan, S. Ocran, K. Draper, and T. P. Monath, Virology 298:146-159, 2002). Progeny viruses were
subjected to three rounds of plaque purifications to produce the Pre-Master Seed viruses at passage 7 (P7).
Three further passages were carried out using U.S. current Good Manufacturing Practices (cGMP) to produce
the Vaccine Lot (P10) viruses. Preclinical studies demonstrated that the vaccine candidates are replication
competent and genetically stable and do not become more neurovirulent upon 20 passages in Vero cells. The
safety of a tetravalent vaccine was determined and compared to that of YF-VAX in a formal monkey neuro-
virulence test. Brain lesions produced by the tetravalent ChimeriVax-DEN vaccine were significantly less
severe than those observed with YF-VAX. The immunogenicity and protective efficacy of four different tetrava-
lent formulations were evaluated in cynomolgus monkeys following a single-dose subcutaneous vaccination
followed by a virulent virus challenge 6 months later. All monkeys developed low levels of viremia postimmu-
nization, and all the monkeys that had received equal concentrations of either a high-dose (5,5,5,5) or a
low-dose (3,3,3,3) formulation seroconverted against all four DEN virus serotypes. Twenty-two (92%) of 24
monkeys were protected as determined by lack of viremia post-challenge. This report is the first to demonstrate
the safety of a recombinant DEN virus tetravalent vaccine in a formal neurovirulence test, as well as its

protective efficacy in a monkey challenge model.

Dengue is a mosquito-borne flavivirus infection caused by
four dengue (DEN) virus serotypes (types 1 to 4), which in
recent years has become a major international public health
concern (13). Dengue is found in tropical and subtropical
regions around the world, predominantly in urban and pe-
riurban areas. Classic dengue fever is a self-limited infection
in children and adults; it begins with high fever, headache,
retro-orbital pain, and facial flushing. The acute phase is
followed by myalgia, arthralgia, nausea, and rash. A poten-
tially lethal complication of dengue, dengue hemorrhagic
fever (DHF)/dengue shock syndrome (DSS), was first rec-
ognized during the 1950s and today is a major disease af-
fecting children in Asia. The global impact of dengue has
expanded due to discontinuation of mosquito control pro-
grams, increase in air travel, growth of urbanization, and
deterioration of public health programs. The disease is now
endemic in more than 100 countries in Africa, the Americas,
the Eastern Mediterranean, Southeast Asia, and the western

* Corresponding author. Mailing address: Acambis, Inc., 38 Sidney
St., Cambridge, MA 02139. Phone: (617) 761-4323. Fax: (617) 494-
1741. E-mail: farshad.guirakhoo@acambis.com.
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Pacific. In April 2002, the World Health Organization
(WHO) estimated that at least 2,500 million people—two-
fifths of the world’s population—were at risk of contracting
dengue and that the number of infections worldwide may
reach 50 million cases per year (51). Recent reports indicate
that this number may be an underestimate (12, 33, 34).
Vaccination would be the most efficient approach to control
the disease. With the availability of recombinant DNA
(rDNA) technologies, efforts to produce an effective dengue
vaccine have been intensified. One of the most promising
approaches involves the chimerization of two flaviviruses to
produce attenuated dengue vaccine candidates. In this ap-
proach, the envelope (E) and premembrane (prM) genes of
a flavivirus such as yellow fever (YF) 17D virus, DEN2 virus,
or DEN4 virus, are replaced with those of dengue vaccine
candidates (DEN virus serotypes 1 to 4). Monovalent chi-
meric DEN viruses have proven to be safe and immunogenic
in animal models (2, 4, 8, 16, 20, 49) and human subjects (9)
but have not been tested as tetravalent vaccines containing
all four serotypes. It is generally accepted that a successful
dengue vaccine needs to immunize against all four DEN
serotypes simultaneously. The incompletely immunized in-
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FIG. 1. Construction of ChimeriVax-DEN1 virus using a three-fragment ligation approach (see Materials and Methods).

dividual, or one in whom antibody titers wane, may be sen-
sitized to a severe immunopathological disease (DHF/DSS)
(18, 24, 46).

We have used the YF 17D virus vaccine virus as a vector for
the construction of YF/DENI through YF/DEN4 chimeras
(ChimeriVax-DEN1-4) and evaluated their safety and immu-
nogenicity in mice and monkeys (14-16). A phase I clinical trial
with monovalent ChimeriVax-DEN2 virus was completed re-
cently, which showed an excellent safety and immunogenicity
profile of the vaccine candidate (Acambis). All YF/DEN chi-
meras described previously were constructed using gene do-
nors (prME) from low-passage human isolates of DEN viruses.
These chimeras, which were generated by transfection of Vero
cells with RNA transcripts and not subjected to plaque purifi-
cations, contained viruses with mutations in their genomes due
to the quasispecies nature of RNA viruses. To manufacture
vaccines for incorporation into a tetravalent formulation, a
plaque purification strategy was adopted to produce a more
homogeneous population of virus stocks that would be less
likely to accumulate mutations during cell culture passages.
When these viruses were analyzed after 20 passages in Vero
cells, the uncloned viruses had accumulated more mutations
than plaque purified chimeras (45).

This is the first report describing the safety of a recombinant
chimeric tetravalent DEN virus vaccine in a formal monkey
neurovirulence test and showing the protective efficacy of the
vaccine in a monkey challenge model. Based on these results,

a tetravalent dose and formulation were selected for use in a
clinical trial.

MATERIALS AND METHODS

Generation of cDNA templates. The cDNA templates for in vitro transcription
were prepared either by two-fragment (ChimeriVax-DEN2 and ChimeriVax-
DEN4 [14-16]) or three-fragment (ChimeriVax-DEN3 [15]) ligation. For con-
struction of ChimeriVax-DEN], the original two-plasmid approach was found to
be problematic because of the toxicity of the DEN1 virus-specific YFMS5.2 plas-
mid for Escherichia coli. To resolve this problem, the original versions of this
virus were obtained by an overlapping PCR step, which was not practical for
vaccine manufacturing (14, 15). We therefore constructed three stably cloned
plasmids to produce this chimera by the three-fragment ligation approach. First,
the M-39 (H-to-R) mutation in the pYD1-5'3" plasmid (14, 15) was eliminated
by oligonucleotide-directed mutagenesis, resulting in plasmid 5'3'DENI
(AM)2001 (Fig. 1). The BstBI-Narl fragment containing the C-terminal portion
of the DENI virus E gene (normally present in YFM5.2 plasmids) was resyn-
thesized by reverse transcription-PCR on virion RNA of DENI virus strain
PUO359 and individually cloned in a modified low-copy-number vector,
pCL1921, resulting in plasmid pCL/D1E. The absence of mutations in both
plasmids was verified by sequencing. DNA template for in vitro transcription was
prepared by three-fragment ligation (Fig. 1). The BstBI-Narl fragment of pCL/
DIE plasmid and the Nar-AatIl fragment from the YFMS5.2/DEN2 plasmid
(containing most of the YF virus-specific NS genes) (8, 16) were ligated with the
large BstBI-AatII portion of the 5'3'DEN1(AM)2001 plasmid. Ligation products
were linearized with Xhol and phenol-chloroform extracted, and RNA tran-
scripts were synthesized in vitro using SP6 RNA polymerase (Epicentre).

Preparation of cloned ChimeriVax-DEN1-4 PMS viruses (non-GMP). Prep-
aration of cloned Pre-Master-Seed (PMS) viruses for four DEN virus chimeras
has been described previously (45). Briefly, Vero cells were electroporated with
the corresponding RNA transcripts. The resulting passage 1 (P1) viruses were
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harvested and amplified once to produce P2 viruses. The P2 viruses were used to
initiate plaque purification. Three direct plaque purification steps (P3 to P5)
were performed with Vero cells by using the standard agarose double-overlay
method with Neutral Red staining. Following plaque purification, viruses were
amplified twice to produce cloned PMS (P7) viruses. Based on the results of
consensus sequencing, clones J, A, A, and B of ChimeriVax-DEN1, ChimeriVax-
DEN2, ChimeriVax-DEN3, and ChimeriVax-DEN4, respectively, were selected
as input PMS viruses for GMP-compliant manufacture of the vaccine stocks. The
DEN1, DEN2, and DEN4 PMS viruses had no detectable mutations, whereas the
DEN3 PMS virus had one silent nucleotide change (C to T) at nucleotide (nt)
6607.

Preparation of Master Seed, Working Seed, and Vaccine Lots of ChimeriVax-
DEN1-4 viruses under cGMP. Master Seed (MS, P8) viruses were prepared at
Molecular Medicine (La Jolla, Calif.) using GMP-compliant procedures. Vero
cells were grown in MEME medium (supplemented with 2 mM L-glutamine, 1%
minimal essential medium MEM nonessential amino acids, and 10% 0.1-pm-
pore-size-filtered, gamma-irradiated fetal bovine serum (FBS) to near conflu-
ence in 10-layer Nunc cell factories (NCF). The cells were then infected with
PMS (P7) virus at a multiplicity of infection of approximately 0.001 and incu-
bated at 36 * 2°C under 5% = 2% CO, at 80% =+ 5% relative humidity for 3 to
4 days. Virus-containing cell culture supernatant fluids were harvested when an
early cytopathic effect was observed and processed by filtration to remove cell
debris. The MS virus was formulated by adding FBS to a final concentration of
50%. The formulated materials were filtered through a sterile 0.22-pm-pore-size
filter and stored at =—60°C. Working Seed (WS, P9) and Vaccine Lot (VL, P10)
viruses were produced using GMP-compliant procedures by Aventis-Pasteur
(Marcy L’Etoile, France). WS (P9) virus was manufactured, formulated, and
filled in the same manner as MS (P8) virus. The manufacture of WS and VL
viruses involved a biomass expansion phase in NCFs. For production of VL, the
cells were washed twice with serum-free medium prior to virus infection and
refed with serum-free medium to reduce the level of FBS in the final bulk.
Downstream processing consisted of filtration to remove cell debris followed by
digestion of nucleic acids by benzonase (15 Ul/ml at 5 = 3°C for 16 h), concen-
tration by tangential-flow filtration (50 kDa), and diafiltration of the virus. VL
viruses were stabilized by the addition of sorbitol to a final concentration of 10%.

Sequencing. Consensus sequencing of viruses was done as described previously
(45). Briefly, virion RNAs were extracted from supernatants of infected cells by
using TRI-Reagents LS (Molecular Research Center). RNAs were amplified
with the Titan One-Tube reverse transcription-PCR kit (Roche), and cDNA
fragments were purified using the QIAquick PCR purification kit or the QIA-
quick gel extraction kit (Qiagen) and sequenced using the CEQ DYE Termina-
tor cycle-sequencing kit (Beckman). The sequencing reaction products were
resolved with a CEQ2000 automated sequencer (Beckman Coulter) and ana-
lyzed by Sequencher 3.0 (GeneCodes).

Cells and viruses. LS-10 Vero cells were obtained from a qualified working
cell bank at passage 137 from Aventis Pasteur and grown in MEME containing
10% FBS (HyClone, Ogden, Utah). In addition to ChimeriVax-DEN1-4 PMS,
MS, WS, and VL, the following viruses were used: stocks of vaccine viruses (P10)
for ChimeriVax-DEN1-4 were produced from MS virus stocks (P8) by two
subsequent passages in Vero cells under non-GMP-compliant conditions; wild-
type (WT) DEN virus stocks (DEN1 [West Pacific 74], DEN2 [S16803 PDK-10],
DEN3 [CH53489], and DEN4 [341750]) were kindly provided by Kenneth Eckels
(Walter Reed Army Institute of Research (WRAIR), Silver Spring, Md.); and
YF-VAX (YF vaccube strain 17D) was purchased from Aventis Pasteur. All WT
DEN viruses and YF-VAX were used without any further passages.

Potency and identity tests. Three different plaque assay techniques using Vero
cells were used to measure the potency and identity of DEN viruses. The first was
a standard plaque assay using agarose double overlay, where plaques were
visualized by addition of Neutral Red to the plates. This technique was generally
used to measure the potency of chimeras that produce visible plaques (16, 17);
titers were expressed as PFU per milliliter. The second was an immunofocus-
forming assay (IFF), using methyl cellulose instead of agarose, where plaques
were visualized by the addition of DEN virus serotype-specific monoclonal an-
tibodies and goat anti-mouse immunoglobulin G conjugated to alkaline phos-
phatase. This technique was generally used for determination of the potency
(Fig. 2) and identity of individual ChimeriVax-DEN serotype viruses in a mixture
and for detection of WT DEN viruses that produce extremely small plaques in
Vero cells (14). Titers were expressed as focus-forming units (FFU) per milliliter.
The third was a modified IFF assay, where 6- or 12-well plates were replaced with
96-well plates. The titers in this assay, which is performed exclusively by Aventis
Pasteur, were expressed as 50% tissue culture infectious dose per milliliter.
Using selected samples, these three techniques produced comparable determi-
nations of DEN virus potency.
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FIG. 2. Plaque morphology of ChimeriVax-DEN1-4 vaccine bulks
identified by immunofocus-forming assay (see Materials and Methods).

Neutralization tests. Three different neutralization tests were performed on
Vero cells. A plaque reduction method was used for measurement of immune
response to homologous virus (chimeras). An immunofocus inhibition method
was used to measure antibody to heterologous WT DEN virus challenge strains.
In these tests, a constant virus input (~50 to 100 PFU) is neutralized by different
serum dilutions and titers are expressed as the highest dilution of serum inhib-
iting 50% of the plaques (PRNTs;) (14-16, 36). For measurement of neutralizing
antibody to YF 17D virus, a constant-serum varying-virus test was performed and
the results were expressed as the log,, neutralization index (LNI) (35).

Animal studies. All studies were carried out using Institutional Animal Care
and Use Committee-approved protocols and in accordance with the U.S. De-
partment of Agriculture Animal Welfare Act (9 CFR parts 1 to 3), as described
in the Guide for Care and Use of Laboratory Animals (41).

(i) Mice. The neurovirulence phenotypes of chimeras were assessed in suckling
mice. Pregnant ICR (CD1) mice were purchased from Harlan (Indianapolis,
Ind.). Suckling mice were pooled at the age of 2 to 3 days and randomly
distributed to dams (9 to 13 mice/dam). The mice were inoculated at the age of
3 to 4 days by the intracerebral (i.c.) route with 0.02 ml of various passages of
ChimeriVax-DEN1-4 viruses and observed for 21 days, and deaths were re-
corded. The virus dose administered to each group was determined by back titer
determination.

(ii) Monkeys. Two studies were conducted with monkeys (Sierra Division of
Discovery and Developments Services, Charles River Laboratories, Inc., Sparks,
Nev.) to assess the safety, immunogenicity, and protective activity of Chi-
meriVax-DEN1-4 chimeras. Safety (neurovirulence) was assessed and compared
to that of YF-VAX following i.c. inoculation, as prescribed by the WHO re-
quirement for testing of YF virus vaccines (50) (experiment 1). Viremia and
immunogenicity/protection were measured following subcutaneous (s.c.) inocu-
lation with four different tetravalent formulations and challenge with WT DEN
viruses (experiment 2).

(iii) Experiment 1. Twenty-two (11 male and 11 female) experimentally naive,
flavivirus-seronegative cynomolgus monkeys (2.0 to 4.2 years of age and weighing
3.2 to 3.8 kg for males; 2.1 to 4.6 years of age and weighing 2.2 to 3.0 kg for
females [day 1 values]) were assigned to two treatment groups (n = 11 for each
group). The vaccine formulation (0.25 ml), consisting of approximately 5 log;,
PFU of each cGMP ChimeriVax-DEN1-4 viruses (5.6 log,, PFU total, stabilized
in 10% sorbitol solution) or reference article, YF-VAX (4.7 log,, PFU), was
inoculated into the frontal lobe of the cerebral cortex. Animals were observed for
30 days postdose and then euthanized and necropsied. During the observation
period, the monkeys were evaluated for clinical signs (twice daily), changes in
food consumption (once daily), body weight (approximately weekly), serum
chemistry, and hematology parameters (predose on day 1 and then on days 3, 5,
7, 15, and 31). Clinical signs were scored as specified by the WHO protocol (36,
50). Blood samples were collected on days 1 (predose) and 2 to 11 for viremia
analysis and on days 1 and 31 for DEN1 through DEN4 virus antibody titer
determination. At necropsy, gross pathological findings were recorded and tis-
sues were preserved for histopathological examination. A selected subset of
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tissues was evaluated by a board-certified pathologist (liver, spleen, heart, kid-
neys, and adrenal glands) or Inessa Levenbook (brain and spinal cord). Lesions
in the meninges and the brain/spinal cord matter were scored using a scale of 0
to 2, on the basis of the following observations: grade 0, no visible lesions; grade
1 (minimal), one to three small and/or one large infiltrate, mostly perivascular; a
few small foci of more diffuse infiltration, unconnected with blood vessels; grade
2 (mild), more than three small and/or two or more large perivascular infiltrates;
several foci of cellular infiltration, unconnected with blood vessels (some neurons
may be involved in these foci of inflammation). The degree of neurovirulence
was estimated for the target and discriminator areas, as described previously (26,
36, 50). For cynomolgus monkeys, the substantia nigra and cervical and lumbar
enlargements of the spinal cord represent the target formations whereas basal
ganglia and thalamic nuclei are considered discriminator areas. Individual and
group mean lesion scores for the target and discriminator areas were calculated
both separately and as a combined score. Statistical analyses of lesion scores were
performed by using a nonparametric Kruskal-Wallis test for comparison between
groups.

(iv) Experiment 2. Twenty-four male and female monkeys were assigned to
four treatment groups (six monkeys/group). Monkeys in each group received a
single 0.5-ml s.c. dose of each of four tetravalent formulations (5,5,5,5 [group 1],
3,5,5,3 [group 2], 5,5,5,3 [group 3], and 3,3,3,3 [group 4] log,, TCIDs, of Chi-
meriVax-DEN1, ChimeriVax-DEN2, ChimeriVax-DEN3, and ChimeriVax-
DEN4 viruses, respectively). Monkeys were evaluated for changes in clinical
signs and body weight. Sera for virus and antibody titer determinations were
collected at various time points. Viremia was measured on days 2 to 11. First, as
a safety test, total viremia was measured to determine whether viremia levels
were within acceptable limits according to the WHO guidelines (36, 50) (i.e.,
<500 mouse 50% i.c. lethal dose [LD] units for any individual monkey, estimated
to equal 4.3 log,, Vero cell PFU/ml for YF-VAX). Next, titers of individual
ChimeriVax-DEN viruses in sera were measured using a serotype-specific im-
munofocus assay on Vero cells (14). Neutralizing-antibody titers (PRNTs,) were
measured in heat-inactivated sera (without addition of complement) obtained on
days 1 (preimmune), 31, 121, 180 (prechallenge), and 210 (1 month postchal-
lenge) against homologous or heterologous (WT DENT1 to DEN4 viruses, days
31, 180, and 210) viruses as described previously (14). To assess protective
immunity, the monkeys were rerandomized into four new groups and challenged
with WT DEN virus strains 6 months postimmunization. The control group
consisted of 16 animals (4 monkeys per serotype) shown to be flavivirus naive by
prescreening for presence of JE and DENI1 through DEN4 virus neutralizing
antibodies by PRNTS5,. Since the suitability of the challenge viruses had not been
established previously in cynomolgus monkeys, 8 of 16 control monkeys (2 per
serotype) were inoculated in advance with WT challenge strains to ensure that
these viruses would induce acceptable levels of viremia in these monkeys. Vire-
mia and neutralizing-antibody levels were measured postchallenge (5 log,, PFU/
dose) to determine protection against each DEN virus serotype.

Statistical analysis. Differences in responses among groups or between two
groups of animals were analyzed for significance using Fisher’s exact test, two
tailed for dichotomous variables and analysis of variance (ANOVA) for contin-
uous variables; all analyses were performed using JMP software version 5.0.
Statistical analyses of neuropathological lesion scores in experiment 1 were
performed using a nonparametric Kruskal-Wallis test for comparison between
groups.

RESULTS

Genomic stability. The genetic stability of PMS viruses pas-
saged up to P20 has been described previously (45). Three-
times plaque-purified DEN1, DEN2, and DEN4 PMS viruses
had no amino acid substitutions at P7, and DEN3 PMS virus
had a single silent nucleotide change (NS4a 6607 C to T).
During subsequent GMP manufacture of the vaccines, muta-
tions appeared in both the DEN1 and DEN2 chimeras. In the
DENT1 chimera, nucleotide heterogeneity (containing WT A
and mutant G) was observed at position 1590 as early as PS§,
resulting in the presence of viruses containing either K or R at
the E204 residue. The mutant nucleotide was fixed at P9 (WS),
remaining stable throughout vaccine production (P10) or fur-
ther laboratory passages (to P20). This was an advantageous
mutation, which reduced the neurovirulence of the DEN1 chi-
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meric virus for infant mice and viscerotropism for monkeys (F.
Guirakhoo, unpublished data). At P8 (MS), the DEN2 chi-
mera contained some nucleotide heterogeneities in both the
prM (T/G at nt 551) and E (G/T at nt 1730) genes, resulting in
the presence of mixed amino acids L/V at prM24 and V/F at
E251 positions. At P9, the prM24 mutation had already been
established (resulting in an L-to-V substitution) whereas E251
was first observed as a complete mutant population at P10.
There were no amino acid substitutions in the DEN3 or DEN4
chimeras following three passages of the P7 stock in Vero cells.
On further Vero passages, starting with non-GMP P10 viruses,
some nucleotide heterogeneities were observed within the
NS4b gene of the DENI1 chimera (NS4b23 S/I and NS4b98 V/I
at P20), whereas no further mutations were observed with
DEN2 or DEN4 chimeras from P10 to P20 (Table 1). The
DEN3 chimera showed a single amino acid substitution (L to
F) at NS4b177 at P20. Interestingly, when DEN1 through
DEN4 viruses were passaged to P20 starting with GMP P10
viruses, the NS4b 177 L-to-F mutation was detected in both
DEN3 and DEN4 chimeras (Y. Girerd-Chambaz, personal
communication). These mutations, which generally resulted in
an increase in viral titers and plaque sizes, were most probably
due to adaptations to Vero cells (45).

Plaque morphology. Extensive laboratory passages in Vero
cells often resulted in adaptation, which consequently altered
the plaque morphologies of chimeras. These phenotypic alter-
ations could generally be explained by amino acid substitutions
in the envelope genes. For example, DEN1 and DEN2 PMS
viruses produced small plaques (~1 mm) in Vero cells at P7,
which increased to ~2 to 3 mm during three further passages,
as a result of mutations in the envelope genes (Table 1). In
contrast, no change in the genome sequence of the DEN4
chimera was observed up to P20, despite a modest increase in
its plaque size (from ~1 mm at P7 to ~2.0 mm at P20). To
further search for the presence of virus mutants not detected
by consensus sequencing, vaccine viruses were plaqued in Vero
cells. The plaque morphology was determined after staining
with DEN serotype-specific monoclonal antibodies. As shown
in Fig. 2, only the DEN3 vaccine strain produced heteroge-
neous plaque sizes. Direct sequencing of small and large
plaques from this vaccine revealed a minority population of
mutant viruses (E202 K to R) that had not been identified by
consensus sequencing, which has a limit of detection of about
10%. However, when a non-GMP version of DEN3 virus at
P10 (vaccine passage level) that was produced by passage of
the MS (P8) virus was subjected to consensus sequencing, both
parent and mutant viruses could easily be detected (Table 1).
Both small-plaque (E202K) and large-plaque (E202R) viruses
retained their attenuated phenotype in the 4-day-old suckling-
mouse model (data not shown).

Mouse neurovirulence. The neurovirulence of the DEN1
chimera for infant mice was significantly reduced from P8 to
P10 (P < 0001 for all doses measured by the log-rank method).
An increase in the 50% lethal dose from <2.1 (P7) to >5.1
log,, (P10) PFU/ml correlated with the appearance of the
E204 K-to-R mutation (Table 1, experiment 1). Another clone
of the DENI chimera (clone E) with a single E204 K-to-R
mutation was also significantly less virulent than its parent WT
chimera (Guirakhoo, unpublished). For the DEN2 and DEN3
chimeras, accumulations of mutations (prM24V and E251F in
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TABLE 1. Neurovirulence of ChimeriVax-DENI1-4 viruses at various Vero passages in 4-day-old mice

Virus chimera Expt Passage” Amino acid changes” Dose (BT)° (no. ofl\g(e);giltlgtlal no.) LDjs, (log;, PFU)

DENI1 1 P7 (PMS) None 3.1, 2.1 10/11, 8/11 <2.1
P8 (GMP MS) E204K—R 2.6, 1.6 7/11, 8/11 <1.6

P9 ND4 4.1, 3.1 2/11, 3/11 >4.1

P10 E204K—R 5.1,4.1,3.1 1/13, 1/13, 0/12 >5.1

2 P7 None 29,19 10/10, 8/10 <1.9

P20 E204K—R, NS4b23 3.8,2.8 0/9, 0/9 >3.8

(S—I), NS4b98(V—I)

DEN2 1 P7 (PMS) None 3.3,2.3 11/11, 8/11 <23
P8 (GMP MS) prM24L—V, E251V—F 2.0, 1.0 11/11, 9/11 <1.0

P9 ND 3.8,2.8 11/12, 10/12 <2.8

P10 prM24L—V, E251V—F 4.0, 3.0, 2.0 11/12, 10/13, 5/13 2.7

2 P7 (PMS) None 3.3,23,13 10/10, 8/10, 6/10 1.3

P20 prM24L—V, E251V—F 3.6, 2.6, 1.6 7/9, 4/10, 2/9 3.5

DEN3 1 P7 (PMS) None 3.6 4/12 >3.6
P8 (GMP MS) None 3.5 3/12 >3.5

P9 ND 4.0, 3.0 0/13, 0/13 >4.0

P10 E202K—R 3.7,2.7 0/13, 0/13 >3.7

2 P7 (PMS) None 4.6, 3.6 2/10, 2/10 >4.6

P20 NS4b177L—F 4.1, 3.1 0/10, 0/10 >4.1

DEN4 1 P7 (PMS) None 2.3, 1.3 9/11, 6/11 2.2
P8 (GMP MS) None 2.5, 1.5 11/12, 9/11 <1.5

P9 ND 24,14 8/11, 1/12 1.9

P10 None 4.0, 3.0, 2.0 12/13, 7/13, 4/13 24

2 P7 (PMS) None 2.6, 1.6, 0.6 4/11, 3/11, 0/11 >2.6

P20 None 3.7,2.7,1.7 2/11, 1/11, 0/11 >3.7

YF-VAX 1 None NAY 22 15/15 <22
2 None NA 2.2 9/9 <2.2

“ P9 and P10 viruses were produced in the research laboratory by two passages of GMP MS (P8) in Vero cells.
®No silent mutation was found in any viruses except for DEN3 virus (a nucleotide change in NS4A6607 was found in all passages of DEN3 virus chimeras).

¢ Doses were determined by back titer determination (BT) of inocula.
4 ND, not done; NA, not applicable.

DEN?2 or heterogeneity in the E202 residue of DEN3) did not
significantly alter their neurovirulence for infant mice. How-
ever, extensive passage in Vero cells (P20) seemed to decrease
the neurovirulence of these viruses for mice, sometimes with-
out an apparent genetic change (Table 1, experiment 2). All
passages of the DEN1 through DEN4 virus chimeras were
significantly less virulent (P < 0001, log-rank method) than
their vector, YF 17D virus.

To demonstrate the absence of interference between chime-
ras administered as a tetravalent formulation, groups of 4-day-
old infant mice were inoculated by the i.c. route with each of
four chimeras as monovalent (2 log,, PFU) or tetravalent (2
log,, PFU of each serotype) formulations. A control group was
inoculated with ~2 log,, PFU of YF-VAX. As expected, all
nine mice in the YF-VAX group died, with an average survival
time (AST) of 7.7 days. The mortality rate with monovalent
chimeras was 44, 22, 0, and 33% with an AST of 13.7, 14, >21,
and 13.3 days for DEN1, DEN2, DEN3, and DEN4 virus
chimeras, respectively. The mortality rate (33%) and AST
(14.7 days) in the tetravalent group did not differ significantly
from that of the monovalent chimeras with the highest neuro-
virulence (i.e., DEN1, DEN2, and DEN4 viruses). This exper-
iment demonstrated that the attenuated DEN3 virus chimera
in a tetravalent mixture did not interfere with the replication of
other chimeras in the brains of suckling mice.

Monkey studies. Two experiments were performed to ad-
dress the safety (experiment 1) and efficacy (experiment 2) of
tetravalent vaccine formulations in monkeys.

(i) Experiment 1. Evaluation of safety and neurovirulence
following i.c. inoculation of tetravalent vaccine in monkeys.
Twenty-two monkeys were divided into two groups (n = 11 for
each group). The vaccine formulation (0.25 ml) consisting of
approximately 5 log,, PFU of each ¢cGMP ChimeriVax-
DEN1-4 viruses (5.6 log,, PFU total) or reference article,
YF-VAX (4.7 log,, PFU), was inoculated into the frontal lobe
of the cerebral cortex. Following inoculation, there were no
vaccine-related changes in body weight, serum chemistry, or
hematology parameters. Neither vaccine produced gross
pathological findings. Possible test and reference article-re-
lated clinical signs were limited to pupil dilation in 5 of 11
monkeys inoculated with YF-VAX (group 1) and in 2 of 11
monkeys inoculated with ChimeriVax-DEN tetravalent vac-
cine (group 2) between days 16 and 31.

(a) Viremia. The magnitude and duration of viremia are
shown in Table 2. Of 11 monkeys inoculated with YF-VAX, 10
(91%) became viremic. The duration of viremia was 1-3 days,
with peak titers ranging from 1.3 to 2.9 log,, PFU/ml. All 11
monkeys inoculated with tetravalent ChimeriVax-DEN be-
came viremic. The duration of the viremia, as measured by
total virus in the serum, was 4 to 9 days, with peak titers
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TABLE 2. Mean peak viremia and number of viremic days
following intracerebral inoculation of monkeys with tetravalent
ChimeriVax-DEN or YF-VAX

J. VIROL.

TABLE 3. Summary of histopathological evaluation of brain and
spinal cord in monkeys inoculated by the i.c. route with tetravalent
ChimeriVax-DEN vaccine or YF-VAX

Mean duration”
for all animals

Mean peak titer”
Virus for all animals
(viremic animals)  (viremic animals)

1 YF-VAX®° 2.3°(2.4) 2.1/ (2.3)
2 ChimeriVax-DEN1-4¢ 2.9¢ 5.5

Group
(n=11)

ChimeriVax-DEN1 13 (2.3) 1.45 (1.8)
ChimeriVax-DEN2¢ 1.1 (1.4) 0.64 (1.2)
ChimeriVax-DEN3“ 2.6 4.0
ChimeriVax-DEN4“ 2.8 4.4

“ Log,o PFU per milliliter.

® Days.

¢ Total viremia measured by standard plaque assay using crystal violet-stained
Vero cells.

 Serotype-specific viremia measured by IFF assay specific for each DEN virus
serotype.

¢P < 0.0001 (ANOVA), YF-VAX versus ChimeriVax-DEN1-4.

/P = 0.0094 (ANOVA), YF-VAX versus ChimeriVax-DEN1-4.

ranging from 1.7 to 3.3 log,, PFU/ml. The mean duration of
viremia for tetravalent ChimeriVax-DEN vaccine (5.5 days)
was significantly longer than that of YF-VAX (2.09 days) (P =
0.0094, ANOVA). Although the mean peak total viremia (i.e.,
the combined titers of all four chimeras) titer for tetravalent
ChimeriVax-DEN (2.9 log,,PFU/ml) was higher than the
mean peak titer for the reference YF-VAX (2.3 log,, PFU/
mL) (P < 0.0001, ANOVA) virus, the titers for both vaccines
remained within acceptable group and individual monkey spec-
ifications, based on WHO requirements for the YF 17D vac-
cine (50).

All four DEN virus chimeras were detectable in the sera,
with the serotype-specific mean peak titers and duration of
viremia varying somewhat with the virus strain. DENT1 virus
specific viremia was detected in the sera of 9 (82%) of 11
monkeys inoculated with tetravalent ChimeriVax-DEN vac-
cine. The duration of viremia was generally 2 to 3 days, with
peak titers ranging from 1 to 2 log,, PFU/ml. The mean peak
titer and duration of viremia were 1.3 log,, PFU/ml and 1.45
days, respectively (considering both viremic and nonviremic
animals). DEN2 virus specific viremia was detected in the sera
of 6 (55%) of 11 monkeys. The duration of viremia was gen-
erally 1 to 3 days, with peak titers ranging from 1 to 1.7 log,
PFU/ml. The mean peak titer and duration of viremia were 1.1
log,, PFU/ml and 0.64 days, respectively (considering both
viremic and nonviremic animals). DEN3 virus specific viremia
was detected in the sera of 11 (100%) of 11 monkeys. The
duration of viremia was generally 4 to 7 days, with peak titers
ranging from 1.5 to 3.1 log,, PFU/ml. The mean peak titer and
duration of viremia were 2.6 log,, PFU/ml, and 4 days, respec-
tively. DEN4 virus specific viremia was detected in the sera of
11 (100%) of 11 monkeys. The duration of viremia was gen-
erally 4 to 8 days, with peak titers ranging from 1 to 3.2 log,,
PFU/ml. The mean peak titer and duration of viremia were 2.8
log,, PFU/ml, and 4.4 days, respectively.

(b) Neutralizing-antibody response. All monkeys serocon-
verted following i.c. inoculation with YF-VAX. On day 31, YF
virus-specific neutralizing-antibody titers ranged from 2.07 to
3.88 in the LNI assay (an LNI of =0.7 log,, is generally con-
sidered seropositive). A small proportion (2 of 11, 2 of 11, 1 of

Lesion scores (mean *+ SD)

T No. of
reatment group monkey Target Discriminator Combined
areas areas
YF-VAX® 11 043 =036 035*032 0.39=*+0.32
Tetravalent 11 0.05=0.08 0.03 £0.06 0.04 =0.05
ChimeriVax-DEN
P value® 0.0023 0.0015 0.0018

“ Nonparametric Wilcoxon/Kruskal-Wallis test (rank sums) was used for sta-
tistical comparison of groups.

11, and 1 of 11) of the YF-VAX-treated monkeys showed
cross-reactivity with heterologous DEN1, DEN2, DEN3, or
DEN4, respectively, in a PRNT5, assay on day 31. Such anti-
body cross-reactivity is not unexpected among flaviviruses.
However, remote exposure of these monkeys to a heterologous
flavivirus not detected by prestudy antibody screening cannot
be ruled out.

All monkeys treated with tetravalent ChimeriVax-DEN vac-
cine seroconverted to each DEN serotype. Neutralizing-anti-
body titers ranged from 160 to 20,480, 40 to 2,560, 20 to 640,
and 80 to 5,120 for DEN1, DEN2, DEN3, and DEN4 viruses,
respectively, in the PRNT assay; no monkeys had cross-react-
ing antibodies to YF 17D virus in the LNI assay. The geometric
mean titer (GMT) was 1,202, 640, 85, and 726 for DENI,
DEN2, DEN3, and DEN4 virus chimeras, respectively.

(c) Histopathology. Neither vaccine produced histopatho-
logical findings in nonneural tissues. In neural tissues, the
neurovirulence of the tetravalent ChimeriVax-DEN vaccine
was minimal. The target, discriminator, and combined scores
for the group given tetravalent ChimeriVax-DEN vaccine were
significantly lower than the scores for the group that received
YF-VAX (P < 0.05). Vaccine-related lesions in the meninges
and in the brain or spinal cord of monkeys from both groups
were limited to minimal to mild inflammation. These lesions
were observed in 10 (91%) of 11 monkeys treated with YF-
VAX and in 6 (55%) of 11 monkeys inoculated with tetravalent
ChimeriVax-DEN vaccine. Perivascular infiltrates consisted of
mononuclear cells. Rare foci of microglial cell infiltration of
blood vessels were noted but considered unrelated to vaccine
administration. The lesions in monkeys vaccinated with tet-
ravalent ChimeriVax-DEN vaccine were significantly less se-
vere than those in monkeys vaccinated with YF-VAX vaccine.
Lesions induced by tetravalent ChimeriVax-DEN vaccine did
not exceed grade 1, but lesions caused by YF-VAX were
scored 1 or 2 (Table 3).

(ii) Experiment 2. Immunogenicity and protective efficacy of
tetravalent formulations after one s.c. dose in cynomolgus
monkeys. Twenty-four male and female monkeys were as-
signed to four treatment groups (six monkeys/group). The
monkeys in each group received a single 0.5-ml s.c. dose of
each of four tetravalent formulations (5,5,5,5 [group 1], 3,5,5,3
[group 2], 5,5,5,3 [group 3], and 3,3,3,3 [group 4] log,, TCIDs,
of ChimeriVax-DEN1, ChimeriVax-DEN2, ChimeriVax-
DEN3, and ChimeriVax-DEN4 viruses, respectively). There
were no vaccine-related clinical signs or changes in food con-
sumption or body weight.
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TABLE 4. Summary, total, and serotype-specific viremia in cynomolgus monkeys immunized s.c. with one dose of ChimeriVax-DEN1-4 GMP
vaccine tetravalent formulations

Viremia“®
G Dose (log;o No. viremic/ -
roup PFU) total no. Mean peak (log;, PFU/mI) Mean duration (days)
Total Serotype Total Serotype

1 5,5,5,5 6/6 2.6 D1 =12 (1.5)b 4.0 D1 =15 (1,8)”
D2=11(1 6)[’ D2 =08 (1.2)”
D3 =23 D3 =23
D4 =19 D4 =37

2 3,553 6/6 2.4 D1 = 2.5 D1 =
D2 =15 (2.3)[’ D2 =13 (2)”
D3 =18 (2.6)b D3 =3 (4,5)”
D4 = 0.9 (2.7)" D4 = 1.5 (4.5)°

3 5,5,5,3 6/6 2.1 D1 =12 (1.8)b 3.0 D1 =15(22 b
D2 = 1.4 (1.7)" D2 =2 (2.4)
D3 =18 (2.6)b D3 =22 (2,6)”
D4 =14 (2.1)[’ D4 =23 (2.8)”

4 3,333 6/6 2.5 D1 =12 (1.9)b 55 D1 =2 (3)b
D2 =19 D2 =38
D3 =16 (2)b D3 =35 (4,2)”
D4 =25 D4 =53

“ D1, ChimeriVax-DENT; D2, ChimeriVax-DEN2; D3, ChimeriVax-DEN3; D4, ChimeriVax-DEN4.

® Viremic animals only.

(a) Viremia. All 24 monkeys became viremic (Table 4). The
onset of viremia in monkeys inoculated with the high-dose
formulation (group 1) occurred as early as day 2, and all six
animals were viremic on day 3. No viremia was detected in any
group 1 monkey after day 8 (level of detection, <1.7 log,,
PFU/ml). The mean peak titer and duration of viremia for this
group were 2.6 log,, PFU/ml and 4.0 days, respectively. In
low-dose group animals (group 4), viremia was delayed until

day 3. Only one of six animals showed borderline viremia of 1.7
log,, PFU/ml on this day. Six (100%) of six monkeys were
viremic from day 6 until the last day of serum collection (day
11). The mean peak titer and duration of viremia were 2.5 log,,
PFU/ml and 5.5 days, respectively. Viremia in groups 2 and 3
(where the doses of DEN1 and/or DEN4 virus chimeras were
reduced) was observed from days 2 to 11, due to circulation of
different serotypes on each day (Table 5). The lowest mean

TABLE 5. Identification of ChimeriVax-DEN serotypes in viremic monkeys

ChimeriVax-DEN serotypes detected by study day“:

Group Monkey
2 3 4 5 6 7 8 9 10 11

1 F20967F - 3 — 4 — — — — — —
F21343M 4 1-4 3 1,3 4 3,4 — — — _
F21786F 1,4 1-4 1-4 34 4 4 — — — _
F213114F 4 1-4 3,4 3 — — — — — —
F21339M — 1,34 4 — — — — — — _
F21386F — 1 1,34 4 4 4 — 4 — —

2 F21501M — 3 3 3 — — — — _
F212117F — — — — — — — — 4
F21355M 234 23,4 23 4 4 4 4 4 3,4 3
F20977F — 3 2,3 — 3 3 3 3 2
F21534M — — — — — — — — _ 2
F21565F 2,3 2,3 3 — — — — — — —

3 F21342M 1,23 1,2,3 1,3 — — — — 4 4 _
F212105F 1,2,3 1,23 3 — — 4 — 4 4 —
F21544M — — — — — — 3 — 3 4
F21784F — 1,23 23,4 — — — — — — —
F21149M — — — — — — — — 2 _
F21384F 1,4 1,23 2,3,4 3 1,2 2,4 4 2,4 4 4

4 F209108F — — — — 1-4 1,34 1,34 34 — —
F21311M — 2,3 23,4 2,3,4 1,2,4 1,2,4 1,2,4 1-4 34 4
F18172F — 4 1-4 1-4 1-4 1-4 4 — —
F20788F — 2 — 1,2,4 2 2 — 2 4 —
F21522M 2 23,4 2 23,4 23,4 4 — 4 4 —
F21570F — — 2,3 3 4 34 4 4 34 34

“ Monkeys were immunized on day 1. 1, ChimeriVax-DENT1; 2, ChimeriVax-DEN2; 3, ChimeriVax-DEN3; 4, ChimeriVax-DEN4.

b, <1.3 log,, PFU/ml.
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TABLE 6. Neutralizing-antibody response (PRNTj,) in monkeys 1
month after immunization with four ChimeriVax-DEN1-4
tetravalent formulations®

PRNTj, against:

Formulation Monkey

DEN1 DEN2 DEN3 DEN4

5,5,5,5 (group 1)  F20967F 320 5,120 1,280 >2,560
F21343M 40 80 40 640

F21786F 160 1,280 320 1,280

F213114F 40 160 320 640

F21339M 160 1,280 320 >2,560

F21386F 160 1,280 320 640

GMT? 113 718 285 1,140
3,3,3,3 (group 4) F209108F 160 160 160  >2,560
F21311M 40 40 160 1,280

F18172F 320 20 320 640

F20788F 80 320 2,560 640

F21522M 80 80 80 1,280

F21570F 20 10 2,560 >2,560

GMT 80 56 403 1,280
3,5,5,3 (group 2)  F21501M 80 1,280 640 640
F212117F 320 <10 10 <10

F21355M 40 80 2,560 >1,280

F20977F 10 2,560 320 <10

F21534M 40 40 320 <10

F21565F 640 >10,240 640 >1,280

GMT 80 218 320 31
5,5,5,3 (group 3) F21342M 320 320 10,240 1,280
F212105F 80 20 1,280 160

F21544M 160 <10 320 <10

F21784F 2,560 160 5,120  >1,280

F21149M 10 40 <10 <10

F21384F 80 40 640 320

GMT 142 34 489 66

“ All animals had a PRNTj, of <10 prior to immunization. WT heterologous
challenge viruses were received from WRAIR (see Materials and Methods).

? For calculation of GMTs, titers of <10 were assigned a value of 1 and titers
with unknown end points were assigned as shown (e.g., a titer of >1,280 was
considered as 1,280).

peak viremia (2.1 log,, PFU/ml) was identified in group 3,
where animals had received a reduced dose of ChimeriVax-
DEN4 virus. The shortest duration of viremia (2.5 days) was
observed in group 2, where animals had received reduced
doses of DEN1 and DEN4 virus chimeras.

Serotype-specific viremia was detected in serum samples
obtained from days 2 to 11. ChimeriVax-DEN1-4 viruses could
be detected in all four groups inoculated with different formu-
lations (level of detection, 1.3 log;, PFU/ml). The following
serotypes were detected in sera within groups 1 to 4 (Table 5).

In group 1, all four serotypes were detected in four (67%) of
six monkeys on day 3. All animals became viremic to DEN3
and DEN4 virus chimeras. DEN3 and DEN4 viruses were
found in the majority of monkeys up to day 7, but DEN2 and
DENT1 virus chimeras were not detected beyond days 4 and 5,
respectively, in any animal. DEN1 and DEN?2 virus chimeras
and DEN2 virus chimera could not be found in monkeys
F20967 and F21339M, respectively. The highest peak viremia,
which lasted for 6 days, was induced by the DEN4 virus chi-
mera (in monkey F21786F). The mean peak viremia titers were
1.2, 1.1 (1.5 and 1.6 when only viremic animals were consid-
ered, respectively), 2.3, and 1.9 log,, PFU/ml for DEN1 to
DEN4 viruses, respectively. The mean duration of viremia was
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1.5, 0.8 (1.8 and 1.2 when only viremic animals were consid-
ered, respectively), 2.3, and 3.7 days for DEN1 to DEN4 vi-
ruses, respectively (Table 4).

In group 2, monkeys were immunized with 100-fold-lower
doses of ChimeriVax-DEN1 and ChimeriVax-DEN4. No
DENI virus chimera could be detected in any of the monkeys.
Other chimeras were detected from days 2 to 11 (Table 5).
Four (67%) of six monkeys became viremic to DEN2 and
DEN3 viruses. Only two (33%) of six monkeys became viremic
to DEN4 virus. The highest viremia (3.4 log,, PFU/ml), which
lasted for 3 days, was caused by DEN3 virus in monkey
F21565F. The longest duration of viremia was 8 days with
DEN4 virus in monkey F21355M. The mean peak viremia
titers were 0, 1.5, 1.8, and 0.9 (0, 2.3, 2.6, and 2.7 when only
viremic animals were considered, respectively) log,,PFU/ml
for DEN1 to DEN4 viruses, respectively. The mean durations
of viremia were 0, 1.3, 3, 1.5 (2, 4.5, and 4.5 days when only
viremic animals were considered, respectively) for DENI to
DEN4 viruses, respectively (Table 4).

In group 3, most of the monkeys showed early viremia with
DENTI to DEN3 viruses and a delay in viremia (replication)
with the DEN4 virus chimera. Only DEN3 and DEN4 viruses
could be detected in monkey F21544M, and only the DEN2
virus chimera could be detected in monkey F21149M (for 1 day
[Table 5]). The highest peak viremia (3.1 log,, PFU/ml) was
induced by DEN3 virus (monkey F21342M) and DEN4 virus
(monkey F21384F). The duration of viremia in these animals
was 3 and 7 days, respectively. The mean peak viremia titers
were 1.2, 1.4, 1.8, 1.4 (1.8, 1.7, 2.2, and 2.1 when only viremic
animals were considered, respectively) log,, PFU/ml for
DEN1 to DEN4 viruses, respectively. The mean duration of
viremia was 1.5, 2, 2.2, 2.3 (2.2, 2.4, 2.6, and 2.8 days when only
viremic animals were considered, respectively) days for DEN1
to DEN4 viruses, respectively (Table 4).

In group 4, chimeric viruses could generally be detected
before day 3 (the exception was monkey F21522M, in which
the DEN2 virus chimera could be detected on day 2). In con-
trast to group 1, in which most viruses were detected on days
3 to 4 and no virus was detected beyond day 7, the majority of
viruses in group 4 were detected between days 5 and 7 and the
DEN3 and DEN4 virus chimeras could be detected through
day 11 (Table 5). All monkeys became viremic to DEN4 virus,
and four of six became viremic to DEN1, DEN2, and DEN3
viruses (DENI virus could not be found in monkeys F21522M
and F21570F). The highest peak viremia (3.1 log,, PFU/ml)
was induced by the DEN4 virus chimera (monkey F209108F)
and lasted for 4 days. The longest duration of viremia (8 days)
was also related to the DEN4 virus chimera (monkey
F21311M), with a peak titer of 2.8 log,, PFU/ml. The mean
peak viremia titers were 1.2 (1.9 when only viremic animals
were considered), 1.9, 1.6 (2.0 when only viremic animals were
considered), and 2.5 log;, PFU/ml for DEN1 to DEN4 viruses,
respectively. The mean duration of viremia was 2 (3 when only
viremic animals were considered), 3.8, 3.5 (4.2 when only vire-
mic animals were considered), and 5.3 days for DENI1 to
DEN4 viruses, respectively (Table 4).

(b) Neutralizing-antibody response. Sera obtained on day 1
(preimmunization) were negative (PRNT;, < 10) against four
DEN virus serotypes. As shown in Table 6, all monkeys (six of
six) in group 1 seroconverted to all four chimeric DEN viruses
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TABLE 7. Protection of monkeys immunized with ChimeriVax-DEN1-4 tetravalent formulations and challenged with heterologous WT
DENT1 virus®

Vaccine Viremia by day postchallenge: PRNT;,

Group Monkey formulation {
2 3 4 5 6 7 8 9 10 11 Prechallenge® Postchallenge*

5 F20967F 5,5,5,5 0> 0 0 0 0 0 0 0 0 0 160 5,120

F21501M 3,5,5,3 0 0 0 0 0 0 0 0 0 0 40 20,480

F21784F 5,5,5,3 0 0 0 0 0 0 0 0 0 0 40 20,480

F18172F 3,3,3,3 0 0 0 0 0 0 0 0 0 0 80 20,480

F21149M 55,53 0 0 0 0 2.0 3.0 3.3 1.7 0 0 20 20,480

F21570F 3,3,3,3 0 0 0 0 0 0 0 0 0 0 160 10,240

6 F20928M None 0 1.0 1.7 2.7 3.0 2.8 0 0 0 0 <10 2,560

F22673F None 0 0 1.0 1.3 2.9 3.3 3.2 1.7 0 0 <10 1,280

F21753M None 0 0 2.0 2.7 2.9 34 34 1.7 1.0 0 <10 2,560

F21143F None 0 1.0 1.7 1.7 2.5 3.3 2.6 0 0 0 <10 >10,240

“ All monkeys were challenged with 5 log units of DEN1 virus (West Pacific 74, nonattenuated), with the exception of monkeys F20928M and F22673F, which received

4 log units of challenge virus (pilot study).

» No virus could be detected when serum was tested in the plaque assay at undiluted, 1:2, or 1:10 dilutions; limit of detection, 1 log,, PFU/ml.

€180 days postvaccination.
430 days postchallenge (day 210).

by day 31 postimmunization and remained seropositive until
challenged with WT viruses 6 months later. The level of DEN
virus-specific neutralizing antibodies (day 31) varied from 40 to
320 for DENTI, 80 to 5,120 for DEN2, 40 to 1,280 for DEN3,
and 640 to >2,560 for DEN4 viruses. The GMTs on day 31
were 113, 718, 285, and 1,140 for DEN1 to DEN4 viruses,
respectively. All monkeys in group 4 also seroconverted to all
four chimeric DEN viruses by day 31 postimmunization. The
level of DEN virus-specific neutralizing antibodies varied from
20 to 320 for DENI1 virus, 10 to 320 for DEN2 virus, 160 to
2,560 for DEN3 virus, and 640 to >2,560 for DEN4 virus. The
GMTs on day 31 were 80, 57, 403, and 1,280 for the DENI1 to
DEN4 viruses, respectively. Only three (50%) of six monkeys
in the dose-adjusted formulation group 3 seroconverted to all
four chimeric DEN viruses by day 31 postimmunization. Three
monkeys (F212117F, F20977F, and F21534M) did not sero-
convert to DEN4 virus. Interestingly, monkeys F20977F and
F21534M, which were later challenged with WT DEN4 virus,
had developed a low PRNTj, of 20 and 40, respectively, prior
to challenge (see below). The level of DEN-specific neutraliz-
ing antibodies varied from 10 to 640 for DENI1 virus, <10 to
>10,240 for DEN2 virus, 10 to 2,560 for DEN3 virus, and <10

to >1,280 for DEN4 virus. The GMTs on day 31 were 80, 218,
320, and 32 for DEN1 to DEN4 viruses, respectively. Four of
six monkeys in group 4 seroconverted to all four chimeric DEN
viruses by day 31 postimmunization. One monkey (F21544M)
did not seroconvert to DEN2 and DEN4 viruses, and one
monkey (F21149 M) did not seroconvert to DEN3 and DEN4
viruses. The level of DEN virus-specific neutralizing antibodies
varied from 10 to 2,560 for DEN1 virus, <10 to 320 for DEN2
virus, <10 to 10,240 for DEN3 virus, and <10 to >1,280 for
DEN4 virus. The GMTs on day 31 were 142, 34, 489, and 66 for
DENI1 to DEN4 viruses, respectively.

(c) Protection against challenge with heterologous WT DEN
strains at 6 months post immunization. To assess protective
immunity, 22 of 24 monkeys in the original groups 1 to 4 were
randomized into four new groups 5, 7, 9, and 11, as shown in
Tables 7 to 10. Two animals (F20977F and F21534) that did
not seroconvert to DEN4 virus after primary vaccination
were allocated to group 11 to be challenged with DEN4
virus. A control group of an additional 16 monkeys were
randomly assigned to groups 6, 8, 10, and 12 (four animals
per group) (Tables 7 to 10). Viremia (2 to 11 days) and

TABLE 8. Protection of monkeys immunized with different ChimeriVax-DEN1-4 tetravalent formulations and challenged with heterologous
WT DEN?2 virus®

Vaccine Viremia by day postchallenge: PRNTj,
Group Monkey formulation : d
2 3 4 5 6 7 8 9 10 11 Prechallenge® Postchallenge*
7 F212117F 3,5,5,3 0° 0 0 0 0 0 0 0 0 0 20 640
F21342M 5,5,5,3 0 0 0 0 0 0 0 0 0 0 80 5,120
F21786F 5,5,5,5 0 0 0 0 0 0 0 0 0 0 160 1,280
F21384F 5,5,5,3 0 0 0 0 0 0 0 0 0 0 80 2,560
F21544M 5,5,5,3 0 0 0 0 0 0 0 0 0 0 <10 1,280
F21386F 5,5,5,5 0 0 0 0 0 0 0 0 0 0 40 640
8 F22605M None 0 0 0 0 0 0 2.0 2.5 2.7 2.2 <10 80
F226100F None 0 0 0 0 0 1.0 2.5 2.3 0 0 <10 2,560
F21563F None 0 0 0 0 1.7 2.4 2.0 2.3 3.0 1.7 <10 1,280
F21550M None 0 0 0 0 0 1.3 1.3 1.0 1.8 1.6 <10 320

“ All monkeys were challenged with 5 log units of DEN2 virus (S16803) PDK10, with the exception of monkeys F22605M and F226100F, which received 4 log units
of challenge virus (pilot study). The day of challenge was considered day 1 for comparative purposes.

b-d See Table 7, footnotes b to d.
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TABLE 9. Protection of monkeys immunized with different ChimeriVax-DEN1-4 formulations and challenged with heterologous
WT DENS3 virus®

Vaceine Viremia by day postchallenge: PRNT;,
Group Monkey formulation d
2 3 4 5 6 7 8 9 10 11 Prechallenge® Postchallenge
9 F21343M 5,5,5,5 0” 0 0 0 0 0 0 0 0 0 320 20,480
F212105F 5,5,5,5 0 0 0 0 0 0 0 0 0 0 640 5,120
F21339M 5,5,5,3 0 0 0 0 0 0 0 0 0 0 1,280 10,240
F20788F 3,333 0 0 0 0 0 0 0 0 0 0 640 40,960
F21522M 3,333 0 0 0 0 0 0 0 0 0 0 640 2,560
F21565F 3,5,5,3 0 0 0 0 0 0 0 0 0 0 1,280 10,240
10 F22127M None 0 1.6 1.0 1.5 1.6 1.7 0 0 0 0 <10 >20,480
F20992F None 0 1.7 1.3 0 1.3 2.5 0 0 0 0 <10 2,560
F22607M None 0 0 0 1.7 0 1.0 2.0 1.7 0 0 <10 10,240
F22606M None 0 1.7 0 0 0 0 0 2.5 2.0 2.0 <10 10,240

“ All monkeys were challenged with 5 log units of DEN3 virus (D3, CH53489, PS), with the exception of monkeys F22127M and F20992F, which received 4 log units

of challenge virus (pilot study).
b=d See Table 7, footnotes b to d.

neutralizing-antibody titers (at 1 month) were measured
postchallenge.

All control animals developed viremia following challenge.
All prevaccinated animals were protected (no detectable vire-
mia) against challenge with DEN2 or DEN3 virus, whereas
83% (five of six) were protected against DEN1 or DEN4 virus
challenge (Table 11). Animal F21149M (unprotected against
DENT1 virus challenge) developed viremia for 4 days, with a
peak titer of 3.3 log,, PFU/ml, whereas animal F20977F (par-
tially protected against DEN4 virus challenge) developed a
brief viremia with a peak titer of 1.7 log,, PFU/ml (Tables 7
and 10). Both unprotected monkeys had low levels of neutral-
izing antibody against the challenge virus. The PRNT;, of
unprotected (F21149M) and partially protected (F20977F)
monkeys prior to challenge were 20 and 40 against DEN1 and
DEN4 viruses, respectively (Tables 7 and 10). Neither monkey
had become viremic to ChimeriVax-DEN1 or ChimeriVax-
DEN4 virus postimmunization (Table 5). All monkeys devel-
oped high levels of neutralizing antibodies post-challenge,
which were significantly higher (three- to five-fold) than
those of control groups with the exception of DEN4 virus
(Table 11).

DISCUSSION

Genomic stability and mouse neurovirulence. ChimeriVax-
DEN1-4 viruses were constructed by inserting prME genes of
WT DEN viruses into core and nonstructural genes of YF 17D
virus. On transfection of Vero cells with chimeric RNA tran-
scripts, progeny viruses were harvested from supernatants
(P1), amplified once to produce P2, and subjected to three
rounds of direct plaque-to-plaque purification to produce the
final cloned PMS (P7) viruses. Three further passages under
c¢GMP were required to produce VL (P10) viruses. Due to the
presence of quasi-species viruses generated by error-prone
RNA-dependent RNA polymerase during the replication cycle
of RNA viruses, it was necessary to sequence chimeric viruses
at various passage levels to monitor their genetic stability.
Before final amplification of P6 to produce PMS at P7, vaccine
viruses were sequenced and compared to the original consen-
sus sequences. Only clones with authentic sequences were fur-
ther processed to vaccine stocks. P7 viruses were also passaged
up to 13 times in Vero cells (i.e., 10 passages beyond the
vaccine level) to determine their genetic stability. The degree
of genetic stability differed between chimeras; ChimeriVax-

TABLE 10. Protection of monkeys immunized with different ChimeriVax-DEN1-4 tetravalent formulations and challenged with heterologous
WT DEN4 virus®

Vaccine Viremia by day postchallenge: PRNT;,
Group Monkey formulation : d
2 3 4 5 6 7 8 9 10 11 Prechallenge® Postchallenge*
11 F21311M 3,333 0° 0 0 0 0 0 0 0 0 0 640 1,280
F209108F 3,333 0 0 0 0 0 0 0 0 0 0 80 1,280
F21355M 3,553 0 0 0 0 0 0 0 0 0 0 320 640
F213114F 5,5,5,5 0 0 0 0 0 0 0 0 0 0 320 2,560
F21534M 3,5,5,3 0 0 0 0 0 0 0 0 0 0 20 5,120
F20977F 3,553 0 0 0 0 0 1.7 0 1.7 0 0 40 5,120
12 F22612M None 0 0 0 0 1.0 0 1.5 2.3 2.5 3.1 <10 2,560
F207107F None 0 0 0 1.0 2.0 2.9 2.7 2.0 0 0 <10 5,120
F21752M None 0 0 0 2.2 3.2 3.6 2.9 0 0 0 <10 2,560
F21102F None 0 0 0 1.7 2.4 2.6 33 2.9 2.4 1.8 <10 5,120

“ All monkeys were challenged with 5 log units of DEN4 virus (Carib, 341750, nonattenuated), with the exception of monkeys F22612M and F207107F, which received

4 log units of challenge virus (pilot study).
b-d See Table 7, footnotes b to d.
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TABLE 11. Protection of monkeys against challenge with WT DEN1 to DEN4 viruses in cynomolgus monkeys immunized s.c. (~ 6 months
previously) with one dose of ChimeriVax-DEN1-4 GMP vaccine formulation

Previous

Mean viremia GMT PRNT;5,

G Challenge Strain of challenge No. viremic/ %
roup Ccv A . b
DEN1-4 virus DEN virus total no. Peak (log,, PFU)  Duration (days) protected Prechallenge  Postchallenge
5 Yes DENI1 West Pacific 74 1/6 1.7 (3.3)° 0.7 (4.0)° 83 63 14,481
6 No DEN1 4/4 32 6.0 0 <10 3,044
7 Yes DEN2 S$16803 0/6 100 30 1,437
8 No DEN2 PDK-10 4/4 2.5 4.5 0 <10 538
9 Yes DEN3 CHS53489 0/6 100 718 10,240
10 No DEN3 4/4 22 4.2 0 <10 2,229
11 Yes DEN4 341750 Caribbean 1/6 0.6 (1.7)° 0.3 (2)° 83 127 2,032
12 No DEN4 4/4 32 52 0 <10 3,620

“Two animals in each of groups 6, 8, 10, and 12 received 4 log units of challenge virus (in the pilot study); all other animals received 5 log units of appropriate

challenge virus (main study).

® No virus could be found in a plaque assay in Vero cells when using undiluted or 1:2 or 1:10 dilutions of sera obtained from days 2 to 11 postchallenge.

¢ Viremic animals only.

DENT1 and ChimeriVax-DEN2 acquired more mutations than
did ChimeriVax-DEN3 and ChimeriVax-DEN4 when pas-
saged in Vero cells. Moreover, the plaque-purified viruses
(used for vaccine production) accumulated fewer mutations
than did their uncloned counterparts (45). It is possible that a
large number of mutations are introduced by errors in Sp6
RNA polymerase during in vitro RNA transcriptions, which
are eliminated by plaque purification. Generally, the appear-
ance of mutations coincided with increases in viral titers. Such
“adaptive mutations” reoccurred at similar positions (i.e.,
amino acids 202, 204, and 251, in the E gene and amino acid
177 in the NS4b genes) within genomes of different chimeras
(45). A number of mutations were reported for the NS4b gene
of a recombinant DEN4 vaccine candidate following Vero cell
passage (2), indicating the importance of NS4b protein in rep-
lication and/or assembly of infectious DEN viruses.

The appearance of mutations in DEN virus chimeras re-
sulted sometimes in a change in plaque size or neurovirulence
of the virus for infant mice. The E204 K-to-R substitution in
the DENI virus envelope, for example, increased the plaque
size and reduced its neurovirulence for infant mice and viscer-
otropism and viremia for nonhuman primates (Guirakhoo, un-
published), whereas mutations in DEN2 and DEN3 virus ge-
nomes did not appear to have a major impact on the
neurovirulence of the vaccine viruses. Because the vaccine lot
of DENI virus chimera had acquired an attenuating mutation,
it was necessary to further evaluate the impact of this mutation
in additional relevant animal models, such as monkeys and
mosquitoes. The viscerotropism and neurovirulence of mutant
and WT DENI virus chimeras were compared in monkeys
inoculated by the s.c. or i.c. routes. These viruses were also
evaluated for their replication in mosquito vectors by infection
of Aedes aegypti, the principal mosquito vector for DEN vi-
ruses, by the intrathoracical route (Guirakhoo, unpublished).
The results provided reassurance that ChimeriVax-DEN1 mu-
tant vaccine will remain safe in the human host and will not
replicate in mosquitoes, even if it reverts to the WT sequence
in a vaccinated individual.

The suckling-mouse neurovirulence test was adopted as a
quality control release test for all vaccine lots because it had
been shown to detect minor changes in the genome of Chi-
meriVax-JE (37) or ChimeriVax-DEN chimeras that are asso-

ciated with neurovirulence. The neurovirulence of the DEN1
virus chimera was significantly reduced from P7 to P10 (vac-
cine level), and the virus remained attenuated up to P20 in
Vero cells. No change in neurovirulence was observed for the
other chimeras (DEN2 to DEN4 viruses) between PMS (P7)
and bulk vaccines (P10). Extensive passaging to P20, however,
produced viruses which were generally less neurovirulent than
their P7 parents. In the case of the DENI1 virus chimera, this
was obviously due to the E204 mutation. For other chimeras,
however, slight reduction in neurovirulence for infant mice
could not be supported by a change in the virus genome (e.g.,
DEN4 virus did not accumulate any mutations based on con-
sensus sequencing). It is possible that subpopulations of mu-
tants (estimated to be =10% of the total virus population) with
reduced neurovirulence for infant mice are present, which
cannot be detected by consensus sequencing. Alternatively,
viruses could accumulate cellular proteins by in vitro passages,
which may reduce their replication in suckling-mouse brains.

Our data are in agreement with other studies which showed
that chimerization using attenuated backbones such as YF 17D
(5, 8, 14-16, 48), DEN2 (4) or DEN4 (49) virus is generally
sufficient to produce vaccine candidates for dengue (nonen-
cephalitic). To produce chimeric vaccine viruses for encepha-
litic flaviviruses, it seems that further attenuations, usually
within but not limited to the E genes, may be necessary. Suc-
cessful vaccine candidates were produced using attenuated E
genes of Japanese encephalitis (JE) (SA14-14-2-strain) (7),
West Nile (1) and St. Louis encephalitis (K. Pugachev, submit-
ted for publication) viruses within the YF 17D backbone or
West Nile and Langat viruses within the DEN4 virus backbone
(43, 44).

Monkey neurovirulence studies. The YF 17D vaccine was
first used for human immunization in 1936. Over the past 60
years, 400 million people have received the vaccine, with a
remarkable record of safety and efficacy. However, recent re-
ports estimate a very low incidence (~1:250,000) of YF 17D
vaccine-associated viscerotropic disease and encephalitis (6,
31). In dengue, involvement of the central nervous system is an
equally rare event. Reports of patients with a diagnosis of
DEN virus encephalitis indicate that the virus very rarely
crosses the blood-brain barrier and targets neuronal cells (21,
29). Most neurological adverse events appear to be due to
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encephalopathy in DHE/DSS caused by edema or electrolyte
imbalance. Because ChimeriVax-DEN viruses contain the rep-
licative machinery of YF 17D together with E genes of DEN
viruses, it is possible that similar viscerotropic and encephalitis
events could occur with this vaccine. Since these events are
rare, they cannot be studied in early clinical trials. However,
animal models can be used in preclinical studies to predict
safety of the vaccine candidates for humans. The neuroviru-
lence and viscerotropism of ChimeriVax-DEN1-4 tetravalent
vaccine were determined in a formal neurovirulence test per-
formed as specified by the WHO protocol (50). Prior to this
test, it was necessary to demonstrate that these viruses can
independently replicate in vivo and that neurovirulence of the
“hotter” viruses (DEN1, DEN2, and DEN4 viruses) is not
masked by that of the “colder” (DEN3 virus) one. Inoculation
of a tetravalent mixture of four chimeric viruses into brains of
suckling mice demonstrated that neurovirulence and AST of a
tetravalent mix is similar to that of the “hotter” monovalent
components. The independence of replication of the four chi-
meras was also demonstrated in mosquito vectors (22).

The potential neurovirulence and acute toxicity of the Chi-
meriVax-DEN1-4 tetravalent vaccine was compared with
those of YF-VAX in the monkey neurovirulence test. i.c. in-
jection of tetravalent DEN virus vaccine and YF-VAX was well
tolerated at doses of ~4.1, ~4.3, ~4.9, and ~5.0 log,, PFU for
ChimeriVax-DEN1 to ChimeriVax-DEN4, respectively, within
the tetravalent vaccine, and ~4.7 log,, PFU for YF-VAX.
Vaccine-related clinical signs of pupil dilation observed be-
tween days 16 and 31 were more frequent in the YF-VAX-
treated group, especially on days 17 and 18, when clinical
scores were significantly different between groups. Vaccine-
related gross anatomic and histological findings from nonneu-
ral tissues were secondary to vaccine-induced immunostimula-
tion. Peak total viremia titers and number of viremic days were
greater in monkeys treated with the tetravalent DEN virus
vaccine compared to those in YF-VAX-treated monkeys. Nev-
ertheless, viremia levels for both groups remained within ac-
ceptable limits for individual monkey and group titers estab-
lished under the WHO requirements for the YF 17D vaccine
(50). All monkeys seroconverted following i.c. inoculation of
tetravalent vaccine, and none had a detectable cross-reactivity
with YF 17D virus in the LNI assay. Antibody levels against the
DEN1 to DEN4 virus serotypes did not significantly vary
within the tetravalent vaccine (P > 0.15 by ANOVA), despite
higher viremia levels detected for DEN3 and DEN4 virus se-
rotypes. Viremia, which reflects the release of viruses from
infected cells into the bloodstream and rapid clearance by the
reticuloendothelial system (40), was measured for determina-
tion of the viscerotropism of viruses. However, since the tissue
tropism of ChimeriVax-DEN viruses is unknown at present,
daily measurements of viremia may not precisely reflect the
dynamics of virus replication in the host. The neurovirulence of
the tetravalent DEN virus vaccine preparation was minimal,
and the target region scores were significantly lower than the
scores for the group treated with YF-VAX (P < 0.05). Clinical
and histological lesion scores induced by the YF 17D vaccine
were similar to those reported for the YF 17DD substrain (30).
These data are also consistent with our previous observations
with ChimeriVax-JE (39) or ChimeriVax-DEN2 vaccines (data
not shown), in which the mean lesion scores for monkeys
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treated with chimeras were significantly lower than the scores
for the group given the YF 17D vaccine. Thus, the tetravalent
formulation met or exceeded the safety test requirements for
the YF 17D vaccine. It would be interesting to see if other
chimeric flavivirus vaccines (based on the YF 17D, DEN2, or
DEN4 virus backbone) have similar or better safety profiles
when inoculated into monkeys by the i.c. route.

Immunogenicity and protection. Neutralizing antibodies di-
rected against the E protein are considered the principal me-
diator of immunity against flavivirus reinfection, and the dem-
onstration of neutralizing antibodies is a surrogate of
protective immunity. Studies with animal models, principally
mice, have demonstrated that the transfer of immune serum
raised against E proteins of DEN2, YF 17D (3), and tick-borne
encephalitis (42) viruses and monoclonal antibodies against JE
virus (52) conferred protection against challenge with WT vi-
ruses. The level of protection in immunized mice was directly
proportional to the passive titer of neutralizing antibodies.
Adoptive transfer of T cells is also effective in preventing
illness in recipient mice, indicating that effector T cells can
limit the severity of disease by eliminating infected cells. Thus,
an effective vaccine should elicit durable neutralizing-antibody
responses, as well as strong memory B- and T-cell responses. A
live vaccine against DEN virus would therefore be more effi-
cient than inactivated or subunit vaccines, which require mul-
tiple doses, do not provide strong memory or durable immu-
nity, and do not efficiently elicit major histocompatibility
complex class I restricted T-cell responses.

All monkeys became viremic on inoculation of a single dose
of one of four tetravalent formulations. All four serotypes were
detected in all four groups, with the exception of serotype 1,
which was not detected in any animals of group 2. The mag-
nitude of viremia in the high-dose group formulation (group 1)
was similar to that of the low-dose group (group 4) (2.6 and 2.5
log units, respectively). However, the duration of viremia in the
low-dose group was longer than in the high-dose group (5.5
and 4 days, respectively). A similar inverse relationship be-
tween dose and duration of viremia has been reported previ-
ously in monkeys inoculated with YF 17D (10) or in humans
vaccinated with ChimeriVax-JE virus (35, 38). The onset of
viremia was, however, dose dependent (i.e., early in the high-
dose group [days 2 to 7] and late in the low-dose group [days
3 to 11]). It is possible that higher doses of vaccine induce a
stronger innate immune response that limits the replication of
the virus. When the concentration of one or two components in
a tetravalent formulation was reduced, the corresponding vi-
ruses were either undetectable (e.g., DEN1 virus in group 2) or
detected very late (e.g., DEN4 virus in groups 2 and 3). As
observed in i.c.-inoculated monkeys, the DEN3 and DEN4
virus chimeras induced viremia with a higher magnitude and
duration than did the equivalent concentrations of the DEN1
and DEN2 virus chimeras. Interestingly, the DEN3 and DEN4
virus chimeras maintained the WT envelope genes during vac-
cine manufacture whereas the DEN1 and DEN2 virus chime-
ras acquired one or two mutations within their envelope genes
that may have contributed to their lower viremia in monkeys.
There is a theoretical risk that ChimeriVax-DEN1-4 viruses
could infect insects (mosquitoes, biting flies) or ticks feeding
on the blood of vaccinated subjects and be transmitted to
animals or other humans on refeeding. If secondary transmis-
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sion were to occur, there is an associated risk of virus mutation
and reversion to virulence. This theoretical risk is considered
minimal according to the results of vector studies with mos-
quitoes (22) and the findings in both monkeys and humans of
low viremia titers which were invariably below the threshold
for oral infection of mosquito vectors, which is generally in the
range of 3.5 to 5.0 log,, PFU/ml (19). It is thus highly unlikely
that viremia caused by the tetravalent vaccine in humans would
result in mosquito infection.

All monkeys developed neutralizing-antibody responses to
all four DEN WT virus serotypes in the high- and low-dose
groups (groups 1 and 4, respectively). The GMTs in the high-
dose group animals, measured on days 31 and 121 (data not
shown) postimmunization, were higher than those in the low-
dose group. When the concentration of the DEN4 (but not
DEN?3) virus component was reduced, three monkeys in group
2 and two monkeys in group 3 did not seroconvert to the DEN4
virus. Since both DEN3 and DEN4 virus chimeras contain
authentic WT envelopes, it is possible that in a tetravalent
formulation, similar doses of both viruses need to be present to
avoid any dominance or interference in terms of immunoge-
nicity. Interestingly, when empirically derived live attenuated
DEN virus vaccines (LAV) were inoculated into humans, the
dominant virus in terms of viremia and neutralizing-antibody
response was the DEN3 virus component (23, 47). It is likely
that the DEN3 LAV was either underattenuated or accumu-
lated quasispecies of viruses with a WT envelope.

To assess the protective efficacy of tetravalent vaccine for-
mulations, monkeys were randomly reassigned to four new
groups at 6 months postimmunization, and each group was
challenged with one WT heterologous serotype. All vaccinated
monkeys were protected (as shown by the lack of viremia
postchallenge), with the exception of two animals (one in the
DENTI and one in the DEN4 virus challenge group), whereas
all control group animals (naive animals) became viremic. At
the time of challenge, unprotected animals had PRNTS, of 20
and <10 against the DEN1 and DEN4 viruses, respectively.
The unprotected monkey (F21149M) in the DEN1 virus group
had not become viremic to DEN1, DEN3, or DEN4 virus
chimeras and showed only a single viremia day (day 10) for
DEN?2 virus after vaccination. Consequently, this monkey was
seronegative (PRNTj,, <10) for the DEN3 and DEN4 virus
chimeras and had developed a very low titer (PRNT;,, 1:10)
for the DENI virus by day 31 postimmunization. Similarly,
monkey F20977, which was only partially protected against
DEN4 challenge, had not become viremic for the DEN1 or
DEN4 virus chimeras postvaccination. It was seronegative for
DEN4 and borderline positive (PRNTj, 10) for DEN1 virus 1
month postimmunization. However, both DEN2 and DEN3
virus serotypes had been detected for several days in this mon-
key, which resulted in the development of high levels of neu-
tralizing antibodies (PRNTS5,, of 2,560 and 320 against DEN2
and DENS3 viruses, respectively). These data suggest that in
general, a serum PRNTj, of >20 can protect the host against
a high dose (5 log,, PFU) of a challenge virus. The actual
protective titer may even be lower than 1:20, considering that
in natural infections only ~3 log units of virus may be inocu-
lated into the host by a mosquito vector. Moreover, there
might be cases in which an individual host can be protected
with a serotype specific PRNTs, of =20 (i.e., monkey
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F212117F, F21544M, and F21534M). This may indicate that
other factors, such as the presence of DEN virus cross-neu-
tralizing antibodies (25) or T-cell memory, may contribute to
the protection of tetravalent vaccine-inoculated humans
against dengue disease. It is possible that the challenge virus
that enters the cells but escapes neutralization by antibodies is
eliminated by a second line of defense provided by cytotoxic T
lymphocytes. The E proteins of DEN virus (27), as well as
capsid (11) and nonstructural (NS) proteins (28, 32) expressed
by infected cells, serve as targets for cell killing by cytotoxic T
lymphocytes. It is also important to mention that there was no
enhancement of infection in the two unprotected animals. This
could be an important safeguard in the application of a tet-
ravalent vaccine, where a low level of antibody to one serotype
is thought to be implicated in developing DHF/DSS by anti-
body-dependent infection enhancement phenomena. The lev-
els of neutralizing antibodies postchallenge were significantly
higher than those prechallenge or in control groups, indicating
an immunological memory provided by B and T cells having
high-affinity antigen receptors in immunized monkeys.

The ChimeriVax technology offers a good probability of
successful DEN virus vaccine development. The vaccine at-
tributes include the potential for single-dose application, ab-
sent or minimal reactogenicity, durable immunity, reduced po-
tential for interference between the individual components in
a tetravalent formulation, and low cost of manufacture. Based
on our data, the ideal tetravalent formulation(s) for humans
may contain equal amounts of each of four ChimeriVax-DEN
virus serotypes (e.g. 5,5,5,5 or 4,4,4,4 log,, PFU) and could be
administered twice, e.g., at a 6-month interval, similar to LAV
vaccine (47), to ensure 100% seroconversion.
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